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Summary

1. The measurement of energy expenditures in free-ranging animals is essential if we
are to understand fully the interaction between a species and its environment. This

study examined the validity of heart rate (fH) and doubly labelled water (DLW) as
measures of field metabolic rate (FMR) in California Sea Lions (Zalophus californianus).

2. Oxygen consumption and CO2 production were measured over 24 h by direct
respirometry in six juvenile sea lions. The respirometer consisted of a hood over a
flume in which the sea lions were exercised to various levels for 15 min periods

throughout each experiment. The exercise regime produced a mean metabolic rate
which was 2.3 times the predicted basal metabolic rate (BMR) with mean maxima of
6.27 times the predicted BMR.

3. Simultaneously with direct respirometry, mean CO2 production was estimated

using DLW and 02 consumption was estimated using fH, which had previously been
calibrated against 02 consumption.

4. The mean ? SD 02 consumptions from direct respirometry, fH and DLW were

11 80?240, 11.95?2.17 and 15 01?3 77ml min-' kg-' respectively. Paired
Student's t-tests showed no significant difference between 02 consumption by direct
respirometry and the estimates from DLW andfH. DLW measurements ranged from

-10% to +86% of the direct respirometry measurements (mean +36.4%) and fH
measurements ranged from -28% to +23% of the direct respirometry measurements
(mean +2.7%).
5. The range of estimated metabolic rates fromfH was largely owing to individual dif-

ferences in the slopes of the linear relationship betweenfH and 02 consumption. The
range of metabolic rates from DLW could be partly attributed to the short duration of
the experiments (24-25 h) but this was shown not to be the cause of the tendency to
overestimate metabolic rate from DLW. It was concluded that both DLW and fH are
valid methods for measuring FMR in California Sea Lions although it is possible that
FMR could be overestimated when using DLW.
Key-words: Energetics, respiration, Zalophus
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Introduction

measuring field metabolic rate (FMR) and has been
applied to a wide range of species including birds,

151

The development of new methods of measuring

reptiles and mammals (Nagy 1980; Speakman &

energy expenditures in animals has allowed the study

Racey 1988; Bryant & Tatner 1991). However, apart

of animal energetics to move from the laboratory into

from human studies and one on ruminants (Fancy et

the field. In particular, the doubly labelled water

al. 1986), no validations of DLW have been carried

(DLW; see Appendix 1 for a list of abbreviations)

out in large mammals (>5 kg), few DLW studies have

method has proved to be a powerful technique for

been published on large mammals in the field and
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152 most of these have been on pinnipeds (Costa &

set time interval after the start of an experiment,

L L. Boyd et al. Gentry 1986; Costa & Trillmich 1988; Costa, Croxall

whereas the use of fH has no such restriction, particu-

& Duck 1989; Costa, Antonelis & DeLong 1991;

larly if data logging systems are used (Woakes, Butler

Reilly & Fedak 1991). These studies have shown that,

& Bevan 1994). Moreover,fH may be used to provide

in general, the mean FMR exceeds basal metabolic

information about the energy costs of particular

rate (BMR; estimated from Kleiber 1961) by more

behaviours whereas DLW can only provide an aver-

than six times and Speakman (1993) has suggested

age measure of'FMR over the time period of the

that the DLW method may have overestimated FMR

experiment. When both these methods are used

in these studies. Moreover, validation studies of DLW

together, it should be possible to estimate the relative

in mammals are not generally carried out on individu-

costs of specific behaviours within the period of a

als exercising at levels normally found in the field.

DLW experiment. Given the potential advantages of

The DLW method relies on the principle that water

usingfH in addition to DLW and of measuringfH dur-

containing labelled hydrogen (D or 3H) is lost from

ing DLW experiments, the aims of this study were to

the body water pool of individuals at a slower rate

(1) validate the use offH and DLW in exercising Cali-

than water containing labelled oxygen (180). The

fornia Sea Lions (Zalophus californianus, Esson) by

influx of water from, for example, metabolism and

comparing the estimates with those obtained by direct

ingestion will deplete both hydrogen and oxygen iso-

measurements of V02 and (2) compare the accuracy of

topes of water equally but, because the oxygen com-

fH and DLW as measures of metabolism during pro-

ponent of water is in equilibrium with CO2 in the

longed periods of swimming. The ultimate aim was to

blood through the action of carbonic anhydrase, addi-

validate both fH and DLW for measuring field

tional labelled oxygen is lost from the body water

metabolic rate in otariid pinnipeds.

pool through expired CO2 (Nagy 1989). The production of CO2 is proportional to metabolic rate (ex-

pressed in ml 02 min-' kg-') multiplied by the

Materials and methods

respiratory exchange ratio (RE) which varies with the

Six juvenile California Sea Lions (three female and

metabolic substrate being used (Schmidt-Nielsen

three male, all approximately 1 year old) were used in

1975). The technique involves several assumptions

the study. Two additional sea lions were also tested in

which must be upheld for it to operate satisfactorily

the respirometer but they did not adapt well to the

(Lifson & McClintock 1966; Nagy 1980; Costa 1987;

experimental apparatus and were released back into

Speakman 1987; 1993; Prentice 1990).
An alternative method of determining metabolic
rate is the use of heart rate (Butler 1993). This method

the wild before the experiments began. All the animals had been kept at Sea World, San Diego, for 1-3

months after being beached along the coast of Califor-

uses the Fick equation which shows that the flow of

nia and were transferred under licence (Permit no.

oxygen to the tissues (Vo2) = tissue oxygen

742 under the US Marine Mammal Protection Act) to

extraction x cardiac stroke volume x heart rate (fH).

the Physiological Research Laboratory at Scripps

ThereforefH is independent of RE but it assumes that

Institution of Oceanography up to 30 days in advance

cardiac stroke volume and the oxygen extraction by

of the experiments. The sea lions were normally kept

the tissues remain constant or that both change in a

in outdoor seawater tanks with a suitable haul-out

systematic fashion. In marine mammals the relation-

area and fed twice daily on a diet of herring and mack-

ship is potentially complicated by the large variation

erel [respiratory quotient (RQ) = 0.77, based on stan-

in heart rate which occurs during diving (Thompson

dard fat, protein and carbohydrate values for these

& Fedak 1993). However, averaged over whole dive

fish; Pitcher & Hart 1982] supplemented with vita-

cycles (submergence plus recovery period at the sur-

mins. The sea lions were trained to swim under a

face), these animals may be in a steady state (Butler

respirometry hood in a flume and to breathe within

1993) and Fedak (1986) demonstrated a linear rela-

the hood. Individuals that were rejected as unsuitable

tionship between fH and V02 in a grey seal during

for the experiment were those which failed to learn to

swimming whenfH and Vo2 were averaged over com-

exhale in the respirometry hood. As the sea lions

plete dive cycles.

could swim faster than the maximum water speed

The advantages and disadvantages of each of these

(1.4 m s-1) in the flume, the work load was increased

methods ultimately depend on a combination of their

by adding weights to a line and pulley attached to the

utility and accuracy. In a study on Barnacle Geese

back of the animal (see Williams, Kooyman & Croll

(Branta leucopsis), Nolet et al. (1992) concluded that

1991).

heart rate was a good measure of metabolic rate as

long as data from groups of individuals were used and

In addition to measurement of 02 consumption and
CO2 production by direct respirometry, CO2 produc-

that the relationship between fH and Vo2 had been

tion was estimated using DLW and 02 consumption

determined over the full range of fH. They also

was estimated using fH. Calibration of heart rate with

showed a good concordance between heart rate and

metabolic rate for the individuals used in these exper-

measurement of metabolic rate from DLW. The DLW

iments has been reported separately (Butler et al.

method relies on recapturing the individual within a

1992). Each sea lion was fasted for 18-24 h before an
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153 experiment and was then kept in the flume respirome-

were in the respirometer. These calibrations took

Validation of ter for 24-25h. During this time, individuals were

place while the seal was at rest and when metabolic

metabolic rate exercised at different water velocities and with differ-

rate was stable. Each calibration lasted =5 min. When

in sea lions ent weights on the pulley line. These exercise periods

a calibration was performed metabolic rate at the

lasted 15 min and were then generally followed by

beginning of each calibration was assumed also to

periods of 15 min rest or swimming at low speed.

apply during calibrations. The 95% response time of

Occasionally, rest periods were extended to 30 min.

the respirometry system was 2-3 min. All gas mea-

Depending on the individual seal, 43-81 periods of

surements were converted to STPD.

exercise were performed during the experiment. The
water temperature was within the range 19-22 'C.

RESPIROMETRY

DOUBLY LABELLED WATER

After obtaining an initial blood sample from the rear
flipper to obtain the background enrichment of iso-

An open-circuit system for measuring 02 consump-

topes, each sea lion was injected (i.m. latissimus

tion and CO2 production was used. The respirometer

dorsi) with a measured dose (? 000 1 g) of water

was a hood which was the only place within the flume

enriched for H2180 (4-5.5 g, 90.4% enrichment) and

that a sea lion could surface to breathe. Air was drawn

2H20 (5.4-6.8 g, 99.9% enrichment). Complete equi-

through the respirometer hood (volume= 1501) at a

libration of 3H20 with body water occurs 1-2 h after

rate of 75-851 min-', measured using a calibrated

injection in sea lions and fur seals (Costa 1987). In

flow metre accurate to 1 % on the in-flow line, by a

this experiment, 3-4 h was allowed to elapse to permit

vacuum pump. This flow rate kept the fraction of 02

equilibration of the oxygen and hydrogen isotopes

in the respirometer above 19.8% and the fraction of

with the body water pool. A second blood sample was

CO2 in the respirometer below 1%. 02 and CO2 ana-

obtained 3-4 h after initial injection and immediately

lysers continuously sampled gas in the exhaust line

before each sea lion was placed in the flume and

from the hood. Moisture was removed from the

respirometer. Individuals were also weighed to the

sampled air with Drierite before gas entered the 02

nearest 0 2kg at this time. A final blood sample was

and CO2 analysers, and CO2 was removed with Bara-

obtained immediately after each sea lion was

lyme before entering the 02 analyser. The output

removed from the flume and respirometer at the end

from the 02 and CO2 analysers was sampled every

of each experiment. Blood samples were placed in

second by a computer, together with the temperature

sealed tubes, centrifuged within 4h of sampling and

of the ambient air using a thermister. Mean 1702 and

then the plasma was flame sealed in glass capillary

Vco2, adjusted for atmospheric pressure at the begin-

tubes for storage prior to analysis. Plasma samples

ning and in the middle of each experiment and for rel-

were analysed at Centrum voor Isotopen Onderzoek,

ative humidity each hour, were recorded each minute.

Gr6ningen, the Netherlands [see Speakman et al.

Atmospheric pressure varied by <1 millibar during

(1990) for calibration of data from this laboratory]

any experiment.

The system was calibrated for 02 with and without

and followed the methods described by Masman
(1986). Isotopic enrichments were determined in trip-

water flowing in the flume before and after each

licate on a SIRA-9 mass spectrometer. Initial enrich-

experiment using the N2 dilution technique (Fedak,

ments varied from 102-05 to 155-05 ppm excess for

Rome & Seeherman 1981). For the CO2 calibration,

180 and 1693 4 to 2332.8 ppm excess for 3H. The

10. 103% C02, calibrated using the Scholander

mean ? SEM coefficients of variation of the ppm

0 5 cm3 gas analyser (Scholander 1947), in N2 flow-

excess for all samples analysed were 1.49 ? 0 27 and

ing at 1-3 1 min-' was mixed with the total flow enter-

0 77?0 10 for 180 and 2H respectively. Vco2 from

ing the hood which gave a mean concentration of CO2

DLW measurements can be calculated from several

in the exhaust gas within the range observed when a

different standard equations available in the literature

sea lion was present in the respirometer. The theoreti-

(Lifson & McClintock 1966; Coward et al. 1985;

cal fraction of both 02 and CO2 expected in the

Schoeller et al. 1986; Speakman 1993; Speakman,

exhaust gases during calibrations was calculated

Nair & Goran 1993). Although several of these have

using the equations in Davis, Williams & Kooyman

been developed for humans, most have been applied

(1985) and these showed the accuracy of the system

to other species in the past, including pinnipeds (e.g.

was within 0.5% for both gases when there was no

Costa & Gentry 1986), so we calculated Vco2 using

flow of water in the flume. These calibrations also

each equation to examine the consequences of these

permitted detection of leaks in the respirometry sys-

calculations for the final result. Vo2 was estimated by

tem. Absorption of CO2 by the water increased with

dividing the estimate of Vo2 by the mean respiratory

increased water speed in the flume but there was no

exchange ratio obtained from direct respirometry.

evidence of a change in the accuracy of 02 measurements with increased speed. The system was also cal-

ibrated against dry ambient air (20.94% 02, 0 03%
C02) each hour during experiments while animals

HEART RATE

At least 24 h before the beginning of an experiment, a
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154 data logger for recording heart rate information
L L. Boyd et al. (Woakes et al. 1994) was placed within a sealed metal
box and attached with epoxy glue to the hair on the

back of each sea lion. Two electrocardiogram (ECG)
electrodes (self-adhesive human stress electrodes;
NDM, Dayton Ohio, USA) were placed on shaved,
degreased skin in the mid-line of the back at the levels

of the pectoral and pelvic girdles, and attached to the
data logger. These electrode positions gave good
clean ECG patterns even in active animals. Plastic
covers were placed over the electrodes and attached to
the surrounding fur with epoxy glue. The data logger

averaged and stored fH every 30 s throughout the
experiment. Owing to failure of one heart rate
recorder during experiments, simultaneous measurements of fH and DLW were only available for five of
the six sea lions. An additional experiment, without

DLW, was subsequently carried out on the sea lion

which had a faulty heart rate logger (Seal 1640). V02

was estimated from fH by calculating the expected
V02 separately for each of the six calibration runs presented by Butler et al. (1992). As the same individuals
were used in the calibrations as in the validation

experiments presented here, estimates of V02 fromfH
for individuals were obtained only from the other five
individuals in the study, i.e. we did not use the calibration data for individuals to estimate V02 for that

individual; only calibration data from the other indi-

viduals were used. Heart rate was calculated as the
mean for the period of the experiment and, when sub-

stituted in each calibration equation, this gave five
independent measurements of Vo2, similar to those
which would be obtained for heart rate measurements
in an uncalibrated wild sea lion, and the mean of these

five estimates was used as the estimate of V02 fromfH.

STATISTICAL METHODS

Differences between means, and between means and
individual values, were examined with Student' s
paired t-tests. In cases where multiple comparisons
were made using paired t-tests and where significant
differences were found, allowance was made for the
possibility of detecting significant differences by
chance. Variations around mean values were expressed
as the coefficient of variation [CV, (SD/mean) x 100].
Predicted BMR was calculated from the equation provided by Kleiber (1961) and was used to correct for
variations in body mass when comparing the degree

of elevation of metabolic rate owing to exercise
across individuals and species.
The experiments were shorter than is ideal for

experiments involving DLW and, potentially, this
could have introduced variability in the DLW measurements of metabolic rate. In ideal circumstances it
would have been most appropriate to maintain seals
in the respirometer for at least one half-life (4-6 days)

of the isotopes in the body water pool (Nagy 1980).
The duration of the experiments was limited because
24h was close to the maximum duration over which

the heart rate electrode pads would remain in place
(we were not permitted to implant the electrodes sub-

cutaneously in these individuals as would normally be
done in the wild) and it was also close to the maximum time over which the sea lions remained calm

within the respirometer. Potential variation in the
fractional turnover rates of isotopes owing to errors in
the measurement of isotope enrichments was assessed

by calculating the fractional turnover rate of each
combination of replicate measurements of isotope
enrichment (minus background enrichments) determined for each sea lion at the beginning and the end
of the experiments. For three replicate measurements
of both isotopes in each blood sample, this yielded 81

(34) separate measurements of the fractional turnover
rate and the total hydrogen and oxygen dilution
spaces. Each of these yielded a different measurement

35

of Vco2. This method is similar to that used by

Speakman & Racey (1987).

30
25-

Results

200

02 consumption measured by direct respirometry
1 5-

showed marked variation throughout each experiment

with maxima corresponding to periods of exercise

I0

and minima corresponding to periods of rest (Fig. 1).

5 ............................................ ............... ..................................

Measurements of 02 consumption were more reliable

than those of CO2 production because a proportion of
0r

the CO2 was absorbed by the water in the flume and
A

L

I

I

.

[An

0 200 400 600 800 1000 1200 1400
Time from start of experiment (min)

Fig. 1. Variation in 02 consumption (Vo2, ml mink kg-l) throughout an experiment

this proportion tended to increase with the speed of
the flume. Therefore, CO2 production measured by
direct respirometry (Table 1) will be underestimated.

However, mean ? SE RE (0 76 ? 0.05) was close to the

on Sea Lion 1655. The dotted line shows the predicted basal metabolic rate (Kleiber

RQ of the diet (0.77) and was also closer to the

1961).

expected RQ for proteins than to that of fats (Schmidt-
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155 Table 1. Mean V02, VCo2 and RE measured by direct respirometry during the whole of each experimental period. In all Cali-

Validation of fornia Sea Lions excluding one, both Vo2 consumption and CO2 production were estimated simultaneously usingfH and DLW
metabolic rate respectively
in

sea

lions

Direct

Tag

Serial

respirometry
Body

mass

(mean

Duration

?

Vo2

SD)
Vco2

Multiple

no. no.* (kg) (h) (ml min-' kg-) (ml min-' kg-) RE of BMRt
1639 1 33.7 24-75 10.64 ? 4 44 8 07 ? 3-10 0-78 ? 0-17 2.28

1640(1)t 2 33-1 24.70 11-79 ? 5 96 8-05 ? 3 86 0-70 ? 0-11 2-51
1640(2)? 2 33-0 1030 15-74?7-88 11-23?5-23 0-73?0-12 3.34
1647 3 29-5 24-88 10-88 ? 5-13 8-17 ? 3-59 0-77 ? 0-13 2-25
1653 6 38-1 24-45 12-05 ? 5.03 8-56 ? 3-39 0 72 ? 0-12 2 66
1654

4

328

24-50

8-64?4-15

7-06?294

0.85?0.16

1-83

1655 5 25.7 24-38 12-86 ? 5.06 9-40 ? 3-42 0.74 ? 0.09 2.57
Mean?SEM 32.3? 1.6 226?22 11 80?0-90 8.65 ?0.54 0-76?0-02 249?0-19

* Serial number provided by Butler et al. 1992.
t Kleiber (1961).

t Experiment withoutfH measurement of V02 consumption.
? Experiment without DLW measurement of CO2 production.

Nielsen 1975; Table 1). The exercise regime resulted

The size of the body water pool was 52.1 ? 2.1% of

in a mean?SE metabolic rate of 11-80?2*40ml 02

body mass and the 2H body water pool was

min' kg-' which was, on average, 23 (1 8-2 6) times

1.046?0006 times the size of the 180 water pool

the predicted (Table 1). The mean maximum

(Table 3). 02 consumption calculated from DLW

metabolic rate achieved was 29 75 (26-21-35-77) ml

depended upon which of the equations in the current

02 min-1 kg-' or 6 3 (5 4-7 6) times the predicted

literature was used to calculate CO2 production

BMR, although these maxima were of short duration

(Table 4). Overall, the equations provided by Speak-

(1-2 min).

man et al. (1993, equations RI and R2) gave values

The mean ? SD Vo2 estimated from fH was

which were closest to those measured using direct

11 95 ? 2 17 ml min' kg-' which was 2.52 ? 0.4 times

respirometry (Table 4) but these were still, on aver-

the predicted BMR (Table 2). This was not signifi-

age, 36.4% (range -10.2% to +86-0%, SEM = 15-4)

cantly greater than Vo2 measured by direct respirome-

greater than the values obtained from direct respiro-

try (paired t=0*139, df=5, P>0.05) and, on average,

metry. At the opposite extreme, metabolic rate

represented a 270% (range -27.7 to +23.6%,

derived from the equation of Lifson & McClintock

SD = 19-58%) overestimate of 02 consumption.

(1966) was 46-3% greater than expected from direct

Table 2. Mean heart rate (fH) and 02 consumption, calculated fromfH using calibration curves of 02 consumption againstfH
for six individual California Sea Lions (Butler et al. 1992)

MeanfH Vo2IfH Vo2 Mean Vo2 % deviation
Tag ? SD (ml 02 from fH fromfH ? SD Multiple from

no. (beats min-) beat-' kg-')* (ml min- kg-1)t (ml min- kg-1)t of BMR? expectedl
1639

9400?21

68

0

11

10-41

1037?

1

84

2.21

-2.5

1640(2) 100-54 ? 23 25 0 16 15.26 11-38 ? 1 26 2.42 -27-7
1647

1653
1654
1655

93-45

?

10943?
94

95

111

?

20-69

1855
22

25

27?20-23

0.12

0

11

0

09

11

31

9

12-60
8

0-12

96

91

10-68

1362

?

1-68

1446?248
?

1-67

14-90?268

2-05

3.19

-9-8

16-7

2.27

23-6

2-97

15-9

Mean ? SEM 10061 ? 325 0.11 ? 001 12.0 ? 09 11-95 ? 089 2.52 ? 019 27 ? 80

* Vo2 measured by direct respirometry (Table 1).
t Estimated from the regression for the individual in whichfH was measured.

: Estimated from five regressions of Vo2 onfH calibrated for each Sea Lion (Butler et al. 1992) and excluding the Sea Lion in
whichfH was measured. The regressions equations were:

1639: V02= 020 fH- 8.486 (r2 = 0.908)

1640: V02=0-342fH-19l122 (r2 =0.879)
1647: V02=0 279fH- 14-656 (r 2=0931)
1653: Vo2= 0242fH- 13 770 (r2 = 0.672)
1654: V02=0O198fH- 9.662(r2=0.818)

1655: Vo2=0.250fH-14 161 (r2=0-921)
? Kleiber (1961).

? Deviation of the mean estimate of Vo2 measured fromfH relative to the estimate derived from direct respirometry.
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156 respirometry. Using the Speakman (1993) equation,

this individual, the V02 for DLW (Table 5) overesti-

I. L. Boyd et al. the mean Vo2 was 15 01 ? 3 77ml min' kg-'. The dif-

mated actual V02 by 86%. For illustration, exclusion

ference between the measurements of 02 consumption

of the higher grouping of V02 estimates reduced this

from direct respirometry and DLW approached sig-

to 48% and reduced the mean difference from

nificance (paired t=2 50, df=5, P=0054). There

expected to 33 5 ? 10.3%.

was no significant difference between the 02 consumption estimated using fH and that estimated using
DLW (paired t= 1.08, df=5, P>0 4).

The relatively short duration of the experiments

(24 5 h; Table 1) meant that the depletion of both the
2H and 180 isotopes of water was only 9.0% (range
7.7-11 3%) and 13.8% (range 12 1-17 5%) respec-

tively. This meant that small errors in the measurements of the initial and final isotope enrichments in
the blood would have relatively large effects on the
fractional turnover rates of the hydrogen and oxygen
water pools. To assess this potential error, the fractional turnover rate was calculated for each potential
pairing of initial and final isotope enrichments using
the triplicate determinations for each. Using the

equation of Speakman et al. (1993, equation R2), this
provided a distribution of potential V02 measurements for each individual which is illustrated in Table

Discussion
The determinations of 02 consumption using bothfH

and DLW showed variation between individuals
which was unrelated to variations observed using
direct respirometry. However, in both cases, 02 con-

sumption was overestimated and, expressed in absolute terms, variability was greater for DLW than forfH
and the average error was also greater for DLW.

Although the DLW measurements must be viewed in
the context of the short duration of the experiments
with the potential errors this could have introduced,
these conclusions are broadly similar to other recent

validation studies involving fH and DLW in birds
(Nolet et al. 1992; Bevan et al. 1994).

5 as the mean ? 95% confidence intervals for the estimate of Vo2 from DLW. Despite a coefficient of variation around the measured enrichments of <2%, this
resulted in a mean coefficient of variation of 35 ? 13%

DLW MEASUREMENTS

around the 02 consumption values (Table 5). More-

over, the range of potential estimates of metabolic

Most DLW validation studies of metabolic rate pro-

rate from DLW, accounting for variation owing to the

duce good agreement when values are averaged for

accuracy with which fractional turnover rates could

groups of individuals but there can be considerable

be estimated in these experiments (Table 5), shows

ranges of individual errors (Nagy 1989; Roberts

that in four of the six seals, the actual metabolic rate

1989; Speakman & Racy 1988; Tatner & Bryant

from direct respirometry (Table 1) was significantly

1989; Nolet et al. 1993; Bevan et al. 1994). In addi-

less than the metabolic rate from DLW. In the case of

tion, DLW measurements of metabolic rate tend to

sea lion 1654 there were two clear groupings of V02

overestimate actual metabolic rate, especially in mam-

values resulting from errors in the measurement of

mals (Speakman & Racey 1988; Speakman 1993).

initial and final isotope enrichments; one with

The results of this study conform with these general

12.6? 18 ml min' kg-' and another with

conclusions from other validation studies. The degree

25-1 ? 1.8 ml min' kg-'. This was caused by a single

of overestimate appears to be greater in sea lions than

isotope determination which did not conform to the

in other species of mammals (Speakman & Racey

overall pattern. The lower grouping of V02 values was

1988), although this must be considered in the light of

clearly the more accurate in this case. In the case of

the large variability in the accuracy of the DLW estimates of metabolic rate.

Part of the variability in the measurements of Vo2
from DLW in this study is probably because of the
Table 3. Estimates of water mass in individual California Seas Lions using H21 80
and 2H20

2H20 H2 l8o
Tag no. (kg) (kg) (2H20:H2180) (% body mass)
1639 18-88 18 13 1.041 538
1640 17 55 16 73 1 049 50 5
86

probable that this variation would have been reduced.
However, we have used a form of analysis which pro-

water mass water mass Ratio H2 180 mass

15

short duration of the experiments and, if we had been

able to run the experiments for a longer time, it seems

1

vides an estimate of the error in metabolic rate from
DLW which is attributable to the limits of the experi-

mental design. This showed that potential errors in the
estimate of isotope fractional turnover rates cannot

account for the apparent overestimate of V02 from

1647

1653

042

53

8

1653

20

83

19

97

1

043

52

4

DLW in most of the individuals examined. Compared

1654

18

45

17

64

1

046

53

8

1655

13

24

12

53

1

057

48

8

to the results of DLW studies on free-ranging pin-

Mean?SEM 17 58? 1 05 16 81 ? 1.03 1 046?0002 522?09

nipeds, average metabolic rate in the present study
was about one-third of that commonly estimated in

This content downloaded from 128.114.44.170 on Mon, 11 Apr 2016 15:16:29 UTC
All use subject to http://about.jstor.org/terms

157 the field where average metabolic rates of six times

bic metabolic rate. This supports the view that previ-

Validation of BMR have usually been encountered (Costa & Gentry

ous studies of FMR in pinnipeds using DLW have

metabolic rate 1986; Costa et al. 1989, 1991; Reilly & Fedak 1991).

overestimated metabolic rate, because it seems

in sea lions All of the previous studies of pinnipeds have used the

unlikely that individuals could have sustained

Lifson & McClintock (1966) equation for calculating

metabolic rates close to maximum for several days,

the rate of CO2 production (Table 4) and, using this

which is the normal duration of experiments examin-

equation, our results from DLW significantly overes-

ing FMR using DLW.

timated metabolic rate (paired t = 2.89, df = 5, P < 0.03).
Note, however, that as six comparisons were made in

In post-absorptive individuals the expected RE
would be close to 0.71 because this would be repre-

Table 4 there was a one in six chance of detecting one

sentative of the use of fat as the metabolic fuel. How-

significant difference at P = 003. Even considering

ever, changing RE from the measured value (0.76) to

this caveat, the average metabolic rates estimated for

the theoretical value (0.71) only exacerbated the over-

pinnipeds in the field may be closer to four times than

estimation of V02 from DLW. The RE in this study

to six times BMR as supposed previously. This may

was closer to the RQ expected if the Sea Lions were

be because, according to our results, previous studies

using protein rather than fat as the main metabolic

(Lifson & McClintock 1966) included a 46% overes-

fuel, especially as RE tends to be reduced in a water

timate of actual metabolic rate. This is consistent with

flume because of absorbance of CO2 by the water.

our observations of the metabolic rates of Sea Lions

The net effect of loss of CO2 in flume water would be

under different levels of exercise. We had little suc-

to overestimate V02 from DLW. In a worst case

cess in raising metabolic rate to greater than six times

scenario where the real RE was 1 .0 (representative of

BMR in our experimental subjects and we assumed

sea lions using carbohydrate as the metabolic fuel)

that six times BMR was close to their maximum aero-

and the estimated RE was 0.71 (representing the use of

Table 4. 02 consumption and CO2 production, estimated by the DLW method, for individual California Sea Lions using six different equations avail-

able in the literature. All values are ml 02 or CO2 min-' kg-'
Tag no.
Mean %

1639

1640(1)

Equation

1647

1653

1654

from

1655

difference

direct

ref. VO2 VCo2 Vo2 VCo2 Vo2 VCo2 VO2 VCo2 Vo2 VCo2 VO2 VCo2 respirometry*
Lifson & McClintock (1966)t 10 38 8 11 15 17 10-68 18-88 14-72 13.52 9.87 17.16 14 76 21.47 15-89 +46.2

Coward etal. (1985)t 936 732 1391 9.80 1792 1398 12-31 8.89 16.48 14-17 1981 1466 +363
Schoeller et al. (1986)? 9 88 7 72 14 49 10-20 17.98 14 02 12.88 9 40 16 38 14-08 20-59 15 23 +39 6

Speakman et al. (1993, eqn Rl)? 9 56 7.47 14-13 9 94 17 63 13.74 12.51 9 13 16.11 13 86 20 14 14 90 +36.4
Speakman et al. (1993, eqn R2)** 9.55 7.47 14-12 9 94 17 62 13-74 12-50 9 13 16 11 13 86 20 14 14 90 +36.4

Speakman(1993)tt 10.14 7 93 14 73 1037 18 64 14 54 13-20 9-63 16-95 1458 20-75 15 36 +43 1
N

t rCO2= ko-kh)-0 O l5khN
208

where rCO2 is the rate of CO2 production (mol h-1), N is the total body water (mol) and ko and kh are the fractional turnover rates of the oxygen and
hydrogen pools respectively.

t rCO2=0.481 (NOkO-Nhkh)-001SkhNh

where No and Nh are the dilution spaces of 180 and 3H respectively.

N
No
Nd
? rCO2= (lOlko-104ko)-00246rgf where N= --+I /2 rgf=l05N(l.Olko-l04kh)
2.078

N

1.01

[No\

/

.4

Nh1

?rCO2= (1Olko-1053kh) whereN= 11+11 )/2
2.196

LI.01

1.0531

**rCO2=-~ (ko-1 0427kh) whereN NN( + /2
2.196

1.0427,

No
Nh
ttrCO2= (ko-Rkh)-rgf where R= rgf=l O5NO(ko-kh)
2.08

No

* Mean % deviation from the Vo2 obtained from direct respirometry.
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158 fat as fuel), this would result in a 41% overestimate of

fats (Haggerty et al. 1991) are probably insignificant,

I. L. Boyd et al. actual Vo2. Therefore errors in the estimated RE could

although each could contribute to the observed vari-

make an important contribution to the observed errors

ance in DLW measurements of metabolism. One

in V02 estimated from DLW, but they are unlikely to

assumption, that rates of water and CO2 flux remain

be as large as described by this example.

constant, was not upheld by the design of the experi-

The proximate cause of overestimation of meta-

ments, although Nagy & Costa (1980) suggested that

bolic rate from DLW is likely to be that the fractional

variations in these rates introduce insignificant errors.

turnover rate of either the 2H dilution space is under-

In addition, the equations used to calculate Vco2

estimated or that of the 180 dilution space is overesti-

from DLW assume a constant size of the body water

mated. Studies of metabolic rate in fasting pinnipeds

pool. A decline in the size of the body water pool

that have used 3H to measure body water have found a

would have occurred during the experiments and this

close relationship between estimates of metabolic rate

is indicated by the change in mass of 0 5-1 kg

from water turnover and estimates based on changes

between the beginning and end of the experiments.

in body composition (Boyd & Duck 1991; Boyd,

From the measured metabolic rate and the energy

Arnbom & Fedak 1993), suggesting that errors are

density of fat and protein about half of this mass loss

most likely to lie with the estimate of the fractional

would have been owing to the metabolism of storage

turnover of the 180 dilution space. Speakman &

tissues. Even if the remainder of the mass loss was

Racey (1988) suggested that an additional irreversible

water, this would have led only to a 1-2% overesti-

loss of labelled oxygen could occur through its incor-

mate of metabolic rate from DLW. This is not a sig-

poration into urea through the ornithine-arginine

nificant factor in terms of the total observed variation

cycle. In carnivores such as seals, it might be

in metabolic rate from DLW, but it provides a partial

expected that protein is used as a metabolic substrate

explanation for overestimation of metabolic rate

and hence there may be a high rate of irreversible

using this method.

oxygen sequestration in urea. Up to 20% of total 180
flux could be accounted for by this route if all energy

was obtained from protein metabolism but even a

HEART RATE MEASUREMENTS

more modest 2-5% loss could result in a 7-21% over-

Butler et al. (1992) have already demonstrated, using

estimate of metabolic rate from DLW. This is a poten-

the same group of Sea Lions, that a linear relationship

tially important and hitherto largely unexplored source

existed between fH and metabolic rate, and showed

of error in the application of DLW to species which

that the slope of the relationship was different in each

rely on high-protein diets.

individual. This accounts for the high degree of varia-

Most of the other potential sources of error, includ-

tion (mean coefficient of variation= 16. 1%, calcu-

ing maintenance of constant body water, no resorp-

lated from Table 2) in individual estimates of Vo2

tion of labelled water back into the body, differential

from fH but is indicative of the variation to be

loss of isotopes from the body by fractionation, cuta-

expected in estimates of metabolic rate from fH of

neous exchange of CO2 (Nagy 1980; Costa 1987) or

free-ranging individuals. The small difference

loss of labelled 2H through methane production (Mid-

between metabolic rate obtained from fH and that

wood et al. 1989) or by incorporation of water into

obtained by direct respirometry may reflect the
slightly different circumstances in which the calibration measurements were made (Butler et al. 1992).
During these calibrations, metabolic rate andfH were

Table 5. Variation in V02 from DLW calculated from combinations of enrichments

measured while animals were swimming under

(corrected for background) in triplicate determinations of blood samples from the
California Sea Lions in the study, using the equation provided by Speakman et al.

effects of short-term increases in heart rate owing to

(1993, eqn R2). This method of calculation provides an estimate of the error in the
Vo2 from DLW owing to variation in the measurement of isotope enrichment in
blood

steady-state conditions and excluded the potential

stress, rather than to demand for 02.

The method of calculating 1702 from fH simulated
the degree of variation one could expect from the use

95% confidence % deviation

Mean Vo2 ? SD limits on mean Coefficient from

Tag no. (ml min- kg-1) Vo2 from DLW of variation expected*
1639 9 55 ? 3.55 8-77-10 33 37.2 -10 2

offH to measure metabolic rate in an individual under
field conditions. Overall, fH provided a more precise
measure of metabolic rate in exercising Sea Lions,
under the conditions in these experiments, than DLW

1640 14-12 ? 6.04 12-78-15 46 42.8 +19-8

when expressed as a mean from one group of indi-

1647 17-62 ? 8-49 15 74-19-50 48.2 +61 9
1653 12-50 ? 5-38 11 30-13-70 43 0 +3 7
1654 16 11 ? 7.54 14.43-17.79 46-8 +86.4

viduals.

1654t 1261?+1 8 1380 113-1309 143 +48 7

COMPARISON BETWEENfH AND DLW AS FIELD

1655 20 14?+4 91 19 04-21 24 24 4 +56 6

METHODS

* Expected values were those derived from direct respirometry.

WhetherfH or DLW are used in field studies depends

t See text for explanation.

on the questions being addressed. Under the con-
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159 ditions of our experiment, fH gave a lower range of

holding sea lions. J. P. Y Amould, Dr M. A. Fedak,

Validation of variability than DLW. Therefore, under some circum-

Dr R. Bevan and Dr J. R. Speakman provided helpful

metabolic rate stances, fH may be superior to DLW for measuring

and comprehensive criticism which greatly improved

in sea lions field metabolic rate and these results are in broad

the manuscript.

agreement with other studies where this type of crosscalibration has been made (Nolet et al. 1992; Bevan et
al. 1994). However, if an overview of average meta-

bolic rate is required from a wide range of individuals
then DLW may be the more appropriate technique.
Heart rate has the advantage that metabolic rate can
be estimated for specific types of behaviour and,

References
Bevan, R.M., Keijer, E. & Butler, P.J. (1992) A method for
controlling the feeding behaviour of aquatic birds: heart
rate and oxygen consumption during dives of different
duration. Journal of Experimental Biology 162, 91-106.

unlike DLW, is not constrained by the need to obtain

Bevan, R.M., Butler, P.J., Woakes, A.J. & Boyd, I.L. (1994)

repeat samples of body fluids within a specific time

Use of heart rate to estimate energy expenditure of black-

after the beginning of the experiment. Although the
heart rate method does rely on a constant relationship
between heart rate and oxygen consumption, it does
not assume anything about RQ which, as shown by

browed albatrosses, Diomedea melanophyrs. Journal of
Experimental Biology, 193, 119-137.

Boyd, I.L. & Duck, C.D. (1991) Mass changes and metab-

olism in territorial male Antarctic fur seals (Arctocephalus gazella). Physiological Zoology 64, 375-392.

this study, could account for significant errors in

Boyd, I.L., Arnbom, T. & Fedak, M.A. (1993) Water flux,

metabolic rate estimated from DLW. For this reason

body composition, and metabolic rate during molt in

alone, it is difficult to extrapolate laboratory-based

female southern elephant seals (Mirounga leonina).
Physiological Zoology 66, 43-60.

DLW validation studies on post-absorptive individu-

Bryant, D.M. & Tatner, P. (1991) Intraspecific variation in

als to those in the wild and, when applying the DLW

avian energy expenditure: correlates and constraints. Ibis

method to wild animals, it is essential to determine
the RQ of the diet and possibly to consider the effects

of high-protein catabolism on estimated metabolic
rate. Although calibration offH across individuals can

133, 236-245.

Butler, P.J. (1993) To what extent can heart rate be used as
an indicator of metabolic rate in free-living marine mammals? Marine Mammals: Advances in Behavioural and

Population Biology. Symposium of the Zoological Society

be used to estimate metabolic rate, accuracy can be

of London No. 66 (ed. I. L. Boyd), pp. 317-332, Claren-

much improved by calibrating each individual

don Press, Oxford.

involved in an experiment (Butler et al. 1992). As cal-

ibration of individuals is not usually possible in the

field, this is likely to be the greatest problem associated with the application of fH to field studies. How-

Butler, P.J., Woakes, A.J., Boyd, I.L. & Kanatous, S. (1992)
Relationship between heart rate and oxygen consumption

during steady-state swimming in California sea lions.
Journal of Experimental Biology 170, 35-42.

Costa, D.P. (1987) Isotopic methods for quantifying

ever, some of these problems may be overcome by

material and energy balance of free-ranging marine

applying pooled calibration data from a number of

mammals. Approaches to Marine Mammal Energetics

individuals to pooled fH data from another group of

(eds A. C. Huntley, D. P. Costa, G. A. J. Worthy &
M. A. Castellini), pp. 43-66. Society for Marine Mam-

individuals, even if these data were obtained under

malogy Special Publication no. 1. Allen Press, Lawrence,

different conditions from the calibrations (Bevan,

KS.

Keijer & Butler 1992; Nolet et al. 1992). Further studies are also required to determine the relationship

betweenfH and metabolic rate in species with extreme

Costa, D.P. & Gentry, R.L. (1986) Reproductive energetics
of the northern fur seal. Fur Seals: Maternal Strategies
on Land and at Sea (eds R. L. Gentry & G. L. Kooyman),

pp. 79-101. Princeton University Press, Princeton, NJ.

bradycardia. Despite the apparent overestimate of

Costa, D.P. & Trillmich, F. (1988) Mass changes and meta-

metabolic rate in most individuals, this study has

bolism during the perinatal fast: a comparison between

demonstrated the efficacy of both DLW and heart rate

Antarctic (Arctocephalus gazella) and Galapagos fur

as a means of measuring field metabolic rate in freeranging sea lions. Grouped means from the heart rate
method are likely to provide a close correlation with
actual field metabolic rate but those from the DLW
method probably represent values towards the upper

end of the potential range of field metabolic rates.

seals (Arctocephalus galapagoensis). Physiological Zoology 61, 160-169.
Costa, D.P., Croxall, J.P. & Duck, C.D. (1989) Foraging
energetics of Antarctic fur seals in relation to changes in

prey availability. Ecology 70, 595-606.
Costa, D.P., Antonelis, G.A. & DeLong, R.L. (1991) Effects
of El Nifio on the foraging energetics of the California sea
lion. Pinnipeds and El Nifo: Responses to Environmental

Stress (eds F. Trillmich & K. A. Ono), pp. 156-165.
Springer-Verlag, Berlin.

Acknowledgements

Coward, W.A., Roberts, A.M., Murgatroyd, P.R. et al.

(1985) Measurement of CO2 and water production rates

This project was funded by NERC. The authors wish

in man using 2H, 180 labelled H20: comparison between

to thank Dr G. L. Kooyman, S. Kanatous and all those

calorimetric and isotope values. European Nutrition Report

at PRL, Scripps Institution of Oceanography, for their
help and assistance. They also wish to thank

5: Human energy metabolism: physical activity and
energy expenditure measurements in epidemiological
research based upon direct and indirect respirometry

B. Andrews, J. Antrim, T. Goff and the animal care

(ed. A. J. H. van Es), pp. 126-128. CIP-gegevegens Konin-

staff at Sea World for assisting in obtaining and

klijke Bibliotheek, The Hague.

This content downloaded from 128.114.44.170 on Mon, 11 Apr 2016 15:16:29 UTC
All use subject to http://about.jstor.org/terms

160
I. L. Boyd et al.

Davis, R.W., Williams, T.M. & Kooyman, G.L. (1985)
Swimming metabolism of yearling and adult harbour

dations for use in humans. Report of the International
Atomic Energy Agency, Vienna, Austria.

seals Phoca vitulina. Physiological Zoology 58, 590-596.

Reilly, J.J. & Fedak, M.A. (1991) Rates of water turnover

Fancy, S.G., Blanchard, D.F., Holleman, D.F., Kokjer, K.J.

and energy expenditure of free-living male common seals
(Phoca vitulina). Journal of Zoology 223,461-468.
Roberts, S.B. (1989) Use of the doubly labelled water method

& White, R.G. (1986) Validation of the doubly labeled
water method using a ruminant. American Journal of
Physiology 251, R143-R149.

Fedak, M.A. (1986) Diving and exercise in seals: a benthic

for measurement of energy expenditure, total body water,

water intake, and metabolizable energy intakes in humans

perspective. Diving in Animals and Man (eds A. Brubakk,

and small animals. Canadian Journal of Physiology and

J. W. Kanwisher & G. Sudnes), pp. 11-32. Tapir Publish-

Pharmacology 67, 1190-1198.

ers, Trondheim.
Fedak, M.A., Rome, L. & Seeherman, H.J. (1981) One-step

Schmidt-Nielsen, K. (1975) Animal Physiology. Cambridge
University Press, Cambridge.

N2-dilution technique for calibrating open-circuit Vo2

Schoeller, D.A., Ravussin, E., Schultz, Y., Acheson, K.J.,

measuring systems. Journal of Applied Physiology 51,

Baertschi, P. & Jequier, E. (1986) Energy expenditure by

772-776.

Haggarty, P., McGaw, B.A., Fuller, M.F., Christie, S.L. &

Wong, W.W. (1991) Water hydrogen incorporation into

body fat in pigs: effect on double/triple labeled water
method. American Journal of Physiology 260, R627-R634.
Kleiber, M. (1961) The Fire of Life. An Introduction to
Animal Energetics. John Wiley & Sons, Inc., New York.
Lifson, N. & McClintock, R. (1966) Theory of use of the
turnover rates of body water for measuring energy and
material balance. Journal of Theoretical Biology 12,

doubly labeled water: validation in humans and proposed
calculation. American Journal of Physiology 250, R823R830.

Scholander, P.F. (1947) Analyzer for accurate estimation of
respiratory gases in 1/2 cc samples. Journal of Biological
Chemistry 167, 235-250.

Speakman, J.R. (1987) Calculation of CO2 production in
doubly-labelled water studies. Journal of Theoretical
Biology 126, 101-104.

Speakman, J.R. (1993) How should we calculate CO2 production in doubly-labelled water studies of animals?

46-74.

Masman, D. (1986) The annual cycle of the kestrel Falco tin-

nunculus: a study in behavioural energetics. PhD thesis,
University of GrOningen, GrOningen.

Functional Ecology 7, 746-750.

Speakman, J.R. & Racey, P.A. (1987) The energetics of
pregnancy and lactation in brown long-eared bats (Pleco-

Midwood, A.J., Haggarty, P., McGaw, B.A. & Robinson,

tus auritus). RecentAdvances in the Study of Bats (eds M.

J.J. (1989) Methane production in ruminants: its effects

B. Fenton, P. A. Racey & J. M. V. Rayner), pp. 376-393.

on the doubly labeled water method. American Journal
Physiology 257, R1488-R1495.

Cambridge University Press, Cambridge.

Speakman, J.R. & Racey, P.A. (1988) Validation of doubly-

Nagy, K.A. (1980) CO2 production in animals: analysis of

labelled water technique in insectivorous bats by compar-

potential errors in the doubly-labelled water method.

ison with indirect calorimetry. Physiological Zoological

American Journal of Physiology 238, R466-R473.
Nagy, K.A. (1989) Doubly-labeled water studies of verte-

61, 514-526.

Speakman, J.R., Nagy, K.A., Mook, W.G., Poppit, S.D.,

brate physiological ecology. Ecological Studies, vol. 68,

Strathearn, G.E. & Racey, P.A. (1990) Interlaboratory

Stable Isotopes in Ecological Research (eds P. W. Rundel,

comparison of different analytical techniques for the

J. R. Ehleringer & K. A. Nagy), pp. 270-278. Springer-

determination of oxygen- 18 abundance. Analytical Chem-

Verlag, New York.

Nagy, K.A. & Costa, D.P. (1980) Water flux in animals:

analysis of potential errors in the tritiated water method.
American Journal of Physiology 238, R466-R473.

Nolet, B.A., Butler, P.J., Masman, D. & Woakes, A.J.

(1992) Estimation of daily energy expenditure from heart
rate and doubly labeled water in exercising geese. Physi-

ological Zoology 65, 1188-1216.
Pitcher, T.J. & Hart, P.J.B. (1982) Fisheries Ecology, p. 72.
Croom Helm, New York.
Prentice, A.M. (ed.) (1990) The doubly-labelled water method

for measuring energy expenditure: technical recommen-

istry 62, 703-708.

Speakman, J.R., Nair, K.S. & Goran, MI. (1993) Revised
equations for calculating CO2 production from doublylabelled water in humans. American Journal of Physiology, 264, E912-E917.

Tatner, P. & Bryant, D.M. (1989) Doubly-labelled water
technique for measuring energy expenditure. Techniques
in Comparative Respiratory Physiology: an Experimen-

tal Approach (eds C. R. Bridges & P. J. Butler), pp. 77112. Cambridge University Press, Cambridge.

Thompson, D. & Fedak, M.A. (1993) Cardiac responses of
grey seals during diving at sea. Journal of Experimental
Biology 184, 139-164.

Appendix. List of abbreviations

Williams, T.M., Kooyman, G.L. & Croll, D.A. (1991) The
effect of submergence on heart rate and oxygen consumption of swimming seals and sea lions. Journal of Comparative Physiology B 160, 637-644.

BMR basal metabolic rate

DLW doubly labelled water

Woakes, A.J., Butler, P.J. & Bevan, R.B. (1995) The esti-

fH heart rate (beat min1)

mation of field metabolic rates in Antarctic predators: the

FMR field metabolic rate

application of an implantable data logging system for

kh fractional turnover rate of 2H dilution space (Speakman et al. 1993)
ko fractional turnover rate of 180 dilution space (Speakman et al. 1993)

heart rate and body temperature. Medical and Biological

N total body water (mol)

No dilution space of 180

Engineering and Computing, in press.
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Nh dilution space of 2H

rCO2 rate of CO2 production (mol h-1)

5 August 1994

RE respiratory exchange ratio (Vco2/Vo2)
RQ respiratory quotient
SD standard deviation of a mean
SEM standard error of a mean

Vco2 CO2 consumption (ml min- kg-1)

Vo2 C02 consumption (ml min- kg-')
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