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Abstract

The effects of different diets on growth in the cultured South African abalone,
Haliotis midae (Linnaeus), was investigated. Growth of juvenile Haliotis midae was
monitored on a commercial abalone farm over a period of 9-months in an
experiment consisting of 9 treatments with 4 replicates (n = 250 individuals per
replicate). The treatments were: fresh kelp (Ecklonia maxima) blades (seaweed
control); Abfeed® (formulated feed control); kelp + Abfeed®; dried kelp pellets;
dried kelp blades; dried kelp stipes; fresh kelp with the epiphyte Carpoblepharis
flaccida; a mixed diet (Gracilaria gracilis, Ulva lactuca, and kelp) and a rotational
diet (abalone were fed 1 of the 9 treatments for the first week and them kelp for the
next 3 weeks). Results show that abalone grow well on all fresh seaweed
combinations, but do best on a mixed diet. The likely reason for the success of the
mixed diet is that the red and green seaweed was farm grown, with an increased
protein content. Dried kelp in any form produced poor growth. Abalone fed on the
mixed diet grew at 0.066 mm day-! shell length and 0.074 g day-! body weight; this
corresponds to 24.09 mm shell length and 27.01 g body weight increase per annum.
Abalone fed on dried kelp grew at only 0.029 mm day-! shell length and of 0.021 g
day-! body weight. Abalone grown on Abfeed® grew at 0.049 mm day-! shell length
and 0.046 g day-1 body weight which corresponds to 17.88 mm and 16.79 g increase
per annum; this is better than the dried seaweed feeds, but poorer than the fresh
seaweed combinations. This study shows that seaweed diets, particularly if the diets
include seaweeds grown in animal aquaculture effluent, are good substitutes for the
formulated feeds generally used today.

Introduction

The South African abalone, Haliotis midae Linn., is a highly sought after delicacy in
the Far East, which is also the destination of 90% of the product from the local
fishery (Britz et al., 1994). Of 6 abalone species in South Africa, only H. midae is
presently fished commercially. Although the South African abalone fishery has
existed since 1949, the first attempts at cultivating H. midae commercially were only
made in 1981 when captured specimens were successfully spawned to produce spat
and juvenile abalone (Genade et al., 1988). As of 2001, twelve abalone farms, with an
estimated investment of US$12 million, had been established on the South African
coast (Sales & Britz, 2001). By 2003, this value had increased to 18 farms, with a
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projected production of 527 and 700 tons per annum for 2003 and 2004 respectively
(Gerber, 2004).

The proper nutrition and the resulting growth of cultured abalone are critical factors
in the successful culture of this animal. While H. midae can reach a maximum size of
about 200 mm shell length at an age of over 30 years in the wild, farm production is
aimed towards an average size of only 100 mm, which is currently achieved after 5
years (Sales & Britz, 2001). Abalone growth is extremely slow and quite often varies
with size and age. Diet is therefore very important and it has been shown that
different diets produce different growth rates (Leighton, 1974; Britz, 1996a; Guzman
& Viana, 1998; Shpigel et al., 1999; Boarder & Shpigel, 2001; Bautista-Teruel et al.,
2003).

Abalone begin to feed immediately after larval settlement, initially consuming
benthic diatoms (Tutschulte & Connell, 1988). As they grow, they begin feeding on
macroalgae and may change from one species of macroalgae to another as they
mature (Stepto & Cook, 1993). Preferences exist, with red algae being favoured by a
number of different abalone species (Tutschulte & Connell, 1988; Shepherd &
Steinberg, 1992; Stepto & Cook, 1993; Fleming, 1995). Juveniles begin to eat
macroalgae at about 10mm shell length and will eat from 10 to 30% of their body
weight in algae each day and have high feeding rates that are due to the high water
content and relatively low protein content of macroalgae (Hahn, 1989).

Research conducted thus far has dealt mainly with the natural diet of wild abalone,
single-species diets in culture, and more recently, the production of formulated diets
(Simpson & Cook, 1998; Sales & Janssens, 2004). Wild abalone generally feed on a
broad selection of algae, normally with at least two species being found in the gut at
any one time (Barkai & Griffiths, 1986). This implies that abalone typically select
more than just a single species and preferentially choose a mixture of algae. In this
study we test the effects of various diets on the growth of juvenile abalone in
commercial aquaculture systems, including a formulated feed, dry and fresh kelp,
and a mixture of kelp, kelp epiphytes, and farm grown seaweed.

Materials and methods

Experimental animals

Abalone of a specific age class often vary in size because of their differential feeding
rates. For this reason, juvenile abalone of the same age and similar size were chosen
as test animals. Hatchery-reared animals (from the Jacobsbaai Sea Products farm),
spawned in September 2002, approximately 22 months old, 34.7 + 5.8 mm in shell
length, and 7.8 + 3.8 g in body weight, were used to test the growth response of
juvenile abalone fed on 9 different diets. Flow through seawater (700 + 100 Lh-1),
moderately aerated, was supplied at a temperature of 15.5 + 2.5 °C in the holding
tanks. Abalone were grown in culture baskets, with a stocking density of 5kg (+ 500
individuals) per basket. Each basket was subdivided, using mesh, to produce 2
replicates (a stocking density of + 250 individuals per replicate) and two baskets were
used for each treatment, i.e. n = 4 replicates. Growth was monitored over a 9-month
period.

Diets



The 9 diets consisted of: fresh kelp (Ecklonia maxima [Osbeck] Papenf.) blades
(seaweed control); Abfeed® (formulated feed control); kelp + Abfeed®; dried kelp
pellets; dried kelp blades; dried kelp stipes, kelp with a red algal epiphyte
(Carpoblepharis flaccida [C.Ag.] Kiitz.); a mixed diet (Gracilaria gracilis
[Stackhouse] Steentoft, Irvine et Farnham, Ulva lactuca L. and kelp); and a rotation
diet (where the abalone were fed 1 of the 9 treatments for the first week, and then
kelp for the following 3 weeks). Abfeed® (Sea Plant Products Ltd, South Africa) is
an abalone formulated feed containing fishmeal (55 %), starch, Spirulina spp. (10 %),
vitamins and minerals (Fleming et al., 1996). The approximate analysis of Abfeed®
is 34.6 % protein, 43.3 % carbohydrates, 5.3 % fat, 1.2 % Crude fibre, 5.7 % ash and
~10 % moisture (Sea Plant Products Ltd, pers. com.). All kelp was harvested locally.
Kelp was chosen as a seaweed control because it is this seaweed that is most
commonly used as fresh abalone feed in South Africa. Abfeed® was used as an
formulated control feed because it is the most common artificial food pellet used on
commercial abalone farms in South Africa. Ulva lactuca and G. gracilis for the mixed
diet were obtained on the farm from a cultured stock grown in abalone and fish
(turbot) effluent. These seaweeds grown in abalone and turbot effluent have
considerably increased nitrogen content over that of seaweed collected from local
seashores (Robertson-Andersson, 2004; Robertson-Andersson et al., 2005). Ulva
lactuca grown in these systems has an average protein content of 33.4 % when grown
in abalone waste, and 36.6 % when grown in turbot waste as opposed to 3.7-19.9 % in
wild U. lactuca (Robertson-Andersson, 2004). No protein values were available for
G. gracilis but it is assumed that farm grown G. gracilis will also have considerably
higher protein content than wild G. gracilis.

Representative animals were selected from each treatment (n = 30 at 0-2 months, n
= 40 at 3-8 months and n = 50 at 9 months to compensate for differential growth).
Abalone shell length and body weight were measured once a month for 9 months.
Daily growth rates in terms of body weight (DGBW) and shell length (DGSL) were
calculated as follows:

DGBW = (W1-Wo)/t

DGSL = (L1-Lo)/t
WO - mean initial weight, W1 = mean final weight, Lo = mean initial length, L1 =
mean final length, and t = time in days.

Body Weight/Shell Length Ratio

The body weight-to-shell length ratio (BW/SL) was calculated for all 9 diet
treatments. The BW/SL ratio (Mean final weight / Mean final length) gives an
indication of the flesh volume per unit shell length growth for each of the 9 diet
treatments. BW/SL rations are important in that they indicate the mass of abalone
per unit shell length. Thus at marketable size (80 mm-100 mm), the value of an
abalone priced by weight will be dependent on the BW/SL ratio. Certain diets will
therefore produce more valuable abalone.

Statistical analysis

All data are expressed as means + se. A two-way analysis of variance (ANOVA: Zar,
1984) was used to compare and analyze the effect of the various treatments on shell
length and body weight over time. Differences among treatment means were
considered significant at P < 0.05.



Results

Diets

Dried kelp in any form (blades, stipes, and pellets) produced poor growth in both
weight (P < 0.05) and shell length (P < 0.05) when compared against the fresh
seaweed treatments and Abfeed® (Figures 1 & 2). In comparing the remaining
treatments, shell length produced no meaningful comparison, as there was no
significant difference between any of the fresh seaweed treatments and the Abfeed®
(P = 0.37). Body weight, however, produced more meaningful differences.

There were significant differences in body weight between treatments after only 5
months (P < 0.05). The mixed diet (0.074 g day-!) produced the best growth
followed by the rotation diet and epiphyte treatments (0.059 g day-1), and then the
fresh kelp diet (0.056 g day-1). A surge in growth can be seen after month 7 (Figure
2). This is due to a thinning of the sample size (n = 150 per replicate) as growth of
the sample had become density dependent by month 7. Generally those diets that
contained more than one seaweed and those that included Abfeed®, produced good
growth rates (Tables 1 & 2; Figures 1 & 2).

Table 1. Mean shell length and growth rates of juvenile abalone fed over the 9-month

growth period (270 days).

Diet Treatment Mean Initial Mean Final Growth gr(t)wth
Fength—(mmm—=Tengthr—(mmm—=—Rate dle =
se) se) (mm day-1) (mm'year

Mixed diet 34.74 £ 0.20 52.60 + 0.24 0.066 24.09

Fresh kelp +

Epiphyte 33.81 £ 0.18 49.94 + 0.25 0.060 21.90

Rotation 34.76 + 0.20 50.35 + 0.23 0.058 21.17

Fresh kelp 34.45 + 0.21 49.24 + 0.24 0.055 20.07

Fresh kelp +

Abfeed® 34.75 + 0.18 49.09 + 0.25 0.053 19.34

Abfeed® 34.04 + 0.18 47.27 + 0.25 0.049 17.88

Dried blade 34.34 £ 0.19 43.53 + 0.19 0.034 12.41

Dried stipe 34.31 £ 0.18 42.82 + 0.21 0.032 11.31

Dried kelp pellets 34.58 + 0.20 42.36 + 0.18 0.029 10.58




Fig. 1. Growth in abalone shell length for all diet treatments over the 9-month
period.
Naidoo et al. Figure 1.
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The mixed diet, ranked 1, produced the best growth rates for both shell length (0.066
mm day-1) and body weight (0.074g day-1). Abfeed® (0.049 mm day-! shell length
& 0.046 g day-! body weight), ranked 6, did not perform as well as the combination
feeds, but still performed better than the dried seaweed treatments. Dried kelp
(pellets and blades) produced the lowest growth (Tables 1 & 2; Figures 1 & 2).



Table 2. Mean wet weight, growth rates and BW/SL ratios of juvenile abalone fed

over the 9-month growth period (270 days) by increasing order of dietary rank.

Diet treatment Mean Initial Mean Final Growth Growth BW/SL.  Rank
Weight (g + Weight (g + Rate(g.day Rate(g.year (gmm- Orde
se) se) -1) -1) 1) r
Mixed diet 7.83 £ 0.13 27.78 £ 0.30 0.074 27.01 0.528 1
Rotation 7.72 + 0.12 23.61 + 0.36 0.059 21.54 0.469 2
Fresh kelp +
Epiphyte 7.22 + 0.13 23.15 + 0.32 0.059 21.54 0.464 3
Fresh kelp 7.61 £ 0.11 22.81 + 0.26 0.056 20.44 0.463 4
Fresh kelp +
Abfeed® 7.92 + 0.12 22.75 + 0.28 0.055 20.08 0.463 5
Abfeed® 7.45 + 0.11 19.85 + 0.27 0.046 16.79 0.420 6
Dried stipe 7.66 £ 0.12 14.31 + 0.18 0.025 9.13 0.334 7
Dried kelp pellets 7.65 + 0.11 13.39 + 0.16 0.021 7.67 0.316 8
Dried blade 7.61 + 0.11 13.32 + 0.17 0.021 7.67 0.306 9
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Fig. 2. Growth in abalone body weight for all diet treatments over the 9-month
period.



BW/SL ratios

The mixed diet produced the highest BW/SL ratio (0.528 g mm-1) and the dried
blade treatment the lowest (0.306 g mm-1) (Table 2). Again the BW/SL ratios were
generally higher for the diet treatments that contained a combination of feeds i.e., the
mixed diet (0.528 g mm-1, ranked 1), the rotation diet (0.469 g mm-1, ranked 2), the
epiphyte diet (0.464 g mm-1, ranked 3), and the kelp + Abfeed® diet (0.463 g mm-1,
ranked 5). The kelp only diet produced a comparatively good BW/SL ratio (ranked 4
at 0.463 g mm-1).

Discussion

Good growth rates are important in ensuring that cultured animals reach a
marketable size and condition within a time that is economically viable. Previous
studies on Haliotis sp. have shown that “mixed” diets produce better growth rates
than single-species diets (Owen et al., 1984; Day & Fleming, 1992; Fleming, 1995,
Simpson & Cook, 1998). Wild H. midae, in particular, are found to have a variety of
algae in their guts, with E. maxima forming the larger percentage of the gut contents,
followed by red or green algae (Newman, 1968; Barkai & Griffiths, 1986; 1987). This
suggests that abalone are naturally selecting a mixture of seaweeds.

Our data are consistent with previously published works in that abalone grown on a
combination of different seaweeds perform better than those grown on a single
species. Single-species diets, and in particular dried feeds, produce poor growth in
abalone. Duncan & Klekowski (1975), for example stated that essential nutrients
might become limiting in experiments where animals are fed single-species diets,
which could result in poor growth rates. Various single-species algal diets have been
tested in an attempt to identify those diets that maximize the growth rate of abalone
in culture. Day & Fleming (1992) demonstrated that on some single-species algal
diets H. rubra initially grew at a steady rate then failed to grow for the remainder of
the trial, suggesting that nutrients were lacking in the diet. Stuart and Brown (1994)
suggested that a variety of algae are better able to meet the preferences and
nutritional requirements of cultured abalone over extended periods of time.

Kelp (E. maxima) is the most abundant algal species along the southwest coast of
southern Africa, and is the most likely food source for abalone farms developing
along this area of the coast (although in the northern west coast of South Africa and
in Namibia it is largely replaced by Laminaria pallida (Grev. Ex J. Ag) (Stegenga et
al.,, 1997). However, Stepto & Cook (1993) found that E. maxima was the least
preferred of three algae fed to H. midae. They suggested that this might be due to the
high phenolic levels. Simpson & Cook (1998) also stated that in a mixed diet it is
likely that Ecklonia spp. would be avoided, which would negate the purpose of
feeding Ecklonia spp. as part of a diet. Additionally, kelp is low in protein content (5
%) and high in water content (68-83 %) (Hahn, 1989; Robertson-Anderson, 2004).
All of this probably accounts for the relatively low growth obtained by the kelp only
diet when compared against the other fresh seaweed combinations. In this study
fresh kelp, however, is able to produce better growth than all dried feed including the
formulated feed, Abfeed®. This is in contrast to some studies (eg. Hahn, 1989; Britz,
1996b; Bautista-Teruel et al.,, 2003) who showed that growth rate of abalone fed
formulated diets containing a combination of plant and animal protein sources (such



as Abfeed®) perform better than those fed diets with protein sources of plant origin
only.

What then determines the feeding preference? Fleming (1995) suggested that
preference for certain algae might be due to the presence of essential nutrients not
available in other algae. A number of authors (Day & Fleming, 1992; Fleming, 1995;
Simpson & Cook, 1998) showed that algae like Ulva and Gracilaria species constitute
a poor diet when supplied singly, but they may be of great value when supplied as
part of a mixed diet, thereby supplying essential nutrients to the diet. These studies
however, referred to wild stocks and not protein-enriched Ulva and Gracilaria
species as were used in this study. This probably accounts for the higher abalone
growth on our mixed diet.

A number of previous studies have come to similar conclusions. Neori et al. (1998),
for example, has shown that a number of Ulva spp. are able to remove up to 90 % of
dissolved nitrogen from aquaculture effluent. The culture of Ulva spp. in nutrient
rich waters increases their protein content roughly 3 to 10 fold (Shpigel et al., 19909;
Boarder & Shpigel, 2001; Robertson-Andersson, 2004; Robertson-Andersson et al.,
2005). This enriched Ulva has subsequently been shown to improve growth in, for
example H. tuberculata (Neori et al., 1998; Shpigel et al. 1999), H. discus hannai
(Shpigel et al., 1999), and H. roei (Boarder & Shpigel, 2001).

The BW/SL ratio is an important determinant of the economic viability of different
diets. The mixed diet has the greater ability to increase the ratio of body weight to
shell length and our results have shown that although shell length growth rates of
abalone fed on combination diets remained relatively constant over time, the body
weight growth rates showed a significant increase over time. This is important for
the commercial farmer, in that growth is dependent on the feed used for abalone
aquaculture. The BW/SL ratio gives an indication of what feeds are more likely to
produce better growth.

Natural diets of fresh seaweed, either as kelp alone or combinations of kelp and other
seaweeds, produced the best growth in abalone, with the mixed diet performing best.
Dried seaweed in any form produced the lowest growth. Although not as good as the
fresh feeds, the formulated diet Abfeed® as a single feed performs better than the
dried seaweed feeds.
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