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ABSTRACT

The evauation of potentia aternative protein sources for the formulation of least-cost optima diets
to satisfy the nutrient requirements of South African abal one (Haliotis midae) has been hampered by
the absence of a suitable, practical, replicable and reliable digedtibility technique. A suitable low-
cost faeces collection technique was developed in this study to obtain suitable quantities of excreta
for analysis from this species. Acid-insoluble ash was identified as a reliable, replicable and safe
internal marker in comparison to chromic oxide and crude fibre for use in nutrient digestibility
studieswith H. midae Thiswas validated by the consistency and repeatability of the results and by
comparison to total collection of faeces. The traditional substitution method used in digestibility
studies with fish to evaluate protein digestibility of feed ingredients was found to be unsuitable for H.
midae. Apparent protein digestibility values exceeding 100 % derived through this method could be
atributed to associative effects between feed ingredients, differential diet and faecal nutrient

leaching, and mathematicd artifacts in caculaions when using subgtitution versus single protein
diets. Aningredient particle size of less than 450 pum in comparison to particle size classes of above
450 um was shown to enhance nutrient (dry matter, organic matter, protein, fat) digestibility and
minimise dry matter leaching from diets. The dietary inclusion level of both pre-gdlatinised maize
starch and acellulose did not influence @ > 0.05) apparent nutrient (protein, fat, fiber, starch)

digestibility. Using the above digestibility protocol amino acid availability of al plants ingredients
currently used in the South African animal industry was evauaied for H. midae. Soybean med

(96.86 %) and lupins (96.51 %) presented the highest apparent mean amino acid availability of al
plant protein ingredients evaluated with H. midae. Canola meal (94.21 %), faba beans (92.87 %)
sunflower mea (92.77 %), peanut mea (87.39 %) and cottonseed meal (85.15 %) presented higher
apparent mean amino acid availability vaues than fish med (8275 %). Apparent protein
digedtibility was highly correlated (r = 0.99) with mean apparent amino acid availability, while true
amino acid availability was 1.88 % units higher than apparent amino acid availability for all

ingredients tested. Predicted apparent protein digestibility in compound diets was within 1.1-6.5 %
of determined values. Cdcium phosphate mono dibasic presented the lowest (P < 0.05) dietary
phosphorus leaching (51.51 % maximum) and highest apparent phosphorus digestibility (66.27 %) in
comparison to other inorganic phosphorus sources. Based on the method of direct experimentation
to determine the optimal dietary protein level using graded levels of dietary protein 28.1-35.9 %
dietary protein from good quality sources is recommended for maximum growth of juvenile H.
midae. This study provides a scientifically sound research tool including a faeca collection

technique, suitable marker and assay technique that could be use in further studies to improve least-
cogt diet formulation for H. midae. Future nutritional studies in H. midae should primarily
concentrate on reducing dietary nutrient leaching and improving the intake of nutrients in order to
properly eva uate responses of this species to different dietary regimes.



INTRODUCTION

Abalone are among the most highly valued seafoods in the world, with prime demand in
Asian countries where products form part of the traditional cuisine. As in other parts of
the world (Japan, China, Australia, North America, Canada), a decline of South African
abalone fisheries, mainly due to poaching, has stimulated the development of abalone
farming to meet the demand for the product. Since 1990 an estimated US$12 million
have been invested to build a South African industry of some 12 commercial farms
around the coastline from Port Nolloth on the Atlantic coast to East London on the Indian
Ocean. Their combined annual projected production is of 500-800 t. Abalone farming,
like any form of intensive anima husbandry, for example broiler chickens and pigs, is
highly capital intensive with high running costs. Animals are stocked at high densitiesin

small shore based man made structures and reared on seaweeds and/or artificial diets.

As with all animal industries, feed cost is considered to be the highest recurrent cost in
abalone farming. Although some abalone farms in South Africa rely on the harvest of
seaweed to feed abalone, the need for nutritionally complete feeds is becoming more
critica for the following reasons: (1) alimited supply of seaweed, (2) logistical problems
in harvesting, transporting and storing of seaweed, and (3) the possibility of obtaining
higher yields and faster growth with the improvement of artificial diet formulations. In
comparison to seaweed, an artificial diet is a compact product, with constant supply to
any region, and can easily be handled and stored. Although total cost to manufacture an
artificial diet is much higher per unit than harvesting seaweed, this is balanced by the
much better feed conversion ratio that can be achieved with artificial diets (ca 1-1.5:1) in
comparison to seaweed (ca 12-15:1).

A project was initiated in 1989 by Rhodes University to develop artificial diets for Haliotis
midae. This project was successful in developing a water stable pelleted diet (Knauer, 1994;
Britz, 19964), and in identifying fish mea as the most suitable protein source for inclusion
in artificid diets for H. midae (Britz, 1996b). However, the increasing cost of high quality
fish med, and increasing shortages as requirements for aquafeeds increase, pose red
problems for cost-effective feed formulation (Hertrampf and Piedad-Pascual, 2000). This



is especially true for aguaculture in developing countries such as South Africa where a
devauating currency has dramatically increased the rea cost of imported fish meal. Priority
is given internationally to the search for aternatives to fish meal in animal feeds (Hardy and
Kissal, 1997). Developing aternative protein sources for aguatic feeds which support rapid
growth but do not increase pollution from aquaculture will require the combined efforts of
all of the mgjor scientific disciplines that collectively congtitute aguaculture (Hardy, 1999).
Some progress in this regard has been made with H. midae in that replacement of 30 % of
the fish meal component in artificial abal one diets with either soybean or sunflower med did
not decrease growth rate (Shipton and Britz, 2001).

One way of reducing feed costs is through improved diet development by more effective
use of avallable nutrients in feed ingredients to match with the requirements of the
animal. By precisely measuring the availability of essential nutrients in aternative feed
ingredients, it was possible to eiminate fish meal from poultry feed formulations (Scott et
a., 1982). Animals do not require feed ingredients per se, but rather the nutrients which
form part of the chemical composition of these ingredients. A nutrient may be present in an
ingredient, but nutritionally worthless if it is unavailable to the animal (Akiyama, 1991).
Knowledge of the availability of nutrients in a feed ingredient is not only a basic
requirement for formulating least-cost diets, but is also important for the maintainance of
water quality and the prevention of water pollution with species kept in an aquatic
environment.  Undigested nutrients excreted by H. midae fed on artificid diets in
comparison to animals fed on seaweed have been linked to the higher rate of infection of the
parasitic filter feeder sabellid polychaete, Terebrasabella heterouncinata in the former.

Digestibility could be described as the most important single determinant of nutrient
availability (Sauer et al., 2000), and should be given priority in any nutritional study that
evauates the potential of feed ingredients for use in the diet of an animal species.
Digestibility can be defined as the difference between dietary nutrient and faecal nutrient
content divided by the dietary nutrient content. Although the direct method of
measurement of food intake and total collection of faeces would be the ideal method to
determine digestibility, the aguatic environment make these estimations very difficult.

Contamination of faeces with uneaten feed (Cho et al., 1982), and leaching of nutrients



from feed and faeces (Allan et al., 1999) may lead to under-or overestimation of
digestibility. Therefore, the use of markers as an indirect method of determining
digestibility that only requires the collection of a subsample of faeces and does not
require an accurate estimation of dietary intake is generally preferred with aquatic species
(Jones and De Silva, 1997; Morales et al., 1999). The determination of digestibility by the
direct method was found to be inappropriate with Haliotis species fed on artificia diets due
to problems associated with the accurate measurement of feed ingested and faeces voided
(Wee et d., 1992a; Shipton, 2000). Although Wee et a. (1992b) identified chromic oxide
(Cr:0,) and acid-insoluble ash as suitable markers for digestibility studiesinH. rubra and H.
laevigata, the use of Cr;O, as marker in the first digestibility studies with H. midae fed on
compound diets (Britz, 19964) failed to produce reliable and replicable results.  Shipton
(2000) concluded that Cr;O, as marker could provide a reliable indication of apparent
protein digestibility in H. midae if one of the three different types of faeces produced was
collected. However, this method is labour intensive and subjective in that it requires sorting
of faeces, and very small quantities of faeces are findly available for andysis. Furthermore,
as the evacuation times of the three faecal types do not differ significantly, it is not
possible to collect a specific type of faeces over a specific time period (Shipton, 2000).
Thus, evaluation of nutrient availability of feed ingredients by means of digestibility
measurement in H. midae has been hampered by the lack of a suitable marker that is
representative in all type of faeces produced. At the outset of this study a need existed
for a marker that would satisfy this requirement and enable the collection of adequate

guantities of faeces in order to analyse for a range of nutrients.

While attempts at determining nutrient digestibility in abalone to date have been limited to
single ingredient diets (Fleming et a., 1998; Vandepeer et a., 1999; Shipton, 2000), very
few feed ingredients are fed as the sole component of a diet, and practica diets amost
aways consst of a mixture of feed ingredients. Therefore the determination of the
digestibility values of several nutrients from feed ingredients is normally evaluated through
comparison of the digestibilities of areference and atest diet, the test diet being a mixture of
the reference diet and the test ingredient (Cho et al., 1982). An advantage of this method
over testing ingredients singly is that the test ingredient may be more acceptable to the



animal when fed in combination with other ingredients, which leads to a norma level of
intake (NRC, 1993). This technique is based on the assumption that there is no interaction
between the reference diet and the test ingredient, and that results are independent of the
level of inclusion of the test ingredient (Aksnes et a., 1996). Although this technique was
never previoudy evaluated with Haliotis species, Maguire et a. (1993) mentioned that
nutrient associations between feed ingredients might be problematic in evauating
digestibility through substitution trials with abalone. This could be related to the
identification of viable bacteria, capable of hydrolysing a variety of complex algal
polysaccharides, in the gut of H. midae (Erasmus, 1996; Erasmus et a., 1997), and H.
laevigata (Harris et al., 1998), that could promote associative effects with respect to
nutrient digestibility. Evduation of this technique would not only smplify further
digestibility studies with H. midae, but would also provide an indication of the possibility of
associative effects between feed ingredients in compound diets.

From the above it was evident at the outset of the present study that, in order to effectively
evaluate available nutrients in aternative feed ingredients for incluson in abalone diets, a
suitable technique for faeces collection, a reliable and replicable marker, and a suitable

digestibility assay technique, should be a priority.

It has been shown that factors such as dietary incluson level of starch (NRC, 1993) and
dietary fibre incluson (Hilton et a., 1983) may have an effect on apparent nutrient
digestibility in shrimp and fish. Pre-gdatinised maize starch and a-cellulose have been
routinely varied in nutritional studies with H. midae in order to formulate diets with specific
protein and energy levels (Britz and Hecht, 1997; Shipton and Britz, 2001), without
knowing the possible effect on nutrient digestibility. Evaluation of the influence of these
diet manipulating factors on nutrient digestibility was desirable if a proper digestibility
protocol for H. midae was to be established.

Once a protocol has been established to determine the availability of nutrients such as dry
matter, organic matter, energy, protein and amino acids through digestibility it should be
extended to the possible evaluation of minera availability. The starting point for availability
of mineras through digestibility should be phosphorus. Although calcium is the main
congtituent of abalone shell, it is believed that most aquatic species have no dietary calcium



requirement per se (Coote et al., 1996), however, many studies suggest that the ratio of
cacium to phosphorus should be consdered in anima nutrition. The man source of
phosphate for aguatic species is their feed due to the low concentration of phosphate in
natural waters (NRC, 1993). The lack of information on bioavailability of phosphorus from
various feed ingredients for aquatic species can lead to oversupplementation of phosphorus
in formulated diets, resulting in increased feed costs, the possbility of affecting the
bioavailability of other nutrients, and increased phosphorus wastes which enter the

environment via effluent water (Tan et a., 2001).

Determination of nutrient availability of feed ingredients would be useless if it could not be
applied to the nutrient requirements of the animal. Studies have been conducted on the
dietary protein requirements of H. midae (Britz 1996¢), however, a limited protein range
(27-47 %) and the use of a single protein ingredient (fish meal) prevented the establishment
of an optimal dietary protein level.

Aimsand objectives of the present study

Thus, objectives of this study were:
(1) Toreview and summarise aquaculture and especially nutritional work performed on H.
midae.
(2) Toidentify asuitable faeca collection technique for H. midae.
(3 To identify a suitable marker for digestibility studiesin H. midae.

(4) To evauate the subgtitution technique used in digestibility of feed ingredients for H.
midae.

(5) To investigate the possible effect that manipulation of diets with certain ingredients
(pre-gelatinsed maize starch and a-cellulose) might have on nutrient digestibility.

(6) To evauate nutrient digestibility of all feed ingredients utilised in the South African
anima industry for H. midae.

(7) To evauatethe availability of different inorganic phosphorus sources for H. midae.

(8) To determinethe optimal dietary protein requirements of H. midae.



This work B presented in the form of articles published and submitted for publication in
various journals. A final discussion is provided in which the extent to which the objectives

were met is evaluated and contextualised. Suggestions are made regarding future work.
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Abstract

Although abalone fisheries in South Africa have existed since 1949 cultivation started by
successful spawning of captured specimensin 1981 to produce spat and juveniles. Twelve
abalone farms, with an estimated investment of US$12 million, have since been established
on the coast of South Africa, with a projected production of 500-800 tons. While H. midae
can reach a maximum size of about 200 mm shell length at an age of over 30 years in the
wild, farms produce an average size anima of 100 mm shdl length after four years.
Growth rates of 0.08-4.5 % body weight/day for abalone of 10-17 mm shell length have
been observed under smulated farm conditions on formulated diets, while the
corresponding feed conversion ratio (FCR) was 0.9-2.4. Growth rate, FCR and protein
efficiency ratio decline at water temperature above 20 °C. Anesthetics, for example
magnesium sulfate, are used to prevent injury during remova from tanks. Prostrate
diatoms, such as Cocconeis sublittoralis (Hendey), Amphora proteoides (Hustedt) and
Achnanthes brevipes (Agardh) are preferred after the metamorphosis from the larval stage
(57 days, depending on temperature). Most South African abaone growers use
formulated feeds in pellet form, due to their convenience and cost benefit to farm
operations and management. Although fish meal has been found to be the most suitable
protein source for inclusion in formulated diets, plant proteins such as soybean medl,
cottonseed meal and sunflower meal presented good growth and apparent protein
digestibility. The parasite sabellid polychaete, Terebrasabella heterouncinata, recently
named by American researchers, is indigenous to a variety of South African intertidal
mollusks and impedes growth by causing irritation beneath the mantle in abalone.
Prevention is possible to some degree by high standards of hygiene and husbandry of
abalone in the tanks, but new techniques to control large infestations are being researched.
In spite of a reputation for toughness, abalone meat frozen immediately after shucking is
relatively tender in comparison to red meat. The success of abalone farming in South
Africa has been due to a high degree of cooperation between the private sector and
government-backed research ingtitutions, and it is anticipated that this collaboration will

continue.
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1. Introduction

Aquaculture of the South African abalone (Haliotis midae) devel oped through the 1990's,
in paralel with the emergence of the culture of other commercially important species in
Asian countries, the USA, Australia, New Zealand and Chile. The development of South
African abalone culture technology has been based on a combination of technology
transfer and local innovation by industry in partnership with research institutions.
Research to develop abalone culture technology has been amost entirely industry driven
and funded, and the results illustrate a good example of industry-science community
collaboration.

Of the six haliotid species that occur in southern African waters (H. midae L., H. parvum
L., H. spadicea (Donovan), H. queketti (Smith), H. speciosa (Reeve), H. pustulata
(Reeve)) only H. midae, known locally as “perlemoen”, is of commercial significance
(Muller, 1986; Hecht, 1994). Although the South African abalone fishery has existed
since 1949 (reviewed by Tarr, 1992) the first attempts to cultivate H. midae in South
Africa were made only in 1981 when captured specimens were successfully spawned to
produce spat and juvenile abalone (Genade et al., 1985; 1988).

A concerted R&D effort to establish commercial abalone farming began in 1990 when
programmes were initiated by the University of Cape Town, the Council for Scientific
and Industrial Research and Rhodes University in partnerships with three fishing
companies. Subsequently, some 12 abalone farms have since been established ranging in
distribution from Port Nolloth on the Atlantic coast to East London on the Indian Ocean.
It is estimated that some US$12 million has been invested in the industry and the
projected production of the existing shore based farms is 500-800 tons. One farm, Port
Nolloth Sea Farms, is developing abalone ranching, that is grow aut of hatchery reared
abalone seed in the natural environment north of the natural range of H. midae (Sweijd et
al., 1998).

This review was written in an attempt to compile all available scientific results on the
cultivation of abalone in South Africa



2. Spawning and seed production

Some luck was involved in the first attempt to spawn H. midae, as the ripe abalone
collected by Genade et al. (1985; 1988) spawned spontaneoudly in their plastic bags
during transit, and the viable larvae were settled at the Fisheries Development
Corporation laboratories at Knysna. Subsequent experience has revealed that, unlike
other abalone species, H. midae will usually not spawn if collected ripe from the wild,
and thus abalone hatcheries have developed broodstock conditioning protocols and
maintain a hatchery broodstock population which is spawned on a regular basis.
Broodstock conditioning and maintenance techniques for H. midae are summarised in
Fleming (1999).

Apart from Genade et al.’s work, no further scientific publications have emerged on the
development of hatchery technology for H. midae. This is partly because the basic
techniques used have been adapted from technology developed elsewhere (Hahn, 1989),
and because local innovations have been guarded as proprietary information. Insights
into the reproductive biology of H. midae are however provided in ecological studies by
Newman (1967), Tarr (1995) and Wood (1993). Tarr (1995), studying populations at six
sites around the South African coast, showed that 100 % sexual maturity may occur at
around 7.2 years in the wild, some 4 years earlier than previously estimated by Newman
(1967). On the warmer east coast, and under culture conditions, abalone mature earlier
and 100 % sexual maturity may occur as early as three years of age (Wood, 1993).
Spawning occurs twice per year in certain areas, namely during spring and autumn.
There are, however, variations due to locality. A linear relationship (F = 0.0198 W —
2.196) between fecundity (F, million of eggs) and animal weight (W) has been
established. Within a ripe ovary two discrete groups of eggs are found and these are
released on consecutive spawning. Egg production is in the order of several million per
individual and is a function of ovary volume due to the arrangement of the germinal

surfaces (Newman, 1967).
3. Growth

In the wild H. midae reaches a maximum size of about 200 mm shell length at an age of

over 30 years (Newman, 1968). However, high individua variability was found in the



growth rates of wild animals from different sites at the South African coast. Even for
similar sized animals, for example animals of 68 mm length, increment ranged from 9-33
mm/year in comparison to 5-24 mm/year for animas of 82 mm shell length at one
location (Tarr, 1995).

The growth rate of H. midae under various laboratory conditions and on various
formulated diets is compared in Table 1. This comparison, however, must be evaluated
with caution, as various trial conditions, such as the initial size of animals, the stocking
density, temperature and duration, are only a few factors that could influence the growth
rate (Fleming et al., 1996).

4. Temperature

The distribution of the South African abalone H. midae spans the confluence of the
Atlantic and Indian Oceans, ranging from the cold waters of the Benguela upwelling
system on the Western Cape coast to the warmer Eastern Cape coast which is influenced
by the south flowing Agulhas current (minimum of 12-13 °C; maximum of 21 °C) (Britz
et al., 1997a). An inverse relationship between maximum size and mean sea temperature
was demonstrated in natural stocks (Newman, 1968; 1969; Tarr, 1995; Wood, 1993).

The preferred optimal temperature of juvenile H. midae (30-45 mm shell length) was
found to be 24 °C and the 50 % critical thermal maximum was 27.9 °C (Hecht, 1994).
However, trends in growth rate, feed consumption, mortality, protein efficiency ratio
(PER) and feed conversion ratio (FCR) data indicate that a temperature range of 12-20 °C
(Table 2) is physiologically optima for H. midae (Britz et al., 1997a). Above 20 °C
growth rates declined, FCR and PER deteriorated, and mortality increased significantly
suggesting a gradual breakdown in physiological processes. This hypothesisis supported
by the data of Lyon (1995) who observed that ammonia excretion and oxygen
consumption rates in H. midae, expressed per kg feed consumed, increased significantly
above 20 °C. In apractical farming context, it would be advisable to cease feeding when
water temperatures exceed 20 °C. Although H. midae are able to survive acute exposure
to extremes of 25 °C (Hecht, 1994), they probably would not grow at these temperatures
(Britz et al., 1997a).



Table 1

Performance of H. midae when feeding on various formulated diets (temperature 12-24 °C)

14

Study Duration  Daily feed intake® (Unit) Growth rate (Unit) Feed conversion ratio®
(shell length, (days)

Britz (19964) 124 0528 (% live weight) 29-65 (um/day) 0.7-3.4

Britz (1996h) 95 1.0 (% live weight) 2529 (mm/month) 1.04-1.15

Britz and Hecht (1997) 142 23-45 (mg) 0.08-4.5 (% live weight/day) 0924

Britz and Hecht (1997) 72 7.29.7 (mg) 1522 (% live weight/day) 1015

Britz et a. (1997a) 0 15.7-23.5 (mg) 25-85 (um/day) 0.97-3.02

Knauer et al. (1996) 30 555 (% feeding rate)® 59 (um/day) 0.44

Shipton (2000) 316 0.67-1.36 (% live weight) 0.24-1.68 (mm/month) 1071

Shipton(2000) 316 0.16-0.40 (% live weight) 0.33-2.12 (mm/month) 1.06.2

2 Dry matter basis.

® g dry feed consumed/g wet weight gain.

¢ (g dry weight feed intake over experimental period)/{ number of daysx [(final wet abalone weight + initial wet abalone weight)/2]} x 100.



Table 2

Nutritional indices and mortality for abalone (17.5 mm shell length, 1.1 g live weight, n = two replicates of 30 animals each per treatment, means+ S.D.)
reared on a formulated diet between 12 and 24 °C over three months (the loss of solids from the feed due to leaching over 24 h isincluded) (Britz et d.,
1997a)

Temperature (° C)

12 14 16 18 20 2 24
Feed intake (mg/day)? 15.7 + 1.36 191+1.21 205+ 1.24 213+ 126 235+ 132 21.7+ 137 16.2 + 1.24
Feed conversion ratio® 1.37+0.24 1.29+0.27 1.12+0.12 1.15+0.22 0.97 £ 0.06 1.82+0.21 3.02+0.76
Protein efficiency ratio® 1.76 + 0.15 262+0.14 272+0.11 297 £ 0.17 3.0+£0.33 1.73+0.22 0.41 £+ 0.09
Condition factor® 1.21 £ 0.02 1.11 £ 0.02 0.98+0.03 1.08 £ 0.02 094+ 0.01 0.91+0.01 0.89+ 0.03
Mortality (%) 25+0.8 33+0.0 33+17 1.7+17 0.83+£0.8 916+ 0.8 325125
24 h dry matter leaching
(% recovered) 94.3+0.9 929+ 0.5 91.3+0.5 90.3+ 0.6 894+ 0.5 911+ 0.6 89.3+ 0.6

& Dry matter basis.

b g dry feed consumed/g wet weight gain.
¢ g wet weight gain/g protein consumed.
4 (g wet abalone weight/mm shell length?®) x 5575 (Britz, 1996a).



1€

5. Handling and transport

Abalone live in the high energy subtidal zone, and are renowned for ability to pull their
shell down rapidly and tightly onto the substratum, complicating their removal and
handling on abaone farms (White et al., 1996). Mechanical removal often results in
injury or death due to a ow healing rate and increased probability of bacterial infection
and stress (Genade et a., 1988). A study evaluating the suitability of various
anaesthetics, showed that magnesium sulphate was an effective anaesthetics for removal
of H. midae, while ethylenediamine tetra-asetic acid was unsuitable and procaine
hydrochloride was unsafe. Effective concentrations of magnesium sulphate were 4, 14
and 22 g/100ml for the size classes 5-15, 20-50 and 60-90 mm shell length, respectively
(White et a., 1996). Although 2-phenoxyethanol was an effective anaesthetic, significant
mortalities occurred following recovery indicating its unsuitability for abalone (White,
1995).

Regarding transportation of live H. midae transit time should not be longer than 36 h.
Juveniles can survive for longer periods (52 h), but the percentage mortality gradually
increases with time. The provision of enriched oxygen levels in the transport container
helps to reduce mortalities where long shipment times are envisaged. For shorter periods,
oxygen enrichment is not vital but it may alleviate stress. Temperature fluctuations that
the animals are exposed to must be kept to a minimum for example by correct insulation
design. It isimportant to keep the inside very humid to prevent desiccation that can harm
the gills. Animals are starved for 2-3 days before transport to prevent them from
producing faeces inside the box. Acclimatisation does reduce stress but it does not make

asignificant difference to survival rates in transit (Cook and Ruck, 1991).
6. Nutrition

Feed makes up a magjor proportion of production costs on South African abalone farms,
where the stock is reared on either a compound formulated diet, harvested kelp (Ecklonia
maxima), cultured Gracillaria spp. (gracilis, verrucosa) or a combination of the above
(Cook, 1998). Y oung newly metamorphosed abalone are reared on diatoms cultured on
plates or in bags and then weaned on to seaweed or formulated feed at 46 mm shell
length (approximately 5-6 months old). The development of abalone farming has



stimulated research into abalone digestive physiology, the application of animal feed
science principles to abalone, abalone feeding behaviour, and the optimisation of the
utilisation of both natural and formulated diets under intensive culture conditions (Britz et
al., 1994; Fleming et a., 1996).

6.1. Feeding behaviour and digestive processes

H. midae is an entirely herbivorous species with a nocturnal pattern of grazing behaviour,
tending to remain inactive by day, both in the field and laboratory tanks, and move about
a night (Barkai and Griffiths, 1987). A laboratory behavioura study showed that
although appearance rate of juvenile H. midae (5.00-8.54 mm shell length) in glass tanks
was about 80 % between 1900 and 2300 h, fewer than 7 % were actively feeding (Knauer
et d., 1995a). Although taking a wide range of algae the preferred food item of mature
H. midae in nature is kelp E. maxima, with Plocamium spp. aso a mgjor element of the
diet on the south coast of South Africa. The diets of abalone in smaller size classes are
similar, except that Ulva spp. is taken in larger proportion. This might be explained by
the fact that both Ulva spp. and small abalone tend to be more abundant in shallower
water. The conclusion is that H. midae select from a wide group of acceptable species
largely according to their abundance in the surrounding habitat (Barkai and Griffiths,
1986). Growth ratesof cultured H. midae on E. maxima can be improved by addition of
either Porphyra, Ulva, or Aeodes spp., or a mixture of al three, in a rotation diet
(Simpson and Cook, 1998).

Feed intake (wet weight) in wild H. midae averaged 8.1 % of soft body weight/day at 14
°Cand 114 % at 19 °C. Feeding rates are fairly rapid for a gastropod of this size, at
0.83-0.93 % body mass/h, but they are sustained for about half of the day only, so that the
rate averaged over 24 h isin fact 0.45 and 0.48 %/h (Barkai and Griffiths, 1987). Both
formulated feeds and preferred algal species are digested within 24 h (Britz et al., 1996;
Day and Cook, 1995), however, less preferred agae are digested more slowly and may
remain recognizable in the crop for 48 h (Day and Cook, 1995). When fed a formulated
diet, gut fullness peaked 6 h after feed was offered, and results indicated that the bulk of
feed was consumed between 1800 and 2400 h. Enzyme secretion began with the onset of
feeding and continued for at least 6 h after peak gut fullness was attained. Protease
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activity increased significantly following ingestion, whereas amylase activity was
maintained at a fairly constant level (Britz et a., 1996). A low level of lipase activity
was observed, suggesting that the ability of H. midae to digest fat is limited (Britz et al.,
1996; Knauer et al, 1996). It was concluded that when formulated food is used, a feeding
frequency of once per day is recommended (Britz et al., 1996).

It has been shown that the digestive physiology of juvenile H. midae (3.22-11.29 mm
shell length) can readily adapt to formulated diets (Knauer et al., 1996). Formulated diets

are now used to wean abaone from diatoms on most South African farms.

Viable bacteria, capable of hydrolysing a variety of complex polysaccharides (laminarin,
carboxymethylcellulose, alginate, agarose, carrageenan) in algae, have been identified in
the gut of H. midae. Endogenous polysaccharases of abalone fed either E. maxima or G.
verrucosa varied in response to diet (Erasmus et al., 1994; Erasmus, 1996; Erasmus et al.,
1997). A probiotic research programme to use bacteria to enhance feed digestion in
abalone is underway at the University of Cape Town. Bacterial isolates included in diets
containing E. maxima and G. gracilis extracts have been shown to improve growth in
abalone (Doeschate et al., 2000).

6.2. Post-larval feeding

After fertilisation the egg undergoes repeated cleavage to form a trocophore larva which
develops into a nonfeeding veliger stage, which is aso planktonic (Tarr, 1987). The
larval period is 5 days at 20 °C and 7 days at 17.5 °C (Genade et al., 1985; 1988)
whereafter the larvae settle down in shallow water, apparently being induced to settle by
the presence of mauve coloured encrusting alga lithothammion. Once settled the larvae

develop into miniature abalone and begin feeding on benthic diatoms (Tarr, 1987).

In a study on the grazing of post-larval abalone fed on cultured diatoms it was shown that
prostrate diatoms such as Cocconeis sublittoralis Amphora proteoides and Achnanthes
brevipes were preferred. However the post-larval abalone would consume the more
loosely packed, overstorey species such as Delphineis karstenii (Boden) Fryxell,
Diploneis placida (Schmidt) Hustedt and Nitzchia palea (Kitzing) Wm. Smith if their

preferred food was not available. Pre-grazing of settlement surfaces by juvenile abalone



before the introduction of larvae removed most of the overstorey diatoms but left the
preferred species virtually intact (Matthews and Cook, 1995).

6.3. Formulated diets

Natural feeds (cultured or harvested seaweed) are used for cultured abalone in the USA,
Taiwan and Japan. However, if abalone farming is to become a substantial aquaculture
industry, the development of pelleted food for abalone is seen as being fundamental to its
growth. Compared to natural sources, pelleted feeds offer convenience and cost benefits

to farm management (Britz et ., 1994).

One of the requirements of abalone feed is that the water-soluble nutrients remain in the
feed and the food particles remain bound together for at least two days (Fleming et al.,
1996). The 24-h water stability of seven different binders (five aginates in combination
with two sequestrants, agar, gelatine and a mixture of agar-gelatine) revealed that al:3
agar:gelatine mixture retained 70.7 % of its dry weight after 24 h (Knauer et al., 1993).
These hydrocolloids proved to be impractica and too costly in a commercial abalone
diet, so a starch-bound dry pellet (Table 3) was developed (Britz et al., 1994).

Table 3
Semi-purified dietary formulation used to feed abalone
H. midae under culture conditions (Britz et al., 1994)

Ingredient %

Casain 32.0
Dextrin 44.0
Kelp powder 5.0
Fish ail 5.0
Agar 9.0
Vitamin mixture 15
Mineral mixture 35

Dry matter leaching of this dry pellet was in the order of 5 % over 24 h (Britz and Clayden,
1996). The proximate (Table 4), amino acid (Table 5), fatty acid (Table 6) and mineral
(Table 7) profiles of abalone (Knauer et al., 1994; 1995b) was used as a guideline to



formulate a practical diet. Pellets produced a significantly better increase in shell length
and weight in juvenile (5.00 — 8.54 mm shell length) H. midae than gels (Knauer et al.,
1995a).

Table 4
Proximate composition (dry matter basis, means + S.D.) of soft body tissue and total body tissue

of two size classes of H. midae (Knauer et ., 1994)

Size class (shell length, mm)

10-20 (n = 558) 45-55 (n = 58)
Soft body Tota body Soft body Tota body
Weight (g) 0.46 £ 0.04 0.72+0.05 22.28 + 2.60 30.33+3.02
Moisture (%) 8131+ 152 68.69 + 3.26 7791+123 62.56 + 0.94
Fat (%) 240+ 0.85 140+ 047 0.76 £ 0.06 0.52+0.26
Protein (%) 44.67 £ 4.16 2287+ 283 39.67+1.33 3133+ 320
Ash (%) 1196+ 194 58.22 + 5.66 11.88+ 229 3491+ 4.02
Carbohydrate (%) 38.93+9.71 1560+ 154 4219+ 431 2094+ 4.29

From studies with different size classes of abalone the following formula was develop to
predict formulated feed consumption of H. midae within the optimal temperature zone
(12-20 °C) (Britz et al., 1997a):

2.99 x FCR x (5.25T + 27.8)
CcC =

L
where:

C is consumption (% body weight/day)

FCR isfeed conversion ratio

L is abalone length (um) for which consumption is predicted
T is ambient temperature (°C)
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Table5

Amino acid composition (% of wet weight, means + S.D.) of juvenile (8.12-16.96 mm shell
length, 0.08-0.73 g live weight, 0.04-0.50 g soft body weight, n = 3 samples from 279 pooled
animals) H. midae (Knauer et al., 1995b)

Soft body tissue Totd body tissue
Alanine 281+011 1.33+0.15
Arginine 381+0.14 181+0.20
Aspartic acid 508+ 0.24 241+ 0.29
Cydtine 1.23+£0.05 056+0.14
Glutamic acid 714+ 025 3.38+0.33
Glycine 403+0.14 191+0.16
Higtidine 0.88+0.09 0.42 + 0.07
Isoleucine 196+ 0.11 093+0.12
Leucine 3.34+£0.15 159+0.18
Lysne 3.00+0.17 142+0.19
Methionine 1.02+0.03 048+ 0.04
Phenylaanine 188+ 0.16 089+0.14
Proline 253+011 120+ 0.15
Serine 247+ 0.09 117+0.12
Threonine 241+£0.15 115+ 0.15
Tryptophan 0.36 £ 0.04 0.19+0.02
Vaine 223+0.15 1.06 £ 0.15

About 63 % of the energy consumed in food is lost in faeces in wild animals and a further
32 % expended on respiration. Energy losses in the form of ammonia excretion are
negligible, accounting for less than 1 % of consumption. Some 5 % of energy intake, or
13 % of absorbed ration, is thus available for growth and reproductive output (Barkai and
Griffiths, 1988). No information could be found on energy requirements or metabolism in

animals reared on formul ated diets.



Table 6

Fatty acid composition of juvenile (8.12-16.96 mm
shell length, 0.08-0.73 g live weight, 0.04-0.50 g
soft body weight, n = 3 samples from 279 pooled
animals) H. midae (Knauer et a., 1995b)

Fatty acid (% of tota)
12.0 1.80
16:.0 16.25
161 156
180 4.70
181 7.27
18:2w6 10.86
18:3w3 111
190 7.22
20.0 4.02
201 248
202 0.53
204 3.27
20:5w3 9.55
22.0 2.95
221 247
22:4w5 334
225 112
22:6w3 0.72
24:.0 557
24:1 491

24:4 394




Table 7
Minera composition (mg/g wet weigh, mean + S.D.) of H. midae.

Knauer et al. (1995b)? Van Aset d. (1975)°

Soft body tissue Tota body tissue

Calcium 187.0+ 835 76452.7 + 16920.0

Cadmiun 0201 06+£0.1

Cobalt 06+0.2 34+0.2 0.025 + 0.007
Copper 72+13 154+24

Iron 2106 £ 48.2 410.0 £ 95.6 18+ 14
Sodium 2100.0 £ 200.0 3800.0 + 346.4

Magnesium 1000.0 + 100.0 1895.0 + 193.2

Manganese 08+0.3 22+0.7 0.17 £ 0.07
Nickel 2305 72114

Zinc 205+0.2 46.0 £ 3.5 12+2
Chromium 050+ 0.25

& 8.12-16.96 mm shell length, 0.08-0.73 g live weight, 0.04-0.50 g soft body weight, n = 3 samples from 15
pooled animals.
From south west coast of South Africa; no indication of animal history.

6.4. Protein and amino acids

While it is generally accepted that animals eat to satisfy their energetic requirements, they
do not have a protein requirement per se. Rather, they have a requirement for essential and
non-essential amino acids that, supplied in the correct ratios with the appropriate level of
digestible energy, will maximise somatic growth. Nornessential amino acids are those that
can be synthesised by the animal, however, essential amino acids cannot be synthesised and
must therefore be supplied as a part of the diet. It was concluded from results presented in
Table 8 that low-temperature fish meal and Spirulina algae are the most suitable proteins
for inclusion in practical diets for H. midae. Increasing concerns about the future supply
and demand for fish meal have increased efforts to reduce their use as the major protein
source in commercial aquaculture feed formulations. No significant differences were
found in growth rates of H. midae of 10.6 mm shell length over a 180 day period when 30
% of the fish meal component had been replaced by either soy or sunflower meals, or
torula yeast (Shipton, 2000).
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rable 8

=eed intake, specific growth rate (SGR), length increment, feed conversion ratio (FCR) and protein efficiency ratio (PER) of abalone (21.2 mm shell
ength, 1.76 g live weight (LW), n = 2 replicates of 15 animals each per treatment) over three months fed on formulated (single protein) and natural diets
Britz, 1996a)

Diets
Fish med Casain Soybean meal  Torulayeast Soirulina spp. P. corallorhiza E. maxima
rude protein in diet (%) 29 31 32 29 19 10 10
-eed intake (% LW/day)? 0.8 0.5 0.6 0.7 0.8 1.3 2.8
GR® 0.9 0.6 0.5 0.6 0.8 0.4 0.6
-ength increment (mm/day) 65 45 41 42 58 29 54
-CR° 0.8 0.7 1.0 1.0 0.8 2.8 34
ER? 3.9 4.7 3.4 3.3 6.5 2.2 3.0

Dry matter basis.

[(In g final wet weight—In g initial wet weight)/time in days] x 100.
g dry feed consumed/g wet weight gain.

g wet weight gain/g protein consumed.



Among two size classes of H. midae (35-43 mm shell length, 7-14 g live weight and 10-
17 mm shdll length, 0.2-1 g live weight) a dietary lipid level of 10 % at crude protein
levels of 34 and 44 % produced the lowest growth rate, % protein deposited and PER in
comparison to diets containing 2 and 6 % fat. These trends were, however, more marked
among the small size class. In addition, the 10 % fat diets yielded poorer FCR values
among the small abalone, but this trend was not evident in the larger size class which
displayed a trend in improving FCR with an increasing protein to energy (PE) ratio. For
the larger abalone, growth rates increased with increasing PE ratio and peaked in the 44
% protein and 6 % fat treatment. By contrast, the growth rate of the small abalone fed
diets increased with PE ratio up to alevel of 34 % dietary crude protein and then leveled
off suggesting that smaller abalone have alower protein requirement than larger abalone
(Britz and Hecht, 1997). Thisisin contrast with results of Shipton (2000) that suggest a

poorer performance in smaller than large animals with similar diets (Table 9).

Identification of limiting amino acids and the daily requirement for amino acids have to
be determined before the supplementation of synthetic amino acids in formulated feeds
for abalone can be exploited (Fleming et al., 1996). Diets supplemented with graded
levels of crystalline arginine failed to produce any improvement in the growth rate of H.
midae. Although it remains to be conclusively determined whether abalone are able to
utilise arginine and other essential amino acids in crystalline form, the indication is that
their use in formulated diets are not promising due to their high solubility. It seems that
the proportion of arginine, relative to other essential amino acids, in abalone tissue does
not provide an indication of what its dietary requirement is, and that arginine is not a
limiting amino acid (Britz et al., 1997b; Shipton, 2000).

While quantitative determination of the protein, amino acid and energy requirements is a
prerequisite to the development of diets that maximize feed utilization, the determination
of nutrient availability from feed sources is also required if diets are to be designed that
satisfy the nutritiona requirements of the animals. Digestibility trials that provide an
indication of nutrient bioavailability are therefore essentia to the formulation of
nutritionally complete diets (Shipton, 2000).



rable ¢

~eed intake, length increment, feed conversion ratio (FCR) and protein efficiency ratio (PER) of small (15 mm shell length, 0.57 g live weight
LW), n = 3 replicate groups of animals per treatment) and large (45 mm shell length, 23 g live weight, n = 3 replicate groups of animals per
reatment) abalone over 316 days fed on formulated single protein diets (Shipton, 2000)

Diets

DanishLT Sirulina spp. Torula Sunflower  Cottonseed Carcass Brewery

Fish meal yeast meal meal meal waste

Zrude protein in diet (%) 20.0 18.7 22.2 20.6 20.8 20.7 19.3
~eed intake (% LW/day)?

small 1.20 117 0.86 123 1.28 1.36 0.67

large 0.40 034 0.27 0.36 0.37 0.37 0.16
-ength increment (mm/month)

small 1.59 154 123 1.49 0.97 043 0.24

large 212 1.82 124 1.72 118 043 0.33
CR"

small 11 12 12 14 3.1 6.2 7.1

large 11 13 2.6 1.2 18 4.0 6.2
ER®

small 54 5.6 33 4.1 2.0 0.8 0.4

large 55 5.8 2.3 4.8 33 14 0.6

Dry matter basis.
g dry feed consumed/g wet weight gain.
g wet weight gain/g protein consumed.
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Although total collection is theoretically the best method to use, with abalone collection
of al faeces produced is difficult as there are often not discrete pellets and tend to
disintegrate in water, even when measures are taken not to disturb them. Leaching of
soluble nutrients from the faeces and feed is aso a problem when determining the
digestibility of specific nutrients, but this is a problem common to all methods (Fleming
et al., 1996). Three distinguishable types of faeces namely, (A) light green amorphous
faeces, (B) medium green amorphous faeces and (C) dark green discrete faecal pellets
and strings were produced in H. midae (Shipton, 2000). Protein content of type C faeces
was significantly higher than in the other two types. This was also found for chromic
oxide concentration in the latter species, except that the content in type A was also
significant lower than type B. Type A and B faeces contained large amounts of mucosa
material that reduced the overall concentration of chromic oxide and protein in the faeces.
Shipton (2000) obtained apparent protein digestibility values of 14.2, 61.3 and 74.7 % for
type A, B and C faeces, respectively, in H. midae using a fish meal based formulated diet.

Apparent crude protein digestibility of different feedstuffs are presented in Table 10.
Apparent crude protein digestibility was significantly higher at 18 °C (96.7 %) than at
either 15 °C (93.9 %) or 22 °C (92.7 %) (Dixon, 1992).

7. Health

The parasite sabellid polychaete, Terebrasabella heterouncinata, has caused serious
problems in Californian abalone farms after accidental introduction in the late 1980s from
South Africa. It is indigenous to South Africa and is found in a wide range of South
African intertidal mollusks. Growth of abalone is influenced because of the interference
caused by larvae a the mantle-shell interface (Ruck and Cook, 1998). Improvements in
hygiene, and husbandry, in tanks have considerably reduced the problems that this
infection has recently caused in South African abalone farms (Cook, 1998). Research is
being performed on the use of ultrasound treatment of sabellid infestations in South
African abalone (Loubser and Dormehl, 2000).



2€

Table 10
Apparent protein digestibility coefficients (%) for different feed ingredients
according to the chromic oxide marker method

Coefficient Reference

P. corallorhiza 57.3 Dixon (1992)#
G. amanzi 80.0 Dixon (1992)
Semi-puried’ 95.6 Dixon (1992)
Casain 93.8 Shipton (2000)°
Fish meal (Danish 999LT) 82.0 Shipton (2000)
Abalone viscera silage® 72.2 Shipton (2000)
Carcass meal 52.1 Shipton (2000)
Torulayeast 834 Shipton (2000)
Spirulina 74.2 Shipton (2000)
Soybean meal (solvent extracted) 79.2 Shipton (2000)
Cottonseed meal (solvent extracted) 76.2 Shipton (2000)
Sunflower meal (solvent extracted) 68.1 Shipton (2000)
2 Results from Dixon (1992) from six replicate groups of 10 animals (55-85 mm shell

length).
b Calgciu)m caseinate (30 %); dextrin (50 %), agar (9 %); dried kelp (5 %) as main

ingredients.

¢ Results from Shipton (2000) from single protein test diets containing 20 % protein, 6
% lipid and 0.5 % chromic oxide, three replicate groups of six animals (69.9 mm shell
length), based on chromic oxide in Type C faeces.

¢ Abalone viscera silage prepared using citric and phosphoric acids and heat treatment
according to Vianaet al. (1996).

¢ Carcass meal from South African red meat abattoirs.

Although abalone are not filter feeders and have not usually been considered to be
affected by the toxic red tides, recent evidence suggests that at |east one species of toxic
algae found in South African waters may release some of its toxin into the water, and
mortalities of larvae in some hatcheries have been experienced at such times. Research is
currently being undertaken to understand the mechanism of this toxicity (Cook, 1998;
Botes et al., 2000).

In April 1999 routine monitoring provided evidence of the presence of paraytic shellfish
poisoning toxins in cultured South African abalone (Pitcher et a., 2000). A health

management program has been run since March 1999 on South African abalone



production units. Findings include the occurrence of renal coccidia, the presence of an
unknown rickettsia- like organism in the digestive gland, and protozon parasites affecting
various sections of the gut. In general a lack of knowledge is experienced on abalone
diseases (Mouton, 2000).

8. Abalone products

Abalone are among the most highly valued seafoods in the world, with the prime demand
in Asian countries where abalone products form part of traditional cuisine and ceremony
(Britz, 1996c). Shells with a good nacre are used as jewelry. Viscera may be sold for
human consumption or may be used as crayfish bait, but in many instances they are
discarded (Olley and Thrower, 1977).

8.1 Nutrient composition

The modern consumer wants to be aware of the nutrient composition of the food that is
consumed. The proximate, amino acid, fatty acid and mineral composition of H. midae
are presented in Tables 4, 5, 6 and 7. Although most of this research was conducted on
small juveniles below market size, and included guts, it does serve as an indicator of the

composition of H. midae.
8.2 Other characteristics

The onset of pH decline in abalone meat was found to be 17 h after shucking when wild
adult H. midae were kept at 7 °C, while the corresponding figure was 13 h at 16 °C.

Abalone frozen immediately after shucking at -20 °C had a significantly higher pHygays
than those kept at 7 and 16 °C, indicating the absence or delay of rigor development at a
low temperature (Sales et al., 1999). When an animal dies the conversion of muscle to
meat involves a number of biochemical and biophysical changes. The energy carrier of
muscle, glycogen, is broken down during anaerobic respiration to lactic acid that causes a
decrease in pH as rigor proceeds. As with al chemical reactions this process is
accelerated by increasing temperature (Lawrie, 1991). Furthermore, abalone that are
frozen immediately had a significantly lower (more tender) Instron value, indicating that
either toughness associated with rigor as in red meat is absent in abalone meat (Sales et
al., 1999), or that there was no rigor development (Lawrie, 1991).



Conclusions

Abalone farming could be described as the pioneer industry of mariculture in South
Africa, a country where aquaculture is relatively unknown. The decline of South African
abalone fisheries due to poaching, as in other parts of the world, has stimulated the
development of abalone farming to meet the demand for the product. The success of
abalone cultivation in South Africa can be attributed to cooperation between industry and
research organizations who together have steered research in a practical direction.
Although some research has been performed on management aspects such as optimal
water temperature and handling, most published research on H. midae has concentrated
on nutrition of the animal. A great percentage of the research effort was put into the
development of a formulated diet, and the search for the most cost effective feed
ingredients which promote maximal growth. Research has been conducted on protein
and lipid requirements, however, information on energy and minera metabolism is
lacking. Technologies regarding aspects such as spawning, density and processing have
generally been adopted from those existing in established industries from overseas
(Japan, Australia). Research on genetics and diseases has just started. Continued
collaboration between al involved in this industry is needed in order to improve existing
techniques, prevent duplication of high cost experiments and establish a correct and

concise protocol for further research.
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Digestibility of feedstuffs in abalone (Haliotis species)
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1. Introduction

Abaone are among the mogt highly vaued seafoods in the world, with the prime demand in
Asan countries where abalone products form part of traditiona cuisine and ceremony. In the
1980's economic conditions have crested a classc opportunity for the development of
aguaculture, and there has been an upsurge in effort to establish abaone culture in a number of
countries.  Although mogt exiging farms currently use natural aga feeds, a regular supply of
large volumes of seaweed often presents logistica problems, and it would appear that the
development of industrial scale abalone production in most countries will be dependent on the
availability of nutritionaly complete pelleted feeds (Britz, 1996).

Some work related to nutrient requirements of Haliotis species has been performed (Heming et
al., 1996). The next step will be to determine the nutritive vaue of feedstuffs that can be used in
the formulation of a least cost optimd diet to stisfy the nutrient requirements. This will benefit
the industry by optima usage of optima feedstuffs for optimal production.

The following communicetion was written in an atempt to compile dl literature available on
digedtibility of feedstuffs specific for abaone. Although not concentrating on digestibility of
feedstuffs in other aquatic species, relevant descriptive terminology was included.

2. Terminology

Bioavailability of nutrients and not smply compostion determine the true nutritive vaue of a
formulated feed. Also, digedtibility of a feedstuff to an anima depends not only on the animals
digedtive tract architecture and physiology and environmental conditions, but aso on the
feedstuff’ s physical and nutrient characteristics (Lee and Lawrence, 1997).

True digestibility describes the portion of the feed that is absorbed minus the materids that are
logt by the gut in the process of ingestion and digestion. These losses are known collectively as
metabolic faecd nitrogen losses for protein digestibility and metabolic faecd energy losses for
energy digedtibility. In contrast, gpparent feed digedtibility, the standard used in the fidd of
anima nutrition today, describes the portion of the feed that is absorbed. It is based on the
difference between the amount of feed ingested and the amount of faeces, without distinguishing



between components derived from the feed and other components such as gut mucosa cells,
bacteria and digestive enzymesin the faeces (Lee and Lawrence, 1997).

3. Methods of deter mining digestibility

The methods used to determine feed digedtibility have had a mgor influence on the published
results. The god of feed digestibility studies is to provide reproducible and meaningful results
relating the nutritiona characterigtics of a feedstuff to the animd’s ability to digest and assmilate
a feed formulated with the feedstuff. Methods used should be as smple as possible, enabling
the rapid evauation of many feeds or feedstuffs. If proper protocols are not followed with
aguatic animas, feed and faeces tend to become soluble, and uneaten food and faeces can

become mixed very eesly.

Totd collection and chromic oxide markers are the most commonly used methods for
digedtibility in agquatic species, but each has its limitations (Lee and Lawrence, 1997). Although
tota collection is theoreticdly the best method to use, with abaone collection of dl faeces
produced is difficult as they are often not discrete pdlets and tend to disintegrate in water, even
when measures are taken not to disturb them. Leaching of soluble nutrients from the faeces and
feed is ds0 a problem when determining the digetibility of specific nutrients, but this is a
problem common to al methods. Artificid feeds tend to disintegrate, making total collection of
unesten feed difficult and contamination with faeca materid a problem (Wee et d., 1992g;
Fleming et d., 1996).

The main problem with usng the chromic oxide marker method, the most frequently used
method for determining feed digedtibility in aguatic species, is the non-homogeneous distribution
of it in the faeces due to sdlective trangport in the digestive tract (Lee and Lawrence, 1997,
Fleming et d., 1996). This problem has been described in fish (Bowen, 1978), crawfish
(Brown et d., 1986) and lobster (Leavitt, 1985). The result is that the digedtibility of a nutrient
can be under-or overestimated, depending on when the faeces are collected. If faeces are
collected soon after feeding, the concentration of chromic oxide will be higher relative to faeces

collected severa hours later as digestion is completed (Lee and Lawrence, 1997).



Wee et d. (1992b) compared a number of internad and externd markers for their suitability for
Austraian abalone H. rubra, H. laevigata) digestion studies. They found that incorporating
the externd marker chromic oxide (0.5 g/100g) gave the least variable results. The interna
marker acid-insoluble ash produced smilar results, while ash and crude fibre were not suitable.
However, no protocol regarding what marker, concentration of marker, feeding period, or

faeces collection period has yet been established for abalone.
4. Factorsinfluencing feed digestibility

It should not be assumed that the digestibility vaues for abaone will necessarily be smilar to the
vauesfor other aguatic animds, as abaone have a very complex gut structure and the enzymatic
capability to digest some complex carbohydrates (Wee et d., 1992a). Furthermore, it is well
known that digestibility of feedstuffs in animas, as well as in abadone, is influenced by factors
such as species (Wee et d., 1992b) and environmenta influences (Dixon, 1992). Poor
paatability, as in crustaceans, results in greater nutrient leaching and greater feed wadte,
increasing the chance of feed/faeces contamination during sampling (Lee and Lawrence, 1997).
In aprdiminary test with H. rubra Fleming (1995) found that approximately 18 % of nitrogen
was lost from faeces during the first 14 hours in seawater, but no further loss had occurred after

24 hours.

It was found that blacklip abalone (H. rubra) are dow feeders, often consuming the food 24
hours or more after presentation (Wee et d., 199248). Results indicated that in H. midae the
bulk of pelleted feed was consumed between 1800 and 2400 h. A discrete quantity of food is
ingested and then processed over a 24-h period, whereupon feeding begins again (Britz et d.,
1996).

Three digtinguishable types of faeces were produced in H. rubra, H. laevigata (Maguire et d.,
1993) and H. midae (Shipton, 2000). In Austrdian abaone the three types could be digtinguish
into (A) discrete whole pellets, (B) clumps of amorphous materid and (C) long, thin, dark
grings (Maguire et d., 1993), while (A) light amorphous faeces, (B) medium amorphous faeces
and (C) dark discrete faecd pellets and strings were identified in H. midae (Shipton, 2000).
While crude protein content of the three types of faeces in Audradian abaone did not differ



sgnificantly (Maguire et ., 1993), protein content of type C faeces in the South African species
was dgnificantly higher than in the other two types (Shipton, 2000). This was aso true for
chromium concentration in the latter species, except that type A was dso sgnificantly lower than
type B. Type A and B faeces contained large amounts of mucosa materia that reduced the
overdl concentration of chromium and protein in the faeces. Shipton (2000) found gpparent
protein digedtibility values of 14.2, 61.3 and 74.7 % for type A, B and C faeces, respectively, in
H. midae using an extruded fish med based diet.

The Audrdian species continue to produce faeces for up to seven days after feeding, with type
C faeces dominant towards the end of the period. There appeared to be a diurnd pattern of
faecd production. For faeces produced during the night the ratio produced on a dry-weight
basis from the same aguarium was 1.9:2.1:1 (A:B:C). During the day only faeces of type A
were produced in measurable quantities (Wee et a., 199248). During starvation or low food
consumption rates it was found that the incidence of type C faecesincreases. All three types
were pooled in the Augtrdian experiments (Maguire et a., 1993). Shipton (2000) found that
there was no sgnificant difference in the chrome content of animas fed a chrome diet and

animas not exposed to chrome.

Other observations on factors affecting digestibility have included that animas are grazing on
each other's shdlls. Thus, organic materid should be remove from the surface of the shdls
(Wee et d., 19924). Furthermore, Fleming et d. (1996) stated that a single feeding followed by
collection of faeces during a period of fasting may dter digedtibility in comparison to daily
feeding and collection. Addition of marine or vegetable oils a incluson levels higher than 30 %
in abdone diets will reduce the digedtibility of nitrogen, amino acids and gross energy of
feedstuffs (Van Barneveld et d., 1998).

5. Nutrient associations

The optimal method to describe associative effects of feed ingredients would be to measure the
digedtibility of a sngle feedstuff that has been added at a minimum of three levels to a reference
feed. The results of the digedtibility trail would then be plotted with the feed digegtibility versus
the percent subgtitution of the feedstuff. The shape and dope of the curve could then be
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evduated usng multiple regresson analyss to understand the associative effects of this feedstuff
on feed digedtibility (Lee and Lawrence, 1997).

6. Digestibility valuesfor abalone species

Wee and co-workers observed the digedtibility of dry matter in several sources of animd (fish
med, squid med, fish oil) and plant (whole whest, whesat pollard, wheatgerm, barley, oats, corn
garch, fidd peas, lupin med) to be between 51 and 65 % in Audtrdian abaone when using
chromic oxide as a marker. The corresponding crude protein digestibility was between 65 and
75 % (Fleming et a., 1996). According to Dixon (1992) H. midae digested a semi-purified
atificid diet with a dry matter digestibility of 84 % and crude protein digestibility of 96 %.

Fleming et d. (1998) has presented apparent feaca digestibility coefficients for nitrogen and
amino acids of dangle ingredients as presented in Table 1. Apparent digedtibility of protein in
casein was found to be about 87 %. Heming (1995) found that dry matter digestibility was
between 21.9 and 44.9 %, organic matter digestibility between 50 and 79 %, digestible energy
content from 6.3-8.8 kJg and digegtible nitrogen between —0.5 and 134 mg/g in H. rubra
when tegting six different agee.

Vandepeer et a. (1999) reported digestibility vaues of soyflour and grain legumes determined
with H. laevigata as presented in Table 2. All legumes (whole seed) were ground in a hammer
mill and then in a centrifugd |aboratory mill with a 2 mm seve. Autodave trestment had a
negative effect on digedtibility with soyflour and lupins being the most affected. Apart from an
increase in dry maiter digestibility for vetch, dry metter, nitrogen and gross energy digestibility
vaues of dl other legumes with added phytase were not sgnificantly different from those vaues
obtained without phytase addition.

According to Fleming et d. (1998) apparent faeca digedtibility vaues of feedstuffs determined
for H. laevigata are additive. This means that gpparent faecd digedtibilities are good

descriptors of nutritive vaues and can be used with confidence in diet formulations.
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Although digedtibility values of feedstuffs (semolina, casain, fish medl, soyflour) for H. laevigata
were determined by Coote (1997), this work is under commercia caveat and most cannot be

published (G. Maguire — persond communication).

Table1

Apparent feaca digestibility coefficients of nitrogen and amino acids in experimental diets
containing single ingredients determined in H. laevigata with the chromic oxide marker method
(Feming et ., 1998)

Feedstuff Barley Semolina Fish med Lupin kernel meal

Nitrogen 054 0.71 043 0.91

Amino acids
Agpartic acid 043 054 0.37 0.91
Threonine 0.39 0.62 0.36 0.89
Serine 0.46 0.81 0.37 0.91
Glutamic acid 0.52 0.77 043 0.%4
Proline 0.40 0.71 0.20 0.89
Glycine 0.45 0.67 041 0.90
Alanine 043 0.63 042 0.88
Vvdine 043 0.69 0.33 0.88
Isoleucine 0.30 0.58 0.33 0.86
Leucine 0.40 0.65 0.36 0.88
Tyrosine 0.44 0.75 031 0.92
Phenyldanine 041 0.70 0.34 0.89
Lysne 0.45 0.61 042 0.91
Hididine 0.45 0.68 0.48 0.91
Arginine 051 0.71 0.37 0.95

& Clean chebec barley. No further background information (processing, type, etc.) of different feedstuffs
were supplied.



Table 2

Apparent feacd digestibility coefficients of dry matter, gross energy, nitrogen and amino acids in
legume grains determined in H. laevigata with the chromic oxide marker method (Vandepeer et
a., 1999)

Feedstuff Soyflour®  Yédlow lupins Field peas Vetch Faba beans
(Lupinus luteus) (Pisumsativum (Viciasativa (Viciafaba
cv. Alma)  cv. Blanchefleur) cv. Ford)

Dry matter 0.57 0.61 0.25 0.29 0.45
Gross energy” 0.84 0.83 0.49 0.45 0.65
Nitrogen 0.87 0.91 0.75 0.75 0.85
Amino acids
Aspartic acid 0.98 0.98 0.92 0.93 0.96
Threonine 0.84 0.88 0.75 0.71 0.84
Serine 0.90 0.94 0.74 0.75 0.85
Glutamicacid  0.97 0.98 0.87 0.89 094
Proline 091 0.93 0.82 0.80 0.86
Glycine 0.85 0.91 0.73 0.70 0.80
Alanine 0.85 0.89 0.76 0.71 0.84
Vdine 0.85 0.86 0.71 0.70 0.84
Isoleucine 0.85 0.88 0.71 0.69 0.83
Leucine 0.87 0.90 0.71 0.68 0.70
Tyrosine 0.85 0.89 0.79 0.74 0.86
Phenyldanine  0.86 0.88 0.73 0.68 0.66
Lysne 091 0.92 0.80 0.76 0.88
Hidtidine 0.90 0.93 0.78 0.72 0.86
Arginine 0.92 0.96 0.84 0.78 0.90

& defatted; Baker’s Nutrisoy’ brand, Agribusiness(Maccles Field, South Australia, Austalia).
b Adjusted to account for the contribution of digestible energy from oil, pregelled starch and sodium
alginatein diets.

7. Conclusons

It is clear that very little work on the digedtibility of feedstuffs has been undertaken in any
abaone species. At thisstage it is not even possible to start setting up a database of digestibility
vaues of different feedstuffs for abaone, and to make a comparison with other animd and
aquatic species. The few studies conducted have concentrated on the influence of a treatment
on the digedtibility of the feedstuffs used, and not on the building up of a database of vaues.



Probably the main drawback is that methods used in the few digedtibility studies with abaone
are without any type of standardization. The approach has to be a precise correct protocol that
will answer the question that is asked, namdy: What is nutritive value of different feedstuffs for
abalone?
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1. Introduction

Determination of the nutritive value of feedstuffs that can be used in the formulation of least
cost optimd diets to satisfy the nutrient requirements of Haliotis species is essentid in optimd
usage of optima feedstuffs for optima production. A starting point would be to determine
goparent feed digestibility, the standard used in the fied of animd nutrition today. It is based
on the difference between the amount of feed ingested and the amount of faeces, without
digtinction between components derived from the feed and other components such as gut

mucosa cdls, bacteriaand digestive enzymesin the faeces.

The methods used to determine feed digestibility have a mgor influence on the published results.
The god of feed digedtibility studies is to provide reproducible and meaningful results relating
the nutritiona characteridtics of a feedstuff to the animad’s ability to digest and assmilate a feed
formulated containing that eedstuff. Methods used should be as smple as possible, enabling
rapid evauation of many feeds or feedstuffs. If proper protocols are not followed with agquetic
animals, the feed and faeces tend to become soluble, and uneaten food and faeces can become

mixed very easily (Lee and Lawrence, 1997).

The firgt god was to find a suitable method of collection. With abaone collection of faeces
produced is difficult as they are often not discrete pellets and tend to disintegrate in water, even
when measures are taken not to disturb them. Different methods of collection of faeces were
evaduaed in preiminary trids in an atempt to find the mog suitable way to collect sufficient
amounts for proper chemica anayss.

2. Method one

The firgt attempt was a conica plagtic tank of 2-1 capacity asillustrated in Figs. 1 and 2. 1t was
supplied with its own biologicd filter with an inflow of 1 | of seawater per min. Aeration was
supplied viaan airstone. A mesh floor (8 x 6 mm holes) allowed faeces to drop into a collection
tube supplied with a rubber stopper. Two abaone (8 cm shdll length) were adapted for a
period of 4 days with continua access to commercid abaone food in the digedtibility tank.
From the fifth morning the tank was cleaned at 0800 h and feed taken away, faeces were



collected by gently pouring the content of the collection tube on a 100 nm mesh at 1200 and
1600 h, and abaone were fed at 1600 h. Abaone were kept in the dark continually, except
during collection when lights were turned on for about 15 min. Faeces were scraped off mesh
and oven-dried at 50 °C.

Fig. 1 lllustration of 2-| conica plastic tank with biologica filter tested in Method 1.
2.1, Suitability

The main drawback was the smal sze of the tank. Only two abadone of shdl length 835 +
2.12 mm; live weight 100.5 + 16.56 g could be held due to overcrowding. Furthermore, it was
found that faeces clotted on the sides of the funnd and dso in the filter of the outflow pipe when
the tank was cleaned. Thisillustrates that some faeces broke up and were floating around in the
water. A totd of 13.5 mg dry faeces (2.25mg/abalone/day) was collected over 3 days (6

collections).



Seewater inlet

Seewater outlet

Filter

Collection tube

Fig. 2 Schematic layout of tank tested in Method 1.
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3. Method two

A dmilar sysem as described by Vanderpeer e d. (1999) for Audraian abaone (H.
laevigata) was tested (Figs. 3 and 4).

Fig. 3 llludtration of system tested in Method 2.

Nine abaone of shell length 75.8 + 7.19 mm; live weight 77.1 + 21.75 g were stocked into this
tank. Water inflow, aeration, adaption, collection and feeding protocol was smilar to Method
1. The 20-I bucket was supplied with a mesh floor (8 x 6 mm holes). During cleaning abaone
were out of the water for about 3 min.

3.1. Suitability

As so0n as faeces landed in the water column under the mesh floor of the bucket they broke up
into small pieces and floated on the top. This was indicated by the amount of faeces clotting
onto the funnd when the tank was cleaned. 1t might be that the faeces of South African abaone
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do not form as compact pellets as that of the Australian abdone. Only 5.4 mg dry excreta (0.2
mg/abalone/day) was collected over 3 days.

Seewater inlet

q

Seewater outlet

20 liter bucket

:H: Outlet for cleaning

Collection tube

Fig. 4 Schematic layout of tank tested in Method 2.
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4. Method three

A glass tank of 30 x 90 x 40 cm with its own biologicd filter was used. Two separate tanks
were built from PVC sheets. The firgt inner tank was supplied with a mesh floor of 200 nm,
and the second with a mesh floor of 8 x 6 mm (Figs. 5 and 6). Seven abadone of shell length
73.6 = 6.53 mm; live weight 70.4 £+ 18.71 g were kept in the second inner tank using the same
protocol as in Methods 1 and 2. During cleaning abalone were out of the water for about 3

min.

Fig.5 System used in Method 3.

4.1. Suitability

Faeces were scraped of mesh floor of the firg tank. A total of 69.1 mg dry excreta (3.3
mg/aba one/day) was collected over 3 days.



Seawater inlet

8x6mm mesh floor

Filter

Fig. 6 Schematic layout of tank tested in Method 3.

Conclusion

Theam of this preliminary study was to find the method of faeces collection that would produce
the maximum amount of faeces in order to evauate both energy and amino acid digestibility in
future experiments. Approximately 2 g of dry excreta will be required for proper analyss of
energy amino acids. The experiment clearly illustrated that Method 3 is superior to Methods 1
and 2 (Table 1).

Also regarding working hours and costs on equipment this method is preferred.  This method
can easly be incorporated into exigting filter sytems.



Table 1
Theoretical production of excreta by different systems tested

System Excreta Amount of abalone Daysto collect
(mg/abal one/day) possible in one tank 2 g of dry excreta
1 2.25 2 444
2 0.2 10 100
3 3.3 40 15
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Abstract

Chromic oxide (Cr,0s), acid-insoluble ash (AlA) and crude fibre were evaluated as inert
markers in digestibility studies with Haliotis midae by calculating apparent dry matter,
organic matter, energy, protein and amino acid availibility for fish meal, soybean mea and
cottonseed meal included at 30 % into a reference diet. AIA was the only marker that
yielded consstent redistic apparent digestibility coefficients (ADCs), which were
comparable (P > 0.05) to values derived through total collection. Both Cr,O3; and crude
fibre in faeces were ether lower or similar to their respective levels in feed, resulting in
negative ADCs. Leaching of markers from the diets did not have an effect (P > 0.05) on
digedtibility coefficients. No difference (P > 0.05) was found in gpparent dry matter
digestibility between faeces voided either during the night or daytime. Washing of faeces
with ditilled water after collection had no influence (P > 0.05) on AIA content. In al test
ingredients mean apparent amino acid digegtibility reflected apparent protein digestibility.
Apparent digestibility of protein in fish med (76 %) by H. midae was within the range of
values reported for fish species (62-91 %). Soybean medl is a promising feed ingredient in
abalone feeds due to the high apparent digestibility of its organic matter (79 %), energy (83

%), protein (85 %) and both essentia and non-essential amino acids (mean of 86 %).
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1. Introduction

A dependable measure of the digestibility of various nutrients is one of the critical dements
required for effective anima nutrition research (De la Nole and Choubert, 1986). Feed
digedtibility hes adso become of greet interest to aquaculturists due to the need for low pollution
feeds (Cho e d., 1994; Lupatsch and Kissdl, 1998). Technicd difficulties associated with
digedtibility methods for aguatic species include the collection of representative faecad samples,
leaching of nutrients from the faeces in contact with water (De la Noiie and Choubert, 1986),
and fracturing of faecd materid into small particles with time, a process promoted by aeration
and movement of the experimentd animals (De Silva and Anderson, 1995).

In generd the direct method of total collection is not performed in fish studies due to the need
for automatic, continuous faeca collection devices that are expengve to ingdl and redtrict the
magnitude of the experiment. In Haliotis spp., total collection is not practicd with formulated
feeds because of the long periods that the feed remains in water, and the rasping action during
feeding tha increases the possbility of nutrient loss, thus resulting in overestimates of
digetibility. Tota collection is however gppropriate with natura feeds such as seaweed (Wee
e d., 1992a). The use of a marker as an indirect method of determining digestibility has
generdly been preferred for aguatic species (Mordes et d., 1999). Chromic oxide (Cr,O5),
proposed by Edin (1918) for use as a marker in digedtibility studies with ruminants, and

confirmed by Nose (1960) for fish studies, has since been the most widdly used inert marker in
digedtibility studies with aguatic species. Although initid attempts to use Cr,O3 as a marker in
digedtibility trids for H. midae faled due to problems in attaining replicable and rdiable results
(Britz, 1995), it has been successfully gpplied in studies with H. rubra (Wee et d., 19924) and
H. laevigata (Wee et a., 1992a, b; Fleming et d., 1998; Van Barneveld et d., 1998) fed
atificd diets In both H. rubra (Wee et al., 19928) and H. midae (Shipton, 2000), three
different types of faeces have been observed. Shipton (2000) concluded that Cr,O3 could be
used as marker to give ardiable indication of apparent protein digedtibility in H. midae if one
type of faeces was collected. However, as this technique only evauates protein digedtibility,
and requires sorting of al faeces, it is unpracticd if routine collection has to be performed with
ggnificant numbers of animas. Therefore it was dedrable to determine whether an internd



marker could be identified which would be representative in dl faeces of H. midae. Of the
various inherent components (ash, acid-insoluble ash, hydrolysis resstant organic matter, crude
fibre, cdlulose) of dietary ingredients used as markers in digedtibility studies, the insoluble
minerd components of diets determined as acid-insoluble ash (AlA) has been the most popular
(Bowen, 1981; De Silva and Perea, 1983; Atkinson et a., 1984; Bureau et al., 1999;
Rodehutscord et d., 2000). Wee e d. (1992b) identified AIA as a suitable marker for
digedtibility sudiesin H. rubra and H. laevigata.

The primary objective of this sudy was to evauate the vdidity of an externd marker (Cr,O5)
and two internd markers (AIA, crude fiber) for esimating the gpparent digestibility of a wide
range of nutrientsin individua feed ingredients in abdone (H. midae) fed attificid diets.

2. Methods
2.1. Evaluation of different markers for determining of digestibility
2.1.1. Experimental animals

Four hundred and fifty sx juvenile abaone Haliotis midae) (53.96 + 0.12 mm shdl length;
31.77 £ 0.24 g live weight, mean = S.E.) obtained from a commercia abadone farm in South
Africa were acclimatised over atwo month period in a recirculating sysem. The animas were
individualy weighed on a Mettler 3000 eectronic scale, reading to the nearest 0.01g, and shell
length was measured to the nearest 0.01 mm with the use of Vernier cdipers. All mucus was

brushed off of each abaone shdl with a soft toothbrush.
2.1.2. Feedingredientsand diet preparation

Test ingredients (Table 1) were incorporated into a reference diet (Table 2), based on a
practical commercia starch-bound dry pellet diet for culture of H. midae developed by Britz et
d. (1994), in aratio of 30 % test ingredient: 70 % reference diet in order to determine apparent
digedtibility coefficients (ADCs) of test ingredients (Cho et d., 1982).



Table 1
Chemica composition of feed ingredients tested (dry matter basis)

Component Fish meal Soybean meaP Cottonseed meaP
Dry matter (%) 93.67 90.68 94.46
Organic matter (%) 88.29 93.46 92.70
Gross energy (kJg) 23.05 20.13 20.67
Crude protein (%) 71.48 48.57 49.21
Amino acids (%): essentia
Arginine 421 3.49 522
Hididine 1.63 1.28 1.40
Isoleucine 3.36 241 175
Leucine 511 361 292
Lysne 553 3.03 2.37
Phenyldanine 293 252 2.67
Methionine 219 0.61 0.61
Threonine 3.09 179 164
Vdine 3.92 2.60 2.37
Amino acids (%): non-essential
Aspartic acid 584 4.84 4.25
Serine 2.63 1.90 1.89
Glutamic acid 843 7.58 8.39
Proline 275 255 1.87
Glycine 361 201 2.10
Alanine 4.10 214 195
Tyrosine 210 137 116

& Low-temperature dried fish meal (Danish 999 LT), Eshjerg Fiskeindustri am.b.a. (Esbjerg, Danmark).
®  Soybean and cottonseed meal were dehulled, pre-pressed, solvent extracted, Western Province Corp.,
(Roggebaai, South Africa).



Table 2
Ingredient composition of reference diet used for

evaluating of markers (dry matter basis)

Ingredient %

Casain? 37.0
Maize starch’ 39.0
Kep powder* 50
Fish ail 2.0
Carboxymethyl-cellulose? 2.0
a-Cdlulose 9.5
Vitamin/mineral mixture® 50
Mono calcium phosphate’ 0.5

&  SigmaChemicals (St. Louis, MO, USA).

b Further composition and source priority Sea Plant
Products (Pty) LTD (Hermanus, South Africa).

¢ Kelp Products (Simonstown, South Africa).

4 Marinol-R, Marine Oil Refiners (Cape Town, South
Africa).

¢ Per kg of feed: retinol, 12000 IU; cholecalciferal, 1800 IU;
a-tocopheryl, 150 mg; menadione, 5 mg; thiamin, 20 mg;
riboflavin, 25 mg; pyridoxine, 20 mg; Vit. By, 0.04 mg;
niacin, 150 mg; Ca-pantothenate, 50 mg; folic acid, 5 mg;
biotin, 0.8 mg; ascorbic acid, 750 mg; inositol, 200;
manganese, 150 mg; iron, 25 mg; zinc, 25 mg; copper, 70
mg; cobalt, 2 mg; iodine, 1 mg.

T Kynoch Feeds (Pty) LTD (Randburg, South Africa).

Test ingredients were ground and sSieved to a particle size between 125 and 1000 um before
incorporation into diets. All dry ingredients were mixed in acommercid food mixer for 30 min,
wheregfter oil was gradudly added, while mixing congtantly. Eighty-five ml of water per 100 g
of feed was dowly blended into the mix, resulting in a suitably textured dough, as for fish food
(Lovell, 1989). This was further processed through a cold-extruder. Drying was carried out in
a convection oven at 35 °C for 48 h. The dry product was cut into 1 x 1 cm pieces and stored
at 4 °Cill used. Chromic oxide was used as a marker a 0.75 % incluson leve in dl diets.
The above procedures were followed to produce a reference and three test diets in which fish
med, soybean med and cottonseed med, respectively, were included. Dry meatter loss over 16
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h for these diets (each in triplicate) in the experimenta tanks was determined by calculating
weight loss of approximately 1.3 g of feed (dried at 65 °C for 24 h).

2.1.3. Experimental system

Hltered (10 um) seawater was pumped through an indoor recirculating system consisting of a
series of 15 glass holding tanks (40-1 capacity), a settlement tank of 300-1 cgpacity and primary
and secondary biologica filters. Two 100-mm PV C pipes cut in haf were supplied as shdlters
in eech tank. Inflow into each tank was through two 5mm black pipes in order to prevent
growth of algae. Room air temperature was cooled to 15 °C, while water was hested to 18

°C. Aeraion was supplied viaarsonesin each tank.

Water temperature (17.4-17.8 °C), pH (7.55-7.74), and dissolved oxygen (6.9-7.3 mg/l) were
monitored every week with an oxygen and pH probe, total ammonia (below 0.06 mg/l) by the
manua phenolhypochlorite method (Solérzano, 1969) and sdinity (35-36 %w) with a
refractometer. Flow rate in the tanks was checked on a daily basis and maintained at 2 | per
min, ensuring three complete water changes per h. Half of the water in the system was replaced
weekly with fresh seawater. Clumping of abaone due to photophobic behaviour, which
promotes chipping of shells and clotting of faeces and pedd mucus on the shells, was minimised
by mantaining the experimenta animds in darkness. The lights were only turned on during

cleaning, feeding and sampling (0800-0900 and 1500-1600 h).

2.1.4. Feeding and fecal collection

Thirty eight abaone were placed in agrey PVC holding container with a oyster net floor with 8
X 6 mm mesh gperture. This was placed into a second plagtic faecd collection container with a
net floor of 200-um mesh. These two containers were then placed into the glass holding tanks.
This method was found to be more effective in collecting quantities of excreta from H. midae
than conicd tanks based on a settling effect (Sdes, 2000). Abaone were adapted for a period
of 10 days to the test diets (3 replicates/diet). Tanks were randomly allocated to treatments.
Feeding was performed at 0.2 % of live weight, which was dightly in excess of intake. Faeca
collection was performed over a 20-day period. During adaptation and collection abaone were
fed at 1600 h. The next morning a 0800 h dal uneaten feed and faeces were collected by
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removing the tank with the 200-um net floor. The 200-pum mesh tank was replaced at 1500 h,
put in a blast freezer a —20 °C for 1 h, and the frozen faeces were then scraped off. Frozen
faeces were stored until the end of the 20-day collection period wheregfter they were freeze
dried and andysed. Changing of tanks was aso performed during the 10-day adaptation period
to get animd's used to the experimenta protocol.

2.1.5. Analytical procedure

Dry matter was determined by drying samples a 105 °C for 24 h, ash and AIA content
according to Atkinson et a. (1984), crude fibre by the Weende method, crude protein (N x
6.25) by usng the Kjeldahl technique, energy content by direct combustion in an adiabatic
cdorimeter, and Cr,Oz spectrophometrically according to Furukawa and Tsukahara (1966).
Samples were hydrolysed with 6 N HCI in a seded tube for 24 h in an oil bath at 110 °C
whereafter a Beckman amino acid andyser (Model 6300) was used for separating amino acids
using sodium eution buffers. Organic matter was cadculated as dry matter minus ash.

2.1.6. Digestibility coefficient calculation and statistical analyses

ADCs in experimenta diets were caculated according to the formula from Maynard and Loodli
(1969):

ADC of dry matter of diet (%) = 100 ~ [1 — (concentration of marker in diet/concentration of

marker in faeces)]

ADC of nutrients and energy of diet (%) = 100 °~ [1- (concentration of marker in
diet/concentration of marker in faeces) ~ (concentration of nutrient or energy in

faeces/concentration of nutrient or energy in diet)]
ADC of dry matter in the test ingredients (%) was determined as follows:
ADC (%) = [ADC of test diet — (0.7° ADC of reference diet)]/0.3

The above formula was dso used to cdculate the leaching rate of individua test ingredients in
test diets.

ADC of organic metter, energy and protein the test ingredients (%) was cdculated using the
formulaof Cho and Singer (1979):



ADC (%) = [(nutrient or energy ADC of test diet) — (0.7 ~ nutrient or energy ADC of
reference diet)]/0.3

aswell asthe formula gpplied by Sugiuraet d. (1998):

ADC (%) = [(concentration of nutrient or energy in test diet * nutrient or energy ADC of test
diet) — (0.7~ concentration of nutrient or energy in reference diet © nutrient or energy ADC of

reference diet)]/(0.3~ concentration of nutrient or energy in test ingredient)

Results were subjected to one-way andyss of variance. Differences between means P <

0.05) were evauated by the Tukey’ sHSD test (Snedecor and Cochran, 1991).
2.2. Influence of time of collection on marker content of faeces

In order to evauate differences in marker content between night and day faeces three tanks of
experimenta abalone (as described above) were fasted for aperiod of 96 h, fed asingle med of
the fish medl test diet for 16 h, and starved again for 96 h during which period faeces were
collected every 12 h. The experimenta protocol, collection and andyses of Cr,O3; and AIA

were as described above.

Leaching, as described in Section 2.1.2, was determined for this diet (triplicate samples) in a
randomized experimental design at 1, 3, 6, 10 and 16 h after placing food in tanks. In addition,
Cr,0O3, organic matter, AlA, protein and energy contents were determined in leached samples
asin Section 2.1.5.

2.3. Influence of inclusion of bentonite on Al A content of faeces

Two formulated diets (Table 3) were fed to replicate tanks of abaone in order to test the effect
of theincluson of bentonitein the diet on the AIA content of faeces. The experimental protocol
was as described above, except that diets were fed for 7 days in the adaptation period and
faecdl collection was performed over 7 days.



Table 3
Ingredient and determined nutrient composition of diets used for evauating of

inclusion of bentonite on marker content in faeces (dry matter basis)

Ingredient® Without bentonite With bentonite
(%) (%)
Fish med 40.0 40.0
Maize starch 30.0 30.0
Kelp powder 5.0 5.0
FHshail 1.0 1.0
Carboxymethyl-cellulose 2.0 2.0
a-Cedlulose 19.0 18.0
Vitamin/mineral mixture’ 25 25
Mono cacium phosphate 0.5 0.5
Bentonite® 0.0 1.0
Andysis (dry matter basis)
Dry matter (%) 94.22 93.10
Organic matter (%) 90.89 90.51
Crude protein (%) 29.60 29.71
Gross energy (kJg) 18.02 17.97

& Origin of ingredientsasin Table 2.
b SeeTable2.
¢ Boland Base Minerals (Milnerton, South Africa).

2.4. Influence of washing of faeceswith distilled water on AlA content in faeces

The diet used in Section 23 without bentonite was fed to replicate tanks of abaone using the
experimental protocol followed asin Section 2.3. However, after faeces were scraped off they

were washed with small quantities of distilled water through filter paper.
2.5. Total collection

Three conical 2| tanks, incorporated into the recirculating experimenta system described in
Section 2.1.3, were stocked with three abalone (56.08 = 0.64 mm shell length, 34.89+ 1.82 g
live weight, mean + SE.) each. Water flow was restricted to 200 ml/min. The outflow was
seved through a -pm net. Animas were fagted for 6 days, fed with a measured amount of
the diet without bentonite (Table 3) for 16 h, and faeces collected theresfter at 12-h intervasfor



the next 6 days while no feed was offered. The net used to filter the outflow was washed during
each collection in the tank water, and al water was filtered through pre-weighted dried filter
paper. Thefilter paper and faeces were dried for 24 h at 55 °C.

Paired and wnpaired t-tests (Snedecor and Cochran, 1991) were used to test for differences
between trestments in Sections 2.2-2.5, while leaching results in Section 2.2 were analysed

according to one-way anadysis of variance as described in Section 2.1.6.
3. Results
3.1. Digestibility calculations using different markers

For modt diets the levels of Cr,O5; and crude fibre were smilar to those recorded in the faeces
(Table 4), leading to unredidtic, and in some instances, negative apparent dry matter digedtibility
coefficients.

Table4

Organic matter, protein, energy and marker contents in diets and faeces (mean £ SE., n=3; dry

matter basis)
Component Reference Fish meal Soybean Cottonseed
meal meal

Diets
Organic matter (%) 92.34 91.37 93.20 93.03
Gross energy (kJg) 18.54 19.52 18.49 18.76
Crude protein (%) 33.73 44.65 37.15 38.29
Chromic oxide (%) 071 0.75 071 0.76
Acid insoluble ash (%) 0.42 0.77 0.59 0.85
Crude fibre (%) 7.59 5.89 6.31 7.76

Faeces
Organic matter (%) 3655+ 131 4395°+131 4035°+0.75 4585°+141
Gross energy (kJg) 3.68 + 0.69 6.08°+039 365°+0.35 6.02° + 0.45
Crude protein (%) 9.34°+1.19 19.06°+0.85 8.65"+0.60 15.00" + 0.70
Chromic oxide (%) 0.59* + 0.07 081°+0.02 0.78°+0.06 0.54*+ 0.03
Acid-insoluble ash (%) 3.21"+0.13 262" +0.08 252+0.23 2.61* + 0.07
Crude fibre (%) 754+ 0.58 6.97+£058 7.70+0.22 7.23+£0.15

Means in the same row with different superscripts (a, b, ¢) are statistically different (P < 0.05).



Redligtic values with good replication were obtained when digestibility was caculated usng AIA
as marker (Table5).

A comparison between ADCs for organic matter, energy and protein caculated according to
two different formulas (Cho and Slinger, 1979; Sugiura et a., 1998) reveded substantia
differences when the difference in nutrient level between reference diet and test ingredient was
high (Table 6).

The gpparent availability of individua amino acids in test ingredients calculated according to the
formulaof Sugiuraet d. (1998) is presented in Table 7.

A few vdues of over 100 % were recorded for individud amino acids. Soybean med
presented a mean gpparent digestibility of 84.10 % + 2.49 for essentid amino acids, while
corresponding vaues were 73.08 % + 1.80 and 72.68 % + 2.42 for fish and cottonseed med,
respectively. Apparent avallability of lysne was low in soybean medl in comparison to dther
fish or cottonseed medl. Avallahility of methionine was found to be relativey low in dl test
ingredients. The mean gpparent availability caculated for dl amino acids was reflected in the
generd gpparent protein digestibility calculated for each of the test ingredients.

Cdculation of leaching rates (Table 8) for individud feed ingredients in the 30 % test ingredient:
70 % reference diet ratio showed that the inclusion of either soybean or cottonseed med a 30
% resulted in a higher (P < 0.05) individua contribution to leaching (25.94 % + 1.12 and 23.73
% + 0.25, respectively) than fish meal (15.01 % + 0.77, mean £ SE.).

3.2 Time of collection on marker content in faeces

No difference (P > 0.05) was found in the Cr,O3 content of faeces collected either during the
night (0.43 % £ 0.04, mean £ S.E.) or day (0.55 % + 0.10). Smilarly no difference (P > 0.05)
was found in AIA content of faeces (2.59 % * 0.27; 2.34 % + 0.42, respectively). However,
for both markers the SE. has increased considerably from night to day.



Table 5
Apparent dry matter, organic matter, energy and protein digestibility (%) of reference and test diets (mean £ S.E., n = 3) using

acid-insoluble ash as marker

Diet Dry matter Organic matter Energy Protein

Reference 86.87° + 0.56 94.80° £ 0.33 97.40"+ 0.31 96.34" + 0.60
Reference + 30 % fish meal 7057 + 0.84 85.87°+0.14 90.85* + 0.43 87.47°+0.30
Reference + 30 % soybean meal 76.04° +2.24 89.62° + 1.06 95.31"+ 0.43 94.41°+ 0.74
Reference + 30 % cottonseed meal 67.36* £ 0.91 8393+ 0.34 89.55" + 0.64 87222+ 0.71

Means in the same column with different superscripts (a, b, c) are statistically different (P < 0.05).



Table 6
Apparent dry matter, organic matter, energy and protein digestibility (%) in test ingredients included a 30 % inclusion level in

the reference diet (mean £ S.E., n = 3) using acid-insoluble ash as marker and cal culated according to two different formulas

Component Method Fish med Soybean meal Cottonseed mea
Dry matter 3252*+2.79 50.75° + 7.45 2183 +304
Organic matter Cho and Slinger (1979) 65.02° £ 0.47 7752 + 352 5858+ 1.14
Sugiura et a. (1998) 64.85" + 0.48 79.35° £ 351 60.42* + 1.15
Difference 0.17+0.02 -1.83+ 0.01 -1.84 £ 0.00
Energy Cho and Slinger (1979) 75.58" £ 1.43 9043 +1.43 7123+ 214
Sugiura et a. (1998) 7369 +1.21 8245° £ 1.31 67.02+1.94
Difference 189+022 798+ 0.12 4.21+0.20
Protein Cho and Slinger (1979) 66.777+ 1.01 89.90° + 2.47 65.94% + 2.36
Sugiura et a. (1998) 76.05" £ 0.63 84.59" + 1.89 7213+ 1.83
Difference -9.28 £ 0.38 531+058 -6.19 £ 0.52

Means in the same row within method with different superscripts (a, b, c) are statistically different (P < 0.05).



Table7

Apparent availability (%) of individua amino acids in test ingredients included at 30 % inclusion

level in the reference diet (mean £ S.E., n = 3) using acid-insoluble ash as marker

Amino acid Fish med Soybean Cottonseed
meal meal

Essential
Arginine 76.05" + 1.66 134.20° + 1.45 4851* +2.03
Hidtidine 79.92°+1.98 103.88° + 2.31 60.74° + 2.18
Isoleucine 83.11"+217 69.55" + 1.94 107.05° £ 2.66
Leucine 80.54 + 2.17 76.02+2.28 84.83+ 2.96
Lysne 86.89° +1.91 78.71°+ 2.64 9267 +274
Phenyldanine 72.86* £ 2.19 98.58" + 2.08 66.48* £ 2.14
Methionine 6108+ 1.34 58.15"+ 2.63 20.73* + 2.83
Threonine 71.94°+ 1.85 83.90° + 2.40 76.21* + 1.57
Vdine 7781°+1.74 91.65°+ 274 8115+ 2.33

Non-essential
Aspartic acid 89.11"+1.82 75.79 £ 2.26 83.95* + 2.12
Serine 55.74* + 2.46 9169+ 1.75 7046° £ 1.73
Glutamic acid 96.53"+2.43 9573+ 243 58.84° + 2.94
Proline 74.17° £ 2.50 92.41° + 3.39 113.06° £ 2.99
Glycine 84.20° +1.02 91.75° + 2.56 66.39° + 1.43
Alanine 82.37£0.92 87.80 £ 2.26 79.90+ 284
Tyrosine 2946 £ 2.01 5352°+311 49.93° + 2.80
Mean 7499+ 1.81 86.32° +2.37 7268+ 231

Meansin the same row with different superscripts (a, b, ) are statistically different (P < 0.05).
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Table 8

Leaching of dry matter in reference and test diets (mean
+SE;n=3

Diet % Leaching
Reference 1.79°+0.22

Fish mesl 5.71° + 0.23
Soybean meal 8.97°+0.34
Cottonseed meal 8.31°+0.08

Meansin the same column with different superscripts (a, b, c) are
statistically different (P < 0.05).

While the Cr,O3; content of faeces collected during a period of no feeding (0.49 % + 0.06) was
different (P < 0.05) to faeces collected during the feeding period (0.81 % + 0.05, Table 4),
AlA content (2.46 % + 0.23) did not differ (P > 0.05) from the vaue derived during daily
feeding (Table 4), dthough the SE. was higher in the former.

Leaching of dry matter, and contents of Cr,O3, AlA, protein, energy and organic matter of feed
after certain intervasin seawater are presented in Table 9.

Although regresson andys's was not used in the present evauation due to the limited ultimate
time period of samplesin seawater, it is clear that leaching of dry matter, organic matter, energy
and protein contents followed a curvilinear pattern over time. While leaching of dry matter ill
seemed to be increasing after 16 h, both protein and energy contents did not decrease (P >
0.05) after 3 h in water. However, the decrease in energy content was more gradua than that
of protein. No specific trends were detected in either Cr,O3 or AIA contents. Apparent dry
matter digestibility values caculated according to Cr,O3 content in leached samples were ill
unredlidtic, while dry maiter digestibility caculated according to AIA content in leached samples
(72.59 £ 0.78 %) did not differ (P > 0.05) from the value derived when using AIA content
vaues from unleached feed (70.57 + 0.84 %).



Table9

Leaching of dry matter and content of organic matter, energy, protein and markers of fish med test diet after certain time periods in water

(mean+ SE.;n=23

Time Dry matter Organic matter Energy Protein Chromicoxide  Acid-insoluble ash
(h) leaching (%) (%) (k¥g) (%) (%) (%)
1 298+ 0.26 89.74" + 0.07 18.58" + 0.05 43.33° + 042 0.671+0.03 0.734 £ 0.06
3 3.98* +0.26 88.84° + 0.10 18.24* + 0.05 4123 + 043 0.723+0.01 0.652 + 0.04
6 4.74* + 0.20 88.64 + 0.08 18.16® + 0.04 4145+ 0.23 0.698 £+ 0.00 0.750 £ 0.05
10 551¢ + 0.22 88.32* + 0.16 18.06° + 0.15 41177+ 0.38 0.703 £ 0.01 0.715+ 0.00
16 6.50" + 0.38 88.09° + 0.08 18.10° + 0.15 41.00° + 0.34 0.666 + 0.01 0.728 + 0.05

Means in the same column with different superscripts (a, b, ) are statistically different (P < 0.05).
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3.3. Influence of inclusion of bentonite on marker content in faeces

Inclusion of 1 % bentonite in the diet increased the AIA content of the diet from 0.55 to 0.66
%, but AIA content of faeces (1.97 % + 0.10) did not differ (P > 0.05) from faeces derived
from the diet without AIA (243 % + 0.19). However, apparent dry matter digestibility was
higher (P < 0.05) in the diet without bentonite due to alower AIA content in the diet.

3.4. Influence of washing of faeces on marker content in faeces

Washing of faeces with didtilled water had no influence (P > 0.05) on AIA content (2.22 % +
0.22) in comparison to unwashed samples (2.43 % + 0.19)

3.5. Total collection

Apparent dry matter digestibility for the diet without bentonite (Table 4) calculated according to
the total collection method over 132 h of no feeding (58.78 % + 8.15) did not differ (P > 0.05)
from the value using AlA (76.98 % + 1.72) as marker. Correction of feed intake for leaching
over 16 h did not have any influence (P > 0.05) on apparent dry matter digestibility (56.29 % +
8.65) caculated from the tota collection method. Empty faeca strings were observed after 72
h of fasting. Apparent dry matter digestibility calculated after 72 h of fasting was 72.08 % +
7.11.

4. Discussion

This sudy verified the feagibility of usng AlA as an internd marker in digedtibility sudieswith H.
midae. Rdiable and consstent estimates of digestibility of various nutrients (dry matter, organic
metter, protein, energy and individua amino acids) for individud test ingrediernts were obtained
when using AIA as a marker. Furthermore, the ADC for dry matter was not different (P >
0.05) to the digedtibility vaue derived from the total collection method. It was shown that AIA
content in faeces during the collection period was representative of a 24-h cycle, and leaching of
the marker from the feed had no influence (P > 0.05) on the ADC.

The externd marker Cr,O3 did not yidd high enough concentrations in faeces to cdculate
redigic ADCs for dry matter, organic matter, energy, protein or individud amino acids.
Reasons why Cr,O3 has not worked as a marker in digestibility studies with H. midae during
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collection of dl faeces remain speculative. The partitioning and preferentid eimination of this
substance, atributed to a differentid rate of passage through the gut in comparison to the
experimental diet in other aquatic species (Forster and Gabbott, 1971; Bordner et d., 1983;
Leavitt, 1985; Brown et d., 1986; Jones and De Slva, 1997), might partly explain this
phenomenon. However, measurement of rate of passage through the gut of Haliotis spp. is
complicated by the complex gut structure. Another reason might be a release of nutrients during
feeding, asimplied by the lower AIA concentration in faeces when bentonite was included in the
diet in the present study. Rasping of food during ingestion by the radula into smdl particles in
Haliotis spp. promotes the release of nutrients (McLean, 1970).

Smilarly, the low concentrations of crude fibre measured in abaone faeces in the present study
led to unredistic ADCs. This is not surprising, as Haliotis spp. is known to secrete enzymes
capable of bresking down complex structura carbohydrate (Vonk and Western, 1984).
Furthermore, an increase in cdlulolytic activity was observed in someach fluid of abaone when
cdlulose was present in the diet (Monje and Viana, 1998). While crude fibre does not
represent a homogeneous group of substances (Mordes et d., 1999), the vaue of the different
components of fibrein nutrition of Haliotis spp. needs attention.

Dry matter leaching of experimentd diets used (1.8-9 %) over 16 h was low in comparison to
results obtained over 24 h (4.1-33.8 %) for commercid abaone diets (Britz and Clayden,
1996). Although a degree of leaching of individua markers and nutrients was found, this did not
have a pronounced effect on digestibility estimations. Thus, leaching from the experimentd diets
was not taken into account in determination of digestibility coefficients.  Furthermore, the
experimentd diets were available to the abalone for a 16-h intervd, making it impossible to
know the exact time a which the abaone ingested the feed offered.

Although digedtibility estimates based on total collection were made in the present study for
purposes of comparison, the method is not recommended with abdone fed atificid diets for
severd reasons (1) the difficulty and impracticdity of separation of feed particles and faeces,
especidly when animals are continuoudy fed, (2) the risk of loss of faeces that will result in an
overesimation of digedtibilities, (3) the limited scae that it can be applied on, and (4) the



74

uncertain time period for collection of faeces representing the feed consumed. In the present
study faeces were till produced after 6 days of fasting, which possibly could have been due to
catabolism of tissue that was not attributable to the single medl ingested. This could lead to an
underestimation of digestibility, as was probably the case in the present study. The gpparent dry
matter digestibility vaue (72.08 %) obtaned after 72 h when empty faecd drings were
observed was close to the AIA ADC (70.57 %). A chalenge for further studies would thus be
to determine gut evacuation time of different feedsin H. midae.

No difference wes found in the Cr,O3 or AIA contents of faeces collected either during the day
or night in the present study, suggesting that the procedures followed were adequate to collect a
representative sample. Thisis in agreement with studies on fish (De Silvaand Perera, 1984; De
Silva e d., 1990). However, in fish (De Slva et da., 1990) the variaion in dry matter

digedtibility incressed from day to night, contrary to the findings in the present sudy. This could
partly be explaned by the differences in feeding and digestion processes between fish and

Haliotis spp. Washing faeces with didtilled water, as practised during digestibility studies with
marine shrimp (Akiyama et d., 1989), did not have any effect on AIA contents of abaone
faeces. The standard errors for dry matter digestibility suggest that daily feeding and collection,
in comparison to a single feeding followed by collection during a period of fasting, decreases the

variance of digedtibility estimations, resulting in an increase in the accuracy of measurements.

A rdaively high ADC for protein in fish med was found in the present sudy (76 %) in
comparison to a vaue of 43 % for fish med included a 70 % in a single protein diet for H.
laevigata (Fleming et a., 1998), and vaues of 525 ad 46.5 % for H. rubra and H.
laevigata, respectively, with a diet containing 50 % fish med (Wee et d., 1992b). However,
the difference in qudity of fish med from different sources is a wel-known fact. Dry matter,
protein and energy digestibility vaues presently found for fish med isin agreement to vaues for
crustacean species (-5 to 91 %, 57-88 % and 28-83 %, respectively) (summarised by Lee and
Lawrence, 1997). However, dthough apparent protein digestibility is within range, both dry
matter and energy digedtibility of fish med are lower than corresponding vaues (62.0-90.8 %
for protein, 68.1-88.2 % for dry matter, 83.4-91.7 % for energy) reported for fish species
(summarised by Hertrampf and Piedad-Pascual, 2000).
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Comparable apparent protein digestibility values for soybean med (79.2 %) and cottonseed
meal (76.2 %) for H. midae were reported by Shipton (2000) when using Cr,O3 content in one
type of faeces as marker. Except for dry matter digestibility (51 %), ADCs for protein and
energy of oybean meal were within the ranges reported in crustacean and fish species (56-98
%, 84-99 % and 72-91 %, respectively, summarised by Lee and Lawrence, 1997, Hertrampf
and Piedad-Pascud, 2000). However, comparison of ADCs for feed ingredients between
species is complicated because of differences in methodology used (Allan et d., 2000). In the
past, the mgority of digedtibility values derived from studies with a test ingredient included in a
reference diet were based on the equation of Cho and Slinger (1979). This equation assumes
that the nutrient digedtibility of the test diet is the average of the nutrient digestibility of the
reference diet and the test ingredient weighted by the proportion of each in the test diet. This, as
was adso shown in the present study, does not account for the relative contribution of the nutrient
from the reference diet and the test ingredient to the test diet (Forster, 1999). The latter is
facilitated by the equation of Sugiuraet d. (1998).

Good agreement was obtained between mean gpparent availability for amino acids and
goparent protein digestibility for the test ingredients evaluated. The vaues of over 100 % for
goparent individud amino acid avallability reported in this study might have been due to possible
interactions between nutrients in the reference diet and test ingredients, or differentia leaching of
some nutrients within ingredients (Allan et d., 2000).

The present sudy indicated that the digedtibility of nutrients in soybean med is relaively high,
which will promote the god of formulating low pollution feeds. Although good growth rates
have been achieved with soybean med a an incluson rates as high as 50 % with H. midae
(Shipton, 2000), and it is included in some commercid abaone diets (Fleming et a., 1996), this
ingredient has some limitations due to a poor balance of certain amino acids, and anti- nutritiond
factors (Hertrampf and Piedad-Pascual, 2000). Furthermore, a better understanding of the
nutrient associations that occur among the most frequently used feed ingredients in aguaculture,
and affect ADCs of compound practical feeds, should be one of the mgor goals for aquatic

nutritionists (Lee and Lawrence, 1997).
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In conclusion, evidence is presented in this study that AlA is a reliable and replicable internd
marker for determination of digedtibility of feed ingredientsin H. midae, in contrast to externa
markers that are not recovered in appropriate quantities in the faeces. The present study was
the first to describe apparent digestibility of nutrients of feed ingredients included at a certain
incluson leve into a reference diet for Haliotis spp. In addition, nutrient digestibility data of
commonly available feed ingredients are presented that could be used as a starting point for the
least-cost formulation of diets for H. midae.
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CHAPTER FIVE

Evaluation of the reference diet substitution method for
determination of apparent nutrient digestibility coefficients
of feed ingredients for South African abalone (Haliotis

midaeL.)

Sdes, J, Britz PJ, 2001. Evadudion of the reference diet subgtitution method for
determination of gpparent nutrient digestibility coefficients of feed ingredients for South African
abalone (Haliotismidae L.). Aquaculture (Accepted for publication, 23/07/2001).



Abstract

Apparent nutrient (dry matter, organic matter, energy, protein) digestibility of sunflower
meal, canola mea and peanut meal, substituted at 20 % inclusion level into a reference diet,
was determined for Haliotis midae in this study. In a second experiment the influence of
inclusion leved of afeed ingredient (soybean meal) on apparent dry matter, organic matter,
energy and protein digestibility was evaluated. Apparent protein digestibility coefficients
exceeding 100 % were found for sunflower meal and canola med included into a reference
diet. This aso occurred when evaluating different inclusion levels of soybean med into a
fish med reference diet, eliminating the opportunity to test the influence of inclusion level of
soybean meal on apparent nutrient digedtibility. Associative effects between different feed
ingredients, diet and faecal nutrient leaching and mathematical artifacts in caculations when
using subgtitution versus single protein diets might have an influence on fina apparent
digedtibility coefficients of highly digestible feed ingredients. It was found that apparent
protein digestibility coefficients determined with single protein diets predicted determined
digedtibility in compound diets with an error of less than 3.3 % compared to a deviation of
13 to 16 % when using coefficients determined with substitution trials. The conclusion from
this study is that single protein diets should be used for determining of apparent protein
digedtibility coefficients of feed ingredients for H. midae when evauating feed ingredients
for feed composition tables.
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1. Introduction

Although gpparent nutrient digestibility of feed ingredients for aguatic species has successfully

been determined with only the test ingredient as diet ingredient (Wilson et d., 1981; Akiyama et
al., 1989; Anderson et d., 1992; Lupatsch et al., 1997; Fleming et d., 1998), very few feed
ingredients are fed as the sole component of a diet. Therefore some researchers evaluate the
digedtibility of feed ingredients in combination with other ingredients in the test diet. An
advantage of this method over testing ingredients singly is that the test ingredient may be more
acceptable to the anima when fed in combination with other ingredients, which leads to a norma

levd of intake (NRC, 1993). All subdtitution trids are based on the assumption thet thereis no
interaction between the reference diet and the test ingredient, and that results are independent of
the level of incluson of the test ingredient (Aksnes et d., 1996). Furthermore, the use of

digedibility coefficients in diet formulation is based on the hypothesis that they are additive for
different ingredients.  Additivity of digestibility coefficents determined for individud feed
ingredients in compound diets has been demongrated using a wide range of ingredients in
poultry (Sibbald et al., 1980), fish (Cho et d., 1982; Wilson and Poe, 1985; Watanabe et dl.,
1996; Lupatsch et a., 1997; Allan et d., 1999) and the Australian abalone Haliotis laevigata
(Fleming et d., 1998). However, non-additivity, due to associative effects among dietary

ingredients, in which the digedtibility of a mixture of ingredients is greater or smdler than the
mean digestibility of the individua feedstuffs composing the mixture, is a common phenomenon
in terredtria herbivore nutrition (Mould, 1988; Pond et d., 1995). Non—additivity of individudly
determined apparent digestibility coefficients (ADCs) in compound diets has aso been reported
in crayfish (Brown et d., 1989; Reigh et d., 1990) and freshwater turtles (Bjorndal, 1991).

The am of the present study was to determine gpparent nutrient digestibility coefficients of
sunflower med, canolamed and peanut med subgtituted into a reference diet in order to test the
vdidity of the subdtitution method for plant protensin H. midae. In a second experiment the
influence of incduson levd of a feed ingredient into a reference diet on gpparent nutrient
digedtibility was evauated. Additiondly, additivity of gpparent protein digetibility coefficients of
individud feed ingredientsin compound diets for H. midae, determined ether with Single protein

diets or by means of subdtitution into reference diets, was evauated.



2. Material and methods

2.1. Evaluation of apparent nutrient digestibility of different plant protein ingredients
substituted into a practical reference diet

Apparent dry matter, organic matter, energy and protein digestibility of sunflower medl (crude
protein 42.58 %,; gross energy 18.63 MJkg), canola mea (crude protein 31.81 %; gross
energy 20.48 MJKkg) and peanut med (crude protein 42.58 %; gross energy 18.63 MJKkg),
seved to a paticle size between 150 and 450 um, and included a 20 % into a practica
reference diet (Table 1) was determined.

2.2. Evaluation of apparent nutrient digestibility of an ingredient included at different

levelsinto a reference diet

Apparent dry matter, organic matter, energy and protein digestibility of soybean med (crude
protein 47.77 %; gross energy 18.98 MJkg, Seved to a particle size between 150 and 450
um), subgtituted at four different levels (Table 2) into afish med reference diet, was determined.

Fish med was chosen as protein source in the reference diet asthisis currently the main source

of protein in South African abalone feed.

In order to evauate the influence of dietary nutrient leaching on apparent digestibility coefficients
feed samples subjected to experimenta conditions for 8 h were analysed for acid-insoluble ash
and protein as described in Section 2.4.3. It was assumed that the bulk of feed was consumed
within 8 h by abalone. Also, evidence was presented by Sales and Britz (2001) that the decline
in protein content of feed samples subjected to experimental conditions reached a plateau after
3 hinwater.

2.3. Additivity of individually determined apparent protein coefficients in compound
diets

Apparent protein digestibility coefficients for fish med, soybean med and cottonseed med,

determined (1) by means of subgtitution into a reference diet and (2) in Sngle protein diets were

used to predict apparent protein digedtibility of the compound diets used in Sections 2.1 and
2.2. Apparent protein digestibility coefficients of 76.05, 84.59 and 72.13 % obtained by Sales



and Britz (2001) for fish meal, soybean med and cottonseed med, respectively, substituted at

30 % in areference diet and using acid-insoluble ash (AlA) as marker, were used.

Table1
Ingredient and determined nutrient composition of
reference diet (dry matter basis)

Ingredient (%)
Fish meal® 20
Soybean meal’ 20
Cottonseed meal” 10
Maize starch’ 40
Fish oil® 1.0
a-Cdlulose® 6.5
Vitamin/mineral mixture' 2.0
Mono calcium phosphate” 05
Andysis (dry matter basis)

Crude protein (%) 28.22

Gross energy (MJkg) 1841
Dry matter leaching (%) 859+ 0.38

2 Low-temperature dried fish meal (Danish 999 LT), Esbjerg
Fiskeindustri am.b.a. (Esbjerg, Danmark).

b Pre-pressed, solvent extracted, dehulled, Western
Province Corp. (Roggebaai, South Africa).

¢ Further composition and source priority Sea Plant
Products (Hermanus, South Africa).

4 Marinol-R, Marine Oil Refiners (Cape Town, South Africa).

¢ SigmaChemicas(St. Louis, MO, USA).

" Per kg of feed: retinol, 12000 IU; cholecalciferol, 1800 IU;
a-tocopherol, 150 mg; menadione, 5 mg; thiamin, 20 mg;
riboflavin, 25 mg; pyridoxine, 20 mg; Vit. By, 0.04 mg;
niacin, 150 mg; Ca-pantothenate, 50 mg; folic acid, 5 mg;
biotin, 0.8 mg; ascorbic acid, 750 mg; inositol, 200;
manganese, 150 mg; iron, 25 mg; zinc, 25 mg; copper, 70
mg; cobalt, 2 mg; iodine, 1 mg.

9 Epoal (Pretoria, South Africa).

h Kynoch Feeds (Randburg, South Africa).



Table 2
Ingredient and determined nutrient composition (dry matter basis) of diets where different inclusion
levels of soybean meal to afish meal based reference diet were evaluated

Ingredient (%) Inclusion level of soybean meal
10 20 30 50

Fish meal 45 40 35 25
Soybean medl 10 20 30 50
Maize starch 27 24 21 15
Fish ail 0.9 0.8 0.7 0.5
Carboxymethyl-cellulose® 1.8 1.6 14 1.0
a-Cdlulose 12.6 11.2 9.8 7.0
Vitamin/mineral mixture 2.25 2.00 1.75 1.25
Mono calcium phosphate 0.45 0.40 0.35 0.25
Anaysis (dry matter basis)

Crude protein (%) 36.94 37.80 39.82 4227

Gross energy (MJKkg) 18.86 18.93 19.11 18.91

& SigmaChemicals (St. Louis, MO, USA).
Origin of sourcesasin Table 1

To obtain coefficients from single protein diets, fish med (crude protein 71.48 %; gross energy
23.05 MJkg), soybean med (crude protein 47.12 %; gross energy 18.82 MJkg) and
cottonseed medl (crude protein 49.33 %; gross energy 19.32 MJkg), Seved to a particle size
between 150 and 450 um, were used (Table 3), and evauated for gpparent protein digedtibility.
The latter ingredients were from the same batches as those used by Sdes and Britz (2001).

2.4 General procedures

24.1. Experimental animals, experimental system, feeding protocol and faeces

collection

Juvenile abalone (Haliotis midae) (56.49 + 0.12 mm shell length; 35.60 + 0.24 g live weight,
mean = SE.) obtained from a commercia South African abdone farm, and previoudy used in
digedtibility studies (Sales and Britz, 2001) in arecirculating system, were used for the present

trals.
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Table3
Ingredient and determined nutrient composition (dry matter basis) of single protein diets to evaluate
the apparent protein digestibility of fish meal, soybean meal and cottonseed medl

Ingredient (%) Fish meal Soybean meal Cottonseed meal
Fish meal 50 0 0
Soybean medl 0 40 0
Cottonseed meal 0 0 40
Maize starch 30 40 40

Fish oil 1.0 2.0 2.0
Carboxymethyl-cellulose 2.0 1.0 1.0
a-Cdlulose 14 135 135
Vitamin/mineral mixture 25 3.0 3.0

Mono calcium phosphate 0.5 0.5 0.5

Analysis (dry matter basis)

Crude protein (%) 35.18 19.16 19.33
Gross energy (MJKg) 19.00 17.50 17.27
Dry matter leaching (%) 3.71+0.26 411+051 340+ 0.27

Origin of ingredientsasin Table 1.

The experimental system, feeding protocol and collection of faeces were as described by Sales
and Britz (2001). Filtered (10 pm) seawater was pump through an indoor (room temperature at
15 °C) recirculating system consisting of a series of 15 glass holding tanks (40-1 capacity), a
settlement tank of 300-1 capacity and primary and secondary biologicd filters. Aeration was
supplied via airstones in each tank. Water temperature (18.3 = 0.24 °C), pH (7.65 £ 0.03),
and dissolved oxygen (6.93 £ 0.19 mg/l) were monitored every week with an oxygen and pH
probe, tota ammonia (0.06 + 0.02 mg/l) by the manud phenolhypochlorite method (Sol 6rzano,
1969) and sdlinity (37 £ 0.55 %o) with arefractometer. Flow rate in the tanks was checked on
a daly bass and maintained & 2 | per min. The lights were only turned on during cleaning,
feeding and sampling (0800-0900 and 1500-1600 h).

Thirty seven abdone were placed in a grey PVC holding container with an oyster net floor with
8 x 6 mm mesh gperture. This was placed into a second plagtic faecd collection container with



anet floor of 200-pum mesh. These two containers were then placed into the glass holding tanks
(Sales, 2000). Abaone were fed a 1600 h. The next morning at 0800 h all uneaten feed and
faeces were removed and the containers replaced. Faeces were collected at 1500 h by
removing the collection container, placing it in a blagt freezer a& —20 °C for 1 h, and then
scraping the frozen faeces off. Frozen faeces were stored until the end of the collection period

wheresfter they were freeze-dried and anaysed.
2.4.2. Diet preparation

All dry ingredients were mixed in a commercid food mixer for 30 min, wheresfter oil was
gradudly added, while mixing constantly. Eighty five ml of water per 100 g of feed was dowly
blended into the mix, resulting in a suitably textured dough. This was further processed through
a cold-extruder. Drying was carried out in a convection oven a 35 °C for 48 h. The dry
product was cut into 1 x 1 cm pieces and stored at 4 °C until used. Diet dry maiter leaching
over time (16 h) in the experimentd tanks was determined by cdculating weight loss of
approximately 2 g of feed (dried at 55 °C for 48 h).

2.4.3. Analytical procedure

Ash and AIA content were done according to Atkinson et a. (1984), crude protein (N X 6.25)
by usng the micro-Kjedahl technique and gross energy content by direct combustion in an
adigbatic cdorimeter. Organic matter was calculated as dry matter minus ash.

2.4.4. Digestibility coefficient calculations and statistical analyses

ADCs in experimentd diets were caculated according to the formulafrom Maynard and Loodli
(1969):

ADC of dry matter of diet (%) =100 ~ [1 — (% marker in diet/% marker in faeces)] @

ADCs of nutrients and energy of diet (%) = 100 ~ [1- (% marker in diet/% marker in faeces)

" (nutrient or energy concentration in faeces / nutrient or energy concentration in diet)] 2
ADC of dry matter of the test ingredients (%) was determined as follows:

ADC (%) = [ADC of test diet — (proportion of reference diet in test diet © ADC of reference
diet)]/proportion of test ingredient in test diet 3



ADC of organic matter, energy and protein of the test ingredients (%) was cdculated usng the
formula applied by Sugiura et a. (1998) and suggested by Forster (1999):

ADC (%) = [(proportion of nutrient or energy concentration in test diet© nutrient or energy
ADC of test diet) — (proportion of reference diet in test diet © nutrient or energy concentration
in reference diet © nutrient or energy ADC of reference diet)]/(proportion of test ingredient in
test diet © nutrient or energy concentration in test ingredient) 4

Results for Section 2.2 were andlysed using one-way andysis of variance. Differences between

means (P < 0.05) were evaluated by the Tukey’s HSD test (Snedecor and Cochran, 1991).
3. Results

3.1. Apparent nutrient digestibilities of different plant protein sources substituted into a

reference diet

Apparent nutrient digedtibilities of sunflower medl, canola med and peanut med evaduated by
subgtitution into areference diet are presented in Table 4.

Table 4
Apparent nutrient digestibilities (%) of plant proteins substituted into a practical reference diet

(mean+ SE;n=3

Nutrient Sunflower meaf Canola meal Peanut meal
Dry matter 70.62 + 4.47 74.72 + 6.97 -560+7.44
Organic matter 8334+ 156 8312+ 344 4290+ 1.02
Energy 87.34 + 0.67 83.97 + 1.67 67.81+1.23
Protein 10154 + 1.20 102.62 + 2.25 78.79 £ 0.60

& Pre-pressed, solvent extracted, Western Province Corp. (Roggebaai, South Africa).
Cold press, Pioneer Feeds (Paarl, South Africa).
¢ Solvent extracted, Meadow Feed Mills (Paarl, South Africa).

Peanut med presented a negative apparent dry metter digestibility coefficient, while apparent
protein digestibility of sunflower and canolamed exceeded 100 %.

3.2. Apparent protein digestibility of soybean meal included at different levelsinto a fish
meal based reference diet.



Apparent nutrient digedtibilities of soybean med included at different levels into a fish med
based reference diet are presented in Table 5.

Table5

Apparent nutrient digestibility (%) of soybean med included at different levels into a fish mea
based reference diet (mean £ S.E., n =3)

Nutrient Inclusion level (%)

10 20 30 50
Dry matter 112.81 + 10.38 84.45 + 6.76 7911+ 2.05 82.82 +8.17
Organic matter 108.63 £ 4.49 91.57+5.60 90.03+ Q.75 91.35+4.89
Energy 105.19+ 1.30 100.03 + 6.40 100.40 + 0.83 97.05+ 3.33
Protein 118.87* + 4.61 97.87° +4.20 102.73° + 0.76 90.70° + 2.73

Meansin the same row with different superscripts (a, b) are statistically different (P < 0.05).

Digedtibility values exceeding 100 % were obtained in dl nutrient categories evauated. With the
exception of gpparent protein digedtibility at the 10 % soybean med incluson level, no
differences (P > 0.05) were found in gpparent digestibility of other nutrients between indusion

levels
3.3. Additivity of apparent protein digestibility in compound diets.

The gpparent protein digestibility coefficients for fish med, soybean med and cottonseed medl
determined in single protein diets was 87.76 + 1.15, 97.00 + 0.11 and 90.03 + 1.20 %,
respectively.

An gpparent protein digestibility coefficient of 95.16 + 0.10 % was obtained for the reference
diet used in Section 2.1. Predicted apparent protein digestibility caculated according to
digedtibility coefficients obtained by Sdes and Britz (2001) through substitution into a reference
diet was 78.68 %, in comparison to avaue of 92.00 % when using coefficients determined with
gangle protein diets in the present study.

Caculated and determined apparent protein digestibility of diets used in a subgtitution trid with
different incluson levels of soybean med are shown in Teble 6.
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While predicted gpparent protein digedtibility in compound diets caculated according to
goparent protein digedtibility coefficients found with single protein diets (present study) were
dightly lower than determined vaues, coefficients obtained by Sales and Britz (2001), by means
of subgtitution, underestimated apparent protein digestibility by between 13.50 and 16.33 %.

According to unpaired t-tests only in the diet containing 10 % soybean med did leaching result
inalower (P < 0.05) gpparent protein digestibility coefficient.

4. Discussion

The present results indicated that the use of subgtitution of a feed ingredient into a reference diet
is not a vaid method to evauate gpparent nutrient digetibility in H. midae. Vaues of over 100
% were derived for apparent protein digestibility when soybean med, sunflower med and
canola med were subgtituted into a reference diet.  Possible reasons for this could be (1)
asocidive effects between feed ingredients, (2) diet nutrient leaching, (3) faecd nutrient
leaching and (4) the nature of the additional mathematica cdculations required when using the
subgtitution method.

Interaction between a reference diet and feed ingredients in a test diet when using the
subdtitution method is often observed, particularly in herbivorous animals that depend to a great
extent on microbid fermentation. The addition of components to the test diets that simulate
fermentative activity, particularly starch or cdlulose, often promote digedtibility (Mould, 1988;
Pond et d., 1995). Itislikdy that microbid activity in abaone could enhance digestion, as they
are herbivorous archaeogastropods whose diet in nature conssts mainly of macroagee (Harris
et d., 199839). Viable bacteria, capable of hydrolysing a variety of complex polysaccharides in
agae, have been identified in the gut of H. midae (Erasmus, 1996; Erasmus et d., 1997) and H.
laevigata (Harris et d., 1998b) that could promote associative effects with respect to nutrient

digestibility.
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Calculated and determined apparent protein digestibility coefficients and dry matter leaching of a fish meal based reference diet with

different inclusion levels of soybean meal (mean + SE.; n=93)

Inclusion level of soybean medl

10 20 30 50
Determined (unleached feed samples) 92.73+ 0.60 91.95+ 1.06 92.83+0.28 U54+184
Calculated from single protein diets® 89.42 90.81 92.01 93.95
Difference’ 357 124 0.88 0.62
Calculated using a reference diet’ 7759 78.87 79.98 81.77
Difference’ 16.33 14.23 13.84 13.50
Determined (leached feed samples’) 89.88 + 0.83 90.20+1.29 91.27 £ 0.34 9290 + 2.39
Difference (unleached vs leached diets; % units) 285+0.23 1.75+£0.23 1.56 + 0.06 163+ 055

& Apparent protein digestibility coefficients determined with single protein dietsin this study.

b [(Determined-cal cul ated)/determined] x 100.

¢ Apparent protein digestibility coefficients from Sales and Britz (2001). Ingredients substituted at 30 % in a casein based reference diet, Cr,O;

included in diets, AIA used as marker.

4 Corrected for acid-insoluble ash and protein leaching after 8 h under experimental conditions.



As in the study of Sales and Britz (2001) the present sudy indicated that diet nutrient leaching
did not have a pronounced effect on apparent nutrient digestibility. Furthermore, diet nutrient
leaching will tend to be neutralised by faeca nutrient leeching (Egs. (1) and (2)). However, it
was found in H. rubra that approximatdy 18 % of nitrogen was lost from faeces during the first
14 hin seawater, with no further losses after 24 h (Fleming, 1995), while nitrogen leaching from
a compound diet was only 3 % after 1 h and 7-8 % after more than 3 h in seawater (Sales and
Britz, 2001). The latter illustrates that faeca nutrient loss could have an influence on gpparent
nutrient digestibility in abdone. In sdmonids, Smith et d. (1980) showed that more than half of
the faecd nitrogen was in the unrecoverable liquid fraction, and that digedtibility coefficients
were 10 % higher when based solely on solid faeca materid. Cho et d. (1982) postulated that
leaching losses would be proportiondly higher in poorly digested feed ingredients which
contained a sibstantid level of fiber and carbohydrates due to the larger quantity of faeces
produced. Thiswould result in erroneoudy high digestibility coefficients.

Another reason for gpparent digestibility vaues of higher than 100 % could be the nature of
additional mathematica calculations required when the subgtitution method is used. While diet
and faeca nutrient leaching in the calculation of nutrient digestibility of a compound diet (Egs. (1)
and (2)) that is fed arises from faeces from the compound diet, the caculation of digestibility of
an individuad ingredient through subgtitution contains additiond caculations (Egs. (3) and (4))
which indirectly caculate the digedtibility of a sngle ingredient. These additiond calculations do
not account for the posshility that the individud ingredients in a compound diet may leach
nutrients at a differentid rete.

Apparent protein digestibility coefficients determined with single protein diets were found to be
additive in compound diets, while coefficients determined through subgtitution (Sales and Britz,
2001) underestimate digetibility in compound diets with 13-16 %. However, even with
coefficients from sngle protein diets predicted digedtibility was lower than determined
digedtibility in compound diets. This again emphasises the possibility of ether associative effects
or increased faecd nutrient leaching in compound diets.



Apparent protein digedtibility coefficients of fish med, soybean med and cottonseed med
determined with single protein diets in the present study differed from vaues derived for these
ingredients obtained in a previous trid (Sales and Britz, 2001) where the subgtitution method
with a casain based reference diet was used. This was responsble for the extreme
underestimate of gpparent digetibility when the latter was used for prediction. Reasons for this
could be ether associdive effects or the influence of chromic oxide (Cr,O;), included to
evduate different markers, in the study of Sales and Britz (2001), on digedtibility. However,
mean gpparent protein digedtibility of soybean med subdtituted a 30 % inclusion in afish med
based reference diet in the present study was 102.73 % in comparison to a vaue of 84.59 %
obtained by Sdes and Britz (2001) when substituted soybean meal from the same batch at 30
% incluson in a casein reference diet. A vaue of 97 % was obtained for the same soybean
med in a sngle protein diet, in which associative effects were diminated, in the present study.

Thiswould put more emphasis on Cr,O; as the possible reason for the difference.

Evidence from this study is that plant protein sources are very effectively digested by H. midae.
Any smal factors that could influence gpparent digestibility, such as associative effects between
diet ingredients and nutrient leaching from faeces, could cause erroneoudy high gpparent nutrient
digedtibility coefficients of ingredients (over 100 %) when evaduated by subgtitution into a
reference diet because of additiond mathematical caculations and the nature of these
cdculaions when using subgtitution trids. Although faeca nutrient leaching will dso be present
in angle nutrient diets, associative effects will be diminated. Furthermore, digestibility will be
determined with a direct equation, as for a compound diet, and the present study indicated that
the apparent protein digedtibility of compound diets can be determined additively from
coefficients determined for single protein diets. It is thus concluded that single protein diets
should be used to determine apparent digestibility of protein and availability of amino acids of
ingredients for incluson in feed compostion tables for gpplication in least-cost diet formulation
for H. midae. The suitability of the subgtitution method to determine gpparent digedtibility for
other nutrients, especidly energy, for H. midae, gill has to be evauated.
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Abstract

The influence of ingredient particle size on dry matter leaching and apparent digestibility
coefficients in Haliotis midae was evauated by including soybean meal sieved to three
different particle sizes (< 150, 150-450 and 450-1000 um) in diets. No differences (P >
0.05) were found in dry matter leaching and apparent digestibility of dry matter, organic
matter, protein and fat between ingredient particle sizes of < 150 and 150-450 pm.
However, an ingredient particle size of 450-1000 um increased @ < 0.05) dry matter
leaching and decreased P < 0.05) apparent digestibility. In a second experiment pre-
gelatinised maize starch was included in experimental diets at 20, 30, 40 and 50 % replacing
a-cdlulose fibre. No influences (P > 0.05) on apparent digestibility of protein, fat, fiber and
starch were observed among diets; however, apparent dry matter, organic matter, energy
and nitrogen-free extract digestibility increased linearly @ < 0.05) as incluson level of
dietary pre-gdatinised maize starch increased. A relatively high apparent digestibility (> 60
%) of fibre was observed, indicating a need for further studies to quantify the effect of the
source and type of fibre on its digestibility.



100

1. Introduction

The efficiency of a feed manufacturing process and the biologica efficiency of a compound diet
is dependent upon the initid grinding, and consequent particle sze, of the basc raw feed
materias used (Tacon, 1990). For the nutritionist, grinding (1) facilitates the destruction of hegat
labile anti-nutritiond factors often present in raw materids and (2) improves nutrient digestibility
by increasing the surface area of the feed particles. To the anima-feed formulator, grinding
improves (1) feed acceptability to the animd, (2) pdletability by extending die life, penetration of
geam within the feed particles, and increased horsepower efficiency, (3) the mixing properties
of individud feed ingredients, and (4) aso increases the bulk density of the feedstuff (Tacon and
Jackson, 1985). Furthermore, for aquatic feeds that have to remain in water for prolonged
periods, feed ingredients are finely ground to achieve satisfactory water stability of pellets (Tan
and Dominy, 1997). However, paticle Sze reduction is the most time consuming feed
processing step and can account for up to 60 % of the feed production cost (Sorenson and
Phillips, 1992).

In mogt teleost fish their ability to digest and metabolise carbohydrates is limited; therefore,
highly digestible carbohydrates, such as cooked (gelatinised) starches, are used in formulated
diets to increase energy availability (Kim and Kaushik, 1992). Furthermore, gelatinised starches
are adso good binders in compounded aquatic diets. However, protein and starch digestibility
tends to be depressed as dietary carbohydrate inclusion levels increase (Steffens, 1989; NRC,
1993). Pre-gdainised darch levels have been routindy varied in abdone nutritiona
experiments with Haliotis midae in order to formulate diets with specific protein and energy
levels (Britz and Hecht, 1997; Shipton and Britz, 2001). However, it is not known whether the
garch leved affects digedtibility. As part of awider sudy to established ardiable and replicable
digediibility technique for H. midae (Sdes, 2000; Sales and Britz, 2001) there is a need to
determine the influence of factors affecting digestibility in order to formulate diets and design

controlled experiments in which certain measurements are vaid.

The am of the firg experiment in this sudy was to evaduate the influence of ingredient particle
Sze on apparent digestibility coefficients (dry matter, organic matter, protein, fat, phosphorus)
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digedibility in H. midae. A second experiment was conducted to evauate the effects of
subdtitution of a-cdlulose with graded levels of pre-gdainised maize starch on apparent
digedtibility of diets.

2. Material and methods

2.1. Influence of ingredient particle size on apparent nutrient digestibility

Apparent digestibility coefficients (dry matter, organic matter, protein, fat and phosphorus) of
experimenta diets containing soybean med of three different particle-Sze categories was
evauated (Table 1). After initid Sze reduction usng an ultra-centrifugd mill (ZM 1, Retsch
GmbH & Co KG, Haan, Germany) the soybean med was seved to the desired particle sze
using graded geologicd seves and included in diets.

2.2. Influence of dietary pre-gelatinised maize starch inclusion on apparent digestibility

Four diets were formulated in which only the inclusion levels of pre-gdatinised maize starch was
varied by replacement with a -cdlulose (Table 2). Apparent digestibility was determined for dry

matter, organic matter, protein, energy, fat, starch and nitrogen-free extract.
2.3. General procedures

2.3.1. Experimental animals, experimental system, feeding protocol and faeces

collection

Juvenile abdone Haliotis midae (56.49 + 0.12 mm shdl length; 35.60 + 0.24 g live weight,
mean £ SE.) were obtained from a commercia South African abaone farm, and conditioned to

aredirculaing syslem for 8 months.

The experimenta system, feeding protocol and collection of faeces were as described by Sdes
and Britz (2001). Filtered (10-um) seawater was pumped through an indoor recirculating
system congsting of a series of 15 glass holding tanks (40-1 capacity), a settlement tank of 300-1
capacity and primary and secondary biological filters. Room air temperature (15 °C), flow rate
(2 I/min), aeration were according to Sales and Britz (2001). The lights were only turned on
during cleaning, feeding and sampling (0800 h to 0900 h and 1500 h to 1600 h). Water
temperature (17.73 £ 0.37 °C), pH (7.62 = 0.02), dissolved oxygen (7.70 £ 0.12 mg/l), total
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ammonia (0.17 £ 0.06 mg/l) and sdinity (37 = 0.65 %) were measured weekly following
methods described in Sales and Britz (2001).

Table 1
Ingredient and determined nutrient composition of diets in which particle size of soybean mea was

varied (dry matter basis)

Ingredients (%) Particle size
<150 pm 150-450 pm 450-1000 pm

Soybean meaf 40 40 40
Pre-gelatinised maize starch’ 40 40 40
Fshail° 2.0 2.0 2.0
Carboxymethyl-cellulose® 1.0 1.0 1.0
a-Cdlulose” 135 135 135
Vitamin/mineral mixture®' 3.0 3.0 3.0
Mono calcium phosphate® 0.5 0.5 0.5

Diet andysis
Crude protein (%) 18.87 19.16 19.91
Gross energy (MJkg) 17.46 17.50 17.48
Crude fat (%) 2.34 192 1.87
Phosphorus (%) 0.45 0.43 043

Soybean med andysis

Crude protein (%) 46.72 47.12 47.25
Gross energy (MJKQ) 19.19 18.82 18.92
Crude fat (%) 342 156 133
Tota phosphorus (%) 0.76 0.72 0.72

& Pre-pressed, solvent extracted, dehulled, Western Province Corp. (Roggebaai, South Africa).

b Source proprietary knowledge of Sea Plant Products (Hermanus, South Africa).

¢ Marinol-R, Marine Oil Refiners (Cape Town, South Africa).

4 SigmaChemicals (St. Louis, MO, USA).

Per kg of feed: retinol, 12000 IU; cholecaciferol, 1800 IU; a-tocopherol, 150 mg; menadione, 5 mg; thiamin, 20
mg; riboflavin, 25 mg; pyridoxine, 20 mg; Vit. By, 0.04 mg; niacin, 150 mg; Ca-pantothenate, 50 mg; folic acid,
5 mg; biotin, 0.8 mg; ascorbic acid, 750 mg; inositol, 200; manganese, 150 mg; iron, 25 mg; zinc, 25 mg; copper,
70 mg; cobalt, 2 mg; iodine, 1 mg.

f Epol (Pretoria, South Africa).

9 Kynoch Feeds (Randburg, South Africa).
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Table 2
Ingredient and determined nutrient composition of diets with different incluson levels of pre-

gelatinised maize starch and a-cellulose (dry matter basis)

Ingredient Inclusion level (%)
Fish meal 20 20 20 20
Soybean meaP 10 10 10 10
Cottonseed meal 5.0 5.0 5.0 5.0
Sunflower meaf 5.0 5.0 5.0 5.0
Pre-gelatinised maize starch’ 20 30 40 50
Fish ail® 2.0 2.0 2.0 2.0
a-cdlulosg’ 35 25 15 5
Vitamin/mineral mixture’ 2.5 25 25 25
Mono cacium phosphate® 0.5 0.5 0.5 0.5
Anayss
Crude protein (%) 2352 23.15 2321 23.46
Gross energy (MJkg) 18.00 17.96 17.90 17.67
Crude fat (%) 3.77 371 340 2.99
Crude fibre (%) 29.54 21.75 13.66 6.52
Total starch (%) 22.29 3119 44.24 45.79
Nitrogen-free extract (%)° 36.74 45.08 53.48 60.62

Low-temperature dried fish meal (Danish 999 LT), Esbjerg Fiskeindustri am.b.a. (Esbjerg, Danmark).
AsinTable 1.

Pre-pressed, solvent extracted, Western Province Corp. (Roggebaai, South Africa).

By difference 100 - (ash + crude protein + crude fat + crude fibre).

o o T o

Thirty seven abdone were placed in a grey PV C holding container with an oyster net floor with
8 x 6 mm mesh aperture. Thiswas placed into a second plastic faeca collection container with
anet floor of 200-um mesh. These two containers were then placed into the glass holding tanks
(Sdles, 2000). Collection of faeces was peformed by removing the 200-pm mesh tank as
described by Sales and Britz (2001). Frozen faeces (20 °C) were stored until the end of the
collection period wheregfter they were freeze-dried and analysed.
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2.3.2. Diet preparation

All dry ingredients were mixed in a commercid food mixer for 3 min, wheresfter oil was
gradudly added, while mixing congtantly. Eighty five ml of water per 100 g of feed was dowly
blended into the mix before processing through a cold-extruder (1.5 x 10 mm die Size). After
drying in a convection oven a 35 °C for 48 h the dry product was cut into 1 x 1 cm pieces and
stored at 4 °C until used. Dry matter loss over 16 h for diets in the experimenta tanks was
determined by calculating weight loss of approximately 2 g of feed (dried a 55 °C for 48 h).

2.3.3. Analytical procedures

Ash and acid-insoluble ash (AlA) content were determined according to Atkinson et d. (1984),
crude protein (N x 6.25) by using the micro-Kjeldahl technique, crude fat after extraction with
petroleum ether (boiling point 40-60 °C) by the Soxhlet method, fibre according to the Weende
method, gross energy content by direct combustion in an adiabatic calorimeter, total phosphorus
after ashing the samples and using the vanado-molybdate method (AOAC, 1980), and starch
after hydrolysis by heat stable dpha-amylase (Sigma Chemicds, &. Louis, MO, USA) and
amylo-glucosdase (Sigma Chemicds, S. Louis, MO, USA) followed by spectrophotometric
determination of glucose (Hdl, 2000). Starch gdatinisation of feed was determined by the
CSIR (Pretoria, South Africd) by means of an enzymatic technique (Chiang and Johnson,
1976). Nitrogen-free extract was determined by difference.

2.3.4. Digestibility coefficient calculations and statistical analyses

Apparent digestibility coefficients (ADCs) in experimenta diets were calculated according to the
formulafrom Maynard and Loodi (1969):

ADC of dry matter of diet (%) =100 ~ [1 — (% marker in diet/% marker in faeces)]

ADCs of nutrients and energy of diet (%) = 100 ~ [1- (% marker in diet/% marker in faeces)

" (nutrient or energy concentration in faeces/nutrient or energy concentration in diet)]

Results were andysed using one-way andysis of variance. Differences between means (P <

0.05) were evauated by the Tukey’ sHSD test (Snedecor and Cochran, 1991).
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3. Results
3.1. Influence of ingredient particle size on apparent digestibility coefficients

In dl parameters measured, with the exception of gpparent availability of phosphorus, no
difference (P > 0.05) was found between a particle sze of smaler than 150 and 150-450 um
(Table 3). However, for the particle size category of 450-1000 um ADCs decreased (P <
0.05), and dry matter leaching increased (P < 0.05) in comparison to particle-size categories of
< 150 and 150-450 um, respectively.

Table 3
Starch gelatinisation, dry matter leaching and apparent digestibility coefficients of diets containing

soybean meal of different particle size (mean £ SE.; n =3)

Diet component <150 pum 150-450 pm 450-1000 pm
Starch gelatinisation (%) 96 93 91
Dry matter leaching (%) 2.65° + 0.043 4.11° + 0.507 6.59* + 0.391

Apparent digestibility (%)

Dry matter 90.25° +1.43 89.26° £ 0.25 83.522 + 0.40
Organic matter 96.60° + 0.39 95.94° + 0.10 93.20° £ 0.16
Protein 97.22° + 0.25 97.000 £ 0.11 95.34* + 0.19
Fat 9847 +0.20 97.18® + 0.93 95.65* + 0.50
Phosphorus 63.88 + 5.99 67.94 + 2.62 5779+ 464

Means in the same row with different superscripts (a, b) are statistically different (P < 0.05).

All attempts to perform gross energy determinations on excreta collected in this experiment by
direct combustion in an adiabatic caorimeter failed.

3.2. Influence of different dietary inclusion levels of pre-gelatinised maize starch on
apparent digestibility coefficients

No difference (P > 0.05) in dry matter leaching or apparent digestibility of dry matter, energy,
protein, fat, fibre and starch was found as the inclusion level of pre-gelatinised maize sarch

increased in diets (Table 4). However, dthough Tukey’ s-test was too robust to detect specific
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differences among diets for gpparent digestibility of dry matter, ANOVA andyss of this
parameter reveaded a P-vaue of lessthan 0.05. Asin the first experiment, no gross energy data
could be obtained for excreta produced from the diet containing 50 % pre-gdatinised maize

starch and 5 % a -cdlulose.

Teble 4
Dry matter leaching and apparent digestibility coefficients of diets with different inclusion levels of

pre-gelatinised maize starch and a-cellulose (mean + SEE., n = 3)

Inclusion level (%)

Pre-gdlatinised maize starch 20 30 40 50
a-cdlulose 35 25 15 5
Dry matter leaching (%) 2.00 + 0.66 247+ 0.29 285+ 042 180+0.11
Apparent digestibility
Dry matter (%) 66.51 + 0.24 67.55 + 2.46 7496 +440  77.26+0.97
Organic matter (%) 78122+ 105 7994 +165 8548 +275 8925 +059
Energy (MJKg) 84.46 + 1.45 86.79 + 1.57 90.88+ 1.93 -
Protein (%) 9258 + 0.39 90.72 + 0.86 9146+ 176 9136+ 0.45
Fat (%) 96.89 + 0.09 9559+ 0.35 9547+0.74  96.32+043
Fibre (%) 63.77 £ 2.35 61.00 + 3.77 65.29+6.97  65.60+ 3.73
Starch (%) 96.95+ 1.78 98.31+0.75 99.08+£0.70 9824+ 0.77
Nitrogenfree extract (%) 7847°+064 82260+ 127 8741*+224 9063 +0.35

Means in the same row with different superscripts (a, b, ¢) are statistically different (P < 0.05).
1 Unable to obtain gross energy values on excreta.

Regresson analyss of nutrient category ADCs againg dietary incluson level of pre-gdatinised
maize starch reveded that apparent digedtibility of dry matter, organic matter, energy and
nitrogen-free extract increased (P < 0.05) as the incluson leve of pre-gdainised maize sarch
increased, while apparent digestibility of protein, fat, fibre and starch were not @ > 0.05)
influenced (Table 5).
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Table5
Linear regression analysis (y = a + Ix) of apparent digestibility coefficients (y) against inclusion
level of pre-gelatinised maize starch (X)

Diet component a b R? P n

Dry matter 57.69 0.40 0.5682 0.0046 12
Organic matter 69.57 0.40 0.7452 0.0003 12
Energy 77.74 0.32 0.5464 0.0229 9
Protein 92.55 -0.03 0.0420 0.5229 12
Fat 96.71 -0.02 0.043 0.4660 12
Fibre 60.50 0.10 0.0268 0.6110 12
Starch 96.51 0.05 0.0909 0.3410 12
Nitrogen-free extract 70.13 0.42 0.8527 0.0000 12

4. Discussion
4.1. Influence of ingredient particle size on apparent digestibility coefficients

This study showed that reducing ingredient particle Sze to 150-450 um resulted in a Sgnificant
reduction in dry matter leaching and an increase in ADC vaues in comparison to a particle sze
above 450 um. However, seving diet ingredients to a particle size of smaler than 150 umin
compound abaone diets did not yield an additiond benefit in terms of dry matter leaching or
ADCs compared to an ingredient particle size of 150-450 pum. Factors which could account for
the reduction in leaching included a reduction in the amount of air space between particles, an
increase in the contact surfaces of the ingredients to alow for greater bonding, a decrease in the
the number of “breek” points in the feed pellet, and an increase in potentia starch gelainisation
(Obado et d., 1998). Improved apparent nutrient digestibility can be ascribed to more rapid
digestion of the smdler particles due to their much larger surface area (Smith, 1988). However,
in contragt to present results, it was found in shrimp that an extremely smal particle size (< 100
pum) increesed nutrient leaching and decreased nutrient digetibility in comparison to an
ingredient particle size of 200 um (Pdanisvamy and Ali, 1991; Obado et d., 1998). Thiswas
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acribed to the harder pellet resulting from fine particles, and accelerated leaching loss of
nutrients (Palanisvamy and Ali, 1991).

The failure to obtain gross energy values on excreta produced from some diets could be
attribute to a high ash content (> 56 %) of samples. Ash conssts of inorganic components that
are not combustible (Cho et d., 1982).

4.2. Influence of inclusion levels of pre-gelatinised maize starch on apparent digestibility

coefficients

The high apparent digestibility of starch observed (97-99 %) could be attributed to the use of
readily digestible pre-gelatinised starch in the experimental diets. Vdues of 96-98 % for
gpparent starch digegtibility of gdatinised wheet starch have been reported for rainbow trout
(Kaushik and Médae, 1994; Burd et d., 2000). In contrast to studies in fish where increases
in crude or cooked/gdlatinised dietary starch incluson resulted in an increase in Sarch
digegtibility levels (Inaba et d., 1963; Singh and Nose, 1967; Bergot and Breque, 1983; Hemre
et d., 1989; Kim and Kaushik, 1992; Brauge et d., 1994; Aksness, 1995; Grisdae-Hdland
and Helland, 1998), no differences (P < 0.05) were observed in the present study. A smilar
trend was observed for the digedtibility of gelatinised whesat starch in European segbass (Dias et
a., 1998). However, in the present sudy, digtary starch levels were manipulated only by the
use of pre-gdatinised starch and a-cdlulose, while dietary protein sources were kept congtant.
Abaone are herbivorous with high levels of carbohydrase activity (Vonk and Western, 1984),
and this probably accounts for the consgtantly high level of starch digedtibility observed in the
present study.

Smilar to the present sudy, the leved of dietary gdatinised wheat starch did not influence
goparent digestibility of energy, protein and fat in rainbow trout (Brauge et al., 1994). A trend
of increasng apparent digedtibility of energy with increasing dietary starch level was observed in
the present study, probably due to an increase in tota energy contribution from pre-gdatinised
maize sarch  Also, apparent digestibility of nitrogen-free extract increased (P < 0.05) with
increasing levels of pre-gdatinised maize sarch, clearly demongrating the increased availability
of soluble carbohydrate. Although feeding high concentrations of digestible carbohydrate has
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been found to increase liver 9ze and glycogen in severd fish species (NRC, 1993), this has not
yet been evauated in Haliotis spp., which are known to efficiently digest reserve carbohydrate
and gore reserve energy as glycogen in muscle tissue and as gaactogen in the gonads (Webber,
1970). The use of gdatinised starch in aquatic feeds is restricted by its relatively high cost
(Vens-Cappell, 1984), thus the utilization of other starch sources in H. midae needs
invedtigation.

Increased levels of a-cdlulose in diets had no influence (P > 0.05) on apparent digestibility of
protein, fat, fibre or starch in diets evauated in the present study. The same trend was found for
protein, fat and fibre in carp (Takeuchi et a., 1979; Schwarz and Kirchgessner, 1982) and
shrimp (Borrer and Lawrence, 1989; Cutacutan, 1991). However, Schwarz and Kirchgessner
(1982) found that increasing dietary cellulose levels led to depression of soluble carbohydrate
digedtibility in carp. A decline in gpparent dry matter digetibility with increased levels of dietary
a-cdlulose observed in the present study aso has been observed in rainbow trout (Hilton et d.,
1983), shrimp (Borrer and Lawrence, 1989; Cutacutan, 1991) and lobster (Koshio et a.,
1992). Concomitant with this trend was the production of a larger quantity of faeces with an
increase in dietary fibre. Cho et d. (1982) postulated that faeca leaching losses from poorly
digested feed ingredients which contained a substantid level of fibre would be proportiondly
higher due to a larger quantity of faeces produced, and would result in erroneoudy high
digedtibility coefficients. This effect was not evident in the present study because apparent
protein digestibility did not differ (P > 0.05) with anincreasing levd of dietary fibre. A relatively
high apparent digestibility for crude fibre (> 60 %) was observed. However, no distinction was
made between the type and source of fibre, and this needs to be addressed in future studies.

This study presents evidence that different levels of both pre-gdatinised maize sarch and a -
cdlulose do not influence the gpparent digestibility of protein, fat, fibre or sarch in H. midae.
This has practica vaue for further digestibility sudies with this species, as different levels of pre-
gelatinised maize starch as binder and a-cdlulose as filler would not have an influence on
digedtibility of the above mentioned nutrients. However, as Haliotis spp. are known to secrete
enzymes cagpable of bresking down complex structural carbohydrates (Vonk and Western,
1984), and an increase in cdlulolytic activity was observed in somach fluid of abaone when
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cellulose was present in the diet (Monje and Viang, 1998), further studies should concentrate on
the possbility of digestion of a-cdlulosein H. midae.
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Abstract

Apparent (APD) and true (TPD) protein digestibility and apparent (AAAA) and true (TAAA)
amino acid availability of fish meal and plant protein ingredients utilised in the South African
animal feed industry (corn gluten meal, soybean meal, cottonseed medl, sunflower meal, canola
meal, peanut meal, lupins and faba beans), incorporated at 45 % into single protein diets, were
determined with juvenile South African abalone (Haliotis midae). Soybean meal (96.34 %)
and lupins (96.51 %) presented the highest APD values, with corn gluten meal (76.08 %) the
lowest value, while values for sunflower med (92.21 %), canola mea (93.94 %), and faba
beans (93.17 %) were above 90 %. APD values for cottonseed meal (86.28 %) and peanut
meal (86.73 %) were comparable to that of fish meal (82.94 %). A correlation coefficient (r) of
0.99 was found between ADP and mean AAAA. Furthermore, amino acid availabilities were
relatively consistent within various feed ingredients. The mean amino acid secretion from a
protein-free diet was 19.08 mg/100 dry diet, resulting in a mean increase of 1.88 % units over
all feed ingredients when comparing TAAA to AAAA. Caculated APD according to APD
coefficients determined with single protein diets underestimated determined APD in severa
compound diets by 1.10-6.50 %, while mean AAAA was underestimated with 6.93 %.
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1. Introduction

Fish meal, because of its high biological vaue, is well recognized as the best source of
protein for most fish species (Seneriches and Chiu, 1988). Presently fish medl is the main
protein source in South African abalone diets (Fleming et a., 1996). However, the
increasing cost of high quality fish meal, and shortages as requirements for aguafeeds
increases, poses problems for cost-effective feed formulation (Seneriches and Chiu, 1988;
Hertrampf and Piedad-Pascual, 2000). Priority is given internationally to the search for
aternatives to fish med in animal feeds (Hardy and Kissel, 1997). The determination of
digestibility is the first step in evaluating the potential of an ingredient for use in the diet of
an aguaculture species (Allan et al., 2000).

Apparent protein digestibility (APD) of several feed ingredients was evaluated for Haliotis
midae using both chromic oxide (Cr,Os) as marker and in vitro techniques (Shipton, 2000).
However, the partitioning and preferentia elimination of Cr,O; in H. midae (Shipton,
2000) hindered the collection of adequate quantities of faeces for determination of amino
acid availabilities. Evidence was presented by Sales and Britz (2001a) that acid-insoluble
ash isareliable internal marker in digestibility studies with H. midae, resulting in ayield
of sufficient faeces for analysis of several nutrients. Apparent amino acid availability
(AAAA) of barley, fish meal, semolina, and lupin kernel meal (Fleming et a., 1998), and
severa legumes (Vandepeer et a., 1999), was determined for Australian greenlip abalone
(H. laevigata) using the Cr,O; marker method. However, no such information is available

for other abalone species.

Since very few feed ingredients are fed as the sole component of a diet, the whole diet-
substitution technique of Cho et a. (1982) is normally used in determination of nutrient
digestibility coefficients for feed ingredients (NRC, 1993). However, the problems with this
technique in determining APD in a dow feeder like abalone was demonstrated by Sales and
Britz (2001b).

The present study was conducted to evauate apparent and true protein digestibility (TPD)
and amino acid availability of all plant protein ingredients utilised in anima feeds in South
Africa for H. midae. Furthermore, the additivity of calculated apparent digestibility

coefficients was evaluated in compound diets.
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2. Methods
2.1. Experimental animals, feed ingredients and diet preparation

Experimental animals were 456 juvenile abalone (Haliotis midae) (56.49 + 0.12 mm shell
length; 35.60 £ 0.24 g live weight, mean £ S.E.) reared on a commercial abalone farmin
South Africa, and previously used in digestibility trials (Sales and Britz, 2001&; b; c).

Test ingredients (Table 1) were ground and sieved to a particle size smaller than 450 pm
before incorporation as single protein sources at 45 % (dry weight basis) into test diets
(Table 2). A protein-free diet was made by incorporating 45 % a-cellulose in place of
the test protein in order to determine endogenous faecal amino acids as g/100 g dry diet.
Food was made and dried as described by Sales and Britz (2001a; b; ¢). The dry product
was cut into 1 x 1 cm pieces and stored at 4 °C till used. Dry matter leaching over 16 h
for these diets (each in triplicate) in the experimental tanks was determined by calculating
weight loss of approximately 2 g of feed (dried at 55 °C for 48 h).

2.2. Experimental system, feeding and faecal collection

An indoor recirculating system consisting of a series of 15 glass holding tanks (40-I
capacity), a settlement tank of 300-1 capacity and primary and secondary biological
filters, as described by Sales and Britz (2001a; b), were used. Room air temperature was
cooled to 15 °C, while water was heated to 18 °C. Aeration was supplied via airstonesin

each tank.

Water temperature (17.78 = 0.21 °C), pH (7.65 * 0.01), dissolved oxygen (8.25 + 0.10
mg/l), total ammonia (0.04 + 0.02 mg/l) and salinity (37.50 + 0.29 %o) were monitored
on aweekly basis, as described by Sales and Britz (2001a; b). Flow rate in the tanks was
maintained at 1.98 + 0.03 I/min and lights were only turned on during cleaning, feeding
and sampling (0800-0900 and 1500-1600 h).
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Tablel
Chemical composition of feed ingredients tested (dry matter basis)
Component Fish meal® Corn (%I uten Oils seeds Legumes
m
Soybean Cottonseed Sunflower Canola Peanut Luping Faba beans’
meal® meal® meal® meal® meal® (Lupineus (Vicia
albus kief) faba ascot)
Gross energy (kJ/g) 20.77 21.91 18.71 19.16 18.60 20.11 18.43 20.59 17.57
Crude protein (%) 70.59 61.72 47.85 44.68 42.44 32.35 43.19 33.53 25.59
Crudefat (%) 9.16 2.38 1.43 381 2.46 9.36 3.01 11.03 1.63
Ash (%) 13.00 2.76 6.46 8.45 8.68 6.06 6.90 391 3.01
Amino acids (%)
Essential
Arginine 4.50 1.97 3.99 5.01 3.70 207 4.75 3.58 2.34
Histidine 153 1.19 1.42 1.40 1.18 0.93 1.03 0.88 0.72
Isoleucine 347 244 2.59 1.70 1.99 1.49 1.72 1.53 1.17
Leucine 557 9.45 412 3.00 2.90 243 2.94 2.55 1.99
Lysine 5.87 0.99 343 2.29 1.78 2.08 158 1.94 1.84
Phenylalanine 2.88 3.60 271 271 2.05 1.36 2.26 1.35 1.13
Methionine 227 111 0.52 0.62 0.73 0.44 0.36 0.18 0.15
Threonine 314 1.82 2.00 1.48 152 154 1.29 1.17 0.85
Valine 3.98 2.56 2.86 2.49 2.50 1.92 2.05 1.60 1.37
Non-essential
Aspartic acid 7.64 3.72 6.36 441 414 2.75 5.63 3.53 2.89
Serine 2.78 261 2.38 1.73 158 141 2.02 1.39 1.02
Glutamic acid 11.39 13.49 10.50 9.79 8.84 6.70 9.46 6.85 4.52
Proline 344 5.79 3.17 2.24 2.18 2.53 2.40 1.62 1.35
Glycine 4.46 1.56 2.23 2.04 2.61 1.77 2.82 1.40 1.23
Alanine 4.58 4.50 2.25 1.90 1.87 157 1.85 1.13 1.03
Tyrosine 2.01 2.65 1.44 111 0.95 0.78 1.36 1.19 0.63

Low—temB?'at_ure dried fish med (Danish 999 LT), Esbjerg Fiskeindustri am.b.a. (Esbjerg, Danmark).
Western Province Corp Aqua Feeds (Mamesbury, South Africa). ]

Pre-pressed, solvent extracted, Western Province Corp. (Roggebaai, South Africa).

Cold press, Pioneer Feeds (Paarl, South Africa). .

Solvent extracted, Meadow Feed Mills (Paarl, South Africa).

Agricol (Brackenfell, South Africa). )

Department of Agriculture Western Cape (Elsenburg, South Africa).

Q@ =+~ o o o0 oo
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Table2
Ingredient composition of test diets (dry matter basis)

Ingredient %

Pre-gelatinized maize starch® 40.0
Fish oil® 25
a-Cellulose 9.5
Vitamin/mineral mixture®® 25
Mono calcium phosphate 0.5
Test protein 45.0

& Source priority Sea Plant Products (Hermanus, South
Africa).

®  Marinol-R, Marine Oil Refiners (Cape Town, South
Africa).

¢ SigmaChemicals (St. Louis, MO, USA).

4 Per kg of feed: retinol, 12000 1U; cholecalciferol, 1800
IU; a-tocopherol, 150 mg; menadione, 5 mg; thiamin, 20
mg; riboflavin, 25 mg; pyridoxine, 20 mg; Vit. By, 0.04
mg; niacin, 150 mg; Ca-pantothenate, 50 mg; folic acid, 5
myg; biotin, 0.8 mg; ascorbic acid, 750 mg; inositol, 200;
manganese, 150 mg; iron, 25 mg; zinc, 25 mg; copper, 70
mg; cobalt, 2 mg; iodine, 1 mg.

¢ Epol (Pretoria, South Africa).

T Kynoch Feeds (Randburg, South Africa).

Thirty eight abalone were placed in agrey PV C holding container with an oyster net floor
with 8 x 6 mm mesh aperture. This was placed into a second plastic faecal collection
container with anet floor of 200-um mesh. This two containers were then placed into the
glass holding tanks (Sales, 2000). Abalone were adapted for a period of 8 days to the test
diets (3 replicates per diet). Tankswere randomly allocated to treatments. The study was
divided into two separate experiments because there was a limited number of tanks
available. Feeding was performed at 0.2 % of live weight, which was dlightly in excess
of intake. Faeca collection was performed over a 10 day period according to the
protocol described by Sales and Britz (2001a; b). Frozen faeces were stored until the end
of the 10 day collection period whereafter they were freeze-dried and analysed.
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2.3. Analytical procedure

Ash and AIA content were determined according to Atkinson et al. (1984), crude protein
(N x 6.25) by using the Kjeldahl technique, energy content by direct combustion in an
adiabatic calorimeter, and crude fat after extraction with petroleum ether (boiling point
40-60 °C) by the Soxhlet method. Samples were hydrolysed with 6 N HCI in a sealed
tube for 24 hin an oil bath at 110 °C whereafter a Beckman amino acid analyser (Model
6300) was used for separating amino acids using sodium elution buffers. Organic matter

was calculated as dry matter minus ash.
2.4. Digestibility coefficient calculation

APD and AAAA in experimental diets was calculated according to the formula from
Maynard and Loosli (1969):

ADP or AAAA (%) = 100 x [1- (concentration of marker in diet/concentration of marker in

faeces) x (concentration of nutrient in faeces/concentration of nutrient in diet)]

TPD and true amino acid availability (TAAA) was determined using the formula of Kim
(1974):

TPD or TAAA (%) = 100 x {(concentration of nutrient in diet/concentration of marker in feed)-
[(concentration of nutrient in faeces/concentration of marker in faeces)-(g metabolic faecal nutrient
per 100 g dry feed/concentration of marker in feed)]}/(concentration of nutrient in

diet/concentration of marker in feed)

2.5. Additivity of apparent digestibility coefficients in compound diets

Determined APD of different diets (Table 3) evauated in previous studies (Sales and Britz,
2001b; c) were compared to caculated APD according to APD vaues for ingredients
obtained in the present study. In addition, a comparison was made between determined and
caculated AAAA of acompound diet.
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Table3
Ingredient (%) and determined nutrient composition of different diets evaluated for additivity (dry
matter basis)
Ingredient Diet 1° Diet 22 Diet 3 Diet 4° Diet5
Fish meal 35 20 20 16 16
Soybean mesal 30 20 10 16 16
Cottonseed mesal 0 10 5
Sunflower meal 5 0
Canolamed 0 0 0 20
Peanut meal 0 0 20
Pre-gelatinised maize starch 21 5 36 36
Fish ail 0.7 1.0 2.0 0.8 0.8
Carboxymethy!-cellulose” 14 0 0 0 0
a-Cellulose 9.8 6.5 35 5.2 5.2
Vitamin/mineral mixture 1.75 2.0 25 16 16
Mono calcium phosphate 0.35 0.5 0.5 04 04
Analysis (dry matter basis)
Crude protein (%) 39.82 28.22 23.52 30.16 32.17
Gross energy (MJKkq) 1911 1841 18.00 18.77 18.42

Dry matter leaching (%) 1690+ 117 859+0.38 2.00+0.66 11.23+0.447.72+0.69

Sources of ingredientsasin Table 1 and 2.

& From Sales and Britz (2001b).

®  From Sales and Britz (2001c).

¢ SigmaChemicals (St. Louis, MO, USA).

3. Results
3.1. Dry matter leaching of test diets containing different protein sources

Dry matter leaching of diets containing different protein sources is presented in Table 4.
Fish meal and corn gluten meal presented the lowest dry matter leaching when incorporated
into test diets, with legumes (lupins and faba beans) leading to the highest leaching. Of the
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oil seeds the lowest leaching was obtained with sunflower meal, and the highest with canola
meal.

Table4
Dry matter leaching (%) of test diets containing
different protein sources after 16 h in seawater

(mean+ SE., n=23)

Diet %

Fish meal 161+0.15
Corn gluten meal 1.07+0.30
Soybean meal 543+ 0.25
Cottonseed meal 240+0.18
Sunflower meal 1.76 + 0.25
Canolameal 7.90+0.50
Peanut meal 4.31+0.55
Lupins 12.01+£0.60
Faba beans 12.83+0.18

3.2. Endogenous amino acids

The endogenous faeca amino acid pattern and of H. midae fed on a protein-free diet is

compared in Table 5 to that of other species.

Vaues obtained for H. midae were smilar to those derived for rainbow trout, but

consderably lower than results presented for channel catfish, common carp and rats.

3.3. Apparent and true protein digestibility and amino acid availability of different protein
ingredients

APD, TPD, AAAA and TAAA of different protein ingredients are presented in Tables 6, 7
and 8.



Table5

Faecal amino acid pattern of H. midae (mg/100 dry diet; mean + SEE., n = 3) fed a protein-free diet

as compared to that of other species

Amino acid H. midae Channel Common Rainbow Rats’
catfish? carp® trout®

Essential
Arginine 23.13+4.87 38 121 11 40
Histidine 525+ 0.84 42 - 7 16
Isoleucine 1521+ 2.30 33 43 19 23
Leucine 19.26 + 2.83 56 65 21 46
Lysine 25.31+ 3.95 80 69 15 34
Phenylaanine 11.80+2.16 38 49 11 46
Methionine 5.37+0.87 16 31 4 19
Threonine 18.89 + 3.12 56 65 25 42
Valine 16.07 £ 2.63 40 62 16 32

Non-essential
Aspartic acid 41.13+7.17 100 109 30 91
Serine 14.30+2.35 82 58 21 46
Glutamic acid 43.32+6.78 89 113 23 84
Proline 14.46 + 2.65 50 42 19 45
Glycine 28.89 + 4.40 53 65 16 41
Alanine 17.00 £ 2.54 38 51 15 37
Tyrosine 5.85+ 0.95 42 38 11 33
Mean 19.08 + 2.90 - - -

Nitrogen 72.70 + 10.99 - - 82 151

a o T o

Wilson et al. (1981).
Hossain and Jauncey (1989).
Y amamoto et al. (1998).
Keith and Bell (1988).
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Apparent (AAAA) and true (TAAA) availability (%) of individual amino acids in fish meal and

corn gluten meal (mean £ S.E., n=23)

Amino acid Fish mea Corn gluten meal
AAAA TAAA AAAA TAAA
Essential
Arginine 82.97 + 1.56 84.16 £ 1.79 79.40+459  81.80+4.10
Histidine 83.70 + 1.69 84.44 +1.78 7958+090 80.63+0.77
Isoleucine 80.87 £ 1.77 81.84+1.92 76.58+1.26  77.86+1.16
Leucine 83.82+ 1.53 8459+ 1.64 7806+1.34  7849+1.30
Lysine 85.40 + 1.49 86.34 + 1.64 79.93+0.60 84.84+0.30
Phenylalanine 81.43+1.63 82.31+1.79 7738+132 78.06+1.26
Methionine 8245+ 1.51 83.04 £ 1.61 76.69+139  77.77+129
Threonine 81.57 + 1.80 83.05+ 2.05 77.02+103 79.20+0.71
Valine 82.84+1.33 83.66 + 1.45 79.24+1.18  80.36+ 1.09
Non-essential
Aspartic acid 8241+1.25 83.59+1.46 75.50 £ 1.20 76.85+1.31
Serine 81.37+1.43 82.89 + 1.68 7829+1.06  78.72+0.99
Glutamic acid 85.04 £ 1.47 85.88 + 1.60 7827+122  7851+1.20
Proline 83.92 + 1.36 84.81 + 1.50 82.11+123 8278+1.19
Glycine 84.08 + 1.39 85.45 + 1.59 7450+083  77.79+0.48
Alanine 84.87 + 1.46 85.67 + 1.58 7496+149 7548+ 144
Tyrosine 7729+ 261 78.23+ 2.75 69.87+£201 7049194
Mean 82.75+1.54 83.75+ 1.69 77.35+1.04  7873+0.83
Protein 82.94+1.70 84.35+1.91 76.08 £ 1.93 78.79 £ 1.30
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Apparent (AAAA) and true (TAAA) availability (%) of individual amino acidsin oil seeds (mean £ SE., n=23)

Amino acid Soybean meal Cottonseed mesl Sunflower meal Canolamed Peanut meal
AAAA TAAA AAAA TAAA AAAA TAAA AAAA TAAA AAAA TAAA
Essential
Arginine 97.83+0.02 99.07+0.35 9221+047 93.24+035 9649+025 9791+0.39 9656+045 98.79+0.89 93.84+0.66 94.87+0.81
Histidine 96.88+0.20 97.80+0.27 87.51+063 8836+050 9357+0.33 9457+047 9593+0.67 97.14+054 87.72+129 88.80+1.15
Isoleucine 96.96+0.16 98.30+0.26 8246+114 8446+089 9253+0.37 94.21+062 93.05+1.26 9531+109 86.49+0.95 88.53+1.00
Leucine 96.97+0.17 98.07+022 8423+100 8567+080 9244+043 9387+064 9437+099 96.09+0.84 8875+114 90.20+1.10
Lysine 97.08+0.13 98.84+036 8241+119 8512+0.87 91.36+047 9471+0.99 9403+1.09 96.79+092 83.09+213 86.31+1.99
Phenylalanine 97.36+0.07 98.37+021 87.14+0.73 8816+056 93.12+0.37 9436+0.60 94.62+0.96 96.51+0.83 9190+0.91 93.03+1.00
Methionine 95.36+0.16 9752+045 8545+125 8732+095 9515+0.28 9658+049 9502+0.89 9746+0.66 83.04+188 86.10+1.74
Threonine 96.26+0.17 98.35+043 8243+114 8519+0.73 90.78+049 9342+0.92 9275+144 9558+112 8093+178 8490+ 153
Valine 96.30+0.17 97.85+0.17 84.88+094 86.33+£0.74 9279+0.38 9418+0.61 9275%+135 9460+1.20 8892+0.51 90.49+0.58
Non-essential
Aspartic acid 97.27+0.05 98.76+0.29 86.21+0.75 8732+074 9265+043 9385+063 9235+1.60 95.72+1.20 89.23+1.02 90.99+0.93
Serine 9748+0.15 98.82+0.25 8595+093 8659+0.83 9228+0.38 9297+048 9410+1.26 96.39+104 8505+1.20 87.32+1.08
Glutamic acid 97.95+0.11 98.90+0.23 89.01+0.69 89.36+0.63 9519+0.27 9556+0.32 9579+0.81 97.26+x0.65 9240+059 93.47+0.63
Proline 97.60+0.09 98.65+024 8810+0.68 90.11+044 9440+040 96.28+0.67 94.14+1.17 9544+117 91.35+0.73 92.69+0.87
Glycine 94.79+0.33 97.80+x0.73 8295+092 8576+0.72 91.19+059 9331+092 9330+125 96.93+087 7741265 79.68%247
Alanine 96.39+0.19 98.10+0.37 81.24+121 8265+100 91.06+051 9241+076 9397+1.13 9641+093 8655+1.09 88.60+1.11
Tyrosine 97.46+0.13 9854+030 8026+179 81.68+156 89.30+£058 90.99+0.83 94.61+0.97 9658+0.82 9158+110 92.65+1.10
Mean 96.86+0.12 98.36+0.30 8515+095 86.71+0.73 9277+£040 9432+064 9421+1.07 9644+090 87.39+1.20 89.29+1.16
Protein 96.34+0.13 9852+043 86.28+0.65 8843+044 9221+047 9460+0.82 9394+1.02 97.03+0.72 86.73+1.34 89.04+1.24
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Table 8

Apparent (AAAA) and true (TAAA) availability (%) of individual amino acids in legumes (mean

+SE,n=3)

Amino acid Lupins Faba beans

AAAA TAAA AAAA TAAA

Essential
Arginine 99.15 + 0.09 100.47 £ 0.37 96.96+0.31 9892+ 0.65
Histidine 96.56 + 0.35 97.98 + 0.52 93.63+0.82  95.19+0.68
Isoleucine 96.50 + 0.32 98.67 + 0.64 9250+1.03 9524+ 0.97
Leucine 96.78 + 0.34 98.45 + 0.57 9339+0.88  95.40+0.81
Lysine 96.43 + 0.36 99.71+ 0.85 94.36+0.73 9752+ 0.76
Phenylalanine 95.92+0.42 97.89+0.77 9169+1.10 9417+1.10
Methionine 94.64 + 0.56 99.96 + 1.37 89.50+1.37  96.04+1.37
Threonine 95.72+0.38 99.24 + 0.92 91.23+1.09  95.83+0.96
Valine 96.00 + 0.39 98.23+0.73 9297+0.88  9542+0.87

Non-essential
Aspartic acid 96.74 + 0.33 98.14 + 0.61 93.26+086 94.97+1.12
Serine 96.57 £ 0.29 97.36 £ 0.38 93.18+0.88 94.19+0.75
Glutamic acid 97.92+0.21 98.40+ 0.28 9413+ 0.78 94.84+0.76
Proline 97.31+£0.30 99.84 + 0.64 9461+064  97.66+ 0.68
Glycine 95.36 + 0.47 99.34 + 1.06 90.91+109 9542+1.15
Alanine 95.27 £ 0.45 97.57 £ 0.86 91.89+0.94  9422+09%
Tyrosine 96.76 + 0.33 98.06 + 0.52 91.72+0.99  93.69+0.92
Mean 96.48 £ 0.35 98.71 + 0.68 92.87+0.90 9554+0.88

Protein 96.51 + 0.26 99.55+0.71 93.17+0.91 96.80 + 0.80
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While APD of both fish mea and corn gluten meal was in the order of 80 % (Table 6),
values were 86-96 % for oilseeds (Table 7), and around 95 % for legumes (Table 8).
Soybean meal (96.34 %) and lupins (96.51 %) presented the highest APD, and corn gluten
meal (76.08 %) the lowest value of all feed ingredients evaluated. Of the oil seed meals the
lowest values were obtained with cottonseed medl (86.28 %) and peanut meal (86.73 %).

Amino acid availability within feed ingredients was relatively consistent, especially in
soybean mea and sunflower meal. However, in corn gluten meal the variation was from
69.87 % for apparent availability of tyrosine to 82.11 % for apparent availability of proline,
and in peanut meal from 77.41 % for apparent availability of glycine to 93.84 % for that of

arginine.

Correcting amino acid availabilities for metabolic amino acid excretion did not have a
notable effect on digestibility. Differences between apparent and true digestibility varied
from 0.24 % units for availability of glutamic acid in corn gluten meal to 6.55 % units for
availability of methionine in faba beans. The mean difference for al amino acids in al
ingredients was 1.88 % units. Mean AAAA and TAAA was highly correlated (r = 0.99, n=
27) with APD and TPD.

3.4. Additivity of determined apparent protein digestibility and amino acid availability in
compound diets

Determined APDs from experimental compound diets were 92.83 + 0.28, 95.16 + 0.10,
92.58 + 0.39, 94.55 + 0.48 and 89.20 + 0.16 % for diets 1, 2, 3, 4 and 5, respectively, while
predicted values calculated from APDs determined with single protein diets were 89.12,
88.97, 87.87, 90.63 and 91.24 %, respectively. Thisresult in differences of 4.00, 6.50, 5.09,
4.15 and 1.10 %, respectively.

Calculated and determined AAAASs of Diet 2 are presented in Table 9. Determined AAAA
of the compound diet was underestimated with a mean of 6.93 % by predicting values from
apparent availability vaues determined from single protein diets for individua feed
ingredients.  This varied from 5.74 % for the availability of arginine to 8.75 % for

avallability of tyrosine.



Table9

Calculated and determined amino acid availability (%) of Diet 2 (mean = S.E., n = 3)

Amino acid Calculated Determined Difference®

Essential
Arginine 90.76 96.29 + 0.42 5.74 £ 0.41
Histidine 89.74 96.37 £ 0.39 6.88 + 0.38
Isoleucine 87.62 95.12 + 0.55 7.88+0.53
Leucine 89.16 95.36 + 0.50 6.50 + 0.49
Lysine 89.47 96.07 + 0.46 6.86 £ 0.44
Phenylalanine 88.95 95.75 + 0.47 7.10+0.46
Methionine 88.21 94.62+0.74 6.75+0.73
Threonine 87.62 94.94 + 0.57 7.71+0.55
Valine 88.63 95.33 £ 0.50 7.02+0.49

Non-essential
Aspartic acid 89.11 95.61 + 0.49 6.79+0.48
Serine 88.73 95.52 + 0.47 7.10+0.45
Glutamic acid 91.00 96.15+ 0.44 5.35+0.43
Proline 90.23 95.99 + 0.49 6.00 + 0.48
Glycine 88.14 95.17 £ 0.40 7.38+0.39
Alanine 88.75 95.54 + 0.48 7.10+ 0.46
Tyrosine 85.95 94.21 £ 0.91 8.75+ 0.87
Mean 88.88 95.66 + 0.49 6.93+ 0.50

& Difference = [(Determined-cal cul ated)/determined] x 100.

4. Discusson

Metabolic faecal nitrogen concentration obtained in this study for H. midae (72.70
mg/100 g dry diet) is comparable to values of 39.3-185.2 mg/100 g diet for Palaemon
serratus (Forster and Gabbott, 1971), 10-151 mg/100 g diet (Nose, 1967) and 83 mg/100
g diet (Yamatomo et al., 1998) for rainbow trout, and 87 mg/100 g diet (Kim, 1974) and
111 mg/100 g diet (Yamatomo et a., 1998) for common carp. However, higher values
were reported for Penaeus indicus (326.4 mg/ 100 g dry diet; Ahamad Ali, 1988) and red
sea bream (206 mg/100 g diet; Yamatomo et al., 1998). Different methods used to
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determine metabolic protein and amino acid losses are: (1) feeding of a protein-free diet,
(2) the regression analysis technique and (3) the N isotope dilution technique (Sauer et
al., 2000). Generally, metabolic faecal nitrogen in fish has been determined by
extrapolation to zero intake (Ogino et al., 1973; Kim, 1974), force-feeding of a protein-
free diet (Nose, 1967; Wilson et al., 1981; Anderson et a., 1992), or by means of
including feed stimulants to enhance intake of protein-free diets (Masumoto et al., 1996;
Yamatomo et a., 1998). Although intake was low, it was found that H. midae, unlike
fish species, adapted readily to a protein-free diet. This may be due to its high
carbohydrate natural diet. Endogenous amino acid secretion was low in comparison to
values reported for channel catfish (Wilson et a., 1981) and common carp (Hossain and
Jauncey, 1989), but comparable to values derived for rainbow trout (Yamatomo et al.,
1998). Many factors, including dietary conditions, physiological state and differences in
the method of determination may affect the estimation of faecal metabolic nitrogen
(Sauer et a., 2000). Also, by feeding a protein-free diet the animal can no longer be
regarded as physiologically normal in the absence of a dietary nutrient such as protein
(Low, 1980; Fuller, 1988). Differences in digestive enzymes and intestinal microbial
activity between species might also have contributed to the comparative differences
(Wilson et al., 1981).

This study verifies the suitability of plant protein ingredients (oil seeds and legumes) for
use in compound diets for H. midae. Soybean meal and lupins presented APD and mean
AAAA values of above 96 %, while that of sunflower meal, canola meal and faba beans

were above 92 %.

APD of fish meal in the present study (82.94 %) was dlightly lower than 87.76 %
reported by Sales and Britz (2001b). Shipton (2000) reported a comparable value of 82.0
% for APD of fish meal (Danish 999 LT) in H. midae, while a value of 43 % (source of
fish meal not mentioned) was obtained for H. laeviagata (Fleming et al., 1998). APD
values of 57-88 % for fish meal have been reported in crustacean species (summarised by
Lee and Lawrence, 1997), and 62.0-90.8 % in different fish species (summarised by
Hertrampf and Piedad-Pascual, 2000). In contrast to present results, AAAA varied from
20 % for proline to 48 % for histidine in fish meal evaluated with H. laevigata (Fleming
et a., 1998). While mean TAAA in menhaden fish meal was lower in channel catfish
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(72.5 %; Wilson et al., 1981) than obtained with H. midae in the present study (83.75 %),
high values were reported for flame-dried whole herring meal in common carp (93.1 %;
Hossain and Jauncey, 1989), Norse-LT94 fish mea in Atlantic saimon (94.3 %
Anderson et a., 1992) and white fish meal in rainbow trout (96.4 %; Y amatomo et al.,
1998). APD of corn gluten meal with a corresponding crude protein content (> 60 %)
was found to be high in Palaemon serratus (93 %; Forster and Gabbott, 1971), common
carp (93.7-96.5 %; Pongmaneerat and Watanabe, 1991) and silver perch (95.4 %; Allan
et al., 2000). Although mean TAAASs of 80.8 % and 81.9 % for corn gluten meal have
been reported in common carp and red sea bream (Y amatomo et al., 1998), respectively,
that is comparable to the value (78.73 %) obtained in this study, mean TAAAs of 50.9 %
were obtained for this feed ingredient in yellowtail (Masumoto et al., 1996), 91.9 % in
Atlantic salmon (Anderson et al., 1992) and 96.5 % in rainbow trout (Yamatomo et al.,
1998). Anatomical and physiological differences in the digestion systems between
species, and differencesin pH of corn gluten meal, might be factors related to differences
in digestibility between species (Masumoto et al., 1996).

The APD of soybean meal in the present study (96.34 %) was in accordance with avalue
of 97.00 % reported by Sales and Britz (2001b), but higher than the value of 79.2 %
presented by Shipton (2000). APDs of 84-99 % for soybean meal have been reported in
crustacean and fish species (summarised by Lee and Lawrence, 1997, Hertrampf and
Piedad-Pascual, 2000). Lower mean TAAASs of 84.2 % and 79.4-84.4 % for soybean
meal have been obtained in channel catfish (Wilson et al., 1981) and Atlantic salmon
(Anderson et al., 1992), respectively, while Allan et al (2000) reported a value of 95.7 %
for AAAA of this ingredient in silver perch. It might be that abalone may not be as
sensitive to the antinutritional factors present in soybean meal than fish species. Shipton
(2000) reported a considerable lower APD value of 76.2 % for cottonseed meal in H.
midae than found (86.28 %) in the present study. In agreement with present results, APD
of cottonseed meal in different fish species (channel catfish, red drum, silver perch) and
crayfish has been found to be around 83 % (Wilson and Poe, 1985; Reigh et al., 1990;
Gaylord and Gatlin, 1996; Allan et al., 2000). Wilson et al. (1981) obtained a mean
TAAA of 78.3 % for cottonseed meal with channel catfish, while the corresponding value
was 92.4 % for peanut meal. APD of peanut meal was 76 % for channel catfish (Wilson
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and Poe, 1985) and 98.2 % for silver perch (Allan et al., 2000). Anderson et al. (1992)
reported a TPD of 91.4 % and a mean TAAA of 92.5 % for canola meal evaluated with
Atlantic salmon, while a value of 88.9 % for AAAA was presented by Allan et al. (2000)
with silver perch. A considerable lower ADP of 68.1 % was reported for sunflower meal
in H. midae by Shipton (2000).

Lower APDs of 91 and 85 % have been obtained for lupins (L. luteus) and faba beans,
respectively, evaluated with H. laevigata (Vandepeer et a., 1999), than that presented for
H. midae (96.51 and 93.17 %, respectively) in this study. Corresponding mean AAAAS
presented by Vandepeer et a. (1999) were 91 and 85 %, respectively, compared to
present values of 96.48 and 92.87 %, respectively. A comparable mean AAAA of 97.4 %
was reported for lupins (L. albus) in silver perch, while the corresponding value was 84.8
% for faba beans (Allan et al., 2000).

Although it seems from the above that there might be some agreement as well as some
contradiction regarding protein digestibility and amino availability of feed ingredients
between species, comparisons between studies is complicated because of differences in
methodology used (Allan et a., 2000), chemical composition of ingredients, and
processing of ingredients (Masumoto et al., 1996; Y amatomo et al., 1998).

The AAAA of plant proteins evaluated in the present study did not vary much between
individual amino acids. Similar results have been obtained with plant proteins in other
species, for example, linseed and mustard oil cake evaluated with common carp (Hossain
and Jauncey, 1989), soybean meal and corn gluten meal with rainbow trout (Y amatomo
et al., 1998) and soybean mea with silver perch (Allan et a., 2000). This might be a
reflection of relatively good protein quality. Furthermore, similar to present results,
small differences (3 %) between AAAA and TAAA were found by Hossain and Jauncey
(1989) and Yamatomo et al. (1998), while there was good agreement between apparent
protein digestibility and the mean for AAAA. This tendency was also found in channel
catfish (Wilson et al., 1981), yellowtail (Masumoto et al., 1996) and silver perch (Allan et
al., 2000). However, Anderson et al. (1992) reported limited use of apparent protein
digestibility to predict amino acid availability of feed ingredients for Atlantic salmon.
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While APD for the compound diets calculated according to APD coefficients determined
for individual ingredients, underestimated determined APD with 1.10-6.50 %, a mean
underestimation of 6.93 % was found for AAAA. Although dietary nitrogen leaching
was not conducted in this study, it seems that, from the dry matter leaching (Table 3),
differences in prediction of digestibility were not related to diet nutrient leaching. Thus,
the evaluation of faecal nutrient leaching warrants investigation, a task complicated by
the difficulties in obtaining suitable amounts of faeces produced from H. midae.
Different feed ingredients have been shown to affect the composition of the faeces in
salmonids, that could be responsible for differences in faecal nutrient leaching between
diets. For example, water content increases in faeces when fish meal is replaced by plant
protein ingredients with high soluble fibre content, such as soybean meal (Refstie et al.,
1997, 1998). This has still to be evaluated in abalone.

In conclusion, protein and amino acids in oil seeds and legumes are highly digestible by
H. midae. Of the plant proteins soybean meal has the highest content of lysine (3.43 %)
with an apparent availability of 97.08 %, while cottonseed meal has the highest (5.01 %)
concentration of arginine with an apparent availability of 92.21 %. Although fish meal
did not present the highest digestibility values, it contains high levels and a good balance
of essentia amino acids, while this is not true of plant protein ingredients. Data
presented in this study could be utilised in least cost formulation to find the optimal
combination of plant protein ingredients to stimulate a similar balanced pattern of amino
acids in compound diets for optimal growth in H. midae. Protein digestibility as
indicator of mean amino acid availability could be utilised to identify future potential
protein ingredients for compound diets. However, for inclusion of the most suitable
protein ingredients in feed evaluation tables information on amino acid availability will
be needed. Furthermore, palatability, and nutrient leaching are factors to take into
account in addition to nutrient digestibility when formulating diets for abalone.
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Abstract

The abjective of this study was to determine phosphorus leaching of diets supplemented with
various inorganic phosphorus sources (sodium phosphate mono basic, calcium phosphate
mono basic, calcium phosphate mono dibasic, calcium phosphate dibasic), and the apparent
phosphorus digestibility of these sources to Haliotis midae. A trend of increased dietary
phosphorus leaching from diet pellets with increased water solubility of sources was observed.
Sodium phosphate mono basic presented the highest (P < 0.05) maximum phosphorus
leaching (58.84 %), while a value of 14.90 % was obtained with calcium phosphate dibasic.
An unexpectedly high phosphorus leaching (48.71 % maximum) was obtained for a reference
diet consisting of naturd feed ingredients (fish med, soybean meal, cottonseed medl) without
any phosphorus supplementation. Calcium phosphate dibasic presented a lower (P < 0.05)
apparent phosphorus digestibility (27.92 %) than sodium phosphate mono basic (66.45 %),
calcium phosphate mono basic (72.56 %) and calcium phosphate mono dibasic (66.27 %).
When dietary phosphorus leaching and apparent phosphorus digestibility were take into
account, calcium phosphate mono dibasic seems to be the most promising inorganic
phosphorus source for inclusion in abalone diets. Further research should concentrate on

minimizing dietary phosphorus leaching through feed preparation techniques.
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1. Introduction

Phosphorus is an important congtituent of nucleic acids and cell membranes in dl living
species, and is directly involved in al energy-producing cellular reactions. The main source
of phosphate for aquatic species is feed because of the low concentration of phosphate in
natural waters. Feed ingredients that originate from seeds contain phosphorus primarily as
the cacium-magnesium sat of phytic acid known as phytin.  Phytin phosphorus is
unavailable to animals with smple stomachs because they lack the enzyme phytase in the
gastrointestinal tract. Therefore supplementation of feeds with inorganic phosphorus sources
isacommon practice. Mono basic phosphates of sodium, potassium, and calcium appear to
be highly available sources to aquatic species, while dibasic and tribasic calcium phosphates
vary in their availabilities and is generaly less available than the mono basic form (NRC,
1993). Dietary calcium impairs the utilization of phosphorus due to chemical binding so that
less phosphorus is available than from diets which are low or lacking in calcium (Nakamura,
1982). Phosphorus overformulation is a common practice because inorganic phosphorus
availability from ingredients is not clearly known and feed manufacturers prefer to provide
excess phosphorus to avoid growth problems. Inorganic phosphorus availability is difficult
to determine but at the same time plays a critica role in determining the amount of
phosphorus used by the animals and the amount of phosphorus wastes that enter the
environment via effluent water (Montoya et a., 2000). Apparent absorption studies
(digestibility) appear to be a suitable alternative for the determination of phosphorus
availability as they require less time and labour than retention measurements, animals do not
need to be killed, and a comparison of phosphorus sources based on retention or growth data
can be biased by other nutritional factors influencing growth (Rodehutscord et al., 2000).

Although the influence of dietary phosphorus and calcium levels on growth of abalone has
received attention (Coote et a., 1996; Tan et a., 2001), no information of phosphorus
availability of feed ingredients is available for this species. This study was designed to
determine dietary phosphorus leaching and apparent phosphorus digestibility of a practical

diet for Haliotis midae supplemented with various inorganic phosphate sources.
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2. Material and methods
2.1. Experimental animals, feed ingredients and diet preparation

The experimental animals were 456 juvenile abalone (H. midae) (56.49 + 0.12 mm shell
length; 35.60 + 0.24 g live weight, mean + SE) reared on a commercial abalone farmin
South Africa, and adapted to a recirulating system for about 10 months (Sales and Britz,
2001&; b).

Test ingredients (Table 1) were ground with a mortar and pestle before incorporation in a
reference diet (Table 2) to supply 1.0 % phosphorus to the expense of a-cellulose. Food
was made and dried as described by Sales and Britz (2001a; b). The dry product was cut
into 1 x 1 cm pieces and stored at 4 °C till used.

Tablel

Determined phosphorus content and inclusion level of inorganic phosphorus sources (dry matter

basis)

Inorganic sources’ Phosphorus Inclusion
(%) (%)

Sodium phosphate mono basic, feed grade (Na(H,PO,),.xH,0) 22.83 4.38

Calcium phosphate mono basic, monohydrate, feed grade (Ca(H,PQO,),.xH,0) 20.74 4.82

Calcium phosphate mono dibasic, feed grade” 20.66 4.84

Calcium phosphate dibasic, dihydrate, feed grade (CaHPO,.2H,0) 18.84 531

& Kynoch Feeds (Umbogintwini, South Africa).
b Calcium phosphate mono basic (Ca(H,PO,),.xH,0) and calcium phosphate dibasic (CaHPO,.2H,0) in
the ratio of approximately 3:1.

2.2. Experimental system, feeding and faecal collection

An indoor recirculating system consisting of a series of 15 glass holding tanks (40-I
capacity), a settlement tank of 300-1 capacity and primary and secondary biological
filters, as described by Sales and Britz (2001a; b), was used. Room air temperature was
cooled to 15 °C, while water was heated to 18 °C. Aeration was supplied via airstonesin

each tank.
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Table 2
Ingredient and  determined  nutrient

composition of reference diet (dry matter

basis)
Ingredient (%)
Fish meal® 20
Soybean meal® 20
Cottonseed meal” 10
Maize starch® 40
Fish oil 1.0
a-Cellulose® 6.5
Vitamin/mineral mixture”® 2.0
Analysis (dry matter basis)
Crude protein (%) 27.64
Gross energy (MJKQ) 17.33
Phosphorus (%) 124

& Low-temperature dried fish meal (Danish 999
LT), Esbjerg Fiskeindustri am.b.a. (Esbjerg,
Danmark).

P Pre-pressed, solvent extracted, dehulled,
Western Province Corp. (Roggebaai, South
Africa).

¢ Further composition and source priority Sea
Plant Products (Hermanus, South Africa).

4 Marinol-R, Marine Oil Refiners (Cape Town,
South Africa).

¢ SigmaChemicals (St. Louis, MO, USA).

" Per kg of feed: retinol, 12000 IU;
cholecalciferol, 1800 IU; a-tocopherol, 150
mg; menadione, 5 mg; thiamin, 20 mg;
riboflavin, 25 mg; pyridoxine, 20 mg; Vit.
By, 0.04 mg;, niacin, 150 mg; Ca
pantothenate, 50 mg; folic acid, 5 mg; biotin,
0.8 mg; ascorbic acid, 750 mg; inositol, 200;
manganese, 150 mg; iron, 25 mg; zinc, 25
mg; copper, 70 mg; cobalt, 2 mg; iodine, 1
mg.

9 Epol (Pretoria, South Africa).

Water temperature (18.05 £+ 0.15 °C), pH (7.62 = 0.01), dissolved oxygen (8.15 + 0.15
mg/l), total ammonia (0.08 = 0.03 mg/l) and salinity (37 %o) were monitored on a weekly
basis, as described by Sales and Britz (2001a; b). Flow rate in the tanks was maintained
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at 2 I/min and lights were only turned on during cleaning, feeding and sampling (0800-
0900 and 1500-1600 h).

Thirty eight abalone were placed in a grey PVC holding container with a oyster net floor
with 8 x 6 mm mesh aperture. This was placed into a second plastic faecal collection
container with a net floor of 200 pum mesh. These two containers were then placed into
the glass holding tanks (Sales, 2000). Abalone were adapted for a period of 8 daysto the
test diets (3 replicates per diet). Tanks were randomly allocated to treatments. Feeding
was performed at 0.2 % of live weight, which was dlightly in excess of intake. Faecal
collection was performed over a 10 day period according to the protocol described by
Sales and Britz (2001a; b). Frozen faeces were stored until the end of the 10 day

collection period whereafter they were freeze-dried and analysed.
2.3. Dietary phosphorus leaching

Leaching of dry matter and phosphorus from the experimental diets after 1, 3, 6, 12 and
24 h (each in triplicate) in the experimental tanks was determined by calculating dry
matter and phosphorus leaching of approximately 2 g of feed (dried at 55 °C for 48 h).

2.4. Analytical procedure

Ash and acid insoluble ash (AlIA) content were determined according to Atkinson et al.
(1984), crude protein (N x 6.25) by using the Kjeldahl technique, energy content by direct
combustion in an adiabatic calorimeter and total phosphorus after ashing the samples and
using the vanado-molybdate method (AOAC, 1980). Organic matter was calculated as
dry matter minus ash.

2.5. Regression analyses, digestibility coefficient calculation and statistical analyses

Phosphorus leaching (p) over time (t) was described by the following exponential model
(Drskov and McDonald, 1979):

p=a+b(l-e%)
where a is an intercept at time (t) = 0,
a+b is the asymptotic maximum phosphorus leaching, and

c isameasurement of the rate of phosphorus leaching.

In the application of thismodel a was set to 0.
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Apparent digestibility coefficients (ADCs) in experimental diets were calculated
according to the formulafrom Maynard and Loosli (1969):

ADC of dry matter of diet (%) = 100 x [1 — (concentration of marker in diet / concentration of

marker in faeces)]

ADC of phosphorus of diet (%) = 100 x [1- (concentration of marker in diet/concentration of

marker in faeces) x (concentration of phosphorus in faeces/concentration of phosphorusin diet)]

ADC of phosphorus of the test ingredients (%) was calculated using the formula of
Sugiura et a. (1998):

ADC (%) = [(phosphorus concentration in test diet x phosphorus ADC of test diet)-(proportion of
reference diet in test diet x phosphorus concentration in reference diet x phosphorus ADC of
reference diet)]/(proportion of test ingredient in test diet x phosphorus concentration in test
ingredient)
Results for dry matter and phosphorus leaching of diets over time and apparent nutrient
digestibility were subjected to one-way analysis of variance. Differences between means (P
< 0.05) were evaluated by the Tukey’s HSD test. Unpaired t-tests were used to compare dry
matter and phosphorus leaching at different timeintervals, and parameters derived from non-

linear regressions, between treatments (Snedecor and Cochran, 1991).
3. Results
3.1. Dietary phosphorus leaching

Unpaired t-tests reveaded that after 1 h in water dry matter leaching in the calcium phosphate
dibasic treatment was lower (P < 0.05) than in the calcium phosphate mono basic and
calcium phosphate mono dibasic treatments (Table 3). After 24 h in water differencesin dry
matter leaching of the calcium phosphate mono basic treatment in comparison to the sodium
phosphate mono basic and calcium phosphate mono dibasic treatments were not significant.
After both 1 and 24 h in water phosphorus leaching between the sodium phosphate mono

basic and calcium phosphate mono basic treatments were similar (Table 4; P > 0.05).
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Table 3

Dietary dry matter leaching (%) after certain time periodsin water (mean £ SE.; n = 3)

Time Reference Sodium phosphate Calcium phosphate  Calcium phosphate  Calcium phosphate
(h) mono basic mono basic mono dibasic dibasic
1 1.97%+ 1.08 2.31*+ 0.58 2307+ 0.21 3.64%+0.48 0.93*+0.12
3 2.81°+0.42 5.98° + 0.61 5.77°+0.31 6.48°+0.28 3.25+0.52
6 3.388+0.94 8.18™ + 0.69 9.09°+ 0.23 9.15°+0.42 5.54" + 0.25
12 5.00°+0.15 9.44°+0.33 10.85"+ 0.21 9.98°+0.24 6.07° + 0.68
24 9.99" + 0.20 16.64° + 0.76 14.24°+ 0.54 13.23°+0.21 11.51°+ 0.29

Means in the same column with different superscripts (a, b, ¢, d ,e) are statistically different (P < 0.05).

Table4

Dietary phosphorus leaching (%) after certain time periodsin water (mean £ SE.; n = 3)

Time Reference Sodium phosphate Calcium phosphate  Calcium phosphate  Calcium phosphate
(h) mono basic mono basic mono dibasic dibasic
1 43.50*+ 0.71 33.44%+ 0.34 33.15*+ 0.98 29.87%+ 0.13 8.21°+1.84
3 47.79" £ 0.42 55.61° + 0.54 49.68" + 0.54 43.79" + 1.24 12.43* + 1.41
6 4854+ 044  56.35°+0.54 53.32°+ 0.51 49.20°+ 0.15 13.74* + 1.46
12 48.43* + 0.26 58.34" + 0.40 55.97° + 0.68 51.48%+1.15 14.28* + 0.49
24 49.98° + 0.26 60.61° + 1.60 56.36° £ 0.58 54.26" + 0.11 16.55° + 1.92

Means in the same column with different superscripts (a, b, c, d) are statistically different (P < 0.05).
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Trends (P < 0.05) in phosphorus leaching over time followed more or less the same pattern
inal treatments (Table 4). Thisisaso illustrated by analysis of data according to non-linear
regression (Table 5). Only the rate of phosphorus leaching (c) for the reference diet was
outside the 95 % confidence intervals of al the other treatments. Maximum phosphorus
leaching, describe by b, was the lowest (P < 0.05) for the treatment containing calcium
phosphate dibasic, and the highest (P < 0.05) for the diet supplemented with sodium
phosphate mono basic. However, data for the diet supplemented with calcium phosphate
dibasic did not present agood fit to the non-linear model (R? = 0.52).

3.1 Apparent phosphorus digestibility

With the exception of the diet supplemented with calcium phosphate dibasic, faecal
phosphorus, apparent digestibility of dry matter, organic matter and phosphorus were similar
(P > 0.05) between different treatments (Table 6). This was also true for apparent
phosphorus digestibility from different phosphorus sources.

However, correction of apparent phosphorus digestibility for maximum dietary phosphorus
leaching resulted in the highest (P < 0.05) value (58.20 %) for calcium phosphate dibasic in
comparison to the lowest (P < 0.05) value (27.92 %) obtained from this source for the
uncorrected values. The variation in apparent phosphorus digestibility of calcium phosphate

dibasic was considerably more than in other sources.
4. Discussion

This study emphasizes the inherent problem of potential nutrient leaching from feed with
dow feeders like abalone where feed pellets have to stay for prolonged periods in water. In
accordance with the present results, Tan et a. (2001) obtained phosphorus leaching of 14-28,
20-48 and 37-69 % of diets supplemented with potassium phosphate dibasic and calcium
phosphate dibasic after 2, 6 and 12 h, respectively, in water. Asin other studies (Davis and
Arnold, 1994; Velasco et a., 1998), phosphorus leaching in the present study was correlated
with the water solubility of the inorganic dietary phosphorus sources used. An unexpected
high phosphorus leaching of 43.50 % for the reference diet without any phosphorus
supplementation was obtained after 1 h in water. However, previous studies evaluating
phosphorus leaching of diets in dow feeders such as abalone (Tan et a., 2001) and shrimp

(Davis and Arnold, 1994) included a reference diet consisting of mainly casein, leading to
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low phosphorus leaching. Thus, comparative results of phosphorus leaching from diets

containing practical feed ingredients are unavailable.

Apparent phosphorus digestibility of sodium phosphate mono basic (66.45 %) and calcium
phosphate dibasic (27.92 %) is in accordance with values of 69 and 24 %, respectively,
obtained for shrimp (Davis and Arnold, 1994), but considerable lower than values of 90-98%
and 46-71 %, respectively, reported for fish (Lovell, 1978; Ogino et a., 1979). The value of
72.56 % for calcium phosphate mono basic is higher than avalue of 49 % obtained in shrimp
(Davisand Arnold, 1994).

The influence of dietary phosphorus leaching on apparent phosphorus digestibility is clearly
illustrated in this study. However, when apparent phosphorus digestibility is calculated
taking dietary phosphorus leaching into account, but not faecal phosphorus leaching,
unrealistic values are obtained. For example, when dietary phosphorus is corrected for
leaching, calcium phosphate dibasic presents the highest (P < 0.05) apparent phosphorus
digestibility, athough it still contains the highest (P < 0.05) faecal phosphorus concentration.
Phosphorus leaching from faeces might be variable in comparison to that in feed pellets, as
was found in Atlantic salmon (Phillips et a., 1993). Thus, dietary phosphorus leaching and
faecal phosphorus leaching should be taken into account in attempts to corrected digestibility

for leaching.

Whiletotal phosphorusis of primary importance in estimating the delivery of nutrientsto the
animal, dissolved reactive phosphorus is essentia in evaluating the environmental impact of
phosphorus leaching (Davis and Arnold, 1994). From the present study the conclusion could
be drawn that calcium phosphate mono dibasic would present an apparent phosphorus
digestibility similar (P > 0.05) to that of mono basic phosphorus sources, but will have a
lower (P < 0.05) load of dissolved reactive phosphorus to the aguatic environment.
However, further studies on digestibility of phosphorus and mineras in abalone nutrition
should firstly concentrate on reducing dietary phosphorus leaching through feed preparation

techniques.
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Table5
Dietary phosphorus leaching (p) over time described by p = a + [b(1-€®)], a set to 0; n = 15)

Parameter Reference Sodium phosphate  Calcium phosphate  Calcium phosphate Calcium phosphate
mono basic mono basic mono dibasic dibasic

b (maximum phosphorus leaching)
Mean + S.E. 48.71° + 0.29 58.84°+ 0.64 55.03" + 0.54 51.51°+0.91 14.90°+ 0.83
95 % Confidence interval 48.07-49.35 57.46-60.21 53.85-56.20 49.54-53.49 13.08-16.71

c (rate of phosphorus leaching)

Mean £ SE. 223°+0.12 0.86*+ 0.05 0.88%+ 0.04 0.78%+0.06 0.68*+ 0.19

95 % Confidence interval 1.96-2.50 0.76-0.96 0.79-0.98 0.65-0.92 0.26-1.09
R? 0.8282 0.9663 0.9674 0.9278 0.5203
Absolute sum of squares 13.44 49.88 36.72 81.16 69.18
Sy.x 1.017 1.959 1.681 2.601 2401

Means in the same row with different superscripts (a b, ¢, d ,€) are Satisticaly different (P < 0.05).



Table 6

Phosphorus content (dry matter basis) and apparent digestibility coefficients of different diets and ingredients (mean + SE.; n=3)

Parameter Reference Sodium phosphate  Calcium phosphate  Calcium phosphate  Calcium phosphate
mono basic mono basic mono dibasic dibasic
Phosphorus content (%)
Diet 1.24 1.93 2.01 1.97 1.80
Faeces 0.53*+0.03 0.67%+ 0.06 0.77%+0.03 0.74%+ 0.02 1.50° + 0.09
Apparent digestibility (%)
Diet
Dry matter 65.17 £ 3.81 61.34 + 3.46 62.90 £ 0.37 58.48 + 2.78 65.46 + 3.31
Organic matter 82.83+2.17 80.70+ 1.17 80.83+0.49 79.73+ 1.50 82.28+2.10
Phosphorus 85.01° + 1.84 86.72° + 0.81 85.75" + 0.60 84.36" + 1.44 70.94%+ 4.18
Ingredient
Phosphorus 66.45° + 1.56 72.56° + 1.21 66.27° + 2.84 27.92°+ 751
Corrected® 10.76% 19.13% 22.04% 58.20"

Means in the same row with different superscripts (a, b) are atisticaly different (P < 0.05).

1

Diet phosphorus corrected for maximum leaching (a value from Table 5).
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Evidence has been presented in fish that phosphorus availability decreases with increasing
dietary phosphorus concentration (Riche and Brown, 1996; Satoh et al., 1997) and it was
recommended that when different sources of phosphorus are to be compared regarding its
availability the dietary concentration of available phosphorus must be near the requirement
(Riche and Brown; Rodehutscord et d., 2000). This requirement is not yet known for H.

midae and warrants investigation.
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Abstract

A 95-day feeding tria was conducted to evaluate the effects of dietary crude protein level on
live weight gain and protein gain of juvenile (4.89 + 0.57 g) South African abaone (Haliotis
midae). Six semi-purified diets containing casein, fish meal and cottonseed meal as protein
sources, and with crude protein levels ranging from 5.48-47.92 % on a dry matter basis, were
fed to four tanks containing 30 abaone each in a continuous flow system. No differences (P >
0.05) were found in moisture, ash or lipid content of soft-body tissue as dietary crude protein
level increased, indicating that differences (P < 0.05) in soft-body protein content was solely
due to dietary crude protein level. The relationships between dietary crude protein level and
live weight and protein gain were analysed by broken-line and second-order polynomial
regression models. Based on live weight gain, 35.87 % dietary protein from good quality
sources is recommended for maximum growth of juvenile H. midae, while, if digtary proteinis
reduced to 28.07 %, growth will be depressed by 5 %.
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1. Introduction

Protein has been given priority in nutritiona requirement studies because it is the principal
diet component for animal growth, and is the highest cost consideration in commercia feeds
(Limet a., 1979; Ma et al, 1995). Requirement is most commonly understand to mean a
minimal percentage of protein needed for optima growth, however, requirement should
rather be termed “optimal level” because a “true’ requirement is the minimal amount of
protein needed per animal per day (Guillaume, 1997). Investigations into the quantitative
dietary crude protein requirements of abalone have been limited to the use of sole protein
sources in the experimental diets (Ogino and Kato, 1964; Uki et a., 1986; Taylor, 1992,
Britz, 1996), although compound diets have been used by Mai et a. (1995) and Coote et al.
(2000). Most previous studies attempted to use diets with an amino acid profile similar to
the abalone soft-body tissue profile, and some included crystalline amino acids or used
gelatine to compensate for arginine deficiency. However, crystalline amino acids are prone
to leaching in abalone diets which remain for prolonged periods in water and there is doubt
about the acceptability of gelatine by abalone (Mai et al., 1995; Coote et a., 2000; Shipton,
2000).

This study was designed to examine the effect of dietary crude protein levels on live weight
gain, protein gain and carcass composition of juvenile H. midae with diets containing severa
highly digestible protein sources (casein, fish meal, cottonseed med) without

supplementation of diets with crystalline amino acids.
2. Material and methods
2.1.  Experimental diets

Six diets (Table 1) were obtained by blending a basal diet (low in crude protein) with a
summit diet (high in crude protein) in appropriate proportions on the principles described by
Pilbrow and Morris (1974) in order to get final determined crude protein contents of 5.48,
13.41, 21.78, 28.58, 39.38 and 47.92 % on a dry matter basis. The basa and summit diets
were formulated to contain similar gross energy and crude lipid contents. Casein, assumed

to be highly digestible by H. midae, was used as the main protein source.
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Tablel
Ingredient and nutrient composition of the basal and summit diets used to obtain the six
experimenta diets (dry matter basis)

Ingredient (%) Basal Summit Ratio?

Casain’ 4.3 47.9

Fish mea® 1.0 7.0

Cottonseed meal* 0.9 0.0

Pre-gelatinized maize starch® 87.6 25.7

Fish il 17 0.0

Vitamin/mineral mixture®" 4.0 4.0

Mono calcium phosphatée 0.5 0.5

Bentonite 0.0 14.9

Determined nutrient analysis (%)
Crude protein 55 479
Gross energy (MJKQ) 16.1 16.9
Crudelipid 0.3 0.3
Ash 39 17.8

Calculated amino acid composition (%)
Essential
Arginine 0.2 20 127
Histidine 0.2 14 29
Isoleucine 0.3 30 66
Leucine 0.5 4.7 111
Lysine 0.4 4.0 100
Phenylalanine 0.3 2.6 63
Methionine 0.1 1.0 34
Threonine 0.2 19 80
Valine 0.3 3.3 74
Non-essential
Aspartic acid 04 39
Serine 0.2 18
Glutamic acid 12 11.7
Proline 0.5 52
Glycine 0.1 11
Alanine 0.2 17
Tyrosine 0.2 24

Ratio of essential amino acids relative to lysine in soft-body tissue of H. midae (Knauer et al., 1995).
Sigma Chemicals (St. Louis, MO, USA).

L ow-temperature dried fish meal (Danish 999 LT), Esbjerg Fiskeindustri am.b.a. (Esbjerg, Danmark).
Pre-pressed, solvent extracted, dehulled, Western Province Corp. (Roggebaai, South Africa).

Source priority Sea Plant Products (Hermanus, South Africa).

Marinol-R, Marine Oil Refiners (Cape Town, South Africa).

Per kg of feed: retinol, 12000 1U; cholecalciferol, 1800 1U; a-tocopherol, 150 mg; menadione, 5 mg;
thiamin, 20 mg; riboflavin, 25 mg; pyridoxine, 20 mg; Vit. B;,, 0.04 mg; niacin, 150 mg; Ca
pantothenate, 50 mg; folic acid, 5 mg; biotin, 0.8 mg; ascorbic acid, 750 mg; inositol, 200; manganese,
150 mg; iron, 25 mg; zinc, 25 mg; copper, 70 mg; cobalt, 2 mg; iodine, 1 mg.

" Epol (Pretoria, South Africa).

' Kynoch Feeds (Randburg, South Africa).

I Boland Base Minerals (Milnerton, South Africa).

Q@ = ®o a o T
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The essential amino acid profile of diets relative to lysine was, with the exception of arginine
and threonine, in agreement with the essential amino acid profile of soft-body tissue of H.
midae (Knauer et al., 1985). Shipton (2000) concluded that lysine was probably the first

limiting amino acid in H. midae.

Food preparation was done as described by Sales and Britz (2001). All dry ingredients
were mixed in a commercial food mixer for 30 min, whereafter oil was gradually added,
while mixing constantly. Eight five ml of water/100 g of feed was slowly blended into
the mix, resulting in a suitable textured dough. This was further processed through a
cold-extruder. Drying was carried out in a convection oven at 35 °C for 48 h. The dry

product was cut into 1 x 1 cm pieces and stored at 4 °C until used.
2.2.  Animal rearing

A continuous flow system, connected to the main water supply of a commercial South
African abalone farm, was used. The system comprised three rows of eight 45 L (39 x 39
x 30 cm) HDPE tanks. Seawater was filtered to 40 um using a drumfilter and delivered
to each tank at aflow rate of 1 I/min. One airline in each tank was used to aerate water.
Water temperature during the experiment was 15.7 + 2.2 °C. Similar size juvenile H.
midae (4.89 = 0.57 g) from the same cohort were selected from the grow-out system on
the farm and assigned to the rearing system using a randomised block design with four
blocks, six treatments and four replicates per treatment. These animals had been reared
on commercial diets for about 16 months. Fifty abalone were selected randomly at the
start of the experiment and stored at -20 °C for analysis for carcass composition. The
abalone were starved for two days and then fed 10 % of their body weight every second
day for the duration of the experiment. Tanks were cleaned twice a week. The feeding

experiment was run for 95 days.
2.3.  Carcass and chemical analysis of abalone and diets

Fifteen animals from each replicate were frozen at the end of the experiment for chemical
analysis. Initial and fina samples were dightly thawed, and shell and soft-body were
separated. Soft-body to shell ratio (SB/S ratio, w/w) was computed to provide an index of
nutritional status for abalone (Mai et a., 1995). Soft-body tissue was ground through a meat
mincer, whereafter a sample from each replicate was dried at 105 °C for 24 h. Ashing was
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performed thereafter at 550 °C for 12 h. The rest of each soft-body sample was freeze-dried
and ground into fine powder for analyses of crude protein and crude lipid. Crude protein (N
X 6.25) was done using the micro-Kjeldahl technique and crude lipid after extraction with
petroleum ether (boiling point 40-60 °C) by the Soxhlet method. Gross energy content of
diets was performed by direct combustion in an adiabatic calorimeter. The mean gainsin

live weight and protein were calculated according to Mai et a. (1995):
MWG (g/abalone) =  W-W;
MPG (g/abalone) =SB, (1-M,) Pt—SB, (1-M)) P,

Where MWG is mean live weight gain; Wi, W, is initial or final mean live weight (g);
MPG is mean protein gain; SB;, SB; isinitial or final soft-body weight (g); SBi : = (R, X
Wi )/(1+R; ); R, Riisinitial or final soft-body to shell ratio (SB/S ratio); M;, M, isinitial
or final moisture level in soft-body (%); P, P isinitial or final protein level in soft-body
(%).

2.4.  Statistical analysis

Percentage data for survival were sguare-root arcsine transformed prior to analysis. Data
from each treatment were subjected to two way ANOVA. Tukey's test was used to
compare mean vaues between individual treatments where appropriated. Protein
requirements were estimated from live weight gain and protein gain using the broken-line
model (Robbins et a., 1979) and the second-order polynomial regression analysis model
(Lovell, 1989).

3. Results

Live weight gain and percent surviva of abaone fed the experimental diets are presented in
Table 2.

Live weight gain reached a maximum value at a protein level of 21.78 % whereafter it was
not influenced (P > 0.05) by dietary crude protein level. Survival was not related to dietary
crude protein level, and mostly resulted from abal one escaped from the experimental system.
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Table2
Effect of dietary crude protein level (dry matter basis) on growth (wet weight) of South African

abalone, H. midae (means+ S.E., n = 4)

Proteinlevel  Initia live weight Final live weight Total live weight Survival
(%) (g/abalone) (g/abalone) gain (g/abalone) (%)
5.48 4.81 £ 0.07 5.93%+ 0.09 1.12°+0.03 99.17 £ 0.83
13.41 4.88+0.03 7.45° £ 0.09 258°+0.11  98.33+0.96
21.78 4.99 + 0.05 8.58°+ 0.08 359°+0.10  100.00 £ 0.00
28.58 4.79£0.07 8.94“ +0.17 414°+0.11 95.83+ 2.10
39.38 4.99 £ 0.03 9.12°+0.16 4.13°+0.15 99.17 £ 0.83
47.92 490+ 0.04 8.72°+ 0.09 3.82+0.12  100.00+ 0.00

Means in the same column with different superscripts (g, b) are satigticaly different (P < 0.05).

Live weight, soft-body weight and shell weight of animals analysed for chemical
composition followed the same patterns over dietary crude protein level (Table 3). However,
soft-body to shell ratios (SB/S ratio, w/w) did not show any differences (P > 0.05) among
different dietary crude protein levels.

Table3
Effect of dietary crude protein level (dry matter basis) on carcass characteristics (wet weight) of

South African abalone, H. midae (means+ SE., n = 4)

Protein level Total live weight Soft-body weight Shell weight SB/S Ratio
(%) (g/abalone) (g/abalone) (g/abalone)

5.48 5.08%+ 0.15 3.76*+0.13 1.31°+0.02 2.90+ 0.07
13.41 6.31"+0.17 476"+ 0.13 1.55°+ 0.05 3.11+0.08
21.78 6.96 + 0.23 5.27° +0.23 1.69" + 0.05 3.15+0.19
28.58 7.25°+£0.12 5.51°+0.17 1.75°+ 0.02 3.16 £ 0.08
39.38 7.47°+0.17 5.62°+0.12 1.85°+0.06 3.07+0.08
47.92 6.77* + 0.03 5.08" + 0.02 1.69" + 0.03 3.01+0.05

Meansin the same row values with different superscripts (g, b, ¢) are satistically different (P < 0.05).

Of the chemical components of soft-body weight only protein was influenced (P < 0.05) by

dietary crude protein level (Table 4).
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Effect of dietary crude protein level on carcass composition of South African abalone, H. midae

(dry matter basis, means+ S.E.; n = 4)

Protein level Moisture Ash Lipids Protein Protein gain
(%) (%) (%) (%) (%) (g/abalone)
5.48 75.00 + 0.66 10.32+0.21 2.00+0.05 56.07%+0.91 0.15*+0.02
13.41 76.82 +0.32 1092+0.13 1.88x0.01 57.86® + 0.67 0.26" + 0.01
21.78 76.90 £ 0.75 10.78+050 1.87+0.04 61.03°+1.11 0.37°+ 0.01
28.58 77.30+1.13 11.08+0.83 1.91+0.05 63.26™ + 0.550.42™ + 0.03
39.38 76.21 + 0.46 1055+0.23 1.84+0.02 64.85% + 0.23 0.49° + 0.03
47.92 76.82+0.79 1114+ 025 1.85%0.02 68.19°+ 0.35 0.43*+0.02

Means in the same column with different superscripts (a, b, ¢, d, €) are statistically different (P < 0.05).

On the basis of live weight gain, the results estimated by the broken-line model presented a
optimum dietary crude protein requirement of 25.54 % for H. midae, while analysis
according to protein gain revealed a value of 26.91 % (Table 5). However, the second-order
polynomial regression anaysis showed a maximum live weight gain at 35.87 % dietary
crude protein and maximum protein gain at 40.69 %. A correlation coefficient of 0.90 (n =

24; P < 0.05) was found between live weight gain and protein gain.
4. Discussion

Comparison of the estimates for different tests of goodness of fit for the two
mathematical models used to determine optimum dietary crude protein requirements of
H. midae indicated the second-order polynomia regression model was the more
appropriate method to analyse data. Also, quite different optimum protein requirements
were derived from the different models. From Tables 2 and 3 maximum growth in H.
midae was obtained between 28.58 to 39.38 % dietary crude protein, indicating that the

broken-line model could have underestimated requirements.
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Table5
Comparison of the dietary crude protein requirements of H. midae determined by the broken-line

and second-order polynomial regression models

Statistical model Based on weight gain Based on protein gain
Broken-line analysis 25.54 % 26.91 %
Goodness of fit
R? 0.9633 0.8525
Absolute sum of squares 1.059 0.0512
S 0.2301 0.0506
Quadratic regression (X1 - Xma) 28.07-35.87 % 20.47-40.69 %
Goodness of fit
R? 0.9696 0.8723
Absolute sum of squares 0.8772 0.0443
S 0.2044 0.0459

Broken-line analysis, the most widely used method of evaluating dose-response data in
nutrient requirement studies with aquatic species, frequently underestimates the
requirement (Shearer, 2000). A reason stated by Morris (1983) is that broken-line
analysis does not account for differences in maintenance needs and growth potentials
among individuals in the experimental population. The second-order polynomial
regression model has the advantage of being more accurate than other models when the
relationship between dietary nutrient and growth data is curvilinear, and additionally can
yield nutrient requirements for maximum and less than maximum rates of growth for both
physiological and economic considerations (Lovell, 1989; Gurure et al., 1995; Mai et al.,
1995). Thus, it is believed that the second-order polynomial regression model would
yield more reliable and realistic values than the broken-line model in the present study.

Live weight gain is areliable indicator for growth as long as the experimental variable is
not expected to be affected by the composition of gain in the animal (Lovell, 1989). Only
body protein was influenced (P < 0.05) by dietary crude protein levels in the present
study, while moisture, ash and lipid were not affected (P > 0.05) by treatment.
Furthermore, the R?-values for both models indicated that a better fit was obtained for the

data points when live weight gain, rather than protein gain was used. Therefore the wider
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range between X; and X when protein gain was used. The conclusion thus made from
this study is that live weight gain, rather than protein gain could be used as a non-

destructive method to determine optimal dietary crude protein levelsin H. midae.

The optimum dietary crude protein requirement according to live weight gain found in
the present study (28.07—-35.87 %) agrees well with values of 22.3-32.3 % and 23.3-35.6
% reported for H. tuberculata and H. discus hannai, respectively (Mai et al., 1995), 20 %
found for H. discus (Ogino and Kato, 1964), 20-30 % for H. discus hannai (Uki et al.,
1986), 30 % for H. kamtschatkana (Taylor, 1992) and 27 % for H. laevigata (Coote et al.,
2000), but is lower than 47 % found for H. midae by Britz (1996). However, as stated by
Mai et a. (1995), it is difficult to compare these values directly because of different diets,

experimental animals and management regimes.

The diets used in the present were limiting in arginine when compared to the abalone
soft-body amino acid profile, and could result in an overestimate of dietary crude protein
requirements. However, evidence has been provided by Shipton (2000) that lysine, and
not arginine, could be the first l[imiting amino acid in H. midae. Further studies should
concentrate on identifying limiting amino acids for optimum growth of abalone and the

correct proportions of essential amino acids in formulated feeds.
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CONCLUDING DISCUSSION

The main purpose of this study was to establish a suitable protocol for conducting further
nutrient digestibility studiesin Haliotis midae. Experience has shown that while the theory
of digestibility is relatively smple, the technique can be problematic in producing reliable
and replicable results. This is especially true for a dow feeding aquatic species such as
Haliotis where the feed has to remain in water for prolonged periods before being
consumed, leading to leaching of feed nutrients in water. Problems that needed to be
overcome at the outset of this study included difficulties in accurately determining food
intake and total collection of al faeces voided by H. midae. This limited the possibility of
using the direct method as an accurate practical means of determining digestibility on a
routine basis. Furthermore, faeces are produced in very small quantities by H. midae, which
do not present discreet pellets or strings, and can be categorised into three different types.
Evacuation times of the three faecal types overlap, eliminating the possibility of
collecting a specific type of faeces over a specific time period. Also, previous use of the
most commonly used marker in digestibility studies, chromic oxide (Cr;O.), was hampered
by partitioning and preferential elimination (Shipton, 2000).

The first step in the evaluation of a suitable digestibility protocol for H. midae was to
identify a suitable method to collect faeces in order to obtain adequate quantities for
chemical analysis. Because of the very small quantities of faeces voided, faeces had to be
collected from groups of animas held under the same conditions. As abalone are kept
together in groups under farming conditions, this is arguably a better approach. Conical
tanks, as used with fish digestibility studies, were found to be inappropriate for H. midae
because of the occurrence of floating faeces that did not settle. The most suitable collection
technique to maximize the amount of faeces collected and minimize disturbance of faeces
during collection was found to be collection on an easily removable false mesh bottom.

Adequate amounts of faeces (ca 2 g dry matter) for chemica analysis could be collected
through this procedure in a relatively short time period (ca 14 days). The experimenta

setup is easily and cheaply replicable and can be operated in any smal laboratory. If the
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operator maintains very hygienic conditions and is consistent in the application of collection

protocols, this collection method should produce comparable results in future studies.

Because of the problems associated with Cr;O, as marker, markers that would possibly be
representative of al types of faeces produced were evaluated. Acid-insoluble ash (AIA) was
found as a reliable and replicable internal marker for digestibility studies with H. midae.
The benefit of using thisinternal marker is that al faeces can be collected for analysis, thus
more faeces is available for analysis, and faeces from different animas can be pooled,
eliminating the time consuming process of sorting faeces. The technique was vaidated by a
comparison to data obtained with total collection. Acid-insoluble ash presented redlistic
digestibility values in comparison to values obtained with other aguatic species, resulted in
small variation between samples, and showed repeatability between studies. This can be
regarded as the main contribution of this study, since sufficient faeces can be sampled with
the use of the above technique to anayse a wide range of nutrients. While Cr,O; was only
evaluated for protein digestibility, AIA in this study was vaidated for the digestibility of dry
matter, organic matter, protein, energy, phosphorus, lipid, starch and amino acids.
Furthermore, arelatively smple analysisis required to quantify AIA, which does not require
harmful chemicals, and there is no need to mix the marker into the feed. The use of the
traditional Cr,O; marker used in digestibility studies is now limited in most laboratories
because of the need for expensive hoods to prevent explosions from the chemicals used in
anaysis (Austreng et a., 2000). No difference was observed in nutrient digestibility when
faeces were washed in distilled water, indicating that the possibility of salt contamination
from sea water did not have an influence on AIA content. However, a degree of skill and
congistency is required during analysis to obtain replicable measurements. For example, it
was found that the amount of water used for washing during analysis could have an

influence on results.

The subgtitution technique used in fish digestibility studies (Cho et a., 1982) to evauate
nutrient digestibility of feed ingredients was unsuccessful when applied to H. midae. The
nature of additional mathematical calculations required when using the substitution
technique do not account for the possibility of differential nutrient leaching from feed or

faeces. Another contributing factor to the failure of the substitution technique in H. midae
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could be relaed to the possbility of associative effects between feed ingredients.
Interactions, both synergistic and antagonistic, among feed ingredients with respect to
nutrient availability once the ingredients are combined into a feed are poorly understood, but
potentially critica to aquatic animal health (Hardy, 1999), and should be one of the major

future goals of aquaculture nutrition studies (Lee and Lawrence, 1997).

The benthic nature of abalone imposes the additional requirements that the feed should sink
rapidly and be water stable to promote maximum consumption. One way of improving
water stability is by reducing ingredient particle size. However, grinding feed ingredients is
time consuming and costly. Furthermore, the possible influence of ingredient particle size
on the availability of nutrients to the anima has to be determined in establishment of a
digestibility protocol. This study showed that an ingredient particle size of less than 450 pum
in comparison to a size class less than 150 um did not alter apparent nutrient digestibility or
feed nutrient leaching in H. midae. However, a particle size of more than 450 um decreased
nutrient digestibility and increased nutrient leaching. This result is of direct value to feed
manufacturers in that costs can be reduced by not having to grind feed ingredients to a
particle size smaller than 450 pm.

The most important way to obtain good water stability in aguatic feeds is with the use of
binders. Binders should not interfere with the animals' ability to digest the feed nor alow
the nutritive congtituents to be atered or destroyed. The most commonly used binder in
manufacture of abalone feeds is pre-gelatinised starch. Thisingredient is also used, together
with acdlulose, in most nutritional studies to manipulate diet composition. This study
demonstrated the suitability of this technique in H. midae in that replacing 20, 30, 40 and 50
% of a-celulose with pre-gdatinised starch did not have an influence on apparent
digestibility of protein, fat, fibre or starch. Thus, pre-gelatinised starch and a cellulose can
be used as dietary fillers in further studies on protein digestibility and protein requirements
of H. midae. However, although apparent fibre digestibility was over 60 %, this study did
not quantify whether this fibre originated from the a-cellulose included in the experimental
diets. Although apparent energy digestibility decreased as a- cellulose content increased, the

utilization of acellulose as energy source in H. midae till remains unclear. Thus, the
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possible energy contribution from a-cellulose should be investigated before this substance is

used asfiller in diets when energy is evaluated.

The nutritive value of protein in feed ingredients for monogastric animals is determined not
only by the amino acid composition, but aso by the bioavailability of the amino acids.
Although growth assays (dope-ratio assays) are the most direct approach for the estimation
of amino acid availability of protein in feed ingredients, since they provide a combined
estimation of digestibility and post-absorptive utilisation of amino acids at the tissue leve,
these assays are expensive, time-consuming and provide an estimate of the availability of
only one amino acid per assay. Measurement of digestibility is probably the most important
determinant of amino acid availability (Sauer et al., 2000). By using the AIA protocol for
H. midae digestibility studies established above, the availability of protein and amino acids
of potentid plant protein ingredients for use in H. midae feeds in South Africa was
evauated and compared to tat of fish mea. As with other aguaculture species, soybean
meal seems the most promising ingredient with a mean apparent amino acid availability of
96.86 %. The legumes lupins and faba beans presented values of above 93 % for mean
apparent amino acid availability, while canola meal (94.21 %), sunflower meal (92.77 %),
peanut meal (87.39 %) and cottonseed meal (85.15 %) presented values higher than that
obtained for fish mea (82.75 %). These vaues are in general in accordance with values
obtained with other aguatic species. This study not only identified the most suitable plant
protein ingredients according to amino acid availability for inclusion in abalone feeds, but
aso provided values for incluson in feed tables for use in least-cost computer programs.
Furthermore, this technique can now be successfully applied as a research tool in further
scientific studies on protein digestibility and amino acid availability in order to develop
least-cost diet formulations for H. midae.

However, limitations on the use of plant protein ingredients in diet formulations because of
imbalance amino acid composition and the presence of anti-nutritional factors are a well-
known fact. While the problem of anti-nutritional factors can be solved through
collaborative research efforts involving aquatic physiologists, nutritional biochemists,

processing scientists, and aguaculture nutritionists (Hardy, 1999), the problem limitating
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amino acids is complicated by the lack of response obtained in adding synthetic amino acids
in abalone feeds due to leaching of these nutrients in water (Shipton, 2000).

Differences between apparent and true protein digestibility and amino acid availability were
smdl, and of no practica value. Apparent protein digestibility was a good indicator (r =
0.99) of mean apparent amino acid availability of feed ingredients. This relation could be
utilised in further studies to identify further protein ingredients in abalone feeds, but feed
tables will necessitate the identification of amino acid availability. Although protein
digestibility and amino acid availability values determined for single ingredients
underestimated predicted values in compound diets, it is still within an acceptable range (1-7
% difference) for the formulation of diets. This underestimation again accentuates the
possibility of differential feed, and especially faecal, nutrient losses in water, and the
possibility of nutrient interactions between ingredients.

Phosphorus leaching is important for both nutritional applications and for assessing the
potential impact of phosphorus releases into the environment. This study clearly
demonstrated the impact of phosphorus losses through leaching. As much as 43.50 % of the
natural phosphorus content of feed ingredients was lost after a compound formulated diet
was subjected to leaching for 1 h under smulated farm conditions. The present results
indicate that the less water-soluble calcium mono dibasic seems, according to dietary
phosphorus leaching and apparent phosphorus availability, as the most suitable inorganic
phosphorus source for inclusion in compound diets. However, the extremely high dietary
phosphorus leaching implies a need for at least a two-fold over supply of phosphorusin the
diet, which may lead to environmental pollution in sheltered bays. Urgent research is
needed into techniques to reduce dietary phosphorus leaching, and thus improved intake by
the animal. Once this is established, further research could be conducted on phosphorus

availability of ingredients and phosphorus requirements of abalone.

Knowledge on the availability of nutrients from feed ingredients would be of no value if it
could not be utilised to fulfill in the dietary requirements of the animal. Nutritional studies,
especialy in aguatic species, often start by investigation into an optima dietary protein
level. Therefore the traditiona method of direct experimentation with graded levels of
dietary crude protein was used in this study to establish the dietary protein necessary for
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optima growth in H. midae. The optimum crude protein level (28-36 %) agreed well with
values obtained for H. tuberculata (22-32 %) and H. discus hannai (23-36 %; Mal et d.,
1995). Assuming an apparent protein digestibility of 95 % for casein, and utilising values
determined for fish mea (82 %) and cottonseed mea (86 %) in this study, this could be
trandated into an optimum digestible dietary protein content of 26-34 %. Since monogastric
animals such as abaone require a balanced ratio of individual amino acids for optimal
growth, determination of essential amino acid requirements should be considered to be the
highest priority in further nutritional studies on abalone. However, attention should be given
to ensure maximum intake of these nutrients by the anima before growth studies are
conducted. Technologies applied in shrimp nutrition, such as pre-coating the amino acid
mixture and use of efficient diet binders to reduce leaching losses of amino acids in amino
acid test diets (Millamena et al, 1999), needs to be evaluated or tested in abalone nutrition

studies.

In conclusion, this study was successful in developing a suitable protocol for digestibility

sudiesin H. midae by fulfillment of the following objectives as stated in the introduction:
(@) Identification of a suitable faecal collection technique.
2 Identification of areliable, replicable and practical marker.

3 Elimination of the substitution technique for use in evaluation of digestibility of

protein and availability of amino acidsin feed ingredients.

4 Elimination of the possible influence of the use of pre-gelatinised maize and a
cellulose to manipulate diet composition on nutrient digestibility.

By establishment of a proper digestibility protocol it was possble to evaluate protein
digestibility and amino acid availability of al plant protein ingredients currently utilised in
the South African anima feed industry for H. midae. This lays a foundation for
development of least-cost feed formulation for this species. In addition, the digestibility
protocol also provides a basis for conducting scientifically sound digestibility studies with

H. midae.
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Suggestions for further research to reduce feed cost by effective use of feed ingredients
should be:

1) Techniques to improve dietary intake through the reduction of detary leaching of
especialy amino acids and phosphorus.

2 Identification of a suitable protocol to determine digestible energy content of
individual feed ingredients for H. midae.

3 Investigation of the possibility of associative effects between feed ingredients in

compound diets.

4 The influence on growth rate of formulating diets on a total versus a digestible

nutrient content.

) The digestibility and utilisation of fibre in nutrition of H. midae.
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