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a b s t r a c t
Abalone Haliotis tuberculata coccinea Reeve (1846), is a target species for diversiﬁcation of European aquaculture
production. Taking into account that sustainable, eco-friendly production methods are to be a part of future
expansion of the abalone industry, growth performance of juvenile abalone reared in an integrated culture
system was evaluated and compared with that of abalone fed non-enriched macroalgae. Four macroalgae
treatments, three monospeciﬁc: Ulva rigida (UN), Hypnea spinella (HN) and Gracilaria cornea (GN) and a
composite one (MN), were produced out of ﬁshpond wastewater efﬂuents, while other four control treatments
consisted of the same species reared in fresh seawater (U; H; G; M). Seaweeds reared in ﬁshpond wastewater
efﬂuents increased their protein content from 11–17% to 29–34%. Lipids consisted mainly of saturated fatty acids
(SFA) (43–60%), palmitic acid being the most abundant fatty acid (40–47%). Highest EPA percentage was found in
red algae H. spinella (6.9%), being ten times higher than that of U. rigida (0.7%). All the algae tested contained very
low levels of arachinodic acid (0.1–1.6%) and docosahexaenoic acid (0.5–3%). Protein levels in foot muscle
(74–76%) did not differ signiﬁcantly (Pb 0.05) among treatments. Survival was generally high, ranging from 85 to
100%. Weight gain (17–561%) and SGR (0.2–2.3%) were positively related to protein content; whereas, protein
efﬁciency ratio (PER) (0.5–3.7) was negative correlated. PE ratios increased by 82–159% (DW) as a function of the
enrichment among the different diets. Food conversion ratio (FCR) (7–188) improved according to the increase in
PER. Overall, bioﬁlter-produced macroalgae showed a signiﬁcantly higher dietary value compared to the control
treatments. Similarly, animals fed the mixed diets performed signiﬁcantly better than those fed a single algal diet.
Feeding G. cornea led to the lowest growth performance probably due to the lowest feed intake. The results clearly
indicate that H. tuberculata coccinea growout can efﬁciently take place in an integrated-culture system suggesting
that on-farm seaweed-abalone production could be part of future development of the abalone industry in the
Canary Islands.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Abalone species (Haliotis spp.) are found worldwide and are
becoming important for aquaculture diversiﬁcation due to their high
market price and the over exploitation of wild stocks. In Europe, abalone
industry is currently focussed on the production of the ormer Haliotis
tuberculata Linnaeus (1758). Ireland, the Channel Islands (Huchette and
Clavier, 2004) and France are currently the only established producing
countries. A subspecies of ormer, the abalone Haliotis tuberculata
coccinea Reeve (1846), is also considered a good candidate for European
aquaculture, as it is highly appreciated for its delicate taste, reaches a
large enough size to be commercialized and its culture techniques have
been successfully developed (Bilbao et al., 2004, 2010a, b; Courtois de
⁎ Corresponding author at: P.O. Box 56. Telde, 35200, Gran Canaria, Canary Islands,
Spain. Tel.: + 34 928 132900/04; fax: + 34 928 132908.
E-mail address: mapi@iccm.rcanaria.es (M.P. Viera).
0044-8486/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.aquaculture.2011.07.024

Viçose et al., 2007, 2009, 2010; Toledo et al., 2000; Viera et al., 2003,
2005, 2007, 2009a, b). A limiting factor for further expansion of abalone
aquaculture is the restricted availability of an economically and
environmentally sustainable feed, as this culture frequently requires
large quantities of wild harvested macroalgae. Such feed would be
particularly important in areas where wild algae are not commercially
available (Viera et al., 2005).
Among different nutrients, protein constitutes the most costly
component and is a major determinant of the nutritional value in
diets of the abalone (Bautista-Teruel et al., 2003; Britz, 1996a; Britz,
1996b; Britz and Hecht, 1997; Gómez-Montes et al., 2003; Mai et al.,
1995b; Reyes and Fermin, 2003; Sales et al., 2003; Shipton and Britz,
2001; Uki et al., 1985b; Uki and Watanabe, 1986).In an aquaculture
integrated system, nitrogen enriched waste water of intensively
cultured organisms, may be transformed into a valuable algal biomass,
seaweeds production being an added income as feed for shellﬁsh (Evans
and Langdon, 2000; Neori et al., 2004; Schuenhoff et al., 2003). Besides,
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several studies have shown that the culture of macroalgae in nutrientrich waters increases their protein content (Boarder and Shpigel, 2001;
Naidoo et al., 2006; Robertson-Andersson et al., 2006; Shpigel et al.,
1999; Viera et al., 2005). Thus, bioﬁlter produced seaweed have been
shown to support fast growth rates for Haliotis tuberculata (Neori et al.,
1998; Shpigel et al., 1999), Haliotis discus hannai (Corazani and Illanes,
1998; Shpigel et al., 1999), H. roei (Boarder and Shpigel, 2001) and H.
tuberculata coccinea (Viera et al., 2005).
Among the different macroalgae produced, Ulva spp. and Gracilaria
spp. are good candidates as feed for abalone since their mass production
technologies are well developed and their nutrient uptake capacities
are among the highest known (Martínez-Aragón et al., 2002). The
valuable rhodophyte Hypnea sp. has also been successfully cultured in
mariculture bioﬁlters (Harlin et al., 1978; Neori et al., 2004; Viera et al.,
2005).
In the wild, abalone consumes different macroalgae species, obtaining their required nutrients from a combination of algal species.
Although H. tuberculata coccinea feeds on a diverse assemblage of
macroalgae (Espino and Herrera, 2002), its nutritional needs and the
relative importance of these algae are unknown.
It is well recognized that consumer knowledge and attitudes to an
aquaculture product have a signiﬁcant role to play in commercial
success. As abalone in Europe currently has low levels of production, it
gives the sector an excellent opportunity to set standards that will
meet consumer expectations for sustainable, eco-friendly production
methods which ﬁt into the strongly growing EU eco-sector for shellﬁsh
products. Abalone producers may be enticed to adopt efﬂuent
treatment procedures more readily if shown that enriched macroalgae
can be suitable as a feed for local abalone species promoting higher
growth performance than the one achieved with seaweeds harvested
or reared in fresh seawater.
In this study, the comparative performance of juvenile abalone
Haliotis tuberculata coccinea fed on various enriched vs non enriched
macroalgae was examined. We determined: (1) Algal nutritional and
fatty acid composition; (2) Survival; (3) Growth (shell growth rate;
speciﬁc growth rate and weight gain); (4) Consumption (daily feed
intake); (5) Feed efﬁcacy of feed utilization (food conversion ratio (FCR)
and protein efﬁciency ratio (PER); (6) Biochemical composition of the
animals and (7) Soft-body to shell ratio (SB/S) of the abalone after being
fed these diets for 12 weeks. Performance promoted by the various diets
was related to a range of nutritional parameters including crude protein
(CP), total lipid (TL), gross energy (GE), protein-energy ratio (PE) and
fatty acids (FA) of the diets fed.
2. Materials and methods
2.1. Algal culture
Ulva rigida J. Agardh, Hypnea spinella (C. Agardh) Kützing and
Gracilaria cornea J. Agardh were grown at the Centro de Biotecnología
Marina (CBM-ULPGC), Gran Canaria, Spain. Eight feeding regimes
were evaluated: three monospeciﬁc ones with macroalgae produced
in fresh seawater Ulva rigida (U), Hypnea spinella (H) and Gracilaria
cornea (G), and a mixture of equal parts from the three algae (M); and
the same four feeding regimes using algae produced out of ﬁshpond
waste water efﬂuents (UN; HN; GN and MN). Efﬂuents were
channeled from the ﬁshponds to a 11 m 3 sedimentation pond for
the removal of suspended particles and then, pumped at a ﬂow rate of
10 m 3 h − 1 to the seaweed tanks located in a greenhouse, where
maximum irradiance was approximately of 1600 μmol photons
m − 2 s − 1. Semi-circular ﬁberglass tanks with a surface of 1.8 m 2 and
a volume of 0.75 m 3 were provided aeration through a bottom-central
linear pipeline and were employed for the cultivation of macroalgae.
Algal stocking densities were adjusted to the optimal values obtained
from previous experiments (1, 3 and 4 g l − 1 for U. rigida, H. spinella
and G. cornea, respectively). Water exchange rate in the seaweed

culture tanks was 4 vol day − 1 and TAN (total ammonia nitrogen)
inﬂow into the bioﬁlter ranged between 10 and 400 μM.
2.2. Abalone and feeding trial conditions
Abalone (Haliotis tubercalata coccinea) were produced within the
experimental hatchery production unit of the Instituto Canario de
Ciencias Marinas (Canary Islands, Spain).
Animals were initially fed a mixed diet of Navicula sp. and Nitzschia
sp. for 4 to 5 months. Feeding of all abalone was then gradually switched
to the green macroalgae Ulva rigida cultured in the laboratory
bioﬁltration system for a period of 1 month prior to the beginning of
the experiment. A total of 600 juvenile abalones (25/tank) with an
average shell length and weight of 12.5 ± 1.6 mm and 0.27 ± 0.18 g,
respectively, were selected for the trial.
Individuals were blot dried, weighed to the nearest 0.1 mg (total wet
body weight: TWBW), measured with manual caliper with 0.1 mm
accuracy (total shell length: SL) and assigned to an experimental unit.
Abalones were homogeneously distributed among tanks to avoid
signiﬁcant differences in SL or TWBW. Each experimental algal regime
(8 feeding diets tested in triplicates) was fed for 12 weeks to the
abalones and tested in triplicates in a ﬂow-through system. Eight control
units containing the same feeding regimes without abalone, were used
as controls to estimate percentage of modiﬁcation in algal weight
(computed as: ((A − B)/A)× 100; where B is the ﬁnal weight of algae
and A is the initial weight of algae in the control unit determined at
1 week interval).
The experimental unit consisted in a 1 l lidded (plastic net of 2 mm
mesh) PVC plastic container (20 × 14 cm), located in a 100 l cylindrical
tank ﬁlled with 50 μm ﬁltered seawater provided with constant aeration.
Seawater temperature ranged between 22 and 24.5 °C and ﬂow was set
at 2.4 l/min. Abalone were subjected to a natural photoperiod of
approximately 12 h L/12 h D. Algae were supplied in excess to guarantee
ad libitum feeding and replaced once a week during the growth trial.
2.3. Growth and algal consumption
To determine feed intake, freshly collected algae were blotted dry
and accurately weighed as well as the remaining algae at the end of
the week. The weight of unconsumed food was deducted from the
total weekly ration. Besides, weight of uneaten algae was corrected by
calculating the natural weight variations of the algae in the control
units during the same feeding period. Average daily intake by
individual abalone was calculated by dividing the algal biomass
eaten each week by the feeding days and the number of abalones in
each experimental unit.
SL and TWBW of each animal were determined every four weeks.
Besides, the following indices were calculated for all treatments and
the end of the trial:
Shell growth rate = ðL2 −L1 Þ = days of culture × 1000
Specific growth rate; SGR = ðLnW2 −LnW1 Þ = t × 100
Weight gainð% Þ = ððW2 −W1 Þ = W1Þ × 100
Food conversion ratio = total feed intake ðgwetÞ = total weight gain ðgwetÞ
Protein efficiency ratio = ðincrease in body wet weight ðgÞÞ = ðprotein intake ðgÞÞ

where L1 is the initial mean length of animals; L2 is the ﬁnal mean
length of animals; W2 is the weight at time t (days of culture), and W1
is the initial weight.
At the end of the experiment, ten abalones were collected from
each experimental unit, and the soft tissue was shucked from the shell.
Shell and meat were then weighed separately in order to calculate the
condition index (wet weight of soft ﬂesh/wet weight of shell, SB/S in
W/W) as an indicator of the abalone nutritional status.
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3. Results

Table 2. Survival was generally high, ranging from 85 to 100% for those fed
with G and H, respectively. In general, abalone fed enriched algae
performed better than those fed on non enriched macroalgae, displaying
higher shell growth rate, speciﬁc growth rate and weight gain. Similarly,
animals fed the mixed diets, both enriched and non enriched, performed
signiﬁcantly better than those that were fed with a single algal diet. Daily
feed intake on different algal rations recorded for 12 weeks showed that,
except with Gracilaria treatments (G and GN), all diets were very well
accepted by the abalone. Nevertheless, a signiﬁcantly (Pb 0.05) higher
feed intake of the mixed diet, followed by H. spinella and U. rigida was
registered. Hence, at the end of the trial, animal fed on the enriched mixed
macroalgae diet (MN) presented a signiﬁcantly (P b 0.05) higher growth
performance, length (151±3.9 μm day− 1), weight gain (561.3±20.3%)
and speciﬁc growth rate (2.3%) than those on any other diets. For abalone
fed non enriched macroalgae, ﬁnal shell length and weight were
signiﬁcantly highest in animals fed the mixed diet (22.3±3.5 mm and
1.4±0.6 g), followed by U. rigida and H. spinella, and were the lowest in
those fed G. cornea (14.3±1.7 mm and 0.3±0.1 g). Regarding feed
utilization efﬁcacy, except for Hypnea diets (H and HN), food conversion
ratio (FCR) values were inversely related to protein level, being
signiﬁcantly lowest in animals fed UN and MN (7–10.1) and highest in
those fed non-enriched G. cornea (188.1 ± 8.9). However, protein
efﬁciency ratio (PER) values were generally higher in abalone fed nonenriched macroalgae, declining from 3.7–1 to 2.4–0.5, respectively. Softbody to shell ratio were signiﬁcantly inﬂuenced by the diets. The lowest
SB/S ratios (2.4) resulted from feeding both G. cornea diets, which
produced the poorest growth performance, whereas UN and both mixed
diets, produced the best growth performance, yielded the highest SB/S
ratios (3.3–3.1).

3.1. Algal nutritional composition

3.3. Fatty acid composition of macroalgae

Nutritional composition and caloric content of the eight seaweed
treatments are shown in Table 1. Gross energy values in diets ranged
from 3.5 to 4.1(kcal g − 1). Protein:energy ratios increased by 82–159%
(dry weight) with the enrichment among the different diets. Protein
content was signiﬁcantly higher (P b 0.05) in the seaweeds reared
using ﬁshpond waste water efﬂuents, increasing their protein content
from 11.3–16.6% to 29.3–33.8%. Lipid content ranged from 1.4 to 7.2%,
being also generally higher in enriched seaweeds, the highest being
found in GN and the lowest in H. spinella (H). The carbohydrate
contents varied inversely to protein contents, showing signiﬁcantly
higher values in non enriched treatments. No signiﬁcant differences
were observed in the ash content for all diets.

Fatty acid proﬁles of the eight macroalgae diets are summarized in
Table 3. The lipids of all algae tested consisted mainly of saturated fatty
acids (SFA) (43–60%), with palmitic acid (16:0) as the most abundant
fatty acid (FA) (40–47%) of total FAME. A higher amount (5–7.2%) of
myristic acid (14:0) was detected in both Rhodophyta species as
compared to that in the green algae (1%). The green algae U. rigida
showed higher levels of C16 (58%) and C18 (32%) fatty acids and lower
level of C20 fatty acids (1.8–1.1%) than that of red algae. 18:1n-7 was the
predominant mono-unsaturated fatty acid of this Chlorophyta. All red
algal treatments contained considerable levels of mono-unsaturated
fatty acid predominantly 18:1n-9. Linoleic acid (18:2n-6) was present at
similar levels in all selected algae, whereas linolenic acid (18:3n-3) was
higher in U. rigida. The levels of ∑ n-6 PUFA (7–9%) were generally
lower than those of ∑ n-3 PUFA (12–18%). Eicosapentanoic acid
(20:5n-3) (EPA) highest percentage was found in red algae H. spinella
(6.3–6.9%), being ten times higher than the one of U. rigida (0.7%). All
macroalgae presented very low level of arachinodic acid (0.1–1.6%)

2.4. Proximate and fatty acid analysis
Homogenized samples of visceral mass and foot muscle of the
selected abalone and algae from each feeding regime were analyzed in
triplicate for nutrient composition. Fatty acids of the algae were also
analyzed. The algae, abalone visceral mass and foot muscle were
cleaned, washed with freshwater and frozen at −80 °C. Dry matter was
determined by drying samples at 110 °C until constant weight was
attained. Ash content was determined by incinerating samples at 600 °C
for 24 h. Protein content was analyzed according to AOAC (2005)
standard methods. Total lipids were extracted by a chloroform–
methanol (2:1) mixture as described by Folch et al. (1957). Fatty acids
in the lipid extracts were transesteriﬁed to methyl esters (FAMEs) with
1% sulphuric acid:methanol complex (Christie, 1982). FAMEs samples
were extracted into hexane and stored at −80 °C. Fatty acids were
analyzed in a Thermo Finnigan-GC Focus gas chromatograph equipped
with a ﬂame ionization detector (260 °C) and a capillary column
(Supelcowax 28 m × 0.32 mm× 0.25 i.d.), using helium as the carrier gas
under the conditions described by Izquierdo et al. (1989).
2.5. Statistical analysis
All data were statistically treated by one-way ANOVA and Tukey's
test was applied for multiple comparison of means at a 5% signiﬁcance
level (P b 0.05). When data did not follow a normal distribution, a nonparametric one-way ANOVA on ranks of Kruskal–Wallis was applied
(Zar, 1984).

3.2. Survival, growth, consumption and condition index
Growth performance, feed utilization and survival of juvenile
H. tuberculata coccinea fed the eight experimental diets are shown in

Table 1
Proximate composition and caloric content of the eight macroalgae treatments (g/100 g DW) (Mean ± S.D.) fed to abalone along the experimental trial.
Diets

Moisture
Crude protein
Crude lipid
Carbohydrate1
Ash
GE2 (kcal g− 1)
Protein:energy ratio3
1

U. rigida

H. spinella

G. cornea

Mixed diet

Enriched U. rigida

Enriched H. spinella

Enriched G. cornea

Enriched Mixed diet

82.09 ± 0.8b
16.6 ± 3.8b
3.7 ± 1abc
56.4 ± 8.5ab
25.2 ± 6
3.5
47.5

84.2 ± 1ab
13.2 ± 1.7b
1.4 ± 0.4c
65.4 ± 9.5a
21.4 ± 7.9
3.5
37.7

83.9 ± 1.8ab
11.27 ± 1.1b
5.4 ± 3.5abc
58 ± 8.5a
24.1 ± 3.6
3.6
31.4

83.3 ± 1.4ab
13.7 ± 3b
3.4 ± 2.5bc
60.7 ± 7.6a
23.6 ± 5.9
3.6
38.05

82.04 ± 0.3b
33.76 ± 0.5a
4.4 ± 0.8abc
40.5 ± 6.1bc
21.5 ± 5.2
3.9
86.6

83 ± 2.9ab
33.09 ± 6a
6.6 ± 2.6ab
39.2 ± 11.1bc
21.3 ± 2.7
4.1
80.7

84.94 ± 0.6a
29.35 ± 2a
7.21 ± 2.7a
31.8 ± 11.3c
32.3 ± 7
3.6
81.5

83.25 ± 1.9ab
32.1 ± 3.9a
6.06 ± 2.1a
41.01 ± 3.6c
25.24 ± 7.3
4.04
79.4

Calculated by difference (AOAC, 2005).
Gross energy.
3
Metabolizable energy was calculated based on the physiological values at 5.6 kcal g− 1 protein, 9.5 kcal g− 1 lipid and 4.1 kcal g− 1 carbohydrates(Cho et al., 1982).
Values in the same row with different letters are signiﬁcantly different (P b 0.05) n = 3.
2
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Table 2
Growth performance, feed utilization and survival of juvenile abalone (H. tuberculata coccinea) fed the selected 8 macroalgae diets for 12-weeks.
Macroalgae treatments fed to the abalone

Initial length (mm)
Final length (mm)
Shell growth rate (μm d− 1)
SGR (% day− 1)
Initial weight (g)
Final weight (g)
Weight gain (%)
Feed intake
(mg abalone− 1 day− 1)
FCR
PER
CI (%)
Survival (%)

U. rigida

H. spinella

G. cornea

Mixed diet

Enriched U. rigida

Enriched H. spinella

Enriched G. cornea

Enriched Mixed diet

12.6 ± 1.6
19 ± 3c
77.7 ± 3.2c
1.5 ± 0.02c
0.2 ± 0.1
0.9 ± 0.3c
239.9 ± 6.5c
63.5 ± 2.5d

12.5 ± 1.6
19.3 ± 2.1c
81.9 ± 7.8c
1.4 ± 0.2c
0.3 ± 0.1
0.8 ± 0.4c
255.9 ± 7c
147.4 ± 10.0b

12.6 ± 1.6
14.3 ± 1.7d
20.8 ± 0.8d
0.2 ± 0.0d
0.3 ± 0.1
0.3 ± 0.1d
17 ± 3.3d
31.8 ± 2.5e

12.5 ± 1.6
22.3 ± 3.5b
118.4 ± 7.9b
2 ± 0.1b
0.3 ± 0.9
1.4 ± 0.6b
410 ± 37.5b
168.7 ± 18.3ab

12.5 ± 1.5
21.6 ± 2.3b
110.1 ± 0.8b
1.9 ± 0.0b
0.3 ± 0.1
1.2 ± 0.4b
371.6 ± 12.6b
81.0 ± 0.8c

12.6 ± 1.6
20.1 ± 1.9c
90.5 ± 8.4c
1.4 ± 0. 1c
0.3 ± 0.1
0.9 ± 0.3c
229.9 ± 3c
173.7 ± 17.1ab

12.5 ± 1.6
14.4 ± 1.8d
23.0 ± 1.2d
0.3 ± 0.04d
0.3 ± 0.1
0.3 ± 0.1d
33 ± 4.3d
35.4 ± 0.1e

12.5 ± 1.5
25.1 ± 2.6a
150.9 ± 3.9a
2.3 ± 0.04a
0.3 ± 0.9
1.8 ± 0.6a
561.3 ± 20.3a
189.9 ± 5.0a

9.0 ± 0.5e
3.7 ± 0.2a
2.9 ± 0.4b
93.3ab

21.0 ± 2.8c
2.3 ± 0.3b
2.9 ± 0.4b
100a

188.1 ± 8.9a
1 ± 0.0d
2.4 ± 0.5c
85.3b

12.9 ± 0.6cd
3.4 ± 0.2a
3.1 ± 0.4ab
97.3a

6.8 ± 0.3e
2.4 ± 0.1b
3.3 ± 0.3a
93.7ab

22.4 ± 0.4c
0.8 ± 0.01d
2.8 ± 0.4b
96ab

57.1 ± 6.0b
0.5 ± 0.2e
2.4 ± 0.4c
92ab

10.1 ± 0.2e
1.8 ± 0.04c
3.3 ± 0.3a
98.7a

Values in the same row with different letters are signiﬁcantly different (P b 0.05) n = 25 × 3.

(ARA) and docosahexaenoic acid (DHA) (22:6-n-3), with the highest
percentage been found in enriched G. cornea with 3% of total FAME.
3.4. Effects of algal diets on the general biochemical composition of
animals
Nutritional analysis of the abalone at the end of the experimental
period revealed that diet did signiﬁcantly affect the soft body tissues
of the animals (Table 4). Protein levels in foot muscle (74–76% DW)
did not differ signiﬁcantly (P b 0.05) among treatments. Generally the
bioﬁlter cultured algae produced better growth and resulted in
signiﬁcantly lower moisture levels in viscera than others. Lipid levels
in viscera varied considerably within the feeding regimes, being
higher in abalone fed non enriched macroalgae. Abalone fed both
enriched and non enriched macroalgae, showed higher lipid levels,
stored in the viscera (11–20%), rather than in the foot muscle (5–8%),
the highest being found in those fed with M and U diets. Ash content,
both in viscera and muscle, in animals fed non enriched algae, were
generally higher than that of abalone fed with macroalgae produced
out of ﬁshpond waste water efﬂuents.

4. Discussion
Gross energy is the total amount of energy supplied by food and is an
important quantitative measurement of caloriﬁc value which may be an
useful indicator of the seaweed nutritional value (Hernández-Carmona
and Carrillo-Domínguez, 2009; Lamare and Wing, 2001). Despite the
ability of abalone to utilize a wide variety of energy sources, being a
mollusc, the metabolic rate of abalone is low and consequently energy
requirements are low. The caloric content (gross energy) of the algae
tested (3.5–4.1 kcal g− 1) was in the range of values reported for other
diets used as feed for abalone generally reported around 4 kcal g− 1
(García-Esquivel and Felbeck, 2006; Reyes and Fermin, 2003; Shipton
and Britz, 2001). Protein content (11–17% DW) of the non enriched
macroalgae was within the range of values reported for other species of
red and green seaweeds used as feed for abalone (13–18% DW),
(Bautista-Teruel and Millamena, 1999; Jackson et al., 2001; Mercer et al.,
1993; Reyes and Fermin, 2003; Wong and Cheung, 2000). The protein
content of seaweed species varies greatly and demonstrates a
dependence on factors such as season and growing conditions. The
high protein content of macroalgae produced using ﬁshpond waste

Table 3
Fatty acid composition (% total fatty acids) of the eight macroalgae treatments.
FA

U. rigida

H. spinella

G. cornea

Mixed diet

Enriched U. rigida

Enriched H. spinella

Enriched G. cornea

Enriched Mixed diet

14:0
16:0
18:0
∑ SFA
14:(1n-5)
16:(1n-7)
16:(1n-5)
18:(1n-9)
18:(1n-7)
22:(1n-11)
∑ MUFA
16:(4n-3)
18:(2n-6)
18:(3n-3)
18:(4n-3)
20:(4n-6)
20:(4n-3)
20:(5n-3)
22:(5n-3)
22:(6n-3)
∑ PUFA
Other
∑ n-3-FA
∑ n-6-FA

1.1
46.8
1.9
49.8
1.64
6.1
0.2
5
9
1.9
23.9
2.7
7
5.7
3.3
0.1
0.4
0.6
1.6
0.5
21.8
4.5
14.7
7.1

6
41.3
5.4
52.7
2.42
2.5
0.3
10.6
2.5
0.3
18.6
0.8
7.7
1.9
1
0.4
2.9
6.3
0.5
1.1
22.5
6.2
14.5
8.1

5.2
50.3
4.2
59.7
0.47
2.3
1.8
8.8
3
0.1
16.5
1.4
5.3
0.6
0.7
1.6
7.1
0.8
0.3
0.9
18.7
5.1
11.8
6.9

4.1
46.1
3.8
54.1
1.51
3.6
0.8
8.1
4.8
0.8
19.7
1.6
6.7
2.7
1.6
0.7
3.4
2.6
0.8
0.9
21.0
5.2
13.6
7.4

1
40.5
1.9
43.3
1.57
9.6
3
3.5
8.3
2
27.9
3.8
6.1
7
4.2
0.1
0.3
0.7
1.5
0.5
24.2
4.6
18.0
6.2

7.2
44.4
3.3
54.9
3.24
2.9
0.3
9.7
3.1
0.3
19.5
0.5
5.5
1.5
0.9
0.5
3.8
6.9
0.4
0.5
20.4
5.2
14.5
6.0

5
47.5
4.4
56.9
0.44
3.5
0.6
10.5
3.5
0.1
18.6
1.6
6.1
0.8
0.6
0.7
4.5
1.9
0.5
3
19.6
4.9
12.9
6.7

4.4
44.1
3.2
51.7
1.75
5.3
1.3
7.9
5
0.8
22
1.9
5.9
3.1
1.9
0.4
2.9
3.2
0.8
1.3
21.4
4.9
15.1
6.3

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; Other includes all components b 1%: 14(1n-7), 15:00, 16:0ISO, 16:(2n-6), 16:(2n-4),
17:00, 16:(3n-3), 16:(3n-1),16:(4n-1), 18:(1n-5), 18:(2n-4), 18:(3n-6), 18:(3n-4), 20:00, 20:(1n-9 + n-7), 20:(1n-5), 20:(3n-6), 22:(1n-9), 22:(4n-6), 22:(5n-6).
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Table 4
Proximate composition of foot tissues of Haliotis tuberculata coccinea reared on the experimental diets (g/100 g DW) (Mean ± S.D.).
Diet

Moisture

Crude protein

Viscera
U. rigida
H. spinella
G. cornea
Mixed diet
Enriched U. rigida
Enriched H. spinella
Enriched G. cornea
Enriched mixed diet

Muscle
b

73.0 ± 0.3
73.7 ± 0.9ab
75.3 ± 2.4a
73.8 ± 0.6ab
70.2 ± 0.2c
73.2 ± 0.1ab
71.4 ± 0.1bc
70.7 ± 0.4c

Viscera
a

75.7 ± 0.1
75.3 ± 0.3a
75.5 ± 0.0a
74.5 ± 0.4b
73.9 ± 0.3b
75.4 ± 0.3a
74 ± 0.3b
75.6 ± 0.1a

Muscle
b

63.4 ± 0.0
55.4 ± 1.3d
63.1 ± 0.1b
63.3 ± 1.4bc
61.3 ± 0.3bc
73.7 ± 0.9a
55 ± 0.2d
61.5 ± 0.6c

Carbohydrate1

Crude lipid

74.0 ± 0.1
74.5 ± 1.5
74.1 ± 0.2
74.1 ± 0.2
74.4 ± 0.5
76.3 ± 1.2
76 ± 1.6
75.9 ± 2.6

Viscera

Muscle
a

19.4 ± 1.8
16.8 ± 1b
15.3 ± 1.4bc
20.5 ± 0.5a
16.2 ± 0.3b
12.8 ± 0.4cd
11.5 ± 0.6d
12.2 ± 1.1d

Viscera
ab

7.1 ± 0.2
4.8 ± 1.3b
5.8 ± 1.3ab
6.7 ± 1.2ab
5 ± 0.2b
7.3 ± 0.3ab
7.9 ± 1.1a
5.6 ± 0.3ab

Ash
Muscle

d

9.4 ± 0.9
18.8 ± 2.1b
11.6 ± 1.1c
7.7 ± 1de
14.1 ± 0.3c
4.9 ± 0.1e
24.4 ± 0.1a
19.5 ± 1.6b

Viscera
ab

9.9 ± 0.4
10.1 ± 0.5ab
10.6 ± 1.7ab
8.2 ± 1.3c
12.6 ± 0.7a
9.2 ± 0.7ab
7.4 ± 1.6c
10.6 ± 3.1ab

Muscle
a

10.1 ± 0.7
9.8 ± 0.1ab
9.1 ± 0.2abc
8.4 ± 0.2c
8.5 ± 0.4c
8.9 ± 0.5bc
9.5 ± 0.1abc
7.1 ± 0.3d

9.1 ± 0.2c
10 ± .1ab
9.7 ± 0.2bc
11.0 ± 0.3a
8.1 ± 0.3d
6.9 ± 0.4de
9.3 ± 0.6bc
7.9 ± 0.1de

1
Calculated by difference (AOAC, 2005).
Values in the same column with different letters are signiﬁcantly different (Tukey test, P b 0.05 n = 3).

water efﬂuents (29–34%) compared with those reared in fresh seawater,
would be related to its production under the high nitrogen culture
conditions of the bioﬁlter system, as it has also been observed in
previous research with Ulva spp., Hypnea spp. and Gracilaria spp.,
used as macroalgal bioﬁlters (Boarder and Shpigel, 2001; Njobeni,
2006; Robertson-Andersson, 2003; Shpigel et al., 1996a, b, 1999; Viera et
al., 2005). The crude lipid contents were low in the algae studied,
ranging between 1.4 and 7.2% DW, and being generally higher in
enriched seaweeds, which is comparable to the range reported
for other macroalgae (0.6–6.15% DW) (Dawczynski et al., 2007;
Hernández-Carmona and Carrillo-Domínguez, 2009; Wong and Cheung,
2000). Nevertheless, abalone species show a low lipid requirement,
typical of herbivores molluscs and ﬁsh (Mai et al., 1995a). This low lipid
requirement has been associated by some authors with a reduced use of
dietary lipids as energy source by abalone based upon its low metabolic
rate (Durazo-Beltrán et al., 2004). Studies on the digestive enzymes of
some species of Haliotis reveal that abalone have low activities of lipases,
chymotrypsim or aminopeptidase (García-Esquivel and Felbeck, 2006).
Indeed, high levels of dietary lipid seem to affect negatively abalone
growth (Thongrod et al., 2003). However, high levels of carbohydrate
enhance growth of abalone presenting high amylases activities and other
carbohydrate digestive enzymes, such as cellulase, agarase and alginate
lyase, (Britzs, 1994; García-Esquivel and Felbeck, 2006; Mai et al., 1996
Thongrod et al., 2003), as well as a good capacity to synthesize non
essential lipids from carbohydrates. Carbohydrates are the largest
component in many algae. In the present study, carbohydrate contents
were high and inversely related to protein contents with comparable
values to those obtained for other algal species (Foster and Hodgson,
1998; Hernández-Carmona and Carrillo-Domínguez, 2009; Kaehler
and Kennish, 1996). Ash was the second highest fraction in all the
diets, after carbohydrates, with similar values to those reported
previously for other species of the same genus (Hernández-Carmona
and Carrillo-Domínguez, 2009; Wong and Cheung, 2000).
Abalone fed enriched macroalgae diets showed better performance
in terms of growth rate per day, weight gain, increase in shell length and
FCR values compared to those fed non enriched diets. This could be
related to the high protein content of enriched macroalgae diets,
suggesting that nitrogen may be a limiting factor for growth in Haliotis
spp. (Boarder and Shpigel, 2001; Fleming, 1995). Previous studies
support this view by stating that maximum growth can only be achieved
when sufﬁcient protein, in the correct proportions of amino acid, is
supplied in the feed. Shpigel et al. (1996a; 1999), Boarder and Shpigel
(2001), Viera et al. (2005) and Naidoo et al. (2006) respectively, stated
that satisfying growth of. H. tuberculata, H. roei, H. t. coccinea and
H. midae fed enriched macroalgae was attributable to a consistent
supply of high protein diet.
Besides, abalone fed mixed algal regimes, both enriched and non
enriched, performed signiﬁcantly better than those that were fed with a
single algal diet, in agreement with studies showing that “mixed” diets
produce better growth rates than single-species diets (Naidoo et al.,
2006). This suggest that abalone obtain a complete range of required

nutrients by eating a mixed algal regime and that essential nutrients
may become limiting in trials where animal are fed single-species diets.
The growth rate of abalone increased signiﬁcantly with an increasing PE
ratio up to a level of 32% protein/6% fat. Similar observations have been
reported for H. midae fed with several dietary protein and energy levels
(Britz and Hecht, 1997). With the exception of animals fed both G. cornea
treatments, growth rates values in this study (78–151 μm day− 1) were
generally higher than both, those obtain by other authors with other
species (50–100 μm day− 1; Viana et al., 1996, 2000; Guzmán and Viana,
1998; Jackson et al., 2001; Gómez-Montes et al., 2003) under similar
experimental conditions, and those obtain under commercial conditions
(80 μm day− 1; Gómez-Montes et al., 2003). SGR values in the present
study (1.4 to 2.3%) were higher than those reported by Mercer et al.
(1993) and Mai et al. (1995b) in abalone fed several species of
macroalgae who reported SGR values of 0.8% for H. tuberculata and
0.7–1% for H. discus hannai, and similar to the results reported by
Capinpin and Corre, 1996 (2.5%) for H. asinina fed Gracilariopsis
heteroclada. In an aquaculture context, the rate of weight gain is vitally
important, particularly in the case of haliotids, as they are relatively slow
growing. Therefore, from an aquaculture perspective, an optimal dietary
protein level should be deﬁned in terms of growth rate as well as dietary
ingredient cost. In the present study, except with G. cornea treatments,
all feeding regimes produced a similar or better weight gain (230–561%)
than Gracilariopsis bailinae (134%, Bautista-Teruel and Millamena, 1999)
or compound diets (454%, Bautista-Teruel et al., 2003) in H. asinina under
similar conditions. Regarding G. cornea, the lowest growth rate obtained
with abalone fed this macroalgae, might be due to the lowest feed intake
registered. Indeed, consumption rate in abalone may be inﬂuenced by
various factors that may decrease algal palatability, such as, the structure,
growth form, and thallus toughness (Steneck and Watling, 1982). Hence,
the harder texture of G. cornea may have affected its consumption by H. t.
coccinea, since in the wild, abalone prefer soft textured macroalgae
(Shepherd and Steinberg, 1992). This preference seem to be related to
the little capacity of the rhipidoglossan radula to penetrate the algal
surface (Steneck and Watling, 1982) as its teeth have limited ability to
exert force against the substrate. However when the animals were fed G.
cornea as a proportion of a mixed diet, they exhibited excellent growth
rates, suggesting that this red seaweed provided essential nutrients not
found in the other algae fed.
Except in animals fed G. cornea, food conversion rate (FCR) values
were within the range of those reported for H. asinina, H. discus hannai,
H. tuberculata or H. t. coccinea fed seaweeds diets (Kunavongdate et al.,
1995, Shpigel et al., 1999; Viera et al., 2005). The lower FCR attained for
abalone fed enriched seaweeds in the present study seems to be
explained, not only by the general composition of the algae, but also by a
signiﬁcantly higher protein:energy ratio than the rest of dietary
treatments. PER values observed on the non enriched treatments
agreed well with those reported for H. discus hannai (Uki et al., 1985a)
and H. midae (Britz, 1996b) fed seaweeds or H. midae and H. fulgens fed
compound feeds (Britz and Hecht, 1997; Gómez-Montes et al., 2003).
Protein efﬁciency ratios were generally lower in abalone fed enriched
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macroalgae. Similar observations have been reported by Uki et al.
(1986), Britz (1996a) and Bautista-Teruel and Millamena (1999), who
found that the growth rate of H. discus hannai, H. midae and H. asinina
respectively, increased with an increase in protein content whereas the
PER was negatively correlated with protein level. Despite the poorer
efﬁciency of protein conversion by abalone fed the enriched macroalgae,
higher weight gain and lower FCR were obtained with an increasing
protein level in the algal diet. This increase in protein level, linked to the
culture conditions of the integrated culture system, is of high economic
signiﬁcance for the production.
Soft-body to shell ratios of the experimental animals (2.4–3.3) were
similar and even higher than those recorded by Mai et al. (1995a) for
H. tuberculata (1.8–2.1) and H. discus hannai (2–2.4) fed with P. palmata
and various levels of dietary lipids or by Sales et al. (2003) for H midae
(2.9–3.2) fed different dietary crude protein level. Furthermore, the high
survival of abalone noted for all treatments may well indicate a general
balance of nutrients in the diets, although the low feed intake of both G.
cornea diets may not have been enough to sustain comparable growth of
abalone with those fed the rest of the experimental diets.
The algae studied presented typical fatty acid patterns of green and
red algae in agreement with previous macroalgal studies (Li et al.,
2002, Mai et al., 1996). Palmitic acid was the most abundant SFA, at
similar contents of those reported for other species of seaweeds
(Jackson et al., 2001; Li et al., 2002; Nelson et al., 2002). The fatty acid
composition of the Chlorophyta Ulva rigida with predominat levels of
C16 and C18 PUFAs and minimal levels of C20 fatty acids followed a
pattern similar to the ones reported for other species of Ulvales such
as U. lactuca (Mai et al., 1996) and U. pertusa (Li et al., 2002).
Accordingly, the higher level of 18:3-n-3 and 18:1-n-7 relative to
green algae, has been regarded as a characteristic of this phylum with
a particular taxonomic value in Chlorophyta species (Johns et al.,
1979). All macroalgae presented very low levels of 22:6-n3, with
similar results found in other studies (Dawczynski et al., 2007). Hence
DHA do not appear to be an essential FA in H. t. coccinea as they were
detected in a very low level in all macroalgae tested despite they
supported optimal growth of abalone. The growth promotion of EFA
for abalone is generally dependent upon a collective effect of certain
combination of different PUFA rather than on a single fatty acid.
Analyses of the abalone fed on the various diets showed that the
biochemical composition of various organs were markedly affected by
the diets. Lipid content in abalone tissues were generally higher than in
their respective macroalgal diets (Nelson et al., 2002). Foot muscle
contained signiﬁcantly lower lipid levels than viscera indicating that
selective storage of lipids occurs in the hepatopancreas/gonad assemblage. Similar observations have been reported by Webber (1970),
Mercer et al. (1993) and Nelson et al. (2002), for H. cracheroidii, H.
tuberculata and H. discus hannai, and H. fulgens respectively.
In conclusion, the dietary value of the macroalgal regimes tested can
be divided into three categories based on the growth performances
observed: best obtained with the mixed algal feeding regime,
intermediate by using single Ulva rigida or Hypnea spinella feeding
regimes and the lowest by Gracilaria cornea. Nevertheless, based on
growth performance and nutritional indices, this study clearly demonstrates that the macroalgae produced in a bioﬁltering system are
enriched in dietary protein and lipids and that their nutritional
composition is matching the protein, lipid and carbohydrate requirements of abalone resulting in satisfying growth and survival of H.
tuberculata coccinea. Results clearly indicate that H. tuberculata coccinea
can be efﬁciently grown-out in an integrated-culture system suggesting
that on-farm seaweed-abalone production could be a part of future
development of abalone industry in the Canary Islands.
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