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ABSTRACT

The bluefin tuna have a variety of distinctive anatotracal physiological
adaptations that enhance performance. However, our tenoidirsy of bluefin tuna
physiology is limited by the logistical difficulties studying these large pelagic fish.
This thesis examines some aspects of the metabolicopdygiof the southern bluefin
tuna. It provides insight into the high-performance, higérgy demand physiology
of bluefin. It also examines the metabolic physiolofthe mulloway, another
important aquaculture species for which physiological inédrom is currently

limited.

1. Routine metabolic rate (RMR) of southern bluefin t(®BT) (Thunnus
maccoyii), the largest tuna specimens studied so far (body ma8sHkg
1.9 SE)) was measured in a large (250,000 I) flexible polypropyle
respirometer “mesocosm respirometer”. Mean massfgpBMR was 460
mg kg h! (+ 34.9) at a mean water temperature Sf219When total RMR is
added to published values of other tuna species at equivalemingug
speeds, there is a strong allometeric relationship lvaitty mass (654 My,
R? = 0.97). This demonstrates that interspecific RMR od srale with
respect to body mass similar to that of other telebstsis approximately 5-
fold higher than the standard metabolic rate (SMR}tlo¢oactive teleost
species.

2. This study reports on the first measurements of thalmét cost of food
digestion and assimilation (specific dynamic actionApDBf a tuna species.
Oxygen consumption (%) and swimming velocity of southern bluefin tuna
(SBT) (Thunnus maccoyii) were elevated for periods between 20-45 h (longest
for the largest rations) post-ingestion of sardirSasdinops sagax). It is
suggested that the purpose of increased swimming velocityovwasrease
ventilation volume as a response to the enhanced metdeohand associated
with SDA. The magnitude of SDA as a proportion of groesgy ingested
(SDA coefficient) averaged 352.2 %. This demonstrates that the absolute
energetic cost of SDA in SBT is approximately double tbebrded in other
teleost species.

3. This study examines the effects of sardirgsdinops sagax) with high-
(12.9%) or low- (1.8-4.0%) lipid level on specific dynaraation (SDA) and
swimming velocity of southern bluefin tuna (SBTh{nnus maccoyii). Fish
swam faster during the SDA period with the increasesiaoity being greatest
for the fish that ingested the high-lipid sardine. Magtetof SDA was also
greater for fish that ingested the high-lipid sardindewever, the energetic
cost of SDA as a proportion of ingested energy wasigaificantly different
between fish that ingested the high- (38.3.4%) and low-lipid sardines (31.5
+ 2.9%). These results confirm that the high energet @oSDA is
ecologically relevant.



4.

In this study the metabolic and behavioural responsestbffasted and
postprandial southern bluefin tunEh(innus maccoyii, SBT) to low dissolved
oxygen (DO) was examined. In moderate hypoxia (4.44 and 3.23)mg |
swimming velocity UJ) and routine metabolic rate (RMR) of fasted fish was
mildly enhanced. At 2.49 md U increase to over double in the normoxic
speed, possibly as an escape response. At 1.57,imgthU and RMR were
suppressed and SBT failed to survive the entire 20 h exposuvd.p@ihis
reveals that SBT are remarkably well adapted to low B&eding did not
greatly influence their hypoxia tolerance. In a subsegergrgriment there
were no significant differences i, RMR and gastric evacuation rates of
postprandial SBT in hypoxia (2.84 m{) compared to those in normoxia
(7.55 mg 1.

In this study, 768 h of simultaneous recordings of metalpate (MR, = heat
production) and visceral temperature were made in botédfastd
postprandial southern bluefin tuna (SBhunnus maccoyii) of two sizes[(1LO
and 20 kg) and at twwater temperatures{9 and 18C). Duration and
magnitude of specific dynamic action (SDA) were stromglgted to duration
and magnitude of postprandial visceral warming providing teedmpirical
evidence of a link between SDA and postprandial visceaainmng. Visceral
temperature of fasted SBT was also directly relatédRo In this case,
source of heat is thought to be metabolic work perform#édmnthe red
muscles which warmed the viscera through thermal condctavisceral
excess temperatures were ov& Warmer in larger than smaller SBT. Better
heat retention ability of the larger SBT is likelyrdtited to improvedetia
mirabilia development and greater thermal inertia. SBT ¥ T6aintained
visceral excess temperatures significantly warmer siaitarly sized fish at
19°C. This demonstrates some ability of SBT to physiomlfjicegulate
visceral warming.

In this study, the effect of progressively severe hyptexials on the
swimming performance and metabolic scope of juvenileawally
(Argyrosomus japonicus) were investigated. In normoxic conditions (6.85 mg
IY, standard metabolic rate (SMR) and cost of transperé typical for sub-
carangiform fish species. Mulloway had a moderate stopeerobic
metabolism (5 times the SMR). The critical dissdleygen level was 1.80
mg I revealing that mulloway are well adapted to hypoxia. liea#ls of
hypoxia (5.23, 3.64, and 1.86 m) the active metabolic rate was reduced
however, the critical swimming velocity was reduced @tl$.64, and 1.86
mg I*. Mulloway metabolic scope was significantly reduceelidypoxia
levels, suggesting that even mild hypoxia may reduce growthuptioity.
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INTRODUCTION

Tuna share an assortment of anatomical and physialdgaits that enhance
performance and make them distinct from most otheo$tde They have evolved
muscle, bone and tendon anatomy that supports swimmingnwiimal body lateral
movement (thunniform swimming mode) which is specialized@ih high-
performance and long-distance locomotion (Altringham arati®ick, 2001,
Westneat and Wainwright, 2001). Their cardio-respirasgsyems are adapted for
high rates of oxygen uptake and transport, and include ldtgaidace areas, thin
gill epithelia, large hearts, high heart rates, higlliea outputs, high ventricular
pressures, high proportions of compact myocardium, atietexeeloped coronary
circulations (Muir and Hughes, 1969; Farrell et al., 1994t &nd Bushnell, 2001,
Blank et al., 2004). Their enhanced ability for oxygen uptakledafivery supports
high metabolic rates. The standard metabolic ratasnaf have been shown to be 2 to
5 times greater than that of most other active figfil(B979; Brill, 1987; Dewar and
Graham, 1994). High standard metabolism is thought to beodereergetically
expensive adaptations that support a great metabolic d8ajppaitd Bushnell, 1991,
Korsmeyer et al., 1996). A great metabolic scope provitepawer to maintain
multiple metabolic functions, such as rapid sustained svimg), fast growth rates,
rapid digestion, and potential for quick repayment of oxygeh débna also have
counter-current vascular heat exchangesisg( mirabilia) that enable them to
accumulate metabolically generated heat to maink@itteémperature of certain tissues
(red muscle, cranial tissues and the viscera) abovefthatter temperature (regional
endothermy). It is hypothesized that regional endothemimances aerobic
swimming performance and has allowed tuna to expand themaheiche (Block et
al., 1993; Graham and Dickson, 2000; Dickson and Graham, 2004) tohese
adaptations, tuna are commonly classed as “high perfomimhes”.

Amongst tuna, bluefinThunnus maccoyii, T. orientalis andT. thynnus) could
be considered to have the highest performance physioagific bluefin T.
orientalis) have higher heart rates, cardiac outputs, can nmaicdiadiac performance
at lower temperatures and have higher metabolic ragggeat swimming velocities
than yellowfin tunaT. albacares) (Blank et al., 2002; Blank et al., 2004; Blank et al.,
2007). Bluefin also have the most advanced endothermyrapd@ollette et al.,



2001), with well developed latenadtia mirabilia to warm the muscles (Carey and
Teal, 1969b) and visceredtia mirabilia to accumulate heat within the peritoneal
cavity (Carey et al., 1984; Fudge and Stevens, 1996). It islisginéd that this
physiology has allowed bluefin to extend their distribufiomher into productive
cooler waters of higher latitudes (Gunn and Block, 2001; Bloek ,e2005).

Although our understanding of tuna physiology is rapidly iasngg, it still
lags far behind that other teleosts such as salmoni@dsy Mindamental aspects of
tuna physiology remain unknown. This is because tuna [ossasy attributes that
make them difficult experimental specimens. Theyange, strong, and difficult to
maintain in culture conditions. Furthermore, theydngeswim continuously in order
to ventilate their gills and to maintain hydrodynanaaiébrium (Brown and Muir,
1970; Magnuson, 1973). Indeed, only recently has the firssuneiaent of bluefin
tuna metabolism been conducted (Blank et al., 2007).

For tuna, maintaining their high performance physiologyes at a great
energetic cost. This energetic cost is reflected iaguimigh metabolic intensity,
which in many respects parallels that of mammals and Bitdrsmeyer and Dewatr,
2001). Tuna must balance the high energetic costs ofddeg¢ations with the
benefits they provide for energy acquisition (prey capamck processing). It is for
this reason that tuna are referred to as “energy specsilanvesting large amounts
of energy on the potential for higher rates of energynst(Korsmeyer et al., 1996).
According to the optimal foraging theory, an individsditness increases with their
ability to maximise the ratio of energy acquisitioretergy expenditure. Tuna have
proved to be extremely successful, inhabiting all of tbeldis oceans from the
tropics into cool sub-polar waters. Further studies etabolism and energetics are
likely to give more insight into the role of energy sggation on the success of tuna
within their expansive environment that is largely depaupergbecy.

The rapid development of intensive bluefin tuna aquacuitaetices
worldwide (Farwell, 2001) has resulted in a need for atgremderstanding of their
metabolic physiology. Metabolism is the physiologeagine that powers all
activities such as swimming, growth and reproduction. #geustanding of its
fundamental processes and the effects of environmental$as required to optimize
it for culture objectives (i.e. growth or reproduction). d&e metabolic data are

required for calculation of aquaculture system oxygen reménts, fish energy



requirements, environmental impact assessments, aneésyspeicific physiological
thresholds.

Further species-specific metabolic information is remfuto support the
expanding international aquaculture industry. Teleosts the family Sciaenidae
have many attributes that make them suitable for interzgjuculture, and
commercial production of sciaenid species is rapidlyeasing worldwide
(Battaglene and Talbot, 1994; Thomas et al., 1996; Drawbrafifd,; Holt, 2001).

In fact, sciaenid fishes are now the major fish spdoieartificial propagation in the
world’s leading producer of aquaculture products, China (Hon@ghadg, 2003). In
Australia and South Africa, mullowayA(gyrosomus japonicus) is a large sciaenid
that has recently become an important aquaculture sg€adder and Bardsley,
1999; Hecht and Mperdempes, 2001). There is currently no nlietaiformation on
the mulloway and little on other Sciaenidae fishes.

This thesis examines some aspects of the metabolicopdygiof Southern
bluefin tuna T. maccoyii) and mulloway. It outlines the development of aelov
approach for measuring the metabolic rates of large sfie@mming teleost species. It
uses this technique to make the first recordings of thabukc rate of active
southern bluefin tuna and the metabolic cost of spetyfiamic for any tuna species.
It examines the effect of low dissolved oxygen on theabwism of both southern
bluefin and mulloway. Finally, it examines the relatlnipsbetween southern bluefin

tuna visceral warming and metabolic rate.



1. Routine metabolic rate of southern bluefin tuna

(Thunnus maccoyii)

Abstract

Routine metabolic rate (RMR) of the largest tuna spens studied so far (southern
bluefin tuna,Thunnus maccoyii, body massNl,) = 19.6 kg £ 1.9 SE)), was 460 mg
kg' h' (+ 34.9) at a mean water temperature §f219When total RMR is added to
published values of other tuna species at equivalent swimmpeeygls, there is a
strong allometeric relationship with body mass (634,>°> R* = 0.97). This
suggests that interspecific RMR of tuna scale with régpdmody mass similar to that
of other teleosts, but is approximately 5-fold higher tienstandard metabolic rate
(SMR) of other active teleost species. RMR (not SNdRhost appropriate metabolic
index for this species and other tuna which are ram-atottd and unable to cease
swimming. Metabolic measurements were made in a 12%& @00 I) polypropylene
respirometer (mesocosm respirometer) that was degioysitu within a marine-farm
sea cage for 29 days. Fasted fish were maintained whidirespirometer up to 42 h
while dissolved oxygen dropped by 0.0360(004) mg T h. Fish showed no
obvious signs of stress. They swam at 1.0.Q) fork lengths per second and several

fed within the respirometer immediately after measurése

Introduction

Although metabolic physiology has been extensively exadhin many teleost
species, our knowledge of metabolic processes in actiggipespecies is limited.
The advent of the Brett-type tunnel respirometer revaratized fish metabolism
research, allowing comprehensive investigations of oxygasuroption rates (k)
with respect to controlled swimming velocities and envinental factors (Brett,
1964). To date, metabolic studies of swimming active telgmscies have principally
concentrated on salmonids (Brett, 1972; Brett and Glass, ®833@8um and Sigholt,
1998; Leonard et al., 2000; Gallaugher et al., 2001; Farrdll 083; Geist et al.,

10



2003; Lee et al., 2003a; Lee et al., 2003b), and small individ@ighe tuna and
mackerel family (Scombridae) (Gooding et al., 1981; GrahairLaaors, 1982,
Graham et al., 1989; Dewar and Graham, 1994; Sepulveda and i)i2k€9;
Sepulveda et al., 2003; Blank et al., 2007). However, thsticgof handling large,
active teleosts has limited tunnel respirometry to kspecies or juvenile individuals
of species whose adult size far exceeds practical wateel size. Thus, respiratory
work on free-swimming tuna has generally been conductédfish of body mass
(Mp) under110 kg (Gooding et al., 1981; Graham and Laurs, 1982; Graham et al.,
1989; Dewar and Graham, 1994; Sepulveda and Dickson, 2000; Blahk2£07).
Given the maximum recorded size of southern bluefin (88a°) (Thunnus maccoyii,
158 kg) and Atlantic bluefin tun& (thynnus, 679 kg) (Collette and Nauen, 1983),
there may be inherent difficulties in extrapolatiomudtabolic information from
existing work on small tunas to these large adult aninfaésause of this limited
experimental size range, there is much work yet tddme to improve our
understanding of the metabolic physiology of large tur@gkeyer and Dewar,
2001).

The Mo, rate of animals does not have an isometric relatipnstih Mp.
Instead, M, is best scaled relative M, according to the allometric equation
(Schmidt-Nielsen, 1984):

MOz = ae Mbb

wherea is the elevation, andlis the scaling exponent or slope of the linearized form.
The exponent is generally less than 1.0, characterigiaduetion of the mass-
specific metabolic rate in larger animals. In teldiss$t, the standard metabolic rate
(SMR, the metabolic state of the animal at resth)ast commonly utilized for
intraspecific evaluation of the effect i, on the metabolism. Brill (1979, 1987)
compared the metabolic rate of tuna paralysed with aonaiscular blocking agent to
calculate an intraspecific mass-scaling exponebt=00.5 for kawakawaHuthynnus
affinis, 0.5-2.2 kg)p = 0.57 for yellowfin Thunnus albacares, 0.6-3.9 kg) and =

0.56 for skipjack tunakatsuwonus pelamis, 0.3-4.7 kg). Dewar and Graham (1994)
found a similar exponenbE 0.6) for yellowfin tuna (0.5-2.2 kg) swum in a water
tunnel, with the SMR determined by extrapolation of thyggen consumption:

11



swimming velocity relationship to zero. These studies stggat the mass scaling
exponent in tuna is considerably lower than the mdsinewely studied active
teleost, i.e. sockeye salmddincorhynchus nerka, (b = 0.88; Brett and Glass, 1973)
and lower than the mean teleost exponents, both intiéisge = 0.79; Clarke and
Johnston, 1999) and interspecific< 0.88; White and Seymour, 2005). However,
the size and difficulty of handling tuna has meantaiheve-mentioned tuna mass-
scaling studies were all conducted with juvenile tuna (less 5 kg) with greatest
mass range for comparison of just over one order ohinate. An interspecific
compilation of published SMR data by Korsmeyer and Dewar (204r) several
orders of magnitude however did support a lower scaling expéoretuna than for
other teleosts, but this comparison did not take into@at considerable differences
in study temperatures (up to°0). Because the accuracy of the scaling exponent
depends on the body size range, it is desirable to erteadurements to larger fish.

The recent worldwide expansion of the sea farming & has made large
individuals available to researchers. The following stiattes advantage of these
sea-farming practices and outlines a novel approach fasumag the metabolic rates
of large free-swimming teleost species. It is the 8tady to report on the metabolic
rate of SBT.

Methods

Mesocosm design and manufacture

SBT routine metabolic rate (RMR) was determined byr¢laiction in dissolved
oxygen (DO) over time within a large static respiromét@socosm respirometer).
The mesocosm was manufactured from denier polyester sginforced 1.14 mm
polypropylene (R-PP 45, Stevens Geomembranes,
http://www.stevensgeomembranes.com), bonded by thernidingdy Fabtech SA
Pty. Ltd (Adelaide, Australia). The mesocosm was a ameter, 2.5 m deep
enclosed cylinder with a wave break wall that extendedabove water level (Fig.
1). Entry into the mesocosm was possible through a ameder, 2 m high access
port made from 0.75 mm polypropylene and positioned in thesmttat it could be
rolled and clamped to completely seal the system. litiaddfive 2 m diameter,
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clear 0.75 mm polyvinyl chloride windows were positionechitoof to allow entry
of natural light, and eleven capped tank fittings (STF Shden Products Ltd,
http://www.hansenproducts.co.nz/) allowed sealed accesxp@rimental equipment

and manual sampling.

C Port access

K Wave break
> @ Clear windows =
ample ports ¢

_{IL u u i

Water
level

Fig. 1. A) The mesocosm respirometer surface when deployed showéarwave
break wall, top entry port and five clear windoB$.The respirometer (left) and
adjacent fish holding cage (right) deployed in Rotten Bayt Lincoln, AustraliaC)
A cross section diagram of the respirometer showhegentry port, clear windows,
threaded capped fittings, wave break wall, oxygen probesat#aat and stabilizing

weights.
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Mesocosm deployment and maintenance

The mesocosm was deployed into a 12 m diameter fippontoon positioned in
Rotten Bay (13%6'26"E, 3443'44”S) on the southern side of Boston Island, Port
Lincoln, South Australia, for 29 days. It was securetthéopontoon by the lacing of
the wave break wall to the pontoon arm-rail with 5 mamgkter rope through
stainless steel eyelets positioned at 0.2 m intervalsndrthe top perimeter of the
wave break wall. Once in position, the mesocosmpuasp-filled with seawater. A
float (10 I plastic drum filled with air) attached te@thottom and four 5 kg lead
weights positioned around the internal perimeter helpedhrés shape which was
dynamic depending on the prevailing tide and weather dondjtbut generally
maintained a cylindrical form. This inherent flexibilitysalgave the mesocosm its
resilience, allowing it to withstand winds up to 30-knots Amd swells on several
occasions without failing.

The mesocosm floor was vacuum-cleaned with a 0.6 kWrigleump
(Dynaprime X201, Davey Pty. Ltd., http://www.davey.com.aft@r every
experimental trial to remove detritus. The water negdoin this process was
immediately replaced with new seawater with the spomap. This resulted in an
approximately 5% water exchange following every trial batmained the
mesocosm’s original water volume. Water ammonialéewere tested daily onsite
with a portable ammonia test kit and they never exceededdl®. fiwo temperature
loggers (iButton, Dallas Semiconductor, http://www.maxigmem) positioned at 1
m and 2 m depth, 1.5 m from the mesocosm edge, logged inhat&altemperatures
(x 0.5°C) every 10 min.

Mesocosm volume was measured at the end of the expealperiod by
timed emptying with three calibrated pumps. Pump flowsratere calibrated at the
beginning, once during and at the end of the pumping sdsgibming the filling rate
of a 1,600 | tank. Total water volume was 248, 086@) 570 | (mear SE; n=3

pump calibrations).
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Fish handling

Ten similar sized juvenile SBT (19461.9 kg) were randomly selected from a
commercial sea-farm (DI Fishing Pty. Ltd., Port Lincdhistralia) approximately 4
km offshore from Boston Island in early April, 2004. $édish had been purse-seine
netted in the Great Australian Bight, most likelynfréhe same school, approximately
2 months previously. In the commercial sea-farm, gietind been weaned onto a
commercial pellet diet consisting of 45% protein and 20%¢Skretting, Tuna
Growers 45:20, Hobart, Australia).

Transfer from the commercial sea-farm into a 12 amaiter holding pontoon
involved hooking individual fish with a baited, barb-lesskand sliding the fish
across a soft, wet slip (wet canvas over a foamrasa} into the adjacent cage.
Transfer of individual fish typically took less than 45The holding pontoon was
towed 2 km to the Rotten Bay site and secured besidegbeamsm (Fig. 1B). They
were fed to satiation twice a day and were feeding veddire the beginning of any
experimental trials, but were starved for at least Béfare any individual trial.
Studies of the effects of feeding on visceral warming (Gatral., 2001) and
metabolic rate (Chapter 2) show that digestion andngasion of previous meals are
likely complete within 36 h.

On the morning of a respiratory trial a baited, barb-essk was used to
transfer two fish from the holding cage directly intte imnesocosm as described
above. On most occasions, the bait would fall frobentiook on striking and not be
ingested, eliminating the metabolic effects associatéd specific dynamic action.
However, bait size was kept as small as possibletfiass25 g), so that on the odd
occasion that the bait was swallowed its metabdlecewould be minimal. Two fish
were chosen for each trial, as it was believedttiede schooling fish would be more
comfortable within the mesocosm if introduced with angert

Experimental protocols

Five respiratory trials were completed on days 8, 1722@&nd 25 of the

experimental period (Table 1). Following introduction, fiek were then left
undisturbed for 6 h to become accustomed to the mescamaronment. This period
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was longer than used in other tuna studies for recoverg@aidnation (3-4 h)
(Dewar and Graham, 1994; Sepulveda and Dickson, 2000). Duringettod
trapped air under the roof was expelled by rolling it towéndsentrance port. The
port was then rolled-up and closed with a 3 m, hinged tinlaerpc The swimming
velocity was estimated by taking digital video recordifsny DCR-HC30,
www.sony.com) by a researcher lying on top of the mesoand recording through
the mesocosm roof windows at the start and end ofequdrimental period.

Filming did not cause any disturbance as the researad®net visible to the fish
during filming. Footage was later analysed with video madiselysis software
(World in Motion, http://www.logint.com.au). Care wiaken to keep the camera
still during filming and only footage of fish swimming dirgcbelow the camera was
used for analysis. Selected video footage (at least ftisn®) was analysed and
measured tuna lengths were used to calibrate image sealefore correcting for
variable distances between the fish and the caniedavidual fish were easily
identified from the pair by comparison of overall lengtisthe two fish usually
swam side by side. On termination of the experiméetptesocosm was opened, the
fish removed, body length (BL), and body mads)(recorded. Immediately after
each trial, the dissolved oxygen was raised to appraglyna00% saturation with an
oxygen diffuser (Aqua & Co Force 7, BOC gasses, NSW,rAlizs}.

Background respiration trials were conducted at regulaniats (days 1, 9,
19 and 26) as a measurement of net respiration and phthtesignof planktonic
organisms in the water column and on the mesocosnteagrfahese trials consisted
of the same protocol as the respiratory trials, howewedish were present.

To determine the oxygen integrity of the mesocosm resgter, oxygen
leakage was measured on day 27. This trial used the procadlmed for the
background trial, however 3000 g of sodium sulphite (Ace CrarGiompany Pty.
Ltd., Adelaide, Australia) and 50 g of the reaction catatpbalt chloride (Sigma-
Aldrich, www.sigmaaldrich.com) were added to the mesocastwater mixed with
two, 4 hp pumps for 30 min and sealed (Ruttanagosrigit,et%1; Bennett and
Beitinger, 1995). This experiment was designed to reduce kssokygen level
(DO) in the mesocosm by approximately 20% saturation,deige a sufficient

oxygen gradient across the mesocosm membrane.
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Dissolved oxygen measurement

The DO of the mesocosm water was monitored by two mdsthBirst by two oxygen
electrodes (Vickie Cheshire Pty. Ltd., Adelaide, Austjainat were installed at 1 and
2 mdepths, 1.5 m from the mesocosm edge, and held in placéeaded line set on a
pulley system that allowed positioning with minimal disamce. Electrodes were
calibrated in 100 and 0% oxygen saturation solutions (aeratmtiym sulphite-
saturated seawater, respectively) immediately befodeafier to each experiment. If
measurable electrode drift was recorded, data from #xsretle were excluded from
calculations. These electrodes were connected to dodger (Datataker DT500,
www.datataker.com) that recorded the electrode mV e¥@nn. The electrodes
were housed in 90 mm PVC pipe with a 12 V, propeller driveresthat delivered a
constant stream of water over the electrode surfabe.power supplies for the
stirrers, oxygen electrodes and data logger were stosslad boxes attached to the
pontoon arm rail. The second method involved taking maeadings at the
beginning and end of each experimental trial with portakjygen meter (Handy
Gamma, OxyGuard International, www.oxyguard.dk). This metesr used to take 2
min readings through three screw-cap access ports mesecosm roof, 0.5, 3 and 6
m from the mesocosm edge and at three depths (0.25, 1.2328m)2. These
recordings served three purposes, to backup logging metergcloadlibration of
installed probes and to check mesocosm mixing (i.e. any axy@elient within the
respirometer). The DO level of the environment outddepontoon at a 1 m depth
was also recorded at the beginning and end of each trial.

DO levels were converted from mV to mydt the water temperature of°C9
salinity of 35 ppt and assuming standard atmospheric predsitdéd.@ kPa resulting
in oxygen solubility of 7.67 mgl RMR was evaluated according to the equation:

RMR (mg kg* h") = (ADO; — ADO, +4DO)) *» V My
WheredDO is the trial drop in respirometer dissolved oxygen (i), ADOy is

the background respiration rate for the trial (fhdt), ADO, is calculated oxygen

leak across the wall (Qeak calculated every 2 min relevant to the pertinengemny
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gradient) (mgt h?), Vis the respirometer volume (I) aMy the fish mass (kg, mean
of two fish used in each trial).

Results

Mesocosm performance

All fish introduced to the mesocosm survived the entipearental period. No
obvious signs of stress such as escape attempts or dlswateming velocities were
observed. The experimental period ranged from 21-22 hpefareone trial when
poor weather prevented access and the fish were tef2fa (Table 1). Water
temperatures remained between 18.7 and’C9.8oefficients of variation between
portable meter DO recordings from the nine sample positi@hnot exceed 2.5% for
any trial. These results suggest that the mesocosanedwell mixed at all times,
most probably due to wave-induced fluctuations in mesocasfaces and swimming
of the fish.

Table 1: Experimental day, trial length, ambient water tempeest (T,), fish mass
(Mp), body length (BL) and recorded swimming velocitig$ ¢f the two southern
bluefin tuna Thunnus maccoyii) in each trial.

Trial Day Trial Length Tuw Fish Mp BL U Start (BL s U End (BL s™)
(h:min) (C) (kg) (cm)
1 8 42:17 19.3x<0.1 1 20.8 108.5 0.77 0.56
2 16.4 100.5 1.06 1.01
2 17 21:45 19.0+ 0.1 1 21.6 117.0 0.63 1.29
2 19.8 110.0 1.40 1.01
3 19 20:55 18.7£<0.1 1 22.8 107.7 1.29 1.21
2 17.9 103.5 1.15 0.94
4 22 21:52 18.7x<0.1 1 23.2 107.5 1.17 1.39
2 19.3 102.5 1.18 0.95
5 25 21:52 19.0£<0.1 1 20.4 104.6 1.05 0.82
2 14.0 93.0 0.69 1.23

Temperature values are meanSE, n = >144.
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Experimental trials

Fish mass ranged from 14.0 to 23.2 kg and BL from 93 to 117 dofe(T® Fish
were observed to be swimming slowly and calmly as avp#iin the mesocosm.
Mean velocity across all trials was 14Q.1) BL §' (n = 10) (Table 1). Eight of the
ten fish fed within the mesocosm when offered eitheelket feed or baitfish
immediately following a trial; three of the fish stkua baited hook.

There was a net drop in DO in all background trials (predaly due to
background respiration). Background respiration increasedtbg experimental
period from 0.009 mg"h™ on day 1 to a maximum of 0.024 mgH™ on day 26
(Fig. 2). It is believed that this increase in backgro@sgiration during the
mesocosm deployment period was due to a proliferatiomiabbial colonies within
the mesocosm environment. Respiratory trials wengstetj for background
respiration according to the linear relationship of tieg@ase in background relative
to the experimental day (0.013-0.025 midht', Table 2). Mesocosm DO during SBT
Mo, measurement fell between 0.048 and 0.068 il

0.03

~ 0.025

0.02

0.015

0.01

Background Respiration (mg1h

0.005

0 5 10 15 20 25 30

Experimental Day

Fig. 2: Background respiration rates (mgH™) throughout the experimental period
with fitted linear relationship (R= 0.92).
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The combination of sodium sulphite and cobalt chloridieiced the DO of the
mesocosm to approximately 5.7 nig Over the 21 h trial, DO fell by a further 2.2%
(0.008 mg t h%), apparently due to background respiration. This rate ofl®Q is
less than predicted from background trials (0.026 Triy') where there was a smaller
oxygen gradient between the mesocosm and the outsidermment. Subsequently,
oxygen leakage was calculated as 0.05 Hig'lper mg T oxygen gradient between
the mesocosm and outside environment. This factor wadwseljlst all respiratory
trial 2 min samples according to the pertinent DO gradietween the mesocosm and
the external environment at that time. Calculated teéklage of DO in respiratory
trials were very low (-3.0x182.4x10% mg I ") but varied considerably depending
on the initial DO (Table 2). Calculated RMR of the SBihged between 345 and 539
mg kg* h?, and the mean was 46®85 mg kg" h™* (n = 5) (Table 2).

Table 2: Summary of external (External DO), start and endtpdissolved oxygen
(DO), calculated background respiration radBq@), dissolved oxygen drop during
routine metabolic rate trialzlDQ ), calculated mean oxygen leaffQ) and routine

metabolic rate (RMR) for five respiratory trials.

Trial External Start DO End DO ADOy ADO, ADO, RMR

DO (mg 1) (mg I) (mgh?)  (mgr*h?  (mgr*h?)  (mgkg'h?)
(mg I*)

1 732 9.06+£0.04 7.20:0.25  0.013 0.048 2.4x10 473

2 7.44  7.20£0.02* 6.02+0.03* 0.019 0.053  -3.2x1H 424

3 7.47  7.88+£0.02* 6.92+0.02* 0.020 0.049  -9.8x1d 346

4 732 7.31x0.11 593016 0.022 0.068  -3.0x1® 539

5 732 8.22+0.16 6.90:0.15 0.025 0.063 1.1x1H 419
Mean (n=5) 0.056+ 460% 35

<0.01

Values are meansSE. (n = 11), * n = 9 due to data-logger failure.

Discussion

It is difficult to measure the metabolic rate ofgay swimming, active fish. Indeed, for
some species it has proven to be impossible (Beneitti, €t995), and for the
remaining species, it has been restricted to smallishels (Dewar and Graham,
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1994; Sepulveda and Dickson, 2000; Sepulveda et al., 2003; Blank2€0al). The
mesocosm respirometer has several advantages thatinsakitable for large teleost
research, advantages that overcome some of theidagjlghitations of traditional
respirometry technologies (i.e. land-based water tuaspirometer). One advantage
is that the system is based at sea. Transportatiangaf ram-ventilating fish to
shore-based facilities is difficult and risky. Infragture required for mesocosm
respirometer research is relatively basic and, thighworldwide expansion of tuna
aquaculture, is comparatively attainable. Another adgentdthe mesocosm
respirometer is that the stress levels within theispa marine sea-cage based
environment are likely to be low. Stress is known toake metabolic rates, thus
respiratory studies should be designed to limit its &fféCech Jr, 1990). As tuna
require to swim continuously, a comfortable environmenttrnage sufficient space
for voluntary movement. Furthermore, previous studdesnding the SMR of tuna
have been conducted with fish that have been paralydedced to swim in a
laboratory-based tunnel respirometer (Brill, 1979; Bt#I87; Dewar and Graham,
1994; Sepulveda and Dickson, 2000). In all cases, the tioveeal for transfer
recovery and acclimation to these abnormal environnvea¢dimited (as low as 1 h).
In the present experiment, the fish were transfanréelss than 15 s and were allowed
at least 6 h for recovery. Although no measuremente wade to quantify stress
(e.g. corticosteroid levels), the slow steady swimmingdp@nd voluntary feeding
suggests it was low. The swimming velocities recordgutesent study were within
the range recorded for undisturbed Atlantic bluefin turthiwiarge marine sea cages
(0.6-1.2 BL &) (Wardle et al., 1989).

Some of the factors that make the mesocosm suitablarfe teleost research
do so at an experimental cost. The mesocosm’s largeneaderves to diminish the M
02 signal of the fish, extending time required for sigrafit measurement. It is
recommended that the volume of a static respironbetéhnirty to fifty times that of
the fish (Cech Jr, 1990). The mesocosm volume in treeptetudy was over six
thousand times thigl, of the fish. Although tuna’s high metabolic rateswala
greater volume: mass ratios than could be used for wleests, several hours and
two fish were required to make a reliable measuremerthelpresent experiments,
the fish consumed approximately 10% of the available oxygdgmw2.5 h. The use
of two SBT that were not identical in mass may alsauce error associated to
allometric scaling of M, with Mp,.
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A further problem with such a large water volume isrible of insufficient
mixing. This was found to be the case in a preliminapedarment were twenty-one
(Mp = 3.17+ 0.14 kq) yellowtail kingfish&eriola lalandi) were introduced to the
mesocosm in a single trial. After the 24 h trialy@s found that the DO recordings
taken from the centre of the mesocosm were signtlicéass (approximately 0.7-1.0
mg I less) than those recordings taken from the edge. nitnas to the tuna, the
yellowtail kingfish formed a tight school within the ¢enof the mesocosm. Tuna
used much greater proportion of the mesocosm, with a wwi@nming arc and
regular cuts through the centre. For all tuna trilals,nhesocosm remained well
mixed, suggesting that the swimming action of the fishlikat/ to have contributed
to the mixing. The mesocosm respirometer may only balde for large teleosts
that are likely to use a greater proportion of thermal respirometer environment.

Within the mesocosm respirometer, the fish is ablaawe freely, thus the
RMR is measured. The RMR is the metabolic rate infltedrby random activity in
which fish movements are presumably restricted andghasf protected from outside
stimuli (Fry, 1971). For tuna however, this metabolicestalikely to be a close
representation of the practical minimum metabolie,reecause locomotion is
essential for life. Tuna are both negatively buoyadtasligate ram ventilators
(Brown and Muir, 1970; Magnuson, 1973), thus the metabolicataufficient
activity to facilitate ventilation and maintenancehiitthe water column is
unavoidable. In the present experiment, the fish wieleeta maintain adequate
activity for survival, but the physical constraints of teepirometer restricted
unnecessary activity and thus would be indicative of tin@als’ practical minimal
metabolic rate.

When RMR of SBT is represented independemlg{assuming a mass
scaling exponent of 0.88 and a normalized study temperat@8@f889 mg kd-®
h™), it is higher than SMR for other tuna species; 518-252 fig%g* for skipjack
tuna (0.32-4.74 kg, Brill, 1979), 497-292 mg¥j h* for kawakawa tuna (0.54-2.15
kg; Brill, 1987), 337-189 mg k§®® h* for yellowfin tuna (0.59-3.89 kg, Brill, 1987),
435-278 mg kg®® h* for yellowfin, (0.47-2.17 kg, Dewar and Graham, 1994). The
higher Mo, of SBT is probably largely due to the metabolic coshaintenance

swimming.
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Table 3: Summary of study temperature (T), fork length (FL) mean body mass
(Mp), oxygen consumption (Mb,)*, swimming velocity at 1.1 FL §'(U),” and
predicted routine metabolic rate (RMR) at swimming speedf 1.1 FL s* for five

species of tuna.

Species T FL My Moz U RMR
(c) (cm) (kg) (mg h) (cms)  (mgkg*h)
Yellowfin tuna® 25 51+1 2.17#0.14  54510°9°*Y  56.1 474
Albacore tund  13.5-18.0 87 8.5-12.0 257410¢°%%Y 957 517
Skipjack tun& 23-24 47+ 1 1.96+0.31 57310798V 517 472
Kawakawa tuné 24 19+ 1 0.13+0.03 9010°%Y 217 883
Southern bluefin  18.7-19.3 105+ 2.1 19.6£1.9 - 116.0 460
tuna®

Thunnus albacares, Dewar and Graham, 199hunnus alalunga, Grahanet al, 1989;°Katsuwonus pelamis, Goodinget al,
1981;*Euthynnus affinis, Sepulveda and Dickson, 206Thunnus maccoyii, Present study. Mass and Length data are Meggs

*Mo, -a.16", were a and b are constants and U is swimmingitglcm s').

The major advantage of the mesocosm respirometiesitiss allows the
investigation of large individuals. The present studyanglthe mass range of tuna
metabolic measurements providing further strength to iigpag®ns of mass scaling.
However, for comparisons between the present and previamdissthe metabolic
cost of activity needs to be standardized. Table 3 osttime swimming velocity: M
02 relationship for previously studied swimming tuna speciestangredicted RMR
for each species when swimming at 1.1 Bi(ssvimming velocity recorded in the
present study). When these are plotted dependent onmesaisglized to a
temperature of 2&, Qo= 1.65, (White and Seymour, 2005), there is a strong
interspecific allometric relationship between RMR andyomass (Fig. 3). For
comparison, the relationship between the SMR and maskd sockeye salmon is
also included. As can be seen, the slope of theae#dtip between the tuna species
and salmon are similar but the tuna is approximately &égigneater. The elevated
metabolism is associated with morphological and phygiodé adaptations such as
large gill surface area, larger cardiac outputs, higbarthrates and elevated muscle
temperatures, which contribute to greater aerobic scopiis 1B79; Brill, 1987;

Brill and Bushnell, 1991; Bushnell and Jones, 1994; Korsmeadr, €i996;
Korsmeyer et al., 1997; Korsmeyer and Dewar, 2001). EnHae®bic scope
enables tuna to achieve physiological feats, such adilitg €0 repay an oxygen

debt whilst rapidly digesting and maintaining a swimmingey for optimum prey
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detection, that are instrumental to their success iwthg’s nutrient-poor oceans

(Korsmeyer et al., 1996).
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Fig. 3: The routine metabolic rate (RMR) of five specieswimming tuna when
normalized for a swimming velocity of 1.1 FI* and study temperature of %5
(assuming @ of 1.65) with fitted allometric relationship; RMR = 654f1, R? =
0.97. Included for comparison is the standard metaboéq &R) of the Sockeye
salmon again normalized to a study temperature %;25MR = 115M%(*Present
study,’Grahamet al, 1989,°Dewar and Graham, 1994G00ding et al, 1981,
°Sepulveda and Dickson, 2008rett and Glass, 1973).

The slope of interspecific scaling of RMR of the fiuaa species is similar to
slope of SMR for the sockeye salmon (Fig. 3). Howeves,considerably higher
than intraspecific SMR values previously reported for rothiea speciesE0.5-0.6)
(Brill, 1979; Brill, 1987; Dewar and Graham, 1994). The redsothis discrepancy
is likely due to the disparity in metabolic states indbenparison, suggesting that the
mass scaling exponent for tuna RMR is higher than dnahé SMR. A reason why
tuna RMR may scale differently to the SMR may be eeldab mass-scaling of gill
surface area. The surface area of the gills is dersil to be related to the
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requirement for oxygen, and should scal®/towith a similar relationship to that of M
02 (Schmidt-Nielsen, 1984). As the gill surface area: reapsnent in fish is
generally between 0.8 and 0.9, it supports the higher thaagevenass scaling
exponent for fish when compared to most other vertebrat he exponent between
gill surface area anlll, in tuna appears to be no different to other teledst3.85,
(Muir and Hughes, 1969). However, Hughes (1984) suggest thateglllimits
maximal rates of oxygen uptake and thus should scale kigthdtive metabolic rate ,
rather than the SMR. Author acknowledges that théengcabmparison made in the
present study should be taken with caution. Ideally, ssrs@aling exponents should
be determined at a well-defined resting metabolic sta¢e @wide range of
homomorphic individuals (Schmidt-Nielsen, 1984). The logstiworking with tuna
has meant that this has not been possible for therprase previous studies alike.
Furthermore the present study does not take into accdameatic scaling of
swimming costs which may alter the relationship.

The present data for southern bluefin tuna extend tbmattic analysis to the
largest fish so far measured and gives greater confideribe value of the scaling
exponent. From this comparison, it appears that dpeif swimming tuna mass
scaling is similar to that of other fish species, betelevation is much higher. The
mesocosm respirometer would permit measurements fromlanger tuna, which
would enable intraspecific analyses\bf over one order of magnitude. Furthermore,
tuna have been observed feeding within the respironvetdsh suggests that the first

examination of tuna specific dynamic action may be péessi
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2. The energetic consequence of specific dynamic action

in southern bluefin tuna (Thunnus maccoyii)

Abstract

The effect of feeding on the rate of oxygen consumtiém,) of four groups of three
southern bluefin tuna (SBTTliunnus maccoyii) was examined in a large static
respirometer at water temperatures of 18.2<2D.3ix feeding events of rations
between 2.1 and 8.5% body masdMgpof sardines$ardinops sagax) were recorded
(two of the groups were fed twice). Before feeding, $afam between 0.71 and 1.4
body lengths $ (BL s*) and the routine metabolic rate (RMR) was 3683 SE mg
kg* h™. For all trials, M, was elevated post-feeding, presumably as a result of
specific dynamic action (SDA). Swimming velocity wédsoaelevated post-feeding
for periods similar to that of b} (between 20-45 h, longer for the larger rations).
Post-feeding swimming velocity increased to between 0.9-2. §'Bind was also
dependent on ration consumed. It is suggested that thespuspancreased
swimming velocity was to increase ventilation voluasea response to the enhanced
metabolic demand associated with SDA. Peak postpravidiaincreased linearly
with ration size to a maximum of 1 290 mg'kg*, corresponding to 2.8 times the
RMR. When converted to its energy equivalent, the totgmtude of SDA was
linearly correlated with ration size to a maximum of k9%g" h™. As a proportion
of gross energy ingested (SDA coefficient) the magnitudeDoA averaged 34.¥

2.2 %. These results demonstrate that, although treritddhcrease of SDA in SBT
is similar to that of other fish species, the absoérnergetic cost of SDA is much
higher. The ration that SBT require to equal the comhineibolic costs of SDA
and RMR is estimated in this study to be 38 96f sardines per day.

Introduction

Tunas are highly specialized marine predators that areynddstibuted throughout
the world’s tropical and temperate oceans. In this halsitat, they have evolved
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numerous unigue anatomical, biochemical and physiological ateay that have
been instrumental to their success (Bushnell and Jd884,; Brill, 1996; Graham and
Dickson, 2004). Of particular interest are the adaptstiothe areas of metabolism
and energetics. Tunas are known to have standard retates (SMR, the rate
when theoretically at complete rest) and metabalipses that greatly exceed those of
most other well studied fish species (Korsmeyer and DeX@®1). These elevated
metabolic states allow tuna to achieve physiologieald, including rapid digestion
and quick recovery from oxygen-debt, that enable themki® advantage of the
ocean’s patchy prey distribution. However, this metalarhplification comes at an
energetic cost, which has led some authors to describeatufenergy speculators”,
animals that gamble high rates of energy expenditupotential higher rates of
energy return (Brill, 1987; Korsmeyer et al., 1996).

Our understanding of tuna energetics lags far behind tlsmalfer species
such as salmonids. The size and difficulty of handlimg thas meant only a small
number of metabolic measurements have been possibemajority of research on
tuna metabolism has focused on evaluation of the SMRi@mtification of swimming
costs (Brill, 1979; Gooding et al., 1981; Graham and Laurs, 198R;1887;

Graham et al., 1989; Dewar and Graham, 1994; Sepulveda and i2k€®; Blank
et al., 2007). The metabolic cost of specific dynamima (SDA) has yet to be
examined in any tuna species.

Specific dynamic action (often referred to as appamgetiBc dynamic action,
calorigenic effect or heat increment of feeding) referthe total energy cost involved
with ingestion, digestion, absorption and assimilatiba meal. In fish, SDA is a
substantial component of total bioenergetics, represengivgelbn 5 and 20% of
gross ingested energy (Muir and Niimi, 1972; Beamish, 1974eCand Brafield,
1992; Chakraborty et al., 1992; Peck et al., 2002; Fu et al., 20B5&)ever none of
these studies have examined marine pelagic fish. Spdgifamic action has been
hypothesized to be a significant component of tuna misamdecause of their high
rates of food consumption and digestion (Korsmeyerwlar, 2001). Furthermore,
it is hypothesized that rapidly growing fish, such as tshauld show the greatest
postprandial increase in metabolic rate (Jobling, 1981; BA®6). This theory is
based on the consensus that a large proportion of thgetisecost of SDA is related
to metabolic work responsible for growth, i.e. proteintsgais and turnover (Jobling,
1981; Brown and Cameron, 1991b; Brown and Cameron, 1991a; Lyndbnl€i92).
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The spacious, low-stress environment of the sea-bagadorester described
in Chapter 1 supports voluntary feeding allowing this studydke the first
recording of SDA of a tuna species, southern bluefin t883 ) (Thunnus maccoyii),
ingesting sardineSardinops sagax), an important food component in the diets of both
wild and aquaculture SBT.

Methods

Experimental animals

SBT were purse-seine netted in the Great AustralightBmost likely from the same
wild school, in early January 2005. They were transteto a sea-cage and slowly
towed approximately 200 nautical miles back to the marimagfam the waters off
Port Lincoln, South Australia. Soon after arrivaletve juvenile SBT (1& 0.4 kg,
meant SE) were sourced from the Tuna Boat Owners Assoniafi®@outh Australia
and transferred into a 12 m diameter, 8 m deep sea-gagesfers involved hooking
individual fish with a baited, barb-less hook and stidine fish across a soft, wet slip
(wet canvas over a foam mattress) into the adjacget caransfer of individual fish
typically took less than 15 s. The holding pontoon wagtb#vkm to the Rotten Bay
site and secured beside the mesocosm moored in abmpait the south end of
Boston Island. Fish were fed sardines to satiatioceta@iday and allowed 2 months
to recover from the tow and transfer, and to becoroestemed to the sea-cage

environment.

Mesocosm respirometer

SBT oxygen consumption rates ¢ was determined by the reduction in dissolved
oxygen (DO) over time within a large static respiromét@esocosm respirometer”).
The mesocosm was manufactured from denier polyester sginforced 1.14 mm
polypropylene (R-PP 45, Stevens Geomembranes,
http://www.stevensgeomembranes.com), bonded by thernidihgdy Fabtech SA
Pty. Ltd (Adelaide, Australia). The mesocosm was a ameter, 2.5 m deep
enclosed cylinder with a wave break wall that extendedabove water level (Fig.
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1). Entry into the mesocosm was possible through a &meder, 2 m high access
port made from 0.75 mm polypropylene and positioned in thesmttat it could be
rolled and clamped to completely seal the system. litiaddfive 1 m diameter,
clear 0.75 mm polyvinyl chloride windows were positionechm toof to allow entry
of natural light, and eleven capped tank fittings (STF Shden Products Ltd,
http://www.hansenproducts.co.nz/) allowed sealed accesxperimental equipment
and manual sampling.

The mesocosm was pump filled with sea-water to cap@ayroximately 400
000 I) to reduce the likelihood of confinement stress. Hewen subsequent
experiments, water volume was reduced to 350 000 | asitia volume was found
to be slightly in excess of what was required to maxaraigailable space within the

respirometer.

Fig. 1. (A) Mesocosm deployed in Rotten Bay, Austrgli2). Diagram of the
mesocosm respirometer showifigntrance porfwindows,® sample portsiwave
break wallcable entrance port¥xygen probesfloat, 8lead weightsivideo

camerastlights, and"'water level.
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Fish were introduced into the mesocosm from the adidu@ding sea-cage
by use of a baited, barb-less hook as described abpiwetbe case when the fish
were hook-shy, by crowding the fish in a net and a-dkier securing them by hand
and passing the fish across the soft, wet, slipway igodspirometer. After
introduction, any air bubbles that had collected on ttenal surface (from scuba-
diver expiration or oxygen injection) were rolled outlzé access port, before the
mesocosm was sealed. Oxygen consumption rates wermitheteioy measuring the
drop in mesocosm internal dissolved oxygen (DO) level time. Mesocosm
mixing was monitored by manual recordings of DO at thénoggg and end of each
experimental trial through screw cap access ports indli@g at nine positions
within the respirometer (3, 6 and 9 m from the poreascide and at three depths
0.25, 1.25 and 2.25m). Coefficient of variation betweenuablDO recordings from
the nine sample positions did not exceed 2.6% for any itv@iating that the
mesocosm remained well mixed at all times presumablydjigh movement or
mesocosm wall flexing.

Background respiration and photosynthesis of planktoniongsgs in the
water column and on the mesocosm surfaces were mdasurals immediately
before and after each experiment. Low levels of backgtoespiration were
generally found, however it was dependent on time of detyréspiration rate would
fall during the day due to photosynthesis). AlbMecordings were adjusted for
background respiration according to the pertinent timgagf The oxygen holding
capabilities of the mesocosm was examined in a futtietrials where the
respirometer DO was reduced to either 1.90 or 2.26'mhy Injecting microbubbles
of pure nitrogen with a gas diffuser (Aqua & Co Force 7CBfases, NSW,
Australia) and then removing the bubbles that collectédeatvater surface, before
the mesocosm was sealed and oxygen monitored for ner@€hh. Subsequent
oxygen leakage into the respirometer was found to beleeryrepresenting just
0.0042 mg h* per mg 1 oxygen gradient between the respirometer and thenekter
environment. This rate of leakage was nevertheless usetjust all trial DO
recordings according to the pertinent oxygen gradientsolded ammonia
concentrations were also monitored by daily analysesaténvgamples before, during

and after each trial, and they never exceeded 0.6'mg |
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Experimental protocol

The mesocosm was installed into the marine farm porftmo49 days between
March and May 2005, when four trials were conducted. Far &&l, three fish were
transferred from the holding sea-cage into the resgtemnin the late afternoon. The
fish were left overnight to become accustomed ta¢kpirometer environment. To
verify whether this time was sufficient for acclineat, Mo, was recorded during the
acclimation period for one trial. In this triai,dvwas elevated immediately after
introduction, but had plateaued within 7 h and remained steadlye subsequent 18

h (Fig. 2). This indicates that overnight was a sigdfitperiod for acclimation.

600 -
500
400 L
300 +

200

Oxygen Consumption (mg kg™ h'")

100 T T T T 1

Time Post Introduction (h)

Fig. 2. Oxygen consumption rates (%) of three SBT after introduction into the
mesocosm respirometer, showing the plateauds Within 7 h from transfer and
subsequently calculated mean routine metabolic rate (Ridfed line+SE of

measurements (3 h periods)).

Measurement of the routine metabolic rate (RMR) ecaamenced the
morning following introduction, when the respirometer waaled and kb was
monitored for 16-24 h. RMR was calculated as the meat;gmzlimation My, over
this period (Fig. 2).
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The following morning the mesocosm was re-opened and Dnest to
approximately 100 % saturation by pure oxygen injected witllitheser. The fish
were then left for roughly 1 h to recover from this disaurce before they were
offered sardines (Table 1) through the entrance port. damsumed sardines during
all attempts at feeding within the respirometer. Attempdre made to differentiate
rations consumed by individual fish from both the surtaoe by a diver observing
from within the mesocosm. However, these attemputegat largely unsuccessful as it
was not always possible to differentiate individuah fisom the surface and fish
would often fail to ingest in the presence of a diwfter feeding, a diver collected
any uneaten sardines, and this mass was subtractethiedtnown mass of bait
offered to establish total consumption. Following feedihg,respirometer was
sealed and I, monitored for the subsequent 40 h + (except for one thHahw
logging failed after 26 h).

Table 1: Nutritional content of the sardinéSardinops sagax) ingested

by southern bluefin tuna in specific dynamic action expeniis

Feed component Content
Protein 20.2%
Fat 1.7%
Ash 3.2%
Dry Matter 27.4%
Moisture 72.6%
Energy 5.6 mJ kY

Proximal analysis conducted by Weston Food Labaeg@dNSW, Australia).
Feed component presented as % wet weight.

Energy value calculated on the basis of 23.6 ansl B9 g of protein and lipid (Suarez et al., 1995).

Dissolved oxygen and water temperature measurement

Two luminescence dissolved oxygen meters (Hach HQ10, Laleled, USA)
permanently installed at a depth of 1 and 2 m respectiveti, 3 m from the wall
logged mesocosm DO and water temperature. Meters widnetad according to
the manufacturer’s instructions at the start of tizdstand calibration checked
following the completion of all trials. Meters reded DO (0.01 mgi resolution)
that was automatically compensated for water temperana salinity set at 3o,
Oxygen meters were set to log DO every 5 or 15 min, depgah the trial-logging

32



interval required (24 or 48 h). All DO recordings werekan up into 3 h blocks
according to time of day (starting at midnight) and limegressions were fitted to the
change in DO (mg?) representative for that 3 h period. Approximate drop in
mesocosm DO was0.04 mg T h' during RMR measurement and as great as 0.12
mg I h* during SDA measurement. The high-resolution stabilitthe$e
luminescent meters meant that the linear regressffident of determination
generally remained betweer 0.96-0.99 over each 3 h period.oMalculations
were adjusted for the mean background respiration ratn(ofepre- and post-SDA
trial background recording) recorded for the respective tiftay (3 h block) and
oxygen leakage through the respirometer walls. A sirBi@rmeter was used to
make daily recording of the DO in the external envirorimehich remained between
7.1 and 7.4 mgH

SmMmming velocity analysis

Fish behaviour was monitored (both day and night) with engeently installed video
system (SciElex Pty. Ltd., Hobart, Australia) thangisted of two 0.05 lux black and
white underwater video cameras and two 6 W white LEOdiginoused within resin)
(Fig. 1). The system was programmable through a cewtn&iadler and power
supply unit that were secured to the sea-cage. The asmvere programmed to
record for 4 min every 90 min (first by the horizontahesa then immediately by the
vertical camera) and data stored on a pocket video reg@adros AV400,
Greenwood Village, CO, USA). The lights were progradrto turn on at dusk and
remain on until dawn. The system was powered by desB®)Ah, 12 V battery that
was exchanged daily.

Video recordings were viewed in the video editing programt&iDub
1.5.10, Avery Lee, www.virtual.dub.org). Suitable records vdefened as those
containing a fish that was swimming perpendicularly tocdn®era and at least one
frame in which body length (BL) could be measured folirsga This sequence was
imported into video motion analysis software (Video Pdgrsion 2.5, Lenox
Softworks, www.Isw.com) where swimming velocity wasigsed by tracking
movement across the field. Tuna BL was used to caditbhatimage scale,

accounting for variable distances between the fishileendamera. Any camera
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movement was corrected by referring to a stable poihtimihe respirometer on a
frame-by-frame basis.

Data analysis

Swimming velocity data were collated within the sametiBnie periods as DO. For
each 3 h period, between four and seven video footage segmere analysed for
swimming velocity and the mean taken as representatiado period (a total of
four hundred and forty eight footage segments were a@lyDue to poor quality
footage, four suitable footage segments were not avaitaibé®me 3 h periods.
Video records after 24 h in trial 6 were lost due to viddara

Mean swimming velocity recordings made during the RMR oessent are
subsequently referred to as the routine swimming velddifyand velocity
measurements made post-feeding as the SDA swimming ye(ogit). Usdarefers to
the duration that post-feeding swimming velocity remaineel siandard error (SE)
aboveU. The effect of meal size on metabolic rate was tjfiech by the following
parameters: SDA peak (maximum post-prandiab)MSDA factorial peak (SDA peak
divided by RMR), SDA duration (duration that post prandiak Memained greater
than one SE above the RMR), SDA magnitude (total oxygaesuwmed above the
RMR within the SDA duration period) and SDA coefficieBDA magnitude as a
percentage of gross ingested energy). Conversion frkygeo consumed to the
energy equivalent was calculated assuming 14.32 J of eaexg@xpended per
milligram oxygen consumed (Beamish and Trippel, 1990).
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Results

Table 2: Southern bluefin tuna body ma$4j, body length (BL), water temperature
(Tw), routine swimming velocityl,), calculated routine metabolic rate (RMR),
ingested ration of sardines, total ingested energy hExn swimming velocity

during the SDA periodUsqs), duration of elevated postprandial swimming velocity
(Usgaduration) and SDA peak, factorial peak, duration, magnitudeaefficient.

Trial 1 2 3 4 Mean
(n=4o0r6)
Ms (kg) 9.4+1.6 9.9+ 0.9 105+ 1.3 11.31.4  10.3+0.4
BL (cm) 81+5 83+2 88+ 3 86+ 2 84%2
Tw(°C) 19.7-20.1 20.1-20.3 19.1-19.7 18.2-18.5 19.3+0.4
U (BLs™) 0.71 1.40 0.78 0.83 0.92+0.15
RMR (mg kg™ h?) 300 456 355 354 366+ 33
Feed trials 1 1 2 1 2 1
Ration (% Mp) 5.7 6.0 8.5 2.1 6.8 4.1 55+0.9
IE (mJ) 8.96 10.0 14.1 3.70 12.1 7.73  9.48%1.48
Usa (BL s™) 0.9 2.0 2.6 0.8 1.7 1.4 1.6+0.9
Usda Duration (h) 26 38 45+ 20 45+ 24+ 335
Peak (mg kg h?) 728 1,240 1,290 469 840 669 872+ 133
Factorial peak 2.4 2.7 2.8 13 23 1.9 2.2+0.2
Duration (h) 24 23 42 27 45+ 25 31+4
Magnitude (kJ kg™) 99 130 192 31 148 75 112+ 23.
Coefficient (%) 31.3 38.5 40.2 26.4 38.8 329  347+22

Values are mean for the three fish used in eaah #SE.

During the RMR measurement, three of the four groupshfsivam slowly and
consistently between approximately 0.7 and 0.8 Bltlse other group swam
considerably faster at around 1.4 BL(&J;, Table 2). The fish that swam the fastest
also consumed the most oxygen with a strong lineaiorstip (R = 0.94) between
swimming velocity and RMR (Fig. 3A). The evaluated RM&kjrtg into account
background respiration and diffusion, ranged between 300 and 4k ninf
corresponding to a mean of 36@3 mg kg h™ (n = 4). This is less than the RMR
of SBT recorded in Chapter 1 (460 mg'ky'). The discrepancy is likely due to
individual variability in voluntary swimming speeds and thegler acclimation period

used in the present study (16+ h versus 6 h).
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Fig. 3. (A) The relationship between the routine swimming velogity body lengths

s1) and the routine metabolic rate (RMR) of southetrefih tuna with fitted linear

regression (y = 219x — 1667 R 0.94, n = 4). Values shown are mear&E (n = 5-

9). (B): the relationship between ration consumed (% Body wpeald the factorial

increase swimming velocity recorded during the SDA period J%ith fitted linear
regression (y = 14.1x + 82.5?R 0.53, n = 6). Values are meanSE (n = 5-15).
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Six feeding events of rations between 2.1 and 8.5 % body (#d4,) of
sardines were recorded (two of the experimental groaps fed twice, the other two
experimental groups fed only once) (Table 2). On all ea@nasswimming velocity
increased post-feeding. The duration before swimming vglosturned to pre-
feeding levels,) appeared to increase with ration size, from 20 h ®isthallest
ration to longer than the 45 h measurement period fogrgmgtest two rations. The
mean swimming velocity recorded during the SDA perldgJ was linearly related
to ration size (R= 0.53) (Fig. 3B).
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Fig. 4. Post feeding oxygen consumption rate for southertibltiea for the six
feeding events recorded of ration size between 2.1 and 8.886vBaght (%My) in
the four mesocosm respirometer experimefjs(B), (C), and D). Dotted line
represents the calculated routine metabolic rate (RMR
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In all trials, Mo, was elevated above the RMR post-feeding, however the
nature of this elevation was highly dependent on ratimnand experiment (Fig. 4).
Maximum postprandial i, (SDA peak) increased linearly with ration sizé R
0.71) (Fig. 5A). At the greatest ration consumed (8My,0SDA peak was 1 290 mg
kg! h*, corresponding to 2.8 times the RMR, whilst with thellest ration (2.2
%Mp), SDA peak was 469 mg Rdh?, or just 1.3 times the RMR (Table 2). The
duration of SDA ranged between 23 and 45 h and was poorlyatedavith ration
size (R = 0.38) (Fig. 5B). At the four lowest rations, SDA digatdid not appear to
be affected by ration size, however above a ratich%My,, SDA duration was
greatly elevated. The magnitude of SDA ranged between 31 ard kgt (Table 2)
and was strongly linearly correlated with ration &&= 0.98) (Fig. 5C). SDA
coefficient averaged 3472.2% (n = 6) (Table 2).
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Discussion

Effect of meal size on SDA

The pattern of SDA in fish is characterized by a rapigease in M, after feeding
before gradually falling back to the resting level (Jobling, 198Te pattern of SDA
response appears to be no different for SBT. Theratszope and duration of SDA
is comparable to many fish species examined (Jobling, 198kra&limaty et al.,

1992; Lyndon et al., 1992; Hunt von Herbing and White, 2002; Peck 208R; Fu

et al., 2005b; Fu et al., 2005a). Also like most fish spepesk, duration and
magnitude of SDA appear to be directly related to ratioe @uir and Niimi, 1972;
Jobling and Davis, 1980; Carter and Brafield, 1992; Chakrabodty, d1992; Fu et
al., 2005c; Fu et al., 2006). However, the energetic cd3Déf is approximately
double (SDA coefficient = 35 %) that recorded in othemoglspecies (generally
between 5-20%). It appears that although the factorianmatf SDA (SDA peak and
duration) in SBT is consistent with other fish, theabte metabolic cost of SDA is

much higher.

High metabolic cost of SDA

A complete understanding of the physiological basis oA $Jnains unclear,
however much of its effect is attributed to the metialrost of growth. That is, the
postprandial influx of amino acids stimulates rapidtegsis and turnover of tissue
proteins resulting in much of the increase in metabatie known as SDA (Jobling,
1981; Brown and Cameron, 1991b; Brown and Cameron, 1991a; Lyndbnl€i92).
In fish, both protein synthesis and degradation rates hagn shown to rise linearly
with growth rate (Houlihan et al., 1988), and therefordikedy to contribute more to
the metabolic cost of SDA in fast growing speciese gtowth rates of tuna, like
other large pelagic fishes, are known to be high (UchiyamadaStruhsaker, 1980;
Brill, 1996; Sainsbury et al., 1997; Glencross et al., 2068)thermore, the SBT
examined in the present study although large in comparmsothér specimens
examined, were in fact juveniles (Collette and Nauen, 198Baefer, 2001).
Juvenile fish have been shown to divert a proportionpdtigh amount of available
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metabolic scope to support SDA to meet the demands offélseigrowth rates (Hunt
von Herbing and White, 2002). The likely discrepancy betv&i2A duration and
food gut passage time supports the notion that SDA is yr@gtbst absorptive effect.
The recorded duration of SDA (between 25 and 45 h) is éatgr than the likely gut
evacuation time, which in tuna has been shown to belyeexelerated{L0-12 h)
(Magnuson, 1969; Schaefer, 1984; Olson and Boggs, 1986). This sudgedtigh
protein turnover and synthesis rates associated witlyfaath rates of juvenile SBT
are likely to elevate the metabolic cost of SDA. Unfoately, there is no
information on the cost of SDA in other fast growpwjagic fishes for comparison.

It is possible that the low energy value of the ihngeésardines may have
contributed to the high SDA coefficient recorded. Th&itional balance of the diet
can affect SDA, in particular the protein level andb#tance with non-protein energy
sources. Deamination of ingested amino acids is ceregido be a significant
proportion of SDA in carnivorous fish (Beamish and Trip@®PB0; Cho and Kaushik,
1990). Diets with excess amounts of protein or inseffichon-protein energy
sources (i.e. fat or digestible carbohydrates) can eld¢latenergy expenditure of
SDA as a result of increased deamination of amino @&éading and Davis, 1980;
LeGrow and Beamish, 1986; Beamish and Trippel, 1990; Chakyadtoat., 1992;
Peres and Oliva-Teles, 2001). When represented in terths dfgestible protein (P,
g) and digestible energy (E, mJ), the P:E ratio oktrdines fed in the present study
(34 g mJ, assuming 90% and 85% digestible energy and protein, respgctivel
considerably greater than that of diets thought to benaptn aquaculture of
salmonid species (P:E = 20 g'hJCho and Kaushik, 1990). It is likely that this
excessive protein to energy ratio would have resultéxdgim levels of amino acid
deamination contributing the high SDA coefficient recortheithe present study.
However, this nutritional profile is typical for sangs caught in Southern Australian
waters (Ellis and Rough, 2005) and as the sardine is an mmpevild-fish food
source (Kemps et al., 1999), this high SDA is biologicadlgwvant.

Elevated energy expenditure associated with postpraridedral warming
may also contribute to SDA. Tuna of the subgerugnus can elevate their visceral
temperature (Collette et al., 2001) which is charactetgeirapid increase following
feeding, before slowly cooling to a basal temperatu@fabove ambient water
temperature up to 60 h post feeding (Gunn et al., 2001). Therpgugose of
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visceral warming is thought to be to accelerate dige¢8tevens and McLeese,
1984). The source of heat is hypothesized to be a résaagrabic metabolism
associated with SDA which is retained by counter-curegohange imetia mirabilia
that thermally isolate the stomach, caecum, imtestand spleen (Carey et al., 1984).
The liver however, is on the cold side of tlee and thus does not contribute to
visceral warming. This is surprising, as the liver is atgr®d to have the highest
rates of protein synthesis of teleost tissues (CanttHoulihan, 2001) and thus
would be an obvious source of SDA-associated heat produd®ianein synthesis
rates in the livers of juvenile Atlantic cod have beleoven to increase rapidly after
feeding and after 6 h account for 31% of whole body pragmhesis compared to
just 9% for the stomach (Lyndon et al., 1992). This sugg@lest®nly a small
fraction of SDA contributes to visceral warming (rethto gastrointestinal work and
absorption) leaving potential for the involvement of anothechanism. Support for
this was given by Gunn et al. (2001), who found that, for angiggon, the
magnitude of SBT visceral warming was much greater inewifitan in summer.
They suggested that SBT possess a compensatory acaohmagchanism to provide
increased digestive efficiency at low ambient tempeeatypossibly facilitated by
increased aerobic metabolism and/or the heat consar#@rough changes in the
activity of the visceratetia). Thus, it appears that visceral warming may not simply
be the accumulation of heat by-product of SDA, but magrbenergy-consuming
mechanism to maintain optimal digestive rates.

The observed increase in swimming velocity after feediogld have
contributed to the measured metabolic cost of SDAh &isaverage swam 1.7 times
faster after feeding (1.6 compared to 0.92 B). Based on the relationship between
Mo, and swimming velocity described by Dewar and Graham (19942) Zokg
yellowfin tuna Thunnus albacares), an increase in swimming velocity from 0.92 to
1.6 BL s would increase metabolic rate from 409 to 585 mig#y A potential
explanation for faster swimming is to increase vatith volume as a response to the
enhanced metabolic demand associated with SDA. Thisytiseesupported by the
fact that the fish that consumed the most also sthenfastest (Fig. 3B) and for most
of the feeds examined, the duration of elevated swimmilogitaz post feedingWsga
duration) is similar to the duration of SDA. Howevdée pattern of post-feeding
swimming velocity was more difficult to distinguish thémat of SDA, as for the two
greatest rations it failed to return to pre-feeding lewatlsin the 45 h timeframe of
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each experiment. At present the reason for thisepsercy between swimming
velocity and SDA is unknown, however it may be due éasaurement error caused
by individual variation in swimming speed due to unequal ra@sumption, or
diurnal swimming cycles (fish appeared to swim fasteluak and dawn). More
intensive examination of the effects of feeding onwiatlial tuna swimming velocity
over a longer experimental period is required to vehi&metabolic cost of faster

postprandial swimming.

SDA and metabolic scope

Consistent with some fish species, SBT peak postgbhtti, increased with ration
size (Muir and Niimi, 1972; Chakraborty et al., 1992); hesvdor other species,
SDA peak reaches a maximum and plateaus with increagestion (Beamish, 1974,
Fu et al., 2005c). In the latter, SDA peak has a spep&sfe maximum that limits
the proportion of available metabolic scope devoted t4 &bd allows other
metabolic activities to occur simultaneously (Beami®¥4). It is possible that SBT
reach this plateau at a ration size greater tharekaained in the present study (8.5
%My). However, this is unlikely as anecdotal evidence frona-farm managers
indicates that sardine rations of 8.5@re close to the maximum feed intake that
SBT accept in a single meal. According to cardioraspily models, the factorial
scope of skipjackKatsuwonus pelamis) and yellowfin tuna is approximately 8-9
times the SMR (Brill and Bushnell, 1991; Korsmeyer and/@re 2001). If a similar
scope of 7 times the RMR is assumed for SBT (lessttiapredicted above as the
comparison is based on a low RMR not the SMR), itesponds to 2 560 mg kdi™,
which is similar to the maximum-recordeibf a tuna species, 2 500 mgkig*
(Gooding et al., 1981). The maximum recorded postprandiaboletaate (1 300
mg kg* h™) measured in the present study is approximately 50% of thdicpee
metabolic scope, suggesting that even during the peak olaEbw greatest ration
recorded, the SBT examined would still have had considerbtabolic scope
available to perform other tasks (i.e. oxygen debt regoaed locomotory costs
beyond the requirement for hydrostatic equilibrium andilation). This supports
the theory that the main benefit of high aerobic sanpenas is to simultaneously
support multiple metabolic functions needed to sustain high performance
requirements (Brill and Bushnell, 1991; Korsmeyer et18196).
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Energetic consequence of a high metabolic cost of SDA

To estimate minimum daily energetic cost of feeding Sigjlire 6 presents total
energy expenditure as a percentage of ingested enerthefeix feeding trials
(calculated as the total oxygen consumption the 24 h eging). The break-even
point (feed ration at which energy expenditure was eguabested energy) is
approximately a ration of 3.5, day". However, if SBT are ultimately to grow and
reproduce their minimum daily ration of sardines needsetgreater than this, as
some ingested energy is indigestible and further enelggtien the form of urine,

gill excretion and surface losses. Furthermore, tleelledied energetic cost is likely
to be a minimum, as activity was restricted. With Jigth, the cost of activity is

likely to be much greater due to the activity requiremépredation and competition.
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Fig. 6. Relationship between southern bluefin tuna ration sizeq@y mass, %)
and total energy consumption (calculated as the totagjesxgonsumption the 24 h
post feeding) in the 24 h after feeding as a percentaggedted energy for the six
feeding events recorded in the mesocosm respirometeddited line represents the
theoretical point that the amount of energy used byishésfmetabolic processes

equals the amount of ingested energy.
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Several bioenergetic models for tuna species have beembeaels(Kitchell et
al., 1978; Korsmeyer et al., 1996). These show that teng&energy speculators”,
gambling high rates of energy expenditure for potentiaiyer rates of energy
returns. The work presented here agrees with thissioal however it shows one
aspect of tuna energetics, the metabolic costs of S, have been considerably
underestimated. Previous models have estimated the ceBtrofo be only 15 % of
the ingested energy (Kitchell et al., 1978; Korsmeyeil.e1996). For SBT
consuming the predominant natural food source in Aussaa@uthern oceans, 35 %
of the ingested energy is lost in the SDA processs fiindling further exemplifies the
risk that tuna take in balancing performance with efficieand highlights the
importance of oceanic prey species communities to tredsable fish.
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3. The effect of baitfish lipid content on the energetic cost
of specific dynamic action in southern bluefin tuna

(Thunnus maccoyii)

Abstract

This study examines the effects of feeding sardiSaslinops sagax) of varying lipid
levels (but similar protein content) on the rate of oxygensumption (Id,), and
swimming velocity of southern bluefin tuna (SBTh@nnus maccoyii). Five groups
of two or three SBT (mean mass = 19.8.5 SE kg, n = 14) were fed a total of
thirteen times. Eight times they were fed low-lipardines (1.8-4.0 % lipid, 5.2-6.6
MJ kg* gross energy (GE)) and five times a high-lipid sardir®eq %, 9.2 MJ kg
GE). Before feeding, fish swam at 0&%9.03 body lengths per second (Bt) n =

5) and their routine metabolic rate was 3065 mg kg' h™. Mo, was elevated after
feeding presumably as a result of specific dynamic a¢8@A). However, the effect
was greatest for the fish that ingested high-lipidisasd The magnitude of SDA for
fish that ingested high-lipid sardines (3£20.23 MJ per kg sardine ingested, n = 5)
was significantly greater than those that ingestedlippi/-sardines (1.93 0.10 MJ
kg', n = 8). Fish also swam faster during the SDA peridith the increase in
velocity being greatest for the fish that ingested higia-lsardines (1.33 0.04 BL $§
1. When the energetic cost of SDA is representedoasportion of ingested energy,
there was no difference between fish that ingested k#yh3+ 2.4%) or low-lipid
sardines (31.% 2.9%). This demonstrates that the enhanced SDA magritude
high-lipid sardines was proportional to the increasedstegeenergy, and shows that
for baitfish diets with lipid contents over a randattis likely to span that of wild tuna
prey, the energetic cost of SDA in SBT is approximadelyble that recorded in other
teleosts. These results confirm that the high emiergest of SDA is ecologically
relevant. The majority of the high cost of SDA ipbthesized to be attributed to
high-protein synthesis rates, therefore representatitfee energetic costs of the fast
growth rates of tuna.
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Introduction

Specific dynamic action (SDA) is the increase inabetic rate that occurs during a
period after feeding (Jobling, 1981; McCue, 2006). The first measnts of SDA
in a tuna species, southern bluefin tuna (SBRhunus maccoyii, Castelnau, 1872),
were reported on in Chapter 2. These measurementstisabtlie duration and
factorial peak of SDA are typical for teleost fishiegt the absolute energy increment
is much greater. For SBT ingesting sardirgsdinops sagax), approximately 35%
of gross ingested energy is used in the processes o SDA coefficient), which is
approximately double the SDA coefficients (5-20%) commoatprded in other
teleosts (Chapter 2). However, in that study the lguintent (2% wet weight) of the
sardine ingested was low, corresponding to a low erdiggyhat was dominated by
protein (20%). In carnivorous fish, diets with greatergirohave been shown to
elevate the energy expenditure of SDA presumably asudt rof increased
deamination of amino acids (Jobling and Davis, 1980; LeGral\Baamish, 1986;
Beamish and Trippel, 1990; Chakraborty et al., 1992). Furtirex;nf there are
insufficient non-protein energy sources (i.e. lipidsgtaly protein is deaminated and
oxidized to meet the energy requirement (LeGrow and Bdarh986; Beamish and
Trippel, 1990). In this case, a decrease in the proteingaygmatio by increasing the
lipid content, is said to “spare” protein from deaminatmnd oxidation for energy, in
turn reducing the magnitude of SDA (LeGrow and Beamish, 198@sRand Oliva-
Teles, 2001). Therefore, it is possible that the high $&&ficient recorded in
Chapter 2 was at least partially related to the nutaticantent of the sardines
ingested and may not be representative of tuna ingesgihgrhlipid diets.

There is a strong likelihood that wild SBT would commacoynsume higher-
lipid diets. The mean lipid content of sardines caugkhe SBT feeding ground of
the Great Australian Bight i4% (Ellis and Rough, 2005). Furthermore, there is
evidence to suggest that SBT move to the Great Austiight to coincide with a
period of high productivity (Austral summer-autumn) to feecgantines when their
lipid content is highest (up to 6.8%) (Ward et al., 2006ke&here, SBT have been
shown to feed mainly on small pelagic fishes such &snaxckerel {rachurus
declivis) and red baitEmmelichthys nitidus nitidus) (Young et al., 1997; Kemps et
al., 1998). The lipid content of these two baitfish ggets considerably higher than
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that of sardines: jack mackerel mda®o (Vlieg, 1988) and red bait meaB% (Ellis
and Rough, 2005).

The aim of this study is to determine whether lipidteat of baitfish diets
significantly affects the SDA coefficients in SBTdato establish if the previously
recorded high SDA coefficients were greatly influencedhaydiet ingested. The
results have significant bioenergetic implicationsS&T, as it will ascertain if the
high energetic cost of SDA is ecologically relevamd #ikely associated with their
unique high performance physiology thus, common for all tuna.

Methods

Experimental animals

In January 2006, fourteen SBT were sourced from a marinealgua farm in the
waters off Port Lincoln, South Australia, through Thena Boat Owners Association
of South Australia. These SBT had been purse-seibednatthe Great Australian
Bight one month earlier. From the commercial famdjvidual SBT were hooked
with a baited, barb-less hook and transferred into a tliameter, 8 m deep holding
sea-cage that was towed and moored in a protected tay stuthern end of Boston
Island, where all trials were conducted. SBT were téttro recover from transfer
for 2 months and were fed both high- and low-lipid sasltoesatiation twice per day.
They were starved for a minimum of 48 h before any expgantal trial. SBT were
transferred into the respirometer by crowding them wighgurse-seine net and skin
diver securing the fish by hand and passed it across,av&bflipway into the
adjacent respirometer.

Mesocosm respirometer

SBT oxygen consumption rates ¢d was determined by the drop in dissolved
oxygen (DO) over time within a large static respiromét@esocosm respirometer”).
The mesocosm was manufactured from denier polyester sginforced 1.14 mm
polypropylene (R-PP 45, Stevens Geomembranes,
http://www.stevensgeomembranes.com), bonded by thernidihgdy Fabtech SA
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Pty. Ltd (Adelaide, Australia). The mesocosm was a Hameter, 2.5 m deep
enclosed cylinder with a wave break wall that extendedabove water level
(Chapter 2). Entry into the mesocosm was possible thradym diameter, 2 m high
access port made from 0.75 mm polypropylene and positionbd noof so that it
could be rolled and clamped, to completely seal the systa addition, five 1 m
diameter, clear 0.75 mm polyvinyl chloride windows were tamsed in the roof to
allow entry of natural light, and eleven capped tankfigi(STF 50, Hansen Products
Ltd, http://www.hansenproducts.co.nz/) allowed sealedszciog experimental
equipment and manual sampling.

The mesocosm was pump filled with sea-water to a tatnmwolume of
between 400 000-402 000 | (variation between experiments dust¢o e@xchanges).

Experimental protocol

Five experimental trials were conducted between Mardhvéay 2006. As SBT
were obviously distressed when confined within the resg@ternalone, either two or
three fish were used for each trial. SBT were introducéhe late afternoon,
respirometer sealed, and DO measured for the subsequentSEHVio, was
commonly elevated after introduction, presumably as dtresuransfer stress, but
would plateau within 6-20 h of transfer. Routine metahaiie (RMR) was
determined as the mearoafter this period.

The following morning, the mesocosm access port was o@eeDdO
returned td1100-110 % saturation by oxygen injection with an oxygen skffForce
7, Aqua & Co, BOC Gases, NSW, Australia). After 1 laltow for recovery from
this disturbance, SBT were fed weighed sardines to satidtrough the access port
and any uneaten baitfish removed by a diver to obtaingheonsumption. Two
different sardines were fed in separate trials, alipia (1.8-4.0%) and a high-lipid
(12.9% lipid) sardine (Table 1). Any collected bubbles weea removed from the
respirometer before it was sealed and DO monitored thstimorning approximately
48 h later. The experiment was then either termin&Bd, removed and body length
(BL) and massNly) recorded, or the DO was returned 1®0% saturation and SBT

fed again with the same procedure.
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Table 1. Nutritional content of sardineS§4rdinops sagax) ingested by southern

bluefin tuna in the specific dynamic action experiments.

Feed Component Low-Lipid High-Lipid
Lipid 1.8-4.0 12.9
Protein 17.2-20.5 17.1
Ash 3.3-35 3.3
Water 70.9-76.0 64.4
Gross Energy (MJ kg% 5.2-6.6 9.2

Analysis conducted by the South Australian ReseanchDevelopment Institute, Pig & Poultry Produstiastitute, (Adelaide,
Australia).

Feed components presented as % wet weight.

Gross energy derived by bomb calorimetry.

Low-lipid sardines were sourced from local comnmarish fleets from the Port Lincoln, Australia.igh-lipid sardines were
imported from commercial fishing fleets in north&alifornia, USA.

Variation in low lipid sardine nutritional contedtie to use of different sardine batches. Only atetbof high lipid sardines

was used.

Background respiration and photosynthesis of planktoniongsgs in the
water column and on the mesocosm surfaces were mdasurals immediately
before and after each experiment. Low levels of backgtoespiration were
generally found, however it was dependent on time of detyréspiration rate would
fall during the day due to photosynthesis). AlbMecordings were adjusted for
background respiration according to the pertinent timdagf The oxygen holding
capabilities of the mesocosm was examined in a futtiamwhere the respirometer
DO was reduced to 2.2 mg by injecting micro-bubbles of pure nitrogen with a gas
diffuser (Aqua & Co Force 7, BOC gases, NSW, Austyaiad then removing the
bubbles that collected at the water surface, beformmé®cosm was sealed and
oxygen monitored for more than 20 h. Subsequent oxygergleak the
respirometer was found to be negligible. This was imgadrom Chapter 2 where
low levels of oxygen leakage into the respirometer wecerded. Improved oxygen
holding capacity was attributed to minor modificatiordendetween experiments,
including double sealing of material bonds and improved apotssealing
procedure. Dissolved ammonia concentrations were alsitoned by daily analyses

of water samples before, during and after each tmal tlhey never exceeded 0.6 mg |
1
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Dissolved oxygen, water temperature, and swimming velocity measurement.

Two luminescence dissolved oxygen meters (Hach HQ10, Lalele®, USA)
permanently installed at a depth of 1 and 2 m respectiveti, 3 m from the wall,
logged mesocosm DO and water temperature. Meters wédyatsd according to
the manufacturer’s instructions at the start of tizdstand calibration checked
following the completion of all trials. Meters reded DO (0.01 mgi resolution)
that was automatically compensated for water temperana salinity set at 3o,
Oxygen meters were set to log DO every 5 min.

Fish behaviour was monitored (both day and night) with engeently
installed video system (SciElex Pty. Ltd., Hobart, Aaigt) that consisted of two
0.05 lux black and white underwater video cameras and two 6 W WHED lights
(housed within resin). The system was programmable thrawgitral controller and
power supply unit that were secured to the sea-cagecarheras were programmed
to record for 4 min every 90 min (first by the horizomaiera then immediately by
the vertical camera) and data stored on a pocket videoder (Archos AV400,
Greenwood Village, CO, USA). The lights were progradrto turn on at dusk and
remain on until dawn. The system was powered by desB®)Ah, 12 V battery that
was exchanged daily.

Video recordings were viewed in the video editing programt&iDub
1.5.10, Avery Lee, www.virtual.dub.org). Suitable records vdefened as those
containing a fish that was swimming perpendicularly tocdn®era and at least one
frame in which body length (BL) could be measured folirsga This sequence was
imported into video motion analysis software (Video Pdgrsion 2.5, Lenox
Softworks, www.Isw.com) where swimming velocity wasigsed by tracking
movement across the field. Tuna BL was used to caditbhatimage scale,
accounting for variable distances between the fishilendamera. Any camera
movement was corrected by referring to a stable poihtiwihe respirometer on a
frame-by-frame basis.

Data analysis

Dissolved oxygen recordings were broken up into 3 h bloatarding to time of day
(starting at midnight) and linear regression fitted todinge in DO to establish SBT
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Mo, (mg kg* hh). All Mo, calculations were adjusted for background
respiration/photosynthesis effects (mean of pre- astHpial background recordings)
representative for the time of day. Swimming velocittadeere also collated within
the same 3 h time periods, where between four and $evEge segments were
analysed and the mean taken as representative of swinnaloaity for that period.
A total of 692 segments were analysed for swimming velegith a minimum of 35
for any individual trial. Due to video logger failure, swimg velocity measurement
is not available for one feeding event (Trial 1; Fagd).

The effect of meal size ond® was quantified by the following parameters:
SDA peak (maximum postprandial); SDA duration (duration pleatprandial M,
remained greater than one standard error (SE) aboveMRg; SDA magnitude (total
energy consumed above the RMR within the SDA duratiog)e ingestion-specific
magnitude (magnitude per kg ration ingested) and SDA coeffineangnitude as a
percentage of gross ingested energy). Conversion frkygeo consumed to the
energy equivalent was calculated assuming 14.32 J of ewergyexpended per mg
oxygen consumed (Beamish and Trippel, 1990). Significanteliftes of means
were established by the use of two-tailed Students T-teglg,egression slopes and
intercepts by ANOVA within the StatistiXL program (versil.5,

www.statistixl.com).

Results

As would be expected with larger SBT, mean mass-sp&ifiRt (306+ 15 mg kg'
h?, 19.8 kg, Table 2) was less than recorded in Chapter 2 (366 tu‘kd0.3 kg).
However, this difference did not prove to be statdlycsignificant (P = 0.11) most
probably due to poor of statistical strength of comparigdbrs 7) and variation
between SBT cohorts studied in the different yearsam) (0.75+ 0.03 BL §')
were also less than recorded in Chapter 2 (0.93Bbust, again not statistically
significantly (P = 0.33).
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Table 2. Experimental parameters for the groups of two or thrathem bluefin tuna
examined in each of the five trials before feeding.

Trial 1 2 3 4 5 Mean + SE
My (kg) 17.9+2.0 20.2+0.1 19.84#0.3 20.9+1.8 20.4+1.3 19.8+0.5
@3) @3) @3) &) @3)
BL (cm) 102+ 1 106+ 1 104+ 1 108+ 4 106z 2 105+ 1
Tw (°C) 20.1-19.6  18.7-18.2  17.1-16.6  16.9-16.4  16.1-15.717.5+ 0.7
U (BL s? 0.83 0.68 0.79 0.71 0.74  0.75+0.03
RMR (mg kg™* h™") 272 292 286 357 320 306+ 15

Ms, body mass; BL, body lengtfiy, experimental water temperatut&; routine swimming velocity; RMR, routine metabolic

rate Values are meattSE, () = number of fish

Thirteen feeding trials were recorded, eight with lopielj and five with high-
lipid sardines (Table 3). Rations of high-lipid sardi(te32+ 0.19 kg) were
significantly greater (P <0.01) than that of low-lipatdines (1.0& 0.08 kg). As
SBT were fed to satiation, this suggests a dietary mnederfor the high-lipid
sardines. The reason for this is not known howeterhigh-lipid sardines were
larger (BO g fish') and in better condition (i.e. less freezing and stodzgeage)
than the low-lipid sardines#0 g fish'), which may have contributed to their
preference.U of all SBT increased post-feeding, however was sigmfigayreater (P
<0.01) for SBT that ingested the high-lipid (1:88.04 BL §") than the low-lipid
baitfish (0.94+ 0.06 BL &Y.
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Table 3. Specific dynamic action parameters.

Trial\ Lipid Ration U IE Peak Dur. Mag. IS Mag. SDA Coef.
feedings  level (kg) (BLs? (MJ) (mg kg h?) (h) (MJ) MJ kg™ (%)

1 Low 1.59 1.21 10.49 668 26 3.24 2.04 30.9
1\2 Low 1.04 - 5.40 595 12 2.26 2.17 41.8
2\1 Low 0.98 0.75 6.47 430 18 1.85 1.89 28.6
2\2 Low 1.00 0.93 5.20 596 13 2.23 2.22 429
3\1 Low 0.84 0.82 5.54 413 16 1.32 1.57 23.7
3\2 Low 0.98 0.99 6.47 476 20 2.01 2.05 31.0
AM\1 Low 1.16 0.89 7.65 549 23 2.07 1.79 27.1
5\1 Low 1.08 0.97 7.13 535 22 1.82 1.69 25.6

Mean 1.08 0.94 6.80 531 18 2.10 1.93 315

+ SE +0.08 +0.06 +0.08 + 36 +2 +0.19 +0.10 +29
3\3 High 1.28 1.32 11.77 647 26 3.20 2.40 27.1
34 High 1.60 1.29 14.72 735 29 5.23 3.27 355
M2 High 1.68 1.20 15.45 727 44 4.50 2.68 29.1
M3 High 1.60 1.42 14.72 869 31 5.58 3.48 37.9
5\2 High 2.42 1.42 22.26 1015 36 9.26 3.83 41.6

Mean 1.72 1.33 15.79 798 33 5.56 3.20 34.3

+ SE +0.19**  +0.04* +1.74** + 59** + 7 +1.01* +0.23* +24

Ration, total mass of sardines ingestédswimming velocity during the specific dynamic ipek, IE, ingested energy; Peak,
maximum postprandiai &4; Dur., duration of specific dynamic action; Mamagnitude energy consumed above the routine
metabolic rate within the SDA duration period; N&g., magnitude of SDA per kg ration consumed; 8Bd\ Coef., energy
consumed by SDA as a proportion of ingested energy.

*mean significantly different to low-lipid mean (B<5), **(P<0.01).

Mo, increased post-feeding in all trials presumably aswdtr@sSDA (Fig. 1).
Similar to that recorded in Chapter 2, magnitude of SDAdirastly related to ration
size (R = 0.94 and 0.83, for the high- and low-lipid sardines, rspmy) (Table 4).
Comparisons by ANOVA found no significant difference betweegressions
recorded with low-lipid sardines in the present studi that recorded in Chapter 2
(P =0.46 and 0.26 for regression slope and intercept, tesgc(Fig. 2).
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—&— 1.2 kg low-lipid sardine
— 90— 1.6 kg high-lipid sardine

s
\

1000 -

B

800 - /P’\‘OA—D"

600 -

400 -

200 -

Oxygen consumption (mg kg™ h™)

D T T T T
0 10 20 30

Time post feed (h)

Fig. 1. Example of increase in oxygen consumption rate fothgwn bluefin tuna
after ingesting similar sized rations of low-lipid (1.2 kgal\feed = 4\1, filled circles)
and of high-lipid sardines in the same trial (1.6 kg,\feal = 4\3, open circles).

Flat, dashed line represents the pre-feeding routine oletaate ¢SE).

Table 4. Parameters of least squares regression (y = byelatinhg specific dynamic
action magnitude (MJ) and ration size (kg) in southernfinliena ingesting high-

and low-lipid sardines.

Lipid Ration n a 95% C.I. b 95% C.I. R ANOVA P
level range (kg) (slope)

Low 0.84-1.59 8 0.32 0.18-0.97 2.23 2.14-270 0.83 <0.01
High 1.28-2.42 5 3.37 0.87-760 520 2.79-761 0.94

n = number of measurements.

ANOVA P (slope), ANOVA probability that slopes of regsions are not significantly different.

Comparisons between the high- and low-lipid sardines denab@shat SDA
was greater for the SBT that ingested the high-lipidisas. SDA peak, SDA
duration, SDA magnitude, ingestion-specific magnitude and seigme slope were all
significantly greater for SBT that ingested the highdligian those the low-lipid
sardines (Tables 3 and 4, Fig. 2). The greater intakefisp@egnitude and
regression slope confirms that the larger magnitude wiadue to the larger rations
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of high-lipid sardines ingested. However, when thegater cost of SDA was
represented as a proportion of ingested energy, thex@avsignificant (P = 0.95)
difference between the high- (34:2.4%) and low-lipid sardines (31152.9%)
(Table 3).

10 1

High-lipid sardine

SDA maghnitude (MJ)

0.5 1.0 1.5 2.0 25 3.0
Ration {kg)

Fig. 2. Magnitude of Specific Dynamic Action (SDA) for southerodfin tuna
ingesting low-lipid (closed circle) and high-lipid (operncés) sardines in comparison
to results recorded in Chapter 2 for southern bluefin &ls@consuming low-lipid
sardines (crosses). Solid lines are linear regrestoimigh-lipid sardines (y = 5.2x -
3.7, R = 0.94, n = 5) and for low-lipid sardines (present studs dat Chapter 2
combined, y = 2.4x - 0.6,R 0.96, n = 14).
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Discussion

Ingestion of high-lipid sardines induced a greater SDA resptman that of low-lipid
sardines (Fig. 2). The increase in response was piopate to the increase in energy
ingested, as evident by the similar SDA coefficien35060, Table 3). As protein
content was similar between the sardines (17.1-20.5%gnibe assumed that this
effect was a result of the increased lipid level andegssnt enhanced energy
content. A similar result was recorded with rainboout (Oncorhynchus mykiss)
where increasing lipid content of low-lipid compound dietseased SDA magnitude
but had little effect on the SDA coefficient (LeGromdaBeamish, 1986). However,
with this species increasing lipid content of a low protiet resulted in significant
reduction in SDA magnitude and coefficient. In this céseas assumed that
increasing lipid level served to spare protein utilizatmneinergy catabolism
resulting in a reduction in magnitude of SDA (LeGrow amdiBish, 1986; Beamish
and Trippel, 1990). This protein sparing effect was largely alvgsen lipid levels
were increased with higher-protein, higher-energy diétss led LeGrow and
Beamish (1986) to propose a dietary energy intake “tbteshelow which energy
is limiting and high levels of deamination and oxidationlietary protein for energy
results in the elevation of SDA. The apparent lagbrotein sparing effect in the
present study suggests that the span of dietary energgnt@xamined did not cross
this energy threshold for SBT. At present, it is kidwn if this energy threshold is
below the energy level of the low-lipid or above &mergy level of the high-lipid
sardine diet examined. However, as the baitfisd lgointent range (1.8-12.9%), is
likely to span that of wild tuna prey4-9%)(Ellis and Rough, 2005; Waed al.,
2006), this confirms that the high energetic cost of SPdécplogically relevant.

The results of this study support those found in Chaptea®thib energetic
cost of SDA in SBT is higher (approximately double) theeorded in other teleost
species. In that study it was proposed that the mechamsSDA in tuna are no
different to that of other teleosts, but some metalaspects are enhanced in
association with other adaptations specific to the pigtiermance fishes and Bluefin
tuna (T. maccoyii, T. thynnusand T. orientalis).

It is likely that the major contributing factor to thgh-recorded metabolic

cost of SDA the high protein synthesis and degradati@s essociated with the fast
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growth rates of juvenile SBT. Protein synthesis iskmo be a highly energy
consuming process (Carter and Houlihan, 2001) and much ofr§wAsents the
costs of protein anabolism and hence growth (Brown ance@am1991b; Brown
and Cameron, 1991a; Lyndon et al., 1992). Unfortunately, theinformation on
the cost of SDA in other fast-growing, high-performafisle for comparison,
however high protein synthesis costs have been hypottdsizgeatly contribute to
the postprandial i, of these fish (Brill, 1996). Comparisons with other-fastwing
species would yield insight into the proportion of SAttis specifically associated
with fast growth rates and not related to tuna speatfaptations.

As previously recorded, swimming speed was elevated duringxAg&riod,
however in this case, the increase in velocity wegseddent on the baitfish ingested,
being greatest for the high-lipid sardine. As the higittlgardines also induced the
greatest postprandial metabolic demand, this supporthebey that the purpose of
faster post-feeding swimming is to increase ventilatioinme in order to supply the
enhanced oxygen demand (Chapter 2). To increase ventilalbiiggate ram-
ventilating fish must increase swimming speed and/or mgaje. Ram ventilating
sharks have been shown to enhance ventilation by incgelasih speed and mouth
gape in response to hypoxia (Parsons and Carlson, 1998; Camts&arsons, 2001).
Skipjack Katsuwonus pelamis) and yellowfin tuna Thunnus albacares) also increase
velocity in response to hypoxia, however in these célsers is debate whether the
purpose was to increase ventilation or a escape resfidmea, 1977; Gooding et al.,
1981; Bushnell and Brill, 1991). As a postprandial escape resgerms
implausible, it is likely that SBT in the present stulcreased swimming speed in
order to enhance oxygen extraction and was probably coupleédmincrease in
mouth gape. This increase in speed would have contributbd todtabolic cost of
SDA. An estimation of its energetic cost can be nadesing the relationship
between M, and velocity of fasted bluefin tuna (Blank et al., 2007p{&®&). From
this estimation, the metabolic cost of faster posigied U is a significant component
of total magnitude of SDA (up t@30%), however is unlikely to account for the high
SDA coefficient recorded. Furthermore, increased fexsting ventilatory costs are
not exclusive to ram-ventilating fish and are also likelye a significant component
of SDA magnitude in buccal-pumping species. Interestinige increase in post-
feeding swimming speed of fish that ingested the high-lipidises was
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proportionately greater than the increase in ingestedygnes evident by the greater
proportion of SDA used 830% compared ta15% for low-lipid sardines). Itis
possible that this is related to the counter-productiveedieincreasing spedd
facilitate increased ventilation. Increasing swimmiegpcity incurs its own
metabolic demand and must be supported by another inceeassp on. The greater
the metabolic load of SDA, the greater the increasé and thus the greater

compounding effect.

Table 5. Estimation of the metabolic cost of faster postgranswimming as a
proportion of southern bluefin tuna (SBT) specific dynaaaiton (SDA).

U Mo, SDA MOZ Magnitude SBT SDA % SDA
(BLs? (mg kg®®8h Y Duration (mg kg®®¥%b Magnitude Magnitude
(h) (mg kg™*)°
Pre-feeding 0.75 233 - - - -
Low lipid 0.94 272 18 541 3808 14
High lipid 1.33 364 33 3343 10662 31

U, mean swimming velocity of southern bluefin tuB8T) before and after ingestion of low- and higtidisardines; . 19,
calculated oxygen consumption rate of fasted Rablfiefin tuna Thunnusorientalis); SDA Duration, mean duration of SBT
specific dynamic action (SDA);. dMagnitude, post-feedinéd){l subtracted from the pre-feeding level and mukghby SDA
duration; % SDA Magnitudel,cM magnitude presented as a proportion of total madaiof SBT SDA magnitude measured in
the present study.

“Based on the relationship between swimming velcaitgt M)z of a 8.3 kg Pacific bluefin tundjunnus orientalis) (Blank et

al., 2007).

Mass independent assuming a scaling coefficieft&s ((White and Seymour, 2005; Fitzgibbon et2006) adjusted to the
present study temperature of 1°CHssuming a @= 1.65 (White and Seymour, 2005).

As the exact mechanism of postprandial visceral warnsisgili poorly
understood, it is difficult to estimate its metabolistcoHowever, it is unlikely to
greatly contribute to the high metabolic cost of SBAarded with SBT. The source
of visceral heat is thought to be an accumulation af bg-product of SDA (Carey et
al., 1984). However, the major tissue sites for SDA@ased protein synthesis (thus
heat production), the liver and white muscle (Houlihar.efl@88; Carter and
Houlihan, 2001), are thermally isolated from the viscem€¢ et al., 1984).
Therefore, only a fraction of SDA associated heat priamlu¢produced in the
stomach, caecum, intestines and spleen) contributescieral warming. However, it
has been estimated that the heat released by metadézs than 5% of gross
ingested energy is sufficient to account for viscerahwag in large Atlantic bluefin
tuna {Thunnus thynnus) (Carey et al., 1984). This is less than 15% of the SDA
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magnitude observed in SBT. The proportion of SDA assediwith physiological
processes that take place within the tissues of the aisaer likely to be much
greater than this. These include pre-absorptive and@bsoprocesses such as gut
peristalsis, enzyme and acid secretion, protein catamadisd intestinal absorption
(McCue, 2006). The cost of gut peristalsis alone has e®wnsto contribute as
much as 30% of the SDA response in fish (Tandler anchi&a 1979). This
combined with the effective heat retention by highlyos$tretia mirabilia (Carey
and Gibson, 1983) and efficient insulation by an overlyingotgdder and a thick
belly wall (Carey et al., 1984), suggests that although @siyall proportion of the
heat by-product of SDA contributes to visceral warming likely to be largely
sufficient to account for visceral warming. Furthermdhe energetic cost of visceral
warming appears unlikely to account for the observed difterem SDA magnitude
between the baitfish diets. Gunn et al., (2001) fouatttite magnitude of visceral
warming to be twice as great for SBT ingesting lowdli8.2%) than high-lipid
(7.0%) baitfish. This suggests that the metabolic cogsoeral warming is greatest
for low-lipid baitfish. However, this result was coohded by a substantial
difference in study ambient water temperature®®).7 Therefore it is unknown if the
result was related to the lipid content of the died compensatory mechanism to
increase digestion rate at low temperatures. Cleawdye research is required to
decipher the effects of diet energy levels on bluefiva visceral warming.

The results of this study confirm that the metabolist o SDA for SBT is
approximately double that recorded in other teled85%o of gross injected energy)
and it is most likely related to their high-performaptgsiology (principally their
fast growth rates) and thus common for all tuna. Téigigs another aspect of tuna
metabolic physiology that is greatly enhanced when cosdp® other teleosts
species (including standard metabolic rates and metaolges), which emphasizes
their great aerobic requirements. However, this doesecessarily mean that tuna
SDA is less energy efficient than that of otherdsts. As it appears that the majority
of the high cost of SDA is attributed to rapid protein aialn, it mainly represents
the “cost of growth” and thus reducing SDA is unlikely tgiove dietary energy
utilization efficiency (Lyndon et al., 1992).
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4. Effects of hypoxia on oxygen consumption, swimming
velocity and gut evacuation in southern bluefin tuna

(Thunnus maccoyii)

Abstract

Of the few measurements of the behavioural and physealogsponses of tuna to
hypoxia, most are restricted to shallow diving tropical sggecFurthermore, when
wild tuna experience low dissolved oxygen (DO), theyligedy to have an increased
oxygen demand associated to the metabolic cost of foostidigeand assimilation
(specific dynamic action, SDA). However the respafggostprandial tuna to
hypoxia has never been examined. This study focuses ometladolic and
behavioural responses of both fasted and postprandiaksoutluefin tunaThunnus
maccoyii, SBT) to low DO. Separate groups of three fasted SBIO(kg + 0.9 SE,
water temperaturel() = 19.1-20.8C) were exposed to mean DO levels of 4.44, 3.23,
2.49, and 1.57 mg'lfor 20-21 h. In moderate hypoxia (4.44 and 3.23 g |
swimming velocity ) was enhanced (1.5 and 1.3 times normoxic speed,
respectively) presumably to increase ventilation volufReutine metabolic rate
(RMR) was similarly elevated (1.3 and 1.2 times normoXtRR respectively), most
likely due to increased metabolic demand of faster swigmit 2.49 mgt, U
increased to over double the normoxic speed, possibly @scape response. At 1.57
mg I*, bothU and RMR were suppressed (0.8 and 0.9 times normoxic level,
respectively), and SBT failed to survive the entire 20gosure period. This reveals
that the critical oxygen level of SBT is between 1.5@ 249 mgt, demonstrating
that SBT are remarkably well adapted to low DO. Feedidgdi greatly influence
their hypoxia tolerance, as a further group of three(fidh4 + 1.4 kgT, = 18.2-
18.5°C) survived exposure to DO levels between 2.96 and 1.8T ifog 21 h, after
ingestion of a 6.7 % body weight ration of sardi(tes dinops sagax). In a
subsequent experiment to determine the effects of hypoxigestion rate, three
groups of three SBT (19#40.7 kg, T,, = 15.7-20.1C) were fed to satiation at low DO
(4.57 mg 1) immediately before the DO was further reduced (to 2.4 )nfor an
exposure period of 6.5-8 h, and compared to a single cgntrop of two SBT (20.9
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+ 1.8 kg, Ty = 16.4-16.8C) in normoxia. There was no significant differencéljn
RMR and gastric evacuation rates of SBT in hypoxia condp@ar¢éhose in normoxia.
This demonstrates that in moderate to severe hypoxia, &Biihcapable of
aerobically supporting maintenance metabolism, routinensiing and SDA. lItis
hypothesized that adaptations which support the large niietabope of tuna are also
likely to be beneficial for oxygen extraction and delw#r conditions of hypoxia.

Introduction

Tuna achieve oxygen consumption rate®{Mhat exceed those of most other
teleosts. Their standard metabolic rate is 2 to digreater than that of most other
active fish (Korsmeyer and Dewar, 2001; Graham and Dick&a®4). This elevated
basal metabolism has been attributed to energetioglgnsive adaptations that
support a greater metabolic scope (Brill and Bushnell, 196ll,; B296; Korsmeyer
et al., 1996; Korsmeyer and Dewar, 2001). Because of high nxigqeands it seems
reasonable to assume that tuna would be very sensitiwgptxia (Bushnell et al.,
1990). However, the oceans are not homogeneous, andcgighifeductions in
dissolved oxygen (DO) occur at depths frequented by tuna @uwaigd 1981).

Bigeye tuna Thunnus obesus) spend substantial amounts of the day time at great
depths (>500m), in waters that can be severely hypoxioaas 1.5 mg1)
(Hanamoto, 1987; Dagorn et al., 2000; Schaefer and Fuller, 2002; Btusyl 2003),
and Atlantic Thunnus thynnus) and southern bluefin tuna (SBThunnus maccoyii)
dive to greater than 400 m (Block et al., 2001; Gunn and BRfKl). Although

high oxygen requirements might be expected to limiramlee to hypoxia, at least
some tuna species are well adapted to low DO.

There have been few measurements of response ofdtinypdxia, and of
these most have been with tropical species. Lahgratadies with either paralysed
or swimming skipjackKatsuwonus pelamis), yellowfin (Thunnus albacares), and
bigeye tuna, have shown that all respond to relativelly raductions in DO[(6-5.5
mg ") with significant cardio-respiratory adjustments inahgddecreased heart rate,
and increased mouth gape and ventilation volume (Bushrall é990; Bushnell and
Brill, 1991; Bushnell and Brill, 1992). Thedd of swimming albacore tundifunnus
alalunga) was reduced in DO levels between 2.6 and 5.1 hiGtaham et al., 1989).
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Paralysed yellowfin and skipjack tuna were able to mairit&, at normoxic levels
at 3.85, but not at 2.14 md (Bushnell and Brill, 1992). However, in that study
skipjack drew from venous oxygen reserves at 3.85mghkreas yellowfin did not,
suggesting that yellowfin are more hypoxia tolerant. Thatgrénypoxia tolerance of
yellowfin is supported by tank studies that found they courdige periods in excess
of 3 h at DO levels of just 1.4-1.6 m§ (Dizon, 1977), whereas skipjack survived
only about 60 min 3 mg'l(Dizon, 1977; Goodingt al., 1981). However, this
finding has been largely ignored, as the depth distribatigrellowfin tuna is
believed to be limited to waters with DO above 6 th¢Qayré and Marsac, 1993).
Indeed, intraspecific variation in hypoxia tolerance @utfht to correlate with the
species’ vertical movement patterns, with more tolerana diving deeper and for
longer than other species (Hanamoto, 1987; Cayré and Mag8e; Brill, 1994).
Consequently it is hypothesized that deeper diving tuna suchefsl. thynnus, T.
maccoyii, andT. orientalis) and bigeye tuna may be better adapted to low DO.
However, the tolerance of these species to severe laypagiyet to be examined,
which emphases our limited understanding of the physiadbganstraints of low DO
on tuna species.

The response of wild tuna to hypoxia is likely to be corapdid by the
circumstances in which they experience it. Unlike maayine fish species that
avoid hypoxia (Claireaux et al., 1995; Schurmann et al., 1988e@ux et al., 2000),
tuna voluntarily enter areas of low DO in the purstiiood. There is a strong body
of evidence showing that some tuna forage on deep prey,jabpecthe deep
scattering layer (Dagorn et al., 2000; Gunn and Block, 2001;iM&kret al., 2001;
Schaefer and Fuller, 2002; Musyl et al., 2003). Feeding ireseas/gen demand
because of prey capture and the metabolic cost of digestid assimilation (often
referred to as specific dynamic action, SDA). In Chaptie was shown that the &4
of postprandial SBT can be as much as three timdsaited routine metabolic rate.
The effect of hypoxia on teleost SDA is largely unknovamly recently have the first
measurements of SDA of a fish species in reduced DOrbhader (Jordan and
Steffensen, 2007). In that study, Atlantic c@dus morhua) SDA continued at DO
level of 2.7 mgt, however maximum postprandialdviwas depressed and duration
of SDA prolonged compared with that in normoxia (JordanSteffensen, 2007).
However, the Atlantic cod is a relatively inactive cps in comparison to tuna. How

hypoxia affects tuna SDA is unknown. It is likely tkia¢ elevated metabolic load
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associated with feeding and SDA greatly amplifies tlalehge that tuna face
balancing oxygen demand with oxygen availability in deep hypoatens.
Therefore, the effect of feeding must be assessedler to understand the response
of wild tuna to hypoxia.

This study examines the metabolic and behavioural respohbegh fasted
and postprandial SBT to low DO. SBT can spend muchainggeat depths (to 400
m) feeding on omastrophic squid associated with the deéprsog layer, a similar
behavioural pattern to bigeye tuna (Gunn and Block, 2001). Riysial data on
environmental thresholds are important for understandimgthna interact with their
environment, for population assessments and fisheriesgeanaant (Brill, 1994), and
critical for captive fish management in the expandingefah tuna aquaculture
industry (Farwell, 2001).

Methods

Experimental animals

Two separate trials were conducted in early 2005 and 2006.Uaryant both years,
SBT were sourced from a marine aquaculture farm in thersvaff Port Lincoln,
South Australia, through the Tuna Boat Owners Assatiaif South Australia.
These SBT had been purse-seine netted in the GreatkarstBight one month
earlier. From the commercial farm, individual SBTrevbooked with a baited, barb-
less hook and transferred into a 12 m diameter, 8 mlu@ddmg sea-cage that was
towed and moored in a protected bay at the southern édalstdn Island, where all
trials were conducted. SBT were then left to recéneen transfer for 2 months and
were fed sardinesSérdinops sagax) to satiation twice per day. They were starved for
a minimum of 48 h before any experimental trial. SBTeaeansferred into the
respirometer by crowding them within a purse-seine neskinddiver securing the
fish by hand and passed it across a soft, wet slipwajtlet adjacent respirometer.
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Mesocosm respirometer

SBT oxygen consumption rates ¢d) was determined by the reduction in dissolved
oxygen (DO) over time within a large static respirométeesocosm respirometer”).
The mesocosm was manufactured from denier polyester seinforced 1.14 mm
polypropylene (R-PP 45, Stevens Geomembranes,
http://www.stevensgeomembranes.com), bonded by thernidihgdy Fabtech SA
Pty. Ltd (Adelaide, Australia). The mesocosm was a ameter, 2.5 m deep
enclosed cylinder with a wave break wall that extendedabove water level. Entry
into the mesocosm was possible through a 2 m diametehigh access port made
from 0.75 mm polypropylene and positioned in the roof soitftatuld be rolled and
clamped to completely seal the system. In additier, Tim diameter, clear 0.75 mm
polyvinyl chloride windows were positioned in the roof tiowa entry of natural light,
and eleven capped tank fittings (STF 50, Hansen Products Ltd,
http://www.hansenproducts.co.nz/) allowed sealed accesxperimental equipment
and manual sampling.

The mesocosm was pump filled with sea-water to a tatnmwolume of
between 350 000-402 000 I (varied between experiments due toexebamges).

Dissolved oxygen was manipulated by high pressure injecfiaricro-
bubbles of either pure oxygen or nitrogen with a gas dff@iSsorce 7, Aqua & Co,
BOC Gases, NSW, Australia). Injection of oxygen woaldidly raise DOB mg I*
h™) with nearly all bubbles being completely absorbed fieefeaching the surface.
However, nitrogen injection was slower to reduce DID§ mg I h") because
oxygen had to be carried away in the nitrogen bubbles. Bsiblbdt collected within
the respirometer were removed by rolling them out efdtcess port.

General experimental procedures

All experiments involved two or three fish. They wergoduced in the late
afternoon, and routine metabolic rate (RMR) was deitexd over the subsequent 36
h. Mo, was commonly elevated after introduction (presumably @sult of transfer
stress) but would plateau within 6-20 h. RMR was determingtleamean N, after
this period. Fish were then used in SDA experimentssgited in Chapters 2 and 3
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therefore, before the commencement of hypoxia ttfials had spent a minimum of 3
days within the respirometer, during which time they Ingested at least one
substantial meal of sardines. Hypoxia trials did ngirbantil 48-72 h after feeding
to allow the effects of SDA to subside. Fish were fedywed sardines through the
access port and any uneaten baitfish removed by a diedatain the net
consumption.

Background respiration and photosynthesis of planktoniongsgs in the
water column and on the mesocosm surfaces were mdasurals immediately
before and after each experiment. Low levels of backgtoespiration were
generally found, however it was dependent on time of dletyréspiration rate would
fall during the day due to photosynthesis). AlbMecordings were adjusted for
background respiration according to the pertinent timgagf The oxygen holding
capabilities of the mesocosm was examined in furthelstwhere the respirometer
DO was reduced to between 1.9 and 2.3 Trigefore the mesocosm was sealed and
oxygen monitored for more than 20 h. Very low levelieakage (0.0042 migh™
per mg T DO gradient between the respirometer and external@maent) were
found in 2005 and negligible levels in 2006. These ratesakadge were nevertheless
used to adjust all trial DO recordings according to tharart oxygen gradient.
Dissolved ammonia concentrations were also monitorethly analyses of water
samples before, during and after each trial, and thegrrexceeded 0.6 mg.|

Two luminescence DO meters (Hach HQ10, Loveland, CO,)USA
permanently installed at a depth of 1 and 2 m respectiveti, 3 m from the wall
logged mesocosm DO and water temperature. Meters widnetad according to
the manufacturer’s instructions at the start of tizdstand calibration checked
following the completion of all trials. Meters reded DO (0.01 mgi resolution)
that was automatically compensated for water temperana salinity set at 3o,
Oxygen meters were set to log DO every 5 min.

Fish behaviour was monitored (both day and night) with engeently
installed video system (SciElex Pty. Ltd., Hobart, Aaigt) that consisted of two
0.05 lux black and white underwater video cameras and two 6 W WHED lights
(housed within resin). The system was programmable thrawgitral controller and
power supply unit that were secured to the sea-cagecarheras were programmed
to record for 4 min every 90 min (first by the horizomaiera then immediately by
the vertical camera) and data stored on a pocket videoder (Archos AV400,
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Greenwood Village, CO, USA). The lights were progradrto turn on at dusk and
remain on until dawn. The system was powered by desB®)Ah, 12 V battery that
was exchanged daily.

Video recordings were viewed in the video editing programt&iDub
1.5.10, Avery Lee, www.virtual.dub.org). Suitable records vdefened as those
containing a fish that was swimming perpendicularly tocdn@era and at least one
frame in which body length (BL) could be measured. Tédgience was imported
into video motion analysis software (Video Pafetsion 2.5, Lenox Softworks,
www.Isw.com) where swimming velocity was analysed bgking movement across
the field. Tuna BL was used to calibrate the image saat®unting for variable
distances between the fish and the camera. Any cam@rament was corrected by

referring to a stable point within the respirometer drame-by-frame basis.
Experiment 1

Trials were conducted in 2005 following SDA experiments asritged in Chapter 2
with SBT with a mean mas() of 10.3 £ 0.6 kg (n = 12) (Table 1). For each trial,
respirometer DO was reduced before SB®Mnd behaviour were monitored for the
subsequent 20-21 h. Initial DO levels were 4.66, 3.42, 2.79 onigd5 (60, 40, 30
and 20% trials, respectively). A further trial (30% feeal) was conducted to
determine if feeding affected hypoxia tolerance. At D@ll@f4.75 mgt, SBT

were fed to satiation before respirometer DO was éunteduced to 2.96 mg bnd M
02 and behaviour monitored for the subsequent 21 h. All tiafe conducted with
different groups of three SBT except the 20% trial, winels performed with the
same fish as the 40% experiment after a 24 h recoveindga normoxia.

Experiment 2

Trials were conducted in 2006 following SDA experiments asrileed in Chapter 3
with SBT with a meam, of 19.7 + 0.8 kg (n = 11) (Table 2). At DO between 3.25-
5.17 mg 1, three groups of three SBT were fed sardines to satibtfore the DO
was further reduced to between 2.90 and 3.13nagdl Mo, and behaviour
monitored for 6.5-8.0 h from the time of feeding. SBTrevden removed by divers,

killed according to normal commercial harvesting procedaneiscontents of the
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stomach removed, blotted dry, and weighed. At this stéigers also inspected the
respirometer for any regurgitated sardines. This wagpaced to a control group of
two SBT run at 7.81 mg'lusing the same procedures.

Data analysis

DO recordings were broken up into 3 h blocks according t® ¢tihday (starting at
midnight) and linear regression fitted to the change int®Establish fish M, (mg
kg h). All Mo, calculations were adjusted for background
respiration/photosynthesis effects (mean of pre- astHpial background recordings)
representative for the time of day. Swimming velocittadeere also collated within
the same 3 h time periods, where between four and s&lem footage segments
were analysed and their mean taken as representaswaroming velocity for that
period. Significant differences were established using Stsidetest (StatistiXL
program version 1.5, www.statistixl.com). Values aramnse standard errors of

means.

Results

Experiment 1

In the 60% trial, mean DO level was 4.44 mahd all fish survived the 20 h
experimental period (Table 1)J and RMR were greater than that recorded in
normoxia, being 1.5 and 1.3 times greater, respectively IFigA similar result was
recorded at a mean DO of 3.23 riig40% trial), withU being 1.3 times, and RMR
1.2 times greater, then in normoxia. However, at 2.49'n(80% trial), increase in

U was 2.2 times greater than in normoxia. RMR waselsaated (1.4 times
normoxic level) but not to the extentdf The first lethal effects of hypoxia were
observed at 1.57 mg (20% trial). Video footage showed that two of the ¢HB&T
died after 5 h, the other after 7 h. Before mortabgthU and RMR were suppressed
to 0.8 and 0.9 times the level in normoxia, respectively.
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Table 1: Parameters for experiment 1 of groups of three fastdtiesmubluefin tuna
(SBT) when exposed to different levels of hypoxia (60, 40aB860,20% trials), and
one group of SBT when exposed to hypoxia after being fedhsartb satiation (30%

feed trial).
Trial 60% 40% 30% 20% 30% feed
My, (k) 94+16 9.9+0.9 10.6 +1.3 9.9+0.9 11.4+1.4
BL (cm) 815 832 88 +3 83+2 86 + 2
Tw °C) 19.7-20.1 20.1-20.3 19.1-19.7 20.1-20.3 18.2-18.5
U (BLsY 0.71 1.35 0.78 1.35 0.83
RMR (mg kg™ h?) 300 456 355 456 354
Ration (%BW) 0 0 0 0 6.7
DOrange (Mg ™) 4.66-4.21 3.42-3.03 2.79-2.18 1.65-1.49 2.96-1.81
DOnmean (Mg 1) 4.44 3.23 2.49 1.57 2.39
Duration (h) 20.0 21.0 20.0 20.0 21.0
Un (BL s 1.05 1.84 1.68 1.09 1.53
RMR}, (mg kg* h™) 400 525 497 405 715

Values are means for groups of three SBT + SEZh =
M, body mass; BL, body length,, experimental water temperatut; routine swimming velocity (normoxia); RMR, routin
metabolic rate (normoxia); DEQge range in experimental dissolved oxygen level;;R@ mean experimental dissolved oxygen

level; Duration, duration of experimental triél;, swimming velocity in hypoxia; RMRroutine metabolic rate in hypoxia.

Similar to fasted fish at a comparable hypoxia levellittd SBT at 2.39 mg
It after ingestion of a 6.7 My, ration of sardines (30% feed trial) was twice that
before feeding in normoxia (Fig 1). RMR however, wastaitiially greater than in
fasted fish at this hypoxia level, being twice that befeegling in normoxia. By the
end of this feeding experiment, DO had fallen to 1.81 mgAlthough all fish
survived the entire 21 h experimental period, two of the tthestwhen stressed by
divers during capture. This suggests that 1.81 gl close to their lethal limit and
similar to that of fasted fish (20% trial).
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Fig. 1. Factorial difference from normoxia of groups of thf@gted southern bluefin
tuna (SBT) swimming velocity, open circles) and routine metabolic rate (RMR,
closed circles) when exposed to dissolved oxygen (DO)s@fel.66, 3.42, 2.79 or
1.65 mg T (60, 40, 30 and 20% trials, respectively). Also included id)tkepen
triangle) and RMR (closed triangle) of SBT in reduced, Bffer ingestion of a 6.7 %
body mass ration of sardines (30% feed trial). Valuesreans of three SBT.

Experiment 2

There were no significant differences in SBIf, BL, U or RMR between hypoxia
trials and the normoxia control (Table 2.). Despiteldw DO levels at feeding in
hypoxia trials (4.5% 0.66 mg 1), SBT still voluntarily ingested substantial rations of
sardines (2.% 0.3 %M,). However, this was significantly less than ingestethe
normoxic control (4.0 %, P = 0.04). In hypoxia (2.84 + 0.07 mY,|meanU was

1.8 £ 0.1 times greater, and RMR £6.1 times greater, than before feeding in
normoxia (Fig. 2).U and RMR were similarly elevated post-feeding in themmdic
control (1.9 and 1.8 times pre-feeding level, respectiveBf) no occasion were
regurgitated sardines found within the respirometer atriti@texperiments. A
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mean of 17.3 4.3 % of ingested ration mass remained within the stowiltsh in
hypoxia, which was not significantly different from tleas the normoxia (16.7 %).
When corrected for variable experimental duration, thexe no difference in gastric
evacuation rate of fish in hypoxia (11.1 + 0.7 % bompared to those in normoxia
(12.8 % H).

Table 2. Parameters for experiment 2 of southern bluefin tuB3 \®efore and after
ingestion of a ration of sardines and exposured to a pefibgboxia or normoxia.

Hypoxia 1 Hypoxia 2 Hypoxia 3 Hypoxia mean Normoxa
My (kg) 17.9% 2. 19.8+ 0.3 20.4+1.3 19.4+ 0.7 20.9+1.38
BL (cm) 102+ 1 104+ 1 106+ 2 104+ 1 108+ 4

Tw (°C) 20.1-19.6 17.1-16.6 16.1-15.7 17.8-17.3 16.9-16.4
U (BLs™ 0.83 0.79 0.74 0.79+0.03 0.71
RMR (mg kg™ h?) 272 286 320 293+ 14 357
Ration (% My) 2.2 3.1 2.9 2.7+0.3* 4.0
DOfeeq (Mg ) 5.17 5.30 3.25 457+ 0.66* 7.81
Nqinject time (h) 2.50 2.25 0.00 1.58+ 0.79 0.00

DOrange (Mg I'l) 3.13-2.84 2.90-2.67 3.06-2.43 3.03-2.65 7.81-7.29
DOnmean (Mg 1) 2.99 2.79 2.75 2.84+ 0.07** 7.55
Duration (h) 8.0 6.5 8.0 75+0.5 6.5
Un (BL s 1.46 1.42 1.39 1.42+ 0.02 1.34
RMR, (mg kg™ h?) 391 499 557 482+ 49 655
Gut contents (%ration) 8.6 21.9 215 17.3+4.3 16.7
Gut evacuation (% h%) 11.4 12.0 9.8 11.1+0.7 12.8

*mean significantly different to normoxia (P<0.05)P<0.01). Values are means of three SBT + SE @), except for
normoxia trial were two SBT were used.,,MMody mass; BL, body length;,Twater temperaturéj, swimming velocity {);
RMR, routine metabolic rate; ration of sardineseistgd; DQeq dissolve oxygen (DO) at time of feedingiifject time, time
require to lower dissolved oxygen to experimergakl; DQange range in experimental DO; DR, mean experimental DO
level; Duration, time from feeding until end of expment;Up, U in hypoxia; RMR, RMR in hypoxia; gut contents, mass of

contents of gut at end of experiment; Gut evacuna#é of intake ration evacuated from the gut pertmom feeding.
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Fig. 2: Factorial change of swimming velocity,(open circles) and routine metabolic
rate (RMR, closed circles) of three groups of three &8ar ingestion of 2.7 % body
weight (%) ration of sardines in hypoxia (mean 2.84 g(Values are means

SE) compared to that of a control group of two fish ihgésted a 4.0%,, ration in
normoxia (7.55 mg).

Discussion

Fasted fish

SBT swim faster in moderate hypoxia (4.44 and 3.23 ththen in normoxia (1.3
and 1.5 times normoxic speed, respectively, Fig. 1). Tisendar to that recorded
with skipjack (Dizon, 1977; Gooding et al., 1981; Bushnell anti, B891), and
yellowfin tuna (Bushnell and Brill, 1991). Itis likelyahfaster swimming is required
to increase ventilation volume in response to decreasggken availability. Obligate
ram-ventilating fish such as tuna must increase speéfbr mouth gape in order to
increase ventilation. Video footage taken by diversattid of hypoxia trials,
confirm a noticeable increase in SBT mouth gape withedesing DO (Q. P.
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Fitzgibbon, personal observation). Ram-ventilatinglshancrease ventilation
volume by increasing both speed and mouth gape in respongeotaahgParsons and
Carlson, 1998; Carlson and Parsons, 2001). However, ingesseed also increases
oxygen demand. Indeed, RMR and swimming speed of SBT alargmeinhanced

in moderate hypoxia (1.2-1.5 times), compared to normoxiathé\#o, of
immobilized tuna remains constant from normoxia throughdderate hypoxia
(Bushnell and Brill, 1992), this indicates that the increas@MR is due to the faster
swimming. This seemingly paradoxical effect has led totéatger whether the
metabolic costs of faster swimming outweigh its besed oxygen delivery
(Bushnell and Brill, 1991). Oxygen demand and delivery modelgeiowfin and
skipjack indicate that increasing swimming velocity aboutine levels is an
ineffective response to hypoxia, and that adequate oxygen gabveest achieved by
doubling mouth gape without a increase in velocity (BustarellBrill, 1991). For
these species, it is suggested that the increase id sp@eesponse to escape from
hypoxic waters. It should be noted however, that the spe8BT in normoxia
(study mean = 0.75 BL™ was substantially less than that recorded for yditow
(1.2 BL %) and skipjack (1.6 BL s%) (Dizon, 1977; Gooding et al., 1981; Bushnell
and Brill, 1991). Instead, the velocity of SBT in modetagpoxia (1.05-1.84 BL™3
was similar to that found to be optimal for oxygen deiMer these other tuna
species (1.2-1.4 BLS. Therefore the observed increase in swimming velocity
combined with an increase in mouth gape was likely to baea effective for
improving oxygen delivery. In severe hypoxia (2.49 fghowever, swimming
speed increased to 2.2 times the speed in normoxia. @tfadatic cost of this great
increase in swimming velocity is likely to outweighlitsnefits to oxygen delivery,
suggesting that it was an escape response.

All fish are able to extract enough oxygen to maintaimmmal metabolic
function throughout some range of hypoxia (Fry, 1971; Hughes, 19%8io-
respiratory studies show that tuna do so mainly by @&sing ventilation volume
(Bushnell et al., 1990; Bushnell and Brill, 1991; Bushnell and B19192). However,
below the critical oxygen level (&), they need to resort to anaerobic metabolism,
which is not sustainable. SBT are able to maintain nahaarobic uptake, down to
and including the DO level of 2.49 mi§ | When DO is reduced to 1.57 my they
are no longer able to support their minimal metabolic requents, and die within 5-7
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h. Therefore the& of SBT is between 1.57 and 2.49 g IAs the §; of fish has
been widely examined, it proves a useful tool for comparyppxia tolerance
between species. However when comparing theoSSBT, it must be noted that the
Suit IS most commonly evaluated with resting fish as thel®@l in which the fish is
no longer able to maintain its standard metabolic (9&R). The present study
evaluates the & with unrestrained swimming tuna. As the active metabobf fish

is more strongly influenced by DO than SMR (Fry, 1971,%h: of a swimming fish
will be at a higher DO than that for a resting figven so, the & of SBT is
comparable to many other teleosts, especially those eif otarine species (Table 3),
which reveals that SBT are well adapted to low DO. Tdierance of hypoxia seems
counterintuitive considering the well documented elevatgden demands of tuna
(Korsmeyer and Dewar, 2001; Graham and Dickson, 2004). Howaueh of the
high oxygen demand of tuna is associated with adaptatiahgmnhance oxygen
uptake and delivery, including large gill surface area andgihiapithelia (Muir and
Hughes, 1969; Hughes, 1984), and high heart rates and cardiac(&uilpand
Bushnell, 2001; Blank et al., 2004). These energetically ekmeadaptations also
improve the oxygen extraction and utilization capabiliiétuna when exposed to
low DO.

74



Table 3: Interspecific comparison of the critical oxygen lev&lif) of some teleost

species.
Common name Species Habitat Mg Tw ] Serit
(kg) (’C)  (BLs) (mglh
Southern bluefin tura Thunnus maccoyii (0] 10 18.2-20.3 0.71-1.84 1.57-2.49
Mulloway? Argyrosomus japonicus CE 0.34 22.0 0.9 15
Atlantic cod Gadus morhua Cc 0.30 15 0.0 2.58
Common dentéx Dentex dentex Cc 0.39 20.8 0.0 25
Atlantic salmon Salmo salar C, FW, FWn, 0.04 12.5 0.0 4.0
Brook trouf Salvelinus fontinalis FWs, FWn, 0.10-0.28 15 0.0 3.8
Rainbow trout Oncorhynchus mykiss FWs, FWn, 0.54 20 0.0 1.6
Carg Cyprinus carpio FWs 1.6 25 0.0 1.1
Cichlic® Oreochromis niloticus FWs, FWn, 0.22 20 0.0 11
DarteP Etheostoma rufilineatum FWi, - 20 0.0 6.1
Darte? Etheostoma flabellare. FWs, FWi, - 20 0.0 21
Dartef Etheostoma duryi FWe, FWi, - 20 0.0 2.0
Dartef Etheostoma squamiceps FWe, FWi, - 20 0.0 2.3
Dartef Etheostoma boschungi FWe, FWi, - 20 0.0 1.7
Darte? Etheostoma fusiforme FW, - 20 0.0 2.9
European eé&l Anguilla anguilla FWs 0.12 25 0.0 1.3
Trahid* Hoplias malabaricus FWs, FWi, 0.04 25 0.0 0.94-1.67
Trairad? Hoplias lacerdae FWe, FWi, 0.3-0.5 25 0.0 1.83
Gulf killifish *® Fundulas grandis E, FW, 0.01 25 0.0 1.73

*Present studyChapter 62Schurmann and Steffensen (199%alverdeet al., (2006);’Stevenset al., (1998);°Beamish,
(1964);Ottet al., (1980):*Fernandes and Rantin, (198%)jtschet al., (1978);*°Cruz-Neto and Steffensen, (199%)Kalinin et
al., (1993);"*Rantinet al., (1992),**Virani and Rees, (2000).

M, body massT,, temperaturet), swimming velocity.

O, oceanic; C, coastal; E, estuarine; f8tll fresh water; FW, moving freshwater

Tolerance of SBT to hypoxia is similar to that of yellowduna (Dizon,
1977), suggesting that the ability to tolerate severe hypoajab® common to the
Thunnus genera. This implies that the depth distribution linotabf yellowfin tuna
to well oxygenated waters (Cayré and Marsac, 1993) is avioedal response and
not a physiological threshold. Similar behavioural avaigaof moderate hypoxia
have also been recorded in other marine teleosts sudtitaasic cod and sea bass
(Dicentrarchus labrax) (Claireaux et al., 1995; Schurmann et al., 1998; Claireaux
al., 2000). Bigeye tuna are hypothesized to be more toleféwypoxia than other
tuna due to lower blood oxygen affinity (Jones et al., 1B86hnell et al., 1990;
Lowe et al., 2000; Brill and Bushnell, 2006), which is supportechdyesuent
inhabitation of hypoxic waters (Dagorn et al., 2000; Schaafdr~uller, 2002; Musyl
et al., 2003). However, their behavioural patterns areexdssarily evidence of

greater hypoxia adaptation. Although bigeye tuna may bifieftyuent waters with
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DO levels as low agl1.5 mg I' (Hanamoto, 1987; Must al., 2003), they are
largely limited to DO levels abovié3 mg [I* with regular (1-2.5 hourly) ascents into
the mixed surface waters (Dagorn et al., 2000; Musyl e2@03). This type of
hypoxia exposure is probably well within the physiologiadabilities of SBT. The
prolonged deep diving behaviour of bigeye tuna may be largely a
behavioural/predatory preference or a greater toleraniogvafater temperatures that

are often closely associated with deep hypoxic waters.

Effects of feeding

SBT voluntarily ingest substantial rations of sardiaeBO levels as low as 3.25 mg
I"t, demonstrating their willingness to feed in hypoxic ctiods. Indeed, rations
ingested in hypoxia (6.7 and 2£70.25 %M, for experiments 1 and 2, respectively)
were greater than recorded with the same fish in norn{éx&et+ 1.2 9, n = 6,
Chapter 2 and 2.0 = 0.2¥l, n = 8, Chapter 3, respectively). This suggests that
moderate hypoxia has little effect on the appetite of SBiie opposite is true for
Atlantic cod, turbot $cophthalmus maximus) and European sea bass where feed
intake is reduced in hypoxia (Chabot and Dutil, 1999; Thetmetyak, 1999;
Pichavant et al., 2001). Furthermore, SBT retain ingdstgd when the DO is
further reduced to as low as 2.5 rifg Regurgitation in severe hypoxia has been
demonstrated in Atlantic cod (Claireaetxal., 2000). Hypoxia-induced reduction in
both feed intake and retention is suggested to be as totthd limiting effect of
hypoxia on the metabolic scope (Claireaial., 2000; Mallekh and Lagardere,
2002). It is thought that fish adjust the energy necgdsaSDA according to their
capacity to provide energy to support other simultaneoushwolit requirements.
Hypoxia would almost certainly reduce the metabolic sadpena as it does in other
teleosts (Fry, 1971; Claireaux et al., 2000). However, sma&nown to have
metabolic scopes that greatly exceed that of most ésie(Korsmeyer et al., 1996;
Korsmeyer and Dewar, 2001; Graham and Dickson, 2004). ®heyefven with a
substantial reduction in scope, they are still likelydi@in a large aerobic capacity to
support SDA and other essential metabolic requireméntieed, the present study
shows that at a DO level as low as 2.84 th#0%), SBT do support digestion at a

similar rate as in normoxia. Postprandial RMR mikirly elevated in hypoxia (1.6
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times pre-feeding level in normoxia) as it was in norm@ki8 times), indicating the
metabolic cost of SDA is similar. Gastric evacuatiates during hypoxia are as

rapid (11.1+ 0.7% wet mass™ as in normoxia (12.8% wet mass)land similar to

that documented for other tuna species tuna (Schaefer, Q&®41 and Boggs, 1986).
This is in contrast to Atlantic cod where at a simidarel of hypoxia (2.7 mg?),
maximum postprandial b was reduced by 25% and to compensate, the duration of
SDA more than doubled (Jordan and Steffensen, 2007). Witepbases, the peak in
postprandial M, in hypoxia occupied70% of the metabolic scope leaving little
energy for other activities.

This study has shown that both fasted and postprandiab&8Hhighly tolerant
of low DO. This conclusion is based on the examimatibrelatively small SBT{LO
kg). Larger tuna may be better adapted to low DO as thexigytolerance of fish
improves with increasing body mass (Kalinin et al., 1993)ygén uptake and
delivery adaptations that support the great metaboligesobtuna are also likely to
be beneficial in hypoxic waters. Furthermore, it appgaisthe large metabolic
scope of tuna maintains appetite and permits digesti@waDO levels (less then
40% saturation). It is widely considered that the gnestibolic scope of tuna has
evolved to allow the simultaneous support of multiple imalie functions associated
with their high performance physiology and behaviour, poaity that of rapid
sustained swimming, fast growth rates, rapid digestigipmneal endothermy and
potential for quick repayment of oxygen debt (Brill and Budht891; Brill, 1996;
Korsmeyer et al., 1996; Korsmeyer and Dewar, 2001; Graharmiakson, 2004).
Here it is suggested, that a large aerobic capacityasratsgral in supporting their
ability to cope with low DO, allowing some tuna spec@sxploit prey resources in
deep, hypoxic waters.
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5. Relationship between metabolic rate and visceral

warming in southern bluefin tuna (Thunnus maccoyii)

Abstract

The ability of tuna to conserve metabolic heat to naanissues warmer than
ambient water temperatureg,f is thought to have allowed them to expand their
thermal niche, and contributed to their evolutionary sasc Only tuna of the
subgenudhunnus, which includes bluefin, have the ability to warm the uiace
Species capable of visceral warming occur in cooler watessibly due to improved
thermoregulatory capabilities. However, the mechanidmgsoceral endothermy are
poorly understood. The source of visceral heat is hypsdt$d be a by-product of
the metabolic cost of food digestion and assimilafgpecific dynamic action, SDA)
and it is not known if tuna are capable of regulating theiency of visceral heat
retention. In this study, 768 h of simultaneous recordmfigsetabolic rate (MR = to
heat production) and visceral temperatdrig)(were made in both fasted and
postprandial southern bluefin tuna (SBhunnus maccoyii) of two sizes (10 and 20
kg) and at twavater temperatures9 and 18C). Similar to previously recorded,
basalT,;s were 2-8C aboveT,, but would increase quickly after feeding taking hours
to days to fall back to basal levels. In all trials,essctemperatures (the difference
between visceral and water temperature) were dired#teceto postprandial MR.
Duration and magnitude of SDA were strongly related to aurand magnitude of
postprandial visceral warming. This provides the first eiggdievidence of a link
between SDA and postprandial visceral warming. Visderaperature of fasted SBT
was also directly related to MR. In this case, the@»af heat is thought to be
metabolic work performed within the red muscles which apgednave warmed the
viscera through thermal conductance. At any level af peoduction (postprandial
MR), visceral excess temperatures were significantigmer (over iC warmer) in
larger (R0 kg) than smaller SBTIO0 kg) at equivalewater temperature. Better
heat retention ability of the larger SBT is likelyrdtited to improvedetia mirabilia
development and greater thermal inertia. Also, at eyl lof heat production, SBT

at 16C maintained visceral excess temperatures significantisnara(0.5C warmer)
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than similarly sized fish at 8. This demonstrates some ability of SBT to

physiologically regulate visceral warming.

Introduction

Unlike the majority of teleost fishes that have basipperatures close to ambient
water temperatured() (ectotherms), tuna are capable of warming certain 8ssue
substantially abové,, (regional endothermy). Regional endothermy has edolv
independently in several fish lineages including lamnid shailfsshes and tuna, all
of which are large, high-energy demand fishes (DicksorGaatiam, 2004).
Development of specializations for endothermy vas@ssiderably within the
Thunnini tribe and correlates strongly with tuna phylogerngcBet al., 1993;
Collette et al., 2001). Tissues capable of being warméadedocomotor muscles,
cranial tissues (eyes and brain), and the viscera (@rahd Dickson, 2000; Graham
and Dickson, 2001; Dickson and Graham, 2004). Physiologicafitseinelieved to
result from elevated body temperatures include enhantesilobhmuscle contraction
and power output (Carey and Teal, 1969a; Brill, 1978; JohnsbBall, 1984;
Wardle et al., 1989; Altringham and Block, 1997), cellulapirasion (Stevens and
Carey, 1981), visual acuity and neural processing (Block anelyC1985) and
digestion (Carey et al., 1984; Stevens and McLeese, 1984)thbught that the
major evolutionary advantages of endothermy are tladibivs tuna to expand their
thermal niche (both horizontally and vertically) and erdes their aerobic swimming
performance (Block et al., 1993; Graham and Dickson, 200@sBicand Graham,
2004).

Amongst tuna species examined, most can elevate temperattinesnuscles
and cranial tissues. However, only species within the swisgéunnus are capable
of visceral endothermyncluding southern bluefinThunnus maccoyii), Atlantic
bluefin (T. thynnus), Pacific bluefin T. orientalis), albacore T. alalunga) and bigeye
tuna (. obesus) (Collette et al., 2001). Large Atlantic bluefin (>200 kdhiage
excess temperatures (temperature aldqyén the viscera of up to 2C and can
maintain excesses of 815 for months (Carey, 1973; Carey et al., 1984; Stevens et
al., 2000; Block et al., 2001; Gunn and Block, 2001). Smallehsautand Pacific

bluefin (<50 kg) maintain visceral excess temperatures leet®+6°C (Kitagawa et
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al., 2000; Gunn et al., 2001; Marcinek et al., 2001, Itoh et al., 20@)awa et al.,
2006).

Endothermy requires a source of heat and a mechanisnaioitetThe
source of heat is commonly thought to be a by-product ahalometabolic processes.
This heat is retained within the tissue by arterial and web@od vessels arranged as
counter current heat exchangegi@ mirabilia) that reduce convective heat loss from
the tissue and loss to the surrounding water across th¢@ihham, 1975; Fudge and
Stevens, 1996). The source of visceral heat is thouddd tioe by-product of
metabolic work associated with food digestion and aksion (commonly referred
to as specific dynamic action, SDA), which is retainetthivw the viscera byetia
which supply blood to the stomach, spleen, caecum arstiivde (Caregt al., 1984;
Fudge and Stevens, 1996). Postprandial visceral warming andiiSplAy a similar
abrupt rise following feeding followed by a steady declinar€@ et al., 1984; Gunn
and Block, 2001; Gunn et al., 2001) and the magnitude (total iecad@ase basal
level) of SDA and postprandial visceral warming are progoal to the amount of
food ingested (Gunn et al., 2001).

Thermoregulatory options for tuna can be behaviourakipa or
physiological (Dizon and Brill, 1979b). Behavioural therggulation can be
achieved by the spatial selection of favourable environmeatalitions or by the
control of heat production (i.e., regulation of swimmugdpcity or possibly feed
intake). Passive thermoregulation refers to physicalgases that are not
physiologically controlled such as thermal inertia. $tipgical thermoregulation
refers to the physiological ability to alter the effeeness of the heat-conserving
mechanism. The ability of tuna to physiologically theregulate has historically
provoked much debate due to the inherent difficulties lnstsuntiating it (Neill and
Stevens, 1974; Dizon and Brill, 1979b). In order to demomspiaysiological
thermoregulation, the study must observe altered heatiogtehat is independent of
Tw and heat production. This has been achieved in labosttadies where it has
been demonstrated that tuna can regulate red muscledmsarvation independently
of Ty, and heat production (evaluated as swimming velocity)iastoeen either
defined or controlled (Dizon and Brill, 1979b; Dizon and Bdi®79a; Graham and
Dickson, 1981; Dewar et al., 1994). However, the abilitiuof to regulate visceral
warming has not been examined. Examination of visdeeahtoregulation is

complicated by the difficulties in evaluating or conling) heat production (presumed
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to be SDA). Indeed, only recently the first observatiof tuna SDA have been made
(Chapter 2).

By simultaneously recording postprandial metabolic s, s, this study
aims to investigate the relationship between SDA and @aba@&rming. It examines
two size classes of SBTI{O kg and 20 kg) to determine the effects of juvenile
development and increased thermal inertia on viscenahivg. Also, the study aims
to determine whether the SBT is capable of visceral ploggeal thermoregulation
by examining the relationship between metabolic heat prinsiuahd visceral
warming at two differentT,, ((19°C and 16C). The thermal range of bluefin extends
from the warm tropics where they spawn, to cool tempearatl sub-polar waters as
low as 2-8C (Block et al., 2001; Block et al., 2005). Their derived emelohic
anatomy and capabilities, including that of visceral ereftotly, are likely to be

involved in this thermal range expansion.

Methods

Experimental animals

Two separate trials were conducted in early 2005 and 2006 ndaryeof both years
SBT were sourced from a marine aquaculture farm in thersvaff Port Lincoln,
South Australia, through the Tuna Boat Owners Assatiaif South Australia.
These SBT had been purse-seine netted in the GreatkarstBight one month
earlier. From the commercial farm, individual SBTrevbooked with a baited, barb-
less hook and transferred into a 12 m diameter, 8 mlu@dmg sea-cage that was
towed and moored in a protected bay at the southern édalstdn Island, where all
trials were conducted. Fish were left to recover ftoansfer for 1 month during
which time they were fed sardineZadinops sagax) twice per day to satiation.
Archival temperature loggers (TX, Vemco, www.vemco.camje then
surgically implanted into the body cavity to record vistéemperatureT{;s).
Individual fish were removed from the holding cage by h@skdescribed above) or
by hand whereby the fish were crowded within a small pugseiet, captured by a
skin diver and passed to waiting deck crew. The fishthesinverted, placed into a
padded cradle and a wet cloth put over its eyes to aid etiing. A 5-8 cm incision
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into the belly wall along the central line approximatBly12 cm anterior to the vent
was made with a sharp knife and the peritoneum perfobgtéte surgeons’ finger.
The logger, which was coated in antiseptic (Betadine, Purtlaema,
www.pharma.com) was then inserted through the holeatattlay along the belly
wall ventral to the stomach and caecum with the tigtompointing towards the head.
A 2.5 ml dose of broad spectrum antibiotic (Amoxil, Glaxdt8Kline,
www.gsk.com) was then injected into the opening and wouslddevith two stitches
(Vicryl suture, Ethicon, www.ethicon.com). The animas then released, the entire
process takingl-1.5 min. The loggers were programmed to redokcevery 4 min.
Following logger implantation the fish were left to reepfor at least one
month. Again during this period they were fed sardinesatywer day but were
starved for a minimum of 48 h before introduction to #spirometer to allow the
effects of SDA to subside (Chapter 2). Fish were teared into the respirometer by
hand as described above.

Mesocosm respirometer

SBT oxygen consumption rates ¢d) was determined by the reduction in dissolved
oxygen (DO) over time within a large static respiromét@esocosm respirometer”).
The mesocosm was manufactured from denier polyester sginforced 1.14 mm
polypropylene (R-PP 45, Stevens Geomembranes,
http://www.stevensgeomembranes.com), bonded by thernidihgdy Fabtech SA
Pty. Ltd (Adelaide, Australia). The mesocosm was a Hameter, 2.5 m deep
enclosed cylinder with a wave break wall that extendedabove water level. Entry
into the mesocosm was possible through a 2 m diametehigh access port made
from 0.75 mm polypropylene and positioned in the roof soitttatuld be rolled and
clamped to completely seal the system. In additier, Iim diameter, clear 0.75 mm
polyvinyl chloride windows were positioned in the roof tiow entry of natural light,
and eleven capped tank fittings (STF 50, Hansen Products Ltd,
http://www.hansenproducts.co.nz/) allowed sealed accesxperimental equipment
and manual sampling.

The mesocosm was pump filled with sea-water to a tatnmwolume of
between 350 000-402 000 I (varied between experiments due toexebamnges).
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General experimental procedures

Fish were obviously distressed when confined within éspirometer alone, but
settled down when accompanied by others. Thereforg@drenents involved three
fish. They were introduced in the afternoon, theiregpeter was sealed and
metabolic rate (MR) was recorded until the morning appnately 36-42 h later.
Data collected during this period were subsequently usegpessentative of fasted
fish. Respirometer dissolved oxygen (DO) was thenmetuto between 100-115%
saturation by oxygen injection with a gas diffuser (FatcAqua & Co, BOC Gases,
NSW, Australia). After 1 h recovery from this distarize, fish were then fed
weighed sardines through the access port and any unesdtfeshivemoved by a diver
to obtain the net consumption. The respirometer wamaealed and MR recorded
for 48 h. Data collected during this period were considexpresentative of
postprandial fish. Feeding was subsequently repeated lvetweand four times in
each trial with the same procedures.

Background respiration and photosynthesis of planktoniongsgs in the
water column and on the mesocosm surfaces were mdasurals immediately
before and after each experiment. Low levels of backgtoespiration were
generally found, however it was dependent on time of detyréspiration rate would
fall during the day due to photosynthesis). AlbMecordings were adjusted for
background respiration according to the pertinent timgagf The oxygen holding
capabilities of the mesocosm was examined in furthestwhere the respirometer
DO was reduced to between 1.9 and 2.3 gyl injecting micro-bubbles of pure
nitrogen with a gas diffuser (Aqua & Co Force 7, BOC gad&3y, Australia) and
then removing the bubbles that collected at the watescirbefore the mesocosm
was sealed and oxygen monitored for more than 20 h. Idéerievels of leakage
(0.0042 mg h™* per mg T DO gradient between the respirometer and external
environment) were found in experiment 2005 and negligibledame2006. These
rates of leakage were nevertheless used to adjusabD® recordings according to
the pertinent oxygen gradient. Dissolved ammonia corat#ms were also
monitored by daily analyses of water samples beforéngland after each trial, and
they never exceeded 0.6 my |

Two luminescence dissolved oxygen meters (Hach HQ10, Lalel@,
USA) permanently installed at a depth of 1 and 2 m resdgtiboth 3 m from the

83



wall, logged mesocosm DO and water temperature. Metes ealibrated according
to the manufacturer’s instructions at the start ottia¢s and calibration checked
following the completion of all trials. Meters reded DO (0.01 mgi resolution)
that was automatically compensated for water temperana salinity set at 3o,
Oxygen meters were set to log DO every 5 min.

Fish behaviour was monitored (both day and night) with engeently
installed video system (SciElex Pty. Ltd., Hobart, Aaigt) that consisted of two
0.05 lux black and white underwater video cameras and two 6 W WHED lights
(housed within resin). The system was programmable thrawgitral controller and
power supply unit that were secured to the sea-cagecarheras were programmed
to record for 4 min every 90 min (first by the horizomaiera then immediately by
the vertical camera) and data stored on a pocket videoder (Archos AV400,
Greenwood Village, CO, USA). The lights were progradrto turn on at dusk and
remain on until dawn. The system was powered by desB®)Ah, 12 V battery that
was exchanged daily.

Video recordings were viewed in the video editing programt&iDub
1.5.10, Avery Lee, www.virtual.dub.org). Suitable records vdefened as those
containing a fish that was swimming perpendicularly tocdn®era and at least one
frame in which body length (BL) could be measured. Tédgience was imported
into video motion analysis software (Video Pafetsion 2.5, Lenox Softworks,
www.Isw.com) where swimming velocity was analysed bgking movement across
the field. Tuna BL was used to calibrate the image saat®unting for variable
distances between the fish and the camera. Any cam@rament was corrected by

referring to a stable point within the respirometer drame-by-frame basis.

Experimental trials

Three experiments were conducted to examine the etiebtsdy massNl,) and
water temperaturel(,), each consisting of two trials with three fish.

10 kg/ 19°C experiment: These trials were conducted in 2005 with mean body
mass fp) of 10.2+ 1.0 kg at a mean,, of 19.3+ 0.1°C (Table 1). MR and;s were
recorded for a total of 195 h equating to 65 (17 fasted and 48 pusigdya
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simultaneous measurements. Fish were fed twice m@&atbe two trials. Mean
ration voluntarily ingested was 581.3 % body mass (My).

20 kg/ 19°C experiment: To examine the effects of increaddg this
experiment was conducted at an equivalgnt19.0+ 0.1°C), however with fish
approximately double thigl, (19.1+ 0.7 kg) as in the first experiment. It was carried
out in 2006 and consisted of 84 simultaneous measurements), Agfawere fed
twice in each of the two trials, however rationswuarily ingested (2.% 0.3 %My)
were less than the experiment with 10 kg fish.

20 kg/ 16°C experiment: This experiment aimed to examine the effects of
reducedr,, and was performed with the same cohort of fidp £ 20.1+ 0.6 kg) as
the second experiment, but later in the Austral autseason when medn, was
[B°C cooler (16.2- 0.1°C). One hundred and seven simultaneous measurements of
MR andT,;swere recorded. Fish were fed twice in the first @iad four times in the
second. Rations ingested were similar (0% %M,) to the 19C trial.

Attempts were made to conduct experiments during the Awatrger when
ambient water temperatures were further reduced. Howulesse proved
unsuccessful, as rough weather restricted access and salstantial equipment
failure. Furthermore, fish failed to ingest baitfisiluntarily, presumably due to a
reduced appetite associated with the Tow

Table 1. Parameters for southern bluefin tuna trials.

Trials No. of Mp Tw range Tw mean n n No. of Ration
fish (kg) (°C) (°C) (Fasted) (postprandial) feedings (% M)

10 kg/ 19C 6 10.2+1.0 18.2-20.7 19.3+0.1 17 48 4 5.8+1.3
20 kg/ 19C 6 19.1+0.7 18.4-20.2 19.0+0.1 31 53 4 2.1+0.3
20 kg/ 16C 6 20.1+0.6 15.6-16.8 16.2+0.1 28 79 6 2.3+0.5

M, body mass; n, number of measuremeRhiswater temperature.

Data analysis

DO recordings were divided into 3 h blocks according toithe of day (starting at
midnight) and linear regression fitted to the change int®@stablish fish MR (mg
kg' hY). Tus (mean of the three fish) and water temperatUis® data were also
collated within the same 3 h time periods, where thenmes taken. Immediately
following feeding,T.is would commonly drop due to the cooling effect of sardines

85



ingested (which were at or beldlWy) (Fig. 1). For this reason, data collected within 3
h of feeding was excluded from comparison. The differemd@egs fromT,, is
referred to aJ,;s excess.

Specific dynamic action (SDA) was quantified with tbédwing parameters:
SDA duration (duration that postprandial MR remained graatn the pre-feeding
level), and SDA magnitude (total oxygen consumed abovpréiéeeding MR within
the SDA duration period). Postprandial visceral warming gueantified with the
following parametersT,;s duration (duration that postprandials remained greater
than the pre-feeding level) aiigs magnitude (total temperature im) above the pre-
feedingT.is within theT,;s duration period). Significant differences of meansewer
established by the use of two-tailed students T-tests,egmession slopes and
intercepts by ANOVA within the StatistiXL program (versil.5,

www.statistixl.com).

Results

Fig. 1 demonstrates data recorded in one trial of the 20 RG/exeriment.
Measurements began immediately after the transfistointo the respirometer and
continued for’ 6 days. Similar to that previously recorded with equivadezed SBT
(15-37 kg) (Gunn and Block, 2001; Guenal., 2001), basdl,s temperatures were
always 2 to & aboveT,,, which was common for all trials. After transf®tR and

T.is were initially elevated, but gradually decreased a2€r h to a plateau. Itis
presumed that this was due to physical exertion and stessasd with capture and
transfer. For transfer, fish were crowded within tarel captured by a skin diver.
Fish would struggle when accidentally caught in the ndtvehen grasped by the
diver. During this trial, fish ingested two small rasaof sardines (1.7 % body
weight) and data taken in the subsequent 48 h of eagiwig® used as representative
of postprandial fish. Again similar to previously resed with SBT (Gunn and
Block, 2001; Gunret al., 2001), feeding events were characterized by aal idibp

in Tyis (due to the lower temperature of sardines ingested) fetldvy a rapid increase
of Tvis and MR, both of which appear to take0-30 h to fall to the pre-feeding level.

Tw fluctuated between 18.4 and 18@in what appeared to be a diurnal cycle.
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Fig. 1: Simultaneous measurement of southern bluefin tuna aissgnperatureT{;s)
and metabolic rate (MR) in one trial of the 20 kg/Q @xperiment. Measurements
began immediately after transfer into the respiromexte the fish were fed sardines
twice (both 1.7 % body mass rations) during the trigl.are ambient water

temperatures. Values are means of three fish.
Fasted fish

T.is Of fasted fish ranged from 18.7 to 287 (Fig. 2A) and was related to MR in all
groups (P <0.01, <0.01 and 0.01 for 10 kg’ 20 kg/ 18C, 20 kg/ 16C
experiments, respectively) (Table 2). Regressions slepesnot significantly
different between groups however, regression intereegts, with the 20 kg SBT at
19°C having the warme,;s and the fish at & the coolest (Table 2).
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Fig. 2. Relationship between fasted southern bluefin tuna metataaé (MR) andh)
visceral temperaturd (i), andB) visceral temperature difference from ambient water
temperatureTs excess), for fish with body maddy) of (1.0 kg at a ambient water
temperatures of £& (crosses)My (20 kg atf1L9°C (filled circles), andvl, (20 kg at
[1.6°C (open circles). Full details of trials are givarTable 1. Lines represent linear
regressions, solid line for 10 kg/°@ long dashes for 20 kg/ 4@ and dashes and

dots for 20 kg/ 1&. Details for regressions are given in Table 2. Eath points

are the means of three fish over a 3 h period.
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Tuis excess of fasted fish ranged from 1.7 td®.Gig. 2B). T.is excess was
directly related to MR for all groups (P = 0.01, <0.01 and <610 kg/ 19C, 20
kg/ 19C, and 20 kg/ 1% experiments, respectively) (Table 2). The slope of

regression for the 10 kg/ 4® trial was significantly less than the other twoup®
(Table 2). Comparison of regression intercept betwee2® kg/ 18C and 20 kg/
16°C groups revealed that fish at®C6maintainedr,;s excess significantly warmer
([D.5°C) than the fish at £@ relative to MR.

Table 2. Parameters for fasted and postprandial southern bluefin teagressions

relating metabolic rate (MR, mg Rdv?), with visceral temperaturd s, °C) and

difference in visceral temperature from water temipeea(T,is excess’C) (Tvis Or Tyis

excess = 8 MR +a) as recorded in trials described in Table 1.

n b 95% a 95% R’ P Diff. Diff.
C.L C.L (slope) (slope) (int.)
Fasted Tuis 10 kg/ 17 0.0055 0.0033- 19.73 18.85- 0.67 <0.01 X X
19°C 0.0076 20.63
20 kg/ 31 0.0091 0.0057- 19.45 18.49- 0.52 <0.01 X y
19°C 0.0120 20.40
20 kg/ 28 0.0072 0.0024- 17.30 15.82- 0.27 0.01 X z
16°C 0.0120 18.77
Tuis 10 kg/ 17  0.0027 0.0008- 0.92 0.14- 0.39 0.01 X
19°C 0.0045 1.68
excess 20 kg/ 31 0.0109 0.0078- -0.31 -1.22- 0.63 <0.01 y X
19°C 0.0141 0.60
20 kg/ 28 0.0105 0.0069- 0.15 -0.94- 0.58 <0.01 y y
16°C 0.0141 1.25
Post- Tuis 10 kg/ 48 0.0051 0.0039- 18.97 18.18- 0.60 <0.01 X X
prandial 19°C 0.0064 19.76
20 kg/ 53 0.0058 0.0040- 19.97 19.37- 0.45 <0.01 X y
19°C 0.0076 20.57
20 kg/ 79 0.0032 0.0019- 19.21 18.59- 0.25 <0.01 y
16°C 0.0045 19.83
Tuis 10 kg/ 48 0.0035 0.0027- 0.71 0.20- 0.62 <0.01 X X
19°C 0.0044 1.23
excess 20 kg/ 53 0.0041 0.0028- 1.81 1.40- 0.47 <0.01 X y
19°C 0.0053 2.21
20 kg/ 79 0.0043 0.0032- 2.27 1.73- 043 <0.01 X z
16°C 0.0054 281

n, number of measurements; 95% C.1., 95% Confidérteevals; R, regression coefficient; P, probability that resgien slope

is significantly different from zero; Diff. (slop@nd Diff. (int.), significant differences betweerperiments (P<0.05) of linear

regression slope and intercept (significant diffees of intercepts only analysed when there wasgrificantly different in

regression slopes) by ANOVA with Post Hoc analyBisferent letters (x,y and z) denote significaiffetences between

regressions.
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Postprandial fish

T.is of postprandial fish ranged from 18.9 to 2& 1Fig. 3A). T.is was significantly
related to MR in all groups (P <0.01) (Table 2). The resgpesslope of the 20 kg
SBT at 16C was significantly different to the other two groug@omparison of
regression intercepts between the 10 and 20kg SBT°@tr&9ealed that the 20 kg
fish maintainedr,;s approximately 4C warmer relative to MR.

Tuis excess of postprandial fish ranged from 1.8 t8C7 (Fig. 3B). T.is excess
was again significantly related to MR in all groups (P <O(@abple 2). Slopes of
regressions were not significantly different betweeyugs. Intercepts of regression
were however significantly different wifRy;s excess of 10 kg SBT approximatefRC1
cooler than the 20 kg fish, afigs excess of 20 kg SBT at 4B approximately 0.3

warmer than similar sized fish @1.9°C relative to MR.
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Fig. 3. Relationship between postprandial southern bluefin tunabokt rate (MR)
andA) visceral temperaturd ), andB) visceral temperature difference from
ambient water temperaturé,§ excess), for fish with body magddy) of [110 kg at an
ambient water temperatures ofC9crosses)My [20 kg at(119°C (filled circles), and
My (20 kg at[l16°C (open circles). Full details of trials are giverTable 1. Lines
represent linear regressions, solid line for 10 k§C1®ng dashes for 20 kg/ A®
and dashes and dots for 20 kg/@6Details for regressions are given in Table 2.
Each data point is the means of three fish over a&ibd.
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Specific dynamic action parameters

Duration of SDA was significantly related to the duratidpostprandial visceral
warming for the 20 kg SBT at i@ and 16C (P = 0.01 and 0.04, respectively) but not
the 10 kg SBT at & (P = 0.19). Regression slopes and intercepts were not
significant different between groups (Table 3). Wherddta from all experiments
are combined, duration of SDA and visceral warming wasfgigntly related (P
<0.01) (Fig. 4A).

The magnitude of SDA was significantly related to the mitade of
postprandial visceral warming for the 10 kg SBT &Cland the 20 kg SBT at 46
(P = 0.02 and 0.01, respectively) but not the 20 kg fish% (P = 0.06). Slopes of
regressions were not significantly different betweerugs. Regression intercept of
the 10 kg SBT at & was significantly less than in the 20 kg SBT d&C16When
the data for the 20kg fish were combined, SDA adpdmagnitude was significantly
related (P <0.01) (Fig. 4B).
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Fig. 4. Relationship betweef) duration of southern bluefin tuna specific dynamic
action (SDA duration) and duration of postprandial vidogeaming (T.is duration)
andB) magnitude of specific dynamic action (SDA magnitude) angnihade
postprandial visceral warmin@ s magnitude). Crosses are for fish with body mass
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My (20 kg attll9°C, and open circles for those with, (20 kg at{116°C. Full details
of trials are given in Table 1. Lines represent limegression for all data points in
Fig. 4A, and for 10 kg (solid line) and 20 kg (dashes) fish in4Bg.Details for

regressions are given in Table 3.
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Table 3. Detalils of linear regressions$,(s duration or magnitude =$SDA duration
or magnitude +a) for correlations between parametessuihern bluefin tuna
specific dynamic action (mg Ky and postprandial visceral warmirf(h) as

recorded in trials described in Table 1.

n b 95% a 95% R? P Diff. Diff.
C.L C.L (slope) (slope) (int.)
Duration 10 kg/ 19C 4 0.6607 -0.8399- 12.93 -41.34- 0.64 0.19 X X
2.1613 67.20
20 kg/ 19C 4 1.4097 0.7931- 0.20 -10.96- 0.97 0.01 X X
2.0264 11.35
20 kg/ 16C 6 0.7750 0.4180- 11.00 -9.37- 0.68 0.04 X X
1.5082 31.38
All data 14 0.7568 0.4895- 10.91 3.36- 0.76 <0.01
1.0241 18.46
Magnitu 10 kg/ 19C 4 0.0049 0.0019- -2.20 -30.85- 0.96 0.02 X X
de 0.0079 26.46
20 kg/ 19C 4 0.0106  -0.0001- -7.23 -40.02- 0.90 0.05 X Xy
0.0213 25.56
20 kg/ 16C 6 0.0080 -0.0033- 6.43 -18.58- 0.85 0.01 X y
0.0125 31.43
20 kg 10 0.0084 0.0056- 2.60 -10.23- 0.86 <0.01
combined 0.0111 15.42

Duration, relationship between duration of SDA aodtprandial visceral warming; Magnitude, relatlipsetween SDA and
visceral warming magnitude.

n, number of measurements; 95% C.1., 95% Confiderteevals; R, regression coefficient; P, probability that resgien slope
is significantly different from zero; Diff. (slop@nd Diff. (int.), significant differences betweerperiments (P<0.05) of linear
regression slope and intercept (significant diffees of intercepts only analysed when there wasgrificantly different in
regression slopes) by ANOVA with Post Hoc analyBisferent letters (x,y and z) denote significaiffetences between

regressions.

Discussion

The finding of a relationship between the duration and magmibf postprandial
visceral warming and SDA (Fig. 4) is the first empiridatumentation of a link
between the two parameters. However, it is unlikelyy aliaf the heat by-product of
SDA contributes to visceral warming because not athefphysiological processes
involved in SDA occur in the organs supplied with blood througberalretia
mirabilia (stomach, spleen, caecum and intestines). PraceSSDA that do occur
within these tissues include enzyme production and secrgtiviperistalsis, acid
secretion, mechanical digestion, and intestinal albsorgMcCue, 2006). These pre-

absorptive and absorptive processes are likely completttdbefore that of visceral
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warming. Gut evacuation rates of tuna are extremsty(fa0-12 h) (Magnuson,
1969; Schaefer, 1984; Olson and Boggs, 1986), however the visceparttures of
bluefin can remain elevated for longer than 48 h aftelifge SDA in fish is
considered mostly a post-absorptive effect attributeatabolic events such as
amino acid deamination (Beamish and Trippel, 1990; Cho andh{lg 1990) or
anabolic processes like protein synthesis (Brown ande@am1991b; Brown and
Cameron, 1991a; Lyndon et al., 1992). The liver is majeu¢isite of postprandial
catabolism with the majority of tissue anabolismwaag within the white muscle
(Carter and Houlihan, 2001; McCue, 2006). Blood supply to thedivarhite
muscle does not pass througtia mirabilia thus they should not accumulate heat
(Carey et al., 1984; Fudge and Stevens, 1996). However, thalsmtaces of the
liver of visceral warming tuna species have distinctiviéepas of radiating vessels,
which may act as crude counter-current heat exchangemsy(€aal., 1984; Fudge
and Stevens, 1996). Visceral warming in bluefin tuna madyebkeexplained as a
spike of heat production due to heat released during hydroly&ed and the pre-
and absorptive processes of SDA which is maintained miitie viscera byetia
mirabilia and insulated by a partially warm liver which forms a ieatvetween the
viscera and the cool heart, kidney and gills. The rigdhat peak postprandilis
corresponds to the gut evacuation time in northern blg€aneyet al., 1984)
supports this pattern of visceral warming. As the magnitfigees and absorptive
stage of SDA is likely to be proportional to absolute SD£hus explains the
relationship between visceral warming and SDA recordelkiptesent study.
Elevatedvisceral temperatures (as great aS® dbove water temperature) of
fasted SBT were observed immediately after introdudbahe respirometer (Fig. 1).
It is likely that the source of this metabolic heatswnetabolic work performed within
the red muscles, resulting from physical exertion andgstesociated with capture
and transfer, which warmed the viscera through thernmadwaiance. Muscle
temperatures of Pacific bluefin, blue marlMakaira nigricans) and swordfish
(Xiphias gladius) have been shown to be greatly elevated after capgbarey and
Robinson, 1981; Block et al., 1992; Marcinek et al., 2001). Tdpesf regression
between MR (presumed to equal heat production)Tgndxcess of fasted fish was
significantly greater than that for postprandial {80 kg SBT, P <0.01) which is
probably due to the fish being in a non-steady stateaiftrensfer, with much of the
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heat generation occurring before commencement of erpets (during capture and
transfer). HighT.is excess of fasted fish (maximum %%, which were only 0°C
less than maximurfy;s excess of postprandial fish (7C), does however suggest a
great potential for conductive heat transfer betweemtigxles and the viscera. SBT
swim faster after feeding (Chapter 2) which suggests tmtuctance of heat from
the muscles may contribute to postprandial visceramivey.

At any level of heat production (postprandial MR), 20 kd SBaintained a
T.is €xcess over®C warmer than 10kg fish (Fig. 3B) demonstrating that thgeta
SBT have greater heat retention ability. This is aige tvhen MR is represented
independent of mass, assuming a mass scaling coefficior@&f\White and
Seymour, 2005). In the same vein, 70 cm Pacific bluefimtaiai appreciably greater
visceral excess temperatures than 50 cm fish (Kitagaada @001). Red muscle
retia mirabilia length and number of vessel rows in juvenile tuna inesewasth
growth which may improve efficiency of heat consevatiFunakoshi et al., 1985;
Dickson et al., 2000). Larger tuna also have a loweasearrérea to volume ratio,
thicker belly walls, more subcutaneous fat that aceassulation, and greater
thermal inertia (Graham and Dickson, 2001). Heat budget Isnedggest that
reduced whole body thermal conductance coefficientstseisularger bluefin
maintaining greater visceral excess temperatures (Kitaga al., 2006). A reduction
in thermal inertia may explain why visceral excesspematures of smaller SBT (10
kg) were only mildly affected by fasted MR (presumed to egpéhimuscle heat
production) (Fig. 2B). Larger tuna warming more extensivensgof their body as a
result of greater thermal inertia (Carey et al., 197atHicum and Carey, 1972; Carey
et al., 1984), therefore the potential for heat trarts¢ween the muscles and viscera
is likely to increase with mass.

Tuna at 18C maintained visceral excess temperatures significarattyner
(0.5°C warmer) at any level of heat production (postprandial MR similar sized
fish at 19C (Fig. 3B). This suggests SBT have an ability to comb@imal
conductance and thus to physiologically regulate The ability of tuna to
physiologically control heat balance of muscles has Ipeeviously recorded. In tank
studies, yellowfin Thunnus albacares) and skipjack tunakatsuwonus pelamis)
muscle excess temperatures were not related to swimmiad &esumed to equal
red muscle heat production, (Dizon et al., 1978; Dizon aiil B379b; Dizon and
Brill, 1979a). Restrained albacore tuna can alter red Imtisermal conductance and
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reduce their rate of cooling (Graham and Dickson, 1981)lowgh tuna swimming
at constant velocities within a large water tunnerateir muscle thermal rate
coefficient, dependant on boily and the magnitude and directionTgfchange
(Dewar et al., 1994). It is hypothesized that this enabksnfen to suppress heat
loss during descents into cool waters and increase heatvban back in warmer
surface waters (Dewar et al., 1994), a pattern observetemetry studies with
bigeye tuna (Hollandt al., 1992). Although the mechanisms involved are not
completely understood, it is likely achieved by modulablupd flow througtretia,
thereby adjusting heat-exchange efficiency (Graham acksén, 2001).Rete
arterial and venule walls have layers of smooth neustlich may provide a
mechanism to regulate blood flow (Graham and Dickson, 2001g.observed
greater heat retention of SBT at’C8wvas probably to maintain preferably wafx.
Long term physiological reductions in thermal conductaoedficients are likely to
be instrumental for the ability of bluefin to maintain prded visceral excess
temperatures, which have been recorded as high’@sfd5several months (Block et
al., 2005).

One of the primary functions of visceral warming mayaben added source
of heat to maintain elevated core and muscle temperatuir@prove
thermoregulatory capability. As heat generated withimthecle can warm the
viscera through thermal conductance, it is reasonalaesome that, given the
opposite thermal gradient, heat generated within theraisgeuld warm the muscles.
The ability to accumulate some of the heat by-produSiA within the viscera
likely provides a substantial source of heat that is natadoka to non-visceral
warming species. The magnitude of SDA in SBT is twieg ¢t other fish species
examined, attributing to 35% of ingested energy (ChapteP@stprandial visceral
warming during foraging dives below the thermocline woutavjate heat when the
thermoregulatory challenge is most severe and may ti@atm allowing tuna to dive
deeper and forage longer. Unfortunately there have le@eméasurements of the
muscle temperature of free swimming tuna and they havei&éfficient in duration
and corresponding data to decipher the effects of feediated heat production
(Carey and Lawson, 1973; Holland et al., 1992; Marcetedd., 2001). In one study
the muscle temperature of impounded giant Atlantic blue#i®Q kg) were compared
to theT,s of another tuna within the same pound (Stevens et al., 26@@xt from

immediately following ingestion of partially frozen Heh, T.is exceeded muscle
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temperature by 4 to°6. Assuming thermal conductance between the tissues,
accumulated heat within the viscera should have warheedtscles. However,
fluctuations inT,;s were not reflected in the muscles which led theseoasitio
propose that giant bluefin actively regulate muscle temperdStevens et al., 2000).
The stability of muscle temperature could also be ateibtd the great thermal
inertia of these very large animals. Clearly more,daigering a range of fish sizes,
is required to evaluate the relationship between heat atati@nwvithin the viscera

and muscles.
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6. Metabolic scope, swimming performance and the effects
of hypoxia in the mulloway, Argyrosomus japonicus

(Pisces: Sciaenidae)

Abstract

The culture of the mullowayAf gyrosomus japonicus), like many other Sciaenidae
fishes, is rapidly expanding. However there is normfation on their metabolic
physiology. In this study, the effects of various hypoxiele on the swimming
performance and metabolic scope of juvenile mullowa34(@.0.01 kg, mear SE, n
= 30) was investigated (water temperature %22 In normoxic conditions
(dissolved oxygen = 6.85 mg)|l mulloway oxygen consumption rate (b
increased exponentially with swimming speed to a maximuocigl(U.i) of 1.7+
<0.1 body lengthss(BL s*) (n = 6). Mulloway standard metabolic rate (SMR) was
typical for non-tuna fishes (788 mg kg' h") and they had a moderate scope for
aerobic metabolism (5 times the SMR). Mulloway minimgnoss cost of transport
(GCOTyin, 0.14 £ 0.01 mg kg m™) and optimum swimming velocitygp, 1.3 = 0.2
BL s™) were comparable to many other sub-carangiform fishiespe&nergy
expenditure was minimised when swimming between 0.3 and 0s5.BIhe critical
dissolved oxygen level was 1.80 migfor mulloway swimming at 0.9 BL’s This
reveals that mulloway are well adapted to hypoxia, whignabably adaptive from
their natural early life history within estuaries. Ihl@vels of hypoxia (75%
saturation = 5.23, 50% = 3.64, and 25% = 1.86 hgMlo;, increased linearly with
swimming speed and active metabolic rate (AMR) was red{&dgit 17, 202+ 14
and 175+ 10 mg kg* h* for 75%, 50% and 25% saturation respectively). However,
Uerit was only reduced at 50% and 25% saturation€%@.1 and 1.4 <0.1 BL &'
respectively). This demonstrates that although mild hyp@%i&o(saturation)
reduced their metabolic capacity, mulloway are able tepemsate to maintain
swimming performance. GCQJ (0.09 + 0.01 mg kg m™) andUop (0.8 £ 0.1 BL 5
1) were significantly reduced at 25% dissolved oxygen saturafisrmulloway
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metabolic scope was significantly reduced at all hypoxial$eit suggests that even

mild hypoxia may reduce growth productivity.

Introduction

The mulloway Argyrosomus japonicus, formerly A. hololepidotus) is a large sciaenid
(maximum size 75 kg) that has recently become an aquacsjfiecées (Battaglene
and Talbot, 1994, Fielder and Bardsley, 1999; Hecht and Mperde2p@l). The
mulloway is naturally distributed in the coastal watef the Indian and western
Pacific oceans and has long been an important fishecyespi@ Australia and South
Africa (Griffiths and Heemstra, 1995; Griffiths, 1997b). &ale mulloway reside in
estuaries, whilst adults move close offshore and to swtiogisurf zones (Gray and
McDonal, 1993; Griffiths, 1996; Griffiths, 1997b; Griffiths, 1997 &ttributes that
make mulloway suitable for aquaculture include their higbepmarketability, high
fecundity, fast growth, non-territorial non-cannibadistature, and wide salinity
tolerance. These make mulloway appropriate for botimeaage and on-land saline
pond culture.

There is no metabolic information on the mullowaw dittle on other
Sciaenidae fishes. This is despite sciaenid species begarareasingly important to
aquaculture world wide (Thomas et al., 1996; Drawbridge, 2001, 2ait). In fact,
sciaenid fishes are now the major fish species fdicaat propagation in the world’s
leading producer of aquaculture products, China (Hong and Zhang, 2003)
Consequently, there is a lack of precise metabolicfdatzalculations of aquaculture
system oxygen requirements, fish energy requirement&onmental impact
assessments and species-specific physiological thdsshol

Metabolism is the physiological engine that powerrs@ivities such as
swimming, growth and reproduction (Neill et al., 1994). Ppbtential power that this
engine can generate is determined by the aerobic metabope, the difference
between metabolic rate at the maximum sustained swimspieed (active metabolic
rate; AMR) and the fish’s minimum metabolic rate iistard metabolic rate; SMR).
The greater the aerobic scope, the greater the potemtgiowth (Fry, 1971).
Maintaining culture conditions for optimum metabolic geavill result in optimum

potential productivity. For this reason, metabolic scepmnsidered to be an integral
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correlate of environmental quality for aquaculture (Neitdl 8ryan, 1991). The
environment influences the activity of an organism througmetabolism. Dissolved
oxygen is considered to be a limiting factor, setting the opé of aerobic
metabolism thus defining the metabolic scope (Fry, 1971i)h #8h, a decrease of
dissolved oxygen results in the reduction of metababps (Fry, 1971; Claireaux et
al., 2000; Jordan and Steffensen, 2007). Although the efieotsluced dissolved
oxygen may not be acutely apparent, prolonged exposurestdhinereduced growth
performance (Priede, 1985).

The following study aims to define some of the metaboliampeters of the
mulloway and considers how these interact with intenaguaculture conditions. In
particular, it examines the relationship between swimmigcity and metabolic rate
(M0o,) and determine the cost of transport (COT), SMR, AMiiRtabolic scope, and
critical swimming velocity («i)). Furthermore, it examines the effects of hypoxia on
these parameters with the purpose of determining noth@shinimum oxygen
requirements, but also the potential production-limiting&# of hypoxia through
modulation of the metabolic scope.

Methods

Experimental animals

Thirty juvenile mulloway (0.34 0.08 kg, Table 1) were randomly selected from a
10,000 I, flow-through (3 mm gravel filtered seawater) stack$ at the South
Australian Research and Development Institute, AquaienSes, Adelaide facility.
These fish had been raised on-site from fertilized eggglied by Clean Seas Pty.
Ltd., commercial marine finfish hatchery (Spencer Gafuth Australia). Fish were
maintained at ambient light and water temperature. ¥p&amental trials were
conducted between December 2004 and March 2005 when ambient water
temperatures remained between 21 arf€ 23 ish were fed commercial marine diet
(Nova, Skretting, Hobart, Australia) to satiation oacgay but were starved for a
minimum of 36 h before the beginning of all experimetials.

For each trial, individual fish were scoop-netted fréwn $tock tank and
immediately transferred into a 2,000 | fish transportaioer filled with seawater and
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carried 13 km to the University of Adelaide campus whereeapiratory trials were
conducted. Seawater from the transport container veastaggravity fill the
respirometer, and the fish were introduced. Eachafahintroduced into the
respirometer late in the afternoon and then left mgét to acclimate for a minimum

of 16 h. During the acclimation period, water quality wasntained by continuous
water exchangel0% H'), gently bubbled air maintained dissolved oxygen above 7
mg I, and water flow velocity set at 7.5 cfh @D.25 body lengths’™s BL s%)

facilitated steady swimming and respirometer mixing.ld#ahg experimental trials,
fish were anaesthetized in 0.05 rifgclove oil, and body length (BL) and body mass
(Mp) recorded.

Experimental apparatus

All respiratory trials were conducted in a large (850d}ev tunnel respirometer. The
respirometer was predominantly constructed from acpjéstic and large diameter
unplasticised polyvinyl chloride storm-water pipe. Walkawfwas driven by a single
20 cm diameter propeller powered by a 1.5 kW electric m@dQ,
www.cmggroup.com) with variable speed controller (Nord A@w.nord.com).
Maximum water flow velocity was 80 cnits Circulating water passed through
parallel tubes (1 cm internal diamete25 cm long) to induce laminar flow before
entry into the working section. Laminar flow was vedfby video observation of
neutrally buoyant particles (wet cotton-wool) driftingatigh the working section
with a high-speed video system (MotionScope PCI, Redlakey.redlake.com).
The working section was 106040 x 40 cm (length< width x height) however, fish
were restricted from within 8 cm of the walls by adigietal wire cage (3 cm stay
and line wire spacing), to reduce wall effects. Wateromiealibrations were made
with a acoustic doppler velocimeter (Sontek ADV, wwwtsrcom) (mean 25hz for
10 s), from 10 positions (five horizontakwo vertical intervals) in the active working
section. The coefficient of variation between méaw velocity and sample position
was found to be low<g.1%, n = 10).

Fish were introduced into the working section through a hihgéch, which
was sealed immediately, and the up-stream half coverlaait visual disturbance.

Fish generally maintained position within the forward shaukf of the working
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section, only falling back to the visible rear sectiorewhkinable to maintain position
against the water current. Dissolved oxygen was maniplLitgt®ubbling air,
nitrogen, or oxygen through a large air stone when iMeasurements were not being
made. Trapped gas was bled from the system through twebdeblealves
positioned in the respirometer roof. Water quality wasntained by a partial water
exchangel(b%) between experimental measurements. An extewatah\eircuit
powered with a 2.4 kW pump circulated respirometer wateugfra 4 kW chiller

and 500 W heater element that maintained respirometer veshperature via a

digital controller unit (Carel IR series, www.carela). During all experiments,
respirometer water temperatures were maintained bet2e8rand 22 Z.

Dissolved oxygen measurement

Respirometer water was continually sampled and regpplage peristaltic pump
(Ismatic SA Vario, Cole-Parmer, www.coleparmer.camjl temperature-adjusted
dissolved oxygen (mg') logged every 10 s by an oxygen optode (Microx TX3,
PreSens GmbH, www.presens.de). The optode was calitaitie start of each trial
according to the manufacturer’s instructions, and caldmmathecked at the end of the
trial. Meter drift was never found to be significaecorded dissolved oxygen was
later adjusted for salinity, assuming an oxygen solulility.20 mg * in oceanic
seawater (salinity of 3%00) at 22C. A minimum of 15 min at any velocity was

required to obtain a reliable oxygen consumption measutemen

Experimental protocols

For all treatments, & was recorded over a 1 h period before either the swigim
velocity or dissolved oxygen was changed and the next suahibegun. This would
continue until the critical swimming velociti() was reached and the experiment
terminated. Thé&J.i was determined when the fish resorted to burst and glide
swimming and brushed its tail up against the back screenth@réhree times in 30
s, and it was calculated according to the equation (Bré@4):

Ueit = Uet (T T » U, (1)
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whereU. is the last speed at which the fish swam the entir@driod,T; is the time
the fish swam at the final spedid,is the time interval at each speed (1 h), @ng
the velocity increment (7.5 crits

At the end of the experiment the fish was removethftioe respirometer and
background respiration measured. Background trials were dmodaicthe same
dissolved oxygen level as the pertinent respirataay/ts account for any changes in
diffusion. Although background respiration was found tstoall, all fish Mo,
recordings were corrected accordingly.

Hypoxia levels (100%, 75%, 50%, and 25% dissolved oxygen saturation): Beginning

at a swimming velocity of 7.5 cmi'sMo, was recorded for a period of 1 h, before the
swimming velocity was increased in a stepwise fashiof.bym & for periods of 1

h until Uit was reached. This was performedzd0% saturation (meanSE trial

start dissolved oxygen level = 6.89.02 mg 1), [75% (5.23+ 0.02 mg 1), (50%
(3.64+ 0.03 mg 1), and(25% (1.86+ 0.02 mg 1) (n = 47, 44, 36 and 37,
respectively) (Table 1). Swim trials at each dissolweghen level were replicated
with six fish.

Routine critical dissolved oxygen level (Ruit): At a constant water flow velocity of
30.0 cm & (0.9 BL $"), Mo, was recorded over periods of one hour whilst dissolved
oxygen was reduced at the end of each hour. Trials be®0% (3.60 mg?1) and
progressively stepped down 0% (2.92 mg?), (80% (2.19 mg1), (25% (1.82

mg "), (20% (1.46 mg?), (15% (1.11 mg1), (12.5% (0.91 mg¥) and finally
lowered to approximatelyil0% saturation (0.73 mg)l (Table 1). This trial was

replicated with six fish.
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Table 1.Fish massNlp) and body length (BL), trial start point dissolved oxyge
(DO), swim velocity rangel) achieved by mulloway swimming at Z2at
progressively greater velocities and in the routirikcat dissolved oxygen level

experiment (Ri)

Mp(kg) BL (cm) DO (mg ) U (cmsY)

100% 0.39+0.02 31505 6.85+ 0.02 7.5-60.0

75% 0.34+0.01 32.a:0.3 5.23t 0.02 7.5-52.5

50% 0.36+0.03 32409 3.64+ 0.02 7.5-52.5

25% 0.33+£0.01 31.6:0.4 1.86+ 0.02 7.5-45.0
Reiit 0.36+0.01 32.1+04 3.60-0.73 30.0

Values are meansSE, n = 6 foM, and BL, n = 47-36 for DO

Data analysis

Linear regressions were applied to dissolved oxygen recsrdimg) fish M,

determined by the following equation:

Mo, (mg kg* h) = (ADO, —ADOy) * V My* (2)

WheredDO is the trial drop in respirometer dissolved oxygen (i), ADOy is
the background respiration rate for the trial (fdnt), V is the respirometer volume
(I) andMj, the fish mass (kg). The relationship between swimmitaggitg and Mo,

was described as either a linear or exponential functighebfollowing equations:

Mo, (linear) beU+a (3)
and:

Mo, (exponential) = ae &V (4)

Wherea andb are constants and the swimming velocity (cm’.

Standard metabolic rate (SMR) was determined by extramolat the Mo,
exponential relationship back to a swimming velocity of Os¢ircorresponding to
the constané in equation 4.

Net cost of transport (NCOT) was determined by firstraudbing the SMR
from each M, dividing this by theJ at which it was obtained, and plotting the

results as a function &f (BL s%).
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Gross cost of transport (GCOT) was determined by dividaah Mo, by U
(BL s™) at which it was obtained, and fitting a nonlinear resjoesaccording to the

equation:
GCOT (mgkg m?Y) =  a«e™u? (5)

The optimum swimming speetl{,) was determined as where the first
derivative of the GCOT equation equaled zero accordingdbation;

Uopt = 1b* (6)

Minimum gross and net cost of transport (GG and NCOTin,
respectively) were determined by insertihgy into their regression equations.

Routine critical dissolved oxygen level {8 was determined as the intercept
of two linear regressions applied to theMlata. One regression was applied @M
data within one standard deviation of the meam Mcorded at) = 30 cm & in the
normoxia and hypoxia level experiments. A second lineaessgm was applied to
data Mo, that fell below one standard deviation.

Statistical differences were determined from Analy$igariance with Tukey
Post-Hoc analysis (P = <0.05) performed using StatistiXh.software. Values are

meant standard error of the means (SE).

Results

Hypoxia level s experiment

In normoxia (100% saturation), an exponential regredsésh described the
relationship between swimming velocity andMR? = 0.86) (Table 2, Fig. 1a).
However in all levels of hypoxia, linear regressions fiese relationship (R=
0.82, 0.65, 0.85 for 75%, 50% and 25% dissolved oxygen saturaspectiely).
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Table 2. Regression details describing the relationship between simgnelocity
(U), and oxygen consumption (¥l represented as both an exponential (Exp.) and
linear relationship), net cost of transport (NCOT, atgaresented as both an

exponential (Exp.) and linear relationship), and grossafdasansport (GCOT).

Mo, R? Mo, R? NCOT R? NCOT R? GCOT R?
(Exp.) (linear) (mg kg* m™) (mg kg* m™) (mg kg* m™)
(Exp.) (linear)

100% 70.98Y 086 5.19U+27.0 0.84 0.0587 031 0.04U+0.06 0.28 0.078°UT 0.94
75%  54.18°%Y 075 3.19U+36.4 0.82 0.0%8Y 0.33  0.03U+0.04 0.34 0.058°U" 0.94
50%  38.98%%¥Y 058 3.76U+26.6 0.65 0.0%8Y 0.29 0.05U+0.04 0.30 0.048°U* 0.82
25%  25.88°%Y 075 3.67U+3.8 0.85 0.0%8Y 0.40 0.05U+0.03 049 0.0%8°U* o091
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Fig. 1. The relationship between oxygen consumption rate andrswig velocity of
mulloway (n = 6) at 2Z when swum at progressively increasing velocities (mater
of 7.5 cm &) for 1 h periods at dissolved oxygen levelgp6.85 mg T (100%),b)
5.23 mg 1 (75%),c) 3.64 mg T (50%) andd) 1.86 mg T (25%). Solid lines are either

an exponential or linear regressions. Details of regresare given in Table 2.
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Standard metabolic rate (determined by extrapolating theeMponential
relationship back to a swimming velocity of 0.0 ch) at 25% saturation (286 mg
kg* h') was significantly less than in normoxia @3 mg kg* h") (Table 3).
Metabolic rate at the maximum swimming velocity (AMR)hormoxia was 36% 20
mg kg* h!, which equates to a five times the SMR. AMR inelidls of hypoxia was
significantly less than in normoxia. Metabolic scoys also significantly reduced in
all levels of hypoxia. Maximum sustainable swimming velp(li..i) at 75%
saturation was the same as in normoxia, however igyagicantly reduced at 50 and
25% saturation

Table 3. Standard metabolic rate (SMR), active metabolic raRM), metabolic
scope (Scope), critical swimming velocitydi;), optimum swimming speedlgyy),
minimum cost of transport (GCQk) and net cost of transport (NCOT)Wad, of
mulloway swimming at 100, 75, 50 and 25% dissolved oxygen satu@ti22C.

100% 75% 50% 25%
SMR (mg kg* h%) 73+8 55+ 7% 45 +13° 29+ 6°
AMR (mg kg™ h™) 365 + 26 218+ 17 202 + 12 175+ 10
Scope (mg kg h?) 292 +18 209+ 16 153+ 9 150+ 11°

Uit (BL 8% 1.7 £<0.f 1.7+0.f 1.4+<0.2 1.4+<0.2

Uopt (BL 57 1.3+0.2 1.1+0.f 0.9+0.f 0.8+0.f
GCOTmin (Mg kg*m?)  0.14+0.0%f  0.11+0.0% 0.11 +0.0% 0.09 +0.0%
NCOT at Ugp 0.09 +0.0% 0.07 +0.0% 0.07 £ 0.0% 0.06 + 0.0%1

Values are means +SE (n=6). Differences in lett@esscripts indicate significant differences (P€).0

Similar to Mo,, NCOT was best described by an exponential relationship i
normoxia but by linear relationships at all hypoxic ley€lg. 2a-d, Table 2). In
normoxia and all levels of hypoxia, GCOT displayed a shalleshaped function
with swimming speed (Fig. 2e-f). In normoxia, the minim@@OT (GCOT,n) was
0.14 mg kg m™* corresponding to an optimal swimming velocith) of 1.3 BL &'
(Table 2). Optimal swimming velocity appeared to reduce foxia level, but
this effect did not prove to be significant. Minimum GT& 25% saturation was
however, significantly less than in normoxia. Thieefwas not due to the reduction
in SMR, as the NCOT at thé,, was also significantly reduced at 25% saturation.
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Fig. 2. Net cost of transport (NCOT) and gross cost of trang@COT) plotted

versus swimming velocityl) for mulloway (n = 6) swum & ande) 100%,b andf)

75%,c andg) 50%, andd andh) 25% dissolved oxygen saturation, respectively

(details are as for figure 1). Solid lines are regressigetails of regression are given

in Table 2. Vertical dotted line indicates the swimmmegpcity that GCOT is

minimum (GCOTin), Where this line crosses the GCOT curve equates to the

optimum swimming velocityWopy).
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Routine critical dissolved oxygen level (Reit) experiment

Mo, of mulloway swimming at 0.9 BLswas not significantly influenced by
reductions in dissolved oxygen until tRg;; was reached afl.8 mg I or (25%
saturation (Fig. 3). Above this dissolved oxygen leved, Mmained within a
standard deviation of that recorded with mulloway swingrit 0.9 BL & in the
normoxia and other hypoxia experiments. However, belowng.8", Mo, fell
sharply. One fish lost the ability to sustain swimman@.91 mgt ((12.5%

saturation), the remaining five fish at 0.73 g |
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R

/

0 1 1 1 . 1 1 T T 1

20 A

crit

Oxygen Consumption {mg kg™ h™)

0.0 0.5 1.0 1.5 20 25 3.0 3.5 4.0

Dissolved Oxygen (mg I™)

Fig. 3. Oxygen consumption rate of mulloway (n = 6) swimming&tm & for 1 h
periods at progressively lower dissolved oxygen levelwéet 3.60 and 0.73 mg.!
The dotted line indicates the determined critical oxygeel IéR%).

Discussion

Normoxic inter specific comparison

The SMR of most teleost fishes appears to be simitathted to body size with a
allometric mass scaling exponent between 0.8 and 0.88 @éieiGlass, 1973; Clarke
and Johnston, 1999; White and Seymour, 2005). The exceptions &odlthe high
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performance fishes such as tunas and dolphin @shyphaena hippurus), whose
SMRs are considerably elevated when compared to mostfistitapecies (Brill,
1979; Brill, 1987; Dewar and Graham, 1994, Benetti et al., 19b5¢. elevated
SMRs of these fish are associated with energeticafigsive adaptations that
support their great aerobic scope potential (Bushnell and Jb984). The SMR of
mulloway appears to be typical for non-tuna fisheg.(#), suggesting they lack the
adaptations associated with the high performance fishes.

Fig. 4. Intraspecific comparison of

the relationship between standard

10000 -
metabolic rate (SMR) and body mass
Tuna species (+ dolphin fish) (My) of non-tuna speciedrainbow
000 1 trout, Oncorhynchus mykiss (Brill,
- 1987),%sockeye salmorfncorhynchus
= 100 nerka (Brett, 1965)Atlantic cod,
E Gadus morhua (Schurmann and
DE! o 4 Steffensen, 1997yellowtail kingfish,
n Mulloway Seriola lalandi (Fitzgibbon,
, " Non-tuna species unpublished datajyellowtail, Seriola
i quinqueradiata (Yamamoto and
Itazawa, 1981 fPacific bonito,Sarda
01 T T T 1 chiliensis (Sepulveda et al., 2003));
0.001 0.01 0.1 1 10

(SMR =85+ M,>®) and, tuna and

M, (kg) dolphin fish (Yellowfin tuna, Thunnus
albacares (Sepulveda and Dickson, 2008awakawa Euthynnus affinis (Sepulveda and Dickson, 20088kipjack tuna,
Katsuwonus pelamis (Brill, 1979),°Yellowfin tuna (Dewar and Graham, 199¥Kawakawa (Brill, 1979)*?yellowfin tuna
(Brill, 1979), **Dolphin fish, Coryphaena hippurus (Benetti et al., 1995)); SMR =342M,>%". With mulloway SMR &) included
for comparison. All SMR have been normalized sialy temperature of 26 with a Qo =1.65 (White and Seymour, 2005).

Solid line is least square linear regression wittresponding 95% confidence intervals (dotted line)

The maximum sustained swimming spe¥ddi{) and corresponding AMR
ranges widely in fish and is representative of a diviersemotory and power
(metabolic scope) potential. Although tHgi: has been widely measured in fishes,
interspecific comparisons are problematic becausanitvaey depending on testing
protocol (principally velocity increment and the amoahtime spent at each speed)
(Bushnell et al., 1984). Furthermore, body mass/length, stuclyerature,
population and life history can affect the maximum suatdenswimming velocity of
individuals within a species (McDonald et al., 1998; Gallaughal., 2001; Lee et
al., 2003b; Rodnich et al., 2004). Considering the mullowagneed here were

cultured fish and the duration of swimming interval wagl@oth of which are likely
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to reducdJ.ir), they appear to have moderate swimming potential, sitoilthat of
rainbow trout and Atlantic cod (Table 4). Anatomical@déons that support
swimming performance include large, wedge-shaped caudal fires deep caudal
peduncle (Griffiths, 1997a). Similarly, the metabolic scopmulloway is
significantly less than that of tuna and other highlyvacteleosts (i.e., sockeye
salmon Oncorhynchus nerka) and yellowtail kingfish $eriola lalandi)) but
comparable to that of the rainbow tro@ngorhynchus mykiss) and Atlantic cod
(Gadus morhua) (Table 4).

Table 4. Critical swimming velocity (J.iir), and metabolic scope (active metabolic
rate minus the standard metabolic rate) of the muljoseanpared to other teleosts.

Common Name M, (kg) T (°C) RC Duration Ueit (BL 8% Scope*(mg kg
Q) % h)
Mulloway" 0.34 22 cultured 1 1.7 290
Yellowfin tund 2.1 25 wild - - 2451
Kawakawd 0.024-0.255 24 wild 0.5 3.4-5.1 -
Chub mackeré 0.26-0.144 24 wild 0.5 3.8-5.8 -
Sockeye salmén 0.746 15 cultured 1.0 3.0 1050
Yellowtail kingfist? 2.1 20 cultured 1.0 2.3 790
Saithé 0.485 10 wild 0.5 2.5 480
Rainbow trouft 0.300 15 cultured 1.0 1.9 337
Atlantic cod 0.298 15 wild 0.5 1.9 249
European sea bd8s 0.147 22 cultured 0.5 - 134
Whiting** 0.297 10 wild 0.5 2.1 337

Mp = body mass, T = study temperature, RC = rearomglition, duration = time fish swam at each velcit

*Argyrosomus japonicus, (Present study$Thunnus albacaresi, (Korsmeyer et al., 1996JEuthynnus affinis (Sepulveda and
Dickson, 2000)¢Scomber japonicus (Sepulveda and Dickson, 20@Bisorhynchus nerka (Brett, 1965), °Seriola lalandi (Clark
and Seymour, 2006)ollachius virens (Steinhausen et al., 2008)ncorhynchus mykiss (Bushnell et al., 1984jGadus

morhua (Schurmann and Steffensen, 1997pjcentrarchus labrax (Claireaux et al., 2006)**Merlangius merlangus
(Steinhausen et al., 2005)

*mass independent assuming a mass scaling expoh@r@8 (Brett and Glass, 1973; Clarke and Johndt689) and normalized
study temperature of 26 with a Qo = 1.65 (White and Seymour, 2005)

GCOT is the energy required to travel a unit distantten plotted versus
swimming speedl), it typically results in a U-shaped function. GC8high at low
swimming speeds due to the SMR contributing relatively nmtetal Mo, and
increases after tHd, due to the increase in hydrodynamic resistance Wit he
mulloway GCOT displays a shallow U-shaped relatigns¥ith U (Fig. 2a-d), that is
GCOT increases only slightly after thig,. The lack of a significant increase in
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GCOT followingU,p: may indicate that mulloway have partially resortedmaerobic
metabolism to support swimming performance at higher vedscitindeed, Lee et al.,
(2003a) suggest that anaerobic swimming in sockeye and cohonsal
(Oncorhynchus kisutch) begins at approximately 60% Of;i; and energetic cost of
anaerobic swimming greatly contributes to the GCOT ablagevelocity. ThdJoy
and GCOT, serve as valuable indices to compare swimming efficibetyeen
species. Videler (1993) collated the GCOT (IMi*) andU, for fourteen sub-
carangiform teleosts and found both to be allometyicalated with body mass.
When the mullowayqp: (1.3 Bl sY and GCOTin (When converted into common
units, 0.21 J N m%) are included in this comparison, they fall neatly wittie 95%
confidence limits suggesting their swimming efficiencyyi¢al of sub-carangiform

swimming teleosts (Fig. 5).

b i a Fig. 5. The allometric relationship
S B Mulloway

between body mas#ig) anda)
optimum swimming speedJgp =

1.1« My, andb) Minimum

U, (BLs™)

gross cost of transport (GCQif =
0.11 My °33) for fourteen fish

b species collated by Videler (1993)

with mulloway ) included for

comparison. Solid line is least

Mulloway

square linear regression with

corresponding 95% confidence

intervals (dotted line).

M, (ka)

For some specidd,p: proves to be a good indication of routine swimming
velocity (Videler, 1993; Dewar and Graham, 1994; Tanaka,e2@01; Lowe, 2002)
however, this is likely only true with species whergering long distances is
required for optimal prey search or during migrationr fAore sedentary species,

routine swimming speed is often considerably less thabldh€Steinhausen et al.,
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2005). Juvenile mulloway (<100 cm) in their natal estuasiesly move great
distances, however adults they make coastal migrat@res/ and McDonal, 1993;
Griffiths, 1996). In South Africa, a large proportiontlbé adult population
participates in a long distancdgl000 km) migration to spawn (Griffiths, 1996) and
swimming close to th&y,: would minimize the energetic cost, thereby conserving
energy for gonad development and spawning behaviour. Inewgitunditions
however, GCOT has arguably little relevance as fisle mavrequirement to travel for
feeding or migration. Instead, it is desirable to minintieeabsolute energetic cost
of swimming. As with most fish species, an exponeinizrease best describes the
relationship between swimming velocity andMf mulloway. However, at the two
slowest velocities (0.24 and 0.48 Bt)shere is little difference in' (Fig. 1a),

with Mo, actually being slightly greater at the slower velacifihis is most probably
due to an energetic cost associated with stability coattbe low velocity. Indeed,
Webb (1998) suggested a J-shaped curve best describesf hegatively buoyant
fish, and that the elevateddvlof fishes at low velocities should not be dismissed.
This could have considerable influence in aquaculture mydesign, where the fish
are required to swim against a defined current. For thewayl it appears that a
swimming speed between 0.3 and 0.5 Blresults in minimal energy expenditure

(Fig. 1).
Effect of hypoxia

All fish have some ability to cope with fluctuations issblved oxygen. During mild
hypoxia, fish are able to maintain constant metabolictfan mainly by increasing
respiratory volume (Randall, 1982) and when doing so argedfeo as oxygen
regulators (Hughes, 1973). However, below a critical tlisslooxygen level%:i),
the fish is unable to maintain its SMR, andMlecreases linearly with dissolved
oxygen level. At this point the fish is now termed aggen conformer and if the
situation persists, it will potentially suffocate. the present stud§; was
determined at a routine metabolic stag;§; at a swimming velocity of 0.9 BLs
corresponding to a metabolic load of 45% of the AMRis lielieved that thB.; is
more relevant to cultured fish as they are likely toehawnetabolic load associated
with specific dynamic action when hypoxic conditions ekperienced. However
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when compared to tHei;, the R will be at a higher dissolved oxygen level as it has
been shown to increase with swimming speed (Kutty and Seqjri®¥3). Taking
this into account, it appears that the mulloway is weé#pted to hypoxia as tRg
(1.8 mg 1%, Fig. 3) is considerably less than that of 8 of Atlantic cod (2.58 mg |
1 158°C) (Schurmann and Steffensen, 1997), similar t&&hef rainbow trout (1.6
mg I, 20°C) (Ott et al., 1980) and only slightly higher than S of the hypoxia
tolerant carpCyprinus carpio, 1.1 mg *, 25°C) (Ott et al., 1980) or nile tilapia
(Oreochromisnilaticus, 1.1 mg T, 20°C) (Fernandes and Rantin, 1989). It is most
likely that this hypoxia tolerance is an adaptation to sugperearly life history
within estuaries, where water quality could be variadnel fluctuations in dissolved
oxygen likely. This hypoxia tolerance gives further evidancgupport the suitability
of mulloway for intensive aquaculture where hypoxia magy@arent.

At the maximum sustained aerobic metabolic rate (ANtR9,assumed that
the respiratory and circulatory systems are workingeit maximum capacity. The
AMR of mulloway was significantly reduced at all levelshypoxia (Table 3). This
demonstrates that the metabolic capacity on mullowas/impaired by even mild
hypoxia (75% saturation). Although the aerobic metabalmacity of fish is thought
to be primarily limited by the ability of the gills tateact oxygen (Priede, 1985), a
multitude of factors are involved in the respiratorys@ort chain, any one of which
may have been limiting. The suppressive effect of hypoxsaneaonly limited to
the maximum metabolic rates but also apparent at iediate swimming velocities.
At all levels of hypoxia, M, increased linearly with) (not exponentially as in
normoxia). This resulted in a progressive reduction©@®& with hypoxia level,
with the GCOT and NCOT at théy,: (COTmin) being significantly reduced at 25%
saturation. A similar result is found with brook tr¢8alvelinus fontinalis) and carp,
where M, is lower in hypoxia, particularly at higher activity &ds (Beamish, 1964).
With these species, it was hypothesized that in hypoxire saf the metabolic
requirement was derived anaerobically. With mullowhag, flattening of the
swimming velocity curves in hypoxia could be achieved by atgreecruitment of
anaerobic metabolism at high velocities. An increasetrobic swimming may also
explain how mulloway were able to maintain their swimgrperformanceli;) even
though their metabolic capacity (AMR and scope) was supgdes mild hypoxia
(75% saturation). However, reducedMvhilst swimming in hypoxic conditions
could also be achieved by decreasing the aerobic requireafdigtsues not directly
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involved in the muscular work (i.e. liver, gut and kidneyk response to increased
locomotory oxygen demand, chinook salm@mgorhynchus tshawytscha) reduce
blood flow to the intestines, reducing the rate of imasbxidative metabolism and
thus overall maintenance requirements (Thorarensain 4993). As mulloway SMR
was significantly reduced at 25% saturation it suggestsi@asregional
vasoconstrictive mechanism in response to hypoxia. Hewmves circulatory
parameters were not measured in the present study, weat canify the exact
mechanism.

The negative effect of hypoxia on fish growth rate id decumented. For
the most part, the reduction in growth is attributed tedaiced in feed intake and is
not a consequence of decreased feed conversion ratiasdiGind Dutil, 1999;
Thetmeyer et al., 1999; Pichavant et al., 2001; Mallekh agaidere, 2002). Energy
budget conflicts caused by the limiting effect of hypoxia @nrttetabolic scope are
thought to reduce appetite. Mallekh and Lagardere (2002) folumela relationship
between feed intake and metabolic scope in tu@ophthal mus maximus), and
suggested that their appetite is regulated by the capaqgirpvide the energy
necessary for digestion. This is supported by Claireaak,g2000) who found a
direct relationship between hypoxia-related reduced growsharad metabolic scope
in Atlantic cod. In the present study, the metabalape of mulloway was
significantly suppressed at a dissolved oxygen level of7/jo%i saturation. This is
the same as recorded for the common s&iked solea, 4-24C) (Lefrancois and
Claireaux, 2003) and similar to that recorded with turbe2X&), where below 78
and 90% air saturation the AMR was suppressed (Mallekh agdrdere, 2002). For
these species, even mild hypoxic conditions may causgyebedgeting conflicts
that reduce production performance. Such an effect wasdest with Atlantic cod
(6-10°C) where below 73% air saturation growth was suppresseab¢thand Dutil,
1999). This highlights the importance of maintaining disstloxygen levels close to

air saturation in mulloway culture
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APPENDIX A. LIST OF ABBREVIATIONS

SBT
Mo,
SDA
Mo

% My
BL
SMR
RMR
MR
RMRy
AMR
U

U,
Usda
Un
DO
Tw
Tm
Tuis
Tyis €XCess
Ucrit
Sorit
Rerit

NCOT
GCOT
Uopt
NCOTmin
GCOTmin

Southern bluefin tuna
Rate of oxygen consumption
Specific dynamic action
Body mass
Percent body mass
Body length
Standard metabolic rate
Routine metabolic rate
Metabolic rate
Routine metabolic rate in hypoxia
Active metabolic rate
Swimming velocity
Swimming velocity during routine metabolic rate measemm
Swimming velocity during the specific dynamic action perio
Swimming velocity in hypoxia
Dissolved oxygen
Water temperature
Muscle temperature
Visceral temperature
Temperature of viscera above water temperature.
Critical swimming velocity
Critical dissolved oxygen level of a resting fish
Critical dissolved oxygen level of a fish at a definedtine activity
level
Net cost of transport
Gross cost of transport
Optimum swimming speed
NCOT at the optimum swimming speed
GCOT at the optimum swimming speed
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