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Summary

A fundamental assumption of the aerobic capacity
model for the evolution of endothermy is that basal (BMR)
and peak (PMR) metabolic rates are functionally linked at
the intraspecific level. The purpose of this study was to use
the nine-banded armadillo Dasypus novemcinctusas a
model to test this assumption. Measurements of BMR,
PMR, mass and rectal temperature were obtained over

this study confirmed that, compared with most eutherian
mammals, the nine-banded armadillo exhibits low and
highly variable basal and peak metabolic rates (20-60%
the predicted values; 23% and 27% coefficients of
variation) and rectal temperatures (range 32.7-35.3°C).
Such metabolic traits are, however, consistent with the
general pattern previously observed for other members of

two summers from wild, adult individuals from a
population in Louisiana, USA. BMR and PMR were
positively correlated =0.62), and both were significantly

the order Xenarthra and with the hypothesis that low
metabolic rates in armored mammals evolved as a result
of unbalanced selection in which, because of low predation
higher (by 46% for BMR and by 35% for PMR) in 1999  risks, selection for a high aerobic capacity was much
than in 1998. Similar results were obtained whether weaker than the opposing selection for energy
metabolic rates were expressed in whole-animal or mass- conservation.

independent units. These results suggest the existence of a
functional link between BMR and PMR and are therefore
consistent with the aerobic capacity model. In addition,

Key words: armadilloDasypus novemcinctugndothermy, aerobic
capacity, thermoregulation.

Introduction

Endotherms use metabolic heat production to maintain with other physiological variables that have a direct impact on
relatively high and constant body temperature. This metaboliitness.
strategy, found primarily in mammals and birds, is associated An important model that explains the evolution of
with high levels of energy expenditure. Indeed, the basandothermy and its associated elevated BMR is the aerobic
metabolic rate (BMR) of endotherms, which accounts for @apacity model, originally outlined by Bennett and Ruben
large (30—-80%) and unavoidable component of daily energfd979). This model argues that natural selection favored
expenditure (Blaxter, 1989), is 5-10 times higher than that ahdividuals with a high aerobic capacity because of its
ectotherms, even when differences in body temperature aassociated benefits to predator avoidance, prey capture and
taken into account (Robinson et al., 1983; Withers, 1992pther performance characteristics that directly affect fitness.
Because the ability to maintain energy balance is critical t&election for increased aerobic capacity would indirectly result
survival and fitness, there must be a substantial selective increased BMR, reflecting the energetic costs required to
advantage to endothermy and its associated high BMR for th&stain the physiological machinery necessary to support a high
strategy to have evolved. Not surprisingly, therefore, BMR iserobic capacity. A fundamental assumption of this model is
one of the most measured physiological variables, anthataerobic capacity and BMR are functionally linked. Previous
numerous studies have investigated the ecological arstudies have demonstrated that aerobic capacity and BMR in
evolutionary significance of its variation, either at the inter- overtebrates are generally weakly correlated at the intraspecific
intraspecific level. However, because animals in their naturdével, and similar correlation analyses conducted at the
environments are rarely in a ‘basal’ state (resting adults in iaterspecific level have provided only mixed support for the
post-absorptive state and at thermoneutrality), it is unlikely thanodel (for a review, see Hayes and Garland, 1995).
variation in BMR has a direct impact on the survival or fitness The nine-banded armadill@asypus novemcintugs an
of individuals. Rather, studies that have investigated thexcellent subject in which to test the aerobic capacity model
ecological or evolutionary significance of variation in BMR because, compared with most eutherian mammals, armadillos
have generally relied on the assumption that BMR is correlatemhd other members of the order Xenarthra exhibit an atypical
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endothermy characterized by low and variable metabolic ratéisl prevented gas stratification. Chambers were connected to
and body temperatures (Eisenberg, 1981; Johansen, 196t open-flow respirometry system (described by Knopper and
Schmidt-Nielsen et al., 1978). The main objective of the preseoily, 2000) and placed in a modified freezer. The freezer had
study was to use measurements of BMR and cold-induced peak electrical heater controlled by a computerized data-
metabolic rate (PMR) obtained from wild nine-bandedacquisition system (Sable Systems) that maintained the air
armadillos to investigate the assumption that aerobic capacitgmperature inside the chambers at 30+0.5°C, which is within
and BMR are functionally linked at the intraspecific level.  the thermoneutral zone of armadillos (Johansen, 1961; McNab,
1980). A system of solenoid valves alternated the flow pattern
of the respirometry system so that each chamber was sampled
for 45min. Each chamber was sampled three times, yielding
Animals 2.25h of observations per individual. There was no significant
Wild nine-banded armadilld3asypus novemcinctls were  difference between the two chambers for any of the
collected using a large dip net at a research station locateteasurements. Animals were allowed to acclimate to the
35km south of New Orleans (Louisiana, USA) during Junehamber for 1 h before starting the measurements. Data (gas
1998 and from early June to mid-July 1999. Climatic conditiongoncentrations, rectal temperatures, chamber temperatures)
during the sampling period and during the month that precedetdere averaged (10 readings) and recorded at 10s intervals.
sampling differed between the two years; in 1998, aifirflow (dried, CQ-free ambient air) through the system was
temperature was warmer and rainfall was lower than in 199€ontrolled with a mass-flow controller and ranged from 2 to
and compared with normal values (Table 1). On the evening.5Imin? stpo, depending on animal size. The animals were
preceding an experimental day, two individuals were capturedsually monitored at regular intervals, and they always
between 18:00h and 20:00 h and isolated overnight at 25°C appeared to be resting or sleeping. Once BMR measurements
plastic dog crates containing bedding material and water; nead been completed, animals were returned to their crates until
food was provided to ensure a post-absorptive state for the nereasurements of PMR.
morning. The animals were calm in the crates and appeared toA cold-exposure protocol using a heliox mixture (21%
be sleeping most of the time. After the completion of the€D;:79% He) as the environmental gas was selected to measure
experiments, the animals were sexed, weighed to the near@VR. Heliox was used to accelerate heat loss from the animal
509, ear-clipped for identification and for the purpose ofwhile reducing the risk of peripheral cold injuries (Rosenmann
another study, and released at the site of capture. Animals wexed Morrison, 1974). Although cold-induced protocols may
used and cared for in accordance with Institutional Animal Carenderestimate PMR in some mammals (Seeherman et al.,
and Use Committee guidelines of the University of Newl981; but see Chappell and Bachman, 1995), they do not
Orleans, following modified recommendations of Storrs (1987)equire the repetitive training associated with exercise
protocols, which is impractical for sampling numerous wild
Experimental procedures individuals. Cold-induced PMR is therefore a method widely
On the morning following capture, at approximately 07:30 hused to estimate the aerobic capacity of endotherms (e.g.
the two animals were restrained with a towel while a calibrateButenhoffer and Swanson, 1996; Sparti, 1992). For many
thermocouple was inserted into the rectum to a depth of 15cmammalian species, measurements of PMR using cold-
and secured in place by taping it to the tail. Animals wer@xposure protocols are highly correlated with measurements
placed individually in rectangular Plexiglas chambers (25 cnobtained using exercise protocols (Chappell and Bachman,
wide x 25cm highx 50cm long) in which a small fan on the 1995; Hayes and Chappell, 1990). At approximately 14:00h,
the first animal was placed in a chamber after securing a rectal
thermocouple, as described above. Heliox was mixed from
pressurized tanks of pure gases using a proportional gas mixer

Materials and methods

Table 1.Temperature and rainfall during the sampling periods

Normal calibrated with an electronic bubble flow meter (model 730,
Month value 1998 1999 Humonics Inc., Rancho Cordova, CA, USA). The chamber was
Air temperature May 23.8 26.0 24.8 flushed with heliox for approximately 10min at a rate of
(°C) June 26.7 28.7 27.4  15Iminml (sTPD) at room temperature (20-25°C) before being
Rainfall (cm) May 116 11 g (ransferred to a cold (-20) freezer. Data were averaged (five
June 14.8 8.6 31,0 readings) and recorded at 5s intervals until the animal's
metabolic rate was obviously declining or when its rectal
Normal values refer to long-term averages. temperature fell below 28°C. The animal was then returned to
Air temperature is given as the monthly average of dailyits crate for recovery, and the procedure was repeated on the
temperature averages. second animal. The order in which the animals were used had

Rainfall is given as total rainfall for each month, measured at Newq significant effect on the results.
Orleans International Airport.

Source: National Oceanographic and Atmospheric Agency Data analyses
(http://lwww.srh.noaa.gov/ftproot/lix/html/new/climate.htm).

Because armadillos are seasonal breeders, producing one litter
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a year during the spring, the body mass of the individualgsalues. Analyses of variance were used to test for differences
originally sampledN=87) was not normally distributed, forming in whole-animal and mass-independent physiological variables
three distinct groups probably related to age (Loughry anbetween years and sexes; identical results were obtained when
McDonough, 1996): 0.5-1kg (<1 year old), 2-3.35kg (1 yeamass was used as a covariate in analyses of covariance
old) and more than 3.5kg (adults). All analyses were limited t(ANCOVA). All values are presented as the meanstl
adults because they formed the majority (80%) of individuals
sampled, and all measured traits were normally distributed
within this group. Of these adults, reliable measurements of Results
metabolic rates and body temperature were obtained from 47Body mass ranged from 3.52 to 4.98 kg and was 8% larger
individuals (N=22 for 1998N=25 for 1999), seven of which had (F=10.97, P=0.002) for individuals sampled in 1999
clipped ears in 1999 and therefore may also have been used4n36+0.33kg, N=18) than for those sampled in 1998
1998; these animals were removed from the dataset, leaving403+0.29 kgN=22); body mass did not differ between sexes
sample size of 18 individuals for 1999 and of 40 for the two yearé=0.74). BMR ranged from 8.6 to 19.5 mi@in~! and was
combined (15 males, 25 females). The reproductive biology af6% higher F=93.52,P<0.001) for individuals sampled in
armadillos of the genuBasypusis unique among vertebrates 1999 (15.8+2.0ml@min~Y) than for those sampled in 1998
because females give birth to sets of monozygotic siblingg10.7+1.21 ml @ min~1). BMR was positively correlated with
quadruplets in the case bf novemcinctugMcBee and Baker, body mass (Fig. 1,=0.64,P<0.001,N=40), and the slope of
1982). The likelihood that some of the individuals sampled werthis relationship did not differ between sampling years
clonal siblings is small, as a parallel study (P. Boily, P. A(ANCOVA, P=0.45). Mass-independent BMR was 29%
Prodéhl and P. G. O'Neil, unpublished data), conducted on 75%igher £=38.01,P<0.001) for individuals sampled in 1999
of the 87 individuals initially sampled, identified only three setq14.8+1.86 ml@min1) than for those sampled in 1998
of twins, none of which was part of the final sample used for thé11.5+1.44 mlQ@min-1). Neither whole-animal nor mass-
purpose of the present study. independent BMR differed between sexés(Q.71). PMR
Instantaneous Hand CQ concentrations were calculated ranged from 47.3 to 147.3 mb@in~1 and was 35% higher
according to Bartholomew et al. (1981). Rates of O
consumptionVo,) and CQ production Yco,) were calculated
according to Withers (2001). For each individual, the lowes 140" ' ' ' ' r]
continuous 10min periods dfo, and Vco, were used as A R
measurements of BMR, and they were significantly correlate
with each otherrE0.98,P<0.0001), with a mean respiratory
quotient (RQ) of 0.81+0.05 (meanstb., N=40). The highest
continuous 2min periods oY, and Vco, were used as
measurements of PMR, and they were significantly correlate
with each other r€0.79, P<0.0001), with a mean RQ of
1.00+0.20 K=40). Large errors in measurements \f,
obtained by using heliox mixed on-site as an environmental g:
can occur as a result of minute changes in the compositic
of the gas entering the chamber (see Appendix). Howeve 20r, | | | | .
measurements &to, during periods of high metabolic demand 201 -
can overestimate PMR because the rate of €@retion can B .
exceed the rate of GQproduction as a result of the buffering
of lactic acid by bicarbonates (Seeherman et al., 1981; McArd
et al., 1986). Despite these independent potential sources
error associated with each measurement of gas exchan
statistical analyses yielded consistent results wheéibgror
Vco, was used as a measure of PMR. For simplicity and ea:
of comparison with previous studies, all statistical analyse
presented are those usivig, as a measure of BMR and PMR. e 1998
Analyses of correlation were used to test for relationship 4 1999
between physiological variables. Mass-independent BMR an 5L ! ! | | 1]
PMR were obtained by performing regression analyses fc 30 35 40 45 50 55
each variable as a function of body mass, calculating th Mass(kg)
residual for each data point, and adding the overall mean to tiig 1. Relationship between peak metabolic rate (PMR; A) or basal
residual of each data point. This method, described in detail kBMR: B) and body mass. Both BMR=0.64,P<0.001) and PMR
Packard and Boardman (1988), yields mass-independe(r=0.50, P<0.005) were significantly related to mass and differed
variables that have the same mean as their whole-animsignificantly between sampling yeaf<0.001).
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Fig. 2. Correlation between peak (PMR) and basal (BMR) metaboli,‘:ig_ 3. Relationship between mass-independent peak (A; PMR) or
rates represented as whole-animal (A0.62,P<0.001) and mass- pasa metabolic rates (B; BMR) and rectal temperature. Rectal
independent (B;=0.45,P<0.005) values. temperatures were measured at the same time as BMR or PMR.
Mass-independent BMR was significantly=0.81, P<0.001)
(F=18.76, P<0.001) for individuals sampled in 1999 correlated with re_ctal tgmperatgre, but mass-independent PMR was
(109.0£21.7ml@min-Y) than for those sampled in 1998 not (P=0.13). Solid horizontal lines represent mean metabolic rate

. . . calculated (assuming @i of 3) if rectal temperatures were 38°C
(80.5£19.8 mI@min1) and 28% higherA=10.38,P<0.005) . tead of the ob d ¢ 33.9°C f nd dent
in males (108.0+21.8 mi@nin-1, N=15) than in females e eac O Sie Observed average of =< of mass-Indepenaen

C N . BMR and 32.5 for mass-independent PMR. Dashed horizontal lines
(84.4£22.8 ml @min—, N=25). PMR was positively correlated epresent predicted values for eutherian mammals of similar size

with body mass (Fig. 1r=0.50, P<0.005), and the slope of (mean 4.2kg) according to Lovegrove (2000) for mass-independent
this relationship did not differ between sampling yearsBMR and Taylor et al. (1981) for mass-independent PMR.
(ANCOVA, P=0.62). Mass-independent PMR was 20% highe!
(F=6.89, P=0.012) for individuals sampled in 1999
(102.6x22.2ml@min~Y) than for those sampled in 1998 mass-independent BMR would rise to 20.4 mh@n?, or
(85.7+18.5mlI@min~1) and 28% higher=12.87,P<0.005) 94% of the predicted value, if body temperature were 38°C
in  males (107.2+18.5mlgninY) than in females instead of the observed mean of 33.9+0.74°C (Fig. 3). The
(84.9+19.3mlI@min™Y); there was no significant interaction mean mass-independent PMR (93.3+21.7 pth@r1) was
between sex and sampling yeR=0.65). 26% of the value predicted for eutherian mammals of similar
PMR was significantly correlated with BMR (Fig. 2), both mass (4.2kg; 362 ml£nin~1; Taylor et al., 1981). Assuming
as whole-animalr£0.62,P<0.001) and as mass-independenta Qio of 3, mass-independent PMR would rise to
(r=0.45,P<0.005) values. The aerobic scope, calculated as thE74 mlQmin-1, or 57% of the predicted value, if body
ratio of PMR to BMR, ranged from 4.6 to 10.3 (7.3+1.5) andemperature were 38°C instead of the observed mean of
was higher £=19.86,P<0.001) for males (8.4+1.2) than for 32.5+£1.93°C (Fig. 3). Rectal temperatures obtained during
females (6.6+1.9) but did not differ significantly betweenBMR measurements ranged from 32.7 to 35.3°C and were
sampling years and was not related to body mass. higher £=13.89, P<0.001) in 1999 (34.1+0.69°C) than in
Compared with allometric predictions, the mean mass1998 (33.3+0.84°C). These rectal temperatures were positively
independent BMR (13.0+2.3mkmnin"Y) was 60% of that correlated with whole-animalr£0.81, P<0.001) and mass-
predicted for eutherian mammals of similar mass (4.2kgndependent r€0.63; P<0.001) BMR and with body mass
21.7mlG@minL; Lovegrove, 2000). Assuming @io of 3,  (r=0.56,P<0.001).
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Fig. 5. Relationship between the time at which p¥sk or Vo,
occurred and the time at which peak rectal temperature occurred in
armadillos following the start of cold-exposure. Data points above the
solid line represent experimental trials in which the peak rectal
temperature occurred before the p&ak andvice versa Individuals
(N=3) for which the time at peak rectal temperature has a value of zero
did not exhibit the typical cold-induced increase in rectal temperature.

gradually declined. Values oo, and Vco, also increased
quickly, but their peak values generally occurred after the peak
in rectal temperature, on average (Ms,) 71.7+43.1min
(N=40) following the start of cold-exposure and up to 127 min

after the peak rectal temperature occurred (Fig.5). A few
individuals (N=3) did not exhibit an increase in rectal
temperature during cold-exposure but had a constant rectal
temperature that eventually declined, indicating a state of
hypothermia. Rectal temperatures measured when PMR
occurred were lower (pairdetest) by 2.54+1.77°C than their

. peak valuest£8.51,P<0.001) and by 1.30+2.02°C than their
thermoneutral values measured at BMR3(74, P<0.001).
Rectal temperatures measured when PMR occurred ranged
from 28.8 to 35.9°C, did not differ between sampling years and
were not correlated with whole-animaP=0.55) or mass-
independent R=0.13, N=37, Fig. 3) PMR. However, peak

) ) ) rectal temperatures were significantly correlated with whole-
Fig. 4. Typical example of temporal changes in chamber temperatute.. -\ ¢=0.66, P<0.001) and mass-independent(.60,

(A), rectal temperature .(B) and rates of gas e_xchaV@zea@d\_/coz; P<0.001) PMR. Rectal temperatures obtained during BMR
C) of an armadillo during cold-exposure. Time zero indicates the

start of cold-exposure. In this example, it took 35min for peak recteﬁneasurements vyere positively correlated with peak rectal
temperature (36.0°C) to occur and 123min for pedo, temperatures during cold-exposure(.63,P<0.001), but not
(93.6 mimirrY) andVo, (110.6 mImirrd) to occur. with rectal temperatures measured when PMR occurred during

cold-exposureR=0.98).

120 — Vo s

Vo, or Vo, (ml mirrd)

0 50 100 150
Time (min)

A typical example of temporal changes in chamber

temperature, rectal temperatuvep, andVo, of an armadillo Discussion

during cold-exposure for measurements of PMR is depicted in Basal and peak metabolic rates of wild nine-banded
Fig. 4. Shortly after the chamber was transferred to the prermadillos, either as whole-animal or as mass-independent
cooled freezer, the gas (heliox) temperature inside thealues, were positively correlated with each other and were
metabolic chamber quickly dropped below 0°C and graduallypoth significantly higher in 1999 than in 1998, suggesting the
leveled to temperatures between -5 and —10°C. The rectakistence of a functional link between the two variables. The
temperature of the animal increased, reaching a peak valvesults of this study therefore support the aerobic capacity
25.6+£10.8 min following the start of cold-exposure, and theimodel and are consistent with previous studies that
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demonstrated an intraspecific correlation between basal aednsistent with the biology of the nine-banded armadillo, which
peak metabolic rates in mammals (Chappell and Bachmafeeds mostly on invertebrates and has a very low predation risk
1995; Hayes, 1989), although similar studies conducted at tl{icBee and Baker, 1982). The hypothesis of Lovegrove (2001)
interspecific level provided only mixed support for the modekan also be expanded explain the low metabolic rates of non-
(for a review, see Hayes and Garland, 1995). Measurementsarinored mammals that have other predation defense
metabolic rates and of rectal temperature obtained in th@echanisms and do not require a high locomotor performance
present study were also consistent with previous observatiots catch prey. For instance, spott&gbilogale putoriup and
indicating that armadillos have low and variable metabolicstriped Mephitis mephitlsskunks use a musk spray for defense,
rates compared with most eutherian mammals. The coefficientsed mostly on invertebrates and plants and have BMRs 30%
of variation of BMR and PMR were of 23 and 27%, lower than predicted (Knudsen and Kilgore, 1990).
respectively, which is substantially larger than generally The observed differences in metabolic rates and rectal
observed in other mammals (10%) (e.g. Chappell antemperatures between sampling years may be related to rainfall.
Bachman, 1995). Interestingly, there was also considerabMine-banded armadillos generally feed on soil invertebrates
individual  variation in rectal temperatures (rangeand, during periods of drought, food availability may be
32.7-35.3°C), even when the animals were resting undesubstantially limited by a lower abundance of soil invertebrates
thermoneutral conditions during measurements of BMR. Thiand by soil that is harder to dig into. Thus, a reduced food
individual variation in rectal temperature appears to have supply could lead to a temporary metabolic depression, which
functional significance, because rectal temperature avould be consistent with the observation that metabolic rates,
thermoneutrality was positively correlated with BMR@.81), body masses and rectal temperatures were lower in 1998, when
with peak rectal temperatures during cold-expostx€.63)  rainfall was considerably below normal values, than in 1999.
and with PMR (=0.64). Such correlations are not evidence ofSuch a decrease in food availability caused by a drought can be
cause and effect, because it is impossible to say whether Idurther amplified by the fact that low water availability can
metabolic rates resulted in low body temperaturevioe  directly cause a decrease in food intake and in body mass in the
versa In addition, the low body temperatures alone cannotnine-banded armadillo (Greegor, 1975).
fully explain the low metabolic rates of armadillos compared Basal metabolic rates did not differ between male and
with those of other mammals. Indeed, although mean BMRemale armadillos, but males had a significantly higher PMR
would rise to 94% of the value predicted for eutheriarand, as a consequence, a higher aerobic scope. Typically,
mammals at a rectal temperature of 38°C, PMR would onljemale nine-banded armadillos give birth in the early spring
rise to 57% of the predicted value using the same assumptiorfaround March), nurse until late spring (around May) and mate
The investigation of the selective forces that led to thén the summer (July), but gestation does not start until late fall
evolution of species with metabolic rates that deviatdbecause the embryo remains in a state of suspended
substantially from interspecific allometric predictions has beedevelopment until November, when implantation occurs
the subject of numerous studies. For instance, species with IdMcBee and Baker, 1982). Because they were sampled in the
metabolic rates have been associated with low (Mueller amslimmer, it is unlikely that any female was either lactating or
Diamond, 2001) or unpredictable (Lovegrove, 2000)gestating, and these potentially confounding factors can
environmental productivity, with burrowing or fossorial habitstherefore be eliminated. The ecological significance of this
(McNab, 1979) and with low food quality or availability observation or the mechanism involved in generating this
(McNab, 1986). Although the last two associations applydifference between sexes is unclear. The only comparable
directly to armadillos, they could be the result of theobservation of which | am aware is that of Chappell and
confounding effect of phylogeny (e.g. Elgar and Harvey, 1987 Bachman (1995), who observed that BMR of the Belding’s
Using phylogenetically independent analyses, Lovegrove (2008round squirrels §permophilus beldingi did not differ
observed that armored mammals, such as armadillos, have Id&tween sexes but that females had a higher PMR than males
metabolic rates compared with non-armored mammals any approximately 7%); the authors did not discuss the
proposed that their slow metabolic physiology results from @otential significance of their observation.
weak selective pressure to increase locomotor performance (andThe observation that the nine-banded armadillo exhibits an
thus for a high aerobic capacity) because body armdncrease in body temperature during cold-exposure is not new;
substantially reduces predation risk without the need for fastohansen (1961) originally described this unusual response over
escape mechanisms. The appeal of this hypothesis is #€ years ago. In a detailed study using direct and indirect
relationship to the aerobic capacity model (Bennett and Rubecalorimetry, Mercer and Hammel (1989) concluded the
1979), which proposes that BMR is subject to two opposingrmadillo actively regulates its core temperature at elevated
selection forces, one to increase aerobic capacity, whidevels during cold-exposure. A possible adaptive advantage of
increases BMR, the other to maximize energy conservatiothis unusual response is that regulating core temperature at an
which reduces BMR. Thus, for mammals that do not require aelevated level during cold-exposure could lead to an increase in
high aerobic capacity to escape predators or to catch prey, tR&R because of th&io effect and, thus, increase cold-
selective force for energy conservation would dominate and leadlerance. If this is the case, then PMR should occur when core
to low metabolic rates (BMR and PMR). This is entirelytemperatures are at or near their peak, but this was not the case.
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Indeed, PMR occurred up to 100min after peak rectal Appendix

temperature, when rectal temperatures had dropped on averag®tential errors associated with measurements of the rate of
by 2.4°C from peak values. The other puzzling observation was gas exchange using gas mixtures mixed ‘on-site’

that PMR was correlated with peak rectal temperature but not tha use of heliox (21% £79% He) as a respiratory gas is
with rectal temperature measured when PMR occurred. ThiS ~ommon method of measuring peak metabolic rates in

apparent disassociation between the timing of peak Cog,qotherms. While the use of pre-mixed heliox 40d He are
temperature and peak metabolic rate could be the result of thrggy e in advance in a single tank) is a reliable and economical
errors. First, rectal temperature can be misleading if thereihod for small endotherms, it becomes excessively expensive
is regional heterothermy. This is unlikely because rectajy, gy dies using mid-size or large animals, for which high flow
temperatures in the armadillo are highly correlated with corgyieq are required. An economical alternative to using pre-mixed
temperatures measured at other sites (Mercer and Hammgliioy is to mix the heliox on-site, during the experiments, using
1989; F. M. Knight and P. Boily, unpublished data). Secontsenarate pand He gas tanks and flow meters calibrated for each
errors in measurements of gas exchange rates could have bgg The validity of this procedure depends on the stability of
involved. The use of heliox as a respiratory gas can Causfe gas mixture during the course of experiments because small
errors inVo, if baseline @ concentration changes during an g,cqations in the flow rate of either gas used in the mixture can
experiment (see Appendix), aMdo, during periods of high  eqyt in changes in the;@oncentration of the gas entering the
metabolic demand can overestimate metabolic rates because.Af,mper ([@lin) that can lead to large errors\ib, estimates.

the excess CPexcretion rate resulting from the buffering of e tollowing calculations demonstrate this potential problem
lactic acid. This is also unllke_ly because the sources of erro[]%ing flow rates and Odeflection values similar to those

for measurements olo, and Vco, are independent and yet qpqerned during the experiments described in the present study.
nearly identical results were obtained Yo5, andVco,. Third, ¢ this purpose, it was assumed that the animal'sVisués

the effects of exercise may have caused these results, beCay§g mimirrl and that the flow rate of either FRo,) or He
armadillos can become very active during sustained col FRye) entering the chamber increases by 0.25% during the

exposure (Johansen, 1961), and maximum exercise metabolig,rse of an experiment. Calculations of obsened(Vo,")
rates can exceed peak rates of thermogenesis (Seeherman et,@le made according to:

1981; but see Chappell and Bachman, 1995). This is the mo<*

likely hypothesis, but cannot be tested with the data collecte . FRr x ([O2]in — [O2]ou)

during this study. While | have no evidence to provide a Vo, = 1-[Ozlout : (A1)
satisfactory explanation for the apparent disassociation betwe

the timing of peak core temperature and metabolic rates, Where FRy is the total flow rate through the chamber and
should be' noted that the animals were not necessan[bz]outiS the @ concentration of the gas leaving the chamber.
hypothermic at the time when PMR was measured becausge value of [Qlout depends on the animal’s trudo,

rectal temperatures were, on average, only 1.2°C beloyd oo mimirl), on FRr and on [Q]in, and was calculated by
thermoneutral levels at the time when PMRs were observed.regrranging Equation 1 as:

In conclusion, the results obtained during this study are
consistent with the existence of a functional relationshir FRr x [O2]in — Vo,
between basal and peak metabolic rates and, therefore, supp [O2]out = FRi—Vo : (A2)
the aerobic capacity model for the evolution of endothermy. Ir. ?
addition, this study confirmed that the nine-banded armadillo The results show that minute changes (0.25%) in either of
exhibits low and variable metabolic rates that may havéhe gas flow rates during an experiment can lead to large errors
evolved because the presence of a body armor reducét0%) in the observedvo, (Table 2). Such errors are
predation risk and thus the need for a high aerobic capacitpyoportional to the changes occurring in the flow rates of either
resulting in a unbalanced selection strongly favoring energyef the gases during an experiment; if the flow rate of one gas
conservation mechanisms. changes by 1% during the course of an experiment, the error

Table 2.Parameters used to estimate potential errors in the calculation of obsésyedb,’

FRHe FRo, FRr [O2]in [O2]out Vo,
Conditions (mlmird) (mImin-1) (mImin-1) (%) (%) (mimirrd)
Original conditions 15000 3975 18975 20.95 20.53 100
Flow rate of He up 0.25% 15038 3975 19013 20.91 20.49 110
Flow rate of Q up 0.25% 15000 3985 18985 20.99 20.57 90

FRue, flow rate of HeFRop, flow rate of @; FRy, total flow rateVo, observed rate of oxygen uptaf®:]in, [O2] of gases entering the
chamber; [Qlout, [O2] of gases leaving the chamber.
Up 0.25% indicates that the flow rate increases by 0.25% during the course of the experiment.
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