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Abstract
The effect of substituting the combined macroalgaeUlva australis and Sargassum horneri forUndaria pinnatifida in formulated
diets on growth and body composition of abalone subjected to air exposure stressor was investigated. A total of 1260 juvenile
abalone were distributed into 21 cages. Six formulated diets were prepared. The control (CUS0) diet contained 20% U.
pinnatifida. Twenty, 40, 60, 80, and 100% of U. pinnatifida were substituted with an equal amount of the combined
U. australis and S. horneri, referred to as the CUS20, CUS40, CUS60, CUS80, and CUS100 diets, respectively. Finally, dry
U. pinnatifidawas prepared to compare the growth performance of abalone. Abalone were fed with one of the experimental diets
once a day for 16 weeks and then subjected to air stressor for 24 h. The cumulative mortality of abalone was monitored for the
following 4 days after 24 h of air exposure. Abalone fed all formulated diets attained higher survival, weight gain, and specific
growth rate (SGR) than U. pinnatifida. Abalone fed the CUS100 diet achieved greatest weight gain and SGR, followed by the
CUS80 and CUS60 diets. The greatest shell growth and heaviest soft-body weight were obtained in abalone fed the CUS100 diet.
Proximate composition of the soft body of abalone, except for moisture content, was not affected by the experimental diets. The
cumulativemortality of abalone fed theU. pinnatifidawas higher than that of abalone fed all formulated diets at 84 h until the end
of the 4-day post observation. The lowest cumulative mortality was obtained in abalone fed the CUS80 diet at the end of the 4-
day post observation. Therefore, U. pinnatifida could be completely replaced with the combined U. australis and S. horneri in
abalone (H. discus) feed.
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Introduction

Abalone (Haliotis spp.) are one of the most commercially impor-
tant mollusks for aquaculture in Eastern Asia including Korea,
Japan, and China and their annual aquaculture production
reached 16,027 t in Korea in 2017 (KOSIS 2018). Wando-gun
and Jeju Special Self-Governing Provinces are the main produc-
tion regions of abalone inKorea, dominated by the two important
species, Haliotis discus hannai Ino 1952 and H. discus Reeve
1846 (Park and Kim 2013). Abalone farmers in a number of
countries such as Korea, China, South Africa and Chile, are still
using macroalgae as the feed for abalone (Bansemer et al. 2016).
Macroalgae (Undaria pinnatifida, (Harvey) Suringar and
Saccharina japonica (Areschoug) C.E.Lane, C.Mayes, Druehl,
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and G.W. Saunders) are highly preferred by the abalone farmers
in Korea due to their convenience and easymanagement of water
quality of farms, but one of the most expensive (>US$4 kg−1)
components in abalone feed (Hernández et al. 2009; O’Mahoney
et al. 2014; Jang et al. 2018). An international market price of
macroalgae is expected to increase due to the global expansion of
abalone farming and high demand for human consumption (Jang
et al. 2018).

Macroalgae (U. pinnatifida and S. japonica) are only exclu-
sively harvestable during the winter season in wild and farmers
commonly use either dry or salted macroalgae for the rest of the
seasons in Korea (Lee et al. 2018). In addition, low protein (ami-
no acids) and lipid (fatty acids) contents of these macroalgae are
not ample to satisfy dietary requirements for optimal growth of
abalone (Uki et al. 1986; Mai et al. 1995a, b). For these reasons,
abalone farmers as well as researchers are interested to determine
the suitability of alternative source for these macroalgae or de-
velop a formulated diet for a sustainable expansion of abalone
culture. In addition, low growth rate (Park and Kim 2013) and
mortality due to the air stressors resulting from various farm
activities such as larval movement to grow-out tanks, size grad-
ing, cleaning, and transporting (Baldwin et al. 1992; Lee et al.
2016) have posed a serious threat to the sustainable development
of the abalone industry. Therefore, the use of an economically
and environmentally sustainable feed sourcewith high nutritional
value is a current issue for abalone culture.

Administration of a combination of macroalgae has pro-
duced improved growth performance of abalone over a single
macroalgae (Naidoo et al. 2006; Robertson-Andersson et al.
2011; Viera et al. 2011). O’Mahoney et al. (2014) also showed
that the growth rate of abalone (H. discus hannai) fed a diet
substituting fish meal with mixed macroalgae (Ulva lactuca,
Laminaria digitata and Palmaria palmata) was comparable
with that of abalone fed a diet containing fish meal and
highlighted the potential use of the mixed macroalgae as fish
meal replacement in abalone feed. Since macroalgae are rich
in fibers, protein, vitamins, minerals, lipid, and fatty acids
(Yaich et al. 2011), the preference of macroalgae by abalone
varies depending on the abalone species, nutritional level of
macroalgae, various environmental factors, growth stages,
and recognition of taste (Fleming 1995; Lee and Kim 2013).
Kemp et al. (2015) assumed that the formulated feed protein
becomes more available for abalone in the presence of
macroalgae. Still, limited information is available on an inclu-
sion effect of the combined macroalgae in formulated diet on
growth performance of abalone.

An unexpected massive algal bloom of fouling macroalgae,
such as Ulva australis Kjellman (Kim et al. 2017) and
Sargassum horneri (Turner) C. Agardh (Hwang et al. 2016),
has been frequently reported in the coastal region of Korea, re-
ferred to as the Bgreen tide^ and Bgolden tide,^ respectively, in
recent years. It has become one of the most serious aquatic di-
sasters worldwide resulting in profound and deleterious effects

on aquatic ecosystems, aquaculture, tourism, and public health
by creating hypoxia and generation of pungent hydrogen sulfide
into the atmosphere (Kim 2006; Jiang et al. 2009; Anderson et al.
2012; Su et al. 2018). Since these fouling macroalgae are good
sources of nutrition and have the potential as an ingredient in
abalone feed (Ansary et al. 2019a, b), their alternative uses for
macroalgae in formulated abalone feed can be one of the best
solutions tominimize their undesirable and harmful effects on the
surroundings. Protein-enriched U. lactuca has also been shown
to improve the growth rate of abalone (H. discus hannai and
H. tuberculata) (Shpigel et al. 1999) and H. midae (Naidoo
et al. 2006). Seasonal variability the affects nutrient content in
macroalgae, whereas the nutrient content in formulated diet re-
mains constant throughout the year around and can be adjusted
andmanipulated according to the growth rate of abalone (Daume
et al. 2007; Stone et al. 2013).

Therefore, the dietary substitution effect of the combined
macroalgae (U. australis and S. horneri) for U. pinnatifida on
growth and body composition of juvenile abalone (H. discus)
subjected to air exposure stressor was investigated in this
study and water stability of the diets was compared.

Materials and methods

Collection of macroalgae

Free-floating macroalgae, Ulva australis and Sargassum
horneri, were collected separately from the coast of Jeju
Island and then dried in an electrical drying oven at 40 °C
for 48 h.

Preparation of the experimental area and rearing
of abalone

Juvenile abalone were purchased from a private hatchery, trans-
ferred to Daegun abalone farm (Jeju Island, Jeju Special Self-
Governing Province, Jeju, Korea), and acclimated to the experi-
mental conditions for 2 weeks. During the acclimatization pe-
riods, abalone were daily fed with dryU. pinnatifida at a ratio of
2–2.5% of total biomass. A total of 1260 abalone averaging 6.0 g
were distributed into 21, 100-L net cages (50 cm × 50 cm ×
40 cm; length × width × height) (60 abalone per net cage), which
were set up into 3 of 3.6-t concrete flow-through raceway tanks
(water volume 3.4 t; 7 net cages per raceway). Sand-filtered
seawater was supplied throughout the feeding trial at temperature
ranging from 18 to 18.6 °C (mean ± SD, 18.2 ± 0.01 °C) and the
flow rate was 108 L min−1 raceway−1.

The photoperiod followed natural condition and proper aera-
tion was maintained in each raceway. Abalone were fed with one
of the experimental diets once a day (17:00 h) at a satiation level
(ca. 1.5–2.5% of total biomass) with a little leftover for 16weeks.
The bottom of the raceways was cleaned every other day and the
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dead abalone were removed daily. At the end of the 16-week
feeding trial, all surviving abalone from each net cage were har-
vested, collectively weighed, and raised for further analysis.

Preparation of the experimental diets

The experimental design was completely randomized. Six for-
mulated diets and dry U. pinnatifida were prepared in triplicate
(Table 1). Twenty-five percent anchovymeal, 5% casein, and 4%
soybean meal were included as the protein sources in the control
(CUS0) diet. Twenty-two percent wheat flour and 0.5% squid
liver and soybean oils were used as the carbohydrate and lipid
sources, respectively, in the CUS0 diet. Twenty percent U.
pinnatifida was also included in the CUS0 diet. Twenty, 40, 60,
80, and 100% of the combined macroalgae (U. australis and S.
horneri = 1:1) were included in the formulated diets replacing
equal amounts of U. pinnatifida, referred to as the CUS20,
CUS40, CUS60, CUS80, and CUS100 diets, respectively.

Dietary nutrient requirements of abalone were satisfied (Mai
et al. 1995a, b; Fleming et al. 1996). Finally, the dry U.
pinnatifida was prepared to compare the effect of formulated
diets on the performance of abalone.

A 20% sodium alginate was added to each diet. All prepared
feed ingredients were mixed mechanically and water was added
at a ratio of 1:1. An electronic mixer was used to make a fine
paste from each of the diets and then shaped into 0.15-cm-thick
sheets. Those sheets were then cut into 1- cm2 flakes manually
and dipped into an aqueous solution of 5% CaCl2 for 1 min and
the excess solution was drained naturally. Finally, the flakes were
dried naturally for 48 h and stored at − 20 °C until use.

Sample collection and measurement of abalone
growth

Thirty abalone from each net cage were randomly sampled
and frozen at − 20 °C for the biological measurement and

Table 1 Formulation of
experimental diets of abalone (%,
DM basis)

Experimental diets

CUS0 CUS20 CUS40 CUS60 CUS80 CUS100 Undaria
pinnatifida

Ingredients (%)

Anchovy meal 25 25 25 25 25 25

Soybean meal 4 4 4 4 4 4

Casein 5 5 5 5 5 5

Wheat flour 22 22 22 22 22 22

U. pinnatifida powder (CP
21.6%, CL 3.1%, ash
35.4%)

20 16 12 8 4 0

Combined U. australis and
S. horneri (CP 12.6%, CL
0.3%, ash 27.7%)

0 4 8 12 16 20

Squid liver oil 0.5 0.5 0.5 0.5 0.5 0.5

Soybean oil 0.5 0.5 0.5 0.5 0.5 0.5

Sodium alginate 20 20 20 20 20 20

Mineral mix1 2 2 2 2 2 2

Vitamin mix2 1 1 1 1 1 1

Nutrient (%)

Dry matter 90.1 90.7 90.8 90.6 90.8 90.7 85.4

CP 31.7 30.7 30.4 30.0 29.8 29.4 22.9

CL 4.3 4.2 4.1 4.0 3.9 3.9 1.4

Carbohydrate3 52.2 54.6 55.0 55.7 56.1 56.6 52.8

Ash 11.8 10.5 10.5 10.3 10.2 10.1 22.9

1 Mineral premix contained the following ingredients (g kg−1 mix): NaCl, 10; MgSO4.7H2O, 150;
NaH2PO4·2H2O, 250; KH2PO4, 320; CaH4(PO4)2·H2O, 200; ferric citrate, 25; ZnSO4·7H2O, 4; Ca-lactate,
38.5; CuCl, 0.3; AlCl3·6H2O, 0.15; KIO3, 0.03; Na2Se2O3, 0.01; MnSO4·H2O, 2; CoCl2·6H2O, 0.1
2Vitamin premix contained the following amount which were diluted in cellulose (g kg−1 mix): L-ascorbic acid,
200; α-tocopherol acetate, 20; thiamin hydrochloride, 5; riboflavin, 8; pyridoxine, 2; niacin, 40; Ca-D-pantothe-
nate, 12; myo-inositol, 200; D-biotin, 0.4; folic acid, 1.5; p-amino benzoic acid, 20; K3, 4; A, 1.5; D3, 0.003;
choline chloride, 200; cyanocobalamin, 0.003
3 Carbohydrate = 100 − (CP + CL + ash); CP and CL stand for crude protein and crude lipid, respectively
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chemical analysis of the soft body of abalone after the 16-
week feeding trial. At first, all samples were slightly thawed
followed by separation of the shell and soft-body tissue. The
specific growth rate (SGR) (% body weight gain/day) was
calculated according to Britz (1996): SGR = [(ln(Wf) −
ln(Wi))/days of feeding] × 100, where ln(Wf) = natural log of
the final mean weight of abalone and ln(Wi) = natural log of
the initial mean weight of abalone. A digital caliper was used
to measure the shell length and width in mm. The ratio of soft-
body weight to total body weight (the soft-body weight + the
weight of the excised shell) was calculated to determine a
condition index for abalone.

Proximate analysis of the soft body of abalone
and experimental diets

All the separated soft-body tissue of abalone from each repli-
cate cage was homogenized for the chemical analysis accord-
ing to AOAC (1990). Moisture content was analyzed by dry-
ing at 105 °C for 24 h. The Kjeldahl method (Auto Kjeldahl
System, Buchi B-324/435/412, Switzerland) was used to de-
termine the crude protein content. Crude lipid content was
measured by an ether-extraction method and ash content was
determined using a muffle furnace at 550 °C for 4 h.

Calculation of cumulative mortality of abalone
subjected to air stressor

After collectively measuring the weight of abalone, they were
fed with the same diets as feeding trial for a week to minimize
stress. Then, abalone were exposed to air stressor according to
Lee et al. (2016) and Ansary et al. (2019a). Twenty abalone
remained in each net cage and the rest of the abalone were
removed. Twenty abalone were then subjected to air exposure
stressor by draining out all seawater from the net cages. After
24 h of air exposure, net cages were again filled with sand-
filtered seawater and their mortality was monitored for the
next 4 days. Dead abalone were removed every 4 h during
the 4-day observation period.

Water stability of the experimental diets

Ten gram of each formulated diet and U. pinnatifida in 63
laboratory dishes was placed in 7 separate 50-L plastic rect-
angular containers (51 cm × 36 cm × 30 cm) without abalone
in triplicate (9 laboratory dishes/container) at a flow rate of
1.4 L container−1 min−1 and sampled at 12, 24, and 48 h. Dry
matter content in the experimental diets was assessed using
the same procedure as the chemical composition of the exper-
imental diets. Water stability of dry matter content in the ex-
perimental diets was expressed as the percentage of difference
between the final dry content and the initial dry content based
on Mai et al. (1995a).

Statistical analysis

Significant differences among the treatments were determined
by one-way ANOVA and Duncan’s multiple range test
(Duncan 1955) using SAS version 9.3 program (SAS
Institute, USA). Water stability of dry matter content in the
experimental diets was tested by ANOVAwith repeated mea-
surement design (Cody and Smith 1991). Percentage data was
arcsine-transformed prior to statistical analysis.

Results

Water stability of the nutrient content
in experimental diets

Significant (P< 0.0001) changes of dry matter content in the
experimental diets over all periods of time (Fig. 1) and their
significant (P < 0.0001) interaction (experimental diets ×
time) were observed. The retained dry matter content in all
formulated diets substitutingU. pinnatifidawith the combined
U. australis and S. horneriwas significantly (P< 0.05) higher
than that of the U. pinnatifida at all periods of observation.
The retention of dry matter content was the highest in the
CUS20 diet and the lowest for the CUS40 diet among all
formulated diets at both 12 and 24 h after seawater immersion.
However, the CUS60 diet achieved the highest retention of
dry matter content and lowest for the CUS0 diet at 48 h after
seawater immersion.

Growth performance of abalone

Survival of abalone fed all formulated diets ranging from 92.2
to 95.0% was significantly (P < 0.05) higher than that of aba-
lone fed theU. pinnatifida (86.1%) (Table 2). Weight gain and
SGR of abalone fed all formulated diets were significantly
(P < 0.05) greater than those of abalone fed U. pinnatifida.
Abalone fed the CUS100 diet achieved the greatest weight
gain and SGR, followed by the CUS80, CUS60, CUS40,
CUS0, and CUS20 diets in order.

Shell length, width, and height of abalone fed all formulat-
ed diets were significantly (P < 0.05) longer, wider, and higher
than those of abalone fed the U. pinnatifida (Table 3). Shell
length of abalone fed the CUS100 diet was significantly
(P < 0.05) longer than that of abalone fed the CUS0 diet, but
not significantly (P > 0.05) different from that of abalone fed
the CUS20, CUS40, CUS60, and CUS80 diets. Shell length of
abalone fed the CUS100 diet was significantly (P < 0.05)
wider than that of abalone fed the CUS0, CUS40, and
CUS60 diets, but not significantly (P > 0.05) different from
that of abalone fed the CUS20 and CUS80 diets. Shell height
of abalone fed the CUS100 diet was significantly (P < 0.05)
higher than that of abalone fed all other diets. The greatest
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soft-body weight was observed in abalone fed the CUS100
diet, followed by the CUS80, CUS60, CUS0, CUS40, and
CUS20 diets in order. The ratio of the soft-body weight to
total weight of abalone fed the CUS100 diet was significantly
(P < 0.05) higher than that of abalone fed the CUS0, CUS20,
and CUS40 diets, but not significantly (P > 0.05) different
from that of abalone fed the CUS60 and CUS80 diets.

Proximate composition of the soft body of abalone

Moisturecontentof thesoftbodyof abalone fed theCUS0dietwas
significantly (P< 0.05) lower than thatofabalone fedallotherdiets

(Table 4). However, crude protein content ranging from 19.2 to
19.5%, crude lipid content ranging from1.2 to 1.4%, and ash con-
tent ranging from2.1 to 2.2%of the soft body of abalonewere not
significantly (P> 0.05) affected by the experimental diets.

Cumulative mortality of abalone subjected to air
stressor

During the 24-h air exposure, the cumulative mortality rang-
ing from 5% in abalone fed the CUS0 diet to 11.7% in abalone
fed the CUS80 diet was unaffected by the experimental diets
(Fig. 2). There was no significant difference in the cumulative

Table 2 Survival (%), weight
gain (g abalone-1), and specific
growth rate (SGR) of abalone fed
the experimental diets substitut-
ing Undaria pinnatifida with the
combined Ulva australis and
Sargassum horneri for 16 weeks

Experimental diets Initial weight
(g abalone−1)

Final weight
(g abalone−1)

Survival (%) Weight gain
(g abalone−1)

SGR
(% day−1)

CUS0 6.0 ± 0.00 12.8 ± 0.04c 92.2 ± 1.47a 6.8 ± 0.04d 0.68 ± 0.003c

CUS20 6.0 ± 0.00 12.7 ± 0.06c 94.4 ± 0.56a 6.7 ± 0.06d 0.67 ± 0.004c

CUS40 6.0 ± 0.00 12.8 ± 0.03c 95.0 ± 0.96a 6.8 ± 0.03d 0.67 ± 0.002c

CUS60 6.0 ± 0.00 13.0 ± 0.05b 95.0 ± 0.96a 7.0 ± 0.06c 0.69 ± 0.004b

CUS80 6.0 ± 0.00 13.2 ± 0.05b 93.3 ± 0.96a 7.2 ± 0.05b 0.70 ± 0.003b

CUS100 6.0 ± 0.00 13.4 ± 0.09a 94.4 ± 0.56a 7.4 ± 0.09a 0.72 ± 0.006a

U. pinnatifida 6.0 ± 0.01 12.1 ± 0.09d 86.1 ± 1.11b 6.1 ± 0.09e 0.63 ± 0.006d

Values (means of triplicate ± SE) in the same column sharing the same superscript letter are not significantly
different (P> 0.05)
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mortality of abalone until 78 h during the 4-day post observa-
tion after 24-h air exposure. However, the cumulative mortal-
ity (71.7 ± 1.67%) of abalone fed the U. pinnatifida was sig-
nificantly (P < 0.05) higher than that of abalone fed all other
formulated diets at 84 h until the end of the 4-day post obser-
vation. Significantly (P < 0.05) lower cumulative mortality
was observed in abalone fed the CUS80 diet (51.7 ± 4.41%)
compared with that of abalone fed the CUS0 diet (61.7 ±
1.67%), but not significantly (P > 0.05) different from that of
abalone fed the CUS20 (53.3 ± 4.41%), CUS40 (53.3 ±
1.67%), CUS60 (53.3 ± 1.67%), and CUS100 (55.0 ±
0.00%) diets at 84 h until the end of the 4-day post
observation.

Discussion

The repetitive blooms of U. australis (Kim et al. 2017) and S.
horneri (Hwang et al. 2016) in the coastline of Jeju Island and
Jeolla Province in Korea have created severe ecological and en-
vironmental losses. However, the freshUlva and Sargassum can
be partially utilized as a natural diet for wild abalone (Qi et al.
2010; Robertson-Andersson et al. 2011; Viera et al. 2011). In
addition, the fouling macroalgae U. australis (Ansary et al.
2019a) and S. horneri (Ansary et al. 2019b) were successfully
used as a replacer for macroalgae (U. pinnatifida) in juvenile
abalone (H. discus) feed in the 16-week feeding trial.

SGR values ranging from 0.63 to 0.72% for the initial weight
of 6.0 g abalone in this studywere superior to those ranging from
0.45to0.46%,from0.19to0.34%,from0.40to0.59%,from0.40
to 0.60%, from 0.22 to 0.63%, and from 0.59 to 0.68% for the
same species of abalonewith smaller initial weight of 0.43, 1.29,
3.3, 3.3, 3.6, and 5.4 g, respectively (Jung et al. 2016; Kim et al.
2016; Lee et al. 2017, 2018; Choi et al. 2018; Jang et al. 2018),
probably indicating that thegrowthof abalonewas relativelywell
achieved in this study. Weight gain and SGR of abalone were
gradually improved with an increased amount of substitution of
U. pinnatifida by the combined macroalgae (U. australis and S.
horneri). The greatest weight gain and SGR were obtained in
abalone fed the CUS100 diet substituting 100% U. pinnatifida
with the combined macroalgae when 20% U. pinnatifida was
included. This specified that the complete (100%) replacement
ofU.pinnatifidawith thecombinedmacroalgae in the formulated
diet was the most suitable for improving growth performance of
abalone. This could be explained by the fact that the mixed algal
diet produced improved growth performance of abalone over the
single algal diet, which may have limited nutrient content and
essential amino acids (Shpigel et al. 1999; Viera et al. 2011;
Bansemer et al. 2016). O’Sullivan et al. (2010) reported that ma-
rine macroalgae are rich in bioactive compounds, which have a
potentialprebioticeffect.Thecombinedmacroalgae (U.australis
and S. horneri) are thus able to provide the biologically active
compounds not available in the formulated feed to meet a com-
plete range of nutrients and energy requirements of abalone

Table 3 Shell length, width and
height, and the ratio of the soft
body to total weight of abalone
fed the experimental diets
substituting Undaria pinnatifida
with the combined Ulva australis
and Sargassum horneri for
16 weeks

Experimental
diets

Shell length
(mm)

Shell width
(mm)

Shell height
(mm)

Soft-body
weight (g)

Soft-body weight/total
weight

CUS0 51.1 ± 0.42b 34.5 ± 0.29c 12.3 ± 0.10b 8.2 ± 0.10bc 0.64 ± 0.005b

CUS20 51.4 ± 0.05ab 35.5 ± 0.13ab 12.5 ± 0.06b 8.0 ± 0.10cd 0.63 ± 0.003b

CUS40 51.5 ± 0.12ab 35.3 ± 0.12b 12.3 ± 0.08b 8.1 ± 0.07bcd 0.64 ± 0.001b

CUS60 51.6 ± 0.18ab 35.2 ± 0.01bc 12.4 ± 0.21b 8.4 ± 0.08abc 0.65 ± 0.002ab

CUS80 51.5 ± 0.04ab 35.4 ± 0.14ab 12.6 ± 0.00b 8.5 ± 0.07ab 0.65 ± 0.003ab

CUS100 52.3 ± 0.09a 36.1 ± 0.08a 13.2 ± 0.10a 8.8 ± 0.16a 0.66 ± 0.004a

U. pinnatifida 48.4 ± 0.25c 32.8 ± 0.17d 11.3 ± 0.06c 7.7 ± 0.13d 0.63 ± 0.007c

Values (means of triplicate ± SE) in the same column sharing the same superscript letter are not significantly
different (P> 0.05)

Table 4 The chemical
composition of the soft body of
abalone fed the experimental diets
substituting Undaria pinnatifida
with the combined Ulva australis
and Sargassum horneri at the end
of the 16-week feeding trial

Experimental diets Moisture Crude protein Crude lipid Ash

CUS0 75.2 ± 0.01b 19.2 ± 0.06a 1.3 ± 0.06a 2.1 ± 0.01a

CUS20 75.5 ± 0.02a 19.4 ± 0.12a 1.3 ± 0.11a 2.2 ± 0.02a

CUS40 75.4 ± 0.09a 19.4 ± 0.08a 1.4 ± 0.05a 2.2 ± 0.02a

CUS60 75.4 ± 0.06a 19.4 ± 0.08a 1.4 ± 0.01a 2.2 ± 0.01a

CUS80 75.4 ± 0.03a 19.5 ± 0.09a 1.3 ± 0.02a 2.2 ± 0.01a

CUS100 75.6 ± 0.06a 19.3 ± 0.07a 1.4 ± 0.07a 2.2 ± 0.03a

U. pinnatifida 75.5 ± 0.06a 19.5 ± 0.07a 1.2 ± 0.05a 2.1 ± 0.04a

Values (means of triplicate ± SE) in the same column followed by the same superscript letter are not significantly
different (P> 0.05)
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(Kempet al. 2015) and contribute to the improvedgrowthperfor-
mance of abalone in this study. Dang et al. (2011) demonstrated
that abalone (H. laevigata) may have a better chance to grow
properly in a disease-free environment due to the presence of
bioactivecompounds inmacroalgae,whichboostup theirgrowth
and immunity. Therefore, the suitable combination of different
macroalgae in formulated diet is one of the best options rather
thantofeedasinglemacroalgae.Thecombinedsubstitutioneffect
of macroalgae (U. australis and S. horneri) forU. pinnatifida in
abalone (H.discus) feedongrowthperformancewas reported for
the first time.

However, Ansary et al. (2019b) reported that abalone
(H. discus) fed a diet substituting 60% U. pinnatifida with
S. horneri achieved the greatest weight gain and SGR, but
the diet with 100% substitution of U. pinnatifida with S.
horneri produced inferior weight gain and SGR to the 20,
40, 60, and 80% substitution of U. pinnatifida with S.
horneri in the diets when 20% U. pinnatifida was included
in the experimental diets. Ansary et al. (2019a) also
showed that abalone (H. discus) fed the diet substituting
60% U. pinnatifida with U. australis attained the greatest
weight gain and SGR, but the diet substituting 100% U.
pinnatifida with U. australis produced lower weight gain
and SGR compared with those of abalone fed the diets
substituting 40 and 80% U. pinnatifida with U. australis
when 20% U. pinnatifida was included. In considering
these results, the combined macroalgae (U. australis and

S. horneri) are more beneficial than either single
macroalga (U. australis or S. horneri) alone for the pro-
ducers to improve growth at the condition of complete
(100%) substitution of U. pinnatifia with these fouling
macroalgae in abalone (H. discus) feed.

Similarly, Robertson-Andersson et al. (2011) revealed that
abalone (H. midae) fed a mixed diet of fresh kelp (Ecklonia
maxima) and farmed U. lactuca achieved the greatest weight
gain and SGR compared with those abalone fed any of the
single macroalgae when abalone were fed with one of the four
experimental diets (the combined kelp and U. lactuca, single
kelp, single farmed, or wild U. lactuca) for 8 months. Naidoo
et al. (2006) also reported that the growth rate of abalone (H.
midae) fed the mixture of fresh macroalgae (U. lactuca,
Gracilaria gracilis and kelp (E. maxima)) was superior to that
of abalone fed either fresh kelp blades, kelp + epiphytes
(Carpoblepharis flaccida), commercial abalone feed
(Abfeed®), kelp + commercial feed, or three forms of dried
kelp (blades/pellets/stipes) for 9 months. Unlike this study,
however, Qi et al. (2010) reported that the highest weight gain
was obtained in 2-year-old abalone (H. discus hannai) fed a
single macroalga (S. japonica), followed by Gracilaria
l emane i f o rm i s , t h e comb ined S . j apon i ca and
G. lemaneiformis, single macroalgae of S. pallidum, and com-
bined S. japonica and S. pallidum, when three different single
or two combinations of macroalgae were fed to abalone for
4 months.
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Fig. 2 Cumulative mortality (%) of juvenile abalone fed the experimental
diets substituting Undaria pinnatifida with the combined Ulva australis
and Sargassum horneri for 16 weeks and then subjected to air exposure

stressor (means of triplicate ± SE). Different letters in the same elapsed
time indicated significant differences (P< 0.05) by Duncan’s multiple
range test
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Since leaching rate of nutrients during the prolonged stay
of feed in water is one of the most important criteria to develop
artificial diet for slow-eater abalone (Sales and Janssens
2004), it is critical to correlate water stability of diets with
growth performance of abalone and deterioration of water
quality in farm. Higher retained dry matter content in all for-
mulated diets compared with the U. pinnatifida at 12, 24, and
48 h after the seawater immersion indicated that the water
stability of all formulated diets was superior to the U.
pinnatifida, accounting for the superior growth performances
of abalone fed the formulated diets to the single macroalga
(U. pinnatifida) in this study. Similarly, Ansary et al. (2019b)
reported that the water stability of dry matter along with all
other nutrient (crude protein, crude lipid, and ash) content in
all formulated diets substitutingU. pinnatifida with S. horneri
was superior to the single macroalga (U. pinnatifida) over all
periods of observation for 48 h. Diet stability is generally
affected by the different chemicals (Chao et al. 2010; Stone
et al. 2013), the size of feed particle (Sales and Britz 2002),
and the ratio of agar and gelatin (Knauer et al. 1993).

Higher survival, weight gain, and SGR in abalone fed all
formulated diets substituting U. pinnatifida with the combined
macroalgae than those of abalone fed singleU. pinnatifida in this
study agreed with other studies demonstrating the improved
growth performance of abalone fed the formulated diets over
single macroalgae (Jung et al. 2016; Lee et al. 2016, 2017,
2018; Jang et al. 2018; Ansary et al. 2019a, b). Abalone fed all
formulated diets produced higher shell growth (shell length,
height, and width) and ratio of the soft body to total body weight
than those of abalone fed the U. pinnatifida, being consistent
with other studies showing that the growth rate closely affected
the biological parameters of abalone (Cho 2010; Myung et al.
2016). Similarly, relatively greater shell growth and heavier soft-
body weight of abalone fed the formulated diet over a single
macroalga (U. pinnatifida) have also been reported (Jung et al.
2016; Lee et al. 2016, 2017; Jang et al. 2018; Ansary et al. 2019a,
b). Viera et al. (2011) also reported that shell growth rate of
abalone (H. tuberculata coccinea) was well reflected from
growth rate.

There was no difference in proximate composition of the soft
body of abalone, except for the moisture content among the
experimental diets in this study, being coincident with other stud-
ies showing that the chemical composition of the soft body of
abalone was not affected by the experimental diets substituting
U. pinnatifida with U. australis (Ansary et al. 2019a) and S.
horneri (Ansary et al. 2019b). Unlike this study, however, prox-
imate composition of the soft body of abalone was affected by
the nutrient content in the experimental diets (Uki et al. 1986;
Mai et al. 1995a, b; Cho et al. 2008; Kim et al. 2016; Lee et al.
2016, 2017).

Higher cumulative mortality of abalone fed U. pinnatifida
compared with that of abalone fed all other formulated diets at
84 h until the end of 4-day post observation after 24-h air

exposure in this study indicated that the administration of
the nutrition-balanced diet could improve resistance of abalo-
ne subjected to air exposure stressor over a single macroalga
(U. pinnatifida). In addition, significantly and slightly lower
cumulative mortality of abalone fed the CUS80 diet, and the
CUS20, CUS40, CUS60, and CUS100 diets, respectively,
compared with the CUS0 diet also indicated that substitution
of U. pinnatifida with the combined macroalgae (U. australis
and S. horneri) could effectively lower mortality of abalone
subjected to air exposure stressor. This probably resulted from
the fact that the bioactive compounds in macroalgae
(U. australis and S. horneri) and proper nutrient in formulated
diets may act as an immune modulator, responsible for the
improved physiological health and tolerant capacity against
air exposure stressor. Several studies have been conducted to
mitigate the effect of air exposure during live transport of
abalone (Wells and Baldwin 1995; Sales and Britz 2001);
however, post-air exposure and the effects of various re-
immersion conditions on the survival and taste properties of
abalone remain mysterious (Morash and Alter 2016).
Therefore, this research would help to modulate the dietary
substances to reducemortalities during and after live shipment
and transport of abalone. Similarly, Ansary et al. (2019a) re-
ported a higher cumulative mortality of abalone fed U.
pinnatifida compared with abalone fed the formulated diets
substituting U. australis for U. pinnatifida. Lee et al. (2016)
also showed lower cumulative mortality of abalone fed the
formulated diet substituting 50% fish meal and 100%
macroalgae with an equal amount of fermented soybean meal
and rice bran, respectively, over a single macroalgae (U.
pinnatifida and S. japonica) at 100 h after the 30-h air expo-
sure stressor.

The massive algal blooms of U. australis and S. horneri are
now a major global concern; however, this research will be ben-
eficial both economically and environmentally for the abalone
growers and to manage hazardous algal pollution in an appropri-
ate way. Considering the output of this study, it can be concluded
thatU. pinnatifida can be completely (100%) substitutedwith the
combined fouling macroalgae (U. australis and S. horneri) in
formulated diet, improving the growth performance of juvenile
abalone as well as lowering the cumulativemortality subjected to
the air exposure stressor.
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