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Summary

The period of maternal dependence is a time during
which  mammalian infants must optimise both their
growth and the development of behavioural skills in order
to successfully meet the demands of independent living.
The rate and duration of maternal provisioning, post-
weaning food availability and climatic conditions are all
factors likely to influence the growth strategies of infants.
While numerous studies have documented differences in
growth strategies at high taxonomic levels, few have
investigated those of closely related species inhabiting
similar environments. The present study examined the
body composition, metabolism and indices of physiological
development in pups of Antarctic fur seals Arctocephalus
gazelld and subantarctic fur seals Arctocephalus
tropicalis), congeneric species with different weaning ages
(4months and 10months, respectively), during their
overlap in lactation at a sympatric breeding site in the lles
Crozet. Body lipid reserves in pre-moult pups were
significantly greater (2g=2.73, P<0.01) in subantarctic
(26%) than Antarctic fur seals (22%). Antarctic fur
seal pups, however, had significantly higher t4¢=3.82,
P<0.001) in-air resting metabolic rates (RMR;
17.1+0.6ml O2 kg~ min—1) than subantarctic fur seal
pups (14.1+0.5ml O2 kg~ min—1). While in-water standard
metabolic rate (SMR; 22.9+2.5ml O2kg~1min—1) was

greater than in-air RMR for Antarctic fur seal pups
(te=2.59, P<0.03), there were no significant differences
between in-air RMR and in-water SMR for subantarctic
fur seal pups €12=0.82,P>0.4), although this is unlikely to
reflect a greater ability for pre-moult pups of the latter
species to thermoregulate in water. Pup daily energy
expenditure was also significantly greater tf7=2.36,
P<0.03) in Antarctic fur seals (638+3%J kg-1day1) than
in subantarctic fur seals (533+3%J kg~lday1), which
corroborates observations that pups of the former species
spend considerably more time actively learning to swim
and dive. Consistent with this observation is the finding
that blood oxygen storage capacity was significantly
greater (t9=2.81, P<0.03) in Antarctic (11.5%) than
subantarctic fur seal (8.9%) pups. These results suggest
that, compared with subantarctic fur seals, Antarctic fur
seal pups adopt a strategy of faster lean growth and
physiological development, coupled with greater amounts
of metabolically expensive behavioural activity, in order to
acquire the necessary foraging skills in time for their
younger weaning age.

Key words: maternal provisioning, metabolic rate, growth strategy,
resource partitioning, energetics, weaning, fur sAattocephalus
gazellag Arctocephalus tropicalis.

Introduction

Throughout the period of maternal dependence, mammalighat can be devoted to physical activity due to the high

infants must balance the demands of lean body growth, lipichaintenance metabolism costs associated with a large lean
storage and energy expenditure for behavioural developmebbdy mass (Blaxter, 1989; Innes and Millar, 1995).
from the finite nutritional resources (milk or solid food) Conversely, high levels of energy expenditure devoted to
provided by their mother (Loudon and Racey, 1987; Martinbehavioural development (usually through play) may enhance
1984; Peaker, 1989). Trade-offs, however, exist in devotingunting ability or predator avoidance but limit the storage of
nutritional resources to various developmental pressures. Fbody lipids that could be crucial to post-weaning survival
example, rapid lean growth may confer advantages to thaduring the early period of nutritional independence when
infant in being large at weaning (e.g. enhanced defence of foddraging efficiency may still be low (Birgersson and Ekvall,
resources or against predators) but limits the amount of enerd@@97; Fisher et gl 2002). Furthermore, the ability of infants
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to direct resources to various expenditures may depend on thebantarctic fur seals at their sympatric sites in order to
composition (protein, lipid, carbohydrate) of the maternallyunderstand the mechanisms driving the divergent strategies
provided nutrition and its rate of delivery (McAdam andand their impacts (Goldsworthy, 1999; Goldsworthy and
Millar, 1999; Owens et gl 1993; Price and White, 1985). Crowley, 1999; Goldsworthy et.all997; Green et al1990;
Therefore, as mortality in mammals is generally highest durinierley, 1983, 1984, 1985; Klages and Bester, 1998; Robinson
the post-weaning stage (Clutton-Brock ef #087; Coulson et et al, 2002). At Macquarie Island and Marion lIsland, no
al., 2001; Le Boeuf et 311994; Van Ballenberghe and Mech, differences have been found in maternal diet, foraging areas or
1975), knowledge of infant growth strategies and how theyliving behaviour between the species during their summer
differ according to environmental and maternal constrainttactational overlap (Goldsworthy and Crowley, 1999;
may provide important insights into mechanisms influencingsoldsworthy et al 1997; Klages and Bester, 1998; Robinson
juvenile survival and life history. et al, 2002) yet, over the same time period, growth rates of
Otariid seals (fur seals and sea lions) are an ideal group féntarctic fur seal pups are significantly greater than those of
investigating this topic, as females give birth to a singlesubantarctic fur seals at all sympatric sites (Goldsworthy and
offspring, there is no post-weaning maternal care, an@rowley, 1999; Kerley, 1985; S. P. Luque et al., unpublished
offspring are entirely dependent on milk for nutrition data). Goldsworthy and Crowley (1999) suggested that the
throughout most of lactation (Bonner, 1984). Furthermoredifference in growth rates could reflect either a higher milk
lactation in these species is characterised by motheonsumption rate in Antarctic fur seals or greater metabolic
alternating between short nursing periods ashore and lorexpenditure by subantarctic fur seals. However, the limited
foraging trips to sea during which their pup must fast (Gentrynformation on pup metabolic rates for the species is restricted
and Kooyman, 1986). Consequently, the nutritional resourcdse their allopatric sites (making comparisons difficult) and
delivered to the dependent pups must be allocated for growtthere is no information on their milk consumption rates at
storage and behavioural development (e.g. learning to swingympatric sites (Arnould et.all996a, 2001; Beauplet et,al
during fasting periods as well as when the mother is ashore2003; Georges et .aR001; Guinet et 311999). Furthermore,
Lactation in otariid seals generally lasts 10aidhths, while mass gain differs between the species, it is not known
although in some species offspring may be suckled for up twhether the divergent lactation strategies influence the
3years (Bonner, 1984). Exceptions to this pattern are theomposition of growth and development (Owens gt1893;
Antarctic fur seal Arctocephalus gazeljaand the northern fur Spray and Widdowson, 1950).
seal Callorhinus ursinuy which have lactation periods lasting The aims of this study, therefore, were to determine
only 4months. The brevity of lactation in these two species isvhether differences in body composition, metabolism and
thought to have evolved to exploit the predictably high but briephysiological development exist between sympatric Antarctic
productivity of the subpolar summer and to maximise maternalnd subantarctic fur seal pups.
transfer and offspring growth before the onset of the polar
winter (Gentry and Kooyman, 1986). By contrast, the longer
lactation periods of the other otariid species are thought to have
evolved in response to the low seasonal variation but less Study site and animals
predictable nature of the temperate and sub-tropical marine The study was conducted at La Mare aux Elephants
environments they inhabit. At three locations in the subantarcti@6°2229"' S, 51°4013" E), Possession Island (lles Crozet),
region, however, there is the surprising situation where speciésiring the 2001/2002 breeding season. Population growth rates
representative of each strategy breed sympatrically. Macquarfier both Antarctic fur sealsAfctocephalus gazelld®eters)
Island, Marion Island and lles Crozet are the northern andnd subantarctic fur seal8rtocephalus tropicali$sray) on
southern extents, respectively, of the Antarctic fur seal anBossession Island are currently ~18% per annum (Guinet et
subantarctic fur seal¢ctocephalus tropicaljsbreeding ranges al., 1994). Annual pup productions at La Mare aux Elephants
(Guinet et al 1994; Kerley, 1984; Robinson et,&002). At were 164 and 80 for Antarctic and subantarctic fur seals,
these sites, the majority of pupping for each species occurs iaspectively, in 2001/2002 and peak-pupping dates were 5
December but, despite similarity in their maternal masses aridecember and 25 December, respectively.
pup birth masses (Goldsworthy et, al997; Kerley, 1985), During the pupping period, 95 Antarctic and 58 subantarctic
Antarctic fur seal pups wean at the end of the Austral summéur seal newborn pups were sexed and identified by a unique
(March—April) whereas subantarctic fur seal pups wean imumbered piece of plastic tape glued to the fur on the top of
late winter (August—September). There are few examplethe head (Georges and Guinet, 2000a). At about one month of
worldwide of such closely related sympatric species havingge, each of these pups was tagged in the trailing-edge of both
such divergent lactation strategies (Dempster.e1892; Innes  fore-flippers with an individually numbered plastic tag (Dalton
and Millar, 1994). Rototag, Nettlebed, UK). As part of concurrent studies, the
Numerous studies have investigated the maternalttendance patterns of mothers of marked pups were monitored
characteristics (e.g. diet, foraging behaviour, foraging areafrom birth until the end of March by visual inspection of the
colony attendance patterns and milk composition) and pupatal colony three times per day (02[)QL2:00h and 17:0t
responses (e.g. growth rate and weaning mass) of Antarctic alutal time).

Materials and methods
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Sampling was conducted in February 2002 and wamstrumentation (LabVie® 4.0; National Instruments
staggered by 10-1days between the species in order toCorporation). Ambient atmospheric pressure, temperature and
cover similar pup ages. Mean ambient and sea surfadeimidity readings were manually entered into the software
temperature during sampling were 8.0°C and 8.0°Cpackage as they were recorded. Water temperature was
respectively (http//ingrid.ldgo.columbia.edu/). For all aspectsneasured with a glass thermometer (+0.1°C; Hanna
of the study, selected pups were capturedday® after the Instruments Ltd Pty, Keysborough, VIC, Australia) prior to,
mother’s departure to sea following a normal suckling periodnd immediately after, the pup was in the basin. For logistical
in order to allow sufficient time for complete voiding of reasons, the body temperature of study pups was not recorded.
ingested milk from the stomach (Arnould et,al996a; The pups were introduced into the chamber and left to rest
Donohue et a) 2002; Oftedal and Iverson, 1987). Each studyand acclimatise for h. Measurements of D humidity,
pup was selected at random from the population of market@mperature, pressure and flow were taken continuously
individuals and sampled for only one aspect of the studythroughout the duration of the experiment but for calculations of
Upon each capture, pups were weighed in a sack with aesting rates the values from the riilh of minimum oxygen
electronic suspension balance (xCk@). All the study pups consumption after the hour of acclimatisation were used.
still had the black natal pelage and, based on clos€onfirmation thatthe pup was resting but not sleeping was made
examination of the pelage, all individuals were considered tby visual inspection through the Plexiglas window, which was

be at the pre-moult stage. usually kept covered. Once the measurements in air had been
_ _ _ completed, the pup was placed in the water-filled basin and left
Respirometry and resting metabolic rate to acclimatise for h, and, thereafter, values from therfi® of

Oxygen consumption, determined by an open circuiminimum oxygen consumption were used to calculate in-water
respirometry system (Butler and Woakes, 1982), was usetandard rates. Due to equipment problems, in-air and in-water
to measure the resting metabolic rates (RMR) of pupsanetabolic rates were not measured for all pups.

Pups were placed in a wooden respirometry chamber Oxygen consumption Vb,) was calculated using the
(80 cmx60 cmx50 cm; sealed with silicone and varnish) that equation of Withers (1977):

was equipped with a small Plexiglas window and large fan the .

ensured complete and rapid mixing of air. Foam rubber sea Lo Vst X (FO,,Amb — Fo,,Exp) 1)
ensured an air-tight junction between the door and the body « %27 1= Fo, amb + RQOX (Fo.,amb— Fouexp) |

the respirometer. The chamber had a removable floor belo

which there was a basin 66n deep. The basin was filled with whereVstepis the flow rate of dry air through the respirometer
fresh water to within 1@8m of the rim and covered by a sheet(in ml min-1) corrected for standard temperature and pressure,
of wire grating when a pup was placed in it. Fo, exp andFo,,amb are the fractional concentrations of @

Air was drawn through the respirometer using an air pumputlet and ambient air, respectively, and RQ is the respiratory
(B105; Charles Austen Pumps, Byfleet, Surrey, UK), and flowgquotient. Assuming a diet of milk, an RQ of 0.71 was
rate (maintained at 30min—1) was measured using a rotametercalculated with the following metabolic constants:
(Fisher-Rosemount Ltd, Catham, Kent, UK). A subsample 02.1021 Oz g~1lipid, 0.976l1 Oz g lprotein, 1.433 COxg?!
the outlet air flow was passed through Drierite (CSMd  lipid and 0.783 COz g1 protein (Costa, 1987).

CO, absorbent (Baralyn$g to an Q analyser (S103; Qubit

Systems Inc., Kingston, Ontario, Canada). Sampling of Body composition, daily energy expenditure and milk
ambient air was conducted every rhth by manually consumption

switching a valve in the chamber outlet airflow line. The O The body composition and daily energy expenditure (DEE)
analyser was calibrated prior to each measurement period withtes of pups were measured using hydrogen isotope dilution
atmospheric air and nitrogen (Air Products PLC, Creweand doubly labelled water (DLW) techniques (Costa, 1987).
Cheshire, UK). Ambient atmospheric pressure, temperaturgfter weighing upon capture, a background blood sample
and humidity were measured on a digital barometer (Modd€b ml) was collected into a heparinised syringe from each pup
BA116; Oregon Scientific Pty Ltd, Sydney, NSW, Australia)by venipuncture of an inter-digital vein in a hind-flipper. They
and recorded every Ifin. A humidity/temperature sensor were then given an intramuscular injection of a weighed dose
was affixed inside the chamber. (+0.01g) of tritiated water (HTO; ~inl, 7.4mBqgml-1). Each

The output signals from the >Oanalyser and the animal was also given an oral dose, by stomach tube, of
humidity/temperature sensor passed through a purpose-bulls—20ml H2180 10% AP (Isotec Inc., Miamisburg, OH,
interface box that amplified the signals to a range of\-i®  USA). Pups were then kept in an enclosure farkgfore an
+10V and then transferred them to an analogue—digita¢quilibration blood sample {l) was collected, to determine
converter unit (DAQPad-1200; National Instrumentsthe total body water (TBW) pool size and initial plastf@
Corporation, Austin, TX, USA) in a desktop computer. Thelevels, before being released at the point of capture, left
computer sampled the outputs 100 times per second, tookuadisturbed and allowed to suckle normally during the next
mean of these values and saved them to a file evenyith  visit ashore by their mother. Each pup was recaptured2ys
a program developed using a software package for automatdter the departure of the mother on her subsequent foraging
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trip to sea (4—8lays after initial capture), weighed and a finalperiod of maternal dependence (Burns, 1999; Horning and
blood sample (3nl) was collected. Trillmich, 1997a,b). In the present study, therefore, factors
All blood samples were kept at 4°C for several hours beforaffecting oxygen storage [haematocrit (Hct), haemoglobin
being centrifuged (3000p.m., for 10min) and the plasma (Hb) and total blood volume] were measured and used as
fraction separated. Aliqguot samples (2n of plasma were indices of physiological development.
stored frozen (—20°C) in plastic screw-cap vials (with silicon O- After weighing upon capture, a background blood sample
rings; Sarstedt Inc., Newton, NC, USA) until analysis. For(5ml) was collected into a heparinised syringe from each pup
tritium analysis, thawed sub-sample aliquots of plasman{().2 by venipuncture of an inter-digital vein in a hind-flipper
were distilled into pre-weighed scintillation vials following the and stored cool (4°C) until all samples were centrifuged
procedures of Ortiz et al. (1978). The vials were then re-weighgdee below). Each pup was then given an intravenous
to obtain the mass of the sample water (¥8g). Scintillant injection (~1ml) of a weighed dose of Evans Blue dye
(10ml Ultima Gold; Canberra Packard, Mt Waverly, VIC, (0.5mgkg-!bodymass; Sigma-Aldrich, St Louis, MO, USA)
Australia) was added to the vials, which were then counted fao measure total blood volume (El-Sayed et H95). After
5min in a Packard Tri-Carb 2100TR liquid scintillation analysercompleting the injection but before removing the needle from
(Canberra Packard) with correction for quenching by means diie blood vessel, the syringe was flushed with blood 2—-3 times
the sample channels ratio and an external standard to set theensure that all dye was administered. Serial blood samples
counting window for each vial. Samples were analysed if5 ml) were collected at 1fin, 2Cmin and 30min post-
duplicate and each vial was counted twice. Sub-samplesi(0.2 injection to measure the equilibration and dilution of the dye
of the injectant were counted in the same way, and at the sarfid-Sayed et a) 1995).
time, as the water from the plasma samples to determine thePrior to centrifugation, each background blood sample was
specific activity of the tritium injected. TH8O enrichment of thoroughly mixed by gentle agitation. An gDsample was
plasma water was determined by Metabolic Solutions (Nashuplaced in 2.5 ml of Drabkins reagent (Sigma kit 525A; Sigma-
NH, USA) using gas isotope ratio mass spectrometry. Aldrich) and later assayed for Hb concentration by colorimetric
TBW was calculated from HTO dilution space using ananalysis. Absorbance was measured in duplicate samples
equation determined empirically in Antarctic fur seal pupson a Spectronic 1001 (Milton Roy, Ivyland, PA, USA)
(Arnould et al, 1996b). Lean body mass (LBM) was calculatedspectrophotometer at a wavelength of &A@ Hb
from TBW assuming a hydration constant of 74.7% (Arnouldconcentration of each sample was determined by comparison
et al, 1996b), and total body lipid (TBL) was calculated bywith a dilution curve created from protein standards. Hct was
subtracting LBM from total body mass. Total water influxmeasured in triplicate from an aliquot of the whole blood as
(TWI) rates were calculated from the decrease in specifithe packed red blood cell volume in capillary tubes following
activity of HTO and equatiorts and 6 in Nagy and Costa centrifugation for Gmin at 11500r.p.m.
(1980), assuming an exponentially changing TBW. Carbon Total blood volume was measured by colorimetric analysis of
dioxide production rates were calculated using equdtioh  the Evans Blue dilution. Following centrifugation at 39@0m.
Nagy (1980). DEE was calculated from £@roduction for 10min, aliquots of plasma were separated and stored frozen
assuming a conversion factor of 27kM-1CQO, (Costa, (—20°C) in plastic vials until analysis several months later. In the
1987). Oxygen consumption was determined by dividing COlaboratory, the thawed samples were agitated and centrifuged
production by the RQ (0.71; see above). Metabolic wateagain at 3000.p.m. for 5min. The absorbance of the decanted
production (MWP) rates were calculated from the metaboliclyed plasma was determined on a Spectronic 1001 (Milton Roy)
rate determined by DLW assuming a conversion factor o$pectrophotometer at 624n and 740m following procedures

0.02629g H20 kJ-1 (Schmidt-Nielsen, 1983). outlined in Foldager and Blomqvist (1991). Dye concentrations
Milk consumption rates were calculated using the followingwere determined from a serial dilution curve of Evans Blue
equation (Ortiz, 1987): standards measured at both wavelengths. It is common practice
to back-calculate the dye concentration at the time of injection
TWI - MWP ini i ion li
Milk consumption rate = @) by determining the intercept of a regression line between dye

concentration of each serial sample and the time it was collected
(Costa et aJ 1998; El-Sayed et al 1995; Foldager and
Milk composition does not differ significantly between Blomqvist, 1991). This method was not used because the
Antarctic and subantarctic fur seals at the study site, and meeaggression between dye concentration and time post-injection for
milk water and energy contents during the study period wermost of the seals was not statistically significai0(05).
41.5% and 18.8Jg71, respectively (S. P. Luque et al., Therefore, a mean dye concentration using all three samples (i.e.
unpublished data). Similar findings have been reported oh0min, 2Cmin and 30min post-injection) was calculated and
Macquarie Island (Goldsworthy and Crowley, 1999). used for determination of blood volume. Plasma volume was
calculated as follows:

Milk water content

Blood volume
The physiological ability of infant pinnipeds to make Vp:m, 3)
foraging dives has been shown to increase throughout tt [Cel
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where ] is the initial quantity (mg) of Evans Blue dye (17.1+0.6ml Oz kg lmin1) than subantarctic fur seals
injected, 4 is the concentration of Evans Blue dye (mfy  (14.1+0.5ml Oz kg1 min-2; t26=3.82,P<0.001).

obtained from the mean of the serial samples\grid plasma Measurements of in-water standard metabolic rate (SMR)

volume (litres). Total blood volume/f) was then calculated were obtained for 12 Antarctic (six female, six male) and 15

as: subantarctic (seven female, eight male) fur seal pups. Mean
Vb=Vp[100 (1 — Hct)] - 4 (4)  water temperature during the measurements was 10.0+£0.6°C

. . . range: 9-12°C). There was no relationship between body mass
where Hct is haematocrit expressed as a fraction of who . S . .
and in-water SMR in either specieB>0.1 in both cases).
blood. o : . S
Statistical analvses were performed using the ﬁstatMass—specmc in-water SMR did not differ significantly
Y P g between the sexes in either speciésQ(1 in both cases) so

statistical software (Version 7.0.1; SPSS Inc., Richmond, Cpihe data were combined (Talp Mean mass-specific in-
USA). The Kolmogorov—Smirnov test was used to determine b

S water SMR of pups was significantly greater in Antarctic
whether the data were normally distributed, andr aest was (22.942.5ml O kg-Lmin-Y) than subantarctic fur seals

used to confirm homogeneity of variancBs(@.2 in all cases). £14.61rl.0ml Oz kgL minL: tr5=3.41,P<0.003).

Differen ween linear regressions wer nalysi il .
erences betwee ear regressions were tested by analySlS\ieasurements of both in-air RMR and in-water SMR were
of covariance (ANCOVA) after testing for homogeneity of ; : )
. made in 10 Antarctic and 13 subantarctic fur seal pups. Mean
slopes. Unless otherwise stated, data are presented as means * - S
in-water SMR was significantly greater than in-air RMR for

1 s.e.m. and results considered significant at Bz®.05 level. Antarctic fur seal pups (pairagest te=2.59,P<0.03) but not
for subantarctic fur seal pupg£0.82,P>0.4).

Results . . : .
, . Body composition, daily energy expenditure and milk
Resting metabolic rate consumption
M(_aasurements of in—ai_r res.ting metabol?c rate (RMR) were Body composition upon capture was determined for a total
obtained fpr 14 Antarctic (six female, eight male) and 14of 16 (eight male, eight female) Antarctic and 14 subantarctic
suba}ntarc.tlc (seven female,. seven male) fur seal pups. Me ven male, seven females) fur seal pups. No significant
amb|er.1t zgw i(;roncp eraltturg duRr:\ljlngefasurements was 1.(f).'5io'|6 ifferences were detected between the sexes in either species
(ran_g_e.l _I d) B'a:j'r . OA Pups vaas Se'agn' ggmy(P>O.2 in both cases) so the data were combined. As expected,
E)c:zlt:)vze ybre ate tob ody ma s? n r;gctg:_ gr Si SI\% ' significant positive correlations were found between total body
'.f. ) . ut .noél\j% ?jrj(;arctlcd_lfjfr S€e ? ' Ilg'b). ass—h water (TBW) and body mass in both species (EjgHowever,
SPEecilic in-air ! not ier signi icantly between the . regressions differed significantly between the species
SEXes In el_ther specie$>0.1 in both casgs) SO t_he data(ANCOVA, F1,27=5.82,P<0.02), with Antarctic fur seal pups
were combined .(T".’“?’E)- Mean mas;-specmc n-air RMR having higher TBW per unit mass and, thus, relatively lower
of pups was significantly greater in Antarctic fur SealsTBL stores (22.2+1.0%) than subantarctic fur seal pups
(26.1+1.0%:;t28=2.73,P<0.02; Table2).

1000_: With the exception of one female Antarctic fur seal pé@ (

] levels were too close to background upon recapture), field
y=38.7(0.64) metabolic rate measurements were obtained for all of the above
12=0.58 individuals. There were no significant differences inCO

FT'; o production between the sexes for either speded.( in
£ W both cases) so data were combined. Antarctic fur seal pups
) ®
% 100'; ° Table 1 Mass-specific metabolic rates of Antarc'Eic and
T subantarctic fur seal pups on Possession Island, Illes Crozet
E Antarctic Subantarctic
e Antarctic fur seal fur seal N fur seal N
o Subantarctic fur seal Body mass (kg) 9.64+0.43 14 9.45+0.31 15
Age (days) 64+1 14 62+1 15
10 S . In-air RMR 17.1+0.6* 14 14.1+0.5* 14

5 10 20 (ml O2 kg~t min—?)

In-water SMR 22,9425 12 14.6+1.0 15
Body mass(kg)

(ml O2 kg1 min-1)

Fig. 1. The relationship between in-air resting metabolic rate (RMR)

: . Values are meansse.m.
and body mass of Antarctic and subantarctic fur seal pups at + S .
Possession Island, Tles Crozet. The equation given is for Antarctic and " denote significant differences B&0.001 andP<0.003,

fur seal pups. No significant relationship was found for subantarctiEESpeCtively'_ . .
fur sealsp P g P RMR, resting metabolic rate; SMR, standard metabolic rate.
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10- A Table 2.Energy expenditure and milk consumption rates of
Antarctic and subantarctic fur seal pups on Possession Island,

9 fles Crozet
= 8 - Antarctic fur  Subantarctic fur
% 7 seal N=15) seal K=14)
g °7 Body mass (kg) 10.05¢0.35  10.47+0.49
> 54 Age (days) 64+1 66+2
S 44 Total body lipid (%) 22.2+1.0¢ 26.1+1.0
B 5] - CO; production (mig-1 h1) 0.97+0.05* 0.81+0.05*
2 . Daily energy expenditure 638+33* 533+33*

2 @ Antarctic fur seal (kI kgt day)

1- O Subantarctic fur seal o, consumption (mtyt h-2) 1.36+0.07* 1.14+0.07*

0 Total water influx (mkg-tday?)  51.2+2.7 40.7+3.5

! ! ' ! ! ! ! ! ! ' Metabolic water production 16.8+0.8* 14.0+£0.9*

5 6 7 8 9 10 11 » 13 14 15 (ml kgt day )

Milk water intake (mkglday?)  34.4+3.0 26.2+3.9
5B Milk consumption (mkg1day?)  82.947.1 63.249.5
Milk consumption (mbout™) 3879+260 3637+544
S 47 -~ * and T denote significant differences between the species at
< P<0.03 andP<0.02, respectivelyin=16 (see text for details).
g 3
=) between the species in the amount of milk consumed per day
% 2 by pups during the study periad#£1.70,P>0.1; Table2). The
3 -7 amount of milk consumed per maternal attendance bout also
. 1 ® ° @ Antarctic fur seal did not differ significantly between the specids7«1.70,
o Subantarctic fur seal  P>0.1).
0 T T T T T T T T T ] Blood volume
5 6 7 8 9 10 11 2 18 14 15  pHgematocrit (Hct) and haemoglobin (Hb) values were

Body mass(kg) obtained for 10 (five male, five female) Antarctic and eight
subantarctic (five male, three female) fur seal pups. There were

Fig. 2. The relationship between body mass and (A) total body watgq, g nificant differences in either Het or Hb between the sexes
and (B) total body lipid in Antarctic (solid lines) and subantarctlc]c ¢ either speciesP0.1 in all cases) so data were combined
(broken lines) fur seal pups at Possession Island, lles Croz 0 P ) ’

Regression statistics for both species inyA0.50¢+0.70 (2=0.93, eMean Het did not differ S'Qn'f'cam'y between Antarctic
P<0.0001) andy=0.55-0.01 (2=0.93, P<0.0001), respectively. (50.2+0.9%) and subantarctic (48.1+1.0%) fur seal pups
Regression statistics for both species inyB0.3%-0.94 (2=0.75,  (t16=1.5,P>0.1). Similarly, there was no significant difference
P<0.0001) ang/=0.26+0.02 (2=0.63,P<0.0001), respectively. in Hb content between Antarctic (14.5+@8I) and
subantarctic (14.6+0.4dI"Y) fur seal pupst{s=0.25,P>0.8).

Blood volume estimates were obtained for five Antarctic
had a significantly higher mean @Oproduction rate (two male, three female) and six subantarctic (four male, two
(0.97+0.05mlgth) than subantarctic fur seal pups female) fur seal pups. Blood volume as a proportion of body
(0.81+0.05ml g lhy t,7=2.36, P<0.03). These values Mass was significantly greater in Antarctic (11.5£0.8%) than
represent mean daily energy expenditure (DEE) and Csubantarctic (8.9+0.5%) fur seal pup®=g.81, P<0.03).
consumption rates, respectively, of 63843%g-1day! and Assuming the same mean body composition for these pups as
1.36+0.07mlglhl for Antarctic fur seals and determined above, the difference in blood volume between the
533+33kJ kgt dayland 1.14+0.0Tnl g~ h-Lfor subantarctic ~ species was still significant when considered as a proportion of
fur seal pups (Tab!2). The higher DEE of Antarctic fur seal LBM (to=2.35,P<0.05).
pups resulted in them having significantly greater metabolic
water production (MWP) rates (16.8+018 kg-1day?) than _ ,
subantarctic fur seal pups (14.0+en@kgday?; tp7=2.36, Discussion
P<0.03). Mean milk water intake (MWI), however, did not Body composition, resting metabolic rate and daily energy
differ significantly between the specie7£1.66, P>0.1; expenditure
Table2). Consequently, as milk composition did not differ In contrast to numerous recent studies that have documented
between the species (S. P. Luque, J. P. Y. Arnould and @Gigher mass-specific body lipid contents in female than male
Guinet, unpublished data), there was no significant differendeir seal pups (Arnould et .al1996a, 2001; Arnould and
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Hindell, 2002; Beauplet et.aR003; Donohue et al2002), no  pre-moult subantarctic fur seal pups might be expected to
significant differences in body composition were observedpend considerable amounts of time in water developing
between the sexes of either species in the present studmportant swimming and diving skills (Baker and Donohue,
However, as with the lack of sex differences in other variable8000; McCafferty et al 1998). However, while the 4% greater
measured in the present study (e.g. mass-specific in-air RMbbdy lipid content of subantarctic fur seal pups might provide
and in-water SMR), this is likely to be due to low statisticalthem with some advantage in thermal insulation, they were
power because, with the small sample sizes used, onharely seen in water during the study (S. P. Luque, J. P. Y.
differences of >30% would have been detected (at an alpha Afnould and C. Guinet, unpublished dataee below),
0.05 and a power of 0.9). The TBL of Antarctic fur seal pupsuggesting that they do not have exceptional thermoregulatory
observed in the present study (22%) is within the rangeapabilities. An alternative explanation is that pre-moult pups
previously recorded for conspecific pups at South Georgia araf this species have less developed thermoregulatory ability
lles Kerguelen (Arnould et al1996a, 2001; Lea et.aR002). than Antarctic fur seal pups, and immersion in water,
By contrast, the TBL of subantarctic fur seal pups (26%) isepresenting a severe thermal challenge they would not
substantially greater than that recorded for conspecific pups nbrmally experience, resulted in metabolic depression (Boily
approximately the same age at Amsterdam Island (8-12%nd Lavigne, 1996; Lee et 21997). Unfortunately, core body
Beauplet et a] 2003). This difference may reflect a reducedtemperature could not be measured in the present study, so this
need for subcutaneous blubber insulation in the warmesroposition cannot be investigated. Additional studies
temperate climate of Amsterdam Island. Interestingly, despitdetermining the thermal conductance of subantarctic fur seal
similar maternal foraging trip durations during the presenpups both in water and in air are required to elucidate the
study (S. P. Luque, J. P. Y. Arnould and C. Guinet, unpublisheeasons behind the unexpected findings of their similar in-air
data), subantarctic fur seal pups had significantly greater TBRMR and in-water SMR.
than Antarctic fur seal pups. These data are consistent with A further surprising finding of the present study was that
those collected from a larger sample side=41 and 47, Antarctic fur seal pups had a mean in-air mass-specific RMR
respectively, for the two species) throughout the summe21% higher than that of subantarctic fur seal pups. The higher
overlap in lactation (S. P. Luque, J. P. Y. Arnould and CTBL of subantarctic fur seals may have provided them with
Guinet, unpublished data). some thermoregulatory advantage and, conversely, the
The in-water SMR of Antarctic fur seal pups wascorresponding higher LBM of Antarctic fur seals would result
significantly greater than their in-air RMR. Similar findingsin a greater metabolically active mass and, thus, higher
have been reported in comparable ambient and watenetabolic costs. On their own, however, these factors are
temperatures for similar-aged pre-moult northern fur sealsnlikely to account for the large differences in RMR. One
(Donohue et a) 2000). The ratio of in-water SMR to in-air possibility is that the higher RMR of Antarctic fur seal pups is
mass-specific RMR, however, was substantially lower irrelated to their generally greater levels of activity (see below).
Antarctic fur seals (1.3) than in northern fur seals (2.4), dudlumerous studies with humans and rats have shown that
primarily to the greater in-water mass-specific SMRsustained increases in daily activity levels result in the
(37 ml O2 kg~ min~Y) yet similar RMR (15ml O2 kg min~1)  elevation of RMR (Byrne and Wilmore, 2001; Poehlman and
of the latter species. Baker and Donohue (2000) found that prBanforth, 1991; Tremblay et.al1992).
moult northern fur seal pups spent little time in water, and Concomitant with a higher mass-specific RMR, Antarctic
Donohue et al. (2000, 2002) suggested that this was due to th&ir seal pups also had a daily energy expenditure 20% greater
inability to thermoregulate efficiently in water at that age. Bythan that of subantarctic fur seal pups. This is consistent with
contrast, Antarctic fur seal pups in the present study speopportunistic observations at the study site of subantarctic fur
considerable amounts of time swimming in shallow water closeeal pups spending significantly less time in both terrestrial and
to the shore (S. P. Luque, J. P. Y. Arnould and C. Guinegquatic activities than Antarctic fur seal pups, preferring
unpublished data), and similar-aged pups on South Georgiastead to sleep (S. P. Luque, J. P. Y. Arnould and C. Guinet,
have been recorded as spending up to 50% of their time in t@published data). Indeed, the low DEE recorded for
water (McCafferty et al 1998). It is possible, therefore, that subantarctic fur seal pups at Amsterdam Island (see below) has
pre-moult Antarctic fur seals are better able to thermoregulateeen attributed to their low activity levels (Beauplet et al
in water than northern fur seal pups. Indeed, the higher bod®003). The ratio of DEE to in-air RMR was 1.3 for both
lipid content (22%) of Antarctic fur seal pups in the presenspecies, which is less than the ratio of 1.7 reported for pre-
study compared with that of northern fur seal pups (15%moult Antarctic fur seal pups at South Georgia and northern
Donohue et a) 2000) is likely to provide them with greater fur seal pups (Arnould et.aR001; Donohue et al2002). The
subcutaneous thermal insulation. DEE of Antarctic fur seal pups in the present study
Unexpectedly, in contrast to Antarctic fur seal pups, in-wate(638kJkg1day?) is less than the DEE reported for free-
SMR of subantarctic fur seal pups was not significantly greateanging pre-moult northern fur seal pups (RO%g-!day™;
than their in-air RMR. This could indicate that pre-moultDonohue et aJ 2002) and conspecific pups of similar age on
subantarctic fur seal pups have better thermoregulatorgouth Georgia (1044g-1 day; calculated from MWP values
capabilities than Antarctic fur seal pups. If this was the casén Arnould et al, 2001). These differences may reflect the
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colder ambient and sea water temperatures during summerAs has been reported on Marion and Macquarie islands
at the Pribilof Islands (5°C and 4°C, respectively;(Goldsworthy and Crowley, 1999; Kerley, 1985), Antarctic fur
http://ingrid.ldeo.columbia.edu/SOURCES/.IGOSS/) and Soutkeal pup growth rates are significantly greater than those of
Georgia (4°C and 3°C, respectively; British Antarctic subantarctic fur seals at the present study site on Possession
Survey, unpublished data) in comparison with those duringsland (80g dayand 70g day2, respectively; S. P. Luque, J.
the present study (8°C and 8°C, respectively;P. Y. Arnould and C. Guinet, unpublished data). This finding
http://ingrid.ldeo.columbia.edu/SOURCES/.IGOSS/), leadingappears inconsistent with the observed parity in milk
to higher thermoregulatory costs. Similarly, the differenceconsumption, especially in conjunction with the observed
between the DEEs of pre-moult subantarctic fur seal pups idifferences in the rates of energy expenditure. Differences in
the present study (53@ kg day ) and on Amsterdam Island body composition, however, could account for this apparent
(416kJkgldayl; Beauplet et al 2003) may reflect the contradiction. As adipose tissue is more energy dense than lean
substantially warmer summer climate of the latter (17°C andhass, its deposition requires greater amounts of nutrition
18°C for ambient and sea water temperatures, respectivel{Blaxter, 1989). This is especially so in infant mammals, where
Meteo France, unpublished data). the hydration of lean body mass is 3-4% greater than in
Errors in calculating DEE from Cproduction values can physiologically mature adults (Adolph and Heggeness, 1971;
arise if incorrect RQ values are assumed (Costa, 1988; Naghrnould et al, 1996b; Reilly and Fedak, 1990). Furthermore,
1980). Indeed, differences in body composition may refleaf the observed body composition differences reflect
differences in metabolic fuel use (Beauplet et &003; differences in metabolic substrate use, as has recently been
Blaxter, 1989) such that differences in calculated DEE couldhown for sex-based body composition differences in
be an artefact of RQ assumptions. In the present studgubantarctic fur seals at Amsterdam Island (Beauplet.et al
however, if subantarctic fur seal pups were catabolisin@003), preferential lipid catabolism could provide Antarctic fur
proportionately more protein than were Antarctic fur seal pupseals with the additional energy to account for their greater
(as might be suggested by their body composition differences)etabolic expenditure. Consequently, it is feasible that equal
then the difference in DEE between the species would actualiyilk energy consumption could produce the differing growth
be greater. rates.
A question that the findings of this study pose is why do
Milk consumption and growth strategy Antarctic fur seal pups not conserve energy and accumulate
The lack of any significant difference in daily or per boutgreater lipid reserves to sustain them once they are weaned,
milk consumption between Antarctic and subantarctic fur seadspecially as food availability may be reduced during the
pups is consistent with the similarity in foraging trip durationscolder winter months? Why do they have higher energy
of their mothers (S. P. Luque, J. P. Y. Arnould and C. Guinegxpenditure rates than their sympatric congenerics? Pups of
unpublished data). The mean daily milk energy consumption bihis species only have four months in which to develop all
Antarctic fur seal pups in the present study Jkglday?l) the swimming and diving skills necessary to forage
is the same as that recorded for pre-moult conspecific pupsiatiependently (Bonner, 1984). While greater lipid reserves
South Georgia (1.81J kgt day; Arnould et al, 1996a) and would provide some advantages (e.g. thermal insulation,
similar to that reported for pre-moult northern fur seal pupsnutritional buffer’), their benefit would be limited if pups did
(1.4MJkglday?l; Donohue et al 2002). By contrast, nothave any ability to dive and know how to hunt at weaning.
consumption by subantarctic fur seal pups [Jkg! day1) Hence, selection should favour the early acquisition of
is greater than reported for similar-aged pre-moult pups afecessary behavioural skills relative to species with longer
the Australian fur seal Al pusillus doriferus Jones; maternal dependence. Comparison of the diving behaviour of
0.8MJkglday?), a temperate species with a comparableAntarctic and subantarctic fur seal pups at Possession Island
lactation length (Arnould and Hindell, 2002). Unfortunately,indicates that the former do indeed spend greater amounts of
milk consumption estimates are not available for other fur seéime in water and learning to dive at an earlier age (S. P.
species or for subantarctic fur seals at allopatric colonies, solitique, J. P. Y. Arnould and C. Guinet, unpublished data).
cannot be ascertained whether pups of this nominally temperefeich increased activity would lead to a higher energy
species normally consume such quantities of milk or if this onlgxpenditure (Baker and Donohue, 2000; Donohue, 1998).
occurs at the subantarctic breeding sites. Comparison @fonsistent with this earlier development of diving behaviour
subantarctic fur seal pup growth rates during the first fouin Antarctic fur seals is the finding of the present study that
months at sympatric colonies (e.g. present study sitgqups of this species have greater mass-specific blood volumes
70gday?l, S. P. Luque, J. P. Y. Arnould and C. Guinet,than do subantarctic fur seal pups. As Hb and Hct content did
unpublished data; Marion Island, g2layl, Kerley, 1985) not vary between the species, the larger blood volume
with those at allopatric colonies further north (Gough Islandiranslates into greater blood oxygen stores in Antarctic fur
58gday?, Kirkman et al, 2002; Amsterdam Island, seal pups (El-Sayed et.al1995). Blood oxygen storage
549 day, Guinet and Georges, 2000), however, would tend teapacity in pinnipeds generally increases with age until
suggest a greater milk consumption by pups at the subantarctimturity (Costa et gl 1998; Horning and Trillmich, 1997a;
sites during this period. Jorgensen et al 2001). Consequently, the results of the



Growth strategies in fur seal pup$505

present study suggest that physiological development is faster References
in Antarctic than in subantarctic fur seal pups. Adolph, E. F. and Heggeness, F. W1971). Age changes in body water and

; ST at in fetal and infant mammal&rowth 35, 55-63.
The converse question posed by the fmdmgs of the prese,Klr{nould, J. P. Y., Boyd, I. L. and Socha, D. G(1996a). Milk consumption

study is, as pups of both species appear to receive similarang growth efficiency in Antarctic fur searctocephalus gazeljapups.
amounts of nutrition during the summer overlap in lactation, Can.J. Zool74, 254-266.

why do subantarctic fur seal pups not devote more resourcé%ou'd’ J.P. Y., Boyd, I. L. and Speakman, J. R(1996b). Measuring the
ody composition of Antarctic fur seal&r¢tocephalus gazel)avalidation

to faster behavioural and physiological development? The of hydrogen isotope dilutiorPhysiol. Zool 69, 93-116.
answer may lie in the ‘anticipation’ of a reduced rate ofarmould, J. P. Y., Green, J. A. and Rawlins, D. R.(2001). Fasting

; ; ; ; ; ; metabolism in Antarctic fur sealAfctocephalus gazeljapups. Comp.
nutrient delivery during the winter months. While there is no Biochem, Physiol. A29, 829-841.

corresponding information available for the present study Sit&nould, J. P. Y. and Hindell, M. A. (2002). Milk consumption, body
on Possession Island, average winter maternal foraging tripscomposition and pre-weaning growth rates of Australian fur seal

; (Arctocephalus pusillus doriferupups.J. Zool. Lond256, 351-359.
of subantarctic fur seals at both Amsterdam lIsland angaker, J. D. and Donohue, M. J(2000). Ontogeny of swimming and diving

Marion Island are the longest recorded for any otariid SPeCi€Sin northern fur sealQallorhinus ursinu pups.Can. J. Zool78, 100-109.
(23-28days; Georges and Guinet, 2000b; Kirkman et al Beauplet, G., Guinet, C. and Arnould, J. P. Y(2003). Body composition

; ; ; ; ; changes, metabolic fuel use, and energy expenditure during extended fasting
2002)' The faStmg durations eXpe“enced in winter by pups in subantarctic fur sealA¢ctocephalus tropical)s pups at Amsterdam

at these sites, therefore, are some of the most extreme for anyjand.physiol. Biochem. Zoot6, 262-270.
infant mammal (Guinet and Georges, 2000). Pups endulemal, J. and Refetoff, S.(1977). The action of thyroid hormoné.

; i ; in Endocrinol.6, 227-249.
these fasts by greatly reducmg activity, adoptlng prmel%irgersson, B. and Ekvall, K.(1997). Early growth in male and female fallow

conserving pathways and relying mainly on lipid catabolism  deer fawnsBehav. Ecol8, 493-499.
for metabolic energy (Beauplet et.,a003). Furthermore, Blaxter, K. L. (1989).Energy Metabolism in Animals and MaRambridge:

S .. - ; Cambridge University Press.
initial body lipid stores and daily mass loss in these pups ar%bily’ P. and Lavigne, D. M.(1996). Thermoregulation of juvenile grey seals,

respectively, positively and negatively related to the fasting wajichoerus grypusin air.Can. J. Zool74, 201-208.
durations endured (G. Beauplet, unpublished data; Guin@&pnner, W. N. (1984). Lactation strategies in pinnipeds: problems for a

St marine mammalian grou@ymp. Zool. Soc. Lon81, 253-272.
and Georges, 2000). Hence, a strategy of limiting energgurns,\]. M. (1999). The development of diving behavior in juvenile Weddell

gxpenditure and directing .nUtritional resources to adipoSe seals: pushing physiological limits in order to surviven. J. Zool77, 737-
tissue growth by subantarctic fur seal pups during the summer747.

; ; i~ utler, P. J. and Woakes, A. J(1982). Telemetry of physiological variables
months may be an adaptation for accumulating sufficient from diving and flying birdsSymp. Zool. Soc. Lond9, 106-128.

lipid reserves to survive repeated extreme fasts later igyme, H. K. and Wilmore, J. H. (2001). The effects of a 20-week exercise
lactation. training program on resting metabolic rate in previously sedentary,

il moderately obese womelmt. J. Sport Nutr. Exell, 15-31.
In summary, the results of the present StUdy indicate th%tlutton-Broc)I/( T. H., Major, M. Alblz)n S. D. and Guinness, F. E(1987).

differences exist in the resting metabolic rates, total energy garly development and population dynamics in red deer. I. Density-
expenditure and development between Antarctic and dependent effects on juvenile survival.Anim. Ecol56, 53-67.

subantarctic fur seal pups, two closely related congenerfE:OSta' D. P.(1987). Isotopic methods for quantifying material and energy
’ intake of free-ranging marine mammals Approaches to Marine Mammal

species (Wynen et al2001), at a sympatric breeding site. Energetics(ed. A. C. Huntley, D. P. Costa, G. A. J. Worthy and M. A.
These differences are consistent with adaptations for rapidCastellini), pp. 43-66. Lawrence, Kansas: Allen Press.

; it inCosta, D. P.(1988). Methods for studying the energetics of freely diving
development of foraging abilities necessary for the earlief animals.Can. J. Zool66, 45.52.

nutritional independence in the former and extended periods @bsta, D. P., Gales, N. J. and Crocker, D. §1998). Blood volume and
fasting during prolonged maternal dependence in the latter.diving ability of the New Zealand sea lioRhocarctos hookeriPhysiol.

. . . . . Zool. 71, 208-213.
The mechanisms controlling the physiological dlfference%oulson, T., Catchpole, E. A., Albon, S. D., Morgan, B. J. T., Pemberton,

observed between the two species are unknown but are likelyj m., clutton-Brock, T. H., Crawley, M. J. and Grenfell, B. T. (2001).
to involve thyroid hormones, which are known to play an Age, sex, density, winter weather, and population crashes in Soay sheep.

. . . . - Science?292 1528-1531.
important role in regulating metabolism and development i empster, E. R., Perrin, M. R. and Nuttall, R. J.(1992). Postnatal-

neonatal mammals (Bernal and Refetoff, 1977). While thyroid gevelopment of 3 sympatric small mammal species of southern Africa.
hormones have been shown to vary throughout developmentSaugetierkd57, 103-111.

; ; ; nohue, M. J.(1998). Energetics and development of northern fur seal,
lactation and between seasons in phOCId seals (HaUIena et BPCaIIorhinus ursinus pups.Ph.D. Thesis University of California, Santa

1998; John et al1987; Little, 1991, Litz et 812001, Ortiz et Cruz, USA.

al., 2001; Woldstad and Jenssen, 1999), their dynamics iponohue, M. J., Costa, D. P., Goebel, E., Antonelis, G. A. and Baker, J.

W ; ; ; D. (2002). Milk intake and energy expenditure of free-ranging northern fur
otariid seals remain to be mvestlgated. seal,Callorhinus ursinuspups.Physiol. Biochem. Zool5, 3-18.

Donohue, M. J., Costa, D. P., Goebel, M. E. and Baker, J. [2000). The

We are grateful to the members of the 38th research ontogeny of metabolic rate and thermoregulatory capabilities of northern fur
mission to Crozet for their assistance in the field. This seal Callorhinus ursinuspups in air and wated. Exp. Biol.203 1003-
re.sea'th program was CondUCteq under Fhe ethics a -Sayéd, H., Goodall, S. R. and Hainsworth, R(1995). Re-evaluation of
scientific approval of the IPEV Ethics Committee (Program Evans Blue dye dilution method of plasma volume measurem@fits.
109). The work was supported financially and logistically by_ -ab- Haem17, 189-194.
T A | A . = . d the Insti Eisher, D. O., Blomberg, S. P. and Owens, |. P. £2002). Convergent

erres Austral et Antarctiques Francaises and the InStitutyaiema) care strategies in ungulates and macrofudkition56, 167-176.

Paul-Emil Victor. Foldager, N. and Blomqvist, C. G.(1991). Repeated plasma volume



4506 J. P. Y. Arnould and others

determination with the Evans blue dye dilution technique: the method and seal pups: implications for the estimation of milk intake by isotopic dilution.

a computer progranComput. Biol. Med21, 35-41.

Gentry, R. L. and Kooyman, G. L. (1986).Fur seals: Maternal Strategies
on Land and at Se&rinceton: Princeton University Press.

Georges, J. Y., Groscolas, R., Guinet, C. and Robin, J. 2001). Milking
strategy in subantarctic fur seafgctocephalus tropicalisoreeding on
Amsterdam island: evidence from changes in milk compositysiol.
Biochem. Zool74, 548-559.

Georges, J. Y. and Guinet, C(2000a). Early mortality and perinatal growth
in the subantarctic fur sedictocephalus tropicaljson Amsterdam Island.
J. Zool.251, 277-287.

Comp. Biochem. Physiol. 232, 321-331.

Lee, D. T., Toner, M. M., McArdle, W. D., Vrabas, I. S. and Pandolf, K.
B. (1997). Thermal and metabolic responses to cold-water immersion at
knee, hip, and shoulder levels.Appl. Physiol82, 1523-1530.

Little, G. J. (1991). Thyroid morphology and function and its role in
thermoregulation in the newborn southern elephant b&adnga leonina
at Macquarie Islandl. Anat.176, 55-69.

Litz, B. J., Gurun, G., Houser, D. S., Ortiz, R. M. and Ortiz, C. L.(2001).
Comparison of thyroid hormone concentrations between nursing and fasting
in northern elephant seal pufASEB J.15, A414.

Georges, J. Y. and Guinet, C(2000b). Maternal care in the subantarctic fur Loudon, A. S. |. and Racey, P. A(eds) (1987)Reproductive Energetics of

seals on Amsterdam Islanfcology81, 295-308.

Mammals. Symp. Zool. Soc. Loid, 1.

Goldsworthy, S. D.(1999). Maternal attendance behaviour of sympatrically Martin, P. (1984). The meaning of weaningnim. Behav32, 1257-1259.

breeding Antarctic and subantarctic fur sealsctocephalusspp., at
Macquarie IslandPolar Biol. 21, 316-325.

Goldsworthy, S. D. and Crowley, H. M(1999). The composition of the milk
of Antarctic @Arctocephalus gazeljaand subantarcticA( tropicali§ fur
seals at Macquarie Islandust. J. Zool47, 593-603.

Goldsworthy, S. D., Hindell, M. A. and Crowley, H. M.(1997). Diet and
diving behaviour of sympatric fur sealsrctocephalus gazelland A.

tropicalisat Macquarie Island. IMarine Mammal Research in the Southern

Hemisphere, Vol. 1: Status, Ecology and Medi¢ge M. Hindell and C.
Kemper), pp. 151-163. Chipping Norton: Surrey Beatty.
Green, K., Williams, R., Handasyde, K., Burton, H. R. and Shaughnessy,

McAdam, A. G. and Millar, J. S. (1999). Dietary protein constraint on age
at maturity: an experimental test with wild deer migeAnim. Ecol.68,
733-740.

McCafferty, D. J., Boyd, I. L. and Taylor, R. I. (1998). Diving behaviour
of Antarctic fur seal Arctocephalus gazeljapups.Can. J. Zool.76, 513-
520.

Nagy, K. A.(1980). CQ production in animals: an analysis of potential errors
in the doubly-labeled water methodim. J. Physiol238 R466-R473.

Nagy, K. A. and Costa, D. P(1980). Water flux in animals: analysis of
potential errors in the tritiated water methédn. J. Physiol238 R454-
R465.

P. D.(1990). Interspecific and intraspecific differences in the diets of thre®©ftedal, O. T. and Iverson, S. J(1987). Hydrogen isotope methodology for

species ofArctocephalugPinnipedia:Otariidae) at Macquarie Isladdist.
Mamm.13, 193-200.

Guinet, C. and Georges, J. Y(2000). Growth in pups of the subantarctic fur

seal Arctocephalus tropicaljson Amsterdam Island. Zool.251, 289-296.
Guinet, C., Goldsworthy, S. D. and Robinson, §1999). Sex differences in
mass loss rate and growth efficiency in Antarctic fur sdattbcephalus
gazellg pups at Macquarie IslanBehav. Ecol. Sociobio#t6, 157-163.
Guinet, C., Jouventin, P. and Georges, J. 1994). Long-term population
changes of fur sealsrctocephalus gazellandArctocephalus tropicalisn

measurement of milk intake and energetics of growth in suckling young. In
Approaches to Marine Mammal Energeffed. A. C. Huntley, D. P. Costa, G.
A. J. Worthy and M. A. Castellini), pp. 67-96. Lawrence, Kansas: Allen Press.
Ortiz, C. L. (1987). Measurement of protein metabolism in naturally fasting
phocids. InApproaches to Marine Mammal Energet{esl. A. Huntley, D.
P. Costa, G. A. J. Worthy and M. A. Castellini), pp. 29-43. Lawrence:
Society for Marine Mammalogy.
Ortiz, C. L., Costa, D. P. and Le Boeuf, B. J1978). Water and energy flux
in elephant seal pups fasting under natural conditiBhgsiol. Zool.51,

sub-Antarctic (Crozet) and subtropical (St-Paul and Amsterdam) Islands and 166-178.

their possible relationship to EI-Nino-Southern-Oscillatiéntarct. Sci6,
473-478.

Haulena, M., St Aubin, D. J. and Duignan, P. J(1998). Thyroid hormone
dynamics during the nursing period in harbour sdt@ca vitulina Can.
J. Z0ool.76, 48-55.

Horning, M. and Trillmich, F. (1997a). Development of hemoglobin,
hematocrit, and erythrocyte values in Galapagos fur 9dals.Mamm. Sci.
13, 100-113.

Horning, M. and Trillmich, F. (1997b). Ontogeny of diving behaviour in the
Galapagos fur sedBehaviourl34, 1211-1257.

Innes, D. G. L. and Millar, J. S.(1994). Life-Histories oClethrionomysand
Microtus (Microtinae). Mammal Rev24, 179-207.

Innes, D. G. L. and Millar, J. S.(1995). Correlates of life-history variation
in Clethrionomyg andMicrotus (Microtinae).Ecoscience, 329-334.

John, T. M., Ronald, K. and George, J. C(1987). Blood-levels of thyroid
hormones and certain metabolites in relation to molt in the HarpPead4
groenlandicg. Comp. Biochem. Physiol. 88, 655-657.

Jorgensen, C., Lydersen, C., Brix, O. and Kovacs, K. M2001). Diving
development in nursing harbour seal pubsExp. Biol.204, 3993-4004.

Kerley, G. I. H. (1983). Comparison of seasonal haul-out patterns of fur sealSchmidt-Nielsen, K.

Arctocephalus tropicalignd A. gazellaon subantarctic Marion Islan&.
Afr. J. Wildl. Res13, 71-77.

Ortiz, R. M., Wade, C. E. and Ortiz, C. L. (2001). Effects of prolonged
fasting on plasma cortisol and TH in postweaned northern elephant seal
pups.Am. J. Physiol.-Reg.280, R790-R795.

Owens, F. N., Dubeski, P. and Hanson, C. F1993). Factors that alter the
growth and development of ruminands.Anim. Sci71, 3138-3150.

Peaker, M. (1989). Evolutionary strategies in lactation: nutritional
implications.Proc. Nutr. Soc48, 53-57.

Poehlman, E. T. and Danforth, E.(1991). Endurance training increases
metabolic-rate and norepinephrine appearance rate in older individoals.

J. Physiol.261, E233-E239.

Price, M. A. and White, R. G. (1985). Growth and development. In
Bioenergetics of Wild Herbivorded. R. J. Hudson and R. G. White), pp.
183-213. Boca Raton: CRC Press.

Reilly, J. J. and Fedak, M. A.(1990). Measurement of the body composition of
living gray seals by hydrogen isotope dilutidnAppl. Physiol69, 885-891.

Robinson, S. A., Goldsworthy, S. G., van den Hoff, J. and Hindell, M. A.
(2002). The foraging ecology of two sympatric fur seal species,
Arctocephalus gazelland Arctocephalus tropicalisat Macquarie Island
during the austral summevlar. Freshwater Re$3, 1071-1082.

(1983). Animal Physiology: Adaptation
EnvironmentCambridge: Cambridge University Press.

Spray, C. M. and Widdowson, E. M.(1950). The effect of growth and

and

Kerley, G. I. H. (1984). The relationship between two species of fur seals development on the composition of mamm8ls.J. Nutr.4, 332-353.

Arctocephalus tropicali§Gray) andA. gazella(Peters) on Marion Island.
Ph.D. ThesisUniversity of Pretoria, South Africa.

Kerley, G. I. H. (1985). Pup growth in the fur seaisctocephalus tropicalis
andA. gazellaon Marion IslandJ. Zool. Lond205, 315-324.

Kirkman, S. P., Bester, M. N., Hofmeyr, G. J. G., Pistorius, P. A. and

Tremblay, A., Coveney, S., Despres, J. P., Nadeau, A. and Prudhomme,
D. (1992). Increased resting metabolic-rate and lipid oxidation in exercise-
trained individuals — evidence for a role of beta-adrenergic stimul&tam.

J. Physiol. Pharmacol70, 1342-1347.

Van Ballenberghe, V. and Mech, L. D(1975). Weights, growth, and survival

Makhado, A. B. (2002). Pup growth and maternal attendance patterns in of timber wolf pups in Minnesota. Mamm 56, 44-63.

Subantarctic fur sealéfr. Zool 37, 13-19.
Klages, N. T. W. and Bester, M. N.(1998). Fish prey of fur seals
Arctocephalus spmt subantarctic Marion Islanilar. Biol. 131, 559-566.
Le Boeuf, B. J., Morris, P. and Reiter, J.(1994). Juvenile survival of

Withers, P. C.(1977). Measurement &0, VCO; and evaporative water loss

with a flow-through maskl. Appl. Physiol42, 120-123.

Woldstad, S. and Jenssen, B. M1999). Thyroid hormones in grey seal pups

(Halichoerus grypus Comp Biochem Physiol. 222, 157-162.

northern elephant seals. Hiephant seals: Population Ecology, Behavior, Wynen, L. P., Goldsworthy, S. D., Insley, S. J., Adams, M., Bickham, J.

and Physiologyed. B. J. Le Boeuf and R. M. Laws), pp. 121-137. Berkeley:

University of California Press.
Lea, M. A., Bonadonna, F., Hindell, M. A., Guinet, C. and Goldsworthy,

S. D.(2002). Drinking behaviour and water turnover rates of Antarctic fur

W., Francis, J., Gallo, J. P., Hoelzel, A. R., Majluf, P., White, R. W. G.

et al. (2001). Phylogenetic relationships within the eared seals (Otariidae:
Carnivora): implications for the historical biogeography of the farMigl.
Phylogenet. EvoR21, 270-284.



