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Abstract

Land-based abalone aquaculture in South Africa, based on the local species Haliotis
midae, started in the early 1990’s and has grown rapidly in the last decade. This has led
to numerous studies into various aspects of farming H. midae. There are two aims of this
study, (1) to test the relative benefits of different ratios of kelp and the formulated feed
Abfeed® K26 (feed component), (ii) to test the suitability of farming H. midae with 50 %
and 75 % recirculation rates (recirculation component) in an integrated system using the
green seaweed Ulva as a biofilter. Aims for both components were to investigate the
performance of the systems in terms of health of abalone, growth rates of abalone,
sediment loadings and water quality. Both components were conducted on Irvin &
Johnson Ltd Cape Abalone farm in Gaansbaai, 140 km east of Cape Town.

Both experiments were stocked with 550 abalone per basket, from three spawning
cohorts (January, February and March 2004), with a starting abalone weight range of 10 —
30 g. The feed component of the experiment consisted of three treatments, with three
replicates. The percentage of Abfeed® K26 fed per day was 0.6 % BW d”, and the
percentage of Kelp (Ecklonia maxima) fed per day was 7 % BW d”'. The abalone in the
Abfeed® 3 diet was fed 2.7 kg of kelp on Mondays and 180 g of Abfeed® K26 on Fridays;
the abalone in the Abfeed® 4 diet was fed 2.08 kg of kelp on Mondays and 225 g of
Abfeed® K26 on Thursdays; and the abalone in the Abfeed® 5 diet was fed 1.4 kg of kelp
on Mondays, 135 g Abfeed® K26 on Wednesdays and 180 g Abfeed® K26 on Fridays.
There was no significant difference between the weights (ANCOVA F = 0.05, DF = 264
and p > 0.05) and lengths (ANCOVA F =0.117, DF = 264 and p > 0.05) of abalone in all
three dietary treatments at the termination of the experiment. There was no significant
difference in water nutrients, physico-chemical variables and sediment loadings between
all three dietary treatments. The health recordings showed all the abalone had significant
environmental stress and all the diets had sabellid irfections. This study showed that
increasing the levels of Abfeed® K26 had no effects on abalone growth rates and did not

negatively effect the culture environment
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The recirculation component of the experiment was conducted using 50 % recirculation
for a six month period, and for a week at 75 % recirculation. The recirculation system
consisted of abalone tanks connected to two seaweed tanks containing Ulva lactuca.
Three flow-through units (FTUs), which did not recirculate water, were used as controls
for this experiment. Abalone were fed 2.7 kg of kelp fed on Mondays and 180 g of
Abfeed® K26 fed on Fridays, which was equivalent to the Abfeed® 3 diet in the feed
component of this experiment. There was no significant difference between the lengths
(t-test t = 0.495, df = 178 and p-value 0.621) and weights (t-test t = 0.726, df = 178 and p-
value 0.468) of the abalone at the termination of the experiment in the 50 % Recirculation
system and FTUs. Testing for differences between the two population regression
coefficients (ANCOVA) also showed no significant differences between abalone lengths
(t = 0.048, df =176, p > 0.05) and weights (t = 0.055, df =176, p > 0.05) in the
Recirculation system and FTU’s. Abalone in both the FTUs and 50 % Recirculation
system had sabellid infections and also showed significant environmental stress. There
were no significant differences between the pH, temperature and dissolved oxygen of the
FTUs and 50 % Recirculation system. At 75 % recirculation the Recirculation system had
a significantly higher temperature than the FTUs. There were no significant differences
between the total ammonium nitrogen and phosphate concentrations for the 50 % and 75
% Recirculation systems and their respective FTUs. There were no significant differences
between the nitrate levels recorded for the 50 % Recirculation system and the FTUs. The
nitrate concentrations recorded in the 75 % Recirculation system were significantly lower
than the FTUs (p < 0.05). Long term physico-chemical recordings show dissolved
oxygen in the 50 % Recirculation abalone units to be on average 1.89 % (+ 0.02) higher
than the FTUs. pH in the 50 % Recirculation abalone units, was on average 0.84 % (+
0.004) higher than the FTUs. Temperature in the 50 % Recirculation abalone units, was
on average 0.54 % + 0.01 (0.09°C) higher than the FTUs. There was no significant
difference between the FTUs and 50 % and 75 % recirculation systems water column
sediments and bottom sediments accumulation. This experiment shows that it would be
suitable to grow abalone in a 50 % Recirculation system, as there were no significant
differences between the FTU and 50 % Recirculation system in terms of water nutrients,

physico-chemical variables, sediment accumulation and abalone health. The cost savings



of pumping and the benefits of seaweed production may make it more profitable to use a
recirculating system. For the 75 % Recirculation system, the only worrying factor is the
low dissolved oxygen that was recorded during the experiment. If it is possible to
improve the dissolved oxygen levels, the 75 % Recirculation system would be also be a

viable option.
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Introduction

1.1 World aquaculture

Aquaculture is believed to have originated some 4000 years ago in the Asian region (Reay,
1979; Ackefors et al., 1994; Hecht & Britz, 1990; Joseph, 1998). Freshwater aquaculture was
initiated before the more recent practice of marine aquaculture developed (Lee, 1998). There
has been a major increase in aquaculture over the last few decades, with worldwide
aquaculture production growing by an average of 8.8 % a year between 1950 and 2004, to
59.4 million tons in 2004, worth more than US$ 70 billion (FAO, 2006). The major factors
responsible for the expansion in aquaculture include: an increase in the demand for
aquaculture products and the incapacity of global capture fisheries to expand seafood
production (Neori et al., 2004; Bolton, 2006); an increase in available areas for aquaculture
(through improved technologies); improvement of culture techniques; increase in the number
of species under cultivation; genetic enhancement of aquaculture species; development and
improvement of formulated feeds and improved control and understanding of disease of
culture species (Li, 1999). For aquaculture in marine environments (by weight), 44 % is
seaweed production, 46 % molluscs, 8.7 % fin-fish farming and 1 % is from farming
crustaceans (FAQO, 2004). Aquaculture accounts for almost 50 % of the world’s food fish and,
given the projected population growth over the next two decades, it is estimated that at least
an additional 40 million tones of aquatic food will be required by 2030 to maintain the current
per capita consumption (FAO, 2006). With the diminishing availability of fresh water, most of

this growth will take place in the marine environment (Neori et al., 2004).



Of the total world wild fish catch, Africa contributes 6 % (570 000 tons) while South Africa
contributes 9 % of Africa’s contribution amounting to 0.5 % to the total world catch (AASA,
2004). Africa contributes < 1 % of the world aquaculture production and South Africa is < 1
% of that (FAO, 2006). As the human population continues to grow and the demand for
seafood continues to increase, the need to expand aquaculture production will increase
accordingly. The FAO (2001) cautions that an increase in aquaculture production will depend
on new research and improved management practices. The major issues that need to be
addressed are problems with access to proper technology and financial resources, together
with environmental impacts and diseases (FAO, 2001). In order for aquaculture to continue
and grow, it must be based on relevant species choices and sound technologies more relevant
to developing countries (Naylor et al., 2000; Williams et al., 2000; Hambrey et al., 2001).

A major challenge for aquaculture is to become sustainable and be based on a balanced
ecosystem approach, largely due to past intensification of aquaculture resulting in

environmental degradation (Folke et al., 1994; Naylor et al., 2000; Chopin et al., 2001).

1.1.2 World seaweed aquaculture

Worldwide algal aquaculture has been estimated to be worth US$ 5 - 6 billion (Wikfors &
Ohno, 2001). The largest proportion of the industry is macroalgal production for human food
in Asia (Wikfors & Ohno, 2001). Brown and red seaweeds dominate the production,
especially nori (Porphyra spp.), kombu (Laminaria japonica Aresch.) and wakame (Undaria
pinnatifida Harv.) (Wikfors & Ohno, 2001). Nearly 70 % of world aquaculture takes place in

China, and a further 22 % in other Asia-Pacific countries (FAO, 2006).



In Europe and the United States the historical use of cultivated seaweeds is less direct, with
phycocolloids (carrageenan, agar and alginates) being used in processed foods (Zemke-White
& Ohno, 1999). Carrageenan is extracted from red seaweeds (Kappaphycus, Chondrus,
Eucheuma, Gigartina, Iridaea), agar from Gracilaria and Gelidium, and alginates from
Macrocystis, Laminaria and other kelps and fucoids. (Wikfors & Ohno, 2001). The use of
seaweeds for human food is growing in the western world, with the increased popularity of

‘sushi bars’ (Bolton, 2006).

Marine macroalgae form dense stands on the well-illuminated rocky margin of all continents
(Liuning & Pang, 2003). It is this accessibility to seaweeds that has allowed them to be utilised
and farmed by man for hundreds of years as food and fodder, particularly in the Far East
(Luning & Pang, 2003). At present there are approximately 200 species of seaweeds used
worldwide (Zemke-White & Ohno, 1999), of which about 10 species or genera are intensively
cultivated, such as the brown algae Laminaria japonica and Undaria pinnatifida, the red algae
Porphyra, Fucheuma, Kappaphycus and Gracilaria and the green algae Monostroma and
Ulva (Wikfors & Ohno, 2001). Currently the major driver for seaweed cultivation is for
human consumption, while new research and the potential for new algal products and novel
uses of seaweeds are acting as stimulants to encourage more research and development of

seaweed cultivation (Liining & Pang, 2003).

1.1.3 World abalone aquaculture

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,



1996). Numerous recent authors report approximately 90 species of abalone world wide (e.g.
Jarayabhand & Paphavasit, 1996; Elliot, 2000; Selvamani et al., 2001; Bester et al., 2004;
Sales & Janssens, 2004) however this number is subject to debate, but only 15 species are of
economic importance with respect to fisheries and aquaculture (Sales & Janssens, 2004).
Abalone are found mainly along rocky shores of almost all continental shelves, with the
exception of the western coast of South America and eastern North America (Imai, 1977;
Hahn, 1989a; Nash, 1991; Brown & Murray, 1992; Lindberg, 1992; Lee & Vacquier, 1995;
Geiger, 2000). Temperate species of abalone were observed to be larger than tropical species
(Imai, 1977). This is believed to be due to the higher abundance of food and oxygen in
temperate waters compared to that of tropical waters (Fleming et al., 1996). Abalone are
found in the lower intertidal zone and sublittoral fringe of rocky shores (Newman, 1969;
Hooker & Morse, 1985; Prince & Shepherd, 1992; Miller & Lawrenz-Miller, 1993; Richards
& Davis, 1993; Preece & Mladenov, 1999; Geiger, 2000), the subtidal (Hooker & Morse,
1985; Prince & Shepherd, 1992; Preece & Mladenov, 1999; Geiger, 2000) and the deep open
ocean (Hooker & Morse, 1985; White, 1995).

The global production of abalone reached 22,600 metric tonnes (including poaching of 3700
metric tonnes) in 2002 (Troell et al., 2006), 8600 metric tonnes of this was farmed and the
total value of the production was estimated as approximately US$ 0.8 billion (Gordon &
Cook, 2004). Due to a decrease in wild fisheries and an increase in demand, a rapid
development of abalone cultivation took place in the 1990s, in the USA, Mexico, South
Africa, Australia, New Zealand, Japan, China, Taiwan, Ireland, and Iceland (Hahn, 1989;
Gordon & Cook, 2001). China is the largest producer in the world with over 300 farms and a

total production of approximately 4500 metric tonnes (Gordon & Cook, 2004).



1.1.4 Important parameters for abalone culture

“Water quality” is usually defined as the suitability of water for the survival and growth of
aquatic organisms (Boyd 1982). There are a host of water quality parameters that are

important to consider for optimum cultivation of any aquatic organism. These include:

® organic waste (faeces, metabolic, feed, fertilizers, etc.) (Rychly 1980; Pillay 1992,

1994; Goldburg et al. 2001)

o pH (McDonald 1983; Beveridge 1987; Randall 1991; Swann 1992; Barnabé 1994,

Harris et al. 1999a)

® pathogens (Lester & Davis 1981; Bower 1987; Pillay 1992, 1994; Douillett &
Langdon 1994; Bachére et al. 1995; Nakatsugawa et al. 1999; Rengpipat et al. 2000;

Olafsen 2001; Nicolas et al. 2002; Bower 2003; Macey & Coyne 2005).

e salinity (Alabaster & Lloyd 1980; Brix 1983; Chen 1984; Beveridge 1987; Higashi et
al. 1989; Anderson 1990; Fallu 1991; Landau 1992; Jarayabhand & Phapavisit 1996;

Boarder & Shpigel 2001; Edwards 2003; Wuenschel et al. 2004)

e dissolved gasses (oxygen, carbon dioxide, nitrogen, hydrogen sulphide) (Marcello &
Strawn 1973; Sylvester 1975; Spotte 1979; Boyd 1982; Elston 1983; Chen 1984,
1989; Sebert et al. 1984; Innes & Houlihan 1985; Beveridge 1987; Boyd & Watten
1989; Faltu 1991; Pillay 1992; Ackefors et al. 1994; Harris et al. 1997; Boyd 1998;
Harris et al. 1999a, b; Hindrum et al. 2001; Parker 2002; Cheng et al. 2004a; Lopez &

Tyler 2006; Camargo et al. 2007)
Dissolved nutrients such as ammonia also affect water quality. Ammonia is the principal
nitrogenous compound by aquatic animals (Colt & Armstrong, 1981) and being toxic to fish,
crustaceans and mollusks, can limit production in aquaculture (Epifanio & Srna, 1975;

Wickins, 1976; Russo, 1985; Allan et al., 1990; Russo & Thuston, 1991). In solution,



ammonia exists in a pH and temperature mediated equilibrium between the unionized and
ionized forms, with unionized ammonia considered more toxic (Russo & Thurston, 1991).
Ammonia induces detrimental changes in tissue structure, cell function, blood chemistry,
osmoregulation, disease resistance, growth and reproductive capacity (Colt & Armstrong,

1981; Russo, 1985; Jeney et al., 1992).

1.2 South African coastal ecosystems

South Africa has a coastline of approximately 3000 km, which is bordered by two oceans, the
Indian Ocean to the east and Atlantic Ocean to the west (Anderson et al., 2006). This has led
to one of the world’s richest seaweed floras (Bolton & Stegenga, 2002). The east coast of
South Africa is influenced by the warm Agulhas Current, which has its origins in the South
Equatorial Current of the Indian Ocean (Anderson et al., 2006). The biota of the east coast of
South Africa has generally been referred to as ‘sub-tropical’ (Anderson et al., 2006). The west
coast of South Africa is influenced by cool upwelled water from the northward flowing
Benguela Current which originates at the Sub-tropical Convergence, and comprises mainly
Atlantic Central water (Shannon, 1985). The south coast from Cape Agulhas to Port Elizabeth
has only sporadic upwelling, with generally warm-temperate conditions (Bolton & Anderson,
1997).The maximum tidal range on the South African coasts is about 2 m (Anderson et al.,
2006). The coastline is subjected to intense wave action and there are few very sheltered
natural embayments, the Saldanha / Langebaan system on the west coast being an exception
(Schils et al., 2001). Southern African kelp beds are present on rocky coasts from just west of
Cape Agulhas (the southern tip of Africa), around the southwest coast as far as northern

Namibia (Anderson et al., 1997). In the south the dominant species in shallow water (0 to 8



m) is Ecklonia maxima (Osbeck) Papenfuss, with a sub-canopy of Laminaria pallida Greville
ex J. Agardh which becomes the dominant species at depths from about 8 to 20 m, and
replaces E. maxima in inshore beds on the northern west coast and in Namibia (Anderson et

al., 1997).

1.2.1 The South African seaweed industry

The history of commercial exploitation of seaweed resources in South Africa started with the
collection of beach cast Gracilaria gracilis and Ecklonia maxima (EM) ,which have been
dried and exported for the production of agar and alginates (initially for gunpowder) since
World War Il (Anderson et al., 1989). Three species of Gelidium have been harvested, since
the mid-1950s: Gelidium pristoides, G. abbottiorum and G. pteridifolium for agar (Isaac &
Molteno, 1953; Anderson et al., 1989; Critchley & Rotmann, 1992; Anderson et al., 2003;

Tronchin et al., 2003).

The demand for kelp in South Africa has fluctuated widely, with periodic slumps due to falls
in international prices and production (Anderson et al., 2006; Troell et al., 2006). The first
harvesting of kelp cut from beds started in the 1970°s and was used for a liquid stimulant for
agricultural crops (Anderson et al., 1989; Levitt et al., 2002; Kelpak®, 2007). The growing
demand for kelp by the abalone industry has greatly increased harvesting (Anderson et al.,
2003). According to estimates done by coastal management authorities (Marine and Coastal
Management, Department of Environmental Affairs and Tourism, Cape Town) the maximum
sustainable yield (MSY) of the kelp was approached in 2003 for two areas; from Quoin Point

to Cape Hangklip and in the Cape Columbine area (Anderson et al., 2003). The pressure on



kelp harvesting has since decreased from 6,000 t kelp harvested in 2004 to around 3,000 t in
2006 due to the increase use of formulated feeds for the abalone industry (Anderson et al.,

2007; Bolton et al., in press).

Harvesting of kelp for abalone feed involves cutting the fronds from the floating canopy at
low tide. Almost all of the harvesting is done from boats, by workers who lean overboard and
remove the fronds and primary blade by cutting through the top of the stipe. The whole
“head” of kelp is then pulled aboard, leaving the stipe and holdfast to die. Recovery of the
kelp biomass then requires the growth of new sporophytes. Ashore, the fronds are then cut off
and the primary blade discarded (Troell et al., 2006).

A non-lethal harvesting technique is also being used to commercially harvest kelp. This
method excises only the distal parts of the secondary blades, leaving at least 20 — 30 cm of
their bases (with the basal meristems intact) attached to the primary blade (Troell et al., 2006).
The primary blade and stipe are left undamaged and can thus be repeatedly reharvested, and
the yield of frond material over time was reported to be about five times higher than if the

sporophytes were killed (Levitt et al., 2002).

1.2.2 South African seaweed aquaculture

Sea-based cultivation of the red seaweed Gracilaria was first researched in South Africa in
the early 1990’s (Engledow & Bolton, 1992; Anderson et al., 1996). To supplement the beach
cast harvests, in 1989 South African researchers started Gracilaria growth experiments, using
seaweed anchored with stakes to the bottom of Saldanha Bay (Anderson et al., 2006). In the

early 1990s the then Sea Fisheries Research Institute started experiments on raft cultivation of



Gracilaria in Saldanha Bay (Anderson et al., 1996). These growth trials were relatively
successful, with the Gracilaria growing well through most of the year, although there were
problems with poor growth rates in summer when surface water became oligotrophic
(Anderson et al., 2006). The seaweed resources in South Africa were described by Anderson

et al., 2003, as being fully used, with future developments dependent on mariculture.

More recently, the increase in abalone farming in South Africa has renewed the interest in
seaweed cultivation, with Gracilaria and Ulva being cultivated in tanks on the farms to
supplement the abalone feed (Anderson et al., 2006). This land-based seaweed cultivation has
the potential to expand rapidly in the future, if the demand for abalone feed starts to exceed

kelp supplies.

Two farms in the Eastern Cape use raceways to cultivate the majority of their own feed
(Anderson et al., 2006). This development occurred out of necessity, because large kelps
(Ecklonia maxima and Laminaria pallida) do not occur in the Eastern Cape (Anderson et al.,
2006). Farms in the Western Cape have also since begun to cultivate Gracilaria and Ulva to
supplement their abalone feed (Robertson-Andersson, 2003; Robertson—Andersson et al.,
2008; Bolton et al., in press). Over 1,000 t fresh weight of Ulva was cultivated on South
African abalone farms in 2007, primarily for feed, but in one case to allow partial re-
circulation by nutrient removal (Bolton et al., in press).

Marine Growers near Port Elizabeth began experimental studies in the cultivation of initially
Gracilaria (Fourie, 1994; Smit, 1997, Hampson, 1998) and later Ulva (Steyn, 2000) for feed
addition. Since then, Wild Coast Abalone at Haga Haga near East London has become world
leaders in Ulva paddle pond cultivation producing + 960 tons of cultivated seaweed per

annum (pers comm. R. Clark, Manager Wild coast abalone). In 1992, the farm built a series of



32 large-scale raceways growing seaweed in effluent from the flow-through abalone tanks,
and using paddle wheels for water movement, with dimensions of 40 m x 10 m and a depth of
0.5 — 0.75 m (Bolton et al., in press). Initially both Gracilaria and Ulva were cultivated, but
for the last few years they have been used to grow Ulva (Bolton et al., in press). This
integrated flow through abalone / Ulva system produces ca. 2.5 t Ulva per pond per month

throughout the year (Bolton et al., in press).

1.3 Abalone in South Africa

There are six species of Haliotis in South Africa: H. midae, H. parvum (Lin.) H. spadicea
(Donovan), H. queketti (Smith), H. speciosa (Reeve), H. pustulata (Reeve) (Sales & Britz,
2001). Haliotis midae, locally known as “perlemoen”, is the only species of interest for
cultivation and it can reach a maximum size of about 200 mm shell length at an age of over 30
years in the wild (Newman, 1968). It is found naturally in the rocky coastal waters from Cape
Columbine on the west coast to just north of Port St Johns in Transkei on the southeast coast
(Newman, 1965; Muller, 1986; Wood, 1993). The abalone live in the area below the low tide
mark to approximately 25m depth, but mainly occur at depths of 2 — 10 m and within
Ecklonia maxima kelp beds (Tarr, 1992). Juvenile abalone also live in the subtidal zone,
usually using small rocks and sea urchins as a refuge from predators (Tarr, 1989; SANCOR,

1996; Tarr et al., 1996; Day, 1998).

Haliotis midae is an opportunistic herbivorous species with a nocturnal pattern of grazing
behaviour, tending to remain inactive by day and move about at night (Muller, 1984; Barkai

& Griffiths, 1987; Knauer et al., 1995; Wood & Buxton, 1996). Haliotis midae consumes a

10



wide variety of algal species that are abundant in their vicinity (Barkai & Griffiths, 1986;
Wood & Buxton, 1996). Although taking a wide range of algae, the dominant food item of
mature H. midae in nature is kelp E. maxima and L. pallida on the southwest coast, with
Plocamium corallorhiza (Turner) on the south coast (Newman, 1968, 1969; Barkai &
Griffiths, 1986; Tarr, 1987; Wood, 1993; Britz, 1996b; Wood & Buxton, 1996). The diets of
smaller size classes of abalone are similar, except that Ulva spp. is taken in larger proportion
(Barkai & Griffths, 1986). This might be explained by the fact that both Ulva spp. and small

abalone tend to be more abundant in shallower water (Barkai & Griffths, 1986).

1.3.1 South African abalone aquaculture

South Africa has become the largest abalone producer outside Asia (FAO, 2004) and over-
exploitation of wild abalone stocks by poaching and high market prices have been the main
drivers for its cultivation (Troell et al., 2006). Access to relatively cheap labour, together with
favourable coastal water quality and infrastructure, facilitated rapid growth of the abalone
industry in South Africa (Troell et al., 2006). The abalone fisheries in South Africa have
existed since 1949. Cultivation started by successful spawning of captured specimens in 1981
to produce spat and juveniles (Genade et al., 1985, 1988). There are, currently, 22 commercial
abalone rights holders with 13 producing farms in South Africa with an estimated investment
of R346.5 million, with productions of 527 tons in 2003 and 750 in 2004 (Robertson-
Andersson 2007). The majority of farms are located along the South African southwest and
west coasts (Rothman et al., 2006). This is largely due to the abundance of the main food

source (kelp) that occurs so abundantly along these shores (Simons, 1990; Simpson & Cook,
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1998;). Farm production is concentrating on an average abalone size of 100 mm after 5 years

(Sales & Britz, 2001).

According to AFASA (Abalone Farmers Association of Southern Africa) the expansion of the
industry will continue. However, the lack of suitable coastal land and the dependence on wild
harvest of kelp for feed may restrict further development in some areas (Troell et al., 2006).
The development of nutritionally complete compound pelleted feeds is seen, by a number of
analysts, as being fundamental for the expansion of abalone farming (Hahn, 1989c; Fallu,
1991; Britz et al., 1994). Dry pelleted formulated feeds are being used in Japan, China,
Australia, New Zealand and South Africa (Abfeed®) (Britz et al., 1994; Fleming et al., 1996).
Seaweed is not necessarily cheaper than formulated feeds as savings are offset by the cost
benefits achieved from low feed ratio and a shorter production cycle offered by pelleted feeds
(Marifeed, 2007). Despite costs, the major advantage of pelleted feed lies in their reliability
and convenience from a farm management point of view (Marifeed, 2007). Harvesting and the
use of natural kelp in abalone farming is dependent on sea conditions. This complicates farm
management and adds to financial risks. Another advantage in favour of formulated feeds is
that there is less restriction on the location of the farms, as kelp does not grow naturally in the
Eastern Cape, the use of pelleted feeds and the cultivation of seaweeds for feed make farming
in this area possible (Robertson-Andersson, 2007). Cultured seaweed can be produced at a
much better quality, as feed, than natural stocks. For example, the protein content of Ulva has
been increased to over 30 % of dry weight in South African systems (Robertson-Andersson,
2003, 2007), and experimental trials showed that kelp plus cultured seaweed addition

(Gracilaria and Ulva) produced as much abalone growth as compound feed (Naidoo et al.,
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2006). Thus, cultivated seaweed is of a better and more controllable quality than feeds such as

kelp (Bolton et al., in press).

1.3.2 Problems with abalone health in South Africa

The first serious health issue to affect production of H. midae was the infestation by a sabellid
polychaete, Terebrasabella heterouncinata (named by Fitzhugh & Rouse, 1999), an obligate
symbiont which forms burrows in the shells of numerous gastropods (Ruck & Cook, 1998;
Fitzhugh & Rouse, 1999). Terebrasabella heterouncinata are simultaneous hermaphrodites
that brood clutches of up to seven offspring throughout the year, in favourable conditions
(Culver et al., 1997). The young T. heterouncinata leave the parental burrow and crawl to the
growth edge of the shell where the host covers it with nacreous shell as it forms a new burrow
(Culver et al., 1997). Heavy infestation of abalone leads to deformation and weakening of the
shell, a reduction in growth, or the death of the abalone (Fitzhugh, 1996; Oakes & Fields,
1996; Culver et al., 1997; Ruck & Cook, 1998). Numerous methods have been tried to treat
worm infestation, including coating the shell with wax; exposing the worms to encapsulated
toxins that can be ingested by T. heterouncinata but not by abalone; anaesthetizing the worms
and then exposing them to fresh water or ultrasound, biocontrol agents and heat treatment
(Culver et al., 1997; Leighton, 1989; Shields et al., 1998; Loubser & Dormehl, 2000).
However, these methods were either too impractical to be implemented on a large scale, or the
worms were resistant to the treatment as they could retract into the safety of their burrows
(Oakes & Fields, 1996; Leighton, 1989). In California, where 7. heterouncinata was
accidentally introduced in the late 1980’s (Ruck & Cook, 1998), abalone farmers are able to

eradicate the worm by culling or isolating infested abalone (Oakes & Fields, 1996; Culver et
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al., 1997). This method of treatment is not practical in South Africa as T. heterouncinata is
endemic and therefore will continuously be introduced via incoming sea water (Simon et al.,
2004). Therefore, sabellid populations in South African abalone farms must be controlled and
maintained at a level that does not negatively affect growth or appearance of the abalone
(Simon et al., 2004). To manage the sabellid infestation in South Africa it is therefore
important to understand factors determining sabellid infestation rate. Salinity, water
temperature and sediment composition appear to be the main factors influencing sabellid
abundance (Laukner, 1983). Other factors including abalone size, growth rate, diet, stocking
density and season have been cited as influencing the infestation rate of 7. heterouncinata

(Oakes & Fields, 1996; Clayden, 2000).

In South Africa cultured abalone are usually fed a pelleted diet, Abfeed® S$34 for juveniles and
Abfeed® K26 for grow — out animals (> 30 mm) (Britz, 1995, N. Loubsher pers comm..),
Ecklonia maxima or a mixture of these feeds. Abfeed®S34 has a high protein and lipid content
and was specifically formulated to promote abalone growth (Britz, 1995; Simon et al., 2002).
Abfeed® S34-fed abalone, seem to be more susceptible to sabellid infestation than kelp-fed
abalone (Clayden, 2000). Chalmers (2002) showed that sabellids on Abfeed® S34-fed abalone
displayed a higher production of eggs and larvae than those on kelp-fed abalone. This is most
likely due to the nutritional value of abalone faecal waste on which the sabellids presumably
feed, as the faeces produced by Abfeed® S34-fed abalone contained significantly higher levels
of protein and energy (Chalmers, 2002). Due to this and the fact that protein is the most
expensive component of the diet a lower protein feed was developed (Marifeed, 2007). This

was K26 and contains 26 % protein with the rest of the components being identical to S34
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(Marifeed, 2007). Further research is being undertaken in the development of a diet

containing only 18 % protein.

A size effect also appears to be present as abalone larger than 45 mm in length seem to be
more susceptible to infestation by 7. heterouncinata, and grow better on kelp than on Abfeed”
(Simon et al., 2004). Slower-growing abalone appear to be more susceptible to heavy
infections (Britz et al., 2005). A fast-growing abalone can encapsulate a small number of
sabellids and extend its shell beyond them (Britz et al., 2005). Abalone growth is influenced
by stocking density and increased stocking density has been shown to result in slower growth
and a higher T. heterouncinata infestation level (Clayden, 2000). 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).

Another problem facing the global abalone industry is Withering Syndrome (WS). Withering
Syndrome is caused by a Rickettsia-like prokaryote (RLP). Rickettsia is a genus of
intracellular prokaryote, with morphological characteristics of the class Proteobacteria, order
Rickettsiales and family Rickettsiaceae (Gardner et al., 1995; Friedman et al., 2000a to d).
Rickettsia-like prokaryote lines and infects the epithelial cells of the digestive tract of the host
abalone (Gardner et al., 1995; Caceres-Matinez et al., 2000). Rickettsia-like prokaryote
infection results in the degeneration of the digestive gland which leads to reduced appetite and
metabolic efficiency, causing starvation that probably leads to death (Friedman et al., 1997,
2000b; Gardner et al., 1995; Shields et al., 1998). Elevated temperatures accelerated disease
progression and decreased survival (Friedman et al., 1997; Moore et al., 2000). Friedman et

al. (2003) tested the use of Oxytetracyline (OTC) as a treatment for WS infected abalone and
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found it to be an effective treatment for WS. However, the persistence of OTC residues in the
gut of treated abalone needed further research (Friedman et al., 2003). A RLP organism has
been reported in the digestive tract of H. midae from abalone farms in South Africa, with no

associated pathology (Mouton 2000a, b) and as yet WS has not been reported in South Africa.

1.4 Compound Feeds

In South Africa there is currently one company producing compound feeds: Marifeed PTY.
LTD. produces Abfeed® (Marifeed, 2007), although several feeds are in development by
various other companies (Robertson-Andersson pers comm.). Abfeed® is the main supplier of
compound feeds to the abalone farming industry. Abfeed® (Marifeed Pty Ltd, South Africa) is
a formulated feed containing mainly fishmeal, soya bean meal, starch, vitamins and minerals.
It previously contained ‘Spirulina spp.’ (Arthrospira spp.) but not currently due to supply
problems. Abfeed® S34 contains about 34 % protein, 43 % carbohydrates, 5 % fat, | % crude
fibre, 6 % ash and 10 % moisture (Marifeed Pty Ltd, pers comm.). A cheaper, low protein (26
%) and kelp (Ecklonia maxima) containing form of Abfeed® K26 formulated for large abalone
(>50 mm shell length) is currently also in production (Marifeed Pty Ltd, pers comm.). For the
current experiments Abfeed® K26 was used.
One negative attribute of Abfeed® is that it uses fish meal as a source of protein, which has
the disadvantage to the farmer of being dependent on external fish supply, although a global
commodity (Tacon, 2005; Deutsch et al., 2007).
A good formulated feed should have the following attributes:

e Reliability (Fallu, 1991; Dixon, 1992; Britz, 1993, 1995; Lyon, 1995; Tahil & Juinio-

Menez, 1999).
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e Convenience and ease of application (Dixon, 1992; Britz, 1993, 1995; Britz et al.,
1994).
e Balanced nutritional composition (Lyon, 1995; Britz, 1996a, b; Fleming et al., 1996;
Viana et al., 1996; Mai et al., 2001; Montafio-Vargas et al., 2005).
e Produce high growth rates (Britz, 1993, 1995, 1996a, b; Britz et al., 1994; Lyon, 1995;
Viana et al., 1996).
e Have low food conversion ratios (FCR) (Britz, 1993, 1995, 1996b; Knauer, 1994).
s Be digestible (Lyon, 1995).
e Have optimum particle size and feeding methods (Fleming et al., 1996).
e Be attractive to abalone (Fleming et al., 1996).
e Provide optimal growth rates, by meeting nutritional requirements (i.e. carbohydrate,
proteins and amino and fatty acid ratios) (Fleming et al., 1996).
o Be easy to store and transport (Britz ,1993, 1995; Lyon, 1995).
e Be available year-round (Britz et al. 1994; Lyon, 1995).
Formulated feeds offer convenience and cost benefits to farm management (Britz et al., 1994).
Any diet that is to be used on a farm must therefore outperform a kelp diet, not only in growth

but in cost and quality aspects as well (Fleming et al., 1996).

Abalone will readily eat a nutritionally poor diet when no alternative feed is offered. This will
affect abalone performance and nutrient waste, and thus the profit margin will be far from
optimal (Fleming et al., 1996). Formulated feed should retain water soluble nutrients in the
feed, and food particles should remain bound together for at least 2 days (Fleming et al.,
1996). Formulated feed should also be cost-effective to make it viable for farmers to use and

at the same time meet the nutritional requirements for abalone growth (Fleming et al., 1996).
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tuberculata. Peck et al. (1987) found mucus production formed a large part of the budget
(from 23.3 % to 29.1 % of consumption). Barkai & Griffiths (1988) reported that the energy
loss in the form of ammonia excretion is negligible in H. midae, accounting for < 1 % of
consumption. Therefore, the energy digested by abalone is a good approximation to the
amount which is available for growth, reproduction and maintenance. Maintenance is defined
as the amount of energy required to maintain the animal in a state of zero growth (Fleming et
al., 1996). Formulated feeds need to have energy in the diet in excess of this amount, in order

for growth to occur.

It is important that tank design and feed formulation be developed simultaneously to achieve
optimal feed availability and water quality (Fleming et al., 1996). According to Fleming et al.
(1996) the following husbandry requirements should be met by a feed.

- The amount of uneaten feed is minimised;

- Uneaten feed does not pollute the tank;

- Animals are feeding to satiation;

- Animals do not expend significant amounts of energy searching for feed;

- Feed and faeces do not occur in the same place in the tank.

Research groups in South Africa have designed tank systems with associated water circulation
and aeration regimes in an attempt to meet some of these requirements (Britz, 1993).

A major drawback with the use of formulated feeds in culture systems is the problem of feed
decomposition and the subsequent rapid deterioration in water quality (Cuthbertson, 1978).
Meat-based and fishmeal-based diets are particularly susceptible to such decomposition,

particularly in warmer water (Fleming et al., 1996).
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1.5 Integrated aquaculture

A problem with aquaculture in the past is that it has focused on a single species; this has led to
environmental degradation. In order for aquaculture to become environmentally friendly and
competitive it needs to be based on balanced ecosystem approach (Folke et al., 1994; Naylor
et al., 2000; Chopin et al., 2001). Integrated aquaculture has therefore been suggested to
increase production, sustainability and revenues (Folke & Kautsky, 1989; Chamberlaine &
Rosenthal, 1995; Naylor et al., 2000; Chopin et al., 2001; Troell et al., 1999a, b, 2003).

This can be achieved by increasing productivity per unit of feed, which can reduce production
cost (Neori et al., 2004). In an integrated aquaculture system the waste nutrients are used as a
resource, for the auxiliary culture of plants, or animals which feed on particulates
(Chamberlane & Rosenthal, 1995). Seaweeds that remove nutrients from effluent water in
mariculture operations, known as biofilters, have been applied successfully in numerous parts

of'the world (Neori et al., 1996; reviewed in Neori et al., 2004)

The new plant biomass can have numerous functions:

e Fed back to culture organisms

e Sold for human consumption

e Phycocolloids

e Agrichemicals

e Pharmaceuticals
A culture system that diversifies its products by integrating the culture animal with an
extractive algal culture, and with organisms that feed on these algae, therefore makes sense,
not only ecologically, but also economically (Anon., 2003). An example is the farming of

seaweed in abalone effluent and feeding the seaweed back to the abalone.
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Therefore the benefits of integrated aquaculture include:

Remove and recycle toxic metabolites by using recirculating systems.

Increase production of specific co-cultured extractive species (e.g. seaweeds).

Increase overall productivity of the resources of feed, water and fossil energy (Krom et
al., 2001).

Potential for temperature enhancement, in culture systems where increased
temperature would have a positive effect on growth rates (Bolton, 2006; Bolton et al.,
in press; Troell et al., 2006; Robertson-Andersson, 2003; 2007; Robertson-Andersson
et al., 2008).

Lowered pumping costs (due to the re-use of water) (Neori et al., 2004; Bolton, 2006;
Bolton et al., in press; Robertson-Andersson, 2007).

Release fewer nutrients into coastal waters (Krom, 1986; Shpigel & Neori, 1996;
Neori et al., 1998; Robertson-Andersson, 2003, 2007; Robertson-Andersson et al.,
2008).

Reduced dependence on harvested seaweeds (i.e. kelp) (Neori et al., 1998, 2004;
Robertson-Andersson, 2003, 2007; Troell et al., 2006; Anderson et al., 2007).
Production of quality feed, for example, Ulva grown in eutrophic conditions has
higher nutritional content, which improves its quality as an animal feed (De Busk et

al., 1986; Shpigel & Neori, 1996; Neori et al., 1998).

There are also potential disadvantages associated with using a recirculating system which

include:

High costs of installation (Bolton et al. in press).
These systems are technologically demanding and require constant monitoring to

ensure operational efficiency (Robertson-Andersson, 2007).
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o Potential for deterioration of water quality, e.g. increased toxic ammonia, increased
nitrate and nitrite, reduced pH, CO, build up, elevated temperatures and increased
salinity (Robertson-Andersson, 2007; Robertson-Andersson, et al., 2008).

o Potential for retention of parasitic organisms in the system (Nicotri, 1977; Shacklock

& Croft, 1981; De Oliveira et al., 1989; Buschmann et al., 2001; Smit et al., 2003).

Future mariculture technologies could attain sustainability by integrating waste generating
(fed) and cleaning (extractive) organisms in each farm (Buschmann et al., 2001; Chopin et al.,
2001). This could be achieved by the use of filter feeding shellfish to remove particulate
organic nutrients and the use of algae to extract dissolved inorganic nutrients (Neori et al.,
2004). Thus, when integrated with fed aquaculture, the extractive organisms turn wastes into
productive resources (Rawson et al., 2001, 2002; McVey et al., 2002). The new integrated
aquaculture systems will use multiple species from different trophic levels for reducing wastes
and costs (through recycling of wastes), while increasing total productivity (in weight and in
value) with respect to feed input and pollution output (Troell et al., 2003). In an integrated
aquaculture system the cost of feed proteins constitutes the largest item (Neori et al., 2004). A
large proportion of the fed proteins are excreted and eventually end up as dissolved ammonia,
which algae are able to recapture and convert into useful protein-rich biomass (Neori et al.,
1991, 1996). “An efficient algal-based integrated mariculture farm maintains optimal standing
stocks of all the cultured organisms, considering the respective requirements of each for water
and nutrients and the respective rates of excretion and uptake of the important solutes by each
of them. This allows the profitable use of each of the culture modules with minimum waste”

(Neori et al., 2004).
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1.6 Seaweed choice for efficient biofiltration

The choice of seaweed species for inclusion in an integrated aquaculture system, were
identified by Neori et al., (2004) these seaweeds should meet a number of basic criteria:

e High growth rate and tissue nitrogen concentration.

e Ease of cultivation and control of life cycle.

e Resistance to epiphytes and disease-causing organisms.

e Match between the ecophysiological characteristics and the growth environment.
When choosing seaweed for an integrated system it is important to choose a native species, as
non-native species could have negative effects on the environment. If the principal focus is
the process of bioremediation, then nutrient uptake and storage and growth are the primary
determinants (Neori et al., 2004). Growth rate is defined, to a large extent, by morphology
(Littler & Littler, 1980); generally speaking, the higher the ratio of surface area to volume, the
faster the specific growth rate (Neori et al., 2004). Thin sheet morphology has a higher growth
rate than a more fleshy habit (Neori et al., 2004). A seaweed species must grow very well in
high nutrient concentrations, in order to be an effective biofilter. To take up ammonia and
nitrogen at a high rate, fast-growing seaweed should be able to build up a large biomass N

content (Neori et al., 2004).

The ideal choice for the seaweed biofilter is one that also has a market value (Sahoo et al.,
2002). In the case of farming seaweeds in abalone effluent, the seaweeds are fed back to the
abalone, adding value. A large body of research exists for the genus Ulva; these flat sheet
morphotypes have high growth rates as well as high nitrogen contents, making them very

good candidates for remediation (Cohen & Neori, 1991; Neori et al., 1991). Their life cycle
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and its controls are generally well known (Neori et al., 2004). Another important factor to
include when choosing seaweed as a biofilter is the resistance to epiphytes. Epiphytes are pest
seaweeds and microalgae that use the cultured seaweed as substrates and compete for
nutrients and light (Neori et al., 2004). Fast growing opportunistic seaweeds, such as Ulva,
suffer from epiphytes only when they get stressed and do not grow at their usual fast rate
(Robertson-Andersson, 2003; Neori et al., 2004). The fact that Ulva is often the main epiphyte
in monocultures of other seaweed makes Ulva the preferred biofilter seaweed genus (Neori et
al., 2004). One possible drawback is that the Ulva itself does not have a market value (Bolton

et al. in press).

1.7 Integrated aquaculture in South Africa

A number of studies involving abalone have been conducted using mixed diets (containing
more than one feed) (Owen et al., 1984; Day & Fleming, 1992; Fleming, 1995; Simpson &
Cook, 1998; Naidoo et al., 2006; Daume et al., 2007) and rotational diets (Simpson & Cook,
1998). A study by Naidoo et al. (2006) showed that kelp plus cultured seaweed addition
(Gracilaria and Ulva) produced as much abalone growth as compound feed. In addition,
Dlaza et al. (2008) showed that supplementation with fresh wild seaweed enhances the growth
of abalone reared on formulated feeds. All of the above studies have confirmed that variation

in the diet often results in enhanced abalone growth rate.
From 1992 to present, there has been a considerable amount of research looking at the land

based cultivation of seaweeds and abalone in South Africa, initially at 2 abalone farms on the

southeast coast which did not have access to kelp and were also limited in artificial feeds due
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to bloating caused by the warm water temperature in the area (Robertson-Andersson et al.,
2007). Most of these studies looked at cultivation in flow-through systems, utilising Ulva spp.

and Gracilaria spp.

Research on seaweed recirculation systems (Robertson-Andersson, 2007; Robertson-
Andersson et al., 2008), demonstrated no significant differences in abalone health or growth
rates, sediment build up and composition, mobile macro fauna densities and species between a
25 % recirculation system (fed a seaweed diet) and the normal flow-through units. Transfer of
oxygen generated by the seaweeds to the abalone tanks was poor, resulting in the recirculated
abalone tanks having lower (33 %) dissolved oxygen concentrations than a comparable flow-
through abalone unit. Seaweed nutrient content and specific growth rates in the units were
comparable to seaweeds cultivated in fertilized effluent. Indications were that at the low
recirculation ratio the seaweeds in the units were nutrient limited and that there were no
negative effects to the abalone being cultivated in the recirculation unit at 25 % recirculation
ratio. Robertson-Andersson (2007) therefore concluded that higher levels of recirculation
would be possible.

Following on from the Robertson-Andersson (2007) and Robertson-Andersson et al. (2008)
studies, I & J Cape cultured abalone built a 120 ton abalone and 105 ton seaweed integrated
recirculating system (Bolton, 2006). The success of the recirculating system at I & J has
proved to be due to the multipurpose role of the Ulva raceways in the system (Bolton et al.,
2008). “The Ulva not only provides abalone feed and reduces ammonia and bacteria levels in
the effluent, allowing partial recirculation (thus slightly reducing pumping costs due to
reduced pumping height) but also, especially due to the enhanced light-absorbing properties

of the seaweed, increases the temperature of the abalone culture tanks” (Bolton et al., 2008).
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As most farms in South Africa (including I & J) occur where ambient seawater temperatures
are suboptimal for abalone, this thus increases the growth rate of the abalone, and hence
increases profits (Robertson-Andersson, 2007; Robertson-Andersson et al., 2008; Bolton et
al., 2008). A number of student theses have been produced recently investigating recirculation
on abalone farms.

Brandt (2006) performed sediment trials, over a 7 day cleaning cycle, in the same
experimental set up as the current study using a kelp only diet, with 25, 50 and 75 %
Recirculation systems. Brandt’s (2006) study showed that the total particle load did not
increase with higher recirculation rates. Brandt (2006) therefore concluded that it would be
feasible to farm abalone fed a kelp diet at a recirculation rate of up to 75 %.

Potgieter (2005) had two components of investigation in the same experimental system as this
study. Potgieter’s (2005) first experiment investigated abalone tank water of three different
diets (Abfeed®, Kelp and a Mixed algal diet) fed to abalone in a flow-through tank system as
compared to a 25 % Recirculation system (abalone fed a kelp diet). Potgieter’s (2005) second
experiment compared the build up of suspended particulate matter and nutrient concentrations
over a 7 day cleaning cycle in a 25 % Recirculation system versus flow-through units (FTUs).
Potgieter (2005) found no significant difference in the nutrient concentrations of the
Recirculation system and FTUs. There was also no significant difference in the particle
concentrations between the flow-through system and the 25 % Recirculation system. Potgieter
(2005) showed that a 25 % Recirculation system would not result in deterioration of tank
water quality.

Lindstrom (2006) recorded water nutrients and physico-chemical variables in 25 % and

75 % Recirculation systems, fed a kelp diet, in the same experimental setup as the current

study. Lindstrém (2006) showed that the temperature was higher in the FTUs, compared to
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As most farms in South Africa (including I & J) occur where ambient seawater temperatures
are suboptimal for abalone, this thus increases the growth rate of the abalone, and hence
increases profits (Robertson-Andersson, 2007; Robertson-Andersson et al., 2008; Bolton et
al., 2008). A number of student theses have been produced recently investigating recirculation
on abalone farms.

Brandt (2006) performed sediment trials, over a 7 day cleaning cycle, in the same
experimental set up as the current study using a kelp only diet, with 25, 50 and 75 %
Recirculation systems. Brandt’s (2006) study showed that the total particle load did not
increase with higher recirculation rates. Brandt (2006) therefore concluded that it would be
feasible to farm abalone fed a kelp diet at a recirculation rate of up to 75 %.

Potgieter (2005) had two components of investigation in the same experimental system as this
study. Potgieter’s (2005) first experiment investigated abalone tank water of three different
diets (Abfeed®, Kelp and a Mixed algal diet) fed to abalone in a flow-through tank system as
compared to a 25 % Recirculation system (abalone fed a kelp diet). Potgieter’s (2005) second
experiment compared the build up of suspended particulate matter and nutrient concentrations
over a 7 day cleaning cycle in a 25 % Recirculation system versus flow-through units (FTUs).
Potgieter (2005) found no significant difference in the nutrient concentrations of the
Recirculation system and FTUs. There was also no significant difference in the particle
concentrations between the flow-through system and the 25 % Recirculation system. Potgieter
(2005) showed that a 25 % Recirculation system would not result in deterioration of tank
water quality.

Lindstrém (2006) recorded water nutrients and physico-chemical variables in 25 % and

75 % Recirculation systems, fed a kelp diet, in the same experimental setup as the current

study. Lindstrdm (2006) showed that the temperature was higher in the FTUs, compared to
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the Recirculating system, for both recirculation ratios. Temperature in the Recirculation
system appeared to be governed by the temperature in the Seaweed tanks. Oxygen
concentration was lowest in the recirculation abalone tanks, and highest in Seaweed tanks,
pointing at an existing problem with dissolved oxygen transport from the Seaweed tanks to
abalone tanks with the recirculating water. Dissolved nutrient analyses showed that the
seaweed were capable of adequately removing ammonium, nitrate, nitrite and phosphate from
the Recirculation system, even at the 75 % recirculation ratio. High phosphate values during
75 % recirculation could be due to seaweed N-limitation. Lindstrém (2006) concluded that
seaweed functions well as biofilter and that the Recirculation system was capable of reducing
the effluent concentrations and maintain, or sometimes even improve, water quality compared
to control

Key questions which arose from the aforementioned studies include:

1. How would a mixed diet of Kelp and Abfeed® K26, commonly used in the industry,
affect the growth rates of abalone?

2. How would the Kelp and Abfeed® K26 diet affect the culture environment in terms
of water nutrients, physico-chemical variables, abalone health and sediment
loadings?

3. How would a higher protein diet of kelp and Abfeed® K26 affect abalone growth
rates of abalone in higher recirculation systems? Would the higher protein diet affect
water nutrients, physico-chemical variables, abalone health and sediment loadings in
the higher recirculation systems?

4. How would the seaweeds in the recirculation system perform in terms of nutrient

uptake?
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1.8 Objectives of this thesis

This thesis followed on from the work done by Potgieter (2005), Dlaza (2006), Brandt (2006),
Lindstrom (2006) Robertson-Andersson (2007) and Robertson-Andersson et al. (2008), and
had two components of investigation. These were based on questions arising from the above
mentioned work.

The first component of this study was to address key questions 1 and 2 by testing between
different ratios of kelp / formulated (Abfeed® K26) mixed diet on out grown abalone, to find
which ratio gives the best growth rates. These two feeds were chosen as they were the two
most popular dietary choices by abalone farmers in South Africa for out grown abalone, and
are often fed in combination, where kelp is available. The use of two feeds should also
enhance growth rates as a mixed diet was used; this combination was shown to work well
with juvenile abalone fed a higher protein feed (S34, 34 % protein) and kelp by Dlaza et al.
(2008).

The second component of this study was to address key questions 3 and 4 by testing the
effects‘of an integrated abalone / seaweed aquaculture system, with the abalone cultivated in
50 % and 75 % recirculation systems, using a mixed diet of kelp and Abfeed® K26.
Robertson-Andersson (2007) and Robertson-Andersson et al. (2008) concluded that the
seaweeds were nutrient limited in their existing system at 25 % recirculation when the abalone
were fed seaweeds only. In addition, it was thought that a higher protein feed would place
additional oxygen demands on the system and therefore its performance at higher

recirculation rates needed to be assessed.
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The performance of the various feed combinations and recirculation rates were assessed in
terms of health of abalone, growth rates of abalone, sediment loadings and water quality in a
long term study, supplemented by several short term studies.

This study was carried out in situ on a commercial farm and is therefore subjected to practices
which occur at a working, large scale, commercial facility, which may not necessarily have
occurred had the research been laboratory-based or in a more controlled research

environment.
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Chapter 2

Setting optimal diet ratios of kelp (Ecklonia maxima

(Osbeck) Papenfuss) and formulated feed (Abfeed”®
K26) for Haliotis midae cultivation
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2.1 Introduction

Cultivation of abalone began in South Africa in the 1990’s (Sales & Britz, 2001; Troell et al.,
2006), and the industry has since grown to be the largest producer outside of Asia (FAO,
2004). Due to a decline in natural stocks and a total moratorium on wild abalone harvest
(DEAT, 2007), farmed abalone now dominates the export market in South Africa (Troell et
al., 2006), other than poaching (Steinberg, 2005).

In the wild, kelp (Ecklonia maxima and Laminaria pallida) provide the primary food source
for H. midae on the southwest coast (Barkai & Griffiths, 1986). However, abalone are known
to consume a wide variety of seaweeds in large quantities to fulfil their nutritional

requirements (Barkai & Griffiths, 1986).

Kelp is used as the major feed component for farmed abalone in South Africa, making up
approximately 60 % of the utilised feed by weight (Robertson-Andersson, 2007). Alternatives
to kelp harvesting are the cultivation of seaweeds such as Ulva and Gracilaria on abalone
farms and the feeding of formulated feeds. Seaweed cultivation has proved to be successful on
a large scale at Wild Coast Abalone who have become world leaders in Ulva cultivation
(Bolton et al., 2008) and on a smaller scale at the Irvine & Johnson (I & J) Mariculture farm,
in Gansbaai (Robertson-Andersson, 2003, 2007, Robertson-Andersson, et al., 2008).
However, the logistical supply problems, abalone export weight loss and additional labour
costs associated with the feeding of fresh kelp, has led to the South African abalone industry
becoming increasingly reliant upon formulated diets (Hahn, 1989b; Anonymous, 1991; Britz

et al., 1994; Britz, 1996b; Anderson et al., 2007).
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Utilising formulated feeds is seen as being necessary by some analysts for the abalone
industry to continue to expand and make a significant contribution to the global abalone yield
(Britz, 1996a; Sales & Britz, 2001; Troell et al., 2006).

Development of formulated diets is an active area of research in South Africa. Formulated
feeds provide a secure and guaranteed nutritional value (Britz, 1996; Britz & Hecht, 1997,
Cook, 1998; Sales & Britz, 2001). However, farmers are disadvantaged by being dependent
on external fish production (Tacon, 2005, Deutsch et al., 2007). Formulated feeds, when
compared to natural sources, offer convenience and cost benefits to farm management (Britz
et al., 1994). The primary aim in the development of a formulated feed for abalone must be to
maximise growth rates by matching the diet specifications as closely as possible to the
abalone’s requirements for nutrients, and for the least possible cost (Fleming et al., 1996).
This will result in maximum efficiency of nutrient use and maximum profit margins, with

minimum ecological impact without affecting abalone quality (Fleming et al., 1996).

The growing demand for kelp by the abalone industry has greatly increased harvesting
(Anderson et al., 2003). This has created pressure on the kelp resource with the maximum
sustainable yield of the kelp being reached in two areas in 2003 (Anderson et al., 2003). It is
therefore important that formulated feeds be used in order for the South African abalone
industry to continue to grow. As a formulated feed has become a necessity for the growth of

the abalone industry in South Africa, what is the best ratio of Abfeed® K26 to kelp to be used?
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2.1.1 Aims

The aim of this experiment was to establish the ratio of Kelp and formulated feed (Abfeed®
K26) needed for the best growth rate. In this experiment three ratios of kelp and Abfeed® were
used to establish the best feeding ratio. In these treatments the regular weekly diet (high kelp /
low Abfeed®) administered by the farm, used as a control, was tested against a lower kelp /
higher Abfeed® diet and a very low kelp / very high Abfeed® diet (see Table 1). Kelp and
Abfeed® were chosen as they are the two most popular dietary choices by abalone farmers in
South Africa. Subsequent aims were to investigate the performance of the different diets in
terms of health of abalone, sediment loadings, physico-chemical characteristics and water

nutrients.
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2.2 Materials and Methods

2.21 Study site

This project took place in Gansbaai, at the I & J Cape Abalone Mariculture farm, which is 140
km east of Cape Town (34°37'S, 19°28'E). I & J Cape Abalone Mariculture is a land-based
intensive mariculture operation, which has been in operation since 1994. The farm cultivates
H. midae, Kob, both the Dusky and Silver (4rgyrosomus japonicus Temminck & Schlegel
and A. inodorus Griffiths & Heemstra), Yellowtail (Seriola lalandi Valenciennes) and Red
Roman (Chrysoblephus laticeps Valenciennes). Quantities of gracilarioids and Ulva spp. (U.
lactuca and U. capensis) have also been cultivated since 1998. The Ulva specie vary

seasonally, due to specific species preferences (Robertson-Andersson 2003).

Seawater was drawn from the sea into a pump house and then pumped directly into a header
tank (5000 m’) on platform 1 (the section of the farm where the experiment occurred), at a
rate of 1 200 m>. hr''. The water was then gravity fed to either the abalone tanks or the
seaweed tanks. The water was filtered through a 100 pm screen filter before entering the
tanks. The water turnover rate for the header tank is 5 - 6 volume exchanges per day. Effluent

water from platform is returned directly to the sea.
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2.2.2 Experimental animals

Animals for this experiment were spawned in 3 consecutive months, January, February and
March 2004. Animals had to be taken from 3 spawning dates to fill the experimental setup,
which required a total of 118 800 abalone (see Figure 1). All animals ranged between 10 - 30
grams at the beginning of the experiment. An average of 18 grams was used to calculate feed
ratios. Abalone were stocked at 550 animals per Ivey Blue up™ basket, with 24 baskets in
each tank. The tank dimensions were 6.6 m long X 2.08 m wide X 0.88 m deep; ca. 12 000 L.
Each feed treatment consisted of 3 tanks, which gives a total of 39 600 abalone used for each
of the three treatments (see Figure 1). For this experiment animals from the three spawning
dates were distributed between the nine tanks, but remained separated by the baskets. Hence
animals from the three spawning dates are nested twice, first into treatments and the second

into tanks.
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Figure 1: Diagram of experimental setup

Marked blocks represent the initial placement of the abalone baskets that were repeatedly sampled once a month
from May to November 2006 Black baskets represent placement of the January spawned cohort, horizontal lines
represent the placement of the February spawned cohort baskets and diagonal lines represents the placement of
the March spawned cohort baskets. Baskets were rotated once a week during the weekly cleaning cycle, with the
first basket in the tank being removed; all the baskets were moved one place forward in the tank, before placing

the first basket in the last position of the tank.

2.2.3 Diets

Table 1 illustrates the three different ratios of Abfeed® K26 and kelp used for this experiment.
The percentage of Abfeed® K26 fed was 0.6 % of the body weight per day, and the percentage
of Kelp (EM) fed per day was 7 % of the body weight. These values were calculated from
farm data. A weekly feeding regime was calculated using proportions of the above daily

values, with feeding days determined by farm practice.
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Table 1: Diet names, feed ratios and weekly feeding regime per basket

Diets Feed ratio per week Weekly feeding per basket
Abfeed” 3 Abfeed” 3 / Kelp 4 Monday Kelp = 27Kg
Friday Abfeed = 180 g
Abfeed”® 4 Abfeed® 4/ Kelp 3 Monday  Kelp = 2.08Kg
Thursday  Abfeed = 225 g
Abfeed” 5 Abfeed ¥ 5/ Kelp 2 Monday  Kelp = 1.4 Kg
Wednesday Abfeed = 135 g
Friday Abfeed = 180¢g

The weekly feed ratios above were calculated as follows:

Kg to feed = (kg animals) x (nr. of days) x (% body mass fed per day).

E.g. Abfeed® 3 treatment: Abfeed®:  Kg =712.8x3x0.6%
=12.8304
=4.2768 kg per tank
=0.178 kg per basket

Kelp: Kg =7128x4x7%
=199.5 kg
= 66.5 kg per tank
= 2.7 kg per baskets

The control for this study was Abfeed® 3 diet as this is the weekly diet the farm currently

uses.

2.2.4 Sub samples

Samples were taken from tanks from May 2006 to November 2006, at monthly intervals. At
each sampling, 10 animals were randomly sampled from each marked basket (see Figure 1).
Thirty animals were sampled from each spawning cohort and tank for each of the three diets,
therefore a total of 90 animals were sampled for each of the three dietary treatments (see

Figure 1).
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Of the 118 800 animals that were part of the experiment at each monitoring period, 270 were
sampled (0.23 % of the animals). Abalone were blotted dry to remove excess water before
weight measurements were recorded. Abalone body weight was recorded to the nearest 0.01
g, while shell length was measured along the longest axis to the nearest 0.01 mm. In order to

follow changes in growth rates individual baskets were sampled on a repeat basis (see Figure

1).

2.2.5 Daily Increment in Shell Length (DISL)

Daily Increment in Shell Length was calculated using the formula of Zhu et al. (2002)
DISL (um / day) = [(SL; - SL;) / t] x 1000, where SL; = the final mean shell length (mm),

SL; = the initial mean shell length (mm) and t = the feeding trial period in days.

2.2.6 Specific Growth Rates (SGR)

SGR was calculated using the following formula SGR = ((In (Wy) - In (W;))/t)*100
Where SGR is the specific growth rate (percentage body weight per day)
In (Wy) is the natural log of the mean final weight of abalone, In (W;) is the natural log of the

mean initial weight of the abalone and t is the time in days.

2.2.7 Condition factor

The condition factor is a concept that was developed to account for the relationship between

the weight of the abalone per unit shell length (Britz, 1996a-c).
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CF (gmm™) = [BW (g) / SL (mm)**°] X 5575]

Where CF = condition factor, BW = the mean body weight and SL the mean shell length.

2.2.8 Physico-chemical variables and Water nutrients

Physico-chemical variables (temperature, dissolved oxygen and pH) and water samples to
measure ammonium and phosphate were taken during two 72 hour experiments (9 - 11
October 2006 and 10 - 12 November 2006 as per the methods listed in Robertson-Andersson
et al 2008). This was done at the end of the weekly cleaning cycle, Friday 8 am till Monday 4
am, to get the maximum build up of dissolved nutrients present in the system. Physico-
chemical variables were recorded and water samples were collected every four hours during
the 72 hour periods. The samples were syringe-filtered through Whatman GF/B glass
microfibre filters to remove any sediment in the water samples. Samples were frozen on the
farm for later analysis. The same procedure was followed as for previous studies in this
system (see Potgieter, 2005; Brandt, 2006; Lindstrom, 2006; Robertson-Andersson, 2007 and
Robertson-Andersson et al., 2008).

Ammonium concentration was determined using the method described by Grasshoff et al.
(1976), scaled down to a sample volume of 5 ml. Dissolved Inorganic Phosphate (PO,)
concentration was determined using the method described by Grasshoff et al. (1976), with a
slight modification in that, samples and reagent amounts were reduced by a factor of 10.
Ammonium and phosphate samples were taken in triplicate and analysed as such. Testing was
performed for Total Ammonia Nitrogen (TAN), from which Free un-ionized Ammonia
Nitrogen (FAN) was calculated using the TAN concentrations, pH, temperature and salinity

values following the method of Bower & Bidwell (1978), and Emerson et al. (1975) methods.
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2.2.9 Sediments

Sediment load was measured during the cleaning of the abalone tanks. As it was not possible
to clean all the tanks in one day, a cleaning rotation was set up where three tanks from the
same diet were cleaned per day. Daily litre samples of inlet water were taken to account for
any differences in sediment entering the tanks. Daily one litre samples were also taken a week
prior to the cleaning of the tanks, to measure sediment entering the tanks from the incoming
water. The water column was sampled at the base of the abalone basket, approximately 50
centimetres below the water surface. Water was collected by placing a hose pipe attached to a
stick to a depth of 50 centimetres, suction was created on the hose pipe, which allowed water
to flow, a one litre sample was then taken. To sample bottom sediment, water from the tank
was drained leaving an accumulated layer of sediment at the bottom of the tank. Sediment
deposits from baskets and feeder trays were washed down with sea water and the side walls
were scrubbed and rinsed. The sediment rich bottom water was then pumped in to a 600-litre
tank. After intensive mixing, a one litre sub sample was collected. This procedure was
repeated twice for each tank due to each tank being sub-divided down the middle by a
concrete wall. Once collected, all the samples were frozen and taken to the laboratory, where
samples were thawed and placed into plastic Imhoff-containers and left for 24 hours. The
water was decanted with a tube and the remaining sediment transferred to a foil container, and
any excess sediment in the Imhoff-container was washed into the sample with distilled water.

Samples were dried at 70 °C for 72 hours before being weighed in the laboratory.
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2.2.10 Abalone health

Forty-five animals from the experimental systems, three groups of fifteen sampled from each
dietary treatment, from the February spawned cohort were collected and analysed by Dr Anna
Mouton, the AFASA (Abalone Farmers Association of Southern Africa) veterinarian, and
reported according to standard industry reports (Mouton, 2006). These samples were analysed
for parasite status, sabellid score, shell condition, gonad development, condition score and
environmental stress score. These results are presented according to the industry standard.

Results were interpreted using Table 2.
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TABLE 2: Interpretation of health results (table from Robertson-Andersson 2007)

Range and

Average Average gonad Parasite status General Remarks
sabellid score development condition
0: absent Immature: Expressed as the percentage of sample Worst to best: Environmental
infected. stress

interpretation

1: less than 10 on entire shell only immature sex cells present very poor Is present (1) or
absent (0).
2: more than 10 on entire The following are reported: poor
shell
3: tunnels superimposed on Moderate: Coccidia below standard
growth edge
4: tunnels completely cover mixture of developmental Digestive gut protozoa acceptable
more than 2/3 of growth stages of sex cells
edge.
gut protozoa
Rickettsia satisfactory
Mature: Shiny shells are present or absent. good.
gonad consists almost entirely ~ Polydora is expressed as the percentage
of mature sex cells of sample infected.
Chief Shell examination Histology of gonad Histology of all organs Histology of Histology

determinant

digestive gland

Mainly reflects Shell condition

Sexual maturity

Parasite infection level

Nutrition

Water quality
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2.2.11 Statistical analysis

Unless otherwise stated, all graphs are expressed as means + SE.

The growth data were analyzed by two methods,

(1) Analysis of variance (ANOVA’s) were performed at the end point of the experiment
(using abalone lengths and weights recorded in November) to test for significant
differences between the abalone growth measurements in the three diets, at the
termination of the experiment. The growth data were analysed by treatment (where all 90
abalone per dietary treatment were combined (see Figure 1)) and by spawning cohort
(where the 30 abalone per spawning cohort were combined for each dietary treatment
(see Figure 1)).

(2) Analysis of covariance (ANCOVA'’s) were performed as described in ZAR (1999) on
the entire six month growth data set (calculations of ANCOVA'’s are located in the
Appendix Tables 1 - 8). The natural log of the weight recordings were performed prior to
the ANCOVA testing. The ANCOVA testing was performed to test for significant
differences between the regression equations calculated, over the six month growth trial,
from the abalone weights and lengths in the three diets. The ANCOVA testing differs
from the ANOVA testing as it takes into account the entire six month data set, where as

the ANOVA testing only uses the final recordings to test for significant differences.

ANOVA’s were also performed over the two 72 hour periods for the physico-chemical

variables and water nutrients; this indicates significant differences over the 72 hour

period. ANOVA’s were performed using the statistical program STATISTICA V8. All
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data were regarded significant at p < 0.05. If the assumptions of the ANOVA’s
(normality and equal variance) were not met the non-parametric Kruskal Wallis ANOVA
test, was applied. Comparisons after ANOVA were made using the post hoc Tukey test to
individualise specific differences, comparisons after the Kruskal Wallis ANOVA test

were made with the multiple comparisons test (Zar, 1999).

2.2.12 Estimated time to harvest

Estimated time to harvest was calculated from the six month weight recordings. The
weight recordings were natural log transformed and projected (using a linear growth
equation) to 4.605 which is the natural log of 100 grams. The growth graphs with a 95 %

confidence interval and growth equations are located in the Appendix Figures 1 — 4.
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2.3 Results

2.3.1 Growth

At the termination of the experiment there was no significant difference between the
weights of abalone in the three diets (ANOVA F (2, 267) = 3.37, p = 0.035) (see Figure
2). There were significant differences between the lengths of abalone in the three
treatments, ANOVA F (2, 267) = 5.0085, p = 0.007. A post hoc Tukey test indicated that
the abalone in the Abfeed® 3 treatment were significantly longer than abalone in the
Abfeed® 4 (p =0.04) and Abfeed® 5 (p = 0.01) treatments (see Figure 3).

When broken down into spawning cohorts (see Figures 4 and 5), the abalone in the
Abfeed® 5 January spawned cohort were significantly heavier than abalone in the
Abfeed® 3 and Abfeed® 4 January spawned cohorts, Kruskal-Wallis test: H (2, N = 90) =
12.127 p = 0.002. Abalone in the February spawned cohort in the Abfeed® 3 treatment
were significantly heavier compared to the abalone in the Abfeed® 5 treatment, Kruskal-
Wallis test: H (2, N = 90) = 8.94, p = 0.011. Abalone in the March spawned cohort in the
Abfeed® 3 treatment were significantly heavier than the abalone in the Abfeed® 5
treatment, ANOVA F (2, 87) = 9.98, p <0.001.

There were no significant differences between the lengths of the abalone in the January
spawned cohort in the three treatments (Fig. 5). In the February spawned cohort the
abalone in the Abfeed® 3 treatment were significantly longer than abalone in the Abfeed®

5 treatment, ANOVA F (2, 87) = 42512, p = 0.01. In the March spawned cohort the
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abalone in the Abfeed® 3 treatment were significantly longer than abalone in both the

Abfeed® 4 and the Abfeed® 5 treatments, ANOVA F (2,87)=9.0947, p <0.001.

The ANCOVA results indicted that the growth rates in terms of weights and lengths were
equal between the abalone in the three treatments (Weight, F = 0.05, DF = 264 and p >
0.05) and (Length, F = 0.117, DF = 264 and p > 0.05), (see Appendix Table 1 and 2 for
calculations).

The ANCOVA weight results for the three spawning cohorts all indicated that the growth
rates were equal for the three treatments. January (F = 0.03, DF = 84 and p > 0.05),
February (F = 0.04, DF = 84 and p > 0.05) and March (F = 0.03, DF = 84 and p > 0.05)
(see Appendix Table 3 - 5 for calculations).

The ANCOVA length results for the three spawning cohorts all indicated that the growth
rates were equal for the three treatments. January (F = 0.01, DF = 84 and p > 0.05),
February (F = 0.09, DF = 84 and p > 0.05) and March (F = 0.05, DF = 84 and p > 0.05)

(see Appendix Table 6 - 8 for calculations).
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Figure 2: Average abalone growth in body weight in the three treatments
Ninety abalone were sampled each month for the three dietary treatments from May to November
2006.
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Figure 3: Average abalone growth in shell length in the three treatments
Ninety abalone were sampled each month for the three dietary treatments from May to November
2006.
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Figure 4: Average abalone growth in body weight for the three spawning cohorts
Thirty abalone were sampled each month for the three dietary treatments from May to November
2006.
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Thirty abalone were sampled each month for the three dietary treatments from May to November

2006.
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2.3.2 Growth parameters

Over the trial period the abalone in the Abfeed” 3 had higher (i) mean weight gain (1.05
— 2.82 grams), (i1) mean shell length gain (0.62 — 2.49 mm), (iii) DISL (3.36 — 13.58
um.d') when compared to abalone in the Abfeed® 4 and Abfeed® 5 respectively (see
Table 3). The abalone in the Abfeed® 4 diet had a higher SGR (0.014 - 0.049 %) when
compared to the Abfeed® 3 and Abfeed® 5 diets respectively.

Abalone in the January spawned cohort in the Abfeed® 3 had higher (i) mean weight gain
(3.9 - 2.7 grams), (ii) mean shell length gain (4.01 — 5.55 mm), (iii) DISL (21.93 —30.36
pm.d™h), (iiii) SGR (0.086 — 0.114 %) when compared to abalone in the Abfeed® 4 and
Abfeed® 5 diets respectively (see Table 3).

Abalone in the February spawned cohort in the Abfeed® 4 had higher (i) mean weight
gain (1.65 — 2.56 grams), (ii) mean shell length gain (2.98 — 0.57 mm), (iii) DISL (16.3 -
3.15 um.d™"), (iiii) SGR (0.108 — 0.04 %) when compared to abalone in the Abfeed® 3
and Abfeed® 5 diets respectively (see Table 3).

Abalone in the March spawned cohort in the Abfeed® 3 had higher (i) mean weight gain
(2.41 — 5.61 grams), (i1) mean shell length gain (0.81 — 3.87 mm), (ii1) DISL (4.46 — 17.2
pm.d™), when compared to abalone in the Abfeed® 4 and Abfeed® 5 diets respectively
(see Table 3). Abalone in the Abfeed® 4 diet had higher SGR (0.006 — 0.074 %) when

compared to abalone in the Abfeed® 3 and Abfeed® 5 diets respectively.
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Table 3: Growth parameters of abalone from the three treatments and spawning
cohorts
Treatment: all three spawning cohorts combined

Abfeed®3  Abfeed®4  Abfeed” s
Mean initial weight (g) 22.14 19.92 21.92
Mean final weight (g) 42.7 39.4 39.6
Mean weight (g) gain 20.53 19.48 17.71
Treatment | Mean initial length (mm) 473 46.0 47.5
Mean final length (mm) 58.4 56.5 56.1
Mean length (mm) gain 11.13 10.51 8.64
DISL 60.82 57.46 4724
SGR 0.358 0.372 0.323
Mean initial weight (g) 19.6 22.17 26.98
Mean final weight (g) 39.73 38.4 44.4
Mean weight (g) gain 20.13 16.23 17.43
January Mean initial length (mm) 4491 48.31 51.75
Cohort Mean final length (mm) 57.5 56.89 58.36
Mean length (mm) gain 12.59 8.58 7.04
DISL 68.81 46.88 38.45
SGR 0.386 0.3 0.272
Mean initial weight (g) 28.1 20.81 21.39
Mean final weight (g) 49.81 4491 42.94
Mean weight (g) gain 21.7 24.11 21.55
February | Mean initial length (mm) 52.29 46.73 46.31
Cohort Mean final length (mm) 62.12 59.54 58.55
Mean length (mm) gain 9.83 12.81 12.24
DISL 53.73 70.03 66.88
SGR 0312 0.42 0.38
Mean initial weight (g) 18.73 16.79 17.41
Mean final weight (g) 38.48 349 31.56
Mean weight (g) gain 19.76 18.11 14.15
March Mean initial length (mm) 44.56 42.92 44.37
Cohort Mean final length (mm) 55.52 53.07 51.46
Mean length (mm) gain 10.96 10.15 7.09
DISL 59.92 55.46 38.72
SGR 0.393 0.399 0.325

Daily increment increase in shell length (DISL — pm.d™"), specific growth rate (SGR - % body weight.
day™), length and weight gained by the abalone from the three treatments (all three spawning cohorts
combined) and weight and length gained by the abalone in the 3 spawning cohorts.



2.3.3 Estimated time to harvest

When all the spawning dates were combined, the estimated time to harvest was very
similar for the Abfeed® 3 and Abfeed®™ 4 diets with a ten days difference in the estimated
time to harvest (time taken to reach 100 g). The Abfeed® 5 diet performed slightly worse
with the estimated time to harvest a month later than the other two diets (see Table 4 and

Appendix Figure 1).

The January spawned cohort:
The abalone in the Abfeed® 3 diet had the shortest estimated time to harvest, with 73
days and 53 days shorter time compared to the Abfeed® 4 and Abfeed® 5 diets

respectively (see Table 4 and Appendix Figure 2).

The February spawned cohort.
The abalone in the Abfeed”® 4 diet had the shortest estimated time to harvest which was
30 and 32 days shorter than the Abfeed® 3 and Abfeed® 5 diets respectively(see Table 4

and Appendix Figure 3).

The March spawned cohort:
The abalone in the Abfeed® 3 diet had the shortest estimated time to harvest which was

13 and 87 days shorter than the Abfeed® 4 and Abfeed® 5 diets respectively(see Table 4

and Appendix Figure 4).
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Table 4: Estimated time to harvest (days)
Treatment: all three spawning cohorts combined

Abfeed®3 Abfeed®4 Abfeed® 5

Treatment 247 257 289
January cohort 249 322 302
February cohort 237 207 239

March cohort 244 257 331

Estimated number of days to harvest was estimated using the entire six month growth data, an exponential
trend line was fitted to the data and projected to 100 grams (see Appendix Figures 1 - 4).

2.3.4 Condition factor

Treatment: (all three spawning cohorts combined)
The abalone in the Abfeed® 5 diet had significantly higher CF than the abalone in the

Abfeed® 4 diet ANOVA (F (2, 267) = 6.425, p = 0.001) (see Table 5).

January cohort:
The abalone in the Abfeed® 5 diet had significantly higher CF compared to both the

Abfeed® 3 and Abfeed® 4 diets. ANOVA (F (2, 87) =10.029, p <0.001) (see Table 5).

February cohort:
The abalone in the Abfeed® 3 diet had significantly higher CF compared to both the

Abfeed® 4 and Abfeed® 5 diets ANOVA (F (2, 87) = 7.105 p = 0.001) (see Table 5).

March cohort:

The abalone in the Abfeed® 5 diet had significantly higher CF compared to the abalone in

the Abfeed® 3 diet ANOVA (F (2, 87) = 4.1812, p = 0.0184) (see Table 5).
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Table 5: Condition factors (g.mm’") for the diets and spawning cohorts (standard deviation)
Treatment: all three spawning cohorts combined

Abfeed® 3 Abfeed® 4 Abfeed® 5
Treatment | 1.273(0.140) | 1.23(0.126) | 1.297 (0.134)
January 1.221 (0.122) | 1.198 (0.165) | 1.341 (0.105)
February 1.322 (0.164) | 1.244(0.123) | 1.251 (0.129)
March 1.232 (0.095) | 1.246 (0.085) | 1.314 (0.159)

2.3.5 Water Nutrients

Total Ammonia Nitrogen

The TAN concentrations were highly variable, with peaks occurring between 8 pm and 4

am (see Table 6 and Figure 6). The major TAN peak for the Abfeed® 4 diet occurred the

first evening of recording around midnight, and thereafter the values decreased. This is

due to the Abfeed®™ 4 diet being fed with 225 g of Abfeed® K26 on Thursday; whereas the

other two diets were fed 180 g of Abfeed® K26 on Friday. Peaks in the Abfeed” 5 diet

occurred at midnight of day one, 8 am and 8 pm of day two, and a smaller peak at 12 am

on day three (see Figure 6). The Abfeed® 3 diet had lower concentrations of TAN

compared to the other two diets; the peaks between 8 pm and 4 am were also absent.

Table 6: The Total Ammonia Nitrogen concentrations pml” recorded over two 72 hour
experiments.
(i) 9 - 11 October 2006 and (ii) 10 - 12 November 2006

(1)
TAN Average Min Max
Inlet 1.99 0.89 3.70
Abfeed® 3 426 0.17 6.58
Abfeed® 4 6.62 3.61 13.75
Abfeed® 5 6.88 0.48 11.32

(i)
TAN Average Min Max
Inlet 1.99 0.31 5.42
Abfeed® 3 5.10 2.09 9.35
Abfeed® 4 5.12 2.30 7.25
Abfeed® 5 7.09 5.00 10.82
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Analysis of variance (ANOVA’s) was performed over the two 72 hour periods, the
ANOVA for the October recordings indicated that there were significant differences
between the treatments F (3, 176) = 4.77, p= 0.003, a post-hoc Tukey test showed that the
Abfeed® 4 treatment had significantly higher TAN values when compared to both the
inlet (p = 0.01) and Abfeed® 3treatment (p = 0.02). The ANOVA for the November
recordings indicated that there were significant differences between the treatments
Kruskal-Wallis test: H (3, N = 180) = 63.23, p < 0.001. A post-hoc multiple comparison
test showed that the inlet had significantly lower TAN values when compared to all three
treatments, the Abfeed® 3 treatment was significantly lower than the Abfeed® 5 treatment
and the Abfeed® 4 treatment was significantly lower than the Abfeed® 5 treatment (p <

0.05).

Table 7: Maximum Free un-ionized Ammonia Nitrogen concentrations pml’

DATE | ABFEED®3 | ABFEED®4 | ABFEED® 5
October 0.588 0.264 0.376
November 0.261 0.151 0.029

Maximum FAN values are shown in Table 7. The readings recorded in October are much
higher than those recorded in November. The Abfeed®™ 3 diet had the highest of the three

diets, in both the October and November recordings. FAN concentrations are affected by
temperature, salinity and pH, and all these factors contributed to the difference in FAN

concentrations in QOctober and November.
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Figure 6: Total Ammonia Nitrogen (A) and Phosphate (B) concentrations (pml']) in the
inlet water and all three diets (n =162 each). Experiment began on Friday morning at 8
am (day 1). Abfeed® 4 diet was fed 225 g of Abfeed® K26 on Thursday (the day before
the start of recordings); whereas the other two diets were fed 180 g of Abfeed”® K26 on

Friday (the first day of recordings).

56



Phosphate concentrations:

The phosphate concentrations peaked at 6 pm of day 1 and 4 am of day 1, 2 and 3. The

peaks are synchronized with inlet peak values, with the exception of a small peak in the

inlet at 4 pm of day 2 (See Figure 6 B and Table 8).

Table 8: The Phosphate concentrations pml' recorded over two 72 hour experiments.

(i) 9 - 11 October 2006 and (ii) 10 - 12 November 2006

)
Phosphate | Average Min Max
Inlet 2.72 1.28 4.46
Abfeed® 3 3.17 1.33 5.89
Abfeed® 4 297 1.83 5.46
Abfeed® 5 3.00 1.59 5.00

(i)
Phosphate | Average Min Max
Inlet 3.05 1.05 7.38
Abfeed® 3 3.20 0.90 6.80
Abfeed® 4 3.40 1.47 6.65
Abfeed® 5 3.39 1.18 7.41

Analysis of variance (ANOVA’s) was performed over the two 72 hour periods. The

ANOVA’s indicate that there were no significant differences between the phosphate

concentrations in October (F (3, 176) = 0.24, p = 0.86) and November (F (3, 166) =

0.650, p=0.58).
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2.3.6 Physico-chemical variables

There were no significant differences between the pH of the three dietary treatments, but
the pH in the inlet water was significantly higher than all the dietary treatments
(ANOVA: F (3, 176) = 26.85, p < 0.001). Average pH (see Figure 7 A) for the three diet
treatments was 7.9 with minimum of 7.64 and a maximum of 8.19. This was significantly
lower (p < 0.05) than the incoming seawater which had an average pH of 8.3 with a
minimum of 8.02 and a maximum of 8.54. The pH showed a diurnal rhythm being

highest at 4 pm and lowest at 8 am (see Figure 7 A).

Temperature

There was no significant difference between the temperatures in the three dietary
treatments and between the inlet and the three diet treatment temperatures ANOVA F (3,
176) = 0.527, p = 0.66 (see Figure 7 B). The inlet temperature had an average of 17 °C
with a minimum of 15.7 °C and a maximum of 18.3 °C. The average temperature of the
three diet treatments was 17.2 °C with a minimum of 15.7 °C and a maximum of 18.7 °C.
The drop in daily temperature that occurred on day 3 was due to lower ambient
temperature. The temperature values showed a diurnal pattern which was synchronized

to the pH.
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Dissolved Oxygen

There was no significant difference in DO concentrations between the three dietary
treatments. The DO in the dietary treatments were significantly lower than the inlet water
(ANOVA F (3, 176) = 51.314, p < 0.001) (see Figure 7 C). The inlet had an average DO
of 4.85 mgl" with a minimum of 4.60 mgl” and a maximum of 5.21 mgl”. The three
diets had an average DO of 4.09 mgl” with a minimum 3.62 mgl™ and a maximum 4.48
mgl™. There was a decrease in DO at 4 pm, which corresponds to the highest temperature

and pH during the day.
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Figure 7: pH (A), Temperature (B) and Dissolved oxygen (C) recorded (n = 162 each)
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2.3.7 Sediments

There were no significant differences between the sediments in the water column of the
three diets (see Table 9), Kruskal-Wallis test: H (2, N = 9) = 0.6222 p = 0.7326. The
Abfeed® 3 diet had the highest water column sediment followed by the Abfeed® 4 and
Abfeed® 5 diets respectively. No significant differences were found between the bottom
sediments accumulation of the three diets (see Table 9) Kruskal-Wallis test: H (8, N = 18)
= 6.456140 p = 0.5963. The Abfeed” 3 diet had the highest bottom sediment load per

litre, followed by the Abfeed® 5 and Abfeed® 4 diets respectively.

Table 9: Average water column sediment and bottom sediment accumulation per liter
(grams) (+ Standard deviation)

Abfeed® 3 Abfeed® 4 Abfeed® 5

Average water column sediment | 1.743 + (0.666) | 1.455+(0.257) | 1.306 +(0.293)

Average Bottom sediment 6.67+(1.666) | 5.05+(0.539) | 551+ (0.509)
accumulation

2.3.8 Abalone health

There were no significant differences between the sabellid score present on the abalone in
all the diets, as identified by Dr Anna Mouton, the AFASA veterinarian, with average
sabellid scores of between 1 and 2. Abalone in all the diets showed significant
environmental stress. This is reflected in the bad condition scores and bad shell condition
scores with the abalone all having poor to very poor shell conditioning. Abalone in all the
diets had immature sex cells or moderate gonad development; this was expected due to

immature abalone being used in the experiment (see Table 2 and Table 10).
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diet treatments
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Digestive gland protozoa (DGP) were present in all the diet treatments, with 13 % of the
abalone having DGP in the Abfeed® 5 and Abfeed® 3 diets, abalone in the Abfeed® 4 diet
treatment had less with 6,5 % of the sample having DGP (see Figure 8).

Gut protozoa were present in the Abfeed® 5 and Abfeed® 4 diets only, with 13 % and 6.5
% of the abalone having the gut protozoa (see Figure 8).

All the treatments had RLP present; the Abfeed® 5 and Abfeed® 3 diets had the same
level of infection with 26.5 % of the abalone having the RLP. The abalone in the Abfeed®

4 diet had a lower rate of infection (13 %) (see Figure 8).
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2.4 Discussion

2.4.1 Growth

The initial growth results seemed to be conflicting, as the ANOVA’s show significant
differences between (1) the abalone lengths in the treatments (2) the abalone weights of
all three spawning cohorts (3) abalone length in the February and March spawned
cohorts, whereas the ANCOVA’s showed no significant difference between weights and
lengths of abalone in all three treatments and all three spawning cohorts. In order to
address the conflicting results, ANOVA’s were performed on the initial weights and
lengths recorded in May 2006, to determine if the initial weights and lengths were
significantly different from each other. These results indicated that there were significant
differences between the weights and lengths of the treatments and spawning cohorts.
Therefore the significant differences identified by the ANOVA’s of the final (November
2006) recording were a result of the significant differences being carried through the
experiment from the initial recordings (see Figures 2 - 5). The size difference of animals
at the start of the experiment was an artefact of working in a commercial environment,
where it was not possible to be as accurate as working under laboratory conditions. The
ANCOVA’s were therefore a better indicator as to how the treatments affected the
growth of the abalone. Therefore there was no significant overall difference between the
three treatments in terms of weight and length increase over the experimental time period.

The difference in initial size could also explain the difference in SGR and the difference
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in estimated time to harvest as larger animals would be able to have higher weight
increase in comparison to smaller animals.

This study concludes a large body of research performed on abalone diets in a land based
aquaculture farms; Table 11 below presents the length increases per month from Naidoo

et al. (2006) and Robertson-Andersson (2007).

Table 11: Comparison of abalone length increase (mm) per moth from three studies using

different diets
Diets Naidoo et al. Robertson-Andersson Current study

2006 2007

Kelp 1.65 1.69

kelp, Ulva and Gracilaria 1.98 1.96

Abfeed® 1.47

Abfeed® 3 1.86
Abfeed® 4 1.75
Abfeed® 5 1.44

The abalone in the Abfeed® 3 and Abfeed® 4 diets had higher monthly length increase
compared to those recorded for the kelp diet by Robertson-Andersson (2007) (Robertson-
Andersson worked on the same farm, with abalone of similar size and stocking density to
the current study). Abalone in all the diets in the current study had lower monthly length
increases in comparison to abalone in Robertson-Andersson (2007) mixed diet treatment.
It is important to note that growth factors are influenced by numerous factors, mentioned
above; and therefore these comparisons should be used as an estimate rather than a direct
comparison. Naidoo et al. (2006) conducted feed trials with H. midae, with a number of
different diets, at the Jacobsbaai Sea Products farm on the west coast of South Africa,.
The abalone used in their study had a starting weight of 7.22 - 7.92 g, with a stocking

density of 500 abalone per basket. Their results showed that a mixed diet (Gracilaria
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gracilis, Ulva lactuca and kelp) had the best growth rates with monthly abalone length
increase of 1.98 mm per month (a higher rate than in the current study). Naidoo et al.’s
(2006) results were very similar to those of Robertson-Andersson, 2007 for the mixed
diets. Numerous abalone farms are currently farming Gracilaria spp. and Ulva spp.
(Bolton, 2006; Troell et al., 2006; Robertson-Andersson, 2007, Robertson-Andersson et
al., 2008), and including these seaweeds into the current diet of kelp and Abfeed® K26

could possibly increase growth rates. This needs further research.

The CF is the relationship between the weight of abalone per unit shell length and takes
into account amount of feed invested in developing both the body weight and shell
length. The CF of abalone in the Abfeed® 5 diet was the highest of the three diets (see
Table 5). The CF of abalone in the Abfeed® 5 diet was significantly higher than the
abalone of the Abfeed® 4 diet. This indicates that abalone in the Abfeed® 5 diet invested

more into weight than into length, which is more desirable for the market.

2.4.2 Water Nutrients

ANOVA’s over the 72 hour periods indicate that there was significant difference between
the Total Ammonia Nitrogen (TAN) concentrations in the three diets. The TAN
concentrations were highly variable as shown by the significantly higher TAN
concentration in the October Abfeed® 4 treatment recording and the significantly higher
TAN concentration recorded in the Abfeed® 5 treatment in the November recordings (see

Figure 6 A and Table 8). In an aquaculture system the level of nitrogenous wastes
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excreted by aquatic animals is probably the most important parameter, once oxygen
levels are maintained (Colt & Armstrong, 1981). Within the nitrogenous wastes of
abalone, ammonia is the major component of the protein catabolism (Kinne, 1976; Colt
& Armstrong, 1981; Russo & Thurston, 1991). Chronic exposure can lead to slower
growth and ultimately mortality in the cultured animals, thus limiting production in
aquaculture (Basuyaux & Mathieu, 1999; Hargreaves & Kucuk, 2000; Russo & Thurston,
1991; Reddy-Lopata et al., 2006). The proportions of Free un-ionized Ammonia Nitrogen
(FAN) and TAN in solution depend on temperature, pH and to a lesser extent on salinity
(Huchette et al., 2003). Concentrations of FAN increase with elevated temperature and
pH values and decrease with higher salinities (Downing & Merkens, 1955). Thus, TAN at
low pH is usually toxic only in overwhelming quantities whereas at high pH, much
smaller amounts may be lethal (Warren, 1962).The maximum FAN concentrations
recorded in the abalone tanks of this experiment were 0.588 uml™ for the Abfeed® 3 diet,
0.264 pml™' for the Abfeed® 4 diet and 0.376 puml™ for the Abfeed® 5 diet. These values
were far lower than the recommended safe concentrations of 7.4uml™ established for
similar sized H. midae by Reddy-Lopata et al. (2006), and should therefore have little

effect on the growth rate.
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2.4.3 Physico-chemical variables

There was no significant difference between any of the physico-chemical variables in the
three diets recorded over the 72 hour period (see Figure 7). The diurnal patterns in the
temperature data were linked to those of the inlet water (which is at ambient sea
temperature), and both of these were influenced by air temperature. The slight increase in
temperature in the abalone tanks was due to both the biological activity of the abalone
and the radiation from the sun. Britz et al. (1997), showed that the physiologically
optimal temperature range for H. midae growth is 12 - 20 °C (with an absolute optimum
of 18 °C). All the dietary treatments in the current experiment fell with in the optimal
temperature range between 15.5 and 19 °C. The temperature measurements were
recorded in the warmer summer months and would be close to the maximum the system
would be exposed to.

The pH showed diurnal patterns, rising with increasing temperature (see Figure 7 A and 7
B). As the temperature increases so will the biological activities of the abalone, including
increased respiration which produces carbon dioxide. Carbon dioxide dissolved in
seawater forms carbonic acid by affecting the chemical balance between hydrogen ions,
bicarbonate and carbonate, thus lowering the pH. The pH values recorded in the
experiment ranged between 7.64 - 8.19, which fell within the target range of 7.5 — 8.2 of
the I & J Abalone farm.

The DO recorded in the abalone tanks of all dietary treatments was lower than that of the
inlet water, as expected, due to the respiring abalone in the tanks. Robertson-Andersson

et al. (2008) found a decrease in DO at night, due to higher abalone activity. This trend
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was not evident in the current study. The lowest DO recorded in the current study

occurred at 4 pm, which corresponds to the higher temperature readings (see Figure 7).

2.4.4 Sediments

There was no significant difference between the suspended particulate matter (SPM) of
the three diets. This may mean that the water column has reached loading capacity. A
possible reason for this may be due to aeration and flow rates in the tanks being equal and
therefore the water motion (velocity) within the tanks was similar (Robertson-Andersson,
2007). Accumulation of bottom sediments were significantly higher when compared to
SPM, which was expected as the comparison is between sediments accumulated over
time with the concentration in the water column. No significant differences were found
for bottom sediments accumulation for the three dietary treatments. This was in contrast
to the findings of Potgieter (2005), who found a significant difference in particle
accumulations of the bottom sediment loads. This may be due to the same dietary
components (Kelp and Abfeed® K26) being used in all three diets in the current study,
whereas Potgieter (2005), used diets consisting of Abfeed® only; Kelp only and a Mixed
algal diet. Negative effects of SPM include: mechanical and abrasive impairment of gills
resulting in the cultured organism’s death (Lloyd, 1987), decreased light penetration
(Lloyd, 1987), impaired feeding behaviour, and smothering of benthic organisms (Hogg
& Norris, 1991), clogging of filter feeding apparatus (Newcombe & Macdonald, 1991;
Metzeling et al., 1995), stress and behavioural changes (Doeg & Milledge, 1991). As

there were no significant differences between the two higher levels of Abfeed® in the diet
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(Abfeed® 4 and Abfeed® 5 diets) and the control, it can be concluded that increasing the

ratio of Abfeed® in the diet had no effect on the sediment loadings.

2.4.5 Abalone health

Abalone from all diets were infected with the sabellid polychaete, 7. heterouncinata,
which is endemic to South Africa (Ruck & Cook, 1998; Fitzhugh & Rouse, 1999) (see
Table 10). This is a problem that needs to be managed on South African farms due to the
ubiquity of 7. heterouncinata. There was no significant difference in the infection rate of
T. heterouncinata between the three dietary treatments Therefore the increased level of
Abfeed® K26 in the diet had no affect on sabellid numbers in the I & J system. Abalone
in all three diets had poor shell development and showed significant signs of stress,
identified by Dr Mouton. Stress can be caused by numerous conditions including diet,
stocking density, free un-ionized Ammonia Nitrogen and suspended particulate matter
concentrations. As abalone in all the dietary treatments, including the control, showed
signs of stress, diet is probably not the major factor inducing stress in the I & J system.
The effects of the digestive gland protozoa and Gut protozoa are thought to be benign in
nature and should have little effect on the abalone growth rates (see Figure 8). The
conditions for the control (Abfeed® 3) were the same as the rest of the farm. As abalone
in the Abfeed® 3 dietary treatment showed signs of stress it can be assumed that abalone

on the rest of the farm would have also been stressed.
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2.4.6 Cost assessment

In addition to the factors mentioned above it is also important to take cost of the diets into

account.

Cost values obtained from Marifeed (Pyt) Ltd 2007
- Wet kelp at ZAR1.07 per kg

- Abfeed® at ZAR 14.50 per kg (dry feed)

Table 12: Cost assessment per basket (calculated using 550 abalone per basket, with an
average weight of 18 grams).

Diets Kelp / Abfeed® per week (grams) | Rand per week | Rand per month | Rand per year
Abfeed” 3 2700/ 180 2.88 +2.61 22.00 285.94
Abfeed” 4 2080/ 225 2.22+3.26 21.95 285.38
Abfeed” 5 1400/315 1.49 + 4.57 24.26 315.40

The Abfeed® 5 diet cost per basket per year is ZAR 29.46 and ZAR 30.02 more than the
Abfeed® 3 and Abfeed® 4 diets respectively (see Table 12). Abfeed® 3 and Abfeed® 4
diets costs were very similar with there being a ZAR 0.56 difference in price per basket
per year. Scaled up to a 500 tank farm (with 24 baskets per tank); the farm would save

ZAR 6720 per year using the Abfeed® 4 diet as compared to the Abfeed® 3 diet.
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2.5 Conclusion

There was no significant difference in terms of abalone growth in terms of weight and
length increase over the trial period. The higher levels of Abfeed® K26 in the diet did not
have any significant affect on sediment loadings, abalone health, physico-chemical
variables and water nutrients. It is therefore possible to use higher ratios of Abfeed® K26

in the diet with out any negative effects to abalone growth and the culture environment.
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Chapter 3

Abalone (Haliotis midae Lin.) cultivation at high
recirculation rates (50 — 75 %) using a seaweed and
formulated feed fortified diet, with Ulva lactuca L. as
a biofilter
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3.1 Introduction

Reducing negative environmental impacts from aquaculture activities is a key issue for
ensuring long-term sustainability of the aquaculture industry (Troell et al., 2003).
Integrated multi-trophic aquaculture has been suggested as a means of reducing negative
effects and increasing production and sustainability of aquaculture (Folke & Kautsky,
1992; Newkirk, 1996; Brzeski & Newkirk, 1997; Naylor et al., 2000; Liining & Pang,
2003; Troell et al., 2003; Ridler et al., 2007). Integrated multi-trophic aquaculture is the
culture of fed organisms combined with the culture of organisms that extract either
dissolved inorganic nutrients (i.e. seaweeds) or particulate organic matter (i.e. shellfish),
thus balancing the biological and chemical processes (see review in Buschmann et al.,
2001; Chopin et al., 2001; Ridler et al., 2007). The by-product wastes from one resource
become inputs for another (Shpigel & Neori, 1996; Troell et al., 2006; Chopin, 2006;
Ridler et al., 2007). This can be achieved by using a recirculating system with a biofilter
(Neori et al., 1996). Recirculating systems have the potential to reduce the effects of
harmful algal blooms (HAB’s) (Pitcher et al., 2002), accidental discharges of pollutants
and reduce the amount of dissolved nutrients that are released into the environment

(Krom, 1986; Robertson-Andersson, 2003; Samsukal, 2004).

Water is the medium that transports the pollutants from the animal culture to the biofilter
(Neori et al., 2004). In integrated systems, water from aquaculture ponds recirculates
through seaweed biofilter ponds, where waste organic matter is broken down and

dissolved nutrients are taken up (Neori et al., 2004). Seaweeds have a high capacity for
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nutrient uptake and can themselves be valuable products (see Neori, 1996; Chopin et al.,
2001; Troell et al., 2003; Neori et al., 2004). Seaweeds can assimilate as much as 90 % of
the ammonium produced by intensive fish culture (see Cohen & Neori, 1991; Neori et al.,
1991, 1996, 2000; Jimenez del Rio et al., 1996; Buschmann, 1996). This is a great benefit
in intensive fish aquaculture where three quarters of the proteins fed to the fish are
excreted and eventually end up as dissolved ammonia. (Neori, et al., 2004). Seaweed
biofilters have the added benefits of increasing dissolved oxygen in the system as night-
time oxygen consumption by seaweeds is much lower than their daytime oxygen
production due to photosynthesis (Neori et al., 2004). For this experiment Ulva lactuca
was chosen, as it fulfilled the requirements outlined in Chapter 1, Section 1.6. Farm-
grown U. lactuca has been shown to have higher protein content than wild material
(Robertson-Andersson, 2003; Robertson-Andersson et al., 2006), growing better in
abalone effluent than in natural seawater (Fourie, 1994; Friedlander & Levy, 1995; Smit,
1997; Hampson, 1998; Steyn, 2000; Robertson-Andersson, 2003). Ulva spp. remove
dissolved nitrogen from the abalone effluent which results in an increase in both its
phosphorus and protein content (Neori et al., 1991, 1996; Robertson-Andersson, 2003,
2007; Robertson-Andersson et al., 2006). These factors make U. lactuca a valuable
biofilter with high nutrient uptake efficiencies (Cohen & Neori, 1991; Chopin et al.,
2001; Troell et al., 2003; Robertson-Andersson, 2003).

This experiment follows on from the work of Robertson-Andersson (2007) and
Robertson-Andersson, et al. (2008), on abalone / seaweed recirculation systems, fed a
kelp only diet. Robertson-Andersson (2007) and Robertson-Andersson, et al. (2008)

showed no significant differences in abalone health or growth rates, sediment build up
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and composition, mobile macro fauna densities and species between a 25 % recirculation
system (using seaweeds as biofilter) and flow-through units. Transfer of oxygen
generated by the seaweeds to the abalone tanks in these studies was poor, resulting in the
recirculating abalone tanks having 33 % lower dissolved oxygen concentrations than a
comparable flow-through abalone unit. Seaweed nutrient content and specific growth
rates in the units were comparable to seaweeds cultivated in fertilized effluent (SGR =
32 + 3.4 %d'; Yield = 02 + 0.19 kgm®.d™"). Robertson-Andersson (2007) and
Robertson-Andersson et al. (2008) showed that seaweeds were nutrient limited and that
there were no negative effects to the abalone being cultivated in such a recirculation unit
at 25 % recirculation. Robertson-Andersson therefore concluded that higher levels of
recirculation might be possible. Questions which arose from Robertson-Andersson’s
studies include:

e How will abalone growth be affected by higher recirculation rates and how would

higher recirculation rates affect the culture environment?

e Would a higher protein diet have any effect on abalone growth and the culture

environment at higher recirculation rates?
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3.1.1 Aims

This experiment was conducted to test the effects of an integrated abalone / seaweed
aquaculture system at higher recirculation rates in comparison to Robertson-Andersson
(2007) and Robertson-Andersson et al. (2008). Abalone were cultivated with 50 % and
75 % recirculation through Ulva tanks, using a mixed diet of Kelp and Abfeed® K26.
This study investigated abalone performance in the system by monitoring abalone health

and growth rates, sediment loadings, physico-chemical variables and water nutrients.
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3.2 Materials and Methods

3.2.1 Study site

This project took place in Gansbaai at the I & J Cape Abalone Mariculture farm (see

Chapter 2 for details).

3.2.2 Experimental design

This study was initiated to monitor abalone growth and health when fed a mixed diet of
kelp and Abfeed® K26 (equivalent to the Abfeed® 3 diet in the previous chapter), through
regular monthly sub-sampling in a 50 % Recirculation system, with flow-through units
(FTUs) as a control. Flow-through units are abalone tanks without recirculation. In
addition water quality was monitored over a 72 hour period, to compare temperature, pH,
dissolved oxygen, TAN, nitrate and phosphate. Small scale experiments were run using a
75 % Recirculation system to test the effects on water nutrient, physico-chemical

variables and sediment production in the 75 % Recirculation system.
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Figure 1: Diagram of experimental setup

Marked baskets represent placement of the abalone baskets that were repeatedly sampled once a month
from May to November 2006. Black baskets represent the initial placement of the January spawned cohort,
horizontal lines represent the initial placement of the February spawned cohort baskets and diagonal lines
represents the initial placement of the March spawned cohort baskets. The baskets were rotated once a
week during the weekly cleaning cycle, with the first basket in the tank being removed; all the baskets were
moved one place forward in the tank, before placing the first basket in the last position of the tank. The
FTUs received 6 000 litres of water per hour from the header tank, this water was drained through the out
let to the sea. The 50 % Recirculation system received 3 000 per hour from the Header tank and 3000 litres
per hour from the seaweed tanks, 3000 litres per hour was released from the seaweed tanks out to sea. The
75 % Recirculation system received 1 500 litres per hour from the Header tank and 4 500 litres per hour
from the seaweed tanks, 1 500 litres per hour was released from the seaweed tanks out to sea.
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3.2.3 Experimental setup

This experiment was performed at I & J, in the farm’s concrete flow-through tanks (see
Chapter 2 for details). The abalone tanks received water from their inlets at a rate of 3000
litres per hour per tank; the same amount of water was received from the Seaweed tanks
at 50 % recirculation (see Figure 1). During 75 % recirculation the abalone tanks received
4500 litres per hour from the Seaweed tanks and 1500 litres per hour from the inlets (see
Figure 1). The Seaweed tanks were gravity-fed from the abalone tanks, with two
Seaweed tanks being fed from one abalone tank. After the water passed through the two
Seaweed tanks: (i) In the 50 % Recirculation system, 3000 litres of it was pumped by a 2
KW pump back to the abalone tank from which it originated and 3000 litres was released
to the sea. (ii) In the 75 % Recirculation system, 4500 litres of it was pumped by a 2 KW
pump back to the abalone tank from which it originated and 1500 litres was released to
the sea (see Figure 1). The same experimental setup for the seaweeds / abalone
recirculation system was used by Potgieter (2005), Brandt (2006), Lindstrom (2006),
Robertson-Andersson (2007) and Robertson-Andersson et al. (2008). The six
experimental Seaweed tanks were 5 m x 1 m surface area and 0.6 m deep with an outlet
17 cm from the top. They were made of white PVC lining (to facilitate easy cleaning and
to reduce light absorption) supported on a steel frame. The PVC lining was rounded on
the bottom. The tanks were aerated by a 30 mm PVC pipe that ran along the bottom
centre of the tank. Holes (3 mm diameter) were spaced evenly every 250 mm along the
pipe, and the air was supplied by a Howard & Donkin channel blower. The Seaweed

tanks were stocked with a starting biomass of 10 kg (2 kg m™ stocking density) of Ulva
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lactuca per tank and were harvested every 14 days. The overflow water exited the units

from the Seaweed tanks.

3.2.4 Experimental animals

Animals for this experiment were spawned in 3 consecutive months; January, February

and March 2004 (see Chapter 2 for details).

3.2.5 Diets

The same diet was used for both the flow through units (FTUs) and the Recirculation
system, with 2.7 kg of kelp fed on Monday and 180 grams of Abfeed® K26 fed on Friday

(the same diet as the Abfeed® 3 diet in the previous chapter).

3.2.6 Sub- sampling of abalone

Samples were taken from tanks from May 2006 to November 2006, at monthly intervals
(see Chapter 2 for detail). Ninety abalone were sampled for both the 50 % Recirculation
system and FTUs (see Figure 1). Of the 79200 animals that were part of the experiment at

each monitoring period, 180 were sampled (0.23 % of the animals were sampled).
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3.2.7 Daily Increment in Shell Length (DISL)

Daily Increment in Shell Length was calculated using the formula of Zhu et al. (2002)
DISL (um / day) = [(SL; - SL;) / t] x 1000, where SL; = the final mean shell length (mm),

SL; = the initial mean shell length (mm) and t = the feeding trial period in days.

3.2.8 Specific Growth Rates (SGR)

SGR was calculated using the following formula SGR = ((In (W) - In (W;))/t)*100
Where SGR is the specific growth rate (percentage body weight per day)
In (W¢) is the natural log of the mean final weight of abalone, In (W) is the natural log of

the mean initial weight of the abalone and t is the time in days.

3.2.9 Condition factor

The condition factor is a concept that was developed to account for the relationship
between the weight of the abalone per unit shell length (Britz, 1996a-c).
CF (gmm-1) = [BW (g) / SL (mm) **°] X 5575]

Where CF = condition factor, BW = the mean body weight and SL the mean shell length.
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3.2.10 Physico-chemical variables and Water nutrients

Physico-chemical variables (temperature, dissolved oxygen and pH) and water nutrient
samples were recorded as for the previous chapter. The 50 % recirculation recordings
were measured from the 9 -11 October 2006, and the 75 % recirculation recordings from
the 10 - 12 November 2006. Long term physico-chemical variables were recorded daily
from May to November 2006, for long term monitoring in the flow-through abalone
tanks, the seaweed tanks, incoming seawater and the 50 % recirculation abalone tanks
daily at 12h00. Long term physico-chemical variables were measured in order to track the
change over the experimental trial period.

Nitrate was also recorded in this portion of the experiment. Nitrate concentration was
determined using the copper-cadmium method described by Nydahl (1976).

Seaweed uptake rates were calculated as the percentage difference for nitrate, phosphate

and TAN between the seaweed tanks and the abalone recirculating tanks.

3.2.11 Sediments

Sediments were recorded as for Chapter 2. A cleaning rotation was not set up for these

sediment recordings, as it was possible to clean all six tanks on the same day.
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3.2.12 Abalone health

Thirty animals from the experimental systems, three groups of five (from both the FTUs
and 50 % Recirculation system) from the February spawned group were collected and
analysed for parasite status, Sabellid score, shell condition, gonad development, condition
score and environmental stress score by Dr Anna Mouton, the AFASA veterinarian, and
reported according to standard industry reports (Mouton, 2006). See Chapter 2, Table 2

for the interpretation of the health results.

3.2.13 Statistical analysis

Unless otherwise stated, all graphs are expressed as means + SE. The growth data were

analyzed in two methods

(1) t-tests were performed on the end point of the experiment, if the assumptions of a t-
test were not fulfilled (unequal variance and normality), the non parametric
Kolmogorov-Smirnof two-sample test was performed. The Kolmogorov-Smirnof
two-sample test was chosen as an alternative due to the samples having a normal
distribution but unequal variances.

(2) ANCOVA testing, tests for differences between two regression equations (see Zar,
1999). The regression equations were created from the entire six month growth data
set; see Appendix tables 9 — 16 for calculations.

ANOVA'’s were also performed over the two 72 hour periods for the Physico-chemical

variables and Water nutrients (see Chapter 2 for detail). Long term physico-chemical
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variables were analyzed using 10 point running means and presented as percentage

difference over the study period.

3.2.14 Estimated time to harvest

The same procedure was used as for Chapter 2 (see Appendix Figures 5 — 8).
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3.3 Results

3.3.1 Growth

At the termination of the experiment there was no significant difference between the
weights (t-value 0.726, df = 178 and p-value 0.46) and lengths (t-value 0.495, df = 178
and p-value 0.62) of abalone between the FTUs and the Recirculation system (see Figure
2 and 3). When broken down into spawning cohorts (see Figures 4 and 5), there was no
significant difference between the weights of the three spawning cohorts in the FTUs and
the Recirculation system (Kolmogorov-Smirnov two sample test p > 0.1). There was no
significant difference between the lengths of the abalone in all three spawning cohorts in
the FTUs and the Recirculation system (January and February Kolmogorov-Smirnov two

sample test p > 0.1, and March cohort t-test, t-value 0.966, df = 58 and p-value 0.34).

The ANCOVA'’s also showed no significant differences between the weights and lengths
of abalone in the Recirculation system and FTUs (abalone weights t = 0.055, df =176, p >
0.05) (abalone lengths t = 0.048, df =176, p > 0.05) (see Appendix Tables 9 and 10 for
calculations). When broken down into spawning cohorts there were also no significant
differences between the weights of abalone in the two treatments (January cohort weights
t = 0.039, df = 56, p > 0.05, February cohort weights t = 0.081, df = 56, p > 0.05 and
March cohort weights t = 0.0241, df = 56, p > 0.05) (see Appendix Tables 11 — 13).
There were no significant differences between the abalone lengths in the three spawning

cohorts in the FTUs and Recirculation system (January cohort lengths t = 0.077, df = 56,
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p > 0.05, February cohort lengths t = 0.107, df = 56, p > 0.05 and March cohort lengths t

=0.102, df = 56, p > 0.05) (see Appendix Tables 14 — 16).

45 1

——RECIRC ---m--- FTU's

0 30 60 90 120 150 180
Time (days)

Figure 2: Average abalone weight from July to November in the Flow through units

(FTUs) and Recirculation system (Recire) (n = 180).
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Figure 3: Average abalone length from July to November in the Flow through units
(FTUs) and Recirculation system (Recirc) (n = 180).
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Figure 4: Average abalone weight from July to November for the three spawning cohorts in

the Flow through units (FTUs) and Recirculation system (Recirc) (n = 60 each)
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Figure 5: Average abalone length from July to November for the three spawning cohorts in
the Flow through units (FTUs) and Recirculation system (Recirc) (n = 60 each)
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Over the trial period the abalone in the FTUs had higher (i) mean weight gain (2.17
grams), (i1) mean shell length (1.33 mm), (i11) DISL (7.4 um.d'l) and (iii1) SGR (0.04 %
body weight. day™) when compared to abalone in the Recirculation system (see Table 1).
Abalone in the January spawned cohort FTUs had higher (i) mean weight gain (3.68
grams), (ii) mean shell length (3.79 mm), (iii) DISL (20.74 pm.d™") and (iiii) SGR (0.065
% body weight. day™) when compared to abalone in the Recirculation system (see Table
1). Abalone in the February spawned cohort Recirculation system had higher (i) mean
weight gain (0.54 grams), (ii) mean shell length (0.87 mm), (iii) DISL (4.79 um.d™") and
(iii1) SGR (0.006 % body weight. day'l) when compared to abalone in the FTUs (see
Table 1). Abalone in the March spawned cohort FTUs had higher (i)mean weight gain
(3.37 grams), (ii) mean shell length (1.16 mm), (ii1) DISL (6.24 um.d™!) and (iiii) SGR
(0.078 % body weight. day™') when compared to abalone in the Recirculation system (see

Table 1).
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Table 1: Growth parameters of abalone from the two treatments and spawning
cohorts
Treatment: all three abalone spawning cohorts combined

RECIRC FTUs
Mean initial weight (g) 23.25 22.14

Mean final weight (g) 41.61 42.7
Mean weight (g) gain 18.36 20.53

Treatment | Mean initial length (mm) 482 473
Mean final length (mm) 58 58.4

Mean length (mm) gain 9.8 11.13
DISL 53.42 60.82
SGR 0318 0.358

Mean initial weight (g) 20.59 19.6

Mean final weight (g) 37.05 39.73

Mean weight (g) gain 16.45 20.13

January Mean initial length (mm) 46.7 4491
cohort Mean final length (mm) 55.5 57.5
Mean length (mm) gain 8.8 12.59

DISL 48.07 68.81

SGR 0.321 0.386

Mean initial weight (g) 28.17 28.1

Mean final weight (g) 50.41 49.81

Mean weight (g) gain 22.24 21.7
February | Mean initial length (mm) 51.4 52.29
cohort Mean final length (mm) 62.1 62.12
Mean length (mm) gain 10.7 9.83

DISL 58.52 53.73

SGR 0.318 0312

Mean initial weight (g) 20.99 18.73

Mean final weight (g) 37.38 38.48

Mean weight (g) gain 16.39 19.76

March Mean initial length (mm) 46.6 44.56
cohort Mean final length (mm) 56.4 55.52
Mean length (mm) gain 9.8 10.96

DISL 53.68 59.92

SGR 0.315 0.393

Daily increment increase in shell length (DISL — um.d™), specific growth rate (SGR - % body weight.
Day™"), length and weight gained by the abalone from the two treatments (all three spawning cohorts
combined) and weight and length gained by the abalone in the 3 spawning cohorts.



3.3.2 Estimated time to harvest

With all three spawned cohorts combined, the abalone in the FTUs had a shorter
estimated time to harvest by 45 days when compared to abalone in the Recirculation
system (see Table 2, Appendix Figure 5). The abalone in the FTUs January spawned
cohort had a shorter estimated time to harvest by 63 days when compared to the abalone
in the January spawned cohort in the Recirculation system. The abalone in the FTUs
February spawned cohort had a shorter estimated time to harvest by 20 days when
compared to the abalone in the February spawned cohort in the Recirculation system. The
abalone in the March spawned cohort in the FTUs had a shorter estimated time to harvest
by 63 days when compared to the abalone in the Recirculation system March spawned

cohort (see Table 2, Appendix Figures 6 -8).

Table 2: Estimated time to harvest
Treatment: all three abalone spawning cohorts combined
See Appendix Figures 5 - 8

RECIRC  FTUs

Treatment 292 247
January cohort 312 249
February cohort 257 237

March cohort 307 244
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3.3.3 Condition factor

Treatment:
The abalone in the FTUs had a significantly higher CF compared to the abalone in the
Recirculation system, when the three spawned cohorts were combined ANOVA: F (1,

198) = 6.400, p = 0.01 (see Table 3).

January cohort:
There were no significant differences between the CF of the abalone in the FTUs and
abalone in the Recirculation system for the January spawned cohort ANOVA: F (1, 58) =

0.001, p = 0.98 (see Table 3).

February cohort:
The abalone in the FTUs had a significantly higher CF compared the abalone in the
Recirculation system for the February spawned cohort ANOVA: F (1, 78) = 6.73, p =

0.01 (see Table 3).

March cohort:
There were no significant differences between CF of the abalone in the FTUs and the
abalone in the Recirculation system for the March spawned cohort ANOVA: F (1, 58) =

2.52, p=0.11 (see Table 3).
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Table 3: Condition factors (g.mm™) for the FTUs and 50 % Reciculation system and
spawning cohorts (standard deviation)

FTUs 50 % Recirculation
Treatment 1.273 (0.14) 1.226 (0.122)
January cohort 1.221 (0.122) 1.221 (0.105)
February cohort | 1.322 (0.164) 1.26 (0.122)
March cohort 1.232 (0.095) 1.186 (0.126)

3.3.4 Abalone health

Both the FTUs and 50 % Recirculation system had sabellid infections. There was no
significant difference between abalone sabellid scores recorded in the FTUs and 50 %
Recirculation system, as identified by Dr Mouton. (see Table 2 (in chapter 2) and Table 4
below).

Abalone in both the FTUs and Recirculation system showed significant environmental
stress. This is reflected in the bad condition scores and bad shell condition scores with the
abalone all having poor - very poor shell conditioning (see Chapter 2, Table 2 and Table
4 below). Both treatments had immature sex cells or moderate gonad development; which
was expected due to immature abalone being used in the experiment. Abalone in both the
FTUs and Recirculation system had digestive gland protozoa (DGP) present, and the
FTUs had a higher percentage of DGP present (13.5 %) (see Figure 6). The Recirculation
system had less, with 6 % of the sample having DGP. Rickettsia-like prokaryotes were
also present in the abalone in both the FTUs and Recirculation system, with the FTUs
having a higher percentage of 26 %, compared to the abalone in the Recirculation system
which had 7 % of the sample being infected. Gut protozoa and Coccidia were only

present in the Recirculation system, with 7 % of the sample being infected (see Figure 6).
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Table 4: Abalone health and Sabellid score (standard deviation). See Chapter 2, Table 2 for

the key to interpret the results.

Percentage of sample infected

Sabellid | Shell Gonad Cum. Cum.
. Condition | Environmental
Treatment score condition | development
(average) | (average) (average) score stress score

(sum) (sum)
FTUs 1.5(0.4) | 2.7(0.6) 1.2 (0.3) 5 22
Recire 2.1(0.8) | 2.3(0.6) 1.5 (0.0) 13 24

M Coccidia

30 m Digestive gland protozoa -

FTU

Treatment

3 Gut protozoa
RLP

Recirc

Figure 6: Digestive gland protozoa, Gut protozoa and Rickettsia-like prokaryote

FTU - Flow through units and Recirc - 50 % Recirculation system
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3.3.5 Physico-chemical variables

50 % Recirculation Dissolved Oxygen

There was no significant difference in DO concentrations between the FTUs and
Recirculation system (see Table 5 and Figure 7 A). The inlet and Seaweed tanks had
significantly higher DO concentrations compared to both the FTUs and 50 %

Recirculation system (ANOVA F (3, 176) = 63.775, p < 0.001).

Table 5: The average, minimum and maximum dissolved oxygen (ppm) recorded over 72
hours from the 9 - 11 October 2006 at 50 % Recirculation

Average Min Max

Inlet 5.77 5.35 6.27
Seaweeds 5.58 5.14 6.27

50 % Recirculation 5.03 4.60 5.53
FTUs 4.98 4.5 5.49

50 % Recirculation pH

There was no significant difference between the pH values in the FTUs and Recirculation
system (see Table 6 and Figure 7 B). The pH in the inlet and Seaweed tanks were
significantly higher than both the FTUs and the 50 % Recirculation system (ANOVA F

(3, 176) = 26.852, p < 0.001).
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Table 6: The average, minimum and maximum pH recorded over 72 hours from the 9 - 11
October 2006 at S0 % Recirculation

Average Min Max

Inlet 827 8.02 8.54
Seaweeds 8.01 7.75 8.35

50 % Recirculation 7.87 7.62 8.15
FTUs 7.87 7.64 8.19

50 % Recirculation Temperature

There was no significant difference between the temperatures of the FTUs and
Recirculation system (see Table 7 and Figure 7 C). There was no significant difference
between the inlet and both the FTUs and 50 % Recirculation system. The Seaweed tanks
had a significantly higher temperature compared to the inlet and the FTUs (ANOVA F (3,

176) =4.47, p = 0.004 (see Figure 6 C).

Table 7: The average, minimum and maximum temperature (°C) recorded over 72 hours
from the 9 - 11 October 2006 at S0 % Recirculation

Average Min Max

Inlet 17.0 15.7 18.2
Seaweeds 17.7 15.9 19.8

50 % Recirculation 17.3 15.7 19.0
FTUs 17.1 15.7 18.6
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Figure 7: Physico-chemical variables recorded over a 72 hour period, at 50 % recirculation

in September to illustrate diurnal variations in concentration (n = 180 each).
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75 % Recirculation Dissolved Oxygen

The inlet had significantly higher DO concentrations when compared to the Seaweed

tanks and both treatments. The Seaweed tanks had significantly higher DO values

compared to both treatments and the FTUs had significantly higher DO values compared

to the 75 % Recirculation system (ANOVA F (3, 176) = 95.65, p < 0.001) (see Table 8

and Figure 8 A).

Table 8: The average, minimum and maximum dissolved oxygen (ppm) recorded over 72

hours from the 10 - 12 November 2006 at 75 % Recirculation

Average Min Max

Inlet 4.84 4.60 5.21
Seaweeds 4.62 4.08 4.94

75 % recirculation 3.86 3.27 4.35
FTUs 4.08 3.72 443

75 % Recirculation pH

There was no significant difference in pH values between the FTUs and the 75 %

Recirculation system (see Table 9 and Figure 8 B). There was no significant difference in

pH between the inlet water and both the FTUs and 75 % Recirculation system. There was

also no significant difference between the pH in the Seaweed tanks and both the FTUs

and 75 % Recirculation system.

99



Table 9: The average, minimum and maximum pH recorded over 72 hours from the 10 - 12

November 2006 at 75 % Recirculation

Average Min Max

Inlet 7.70 6.50 8.50
Seaweeds 7.49 6.60 8.40

75 % Recirculation 7.44 6.50 8.00
FTUs 7.50 6.50 8.10

75 % Recirculation Temperature

The 75 % Recirculation system and the Seaweed tanks had a significantly higher

temperature compared to the FTUs and inlet water (ANOVA F (3, 176) = 26.835, p <

0.001) (see Table 10 and Figure 8 C).

Table 10: The average, minimum and maximum temperature (°C) recorded over 72 hours

from the 10 - 12 November 2006 at 75 % Recirculation

Average Min Max

Inlet 14.86 13.40 16.60
Seaweeds 17.31 14.90 20.30

75 % Recirculation 16.78 13.70 19.70
FTUs 15.10 13.50 16.90
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Figure 8: Physico-chemical variables recorded over a 72 hour period, at 75 % recirculation

in September to illustrate diurnal variations in concentration (n = 180 each).
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3.3.6 Water Nutrients

Total Ammonia Nitrogen:

The TAN concentrations were highly variable (see Table 11 and Figure 9). There was no
significant difference between the FTUs and Recirculation system, in both the 50 % and
the 75 % Recirculation systems (p > 0.05). The inlet and Seaweed tanks had significantly
lower TAN concentrations for both the 50 % Recirculation system (Kruskal-Wallis test:
H (3, N =180) =73.408 p < 0.001) and 75 % Recirculation systems (Kruskal-Wallis test:
H (3, N = 180) =84.291 p < 0.001). The TAN reached higher concentrations in the 75 %

Recirculation system, which also occurred in the FTUs.

Table 11: The average, minimum and maximum TAN concentrations (nml™") recorded over
two 72 hour periods. (i) The 50 % recirculation was recorded during the 9 - 11 October
2006 and (ii) the 75 % recirculation was recorded during the 10 — 12 November 2006

0) (ii)
TAN Average Min Max TAN Average Min Max
Inlet 1.99 0.89 3.70 Inlet 1.99 0.31 5.42
Seaweeds 1.53 0.57 2.95 Seaweeds 1.52 0.37 5.13
50 % Recirculation 3.63 0.89 6.56 75 % Recirculation 4.67 1.93 8.53
FTUs 4.26 0.17 6.57 FTUs 5.10 1.63 9.35
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Figure 9: TAN concentrations over 72 hour period (n =162 each)
Top: 50 % recirculation recorded from the 9 — 11 October 2006
Bottom 75 % recirculation from the 10 — 12 November 2006

Maximum FAN concentrations were higher in the FTUs compared to both the 50 % and

75 % Recirculation systems (see Table 12).

Table 12: Maximum FAN concentrations pml’'

Seaweeds Recirculation FTUs
50% 0.076 0.170 0.588
75% 0.073 0.112 0.261
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Phosphate concentrations:

There was no significant difference between the phosphate concentrations recorded in the
FTUs and 50 % Recirculation system (see Table 13 and Figure 10). The phosphate
concentrations were significantly higher in the Seaweed tanks and 75 % recirculating
abalone tanks when compared to the inlet and FTUs (Kruskal-Wallis test: H (3, N = 170)

=23.41 p <0.001).

Table 13: The average, minimum and maximum phosphate concentrations (uml™) recorded
over two 72 hour periods. (i) The 50 % recirculation was recorded during the 9 -11 October
2006 and (ii) 75 % recirculation was recorded during the 10 — 12 November 2006

1) (ii)
Phosphate Average Min Max Phosphate Average Min Max
Inlet 3.05 1.05 7.38 Inlet 2.72 1.29 4.46
Seaweeds 341 1.04 7.48 Seaweeds 4.41 1.74 8.52
50 % Recirculation 3.57 1.22 7.68 75 % Recirculation 4.59 2.24 8.48
FTUs 3.20 0.90 6.80 FTUs 3.17 1.33 5.89
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Figure 10: Phosphate concentrations over 72 hour period (n =162 each)
Top: 50 % recirculation
Bottom 75 % recirculation

Nitrate concentrations

There was no significant difference between the nitrate concentrations in the FTUs and
the 50 % Recirculation systems (see Figure 11 and Table 14). The Seaweed tanks had
significantly lower nitrate concentrations compared to the inlet water, the FTUs and the
abalone tanks in the 50 % Recirculation system (ANOVA F (3, 155) =1 6.36, p=0.00). In
the 75 % Recirculation system the Seaweed tanks and the recirculating abalone tanks had

significantly lower nitrate concentrations compared to the FTUs and the inlet water. The
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Seaweed tanks had a significantly lower nitrate concentration compared to the 75 %

Recirculation system. The Seaweed tanks had extremely low values for nitrate (< 0.5

pmli™) (Kruskal-Wallis test: H (3, N = 167) =144.902, p < 0.001).

Table 14: The average, minimum and maximum nitrate concentrations (uml™”) recorded
over two 72 hour periods. (i) The 50 % recirculation was recorded during the 9 - 11
October 2006 and (ii) 75 % recirculation was recorded during the 10 — 12 November 2006

1) (ii)
Nitrate Average Min Max Nitrate Average Min Max
Inlet 5.48 1.75 13.34 Inlet 9.80 7.04 12.56
Seaweeds 2.20 0.40 7.69 Seaweeds 0.40 0.21 0.81
50 % recirculation 4.52 1.32 13.15 75 % recirculation 2.96 2.25 4.17
FTUs 5.42 1.89 12.95 FTUs 9.54 6.74 11.58
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Figure 11: Nitrate concentrations over 72 hour period (n =167 each)
Top: 50 % recirculation
Bottom 75 % recirculation
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Seaweed nutrient uptake rates for the 50 % and 75 % Recirculation systems are shown in

Table 15.

Table 15: The percentage nutrient uptake recorded over 72 hours by the Seaweed tanks at
(i) 50 % (9 - 11 October 2006) and (ii) 75 % recirculation (10 — 12 November 2006)

O] (i)
50 % Average Min Max 75 % Average Min Max
Nitrate 65.92 43.42 | 80.81 Nitrate 95.51 92.82 97.34
TAN 43.31 -246.15 | 85.03 TAN 63.15 27.34 93.39
Phosphate | -5.81 -51.24 65.3 Phosphate | -36.25 -133.42 5.66

Negative values indicate production

3.3.7 Long term physico-chemical variables

Long term physico-chemical variables are shown in Figures 12 - 14. These show the
average daily DO, pH and temperature contents in the Seaweed tanks, FTUs and the

50 % recirculating abalone tanks.

Dissolved oxygen in the recirculating abalone tanks, was on average 1.89 % (+ 0.02)
higher than the FTUs. The DO was on average 19.8 % (+ 0.03) higher in the Seaweed
tanks than the recirculating abalone tanks (see Figure 12).

pH in the recirculating abalone tanks, was on average 0.84 % (+ 0.004) higher than the
FTUs. The pH was on average 0.36 % (+ 0.003) higher in the Seaweed tanks than the
recirculating abalone tanks (see Figure 13).

Temperature in the recirculating abalone tanks, was on average 0.54 % (+ 0.01) higher
than the FTUs. The temperature was on average 0.23 % (+ 0.01) higher in the Seaweed

tanks than the recirculating abalone tanks. Temperatures in the header tank was on
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average 7.3 % (+ 0.02) lower than the Recirculation system and 6.7 % (+ 0.03) lower

than the FTUs (see Figure 14).
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Figure 12: Dissolved Oxygen 10 Point running mean from May to November 2006
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3.3.8 Sediments

There was no significant difference between the FTUs and 50 % Recirculation systems
water column sediments and bottom sediment accumulation (p > 0.05) (see Table 16 and
17). There was also no significant difference between the sediments in the 75 %
Recirculation system and FTUs in both the water column and bottom sediment

accumulation (see Table 16 and 17) (p > 0.05).

Table 16: The average water column sediment (g I'") at 50 % and 75 % Recirculation
systems (standard deviation)

Seaweeds Recirculation FTUs
50 % recirculation 0.6 (0.35) 1.1(0.44) 0.97 (0.43)
75 % recirculation 1.02 (0.40) 1.02 (0.20) 1.2 (0.14)

Table 17: The average bottom sediment accumulation (g I'") at 50 % and 75 %
Recirculation systems (standard deviation)

Recirculation FTUs
50 % recirculation 2.52(0.17) 2.73 (0.66)
75 % recirculation 1.36 (0.47) 1.98 (0.57)
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3.4 Discussion

3.4.1 Growth

The ANOVA of the growth data at the end point of the experiment failed to show any
significant differences between abalone weights and lengths in the 50 % Recirculation
system and FTUs for the treatments or for the three spawning cohorts. Testing for
differences between the two population regression coefficients (ANCOVA’s) also
showed no significant differences between the weights and lengths of abalone in the 50 %
Recirculation system and FTUs for both the treatments and spawning cohorts. There were
therefore no significant differences between abalone growth in terms of weight and
length in the FTUs and 50 % Recirculation system, even though the abalone in the FTUs
had a higher SGR (0.04 % body weight. day™"), higher DISL (DISL 7.4 pm.d") and
shorter estimated time to harvest ( 45 days) (see Table 1 and Table 2).

Fleming et al. (1996) and Mai et al. (2001) state that most abalone farmers would be
satisfied with a growth of 2 — 3 mm per month and the I & J farm strives for a growth rate
of 2 mm per month. The abalone length increase per month for this project was 1.85 mm
per month for the FTUs and 1.63 mm per month for the 50 % Recirculation system.
Abalone in Robertson-Andersson’s (2007) study had monthly length increments of 1.83
mm for a 50 % Recirculation system and 1.69 mm for the FTUs fed a kelp diet. As both
studies failed to reach the goal of 2 mm per month, there may have been factors other

than the diet and recirculation rate that were limiting growth in the I & J system.
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3.4.2 Condition Factor

The condition factor (the relationship between the weight of the abalone per unit shell
length) accounts for the amount of feed invested in developing both the body weight and
shell length (Britz, 1996). Abalone that have a high condition factor tend to be meaty and
possess relatively short shells, reflecting that more nutrients were invested into body
weight than into shell growth. Abalone in both the FTUs and the 50 % Recirculation
system had CF higher than one, indicating that more feed was invested into body weight
gain compared to shell length increase, which is desirable for the abalone market.
Abalone in the FTUs had a significantly higher CF compared to abalone in the 50 %
Recirculation system, indicating that the abalone in the FTUs were investing more into

body weight gain, than abalone in the 50 % Recirculation system (see Figure 3).

3.4.3 Abalone Health

There was no significant difference between the sabellid scores present in the FTUs and
Recirculation system (see Table 4). Therefore a recirculation ratio of 50 % did not have
any effect on sabellid numbers in the I & J system. There was a greater diversity of
parasites in the Recirculation system with a lower overall infection rate (see Figure 6).
Coccidia infections were only recorded in the Recirculation system; this infection is
believed to be benign in nature (Friedman, 1991; Steinbeck et al., 1992; Van Blaricom et
al., 1993; Friedman et al., 1993, 1997, 1999; Kuris et al., 1994). The abalone health

results obtained in this study are a once off snapshot with very low percentage coverage
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(0.01 %) and thus a larger sample for abalone health could possibly indicate different
infection rates. The percentage sampling coverage for abalone health on the farm is far
lower than that of the current study, with approximately 60 animals being sampled for the
entire farm at each sampling period. Thus, we were satisfied with the health results
reported here and feel that they represent a true reflection of abalone health in the tested
systems. Due to the high value of abalone and the destructive nature of the test, it is
impractical to take larger samples of abalone.

Rickettsia-like prokaryotes have been reported in the digestive tract of abalone (H.
midae) from culture facilities in South Africa with no associated pathology (Mouton,v
2000a, b). The RLP was present in both the FTUs and the Recirculation system, with the
FTUs having a higher percentage of infection. Rickettsia elsewhere in the world has been
shown to cause a lethal disease that affects all sizes of abalone and causes lethargy,
retracted visceral tissues and atrophy of the foot muscle (Friedman, et al., 2003; Mouton,
2006). At present as there has been no associated pathology in H. midae, and the
prevalence of high RLP counts is not cause for concern (Mouton, 2006). Abalone in both
the FTUs and the Recirculation system showed significant environmental stress. This
may be the cause of the less than optimal length increments recorded in this study and

previous studies in the [ &J system.
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3.4 4 Physico-chemical variables

Dissolved Oxygen

The DO in both the FTUs and Recirculation system was lower than that of the inlet water
and Seaweed tanks as expected, due to the respiring abalone in the FTUs and
recirculating abalone tanks, and the seaweeds producing oxygen in the Seaweed tanks
during the day. There was no significant difference between the DO concentrations
recorded in the FTUs and 50 % Recirculation system (see Figures 7A). This indicates that
although there is oxygen being produced in the Seaweed tanks, the oxygen production
was not high enough to increase the DO in the recirculating abalone tanks. The most
likely reason for this is the small size of the Seaweed tanks in comparison to the
recirculating abalone tanks. At the higher 75 % recirculation rate the Recirculation
system had significantly lower DO compared to the FTUs, the Seaweed tanks also had
significantly lower DO compared to the inlet (see Figure 8 A), dropping to minimum of
3.27 (which is lower than the targeted DO rang 4 — 9 ppm of the I & J farm). The drop in
DO was probably caused by increased water temperatures. This indicates that a 75 %
recirculation rate will not be suitable at the temperatures recorded in this study (16.78 —
19.70 °C). The drop in DO could be a contributing factor to the high levels of stress
recorded in both the Recirculation system and FTUs (see Table 4). The long term DO
data recorded in Figure 12 show the same trends as above, with there being little DO

transfer between the Seaweed tanks and the 50 % recirculating abalone tanks.
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pH

The average pH for the 50 % Recirculation system fell within the targeted pH range of
the I & J farm (7.5 - 8.2) (Farm operating procedures). The pH of the 75 % Recirculation
system had values that exceeded target values, but this occurred in both the Recirculation
system and the FTUs (see Figures 7 and 8). The increase in pH was therefore not due to
the rate of recirculation, but was influenced by other factors such as water temperature.
An increase in pH affects the equilibrium of TAN and FAN, producing more FAN at
lower pHs, which is toxic to abalone. This, however, was not a problem in either the 50
% or 75 % Recirculation systems as the FAN concentrations recorded were far lower than
safe level of 7.4pgl™” established for cocktail abalone (5 - 8 cm shell length) by Reddy-
Lopata et al. (2006), and therefore the low pH’s should have little effect on abalone
growth rates. Long term pH reading taken daily from May to November 2006 by the farm
staff also fell within the targeted pH range of I & J farm (see Figure 13). There is a
gradual increase in pH recordings from May to November that corresponds with the

temperature increase over the time period (see Figures 13 and 14).

Temperature

The temperature in the Seaweed tanks was significantly higher than that of the
50 % recirculating abalone tanks, but there was no significant difference between the
temperatures of the FTUs and the 50 % recirculating abalone tanks (see Figure 7). This

indicates there was little heat transfer from the Seaweed tanks to the 50 % Recirculating
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abalone tanks. Temperature in the 75 % Recirculation system was significantly higher
than the temperatures in the FTUs, indicating that there is better heat transfer and
retention with the 75 % Recirculation system when compared to the 50 % Recirculation
system (see Figures 7 and 8). The long term data showed little difference 0.54 + 0.01 %
(0.09 °C) between the temperatures of the 50 % Recirculation system and the FTUs (see
Figure 12). The lack of heat transfer from the Seaweed tanks to the abalone tanks may
have been caused by the smaller size of the Seaweed tanks in comparison to the abalone
tanks (abalone tanks = 6.6 m long x 2.08 m wide x 0.88 m deep; + ca 12 000 L; Seaweed
tanks = 5 m x 1 m surface area and 0.6 m deep; + ca 3 000 L) or the lack of insulation in
the Seaweed tanks. The Seaweed tanks would therefore build up heat faster during the
day, and would lose heat faster at night, in comparison to the abalone tanks. Similar
trends were documented by Robertson-Andersson et al. (2008). Since the termination of
this experiment, I & J has built larger seaweed raceways, and have used a 50 %
recirculation rate. I & J have reported better heat retention in the larger system and better

DO transfer than was recorded in this system (N. Loubser, [ & J manager pers. comm).

3.4.5 Water Nutrients

A maximum of 85.03 % of the TAN was taken up by the Seaweed tanks in the 50 %
Recirculation system and a maximum TAN of 93.39 % was removed by the Seaweed
tank in the 75 % Recirculation system (see Tables 14 and 15); these values are close to

the maximum ammonium uptake of 90 % reported in previous studies (see Cohen &

Neori, 1991; Neori et al., 1991, 1996, 2000; Jimenez del Rio et al., 1996; Buschmann,
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1996). Even though there was a maximum TAN uptake of 85.03 in the 50 %
Recirculation system and 93.39 % in the 75 % Recirculation system, there were no
significant differences between the TAN concentrations of the FTUs and the 50 % and 75
% Recirculation systems. This indicates that the seaweeds are effective biofilter with
respect to TAN removal from both the 50 % and 75 % Recirculation systems.
‘Ammonia is highly toxic to the South African abalone, H. midae, but this sensitivity
decreases with size (age). Abalone can adapt to sub-lethal levels of ammonia, and such
acclimatization reduces their ammonia sensitivity. Sub-lethal levels of ammonia cause,
however, a substantial reduction in growth’ (Reddy-Lopata et al., 2006). Reddy-Lopata et
al. (2006) showed that it is essential to keep ammonia levels low for animal health, and
viability of abalone farming, and suggested a safe FAN level for H. midae of below 7.4
pug 17", The FAN concentrations recorded in this experiment fall within the recommended
safe concentrations established by Reddy-Lopata et al. (2006) and it can therefore be
deduced that FAN concentration would have little effect on abalone growth in either the
50 % or 75 % Recirculation systems (see Table 12).

There were no significant differences between the phosphate concentrations recorded
between the 50 % Recirculation systems and the FTUs. (see Figure 10). The fluctuations
in phosphate concentrations in the 50 % Recirculation system are most likely due to
fluctuations external to the system, as the fluctuations occurred in the inlet water. It was
noted that the timing of the high and low phosphate levels recorded in the experiment
corresponded to the spring tides which occurred during the sampling period (SATT,
2006). A potential explanation for this pattern may be the large quantities of birds which

excrete onto the rocks surrounding the intake pump. The spring high tides may have
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washed the guano into the water, from which the farm draws its water source, resulting in
higher phosphate values. A similar phenomenon has been noted with temperature, on hot
sunny days the rocks heat up at low tide and at high tide, the incoming water is warmed
by up to 5°C (N. Loubser, I & J manager pers. comm.). There is more phosphate retention
in the 75 % Recirculation system which is indicated by the significantly higher phosphate
levels in the Seaweed tanks and recirculating abalone tanks. This indicates that during
this study it was not possible to demonstrate phosphate uptake by the seaweeds (see
Table 15).

There were no significant differences in the nitrate concentrations between the FTUs and
50 % Recirculation system. The nitrate concentration in the Seaweed tanks were
significantly lower than in the 50 % recirculating abalone tanks, indicating that the
Seaweed tanks are taking up the available nitrate (average of 66 %). In the 75 %
Recirculation system the nitrate concentrations were significantly lower than those
recorded in the FTUs. The nitrate concentrations in the Seaweed tanks were significantly
lower than abalone tanks in the 75 % Recirculation system, indicating that the Seaweed
tanks were taking up the majority (up to 95.5 %) of the nitrate in the Recirculation
system, and may actually be nitrogen limited, evident by the low nitrate levels in the
Seaweed tanks (see Table 15).

High variability in nutrients in the inlet seawater has been shown by Potgieter (2005),
Lindstrédm (2006), Robertson-Andersson (2007), and the current study (with the inlet
water having TAN concentrations ranging from 0.72 - 5.42 pmol.lI”', phosphate
concentrations ranging from 0.08 - 7.38 pmol.I"! and Nitrate concentrations ranging from

0.92 - 13.3 umol.l'l) (see Table 18). The nutrients recorded in the inlet water in the
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current study were higher than those in the previous studies. The TAN for the three
previous studies had a range of 0.72 — 2.7, compared to 0.31 — 5.42 in this study. The
phosphate in the previous studies had a range of 0.08 — 1.8, compared to the 1.05 — 7.38
in this study. The nitrate recorded in the three previous studies had a range of 0.92 — 9.31,
compared to the 1.75 — 13.34 in this study. The lower ammonium and nitrate
concentrations in all six studies under recirculation indicates that significant biofiltration
by the seaweeds is occurring (see Table 18). Recirculation has the effect of increasing
phosphate concentrations to above those in the incoming seawater, in all six studies (see

Tables 13, 15 and 18).
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TABLE 18: Nutrient concentration ranges from 5 studies using different recirculation rates.
The first was in September 2003, the second in September 2004, the third and fourth in
September 2005 and fifth October 2006 and sixth November 2006. Concentrations are
shown for a flow-through units (FTUs), recirculation abalone units, seaweed tanks and
= 3). Table adapted from Robertson-Andersson

incoming seawater for comparison (n

(2007).
Robertson-
Andersson Potgieter Lindstrém Lindstrém
(2007) (2005) (2006) (2006) This study This study
September | September | September September October November
2003 2004 2005 2005 2006 2006
25 % 25 % 25 % 75 % 50 % 75 %
pmol.I" pmol.I"! pmol.1” pmol.I”! pmol I pmok.I"!
TAN
Seaweeds 0.01-16 0.03 -3.84 0.17-0.92 0.57-2.9 0.37-5.13
Recirc.
Units 0.5 -34 0.8-4.1 0.17-1.55 | 0.59-1.22 0.86-6.56 1.93-8.53
FTUs 0.8-4.6 1.2-3.1 0.44-77 0.54-1.03 0.17-6.57 1.63-9.35
Seawater 20-27 1.1-1.8 0.72 -1.82 0.83-145 0.89-3.70 0.31-5.42
PO,
Seaweeds 0.7-2.0 1.06 -2.19 4.10- 6.64 1.04-7.48 1.74-8.52
Recirc.
Units 08-15 1.8-22 1.67 -2.43 43-6.7 1.22- 7.68 2.24-8.48
FTUs 0.1-2.0 1.75-2.0 0.82-1.58 4.28 - 6.59 0.90- 6.80 1.33-5.89
Seawater | 0.08—1.53 1.1-1.8 0.32-0.84 0.17-0.83 1.05-7.38 1.29- 4.46
NO;
Seaweeds | 0.27-0.72 0.15-538 0.01-0.36 0.40-7.69 0.21-0.81
Recire.
units 0.22-1.6 2.01-4.52 0.98 - 1.50 1.32-13.15 2.25-4.17
FTUs 1.79-5.56 3.63-7.57 3.99-645 1.89-12.95 6.74-11.58
Seawater 0.92-5.71 3.77-9.31 4.96 - 6.73 1.75-13.34 7.04-12.56
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3.4.6 Sediments

The suspended particle concentration in the water column was not significantly different
between FTUs and either the 50 % and 75 % Recirculation systems (see Table 16). This
suggests that the water column has reached loading capacity. A possible reason for this
may be due to aeration and flow rates in the tanks being equal, and consequently the
water motion (velocity) within the tanks was similar (Robertson-Andersson, 2007).
There were also no significant differences between the FTUs bottom sediment
accumulation and both the 50 % and 75 % Recirculation systems (see Table 17). Thisisa
good indication that the weekly cleaning cycles are enough to remove the sediment
accumulations. This study showed that higher recirculation rates do not affect sediment
loadings. Similar results were found by Brandt (2006), using the same system, feeding a

kelp diet with 25 %, 50 % and 75 % Recirculation systems.

3.5 Conclusion

This experiment showed that it would be suitable to grow abalone using a 50 %
Recirculation system fed a mixed kelp and Abfeed® K26 diet, as there were no significant
differences between the growth rates of the abalone in terms of weight and length in the
FTUs and 50 % Recirculation system. There were also no significant differences in terms
of the following factors: water nutrients, physico-chemical variables, sediment

accumulation and abalone health. In the 75 % Recirculation system, the only worrying
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factor is the low DO that was recorded during the experiment. If it is possible to increase

the dissolved oxygen levels, the 75 % Recirculation system would also be a viable option.
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Chapter 4

General discussion
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The research from this thesis showed that

(1) Changing the ratio of the two most popular feeds (Ecklonia maxima and Abfeed®
K26) had little effect on the growth rates of abalone.

(2) The increase ratio of Abfeed® K26 in the diet also had no effects on the culture

environment.

The South African abalone industry is predicted to double in the next 5 years (Robertson-
Andersson, 2007). In 2007 kelp use for abalone was 5 305 707 tons wet weight and in
2008 increased to 5 429 279 tons wet weight (data courtesy of MCM). In order for the
abalone industry to continue to grow, other sources of feed needed to be used. It is
therefore important to continually research different aspects of the abalone diet to ensure

optimal growth rates and reduce the pressure on the kelp resource.

This thesis has proven that increased levels of Abfeed® do not significantly affect the
growth rates of abalone. It is therefore possible for the abalone industry to continue to
grow at the current rate and at the same time reduce the dependence on the kelp resource

by increasing the level of Abfeed® in the diet.

Recommendations for the farm would be to use the cheapest of the three diets, as there
was no significant difference in terms of growth and effects to the culture environment.

This would need to be assessed according to current Abfeed® and kelp prices.
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In order to encourage growth in aquaculture, it has been given high priority by the South
African Government, with a new policy for marine aquaculture gazetted on 7 September
2007 (Anon, 2007). In this policy document, proposed research and technology
development programmes include: abalone culture support programme, integrated
aquaculture, seaweed research and nutrition (Anon, 2007). This thesis falls in line with

government objectives as it researches aspects of integrated aquaculture.

The second component of the experiment demonstrated that it would be suitable to grow
abalone in a 50 % Recirculation system with a kelp and Abfeed® K26 diet, as there were
no significant differences between the FTUs and 50 % Recirculation system in terms of
the following factors: abalone growth, water nutrients, physiochemical variables,
sediment accumulation and abalone health.

For the 75 % recirculation system, the only worrying factor is the low dissolved oxygen
that was recorded during the experiment, if it possible to improve the dissolved oxygen
levels, the 75 % recirculation would be also be viable option. The other option would be

to reduce the recirculation rate at higher temperatures.
Recommendations for the farm would be to use the 50 % Recirculation system as it
suitable to use for H. midae farming. The 75 % Recirculation system would also be

suitable, with constant monitoring of the dissolved oxygen in the system.

Modern fish mariculture is increasingly criticised for its non-sustainability (Neori et al.,

2007) as it is almost exclusively practiced in flow-through systems, discharging effluents
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without pollutant removal (Naylor et al., 1998). Recirculating aquaculture systems can
overcome many of aquaculture's economic and environmental limitations as they
combine good regulation of the water quality characteristics with high fish yields, low
water use and minimal nutrient export (Neori et al., 2007). The current study has similar
findings to a large body of literature that has shown integration of seaweeds with the
primary culture organism can bring many benefits to overall farm performance (see
Brzeski & Newkirk, 1997; Troell et al., 1999a, b; Buschmann et al., 2001; Neori et al.,

1991, 1996, 1998; Robertson-Andersson et al., 2008).

Research and development over three decades has brought integrated land-based
aquaculture technology to a commercial reality in South Africa. Through algal biofilters,
integrated aquaculture recycles nutrients into profitable products, while restoring water
quality (Neori et al., 2004). Recirculating systems can increase the temperature of the
water and positively affect abalone growth rates (Bolton, 2006; Robertson-Andersson,
2007; Robertson-Andersson et al., 2008). The finding of this study showed that the
temperature increase in a 50 % Recirculation system at I & J did not significantly affect
the growth rates of abalone. The 75 % Recirculation system at I & J showed significantly
higher temperatures than the FTUs, and this can have a positive effect on the growth rate
on the cooler west and southwest coasts, as suggested by Bolton (2006), Robertson-
Andersson (2007) and Robertson-Andersson et al. (2008).

Recirculation may have negative effects which include increased sediments, parasites and
pest species in the system, adversely affecting abalone health and growth rates. Water

quality in an integrated system could also be poorer than in a flow though system
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(Robertson-Andersson, 2007; Robertson-Andersson et al., 2008). This study has proven
that these negative effects were not significant at 50 % recirculation rate in the I & J
system fed a diet of Abfeed® and kelp, and should make integrated systems more popular

for the rest of the aquaculture industry.

Future research should include:

e To combine the current diet tested (Abfeed® K26 and kelp), with Ulva spp. which
farms are increasingly producing (Robertson-Andersson et al., 2008; Bolton et al.,
in press). This would allow farms to be less reliant on external food sources.

o Testing the effects of higher recirculation rates for short periods of time. It would
be useful for the farms to be able to run at 100 % recirculation during times of
harmful algal blooms (HAB); this would stop the abalone from being affected by
the HAB organisms. Blooms of toxic algae occur frequently on the west coast of
South Africa (Pitcher, 1998).

e Adding other extractive organisms to the system, such as mussels or oysters, that
could feed on the particulate waste products of the abalone.

o Testing the suitability of other seaweeds as a biofilter and abalone feed, or
possibility as a commercial crop.

The adaptability of South African abalone farmers and their willingness to try new
species have been successfully combined to produce the current commercial abalone /
seaweed integrated systems, which appear to be unique worldwide (Neori et al., 2007;

Bolton et al., in press). There are two major success stories where successful integrated
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abalone / seaweed have been implemented (i) at Wild Coast abalone, where the lack of
available kelp and the real or perceived benefit of feeding live seaweed was the major
drivers in the use of an integrated flow-through abalone / seaweed system. (i1) The I & J
Recirculation system, where the bioremediation aspect of the seaweed has added to the
economic benefits, by both reducing pumping costs and increasing water temperature in

the abalone tanks (Robertson-Andersson, 2007; Bolton et al., in press).

The success of the abalone industry has been enhanced by the collaboration between

scientific institutions and abalone farmers. It is important to continue this relationship to

ensure the abalone industry continues to grow and develop in South Africa
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Appendix
Table 1: ANCOVA treatment weight

HO:B=p=p  HA: all the B are not equal

> xh2 >xy 3 yr2 n b SS DF
Abfeed 3 80999.82 190702 611803.2 90 2.354351 162823.7 88
Abfeed 4 80999.82 186052.4 578171.5 90 2296949 1508186 88
Abfeed 5 80999.82 186410.4 585903.2 90 2.301368 156904.1 88
"pooled”
regression 470546 .4 264
"common”
regression 2429995 563164.9 1775878 2.317556 470711.7 266

"Total regression”  756647.5 1780292 5624899 270 2.352869 1436105 268

F 0.046367

Foos(1)2264 3.029985

[ do not reject HO as F< 3.03 (p > 0.05)

Table 2: ANCOVA treatment length

HO: B=p=p  HA: all the B are not equal

> x"2 Xy > yr2 n b SS DF

Abfeed 3 80999.82 2976974  1.48E+08 90 36.75285 38854031 88

Abfeed 4 80999.82 2870877 1.38E+08 90 35.443 35784384 88

Abfeed 5 80999.82 2863050 1.39E+08 90 35.34638 38002577 88

"pooled” regression 1.13E+08 264
"common"”

regression 2429995 8710901 4.25E+08 35.84741 1.13E+08 266

"Total regression” 756647.5 27537224 1.35E+09 270 36.39373 3.44E+08 268

F 0.117169

Fo.05(1)2,264 3.03
I do not reject HO as F< 3.03 (p > 0.05)
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Table 3: ANCOVA January weight

HO: B=B=p  HA: all the B are not equal

> xA2 Xy
Abfeed 3 71783.47 51951.46
Abfeed 4 71783.47 51968.77
Abfeed 5 71783.47 53883.72

"pooled" regression
"common" regression 215350.4 157803.9

F

Fo.051).2.84
[ do not reject HO as F< 3.11 (p > 0.05)

Table 4: ANCOVA February weight

HO: B=Bp=P  HA: all the B are not equal

> x"2 Xy
Abfeed 3 71783.47 56121.64
Abfeed 4 71783.47 53661.38
Abfeed 5 71783.47 53024.03

“"pooled” regression
"common" regression 215350.4 162807

F

Fo.05(1).2.84
I do not reject HO as F<3.11 (p > 0.05)

Table 5: ANCOVA March weight

HO:p=pB=p  HA: all the B are not equal

2 X2 2Xy
Abfeed 3 71783.47 51854.66
Abfeed 4 71783.47 50518.14
Abfeed 5 71783.47 49383.46

"pooled” regression
"common" regression 215350.4 151756.3

F

Fo.05(1).2.84
I do not reject HO as F< 3.11 (p > 0.05)

2y"2
53254.11
54242.56
58982.41

166479.1

0.028408
3.105157

> y2
83355.23
56497.42
55632.19

195484.8

0.043291
3.105157

2 y2
68818.96
49771.87
48193.77

166784.6

0.029942
3.1056157

n
30
30
30

n
30
30
30

n
30
30
30

b
0.723725
0.723966
0.750642

0.732778

b
0.781819
0.747545
0.738666

0.75601

b
0.722376
0.703757

0.68795

0.704695

SS
15655.57
16618.95
18535.01
50809.53
50843.89

SS
39478.29
16383.12
16465.13
72326.54
72401.09

SS
31360.39
14219.37
14220.41
59800.17

59842.8

DF
28
28
28
84
86

DF
28
28
28
84
86

DF
28
28
28
84
86



Table 6: ANCOVA January length

HO: p=B=p  HA: all the B are not equal

2 x"2 Xy
Abfeed 3 71783.47 810449
Abfeed 4 71783.47 805855.8
Abfeed 5 71783.47 827331.4
"pooled" regression
"common”
regression 215350.4 2443636
F
Fo.05(1)2,84

I do not reject HO as F<3.11 (p > 0.05)

Table 7: ANCOVA February length

HO:p=pB=p  HA: all the B are not equal

2 x"2 Xy
Abfeed 3 71783.47 894893.9
Abfeed 4 71783.47 839668.4
Abfeed 5 71783.47 826308
"pooled” regression
"common"”
regression 2153504 2560870
F
Fo.05(1),2,84

I do not reject HO as F<3.11 (p > 0.05)

Table 8: ANCOVA March length

HO:B=B=p  HA: all the B are not equal

2 x"2 2Xy
Abfeed 3 71783.47 792718.2
Abfeed 4 71783.47 764152.4
Abfeed 5 71783.47 745004.1
"pooled" regression
"common"”
regression 215350.4 2301875
F
Fo.05(1).2.84

I do not reject HO as F< 3.11 (p > 0.05)

2 Y2
12775686
13080852
14067509

39924047

0.012275
3.106157

2 Y2
21084151
13687101
13370362

48141614

0.087643
3.105157

2 Y2
16065971
11446886
11261436

38774293

0.047668
3.105157

n
30
30
30

30
30
30

30
30
30

b
11.29019
11.2262
11.562538

11.34726

b
12.46657
11.69724
11.51112

11.89164

b
11.04319
10.64524
10.37849

10.68897

SS
3625562
4034151
4532203
12191916

12195479

SS
9927889
3865299
3858633

17651821

17688656

SS
7311836
3312299
3529418

14153552

14169616
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Natural log (Weight in grams)
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Figure 1: Estimated time to harvest (100 grams) for the three treatments calculated from
the natural log of the weight in grams

Abfeed 3% y=3.1217 + 0.0035*x; r = 0.9970, p < 0.001; r* = 0.9941, 0.95 Confidence
interval.
Abfeed 4% y=3.0113 + 0.0036*x; r = 0.9980, p < 0.001; 1 =0.9959, 0.95 Confidence
interval.
Abfeed 5% y=3.0712 + 0.0032*x; r =0.9955, p < 0.001; > =0.9910, 0.95 Confidence
interval.

165



Natural log (Weight in grams)
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Figure 2: Estimated time to harvest (100 grams) for the January spawned cohorts
calculated from the natural log of the weight in grams

JANUARY AB® 3. y=2.9739 + 0.0038*x; r = 0.9926, p.= 0.00001; = 0.9853, 0.95
Confidence interval.
JANUARY AB® 4: y=3.0859 + 0.003*x; r=0.9970, p < 0.001; = 0.9939, 0.95 Confidence

interval.
JANUARY AB® 5: y = 3.2356 + 0.0028*x: r = 0.9808, p = 0.00010; r* = 0.9619, 0.95
Confidence interval.
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Natural log (Weight in grams)
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Figure 3: Estimated time to harvest (100 grams) for the February spawned cohort
calculated from the natural log of the weight in grams

FEBRUARY AB® 3: y =3.3816 + 0.0029*x; r=0.9817, p = 0.00009; 2 = 0.9637, 0.95
Confidence interval.

FEBRUARY AB® 4: y =3.083 + 0.0039*x;r=0.9917, p =0.00001; r* = 0.9835, 0.95
Confidence interval.

FEBRUARY AB® 5: y =3.0833 + 0.0036*x; r = 0.9846, p = 0.00006; 2 = 0.9694, 0.95
Confidence interval.
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Natural log (Weight in grams)
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Figure 4: Estimated time to harvest (100 grams) for the March spawned cohort calculated
from the natural log of the weight in grams

MARCHAB®3: y=2.9507 + 0.0039*x; r = 0.9985, p < 0.001; r* = 0.9970, 0.95
Confidence interval.

MARCH AB® 4: y=2.8462 + 0.004*x; r = 0.9963, p < 0.001; * = 0.9926, 0.95
Confidence interval.

MARCH AB® 5: y=2.8572 + 0.0034*x; r = 0.9935, p = 0.00001; r* = 0.9870, 0.95
Confidence interval.
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Table 9: ANCOVA Treatment weight

HO: =8 HA: B #8B
> xh2 Xy > yr2 n
FTU 80999.82 190702.012 611803.2 90
RECIRC 80999.82 189746.102 610847.1 90

(s%x)p  1870.347

Sby-b,  0.214899
t 0.054916
v 176

toos@17e 1.973534

Do not reject HO, t <tg.05¢2),176 (p > 0.05)

Table 10: ANCOVA Treatment length
HO: = HA: B #PB

3 x*2 > Xy > yr2 n
FTU 80999.82 2976974 1.48E+08 a0
RECIRC 80999.82 2963933 1.48E+08 90

(s%.)p 448236.2

Sby-b, 3.326798
t 0.048394

v 176
t0‘05(2)‘176 1.973534

Do not reject HO, t < to_o5(2),175 (p>0.05)

b

SS

2.354350994 162823.7
2.342549615 166357.4

b
36.75284519
36.59184912

SS
38854031
40035542

DF
88
88

DF
88
88
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Table 11: ANCOVA January spawned cohort weight
HO: B=pB HA: B #B

Y x*2 TXy T yA2 n b Ss DF
FTU 7178347 51951.459 53254.11 30  0.723724581 1565557 28
RECIRC 71783.47 51597.897 5329242 30  0.718799178 16203.9 28

(s%0)p  568.919

Sby-b,  0.125901
t 0.039121
v 56

toosyse  2.003241

Do not reject HO, t < to‘05(2),55 (p>0.05)

Table 12: ANCOVA February spawned cohort weight
HO: =P HA: B#PB

¥ xA2 Y Xy T yr2 n b SS DF
FTU  71783.47 56121.644 63954.21 30  0.781818527 20077.27 28
RECIRC 71783.47 55311.633 61936.31 30  0.770534443 19316.79 28

(s%x)p  703.4654

Sby-b,  0.139999
t 0.080601
v 56

tooszss  2.003241

Do not reject HO, t < t0.05(2),56 (p>0.05)

Table 13: ANCOVA March spawned cohort weight
HO: =P HA:B#B

y xA2 yXy y yr2 n b SS DF
FTU  71783.47 51854.663 52842.39 30  0.722376136 15383.82 28
RECIRC 71783.47 52073.082 5435895 30  0.725418878 16584.15 28

(s%x)p  570.8567

Sby-b, 0.126115
t 0.02413
v 56

toosyse  2.003241

Do not reject HO, t< t0.05(2),56 (p >0.05)
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Table 14: ANCOVA January spawned cohort length

HO: p=B HA: B #B

2 X2 Xy > y2
FTU 71783.47 810449 12775686
RECIRC 71783.47 799699.2 12776167

(Szy.x)p

Sby -by
t
v

to.05(2).56

Do not reject HO, t < t0.05(2),56 (p > 0.05)

n
30
30

133798.8
1.930762
0.077562
56
2.003241

Table 15: ANCOVA February spawned cohort length

HO: =0 HA: B #PB

2 X2 2 Xy > y"2
FTU 71783.47 894893.9 16179264
RECIRC 71783.47 8778689 15522171

(% 20p

Sby -b,
t
v

to.05(2).56

Do not reject HO, t <tg os5(2).56 (p > 0.05)

n
30
30

175167.2
2.20917
0.107358
56
2.003241

Table 16: ANCOVA March spawned cohort length

HO: B =P HA: B # B

2 x"2 2y 2 y"2
FTU  71783.47 792718.2 12336662
RECIRC 71783.47 806812.7 12968602

CN
Sby -by
t
"4

to.05(2) 56

Do not reject HO, t <tg05(2),56 (p > 0.05)

n
30
30

133623.7
1.929499
0.10176
56
2.003241

b
11.29019041
11.1404367

b
12.46657466
12.2294025

b
11.04318673
11.23953445

SS
3625562
3867169

SS
5023002
4786359

SS
3582527
3900402

DF
28
28

DF
28
28

DF
28
28
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Figure 5: Estimated time to harvest (100 grams) for abalone in the S0 % Recirculation
system and the FTUs, calculated from the natural log of the weight in grams

Recirc: y=3.1606 + 0.003*x; r=0.9971, p <0.001; = 0.9942, 0.95 Confidence
interval.
FTUs: y=3.1217 +0.0035*x; r = 0.9970, p < 0.001; = 0.9941, 0.95 Confidence
interval.
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Figure 6: Estimated time to harvest for abalone in the January spawned cohorts in the
50 % Recirculation system and the FTUs

JANUARY RECIRC: y =3.0404 + 0.0032*x; r = 0.9955, p < 0.001; * =0.9910, 0.95
Confidence interval.

JANUARY FTUs: y=2.9739 + 0.0038*x; r =0.9926, p = 0.00001; > =0.9853,

0.95 Confidence interval.
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Natural log (Weightin grams)

3.2

0 40 80 120 160 200 240 280 320 360 400 440 480

4 1 4 42 46 500
‘e FEBR%%RY }QQCIR éoo 140 80 22.0 260 300 340 380 0 0
“m_ FEBRUARY FTU's Time (days)

Figure 7: Estimated time to harvest for abalone in the February spawned cohorts in the
50 % Recirculation system and the FTUs

FEBRUARY RECIRC: y =3.3456 +0.0029*x; r = 0.9848, p = 0.00005; r2 = 0.9699,
0.95 Confidence interval.

FEBRUARY FTUs: y=3.3816 + 0.0029*x;r=0.9817, p = 0.00009; r2 = 0.9637.
0.95 Confidence interval.
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Figure 8: Estimated time to harvest for abalone in the March spawned cohorts in the
50 % Recirculation system and the FTUs

MARCH RECIRC: y =3.0659 + 0.0031*x; r =0.9938, p = 0.00001; = 0.9876,
0.95 Confidence interval.

MARCH FTUs: y =2.9507 + 0.0039*x; r = 0.9985, p <0.001; = 0.9970,

0.95 Confidence interval. :
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