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ABSTRACT

AbaloneHaliotis midaefarming in South Africa is highly intensive, empiog pump-ashore,
flow-through systems. Despite the known sensitigitabalone to water quality, there is only a
rudimentary understanding of water quality dynansicsSouth African abalone farms and its
effects on abalone production. Furthermore, themgal for reusing the relatively dilute abalone
farm effluent to culture other animal species hatsbeen investigated. This study investigated
the dynamics of water quality and growth on a S@\ftican abalone farm and assessed the
suitability of the effluent for the culture of sdvkobArgyrosomus inodoruand bloodworm

Arenicola loveni loveni

Monitoring of water quality and abalone growth lradbne tanks revealed that oxygen
concentrations decreased, whiléibin and free-ammonia (Ndiconcentration increased in a
gradient between the inflow and outflow. Abalonewgth was positively correlated with oxygen
concentration and negatively correlated with freevenia and Hion concentration. The
oxygen Q) concentration of the farm influent was dependgrun the influents’ temperatur€)(
and was described by the relationsBigmg L) = 11.244 — 0.20B(r*=0.74). Linear regression
analysis of data collected from abalone farm taekgaled that the concentration of total
ammonia at the outflow of abalone tanks (g TAN Wwas dependant upon temperature (°C),
flow-rate (L s' kg* H. midag, abalone size (g) and length of time since thé& taas last cleaned
(d) (n = 125, 7= 0.80). The production of total ammonia (ug TANg™) was related to
temperature, abalone size and days that the tenksimed un-cleaned (n = 125=r0.81). A
diurnal cycle of respiration was evident in abaltargks with higher oxygen consumption and H

ion production at night. The oxygen concentratibfaom effluent was related to temperature,



farm biomass and flow rate by means of a linearession equation (n = 46> 0.69). The

results demonstrated the importance of optimidiegfiow-rate per unit of biomass for various
temperatures and sizes of abalone. As abalonestzé&emperature cannot be controlled under
farm conditions, the flow-rate per unit of biomadsich the abalone culture system receives will

determine the quality of the culture water.

The specific growth rate (0.48 + 0.01 % BW)dmortality (1.8 + 0.5 %), feed conversion ratio
(3.0 £ 0.2) and protein efficiency ratio (1.0 +)0df silver kob kept in either abalone farm
effluent or control seawater for 120 days did niffedsignificantly ¢-test,P>0.05). A 90 day
growth trial indicated that abalone farm effluentisuitable culture medium for bloodworm.
Bloodworm supplied with control seawater lost weigh0.19 + 0.04 % BWY while those

given abalone effluent grew at 0.39 + 0.07 % BW Mortality was 6 + 3 % in effluent and 11 +
8 % in seawater. The bloodworm were efficient acpssing solid waste. Abalone farm effluent
initially contained 7.7 + 13 mgt more suspended solids than control seawater, vauiotained
3.5 + 0.5 mg %, but after passing through bloodworm systems timeentration in abalone
effluent was reduced to only 1.4 + 3.5 m{ &bove that in control seawater. Therefore, abalone
farm effluent could be reused as a culture medinbdth silver kob and bloodworm. Future
work is needed to investigate aspects of the fé@gibf such systems such as growth rates at

different sizes and stocking densities.
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Chapter 1

General introduction

AbaloneHaliotis midaeL. farming is a relatively young sector of the Soifrican aquaculture
industry as farming only began in the 1990’s (S&l&itz, 2001). In spite of this abalone are
now farmed on an industrial scale in intensiveayst. The development of the industry has been
fuelled by a great deal of research and developearehigood market demand for abalone
products (Sales & Britz, 2001). In 2005 there wE3darms in South Africa producing a total of
approximately 508 tons of abalone with a value ARZ82 million (Botes et al., 2006). Globally,
abalone production was 22 600 t in 2002, of whi@&®08 t were farmed (Gordon & Cook, 2004).
Most abalone are farmed in Asia (Gordon & Cook,820@hile a minority of production occurs
in South Africa, the USA, Australia, Mexico, New&and, Ireland, Iceland and recently, Chile.
In the context of global abalone production, in 28buth Africa was the largest producer
outside of Asia (FAO, 2004). To date, researchhencultivation oH. midae reviewed in Sales
& Britz (2001), has investigated: spawning and sgeduction; the effect of temperature on
abalone growth and nutritional indices; handling &mansport; and the development of
formulated diets. Furthermore, extensive reseaashivestigated the potential for reuse of
abalone farm effluent to culture seaweed (Roberfsuaersson, 2004; Troell et al., 2006). Very
little research has investigated water quality lbal@ne farms or the potential for reuse of the

abalone farm effluent to culture organisms othantbeaweed.

Abalone farms in South Africa are all shore-basedi rmost are flow-through systems, with a few
farms using partial-recirculation. On farms whigiecate on the flow-through system, with
which this thesis concerns itself, seawater is prargshore and makes a single-pass through
abalone tanks before flowing by gravity back togka. In the grow-out phase of the production
process the abalone are kept in baskets suspemtiuks through which seawater flows (Fig.
1.1). The abalone are typically fed either kElgklonia maximar a formulated diet, Abfe&q26

- 34 % protein, 1.2 % lipid; Marifeed Pty Ltd, Heanus) or a combination of the two. In 2004
the industry used approximately 5917 t wet weidtkedp and 180 — 200 t dry weight of Abféed
(Troell et al., 2006). Since 1993 so@eacilaria gracilis and green seaweeddlya spp), grown
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in abalone effluent, have also been used by cefidams as feed (Troell et al., 2006). While it is
expected that the expansion of the abalone indaatmpot be fuelled by increased harvesting of
kelp, as this has now reached a maximum sustaiyadte(Troell et al., 2006), it is not certain to

what degree Abfeédnill be the future feed of choice or seaweeds grawabalone effluent.

The suitability of the farm environment for the gitb of abalone is, to a large degree, dependent
upon the quality of the culture water. The wateuslity is a relative measure because it is
assessed with the optimum water quality requiremmeh&balone in mind. In well managed
aquaculture systems, water quality is kept withm eptimum requirements of the species being
cultured. However, in poorly managed systems ttaitywof the water may become so altered
that exposure to it is stressful for the organiSthfeck & Li, 1991). When this happens the
growth of the organism may be reduced and in exdreases it may die (Poxton & Allouse,
1982). In order to increase production, farmed @t@bre kept at unnaturally high stocking
densities. In the wild, population densities rafrgen 82 — 133 g M (Barkai & Griffiths, 1988)

but on farms abalone are kept at higher densifiepproximately 2.0 kg i (G. Johnston, HIK
Abalone Farm Pty Ltd, pers. comm.). The surfaca pe¥ abalone basket is calculated as the
surface area of the vertical plates and the undieisi the feeder-plate (Fig. 1.1). Under these
conditions the water in the culture environment rhagome altered by the abalone’s
metabolism. Furthermore, while some farms feed thigalone kelp (15 % protein; Troell et al.,
2006), which forms the majority of their naturaétd{Barkai & Griffiths, 1986), others feed a
formulated diet which is relatively high in protg@6 - 34 %; Abfeel, Marifeed Pty Ltd,
Hermanus). The farmed abalone fed a formulatedna@gt consequently excrete more
nitrogenous waste. Therefore, it is possible timatlmalone farms water quality may become sub-
optimal for the growth of abalone. While abalonerfeng is a lucrative sector of the South
African aquaculture industry (Botes et al., 2006}y studies have investigated water quality on

abalone farms.
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Fig. 1.1. A longitudinal section view of the tank&sign used on most South African abalone
Haliotis midaefarms. Influent enters the tank at the water-serfatcone end and effluent leaves
the tank via an outlet situated at the water-serfa¢ at the opposite end. The tank shown
contains six oyster-mesh baskets (b), althougmtimeber of baskets varies on different farms.
On farms that feed a formulated diet the feedasgd on the feeder-plate (c). The vertical plates
(d) provide a surface area for the abalone to latiaemselves. Aeration is supplied beneath the

baskets via a perforated pipe (e), improving wateing.

Abalone farm effluent has been used successfuilytegrated aquaculture systems for the
culture of seaweeds, as reviewed by Troell eR806), but its suitability as a culture medium for
finfish and polychaete species has not been imgedstil. Integrated farming was defined by
Edwards et al. (1998) as occurring when “an oulifmuih one subsystem in an integrated farming
system, which otherwise may have been wasted, bexaminput into another subsystem
resulting in greater efficiency of output of dedifgroducts from the land/water area under a
farmers control”. Typically these sorts of aquaardtsystems offer economic and/or
environmental benefits over conventional monocelsystems, in which only a single species is
farmed. Furthermore, Neori et al. (2004) make thietthat in some cases monoculture
aquaculture systems are only successful becaugédve not been required to treat their waste-
water. Therefore, if in future abalone farms wesguired to internalize the cost of waste-water
treatment, integrated systems, which treat theoaleagffluent while deriving an economic
benefit may be the only strategy that remains tabke. Both environmental and economic
benefits can be gained when the culture of a ‘Gedanism is combined with that of an

‘extractive’ organism so that the waste from theel'forganism, that would otherwise pollute the
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environment, is used by the ‘extractive’ organigsnptoduce a secondary product (Chopin et al.,
2001). Bolton (2002) argues that integrated aquaiivill be most successful when a fed
organism is combined with an extractive speciemflow down the food-chain, as these are
typically easy to grow and use resources efficjer8buth Africa currently has a small,
developing industry farming marine finfish. The Iprenary investigations of Samsukal (2004)
indicate that the effluent from South African alv@darms contains negligible dissolved total
ammonia, nitrite and nitrate compared to levelssamtared toxic to finfish (Poxton & Allouse,
1982). In contrast, effluent from abalone tankd #ra being cleaned may be rich in dissolved
and particulate nutrients but this becomes dilingtie effluent from the farm as a whole.
Therefore, utilising abalone farm effluent to sypfbw-through or partial-recirculation finfish
systems may be a viable alternative to pumping aavashore. This strategy would negate the
need for the infrastructural and running costs @ased with pumping seawater ashore for finfish
aquaculture. Furthermore, the particulate mattedgpeed in abalone tanks, and flushed out in the
effluent, is rich in protein and energy (Chalm@®@02) and may be a suitable feed for the
detritivorous polychaete specidsenicola loveni loveniThis species, which is commonly

known as bloodworm, has good market demand asip@pular bait species (Britz et al., 2001,
Mackenzie, 2005), which is time-consuming to cdll€airthermore, converting the particulate
waste from abalone farms into bloodworm would redine® amount of nutrients released by

farms to the sea.

The aims of this study were to investigate (1)dpatial, diurnal and seasonal dynamics of water
quality on a South African abalone farm and to dgvéools that abalone farmers can use to
improve water quality management on flow-throughlabe farms that use formulated feeds and
(2) to assess the suitability of abalone farm efitufor the culture of silver koArgyrosomus
inodorusGiriffiths & Heemstra and bloodwor#renicola loveni lovenKinberg. In order to
develop the research approach it was necessaongider the effect that various water quality

parameters may have in the culture environment.

Temperature is the primary environmental factot teermines the metabolic rate of
poikilothermic animals (Fry, 1971). Hence, in tluatext of abalone farming, water temperature
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is an important part of the abalones’ environm&itdies by Britz et al. (1997), Gilroy and
Edwards (1998), Kelly and Owen (2002) and Steimarssd Imsland (2003) have documented
the effects of temperature éh midae, Haliotis rubra, Haliotis laevigata, Hatis tuberculata
andHaliotis rufescensln H. midae growth, feed conversion ratio and protein efficignatio
increase from 12 °C to 20 °C and then decline $hatgemperatures higher than 20 °C (Britz et
al., 1997). The observations of Britz et al. (19@&ye supported by Lyon (1995) who found that
the ammonia excretion and oxygen consumptiad.ahidaewere significantly higher above 20
°C. Furthermore, the solubility of oxygen in watereduced as temperature increases (Weiss,
1970) and at higher temperatures the toxicity ofmammia increases (Bower & Bidwell, 1978).
The dynamics of temperature on abalone farms #&Bvwely well understood as temperature is
easily monitored. However, the effect of tempemim oxygen, ammonia and pH on abalone
farms; and the indirect influence of temperaturevaer quality, through the metabolism of

abalone, is not well understood.

Oxygen is needed for aerobic metabolism and heagdimit growth (Fry, 1971). Harris et al.
(1999a) observed that juventtke Laevigataexposed to a dissolved oxygen concentration of 4.9
mg L™ ate less, grew slower and had higher mortalitygamad to controls exposed to 8.9 mig L
! The oxygen consumption bfaliotis discus hannavaries diurnally with more oxygen being
consumed during the period from dusk to midnighki (& Kikuchi, 1975). This diurnal variation
In oxygen consumption can be attributed to theatmamal feeding behaviour. Sinek midae

also feeds nocturnally (Britz et al., 1996) it nieave a similar pattern of oxygen consumption.
Barkai and Griffiths (1987) and Lyon (1995) obsettleat the oxygen consumptiontéf midae
kept in small respirometer chambers did not vawyrdilly. However, studies utilising
respirometer chambers may not take the effect afement during feeding into account since the
abalones’ movement is restricted (Barkai & Grifiti987). Therefore, it is possible that oxygen
consumption and hence concentration in abalonestelmknges on a diurnal cycle. The
preliminary investigations of Lyon (1995) suggédsittthe oxygen consumption ldf midae per
gram of body weight, decreases as a linear functi@balone shell-length. IH. discus hannai

the logo oxygen consumption is linearly related to bodyghei(Uki & Kikuchi, 1975).

Therefore, tanks containing different size-classesbalone may have different oxygen



requirements. The oxygen consumption of abaloree\alses according to temperature.
Preliminary investigation suggests that the oxygemsumption oH. midaeincreases linearly
with temperature (Lyon, 1995), while Uki and Kiku¢h975) found a linear relationship
between the log oxygen consumption d¢i. discus hannaand water temperature up to 20 °C.
Therefore, it is likely that oxygen concentratiangbalone tanks will vary according to the
effect of temperature on oxygen consumption (UKi&uchi, 1975; Lyon, 1995) and solubility
(Weiss, 1970).

Ammonia is the main nitrogenous by-product of protaetabolism excreted by abalone (Bishop
et al., 1983; Barkai & Griffiths, 1987). Numerousdies have documented the toxicity of
ammonia to abalone (Harris et al., 1998a; Harred.etl998b; Basuyaux & Mathieu, 1999;
Reddy-Lopata et al., 2006), other marine mollug@ppler, 2007, Widman et., 2007) and

marine finfish (Alderson, 1979; Wajsbrot et al. 9B9Rasmussen & Korsgaard, 1996; Person-Le
Ruyet et al., 1997a; Person-Le Ruyet et al., 198&marié et al., 2004). In aqueous solution
ammonia exists in equilibrium between its un-iodiZ8H;) and ionized (NH) forms, which is
controlled by pH, temperature and salinity (BoweB&well, 1978). The sum of the two forms

is known as total ammonia-nitrogen TAN (ABlHN). The un-ionized form is more toxic because
it is able to easily diffuse across cell-membrafidairston et al., 1981). Hence, for the purpose
of toxicity testing, the concentration of the umied form, expressed as free ammonia-nitrogen
(FAN) is calculated from the total ammonia concatidn, temperature and pH of the water.
Reddy-Lopata et al. (2006) reported that 36 h exyot a free ammonia concentration of 9.8 ug
FAN L™ causes 50 % mortality (i.e. 36 h &gFin juvenileH. midaeof 10 — 25 mm shell length.
Tolerance of free ammonia increases with body aimke10 — 15 cm abalone showed 50 %
mortality at a higher concentration of 16.4 pg FARN(Reddy-Lopata et al., 200&}hronic and
acute exposure to free ammonia under laboratorglitons has also been shown to cause growth
depression, increased oxygen consumption, redwaetldonsumption and changes in right-
kidney histology irH. laevigata(Harris et al., 1998a; Harris et al., 1998b) gnolvth depression

in H. tuberculata(Basuyaux & Mathieu, 1999). The 36 h 4§&AN concentrations of 9.8 — 16.4
ng L for H. midae reported by Reddy-Lopata et al. (2006), are ualisuthat they are lower

than the threshold concentrations at which growst becomes affected in other abalone and



mollusc speciedaliotis laevigataandH. tuberculataexposed to concentrations of 41 — 45 ug
FAN L™ for two months and two weeks respectively, shoamlgt minor reductions in growth
compared to controls and less than two percentatityr{Harris et al., 1998a; Basuyaux &
Mathieu, 1999). Furthermore, the 72 hsg@r juvenile (0.7 — 2.6 cm) bay scallofpsgopecten
irradiana irradiansis 430 pg FAN [* (Widman egl., 2007), while in larger specimens (4.8 cm)
of the oystelCrassostrea viginicaellular damage occurs only at concentrations batv2s0 —
520 pg FAN L* over 7 days exposure (Keppler, 2007). However)am@ers. comm., 2007)
reports exposing 8014. midaeto a free ammonia concentration of approximately §@.* for

48 h without observing mortality. This result pladke ammonia tolerance ldf midaecloser to
that of other molluscan species. Therefore, tretecertainty surrounding the 36 hdg@or H.
midaereported by Reddy-Lopata et al. (2006) and thestiolel, free ammonia concentration at
which the growth oH. midaeis reduced has yet to be established. Furtherrtieraleterminants
of ammonia concentrations on abalone farms haveewmt documented. Elevated levels of total
ammonia were recorded in abalone farm effluentpneiiminary study (Samsukal, 2004).
However, while total ammonia levels were measutedralatively large number of abalone
farms (n = 7), it was not within the scope of thedy to investigate seasonal or diurnal changes
in ammonia concentration and the concentratiomess &mmonia was not reported. In laboratory-
based studies the excretion of ammonialbynidaehas increased with increasing temperature
between 16 — 20 °C (Lyon, 1995) and decreased expatly with increasing body-weight
(Barkai & Griffiths, 1978). Base-line data of fraexmonia concentrations on abalone farms
under different conditions have not been recordetithe influences of temperature and body-

weight on ammonia excretion have not been verified.

In aquaculture systems the pH of the water mayecaltered due to the production ofidns
when carbon dioxide reacts with water to form arQ3¥0dmolecule and a Hion (Sanni &
Forsberg, 1996). The concentration of tHeidh is commonly expressed as pH, which is the
negative logarithm of the Hon concentration (i.e. pH = - log [mol"H.™}], Covington et al.,
1985). The concentration of thé kbn has been shown to affect the growth rate aiyden
consumption oH. laevigataandH. rubra (Harris et al., 1999b). The mode of action by \ahic
growth and respiration are affected is uncleardspiosure to seawater of reduced basicity, of



approximately 7.16 pH, causes the tubules and lurhéme kidney to become enlarged, and
abnormalities in the structure of the gills (Haetsal., 1999b). Furthermore, the concentration of
the H ion controls the proportion of total ammonia ie toxic, free ammonia form (Bower &
Bidwell, 1978) and hence can indirectly affect tisalth of animals in aquaculture systems by
affecting the concentration of free ammonia. Asdgsdecreases, more of the total ammonia
changes to the free ammonia form and thereforihjsncontext, high basicities are most
dangerous. Base-line data of pH on abalone farmaaravailable and the determinants of pH

have not been investigated.

In aquatic environments autotrophic bacteria oxadimmonia to nitrite and nitrite to nitrate
(Sharma & Ahlert, 1977). In abalone, nitrite hasbehown to cause weakening of the immune
system, damage to the gills, reduced oxygen consomand growth depression (Harris et al.,
1997; Harris et al., 1998b; Basuyaux & Mathieu,49;99heng et al., 2004). In fresh-waters nitrite
can move across the cell-membranes of aquatic éand accumulate in the extra-cellular
spaces in tissues, especially in the gills, limeuscles and brain (Jensen, 1995) where it oxidizes
other compounds (Colt & Armstrong, 1981). Howewemarine finfish this occurs only at high
concentrations that are unlikely to occur underaagiture conditions (Wedemeyer & Yasutake,
1978). This is due to the increased concentratiahloride ions in saltwater, which
competitively exclude nitrite ions from uptake e gills’ chloride cells (Wedemeyer &
Yasutake, 1978). Whether the same is true for aleahas not been established (Harris et al.,
1997). Samsukal (2004), documented elevated |lefeigrite in the effluent from abalone farms

but investigations of nitrite dynamics have notqa®ded beyond this preliminary work.

Nitrate is less toxic to aquatic organisms than amenor nitrite (Camargo et al., 2005).
Basuyaux and Mathieu (1999) showed that exposuaenitrate concentration of 250 mg M@
L™ for two weeks reduced the growthtéf tuberculata while 200 mg N@N L™ had no affect.
Since the highest nitrate concentration recordeohdwa preliminary survey of abalone farms
was 0.3 mg N@N L™ (Samsukal, 2004), and the current study was cordesnly with abalone
health and growth, nitrate was not included invlager quality parameters investigated.



It is possible that high concentrations of suspdrst#ids may promote the growth of the sabellid
worm Terebrasabella heterouncingtarhich infests the shells of abalone. Sabelli@steétion can
reduce the growth rate of abalone (Ruck & Cook,8)9High concentrations of suspended solids
may also damage the gills of abalone. A study bgudly and Shin (2005) documenting damage
to the gills of green-lipped musseerna viridis caused by acute exposure to suspended solids,
found a linear relationship between suspendedsobdcentration and damage to the gill
filaments. The same was found to be true for clirerposure (Shin et al., 2002). Chalmers
(2002), recorded the size-range and proximate csitipo of suspended solids in abalone farm
tanks. However, the concentration of suspendedsaliaquaculture systems can vary
seasonally, with higher concentrations typicallyrid when temperatures are warmer and
consequently farmed animals are fed more (Toval.2000). On South African abalone farms
the seasonal dynamics of the concentration anduptimsh of suspended solids have not been
investigated.

In this thesis, the first experiments investigateder quality and growth dynamics on an abalone
farm (Chapter 2). The first experiment of this deapnonitored the variation in water quality

and growth at different positions within abalonekimand correlated growth with water quality.
Secondly, diurnal variations in oxygen, ldn concentration, total ammonia and free ammonia
were documented in abalone tanks. Thirdly, theityuad the farm influent and effluent were
monitored over a period of twelve months. Variasiamthese water quality data over time were
explained by changes in temperature, farm biomadglaw-rate. Models were developed for the
prediction of the oxygen concentration of abalcsrenfeffluent and the ammonia concentration

in abalone farm tanks.

The third chapter used theoretical models to agkessffectiveness of various tank designs
which have been employed by abalone farms in amait to reduce the variation in water
quality and growth at different positions withinadtne tanks. These variations in water quality

and growth were documented in Chapter 2.



Anecdotal observations made while collecting thia g@esented in Chapter 2 suggested that the
sludge which accumulated in the abalone tanks mexitnore ammonia, on a dry-weight basis,
than the abalone themselves. Therefore, the faldpter investigated the effect that the
accumulation of sludge in abalone tanks had on aman@oduction.

In Chapter 5 the feasibility of reusing abalonenfaffluent as a culture medium for silver kob
and bloodworm was assessed. This involved recottimgrowth and mortality of these animals
in abalone farm effluent and an unused seawatdratptogether with water quality in the
culture systems.

Finally, the results of all four experimental chexgtwere discussed and the implications of the

results for industry were assessed (Chapter 6).
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Chapter 2

Water quality and growth dynamics on a South African abalone Haliotis midae farm that
feedsa formulated diet

2.1 Introduction

South African abalonklaliotis midaeL. farms almost exclusively operate on a pump-esho
single-pass design. Anecdotal observations sudigasabalone growth on these farms changes
seasonally and that abalone growth is poor atipasiinear the outflow of farm tanks. It was
hypothesised that these apparent variations inthrave caused by changes in water quality

within the abalone tanks.

Abalone farms in South Africa fall within the naalirange oH. midaeand therefore abalone are
adapted to the environmental conditions of the tebagters pumped ashore to supply the farms.
However, within the relatively high-density farmvonment it is expected that water quality

will become altered by the abalones’ metabolismal8be consume oxygen to fuel their
metabolism and produce carbon dioxide (Hochachlk €1983) and ammonia (Bishop et al.,
1983; Barkai & Griffiths, 1987) as the main metatssl. Therefore, the concentration of carbon
dioxide and ammonia may become elevated while axygay become less abundant. In
seawater ammonia exists in equilibrium between dreenonia (NH) and ammonium (N).

Total ammonia is the sum of the two. As the temijpeesor pH of seawater increases, ammonium
changes to toxic, free ammonia (Bower & Bidwell7& Carbon dioxide may also influence
water quality by reducing the pH of the culture evgSanni & Forsberg, 1996). Furthermore,
nitrifying bacteria in the culture environment magnvert ammonia to nitrite, increasing the
concentration of nitrite in the abalones environtr(@ial et al., 2003). These changes to the
abalones’ environment may have an affect on themith as oxygen (Harris et al., 1999a), free
ammonia (Harris et al., 1998a; Basuyaux & Mathi€99; Reddy-Lopata et al., 2006), pH
(Harris et al., 1999b) and nitrite (Basuyaux & Math 1999; Harris et al., 1997) have been

shown to affect the growth of abalone. Furthermpagticulate matter from feed and abalone
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excretion, and the loss of nutrients from feed soldl waste into dissolved forms may alter

water quality.

Thus, knowledge of water quality on abalone farms the effect it has on the growthtéf
midaeis fundamental to good husbandry. Despite thestrdh scale production of abalone in
South Africa, which has been supported by a subataasearch effort (Sales & Britz, 2001),
few studies have investigated the metabolism ofiomiesor water quality on abalone farms.
Barkai and Griffiths (1987) reported that the weigpecific oxygen consumption and ammonia
production of wildH. midaedecreases exponentially with increasing abalores Jize
consumption of oxygen and production of ammonisgeapgd to increase linearly with increasing
temperature (Lyon, 1995). Growth also increaseehlity with increasing temperature between
12 — 20 °C (Britz et al., 1997). Samsukal (2004)ciected a preliminary investigation of
nitrogenous waste in abalone farm effluent andtitled elevated levels of total ammonia and
nitrite. Reddy-Lopata et al. (2006) identified 9.86.4 pg FAN [* as the concentration range of

free ammonia-nitrogen (Ng=H) which caused 50 % mortality in 1 — 15 ¢éinmidae

This work investigated (1) abalone growth and wetelity at different positions within abalone
tanks (2) diurnal changes in water quality (3) seatchanges in the quality of abalone farm
influent and effluent and (4) the variables whicfiuenced the concentrations of ammonia and
oxygen. The aims were to describe water qualityadyias under farm conditions and identify
water quality variables that may affect abaloneagino

2.2 Materialsand methods
Study site

Water quality and abalone growth were measurediatAbalone Farm (Pty) Ltd in Hermanus
on the south-western coast of South Africa. Thenfaad a standing stock of approximately 110
— 126 tons. The abalone were grown to 20 — 120gyéesale although most were sold at sizes
between 20 and 50 g (G. Johnston, HIK Abalone Rty td, pers. comm.). Abalone were
weaned onto a formulated diet, Abf@gilarifeed Pty Ltd., South Africa; 34 % protein2®s6
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lipid), when less than 1 g in size. The abaloneavggown in baskets, suspended within abalone
tanks that received flow-through seawater at antth@mperature. The farm had a flow-rate per
ton of standing stock (+ standard deviation) of 688 L s' t*. Water mixing within the tanks
was improved by means of air-diffusers, positiohedzontally under the baskets. Sludge
accumulated in the bottom of these tanks and wasved approximately every 10 days.

Statistical analyses

The significance level used in all statistical $dsir this study was 5 %. When analysis of
variance (ANOVA) was used the assumptions werdigdrusing Levene’s Test for
homogeneity of variance and the Shapiro-Wilkest for normality. If the assumptions were not
met a non-parametric test was used. Unless sttedwse, the symbol * indicates standard

error.

Experiment 1: Abalone growth

The growth of marked abalone and water quality weoaitored in baskets, placed sequentially
between the inflows and outflows of four farm taifks3.9 m, W 0.85 m, D 0.65m), over 104
days. Flow-through seawater entered the tankseaend and flowed out the opposite end. Each
tank held six oyster-mesh baskets, each of whichst@cked with 7.4 + 0.3 kg of 20-30 g
abalone. The baskets in each tank were numberegl fvith 1 being at the inflow (control) and 6
nearest the outflow. Ten abalone (initial weight7280.2 g) per basket were tagged on the shell
with discs (two cm in diameter and two mm deepdméxy putty (Pratley’s Putl). The discs
were uniquely marked with one to ten dots, to idgmdividual abalone. Maximum shell length
(0.01 mm) was measured using digital vernier catBgnd whole body weight (0.1 g) was

measured, before and after tagging, using an el@ctbalance.

The temperature, oxygen concentration, total-amenooncentration, free ammonia

concentration and pH of the seawater in each basketrecorded approximately every 10 days.
The concentration of nitrite was recorded in basle# and 6 at the same time as the other water
guality parameters. The methods used to measuse ttagiables remained the same in the other
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experiments. The pH was measured using a pH mé&rifc. Model # 60/10 FT; Yellow
Springs, Ohio). Since the log-scale of pH did neetthe assumptions of many statistical tests
and did not allow easily understandable reportinghanges in acidity or basicity, pH values
were converted to the concentration dfibhs where relevant (nmol'HL™ = [1 / 18] X 10°;
Covington et al., 1985). Temperature and oxygercenination were measured using an
electronic meter (YSI Inc. Model # 55D; Yellow Spgs, Ohio). Samples were analysed for total
ammonia-nitrogen TAN (NE4-N) and nitrite using a biochrom Novaspec |l spgaiitotometer
and the phenolhypochlorite method of Solorzano 9)@&d Merck nitrite test kits (Cat. no.
1.14776.0001) respectively. The samples were kaqixt @ahce the reagents were added. The
absorbencies of colours obtained on the spectropieter were converted to concentrations of
total ammonia or nitrite using relationships depeld with standard solutions (n = 39>r0.96).
The percentage of TAN in the form of free ammorniteegen (FAN) and consequently FAN
concentration were calculated using the recordedgiperature and TAN values (Bower &
Bidwell, 1978).

Abalone were fed Abfeed S340 apparent satiation (monitored the following Yesch

afternoon. Every three days at mid-tide the floveia each tank was set to an exchange rate of
100 % of the tank volume every 3.3.iThe flow-rate of each tank was recorded as the ti

taken to fill a two L container and converted te™L Flow-rates fluctuated with changing tidal

height. Tanks were cleaned approximately every T@ays.

After 104 days, i.e. the average period that Sédititan farmers wait before reducing the
stocking density in a tank, the tagged abalone wgaén weighed and measured. Specific growth

rate of marked abalone was calculated using thatemu
SGR= 100 [InWf) = In(Wi)] / d (2.2)

where,SGRis specific growth rate (% BWX), Wfis the final weight minus the weight of the
tag,Wiis the weight prior to tagging ambis number of days.
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Length gain ([final length — initial lengtiexperimental period in days) and condition fa¢@iF
= 5575 X [weight (g)/length (mrA¥Y; Britz, 1996) of marked abalone were calculataoil
basket positions. Feed conversion ratios (FCR =waight feed consumedvet weight gain) of
individual baskets of abalone were calculated uliegotal weight of abalone (£ 5 g) in the
basket at the start and end of the experimentagher

The SGR, length gain and CF of abalone in individhaskets were each averaged before
statistical analysis so that baskets, and not abalwere used as replicates. The SGR of abalone
in different positions were compared using analgsisovariance (ANCOVA), with initial

weight as a co-variate. Length gain and FCR ofateln different positions were compared
using analysis of variance (ANOVA). CF at the startl end of the experiment were compared
amongst different positions using repeated-meaAKEBVA (R-M ANOVA). Regression

analysis was used to test whether there was a eliarigmperature or the concentrations 6f H

ions, oxygen, free ammonia or nitrite in basketsveen the tank inflow and outflow.

Experiment 2: Diurnal water quality dynamics

Temperature, pH, TAN and oxygen were recordedeairtfiow and outflow of abalone tanks
every three h over two 24 h periods (total n = 8gaenple time). Abalone biomass in the tanks
averaged (£ standard deviation S.D.) 109 * 0.5dndthe mean live abalone size was 34 + 4.9
g, The flow-rate of the tanks averaged (+ S.D.B& .26 L &, while the mean temperature was
15.4 £ 0.7 °C. Although the flow-rate and temperata the tanks at each sample time were
adjusted for, they did not vary diurnally and tHere were not confounding factors (Kruskal-
Wallis ANOVA; P = 0.96 and® = 0.66 respectively).

The production (net) of TAN and’Hons by tanks or the farm were calculated usieg th

equation,

P=[(Co—C)XF]/B (2.2)
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where:P is production (in weight per second per weighbioimass)C, andC; are concentration
in the outflow and inflow water (weightl), F is flow-rate (L §') andB is live, whole weight of

abalone biomass.

Oxygen consumptiof. (mg s* kg™) was calculated using the equation,
Oc=[(Sr—Co) XF]/B (2.3)

where:S; is solubility of oxygen in seawater of temperaftigng L™; Weiss, 1970)T is
temperature of the outflow wateg, is oxygen concentration in the effluent water (07, F is
flow-rate (L s') andB is abalone biomass (kg). The oxygen saturatiohfrifluent seawater
did not differ diurnally (108 + 0.4 %, Kruskal-W&IANOVA, P = 0.8) and therefore was not a

confounding factor.

Oxygen consumption in the tanks and TAN produc#bthe various sample times were
compared using analysis of covariance (ANCOVA) wéimperature as a covariate. Kruskal-
Wallis ANOVA was used to compare’ bn production within the tanks, and thé idn
concentration and oxygen concentration of the erftover the diurnal period. Total ammonia
concentration of the influent over the diurnal pdrivas compared using ANOVA.

Experiment 3: Abalone farm influent and effluenalgy

The temperature, pH, oxygen saturation and coreemtrof oxygen, TAN, FAN, nitrite and
suspended solids of the farm influent and effleete sampled over a period of twelve months
(June '06 — May '07). Ten samples, half collecte@300 and the remainder at 16h00, were
taken each month. Oxygen saturation was calcukedpercentage of oxygen solubility at the
observed temperature (Weiss, 1970). Suspendedslalider than 10 um, were filtered from five
L of water and collected on pre-dried and weighkerfpapers. The concentration of suspended
solids (mg ') was subsequently calculated as the dry weigint gfthe filter paper divided by
the volume of the water sample. The net produatiohAN, nitrite, H ions and suspended solids

by the farm was calculated using equation 2.2.[Te-rate of the farm was determined by
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recording the height of effluent in the channeljchicarries effluent to the sea, and converting
this to volume of flow (Ms?) using a height-flow curve (n = 12,7 0.98). The flow-height
curve was developed using a flowmeter (Marsh-MoBjrinc. Model 2000; Frederick,
Maryland) and the ‘0.2, 0.4, 0.8 of Depth Method’,

F=[[((Vo2+Vog /2) +Vod /2] X d X w (2.4)

where;F is flow-rate (nf s%); Vo.2, Vo.sandVg sare flow velocity at 0.2, 0.4 and 0.8 of depth,
from the channel bottom, (n'} d is depth of effluent (m) and is width of the effluent channel
(m) (Marsh-McBirney Inc., 1990).

Regression analysis was used to determine whétbamincentrations of oxygen; léns,
suspended solids, nitrite or total ammonia in tikient were related to influent temperature.
Influent quality in different months was comparesihg Kruskal-Wallis ANOVA. Farm biomass
and flow-rate changed over time and therefore chaungeffluent quality were not analysed
according to season. Water quality variables weedyaed for differences between the 09h00

and 16h00 sampling times.

Multiple-linear regression was used to relate effiuoxygen concentration (mg'L.to the farm’s
flow-rate (L ' t%) and the effluent’s temperature (°C). The bionafshe farm was multiplied

by the temperature of the farm’s effluent sincanadr relationship had been reported between
oxygen consumption and temperatureHomidaewithin 16 — 20 °C (Lyon, 1995). Temperature
was included separately from flow-rate in the emumaas it influences the solubility of oxygen in

seawater (Weiss, 1970).

Experiment 4: Predicting ammonia dynamics in tanks

Temperature, abalone size, the number of days #wecenk was last cleaned and the flow-rate
were recorded while monitoring ammonia concentregtiat the inflow and outflow of abalone
tanks (Table 2.1). These data were subsequentlgiteddising multiple-linear regression to

develop two equations for the prediction of totalnaonia concentration and production in tanks
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under different conditions. Abalone six#(g) was converted to weight-specific rate of amraoni

'0'57), using the relationship between ammonia excretion

excretionE (ug TAN kg* h* = 0.856N
and size at 14 °C determined by Barkai and Grsf({t087). The values f& were multiplied by
temperature since the relationship between ammexaeetion and temperature is linear within

16 — 20 °C (Lyon, 1995).

Table 2.1. Experimental conditionshtaliotis midaetanks from which data were collected
for developing equations that predict total ammanieogen (TAN) concentration and

production in abalone tanks (n = 125).

Mean min max
Flow (Ls™ kg™ 0.0070 0.0041 0.0108
Temperature (°C) 16.1 14.3 19.3
Size (9) 31 18 43
Uncleaned (d) 12 1 27
TAN (ug L™ 65 23 146
TAN production (ug s™ kg™) 0.29 0.07 0.86

2.3 Results
Experiment 1: Abalone growth

The SGR of abalone in baskets 4 — 6 was slowerttiatrof abalone in position 1 (ANCOVR,
=0.0007, Fig. 2.1). Length gain in baskets 5 améh6 also slower than that in the control
(ANOVA, P =0.04). Mean FCR (1.23 + 0.03) of abalone in btsRe 6 did not differ from that
in basket 1 (ANOVAP = 0.67). There was also no difference in initiaD@.+ 0.01) or final
(1.04 £ 0.01) condition factor of abalone in otbaskets, relative to basket 1 (R-M ANOVRA=
0.34).
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Fig. 2.1. Specific growth rate (SGR) and lengtmgzfiindividually markedHaliotis
midae(n = 10 baskeél) in baskets positioned in a line between the imf{position 1) and
outflow (position 6) of four tanks. For each pamitithe mean of 4 baskets (+ standard

error) is presented.

Flow-rates averaged (+ standard deviation) 0.108042 L §" at the water quality sampling

times (i.e. 14.5 and 9.7 L Kdh* at the initial and final stocking densities). Teenperature was
not significantly different in the various baskeftsiions (Regressioi?, = 0.22). Oxygen
concentration was highest in baskets nearest flesvindecreasing steadily towards the outflow
(Fig. 2.2; Regressiof, < 0.0001). In basket 1 the lowest 50 % of recomabegyen

concentrations were between 6.1 — 7.1 rifguhile at the outflow the lowest 50 % were between
5.5 — 6.7 mg . H" concentrations increased from the inflow to thdlowt (RegressionP <
0.0001). While the median free ammonia concentnahoreased from baskets situated at the
inflow to those at the outflow, regression analysiealed this to be non-significant at the 95 %
confidence level (Fig. 2.8 = 0.07). Similarly, the change in nitrite conceritratbetween

position 1, 4 and 6 was not significant at the 98dfidence levelR = 0.09).
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Fig. 2.2. Oxygen (n = 36) and kbn (n = 56) concentrations measured, in baskets
positioned in a line between the inflow (positigrahd outflow (position 6) of four tanks,
approximately every ten days over 104 days. Inddtarre the median, 25 - 75 percentiles
and range. Regression analysis showed that oxyg®entration decreased from
position 1 - 6 (y = 7.17 — 0.082R;< 0.0001), while Hion concentration increased (y =
11.34 + 0.546xP < 0.0001).

Experiment 2: Diurnal water quality dynamics

There was no significant diurnal variation in thélient oxygen (8.69 + 0.02 mg'LANCOVA,

P = 0.73) and Hion (11.75 + 0.31 nmol HL™, Kruskal-Wallis ANOVA,P = 0.18)
concentrationinfluent TAN concentration (19.59 + 0.45 ug TAN)Ldiffered diurnally
(ANOVA, P = 0.002), however, the difference between the mimmof 16.6 + 0.8 ug t at
16h00 and the maximum of 23.9 pg at 13h00 was negligible. TAN production did ndfei
diurnally with an overall mean of 0.178 + 0.007 §fckg™ (ANCOVA, P = 0.17). Oxygen
consumption in tanks followed a diurnal patterrgdater consumption at night than during the
day (Fig. 2.4, ANCOVAP = 0.03).
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Fig. 2.3. Free ammonia-nitrogen (n = 46) and witfit = 36) concentrations in baskets
positioned in a line between the inflow (positigrahd outflow (position 6) of four tanks
measured at ten day intervals over a 104 day pefiaasented are the median, 25 - 75
percentiles and range. Change in free ammonia e iwoncentration between position
1 — 6 was not statistically significant at the 9éffidence level (Regressida~= 0.07
andP = 0.09 respectively).
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Fig. 2.4. Diurnal variation in net oxygen consuraptin Haliotis midaetanks (n = 8).

21



Furthermore, the production of kbns followed a similar diurnal pattern, increasfrom 16h00

to a peak at 01h00 after which production decreéfSigd 2.5). H ion concentration at the

outflow from tanks followed a similar pattern tcoduction, increasing from 16h00 to a
maximum at 04h00 after which concentrations weeeralpwer at 07h00 and 10h00. Since pH is
the negative logarithm of Hon concentration (molt), pH at the outflow of the tanks was
lower at 04h00 (pH 7.71) than at 16h00 (pH 7.88).

Median, 25%-75% percentiles
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Fig. 2.5. Diurnal variation in influent and efflugd™ ion concentration andHon
production inHaliotis midaetanks (n = 8). Values are the median and 25 and 75
percentiles. Hion production increased from 0.029 nmolkgj* tank* at 16h00 to 0.047
nmol s* kg tank* at 01h00 after which it decreased again, whileshcentration
increased from 13.03 nmol*L(pH 7.88) at 16h00 to 19.50 nmof I(pH 7.71) at 04h0O0.

Experiment 3: Abalone farm influent and effluenalgy

Influent oxygen concentration was negatively cated to influent temperature (Fig. 2.6=r
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0.74) and thus monthly changes in temperature dacmeesponding changes in oxygen
concentration. The oxygen saturation of influergraged 99.6 + 0.67 %, with minimum and
maximum values of 90.8 and 106 %. idn concentration of the influent was, to a sreatent,

negatively correlated to influent temperatufe<(0.13,P < 0.0001).
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Fig. 2.6. Farm influent oxygen concentration (n03} 4nd pH (n = 118) in relation to

influent temperature.

The pH and free ammonia concentration of influeas vower at 09h00 than at 16h00 (Table
2.2). No differences in the temperature or conegiain of oxygen, total ammonia or suspended

solids in influent was detected between the moraimg) afternoon sample timeé3 % 0.5).

The pH, total ammonia concentration and concewinadf suspended solids in influent all
exhibited monthly variation (Table 2.3). Nitritechfree ammonia concentration did not vary
monthly (Kruskal-Wallis ANOVAP > 0.05). Concentrations of total ammonia, suspersdéids
and nitrite in influent were not correlated to ught temperaturé?(> 0.05).
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In all cases the effluent oxygen concentration giddvere lower than that of the farm’s influent
while total ammonia and free ammonia concentratwere higher (Table 2.2). The pH,
temperature and free ammonia concentration offthesat were lower at 09h00 than at 16h00,
while concentrations of suspended solids and oxygee higher in the morning samplé&s<
0.05; Table 2.2).

Production of H ions by the farm as a unit averaged 26.71 + 1r88ls" t* farm* (Table 2.2).
Production of H ions was positively correlated with the tempemtoirthe effluent (y = 4.69x +
4.70:P < 0.0001, T = 0.35). Neither production of suspended solidsnitite by the farm was
correlated with temperatur® & 0.05). Production of suspended solids was great@®h00 than
at 16h00.

The oxygen concentration of the farm effluent walelled in relation to the farm biomass, flow

rate and the effluent’'s temperature using the eéguat
O.=D-GT-KBT/F (n = 40%r= 0.69) (2.5)

whereQ is predicted effluent oxygen concentration (mY, LT is effluent temperature (°OB,is
the farm biomass (t); is the farm flow-rate (L' and D, G and K are the constants (+ standard
error) 10.672 £ 0.39, 0.157 + 0.03 and 0.556 * @ekpectively.
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Table 2.2. Mean and standard error values for watality parameters measured at
09h00 and 16h00 atHaliotis midaefarm over 12 months. pH data were converted'to H
ion concentrations before the means and standestsevere calculated. Variables were
compared between the two sample times using eihetents-test or the Mann-
WhitneyU Test. Differences were considered significanPat 0.05.

09h00 16h00

mean st.err.  mean st. err.  P-value
Inflow
Temperature 14,91 0.25 1561 0.26 0.07 t
pH 8.06 8.04-8.08 8.13 8.12-8.15 0.02 u
Oxygen (mg O,L™) 8.17 0.07 816 0.09 0.96 t
Total ammonia (1ug TAN L'l) 18.23 0.75 18.26 1.14 098 wu
Free Ammonia (ug FAN L'l) 0.46 0.03 0.57 0.04 0.04 t
Nitrite (ug NO,-N L) 3.44 032  5.18 0.40 <0.001 t
Suspended solids (mg L'l) 3.93 0.47 3.39 0.45 043 t
Outflow
Temperature 15.04 0.28 15.94 0.26 001 t
pH 7.90 7.89-7.92 7.95 7.94-7.96 0.01 u
Oxygen (mg O,L™) 7.42 0.07 7.2 0.07 0.03 t
Total ammonia (1ug TAN L'l) 55.62 2.65 60.98 3.36 021 t
Free Ammonia (ug FAN L'l) 0.98 0.07 1.32 0.11 0.01 u
Nitrite (ug NO,-N L) 6.76 0.39 8.71 046 0.001 t
Suspended solids (mg L'l) 8.36 0.87 5.03 0.52 0.02 wu
Production
H* ion (nmol s t* farm™) 27.18 218 26.19 2.15 075 t
Total ammonia (ug TAN s™ kg™ 0.27 0.02 029 0.03 050 t
Nitrite (ug NO,-N s™kg™) 0.023 0.002 0.024 0.003 074 t

Suspended solids (ug s™ kg™ 25.05 573  6.89 479  0.006 u




Table 2.3. Mean( standard error) monthly pH, and concentratiorotdltammonia-nitrogen
(TAN) and suspended solids (SS) measured in theeintf of aHaliotis midaefarm over 12
months (n = 10 month). Data for November are not presented as onlyethaenples were
taken. The pH values were converted fadh concentrations before the means and standard
errors were calculated and before analysis. Meaitisin each column, which do not share a

common superscript were significantly different (gkal-Wallis ANOVA,P < 0.05).

Month pH TAN (ug L™ SS (mgL™)

Jun 8.18 (8.17 - 8.19)* 14.92 +1.42% 4.64 +1.04%°
Jul 8.17 (8.15 - 8.18)* 11.77 +0.65" 5.14 +1.15°
Aug 8.15 (8.14 - 8.17)* 15.13 + 0.99%° 5.20 +3.33%
Sep 8.10 (8.09 - 8.12)* 17.40 + 2.46%° 3.39 +0.51%
Oct 8.08 (8.03 - 8.12)* 18.04 + 1.88%° 3.01 +0.27*
Dec 8.07 (8.06 - 8.08)*" 20.74 +1.84% 2.03+0.57®
Jan 8.01 (7.98 - 8.04)° 21.51 +2.43% 1.01 +0.25"
Feb 8.15 (8.13 - 8.17)* 15.90 + 1.34%° 2.52 +0.98%
Mar 8.00 (7.95 - 8.06)*° 21.60 + 1.55% 3.76 +0.72%
Apr 8.09 (8.06 - 8.12)*° 25.60 + 1.38° 4.95 +1.23°
May 7.99 (7.96 - 8.03)° 26.97 + 3.06° 3.81 +0.57®

Experiment 4: Predicting ammonia dynamics in tanks

Observed total ammonia concentration at the outibit. midaetanks was related to
temperature, flow rate, body weight and the lerggttime since the tanks were last cleaned; and
total ammonia production iH. midae tanks was related to temperature, bodyhweigd length
of time since last cleaned by the equations:
A, = (0.21€EBT+ 0.368J) /F —11.92 (n=1257%= 0.80) (2.6)
A, =0.32ET+0.003) -0.414  (n=125;7=0.81) (2.7)
E=0.856V ' (after Barkai and Griffiths, 1987) (2.8)

where A, is outflow total ammonia concentration (ug TAN)LE is total ammonia excretion
rate by individual abalone (g TAN Rdi?), B is abalone biomass (kg tahk T is effluent

temperature (°C)J) is time since the tank was last cleaned kd} flow rate (L &), A is total
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ammonia production (1g TAN'kg™) andW is mean, whole, body weight Bf midae(g).

Observed values @, were calculated using equation 2.2.

2.4 Discussion
Experiment 1: Abalone growth

Reductions in abalone growth were observed withénrainge of concentrations of oxygen, H
ions and free ammonia recorded in the current stlildg extent to which these growth reductions
occurred was correlated to the extent to which erygpncentration, Hon concentration and

FAN concentration were altered relative to levalshe influent. Oxygen concentrations in the
present study often fell below the 7.36 mglevel at which growth of the greenlip abalone
Haliotis laevigatais reduced (Harris et al., 1999a). Furthermore%7&f observed Hion values
nearest the tank outflow were higher than the léva affects the growth of the blacklip abalone
Haliotis rubra(pH 7.93; 11.7 nmol HL™) and 25% where above the level that affects the
growth ofH. laevigata(pH 7.78; 16.6 nmol HL™) (Harris et al., 1999b). The concentration of
free ammonia which affects the growthHbfmidaehas not been established so it is uncertain

whether free ammonia in the range recorded affgcisth.

In order to obtain a measurable change in abalometly within the tanks the flow rates in the
current study (100 % exchange every 3.5 h) werpgaaly set slightly lower than the industry
standard (100 % exchange every 3.0 h). Thus, exedsaltered oxygen, Hon concentration

and free ammonia, beyond the range measured ruthent study, is unlikely on a South

African abalone farm on which abalone are fed enfdated diet at temperatures within the range
recorded in this study. Therefore, it is recommehithat future studies testing the effect of
oxygen, H ion concentration and free ammonia on growthl ofnidag include the concentration
ranges observed in the current study. In the imteais a precautionary measure, flow-rates
should be kept above the level of 9.7 — 14.5 T kg, used in this study.
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Experiment 2: Diurnal water quality dynamics

There was a net consumption of oxygen and producti¢d” ions and ammonia, within abalone
tanks. This can be explained by the aerobic mewhadf abalone and their excretion of nitrogen
as ammonia (Bishop et al., 1983; Barkai & Griffith987). In seawater,'Hons result from
aerobic metabolism, as the carbon dioxide prodboedis with a hydrogen and oxygen atom

from the water molecule, forming bicarbonate HC&3 a H ion (Sanni & Forsberg, 1996).

The diurnal pattern of greater oxygen consumptiwhtd ion production in tanks during hours
of darkness indicates an increase in metabolic hateeased abalone metabolic activity at night
is supported by Uki and Kikuchi (1975) who deteredrihat the metabolic rate aliotis discus
hannaiis elevated between dusk and midnight. It is uhfikieat changes in digestion or protein
catabolism caused the fluctuation in metabolic satee gut fullness decreases in a roughly
linear fashion, over a period of 18 — 24 h, ond¢&san is reached (Britz et al., 1996) and a
change in protein catabolism would be indicate@ lsjrange in ammonia production (Bishop et
al., 1983). Therefore, it is hypothesised thatittteease in metabolic rate during hours of
darkness is predominantly due to an increase ialmoéit processes fuelling the activity
associated with finding and consuming food. Indheent study the cycle of respiration
correlates with the diurnal pattern of feeding\atti Anecdotal observations suggest abalone in
tanks move very little unless feeding. Activity czause a substantial increase in oxygen
consumption in molluscs, as demonstrated by DonawanCarefoot (1997) who found that
mass-specific rate of oxygen consumptivn.f in Haliotis kamtschatkanancreased from 20.7
uL O, g* h* when resting to a minimum of 40.1 pl, @ h* when moving — a minimum
increase of 90 %. Barkai and Griffiths (1987) oleédrno diurnal pattern in respiration,Hn
midaeremoved from the wild at various stages of therdiifeeding cycle. However, they
suggested that nocturnal rates may have been mdecause the respirometers used were too

small to allow natural locomotory activity.

Unless there are fluctuations in temperature, whibdct oxygen solubility (Weiss, 1970) the
concentration of oxygen in tanks should be lowesight, since this is when oxygen
consumption is highest."Hon concentration was lowest in the afternoon, twueduced Hion
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production within tanks and the lower concentratdi” ions in the seawater pumped ashore.
This diurnal change in the pH of seawater is simdahat documented by Park et al., (1958) in
coastal waters. Since no significant diurnal vasiatn total ammonia concentration within tanks
was found, diurnal variations in pH and temperataloge determined the observed fluctuations
in free ammonia concentrations. As the pH andimptrature of water increases, the percentage
of total ammonia which is in the free ammonia fanereases (Bower & Bidwell, 1978). Thus
ammonia toxicity will be highest in the afternoas, pH is highest at this time, unless mitigated
by lower temperatures. However, mitigation by lowsmperature was not observed as
comparison of the water samples taken at 09hO@&h@0 over the course of 12 months showed
temperature of farm effluent was on average 0.8igGer in the afternoon than in the morning.
Free-ammonia measured in the morning and afternwenthe 12 month period corresponded to
the cycle of free ammonia concentration identifagdExperiment 2as concentrations were
significantly higher (32 %) in the afternoon.

Experiment 3: Abalone farm influent and effluenalgy

Concentrations of total ammonia and nitrite initifeient, monitored over 12 months, were
similar to those recorded in other coastal wat€moper, 1933; Redfield & Keys, 1938; Horrigan
et al., 1990). Seasonal variations in oxygen camagon conformed to the relationships between
salinity, temperature and oxygen solubility repdry Weiss (1970). The influent was typically
saturated with oxygen and therefore the oxygeneaination was lowest when temperatures
where highest, i.e. 6.9 mgO™ at 21 °C. The pH of influent was positively rethte

temperature and consistently fell within the normaaige of 7.5 — 8.4 reported by Poxton and
Allouse (1982). The relationship between influeHtgnd temperature can be explained by
upwelling. Seawater with a low temperature is phaoally brought to the surface off the southern
cape coast from the deep-sea by upwelling (Shaahah, 1983; Demarcq et al., 2003). Due to
changes in biological processes, seawater in gelmecames more acidic with increasing
distance from the surface (Atkins, 1922; Park, )%6®lI therefore, the cold upwelled seawater
will have a lower pH (Park, 1968; Copin-MontéguR&imbault, 1994).
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The changes in the concentrations of oxygenipHs and ammonia between the farm inflow and
outflow can be explained by the aerobic metabob$mbalone and the excretion of waste
nitrogen as ammonia (Bishop et al., 1983; Bark&fiths, 1987). The higher concentration of
suspended solids in the farm effluent at 09hO@pimparison to 16h00, was caused by a higher
production of solids by the farm. Solid waste, whaccumulates at the bottom of tanks, was
flushed out in the effluent when the tanks weramgzl and this may explain the discrepancy
between the morning and afternoon samples. Tanks eleaned between 08h00 — 15h30.
Therefore, the effluent at 16h00 would have comtaino solid waste released from the tanks
during cleaning. The temperature, pH and free anianoancentration of the afternoon samples
were higher than those of the morning samples, wtanfirmed the conclusions drawn from the

results ofExperiment 2

The oxygen concentrations of the farm effluentdpmted by equation 2.5, were highly correlated
with the observed values as indicated by a Hghatue (0.69). Higher temperatures resulted in
lower oxygen concentrations, as expected baseldeonegative effect of temperature on the
solubility of oxygen in seawater (Weiss, 1970) @&sgositive effect on the oxygen consumption
of abalone (Uki & Kikuchi, 1975; Lyon, 1995).

Experiment 4: Predicting ammonia dynamics in tanks

The ammonia concentration and production in tapkexjicted by equations 2.6 and 2.7, were
similar to the observed value$ & 0.8). Thus, these equations appear to be valldaat within
the range of conditions under which the data welected. These equations may require
modification for accurate use on abalone farmgfier@nt locations or with different
management methods. For example, farms with a higpat of solids through their influent
may find that the ammonia equations under-estinmet@ccumulation of sludge over time and
consequently the amount of ammonia produced. Diffeevels of algal growth within tanks
would affect the uptake of ammonia (Neori et 80042) thus affecting the accuracy of the
equations. However, the basic relationships desdridy the equations should hold for other
abalone farms feeding a formulated diet. For examntpe oxygen concentration of the effluent

will still increase with an increase in flow-ratedadecrease with an increase in temperature,
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although the strength of these relationships mégrdiThe equations should not be used to
predict ammonia or oxygen dynamics on abalone favinish feed their abalone kelfcklonia
maximaOsbeck. Kelp has a lower protein content than féated diets (Troell et al., 2006)

which may affect the abalones’ rate of ammoniaet@n. Furthermore, the metabolism of kelp
will affect the levels of dissolved oxygen and ogenous waste in the tanks (Neori et al., 2004).
However, the accuracy of the equations indicatasiths feasible for each farm to develop
similar equations for the prediction of key waternlity parameters. This would enable farms to
make informed decisions about the effect of diffgrilow-rates, stocking densities, tank cleaning

intervals and water temperatures on water quality.

In conclusion, ammonia and oxygen dynamics on alealarms in South Africa that feed a
formulated diet can be modelled successfully. Tiees it possible to determine the appropriate
flow-rate per unit of biomass to achieve desiregdghold concentrations of oxygen or ammonia

under different conditions of temperature and abalsize.
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Chapter 3

Thetheoretical influence of threetank designs, used in abalone Haliotis midae culture, on

water quality

3.1 Introduction

A few South African abalondaliotis midael. farms (e.g. HIK Abalone Farm Pty Ltd.; Roman
Bay Sea Farm Pty Ltd.) have experimented with tadign in an attempt to improve water
guality. On South African abalone farms seawat@uimped ashore and makes a single pass
through abalone tanks before flowing by gravitylbticsea. Typically, the seawater enters and
leaves the tanks at opposite ends. In tanks ofiggggn water quality becomes progressively
altered between the inflow and outflow and abalgmevth can be reduced nearer to the outflow
(Chapter 2). Huchette et al. (2003) also repottedl in serial-reuse raceways used to culture
Haliotis rubraLeach, water quality and growth was negatively elated with the number of
abalone upstream. The tank designs that farmess ésgyerimented with have divided the
available water flow so that a portion of it enttrs tank nearer to the outflow, thus ‘improving
water supply to the areas where growth is slow@ste such design currently used in abalone
culture has an inflow and outflow at opposing eofdthe tank and another inflow in the middle
of the tank (e.g. Roman Bay Sea Farm Pty Ltd.).tAeodesign has two inflows situated at
opposing ends of the tank and an outflow in thedtei@f the tank (e.g. HIK Abalone Farm Pty
Ltd.). The additional plumbing these tanks requimegomparison to a tank with a single inlet, is
a significant financial outlay (R. Krohn, HIK Abale Farm Pty Ltd, pers. comm.). The carrying
capacity of aguaculture systems is usually spetdethe mass of fish per unit of water flow and
the mass of fish per unit of water volume (Colt &z, 1991) However, tanks of these designs
do not increase the flow-rate per unit of biomass [ s* kg* abalone) that the tank receives or
decrease its stocking density, and the effect iz on water quality and abalone growth has
not been investigated. Tanks, with a single infeovd outflow at opposing ends, are used to
culture abalone (Hahn, 1989; Fallu, 1991) and odloeiaculture species (Wheaton, 1977; Mayo,
1991). However, the use of tank’s with an inflowdautflow at opposing ends and a second
inflow in the middle, or two inflows situated atpgsing ends and an outflow in the middle has
not been documented.
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This study investigated, in a theoretical manndrethver water quality in abalone tanks could be
improved by dividing the available flow so that@rgon of it enters the tank nearer to the
outflow. This was done by modelling the oxygen aarication in three abalone tanks operated
on three different scenarios of water flow: a)ragk inflow and outflow, b) an inflow and
outflow at opposing ends with an additional inflowthe middle of the tank and c) an inflow at
each end and an outflow in the middle (Fig. 3.Xyg&n was used as the water quality variable

but this could be substituted by ammonia or anatietabolite.

3.2 Materialsand methods

For the purposes of the model it was assumedhkantlow water to the tanks contained 8.0 mg
L™ oxygen. The flow-rate per kg of abalone biomass &a L min* kg™ for each tank and the
abalone consumed oxygen at 0.4 mghiig™. All tanks contain six baskets, each stocked with
100 kg of abalone. These input parameters to thdehiwmve been rounded off to make the
figures in the results easier to follow. Howevee influent oxygen concentration used here is
close to the mean of 8.16 + 0.09 mg measured at a South African abalone farm (Tal2le 2.
Chapter 2). The oxygen consumption rate is takam famongst the highest consumption rates
recorded irExperiment 2: Diurnal water quality dynami¢Shapter 2). Abalone are commonly
stocked at densities of 100 kg per basket. The-fime per kg of abalone biomass used (i.e. 0.2 L
min’ kg') was approximately half that of the mean flow-nag¢e kg attained by HIK Abalone
Farm (Pty) Ltd., a farm which has a relatively hftggw-rate per kg in comparison to the rest of
the abalone farming industry. It is unlikely thatrfectly linear flow will occur between the

inflow and outflow of tanks, while remaining homogeis in cross-section, but to simplify the

model it was assumed that this perfect flow sitragxisted.
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Fig. 3.1. Longitudinal section of three abalonek&reach containing six oyster-mesh baskets
with 100 kg of abalone per basket, and each witbverate per kg of 0.2 L mihkg™, operated
on three different scenarios: a) a single inflow antflow, b) an inflow and outflow at opposing
ends and an additional inflow in the middle andm)nflow at either end and a central outflow

In each scenario the flow-rate per kg at the poirgach basket in the tank, which can be used to

assess the quality of the water at that point, sedsulated as,
F-kg=F/Bp (3.1)

where:F-kgis the flow-rate per kg of abalone biomass betwibertank inflow and poin if the
section between the tank inflow and the ppihtad to be considered as an individual uniis
the flow-rate of the system (L mfi andB, is the cumulative biomass (kg) between the inflow

and pointp.
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The dissolved oxygen concentrati@,) in mg L™ at the poinp of each basket within the tank

was calculated as,

where:Oiniow iS the oxygen concentration of the inflow wateri§ L"), C is the oxygen
consumption of the experimental abalone per kg tftgdmin® kg), F is the flow-rate of the

system (L miff) andB, is the cumulative biomass (kg) between the inflow pointp.

3.3 Resultsand discussion
Scenario a) a single inflow and outflow

All available flow entered the tank at a singleifios so the flow-rate of 120 L mihflowed
through all baskets. Therefore, the oxygen levalhgtpoint was affected only by the oxygen
consumption of the cumulative biomass at that p&mtce cumulative biomass increased
linearly between the inflow and outflow a negatiegar gradient of oxygen concentration can
be expected between the inflow and outflow (Fig).3Therefore, at any point within the tank

dissolved oxygen was as high as possible givefidlerate and cumulative biomass.

700 8.4 1.4
A-———-A-——A--—-A---A---41120

600 | 8.0} 112 &
—~ a (@]
(@] . X
e {100 ~ © o
2 500 | = E76¢ 110 £
IS E S <
o
3 400 | 180 = 272t 108
g - ]
S 300 ¢ leo 2 2 e68¢ {106 o
S 1 2
O 200 | i b 64l loa 3
+ 140 ! + i

100 | 6.0 | {02 %

120
(o - s s s s s X —— 'y |
1 2 3 4 5 6 infflow 1 2 3 4 5 6
Basket basket
a b

Fig. 3.2. The cumulative biomass, flow-rate (a)wHrate per kg and dissolved oxygen
concentration (b) at different positions in a ta@signed according srenario ai.e. a single

inflow and outflow at opposite ends of the tank.
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Scenario b) an inflow and outflow at opposing eadd an additional inflow in the middle

There was a linear increase in cumulative biomassdhe length of the tank (Fig. 3.3).
However, the flow-rate through baskets 1 - 3 wdg 66 L min'. The remaining 60 L mihof
available water flow entered the tank after baSkamnd thereafter the flow-rate through baskets 4
- 6 was the full 120 L mih. Consequently, the flow-rate per kg at basket8 {Fig. 3.3) was
half that in baskets 1 - 3 stenario aFig. 3.2). Therefore, relative to the inflow, @en
concentration should decrease twice as fasicémario adissolved oxygen concentration is
reduced from 8.0 mgtin the inflow water to 7.0 mgtat basket 3, while iscenario bit is
reduced to 6.0 mgtat basket 3. Furthermorsgenario thad no advantage ovecenario aat
baskets 4 - 6, because at these points the flay-catulative biomass, flow-rate per kg, and
hence oxygen concentration, were the same ssainarioa. Therefore, baskets 1 - 3 were
unnecessarily exposed to low dissolved oxygen dobenefit at baskets 4 - 6. Furthermore,
halving the flow-rate at baskets 1 — 3 may reduatencirculation. The modelled dissolved
oxygen and flow-rate per kg showed that this apgragould reduce water quality relative to a

single inflow and outflow tank design.
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Fig. 3.3. The cumulative biomass, flow-rate (a)wHrate per kg and dissolved oxygen
concentration (b) at different positions in a ta@signed according &cenario hi.e. an inflow
and outflow at opposite ends of the tank and artiaddl inflow in the middle of the tank.
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Scenario ¢) an inflow at either end and a centnatfflow

The cumulative biomass increased from 100 kg dtdidisto 300 kg at basket 3 and increased in
the same manner between basket 6 and 4 (Fig.Thd$, the maximum cumulative biomass was
only half the maximum of 600 kg at basket &aenario aHowever, the flow-rate through each
basket of 60 L mifiwas half that irscenario a In scenario ¢two gradients of oxygen
concentration developed, one between each inflahtlaa central outflow (Fig. 3.4). The two
gradients were twice as steep as the single griaidisnenario a Therefore, the abalone in
scenario overe exposed to the same water quality as thoseeimario a Thus, this design had

no advantage over a single inflow and outflow deskurthermore, dividing the available water-
supply so that the flow-rate through each baskieaiged may reduce water circulation, relative

to scenario a
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Fig. 3.4. The cumulative biomass, flow-rate (a)wHrate per kg and dissolved oxygen
concentration (b) at different positions in a tai@signed according &cenario ¢i.e. two
inflows, each at opposite ends of the tank, anendral outflow.

Central to the tank designs showrsgenario bandc seems to be a belief that supplying some of
the available seawater nearer to the outflow, wheter quality is problematic, without

increasing the flow-rate per unit of biomass thattank receives, will improve water quality in
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these areas. However, theoretical models showthisais unlikely and in the case séenario b
water quality could be worsened relative to a taitk a single inflow and outflow. Equations

that are used to estimate the carrying capaciggafculture systems typically use inflow water
quality, flow-rate, the amount of feed fed, and desired outflow water quality as their
independent variables (Haskell, 1955; Willought868; Fivelstad, 1988; Colt & Orwicz, 1991).
Therefore, as shown in this study, it is doubtfidittshortening the distance between the inflow
and outflow of tanks will improve carrying capacity support of this conclusion, long tanks 10
— 48 m in length, with a single inflow and outfloare commonly used to culture abalone in other
countries (Hahn, 1989; Fallu, 1991). In conclusibe, available evidence suggests that, in terms
of water quality, the tank designs showrsaenario bandc do not offer any benefit compared to

designs with a single inflow and outflow.
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Chapter 4

Effect of settled sludge on dissolved ammonia concentration in tanks used to grow abalone
Haliotis midae fed a formulated diet

4.1 Introduction

AbaloneHaliotis spp.are sensitive to elevated ammonia in seawatere sirhas been shown to
negatively affect growth and survival idhliotis laevigataDonovan Haliotis tuberculata.. and
Haliotis midaeL. (Harris et al., 1998a; Basuyaux & Mathieu, 19B@ddy-Lopata et al., 2006)
and causes increased oxygen consumption, reduodctémsumption and changes in right-
kidney histology irH. laevigata(Harris et al., 1998a; Harris et al., 1998b). Fediid. midaeis
subject to fluctuations in ammonia concentratiothim pump-a-shore method of production in
flow-through tanks used in South Africa (Fig. 4 Ahecdotal observations suggest the sludge
that accumulates in tanks contributes to ammoradymtion, which might negatively affect
abalone health and growth. The aim of this study teaquantify the effect that sludge had on the
level of dissolved ammonia in flow-through tanksaihich the abalone were fed a formulated
diet.

The sludge that accumulates at the bottotd.ahidaetanks is made up of faeces, uneaten feed
(in this case a formulated diet), and organic amdganic particulate matter entering the tank
with the incoming seawater. It begins as a browerghat becomes deeper with time, and then
develops a thin white layer on the surface of thdge which is similar to the ‘white bacterial

mat’ described by Hall et al. (1992) that covelteel sludge below a marine trout cage farm. If the
sludge layer in abalone tanks is disturbed, it bexodistributed through-out the water column

by water movement, caused by heavy aeration. Thigslcan be removed by cleaning, but this
requires labour. Furthermore, certain cleaningegjias may disturb the abalone. It has not been
established how often cleaning is necessary, sinceffect that sludge has on water quality is

not known.
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Fig. 4.1. A longitudinal section view of the tanksign typically used on South African
abaloneHaliotis midaefarms. Influent enters the tank at the water-s@rfacone end and
effluent leaves the tank via an outlet situatethatwater-surface (a) at the opposite end. The
tank shown contains six oyster-mesh baskets ({ihow@dh the number of baskets varies on
different farms. On farms that feed a formulateet the feed is placed on the feeder-plate (c).
The vertical plates (d) provide a surface aredtferabalone to attach themselves. Aeration is
supplied beneath the baskets via a perforated(p)penproving water mixing. Sludge
accumulates on the bottom of the tank, below tpe ().

In seawater there is equilibrium between ammonidzjdind ammonium (Ni). The sum of the
two is known as total ammonia, while ammonia alisienown as free ammonia. As the
temperature or pH of seawater increases, ammonmvects to ammonia (Bower & Bidwell,
1978), which is toxic. Typically the concentratiohtotal ammonia is measured and free
ammonia concentration is subsequently determinedddtiplying the concentration of total
ammonia by the known proportion of free ammonithatrecorded temperature, pH and salinity
(Bower & Bidwell, 1978). This study tested the hifpesis that the production of total ammonia,
and consequently the abundance of free ammortiggher inH. midaefarm tanks from which

sludge was not removed compared to those from whighs.
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4.2 Materialsand methods

Net total ammonia-nitrogen TAN (N&-N) production, percentage of TAN in the form cddr
ammonia-nitrogen NEIN (% FAN) and FAN concentration were determinedainks containing
abalone from which sludge was removed, tanks coinigiiabalone from which sludge was not

removed, and tanks containing neither abalone Indgs.

Fifteen tanks on a South African abalone farm (Alalone Farm Pty Ltd., Hermanus), each
with a length, width, depth and volume of 3.9 n8%0m, 0.65 m and 2.155°mespectively, were
used. Five tanks contained no abalone while therdt@ each contained approximately 53 kg of
20-month-old abalone, with individual live, body iglets of approximately 18 g, which had been
acclimated to the tanks for two months. The abaleee divided equally among six oyster-mesh
baskets per tank, suspended in a line betweemfllog&viand outflow. Each basket contained
vertical, plastic plates that increased the arealbalone attachment and a horizontal ‘feeder-
plate’ positioned above the vertical ones onto Wheéed was placed. The abalone were fed a
formulated diet (AbfeettS34: Marifeed Pty Ltd, South Africa; 34 % proteln2 % lipid) to
apparent satiation once a day. All 15 tanks werataé using horizontal air-lines beneath the

baskets, and were supplied with flow-through amiiemperature seawater, filtered to 85 pum.

Of the 15 tanks, the 10 containing abalone wereasipd clean of sludge 24 days prior to first
water quality data collection. Five of the 10 weardomly designated the ‘sludge-remove’
treatment and five the ‘sludge-remain’ treatmetie Tive empty tanks became the ‘no abalone or
sludge’ treatment. The tanks that were stocked ahtilone (i.e. the ‘sludge-remove’ and
‘sludge-remain’ treatments) were subsequently madampder farm conditions during the
following 24 days to allow the accumulation of gjedn both treatments. Baseline temperature,
flow rate, net TAN production, percent FAN and FAbhcentration were determined in the
‘sludge-remove’ and ‘sludge-remain’ tanks afterd24s. On the following day (i.e. time = 0),
sludge was siphoned from the ‘sludge-remove’ tankitiout disturbing the abalone. These same
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water quality parameters were measured again itbathnks 26 h, 44 h and 50 h after the sludge
was removed from the ‘sludge-remove’ treatmentd&uwas not removed from any of the tanks

from O h until the end of the experiment (i.e. 50 h

At each sample time water quality variables werasneed at the inflow of a single tank, since
they all had a common water source, and at théosutif each tank. TAN concentrations were
determined using the phenolhypochlorite methodaddi@ano (1969). Samples were kept in the
dark once reagents were added and absorbenciesngastired photometrically using a
spectrophotometer (Biochrom Novaspec Il; Cambridgbysorbencies were converted to TAN
concentrations using a calibration equation (n =R80G= 0.95) developed with stock solutions of
ammonium-chloride. To correct for small differenae$low rate between tanks, net TAN
production for each tank at each sample time wpsessed as weight per second according to
the equation:

Ao =F (Ao— A) (4.1)

where,A; is net TAN production (LgY, Fis flow-rate (L §Y), A, is outflow TAN concentration
(kg L), andA is inflow TAN concentration (ug'b).

Percentage FAN was calculated using the recordednaHemperature values (Bower and
Bidwell, 1978). FAN concentration was calculatedniyitiplying TAN concentration by
percentage FAN.

The pH was measured using a pH meter (YSI Inc. Me@®/10 FT; Yellow Springs, Ohio).
Temperature was measured using an electronic timeeteo (YSI Inc. Model # 55D; Yellow

Springs, Ohio).

To verify that abalone biomass and individual abalweight were equal in the ‘sludge-remove’
and ‘sludge-remain’ treatments the total weighalodélone in each basket was measured and

summed to obtain the total weight per tank follogvihe final water quality sample. Total weight
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of abalone per tank averaged (z standard deviafidn,) 53.4 + 1.1 kg in the ‘sludge-remove’
and ‘sludge-remain’ treatments and was not sigifiky different (Student’stest:P = 0.39).

This is equivalent to approximately 9.1 kg of safalone tissue per tank on a dry weight basis
(Britz & Hecht, 1997; Sales & Britz, 2000). The meaadividual weight of abalone in each tank
was estimated from a sample of 30 randomly selesdbatbne per basket. Individual live weights
averaged 18.4 + 0.4 g and were also not signifigalitferent (Student’'s-test,P = 0.75).

The cumulative weight of feed, placed into eaclk fanm the start of the trial up until each water
guality sample, was recorded for the ‘sludge-rerhand ‘sludge-remain’ treatments. These data
were compared using multi-factorial analysis ofiaace (ANOVA) atP < 0.05. The 44 h and 50
h water quality samples fell between feeding tirmed so cumulative weight of feed fed did not

change from 44 to 50 h. Feed was not placed irgonib abalone or sludge’ treatment.

Flow rate into tanks of the ‘sludge-remain’ anditije-remove’ treatments was recorded every 4
days at mid-tide during the sludge accumulatiomopleiand in all tanks whenever water quality
samples were taken. Although the flow of seawatier the tanks varied with tidal-height it was
similar between the ‘sludge-remove’ and ‘sludge-aemtreatments during the sludge
accumulation period (ANOVAR = 0.96) and amongst all treatments when water tyusdimples
were taken (ANOVAP = 0.73), with an overall mean of 0.37 + 0.04'L Elow rate into the
treatments with abalone in the tanks was also takuli taking abalone biomass into account and
remained similar between these treatments wittngbawed mean of 25.7 + 3.0 L kg abaldre
(ANOVA, P =0.49).

The dry weight of sludge in tanks of the ‘sludgeiowe’ and ‘sludge-remain’ treatments at O h
was estimated by collecting and drying the sludgkeaed from four tanks of the ‘sludge-
remove’ treatment. The sludge was siphoned witlvats from these tanks into separate tanks
and the volume recorded. The resulting sludge isolwtas stirred into a homogenous suspension
and a 0.300 L sample was collected from each tEn&.solids were filtered from these samples
onto Whatmafi 185 mm qualitative circles (Cat. No. 1001 185gsity 11 pm) that had
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previously been dried at 60 °C until a constangive{0.1 mg) was attained. The Whatffian
circles with sludge were dried again and re-weiglaad the dry weight of sludge taken from

each replicate of the ‘sludge-remove’ treatment eadsulated using the equation:
S=MW—W) Vr/ Vs (4.2)

where,Sis dry weight (g) of sludgéj\k is final dry weight (g) of the Whatman circl is
initial dry weight (g) of the Whatman circlgyis volume (I) of the sludge solution angis

volume (I) of the sample.

At the end of the trial, samples of the sludge siphoned from each of the five ‘sludge-remain’
tanks and collected using a Lt sieve. The solids were centrifuged from thesepsesmat 2000
rpm and nitrogen content was determined using tad@® combustion method (Williams, 1984)
and a LECO FP2000 Nitrogen Analyzer (St. Joseplehigan).

Net TAN production, percent FAN, FAN concentratanmd temperature data for the ‘sludge-
remove’ and ‘sludge-remain’ treatments were comgpaseng multi-factorial ANOVA and
Fisher's LSD testH < 0.05), over the experimental period, to testrthié hypotheses that (1)
production of total ammonia, (2) percentage ofltatamonia in the free ammonia form and (3)
concentration of free ammonia were similaHinmidaefarm tanks from which sludge was
removed to those from which it was not. Assumptiohisormality and homogeneity of variance

were checked using the Shapiro-WWktest and Levene’s test.

4.3 Results

The cumulative weight of feed placed into the ‘gjedemove’ and ‘sludge-remain’ treatments
since the start of the trial (i.e. including thengding period and the 24 days of sludge
accumulation) did not differ significantly betweeaatments and averaged (+ S.D.) 4.76 + 0.59
kg tank*at -24 h, 5.26 + 0.62 kg tafllat 26 h and 5.38 + 0.61 kg tah&t 44 h and 50 h
(ANOVA, P =0.94). The dry weight of sludge removed frormk&aaf the ‘sludge-remove’
treatment after 24 days of sludge accumulationraamesl 735 + 103 g taftk The nitrogen
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content of the sludge in the ‘sludge-remain’ treztirat the end of the trial averaged 3.6 = 0.4 %

of the dry weight.

Table 4.1. Total ammonia-nitrogen (TAN) concentmtinet TAN production, percent FAN and
free ammonia-nitrogen (FAN) concentrations in SAiifican abaloneHaliotis midag farm
tanks (a) from which sludge that accumulated oved&ys was removed, (b) was not removed,
or (c) that did not contain abalone or sludge (iantrol), presented as the mean (+ standard
deviation) of five replicates. The data were anadlyssing a multifactor ANOVAR < 0.05) with
factors ‘sludge-remove’, ‘sludge-remain’ and santptee. Means with different superscripts
within a row were significantly different and nopauscript represents no significant difference

between means within the row.

Sample time (h) Inflow  (a) Sludge-remove  (b) Sludge-remain (c) Control
ouflow outflow outflow
TAN (ugL™)
-24 35.6 106.0+15.4 104.2 + 26.0 -
26 14.6 104.3 £ 23.6 111.8+8.1 209+1.9
44 20.2 71.4 £6.4% 96.0 +4.1° 18915
50 24.4 108.0 + 8.9% 135.7 £8.4° 24.8+1.3
Net TAN production (ug L™)
-24 - 254 +7.8 21.9+57 -
26 - 29.5+4.0 34.9+3.3 24+1.0
44 - 20.5 +1.8° 30.0 +4.1° -0.4+0.5
50 - 28.2 +4.5° 40.0 +4.1° 0.1+£05
FAN (%)
-24 2.7 20+0.1 21+0.1 -
26 3.4 22+01 21+£01 3.9+£0.2
44 2.7 1.7+0.0 1.6+0.1 26+0.2
50 2.7 1.8+£0.1 1.7+£0.1 3.4+£0.2
FAN (ugL™)
-24 1.0 21+04 21+05 -
26 0.5 22+04 24+0.1 0.8+0.1
44 0.6 1.2+0.1° 1.6 +0.1° 0.5+0.0
50 0.7 1.9+0.1° 2.3+0.3" 0.8+0.1

The mean temperature over all sample times was#.Z.6 °C. Temperature did not differ

between the ‘sludge-remove’ and ‘sludge-remairatireents at any of the sample times
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(ANOVA, P = 1.0). Temperature was higher in the ‘no abalargumlge’ treatment when
compared to the other treatments at 50 h (ANON A&,0.0002), but was similar at all other

sample times.

Net production of TAN at the 44 h and 50 h samiplee$ was on average 44 % higher in tanks
from which sludge was not removed, compared toetlimsn which it was removed (Table 4.1;
ANOVA, P =0.0006). Tanks containing neither abalone natgduproduced negligible TAN
(Table 4.1). The percentage total ammonia in taee &mmonia form did not differ between the
‘sludge-remove’ and ‘sludge-remain’ treatmentsrgt af the sample times, with an overall mean
of 1.9 £ 0.2 % (Table 4.1; ANOVA? = 0.54). FAN concentrations were significantly regin
tanks from which no sludge was removed compareladase from which sludge was removed
(Table 4.1; ANOVAP = 0.007).

4.4 Discussion

The sludge which accumulatedth midaetanks made a significant contribution to total
dissolved ammonia. Tanks with sludge present haib 4dgher TAN production than those with
sludge removed. This result is consistent with Isimiesearch on other aquaculture species. For
example, the sludge below the cages of a maring @ncorhynchus mykid&/albaum) farm

was found to release ammonium at a net rate of 4lrhhm? d* (Hall et al., 1992); and sludge
in shrimp Penaeus monoddrabricius andPenaeus merguiensie Man) ponds produced
ammonium at a net rate of 11.3 — 45.8 mmol,Nid? d*, which was found to be linearly related
to sludge depth (Burford & Longmore, 2001). Furteeidence that aquaculture sludge can
produce total ammonia is given by Hopkins et @9¢d) who compared total ammonia
concentrations for 148 days in two shrinjeflaeus setiferus) ponds, one cleaned weekly and
the other not at all, and found mean total ammoarecentration in the uncleaned pond was

double that in the cleaned pond.

On a dry weight basis the sludge at the bottonbafane farm tanks had a greater effect on net
TAN production than the abalone themselves. Siaoa tanks contain potential sinks of total
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ammonia such as up-take by algae (Neori et al4R@dnversion to nitrite by bacteria (Tal et
al., 2003) and loss from water to air (ChiayvargasaBoyd, 1993, it was not possible to
quantify total ammonia production per unit weighsludge or abalone in this study. However,
the removal of 0.735 kg of sludge (dry weight) framabalone tank (which contained
approximately 9.1 kg of abalone soft tissue onyavelright basis, plus other potential ammonia
sources and sinks in the system), resulted in@ctegh in total ammonia production of 31 %.
This indicates that the sludge is a potent soufcissolved ammonia, which is further supported

by the presence of nitrogen (i.e. 3.6%) in the gdud

The production of total ammonia by the sludge watsmitigated by a reduction in pH, which is
reinforced by similar percentage FAN values in‘h@dge-remain’ and ‘sludge-remove’
treatments. Consequently the concentration of fds@e ammonia was higher in tanks with
sludge present. It would thus be advisable to rensbwdge from abalone tanks as often as

practical considerations and disturbance of théoaleaallow.

The mean flow rate of 25.7 + 3.0 L'kgbalone H (i.e. 62 + 8 % exchangé'hresulted in a
maximum FAN concentration of 2.4 pg LHowever, whether the observed FAN concentrations
were below the level at which growth becomes a#fé@d$ uncertain, since this level has yet to be
established. Reddy-Lopata et al. (2006) reportati3f h exposure to a FAN concentration of
9.8 ug L* caused 50 % mortality in 1 — 2.5 cm shell lenigthmidaekept under laboratory
conditions; while exposure to 16.4 pg taused mortality in 10 — 15 cm animals. Howetrr,
midaehave been exposed to a FAN concentration of apmrately 60 pg [* for 48 h under farm
conditions without mortality (Vosloo, 2007; persnem.). The effect of free ammonia on the
growth ofH. laevigatais well documented (Harris et al., 1998a) but sitheelowest
concentrations found to affect growthtéflaevigataare higher than those reported by Reddy-
Lopata et al. (2006) to cause mortalityHnmidaethey cannot be used as a comparison for the
South African abalone. In light of the uncertaiatyrounding the toxicity of free ammoniaHio
midaewe cannot discount the increase in free ammomaeartration irH. midaefarm tanks, as

a result of sludge, as having no negative effed omidae
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Future work should thus quantify the free ammong €oncentration for growth of farmei
midaeas well as the effects of handling stress assatiaith various strategies for sludge
removal, in order to develop a management protthadloptimises the performance of farmed
abalone, while minimising labour costs. In the iimg based on the significant effect that sludge
has on FAN concentration in farm tanks, it is renmended that sludge removal be incorporated

into management programmes on abalone farms.
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Chapter 5

Growth and survival of silver kob Argyrosomusinodorus and bloodwor m Arenicola loveni

loveni in the effluent of a South African abalone Haliotis midae farm

5.1 Introduction

In South Africa abalongklaliotis midaelL. farms are shore-based due to the exposed natttie
coastline. Large volumes of seawaig 600 — 1500 L $farm’) are pumped ashore to supply
these farms, being fed through the abalone tankssingle-pass system before flowing by
gravity back to the sea. The abalone are usuallafformulated feed (Abfe€dMarifeed Pty

Ltd, Hermanus) and/or kelfe€¢klonia maximasbeck). A preliminary investigation by
Samsukal (2004) suggests that effluent from Sodtit#@n abalone farms contains levels of
dissolved total ammonia, nitrite and nitrate witthe limits required for culturing marine finfish
species (Poxton & Allouse, 1982). Therefore, it rhaypossible to use abalone effluent as culture
water for shore-based fish farms instead of beahegnfrastructural and running costs of
pumping additional seawater ashore. Furthermoeesatid particulate matter produced in
abalone tanks, and flushed out in the effluerttjgs in protein (Chalmers, 2002) and could be
used as feed for detritus feeders such as polyehamins. Therefore, the suitability of abalone
farm effluent for the culture of two candidate acuiture species, the marine finfish silver kob
(Argyrosomus inodoruGriffiths & Heemstra) and the polychaete, bloodwdArenicola loveni

loveniKinberg) was tested.

Bloodworm is a warm-temperate polychaete specieshitves in sandy sediments (Wells,

1962). In South Africa, bloodworm have been recdriiem Saldanha Bay on the west coast to
Durban on the east coast (Wells, 1962). Althougécdatal observations suggest that, as in other
arenicolids (Fauchald & Jumars, 1979), bloodworadfby ingesting sediment, their feeding
biology has not been investigated. Typically, actehds create an L-shaped burrow and ingest
the sediment at the bottom end of this burrow (Raltt& Jumars, 1979). Sediment from the
sand-surface sinks downwards to replace the sedimgested below the surface. In other
Arenicolaspecies, diatoms, meiofauna, organic matter anba@re ingested with the
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sediment and digested (Hylleberg, 1975; Longbottt®70; Retraubun et al., 1996). Bloodworm
are highly fecund (100 000 — 1000 000 oocytes fefyl) and spawning is governed by
temperature (Lewis, 2005), both of which are déderattributes in a candidate aquaculture
species. The growth potential of bloodworm is nadkn although individuals as heavy as 100 g
were collected by Barham (1979). Bloodworm potéiytisas good market demand as it is a

popular bait species (Britz et al., 2001; Macken2@05), which is time-consuming to collect.

Silver kob is a popular sciaenid finfish which sapgp commercial and recreational fisheries in
South African and Namibian waters (Griffiths & Hestma, 1995). There is interest in the
aquaculture potential of silver kob and the spelkgsbeen successfully spawned and reared by
commercial finfish farms. Silver kob were selectedthe growth trial in abalone effluent as they
have an entirely marine life-cycle (Griffiths, 19%hd may therefore be more sensitive to poor
water quality than euryhaline finfish species. Gangently, their response to abalone effluent
may be a better indication of its quality than tblb& species like the dusky-koArflyrosomus
japonicusTemminck & Schlegel), which is also an aquacultaedidate, but spends its early

life history in the upper reaches of estuariesf(@rs, 1996a).

To assess the suitability of abalone effluent eslaure medium for bloodworm and silver kob,
the growth and mortality of these animals was réedrin abalone farm effluent and control

seawater, which was unused.

5.2 Materialsand methods
Control seawater and abalone effluent supply

Bloodworm and silver kob were supplied with eithbalone effluent or control seawater. The
abalone effluent was pumped from the undergroufidesit pipe of Roman Bay Sea Farm (Pty)
Ltd. This farm operated on a flow-through desigmvinich seawater was pumped ashore, filtered
to 100 um before entering a header-dam and tharefldy gravity through abalone tanks and
back to sea. The farm had a biomass of 80 — 90abalsalone and a flow-rate of approximately
500 L s' (S. Ashlin, Roman Bay Sea Farm Pty Ltd., pers.mgr2007). The abalone were fed a
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formulated, pelleted feed (Abfe&d26 — 34 % protein, Marifeed Pty Ltd., Hermanus) &elp
(E. maximd. During the time in which the study was condudéedlone on the farm were fed
approximately 8.92 t of Abfe€dS34 (34 % protein), 0.80 t of AbféR&26 (26 % protein) and
17.90 t of wet kelp per month (S. Ashlin, Roman Bma Farm Pty Ltd., pers. comm., 2007).
The abalone tanks on the farm were cleaned iniootatith the result that one was cleaned
approximately every twenty minutes. The solid wdlsighed from the tank during cleaning
caused the effluent to become darker, anoxic-sngedind richer in suspended solids at these

times. Control seawater for the experimental systess gravity fed from the header-dam.

Experimental systems

The bloodworm were stocked into ten, cylindrigddstic tanks (diameter 0.44 m, sand-height
0.51 m, surface area 0.1%)filled with sea-sand. Water flowed into and ofieach tank at the
surface on opposing sides, with a water depthof h above the sand. The flow-rate was
sufficiently slow to allow suspended solids to Ieetinto the sand. The tanks were positioned
outside and exposed to a natural photo-period.tdmef each tank was covered in green, 80 %
shade-cloth and the outside of each tank was phwitée to reduce solar-heating. All tanks
were supplied with flow-through seawater for foawysl prior to stocking. Thereatfter, five were
supplied with abalone effluent and five with cohseawater. Flow rates averaged (+ standard
error) 0.052 + 0.001 L'(i.e. 0.34 L & m™®) over the experimental period.

The silver kob were stocked into eight cylindriggleen, plastic tanks with a water-depth of 0.68
m, diameter of 1.1 m and volume of 0.648per tank. The tanks were aerated through a diffuse
placed on the tank bottom. The tanks were situaigside, under a green, 80 % shade-cloth.
Water flowed into each tank through an inlet atglie and out a central outlet. A ‘draw-pipe’
over the outlet meant water flowed out from theidrotof the tank. The flow rates over the
experimental period averaged 0.152 + 0.002 (esuivalent to 0.023 L k§s™ at the initial
stocking density). For the sake of this prelimintigl the flow-rate was purposely kept at a level
considered to be high. Future work may optimisefithe-rate to a lower value. The bottom of
each tank was siphoned clean on Mondays, Tuesdaly$/adnesdays. Algal growth was
scrubbed from the tank surfaces once a week.
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Experimental animals

Bloodworm were collected from Cape Town’s Muizempleeach (S34° 06N 54.61", E18° 27~
50.95"), at spring low tides, during December 2808 January 2007, with a ‘prawn-pump’ and
sieve. They were kept for a month in a holding tamkich was supplied with seawater and filled
with sea-sand to a depth of 0.5 m. A formulatedatmfeed (Abfeed) and organic-rich
sediment from an abalone farm hatchery was planddie@sand’s surface as food. At the start of
the growth experiment bloodworm were collected fitbwa holding tank by hand and purged for
24 h. Excess water was then removed from their siimg absorbent paper and they were
weighed to the nearest 0.01g. Seven bloodworm plared in each tank (847.9 g3nAfter 91
days the bloodworm were collected by hand, purdedd and re-weighed. Mortality was
calculated as initial minus final number per tafike change in the body weight (BW) of
bloodworm in each tank was expressed as mean gpgifvth rate using the equation:

SGR = 100 [In(Wf) — In(Wi)] / d (5.1)

whereSGRis specific growth rate (% BWY, Wfis mean final weight (g)Vi is mean initial
weight (g) andd is number of days.

Juvenile silver kob were obtained from 1&J (PtydlL,tMarine Fish Hatchery. They had been kept
at ambient temperature (11-19 °C) since the jugesidge. They were acclimatized to the
experimental system for 30 days at an initial sitogklensity of 10 kg M. During this period all
tanks were provided with flow-through control setavaAfter acclimation the densities in the
tanks were adjusted to achieve a mean stockingtgleri<.0.0 + 0.0 kg rif. The number of fish
per tank ranged from 59 to 65. At the start ofttied (i.e. time 0) 25 randomly caught fish from
each tank were anaesthetized with 0.25 thRtkphenoxy-ethanol. These fish were measured for
standard length (SL), to the nearest 1 mm, andhgeig the nearest 0.1 g. The water supply to
four randomly chosen tanks was then gradually cbarigpm seawater to abalone effluent over
24 h. A sample of 25 fish per tank was again rarig@@lected, anaesthetized and weighed and
measured after 29, 59 and 89 days. All fish werentad, weighed and measured after 120 days.
Mortality was monitored each day.
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The silver kob were fed in excess in the morning late afternoon with 4 mm trout pellets
(Trout Grower; Aquanutro Pty Ltd., Malmesbury) after 70 days with 6 mm pellets of the
same brand. The feed contained 34 = 2 % crudeiprdig + 1 % fat, 8 = 2 % moisture, 10 £ 1 %
ash and 19 + 0.4 Mj kggross energy (n = 4).

SGR was calculated using equation 5.1. Feed cooveratio FCR) and protein efficiency ratio

(PER for each replicate, and condition fact@H) for individual fish were calculated using the

equations:
FCR= Feonsumed Wain (5.2)
PER= Wyain / (FconsumedX Fprotein) (5.3)
CF = (W/TL3*%%) X 166667 4.

where,FeonsumedS the dry weight of feed consumed (@kainis the wet weight gain of silver kob
(9), Fproeinis the protein content of the feed (%).is the wet weight (0.1 g) aniL is the total
length (mm). The condition factor equation was digwed from the mass-length relationship of
wild silver kob (Griffiths, 1996b). SL was convedteo total length according to Griffiths
(1996Db).

Quality of the abalone effluent and control seawate

The quality of the effluent and control seawatat flowed into the experimental tanks was
recorded on 20 and 24 randomly-selected days dtabloodworm and silver kob growth trials
respectively (Table 5.1). The pH, temperature, @mtentrations of dissolved oxygen (DO),

total ammonia-nitrogen TAN (N4-N) and suspended solids (SS) were recorded iw#ter

flowing out of the tap, at the inflow of a tankeach treatment, before the water entered the tank.
The pH was measured using a pH meter (YSI Inc. M8@&®/10 FT; Yellow Springs, Ohio).
Temperature and DO concentration were measured asilectronic meter (YSI Inc. Model #
55D; Yellow Springs, Ohio). TAN concentration wastermined using the phenolhypochlorite

method of Solorzano (1969). Samples were not exptuskght once reagents were added. The
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percentage of TAN in the free ammonia-nitrogen FAM3-N) form and FAN concentration

were calculated using the pH, temperature and TAlNes (Bower & Bidwell, 1978). Suspended
solids, larger than 10 um, filtered from five Lwéter were collected on pre-dried and weighed
filter paper circles (Scleicher & Schiildiameter 70 mm; Dassel, W. Germany). The
concentration of suspended solids (mY Was subsequently calculated as dry weight gathef
filter paper divided by the volume of the water pdan Temperature was recorded every weekday

morning (08h30) and afternoon (16h30) using a nrigrthermometer.

The recorded water quality parameters were comgaetdeen the two water sources using
Student's-test P < 0.05).

Water quality in the culture tanks

The pH, temperature and concentrations of DO, TANMBAN were recorded at the outflow of
each silver kob tank. TAN, FAN and suspended saaigentrations were recorded at the

outflow from each bloodworm tank and pH, tempemimd DO concentration were recorded in
the centre of the tank approximately 30 mm aboeestdnd. Temperature was also recorded at the
outflows of all tanks every weekday morning (08h&0)l afternoon (16h30) using a mercury

thermometer.

The organic content of sediment collected fromupper 10 cm in each bloodworm tank was
determined at O and 91 days as the percentage \8ig@hmg) lost when burnt in a muffle-
furnace, at 460 °C for 24 h, after pre-drying. Tpeer 10 cm was selected as particulate matter
settled out on the sediment surface, from wherag moved downwards by a combination of
the feeding of the bloodworm, which seemed to oatiaut 10 cm below the surface, and the

excretion of sand by the bloodworm at the sandasetf

Statistical analyses

Length and weight data of silver kob in effluent@eawater at 0, 29, 59, 89 and 120 days were

compared using repeated-measures analysis of gar(&M ANOVA, P < 0.05). CF was
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compared between treatments at 0 and 120 days BSMANOVA (P < 0.05). SGR, FCR, PER
and mortality data were analyzed using Studdrest @ < 0.05).

Initial and final weights of bloodworm in the effiot and seawater tanks were compared using R-
M ANOVA (P < 0.05). SGR and mortality in effluent and seawatere compared using
Student’'s-test P < 0.05). Initial and final organic content of thalsn the bloodworm tanks of

the two treatments were compared using repeateduresaanalysis of variance € 0.05).

Assumptions of normality and homogeneity of varamere checked using the Shapiro-VWk

test and Levene’s test.

5.3 Reaults

There were highly significant differences in pH, NAnd dissolved oxygen concentration
between the control seawater and abalone efflubidiwsupplied the experimental tanks<
0.001). The differences in FAN concentration betwinee two water sources averaged
approximately 0.3ig L™ and were non-significant. Although the temperatfrabalone effluent
was consistently higher temperature by approxim&d °C, the difference was not statistically
significant. However, this non-significant resukasvikely caused by the high variability in the
temperature data and should not be taken as ewdbatthe temperature of abalone effluent and
control seawater is the same. The same was thdarabe concentration of suspended solids in
the two water sources. The abalone effluent haéansuspended solids concentration of almost
three times that of control seawater but due eaariability in the data-set this was not

significant.

Weight-gain, length-gain, mortality and nutritiomadlices did not differ significantly in silver
kob kept in either abaloreffluent or control seawatelP & 0.05, Table 5.2, Fig. 5.1). SGR was
0.46 + 0.01 % BW d in seawater and 0.49 + 0.01 % BW i@ abaloneffluent. Condition factor
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increased in both treatments from day 0 to day 4808, mortality was 2.0 + 1.0 % in effluent and

1.6 + 0.7 % in seawater.

Table 5.1. Meant( standard error), minimum and maximum values faewquality parameters
measured in the control seawater and abataiotis midaeeffluent that supplied the silver kob

Argyrosomus inodoru@ = 22) and bloodworrArenicola loveni lovenianks (n = 18).

Control seawater Abalone effluent

mean * s.e. min max meanxs.e. min max P-value

Silver kob
Temp 159+0.3 120 215 16.6 0.3 121 22.1 0.53
pH 8.01 7.91 8.19 778 755 8.01 >0.001
TAN 395+34 18.8 76.2 79.3+£58 27.2 153.2 >0.001
FAN 09+0.1 0.3 1.9 12+0.1 0.3 1.8 0.05
DO 7.83+0.12 7.05 885 6.97+0.13 6.04 7.97 >0.001

Bloodworm
Temp 16.2+0.3 120 215 16.9+0.3 121 22.1 0.45
pH 799 7.78 8.19 779 755 8.01 >0.001
TAN 37.4+3.8 18.8 755 69.9+46 272 944 >0.001
FAN 09+0.1 0.3 15 1.1+0.1 0.3 1.7 0.06
DO 787+0.14 705 885 7.06+0.16 574 7.97 >0.001
SS 3.5+05 0.0 538 11.3+45 0.2 416 0.11

pH values were normalized (1 / Pf) before calculating the mean. TAN = total ammenia
nitrogen NH.+-N (ug L), FAN = free ammonia-nitrogen NHN (ug L), DO = dissolved
oxygen (mg [}), SS = dry weight of suspended solids (m.L

The mean temperature was 16.2 £ 0.3 °C in silvbrt&oks supplied with control seawater and
16.7 £ 0.1 °C in those supplied with abalone efftyd@able 5.3). Dissolved oxygen concentration
averaged 6.80 + 0.09 mg'lin the tanks supplied with control seawater arié & 0.09 mg L* in
those supplied with effluent but dropped below 5lrifgn both treatments on a few occasions in
the morning when water temperatures were high. Mari recorded FAN concentrations were
3.6 ug ! in seawater tanks and 3.4 ugih effluent tanks.
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Fig 5.1. Mean body weight of silver kéygyrosomus inodorukept in circular tanks (n = 4
treatment) supplied with either control seawater or abaldaéiotis midaeeffluent over 120
days. The repeated-measures analysis of varianae am& 95 % confidence intervals are
indicated P = 0.62)[ [

Bloodworm kept in tanks supplied with control setavdost weight at 0.19 + 0.04 % BWd

over the 91 day trial period, while those keptanks supplied with abalone effluent gained
weight at 0.39 + 0.07 % BW™(Table 5.2). Mortality was 5.7 + 3.5 % in the eéht tanks and
11.4 £ 8.3 % in the seawater tanks and did noedsgfgnificantly between treatmen& £ 0.54).
The effluent water contained a greater concentraifcsuspended solids and 182 + 56§ dfit

(28 g tank' d*) were deposited in tanks supplied with effluennpared to 46 + 13 g fd™ (7 g
tank® d%) in tanks supplied with seawater. The organic esnof the sand averaged (+ standard
error) 1.6 + 0.2 % in both treatments at day 0 &®9dt 0.1 % in effluent tanks and 1.7 £ 0.1 % in
control seawater tanks at day 91, however, thismice was not statistically significaft £

0.22, Table 5.3).
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Table 5.2. Growth and nutritional indices of silkeb Argyrosomus inodoru@ = 4 tanks
treatment) and bloodwormArenicola loveni lovenfn = 5 tanks treatment over 120 and

91 days respectively when supplied with either cmrgeawater or abalordaliotis midae

effluent.
Control seawater Abalone effluent P-value

Silver kob
Weight; (g) 102.7 +1.7 101.3+2.2 062 *
Weight; (g) 178.2+1.0 182.9+3.1 021 *
Length; (mm) 199 +2 198 + 2 073 *
Length; (mm) 239+1 239+1 083 *
SGR 0.46 +0.01 0.49 £ 0.01 013 **
CF; 0.79 +0.00 0.79 +0.00 047 *
CF; 0.83+0.00 0.85 +0.00 011 *
FCR 2.72 £0.20 3.21£0.17 0.10 **
PER 1.09 +0.10 0.92 +0.05 011 *
Mortality (%) 1.6 +0.7 2.0+1.0 077 *
Bloodworm
Weight; (g) 18.4+0.3 18.4+0.7 099 *
Weight; (g) 15.5 +0.4° 26.2+0.9° <0.0001 *
SGR (% BW d™) -0.19 +0.04? 0.39+0.07° <0.0001 **
Mortality (%) 11.4+8.3 57+3.5 054 **

SGR = specific growth rate, CF = condition facteCR = feed conversion ratio, PER =
protein efficiency ratio, Length = standard length,initial, f = final. All values are means
+ standard errors. Treatment means were comparneg repeated measures analysis of
variance * or Student'stest **. ° Indicates significant differences between meartkimi
rows P < 0.05).
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Table 5.3. Mean#{( standard error), minimum and maximum values (n Ff@&0water
quality parameters measured in the silver Kofpyrosomus inodoruand bloodworm
Arenicola loveni lovenianks supplied with either control seawater or abaHaliotis
midaeeffluent.

Control seawater Abalone effluent
mean * s.e. min max meanzts.e. min max
Silver kob
Temp 16.2+0.1 115 22.1 16.7£0.1 11.9 23.0
pH 7.88 7.62 8.08 7.65 7.39 7.90
TAN 88.6 + 3.8 30.0 184.0 136.6+6.1 37.7 248.4
FAN 1.6+0.1 1.1 3.6 15+0.1 0.4 3.4
DO 6.80 = 0.09 4.84 8.83 6.16 £0.09 4.25 7.74
Bloodworm
Temp 16.3+0.1 11.2 22.1 16.8+0.1 11.9 22.8
pH 7.98 7.67 8.16 7.78 7.40 8.00
TAN 36.7+1.5 18.1 76.2 84.1+3.4 42.6 154.6
FAN 09+0.1 0.3 2.8 1.4+0.1 0.6 3.6
DO 6.83 +0.08 4.90 8.31 5.99+0.09 4.28 7.48
SS 25+0.4 0.0 11.4 40+0.6 0.0 14.2

pH values were normalized (1 / Pf) before calculating the mean. TAN = total ammenia
nitrogen NH.4-N (ug LY, FAN = free ammonia-nitrogen NHN (g L), DO = dissolved
oxygen (mg [%), SS = dry weight of suspended solids (ng.L

5.4 Discussion

The positive weight gain of the bloodworm growralmalone farm effluent indicates that this
species could potentially be cultured downstreambaflone farms. The bloodworm in tanks
supplied with control seawater lost weight indingtthat the organically enriched farm effluent
provided the bloodworm cultured in it with an adatpusource of nutrition. This is reflected in
the significantly higher level of suspended sotidposited in the tanks supplied with abalone
farm effluent compared to those given control seawdhe importance of food availability has
been demonstrated in populationsApénicola marinal. where biomass density is positively
correlated with the amount of organic matter ingbdiment (Longbottom, 1970). Growth of the

deposit-feeding polychae€apitella capitataFabricius increased with increasing nitrogen and
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caloric ration (Tenore, 1983). Furthermore, foodrse had a significant effect on the growth of
C. capitataas individuals lost weight when fed certain sealsgecies, even at nitrogen and
caloric rations that were adequate for growth (Ten©983). Solids from abalone tanks are rich
in protein (Chalmers, 2002). On a dry weight bésessolids from tanks in which abalone are fed
kelp contain approximately 16.8 % protein, whilegl from tanks in which Abfe&ds fed are

30.2 % protein (Chalmers, 2002).

The bloodworm supplied with abalone farm efflugmp@ared to be quite efficient at processing
the solids deposited in their tanks. Despite thaicantly higher input of suspended solids into
the tanks provided with effluent water, the orgasoatent of the sediment was only slightly
higher than the control, and this difference watsstatistically significant. As witi\. maring

which periodically move their feeding funnel to @wnlocation, suggesting they deplete their
local food-source over time (Rijken, 1979), thedalworm in the tanks supplied with abalone
farm effluent were efficient at removing the orgamatter. Furthermore, a substantial proportion
of the suspended solids in the abalone effluentrem®ved in the experimental bloodworm
tanks as the concentration of suspended solideiabalone effluent was 223 + 89 % higher than
that in the control seawater; whereas the suspesal&ticoncentration in the effluent flowing
from the bloodworm tanks supplied with abaloneuedfit was only 14 + 2 % higher than the
concentration in control seawater. Bloodworm cétoould therefore be used to mitigate the

production of solid waste by abalone farms.

The growth, mortality and nutritional indices ofver kob were similar in control seawater and
abalone effluent, indicating that effluent from klvee farms can be used to culture this species
without adverse effects on growth or health. Thec# growth rate attained during the current
study was approximately double that (0.26 % BWY of wild silver kob in the same size-range
(i.e. 92—-240 g) (calculated using data from Gh8it1996b). Furthermore, length gain of the
silver kob in the abalone effluent treatment wasrapimately twice as fast as that achieved with
silver kob of 34 g in a re-circulating system aoastant temperature of 18 °C (Ferreira, 2007).
The mean feed conversion ratio (3.0 + 0.2) wadigieht compared to the FCR’s of 0.9 — 1.7
typically obtained with established finfish spedlesquaculture (Austreng et al., 1987; Sveier et
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al., 1999; Vergara et al., 1999; Daniel, 2004; idge et al., 2006), while silver kob has
previously been cultured at a more efficient FCR.@f (Ferreira, 2007). However, this was
probably due to feeding in excess and the composif the diet, which was not formulated for
marine finfish. In this study feeding in excessldowot be avoided as the fish fed predominantly
at the bottom of the tanks, which were often netble.

It is likely that the temperatures recorded in¢bherent studyda. 16.2 °C in the control seawater
tanks and 16.7 °C in the effluent tanks) were belmwoptimal for growth of silver kob.
Preliminary investigation suggests that the tentpeegreferendum, i.e. the temperature chosen
in a choice experiment, of 50 g silver kob is beiwé6.9-18.1 °C (Dickens, 2007), and in the
current study our observations suggested theyfedlat the water surface above 20 °C and that

feeding activity was minimal below 18 °C.

The concentrations of total ammonia in the abakdfiaent were similar to those recorded at
other South African abalone farms (Samsukal, 20045.unlikely that free-ammonia in either

the tanks supplied with abalone effluent or consedwater affected the growth of the silver kob,
as the highest recorded concentration was at 1&aines lower than concentrations shown to
reduce growth in other marine finfish species arepnic periods of exposure (Alderson, 1979;
Lemarié et al., 2004; Person-Le Ruyet et al., 198@ason-Le Ruyet et al., 1997b; Rasmussen &
Korsgaard, 1996; Wajsbrot et al., 1993). In spftthe higher concentration of TAN in the silver
kob tanks supplied with abalone effluent, compdoeithose given control seawater, the
concentrations of FAN were similar due to the loweErof the abalone effluent (Bower &

Bidwell, 1978).

While the effect of oxygen concentration on growtisilver kob has not been investigated, the
DO concentrations measured in this study were béhose shown to affect the growth of other
species of finfish (Davis, 1975). Davis’s (197%Viesv of the metabolic rate of seven marine,
nonanadromous species showed that metabolism beamtggen dependent below 4.20-7.12
mg L™ and it was suggested that marine, nonanadromaasespbegin to show symptoms of
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oxygen stress below 6.72 mg LMean and minimum DO concentrations were 6.8 Mard

4.8 mg L*in the silver kob tanks supplied with seawater &rfdmg L*and 4.3 mg [in those
supplied with abalone effluent. In all cases thapdsf oxygen concentration below 5 mg L
occurred in the morning. Although this was onlyareled on a few occasions it is likely to have
occurred more often as oxygen measurements wetekest every day. While no mortalities

were recorded at, or in the days immediately afterse times the metabolism of fish in both
treatments may have been limited by oxygen conagaotr which would have caused stress and a
reduction in growth (Schrek & Li, (1991). This cdlde over-come by increased aeration or

oxygenation.

The present results indicate that bloodworm anetskob can be cultured in abalone farm
effluent. Concentrations of free ammonia in effliueere low when compared to toxic levels for
other finfish species but effluent may require ctyation if used as a water source for
commercial-scale finfish farming. The organic salidste in the abalone farm effluent appeared
to be an adequate source of nutrition for the blamdh, which were relatively efficient at
removing suspended solids from the effluent. itnsertain how the growth rate of bloodworm
and their tolerance of abalone effluent changels site. Therefore, future work should
investigate bloodworm growth and mortality in almeffluent at the larval and early juvenile
stages. Furthermore, the growth trials in thisiprelary work were of a short duration and future
work investigating the suitability of abalone eéht for the culture of finfish and bloodworm
through a full cultivation cycle may be needed étedt disease or pathogenic bacteria.
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Chapter 6

Concluding discussion

The research documented in this thesis was suat@s#fs aims of (1) determining the
dynamics of water quality on a South African abalbialiotis midaelL. farm and (2) assessing
the suitability of abalone farm effluent for thdtawe of silver kobArgyrosomus inodorus

Griffiths & Heemstra and bloodwor#renicola loveni lovenKinberg.

Diurnal water quality dynamics

The quality of the seawater within abalone tank$edaon a diurnal cycle. At night there was a
greater consumption of oxygen and moreidhs were produced. This indicated an increase in
metabolic-rate and was explained by the increasegement of the abalone when feeding. Due
to the higher oxygen consumption at night, oxygamcentrations were lowest in abalone tanks
during night-time. While the concentration of taa@hmonia in the influent changed diurnally,
the variation was small enough to be discountedicelethe main determinants of free-ammonia
concentration in tanks were pH and temperature.pFhe/as highest in tanks in the afternoon
and therefore it was concluded that the concentraif free ammonia will be highest in tanks at
this time unless mitigated by low temperatures. esv, the large data-set of seawater
temperatures, recorded in the morning and afterdlowimg Experiment 3: Abalone farm influent
and effluent qualitychapter 2), showed that temperature was gendriglher in the afternoon,
which increased ammonia toxicity. The values feefammonia recorded in the farm influent
and effluent over a period of 12 months confirmeat free ammonia was higher in the afternoon,
when compared to the morning, by an average of 32d¥the purposes of water quality
monitoring in abalone tanks it would thus be besheasure free ammonia concentrations in the
afternoon and oxygen concentrations at night. Redumr stopping the flow-rate of tanks at
these times should be avoided in order to prexmnioxygen concentrations and high free
ammonia concentrations. If water flow to the farmstnbe reduced or stopped this should
preferably be done in the morning as this is wheygen concentrations in tanks are highest and

free ammonia concentrations are lowest.
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The descriptions and explanations of diurnal watelity dynamics in abalone tanks, discussed
here are the first for South African abalone famisch feed a formulated diet. The results of the
experiment have been used to generate importarageament recommendations. A number of
steps can now be taken to refine the findings efciirrent study. A sampling interval of less than
three hours can be used to obtain a higher resalutithe measurements. Furthermore, a larger
sample size than the eight tanks, in which watatityywas recorded at each sample time over

two periods of twenty four hours, would increasafmence in these important results.

Abalone growth and water quality at different pmsis within tanks

Free ammonia increased in a gradient between flosviand outflow of abalone tanks, while
oxygen and Hion concentrations decreased (Chapt&xderiment 1: Abalone growthThus,
under culture conditions abalone are exposed t@atdd free ammonia and reduced oxygen and
H" ion levels. The growth of abalone was correlatéti shanges in Hion concentration, free
ammonia and oxygen. Therefore, this experimentigeavbaseline data of the' kbn, oxygen

and free ammonia levels in abalone tanks in whiehgrowth of abalone were reduced. Thus, it
is recommended that future studies investigatiegetifect of Hions, oxygen or free ammonia
on the growth of. midaeinclude the range of Hons (6 — 27 nmol £H"), oxygen (5.5 — 8.0
mg L) and free ammonia (0.6 — 4.8 pg)Lrecorded in the current study. Furthermores it i
recommended that higher kbn and lower oxygen concentrations are includetha range of
values for these parameters recorded in the custedy did not include the higher kbn and
reduced oxygen concentrations that occur in tahkgat.

In an effort to reduce the gradient of water qyadind abalone growth which develops between
the inflow and outflow of tanks (Chapter 2) farmbese experimented with different tank
designs, which divide the available water-supplyrsd a portion of it enters the tank nearer to
the outflow (Chapter 3, Fig. 3.1). However, mod#l®xygen concentrations in tanks of these
designs showed that it is unlikely that they witigrove water quality, in comparison to
conventional tanks with a single inflow and outflavopposing ends. Furthermore, these designs
may actually adversely affect water quality. It veasicluded that water quality is dependent

upon the flow-rate per unit of abalone biomass Wwhine tank receives rather than the distance
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between the inflow and outflow. This conclusiosigported by equation 2.6, which showed that
in abalone tanks, for a given temperature, abadoreeand length of time since the tank was last
cleaned, the ammonia concentration is dependemt tn@otank’s flow-rate per unit of biomass
(Chapter 2). Therefore, the available evidence ssigghat, in terms of water quality, these
experimental tank designs do not offer any bemefitpared to conventional designs with a

single inflow and outflow.

Abalone farm influent and effluent quality

There was considerable variation in the qualitthefabalone farm’s influent and effluent over
time. It was not assumed that these changes wesuli of changes in ‘season’ (i.e. summer and
winter). Rather, the changes were explained byetation with particular environmental
parameters like temperature, flow-rate and farnmiaies. Changes in influent oxygen
concentration were explained by a negative relahgnwith temperature, while variation in pH

was, to a small extent, positively correlated vitimperature.

The observed values for ammonia production andergnation within abalone tanks were highly
correlated with the values predicted by equatiofsad 2.7 r= 0.8). Therefore, the results of
this study supported the negative exponentialicglahip between abalone size and ammonia
excretion, documented by Barkai and Griffiths (1)9&nd the positive linear relationship
between temperature and ammonia excretion repbytégon (1995), under farm conditions
within a temperature range of 14 — 19 °C and arsinge of 18 — 43 g. In addition, the
production of ammonia by the sludge that accumdlat@balone tanks (Chapter 4) was
confirmed. As the growth of abalone is affectedreg ammonia (Harris et al., 1998a; Harris et
al., 1998b; Reddy-Lopata et al., 2006) these egnatshould be of great benefit to abalone farms
as they can be used to determine the maximum b®hading (kg [* s*) possible for a given

set of environmental conditions and a desired anian@mcentration. However, there are some
limitations to the application of these equatiofise range of mean abalone sizes from which
data were collected did not include sizes unday @Bover 43 g. Furthermore, the tanks
containing the smaller size classes were predortiinsampled when temperatures were high (x
18 °C), while tanks containing the larger size-sésswere mainly sampled when temperatures
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were lower (x 15 °C). Thus the equations would iefrem larger data sets, collected under a
broader range of conditions. In addition, if farrmmagement style and tank design influence

ammonia production then the equations may neeé tadaified for use on other farms.

The fluctuation in the oxygen concentration of then’s effluent was related to temperature,
flow-rate and the farm biomass using equation Pl values predicted by the equation were
highly correlated with the observed valués<10.69). The equation supported the finding of
Lyon (1995) that the oxygen consumptiortbfmidaeincreases linearly with increasing
temperature. Since the concentration of oxygehenculture environment is known to affect
abalone growth (Harris et al., 1999a) this equatiomd be used to improve the management of
oxygen concentrations on abalone farms. For exartimeequation can be used to derive
estimates of the maximum abalone biomass whictbeastocked by a farm per unit of flow-rate
(t L't s1) at different temperatures, given a required efflloxygen concentration (Table 6.1).
However, it is acknowledged that the equation weagebtbped using data collected only at 09h00
and 16h00 and therefore it will need further depeient to make it applicable to the full diurnal
cycle. In its present form it is likely that theuagion will over-estimate the oxygen concentration
of abalone farm effluent at night, as it does a&etinto account the greater oxygen consumption
in abalone tanks at this time. While equation 225 weveloped for abalone farm effluent, its
accuracy suggests that a similar equation couldelveloped for the culture water within abalone
tanks. The equation would need to include abalaeeas a variable as oxygen consumption
declines exponentially with increasing abalone figarkai & Griffiths, 1987). This would

enable farms to set the flow-rate of tanks witliedd@nt abalone sizes, stocking densities and

temperatures to achieve a required oxygen condmtra
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Table 6.1. Maximum abalort¢aliotis midaebiomass loading (t £ s) at different temperatures

given a required effluent oxygen concentration.

Required oxygen: 50mgl* 55mgl* 6.0mgl* 65mgl* 7.0mgl* 7.5mgl* 8.0mgl*

Temperature (): Abalone biomass (t L™ s™)
11 0.65 0.56 0.48 0.40 0.32 0.24 0.15
12 0.57 0.49 0.42 0.34 0.27 0.19 0.12
13 0.50 0.43 0.36 0.29 0.23 0.16 0.09
14 0.45 0.38 0.32 0.25 0.19 0.13 0.06
15 0.40 0.34 0.28 0.22 0.16 0.10 0.04
16 0.36 0.30 0.24 0.19 0.13 0.07 0.02
17 0.32 0.26 0.21 0.16 0.11 0.05 -
18 0.28 0.23 0.18 0.13 0.08 0.03 -
19 0.25 0.21 0.16 0.11 0.07 0.02 -
20 0.23 0.18 0.14 0.09 0.05 0.00 -
21 0.20 0.16 0.12 0.07 0.03 - -

The production of dissolved ammonia by sludge

On a dry weight basis sludge was found to makegetacontribution to ammonia production in
tanks than the abalone themselves (Chapter 4ankstcontaining approximately 9.1 kg of
abalone soft tissue (dry weight), in addition tbastpotential sources and sinks of ammonia, the
removal of 0.735 kg of sludge (dry weight) redutadl ammonia production by 31 %. The
contribution of sludge to ammonia production inlaha tanks was also shown in equations 2.6
and 2.7. In these equations an increase in théHeridime since an abalone tank was last
cleaned resulted in an increase in the estimatedama concentration and ammonia production
in the tank. The threshold free ammonia concewnimadt which the growth dfi. midaebecomes
affected has not been established. Thereforeundgrtain whether the presence of sludge
elevates free ammonia concentrations to a lewghath the growth oH. midaeis affected.

Thus, it is recommended that, as a precautionaasuore, sludge removal be incorporated in
management programmes. The rate at which sludgemadates in tanks will vary under
different conditions so a set time interval betwskrige removal will not be the most efficient.
In addition, excessive handling of the abalonelierpurposes of cleaning abalone tanks may

adversely affect their growth. Therefore, farms lddaenefit from research that could provide a
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simple visual index for determining when tanks dtidoe cleaned. In addition, it may be that
filtration of the farm’s influent water will redudée accumulation of sludge in tanks, thereby

lengthening the possible time intervals betweearstgy.

The potential for reuse of abalone effluent as leuce medium for finfish and bloodworm

The growth and survival of silver kob and bloodwamabalone effluent and control seawater
indicated that abalone farm effluent could be usetllture these species. Since approximately
five to six percent of the total cost of abalonerfmg is spent pumping seawater ashore, reuse of
the abalone farm effluent to culture other spewiesld significantly improve the economic
efficiency of abalone farming (du Plessis, 2005speomm.). Integrated systems with abalone
and finfish or abalone and bloodworm would als@blke to produce a greater diversity of
products. The effectiveness of bloodworm at remgwalid waste from abalone farm effluent
indicated that the culture of this species in dagrated system with abalone would reduce the
release of solid waste by abalone farms into themaa&nvironment. Since bloodworm did not
require feeding the production of bloodworm couddathieved without feed costs. While the
growth of silver kob compared well with that of @individuals (Griffiths, 1996b), there is
evidence to suggest that the mean temperaturee@italone effluenté. 16 .6 °C) was below

the optimal for silver kob (Dickens, 2007). In atifeh, this study was conducted during months
with relatively warm water temperatures and theuahmean will likely be lower than 16 .6 °C.
For example, the annual mean documentefxperiment 3: Abalone farm influent and effluent
quality was approximately 15.5 °C (Chapter 2). Growth efshliver kob was relatively slow
compared to that achieved by commercially succefiafish species at their optimal
temperatures (Austreng et al., 1987; Sveier el @R9; Vergara et al., 1999; Daniel, 2004;
Partridge et al., 2006). However, this study wasdimrinary and optimisation of the diet and
culture techniques should improve growth. Sincecthrecentration of oxygen affects the growth
of finfish (Davis, 1975), one of the most importéattors which will determine the biomass of
finfish that can be stocked per unit of flow-rateabalone effluent is the oxygen concentration of
the effluent (Haskell, 1955; Willoughby, 1968; Astad, 1988; Colt & Orwicz, 1991). In this
case, equation 2.5, which can be used to preddabxlyggen concentration of the abalone effluent
will be useful in determining the amount of finfidiat can be stocked under different conditions.
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At a flow-rate (0.34 1'$ m?), stocking density (847.9 g'fhand growth rate (0.39 % BW")
equal to that of the current study, abalone faritis @ffluent flow-rates of 500 - 1000 'svould
be able to sustain bloodworm farms of approximat&§0 - 3000 i capable of producing 4.8 -
9.6 kg bloodworm d. This production could be improved by approximatet %, to 7.4 - 14.8
kg bloodworm &, as in the current study only 65 % of the suspersaéids in the abalone farm
effluent were deposited in the bloodworm tanks. prediminary investigation of Samsukal
(2004) indicates that the concentrations of suspesalids recorded in the current study were
similar to those in the effluent from other abaldaens. However, the production (pd) ®f
suspended solids by an abalone farm, and hen@agaeity for bloodworm production in its
effluent, will depend more upon the biomass of abalon the farm than the farm’s flow-rate. In
this case the values for the production of suspgsdéds per unit of abalone biomass (f{g's
abalone) recorded iBxperiment 3: Abalone farm influent and effluenalgy (Chapter 2), will

be useful in estimating the production of solidg §1) by a particular farm based on its biomass.
However, it must be noted that these values wersared on a farm with a size range of
abalone from 1 — 120 g and that the productiorobfls may vary on farms with a different size-

range of abalone.

Conclusions

Water quality in the abalone farm environment wasarily influenced by the flow-rate per unit
of abalone biomass, and temperature. Changes ioxpiden and free ammonia in the farm
environment were explained by the metabolism ofaad®ain which oxygen is consumed and
carbon-dioxide (Hochachka et al., 1983) and ammarggroduced. Carbon dioxide reacts with
water to form H ions, which decrease the waters’ pH (Sanni & Femrgp1996). Furthermore,

the linear relationship between temperature anélinodism documented by Lyon (1995) and the
negative, exponential relationship between bodg-aizd metabolism reported by Barkai and
Griffiths (1987) were verified under farm conditerThe effect of the flow-rate per unit of
biomass in culture systems, on water quality, wdgated by the inverse relationship between
the ammonia concentration and the flow-rate perafriomass in abalone tanks. The oxygen
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concentration in abalone farm effluent was als@isgly related to the flow-rate per unit of

biomass of the farm.

Therefore, water quality in the abalone farm envwment was not random but was determined by
the flow-rate per unit of biomass, abalone sizetantperature. This demonstrated the
importance of optimising the flow-rate per unittddmass for various temperatures and abalone
sizes. As abalone size and temperature cannotritetted, the only way in which farmers will

be able to control water quality is by varying floev-rate per unit of biomass which the abalone

culture system receives.

Abalone and bloodworm or abalone and finfish cdagdarmed in integrated systems. This
would improve the economic efficiency of pumpingwater ashore and increase the diversity of
products produced by abalone farms. Furthermotegiated systems of abalone and bloodworm
would release less solid waste to the marine enmemnt than abalone farms. The investigations
of water quality dynamics on abalone farms, pressbint this thesis, can contribute to estimating

the biomass of finfish and bloodworm that coulcstmcked in abalone farm effluent.
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