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Heart Rate and Oxygen Consumption of Northern

Elephant Seals during Diving in the Laboratory
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ABSTRACT Introduction

Many techniques have been employed to measure metabolic Despite its importance to understanding the behavior and
physiology of diving marine mammals, direct measurement ofand cardiovascular changes in diving marine mammals. Each

of these methods has its advantages, but the methods also have metabolism during natural diving has been elusive. Metabolic
rate has been measured or estimated in several marine mam-drawbacks when applied to phocid seals. The aim of this study

was to investigate heart rate and metabolic responses to diving mals in a variety of contexts, and the results have been variable,
in large part because each approach provides benefits alongin juvenile northern elephant seals that are not associated with

forced changes in exercise state, and, secondarily, to investigate with drawbacks. Fedak and Thompson (1993) demonstrated
that the circumstance in which a dive is performed will deter-whether heart rate could be used as an indicator of metabolic

rate in this species. Six seals were allowed to dive freely in a mine which combination of physiological and behavioral op-
tions are chosen, so it is therefore important to keep in mindmetabolic chamber while simultaneous measurements of heart

rate and oxygen consumption were made. Within each dive the ecological context of the diving behavior when making
comparisons between the various methods.cycle (dive and surface interval), the seals spent an average of

74% of the time submerged. Mean dive duration was 6.43 Ideally, measurements of physiological parameters such as
heart rate and O2 consumption rate (V

g
O2) should be made on{ 0.6 (SD) min. Mean oxygen consumption during diving was

3.32 { 0.4 mL O2 min01 kg01, a decrease of approximately animals that are freely swimming and diving in the wild. The
ice-hole experiments developed by Kooyman (Kooyman 1968;26% from baseline values. An inverse relationship was observed

between oxygen consumption and the percentage of time spent Kooyman and Campbell 1972) provided a way of measuring
physiological variables of freely diving Weddell seals (Leptony-submerged in each dive cycle. The total amount of oxygen

consumed during the surface interval increased with increasing chotes weddelli) under seminatural conditions, but unfortu-
nately this ice-hole paradigm has limited applicability and can-dive duration, while the duration of the surface interval itself

did not change, indicating that seals alter the rate of O2 uptake not be used on species whose natural diving behavior occurs
in the open ocean.rather than the time spent at the surface. Mean heart rate

during diving was 34.5 { 6.2 beats min01, 36% lower than Measurements of metabolic rates of free-ranging pinnipeds
have been accomplished using doubly labeled water (DLW;resting values. Mean diving heart rate was independent of dive

duration, percent time submerged, and oxygen consumption. Costa and Gentry 1986; Costa et al. 1989, 1990; Reilly and
Fedak 1991); however, there are several drawbacks to applyingMean surface interval heart rate was 66.6 { 11.1 beats min01

and was not correlated with oxygen consumption. Average this technique to species with extended pelagic periods. First,
the DLW method is only effective over periods of approxi-
mately 10 d or less (Costa 1988) and is not suitable for species
that require longer-term studies. Second, the DLW method
only provides a value of total energy expenditure over thePhysiological Zoology 71(1):116 – 125. 1998. q 1998 by The University of

Chicago. All rights reserved. 0031-935X/98/7101-9712$03.00 entire experimental period and cannot be used to determine
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the energetics of individual dives, or types of dives (Costa the backs of the seals directly above the heart. The instruments
were glued to the fur using 10-min epoxy (Le Boeuf et al.1988). Free-ranging metabolic rate must therefore be estimated

from alternative methods that usually incorporate laboratory 1988). Heart-rate electrodes were made from titanium (1.5 cm
diam.) or stainless steel (2.3 cm diam.) disks and were mountedmeasurements.

Laboratory studies investigating V
g
O2 and heart rate in pho- in casting resin. Two electrodes were positioned above shaved

patches along the dorsal midline approximately 55 cm apart,cids have often used animals in a swim flume (Davis et al.
1985; Fedak et al. 1988; Ponganis et al. 1990; Williams et al. at equal distances anterior and posterior to the heart, with a

ground electrode placed 25 cm posterior to the rear electrode.1991). This method provides heart rate and metabolic measure-
ments over a wide range of swimming effort but requires the Electrode gel (Redux Paste, Hewlett Packard, Waltham, Mass.)

was applied to the electrodes, and the mounts were glued tosubjects to continuously swim against a current, at or near the
surface, which is not what many divers, particularly phocids, the pelage with epoxy. The electrodes were connected to the

Holter monitor via underwater connectors (USI square mini-do in nature, and may not be a realistic representation of
how some animals spend their time. Furthermore, diving while con model MN1SF, Underwater Systems, Carson, Calif.).

One seal (seal 5), instead of being fitted with a Holter moni-exercising presents conflicting demands on O2 use in a diving
mammal, so studies that examine heart rate and metabolic rate tor, was fitted with a modified data logger (Tattletale Lite model

L-512psF, Onset Computer, North Falmouth, Mass.) that aver-during exercise alone may overlook important changes in the
two variables that are not related to changes in exercise state. aged and stored heart rate at 10-s intervals. Heart-rate data

were sent to the data logger via a VHF telemeter based on aGiven the potential drawbacks of the methods outlined
above, we chose to measure heart rate and V

g
O2 in northern modified Polar heart-rate circuit (Model Polar Favor, Polar

Electro, Port Washington, N.Y.).elephant seals (Mirounga angustirostris) while they were volun-
tarily diving and swimming in the laboratory without an op- Experimental trials were conducted in a 5,000-L saltwater

tank (2.5 1 2.5 1 1.2 m) at Long Marine Laboratory. Theposing current. This technique allowed measurement of the
modifications in heart rate and metabolic rate during diving seals were given 24 h to recover from the anesthesia before

entering the tank and beginning the experiments. Water tem-that were not related to forced changes in exercise state. North-
ern elephant seals are ideal subjects for studying diving physiol- peratures throughout the trials were between 127 and 157C. In

several other phocids, these values are within the thermoneutralogy, as they are among the deepest-diving air-breathing verte-
brates, routinely diving to depths of over 500 m and zone (Whittow 1987) and, because of the large body size and

thick blubber layer in elephant seals, are also likely to be withinoccasionally exceeding 1,500 m (De Long and Stewart 1991).
Dive durations, which average approximately 20 min in north- the thermoneutral zone for this species. Before each experi-

mental trial, the seals were weighed on a platform scale accurateern elephant seals, have reached as high as 90 min (Le Boeuf
et al. 1993). Understanding the physiological mechanisms asso- to {0.1 kg. Once the animals were in the water, the tank was

covered with a wire mesh screen that prevented the seals fromciated with diving in northern elephant seals would greatly
enhance our understanding of this remarkable diving behavior. surfacing anywhere other than under a 1.52 1 0.53 m Plexiglas

dome (90 L air volume). An airtight seal was formed by sub-
merging the edges of the dome under approximately 4 cm of

Material and Methods
water. The seals were allowed to swim freely and dive within
the tank throughout the trials, which lasted from 4.5 to 28 h.Six juvenile northern elephant seals (four males, two females,

ages 10–22 mo) were immobilized with a 1 mg kg01 intramus- V
g
O2 was measured using a flow-through respirometry sys-

tem. Ambient air was pulled through the dome continuouslycular injection of Tiletamine HCl and Zolazepam HCl (Telazol,
Aveco, Fort Dodge, Iowa) at Año Nuevo State Reserve, Califor- by a vacuum pump at approximately 60–75 L min01, and flow

rates were measured with a dry gas meter. The system had ania, and transported to Long Marine Laboratory, Santa Cruz,
California. The seals were captured during periods of natural delay of approximately 50 s from when the seals began breath-

ing until the first deflection of the O2 concentration (PO2)fasting, and therefore were not fed throughout the experiments.
Masses of the experimental animals ranged from 124.8 to 147 levels, and a 95% response time of 2.5–3 min. An aliquot of

the outflowing air was drawn continuously from the exhaustkg (Table 1).
Before instruments were attached to the seals in the labora- hose and was dried in columns of Drierite, scrubbed of CO2

using Baralyme, and passed through an O2 analyzer (S3-Atory, the seals were immobilized with a 1 mg kg01 intramuscu-
lar injection of Telazol to the flank. Immobilization was main- model, Ametek, Pittsburgh, Pa.). The typical maximum deflec-

tion of PO2 was approximately 2%. The O2 analyzer was cali-tained through intravenous injections of 100 mg Ketamine HCl
(Ketaset, Aveco, Fort Dodge, Iowa) and 5 mg diazepam (Elk- brated using ambient air, assuming an O2 content of 20.94%.

The fractional O2 concentration of the outflowing air was aver-ins-Sinn, Cherry Hill, N.J.) into the extradural vein. Heart
rate was measured with Holter monitors (Space Labs, Seattle, aged every 5 s and stored in a personal computer. The com-

puter software (Datacan V, Sable Systems, Salt Lake City, Utah)Wash.) encased in watertight aluminum housings mounted on
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Table 1: Mass, age, and summary diving statistics for each seal while in the metabolic tank

Mean Dive Maximum Mean Surface
Age Mass Number Duration Dive Interval Mean Percent

Sex (mo) (kg) of Dives (min) (min) (min) Time Submerged

Seal:
1 ............ Male 21 124.8 69 6.87 { 2.48 16.08 2.46 { .95 72.4 { 11.1
2 ............ Female 21 135.4 62 5.82 { 2.34 12.66 1.95 { .67 73.9 { 7.60
3 ............ Male 22 145.0 30 5.58 { 3.91 14.41 2.00 { .97 69.9 { 12.2
4 ............ Male 22 147.0 128 6.51 { 3.00 15.16 1.88 { .90 76.5 { 8.20
5 ............ Female 17 140.9 117 6.52 { 3.01 13.99 1.61 { .66 78.6 { 7.70
6 ............ Male 10 126.0 17 7.30 { 5.13 15.91 1.69 { .41 74.3 { 14.9

Mean ......... 136.5 { 9.5 6.43 { .64 1.93 { .3 74.3 { 3.0

Note. Means are {SD.

converted the changes in fractional O2 concentration into val- nonapneic. Resting heart rates were calculated as a mean for
this entire period.ues of O2 consumption by the seals (in mL O2 min01 kg01)

using Withers’s (1977) equation (4b) and a respiratory quotient Statistical analyses were performed with the software pack-
age Axum 3.0 (TriMetrix, Seattle, Wash.). When a single valuevalue of 0.71, a number derived from data on fat-based metab-

olism in a fasting animal (Kleiber 1975). The entire system was is given to express a mean for all six seals combined, that value
represents the grand mean of all of the individual seals. Allcalibrated using the N2-dilution technique described by Fedak

et al. (1981), with pure nitrogen (100%) bled into the dome mean values are presented as mean { SD, and statistical sig-
nificance is determined at the a Å 0.05 level.at a constant rate of approximately 3 L min01.

To determine metabolic rate during dives, the total amount
of O2 consumed during the postdive surface interval was calcu-
lated by integrating the area under the O2 consumption curve Results
for the duration of the surface interval. This value was then

Diving Behavior
divided by the duration of the complete dive cycle (dive and
postdive surface interval) (Gallivan 1981; Castellini et al. 1992; The mean dive duration for all six seals during the experimental

trials was 6.43{ 0.6 min, with the longest recorded dive lastingPonganis et al. 1993). Baseline metabolic rate was defined as
the metabolic rate recorded at the beginning of each experi- 16.08 min (Table 1). All six seals exhibited dives of at least 12

min. During dives, seals would either lie motionless on themental trial, when the seals typically spent long periods at the
surface, breathing in the dome, before starting to dive (Pon- floor of the tank or swim in slow circles around the tank,

occasionally pushing on the wire screen with their noses. Divesganis et al. 1990).
Heart-rate data from the Holter monitor tapes were scanned were followed by a mean surface interval of 1.93 { 0.3 min,

with a maximum of 6.33 min (Table 1). Surface interval dura-and digitized to produce a record of interbeat intervals, defined
as the time period between successive R-waves, in milliseconds, tion did not increase with increasing dive duration (Fig. 1).

Because the seals began to breathe immediately upon surfacingfor each heartbeat. Mean interbeat interval was determined for
each dive and surface interval event and was then converted and exhaled just before submergence, surface interval duration

is equal to the duration of the breathing bouts. Mean percentto mean heart rate in beats per minute. Mean heart rate over
the entire dive cycle, or average heart rate, was calculated using time submerged (the proportion of time spent submerged in

each dive cycle, where a dive cycle equals the dive plus thethe equation: average heart rate Å Tsub(HRsub) / Tsurf (HRsurf),
where T is the fraction of time spent submerged (Tsub) or at postdive surface interval) was 74.3% { 3.0% (Table 1).
the surface (Tsurf), and HR is the heart rate while submerged
(HRsub) or at the surface (HRsurf) (Williams et al. 1991).

V
g
O2Resting heart rate was measured over 45–60-min periods

while the seals were awake, nonapneic, and resting quietly on Mean baseline metabolic rate measured when the seals were
quietly breathing at the surface for extended periods was 4.46land between experimental trials. Terrestrial apnea in elephant

seals is invariably associated with large and rapid decreases in { 0.3 mL O2 min01 kg01 (Table 2). This value is 1.3 times
greater than the basal metabolic rate predicted by the equation:heart rate (Blackwell 1996), and as heart rate was consistent

during these resting periods, it was assumed that the seals were metabolic rate Å 11.27mass0.75 (Kleiber 1975). Mean diving
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Figure 1. Surface interval duration following dives of varying dura- the greater the fraction of time spent submerged, the less O2

tions in all six seals. Surface interval duration did not increase consumed (Fig. 2). This relationship was significant in four of
with increasing dive duration. the seals (P õ 0.01, r 2 Å 0.1–0.51). Although the duration of

the surface intervals did not change significantly, there was a
metabolic rate was 3.32 { 0.4 mL O2 min01 kg01, a decrease significant increase in total postdive O2 consumption corre-
of 25.6% from mean baseline values, and is similar to the mean sponding to increasing dive duration (for each seal, P õ 0.05,
of the calculated V

g
O2 values from Kleiber’s equation (3.32 r 2 Å 0.21–0.68; Fig. 3).

{ 0.05 mL O2 min01 kg01). Mean baseline and diving metabolic
rates were significantly different (t-test, P õ 0.05, t Å 6.093).
Diving V

g
O2 was independent of dive duration in five of the six

Heart Rate
seals (P ú 0.2 for each seal). In each seal there was an inverse
correlation between diving V

g
O2 and percent time submerged; Heart rate dropped dramatically as the seals began a dive and

remained low throughout the entire dive (Fig. 4). Anticipatory
Table 2: Mean baseline and diving V

g
O2 for each seal tachycardia observed before surfacing in free-ranging seals was

not seen in seals in the present experiment. Heart rate exhibited
V
g
O2 a bimodal pattern, high at the surface and low during diving,

(mL O2 min01 kg01) with mean surface heart rates showing a much greater range
than mean diving heart rates. Mean diving heart rate was 34.5Decrease
{ 6.2 beats min01, a mean decrease of 31.1% { 9% fromBaseline Diving (%)
resting rates on land (Table 3). Diving heart rate was fairly
constant and independent of dive duration (for each seal, r 2

Seal:
Å 0–0.11, P ú 0.01; Fig. 5). Mean surface heart rate (mean1 ............ 4.23 3.15 { 1.10 25.5
heart rate during the entire surface interval) was 66.6 { 11.12 ............ 4.24 3.05 { .72 28.1
beats min01. Surface heart rate peaked during the first few3 ............ 4.49 3.24 { .81 27.8
seconds at the surface, before slowing down and becoming4 ............ 4.32 3.83 { 1.03 11.3
more variable for the duration of the surface interval (Fig. 4).5 ............ 4.5 2.93 { .54 34.9
There was a slight but significant increase in surface heart rate6 ............ 4.99 3.69 { .61 26.1
with increasing dive duration in three of the experimentalMean ......... 4.46 { .3 3.32 { .4 25.6 { 7.8
animals, seal 2, seal 5, and seal 6 (r 2 Å 0.22–0.47, P õ 0.01;
Fig. 5). Mean heart rate during the first 10 s at the surfaceNote. Decrease is the percent decrease from baseline to diving values. Means

are {SD. V
g
O2 data are corrected STPD. following a dive was 77.4 { 10.0 beats min01 and increased
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Figure 2. V
g
O2 as a function of percent time submerged for six that diving in phocid seals is not energetically costly. If the

elephant seals. As percent time submerged increased, V
g
O2 de- ratio of surface to dive time is limited by the relationship

creased. Seals can therefore minimize their energy expenditure by between rates of loading and use of O2 , then a reduction of
spending greater proportions of time diving. r 2 for the four indi-

metabolic rate during diving will allow longer dives and hencevidual seals showing a significant relationship ranged from 0.1 to
an increase in percent time submerged (Fedak et al. 1988). A0.51.
similar decrease in V

g
O2 with increasing percent time submerged

occurs in harp (Gallivan 1981) and grey seals (Fedak et al.with increasing dive duration. Mean average heart rate was
1988). Lowering metabolic rate while using a fixed O2 reserve42.3 { 6.5 beats min01.
allows seals to maximize their dive duration, which in turnDiving heart rate was independent of percent time sub-
allows more time for foraging or predator avoidance.merged (r 2 Å 0–0.05, P ú 0.18 for each seal), but two seals

In both free-ranging Weddell seals (Castellini et al. 1992;(seal 5 and seal 6) showed slight but significant (P õ 0.02)
Ponganis et al. 1993) and laboratory studies of grey seals (Reedincreases in surface heart rate with increasing percent time
et al. 1994), V

g
O2 decreases with increasing dive duration, butsubmerged (r 2 Å 0.16 and 0.38, respectively). There was a

in the present study, there was no correlation between thesesignificant negative correlation between average heart rate
two variables. The dives exhibited by elephant seals in theand percent time submerged in all six seals (F Å 6.42–66.92,
laboratory were all under 16.5 min, and the V

g
O2 data for thisP õ 0.02 for each seal).

time span were similar to data for free-ranging Weddell seals’
dives of under 14 min (Castellini et al. 1992). Beyond this 14-

Heart Rate versus V
g
O2 min point, however, Weddell seals show a more significant

decrease in V
g
O2 with longer dives than with short divesThere was no consistent correlation between diving heart rate

(Castellini et al. 1992). This suggests that in both these species,or surface heart rate with V
g
O2 (diving: r 2 Å 0–0.16, surface:

V
g
O2 may be independent of dive duration for short dives butr 2 Å 0–0.09; Fig. 6). Although average heart rate increased

may decline as a function of dive duration for longer dives.with V
g
O2 in all of the experimental animals, the relationship

Considering that the 16-min dives seen in the present studybetween the two variables was only statistically significant in
were significantly less than the maximum diving capacity oftwo seals, seal 2 and seal 5 (F Å 12.84 and 32.04, respectively;
elephant seals in the wild, it may be that for short dives, littleP õ 0.01; Fig. 6).
metabolic reduction was required.

If V
g
O2 does not change with increasing dive duration, longer

Discussion
dives would result in greater O2 debt and buildup of CO2 and
other metabolic by-products than shorter dives. The fact thatThe reductions in diving heart rate and V

g
O2 measured in this

experiment are consistent with previous studies demonstrating the total amount of O2 consumed increased following longer
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Figure 3. Total V
g
O2 (defined as the total O2 consumed during the diving heart rate. This hypothesis is supported by data on free-

surface interval divided by the duration of the surface interval) ranging elephant seals of the same age from Andrews et al.
during the postdive surface interval as a function of the duration (1997), which show that the relationship of heart rate to dive
of the preceding dive for six elephant seals. As the durations of

duration is best explained by a curvilinear model, where therethe surface intervals did not change significantly following longer
is little or no dependence of heart rate on dive duration indives, it was an increase in the rate of O2 uptake that accounted

for the increase in total O2 consumed while at the surface. the first stage, followed by a strong inverse relationship after a
threshold dive duration of 10–19 min.

Both the mean (34.5 { 6.2 beats min01) and the range ofdives while the length of the surface interval remained constant
means (27–45.2 beats min01) of diving heart rates in the pres-suggests that elephant seals may be altering the rate of O2

ent study were similar to those for free-ranging juvenile north-replenishment and waste clearance, rather than adjusting the
ern elephant seals (range: 34.3–47.2 beats min01, mean: 39.0amount of time spent at the surface. Craig and Påsche (1980)
{ 4.3 beats min01) (Andrews et al. 1997), but mean surfacefound a slight but significant increase in tidal volume with
heart rate in the laboratory seals (66.6 { 11.1 beats min01)increasing V

g
O2 in harbor seals, while Reed et al. (1994) showed

was less than that from free-ranging seals at sea (107.3 { 3.1that in grey seals, both tidal volume and respiration rates fol-
beats min01) (Andrews et al. 1997). Considering the contextlowing dives are greater than values predicted from allometric
of the diving in the laboratory study, it would not be expectedequations. Both of these mechanisms would increase O2 uptake
that these seals would have as high a surface heart rate as thewithout increasing the time spent at the surface, and it is
free-ranging seals. Seals at sea have an incentive to minimizepossible that elephant seals might be employing similar tactics.
surface intervals and quickly exchange O2 and CO2 throughThere was no change in diving heart rate with respect to dive
continuous, rapid breathing. Heart rates will be higher duringduration in the present study, in contrast to the marked decrease
these intense breathing periods in exercising seals than in sealsin heart rate with increasing dive duration seen in Weddell
in the laboratory that have a lower O2 debt and less motivation(Kooyman and Campbell 1972) and grey seals (Thompson and
to reduce surface time.Fedak 1993). It is interesting to note that in the Weddell seal,

As with grey (Fedak et al. 1988) and harbor seals (Fedak et al.heart rate is relatively constant in dives of up to 10 min but
1988; Williams et al. 1991), diving and surface heart rates in thedeclines as a function of dive duration in dives exceeding 10
present study were independent of percent time submerged, whilemin (Kooyman and Campbell 1972; Kooyman 1985). This 10-
average heart rate decreased as percent time submerged increased.min inflection point represents only a fraction of the diving
As surface and diving heart rates were relatively constant, thiscapabilities of Weddell seals, and, as with V

g
O2 , it may be that

was simply a corollary of the behavior of the animals, that is, thelittle cardiovascular adjustment is necessary on such short dives.
greater the proportion of the dive cycle spent at the slower divingSimilarly, for northern elephant seals, the relatively short dives

seen in the laboratory may not have required adjustment of heart rate, the lower the average heart rate.
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Figure 4. Sample data showing the responses of heart rate and rate in free-ranging animals (see Butler [1993] for a review).
V
g
O2 during three dives and their associated surface intervals. Black Butler et al. (1992) found a strong correlation between heart

bars represent diving periods. Heart rate increased immediately rate and V
g
O2 (r 2 Å 0.82–0.93) and concluded that when using

upon surfacing, decreased upon submergence, and remained low
grouped data, heart rate is a good indicator of V

g
O2 in free-throughout the dive. Heart-rate data represent instantaneous heart

ranging California sea lions. In the present study, however,rate calculated from interbeat intervals.
this relationship was statistically significant in only two seals,
casting some doubt on the usefulness of heart rate to estimate

Surface and diving heart rates were also independent of V
g
O2 , metabolic rate in this species.

but average heart rate increased with increasing V
g
O2 in all six The weak relationship between heart rate and V

g
O2 in the

seals. A linear relationship between V
g
O2 and average heart rate present study when compared with those from previous inves-

has been seen in many organisms, including grey (Fedak et al. tigations could be attributed as much to the different contexts
1988) and harbor seals (Williams et al. 1991), and it has been in which the measurements were obtained as to inherent differ-

ences between species (Fedak and Thompson 1993). The stud-suggested that heart rate may be used to estimate metabolic

Table 3: Mean resting (on land), diving, surface, and average heart rates for each seal

Heart Rate (beats min01)
Decrease

Resting Diving Surface Average (%)

Seal:
1 .............. 42 27.0 { 4.1 51.6 { 7.2 33.6 { 4.5 35.7
2 .............. 48.5 30.1 { 2.5 72.1 { 8.3 40.9 { 4.2 37.9
3 .............. 45.7 33.7 { 2.3 53.6 { 4.7 39.5 { 3.4 26.3
4 .............. 46 36.3 { 1.4 71.8 { 8.9 44.3 { 3.8 21.1
5 .............. 61 34.8 { 2.4 71.7 { 7.0 42.4 { 3.2 43
6 .............. 58.5 45.2 { 1.7 78.6 { 5.4 53.3 { 4.5 22.7

Mean ........... 50.3 { 7.7 34.5 { 6.2 66.6 { 11.1 42.3 { 6.5 31.1 { 9.0

Note. Decrease is the percent decrease from resting to diving values. Means are {SD. Average heart rate was

calculated with the equation: average heart rate Å Tsub(HRsub) / Tsurf(HRsurf), where T is the fraction of time spent

submerged (Tsub) or at the surface (Tsurf), and HR is the heart rate while submerged (HRsub) or at the surface (HRsurf).
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so most of the variation seen in the wild may have been ac-
counted for in the laboratory study.

There are also differences in the level and type of activity
exhibited by the experimental animals in the swim flume stud-
ies when compared to the present study. In flume experiments,
the animals swim continuously at or near the surface and
against a current, during both dives and surface intervals. How-
ever, continuous swimming at the surface or against a current
is not an accurate representation of how elephant seals spend
their time. Northern elephant seals do not swim at the surface
(Le Boeuf et al. 1992), and a significant portion of their dives
(6.3%) are type C dives, which have extended periods of passive
drifting that do not involve swimming at all (Crocker et al.
1997). Recent swimming-speed and video camera data also
indicate that rather than swimming continuously during de-

Figure 5. Surface (open circles) and diving (closed circles) heart
rates as a function of dive duration. Diving heart rate was indepen-
dent of dive duration for each seal (r 2 Å 0–0.11), but surface
heart rate increased significantly following longer dives in the three
seals shown above: seal 2 (top), y Å 62.79 / 1.56x (r 2 Å 0.22,
P õ 0.01); seal 5 (center), y Å 60.89 / 1.6x (r 2 Å 0.47, P õ 0.01);
and seal 6 (bottom), y Å 73.6 / 0.12x (r 2 Å 0.28, P õ 0.05).

ies by Fedak et al. (1988), Williams et al. (1991), and Butler
et al. (1992) all used animals in swim flumes, and part of the
value of this technique is that the animals exercise over a
wide range of activity levels and produce a large range of
physiological variables. It could be argued that a significant

Figure 6. Average heart rate (squares) and diving (circles) andrelationship between heart rate and V
g
O2 might also have been

surface (triangles) heart rates as a function of V
g
O2 . In all seals,

seen in elephant seals had they been measured over a wider average heart rate increased as V
g
O2 increased, but the relationship

range of variables. However, the range of heart rates obtained was only significant in the two seals shown above. The equations
in the present study (Ç25–110 beats min01) is roughly the for the regression lines are: seal 2 (top), y Å 2.97x / 31.89

(r 2 Å 0.22, P õ 0.01); and seal 5 (bottom), y Å 2.82x / 34.11 (r 2
same as the range of the majority of heart rates in free-ranging

Å 0.23, P õ 0.01). Average heart rate was calculated with theelephant seals of the same age (Ç20–125 beats min01; Andrews
equation: average heart rate Å Tsub(HRsub) / Tsurf (HRsurf), where

et al. 1997). Furthermore, the average dive cycle heart rate of T is the fraction of time spent submerged (Tsub) or at the surface
42.3 { 6.5 beats min01 is roughly equal to that for the free- (Tsurf), and HR is the heart rate while submerged (HRsub) or at

the surface (HRsurf).ranging seals (46.4 { 2.3 beats min01; Andrews et al. 1997),
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scent, elephant seals may employ a burst-and-glide strategy, Costa D.P. 1988. Methods for studying the energetics of freely
alternating between active swimming and passive gliding (D. diving animals. Can. J. Zool. 66:45–52.
Crocker, unpublished data; T. Williams, unpublished data). Costa D.P., G.P. Antonelis, and R.L. De Long. 1990. Effects of

Therefore, in the present study, modifications in heart rate El Niño on the foraging energetics of the California sea lion.
and V

g
O2 were examined in a representation of elephant seal Pp. 156–165 in F. Trillmich and K. Ono, eds. Effects of El

diving that did not include forced changes in exercise state. As Niño on Pinnipeds. Springer, Berlin.
with the swim flume studies, this is still an artificial situation, Costa D.P., J.P. Croxall, and C.D. Duck. 1989. Foraging ener-
in that the seals had little incentive to perform any particular getics of Antarctic fur seals in relation to changes in prey
task, and there are obvious limitations to extrapolation of met- availability. Ecology 70:596–606.
abolic rates of phocid seals from either approach alone. A Costa D.P. and R.L. Gentry. 1986. Free-ranging energetics of
complete understanding of the diving physiology of these ani- northern fur seals. Pp. 79–101 in R.L. Gentry and G.L.
mals will require a combination of approaches that can be used Kooyman, eds. Fur Seals: Maternal Strategies on Land and
in concert with data on freely living animals. at Sea. Princeton University Press, Princeton, N.J.

Craig A.B. and A. Påsche. 1980. Respiratory physiology of freely
diving harbor seals. Physiol. Zool. 53:419–432.
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C O R R E C T I O N

Standard and Maximal Metabolic Rates

of Goannas (Squamata: Varanidae)

Graham G. Thompson
Philip C. Withers
Physiological Zoology 70:307–323 (1997)

We have identified several errors in the data presented in Table
3. The mass of Tupinambis nigropunctatus should be 865 g,
and the maximal V

g
O2 values for all Varanus species taken from

other sources are incorrect. The data in the text are correct.

9g11$$ja19 12-23-97 08:18:15 pza UC: PHYS ZOO


