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I. General Introduction

Since abalone (Haliotis discus hannai) has been used for human
consumption due to its high nutrient content such as vitamins and amino
acids in Eastern Asia including Korea, its demand becomes high. As demand
of abalone for human consumption increases, its farmed supply keeps rapidly
increasing. Annual production of abalone takes up only 2-3% (6,207 MT) of
the shellfish (326,544 MT) production in volume, but it is responsible for
over 50% (233 billion Won) of the total value (494 billion Won) in 2008,
being a highly valued species (MIFAFF 2009).

Abalone farmers commonly supply macroalga such as sea tangle
(Laminaria japonica) and Undaria pinnatifida which can be easily harvested
in wild to abalone during winter season, on the other hand, they supply
dried sea tangle (L. japonica) and U. pinnatifida for the rest of the year in
Korea. However, these macroalga are known not to satisfy dietary nutrient
requirement of abalone (Lee et al. 1997, Lee et al. 1998). Therefore, several
feeding trials to develop artificial feed with nutrition-balanced for abalone,
such as dietary protein requirement and sources (Uki et al. 1985; Uki, et al.
1986a; Mai et al. 1995b; Lee et al. 1998a; Bautista-Teruel et al. 2003; Cho
et al. 2007), dietary lipid requirement and sources (Mai et al. 1995a; Lee
and Park 1998), dietary fatty acid requirements (Uki et al. 1986), dietary
carbohydrate sources (Lee et al. 1998b) and dietary pigment sources (Lim
and Lee 2003) have been performed. Optimum dietary protein and lipid

levels of abalone were estimated to be 25-35% and 3-7%, respectively when



various levels of protein and lipid in the diets were tested on abalone (Mai
et al. 1995a, 1995b; Fleming et al. 1996; Bautista-Teruel et al. 2003).

At occurrence of unfavourable environmental condition, such as coldwater
mass or red tide, abalone which is a slow-moving shellfish is likely to be
starved to minimize mortality at abalone farms. Sometimes this condition
may last over several weeks and it eventually result to the economical loss
of abalone farmers due to a decrease in production of abalone. Under this
condition, application of compensatory growth which is a faster growth rate
of animals after realimentation while undernutrition is one of the most
effective methods to improve growth and production of abalone. A fewer
studies on compensatory growth of donkey's ear abalone H. asinina (Fermin
2002), northern abalone H. kamtschatkna Carefoot et al. (1993) compared to
fish (Bilton and Robins 1973; Quinton and Blake 1990; Damsgaard and Dill 1998;
Rueda et al. 1998; Gaylord and Gatlin 2000, 2001; Wang et al. 2000; Tian and Qin
2003, 2004; Cho 2005b; Cho and Jo 2002) have been performed. Compensatory
growth of fish varied depending on fish species, feed allowance, fish
species, fish size, water temperature, feed allowance, dietary nutrient content,
duration of feeding trial, feeding regimes and social factor (Bilton and
Robins 1973; Hayward et al. 1997; Rueda et al. 1998; Gaylord and Gatlin
2000; Wang et al. 2000; Gaylord and Gatlin 2001; Zhu et al. 2001; Ali et
al. 2003; Oh et al. 2007, 2008; Bavcevic et al. 2010).

Therefore, in this study, effects of different feeding regimes on
compensatory growth of juvenile abalone fed the formulated diet and dry sea

tangle were compared.



II. Experiment 1
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Compensatory growth of fish (a rapid or faster than
normal growth rate resulting [rom refeeding after
fasting or undernutrition) has been reported in many
fish species and varies depending on fish species, fish
size, water temperature, feed allowance, dietary
nutrient composition, duration of feeding trial and
feeding regime (Zhu, Cui, Ali & Wootton 2001; Cho
2005; Cho, Lee, Park, Ji, Lee, Bae & Oh 2006; Oh, Noh
& Cho 2007; Oh, Noh, Kang, Kim, Cho & Jo 2008).
However, there are few studies on the effect of alter-
nate starvation and refeeding cycles on compensa-
tory growth of donkey’s ear abalone Haliotis asinina
(Fermin 2002). Compensatory growth of fish is usual-
ly accompanied by an increase in food intake after
refeeding, called hyperphagia (Fermin 2002; Cho
et al. 2006; Oh et al. 2007, 2008).

Abalone (Haliotis discus hannai Ino) is the most
commercially important marine shellfish species for
aguaculture in Eastern Asia because of its high nutri-
tional value for human consumption. Thus, many
feeding trials on dietary protein requirements (Uki,
Kemuyama & Watanabe 1986; Mai, Mercer & Donlon
1995b) and protein sources (Uki, Kemuyama &
Watanabe 1985; Lee. Yun & Hur 1998; Bautista-Teruel.
Fermin & Koshio 2003; Cho, Park, Kim & Yoo 2007),
dietary lipid requirement and sources (Mai, Mercer &
Donlon 1995a; Lee & Park 1998), dietary fatty acid re-
quirements (Uki, Sugiura & Watanabe 1986), dietary
carbohydrate sources (Lee, Yun, Min & Yoo 1998)
and dietary pigment sources (Lim & Lee 2003) have
been performed for abalone grow-out. Optimum aba-
lone dietary protein and lipid requirements were esti-
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mated to be 25—35% and 3—7%, respectively, when
various levels of protein and lipid in abalone diets
were tested (Mai et al. 1995a, b; Fleming, Barneveld &
Hone 1996; Bautista-Teruel et al. 2003).

Under unfavourable environmental conditions,
such as an oeccurrence of coldwater mass or red tide,
abalone is likely to be starved to minimize mortality
at abalone farms. Sometimes this condition may last
over several weeks during abalone culture, deterio-
rate its growth and eventually lead to a reduction in
abalone production. In this study. therefore, the pos-
sibility of compensatory growth of abalone with dif-
ferent feeding regimes when the properly formulated
diet was supplied was investigated.

Juvenile abalone were purchased from a private
hatchery and transferred to an abalone farm (Korea
Aquaculture Institute, Gyeongsangbuk-do, Korea).
Before the initiation of the feeding trial, abalone
were acclimated to the experimental conditions for
4 weeks and fed the dry sea tangle (Laminaria japoni-
ca) once a day at the ration of 1.5—-2.0% of total bio-
mass. Filty juvenile abalone averaging 100 £+ 006 g
(mean + SD) were randomly stocked into each of
the 18, 50 L. plastic rectangular containers. Six con-
tainers were placed into each of three 1.3 tonne con-
crete flow-through raceway systems at a flow rate of
120 Lmin ~ . Sand-filtered seawater at temperatures

2.76 °C) was supplied throughout the 16-week feed-
ing trial. Aeration was supplied into each raceway
and the photoperiod followed the natural condition.
The experimental diets were fed to abalone once a

@ 2009 The Authors
Journal Compilation © 2009 Blackwell Publishing Ltd
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Table 1 Ingredients and nutrient composition of the
experimental diet

Composition (g kg ')

Ingredients
Fishmeal* 380
Defatted soybean meal 150
Dextrint 170
Sea tangle powder 30
Soybean oil 5
Fish oil 5
Sodium alginate: 200
Vitamin premixg 20
Mineral premix® 40

Mutrient (DM basis, gkg ")
Dry matter 812
Crude protein 359
Crude lipid 50
Ash 155

*Fishmeal imported from Chile.

fDextrin was purchased from Sigma Chemical (St Louis, MO,
ISA).

1Sodium alginate was purchased from Sigma Chemical.
§Vitamin premix contained the following amounts of ingredients.
which were diluted in cellulose (g kg™ ' mix): L-ascorbic acid, 200%
w-tocopheryl acetate, 20; thiamin hydrochloride. 5: riboflavin, 8:
pyridoxine, 2: niacin, 40: Ca-p-pantothenate, 12: myo-inositol,
200k p-biotin, 04; folic acid. 1.5; p-amino benzoic acid, 20; Ka. 4
A, 15; D3, 0003; choline chloride, 200: cyanocobalamin, 0.003.

S Mineral premix contained the following ingredients (g kg~ '
mix): NaCl 10, MgS0,, - 7H, 0. 150; NaH , PO, - 2H,0, 250; KH,PO.,.
320; CaH4(P0O4) - H20, 200; ferric citrate, 25; ZnS04 - 7H>0, 4: Ca-
lactate. 38.5: CuCL 0.3: AICl; - 6H20. 015 KIOs 0.03; NaaSeax0a
001; MnS0, - H,0, 2 CoCl, - 6H,0,0.1.

day (17:00 hours) to satiation (about L5—-2.0% bio-
mass). Dead abalone were removed daily and the bot-
toms of the containers were siphon-cleaned every
other day.

A 38% fishmeal and 15% defatted soybean meal
combination was used as the protein source in the
experimental diet (Table 1). Dextrin, and soybean oil
and fish oil were used as carbohydrate and lipid
sources, respectively, and a 20% sodium alginate
was also added to the experimental diet. Thereafter,
all the ingredients were mixed mechanically with
water at 1:1 by volume. A paste was prepared with an
electronic mixer and shaped into 0.15-cm-thick
sheets, which were then cut by hand into lem”
flakes. The flakes were dipped into an aqueous solu-
tion of CaCl, (5%) for 1min and the excess of liquid
was drained naturally. The flakes were then dried
naturally for 2 days and stored at — 20 “C until use.

Six treatments with triplicates were used. The aba-
lone control group (Con) was fed once daily to satia-
tion on the experimental diet for 16 weeks. Other

© 2009 The Authors

abalone were fed once a day for 15 weeks after a
1-week feed deprivation (S1 treatment), for 14 weeks
after a 2-week feed deprivation (82 treatment), for
13 weeks after a 3-week feed deprivation (S3 treat-
ment), for 12 weeks alter a 4-week feed deprivation
(S4 treatment) and for 10 weeks alter a 6-week leed
deprivation (S6 treatment) respectively.

Al initiation, 20 abalone were sampled and frozen
for chemical analysis and 15 abalone from each con-
tainer at the end of the feeding trial were also
sampled and frozen for chemical analysis. All sam-
ples were thawed and the shell and soft-body tissue
were separated before examination. Shell length and
width were measured in millimetres with a digital
caliper (Mitutoyo, Kawasaki, Japan), and the ratio of
thesoft body weight to total body weight (the carcass
weight +the excised shells weight) of abalone was
calculated to determine an index of the nutritional
status of abalone.

The separated carcasses of all abalone from each
container were then homogenized and used for prox-
imate analysis. Crude protein content was deter-
mined by the Kjeldahl method (Auto Kjeldahl
System, Buchi B-324/435/412, Switzerland), crude
lipid was determined by an ether-extraction method,
moisture was determined by oven drying at 105 °C for
24 h and ash was determined by a muffle furnace at
550 °C for 4 h. All these methods were adopted {rom
AOAC (1990).

One-way anova and Duncan’s multiple range test
(Duncan 1955) were used to determine the differ-
ences between the means of treatments through sas
version 9.1 (SAS Institute, Cary, NC, USA). A regres-
sion analysis was used for weight change of abalone
over time during the 6-week food deprivation (SAS
Institute).

The following linear relationship was observed
between the change in weight (g abalone ') of aba-
lone and the week of feed deprivation (P<0007): Y
(weight of abalone) = — 0.04X (week of feed depriva-
tion)+ 1014, R? =0.6108. A reduction in weight in
abalone with any number of weeks ol feed depriva-
tion was relatively lesser than that of fish reported in
Cho (2005) and Cho et al’s (2006) studies (Fig. 1).

Survival of abalone in the Con, 81, 82 and S3 treat-
ments was significantly (P < 0.05) higher than that in
the 84 and S6 treatments (Table 2). However, unlike
this study, Carefoot, Qian, Taylor, West and Osborne
(1993) reported that no mortality of abalone (Haliotis
kamtschatkana) subjected to 27 days of starvation
was observed and these periods of starvation led to
no debilitating illness or excessive weight loss in

Journal Compilation © 2009 Blackwell Publishing Ltd. Aguaculture Research. 40, 984-987 985
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abalone. Abalone subjected to a > 4-week starvation
seemed to sufler a critically lower survival rate.
Weight gain of abalone tended to decrease in pro-
portion to the number of weeks of feed deprivation,
indicating that juvenile abalone do not have the abil-
ity to achieve full compensatory growth after being
subjected to any number of weeks of feed deprivation
under this experimental condition. Unlike this study,
however, growth of abalone fed on the macro alga
(Gracilariopsis bailinae) with a different feeding re-
gime (alternate 5-day feed deprivation and 5-day re-
feeding or 10-day feed deprivation and 10-day
refeeding for 120 days) was poorer than that of aba-
lone fed the alga daily, although full compensatory
growth was achieved in donkey’s ear abalone sub-
jected to alternate feed deprivation and refeeding,
and then fed alga to ad libitum daily during the fol-
lowing 80 days (Fermin 2002). Based on the results
of this study and Fermins (2002) study, abalone
seemed to have the ability to achieve differing com-
pensatory growth depending on species, leeding re-
gime and diet type. In comparison, some fish species

10.2
10.1
10.1
10.0

10.0

9.9

Weight of abalone (g/abalone)

9.9
0 1 2 % 4 ) 6 7

Weeks

Figure 1 Change in weight (gabalone ') of juvenile
abalone Haliotis discuss hannai with feed deprivation
(mean + SE, n= 3): Y (weight of abalone) = — 004X
(week of feed deprivation)+ 10.14, R* = 0.6108. (P < 0.007).

had an ability to achieve full compensatory growth
up to a 2-week leed deprivation in the feeding trials
(Zhu et al. 2001; Cho 2005; Cho et al. 2006). The smal-
ler fish seemed less able to tolerate feed deprivation
(Bilton & Robins 1973).

Shell length of abalone in the Con and S1 treat-
ments was significantly (P < 0.05) longer than that of
abalone in the 52, 83, 84 and S6 treatments. Shell
width of abalone in the Con treatment was not signif-
icantly (P> 0.03) different from that in the S1 treat-
ment, but significantly (P < 0.05) greater than that in
the 82, 83, S4 and 86 treatments. Both shell length
and shell width tended to decrease with the number
of weeks of feed deprivation, similar to the pattern of
weight gain at the end of the 16-week feeding trial in
this study. However, the ratio of the soft body weight
to the total body weight of abalone in the Con, S1 and
5S4 treatments was significantly (P<0.)3) greater
than that in the S6 treatment, which was the lowest,
but not significantly (P = 0.05) different from that in
the S2 and 83 treatments.

The moisture, crude lipid and ash content of aba-
lone carcasses were not significantly (P = 0.05) differ-
ent between treatments (Table 3). However, crude
protein content of abalone in the Con treatment was
significantly (P < 0.05) higher than that of abalone in
the 54 and 86 treatments, but not significantly
(P = 0.05) different from that of abalone in the S1, 52
and 83 treatments. The lowest crude protein content
was obtained in abalone in the S6 treatment. Crude
protein content of abalone tended to decrease with
the number of weeks of feed deprivation except lor
abalone in the S2 treatment, partially agreeing with
other studies, which showed that the crude protein
content of fish decreased with the number of weeks
of feed deprivation (Oh et al. 2007, 2008).

Because the nutrient (protein and lipid) content
of macro-algae is poorer than that of the well-
formulated diet, the compensatory growth ofabalone

Table 2 Survival (%), weight gain (g abalone ~ ), shell length (mm), shell width (mm) and the ratio of the soft body weight to
thetotal body weight of abalone fed the experimental diet for 16 weeks

Initial weight Final weight Weight gain Shelllength  Shell width Soft body weight/
Treatments (gabalone ~') (gabalone ') Survival (%) (gabalone™ ') (mm) (mm) total body weight
Con 10.0 + 0.02 17.8 + 0.40% 98.0 + 1.15%° 7.7 + 0.38° 52.7 + 0.43% 345 + 0.47°  0.70 + 0.006"

S1 10.1 + 0.05 16.6 + 0.25° 98.0 + 1.15° 6.5 + 0.30° 51.7 +0.13° 335 + 0.23°° 0.70 + 0.005%

s2 10.0 + 0.02 14.4 + 0.26™ 100 + 0.00° 4.7 + 0.00° 497 + 001" 326 + 011" 068 + 0.005%"
s3 10.0 + 0.01 14.7 + 0.10° 98.7 + 1.76° 4.4 + 0.24° 49.7 + 0.65" 318 + 0.69°  0.68 + 0.008%°
sS4 10.1 + 0.04 141 + 024> 93.3+ 1.76° 4.0 + 0.23™ 49.4 +0.43° 317 + 019  0.69 + 0.001*

S6 10.0 + 0.01 13.6 + 0.15¢ 90.0 + 1.15° 36 + 0.15¢ 48.7 + 0.38" 314 + 022° 067 + 0.008°

Values (mean + SE) in the same column sharing a common superscript are not signiticantly different (P < 0.05).

@ 2009 The Authors

986 Journal Compilation © 2009 Blackwell Publishing Ltd. Aquaculture Research, 40, 984987
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Table 3 Chemical composition (g kg ') of carcass ol aba-
lone with different feeding strategy

Treatments Moisture Crude protein Crudelipid Ash

Con BO7 +2.5 136 + 1.6° 13 + 06 23+ 03
S1 815 + 6.1 126 + 4.9° 13 +14 23+ 15
S2 806 + 2.2 130 + 1.4%° 16 £ 1.0 23+ 02
S3 808 + 1.1 127 + 1.4°™ 13 +10 23+ 03
S4 B13 + 4.6 122 + 4.7 12+16 24 + 0.2
S6 815 + 3.3 119 4+ 2.4° 15 +23 24 + 04

Values (mean + SE. n= 3) in the same column sharing the
same letter are not significantly different (P < 0.05).

can potentially be quite different. Therefore, a com-
parison of compensatory growth of abalone sub-
jected to fasting when fed on macro-algae and the
well-formulated diet is urgently needed in the [uture.
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III. Experiment 2

Effect of feeding regime on compensatory growth of juvenile
abalone (Haliotis discus hannai) fed the

dry sea tangle (Laminaria japonica)

Abstract

Effect of feeding regime on compensatory growth of juvenile abalone
(Haliotis discus hannai) fed the dry sea tangle (Laminaria japonica) was
determined. Six treatments with triplicate were used in this study: abalone
were fed the dry sea tangle once a day at a satiation level for 16 weeks as
a control (Cont.) and other five groups of abalone were fed the dry sea
tangle once a day at a satiation level for 15 weeks after 1-week starvation
(Starvation 1 treatment: S1), 14 weeks after 2-week starvation (Starvation 2
treatment: S2), 13 weeks after 3-week starvation (Starvation 3 treatment: S3),
12 weeks after 4-week starvation (Starvation 4 treatment: S4), and 10 weeks
after 6-week starvation (Starvation 6 treatment: S6), respectively.

The highest survival of abalone was achieved in the S2 treatment, but
not different from that of abalone in the Cont., S1 and S3 treatments
(P>0.05). Weight gain of abalone in the Cont. treatment was higher than that
of abalone in the S4 and S6 treatments (P<0.05), but not different from that

of abalone in the S1, S2 and S3 treatments (P>0.05). Chemical composition



of abalone was not affected by different feeding regimes (P>0.05).



1. Introduction

Abalone (Haliotis discus hannai) is one of the most commercially
important marine shellfish species for aquaculture in Korea due to its high
market value and nutrient content for human consumption, hence, its annual
aquaculture production has recently kept in creasing sharply (KNSO 2009).
It has been commonly raised by feeding macroalga, such as sea tangle
(Laminaria japonica) or Undaria pinnatifida in commercial farming, but this
macroalga is naturally grown and harvested during the winter season.
Therefore, dry sea tangle or U. pinnatifida harvested during the winter
season and prepared by dry processing is commonly supplied to abalone
during year-round culture except for the winter season.

Since macroalgae were known to be limiting in dietary nutrient
requirements for the growth of abalone probably due to its low protein
and/or lipid content (Viana et al. 1993; Lee et al. 1998; Bautista-Teruel and
Millamena 1999; Cho et al. 2008), it could eventually lead to poor
production of abalone. Mai et al. (1994) reported that amino acids which
were likely to be deficient in 6 species of macroalgae could be the limiting
factors for growth of abalone. Therefore, Fleming et al. (1996) suggested the
development of artificial diets for abalone culture. However, farmers prefer
feeding abalone by macroalgae in place of artificial diets in commercial
farming due to easy management and less water pollution sources

discharged.



Compensatory growth of fish, a rapid or faster than normal growth rate
resulting from refeeding after fasting or undernutrition, commonly occurs in
the wild due to limited food availability. A feeding strategy leading to
compensatory growth of abalone could be wuseful to abalone farming.
Carefoot et al. (1993) reported that 27 days of starvation led to no
debilitating illness or excessive weight loss and no loss in meat quality in
Northern abalone (H. kamtschatkana). Also, donkey’s ear abalone (H. asina)
fed on the seaweed (Gracilariopsis bailinae) for 60 days after subjected to
alternate feeding regimes (5-day starving and 5-day refeeding or 10-day
starving and 10-day refeeding) for 140 days achieved full compensatory
growth (Fermin 2002). However, abalone achieved only partial compensatory
growth when fed a nutrition-balanced diet after 1-, 2-, 3-, 4- and 6-week
starvation in the previous study (Cho et al. 2009). Dietary nutrient
composition could largely affect compensatory growth of abalone as well.

In this study, the effect of feeding regime on compensatory growth of

abalone fed on the dry sea tangle was determined.

2. Materials and Methods

2.1. Abalone and the Experimental Conditions

Juvenile abalone of the same age (approximately 12 months old) and
similar size were purchased from a private hatchery (Harim Abalone Farm,
Jeollanam-do, Korea) and transferred to an abalone farm (Korea Aquaculture

Institute, Gyeongsangbuk-do, Korea). Before initiation of the feeding trial,
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abalone were acclimated to the experimental conditions for 2 weeks and fed
the dry sea tangle once a day at 1-2% biomass. Thirty juvenile abalone (an
initial body weight: 15.7£0.07 g) were randomly stocked into each of the
18, 50 plastic rectangular containers (water volume: 25 L). Six containers
were placed into each of three 1.3 ton concrete flow-through raceway
systems (water volume: 600 L) at a flow rate of 120 L/min. A mixture of
the sand-filtered seawater and power plant effluent was supplied to maintain
constant temperature, ranging from 21.0 to 23.0 °C (meantSD: 22.3+0.48 °C).
Aeration was supplied into each raceway and the photoperiod followed the
natural condition. Dead abalone were removed daily and the bottoms of the

containers were siphon-cleaned on every other day.

2.2. Design of the Feeding Trial

Six treatments with triplicates were used in this study. Abalone were fed
the dry sea tangle (Crude protein 10.5%, crude lipid 0.1% and ash 22.8%)
once a day (17:00) at a satiation level with a little left over (1.5-2.0% of
biomass) for 16 weeks as a control (Cont.). Other abalone were fed the dry
sea tangle once a day at the satiation level with a little leftover for 15
weeks after 1-week starvation (Starvation 1 treatment: S1), 14 weeks after
2-week starvation (Starvation 2 treatment: S2), 13 weeks after 3-week
starvation (Starvation 3 treatment: S3), 12 weeks after 4-week starvation
(Starvation 4 treatment: S4), and 10 weeks after 6-week starvation (Starvation 6

treatment: S6), respectively.
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2.3. Analysis of Proximate Composition of Abalone

Ten abalone at the initiation of the experiment and fifteen abalone from
each container at the end of the feeding trial were sampled and frozen at
- 40 °C for chemical analysis. All samples were thawed, followed by
separation of the shell and soft-body tissue prior to examination. Shell
length and shell width were measured in mm with a digital -caliper
(Mitutoyo Corporation, Kawasaki, Japan), and the ratio of the soft body
weight to total body weight (the carcass weight+the excised shell’s weight)
of abalone was calculated to determine an index of the nutritional status of
abalone.

The separated carcass from all abalone from each container was then
homogenized and used for proximate analysis. Crude protein content was
determined by the Kjeldahl method (Auto Kjeldahl System, Buchi
B-324/435/412, Switzerland), crude lipid determined by an ether-extraction
method (Soxtec TM 2043 Fat Extraction System, Foss Tecator, Sweden),
moisture determined by oven drying at 105 °C for 24 h, and ash determined
by a muffle furnace at 550 °C for 4 h. All these methods were adopted
from AOAC (1990).

2.4. Statistical Analysis
One-way ANOVA and Duncan's multiple range test (Duncan 1955) were

used to determine the differences between the means of treatments through
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SAS version 9.1 (SAS Institute, Cary, NC, USA). Also, a regression
analysis was used for weight change of abalone over time during the

6-week starvation (SAS Institute, Cary, NC, USA).

3. Results and Discussion

A linear relationship between weight change of abalone (g/abalone) and
week of starvation was observed (P<0.0001): Y (weight of abalone)= — 0.17X
(week of starvation)+15.89, R’=0.9462 (Fig. 1). Weight loss of juvenile
abalone averaging 15.7 g was estimated to be 3.2% at mean temperature of
22.3+0.48 °C for 4-week starvation in this study, whereas that of juvenile
green abalone averaging 38.8 g was estimated to be 13.4% at 21.5+0.5 °C
for 27-day starvation (Viana et al. 2007). This difference could have resulted
from the greater weight loss in the larger abalone than the smaller one
during starvation. Cho et al. (2009) reported weight loss of smaller abalone
averaging 10.0 g at 22.2 °C for 4-week starvation was less (ca. 1%) than
this study. Also 27 days of starvation led to no debilitating illness, excessive
weight loss or deterioration of meat quality in Northern abalone (Carefoot et
al. 1993).

The highest survival of abalone was achieved in the S2 treatment, but not
significantly different (P>0.05) from that of abalone in the Cont., S1 and S3

treatments (Table 1).
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Weight of abalone (g abalone)

16.0

14.8

14.4

0 1 ¢/ 3 4 5 6

Week of starvation

Figure 1. Change in weight (g abalone') of juvenile abalone with starvation (means=SE,

n=3): Y = — 0.17X+15.89, R*=0.9462 (P<0.0001) X= (week of starvation), Y= (weight

of abalone).
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Also, no significant (P>0.05) difference in survival of abalone was
observed in the Cont., S1, S3 and S4 treatments. This might indicate that
abalone subjected to more than 4-week starvation could lead to decreased
survival. The lowest survival of abalone was observed in the S6 treatment
in this study. Similarly, Cho et al. (2009) reported that abalone subjected to
longer feed deprivation had lower survival at the end of the feeding trial.
Weight gain of abalone in the Cont. treatment was significantly (P<0.05)
higher than that of abalone in the S4 and S6 treatments, but not
significantly (P>0.05) different from that of abalone in the S1, S2 and S3
treatments. This might indicate that abalone fed on the dry sea tangle after
up to 3-week starvation could achieve full compensatory growth in this
study. Also weight gain of abalone in the S4 treatment was significantly
(P<0.05) higher than that of abalone in the S6 treatment. Lower weight gain
was achieved in abalone fed on the dry sea tangle than nutrition-balanced
diet, agreeing with other studies (Lee et al. 1998; Bautista-Teruel and
Millamena 1999; Cho et al. 2008). However, unlike this study, abalone did
not achieve full, but partial compensatory growth in proportion to week of
starvation (Cho et al. 2009). According to the results of both studies, the
ability of juvenile abalone to achieve compensatory growth seemed to vary
depending on feed nutrient content (or type). Growth rate of control group
in this study was lower than that of abalone fed on the nutrition-balanced
diet in Cho et al. (2009)’s study (35% vs 77%).

Hence abalone fed on the sea tangle 3-weeks of starvation could fully

catch up with growth of control abalone.
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Table 1. Survival (%), weight gain (g abalone’), shell length (mm), shell width (mm) and the ratio of the soft

body weight to total body weight of abalone fed the experimental diet for 16 weeks'

Soft body

Initial weight Final weight Survival Weight gain Shell length Shell width )
weight/total

Treatments 1 0 /
(g abalone’) (g abalone ) (%) (g abalone ™) (mm) (mm)

body weight
Cont. 15.8 £ 0.01 21.3 + 0.56° 74.4 + 4.01® 5.5 + 0.54* 57.7 £1.42" 36.8 + 1.12° 0.59 + 0.010°

S1 157 + 0.05 20.1 + 0.19® 67.8 + 1.11° 4.3 + 0.16" 563 + 0.19" 36.3 = 033" 0.59 + 0.007°
S2 157 £ 0.06  19.7 = 0.64° 75.6 + 2.22° 4.0 + 0.59® 56.0 + 0.61° 36.2 + 0.56" 0.568 + 0.014
S3 157 = 0.01 19.9 £ 0.48° 66.7 + 0.00™ 4.2 + 0.48™ 56.4 + 1.70° 36.3 = 1.46" 0.58 + 0.019"
S4 157 + 0.02 18.8 + 0.45" 64.4 + 6.19° 3.2 + 0.47° 552 + 020" 35.8 = 0.27° 0.60 + 0.009°
S6 15.8 + 0.01 17.3 + 0.33° 56.7 + 0.00° 1.5 + 0.34° 52.3 + 0.21" 342 + 0.52° 0.59 + 0.009"

'Values (means+SE, n=3) in the same column sharing a same superscript letter are not significantly different

(P>0.05).
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However, growth of donkey’s ear abalone subjected to alternate 5-day
starvation and 5-day refeeding or 10-day starvation and 10-day refeeding was
less than that of abalone fed on the seaweed daily for the first 140 days,
but it accelerated after feeding ad [libitum daily for the following 60 days
and eventually resulted to full compensation (Fermin 2002). Fish achieving
full compensatory growth is commonly accompanied by hyperphagia (Rueda
et al. 1998; Gaylord and Gatlin 2000; Wang et al. 2000; Cho et al. 2006;
Oh et al. 2007).

Shell length of abalone in the Cont., SI, S2 and S3 treatments was
significantly (P<0.05) longer than that of abalone in the S6 treatment, but
not significantly (P>0.05) different from that of abalone in S4 treatment
(Table 1). However, shell width and the ratio of the soft body weight to
total body weigh to fab alone was not significantly (P>0.05) different among
treatments.

Moisture content ranged from 78.1% to 80.1%, crude protein content
ranged from 12.4% to 13.5%, crude lipid content ranged from 0.9% to 1.1%
and ash content ranged from 2.3% to 2.5% of carcass of abalone was not
significantly (P>0.05) different among treatments at the end of 16-week
feeding trial (Table 2), agreeing with other studies showing that body
composition of fish achieving full compensatory growth was not different
among treatments (Gaylord and Gatlin 2000; Xie et al. 2001; Zhu et al.
2004). Since muscle protein is the primary energy source used for survival
of green abalone (H. fulgens) while starved (Durazo-Beltran et al. 2004;

Viana et al. 2007), dietary nutrient composition should be carefully
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considered to improve compensatory growth after starvation.

We observed full compensatory growth of abalone after 3-weeks starvation
in this study with partial compensatory growth of abalone in proportion to
the week of starvation (Cho et al. 2009) indicated that abalone had a
different ability of compensatory growth depending on feed nutrient content
when fed after starvation. Moreover, abalone subjected to more than 4-week
starvation did not achieve full compensatory growth in the 12-week feeding
trial when fed the dry sea tangle in this experimental condition. Based on
the results of this study, abalone fed on the dry sea tangle seemed to be

able to achieve full compensatory growth up to 3-week starvation
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Table 2. Chemical composition (g kg') carcass of abalone at the end of 16

weeks'
Treatments Moisture Crude protein Crude lipid Ash
Cont. 78.1 = 0.77° 13.5 £ 0.33° 1.1 = 0.14° 2.5 £ 0.04°
S1 80.1 + 0.23° 129 + 0.22° 1.0 £ 0.03° 2.3 + 0.05°
S2 79.4 £ 0.29°  13.1 + 0.18" 1.0 £ 0.09° 2.4 + 0.08°
S3 79.1 £ 0.16° 12.9 £ 0.20° 0.9 £ 0.06 2.4 + 0.06
S4 79.1 £ 0.92" 134 + 047" 1.0 £ 0.04° 2.4 + 0.07
S6 79.7 + 0.38° 124 £+ 0.32° 1.0 = 0.07° 23 £+ 0.11°

'"Values (means+SE, n=3) in the same column sharing a same superscript

letter are not significantly different (£>0.05).
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V. Conclusion

Effects of different feeding regimes on compensatory growth of juvenile abalone
(Haliotis discus hannai) fed the formulated diet and dry sea tangle (Laminaria
Jjaponica) were determined.

In the experiment 1, compensatory growth of juvenile abalone with different
feeding regimes was determined. Juvenile abalone did not have an ability to
achieve full compensatory growth when abalone was fed the nutrition-balanced
formulated diet.

In the experiment 2, effect of feeding regime on compensatory growth of
juvenile abalone fed the dry sea tangle was determined. However, unlike the
results of the experiment 1, abalone subjected to 3-week feed deprivation achieved
full compensatory growth when abalone was fed the dry sea tangle. Based on these
results, it can be concluded that compensatory growth of abalone varied depending

on feed nutrient (type).

_20_



VI. Acknowledgements

I would like to express my sincere gratitude to Profs. Sung Hwoan Cho, Cheol
Young Choi Department of Marine Bioscience and Environment, Korea Maritime
University for his invaluable advice and continuous encouragement throughout this
study. I wish to thanks to my committee, Prof. In-Seok Park and Dr. Jin Hyung
Yoo for their critical advices for my thesis, and to Profs. Hyo Jin Kang, Il Nobh,
Youngwan Seo, Ho Jin Lee, Jong Woong Ahn, Sun Young Lim, Kyung Eun Lee
for their kind advices and interests in this thesis. I also wish to thank all staffs in
Korea Aquaculture Institute (Gyeongsangbuk-do, Korea) for their suppling experimental
animals and experimental facilities.

For my Lab. seniors and juniors, Sang Mok Lee, Byum Hee Park, Sung Choon
Ji, Chung II Kim, Tae Kyoung Lee, Mi Na Jang, Jin Woo Lee, Ha Na Kim,
In-Cheol Choi, Kyoung Tae Kim, Hae Won Yang, Hyun Jung Cho, Kyou Ho Jeon,
Heu Sung Kim, Young Joo Kim, Bom Sok Lee at the Feed Nutrition and
Engineering Lab in Korea Maritime University I warmly thank for their help at
practical things as well as sharing the good and bad moments of research and life.

Finally, I would like to express my hearty thanks to my family who have

incessantly loved, encouraged and supported me.

_21_



VII. References

Ali M., Nicieza A. & Wootton R.J. (2003) Compensatory growth in fishes: a response to
growth depression. Fish and Fisheries 4, 147-190.

AOAC (1990) Official Methods of Analysis, 15th edn. Association of Official Analytical
Chemists, Arlington, Virginia, USA.

Bautista-Teruel M.N. & Millamena O.M. (1999) Diet development and evaluation for
juvenile abalone, Haliotis asinine : protein/energy levels. Aquaculture 178, 117-126.

Bautista-Teruel M.N., Fermin A.C. & Koshio S.S. (2003) Diet development and evaluation
for juvenile abalone, Haliotis asinina : animal and plant protein sources.
Aquaculture 219, 645-653.

Bavcevic L., Klanjscek T., Karamarko V., Anicic I. & Legovic T. (2010) Compensatory
growth in gilt head sea bream, Sparusaurata compensates weight, but not length.
Aquaculture 301, 57-63.

Bilton H.T. & Robins G.L. (1973) The effects of starvation and subsequent feeding on
survival and growth of Fulton channel sockeye salmon fry. Journal of Fisheries
Research Board of Canada 30, 1-5.

Carefoot T.H., Qian P.Y., Taylor B.E., West T. & Osborne J. (1993) Effect of starvation
on energy reserves and metabolism in the Northern abalone, Haliotis
kamtschatkana. Aquaculture 118, 315-325.

Cho S.H. (2005a) Compensatory growth of juvenile flounder, Paralichthys olivaceus L. and
changes in biochemical composition and body condition indices during starvation
and after refeeding during the winter season. Journal of the World Aquaculture
Society 36, 508-514.

Cho S.H. (2005b) Effect of alternate-week feeding strategies on growth and feed efficiency ratio of
juvenile Nile tilapia, Oreochromis niloticus in a recirculating system. Journal of Fisheries
Science and Technology 8, 128-131.

Cho S.H. & Jo J. (2002) Effects of dietary energy level and number of meals on growth and body

composition of Nile tilapia, Oreochromis niloticus L. during summer and winter seasons.

_22_



Journal of the World Aquaculture Society 33, 48-56.

Cho S.H.,, Lee S., Park B.H.,, Ji S., Lee J.,, Bae J. & Oh S. (2006) Compensatory growth
of juvenile olive flounder, Paralichthys olivaceus L. and changes in proximate
composition and body condition indexes during fasting and after refeeding in
summer season. Journal of the World Aquaculture Society 37, 168-174.

Cho S.H., Park J., Kim C., & Yoo J. (2008) Effect of casein substitution with fishmeal,
soybean meal and crustacean meal in the diet of the abalone, Haliotis discus
hannai Ino. Aquaculture Nutrition 14, 61-66.

Cho S.H., Cho YJ. & Yoo J. (2009) Compensatory growth of juvenile abalone, Haliotis
discus hannai with different feeding regime. Aquaculture Research 20, 984-987.

Damsgaard B. & Dill L.M. (1998) Risk-taking behavior in weight-compensating coho salmon,
Oncorhynchus kisutch. Behavioral Ecology 9, 26-32.

Duncan D.B. (1955) Multiple range and multiple F tests. Biometrics 11, 1-42.

Durazo-Beltran E., Viana M.T., D’Abramo LR. & Toro-Vazquez J.F. (2004) Effects of
starvation and dietary lipid on the lipid and fatty acid composition of muscle tissue
of juvenile green abalone, Haliotis fulgens. Aquaculture 238, 329-341.

Fermin A.C. (2002) Effects of alternate starvation and refeeding cycles on food consumption
and compensatory growth of abalone, Haliotis asinina Linnaeus. Aquaculture
Research 33, 197-202.

Fleming A.E., Barneveld R.J. & Hone P. (1996) The development of artificial diets for
abalone: A review and future directions. Aquaculture 140, 5-53.

Gaylord T.G. & Gatlin D.M. (2000) Assessment of compensatory growth in channel catfish,
Ictalurus punctatus R. and associated changes in body condition indices. Journal of
the World Aquaculture Society 31, 326-336.

Gaylord T.G. MacKenzie D.S. & Gatlin D.M. (2001) Growth performance, body
composition and plasma thyroid hormone status of channel -catfish, Ictalurus
punctatus in response to short-term feed deprivation and refeeding. Fish Physiology
and Biochemistry 24, 73-79.

Hayward R.S., Noltie D.B. & Wang N. (1997) Use of compensatory growth to double

_23_



hybrid sunfish growth rate. Transaction of American Fishery Society 126, 316-322.

Jobling M. & Koskela J. (1996) Inter individual variations in feeding and growth in rainbow

trout during restricted feeding and in a subsequent period of compensatory growth.

Journal of Fish Biology 49, 658-667.

KNSO (Korea National Statistical Office). (2009) KOSIS Statistical DB, DaeJeon, Korea.

Lee S., Lee A.G.,, Jeon 1.G. & Yoo S.K (1997) Effects of experimental formulated diets,

commercial diet and natural diet on growth and body composition of abalone,

Haliotis discus hannai. Journal of Aquaculture. 10, 417-424.

Lee S., Kim J.W., Han S.J., Kim B.H. & Park S.H (1998) Effects of experimental diet,

commercial diets and algae, Undaria on growth and body composition among
juvenile abalones, Haliotis discus, H. sieboldii and H. discus hannai. Journal of

Aquaculture. 11, 505-512.

Lee S. & Park H.G. (1998) Evaluation of dietary lipid sources for juvenile abalone, Haliotis

discus hannai. Journal of Aquaculture 11, 381-390.

Lee S., Yun S.J. & Hur S.B. (1998) Evaluation of dietary protein sources for abalone,

Lim

Mai

Mai

Mai

Haliotis discus hannai. Journal of Aquaculture 11, 19-29.

T. & Lee S. (2003) Effect of dietary pigment sources on the growth and shell color

of abalone, Haliotis discus hannai. Journal of Aquaculture 36, 601-605.

K., Mercera J.P. & Donlon J. (1994) Comparative studies on the nutrition of two

species of abalone, Haliotis tuberculata L. and Haliotis discus hannai Ino. 1I.
Amino acid composition of abalone and six species of macroalgae with an

assessment of their nutritional value. Aquaculture 128, 115-130.

K., Mercer J.P. & Donlon J. (1995a) Comparative studies on the nutrition of two

species of abalone, Haliotis tuberculata L. and Haliotis discus hannai Ino. TII.

Responses of abalone to various levels of dietary lipid. Aquaculture 134, 65-80.

K., Mercer J.P. & Donlon J. (1995b) Comparative studies on the nutrition of two

species of abalone, Haliotis tuberculata L. and Haliotis discus hannai Ino. V.

Optimum dietary protein level for growth. Aquaculture 136, 165-180.

MIFAFF Ministry for Food, Agriculture, Forestry and Fisheries. (2009) Seoul, Korea

_24_



Oh SYY., Noh CH. & Cho S.H. (2007) Effect of restricted feeding regimes on
compensatory growth and body composition of red sea bream, Pagrus major.
Journal of the World Aquaculture Society 38, 443-449.

Oh SY., Noh C.H., Kang R., Kim C., Cho S.H. & Jo J. (2008) Compensatory growth and
body composition of juvenile black rockfish, Sebastes schlegeli following feed
deprivation. Fisheries Science 74, 846-852.

Quinton J.C. & Blake R.-W. (1990) The effect of feed cycling and ration level on the compensatory
growth response in rainbow trout, Oncorhynchus mykiss. Journal of Fish Biology 37,
33-41.

Rueda F.M., Martinez F.J., Zamora S., Kentouri M. & Divanach P. (1998) Effect of fasting
and refeeding on growth and body composition of red porgy, Pagrus pagrus L.
Aquaculture Research 29, 447-452.

Saether B.S. & Jobling M. (1999) The effects of ration level on feed intake and growth,
and compensatory growth after restricted feeding, in turbot, Scophthalmus maximus
L. Aquaculture Research 30, 647-653.

Tian X. & Qin J.G. (2003) A single phase of food deprivation provoked compensatory growth in
barramundi, Lates calcarifer. Aquaculture 224, 169-179.

Tian X. & Qin J.G. (2004) Effects of previous ration restriction on compensatory growth in
barramundi, Lates calcarifer. Aquaculture 235, 273-283.

Uki N., Kemuyama A. & Watanabe T. (1985) Nutritional evaluation of several protein
sources in diets for abalone, Haliotis discus hannai. Bulletin of the Japanese
Society of Scientific Fisheries 51, 1835-1839.

Uki N., Kemuyama A. & Watanabe T. (1986a) Optimum protein level in diets for abalone.
Bulletin of the Japanese Society of Scientific Fisheries 52, 1005-1012.

Uki N., Sugiura M. & Watanabe T. (1986b) Requirement of essential fatty acids in the
abalone, Haliotis discus hannai. Bulletin of the Japanese Society of Scientific
Fisheries 52, 1013-1023.

Viana M.T., Lopez L.M. & Salas A. (1993) Diet development for juvenile abalone, Haliotis

fulgens. Evaluation of two artificial diet sand macroalgae. Aquaculture 117,

_25_



149-156.

Viana M.T., D’Abramo L.R., Gonzalez M.A., Garcia-Suarez J.V., Shimada A. &
Vasquez-Pelaez C. (2007) Energy and nutrient utilization of juvenile green abalone,
Haliotis fulgens during starvation. Aquaculture 264, 323-329.

Wang Y., Cui Y., Yang Y. & Cai F. (2000) Compensatory growth in hybrid tilapia,
Oreochromis mossambic > O. niloticus, reared in sea water. Aquaculture 189,
101-108.

Xie S., Zhu X., Cui Y., Wootton R.J., Lei W. and Yang Y. (2001) Compensatory growth
of the gibel carp following feed deprivation: temporal patterns in growth, nutrient
deposition, feed intake and body composition. Journal of Fish Biology 8, 999-1009.

Zhu X., Cui Y., Ali M. & Wootton R.J. (2001) Comparison of compensatory growth
responses of juvenile three-spined, stickleback and minnow following similar food
deprivation protocols. Journal of Fish Biology 58, 1149-1165.

Zhu, X., Xie S., Zou Z., Lei W, Cui Y., Yang Y. & Wootton R.J. (2004) Compensatory
growth and food consumption in gibel carp, Carassius auratus gibelio and Chinese
longsnout catfish, Leiocassis longirostris, experiencing cycles of feed deprivation

and re-feeding. Aquaculture 241, 235-247.

_26_



	I. General Introduction                                          
	II. Experiment 1                                                
	1. Introduction                                                
	2. Materials and Methods                                
	3. Results and Discussion                              

	III. Experiment 2                                                
	Abstract                                                                
	1. Introduction                                                
	2. Materials and Methods                               
	2.1. Abalone and the Experimental Conditions            
	2.2. Design of the Feeding Trial                                
	2.3. Analysis of  Proximate Composition  of Abalone
	2.4. Statistical Analysis                                

	3. Results and Discussion                                

	IV. Conclusion                                                
	V.  Acknowledgements                                       
	VI. References                                                


<startpage>11
I. General Introduction                                           1
II. Experiment 1                                                 3
 1. Introduction                                                 3
 2. Materials and Methods                                 3
 3. Results and Discussion                               4
III. Experiment 2                                                 7
Abstract                                                                 7
 1. Introduction                                                 9
 2. Materials and Methods                                10
  2.1. Abalone and the Experimental Conditions             10
  2.2. Design of the Feeding Trial                                 11
  2.3. Analysis of  Proximate Composition  of Abalone 12
  2.4. Statistical Analysis                                 12
 3. Results and Discussion                                 13
IV. Conclusion                                                 20
V.  Acknowledgements                                        21
VI. References                                                 22
</body>

