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Abstract

Wild-caught blacklip (Haliotis rubra, Leach1814) and
greenlip (H. laevigata, Donovan 1808) abalone fed a
formulated feed were held at 16 or 18 1C for di¡erent
conditioning intervals ranging from114 to 235 days
and induced to spawn using ultraviolet-irradiated
seawater. They were conditioned again for a second
identical period before another induction. For H. ru-
bra, mean spawning rate of both sexes was higher in
groups held at 18 1C than at 16 1C, as was the repeat
spawning rate. Conversely, animals held at16 1C pro-
duced signi¢cantly more gametes than those at18 1C.
Egg production peaked in groups held at 16 1C for
� 165 days.While both mean and total sperm pro-
duction of H. rubra varied signi¢cantly, both ¢gures
were always high. UnlikeH. rubra, the spawning rate,
repeat spawning rate and gamete production of both
sexes of H. laevigata were higher when cultured at
16 1C than at18 1C. Egg production peaked in groups
conditioned at16 1C for � 212 days. Both mean and
total sperm production by H. laevigata were much
lower than for H. rubra. This study demonstrates that
year-round hatchery production of seedstock of both
species is possible providing broodstock are held un-
der favourable environmental conditions, preferably
16 1C.

Keywords: Haliotis rubra, Haliotis laevigata, e¡ec-
tive accumulative temperature, broodstock condi-
tioning, induced spawning

Introduction

Blacklip (Haliotis rubra, Leach1814) and greenlip (H.
laevigata, Donovan1808) abalone form the basis of a
lucrative wild ¢shery and a rapidly expanding aqua-
culture industry in southern Australia. Culture of
these species has generally relied upon the capture
and induced spawning of wild broodstock but this
process is often compromised by spatial and temporal
variations in the availability of gravid broodstock
and/or the stresses of capture and transport. Hence,
a reliable means of ensuring continuity of larval sup-
ply is vital for consistent production of seedstock for
farming.
Abalone broodstock can be conditioned and

spawned predictably in the hatchery through the
provision of a favourable physico-chemical environ-
ment. This includes a stable temperature that opti-
mizes gonad growth, high levels of dissolved oxygen,
low levels of nitrites and ammonia and a pH of
7.5^8.5. Broodstock must also be fed a high-quality
diet in amounts slightly in excess of their needs (Uki
& Kikuchi1982a).
Temperature is the main factor in£uencing the

rate of gonad development in most species of abalone.
Its e¡ect is cumulative above a certain threshold tem-
perature that varies between species. Kikuchi and
Uki (1974a, b) were the ¢rst to record this phenomen-
on, and named the threshold temperature the ‘biolo-
gical zero point’ (BZP). By subtracting the BZP from
the daily water temperature and summing this ¢gure
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over the culture time (in days) they were able to
describe the e¡ective accumulative temperature in
degree days (EAT 1C-days) for gonad conditioning of
two Japanese abalone species. At present, there is
only one account of the EAT for conditioning of
southern hemisphere abalones, that of Kabir (2001)
on H. australis and H. iris.
Previous reports on broodstock conditioning of

blacklip and greenlip abalone have generally concen-
trated on a single species held at one temperature.
Lleonart (1992) described changes in gonad histology
and volume during conditioning of greenlip abalone
held at 16 1C but did not examine spawning success.
Plant (2002) conditioned H. laevigata at17 1C and ob-
served spawning response relative to a range of
temperature treatments applied1^4 days prior to in-
duction. Those groups exposed to an increase in 5 1C
over this interval showed the best results. Savva,
Heasman and Brand (2000) examined the e¡ect
of broodstock diet on fecundity and egg quality in H.
rubra conditioned at 16 1C. Broodstock on a formu-
lated feed appeared to spawn more eggs and produce
better quality larvae than those fed the brown alga
Phyllospora comosa or a mix of both diets. Plant, Moz-
quiera, Day and Huchette (2002) documented the
spawning success of groups of blacklip abalone held
at18 1C for periods of 30^150 days. The spawning re-
sponse of each sex was highest in the group cultured
for 120 days. Surprisingly, the proportion of female
spawners was always higher than that of males,
while the reverse is usually the case for this species.
The aimof this studywas to determine the optimal

conditioning regime for repeat spawnings of wild-
caught blacklip and greenlip abalone broodstock
conditioned on a formulated feed. This was achieved
byholding both sexes of each species at temperatures
of either16 or18 1C for one of ¢ve di¡erent condition-
ing intervals (calculated as EAT 1C-days) over two cy-
cles. The optimal regime was de¢ned as the combina-
tion of time and temperature that maximized spawn-
ing response, in terms of the proportion of spawners
(and repeat spawners) and gamete production.

Materials and methods

Broodstock collection

Greenlip abalone broodstock (100^120-mm shell
length) were collected on 26 November 2001 near
Flinders Island (betweenVansittart and Puncheon Is-
lands) and held in £ow-through tanks at ambient
temperature for 3 days. During this time it was no-

ticed that some animals spawned. Information from
the ¢sher indicated that spawning commenced in the
wild during the previous 4 weeks. Blacklip abalone
broodstock (100^130-mm shell length) were col-
lected on 3 December 2001 near Swan Island from
FRV Challenger and some animals spawned in the
boat’s holding tanks. Both species are known to be
sexually mature at these sizes and locations (Tarbath
& O⁄cer 2003; C. Mason, pers. comm.).
Animals were transferred to theTasmanian Aqua-

culture and Fisheries Institute, Marine Research La-
boratories and held in 600-L tanks supplied with
ambient temperature seawater until examination
and allocation to experimental treatments. They
were measured, weighed, tagged and gonad condi-
tion assessed by visual score according to the follow-
ing criteria: 05 sex indistinguishable; 15sex
distinguishable, thin gonad with pointed tip; 25 go-
nad partially enlarged with pointed tip; 35 gonad
swollen with rounded tip. All animals were scored
as 0 or 1 and allocated a putative spawning date of
15 November 2001.

Experimental design

At the start of the experiment,10^15 abalone of each
sex and species were randomly assigned to either 16
or 18 1C (the minimum and maximum temperatures
typically used to condition these species; Fleming
2000) and one of ¢ve conditioning intervals (1200,
1400,1600,1800 or 2000 EAT 1C-days, referred to in
the text as 1200 group,1400 group, etc.). Animals of
each sex and species were held separately, with three
tanks for each temperature treatment (i.e. 2 � 2 �
3 � 2524 tanks in total). The EAT was calculated
on the basis of the estimated BZP of 7.5 1C for both
species. The BZP was subtracted from the actual
holding temperature (e.g. 16^7.558.5 1C or 18^7.5
510.5 1C) and summed over the number of days that
animals were held before spawning. At16 1C, EAT in-
tervals of1200,1400,1600,1800 and 2000 equated to
141,165,188, 212 and 235 days respectively. At18 1C,
they corresponded to 114, 133, 152, 171 and 190 days
respectively. The true BZP values were calculated at
the end of a concurrent study that examined gonad
development at temperatures from 12 to 18 1C (Gru-
bert & Ritar 2004).

Husbandry and monitoring

Broodstock were conditioned in 150-L round ¢bre-
glass tanks (about 25 animals tank�1) receiving
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£ow-through seawater at a rate of 1.5 Lmin�1

tank�1. Animals were fed daily to satiation on a
broodstock conditioning feed (Adam and Amos Aba-
lone Foods, Mount Barker, SA, Australia). Mortalities
and spontaneous spawnings were recorded during
feeding.Wastes were siphoned from each tank every
second day. Photoperiod was maintained at 12L:12D
starting at 06:00 hours and light intensity at the bot-
tom of the tanks (when ¢lled) was 90^100 lx.Water
temperature was recorded using StowAway TidbiT
temperature loggers (Onset Computer Corporation,
Bourne, MA, USA).

Induction of spawning

On each induction day, abalone were removed from
their holding tanks at 09:00 hours. The VGI of each
animal was recorded prior to being placed into a14-
L polyethylene spawning tray containing 10-L sea-
water.Water temperature in the trays was the same
as the conditioning temperature (i.e. 16 or 18 1C).
The trays were then covered in black plastic panels
to exclude light. The induction procedure involved
the simultaneous application of ultraviolet (UV)-irra-
diated seawater and temperature change. One mi-
cron ¢ltered seawater was irradiated using 2 � 150-
W UV sterilization units (Wedeco, Girraween, NSW,
Australia), the quartz sleeves of which were cleaned
after every 50 h of use.Water temperature was raised
by 1 1C h�1 for 4 h then allowed to return to the
original temperature at the same rate (i.e.
16 ! 20 ! 16 1C or18 ! 22 ! 18 1C). Flow rate to
each tray was 300mLmin�1. Animals were moni-
tored from 14:00 to 22:00 hours and the time that
they began spawning recorded. Once an animal be-
gan spawning, the supply of UV-irradiated seawater
was stopped facilitating the retention of gametes.
When males spawned prior to 22:00 hours, sperm

water was poured o¡, made up to a known volume,
mixed and samples taken for density estimates (using
absorbance at 340 nm, Ritar & Grubert 2002). The
male trays were then re¢lled with fresh seawater.
Both sexes were held overnight in their spawning
trays with no water exchange. Each tray was aerated
and a stable temperature maintained using a water-
proof, thermostatically controlled heat mat (Thermo-
¢lm Australia, Springvale, VIC, Australia). The
following morning, samples of sperm water (for
sperm density estimates) were taken from those
males that had continued, or started, spawning after
22:00 hours. At the same time, eggs released from
each female were suspended in 10 L of seawater and

subsampled (1mL) in triplicate to estimate fecundity.
When sperm were collected from the same male on
two occasions (at night and the following morning),
sperm production estimates were summed. No mor-
talities of either sex or species occurred during the
induction process.

Statistical analyses

For both sexes of each species, analyses of gamete
production and spawning response time data were
conducted using one-way and two-way (without
replication) analysis of variance (ANOVA). Tukey^Kra-
mer HSD tests were used for post hoc comparison.
Bartlett’s tests were used to check for homogeneity
of variance and where necessary (i.e. P-value for the
F-ratioo0.05) the data were

p
transformed (Sokal &

Rohlf 1995) and re-analysed. Probabilities of o0.05
(for the ANOVAs) were considered signi¢cantly di¡er-
ent. Signi¢cant interactions between temperature
and EAT conditioning interval are denoted by
T � EAT; non-signi¢cant di¡erences are expressed
as NS; data are presented as mean � SEM. The ANOVA

tests on gamete production by each sex and species
were structured in a number of ways. One analysis
examined the e¡ect of temperature and conditioning
interval on mean gamete production of each EAT
group at the ¢rst induction (i1) then at the second in-
duction (i2), using data from only those animals that
had spawned. A second analysis examined how total
gamete production at both inductions (i.e. xi5 i11i2,
wherexi5 each individual that spawned one ormore
times) varied relative to temperature and EAT condi-
tioning interval. These values are referred to as In-
dTotal in the text. Because of lack of independence
in data from successive inductions (as gamete pro-
duction at the ¢rst induction may a¡ect that at the
second), no direct comparisons of the ¢rst and second
inductions were made (i.e. it was not appropriate to
use two-way ANOVA with replication). However, the
di¡erence in gamete production between the ¢rst
and second inductions was calculated for each indi-
vidual that spawned at least once (xi5 i2� i1) and
standardized by adding the absolute value of the lar-
gest negative value (xmin) plus one (i.e. xi5 xi1jx
minj11). These data are referred to as IndDi¡ in the
text. One-way ANOVA was employed to test for di¡er-
ences in mean spawning, repeat spawning and mor-
tality rates between each temperature treatment
(percentage data was arcsine

p
transformed prior to

analysis). G-tests were used to check for indepen-
dence between the frequencies of animals that
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spawned zero, one or two times and EAT condition-
ing interval. If the frequencies of each spawning
group were independent of EAT for the 16 and 18 1C
groups then these values were pooled over all EATca-
tegories and another G-test used to examine tem-
perature e¡ects on spawning patterns. Regression
analyses were used to test for possible relationships
between shell length and gamete production. Statis-
tics were executed using Excel 2000 (Microsoft, Red-
mond,WA, USA) and JMP version 5.0 (SAS Institute,
Cary, NC, USA).

Results

Spawning response of female blacklip abalone
(H. rubra)

At the ¢rst induction, the mean spawning rate of
female blacklip groups held at16 and18 1C was 49 �
4% and 63 � 3% respectively (NS, Table 1). Mean

spawning response times were 6 h 32 � 17min at
16 1C and 6 h 05 � 13min at 18 1C (NS). The mean
egg production for spawning females at 16 and
18 1C were similar (1.39 � 0.65 and 0.71 � 0.18 �
106 eggs female�1 respectively) and did not di¡er
with conditioning interval.
At the second induction, spawning rate in the

18 1C treatment was signi¢cantly higher than the
16 1C treatment (80 � 9% and 43 � 2% respec-
tively), as was the number of repeat spawners (i.e. an-
imals spawning at both inductions; 46 � 9% and
32 � 2% respectively).The proportion of females that
spawned either repeatedly, only once, or not at all did
not di¡er signi¢cantly between conditioning inter-
vals when females were induced a second time.
Hence, it was possible to compare the spawning pat-
terns of all animals at both temperatures. The
number of repeat spawners was signi¢cantly higher
at 18 1C than at 16 1C, while the number of non-

Table 1 Spawning rate, gamete production ( � 106 for females and � 1011for males) and repeat spawning rate at successive
inductions of blacklip abalone relative to sex, temperature (T, 1C) and conditioning interval (EAT)

Induction 1 Induction 2

Sex T ( 1C) EAT n
Percentage
spawning

Gamete
production,
mean ( � SE) Mort

Percentage
spawning

Gamete
production,
mean ( � SE)

% repeat
spawners

Female

Male

16

18

16

18

1200

1400

1600

1800

2000

Mean � SE

1200

1400

1600

1800

2000

Mean � SE

1200

1400

1600

1800

2000

Mean � SE

1200

1400

1600

1800

2000

Mean � SE

12

12

12

11

12

15

13

10

12

12

12

12

13

12

13

11

12

12

11

12

17

58

67

64

50

49 � 4A

67

46

60

83

58

63 � 3A

100

75

100

100

92

93 � 5A

100

100

100

100

83

97 � 3A

1.98 � 1.84a

1.05 � 0.29a

1.26 � 0.41a

0.92 � 0.28a

1.76 � 0.45a

1.39 � 0.65A

0.67 � 0.09b

0.82 � 0.20b

1.49 � 0.39a

0.46 � 0.19b

0.10 � 0.05b

0.71 � 0.18A

1.13 � 0.37c

1.83 � 0.57bc

4.65 � 0.77ab

8.88 � 1.31a

4.58 � 1.19ab

4.21 � 0.84A

1.21 � 0.30a

1.69 � 0.52a

2.35 � 0.50a

4.77 � 1.17a

3.73 � 1.26a

2.75 � 0.75B

2

1

0

0

0

5

3

0

2

0

0

0

0

2

1

1

0

0

1

0

50

46

42

36

42

43 � 2B

70

70

100

100

58

80 � 9A

92

75

92

90

67

83 � 5A

100

100

100

80

92

94 � 4A

0.80 � 0.20a

2.11 � 0.69a

0.20 � 0.06b

0.77 � 0.29a

1.70 � 0.46a

1.12 � 0.34T � EAT

1.59 � 0.58a

0.31 � 0.14b

0.20 � 0.05b

0.65 � 0.25b

0.60 � 0.29b

0.67 � 0.26T � EAT

1.46 � 0.41b

3.48 � 0.73ab

5.25 � 0.69a

3.70 � 1.00ab

3.99 � 1.08ab

3.58 � 0.78T � EAT

1.42 � 0.33b

0.99 � 0.42b

0.93 � 0.23b

1.21 � 0.94b

5.93 � 1.04a

2.10 � 0.59T � EAT

20

36

33

27

42

32 � 2B

40

30

60

80

42

46 � 9A

90

50

92

90

58

76 � 9B

100

100

100

90

83

93 � 3A

n, sample size; mort, mortalities between inductions. Comparisons made within sex and within column. EAT groups (at each tempera-
ture) with the same lower case letter are not signi¢cantly di¡erent. Likewise, means for each temperature treatment with the same
upper case letter are not signi¢cantly di¡erent. T � EAT superscript indicates an interaction e¡ect (see text for details of each case).
EAT, e¡ective accumulative temperature in degree days.
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spawners was highest in the 16 1C group. Mean re-
sponse times were similar; 7 h 02 � 20min at 16 1C
and 6 h 25 � 10min at18 1C. Mortalities were 5% at
16 1C and16% at18 1C.
There was a signi¢cantT � EAT interaction on the

group mean egg production of animals at the second
induction. Of the females held at 16 1C, those in
the 1600 group produced signi¢cantly fewer eggs
(0.20 � 106 female�1) than the other groups (0.80^
2.11 � 106 female�1). In the case of the animals held
at18 1C, the1200 group produced signi¢cantly more
eggs (1.59 � 106 female�1) than all other groups
(0.20^0.65 � 106 female�1).
There were no signi¢cant temperature or condi-

tioning interval e¡ects on the di¡erence in egg pro-
duction between the ¢rst and second inductions
(IndDi¡), whereas total gamete production across
both inductions (IndTotal) was signi¢cantly higher
for groups at16 1C than at18 1C.There was no signi¢-
cant relationship between shell length and egg pro-
duction (r250.001).

Spawning response of male blacklip
abalone (H. rubra)

At the ¢rst induction, spawning rate of male blacklip
abalone in both temperature treatments was high
(93 � 5% and 97 � 3% at 16 and 18 1C respectively;
NS,Table1). Mean spawning response times were 6 h
15 � 19min at 16 1C and 5 h 45 � 8min at 18 1C.
While these means were not signi¢cantly di¡erent,
there was a T � EAT interaction in spawning re-
sponse times, but there was no obvious trend in the
data. Mean sperm productionwas signi¢cantly high-
er in the16 1C treatment (4.12 � 0.84 � 1011male�1)
than the18 1C treatment (2.75 � 0.75 � 1011male�1)
and in both cases the 1800 group produced the
greatest mean sperm number (8.88 � 1.31 � 1011

and 4.77 � 1.17 � 1011male�1 at 16 and 18 1C
respectively).
Spawning rate at the second induction was also

high in both temperature treatments (83 � 5% at
16 1C and 94 � 4% at 18 1C, NS). The proportion of
repeat spawners was 76 � 9% and 93 � 3% at 16
and18 1C respectively. Since the proportion of males
that spawned either repeatedly, only once, or not at
all did not di¡er signi¢cantly between conditioning
intervals at each temperature, this allowed a compar-
isonof spawning patterns betweenanimals held at16
and 18 1C. Most males spawned twice, with the pro-
portion of repeat spawners highest in the 18 1C
groups and the proportion of animals that spawned

only once highest in the16 1C group. Spawning com-
menced after 6 h 41 � 18min and 6 h 24 � 11min
at16 and18 1C respectively. Again, therewas a signif-
icant interaction between temperature and condi-
tioning interval on spawning response times but no
obvious trend in the datawas discernible. Mortalities
were low at both temperatures; 5% at 16 1C and 3%
at18 1C.
There was a signi¢cant T � EAT interaction on

mean sperm production of animals at the second in-
duction. At 16 1C, males in the 1600 and 1200
groups had the highest (5.25 � 0.69 � 1011male�1)
and lowest (1.46 � 0.41 � 1011male�1) sperm pro-
duction, respectively, whereas at 18 1C, males in the
2000 group produced signi¢cantly more sperm
(5.93 � 1.04 � 1011male�1) than all other groups
(0.93^1.42 � 1011male�1).
There was a signi¢cant interaction between tem-

perature and conditioning interval on the means of
the standardized di¡erence in sperm production be-
tween the ¢rst and second inductions (IndDi¡). How-
ever, the interaction was in£uenced by the 2000
group at 18 1C which showed a signi¢cantly greater
increase in sperm production between inductions
than all others. A T � EAT interaction was also de-
tected for total sperm production over both induc-
tions (IndTotal). IndTotal increased proportionally
with EAT, although this di¡erence was largely driven
by animals in the 16 1C groups, which typically pro-
duced more sperm than the 18 1C groups. There was
no signi¢cant relationship between shell length and
sperm production (r250.001).

Spawning response of female greenlip
abalone (H. laevigata)

At the ¢rst induction, the mean spawning rate of fe-
male greenlip groups was 56 � 11% at 16 1C and
37 � 5% at 18 1C (NS, Table 2). Mean spawning re-
sponse times were similar at both temperatures (9 h
06 � 18min at 16 1C and 9 h 15 � 36min at 18 1C)
and there was no EAT e¡ect on this variable. Signi¢-
cant temperature and EAT conditioning interval
e¡ects on mean egg production were detected. Fe-
males held at 16 1C produced more eggs (1.17 �
0.32 � 106 female�1) than those held at 18 1C
(0.38 � 0.18 � 106 female�1) and the 1400 group at
16 1C produced fewer eggs (0.36 � 106 female�1)
than the remaining groups at that temperature
(0.93^1.69 � 106 female�1).
When induced a second time, the mean spawning

rate of groups at16 1Cwas 68 � 14% andat18 1Cwas
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Table 2 Spawning rate, gamete production ( � 106 for females and � 1010 for males) and repeat spawning rate at succes-
sive inductions of greenlip abalone relative to sex, temperature (T, 1C) and conditioning interval (EAT)

Induction 1 Induction 2

Sex T ( 1C) EAT n
Percentage
spawning

Gamete production
mean ( � SE) Mort

Percentage
spawning

Gamete production,
mean ( � SE)

% repeat
spawners

Female

Male

16

18

16

18

1200

1400

1600

1800

2000

Mean � SE

1200

1400

1600

1800

2000

Mean � SE

1200

1400

1600

1800

2000

Mean � SE

1200

1400

1600

1800

2000

Mean � SE

13

11

12

10

12

12

12

12

11

12

12

11

11

12

12

12

12

12

11

12

31

83

33

60

75

56 � 11A

25

50

25

45

42

37 � 5A

55

91

100

58

83

77 � 9A

25

25

75

27

58

42 � 10B

1.20 � 0.47a

0.36 � 0.08b

1.69 � 0.40a

0.93 � 0.25a

1.69 � 0.42a

1.17 � 0.32A

0.71 � 0.50a

0.33 � 0.07a

0.10 � 0.04a

0.25 � 0.07a

0.53 � 0.21a

0.38 � 0.18B

0.07 � 0.02cd

0.06 � 0.02d

12.38 � 4.86a

5.81 � 2.01abc

7.99 � 2.33ab

5.26 � 1.85T � EAT

0.67 � 0.17a

0.12 � 0.04a

0.08 � 0.02a

0.27 � 0.11a

0.80 � 0.43a

0.39 � 0.15T � EAT

1

0

2

0

0

1

0

2

0

2

3

1

2

2

0

2

1

0

2

2

17

73

100

75

75

68 � 14A

36

33

70

100

80

64 � 13A

89

80

78

80

92

84 � 3A

80

100

100

78

80

88 � 5A

1.57 � 1.02a

1.53 � 0.29a

1.27 � 0.32a

1.93 � 0.62a

1.66 � 0.47a

1.59 � 0.54A

0.69 � 0.01a

0.98 � 0.42a

0.95 � 0.33a

0.75 � 0.22a

1.56 � 0.24a

0.99 � 0.24B

6.03 � 3.08a

13.72 � 5.85a

26.80 � 9.50a

20.21 � 5.57a

25.86 � 5.03a

18.50 � 5.81A

5.85 � 1.49a

5.07 � 1.95a

7.06 � 2.74a

4.00 � 2.08a

4.21 � 2.25a

5.24 � 2.10B

8

63

30

60

75

47 � 2A

9

25

10

45

50

28 � 9B

33

70

66

55

75

60 � 7A

20

18

75

11

40

31 � 12B

n, sample size; mort, mortalities between inductions. Comparisons made within sex and within column. EAT groups (at each tempera-
ture) with the same lower case letter are not signi¢cantly di¡erent. Likewise, means for each temperature treatment with the same
upper case letter are not signi¢cantly di¡erent. T � EAT superscript indicates an interaction e¡ect (see text for details of each case).
EAT, e¡ective accumulative temperature in degree days.

64 � 13% (NS). Mean repeat spawning rate was
47 � 2% and 28 � 9% at 16 and 18 1C respectively.
For females held at16 1C, there was a signi¢cant EAT
e¡ect on the proportion of females that spawned
either repeatedly, only once, or not at all. The 1200
group contained signi¢cantly more non-spawners
and fewer repeat spawners, than the other groups.
Therewas no EATe¡ect on the frequencyof non-, sin-
gle or repeat spawners in the18 1C treatment. Spawn-
ing commenced after 9 h 12 � 23min at 16 1C and
8 h 48 � 37min at 18 1C and there was no tempera-
ture or EAT e¡ect on this variable. Mortality rates
were 5% and 9% at16 and18 1C respectively (NS). Fe-
males held at 16 1C produced signi¢cantly more
eggs (1.59 � 0.54 � 106 female�1) than those held at
18 1C (0.99 � 0.24 � 106 female�1) but conditioning
interval did not a¡ect egg production at either
temperature.
There were no signi¢cant temperature or EAT ef-

fects on the mean of IndDi¡ across the range of treat-

ments, implying no change in egg production
between the ¢rst and second inductions. There
was, however, a signi¢cant temperature e¡ect on In-
dTotal in which egg totals for groups at 16 1C were
higher than at 18 1C. There was no signi¢cant rela-
tionship between shell length and egg production
(r250.003).

Spawning response of male greenlip
abalone (H. laevigata)

At the ¢rst induction, mean spawning rate of green-
lip males at16 1C (77 � 9%) was signi¢cantly higher
than that of males at 18 1C (42 � 10%; Table 2).
Spawning commenced after 9 h17 � 31min at16 1C
and 8 h 48 � 26minat18 1C, with no temperature or
EATe¡ects on this factor. A signi¢cantT � EAT inter-
action on mean sperm production was detected,
being greater for animals held at � 1600 EAT 1C-
days at 16 1C (5.81^12.38 � 1010male�1) than
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remaining groups at16 1C (0.06^0.07 � 1010male�1)
and all groups at18 1C (0.08^0.67 � 1010male�1).
When induced a second time, the spawning rate of

all male groups was high; 84 � 3% at 16 1C and
88 � 5% at 18 1C. The mean repeat spawning rate
was 60 � 7% and 31 � 12% at 16 and 18 1C respec-
tively (NS). At 16 1C, the proportion of males that
spawned either repeatedly, only once, or not at all
did not di¡er signi¢cantly between conditioning in-
tervals. However, at 18 1C, most males in the 1200,
1400 and 1800 groups spawned only once, whereas
most males in the1600 group spawned twice. In the
2000 group, the ratio of repeat spawners to single
spawners was 2:3. The average spawning response
time was 8 h 09 � 26min at 16 1C and 8 h
50 � 14min at 18 1C. There was a signi¢cant
T � EAT interaction on spawning response times
but no obvious trend in the datawas discernible. Mor-
tality rates were16% at16 1C and13% at18 1C. Males
held at 16 1C produced signi¢cantly more sperm
(18.50 � 5.81 � 1010male�1) than those held at
18 1C (5.24 � 2.10 � 1010male�1) but conditioning
interval did not a¡ect sperm production at either
temperature.
Values of IndDi¡ (the standardized di¡erence in

sperm production between the ¢rst and second in-
ductions) for animals held at16 1C were signi¢cantly
higher than those at 18 1C, indicating that the in-
crease in sperm production between the two induc-
tions was greatest for 16 1C males. There was a
signi¢cant T � EAT interaction on the means of the
individual totals over both inductions (IndTotal). In-
dTotal increased proportionally with EAT in the16 1C
groups, with a threefold di¡erence between the long-
est and shortest conditioning intervals. No signi¢-
cant di¡erence in this factor was detected at 18 1C.
There was no signi¢cant relationship between shell
length and sperm production (r250.032).

Discussion

Spawning rate and gamete production

Conditioning of blacklip and greenlip abalone on
a formulated feed for as little as 114 days at
18 1C (1200 EAT 1C-days) or as long as 235 days at
16 1C (2000 EAT 1C-days) before induction generally
yielded gamete production and spawning rates that
can be considered commercially acceptable for
hatchery production. Likewise, inductions after a
second, identical conditioning interval also resulted
in moderate-to-high spawning success in most cases.

Table 3 Estimated EAT, based on a BZP of 7.5 1C, and true
EAT for blacklip and greenlip abalone, based on BZP values
of 7.8 and 6.9 1C respectively (Grubert & Ritar 2004)

True EAT

Estimated EAT Blacklip Greenlip

1200

1400

1600

1800

2000

1160

1350

1540

1740

1930

1280

1500

1700

1930

2140

True EAT is calculated using a water temperature of 16 1C.
EAT, e¡ective accumulative temperature in degree days; BZP,
biological zero point.

Although this study used an estimated BZP of
7.5 1C for both species, a concurrent work showed
that the actual BZP for gonad development was
7.8 1C for blacklips and 6.9 1C for greenlips (Grubert
& Ritar 2004). Therefore, at any given temperature,
it takes less time for greenlips, and longer for black-
lips, to reach the designated conditioning interval
than when the estimated BZP value was used in the
original calculations. The recalculated EAT values
(using the actual BZP) for each species are given in
Table 3.
The mean (and total) gamete production of both

sexes of each species was higher when broodstock
were held at 16 1C than at 18 1C. The optimal condi-
tioning interval to ensure a high spawning rate and
gamete production for blacklip abalone at 16 1C is
� 188 days ( � 1540 EAT 1C-days) for males and
� 165 days ( � 1350 EAT 1C-days) for females. Cor-
responding ¢gures for H. laevigata are � 188 days
( � 1700 EAT 1C-days) for males and � 212 days
( � 1930 EAT 1C-days) for females.
The fact that reproductive conditioning of adult H.

rubra and H. laevigata was more successful at 16 1C
than at18 1C was unexpected, particularly given that
the optimal temperature for growth of juveniles is
17.0 and 18.3 1C respectively (Gilroy & Edwards
1998). Thus, it appears that the optimal temperature
for growth (be it somatic or gonadal) of H. rubra and
H. laevigata declines with size, a phenomenon pre-
viously documented in H. rufescens by Steinarsson
and Imsland (2003).
Given that fecundity of abalone can be determined

in a number of ways, it is important to distinguish be-
tween estimates of instantaneous fecundity (derived
from counts of spawned eggs), as in this study, and
potential fecundity (number of oocytes in the ovary).
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Table 4 Instantaneous fecundity from induced spawnings of selected female Haliotidae relative to shell length, origin and
diet

Instantaneous Shell length

Species
fecundity ( � 103,
mean � SDor range)

(mm, mean �
SDor range) Origin Diet Source

Haliotis asinina 102 � 1
137 � 1

49 � 1 Cult. G.b.
G.b. and formulated

Bautista-Teruel, Millamena and

Fermin (2001)
126 � 2 Formulated

H. australis 0.2–900 75 � 11 CWC Various macroalgae Moss (1998)

H. coccinea canariensis 11–75 28–48 CWC – Pena (1986)

H. iris 3–1750 – WC – Moss, Illingworth and Tong (1995)

1000–7000 125–140 CWC – G. Moss (pers. comm.)

H. laevigata 100–1000 120–175 CWC Various macroalgae Lleonart (1992)

162–508 60–88 Cult. Various macroalgae

340–8200 117–196 WC – Babcock and Keesing (1999)

100–1400 107–142 CWC Formulated� Plant (2002)

100–1500w 88–142 CWC Formulated� K. Freeman (pers. comm.)

15–5900 100–120 CWC Formulated� This study

H. rubra 1910 � 290

1710 � 570

100–125 CWC Formulated�

P.c. and formulated�
Savva and colleagues (2000)

1110 � 300 P.c.

54–5900 120–142 WC – Litaay and De Silva (2001)

20–2600

15–4800

109 � 1

100–130

CWC

CWC

Formulated�

Formulated�
Plant and colleagues (2002)

This study

H. rufescens 112–5300 111–194 WC – Ault (1985)

85–11085 65–182 CWC N.l.

242 � 263 92 � 6 Cult. N.l. Buchal, Levin and Langdon (1998)

181 � 133 89 � 5 Cult. P.m.

H. tuberculata 20–1600 – WC – Clavier (1992)

�Adam and Amos Abalone Feeds broodstock feed.
wMean of all animals induced.
^, data not available; cult., cultured broodstock; CWC, conditioned wild-caught broodstock;WC, wild-caught broodstock; G.b., Gracilar-
iopsis bailinae; P.c., Phyllospora comosa; N.l., Nereocystis luetkeana; P.m., Palmaria mollis.

This distinction is made as the latter tends to over-
estimate the former, particularly when the ovary
contains multiple cohorts of oocytes (e.g. in H. asini-
na; Jebreen, Counihan, Fielder & Degnan 2000) or in
the case of partial spawning. As we subsampled
spawned eggs, the following discussion refers only
to estimates of instantaneous fecundity.
The spawning response and egg production of H.

rubra reported here was similar or slightly higher
(for equivalent-sized animals) to previous research
on this species (see Table 4). Plant and colleagues
(2002) found that spawning success of female H. ru-
bra peaked after 120 days conditioning at 18 1C (92%
spawned; 2.0 � 106 eggs female�1), which equates
to approximately 1220 EAT 1C-days, while females
conditioned for longer (150 days or approximately
1600 EAT 1C-days) were less responsive (65% spaw-
ned) and produced fewer eggs (1.1 � 106 eggs
female�1). By contrast, no reduction in egg produc-

tion by female H. rubra held for � 1200 EAT 1C-days
was observed during this study.
Savva and colleagues (2000) found that for H. ru-

bra held at 16 1C and repeatedly induced at intervals
of 12 weeks, an average of only 8% of females
spawned at each induction, producing 1.6 � 106

eggs female�1 (Table 4). Only 4% of females spawned
more than once, suggesting that a conditioning cycle
of12 weeks (approximating 690 EAT 1C-days) was in-
su⁄cient to complete oogenesis. However, these ani-
mals were collected from the northern limit of the
species range where surface water temperatures can
reach 25 1C in summer. Since high temperatures are
stressful to abalone (Gilroy & Edwards 1998), the re-
productive performance of the broodstock used by
Savva and colleagues (2000) may have been compro-
mised by their thermal history.
Maximum egg production estimates for H. laeviga-

ta (of a given size) reported here aregreater thanmost
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estimates in previous works, with the exception of
Babcock and Keesing (1999). These authors used lar-
ger animals (see Table 4) and recorded a maximum
fecundity of 8.2 � 106 eggs, approximately 2 million
more than our highest estimate. In his trial on wild-
caught H. laevigata, Lleonart (1992) conditioned ani-
mals at16 1C for112 days (1020 EAT 1C-days) prior to
induction, at which point 38% of females and17% of
males spawned, resulting in the production of 0.1^
1.0 � 106 eggs female�1 while no sperm production
was given.
When Plant (2002) induced wild-caught H. laevi-

gata that were previouslyconditioned (but at di¡erent
stages of maturity) at 17 1C, the initial spawning rate
was 10^40% for females and 13^50% for males. At
the second induction 4 months (approximately
1030 EAT 1C-days) later, spawning rate was some-
what higher, 14^60% for females and 13^100% for
males. This compares with spawning rates of 17^
100% for females and 25^100% for males during this
study. Egg production, which was recorded by Plant
(2002) only at the second induction, ranged from 0.1
to 1.4 � 106 eggs female�1, while there was a wider
range (0.03^5.9 � 106 eggs female�1) of estimates in
our study.
Groups of wild-caught H. laevigata conditioned

at 17 1C and induced repeatedly at intervals of
6^12 weeks (equivalent to 420^840 EAT 1C-days
respectively) produced 0.1^1.5 � 106 eggs female�1

(K. Freeman, pers. comm.) which is comparable
with the values derived from our data (0.1^1.3 �
106 eggs female�1; calculated as total egg produc-
tion/number of animals induced, not number of ani-
mals that spawned). However, animal weights in the
former study were approximately 25% heavier than
here (see Table 4 for comparison of SL). In that
study, total egg production in the two shortest
cycles (420 and 560 EAT 1C-days) was low at the
¢rst induction and high at the second (equivalent
to 840 and 1120 EAT 1C-days respectively), whereas
the reverse was the case for longer cycles (700
and 840 EAT 1C-days). Beyond the second induction,
total egg production progressively declined in all
groups. This suggests that female H. laevigata
can be conditioned within 700^1120 EAT 1C-days
at17 1C, which is shorter than the optimal ¢gure sug-
gested in our study (�1930 EAT 1C-days at 16 1C).
However, the reduction in egg production over a
series of frequent inductions indicates that short
conditioning periods (i.e. o1200 EAT 1C-days) are
not conducive to consistent spawnings of this
species.

Kabir (2001) found that the intervals required to
condition the cool temperate abalone H. australis
andH. iris to oocyte maturation (determined histolo-
gically) were moderate to long. H. australis (BZP5

5.0 1C) required � 1400 EAT 1C-days, similar to that
for female H. rubra and H. laevigata (this study) and
H. discus hannai (Kikuchi & Uki 1974a), whereas
H. iris (BZP56.2 1C) required � 2700 EAT 1C-days,
comparable with the ¢gure for H. discus (Kikuchi &
Uki1974b).
The interval required for oogenesis of the tropical

abalone, H. asinina, is short, ranging from 28^40
days during the spawning season (i.e. October^April;
Jebreen et al. 2000). This equates to 310^440 EAT 1C-
days when calculated using the BZP for larval devel-
opment (i.e. 15 1C; Sawatpeera, Upatham, Kruatra-
chue, Chitramvong, Songchaeng, Pumthong &
Nugranad 2001) as a proxy for gonad development
and a temperature of 26 1C (the mean seawater tem-
perature during the spawning season; Counihan,
McNamara, Souter, Jebreen, Preston, Johnson & Deg-
nan 2001). This interval range is less than one-third
that required for oogenesis of temperate abalone.
The physiological reasons behind the large inter-

speci¢c di¡erences in the EAT conditioning interval
required for gametogenesis of abalone may relate to
species di¡erences in the activity and/or complexity
of the biochemical pathways that control this
process. Further studies on the hormonal control of
gametogenesis in Haliotids relative to the EATcondi-
tioning interval need to be undertaken to determine
the factors responsible for these di¡erences.

Fecundity and body size

Despite the large number of females induced to
spawn during this study (4100 for both species), we
found no relationship between egg production and
body size (as shell length) in either H. rubra or H. lae-
vigata. Similar observations were reported by Bab-
cock and Keesing (1999) for H. laevigata and Clavier
(1992) for H. tuberculata, although we note that the
latter author plotted instantaneous fecundityagainst
body weight.
By contrast, Ault (1985) and Litaay and De Silva

(2001) reported power and quadratic relationships
between egg production and shell length in H. rufes-
cens and H. rubra respectively. However, we are un-
sure of the reliability of the latter model given
both the small sample size (n519) and the fact that
it predicts a negative fecundity for H. rubra less than
120mm.
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There are several possible reasons for the apparent
lack of a relationship between fecundity and shell
length reported here. These include: spontaneous
spawnings during the conditioning period (thereby
reducing the number of eggs that could be released
when induced to spawn), partial spawning at an in-
duction (whereby only the most mature eggs are re-
leased) or the narrow size range (100^130mm) of
the broodstock used. In the case of partial spawners,
residual eggs may have either been absorbed or
released during subsequent (planned or unplanned)
spawning events.

Spawning response time

Mean spawning response times were similar for both
sexes ofH. rubra (6 h16min for males and 6 h 29min
for females). These times are consistent with the re-
port by Hone, Madigan and Fleming (1997), but less
than for Plant and colleagues (2002). However, Plant
and colleagues (2002) recorded spawning until 02:00
hours the next morning. Had we continued our ob-
servations until that time (rather than 22:00 hours)
the mean spawning response times may have been
greater. Spawning response times for H. laevigata
were approximately 2.5 h longer than forH. rubra. Fe-
male H. laevigata took longer to respond than males,
as seen previously by Plant (2002).
Kikuchi and Uki (1974c) found that the mean

spawning response time of H. discus hannai was in-
versely related to the intensity of the UV induction
stimulus. Males spawned after 5 h 39min and
females after 6 h 45min when the stimulus was set
at 96mWh L�1 but these ¢gures declined to 2 h
42min and 3 h18min, respectively, when the stimu-
lus was increased to 803mWh L�1. Assuming there
were no signi¢cant changes in the output of our UV
lamps, the intensity of the stimulus (although un-
known) was kept constant during our study bymain-
taining the £ow (at 300mLmin�1) to each tray at
each induction. Despite this, variations in the spawn-
ing response times for both species exceeded those
recorded by Kikuchi and Uki (1974c).
Altering the time when induction commences, re-

lative to the photoperiod, canalso a¡ect spawning re-
sponse times in abalone. Uki and Kikuchi (1982b)
showed that spawning response times of H. discus
hannai can be reduced to 1h 20min for females and
1h 45min for males by supplying UV-irradiated sea-
water to the broodstock 1h before the onset of the
dark phase. Despite the obvious advantages of photo-
period manipulation, which ensures spawning dur-
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ing conventional work hours, few (if any) Australian
abalone hatcheries employ this method to alter the
timing of spawning.This may be because of the varia-
bility in spawning response times of local species, or
perceived disruptions to husbandry practices. A sys-
tematic evaluation of spawning response times, rela-
tive to the application time of the UV stimulus and
onset of the dark phase, should be undertaken on H.
rubra and H. laevigata to determine the e¡ectiveness
of phase shifted spawning inductions.

Conclusions

Both the mean and total gamete production were
higher for male and female H. rubra and H. laevigata
cultured at 16 1C than at 18 1C. The optimal condi-
tioning interval for blacklip abalone at this tempera-
ture is � 1540 EAT 1C-days (� 188 days) for males
and � 1350 EAT 1C-days (� 165 days) for females.
Corresponding ¢gures for H. laevigata are � 1700
EAT 1C-days (� 188 days) for males and � 1930
EAT 1C-days (� 212 days) for females. There appears
to be considerable £exibility in the duration that
blacklip and greenlip abalone may be conditioned on
formulated feeds to yield acceptable spawning perfor-
mance for hatchery production. In most cases, males
and females of both species produced large numbers
of gametes when induced to spawn following both
the ¢rst and second conditioning intervals. Condi-
tioning either species at 16 1C and entraining them
to a spawning cycle based on the recommended EAT
conditioning intervals would allow hatcheries to
consistently produce large numbers of gametes for
use in seed production (or discarded when the
spawning cycle fell between production periods). The
groups of animals may be held in rotation while the
size and number of groups, and how they are stag-
gered for induction, will be a matter for hatchery
management. This study indicates that seedstock
can be produced from the hatchery at any time of
the year when broodstock are held under favourable
culture conditions and provided a formulated feed.
Additional work on broodstock nutrition, preferably
over two or more conditioning intervals, should be
undertaken to determine if spawning performance
of these species can be further improved.
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