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Summary

To enable the use of heart rateffr) for estimating field
metabolic rate (FMR) in free-ranging Galapagos marine
iguanas Amblyrhynchus cristatus we determined the
relationships betweenfy and mass-specific rate of oxygen
consumption (%/0,) in seven iguanas before and during
exercise on a treadmill and during the post-exercise
period. The experiments were conducted at 27 and 35 °C,
which are the temperatures that represent the lowest and
highest average body temperatures of these animals in the
field during summer. There were linear and significant
relationships betweenfn and o, at both temperatures
(r2=0.86 and 0.91 at 27°C and 36°C, respectively). The
slopes of the two regression lines did not differ, but there
were significant differences in their intercepts. Thus, while

basis of our data, this can be achieved by applying the
following formula:

Vo, = 0.0113H — 0.2983QqTs=27)/10,

The increase in ¥o, with elevated body temperature
results from an increase infH, with no significant change
in mass-specific oxygen pulse (Qpulse; cardiac stroke
volume times the difference in oxygen content between
arterial and mixed venous blood). However, during
exercise at both temperatures, increases irfH are
insufficient to provide all of the additional O, required and
there are also significant increases in the s(pulses. This
creates the situation whereby the saméd at the two
temperatures can represent different values of\&,.

heart rate can be used to predict FMR, the effects of
temperature on the intercept of the regression must be
taken into account when convertingfx to sVo,. On the
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Introduction

The maximisation of net energy gain during a particulawhich is itself constrained by the biological half-life of
activity, such as foraging, has been used to explain som&0O (Nagy, 1983). Thus, it is not easy to obtain estimates of
behavioural patterns of animals in their natural environmentates of energy expenditure for specific activities such as
(Charnov, 1976). However, as pointed out by Speakmaforaging, breeding, etc. Heart rated) fmay also be used as
(1997), the energetics explanation of observed traits must la® indicator of metabolic rate (Butler, 1993). This method is
supported by measurements of rate of energy expenditureased on the relationship between rate of oxygen
Also, many models that estimate the food consumption afonsumptionVYo,) and fi, as described by Fick’s convection
populations are based on energetics (Weins, 1984; Lavigreguation for the cardiovascular system:
et al., 1985). Thus, accurate estimates of the rates of energy S _
expenditure of animals in the field are essential components Vo, = x Vs(Cao,~Cvos) , (1)
of many behavioural and ecological studies. Field metaboliwwhereVsis cardiac stroke volum&ao, is the oxygen content
rate (FMR) of many species of air-breathing vertebratesf arterial blood andCvo, is the oxygen content of mixed
has been determined by the doubly labelled water methogenous blood. I¥/s(Cao,—Cvo,), the oxygen pulse (s(ulse),
(DLW; see Nagy et al., 1999). This method estimates the ratemains constant or varies systematically, there is a linear
of COp production {/co,) and is relatively easy to use in relationship betweeXio, and fi. Clearly, the usefulness of the
the field. However, the DLW method only provides anfx method for estimating FMR depends on the relationship
average value fo¥co, over the duration of the experiment, betweenVo, and f4 being similar under different conditions,
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potential applications for thedfmethod in this species, which
36 | | || occupies an unusual niche for a lizard, in order to determine the
“l “ | energy costs of specific behaviours.

324
Materials and methods
I This study was performed on seven marine iguanas
28' . | ||||| M Amblyrhynchus cristatuBell at the Darwin Research Station,
1 Nl | ||| "“ Santa Cruz Island (SC iguanas), and on four iguanas on board
" [ty ] III . . . the vesseQuestanchored off the Island of Santa Fé, Galapagos
0 6 12 18 24 Islands, Ecuador (SF iguanas). The iguanas were captured by
Time (h) noosing or by hand and held in captivity for no longer than
_ _ 48 h before being used. The body mass (mean.}of the SC
Fig. 1. Daily body temperaturé&, (means £sp.) of Galapagos animals was 1.39+0.31kg (see Table 2 for individual values),

marine iguanas measured in the field by radiotelemetry during t . .
summers of 1991/92 and 1992/93. The data were collected evgﬁhne that of the SF animals was 1.35+0.55kg. Heart rate data

15min and are from 27 animals in 91/92 and 10 animals in 92/9£<_ngers were implanted into the abdominal cavity of the

The transmitters were implanted for 14-81 days (M. Wikelski and pguanas while they were "?maeSthetised With a mixture of
Trillmich, unpublished data). Isoflurane (Abbott Laboratories, USA) and air. Upon exposure

to the mixture, the iguanas usually stopped breathing for
several minutes. However, once they started to inhale the

or necessitates any differences to be quantified and taken insoflurane, they immediately became deeply anaesthetised.
account. Ideally, therefore, the relationship should b&hey were then positioned upside down between two foam
determined for animals experiencing different physiologicapads. The skin and underlying muscles were opened along a
conditions (see, for example, Green et al., 2001; Froget et aB,5—4 cm long incision, which was approximately 2 mm off the
2001). Studies on birds have demonstrated that this methodventral midline, in order to avoid a small vein.
at least as accurate as the DLW method (Nolet et al., 1992; The sterilised loggers were inserted with one electrode close
Bevan et al., 1994, 1995a; Hawkins et al., 2000) and recetd the heart and the other laying along the side of the HRDL.
advances in the miniaturisation of electronic circuits hav&he body of the HRDL was fixed in place with two sutures of
made it possible to recordHfin free-ranging birds and surgical silk (#2, Dexon, Germany) through the body wall. The
mammals over long periods (Woakes et al., 1995; Bevan et alogger incorporated a low-power radio frequency transmitter
1995b; Butler et al., 1998; Boyd et al., 1999). which emitted a short pulse on each QRS wave of the

Heart rate has not previously been used to predict FMR @ectrocardiogram (ECG). Detection of this signal by a radio
reptiles. In these animals, the relationship betwégrand f+  receiver indicated when the electrodes were in the correct
may be complicated by variations in metabolic rate associatqubsition. The muscle layer and skin were individually closed
with changes in ambient temperature and the possible variatitogether with dissolvable surgical suture (#1, Dexon, Germany)
in shunting between the left and right sides of the heart. Thuand an antibiotic/antifungal spray (Chloromycetin, Parke Davis,
the aim of the present study was to determine the relationshilSA) was used on the wound after surgery. The animal was then
betweenVo, and f4 in a reptile at two different temperatures taken off Isoflurane and woke within 5min. The iguanas were
that represent the extremes of its average daily range durihgft for at least 24 h before they were used in an experiment.
summer (Fig. 1). Using implantable heart rate data loggers To determine whether iguanas suffered from post-surgical
(HRDL; Woakes et al., 1995), this relationship will be used irstress after the implantation of data loggers, we took a blood
ongoing field studies employing HRDLs to determine FMRsample from the tail vein of four implanted females
and the energetic costs of specific behaviours (see Fig. 4). approximately 24 h after surgery and of six control females that

The reptile chosen was the Galapagos marine iguanbad not undergone surgery. Plasma corticosterone levels were
Amblyrhynchus cristatusThis is the only lizard that dives determined using a standard radioactive immuno-assay
beneath the sea to feed and whose food is primarily marine alggeocedure (Romero and Wikelski, 2000). There was no
There appears to be a size limit to these animals that is relatdifference in the levels of corticosterone between the two
to the availability of food, with smaller animals out-competinggroups (implanted, 6.3+1.8 ngl control, 5.4+1.4ng mfk;
larger ones when food availability declines (Wikelski et al. means 1s.p., t-test,P=0.39). Thus, we conclude that iguanas
1997). During particularly lean (El Nifio) years, some animalslo not suffer post-surgical trauma that would be indicated by
‘shrink’ (reduction in body length as well as in body mass), an@n increased corticosterone level compared to that of controls.
those that ‘shrink’ the most survive the longest (Wikelski andNone of the animals showed signs of infection or discomfort
Thom, 2000). On top of this is the cost of reproduction. Femaleand all data loggers were removed 3 days after implantation.
actively choose mates (Wikelski et al., 2001) and suffer a cogtll the animals survived the surgical procedures and four of
of reproduction in terms of a lower probability of survival duringthe SC animals were seen 9 months later at the location where
the following season (Laurie, 1989). Thus, there are manthey had been caught and released.

Tp (°C)
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The animals were studied either in the early morning or earlfpllowing consideration of respiratory quotient (RQ)-related
afternoon when their body temperatures were at approximategrrors (see Appendix in Frappell et al., 1992).
27°C or 36°C, respectively. When required, the use of a After instrumentation, the iguanas were placed on a
refrigerator or an infrared lamp enabled us to maintaivariable-speed treadmill (1.2m long and 0.5m wide) and
the animals at these temperatures. Body temperature waBowed to settle for at least 30 min, when &nd Vo, had
determined by a thermocouple placed 3—-4 cm into the cloaceeached steady (pre-exercise) values. They were then run at the
Once body temperature had been maintained close to tiheaximum speed that they could comfortably maintain for a few
required value for at least an hour, the animal was fitted witminutes (maximum exercise). Although this included bursts of
a loop aerial on the top of its body. This enabled the transmittddcomotion, the animals were not run to exhaustion. When an
heart beat signal from the implanted data logger to be detecteghana no longer wanted to run, the treadmill was stopped and
by a radio receiver and the output from the receiver to be sergcordings continued for approximately 60min during the
to a pre-amplifier (Isleworth, Electronics, England, moderecovery phase (see Gleeson, 1980, for recovery tim¥s,of
A101) and the signal appropriately filtered. after exhaustive exercise in marine iguanas). Rate of oxygen

A transparent mask constructed from a plastic water bottleonsumption and H data were obtained from each animal
was placed over the head of the animal and held in place wituring the pre-exercise period, at maximum exercise (one
a rubber collar around the neck. An airtight seal between theatum point at each) and at four approximately equally spaced
collar and the skin of the iguana was achieved with a layer gfoints during recovery. Data were averaged over 30—60s. At
quick-setting, non-toxic polyether material (Impregum, ESPEhe Darwin Station, each iguana was run, in random order, at
Dental AG, Germany). The mask was fitted with inlet andbody temperatures of 27 °C and 36 °C. On boardies} the
outlet tubes through which air was drawn at a rate o&nimals were run only at a body temperature of 36°C and
approximately 2.6Imm' STPD by a pump (Reciprotor, values of fi and Vo, were recorded only during the pre-
Denmark, model 506R) on the outlet side. The air flow ratexercise period and at maximum exercise. All value¥pf
was set and monitored by a mass flow meter and controllare at standard temperature and pressure, dry (STPD).
(Sierra, models 840L and 902C). A subsample of the air Least-squares regressions were used to determine the
leaving the pump was passed through a drying columrelationships betweenvfand Vo, for individuals and for the
(Drierite, Hammond) and analysed for the fractional content ofroup data at the two different temperatures for the SC animals.
Ozand CQby a gas analyser (ADInstruments, model ML205).Regression equations were compared using an analysis of
The gas analyser was calibrated with room air and was accuratariance (ANOVA) general linear model (GLM; Zar, 1984)
to 0.01% for both gases. Outputs from the ECG pre-amplifiesind, after testing for normality (Kolomogorov—Smirnov test), a
and gas analyser were collected at 1kHz (Powerlab 80&tudent’st-test was used to compare the significance of any
ADInstruments) and displayed on a computer using Chadifference between the means of two populations. When more
software (ADInstruments) as heart rate and rate of oxygetihan two means were compared, a repeated-measures ANOVA
consumption. Rate of oxygen consumption was determinedas used with two grouping factors (location and level of
from the airflow through the mask and the difference betweeexercise)Post-hoamodifiedt-tests with Bonferroni corrections
incurrent and excurrent fractional concentrations of dry aiwere used to test for differences between the various factors.

Table 1.Mass-specific rate of oxygen consumptidfpfs heart rate {H) and mass-specific oxygen pulsef{p0Oise) of marine
iguanas during pre-exercise and maximum exercise at 27 °C and 36 °C

Body temperatur@p

27°C 36°C
Pre-exercise Maximum exercise Pre-exercise Maximum exercise

Santa Cruz animals

Vo, (mlg1h1) 0.09+0.02 0.47+0.07 0.14+0.03* 0.68+0.06%*

fH (beats min?) 32.3+4.8 60.4+4.D 62.7+5.5* 106+3.7#

s pulse (1lg~lbeat?) 0.047+0.010 0.130+0.018 0.037+0.008 0.107+0.007*
Santa Fé animals

Vo, (mlgth-1) - - 0.15+0.04 0.60+0.09

fH (beats min?) - - 57.4+1.0 99.3+71%6

sO pulse (1lg~1beat?) - - 0.044+0.011 0.102+0.016

Values are meansso.

N=7 marine iguanas from Santa Cruz Island, Galapa&gesfor iguanas from Santa Fé Island, Galapagos.
*Denotes a significant difference between comparable variables at 27 °C and 36 °C.

TDenotes a significant difference between pre-exercise and maximum exercise at a given temperature.
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Two means were considered to be significantly different whehigher, equivalent to afQof 1.5. Mass-specific oxygen pulses
P<0.05 and are quoted at the level at which they were found tduring the pre-exercise period were not significantly different
be significant. All mean values are givers.g. at 27°C and 36°C R=0.11) whereas sOpulse during
maximum exercise at 27 °C was significantly (21 %) greater
than that at 36 °CR=0.02). There was no significant difference
Results between the values obtained from the SC and SF animals at
The mean values of4f mass-specifit/o, (SVo,) and mass- 36 °C during the pre-exercise period and at maximum exercise
specific oxygen pulse (s@ulse, see equation 1) for animals for fH, sVo, and sQ pulse.
during the pre-exercise period and at maximum levels of Heart rate and\4, were well correlated in each individual
exercise at the two different body temperatuiig} &re given  SC iguana (Table 2) and the relationships were well described
in Table 1. In all animals, bothifand &/o, exhibit significant by a linear function. Analysis of covariance (ANCOVA) was
increases over their pre-exercise values at maximum levels n$ed to compare the values of the intercegtarid slopesh)
exercise. For the SC animals at 27 °Gy,sincreased 5.2-fold, of the individual regressions within each group (i.e. at 27°C
whereas there was only a 1.9-fold increaseHinThis means and at 36°C). While there was no significant difference
that there was a 2.8-fold increase in g0lse. The comparable between the slopes, there were significant differences between
factorial increases at 36 °C werd/os, 4.9-fold; f4, 1.7-fold  the intercepts. Thus, the intercepts were regarded as a random
and sQ pulse, 2.9-fold. Similar factorial increases were seersample from a distribution of intercept values and a random-

in the SF animals at 36 °C. effects model was adopted (see Green et al., 2001). The group
In SC animals, pre-exercisei fvas 94 % higher at @& of  regression equations derived in the present study are:
36 °C compared with that at 27 °C, which is equivalent ta;a Q Vo, = (0.013+0.0009)f — 0.361+0.048 @)

of 2.1. The comparable pre-exercise values\Vos svere 55 %

higher, equivalent to a Q of 1.6. The maximum H value  for animals at 27 °CN=7, r2=0.86,P=0.018) and

recorded during exercise was 75% higher af,af 36°C S B

compared with that at 27 °C, which yields a0@Qf 1.9. The svo, = (0.011+0.0006) — 0.5610.058 )
comparable value for maximuris, during exercise was 45% for the same animals at 36 °8<7,r2=0.91,P=0.015), where

Table 2.Individual regression equation variables for mass-specific rate of oxygen consumytigragsinst heart ratef(y) for
seven marine iguanas from Santa Cruz Island, Galapagos, at 27 °C and 36 °C

Variable

Iguana Mass

number (kg) N a b R S S Syx X P

Iguanas at 27 °C
lgl 1.35 6 -0.5644  0.0175 0.8131 0.0042 0.2038 0.0965 47.667 0.0014
g2 1.73 6 —-0.1479  0.0090 0.9600 0.0009 0.0399 0.0249 42.167 0.0143
193 1.15 6 -0.3824  0.0136 0.9931 0.0006 0.0263 0.0138 45.333 0.0004
g4 1.18 6 -0.2945 0.0122 0.9552 0.0013 0.0658 0.0351 48.667 0.0022
g5 1.38 6 -0.5175  0.0142 0.8672 0.0028 0.1563 0.0546 55.667 >0.0001
g6 1.90 6 -0.2883  0.0116 0.8389 0.0026 0.1128 0.0542 43.333 >0.0001
g7 1.05 6 -0.4526  0.0145 0.8930 0.0025 0.1302 0.0624 51.000 0.0229
Pooled regression 42 -0.2983  0.0117 0.7945 0.0009 0.0459 0.0651 47.690 >0.0001
Group regression 7 -0.3610  0.0130 0.8598 0.0009 0.0480 0.0571 47.690 0.0180

Iguanas at 36 °C
lgl 6 —0.5908 0.0117 0.9397 0.0015 0.1277 0.0622 84.167 0.0140
g2 5 -0.3777  0.0093 0.8979 0.0018 0.1493 0.0841 80.000 0.0006
193 6 -0.5613  0.0110 0.9680 0.0010 0.0855 0.0443 83.167 >0.0001
g4 6 —0.7883  0.0138 0.9240 0.0020 0.1791 0.0664 89.333 0.0008
g5 6 -0.6607  0.0127 0.9742 0.0010 0.0885 0.0331 84.500 >0.0001
g6 6 -0.5712  0.0112 0.9906 0.0005 0.0432 0.0174 78.167 0.0103
g7 6 —0.5549  0.0099 0.7633 0.0028 0.2499 0.1073 89.000 0.0045
Pooled regression 41 -0.5390 0.0108 0.8608 0.0007 0.0599 0.0737 84.146  >0.0001
Group regression 7 -0.5606  0.0111 0.9060 0.0006 0.0577 0.0639 84.146 0.0150

The form of the equation isVs, = a + fHkb.

N=number of data points for each regressasintercepto=slope of the regression (regression coefficieRtcoefficient of determination,
Sy=standard error df, S=standard error ad, S;x=standard error of estimatézmean value of f (heart rate).

The pooled and group regressions for the data at each temperature are also given.
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Fig. 2. The relationship between mass-specific rate of OXY9€together with the 95% prediction intervals whafn,sis estimated
consumption (o) and heart rate ¢ for seven marine |guanas from four measurements ofi from four animals. Also included are
from Santa Cruz Island, Galapagos, at 27°C (open circles) ary,q yajues (mean %p.) for SVo, and fi from four marine iguanas

36 OC_: (filled circles)z._ The group _regression equa;tions a®rom the island of Santa Fé, Galapagos, during the pre-exercise
SV0,=0.013£-0.361, r°=0.86, and ¥0,=0.011#-0.561, r°0.91,  earing (filled circle) and at maximum exercise (open circle) at
respectively. 36°C.

sVo, is in migth-tand f4is in beats min.. These regression the values (mean £p.) of fr andVo, for the four SF animals
lines with their individual data points are illustrated in Fig. 2.during the pre-exercise period and at maximum exercise, and
The slopes of these lines are not significantly different fronit can be seen that they fall within the 95 % prediction intervals
each otherR=0.10), but the intercepts areé=0.003). of the regression line.

The intercept is a random factor, so if one of the above
equations is to be used to estimate,Srom an average value
of fH measured in the field, the usual method for estimating Discussion
the standard deviationo) of an estimate using regression In order to be able to usei for the estimation o¥/o, in the
equations (see equation 17.28 in Zar, 1984) has to be modifidld, it is important that the calibrations are performed under

as indicated in equation 11 of Green et al. (2001): conditions that are representative of those in the natural
5 5 5 2] environment. Fig. 1 shows mean daily variationTijfrom
1 1 1 1 i— - i i i i
o= |@RO-+ O+ g+ —+ (Xi = X) 0 () animals in the field during two consecutive summers and the
un n3g M2 >3 0 two values of temperature that we used in the present

experiments were chosen on the basis of these data. Iguanas,
whered? is the error associated with the variation betweerike many other species of lizards, often use relatively short
the intercepts of the individual regression lines for thebursts of locomotion. For example, most (>95%) marine
calibration (SC) iguanasy is the number of iguanas used in iguanas forage in intertidal areas and make repeated short
the calibration process)s is the number of iguanas from forays during which they run to particular foraging sites, take
which the field value of heart rate was obtaireds the error  a few bites of algae, and run back to safe places to escape huge
associated with the scatter around the regression lingaves (Wikelski and Trillmich, 1994). Similarly, iguanas walk
(residual mean squarea); is the total number of data points in short bouts from coastal resting areas towards foraging sites.
in the regressiom is the number of data points from which Each walking bout consists of approximately 20-40 fast steps,
the field value of heart rate was obtaingds the mean value with interspersed resting pauses (seconds to minutes; Wikelski
of all the heart rates used in the regressions the average and Hau, 1995). Likewise, iguana males engage in relatively
value of heart rate from the field afe? is the sum of squares fast head-bob walking bouts during territorial activities, again
(SS)) of heart rate values used in the regression. If the valuegith intermittent resting phases. During the mating season,
of nzandny for the data obtained at 36 °C are set to 4, whicHemales are constantly harassed by satellite males and have to
represents the number of animals and of data pointsun away and struggle away from males several times every
respectively, from the SF iguanas, then equation4 can beur (Wikelski et al., 1996, 2001; Wikelski and Baurle, 1996).
used to produce the 95% prediction intervals for theéNesting females engage in bouts of intense digging activities
regression under these conditions (Fig. 3). Also in Fig. 3 arlasting several minutes at a time. Even during diving bouts,
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marine iguanas are only active for a short time while grazin@leeson, 1979, 1980), with the exception of pre-exerdise s
under water for an average of 2-5min. Animals then resurfacg 27 °C, where our mean value is approximately twofold
and remain floating largely motionless before diving again ogreater than the ‘resting’ values obtained by the above workers.
swimming back to shore (Wikelski and Trillmich, 1994; DrentOn the other hand, our mean value for pre-exefais¢ 27 °C

et al., 1999). Thus, the inclusion of data during the recoverig within the range given by Bartholomew and Lasiewski
period after activity is important if the energy cost of a(1965), but our mean value for pre-exercfseat 36 °C is
particular behaviour is to be determined in the field (Scholniclapproximately 75 % of that reported by the latter authors while
and Gleeson, 2000). the iguanas were being heated and cooled. As far as we can

Perhaps because of their propensity for short bursts afetermine, there are no values in the literaturéfof marine
locomotion, we did not find it easy to persuade all the animalguanas during exercise.
to walk/run at speeds below the maximum speed they could It would appear from the present study that it should be
maintain for a few minutes. Nonetheless, we were successfpbssible to usé+ as an indicator of\&, for iguanas in the
in achieving this with three animals at both temperatures arfield, as between 86 and 91% of the variation in the latter
there was no significant difference between the slopes of ttewuld be explained by the fitted regressions from the
regression lines of data obtained from animals during the prealibration experiments. The utility of tHe method for the
exercise period and when walking/running at differentestimation of ¥o, in the marine iguana was further supported
speeds, and data obtained during the recovery pe?i@i§7 by the fact that the mean values ®bs from four animals
at 27°C and 0.07 at 36 °C, Fig. 4). Thus our experimentdtom a population different from that involved in producing
procedures simulated as closely as possible what is knowhe calibration equations were within the 95% prediction
for marine iguanas exercising in the wild and we are confidentervals of the regression. However, the effect of temperature
that the regression lines given in Fig. 2 represent botls to vary the intercept of the relationship between the two
exercise at different levels and recovery from maximunvariables, rather than to extend a single regression line (see
exercise. Fig. 2).

The 3/0, data that we obtained are similar to those obtained It is clear from the field data that have been obtained so far
by other workers studying the Galapagos marine iguan@M. Wikelski and A. J. Woakes, unpublished data) that
(Bennett et al., 1975, who electrically stimulated the animalsemperature can change by between 6-12 °C or so within 1-3 h,
in order to obtain activity; Bartholomew and Vleck, 1979;particularly when the animals are foraging so, during such
periods estimations ofVe, from fu will have to involve
adjustments to equations (2) and (3) based on iher&ues
determined from the data from the SC animals (Table 1). A
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The squares represent data obtained from animals during the pi ﬂ?ea& 40 55 6 28 \eﬁ\oe‘a
exercise period and while walking/running at different speeds, whils "7//7\1) 3009

the circles represent data obtained from the animals during recover

from the preceding exercise (see text for further details). The lineFig. 5. The relationships between mass-specific rate of oxygen
represent the least-squares regressions through all of the data poiiconsumption, heart rate and body temperature for marine iguanas
At 27°C, 8/0,0.011f1-0.240,r2=0.76. At 36°C, ¥0,=0.011 fi— (N=7). Data are from Fig. 2. The mesh is described by the equation:
0.572,r2=0.92. sV0,=0.0113£-0.2983QyT27)/10(see text for further details).
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