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Abstract

Heart rate f;) and rate of oxygen\)bz) consumption were recorded from adult macaroni

penguins while exercising on a treadmill. No diéfieces were found in the relationship

betweenfy and Vo2 in breeding and moulting female penguins, butgaicant difference

was found between male and female penguins. Tleésgonships were used to estimate field
metabolic rate (FMR) for free-ranging female penguwhich were implanted with heart rate
and temperature data loggers. While foraging taipron their chick, FMR was 8.92 0.44

W kg™ and 9.07+ 0.42 W kg' respectively while at-sea during the brood andleéphases
of the breeding season. While on-shore, the FMR®&@8&+ 0.43 W kg" and 5.64+ 0.40 W
kg™ respectively for the brood and créche phases.nButieir moult fast, male and female
penguins showed a pattern of increasing and theredeing FMR and females had a mean
FMR of 5.25+ 0.88 W kg". The peak of energy expenditure was associatdtd méximum
feather loss, probably due to increased costs efitbregulation. During natural diving,
penguins showed complex fluctuations in heart rAbeElominal temperature fell during dive
bouts with the magnitude of this decline increasmth bout length. Put together, these
adjustments in heart rate and circulation may basugh to enable all natural dives to be

aerobic in nature.



Dedication

This thesis and the work described within it isidatéd to my Mum and Dad, who | think
always knew | would do this, to Fiona who was alsvaight next to me, even when | was
8000 miles away, to the penguins who made it ptessibd to my Grandfather, who didn’t get

the chance to see me finish it.




“Whatever a penguin does has individuality, andays bare his whole life for all to see. He
cannot fly away. And because he is quaint in alk the does, but still more because he is
fighting against bigger odds than any other bimtj fghting always with the most gallant
pluck, he comes to be considered as something &pant the ordinary bird — sometimes
solemn, sometimes humorous, enterprising, cheeimd-always (unless you are driving a

dog team) a welcome and, in some ways, an almaosahdriend.”

from ‘The Worst Journey In The World’ by Apsley CheGarrard, Zoologist and Polar
Explorer, 1916.

“We men of action who serve science serve onlyfeeaton in a mirror. The tasks are
difficult, the objectives remote; but scholarsisgtin bookish surroundings tell us where to
go, what to look for, and even what we are aptirid.fLikewise, they pass dispassionate
judgment on whatever we bring back. We are nothimge than glamorous middlemen

between theory and fact, materialists jobbing agbbstance of universal truths.”

from ‘Alone’ by Admiral Richard E. Byrd, Polar Exgler, 1938.
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Chapter 1

Chapter 1

General Introduction

The measurement of physiological parameters in fegging animals has applications in
several fields, not just for the study of compamatphysiologyper se.In the present study,
heart rate and body temperature were measurede@réinging macaroni penguins in an

attempt to answer questions about aspects ofeéhelogy, behaviour and physiology.
Heart rate as a tool for answering questions in edagy
The role of seabirds in marine ecosystems

Seabirds are an essential and integral part of maaryne ecosystems. As predators they are
responsible for the consumption of large numberprely species such as fish or marine
invertebrates, while they themselves are prey fgihdr predators (Walker et al. 1998). They
are involved in nutrient recycling by depositingrogen-rich guano on the land around their
nesting sites (Lofgren 1984, Furness and Monagh@®v)land their eggs, chicks and
carcasses are a food source for terrestrial presiatal scavengers (Young 1994). In addition,
the behaviour of seabirds is a good indicator atypbations to marine ecosystems from
sources such as pollutants and depletion and mavemhdésh stocks (Lofgren 1984, Furness
and Monaghan 1987, Cairns 1992, Monaghan 1996).

Seabirds tend to be long-lived, with a low averagmual breeding output and delayed
maturity (Croxall 1987, Furness and Monaghan 198%. such, their populations are
relatively stable and resilient in the face of t@mal short term variability found within

marine systems. However, large scale perturbatsuth as the destruction of breeding
habitats or removal of prey species, can have drarafiects on such populations and they
can be very slow to recover. In addition it is oftéifficult to predict the outcome of such
perturbations and whether or not they may be rédergFurness and Monaghan 1987).

Humans are responsible for a variety of threatsetbird populations. For example, through
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hunting for sport, food or oil (Furness and MonagH®87, Williams, T.D. 1995), egg

collection (Krasnov and Barrett 1995), pollutionuffess and Camphuysen 1997),
disturbance of breeding areas (Lofgren 1984, Fsriaesl Monaghan 1987, Williams, T.D.
1995) and commercial fishing (Schaefer 1970).

If populations of seabirds are to persist in theefaf the likely continuation of threats and
exploitation then it is essential to have an urtdeding of their ecology and role in the
marine ecosystem. In the ®2Tentury the most likely source of such threatghimugh
competition with large commercial fisheries. Theseincreasing emphasis among those
responsible for the regulation of fisheries on stigating the foraging patterns and
requirements of the predators that “compete” wighdries. These predators include seabirds

as well as fish at higher trophic levels and manrenmals and reptiles.

In order to make an accurate assessment of thertmpdrements of predators then certain
key data are required (Croxall 1987, 1995):

1) Composition of the diets, in terms of age classnbers, size and energy content of food
items.

2) Population sizes of predators and prey with dgagzhic data.

3) Distribution in space and time of predator arelygpopulations.

4) Energy requirements of predators.

In addition, these data should if possible be asirexd for all age and sex classes of
individuals, at all times of the year and for diffat years if conditions vary on that scale.
Also, in complex ecosystems with more than one gigeddependent on a particular prey
resource, these data must be collected for allgkeglators and added to the overall model of
the system. However, obtaining all of these dataxisemely difficult and labour intensive
and has not been achieved in any investigatiohisftype. Such a list of requirements should
be viewed as an ideal in such studies, with thevkaage that it will be difficult to achieve.

Despite these difficulties, continuing researchsbyne groups has led to the beginnings of an
understanding of the role of seabirds and theireddpnce on prey resources in several
marine ecosystems and in particular how establishelderies have affected seabird

populations and behaviour. Particularly well stddegeas include the Barents Sea (Krasnov
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and Barrett 1995, Mehlum and Gabrielsen 1995), PBaly, Antarctica (Cooper and Woehler
1994, Woehler 1997), the North Sea (Monaghan 1B@Baghan et al. 1996) and Scotia Sea,
Sub-Antarctica (Croxall et al. 1984, 1999, Croxafid Prince 1987). These studies have
integrated data from fisheries with data from topdators including prey intake rates (Garthe
et al. 1999), composition of diets (Granadeiroletl@98) population sizes (Woehler 1997),
energy expenditure (Konarzewski et al. 1993, G#®re1996) and location of foraging areas
(Culik and Luna-Jorquera 1997) to derive spatiahyplicit rates of prey consumption by the
whole population. These studies started to model pi@y consumption rates might vary in
response to changes in prey density due eitheratoral fluctuations or the influence of
fisheries.

These studies and models are subject to developarmhtimprovement to increase their

accuracy and usefulness. A common weakness omtiontin such studies is in the reliance
on allometric equations to estimate energy exparglin free-ranging predators. Estimates of
population energy expenditure are especially seasio the use of these equations (Brown
1989), and can generate results with 95% confidameevals of between 30% and 50% of

the mean, depending on the equations used (Full®¥®). The equations also do not take
account of different activity budgets. The use cual measurements of energy expenditure
has the potential to reduce the errors associatigdl tve use of allometric equations.

However, these measurements have only been made marrow range of species and

individuals. The aim of this study is to estimatergy expenditure in free-ranging macaroni
penguins Eudyptes chrysolophysthe dominant predator in the Scotia Sea aroumathS

Georgia.

The role of macaroni penguins in the Scotia SeadcSouth Georgia

Penguins are thought to make up 80% of the nundddasds in the Subantarctic with 50% of
these being macaroni penguins (Croxall 1984). Thetmecent estimation of population size
gave a minimum of 11.8 million pairs on Subantarésiands and the Antarctic peninsula
with approximately 5.4 million pairs breeding atuio Georgia (Woehler 1993) (Fig. 1.1),
although there are large and unknown levels ofreassociated with all these estimates.
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Macaroni penguins feed predominantly on Antarctitl KEuphasia superba which can
form 98% by mass of their diet during the breediagson (Croxall et al. 1997).

Other species of predators breeding at South Geeagil foraging in the Scotia Sea are also
dependent on Antarctic krill as their primary fosdurce. These include Antarctic fur seal
(Arctocephalus gazel)a(Reid 1995, Reid and Arnould 1996), AntarcticopriPachyptila
desolata (Reid et al. 1997a), diving petreBdlacanoides georgicus, P. urinafrifReid et al.
1997b), gentoo penguirPygoscelis papya(Croxall et al. 1988, Williams, T.D. 1991) and
white chinned petrelRrocellaria aequinocitialiy (Croxall et al. 1995, Berrow and Croxall
1999). Pelagic species including cetaceans (Reidalet2000) and mackerel icefish
(Champsocephalus gunnariKock et al. 1994) are also important predatdr&rdl in the
Scotia Sea and the icefish are also consumed bwgré&it fur seals (Reid and Arnould
1996)and gentoo penguins (Williams, T.D. 1991).pAdsent, the large krill fishery (approx
100 000 tonnes per year) in the Scotia Sea is uhdemanagement of the Convention for the
Conservation of Antarctic Marine Living Resourcé3CAMLR). There are no immediate
signs of expansion in this fishery (Everson 20®wever, expansion cannot be ruled out
and one of the problems identified by krill fishingtions, which may hinder the development
of a fishery model (and hence catch limits and duales), is a lack of understanding of the

functional relationships between krill and predat(iverson 2000) (Fig. 1.2).

The characteristics of this ecosystem, with shoodfchains, reduced complexity of trophic
interactions and pronounced yet regular seasonaildyides an opportunity to improve our
understanding of the dynamics of pelagic systenesd(t al. 1999). Much of the variability
of this system has now been described and docuthé8thrhage 1988), yet the causes and
consequences of this variability are poorly unaerdt Krill are the keystone species and their
population size, structure and location are infagghby the interactions of a variety of large-
scale biological and physical factors at a rangscafes and trophic levels (Reid et al. 1999).
These include the direct and indirect effects aley in sea-ice duration and extent (Priddle et
al. 1988, Murphy et al. 1998). These factors comkim produce a reasonably predictable
cycle in the abundance of krill available to theutho Georgia krill predators. This is

characterised by a season of relatively low kblimdance every 3-4 years (Reid et al. 1999).
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Adaptations by krill predators to the constraimgosed by this season of low abundance by
increasing the diversity of prey species taken r@adicing overlap between predator species
(McCafferty et al. 1998, Croxall et al. 1999). Asresult, provisioning rates to offspring
decrease as meal sizes decrease and foragingitepaths increase, leading to a reduction in
fledgling mass and breeding success (McCaffergl.et998, Croxall et al. 1999). At a larger
scale, longer term trends in the abundance of k@l have negatively affected krill predators

in terms of population sizes and reproductive oufpeid and Croxall 2001).

Macaroni penguins seem better adapted to withdtangeriodic years of low krill abundance
than the other krill predators at South GeorgigerEthough the mass of fledglings is reduced,
their overall breeding success is reduced by oil9,1compared with 90% in gentoo
penguins (Croxall et al. 1999). This apparent gbiln macaroni penguins to withstand
variability in food availability can probably bet@buted to their capacity to maintain their
productivity after switching to an alternative dief amphipods (Croxall et al. 1999).
Alternatively, Antarctic fur seals were found taciaase their rates of energy expenditure in
years of low krill availability (Boyd et al. 1994hvestigations of the role of predators and
models of the ecosystem of which they are a comutameist be able to include this variation
in environmental conditions and the response oflgtms to it. If the understanding of the
dynamic ecosystem in the Scotia Sea is to be ingaden the impact of macaroni penguins
on marine resources must be estimated at all teahpod spatial scales and this relies upon
accurate measurements of energy expenditure. kr éodachieve this, a method is required
which can measure energy expenditure at a finestale, for long periods and in different
age and sex classes.

The measurement of energy expenditure in free-rgngertebrates

1. Time-energy budgets (TEB)

This method involves the collection of data abdw time spent in different activities by
animals in the field. These activities are thengmesl a metabolic cost, determined either

from studies in the laboratory or from allometriguations. The sum of the probability of

each activity occurring multiplied by its energetiost gives the total energy expenditure
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(equation 1.1).

TEE=pn+pr+pmst ......... Prfn (1.1)

(Where TEE = total energy expenditure, p = the propn of time engaged in a particular
activity, r = the rate of energy expenditure oftthetivity.)

Perhaps due to its relatively low financial costl eneral simplicity and accessibility, this
method is used commonly (Goldstein 1988), and hagep successful and superior to other
methods under certain circumstances (Grémillet let 1895). However, the major
disadvantages of the TEB method are that it caexieemely time consuming to implement
and it is necessary to assume that behaviour ¢setiésand that every activity observed can be
assigned to one of the categories created by thestigator. Such categorisation is very
subjective and a lack of consensus in methodologyEB studies restricts their accuracy and
comparative value (Buttemer et al. 1986). In additit may be impossible to calculate costs
for all categories of activity in the field. One prtant source of inaccuracy occurs because
of the sensitivity of animals to variations in théhermal environment (Nagy 1989). This
applies in particular to smaller homeothermic armgnm&ariations in ambient temperature
outside its thermo-neutral zone lead to thermomEguy costs by the animal, which are

difficult to estimate.

Validation studies have shown that energy experaliis calculated by TEBs may, when

compared with estimates from other techniques asatoubly labelled water, yield estimates
too low by as much as 44% or too high by as much78s (Nagy 1989). This suggests that
this method can have a relatively low level of aacy. However, these studies only compare
one potentially inaccurate technique against amathd as such are of limited value. Almost
all TEB studies have been restricted to birds ag #re relatively easy to observe in the field
and tend to behave predictably. The technique woeldnappropriate for example, for a

nocturnal or diving animal unless automated equigmere used to record activity.
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2. Doubly labelled water (DLW)

This technique is based on the observation thagexyatoms in metabolically produced
carbon dioxide (Cg) freely equilibrate with the oxygen atoms of watéa the action of
carbonic anhydrase in the blood (Lifson and Mc®likt 1966). When known amounts %f
and*®0 labelled water are injected into an animal, f@ water equilibrates with both the
CO, and water pools, and declines as a function oewatdflux and CQ production. In
contrast théH water equilibrates only with the water pool arildités as a function of water
influx. The initial dilution of these isotopes aften equilibration period allows determination
of the total body water (TBW) volume. As €@ produced by metabolismO water is
diluted while®*H water does not change . Therefore, the differdreteeen‘®0 turnover and

3H turnover across the duration of the experimerd imeasure of the animal’s rate of £O

production ¥co, )-

In order to derive the equations f&‘toz, a number of assumptions must be made and

adhered to (Lifson and McClintock 1966):

1) The animal is in a steady state of body compmusit.e. TBW remains constant.

2) All rates of intake and output of water and G@&main constant.

3) All body water is uniformly labelled arfé and*?0O are not incorporated into body tissues.
4) H only leaves the body as water, and O onlydedkie body as water or GO

5) Specific activities of H and O lost from the aate the same as those of the body water.
6) No water or C@enters the body with inspired air or through tkia.s

Unfortunately in real-life biological systems itadmost impossible for all of these criteria to
be satisfied and examples exist to show that ehtiieabove assumptions can be invalidated
(Nagy 1980, Nagy and Costa 1980, Speakman and R&88; Haggarty and McGaw 1988,
Haggarty et al. 1991, Midwood et al. 1993, Thomasle1994). Isotopic fractionation of

labelled water, input of Cand inaccuracy in measuring isotope levels ardatirs most

likely to introduce large variability in estimate‘s\/co2 :

Despite the potential for some problems and inamies of estimates, the technique has been
widely employed in a range of different speciese@qman 1997). By their very nature,
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techniques to estimate metabolic rate (MR) in tle&d f(FMR) are difficult to validate. A
comparison of MR measured using TEB and DLW in -f@sging phainopeplas
(Phainopepla niter)s concluded that the TEB technique underestimateld by 40%
(Weathers and Nagy 1980), whereas a similar stddgasannah sparrowsP@sserculus
sandwichensjsfound that MR estimated by DLW was only 5% abtvat estimated by TEB
(Williams, J.B. and Nagy 1984). Again, these stadialy compare one potentially inaccurate
technique against another and as such are of dmitdue. Validation studies from the
laboratory give a better understanding of the ammupf this method. Such studies have show
MR estimated to within 11% (Westerterp et al. 19B&gy 1989), though most of these
earlier validation studies involved resting animaismore recent, more rigorous validation
study of gentoo penguins (Bevan et al. 1995c) gavelgebraic error of only 1.6%, and
results that were not significantly different tam$e obtained by respirometry. However, the
range of estimates from DLW was considerable, &edabsolute error, which ignores the
sign, was 48.2%. Other studies have shown thagth@LW can be used to estimate FMR, it
is possible that FMR can be overestimated by ashnagc36% in aquatic animals (Bevan et
al. 1995b, Boyd et al. 1995). Similarly, a validati study on black-browed albatrosses
(Diomedea melanophfis(Bevan et al. 1994) concluded that though DLWinestes of
metabolic rate were not significantly different fiachose obtained by respirometry (within
4%), the range of individual errors was considexrabhd the technique could not, therefore,
be used to determine the energy expenditure oVishails. This pattern has been shown in
other validation studies (Gales 1989, Nolet e1 892).

The DLW technique is also subject to other sourcgerror. Oxygen consumption is
calculated from C@production using RE (respiratory exchange ratiog, ratio between £
consumed and COproduced. RE is dependent on the substrate usedné&abolism
(carbohydrate, lipid or protein) which depends detaty content. Suitably detailed data on
diet and RE for some groups (including seabirds)lanited and values from other species
have been used when estimating MR (Gales 1989)reTl®e also a suggestion that the
production of CQ will vary depending on the energy balance stafufh® individual (Kam

and Degen 1997), which may depend on, for exanipdéephase of the breeding season.
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In addition, several equations exist for the inteta@tion of isotope data and conversion to
rates of CQ production and there is a certain amount of suibjecin the selection of an
appropriate equation. Though body mass is an impbrfactor, it is probably always
necessary to perform a validation study in the Hatmoy for the species under investigation
(Nolet et al. 1992, Speakman 1993, Bevan et al5dQ9n order to ensure that the correct
equation is used. However, in a validation studylaick browed albatrosses (Bevan et al.
1994), it was suggested that the equation chosaraltmlate energy expenditure is not an
important factor in determining the error in theuks. Perhaps the biggest problem with the
variation in accuracy in estimates of MR using DL¥/that the errors are not easily
guantifiable.

Advantages of the technique are simplicity of usd despite some evidence of deleterious
effects to seabirds used in experiments in termediiced nest attendance (Birt-Friesen et al.
1989) and chick feeding (Uttley et al. 1994), itrétatively non-invasive. For example it is
possible to undertake a DLW study of metabolic iatddoth members of a breeding pair
without causing undue disturbance (Nagy et al. 198%e results of the technique are
instantly usable, without the need to do furthdibecation studies in the laboratory before
results can be interpreted. The technique can bd aos very small animals, for example
shrew-tenrecsMicrogale dobsoni, M. talazac{Stephenson, P.J. et al. 1994) and long-eared
bats Plecotus auritus which demonstrated no change in behaviour dubbg/ experiments
(Entwistle et al. 1994).

The high cost of stable isotopes means that, espetor large animals, the technique can be

very expensive. In addition to this, the DLW meth@s$ two main disadvantages. Firstly, the

duration of an experiment is limited by the rate tofnover of 0. Animals must be
recaptured and sampled within a specific windowtiofe which allows the'®O level to
decline sufficiently to detect a difference fronitia levels, but not too far such that tHe is
not different to background levels. The length éimdng of this window will vary with the
size of the animal, its MR and the initial enrichmhef °0 but is typically several days from
the start of the experiment (Speakman 1997). Thposes limits on the design of
experiments and subject animals used. Even whenhths been taken into account, it is

possible that animals will behave unpredictably aotreturn to have samples of blood taken
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before isotope enrichments fall to background k\@lrnould et al. 1996a). When this does
happen, then resources are wasted and results mezhlkes sample size decreases. Even re-
sampling animals too soon can create difficultiBey@d et al. 1995). DLW studies involve
disturbing the animals several times in a few dagsjn most studies background isotope
enrichment levels are taken from experimental alsnb&fore injection with isotopes and
subsequent sampling. This repeated disturbancel édoatease stress levels and this could
influence energy expenditure, although it is somes possible to reduce these effects by, for

example, taking background samples from other iddals (Arnould et al. 1996b).

The second significant disadvantage with the DL\&hteque is that the value for energy
expenditure obtained is simply an average for tmalrer of days of the experiment between
the two sampling points. It is not possible to gsnetabolic costs to different activities. It is
still necessary to construct time budgets, and/akemassumptions about resting metabolic
rates (Nagy et al. 1984, Ballance 1995, Arnouldletl996a, b), in order to interpret the
energetic data, and at best all this can produae wverall value for FMR. Resolution can be
improved by blood sampling individuals throughdug duration of the experiment (Nagy et
al. 1984), but this is not always possible, andaases disturbance. Multiple experiments may
be performed in order to determine energy experafifior example, at different stages of a
breeding season (Davis et al. 1989). However, derto minimise disturbance, different

individuals are used, which increases variation.

3. Heart-rate ()

The heart rate method for estimating MR has becdoetter developed and more widely used
in recent years as it is facilitated by advanceteamnology for measuring and recording heart

rate in the field. It is underpinned in principlg the link between heart rate and rate of
oxygen consumption given by the Fick Equation (¢équal.2).

10
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Vo, = fi XVs(Ca02 - Cy0y) 1.2)

(Where \702: rate of oxygen consumptiofiy = heart rate,V;= cardiac stroke volume

(amount of blood pumped during one heart b&af), = oxygen content of arterial blood and

CyO, = oxygen content of mixed venous blood.)

If V5(C,0,-Cy05), the oxygen pulse, remains constant or varieesyatically then it is
possible to demonstrate a simple relationship betwate of oxygen consumptio\i{dz) and

heart ratef(;) and hence calculate the former from the lattertl® 1993). This relationship
has been demonstrated in several species of hbaclading blue-winged tealApatidae
discorg (Owen 1969), black duckAfas rubripey (Wooley and Owen 1977), pigeon
(Columba livig (Flynn and Gessaman 1979), American keskalgo sparveriuy (Gessaman
1980), marabou stork Léptoptilos crumenifergs (Bamford and Maloiy 1980), emu
(Dromaius novahollandige(Grubb et al. 1983), tufted ducRythya fuliguld (Woakes and
Butler 1983, Bevan and Butler 1992), barnacle gdqBsanta leucopsis(Nolet et al. 1992),
black browed albatross (Bevan et al. 1994), gempmaguin (Bevan et al. 1995c), common
eider Gomateria mollissima (Hawkins et al. 2000) and king penguiipfenodytes
patagonicu¥ (Froget et al. 2001). Relationships have alsolmEmonstrated in a number of
mammals including pine marteMértes americanp(Fisher et al. 1987), red squirrédjrius
vulgaris) (Pauls 1980) bottlenose dolphifiufsiops truncatus(Williams, T.M. et al. 1993)
and Californian sea-lionZ@lophus californianus (Butler et al. 1992). Heart rate can be
detected and recorded, either by radio transmitiennore appropriately for free-ranging
animals, by miniature data loggers. It is the reéaevelopment of these miniature data
loggers that has contributed to the developmenhisf technique for free-ranging animals
(Woakes et al. 1995).

Validation studies, in conjunction with DLW and r@spirometry indicate thdt does indeed

allow an accurate estimate &I‘Oz, with in general, less error than the DLW method

(Livingstone et al. 1990, Nolet et al. 1992, Bewnal. 1994, 1995c, Boyd et al. 1995).
However, these validation studies conclude, thatviiis DLW, a relatively wide range of

11
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errors demonstrates th§§ cannot be used to estimate the metabolic ratendividual
animals, unless each animal is individually calida This is normally logistically
impractical. Ideally, a laboratory calibration skbbbbe performed with as large a sample size

as possible (Bevan et al. 1995c), and preferablgmany days as possible (Pauls 1980).

This calibration must cover the full range ff and V02 levels (Nolet et al. 1992) and

behaviours (Bevan et al. 1995c) likely to occuthe wild. With thefy method, it should be
possible to quantify the magnitude of errors inneation, which will depend on the number
of calibration animals and data points. Few previaiudies usingy have attempted

accurately to model this source of error, whichkamething the current project will address.

Some inconsistencies have been detected in th&orelhip betweerfy and \702. The

relationship has been found to vary during differeeasons of the year in white-tailed deer

(Odocoileus virginiands(Holter et al. 1976) or if measured on differeiates in American

kestrels (Gessaman 1980). However, in tufted dugksas a consistent predictor Vbz in

two sets of experiments on different animals, s&edr by nine years (Woakes and Butler
1983, Bevan and Butler 1992). Social interactiomsenfound to modify the relationship in
pigeons (Flynn and Gessaman 1979). Different mlahips might be necessary for periods of
exercise and rest (Gessaman 1980, Froget et al),200modes of locomotion (Hawkins et
al. 2000) though this is not always the case (Neletl. 1992, Bevan et al. 1995c). It appears

that determination of théH/\/O2 relationship when animals are in different physgtal
states is essential and may explain some of th@deah differences observed in several

studies (Holter et al. 1976, Gessaman 1980). Aktmital problems with the relationship must
be considered in a rigorous calibration procedurd mterpretation of results must also

account for these factors. The present study w#hapt to determine thig/ \702 relationship

for exercising macaroni penguins, while taking iatwount different physiological states of

animals.

The principle advantage of tHg method is that it can provide estimates of MR dara
greater temporal resolution than other technigties;resolution being limited only by the
calibration procedure and method of recording @frheate. The data loggers record heart rate

measurements as a series and so, in conjunctidmbghavioural data, individual activities

12
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can be assigned an energy cost. The behaviouralcdat be in the form of observations or
commonly collected by other automated recordingiahsv such as time-depth recorders
(Bevan et al. 1997), speedometers (Boyd et al. 1%2®% water switches (Bevan et al. 1995a)
and satellite transmitters (Butler et al. 1998).efEhcan be problems with using these
externally mounted devices as they can impose diti@ual energetic cost by increasing drag
when swimming or flying which can effect foragingdabreeding success (Wilson et al. 1986,
Ward and Flint 1995, Carbone et al. 1996, Hull 1997 an effort to counter this and to
increase the compatibility of the different setsdata, the data loggers used in the present
study were implanted into the animals abdominaltgaand were able to monitor heart rate,
pressure (diving depth) and abdominal temperatnra single time scale.

The disadvantages associated withftheethod may include the internal implantation afda
loggers under general anaesthetic (Stephenson, &. £386). Although this is a relatively
simple procedure, not all investigators will beeald perform it, as it can be quite time
consuming, and adequate facilities must be in placthe field. It could also represent a
considerable trauma to the subject animal, althaexgtlence suggests that after a recovery
period of about two days, implanted penguins bethayete normally both during and after
experiments (Bevan et al. 1995c). However, thent@and risk of desertion of the nest in
birds is still sufficiently great that both memberfsa breeding pair would not be implanted
simultaneously. The surgical procedure and sizia®fdata loggers imposes a minimum size
limit on experimental species. Common guillemaisd aalge) at 800-1000g are the smallest
birds to have been successfully implanted with daggers (Hawkins 1995), though in one
set of experiments all six experimental animalsedes their nests (Hawkins 1995). Heart
rate radio transmitters can be much smaller anc hmeen deployed in smaller birds and
mammals such as laboratory mice and mongolian Ige(ldieriones unguiculatys(Stohr
1988).

13



Chapter 1

Heart rate as a tool for answering questions in plsiology and behaviour

The physiology of diving vertebrates

Investigations of diving physiology have progressedsiderably since early work on forced
submergence of diving and non-diving animals (Samhadér 1940, Bond et al. 1961, Andersen
1966). These studies elicited the theory of theassic dive response” where an intense
bradycardia (reduction of heart rate to below ngstevels) was observed upon submersion
followed by a further progressive decline in haate. After emerging from such a “dive”
there would then be a period of tachycardia (acatta of heart rate). The slowing of heart
rate while submerged was indicative of circulatagjustments. In an effort to conserve
oxygen during a “dive” of unknown duration, a commiinding was reduction in muscle
perfusion, while blood flow to the central nervosgstem and heart was maintained or
increased as these organs are unable to withsteqgeio deprivation. Reduction in perfusion
to the locomotor muscles led investigators to belithat these muscles switched to anaerobic

metabolism during diving (Butler and Jones 19837)9

More recently, such ideas have been reconsiderexkt Mivers are thought to maintain
aerobic metabolism during dives. The cardiovascatgmstments associated with breath-hold
diving in vertebrates are also being see as a wHdeetween the “classic dive response” and
the response to exercise (Butler 1988, Castell@88). Animals diving voluntarily under
laboratory (Butler and Woakes 1979, 1984, 1987plg8tason et al. 1992), semi-natural
(Kooyman et al. 1992, Thompson and Fedak 1993,iaifi, T.M. et al. 1999) and natural
(Fedak et al. 1988, Thompson and Fedak 1993, Hiaddl Lea 1998, Le Beouf et al. 2000)
conditions showed quite a different response frbat seen in forcibly submerged animals.
Not all responses are identical in all animals igilidbut in general, before diving, animals
show tachycardia and tachypnoea suggesting thageoxystores are loaded before
submersion. Upon submersion there is a brief brardya befordy increases to a level close
or slightly below resting values. There is anotperiod of tachycardia as the animals surface
and replenish their oxygen stores. Heart rate teclines steadily before the next cycle
commences. Extended bradycardia below resting tadssbeen observed in diving birds

(Kooyman et al. 1992), but is more common in mamnm@mmals (Thompson and Fedak
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1993). These adjustments show that blood flow to-@ssential tissues is reduced (Bevan and
Butler 1992) to conserve oxygen stores and protbegduration of dives. Heart rates during
diving in birds are typically below those when eiging in air despite the fact that work is
being done under water (Millard et al. 1973, Woaded Butler 1983). Clearly the circulatory
responses are a trade-off between oxygen consemvasi seen in forced dives and increased
fu as seen during exercise. Animals exercising irslaaw similar circulatory adjustments to
those seen in diving animals, including a redistiitn of blood flow away from inactive
tissues (Butler et al. 1988) and increase of bltmal to active leg muscles (Bevan and Butler
1992). Interestingly, artificially extending divey preventing the birds from surfacing at the
end of a voluntary dive leads birds to switch fréims exercise modulated response to a
“classic” response, presumably in order to cons€wstores and therefore preserve life in a
dive of unpredictable duration (Stephenson et@86] 1992).

Considerations of conservation of oxygen storedendubmerged have led to the concept of
the aerobic dive limit (ADL) (Kooyman et al. 1981083). The ADL, also referred to as the
diving lactate threshold (DLT) (Butler and Jone®97) is defined as the diving duration
beyond which blood lactate (a product of anaeragh&tabolism) increases above resting
levels. To date, DLT has only been measured in $pecies (Kooyman and Ponganis 1998),
Weddell seals (adults and pupkgptonychotes weddgliiKooyman et al. 1980), Baikal seals
(Phoca sibirica (Ponganis et al. 1997a), California sea lionsn(Rmis et al. 1997c) and
emperor penguinsAptenodytes forstér{Ponganis et al. 1997b). In the absence of medsur
values, ADL has been calculated (cADL) based ornylmd/gen stores and diving metabolic
rate for a variety of species including southeepbbnt sealsMirounga leonind (Hindell et

al. 1992), thick-billed murres Ugia lornvia) (Croll et al. 1992), blue-eyed shag
(Phalacrocorax atriceps(Croxall et al. 1991), king penguins (Culik et 4b96a), Adélie
(Pygoscelis adelige(Chappell et al. 1993), chinstrapygoscelis antarctigaand gentoo
penguins (Culik et al. 1994). In these studiessasshers have concluded that many dives (up
to 90%) exceed the cADL (Boyd and Croxall 1996)isT8eems unlikely in the context of the
recovery times between dives, which should be @ssut with such dives and observed
patterns of diving behaviour and surface intervaration (Boyd 1997, Ponganis and
Kooyman 2000). The logical conclusion followingghs that there must be errors in the

15



Chapter 1

calculation of either @stores and/oV02 while diving (Boyd 1997, Ponganis and Kooyman

2000).

Oxygen stores are relatively easy to determineutjitoexperimentation (Lydersen et al.
1992), dissection or allometry, and researchers hdigscovered that diving animals have

particular adaptations including decreased respiyasystem volumes and higher oxygen

stores in the blood and muscle (Kooyman and Posdd98). Meanwhile, estimation Vbz

while submerged is widely accepted to be diffigflonganis and Kooyman 2000). There are
errors with estimating metabolic rate of individaativities and in particular diving, with all
the methods used thus far. Doubly labelled wataties give only an average metabolic rate
for the period of deployment. This makes it impbkesito partition energy expenditure into
resting, surface swimming, surface intervals antbnmrged swimming (Costa 1988).
Respirometry of animals swimming in flumes has besed to estimate metabolic rate while
diving but these are not necessarily analogousitmals swimming while diving due to the

absence of pressure effects on buoyancy and tbet eff accelerating and decelerating. In the

present study, the use of the heart rate methodldhalow the estimation ofx/o2 for

individual dive cycles and give some insight interegy use while submerged.

In addition, the present study might give an insigho other mechanisms which have been

suggested to IoweVo2 while submerged and allow dive durations to beemotéd. These

mechanisms include minimizing the buoyancy of eapped in feathers and lung volumes
(Lovvorn and Jones 1991), and the use of glidingwtmetabolic cost (Williams, T.M. et al.
2000). The devices used to measure heart rateeirpriasent study also record abdominal
temperature. Extreme declines in body temperatwer(1&C) have been observed in diving
birds, including king cormorant®fialacrocorax albiventgr(Kato et al. 1996), king penguins
(Culik et al. 1996b, Handrich et al. 1997), blueg&yhags (Bevan et al. 1997) and gentoo
penguins (Bevan et al. 1998). It is proposed thet drop in temperature can also lead to

reduced\]o2 while diving since metabolism is reduced at lowedy temperatures through

the effect of temperature on enzyme activity (thg €¥fect (Heldmaier and Ruf 1992)). In
addition, these regions will have lowered thermatawmry costs, leading to an apparens.Q
The precise cause of this drop in body temperasustill unknown. The ingestion of cold
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food is no doubt partly responsible (Ancel et &98), but in foraging penguins, temperature
recorded in the abdomen was even lower than tlzatrded simultaneously in the stomach
(Handrich et al. 1997). It is still unclear whethkese temperature drops are facilitated and
heat “dumped” to the water by perfusion of extréssit whether the temperature drops are
simply a consequence of changes in circulation bether some other mechanism is
involved. Simultaneous measurement of heart rat&gldepth and body temperature in the

present study might help to investigate this qoesti

The behaviour of diving vertebrates

The behaviour of animals which depend on divingoider to feed can be modelled as a
particular case of the “marginal value theorem” §@lov 1976). This theory predicts the
behaviour of animals that travel to feed on a pafoled resource at which the rate of energy
(food) intake decreases with time. It predicts #matravel time increases to the resource then
longer should be spent feeding at the resourcey #haugh the rate of energy gain decreases.
This theory is reasonably well tested and supponitd experimental evidence (Krebs and
Davies 1993).

Other authors (Kramer 1988, Houston and Carbon&)lf@ve used the marginal value
theorem to develop models of diving behaviour mbaeathing vertebrates. In this case it is
assumed that animals are attempting to maximiserdtee of delivery of oxygen to the
foraging area, which is usually assumed to beeabtiitom of the dive. It is also assumed that
this will maximise the mean rate of energy intakeprediction from these models is that
many of these dives will not use all of their oxggeserves during any particular dive. If, by
returning to the surface to breathe, the diveriparease the total time spent in the foraging
area of the dive when averaged across dives, tives dill be terminated before all oxygen
has been used up. Similarly, while at the surfaesd models predict that the surface will be
left before Q stores are fully replenished. This is becausé@fshape of the oxygen-loading
curve, where the rate of oxygen gain decreaseleasaturation point of £n the blood is

approached.
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This application of the theory to diving generatsseral predictions which have been
observed in freely diving animals. As dive duratiooreases, the time spent at the surface
between dives increases (Gentry et al. 1986, Krafi88, Croll et al. 1992, Chappell et al.
1993, Wanless et al. 1993, Costa and Gales 200, diiration increases with increasing
dive depth (Gentry et al. 1986, Feldkamp et al.919&oll et al. 1992, Chappell et al. 1993,
Wanless et al. 1993) and animals will regularlydfesg depths far shallower than their
maximum, or for durations well within their ADL (@G&y et al. 1986, Kooyman et al. 1986,
Feldkamp et al. 1989, Williams, T.D. et al. 1992).

Such cost-benefit considerations based on preyadiigty are probably as important as the
physiology of diving in governing observed behavouFedak and Thompson 1993,
Thompson et al. 1993). The location, density aretgetic value of prey in the water column
are probably the major factors influencing divinghhviour. What explicit tests there have
been of the Houston and Carbone type of models ghatvanimals do appear to dive with
regard to food intake rather than maximising diepttls or durations (Carbone and Houston
1994). In addition, these models predict that ailsnshould able to modify their behaviour
and switch to more inefficient anaerobic metabolignthis is advantageous in terms of
gaining food during a diving (Ydenberg and ClarkBQp This theory has still to be tested
rigorously but appears to be consistent with olegteyus of some animals including Weddell
seals (Kooyman et al. 1980, 1983). Other restmstior influences on such behaviours may be
due to environmental factors, multiple searchinghmés or prey types or strategies to avoid
surface predators. For example, some birds aréelihto foraging during the day time as they
are dependent on minimum light levels (Wilson et1&893, Wanless et al. 1999) or by the

amount of sea-ice cover in foraging areas (Wataatél. 1997).

Clearly a full understanding of observed patterhdiwng will be based on a combination of
the animals physiology, behavioural strategies ameéntions, prey characteristics and
environmental variation. Only detailed studiesragtéing to include all of these variables will
be able to explain observed patterns in diving. ughonot all of these variables will be
measured in the present study, an inclusive appraeitl be taken towards analysing
behavioural data on diving with simultaneously nueaed physiological data.
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Study species and sites

Macaroni penguins

Macaroni penguins are the most numerous of alprguins. In 1993, there were thought to
be at least 11.8 million pairs (Woehler 1993) bnega@n subantarctic islands. These birds are
distributed on both sides of the Antarctic convergezone (where the Southern Ocean meets
temperate oceanic waters (Fig. 1.1). In additigopreximately 850 000 pairs of royal
penguins Eudyptes schlegélibreed at Macquarie Island. This species is vémilar in
appearance and behaviour to the macaroni pengdis@ne authors have described the royal
and macaroni penguins as sub-species (Williams, T995). Also, (unsuccessful) attempts
by royal penguins to breed with macaroni penguengetbeen observed (pers. obs.). Macaroni
penguins often breed in large colonies of up to Q00 pairs (Williams, T.D. 1995), on steep
rocky ground on headlands and on level rocky grotypically devoid of vegetation. Nesting
sites may be several hundred metres away fromeheasd penguins will travel between the
two along well worn paths (Marchant and Higgins @9Williams, T.D. 1995). Macaroni
penguins are monogamous with long-lasting pair borfithey also show a high level of
fidelity to the breeding site. Breeding within cnies is largely synchronous with 95% of
clutches initiated within 4-6 days (Williams, T.Bnd Croxall 1991). The breeding season is
characterised by long alternating periods of fgstm land and foraging at sea (Williams,
T.D. and Croxall 1991) (Fig. 1.3).

The population of macaroni penguins at South Geofws been the subject of several
investigations (Williams, A.J. 1981, Davis et abP8B, 1989, Croxall et al. 1988, 1993,
Williams, T.D. 1989, Ghebresmeskel et al. 1991 dRstial. 1999) and is the only population
from south of the Antarctic Convergence that has ite breeding biology comprehensively
studied (Williams, T.D. and Croxall 1991) (Fig. L.At South Georgia, males arrive towards
the end of October, and are joined approximatetja@s afterwards by females. A nest is
made from stones, bones and other bits of debws. dggs are laid, though the smaller first
egg rarely hatches or fledges. Incubation takesld@& and comprises three long shifts; the
first is shared between the two partners, the sec®nndertaken by the female and the third

by the male. After the egg hatches, the male coasirio guard the chick at the nest until the
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chicks form creches at 23-25 days of age, he tlums @ff to sea. During this period, the
female provisions the chick at regular intervalslet days. When the male returns from the
post-creching foraging trip, provisioning dutieg ahared between the male and female until
the chicks fledge at 60 days of age. Once chicke ffladged, adults will depart to sea for a
foraging trip of 12-14 days before returning to todony to moult. Moult lasts 24 + 0.2 days
after which adults depart to sea. All adults hagpaidted from the colony by the end of April.
Nothing is known about the behaviour and locatibaromals during the winter, but there are
no observations of their coming ashore in large ey (Marchant and Higgins 1990,
Williams, T.D. 1995).

During the chick rearing period of the breedingseea parents forage at-sea and bring back
food, mostly antarctic krill (Croxall et al. 1997jor their chicks. Most foraging trips
commence at dawn (05:00 - 07:00) and finish dutivegafternoon or evening of the same day
(11:30 - 22:30). However some trips are longer antghals will remain at sea overnight
(Brown and Klages 1987, Croxall et al. 1993). Macapenguins dive to feed and data from
previous studies suggests that, for animals froottsGeorgia, most diving occurs during the

day to a median depth of 29 m (Croxall et al. 1988)
South Georgia and Bird Island

South Georgia is a mountainous island 160 km leryup to 50 km wide rising to 2935 m. It
Is situated approximately 250 km south of the AsttarConvergence between latitudeS 5
55° S and longitudes 36to 38 W (Fig. 1.1). Bird Island lies off the north-westetip of

South Georgia at 500's 3802'W and is 6.5 km long and up to 1.5 km wide veitburface
area of 400 hectares (Hunter et al. 1982). The larg of Bird Island is orientated
approximately E-W (Fig. 1.4). The northern coastsists of high cliffs rising to 365 m, and
is precipitous and devoid of beaches. The soutlvteast however has numerous gently
sloping rocky beaches (Bonner and Croxall 1988)st\dd the gentler slopes below about 100
m are clothed with tussock grad€Batadiochloa flabellaty but in places relatively level
meadows of shorter grass and other plants occwselare dotted with small pools. Lying
well to the South of the Antarctic Convergence tignate at South Georgia shares
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characteristics of the sub-Antarctic and maritimetakctic. Extensive meteorological data
from Bird Island is limited. However, the weatherpredominantly damp and cloudy with

frequent high winds. Mean daily temperatures vamynf-ZOC to PC in summer and from -

10°C to £ in winter (Richards and Tickell 1968). Snow occir all months of the year but
there is no permanent snow or ice on the islandpagh late snow patches may extend until

January.

Most of the animals used in field deployments wtaieen from the small macaroni penguin
colony at Fairy Point on the northern side of Bsthnd (Fig. 1.4). The birds nest on a gently
sloping smooth rocky patch surrounded by tussoelsgiand with a southerly aspect. The
penguins enter and leave the sea from a flat rbeK éthe 'landing stage') and ascend to the
colony via a steep and well-worn rocky path (tadder’). At a point where the path narrows
and must be crossed in order for access for thengdio be gained, there is an automatic
device to read passive implanted transponder (fRJS. During the 1997/98 season, 580 pairs
of macaroni penguins nested at this colony. Otlwelsbvere taken from a larger colony at
nearby Goldcrest Point. This colony is also on tibeth side of the island and there were
approximately 26 307 pairs of penguins nested lodemeng the 1997/98 season. Surgical
operations and experiments with captive birds vweréormed at the British Antarctic Survey
base at Jordan Cove on the south side of the island

Summary

The principle aims of the present study and theptha in which these objectives are

addressed, are as follows:

1. Derive a relationship between heart rate and ratexggen consumption in macaroni
penguins, allowing for differences in physiologistdtus (chapter 2).

2. Quantify and evaluate the errors associated witimating rate of oxygen consumption
from heart rate in the field (chapter 2).

3. Estimate metabolic rate from free-ranging macapamguins (chapters 3 and 4).

4. Estimate metabolic rates associated with differtivities and phases of the breeding

season (chapters 3 and 4).
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. Investigate energy expenditure and metabolism dudiving in free-ranging macaroni
penguins (chapter 5).
. Examine changes in abdominal temperature assocwitbddiving and evaluate their

effect on metabolism and diving behaviour whileafging (chapter 5).
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7. McDonald
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8. Macquarie
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Figure 1.1. Map of Southern Ocean fron? &uth, showing location of South Georgia and
other Sub-Antarctic islands with populations of arani or royal penguins. Dotted line

represents the approximate position of the AntarConvergence.
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Figure 1.2. Diagram showing major features of thedweb of the Scotia Sea around South
Georgia and the central role of Antarctic krill. itk arrows depict particularly strong

preferences/dependencies.
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Figure 1.4. Map of Bird Island showing locationméin base and study sites.
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Summary

Twenty-four Macaroni penguin&Qdyptes chrysolophuérom three groups: breeding males

(n=9), breeding females (n=9) and moulting feméhe) were exercised on a variable speed

treadmill. Heart ratefi) and mass specific rate of oxygen consumpt%g ) were recorded
from the animals, and botly and s\/o2 were found to increase linearly with increasing

treadmill speed. A linear regression equation diesdrthe relationship betweénand 5\702

for each individual. There were no significant eifnces in these regressions between

breeding and moulting females. There were significdifferences in these relationships
between females and breeding mafgsand s\/o2 were recorded from five of these animals
for a total of 24 hours. Whefa was used to predics’a\/o2 for the 24 hours with the derived

regressions, the estimate was not significantljetbht from the measured values with an

average error of —2.1%. Whénpwas used to predicsl\/o2 for the five minute intervals used

for the calibration in all 24 birds, the estimat@aswnot significantly different from the

observed values, and the average error only +0.43#ce thdy /5\702 relationship was the

same during periods of the annual cycle when amsimakre inactive/fasting and
active/foraging, it seems reasonable that as Isngea differences are taken into account, that
fu can be used to predict metabolic rates of fregirgnmacaroni penguins all year round.
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Introduction

Approximately 80% of the avian biomass in the Actiarregion is made up of penguins
(Croxall 1984). In the Southern Ocean around thends of South Georgia, large resident
populations of penguins (Woehler 1993) are thoughte significant consumers of marine
resources (Croxall et al. 1997). These resouradada Antarctic krill Euphausia superba
which is the major food item for several specieduding Antarctic fur sealArctocephalus
gazelld (Reid 1995, Reid and Arnould 1996) and gentoogpen (Pygoscelis papya
(Croxall et al. 1997) and also has the potentiaforon a major fishery. Most models that
estimate population food consumption are basedhergetics (Croxall 1995). Thus, accurate
estimates of energy expenditure are essential embegy budgets of individuals that are used
to construct population energy budgets and foodswmption rates should, ideally, be
sensitive to changes in behaviour so that diffeckadses of individuals (e.g. adults, juveniles,
breeders, non-breeders) can be reflected in theyeheidget. To avoid the need to measure
energy expenditures in all of these classes ofiiddals it is important to be able to construct
energy budgets from activity budgets. This requitke measurement of the energy
expenditures associated with the major classestwitg, such as swimming, diving, feeding,

walking, incubating and moulting.

Several studies have attempted to obtain the ermglg of specific activities in penguins,
either in the laboratory (Pinshow et al. 1976, Budind Woakes 1984, Baudinette and Gill
1985, Culik and Wilson 1991), or in the field thgbuthe use of doubly labelled water (DLW)
(Davis et al. 1983, Nagy et al. 1984, Costa e1 @86, Nagy and Obst 1992). DLW can give a
reasonably accurate estimate of energy expenduran animal, and is relatively simple to
use in the field. However, the estimate obtainednly an average for the duration of the
experiment, which is limited to a few days in peinguby the biological half-life of the
injected stable isotopes (Speakman 1997). Desgitgements to this technique (Davis et al.
1989, Culik and Wilson 1991, Gales et al. 19933 &till difficult to obtain estimates of rates
of energy expenditure for specific activities sashforaging, sustained swimming or bouts of

diving.
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More recently heart ratdéy) has been used as a proxy for the measuremenetabuwiic rate
(Owen 1969, Nolet et al. 1992, Bevan et al. 19995t, Boyd et al. 1995, Butler et al. 1995).

Heart rate and rate of oxygen consumptidaz() are related to each other, as illustrated by

the Fick equation (equation 2.1).

Vo, = fi XVs(C02 - CyOy) (2.1)

(where VOZ: rate of oxygen consumptioffy = heart rate,Vs= cardiac stroke volume

(amount of blood pumped during one heart b&af), = oxygen content of arterial blood and

CyO, = oxygen content of mixed venous blood.)

If V5(C,0,-Cy05), the oxygen pulse, remains constant or varieesyaically, then it is
possible to demonstrate a simple relationship bmmé)z andfy and hence calculate the

former from the latter (Butler 1993). Studies hahewn that this method is at least as robust
as DLW for most species, including gentoo penguiBevan et al. 1995c). Recent
developments in technology with regard to electraniniaturisation have made it possible to
monitor and recordy in free-ranging animals over long time periods @kies et al. 1995).
Heart rate is then a feasible and useful technfquestimating metabolic rate for extended

periods of up to a year at a resolution of jusew Mminutes. However, the success of this
technigue depends on the robustness of the rethilpnbetweenfy and \702. Ideally,
validation is required at different times of ye&tyfin and Gessaman 1979) under differing

social conditions (Holter et al. 1976), for diffatesexes and for all types of activities

(Woakes and Butler 1983) so that any appropriateecbons can be made.

The present study tests the hypothesis that hat@rcan be used as a proxy of metabolic rate
in macaroni penguin€E(dyptes chrysolophusThe aims are to: (1) measureand V02 of
penguins walking on a treadmill and determine &lationship between these two variables;
(2) develop and refine the statistical methods usedescribe this relationship and the errors

associated with its use; (3) determine whetherrétationship is valid over an extended
period in the laboratory; (4) determine whethes thglationship is significantly different at
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different stages of the annual cycle when the alsinmmay be experiencing different
physiological stresses.

Materials and methods

Animals

Although the United Kingdom Animal (Scientific Pextures) Act 1986 does not apply to
South Georgia where this study was conducted, wee weeticulous in following its
provisions, especially those set out by the Homéc®fin the Official Guidance on the
operation of the Act. As our benchmark, we follongaddance to researchers using similar
methods in the United Kingdom. Our procedures alsoformed to the Code of Ethics of

Animal Experimentation in Antarctica.

All experiments were performed at the British Antar Survey base at Bird Island, South
Georgia, during the austral summer of 1998/99. Tywésur macaroni penguins were caught
from the colonies on the north side of the island &ansported back to the base. Animals
were sexed using bill size measurements, a reliadgdthod for this species (Williams and

Croxall 1991). Nine male (mean mass = 3.89 kg) ming female penguins (mean mass =
3.26 kg) were used during the early part of theethrey season (late November to early
January) and six further females (mean mass =lgPp%Were used during the middle of their

moult (late March). All penguins were kept overtigihior to the experiment, in an outdoor

enclosure, without food, but with access to wateensure that they were post-absorptive.

Experimental apparatus

An open circuit respirometry system similar to thiaed on gentoo penguins (Bevan et al.
1995c¢) was used to measure rates of oxygen consanmguid carbon dioxide production. A

Perspex respirometer was fixed to a variable-speadimill (model EG10, Powerjog, Sports
Engineering Ltd). The respirometer was equippedh titee fans in a side compartment that
ensured good and rapid mixing of air. Brush-stytaught excluders ensured a good fit

between a wooden frame, fixed to the treadmill #amnd the treadmill belt, while foam
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rubber seals ensured an air tight junction betwteenrespirometer and wooden frame. Air
was drawn through the respirometer using an airgp(B105, Charles Austen) at about 60 |
min™, measured using an electronic flowmeter (100 Fp;SMcMillan Co.) which was
calibrated at the beginning, middle and end ofsiges of experiments using two 40 | thin
variable area flowmeters (Fisher Controls 1100)subsample of the outlet air flow was
passed, via a container of drying agent (silicg, gel an infrared C@analyser (Servomex
1410) and then to a paramagnetie @&alyser (Servomex 570A). A solenoid valve (RS
Components Ltd.) switched between sampling outled ambient air. The atmospheric
pressure was measured using an electonic baropretesure transducer (Farnell Electronic
Services) and the humidity and temperature of hibélh outlet and ambient air were
continuously monitored using suitable sensors @hEiectronic Services). The@nd CQ
analysers were calibrated with atmospheric airogén and a specially prepared 1%,00

N2 mixture (Air Products Ltd.).

The output signals from the,Cand CQ analysers, humidity and temperature sensors,
barometer and flowmeter were passed to a purposeitierface box that amplified the
signals to a standard range of —10 V to +10 V. dimglified output voltages were passed to
an analogue to digital converter unit (DAQPad-1208&tional Instruments), then to a desktop
computer (Viglen Genie Professional). The compsag&npled the outputs at 1000 Hz, took a
mean of these values and saved them to a file eM@iy with a program developed using a
software package for automatic instrumentation Yl&bV, National Instruments). The
penguins were monitored on the treadmill using asexdl circuit TV system, to avoid any

disturbance caused by observers.

Heart rate was sampled using a miniature heart data logger (HRDL) designed for
abdominal implantation (Woakes et al. 1995). Thasice samples and stores heart rate every
15 s. For animals during the breeding season,dteldgger was mounted externally to avoid
the post operative recovery time associated withlamtation of these devices. Moulting birds
were implanted, as the large amount of subcutantadwdeposited as reserves for the moult
made it impossible to obtain an electrocardiograms.g.) free of interference if the device
was mounted externally. The birds were implanteddys before the calibration experiments

which allowed a more than adequate recovery timevéB et al. 1995a). For external
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deployment, the electrodes of the HRDL were reglagigh 20 G hypodermic needles and the
complete unit weighed 25 g. The HRDL was attacleethé dorsal feathers using adhesive
tape and the two needles inserted subcutaneouséymbst satisfactory position was for one
electrode to be positioned at the back of the nanl, the other underneath the left flipper.
This position gave the best e.c.g. signal, fremtafiference caused by other electrical activity
such as that associated with muscle contractionw@$ as storing the heart rate data, the
HRDL also emitted a radio signal when an e.c.g. eetected and this was picked up using a
receiver (877R, International) tuned to 115 MHzisT$ignal was monitored at all times and
could be counted, using a hand tally counter, loutate a heart rate as a back up to the
HRDL.

Protocol

Once equipped with a HRDL, the penguin was intreduato the respirometer. The bird was
initially left for at least an hour to attain a tieg metabolic rate, which was judged to occur
when a stable value of rate of oxygen consumptih leen observed for 25 min. After the
resting measurement, the bird then walked on #dmill at nine speeds, every 0.2 ki h
from 0.2 to 1.8 km 1. The sequence of workloads was randomly assighedgh not every
bird could walk at the highest speed. The penguimdertook three exercise periods, with 30
min rest between them. In each period, the pengwiged for 30 min at each of three
different speeds. At each speed, limb frequency dedsrmined by counting the number of
steps taken by the right leg during three minudsasurements of heart ratep, GCO,,
humidity, temperature, pressure and flow were tadartinuously throughout the duration of
the experiment, but for calibration calculations tfalues from only the last five minutes of
each rest and exercise period (when steady staditioms had been achieved) were used.
Heart rate was also counted from the radio sigmatHis five minute period. After the final
exercise period, the penguin was kept in the respater for at least one more hour to take a
final resting rate in darkness. Five of the penguamained in the respirometer overnight, for
a total of 24 hours, in order to gather more datsaalidate the findings from the calibration
runs. These penguins walked for a further hour lainlhi* the next morning. The room used
for respirometry had large windows and adequatéilaéon and therefore conditions of light

and temperature were very similar to the natueesin the colony. The average temperature
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inside the respirometer from all experiments we&8 7 0.25C which was only slightly
higher than the average temperature of 5.78 +W38utside the room used for respirometry,
from where the ambient air was sampled.

Analysis and calculations

Rate of oxygen consumption was calculated using éfeations of Depocas and Hart
(Depocas and Hart 1957), modified by Withers (Wi$hEQ77) (equations 2.2 and 2.3).

Fco,out ~Fco,amb

Vo, =Vstpp* F _F (2.2)
COont COzAmb
1-@- * Fco,Amb)
Fo,amb ~Fo,out
. VstppX(F -F -Vco, xF
Vg, = STPD (Fo,amb ~Fo,out) ~Vco, * Fo,amb (2.3)

2 1-Fo,Amb

(where Vs1pp is the flow rate of air through the respirometerml min® corrected for
standard temperature and pressure, dryB§gbut Fo,amb: Fco,out andFco,amp are the

fractional concentrations of@nd CQ in outlet and ambient air respectively.)

Rate of oxygen consumptiory, is also commonly expressed as mass speédic (sVo, ),

in order to correct for the potential effects dividual differences in the mass of animals. A

function based on the relationship between resﬂag and mass is used to modl‘fiSo2 to

give sVp, -

The data obtained during the calibration experimevtse used to derive an equation to

estimates\/o2 from heart rate. During the validation experimetiss equation was used to

derive predicted values cﬂ\/oz over two time-scales. Firstlys\/o2 was estimated for 30

min periods throughout the whole 24 h, to see wdrethort term changes in metabolic rate
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could be accurately predicted. Seconeﬂ)jb2 was estimated over the whole 24 h period to

see whether longer term estimates of metabolicwate accurate.
Statistics

Statistical testing was performed with the spreadstpackage Excel (Microsoft) and the

statistical packages Minitab (Minitab Inc.) and aygSPSS Inc.). Least squares regressions

were used to determine the relationships betweem wariables (e.g.fy and 5\702 for

individual calibrations). Regression equations wesenpared using an analysis of variance
general linear model (GLM) (Zar 1999). Studemitest was used to compare the significance
of any difference between the means of two poparati Analysis of variance (ANOVA) with
Tukey post-hoc testing was used when more than tpulptions were compared. Results
were considered significant at P <0.05, and ardeglat the level at which they were found
to be significant. All mean values are given + S.E.

Results

Effect of mass

Resting \702 increased with body mass in kg. Over the rangeatdies for mass in this

experiment, the relationship was best described lyear equation (equation 2.4).

\/o2 = (mass x 12.11) — 5.99, n = 24=0.53 (P <0.001) (2.4)
(where mass is in kg andy, is in ml min)
A similar coefficient of determination was obtaingden using the logarithms of both axes to

investigate the power relationship between the waables (> = 0.52). The relationship

between mass and restil\i(g)2 is often described by a power relationship (SchiNielsen

1984), especially where the range of body mass reatg(typically several orders of
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magnitude). In the present study however, the mmjebody mass and restir\éb2 were

relatively small and since the aim is merely toreor for the potential effects of variation in

mass then the linear relationship can be usedrtwedsV, . As such,sVq, is merelyVo,

divided by the mass of the animal in kg.
Calibrations

During rest periods, some penguins would preenneestigate the respirometer but most

would usually stand hunched, a typical behaviouictvhwas observed in the colony, or
occasionally lie prone (on the belly). For all miduals the minimum values &f and s\/02
occurred during these rest periods. If all restiatpes from all individuals were pooled into
groups (breeding females, breeding males, mouténtales), then the mean values of resting
fu and sV, were significantly different (ANOVA; fofy Fz, 1= 10.39, P <0.001, fosVo,

Fe, 21y= 3.47, P <0.05) (Table 2.1). Further post-hoc Tuksys showed that restifigof the

breeding males was significantly less than thoseb&ah breeding and moulting females (P

<0.05). However there was no difference in restingetween breeding and moulting females

(P >0.05). Restings\/o2 of males was significantly less than that for niogl females (P

<0.05) but there were no significant differencesrasting s\/02 between breeding and

moulting females and between breeding males andlé&niP >0.05).

The fastest walking speed attained by the birds wgaslly 1.8 km H except for two of the
moulting birds that could only sustain 1.6 ki KMaximum values ofy and s\/o2 occurred

at either the fastest or second fastest walkinge&gpéd the maximum values from each
individual were pooled into groups and these meaximum values were compared, there
was no significant difference between maximlﬂskfb2 (ANOVA F(, 21y = 0.97, P >0.05)
(Table 2.1), but there was a significant differebedween maximunfiy (ANOVA F2, 21) =
4.72, P <0.05). Further post-hoc Tukey tests shotirede was no difference in mean

maximum fy between breeding males and females, but both edetlygroups had a mean

maximumfy that was lower than that of moulting females. Thees consistent variation
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between groups in factorial increasesfinand s\/o2 from resting to maximum activity

(Table 2.2). For botHfy (ANOVA F, -1y= 4.33, P <0.05 with Tukey test) an‘z.‘i/'o2

(ANOVA F(, 21y= 4.08, P <0.05 with Tukey test) the factorial gase from resting to
maximum activity was not significantly different teeen breeding males and females but

was significantly different between breeding maled moulting females

With the results from all birds pooled togetherthydy and 5\702 increased linearly with

treadmill speed (Fig. 2.1). These relationships veeté significant (P <0.001) (Equations 2.5
& 2.6).

fy = (treadmill speed x 33.48) + 109.15, n =24 0.99 (P <0.001) (2.5)

(Wherefy is in beats mitt and treadmill speed is in km'h

5\702 = (treadmill speed x 10.66) + 14.02, n =1Z4= 0.98 (P <0.001) (2.6)
(wheresV, is in ml min* kg* and treadmill speed is in kni'j

Heart rate ands\]o2 were well correlated in each individual (Fig. 2.Zhese relationships

were best described by a linear function, (TabBe-2nearr?= 0.85 + 0.024), and the fit was
not improved by logtransforming the data (meaf= 0.81 + 0.030). ANCOVA (P >0.05)
was used to compare the values of the constantiseair(tercept) and b (the slope) of the
individual regressions within each group. This asiglyshowed no significant differences
between the slopes but did show significant difiees between the intercepts within each
group. Because the penguins selected were a rasdample from a wider population, the
intercepts were regarded as a random sample fraistabution of intercept values and a
random effects model was adopted. An additionalleanterm was therefore introduced into
the model by allowing the intercept to be entered aandom effect in an appropriate analysis

of covariance. The equations derived for each ofjtbeps in the present study are:
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Breeding males: sV02 = (033x fy)-18 .77 n=9 r’=0.91 (2.7)
Breeding females: s\/02 = (030x fy)-17 40 n=9 r’=0.84 (2.8)
Moulting females: sV, = (027 fy) —20 94 n=6 r’=0.81 (2.9)

(WheresVg_ is in ml min' kg™t andfy is in beats mit.)
02

The standard deviatiorog) of an estimate made using a regression equasiorbe used to
calculate confidence intervals for the regressior [see Zar (1984) p 273 for definition].
However, in the present case, the presence ofcaperas a random factor leads to the
introduction of an additional error term in the adation of oy and the equation used to

calculate it must be modified (equation 2.10).

+\2
Og = dz{i}+e2{i+m} (2.10)

(where d = the error associated with the variation betwpenguins,n; = the number of
penguins used in the calibration proceéss ¢he error associated with the scatter around the
regression linesy, = the total number of data points in the regressk = the mean value of

heart rate used in the regressi¥n= the value of heart rate for which is to be estimated,

sz = the sum of all the squared values of heartuasel in the regression.)

The value of § the variance associated with the random disiobutf intercepts, and’ethe
variance associated with the scatter of pointsraddbe individual regressions would tend to

decrease if more penguins were used in the cadbioratocess.

If the equation is to be used to estimzsﬁlb2 from an average value &f measured in the

field, then a further additional error term is addeee Zar (1984) p 275 for definition] to
account for the variation within the new individsiaelected randomly from the field. In the

case of this model, another error term is oncenagdroduced to account for the variation
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between the individuals selected randomly fromfiibld. The standard errar; of an estimate

of s\/02 made from an average valuefgtaken from the field is given by equation 2.11.

T \2
0.1:\/d2|:i+i:|+82{i+i+(xi -X) } (2.11)

2
n n, n, n, )X

(where d = the error associated with the variation betwealibration penguinsn, = the
number of penguins used in the calibration proaess,the number of penguins from which
the field value of heart rate was obtain€dzehe error associated with the scatter around the
regression linesy, = the total number of data points in the regregsip= the number of data
points from which the field value of heart rate wodgained,X = the mean value of heart rate

used in the regressioR, = the mean value of heart rate from the field fnwhich o; is to be

estimated,z x? = the sum of squares (SS) of the values of hatetused in the regression.)

If the values ofnz andn, are set to 1, then equation 2.11 can be usedddupe 95%

prediction intervals for the regression (Fig. 2A3. the values oh;, n3 andn, increase then
o1 will tend to decrease as a proportion of the egenfléig. 2.4). The value of; is dependent
on the number of data points used to derive theaged, and sincdy can be recorded over

periods of five minutes for several days at a timehe field, the value of the error term

involving ny will tend towards zero, increasing the accuracyhef estimate oB\/o2 . This

also illustrates the importance of recordipgrom as many individuals as possible in the field

so thatns is high and the value of that error term will alead towards zero (Fig. 2.4).

Random effects analysis of covariance can also de#l o compare the three common
equations and determine whether they are simifathd intercepts are treated as random
effects, and hence would potentially take differesiues if the whole experiment were to be
repeated, there was a significant difference betwdne slopes for breeding males and
breeding or moulting females (P <0.01). Howeverdghgas no significant difference in the
slope between breeding and moulting females (P5¥0Xhe individuals from breeding and

moulting females were therefore considered togedhdra new common regression equation
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for all females was derived (equation 2.12) whishstill significantly different from the
regression equation for males (P <0.01). Smgef all females is significantly greater thag

of males, (F-test P <0.05), then the variance corapts for both groups must be calculated
separately. If there had been no significant défifiee, then the data from all the individuals

could have been used to calculate the varianceditr common regressions.

All Females: s\/o2 =-1888+ 029x fy n=15r?=0.83 (2.12)
(wheresVp, is in ml min* kg™ andfy is in beats mif.)

Validations

Breeding female penguins were used to validatgtbeedure and determine its accuracy in
estimating rate of oxygen consumption from heaté f@r macaroni penguins. The data
obtained from the five penguins kept in the respeter for 24 h were divided into 30 min
segments. The mednfor each 30 min segment for each individual bimbwsed to estimate

5\702 for that segment using a version of equation 2rb@dified by not including the
calibration data for this individual (Fig. 2.5).délicted s\/o2 was plotted against observed
s\/02 and the regression line between the two was $igmifly different to the line of
equality. However, the mean of these estimates\}@j‘2 was 15.29 + 0.51 ml mihkg,

which was not signifcantly different from the obssat means\/o2 of 15.70 £ 0.48 (paired-

samplet-test, P >0.05). Percentage error for these estsnat calculated by dividing the

difference between the estimated and observed vdlye¢he observed value and multiplying
by 100. The average percentage algebraic erroll tfiea30 min segments, which takes the
sign of the difference into account was 0.74%. Havethe range of this error was from —
59.90% to +114.52% and so the average absolute, extach ignores the sign of the

difference between the observed and estimated sjakses 30.02%.

However, in a study of this nature, it is more appiate to look at the average oxygen

consumption and error for the whole 24-hour pefiod each individual bird (Table 2.4).
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There was again no significant difference betwdenrheans of the observed and predicted

s\/02 (paired-samplé-test, P >0.05), and the average algebraic errer-243%. In this case
the average absolute error was 24.91%. If equafidiizand 2.10 are used to calculzsh*ig)2
andoo from the mean value df; obtained from the validation then the estimates\«z}f)2 is

15.54 £ 1.24. The averaged measured value\/@f2 is within the 95% prediction intervals

for this estimate and the algebraic error of tisisneate is —1.03%.

As a further check on the validity of tlig¢ method, the data used for the calibrations were
examined. For each animeﬂv'o2 was estimated using modified versions of equat®is
and 2.12 for males and all females respectivelyereshthe constants for the slope and
intercept were calculated using the data from ttleeromembers of its group. This was

repeated for each animal, and average observegraditted values oi;\io2 calculated for

each animal. Again if predictesk/o2 is plotted against observesi\J/'o2 then the regression
line between the two variables is significantlyfelient from the line of equality. However,
within both groups and for all the individuals teevas no significant difference between the

estimated and measure\i'o2 (paired-samplé-test P >0.05 Table 2.5).

Discussion

The accuracy and usefulnesdpfor determining metabolic rate in free-rangingdars has
already been demonstrated for a number of diffespeies. Previous studies have shown
thatfy is at least as accurate as DLW (Nolet et al. 18@2an et al. 1994, 1995c, Boyd et al.

1995) and that for gentoo penguins the relationbleipveenty and s\/o2 is the same when

exercising by walking or by swimming (Bevan et H95c). Following on from that work,
the present study has three main aims: firstly &bemnine and validate thﬁp/s\/o2
relationship for macaroni penguins to determirfg dan be used as a technique for measuring
the rate of energy expenditure of these animatherfield; secondly to find out whether this

relationship is valid for different sexes and stagéthe penguins’ yearly physiological cycle;

finally to develop further the statistical methodsed to derive these relationships and
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determine and minimise the errors associated vgithguthem to estimate field metabolic rates
(FMR).

Resting s\]o2 determined in the present study is 15% lower tt@nFMR of 12.24 ml ©

min’ kg™ for incubating macaroni penguins estimated fromAD{Davis et al. 1989). This
seems reasonable since conditions inside the oaseter are likely to be less stressful than
those in the colony. Even though the temperatutkenrespirometer was only 22C higher

than the external temperature, the penguins weoteged from wind chill factors so

thermoregulation could be partly responsible fosed s\/o2 in the field. Comparison with

resting s\/02 of other penguin species, obtained by respiromgtiggests that the resting

rates of macaroni penguins in the present studycamgparable to those from other species
(Fig. 2.6). Resting metabolic rate (RMR) decreasgsonentially with increasing body mass

(equation 2.13) and the values from the presentydtll very close to this line.

RMR =1479(mas3®?*  (r?=0.65, P <0.001) (2.13)

FMR using DLW for the moult was 20 ml,@nin™ kg™, (Davis et al. 1989) which is 73%
higher than the value for resting metabolic ratenoiilting birds in the present study, but the
value of FMR was taken from the field and hencegsin likely to be higher than that

measured in the laboratory.

Maximum rates ofs\]o2 measured in the present study are nearly 50% I|tivear estimates

made of FMR using DLW while foraging (65.67 mj @in’ kg™, (Davis et al. 1989)), and
also up to 30% lower than estimates of MR whilensming at average speed made using
respirometry (4.2 x RMR, (Culik et al. 1994)). Ttagpports the proposal that estimates of
energy expenditure made using DLW for diving andrawing birds and mammals may not
be of acceptable accuracy (Bevan et al. 1995b, Bxbyal. 1995). Analysis df; data from
free ranging macaroni penguins will indicate whettings is a possibility. DLW is a useful
technique but there is potential for bias in estemanade using it if the assumptions inherent
in its implementation are not upheld, and in ortteuse it to give activity-specific energy

expenditures, further assumptions must be made.
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The maximum walking speed of the penguins in thes@nt study was 1.8 kmithWhen
compared with data for other penguins walking @admills, this value is lower than those
reported for Adélie (3.7 km™, emperor (2.8 km), white flippered (2.7 km ) (Pinshow

et al. 1976) and king penguins (2.6 ki) fFroget et al. 2001), but faster than the 1.5HKm
recorded for gentoo penguins in a very similar expental situation (Bevan et al. 1995c).
The reasons for this are unclear. It is possib& the penguins used in the earlier studies
were trained to walk on the treadmill but more Ijkthat these species are in general better
adapted to walking than macaroni penguins. EmpandrAdélie penguins may have to walk
up to 100 km over ice to reach their colonies (FRaws et al. 1976) and king penguins may
also have to walk large distances to their colonéacaroni penguins typically have to walk
no further than a few hundred meters from landirgaga on the shore to their nest sites
(Marchant and Higgins 1990). This journey is usualler steep rocky ground and the
penguins tend to hop rather than walk. On the traéiddhowever, the macaroni penguins
could not be induced to hop, even at high speedsctines of 22°, and seemed untroubled
when walking steadily. Gentoo penguins walk onigtdly greater distances than macaroni
penguins (Marchant and Higgins 1990), so their lomaximum speed may have a similar

explanation.

As with emperor, Adélie and white flippered peng;l,xisr\/o2 andfy both increased linearly

with treadmill speed. There was no initial sharpréase from resting rates, followed by a
steady increase as seen in other studies (Nolat 992, Bevan et al. 1994, 1995c). It is
suggested that this initial increase is due todhange in attitude from lying or sitting to
standing and walking. Gentoo penguins, geese abatrakses tend to sit when resting
whereas macaroni penguins usually remain standiing starting of the treadmill and

accompanying noise may startle some species, wthiers may never be comfortable on the

treadmill, so leading to raised\/02 and fy. The macaroni penguins seemed relatively

untroubled on the treadmill, and rarely tried tosgse or jump out of the respirometer.

The relationships betwedn and s\/o2 for all individuals were well described by bothdar

and curvilinear regressions. However, the linegrassions provided a slightly better fit. A
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curvilinear relationship betweefy and s\/o2 has been found in other species (e.g., emu,

(Grubb et al. 1983), gentoo penguin (Bevan et @5t) and black-browed albatross (Bevan
et al. 1994)) though in these cases a linear oglsltip also gave a reasonable fit. Within each
group, analysis of covariance showed that the slopere the same but the intercepts
significantly different. In this case, random etfeanalysis of covariance was used to derive
group relationships and standard errors. Howevetha slopes as well as intercepts are
significantly different within a group then all théata should be pooled and a simple
regression derived from this pooled data (Hawkinal.e2000). This represents a case where
the individual variation is even greater than tlatthe present study, and hence the

regressions will be less accurate, with more eassociated with their implementation in

estimation ofsVq, -

In the present study, random effects analysis whcance was also used to show that, despite
a great deal of individual variation, there was significant difference in the relationship

betweenfy and s\/o2 between breeding and moulting females. Howevegrethwas a
significant difference in the relationship betwdgrand s\/o2 between breeding males and

females. Differences in tffa/s\/o2 relationship between sexes have not been demtetstra

previously. However, it is not always clear whethe sexes of the animals used in similar
experiments had been determined. Failing to deternthe relationship in different sex

classes and at different times of the breedingosedms often been cited as a possible
weakness in thé, technique (Holter et al. 1976, Flynn and Gessafd@rd, Woakes and

Butler 1983). This present study shows that theselegitimate concerns and, wherever
possible, sex differences must be taken into adcebien using the heart rate method. Male
macaroni penguins have a significantly greater bodgs and body size. It is possible that

this sexual dimorphism in body mass and size islired in creating the difference in the

relationship betweery and s\/oz. However, it seems unlikely that the differencedise

simply to body mass and size itself. Mass was ctetefor in the analysis and moulting

female penguins weigh significantly more than bnegdemale penguins and no difference in

the relationship betwedp and sV02 was found when these two groups were compared.
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Moulting penguins undergo extreme physiologicaéstr (Brown 1985) and even though

values offy were significantly higher both at rest and at nmaxin speed, an(sls\/o2 was

significantly higher at rest than those in breeg¥egguins, there was no significant difference

in the relationship betweefy and s\ioz. Moulting a complete set of feathers is an

energetically costly exercise and metabolic ratesapected to be elevated (Brown 1985).

Analysis of the errors associated with estimat'sr‘q'@)2 from fy gives a more quantitative

description of the assertion that increasing thalmers of animals and data points in both the
calibration process and field work is essentiahinimising the error of the estimate (Nolet et
al. 1992, Bevan et al. 1994, 1995c, Boyd et al.5)9Bigure 2.4 shows that increasing the
number of animals from the field continues to i@ the accuracy of the estimate up to
approximately 20 animals, but beyond this gain isimnal. Similarly, if the number of data
points per field animal for 10 animals increasesvabapproximately 10 then there is very
little improvement in accuracy. This means thathis example, with 10 animals from the
field it would be possible to estimate the costanfactivity with only 10 data points. This
would mean that the animals need only perform ainigconce for 50 min or 10 times for 5
min on each occasion, representing a very fineestfalesolution for energetic measurements.
Figure 2.4 also shows that benefits of increadmegriumber of calibration animals used. We
assume that the animals used in the calibrationrataly represent the variability in the
population, but the more animals used the moreameaccurately model this variability. One
restriction of thefy technique is that in order to use a regressioatiogiship it is only
statistically sound to use valuesfgffrom the field from within the range of values fmlin

the calibration procedure. To extrapolate the i@tahip beyond these boundaries is not valid

since other physiological changes could be ocagmwinwvhich we are unaware.

Validation

The equation derived to relafg to s\/o2 was applied to two sets of data to assess the

accuracy of the relationship for macaroni penguiiben the data from the 24 h validations

were examined, the relationship between observ«ai:le&i;llimateds\/o2 was significantly
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different from equality, but usindy to estimates\/o2 for the whole 24 hour period
underestimateds\/o2 by only 2.13%. When the data from the calibratrans only were
examined, the relationship between observed anthasd s\/o2 was again significantly

different from equality, tending to overestimzset‘ei!o2 at the highest levels of activity (Fig.

2.5), as was also seen with gentoo penguins (Be&taal. 1995c). However since the
magnitude of these overestimations can be quashtifien it is possible to compensate for it
when considering activities recorded from the fielaich have a corresponding high average

heart rate. When the full range of heart rates ftbencalibration runs is considered, tHgn

overestimateds\/o2 by only 0.47%. It seems, therefore, thatan provide a good estimate

of mean s\/02 over a range of activities in macaroni penguirtse absolute errors in these

validations are relatively large (25% and 21% resipely) but this is to be expected since
there is considerable individual variation, whicle vaave modelled and accounted for.
Validations of the DLW technique show a similartpat where the technique is as accurate

asfy but the mean absolute errors can be as large%agBvan et al. 1995c¢).

The regressions derived can be used to predicesabd s\/o2 of birds in the field from

values offy which are the average of many data points fronersg\animals. It is easy to
compare averages of heart rates for different éietsy but less obvious how the values of
5\702 predicted from the regression equations may bepeosd. One way in which this
could be achieved is by examining the distributodrdifferences between the averages for
each activity for each animal. For example, an ayeiy, is recorded from each afpenguins
for two activities a and b, and for each mean valuk, a value ofs\]o2 is calculated using
equation 2.7 or 2.12 as appropriata. fer each estimate should be calculated, but amgitti
the error term involvingy; since in this case each penguin is consideredithdilly and is

not representing the whole population. For eaclhviddal, the difference between tlw"o2

value for a and b (D), ands the variance of D which is the sum of the twaamees for the

two s\/02 values are calculated (Table 2.6). Néxt which is simply the mean of afi

values of D ands®D (equation 2.14) are calculated then the valu®af compared to zero
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using equation 2.15 to obtain a Z statistic. A demggoproximate normal test will determine

whether D is significantly different from zero. If it is thethe mean estimates e\‘/oz for

the two activities are significantly different.

2( fozo) (2.14)

2

(where 6“D = variance ofD, the mean differenca) = number of individualsg’p =

variance of D for each individual.)

w]
|
o

Z= (2.15)

Q
N
O

(where D = the mean of the differences for each individuafp = the variance ofD

(equation 2.14).)

In conclusion, the present study has shown fomthearoni penguin that, provided data are
obtained from as large a group as possible asdivi applied to individual animals, can be
used accurately to estimate mean metabolic ratn & animals in different physiological

states. There were differences between the sexbe way thafy and sVg , are related and
this should be taken into account during any catibn process for this species. Provided this
precaution is taken, then through the long termitoang of fy, it is possible to determine the

metabolic rates of free ranging animals over séva@ths or years, yet still with a fine

enough time resolution to determine the energestscof different activities.
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Group Mean Restinf, Mean Restings\/oz
beats mift
( ) (ml min™ kg ™)
Breeding Males 85.36 +4.41 9.45 +0.43
Breeding Females 96.61 £ 2.27 o | 10.72 £ 0.47

Moulting Females

124.87 +11.58

o1 11.59 +0.87

Group Mean Maximunfy, Mean Maximums\/oz
beats mift
( ) (ml min™ kg ™)
Breeding Males 162.97 + 4.68 §5.13 +1.00
Breeding Females 166.20 + 6.50 33.58£0.91
Moulting Females 193.00 + 10.93 § £3.63 + 0.58

Table 2.1. Mean resting and maximum values of oditexygen consumptiors\(oz) and

heart rate (f) for the three groups of macaroni penguins usethecalibration procedure.

Significant differences between pairs of groupsrapresented by the following symbolsy T

D 8t

Group Mean factorial increasefin | pMean factorial increase iwoz n
Breeding Males 1.95+0.10 3.77£0.19 o |9
Breeding Females 1.72 + 0.06 3.20+£0.20 D
Moulting Females | 1.58 + 0.09 2.98+0.22 o |6

Table 2.2. Mean factorial increases in rate of ce«y@onsumptionsvo2 ) and heart rate ()

from resting to maximum activity in three groups rmafcaroni penguins. Significant

differences between pairs of groups are represeyetie following symbols: &.
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Bird Groug Mass (kg a b r P

cal0s BM 3.8¢€ -19.79¢ 0.30¢ 0.97: <0.00!
calot BM 3.7C -22.42; 0.34] 0.94% <0.00!
calo¢ BM 348 -16.51¢ 0.30: 0.93¢ <0.00!
calo¢ BM 3.2¢ -25.98: 0.37¢ 0.83¢ <0.00!
calo¢ BM 3.24 -14.85’ 0.351 0.96¢ <0.00!
call( BM 3.2C -11.46¢ 0.32¢ 0.89¢ <0.00!
callz BF 3.32 -22.49¢ 0.29¢ 0.85¢ <0.00!
calll BF 3.2¢ -22.20° 0.32¢ 0.83¢ <0.00!
calle BF 3.14 -11.61¢ 0.23( 0.95¢ <0.00!
call¢ BF 3.2¢ -28.20° 0.37¢ 0.83: <0.00!
call¢ BF 2.9¢ -17.53( 0.31:Z 0.92¢ <0.00!
cal2( BF 2.8¢ -14.37( 0.25i 0.78:¢ <0.00!
cal2] BF 2.9¢ -25.24° 0.41¢ 0.92¢ <0.00!
cal2s BM 4.5¢ -18.10¢ 0.32] 0.88¢ <0.00!
cal2t BM 4.2z -19.€25 0.32] 0.627 <0.00¢
cal2¢ BF 3.62 -13.03¢ 0.27i 0.77¢ <0.00!
cal2i BF 4.0C -20.14¢ 0.35¢ 0.70¢ <0.00!
cal2¢ BM 4.34 -24.05¢ 0.371 0.94¢ <0.00!
no= MF 3.9¢ -20.92' 0.24¢ 0.81:Z <0.00!
no7 MF 4.57 -24.41° 0.41( 0.81¢ <0.00!
x02 MF 3.91 -38.57¢ 0.32¢ 0.84: <0.00!
no¢ MF 4.1C -35.45¢ 0.34] 0.47: <0.0¢
h8s MF 4.4C -17.43¢ 0.261 0.95¢ <0.00!
cls MF 4.5¢ -14.61¢ 0.23Z 0.93¢ <0.00!

(Note: The form of the equation Woz =a+bxfy)

Table 2.3. Individual regression equations of mapscific rate of oxygen consumption

(Vo,, ml min® kg') against heart rate (f beats miif) of the twenty-four macaroni

penguins used in the calibration procedure. Theeghgroups are breeding males (BM),

breeding females (BF) and moulting females (MF).
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Bird Observed 24 h Observed Predicted A Algebraic | Absolute
fis (beats mir) 24 hsVo, 24hr Vo, (Predicted sV, - | %0 Error | % Error
(mlmin* kg™ | (ml min* kg ™) ObservedsVo, )
Cal12 128.56 14.33 18.01 3.68 25.69 25.69
Call9 108.89 14.35 11.99 -2.35 -16.41 16.41
Cal20 144.77 17.13 22.47 5.35 31.23 31.23
Cal26 109.50 16.28 12.06 -4.22 -25.95 25.95
Cal27 110.50 16.45 12.30 -4.15 -25.24 25.24
Mean 120.45 15.71 15.37 -0.34 -2.13 2491
S.E.M. 7.11 0.58 211 2.03

Table 2.4. Mean rate of oxygen consumptisv'b(z) and heart rate (f) obtained from five

macaroni penguins over 24 hours, with estimatess‘(i)@f)2 derived from a previously

calibrated relationship betweetrsvo2 andfy.

Group Average Average Average AverageA Average | Average | n
Observedd | ObservedsVg, | PredictedVo, | (PredictedsV, - | Algebraic | Absolute %
(beats mift) - 4 . % Error Error
(mlmin~kg™) | (mlmin~kg™) ObservedsVg, )
Males | 119.91+2.56| 20.99+0.72 21.00- 0.98 0.0 1.42 1.44 15.12 9
Females 139.92+ 5.95| 21.11+0.24 21.121.80 0.0 1.76 -0.11 24.44 15
All 132.42+ 4.19| 21.06+0.30 21.08 1.13 0.0 1.17 0.47 20.94 24

Table 2.5. Mean rate of oxygen consumptie‘t;iocz) and heart rate (f) obtained from 24

macaroni penguins kept in a respirometer for and8irhsession of rest and exercise, with

estimates 08Vq ) derived from a previously calibrated relationshigtweensVg ) and f,.
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Bird VO, estimate of | VO, estimate of | Difference D) Variance of
activity a activity b difference 6°p)
1 Val + GZal Vbl + szl Dl — Val _ Vbl Gle — GZal + szl
2 Va2 + 02a2 Vb2 + szz D2 — Va2 _ Vb2 GZDZ — 02a2 + 02b2
3 Va3 + 02a3 Vb3 + 62b3 D3 — Va3 _ Vb3 62D3 — 02a3 + 02b3
n Van + Gzan Vbn + szn D" = Van _ Vbn Gan — GZan + 02bn

Table 2.6. Method for detection of significant eliénces between two estimatesski!b2

associated with different activities in the sameugr of animals.
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Figure 2.1. Mean heart rate (open symbols) and nsgpeific rate of oxygen consumption
(filled symbols) of twenty-four macaroni penguiraking at different speeds on a treadmill.

The error bars represent 1 S.E.
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Figure 2.2. Rate of oxygen consumptim\/dz) as a function of heart rate {f in two

macaroni penguins, (a) a breeding female of mas4 Bg (s\/o2 = (0.23 x f;) — 11.62) and

(b) a moulting female of mass 3.99 @1}52 = (0.25 x f;) — 20.93).
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Figure 2.3. Predicted rate of oxygen consumptionaaiinction of measured heart rate,
obtained from 15 female macaroni penguins, showib% confidence intervals (triangular
symbols) and 95% prediction intervals (square sylB)dor the predictions. The short dashed
lines represent the 95% prediction intervals whaterof oxygen consumption is estimated

from 10 000 measurements of heart rate spread leetd@ individuals.
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Figure 2.4. Graphic representation of the effecttlo@ standard error (S.E.) of the estimate of
oxygen consumption, of changing four parameteis{(nomber of calibration animals),,n

(number of data points from calibration animals) (mumber of field animals) andsn

(number of data points from field animals)]o2 and standard error were calculated with

the heart rate arbitrarily fixed at 150 beats minsing equation 8 for breeding females. (a) n
=9, b, = 117, n= variable, n, = 100 per field animal. (b)1n=9, , = 117, =10, ny =
variable. (c) n = variable, . = 13 per calibration animal, 4 10, n, = 1000. Changing the

value of heart rate, or the equation used to c&itejts\/oz had no effect on the shape of the

curves.
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Figure 2.5 Rate of oxygen consumpticsvcﬁz) estimated from heart rate as a function of

measured rate of oxygen consumption at differegrtogse levels in 5 macaroni penguins. The

dotted line is the line of equality and the solittlis the regression equation between the two

variables described by the equation: Estimasy, = 3.3904 + 0.3238 (MeasuresVq, )

(r? = 0.46, P <0.001). The two lines are significardijferent.
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Figure 2.6. Logp of resting rate of oxygen consumpti(ﬁVé2 , ml min® kg?) as a function of

logip of body mass of different penguin species (clasgdbols). The equation of the
regression line is log (resting s\]oz) = 1.17 - 0.24 x log (body mass) {r= 0.65, P

<0.001). Data are from gentoo (Dumonteil et al. 49Bevan et al. 1995c), Humboldt
(Spheniscus humboldii)White flippered(Eudyptyla) (Pinshow et al. 1976), little blue
(Eudyptyla minor) (Stahel and Nicol 1982, Stahel et al. 1984), kifAptenodytes

patagonicus)(Barré and Roussel 1986, Froget et al. 2001), id@Pygoscelis adeliae)
(Pinshow et al. 1976) empergAptenodytes forsterijLe Maho et al. 1976, Pinshow et al.
1976) and macaroni (Brown 1984) penguins. The gyambol is from the macaroni penguins

in the present study.
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Summary

Heart rate, abdominal temperature and diving deyre measured in thirteen free-ranging

breeding female macaroni penguins. Measuremerttesiet parameters allowed estimation of

the rate of oxygen consumpti%z while diving and investigation of the physiolodica

adjustments that might facilitate the diving beloaviobserved in this species. In common
with other diving birds, macaroni penguins showeadgcardia and tachycardia associated

with diving and along with body temperature, thg@seameters accounted for 41% of the

variation in dive duration within a multiple regsésn. When\/o2 was calculated for dives of

different durations, all dives measured were witthi@ calculated aerobic dive limit (CADL)
for this species. Significant changes in abdomieahperature were not detected within
individual dives though the time constant of theide used may not have been low enough to
record these changes if they were present. Abddnenaperature did decline consistently
during diving bouts of all durations and there vaaknear relationship between bout length
and the magnitude of this temperature drop. Howekiere was no commensurate increase in
dive duration during dive bouts. We conclude tharges in abdominal temperature may
facilitate lower metabolic rates while submerged aternatively may simply be a
consequence of circulatory adjustments made teice$tiood flow and conserve oxygen
stores during diving bouts. Further investigatimighese changes in circulation and body

temperature during natural diving are required.
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Introduction

Penguins are among the most accomplished of awansd Numerous studies of their diving
behaviour have shown that penguins have remarldilte performances (Kooyman et al.
1992a, Williams, T.D. et al. 1992, Bengston etl&93). The emperor penguiAfgtenodytes
forsteri), the largest species at 22 kg can reach deptlh24fm (Kooyman and Kooyman
1995) for durations of up to 22 min (Ponganis arabyman 2000). Even the considerably
smaller (3.6 kg) Adélie penguirPygoscelis adéligecan dive to 98 m for up to 160 s
(Chappell et al. 1993).

Further investigations have examined how physiclzlgand behavioural adjustments might
permit such extreme diving behaviour (Butler ande®1997, Kooyman and Ponganis 1998).
The extent to which diving animals balance the os@erobic and anaerobic metabolism
during natural dives is unclear. Anaerobic metamlimay be used in some circumstances
(Kooyman et al. 1980, Ponganis et al. 1997b) buhiwiany dive, there must be oxygen
available for the CNS, heart and active muscles efter lactate begins to accumulate. Most
evidence suggests however, that most dives arategseaerobic (Butler and Jones 1997).
Anaerobic metabolism is energetically expensiveldying only 2 moles of ATP from 1 mole
of glucose whereas aerobic metabolism yields 38emalf ATP per mole of glucose
(Maughan et al. 1997). In addition, lactate is acclated as a by-product of anaerobic
metabolism and must be recycled or oxidised astitace or during subsequent dives (Fedak
and Thompson 1993). The marginal value theoremieppd diving behaviour predicts that
diving animals will maximise their foraging efficiey if they minimise the time spent at the
surface (Kramer 1988, Houston and Carbone 1992)oAsequence of this would be
predominantly aerobic metabolism during diving wisipid replacement of stores while at

the surface.

Observations of diving behaviour confirm that maises are within bouts of repeated diving
with relatively low ratios of post-dive surface ental duration to dive duration (dive pause
ratio). However, under certain circumstances, f@neple if maintaining contact with a rich

food resource, behavioural studies predict thaiglaanaerobic metabolism or mixed aerobic

and anaerobic strategies could permit higher netggngain (Ydenberg and Clark 1989,
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Carbone and Houston 1996, Mori 1998). However, eesgary consequence of anaerobic
diving is that more time must be spent at the serfaetween dives and high dive pause ratios
following anaerobic diving have been observed ialséCastellini et al. 1988, Fedak and
Thompson 1993).

The aerobic dive limit (ADL), the diving duratioreyond which blood lactate levels increase
above resting values, was first determined experially in Weddell sealsLéptonychotes
weddelli) (Kooyman et al. 1980) and coined by Kooyman dKaloyman et al. 1983). Since
then, ADL or diving lactate threshold (DLT) (Butland Jones 1997) has been determined in
two more species of seal (Ponganis et al. 1997andgr captive conditions and in freely-
diving emperor penguins (Ponganis et al. 1997cermperor penguins the DLT was 5 — 7
mins and this agreed quite closely with an ADL om#s estimated from observations of
natural diving behaviour (behavioural ADL), as icatied by the dive pause ratio (Kooyman
and Kooyman 1995). Some dives were longer than tbhehavioural ADL but it was

concluded that most were aerobic.

ADL has also been calculated (cADL) for many diviamgimals, including several penguin
species, by dividing usable body oxygen stores byeatimate of the rate of oxygen

consumption Voz) while submerged. When compared to observed pattef diving in
different penguin species, these studies have foladbetween 2 and 50% of dives exceed
the cADL (Chappell et al. 1993, Culik et al. 199996a, Boyd and Croxall 1996, Bethge et

al. 1997). In these studies, examination of the giause ratio suggests that it is unlikely that

so many dives use anaerobic metabolism. In ordea farge proportion of natural dives by

penguins to be aerobic, the cADL must be greateth Bsable oxygen stores a\d@z while

submerged are difficult to measure and other pagewsuch as the metabolism of

phosphocreatine might provide energy while subnie(@eitler and Jones 1997). Submerged

V02 in particular is difficult to measure (Costa 1988) usable oxygen stores are

approximately correct theh"o2 during diving needs to be as low as that recorieoh

penguins at rest on the water surface (Butler 2000)
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Two principle methods have been used to estim'(@tze during diving and both predict that it

would be greater tha\o'{o2 while resting on the water surface. Doubly lalieleater (DLW)

is a commonly used method for the estimation dfifimetabolic rate (FMR) (Speakman

1997), and some studies have equated FMR estinfeded DLW to \702 while diving

(Chappell et al. 1993). DLW provides a single eatenof the rate of carbon dioxide

production Vcoz)' which is then converted tlsi(o2 This one estimate covers the entire

period of measurement by this technique (typicalfgw days), not only from bouts of diving

and while the animals is submerged. The second amiynused method involves

respirometry to measur\a"o2 from penguins surfacing after submerged swims stadic

water canal (Culik et al. 1994). This method do&a;umre\/o2 which is a direct result of

diving but the dives in these studies do not adelyaeflect conditions in the field. The
animals are constrained by the dimensions of tmalcdahere are no effects of depth and

pressure and the animals do not dive for the duratobserved in the field (Culik and Wilson

1991). Neither of these methods therefore accwredeﬁbct\]oz during natural dives.

Detailed studies of the physiology and behavioudiging animals have begun to outline a
suite of adjustments and adaptations that congiliat the maximising of cADL while
submerged. These include variation of heart ratk airculation (Butler and Woakes 1979,
Fedak et al. 1988, Kooyman et al. 1992b, Davis ladatous 1999), regional hypothermia
(Handrich et al. 1997) and the use of passive mgidvhile swimming (Williams, T.M. et al.
2000). In the present study we measured hear{frgtabdominal temperature {) and depth
in macaroni penguinsE(dyptes chrysolophusliving freely while foraging in their natural
environment, using purpose built implantable datggérs (DL) (Woakes et al. 1995). Heart

rate can be used to estimélk@2 (Butler 1993) and a relationship between heaet :aarbl\]o2

has been established for macaroni penguins (Grdek, et al. 2001). Thus these
measurements enabled us to determine whether nhetamal circulatory adjustments can
explain observed patterns of diving behaviour

The present study, therefore, has three main dijnBo examine heart rate changes on a fine

scale (measured every 2 s) in order to provideeswd for circulatory adjustments made
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during diving which might extend dive duration (Butand Jones 1997). 2) To estimate the
energy cost of free-ranging diving behaviour iniand) bird from heart rate. 3) To measure
abdominal temperature and investigate the hypathésat lowered body temperature

contributes to the extension of diving durationl{Cat al. 1996b, Handrich et al. 1997).

Materials and Methods

Study animals

Although the United Kingdom Animal (Scientific Pextures) Act 1986 does not apply to
South Georgia, where this study was conducted, weeewneticulous in following its
provisions, especially those set out by the Homéc®fin the Official Guidance on the
operation of the Act. As our benchmark, we follonggddance to researchers using similar
methods in the United Kingdom. Our procedures alsoformed to the Code of Ethics of

Animal Experimentation in Antarctica.

The study was undertaken at the British Antarcticv8y (BAS) base on Bird Island, South
Georgia during the austral summer of 1998/99. Thearoni penguins used in the study were
breeding females from the colony at Fairy Point tbe north side of the island. The
population at this colony has been monitored fonyngears (Williams, T.D. and Croxall
1991) and has also been the subject of more imersiudies (Davis et al. 1983, 1989,
Croxall et al. 1988, 1993, 1997, Williams, T.D. 998All birds used in the present study
were engaged in provisioning a growing chick. Whewossible, birds were caught for
implantation away from the nesting area of the wplafter they had fed their chick. After
capture, the birds were removed to the surgicdlitiaand kept in an outdoor enclosure for 2-
3 h before the surgery to allow digestion of fobiteen birds were selected for implantation
with DLs.

Implantation procedure

Implantation of the DL into the abdominal cavityloals data to be recorded without

compromising the swimming, foraging and breedinggyemance of animals, as has been

144



Chapter 5

observed with the use of externally mounted devarethe morphometrically identical royal

penguin (Hull 1997). The implantation procedure Vibasically the same as described for
similar studies (Bevan et al. 1995). Briefly, thterdised DL was implanted into the

abdominal cavity via a mid-line incision made i tbkin and body wall muscle in the brood
patch while the bird was anaesthetised with hat@hdhe logger design incorporates a low
power radio frequency transmitter which emits arslpulse on each QRS wave of the
electrocardiogram (ECG). Detection of this signalaradio receiver was used to indicate
when the DL was in the correct position. Once isifan, the body wall and skin were

sutured, antibiotic powder (Woundcare, Animalcatd.)lapplied to the wound and a long
acting antibiotic (LA Terramycin, Pfizer) and anesic (Vetergesic, Reckitt and Colman
Products Ltd.) injected intramuscularly. Asepticnditions were maintained wherever

possible. The time at which the DL was implanted wated to the nearest second.

All birds were weighed immediately before surgesing a spring balance (10 = 0.1 kg
Pesola) and a passive implanted transponder (Rf,)mounted on a plastic cable tie was
secured around their ankle. Birds were put int@argd darkened box to recover from the
surgery. Once the birds were alert and responsisagally after 1-2 h, they were returned to
the colony where behaviour varied between indivsludome would go swimming within a

few hours, whereas others made their way to thé sigs or stood alone elsewhere in the

colony.

Around the time at which the DL memory was predicte be full, implanted birds were
recaptured after returning from a foraging trip dmaling fed their chicks. The DL was
removed using the same procedure as during impiantand the bird was released back in
to the colony once it had recovered. The time ofaeal of the DL was noted and the precise
times of implantation and removal were later usedestablish the time base of the data
downloaded from the DL. The heart rate, abdomieaigerature and depth data from within

the DL memory were downloaded onto a computer usurgose designed software.
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Heart rate data loggers

The DLs could record heart rate, hydrostatic preséiving depth) and abdominal
temperature every two seconds and, at this sampaieg could store data over 30.3 days.
Before use, the devices were encased in paraffinand encapsulated in silicon rubber to
provide waterproofing and biocompatability. The parature sensor of the DL was calibrated
by immersing the device in water baths of knowngerature. This procedure was also used
to determine the time constant)(of the temperature sensor, which was 74 s. il t
constant was the time taken for the logger to teg®7% of the change in temperature when
the logger was moved between two environmentsftd@rdnt temperatures. The hydrostatic

pressure sensor in the DL could detect diving dép#nresolution of 1.2 m.

Data analysis

The data were prepared and analysed using purpaenvcomputer programs within the
SAS statistical package (version 6.11, SAS ing)tubn a UNIX workstation. Further
analyses were performed with the statistical paekadinitab 12 (Minitab Inc.) and Excel 97
(Microsoft). The recovery period following the inapitation procedure was excluded from the
analysis by ignoring data collected during the gebfrom implantation to the start of the first

foraging trip. In the present study this period hadean duration of 55565 (S.E.M) hours.

Time at-sea on foraging trips was estimated froemdbpth data, supported with data from
field observations and a PIT tag recorder (FS) Kduated in a gate at the edge of the colony.
Each record of heart rate, abdominal temperatudediave depth was also marked with the
daylight conditions (light or dark). These wereccddited using the times for civil sunrise and
sunset calculated for the longitude and latitudeBiofl Island (54 00’ S 38 02’ W). In
examining dive records, dives with maximum depths24 m were counted but otherwise
ignored, since wave action and recorder noise degrdepth accuracy for shallower dives. In
all analyses, dives are treated as independentteWathile accepting that this assumption

may not be correct, it is necessary in order téoper further statistical analyses.
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Bouts of dives were defined following the iteratstatistical method of Boyd et al. (Boyd et
al. 1994) which relies on searching the dive segedor a change in behaviour which differs
significantly from the previous set of behaviourss the last significant change. A minimum
dive bout was formally defined as a group of astehree dives occurring within a period of
10 min. The dive record for each penguin was searslequentially from the start and once a
group of dives had satisfied this minimum requiramme search was made through the
subsequent dives to find the end of the diving bdhis was done by calculating the mean
and standard deviation of the surface intervalsvben dives, within the diving bout, and
comparing these with the next surface intervahengequence. If the next surface interval was
significantly greater than the previous surfacemvals in the boutt{test,P <0.01) then the
bout was deemed to have ended. If the duratiome&turface interval was not significantly
different from those in the current bout, then dee was included within the bout, the mean
and standard deviation of the surface intervalgHierbout were recalculated, and the analysis
then moved onto the next dive in the sequence.

Thefy data were used to estimate rate of oxygen consompsing the relationship between

fy and mass specific oxygen consumptieﬁdz) obtained from macaroni penguins walking
on a treadmill (Green, J.A. et al. 2001). In therent study\/o2 is used interchangeably with

s\/oz, with the units quoted where it is necessary ghight a distinction. For breeding

female penguins, which were the subjects of thegurestudy, the equation is:

o, = (0.297%y) — 17.40 = 0.84 (5.1)
(WheresVg_ is in ml min* kg?, andfy is in beats mit)
o7}

This technique is normally validated when the amsmmetabolism is in steady state and

hence can not be used to estim‘xalgga2 while the animal is submerged. Howeverfifand
\702 are averaged over a number of complete dive/stidgcles thery is an accurate and
reliable predictor 0f\702 in aquatic birds and mammals (Fedak 1986, Bevaal.et992,
Butler 1993). The standard deviation of an estinma#ele using equation 5.1 was calculated
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using equation 11 of Green et al. (2001) and igefuo the text where estimates have been
made. Oxygen stores have not been measured in omap@nguins, so calculations of cADL
were made using the assumption that all penguine lmygen stores of 58 ml Kg
(Kooyman and Ponganis 1990, Butler 2000).

Results were considered significant at P <0.05thadsignificance level is quoted in the text.
Mean values are quoted + 1 S.E.M. Percentage vakeze arcsine transformed before

comparisons were made (Zar 1999). All times aremin local time unless otherwise stated.
Results
Deployments and large-scale variation

Data were obtained from 13 penguins. Failure inetheapsulation led to battery failure in the
other two deployments. Table 5.1 shows detailshef 13 birds from which data were
obtained, including a total of 44022 dives. Figaré shows heart raté;f, temperature ()
and dive depth averaged every hour for six daysnfene individual. Heart rate and
abdominal temperature appear to vary synchronoushydiving activity. Low mean J, and

fu appear to be associated with increased averagegdiepth. In order to investigate this in
more detail, average hourfy and T, were compared to diving activity in terms of hqurl
proportion of time spent submerged, using leasamgulinear regression. In each individual,
there was a significant negative relationship betw&, and diving activity (Table 5.2), with
an average” of 0.44 + 0.04. Similarly, in each individual teewas a significant negative
relationship between 4§ and hourly cumulative diving depth, but in thisseahe average
riwas only 0.3% 0.02. There were significant positive relationshigtweerfy and diving
activity in six individuals and no significant rétanship in the other seven (Table 5.2). The
average” value of the significant relationships was 0.10.84, but only 0.05 + 0.02 for all
13 relationships. This implies that diving activitya reasonable predictor of,but a poor

predictor offy, and therefore OVO2 and metabolic rate (MR). Diving activity was gmeat
during the day (Fig. 5.2) when dives were deep2mvdy ANOVA, F3276) = 45.19,P

<0.001), more frequent (2-way ANOVA523276) = 15.43,P <0.001) and longer (2-way
ANOVA, F(23,276): 51.38,P <0001)
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Diving behaviour and dive bouts

When dives were classified into bouts, 98% of aled were part of a bout consisting of at
least three dives. Only dives within bouts were sodered for further analyses. When
considering post-dive surface intervals, the lase f a bout was discarded. Individuals
varied slightly in their diving behaviour (Table3%. Figure 5.3 shows the relationship
between dive depth, dive duration and frequencyafiodives. For each individual, there was
a highly significant positive linear relationshiptiveen dive depth and duration (mear=
0.64). Figure 5.4 shows the relationship betweem diuration, post-dive surface time and
frequency for all dives. This indicates the largaoant of variation in surface intervals,
especially at shorter dive durations. There wegricant positive relationships between dive
duration and post-dive surface interval in fivenaals, significant negative relationships in
seven animals and no relationship in the other. él@ the average® value of these was
only 0.01 £ 0.04 so these relationships are noy westructive. The distributions of dive
depths and dive durations averaged over the 13 amiere shown in Figure 5.5. The
distribution of depths was not normal (Fig. 5.5ajhwiwenty one percent of all dives to a
maximum depth of 4.8 m, and then descending fregasnto the maximum dive depth
recorded of 94.8 m. This dive was recorded by pengd9, which was responsible for most
of the deeper and longer dives, including all thdeeper than 70 m. Dive durations were
more normally distributed (Fig. 5.5b), though skdwsdightly towards dives of a shorter

duration.
Abdominal temperature during diving

The mean i during diving bouts was 3481.2°C while the mean J while at-sea but not
diving and while on-shore was 39450.9 °C and 40.1+ 0.8 °C respectively. Analysis of
variance with Tukey post-hoc testing{ ss) = 8.7, P <0.001) showed that there was no
significant difference between on-shore and nomdivT,, but both were significantly
greater than F while diving. Further analyses were performed udher investigate this
decline in Ty, associated with diving and what effects it mighvé. Linear regressions were

used to determine whether mean diving, Tdive duration and mean divinfy varied
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progressively during the course of each diving b@able 5.4). 63.4 % of all dive bouts
showed a significant change inyTthrough the course of the bout and 76% of these we
significant declines with a meaf of 0.76 (Table 5. 4). However, only 35.0% and 96 df
bouts showed a significant change in dive duragiodafy over the course of the bout, and the
averager® of these relationships was only 0.37 and 0.34ewsely. The magnitude of the
decline in T, was calculated as the difference between the maximand minimum average
temperature during diving for each dive bout. Treammagnitude of this decline was 2132
0.20°C while the mean maximum decline was 13t52.10°C. The magnitude of the drop in
Tap increased with the length of the diving bout faclke individual (mearlr2 =0.55, allP
<0.001) and for all diving bouts pooled € 0.46,P <0.001, Fig. 5.6).

Linear regression was also used to determine whdthetended to be lower during dives
with longer durations. There was no significanatieinship between dive duration and mean
Tap during the dive in 3 animals. The other 10 anindits show significant relationships
between T, and dive duration, but the meghof these relationships was only 0.1. Paired t-
tests were used to compare abdominal temperatutes dieginning and end of dives in all
individuals in dives of all durations to determimdnether abdominal temperature varied
within dives. Table 5.5 shows the results of thesmparisons. In general, there were no
significant changes, though it is possible that tihee constant of the DL was too large in
comparison to the duration of dives to detect simatbpid changes. Again, there was a great
deal of variation between individuals with somegéns showing several significant drops in
body temperature during dives, some showing nodetlaree showing a significant increase
in body temperature at some durations. The meap idréemperature of all the significant

declines was 0.07C.
Heart rate and rate of oxygen consumption whilendiv

Mean heart rate while the penguins were at-seanbutliving, calculated fronfiy between
diving bouts, was 132 + 4 beats mifThis was not significantly different-{esttq2) = 1.27P
>0.05) to the meafy while penguins were on-shore (125 beats mit). Relative to these
values, macaroni penguins showed bradycardia asiy¢ardia associated with dives of all

durations. The extent of the bradycardia and taatuya associated with diving were related
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to dive duration. Table 5.6 shows mean, maximumramdmumfy at different stages of the
diving cycle for dives of different durations whilEigure 5.7 shows how heart rate and
abdominal temperature varied during dives of 10@-Kkconds in duration, the most
frequently observed category of dive duration (Bifb). A similar pattern was observed in
dives of both longer and shorter durations and lmamescribed as follows: 1) increased
prior to diving and started to decrease just befe@ving the water surface. 2) Upon
submersionfy immediately dropped before recovering slightly ahdn decreasing more
slowly. 3) As the dive depth reached a plateau s$eemnidfy. 4) As the penguin started to
ascend to the surfac®; increased. 5fy then increased more rapidly after the penguin
surfaced. 6) The subsequent tachycardia wouldlikdnllowed immediately by another dive,
if the dive was part of a dive bout, otherwigevould decrease to non-diving levels. For dives
of all durations, pre-dive and post-dififewere higher thafy while not diving. In addition,
the mean minimunfy during dives was lower th&p while not diving for all dives and mean
fu while diving was lower than non-divirfg for all dives greater than 70 s in duration (Table
5.5).

The effects that the different changes$.m@nd T, associated with diving had on dive duration
were investigated using a multiple regression amlyTwo multiple regressions were
performed; the first usinfy measurements from the dive cycle, the second uBffegences

in fy between different phases of the dive cycle. Tliependent variables in the first were:
mean divingfy, minimum divingfy, minimumfy within the first 10s of submersion, pre-dive
meanfy, pre-dive maximunfy, post-dive meariy, post-dive maximunfy and abdominal
temperature. The independent variables used irs¢hend were: the drop fa from mean
pre-dive to mean during diving, the dropfinfrom maximum pre-dive to minimum during
diving, the drop infy from maximum pre-dive to minimum within 10s of suérsion and
abdominal temperature. Each regression was pertbforeeach animal and the results are
shown in Table 5.7. The first analysis indicateat #h1% of the variation in dive duration can
be explained by the adjustmentsfinand T, There was a great deal of variation between
individuals, but the most consistent influences diwe duration were minimunfy while
submerged, followed byad, minimumfy shortly after submersion and mean pre-diverhe
second analysis examining the magnitude of he&taaanges from pre-dive to within the

dive did not explain as much of the variation (28864 is thus less useful than the first
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analysis. The regressions were repeated withguad a variable. This had little effect other
than to lower the mean® values for the first and second analyses to 36% 2206

respectively.

In order to determine whether diving within boutasnaerobic in nature, the aerobic dive limit

was calculated (CADL) and compared to observed diwations. To calculate cADIA]o2
while submerged was estimated fréfusing equation 5.1. The usefgfto estimatevo2 has

been validated for completed dive cycles, but itnd possible to measur‘ri‘o2 while
submerged and examine how this relatefs twhile submerged. However, it seems likely that
V02 while submerged lies somewhere between the vettnrevoz if estimated using (a)

meanfy from the completed dive cycle and (h)during submersion only. Since mefn

varied with dive duration (Table 5.6), it was neszey to estimate/o2 while submerged at

each different dive duration for the full range @h®d by macaroni penguins (Fig. 5.8). As
mean fy during diving decreased with dive duration (Tabl®é) then so did estimated

\702 (Fig. 5.8). cADL was also calculated for each diveation using oxygen stores of 58 ml

kg' and increased with increasing dive durationVag decreased. When submergég,

was estimated frorfy for the completed dive cycle, all dives up to 538 duration (Fig 5.5;
95.3% of all dives) were of a shorter duration thhe cADL for that duration. When

submerged\702 was estimated fronfly while submerged only, all dives were of a shorter

duration than the cADL (Fig. 5.8). Assuming thae ttrue diving \702 lies somewhere

between these two estimates, it seems reasonalasstone that all dives within bouts by

macaroni penguins were aerobic.
Discussion
Diving behaviour

Two previous studies have investigated the diviagadviour of macaroni penguins breeding

at Bird Island, using externally mounted devicesog@ll et al. 1988, 1993). The first of these
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studies used a simple depth histogram recorder (D8 breeding males. The second used
a more sophisticated dive depth recorder, butwas heavy, bulky and only used on two
female penguins. Another more comprehensive stualy sompleted on breeding males and
females at Heard Island (Green, K. et al. 1998} ased time depth recorders measuring
depth every three seconds to give more detailed gdrofiles. Despite these differences in
methodology and location, the patterns in divingnda@our shown by these studies were
similar and these, in turn, are similar to the grais observed in the present study. Similarities
were observed in distributions of dive depth andatian, with many short dives to less than 5
m and other longer dives to around 40-50 m. Inf@lir studies there was considerable
individual variation in diving behaviour and thengparison suggests that the macaroni
penguins were no more inconvenienced, in termsiahgl performance, by carrying an

implanted heart rate data logger than they werecdoyying one of the other externally

mounted depth recording devices.

In all four studies, macaroni penguins tended W@ giredominantly in daylight. Dives at night
were less frequent, to shallower depths and oftshaturation. For macaroni penguins
foraging in waters around Bird Island, a suggestadse for this was the diurnal migration of
Antarctic krill (Croxall et al. 1993). Krill are fnd near the top of the water column at night
but are more widely dispersed through the wateurnal during daylight. For penguins
feeding near Heard Island, the reasons are leag slace the myctophid icefish they feed on
has no clear diurnal migration. Instead, a reliaopevisual foraging was suggested as the
explanation for decreased diving at night (Greenetkal. 1998). Such a reliance on daylight
for successful foraging has also been proposedhiar penguin species feeding on a variety
of prey in different locations (Wilson et al. 1993)

Heart rate changes within dives

Figure 5.7 shows the average change in heart sateciated with dives of between 102-110
seconds. Although individual dives were more vdeathan the mean, the pattern was
reasonably consistent between individuals. Heate¢ @uring diving has been recorded
previously in diving birds, but only within laboaay conditions (Butler and Woakes 1979,
1984, Stephenson et al. 1986), semi-natural camdit{tKooyman et al. 1992b) or in the field
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at a lower resolution (Bevan et al. 1997). Thesdists showed similar patterns in the change
of heart rate before during and after dives witthy&ardia followed by bradycardia then

tachycardia. Such a response is now widely acceptdae a trade-off between the “classic
dive response” which conserves oxygen stores whédeanimal is deprived of access to air
and the “exercise response” which prioritises blloar and oxygen uptake to active muscles

when exercising (Butler 1988).

In the present study, the mean pre-dive and poestfdiwere higher thafy when the birds
were on-shore or at-sea and not diving, and ths eeasistent for dives of all durations. In
addition, the mean minimurgy during the dive was lower than non-divifigfor dives of all
durations and the mean divifigwas lower than non-divinfy in all dives longer than 70 s
duration (Fig 5.5; 69% of all dives). In emperongeins diving from man-made ice holes,
diving fy was on average less thignwhile resting ashore at night, though no distmttivas
made between dives of different durations (Kooyratial. 1992b). Adjustments i allow
dive duration to be extended by ensuring full logdof oxygen stores before the dive, then
by reducing metabolism during the dive (Butler alwhes 1997) and ensuring the full and

effective use of oxygen stores while submerged ®and Kanatous 1999).

The multiple regression analysis indicated thatntiost important physiological influences on
dive duration were minimum heart rate during theedind abdominal temperature. Including
abdominal temperature within the multiple regressionproved the accuracy of the models,
but when considered alone, there was only a veor porrelation between ,f and dive
duration. This implies that the physiological adijuents interact with each other to increase
dive durations. The multiple regression analysim$ructive, but it is difficult to determine
whether dive duration is dependent on the metalamljustments or vice versa. What can be
stated with certainty is that in macaroni penguithe cardiac adjustments become more

exaggerated as dive duration increases.

\702 was estimated fronfy recorded while the penguins were submerged anah fp

averaged over completed dive cycles. It is notiptes$o measure thlsa'fo2 while submerged,

nor is it apparent how this relatesftowhile submerged. Indeefl, while submerged has not
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been related t(\/o2 for completed dive cycles in diving birds. Howewedoes seem likely

that V02 while submerged is lower than the average of thrapteted dive cycle as birds

consume oxygen on the surface and restock standsmay be as low as that predicted by
submergedy. In the present study, usirig from the completed dive cycle, 95.3% of dives
had durations which were less than the cADL, whenesingfy while submerged only, all

dive durations were less than the cADL. This inglieat all dives within bouts by macaroni

penguins are aerobic in nature. In additilsi!@,2 calculated from non-divingy of 132 beats

min would be 21.8 1.3 ml min' kg. The resultant cADL would be 160 s with a range of

142 — 182 s if the error of estimation %2 is taken into account. This would translate to

98.9% of observed dives being within the cADL wéhrange of 96.5% - 99.7%. Similar

calculations of cADL using702 while resting on the water have been made forrgibeguin

species (Butler 2000). In emperor penguins 96%ooading dives in the field would be
within the cADL whereas in kingAptenodytes patagonicuand gentooRygoscelis papya
penguins, only 80% of dives in the field would bighim the cADL.

It is not clear why there should be this discrepametween species in the balance of aerobic
and anaerobic dives. It is possible that error@stimation, measurement and assumption
could have lead to erroneous conclusions. Altevebti macaroni and emperor penguins
could be diving comfortably within their physiolegi limits whereas gentoo and king
penguins work harder and perform more anaerobiesdivhile foraging. Gentoo penguins
foraging at South Georgia with a mass of approx@hyab kg spent the same proportion of
foraging trips submerged (52%) but dived to mudatgr depths (mean approx. 55m) and for
greater durations (mean approx. 125 s) (WilliamB. et al. 1992) than macaroni penguins.
Ecological differences between the two species lhaen described previously (Croxall et al.
1997) and these combined with the vulnerabilitg@fitoo penguins to variations in their food
availability (Croxall et al. 1999) suggest thatstispecies is performing much closer to its
physiological limits. Similarly, despite significadifferences in body mass and size between
king and emperor penguins (means approx. 13 arkg) 28spectively) (Pitz et al. 1998), their
diving performance is not very different (Kooymanhat 1992a, Kooyman and Kooyman

1995). Though emperor penguins are capable of mupaaximum dive depth and duration
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than king penguins, the distributions of the bulkaraging dives are similar between the two
species (Kooyman et al. 1992a, Kooyman and Kooyt®85). This implies that emperor
penguins are operating well within their physiotadi limits whereas king penguins are

pushing themselves to dive for as long and as degssible.

Changes during dive bouts

Abdominal temperature showed a progressive dediineng most dive bouts. Similar
declines in body temperatures have been observeather diving birds including king
penguins (Culik et al. 1996b, Handrich et al. 199éntoo penguins (Bevan et al. 1998), king
cormorants (Kato et al. 1996) and blue-eyed shBgsan et al. 1997) as well as in marine
mammals (Hill et al. 1987). The cause of this dexis still uncertain (Kooyman et al. 1980,
Hill et al. 1987, Kooyman 1989, Handrich et al. TRt may simply be the consequence of
conduction to cold water from exposed surfaceshenféet and flippers, or of ingesting cold
food. Animals may attempt to halt this processimpsy allow it to continue. Alternatively it
may be the result of an increase of blood flowh® periphery to intentionally lose the heat
energy. Indeed, these explanations may not be hhyclusive and the subject is still under
investigation. Data from king penguins suggest thatprocess is in some way facilitated and
not just the consequence of ingesting cold foodthas temperature in the abdomen of
foraging king penguins was lower than that in tteerech (Handrich et al. 1997). It has been
proposed that this reduction in body temperatuaeldeto lowered metabolic rates in diving
birds (Culik et al. 1996b) through the effect oficcéeemperatures on metabolically active
tissues and by reducing the cost of thermoreguigiBoyd and Croxall 1996, Butler 2000).
This lowering of metabolic rate is suggested tsb#icient to bring most dives observed in
the field within the ADL (Boyd and Croxall 1996, #er 2000). In king penguins,
fluctuations in temperature in localised parts bé tbody were found to vary between
consecutive dives (Culik et al. 1996b). In the presstudy, consistent variation within dives
could not be detected. However, this may be atiedbto the relatively long time constant and
hence slow response time of the data loggers arntdéoishort dive duration of macaroni
penguins. The variation between individuals mayekplained by slight differences in the
positioning of the DL within the abdominal cavity.is possible that there was variation of

temperature within individual dives leading to duetion in metabolic costs during the dive.
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However, it was not possible to detect this chawgh the DL used in the present study.
Further work involving more sensitive and fastespanding temperature sensors at multiple
locations around the body may cast more light am ithportance of this mechanism in

extending dive durations.

Though it was not possible to detect difference$.ywithin individual dives in the present
study, Ty did decline progressively during diving bouts. Télgape and gradient of this
temperature decline varied between individuals ¢whmay also be attributable to DL
position) and between bouts performed by the sardeidual, but in each case the decline
was progressive throughout the bout, and abdonengberature only increased after or at the
very end of the bout. The magnitude of the tempeeatdrop did, however, increase
consistently with the duration of diving bouts (F&g6). If diving behaviour was determined
only by physiological capacity and lowered abdoritemperature was essential in
facilitating increased diving duration, then we htig¢xpect to see dive duration or mdan
increasing progressively through bouts as abdontiemlperature decreases. However, as
Table 5.5 shows, nearly as many diving bouts showetbcrease in dive duration during
bouts as showed an increase and over 64% showsidmbicant change at all. In addition, all
dives were within the cADL. This supports the swgjiga that for macaroni penguins, though
physiology will limit maximum dive duration, othéactors are likely to be more important in
determining diving behaviour. Such factors couldlude progressive satiation during dive
bouts and the location and density of patches ofl fwithin the water column, especially
since Antarctic krill are found in swarms (Eversti00). In gentoo and king penguins which
may be pushing the physiological limits of divingra than macaroni penguins, such patterns

of changing dive duration or me&nwithin bouts might be observed.

The progressive decline in abdominal temperaturg Imeathe result of many smaller declines
associated with individual dives. The abdomen matyhave sufficient time to return to its
initial temperature during the surface intervalween dives and the overall decline in
temperature may be the result of an accumulatiomese cycles. Alternatively, we suggest
that circulatory adjustments are made at the afs#iving bouts, which restrict blood flow to
the abdomen, and as the bout continues tempemtops steadily through conduction to the

colder seawater. This would allow stomach tempeeata be higher as, even though cold
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food is ingested, the stomach is closer to the obtee body and the warm pectoral muscles.
It is possible that the major influence in extergddive duration could be the restriction of
blood flow and the consequent reduction in heat#,rand that the drop in abdominal

temperature is a consequence of this rather tltlreet influence on metabolic suppression.

Changes in blood flow and perfusion during divirayé been proposed ever since the early
physiological experiments on forcibly submergednaais (Scholander 1940) and have
subsequently been observed in freely diving pergy(ifillard et al. 1973) and other diving
birds (Bevan and Butler 1992). Blood flow is reddide areas of the body not used while
diving including the inactive limbs (legs in pengs) and gastrointestinal tract, while it is
maintained in the active and heat generating mssate the oxygen dependent heart and
brain. Data on these circulatory adjustments angtdid (Kooyman and Ponganis 1998) but
they could have a very great effect on reducingabhaic rate and maximising the effective
use of oxygen stores (Davis and Kanatous 1999).Kideeys, splanchnic organs and heart

account for 40% of restingjo2 (Kooyman and Ponganis 1998) and the metabolicafasd!

of these could decrease significantly with redupedusion (Kooyman and Ponganis 1998).

In diving tufted ducks, after the flow to the hedstain and active leg muscles had been
subtracted there was very little of the total cacdbutput to share around the rest of the body,
suggesting that most other supplies were cut o$everely limited (Bevan and Butler 1992).

In most individuals there was a significant relatibip between abdominal temperature and
dive duration but the?® value of these correlations was very low. Theraildcbe some
additional metabolic advantages in a reductionemgerature in some regions of the body.
However if very little blood is reaching the regsowhere perfusion is reduced then any
advantages of the effect of lowered temperaturemetabolism (Heldmaier and Ruf 1992),
reduced thermoregulatory costs and the decrea8edyafor oxygen (Schmidt-Nielsen 1997)

in cold tissues are likely to be minimal.
Conclusions

The present study does not fully explain how mdiakand circulatory adjustments permit

the diving behaviour exhibited by penguins and othieds. However, it does indicate that
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most dives by macaroni penguins within bouts ofeeted dives are likely to be aerobic.
Circulatory adjustments and the consequent reducideart rate during dives are sufficient
to permit a sufficiently low level of oxygen consption such that even the longest observed
dives performed by these animals may be supposteskimbic metabolism. A result of this is
a reduction in abdominal temperature, which matherreduce metabolism in its own right.
Further work is necessary to investigate theseauleitary adjustments; how often they are
made and to what extent is blood flow is reducemly hissues are affected by prolonged
periods of hypothermia and reduced blood supplyg, exactly which parts of the body are
affected by these adjustments. Only by investigatimther will we understand the extent to
which physiological adjustments enable these Windsndertake their impressive underwater

foraging behaviour.
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Bird Mass Duration of Proportion of | Proportion of at-seg Number of
(kg) data record (d) time at-sea time submerged dives recorded

HO02 3.6 8.26 0.61 0.61 2656

H15 3.3 12.95 0.80 0.58 6367

H17 3.1 4.65 0.78 0.58 1926

H25 3.9 11.56 0.69 0.56 4466

H29 3.6 6.17 0.79 0.47 2341

H53 3.3 28.01 0.49 0.52 7182

H59 4.0 1.29 0.83 0.48 466

H61 3.4 6.29 0.70 0.50 2339

H69 3.8 4.18 0.73 0.17 639

H73 3.8 3.48 0.54 0.42 857

H79 4.1 26.81 0.51 0.58 6932

Ho93 3.6 9.09 0.54 0.62 3316

H95 34 13.26 0.58 0.64 4535

Mean+ S.E.M. | 3.6£0.3 | 10.46 £2.32 0.67 0.52 3386 £ 6 49

Table 5.1. Deployment details and simple parametdrgliving for 13 breeding female

macaroni penguins from which data were obtained.
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Figure 5.1. Hourly means of heart rate, body terapgne and diving depth recorded over six
days from penguin H95. The open circles are abdahtemperature, the closed symbols

heart rate and the grey bars diving depth.
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Figure 5.2. Influence of time of day on a) mearediepth, b) mean dive duration and c)
mean dive rate, recorded from 13 breeding femaleammmi penguins. All values given as
mean+ S.E.M. Dashed lines represent dawn and dusk, wheted during the season. The
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Figure 5.3. Relationship between dive depth, dwetibn and frequencies of combinations

of the two, for 43244 dives recorded from 13 bregdemale macaroni penguins.
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Figure 5.4. Relationship between dive duration,tpdise surface interval duration and
frequencies of combinations of the two, for 432A4%s recorded from 13 breeding female

macaroni penguins.

170



Chapter 5

@)

F8'v6 - ¥'¢6
r¢'16 - 8'88
r9'/8-¢'S8
ro'v8 - 918
-7'08 - 0'8L
Fr8'9L-vV.
r¢'€L-80L
r9'69 - 2,9
r0'99 - 9°€9
729 -0°09

e'8s - 795

r¢'GS - 8¢S

1915 - 267

r0'8v - 9'GY
vy - 0'cy
r8'0v - ¥'8€
r¢'LE-8VE
Fr9'€E - 1€
r0'0€ - 9'L¢
r7'9C - 0v¢
r8'¢¢-v¥'0¢

r¢'6T -891

r9'ST-C'€T

r0¢T-96

r ¥8-09

r 8v-v¢

N
N

T T T T T T T T T T
© W O ¥ N O o © < N O
N A A I «

Aouanbaly o, Uea|n

Dive depth (m)

(b)

rove - ¢€¢
rO€¢C - ¢c¢
r0cec - ¢te
r0T¢ - ¢0¢
-00¢ - ¢61
06T - 28T
08T - ¢.1
FOLT - 29T
09T - ¢ST
r0ST - ¢v1
FOvT - CET

FOET - ¢¢T

r0¢T - C11

01T - 20T

00T - ¢6

- 06 -¢8

r 08-¢.

r0L-29

- 09-¢S

- 0G-¢v
- OV -¢€
- 0€-¢¢
r0¢-¢1
r0T-¢

14

12 4

Kouanbalj o5 Ueay

Dive duration (s)
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Figure 5.6. Drop in abdominal temperature duringvidg bouts of different durations,

recorded from 13 breeding female macaroni penguins.
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Chapter 6

General Discussion

The overall aim of the present study was to meath@deart rate and abdominal temperature
of macaroni penguins and use these data to ansvestigns about their ecology, behaviour
and physiology. All of the principle objectives teteh in Chapter 1 have been addressed and
though not exhaustive and comprehensive, this gtadyproved the utility of thig technique

and improved our understanding of this importaecsss.

The heart rate method has now been establishedvadidaand valuable method for the

investigation of metabolic rate in the field (FMR)hapter 2 addresses objectives 1 and 2 and

describes the relationship between heart fajeand rate of oxygen consumpti(\/ra)2 for

this species and develops the statistical techeigquecessary to investigate the errors

associated with the estimation %2 . One of the many problems associated with theofise

doubly labelled water to estimate FMR is the ingbito quantify the amount of error
associated with this technique and how this shouldence experimental design. The work
presented in Chapter 2 improves upon this posliymodelling the error of estimates made
using thefy technique and how the nature of this error afféloesnumber of experimental
animals used and amount of data collected from theth in the laboratory calibration

process and in the field.

Chapter 2 also shows that the relationship betwkemnd V02 does not change as
physiological status changes but that it can vatyvben the sexes. Further work in this area
should look further into these sex differences,chare also suggested by the results from
Chapter 4. Other work might investigate Whetherﬂ;liilsi’o2 varies when different types of
locomotion or muscle groups are used. A previouslysbf gentoo penguins (Bevan et al.
1995) showed no difference in the relationship atslvimming in a static water canal or

walking on a treadmill. However, more recent worikhwbarnacle geese suggests a different

relationship while flying in a wind tunnel and esising on a treadmill (S. Ward, C.M.
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Bishop, P.J. Butler & A.J. Woakes, unpublished datzertainly this subject stands further

investigation.

Chapters 3 and 4 concentrate on objectives 3 amatidd describe the application of the
relationships and techniques from Chapter 2 anctoineersion of heart rates collected from
the field to estimates of FMR. These data can n@vcbmbined with data collected
simultaneously on diet and foraging locations ofcarani penguins (Barlow et al. 2001),
converted to estimates of food consumption andctimienodels of the Scotia Sea. In Chapter
3, FMR was estimated during two different phasetheforeeding season and the results from
this compared to energetic data from other stunfi@enguins. The estimates from the present
study were very similar to those from the only poerg study of penguin energy expenditure
made using théy technique. (Bevan et al. 2001). However, bothh&fsé estimates were
lower than estimates using DLW and time energy btglgombined with respirometry,
especially when animals were at-sea and foragingsiBle explanations for this difference
are outlined in Chapter 3, but it seems likely tBaMW does tend to overestimate FMR in
aquatic animals, especially since in studies uBihg/, the metabolic scope is greater than is

normally sustainable (Peterson et al. 1990, Hammand Diamond 1997). Another

explanation might be differences in tri@’\/o2 relationship associated with modes of

locomotion (as mentioned above), further underginiime importance of investigation in this

area.

Because of logistical constraints, it was not passito collect FMR data from many
individuals throughout the whole of the breedingsem. The data presented in Chapter 3 do
though allow comparison of FMR during the differg@hiases of the season and for different
activities. Furthermore, using the moult fast asexample, Chapter 4 shows how it is
possible to track changes in FMR in individuals gnolups from day to day over an extended
period of time. These data have never been cotlicten a free-ranging animal before and
future work should concentrate on extending sugiioyenents to the whole of the breeding
season for these animals as well as the winteogddr which we know nothing of their
behaviour and location. Further and continuing tgveaents in technology should allow
heart rate data loggers to be deployed in expetahanimals for over a year. These data will

allow us to look in detail at the energetic codtalbthe activities associated with foraging,
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reproduction and maintenance. This will allow ududher test theories about the temporal
demands of reproduction on parents (Ricklefs 128®) give an insight into how decisions
and strategies are made. It was also not possildellect FMR data from male penguins in
the current study and deployments on males shoela Ipriority in any further work to

complete the picture of parental energy expenditure

Chapter 5 explores objectives 5 and 6 and the @i of thefy method to the questions
surrounding the physiology and behaviour of divifige physiological mechanisms which
facilitate the diving behaviour observed in manydbiand mammals are still not fully
understood (Butler and Jones 1997). However, thsgmt study does suggest that most dives
by macaroni penguins observed in the field may eddee sustained by aerobic metabolism
following adjustments in circulation and heart rafeconsequence of these adjustments in
macaroni penguins and in other species is a logarintemperature in the abdomen. The
extent of this cooling around the body and on wirae scale it occurs is unknown and
further work should concentrate on investigating.thowering of body temperatures is likely
to reduce metabolism during diving thus extendiivind duration. Understanding how and if
this process is facilitated is essential in underding how diving animals achieve the
behaviour we observe. The data gathered on abdbiem@erature in the present study are
extremely interesting and indicate significant admin circulation while diving. However,
without further investigation it is unfortunatelyptpossible to draw many conclusions from
them. The present study suggests that the divirigrafjing macaroni penguins is not limited
by their physiology, with few dives at the limit$ @erobic duration or anaerobic in nature.
Further work should focus on the depth, distribumd availability of prey species and how

these factors determine diving behaviour.
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