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NON-TECHNICAL SUMMARY _page 1
1. NON-TECHNICAL SUMMARY

94/83 Increased production of juvenile Pacific oysters (Crassostrea gigas)
through supplementary feeding

PRINCIPAL INVESTIGATOR: Dr Malcolm R. Brown
ADDRESS: CSIRO Marine Research,

GPO Box 1538
Hobart TAS 7008
Telephone: 03 62325308 Fax: 03 62325000
Email: malcolm.brown@madne.csiro.au

OBJECTIVES:

1. To document changes in the water quality and in the growth rates of juvenile oyster

(Crassostrea gigas) at two commercial nurseries.

2. To develop supplementary feeding techniques for increasing the productivity of juvenile

oysters (Crassostrea gigas).

3. To test new Australian cold-water microalgal species as supplementary feed for juvenile

oysters {Crassostrea gigas).

NON TECHNICAL SUMMARY:

The standard method for growing the early stages of juvenile Pacific oysters is to hold them in
systems called upwellers in land-based nurseries. Seawater is pumped through to provide the oysters

with food particles. Growth rates of oysters cultured using this method were highly variable at Pipe
Clay Lagoon, one of the major oyster nurseries sites in Tasmania. Growth rates during the 1996/97

production season were less than one-third of that seen in the five previous seasons, and were also

significantly less than at another oyster nursery - Little Swanport.

We conducted 15 trials at Pipe Clay Lagoon to assess whether the oysters' growth rates could by
improved by "supplementing" their natural diet with additional feed sources. These supplementary

diets included cultured microalgae, dried or concentrated microalgae and a yeast-based artificial diet.

The results were variable, depending on the diet, its concentration, and the season - though across all

trials we found that supplementary feeding (on average) increased the oysters' growth rate by 60%.

Diets that were most effective included the microalgae Isochrysis sp. (T.ISO), Chaetoceros calcitrans,

Dunaliella tertiolecta, Rhodomonas salina and microalgal concentrates of Chaetoceros calcitrans and

Skeletonema costatum. Two commercial "off-the-shelf products - Microfeast® MB-30 and Algamac

2000 - were also effective, though not as good as microalgae. Nevertheless the cheaper cost of these

commercial products ("AUS $80-100 kg dry weight) compared to microalgae (eg. AUS $ 375 kg'*)
makes them viable alternatives to microalgae for supplementary feeding.

Supplementary feeding was most effective when natural levels of food (especially microalgae) in the
inflowing seawater were low. For example, during one such 7 week period, supplementary feeding

improved the growth rate of oysters by 3-fold.
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Preliminary cost/benefit analysis of supplementary feeding was undertaken. Major factors include the

cost of producing microalgae (dependent on scale and productions rates of the microalgae which vary

from site to site, and seasonally) and the growth rates of non-supplementary fed oysters. The latter

have a major influence on whether significant growth increases are possible through supplementary

feeding, and were shown to vary significantly seasonally and from site-to-site. However, based on

"average" microalgal production costs and the growth rates seen with supplementary feeding, we

estimate that the direct additional feed costs would amount to $0.35 per thousand oysters to grow them

from 0.5 to 3.0 mm. This compares to the total production cost of " $15 per thousand oysters of 5 mm

size. We believe the increased feeding costs for the nurseries would be more than offset by savings

due to a reduced nursery time for the spat (less labour).

Supplementary feeding is probably restricted to use at sites like Pipe Clay Lagoon where oyster

growth rates are reduced as a result of low or variable availability of food particles. There may be little

benefit with supplementary feeding at Little Swanport, where the natural growth rates of oysters

exceeded those of supplementary-fed oysters at Pipe Clay Lagoon. Nevertheless, we have

demonstrated that supplementary feeding is an effective method for significantly enhancing growth

rates of oysters at sites when natural productivity is otherwise low, providing the ability to have better

control over juvenile oyster production. As a result. Shellfish Culture now plan to incorporate

supplementary feeding as part of the routine production for juvenile oysters at Pipe Clay Lagoon.
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2. BACKGROUND
In 1994/95, oyster culture had an annual value of $300 million and accounted for around 65% of total

aquaculture production in Australia (O'Sullivan, 1996; Austasia Aquaculture). The three most

important species were the pearl oyster Pinctada maxima ($252 million), the Sydney rock oyster

Saccostrea commercialis ($28 million) and the Pacific oyster Crassostrea gigas ($20 million).

The outlook for the Pacific oyster industry was bright, with annual production increasing rapidly from

$3.1 million in 1984 to $ 20 million in 1995. Predictions were that this industry could double by the
year 2001 because of the development of new lease sites in both Tasmania and South Australia and

the recent opening-up of the lucrative Sydney market to Pacific oysters. However, a further expansion

of the industry depended on a corresponding increase in juvenile oyster (= seed) production. At the

time, production of Pacific oyster seed (valued at $ 1.5 million p.a.) occurred only in Tasmania and

was based on hatchery production of larvae. These were predominantly reared during the early

juvenile stages (0.5 to 2 mm) in land-based nurseries using upweller systems where local seawater

was pumped directly through to provide food particles (seston) for consumption by the oysters.

This technique had been used by Tasmanian nurseries for over a decade because it was effective,

simple and low-cost. However, the variability in the quality and quantity of the seston in the water

was a major limitation, producing a corresponding variability in the growth rates of the juvenile
oysters. This made it difficult for seed companies and farmers to expand their production or make

accurate projections and business plans.

In October 1993 we undertook a preliminary 2-week feeding trial at one of the largest oyster nursery

sites in Tasmania (Pipe Clay Lagoon) to assess whether the growth of oysters was limited by an

inadequate food supply. We showed that the growth rates of juvenile oysters were increased by 40%

through supplementing their diet with cultured microalgae (i.e. supplementary feeding). This

encouraging result prompted us to develop the 3 year FRDC project reported here, to evaluate whether

supplementary feeding was a cost-effective option to enhance the production of oyster seed. The

project specifically aimed to evaluate whether similar or greater increases in growth rates from

supplementary feeding were possible throughout the growing season, for all sizes of oysters, at other

nursery sites and using other nutritional sources.

3. NEED
At the commencement of this project, it was predicted that the Pacific oyster industry had

considerable scope for expansion. This is now a reality, with the available zones for aquaculture in

Tasmania (the major producer) likely to increase by more than 100% between 1997 and 1999. Such
expansion is only possible if there is a corresponding increase in the production of oyster seed. This

either requires 1) capital development of existing hatcheries and nurseries, or the building of new ones

and/or 2) increasing the production of existing nurseries by developing more efficient and cost-

effective feeding. We believed that a significant part (20-40%) of this expansion in seed production
could be effected through improved feeding methods.

4. OBJECTIVES
1. To document changes in the water quality and in the growth rates of juvenile oyster {Crassostrea

gigas) at two commercial nurseries.

2. To develop supplementary feeding techniques for increasing the productivity of juvenile oysters

(C. gigas).

3. To test new Australian cold-water microalgal species as supplementary feed for juvenile oysters

(C. gigas).
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5. METHODS

5.1. SUPPLEMENTARY FEEDING OF OYSTERS

5.1.1. Oyster culture - experimental-scale trials

Fifteen experimental-scale trials were completed between the 1994/95 to 1996/97 nursery seasons.

Protocols differed with respect to diet type, ration and presentation, oyster stocking density and size,

and duration. The specific information relating to individual trials is summarised in Table 1, and also

given (together with aims) in more detail in the reports of individual experiments presented in the

Results. The general methods used are given below.

Shellfish Culture Ltd. provided hatchery-reared juvenile Pacific oysters (C. gigas) for feeding trials
undertaken at their nursery at Pipe Clay Lagoon, 30 km Southeast of Hobart, Australia (42° 58' S,

147° 32' E) (Fig. 1). Juvenile C. gigas (from 500 to 1500 pm) were grown in experimental upweller
systems, 1,20th the scale of commercially used upwellers (Figs 2 and 3). They consisted of a 10 L
bucket with a 110 mm diameter, mesh-bottomed upweller chamber suspended inside, on which the

oysters were retained (Fig. 3c). Seawater from Pipe Clay Lagoon (salinity 32-35 p.p.t) was

continuously pumped into the upwellers at a rate of 700 mL.min (1000 L d ). The water flowed up
through the upweller chamber and the bed of oysters and out through an exit pipe. Oysters and

chambers were removed from the upweller for 1 h each day and cleaned with a spray of fresh water to

remove faeces and other particles. Chambers were also rinsed weekly with 1% sodium hypochlorite.

Most of the trials commenced on a Monday. An initial volume of 10 to 20 mL of oysters was

dispensed into each upweller. Oysters were acclimated in flowing seawater overnight before

commencing supplementary feeding the next day. A pre-conditioning period to allow the oysters to

equilibrate to the experimental diets was not considered to be necessary. Whilst such a period is

essential in studies with formulated feeds where palatability and acceptance of a new diet may be an

issue (D'Abramo and Castell, 1997), it has generally not been applied in bivalve mollusc studies
feeding on microalgae (Urban et al., 1983; Enright et al., 1986a; O'Connor et al., 1992; Wikfors et al.,

1996). Also, all diets tested had previously been shown to be readily accepted by oysters (Enright et
al., 1986a; Nell et al., 1996; Boeing, 1997; Brown et al., 1998).

The photoperiod under which the oysters were grown ranged from 6:18 h to 8:16 h light:dark (L:D).
The positions of the upwellers were randomly altered 3 to 4 times throughout each experiment (Figure

4B). Control oysters (n >: 2 buckets) in all trials received a diet of naturally occurring seston provided

by the continuously flowing seawater. Treatment oysters (n ^ 3 buckets) also received this; in

addition they received supplementary feed delivered by one of two standard methods. During the first
2 years of the project, feed was usually dispensed twice each day over 2 h periods (at noon and

midnight) from Monday to Friday. Diets (i.e. 0.3 to 5 L of algal culture, or rations of artificial feeds or

pastes resuspended in seawater or freshwater) were dispensed into 10 L buckets and diluted to 9 L

with seawater. The suspension was pumped into each treatment upweller at 75 rnL.min with a small

submersible aquarium pump (Aquarium Powerhead 480, Second Nature, NJ, USA) (Figure 3B).
During the latter half of the project, supplementary feed was delivered continuously using a peristaltic

pump (Cole-Palmer, Masterflex model 7519-05) to pump algal culture from the bags (at" 1 to 2 L h ;
depending on culture density and the ration required). The cultured algae were continuously mixed

and diluted with seawater (" 1:50 to 1: 100), also pumped using a Cole-Palmer peristaltic pump (model

7018-20). This diluted mixture was dripped into individual upweller buckets by pumping through
Nylex irrigation drippers, delivering 4 L h-l per upweller bucket.

The duration of trials was between 16 to 26 days. Initial experiments established that a) this was
sufficient to have a high probability of discriminating 20% differences in growth rates between
treaments (a posteriori power analyses), and b) supplementary-fed treatments increased in biomass by

"300%, a value which is normally considered sufficient to detect any deficiencies within diets

(D'Abramo and Castell, 1997).
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Oyster survival was estimated by microscopic examination and count of live oysters of replicate sub-

samples of 100 oysters at the start and end of each experiment. Oyster growth rates were determined

from measurements made at the start and end of each experiment using three different methods: (a)

volumetric; measuring the packed volume of the oyster population within each upweller, (b) dry

weight (DW); a subsample of 200 oysters from each upweller was collected, rinsed with distilled
water, dried at 100°C for 72 h, then weighed, (c) organic weight (OW); the subsample of 200 oysters
used for DW analysis was heated in a muffle furnace (450°C; 24 h), then reweighed to determine the
OW by weight loss. In each of these methods the formula used to determine the instantaneous growth

rate (k) in d was:
k=ln(M(/Mo)/t

where, M( = measurement at day t, Mo= measurement at day zero.

5.1.2. Oyster culture - commercial scale trials

Four commercial-scale trials were undertaken; two involved supplementary feeding, and two

compared control growth rates at different sites. The commercial-scale upweller comprised a 45 cm

diameter nylon-meshed chamber retained within 150 L plastic tubs (Figure 2A). Unfiltered seawater

was pumped into each upweller (between inner wall of tub and outer wall of inner chamber) at 14 L

min . Oysters (700 to 1300 |J.m) were stocked at commercial densities (250 to 520 mL). Duplicate
upwellers were maintained for control and treatment groups. Oysters and upwellers were cleaned daily

to remove faeces and adherent particles according to standard methods used in the nursery.

Supplementary feeding of oysters was undertaken in similar fashion (apart from scale) to that of the
experimental-scale trials above. Methods used to measure growth rates were also identical.

Details of the trials are summarised in Table 1, with additional detail as follows:

Trial A: Supplementary feeding with P. pinguis
Oysters (1300 p-n) were stocked in upwellers at an initial volume of 520 mL. Treatment oysters were

supplementary fed on weekdays in 2 rations, fed over 1 h at "noon and midnight. The ration (1.7 g

weekday ) was held constant throughout.

Trial B: Supplementary feeding with P. pinguis
Oysters (700 p.m) were stocked in upwellers at an initial volume of 250 mL. Treatment oysters were

supplementary fed on weekdays in 2 rations, fed over 2 h at " noon and midnight. The ration (1.3 g

weekday ) was held constant throughout.

Trials C and D: Control growth rates at Pipe Clay Lagoon versus Little Swanport

Prior to the site comparison studies, a volume of 1.5 L of oysters (900 jlm) maintained at the Pipe Clay
Lagoon site was divided; half of the stock was translocated to the Little Swanport site and the other
half retained at Pipe Clay Lagoon. After 2 days of acclimation to normal nursery conditions, duplicate

upwellers were stocked at 300 mL of oysters. Oysters were then subjected to normal nursery

maintenance until the completion of the experiment.



Table 1. Details of the experimental- and commercial-scale trials undertaken in the project.

Trial
number/

code

Date Initial oyster
stocking

density

Initial
oyster

size ((un)

Supplementary diets Duration

(d)

18

18

18

18

18

18

18

18

18

17

18

26

17

16

16

11

18

10

13

Feeding
days

13

13

13

13

13

13

13

13

13

12

n/a

17

17

16

16

8

13

n/a

n/a

Average
water T(°C)

(min-max)

16 to 22

17 to 20

16 to 21

12to15

9 to 12

14to18

16 to 19

18 to 22

17 to 21

15to18

13 to 15

14to17

16to19

19 to 21

16to19

9 to 12

16 to 19

19 to 20 (P.L.)
20 to 24 (L. S.)

12 (avge; P.L)
13(avge;L.S.)

Average
chl a in

nursery water

frg L-1)

0.82

0.70

0.69

1.47

2.90

0.51

0.95

0.69

0.63

0.98

1.30

0.55

0.70

0.30

0.36

2.20

0.95

0.30 (P.L.)
2.5 (L.S.)

0.68 (P.L)
2.1 (L.S.)

Weekday
algal ration

(mg weekday'1

upweller'1)

53 to 212

103

98

106

97

90 to180

140

190

180

190

n/a

135*

58 to 175*

224*

196'

1670

1300

n/a

n/a

Mean daily
algal ration

(mg day
upweller )

38 to 153

74

70

76

69

65 to 130

103

137

130

134

n/a

88*

58 to 175*

224*

196*

1215

939

n/a

n/a

Mean daily
algal ration

(mg day
mL oysters)

1.9 to 7.7

3.7

3.5

2.8 to 3.2

2.6

3.4 to 6.8

7.9

7.2

6.8

7.1

n/a

9.8*

4.8 to 14.6*

7.5 to 22.4*

9.8'

2.3

3.8

n/a

n/a

Experimental scale trials:

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

28/111016/12/94

23/1 to 10/2/95

27/2 to 17/3/95

3 to 21/4/'95

29/5 to 16/6/95

6 to 24/11,95

4 to 22/12/95

8 to 26/1 ,'96

19/2to8/3/'96

18/3 to 4/4/96

15/4to3/5/"96

6/11 to 2/12/96

2to19/12/96

10(026/2/97

10to26/3/'97

Commercial scale trials:

A

B

c

D

29/5 to W6f95

4 to 22/12/95

14 to 24/2/97

22/4 to 5/5/97

"20mL"

" 20 mL*

•20mL*

" 20-25 mL*

27 mL

19 mL

13 mL

19 mL

19 mL

19 mL

18 mL

9mL

12 mL

10,20,30mL

20 mL

520 mL

250 mL

300 mL

300 mL

700

700

700

900,1300

1300

700

700

700

700

700

1100

500

700 to 1300

500

700

1300

700

900

900

P. pinguis (12:12 h L:D) at various rations

P. pinguis (12:12 h L:D); by drip and recirculation methods

P. pinguis (12:12 h L:D); continuously and intermittently

P. pinguis (12:12 h L:D); oysters of different sizes

P. pinguis (12:12 h L:D); 1 vs 2 feeds/day

P. pinguis (12:12 h L:D), Pavlova sp. CS-63 (12:12 h L:D)

P. pinguis (12:12 h L:D), P. pinguis

P. pinguis, Rhodomonas salina ,1:1 mixture of the two

P. pinguis, Chaetoceros caldtrans ( 18:6h L:D)
C. calcitrans, Skeletonema sp. pastes

P. pinguis, Isochrysis sp. CT ISO), Dunaliella tertiolecta

not applicable (control oysters only)

Isochrysis sp. (T ISO), Algamac 2000, Microfeast MB-30

Isochiysis sp. (T ISO) at various rations

Isochrysis sp. fT ISO) to oysters stocked at different levels

Isochiysis sp. (T ISO) to oysters at different flow rates

P.pmgufe(12:12hL:D)

P. pinguis (12:12 h L:D)

n/a (control oysters; comparison of L.S. and P.L. sites)

900 n/a (control oysters; comparison of L.S. and P.L sites)

* measured as 25 g wet wt; initial rations; increased weekly relative to oyster growth. Microalgae grown under 24:0 h L:D unless otherwise specified.
Abbreviations: n/a a not applicable; P.L. = Pipeclay Lagoon; L.S. -= Little Swanport; avge. = average; chl a = chlorophyll a; T a temperature.
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Fig. 1. A. View of Pipe Clay Lagoon from the Shellfish Culture nursery.

B. Regional map indicating the location of Pipe Clay Lagoon.
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Fig. 2. A. Shellfish Culture's Pipe Clay Lagoon oyster nursery and research facility.

B. Commercial upwellers containing oysters.
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Fig. 3. A. Control upweller receiving unfiltered seawater pumped from Pipe Clay Lagoon.

B. Bucket of supplementary algal feed being pumped into an upweller.

C. Supplementary feeding of oysters, showing the flow-rate at which food was added

(60-80 mL min1).
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Fig. 4. A. Filtering of algal cultures onto glass-fibre filters, prior to biochemical analysis.

B. Layout of experimental upwellers. Typically, experiments utilised 16-23 buckets, and their

positions were randomly altered 3 to 4 times during each experiment.

C. The size of oyster spat at the completion of a feeding trial, i.e. 2 to 3 mm.
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5.1.3. Algal cultures

Microalgae were obtained from the CSIRO Collection of Living Microalgae (Table 2). They were
cultured in medium fz (Guillard and Ryther, 1962), except R. salina, which was cultured in medium fe

(Jeffrey, 1980). Starter cultures (150 mL in mid to logarithmic phase) were inoculated into 1.4 L of
seawater enriched with nutrients in 2 L Erlenmeyer flasks (Figure 5A). Flasks were placed on glass
shelves and illuminated with white fluorescent light (Philips daylight tubes) from beneath at 100 pmol
photon m'2 s-l at 20 ± 2°C. Cultures were bubbled with air enriched with 0.5 to 1% CO; at a flow-rate

of 0.4 L min . Most cultures received continuous illumination, except for several indicated in Table 1

that received 12:12 h or 18:6 h L:D. At mid to late logarithmic phase, the flask contents were
transferred to 10 L polycarbonate carboys containing 8 L of seawater enriched with nutrients (Figure

5B). Carboy cultures were grown under identical conditions. At mid to late logarithmic phase, their

contents were transferred to sterile polyethylene bags (except C. calcitrans ) containing 85 L of 0.2

^im filtered seawater enriched with nutrients (Figure 5C). Bag cultures were grown under identical

conditions to flask and carboy cultures; however the light intensity was 50 to 75 |^mol photon m s

for continuously illuminated cultures and 100 to 150 pmol photon m'2 s'' for 12:12 h L:D cultures.

Cultures were mixed with air enriched with 1 to 2% COz, at a flow rate of 20 L min-l, maintaining pH

between 7.0 and 7.5. C. calcitrans 10 L carboy cultures were transferred into glass carboys containing

20 L of 0.2 pm filtered seawater enriched with nutrients, and grown in otherwise identical conditions.

Replicate (3 to 6) cultures (bags or carboys) of each species were used throughout the experiments.

Cultures were maintained in late-logarithmic growth phase by removing 20 to 40% of the culture

volume every 2 to 3 days and replenishing with fresh media.

5.1.4. Alternative supplementary diets

Algal pastes were supplied from the NSW Fisheries, Port Stephens Research Centre. S. costatum. and

C. calcitrans were grown in £2 media in 1000 L tubs at 23 ± 1°C and were aerated with COz-enriched

air. S. costatum was grown under 24:0 h L:D illumination and C. calcitrans under 18:6 h L:D. The

algae were harvested at late logarithmic phase using a continuous super-centrifuge. The pastes were

collected, transferred to 250 mL polycarbonate sample jars and placed in a 4 L insulated container

with frozen ice-packs. This was sealed, dispatched by overnight courier to the CSIRO Hobart

laboratory, and the sample jars were refrigerated at 4°C upon arrival. Pastes were received 3 d before

the commencement of trial 8 and a second batch was received 1 week later, so that the pastes used

within the trial were between 4 and lid old on any particular day. The pastes (2 g wet weight) were
resuspended in 1 L of seawater by mixing for 30 sec with a hand-held blender prior to dispensing the

rations into the individual feed buckets.

Two "off-the-shelf dried products were evaluated in Trial 13: 1) AlgaMac 2000, spray-dried cells of

Schizochytrium. sp. grown heterotrophically, supplied by Aquafauna Bio-Marine Inc. and 2)

Microfeast® MB-30, a yeast-based microdiet supplemented with fish oils, from Microfeast. These

products were provided as free samples from the respective companies, and normally cost $US 50-55

(1996 prices). They were resuspended (0.5 g in 2L seawater for AlgaMac 2000; 2L of freshwater for
MB-30) by mixing for 30 sec with a hand-held blender prior to dispensing the rations into the
individual feed buckets.



Table 2. Microalgae used as supplementary diets for juvenile Pacific oysters.

Algal Class and Species CSIRO Deposition or origin code(s)
Culture

No.

Axenic Culture Cell size Australian
medium (j^m) isolate

Bacillariophyceae
Chaetoceros calcitrans (Paulsen) Takano

Skeletonema costatum (Greville) Clevea

Chlorophyceae
Dunaliella tertiolecta Butcher

Cryptophyceae
Rhodomonas salina

Prynesiophyceae

Isochrysis aff. galbana Parke (T. ISO)2

Pavlova sp.

Pavlova pinguis Green

CS-178 C.CAL,CCMP1315 Yes
CS-181 SKEL, CCMP1332 Yes

CS-175 WHOI1, DUN, CCMP1320 Yes

CS-24 — No

f2
f2

3-6

5x10

10-12

5x12

No
No

No

Yes

CS-177

CS-63

CS-375

T. ISO, CCMP1324

SPECK 16.3
PRPL01

Yes

No

No

f2

f2

f2

3x5

5
5

No

Yes

Yes

R. R. L. Guillard, Bigelow Laboratory for Ocean Science, West Boothbay Harbor, Maine, USA

b CSIRO Collection of Living Microalgae, isolated from Port Hacking, New South Wales, Australia
c D. Frood, isolated from Port Philip Bay, Victoria, Australia
d CSffi.0 Collection of Livmg Microalgae, isolated from Pipe Clay Lagoon, Tasmania, Australia
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Fig. 5. Various scales of algal culture:

A. Two litre flask culture.

B. Ten litre carboy culture.

C. Eighty-five litre bag culture.
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5.1.5. Biochemical analysis of microalgae and oysters

For experimental-scale trials, aliquots (1 L) were removed from microalgal cultures every 2 to 4 days

for biochemical analyses. For carbohydrate and protein determination, subsamples (10 to 80 mL)

were filtered through 25 mm glass-fibre filters (Whatman GF/C). For total lipid determination,
subsamples (150 to 600 mL) were filtered through 47 mm glass-fibre filters (Whatman GF/C). All
filters were stored at -20°C and analysed within 6 months. For fatty acid analysis (trial 11),

subsamples (80 to 300 mL) were filtered through 47 mm filters and stored in liquid nitrogen until
analysed (Figure 4A). Subsamples (50 to 400 mL) were also filtered through precombusted (450°C;
24 h), preweighed, 47 mm filters for dry and ash weight. The filters were washed with 30 mL of 0.5
M ammonium formate to remove residual salts, dried at 80° C overnight, then reweighed to determine

the dry weight. Ash weight was determined by subsequently heating the filters in a muffle furnace
(450°C; 24 h) and reweighing. Pastes (0.21 to 0.42 g) were resuspended in 200 mL of 1 pm filtered
seawater, and subsamples filtered for later analysis of carbohydrate and protein (5 mL), lipid (80 to
100 mL), dry and ash weight (35 to 60 mL) in the same way.

Carbohydrate was analysed after hydrolysing filters with 3.9 mL of 0.5 M H2S04 at 100°C for 4 h in
polypropylene centrifuge tubes by the phenol-sulphuric acid method (Dubois et al. 1956). Protein was
analysed after homogenising filters with 6% TCA, with a modified Lowry et al. (1951) technique
(Clayton et al. 1988). Lipid was determined gravimetrically; filters placed into 10 mL Mini-vials
were repeatedly extracted in chloroform-methanol-water (2:4:1, v/v/v; 7 to 8 x 5 mL) (Whyte, 1987).

The supernatants were combined, and chloroform and water added to bring the ratio to 1:1:0.9 for

phase separation and extraction of lipids in the lower chloroform phase. The chloroform layer was

concentrated under vacuum and weighed to determine total lipid.

In trial 11, we compared the fatty acid compositions of the supplementary diets with those of the
oysters fed on the respective diets. Samples of microalgae were extracted overnight with chloroform-

methanol-water (1:2:0.8, v/v/v) (Bligh and Dyer, 1959). Chloroform and water were added to bring the

ratio to 1:1:0.9 for phase separation and extraction of lipids in the lower chloroform phase. The lipid

extracts were saponified and the liberated fatty acids were acidified, then extracted (Volkman et al,

1989). Fatty acids were transesterified to methyl esters and analysed by capillary gas-chromatography

(GC) using polar and non-polar capillary columns and GC-mass spectrometry. Oysters were collected

at the completion of trial 9 and ground with a mortar and pestle then freeze dried before analysing for

fatty acids in the same way.

5.1.6. Apparent growth efficiency

Apparent growth efficiency (%AGE) is a measure of the efficiency with which food was used
and was determined for each diet by the equation:

%AGE = [(AOW,, - AOW, ) /DW^JxlOO

where AOW^ was the change in OW of supplement-fed oysters, AOW^ was the increase in the OW

of control oysters, and DW^ ^ was the dry weight of supplementary food. The OW of a known

volume (1 to 4 ml) of oysters was measured at the start and end of an experiment to calculate the OW

per upweller. This was used to calculate AOW^ and AOW,; .

5.1.7. Analysis of seawater flowing through upwellers

Daily temperature maxima and minima of seawater flowing into upwellers were recorded using a

maxima/minima thermometer. Water samples (filtered through a 20 j^m nylon screen) were taken

weekly from Pipe Clay Lagoon, and analysed for salinity, chlorophyll a, total particulate matter

(TPM) and particulate organic matter (POM). Fatty acids were determined during trial 9. Water (1.5
to 4.0 L) was filtered through 47 mm filters. Filter samples for fatty acids were stored and analysed as
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previously described; filter samples for chlorophyll a analysis were stored at -20° C for 1 to 2 months

and later extracted in 90% acetone (Jeffrey and Humphrey, 1975). The concentration of chlorophyll a

was determined spectrophotometrically using the equations from Jeffrey and Humphrey (1975). TPM
filters were washed with 30 mL of distilled water to remove residual salts, dried overnight at 80° C,

and reweighed to determine the mass of the TPM. The mass of POM was determined by heating these

filters in a muffle furnace (450°C, 24 h) then reweighing to determine by weight loss.

5.1.8. Statistical analysis of growth trials and biochemical composition

The different measures (dry weight, organic weight, volumetric) of oyster growth rate (k) were

compared by linear regression analysis. Growth rates from individual trials were compared using

analysis of variance (ANOVA), with significant analyses followed by Fisher's protected least
significant difference (PLSD) test for pairwise comparisons.

Differences in the gross composition (lipid, carbohydrate, protein) of diets were examined by

ANOVA, and significant tests analysed by Fisher's PLSD for pairwise comparisons. Linear

regression of oyster growth increase against the gross composition of diets was performed to

determine their influence in a supplementary diet. All statistical tests were at a significance level of P

< 0.05.

A posteriori power analyses were undertaken to determine the minimum difference in growth rates of

oysters required to give a significant effect (P < 0.05), with a power value of 0.8, based on 4

replicates/treatment group and 4 treatments (Searcy-Bernal, 1994).
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5.2. MONITORING PROGRAM AT THE OYSTER NURSERIES

5.2.1. Prelude

Prior to this project, we undertook a monitoring program of the water entering upwellers at the

Shellfish Culture Ltd. nursery at Pipe Clay Lagoon for 2 years to gain a better understanding of the

factors affecting animal growth rates in the commercial situation. This data are included in this report.

Water parameters measured included temperature, salinity, inorganic nutrients, total and organic

particulate matter, and chlorophyll a. As part of the FRDC project, this monitoring was continued and

enhanced to describe dissolved organic carbon, and the polyunsaturated fatty acid and pigment content

of particulate matter in the water entering upwellers. Data were compared to the weekly growth rates

of oysters at the site.

Monitoring initiated at the Little Swanport oyster nursery site was also continued. Because of logistics

and cost, the sampling was less frequent (fortnightly) and less comprehensive (temperature, inorganic

nutrients, salinity, chlorophyll a) than at Pipe Clay Lagoon. Oyster growth rates were not assessed

routinely at the Little Swanport site - though we twice compared oyster growth rates at Pipe Clay

Lagoon and Little Swanport (commercial scale trials C and D, in previous section).

5.2.2. Monitoring of animal growth in the Pipe Clay Lagoon nursery

At the start of each week, a nursery upweller (Pig 2A) containing newly graded juvenile oysters (1 L
of 1600-1800 [im size class) was set aside for the growth trial. A sub-sample of 200 oysters was

removed from the upweller for the analysis of dry and organic (meat) weight of oysters. For these

analyses, the sub-sample was rinsed with distilled water, dried at 100°C for 24 h, then weighed to

determine dry weight; the sample was then heated in a muffle furnace (450°C; 24 h), and reweighed to
determine the organic weight by weight loss.

The upweller was left ungraded for the following week. Unfiltered seawater was pumped continuously

into the upweller (i.e. between inner wall of tub and outer wall of inner chamber) at 14 L min'1.

Oysters and the upweller were cleaned daily to remove faeces and adherent particles according to

standard methods used in the nursery. After 7 days, a further sub-sample of 200 oysters was collected

for the same analyses of dry and organic weight. The differences between the weights of the oysters

between day 7 and day 0 gave a measure of their weekly growth.

5.2.3. Collection of water

Water was collected weekly from the sites at 10 a.m. each Thursday. Temperature was recorded and

20 L was initially filtered through a 250 pm nylon screen to exclude larger zooplankton, Most of the

water (15 L) was then passed through an additional 20 yon nylon screen. Water passing through this
screen was regarded as containing particles that were capable of being ingested by the oyster spat.

Water leaving upwellers used in the animal growth rates trials was also collected (after filtering

through a 20 p.m screen) for measurement of chlorophyll a. All water samples were transported to

CSIRO for processing.

5.2.4. Chlorophyll a and other pigments

Water samples (2.5 L of both 20 |-im-filtered and 250 pn-filtered) were filtered under vacuum through

glass fibre filters (Whatman GFC; 47 mm), and the filters then stored at -20°C for < 2 months prior to

analysis . Filters were cut into 5 mm squares and transferred to 10 rnL centrifuge tubes together with

4.5 mL of ice-cold acetone. Samples were then vortexed, sonicated, diluted with 0.5 mL water, and

then left in the dark at 4°C for 30 min to complete extraction (Wright et al., 1991). Chlorophyll a in
the extracts were determined spectrophotometrically (Jeffrey and Humphrey, 1975).

Jeffrey et al. (1997) reported an 82% recovery of chlorophyll a after storing a mixed microalgal samples at -20°C for 2 months.
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For the analysis of pigments by HPLC, samples were collected in a similar fashion, with storage in

liquid nitrogen for up to 2 years prior to analysis . Most of the filters from the weekly samples within

the same month and year were combined to form an "integrated" monthly sample. This sample was

extracted using 15 mL of acetone, and the final extract filtered through a 0.45 j-lm nylon syringe-filter

prior to HPLC. HPLC analysis was undertaken by reverse-phase HPLC with a C 18 column (Wright et
al., 1991) and the pigments were identified and quantified using a Water UV-Visable Diode-Array

detector.

5.2.5. Particulate matter

Water samples (2.5 L) were filtered under vacuum through preweighed, precombusted glass fibre

filters (47 mm). Filters were immediately rinsed with 10 mL of water to remove residual seawater,

dried (100°C, 16 h) then weighed to determine the total particulate matter. Organic material on filters
was combusted by heating at 450°C for 16 h. Filters were reweighed, and the change in weight

calculated to estimate the particulate organic matter in the original sample.

5.2.6. Nutrients and salinity

Samples of 10 mL and 200 mL were collected and stored for the analysis of nutrients and salinity

respectively. These analyses were performed by the Ocean Monitoring Service (OMS) group at

CSIRO Marine Research: nutrients by segmented-flow analysis and salinity by inductive

conductimetry.

5.2.7. Dissolved organic carbon

Water samples were filtered using an Amicon stirred-cell system to remove molecules of > 1000

molecular weight. Filtrates were collected and stored in acid-rinsed, pre-combusted bottles, then sent

to the South Australian Water Laboratories for analysis.

5.2.8. Polyunsaturated fatty acid content of particulate matter

Water samples (2.5 L; prefiltered through 20 (J-m nylon screen) were filtered under vacuum through

glass-fibre filters (Whatman GFC; 47 mm), and the filters then stored in liquid nitrogen prior to
analysis. Samples were extracted for lipid, and the fatty acid composition determined by gas-

chromatography (Volkman et al., 1989).

5.2.9. Ingestion of microalgae by oysters

The difference in chlorophyll a between water entering and leaving upwellers was measured to

provide a measure of microalgal uptake by oysters. Water samples (2.5 L) were filtered through glass

fibre filters (Whatman GFC; 47 mm), and the filters then stored at -20°C for < 2 months prior to
analysis of chlorophyll a by methods detailed above.

5.2.10. Statistical analysis

Data were analysed by regression modelling approaches, with growth rate of oysters as the dependent

variable, and nutrient composition as explanatory variables. Effects were examined to see if they were

linear or non-linear.

Jeffrey et al. (1997) reported an average recovery of 93% for pigments after storing algal samples for 328 days in liquid nitrogen.
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6. RESULTS

6.1 ACHIEVEMENTS AGAINST STATED OBJECTIVES OF PROJECT

Objective 1: To document changes in the water quality and in the growth rates of juvenile
oyster (C. gigas) at two commercial nurseries

Concentrations of nitrate, phosphate, silicate, chlorophyll a, total particulate matter (TPM), particulate

organic matter (POM), dissolved organic carbon (DOC), and salinity and temperature were measured

in water samples from Pipe Clay Lagoon and Little Swanport weekly; fatty acid and pigment
concentrations were measured monthly. Nutrient profiles differed between the sites, Little Swanport

was characteristically estuarine with fluctuating salinities and significantly higher concentrations of
silicate. Chlorophyll a concentrations at Little Swanport were approximately double that of Pipe Clay
Lagoon.

Growth rates of oysters were assessed weekly at the Pipe Clay Lagoon site. Multiple regression

analysis showed no relationship between oyster growth and water quality, although significantly lower

growth rates occurred from January to June 1997 and this was associated with significantly lower

concentration of chlorophyll a during the period.

Growth rates of oysters were assessed at Little Swanport on two occasions; during February 1997 and

April 1997. Rates were significantly greater than those of oysters from Pipe Clay Lagoon during the

same period. The difference in growth rate was attributed to a much higher level of phytoplankton

(based on measured chlorophyll a) in the water during this time.

Objective 2: To develop supplementary feeding techniques for increasing the productivity of
juvenile oysters (C. gigas).

Supplementary feeding techniques were developed that typically (depending on season, diet type and
concentration) increased the growth rates of oysters at the Pipe Clay Lagoon site by 60%. The most

effective diets were Isochrysis sp. (T.ISO), D. tertiolecta, R. salina, C. calcitrans (live culture or

paste) and S. costatwn. The technique was most effective (and cost-effective) when natural

"background" levels of phytoplankton (based on measured chlorophyll a) in the water were low (eg. in

the 1996/97 production season compared to previous seasons).

Objective 3: To test new Australian cold-water microalgal species as supplementary feed for

juvenile oysters (C. gigas).

Three new Australian species were tested as supplementary feed: P. pinguis (isolated from Pipe Clay

Lagoon); Pavlova sp. CS-63 (from Port Philip Bay) and R. salina (Port Hacking). R. salina was the
most effective microalga and produced a similar enhancement of growth as the overseas strains tested.

However, the cell division rate of this strain would need to be improved to make it as cost-effective a

diet as some of the overseas strains (e.g. Isochrysis sp. (T.ISO), D. tertiolecta).
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6.2 SUPPLEMENTARY FEEDING OF OYSTERS

The results from the 15 experimental-scale trials and 4 commercial-scale trials are not reported in

chronological order, as listed in Table 1. Instead, related experiments are grouped and reported

together to simplify the reporting. A discussion is given at the end of each subsection of related

experiments, and further discussion is given in section 7 (i.e. Discussion).

6.2.1. The efficiency of uptake of microalgae over a 24 h cycle

Prior to undertaking experimental-scale supplementary feeding trials, we assessed whether oysters had

a preference for night- or day-time feeding. Juvenile Pacific oysters ("2 mm) were placed in chambers

in duplicate 10-L experimental upweller units. The density of animals was similar to those used in the

commercial nursery (" 40 g wet weight/85 cm of chamber screen). The animals were maintained

under a 9:15 h light:dark photoperiod. Water (from Pipe Clay Lagoon) was pumped through the
upwellers at 700 mL min . Animals were acclimated for 24 h prior to the experiment.

During the experiment, samples (2L) were taken every 90 min from water entering and exiting

upwellers. Samples were filtered, frozen (-20°C), and later analysed for chlorophyll a. The percentage

of chlorophyll a removed from the water was calculated, to estimate the uptake efficiency by oysters.

Percentages of chlorophyll a removed varied significantly, and (apparently) randomly over the

experiment, from 10-60%, with an average of "40% (Fig. 6). There was no difference in removal

between the light and dark phases. Because the water was pumped directly from Pipe Clay Lagoon, its

physical properties (eg. food concentration and quality, nutrients, T) were not controlled. Temperature

was relatively constant (9-11°C), chlorophyll a levels ranged from 1-2 pg L ; other water parameters

were not measured. The variation in uptake of chlorophyll a by oysters was likely to be related (at

least in part) to naturally occurring physical changes in the water.

In view of this result, and because of logistic constraint, it was decided that short-term supplementary-

feeding of oysters proposed (at least in the initial phases of the project) would be undertaken during
the day.
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Fig. 6. Removal of chlorophyll a from water passing through upwellers by juvenile oysters over a

day-night cycle. Values are average ± range/2.
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6.2.2. Methods for assessment of growth rate of oysters and survival

For the first five feeding trials, oyster growth was measured by the changes in dry weight (DW) and
organic weight (OW) of sub-samples from upwellers. Data for oyster DW were used to statistically

compare the growth rates in these trials. However, variances within treatment groups were high, which

made it difficult to show that differences were statistically significant. Errors due to sub-sampling the

oyster population were a major contributor to the variance. We tested the volumetric measurement of

the oyster populations as an alternate measure of oyster biomass, and for calculating growth rate.

Growth rate calculated using volume of oysters was linearly related to growth rate calculated using

DW (R2 = 0.62) and OW (R = 0.74). The relationships were defined by the regression equations:

kow= 1.004 kvoL-0.005

kow =1.104 kvoL-0.001

where kyoL, kow, and kow are growth rates from measurements of oyster volume, DW and OW,

respectively. Because the within-group variance for kvoL was significantly less, and closely correlated

to kow and kow, it was used for statistically comparing growth rate data for feeding trials subsequent

to trial 4. Also, A posteriori power analysis showed the minimum difference in growth rate (Ak) that

an experiment could have detected as being significant (P < 0.05) with a power of at least 0.8 was Ak

= 0.015 for kow (based on Trials 1-5) and 0.010 for kvoL (based on Trial 6).

At the commencement of trials, mortality in batches of oysters was <5%. The exception was Trial 14

(15%). There were no significant changes in oyster survival in any of the experiments.
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6.2.3. Concentration of supplementary diet

Trial 1: Concentration of supplementary-feed (discontinuous feeding)

Pavlova pinguis CS-375, a microalgae isolated from Pipe Clay Lagoon, was used in the initial phase

of the project as the reference diet. In trial 1 we aimed to assess the effectiveness of P. pinguis (grown

under 12:12 h L:D) as supplementary feed at different concentrations. Three treatments received the

same flow-through of water as the control upwellers for 22h d , but received supplementary food at

different concentrations for the remaining 2h d . The mean concentrations added to each treatment

were 53, 106 and 212 mg d'' (dry weight). The feed was delivered as a single ration, between midday

to 2 p.m. weekdays, over an 18 d trial. The rations were held constant throughout the trial.

The growth of oysters increased with food concentration (ANOVA; P < 0.001) (Fig. 7) . The oysters
fed 106 and 212 mg had approximately 32% faster growth rates than control oysters (P < 0.001),
whereas those fed 53 mg day grew no faster than the control oysters. As the growth rates differed

very little between oysters fed the 106 and 212 mg rations, subsequent experiments during year 1 of

the project used a ration of approximately 100 mg d-l.
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Fig. 7. Dry weight and organic weight growth rates of 700 y.m juvenile oysters fed differing

concentrations of supplementary food (P. pinguis) for 18 d in comparison to control oysters.

Error bars are standard deviation.

Instantaneous growth rate values (k) may be readily converted to doubling time by the fomula:
doubling time = 0.693/k.

For example, in the above graphs this gives a doubling in dry weight of control oysters (k = 0.07) of 10 days.
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Trial 13: Concentration of supplementary feed (continuous feeding)

Supplementary feeding was re-evaluated at different concentrations of algae, delivered continuously

(c.f Trial I page 21; single 2 h feed weekday ) over a 17 d period. This re-evaluation was necessary

because we observed that at high feed concentrations (200 mg upweller d ) oysters reached satiation

after feeding on 1/2 to 3/4 of the ration over 1-1.5 h with the discontinuous feeding methods (as

determined by chlorophyll a concentration entering and exiting the upweller). Delivering the food over

24 h might therefore allow the oysters to ingest and assimilate the microalgae more efficiently at the
higher rations - even though at lower rations (98 mg upweller weekday"') we found no difference in

growth between oysters fed continuously and discontinuously (Trial 3; page 24).

Oysters were fed either 58, 116 or 174 mg (initial ration) Isochrysis sp. (T.ISO) (grown under 24:0 h
L:D) each day. Oysters were fed continuously (except during the daily cleaning) for 7 d week .
Rations were increased weekly in proportion to the growth increase seen in oysters receiving the initial

58 mg d , and remained at the ratio of 1:2:3. The growth of the supplementary-fed oysters was

compared to a flow-through control.

There were significant growth-rate differences between treatments (ANOVA; P < 0.01), with a trend

of increased oyster growth with increased supplementary food (Pig. 8).

Supplementary-fed oysters had significantly higher growth than the control oysters (P < 0.05). Oysters

initially fed 116 mg and 174 mg had faster growth than oysters initially fed 58 mg (P < 0.05), yet there
was no significant difference between the 116 and 174 mg d treatments. The growth rate of oysters

fed the highest ration (k = 0.11) was greater than rates achieved with supplementary feeding in the

supplementary trials 1-12 (k < 0.093). Also, since there was no apparent levelling out of growth

response with increasing supplementary food in this trial, further growth increases are possible at even

higher rations.
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Fig. 8. Volumetric, dry weight and organic weight growth rates of juvenile oysters ("1100-1500 pm)

fed different concentrations of supplementary Isochrysis sp. (T.ISO) over 17 d. Rates are

compared to control oysters. Error bars are standard deviation.
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Discussion: Concentration of supplementary food

Trials 1 and 13 demonstrated that growth rates of oysters increased with increasing concentrations of

supplementary diet. In trial 1 where oysters were fed over a 2 h period, the growth response did not

improve above the 106 mg upweller weekday (= 3.8 mg mL.oyster d ) ration. However, in trial 13

where oysters were fed continuously, there was no apparent levelling off of growth response (highest

ration = 14.6 mg mL.oyster d ).

Another trial (Trial 3; page 24) demonstrated that at the lower food ration of 3.5 mg mL.oyster"' d-l

that there was no significant difference in growth of oysters fed daily in 2 h rations, versus

continuously. However, comparison of data from trials 1 and 13 suggests that at higher rations, the

feed cannot be efficiently assimilated during a 2 h period. We verified this in a subsequent short-term

study. We fed oysters stocked at 20 mL upweller , three different rations of P.pinguis, i.e. 3.8, 7.6 and
15.2 mg mL.oyster-l over a 2 h period, and estimated filtration efficiency by measuring the chlorophyll

a removed (as a measure of phytoplankton) from water passing through the upwellers. Efficiency was

highest at the 3.8 mg ration (average 40% chlorophyll a removed) with significant reductions in
efficiency at the higher concentrations (25% and 10% at the 7.6 and 15.2 mg rations, respectively). In

particular, oysters fed the 15.2 mg ration were not removing any chlorophyll a after 1.5 h of feeding.

These results concur with others, showing that beyond an optimum feed concentration, ingesdon

capacity is saturated and filtration rates decrease with increasing food (Navarro and Winter, 1982;

Bricelj and Malouf, 1984; Beiras et a., 1993). The net effect is a regulation of food uptake whereby the
amount of particles filtered per unit time is relatively constant. For clam Venerupis pullastra seed

(Beiras et al., 1993) and oyster Ostrea edulis seed (Beiras et al., 1994) in open-flow systems, this

optimum feed concentration was 30 cells |il of Isochrysis sp. (T.ISO. In comparison, we calculated

that by feeding P. pinguis in upweller at a ration of 3.8 mg mL.oystef' (as per trial 1) would give cell
concentration of up to 50 cell |jT1 within the upweller, i.e. near or perhaps beyond optimum food

concentration during the feeding period.

Maximum growth rates were not established in trial 13, though possibly only modest growth increases

could be given at higher rations. For example, we calculated that at the highest ration, the average cell

concentration of Isochrysis sp. (T.ISO) flowing through upwellers ranged from 10 cells [d (week 1)
to 30 cells |ll~' (week 3) (c.f. optimum feed concentrations of 30 cells [iV for other mollusc seed;

Beiras et al, 1993, 1994). Also, the instantaneous growth rate at the highest ration (k = 0.11 d ) is

comparable to maximum growth rates of bivalve seed seen in other studies, e.g. k == 0.13 d for C.

virginica (Urban et al., 1983), k = 0.14(1-1 for 0. edulis (Beiras et al., 1994), k = 0.12 for Saccostrea

commercialis (O'Connor et al., 1992) and 0.070 for C. gigas (Enright et al., 1986a).
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6.2.4 Presentation of supplementary food

Trial 3: Duration of feeding

The effects of duration of supplementary feeding was tested by distributing a fixed ration (98 mg
upweller'1) of supplementary P. pinguis (12:12 h L:D) on weekdays over an 18 d trial, as follows:
a) over 2 h (standard method)
b) 2 x 1 h - Supplied daily with two supplementary half-rations, each over 1 h, at midday and midnight

(discontinuous method).

c) continuously

Oysters fed using the discontinuous and standard feeding methods (i.e. a) and b)) had 31-51% faster
growth rates than control oysters (P < 0.05) (Fig. 9). Oysters fed continuously had growth rates

intermediate between the control oysters and those fed using the 2 x 1 h regimen (not statistically

significant). Because the discontinuous method appeared the most effective at increasing the animal s

growth rate at this feeding ration, this regimen was adopted for subsequent feeding trials (trials 4-10 and

12).

A) Dry weight B) Organic weight

Feeding duration/

frequency per day

- 2x1 h

2h

24h

Control

0.068

0.059

0.056

0.045

0.057

-1 0.044

0.052

11- I I

0 0.02 0.04 0.06 0.08 0.1

Instantaneous growth rate (d"1)

0.036

1IIT
0 0.02 0.04 0.06 0.08 0.1

Instantaneous growth rate (d~1)

Fig. 9. Dry weight and organic weight growth rates of 700 pm juvenile oysters fed a supplement of 98

mg of P. pinguis upweller d using continuous and discontinuous feeding methods over a 18 d

compared to control oysters. Error bars are standard deviation.
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Trial 5 .'Duration of supplementary feeding - repeated

This experiment comparison of 1 versus 2 feeds per day again (c.f. trial 3, page 24) but using

volumetric analyses to compare the growth rate of the different treatments. In addition, a parallel trial

was undertaken under similar conditions (apart from scale) in the commercial nursery. This is

discussed in the section on nursery-scale trials.

Experimental treatments were fed as described in trial 3, excluding a continuous feeding treatment.

Supplementary-fed oysters received 87 mg P. pinguis (12:12 h L:D) upweller d , fed during
weekdays over an 18 d trial.

Growth rate assessment showed no difference between supplementary-fed and control oysters

(Fig. 10).

Control oysters grew significantly slower in this trial than subsequent trials, despite background

chlorophyll a levels being 2 to 4 times greater than in previous trials (i.e. 2.9 [ig L , compared to 0.69

to 1.47 |J.g L ; Table 1, page 5). Lower water temperatures in this trial (average daily range 9 to 12°C;

Table 1) compared to previous trials (average daily range > 12 to 15°C) most likely contributed to the
lower growth in both control and supplementary-fed oysters.

A) Volume B) Dry weight C) Organic weight
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Fig. 10. Volumetric, dry weight and organic weight growth rates of 1300 pm juvenile oysters fed an

average supplement of 97 mg P. pinguis/upweUer /weekday. Error bars are standard

deviation.
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Trial 2: Recirculation versus single passage of feed

The trial aimed to compare different methods for delivering the diet of P. pinguis (12:12 h L:D) to
oysters over an 18 d trial:

a) Drip 1 - Supplementary food was delivered in a single ration over 2 h in addition to normal flow-

through.

b) Drip 2 - The flow-through water was stopped whilst supplementary feeding took place.

Supplementary food was added over 1 h, followed by the addition of seawater for a further hour at

the same rate. Normal flow-through was then resumed.

c) Recirculation - Flow-through water was turned off and one-third of the total supplementary ration

was added to the upweller, The water within the upweller was recirculated for 30 min with an

aquarium pump. The system was then flushed with 10 min of flow-through water at the normal

flow rate. This was repeated twice with the remaining 2 rations, over a total period of 2 h. The

ration (103 mg upweller weekday ) was held constant throughout the trial, with the feeding
occurring only on weekdays.

Growth rates of oysters fed using drip treatments were 8% higher, but not statistically different

(P > 0.05) to those fed by the recirculating method (Fig. 11). Oysters in the "Drip 1" and "Drip 2"
treatments showed similar growth rates, with mean values 25% higher than the control oysters.

However, this could not be statistically substantiated due to the large variance in the control group

(Fig. 11). As all feeding methods appeared equally effective, we chose the "Drip 1" method for

subsequent trials, because it was the least labour-intensive

Feeding
method

Drip 2

Drip 1

Recirculation

Control
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Fig. 11. Dry weight and organic weight growth rates of 700 ^m juvenile oysters fed an average

supplement of 103 mg P. pinguis upweller weekday using drip and recirculation methods

over 18 d. Error bars are standard deviation.



RESULTS: SUPPLEMENTARY FEEDING OF OYSTERS Page 27

Trial 15: Recirculation versus single passage of food - repeated

This trial aimed to re-examine different methods for delivering supplementary food. We initially

investigated this aspect during one of our early trials, and found that a "single-pass" of supplementary

food was equally if not more effective as "recirculating" the feed (Trial 2). This question was re-

examined as our later trials used higher feed concentrations, and delivered the food over a 24 h period

(not 2h, as in Trial 2).

The diet was Isochrysis sp. (T.ISO) (24:0 h L:D) fed at a ration of 196 mg upweller d . Food was
delivered continuously. Three different systems were assessed for delivering the feed:

1. normal flow: i.e. food delivered with a total flow rate of 700 mL min

2. reduced flow: food delivered with a total flow rate of 230 mL min'', and

3. water recirculated within the upweller, with feed constantly dripping in at a rate to provide 8 water

changes/day

The rationale for testing the latter 2 methods was that they effectively provided longer "passage" times

of algal cells through the oyster bed and therefore they might provide a more efficient filtration.

Control oyster growth rates were substantially lower that rates typically seen in year 1 and 2 of the

project (i.e. Trials 1 to 11)), as were average chlorophyll a levels (0.36 pg L ; 0.48 ± 0.18 in year 3; 1.1
± 0.6 ng L-l in years 1 and 2). The normal-flow method (i.e. 700 mL min upwellef') produced

significantly greater growth in supplementary-fed oysters than the alternate methods (Fig. 12).

A) Volume B) Dry weight C) Organic weight

700

Seawater flow rate

(mL.mirr1.upweller'1)

230

Recirculation (50)

0.001
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• = control [3 = supplementary-fed

Fig. 12. Volumetric, dry weight and organic weight growth rates of oysters, with or without

supplementary feeding with Isochrysis sp. (T.ISO) using different methods. Error bars are

standard deviation.
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Discussion: Presentation of supplementary food

At feed concentrations used during the first year of the project (eg. Trials 3 and 5; ^ 3.5 mg d mL

of oysters) there were no significant differences in growth rates between oysters fed 2 x 1 h d , 1 x 2 h

d and continuously. From trial 3, the 2 x 1 h feeding was apparently most effective, though the large

treatment variances meant differences were not significant. As discussed in the previous discussion on

concentration of supplementary feed (p.23), at higher feed concentrations (eg. as used in Trials 6 and

onwards; > 6 mg d'' mL'1 of oysters) we established that filtration of microalgae by oysters was less

efficient, and for that reason feed was either delivered continuously or in 2 x 2 h rations.

In another study, Langton and McKay (1974) demonstrated better growth of Pacific oyster spat fed
discontinously (6 h on, 6 h off regime) compared to continuously, though this finding has not been
substantiated by subsequent reports. In natural environments, bivalves do exhibit periodicity in feeding

behaviour (see reviews ofHiggins, 1980 and Hawkins et al., 1983). Higgins (1980) found that oysters
(C. virginica) fed continuously showed no 24 h periodicity of feeding activity, and the initiation of
periods of activity and quiescence was apparently random. In contrast, Higgins (1980) found oysters

subjected to discontinuous feeding often exhibited 24 h periodicity in activity, which appeared to be
influenced by the availability of food.

Trials 2 and 15 examined different flow rates and recirculation of water. Though no significant

differences in growth were observed in Trial 2, in trial 15 recirculation of water significantly impacted

on oyster growth. Reasons for this were not investigated, though a likely explanation is that this

method produced a greater build-up of waste products (e.g. ammonia, faecal material) in the system

which negatively impacted on growth. This may also explain why oysters fed at a seawater flow rate

of 230 mL min upweller"' grew less than oysters fed at a flow rate of 700 mL min upweller"'. Also,

the latter flow rate ( = 28 mL min'1 g of oysters) is within the range of 20 to 50 mL min-l g-l of

oysters suggested to be optimal for the feeding of juvenile C. gigas in upwelling systems (Spencer et

al., 1986). At these flow rates, approximately 20% of suspended material is filtered by Crassostrea

gigas (Spencer et al., 1986). This and other studies found that lower flow rates do produce higher

levels of filtration and therefore a better use of food (Rodhouse and O'Kelly, 1981), but they also give
reduced growth. For example, Manzi et al. (1986) found that growth of mussel Mercenaria

mercenaria was reduced when more than 20% of ambient chlorophyll a was removed from water

passing through upwellers. Kirby-Smith (1972) found scallop growth was reduced when more than
40% of chlorophyll a was removed from inflowing water.
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6.2.5 Different diets of cultured microalgae as feed

Trial 6: Pavlova species

The aim of this study was to compare the value of Australian Pavlova species, grown under 12:12 h

L:D. We also re-examined the effects of increasing concentrations of supplementary food when it was

split into two rations day (cf. Trial 1 when food was given as a single daily ration). Supplementary-

fed oysters received the same flow-through of water as the control upwellers for 20h/day, but received

one of three different diets for the remaining 4 h (2 x 2 h) during weekdays over an 18 d trial:

a) P. pinguis (grown under 12:12 h L:D) at a ration of 90 mg day"'.

b) P. pinguis (12:12 h L:D) at a ration of 180 mg day''.
c) Pavlova sp. (CS-63) (12:12 h L:D) at a ration of 180 mg day''.

Growth rates (volumetric assessment) of oysters increased with supplementary food concentration

(P< 0.0001) (Fig. 13). Oysters fed 90 mg P. pinguis had 46% faster growth than control oysters
(P< 0.001). Doubling the supplementary concentration enhanced the rates; oysters fed 180 mg P.

pinguis had 14% faster growth rates than those fed 90 mg (P < 0.05), and 66% faster growth than
control oysters (P < 0.0001). P. pinguis was a more effective supplementary feed than the Pavlova sp.

(CS-63) at the 180 mg ration (P < 0.02), producing a 9% greater growth rate.

In trial 1 (page 21) we examined the effects of supplementary feed concentration on oyster growth. In

that study, the feed was delivered as a single daily ration (over 2h). Oyster growth rates increased with

feed concentration up to a 106 mg/day ration. One purpose of this trial was to assess whether growth

rates improved at the higher rations (i.e. at " 200 mg) by splitting the feeding into day and night-time
rations. We demonstrated this was possible. This trial included our first comparison of different

microalgae as supplementary food, showing that Pavlova pinguis was superior to Pavlova sp. CS-63.

A) Volume

P. pinguis
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Fig. 13. Volumetric, dry weight and organic weight growth rates of 700 pm juvenile oysters fed

different concentrations of as supplementary food, and fed different supplementary diets.

The rations (mg upweller weekday"') are shown in parentheses. Error bars are standard

deviation.
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Trial 7: P. pinguis grown under different light conditions

This experiment assessed the effects of two different light regimes (i.e. 12:12 and 24:0 L:D regime) on
the nutritional value of P. pinguis used as supplementary food for juvenile oysters.

Methods were identical to trial 6, except that the average daily ration of supplementary food was less

(140 mg). Two different supplementary diets were compared to each other and control oysters over an

18 d trial. These diets were:

a) P. pinguis cultured under 12:12 h L:D regime, and

b) P. pinguis cultured under 24:0 h L:D regime

Oysters fed the supplementary diets had faster growth rates (35 to 44% more) than the control oysters

(Fig. 14) (P < 0.0001). Oysters fed on P. pinguis cultured under 24:0 h L:D grew 8% faster than
oysters fed the algae cultured under 12:12 h L:D (P < 0.0005).

The light photoperiods chosen in this study represent the two most commonly used by hatcheries for

culturing microalgae. 12:12 h L:D is used by hatcheries with outdoor algal cultures taking advantage

of the natural day:night photoperiod. Hatcheries that grow microalgae indoors tend to use from

between 16:8 h L:D to 24:0 (i.e. continuous illumination), because most microalgae grow faster and

their production cost is less using longer light photoperiod.

The difference in nutritional quality of microalgae grown under different light conditions may be
related to their biochemical composition. We found that P. pinguis contained more lipid when grown

under 24:0 h L:D than when grown under 12:12 h L:D (Table 3). Typically, microalgae grown under
24:0 h L:D are more energy-rich (particularly in carbohydrate and triglyceride) than cells grown
under 12:12 h L:D (Varum et al., 1986, Brown et al., 1996).

On the basis of the results, and an improved production rate of the microalgae, subsequent trials used

microalgae cultured under 24:0 h L:D.
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Fig. 14. Volumetric, dry weight and organic weight growth rates of 700 pm juvenile oysters fed

Pavlova pinguis grown under 12:12 h L:D or 24:0 h L:D. Error bars are standard deviation.
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Trial 8: Australian microalgae and mixed diets

This experiment compared Australian microalgae and a mixed-diet of the two as supplementary feed

for juvenile oysters. Supplementary-fed oysters received the same flow-through of water as the

control upwellers for 20h d , but received one of three different diets for the remaining 4 h (2 x 2h), at
a fixed ration of 190 mg upweller'* weekday"* over an 18 d trial.

a) P. pinguis
b) R. salina CS-24

c) A mixed diet of the above 2 species

Supplementary-feeding produced an increase in oyster growth rate of between 53 to 72% (Fig. 15). R.

salina was more effective than P. pinguis (P < 0.05). Growth of oysters fed the mixed diet was not

significantly different from either of the uni-algal diets. Mixed diets often produce better growth rates

than uni-algal diets in "closed-system" trials because they provide a better balance of nutrients.

However, in our flow-through system, oysters are already receiving a complex mixture of algae and

other food particles from the background water, hence there was no additional benefit of having a

mixed diet as supplementary feed.
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Fig. 15. Volumetric, dry weight and organic weight growth rates of 700 |^m juvenile oysters fed 190

mg upweller-l weekday"' of R. salina, P. pinguis or a mixture of the two, compared to

control oysters. Error bars are standard deviation.
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Trial 10: Microalgae with different PUFAs

This trial compared microalgae containing different compositions of polyunsaturated fatty acids

(PUFAs) as supplementary food for juvenile oysters. P. pinguis contained both 20:5(n-3) and 22:6(n-
3), Isochrysis sp. (T.ISO) lacked 20:5(n-3) but contained 22:6(n-3), and D. tertiolecta lacked both
PUFAs (Appendix i).

Supplementary-fed oysters received the same flow-through of water as the control oysters for 20h d ;

but received one of three diets for the remaining 4 h (2 x 2h), at a fixed ration of 190 mg upweller
weekday over a 17 d trial:

a) P. pinguis

b) Isochrysis sp. (T.ISO)
c) D. tertiolecta

Supplementary-feeding produced an increase in oyster growth rates of between 44 and 74% (Pig. 16).

Isochrysis sp. (T.ISO) and D. tertiolecta were equally effective as supplementary feeds, and both diets

performed significantly better than P. pinguis (P < 0.05).

The effectiveness of D. tertiolecta- an algae deficient in 20:5(n-3) and 22:6(n-3) - indicated that the

oysters were being sustained in these essential fatty acids from natural phytoplankton in the inflowing

water. The fatty acid compositions of oysters were assessed at the end of the trial and compared to

their respective diets. This data are presented and discussed in full in the appended manuscript

(Appendix i).
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Fig. 16. Volumetric, dry weight and organic weight growth rates of 700 pm juvenile oysters fed

190 mg upwellef' weekday of supplementary diets with different PUFA composition,
compared to control oysters. Error bars are standard deviation.
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Discussion: Different diets of cultured microalgae as food

The supplementary feeding experiments 6, 7 8 and 10 compared different live diets as

supplementary feeds. A live diet of C. calcitrans was also compared to P. pinguis in trial 9 (page 35).

All the species examined had previously been found to be of high nutritional value in recirculation

systems, either as a uni-algal diet or as part of a mixed species diet (Enright et al. 1986a; Laing and

Millican, 1986; O'Connor et al., 1992; Brown et al., 1998). Studies here also confirmed the value of

these microalgae as dietary components.

The gross biochemical composition of individual species was assessed (Table 3). Analysing data
across all feeding trials we found no correlation between the gross composition of supplementary feed,

and diet performance. Several factors would account for this: 1) the composition of (available) protein,

carbohydrate and lipid of background seston flowing into upweller must also be considered. This was

not determined in the trials because of the analytical difficulty in accurately measuring these fractions

in complex mixtures, 2) differences in other nutrient factors, or digestibility of microalgae also

affecting dietary performance and 3) differences in the culture environment between trials also

affecting the interaction between supplementary food composition and growth performance. Some of

these factors are eliminated or reduced by making within-trial comparisons- in particular trial 7 where

the P. pinguis of different composition (by virtue of its different culture environments) was tested. P.

pinguis (24:0 h L:D) performed better than P. plnguis 12:12 h L:D, and this may have been related to
it containing higher concentrations of energy-rich lipid.

For reasons mentioned in 3) above, it is also difficult to make inter-trial comparison of the relative

effectiveness of the different diets. Nevertheless, the trials demonstrated that most of the diets were

very effective. The % apparent growth efficiency (AGE) provided a measure of how efficiently the
supplementary-fed microalgae were converted to oyster (organic) biomass. Values ranges from 21%

(P. pinguis in trial 10) to 67% (R. salina/P. pinguis mix in trial 8) and were directly correlated to the
oyster growth rates (r = 0.83). In general though, P. pinguis was less effective than other diets, except

for Pavlova sp. CS-63 (trial 7)

Differences in diet performance may be unlikely to be related to any deficiencies of micronutrients

(eg. vitamins, PUFAs) because a) ambient seawater may have been providing adequate concentrations,

and b) the relatively short experimental period. This was evident in the excellent performance of the

PUPA-deficient D. tertiolecta. Nevertheless, composition analysis of oyster spat at the completion of

the experiment showed D. tertiolecta-fed oysters contained approximately 50% less of the PUFA

22:6(n-3) than Isochrysis sp. (T.ISO)-fed oysters (Appendix i). Therefore, prolonged feeding with this
alga, or feeding during periods when ambient seawater concentrations of PUFAs were lower may

reduce it's effectiveness. For the above reasons, differences in the effectiveness of diets was most

likely related to subtle differences in their amount of available protein and energy for oysters - a

combined function of their ingestion rate, digestibility and their proportions of protein, carbohydrate

and lipid.
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Table 3. Gross biochemical composition (% of dry weight) ofmicroalgal diets tested in the
supplementary feeding trials of juvenile Pacific oysters Crassostrea gigas* Values are

mean ± 1 s.d. n.d. = not determined. Means in columns sharing a common superscript

are not significantly different (P > 0.05).

Feeding trial and species Protein Carbohydrate Lipid Ash

Trial 7

P.pinguis(12:12hL:D) 18 ± 6 c 30 ± 9 a 10 ± 1c n.d.

P.pinguis 22 ± 2c 34 ± 12a 18 ± 3a n.d.

Trial 8

P. pinguis

R. salina

1:1 mixture of above

Trial 9

P. pinguis

C. calcitrans

C. calcitrans paste

S. costatum paste

Trial 10

P. pinguis

D. tertiolecta

Isochrysis sp. (T.ISO)

36 ± 7 b

59 ± 20 a

48 ± 18 a-b

39 ± 11 b

47 ± 8 a'b

29 ± 3 b

31±9b

35 ± 15 b

39 ± 12 b

34 ± 7 b

28 ± 5 a

19 ± 5b

24 ± 7 a-b

31±8a

23 ± 3 a'b

17±4b

19 ± 2 b

29 ± 6a

28 ± 10 a

30 ± 3 a

18±4a

19 ± 3 a

19 ± 5 a

18±4a

19±4a

18±3a

19±4a

13±la

23±la

24 ± 5 a

14±4c'd

10 ± 3d

12 ± 5 c'd

15 ± 5 b'c-d

23 ± 7 a

22 ± 2 a'b

19 ± 2 a'b-c

18±10a'b-c

12±4c-d

13 ± 6 c'd

* Samples were also analysed from Trial 6. However, because insufficient material was taken for analysis, this

led to an over-estimation of ash in these samples and an underestimation of other gross components. However,

the relative proportion of gross components in the two diets were similar: Pavlova CS-63; 18 ± 5% protein, 16
± 5% carbohydrate, 14 ± 2% lipid; P. pinguis; 20 ± 6% protein, 15 ± 5% carbohydrate, 15 ± 0.1 % lipid.
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6.2.6. Alternate supplementary diets

Trial 9: Algal pastes

We compared algal pastes with live diets as supplementary food for juvenile oysters. Supplementary-

fed oysters received the same flow-through of water as the control upwellers for 20 h d , but received

one of four different diets for the remaining 4 h (2 x 2h feeds), at a fixed ration of 180 mg weekday''
over an 18 d trial:

a) P. pinguis (grown under 24:0 h L:D)
b) C. calcitrans (18:6 h L:D)
c) C. calcitrans paste (18:6 h L:D)
d) S. costatwn paste (24:0 h L:D)

Algal pastes were prepared at NSW Fisheries using a continuous super-centrifuge, and transported

immediately in sealed containers by air-freight to CSIRO, Hobart. Upon arrival they were stored at

4°C in the dark. Additional pastes were supplied mid-way through the trial, so that pastes used on any

given day were between 3 days and 2 weeks old,

Supplementary-feeding produced an increase in oyster growth rates of between 62 to 88% (Pig. 17).

The S. costatum paste and live C. calcitrans culture were equally effective, and produced the highest

oyster growth rates. The live C. calcitrans culture was (apparently) slightly superior to the

Clwetoceros calcitrans paste (not statistically different). These diets all were significantly better than

P. pinguis (P < 0.02). The highlight of this study was the success of both of the algal pastes.
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Fig. 17. Volumetnc, dry weight and organic weight growth rates of 700 pm juvenile oysters

receiving 180 mg upweller day of supplementary live algal cultures and algal pastes,

compared to control oysters. Error bars are standard deviation.
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Trial 12: Dried diets

We compared commercial "off-the-shelf diets with cultured microalgae as supplementary feeds.

Graded 500-700^m oysters were supplementary fed one of three diets (weekdays, 2 x 2 h d-l) in

addition to normal flow-through water of Pipe Clay Lagoon water for 26 d. The supplementary ration

was initially 130 mg d , and was increased weekly, in proportion to the growth of the oysters. The

diets were tested against a control receiving only flow-through water. The diets were:

a) Cultured Isochrysis sp. (strain T ISO)
b) Microfeast MB-30; yeast and lipid emulsion
c) Bio-Marine Algamac-2000; freeze-dried algae (Schizochytrium sp.)

Supplementary-feeding produced an increase in oyster growth rates of between 167 to 500% (Fig. 18).

This large effect was a function of the control growth rate seen in this trial (0.009) which was
significantly lower than control growth rates in all previous trials (2: 0.028). The low control growth

rates might have been due, in part, to below average chlorophyll a values in this trial (cf. 0.55 mg L-l,

compared to 1.1 ± 0.6 for previous trials). The Isochrysis sp. (T ISO) diet out-performed the

commercial feeds (P < 0.01). Of the commercial diets, the yeast-based Microfeast MB-30, gave a

greater increase in oyster growth than Algamac-2000 (P < 0.05)*.

This study demonstrated that two commercial "off-the-shelf products could be used effectively as

supplementary diets to enhance oyster growth. Though they were less effective in growth

enhancement than microalgae, their lower cost indicates they may be a viable alternative to microalgae

for supplementary feeding. Further studies are required to fully evaluate the relative cost-effectiveness

of the different diets.
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Fig. 18. Volumetric, dry weight and organic weight growth rates of 500-700 pm juvenile oysters fed

commercial dried diets, and microalgae as supplementary feed, at an initial ration of 130 mg

upwellef' day . Rates are compared to control oysters. Error bars are standard deviation.

The results give a comparison of the two commercial products under the specific conditions of this one

experiment are not meant to reflect generally the superiority of one product over the other. The relative

effectiveness of these products (to each other, and to microalgae) may change under different concentrations

and composition of ambient inflowing phytoplankton, different feeding rations, methods of feed presentation
and other culture variables.
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Discussion - Alternative supplementary diets

Over the last few decades, much effort has been directed at developing and assessing alternatives to

live microalgae for the hatchery and nursery rearing of bivalve molluscs. Reasons for their assessment

include their potential cost-effectiveness and ease of use. Continuous microalgal production can

otherwise constitute a major component of a hatchery's operating cost. Products assessed include

artificial microcapsule diets (Langdon and Waldock, 1981; Knauer and Southgate, 1997), bacteria
(Robert and Trintignac, 1997), yeast (Nell et al., 1996), dried algae (Curatolo et al., 1993; Boeing,
1997) and pasted algae (Nell and O'Connor, 1991). A general concensus is that though some of these

products are significantly cheaper than live microalgae, their nutritional value is significantly inferior
to make them useful as complete diets. Nevertheless, some may be cost-effective as partial

replacement of live microalgae. Their use has recently been reviewed by Robert and Trintignac

(1997). These authors concluded that concentrated and dried microalgae currently appear to be the

best alternative for juvenile bivalves, while microcapsules are a useful tool for studying nutritional

requirements.

The potential of algal pastes as supplementary feeds were confirmed in trial 9. Skeletonema sp. and C.

calcitrans pastes (average age = 8 d) were of a similar nutritional value as live C. calcitrans. Diatoms

have previously been shown to withstand the centrifugation process better than flagellates used in

aquaculture, and consequently have a better keeping quality (Nell and O'Connor, 1991, Heaseman

pers. comm., Knuckey pers. comm). On the basis of results produced here, more research is warranted

on pastes prepared from other species, and to assess whether their nutritional quality can be sustained

over longer periods.

The two dried products, Microfeast ® MB-30 (yeast-based) and AlgaMac 2000 (algal-based) were
successful as supplemental diets, though their growth performance were not as good as live algae.

However, their significantly lower cost cost (" $AUS 80 to 100 kg compared to $375 kg for
microalgae) means that their cost-effectiveness warrants further evaluation. Also, even cheaper

alternatives are available from the producers of these products, eg. RotiMac ("$AUS 40) and

Microfeast 100 ("$AUS 30), which may prove equally or more cost-effective.
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6.2.7 Size class and stocking density of oysters

Trial 4: Size class

The experiment assessed the effects of supplementary feeding oysters of different size classes (900 ^im

and 1300 pm). Oysters were stocked initially at an equivalent organic weight biomass. The

supplementary diet (106 mg upweller ) of P. pinguis (grown under 12:12 h L:D) was delivered during
weekdays in two fixed rations (at noon and midnight; 1 h feeding duration) over an 18 d trial.

Supplementary-fed oysters grew 24% faster than control oysters in the 900 i^m size class (P < 0.01) and

20% faster in the 1300 pm (P < 0.05) size class (Fig. 19). Supplementary feeding therefore had similar
effects in promoting growth in both the 900 |^m and 1300 |^m oysters.
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Fig. 19. Dry weight and organic weight growth rates of 900 pm and 1300 pm oysters fed a
supplement of 106 mg P. pinguis upweller"1 weekday'' compared to control oysters.
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Trial 11: Stocking volume - no supplementary feeding

The trial investigated the relationship between initial oyster stocking volume and the growth rate.

Oysters (1100 pm) were placed in upwellers at 5 different stocking volumes, i.e. 10, 15, 20, 30 and 40

mL. Oysters were maintained in the usual manner, but did not receive supplementary feeding. Growth

was assessed at the end of the 18 day trial.

There were significant differences in growth rate between oyster stocked at different volumes with a

trend toward faster growth rates at lower volumes (Fig. 20). Regression analysis showed that growth

rate was correlated to stocking volume according the following equation:

kvoL = 0.0985 - 0.0220*ln(volume) (r2 = 0.998; P <10'5)

where kyoL = the growth rate calculated using oyster upweller volumes, and volume = volume (mL) of

oyster population in upweller.

The initial stocking volume of 20 mL is equivalent to the normal commercial stocking volume (= 400

ml in commercial upwellers), and similar to that used in the experimental scale trials. The reduced

growth rates at higher volumes was most likely related to reduced food availability (per oyster),
though other factors, such as an increased concentration of waste products within the oyster bed could

also reduce growth.

Of note, when the volume was halved (i.e. to 10 mL), the increase in growth was approximately

equivalent to the increase seen in Trial 10 (page 32) from supplementary feeding with P. pinguis. This
shows that a reduction of stocking volume can also enhance production, and could be considered as an

alternative to supplementary feeding when additional upweller units are available in the commercial

nursery.
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Fig. 20. Volumetric, dry weight and organic weight growth rates of 1100 pn oysters without

supplementary feeding, stocked at different initial volumes.
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Trial 14: Stocking volume and supplementary feeding

The experiment aimed to assess growth rates and the utilisation of supplementary microalgae at

different oyster stocking volumes.

Oysters f500 |j,m) were stocked in 10 1 upweller systems at initial volumes of 10, 20 and 30 mL. At

each volume, oysters either received no supplementary feed (control) or were supplementary fed

Isochrysis sp. (T.ISO) at an initial daily ration of 200 mg upweller delivered over 24 h. The
supplementary feed ration was adjusted weekly, in proportion to the growth rate of the fastest growing

experimental group. The trial was conducted for 16 d. The utilisation of the microalgae at the different

oyster densities was also calculated as the % AGE.

Control oyster growth rates in this trial were again significantly lower that rates typically seen in year

1 and 2 of the project (i.e. Trials 1 to 11), as were average chlorophyll a levels (0.3 pg L-l; compared

to 1.1 ±0.6 [ig L ). Supplementary-fed oysters stocked at 10 mL had significantly greater growth

than oysters stocked at 20 and 30 mL, though their utilisation of the microalgae was less efficient (Fig.

21). As the production of microalgae would constitute the major cost in supplementary feeding,

stocking volumes should be optimised to maximise the utilisation of the microalgae yet maintain

significant increases in growth rate. On this basis, the stocking density of 20 mL appears the most

suitable for supplementary feeding - though the utilisation of supplementary-fed microalgae may well

change under conditions of higher background level of phytoplankton in inflowing water.
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Fig. 21. Volumetric, dry weight and organic weight growth rates of 500 pm oysters at different

stocking volumes, with or without supplementary feeding with Isochrysis sp. (T.ISO) at an

initial ration of 200 mg upweller'' day"'.



RESULTS: SUPPLEMENTARY FEEDING OF OYSTERS Page 41

Discussion: size class and stocking density of oysters

Trials 9 found a similar growth response to supplementary feeding of 900 [im and 1300 [im oysters.
This is consistent with other studies, eg. Urban et al. (1993) found the instantaneous growth rate (k)

was constant in Crassostrea virginica juveniles over a 3 week trial, during which oysters increased

from 225 mg to 3 g live weight. In another study on feeding of Pacific oysters from juvenile (5 mg) to
adult (800 mg) stages, Gerdes (1983) found no relationship between body size and the assimilation
efficiency. However Gerdes (1983) did find that the weight-specific, daily ingestion rates did
gradually decrease with increasing oyster mass, from 0.5 mg to 0.4 mg algae per mg (dry weight) of

oyster, as oysters increased from 5 to 50 mg dry weight.

A reduced food availability (per unit of oyster biomass) was most likely the principal reason for the
reduction in growth rate in both supplementary fed and control oysters with increasing stocking

volume. Similarly, Holliday et al. (1993) found an inverse relationship between stocking density and

growth of juvenile Sydney rock oysters Saccostrea commercialis grown in mesh frames, within an

intertidal lease. At higher densities, a buildup in the concentration of oyster excretory products (faeces,

ammonia) could also have negative impact on growth.

A reduction in the stocking volume of commercial upwellers is an alternative to supplementary

feeding to improve growth, and could be used when sufficient upweller space is available. However,

benefits with this approach could be offset against the extra labour cost to maintain additional

upweller units. While supplementary feeding with a lower stocking density of 10 mL in trial 14 gave
the best growth, conversion of supplementary algal biomass (which represents the major cost of

supplementary feeding) was most efficient between 20 and 30 mL, as represent by higher %AGE

values. Therefore, densities within this range (i.e. = 400 to 600 mL in commercial upwellers) are

recommended for the best utilisation of feed, at the feeding rations used in this trial.



RESULTS: SUPPLEMENTARY FEEDING OF OYSTERS Page 42

6.2.8. Combined results from Trials 12 and 13 - longer term supplementary feeding

Trial 13 (page 22) was run immediately after Trial 12 (page 36). The T.ISO-fed oysters from Trials 12
were used as the treatment (T-ISO-fed) and control within Trial 13. In parallel to Trial 13, we also

restocked control oysters from Trials 12 at the same organic-weight biomass as Trial 13 oysters. This

served as a second control, and allowed us to assess supplementary feeding over the longer term.

Supplementary feeding of oysters over 43 days effected a dramatic increase in growth compared to

control oysters (Figs. 22 and 23). From an initial stocking volume of 9 mL, the volume of

supplementary-fed oysters increased to 240 mL, whereas control oysters had only increased to 22 mL.

There were significant differences between oyster sizes (Fig. 24). At the completion of the experiment,

control oysters were mostly less than 1500 \im. In comparison T.ISO-fed oysters were all greater than

1500 pm, with the most being in the 3100-3500 pm range. In fact, 84% of the supplementary-fed
oysters would no longer require nursery culture at the end of the 43 days as they were large enough for

tray culture (i.e. >2300pm). In comparison, the control oysters would take at least a further 55 days

(98 days in total) to reach a comparable biomass.

The low growth rate of the control oysters (especially in Trial 12) possibly magnified the effect of
supplementary feeding over the 43 days. Nevertheless when control growth rates are as low as seen

here, supplementary feeding in the nursery becomes necessary to maintain continuity of seed supply.

This study demonstrated that supplementary feeding can substantially reduce the amount of time that

oysters spend in the nursery stage at Pipe Clay Lagoon at times when production would otherwise be

very low. Because maximum growth rates were not identified (i.e. a "plateauing" of growth with

increasing food concentrations), improved growth rates may still be possible.

Trial 12 Trial 13
250

200

1504
Volume of oysters
per upweller (mL)

100-1

Day
Fig. 22. The volumetric growth rate of supplementary-fed and control oysters over 43 d (combined

results from Trials 12 and 13). Control oysters and T.ISO-fed oysters were restocked at

equivalent (organic weight) biomass at the completion of Trial 12, to form control and

T.ISO-fed groups within Trial 13. Oyster volumes displayed after day 26 were

mathematically derived from the observed growth rates.
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Fig.23.

A. Comparison of the size of oysters (initial size 500-700 p.m) after 43 days without

supplementary feeding (left chamber) and with supplementary feeding (right chamber).
B. Comparison of the increase in biomass of oysters (initial volume 9 ml; size 500-700 |im)

after 43 days without supplementary feeding (right beaker) and with supplementary

feeding (left beaker). Beaker size = 250 mL.



RESULTS: SUPPLEMENTARY FEEDING OF OYSTERS Page 44

w
<u
(/)
><
0

4—b
d)
0)
(0

i(mil

c
0)
0
0
a.

40-

35-

30-

25-

20-

15-

10-

5-

Control

T. ISO treatment 3

00

00
[~-

Q0
in

Q6

Q0
0)

p0
in
T~

Q0
co
CM
Q0
CT)
T""

Q0
1:~.

0̂0
co
CM

Q0
co

00
is.
IM

Q0
1-0
00

00
co

Q0
o?
co

0Q
u?
co

Q0
co
•if

00
a?
00

00
t--
•t

00
f?
^t

00
Lp
00
r~~

^

Q0
in
in

00
in

Q0
0)
in

00
in
in

Fig.24.

Oyster size class (|jm)

Comparison of size ranges for control and supplementary-fed oysters at the end of 43 days.

The majority of supplementary fed oysters (treatment 3) were of a size suitable for growing
in trays. The initial size of the oysters was 500-700 [im.
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6.2.9. Commercial-scale nursery trials

Trial A: Supplementary feeding at the Pipeclay Lagoon

The experiment aimed to assess whether supplementary feeding was effective at the commercial-scale.

This trial was undertaken in parallel to the experimental-scale Trial 5 (see page 25), under (apart from

scale) otherwise identical conditions.

Upwellers were stocked with 520 mL of 1300 |J.m oysters. Oysters received either no supplementary

food (i.e. control) or 1.67 g P. pinguls (12:12 h L;D) upweller day . Food was delivered during
weekdays in two fixed rations (2 h duration each) over an 11 d trial.

Growth rate assessed by volumetric analysis showed no difference between supplementary-fed and

control oysters (Fig. 25). When assessed by dry weight and organic weight, there was a trend

(P > 0.05) for improved growth rate with the supplementary feeding. The growth rates and trends in

the commercial-scale, were also evident in experimental-scale trial 5.

Control oysters grew significantly slower in this trial than previous experimental-scale trials, despite
background chlorophyll a levels being 2-4 times higher. Lower water temperatures in this trial

(average daily range 9 to 12°C; Table 1) compared to other previous trials (average daily range =s12 to

15°C in trials 1-4) most likely contributed to the poor growth in both control and supplementary-fed

oysters.
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Fig. 25.Volumetric, dry weight and organic weight growth rates of 1300 |jm oysters fed an average

supplement of 1.67 g P. pinguis upweller weekday . Error bars are standard deviation.
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Trial B: Supplementary feeding at Pipeclay Lagoon

Our second commercial-scale feeding trial was conducted in conjunction with Trial 7 (page 30). It

aimed to evaluate P. pinguis cultured under 12:12 h L:D as a supplementary feed.

Commercial upwellers were stocked with 250 mL of 700 p-m oysters. Oysters received either no

supplementary-food (control) or 1.3 g P. pinguis day . Food was delivered during weekdays in two

fixed rations (2 h duration each) over an 18 d feeding trial.

There was a 10% improvement in growth as a result of supplementary feeding (Fig. 26). Though this

modest growth increase was encouraging, we had initially planned to feed these oysters three times the

actual rate fed - but we had problems maintaining the required algal production rate because of

logistical constraint at the Pipe Clay research facility. Based on our other experiments, we predicted

that the result can be significantly improved by a) tripling the food ration and b) utilising P. pinguis
grown under 24:0 h L:D regime (c.f. Trial 7).
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Fig. 26. Volumetric and dry weight growth rates of 700 pm juvenile oysters fed 1300 mg weekdays"
of P. pinguis (12:12 h L:D) compared to control oysters, grown on a commercial scale. Error

bars are standard deviation.

Discussion: commercial scale trials

Though trial A did not establish an improvement in growth through supplementary feeding, the
parallel experimental-scale trial conducted at the same time (under similar conditions, apart from

scale) also failed to detect a response. Most likely, a contributing factor was the lower water

temperatures during the trial (compared to other trials) and hence a reduced "scope-for-growth"

(BuxtonetaL, 1981).

Trial B established that supplementary feeding improved growth on the commercial scale. While

improvements were modest, later experimental-scale experiments showed much higher responses were

possible at 2 to 3 times the feed ration. For logistical reasons, it was not feasible to produce food in

such quantities at the Pipe Clay Lagoon site, to test higher feed rations for commercial scale feeding.
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TRIALS C AND D: Comparing control growth rates at Pipe Clay Lagoon and Little Swanport

The project had aimed to compare the effects of supplementary feeding at Pipe Clay Lagoon and Little
Swanport. We chose to first compare growth rates of control (i.e. non-supplementary fed) oysters at

these sites. On the basis of the results, we would then assess whether supplementary feeding at Little

Swanport should be investigated.

Pour upwellers were stocked with 300 mL of 900 \im oysters at the Pipe Clay Lagoon nursery. Two of

the upwellers were transported to the Little Swanport nursery, and allowed to acclimate for 2 d to the

local water conditions. Volumes of the oysters in all upwellers were measured (=initial volume) and

then subjected to normal daily maintenance by industry. The growth comparison was undertaken at the

sites twice, i.e. from 14 to 24 Feb 97 (10 d) and from 22 April to 5 May (13 d). At the end of the trial,
the volumes of the oysters were recorded and their growth rates assessed. During each trial water

quality (chlorophyll a, particulate matter, T) parameters were measured.

The growth rate of control oysters was significantly greater at Little Swanport than at Pipe Clay
Lagoon for each of the testing occasions (Fig. 27). During these trials, levels of chlorophyll a were "

3-8 times greater at Little Swanport than at Pipe Clay Lagoon. The growth rate at Little Swanport in

the Feb '97 trial far exceeded any rate seen for supplementary-fed oysters at Pipe Clay Lagoon during

the 3 yr study period (Fig. 27). The growth rate of control oysters at Little Swanport were lower during

the April '97 trial, though this rate exceeded average rate of control oysters at Pipe Clay Lagoon from

'95-97, and was only slightly less than the average growth rate of supplementary-fed oysters at Pipe

Clay Lagoon. The poor growth rates of control oysters at Pipe Clay Lagoon in the two trials were

typical of those seen throughout the 96/97 production season and significantly lower than the previous
two years.

In view of the results, supplementary feeding at Little Swanport may provide only a minor (if any)
increase in oyster growth, and may not be cost-effective. Alternatively, it may only prove useful at

specific times of the year, when the biomass of natural phytoplankton is reduced.
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Fig. 27. The volumetric growth rates of control oysters (non-supplementary fed) at Little Swanport

and Pipe Clay Lagoon. Rates are also compared to the growth rates (poled data) of control

and supplementary fed oysters at Pipe Clay Lagoon.
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6.2.10. Effects of season (across trials)

In a number of the trials, the initial experimental parameters (size and stocking volume of oysters, diet

type and ration) were similar. This enabled us to make some assessment of season on the growth rates

of control and supplementary fed oysters. Because volumetnc analysis of growth rate was not initiated

until trial 5, the between-trial growth rates were compared on the basis of total dry weights (Figs. 28,

29).

The growth rate of control oysters showed significant differences between trials (ANOVA;

P < 0.0001), ranging from k = 0.007 to 0.070 d'' (Fig. 28). Regression analysis did not establish a

statistical relationship between k and nutritional factors (concentrations of chlorophyll a, particulate

organic matter) or temperature. Nevertheless, poorest growth occurred in Trial 15, when

concentrations of chlorophyll a were significantly lower than in all other trials.
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Fig. 28 Comparison of the growth rate of control (non-supplementary fed) oysters between trials.

Growth rate was calculated on the basis of total oyster dry weight. Initially, oysters were 700

|j,m and stocked at 19 to 20 mL. The trial identity is shown in parentheses. POM =

particulate organic matter.

In supplementary feeding trials, the increase in growth rate attributed to supplementary feeding was

calculated as the difference in the rate of supplementary fed oysters and control oysters (i.e. k sup -

k cam i" Fig. 29). This value was significantly greater in trial 1 (0.023) than in trials 2 and 3 (0.014 to
0.015) (P < 0.05; Fig. 29A). There was no correlation between k .sup - k corn i" trials 1-3 and nutritional

parameters or temperature. In trial 4, k sup - k corn (0.011) was significantly greater than in trial 5,

where supplementary feeding had little impact (k sup - k coin = 0.004) (P < 0.05; Fig. 29B). Most likely,

this difference was due to the lower water temperature in trial 5 (9-12°C) compared to trial 4 (12-

15°C). In trials 8-10, k sup - k coniwas not significantly different (0.022 to 0.026) (Fig 29C).
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Fig. 29. Supplementary feeding between trials. Growth rate is given on the basis of oyster dry weight. In the

different trials, oysters were initially:

a) 700 jim, stocked at 20 mL, fed 98 to 106 mg of P. pinguis (12:12 h L:D) upwellef' weekday"'

b) 1300 Hm, stocked at 25-27 mL, fed 97 to 106 mg of P. pinguis 12:12 h L:D) upwellef' weekday"'

c) 700 p,m, stocked at 19 mL, fed 180 to 190 mg of P. plnguis (24:0 h L:D) upweller"' weekday"'.

The trial identity is shown in parentheses. POM == particulate organic matter.
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6.3. MONITORING PROGRAM AT OYSTER NURSERIES

One of the objectives of the project was to document changes in the water quality and growth rates of

juvenile Pacific oysters (C. gigas) from commercial nurseries at Pipe Clay Lagoon and Little

Swanport. Data from the monitoring program are presented in Figures 30 to 38, to show the seasonal

trends and a comparison between the nursery sites. This data are also summarised by yearly averages

in Table 4. The complete data set is given in Appendices ii to iii.

6.3.1 Inorganic nutrients

Silicate concentrations were relatively stable at Pipe Clay Lagoon (average 4.8 |iM), except between

October 1994 to May 1995, where values typically exceeded 10 p-m (Fig. 30A). Concentrations at

Little Swanport were significantly higher (average 23 (im), and occasionally exceeded 300 pM
(between January and March 1996; Fig. 30A).

Nitrate concentrations showed seasonal variation at Pipe Clay Lagoon with maximum values

occurring from July to September (average 0.41 [lM). Seasonal trends were not apparent at Little

Swanport (average 0.36 pM) (Fig. SOB).

Phosphate concentrations showed seasonal variation at Pipe Clay Lagoon with maximum values

occurring from June to August (average 0.32 [iM). Seasonal trends were not apparent at Little

Swanport (average 0.24 |-lM) (Fig. 30C).

6.3.2. Particulate matter and dissolved organic carbon

Total particulate matter (TPM), particulate organic matter (POM) and dissolved organic carbon (DOC)
concentrations were all greater at Little Swanport (average values of 4.2, 1.2 and 2.5 mg L ,

respectively) than at Pipe Clay Lagoon (average values of 3.8, 0.79 and 1.5 mg L , respectively) (Fig.

31). These parameters showed significant intra-annual variation and no seasonal trends.

6.3.3. Chlorophyll a

Approximately 75% of the total chlorophyll a at both sites was contained in the < 20 [tm fraction.

Seasonal trends were apparent at Pipe Clay Lagoon (maximum levels July to September), but not at

Little Swanport. Average chlorophyll a concentrations at Little Swanport (2.7 j-ig L total; 2.0|J.g L

in < 20 |J.m fraction) were approximately double those of Pipe Clay Lagoon (1.3 p.g L total; 1.0 p.g

L-l in < 20 p-m fraction). (Fig. 32).

At Pipe Clay Lagoon, chlorophyll a concentrations were correlated to nitrate and phosphate

concentrations:

Chl a = 1,13 + 0.834*nitrate (adjusted r = 0.35; P < 0.005 for nitrate and intercept)

Chl a = 0.355 + 2.74*phosphate (adjusted r2 = 0.13; P < 0.03 for phosphate and intercept)

6.3.4. Salinity, rainfall and temperature

Salinity was stable at Pipe Clay Lagoon, even during periods of high rainfall (average 34.1 ± 0.6 ppt).
Salinity at the more estuarine site of Little Swanport (average 31.5 ± 7.5 ppt) was prone to rapid

fluctuation - particularly during periods of high rainfall when values dropped below 5 ppt (Fig. 33).
The sites received similar rainfall over the project period (Pipe Clay Lagoon 11.2 ± 15.1 mm week ;

Little Swanport 10.2 ± 20.0 mm week-l). Temperature profiles at both sites showed typical seasonal

trends (maximum in summer, minimum in winter). Temperatures were generally 1-2°C warmer at

Little Swanport (average 14.3 ± 3.8°C) than at Pipe Clay Lagoon (12.7 ±3.2°C).
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Table 4. Water quality data from Pipeclay Lagoon and Little Swanport - Annual (from July to June) average (± s.d.) data. k

instantaneous growth rate.

Site/Year

Pipeclay Lagoon

1992/93

1993/94

1994/95

1995/96

1996/97

Average
(±s.d.)

Little Swanport

1992/93

1993/94

1994/95

1995/96

1996/97

average
(=tS.d.)

T

(°C)

13.6
(±3.4)

12.8
(±2.6)

12.4
(±3.7)

12.2
(±3.4)

12.5
(±3.3)

12.7
(i3.2)

15.9
(±1.9)

16.3
(±3.0)

14.5
(±5.2)

12.9

(±2.7)

12.6

(±3.8)

14.3
(±3.8)

Salinity

(ppt)

34.2
(±0.7)

34.1
(±0.4)

34.1

(±0.8)

33.7
(±0.5)

34.1
(±0.5)

34.1
(±0.6)

34.6
(±1.8)

29.8
(±8.4)

30.6

(±8.7)

31.5
(±7.5)

Silicate

(pM)

3.0
(±1.5)

2.7
(±1.6)

8.9
(±6.4)

4.3
(±3.8)

5.0
(±3.0)

4.8
(* 4.2)

10.9
(±7.8)

6.9

(±3.4)

12.4
(±7.4)

57.7
(±101.8)

15.4
(±14.4)

23.3
(i54.2)

Nitrate

(pM)

0.37
(± 0.37)

0.33
(±0.42)

0.43
(±1.06)

0.57
(±0.91)

0.22
(±0.35)

0.38
tt 0.68)

0.15
(±0.11)

0.26
(± 0.45)

0.40
(±1.33)

0.68
(±1.28)

0.10

(±0.13)

0.35
(* 0.93)

Phosphate

(fWI)

0.37
(± 0.07)

0.35
(± 0.08)

0.31
(±0.09)

0.27
(±0.12)

0.27
(±0.07)

0.32
(± 0.09)

0.35
(±0.37)

0.29
(± 0.49)

0.33
(±0.19)

0.16
(±0.06)

0.14

(±0.07)

0.24
(t 0.26)

chl. a

{m L-1)

1.4

(±0.6)

1.3
(±0.6)

1.5
(±1.0)

1.2

(±0.7)

0.7
(±0.4)

1.26
(* 0.71)

2.12
(±0.54)

2.28
(± 0.83)

2.93
(±1.61)

2.08
(±0.77)

3.41
(±2.43)

2.66
(±1.65)

chl.a

(<20pm)
(m L-1)

1.0

(±0.4)

1.2
(±0.4)

1.2
(±0.7)

1.1

(±1.0)

0.6
(±0.3)

1.01
(t 0.65)

2.15
(± 0.84)

1.85
(± 0.69)

2.00
(±0.70)

1.98
(t 0.74)

TPM
(<20pm)
(mg L-1)

5.6
(±1.2)

6.0
(±3.6)

3.6
(±3.4)

2.8
(±4.3)

1.2
(* 0.5)

3.79
(±3.49)

4.19
(±2.64)

4.73
(±4.11)

3.76

(±2.87)

4.21
(1:3.30)

POM
(< 20 pm)
(mg L-1)

1.1
(±0.6)

0.85
(±0.60)

0.72
(±0.83)

0.52
(±0.21)

0.79
(±0.63)

1.22
(±0.81)

1.29
(±0.92)

1.33

(±0.75)

1.29
(±0.82)

DOC
(mg L-1)

1.7
(* 1.0)

1.5
(±0.3)

1.2
(±0.3)

1.45
(±0.65)

2.10
(±0.77)

2.55
(±1.08)

3.00
(± 3.00)

2.56
(±1.98)

Oyster k
(day-1)

0.019
(* 0.010)

0.011
(±0.018)

0.022
(±0.016)

0.013
(±0.013)

0.009
(±0.024)

0.015
(±0.017)
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6.3.5. Fatty acid concentrations and composition

The concentrations of the long-chain PUFAs at Little Swanport were approximately double that at

Pipe Clay Lagoon (Figure 34). Between November 1994 and October 1995, average values of

22:6(n-3) were 735 ± 501 ng L-l at Pipe Clay Lagoon compared to 1380 ± 1100 ng L-l at Little
Swanport. Average values of 20:5(n-3) were 787 ± 432 ng L-l at Pipe Clay Lagoon compared to 1660
+ 1300 ng L-l at Little Swanport.

Whilst the relative concentrations of the PUFAs at the sites tended to reflect the total chlorophyll a
concentrations at the sites (i.e. Little Swanport approximately double that of Pipe Clay Lagoon) the
percentage composition data presented additional information on the algal communities. The

percentage composition of total PUFAs was significantly greater at Little Swanport (38.3 ± 5.8%) than
at Pipe Clay Lagoon (32.3 ± 7.3) (P < 0.05; Appendix iv, v). The percentage of 20:5(n-3) at Little
Swanport (9.7 ± 1.6%) was significantly greater than at Pipe Clay Lagoon (7.3 + 2.1%) (P < 0.05;
Appendices iv, v).

6.3.6. Pigment concentrations

Concentrations of chlorophyll and accessory pigments (as determined by HPLC) from water samples

are shown in Figs 35 to 37, and Appendix vi.

For most pigments, concentrations at Little Swanport were usually greater than at Pipe Clay Lagoon.

This was not surprising, as the levels of chlorophyll a (from spectrophotometric assays) were typically
double at Little Swanport compared to Pipe Clay Lagoon - indicating a twofold algal biomass.
However, the relative proportions of diadinoxanthin (common in many microalgae but lacking in

chlorophytes and cryptophytes; Jeffrey et al., 1997) were greater at Pipe Clay Lagoon (Fig. 36B).
Alloxanthin (present in cryptophytes; Jeffrey et al., 1997) concentrations at Little Swanport were 4-

times those at Pipe Clay Lagoon (Fig. 36C). These two observations suggest the concentrations of

cryptophytes were proportionately greater at Little Swanport. Chlorophylls d + c2 (one or other in

diatoms, dinoflagellates, chrysophytes and prymnesiophytes; Jeffrey et al., 1997) were in higher
concentrations at Pipe Clay Lagoon) (Fig. 34A). 19'-Hexanoyloxyfucoxanthin (characteristic of

prymnesiophytes) was periodically detected at Pipe Clay Lagoon, but never at Little Swanport
(Appendix vi).

6.3.7. Nutrient parameters and oyster growth rates at Pipe Clay Lagoon

Growth rates of oysters showed significant seasonal and interannual variation (Fig. 38). Multiple

regression analysis of the complete data set showed no direct correlation between oyster growth and

nutrient parameters and temperature. However, the low growth rates observed from January 1996 to

June 1997 (average k = 0.003 ± 0.023) was associated with significantly lower chlorophyll a
concentrations over that period (0.6 Ug L ).
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(Jeffrey et al, 1997).
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* = samples not analysed (Little Swanport only)

fucoxanthin - present in diatoms, chrysophytes, raphidophytes and some prymnesiophytes;

diadinoxanthin - in diatoms, chrysophytes, raphidophytes, prymnesiophytes, dinoflagellates and

euglenophytes;
alloxanthin - in cryptophytes (Jeffrey et al., 1997).
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Fig. 37. Concentrations of zeaxanthin and p-carotene in monthly-integrated samples (4-5 samples/month taken

at weekly intervals) in seawater at Pipe Clay Lagoon and Little Swanport.

* = samples not analysed (Little Swanport only).

zeaxanthin - present in cyanobacteria, prochlorophytes, rhodophytes, chlorophtes and (trace amount)

eustigmatophytes;
(3-carotene - present (usually) as a minor pigment in most microalgae, except rhodophytes and

cryptophytes (Jeffrey et al., 1997).
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Lagoon site, from 1992 to 1997.

6.4. DISSEMINATION OF RESULTS

Results were transferred to our industry partner through 6 monthly FRDC progress reports, and

additional research reports.

Results were also presented at scientific and industry conferences (AMSA, Tas Aquaculture Research

Exchange, Australasian Society for Phycology and Aquatic Botany; see Appendix vii). A feature
article on the research was published in the Australian newspaper (Appendix viii) and a radio
interview was given to the ABC. An article was also published in Austasia Aquaculture (Appendix ix)
and the Tasmanian Mercury. One manuscript has been submitted to the journal Aquaculture

(Appendix i) and we have prepared a draft of another (Appendix x).
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7. DISCUSSION

General introductory comments

Juvenile oysters are usually grown in land-based nurseries using upweller (or downweller) systems,

where local seawater is pumped through to provide food particles (Rodhouse et al., 1981), This

method is effective, but a major disadvantage is its reliance on the productivity of the associated

waterway for oyster growth. In the present study, this limitation was evident during the 1996/97

production season when oyster growth rates at Pipe Clay Lagoon were significantly lower than in

previous seasons, and apparently associated with lower concentrations of phytoplankton passing into

the nursery.

Approaches for enhancing the growth of juvenile bivalves in upweller systems have included feeding

them entirely on cultured microalgae (Walsh et al., 1987), or supplementing their natural diet either a)

with cultured microalgae (e.g. current study) or b) by fertilisation of seawater to stimulate microalgal

bloom formation (Spencer, 1988). The economics of the first approach (i.e. complete algal feeding)

are equivocal and depend on the scale and operating parameters of the nursery (including methods

used for algal mass culture), environmental factors and the phytoplankton ecology of the associated

waterway (Persoone and Claus, 1980; Walsh et al., 1987; Myers and Boisvert, 1990). Fertilisation of

seawater to promote natural blooms can be more cost effective and is an approach used by some

Australian nurseries. However, results are unpredictable as it is difficult to control the growth of

selected (eg. high nutritional value) microalgal species within a bloom where environmental

conditions are not controlled (Spencer et al., 1986; Spencer, 1988). Moreover, fertilisation of seawater

can occasionally lead to a reduction in oyster growth, compared to unfertilised seawater (Spencer et

al., 1986).

The major project aim was to assess supplementary diets for enhancing production at the Pipe Clay

Lagoon site. The diets included microalgae having a high nutritional value in recirculation culture

systems, either as a uni-algal diet or as part of a mixed species diet (Enright et al. 1986a; Laing and

Millican, 1986; O'Connor et al., 1992; Brown et al., 1998), algal pastes and off-the-shelf commercial

diets. Short-term (16 to 26 d) experiments were conducted comparing the nutritional value of the

different diets using culture systems (apart from scale) identical to industry - and thus applicable to
industry. We established that supplementary feeding was effective in enhancing growth rates of

juvenile oysters at the site. It's effectiveness varied according to diet type and presentation,

concentration and seasonal factors (prevailing water quality parameters), though on average the

feeding increased oysters' growth rates by 60%.

Nutritional value of microalgal diets and biochemical composition

It was not a project objective to define the absolute nutrient (eg. protein, carbohydrate, etc.)

requirements of juvenile Pacific oysters. Other studies have addressed this using recirculating systems

(see reviews by Webb and Chu, 1983, Brown et al, 1997), which are more suited to nutritional studies

than flow-through systems because with the latter, results are confounded by a constant (changing)

input of feed from ambient seawater. Another limitation of flow-through systems is that it is difficult

to accurately measure nutrients (protein, carbohydrate, lipid) in the seawater, and even if it were

possible, values might not necessarily reflect availability or intake by oysters. Even with rech-culation

systems .though, correlation has proven difficult because differences in the size, digestibility and

concentrations of other nutrient fractions (apart from those being assessed) between different

microalgae have confounded the interpretation of trials. Algal diets rich in carbohydrate are reported

to produce the best growth for juvenile oysters {Ostrea edulis, Enright et al., 1986b) and larval

scallops (Patinopecten yessoensis, Whyte et al., 1989), while high dietary protein provides best growth

for juvenile mussels (Mytilus trossulus, Kreeger and Langdon, 1993). The gross biochemical

composition was assessed for different supplementary diets used in the trials, but diet performance

was not correlated with composition. However, in trial 7, P. pinguis grown under 24:0 h L:D was

more effective than the same alga grown under 12:12 h L:D. This might have been attributed to higher

concentrations of energy-rich lipid in the 24:0 h L:D cultures.
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Although it was not practicable to correlate diet performance with gross composition, it seems likely

that differences in the available protein and energy within diets has a major contribution. Assessment

of the digestibility of the different supplementary diets was also beyond the scope of the project.
However, identical or similar strains (i.e. D. tertiolecta, I. galbana, Pavlova lutheri and R. salind) are

efficiently ingested (> 81%) and assimilated (^78%) by the Bay scallop, Argopecten irradians
concentricus (Say). Of the other species, Chaetoceros calcitrans and Skeletonema sp., have a high

nutritional value for Sydney rock oyster spat (O'Connor et al., 1992; Heasman pers. comm,),

indicating they are efficiently digested. We did however, assess the apparent growth efficiency

(%AGE) of each diet, as a measure of the efficiency by which the food was used. % AGE values for
algal diets (including pastes) were ^21% indicating efficient assimilation of algal biomass by oysters.
In costrast %AGE values for Microfeast MB-30 (11%) and AlgaMac 2000 (7%) were significantly
lower.

Differences in diet performance may be unrelated to any micronutrient deficiencies (eg. vitamins,

PUFAs) because background seawater may have been supplying adequate concentrations, and also the

relatively short experimental period. For example, the PUFA-deficient D. tertiolecta proved to be an

excellent diet in Trial 10, though at the completion of the experiment oysters fed the alga contained

approximately half the PUFA 22:6(n-3) than Isochrysis sp. (T.ISO)-fed oysters. Prolonged feeding
with D. tertiolecta would not be recommended, especially during periods when background PUFA

concentrations in seawater were lower (as would have occurred from December 1996 to June 1997

when chlorophyll a were lower).

One should be careful in comparing diets between trials, because of the differences in biotic

(phytoplankton and other food particles concentrations and species composition) and abiotic
(temperature, nutrients, dissolved organics) parameters of background seawater, and their interaction
with growth and diet performance. Not only did this contribute to the differences in control (i.e. non-

supplementary fed) oyster growth rates, but it also contributed to differences in the effectiveness of

supplementary feeding (see section 6.2.10; Effects of seasonality). To assist in making some diet

evaluation within and between trials though, we included Pavlova pinguis as a reference diet during

the first two years of the project (i.e. trials 1 to 10). P. pinguis was generally the least effective diet,

though is was more effective than Pavlova sp. CS-63. Within-trial comparison showed that Isochrysis

sp. (T. ISO), D. tertiolecta, R. salina, C. calcitrans (live culture and paste) and S. costatum (paste)

were the most effective microalgal diets, though for the reason mentioned, we did not discriminate

between their effectiveness.

Trial 8 assessed a mixed-species diet as a supplementary feed. In recirculating culture systems, mixed-

species diets generally give better growth of oysters than monospecific diets because they contain a

more balanced mix of essential nutrients (Webb and Chu, 1983). However, there was no benefit in

providing a mixed supplementary diet of R. salina plus P. pinguis. Again, the reason is probably that

the background natural phytoplankton fulfils most of the oysters' need for micronutrients, and

supplementary feeding is simply providing extra protein and energy for additional growth.

Three Australian microalgal strains were assessed as supplementary feeds because they may have been

more suited to local environmental conditions (eg. water quality, ambient temperatures if cultures

were to be grown in outdoor ponds). Additionally, future quarantine laws and council regulations

might restrict the use of overseas strains requiring reliance on local strains. Pavlova sp. CS-63 and P.

pinguis were less effective diets than the other local strain, R. salina. Nevertheless, the cell division

rate of R. salina would need to be improved to make it as cost-effective as overseas strains. In another

study, two local diatom strains, Attheya septentrionalis and Entomoneis sp., had rapid cell division

rates, and a nutritional value for oyster spat that was almost equivalent to T. pseudonana (Knuckey

and Brown, unpublished) - an alga recognised as having excellent nutritional value (Brown and

Jeffrey, 1992). These two species warrant further examination as local alternatives for supplementary

feeding.
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Al gal pastes and dried diets

As well as live algal diets, we tested four "off-the-shelf diets - two algal pastes prepared by

centrifugation, Microfeast® MB-30 (a yeast-based dry diet) and Alga-Mac 2000 (a dried preparation
of Schizochytrium sp., an algal-like heterotrophic microorganism). Products similar to the above (and

others including bacteria and yeast) have been assessed as alternatives to live algae for molluscs,

because they may be more cost-effective and can be used at remote nursery sites that lack algal mass-

culture facilities. To date, most have had too low a nutritional value to make them useful as a complete

replacement diet (Jones et al, 1993; Nell et al., 1994; Robert and Trintignac, 1997).

S. costatum and Ch. calcitrans pastes performed as well as live microalgal supplementary-diets. This

indicated that a) little nutritional loss occurred during the pasting, transportation and storage period

and/or b) the natural phytoplankton compensated for any nutritional inadequacies of the pastes. Pastes

of these species have also proven effective for S. commercialis larvae, though they were not as

effective as the live microalgae (Nell and O'Connor, 1991). The pastes used in the latter study, and

ours, were stored for less than 14 d prior to use. The storage life of these diets may be limited to this

short period, and further studies are needed to establish their effectiveness after longer-term storage

(eg up to and beyond 1 month).

Of the dried diets tested as supplementary feed in trial 12, Microfeast® MB-30 was more effective

than Alga-Mac 2000; both were less effective than live Isochrysis sp. (T.ISO) . The dried products

cost less (available commercially at " AUS $ 80-100 kg-l) than live microalgae produced in hatcheries

(range of "A$80 to $500 kg dry weight, depending on scale and technology; Coutteau and Sorgeloos,
1992). The trial showed that both products are promising alternatives to live microalgae for

supplementary feeding, and their cost-effectiveness needs to be evaluated further. Both the control

growth rates evident during this trial (k = 0.009 d ) and the average levels of chlorophyll a (0.55 |-lg
L-l) in inflowing water, were significantly lower that in the previous 11 trials (k = 0.028 to 0.070 d ;
chl a = 0.63 to 2.9 |J-g L ). Therefore, the diets were acting more as "complete" diets, than

"supplementary" diets and they may be even more effective under normal ambient (i.e. higher)

concentrations of chlorophyll a. Also, other dried products are also available from these companies

($30 to $40 kg''), and these may also warrant evaluation.

Cost effectiveness of feeding and extension to the commercial nursery

Though some of the live diets differed in their performance, their cell division rates (i.e. production

cost) may be a more important factor in determining their overall cost-effectiveness. R. salina, Ch.

calcitrans, Isochrysis sp. (T.ISO) and D. tertiolecta all were excellent diets and outperformed P.

pinguis. However, the cell division rates of Isochrysis sp. (T.ISO) and D. tertiolecta were 20-30%

faster than R. salina, and would therefore be more cost-effective. Ch. calcitrans had equivalent growth

rates when grown in carboys to Isochrysis sp. (T.ISO) and D. tertiolecta grown in bags - but Ch.

calcitrans is not suited to growth in bags, which is the most common microalgal technology currently

used within local hatcheries.

Preliminary cost/benefit assessment of supplementary feeding was undertaken. In general terms, this

will depend on the balance between costs of producing microalgae, or for other alternate diets, and

savings in labour costs from a reduction in the nursery phase. The growth rate of oysters fed the

natural diet (i.e. control) is a major influence, and at Pipe Clay Lagoon it varied seasonally and

affected supplementary feeding. For example, the production season of 1996/97 (see trials 12-15 and

data from the monitoring program) was a sustained period of low growth rates for control oysters. We

ran two trials (12 and 13) in succession during this time to determine benefits of longer-term

supplementary feeding. Based on a microalgal production costs of A$ 375 (eg. "average" commercial

hatchery; Coutteau and Sorgeloos, 1992) the direct additional feed costs would approximate $0.35 per

The relative effectiveness of these commercial products (to each other, and to microalgae) may change under different

concentrations and composition of ambient inflowing phytoplankton, different feeding rations, methods of feed
presentation and other culture variables.



DISCUSSION Page 65

thousand oysters for growth from 0.5 to 3.0 mm. This compares to an "average" production cost of

== $15 per thousand oysters of 5 mm size (M. John, Shellfish Culture, pers. comm.) - though during

this period of low growth the "effective" production costs for control oysters would have been

significantly greater. Almost certainly, supplementary feeding was cost-effective in increasing

production during this time. During periods when control growth rates and/or background

phytoplankton concentrations are already high, the cost-effectiveness of supplementary feeding may

be equivocal. Nevertheless, supplementary feeding may be an important strategy even during these

periods, to increase production to meet seasonal demands by farmers (i.e. continuity of supply).

Based on the findings of this research, together with their own commercial-scale R and D and

economic assessment. Shellfish Culture are undergoing a major development of infrastructure at the

Pipe Clay site. This has involved the building of a new nursery, with double the upweller capacity. To

support the oyster production. Shellfish Culture will now be adopting supplementary feeding as
routine. As an extension of the current project, we propose to continue collaboration with Shellfish

Culture to assess the most cost-effective method to supply mass-cultured microalgae to their nursery at

a commercial level. We estimate that up to 20,000 L of microalgae will be required per day to meet

future production targets of the nursery. To meet this need for microalgae, potential culture systems

include the "Bayes" system of continuous culture (see Fish Farming Int., Feb 1996, pp. 44-45), batch

or semi-continuous systems of open tanks (Donaldson, 1991), or variations of the two. The Bayes

system is based on units of 40 x 500 L bags and suitable for production of 4,000 L per day - suitable

for hatcheries/nurseries of moderate size, but below production required at the Pipe Clay site. We plan

to investigate a series of indoor and outdoor tanks (1,000 to 20,000 L) and outdoor ponds (up to
200,000 L).

In general terms, cheaper production of microalgal biomass would make supplementary (or complete)

feeding of spat more attractive. Artificial illumination is a major cost in growing microalgae using the

standard hatchery methods of batch and semi-continuous cultures within tanks and bags. Moreover, as

cell concentrations increase in tanks and bags, light penetration becomes rapidly attenuated due to

self-shading and cultures can quickly become Ught-limited. This reduces the production rate, and

effectively increases the production cost. Over the last decade or so, new technologies have been

developed that are capable of significantly reducing algal production costs. Photobioreactors are algal

culture systems comprising of coils or tubing, with a corresponding high surface area to volume ratio.

In these systems, light limitation is less of a problem, and productivity is significantly greater than
conventional tank and bag cultures. Therefore, production costs are significantly lower; eg. < A$ 20

depending on species (Borowitzka, 1992). Some microalgae are capable of heterotrophic growth (i.e.

by utilising an added carbon source in the absence of light) using fermentation technology; costs are

less than $30 kg''. With improvements in growth conditions, costs could drop below $2 kg . (Gladue,

1991). Both procedures require a significant capital investment, which may make their adoption

uneconomical to many hatcheries. Alternatively, these products could be produced from a central

location and sold as wet pastes or dried products to hatcheries or nurseries.

Other aspects influencing juvenile oyster growth rates at Pipe Clay Lagoon

Increases in oyster growth were achieved by reducing their stocking volume. Trial 11 demonstrated

that by halving the "standard" stocking volume (20 mL for experimental upwellers), growth rates were

increased by 45%. This approach could be useful, but has limitations. A reduction in stocking volume

would correspondingly increase the labour associated with the daily cleaning or "servicing" of the

additional upwellers. During peak season, the Pipe Clay Lagoon nursery is usually operating at full

capacity and there is little scope for increasing the number of upwellers. However, a reduction in

stocking volume might be a cost-effective method for increasing growth during the low season (late

autumn to spring) when upweller space is available, growth rates are generally lower, and staff have

more time available for servicing the upwellers.

We did not establish a general relationship between water temperature and the growth of control

oysters (or efficacy of supplementary feeding). Other studies have examined the relationship between

temperature and oyster growth. In juvenile C. gigas maintained in flow-through seawater, Malouf and
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Breese (1977) found no growth advantage to temperature greater than 15°C. During periods of low

food availability, they found an inverse relationship between growth and temperature, from 10°C to

23°C. In more controlled laboratory experiments, Buxton et al (1981) found the "scope-for-growth"

(and assimilation efficiency) of Ostrea edulis was greatest at 15°C to 20°C, but rapidly diminished
below 10°C as food ingestion also reduced. Bougrier et al. (1995) assessed clearance rates of C. gigas
from 5°C to 32°C, and found maximum rates at 19°C.

In trial 5 when average temperatures ranges from 9°C to 12°C, we found supplementary feeding was

ineffective. Two approaches could be used to enhance growth rates at Pipe Clay Lagoon during late

autumn to spring when ambient water temperatures are below this level: a) incorporate engineering

systems (e.g. heat exchangers) to heat the water flowing into the nursery or b) recirculate sea-water,

enriched in supplementary feed, through the upwellers. The former method may be impractical

because of the costs associated with heating the large volumes of flowing seawater - up to 1.5 kL of

seawater min is pumped through the Pipe Clay Lagoon nursery. The latter approach - which is

effectively more "complete" feeding rather than supplementary feeding - is feasible; oysters can be

grown to market size (Epifanio and Mootz, 1976), though it's cost-effectiveness would need to be

established at the Pipe Clay Lagoon site.

We investigated various methods of "presenting" the supplementary feed. We found that a single

"passage" of feed through the oyster bed at standard flow rates was better than recirculation of feed

(with some water exchange) or a reduced flow rate. Most likely, better growth rates were achieved

with the former method because it provided a more efficient removal of waste products within the

oyster bed and environment - which otherwise may have reduced growth. In early trials, we

established that discontinuous feeding (1 or 2 ration d ; each ration over 1-2 h period) was as effective
as continuous feeding. However at double the food concentration, we found that oysters reached

satiation after delivering 1/2 to 3/4 of the ration with the discontinuous feeding methods (as
determined by chlorophyll a concentrations entering and exiting upwellers; data not shown).

Thereafter, continuous feeding was chosen to deliver supplementary feed in feeding trials (where

feasible, given experimental constraints).

Effect of site on iuvenile oyster growth rates, and extension of Jesuits to other_sites

The growth rates of control oysters at Little Swanport and Pipe Clay Lagoon were compared in

February and April 1997. The growth at Little Swanport during February 1997 was significantly
greater than that ever achieved at Pipe Clay Lagoon - even with supplementary feeding. During these

trials, levels of phytoplankton (based on chlorophyll a) were 3-8 times higher at Little Swanport.

Higher levels of dissolved organic carbon (DOC) may also have contributed to higher growth rates at

Little Swanport; oysters and other filter feeders are able to utilise small organic molecules such as

amino acids and organic acids present within this fraction (Manahan and Stephens, 1983). Though we

only compared the growth rates of control oysters at the two sites twice, anecdotal information from

industry suggests that (in general) growth is significantly greater at the Little Swanport site. Again,

higher food concentrations and water temperatures, as shown from the monitoring program data,

undoubtedly account for this. Because of the higher control oyster growth rates, supplementary

feeding was not investigated at Little Swanport. Supplementary feeding at this site may only be useful,

and cost-effective, if sustained periods of poor growth are identified and associated with a decline in

food concentrations in the water. Despite the higher productivity of Little Swanport, salinities can drop

dramatically during periods of high rainfall making it unsuitable for oyster cultivation for several
weeks of a year (Martin John, pers. comm.). During periods of low salinity, oyster may cease feeding

(even if ambient food concentration are high) or growth may be depressed because of the metabolic

cost associated with maintaining osmotic balance (Brown, 1988).

Though our results suggested supplementary feeding may not be useful at Little Swanport, the

technology could be adopted in other regions with similar background phytoplankton concentrations to

Pipe Clay Lagoon. Crawford and Mitchell (1998) examined site and seasonal variation of
environmental factors in 5 oyster grow-out regions of Tasmania - i.e. Pipe Clay Lagoon, Little

Swanport, Pittwater, Georges Bay and Simpsons Bay - from 1991 to 1994. Average chlorophyll a
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concentrations during their survey were only slightly lower at Pipe Clay Lagoon (2.4 p.g L-l) than the

other sites (2.8 to 2.9 p-g L~'). This suggests that supplementary feeding could be effective at other

sites within Tasmania, particularly when their ambient phytoplankton concentrations are reduced.

Data from the monitoring program of water quality

Mziltiple regression of data from the monitoring program failed to demonstrate a relationship between

growth rates of oysters and nutrient or physical factors. Below average oyster growth rates from

January to June 1997 were associated however with lower chlorophyll a concentrations, which was

corroborated by data from the supplementary feeding trials.

In a broader study assessing 10 sites over 14 months, Brown (1988) correlated environmental factors

with seasonal and site-related growth variation in Pacific oysters. He found from multiple regression

analysis that food supply (particulate organic matter, phytoplankton), temperature, and to a lesser

degree, salinity were the major factors affecting monthly growth rate. Also, chlorophyll b

concentrations were more strongly correlated to oyster growth than chlorophyll a, which was

attributed to the high concentrations of microalgae belonging to the Chlorophyceae and
Euglenophyceae classes.

At the Pipe Clay Lagoon and Little Swanport sites, concentrations of chlorophyll a in the <20 pjn
were approximately 75% of that within the <250 |im fraction. We found a similar value for the
fractionation of POM (data not shown). Algae from 2 to 30-40 |-lm may be assimilated by juvenile

Crassostrea (De Pauw, 1981), though particles >10 |im may be cleared less efficiently that 5-10 \im-

sized particles (J0rgensen, 1996). Based on the above considerations, we assumed that the bulk of the

available food for small spat would be contained within the <20 j^m seawater fraction - hence most of

the seawater analysis (TPM, POM, chlorophyll a, fatty acids and pigments) were undertaken from this

fraction.

Concentration of chlorophyll a at Pipe Clay Lagoon were similar to those found during a 4-yr survey

from 1985-89 in nearby Storm Bay (Harris et al., 1991). In a later study, concentrations of chlorophyll

a reported by Crawford and Mitchell (1998) at Little Swanport (2.9 jJ-g L for <500 p.m fraction)
between 1991-93 were similar to those observed during our monitoring from 1992 to 1997 (2.7 |-Lg L
in the <250 p-m fraction); though we found average concentrations at Pipe Clay to be approximately

half those observed by these authors. Some of the difference between these two data sets from Pipe

Clay Lagoon could be attributed to within-site variation of concentrations between sampling stations,

which Crawford and Mitchell (1998) found to be significant, or differences in methodology. Despite
the lower phytoplankton concentrations at the Pipe Clay Lagoon site, it was the most productive for

on-growing oysters, which was attributed (in part) to the site's rapid flushing rate (Crawford and

Mitchell, 1998). In another related study, nutrient and chlorophyll a showed high spatial and seasonal
variability at six stations associated with mussel farming in Pelorus Sound, New Zealand (Gibbs et al.,

1992).

Similarly, site and temporal variation, and methodology could account for differences between our

POM concentrations (averages of 0.8 mg L at Pipeclay Lagoon and 1.5 mg L at Little Swanport, in

the <20 |J.m fraction) and those found by Mitchell (pers. comm.) during 1997-98 (3.4 mg L and 2.8
mg L respectively, at the aforementioned sites, in <500 \im fraction). POM values reported by us are

not unusually low however, and are comparable (or greater) than values reported by Gibbs et al.

(1992) in Pelorus Sound.

Data from the monitoring program characterised the water quality parameters of the two sites and their

seasonal and interannual changes. In broad terms, Little Swanport was characterised by greater food

availability (higher concentrations of chlorophyll a, POM and DOC). There were also differences in
the food quality (phytoplankton species composition) between the sites, as evidenced by differences in
pigment profiles of water samples, Chlorophyll a concentrations at Pipe Clay Lagoon were correlated

with concentrations of nitrate and phosphate, and were highest from winter to early spring. Gibbs et al.

(1992) also noted seasonal variation in chlorophyll a in Pelorus Sound; highest concentrations
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occurred during summer for the inner stations, and winter for the outer stations. A reduced grazing

pressure of grow-out oysters in the Pipeclay Lagoon (1995 production of 8 million oysters; Crawford

and Mitchell, 1998) during winter) may have in part contributed to the winter peak in phytoplankton
concentrations at that site.

Summary

In conclusion, the project demonstrated significant increases in growth rates of juvenile oysters at the

Pipe Clay Lagoon site through supplementary feeding. On average, growth rates increased by 60%

supplementary feeding, though in several trials there were at least 6-fold increases. Though some of

the diets differed in their effectiveness, important findings were that algal pastes and low-PUFA diets

were as effective as PUFA-rich microalgal diets. Two dried diets were also effective; though not as

effective as live diets. Supplementary feeding appears warranted at Pipe Clay Lagoon to maintain

continuity of seed supply, as there were periods throughout the project where growth rates where

otherwise poor because of a lack of food. A more detailed examination of the cost-effectiveness of

supplementary feeding is needed under commercial conditions. Nevertheless, the technology was

successfully transferred to industry, as Shellfish Culture plan to routinely use supplementary feeding at

the site. Reduction in the production costs of microalgae, through the adoption of new culture

technology, could make supplementary feeding even more attractive,
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8. BENEFITS

The research developed methods for increasing the production of juvenile Pacific oysters at the Pipe

Clay Lagoon site, when growth rates of oysters were otherwise low because of an inadequate food

supply. Shellfish Culture Ltd, the major seed producer in Tasmania, will therefore be the primary
beneficiary of the research. As a result of this study - and Shellfish Culture's own commercial-scale R

and D and economic assessment - they now plan to use supplementary feeding at their Pipe Clay

Lagoon nursery. A fuller assessment of the economic benefits will only be evident after adoption of

supplementary feeding for one or several production seasons. Nevertheless, supplementary feeding

will allow them to reduce their production cost (e.g. a 10-20% reduction could give a saving of up to

$100 K p. a.) and/or increase their overall seed production.

Methods developed and used within this project could also have a similar benefit to other shellfish
nursery sites - particular those characterised by low or fluctuating food availability and spat growth.

Benefits of the research will flow on to the Pacific oyster on-growers (farmers). The industry is valued

at "$20m p. a, and, with the recent allocation of new lease sites in Tasmania by the state government

(more than doubling the existing area), is set to rapidly expand in the next decade. At present nearly

all product is sold on the domestic market. With an expansion of oyster production, the industry is

well positioned to develop a high-value export market (particularly to SE Asia), by taking advantage
of its product quality and the "clean-green" image that the industry has achieved. Any future

expansion depends on a corresponding increased juvenile oyster or "seed" production (valued at $2-3

M p.a.). Extension of our research to Shellfish Culture and other seed producers will contribute to this.

9. INTELLECTUAL PROPERTY

Intellectual property generated from the research includes:

• The nutritional value of microalgae, algal pastes and dried diets as supplementary food for oysters
• Methods used for delivering supplementary diets most effectively to oysters

• Data from the weekly monitoring of water samples from Pipe Clay Lagoon and Little Swanport

This information is fully contained in this report and will be therefore be available to producers of
mollusc seed throughout Australia. Results of the research will also be published as scientific
manuscripts (eg. Appendices i and x).

10. FURTHER DEVELOPMENT

On the basis of our results with experimental-scale supplementary feeding, Shellfish Culture and

CSBR.O plan further collaboration to extend the results to commercial-scale feeding of juvenile oysters

and scallops. A major factor for this extension will be the development of cost-effective mass algal

culture systems capable of 20,000 L per day production at Shellfish Culture's newly developed Pipe
Clay Lagoon site. We plan to submit a proposal to the FRDC to undertake this extension.

tn general, adoption of newer technologies for mass-culturing microalgae (i.e. photobioreactors,

heterotrophic culture) by either:
a) commercial nurseries (eg. Shellfish Culture) and/or
b) a central, specialised facility, supplying microalgal biomass (as paste or other product) to nurseries

at a cost,

would make supplementary feeding more attractive economically. CSIRO is currently undertaking

research at the laboratory scale to isolate and identify microalgae that are capable of low cost and

rapid growth using these technologies. Once we have identified suitable strains, we will investigate

their mass culture (collaboration with other CSIRO Divisions or industry partners) and then their use

as feed for aquaculture - including supplementary food for juvenile oysters.



STAFF Page 70

11. STAFF ON PROJECT

From CS1RO Division of Marine Research:

Malcolm Brown, 40%

Malcolm McCausland, 100%

Graeme Dunstan 2%

Shh-ley Jeffrey 2%

The assistance of work-experience students (each providing "1-2 weeks) is also acknowledged: David

Lecossois, Kris Kowalski, Greg Smith, and Dawn Ring.

From Shellfish. Culture Ltd:

Martin John, Greg Hollingsworth, 5% total

Technical officers, 5% total



REFERENCES CITED Page 71

12. REFERENCES

Beiras, R., Perez-Camacho, A. and Albenosa, M. (1993). Influence of food concentration on energy

balance and growth performance of Venerupis pullastra seed reared in an open-flow system.

Aguaculture, 116: 353-365.

Beiras, R., Perez-Camacho, A. and Albenosa, M.. (1994). Comparison of the scope for growth with the

growth performance of Ostrea edulis seed reared at different food concentrations in an open-

flow system. Marine Biology, 119: 227-223.

Bligh, E. G. and Dyer, W. J. (1959). A rapid method of total lipid extraction and purification. Can. J,

Biochem. Physiol. 37: 911-917.

Boeing, P. (1997). Use of spray-dried Schizochytrium sp. as a partial algal replacement for juvenile

bivalves. J. Shellfish Res., 16: 284.

Bougrier, S., Geairon, P., Deslous-Paoli, J. M., Bacher, C and Jonquieres, G. (1995). Allometric

relationships and effects of temperature on clearance and oxygen consumption rates of

Crassostrea gigas (Thunberg). Aquaculture, 134: 143-154.

Bricelj, V. M. and Malouf, R. E. (1984). Influence of algal and suspended sediment concentrations on

the feeding physiology of the hard clam Mercenaria mercenaria. Mar. Biol., 84: 155-165.

Brown, J.R. (1988). Multivariate analyses of the role of environmental factors in seasonal and site-

related growth variation in the Pacific oyster Crassostrea gigas. Mar. Ecol. Prog. Ser., 45: 225-

236.

Brown, M. R. and Jeffrey, S. W. (1992). Nutritional properties of microalgae used in mariculture: An

overview. In: "Proceedings of the National Aquaculture Workshops", Pt. Stephens, NSW

Australia, April 1991, 174-179.

Brown, M. R., Dunstan, G. A., Miller, K. A. and Norwood, S. A. (1996). Effects of harvest stage and

light on the biochemical composition of the diatom Thalassiosira pseiidonana. J. Phycology,

32: 64-73.

Brown, M. R., McCausland, M. A. and Kowalski, K. (1998). The nutritional value of four Australian

microalgal strains fed to Pacific oyster Crassostrea gigas spat. Aquaculture, 165: 281-293.

Brown, M. R., Jeffrey, S. W., Volkman, J. K. and Dunstan,. G. A. (1997). Nutritional properties of

microalgae for mariculture. A^uacMfaure, 151: 315-331.

Buxton, C. D., Newell, R. C. and Field, J. G. (1981). Response-surface analysis of the combined effects

of exposure and acclimation temperatures on filtration, oxygen consumption and scope for growth

in the oyster Ostrea edulis. Mar. Ecol. Prog. Ser., 6: 73-82.

Clayton, J. R., Dortch, Q., Thorenson, S. S. and Ahmed, S. I. (1988). Evaluation of methods for the

separation and analysis of proteins and free amino acids in phytoplankton samples. J. Plankton

Res., 10: 341-58.

Couteau, P. and Sorgeloos, P. (1992). The use of algal substitutes and the requirement for live algae

in the hatchery and nursery rearing of bivalve molluscs: an international survey. J. Shellfish

Res. 11:467-476.

Crawford, C. M. and Mitchell, I. (1998). Physical and chemical parameters of several oyster growing

areas in Tasmania. Tasmanian Department of Primary Industry and Fisheries, Technical Report

- in press.

De Pauw, N. (1981). Use and production of microalgae as foods for nursery bivalves. In: C. Claus, N.

de Pauw and E. Jaspers (eds.), Nursery Culturing ofBivalve Molluscs, Spec. Publ. No. 7.,

European Mariculture Soc., Bredene, Belgium, pp.35-69.

D'Abramo, L. R. and Castell, J. D. Research Methodology in, Crustacean Nutrition: Advances in

World Aquaculture, D'Abramo, L. R., Conklin, D. E. and Akiyama, D. M., Eds., World

Aquaculture Soc., Baton Rouge, Louisiana, 1997,123,



REFERENCES CITED Page 72

Dubois, M., Gillies, K. A., Hamilton, J. K., Rebers, P. A. and Smith, F. (1956). Colorimetric method for

the determination of sugars and related substances. Anal. Chem. 28: 350-6.

Enright, C.T., Newkirk, G.F., Craigie, J.S.and Castell, J.D. (1986a). Evaluation of phytoplankton as

diets for juvenile Ostrea ediilis L. J. Exp. Mar, Biol. Ecol., 96: 1-13.

Enright, C.T., Newkirk, G.F., Craigie, J.S. and Castell, J.D. (1986b). Growth of juvenile Ostrea edulis

L. fed Chaetoceros gracilis Schutt of varied chemical composition. J. Exp. Mar. Biol. Ecol.,

96: 15-26.

Epifanio, C. E. and Mootz, C. A. (1976). Growth of oysters in a recirculating maricultural system.

P roe. Natl Shellfisheries Association, 65: 32-37.

Gerdes, D. (1983). The Pacific oyster Crassostrea gigas. Part I. Feeding behaviour of larvae and

adults. Aquaculture, 31: 195-219.

Gibbs, M. M., Pickmere, S. E., Woods, P. H., Payne, G. W., James, M. R., Hickman, R. W. and

Illingworth, J. (1992). Nutrient and chlorophyll a variability at six stations associated with
mussel farming in Pelorus Sound, 1984-85. N. Z. J Mar. Freshw. Res., 26: 197-211.

Guillard, R. R. L. and Ryther, J. H. (1962). Studies on marine planktonic diatoms. I. Cyclotella nana

Hustedt, and Detonula confervacea (Cleve) Gran. Can. J. Microbiol., 8: 229-239.

Hawkins, A. J. S., Bayne, B. L. and Clarke, K. R. (1983). Co-ordinated rhythms of digestion,

absorption and excretion in Mytilus edulis (Bivalvia: Mollusca). Marine Biology, 74: 41-48.

Harris, G. P., Griffiths, F. B., Clementson, L. A., Lyne, V. and Van der Hoe, H.(1991). Seasonal and

interannual variability in physical processes, nutrient cycling and the structure of the food chain

in Tasmanian shelf waters. J. Plankton Research, 13: 109-131.

Higgins, P. J. (1980). Effects of food availability on the valve movements and feeding behaviour of
juvenile Crassostrea virginica (Gmelin). I. Valve movements and periodic activity. J. Exp. Mar.

Biol.Ecol., 45: 229-244.

Holliday, J. E., Allan, G. L. and Nell, J. A. (1993). Effects of stocking density on juvenile Sydney rock

oysters, Saccostrea commerclalis (Iredale & Roughley) in cylinders. Aquaculture, 109: 13-26.

Jeffrey, S. W. and Humphrey, G. F. (1975). New spectophotometric equations for determining

chlorophylls a, b^ c^ and c^ in higher plants, algae and natural phytoplankton. Biochem.

Physiol. Pflanz., 167: 191-194.

Jeffrey, S. W. (1980). Cultivating uni-cellular marine plants. In, CSIRO Division of Fisheries and

Oceanography research report, 1977-1979, pp. 22-43.

Jeffrey, S. W., Mantoura, R. F. C. and Wright, S. W. (1997). Phytoplankton pigments in oceanography,

UNESCO Publishing, Paris, France, 661 pp.

Jones, D. A., Kamarudin, M. S., LeVay, L. (1993). The potential for replacement of live feeds in larval

culture. J. World Aquacult. Soc., 24: 199-210

J0rgensen, C. B. (1996). Bivalve filter feeding revisited. Marine Ecol. Prog. Ser., 142: 287-302.

Kirby-Smith, W. W. (1972). Growth of the bay scallop: the influence of experimental water currents. J.

Exp. Mar. Biol. Ecol., 8: 7-18.

Knauer, J. and Southgate, P. C. (1997). Assimilation of gelatin-acacia microencapsulated lipid by

Pacific oyster (Crassostrea gigas) spat. Aquaculture, 153: 291-300.

Kreeger, D. A. and Langdon, C. J. (1993). Effect of dietary protein content on growth of juvenile

mussels, Mytilus trossulus (Gould 1850). Biol. Bull., 185: 123-139.

Langdon, C. J. and Waldock, M. J. (1981). The effect of algal and artificial diets on the growth and

fatty acid composition of Crassostrea gigas spat. J. Mar. Biol. Ass. U.K., 61: 431-448.

Langton, R. W. and McKay, G. U. (1974). The effect of continuous versus discontinuous feeding on

the growth of hatchery reared spat of Crassostrea gigas Thunberg. J. Cons. Int. Explor. Mer,
35: 361-363.

Lowry, 0. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. (1951). Protein measurement with the

Folin phenol reagent. J. Biol. Chem., 193: 265-275.



REFERENCES CITED Page 73

Malouf, R. E. and Breese, W.P.(1977). Seasonal changes in the effects of temperature and water flow

rate on the growth of juvenile Pacific oysters, Crassostrea gigas (Thunberg). Aquaculture, 12:
1-13.

Manahan, D. T. and Stephens, G. C. (1983). The use of high performance liquid chromatography to

measure dissolved organic compounds in bivalve aquaculture systems. Aquaculture, 32: 339-

346.

Manzi, J. J., Hadley, N. H. and Maddox, M. B. (1986). Seed clam, Mercenaria mercenaria, culture in

an experimental-scale upflow nursery system. Aquaculture, 54: 301-311.

Myers, J. A., Boisvert, R. N. (1990). The economics of producing algae and bivalve seed in hatcheries.

Aqiiaculture 86, 163-179.

Navarro, J. M. and Winter, J. E. (1982). Ingestion rate, assimilation efficiency and energy balance in

Mytilus chilensis in relation to body size and different algal concentrations. Mar. Biol., 67: 255-

266.

Nell, J. A., Diemar, J. A. and Heasman, M. P. (1996). Food value of live yeasts and dry yeast-based

diets fed to Sydney rock oyster Saccostrea commercialis spat. Aquaculture, 145: 235-243.

Nell, J. A., MacLennan, D. G., Allan, G. L., Nearhos, S. P. and Frances, J. (1994). Evaluation of new

microbial foods as partial substitutes for microalgae in a diet for Sydney rock oyster Saccostrea

commercialis larvae and spat. In: J. A. Nell, D. G. MacLennan, G. L. Allan, S. P. Nearhos and

J. Frances (Editors), New Microbial Foods for Aquaculture. Final Report to Fisheries Research

Development Corporation (FRDC), NSW Fisheries, Brackish Water Fish Culture Research
Station, Salamander Bay, NSW, 98 pp.

Nell, J.A. and O'Connor, W.A. (1991). The evaluation of fresh algae and stored algal concentrates as

a food source for Sydney rock oyster, Saccostrea commercialis (Iredale and Roughley), larvae.

Aquaculture, 99: 277-284.

O'Connor, W.A., Nell, J.A. and Diemar, J.A. (1992). The evaluation of twelve algal species as food

for juvenile Sydney rock oysters Soccostrea commercialis (Iredale and Roughley).

Aquaculture, 108: 277-283.

O'Sullivan, D. 0. and Kiley, T. (1996). Status of Australian aquaculture in 1994/95. Austasia

Aquaculture Trade Directory, 2-12

Peirson, W. M. (1993). Utilisations of eight algal species by the bay scallop, Argopecten irradians

concentrlcus (Say). J. Exp. Mar. Biol. Ecol., 68: 1-11.

Persoone, G., Claus, C. (1980). Mass culture of algae: a bottleneck in the nursery culturing of

molluscs. In: G. Shelef, G., Soeder, C. J. (Eds.), Algae Biomass. Elsevier/North-Holland

Biomedical Press, Amsterdam, pp. 265-285.

Robert, R. and Trintignac, P. (1997). Substitutes for live microalgae in mariculture: a review. Aquatic

Living Resour., 10: 315-327.

Rodhouse, P. G. and O'Kelly, M. (1981). Flow requirements of the oysters Ostrea edulis L. and

Crassostrea gigas Thunberg in an upwelling column system of culture. Aquaculture, 22: 1-10.

Rodhouse, P.G., Ottway, B. and Burnell, G.M. (1981). Bivalve production and food chain efficiency

in an experimental nursery system. J. Mar. Biol. Ass. U.K. 61: 243-256.

Searcy-Bernal R (1994). Statistical power and aquacultural research. Aqwculture, 127: 371-388.

Spencer, B.E., Akester, M.J.and Mayer, I. (1986). Growth and survival of seed oysters in outdoor

pumped upwelling systems supplied with fertilized sea water. Aquaculture, 55: 173-189.

Spencer, B. E. (1988). Growth and filtration of juvenile oysters in experimental outdoor pumped

upwelling systems. Aquaculture, 75: 139-158.

Urban, E, R., Pruder, G. D. and Langdon, C. J. (1983). Effect of ration on growth and growth

efficiency of juveniles of Crassostrea virginica (Gmelin). J. Shellfish Res., 3: 51-57.

Varum, K. M., 0stgaard, K. and Grimsrud, K. (1986). Diurnal rhythms in carbohydrate metabolism of

the marine diatom Skeletonema costatwn (Grev.) Cleve. J. Exp. Mar. Biol. Ecol., 102: 249-56.



REFERENCES CITED Page 74

Volkman J. K., Jeffrey S. W., Nichols, P. D., Rogers, G. I. and Garland, C. D. (1989). Fatty acid and

lipid composition of 10 species of microalgae used in mariculture. J. Exp. Mar. Biol. Ecol., 128:
219-240.

Walsh, D. T., Withstandley, C. A., Kraus, R. A., Petrovits, E. J. (1987). Mass culture of selected

marine microalgae for the nursery production ofbivalve seed. J. Shellfish Res. 6(2), 71-77.

Webb, K. L. and Chu, F. E. (1983). Phytoplankton as a food source for bivalve larvae. In: G. D. Pruder,

C. J. Langdon and D. E. Conklin (Editors), Proceedings of the Second International Conference

on Aquaculture Nutrition: Biochemical and Physiological Approaches to Shellfish Nutrition,
Louisiana State University, Baton Rouge, LA, pp. 272-291.

Whyte, J, N. C. (1987). Biochemical composition and energy content of six species of phytoplankton

used in mariculture of bivalves. Aquaculture, 60: 231-241.

Whyte, J. N. C., Bourne, N. and Hodgson, C. A. (1989). Influence of algal diets on biochemical

composition and energy reserves in Patinopecten yessoensis (Jay) larvae. Aquaculture 78: 333-

347.

Wikfors, G. H., Patterson, G. W., Ghosh, P., Lewin, R. A., Smith, B. C. and Alix, J. H. (1996). Growth

of post-set oysters, Crassostrea virginica, on high-lipid strains of algal flagellates Tetraselmis

spp. Aquaculture, 143: 411-419.



APPENDDC i "Live and pasted microalgae for oysters" manuscript Page75

Evaluation of live and pasted microalgae as supplementary food for juvenile

Pacific oysters (Crassostrea gigas)

Malcolm A. McCausland", Malcolm R. Brown "' , Stephanie M. Barrett",

John A. Diemar", Michael P. Heasman

a CSIRO Division of Marine Research, GPO Box 1538, Hobart, Tasmania, 7001, Australia

New South Wales Fisheries, Port Stephens Research Centre, Taylors Beach Road, Taylors

Beach, NSW, 2316, Australia

Corresponding author: Tel: Int + 61 3 6232 5308. Fax: Int +613 6232 5000

E-mail: malcolm.brown@marine.csiro.au

submitted to Aquaculture

Submitted version 1; 19 October 1998



APPENDDC i "Live and pasted microalgae for oysters" manuscript Page76

Abstract

Supplementary feeding was an effective method of enhancing growth of juvenile

Pacific oysters (Crassostrea gigas) at a nursery site with low to moderate levels of natural

phytoplankton (chlorophyll a, 0.68 ± 0.29 fig 1 ). Over five experiments, oysters (500 to 700

jim) in upwellers were fed supplementary rations of live or pasted microalgal diets.

Supplementary diets were added to naturally occurring seston at a ration of 7 mg d mF oysters

(initial oyster bed volume). These levels increased the total phytoplankton concentration by

50 to 207 %. Variation in the environmental conditions between experiments influenced

oyster growth-rates. Increases in oyster growth-rates were high in animals supplemented with

Chaetoceros calcitrans (mstantaneous growth-rate, k = 0.062 d ), Dunaliella tertiolecta (k =

0.059 d'*), Isochrysis sp. (T. ISO) (k = 0.059 d''), an Australian isolate ofRhodomonas salina

(k = 0.074 d ) and pasted Skeletonema costatum (k = 0.064 d ) and Chaetoceros calcitrans (k

= 0.059 d-l). These rates were significantly greater than in the oysters fed a reference

supplementary diet, Pavlova pinguis (range for experiments; k = 0.049 to 0.066 d ) and in the

control (i.e. non-supplementary fed) oysters (range for experiments, k = 0.034 to 0.043 d ).

Pavlova pinguis was a more effective diet when it was grown under a 24:0 h L:D (k = 0.066

d-l) than when grown under a 12:12 h L:D regime (k =0.061 d''). Pasted (4 to 14 d old) Q

calcitrans (k = 0.059 d'') gave similar growth to live C, calcitrans (k = 0.062 d-I), which

indicated the promise of pastes as an off-the-shelf alternative to live diets. The effectiveness

of IX tertiolecta - a diet lacking the polyunsaturated fatty acids 20:5(n-3) and 22:6(n-3) -

indicated that the oysters received sufficient quantities in background phytoplankton to

sustain a high growth-rate. The essential nature of these fatty acids was demonstrated when

all oysters retained higher percentages of 20:5(n-3) and 22:6(n-3) than the total fatty acids.

Initial cost estimates for supplementary feeding show that it will add 2 to 3% to juvenile

oyster production costs during the nursery phase when oysters are 0.5 to ~3 mm in size.
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1. Introduction

Pacific oyster (Crassostrea gjgas) production in many countries relies on hatcheries

and nurseries to rear larvae and juveniles (Chew, 1990; Dix, 1991; Donaldson, 1991).

Production systems are similar throughout the industry. Larvae and newly settled juveniles

are grown in land-based hatcheries on a nutritious diet of cultured microalgae, most

commonly Isochrysis_sp. (strain T. ISO), Chaetoceros calcitrans, Pavlova lutheri and

Thalassiosira pseudonana (Coutteau and Sorgeloos, 1992). Juveniles are typically on-grown

from -500 |^m to 2-5 mm in tanks through which seawater is pumped continuously from an

estuary or bay (Rodhouse et al., 1981). The oysters feed on the naturally occurring seston in

the water. This method has low costs associated with the pumping of water (M. John, pers.

comm.), but oyster growth at the nurseries varies with the changing concentrations and quality

of food (principally phytoplankton) (Wilson, 1987; Brown, 1988). The changes in species

composition and productivity are caused by variations in environmental factors and by

competitive grazing from filter feeders in the waterway (Spencer and Gough, 1978; Alpine

and Cloern, 1992; Gibbs et al., 1992).

Two approaches have been used to increase phytoplankton concentrations in nurseries

to improve oyster growth. In the first, large ponds or tanks of seawater are fertilised to

stimulate natural phytoplankton blooms for use in recirculating or semi-recirculating nursery

systems. This has had varying degrees of success. Juvenile Ostrea edulis growth-rates either

showed no response or increased up to 130%,compared to a uni-algal control diet, depending

on the composition of the induced bloom (Rodhouse et al., 1983). Across five experiments,

juvenile C. gigas and 0. edulis receiving fertilised seawater were an average 60 % heavier
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after six weeks than oysters receiving unfertilised sewater (Spencer et al., 1986). This would

have been higher, however one experiment showed inferior growth and low survival in

oysters fed in the fertilised seawater (Spencer et al., 1986).

In the second approach, the naturally occurring seston is supplemented at the nursery

with algal monocultures. The cost of food production is higher than the first approach;

however, it provides greater control over the oysters' diet (and consequently their growth-

rates and production) and as a result may be more cost-effective.

The nutritional qualities of the microalgal species have been measured when used in

enclosed, single- and multi-species feeding experiments (Flaak and Epifanio, 1978; Enright et

al., 1986a, b; O'Connor et al., 1992). However, when used as a supplementary food source the

nutritional qualities of the total diet will differ. Hence, the purpose of this study was to assess

algal species as supplementary diets for juvenile Pacific oysters at a major nursery site in

Australia. Diets were chosen from microalgae in different taxonomic classes (i.e. diatoms,

prymnesiophytes, a cryptophyte and a chlorophyte) with different biochemical compositions,

including polyunsaturated fatty acids (PUFAs). The chosen algae were; the common

aquaculture strains Dunaliella tertiolecta, Chaetoceros calcitrans, Isochrysis sp. (strain T.

ISO); new Australian strains Pavlova pinguis, Pavlova sp. and Rhodomonas salina; and algal

pastes of Q calcitrans and Skeletonema costatum (Table 1). The effectiveness of the diets

was compared and reasons for differences in nutritional value sought.

2. Materials and methods

2.1. Oyster culture systems

Hatchery-reared juvenile Pacific oysters (Crassostrea gigas ) were used for feeding

experiments at a major oyster nursery at Pipe Clay Lagoon, 30 km southeast of Hobart,
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Australia (42° 58' S, 147° 32' E). The juveniles (500 to 700 ^im) were grown in upweller

systems, 1,20th the scale of commercially used upwellers. Each upweller consisted of a 10 1

bucket with a 110 mm diameter, mesh-bottomed upweller chamber suspended inside, on

which the oysters were retained. Unfiltered seawater from Pipe Clay Lagoon (salinity 32 to

35 ppt) was pumped continuously into the upwellers at 700 ml min (10001 d ). It flowed

through the upweller chamber and the bed of oysters and out through an exit pipe. Oysters

and chambers were cleaned daily with a fine spray of freshwater to remove faeces and other

particles. Chambers were also given a weekly rinse with 1% sodium hypochlorite.

2.2. Feeding experiments

Five feeding experiments (2 preliminary and 3 main experiments) of either 17 or 18 d

were completed over the 1995-6 nursery season (Table 2). Control oysters in all experiments

fed on naturally occurring seston provided by the continuously flowing seawater. The

experiments tested six species of live cultured algae, a two-species mix and two algal pastes

as food supplements, added to the flowing seawater.

Preliminary feeding experiments 1 and 2 (Pl and P2) enabled us to identify a local

isolate to use as a reference supplementary diet in all subsequent experiments and to

determine suitable illumination. Australian species of the genus Pavlova (Pavlova sp. and

Pavlova Eingms)were tested in Pl because the biochemical composition of its members

contain high levels of essential PUFAs (Brown et al., 1997). P2 compared the use of P_

pinguis grown under light regimes of 12:12 h L:D and 24:0 h L:D.

Experiment 1 (El) tested Australian isolates ofRhodomonas salina and P. pinguis,

chosen from Pl, and a 1:1 mixed diet. Experiment 2 (E2) tested algal pastes of Chaetoceros

calcitrans and Skeletonema costatum and fresh cultures of C. calcitrans and P.Eingms. In

experiment 3 (E3), we tested Isochrysis sp. (T ISO), Dunaliella tertiolecta and P. pinguis,
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which have different composition of essential polyunsaturated fatty acids (PUFAs) (Volkman

et al., 1989, 1991). The content ofPUFAs in juvenile oysters reflects their diet (Langdon and

Waldock, 1981); a comparison of fatty acids (FAs) in the diets and the oysters was made to

determine uptake and assimilation and give some insight into the oysters' FA requirements

during supplementary feeding.

For all but one one experiment, 19 ml (~ 25 g wet weight; ~ 40 000 oysters) of oysters

was placed into each upweller; the exception was P2, where 13 ml was used because of a

shortage of oysters at the nursery (Table 2). The oysters were acclimated in flowing seawater

overnight before supplementary feeding began the next day. They were grown under

photoperiods that ranged from 6:18 h to 8:16 h light:dark (L:D). Position effects were

minimised by randomly changing the positions of upweller buckets 3 to 4 times during each

experiment.

Supplementary feed was added at a ration based on dry weight (DW) (Table 2) to the

upwellers twice each day (at midday and midnight) over 2 h. No supplementary feed was

added at weekends. The cultured algae (0.3 to 5 1) were dispensed into buckets and diluted to

9 1 with seawater. The suspension was pumped into upwellers at 75 ml min with small

submersible aquarium pumps (Aquarium Powerhead 480, Second Nature, NJ, USA). For E2,

pastes were resuspended in 2 1 of seawater by mixing for 30 s with a hand-held blender.

Rations (Table 2) of the resuspended pastes were also diluted to 9 1 with seawater and added

to upwellers in the same way as the live algae.

Oyster mortality was estimated from three counts (each of 200 individuals) at the start

and end of each experiment. Their growth-rates were determined from measurements made at

the start and finish of each experiment measured by three different methods: (a) volumetric

(the packed volume of the oyster population within each upweller); (b) DW (a subsample of

200 oysters from each upweller was rinsed with distilled water, dried at 100°C for 72 h, then
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weighed); (c) organic weight (OW) (the subsample of 200 oysters used for DW analysis was

heated in a muffle furnace (450°C; 24 h), then reweighed to determine the OW by weight

loss). In each of these methods the formula used to determine the instantaneous growth-rate

(k) in d-l was:

k=ln(M,/M,,)/t (1)

where. In = natural logarithm (base 2.718), M, = measurement at day t, M,,= measurement at

day zero.

Apparent growth efficiency (%AGE) is a measure of the efficiency with which food

was used and was determined for each diet by the equation:

%AGE = [(AOW,, - AOW, ) / DW^ ] x 100 (2)

where AOW{ was the increase in OW of supplement-fed oysters, AOW^ was the increase in

the OW of control oysters, and DWfeed was the dry weight of supplementary food. The OW

of a known volume (1 to 4 ml) of oysters was measured at the start and end of an experiment

to calculate the OW per upweller. This was used to calculate AOW c and AOW .

In E3 we compared changes in the fatty acid content per oyster with the total fatty acid

presented or fed. The retention of fatty acids was calculated as:

% retention = PA,^/FA,^ X 100 (3)

where FA,,,^ was the increase in fatty acid per oyster and PA^, was the fatty acid available in

the diet per oyster.

2.3. Algal cuttures

The microalgae were obtained from the CSIRO Collection of Living Microalgae

(Table 1). They were cultured in medium f/2 (Guillard and Ryther, 1962), except R^ salina,

which was cultured in medium fg (Jeffrey, 1980). Starter cultures (150 ml in mid- to late-
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logarithmic phase) were inoculated into 1.4 1 of seawater enriched with nutrients in 2 1

Erlenmeyer flasks. The flasks were illuminated with white fluorescent light (Philips daylight

tubes) at 100 i.imol photons m s at 20 ± 2°C. The cultures were bubbled with air enriched

with 0.5 to 1% CO, at a flow-rate of 0.4 1 min-I. They received different light regimen

according to the experiment: 12: 12 h L:D, 18:6 h L:D or 24:0 h L:D (Table 2). At mid- to

late-logarithmic phase, the flask contents were transferred to 10 1 polycarbonate carboys

containing 8 1 of seawater enriched with nutrients and grown-on under identical conditions. At

mid- to late-logarithmic phase, the carboy contents (except Q calcitrans ) were transferred to

sterile polyethylene bags containing 85 1 of 0.2 pm filtered seawater enriched with nutrients.

In the bags, the cultures were grown semi-continuously under the same temperature and

photoperiods as before; however the light intensity was 50 to 75 |nmol photons m s for

continuously illuminated cultures and 100 to 150 pmol photons m s'' for 12:12 h L:D

cultures. The cultures were mixed with air enriched with 1 to 2% CO,, at a flow rate of 20 1

min , maintaining pH between 7.0 and 7.5. Chaetoceros calcitrans carboy cultures were

transferred into glass carboys (as this species grows better in glass than polyethylene)

containing 201 of 0.2 (-im filtered seawater enriched with nutrients, and grown in otherwise

identical conditions. Replicate (3 to 6) cultures (bags or carboys) of each species were used

throughout the experiments.

2.4. Algal pastes

Algal pastes were supplied by New South Wales Fisheries, Port Stephens Research

Centre. Skeletonema costatum and C. calcitrans were grown in ill medium in 1000 1 tubs at

23 ± 1°C and aerated with C0,-enriched air. Skeletonema costatum was grown under 24:0 h

L:D illumination and C calcitrans under 18:6 h L:D. The algae were harvested at late-

logarithmic phase by super-centrifuging in a Sharples (Type MV-35-32Y-22KY-32)
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centrifuge modified to channel the effluent through one outlet and to reduce shear forces

during concentration at 13000 g. The pastes were collected, transferred to 250 ml

polycarbonate sample jars and dispatched in an insulated container with ice-packs by

overnight courier to the CSIRO Hobart laboratory. The pastes were refrigerated at 4°C upon

arrival. The pastes were received 3 d before the start of E2 and again 1 week later, so that the

pastes used within the experiment were between 4 and 14 d old (average age, 8 d) on any

feeding day.

2.5. Biochemical analysis of microalgae and ovsters

Aliquots (11) of the microalgal cultures were taken every 2 to 4 d for biochemical

analyses. For carbohydrate and protein determination, subsamples (10 to 80 ml) were filtered

through 25 mm glass-fibre filters (Whatman GF/C). For total lipid determination, subsamples

(150 to 600 ml) were filtered through 47 mm glass-fibre filters (Whatman GF/C). All filters

were stored at -20°C and analysed within 6 months. For fatty acid analysis, subsamples (80 to

300 ml) were filtered through 47 mm filters and stored in liquid nitrogen until analysed.

Subsamples for dry and ash weight (50 to 400 ml) were filtered through precombusted

(450°C; 24 h), preweighed, 47 mm filters. For dry weight, filters were washed with 30 ml of

0.5 M ammonium formate to remove residual salts, dried at 80° C overnight and reweighed.

Ash weight was determined by reheating the filters in a muffle furnace (450°C; 24 h) and

reweighing. Pastes (0.21 to 0.42 g) were resuspended in 200 ml of 1 ^m-filtered seawater,

and subsamples filtered for later analysis of carbohydrate and protein (5 ml), lipid (80 to 100

ml), dry and ash weight (35 to 60 ml) in the same way.

Carbohydrate was analysed after the filters were hydrolysed with 3.9 ml of 0.5 M

H^SO^ at 100°C for 4 h in polypropylene centrifuge tubes by the phenol-sulphuric acid

method (Dubois et al., 1956). Protein was analysed after homogenising filters with 6% TCA,
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with a modified Lowry et al. (1951) technique (Clayton et al., 1988). Lipid was determined

gravimetrically (Whyte, 1987). Filters were repeatedly extracted in chloroform-methanol-

water (2:4:1; 7 to 8 x 5 ml). The supernatants were combined, and chloroform and water

added to bring the ratio to 1:1:0.9 for phase separation and extraction of lipids in the lower

chloroform phase. The chloroform layer was concentrated under vacuum and weighed to

determine total lipid.

For fatty acid analysis, samples of microalgae were extracted overnight with

chloroform-methanol-water (1:2:0.8, v/v/v) (Bligh and Dyer, 1959). Chloroform and water

were added to bring the ratio to 1:1:0.9 for phase separation and extraction of lipids in the

lower chloroform phase. The lipid extracts were saponified and the liberated fatty acids were

acidified and extracted (Volkman et al., 1989). Fatty acids were transesterified to methyl

esters and analysed on GC polar and non-polar capillary columns and GC-mass spectrometry.

At the end of E3 the oysters were collected, ground with a mortar and pestle, freeze-dried and

analysed for fatty acids in the same way.

2.6. Analysis of seawater flowing through upwellers

The minimum and maximum temperatures of the seawater flowing into the upwellers

were recorded daily. Water samples (filtered through a 20 [im nylon screen), taken weekly

from Pipe Clay Lagoon. They were analysed for salinity and also multiple samples filtered

through 47 mm filters (1.5 to 4 1) for analysis of chlorophyll a, total particulate matter (TPM)

and particulate organic matter (POM) and fatty acids. Filter samples for fatty acids were

stored and analysed as previously described; filter samples for chlorophyll a analysis were

stored at -20° C for 1 to 2 months and later extracted in 90% acetone (Jeffrey and Humphrey,

1975). The concentration of chlorophyll a was determined spectrophotometrically using

Jeffrey and Humphrey's (1975) equation 4. TPM filters were washed with 30 ml of 0.5 M
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ammonium formate to remove residual salts, dried overnight at 80° C, and reweighed to

determine the mass of the TPM. The mass of POM was measured by heating these filters in a

muffle furnace (450°C, 24 h) and then reweighing them.

2.7. Statistical analysis

The different measures (volumetric, dry weight, organic weight) of oyster

instantaneous growth-rate (k) were compared by regression analysis. Growth-rates from

individual experiments were compared by analysis of variance (ANOVA) with Fisher's

protected least significant difference (PLSD) for pairwise comparisons where the F statistic

was significant (P < 0.05). For El, E2 and E3, ANOVA was used for between-experiment

comparison of the instantaneous growth-rates of control oysters and those fed the reference P_

pinguis supplement (common to all experiments), to test for experiment x treatment

interactions. Such an interaction was found (P < 0.02), as the difference between the growth-

rate of P_ pinguis- supplemented and unsupplemented control oysters in E3 was significantly

lower than El and E2, indicating that the oysters did not respond as well to supplementary

food in E3. As a result, further cross-experiment comparative analyses of growth were not

performed.

Differences in the gross composition (lipid, carbohydrate, protein) of diets were

examined by ANOVA, and pairwise comparisons of means tested by Fisher's PLSD. Linear

regression of oyster growth increase against the gross composition of diets was performed to

determine its influence in a supplementary diet. All statistical tests were at a significance

level of P< 0.05.
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3. Results

3,1. Assessment of oyster growth

Instantaneous growth-rates, calculated by volume of oysters, were linearly related to

instantaneous growth-rates calculated by DW (r2 = 0.62) and OW (r2 = 0.74) (Fig. 1). The

relationships are defined by the regression equations:

k,,= 1.004k,,,-0.005 (4)

k^= 1.104k,,,,-0.001 (5)

where k p k^y, and kg^, are the instantaneous growth-rates from measurements of oyster

volume, dry weight and organic weight, respectively, k , is not only simpler to measure than

kj^, and ky^ but also is not biased by sub-sampling (<1% of population measured for kp^ and

k ). For these reasons, k^i oyster growth-rate was adopted for comparing growth-rate data in

all experiments.

3.2. Preliminary experiments (Pl and P2)

Supplementary diets tested in the preliminary experiments all produced significantly

faster growth-rates than those of control oysters (Fig. 2). Oyster mortality was < 5% for all

treatments. In Pl, P_ pinguis produced significantly better growth in oysters (k = 0.058 d'')

than Pavlova sp. (k = 0.053 cl') (Pl; Fig. 2a). In P2, P. pinguis produced better growth in

oysters when it was grown under 24:0 h L:D regime (k = 0.066 cT) than when grown under a

12:12 h L:D regime (k = 0.061 d'') (P2; Fig. 2b). On the basis of these results and because

the alga divides more rapidly at 24:0 h L:D, R pinguis grown under 24:0 h L:D was selected

as the reference supplementary diet for subsequent experiments.

3.3. Main experiments (El to E3)
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Oysters fed supplements grew 44 to 87 % faster than control oysters (Fig. 3a-c). Their

mortality was between 5 and 10%, with no significant differences between treatments. The

growth-rates of oysters fed R^ salina (k = 0.074 d") or the R. salina/P. pinguis mixture (k

0.071 d ) were not significantly different (El; Fig 3a). However, the rates for both diets were

significantly higher than for the P_ pinguis reference (k = 0.066 d ) (Fig. 3a). All treatment

oysters grew significantly faster than control oysters (k = 0.043 d'').

Algal pastes were effective supplementary diets (E2; Fig 3b). Oysters fed SL costatum

paste (k = 0.064 d ) grew significantly faster than oysters fed other diets, except for the C_

calcitrans live culture Ck = 0.062 d ). Oysters fed C. calcitrans paste (k = 0.059 d ) or culture

showed no significant difference in their growth-rates. Oysters fed the P_ pinguis reference

had significantly lower growth-rates (k = 0.055 d ) than the oysters in all other treatments.

All treatment oysters grew significantly faster than control oysters (k = 0.034 d ).

Isochrysis sp. (T. ISO) and D. tertiolecta were equally effective in enhancing oyster

growth-rates (75 %, k = 0.059 d-l) and were more effective than P, pinsuis (k = 0.049 d'') (E3;

Fig. 3c). All treatment oysters grew significantly faster than control oysters (k = 0.034 d-l).

The % apparent growth efficiency (%AGE) of the diets provided a measure of how

efficiently the supplement-fed microalgae were converted to oyster (organic) biomass. Values

ranged from 21% (P_ pineuis, E3) to 67% (R. salina/P. pinguis mix, El) and were directly

correlated to the oyster growth-rates (ri = 0.83).

3.4. Control and supplement-fed oyster growth-rates and water quality

There were no statistically significant relationships between control oyster growth-

rates and the water quality parameters (Table 3). However, water temperature may have

influenced growth-rates as temperatures were higher during El, and El control oysters (k =

0.043 d ) grew better than E2 and E3 control oysters (each, k = 0.034 d ). Similarly, the low
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water temperature during E3 may have contributed to the slower growth of oysters in this

experiment (< El and seasonal average), even though the concentrations of the nutritional

indicators chlorophyll a, TPM, POM and 20:5(n-3) and 22:6(n-3) were high compared to El

and E2.

Estimates of the DW of phytoplankton in the flowing seawater were made from

chlorophyll a measurements based on published data for cultured microalgae (Brown, 1991)

(chlorophyll a = 1.1% DW of microalgae). The supplementary diets contributed an additional

50 to 207 % to the background phytoplankton DW in the incoming seawater (<20 urn) (Table

2). Growth-rates of P. pinguis-supplemented oysters across the experiments showed a similar

pattern to the control oysters. Highest growth was in El (k = 0.066 d''; 54% increase over

control), followed by E2 (k = 0.055 d-l; 61% increase over control), and lowest growth was in

E3 (k = 0.049 d''; 44% increase over control) (Table 3). Supplementary feeding was

significantly less effective in E3. This effect may have been related to the lower water

temperature during this experiment.

3.5. Gross composition of the microalgae

The microalgae assessed as supplementary food were significantly different in their

gross composition (Table 4). R^. salma contained the most protein (59%). Pavloya pinguis,

Isochrysis sp. (T. ISO) and D, tertiolecta had significantly more carbohydrate (28 to 31 %)

than C_ calcitrans and S, costatum pastes and R. salina. Species did not differ significantly in

lipid content (P > 0.05), ranging from 13% (P, pinguis during E3) to 24% (Isochrysis sp. (T.

ISO)). Some of the species had significant differences in their ash content: the highest levels

were in the diatom Q calcitrans culture and paste (22 and 23%) and the lowest in the

flagellates R^. salina, D. tertiolecta and Isochrysis sp. (T. ISO) (10 to 13%). The gross
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composition of the microalgae did not correlate to their effectiveness as supplementary diets

for oysters.

3.6, Fatty acid composition of microalgae and oysters from E3

Pavlova pinguis contained a high percentage of 20:5(n-3) (24.7% of total fatty acids)

and 22:6(n-3) (7.5%) (Table 5). Isochrysis sp. (T. ISO) also had a high percentage of

22:6(n-3) (11.7%) but a low percentage of 20:5(n-3) (0.7%). Dunaliella. tertiolecta contained

neither of these PUFAs. Other PUFAs contained in high percentages (i.e. > 10%) were

16:4(n-3) and 18:3(n-3) in D, tertiolecta, and 18:2Cn-6) and 18:4fn-3) in Isochrvsis sp. (T.

ISO). All microalgae had higher percentages of total PUFAs than the control diet, which had

predominantly saturated and monounsaturated fatty acids (71.6%).

Oysters fed Isochrysis sp. (T. ISO) or D. tertiolecta contained high percentages of

18:2(n-6) and 18:3(n-3) respectively, and a low percentage of20:5(n-3). Oysters

supplemented with D^ tertiolecta were also low in 22:6(n-3) (Table 5). This reflected the

composition of these fatty acids in these diets. P_ pinguis-fed oysters did not show significant

changes in composition. Concentrations of total fatty acids (pg mg DW oyster) were about

1.5 times as great in oysters fed D. tertiolecta and Isochrysis sp. (T.ISO) (i.e. the fastest-

growing oysters) than P_ pinguis-fed or control oysters (Table 5).

Seston in the flowing, unfiltered seawater supplied an approximate total of 0.24 and

0.32 |-ig oyster"' of 22:6(n-3) and 20:5(n-3), respectively, during E3. This constituted -2%

each of the total fatty acids supplied in the (D., tertiolecta with seawater seston) diet (Table 6).

Oysters fed U tertiolecta received the least 20:5(n-3) and 22:6(n-3) and they showed the

greatest retention of these acids (estimated at 43% for 20:5(n-3) and 58% for 22:6(n-3) of the

amount presented to them). Retention of 20:5(n-3) and 22:6(n-3) in Isochrysis sp.
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(T.ISO)-fed oysters was 26% and 19% respectively, and in P. pinguis-fed oysters 4% and

11%, respectively.

4. Discussion

The diets tested as supplementary food for juvenile Pacific oysters enhanced growth by

44 % (R pinguis, P2 and E3) to 87 % CS. costatum paste). This indicated that food

availability was otherwise limiting the growth-rates of non-supplemented oysters at the Pipe

Clay Lagoon nursery.

The nutritional value of the strains tested has previously been assessed in single or

mixed species diets in recirculation systems. Isochrysis sp. (T. ISO), R. salina, C. calcitrans,

S^ costatum and P. pinguis are of high nutritional value, in either single or multi-species diets

for juvenile oysters (Enright et al., 1986a; Laing and Millican, 1986; O'Connor et al., 1992;

Brown et al., 1998). Dunaliella tertiolecta is a poor single-species diet (Walne, 1970;

Langdon and Waldock, 1981; Enright et al., 1986a; O'Connor et al., 1992) because of its lack

of the essential fatty acids 20:5(n-3) and 22:6(n-3) (Volkman et al., 1989). However, it has

previously been successful as part of a mixed diet with S_ costatum (O'Connor et al., 1992) or

other phytoplankton that provide sufficient amounts of the essential fatty acids 20:5(n-3) and

22:6(n-3). In general, our results of microalgal nutritional value from testing in a flow-

through supplementary feeding system were similar to those reported above.

Mixed-species diets generally produce greater oyster growth than monospecific diets,

(Romberger and Epifanio, 1981; Enright et al., 1986a; Laing and Millican, 1986; Tan Tiu et

al., 1989). This has been attributed to these diets providing a balanced mix of essential

nutrients (Webb and Chu, 1983). However, in our supplementary feeding system, there was

no benefit in providing a mixed supplementary diet - the growth response of oysters fed a
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mixture of R, salina and P, pinguis was intermediate between that gained using either species

alone. In fact, the background natural phytoplankton and the supplementary food represent a

mixed diet for all supplementary feeding treatments. The background phytoplankton

probably provided some energy and contributed to the oysters' need for micronutrients, while

the supplementary algae provided extra protein and energy to sustain additional growth.

Little nutritional loss occurred during the pasting, transportation and storage of the S^

costatum and C. calcitrans algal pastes compared to live microalgal diets. Nell and O'Connor

(1991) showed that pastes of these species were effective for Saccostrea commercialis larvae.

However, their study and ours used algal pastes that were stored for less than 14 d before use.

Further research is warranted to assess the applicability of pastes, particularly those older than

14 d.

Rhodomonas salina was the most effective supplementary diet of the new Australian

isolates tested. Our previous work also found this isolate to be an excellent single-species diet

for C. gigas juveniles (Brown et al., 1998). Similarly, other researchers have found isolates of

Ki salina (clone 3C, University of Delaware) (Laing and Millican, 1986) and members of this

genus, Rhodomonas sp. (Enright et al., 1986a), to be of high nutritional value as

single-species diets.

Juvenile oyster growth has been correlated with the percentage of protein (Flaak and

Epifanio 1978; Utting 1986) and carbohydrate (Enright et al., 1986b) in uni- and multi-species

diets. We found no (statistically significant) relationship between oyster growth and any of

the gross composition parameters in the supplementary diet. However, as the composition

and availability of protein, carbohydrate and lipid in the natural seston (not measured) may

have fluctuated significantly, any relationship between supplementary diet composition and

oyster growth may have been masked. Differences in the environmental parameters between
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experiments may also have affected interactions between diet composition and growth

response.

In E3, growth-rates and total fatty acid concentrations in the oysters fed D_ tertiolecta

or Isochrysis sp. (T. ISO) were substantially higher than P. pinguis -fed oysters (Table 5).

This was most likely due to the higher total fatty acid content of D_ tertiolecta and Isochrysis

sp. (T. ISO). Similarly, Laing and Millican (1986) found that faster growing, healthier

juvenile oysters contained greater lipid (and consequently fatty acid) reserves.

The fatty acid composition of C. gigas juveniles generally reflected that of their diet, as

previous work has found both with C. gigas juveniles (Langdon and Waldock, 1981) and

larvae (Waldock and Nascimento, 1979; Thompson and Harrison, 1992) and also with rock

scallop (Crassadoma gigantea) larvae (Whyte et al., 1990). The composition of fatty acids in

oysters was influenced by their initial composition, the composition of their diets (from

supplementary food and seston) and their overall nutritional condition (Table 5). The

supplementary microalgae had a significant effect on the final oyster fatty acid composition

by contributing 52 to 61% of total particulate fatty acids presented to supplement-fed oysters.

Thompson et al. (1993) suggested that the essential PUFAs 20:5(n-3) and 22:6(n-3)

are required at a low threshold level (< 2% of total FAs for each) for C. gigas larvae, above

which no significant improvement in growth is observed. Our work suggests that this may

also be true for C. gigas juveniles, as the requirements of essential PUFAs for oysters fed D.

tertiolecta (which lacks 20:5(n-3) and 22:6(n-3)) were met by the seston in the flowing

unfiltered seawater (providing ~ 2% of FAs). The percentage of dietary 20:5(n-3) and

22:6(n-3) retained in all oysters (control and supplement-fed) was higher than the retention of

total fatty acids and is suggestive of the greater need for these fatty acids (Langdon and

Waldock, 1981; Chu andWebb, 1984; Whyte et aL, 1990). The retention of20:5(n-3) and

22:6(n-3) in control oysters was much lower than those fed U tertiolecta, which received the
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same quantity of these FAs. Extra energy reserves provided by supplementary D. tertiolecta

is thought to have allowed a greater retention of these essential FAs for incorporation into

membranes, whereas control oysters would probably have had a significant proportion of the

PUFAs degraded by [3-oxidation to satisfy their maintenance energy requirements (Whyte et

al., 1990).

The apparent growth efficiency (%AGE) is a measure of the supplied supplementary

food converted to organic biomass. Values of %AGE ranged from 21 to 67 % between

feeding experiments and treatments. Maximum gross growth efficiency (%GGE or K|) values

have been reported as 22.6% for Crassostrea virginica (Urban et al., 1983) and 59% for Ostrea

edulis (Beiras et al., 1994) juveniles. The %GGE is a common measure of growth efficiency,

calculated as the ingested portion of food that is converted to organic biomass, and as a result

gives higher values than the %AGE. Therefore, the efficiency with which supplementary

food was used for growth was similar or higher than in previous work (Urban et al., 1983;

Beiras et al, 1994) where single-species diets were used. The growth efficiency of control

oysters (i.e. non supplementary-fed) for organic material from in-flowing seston was much

lower, and ranged from 3 to 26%. The major reason responsible for this is the low "scope for

growth" of control animals because of their lower dietary intake. Hence, a higher proportion

of their feed (energy) intake is required for their basal metabolism (Warren and Davis, 1967).

Also, a significant proportion of this organic material may have been of poor nutritional

quality (e.g. detritus, yeast) or unavailable to the oysters because of its low digestibility and/or

wrong size range.

To be of practical use, supplementary feeding must be cost-effective. Costs associated

with the production of mass algal cultures include labour, heating and lighting, water filtration

and the chemicals for enrichment media (Persoone and Claus, 1980) as well as large capital

costs for establishing a large-scale culture facility (de Pauw and Persoone, 1988). Initial
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estimates (M.R. Brown and M.A. McCausland, unpublished data) of the cost of

supplementary feeding at Pipe Clay Lagoon are based on a mean microalgal cost per kg (dry

weight) ofU.S. $250 (Coutteau and Sorgeloos, 1992), and consider the quantity required to

adequately boost food concentrations at the site. These indicate that supplementary feeding of

oysters between 500 \xm to 3 mm adds an additional U.S. $0.23 per thousand oysters, which is

an additional 2 to 3% to the production cost of U.S. $8.50 - 10.00 per thousand oysters

(M. John, pers. comm.). However, supplementary feeding would significantly shorten the

land-based nursery phase. Calculations based on the growth-rates of control and the best

performing supplemented oysters in this work indicate that a reduction of growing time in the

nursery of 42 to 47 % can be achieved for oysters between 500 pm and 3 mm. This figure

may even be as high as 70% during periods of very low natural productivity (Brown and

McCausland, unpublished data). Such reductions would result in a reduction in labour costs

and allow for steady turnover, which could more than offset the feed costs. Also,

supplementary feeding would improve the predictability of production , and increase turnover,

which in turn should reduce the costs. Oysters larger than 3 mm require much greater

quantities of supplementary algae to achieve significant increases in growth-rate, at which

stage costs may become prohibitive. Thus, it is unlikely that supplementary feeding of

oysters larger than 3 mm would be more cost-effective than being grown-out in the natural

environment.

Supplementary feeding is best used at sites where oyster growth-rates are slowed by

low or variable availability of seston. We have demonstrated this by significantly enhancing

juvenile oyster growth-rates at such a site (Pipe Clay Lagoon). Background levels of seston

in seawater provided adequate levels of some micronutrients (e.g. long chain PUFAs, as in

E3), so that additional macronutients and energy from supplementary microalgae were utilised

to increase growth. All supplementary diets were effective, though some produced greater
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increases than others. Important findings from our study are that algal pastes are as effective

as live supplementary diets and that low-PUFA diets were as effective PUFA-rich microalgal

supplementary diets.
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Microalgae used as supplementary diets for juvenile Pacific oysters Crassostrea "isas

Algal Class
and Species

CSIRO
Culture No.

Deposition or origin code(s) Axenic Culture
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Cell size
(Urn)

Australian
isolate
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Bacillariophyceae
Chaetoceros calcitrans

(Paulsen) Takano1

Skeletonema costatum

(Greville) Clevea

Chlorophyceae
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Butcher1

CS-178
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C.CAL.CCMP1315
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Parke (T. ISO)'
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T. ISO. CCMP1324

SPECK 16.3
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R. R. L. Guillard, Bigelow Laboratory for Ocean Science. West Boothbay Harbor. Maine, USA.
CSIRO Algal Culture Collection, isolated from Port Hacking, New South Wales, Australia.
D. Frood, isolated from Port Philip Bay, Victoria, Australia.
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Table 2
Feeding experiments undertaken with juvenile Pacific oysters. Crassostrea

Period of trial

Initial volume oysters (ml)

Control replicates

Mean background'

phytoplankton
(mg d" upweller")

Supplementary microalgae

Treatment (replicates)

Algal illumination (L:D)

Weekday algal ration

(mg weekday" upweller")

Mean daily algal ration

(mg d" upweller")

Mean daily alsal ration

(me d" ml" ovsiers)

Increase over background

phytoplankton (7c)

Experiment duration (d)

No. days fed (d)

Preliminary experiments

Pl

6 Nov. - 24 Nov.

1995

19

3

42

P. pinguis (5)
ivlova sp. (5)

12:12

180

130

6.8

207

18

13

P2

4 Dec. - 22 Dec.

1995

13

4

64

P. pinguis

12:12 L:D (6)
24:0 L:D (6)

see above

140

103

7.9

63

18

13

Calculation based on percentage background chlorophyll s levels (Brown. 1991)

' Figure based on packed volume of oysters on Day 0 of feeding trial.

sisas during the 1995/6

El

8 Jan. - 26 Jan.

1996

19

3

63

P. pingui? (5)
R. salina (5)

1:1 mixture (5)

24:0

190

137

7.2

117

18

13

season

Main experiments

E2

19 Feb.-8 Mar.

1996

19

3

58

P. pin guis

culture (5)

paste (4)
culture (4)

S. costatum

paste (4)

P. pinguis - 24:0

C. calcitrans - 18:6

180

130

6.8

125

18

13

E3

19 Mar.-4 Apr.

1996

19

3

90

P. pinguis (5)

24:0

190

134

7.1

50

17

12
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Table 3
Mean (± 1 s.d.) physical and chemical properties of seawater during feeding experiments El to E3 (n = 3) and
in the 1995/6 season; n = 25, other than for temperature (n =62) and fatty acids (n = 10).

1-1
0
w
p
03

2
u

-4—>

co
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^^\
KlU3|

'cd

21
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'Q

s\
Md
&1
-a
c
cd
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Control oyster growth-rate

P. pinsuis growth-rate (d )

Minimum daily temperature

Maximum daily temperature

Chlorophyll a (ug 1"')

TPM (mg 1-')

POM (mg 1-')

POM (% TPM)

Salinity (%o)

Polyunsaturated fatty acids

20:5(11-3)

22:6(n-3)

(d-')

(°C)

;(°C)

(ng r')

Feeding experiment

El

0.043 ± 0.003

0.066 ± .002

17.9 ± 1.2

22.2 ± 1.7

0.69 ± 0.17

2.15 ± 0.45

0.19 ± 0.08

9.2 ± 4.6

33.8"

416C

528C

E2

0.034 ± 0.003

0.055 ± 0.001

17.3 ± 1.4

20.6 ± 2.2

0.63 ± 0.40

2.41 ± 0.97

0.59 ± 0.36

23.5 ± 11.2

33.9 ± 0.7

380C

431C

E3

0.034

0.049

15.4

17.8

0.98

3.45

0.85

25.7

34.2

825

602

± 0.005

± 0.001

± 1.1

± 1.3

±0.64

± 2.34

± 0.49

±2.5

±0.2

±494

± 316

1995/6 season

mean

(Nov. - Apr.)

0.038 ± 0.006'

0.059 ± 0.007"

16.0 ±1.9

19.4 ±2.4

0.68 ± 0.29

2.19 ± 1.43

0.48 ± 0.34

23.2 ± 10.8

34.0 ± 0.5

7191432

1013 ± 1007

Average of preliminary and main experiments run throughout the 1 995/6 season.
Only one sample taken during experiment. Range of salinity throughout the year

c One analysis performed on combined weekly samples collected during month in
is 33-35 g.kg-'.

which experiment was run.
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u I Table 4
^\ Mean (± 1 s.d.) gross biochemical composition of diets tested in supplementary feeding

experiments of juvenile Pacific oysters Crassostrea sisas.

Feeding experiment Protein Carbohydrate Lipid Ash

and species (n ^4) (n S 4) (n S 2) (n S 4)

(%) __ ___(%)_(%)_(%)

&1
;-(
u
00
3
II

E2
^ I P. pinsuis

^,1 C. calcitrans culture

2 C- calcitrans paste

(S I S- costatum paste

^1J3)l"s

2 I P. pingui
D. tertiolecta

-^ I Isochn'sis sp. (T. ISO)
u

36 ± 1b
59±20a
48 ± 18a-b

39 ± 11"
47 ± 8a-b

29 ± 3"
31 ± 9"

35 ± 15"
39 ± 12"
34 ± 7"

28 ± 5 a

19 ± 5b

24 ± 7a'b

31 ± 8a

23 ± 3"b

17± 4b

19± 2b

29 ± 6-

28±10a
30 ± 3 a

18d4a

19d3-

19 d 5"

18d4a

19d4a

18i3a

19 d 4a

13 d I"

23d 1"

24 d 5'

14 ± 4
10 ± 3
12 ± 5

15 ± 5
23 ± 7
22 ± 2
19 ± 2

18 ±10
12 ± 4
13 ± 6

c.d

d

c.d

b.c.d

a

a.b

a.b.c

a.b.c

c.d

c.d

EO
rt
&1

-C3 | Means in columns sharing a common superscript letter were not significantly different (P > 0.05).
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Table 5
The fatty acid composition (% weight of total fatty acids) and total fatty acids (,ug mg-l) of dietary sources, control oysters, and supplement-fed oysters fed during E3. Error
values are ± range for algae and oysters (n=2), and ± 1 s.d. for the control diet (n=3).
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Q̂
z
w
Pl

Fatty acid

Saturates

Branched-chain faitv-acids

Monounsaturates

Polyunsaturates
16:4(n-3)
18:2(n-6)
18:3(n-3)
18:3(n-6)
18:4(n-3)
20:4(11-6)

20:5(n-3)
22:6(11-3)

Others

Total polyunsaturates

Non-methylene interrupted

Others

Total

Total fatty acids
(us m.2-l drv weight)

Unfiltered
seawater

44.9

2.9

26.7

0.0

3.1

1.8

2.7

2.5

0.8

5.4

5.3

3.6

25.2

0.0

0.2

100.0

4.34

± 3.5

± 1.1

± 3.7

± 1.0

± 0.6

± 1.1

± 0.9

± 0.2

± 0.8

± 2.0

± 0.7

± 3.6

± 0.1

± 1.89

Dietary sources

P. pin guis

23.9 ± 0.3

2.1 ± 0.3

15.8 ± 1.0

0.0

0.7 ± 0.0

1.6 ± 0.2

0.0

9.0 ± 0.1

3.9 ± 0.7

24.7 ± 0.0

7.5 ± 0.0

1.1 ± 0.1

57.9 ± 1.1

0.0

0.3 ± 0.0

100.0

75.2 ± 20.1

of fatty acids

Isochrvsis sp.

25.6 ± 0.1

2.4 ± 0.2

18.5 ± 0.8

0.0

11.4 ± 3.0

6.4 ± 0.0

1.8 ± 0.1

16.3 ± 2.6

0.4 ± 0.0

0.7 ± 0.1

! 1.7 ± 0.6

0.9 ± 0.2

53.4 ± 0.9

0.0

0.1 ± 0.0

100.0

107 ± 6

D. tertiolecta

14.0 ± 0.0

5.2 ± 0.4

6.9 ± 0.0

19.6 ± 0.1

5.2 ± 0.7

39.7 ± 0.4

3.3 ± 0.0

0.6 ± 0.0

0.0

0.0

0.0

0.0

73.7 ± 0.4

0.0

0.2 ± 0.1

100.0

Ill ± 15

Control

24.9

3.1

16.4

0.0

1.0

0.8

0.0

1.3

3.4

15.3

21.8

1.9

47.9

7.5

0.1

100.0

2.00

± 0.9

± 0.4

± 0.3

± 0.0

± 0.0

± 0.0

± 0.0

± 0.4

± 0.3

± 0.1

± 1.0

± 0.1

± 0.0

) ± 0.08

Oysters fed the

P. pinguis

24.7

2.5

16.5

0.0

0.9

0.5

0.0

1.1

4.6

14.9

17.4

1.5

49.2

6.9

0.1

100.0

2.07

± 0.1

± 0.1

± 0.1

± 0.1

± 0.0

± 0.0

± 0.2

± 0.4

± 0.6

± 0.1

± 0.1

± 0.1

± 0.0

± 0.16

corresponding diets

Isochrvsis sp.

24.1 ± 0.5

1.8 ± 0.1

17.5 ± 0.9

0.0

5.8 ± 0.0

2.3 ± 0.1

0.6 ± 0.0

3.6 ± 0.1

2.7 ± 0.1

9.5 ± 0.3

19.4 ± 0.6

3.0 ± 0.8

50.5 ± 0.0

6.0 ± 0.3

0.1 ± 0.0

100.0

3.16 ± 0.15

D. teniolecta

23.3

1.9

15.5

0.0

2.4

16.2

1.0

1.5

2.6

11.0

12.3

2.4

53.7

5.5

0.1

100.0

3.15

± 0.2

± 0.0

± 0.2

± 0.0

± 0.1

± 0.0

± 0.0

± 0.0

± 0.1

± 0.3

± 0.0

± 0.4

± 0.1

± 0.0

; ± 0.03
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Table 6
The concentrations of the polyunsaturated fatty acids 20:5(n-3) and 22:6(n-3) in juvenile oysters and in their diet

over the E3 experimental period.

20:

Total

(4g oyster

0.32

1.69

0.38

0.32

5(n-3)

Retention

') (%)

22:

Total

(|-ig oystef

0.24

0.65

1.16

0.24

6(n-3)

Retention

') J%1_

Total

Total

(M.S oyster

4.82

10.0

12.3

12.5

fatty acids

Retention

•••) (%)
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Diets a

Control (unfiltered water)

P_ pinsuis fed

Isochrysis sp. fed

D. tertiolectafed

Oysters

Estimated pre-E3 content

Calculated post-E3 content

Control

P. pinsruisfed

Isochrvsis sp. fed

D.tertiolectafed

0.042

0.073

0.11

0.14

0.18

10

4

26

43

0.06

0.11

0.13

0.28

0.20

21

11

19

58

0.27

0.48

0.77

1.44

1.62

4

5

10

11

^g of the respective fatty acids in the particulate fraction presented 10 each oyster within the study period Values for the
supplementary diets include the contribution from the background unfiltered water flowing into the upwellers.

Fatty acid analyses were not undertaken on pre-experiment spat: this data is estimated based on the assumption that pre-expenment

control ovsters has a similar concentration of fatty acids and % composition of the PUFAs as contol oysters at the end of the
experiment.
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Fig. 1. Linear relationships of volumetrically measured oyster growth rates with (a)
organic weight (OW) and (b) dry weight (DW) measured growth rates.

Fig. 2. Mean instantaneous growth rates (± 1 s.d.) of oysters in preliminary experiments
(a) Pl and (b) P2, based on a packed volume. Both experiments had a reference diet ofP_
)inguis. Histogram bars with different letters above are significantly different (P < 0.05).

Fig. 3. Mean instantaneous growth rates (± 1 s.d.) of oysters in main experiments (a) El,
(b) E2 and (c) E3, based on packed oyster volume. All experiments had a reference diet of
P_ pinguis. Histogram bars with conunon letters above are not significantly different (P >
0.05).
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Figure 1
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Figure 2
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Figure 3
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Abbreviations: chl - chlorophyll, TPM = total partlculate matter, POM = particulate organic matter, DOC = dissolved organic carbon, k = instantaneous growth rate

Date T
(°C)

Salinity

(ppt)

Sillcate

OJM)

Nitrate

(pM)
Phosphate

(MM)
chl.a

(M3/L)

chl. a

(<20[;m)

(ng/L)

TPM

(<20|jm)

(mg/1)

POM

(< 20 |jm)
(mg/1)

DOC

(mg/L)

Oyster k

(day-1)

24'^a^s..
31-Mar-92|

_7-Agrj)2[
15-Apr-92|

15.0|

16.5J

_14^I_

22^gr-92j
29-Apr-92|

jyUjay^Sij
13;Ma^-92j
20-May-92j

_27^ay-92j
3-Jun-92|

10-Jun-92|

17-Jun-92|
24-Jun-92|

1-Jul-92!
8-Jul-92|

15-Jul-92|

22-Jul-92|

29-Jul-92|

Jj^Ayg-92|
_19^Ayg-92j
26^\ug-92j

JHtefc92!
9-Sep-92|

1frSep-92[

23^SB^?1
30-Sep-92j

7-0ct-92|
15-0ct-92|
21-0ct-92|

29-0ct-921

5-Nov-92|

12-Nov-92|
19-Nov-92|

26-NOV-92)
3-Dec-92|

10-Dec-92|
17-Dec-92j

23-Dec-92|

30-Dec-92|
7-Jan-93|

14-Jan-93|
21-Jan-93|

28-Jan-93|
4-Feb-93|

H-Feb-93)
18-Feb-93|
25-Feb-93!

3-Mar-93i
11-Mar-93|

18-Mar-93|
25-Mar-93|

-1:AE-93|
a-Agr-saj

15-Apr-93|
23-Apr-93j

_M-Aer-93|

2:MS!.'93i
13-_MaY-93j
2pjylay-93i

Ji7-M£>XJ>3j
3-Jun-93|

10-Jun-93i

17-Jun-93l

24-Jun-93|
1-Jul-93|

15-Jul-93|

21-Jul-93|

29-Jul-93|

Ji-Ayg^SJ
12-Aug-93|
19-Auc|-93|

35.45
34.73

34.80

_15;8j__34.78_

JML
JML
12.6|
13.3|

11.2)
11.11

11.1

9.91
9.2i
8.8J
8.01

8.1

9.0|
7.81

8.51
9.21

9.2|

9.21
9.51

9.8J
10.3|

n.o!
11.2]

11.3.1

13.3|

11.9!

15-ei
16.11
14.71

16.61
13.8)

15.2|
17.31

17.0|
16.4)

16.3j_

^c
17.81

18.0)

J8_?l.
16.6|
18.3|

18.41

^{:
14.01

16.61
17.0|

JM_
15.8]

15A1.
14.8|

JjslL
12.6|
14.6.1

13.2|
14.4|

13.81
12.7)

11.6|

8.51

8.8|

a.9i

j?-6!-
J03[_
_a.3j_

JML.
10.21

10.8|

34.91

34.54

34.80
34.68

34.34
34.56

34.40
34.52

34.25
33.79
34.25

33.62
33.63

33.45
33.54
33.56
33.53

33.31

33.97
32.55

33.60

33.39
33.47

33.84
33.61
33.51

33.58
33.74

33.92
33.74
33.54

34.77
34.64

35.91
34.43

34.84
34.62

34.52
34.54

34.77

35.17
34.84

36.28
34.53

34.59
34.72

34.51
34.77

34.56

34.48
34.73

34.59
35.15

34.60

34.84
33.98

34.18
34.32

34.33
34.43

34.17

33.69
33.92

33.87
34.03

34.02
34.19

34.20

I

~t.

,_,i,

I:
"?"""'

I

,-i.

1^.,.

T'

T
~T

_J_
I

I

I:

j

i
J

I

L

i

I

T
I:
a:
"1"

!

3.94|

3.40|

5.37]
3.221

3.94J
0.90]
2.86)
2.86|

3.94J
5.01|

4.83 [

4.831

6.621
6.09)
5.55|
5.91|

6.62|

5.01|

JLM-
J3-58L-
2.33|_

jyipj.
2.691
6.98)

5.01|

JLTOL
Jk8°l_
3.eo[
4.00|

3.801

2.201
2.30J

1.50|
1.50|

1.20)

3.20|
2.50)

3.301
2.00)

2.80)

2-30L
2.80 i
1.701
2.70|

ajo[_
3.00|

5.30J
2.20]

'^30]_
1.70|
1.901

JL80L.
1.801

2.10|
2.40|

2.10J

2.50 i
1.70|

1.501
1.301

1.80|
1.30J

JJ5L
2.601

2.30J

A99.L
1.70|
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Date T
»C)

Sallnity

(ppt)

Sillcate

(PM)
Nltrate

(HM)
Phosphate

(pM)
chl.a

(fg/L)

cht.a

(<20tim)

(pg/L)

TPM

(<20tim)

(mg/1)

POM

(< 20 tim)

(mg/1)

DOC

(mg/L)

Oyster k

(day-')

26-Aug-93|

2:see:93|_
8-Seg-93|

Jj8-Sej3-93
J^-Sep-93
30-Sej>83

6-Jan-94|

13-Jan-94|

20-Jan^4|_

_27^1an^4J_
_3-Feb.94[_

^OJFeb;94|_
17-Feb-94|

24-Feb.94|

3-Mar-94|
10-Mar-94l

24-Mar-94

31-Mar-94

J7;Apr._94
y-AeMM
21-Apr-94

28;A^rf4
5-May-94

J2^ay^4
..19;May.-?4,

.26LMay.w
2-Jun-94

1-Seg-94[

Ji-SepJMj
15-Sep-94|

22;Seg-94J
29-Sep-94

6-0ct-94

13-0ct-94

20-0ct-94

IO-Nov-94

17-NOV-94

S-Dec-94

U-Dec-94

19-Jan-95

Ze-Jan-95
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Date T
(°C)

Salinity

(ppt)

Slllcate

(pM)
Nitrate

(pM)
Phosphate

(MM)
chl. a

(M9/L)

chl.a

(<20[jm)

(pg/L)

TPM

(<20pm)

(mg/1)

POM

(< 20 pm)

(mg/1)

DOC

(mg/L)

Oyster k

(day-1)

2;Mar;95|
10-Mar-95l

23-Mar-95

29-Mar-95

6-Apr-95

J3-Apr-95

20-Apr-95|

^AEr-95]
-4:Max^5j
11-May^5
18-May-95

25-_Max-95

15-Jun-95

22-Jun-95

27-JUI-95

L—1aAug±5.
17-Ayg-95

U-Sej>95|
21-Sep-95:

28-Sep^5
S-Oct-95

12-0ct-95i

19-OC1-95

ze-Oct-95

2-NOV-95

34.03
34.07

33.24
34.10

16-NOV-95

23-NOV-95

6-Dec-95

13-Dec-95

21-D8C-95

28-Dec-95

18-Jan-96

25-Jan-96

1-Feb-96

S-Feb-96

15-Feb-96

5S9\ _0.10

3-52.L—0.-21.

![031
3.07J 0.21
2.97! 0.21

21-Mar-96|

28-Mar:96J

..3^E:96L
1LAPI-96L
19^Apr-JI6t_

26:AE!:?6L
0.007
0.009

0.002
0.024

.2:MEQ':96L

-?.-May:96L.
16-May-96j
23-Ma^-96j 8.iq[_

8.10)

9.70.1

10.301

12.40!

0.014
0.011
-0.007

0.008

20-Jun-96

27-Jun-96
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Date

25-Jul-96|

J:Aug;96|
^:.fs96l

J5;AUC];96[
22-Aug-96|

2J)-Ayg-9J)|
J)-J)eg-El6j

J2-SeE-96[
19-Sefi-96j

J!6-!3ep-96|
3-0ct-96|

10-0ct-96|

17-0ct-96|

24-0ct-96|
31-0ct-96i
7-NOV-96)

14-Nov-96|
21-Nov-96|

28-Nov-96|
5-Dec-96t

19-Dec-96i
24-Dec-96|

jyan-97J_
9-Jan-97|

16-Jan-97|

28-Jan-97|
SO-Jan-971

6-Feb-97|
13-Feb-97|

20-Feb-97|

27-Feb-97]
6-Mar-97|

13-Mar-97|
20-Mar-97|

27-Mar-97|

Ji-Agr-fT]
10-Apr-97|

17-Aer-97[

j2±Aer:97l_
_1.Max-97|

T
(°C)

"7S["

T(M)!
7.51

8.01

ao[_
9.5|

TaoT
11.0|

1^0j
13.0]

JM.

..1151

12.0J
15.01

14.51
13.0|
15.0)

22.0|

17.0)
17.0|

14.5|

17.01
16.0|

18.0i
18.0|

I
Is

T
~T

15.5)

12.5|

12.0|

J3;5|_
12.5J
13.01

'-'9:M.afc^E'Zii;IL^.
15-Ma£97.C

22-May-97[_

M-Ma);-97|
S-Jun-971

12-Jun-97j
19-Jun-97|

26-Jun-97|

Average

(* s.d.) I

11.0|

1a5[

10.0^

9.5 i
9.51
9.01

12.7

;* 3.2)

Salinity

(ppt)

33.63

34.33
34.21

33.75

32.57

33.36

33.33

33.52
33.57

33.94
33.79

33.58
34.14

33.82

34.01
34.21

34.20

33.40
33.30

33.88
34.25

34.29
34.54

34.43

34.67
34.52
34.33
34.68

34.90
34.76
35.14
35.00

34.77

35.02
34.39

34.37

Ji31_

33.95

34.36
33.91

34.31

34.15

34.10

34.1

(± 0.6)

Slllcate

(MM)

4.50[

-5-50]..

.SJ01.
2sol.

12.70]

jjm|
3.50 [
350[
4.001
3.70|
5.00|

3.50|

__370L
3.50i
4.80]

5.50)
16.90!

7.601
6.10]

6.60|
4.00!
"I

6.80]
4.50)

5.50J

.Z-IP-L
9.201
4.00J

10.301
7.10|

J551.
3.74 i

__1-85I
.a791.

1.85)

^81j
__425|

3.271
3.26J
3.74|

4.21]

2.30|
2.77|

3.23|

1.36J
T.82i

3.69 i

3.681

4.8

(± 4.2)

Nitrate

(|lM)

0.00

1.40

0.00

0.00

0.00

0.00

0.00

0.00
0.20

0.20

0.00

0.20

0.00
0.00

0.10

0.10

0.10

0.10

0.10

0.10

0.00

0.00

0.00
0.00

0.00

0.00

0.00

0.00
0.00

0.14
0.21
0.21

0.21

0.14

0.14

0.21
0.14

0.14

0.21

0.64
0.28
0.28

0.64

0.21

0.22
0.22

0.65

0.38

(± 0.68)

Phosphate

(MM)

0.29

0.41

0.25

0.24

0.25

0.22

0.21

0.26
0.24

0.24

0.19

0.22

0.24
0.18

0.22
0.21
0.14

0.18

0.16

0.22
0.18

0.22
0.22

0.23

0.33

0,33
0.22

0.30
0.26

0.29

0.25
0.27

0.32

0.27

0.29

0.34

0.34
0.32

0.35

0.35
0.30

0.32
0.39

0.25

0.30
0.37

0.35

0.32

(± 0.09)

chl.a

(M3/L)

1.12
1.23

1.31

1.45

0.82

1.20

0.85
1.09

0.73
0.86

1.18

0.45
0.81

0.41

0.35
0.28

chl. a

(<20pn

(MEJ/L)

0.74

1.00

0.97

0.69
1.03

0.73

0.56

0.84

0.96

0.36
0.45

0.33

0.37

0.28

0.26

0.37

0.41
0.61

1.55

0.95

0.24

0.61
0.32

0.35

0.43

0.37

0.45
0.42

0.44

0.48
0.50

0.65

0.37

0.38
0.58

0.93

0.68

1.67
0.62
0.85

...ML

_077_
0.65

0.55

1.02

1.26

(±0.71)

0.38

1.00
0.88

0.57

0.19

0.37

0.38
0.32

0.20

0.24

0.35

0.21

0.39

0.38
0.26

0.41

0.41

0.39

0.60
0.42

0.45

1.04

0.43
0.53

0.61

0.57

0.54

0.46
0.40

1.01

(± 0.65:

TPM

(<20|jm) (

(mg/1)

^0.94 J
1.39

QS2 J,
1.07 ]

0.60 I

0.83

0.93

2.26 I

1.05 j

.1S7.^.4-

1.28
"T.io'T"

2.07
'~^IZL
1.10

1.58

1.67

0.93

_L94_[
2.81
1.87
0.78

1.21 j
1.22

074 [
1.30 i

1.59

1.37

1.04 I
2.01

087_T_
2.24

0.87 T"

0.89

1.22
0.96

J.-llJ..
0.72 !

-147-.J-
0.75 I

1.37 |

1.09

0.57

0.59 !

0.58
0.63

3.79

(± 3.49)

POM

;< 20 pm)
(mg/1)

0.41
0.48

0.40

0.43

0.35

0.43
0.78

1.22
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Average (± s.d.) annual values of data - calendar year basis

Year

From May 1992

1993

1994

1995

1996

Ip to June 1997

T
(°C)

12.2

(± 3.0)

13.9

(±2.8)

12.1

(± 3.3)

12.21
(± 3.5)

12.6

(±3.5)

13.4

(±3.0)

Salinity

(ppt)

34.1
(±0.7)

34.4

(±0.5)

33.8

(±0.6)

34.21
(±0.6)

33.7

(* 0.4)

34.5

(±0.3)

Silicate

(KM)

3.8

(± 1.6)

2.2

(± 0.8)

5.3

(±5.0)

6.21

(± 6.2)

6.5

(± 3.7)

4.2

(± 2.2)

Nltrate

(fM)

0.47

(± 0.43)

0.27
(± 0.25)

0.24
(± 0.39)

0.80

(±1.29)

0.23
(± 0.38)

0.19

(±0.19)

Phosphate

(|lM)

0.36

(± 0.08)

0.37

(± 0.08)

0.31

(± 0.07)

0.32

(±0.11)

0.24

(±0.10)

0.30

(± 0.05)

chl.a

(pg/D

1.6

(± 0.6)

1.3

(± 0.4)

1.5

(±0.9)

1.36
(t 0.8)

1.0

(t 0.5)

0.6

(±0.3)

chl.a

(<20pm)

(MS/L)

1.1

(± 0.5)

1.1

(± 0.4)

1.1

(±0.5)

1.25
(±1.0)

0.8

(t 0.4)

0.4

(±0.2)

TPM

(<20pm)
(mg/1)

5.6

(±1.1)

4.7

(±1.8)

6.4

(* 4.2)

2.92
(* 4.3)

1.8

(±1.0)

1.1

(± 0.4)

POM

(< 20 |jm)

(mg/1)

0.92

(± 0.29)

1.1

(±0.7)

0.75

(± 0.82)

0.58

(± 0.27)

0.47

(±0.19)

DOC

(mg/L)

1.3

(* 0.4)

1.6

(* 0.9)

1.2

(* 0.4)

1.4

(±0.2)

Oyster k

(day-')

0.019
(±0.011)

0.017
(± 0.010)

0.012
(± 0.020)

0.019
(±0.015)

0.014
(±0.019)

0.003

(± 0.023)

Average (± s.d.) annual values of data - production season basis (July-June)

Year

1992/93

1993/94

1994/95

1995/96

1996/97

T
(-C)

13.6

(± 3.4)

12.8

(± 2.6)

12.4
(± 3.7)

12.2
(± 3.4)

12.5

(* 3.3)

Salinity

(ppt)

34.2

(± 0.7)

34.1

(±0.4)

34.1
(* 0.8)

33.7

(± 0.5)

34.1
(±0.5)

Sillcate

(MM)

3.0

(±1.5)

2.7

(±1.6)

8.9

(±6.4)

4.3

(± 3.8)

5.0

(±3.0)

Nitrate

(MM)

0.37

(± 0.37)

0.33

(± 0.42)

0.43

(± 1.06)

0.57

(± 0.91)

0.22

(± 0.35)

Phosphate

(tlM)

0.37

(± 0.07)

0.35

(t 0.08)

0.31
(± 0.09)

0.27

(±0.12)

0.27

(± 0.07)

chl.a

(pg/L)

1.4

(± 0.6)

1.3

(± 0.6)

1.5

(±1.0)

1.2

(±0.7)

0.7

(* 0.4)

chl.a

(<20pm)
(yg/i.)

1.0

(± 0.4)

1.2

(* 0.4)

1.2

(± 0.7)

1.1

(±1.0)

0.6

(±0.3)

TPM

(<20|jm)
(mg/1)

5.6

(* 1.2)

6.0

(± 3.6)

3.6

(t 3.4)

2.8

(* 4.3)

1.2

(± 0.5)

POM

(< 20 pm)
(mg/1)

1.1

(* 0.6)

0.85

(± 0.60)

0.72
(± 0.83)

0.52

(* 0.21)

DOC

(mg/L)

1.7

(± 1.0)

1.5

(± 0.3)

1.2

(±0.3)

Oyster k

(day")

0.019

(±0.010)

0.011

(±0.018)

0.022
(±0.016)

0.013
(±0.013)

0.009

(± 0.024)
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Abbreviations: chl - chlorophyll, TPM = total particulate matter, POM = particulate organic matter, DOC = dissolved organic carbon,

Date T
(°C)

Salinity
(ppt)

Silicate
(fWI)

Nitrate
(MM)

Phosphate
(MM)

Chl a Chla
(pg/L) (<20 pm)

(pg/L)

TPM POM DOC
(<20 pm) (<20 pm) (mg/L)
(mg/L) (mg/L)

1-0ct-92| 12.31
15-0ct-92| 13.0|

29-0ct-92j_15,91
12-Nov-92|
26-Nov-92|
10-Dec-92|

16.0
17.0
16.2

23-Dec-92j_1_6;8|
7-Jan-93l

U-Jan-93|
21-Jan-93|
28-Jan-931
5-Feb-93|

H-Feb-93)
18-Feb-93|

3-Mar-93|
18-Mar-93|
25-Mar-93[

8-Apr-93|
23^er^3j

_1SLMayJi>3l
27^/tay-93|

3-Jun-93|
IO-Jun-93)
24-Jun-93|

1-Jul-93|
15-Jul-93|
29-Jul-93|

^6;Ayg-93j
_J29-se&-93{

15-0ct-93|
19-0ct-93|

18.0
16.5
17.5
16.4
17.3
20.1
17.6
16.4
17.2
16.8
15.8
16.5
14.8
14.9
14.2
13.8
11.6
12.0
11.4
12.9
13.0
17.0
14.0
15.0

-3^°y^3|__115i
12-NOV-93) 15.0)
16-Nov-93| 20.01
25-Nov-93| 16.0|

9^DSC^3J__.2M|
23-Dec-lSj_1_8;0|
20-Jan-94| 17.0J
2-Feb-94| 19.01

33.5i
18.5'

7.8'

10.0'
10.3'
13.5
17.5'
18.5'
4.3'

7.8'

10.8i
13.7
11.8

9.7'

14.3
21.4
15.7
10.4

4.7'

1.9
1.9'

1.4'

0.4
1.4'

1.7'

13.8
3.4'

3.4'

9.1
6.7'

9-Feb-94| 21.0|
23-Feb-94| 20.0|

-6-At";94]_lZ;°i
13-Apr-94|
20-Jul-94|

'jo-fiug^SZIIIil
_17:AygJ34i__T.5l
_31:Ayg:94[_ _8^qj
U-Se)>94j_SM

5-0ct-94| 9.5|
"T^OcMMl
19-0ct-94|
26-0ct-94t
2-Nov-94|
9-Nov-94|

16.0

16.0
12.S

16-Nov-94| 18.0|
23-Nov-94j 16.0|
30-Nov-94|
U-Dec-94! 20.0|
21-Dec-94| 21.0)
28-Dec-94| 20.0|

4-Jan-95|
11-Jan-95|
25-Jan-95|
8-Feb-95|

20.C

19.C
18.C

J.5-Feb^5|_23;0]
22-Feb-95|

1-Mar-95|
8-Mar-95|

15-Mar-95|
22-Mar-95|
29-Mar-95|

22.0|
17.5J

35.19
32.71
33.98
34.95
34.87
31.11
33.75
34.44

35.06
33.63
34.28
34.66
34.73
36.42
36.49
36.60
36.72
36.04
35.76
27.40
31.55
33.26

5.40|
5.40)
4.00|

11.70|
7.50|
9.60|
3.50|

10.20|
4.00|
9.80|
8.30|

0.30
0.30
0.20
0.30
0.20
0.20
0.20
0.20
0.20
0.20
0.30
0.20
0.20
0.20
0.20
0.10
0.00
0.10
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.10
0.00
0.00
o.'zo _

0.00

0.40
1.40
1.20
0.80
0.40
0.00
0.00
0.00
0.00
0.00
0.00

0.31
0.31
0.31
0.40
0.28
0.20
0.33
0.48
0.26
0.26
2.01
0.25
0.37
0.37
0.28
0.25
0.22
0.22
0.16
0.53
0.18
0.08
0.15
0.13
0.11
0.10
0.08
0.11

_......j9:ll-

1.05
1.22
1.18
1.73
2.14
2.86
2.08
1.95
2.36
2.17

—f.84"

1.69
2.54
2.26
1.64
1.94
2.07
3.14
2.49
2.70
2.85
2.24
2.03
2.70
1.89
1.97
2.08
2.34
2.07

0.07

2.16
0.37
0.34
0.03
0.19
0.19
0.23
0.19
0.21
0.19
0.19

2.94|
4.211
4.28|
4.23|
4.58J

12.99)
5.63|

16.70|
11.10|

JL3M.
10.10J

9.30|
9.90|

18.10|
19.20!
18.00)
13.60|
13.50|

9.50|
16.90|
41.60|
15.40|
13.80|
14.8

35.24
35.74
35.98

14.5|
S^gr-95] __13.5l

35.98
35.70

9.0
11.5
10.8
10.3
7.4

0.08
0.27
0.06
0.05
0.28
0.09
0.00
<0.05
<0.05
<0.05
<0.05
0.55
<0.05
0.33
<0.05
<0.05
<0.05
0.05
0.07
0.19
0.08

<0.05
0.06

<0.05
0.10
0.08
0.08
0.05
0.11

0.09
0.08
0.07
0.07
0.08
0.08
0.07
0.35
0.26
0.28
0.25
0.25
0.37
0.60
0.32
0.37
0.27
0.39
0.50
0.78
0.40
0.65
0.47
0.42
0.30
0.53
0.38
0.26
0.28

1.08

2.11
2.26
1.95
3.51
2.07
0.76
3.04
3.46
3.65

3.63
1.63
0.97
1.09
1.00
1.49
2.36
1.34
2.53
1.01
0.62
2.12
3.35
3.00
3.90
2.46
3.72
4.99
6.50
3.39
5.89
1.92
4.82
5.07
5.72
2.65
1.83
2.17
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Date T
co

Salinity
(ppt)

Silicate
(MM)

Nltrate
(MM)

Phosphate
(MM)

Chla
(pg/L)

Chla
(<20 pm)

(pg/L)

TPM
(<20 pm)
(mg/L)

POM
(<20 pm)
(mg/L)

DOC
(mg/L)

.ll-.fS!:95!
J9^Erf5j_13^
JS^Er^5L_J2;j)
..3:MaX^5l
17-^ayJ15|
,.2±Ma£95i

7-Jun-95|
21-Jun-95

5-JUI-95
H-Jul-95

4,4i~n^31T""l
9.14 I 2.S9

35.48
34.98
34.16
33.64
34.91
35.08
36.32

4.50
19.90
21.90
23.30

9.58
8.64
5.00

4.47 | _ 1.02

2;84_L_.0:76
4.50 !____ 1.09

2,72 i_ 0.77
5.58 i 1.63

ii°m2:oo

34.17
34.34
26.70
32.48
34.45

7.98
4.26

61.60
8.92

2.67
0.98
0.88
0.92

3.09
2.24
6.88
2.45

4.29
1.63
1.18

O^I^
HsT'T"
1.11
0.82

33.55
34.01
33.59
30.25
31.25
34.18
33.71

35.07
25.28
1.39

31.85
5.82
28.68

0.21
0.52
6.13
0.21
0.62
0.10
0.52
0.10

8.26
501.63

11.29
10.72
7.70
8.83

16.30

0.10
0.10
0.10
0.21

010_[..—a07
aoo__|___oj7
1.70 I 0.19

0.21
0.21
0.19
0.17
0.14

1015

0.30
0.30
0.20
0.20
0.20
0.20
0.30
0.70
0.50
0.30

19.80
16.30
20.30
17.50
13.50
15.80
17.70
14.60

41.80
81.30
14.60
11.90
18.00

372i~

1.05
0.80

15.75
27.13
33.16
17.88

OSO...—.L.....O-2A

0.00 I 0.08
33.21
33.95
34.17
34.95
36.19
36.39
36.64

0.09
0.09
0.17
0.20
0.22
0.39
0,10
0.20

35.76
35.51
35.88
34.62
34.79
35.31
35.33
35.84

18.60
26.90

6.07
5.10
6.57

19-Jul-95|

^AugJ15l__9^)J
J);Ayg;95J
16-Aug-95i

6-0ct-95|
H-0ct-95|
18-0ct-95|
25-0ct-95|

.31<M951_I
-JL?Y^5l_._1^51
.15:?v±5i»,.
23-Nov-95|
29-Nov-95|

6-Dec-95|
13-Dec-95|
27-Dec-95|

[Z.._3:Jan^6L,_.1
24-Jan-96|
31-Jan-96|
7-Feb-96|
21-Feb-96|

6-Mar-96|
13-Mar-96|
20-Mar-96|
27-Mar-96|

JbAgrfel.
.JO.-AE£96{
.19:hpl:961.

..,_2±AP±36L
._J^.y:96L

8-May-96|

jjyutax-jKy
22-May-96|

J.MU!ax±61___!a&!
5-Jun-96| 11.0)

12-Jun-96| 10.0|

L_J52J!Jnil6LJ^
._...^S2Mnil6i-™lLoL-33^1.
..„.—J^yii.6L__9:°i—31si..

J7:Jyl-96L__£LOl__ia22^

__2±Jy!±6J___L5I_218L.
.._Jil-JUL?6L_lcL9i

l^i9:96L
.li^ya-96!.
.2!:.{S3^.i
28-Aug;_96{
11-Sep-96|

J5:seEi!6L.Jl^l
2-0ct-96| 13.0|
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Date T Salinity
(°c) (ppt)

Silicate
(MM)

Nitrate
(MM)

Phosphate
(MM)

Chla
(Mg/L)

Chla
(<20 tim)

(pg/L)

TPM
(<20 tim)
(mg/L)

POM
(<20 |jm)
(mg/L)

DOC
(mg/L)

"IQ^^SZ.
26-Mar-97i

....2-.{':P±91i......-.!5.-0.

..iLAEr5ZL_1.M
.16:A£!:971..
23-ADF-971 13.0

-301APl-971__li_5
7-May-97| 12.5

.J±Mayj!71_iu)
21-May-97| 9.0

S8-Mst:s7L
4-Jun-97|

11-Jun-97|
18-Jun-97|

J25-JunJ)7l

36.01
35.94
33.66
33.91
34.13
34.79
34.86
34.86
34.14
34.60
34.40
34.41

34.34
34.35
33.88

0.80
0.73
0.65

UZj3!8
0.63

0,06 | 0.12
0.06 I 0.08

o;o£ZIIj)3o
0.07 I 0.08 0.62

1_J)71_L-JJM
j_i48:
L.J)^_L..JJ>S

0.62

0.13 | 0.12 i 2.50
0.07 | 0.07 j 1.70
0.07 | 0.08 | 1.47

0-(IL_1._..A05.._±_^^^

average
(±s.d.)

14.3
(±3.8)

31.5
(±7.5)

23.3 0.35
(± 54.2) (± 0.93)

0.24
(± 0.26)

2.66
(±1.65)

1.98
(± 0.74)

4.21
(± 3.30)

1.29
(± 0.82)

2.56
(±1.98)

For statistical compilation (see below) nitrate levels reported as <0.05 have been assumed to have a value of 0.025.

Average (± s.d.) annual values of data - calendar year basis

Year

From Oct 92

1993

1994

1995

1996

Up to June 199',

T
(-0

15.3

(±1.9)

15.8

(±2.4)

15.2

(±5.0)

14.3
(±4.8)

12.7
(± 3.2)

12.5
(±3.9)

Salinity
(ppt)

34.6

(±1.4)

33.5
(±3.0)

26.6
(± 10.6)

35.0
(±0.8)

Silicate
(MM)

15.9

(±8.7)

8.0

(± 5,5)

9.7

(±5.2)

20.2
(± 18.0)

59.8
(± 105.5)

10.0

(±6.6)

Nitrate
(pM)

0.24

(± 0.05)

0.22

(* 0.35)

0.09

(± 0.14)

0.72
(±1.59)

0.39

(±1.03)

0.12
(±0.14)

Phosphate
(MM)

0.31

(± 0.06)

0.35

(± 0.50)

0.22

(±0.13)

0.31
(±0.19)

0.15
(± 0.06)

0.14

(± 0.09)

Chl.a
(pg/L)

1.75

(± 0.66)

2.17

(± 0.42)

2.23

(±1.09)

2.78
(±1.54)

2.39
(± 0.82)

4.20
(± 3.05)

Chl.a
(<20pm)

(M9/L)

2.13

(± 0.92)

1.92
(± 0.79)

2.00
(± 0.68)

2.00
(±0.71)

TPM
(<20pm)

(mg/1)

3.60

(±3.16)

4.69
(± 2.90)

4.87
(± 4.07)

2.80
(±1.93)

POM
(< 20 pm)

(mg/1)

1.08

(±1.02)

1.29
(±0.75)

1.48
(± 0.93)

1.10
(± 0.53)

DOC
(mg/L)

2.16

(± 0.69)

2.31
(±1.07)

3.20
(± 2.99)

1.95
(± 0.35)

Average (± s.d.) annual values of data - seasonal basis (July-June)

Year

1992/93

1993/94

1994/95

1995/96

1996/97

T
(°C)

15.9

(±1.9)

16.3

(± 3.0)

14.5

(± 5.2)

12.9
(±2.7)

12.6
(± 3.8)

Sallnlty
(ppt)

34.6

(±1.8)

29.8
(±8.4)

30.6

(* 8.7)

Silicate
(tlM)

10.9

(±7.8)

6.9

(±3.4)

12.4
(±7.4)

57.7
(±101.8)

15.4
(± 14.4)

Nitrate
(MM)

0.15

(±0.11)

0.26

(± 0.45)

0.40
(±1.33)

0.68
(±1.28)

0.10
(±0.13)

Phosphate

(MM)

0.35

(± 0.37)

0.29

(± 0.49)

0.33
(±0.19)

0.16
(± 0.06)

0.14
(± 0.07)

Chl.a
(ng/L)

2.12

(± 0.54)

2.28

(± 0.83)

2.93
(±1.61)

2.08
(±0.77)

3.41
(±2.43)

Chl.a
(<20tim)

(Mg/L)

2.15
(± 0.84)

1.85
(± 0.69)

2.00
(± 0.70)

TPM
(<20^m)

(mg/1)

4.19
(±2.64)

4.73
(±4.11)

3.76
(± 2.87)

POM
(< 20 pm)

(mg/1)

1.22
(±0.81)

1.29
(± 0.92)

1.33
(±0.75)

DOC
(mg/L)

2.10
(± 0.77)

2.55
(±1.08)

3.00
(± 3.00)



APPENDIX iv. Fatty acid compositions (% of total acids) in monthly-integrated samples (4-5 samples taken at weekly intervals) in seawater at Pipe Clay Lagoon.

Fatty acid Nov-94 Dec-94 Jan-95 Feb-95 Mar-95 Apr-95 May-95 Jun-95 Jul-95 Aug-95 Sep-95 Oct-95 Nov-95 Dec-95 Jan-96 Feb-96 7-Mar-96 14-Mar-96 21-Mar-96 28-Mar-96 3-Apr-96 Apr-96 Monthly average

(Saturated Fattv Acids

193_J^L_2I3_l3i
..^-.__^^-^—..^

22.ZJ 21.0! 17.5J
'0.7|0.7T--&6i

1TTJ&2|

2L3L±J--L9
-O^rg-Q^

IBranched Fatty Acids

IMOn^nS!£^attifL;fl£i^

16:1(n-7l&16:2(n-4

PotYenoic Fatty Acids

j16:2(n-7)&16:3(n-4)
J18:2(n-i
h8:3(n-3)

3Ji_2^1
3.51 2.2J

4.21 ±j U
4.41 ± I 2.1]
aeHT'o^l
7Ji±TTT1
0.11 ±i 0.2I
6.71 ± I 2.01
1AI±L-OJ-

32.31 ± I 7.3

• includes 20:4(n-6) if "0" listed in table for this fatty acid #
includes 22:5(n-6) if "0" listed in table for this fatty acid other
= fatty acids =<0.5% in all samples

y
-P3

TOrt

<0



APPENDIX v. Fatty acid compositions (% of total acids) in monthly-integrated samples (4-5 samples taken at weekly intervals) in seawater at Little Swanport.

Fatty acid Nov-94 Dec-94 Jan-95 Feb-95 Mar-95 Apr-95 May-95 Jun-95 Jul-95 Aug-95 Oct-95 Average

i Saturated Fatty Acids
114:0
115:0

.1
I
.!„

I

JK
0.7i

s;

5.4i

1.2J

—
4.51

-l°j-

s
3.91

1.31

17.1J 18.5| 15.2) 19.4tJ9.0j
0.5J 0.5J 0.5| 0.6J 0.6|

-a2L_.-a21-—-a2L—a3J

Branched Fatty Acids

jMonoenoic Fatty Acids
l16:1(n.9)
il6:1(n-7) & 16:2(n-4
[1&1(n^
|l6:1(n-13)t
118:1 (n-9)
i18:'t(n-7)

2.2; 1.8; 2.0|±0.3

azi._as!_°:9j±a3l-!&2(tZLSJ6:3I";4
h8;2(n^)____
I18:3(n-3l
h8;3!rt6L

2.5i±0.6

3.7j±1.5

3.4j± 0.9
2.SJ 3.6J
4.5| 3.4J
&3L_£3|_—6^.t±19

0.01 0.21±0.3

8.4i 10.2J 9.7l±1.6

o.o! o.oj o.oj±o.i
6.5i 7.9| 8.1 i± 2.4
0.9J 1.3| 1.3i±0.6

45;6|_i!.^i..__457^

8JL^.I?^....--^-.^°^.........931^^BS±^M-J

• includes 20:4(n-6) if "0" listed in table for this fatty acid #
includes 22:5(n-6) if "0" listed in table for this fatty acid other
= fatty acids =<0.5% in all samples

^)
-?"
09
rt

t^
0



APPENDIX vl Concentrations of major pigments (ng I.'') in monthly-Integrated samples (4-5 samples/month taken at

weekly intervals) in seawater at Pipe Clay Lagoon and Little Swanport. Value of 0 = not detected.

Plgment abbreviations: c2 + d = chlorophyll c2 + d; fuco-lk = hjcoxanthin-like; fuco = fucoxanthin;

19-hex = 19'hexanoyloxyfucoxanthin; diad-lk = diadinoxanthin; dlad = diadlnoxanthin; allo = alloxanthin;

zea = zeaxanthln; chl b = chlorophyll b; chl a = chlorophyll a; pp-car = p,p-carotene.

Page 121

Date/Site C2+C1 fuco-lk fuco 19hex diad-lk diad allo zea chl b chl a PP-car

Pipe Clay Lagoon

Nov-94

Dec-94

Jan-95

Feb-95

Mar-95

AprfSi^

Mgy-95^
Jun-95

Jul-95

Aug-95

Sep-95

Oct-95

Nov-95

Dec-95

Jan-96

Feb-96

Mar-96

Apr-96

May-96

Jun-96

Jul-96

Ayj3;96.
Sep-96

Oct-96

Nov-96

Dec-96

Jan-97

Feb-97

Mar-97

Average

s,d.

65
38

0
42
0
0
0
0

90
0

71
13
58
0
9

60
44
0

97
0

67
69
0
0
0

27
20
0

18

27
(±32)

78
25
45

104
84
78

IZIH2
205
170

0
91
50

0
67
71
72
74
72

109
60

114
66
69
34

5
69

0
28
48

71
(±50)

TdoT
Hr::
M^.
104|
90|
Ml:
219|
150|

TiscT"
500)
n6|
:^L
'T40T

—
6̂5|

nc
65|

Z_i3C
148!
'M
108|
jo2L-
_5?1.
:IT

24|
50|
55|
22|
46]

96]
_(± 91)1

14|
0|

22|

M.
xx
641
.01.

01
x:
18j
~K
23|

0|
31:
311
~oj~

01

A
0|

~22r

~K
"I"

re
0|
0|
01
01
01

81
^U)I.

0
7
0

13
0
0
0
0
0
0
0
0
0

13
0
0

10
0
0
0
0
0
0
0
0

14
0
0
0

2
_(*5>

1IC
13|
19i
32j
15|
36|
71|
28|
54|
75|
32|
18|
26|
171
24j
43!
36|
10i
29|

9i
32|
231
16|

8|
6i

19]
9i
4i
7j

26|
(±18)j

12.1

o!
J6!..

16;
Ts]T5["
11
10|

0|
24 j
111
34|
121
23!

5i
.ILL

71
0|

20!
6j
6|

19f
18|
17]
15|

41
oj
01
0|
0|
oi
ot

10|
(±9)1

J22L
:IL
.X3I[

8|
32|
191
46j

:i8|:
101

22|
T7f
"26[
38|

5|
39|
17|

"39i

il:
II:
jl

JOL
s.
15|
X:
"241"

23|
(±12)1

82
39
39
78
78
63

104
39

159
79

122
23
58
72
34
86
59
23
96
45
83
59
53

8
16
22
33
13
51

59
(±35)

653)
437 i
481
769J
639|
727|

1131]
9531

1194J
1065|
833|
343|
471|
594i
443|
6861
591!

_422|_
896J
533|
825|
664|
4611
183|
2051
4471
2271
179!
374|

6mj_
J*277)|_

3;
1C
1^
2~,

y.

2(
3<
1^
5(
3<

3;
1-

2<

2(

3<
2"

3'

2:
3-

2f
K

(

1<

9<

2-

2(
(±1S

Little Swanport

Uun-95

Uul-95

[Ayg-95 ___J_
IOct-95
lNov-95
IDec-95

lFeb-97
lMar-97

|A
|s.d.
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AMSA, July 1996, Hobart

SUPPLEMENTARY FEED INCREASES PRODUCTION OF JUVENILE PACIFIC OYSTERS

Malcolm A. McCausland and Malcolm R. Brown

CSIRO Division of Fisheries, G. P. 0. Box 1538, Hobart, Tas. 7001.

The juvenile Pacific oyster industry, which supplies growers with spat, is presently valued at $1.5 m p.a.
Hatchery-produced spat are grown-on in land-based nurseries, often by pumping local seawater through upweller

systems. This technique has been used by nurseries for over a decade as it is effective and saves on food costs.

However, growth is limited in this system due to the reliance on the productivity of the local waterway to supply
the nutritional requirements of the spat.

We are undertaking a 3 year FRDC-funded project to cost-effectively increase growth rates of juvenile Pacific
oysters by supplementing their natural diet with cultured microalgae. After 2 years we have completed 10
feeding trials, testing 7 species of algae and 2 algal pastes. We have investigated the effect of the diet
composition, animal size, food quantity and methods of feeding.
Our results show:

• Oyster growth rates increased with higher supplementary food concentration.

• Isochrysis sp. (T ISO), Dunaliella tertiolecta, Chaetoceros calcitrans and Chroonwnas sp, were the most

effective live diets. Increases in growth rates ranged from 73-81% when oysters were fed a supplementary

ration of7.5mg dry wt. algae/g wet oysters

• Supplementary algal diet lacking polyunsaturated fatty acids (D. tertiolecta) gave similar increases in
growth rates to an algal diet rich in the essential 22:6(n-3) (Isochi-ysis sp.).

• Algal pastes were effective supplementary food sources. Skeletonema costatwn and C. calcitrans pastes

gave increases comparable to those of the fresh C. calcitrans culture.

• Low water temperature reduced the effectiveness of supplementary feeding.

• Two rations/day were more effective than one ration/day.

Supplementary feeding may be a cost-effective method of increasing production of juvenile Pacific oysters. Our
future work will examine other supplementary foods such as yeasts, and will compare the effectiveness of

supplementary feeding between nursery sites.

ASPAB, Jan 1997, Hobart

SUPPLEMENTARY FEED INCREASES THE GROWTH OF JUVENILE PACIFIC OYSTERS

McCausland M. A., Brown M. R.

CSIRO Division of Marine Research, GPO Box 1538, Hobart, Tas. 7001.

The juvenile Pacific oyster industry, which supplies growers with spat, is presently valued at $1.5 million p.a.
Hatchery-produced spat are grown-on in land-based nurseries, often by pumping local seawater through upweller

systems. This technique has been used by nurseries for over a decade as it is effective and saves on food costs.

However, growth is limited in this system due to the reliance on the productivity of the local waterway to supply
the nutritional requirements of the spat.

We are undertaking a 3 year FRDC-funded project to cost-effectively increase growth rates of juvenile Pacific
oysters by supplementing their natural diet with cultured microalgae. After 2 years we have completed 10
supplementary feeding trials, testing 7 species of algae and 2 algal pastes. We have investigated the effect of the
diet composition, animal size, food quantity and methods of feeding.
Our results show:

• Oyster growth rates increased with higher supplementary food concentration.

• Isochrysis sp. (T ISO), Dunaliella tertiolecta, Chaetoceros calcitrans and Chroomonas sp. were the most

effective live diets.
• Increases in growth rates ranged from 73-81% when oysters were fed a supplementary ration of 7.5mg dry

wt. algae/g wet oysters

• Supplementary algal diet lacking polyunsaturated fatty acids (D. tertiolecta) gave similar increases in
growth rates to an algal diet rich in the essential 22:6(n-3) (Isochiysis sp.).

• Algal pastes were effective supplementary food sources. Skeletonema costatum and C. calcitrans pastes

gave increases comparable to those of the fresh C. calcitrans culture.

• Low water temperature reduced the effectiveness of supplementary feeding.

• Two rations/day were more effective than one ration/day.

Supplementary feeding may be a cost-effective method of increasing production of juvenile Pacific oysters.
Preliminary results from our recent work, which examines other supplementary foods such as dried yeast and

algal products, will also be presented.
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AMSA July, 1997, Auckland, New Zealand

Improvement in feeding techniques for the production of juvenile Pacific oysters (Crassostrea gigas)

Brown, Malcolm , McCausland, Malcolm and Knuckey, Richard

' CSIRO Division of Marine Research, Hobart, Tas, 7000 Australia
CRC for Aquaculture, CSIRO Division of Marine Research, Hobart, Tas, 7000 Australia

Juvenile Pacific oysters (Crassostrea gigas) are commonly cultured in land-based systems of flowing seawater.

These systems are effective, but the food abundance and quality can be limiting in the inflowing water and
therefore a constraint to oyster growth.

Our research has aimed to develop cost-effective feeding techniques to supplement the natural levels of food in

seawater, to improve oyster production. Diets have included conventional Northern hemisphere strains of

microalgae used in aquaculture, new Australian microalgae held in the CSIRO Culture Collection and isolated
during the project, microalgal pastes, and "off-the-shelf artificial diets. They have been added directly to the
inflowing seawater, and their effects on oyster growth evaluated over 2-3 weeks. Factors examined, and to be

discussed in this presentation include:
• diet type and concentration

• food presentation (frequency and duration)
• size class of oysters (from 500-1 SOOnm)
• seasonality, and growth at an alternative nursery site

Supplementary feeding with live microalgae has been the most effective. Growth rates of oysters have increased

from 200 to 500% (over 2 to 3 weeks) at the Pipeclay Lagoon site, leading to a potential reduction in the
production time at the nursery by more than half. The cost-benefit of supplementary feeding will be discussed.

Tas. Aquaculture Exchange, July 1997, Hobart

INCREASING THE PRODUCTION OF JUVENILE OYSTERS (C. GIGAS) THROUGH SUPPLEMENTARY
FEEDING

M. Brown1, M. McCausland', R. Knuckey2, M. John3 and

G. Hollingsworth3

* CSIRO Division of Marine Research, Hobart Tas.; CRC for Aquaculture; Shellfish Culture Ltd., Sandford,
Tas.

Juvenile Pacific oysters (Crassostrea gigas) are commonly cultured in land-based systems of flowing seawater.

These systems are effective, but the food abundance and quality can be limiting in the inflowing water and
therefore a constraint to oyster growth.

Our research has aimed to identify cost-effective diets to supplement the natural levels of food in seawater, to

improve oyster production. Diets have been added directly to the inflowing seawater, and their effects on oyster

growth evaluated over 2-3 weeks. Factors examined, and to be discussed in this presentation include:

• diet type (live, pasted or dried microalgae, yeast)
• diet concentration

• food presentation (frequency, duration)
• seasonality

• size class of oysters (from 500-1300pm)
• site

Supplementary feeding with live microalgae has been the most effective. Growth rates of oysters have increased
from 200 to 500% (over 2 to 3 weeks) at the Pipeclay Lagoon site, leading to a potential reduction in the
production time at the nursery by more than half. The cost-benefit of supplementary feeding will be discussed.
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AMSA (poster), Adelaide, July 1998

IMPROVEMENTS IN GROWTH RATES OF JUVENILE OYSTERS THROUGH SUPPLEMENTARY
FEEDING

BROWN, MALCOLM AND MCCAUSLAND, MALCOLM

CSIRO Division of Marine Research, Hobart, Tas, 7000

Juvenile Pacific oysters (Crassostrea gigas) are commonly cultured in land-based systems of flowing seawater.

These systems are effective, but the food abundance and quality can be limiting. An initial survey showed that
the growth rate of oysters at a nursery at Pipeclay Lagoon, Tasmania, was being restricted by inadequate food.

We assessed whether the oyster's growth rates could be increased at the site by supplementing their diet.
Juvenile C. gigas were grown in experimental upwellers. Each trial compared a control (receiving only flowing
seawater) with supplementary-fed oysters (flowing seawater, plus diet). In 14 trials we tested 8 different algal
diets, 2 algal pastes and 2 dried diets as supplementary feed - and also different methods of feed presentation.
Diets were typically fed so as to increase the background food concentration by 150 to 225%

Supplementary feeding varied in effectiveness, depending on diet and season. Typically, it increased oyster's
growth rates by >. 100%. The most effective diets included Isochrysis sp. (T.ISO), D. tertiolecta, Rhodomonas

salina, C, calcitrans (live or paste) and Skeletonema costatum (paste). Supplementary feeding was cost-effective

when natural productivity was otherwise low. We estimate that growing microalgae for feeding would only add

"2-3% onto the production cost of juvenile oysters. However, as supplementary feeding would significantly
shorten production, there would be a reduction in labour costs that could more than offset the feed costs.
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SCIENCE AND TECHNOLOGY
^'^sr'n^'^^^^^s-^fi^mii^^s

EDITED B

Marine nutrillon ... CSIRO researcher Or Malcolm Brown checks cultured algae which will be fed to baby oysters — Picture: BRUCE MONTGOMERY

Diet of algae makes oysters grow faster
By CLAIRE HARVEY

MALCOLM Brown likes his oysters
to be large, covered In algae — and
served tn a 10 litre bucket.

Dr Brown and Ills colleagues nt tlie
CSIRO have been nhle to triple the
growth rate of juvenllB Pacific oysters
through their three-yenr research pro-
jec't, whfch Involves feedtng- rtlfferent
types of algne tu tlie creatures and
measuring their weight.

"We put tots of oysters In a 10 litre
plastic bucket and punip In (Hfferent
mixes of cnlturFrt algae," said Ur
Brown, senior research scientist at tlie
CSIRO's fisheries illvlslon.

"By getting the rtRlit strain of nlgae
for each species, we can in some cases
triple the growth rate."

Oysters iiRturally feed on algac, but

CSIRO's researchers have discovered
that different strains can Increase the
oysters' Rrowtli.

A boUlenerk In tlie oystw lnduslry a
few years ago mcnnt that companies
prodticlngr juvenile oysters couldn't keep
up wit ll demanil from farmers waiting to
mature the oysters In estunrtes.

"They had slow growth rates In the
early juvenile stage, and reduced sur-
vlval — It appeared from our back-
ground research (tint it was Inad-
equate nutrition," Ur Brown satd.

"Tills shortage of Juvenile oysters
threatened the whole tmlnstry."

Funded by a $300,000 federal Fisheries
Research ami Development Corpor-
allnn grant, tills project also lias liealth-
food applicaitons.

"Bcta-carotene, which Is becoming
very popular In the lieallli-JFood hulns-
try, Is one of the natural prodticls that
people are busily extracting from
these algac," he satd.

The greater cost-ejffectlvencss which
I)r Brown claims for the researcli will
do little to Improve the liealthlness of
oysters, however, particularly In terms
of human consumption.

"Our research concentrates on the
Juvenile stage, but after about six
montlis they leave that environment
and go to the locnt estuary for a couple
of years," he said.

"After thiit^ ilie water quality Is
crucial — there are some toxic algaes
which can be passed up the food chain
to the humnn consumer."

After leaving the Juvenile stage,
oyster growth Is at tlie mercy of
nature.

"The farmers try to pick a stte that
has good concentratons of algae, and
tliey leave them for a conpte of years —
basically It's at the whtm of nature and
If they're In a good site the oysters
grow well," Dr Brown snfrt.

"Once the oysters get to a certain
slzCt It's enster and less costly to select
a natural environment sutttiblc for the
oysters and then let nature take over.

"This research will mean a cost
benefit to seed producers — their seed
wilt be cheaper and faster to grow, so
they may Increase their overall pro-
iluctlon. Tliat causes greater develop-
mcnl of the larger Industry."
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with a view to full commercial pro-

cluctiun.
Scallop trials ciiirlng Ihc late 1980s

and early 1990s have been recently
hindered by a lack of availability of

scallop spat, but if hatt'hery-procluced
scallop becomes a reality, largc-sfale
scallop culture uoulcl well be on tlie

books.
For more iii/brmad'on conlacf Bill

Fotlwringlwm, Sea Farms, I'O Box
Atiddlcfon, 7'as, 7163. Tel : (03) 6293
1314,j'cix : (03) 6293 2020.

Do
go well
with
Pav/ova?
CSIRO scientists at the
Diuiston of Fisheries in

Hobartfed cultures of the
microalga Pavlova pinguis

to juvenile oysters - and

doubled the oyster spat's

growth rate! It was a clear

demonstration oj~ the

remarkable nutritional qual-

ities of microalgae, the tiny

marine organisms from

which all land plants
evolved.

.lie Pavlova HO enjoyed by (tie

Tasnianian oysters were cut-
lured in llie ^rowln^ rooms ol'

the CSIRO's Microalgac Culture
Collection. In Ihis living Inlbrmation

bank, represent utlvc-s ol' cvury Itnown
family of marine microalgae live and
grow In carefully conlrollect laboratory
condlltons. In glistening ranks, HaskH
ofstertlised sea waler contain (lie bal-

ance of nulrlenls that eacli species
prefers. Timing devices change dark-
ness to daylight, and the ambient (cni-

peralure is held at the level to suit the
collection's billions of Inhabitants.

CSIRO senior research scientist Dr

Sue Blackburn is (lie clirector ol' Ihu
collection. "Hundretts ol' llie smallest

mlcroalgae could 01 on the head of a

pin, and a litre of sea water may con-

Aquaeulture
Specialists

Manufacture and Design of Aquaculture
Sea Cages and Equipment.

CONTRACT SERVICES Pty Ltd

(;lubal Contract Services I'ty l.td specialises in Ihe
(le.sign ami cunslrurliun ofai|uacullure
cquipnicnl, inrluiliilg tlsli cages, rtstarcli cages,
nets and monring systems, (nilfall and intake
pipclinrs, sliflirisli l.inn buoys, t.lnli.il were
awarded the \W Sinull llusiness uf llie Yeur
/^vm'ds for the provi*jion ol'tlii: liigticst s(*«i(lar<l
nfyuulily in its prodm'ts and servicrs.

Offshore Sea Cages
(ilubal Sea cages are availiihle in sizes or24m, 40m, ftOm, 65in, 8()in iind 126m
circumt'crence. Double ring Fisli c.igcs leiilure our new muiiel sluni.-hion willi .1 duuble

chiiinitig sy.stein and urc con'struclcd on site. The cages itre ilesigned to witli*»tiUi(J extreme

weather ami tica contiitions, and caii be (Ultiplcd to suit a variety of cotidilion'i ttnd

tlit'ierent species of Hsh. Cuges have been supplied m I'ltsinunia, S,A., \V,A. ynd Q.L.D.

Mussel and Oyster Farm Buoys
Global IKI'. designed unil m.inulaclures buuy& .spccil'ically for oyslcr ;nnl mussel

farms. Tlie-se imvc liccn <.lcvclope<.l pruuarily tor ut»e on deep

.sc\t farm si<c<> ttsiny I(»(»g iinc methods. Fcitttirci; 011

these luniys inclmle llie cu|Mcily lo liuld ISO KCi
will) a lenglh uf I M ami (liametci ol' fiSOnim at
the wiilc.st noint,

Contact
P.O. Box 36, Sorell, Tasmania
Australia, 7172
Telephone: (03) 6265 2882
Fax:(03) 6265 1006

International
Telephone: (16103 6265 2882,

Fax: d 61 03 6265 11)06

A.C.N. 009 5 8'-) 931

ffl±&^'^
P R,0! B U C y;.>..,Q''^^ltA3GttS

tain a billion or^antains ol' (lieye yin-

fiie-ccllecl plants, which are (lie First
links in llic marine I'ood flialn," (Ir

lihu'kburn yay-s. AlHae are ilinonfi Ihe
most diverse lil'c Ibnns on llie planel.
The gliinl kclp plants lliat j^row into
lowering underwater loi-csls licloilg to
the same plunl I'aniily as Ihe niicro-

scoplc phytoplankton dial (tril't wttli
tin- c'.uiTcnly ol' (lie world's oceanH.

Solar powered pastures of tlie sea

Like ^rccil plants on land, al^ae
use photoyynthcsis to create new llv-

in^ tissue. Plant pigmenly alisorb snn-

light and convert it into carboliyclralcs
I'roni llic niolucnlus ol carbon dinxitle

and walur. In I lie process, they absorb
carlion tliuxlde and rele..isc largu
amounty ol'oxygen. It's (lie microulguu
Unit niiike tin: world's oceany a 'carlxin

sink,' uiid play a crltiral rolf in niain-
laintng balance in the Earth's atinos-

plicre. Tlieye wandering paslm-es ol'
the yen yre gray.fd Ijy ntcirinc animuls
including zooplankton, Hsti larvae and
lillc'r-l'cuttinK inolluscy .sucli us oys-

let's, scaltops, niussely aiu! clams. A

yinfile aclnll oyster may t'onsume 50
billion algal cults each clayl
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Ur Blackburn says that aquacul-

ture operations use thousands of Hires
ofnlgal rulturp daily, to fcecl tlic tnn'al

and juvenile stages of liiriuc'd species

includinfi oyslers. prawns. abEilonc.
ban'amundi nncl Ktanl (•lanis. Tlir
CSIRO supplies starter cnltm-rR ol'

selected alfial strains, rroni wliifli

operators grow the lai'Her quanlltics
needed for feeding, "In any I'arinln^

operation, (lie nillritlonnl qn.'illly ot
ferd (lctcrmlnes tile prodnclton rates

and qnallly ol' (lie nntsIiFcl prodnrl.'
she SHV.S, "BoUer feed nic^ns licltcr

produclivlty. and linprovecl returns.
That's where the CSIRO's Eilfial coltff-

(ion is of particular value lo (lie lndtis-

tr)'. berause Die startpr cnKnrps we
supply are of the highest quality, and
nrc f,nnvn iniflci-HIP .slrln^cnl sclcntil'-

1c cotHltlions ^cncratly nol Ibuncl In
opcrnllons 'on the groini(l.'

Targeted nutrition boosts growth

rates
The srlcnllst behind (lie

Pavlova-oysler studies Is Dr Malcolm
Brnwn. Along with collcafiucs at the
CSIRO Mnrlne Laboratories iri IIotiart,

Dr Brown has shown (he links
bplwecn lln' spRC'tlir luilrltional con-'

(cut oFalf.;Eil sft'Eilns (UK| (lie iiarllc'uliir
l'ce(lln(; requirements ol' liu'incd

spec'ies. The knowlcdfic Haincd inctins

thyl aquacutturc ODcralors can take ;i
very finely (Hny(e(t approach (o nntrl-
(Ion. 'The days ol~ 'this green one

works OK' should be over." l)r Drown

says. "Now. Ihc indnstrv (•;m select an
alfinl strain with the rfuhl clicnucal

composlllnn. Ihen ti(ln|)l tls cullnrinK
and hnrvesdng (echni(|iic.s (o iiinx-
hnisc (lie nlKnf's nntrili(ni;il qnalily,
boosllnfi nrowlli i-tilcs nn<l lni|)r<>vttlK
the pmducllvlly of the operation."

Proteins, carbohvdratc, fats ;ind
vitamins - micro;) Ignr pack a lol ol'
nnlrllton Into a very tiny parcel. Over
Ihe past 10 years, Kftcntlsts at tlic

CSIRO Division of' Occnnofirapliy
exnmincd 56 sti'iilns of iuicroatfiac Ibr

the presence of lon^-clialn polyunsat-
nrntpd lally ncicls (I'UFAs). wlilcli arc

esscnltal I'nr lii^li growtli rates and

reproductive success in farmed marine
animals. The study showed that all
strains except Hrcvn algae contained
lilKli proportions of (lie essential

PUFAs.
In another Uncling with particular

rclcviincc lo (lie aqiiacultnre indnsdy,
CSIRO reseafch lias shown dial Die

nutritional quality of certain niicroal-

Fish Farm Attendants Manual
Waterpruol'or Glossy version

300+ page A 5 Man u;i I

Cnntenl.'i

liuluslry Overview

Sal'ely & Proteclive Clotliing

Small Boats & Engines

Sesunan.ship

Cranes, Hoists, Slings & Forklifts

Maintenance Elcclrical & Hydraulic

Sysleins

Fin Fish Hushaiulry

Fsinn Opcrutions

Furm Qileiutar

$50.00 wn(rr|)rooiy$.W.OI> nloss.v (+1'&11)

dimes are in'ailtilile from

l-'islliilK Imlnsln' Trniniin; linnrd nl Tosnmnid

1st I:I(KH. 25 ilunlff.Slrcft, Hdh.ul 7()(1()

'I'd d233 M42 / l;;i,\ h223 27X0
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x$^
CotnpifcJ and edited by

Martin PBintith &
Maria Gtorgc

^ ryhiryttnduj<ryTrtiniiytBo<iTrforT»nnu'iU(ln
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gae changes according to culture
method and harvest time. Two met h-

ocls were studied. In batch culture, Ihe

entire crop is harveytt-ct at once, a( a
young or mature growth slage. In the
scmi-conlinuous culture method, one-
(enth to one-half Is removed every one

or two days, and replaced with fresh

growth medium. Replicating industry
practice, 85 lilre bag cultures ol' llirt'c

clin'ercnl mifroal^ac were ^rown in

batch and senii-conllnuons mode, nnd
the nutritional composition (cstcd at

(IIITerent growth stages. Results
yhowecl dial young cultures are lllg'll-
esl in prolchl and loweyt In carboliy-
drates and llpicl (fats), white old cul-
tures have less proleln but higlier car-
boliydrale and I'al levels. So, by nncler-

standing how rhanguct culture concit-
(Ions al'l'ecl inicroalgae, nnlritlonal

quality can be acljuyled (o snll the
growth needy of particular Hquafiil-

lured animals.
Slucliey also proved that (IHTerent

tight conditions can change tliu nutri-
llonal t'omposilion ol" iniL'roalgac.

When cultures ol (lie clialoni

Thalasstosiru psencloiuuw were

exposed to continuous light, carbohy-
clrate and salnrated I'uls increased,
while polyunsaturated lats were hi^h-

csl tn (lay-nislit cycles.
Kescarcli shows Ihal atlliongli

mic'roalgac arc rich sources ol" mosl

vilaminy, in some strains the content

can lie variable, suggesting thai mixed
ntgal diets are Ihe most clTt'ftive way lo

provide liifiti concentrullons of' vila-

inlns for a([na<'ulturc(l animals. When
these I'inilin^y ure linked to the knowl-

ed^c thul lannccl H[)e(;tcs |)i-el'er dilTer-

cut nutritional regiiney - lor example,
ycallop tarvae ^row tietler willi lii^li

proportions of satnratud I'aUy acids -

aquacullure opurators tinve some pow-
crl'nl tools to nmxinusc ^rowlti and

productivity.

High quality cultures give best

results
CSIRO's flose association wllli

industry in Anslralia and ovci-scas
means (hal 'lailoi'-made' alfiae snilatilc

Ibr local conditions can be requested.
Cutlures are qnality-assured ancl snp-
plied In a condition of acllve, healthy
Hrowth. Thia ineans dial when the

inctuslry grows Ihe cnllnrcs up (o leecl-

inf, (]>iunlitiey, rapid firowlh rates can
Ill: expected. A ran^e ol'yd-atns arc also

available guaranteed baftcrin-l'ree.
l)r liliicklmrn lias a word o I'warn -

h\f, Ibr operalors wlio |)nyli Ihfir al^al
rulliircs loo lonfr "I" halclicry condi-
lions, baclrrhil fonliuninalion of I'ucd

citllures is iiard lo avoid. aiul cvetiitn-
;iiiv, UK' tn'iiiiii oi iiic cnlliirc siiltn-y.'

yhe Hnyy. '"I'lml's wliy it's in)|)urlmit

thai I'l-csti .sl.n-tcr fiillnrcs from lnsti-

(jnalily lahoralory slack are nsfd al
rcfilllar inlcrv.ils.'

And the cosl? It'y ynrprlylngly tow -

a CSIKO-c'niloi'yrtl, quallty-aysured
tinc'lcrla-li't'e 20 ml tnlje of yclc'clud

al^ul culture coyls only $70, while tlie

price of ;t 250 ml Hask is $120. An air
I'rclght delivery servic'c cnynrey llial
(lie living cullurey arrive In ^ooil con-

6Ugtt»iWUrt6.J66ltal-«p6gtoHiigi
:!Kffi9toWWfS?MShK
l8m»(fest(n(eroBl8BeS

The CS1RO has considerable
depth and breadth of expertise in
algal culture. The Mtcroalgae

Culture Collection was developed
through the 1960s and 1970s by
Dr Shirley Jeffrey to support tlie
CSIRO's program of research into

ocean phyloplankton. The collec-
lion contains over 700 strains rep-

resenting almost 300 species, and
includes mlcroalgae from tropical to

Antarctic waters. Over 80% are
Australian In origin. In the collec-
lion are strains ofAuslraUan harm-

I'ul algal bloom species. Including
toxic cyanobacteria (blue-green
algae) and red-Ude forming dinofla-
gellates,

Dr Jeffrey realised the potential
value of a mlcroalgal supply service

to the aquaculture Industry, and
the service was established with llie

assistance of a grant from tlic
Fisheries Research and

Development Corporalion in 1986.
Tlie algal culture facility, within Itie

CS1RO Marine Laboratories In
Hnbart, Tasmania was built in

1984. The service supplies aquacul-
lure cllenls and research institu-

lions tn Australia and in overseas
countries inulucling New Zealand,

Japan, Hong Kong, South Africa,
Singapore, Germany, USA,
Vietnam, the Solomon Islands and
the United Kingdom.



APPENDDC ix Published in "Austasia Aquaculture" Page 129

clltfon. wllhin a inaxlnuim time of 72
hours.

"Considering the henel'tts to be

gained from llncly-targelcd nutrtllon
For fonuncr<'i;il nquacullnrc s|)('clcs,

Un- onllay for Uicsc cultnrc.s is mlni-
mal." l)r Blackburn -savs.

For I'nillicr in/bmiud'on. incluriinfl n

(is( p/' minildhk' .slrnin.s nnd ricfm'l.s on
flieir nitli'Hional r;ud(i(ic.s. confnrl (''nffn;
Jofm.slon dl the C'SfKO Afirroulf/np
C'lildirc CnUerlinn. C.SIRO Mnrine
UilmrnloricK. C,l'() liox IR:W Hohnrl

Tn.snifnu'n 7001 AllKlrdlid, plionf (031
62 ,325 3i6. /CIA- 103) (i2 325 300 or

pniFii! nucronlf(o<'(?'inil.c.s-iro,fiu

THE NEWELL
GROUP PTY LTD

IVlanuiacturers of Composite Fibreglass

-^_/-<ec-'

AQUA-CULTURE TANKS

IS09002 Quality Assured

Phone (085) 32 2-455, Fax (085) 31 0157
193 Adelaide Road

Murray Bridge S.A. 5253

Total Aqna-culture package available

(Consultants and utilities)

Freshwater Farmer
Coulinitcil 1'ioni lKinc82

Disadvantages
• Kaolccl phinls liavc ;\ much lonKcr lll'e

cycle thnn phytopliuiltton. Thus. (lie rale
of nulrk*nl How is slower.

• Routed plants arc rclalively large and
rannot lie readily used by rooplanltton
unless (hey become parlly decoinposcci.

• Root t'cl plants and niamcnlous alfiae.
unlike phyloplankton, are not always
unilormly distributed in a pond. The
I'lxcd location and IRI'HP sly.c ol' rooted

plnnls lnlerl'crc wtlli crnyfisl] I'iinntng
practices, such as I'redtnfianct trapping.

• Koolcd plants ;mcl Hlanifnlons ntfine
both cncourngc inoKqullo proclncdon by
provldlnfi suilablc liiibllal.

• Dlc-oll'sol' rooted plants and lllamenlous
alRnc mny rfsnll In rapid (leconiposllion
and oxyncn (tcplclion.

• Krcds nnct ollier rooied i?l^ti! "ids

provide habitats for birds am t pe-
cics which may prey upon crayjish.

• When a pond surrounded by reeds Is
drained, n mnslclernblc nmnbcrofci-ay-
I'lsh renmin amongst (lie plants.

• If a craylisli pond containing a heavy
Inlcsliilion of niaincntons algae is
dmincd. the at^ne setllcs. covering the
crayHsh making 1( cxlrcmcly clllTlcult lo
I't'cover (licm.

• Rooicd plants slow the drnina^e of ponds
;md llms prolons (lie diy-ont period.

• Kccils can lnl'csl snp|)]y cnnals. tntcr-

I'crc wllh water flow and cause sittation.

Conclusion
Tlicrr arc many advantngcs of maln-

l.itnin^ phyloplanklon (•oinnmnllirs In
ponds. However, fnnncrs should be aware

(il'llif sonn-liiiH's (llsastrons consc(|iicnccs

associntcd with the incorrect applicaUon
ol' lcrllliscrs wlien sdniulatlng
phylnplsinklon blooms. Applying organic
inatermls to ponds should only be uncler-
(alien IF oxyfien levels can be maintained
nt an iicccplable level.

The ubslmcUons and Interference to
(rapping, draining and matntenance of
ponds and canals ovcr-rldes any desirable
aspecls ol' encouraging (lie growth of rooted
plnnls. II Is clllTlrult to achieve satlsfac-
loiy conlrol ol'|}i-oblfin cinergcnt and sub-

tner^cd plants in an aquatic habitat. In
attcmpllnn to manage invasive plants. re-
pcnled and expensive artlon may lie nec-
f.ssary lo inalntain tlic required level of
conlrol,
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Abstract

The growth rates of juvenile Pacific oysters (Crassostrea gigas) were assessed between 1992 and

1997 at a commercial nursery, at Pipe Clay Lagoon, Australia. The instantaneous growth rates of

oysters based on organic weight, kow, ranged from kow = 0.003 ± 0.023 d (January to June 1997) to

0.020 ± 0.011 d'' (December 1992 to May 1993). Reduced growth rates between January and June

1997, was associated with lower concentrations of chlorophyll a (0.43 |ig L ) and total particulate

matter (TPM; 1.1 mg L ) than in the previous seasons (chlorophyll a = 0.86-1.5 |J,g L ; TPM =

1.8-6.9 mg L ). Growth rates of juvenile oysters at another site, Little Swanport, in trials conducted

in February 1997 and April 1997 were also higher (kvoL, based on volume = 0.14 and 0.056 d-l,

compared to kyoL ^ 0.005 d at Pipe Clay Lagoon). The higher growth rates at Little Swanport were

also associated with higher concentrations of seston (eg. chlorophyll a > 2.0 jiigL ).

Trials were undertaken at Pipe Clay Lagoon to establish whether supplementary-feeding

could improve growth rates. In four trials, supplementary feeding juvenile oysters with Isochrysis

sp. (T.ISO) at concentrations that increased the ambient food concentrations by »1 to 3-fold,

improved growth rates kyoLby > two-fold. The first two trials assessed growth rates with different

oyster stocking volumes, and methods of diet presentation. In trial 3, two "off-the-shelf products,

i.e. AlgaMac 2000 and Microfeast® MB-30 proved effective as supplementary diets (kyoL = 0.024

and 0.032 d-l, repectively, compared to kyoL = 0.009 d for control), though not as good as

Isochrysis sp. (T.ISO) (kyoL = 0.054). Trial 4 established a relationship between kyoL and

supplementary feed concentrations.

A more detailed evaluation of the cost-benefit of supplementary feeding is necessary.

Nevertheless, at sites like Pipe Clay Lagoon characterised by low and variable productivity,

supplementary feeding does appear to be cost-effective, and in fact necessary for the nursery to

maintain a continuity of oysters seed supply to service the needs of their customers.
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Introduction

A common method for cultivating Pacific oysters (Q gigas) from newly-set up to 3-4 mm is

to hold them in upweller or downweller systems in land-based nurseries, and pump seawater

through to provide food particles (Rodhouse et al., 1981; Dix, 1991). The advantage of the method

is that the associated food costs are low, as the oysters feed on natural seston. However, the

concentrations of inflowing phytoplankton and other food particles can vary significantly because

of prevailing environmental conditions and competitive grazing from filter feeders in the waterway

(Spencer and Gough, 1978; Alpine and Cloern, 1992; Gibbs et al., 1992). As the juvenile oysters'

growth will be affected by food availability, this approach provides limited control over growth

rates.

An alternative approach for nurseries is to supplement natural seston with cultured

microalgae or other commercial feeds. Though this presents additional food costs for the nursery,

the approach may be cost-effective due to a reduced holding time (less labour) of oysters within the

nursery. Further, during prolonged periods of low productivity (food concentration) in the

associated waterway, supplementary feeding will enable industry to maintain their production of

oyster seed to service the needs of their clients.

We undertook a weekly monitoring program from 1992 to 1997 to document changes in

juvenile Pacific oyster growth rates, and water quality parameters at one of the major commercial

nurseries in Australia, at Pipe Clay Lagoon, Tasmania. This program aimed to study factors

affecting oysters' growth at the site, and to assess whether supplementary feeding might be

warranted. Though we did not establish a statistical relationship, it was apparent during the early

phase of the project that food availability was a major constraint to oyster's growth (Brown and

McCausland, 1998). Between November 1994 and March 1997 we completed 16 experimental

trials, to assess to what extent supplementary feeding could improve oyster production, and to

compare the effectiveness of different diets. In a recent publication, we reported on 5 of these trials
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conducted between November 1995 and April 1996 (McCausland et al., 1999). That study

demonstrated that Isochrysis sp. (T.ISO), Dunaliella tertiolecta, Chaetoceros calcitrans,

Rhodomonas salina, and pastes prepared from C. calcitrans and Skeletonema costatum were

effective as supplementary diets. When fed at concentrations that increased the ambient

phytoplankton concentrations by 150-225% (compared to natural seawater), the diets improved

oysters' growth rate by 60-100%.

Here, were report on an additional 4 supplementary-feeding trials, assessing the value of

Isochrysis sp. (T.ISO) 1) using different methods of diet presentation, 2) at different oyster stocking

volumes, 3) compared to dried diets, and 4) at different concentrations. We also present a summary

of data from our weekly monitoring program, and compare the natural growth rates of juvenile

oysters at the Pipe Clay Lagoon site, to those at another major nursery site, i.e. Little Swanport.
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Material and methods

Monitoring of seawater composition and iuvenile oyster growth rates at commercial nurseries

Our weekly monitoring program to compare the growth rates of oysters with the

composition of seawater flowing into a commercial nursery, at Pipe Clay Lagoon, Tasmania,

Australia (42° 58' S, 147° 32' E) was conducted between 24 March 1992, and 26 June 1997.

At 10 a.m. each Thursday, 1 L of juvenile oysters (1600-1800 i-im size range) was

transferred to a commercial-scale nursery upweller (Rodhouse et al., 1981). Oysters from this size

range were chosen because they were available for a greater period of the growing season, and

hence would give a better indication of growth across the entire season. The commercial-scale

upweller comprised a 45 cm diameter chamber with a nylon-meshed base and was retained within a

150 L plastic tub. Unfiltered seawater (salinity 32-35 ppt) was pumped at 14 L min into each

upweller (between inner wall of tub and outer wall of inner chamber). It flowed up through the

upweller chamber and the bed of oysters and out through an exit pipe. Oysters and the upweller

screens were cleaned daily for 5-10 min to remove faeces and adherent particles, by gently rinsing

in seawater and carefully brushing the underside of the screens with a nylon bmsh.

Sub-sample of 200 oysters were removed from the upweller at the commencement of the

trial and after 7 d for the analysis of dry and organic (meat) weight of oysters. The sub-samples

were rinsed with distilled water, dried at 100°C for 24 h, then weighed to determine dry weight

(DW). Sub-samples were then heated in a muffle furnace (450°C; 24 h), and reweighed to

determine the organic weight (OW) by weight loss. The instantaneous growth rate of the oysters

(k) over each week was given by the formula:

k=ln(M7/Mo)/t

where, M( = measurement after 7 d, Mo = measurement at day zero.
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Water was sampled weekly, at the same time as oysters were sampled. Temperature was

recorded, and 20 L of water was passed through a 20 |im nylon screen, to remove particles outside

the size range readily ingested by oyster spat. For chlorophyll a analysis, water samples (2.5 L)

were filtered under vacuum through glass fibre filters (Whatman GFC; 47 mm), and the filters then

stored at -20°C for < 2 months prior to analysis. Filters were cut into 5 mm squares and transferred

to 10 mL centrifuge tubes together with 4.5 mL of ice-cold acetone. Samples were then vortexed,

sonicated, diluted with 0.5 mL water, and then left in the dark at 4°C for 30 min to complete

extraction (Wright et al., 1991). Chlorophyll a in the extracts were determined

spectrophotometrically (Jeffrey and Humphrey, 1975).

For analysis of particulate matter, water samples (2.5 L) were filtered under vacuum

through preweighed, precombusted glass fibre filters (47 mm). Filters were rinsed with 10 mL of

water to remove residual seawater, dried (100°C, 16 h) then weighed to determine the total

particulate matter. Organic material on filters was combusted by heating at 450°C for 16 h. Filters

were reweighed, and the change in weight calculated to estimate the particulate organic matter in

the original sample.

Samples were analysed for pigments, particulate fatty acids, dissolved organic carbon and

nutrients (phosphate, silicate and nitrate). Full details of the methods used and the results of these

analyses have been reported elsewhere (Brown and McCausland, 1998) and are not discussed in

detail here.

For logistical reasons, the routine monitoring of both oyster growth rates and water quality

was only undertaken at the Pipe Clay Lagoon site. However, we did assess water quality at Little

Swanport, another nursery site on the east coast of Tasmania (Brown and McCausland, 1998). We

undertook two short-term trials trials to compare the natural growth rates of oyster at the two sites,

the first during February 1997 (10 d duration) and the second during April 1997 (13d duration).

Prior to the trials the stock had been maintained at the Pipe Clay Lagoon site. A volume of 1.5 L of
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oysters (800-900 (im) was divided; half of the stock was translocated to the Little Swanport site and

the other half retained at Pipe Clay Lagoon. After 2 days of acclimation to normal nursery

conditions, duplicate upwellers were stocked at 300 mL of oysters. Oysters were then subjected to

normal nursery maintenance until the completion of the experiment. The instantaneous growth rate

of oysters was calculated on the basis of changes in dry and organic weight of sub-samples of 300

oysters, and also by a volumetric measurement of the entire oyster population (thus eliminating

errors associated with sub-sampling).

Supplementary feeding trials - general

Within the first year of the monitoring program we observed that the natural growth rate of

juvenile oysters at the Pipe Clay lagoon site was highly variable and at times (apparently) limited by

an inadequate food supply (Brown and McCausland, 1998). Consequently, the program developed

to evaluate whether oyster growth rates could be enhanced significantly through supplementary

feeding.

Shellfish Culture Ltd provided hatchery-reared juvenile Pacific oysters (Q gigas) for

feeding trials at their oyster nursery at Pipe Clay Lagoon. The early juvenile stages (i.e. from 400 to

1300 jim) were targeted in the growth trials, as industry indicated that these stages were most prone

to mortality and poor growth. The oysters were grown in experimental upweller systems, 1,20th the

scale of commercially used upwellers and stocked at an initial volume of 9-30mL. Each upweller

consisted of a 10 L bucket with a 110 mm diameter, mesh-bottomed chamber suspended inside, on

which the oysters were retained. Unfiltered seawater from Pipe Clay Lagoon (salinity 32-35 ppt)

was pumped continuously into the upwellers at 700 mL min (1000 L d ), flowing up through the

chamber and the bed of oysters and out through an exit pipe. An estimation of the (background)

concentrations of natural phytoplankton flowing through upwellers was calculated using

chlorophyll a measurements, and an assumption that chlorophyll a represented 1.0% of
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phytoplankton dry weight (Brown, 1991; Brown and Jeffrey, 1992). Oysters and chambers were

cleaned daily with a fine spray of freshwater to remove faeces and other particles. Chambers were

also given a weekly rinse with 1% sodium hypochlorite.

Oysters were acclimated within the upweller units overnight before commencing each trial.

The photoperiod under which the oysters were grown ranged from 6:18 h to 8:16 h light: dark (L:D).

The positions of the upwellers were randomly altered 3 to 4 times throughout each trial. Oyster

mortality was estimated from three counts, each of 200 individuals, at the start and end of each trial.

The instantaneous growth rate of oysters was calculated on the basis of changes in dry and organic

weight of sub-samples of 300 oysters, and volumetrically. However, results from our previous

study, demonstrated that instantaneous growth rates (kyoO using volumetric analysis were more

reliable, because errors due to subsampling were eliminated (McCausland et al., 1999). Moreover,

kvoL was related to instantaneous growth rates calculated using DW (kow) and OW (kow) by the

following equations:

knw = 1.004 kvoL - 0.005 (R2 = 0.62)

kow = 1.104 kvoL - 0.001 (R2 = 0.74).

Therefore, only instantaneous growth rate data based on volume are presented here for the

supplementary feeding trials, and the site-comparison study.

Isochrysis sp. (T.ISO) used as supplementary feed in the trials was grown in fz medium

(Guillard and Rhyther, 1962) in 85 L polythene bags and mixed with 1 to 2% COz, at a flow rate of

20 L min . The cultures were irradiated with continuous light (Philips daylight tubes; 50 to 75 fimol

photon m s ). Each culture was maintained semi-continuously in late-logarithmic growth phase

(Brown et al., 1993) for 1-2 weeks, and 3-4 different cultures were used as feed within each trial.

Specific details relating to the four trials are summarised in Table 1, and given in fuller

details below.
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Trial 1 - different oyster stocking volumes

Oysters (500-700 \im) were stocked at 3 different volumes: 10 mL, 20 mL and 30 mL (20 mL " 25

g wet weight). At each volume, there were two treatment groups: a control (n = 2 or 3) and a

supplementary-fed group (n = 4). Control oysters received only the continuous flow ofunfiltered

seawater. Supplementary-fed oysters received, in addition, an initial ration of 220 mg (dry wt

equivalent) of Isochrysis sp. (T.ISO) upweller d . The ration was increased weekly, in proportion

to the growth of the slowest-growing supplementary-fed treatment. The feed was delivered

continuously using a peristaltic pump (Cole-Palmer, Masterflex model 7519-05) from the bags (at 1

to 2 L h ; depending on culture density). The cultured algae was continuously mixed and diluted

with seawater (== 1:50 to 1:100), also pumped using a Cole-Palmer peristaltic pump (model 7018-

20). This diluted mixture was dripped into upwellers by pumping through Nylex irrigation drippers,

at 4 L h-l. The trial lasted 16 d.

Trial 2 - different methods ofpresenting the^_SBpplementarY-feed

Oysters (500-700 pn) were stocked at 20 mL in all upwellers. Three different methods of

presenting the food were examined. They were: a) a single-passage, flow-through, at 700 mL min'1

(i.e. the standard method used in trial 1), b) a single-passage, flow-through, at 230 mL min and c)

recircirculation of water within the upweller (using a submersible aquarium pump; Aquarium

Powerhead 480, Second Nature, NJ, USA). In the latter treatment, additional water was dripped in

to provide 8 water changes of water volume d . For each method, there was a control (n = 2 or 3) or

a supplementary-fed group (n = 4). Supplementary feed was delivered continuously (as in trial 1) at

an initial ration of 200 mg upweller d , increasing weekly in proportion to the growth of the

slowest-growing supplementary-fed treatment. The trial lasted 16 d.
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TriaL3 - live yersu^dned diets as supplementary feed

Oysters (400-500 |im) were stocked at 9 mL in all upwellers. Three different supplementary-diets

(n = 5 or 6) were assessed and compared to a non-supplementary fed control (n =4). The diets

were: a) Isochrysis sp. (T.ISO) b) AlgaMac 2000, a spray-dried thraustochvtrid (Schizochytrium

sp.) supplied by Aqaufauna Biomarine (Hawthorne, Cal., USA) and c) Microfeast ® MB-30, a

yeast-based, dried diet. The dried products had been received 5 months previously, and stored

unopened at 4°C. Immediately prior to use they were resuspended (0.5 g in 2L seawater for

AlgaMac 2000; 2L of freshwater for Microfeast ® MB-30) by mixing for 30 sec with a low-speed

blender.

For logistical reasons, the diets were presented differently in this trial. Rations (initially 68

mg dry weight equivalent) of the algal or dried diets were dispensed into 10 L plastic buckets, and

the volume made up to 9 L with seawater. The suspension was pumped into each treatment

upweller at 75 mL.min'1 using a small aquarium pump (Aquarium Powerhead 480) over 2 h. On

each weekday, a ration was fed at midday and a second equivalent ration (prepared at" 5 p.m) was

fed at midnight using a timer-switch to active the pumps. Hence the oysters were fed initially a total

ration 135 mg weekday''; rations were increased weekly in proportion to the growth of the

respective treatment groups. The oysters were not supplementary-fed on weekends, but received

flow-though water (i.e. same as control). The trial lasted 26 d; oysters (except controls) were

supplementary fed for 17 of these days.

Trial 4 - different concentrations of supplementarv diet

Trial 4 was conducted immediately after trial 3. Oysters used in this trial were those supplementary-

fed Isochrysis sp. (T.ISO) from trial 3. Their initials size range was 700-1300 \un and they were
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stocked at 12 mL upweller . Treatments included supplementary-fed oyster receiving either 60,120

or 180 mg of Isochrysis sp. (T.ISO) upweller d (n = 4 or 5) and a control (n = 3).

Supplementary-feed was delivered continuously using a peristaltic pump, as in trials 1 and

2. The ration was increased weekly, in proportion to the growth of the slowest-growing

supplementary-fed treatment. The trial lasted 17 d.

In conjunction with this trial, we continued to maintain the control oysters from trial 3. The

oysters were restocked at the same biomass (based on organic weight) as the oyster in trial 4, at a

volume of 12 mL. This allowed us to effectively assess the effects of supplementary feeding over

the duration of the two trials, i.e. 43 d.

Apparent growth efficiency of supplementary diets

Apparent growth efficiency (%AGE) was calculated for each diet within the trials, as a

measure of the efficiency by which food was used:

%AGE= [(AOW,, -AOW, )/DW^JxlOO

where AOW(. is the change in OW of supplementary-fed oysters (entire upweller), AOWg is the

increase in the OW of control oysters (entire upweller), and DW^ is the dry weight of

supplementary food. The OW of a known volume (1 to 4 ml) of oysters was measured at the start

and end of an trial to calculate the OW per upweller, to enable calculation of AOW c and AOW^.

Statistical analvsis

Data from the monitoring program were analysed by regression modelling approaches, with growth

rate of oysters as the dependent variable, and nutrient composition as explanatory variables. Effects
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were examined to see if they were linear or non-linear. Growth rates from supplementary feeding

trials and between-site trials were compared using analysis of variance (ANOVA), with significant

analyses followed by Fisher's protected least significant difference (PLSD) test for pairwise

comparisons.

Power analyses (Searcy-Bernal, 1994) were undertaken using instantaneous growth rate (k)

data (based on volumes) from previous supplementary trials (Brown and McCausland, 1998) to

assess the level of replication required. For example, four replicates/treatment were required to

detect a 20% difference in k between treatments, with a power value of 0.8, significance level of P

< 0.05 and based on 4 treatments.

Results

Monitoring program of water quality and^ juvenile oysters

Seawater composition and the instantaneous growth rates (based on OW) of 1600-1800 j-im C gigas

showed a significant variation within and between production seasons (Table 1). Average

chlorophyll a concentrations (an indicator of phytoplankton biomass) ranged from 0.9 to 1.5 |lg L

during the first 4 seasons. However, during January 1997 to June 1997 the average concentration

reduced to 0.43 jlg L . The reduction in chlorophyll a was accompanied by significantly lower

growth rates of oyster during this season (k = 0.003 d-l) compared to the previous 4 seasons (k =

0.10 to 0.20 d ). During the last 3 seasons (January 1995 to June 1997) there was a general trend of

decreasing concentrations of chlorophyll a, TPM and POM (parameters associated with food

quantity and quality) and oyster instantaneous growth rate k.
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Comparison of iuvenile oyster growth rates at Pipe Clay Lagoon and Little Swanport

The growth rates of 800-900 (im juvenile oysters at Pipe Clay Lagoon and Little Swanport were

compared during February 1997 (Trial A) and April 1997 (Trial B) (Table 2). In both trials, growth

rates were significantly greater at Little Swanport (k = 0.14 and 0.056 d for Trials A and B

respectively) than at Pipe Clay Lagoon (k < 0.005 d ). Higher growth rates at Little Swanport were

associated with significantly higher concentrations of chlorophyll a (8 and 3.5-fold in Trials A and

B, respectively), TPM, POM and also higher water temperatures, than at Pipe Clay Lagoon (Table

2).

The growth rate of oysters at Little Swanport during Trial B was less than half that observed

in Trial A and corresponded to lower concentration of food (chlorophyll a, TPM, POM) and a lower

water temperature. Concentrations of chlorophyll a, TPM and POM, and oyster growth rates at Pipe

Clay Lagoon within the trials were typical of those observed during our weekly monitoring program

at the same site, during the January to June 1997 season (Table 1).

Supplementary feeding tnaU

Across the three stocking volumes, i.e. 10, 20 and 30 mL, supplementary feeding enhanced oyster

growth by approximately 6-fold (Fig. la). Rates were highest at 10 mL for both the supplementary-

fed (k = 0.094 d-l) and control (k = 0.015 d'1) treatments (P < 0.05). %AGE, a measure of the

efficiency of conversion of algal to oyster biomass in supplementary-fed treatments, were highest in

the 20 and 30 mL volume treatments (%AGE = 24).

Supplementary feeding trial 2

Trial 2 adopted a 20 mL stocking volume for all treatments, as this volume provided a high % AGE

for supplementary-fed oysters based on the feeding rations used in Trial 1. Growth rates based on

volumetric analysis showed negligible growth for the control oysters (k < 0.003) (Fig. Ib). In fact,
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the growth rates based on organic weight (data not shown) demonstrated that control oysters were

starving during this trial as they lost weight (k < -0.006). Supplementary feeding improved growth

significantly in all oyster treatments, with best growth observed in the 700 mL min flow-through

treatment (P < 0.05). Correspondingly, % AGE was also highest in the 700 mL min-l flow-through

treatment (%AGE = 23).

SupBlementarv feeding tnaL3

We had planned to stock oysters at 20 mL volume, based on our findings of %AGE in trial 1.

However, because of a limited availability of juvenile oysters when we commenced this trial and

trial 4, oysters were stocked at about half that volume. Accordingly though, we reduced the

supplementary-fed ration in proportion to this reduced oyster stocking volume.

The microalgal (i.e. Isochrysis sp. (T.ISO)) and two "off-the-shelf products were all

effective as supplementary diets, producing significantly faster growth rates than control oysters (P

< 0.05) (Fig 1c). The microalgal diet produced about twice the increase in growth as the dried diets;

Microfeast ® was slightly superior to AlgaMac 2000 (P < 0.05). Accordingly, % AGE was greatest

in Isochrysis sp. (T.ISO)-fed oysters.

Supplementary feeding trial 4

Supplementary feeding with Isochrysis sp. (T.ISO) at all concentrations significantly enhanced

oyster's growth (P < 0.05; Pig Id). There was a trend of increasing growth rate with increasing

ration. The 120 mg and 180 mg ration treatments gave significantly better growth than the 60 mg

ration (P < 0.05); the 180 mg and 120 mg rations were not significantly different. % AGE values

were identical for the 60 and 120 mg rations (31), but was lower for the 180 mg ration (26).
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Combination of results from trials 3 and 4.

At the completion of Trial 3 (i.e. after 26 d), control and Isochrysis sp. (T.ISO) supplementary-fed

oysters were restocked at the same volume. Maintenance of these oysters with or without

supplementary feeding for a further 17 d allowed us to evaluate supplementary feeding over a

longer period.

Over the 43 d of the study, supplementary feeding had a dramatic effect on growth (Fig. 2).

From an initial volume of 9 mL, supplementary-fed oysters increased to 239 mL (k = 0.076 d ),

whereas control oyster increased to 22 mL (k = 0.021 d ). Supplementary-fed oysters attained a

size (hinge-tip to end of shell) of 3.2 ± 0.8 mm, sufficient for the next stage of nursery cultivation;

i.e. planting out in nylon-meshed tray in local waterways.

Comparison of data between trials

During the four supplementary-feeding trials, concentrations of chlorophyll a (0.31 to 0.71 |lg L ),

TPM (1.3 to 1.9 mg L-l) and POM (0.40 to 0.61 mg L'1) (Table 3) were within the range of values

reported for the January to June 1997 production season. However, their concentrations were

generally lower than concentrations reported for previous production seasons (Table 1).

It was not possible to correlate differences in the water quality parameter between trials 1 to

4 and the growth rate of control oysters. This is because the data set was limited, the quality of the

nutrients (eg. phytoplankton species composition) was not assessed and other nutrients that could

affect growth were not assessed. Also, oysters in trials 3 and 4 were stocked at about half the

volume of trials 1 and 2, and this could have improved their growth rate by " 40% (c.f. trial 1 ;

growth rates of oysters stocked at 20 versus 10 mL). Nevertheless, control growth rates in trial 4 (k

= 0.047 d-1) were substantially higher than in other trials (k < 0.015 d ) and this may be been

related to the (apparently) higher concentration of chlorophyll a and POM during this trial.
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Because of minor variations in the fixed variables of trials (eg. stocking density, food

delivery and oyster size-class) it is difficult to make accurate comparisons on the effect of

supplementary feeding between trials. Nevertheless, all trials included one treatment that was

supplementary-fed with 10 to 11 mg Isochrysis sp. (T.ISO) d mL oysters, with feed delivered in

in a flow-through system at 700 mL min (Table 1). Therefore, a comparison of their % AGE

values gives an indication of the effectiveness of supplementary-feeding, across the trials. %AGE

values for these respective treatments were similar in trials 1 to 3 (%AGE = 20-24) but apparently

higher in trial 4 (%AGE = 31).

Discussion

Our survey of growth rates of juvenile oysters at Pipe Clay Lagoon over five years demonstrated a

significant intra- and inter-seasonal variation, as well as significant changes often occurring from

week to week. These changes were most likely related to food-related factors (phytoplankton

quantity and species composition, other particles and dissolved organics), but also abiotic factors

such as water temperature and seawater nutrient composition. Another confounding factor was that

each week we were assessing growth in a different oyster population and thus a different genetic

stock. Hence because of the complex interaction between the many factors impacting on oyster

growth rates, we were unable to statistically correlate growth with any specific nutritional factor,

nor multiple factors through a multiple regression analysis. Nevertheless, during the last two years

of the survey, there was a trend of decreasing concentrations of chlorophyll a (i.e. measure of

phytoplankton abundance), TPM and POM and an associated reduction in oyster growth. This was

particularly evident during January to June 1997, when, compared to previous seasons, average

chlorophyll a concentrations were < one-half, and oyster growth rates were < one-third.



APPENDDCx "Microalgae and Dried Diets" manuscript Page 147

Brown (1988) assessed the influences of environmental factors on the growth rates of

Pacific oysters (" 22 and 45 mm size classes) at 10 locations in British Columbia, Canada, using

multivariate analysis. He assessed oysters from a common broodstock to eliminate variation due to

genetics. Food supply (concentrations ofPOM, chlorophyll b and carotenoids), temperature and to a

lesser extent, salinity were the major factors affecting oysters' growth rate. As chlorophyll b is

characteristic of phytoplankton from Chlorophyceae, Euglenophyceae and Prasinophyceae (Jeffrey

et al., 1997), Brown (1988) suggested that for the sites he surveyed, these algae may be important

nutritional components within bivalve diets. Data from our study showed seasonal trends in

chlorophyll b concentrations closely matched those of chlorophyll a, with a chlorophyll a:b of 10:1

(Brown and McCausland, 1998).

Effects of site were demonstrated in our study by comparing the growth rates of control

oysters at Little Swanport and Pipe Clay Lagoon in February and April 1997. The growth at Little

Swanport during Febmary 1997 was significantly greater than ever achieved at Pipe Clay with

supplementary feeding, both in this study, and previous supplementary trials (Brown and

McCausland, 1998). During these trials, the availability of food (based on chlorophyll a, POM and

TPM concentrations) at Little Swanport was significantly greater than at Pipe Clay Lagoon. Also

Little Swanport site was characterised by higher concentrations of dissolved organic carbon (Brown

and McCausland, 1998); oysters and other filter feeders are able to utilise small organic molecules

such as amino acids and organic acids within this fraction (Manahan and Stephens, 1983). Despite

the higher productivity of the Little Swanport site seen in this study, salinities can drop dramatically

during periods of high rainfall (Brown and McCausland, 1998) making the site unsuitable for oyster

cultivation for several weeks of a year (Martin John, pers. comm.). During periods of low salinity,

oysters may cease feeding (even if ambient food concentrations are high) or growth may be

depressed because of the metabolic cost associated with maintaining osmotic balance (Brown,

1988).
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Based on the poor and variable productivity at Pipeclay Lagoon - especially during the 1997

production season - supplementary feeding trials were undertaken at the site to assess whether

growth could be significantly enhanced. Across the four trials, supplementary feeding with

Isochrysis sp. (T.ISO) increased daily instantaneous growth by > 2-fold. It is difficult to accurately

assess the ambient "food" concentration in seawater, because of differences in the availability and

digestibility of the complex mixture of suspenoids (eg. bacteria, yeast, detritus, silt, as well as

phytoplankton). However, assuming that phytoplankton comprises 70% available food (Brown,

1988), then we estimate that supplementary feeding increased food concentrations across the trials

by between " 2-fold (trials 3 and 4) and 4-fold (trials 1 and 2).

In trial 1, the growth rates of oysters reduced with increasing stocking volumes, both for

supplementary fed oysters as well as control oysters. Most likely, this reduction was simply related

to lower food availability (per unit of oyster biomass) with increasing stocking volume. The

stocking volume of 10 mL produced the best growth, but at this volume the utilisation of algae

(%AGE) was lowest. As feed production costs are the major component of supplementary feeding

costs, combinations of stocking densities and feeding rations should be adjusted to maximise %

AGE, yet maintaining significant improvements in growth rates.

Trial 2 found that recirculation of water reduced oyster growth. Reasons for this were not

investigated, though one explanation is that this method produced a greater build-up of waste

products (e.g. ammonia, faecal material) in the system which negatively impacted on growth. This

may also explain why oysters maintained at a seawater flow rate of 230 mL min'1 upweller grew

less than oysters fed at a flow rate of 700 mL min'1 upweller'1. The latter How rate (== 28 mL mirf1

g-l wet weight of oysters) is within the range of 20 to 50 mL min'1 g-l of oysters suggested to be

optimal for the feeding of juvenile Q gigas in upwelling systems (Spencer et al., 1986). At these

flow rates, approximately 20% of suspended material is filtered by C_ gigas (Spencer et al., 1986).

This and other studies found that lower flow rates do produce higher levels of filtration and
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therefore a better use of food (Rodhouse and O'Kelly, 1981), but they also give reduced growth.

For example, Manzi et al. (1986) found that growth of mussel Mercenaria mercenaria was reduced

when more than 20% of ambient chlorophyll a was removed from water passing through upwellers.

Kirby-Smith (1972) found scallop growth was reduced when more than 40% of chlorophyll a was

removed from inflowing water.

The two dried products, Microfeast ® MB-30 (yeast-based) and AlgaMac 2000 (algal-

based) were successful as supplementary diets, though their growth performance were not as good

as live algae in Trial 3. MB-30 and other Microfeast ® products, 100 and L-10, have also proven to

be effective as partial diets (80% component with 20% algae) for juvenile Sydney rock oyster,

Saccostrea commercialis (Nell et al., 1996). AlgaMac 2000 has also been assessed as part of a

mixed diet for C. gigas (at either 80% or 40% component with algae) though it's nutritional value

was not as good as a high-quality algal diet (Boeing, 1997). Nevertheless the cheaper cost of these

and related products (=$US 50 kg or less) compared to microalgae (typically around US$200 kg

dry weight) indicates that further assessment of the cost-effectiveness of these products under

commercial situations is warranted. In particular, both the control growth rates during this trial (k =

0.009 d"1) and the average levels of chlorophyll a (0.55 |j.g L ) in inflowing water, were

significantly lower than in the previous seasons. Therefore, the diets were acting more as

"complete" diets, than supplementary diets and they may be even more effective under normal

ambient (i.e. higher) concentrations of chlorophyll a

Trials 4 demonstrated that growth rates of oysters increased with increasing concentrations

of supplementary diet. Maximum growth rates were not established, though possibly only modest

growth increases could be given at higher rations. We calculated that at the highest ration, the

average cell concentration of Isochrysis sp. (T.ISO) flowing through upwellers ranged from 10 cells

|lL (week 1) to 30 cells (lL (week 3). This is comparable to the optimum feed concentration of 30

cells |ll of Isochrysis sp. (T.ISO) found for clam Venerupis pullastra seed (Beiras et al., 1993) and
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oyster Ostrea edulis seed (Beiras et al., 1994) in flow-through systems. Also, the instantaneous

growth rate at the highest ration (k = 0.11 d ) was comparable to maximum growth rates of bivalve

seed reported in other studies, e.g. k = 0.13 d for C_ virginica (Urban et al., 1983), k = 0.14 for 0.

edulis (Beiras et al., 1994), k = 0.12 d for Saccostrea commercialis (O'Connor et al., 1992) and

0.070 for Q eieas (Enright et al., 1986a).

Trials 3 and 4 were run in succession to determine benefits of longer-term supplementary

feeding. There was a 2.5-f old improvement of growth rate over the 43 d period. Based on a

microalgal production costs of US$ 200 (eg. "average" commercial hatchery; Coutteau and

Sorgeloos, 1992) the direct additional feed costs would approximate US$0.20 per thousand oysters

for growth from 0.5 to 3.0 mm. This compares to an "average" production cost of =US$8-10 per

thousand oysters of 5 mm size (M. John, Shellfish Culture, pers. comm.) - though during this

period of low growth the "effective" production costs for control oysters would have been

significantly greater. Almost certainly, supplementary feeding was cost-effective in increasing

production during this time. During periods when control growth rates and/or background

phytoplankton concentrations are already high, the cost-effectiveness of supplementary feeding

may be equivocal. Nevertheless, supplementary feeding may be an important strategy even during

these periods, to increase production to meet seasonal demands by farmers (i.e. continuity of

supply).
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Figure captions

Fig. 1. Specific growth rates (kvoL; based on volume) of juvenile Pacific oysters with (grey

bars) or without (black bars) supplementary-feeding:

A) at 3 different initial stocking volumes. Initial oyster size, 500-700 pn; initial
ration 220 mg Isochrysis sp. (T.ISO) upweller"1 d"1; trial duration 16 d,

B) using different methods of presenting the diet. Initial oyster size 500-700 |im;

initial ration 200 mg Isochrysis sp. (T.ISO) upweller d ; trial duration 16 d,
C) fed different diets. Initial oyster size, 400-500nm; initial ration 135 mg diet
upweller weekday , trial duration 27 d (17 feeding days),
D) fed different concentrations of Isochrysis sp. (T. ISO).

Fig. 2. Growth of oysters, with or without supplementary-feeding, over 43 d. During the first

26 d, oysters (400-500 pjn initial size) were initially fed 135 mg Isochrysis sp.
(T.ISO) upweller'1 weekday'1 (17 feeding days). After 26 d, oysters were restocked at

12 mL upweller . Data from days 26 to 43 has been calculated assuming no

restocking ofupwellers. From days 26 to 43, oysters (700-1300 p-m) were initially fed
180 mg Isochrvsis sp. (T.ISO) upweller'1 d'1'
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Table 1. Average concentrations of chlorophyll a, total parriculate matter (TPM) and particulate organic matter (POM:) in seawater at Pipe Clay

Lagoon, and 1600-1800 j-tm juvenile Pacific oyster (C. sigas) growth rates over 5 productions seasons. kow = instantaneous growth

rates, based on measurement of organic weight, n.a. = data not available for this season.
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1.1 ±0.4

POM

(mgL-1)

n.a.

1.2 ±0.8
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0.60 ± 0.27
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Table 2. Average daily temperatures and concentrations ofchlorophyll a, total particulate

matter (TPM) and particulate organic matter (POM) (± s.d; n > 3) in seawater at

Pipe Clay Lagoon and Little Swanport, compared to oyster instantaneous growth

rate (kyoi.; based on volume) of non-supplementary fed oysters (± range/2; n = 2).

Min-Max Chlorophyll a TPM POM Oyster

T(°C) (|LigL-1) (mgL-') (mgL-') kvojcr')

Trial A (Feb 1997)

Pipe Clay Lagoon 19-20 0.31 ±0.10 1.3 ±0.3 0.40 ± 0.05 0.005 ±0.001

Little Swanport 20-24 2.5 ± 1.1 4.2 ± 4.0 1.2 ± 0.8 0.14 ± 0.002

Trial B {April 1997)

Pipe Clay Lagoon 12* 0.57 ± 0.04 1.0 ±0.4 0.36 ±0.03 0.004 ± 0.002

Little Swanport 13* 2.0 ±0.1 1.4 ±0.1 0.67 ±0.08 0.056 ±0.001

* Min-Max temperalure data not available. Data is average daily temperalure.
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Table 3. Experimental details and properties of inflowing seawater during four

supplementary-feeding trials undertaken with juvenile Pacific oysters at Pipe Clay

Lagoon (November 1996 to March 1997). Values of seawater include average

temperature range and concentrations of chlorophyll a, total particulate matter

(TPM), particulate organic matter (POM) and an estimate of phytoplankton

concentration (± s.d.; n > 3). T.ISO = Isochrysis sp. (T.ISO)

Initial trial conditions

Stocking volume (mL)

Oyster size range (]^m)

Diet

Ration (mg upweller d )

Ration/mL oyster (mg d-l)

Trial duration

Trial 1

10, 20, 30

500-700

T.ISO

220

22,11,5.5

16

Trial 2

20

500-700

T.ISO - fed by
different methods

200

10

16

Trial 3

9

400-500

T.ISO, commercial

diets

96*

11

26

Trial 4

12

700-1300

T.ISO

60,120,180

5,10,15

17

Background water parameters

during trial

Min-MaxT(°C) 19-21 16-19 14-17 16-19

Chlorophyll a (|lg L-l) 0.31 ±0.10 0.35 ±0.08 0.55 ±0.39 0.71 ±0.28

TPM(mgL-l) 1.3 ±0.3 1.7 ±0.7 1.3 ±0.4 1.9 ±0.8

POM(mgL-') 0.40 ±0.05 0.46 ±0.14 0.40 ±0.14 0.61 ±0.27

Phytoplankton DW (^g L-')# 31 ±10 35 ± 8 55 ±39 71 ±28

Phytoplankton DW through 30 ± 10 34 ± 8 53 ± 38 69 ±27
upweller d (mg)

* Ration was 135 mg upweller'" weekday ; oysters did not receive supplementary feed on weekends.

$ To compare rations fed with those of other studies (eg. Epifanio et al., 1979), 1 mL " 1.25 g wet weight of oysters.
# Estimated based on chlorophyll a representing 1.0% of algal dry weight (Brown, 1991; Brown and Jeffrey, 1992).


