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Abstract

The costs associated with feeds and feeding typicalnstitute the largest
proportion of operating expenses in the productibfish in intensive culture. Sub-
optimal feeds and inefficient feeding regimes resutirect economic losses through
food wastage and sub-optimal growth, deteriorabbnvater quality and increased
environmental pressures from excessive waste ptioducrhe formulation of cost-
effective, nutritionally optimal diets are theredorimperative to maximising
profitability and reducing waste output on maringhffarms. Recent interest by
industry in New South Wales and South Australia floasised on mulloway culture;
however, little information exists on the proteindaenergy requirements for this
species. Prior to the commencement of this resdhesie were no published data on
the requirements for digestible protein (DP) argkdiible energy (DE) for mulloway
and, as a consequence, no specific diet formukatimn feeding standards were
available.

Mathematical modelling in animal nutrition providas extremely useful tool
in the development of practical feed evaluationteays (i.e. feeding standards and
practices) to describe and predict nutrient requémts, body composition and
growth of the animal. Factorial bioenergetics s ¢juantitative study of energy gains,
losses and transfers within the whole organism dasethermodynamic principles
and has been widely applied to animal nutrition d@hd development of feed
evaluation systems.

The general aim of this thesis was to establishraztigcal feed evaluation

system for mulloway based on the factorial approathis was achieved by



conducting a series of interrelated studies whietemhined the requirements for DP
and DE for maintenance and growth and describedcsspf metabolism relating to
the fasting and feeding physiology of this specid®e following is a brief overview
of these studies.

A comparative study was undertaken to establishrabéne metabolic rates
(RMR) for similar sized mulloway, a sedentary speciand yellowtail kingfish, a
highly active species, acclimated at one of seueraperatures ranging from 10 — 35
°C. RMR increased linearly with increasing tempemt(I) for both species. RMR
for mulloway was 5.78 - 29.0 mg O kg®® h* and for yellowtail kingfish was
12.11T -39.40 mg @kg?® h'. The energetic cost of routine activity can becdbsd
as a function of temperature for mulloway as T.939.68 kJ kg® day* and for
yellowtail kingfish as 4.0 — 13.14 kJ k§® day’. RMR for mulloway was least
thermally dependent at 28°%6 and for yellowtail kingfish at 22°6. The results of
this study have direct implications with regardth® appropriate temperatures at
which to culture these species.

Specific dynamic action (SDA) is the energy expehda the physiological
processes associated with meal digestion and mngyr influenced by the
characteristics of the meal and the body weight B&d temperature of the
organism. The effects of temperature and body weah the RMR and SDA
response in mulloway were assessed at 3 tempesatlde 20 or 26C). RMR and
SDA were shown to represent significant energeigtin the overall energy budget
of mulloway. Many of the SDA indices measured iis tudy were within the ranges
of those reported for other temperate marine fislwever, these values are not fixed
and are highly dependent on temperature, body aidefeed intake. The effect of

body size on the mass-specific RMR (mgkg* h') varied significantly depending



on the temperature with a greater relative incremsdhe mass-specific RMR
demonstrated for smaller mulloway with increasiegpperature. The gross RMR (mg
O, fish™ h'%) of mulloway can be described as function of terapge as: (0.0195—
0.0454)BW(g}® and the mass-specific RMR (mg ®j* h') can be described as:
(21.04Z — 74.867)BW(Gf2 SDA duration occurred within 41-89 h and was
influenced by both temperature and body weight. aherage proportion of energy
expended over the SDA period (SDA coefficient) ethdrom approximately 7 — 13
% of the total DE intake while the proportion ofailoenergy expended on SDA above
RMR ranged from approximately 16 to 27 %.

The utilization of DP and DE is dependant on thegosition of the diet and
the efficiency with which tissue deposition (groyvtitcurs. A detailed understanding
of the relationships between nutrient intake, gsdaposition and body composition
is necessary to accurately determine feed requimesmé&he effects of body weight,
temperature and feed intake level on the utilizatof DP and DE and the
requirements for maintenance in mulloway were itigaged. Utilization efficiencies
for growth based on linear regression for DP (0&®&) DE (0.60) were found to be
independent of fish size, temperature and feedkentavel. The partial utilization
efficiencies of DE for proteinkf) and lipid &) deposition, estimated using a factorial
multiple regression approach, were 0.49 and O0.7§pesively. Maintenance
requirements estimated using linear regression welependent of temperature for
DP (0.47g DP k§' day') while maintenance requirements for DE increasét w
increasing temperature (44.2 or 49.6 kJ DEkday" at 20 or 26°C respectively).

The interactive effects of DP and DE on the feadke, growth and body
composition of mulloway were investigated using tthese-response method to

identify the optimal DP content and DP:DE ratio tbe growth of mulloway. This
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was achieved by feeding mulloway diets containing of four different DP levels
(250 - 550 g k@) at two DE levels (16 or 21 MJ Ry The results indicated that feed
intake was not governed solely by energy demantigvas also dependant on the DP
content of the diet. Protein utilization did not prove with diets containing
decreasing protein and increasing lipid contentcetthg that mulloway have a
limited capacity to spare dietary protein. Optirbd® content was found to be 444-
491 g kg' depending on the DE content of the diet and the sf mulloway and is
within the range reported for other sciaenid specidée use of formulated diets with
28.6 g DP MJ DE will achieve optimal growth and protein depositfon 70 — 275¢g
mulloway.

The final study consolidated the results of thevmus experiments to
establish a feed evaluation system for mullowaygisi factorial approach based on
the requirements for DP and DE. Assessments ofitbeth potential of mulloway
and the allometric relationships between body sarel protein and energy
metabolism and protein and energy whole body coitippswere combined with
data previously established on the utilizationicefhcies and maintenance
requirements for DP and DE. Factorial modelinghef tlata allowed estimations of
the decreasing requirement of the ratio of DP:DEnfalloway with increasing body
size through grow-out production up to 2 kg. Estiores using the factorial method
were found to be close to those estimated indepdlydasing the dose-response
method. From this information theoretical diet fatations and feeding regimes were
iteratively derived to match the predicted shiftirgguirements for DP and DE

dependant on body size and the grow-out stage tbway.
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Chapter 1

General Introduction

1.1 A brief overview of global aquaculture producton

A total of 143.6 million tonnes of fish (marinesHi, freshwater fish,
molluscs, crustaceans etc.) were produced or hawdsy the aquaculture and
capture fishery industries in 2006 (FAO 2008). Atireated 110.4 million tonnes
of food-fish were consumed, an average of 16.7 égcapita, with the remaining
33.2 million tonnes used for non-food purposes sashfishmeal and fish oil.
Almost half of all food-fish consumed are farm els 51.7 million tonnes worth
US$78.8 billion (FAO 2008). By far the largest dgproducer is China with a
reported 34.4 million tonnes, or 66.5% of globauacylture production. Asia
(excluding China) and the Pacific (22.8 %), Eur¢p %) Latin America and the
Caribbean (3.0 %), Africa (1.5 %), North America(®20) and the Near East (0.6
%) account for the remaining major global aquaceltproducing regions by
guantity (FAO 2008). Of the total global aquacwtproduction, freshwater fish (54
%) make up the majority by species group followgdrwlluscs (29 %) crustaceans
(9 %), diadromous fish (6 %), marine fish (3 %) anber aquatic animals (1 %)
(FAO 2008).

The huge global demand for fish has made aquaeuthe fastest growing



animal food production sector in the world with @arerage annual growth rate of
8.8 % worldwide since 1970 (Tacon et al. 2006; Fagl.1). Population growth,
rising per capita incomes and urbanization areofactueling the growing global
demand for fish (Brugere and Ridler 2004). Sinaerthid 1980’s capture fisheries
production has, depending on the source of infaonateither largely remained
static (FAO 2008) or has been steadily declininga(®n and Pauly 2001; Pauly

2008).

Million tonnes

60

I Acquatic animals NEI
50 . Molluscs

Crustaceans ;
Marine fishes
0 — s Diadromous fishes ‘ '
B Freshwater fishes /
30 <

20
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Figure 1.1. Trends in world aquaculture production by majorcsge group. NEI
= Not elsewhere included. Source: FAO (2008)

In 2007, 80% of the worlds natural fish stocks westimated to be fully
exploited (52 %), overexploited (19 %), depleteddB or recovering from a period
of depletion (1 %) (FAO 2008). This indicates tlhaeé maximum potential of
capture fisheries from the world’s oceans is liohite around 80 — 100 million
tonnes which was likely reached in the 1970’s @09 (Garcia and Grainger 2005;

FAO 2008). While capture fisheries have reached fiaential, increasing global



demand for fishery products suggest a greatem@dian aquaculture to supply the
worlds demand for fish protein into the future (Beve and Ridler 2004). Assuming
capture fisheries production remains constant, amd average per capita
consumption of 16.7 kg, it is estimated that aniteatthl 80.5 million tonnes of fish
will have to be produced by aquaculture to meetddm@mand of a world population
of 8.3 billion by 2030 (Brugere and Ridler 2004; GA&008; UN 2008). If capture
fisheries are in decline (Watson and Pauly 200Irci@aand Grainger 2005) and
average annual per capita consumption increaseg)éBe and Ridler 2004), both

likely scenarios, then the demand on aquacultwdymtion will be even greater.

1.2  Aquaculture in Australia

Aquaculture, as in the rest of the world, is Aak#’'s fastest growing
primary industry. Aquaculture production in Austadhas grown by an average 6 %
p.a. since 1997/98 (Figure 1.2) with productionaliay 62,000 tonnes worth
approximately AUS$800 (US$645) million in 2006/0@'$ullivan and Savage
2009). In a global context this contributes to agpnately 0.12 % of the global
aquaculture production by quantity or 0.82 % byueal While aquaculture is
supplying almost half of the fish consumed in therlds (FAO 2008), Australian
production in 2006/07, by comparison, accounteddioly 1/4 of the total gross
Australian fisheries production of 240,000 tonnABARE 2008; O'Sullivan and
Savage 2009) indicating the relative infancy of itieustry and the current reliance

on capture fisheries in Australia.
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Figure 1.2. Trends in total aquaculture production and value Amstralia.
Source: O'Sullivan and Savage (2009).

Australia’s aquaculture sector expansion took ptatatively recently in the
1990’s, until then the industry was dominated they cultivation of edible and pearl
oysters (FAO 1997). The expansion in the 1990’s wakerpinned by innovation in
southern bluefin tuna farming, growth in existinglustries (including pearling,
edible oyster, prawn and salmonid aquaculture) sigdificant development in
other new industries (such as barramundi, abalsitegr perch, mulloway and
yellowtail kingfish) (Gibson et al. 2005; Dundas-#mand Huggan 2006). Finfish
are now the key aquaculture production group intilia in terms of both volume
(62 %) and value (AUD$478.6 million) (Figure 1.3able 1.1). Southern bluefin
tuna (South Australia), Atlantic salmon (Tasmaraajl barramundi (all mainland
states and Northern Territory) are the three mammroercial finfish species
cultured on a large scale (Table 1.1). Between 20@P2007, the volume and value
of farmed salmonid sea-cage production in the sthtdasmania increased by

10,000 tonnes and AUD$154 million where now farmsaimonids have emerged



as the key production species, surpassing tunauagalia’s most valuable species
group (ABARE 2008). Recent expansion of sea-cagelymtion of yellowtail
kingfish and mulloway in South Australia has alsers increased growth in that

industry sector (ABARE 2008; O'Sullivan and Savageo).

Other Other finfish

3.5% 0.8% Silver perch
Barramundi 0.5%
4.3%
Crustaceans Salmonids
6.0% 42.3%
Tuna
12.5%

Molluscs
30.0%

Figure 1.3. Australian aquaculture production by quantity 2006/ “Other”
includes aquaculture production not elsewhere Spdcidue to confidentiality
restrictions. In Victoria, this includes abalonegrm water finfish, ornamental fish,
other shellfish, shrimps and aquatic worms. Datgp#atl from ABARE (2008).



Table 1.1.  Australian aquaculture production of finfish in B00Q7

Production  Value

Common name Scientific name (tonnes) (AUD$;000)
Atlantic salmon Salmo salar 22,703.8 $266,629.9
Southern bluefin tuna  Thunnus maccoyii 7,588.0  $137,650.0
Barramundi Lates cal carifer 3,037.7 $26,881.0
Rainbow trout (f/w) Oncorhynchus mykiss 1,990.1 $12,951.3
Yellowtail kingfish Seriola lalandi 1,355.0 $11,178.8
Mulloway Argyrosomus japonicus 607.7 $4,877.0
Rainbow trout (s/w) Oncorhynchus mykiss 500.5 $3,903.3
Silver perch Bidyanus bidyanus 400.0 $4,253.1
Short finned eefs Anguilla australis 183.6 $2,743.3
Murray cod Maccullochella peelii 99.2 $1,768.8
Brown trout Salmo trutta 78.0 $438.5
Barcoo grunter Scortum barcoo 51.2 $153.6
Golden perch Macquaria ambigua 7.3 $466.9
Long finned eefs Anguilla reinhardtii 5.2 $54.5
Australian bass Macquaria novemaculeata 2.0 $384.1
Sleepy cod Oxyeleotris lineolata 1.0 $24.0
Chinook salmon Oncorhynchus tshawytscha 0.0 $18.0
Eel-tailed catfish Plotosus lineatus 0.0 $16.4
Trout cod Maccullochella macquariensis 0.0 $10.0
Seahorses 0.0 $48.0
Misc. mariné 0.0 $5.4
Native aquarium fish 0.0 $936.5
Exotic aquarium fish 0.0 $2,934.5
TOTAL 38,610.3 $478,326.9

®ncludes some data for Mary River cod and sleem oo production for Eastern
freshwater codfln QLD and Vic. longfin eels are grouped with sfiareels.®May
include sand whiting, tarwhine, snapper, black tmeaustralian salmon, Australian
herring, silver bream and scad. Data adapted fréBuol@van and Savage (2009).
Five of Australia’s most valuable aquaculture spgaroups accounted for
almost 90 % of the total gross value of aquaculpraduction in 2006/07. These
were salmonids (AUD$283.9 million), pearl oystedsJD$142.3 million), southern
bluefin tuna (AUD$137.6 million), edible oysters®$86.5 million) and prawns
(AUD$47.3 million) (ABARE 2008). By comparison witlglobal aquaculture

production predominated by the cultivation of fresker finfish, approximately 95

% of Australia’s aquaculture is of marine spec®BARE 2008; FAO 2008).



1.3 Mulloway (Argyrosomus japonicus, Sciaenidae) aquaculture in Australia

As indicated above, temperate marine finfish sgeare at the forefront of
the expansion of new commercial aquaculture engarpn Australia. Production
and research was initially focussed on AustraliaXapper Pagrus auratus),
however issues with product quality and growthgdtave seen no production since
2002/03 (O'Sullivan and Savage 2009). Mulloway (Fég1.4) and yellowtall
kingfish are now farmed in preference and are dghas important species which
offer economic diversity amongst the tuna and salcthdndustries and/or an
opportunity to provide species for similar indussriin new areas (Gibson et al.

2005).

Figure 1.4.  Mulloway, Argyrosomus japonicus (Temminck & Schlegel, 1843).

Mulloway have many attributes which make them da&lé candidate for
aquaculture in Australia. They are euryhaline @eland Bardsley 1999; Harrison
and Whitfield 2006), eurythermal (Harrison and Viieid 2006) and hypoxia
tolerant (Fitzgibbon et al. 2007b). They are a greys, fast growing and highly
fecund species that are easily reproduced in agp{Battaglene and Talbot 1994;

Fielder et al. 1999). Mulloway are naturally wideligtributed around the east, west



and southern seaboards of Australia (Kailola ei@93; Silberschneider and Gray
2008) and can be grown successfully in differerftuce systems including sea
cages, ponds and recirculating aquaculture sys(@uartararo 1996; Fielder et al.
1999; O'Sullivan and Ryan 2001; Doroudi et al. 2006

Aquaculture of mulloway is relatively new in Audtea beginning in the
mid 1990’s (Gooley et al. 2000) after being suctglysproduced under hatchery
conditions in 1992 (Battaglene and Talbot 1994)thédigh the mulloway
aquaculture industry is in its relative infancyetd has been a steady increase in
production in recent years. A number of farms ilViN&nd SA are now producing
small commercial quantities with production of nowhy in 2006/07 of over 600
tonnes for a mainly domestic market valued at agprately AUD$4.9 million
(O'Sullivan and Savage 2009; Table 1.1). In a glotontext, production of
sciaenids in 2007 was over 115,000 tonnes valuedet USD$156 million. Over
95 % by volume and 80 % by value was produced hgalalthough China had the
lowest farm-gate price of approximately USD$1.1Bg/ In comparison, meagre
from Portugal fetched the highest prices of USD&Q5/ kg while Australian
mulloway fetched a median price of USD$6.36 / kg€ 1.2). In terms of both
global production volume and value, Australia’sastiid production is third behind

China and the USA (FAO 2008; O'Sullivan and Savz@#9; Table 1.2).



Table 1.2.  Global sciaenid aquaculture production, 2007.

Production  Value
Region Country Common name Scientific name (tonngs (USD$;000)
Africa Mauritius Red drum Sciaenops ocellatus 550 $3,167.0
Mayotte Red drum Sciaenops ocellatus 122 $959.8
Americas  Mexico Freshwater drum Aplodinotus grunniens 70 $147.0
USA Red drum Sciaenops ocellatus 1,814 $9,596.1
Asia China Large yellow croaker Larimichthys croceus 61,844 $72,975.9
China Red drum Sciaenops ocellatus 49,291 $58,163.4
Israel Red drum Sciaenops ocellatus 400 $1,380.0
Saudi Arabia Croakers, drums nei  Sciaenidae 5 $25.0
Taiwan Croakers, drums nei  Sciaenidae 23 $173.6
Europe France Meagre Argyrosomus regius 282 $2,705.6
Italy Meagre Argyrosomus regius 192 $1,789.5
Portugal Meagre Argyrosomus regius 25 $389.9
Spain Meagre Argyrosomus regius 251 $1,004.0
Oceania Australia Mulloway Argyrosomus japonicus 607.7 $3,867.5
TOTAL 115,477  $156,344.3

Data adapted from FAOh{tp://www.fao.org/fishery/statistics/global-aquéiate-

production/query/en Original FAO data excluding mulloway productifigures.

Mulloway data adapted from O'Sullivan and Savage09? and AUD$0.793
(http://www.xe.comy June 2009).not elsewhere indicated

1.4 Need for research

The commercial viability of any aquaculture ventuinénges on the
successful development and integration of broodkstmanagement, hatchery,
nursery and grow-out technologies and a good utedeimg of the basic nutritional
requirements of the species (Gibson et al. 2005rirM fish farmers and feed
manufacturers alike need to implement managemaerisidaes based on biological
data obtained from rigorous experimental desigerisure economic performance
and environmental sustainability. One key area Whaurrently restricts the
development of the mulloway industry in Australgaa lack of knowledge of the
nutritional requirements of the species. To daseehs no published information on

the requirements for digestible protein (DP) andediible energy (DE) for



mulloway and, as a consequence, no specific dietdlations or feeding standards
are available.

As a carnivorous species it is expected that maiowill have a high
requirement for DP and this is reflected in therenot practice by industry of
feeding commercial diets formulated for other casnmbus species such as
barramundi, Atlantic salmon or more generic ‘marfish’ formulations. Growth
rates have been reasonable; however, these digtsnotabe optimal as it is not
uncommon for food conversion ratio’s (intake/gamgxcess of 1.5 to be reported.
Significant reduction of production costs can bhiewed if feed formulations and
feeding strategies are optimised. Feed is the pyirsaurce of waste output from
aquaculture operations with phosphorus and nitrogen major elements of
concern. Excessive waste outputs can significamigact on the environment
which, in turn, has direct socio-economic ramifieas and influences negative
public perception of the industry (Burbridge et d@D01; Ridler et al. 2007).
Reduction of waste outputs from marine fish cultoperations can be achieved by
optimising nutrient utilisation through better difstrmulation and implementing

more efficient feeding strategies (Kaushik 1998p@hd Bureau 2001).

15 Digestibility and utilisation of feeds

The nutritional value of a feed is not solely based its chemical
composition but also on the amount of nutrients andrgy that can be absorbed
and used; the digestibility being the differencena®n the amount of nutrient taken
in and that excreted as faeces (NRC 1993). Detanmithe digestibility of feeds

and ingredients is important as it indicates thalability of nutrients to the animal.

10



The daily requirements for maintenance and growathtben be described in terms
of DP and DE and diets can be formulated on a tigegather than gross nutrient
basis (NRC 1993; Houlihan et al. 2001; Bureau .€2@02).

It is important to note that digestibility is not measure of nutrient
utilization but an indication of the potential aehility of energy and nutrients
through the digestive process (NRC 1993; Bureal. &002). The utilization of DP
and DE is dependant on the composition of the ahet the efficiency with which
tissue deposition (growth) occurs (van Milgen andblt 2003; Schroeder and
Titgemeyer 2008). Modern commercial aquaculturenfag practices demand the
efficient conversion of feeds into the productiohbody tissue (usually protein
deposition) to maximise economic returns and emwirental sustainability.
However, to achieve this, a detailed understandihghe relationships between
nutrient intake, tissue deposition and body contmosiis needed. Patterns of
protein deposition with increasing levels of DPak# can vary considerably
between species, diet and environmental conditiBesponses in fish can be linear
(Lupatsch et al. 2001a; Fournier et al. 2002; Lsgatand Kissil 2005; Peres and
Oliva-Teles 2005) or curvilinear (Huisman et al729McGoogan and Gatlin 1998;
Watanabe et al. 2000b; Bureau et al. 2006) indigatiat utilization efficiencies are
either constant or tend to plateaith increasing protein intake. Understanding how
growth is affected by the nutrient intake levelingportant in optimizing feeding
strategies for aquaculture species. A curvilinemponse indicates that restrictive
feeding will optimise feeding efficiencies whilegorting rapid growth, conversely
a linear response indicates that satiated feedingquired to achieve maximum
growth and feeding efficiencies. As the costs afiedgeds represent the greatest

proportion of costs in fish production, getting fleeding strategy wrong can result
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in significant loss of revenue through either esoes feed wastage and/or

undesirable body conditioning, or delayed produrctigcle turnover.

1.6 Bioenergetic approach to practical feed evalumn systems

Nutrient requirements in fish have traditionallyebedetermined empirically
using a dose-response approach, typically with ltegain or nutrient retention
expressed as the response criteria and the redhtpanalysed using linear or non-
linear regression. Evaluating diets by testingcalinbinations of nutrient inclusion
levels against various response criteria and umdeous culture conditions will
undoubtedly yield the most accurate definitionsyéeer, this approach is neither
cost effective nor practical to implement. Mathegat modelling in animal
nutrition provides an extremely useful tool in tdevelopment of practical feed
evaluation systems (i.e. feeding standards andtipeag to describe and predict
nutrient requirements, body composition and growththe animal (Cho 1992;
Dijkstra et al. 2007). Bioenergetics is the quaitie study of energy gains, losses
and transfers within the whole organism based crmbdynamic principles
(Jobling 1994; Haynie 2001; Bureau et al. 2002} has been widely applied to
animal nutrition and the development of feed evadmasystems over the past
several decades (Brody 1945; Kleiber 1961; Chol.et382; Bureau et al. 2002;
Dumas et al. 2008).

Traditional bioenergetic systems are factorial; icéal energy requirements
are calculated as the sum of energy required fanteraance, activity, growth,
reproduction etc. (Baldwin and Sainz 1995). Thdif@ning and quantification of

dietary energy is important in the study of nutritl energetics because it provides
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a convenient platform to predict the energy balasicendividuals based on body
weight, sex, activity, physiological state, envinment, and amount and nutritive
value of the feed eaten (Baldwin and Bywater 1984)s information can then
form the basis for practical diet formulation andleation (Baldwin and Bywater
1984; Bureau et al. 2002). It is important to radeg that the factorial method is
empirical in form; models based on the digestioetabolism and utilisation of
nutrients need to be considered in the contextetdvant culture conditions to
accurately predict growth and feed requirementdidgion against independent
feeding trials will determine the predictive acayaf the models and assess the
need for adjustment of the input data definingrtioelel parameters.

It is recognised that the bioenergetic approach iteadimitations; most
notably the presumption of additivity of functiorffactors) without interaction
(Baldwin and Sainz 1995) and the fact that aninalstinue to deposit protein
while losing lipids when fed maintenance levelsD# (Bureau et al. 2002; van
Milgen and Noblet 2003; Sandberg et al. 2005a).rd fage indications that some
bioenergetic models have not been well evaluated the ranges of conditions to
which they have been applied (Bajer et al. 200uhoagh this seems to indicate
issues with the application of the models rathantthe principles and fundamental
concepts of bioenergetic theory. Bioenergetic modah therefore be regarded as
relatively inflexible in their adaptability (Bureaet al. 2002) which is, in part, an
artefact of the empirically derived nature of th-snodels. The adequacy of some
feed evaluation systems has also been questiortbé\aare devised to meet animal
requirements rather than predict animal responsegchwhas seen a shift (back)
towards nutrient-based mechanistic models to meadenm animal production

demands (Dijkstra et al. 2007; Dumas et al. 2068)wever, some mechanistic
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models, while being theoretically correct, may hmnsidered too complex for
implementation in practical feed evaluation syst¢Bwgeau et al. 2002).

In spite of the limitations noted above, the faictioapproach remains a very
useful and practical method in constructing feeal#ation systems. Several models
have been successfully developed to predict grofeid requirements and feed
efficiencies in a number of fish species using ¢hpanciples (Cho and Bureau
1998; Lupatsch et al. 1998; Lupatsch et al. 20QLaatsch and Kissil 2005; Zhou
et al. 2005; Glencross 2008). Factorial models dase bioenergetic principles
which also integrate a nutrient-based approach bevgreatest flexibility and can
be adapted to formulate feeds based on specifieentitequirements (e.g. Lupatsch
et al. 1998) or predict waste outputs of inorgarampounds (e.g. Hua et al. 2008).
Furthermore, these types of “hybrid” models (seDsmas et al. 2008) can provide
greater and more relevant application in the cdriéxommercial production when
calibrated using on-farm data (e.g. Bureau et @GD32 Lupatsch et al. 2003a;

Glencross 2008).

1.7 This thesis

The work presented in this thesis forms part of M@mv South Wales
Department of Primary Industries (NSW DPI), Poregbtens Fisheries Institute
current research prograniréed Technology for Temperate Marine Fish Species’
FRDC Project No. 2004/220, funded by the FisheResearch and Development
Corporation (FRDC) and the Aquafin Cooperative Rede Centre (Aquafin CRC).

Chapters 2, 3, 4, 5 and Appendix 1 are unabridgadians of the manuscripts
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published in international peer-reviewed journatscli have been re-formatted for
this thesis.

The general aim of this thesis was to establishaatigal feed evaluation
system for mulloway based on the factorial approafthis was achieved by
conducting a series of interrelated studies whietemined the requirements for
DP and DE for maintenance and growth and descrdmuects of metabolism
relating to the fasting and feeding physiologylo$ tspecies.

Mulloway have a strong shoaling instinct, particiylas juveniles, and are
easily startled in culture systems. Therefore, lat ptudy @ppendix 1) was
initially carried out to identify appropriate stoog densities which would assist in
mitigating the potential for adverse density demgndoehavioural effects in the
subsequent feeding and metabolic studi@eapter 2 investigated the fasting
routine metabolic rates (RMR) of mulloway and yeftail kingfish and provided
the opportunity to compare the metabolic respon$assedentary (mulloway) and a
highly active species (yellowtail kingfish) oveibeoad range of temperatures. The
results of this experiment also provided insighb ithe appropriate temperature at
which to culture these specieShapter 3 builds on the results established in
Chapter 2 by also testing the effect of body weigihtthe RMR and postprandial
metabolic response in mulloway over a range of sratpres.Chapter 4 further
investigates the feeding physiology of mulloway dgscribing responses of body
gain and composition to varying feed intake levdd? and DE utilization
efficiencies and the requirements for maintenaneeevestablished based on the
patterns of protein and energy deposition as atifumcof DP and DE intake
respectively. The interactive effects of DP and @Ethe feed intake, growth and

body composition of mulloway were investigatedinapter 5 using a classic dose-
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response approach. This study identified the optidia content and DP:DE ratio
for mulloway. The results in this study also servedvalidate estimations made
using the factorial method in the following chapt€hapter 6 consolidates the
results of the previous experiment chapters tdoéistaa feed evaluation system for
mulloway based on the requirements for DP and DEactorial approach was used
to estimate the requirements for DP and DE for owdly throughout the
production cycle and diet formulations and feediagimes were then iteratively
derived. The overall results from this thesis aseussed and the main conclusions
are presented i€hapter 7. Chapter 7 also presents a sensitivity analysithef
individual parameters used to populate the mathealaub-models which form the

framework of the factorial model.

The specific objectives of this thesis were to:

1. identify the effects of stocking density on thewtio of mulloway

2. describe and compare the RMR of mulloway and yedHldvkingfish as a
function of temperature

3. describe the influence of body mass and temperataréhe RMR and
specific dynamic action (SDA) of mulloway

4. determine i) the protein and energy utilizationpmsses in mulloway to
increasing DE and DP intake, ii) the efficienciédsD&# and DE utilization,
and iii) the DP and DE maintenance requirementauwfoway

5. i) describe the interactive effects of varying DiRdeDE content on feed
intake, growth, protein utilization and whole baghymposition of mulloway,
i) determine the optimal DP content for mullowaydaii) to determine the

optimal DP:DE ratio for growth.
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6. describe the requirements for DP and DE for mullpwaroughout the
production cycle using the factorial method andi¢oive diet formulations

and feeding regimes based on the requirementgdteip and energy.
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Chapter 2

The Routine Metabolic Rate of Mulloway and Yellowtal Kingfish
Acclimated to Six Different Temperatures

The following chapter is published as:

Pirozzi, I., Booth, M.A., 2009. The routine metabalate of mulloway Argyrosomus japonicus:
Sciaenidae) and yellowtail kingfisidriola lalandi: Carangidae) acclimated to six different
temperatures. Comp. Biochem. Physiol. A-Mol. Intéjnysiol. 152, 586-592.

2.1 Abstract

This study compared the mass-specific routine noditalvate (RMR) of similar
sized mulloway Argyrosomus japonicus), a sedentary species, and yellowtall
kingfish (Seriola lalandi), a highly active species, acclimated at one ofessH
temperatures ranging from 10 — %5. Respirometry was carried out in an open-top
static system and RMR corrected for seawater-atherspQ exchange using mass-
balance equations. For both species RMR increasezhrly with increasing

98 ! and for

temperature ). RMR for mulloway was 5.7B- 29.0 mg Q kg
yellowtail kingfish was 12.1T -39.40 mg @ kg%® h™. The factorial difference in
RMR between mulloway and yellowtail kingfish rangedm 2.8 to 2.2 depending
on temperature. The energetic cost of routine @gtoan be described as a function
of temperature for mulloway as 1P3- 9.68 kJ kd® day' and for yellowtail
kingfish as 4.0% — 13.14 kJ k§-®day*. Over the full range of temperatures tested
Qo values were approximately 2 for both species wRklig responses at each

temperature increment varied considerably with awaly and yellowtail kingfish

displaying thermosensitivities indicative of eagheaes respective niche habitat.

18



RMR for mulloway was least thermally dependent &52C and for yellowtail
kingfish at 22.8C. Activation energiesH,;) calculated from Arrhenius plots were
not significantly different between mulloway (4%& moi*) and yellowtail kingfish

(44.1 kJ mot).

2.2 Introduction

Mulloway (Argyrosomus japonicus) and yellowtail kingfish $eriola
lalandi) are marine carnivores that are important fooctiggeand highly sort after
sport fish. They are both important aquaculturesgsein Australia and are cultured
in sea cage or on-shore recirculation systems. &Vhioth species sometimes
naturally co-occur each occupy distinct niche habit Mulloway are found in
estuarine, near-shore waters and surf zones (Bsffil996; Griffiths 1997;
Silberschneider and Gray 2008). Yellowtail kingfeste a schooling pelagic species
with a circumglobal distribution and are found iothb near-shore and off-shore
waters (Kailola et al. 1993). In Australia both s are similarly distributed
around the eastern and southern seaboards althaligiwtail kingfish are also
found in cooler temperate waters of the Bass Sarait Tasmania while mulloway
are also found in the warmer temperate watersed\tbrth West Cape of Western
Australian (Kailola et al. 1993). Both species @sssdistinct physiological and
morphological characteristics adapted to exploiteirth respective niche
environments. Mulloway are a relatively sedentgpgcses (Silberschneider and
Gray 2008) that are euryhaline (Fielder and Bayd$@99; Harrison and Whitfield
2006), eurythermal (Harrison and Whitfield 2006ypbxia tolerant (Fitzgibbon et

al. 2007b) and have a low aerobic capacity simdaainbow trout and Atlantic cod
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(Bushnell et al. 1984; Schurmann and Steffense’;1B®zgibbon et al. 2007b). In
contrast, yellowtail kingfish are a high-performanisigh-energy-demand species
which share many of the specialized morphologidalpgations of the tunas (Dewar
and Graham 1994, Clark and Seymour 2006) and haaeebic metabolic scope
similar to that of other highly active teleost sipscsuch as salmon (Clark and
Seymour 2006).

Metabolism reflects the uptake, transformation alhacation of energy and
materials for maintenance, growth and reproductiba;rate at which this occurs
determines the pace of an organism’s life (Browralet2004). Metabolic theory
links metabolic rate on a broad scale to the egoltufgpopulations and ecosystem
processes (Brown et al. 2004; van der Meer 2006lpvalh the organismal level life
history traits such as development time (Finn et2802; Gillooly et al. 2002),
mortality rate (Brown et al. 2004) and reproductraée (Savage et al. 2004a) can
also be predicted (Brown et al. 2004). An individsiametabolic rate is
predominately a function of its mass (Schmidt-Neald.975; West et al. 2002) but
will also vary considerably depending on its adyivievel (Boisclair and Tang
1993), health (Barton 1997) and nutritional statisbling 1982). Temperature is
one of the most important extrinsic factors infloeig metabolic rate in ectotherms,
directly governing the speed at which biochemicadl ghysiological processes
proceed (Clarke and Johnston 1999; Hochachka amdei®02002) as well as
having a direct influence on activity (Jobling 1987Zhe relationship between
temperature and metabolic rate is strongly linlethe temperature dependence of
enzymatic reactions (Hochachka and Somero 2002).

Respiration rate, measured in terms of oxygen aapton MO,), is an

accurate proxy for metabolic rate (Withers 1992riiing an organism's metabolic
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rate in this way is useful as it firstly providesdaect measure of the animals
requirement for oxygen, information which is crdidor the culture of any aquatic
species and secondly, it allows indirect estimaiofithe requirements for energy
(Elliott and Davison 1975). Metabolic rates of nowhy and yellowtail kingfish
have been measured previously; however only atgestemperature for mulloway
(22 °C; Fitzgibbon et al. 2007b) and over a snaihperature range for yellowtail
kingfish (20-25 °C; Clark and Seymour 2006). Thatedies showed that the
standard metabolic rate (SMR) of mulloway and yethol kingfish, scaled for body
weight and temperature, were similar (Clark andnSmy 2006; Fitzgibbon et al.
2007D).

In this study, we examine the influence of a widege of temperatures on
the routine metabolic rate (RMR) of mulloway andlgwtail kingfish where RMR
reflects theMO, during routine activity and spontaneous moveméninded, but
not starving fish (Fry 1957; Beamish 1964). Theralleobjectives were twofold,;
firstly to validate an open-top respirometry systamd secondly, to describe the
RMR of mulloway and vyellowtail kingfish as a furmti of temperature. As
biogeographic patterns of distribution and abundaace closely linked to the
temperature-adaptive physiology of ectotherms (ldobka and Somero 2002;
Somero 2005), we hypothesize that the RMR of mudipwand yellowtail kingfish
will closely reflect those characteristics notedowady i.e. relative to yellowtail
kingfish, mulloway will 1) have a lower RMR 2) shaweduced thermosensitivity
response to different acclimation temperatures 3nexhibit a higher temperature

at which RMR is least thermally dependant.
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2.3 Materials and methods

2.3.1 Respirometry validation

MO, readings used to calculate the metabolic rates oflomay and
yellowtail kingfish in this study were measured an open-top system; i.e. the
surface water was exposed to the atmosphere. Dhneréd transfer coefficients at
each temperature treatment were established inparage trial to account for
atmospheric transfer of 0nto seawater at sea level (1013 hPa). This waraed
by depleting DO levels down to 60% saturation usiiigpgen gas and measuring
the rate of increase to resaturation. Duplicate R€&periment tanks (dimensions:
top diameter = 78 cm; bottom diameter = 68 cm; lmeg55 cm) were placed in the
sumps (fiberglass tanks 2.7 x 1.2 x 0.6 m) of a&circulation system (described
below) which acted as water baths maintaining @mistemperatures. Inside tank
surfaces were scrubbed down and disinfected withuso hypochlorite (NaOCI)
before the start of each temperature reaeratial, trinsed and refilled with
seawater which had also been treated with NaOCI rendralized with sodium
thiosulphate (Ng5,03). A small submersible aquarium pump (flow rate
approximately 5 | mitf) was placed at the bottom of each 200 | tank asitipned
to create a small turbulent flow to mimic fish mowent in the tanks; initial DO
readings taken at the near-surface, middle andotowf tanks were virtually
identical indicating complete mixing. DO Readings éach temperature trial were
taken at intervals of approximately 0, 1, 6, 18 #dreh every 24 h up to10 d or until

resaturation was achieved.
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2.3.2 RMR experiment design and fish handling

The mass-specific routine metabolic rate (RMR; g kg®® h?) was
established at 6 temperatures for mulloway (10, 2®, 25, 30 or 35C) and
yellowtail kingfish (10, 15, 20, 25, 30 or 32°86). Fish were F1 juveniles of wild
caught broodstock held at the New South Wales Deyart of Primary Industries,
Port Stephens Fisheries Institute (PSFI).

Eight mulloway (181.8+¥4.4 g; meanzSD) or 5 yellawt kingfish
(206.0+7.0 g) were stocked in triplicate groupi@00 | tanks for each of the 6
temperature treatments with each tank constituing experimental unit. The
recirculation system supplying the tanks was sptia two independent banks with
one bank designated as cool water (10 2G0while the other designated as warm
water (25 — 35C). Fish were initially stocked at ambient watenperature (23C)
then, depending on which system they were assigaéjsted up or down to
specific temperature treatments in increments’6fday’, which is in excess of the
1°C h* required for complete temperature acclimation dto#merms (Mora and
Maya 2006) Fish were held for one week at that temperaturerb&lO, readings
were taken using a Luminescent Dissolved OxygenQI') meter (model HQ30d-
LDO101-03; Hach Company, Loveland, CO, USA) whicaswcalibrated at each
temperature treatment according to manufacturetsuictions. The temperature for
each unit was controlled with a chiller and immensiheater operating in an
antagonistic mode which allowed precise temperatargrol of +0.5°C of the set
temperature. Constant water flow (3607 fand air was supplied to all tanks when
MO, was not being recorded. 100% medical graden@s injected into the main
water supply manifold for the high temperature tirents (30 and 3%C). After fish

were initially stocked PVC tubes 300 mm long and88 diameter perforated with
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10 mm holes were positioned vertically down frora tientre surface of each tank
to act as sleeves through which the LDO probe cbealéhtroduced discretely into
tanks without disturbing the fish. Black plasticests were also placed across the
front top half of tanks to prevent disturbance igh ffrom the presence of workers
takingMO, readings.

A power failure occurred over night during the @uoeltization period from
33 to 34°C resulting in the loss of 37.5 % of the mullowaydal00% of the
yellowtail kingfish from the warm water system. Nhdities were likely due to low
DO levels. There was 100 % survival of both mullgveend yellowtail kingfish in
the corresponding cool water system (12 td@)L Both species were restocked for
the warm water treatment group at ambient tempesit{26°C) and re-acclimated
following the above protocols. No further mortagi occurred. Some yellowtail
kingfish were previously observed to regurgitatedfaat 33°C; therefore it was
decided upon restocking to eMD, readings at 32.%C for that species.

Water quality parameters were consistent betwestesys and pH (7.93 —
8.16), NH' (<0.1 mg ™ and salinity (33.4 — 35.0 ppt) were monitoredutagy.
All fish were fed a maintenance ration once daifyaocommercial diet (Ridley
AquaFeed Pty. Ltd., Narangba, Qld. Australia; #&.%rude protein, 18.7 % crude
fat, 22.2 MJ kg gross energy). All fish were fasted for 48 h pti@MO, readings
to ensureMO, readings were not confounded due to post-pramdiatts (refer to

Chapter 3).

233 MO;

MO, was established by measuring the decrease of D&damding water
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over approximately 1 hourly intervals. Measurementse repeated three times
over several hours for each replicate tank andrteéan used to calculate RMR. For
all MO, trials DO levels were at or near saturation att geadings and always
remained above 60 % after 1 h. After each end ngadvater flow was re-

established for approximately 1 h to flush tanksyatabolites and return DO to
saturated levels. Each temperature treatment gn@aspindependent and fish were
removed from the system and re-weighed after campl®f MO, readings for that

particular temperature and species group. Backgrdimchemical oxygen demand
(BOD) was then determined for each replicate taftdr dish were removed and

water re-saturated with,O

2.34 Dataanalyses

2.3.4.1 Atmosphere-seawater oxygen transfer

Predicted rates of reaeration were derived by fiestablishing the
relationship between Ssaturation (%) and £concentration (mgY) at temperature
(T) according to the linear relationship of the cméghts wherx andy-intercepts =
0 (r?=0.998) (Figure A2.1). Equivalent oxygen concemrat (mg 1) could then be
established for Top (100 %) and Bottom (60 %) sdion levels at any temperature
(T) (Figure A2.2). G transfer (OT; mg1) (Figure A2.3) and @transfer rates
(OTR; mg I* h%) (Figure A2.4), applicable to the system and ctimis used in the

current study, can be described by the exponemdidciations:

OT = Bottom+ (Top— Bottom) x (1—exp(k xt)) (2.1)
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Where Bottom = @concentration (mg?) at 60% saturation at temperatdeTop
= O, concentration (mgY) at 100 % saturation at temperatilitk = rate constant;

= time (h)

OTR = (Top- Bottom)x exp(k xt)) + Bottom (2.2)

Where Top = max. OTR (mg'lh?) at temperaturd whent = 0; Bottom = 0
(saturated; fixed)k = rate constant;= time (h)

Rate constants were described as a function of@éstyre according to the
linear relationship ok (y-axis)andT (x-axis)for OT (whenx andy-intercepts = 0O;
r? = 0.98) and also for OTRHntercept# 0; r? = 0.78). By solving fot in equation
1 at a known OT value (geometric mean of beginr@nd end reading) the OTR
could then be derived at any point of the gpadient between 60-100% saturation

and for any temperature between 1635

2.3.4.2 Metabolic indices

References to temperaturd) (are in °C unless otherwise stated where
temperature is absolute temperature’in Mass-specific data are scaled using the
metabolic body weight exponent of 0.8 (Brett ancdoves 1979). Once OTR and
background BOD were established the mass-specMi&k Ror each species at each

temperature could then be calculated as:

RMR (mg kg™® h") = (V/BW /n) x (40, = O,y + Oppy) (2.3)
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Where V = tank water volume (I); BW = mean body gtei(kg’®; n = number of
fish tank'; 40, = net change in ©concentration (mg™ h™) inclusive of fish
respiration, atmospheric re-aeration and backgr&®@D; O = atmospheric OTR

(mg I hY); Oupeq= background BOD rate (mg h)

Interspecific differences in the relationship beaweRMR and temperature
were analyzed using linear regression. ANCOVA wsesduto compare slopes and
elevations (Motulsky and Christopoulos 2003). Faatdifference was calculated
as RMRelowtail kingfish / RMRmuioway: All results were regarded as significant at

p<0.05. Data are presented as mean * standard error.

Kinetic function was indexed by the effects of tergiure on the apparent
activation energyH,) of each species with, determined directly from the slope of

Arrhenius plots using the equation (Kotz and Treld996):

E, = —slopexR (2.4)

Where slope ZInRMR/ A1/K ) K is absolute temperatur®{ andR is
the universal gas constant (8.3145 x31D mol* K™). Slope discontinuities in
Arrhenius plots can indicate perturbations in tmelerlying rate process and are
identified at the Arrhenius breakpoint temperat(&8T) (Hochachka and Somero
2002). ABT'’s were not detected for either speciesrespiration rates did not fall at
high temperatures, however the temperature seibgitl RMR was described by
applying nonlinear regression to temperature quoot{®.¢) values plotted as a

function of the geometric mean temperatf@) (with the asymptote describing the
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temperature which has the minimum influence on RMfR respect to a £C shift
in temperatureQ;o values were established each temperature interval using the

equation:

QlO = (Kz / Kl)lO/(Tz_Tl) (2-5)

WhereK; andK; are the RMR valueat temperature$; andT, respectively.

Table 2.1. Parameter values used to populate Eqns. (2.1) 289 describing
the re-aeration rates of seawater as a functiaerperature (10-38C) applicable
to the system and conditions used in this study.

Parameter OT (mg I OTR (mg I h})
k 0.0014r 0.0009r +0.0098
Top 8.2377xexp(-0.037T) +3.6963 0.0036"

Bottom 4.9389%x exp(-0.0369r) + 22106 0

2.4 Results
24.1 Respirometer validation

Table 2.1 describes the theoretical parameterscaye to the system and
conditions used in the current study to estimatenaion rates in Eq. (2.1) and
(2.2).

Background BOD rates at low temperatures (10 an8C)5were typically
beyond the resolution limits of the LDO probe taet¢ a change (i.e. <0.01 mig)|
and were therefore assumed to equal that of therdéheal OTR applicable to that
temperature. Background BOD generally increasedh witreasing temperature

with BOD in yellowtail kingfish tanks tending to egher in warmer water than
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mulloway tanks (Figure 2.1). BOD slopes betweencigse were significantly
different (<0.05). Average (OTR adjusted) background BOD rangeere
approximately 0.005-0.030 (mgQ™ h) depending on temperature and species
tank.

There was no significant differences found betw#enRMR of uncorrected
data when compared to values that were correcte@Tdr and background BOD
(p>0.5; Figure 2.2). The proportion g, attributed to fish respiration far exceed
that due to OTR and background BOD; ranging fromltdwest at 97.1+0.1 % for

mulloway tanks at 38C to 99.9+0.1 % for yellowtail kingfish tanks at 4D.

KF BOD = 0.001T-0.006 ¢?=0.82)
M BOD = 0.0009-0.003 (?=0.78)

o

o

oy
[]

°

BOD (mg It h'}
o o
o (@]
i N

Temperature °C

Figure 2.1. Background BOD (mg ™} h?) in mulloway (M; triangle) and
yellowtail kingfish (KF; circle) tanks adjusted f@TR (meanzse; n=3).
2.4.2 Metabolism

The following results are reported as correctea.daMR of both mulloway
and yellowtail kingfish was shown to increase digantly with temperature

(Figure 2.2). RMR was significantly differenp<0001) between species at each
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temperature. RMR for mulloway ranged from 33.0+h§ O, kg®® h* at 10C to
180.2+11.7 mg @kg®® h' at 35°C while the RMR of yellowtail kingfish ranged
from 85.3+4.5 mg @kg’® h' at 10°C to 382.3+8.9 mg £kg?® h' at 32.5°C. The
relationship between temperatued RMR was linear for both species (Figure 2.2)

and can be described as:

RMRmulioway = 5.78F - 29.004 (*=0.97) (2.6)
RMRyeIIovvtaiI kingfish = 12.113 -39.402 (2 = 0.95) (2.7)
400+
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Figure 2.2. Linearrelationship between temperature and the massfgpB&R

of mulloway (triangle) and yellowtail kingfish (cie). Data points and solid
regression lines represent corrected data (meamtse3). Dashed regression lines
representing uncorrected data also shown for casgrar

The factorial difference between RMR of mullowaydarellowtail kingfish
derived from Eq. (2.6) and (2.7) was not constaritdecreased exponentially with

increasing temperature:

RMR factorial difference 8.469x exp(-0.174T) + 2. 222(r*> = 0.99) (2.8)
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There was no significant difference between thg@edoof Arrhenius plots
for mulloway and vyellowtail kingfish p&0.25; Figure 2.3). The Arrhenius

relationship can be described as:

INRMRmuiioway = -5.729(1/Kx16) + 23.876 *=0.97) (2.9)

INRMReliowtail kingfish = -5.320(1/Kx16) + 23.360  (* = 0.95) (2.10)

In RMR
(mg O, kg%® h't)
o
(@]

‘ A

w

31 3.2 3.3 3?4 35 3.6 3.7

K*x10°
Figure 2.3. Arrhenius plot of for mulloway (triangle) and yeMail kingfish
(circle) where K = absolute temperature.

Ea can be calculated as 47.6(+2.1) and 44.1(+2.8hé&(J" for mulloway and
yellowtail kingfish respectively.

The lowestQ;o for mulloway Q10 = 1.5) occurred between 25-30 and for
yellowtail kingfish Q0 = 1.2) between 20-28C (Figure 2.4).Qi values were
similar for both species over the entire tempemt@nge Q1o (10 - 35= 2.0 for
mulloway andQio (10 - 32.5= 1.9 for yellowtail kingfish). The relationshigetween

Q1o and temperature can be described as:
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Qiomulloway= 5.797 - 0.297 + 0.005> (r?=0.99) (2.11)

Qioyellowtail kingfish= 7-805 - 0.5489 + 0.012° (r* = 0.65) (2.12)

The asymptotes of equations 10 and 11 occurred3.& @nd 22.8C for
mulloway and yellowtail kingfish respectively.

Using the oxyenergetic coefficient of 13.59 kJ @, (Elliott and Davison
1975) the daily energetic cost of post-absorptougine activity can be described as

a function of temperature as:

mulloway (kJ k&’®day?) = 1.9297 — 9.677 (?=0.97) (2.13)

yellowtail kingfish (kJ k& 8day') = 4.04T — 13.141 ?=0.95) (2.14)

C v ] v ] 4 ) v |

0 10 20 30 40
GM Temperature (°C)

Figure 2.4. Relationship between mea®i o (n = 3) and geometric mean
temperature for mulloway (triangle) and yellowtdigfish (circle).
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25 Discussion

By nature of the gaseous phase, respirometers robigo estimate
metabolism in air breathing terrestrial animalsuieg|air-tight chambers to account
for O, and CQ budgets (e.g. Misson 1974; Moors 1977). This suelyponstrated
that the air-water interface in a static systenvigles a sufficient boundary layer to
establish reliable metabolic estimates and, althoukyis boundary layer is
permeableMO, through fish respiration can easily be accountedHrough simple
mass-balance equations. Re-aeration and backgrB@id rates were shown to
have a numerically small but statistically insigrait influence on the measured
RMR of mulloway and yellowtail kingfish. This wasedause the proportional
contribution of fish respiration to the change inODconcentration at all
temperatures far exceeded that due to re-aeratmh beckground BOD. The
advantages of establishiMO. in an open system such as the one used in thdg stu
are manyMO, of groups of fish is less likely to be confoundedelevated stress
which may occur with individually housed fish, pantarly with gregarious species
such as mulloway. Acclimation periods can easilyobea sufficient duration to
ensure relatively normal stress levels. Logisticalhe open-top system is much
more practical and cost effective than traditiomspirometers and, as such, allows
for greater replication and experimental power. ti@mous measurements over
longer periods in a static system can be achiewedhtermittent flow to avoid
hypoxic conditions (Forstner 1983; Kaufman et 889).

RMR is a useful index of metabolic requirement agssimfish maintain
routine swimming velocities. The RMR of similar simulloway and yellowtail
kingfish was shown to be linearly dependant on watmperature while

comparisons between the species clearly demordtaageeater demand for oxygen
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by yellowtail kingfish; the RMR of both species bgiequivalent when yellowtall
kingfish are at temperatures approximately halt thfamulloway. This difference
was made evident during the power failure at 3%3#hen 100% of the yellowtail
kingfish were lost while 62.5% of mulloway survivethe high oxygen demand of
yellowtail kingfish has clear implications for tlaguaculture of this species. While
mulloway are known to be relatively hypoxia tolaréifitzgibbon et al. 2007b) it is
critical that high DO levels are maintained for lgwitail kingfish, preferably at
saturated levels.

During routine activity yellowtail kingfish will casume, depending on
temperature, approximately two to three times ashmxygen as mulloway and
will therefore require two to three times as muctergy intake to fuel routine
metabolism. In the feeding study in Chapter 4, iedrrout using the same
recirculation system and experiment tanks as theeou study, the daily
maintenance digestible energy (DE) requirementarfaloway were found to be
44.2 and 49.6 kJ DE K day' at 20 and 2% respectively. These values are
higher than the energy requirements estimated #quoation 13 df. 28.9 and 40.5
kJ kg®® day’ at 20 and 26°C respectively). Maintenance energy requirements
derived from feeding studies in this way are inslesof the increased energetic
costs associated with prandial metabolism includipgcific dynamic action (SDA)
as well as general feeding activity. Clearly thantemance energy requirements of
fasted fish at routine swimming velocities compat@dhat of actively feeding fish
represent different levels within the metabolicpeof activity. This has important
implications for the construction of bioenergetiodels used to make predictions of
energy requirements, which in turn provide the fiation for diet formulations and

feeding strategies for cultured fish (Bureau eR8D2). A clear delineation between
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the different levels of activity must be made tsue the integrity of models
predicting “maintenance” energy requirements.

Fish have a lower metabolism and a correspondilogier activity level at
colder temperatures (Jobling 1982; Fonds et al219%hile swimming velocities
were not recorded in this study, the stark contirastctivity exhibited by the two
species is likely to have contributed towards tilgmiicant differences seen in
overall MO,; mulloway activity was generally restricted to maining their
position at the bottom of the tank while yellowt&ihgfish continued to swim
actively throughout the water column, although tadivity was quite noticeably
reduced in cold temperatures. Normalized for tepee and size, the standard
metabolic rates (SMR) of mulloway and yellowtaihgfish have been shown to be
similar although the aerobic scope of yellowtaihdfish is almost 3 times that of
mulloway (Clark and Seymour 2006; Fitzgibbon et28l07b). The decrease in the
factorial difference inMO, with increasing temperatures between mulloway and
yellowtail kingfish may give some insight into thbBermoregulatory responses
between the two species. The relative differencevéen standard and routine
metabolism in some species has been shown to decreath increasing
temperature (H6lker 2003) and this may be becaolksketemperatures are known to
enhance the oxidative capacity of skeletal musnkk @ther tissues (Guderley and
Johnston 1996).

The RMR of mulloway at 22C (98 mg k2 hh), derived from Eq. (2.6), is
very close to thé&/O, at the slowest swimming velocity recorded by Rithgn et
al. (2007b) for mulloway at this temperature inmokic conditions using a tunnel
respirometer. Fitzgibbon et al. (2007b) point cou&ttMO, of mulloway at the

slowest test velocity (7.5 cm'swas slightly higher than that observed at 15 €m s

35



(86 mg kg’® h'h) and attribute this to the energetic cost assediatith maintaining
stability at low velocities. Similar responsesMi©, as a function of low swimming
velocity have also been recorded for the Europeatass [icentrarchus labrax)
(Chatelier et al. 2005) and Pacific bonifar(da chiliensi) (Sepulveda et al. 2003).
While estimations of RMR, by definition, includéO, associated with spontaneous
activity (Fry 1957), estimates of SMR derived byrapolating relative swimming
speed to O velocities can be influenced by the gatier cost of stability at low
swimming velocities (Magnuson 1973; Webb 2002) ipalarly in obligate ram-
ventilating species such as the tunas and shaefai(&da et al. 2003; Sepulveda et
al. 2007).

While yellowtail kingfish are a high-energy-demankigh-performance
species that share similar morphological charasttesi of the tunas (Clark and
Seymour 2006) the RMR of tuna species is much higBeuthern bluefin tuna
(Thunnus maccoyii), a species that are also cultured in Australeeseha RMR of
834 mg k2 ht at 19°C (Fitzgibbon et al. 2008) which is more than ftores that
of yellowtail kingfish and more than ten times théat of mulloway at the same
temperature of. 191 and 81 mg K&® h' for yellowtail kingfish and mulloway
respectively). The high metabolic rate of tunaseigted in part to their elevated
endothermy and obligate ram-ventilating requiremg¢pulveda et al. 2003);
characteristics which are absent in other telesgth as mulloway and yellowtail
kingfish.

From Eq. (2.6) the predicted RMR of mulloway at°?5(121 mg Q kg®®
h1) is slightly higher than that of the similarly sedary barramundilétes
calcarifer) held between 26-32C (92 mg Q kg%® h') (data adapted from

Glencross and Felsing (2006) based on a 180 g fslryjamundi are a catadromous
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species that are also cultured in Australia, andewthe study by Glencross and
Felsing (2006) was carried out on barramundi irsHveater, the energetic cost
associated with osmoregulation by euryhaline spesiieh as mulloway in seawater
may not necessarily equate to a significant retatincrease iMO,. The influence
of salinity onMO,, and therefore energy metabolism, varies condiiedepending
on the species and rearing conditions (Claireauk laagardere 1999; Altinok and
Grizzle 2003; Wuenschel et al. 2005) as well as tifstory (Morgan and lwama
1991) making generalizations very difficult and essitating the establishment of
MO, and salinity relationships for each species asired.

The thermosensitivity of RMR in yellowtail kingfistiemonstrated a clear
parabolic response with the lowe€hy occurring between 20-25C and the
asymptote at 22.8°C. While not strictly stenotherms, the increased
thermosensitivity of RMR outside these ranges iadicthat yellowtail kingfish
have a narrower temperature range for optimal noditalfunction (compared to
mulloway) indicative of a temperate pelagic specfgsall temperatures yellowtalil
kingfish appeared to feed well, albeit noticeabdgsl vigorously at 16C. As
mentioned previously, initially stocked yellowtakingfish were observed to
sometimes regurgitate feed at 33 and although no ABT was detected, this
response may indicate that yellowtail kingfish wapproaching their upper thermal
limit.

The Q1o¢0-25) value of 1.2 for yellowtail kingfish recorded ihi¢ study is
considerably lower than that reported by Clark &egmour (2006) on the SMR of
the same specief{opo-25) = 4.5; BW = 2.1 kg). The short acclimation period,
although noted as ecologically relevant in theidgt of 5°C over 3 h ¢f. 2-3°C in

10 d this study) is likely the main reason for swtdcrepancy and highlights the
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need for acclimation periods of adequate duratiomcute temperature related
responses irtMO, are not desired. The thermosensitivity of RMR inlloway
demonstrated a reverse J-curve response with wWest@io occurring between 25-
30 °C and the asymptote at 286. In contrast to yellowtail kingfish, the curve
relating toQ1o values between 20-3& was very shallow showing little difference
over this range indicating that mulloway have a mixcoader ranging thermal
tolerance on metabolic function, typical of eurythal species inhabiting estuarine
and near-shore coastal habitats (Harrison and Wlditf 2006). The
thermosensitivity of RMR has implications for thquaculture of both species
particularly in terms of seasonal temperature pesfat site locations for sea cage
operations. Temperatures consistently above orwbellbose least thermally
dependent ranges may have negative impacts on girait

Ectotherms exhibit thermoregulatory behaviour byeralg spatial and
temporal patterns of activity to maintain their pag@mperature within a narrow
“optimal” range (Beitinger and Fitzpatrick 1979; ¢hmchka and Somero 2002).
This is linked with the idea that final thermal fm®nda and thermal physiology are
closely co-adapted and that thermal preferencescicta with temperatures that
maximize Darwinian fitness (Beitinger and FitzpeltriLl979; Angilletta et al. 2006;
Martin and Huey 2008). Martin and Huey (2008) hoereproposed the concept of
“suboptimal is optimal” in ectotherms whereby thefprred temperature may be
lower than the physiologically optimal temperatufiéheir model predicts that
animals will select temperatures that are somewdwa¢r than the temperature at
which fitness is maximal (Martin and Huey 2008) efiinal studies on mulloway by
Bernatzeder and Britz (2007) demonstrated a fimefepored temperature range of

25 — 26.4°C while the predicted temperature in the curremtisiat which the RMR
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of mulloway was the least thermally dependent wasewhat higher at 28.%C.
The Martin and Huey model (2008) may apply in tase only if we consider 28.5
°C near the physiologically “optimal” temperaturer fmulloway. We may then
speculate that yellowtail kingfish will select teemptures slightly below 22 if
given a choice; however this remains to be tedtesthould be remembered however
that the RMR values established in this study dréhe routine activity of post-
absorptive juvenile fish and therefore excludeittikience of post-prandial effects
and specific dynamic action (SDA); thermal sengigg may shift slightly
depending on physiological (and reproductive) staangilletta et al. 2002).
Indeed, studies on the thermal effects of postgiednmetabolic responses in
juvenile mulloway (Chapter 3) show a shift o values of approximately 0.2
when comparing the metabolic thermosensitivitiesvben peak SDAVO, and
RMR of 240 g fish. Furthermore a change in the dfiom of thermosensitivity
(Quopeakspa Qiorvr) Was seen depending on the shift in temperatum fr0.2
(Q1o(14-20) to +0.2 Q1o0(20-29-

As the body temperature of ectotherms conform&eoteémperature of their
iImmediate environment it is therefore reasonableawsider that their metabolism
also responds in the same way of simple chemicaltiens. According to kinetic
theory chemical reactions only proceed once the ladtained a minimum required
energy of activationH). Generally, at around room temperature {2% reaction
rates with arE, of ~50 kJ mof double for every 1T rise in temperature (Kotz and
Treichel 1996). Over the range of temperaturegdest this study th&, values of
mulloway (47.6 kJ mal) and yellowtail kingfish (44.1 kJ mid) were found to be
very close to this value and generally conform e bverallQio for most fish

species (Cameron 1989; Clarke and Johnston 1968kifilar reactions at a given
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temperature the greater the energy barrier (i.e.higher theE;) the slower the
reaction rate (Kotz and Treichel 1996); we candfme expect reaction rates within
mulloway to proceed at a similar rate as yellowtaiigfish. The difference in
routine activity between mulloway and yellowtaihgfish appeared to influence the
elevation but not the slope (Figure 2.4) indicatthgt E; may be independent of
activity level. Similar differences between the valigon but not the slope of
Arrhenius plots can also be seen between the SMRRMR of carp Cyprinus
carpio) (Becker et al. 1992).

To conclude, re-aeration rates and BOD levels afva¢er in the open-top
system used in this study were shown to have amnifisant influence on
estimations of RMR; even so, metabolic rates caradmirately quantified using
simple mass balance equations to account for minfluences not directly
associated with fish respiration. Comparable restdtpublished data on the same
species using more traditional flow-through resmieters also lend confidence to
the system and methods used. The thermosensitefyonse of RMR appeared
indicative of the temperature profiles where mubbgwand yellowtail kingfish are
naturally found. This has direct implications fdretaquaculture of the species
particularly with regard to appropriate site looas with exposure to optimal
temperature ranges; i.e. 20-2& for yellowtail kingfish and 25-30°C for
mulloway, although mulloway should still perform MWw& temperatures remain
above 20°C. The high oxygen demand of yellowtail kingfistcassitates the supply

of high levels of DO in any culture system for thfgecies.
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Chapter 3

The Effect of Temperature and Body Weight on the Ratine

Metabolic Rate and Postprandial Metabolic Responsia Mulloway ?

“The following chapter is published as:

Pirozzi, I., Booth, M.A., 2009. The effect of tennpire and body weight on the routine metabolic
rate and postprandial metabolic response in mulowlagyrosomus japonicus. Comp.
Biochem. Physiol. A-Moal. Integr. Physiol. 154, 1108

3.1 Abstract

Specific dynamic action (SDA) is the energy expehdm the physiological
processes associated with meal digestion and mngyr influenced by the
characteristics of the meal and the body weight YBAWd temperature of the
organism. This study assessed the effects of teatyerand body weight on the
routine metabolic rate (RMR) and postprandial mefiabresponse in mulloway,
Argyrosomus japonicus. RMR and SDA were established at 3 temperaturés2Q@
and 26°C). 5 size classes of mulloway ranging from 60 d.tb4 kg were used to
establish RMR with 3 of the 5 size classes (60, 420 240 g) used to establish
SDA. The effect of body size on the mass-specifidRR(mg & kg* h) varied
significantly depending on the temperature; thees & greater relative increase in
the mass-specific RMRfor smaller mulloway with increasing temperatureo N
statistical differences were found between the neag®nent lj) values at each
temperature when tested agaihligt b = 0.8. The gross RMR of mulloway (mg O

fish™ h?) can be described as function of temperatlirel4-26°C) as: (0.0195 —
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0.0454)BW(gY® and the mass-specific RMR (mg &j* h™') can be described as:
(21.04Z — 74.867)BW(Gf% Both SDA duration and time to peak SDA were
influenced by temperature and body weight; SDA tlanaoccurred within 41-89 h
and peak time occurred within 17 — 38 h of feedifige effect of body size on peak
metabolic rate varied significantly depending omperature, generally increasing
with temperature and decreasing with increasingybside. Peak gross oxygen
consumption M1O,: mg O fish™ h') scaled allometrically with BW. Temperature,
but not body size, significantly affected SDA scop#hough the difference was
numerically small. There was a trend MO, above RMR over the SDA period to
increase with temperature; however, this was natissically significant. The
average proportion of energy expended over the $PAod (SDA coefficient)
ranged from approximately 7 — 13 % of the total iDake while the proportion of

total energy expended on SDA above RMR ranged aipproximately 16 to 27 %.

3.2 Introduction

The obligatory increase in oxygen consumptioviOg) that occurs in
animals after feeding represents the energy exgermae ingestion, digestion,
absorption and assimilation of a meal and is ofesmed specific dynamic action
(SDA) (Jobling 1981; Withers 1992). In ectotherras, increase in temperature is
generally accompanied by an increase in routine eak metabolic rates and a
decrease in the SDA duration (Robertson et al. 200éhg et al. 2003; Luo and Xie
2008). Body size also influences the SDA respons# & absolute terms, an
increase in body size will generally correspondatoincrease in metabolic rate,

SDA duration and peak metabolism (Tandler and Bsarh®81; Boyce and Clarke
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1997). The increased,@emand associated with feeding has practical oaptins
for the management of intensively cultured aquatimals. While dissolved O
may be at normoxic levels for fish during routiraity, the increased £demand
associated with feeding may, depending on stocki@gsities, induce periods of
oxygen debt. If chronic hypoxic conditions occuojuntary feed intake is reduced
(Glencross 2009) and production potential is thileglyf to be compromised.

The mechanical costs of processing food are coreside be negligible and
are in the order of 1 — 3 % of the energy experade®@DA (Cho and Slinger 1979;
Peck 1998) while in most animals, as much as 69688f SDA results from post-
absorptive metabolism associated with the anabodist of protein and lipid
synthesis, protein turnover and growth (Wieser 1984limer et al. 2000). The
magnitude and duration of the SDA response is lyremfluenced by the
characteristics of the meal such as compositiorsgR al. 1992; Peres and Oliva-
Teles 2001; Fu et al. 2007), ration size (Secor Brainond 1997; Fu et al. 2005)
and feeding frequency (Guinea and Fernandez 199l Gandara et al. 2002). The
proportion of the energy expended during the SDAiope above routine
metabolism can also vary depending on speciest(&l 2005; Fu et al. 2006).

The partitioning and quantification of dietary egeris important in the
study of nutritional energetics because it providenvenient platform to predict
the energy balance of individuals based on bodghiesex, activity, physiological
state, environment, and amount and nutritive valideed eaten (Baldwin and
Bywater 1984). This information can then form thesis for diet formulation and
evaluation (Bureau et al. 2002). Energy exchangebiological systems can be
studied in terms of their biochemical thermodynamar bioenergetics, which

involves the examination of energy gains, lossed @ansfers within the whole
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organism (Jobling 1994; Haynie 2001). Energy busigatcount for the energy
ingested (IE) and the energy used for metabolisny, {Nrogenous waste (UE),
fecal waste (FE) and production (P; somatic andsamatic growth). This can be

expressed in the general form:

IE=M+UE+FE+P

M can be further partitioned as the sum of routnetabolic rate (RMR; basal
metabolism + metabolism associated with routinevigg} + SDA.

The energetic requirements for RMR, maintenance gmodvth have been
established for mulloway (Chapter 2; 4); howevafpimation on the allometric
relationships with temperature and metabolism ianédd and there is currently no
information on the SDA response for this specidge ®bjectives of this study were
to describe the influence of body mass and temperain the RMR and SDA of

mulloway.

3.3 Materials & Methods

3.3.1 Experiment design

The influence of temperature on oxygen consump{id®,) was tested
using five size classes of juvenile mulloway (méaitial body weight (g) + SD;
60.4+ 0.9, 122.2+ 2.6, 240.5£3.6, 496.7+ 2.5 or(lé# 1.6). Sizes classes are
referred to as XS, S, M, L or XL respectively. Fighre stocked in triplicate groups
for each of the 3 temperature treatments (14, 2868€) into 200 | open-top tanks

at n = 22, 12, 8, 3 or 2 fish per tank for the X655M, L and XL fish respectively.
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Stocking densities were chosen to mitigate the riate for density dependent
behavioral effects (Appendix 1).

All fish (i.e. all temperature x size groups) wendially stocked into the
experiment system at ambient water temperatur€gLénd then adjusted°C day
! until the start temperature of P& was reached. Fish were then held for two
weeks at that temperature to acclimate to the sysiefore MO, readings were
taken for the 14°C treatment group. During acclimation all fish weied a
maintenance ration once daily of a 6mm sinking cemumal diet (Ridley AquaFeed
Pty. Ltd., Narangba, QId. Australia; 45.5 % crudet@in, 18.7 % crude fat, 22.2 MJ
kg' gross energy). The apparent digestibility coedficifor energy of the diet was
0.84 (Booth, unpublished data, 2008). Each tank suggplied with constant water
flow (6 | min™) and air wherMO, was not being recorded. Tanks were exposed to
indirect natural lighting (photoperiod 11L:13D) amdter quality parameters (pH

7.5-7.84; NH" <0.1 mg/L; salinity 30.6-33.0 ppt) were monitoregyularly.

332 MO,

MO, readings were established as per Chapter 2 weash fasted for 96, 72
or 48 h depending on the temperature treatmentl@e20 or 26'C respectively)
prior to establishing routine metabolic rates (RMRO, measurements for each
temperature were repeated three times over appadeiyn2 h intervals for each
replicate tank and the mean regarded as the RMir RIMR was established fish
were fed the commercial diet slowly from 16:30 oapproximately 1 h to slightly
in excess of apparent satiation. Any uneaten ellemaining after the feeding

period were counted then siphoned from tanks. Tletd intake was then adjusted
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accordingly using a predetermined individual peNeight of 0.21+ 0.02 g (mean *
SD; n = 202) MO; during the SDA period was monitored up to 72 huwetil MO,
rates fell within the standard error of RMR leveldO, rates remained elevated
after 72 h for the mulloway at € however readings taken at day 6 post-feeding
showed thaMO, had returned to RMR levelsThe L and XL size mulloway did
not feed well and were excluded from SDA analyses.

Fish that were assigned as the°C4treatment were re-weighed aftdiO,
readings were completed for that temperature amdoved from the system.
Background biochemical oxygen demand (BOD) wasrdeteed for each replicate
tank after fish were removed and water had beepaterated with @ The
temperature was then adjusted upClday* until the next experiment temperature
(20°C) was reached. The remaining fish in the systemeaeclimated for a further
week beforeMO, was recorded. This protocol was again repeatedHherfinal
temperature (26C). After MO, measurements had been completed a sub-sample of
5 individual fish from each replicate tank were heutized with an overdose of
benzocaine (ethyp-aminobenzoate) and dissected to determine theemeesor
absence of feed remaining in the digestive trash FFom the 14C treatment were

sub-sampled on day 6 post-feeding.

3.3.3 RMRand SDA Parameters

Mass-specifitMO, was calculated as:

(V / BW /n) X (AOZ - OZotr + Ozbod)
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Where V = tank water volume (l); BW = mean body gtei(kg); n = number of fish
tank'; 40, = net change in £concentration (mgh™) inclusive of fish respiration,
atmospheric re-aeration and background BOR, © atmospheric oxygen transfer
rate (OTR; mg T h"); Ouxoq = background BOD rate (mg'lh?). OTR was
calculated using seawater-atmosphesar@nsfer coefficients established in Chapter

2.

The followingMO, and SDA indices were calculated:

MOumrg Routine metabolic rate (RMR) expressed as gkt®s (mg O fish™* h't)
defined as the metabolic rate associated with st@nanetabolism and
spontaneous swimming activity of post-absorptiah fiasted for 48 h — 96 h
(depending on temperature treatment)

MOumr.s Mass-specific RMR (mg £kg™* ht)

MOssda-¢ SDA duration (h) defined as the time from initfeleding to the point
whenMO, rates returned to within the SE MIiO,.s 14C treatments were
estimated by fitting a quadratic function and diexgvthex-intercept whery =
+SE ofMOgimr-s

MO,sqap Peak post-prandiaVO, derived asy-intercept of asymptote of quadratic
function fitted toMOzsgaq

MO2sdapa SDA duration from feeding to peak post-prandidD, derived asx-
intercept of asymptote of quadratic function fittedMOzsga-q

MOscope Factorial scope calculated M,sga-pMOzrme-s ™

MO,sqs The cumulative measurement MO, (mg O kg') aboveRMR over the

SDA period. Calculated as the area under the c(##C) (Motulsky and
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Christopoulos 2003). £& treatment was estimated based on predicted
MO2sda-d

SDA coefficient: Estimate of the proportion (%) wital digestible energy (DE)
intake from feed expended on SDA. Based on an @tgetic conversion
factor of 13.59 kJ mg & (Elliott and Davison 1975) applied MOssga

SDAg: Proportion (%) of SDA energy expenditure aboveRRM

TE: Total metabolic expenditure (kJ'k8 over SDA period (sum of SDA + RMR)

3.3.4 Data analyses

The effect of temperature on tMmr.s andMOzm.q Of the 5 different size
classes of mulloway (XS, S, M, L, XL) was testedthwi2-way ANOVA
(temperature x size). SDA variables were comparetivdéen 3 sizes (XS, S, M)
using 2-way ANCOVA (temperature x size) with relatifeed intake (RFI: g feed
BW kg') as the co-variate. Two-way ANOVA was used on S@#iables where
the covariate was not significanMQosga-a MO2scopd. RFI was also compared
between XS, S and M size mulloway using 2-way ANOWA data were normally
distributed according to skewness, kurtosis and ibasnnormality tests (NCSS
2004, Kaysville, Utah). All variances were homogame according to modified
Levenes’ equal variance test. Tukey-Kramer test wgesl fora posteriori multiple
comparison of means on significant terms. Compassof individual model
parameters were made using the extra sum-of-squattest. Results of all

statistical tests were regarded as significapkat05.
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The effect of body weight on RMR at each tempeeatwas described by the

allometric equation:

RMR =aBW"

Wherea is the normalizing constant, BW is the body masg andb is the scaling

exponent describing the influence of mass on mdtabo Power functions were

iteratively derived using the non-linear least sqaanethod in Graphpad Pri8m 4.0.
The SDA responses for XS, S and M size mullowagath temperature

were fitted with a quadratic function in the form:

MOospa=a+ bt + Ct2

Where MO,spa is the mass-specifiO, (mg O kg h') over the SDA period

expressed as function of tim@ i hours.

3.4 Results
3.4.1 Temperature and fish size interactions

34.1.1 RMR

The effect of body size on thdO,m,.s of mulloway varied significantly
depending on the temperature (Table 3.1). Thereansgnificantly greater relative
increase iNMMO,mr-s for smaller mulloway with increasing temperatufalfle 3.2).
Partitioning of the data demonstrated no significanteraction (ANOVA;

temperature x sizg>0.5) betweerMOy s at 20 and 26C while comparisons at
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14 and 20°C were significant (temperature x size0.01). The interaction with
size and temperature is reflected in the diffesmatling exponentbj values (Table
3.3, Figure 3.1). Exponent values fd0;mr.gat 20 and 26C were very similar and
were higher at 14C (Table 3.3). However; no significant differencasafound
between each exponent value when tested agdingt = 0.8 >0.2, 0.05 and 0.1
for 14, 20 and 26C respectively). The gross RMR of mulloway (mg f3h™ h™)

can therefore be described as function of tempex Ty 14-26°C) as:

MOamrg = (0.0195 — 0.0454)BW/(dj® (r*=0.999) (3.1)

and the mass-specific RMR (mg &' h') can be described as:

MOzmrs = (21.04d — 74.867)BW(gf*  (r%=0.99) (3.2)

Table 3.1.  2-way ANOVA onMOzmr.s and MOqmq for all sizes classes. ns =
not significant ap<0.05, * =p<0.05, ** =p<0.01, *** = p<0.001

Source of MOy - MO2mr-g
Variation DF MS F P MS F P

A: Temperature 2 28290.2 377.4 *** 21595 118.1 « ***
B: Size 4 5755.3 76.78 *** 8648.6 473.1 ***
AB 8 359.1 4.8 % 209.6 11.5 el

Residual 30 75.0 18.3
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Figure 3.1. Relationship between BW (g) and MOimr-g and B.MOgmrs at 14
(squares), 20 (triangles) and 2B (circles). Solid lines represent power functions
with exponent lf) values fixed at 0.8 and -0.2 for graphs A andeBpectively.
Dashed lines represent power functions with uncamsd iteratively derived.
Refer to Table 3.3 for specific parametafues.
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Table 3.2.  Summary of RMRMO, results (meanzse) for XS — XL size mulloway at 28,and 28C. ANOVA on final BW data
analyzed within size class and were significarp<dl.05 but nop<0.01. Means sharing superscript letters are mtifesantly different
(p>0.05) according to Tukey-Kramer test.

XS S M L XL
Variable 14°C 20°C 26°C 14C 20°C 26°C 14C 20°C 26°C 14C 20°C 26°C 14C 20°C 26°C
BW (g) 61.6+0.3 60.4+2.1 60.9+0.6 123.5+2.4 119.2+3.3 a9p.0 248.8+3.0 235.5+1.4  245.7+3.6° 478.646.4 444.445.6 439.2+49.8 1134448 1011+18 976x3
Mozrmr—g
(mg O fish? hh) 5.6+0.F 9.7+0.2° 12.4+0.2° 9.4+0.F° 16.4+0.2° 21.2+0.8 17.7+0.5° 28.242.0%  37.1+1.3 31.443.6° 49.7+2.3 67.1+3.4 63.945.7  83.3x4.8 110.1+3.0
Mozrmr—s
(mg Oz kg hh) 90.8+1.9°  160.8+7.9 203.2+4.9 75.8+2.0° 138.1+3.9° 175.4+2.2 71.1£2.7° 119.9+9.6  151.0+3.6' 65.615.7° 111.945.8 152.645.8"  56.242.7 82.3+3.8 112.8+2.¢¢
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Table 3.3.

Parameters of the power functiprr aM® describing the relationship

between body mass afdOzmmr.g Or MOzmr.s for mulloway at each experiment
temperature. Data shown for iteratively derivedapagters and also for coefficient
values wherb fixed at 0.8(MOzmr.g) Or -0.2 MOzmr-g).

RMR Temperature

Unconstrainedb

Constrainedb

variable  (°C) atse btse atse r?
MO2mr.g 14 0.158+0.05 0.854+0.04 0.98 0.228+0.01 0.98

20 0.536+0.12 0.732+0.04 0.98 0.341+0.01 0.98

26 0.622+0.13 0.754+0.03 0.99 0.461+0.01 0.99
MOyms 14 174.2422.4 -0.1610.02 078 212.5#53  0.74

20 394.4+45.7 -0.218+0.02 0.89 360.4+7.3 0.88

26 440.61+45.6 -0.190+0.02 0.90 465+7.4 0.90
3.4.1.2 DA

Figure 3.2 shows the SDA responses for XS, S arxizkl mulloway at 14,

20 and 26°C. RFI was a significant covariate fMOssga-p MOzscope@Nd MOzgqa

(Table 3.4). No food was present in the digestraettof any size mulloway at any

temperature at the conclusion of the study.

The effect of body size 0MO,sqap Varied significantly depending on

temperature (Table 3.4)MOysqap generally increased with temperature and

decreased with increasing size (Table 3.5). Thatiogiship between peak gross

MO, (mg O, fish* h) and BW was allometric (Figure 3.3) and can becdiesd at

each temperature as:

14°C (mg Q fish™ h™") = 0.144BW/(g}**®
20°C (mg Q fish™ h") = 0.321BW/(g§ **?

26°C (mg Q fish* ') = 0.692BW(gj "*°

(r >=0.989)
(r>=0.998)

(r>=0.985)

(3.3)
(3.4)

(3.5)
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Figure 3.2. Temporal pattern of SDA measured as mbiD, (mg & kg' h?)
(xse; n = 3) of XS, S and M size mulloway at 14u@®s), 20 (triangles) and 26
(circles). Horizontal dashed lines represdt®,ms at each temperature and size
treatment. Refer to Table 2 fMO,m.s values. Quadratic functions shown fitted for
|lesta—d.

54



Table 3.4. 2-way ANCOVA on MO, SDA variables for XS, S and M size
mulloway with RFI as a significant co-variate. n1et significant ap<0.05, * =
p<0.05, ** =p<0.01, *** = p<0.001.

Source of MO2sda-p MO 2scope MO2sda
Variation DF MS F P MS F P MS F P
X(RFI) 1 384.3 12.3  ** 0.035 48 * 884959 56 *
A: Temperature 2 7703.9 246.6 ** 0.046 6.3 ** 562757 35 ns
B: Size 2 4048.0 129.6 ** 0.004 05 ns 247352 16 ns
AB 4 547.7 175 **  0.007 09 ns 362705 2.28 ns
Residual 17 31.2 0.007 159119
60- O 26°C )
) A 20°C (@)
—~~ 50'
A\ 4 O 14°C
N -
©) o 40-
S =
n
é = 30+
> <
o g 204
10+
C L ' L ' L ' L ' L ' L '
0 50 100 150 200 250 300
BW (9)

Figure 3.3. Allometric relationship between BW (g) and peaksgtO, (mg
fish* ity (n = 9).

Exponent values for peak gros0, at 14 and 2T differed significantly
(P<0.0001) from 0.8.

Temperature and body size significantly, but inaeleatly, influenced
MO2sda-pa@Nd MOzsga-d (Table 3.6).MOaosgaqranged from approximately 41 — 89 h
and generally decreased with increasing temperatodeincreased with increasing

size (Table 3.5)MOjsgapd ranged from 17 — 38 h. The relationship between
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temperature and botMOxsga.paaNd MO,sgagWas linear (Figure 3.4) with duration
decreasing with increasing temperature. There wasffiect of temperature between
slopes >0.5) with regard toMOysga-a hOwever the y-intercepts differed
significantly (<0.05). Therefore, when slope = -3.467 % 0.93),MO,sqa.q= 128.4
(r? = 0.96), 132.7r€ = 0.92) and 135.3 ir{= 0.91) atx = Ofor XS, S and M size

mulloway respectively.

45 A
40+
35+
30+
25+

20+

SDA peak duration (h)

10 15 20 25 30
100+

60+

SDA duration (h)

40-

204

10 15 20 25 30

Temperature °C

Figure 3.4. Linear relationshipbetween temperature and MOjsga.pd @and B.
MOasga-d(xse; n = 3) for XS (circles), S (triangles) and $duares) size mulloway.
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The relationship between temperatufe 14-26°C) andMOzsga-pafor XS, S

and M size mulloway can be described as:

XS =-1.189 + 48.36 (¢ = 0.94) (3.6)
S =-0.917 + 42.44 (?=0.87) (3.7)
M = -1.4707 + 58.07 (?=0.94) (3.8)

Temperature, but not body size, significantly a&ldViOoscope(Table 3.4).
MO,scopedemonstrated a small but statistically significamtrease of, on average,
0.16 at 26°C (MOgscope= 1.51) compared to both 14 and ZD (MOzscope= 1.37,
1.34 respectively) (Table 3.6).

There was a trend foMO,gq, tO0 iNncrease with temperature (Table 3.5);
however, this was not significant (Table 3.M)O,sqawas, on average, 1812, 1967
and 2799 mg at 14, 20 and 26 respectively (Table 3.5). There was no obvious

trend indicating the relationship betwdd®,sq4aand size (Table 3.5).

Table 3.5 2-way ANOVA on SDA variables for XS, S and M sigailloway
with RFI as a non-significant covariate. Results2efvay ANOVA for RFI also
shown. ns = not significant p&0.05, * =p<0.05, ** =p<0.01, *** = p<0.001.

Source of MO 2sga-pd MO cgad SDA coef SDA: RFI

Variation DF MS F P MS F P MS F P MS F P MS F P
A:

Temperature 2 459.6 1185 ** 3920.6 134.7 *** 199 94 * 1486. 8.9 ** 2404 47.1 ***
B: Size 2 55.0 142 ** 108.8 3.7 * 209 99 * 33.0 2.0 ns126.0 24.7 ***
AB 4 9.6 2.5 Ns 85 0.3 ns 72 34 * 235 14 ns 1885 *
Residual 18 3.9 29.1 2.1 16.4 5.1
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The influence of temperature on RFI and the SDAffaoent varied
significantly depending on the body size of mullgw@able 3.6). The average
proportion of energy expended on SDA ranged fropr@agmately 7 — 13 % of the
total DE intake (Table 3.5).

Temperature, but not body size, significantly ueficed SDA (Table 3.6)
with the greatest SDA energy expenditure above Rid&urring at 26C.

When expressed independent of mass, total eneqgnexure (TE) (kJ Kg
%8 increased linearly with relative energy intakd @®E kg®) (Figure 3.5). Post-
hoc comparisons between regressions of each tetapetaeatment indicated that
one set of global parameters could be used to ilestire data for 20 and Z&
(p>0.1). The slopes of the regression did not diffigmnificantly among the three
temperature treatmentp>0.5), consequently a common regression coefficant

be used across all temperatures:

TE(20-26C; kJ kg™®) = 0.068DE +7288 (r°=0.55; n=18) (3.9)

TE (14C; kJ kg”® = 0.068DE+6400  (r’=0.45; n=9) (3.10)
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3.4.2 MOyspa Curvefitting

Quadratic equations over thdO,sqa-g responses (Figure 3.2) are given
below. Estimates for the € treatment have poor coefficient of determina(ic
values as estimates were based on data collecteal 1 h post feeding and before

the full SDA response was completed.

XS mulloway

MO,spa (14°C) = 105.9 + 0.76- 0.012°  (r* = 0.26) (3.11)
MOsspa (20°C) = 176.1 + 2.11- 0.04¥  (r*=0.57) (3.12)
MOs,spa (26°C) = 241.5 + 8.10- 0.22%F  (r*= 0.68) (3.13)
S mulloway

MOs,spa (14°C) = 96.0 + 0.58- 0.009°>  (r*=0.18) (3.14)
MOs,spa (20°C) = 158.5 + 1.72-0.0341*  (r* = 0.59) (3.15)
MOs,spa (26°C) = 214.0 + 4.76- 0.129°  (r*= 0.70) (3.16)
M mulloway

MO,spa (14°C) = 84.9 + 0.96-0.013° (r?=0.29) (3.17)
MOsspa (20°C) = 139.0 + 2.10- 0.03%  (r? = 0.58) (3.18)

MOsspa (26°C) = 177.2 + 5.12- 0.12F  (r*=0.61) (3.19)
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Table 3.6. Summary of SDAMO, results (meanzxse) for XS, S and M size mulloway 4t 20 and 2&. All data analyzed by
ANOVA except forMOzsga-p MOzscopeanNd MO2sgaWhich were analyzed using ANCOVA (RFI as covaliakdeans sharing superscript
letters are not significantly differerpX0.05) according to Tukey-Kramer test.

XS S M

Variable 14°C 20°C 26°C 14°C 20°C 26°C 14°C 20°C 26°C
RFI (g kg™ 10.8+0.4 19.9+1.8° 24.5+0.4 11.1+0.6  16.8+1.3°  23.3x0.4°  21.3+1.2°  24.8+2.0 26.2+2.0
MOsta-p
(mg O, kg®) 117.742.8  203.2+3.8 3135+3.0 103.9+1.7 180.5+3.8 257.6x4.0  102.7+3.8  169.2+1.6  229.0+8.8
MOyegeq (h) 78.843.0°  57.9+1.3° 40.5+1.% 86.245.6  60.5+0.9 43.6+0.3°  88.9+5.9 64.1+2.4%  44.9+1.3°
MO2sge.pa (h) 31.2+1.1 25.7+0.9° 17.0£0.4 29.3+0.79 24.8+1.9°  18.4x0.f 37.7+1.8 28.3+1.1°  20.1+1.6°
MOZscope

2sdz- ormr-s .30+0. .27+0. 5440, .3740. .31+0. AT+0. 4540, 43+0. .52+0.
(MOpsgep MOprmrc?)  1.3020.02°  1.2740.02 1.54+0.0%° 1.37+0.03 1.31+0.08° 1.47+0.08° 1.45:0.08° 1.43+0.18" 1.52+0.04°
MOsta
(mg O, kg®) 1586+139° 17564227 3371+200  1827+63° 1844+148° 2555+178° 2022+154  2299+58F  2472+253
SDAe (%) 181+1.0° 159422 20.0+0.8  22.0+1.5° 18.1+1.3°  250+1.4° 245:2.8°  228:55°  26.6+1.4°
SDA co-ef (%) 11.5+0.9°  7.1+1.4 10.7+0.8*  12.8+0.6  8.6+0.8° 8.5+0.5° 7.4+0.2° 7.0+1.3 7.3+0.4°
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Figure 3.5. Total energy expenditure over the duration of tbASesponse (kJ
kg®?® as a function of increasing DE intake (kJ°Ry Regression lines shown for
20 and 26°C (globalr?=0.55; n=18; solid line) and 1%C (r*=0.45; n=9; dashed
line). Refer to Egs. (3.9) and (3.10) for regressjparameter values. Energy
expenditure at zero intake estimated from the ptapoof cumulative RMR (n=27)

over the SDA duration shown for comparison andusad to formulate regression
lines.

3.5 Discussion
3.5.1 Influence of mass and temperature on RMR

In fish, the mass scaling exponent of resting nwtalbate has been shown
to be approximately 0.8 (Winberg 1956; Clarke aoln¥ton 1999) although is
known to vary with temperature in some species Ifdsia 1964; du Preez et al.
1986; Xie and Sun 1990; Hoélker 2003). The influent®ody size on the RMR of
mulloway was also shown to vary depending on teatpes which was reflected in
b which varied from 0.73-0.85. However, laglid not vary significantly from 0.8,
this value can therefore be considered as apptept@adescribe the influence of
body mass on the routine metabolism of mullowayr akie temperature range used

in this study. By constraining important biological variability may be obscured
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(Clarke and Johnston 1999), howewethen exclusively describes the influence of
temperature, and experimental conditions, on métakaie and the error associated
with a is considerably reduced (Table 3.3). Egs. (3.1 @12) provide predictions
of the routine metabolic demand for ®y juvenile mulloway based on BW and
temperature (14 to 26C) and give estimations which are very close tos¢ho
published for this species using different sizé tis those used in the current study
(Fitzgibbon et al. 2007b; Chapter 2).

It is important to consider where in the metabaddicope of activity
measurements are derived (i.e. from basal throaghaximal metabolic rate). In
mammalsb is positively correlated with increasing levels mitabolic activity
(Savage et al. 2004b; Weibel et al. 2004; White 8agmour 2005a) and similar
trends were observed with mulloway in the curréntlg, across all temperaturbs
increased with the increased metabolic activitp@dkMO, associated with SDA.
In mulloway the relationship between mass and noditeth appears to become less
allometric and more isometric (i.e. &sapproaches 1) with increasing levels of
metabolic activity, particularly at lower tempenas. However, this relationship
requires further validation as the size range ofloamay used in the present study
may influence the value & The conditions in which data are derived andsilze
ranges of animals used are known to effect exponalnes (White and Seymour
2005b) emphasizing the importance of standardizmgerimental procedures,
clearly defining the metabolic level being measusetl, consequently, raising
caution when attempting to make inter or intrasipecomparisons across different

studies.
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3.5.2 SDAresponse

3.5.2.1 SDA duration

The SDA responses in mulloway were typical of éhexhibited by other
fish and ectothermic species: metabolic rate irsgeédollowing ingestion of feed
and then gradually declined over a number of dayk the duration of the SDA
and peak time response markedly affected by battpéeature and body size
(Jobling and Davies 1980; Boyce and Clarke 1997Ce2006; Secor 2009). SDA
durations of approximately 40 to 90 h for mullowfail within the ranges reported
for other temperate fish species (reviewed by Mc2Q@6) but are much lower than
some Antarctic species which are reported at 24Dk38t ~0°C (Boyce and Clarke
1997). Gastric evacuation time is strongly coteslawith SDA duration (Jobling
and Davies 1980) and this was indicated in mulloawagach temperature with the
absence of feed in the digestive tract of fish salmpled at the conclusion BfO,
readings. AlthougiMO, readings at 14C were ended at 72 h, and before the full
SDA duration was completed, the absence of feechowd withMO, rates which
had returned to RMR levels at day 6 post-feedimgdesupport to our estimation of

approximately 80-90 h SDA duration at this tempamet

3.5.2.2 DA factorial scope

While body size clearly influences the overall S@Aration, it has been
shown to have little effect on the post-prandiatdaial scope in fish (Jobling and
Davies 1980; Johnston and Battram 1993) which wis® &onfirmed with
mulloway in this study. Temperature is also cong@denot to have a large influence

on factorial scope (Jobling and Davies 1980; Jamsand Battram 1993) however
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mulloway were shown to have a significantly gredaetorial scope at 2& than at
14 or 20°C. The largest difference between temperature nre@s however,
although statistically significant, was on averd&7. This tends to support the
conclusions of other studies that the influenceeafiperature on factorial scope is
quite small. It should be noted however, that faatoscope is a relative unit
expressed as a multiple of RMR levels and largiemihces can be seen in peak
MO, between treatments when expressed in absolute {@gretk 1998; Figure 3.2).
The factorial scope of mulloway demonstrated indheent study (1.3-1.5) is at the
low end compared to those for other fish speciexhlvban range from 1.4 — 4.1
(see review by McCue 2006) however; there are séwemtributing reasons for
this. Firstly, the magnitude of the SDA responsgrsatly affected by meal size
(Hamada and Maeda 1983; Boyce and Clarke 1997;tfal 2005). In this study
mulloway ate approximately 2 % of their body weig¥tich, although typical for
this species fed to satiation on the type of feggldun this study (Chapter 4), may
be considered small compared to other species asickouthern catfishS{urus
meridionalis) which have a correspondingly higher factorialprof 4.1 when the
relative meal size is 24 % (Fu et al. 2005). Sebgnitie factorial scope in the
current study is reported relative to RMR whichlwdry among species depending
on their normal resting or routine level of actyitThirdly, factorial scope is
sometimes reported relative to standard or bastdboéc rates (e.g. Beamish 1974,
Chen et al. 2008) which will increase values. hastur values for mulloway are
derived from the models fitted to the data and th#refore slightly underestimate

the maximal recorded values.
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3.5.2.3 SDA coefficient and energy expenditure

At approximately 7-13 %, the average SDA coeffititar mulloway, i.e.
the energy devoted to the SDA response as proposfithe energetic content of a
meal, was within the range reported for most temgefish species (6-23 %)
(Pandian and Vivekanandan 1985; McCue 2006). Tha Saefficient is known to
be influenced by body size (Beamish 1974), mea &arter and Brafield 1992; Fu
et al. 2006), meal type (Secor and Boehm 2006) ianthe case of mulloway, the
influence of body size on the SDA coefficient vdridepending on temperature
which was likely due to the corresponding interactibetween body size and
temperature on relative feed intake (Table 3.6 Hiluence of these variables on
the SDA coefficient therefore makes direct commariamongst other studies very
difficult (Beaupre 2005; McCue 2006). Expressintpkeenergy expenditure as a
function of DE intake independent of body weightg(ffe 3.5) perhaps gives a
somewhat better insight into SDA energetics ast iteast avoids the potential
confounding caused by the allometric relationslagsociated with body mass and
meal size inherent when making comparisons of mefits derived from mass-
specific data (Beaupre 2005). When expressed thjstatal energy expenditure by
mulloway was shown to increase linearly with inciag DE intake. Temperature is
generally considered to have little influence onAS&xpenditure (see reviews by
McCue 2006; Secor 2009) although temperature affeate been noted in some
fish species (Guinea and Fernandez 1997; Peck €08B; Luo and Xie 2008).
Although values for MOssgap MOosgapd and MOpsga.q all differed among
temperatures irrespective of the size class ofowaly, energy expenditure (kJ kg
%8 relative to intake (kJ kU was shown to be very similar at 20 and°@6and

approximately only 9 kJ K& less at 14£C. The absolute difference among these
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temperatures remained constant because the DEzatithh efficiency was
approximately the same at all temperatures forgimgn quantity of feed (see also
Chapter 4). The difference in magnitude howevel dgcrease exponentially with
increasing feed intake from approximately 12 %etighce at zero intake to 8 %
difference at an intake of 500 kJ'kg

Mulloway are a eurythermal species typically foundvarm-temperate to
sub-tropical estuaries and near-shore waters ($tarriand Whitfield 2006;
Silberschneider and Gray 2008) where temperatufe®0oor 26 °C are not
uncommon (Harrison 2004; Harrison and Whitfield @00f metabolic rates are
dependent on the temperature-sensitive propertiesenzymes and cellular
components which in turn determine thermal optirkbbchachka and Somero
2002), the similar net response on energy expeddedo SDA by mulloway at 20
and 26°C may be indicative of the biochemical rate proesssperating within a
thermal range suitable for normal metabolic function ectotherms there is a
negative correlation between peak SDA metabolisoh the duration of the SDA
response which is dependant on temperature (Mc@Q@®)2 When peak SDA
increases there is a corresponding decrease in &Ation; the resultant net
energy expenditure being similar (Wang et al. 2@;or et al. 2007; Luo and Xie
2008). This response was seen with mulloway angpgal of most temperature
performance curves recorded for ectotherms (Arttalleet al. 2002) and
demonstrates the trade off between the “specia(isitjh narrow peak) and the
“generalist” (low broad peak) metabolic responssse(Huey and Hertz 1984;
Gilchrist 1995).

It is important to note that RMR represents theanpjoportion of the total

energy expended during the SDA period (Tables 3I®, greatest proportion of
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SDA above RMR occurred at 26 accounting for approximately 27 % of the total
energy expenditure and is likely to be related e energetic cost incurred for
increased protein turnover and synthesis (Houligtaad. 1988; Brown and Cameron
1991). This indicates a greater potential for giowat this temperature which has
been confirmed in other feeding studies with muigw(Chapter 4). Although
mulloway are a relatively sedentary species, thevabvalues demonstrate a
relatively high proportion of DE intake dedicatednaintaining routine metabolism
and, although comparable to values reported forestateost species (Carter and
Brafield 1992; Xie et al. 1997; Owen 2001), indesath moderate scope for growth
particularly when compared to the high-energy-desnapecies such as the
yellowtail (Seriola quinqueradiata) (Watanabe et al. 2000a) and southern bluefin

tuna {Thunnus maccoyii) (Fitzgibbon et al. 2007a).

3.5.3 Conclusion

RMR and SDA were shown to represent significantrgetéc costs in the
overall energy budget of mulloway. Many of the Shdices measured in this
study were within the ranges of those reporteddibrer temperate marine fish;
however, we have demonstrated that these valuenardixed and are highly
dependent on temperature, body size and feed intdkehave therefore presented
equations as a function of these variables whidhallow greater accuracy in the
bioenergetic modeling of metabolic expendituretfos species.

If the greatest proportion of SDA energy is chaadeltowards the
biochemical processes that contribute to growthe@&i 1994; Willmer et al. 2000),

it would then appear that the growth rate potemiahulloway may be limited at 14
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and 20C (compared to 26°C). The gathering body of information on the
temperature responses of various metabolic, groavtti preference parameters
measured for mulloway thus far indicate that a terafure of approximately 26+2
°C to be optimal for growth and metabolic functide(natzeder and Britz 2007;
Collett et al. 2008; Chapter 2, 4). It is not knowsmat the SDA response in
mulloway is at temperatures above %8 however, there are indications the SDA
coefficient may be reduced in some ectotherms eatagdéd temperatures (Cui and

Wootton 1988; Toledo et al. 2003).

68



Chapter 4

Protein and Energy Utilization and the Requirementdor

Maintenance in Juvenile Mulloway’

*The following chapter is published as:

Pirozzi, I., Booth, M.A,, Allan, G.L., In press.dein and energy utilization and the requiremeots f
maintenance in juvenile mullowayArgyrosomus japonicus). Fish Physiol. Biochem. doi:
10.1007/s10695-10008-19296-10690.

4.1 Abstract

This study described the digestible protein (DPY atgestible energy (DE)
utilization in juvenile mulloway and determined trexjuirements for maintenance.
This was achieved by feeding triplicate groupsisth fveighing 40 or 129 g held at
two temperatures (28C or 26°C) a commercial diet (21.4 g DP MJ DEat four
different ration levels ranging from 0.25% initiabdy weight to apparent satiation
over 8 weeks. Weight gain and protein and enertgnt®n increased linearly with
increasing feed intake. However, energy retentifficiency (ERE) and protein
retention efficiency (PRE) responses were cundmevith optimal values,
depending on fish size, approaching or occurringsatiated feeding levels.
Maximum predicted PRE was affected by body size ittt temperature; PRE
values were 0.50 and 0.50 for small mulloway add @nd 0.43 for large mulloway
at 20°C and 26°C respectively. ERE demonstrated a similar resgonih values
of 0.42 and 0.43 for small and 0.32 and 0.34 fogdamulloway at 26C and 26°C

respectively. Utilization efficiencies for growttased on linear regression for DP
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(0.58) and DE (0.60) were independent of fish sind temperature. The patrtial
utilization efficiencies of DE for proteink{) and lipid k) deposition estimated
using a factorial multiple regression approach wemd9 and 0.75 respectively.
Maintenance requirements estimated using linearessgpn were independent of
temperature for DP (0.47g DP &§day") while maintenance requirements for DE
increased with increasing temperature (44.2 to 49.0E kg®® day'). Relative
feed intake was greatest for small mulloway fedsatiation at 26°C and this
corresponded to a greater increase in growth. Largkboway fed to satiation ate
significantly more at 26°C but did not perform better than the corresponding
satiated group held at XC. Mulloway should be fed to satiation to maximize

growth potential if diets contain 21.4 g DP MJ BE

4.2 Introduction

The utilization of digestible protein (DP) and esgible energy (DE) by
growing animals is dependant on the compositiothefdiet and the efficiency with
which deposition occurs (van Milgen and Noblet 2088hroeder and Titgemeyer
2008). In fish, patterns of protein deposition wititcreasing levels of DP intake
vary considerably between species, diet and exgatiah conditions and responses
have been described as linear (Lupatsch et al.&2ddurnier et al. 2002; Lupatsch
and Kissil 2005; Peres and Oliva-Teles 2005) owitoear (Huisman et al. 1979;
McGoogan and Gatlin 1998; Watanabe et al. 2000bpd@u et al. 2006). These
responses indicate that the utilization efficieacage either constant or tend to
plateauwith increasing protein intake. Unfortunately, swemiations emphasize the

need to determine nutrient retention profiles atlization efficiencies of growing
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fish on a species by species basis. Understandmagrutrients are utilized is an
essential step towards developing bioenergetic teodeat predict growth
responses, feeding requirements and nutrient Idssége environment (Bureau et
al. 2002).

The concept of maintenance requirements is ortentag be considered as
paradoxical with regard to growing animals busitiiconcept that has proved useful
for animal nutritionists because it allows the p@amning of production and
maintenance costs based on the assumption thawthare additive (van Milgen et
al. 2000; Bureau et al. 2002). Maintenance DE requents for fish have been
shown to range from 32 — 77 kJ DE%yday* (Watanabe et al. 2000a; Lupatsch
and Kissil 2005) and vary depending on temperature, species aid siize.
Published maintenance requirement values for DReasecommon in the literature
but values of 0.45 - 0.96 g DP k§day* have been recorded (Lupatsch et al. 1998;
Lupatsch and Kissil 2003; Peres and Oliva-Teleb2@encross 2008).

The objectives of this study were to determinghg protein and energy
utilization responses to increasing DE and DP iatail the efficiencies of DP and
DE utilization, and iii) the maintenance requirensenf juvenile mulloway. This
was achieved using two size classes of mullowayo{4D29 g) at two temperatures

(20°C or 26°C).

4.3 Materials and methods
4.3.1 Experiment design
The protein and energy utilization of mulloway wasted by feeding four

different ration levels ranging from 0.25 % of ialtbody weight (ibw) using a
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commercial diet (Ridley AquaFeed Pty. Ltd., Naramg®Id. Australia) to two size
treatments (small or large; ibw (mean+SD) = 40.Z4#%p.and 129.3+17.2 g) at two
temperatures (20 or 28C). The experiment was run over 8 weeks using fish
produced at the New South Wales Department of RPyinmalustries, Port Stephens
Fisheries Institute (PSFI). Fish were stocked i@ | white opaque tapered
cylindrical tanks (Dimensions: Top diameter = 78; @ottom diameter = 68 cm,;
Height = 55 cm) at 40 small or 12 large fish tAnMulloway are a gregarious
species and stocking densities were chosen to matigrowth potential (Appendix
1). Each size and ration treatment were randonsgigasd to triplicate tanks within

each temperature treatment with each tank consgtain experimental unit.

4.3.2 Experiment system

The experiment system consisted of two separat® 178circulating bio-
filtration units each supplying 24 x 200 | replieatinks (each unit total volume
6500 I). The temperature for each unit was coradoivith a chiller and immersion
heater in an antagonistic mode which allowed pestésnperature control of £0.5
°C of the set temperature. All fish were initiallyosked at 23°C and the
temperature adjusted °C day" until the experiment temperatures were reached.
Flow to each tank was approximately 4 | thiand orientated to create a weak
centripetal current which allowed the retentionfeéd pellets in the tank while
removing faeces via a central upright 32 mm diamgte overflow pipe which was
fixed approximately 1 cm off the bottom of eachkaBlack plastic sheets were
placed around each tank and across the top frahtcheninimise disturbance. All

tanks were exposed to indirect natural light (ppeted 13L:11D). Ammonium
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(NH4") (<0.1 mg 1), dissolved oxygen (>5.0 mgf), pH (7.5 - 7.8) and salinity (30

- 34 ppt) were monitored regularly throughout tlheadion of the experiment.

4.3.3 Feed and feeding

Proximate composition of the diet was (g%g961 dry matter; 90 ash; 455
crude protein; 187 fat and 22.2 MJ%gross energy. The apparent digestibility co-
efficient for protein was 0.88 and energy was ({Bdoth, unpublished data 2008).

Fish were fed 6 mm extruded sinking pellets fronte up to four times
daily depending on ration size to improve the likebd of all fish obtaining pellets
in the lower ration treatments or to maximize vadug daily feed intake in the
higher ration treatments. Any uneaten pellets waryented then siphoned from
tanks approximately 45 min after initial feedingotdl daily feed intake was
adjusted accordingly (predetermined individual g@telveight mean+SD = 0.21+0.02
g; n = 202). The commercial feed used in this stualy excellent water stability and

it was assumed nutrient losses through leaching wmsignificant.

4.3.4 Sample preparation and analyses

Fish were fasted for 48 h prior to sampling forcegs compositionnitial
representative samples of 10 fish of each sizes el@se collected before the start of the
experiment and frozen (-2C). At the conclusion of the feeding trial all fistere
euthanized with an overdose b&nzocaine (ethyp-aminobenzoate)weighed and
stored frozen for compositional analyses. Compwsiti changes in energy, lipid, ash

and moisture were estimated by comparing the ifish carcass samples with those
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from the feeding trial. Estimates of initial whobody protein were based on the
compositional value of 191.4 g kg This value was derived in a separate study
(Chapter 6) to establish the compositional pradifenulloway where several hundred
fish were sampled in groups representing size etasanging from 2 — 2100 g (n =3 —
100 fish per group depending on size). Using thise was necessary because of a data
transcription error with the original initial valsigor protein composition. All other
initial compositional constituents appeared to hee trepresentations of the initial
carcass composition. Assuming a fixed initial whiotely protein composition is valid
as the proportional relationship between body jmaaed body weight in fish is known

to be relatively constant (Shearer 1994; Lupatseh. €998; Dumas et al. 2007).

Whole carcass composition was determined by pettia weighed fish into 5 |
glass beakers, covering with aluminum foil and thatoclaving for 99 min at 12°C.
After cooling to room temperature any changes inghtewere accounted for and
assumed to be changes in moisture content. Thelssmpre then homogenisadsitu
with a hand blender and a sub-sample taken fondatter determination. A portion of
the remaining homogenate was then transferred tiepl and oven dried at
approximately 80°C. The desiccated samples were then finely groonal laboratory
blender and analysed in accordance with AOAC (20P®)tein was calculated from
total nitrogen based on N x 6.25 using the Dumathate Dry matter was calculated
gravimetrically after oven drying at 108. Ash was calculated gravimetrically. Gross
energy was determined by adiabatic bomb calorimetRat was measured
gravimetrically after chloroform-methanol extractio

The following performance indices were calculatent ach treatment

group:
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Daily weight gain (g fistt day') = Final body weight (fow) — ibw / number of days

Daily protein gain (g fish day') = Final carcass protein content — 0.1914 x ihitia

sample bw / number of days

Daily energy gain (kJ fishday’) = Final carcass energy content — initial carcass

energy content / number of days

Feeding Efficiency (FE) = Weight gain / Total feathke

Protein Retention Efficiency (PRE) = Protein gaifofal DP intake

Energy Retention Efficiency (ERE) = Energy gairnotdl DE intake

Data are also expressed as geometric mean bodyhtweiGMBW) and
scaled using the metabolic body weight exponenievalf 0.7 for protein retention
data and 0.8 for energy retention data (after Broett Groves 1979; Lupatsch et al.

1998).

4.3.5 Dataanalyses

The effects of varying feed ration (fixed; 4 leyeds different temperatures
(fixed; 2 levels) on performance indices and contposl data were tested with 2-
way ANOVA for each size class (fbow was not a sigaifit co-variant for analyses

of compositional data). Formal comparisons usingdOA were not made between
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sizes as ration levels were not orthogonal. Nortyali the data was checked with
skewness, kurtosis and omnibus normality testsumgsions of homogeneity of
variances were tested using modified Levenes’ egaaance test. Tukey-Kramer
test was used foa posteriori multiple comparison of means on significant terms.
All results were regarded as significantpaD.05. Data were normally distributed
for all performance indices for large fish at badmperatures. Data were non-
normally distributed for FE, PRE and ERE for snfah at 20°C and for FE and
PRE for small fish at 26C; these data could not be normalized. ANOVA wik st
performed and due regard should be given to sules¢guterpretations of the
results. All performance indices and carcass coitipnsdata variances were
homogenous (Levene’s>0.05).

Nonlinear regression was applied to PRE data whereasymptote of the
quadratic function was considered as the optim@y dizetary DP intake giving the
maximum predicted PRE value (Shearer 2000).

Daily maintenance requirements for dietary proteid energy at 20 and 26
°C were estimated using linear regression of daitpke and gain where the
intercept describes the daily requirement for neiahce, the slope of regression
describes the utilization efficiency and the reocgal of the slope describes the
nutrient cost of production.

Partial energy efficiencies for protein and lipigposition were further
investigated using the factorial method based oelafiowski (1965) where DE

intake can be partitioned as:

DE intake (kJ k@ day") = DE, + PDk, + LD/k
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Where DE, = daily maintenance energy requirement (kJ DE kigy); PD =
energy retained as protein (kJ 'daykp = partial energy efficiency for protein
deposition; LD = energy retained as lipid (kJ dgyk = partial energy efficiency
for lipid deposition. The metabolic weight exponef®) was estimated
simultaneously with the above parameters which geatees of 0.817(x0.05) and
0.784(+x0.07) at 20 and 26C respectively. These values were statistically
indistinguishable from the common inter-specifiperent value of 0.8 applied to
energy metabolism of teleost fishes (Clarke anchgm 1999). A fixed exponent
value of 0.8 was therefore used in the model tonesé parameters Dk, andk;.
Least squares regression method assumes normsathbdted residuals therefore
robust multiple regression was used which minimies influence of outliers on
coefficient estimates (Montgomery and Peck 1992).

The heat of combustion values for protein and liggduired to determine
PD and LD (above) were also derived using robuskiphe regression however

with they-intercept term removed from the regression model:

RE (kJ) =ax PD +cx LD

Where RE = retained energy (kd)= protein heat of combustion (k3)gc = lipid

heat of combustion (kJ%; PD = protein deposition (g); LD = lipid depositi (g)

4.4 Results

Survival at the end of the experiment was 100 %. The effécation on

weight, protein and energy gain in small mullowayigd significantly depending
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on temperature (Table 4.1). Weight, protein andrggneyain were significantly
higher at the highest ration level at°@6for small mulloway (Table 4.2). Ration
level but not temperature affected the weight, girotand energy gain of large
mulloway (Table 4.1). Large mulloway fed to satatiat 26°C also demonstrated
higher gain but this was significantly differenbrfin the satiated treatment at 2D
only for protein retention (Table 4.2). Relativeedeintake (RFI) was significantly
greater at the satiated level for small mullowag&tC (p<0.05)with 6.1+0.2 g kg
%7 day' consumed compared to 5.1+0.1 g%Kgday’ at 20°C. RFI was also
significantly greater for large mulloway at’5(p<0.05) with 5.4+0.1 g kg’ day*

consumed compared to 4.4+0.2 g°Kglay* at 20°C.

Table 4.1. Two-way ANOVA on performance indices and carcassmosition
(as received basis) for both small and large mupwns = not significant at
p<0.05, * =p<0.05, ** =p<0.01

Source of Variation

Small
Temp.

Variable Large

Ration Interaction Temp. Ration Interaction

Performance I ndices
Weight gain

Protein gain
Energy gain

FE

PRE

ERE

Carcass Composition
Protein

Lipid

Moisture

Ash

Energy

ns
ns
ns
*k

ns
ns

*%

ns

*%

*%

ns

*%
*%
*%
**
*%*

*%k

ns

*%
*%
*%

*%k

*%
*%
*%

*%

ns
ns

ns

*%

ns

*%

ns

ns
ns
ns
*
ns
ns

*%

ns

*%

*%

ns

*%

*%

*%

*%*

*%

*%

*%

*%

*%

*%

*%

ns

ns

ns
ns

*%

ns

ns
*k
ns
ns
ns
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4.4.1 Utilization efficiencies and maintenance requirements

The effect of ration on FE varied significantly @éapling on temperature for
small mulloway while both ration and temperatugmdicantly, but independently,
affected FE for large mulloway (Table 4.1). PRE wamificantly influenced by
ration but not temperature in small mulloway wtthe influence of ration on PRE
in large mulloway was dependent on temperature |€Tdbl). The interaction
occurred because of the relatively better PRE valug6 °C compared to 26C
when large mulloway were fed the lowest ration l§¥able 4.2). ERE in small and
large mulloway was significantly influenced by oatibut not temperature (Table
4.1).

PRE in mulloway demonstrated a curvilinear respottsencreasing DP
intake. Temperature had little effect on the maxmmpredicted PRE provided that
DP intake was increased with increasing temperatbiigure 4.1). Body size,
however, did influence PRE (Table 4.2) with the maxm predicted PRE for small
mulloway 0.50 and 0.50 and large mulloway 0.41 amB at 20°C and 26°C
respectively. The daily protein intake to achievaximum predicted PRE was 1.7
and 2.0 g DP k§’ day' at 20 °C and 26°C respectively (Figure 4.1). The
relationship between digestible protein intake (@ Kj°’ day') and PRE can be

described as:

PRE (20°C) = -0.542 + 1.162DP - 0.337BP (r’=0.89,n=24) (4.1)

PRE (26°C) =-0.418 + 0.887DP +-0.222BP  (r*=0.87,n=24) (4.2)
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L) L) L) L)
1.0 15 2.0 2.5 3.0

y
-0.2- DP Intake (g kg'o'7 day'l)
8

Figure 4.1.  Effect of digestible protein intake (g Rg day') on PRE at 26C

(dashed line) and 2& (solid line).

20°C Small
20°C Large
26°C Small
26°C Large
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Table 4.2. Summaryof performance indices and carcass compositiomafllsand large mulloway held at ZD or 26C. Tukey-
Kramer test on means between temperature treatmathia each size class. Means sharing supersaigsot significantly different
(p>0.05).
20°C Small 26°C Small 20°C Large 26°C Large
Feed Ration Feed Ration Feed Ration Feed Ration
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
Performance Indicies
Initial Body Weight () 40.2 400 403 396 399 403 404 408 1246 1261275 1341 1321 1317 131.0 1275
Final Body Weight (g) 39.7 591 733 74F 357 544 705 837 121.8 150.7 163.6° 180.3° 127.9° 147.4° 164.5% 184.3
Gain (g/fish/day) 007 03% 057 061 -007 024 057 074 -005 043 063 081 -007 027 059 1.00
Feed Intake (g/fish/day) 009 037 059 066 009 037 060 084 029 072 .051 120 031 0.75 1.08 1.44
FE -02¢ 090 096 0.97 079 066 087 0.8 -017 060° 0.60° 066 -024 0368 054 069
DP Intake (g/fish/day) 0.04 015 024 026 004 015 024 033 012 0.29 420 048 012 0.30 0.43 0.57
Protein Retention (g/fish/day) ~ -0.0¥ 0.0 0.1 0.1Z -0.0Ff 0.06 0.1r 0.15 -0.0Ff 0.1 0.18° 020 00Ff 01F 017 025
PRE -0.20 043 048 0468 026 039 045 046 -005 03 036 04T 012 03F 040 04%F
DE Intake (kJ/fish/day) 1.71 6.80 11.08 1228 169 6.84 11.09 1555 5.37 .3613 19.54 2235 570 1401 2009 26.81
Energy Retention (kJ/fish/day) -1.0¢ 2.02 435 453 -139 167 39§ 6.04 -320 158 405 6.13° -305 037 397 7.87
ERE -0.64 03¢ 039 037 -087 024 0368 039 -034 022 028 034 -028 013 027 0.3%
Carcass Composition"
Moisture (%) 73.3 71 69.7° 697 713 698" 69.6° 689 732 71.3° 703 69.6° 72.0° 707 688 683
Protein (%) 186 19.7* 195 196 1968 20 197 200 193 202 207 2058° 204° 208 21.F7 208"
Lipid (%) 24 57 6.5’ 6.7 15 5% 6.7 74 24 39c 5.¢ 56 2.0 3.3 5.0 6.5
Ash (%) 6.4 51° 48 48" 8ZF 55 A7 4% 59 54 53 571 6.4 5.9¢ 5.6™ 5.1%
Energy (MJ kg2 504 638 7.00° 6.96° 497 657° 6.99° 735 513 6.0 6.46° 6.76° 533% 593 654° 697

T Initial carcass composition (small, large). Moistu72.3, 71.6. Protein (fixed value); 19.1,

19llipid; 5.5, 4.0. Ash; 3.6, 5.5. Energy; 6.48, 5.86
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Energy retention efficiency demonstrated a simdarvilinear response
(Figure 4.2) with increasing DE intake and body giigreatly influencing the
efficiency values (Table 4.2). Temperature did affect the maximum predicted
ERE values with 0.42, 0.44 and 0.32, 0.34 for srantl large mulloway at 2tC
and 26°C respectively. The relationship between digestésiergy intake (kJ DE

kg%®day’) and ERE can be described as:

ERE (20°C) =-1.121 + 0.025DE - 0.0001BE  (r*=0.94,n=24) (4.3)

ERE (26°C) = -1.128 + 0.028DE - 0.0001BE ~ (r*=0.97,n=24)  (4.4)

The daily energy intake (kJ DE R§ day) to achieve a maximum predicted ERE

was 107 kJ DE K§®day" at 20C and 125 kJ DE ki®day* at 26C (Figure 4.2).

0.50+
0.25+
0.00

L

X -0.25+

L Small 20°C
-0.504 Large 20°C
-0.754 Small 26°C

0.8 1 Large 26°C

-1.00- DE Intake (kJ kg™~ day ™)

Figure 4.2.  Effect of digestible energy intake (kJ'kfday') on ERE at 26C
(dashed line) and Z& (solid line).

There was no temperatung>0.5) or size effectpe0.1) between the slopes
of regression when considering the relationshipvben protein intake (g DP Kd

day’) and protein gain (g K§' day) (Figure 4.3). A pooled value of 0.58+0.02
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describes the utilization efficiency of protein forulloway at 20 — 26C. The
relationship between protein gain (g%gday’) and DP intake (g k&’ day') was

linear and can be described as:

Protein gain = 0.581DP - 0.272  r?E 0.97,n = 48) (4.5)

The corresponding cost of DP per unit of proteiingaas 1.72 g .
Temperature did not have a significant effect onnteaance requirements for
protein with the greatest difference of <0.1 g fisfFigure 4.3). Estimates of

maintenance protein requirements for mulloway h&l@0 — 26°C are 0.47 g DP

kg®’ day".
1.5+
©  Small 20°C
A Large 20°C
£ . 109 e Small 26°C
o I A Large 26°C
c -
- g 0.5
°2
o
9 O-O- L] ' LJ ' LJ ' LJ ' LJ '
| 0.5 1.0 15 2.0 25 3.0
0.5 DP Intake (g kg'o'7 day'l)

Figure 4.3.  Effect ofdigestibleprotein intake (g DP kg’ day™) onproteingain
(g kg®'day").

There was no temperatung>0.1) or size effectpe0.5) between the slopes
of regression when considering the relationshipvbeh energy intake (kJ DE R§
day’) and energy gain (kJ DE K§ day') (Figure 4.4). A pooled value of

0.60+0.01 describes the utilization efficiency akegy for mulloway at 20 — 2%&.
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The corresponding cost of DE per unit of energynga 1.66 kJ K3. The
relationship between energy intake (kI’Rglay') and energy gain (kJ Kg day?)

was linear and can be described as:

Energy gain (26C) = 0.604DE - 26.689 r{=0.98,n= 24) (4.6)
Energy gain (26C) = 0.591DE — 29.302 r{=0.98,n= 24) 4.7)
70
i © Small 20°C
—~ 50 A Large 20°C
.% F‘% 1 ® Small 26°C
O T 30+ A Large 26°C
35
= O -
8 o 10
Ll 2 L s T T T T 1
= 104 3”50 75 100 125 150 17
1 DE Intake (kJ kg'o'8 day'l)
-30-

Figure 4.4. Effect of digestible energy intake (kJ'%fday") on energy gain (kJ
kg® day’). Dashed lines = 2%C; Solid line = 26°C

The maintenance requirements for energy (kJ DE®kday') varied
significantly depending on temperatur@<(.005) (Figure 4.4). Estimates of
maintenance energy requirements were 44.2 andkdD& kg’ 2 day* at 20°C and
26 °C respectively.

Heat of combustion values derived using robust ipleltregression analysis
were 22.9 and 37.0 kJ'gfor protein and lipid respectively. Partial energy
efficiencies estimated using the factorial methoerenk, = 0.49+0.09 and =

0.75+0.19. Therefore, based k) k and the heat of combustion values for protein
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and lipid the energetic cost to mulloway to depasit of protein is 46.73 kJ and 1 g
of lipid is 50.0 kJ.

DE,, was estimated at 43.0+3.8 kJ%tday" using the factorial method and
compared well with estimates of 46.60+1.21 kJ DE%at zero energy gain
intercept) derived using linear regression of comabitemperature and size data
(Figure 4.4).

Figure 4.5 shows the response of energy gain ametion of DE intake
partitioned between protein energy (PE) and lipitergy (LE) where LE is
calculated as the difference between total eneayy gnd PE gain and assumes no
other contributing non-protein energy. There wassigmificant difference found
between the slopepX0.1) when comparing PE and LE. There was no sagmit
difference found when comparing the slopgs0(1) and y-intercepts [(>0.1)
between PE deposition at 20 or 26°C. A common linear regression can describe
the relationship between PE deposition (kj-day') and DE intake (kJ k§® day

') at these temperatures:

PE gain = 0.288DE — 8.213r?(= 0.98,n = 48) (4.8)

There was no temperature effect between slope8.%) with regard to LE

deposition however they-intercepts differed significantly p€0.0001). The

relationship between LE deposition (kJ%bday") and DE intake (kJ K§® day")

can be described as:

LE gain (20°C) = 0.304DE -17.960 r{ = 0.97,n = 24) (4.9)

LE gain (26°C) = 0.310DE - 21.280r{ = 0.98,n = 24) (4.10)
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Figure 4.5. Partial retained energy as protein (PE; solid lovd)pid (LE; dashed
line) as a function of increasing DE intake at 2@ 26°C.

4.4.2 Effect of ration level and temperature on carcass composition

Protein content was significantly lower in the %D treatment compared to
the 26°C treatment for both size mulloway while large rouldy protein content
was also significantly affected by ration levehaliigh this occurred independent of
temperature (Table 4.1). The average overall diffee between temperature
treatments within sizes for protein content, altjfoistatistically significant, was
<10 g kg".

Energy content was significantly affected by ratievel but not temperature
(Table 4.1) and there was a trend for energy cortenncrease with increasing
ration (Table 4.2).

Lipid content generally increased with increasiagian level. The effect of
feed ration on lipid composition varied significgnwith temperature (Table 4.1)
and the interaction occurred because lipid cordetite lowest rations (Ration level

1 for small fish; Ration level 1 and 2 for largeh) was, on a relative basis, less in
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the 26°C treatment compared to the 20 treatment while at the higher ration
levels the opposite occurred; lipid content wasaggein the 28C treatment (Table
4.2).

Ash content in small mulloway demonstrated a similaut opposite,
response to lipid content (Table 4.2). Ash contarniarge mulloway tended to be
higher at 26C and decrease with increasing ration level (T4t29.

Both temperature and ration level significantlyt mdependently, affected

moisture content in small and large mulloway (TahiB).

4.5 Discussion

Understanding how growth is affected by the raterel of a particular diet
Is important in optimizing feeding strategies fguaculture species. A curvilinear
response dictates that feeding restricted ratioisnvaximize feeding efficiencies
while reducing waste outputs and increasing ovex@dt effectiveness. Conversely
a linear response determines feeding to satiatoachieve optimal growth and
feeding efficiencies. Growth and protein depositinnmulloway demonstrated a
linear response (Figure 4.3) while optimal retem@fficiencies, depending on size,
approached or were at satiated intake levels (Eidut). The largest difference in
PRE between the predicted optimal and satiatednEzRe level occurred with small
mulloway at 26C with a difference of only 0.07 g DP fiSlday'. The commercial
diet used in this study, which is also commonlydusg farmers in Australia, should
therefore be fed to satiation to maximize growtheptal and feeding efficiencies
in mulloway.

At 0.60, the energy utilization efficiency of malay is within the range

87



reported for other fish species (0.4 - 0.7; seeeBuret al. 2006). No significant
differences were found between the energy utitwaefficiencies of the two size
classes of mulloway or temperatures used in thidystThese observations have
been similarly demonstrated for European seabd3gerrarchus labrax)
(Lupatsch et al. 2001a), Asian seabass (also krasAvarramundi,.ates calcarifer)
(Lupatsch and Kissil 2003) and rainbow tro@n¢orhynchus mykiss) (Azevedo et
al. 1998). However, it may be that the ranges betwhe sizes and temperatures
studied were not sufficient to observe a shift tiliaation efficiencies. Glencross
(2008) demonstrated an improvement in the energization efficiencies for
growth with increasing size of barramundi of 0.6t 15 g fish to 0.76 for 410 g
fish although the regression model appeared hemfilyenced by the data set from
the satiated group of small fish in that study. sTimnarked difference in the
utilization efficiency of dietary energy with siZgas important implications in
bioenergetic modelling and feed formulations foe 8pecies and warrants further
investigation.

The protein utilization efficiency of mulloway w&s58 and independent of
temperature and size. Similar values and temperateifects have been
demonstrated with European seabass (0.52; 20c36(Lupatsch et al. 2001a),
barramundi (0.49-0.51; 21-31C) (Lupatsch and Kissil 2003; Glencross 2008) and
white grouper Epinephelus aeneus) (0.54; 22-27°C) (Lupatsch and Kissil 2005).
Peres and Oliva-Teles (2005) demonstrated a protdination efficiency of 0.64
for European seabass which is higher than thatrteghdy Lupatsch et al. (2001a).
Differences in protein utilization efficiencies ¢an part, be accounted for by the
amino acid composition of the diet (Sandberg e2@0D5b).

The partial energy retention efficiency of PE imlloway (, = 0.49) was
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similar to and falls within the SEM ranges &f values recorded for other
carnivorous fish species such as gilthead seabrégmarus aurata) (0.53),
European seabass (0.53), white grouper (0.56) tsapaet al. 2003b) and rainbow
trout (0.53) (Azevedo et al. 2005).

k values for mulloway (0.75) are directly comparatdegilthead seabream
(0.76) (Lupatsch et al. 2003b) but are lower thhosé recorded for European
seabass (0.91) and white grouper (0.91) (Lupatscdl. 2003b) althougtk, for
mulloway is still within the lower SEM range of getwo species. Lupatsch et al.
(2003b) suggested that PE was also used in lippbgigon at higher PE intake
levels in gilthead seabream hence the lokealue for that species and supported
this argument by demonstrating the non-linear respoof PE deposition with
increasing PE intake. However, the relationshipyeenh PE deposition and PE
intake in mulloway was linear{ = 0.98).k values of approximately 0.9 can be
expected if dietary lipid is the base nutrientlbody lipid synthesis (Emmans 1994,
van Milgen et al. 2001; Lupatsch et al. 2003b) hesve if lipids are also
synthesised from dietary energy supplied by carbodtes then a reduction
may be seen. The commercial diet used in this stodyained 268 g kgnitrogen—
free extract (NFE = 100 — (protein + lipid + ashpgesting that non-lipid dietary
energy was available for lipid synthesis and maypart, explain the relatively
lowerk; value.

The proportional rate of deposition of proteindipremained relatively
constant with increasing DE intake for mulloway twltE deposited at a slightly
numerically greater ratg¥0.1) than PE (Figure 4.5). This is in contrastaimbow
trout which show a clear decrease in protein:ligeposition with increasing DE

intake (Rodehutscord and Pfeffer 1999; Bureau.€2(6). The difference between
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the partial energy utilization efficiencies of ot and lipid in mulloway may not
be of a sufficient magnitude to demonstrate a gbeatein sparing effect if dietary
lipid levels were to be increased. This was demrated in Chapter 5 where
mulloway fed increasing levels of DP at either ohéwo fixed DE levels (16 or 21
MJ kg?) showed no obvious protein sparing effect.

Values for maintenance energy requirements rarfiged 44.2 to 49.6 kJ
DE kg®® day* depending on temperature and fall within the nesiahce DE values
common to other fish species (40 — 60 kJ DE kgdag-1; Bureau et al. 2002).
Protein requirements for maintenance for mullowayen0.47 g DP kg’ and were
found to be independent of temperature. Similatganomaintenance requirements
~0.45 g DP kg" day* (Lupatsch and Kissil 2003; Glencross 2008) andberature
effects (Lupatsch and Kissil 2003) have also besnahstrated in barramundi.

Feeding at maintenance energy level does not resdgsgmply that a
constant body weight is maintained. Pigs have Isbemvn to maintain zero energy
retention while depositing protein and gaining baggight at the expense of body
lipid (Ledividich et al. 1980). In the current sguthe y-intercept for PE (Eq. 4.8)
was much larger than for LE (Eqgs. 4.9, 4.10) theeefa DE intake at or slightly
above maintenance level will yield positive protdigposition in mulloway without
lipid gain. This has been demonstrated in yellow{&eriola quinqueradiata)
(Watanabe et al. 2000b), European seabass (Pete®Okva-Teles 2005) and
rainbow trout (Bureau et al. 2006) fed at or neaintenance rations. These
observations support the principle that weight gaigrowing animals is driven by
protein deposition (van Milgen et al. 2000; Burestual. 2002). The separation
between LE deposition (Figure 4.5) accounts fordifilerent requirements for total

energy at different temperatures (Figure 4.4) amdicates that lipids rather than
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protein are mobilised as an energy source to nheehtreased maintenance energy
demands imposed at higher temperatures. This alliv@sgrowing animal to
continue to deposit protein at a rate predetermineitis genetic potential.

The improved growth rates in small mulloway candrectly attributed to a
proportional increase of feed intake at the satiédégel. However, large mulloway fed
to satiation ate significantly more at 2& than 20°C but did not demonstrate
significantly better growth. This discrepancy mayditributed to the relatively greater
costs for maintenance imposed on large mullowathethigher temperature and may
also indicate a shift in the DP:DE requirementddoger fish. Brett (1971) and Kellogg
and Gift (1983) suggest that the final temperajpuederence exhibited by fish coincides
with the temperature required to optimize biocheingmd physiological processes. In a
temperature preference experiment Bernatzeder aitz (2007) determined 2%C to
26.4 °C as the preferred temperature for 20g mullowaye Thproved protein and
energy retention of mulloway fed to satiation at°@6in the current study tends to
support those findings, particularly for small nowhky. However, at satiated levels the
maximum retention efficiencies for protein and @yerdid not vary between
temperatures. Below these levels there was a tfendhe retention efficiencies of
dietary energy to be greater at 2D (Figure 4.2) which is likely to be related to the
reduced maintenance energy requirements at thgpetatoure. This suggests that
improved growth rates can occur at’@6provided that dietary intake is optimized.

The effect of ration on whole-body composition weasvever independent
of temperature except for lipid (small and large lloway) and ash (small
mulloway) (Table 4.1). Lipid content is known toryalirectly depending on intake
levels (Shearer 1994) and as lipid levels changedhilloway a corresponding
change in ash and moisture was also observed. ddmis be attributed to a

proportional shift between bone and muscle mass witreasing feed intake.
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Whole-body protein content is considered to ren@instant and independent of
feed intake and temperature (Shearer 1994); howevetein content in mulloway
was shown to vary significantly with temperatursmé and large fish) and ration
(large fish). The overall difference in protein tem between significant treatment
levels was, however, quite small at <10 g'&g average. It can therefore be
concluded that while feed intake and temperatunee ha statistically observable
effect on the protein composition of mulloway, @iotlevels do indeed remain
fairly well conserved. This result also supports tlse of a constant value for the
initial fish protein composition (191.4 g Ry which, when compared across all
combined size, temperature and ration treatmenegadiffered by <10 g kg

To summarize, the utilization efficiencies of D&G0) and DP (0.58) for
growth in mulloway were shown to be constant amtependent of fish size, ration
level or temperature used in this studife partial utilization efficiencies of DE for
protein &;) and lipid k) deposition were 0.49 and 0.75 respectivéjaintenance
requirements for protein (0.47 g DPkgday’) were influenced by body size but
were independent of temperature while maintenaremuirements for energy
increased with increasing temperature (44.21 t6%8J DE k& day') and were
also influenced by body sizBlulloway should be fed to satiation to maximize\gtio

potential if diets contain 21.4 g DP MJ BE
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Chapter 5

The Interactive Effects of Dietary Protein and Enegy on Feed

Intake, Growth and Protein Utilization of Juvenile Mulloway*

“The following chapter is published as:

Pirozzi, I., Booth, M.A., Allan, G.L., In press. &linteractive effects of dietary protein and energy
on feed intake, growth and protein utilization afvgnile mulloway Argyrosomus
japonicus). Aquac. Nutr. doi: 10.1111/j.1365-2095.2007.00841

51 Abstract

The objectives of this study were to describe thieractive effects of varying
digestible protein (DP) and digestible energy (Odéntent on the feed intake,
growth, protein utilization and whole body compmsit of juvenile mulloway
(Argyrosomus japonicus) and to determine the optimal DP:DE ratio for gtiow
This was achieved by feeding mulloway diets comgrone of four different DP
levels (250 - 550 g kb at two DE levels (16 or 21 MJ Ky Juvenile mulloway
were stocked at each of two different sizes (720fr g) in triplicate groups for each
dietary treatment and fed twice daily to apparetiation over 58 days. The results
indicated that feed intake was not governed sdiglgnergy demands but was also
dependant on the DP content of the diet. Protalization did not improve with
diets containing decreasing protein and increagipig content indicating that
mulloway have a limited capacity to spare dietamytgin. Optimal DP content was
found to be 444-491 g Kgdepending on the DE content of the diet and the of

mulloway and is within the range reported for otseraenid species. The use of
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formulated diets with 28.6 g DP MJ DBfwill achieve optimal growth and protein

deposition for 70 — 275g mulloway.

52 Introduction

Mulloway, Argyrosomus japonicus (Pisces: Sciaenidaepre a euryhaline,
gregarious, fast growing and highly fecund spetied are easily reproduced in
captivity. Mulloway have a wide distribution covegi the east, western and
southern seaboards of Australia (SilberschneiddrG@may 2008) and can be grown
successfully in different culture systems includirsga cages, ponds and
recirculating aquaculture systems (Quartararo 1¢8éder et al. 1999; O'Sullivan
and Ryan 2001; Doroudi et al. 2006). Aquaculturenofloway is relatively new in
Australia beginning in the mid 1990’s (Gooley et2000). As such the industry is
in its relative infancy although there has beertemdy increase in production in
recent years. Production of mulloway in Australiar 2004/05 was 558.4 t
(O'Sullivan et al. 2007), up from 6.8 t in 1997/@3'Sullivan and Roberts 2000).
Development of the industry is currently restricteda lack of knowledge of the
nutritional requirements of mulloway. To date thexyeo published information on
the requirements for digestible protein (DP) andedtible energy (DE) for
mulloway and, as a consequence, no specific dretdtations are available. As a
carnivorous species it is expected that mullowaly ave a high requirement for
DP and this is reflected in the current practiceitustry of feeding mulloway
commercial diets formulated for other carnivoroymeges such as barramundi
(Lates calcarifer) or more generic ‘marine fish’ formulations.

Aquaculture feeds are formulated to maximize eatriretention and
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minimize nutrient loss. This strategy is drivenlimth economic and environmental
considerations. Nutrient utilization efficiencieave been shown to be influenced
by many different factors such as species effdésstie et al. 2000; Azevedo et al.
2004), fish size (Einen and Roem 1997; Azevedo let2804), temperature
(Bendiksen et al. 2003; Moreira et al. 2008) and DP:DE ratio of the diet
(Lupatsch et al. 2001b; Booth et al. 2007). Coarsille advances have been made
in improving protein retention in Atlantic salmo8a(mo salar) by increasing the
energy content of the diet with lipid levels sonmeds in excess of 30% (e.g. Einen
and Roem 1997; Hemre and Sandnes 2008). The ingbeffieiencies are a result
of the sparing of dietary protein from catabolisor fnergy by incorporating
sufficient non-protein dietary energy from lipid @arbohydrate. There are,
however, many examples of carnivorous marine fisthsas grouperEpinephelus
coioides) (Luo et al. 2005), cobiaRachycentron canadum) (Chou et al. 2001) and
the large yellow croakerPéeudosciaena crocea) (Duan et al. 2001) that show a
much lower tolerance to elevated levels of dielgryg thereby limiting potential
protein sparing effects. Diets formulated with essceenergy may also promote
excessive lipid deposition (Shearer 1994) and redeed intake (Marais and Kissil
1979). Supplying formulated feeds with the optird&:DE content appropriate to
a particular species, size and culture conditiengherefore crucial in maximizing
nutrient retention.

The objectives of this study are to i) describe thteractive effects of
varying DP and DE content on feed intake, growtiotgn utilization and whole
body composition of juvenile mulloway, ii) determaithe optimal DP content for
juvenile mulloway fed fishmeal based diets andtoidetermine the optimal DP:DE

ratio for growth.
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53 Materials and methods

5.3.1 Experiment design and system

The effects of varying the DP and DE content onwgnoand protein
retention efficiency of mulloway was tested by fieedfish one of eight different
diets formulated with a DP:DE ratio ranging fronpegximately 12 - 35 g DP M3
to each of two size treatments from different céh@tocked at 10 (large; initial
body weight (ibw mean+SD) = 199.5+11.6 g) or 20 &#jmibw = 68.7+8.5 @) fish
tank®. There was no significant difference between ahitiveights within size
treatments>0.5). The experiment was run over 58 days ussiy produced at the
New South Wales Department of Primary Industriesst FStephens Fisheries
Institute (PSFI). The experimental system consisbédiwo integrated 1700 |
recirculating bio-filtration units supplying 48 @ | replicate tanks (total volume
13000 I). The temperature was held at 26%D.#hich is known to promote good
growth rates in mulloway (Chapter 4) and is witthie preferred temperature range
for this species (Bernatzeder and Britz 2007). Howach tank was approximately
4 | mint and orientated to create a weak centripetal ctngrich allowed the
retention of feed pellets in the tank while remayifeces via a central upright
32mm diameter pvc overflow pipe which was fixed mppmately 1cm off the
bottom of each tank. Black plastic sheets weregquaaround each tank and across
the top front half to minimise disturbance. Eackesand feed treatment were
randomly assigned to triplicate tanks with eactktaanstituting an experimental
unit. All tanks were exposed to indirect naturajhti (photoperiod 12L:12D).

Ammonium (NH") (<0.1 mg 1), dissolved oxygen (>5.0 m@), pH (7.5 - 7.9) and
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salinity (28 - 33 ppt) were monitored regularly daghout the duration of the

experiment.

5.3.2 Feedsand feeding

Feeds were formulated using the linear method infé¥d 2.8 (Winfeed Ltd.,
Cambrdige, UK). Each diet was formulated with eitadow DE (16 MJ kd) (LE) or
high DE (21 MJ kg) (HE) content. Digestibility coefficients of thagredients were
identified in a previous study by Booth (unpublididata, 2008). Dry ingredients were
mixed in a Hobart mixer (Troy Proprietary Ltd, OhidSA) to make the four base
diets. Each summit/diluent pair was then blendegive four different DP levels while
maintaining the respective DE content giving eidi@ts in total (Table 5.1). The dry
ingredients were then combined with distilled wabefore being pelleted through a
mincer (Barnco Australia Proprietary Ltd, LeichhafdSW, Australia) with a 10 mm
diameter die and cut to 6mm lengths. Pellets weegldn convection drier at < 35 °C
for about 6 hFish were fed to apparent satiation twice daily ang uneaten pellets
were counted then siphoned from tanks approximat®&lynin after initial feeding.
Total daily feed intake was then adjusted to actdan uneaten feed using the
average weight derived from a sub-sampldeefl pellets (n = 150 pellets for each

diet) (Table 5.1)Fish were fasted for 48 h prior to final sampling.

5.3.3 Sample preparation and analyses

Initial representative samples of 10 fish of eae slass were collected
before the start of the experiment, euthanized waithoverdose of benzocaine
(ethyl{p-aminobenzoate) and frozen (-20). At the conclusion of the feeding trial

all fish were euthanized, weighed and stored frofmencompositional analyses.
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Compositional changes were estimated by compahagrtitial fish samples with
those from the feeding trial. All values and sulssq reference to the nutrient and
energy composition of mulloway in this study aresdm on whole body
composition. Whole body composition was determibggblacing the weighed fish
into 5 | glass beakers, covering with aluminum #&md then autoclaving for 99 min
at 121°C. After cooling to room temperature any changeséight were accounted
for and assumed to be changes in moisture coniém. samples were then
homogenisedin situ with a hand blender and a sample taken for drytenat
determination. A portion of the remaining homogenatas then transferred to
plates and oven dried at approximately °80 The desiccated samples were then
finely ground in a laboratory blender and analysedaccordance with AOAC
(2005). Protein was calculated from total nitrogmsed on N x 6.25 using the
Dumas method. Dry matter was calculated gravimwedtyi after oven drying at 105
°C. Ash was calculated gravimetrically after incatésn at 550°C for 2 h. Gross
energy was determined by adiabatic bomb calorimekipid was measured

gravimetrically after chloroform-methanol extractio

5.3.4 Performanceindices

Mass-specific data are expressed as the geomedan of initial and final
body weights of fish (GMBW) and scaled using thetabelic body weight
exponent values of 0.7 for protein retention datd 6.8 for energy retention data
(after Brett and Groves 1979; Lupatsch et al. 1998k following performance

indices were calculated for each treatment group:
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Daily weight gain (g fish day') = Final body weight — initial body weight /

number of days

Daily protein gain (g fisth day®) = Final whole body protein content — initial wiol

body protein content / number of days

Daily energy gain (kJ fishday") = Final whole body energy content — initial whole

body energy content / number of days

Daily lipid gain (g fish* day") = Final whole body lipid content — initial whole

body lipid content / number of days

Feeding Efficiency (FE) = Weight gain / Total feathke

Protein Retention Efficiency (PRE) = Protein gaifofal protein intake

Relative Feed Intake (RFI) (g Rg day") = Total feed intake / (GMBW/1000) /

number of days

5.3.5 Dataanalyses

The effects of varying DE content (fixed; 2 levelB)P content (fixed; 4
levels) and mulloway size (fixed; 2 levels) on RFE and PRE were tested using a
3-way ANOVA. Size directly influences the nutriearid energy composition of fish
(Shearer, 1994); therefore data were pooled at¢hessize term and the effects of

diet on whole body composition tested as a 2-wayCANA with final body
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weight (fbw) as the co-variate. Normality of thetalavere checked with skewness,
kurtosis and omnibus normality tests. Assumptiohdi@amogeneity of variances
were tested using modified Levenes’ equal variaest. Tukey-Kramer test was
used fora posteriori multiple comparison of means on significant terf$ results
were regarded as significant@t0.05 except for the compositional analyses where
a was set at 0.01 as differences between means.5f%Q0vere detected when=
0.05. All analyses were carried out using untramséml data unless otherwise
stated.

Data for PRE were non-normally distributed due srggle outlier for small
mulloway fed the HE1 diet (PRE = -0.49). PRE vacesywere homogeneous. PRE
data could not be normalized; however, ANOVA reswere significant regardless
of the inclusion of the outlier or not. ANOVA datae given inclusive of the outlier
and due consideration should therefore be givantéopretations of the subsequent
multiple comparison tests.

Water flow and air failed to one tank during th@esment resulting in the
loss of all fish in that tank (large fish; HE4 dieBurvival in all the remaining tanks
was 100 %. Statistical analysis was completed #ighmean of the remaining set
substituted and degrees of freedom adjusted acmydiUnderwood 1997).

Nonlinear regression was applied to the PRE vataedetermine the DP
requirements of mulloway for each energy level. Hsgmptote of the quadratic
function was considered as the optimal DP contefri@the maximum PRE value.

Correlations 1) were determined between performance indices (R& a
PRE) and dietary nutrients (protein, lipid and atdr Protein gain (g kg’ day?)
was also correlated with the DP:DE of the diets.

The optimal DP:DE ratio for protein gain (g'kgday") was predicted using
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a biphasic linear model based on Koops and Grosgi®88) where protein gain (g
kg’ day') was described as:

A — BSIn(1 + ex{Ff ™)
Where A = asymptote (second phase); B = lineares[fipst phase); S = transition

smoothness (0.5); C = transition point.

Table 5.1.  Nutrient and ingredient profile of experimentaltdiéas fed basis).

Low Energy Diet High Energy Diet
LE1 LE2 LE3 LE4 HE1 HE2 HE3 HE4

Diet Ingredient (g kg?)

Fish Meal 344 405 435 496 191 311 372 492
Fish Oil 167 104 73 10 304 236 201 133
Blood Meal 10 103 150 243 10 66 94 150
Bovine Meal 10 10 10 10 150 138 132 120
Pregel Starch 200 152 128 80 200 152 128 80
Vit. PreMix 5 5 5 5 5 5 5 5
Diatomaceous Earth 264 221 199 156 141 92 68 20
Pellet weight (g) 0.27 0.29 0.3 0.29 0.3 0.29 0.28 0.28
Nutrient Composition
DM (g kg™ 951 949 947 945 949 946 944 941
Protein (g kg?) 266 397 462 592 263 393 458 588
Fat (g kg™ 196 142 115 61 331 27 248 193
Ash (g kg}) 307 274 258 225 172 140 125 93
GE (MJ/Kg) 17.12 17.30 17.44 17.65 2250 2254 2258 22.66
DP (g kg?) 257 376 436 555 251 373 434 555
DE (MJ/Kg) 1592 1582 15.77 15.67 20.95 20.96 20.96 20.97
DP:DE (g/MJ) 16.1 23.8 27.6 354 12.0 178 20.7 26.5
54 Results

5.4.1 Diet and fish size interactions on feed intake, FE and PRE

The effects of varying DE and DP content on RFIk@’") were not

dependant on the size of mulloway (i.e. there wassecond-order interaction)
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(Table 5.2) however; the effect of DE on RFI (g} varied significantly
depending on the DP content of the diet. The imibgéeof DE as well as DP on RFI

also varied significantly depending on the sizenofloway (Table 5.2; Figure 5.1).

Table 5.2.  3-way ANOVA on relative feed intake (RFI), feediafficiency (FE)
and protein retention efficiency (PRE). Size = draat large mulloway (ibw ~70g
and 200g); Dietary DE level = 16 and 21 MJ'k@ietary DP level 1 — 4 = 255,
375, 435 or 555 g DP Kgns = not significant g1<0.05, * =p<0.05, ** = p<0.01.

RFI FE PRE
Source of
Variation DF MS F P MS F P MS F P
A: Size 1 3433 816.30 ** 0.02 6.25 * 0.01 7.79 o
B: DE Level 1 26.77 636.56 ** 0.13 42.14 o 0.16 98.14  **
AB 1 0.39 9.22 *x 0.08 27.81 o 0.06 36.84 **
C:DP Level 3 0.53 12.72 *x 1.09 363.89 ** 0.23 141.15 *
AC 3 0.16 3.73 *x 0.07 24.83 o 0.04 21.38 **
BC 3 2.43 57.87 *x 0.18 59.92 *x 0.10 59.72 **
ABC 3 0.05 1.28 ns 0.02 6.03 o 0.02 1264 **
Residual 31 0.04 0.00 0.00

Relative feed intake (g KY) was higher for the LE diets than the HE diets
for both fish sizes and the DE x DP interactionuwsoed because significantly more
of the LE1 diet was consumed. The DP x size intemacoccurred because, in
relative terms, small mulloway consumed less of Hi&l and HE2 diets. Large
mulloway consumed a proportionally greater amounthe LE diet over the HE
diet hence the DE x size interaction.

The effect of dietary DE on total FE and PRE vaseghificantly with DP
content and these interactions were different farhesize class (Table 5.2; Figure
5.1). The highest FE values (meanzse) were 0.95zn@ 0.75+0.02 for small and
large mulloway respectively fed the HE4 diets (Eabl3; Figure 5.1). FE generally
improved with increasing DP content with the HEt diet began to plateau from the

LE2 and LE3 diets for small and large mulloway exgjvely.
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The highest PRE values (mean tse) were 0.32+0.0D&%+0.02 for small
and large mulloway fed diets LE2 and LE3 respettiieRE began to plateau from
DP level 2 regardless of the DE content (Table Bi§ure 5.1). The second-order
interaction for both FE and PRE occurred becausa oflative improvement in
efficiencies for the HE2 diet by large mullowayd&re 5.1).

Correlation responses to dietary protairn=(0.86 and 0.87p < 0.001) and
dietary starchr(= -0.84 and -0.84p<0.001) with respect to FE were found to be
virtually identical between small and large mullgw&spectively. Dietary protein
(r = 0.66 and 0.65<0.001) and dietary starch £ -0.62 and -0.629<0.001) were
also correlated with PRE and virtually identicaltvbeen the small and large
mulloway (Figure 5.2). Dietary lipidr (= -0.73;p<0.001 and -0.60p<0.01) also
demonstrated a negative correlation with FE fohlsmall and large mulloway as
did PRE ¢ = -0.62;p<0.001 and -0.6(0p<0.01). The HE1 diet was found to have a
large influence on the correlation coefficientshwrespect to dietary lipid which
could be expected at a crude lipid inclusion legel33 %. With this dietary
treatment level removed clear differences were dobetween the size classes. FE
and PRE were negatively correlated with dietarydlifor small mulloway ( = -
0.48, p<0.05 and -0.62p<0.001); however, there was no significant corretat
with large mulloway (= -0.17,p>0.1; -0.04 p>0.5).

Protein gain (g k§' day’) was highly correlated with the DP:DE ratio of

the diet ( = 0.84;p<0.001).
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Figure 5.1. First-order interaction (DE x DP and DP x size) mehative feed
intake (RFI). Second-order interaction (DE x DPize} on feeding efficiency (FE)
and protein retention efficiency (PRE). Data poimts means + se (n = 3; n = 2 for
large HE4). Solid circles = high energy diets (H#;MJ kg'); Open circles = low
energy diets (LE; 16 MJ K. Dietary DP level 1 — 4 = 255, 375, 435 or 55BR
kg'. Small ~70g; large ~200g ibw. Tukey-Kramer testro@ans within the DE x
DP interaction term for each size class. Diets shoanked by mean values from
highest (top) to lowest (bottom). Means sharingdimre not significantly different
(p>0.05).
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Table 5.3.

Summaryof performance indices and carcass compositionudonvay. Fish size: Small ~70g ibw; Large ~200g ibw

Diet Performance Indices Carcass Composition

Fish Harvest Weight® Protein? Energy’ Lipid? Feed

Size Treatment Weight Gain Gain Gain Gain Intake RFI* FE PRE Moisture Protein Lipid Ash Energy

Small Initial - - - - - 692 184 79 48 7.25
LE1 82.42 0.25 0.05 1.97 0.02 0.87 536 0.28 0.2B83 185 82 51 7.40
LE2 96.56 0.47 0.10 271 0.02 0.72 418 0.65 0.3%99 190 66 49 6.82
LE3 98.83 0.55 0.11 2.57 0.00 0.75 432 0.73 0.3409 190 54 50 6.43
LE4 100.73  0.56 0.13 1.90 -0.02 0.70 401 079 20.3719 198 40 47 6.03
HE1 65.30 -0.13 -0.04 -1.84 -0.02 0.40 2.60 -0.330.37 706 173 67 57 6.48
HE2 82.68 0.22 0.04 1.69 0.03 0.48 294 046 0.2884 184 84 52 7.32
HE3 88.50 0.38 0.07 2.60 0.03 0.58 352 065 0.2692 186 76 49 7.16
HE4 100.19 0.56 0.11 2.93 0.01 0.60 3.46 0.93 20.3706 186 60 51 6.57

Large Initial - - - - - 720 190 34 61 5.59
LE1 245.05 0.76 0.14 11.06 0.19 2.56 734 030 0.2B88 190 73 50 7.20
LE2 263.67 1.06 0.23 9.92 0.11 2.23 6.21 047 0.2702 197 51 52 6.48
LE3 272.30 1.28 0.31 11.32 0.11 2.19 6.09 058 20.3701 204 48 51 6.48
LE4 27499 1.28 0.32 8.30 0.02 2.11 5.83 0.61 0.2714 205 29 53 5.83
HE1 199.70 0.01 0.01 1.87 0.04 1.43 441 0.01 0.0713 192 46 55 6.13
HE2 251.32 0.94 0.18 12.25 0.20 1.66 476 0.57 00.3687 192 72 52 7.20
HE3 256.02 0.97 0.21 11.64 0.16 1.76 499 0.55 80.2691 196 64 51 7.00
HE4 26747 1.21 0.27 10.94 0.11 1.61 451 0.75 00.3701 198 49 54 6.50

! Refer to Table 1 for diet composition

2 (g fish* day")

* Relative feed intake (g Ky day")

% (kJ fish* day™)

® as received g kbor MJ kg' (energy)
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Figure 5.2. Effect of dietary DE on lipid, moisture, energy armtotein
composition of mulloway dependant on dietary DPteoh Data are pooled means
across size terms (£ se; n = 6; n = 5 for HE4)idSafcles = high energy diets (HE;
21 MJ kg'); Open circles = low energy diets (LE; 16 MJ'kgDietary DP level 1 —
4 = 255, 375, 435 or 555 g DP kg

5.4.2 Effect of dietary DE and DP on whole body composition

The effect of DE content on the moisture, lipid amkrgy composition of
mulloway varied significantly with DP content (Tabl5.4; Figure 5.2). The
interaction occurred because of the relative Iguidliand energy content and high
moisture composition for mulloway fed the HE1 dietgure 5.2). The effect of DE
on protein composition was independent of the Ditert. However, both DP and
DE were found to effect the protein compositionraflloway (Table 5.4). There was
a trend for protein composition to be greater farlloway fed LE diets and to

increase with increasing DP although protein contjpostended to plateau from the
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HE3 diets (Figure 5.2). The overall difference bstw the effect of diets on the
protein composition of mulloway, although statiatig significant, were quite small

at less than 1 % for across DE or DP content.

Table 5.4. 2-way ANCOVA on protein, lipid and energy compasitiwith final
body weight (FBW) as the co-variate. Lipid data sare transformed. 2-way
ANOVA on moisture and ash composition. ns = notndigant at p<0.05, * =
p<0.05, ** =p<0.01, ***= p<0.001.

Protein Lipid Energy Moisture Ash
Source of

Variation DF MS F P MS F P MS F P DF MS F P MS F P

X (FBW) 1 11.54 46.37 ** 26.12 5311 *» 033 562 *

A: DE Level 1 3.71 14,92 ** 14.48 2944 ** 042 713 * 1 216 34 * 0.48 5.08 *
B: DP Level 3 2.03 8.17 ** 18.47 3755 ** 1.07 18.07 ** 3 6.201251 *** 0.20 2.11 ns
AB 3 0.16 0.62 ns 1965 3995 ** 196 3326 * 3 10.521.39 *** 0.20 2.14 ns
Residual 38 0.25 0.49 0.06 39 0.50 0.10

FBW was a significant co-variate for protein amadicomposition although,
on average, the differences were small; large maiohad only 1 % greater protein
and 1.2 % less lipid composition than small mullgpw@here was no significant

effect of DE or protein on ash compositiorna0.01 (Table 5.4).

5.4.3 Dietary DP requirements

Estimates of optimal DP content based on maximuedipted PRE derived
from the asymptotic values of “order polynomial regressions were LE diet: 452
and 444 g DP K§and HE diet: 491 and 478 g DP kfpr small and large mulloway

respectively (Figure 5.3).
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Figure 5.3. Effect of dietary DP and DE on PRE. Asymptote ofadnatic
functions represent required dietary DP for optiPRBE. (£ se; n = 3; n = 2 for Large
HE at 555 g DP Kg). HE = 21 MJ kg LE = 16 MJ kg~

Figure 5.4 depicts the effect of DP content ongirogain (g kg’ day?) for

both LE and HE diets. This relationship can be deed by the quadratic functions:

LE diet:

protein gain (g k3’ day*) = -0.697 + 0.053DP 0.0005DP (r?=0.76)

HE diet:

protein gain (g k3’ day*) = -1.836 + 0.088DP - 0.0008BK r> = 0.85)

Estimates of optimal DP:DE for maximum protein g4 fish® day’)
derived from the bi-phasic growth model were 29%8-(0.86) and 27.3{=0.88) g
DP MJ DE! for small and large fish respectively. The protgain response to the
HE1 diet (negative gain) heavily influenced the mlogistimates for small mulloway

therefore the model was fitted excluding the HEtadar that size. Comparison with
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estimates of optimal DP:DE derived from the asyrtggtoof quadratic functions
fitted to the PRE response (HE1 data removed failsmulloway) were 29.4r¢ =

0.74) and 27.2r¢ = 0.78) for small and large mulloway respectivéhese results are
very similar to the estimates derived using thevabdi-phasic growth model with

protein gain (g fisH da y*) as the dependent variable.

1.0+
c 0.8+
= >
> 8 0.6
C ~
oo 0.4+ O LE
S g ® HE
L o 0.2

OC d ) v ) v ) v J
0.2 Y 300 400 500 600
' Dietary DP (g kg™})

Figure 5.4. Effect of dietary DP and DE on protein gain (°Kglay"). (+ se; n =
6; n =5 for HE at 55.5 g DP 106y HE = 21 MJ kg; LE = 16 MJ kg

Ranges for DP:DE based on 95 % CI of the fitteghhmasic growth model
overlapped for the different size classes (sm#&ll62 33.1; large, 23.8 - 30.8 g DP
MJ DEY) suggesting that a common DP:DE ratio of 28.6 gNDPDE™* would be
suitable for formulating practical diets for mullayof at least 70 g to approximately

275 g BW (Figure 5.5).
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Figure 5.5.  Effect of dietary DP:DE ratio (g DP MJ Dffon protein gain (g kg’
day’). (+ se; n = 6; n = 5 for 26.5 g DP MJ BEHE1 data for small mulloway
removed from analyses). Maximum protein deposiéib#8.6 g DP MJ DE Dashed
vertical lines represent 95 % confidence limit@@6 - 30.8 g DP MJ DE HE = 21
MJ kg*; LE = 16 MJ kg

55 Discussion

It has been widely hypothesized that fish regulagsl intake to satisfy their
energy requirements (Cho and Kaushik 1990; Kausim#@d Medale 1994). The
findings from the current study also support thisdry however; the magnitude of
the effect of DE on the relative feed intake of lowhy was shown to vary
depending on the DP content of the diet. This iaigis that energy requirements
alone do not drive feed intake but the requiremésrtsiutrients, in this case protein,
also play a very important role.

Both the effects of DP and DE content on relateed intake were shown to
vary significantly depending on the size of mullgw®n a relative basis the demand
for protein for somatic growth is known to be gegdor smaller than larger fish and,
conversely, the demand for energy is greater fagelathan smaller fish (Garcia-

Alcazar et al. 1994; Lupatsch et al. 2001b). Thi is reflected in formulated diets
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which provide greater DP:DE content for smallerpidly growing fish. Large
mulloway in this study consumed relatively more diét (compared to HE diet) than
small fish presumably to meet a greater demananietabolic energy. However, the
greater overall relative feed intake demonstratgdldsge mulloway was likely
compensatory as indicated by the initial body cositpm (Xie et al. 2001)

If fish also consume feed to satisfy their nutrisguirements then it would
be expected that, on a relative basis, smaller iishld consume more of a low
protein diet than larger fish to meet those metabddémands for protein. However,
the DP x size interaction occurred because, orative basis, small mulloway ate
significantly less of the HE low protein diets (HEf&d HE2) compared to the higher
protein diets (HE3 and HE4) than large mullowaylded, small fish consuming the
HE1 diet were the only group to lose weight while torresponding feed intake for
large fish was approximately equivalent to mainteealevel. This response may
have occurred because high energy diets can sosgetoppress appetite (Marais
and Kissil 1979) and may indicate a shift in tasteference between size classes
(Kasumyan and Doving 2003); although this remam$é tested in mulloway. In
real terms however, the difference between the amsoof HE1 and HE2 diets
compared to HE3 and HE4 diets consumed by smalbmal was, on average, only
0.73 g k&” and would not have been significanuat 0.01. The different responses
between small and large mulloway to diets with Hifh and low DP may indicate a
subtle shift in the protein:energy demands betwbentwo sizes and highlights the
importance of the correct DP:DE ratio in formulatedds.

The effect of DE on the moisture, lipid and enecgynposition of mulloway
was shown to vary depending on the DP content efdibt. The general trend was

for lipid composition to decrease with increasingtary protein. The exception
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occurred with the HE1 diet and this is concomitaith reduced feed intake at this
level. Similar results have been demonstrated siltler perch Bidyanus bidyanus)
which show a significant linear decrease in whadd\blipid composition when fed
17 MJ DE kg diets with increasing DP content of 173-424 g :Kgowever, at 129 g
DP kg' silver perch also show a significant relative meéhn in whole body lipid
composition (Allan and Booth 2004). Protein comporiwas shown to be affected
by DE and DP content with a greater protein contmosiwith increasing DP and
decreasing DE content. A similar trend for the effef DE on the protein
composition has been reported for the cuneate dNibea miichthioides (Wang et
al. 2006b); however, the influence of DP in theindy, while significant, was
unclear. This is possibly due to the limited ramgeP (360 — 400 g kY used in
their diets.

Mulloway in this study were found to have DP regment of 444 — 491 g
kg' depending on the size of the fish and the dietmgrgy level. These values are
similar to those reported for other sciaenid speaech as the giant and Atlantic
croakers (450 g CP Kg Davis and Arnold 1997; Lee et al. 2001), the daygllow
croaker (470 g CP ki Duan et al. 2001) the cuneate drusd@0 g DP kg; Wang
et al. 2006b) and red drum (350 - 440 g DP:kBaniels and Robinson 1986;
McGoogan and Gatlin 1998).

The use of dietary protein can potentially be nmmazed for growth if
adequate amounts of non-protein energy can be isdppb satisfy metabolic
demands for energy. This protein sparing effectbeen demonstrated in some fish
species (e.g. Erfanullah and Jafri 1995; Companywletl999; Lee et al. 2002;
Azevedo et al. 2004) but not others (e.g. PereCGdivé-Teles 1999; De Pedro et al.

2001; Regost et al. 2001; Azevedo et al. 2004). RRIEes did not significantly
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improve with diets containing decreasing proteinl amcreasing lipid content; this
occurred irrespective of the energy content ofdiet and indicates that mulloway
have a limited capacity to spare dietary proteihisTeffect has similarly been
demonstrated in other sciaenid species (Duan 208alL).

Carnivorous fish are known to efficiently catabelidietary proteins as an
energy source (Gatlin Il 1995); however, whethatabolism of dietary protein by
mulloway for energy is performed preferentially oveon-protein energy sources
(i.e. lipids) is unclear although the lack of aipge correlation between dietary lipid
for both FE and PRE indicates this may be likelasRussen et al. (2000) and
Azevedo et al. (2004) did not observe a significemtrelation between PRE and
lipid intake in rainbow trout while at the same ¢indemonstrating a significant
correlation between protein intake and PRE indigatan absence of a protein
sparing effect of non-protein energy nutrienBurther research is required to
establish the energy utilization potential of naotpin energy sources as they
pertain to mulloway.

The correct proportion of dietary DP to DE is naty important to maximize
growth but imbalances have economic and environahecwnsequences. Diets
containing excessive protein will generally be lessst effective and produce
excessive nitrogenous waste (Kaushik 1998). Dietis @xcessive lipid content will
increase lipid deposition to the visceral cavityet and some muscle tissue of fish
(e.g. Nanton et al. 2007) although this may berdbk in some aquaculture species
such as those consumed as sashimi (Chou et al.).260dtein deposition in
mulloway was found to be highly correlated with DE:DE ratio of the diet with

28.6 g DP MJ DE considered appropriate for 70 — 275 g mulloway.
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While the experimental design used in this studsgensitive enough to
discriminate subtle differences between the DPRIEdequirements of 70 and 200 g
(ibw) fish; it is important to keep in perspectitreat mulloway can grow up to 75 kg
and 1.8 m in length (Griffiths and Heemstra 19®%)th the sizes used in this study
therefore represent rapidly growing juveniles vathigh demand for dietary protein;
444 - 491 g kg DP depending on the fish size and energy confethieodiet. Protein
utilization did not improve with diets containingaeasing protein and increasing
lipid content indicating that protein sparing in lloway may be limited and
underscores the importance of supplying adequateuats of dietary protein.
Protein deposition in juvenile mulloway from 70 #52g can be optimized with diets

containing 28.6 g DP MJ DE
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Chapter 6

A Factorial Approach to Diet Formulation and Feedirg Regimes for

Mulloway Based on the Requirements for Protein andEnergy

6.1 Abstract

This study builds upon the information establishaedthe previous chapters to
develop a factorial model to predict protein anérgy requirements for mulloway
throughout the production range. Assessments ofjtbeth potential of mulloway
and the allometric relationships between body s@wl protein and energy
metabolism and protein and energy whole body coitippswere combined with
previously established data on the utilization cdfficies and maintenance
requirements for DP and DE. Factorial modellinghaf data allowed estimations of
the decreasing requirement of the ratio of DP:DiEnfalloway with increasing body
size up to 2 kg. From this information diet forntidas and feeding regimes were
then iteratively derived applicable for the diffetalietary needs dependant on body

size.

6.2 Introduction

The factorial modelling method for defining nutrieequirements in fish has
seen significant advances made in recent years thighwork on non-salmonid
marine fish by Lupatsch et al. (1998), Lupatschalet(2001a) and Lupatsch and

Kissil (2005) and work on salmonids by Cho and Bur¢1998) and Azevedo et al.

115



(2005). The premise behind the factorial methochdpehat the requirements for
protein and energy can be partitioned into produmcand maintenance costs based

on the assumption that the two are additive. Taisexpressed as:

Total nutrient requirement ax BW(kg)® + ¢ x Growth (6.1)

wherea = maintenance requiremeiit= weight exponent = utilisation coefficient

The advantage of this method over the more tathtiempirical based dose
response methods such as that used in Chapteh&tig can be used to describe DP
and DE requirements for growing fish throughout tpheoduction cycle and
estimations are not necessarily restricted to withe size range of the test species.
Key to achieving this however are establishing tlidization efficiencies and
maintenance requirements for DP and DE (achievethiapter 4), an assessment of
the protein and energy composition as a functiofisbfsize, establishing the growth
potential under a given set of culture conditiomsl alescribing the allometric
relationship between body size and protein andggn@etabolism.

The main objectives of this study were twofoldsfiiy, to use the factorial
method to describe the requirements for DP and @Erfulloway up to 2 kg and
then, secondly, to iteratively derive diet formiwdas and feeding regimes based on
the requirements for protein and energy. Sevemraptions relating to Egn. (6.1)
with respect to temperature and fish size effentthe utilization efficienciescf and
maintenance requiremenis) (©f DP and DE in mulloway were tested in Chapter 4
In this study the influence of methodology on deryvthe value of the metabolic

weight exponenth) is also tested.
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6.3 Materials & Methods
6.3.1 Growth data

A data set was compiled from growth records oflawsy held at PSFI and a
commercial mulloway farm. Farm data were based aroxs held in sea cages or
ponds where fish were fed to apparent satiatiom wdmmercial diets. Data from
mulloway at PSFI were obtained from mulloway gromn10000 | recirculating
aquaculture systems or 1°rmages in an outdoor pond. Water temperatures dange
from approximately 18 — 38C and averaged approximately Z3. All growth data
were expressed as mean body weight (BW g) valuesilodsampled cohorts where
total n > 3000 individual fish. Outliers or cohomere feed intake was considered
spurious were excluded from the analyses. The ¢rawbdel component in this
study is based on body weight however workers anngercial farms often measure
growth based as body length as it is a much mangesoent measurement to obtain
particularly if sampling from sea cages. Therefitve relationship between standard
body length (SL mm) and BW was established to alwaversion from length
based data to estimate BW. SL allows accurate bodyth measurements as it is not
influenced by the condition of the caudal fin whican sometimes be damaged;
however, total length (TL) is still often used. bigi a range of fish from
approximately 25 — 1860 g the relationship betw8krand TL was also established
to allow conversions based on TL. This relationskgs linear and can be described

as:

SL = 0.9428(TL) — 13.3832r%= 0.997; n = 1072) (6.2)
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The relationship between SL and BW was allomégfigure 6.1) and can be

described as:

BW = 6.163x10(SL)*"*®  (r?=0.99; n = 3531) (6.3)

Weight (g)
ol
T

) ) ) ) ) J
0 100 200 300 400 500 600
Standard length (mm)

Figure 6.1. Relationship between standard length (mm) and maeight (g) of
mulloway. Weight measurements range from 12 — 1@ = 0.99; n = 3531).

6.3.2 Body composition

The proportional content of energy, lipid and nis to the BW of fish are
not constant throughout the growing phase and csitipp also varies between
species (Shearer 1994; Lupatsch et al. 2003b). rEtetionship between the
proximate composition and body weight of mullowagsadetermined using groups
of equal size fish ranging from 2 — 2100 g (n =03100 fish depending on size).

Samples were prepared for proximate analysis a€papter 4.
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6.3.3 Dietary protein and energy utilization

The dietary protein and energy utilization effrisees for mulloway used to
populate the factorial model in this study wereabbkshed in Chapter 4. Based on the
slopes of regression, utilization efficiencies P and DE were 0.58 and 0.60
respectively. The respective corresponding cost ym@t of protein or energy

deposition is 1.72 g DP'gand 1.67 kJ DE Kl

6.3.4 Metabolic body weight

The effect of body weight on metabolic ratd)(can be described by the

general allometric equation:

M = aBW" (6.4)

Wherea is the normalizing constant, BW is the body masg andb is the scaling

exponent describing the influence of mass on métbo The metabolic weight

exponent for routine metabolism (RMR) of mullowagsbd on oxygen consumption
was established in Chapter 3 and found to be OrB.akernative method is the
comparative carcass analysis of energy loss omadian. This method also has the
advantage of allowing the metabolic weight losamy body tissue such as protein to
be established if required. To test if fasting diora and temperature effected the
allometric relationship between daily protein aneergy loss on starvation 3 size
classes of mulloway (S, M or L; initial BW approxately 25, 90 and 645 g

respectively) were fasted at two durations (2 evetks) at two temperatures (14 or

20°C). Treatments are referred to as 14:2, 14:4, 2@ 20:4 denoting each
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respective temperature and fasting duration gréigh were stocked into replicate
200 | tanks (n = 4) at 45, 25 or 6 fish tdrflor S, M, or L fish respectively for each
temperature and fasting duration treatment. A detson of the system and
temperature acclimation protocols can be found hagfer 2. Stocking densities
were chosen to approximate those established aso@pie for mulloway in
Appendix 1. A representative initial sample of eade class (n = 10 for S and M
fish or n = 5 for L fish) were euthanized at thegibeing of the study and stored
frozen until the completion of the fasting trialt e conclusion of each fasting
treatment, fish were euthanized, weighed and atsed frozen until preparation for
carcass analyses. All samples for proximate whateass analyses were prepared as
per Chapter 4. Compositional changes in protein anergy were estimated by

comparing the initial fish carcass samples wittsthfsom the fasting trial.

6.3.5 Maintenance requirements

The daily maintenance requirements for energy@otein were established
in Chapter 4. Maintenance requirements for eneggied depending on temperature
and were 44.2 and 49.60 kJ DE%gday* at 20 and 26C respectively. Routine
metabolic rate (RMR) (Chapters 2 & 3) and p&#R, after feeding (Chapter 3) were
both shown to increase linearly with temperatunerefore, a linear relationship with
maintenance energy requirement (kJ DE®kglay') and temperature was also
assumed which can be expressed as 26.28+D@@&enT = 20 to 26C).

The daily maintenance requirement for protein wasfl to be independent

of the temperatures used in Chapter 4 and was &stihat 0.47 g DP Ky day*
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6.3.6 Data analyses

Allometric relationships were iteratively derivediing the non-linear least
squares method in Graphpad Prism V4 (GraphPad Sadfv6an Diego, CA, USA).
All data are based on the mean of tanks or expetaheinits. Comparisons of
individual model parameters were made using theaegum-of-square$--test.
Statistical significance was regardedPat 0.05.

Piecewise linear analysis was used to determinakpments describing key

changes in the relationship between BW and theirement for the ratio of DP:DE

using NCSS (2004, Kaysville, Utah).

10.0+

Growth (g fish day™?)

v v v v v L}
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Figure 6.2. Relationship between BW (g) and growth rate @fiday’) of
mulloway held at an average temperature of appratdiy 23°C (solid line). Data
points represent mean values of groups of fish (#4» Dashed lines represent
estimations of growth rates at the lower and uppeges of temperatures occurring
during growth trials (18 — 3%C) based on Eqn. (6.5).
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6.4 Results
6.4.1 Growth mode

Figure 6.2 shows the allometric relationship bemvgrowth rate and BW of
mulloway held at an average temperature of 2&6(SD+2.5°C). This can be

expressed as a function of temperaten(thin the range sampled (~18 to %D):

Gain (g fish' day') = 0.03344xBW(g)****® xexp(0.045%T)

(r?=0.77; n = 44) (6.5)

Egn. (6.5) can be expressed in terms of predicdbRsed on initial weight (BWY

after time ¢) in days as:

BW = (BWo ***'+ 0.0144 exp ™" x )24 (6.6)
80+ - 14
a T
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Figure 6.3. Relationship between proximate body compositionlargdweight (g)
(n = 45 groups). Diamonds = moisture; Circkesenergy; Triangles = protein;
Crosses = lipid; Squares = ash.
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6.4.2 Body composition

The whole body composition of mulloway (n = 45 gpe) can be seen in
Figure 6.3 Average whole body protein (19.13 g §d9 and ash (5.2 g 100"y
content remained relatively constant independerfisbfBW while energy, lipid and

moisture demonstrated an allometric response:

Energy (kJ §) = 4.492<BW(g)*%"%* (r* = 0.75) (6.7)
Lipid (g 100 ") = 2.063<BW(g) >*#% (r* = 0.53) (6.8)
Moisture (g 100 g) = 77.80xBW(g)*%*  (r*=0.73) (6.9)

6.4.3 Metabolic body weight

The coefficient andmetabolic weight exponent values fmotein and energy
loss on starvation can be seen in Table 6.1. Tliorship between daily protein
loss and geometric mean body weight at differemperatures and fasting durations

can be seen in Figures 6.4 and 6.5.

Table 6.1.  Parameters of the power function yax” describing the relationship
between body mass and protein (g fistiay’) or energy loss (kJ fishday") on
starvation.

Temperature Protein loss Energy loss

& Fasting

Duration a(+se) b(xse) r? a(+se) b(+se) r?
(°C:weeks)

14:2 0.0004(+0.0003) 0.992(+0.13) 0.90  0.0565(+0.018) 836(+0.05) 0.99
14:4 0.0017(x0.002) 0.782(x0.19) 0.84  0.1066(+0.089) 76(%0.13) 0.92
20:2 0.0026(+0.003) 0.805(x0.21) 0.84  0.1661(+0.050) 66(%0.05) 0.99

20:4 0.0050(+0.002) 0.683(x0.05) 0.98  0.2415(x0)0990.687+(0.06) 0.97
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6.4.3.1 Protein loss

Exponent values for protein loss ranged from 0.683the 20:4 group to
0.992 for the 14:2 group. However, when compabnglues amongst treatments a
global value of 0.764 could be used to deschilier all data setsH = 0.30;P >0.5).
When comparing againsty: b = 0.7 only the 14:2 group differed significantly €
7.88; P < 0.05). No statistical difference was found whemgparingb of all fasted

treatments againsty: b= 0.8.
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BW (9)

Figure 6.4.  Protein loss (g fish d&y of mulloway after 2 or 4 weeks fasting at
14°C or 26C (n = 12).

6.4.3.2 Energy loss

Exponent values for energy loss ranged from 0.G87tlie 20:4 group to
0.836 for the 14:2 group. A global value of 0.748ld be used to descrilbefor data
sets F = 0.50;P >0.5). No statistical difference was found whemparingb of all

fasted treatments agairtdg: b= 0.8
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Figure 6.5. Energy loss (g fish d&y of mulloway after 2 or 4 weeks fasting at
14°C or 26C (n = 12).

6.4.4 Protein and energy requirements

A summary of the parameters used to populate #utorial model are
presented in Table 6.2. From Eqgn. (6.1) the taguirement can be described for

dietary protein as:

DP requirement (g fishday') = 0.47xBW(kg)®’ + 1.72x<protein gain  (6.10)

and for dietary energy as:

DE requirement (kJ fishday")

= (26.28+0.89T) xBW(kg)*® + 1.6 energy gain (6.11)

From Eqgns. (6.10) and (6.11) the total daily proend energy requirements

can then be calculated for the production rangaulfoway (Table 6.3).
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Table 6.2.  Summary of parameter values used to populate tterfal model.

Term Equation / value

Growth rate (g fish™ day™) 0.03344BW-*** X exp(0.045% T)
Whole body composition (energy) (kJ/g) 4.492BW 728

Whole body composition (protein) (g/kg) 191.27

Utilization efficiency (energy) 0.60

Utilization efficiency (protein) 0.58

Maintenance requirement DE (kJ kg®¢ day?®) 26.28+0.89T
Maintenance requirement DP (g k¢’ day!)  0.47

6.4.5 Feed formulationsand practical diet assignment

Based on the protein and energy requirements leddécliin Table 6.3 the
theoretical feed intake and feed conversion ra{iBGR’S) can then be predicted for
feeds with a pre specified energy content for ang mulloway up to 2 kg (Figure
6.6). Figure 6.6 is based on the “ideal” DP:DE isgment at each body weight
which in practice would require many different dietith a DP:DE content to reflect
this shifting requirement. Piecewise analyses ifledtsignificant changes in DP:DE
requirement at 111, 582 and 1120 g (Figure 6.7ctiral feed formulations based

on 3 growth stages, each with a fixed DP:DE conizart be seen in Table 6.4.
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Table 6.3 Energy and protein requirements for mullowayGafd 26C.

Live weight g 10 50 100 200 500 800 1100 2000
MBW (kg *9? 0.03 0.09 0.16 0.28 0.57 0.84 1.08 1.74
Temperature  MBW (kg *)? 0.04 0.12 0.20 0.32 0.62 0.86 1.07 1.62
20°C Growth (g fish™ day™) 0.31 0.77 1.14 1.69 2.85 3.72 4.46 6.27
DE Maintenance (kJ fish* day®)®  1.11 4.02 7.00 12.19 25.38 36.96 47.69 76.93
Energy gain (kJ fish* day™)® 1.63 4.58 7.15 11.16 20.11 27.20 33.38 49.02
DE growth (kJ fish™ day™?)® 2.71 7.63 11.91 18.60 33.51 45.33 55.63 81.70
DE total (kJ fish™ day™)’ 3.82 11.65 18.91 30.79 58.89 82.30 103.32 158.63
%DE for maintenance 29.04 3452 37.02 39.60 43.09 44.91 46.16 48.50
DP Maintenance (g fish' day™)? 0.02 0.06 0.09 0.15 0.29 0.40 0.50 0.76
Protein gain (g fish* day?®)" 0.06 0.15 0.22 0.32 0.54 0.71 0.85 1.20
DP growth (g fish® day™) 0.10 0.25 0.38 0.56 0.94 1.23 1.47 2.07
DP total (g fish® day™y 0.12 0.31 0.47 0.71 1.23 1.63 1.97 2.83
%DP for maintenance 15.58 18.53 19.93 21.41 23.49 24.60 25.38 26.88
DP:DE (g DP MJ DE*)* 31.30 26.62 24.77 23.01 20.83 19.77 19.08 17.83
26°C Growth (g fish™ day™)” 0.40 1.00 1.49 2.21 3.73 4.88 5.85 8.22
DE Maintenance (kJ fish* day!)®  1.25 4.51 7.86 13.68 28.48 41.47 53.51 86.32
Energy gain (kJ fish* day™)® 2.13 6.00 9.37 14.63 26.36 35.66 43.76 64.26
DE growth (kJ fish™ day™*)® 3.55 10.00 15.62 24.38 43.93 59.43 72.93 107.10
DE total (kJ fish™ day™)’ 4.80 14.51 23.47 38.06 72.41 100.90 126.44 193.42
%DE for maintenance 25.95 31.09 33.48 35.95 39.33 41.10 42.32 44.63
DP Maintenance (g fish' day™)? 0.02 0.06 0.09 0.15 0.29 0.40 0.50 0.76
Protein gain (g fish* day?®)" 0.08 0.19 0.29 0.42 0.71 0.93 1.12 1.57
DP growth (g fish* day™)' 0.13 0.33 0.49 0.73 1.23 1.61 1.93 2.71
DP total (g fish* day™) 0.15 0.39 0.59 0.88 1.52 2.01 2.43 3.47
%DP for maintenance 12.34 14.79 15.96 17.21 18.97 19.93 20.60 21.90
DP:DE (g DP MJ DE*)* 3146  26.78 24.93 23.16 20.97 19.91 19.21 17.95

®Live weight scaled using exponents of 0.8 or Or7eftergy and protein respectively
®Daily weight gain derived from growth model Eqn.56

°DE maintenance = 26.28+0.8DX MBW

YEnergy gain = Growth x 4.492B%%72¢

°DE growth = Energy gain / 0.60

'DE total = DE Maintenance + DE Growth

9DP maintenance = 0.47 x MBW
"Protein gain = Growth x 0.191
'DP growth = Protein gain / 0.58

bP total = DP Maintenance + DP Growth

“DP:DE = (DP total / DE total) x 1000
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Figure 6.6. Relationshipbetween theoretical FCR and feed intake values (%BW
and BW for mulloway fed diets with three differddE contents (15, 17 or 19 MJ kg
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Figure 6.7. Theoretical requirement for DP:DE ratio at 20 td@6Breakpoints
(dashed vertical lines) derived from piecewise wsialoccur at 111, 582 and 1120 g.
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Table 6.4. lIteratively derived feed formulations and feedimgimes at 20 and 26
°C. Estimates derived from fixed DP:DE ratios ovegrdwth stages; 10-100 g = 31.3 ¢
DP MJ DE!, 100-500 g = 24.8 g DP MJ DE500-1100 g = 20.8 g DP MJ DE1100-
2000 g = 19.1 g DP MJ DE Suggested appropriate diet specifications anditige
regimes shaded in boxes.

Live weight (g)

10 50 100 200 500 800 1100 2000
DE content 15.0 MJ kg*

DP content (g kg')? 469.5 469.5| 3715 3715 3124 3124 286.2 286.2
20°C

Intake (g fish* day?)® 0.25 0.78 1.26 2.05 3.93 5.49 6.89  10.58
Intake (%BW day ™) 2.55 1.55 1.26 1.03 0.79 0.69 0.63 0.53
Expected FCR 0.83 1.01 1.11 1.22 1.38 1.47 1.54 1.69
26°C

Intake (g fish™ day™)° 0.32 0.97 1.56 2.54 4.83 6.73 8.43  12.89
Intake (%BW day ™) 3.20 1.94 1.56 1.27 0.97 0.84 0.77 0.64
Expected FCR 0.80 0.96 1.05 1.15 1.29 1.38 1.44 1.57
DE content 17.0 MJ kg

DP content (g kg*)? 532.1 5321 | 421.0 421.0| 3541 3541 | 3243 3243
20°C

Intake (g fish™ day™)° 0.22 0.69 1.11 1.81 3.46 4.84 6.08 9.33
Intake (%BW day ™) 2.25 1.37 1.11 0.91 0.69 0.61 0.55 0.47
Expected FCR 0.73 0.89 0.98 1.07 1.22 1.30 1.36 1.49
26°C

Intake (g fish* day?)® 0.28 0.85 1.38 2.24 4.26 5.94 744  11.38
Intake (%BW day ™) 2.82 1.71 1.38 1.12 0.85 0.74 0.68 0.57
Expected FCR 0.70 0.85 0.93 1.01 1.14 1.22 1.27 1.38
DE content 19.0 MJ kg"

DP content (g kg*)? 594.7 5947 4706 4706 3957 3957 | 3625 3625
20°C

Intake (g fish™ day™)° 0.20 0.61 1.00 1.62 3.10 4.33 5.44 8.35
Intake (%BW day ™) 2.01 1.23 1.00 0.81 0.62 0.54 0.49 0.42
Expected FCR 0.66 0.80 0.88 0.96 1.09 1.16 1.22 1.33
26°C

Intake (g fish* day)® 0.25 0.76 1.24 2.00 3.81 5.31 6.65 10.18
Intake (%BW day ™) 2.53 1.53 1.24 1.00 0.76 0.66 0.60 0.51
Expected FCR 0.63 0.76 0.83 0.91 1.02 1.09 1.14 1.24

®DP content = Fixed DP:DE (values noted in Tablecdgtion) x DE content
®Intake = DE total (from Table 6.3) / DE content
°Expected FCR = Intake / Growth (from Table 6.3)
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6.5 Discussion
6.5.1 Feed formulation & feed requirements

This study applied a factorial approach to quaitgyprotein and energy
requirements using those parameters establishébeirprevious chapters relating to
protein and energy utilization efficiencies and tpho and energy requirements for
maintenance combined with whole body compositiarad growth data to formulate
practical diets and feeding regimes for mullowastifBates of 26.7 and 24.4 g DP MJ
DE for a 70 and 200 g fish respectively at®6using the current factorial modelling
method fall close to those ranges established ubm@mpirical dose response method
in Chapter 5. Comparison of DP:DE values betweeasdhtwo independent studies,
which used different methodologies to arrive atilimvalues, appear to mutually
validate the estimations of protein and energy ireguents in mulloway.

The current practice of feeding mulloway feeds folated for barramundi or
more generic “marine fish” formulations may notiteal particularly for fish <500 g if
growth rates are to be maximized. This is becaaseescommercial feeds can typically
contain 21.4 g DP MJ DE(e.g. Chapter 4) which, when considering Table fhay
not provide an adequate proportion of DP:DE foridp growing smaller fish
particularly if fish were fed restrictively (see &ters 4 and 5).

The assignment of different diets with appropri2ai&DE content at key growth
stages throughout the production cycle will assismaximizing growth potential in
mulloway. Piecewise polynomial analysis (Figure)6specified key growth stages
although, for practical purposes, we can consid¥), 500 and 1100 g to represent
appropriate BW indicators at which point to chargjets for mulloway. At each

successive designated growth stage the DP:DE domtiéindecrease as indicated in
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Table 6.3. Although demand for DE increases wittieasing BW there may, however,
be little scope to supplement diets with non-protemergy sources as mulloway have
been shown to have a limited capacity to spareadieprotein (Chapter 5). The
potential for mulloway to utilize non-fishmeal bdsprotein sources and non-protein
based energy sources requires further investigation

As the requirement for DP:DE decreases with inengaish size so to does the
maximum capacity for voluntary relative feed intakeets in Table 6.4 are presented at
three different energetic contents to accommodsdihg smaller fish a low energy 15
MJ diet and larger fish with higher energy 19 Mgtsi This is necessary firstly
because, on a relative basis, smaller fish consuore feed than larger fish and issues
of inadequate nutrient intake may occur in largsh funable to ingest adequate feed
volumes to meet their nutrient requirements. Selgonid maintain an appropriate
DP:DE content high energy diets require a propostiely high protein content and this
may be impractical to make particularly with, fotaenple, 19 MJ diets containing 595

g DP kg' as indicated in Table 6.4.

6.5.2 Protein and energy composition

The DP:DE requirements derived using the factaniathod (Table 6.3) show
mulloway to have a relatively high requirement dogtary protein not dissimilar to that
established for white groupeEginephelus aeneus) (Lupatsch and Kissil 2005) and
barramundi (Glencross 2008) although greater thahrequired by gilthead seabream
(Lupatsch et al. 2003c) and European sea bass tdalpat al. 2001a). While protein
composition tends to remain fairly constant betwésh species energy composition

can vary considerably and can also vary with bo&ygiv. The reason for the above
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differences seen in DP:DE requirements betweeniespé largely due to the different
requirements for energy. It would therefore app@adent to calibrate compositional
estimations of mulloway with more fish samples >5Q0 as these may be
underrepresented in this study (Figure 6.3). Thikasgsist in refining the energy model

presented in Eqn. (6.7).

6.5.3 Growth model

The growth model presented in Egn. (6.5) is basethe growth assessment of
several cohorts of fish representing the growtleptl for mulloway over a range of
temperatures. Care was taken to exclude cohorferpeng poorly where feed intake
was dubious and any outliers were also removed fiteendata set to ensure that the
model represented the growth potential of mullowagier the given culture conditions.
However, as indicated above, the diets fed to nmalg also currently used by industry,
may not provide an optimal DP:DE content partidyléor smaller fish <300 g. Growth
assessments using diets formulated according tte Bash will allow further refinement
of the growth model. Although estimations in Talile8 fall close to the 95 %
confidence interval range of DP:DE requirementsresied in Chapter 5, increasing the
value of the coefficient in Egn. (6.5) will in tuincrease estimations in the relative
demand for dietary protein (Egn. (6.10)) pushingnegtes even closer to those values
established in Chapter 5. It should also be noed the growth model presented is
relevant for temperatures ranging from ~18 —°@0and care should be taken when
extrapolating outside these ranges.

The growth model also provides a useful manageneoit to ascertain if

general husbandry and feeding practices are ofdaguate standard by comparing
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actual vs. predicted growth rates. Growth ratesidoto be well below those predicted
in Egn. (6.5) could indicate problems associateth iged intake such as the quality
and/or quantity of feed offered, poor water qualityppropriate stocking densities (see

Appendix 1) or any number of other issues which patentially retard growth.

6.5.4 Metabolic body weight

Body size and temperature are two of the fundarhedékerminants of
metabolic rate in living organisms (Clarke and Xibn 1999; Willmer et al. 2000;
Gillooly et al. 2001). The magnitude with which Rodnass (BW) influences
metabolism (1) is reflected in the value of the mass scalingogemt ) in the general
form shown in Egn. (6.4). In animalb,is generally <1 therefore the proportionality
between body mass and metabolic rate of differizet @animals is not constant and the
mass-specific metabolic rate tends to decreaseimgtkasing body mass. To accurately
model protein and energy requirements throughaeiptioduction cycle metabolic rate
must be expressed as a proportion of the metaboliy weight; however, this study
demonstrated that the valuelovill also vary depending on methodology. Whilesthi
study determined protein and energy loss on starvat mulloway using a replicated
fully orthogonal design, the error associated weéich treatment resulted in acceptance
of the null hypothesis. Methodology, data transfation, sample size and animal size
range are all known to influence the value of thlenzetric exponent (White and
Seymour 2005b; Hui and Jackson 2007; Packard anardBwmn 2009) making
estimations of the “true” exponent value difficliui and Jackson (2007) demonstrated
that large sample sizes are necessary (up to 61 @épulation size) to obtain reliable

estimates of the allometric scaling exponent andce the likelihood of Type Il error.
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When sample sizes are small, they argue as isabe with most studies, erroneous
acceptance of a false null hypothesis can occwalfe of 0.8 describing the metabolic
weight loss of energy determined in the currentdgtsupports those for energy
metabolism established in Chapters 3 and 4 andah@mon inter-specific exponent
value applied to the energy metabolism of teleis$tes (Clarke and Johnston 1999).
value of 0.7 describing the metabolic weight losprotein was used which also allows
comparison with published data on other fish spefieipatsch et al. 2001a; Lupatsch
et al. 2003c; Lupatsch and Kissil 2005; Glencrd388} and is close to the 2/3 rather
than 3/4 power scaling of basal metabolic rate sewass different phyla (White and
Seymour 2003; Kozlowski and Konarzewski 2004; Mdhk@e and Wolf 2004). The
allometric relationship seen between BW and SLv{agl for SL in Eqgn. (6.3)b =
0.341) is also very close toll= 0.333 power scaling used to describe the theumil
growth co-efficient based on BW or length derivedad(lwama and Tautz 1981; Cho

1992).

6.5.5 Conclusion

The data presented in this chapter will assigherformulation of appropriate
diets and feeding regimes to optimize the growttigosnance of mulloway in intensive
aguaculture throughout the production cycle to BKg. While estimations for DP and
DE in this study were found to be close to thosel#shed in Chapter 5 further growth

studies are required to validate those diets aediig regimes prescribed in Table 6.4.
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Chapter 7

General Discussion

Prior to the commencement of this research there we published data on the
requirements for digestible protein (DP) and did@stenergy (DE) for mulloway and,
as a consequence, no specific diet formulatiorfeenting standards were available. To
address this, a comprehensive series of studiegtifyuag the requirements for DP and
DE for maintenance and growth and the descriptianudloway metabolism relating to
aspects of fasting and feeding physiology were uaken. The results from these
studies were consolidated in Chapter 6 using afeattmodelling approach to produce
theoretical diet formulations and feeding tablegliapble for mulloway throughout the
grow-out stage up to 2 kg body weight. This redeanas contributed towards
addressing several problems currently faced by meafish farmers and aquafeed
manufacturers in Australia with regard to apprdgridiet specifications and feed
management practices for mulloway.

The following discussion firstly addresses some tbe influences of
methodology on establishing the requirements of dvd DE for maintenance and
growth obtained in the previous chapters. Partibpiasightful is a sensitivity analysis
of the parameters used to populate the factorialahd he application of bioenergetic
principles to the varying planes of nutrition aseythpertain to mulloway is then

discussed and an energy flow schematic is presentedimplications for industry are
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then addressed in terms of the current feeding anidire strategies being used by
industry in light of the findings of this thesisutire research directions are considered
including the further development of the feed eatibn system for mulloway. The
general discussion then concludes with a brief oger of the major findings of this

thesis.

7.1  Methodological considerations

7.1.1 Factors influencing estimations of protein and energy requirements based on

the factorial method: Individual parameter sensitivity

Individual parameter sensitivity analyses isnapde method to test the response
of the factorial model (Chapter 6) to small peratrbns of individual parameter values
to identify which of the sub-model parameters hdlve greatest influence on the
predicted output, i.e. the predicted ratio of DP.DBEe change in model output relative

to the models response for a nominal set of pammetues can be calculated as:

s R-R)/R
(P,-P)IP,

WhereSis the single parameter sensitiviBgandR, are the models response to altered
and nominal parameter values respectively, Bpdnd P, are the altered and nominal
parameters respectively (Haefner 2005). Alterecapater values were calculated as
+10% of nominal values from Table 6.2. This methests the influence of individual
parameters and does not consider the potentialpticdttive effect of the simultaneous

change in two or more parameter values. The follgwdiscussion relates to parameter
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sensitivity at 20C although stochastic variables such as temperaturedepending on

the output criteria, influence parameter sensitiie.g. Zhou et al. 2005). This
temperature was chosen as it was the common tetaper@sed throughout this thesis
and is close to the average annual temperaturerierped at mulloway sea cage
operations in Botany Bay, NSW (see Fig. 7.5).

The sensitivity analyses results presented in Tahkleare insightful as they
demonstrate, on several levels, the dynamic effettsmall adjustments in individual
parameter values have on the overall estimateBRODE. Several generalisations can
be made. Firstly, the factorial model is fairly ush as there is very little compounding
of output values with adjustments of individual rebgarameter values, i.e. with only
minor exception, the magnitude of change in thepuiuvalue was always less than the
magnitude of change of the input value over the sange tested. Secondly, because
the output is a ratio, an increase or decreasenyniradividual parameter value will
directly change the output value to reflect théuemce of that parameter relative to the
requirement for DP. For example, an increase irteproutilisation efficiency will
decrease the requirement for DP while an increasmergy utilisation efficiency will
increase the requirement for DP. Thirdly, the magle of change of the absolute
output value will generally differ depending on tiieection of parameter change. The
exception to this is the whole body protein constainere the magnitude of change in
absolute terms is equal regardless of the direatibparameter change. Lastly, the
relationship of any individual parameter influenme the magnitude of change for a
given body weight on the output value is allometric

From Table 7.1 it can be seen that the individublmeters which have the
greatest influence on the predicted requiremenbD®IDE for mulloway up to 2 kg are

the protein and energy utilisation coefficients atie whole body composition
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coefficients for protein and energy while the growhodel exponent value becomes
increasingly influential for fish >200 g. The acaay of the utilization coefficients can
be assumed with some confidence as these werenule¢el from controlled
experiments (Chapter 4) and were also found toobsistent with published values for
other fish species (Azevedo et al. 1998; Lupatsclale 2003b). The whole body
composition for protein is known to remain fairlgrstant in fish (Shearer 1994) and
was shown to be consistent across all the relestadies in this thesis (Chapters 4, 5 &
6). However, unlike protein composition, relativeale body energy composition will
vary with body size (Figure 6.3) necessitating anparatively large sample size to
accurately determine whole body energy compositeer the desired size range.
Feeding history also strongly influences whole baghergy composition making
previous DE intake an important consideration wiagiempting to establish energy
compositional profiles representative of a “noriyiafeeding population. This also has
implications for compositional analyses when cornrgamitial and treatment samples
(Chapters 4, 5). The influence of intake on whaddybprotein and energy composition

is clearly demonstrated in Figure 7.1.
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Table 7.1.  Parameter sensitivity analysis. Values represenh&fge in the predicted DP:DE values afQ(Table 6.3) after altering
individual model parameter values +10%. Refer tbl@#.2 for original individual model parameterwes. Parameters shown ranked in
order of greatest to least influence on predictédDE requirement based on the average (absolute¢ wwer the fish weight range
shown.

Live fish body weight (g)

Altered

value Parameter 10 50 100 200 500 800 1100 2000 rAge

+10%  Whole body composition constant (protein) 8.4 8.1 8.0 7.9 7.7 7.5 7.5 73 7.8
Utilisation efficiency coefficient (protein) -7.9 -7.6 -7.5 -7.4 -7.2 -7.1 -7.0 -6.9 -7.3
Growth weight exponent 1.7 3.4 4.3 5.3 6.7 7.5 8.1 92 58
Utilisation efficiency coefficient (energy) 6.9 6.3 6.1 5.8 5.5 5.3 5.1 49 57
Whole body composition coefficient (energy) -6.6 -6.1 -5.9 -5.7 -54 -5.2 -5.1 -49 -56
Metabolic weight exponent (energy) 9.8 7.9 6.6 5.0 2.4 0.8 -0.4 2.7 45
Maintenance constant (energy) -2.8 -3.3 -3.6 -3.8 4.1 -4.3 -4.4 -4.6 -3.9
Maintenance constant (protein) 1.7 2.1 2.2 2.4 2.6 2.7 2.8 3.0 24
Whole body composition exponent (energy) -1.2 -1.9 -2.1 -2.3 -2.6 -2.7 -2.7 -2.8 -2.3
Metabolic weight exponent (protein) -4.3 -3.5 -3.0 -2.3 -1.1 -0.4 0.2 1.3 -2.0
Growth coefficient 1.3 1.5 1.6 1.7 1.9 1.9 2.0 21 17
Growth temperature exponent 1.2 1.4 15 1.6 1.8 1.8 1.9 19 16

-10% Utilisation efficiency coefficient (protein) 9.7 9.4 9.2 9.1 8.8 8.7 8.6 8.4 9.0

Whole body composition constant (protein) -8.4 -8.1 -8.0 -7.9 -1.7 -7.5 -7.5 -7.3 -7.8
Whole body composition coefficient (energy) 7.6 7.0 6.7 6.4 6.0 5.8 5.7 54 6.3

Utilisation efficiency coefficient (energy) -7.3 -6.8 -6.5 -6.3 -5.9 -5.8 -5.6 -54 -6.2
Growth weight exponent -1.8 -3.7 -4.6 -5.6 -7.0 -7.8 -8.3 -9.3 -6.0
Metabolic weight exponent (energy) -11.5 -85 -7.0 -5.2 -2.4 -0.8 0.4 27 -4.8
Maintenance constant (energy) 3.0 3.6 3.8 4.1 4.5 4.7 4.8 51 4.2
Metabolic weight exponent (protein) 5.9 4.3 3.5 2.6 1.2 0.4 -0.2 -1.3 2.4
Whole body composition exponent (energy) 1.2 1.9 2.1 2.3 2.6 2.7 2.8 29 23
Maintenance constant (protein) -1.6 -1.9 -2.0 -2.2 -2.4 -2.5 -2.6 -2.8 -2.3
Growth coefficient -1.4 -1.7 -1.8 -1.9 2.1 -2.1 -2.2 -2.3 -2.0
Growth temperature exponent -1.2 -1.5 -1.6 -1.7 -1.8 -1.8 -1.9 -2.0 -1.7

Note: Ranked average values are for illustrativepgses and will obviously change depending on nateth body weight and range.
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Figure 7.1. Energy or protein whole body content as a functtérDE or DP
intake for 40 g mulloway (IBW) held at 2& for 57 days (n = 12). Data adapted
from Chapter 4.
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As indicated above, model parameters which resplmetrically with
body weight require a substantial data set overckwheliable predictions can be
made. This is particularly the case when considesimb-models which have more
than one independent variable such as the growttehpresented in Chapter 6. In
this case, integrating a temperature function meguan increase in the quantity of
growth data by an order of magnitude representiegdifferent levels of growth as
a function of both body weight and temperature. §h@mvth model for mulloway
can therefore be further calibrated with the callatof more data over the desired
production size and temperature ranges. While taerelew published data on the
growth rates of mulloway to compare with, particlydor fish exceeding 200 g,
the model in its current form indicates a similaiowth trajectory to that of

barramundi and white grouper when reared at theesamperature (Figure 7.2).

2500+

2000
2 15001 —— mulloway
% 1000~ - = = white grouper

'''''' barramundi
500+
O- | ] L | ] L | ] L | ] L4 | ] L4 | ]
0 100 200 300 400 500 600

Days

Figure 7.2. Comparison of predicted body weight over time betwenulloway,
white grouper (Lupatsch and Kissil 2005) and batmadn (Lupatsch and Kissil
2003) growing from 1 g to 2 kg at 26.
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7.1.2 Estimating maintenance energy requirements

Values derived from RMR (Chapters 2 & 3), Eqns6)4nd (4.7) (Chapter
4) and energy loss on starvation for 4 weeks (Gha) all gave similar estimates
for the maintenance energy requirements for unfetloway (Figure 7.3). Figure
7.3 also shows that estimates derived from mullovesyed for 2 weeks will, on
average, be approximately 20% higher compareddsetlestimated using the other
three methods at 28C. A cascade of physiological and behavioural rasps
occurs from the onset of starvation in animals Wwhate dependant upon several
factors including the duration of food deprivatiMiang et al. 2006a). The onset of
food deprivation may initially promote the animaldearch more actively for food
inturn increasing stress levels leading to an imeeein energy expenditure in the
short term phase of starvation. This initial phaséhen generally followed by the
animal becoming more quiescent and down regulategabolism leading to a
relative reduction of energy expenditure over threger term (Wang et al. 2006a).
The starvation method can be used to accuratelgrmdéete maintenance energy
requirements in mulloway; however, 2 weeks staovatait 20°C may not be a
sufficient length of time and 4 weeks duration apdo be more appropriate at this
temperature.

SDA and the utilisation efficiency of a diet for gpluction are often
discussed in reciprocal terms (Bureau et al. 2@d2) can be regarded as two sides
of the same coin. From Eqgns. (4.6) and (4.7) SO#esents approximately 40% of
the total maintenance requirements for mullowayngshis data as a proportion of
the requirements for maintenance estimated in T#&bk the theoretical SDA
coefficient can be calculated as approximatelyd26% of DE intake depending

on temperature (20 — &) and fish size (60 — 240 g) which is within tleage
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reported for most temperate fish species (6-23%hdRn and Vivekanandan 1985;
McCue 2006) and not too dissimilar to the SDA coefhts (7 — 11%) derived
empirically in Chapter 3 based on the oxyenergetiaivalent ofMO, rates at

similar temperatures and fish sizes.

40+
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5
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g 9 ‘T:__ ...... RMR (2)
S5 o --='RMR (3)
o 9?; = -- -= Feed utilisation (4)
% <109 4 - Fasting 20:4 (6)
= Fasting 20:2 (6)
O L ) L ) v ) d ) v J
0 250 500 750 1000 1250
BW (9)

Figure 7.3. Comparison of maintenance energy requirements fefdumulloway
at 20°C using the different methodologies presentedimttiesis. Legend codes are
reference to the specific studies and chapter nisnbeMR (2) = Eqgn. (2.13)
(Chapter 2); RMR (3) = derived from Eqgn. (3.1) gsthe oxyenergetic coefficient
of 13.59 kJ mg O, (Chapter 3); Feed utilisation = y-intercept of Ed#.6)
(Chapter 4); Fasting 20:2 and 20:4 power functiadapted from Table 6.1 when b
= 0.8 (Chapter 6).
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7.2  Bioenergetic application

The studies in the preceding chapters partitiomebcuantified the energetic
contributions to growth and maintenance in mullowAgross all studies a key
finding was the highly variable nature of many lo¢ pparameter values dependent
on the influence of individual and/or the interaeteffects of fish size, temperature,
diet and other factors. This has important impias on the accuracy of any
system attempting to model rates of nutrient demwsiand subsequent feed
requirements in animals; predictions can only bewaithin the physiological and
environmental contexts from which the parameteueslwere derived. Clearly the
inappropriate use of fixed parameter values in reogetic models will lead to
spurious predictions of energy requirements (Buetal. 2002).

An example of the variable nature of energy flowwhii mulloway can be
seen in Figure 7.4. The schematic is based on xperienental conditions in
Chapter 3 where different size mulloway were fedommmercial diet to apparent
satiation at 14, 20 or Z&. Non-faecal energy was not measured in that dhutlys
assumed to range from approximately 3-9% (Chaktgber al. 1995; Kaushik

1998). The energy budget of growing, fed fish carekpressed as:

IE=M+UE+FE+P (7.1)

where ingested energy (IE) can be partitioned energy used for metabolism

(M=RMR+SDA), nitrogenous waste (UE), and faecal t@a-E). From this the

proportion of recovered energy (P; production) ialloway can be predicted to be

between 10-54% of total IE (Figure 7.4). In Chaptethe proportion of IE retained
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as P in mulloway which were fed to apparent satmtvith the same commercial
diet at 20 and 28C fell within this range (P = ~30-40%; measureaciiy).

Energy budgets of mulloway fed below maintenaneelte(Chapters 4 and
5) must take into account the catabolism of bodgut (i.e. loss of weight) as an

energy source and can be derived using a modiicat Eq. (7.1):

IE-P =M+ UE + FE (7.2)

Similarly, unfed fish will also catabolize bodydige although the parameter

M in this case will exclude any SDA effect:

P=M+UE +FE (7.3)

Some authors exclude FE from Eq. (7.3) (e.g. Catel Brafield 1991);
however, mulloway were observed to excrete fagkal-matter throughout the
starvation periods noted in Chapter 6. This maylypaxplain differences seen in
predicted vs. measured values for P estimatesnresspecies resulting in energy
budgets of unfed fish being somewhat less accurate those of fed fish (e.g.
Carter and Brafield 1991; Chakraborty et al. 19953. P, M and UE can be
measured directly in Eq. (7.3); FE in unfed fisim tlaen be estimated by difference

with reasonable accuracy. However, this remairisetoalidated for mulloway.
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Figure 7.4. Dietary energy partitioning schematic for fed muly based on the
culture conditions presented in Chapter 3. Digégtibcoefficient from Booth
(unpublished data, 2008). SDA and maintenance (RMRrgetic values from
Chapter 3. Non-faecal energy assumed to be ~3-9P@k{@borty et al. 1995;
Kaushik 1998). Recovered energy estimated by diffee.

146



7.3 Industry implications

The influence of nutritional and environmental tastand their interactions
on the growth of mulloway reported in this thesas/é direct implications for the
mulloway aquaculture industry. Chapter 2 also piediinformation describing the
thermosensitivities of yellowtail kingfish and mmlay which have implications
with regard to the appropriate thermal range wilhiclv to culture these species and
also highlighted the critical importance of maintag high DO levels for yellowtail
kingfish.

While mulloway are a eurythermal species, a tentpezaof around 28C is
likely to be the most suitable to optimise grow@urrently many commercial sites
in Australia are located where mean annual watepégatures are below ZD. At
these established sites growth rates may be imgdrbyethe use of more efficient
feeds and improved feeding regimes, as indicatemlealand in the preceding
chapters. However, if optimised diets and feedegjmes are used in combination
with grow out at sites or facilities at or nearioml temperatures then the time to
market will be significantly reduced. The impacttemperature on growth rates and
subsequent time to market is clearly illustratedrigure 7.5. From Egn. (6.6), the
difference between the time taken for mulloway (B¥1 g) to reach 2 kg when
exposed to different temperature profiles at Pantaln, SA compared to Kurnell,
NSW will be approximately 100 days. It should beteab that, apart from
temperature, Figure 7.5 assumes the same setrofgeanditions, water quality,

diet and feeding regimes.
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Figure 7.5. Predicted growth rates of 1g mulloway to 2 kg ab thfferent site
locations in Australia. Growth rates calculatechir&qgn. (6.6) based on 2005 — 07
daily sea surface temperatures (secongaayis) at Port Lincoln, SA (dotted lines)
and Kurnell, NSW (solid lines). SST source: Bureaiveteorology, Australia.

As indicated in Chapters 5 and 6, some commereiall$ currently being
used for mulloway may not provide an adequate ptapoof DP:DE particularly
for rapidly growing fish <300 g. Aquafeeds currgntharketed for marine fish in
Australia and generally containing approximatelyg?DP MJ DE' may be suitable
for mulloway > 500 g however, as clearly illustchie Figure 5.5, mulloway <200
g fed these diets will show a reduced rate of pnagecretion (g kgBW-’ day™) of
approximately 40% when compared to those fed diétls 28.6 g DP MJ DE
(Chapter 5).

Dietary protein, particularly in the form of fishale is usually the main
driver of aquafeed ingredient costs. Therefore sdiermulated as suggested in
Table 6.3 will be more expensive than some of tbes Inutrient dense diets
currently available. However, a diet which is opsed to match the nutritional
requirements of a species will promote faster ghoartd improved feed conversion

ratios. The cost of feeds also represents the nexjoense associated with running
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agquaculture farms; therefore the economic retuma ceduced time to market and
improved FCR’s need to be carefully considered wimaking decisions about the
most appropriate feeds and feeding regimes to Astw cost feed does not
necessarily mean that it will be cost effective.

More efficient feeds, i.e. feeds that are bettdisetl, combined with better
feeding practices will also help mitigate enviromta impacts in sea cage
operations by reducing excess excretion and feestaga. This is particularly
important in oligotrophic environments where exoessnutrient loading from
intensive aquaculture may, for example, causefaishhe diversity and abundance
of algal assemblages in near-shore natural systeon® impacting on local faunal

communities (Mannino and Sara 2008).

7.4  Mulloway feed evaluation system - future direction

The factorial model applied to the development egéd formulations and
feeding strategies for mulloway in Chapter 6 wasvee from a series of laboratory
based empirical studies and growth data obtainettruboth farm and laboratory
culture conditions. Although estimates for DP an#& Bequirements using the
factorial method in Chapter 6 were similar to thassrived independently in
Chapter 5, engendering confidence in the resultsoti studies, the suggested feed
formulations and strategies presented in Chapsmegheoretical and remain to be
tested under commercial culture conditions. Sudaksalidation through a series
of feeding trials performed under commercial cuwdtgonditions will assist in the
decision by the mulloway aquaculture industry ins&kalia to adopt the suggested

feed formulations and feeding strategies.
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The factorial method used to define the requirdmdéor DP and DE of
mulloway in this thesis is based predominantly lo@ work originally described by
Lupatsch et al. (1998). The theoretical framewdrkhes method is highly adaptive
and could be applied to describe the requirememntsther nutrients such as lipids
or individual amino acids. Optimization of feed farlations and feeding strategies
could also be achieved using alternative feed ohigres to the fishmeal based diets
used in the current study (see section 7.4.2 bel@ng growth model, which
underpins the factorial approach, can be integratiélal other stochastic functions
such as salinity or dissolved oxygen etc. to betedict growth targets under
specific culture conditions. This is particularherpnent to estuarine sea-cage
operations which experience large tidal and/or @eals fluctuations in the
physicochemical profile of water quality parameters

The use of more efficient feeds and feeding prastiwill invariably reduce
the amount of nutrient output on fish farms; howewaccurate estimations of
nutrient loading are a necessary requirement in lggislation of modern
commercial aquaculture farms in Australia and otfeats of the world. This is also
the case with regard to complying with environmpritection policies for new
farm proposals. Application of the factorial methmdestimate waste output has
been achieved for some species (Lupatsch and Ki898; Lupatsch et al. 2003a;

Hua et al. 2008) and could readily be applied tdomay.

75 Conclusions

The studies presented in this thesis have comédbudirectly to our

understanding of the nutritional energetics and ftimlamental requirements for
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digestible protein and digestible energy in mullgwdhese studies provide the
knowledge foundation from which future nutritiorstlidies and diet development
research can be built upon for this species. Tkénig metabolism of yellowtail

kingfish was also described with implications riglgtto the optimal temperature for

routine metabolic function for this species.

Overview of the major conclusions in this thesis:

* The majority of parameter values for establishimgebergetic budgets
for mulloway are not fixed and are highly variallependent on body
size, temperature, diet and nutritional plane

 Mulloway have a broader temperature range for agdtimoutine
metabolic function compared to yellowtail kingfiSRMR for mulloway
and yellowtail kingfish are least thermally depentdat 28.5C and at
22.8C respectively

« The magnitude of the effect of temperature on thassyspecific RMR of
mulloway will vary depending on body size

* Both SDA duration and time to peak SDA are influsshby temperature
and body weight of mulloway. SDA duration will oecd41-89 h and
peak SDA will occur within 17 — 38 h of feedingtamperatures 14 — 26
°Cc

« A temperature of approximately 2622 appears to be optimal for the
growth and metabolic function of mulloway

» Utilization efficiencies for DP and DE in mulloware independent of

fish size, ration level or temperature
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Maintenance requirements for DP are influenced logybsize of

mulloway but not temperature while maintenance irequents for DE

increase with increasing temperature and are afoenced by body
size

Mulloway were shown to have a limited capacity pare dietary protein
Adoption of diet formulations and feeding stratesgokescribed in this
thesis will facilitate an improvement in the nubral management of

mulloway
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Appendix 1

Pilot Study: The Effect of Stocking Density and Regated Handling

on the Growth of Juvenile Mulloway’

*The following Appendix is published as:

Pirozzi, 1., Booth, M.A., Pankhurst, P.M., 2009 .€Téffect of stocking density and repeated handling
on the growth of juvenile mullowargyrosomus japonicus (Temminck & Schlegel 1843).
Aquac. Int. 17, 199-205.

Al.1 Abstract

The effect of stocking density on the growth of lowly, was tested with 17 g fish
stocked at 4.08, 8.16 or 16.32 kg*in 50 Laquaria. Weight checks were carried
out every two weeks to track performance. Each itdertseatment was also
compared to a non-handled control group to estabfijvandling during weight
checks influenced the growth of mulloway. Mullowagrformed poorly at the
lowest density and, under the current experimentalditions, growth did not

appear to be negatively affected by regular hagdlin

Al.2 Introduction

Stocking density is one of the most important ibidactors influencing
growth and feed intake of fish in culture (Kestemamd Baras 2001) directly

modifying feeding behaviour (Boujard et al. 200&)cial interactions (Barcellos et

153



al. 1999), water quality (Ellis et al. 2002), andshalso been shown to influence
sexual dimorphism (Davis et al. 2002). Stocked iiiessof 15 kg rt at harvest
have been achieved for mulloway (Quartararo 199@)dver the relationship
between stocking density and growth of mullowagugently unknown.

The primary objective of this study was to identihe effects of stocking
density on the growth of juvenile mulloway as ewvided by survival, body weight
and length, condition factor, size heterogeneity daeding efficiency. This
information will be of use in determining appropeiastocking densities of
mulloway for both future growth studies and aquagcel of the species.

During growth studies on fish it is common praetio track performance
(growth) over time by sampling periodically and m@ang some physical
parameter, e.g. weight, length, etc. Anesthetiescammonly used to minimize the
stress response when handling fish; however, agsistltan itself produce a stress
response (Ortuno et al. 2002a; Ortuno et al. 20@2i) can also have a negative
effect on growth (Hoskonen and Pirhonen 2006). Esiokking density treatment
was therefore also compared to a non-handled dogtoup to identify if the
growth of mulloway is compromised from routine himgl during regular weight

checks.

Al.3 Materials and Methods

The effect of density on the growth of mullowaysmasted over 37 days
using 17 g fish (3.5 g), 4 month old, F2 juvenitdsbroodstock held at the New
South Wales Department of Primary Industries, FRidgphens Fisheries Centre

(PSFC). Fish were sedated with using 20 mg henzocaine (ethylp-
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aminobenzoate) and stocked into 50 L aquaria atafrtbree stocking densities:
4.08, 8.16 or 16.32 kg ™(12, 24 or 48 fish aquaffy nominally low (LD),
medium (MD) and high (HD) densities respectivehhelle were four replicate
aguaria for each density treatment. The controh{m@ndled) group consisted of an
additional four replicate aquaria for each of theeé stocking densities. Once
stocked, the control fish were not handled ungl tompletion of the experiment. In
this experiment the combined effects of anesthastbhandling cannot be separated
and therefore the terms *handling’ or *handled’ ased to denote both.

The experiment system consisted of 24 x 50 L capdi acrylic aquaria
integrated via a semi-recirculating bio-filtrationit. A moderate flow-through rate
allowed twice daily renewal of water to the systdflow to each aquarium was
approximately 2 L miil ensuring similar water quality between all treatmen
aquaria. Ranges and means (+SD) for water quaditgrpeters were: temperatufe (
C) 19.6 — 22.5, 20.8 (0.9); NH(mg/L) 0.1 — 0.8, 0.4 (0.1); DO (mg/L) 5.3 — 7.2,
6.1 (0.3); pH 7.8 — 8.3, 8.0 (0.1); salinity (p@6.0 — 32.3, 29.4 (1.4). Black plastic
sheets were placed between each aquarium and atresfont to minimize
disturbance. All aquaria were exposed to 12L:12Dt@period using fluorescent
lighting (<1 pE nfs® at aquaria surface).

Analysis of variance of initial weight$4,1 = 3.35; P >0.05) and initial CV
(F221=0.76; P >0.1) demonstrated no significant diffeebetween treatments. An
additional 100 individuals were also measured ferght and total length ¢l for
initial condition factor (K) comparison. Refer t@fle 1 for summary of initial data.

Weight checks were carried out every two weekghenhandled treatment
group. To ensure that handling protocols duringgiwechecks remained consistent

between all density treatments, fish in the higlestsity were sampled first and the
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exposure time to handling and benzocaine per aguanoted. This time (approx.
15 min.) was then applied to the remaining derssigiled also to subsequent weight
checks.

Fish were fed by hand twice daily (08:30 and 1h:M@0apparent satiation
with a commercial barramundidtes calcarifer) diet (Ridley AquaFeed Pty. Ltd.,
Narangba, Qld. Australia; reported nutrient comipasi 50% crude protein, 12%
crude fat, 2.5% fibre, 18 MJ Kggross energy) which was reground and repelleted

(3mm) to sink.

Table A1.1. Summary of initial and final data. Initial data areeans £SD. Final
data are pooled mean values (t£se; n = 8) for eankity tested. Tukey-Kramer test
on means between densities shown as superscrip@ndvsharing superscripts are
not significantly different® >0.05).

Treatment  Survival Weight Length Condition CV (%) FE
(%) 9) (mm) (K)

Initial - 16.5(1.9) 117 (2.9) 1.04(0.06) 11.2(1.4)

Final

LD 92.8(3.3) 23.8(0.7) 131(0.7§ 1.03(0.02) 24.5(2.3) 0.45 (0.04)

MD 88.0 (2.5) 28.7(0.8) 139(0.9 1.05(0.01) 28.5(1.9) 0.84 (0.03)

HD 85.7 (1.9) 27.5(0.7) 138(0.9) 1.03(0.01) 26.9(1.2) 0.90 (0.04)

Aquaria were inspected daily and any mortalitieseareplaced with similar
size fish in order to maintain treatment densitRgplacement fish were fin clipped
(left pectoral) for ease of identification and werat used in the final analyses; all
data were derived from the tank means of the remgiariginal fish. Faeces and
feed debris were siphoned from tanks daily. Shgaéind feeding behaviour and
responses to routine aquaria maintenance werewausdaily; however, these were

not quantified.
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Co-efficient of variation (CV) of weight (%), Cottidn factor (K) and

feeding efficiency (FE) were calculated as:

CV =sXx1x 100

K=[W/L:?¥x100

Where: W = wet weight (g) andrl= total length (cm)

FE = wet weight gain (g) / total feed intake (g)

A 2-way ANOVA was used to determine density anddtiag effects on the
dependent variables: survival (%), final weighty(Miinal length (L), FE, CV and
K. Cochran’sC test was used to test homogeneity of variancekey-ramer test
was used fora posteriori multiple comparison of means on significant terms.

Probability of Type | error was set@t= 0.05 for all analyses.

Al.4 Results

There was no significant interaction or handlingim effect between
densities for all variables (survival (%), W, K, CV, FE) (Table Al1.2). The
handling term was therefore removed and all subs#ganalyses performed as a
single factor ANOVA on pooled data.

Mean individual weights were significantly diffeite between density
treatments from the first weight check two weeksrainitial stocking F» 9 = 6.35;

P <0.02) (Figure Al.1). At week two MD fish weradar than LD fish but not
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significantly different from the HD fish. By weelodr both the MD and HD fish
were larger than the LD fish {& = 8.05;P <0.01) (Figure Al.1). The effect of
stocking density was also significant on final wei¢, >, = 12.35;P <0.001) and
final length E221 = 20.48;P <0.001) with MD and HD fish larger than LD fish
(Table Al.1). Stocking densities (zSD; n = 8) a ttonclusion of the experiment
were 5.7(0.5), 13.8(1.1) and 26.4(1.9) kg far LD, MD and HD respectively.
Total overall survival was 88 %. There was a trdad greater survival with
decreasing density; however, this was not stagijicsignificant E22; = 1.87;P
>0.1) (Table A1.1).

Final FE was significantly poorer for the LD treent than MD and HD
treatments (Table Al.1). CV increased from inifdcking (Table Al.1); however
there was no significant difference between firehgity treatmentd 1 = 1.07;P

>0.2; Table A1.1).

30
27.5
25 -

22.5 - A B AB T oLD
20 ~ mMD
175 - mHD
15 -
125 -

10 I I I
Initial Week 2 Week 4 Final

Weight (g)

Sampling Period

Figure Al.1. Initial mean stocking weight (g) and mean weighhahdled group
over time (+/- se; n = 4). LD = 12, MD = 24 and HD48 fish aquarid Tukey-
Kramer test on means between densities shown fdr sampling period. Means
sharing letters are not significantly differeRtX0.05).
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Initial and final condition co-efficients were silai (Table Al.1). Stocking density

did not have a significant effect on finél(F, 1 = 0.72;P >0.5). Heterogeneity of

variances could not be removed from findldata; however, ANOVA was still

performed. The result is valid as heterogeneous idateases the chance of Type |

error (Underwood 1997) and, in this case, thereewersignificant differences.

There was no agonistic behaviour observed dueedihgs or at other times

in any of the aquaria. LD fish appeared to be gtited for the first two weeks;

often staying in the back corner of aquaria huddtegkther and taking longer to

approach food. In contrast, MD and HD fish were ndyedispersed throughout

aquaria. Fish did not appear to be disturbed bly g&gphoning of aquaria. Lights

switching on and off startled the fish causing themswim rapidly for several

seconds and collide with the aquaria surfaces; liewy@ormal behaviour appeared

to resume quite quickly after each event.

Table A1.2. Two-factor analysis of variance for survival, finaleight, final
length, condition (K),CV and FE. ns indicates not significant at P < .05
significant at p < 0.05, ** significant at p < 0.01

Survival(%) Weight; Length Condition CVv FE
(K)

Term DF MS F P MS F P MS F P MS F P MS F P MS F P
A. Handled v

Control 1 399 0.07/ms 1.39 031 ns 1214 2.07 ns 000 mE5 1.43 0.0ms 0.0D.60ns

40.4

B. Density 2 105.06 1.7%s 51.9911.55 ** 118.39 20.17 * 0.001 0.67s 30.131.08ns 0.42 **
AB 2 61.65 1.05hs 2.99 066 ns 1.79 030 ns 0.001 M1 43.391.55ns 0.0D.85ns
Residual 18 58.56 4.50 5.87 0.001 27.99
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Al.5 Discussion

The results indicate an appropriate initial (~1ffgh) lower stocking
threshold for mulloway of above 4.08 kg°mvhile growth between MD and HD
were similar suggesting an initial stocking dengitgxcess of 16.32 kg frmay be
achievable. While the direct extrapolation of MDHID stocking densities used in
this experiment to commercial scale culture oredéht size classes of mulloway
may not be appropriate it is important to note ttias study demonstrated the
significant negative effect of low stocking density the growth of mulloway after
only two weeks.

Under the current experiment conditions mullowagrav not negatively
affected by regular handling. Negative growth resges to anesthesia may be
anesthetic specific (e.g. Hoskonen and Pirhoner6280d in this case mulloway
appear to be able to tolerate regular weight chesksg benzocaine. It should be
noted however that exposure to a repeated streasguotentially reduce the ability
of fish to respond to an additional acute stregBarton 2002). It is unclear to what
extent, if any, that the daily switching on and off lights (repeated stressor)
masked the additional effect of handling (acutesstor) on the growth of mulloway
in this experiment. Growth of MD mulloway in thixmeriment were however
comparable to those of juvenile mulloway in inteesculture using 10000 | tanks
(~0.35g day) (Booth, Allan and Losordo, unpub. data, 2002).

LD fish fed erratically; reluctant to feed wherotbwas introduced into the
aquaria then darting over to pellets often stirrthgm up. MD and HD fish in
contrast fed well from the experiment outset. THe Value of the LD treatment
should be regarded with some caution as the erfe¢iding behaviour of the LD

fish made accurate quantification of feed intak#ialilt. However; the low FE
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value for this group does provide an indicationtlod overall inefficient feeding
behaviour of mulloway at low densities.

Qualitative observations during the present study mbt identify any
obvious agonistic behaviour among any of the dgnsieéatments while the
similarity of growth heterogeneity between the digngeatments reinforced this
observation. This implies a moderate social hiéraiadependent of the stocking
densities used in this experiment (Brett 1979).sTaiso occurred despite the
introduction of replacement fish to maintain depsmbmpliments.

One of the primary functions of shoaling behaviourfish is predator
avoidance (Pitcher 1986) and the size of the shaal been shown to directly
influence the behaviour of individuals (MagurrandaRitcher 1983). Magurran
(1986) proposed that as a fish shoal increasesze) Scorporate vigilance” for
predators decreaséRhis relationship is not unique to fish and hasnb@éecumented
extensively in many animal behavioral studies sashbirds (Pulliam 1973), wild
boar (Quenette and Gerard 1992) and rabbits (RolEI88). The results and
observations from this study indicate that a lotieeshold of stocking density may
also apply to mulloway; we hypothesize that, ategain density, there forms a
social cohesiveness which encourages a reductiocoiporate vigilance and a
change to normal feeding and behaviour. Below thigshold mulloway may
become increasingly skittish and vigilant for (p@ved) predators, increasing
general activity and inefficient feeding behavio@rowth and feeding studies

combined with quantifiable behavioral data woulst this hypothesis.
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Appendix 2

Theoretical estimates for ,Ore-aeration in seawater (~30 ppt) used to
establish atmosphere-seawater oxygen transfer ptessn Data applicable to

experiment system used in Chapters 2 and 3.
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Figure A2.1. Theoretical relationship between, @oncentration (mg/l) and %
saturation at 10 — 3%.
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