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Abstract The culture of abalone is a growth industry in
Australia that primarily utilises terrestrial crops to produce
formulated pellet feeds. The use of cultivated macroalgae in
place of such feeds could provide for better environmental,
nutritional and/or economic outcomes for this industry.
However, direct comparison trials using macroalgae and
formulated crop feeds are rare, and it is therefore difficult
to ascertain the benefits and costs of each feed type. This
study compares the benefits to growth and performance of the
cultivated hybrid abalone cross (Haliotis rubra 1814 Leach
and Haliotis laevigata 1808 Donovan) which was fed one of
eight dietary treatments, including two commercially formu-
lated pellet feeds and six mixed macroalgae dietary treat-
ments. Macroalgae dietary treatments comprised the three
macroalgae species Grateloupia turuturu Yamada, Ulva aus-
tralis Areschoug and/or Ulva laetevirens Areschoug. Four
replicate tubs, each containing 40 juvenile abalone (10–
15 mm), were used to test each dietary treatment over a 12-
week period. Macroalgae dietary treatments provided for sig-
nificantly higher specific growth rates of abalone compared to

formulated feeds, by orders of magnitude, for both length
(>0.2 % compared to <0.1 %day−1, F7, 31=22.3, p<0.0001)
and weight (from <0.4 to >0.8 %day−1, F7, 31=24.4, p<
0.0001). In addition, abalone health and condition increased,
and the proximate composition of abalone tissue had a higher
carbohydrate/protein ratio, higher ash content and lower lipid
content. These findings suggest that the juvenile abalone may
benefit from macroalgae diets in comparison to two formulat-
ed feeds as a result of optimal proximate composition of the
algae biomass and improved condition of the abalone.
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Introduction

Abalone are increasingly being farmed in aquaculture systems
in response to their high value, high demand and declining
wild harvest (Shpigel et al. 1999; Gordon and Cook 2001;
Cook and Gordon 2010). For example, in NSW, Australia,
wild harvest production has declined steadily from an annual
production of 320 t in 1999 to 110 t in less than a decade
(NSW Fisheries data 2010). A challenge in the transition to
abalone cultivation in Australia, however, is the availability,
cost and nutritional value of feeds that can deliver suitable
growth rates and condition of abalone. In other parts of the
world where abalone farming has been established, the avail-
ability of wild harvested macroalgae, the natural food of
abalone, has been practical and cost-effective as an aquacul-
ture feed. In contrast, Australia has neither the abundance of
macroalgae, regulatory condition or cost-effective solutions
that facilitate the use of wild harvest macroalgae as a feed in
aquaculture. Therefore, formulated feeds were developed as
the preferred feed source for abalone aquaculture in Australia.

This paper was presented at the eighth Asia-Pacific Conference on
Algal Biotechnology, Adelaide, Australia, 2012.

W. J. Mulvaney : P. C. Winberg (*)
Shoalhaven Marine and Freshwater Centre,
Institute for Conservation Biology, University
of Wollongong, Shoalhaven Campus,
Nowra, New South Wales 2541, Australia
e-mail: pia@uow.edu.au

W. J. Mulvaney
e-mail: wm963@uowmail.edu.au

L. Adams
Louise Adams (Ward), National Centre for Marine Conservation
and Resource Sustainability, Australian Maritime College,
University of Tasmania, Newnham Campus, Science Building,
Launceston, Tasmania 7250, Australia
e-mail: Louise.Adams@amc.edu.au

J Appl Phycol (2013) 25:815–824
DOI 10.1007/s10811-013-9998-2



The benefits of formulated feed include controlled and
consistent nutritional profiles and ease of purchase and
handling, including longer storage periods. However, as
many formulated feeds are not based on the natural diet of
macroalgae and are manufactured with land-sourced crops
and protein instead, it is unclear how formulated feeds
compare to a natural macroalgae diet nutritionally. For
economic reasons, it is important that abalone feeds can
deliver commercially produced abalone that reach a market-
able size within the shortest possible time (Qi et al. 2010) as
abalone have a long grow-out period of 3–4 years (Shpigel
et al. 1999; Demetropoulos and Langdon 2004b). In addi-
tion, and not unrelated to growth rates, feed can contribute
to improved abalone condition and survival, reduced waste
and reduced energy requirements through improved water
quality. Thus, feed can contribute to a more sustainable
industry with both environmental and economic gains
(Bolton et al. 2009).

Abalone feeds are currently formulated using terrestrial
cereal crops (such as wheat and wheat by-products) as well
as some animal proteins including fish oil and fishmeal
(Kirkendale et al. 2010). These ingredients are sourced from
terrestrial, freshwater crops and from fisheries resources that
are in high demand (Vandepeer 2002). Therefore, there is a
potential to investigate further biomass sources from macro-
algae, the natural feed of abalone. Macroalgae could deliver
more environmentally sustainable abalone feed, by reducing
demands on terrestrial and freshwater resources, as well as
provide a more nutritionally suitable feed based on the natural
diet. Further gains might be made if on-site macroalgae culti-
vation systems are developed to facilitate concurrent recapture
of nutrients and bioremediation of the farm waste water
(Robertson-Anderson et al. 2008). There are costs and benefits
to such systems (Bolton et al. 2009), but the integration of
macroalgae culture into abalone production systems has been
shown to produce sufficient biomass of macroalgae to supple-
ment abalone feed and potentially reduce the cost of produc-
tion (Bolton et al. 2009; Neori et al. 1998). The cultivation of
macroalgae has not been developed in Australia, and as such,
the costs of production for macroalgae in Australia are cur-
rently unknown. Demonstrating the nutritional benefits and
quantifying the biomass requirements for production, howev-
er, are a precursor to costing a transition to or inclusion of
macroalgae feed for abalone in Australia.

Although numerous studies have established and com-
pared the growth rates of abalone using formulated feeds or
macroalgae, there have been no directly comparable trials of
the Australian hybrid abalone (blacklip Haliotis rubra and
greenlip Haliotis laevigata) directly comparing the effects
of macroalgae and formulated feeds, under consistent and
controlled experimental conditions (Kirkendale et al. 2010).
A few studies elsewhere have shown higher growth rates in
abalone fed with formulated diets in relation to macroalgae

diets (Viana et al. 1996; Coranzi and Illanes 1998).
However, these findings are not conclusive as other studies
contradict this and indicate that macroalgae feeds can po-
tentially deliver equal or superior growth rates compared to
formulated feeds (Mai et al. 1994, 1995, 1996; Rosen et al.
2000; Demetropoulos and Langdon 2004a, b; Naidoo et al.
2006). The outcomes of dietary trials will depend on the
feed formulations as well as the species and condition of the
macroalgae. For example, the literature demonstrates con-
sistently that growth is improved when abalone are fed
with a combination of macroalgae species in preference to
feeding a single species of macroalgae (Owen et al. 1984;
Day and Fleming 1992; Stuart and Brown 1994; Fleming
1995b; Simpson and Cook 1998; Gordon et al. 2006; Qi et
al. 2010).

Other studies have also identified the difficulty in com-
paring feed trials across species of abalone, the condition
and selection of macroalgae used, feed formulations and
experimental systems (Fleming et al. 1996). A review of
130 diets and growth rates from the scientific literature
showed that directly comparable macroalgae and formulated
feed trials have rarely been undertaken (Kirkendale et al.
2010). Across trials of growth rates using formulated or
macroalgae feed, there are some patterns of nutritionally
suitable macroalgae and feeds that emerge from the review
of the literature (Fig. 1), but there are also contradictions,
inconclusive findings and outcomes that are only relevant in
the local context. Therefore, the extrapolation of results
from the literature to other conditions is not valid, and
there are many contradictions to the suitability of macro-
algae as a feed source without further directly comparable
trials within the same experimental conditions. Thus, there
is a need to assess abalone growth rates in directly compa-
rable feeding trials within the same experimental conditions
beyond the Australian context as well.

In testing macroalgae feeds, the life stage of the abalone is
important to consider as nutritional requirements and behav-
iour shift over the 3–4-year cultivation period. One particular
life stage of abalone in a farming system is the weaning stage
following a 6- to 9-month nursery stage on a diet of micro-
algal biofilm. Typically for Australian cultivation systems,
abalone at about 10 mm in length is transitioned to small-
particle formulated diets towards a grow-out stage for be-
tween 2 and 4 years (industry information). There are a
number of reasons why including macroalgae in the diet at
the weaning stage of the abalone farming system might be of
benefit. This includes textural, sensory and nutritional simi-
larity to the nursery diet in comparison to formulated pellet
feeds that are based terrestial and fishmeal sources. In addi-
tion, there may be benefits to farm management as the small-
particle formulated feeds incur water quality and labour
maintenance costs, while live macroalgae improve water
condition and do not leach or degrade as rapidly.
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The objective of this study was to assess the performance of
abalone fed with mixed, cultivated macroalgae dietary treat-
ments, in direct comparison to commercially formulated feeds.
Macroalgae dietary treatments comprised three species of mac-
roalgae, Grateloupia turuturu Yamada (Rhodophyceae), and
the two species of Ulva, Ulva australis Areschoug and Ulva
laetevirens Areschoug (Chlorophyceae), and were compared
against two commercially available formulated pellet feeds.
The abalone were a typical Australian hybrid (H. rubra × H.
laevigata), which were being weaned from nursery microalgal
diets at the beginning of their grow-out phase.

Materials and methods

Juveniles of the hybrid abalone species Haliotis rubra × H.
laevigatawere selected at the abalone farm, Abtas Seafoods©,
in Clarence Point (41.12 S, 146.81 E), Tasmania, Australia,
between June and September 2010. This hybrid abalone is
now commonly grown in Australia, and details of the selec-
tive breeding lines are usually specific in the commercial
property of the individual farms. Although the genetic
predisposition will always affect performance, the purpose
of this study is a direct comparison across feeds for a
typical cohort of randomly selected abalone from a farm
situation, and details of the hybrid context are beyond the
scope of this manuscript.

Juvenile abalone were from the same cohort and were
9 months old at a late-nursery stage (average length 11.73±
1.16 mm and weight 0.196±0.0704 g). Abalone (n=1,280)
between 10 and 15 mm in length were randomly selected
from one nursery tank in which they had been feeding on
microalgae (Ulvella lens and diatoms). Tissue samples from
an additional 40 abalone from the cohort were kept for
determination of the proximate composition of the starting
abalone tissue.

Experimental design

Groups of 40 abalone were kept in each one of 32 rectan-
gular, 15-L tubs with a 6-mm polyethylene oyster mesh
basket lining for ease of maintenance with minimal distur-
bance to the abalone. Two corrugated plastic plates (30×
8 cm each) were provided as hides, and the water was
aerated from perforated pipes along the tub base. The sys-
tem delivered 0.3 Lmin−1 of UV-filtered seawater to each
tub. The system was set up indoors with fluorescent cool
white lights at a distance of 1.5 m as the only light source,
with a photoperiod of 12:12 h dark/light. The temperature
was maintained at 13.71 °C (±0.31) using a heat exchanger.
Dissolved oxygen content, salinity and pH were recorded
each day in each tub to ensure that tub water quality was not
compromised.

For a relative comparison of experimental system con-
ditions with extant farm system conditions, an additional
population of abalone was moved into a farm weaning tank
at low density and fed with a diet of commercially formu-
lated feed (FF1) at normal farm feeding rates for the dura-
tion of the experimental period. In addition, another
population of abalone was left at 50 % of the normal farm
stocking density in the nursery tanks on farm and fed on
plates of the microalgae for the duration of the experiment.

One of eight dietary treatments was provided to four repli-
cate tubs of abalone; thus, four of 40 abalone received one of
eight unique dietary treatments throughout the experiment
(Table 1). Two dietary treatments comprised two commercially
formulated feeds (FF) sourced from Australian independent
feed suppliers. These feeds were stored in dry, laboratory con-
ditions. FF1 was a formulated feed specifically designed with a
small grain size (<1 mm) for juvenile abalone being weaned
onto the formulated diets used on farm. FF2 was a formulated
feed developed for larger abalone but was crushed to produce
pellets of a similar size as FF1. A sample of each dietary
treatment was stored for analysis of proximate composition.

Macroalgal dietary treatments included one formulated
feed supplemented with fresh macroalgae and five combi-
nations of the three species of macroalgae G. turuturu
Yamada (Rhodophyceae) and the two species of Ulva, U.
australis 1854 Areschoug and U. laetevirens Areschoug
(Chlorophyceae). The macroalgae culture stocks were col-
lected from self-seeding populations in the nursery tanks (U.
australis) and the outflow drains (U. laetevirens and G.
turuturu) of the abalone farm in north-eastern Tasmania.
Samples of each of the macroalgae were identified using
molecular barcodes by Gary Saunders at the University of
New Brunswick, Canada (G. turuturu), and Kirkendale et al.
(2012) (Ulva spp.). The macroalgae were on grown in 600-L
tanks with aerated tumble culture, shaded natural sunlight
supplemented with a 12-h photoperiod of artificial light and
weekly seawater exchange. A tank ofU. laetevirens was also
cultivated in elevated ammonia nitrogen conditions at weekly
starting concentrations of 0.5 mgL−1 to enhance the protein
content, by the addition of ‘Abasol©’ fertiliser at 0.8 gL−1 a
week. Macroalgae samples were taken weekly from each of
these four tubs over a 12-week period and combined for each
species for proximate composition analysis.

All dietary treatments were provided to the abalone tubs
at consistent dry weight equivalents, although in dried and
fresh forms, respectively, for each of the formulated and
macroalgal dietary treatments. The macroalgae dry weight
equivalents were determined prior to the experiment by
spinning to a constant wet weight and then drying at 70 °C
to consistently dry weight equivalents (G. turuturu 23.72 %,
U. australis 23.40 %, U. laetevirens 19.11 % of wet weight).
The abalone were fed fresh macroalgae to excess dry weight
equivalent at a rate of 10 % of initial wet body weight per day
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(0.787 g dw day−1). These feeding rates were suitably in
excess throughout the experiment, and feed was accessible
at all times. As the macroalgae were live feeds, which did not
degrade, macroalgae dietary treatments were replaced weekly,
at the same starting amount, while the commercially formu-
lated feeds (which are subject to degradation over time) were
replaced daily. Feed remaining in the tubs at the end of each
feeding period was removed and collected using a siphon and
sieve to separate it from the abalone faeces.

Comparison across dietary treatments

All abalone were measured for weight and length every
4 weeks within a 12-week period. Abalone were anaesthetised
for 15 min using 2-phenoxyethanol, removed from the tub and

blotted dry. Abalone shell lengths (longest axis) were mea-
sured using digital callipers to the nearest 0.01 mm, and then
abalone were weighed to the nearest 0.001 g. The specific
growth rates (SGR) for both length and weight gains and the
condition index (CI) and muscle (g) to shell ratios (mm) were
calculated to compare the abalone growth and condition using
the following formulae:

SGRl ¼ 100� ln lf=lið Þð Þ=t ð1Þ

SGRw ¼ 100� ln wf=wið Þð Þ=t ð2Þ

CI ¼ Body weight=Shell length ð3Þ

MW=SW ¼ Muscle weight=Shell weight ð4Þ

Fig. 1 Specific growth rates of
the length of abalone as
identified in over 130 diets from
the peer-reviewed literature and
adapted from Kirkendale et al.
(2010). Diets are categorised
across artificially formulated
feeds (A) and macroalgal diets
including species of
Phaeophyta (B), mixed
macroalgae (M), Rhodophyta
(R) and Chlorophyta (G)

Table 1 Dietary treatments provided to each of four replicate tubs of hybrid abalone (n=40) (Haliotis rubra × H. laevigata) over the course of this
12-week feeding trial

FF1 FF2 FFS S1 S2 S3 S4 S4+

Feed composition (%)

Formulated feed A 100 50

Formulated feed B 100

G. turuturu 17.6 33.3 50 50 50

U. australis 17.6 33.3 50 50

U. laetevirens 17.6 33.3 50 50

U. laetevirens (enhanced) 50

Proximate composition (gkg−1 dry matter)

Dry matter (% ww) 87.30 86.16 31.73 17.31 18.45 17.85 14.62 14.21

Crude protein 32.81 31.87 27.39 21.96 21.45 18.89 21.13 23.66

Lipid 5.42 7.10 0.88 0.61 0.79 0.57 0.57 0.69

Ash 5.81 7.47 15.72 26.05 24.31 23.20 28.03 21.97

Carbohydrate 55.96 53.56 56.01 51.38 53.45 57.35 50.27 53.69

Energy (MJkg−1) 1,932 1,930 1,641 1,424 1,454 1,452 1,383 1,506

FF formulated feed, S macroalgae feed, ww wet weight
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where lf and li were the final and initial mean lengths (mm),
wf and wi were the final and initial mean wet weights (g) and
t was time in days. Mortality rates were also monitored
throughout the trial.

Feed intake (g week−1) was calculated for each of the
dietary treatments in terms of dry weight by subtracting the
amount of feed remaining from the amount of feed provid-
ed. The remaining formulated feed was oven dried at <80 °C
to a constant weight before being weighed. The remaining
macroalgae were collected, spun dried and weighed, and
macroalgae weights were converted to dry weight equiva-
lents. Control experiments, without abalone, were run con-
currently to determine the water stability of each of the diets,
so that the intake rate of consumption could be adjusted
accordingly. The feed conversion (FCR) was calculated as
the ratio between the growth of the abalone and the amount
of food ingested, in terms of weight.

A short stress test was also undertaken at completion of the
dietary treatment trials. Twenty randomly selected abalone
were left in each of the dietary treatment tubs. These were
then subject to a period of high stress conditions, which
included 5 days of heat stress (where the temperature was
raised from 13.87±0.31 to 23.51±0.43 °C) and 4 days of
salinity stress (where the salinity was lowered from 32.73±
1.18 to 20.11±1.55 ppt). The mortality rates in each dietary
treatment were used as a measure of stress.

Proximate composition analysis

At the end of the trial, the dietary treatments and the abalone
tissue samples were freeze dried, homogenised and pooled
for each tub. Standard methods were used to determine the
dry weight (drying at 135 °C to a constant weight; AOAC
1990), nitrogen content (Kjeldahl using a Cu/Se catalyst),
total lipid (chloroform methanol extraction; Bligh and Dyer
1959) and ash content (combustion at 600 °C for 2 h;
AOAC 1990). Crude protein was calculated as nitrogen ×
6.25, although there may be more biomass-specific conver-
sion factors that are determined in the future (Sriperm 2011).
Carbohydrate content was calculated by the mass difference
post-combustion. Gross energy was calculated as the sum of
the energy within each of the macronutrients based on
energy values of 23.6 MJ kg−1 for protein, 36.2 MJ kg−1 for
lipids and 17.2 MJ kg−1 for carbohydrate (Brafield 1985).

Statistical analyses

Analysis of variance and comparisons of means were per-
formed using JMP software for specific growth rates, con-
dition indices and productive energy value. Heterogeneity of
variance was visualised using box plots, and normal distri-
bution was confirmed a priori. Tukey–Kramer HSD (p=
0.05) analyses of the abalone growth was used a posteriori

to determine which dietary treatments differed for all of the
parameters. Proximate composition profiles of both dietary
treatment and the initial and final abalone tissue was ana-
lysed visually as multivariate data in multidimensional scal-
ing plots (MDS) (PRIMER-e software; Plymouth Marine
Labs; Clarke and Gorley 2006) to identify patterns of differ-
ences across dietary treatments. Euclidean distance resem-
blance matrix data were used to create MDS plots with both
untransformed and fourth root transformations to assess the
relative influence of differences in relation to highly abun-
dant compositional categories of abalone tissue. Any differ-
ences were tested using a one-way analysis of similarity
(ANOSIM application in PRIMER-e software), and similar-
ity percentage analysis (SIMPER application in PRIMER-e
software) was used to identify which parameters contributed
most to the differences between dietary treatments.

Results

Abalone cultures were successfully maintained for all
dietary treatments for 12 weeks with minimal variation
in water quality over the experimental period: dissolved
oxygen between 92.4 and 97.3 % (SD=1.1), salinity be-
tween 26.1 and 34.3 ppt (SD=1.2) and the pH between
7.28 and 8.39 (SD=0.28). There was an overall survival
rate of over 95 % and an increasing trend of specific
growth rates for abalone length throughout the experi-
ment, while it decreased for weight; however, this was
minimal and consistent across all of the dietary treatments
and is not reported on further here.

Juvenile abalone fed any of the macroalgae treatments
had significantly improved performance compared to the
formulated feeds. Macroalgae dietary treatments provided
for significantly higher SGR of abalone, at 0.32 mmday−1

and 1.05 g day−1, compared to 0.06 mm day−1 and 0.39 g
day−1 for the best-performing formulated feed dietary treat-
ments (SGRl F7, 31=22.3, p<0.0001, and SGRw F7, 31=
24.4, p<0.0001) (Fig. 2). There was no significant differ-
ence between the growth rates of abalone across the macro-
algae dietary treatments, although there was a trend for both
greater length and weight SGRs for the macroalgal combi-
nation of G. turuturu and U. laetevirens and U. laetevirens
that had been protein enhanced.

The food conversion ratios differed across some of the
dietary treatments (F7, 31=4.36, p=0.033); however, overall,
they were comparable on a dry-weight basis with no trends in
relation to macroalgae and formulated feeds dietary treatments
(Table 2). Feed stability tests indicate some instability of dietary
treatment feeds, namely, some sporulation of Ulva and degra-
dation of formulated feeds. However, formulated feeds demon-
strated an overall lower stability (FF1 27.8 %, FF2 76.2 % of
feed remaining after a week) compared to macroalgae dietary
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treatments (G. turuturu 99.7 %, U. australis 99.3 %, U. laete-
virens 94.5 %, U. laetevirens (E) 95.3 %). This may have
contributed to some of the variation in FCR results but is
considered here as part of the natural variability of feed quality
and is accounted for a feed cost (i.e. part of the feed requirement
and FCR in each dietary treatment).

Both condition indices of the abalone, tissue weight to
shell length (CI) and muscle weight to shell weight
(MW/SW) ratios, were higher for macroalgae dietary treat-
ments by between 13–43 and 18–32 %, respectively, com-
pared to formulated feeds dietary treatments, but this was
only significant for some of the macroalgae dietary treat-
ments (Table 2; CI F7, 31=7.07, p=0.0001; MW/SW F7, 31=
2.98, p=0.02). There was >95 % survival for all dietary
treatments and no significant difference between them,
while further stress tests demonstrated an increased toler-
ance to stress for macroalgae dietary treatments (Table 2);
however, this was not significant in the time frame of 9 days
of the test (F31=2.21, p=0.07).

The proximate composition of abalone tissue across the
dietary treatments differed significantly between the formu-
lated feeds and all of the dietary treatments containing
macroalgae (ANOSIM global R=0.455, p=0.001) (Fig. 3,
Table 3). This relative difference in proximate composition
of abalone tissue was due to an increase in the carbohydra-
te/protein ratio and higher ash content in the macroalgae fed
abalone tissue (Table 4). In addition, the formulated feed
dietary treatments produced tissue with a higher lipid con-
tent as well reduced dry matter recovery. This reflected a
significant difference in the proximate composition of mac-
roalgae and formulated dietary treatments (ANOSIM Global
R=1, p=0.036); however, the difference in the proximate
composition of dietary treatments mostly reflected up to a
tenfold higher lipid content in formulated feeds as well as up
to 70 % more protein, while macroalgae dietary treatments T
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Fig. 2 Specific growth rate (%day−1), for length and weight, in juve-
niles of the hybrid abalone species (H. rubra × H. laevigata) fed a
range of commercially formulated and mixed macroalgae dietary treat-
ments over 12 weeks (SE bars shown, n=160). Content of feeds
detailed in Table 1. Note feeds sharing the same letter were not
significantly different (Tukey’s test, p<0.05)
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had up to a fivefold higher ash content. The productive
energy value of the dietary treatments was significantly
higher for the macroalgae compared to the formulated feeds
(F7, 31=5.21, p=0.001).

Discussion

Mixed macroalgae dietary treatments, as well as a macroalgae-
enhanced formulated feed dietary treatment, delivered signifi-
cantly greater specific growth rates of juvenile abalone in
comparison to formulated feeds. Abalone SGR for macroalgae
dietary treatments was higher by more than twofold for both
length and weight. This supports the contention that mixed
macroalgae diets can provide beneficial nutritional value and
improved growth rates of farmed abalone during weaning from
microalgal diets, compared to current commercial formulated
feeds. This is consistent with and supports the few studies with
a similar contention (Daume et al. 2007) and feeding trials that
directly compare formulated feeds and macroalgae (Capinpin
and Corre 1996; Naidoo et al. 2006).

While this trial demonstrates good growth rates for abalone
fed macroalgae in the late nursery growth stage, other studies
(Capinpin and Corre 1996; Dlaza 2006) have shown that
macroalgae can provide for better long-term growth than arti-
ficial feeds even at later stages of abalone life history; however,
this is also dependent on the macroalgae species. In contrast to
many of these studies, the current trial could not prioritise types
of macroalgae or any of the six diverse compositions of macro-
algae dietary treatments as there was no significant difference
to abalone growth or condition across these treatments.
Specifically, the red macroalgaeG. turuturu provided for good
and comparable, but not higher, growth rates compared to the
other macroalgae, as other studies have generalised in favour
of Rhodophycean macroalgae. The most evident, yet non-

significant trend in this way was for improved growth in the
protein-enhanced U. laetevirens mixed dietary treatments.
Protein-enhanced Ulva has been shown to provide good
growth rates for Haliotis tuberculata (Neori et al. 1998;
Shpigel et al. 1999), Haliotis discus hannai (Corazani and
Illanes 1998; Shpigel et al. 1999) and Haliotis roei (Boarder
and Shpigel 2001).

The ingestion rates of the commercially formulated dietary
treatments were very low in comparison to that of the macro-
algae and could also account for the slow growth rates of
abalone fed these dietary treatments. This suggests that the
pellets are either less familiar or palatable to the abalone com-
ing from a diet of microalgae in the nursery stage. This is an
important consideration when weaning abalone onto new feed
types, and macroalgae can potentially provide a suitable feed to
extend or transition from the nursery phase of production.

The feed conversion ratios did not differ significantly
across the dietary treatments on a dry-weight basis. For
economic comparisons across feed types to be made, dry
weight equivalents must be used as, anecdotally, industry
have shunned seaweed feeds based on high wet weight FCR
equivalents. To avoid confusion over such comparisons
across wet weight and dry weight feed sources, it is sug-
gested that cost conversion ratios (dollar cost × kg feed) (kg
growth)−1) rather than feed conversion ratios need to be
determined to establish the economic viability of using
macroalgae as a feed source. However, the production costs
of a reliable cultivated source of macroalgae in Australia
have not been established and require further attention;
stand alone large-scale macroalgae cultivation would incur
substantial costs, but the business case for this is not known
and has proven to be viable in other nations such as Japan
where macroalgae as a human food fetches a high price [e.g.
the Porphyra cultivation industry produced an estimated
biomass value of US $1.25 billion in 2009 (FAO data

Fig. 3 Multidimensional
scaling plot comparing the
standardised multivariate
variables of the proximate
composition of abalone tissue
across all dietary treatments.
Abalone tissue from the weaner
tank and nursery tank is also
included for reference
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2010)]. In addition, factors such as the water stability of the
feed must be considered in cost–benefit analyses, and data
in this study demonstrate an 18–72% higher water stability of
macroalgae compared to formulated feeds. Furthermore, tank
maintenance, feeding regimes and labour costs need to be
considered and are expected to be lower for macroalgae diets.

The overall differences in the proximate composition of the
tissue of the abalone fed macroalgae dietary treatments com-
pared to formulated feeds suggest that they provide distinct
nutritional value as a seafood product. The macroalgae dietary
treatments provided for increased carbohydrate/protein ratios
and ash content (5–10 %) in abalone tissue in comparison to
abalone fed formulated feeds. In contrast, the formulated feed
dietary treatments provided for up to a tenfold higher lipid
content in abalone tissue. The fact that carbohydrates are
primarily used for energy storage within abalone suggests that
there were higher carbohydrate levels within the muscle tissue
fromwell-balanced feeds that allowed for the storage of energy
(Dunstan 2010). Carbohydrate storage of glycogen is poten-
tially a good indicator of health and taste (Brown et al. 2008).

The macroalgae dietary treatments in this study had close
to 33 % lower protein content than formulated feeds, yet still
supported higher growth rates in the abalone. The macroalgae
dietary treatments provided for higher productive energy val-
ue, in terms of converting dietary proteins and lipids into
muscle tissue. This implies that although the macroalgae
contain lower levels of protein, they have higher digestible
protein content (Fleming 1995a; Shpigel et al. 1999; Boarder
and Shpigel 2001) and a more suitable balance of amino acids
(Britz and Hecht 1997; Dunstan 2010) than the two commer-
cially formulated feeds. This is consistent with other studies
that identify that the amino acid balance is more important
than protein content (Sales and Britz 2001; Gómez-Montes et
al. 2003; Dunstan 2010). The lower growth rates for abalone
fed the formulated feeds are supported by previous research
where growth rates were lower in abalone fed high-protein
diets due to displacement of other essential nutrients (Mercer
et al. 1993) and a reduction in protein utilisation (with excess
protein being catabolised) (Britz 1996; Gómez-Montes et al.
2003). Feeds that are formulated for smaller abalone (e.g.T
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Table 4 SIMPER analysis of proximate composition variables and
percentage contribution to differences in abalone tissue content across
the dietary treatments

Tissue
component

Average
% FF

Average %
macroalgae

Dissimilarity/
SD

% Contribution
to dissimilarity

Carbohydrate 2.31 3.18 4.45 40

Protein 3.26 2.82 4.53 20

Ash 2.70 3.01 1.5 17

Lipid 3.06 2.87 1.42 10

Content of feeds detailed in Table 1
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commercial feed FF1) could be produced to have lower pro-
tein content as juvenile abalone have lower overall protein
requirements than larger abalone (Britz and Hecht 1997).

In addition to the basic elements of nutrition, our findings
support the concept of functional foods for cultivated spe-
cies where the complexity of feeds is as important to abalo-
ne as the basic macronutrients. As abalone have evolved on
a diet of macroalgae, there are numerous complex nutrition-
al, immunomodulatory, trace element and chemical process-
es that are important to their growth and that are difficult to
replicate in processed and formulated diets, especially from
terrestrial sources. For example, carbohydrates in macro-
algae are different to those of land crops, and abalone
digestive enzymes are specific to just those types of poly-
saccharides (Vandepeer 2002). This needs to be taken into
account when developing feeds for abalone culture.

This study, in synthesis, indicates that locally cultivated
mixed macroalgae dietary treatments provided for higher
growth rates and improved abalone condition, compared to
two independently sourced and widely used formulated aba-
lone feeds, for juvenile Australian hybrid abalone (H. rubra ×
H. laevigata). It reveals the potential of three local macroalgae
species, including the invasive G. turuturu, which could be
utilised further or used in conjunction with other readily
available macroalgae species. The positive trend of increasing
growth with a nutrient-enriched Ulva species also demon-
strates the whole farm improvements that could potentially
be made by the integration of macroalgae feed production on
farm through bioremediation and integrated multi-trophic
aquaculture technologies that can provide a protein-
enhanced macroalgae feed supply for abalone (Neori et al.
1998; Bolton et al. 2009). The study also determined that the
experimental conditions and findings were not directly com-
parable to farm scale conditions. Replicated farm scale trials
will be an important future study to confirm the commercial
relevance of these findings and to determine if macroalgae can
provide for improved environmental standards of abalone
farming, operational efficiency and potentially economic
gains. Australian culture systems are predominately designed
for the use of formulated feeds and would need to be adapted
to incorporate macroalgae feeds.
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