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Summer mortality (SM) in greenlip abalone (Haliotis laevigata Donovan) heavily affects productivity of land-
based abalone farms in Southern Australia. It has been associated with conditions of high water temperature
(N23 °C), low dissolved oxygen levels, and a range of other stressful factors in the culture water during summer
months. This study aimed to alleviate mortality experienced by abalone at high water temperatures (26 °C), by
dietary intervention using grape seed extract (GSE) and driedUlva lactuca Linnaeus, two products which contain
antioxidative and bioactive compounds. These productswere formulated into a commercial abalone diet at levels
of 5 and 30%. The diets were fed to 3-year-old greenlip abalone (26.8 g; 57.9mm) at awater temperature of 22 or
26 °C for 38 days. No mortalities were observed at 22 °C. Compared to the unaltered commercial diet, both GSE
and dried U. lactuca additive diets significantly increased the survival of abalone at the 26 °C water temperature
(P b 0.05). GSE addition also significantly increased serum superoxide dismutase activity, feed intake, and meal
acceptance of the abalone (P b 0.05). These results demonstrate the potential for GSE or dried U. lactuca to act as
dietary additives to reduce mortality and improve productivity on abalone farms subjected to high summer
water temperatures.

Crown Copyright © 2014 Published by Elsevier B.V. All rights reserved.
1. Introduction

Greenlip abalone (Haliotis laevigata) are cultured at seasonally fluc-
tuatingwater temperatures (10-25 °C) in land-based facilities in South-
ern Australia (Stone et al., 2013). As a result, abalone are exposed to
high water temperatures (N23 °C) for an extended period of time dur-
ing summer. Abalone have a low tolerance for increasingwater temper-
ature, whether the increase be chronic or acute (Gilroy and Edwards,
1998). Exposure of greenlip abalone to water temperatures of N23 °C
on South Australian land-based farms may result in the development
of a condition referred to as summer mortality (SM) (Vandepeer,
2006). Summer mortality can result in stock mortality of up to 50% in
land-based abalone aquaculture (Dang et al., 2011a; Stone et al., 2014;
Vandepeer, 2006). However, differences inmortality rates have been re-
ported between large and small greenlip abalone in South Australian
farms. Typically, larger (N60 mm SL) 3-year-old abalone are more
h and Development Institute,
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susceptible to mortality during these periods (Dang et al., 2011a;
Stone et al., 2014; Vandepeer, 2006).

A range of stressful conditions arise from the high summer water
temperatures, such as reduced dissolved oxygen (DO) in the water,
and proliferation of bacteria, particularly Vibrio spp. (Davis and
Sizemore, 1982; Miles et al., 1997). High water temperature and low
DO have been known to increase metabolism and respiration levels in
many aquatic animals, and cause oxidative stress by disrupting the ox-
idant–antioxidant equilibrium (Lushchak, 2011). High water tempera-
tures have also been reported to reduce the antibacterial capacity of
greenlip abalone, rendering them vulnerable to bacterial infection
(Dang et al., 2012).

An important factor reported in SM is the vulnerability of abalone to
bacterial infection from pathogenic species such as Vibrio harveyi
(Nicolas et al., 2002; Travers et al., 2008, 2009, 2010),Vibrio alginolyticus
and Vibrio parahaemolyticus (Lee et al., 2001). However, it is also be-
lieved that any opportunistic pathogens present may simply be taking
advantage of the immune-suppressed abalone (Hooper et al., 2007).
The ability of pathogenic species to infect abalone is further exacerbated
by high water temperatures of 26 °C causing damage to the gill epithe-
lium, which is a portal of entry for bacteria (Hooper et al., 2014). In
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addition, when elevated water temperatures were maintained at 26 °C
for a further 7 days, Hooper et al. (2014) reported no significant recov-
ery of gill epithelia. Therefore, any harmful bacteria present during pe-
riods of elevated water temperatures could be even more damaging,
given the abalone are already compromised.

Feeding of antioxidants could improve the antioxidant capacity of
abalone exposed to oxidative-stress-inducing culture conditions. Anti-
oxidant enzymes are synthesised endogenously in organisms at the
cellular level to maintain the oxidant–antioxidant balance, and non-
enzymatic antioxidants from dietary sources may also supplement
them. Many aquatic and terrestrial plants contain compounds such as
vitamins, carotenoids and phenols, which are well known for their abil-
ity to protect against oxidative stress when ingested (Ahn et al., 2002).
This indicates that dietary formulation or supplementation is a potential
method for maintaining oxidant–antioxidant balance in abalone chal-
lenged by various stressors.

Grape seed extract (GSE) contains a range of compounds, which
have antioxidative properties such as phenols (Ahn et al., 2002; Balu
et al., 2005), catechins, epicatechins (Jayaprakasha et al., 2003),
procyanidins and proanthocyanidins (Davies et al., 2009; Jayaprakasha
et al., 2003). Positive health benefits of GSE supplementation have also
been identified in other animal models such as rats and horses (Ahn
et al., 2002; Balu et al., 2005; Çetin et al., 2008; Cheah, 2011; Davies
et al., 2009; Farbood et al., 2009; Sarkaki et al., 2007).

Live macroalgae also contain a variety of bioactive compounds, such
as polyphenols (Chojnacka et al., 2012; Dang et al., 2011b; McShane
et al., 1994; Rhimou et al., 2010), sulphated polysaccharides (Chandini
et al., 2008; Chojnacka et al., 2012; Dang et al., 2011b; Rhimou et al.,
2010), peptides, phycobiliproteins, polyphenols, carotenoids, tocoph-
erols, sterols (Abirami and Kowsalya, 2011; Chandini et al., 2008;
Tierney et al., 2010) and a high concentration of vitamins and minerals
(Chandini et al., 2008; Chojnacka et al., 2012).Wan et al. (2004) reported
that abalone fed with kelp maintained a better antioxidant status than
abalone fed with an artificial diet. Bansemir et al. (2006) reported that
extracts of certain species of macroalgae had antimicrobial activity, and
Dang et al. (2011b) reported that greenlip abalone fed live macroalgae
had improved antiviral and antibacterial activity. Macroalgae extracts
have been reported to exhibit antioxidative properties through high
free radical scavenging abilities (Athukorala et al., 2003), and inhibition
of lipid oxidation (Chandini et al., 2008).

This study aimed to test GSE and dried Ulva lactuca Linnaeus as feed
additives to reduce mortality in abalone cultured at highwater temper-
atures. These products were tested using the method previously devel-
oped by Stone et al. (2014), which utilised a set of diets (U. lactuca,
positive survival control; commercial abalone diet, negative survival
control) to monitor mortality patterns of greenlip abalone at high
water temperatures. It was hypothesised that feeding greenlip abalone
a commercial abalone feed supplemented with GSE or dried U. lactuca
would improve their oxidant–antioxidant balance. Therefore, detrimen-
tal effects associated with high water temperature would be lessened
and mortality levels would reduce.
2. Materials and methods

2.1. Experimental animals

One-year-old greenlip abalone, which had not been used in any
other experiments, were purchased from SAM Abalone (Boston Point,
Port Lincoln, SA, Australia) and held at the South Australian Research
and Development Institute (SARDI) Aquatic Sciences Centre (ASC)
(West Beach, SA, Australia). The experimental animals were held in a
5000-L tank suppliedwith aeration and flow-through seawater at ambi-
ent temperature and photoperiod, and fed a 5 mm commercial abalone
diet (Eyre Peninsula Aquafeed Pty Ltd. (EPA), Lonsdale, SA, Australia) ad
libitum daily.
2.2. Experiment 1

In order to validate haemolymph collection methods, a preliminary
time course experiment was performed to investigate the effect of an
acute handling stress on serum superoxide dismutase (SOD) activity
and ferric-reducing antioxidant potential (FRAP) values. Forty 3-year
old greenlip abalone (weight 18.06 ± 3.24 g; shell length 51.30 ±
3.04 mm) were housed at ambient water temperature (22 ± 0.5 °C)
in a 250-L tank provided with flow-through aerated seawater, and fed
the commercial EPA abalone diet (5 mm) ad libitum daily for 14 days
prior to sampling.

Haemolymph samples were extracted from the cephalic sinus of
the abalone, using a 23-gauge needle and 3 mL syringe, at four
time points: 0.5, 2, 4 and 16 min after being removed from the tank.
Ten abalone were sampled at each time point. Haemolymph was
then centrifuged at 4 °C and 2000 ×g for 5 min, and the serum was
pipetted into cryotubes and frozen at −80 °C, until assayed as per
Section 2.3.6.
2.3. Experiment 2

2.3.1. Experimental test ingredients, diets and preparation
GSE (GSeedEX grape seed tannin, Tarac Technologies Pty Ltd.,

Nuriootpa, SA, Australia) was formulated into the diets to achieve a de-
livery dose rate of 100 mg kg bw−1 day−1 at 26 °C. This level was cho-
sen based on research reporting that this dose rate in rodent models
promoted free radical scavenging, oxidative stress reducing activity
(Balu et al., 2005; Çetin et al., 2008), and other health benefits
(Farbood et al., 2009; Sarkaki et al., 2007). Dietary inclusion of GSE
was also calculated taking into consideration the targeted dose rate, ex-
pected abalone feed intake, decline in feed intake due to temperature,
and potential loss of GSE compounds through leaching.

Live U. lactuca was collected from Gulf St Vincent, SA, Australia, and
placed into a 4000-L tank at SARDI ASC. The live U. lactucawas enriched
in seawater with 8 L of Guillard's F2 nutrient media (sodium nitrate
component substituted with ammonium chloride, 4.75%) (Guillard,
1975; Guillard and Ryther, 1962), and re-enriched every 15 days. The
enriched U. lactuca was maintained throughout the experimental trial,
being topped up with bore water (to prevent increasing salinity) as re-
quired. To produce the dried U. lactuca, some of the enriched U. lactuca
was sun-dried for 8 h, before being oven-dried at 60 °C for 48 h. The
dried U. lactucawas blended into fine powder using a laboratory blend-
er (model HGBTWT53, Waring Commercial, Torrington, CT, USA), and
stored at−20 °C until the diets were manufactured.

The rationale for the inclusion of 30% driedU. lactuca in the commer-
cial diet was the anticipation of delivering approximately the same
amount of U. lactuca on a dry basis as would be consumed if abalone
were fed the live U. lactuca alone at 26 °C. The inclusion level was
based on delivering the reported daily feed intake of ~0.5 g of live
U. lactuca kg bw−1 day−1 reported for 70 mm greenlip abalone at
26 °C (Stone et al., 2014).

The five experimental diets used were: 1) the commercial EPA aba-
lone diet; 2) the commercial EPA diet+ 5% GSE; 3) the commercial EPA
diet+30%driedU. lactuca; 4) the commercial EPA diet+5%GSE+30%
dried U. lactuca; and 5) The live enriched U. lactuca (Table 1). GSE was
included as an additive at 5%, by adding 50 g of GSE to 1 kg of existing
EPA diet mash. Dried U. lactuca was included as an ingredient at 30%,
by removing 30% of the EPA diet mash.

To manufacture the experimental formulated diets, the re-
quired amounts of dry ingredients were weighed out and mixed in a
Hobart mixer (Hobart Corp., Troy, OH, USA) for 5 min. Water (30%)
was then added to the EPA diet mash and mixed for a further 3 min.
The diets were manufactured using a TR110 pasta machine (Macchine
Per Pasta SRL, Molina Di Malo, VI, Italy) to produce a 5 mm flat sinking
pellet.



Table 1
Ingredients, biochemical composition, and ferric-reducing antioxidant potentials (FRAP) of experimental diets fed to greenlip abalone.a,b

Diet Commercial
diet

Comm. + 5%
GSE

Comm. + 30% dried
U. lactuca

Comm. + 5% GSE
+ 30% dried U. lactuca

Live
U. lactuca

Ingredient (as fed)
Commercial diet mash (g kg−1) 983.0 936.2 683.0 650.5 na
Dried U. lactuca (g kg−1) 0.0 0.0 300.0 285.7 na
Vitamin–mineral premix (g kg−1) 2.0 1.9 2.0 1.9 na
Salmon oil (mL kg−1) 15.0 14.3 15.0 14.3 na
GSE (g kg−1) 0.0 47.6 0.0 47.6 na
Live U. lactuca (g kg−1) 0.0 0.0 0.0 0.0 1000.0
Sum 1000.0 1000.0 1000.0 1000.0 1000.0

Biochemical composition (as fed)
Moisture (g kg−1) 100.0 100.0 100.0 100.0 780.0
Crude protein (g kg−1) 306.0 292.9 295.7 283.1 59.8
Crude lipid (g kg−1) 45.0 42.9 44.1 42.1 9.3
Ash (g kg−1) 62.0 59.2 93.4 89.1 36.7
Carbohydrate (g kg−1) 518.7 497.0 421.7 404.6 42.9
NFE (g kg−1)c 587.0 605.0 566.7 585.7 114.3
Gross energy (MJ kg−1)d 17.9 17.2 16.0 15.3 3.7

Antioxidant potential (as fed)
FRAP value (μmol Fe2+ equivalent g−1)e 0.92 14.66 0.68 7.78 0.4
FRAP value after 6 h in water (μmol Fe2+ equivalent g−1)f 0.64 29.10 0.35 12.09 na

a na = not applicable.
b GSE = grape seed extract = GSeedEX grape seed tannin = (g kg−1 as fed): moisture, N10; crude protein, 45.0; crude lipid, 2.0; ash, 2.5; carbohydrate 791.0; NFE, 950.5; gross

energy 1.48 MJ kg−1 (Tarac Technologies Pty Ltd., Nuriootpa, SA, Australia).
c NFE = nitrogen-free extract was calculated by difference, =1000 − (crude protein + total fat + ash).
d Gross energy content of enriched U. lactucawas determined using values of 17.2, 23.6, and 39.5 MJ kg−1 for carbohydrate, protein and lipid, respectively (NRC, 2011).
e FRAP = ferric-reducing antioxidant potential was measured by homogenising the ingredient and feed sample in DMSO and assaying the supernatant. Test ingredient FRAP values

(μmol Fe2+ equivalent g−1): GSE, 6.00; live U. lactuca, 0.40; dried enriched U. lactuca, 1.72.
f FRAP was also measured after immersing of the feed sample in distilled water for 6 h, then collecting the solid feed on filter paper, homogenising it in DMSO and assaying the

supernatant.
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2.3.2. Experimental system
The experiment was conducted in a photoperiod controlled (12 h of

low-intensity light (3.4 lx, 7:15 am to 7:15 pm) and 12 h of dark
(7:15 pm to 7:15 am)) and air temperature controlled (20 ± 1 °C) lab-
oratory. The experiment used two identical water temperature con-
trolled systems (22 and 26 °C) described in Stone et al. (2013) with
30 μm sand-filtered, UV treated seawater. Each system consisted of fif-
teen 12.5-L blue plastic experimental tanks (Nally IH305, Viscount Plas-
tics Pty Ltd.; length, 39.2 cm; width, 28.8 cm; depth, 11.0 cm; and
bottom surface area, 1129 cm2), with a water depth of 5 cm controlled
by a standpipe, resulting in a tank water volume of 5.4 L. The experi-
mental tankswere gravity fed flow-through aeratedwater from a reser-
voir at a flow rate of 300 mLmin−1. This flow rate resulted in ~80 tank
water exchanges per day. Tankwater flow rate and depthwere checked
twice aweek and adjusted if needed.Water temperaturewas controlled
using 3 kW immersion heaters (240 V, JQ20, Austin and Cridland,
Carlton, NSW, Australia). The experiment lasted for 38 days.

2.3.3. Tank stocking
Abalone were weighed (26.8 ± 14.7 g) and measured (shell length,

57.9 ± 11.6mm), and 12 abalonewere systematically interspersed into
3 replicate tanks per treatment combination. The water temperature
was slowly adjusted from ambient (23 °C) to the required treatment
water temperatures (22 and 26 °C) over a period of seven days.
Tank water temperatures were then maintained within a tolerance
of ±1.5 °C until the end of the experiment.

2.3.4. Feeding
On the day after stocking, abalone in each tank were fed the appro-

priate experimental formulated diet to excess (1.0 to 1.2% bw day−1 as
the experiment progressed) daily. Live enriched U. lactuca was also fed
to excess to the appropriate tanks at a rate of 1.5% bwday−1 for the first
week and thenwas increased to 2.5% bwday−1 for the remainder of the
experiment. Feeding occurred at 4:00 pm. At 8:30 am the following day,
tanks were cleaned and uneaten feed was collected in a 500 μm sieve
and transferred to containers. The containers were weighed daily and
stored at −20 °C. At the end of the experiment, all uneaten feed sam-
ples were oven-dried (16 h at 105 °C for experimental formulated
diets; 48 h at 60 °C for the live U. lactuca) to obtain the dry weights.
To account for feed leaching losses (or growth for the U. lactuca diets),
the samemethodwas used with tanks containing no abalone. Apparent
feed intakewas calculated by subtracting the uneaten feed (dryweight)
and the amount lost due to leaching (dry weight) or gained due to
growth, from the total amount of feed delivered to each tank and then
we converted these values to an as fed basis using the original moisture
content of the diets.

Dead animals were removed, weighed, measured and replaced with
tagged abalone to maintain stocking density. Feed rates were adjusted
accordingly to compensate for any biomass changes arising from mor-
talities and replacements.

2.3.5. Sample collection
At the end of the experiment, all abalone were removed for sam-

pling. Systematically, one by one, each abalone was removed from the
tank, weighed, and measured, and haemolymph was sampled.
Haemolymph was obtained by inserting a 23-gauge needle with 3 mL
syringe (Livingstone International, Rosebery, NSW, Australia) into the
cephalic sinus and drawing out the haemolymph within 0.5 min after
abalone were removed from the tank. Haemolymph was vortexed and
expelled into microtubes (Eppendorf AG, Hamburg, Germany).
Haemolymph samples were centrifuged at 4 °C for 5 min at 2000 ×g
to separate the serum from the cell pellet. The serum was pipetted
into cryotubes (Sarstedt AG and Co., Numbrecht, Germany) and kept
on dry ice until storing at−80 °C.

2.3.6. Biochemical analyses
Serum samples from the abalone were analysed for SOD activity

using a superoxide dismutase activity assay kit (Item Number 706002;
Cayman Chemical, Ann Arbor, MI, USA). The antioxidant capacities of
the GSE, dried U. lactuca, test diets and abalone serum samples were



Fig. 1. Abalone serum superoxide dismutase (SOD) activities following a handling stress.
Values aremean± SE; n= 2;means with different superscripts are significantly different
(P b 0.05; One-factor ANOVA).
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determined using the FRAP methods of Xu et al. (2010), with the mod-
ifications of Cheah (2011). Equal amounts of serum from abalone from
each tank were pooled for FRAP and SOD analyses. GSE, dried
U. lactuca and test diets were homogenised in dimethyl sulfoxide
(DMSO) and the supernatants were analysed for FRAP. To evaluate
leaching loss, the FRAP activity of the four formulated diets was also
tested after soaking in water for 6 h.

The biochemical compositions of the commercial diet, and the live
and dried U. lactuca were analysed according to the methods of the
AOAC International (1995). Crude protein (N × 6.25) was determined
by the Kjeldahl method. Crude lipid was analysed with a Soxtherm
rapid extraction system (Gerhardt GmbH and Co. KG, Konigswinter,
Germany) with petroleum liquid (BP 100 °C) as the extracting solvent.
Ashwas determined using amuffle furnace at 550 °C for 16 h. Gross en-
ergy of U. lactuca was determined using the values of 17.2, 23.6 and
39.5 MJ kg−1 for carbohydrate, protein and lipid, respectively (NRC,
2011). Carbohydrate was determined using the Molisch test
(Lampman et al., 2010) and a glucose standard curve.

2.3.7. Growth and performance calculations
Weight gain (g abalone−1) = final weight− initial weight
Daily growth rate (g day−1) = (final weight − initial weight) /
number of days
Shell growth rate (μm day−1) = (final shell length − initial shell
length) / number of days
Feed intake (g kg abalone−1 day−1 as fed basis) = (grams fed −
grams uneaten) − grams leached / kg tank biomass ∗ number of
days
Weekly meal acceptance (%) = (number of days part of meal was
consumed by abalone / 7 days) ∗ 100

2.3.8. Water quality
Water quality parameters (DO saturation level, DO concentration,

temperature, salinity and pH) were measured twice daily at 6:45 am
(dark) and 3:30 pm (immediately prior to feeding).Water DOwasmea-
sured in percentage (saturation) and milligrams per litre (concentra-
tion) using an Oxyguard Handy Polaris 2 oxygen probe and metre
(Oxyguard International A/S, Birkerod, Denmark). Salinity was mea-
sured in grams per litre using an ISSCO UR-2 handheld refractometer
(model RF20; Extech Instruments, Nashua, NH, USA). pHwasmeasured
with a Eutech pH Testr30 metre (Eutech Instruments Pte Ltd.,
Singapore, Singapore). Water total ammonia levels were measured
weekly at 7:30 am using an API ammonium/ammonia aquarium test
kit (Mars Fishcare, Chalfont, PA, USA). Dissolved CO2 gas levels were
measured at 6.45 am on day 38 of the experiment using an Oxyguard
CO2 Analyser (Oxyguard International A/S, Birkerod, Denmark).

2.3.9. Statistical analysis
In order to ensure normal distribution, data was transformed where

appropriate, from percentage values to arcsine values. Levene's test for
equality of variance was used to assess the homogeneity of variance
among means. For Experiment 1, One-factor ANOVAs and Student–
Newman–Keuls (SNK) post-hoc tests were used to assess differences
in serum values across time points. For Experiment 2, One-factor
ANOVAs with SNK post-hoc tests were used to assess differences in ini-
tial weights and initial shell lengths. Three-factor ANOVAs were used to
assess the main affects (water temperature, GSE addition, and dried
U. lactuca addition) and interactions, on water quality parameters,
growth, performance, and health traits, across the eight formulated
diet treatment combinations. Where an interaction was observed,
One-factor ANOVAs with SNK post-hoc tests were used to assess differ-
ences across the eight formulated diet treatment combinations. Data
from the two live U. lactuca treatments were omitted for all Three-
factor analyses. Additionally for Experiment 2, all ten treatments were
assessed using Dunnett's tests to compare the control treatment (live
U. lactuca at the 22 °C water temperature) against the other nine treat-
ments. Survival patterns were assessed using Kaplan–Meier analyses
with Log-Rank and Breslow tests, and Cox proportional-hazards regres-
sion analyses. Feed intake and meal acceptance were assessed using a
linear mixed model ANOVA, utilising diet, week, and their interaction
as fixed effects, and tank number as a random effect. Statistics were
computed using SPSS for Windows (version 20, IBM Corp., Armonk,
NY, USA). A significance level of P b 0.05was used, and unless otherwise
stated, all values are presented as mean ± standard error.

3. Results

3.1. Experiment 1

The results of the haemolymph sampling validation experiment in-
dicated a significant progressive decrease in serum SOD activity of aba-
lone that occurred between 0.5 and 2min (P b 0.05; One-factor ANOVA;
Fig. 1) following removal from the tank. SOD activity remained signifi-
cantly depressed at 4 min, and returned to initial levels 16 min after
the handling disturbance (P b 0.05; Fig. 1). For this reason,
haemolymph samples for Experiment 2 were collected within 0.5 min
after abalone were removed from the tank. A similar, but opposite and
more variable trend was observed for serum FRAP values, but was not
significant (P N 0.05; Fig. 2).

3.2. Experiment 2

3.2.1. Survival
Survival of abalone for the 22 °C water temperature treatments was

100%, whereas at 26 °C, survival rates varied significantly among diets
(P b 0.05, Figs. 3, 4 and 5).

There was a significant effect of both GSE and dried U. lactuca addi-
tions on the survival of abalone (P= 0.001 and P= 0.029, respectively;
Kaplan–Meier; Log-Rank tests; Figs. 3 and 4). Abalone fed diets with no
GSE were 2.8 times more likely to die than abalone fed diets with GSE
(P = 0.002; Cox proportional-hazards regression). Similarly, abalone
fed diets with no dried U. lactuca were 1.2 times more likely to die
than abalone fed diets with dried U. lactuca (P = 0.037). The chance
of surviving was not significantly affected by the interaction between
GSE addition and dried U. lactuca addition (P = 0.468).



Fig. 2.Abalone serum ferric-reducing antioxidant potential (FRAP) values following a han-
dling stress. Values are mean ± SE; n = 2; means with different superscripts are signifi-
cantly different (P b 0.05; One-factor ANOVA).

Fig. 4. Kaplan–Meier survival curves of greenlip abalone fed diets with dried U. lactuca
(∙∙∙∙∙) and without dried U. lactuca (___). Survival rate of abalone fed the dried U. lactuca
diets N no dried U. lactuca diets (P = 0.029; Log-rank and Breslow tests). Data is for the
26 °C water temperature treatments only, as no mortality was observed for the 22 °C
treatments.
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There was a significant difference in the survival of abalone among
diet types at 26 °C (P b 0.001; Kaplan–Meier; Log-Rank test; Fig. 5). Ab-
alone fed the live U. lactuca diet were 20.5 times more likely to survive
than abalone fed the commercial diet (P = 0.003; Cox proportional-
hazards regression). However, there was no significant difference be-
tween the survival of abalone fed the live U. lactuca and any of the
other three diets at the 26 °C water temperature (commercial + 5%
GSE P= 0.192; commercial+ 30% driedU. lactuca P= 0.052; commer-
cial + 5% GSE + 30% dried U. lactuca P = 0.319).
3.2.2. Feed intake and feeding behaviour
Feed intake (as fed basis) by abaloneover thewhole experimentwas

significantly affected by water temperature (P b 0.001; 22 N 26 °C;
Table 4) and GSE addition (P b 0.001; GSE N no GSE), but not by dried
U. lactuca addition (P N 0.05). However, feed intakewas also significant-
ly affected by the interaction between water temperature and dried
Fig. 3. Kaplan–Meier survival curves of greenlip abalone fed diets with grape seed extract
(GSE) (∙∙∙∙∙) andwithout GSE (___). Survival rate of abalone fed the GSE diets N no GSE diets
(P = 0.001; Log-rank and Breslow tests). Data is for the 26 °C water temperature treat-
ments only, as no mortality was observed for the 22 °C treatments.
U. lactuca addition (P= 0.017), and by the interaction between GSE ad-
dition and dried U. lactuca addition (P≤ 0.001, Table 4). There were no
significant three-way interactions betweenwater temperature, GSE ad-
dition and dried U. lactuca addition (P N 0.05, Table 4). The interaction
between temperature and dried U. lactuca addition was due to the
higher response in feed intake by abalone at 26 °C compared to 22 °C
(Table 4). While the interaction between GSE addition and dried U.
lactuca addition was due to the positive response in feed intake by aba-
lone due to the addition of GSE to the diet compared to the neutral re-
sponse observed when dried U. lactuca was added (Table 4).

Compared to the live U. lactuca at the 22 °C water temperature, the
feed intake (as fed basis) of abalone was significantly lower (P b 0.05;
Table 5) compared to all other treatments.

Over the course of the experiment at the 22 °C water temperature,
feed intake (as fed basis) was significantly affected by time (P b 0.001;
linear mixed model; Fig. 6a), diet type (P b 0.001), and the interaction
between the two factors (P b 0.001). The interaction may be explained
Fig. 5. Kaplan–Meier survival curves for the abalone fed different diets at the 26 °C water
temperature. Survival rate of abalone fed the live U. lactuca diet N commercial diet
(P b 0.001; Log-rank and Breslow tests).



Fig. 6.Weekly average feed intake (as fed basis) of greenlip abalone fed experimental diets
at the (a) 22 °C and (b) 26 °Cwater temperature. For each diet, eachweekly value is com-
pared back to the initial value (week 1) and assessed for significant differences (linear
mixed model). Values are mean ± SE, n = 3.

Fig. 7.Meal acceptance (percentage of meals partially consumed each week) of greenlip
abalone fed experimental diets at the 26 °Cwater temperature. For each diet, eachweekly
value was compared back to the initial value (week 1) and assessed for significant differ-
ences (linear mixed model). Values are mean ± SE, n = 3.
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by there being no significant change in feed intake by abalone over time
(P N 0.05), for any of the formulated diets at 22 °C (Fig. 6a).Whereas, for
the liveU. lactuca at the samewater temperature, feed intake by abalone
increased significantly (P b 0.001) from week one to week two during
the acclimation period, and stayed significantly higher (P b 0.05) for
the remainder of the experiment.

Over the course of the experiment at the 26 °C water temperature,
feed intake (as fed basis) by abalone was significantly affected by time
(P b 0.001; linear mixed model; Fig. 6b), diet (P= 0.003), and their in-
teraction (P b 0.001). The interaction between diet type and time was
due to significant differences in the rate that feed intake decreased
over time for different diets (P b 0.05). The feed intake of the commer-
cial diet significantly decreased (P = 0.002) from week one to week
two, and stayed significantly lower (P b 0.001) for the remainder of
the experiment. The feed intake of the commercial + 5% GSE diet, and
the live U. lactuca diet, did not significantly change (P N 0.05) from
week one to week two, but the feed intake for both was significantly
lower (P = 0.001) by week three, and stayed significantly lower
(P b 0.001) for the remainder of the experiment. The feed intake of
the commercial + 30% dried U. lactuca diet and the commercial + 5%
GSE + 30% dried U. lactuca diet did not significantly change (P N 0.05)
over the first five weeks, but had significantly decreased (P b 0.05) by
week six.

Over the course of the experiment at the 22 °C water temperature,
meal acceptance by abalone was 100% each week, for all diets. In con-
trast, at the 26 °C, meal acceptance was significantly affected by time
(P b 0.001; linearmixedmodel; Fig. 7), diet (P b 0.001), and their inter-
action (P b 0.001) over the course of the same period. The interaction
between time and diet type was due to significant differences in the
proportion thatweeklymeal acceptance changed over time for different
diets (P b 0.05). Meal acceptance did not significantly change (P N 0.05)
over time for the commercial + 5% GSE diet, commercial + 30% dried
U. lactuca diet, or the commercial + 5% GSE + 30% dried U. lactuca
diet. However, for the commercial diet, meal acceptance was signifi-
cantly lower (P b 0.05) at week four and week six. For the live
U. lactuca diet, meal acceptance was only significantly lower (P b 0.05)
at week four.

3.2.3. Water quality
At 6:45 am, the DO saturation levels (%) of the culture water were

significantly affected by GSE addition (GSE N no GSE; P = 0.037;
Three-factor ANOVA; Table 2), but not by water temperature (P =
0.566) or dried U. lactuca addition (P = 0.465), and there were no sig-
nificant interactions between water temperature, GSE addition and
dried U. lactuca addition (P N 0.05, Table 2). While at 3:30 pm, DO satu-
ration levels of the culture water were not significantly affected by
water temperature (P = 0.744), GSE addition (P = 0.401) or dried
U. lactuca addition (P = 0.418) and there were no significant interac-
tions between the any of the factors (P N 0.05, Table 2).

At 6:45 am, the DO concentrations (mg L−1) were significantly
affected by water temperature (P b 0.001; 22 N 26 °C) and GSE addi-
tion (GSE N no GSE; P = 0.041), but not by dried U. lactuca addition
(P N 0.05; Table 2), and there were no significant interactions
between any of the factors (P N 0.05). While at 3:30 pm, DO concen-
trations were significantly affected by water temperature (P b 0.001;
22 N 26 °C), but not by GSE addition (P = 0.406) or dried U. lactuca
addition (P =0.328), and there were no significant interactions be-
tween any of the factors (P N 0.05, Table 2).

Culture water pH levels at both 6:45 am and 3:30 pm were signifi-
cantly affected by water temperature (P b 0.001; 26 N 22 °C), but not
by GSE addition (6:45 am, P = 0.159; 3:30 pm, P = 0.442) or dried



Table 2
Three-factor ANOVA comparing the effects of water temperature, grape seed extract (GSE) addition and dried U. lactuca addition, and interactions on water quality parameters.a,b,c,d

Main effect Water temperature GSE addition Dried U. lactuca addition Three-factor ANOVA

22 °C 26 °C With Without With Without Temp
(A)

GSE
add.
(B)

Dried
U. lactuca
add. (C)

Temp ∗
GSE add.
(A ∗ B)

Temp ∗ dried
U. lactuca
add. (A ∗ C)

GSE add. ∗
dried
U. lactuca add.
(B ∗ C)

DO (% sat)
6:45 am

84.24 ± 0.50 83.82 ± 0.50 84.83 ± 0.50 83.22 ± 0.50 84.29 ± 0.50 83.76 ± 0.50 0.566 0.037* 0.465 0.529 0.923 0.314

DO (% sat)
3:30 pm

88.66 ± 0.53 88.91 ± 0.53 89.11 ± 0.53 88.46 ± 0.53 89.10 ± 0.53 88.47 ± 0.53 0.744 0.401 0.418 0.577 0.519 0.245

DO (mg L−1)
6:45 am

5.98 ± 0.04 5.65 ± 0.04 5.87 ± 0.04 5.76 ± 0.04 5.82 ± 0.04 5.81 ± 0.04 b0.001* 0.041* 0.765 0.392 0.562 0.427

DO (mg L−1)
3:30 pm

6.28 ± 0.04 5.97 ± 0.04 6.15 ± 0.04 6.10 ± 0.04 6.15 ± 0.04 6.10 ± 0.04 b0.001* 0.406 0.328 0.406 0.659 0.144

pH 6:45 am 8.12 ± 0.01 8.16 ± 0.01 8.14 ± 0.01 8.13 ± 0.01 8.14 ± 0.01 8.14 ± 0.01 b0.001* 0.159 0.629 0.471 0.809 0.104
pH 3:30 pm 8.13 ± 0.01 8.16 ± 0.01 8.15 ± 0.01 8.14 ± 0.01 8.14 ± 0.01 8.15 ± 0.01 b0.001* 0.442 0.796 0.607 0.607 0.135

a Values are estimated marginal means ± SE, n = 3.
b Data from the seven day acclimatisation period at the start of the trial is excluded.
c P-values with * were significant (P b 0.05).
d There were no significant three-way interactions (P N 0.05).
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U. lactuca addition (6:45 am, P= 0.629; 3:30 pm, P= 0.796), and there
were no significant interactions between any of the factors (P N 0.05:
Table 2).

Compared to the live U. lactuca positive control diet at the 22 °C
water temperature, the 6:45 am DO saturation levels for the live
U. lactuca diet at the 26 °Cwater temperaturewere not significantly dif-
ferent (P N 0.05; Dunnett's test; Table 3). However, DO saturation levels
at 6:45 am were significantly lower (P b 0.05) for all formulated diets,
when compared to the live U. lactuca at the 22 °C water temperature.
At 3:30 pm, the 22 °C commercial diet, 22 °C commercial + 5% GSE
diet, 26 °C commercial diet, 26 °C commercial + 30% dried U. lactuca
diet, and the 26 °C commercial + 30% dried U. lactuca + 5% GSE diet
treatments all had significantly lower DO saturation levels than the
live U. lactuca at the 22 °C water temperature.

DO concentrations at 6:45 am were significantly lower (P b 0.05;
Dunnett's test; Table 3) in all treatments when compared to the live
U. lactuca at the 22 °C water temperature. However, at the 3:30 pm,
the 22 °C commercial diet + 30% dried U. lactuca treatment and the
22 °C commercial diet + 30% dried U. lactuca + 5% GSE treatment
were not significantly different (P N 0.05) to the live U. lactuca at the
22 °C water temperature; whereas all other treatments were signifi-
cantly lower (P b 0.05).

Culture water pH levels at 6:45 am were significantly lower
(P b 0.05; Dunnett's test; Table 3) for all 22 °C formulated diet treat-
ments, when compared to the live U. lactuca at the 22 °Cwater temper-
ature. However, there was no significant difference (P N 0.05) between
the live U. lactuca at the 22 °C water temperature and the 26 °C water
temperature treatments. At 3:30 pm, the 22 °C commercial diet had a
significantly lower (P b 0.05) pH than the live U. lactuca at the 22 °C
water temperature, whereas all other treatments were not significantly
different (P N 0.05).

Dissolved CO2 gas levels of the culture water were b1 mg L−1 for
all formulated diet treatments, and 1 mg L−1 for the live U. lactuca
treatments.

3.2.4. Growth performance
There were no significant differences (P N 0.05; One-factor ANOVA)

in initial weight (26.8± 14.7 g) or initial shell length (57.9± 11.6mm)
of abalone allocated to each treatment combination at the commence-
ment of the experiment.

Weight gain, daily growth rate, and shell growth rate of abalonewere
significantly affected by water temperature (P b 0.001; 22 N 26 °C;
Three-factor ANOVA; Table 4), but not significantly affected by GSE
addition (P N 0.05) or dried U. lactuca addition (P N 0.05), and there
were no significant interactions (P N 0.05).
Compared to the abalone fed the live U. lactuca at the 22 °C water
temperature, weight gains, daily growth rates and shell growth rates
were all significantly higher (P b 0.05; Dunnett's test; Table 5) for the ab-
alone held at 22 °C water temperature and fed any of the formulated
diets. However, weight gains, daily growth rates, and shell growth rates
of the abalone fed all formulated diets at the 26 °C water temperature
were not significantly different (P N 0.05) to the live U. lactuca at
the 22 °C water temperature. Shell growth rate of abalone fed the
live U. lactuca diet at the 26 °C water temperature was significantly
lower (P b 0.05) than for those fed the live U. lactuca at the 22 °C water
temperature.

3.2.5. Serum SOD and FRAP
Serum SOD activity of abalone was significantly affected by GSE

addition (P = 0.038; GSE N no GSE; Table 4), but not significantly
affected by water temperature (P = 0.439) or dried U. lactuca addition
(P= 0.879), and there were no significant interactions between any of
the factors (P N 0.05, Table 4).

Serum SOD activity of the abalone fed the live U. lactuca at the 22 °C
water temperature was not significantly different (P N 0.05; Table 5) to
those of abalone from any other treatment at either water temperature.

Serum FRAP values were not significantly affected bywater temper-
ature (P= 0.649; Table 4), GSE addition (P= 0.316) or dried U. lactuca
addition (P = 0.774), and there were no significant interactions be-
tween the factors (P N 0.05).

However, the serum FRAP value of abalone fed the live U. lactuca at
the 22 °C water temperature was significantly higher (P b 0.05;
Table 5) than those of the abalone fed the commercial diet at the
26 °Cwater temperature. Additionally, the serum FRAP value of abalone
fed the live U. lactuca at the 22 °C water temperature was not signifi-
cantly different (P N 0.05) to those of abalone fed any other diet at either
water temperature (Table 5).

3.2.6. GSE dose rate
The addition level of GSE to the experimental diets was ~5%. Based

on the daily feed intake rates presented in Table 5, the average con-
sumption of dried GSE for the commercial + 5% GSE diet by abalone
was ~238 and 113 mg kg abalone−1 day−1 for the 22 and 26 °C water
temperatures, respectively. The average consumption of GSE for the com-
mercial + 5% GSE + 30% dried U. lactuca diet was ~234 and 137 mg kg
abalone−1 day−1 for the 22 and 26 °C water temperatures, respectively.

3.2.7. Dried U. lactuca intake
The dietary inclusion level of dried U. lactuca to the experimental

diets was ~30%. Based on the daily feed intake rates presented in



Table 3
Water quality parameters across all treatments for comparison using Dunnett's tests.a,b,c,f

Water temperature (°C) 22 °C 26 °C

Diet Live U. lactuca
(Dunnett's test
control value)

Commercial diet Comm. + 5% GSE Comm. + 30%
dried U. lactuca

Comm. + 5%
GSE + 30% dried
U. lactuca

Live U. lactuca Commercial diet Comm. + 5% GSE Comm. + 30% dried
U. lactuca

Comm. + 5%
GSE + 30% dried
U. lactuca

DO (% sat) 6:45 amd Mean 90.7 ± 1.81 82.5 ± 0.19⁎⁎⁎ 84.7 ± 0.78⁎⁎ 83.9 ± 1.89⁎⁎ 85.9 ± 1.35⁎ 89.5 ± 1.50 83.3 ± 1.12⁎⁎ 84.5 ± 0.31⁎⁎ 83.2 ± 0.41⁎⁎ 84.3 ± 0.69⁎⁎

Range 80–100 70–96 69–99 68–95 72–97 74–101 68–94 69–98 64–94 69–94
DO (% sat) 3:30 pmd Mean 92.7 ± 0.41 87.5 ± 0.55⁎⁎ 88.3 ± 1.75⁎ 89.6 ± 0.69 89.3 ± 1.77 92.6 ± 0.56 88.3 ± 0.37⁎ 89.8 ± 0.89 88.5 ± 0.85⁎ 89.1 ± 0.68⁎

Range 82–98 78–95 77–98 76–97 66–100 85–101 75–99 80–102 70–99 74–99
DO (mg L−1) 6:45 amd Mean 6.49 ± 0.12 5.87 ± 0.02⁎⁎⁎ 6.04 ± 0.10⁎⁎ 5.94 ± 0.10⁎⁎ 6.09 ± 0.10⁎⁎ 6.04 ± 0.10⁎⁎ 5.60 ± 0.09⁎⁎⁎ 5.72 ± 0.02⁎⁎⁎ 5.62 ± 0.05⁎⁎⁎ 5.64 ± 0.05⁎⁎⁎

Range 5.7–7.1 4.9–6.8 4.9–7.1 4.9–6.6 5.2–6.8 5.1–6.9 4.6–6.4 4.7–6.8 4.3–6.4 4.0–6.4
DO (mg L−1) 3:30 pmd Mean 6.55 ± 0.08 6.20 ± 0.02⁎ 6.22 ± 0.13⁎ 6.36 ± 0.09 6.34 ± 0.11 6.20 ± 0.08⁎ 5.92 ± 0.05⁎⁎⁎ 6.04 ± 0.05⁎⁎ 5.92 ± 0.04⁎⁎⁎ 5.98 ± 0.04⁎⁎⁎

Range 5.9–7.1 5.5–6.8 5.1–6.8 5.4–6.9 5.1–7.1 5.4–6.9 5.1–6.8 5.5–6.9 4.8–6.8 5.0–6.8
pH 6:45 ame Mean 8.18 ± 0.01 8.11 ± 0.01⁎⁎ 8.12 ± 0.01⁎⁎ 8.11 ± 0.01⁎⁎ 8.14 ± 0.01⁎ 8.21 ± 0.01 8.16 ± 0.01 8.17 ± 0.01 8.15 ± 0.00 8.15 ± 0.01

Range 8.03–8.24 7.96–8.17 8.02–8.22 7.89–8.21 7.96–8.20 8.09–8.36 8.02–8.24 8.05–8.23 8.00–8.23 8.00–8.24
pH 3:30 pme Mean 8.16 ± 0.00 8.12 ± 0.01⁎ 8.13 ± 0.01 8.13 ± 0.01 8.14 ± 0.01 8.19 ± 0.01 8.16 ± 0.00 8.17 ± 0.00 8.15 ± 0.01 8.15 ± 0.01

Range 8.03–8.22 7.97–8.19 8.00–8.23 7.91–8.23 7.97–8.20 8.07–8.24 8.03–8.25 8.04–8.23 8.03–8.25 8.03–8.22
Temp (°C) 6:45 am Mean 21.9 ± 0.01 21.9 ± 0.04 21.9 ± 0.03 21.9 ± 0.04 21.9 ± 0.06 25.4 ± 0.08 25.5 ± 0.03 25.4 ± 0.11 25.5 ± 0.17 25.4 ± 0.12

Range 21.0–22.5 21.1–22.9 21.0–22.6 20.9–22.8 21.0–22.8 24.9–26.5 25.2–26.5 25.0–26.5 25.1–26.8 25.0–26.9
Temp (°C) 3:30 pm Mean 21.7 ± 0.01 21.7 ± 0.10 21.7 ± 0.05 21.7 ± 0.05 21.8 ± 0.09 25.5 ± 0.10 25.5 ± 0.03 25.4 ± 0.14 25.5 ± 0.23 25.4 ± 0.07

Range 20.6–22.1 20.6–22.4 20.8–22.1 20.9–22.3 20.7–22.4 25.0–26.5 24.5–26.6 24.6–26.7 25.0–26.5 24.9–26.5

a Dunnett's tests use the live U. lactuca at the 22 °C water temperature treatment as the control value to compare against all other treatments.
b Data from the seven day acclimatisation period at the start of the trial is excluded.
c Range represents the lowest and highest recorded values. Means are ± SE, n = 3. No analyses performed for temperature.
d Dunnett's 1-tailed test, * denotes value is significantly different to control value (live U. lactuca at the 22 °C water temperature).
e Dunnett's 2-tailed test, * denotes value is significantly different to control value (live U. lactuca at the 22 °C water temperature).
f GSE = grape seed extract
⁎ P b 0.05
⁎⁎ P b 0.01.
⁎⁎⁎ P b 0.001.
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Table 4
Three-factor ANOVA comparing main effects of water temperature, grape seed extract (GSE) addition and dried U. lactuca addition, and interactions on growth, performance and health traits of greenlip abalone.a,b,c

Water temp (°C) 22 °C 26 °C Three-factor ANOVA

GSE addition Without GSE With GSE Without GSE With GSE Water
temp
(A)

GSE
add.
(B)

Dried
U. lactuca
add. (C)

Temp ∗
GSE add.
(A ∗ B)

Temp ∗
dried
U. lactuca
add. (A ∗ C)

GSE add. ∗
dried
U. lactuca
add. (B ∗ C)

Diet Commercial
diet

Comm. + 30%
dried U. lactuca

Comm. + 5%
GSE

Comm. + 5%
GSE + 30% dried
U. lactuca

Commercial
diet

Comm. +
30% dried
U. lactuca

Comm. +
5% GSE

Comm. + 5%
GSE + 30% dried
U. lactuca

Weight gain (g abalone−1) 8.4 ± 0.9 8.0 ± 0.4 8.3 ± 0.4 7.6 ± 0.1 3.3 ± 0.9 4.9 ± 0.8 4.1 ± 1.5 4.3 ± 0.4 b0.001* 0.948 0.757 0.779 0.428 0.208
Daily growth rate (mg day−1) 220.6 ± 23.8 209.6 ± 10.3 219.1 ± 10.6 200.4 ± 3.5 85.6 ± 18.3 129.4 ± 21.5 109.1 ± 39.4 113.1 ± 11.7 b0.001* 0.934 0.642 0.805 0.496 0.229
Shell growth rate (μm day−1) 120.3 ± 13.0 126.9 ± 0.5 112.1 ± 3.7 113.5 ± 4.8 44.6 ± 7.5 45.4 ± 4.5 35.2 ± 3.7 56.2 ± 4.8 b0.001* 0.314 0.145 0.250 0.449 0.486
Feed intake
(g kg abalone−1 day−1)c,d,e

4.00 ± 0.10b 3.31 ± 0.05c 4.76 ± 0.05a 4.68 ± 0.11a 1.24 ± 0.05f 1.43 ± 0.13f 2.25 ± 0.16c 2.74 ± 0.10d b0.001* b0.001* 0.828 0.399 0.017* 0.001*

Serum SOD activity (U mL−1) 0.090 ± 0.01 0.097 ± 0.01 0.121 ± 0.01 0.130 ± 0.03 0.098 ± 0.01^ 0.085 ± 0.01 0.115 ± 0.02 0.105 ± 0.01 0.439 0.038* 0.879 0.563 0.926 0.394
Serum FRAP value (μmol Fe2+

equivalent)
0.120 ± 0.01 0.112 ± 0.01 0.129 ± 0.00 0.114 ± 0.00 0.096 ± 0.01^ 0.126 ± 0.01 0.128 ± 0.01 0.113 ± 0.02 0.649 0.316 0.774 0.766 0.093 0.194

a Values are means ± SE. n = 3, except for superscript ^, where n = 2.
b P-values with * were significant (P b 0.05).
c There were no significant Three-way interactions (P N 0.05).
d Denotes One-factor ANOVA performed due to significant interactions (P b 0.05). Means with different superscripts are significantly different (P b 0.05).
e As fed basis.

Table 5
Growth, performance and health traits of greenlip abalone across all treatments for comparison using Dunnett's tests.a,b,f

Water temperature (°C) 22 °C 26 °C

Diet Live U. lactuca
(Dunnett's test
control value)

Commercial
diet

Comm. + 5%
GSE

Comm. + 30%
dried U. lactuca

Comm. + 5%
GSE + 30% dried
U. lactuca

Live U. lactuca Commercial
diet

Comm. + 5%
GSE

Comm. + 30%
dried U. lactuca

Comm. + 5%
GSE + 30% dried
U. lactuca

Weight gain (g abalone−1) d 3.5 ± 0.6 8.4 ± 0.9⁎⁎ 8.3 ± 0.4⁎⁎ 8.0 ± 0.4⁎⁎ 7.6 ± 0.1⁎⁎ 1.0 ± 0.4 3.3 ± 0.9 4.1 ± 1.5 4.9 ± 0.8 4.3 ± 0.4
Daily growth rate (mg day−1) d 91.8 ± 15.8 220.6 ± 23.8⁎⁎ 219.1 ± 10.6⁎⁎ 209.6 ± 10.3⁎⁎ 200.4 ± 3.5⁎⁎ 26.4 ± 11.1 85.6 ± 18.3 109.1 ± 39.4 129.4 ± 21.5 113.1 ± 11.7
Shell growth rate (μm day−1) d 49.6 ± 7.2 120.3 ± 13.0⁎⁎⁎ 112.1 ± 3.7⁎⁎⁎ 126.9 ± 0.5⁎⁎⁎ 113.5 ± 4.8⁎⁎⁎ 13.5 ± 1.2⁎⁎ 44.6 ± 7.5 35.2 ± 3.7 45.4 ± 4.5 56.2 ± 4.8
Feed intake (g kg abalone−1 day−1) c,e 7.06 ± 0.10 4.00 ± 0.10⁎⁎⁎ 4.76 ± 0.05⁎⁎⁎ 3.31 ± 0.05⁎⁎⁎ 4.68 ± 0.11⁎⁎⁎ 1.40 ± 0.10⁎⁎⁎ 1.24 ± 0.05⁎⁎⁎ 2.25 ± 0.16⁎⁎⁎ 1.43 ± 0.13⁎⁎⁎ 2.74 ± 0.10⁎⁎⁎

Serum SOD activity (U mL−1) c 0.132 ± 0.02 0.090 ± 0.01 0.121 ± 0.01 0.097 ± 0.01 0.130 ± 0.03 0.108 ± 0.02 0.098 ± 0.01^ 0.115 ± 0.02 0.085 ± 0.01 0.105 ± 0.01
Serum FRAP value (μmol Fe2+ equivalent) c 0.136 ± 0.01 0.120 ± 0.01 0.129 ± 0.00 0.112 ± 0.01 0.114 ± 0.00 0.118 ± 0.00 0.096 ± 0.01⁎^ 0.128 ± 0.01 0.126 ± 0.01 0.113 ± 0.02

a Dunnett's tests use the live U. lactuca at the 22 °C water temperature treatment as the control value, to compare against all other treatments.
b Values are mean ± SE. n = 3, except for superscript ^, where n = 2.
c Dunnett's 1-tailed test, *denotes value is significantly different to control value (live U. lactuca at the 22 °C water temperature).
d Dunnett's 2-tailed test, * denotes value is significantly different to control value (live U. lactuca at the 22 °C water temperature).
e As fed basis.
f GSE = grape seed extract.
⁎ P b 0.05.
⁎⁎ P b 0.01.
⁎⁎⁎ P b 0.001.
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Table 5, the average consumption of dried U. lactuca on a dry basis for
the commercial + 30% dried U. lactuca diet was ~0.99 and 0.43 g kg ab-
alone−1 day−1 for the 22 and 26 °C water temperatures, respectively.
The average consumption of dried U. lactuca on a dry basis for the com-
mercial + 5% GSE + 30% dried U. lactuca diet was ~1.40 and 0.82 g kg
abalone−1 day−1 for the 22 and 26 °Cwater temperatures, respectively.

4. Discussion

In the present study, feeding the commercial diet at 26 °C, we were
able to produce mortality patterns in larger 3-year-old abalone similar
to those experienced on South Australian abalone farms during periods
of high summer water temperatures. Using the methods outlined by
Stone et al. (2014), a positive control diet, live U. lactuca, was also
established, which resulted in high survival (N95%) at the 26 °C water
temperature. The negative control commercial abalone diet performed
as expected, with low (~50%) levels of survival, which was analogous
to that experienced in events of SM on-farm in southern Australia
(Shane McLinden, Manager, Southseas Abalone Pty Ltd., personal com-
munication; Stone et al., 2014; Vandepeer, 2006). Mortality was not
an issue at thewater temperature of 22 °C, as this temperature is within
the range tolerated by South Australian strains of greenlip abalone to
express normal behaviour, growth and survival (Stone et al., 2013,
2014).

The primary aim of this studywas to investigate the potential of two
dietary additives, GSE and driedU. lactuca, to reduce the oxidative stress
and mortality in greenlip abalone associated with chronic exposure to
high water temperatures. GSE was selected due to its high level and va-
riety of antioxidants and bioactive compounds such as phenols, cate-
chins, epicatechins, procyanidins and proanthocyanidins (Ahn et al.,
2002; Balu et al., 2005; Davies et al., 2009; Jayaprakasha et al., 2003).
GSE has been found to enhance the antioxidant status and reduce
oxidative-related damage in rodent models (Ahn et al., 2002; Balu
et al., 2005; Çetin et al., 2008). GSE has also been reported to have anti-
bacterial (Jayaprakasha et al., 2003) and antiviral (Su andD'Souza, 2011,
2013) activities. In the present study, significantly improved survival
was demonstrated in greenlip abalone fed diets containing 5% GSE
(Fig. 3). The addition of GSE also resulted in significantly higher DO
levels (saturation and concentration) at 6:45 am (Table 2). Adequate
DO saturation levels are essential for abalone to maintain optimal oxy-
gen consumption rates, growth rates (81% saturation) (Harris et al.,
1999) and immune functions (Cheng et al., 2004; Vosloo et al., 2013).
The dissolved oxygen saturation levels (min 66%) for all treatments re-
corded during the present study were also always above those demon-
strated to affect survival of greenlip abalone (63%) by Harris et al.
(1999), using animals within the size range used in the present study.

The improved survival of the abalone fed diets containing GSE may
have been partly due to the increased DO levels. GSE addition may
have increased the DO levels via a number of processes. Jayaprakasha
et al. (2003) demonstrated that GSE inhibited bacterial growth
in vitro, therefore, it is possible that GSE leaching from the diet may
have reduced the total bacterial levels in the culture tank, thus reducing
bacterial oxygen demand and bacterial CO2 production in the environ-
ment (Rivkin and Legendre, 2001). GSEmay have also improved the ox-
idative status of the abalone, consequently reducing their respiration
and oxygen consumption rates,which are known to increasewith rising
water temperatures (Britz et al., 1997; Lushchak, 2011).

Another benefit of GSE addition to the diets at 26 °C was the signif-
icant increase in feed intake (Tables 4 and 5; Fig. 6b) and meal accep-
tance (Fig. 7). Loss of appetite and reduced feed intake are common
symptoms of stress and the onset of disease (Fox et al., 2002; Kaushik,
1986; Wendelaar Bonga, 1997). If an animal consumes less food, it
will subsequently obtain lower levels of energy and essential nutrients,
and health may be further compromised. The results of this study sug-
gest that either GSE retains the appetite of abalone in declining health,
or more likely when considering survival rates, that GSE improves the
oxidative status and health profile of the abalone, resulting in retained
appetite. If GSE improves the oxidative status of the abalone, then it is
possible that the abalone are able to metabolise the energy needed for
feeding,without producing threatening levels of free radicals in the pro-
cess (Lushchak, 2011). The feed intake and meal acceptance of abalone
were improvedwhen fed the GSE diets, whichwould likely have caused
the abalone to be in a more nutritionally nourished state, and in turn,
have promoted the ability to tolerate the temperature stress and im-
prove survival.

In Experiment 1, a validation trial was performed to determine if
handling stress affected the SOD activity and FRAP values in the
serum, indicating that the abalone were exhibiting a stress response
similar to that exhibited by fish (Wendelaar Bonga, 1997). Following
the initial disturbance, a significant decline in SOD activity and a non-
significant increase in FRAP value were observed. These results formed
the basis for haemolymph sampling in Experiment 2, so that sampling
techniques were timely and consistent for all animals sampled.

In Experiment 2, dietary GSE addition significantly increased serum
SOD activity of the abalone (Table 4). SOD is known to increase in re-
sponse to a physiological stress (Monk et al., 1989), in order to combat
excess free radicals formed. The increase in SOD activitywhich occurred
in this study may indicate that the abalone fed the GSE diets were more
readily able to tolerate the handling stress during sampling. This finding
could imply that those abalone would also be able to tolerate other
stressors which may arise in their environment. Similar findings of
increased SOD activity or expression have been observed in other
studies. Wu et al. (2011) reported that mRNA expression of SOD in-
creased in Haliotis discus hannai when given feed supplemented with
34 and 711mg zinc kg−1, but declinedwhen supplementedwith exces-
sive amounts of zinc (3463 mg kg−1). Similarly, Wang et al. (2009) re-
ported that 3.8 mg kg−1 of dietary copper increased SOD activity in
H. discus hannai hepatopancreas and serum, but inclusion levels over
3.8 mg kg−1 did not have this effect. Hepatopancreas SOD and glutathi-
one peroxidase activities were also reported to increase in H. discus
hannai, when supplemented with the antioxidant alpha-lipoic acid
(Zhang et al., 2010). When feeding H. discus hannai diets supplemented
with vitamin E, Fu et al. (2007) reported tissue SOD activity to be unaf-
fected, but observed an increase in activity of two other key antioxidant
enzymes, catalase and glutathione peroxidase. When supplemented
with menadione, H. discus hannai were reported to have decreased
SOD activity in the viscera, but increased SOD activity in the muscle
(Fu et al., 2012). Thesefindings indicate that the effect of dietary supple-
mentation on SOD activity is quite dependent on dose rate and sample
type. Tolerance to hypoxic conditions has been associated with higher
levels of antioxidant defence (Gorr et al., 2010; Vosloo et al., 2013).
Therefore, the higher SOD activity observed in the serumof greenlip ab-
alone fed GSE diets in the present study may have been due to GSE im-
proving the antioxidant defence of the abalone, and subsequently
improving their tolerance of the more hypoxic 26 °C water. This may
have contributed to the improved survival observed in the GSE
treatments.

Although no significant differences in serum FRAP values were
found in abalone response to GSE or U. lactuca addition in this study at
22 or 26 °C (Table 4), there was a significant reduction in serum FRAP
values of abalone fed the commercial diet at 26 °C, compared to abalone
fed the live U. lactuca and all other diets in the present study (Table 5).
Similarly, Stone et al. (2014) found abalone fed liveU. lactuca had signif-
icantly higher serum FRAP values than those fed a commercial diet,
whichwas suggested to indicate a higher antioxidant status of those ab-
alone fed the live U. lactuca diet. Further research into the oxidative sta-
tus of abalone in response to dietary intervention is warranted.

GSE has also been identified to exhibit antimicrobial activity which
may have improved abalone survival in this study. Jayaprakasha et al.
(2003) reported that GSE inhibited growth of particular bacteria
in vitro, such as Bacillus spp., Staphylococcus aureus, Escherichia coli
and Pseudomonas aeruginosa. Similarly, Su and D'Souza (2011, 2013)
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found that GSEwas able to reduce the infectivity of viral surrogates and
hepatitis A virus in vitro. Similar antibacterial and antiviral effects may
have occurred in the present study, which could have reduced bacterial
growth in the culture water, on the gills, or in the gut of the abalone.
Bissett et al. (1998) also found that bacteria tended to proliferate on un-
eaten feed, therefore, the increased feed intake associated with GSE ad-
dition would have reduced the amount of uneaten feed present for
bacteria to colonise. Further studies are warranted to determine the
exact effects GSE has on bacterial and viral populations in the culture
water, and in the abalone.

The current study also aimed to test the use of dried U. lactuca as a
dietary additive to improve survival of greenlip abalone at the 26 °C
water temperature. The selection of dried U. lactuca was based on the
knowledge that liveU. lactuca is a component of the natural greenlip ab-
alone diet (Shepherd, 1973), and has been reported to significantly im-
prove survival of greenlip abalone at water temperatures of 26 °C
(Stone et al., 2014). However, it is not currently commercially viable
to use as a live feed in Australian abalone aquaculture. U. lactuca has
also been reported to contain a variety of bioactive compounds such
as peptides, phycobiliproteins, polyphenols, carotenoids, tocopherols
and sterols (Abirami and Kowsalya, 2011; Chandini et al., 2008;
Tierney et al., 2010), which may be beneficial to the health of abalone.
Feeding live U. lactuca and extracts from U. lactuca to greenlip abalone
has also been reported to enhance their immune response (Dang
et al., 2011b). Tendencia and de la Pena (2010) found that adding live
Gracilaria heteroclada or Kappaphycus striatum into shrimp culture
tanks reduced thebacterial load in thewater, indicating antibacterial ac-
tivity of themacroalgae. The antibacterial activity of macroalgae report-
ed by Tendencia and de la Pena (2010)may have also occurredwith the
U. lactuca in the present study, and may have decreased bacterial levels
in the culture water. In the present study, dried U. lactucawas included
in the commercial diet at 30% to deliver an amount comparable, on a dry
weight basis, to feeding exclusively live U. lactuca at 26 °C. At 26 °C, the
survival of abalone was higher when fed the formulated diets contain-
ing dried U. lactuca, than those without (Fig. 4); however, the effect
was smaller than that observed for GSE addition. Antibacterial proper-
ties of U. lactuca may be another contributing factor responsible for
the high survival observed in this study.

Unlike GSE, the addition of dried U. lactuca did not significantly im-
prove dissolved oxygen levels (Table 2). This may partly explain why
survival was not as high for the abalone fed the dried U. lactuca diets,
compared to those fed the GSE diets. However, like the GSE diets, the
dried U. lactuca diets had a significant effect on feed intake andmeal ac-
ceptance. Feed intake and meal acceptance at 26 °C were significantly
higher, and took longer to decline for abalone fed diets containing
dried U. lactuca compared to those without (Table 4; Figs. 6b and 7). A
possible explanation for this higher survival is that dried U. lactuca
may retain the bioactive compounds of live U. lactuca, which may
have improved the immune function of the abalone. Another possibility
is that the addition of driedU. lactuca diluted the ingredients in the com-
mercial diet, therefore, also diluting any negative dietary aspects which
may have exacerbated mortality (Vandepeer, 2006). Further research is
required to understand and define the benefits of feeding dried
U. lactuca to greenlip abalone.

In the current study, live U. lactuca was used as a positive control
comparison to assess any potential benefits associated with feeding
diets containing GSE or dried U. lactuca. Aside from the previouslymen-
tioned bioactive compounds present inmacroalgae, livemacroalgae can
also act as a bio-filter, as it has the ability to remove CO2 and ammonia
from thewater and produce oxygen. The abalone from the liveU. lactuca
treatments had very high (N95%) levels of survival (Fig. 5), and their
culture water also contained significantly higher levels of DO compared
to any of the formulated diets (Table 3). The higher DO levels could be
attributed to photosynthetic production of oxygen by U. lactuca during
the light period; however, this may not completely explain the occur-
rence. Jan et al. (1981) measured oxygen consumption of small Haliotis
diversicolour supertexta after exposing them to Ulva spp. extract, and re-
ported oxygen consumption of the abalone temporarily reduced. A sim-
ilar effect may have occurred in this experiment after the introduction
of the liveU. lactuca. At 6:45 am, the pH levels of the liveU. lactuca treat-
ments were higher than those for the formulated diet treatments. If the
live U. lactuca reduced bacterial levels in the culture water, then it is
likely that bacterial CO2 production would have decreased, and subse-
quently increased the culture water pH. Dissolved CO2 gas readings
ranged from 1 mg L−1 to b1 mg L−1 and were well below reported
harmful levels (Manon and Hossain, 2013).

The abalone fed the live U. lactuca also had significantly decreased
growth compared to abalone fed formulated diets (Table 5). Although
decreased growth is not beneficial from a production viewpoint, it
may have benefits which promote survival on two fronts. Slower grow-
ing organisms require less oxygen and energy inputs, therefore, the
lower oxygen requirement may have led to increased oxygen levels in
the culture water. Alternatively, if abalone invest less energy on growth,
more energy may be available for essential immune functions and heat
tolerance (Lushchak, 2011; Somero, 2002). The feed intake of abalone
fed live U. lactuca at the 22 °C increased significantly over the first
week (Fig. 6a), which was likely due to the satiation feed rate being
underestimated initially, and hence was raised in the second week.
Overall feed intake was higher for abalone fed the live U. lactuca at
22 °C compared to the other diets at the same water temperature
(Table 5). The increased feed intakemay have been a result of the abalo-
ne compensating for the relatively lower nutrient density of the live
U. lactuca compared to the formulated diets (Table 1). Stone et al.
(2014) reported that similar sized greenlip abalone voluntarily con-
sumed a higher ration of live U. lactuca (5.9% bw day−1) compared to
a commercial diet (3.52% bw day−1). Stone et al. (2013) also reported
that similar sized greenlip abalone, grown at the same water tempera-
ture, compensated for dietary protein intake by consuming a higher ra-
tion in response to a lower dietary protein content. Themeal acceptance
of abalone fed live U. lactuca was reduced at the 26 °C water tempera-
ture, whichwas a similar result to that of the commercial diet. However,
while abalone fed the commercial diet would often fast for periods of
three to five days in a row, abalone fed the live U. lactuca tended to de-
velop a daily alternation between eating and not eating in the latter
weeks of the experiment. This indicates that for the 26 °Cwater temper-
ature treatments, abalone fed live U. lactuca were accepting their meal
more consistently over time, compared to those fed the commercial diet.

Summer mortality has often been associated with a number of po-
tential stressors and it is believed that there may be a threshold level,
above which, the compounded stressors in the system precipitate an
outbreak of mortality as a result of a ubiquitous bacterial infection, par-
ticularly due to Vibrio spp. (Handlinger et al., 2005). Therefore, it is per-
tinent that a reduction of one stressormay benefit the entire systemand
avoid exceeding this outbreak threshold. Bearing this in mind, a reduc-
tion of multiple stressors may be even more beneficial. When tested
within the bounds of the model developed by Stone et al. (2014),
diets in the current study containing GSE and dried U. lactuca produced
benefits inmultiple areas concerning stress. These benefitsmay have all
partly contributed to preventing the abalone from exceeding the
hypothesised outbreak threshold, resulting in improved survival of the
abalone at the high water temperature (26 °C) in this study.

An important stressor which was not investigated in detail in this
study was microbial populations. Several reports of SM, also known as
‘summer immune depression’, place a high level of emphasis on micro-
bial infections, particularly with Vibrio spp., being the final cause of
death (Lee et al., 2001; Nicolas et al., 2002; Travers et al., 2008, 2009,
2010). This indicates that both biotic and abiotic stressors compound
to cause the final result of death, and bothwould need to be studied fur-
ther in order to gain a full understanding of SM.

Although the use of GSE has demonstrated benefits in this study,
the use of some antioxidants and trace elements has been reported to ex-
hibit reduced positive effects, or negative effects, when used at excessive
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concentrations (Fu et al., 2006, 2007; Wan et al., 2004; Wu et al., 2011).
We aimed to include GSE in the diets at a level which was high enough
to elicit a response (dose rate of ~100 mg kg bw−1 day−1), as deter-
mined by similar dose rates in other research which yielded positive
results (Balu et al., 2005; Çetin et al., 2008; Farbood et al., 2009;
Sarkaki et al., 2007). In the present study, an average dose rate of
~125 mg GSE kg bw−1 day−1 was given to the abalone fed GSE diets
at the 26 °C water temperature, which was within an acceptable range
of the targeted dose rate. The abalone fed GSE diets at the 22 °C water
temperature received, on average, almost double the targeted dose rate
(~236 mg kg bw−1 day−1) due to the higher feed intake, but displayed
identical survival to the other treatments at the 22 °C water tempera-
ture. This indicated that the higher dose rate at the 22 °C water temper-
ature did not have any substantial disadvantages. Rather than
decreasing, the FRAP value of the GSE diets increased after soaking in
water (Table 1). This may have indicated that rather than the water
leaching away the antioxidative compounds of GSE, it softened
the feed, making those compoundsmore readily available for ingestion
and uptake by the abalone. In the present study, positive
improvements in survival were recorded from the dose rate of GSE
(~125 mg kg bw−1 day−1) consumed by abalone at 26 °C. However,
it is possible that this level is beyond the optimum for promoting an
ideal oxidative balance. Further dose response testing may reveal a
dose rate which not only further increases survival, but also costs
less to implement.

In conclusion, this study has demonstrated that addition of 5% GSE
to a commercial abalone diet significantly improved the survival of
greenlip abalone chronically exposed to high water temperature
(26 °C) and associated stressors. It has also demonstrated the potential
of driedU. lactuca as a dietary additive to improve survival at highwater
temperatures. These methods of dietary intervention can be built upon
to not only investigate the effect of different dose rates, but to also test
other additives which may be more effective at improving survival, or
more cost-effective to implement, as a solution to reducemortality dur-
ing periods of high summerwater temperature events on-farm and im-
prove industry productivity.
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