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Summary

The main objective of this study was to determine heart
rate (fH) and the energetic costs of specific behaviours of
king penguins while ashore and while foraging at sea
during their breeding period. In particular, an estimate
was made of the energetic cost of diving in order to
determine the proportion of dives that may exceed the
calculated aerobic dive limit (CADL; estimated usable @
stores/estimated rate of oxygen consumption during
diving).

An implanted data logger enabled fi and diving
behaviour to be monitored from 10 free-ranging king
penguins during their breeding period. Using previously
determined calibration equations, it was possible to
estimate rate of oxygen consumption¥o,) when the birds
were ashore and during various phases of their foraging
trips. Diving behaviour showed a clear diurnal pattern,
with a mixture of deep (>40m), long (>3min) and shallow
(<40m), short (<3min) dives from dawn to dusk and
shallow, short dives at night. Heart rate during dive bouts
and dive cycles (dive + post-dive interval) was 42%
greater than that when the birds were ashore. During
diving, fH was similar to the ‘ashore’ value
(87+4beatsmin™), but it did decline to 76% of the value
recorded from king penguins resting in water. During the
first hour after a diving bout, fH was significantly higher
than the average value during diving (101+beatsmin™)
and for the remainder of the dive bout.

other) values of f indicate that when at sea, metabolic
rate (MR) was 83% greater than that when the birds were
ashore [3.15W kg™ (-0.71, +0.93), where the values in
parentheses are the computed standard errors of the
estimate], while during diving bouts and dive cycles, it was
73% greater than the ‘ashore’ value. Although estimated
MR during the total period between dive bouts was not
significantly different from that during dive bouts
[5.44W kg™ (-0.30, +0.32)], MR during the first hour
following a dive bout was 52% greater than that during a
diving bout. It is suggested that this large increase
following diving (foraging) activity is, at least in part, the
result of rewarming the body, which occurs at the end of a
diving bout. From the measured behaviour and estimated
values of Vp,, it was evident that approximately 35% of
the dives were in excess of the cADL. Even Wo, during
diving was assumed to be the same as when the birds were
resting on water, approximately 20% of dives would
exceed the cADL. AsVp, during diving is, in fact, that
estimated for a complete dive cycle, it is quite feasible that
Vo, during diving itself is less than that measured for
birds resting in water. It is suggested that the regional
hypothermia that has been recorded in this species during
diving bouts may be at least a contributing factor to such
hypometabolism.
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Introduction

Changes in the sizes of seabird populations are known ®ecent technologies have not only enabled a better
reflect variations in marine resources (Chastel et al., 1998nderstanding of the behaviour of free-ranging animals, e.g.
Montevecchi, 1993; Boyd, 1996). Thus, there has been arna radio or satellite tracking (Bost et al., 1997; Butler et al.,
increasing effort to use seabirds as indicators of variation ih998) and time—depth recorders (Kooyman et al., 1980; Bevan
ocean resources and of global climatic changes (Le Mahet al., 1995), but have also made possible the acquisition of
et al.,, 1993; Le Maho, 1994). However, in order to give ghysiological data from heart rate and temperature data loggers
predictive model that is as accurate as possible, it is necessdBevan et al., 1997, 2002; Green et al., 2003).
to estimate accurately the energy requirement of seabirds.King penguins breed and forage in the Antarctic Ocean,
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where primary and secondary productions are high (Huntley &hus, an associated aim of the present study was to estimate
al., 1991). Information on their energy expenditure and thu¥o, while foraging (diving) in free-ranging king penguins, and
food consumption can be used in models of energy flux withithus cADL.
the ecosystem (Croxall et al., 1999) or for inclusion within
fisheries models (Croxall, 1984). To date, estimates of the field
metabolic rate (FMR) have been made using data obtained
either from captive birds in a metabolic chamber or in a water Animals
channel (Culik et al., 1996), or from free-ranging birds using The study was undertaken at the French station on
the time—energy budget (TEB) and the doubly labelled watdPossession Island (46°%5 51°4%E), Crozet Archipelago
(DLW) methods (Kooyman et al., 1992a). during two consecutive austral summers (1998-1999 and
However, although DLW is still widely used to measure1999-2000). King penguin&ptenodytes patagonicudiller
FMR (Speakman, 1998), it does not enable the determinatidktv¥78 used in the study were breeding at the colony of ‘La Baie
of energetic costs associated with specific activities, without du Marin’, a few hundred metres from the research station.
detailed time budget (Butler et al., 2004). Heart r&tplfas  Twenty-seven penguins were captured 3—6 days after the egg
been proposed as an alternative indicator of the rate of oxygemnchange (the second egg exchange for a female or the third
consumption Vo,; Butler, 1993). This technique has alreadyin the case of a male; see flgin Froget et al., 2001). They
been successfully used to monitor continuously the rate afere each implanted with a custom-bdilt and depth-data
energy expenditure in several species (Bevan et al.,, 199%gger (HRDDL: Woakes et al., 1995); 14 birds in 1998-1999
2002; Boyd et al., 1999; Green et al., 2003). The advantagésmean mass is.E.M.=12.7+0.2kg); 13 birds in 1999-2000
of this technique include a monitoring period of up to severaglmean mass s.eM.=12.2+0.3kg). Several pairs of penguins
months (Woakes et al., 1995), and the recoriledan be were selected for observation and/or logger implantations.
divided into small time units to allow the investigation of Both partners from each pair were marked using temporary
energetic costs of integrated behaviour categories, such phstic flipper bands, when the female laid its egg. The bands
foraging at sea and incubating ashore. In the present studyere removed at the end of the season or during the
miniature implantable data loggers for simultaneous recordingnplantation (i.e. studied birds were not banded; see Froget et
of depth andx were utilised. al., 1998).
Froget et al. (2001) presented three models for estimating
Vo, of free-ranging king penguins and two of these involved Heart rate data loggers
the use of oxygen pulse (OP, the amount of oxygen consumedThe data loggers (6Ghmx24 mmx6 mm, 27g, <0.3% of
per heart beat). OP during rest (ROP) and during activitthe body mass of king penguins) hatMB of memory and
(AOP) were used according to the activity state of the birdsvere able to recorh and hydrostatic pressure (to an accuracy
However, it is known that AOP is not usually constant over @f 1m depth) and were programmed to store these
range of activity levels (Butler, 1993), and it is now known thaimeasurements everys2 After programming, the loggers were
ROP is different between birds resting in air (i.e. when ashore@ncapsulated in wax and coated with medical grade silicone
and resting in water (i.e. when at sea; Fahlman et al., 2004ubber. Prior to implantation, the logger was bathed in a cold
Thus, the primary aim of the present study was to recorsterilising solution for 2, and rinsed thoroughly with sterile
fn and diving behaviour of free-ranging king penguins andwater.
using the appropriate equation from Fahlman et al. (2004), to
estimate the energy expenditure of the birds during the Surgical procedure
different phases of the foraging and incubating shifts. From The implantation was performed 3—-6 days after the egg
these, it was expected to shed new light on the ‘king penguinexchange, so that the bird was settled on the egg and
enigma’ (Culik et al., 1996), which is that ‘king penguins seensufficiently motivated to continue incubating despite the
to swim too fast and dive for too long, and too often, to be imlisturbance caused by handling and implantation. A portable
agreement with our physiological models of diving’ (Kooymanenclosure was placed over the bird before capture in order to
et al., 1992a). protect its territory during the surgery. The enclosure consisted
Indeed, the aerobic dive limit (ADL) or diving lactate of wire mesh formed into a circular fence that was
threshold (DLT), defined as the diving duration beyond whictapproximately the area of a king penguin territory (abouirl.5
there is an increase in post-dive plasma lactate concentratidiameter and 0.6 high). The enclosure was also used to
(Kooyman, 1989; Butler and Jones, 1997) has not yet beawonfine the bird to the territory it previously held, while
measured in free-ranging king penguins. Thus a calculatemivakening and recovering from anaesthesia, and to prevent
ADL (cADL, which is the dive duration during which all other penguins (or sheathbills and skuas) from attacking it.
usable oxygen would be exhausted; Kooyman, 1989) is ofteB0 min prior the surgery, the bird was injected with @J50f
used as an indicator of the DLT. Previous estimations of th€alium (Virbac, Centravet Plancoét, France) subcutaneously
cADL at 2min for king penguins (Kooyman et al., 1992a; on the back. The penguin was captured by placing a sack over
Culik et al., 1996) imply that 45% of all dives would exceedthe adult and lifting both it and its egg. The egg was
the cADL, which suggest that this calculation is inaccurateimmediately replaced under the bird by a plaster egg that had

Materials and methods
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previously been kept in an incubator at 38°C, to prevenEach logger incorporates a transmitter that emits a click on
breakage of the real one. This procedure generally produce@dch detected QRS wave of the ECG and a receiver was used
little reaction from the bird. The real egg was kept in arto confirm that the logger was detecting and recording the
incubator at 38°C until its replacement under the adult. ECG. Heart rate was calculated from its mean period, by

The birds were anaesthetised with halothane in a mixture dfividing the total duration of heart beat periods hy, over
02:N20 (1:1) administeredlia a hood placed over their head. the sampling period.
Induction with 4.5% Halothane (Virbac) usually took 3ni. After the surgery the bird, still asleep, was replaced
After induction, the bird was weighed on a load cell balancéogether with a warm dummy egg within the colony in its
(accurate to £3) and placed on the operating table. The birdenclosure. After full recovery from the anaesthetic (usually
was then intubated, and the anaesthetic gas was altered to 1.8% h later), the enclosure was removed. 1-2 days after the
halothane in pure DA long-acting antibiotic (Oxytetrin LA; surgery, the real egg was replaced under the bird. Attendance
Virbac) was injected into the pectoral muscle. Some featheftsehaviour was then monitored during the following
and the down surrounding the brood patch were removed. Tlexperimental period at least twice a day. 3—4 days after the
remaining feathers around the brood patch and the incision arequipped bird returned to the colony from its foraging trip, it
were deflected and held away using tape. The brood patch, tapas recaptured with its chick and weighed. Prior to the
and the surrounding feathers were then swabbed with an iodinemoval of the data logger, the bird was anaesthetised and
solution (Betadine; Virbac). The electrocardiogram (ECG) andarried to the base to be X-rayed, to check the position of the
rectal temperature were continuously monitored throughout tHegger and of the ECG electrodes. The procedures for the
surgical procedures. Xylocaine (lignocaine + 2% adrenalinaemoval of the logger and for the replacement of the bird in
Virbac) was injected subcutaneously along the proposethe colony after surgery were similar to those described for
incision lines to prevent bleeding. implantation.

The initial skin incision was made in line with the body
axis, starting approximately@n above the brood patch, and Data analysis
was about ®m long. The second incision, through the Birds were initially divided in two groups depending on the
abdominal muscles, was made at right angles to the firsgear the data were obtained. Behavioural data were compared
enabling an opening of the abdominal cavity @n8length. and, if no difference was detected, the data from the 2 years
The HRDDL was inserted into the body cavity, one of thewere pooled.
ECG electrodes was placed close to the apex of the heart, itsThe data were prepared and initially analysed using a
position was checked using an endoscope, and the other wagpose-written computer program in the Labview
placed pointing in the opposite direction, below the broogrogramming package (version 5.0, National Instruments,
patch. The HRDDL was sutured into position with silk thread Austin, TX, USA). Further analyses were performed with the

200t Departure from the colony

Heart rate (beats niif)

o &

25;/12 30/12 31/12 01/01 02/01 03/01 04/01
Date

Fig. 1. Recording of depth (blue trace; top) and heart rate (red trace; bottom) of a king penguin (bird BOO, mdgp~dJve6%a &lay period.
Black arrow indicates the time when the bird went to sea.
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statistical package MINITAB 12.22 for Windows (Minitab Results

Inc.) and Excel 97 (Microsoft Corp.). Diving bouts were Of the 27 birds implanted with data loggers, 25 were
visually determined; a bout was deemed to have started as sq@@aptured. Depth data were not recovered from four birds, due
as three deep dives (below ) were interspaced by a surface to failure of the pressure sensor. In the remaining 21 birds,
duration shorter than 1@in (Boyd et al., 1994) and it ended ECG was not recorded accurately in six birds, due to
as soon as the surface duration was longer thamidn king  movement of the ECG electrodes. And finally, five data
penguins, diving bouts are usually easily determined visualljyggers failed to record any data, possibly due to deficient
from the depth trace (see FIJ. waterproofing of the electronics. Thus, simultaneous
) ] ) measurements of depth afirdvere successfully recorded from
Estimating the rate of energy expenditure from heartrate (o, pirds. Altogetherfr and diving data were analysed from a
We used the linear regression equatibnsnd 2A from total of 66 days ashore and 188 days at sea.
Fahiman et al. (2004) to estimdtg, for animals ashore and  Finally, in three of the ten birds (D99, W99 and UO0O) there
while at sea, respectively (see TaB)eThe standard error of \ere, due to programming problems, slight discrepancies
the estimate §e.e) for the estimatedVo, (Vo,es) Was  (2-4min over 15 days) between the recordingsiaind depth,

calculated from equatiofl in Green et al. (2001): thus the data from these animals were excluded for the fine
5 scale analysis of the cardiac response to diving. For this
01= \/ o L + 1 E+e2 L + 1 + (Xi_);() J purpose a total c_>f 1843 dives was analysed from the
Si N3 5@ Ny X" remaining seven birds.

- _ _ o Fig. 1 illustratesH over a 6day period recorded from a bird
whered* is the error associated with the variation betweeryt the transition between the incubation and the foraging shift.

calibration penguins (0.00165)i is the number of penguins Note that departure from the colony and diving behaviour are
used in the calibration process (8)is the total number of clearly discernible from thes trace.

data points in the regression (3Mjs the number of penguins

from which the field value of heart rate was obtained (8; see Duration of foraging shifts

TabIeS), Ny is the number of data points from which the field Birds left the C0|ony on average 9+2 days after the
value of heart rate was obtained (>); € is the error jmplantation of the HRDDLs when their mate returned from
associated_with the scatter around the regression |InQﬁe sea. The average duration of the foraging shift of the
(0.00416); X is the mean value of heart rate used in th@mplanted birds was 16+2 days in 1998-1999 and 15+1 days
regression (2.17)X is the mean value of heart rate from thejn 1999-2000. In the second year, the mean duration of the
field from whichoy is to be estimated (see TaBlp andSx*  foraging shifts of implanted birds was compared with that of
is the sum of all the squared values of heart rate used in th@n-implanted birds (18+5 days=13, P>0.05), at the same
regression (0.536). The values ftf, ny, €, ny, X and=xX*  stage of reproduction and in close proximity to implanted

given above are for equati@ from Fahlman et al. (2004). birds. There was no significant difference between the two
As equatiorl from Fahlman et al. (2004) is a multivariate groups.

equation, the modifications for the multivariate case (Zar,

1999) were employed:e=0.00246, d’=0.00881, n;=5, Diving behaviour

n2=150, nz=8, n;>10000, andZ=;" Zx=1"ckx=1.33 for the Due to sampling rate and the resolution of the pressure
parameters in equation 1 of Fahlman et al. (2004), i.HpY(  sensor, only dives for periods longer thas @nd deeper than
and log{H)t. 6m were analysed. The deepest dive depth recorded was

The conversion oV, to W was achieved assuming that
1 ml O, s'=19.8W when the animal was ashore (fasting and
post-absorptive: respiratory quotient, RQ=0.7; Culik et al.
1996; Schmidt-Nielsen, 1997) and thamllO, s'=18.9W
when the animal was at sea (Bevan et al., 2002, for gentc
penguins).

All values (other thaio,es) are presented as meansetm.
of the mean values from each animal. After verifying that the
data were normally distributed and of equal variances using
Kolmogorov—Smirnov normality test arkdtest, respectively,
a Student’s-test was used to compare the significance of an
difference between the means of two populations. One-we
analysis of variance (ANOVA) with Tukey’s HSPost-hoc Dive duration (s)

test were used when more than two populations Werrig 2 percentage frequency distribution of dive durations from 10
compared. Results were considered significanP<0.05.  king penguins (only dives longer tharmin and inter-dive interval
Woolf's test for differences andtests were used to compare shorter than 1énin were considered). Dive durations are divided into
estimates of,. 20s intervalsN=5230.
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Tablel. Summary information on the 10 implanted king penguins from which data were obtained

Diving bouts
Mean body Length of Deployment Duration of shift (days) Total number Mean duration Mean number of Interbout

Bird mass (kg) bill (mm) duration (days) Incubation Foraging of dives Number (h:min) dives per bout duration (h:min)
D99 13.1 128 30 17 1551 27 06:43 47.6 06:03
F99 12.9 124 31 14 16 2013 29 06:22 62.7 06:05
G99 13.4 128 28 14 18 2322 22 08:51 92.2 04:14
H99 12.7 126 24 12 16 696 12 06:37 58.0 07:03
W99 11.2 127 34 2886 37 08:11 65.7 05:21
X99 10.8 118 172* 6 12 2983 34 08:18 85.4 06:53
B0OO 11.7 118 34 14 14 302 28 04:04 39.6 05:19
S00 14.3 128 42 6+1** T+27** 1054 8 04:13 122.6 04:10
uoo 12.7 133 16 8 11 569 13 04:11 35.3 10:00
V0O 15.0 127 28 10 15 1458 23 07:16 67.4 07:18
Mean 12.840.4 125.7+#1.5 23.3£3.1 6:43+0:34 67.6£8.4 6:31+0:33

Total 15834

ICalculated as the average of mass at implantation and mass at removal of data logger.

*This bird deserted the colony and was recaptured 6 months later, however, data were available only for the first 30 days.
**This bird performed two foraging shifts.

Missing data are because the beginning or end of shifts are unknown.

Table2. Mean heart rate of 10 king penguins when ashore and at different stages of their foraging trip

Heart ratefd (beatsmin™)

While During At first hour Increase after fH at sea/ -ol-I

Bird Ashore At sea travelling dive bout During diving after dive bout Between bouts Between dives dive bout (Pé)ashore g
D99 87.2 146.7 1.7 =1
F99 86.9 146.7 127.9 133.4 106.5 183.7 176.4 192.4 38 1.7 €
G99 86.9 128.1 127.9 120.6 91.6 198.2 168.0 177.2 64 15 %
H99 119.2 139.8 133.4 138.8 112.8 202.4 161.8 192.5 46 12 @
W99 78.6 112.2 79.0 112.4 91.2 142.4 127.6 27 14 %
X99 88.4 156.3 93.3 118.9 91.4 182.1 123.4 182.2 53 1.8 g
BOO 69.0 121.4 107.3 117.2 111.2 144.6 115.3 177.5 23 18 0
S00 94.3 110.9 1.2 =1
uoo 87.1 113.8 107.3 119.8 101.5 122.3 114.4 193.4 2 13 =
V00 74.6 131.6 120.9 126.9 106.5 174.1 146.2 188.1 37 1.8 8
Mean 87.2+4.3 130.8 5.1 112.1+6.7 123.5+3.1 100.9+3.6 168.7+£10.2 141.6+8.8 186.2+7.1 36 1.'%
>

Values are meanssEe.Mm. <
8

H
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Fig. 3. Percentage frequency distribution of 30 min averaged heart

rate from king penguins ashore (solid line) and while at sea (dotteFig'4' Mean heart rates at half-hourly intervals (continuous line), and
line); N=10 mean maximum diving depth (broken line) of foraging king penguins
' ' (N=10) during the incubation and chick-guarding period. Each point

257m (for a duration of Tnin 42s). General details of diving is the mean s.e.m. from all the birds while they were at sea.

behaviour are given in Table There was a significant positive
correlation for the relationship of dive duration to depth

(depth=0.6<duration — 56t°=0.82,P<0.05). There was a clear 0
diurnal dive pattern, with a mixture of deep long and shallov 101
short dives from dawn (between 0510@nd 06:0() to dusk 201
(around 21:00—22:00h), while at night activity was limited 301
to shallow short dives. This bimodal distribution of dive deptr € 401
gave peaks at 1 and 70m and a related bimodal distribution ;:f 501
of dive duration (2 and 3#in, Fig.2). Thus, it was possible & 601
to establish two groups of dives: long and deepnf#8and - 70+
>40m) and short and shallow (+8in and <40m). 80% of the 80-
inter-dive intervals were less than 2ain. 901
100

Heart rate during the monitoring period

The frequency distribution dfi clearly differed depending 300
upon whether the birds were ashore or at sea. When the bir

were ashorefn ranged between 50 and 1BEatsmin™, & 250f
whereas while they were at sda,ranged between 50 and E
260beatsmin, showing peaks at 80-®@atsmin™ when @ yqqf
ashore and 120-13@atsmin! when at sea (Fig). The =
mean fH of individual birds over the recording periods %150
ranged from 69.0 to 119eatsmin (mean -
fH=87.2+4.3beatamin}) when the animals were ashore §
and from  110.%eatsmin® to  156.3 (mean T 100

fH=130.845.1beatsmin™)) when they were at sea (Talle [ SRS R :
The overall meanfH of the free-ranging penguins was 50—y

111.1+0.3beatamin™’. All of the fu values monitored from —30 0 30 60 90 120 150 180 210 240 270 300 330 360
the birds in the wild were within the range ff recorded Time (s)

during the calibration experiments (from B&atsmin™ to Fig.5. Temporal changes in heart rate (besits’; bottom), and
308beatsmin; Fahlman et al., 2004). depth (m; top) occurring during diving relative to the point of

When the animals were ashore, no circadian pattefr of submergence and the points of surfacing, for long dives (24G;250
was observed (see Fit). On the other hand, when at seared traces) and short dives (150-340lack traces). Each point is the
(Fig. 4), there was a clear pattern, with a declinefroft mean *s.e.M. of the mean values from 7 birds. The blue horizontal
dawn (from 121.8+2.@Beatsmin! at 00:00h down to lines are mean ..M. of heart rate when ashore.
113.8+1.4beatsmin™ at 05:30h), when the animals start to
forage actively (indicated by the increase of mean depth
During the daytimefH remained at a reasonably steady level21:0Ch and after diving depth had begun to decre&se,
(around 12deatsmin~?), while the birds regularly dived to increased, to reach a peak of 135.64&atsmin™ at
greater depths (mean diving depth around$6Then, around approximately 23:00, before returning to the midnight value.
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Changes in heart rate associated with diving Discussion

When dives were grouped according to their duration To avoid using atypical data associated with the recovery of
separated by 18 intervals (e.g. all dives between 130 tothe birds from the surgery, the first A&fter implantation were
139s were grouped as dives of 134)5a rapid decrease in not used in subsequent data analysis (see Bevan et al., 1995).
fH was observed in all categories, reaching a minimusn 4 Furthermore, there was no significant difference in the duration
after submergence (Fi§). During long dives (>&nin), fH of the foraging shifts in implanted and non-implanted
then showed an increase for the subsequest lBefore birds. This suggests that the implantation had no long-term
steadily decreasing to a value similar to that measured whdaehavioural or physiological effects on the penguins. The
the birds were ashore (lowes$h, 82.1+5.4beatsmin™; foraging pattern of the king penguins used in the present study
mean = s.E.M.). During the shorter dives (<8in), this  was similar to that described by other authors (Kooyman et al.,
secondary increase ifH was not observed, anfh was 1992a; Culik et al., 1996; Charrassin et al., 1998), with deep
maintained at the low level achieved in the firss¢ ®f  diving activity limited to the daylight period, and diving
the dive, which was also similar to that measured in birdactivity at night reduced in frequency and limited to shallow
resting ashore (lowestH, 88.8+5.2beatsmin™’; mean + depth. This daily diving pattern has been discussed extensively
S.E.M.; see Figh). MeanfH during diving, for all dives, was by the above authors, and probably reflects the photoperiodic
significantly greater than these values, but almost 30% belowertical migration of their main prey (the myctophid fish
the value between bouts (Talde WhenfH was plotted speciesElectrona carlsbergii, Frefftichtys andersonaind
relative to the time of surfacing, there was no differencd’rotomyctophum tensgrCherel and Ridoux 1992), and/or the
between short and long dives. Both showed a slighight sensitivity of the eyes of penguins (Wilson et al., 1993).
anticipatory tachycardia, with the largest increase aroumd 4 Frequency analyses of the dive durations are consistent with
prior to surfacing. There was no significant differencethose described elsewhere (Kooyman et al., 1992a; Culik et al.,
betweenfH pre- and post-dive. Similarly, in the $Qorior to  1996): up to 35% of all dives (deeper thamBwere of longer
the dive,fH did not vary significantly between short and longduration than 3.Bnin, and 80% of interdive intervals were
dives. shorter than 2.5in.

Heart rate values between dives, during the dive and over The hypothesis developed by Kooyman et al. (1992a) that
the dive-cycle (dive + post dive interval, 126+Beatsmin?) king penguins accumulate lactic acid during long dives and pay
were not significantly different between long and short divesoff the ‘oxygen debt’ by increasing surface times or surface
For dives longer than @in, however, there were significant frequency is not supported by the present data. Since a surface
negative correlations between dive duration and (a) meaime of 2.5min is theoretically inadequate for the metabolism
dive fu (r?>=0.78,P<0.001), (b) mean dive-cycky (r>=0.83, of lactate after exceeding the DLT (Kooyman et al., 1992a),
P<0.001), and (c) mean post-dive interv&l (r’=0.78, we reach a similar conclusion to Culik et al. (1996), that these
P<0.001). birds must almost always dive within their DLT. This means

The mean # during all diving bouts (123.5+34eatsmin™; that previous estimations of the cADL ofriin (Kooyman et
Table2) was 40% lower than the mefrecorded during the al., 1992a; Culik et al., 1996) must be inaccurate. On the other
hour following the diving bout (168.7+10atsmin™%; paired  hand, it is possible, at least on some occasions, that any
t-test,t=5.3, P<0.01,N=8). The mearit during diving bouts accumulated lactate could be metabolised by the locomotory
was also 20% lower than the medm over the entire muscles and/or heart during relatively short, shallow dives
subsequent inter-bout interval (141.6+Begatsmin™; pairedt-  and/or when the birds are travelling to different foraging
test, t=2.64, P<0.05, N=8). The meanfH during the hour locations (Butler, 2004).
following a diving bout was, on average, 20% higher than

mean fH over the entire inter-bout interval (pairaeest, Physiology of diving
t=12.01,P<0.001,N=8). Few studies have investigated the variationfrofduring
natural dives of birds or mammals. Most of the available data
Field metabolic rate are either from captive animals during forced (Scholander

Estimated Vo, of birds was calculated according to 1940) or voluntary submersion (Millard et al., 1973; Butler and
equations 1 and 2A from Fahlman et al. (2004) as appropriaté/oakes, 1975, 1984; Bevan et al., 1992) or from animals in
and then converted to estimated field metabolic rate &MR their natural environment but diving through an artificial ice
(Table 3). When at sea, FMRwas 83% greater than when the hole (Kooyman et al., 1992b). To our knowledge, only three
birds were ashore. During diving bouts (and dive cycles)published studies so far have investigated the full range of
MRestwas 73% greater than when the birds were ashore amthanges infH during diving in free-ranging marine birds
MRest during the total period between bouts, although 20%Bevan et al., 1997, 2002; Green et al., 2003). In the present
greater, was not significantly different from that during divingstudy, two different cardiac responses to the dive could be
bouts. However, during the first hour following a diving observed, and from the diving behaviour it was possible to
bout, MR.stwas 52% greater than that during a diving bout andlefine two distinct types of dive: short, shallow dives and
33% greater than that during the remainder of the interbouteep, long dives (i.e. there were no long, shallow dives).
interval. Interestingly, this segregation of the dives between short and
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long dives is associated with a difference in temporal change$.93), where the values within parentheses are the computed
of fH during the dive. During the first$of the dive, there was s.E.E.; see Tabl8], is within the range of data obtained by
a rapid reduction ifH, similar to that measured in unrestrainedKooyman et al. (1992a), who measured values between 2.4
freely diving captive tufted ducks (Bevan and Butler, 1992)and 4.8W kg using doubly labelled water, and similar to the
Then, depending on the duration of the divesither increased resting metabolic rate (RMR) obtained from king penguins in
in the subsequentsif the bird was going to perform a long a respirometer (2.8+0W kg™, Le Maho and Despin, 1976;
and deep dive, then progressively decreased to a rate simig0+0.2W kg™, Barré, 1980; 3.7+0.W kg%, Froget et al.,
to theft when the birds were ashore. If the dive was shor2001). More interestinglyfH, and thus FMR;, was at its
and shallow,fH stayed low, and again stabilised around thdowest when the birds were at sea during the first part of the
level of fn recorded when birds were ashore. However, bottfioraging trip (travelling before the first diving bout), and
the values for lowestH during diving were significantly during a diving bout (Tab!d). There was then a large
(approximately 25%) lower than that for king penguins restingncrease infH during the first hour following the end of a
in water (114+7.2N=5; Fahlman et al., 2004). diving bout. This may have been the result of the increased
The differences i during the first & of submersion in rate of energy expenditure associated with the rewarming of
the long and short dives may relate to the effort involved durinthe body that occurs at the end of a diving bout (Handrich et
this period. Sato et al. (2002) indicate that king penguins haw., 1997).
to work harder at the beginning of deep dives than at the At sea, when the bird was at the surface, it was not possible
beginning of shallow dives to overcome the increasedo distinguish between periods when the bird was resting and
buoyancy associated with inhaling more air prior to the longethose when it was porpoising or travelling from one foraging
deeper dives. However, as depth increases, the buoyant foqgatch to another. However, mass-specific M& the birds
would decrease due to compression of the air-filled spaceghen at sea [5.7W kg™ (-0.37, +0.40)] was 25% greater than
between the feathers, thus progressively reducing enerdlgat of birds resting in water (4W kg™; Culik et al., 1996;
requirement. Fahlman et al., 2004), indicating that these animals were quite
Mean values of heart rate when ashore and during divingctive when at sea. This level of metabolism included all
bouts (see Tabl2) were similar to those obtained for gentooactivities while the bird was at sea, such as the period when
penguins (90 and 14featsmin™, respectively; Bevan et al., the birds were travelling to and from the colony, and activity
2002). at night when diving was reduced.
It is of interest to note that at sea, mass-specific EMR
Estimated metabolic rate from the present study is 42% lower than the value of
When a bird is at its nest incubating, it needs only to suppl9.95+0.33W kg™ obtained by Kooyman et al. (1992a) using
energy for its maintenance metabolism (basal metabolic ratBLW. This illustrates the apparent overestimation of MR of
BMR), any thermoregulatory costs associated with thequatic birds and mammals when at sea by the DLW method
maintenance of the egg or the chick at its optimal temperaturéutler et al., 2004).
and any territorial defence activity. Croxall (1982) estimated
in a number of penguin species that the energy cost of Energy cost of diving and cADL.
incubation was 1.2-1.4 times the BMR, which is similar to The mass-specifito,estduring diving bouts was determined
that found in the present study (X BMR; calculated from in the present study to be 17.3 (=0.95, +1.01jnini* kg™
the formula of Ellis, 1984). The estimated, mass-specifitWhen tested against the validation data in Froget et al. (2001),
metabolic rate of king penguins ashore [3W%g™ (-0.71, equation 2A in Fahlman et al. (2004) gives an average

Table3. Heart rate and estimates of rates of oxygen consumption and mass-specific field metabolic rate determined from these

heart rates for birds ashore and while at sea

Activity fH (beatsmin™) Vo,est(Ml Oz min™) FMRest (W kg™

FMR ashore 87.2+4.3 122.1 (-28.2, +38W)de 3.15 (-0.71, +0.93)
Diving bout 123.5+3.1 216.6 (-11.9, +127) 5.44 (-0.30, +0.32)
First hour after bout 168.7+10.2 330.1 (-17.2, +18:9)" 8.29 (-0.43, +0.45)
Rest of the interbout 136.7+8.8 248.5 (-12.9, +13.6) 6.24 (-0.32, +0.34)
Total interbout 141.6+8.8 260.6 (-14.5, +18) 6.54 (-0.36, +0.39)
FMR at sea 130.845.1 234.1 (-15.1, +16'1) 5.77 (-0.37, +0.40)

fH, heart rateVo,es; €Stimated rate of oxygen consumption; FMRstimated mass-specific field metabolic rate.

Vo,estand FMRs; were determined from thiéd values using equation 1 [l0g§,)=—0.279+1.24log@)+0.023'-0.0157logiH)n, r’=0.81],
wheren=number of days fasting, or equation 2A [Iﬁg9:1.35log(fH)—0.488,r2:0.86] from Fahlman et al. (2004), for birds ashore and while
at sea, respectively.

Values are meansse.m., N=8 or 10 (see Table 2). Values in parentheses are the congmged

Superscripted letters signify significant differences between estimates for specific acHwbi€S (Z-test).
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algebraic overestimation of 2%. The available oxygen stores RQ
in diving king penguins are estimated to be betweemi&y S.E.E.
(Ponganis et al., 1999) and B8kg™ (Kooyman, 1989). SEM.
Using the estimatedo, during diving bouts and the upper TEB
value of usable @stores given above, the calculated aerobic Vo,
dive limit (cADL) is 3.4min and approximately 35% of all ~ Vo,est
dives exceed this value (Fig).

If our estimates oV, are correct, this implies that king ~ This study was supported by grants from the French
penguins are performing most of their foraging dives (thosénstitute of Polar Research (IFRTP Program 131) and from
greater than &in duration) by exceeding their cADL. the Natural Environmental Research Council of the UK. G.F.
Unfortunately, with the exception of those on tufted ducks (sewas supported by a Marie Curie Fellowship from the EU
Woakes and Butler, 1983), no study so far has been able fgrant ERBFMBICT972460) The authors wish to thank Dr
determine Vo, during diving itself. The rate of oxygen Jean Patrice Robin together with the members of the 34th and
consumption estimated over a complete dive cycle, as in tf®5th over-wintering missions on Crozet Island for their
present study, is the closest estimate that exists for free-rangiagsistance on the field and the crew of Maion Dufresnes
king penguins. Thus eithéfo, during diving is much lower for logistical support.
or/and the oxygen stores are much larger than estimated.
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