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There is a large variation in metabolic capa-
bilities among groups of endotherms

(Kleiber 1961). This can be exemplified by dif-
ferences in basal metabolic rate (BMR), which
varies across zoogeographical zones
(Lovegrove 2000). By comparison, there is lit-
tle diversity in resting metabolic rate (RMR)
(Bennett & Dawson 1976, Andrews & Pough
1985) or field metabolic rate (Nagy 2001)
within or among extant groups of reptiles from
a range of different habitats. The cost of main-
tenance is considered a conservative parameter
in reptilian evolution (Bennett & Dawson
1976). In the current study, we found differ-
ences in RMR between two sympatric southern
African species of tortoise: the Kalahari tent
tortoise (Psammobates oculiferus), which is
predominantly a dry-country species, and the
Leopard tortoise (Geochelone pardalis), which
has a wide distribution spanning both mesic
and arid areas (Boycott & Bourquin 1988).

Fieldwork took place during the summer
(January 2004) on farmland near Van Zyl’s Rus

in the South African Kalahari (25°58’S;
21°49’E). The area consists of sparsely vege-
tated sand dunes and river terraces on either
side of the dry Kuruman riverbed. Data were
collected from 10 G. pardalis (5 males and 5
females) and 10 P. oculiferus (5 males and 5
females). RMR values were determined for
each animal immediately after they were col-
lected from the field. Animals were placed in a
respirometry chamber for an initial period of at
least 30 minutes in which tortoises seemed to
calm. After this initial period, we measured
oxygen consumption every 30 seconds for at
least 30 minutes (longer if the animals required
more time to settle). We calculated the mean of
the lowest 10 readings of oxygen consumption
(ml O2/h) when animals were at rest. Values of
oxygen consumption were then converted to
energy expenditure using an energy equiva-
lence per litre of O2 consumed that is appropri-
ate for carbohydrate metabolism (5.04 kcal per
litre O2) (Arch et al. in press). Measurements
were completed between 11:00-14:00, when
animals would otherwise be sheltering from the
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midday summer heat. Shaded air temperatures
ranged from 29°C to 34°C during this period
(mean 32°C SD = 0.90°C: Scantlebury &
Minting unpublished data). We used an open
circuit respirometry system to measure oxygen
consumption (Hill 1972). Three different sizes
of metabolic chamber were used (1.6 L, 22.1 L
and 43.3L) to accommodate the different sizes
of animals (100 g to 5 kg). The temperature of
the chambers was maintained at 31±1ºC by
immersing them in a temperature-controlled
water bath (Labotec, LAUDA, Königshofen,
Germany). The temperature of the chamber
was measured using a standard mercury ther-
mometer (±0.5ºC). Dried air was pumped into
the chamber at rates between 300 and 3000
ml/min so that depressions in oxygen concen-
tration were maintained at 0.25 - 0.40% for
each animal. The air passed through approxi-
mately 4 m of copper coil that was submerged
in the water before it entered the chamber. This
ensured the temperature of air that entered the
chamber was the same as the water bath. For
the larger animals, oxygen concentration sta-
bilised in 2-3 minutes. (i.e., if animals were
inactive, active and then inactive again, it took
2-3 minutes for oxygen concentration readings
to return to the levels observed before they
became active). We are confident that we
recorded values of minimal oxygen concentra-
tion because most animals were inactive for
periods of at least 10 minutes while they were
in the chamber. The flow of air into the cham-
ber was controlled by a flow regulator (Omega
FMA-A2310, Stamford, CT) that was placed
upstream of the chamber. Oxygen consumption
was measured using an oxygen analyser (S-2A
Applied Electrochemistry, AEI Technologies,
Inc. USA), which was calibrated to an upper
value (20.95% O2, atmospheric) prior to the
measurement of each animal and to a lower
value (0.0% O2, N2 gas) prior to all measure-
ments of oxygen consumption. Air was dried
using silica gel before entering the chamber
and again before entering the analyser. One
species was not more active in the chamber

than the other species. Results were corrected
to standard temperature and pressure (baromet-
ric pressure was obtained from a local weather
station). Using a paired-t test, RMR values
were then compared with allometrically pre-
dicted values for all reptiles (at 30°C) (Bennett
& Dawson 1976). We used analysis of covari-
ance to examine differences in RMR between
the two species, with body mass as the covari-
ate. Data were log-transformed prior to analy-
sis. Means are displayed ± one standard devia-
tion.

There was a significant difference in body mass
between the two species (2-sample t18 = 2.64, P
= 0.027). However, there were no significant
differences in body mass between males and
females for either species (one way ANOVA
F1,8 = 1.45, P = 0.262 for G. pardalis and F1,8 =
0.18, P = 0.680 for P. oculiferus). The mean
body mass of G. pardalis was 1432 ± 1594 g
and the mean mass of P. oculiferus was 224 ±
85.4 g. There was a positive relationship
between RMR and body mass for both species
[F1,8 = 138.59, P < 0.001; log10RMR (kJ/day) =
0.208 + 0.506 x log10body mass (g), r2 = 0.945
for G. pardalis and F1,8 = 25.21, P < 0.001;
log10RMR (kJ/day) = -1.38 + 1.03 x log10body
mass (g), r2 = 0.759 for P. oculiferus]. RMR
values were significantly greater in G. pardalis
than in P. oculiferus when the effects of body
mass were taken into account (F1,17 = 33.13, P
< 0.001) (Fig. 1). However, the slopes of the
relationships between RMR and body mass did
not differ between species (F1,16 = 0.68, P =
0.421) and there was no difference in RMR
between sexes (F1,8 = 0.73, P = 0.419 for G.
pardalis and F1,8 = 0.03, P = 0.860 for P.
oculiferus). When RMR values were compared
with values predicted for reptiles of these body
masses, the values of G. pardalis were signifi-
cantly greater than predicted (paired t9 = 2.72,
P = 0.026), whereas those of P. oculiferus were
not significantly different from predicted
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values (t10= 0.95, P = 0.37; Fig. 1).

Within ectotherms, RMR and field metabolic
rate vary with body mass and ambient temper-
ature (Nagy et al. 1999). However, there is less
variation due to other characteristics such as
age (Nagy 2000), sex (Maxwell et al. 2003)
and breeding condition (Karasov & Anderson
1998, Ladyman et al. 2003). It has been postu-
lated that there may be differences in the ener-
gy requirements of ectotherms adapted to dif-
ferent environmental conditions, such as those
adapted to arid regions compared with those
adapted to more mesic environments (Barboza
1995). Angilletta et al. (2004) studied growth
rates of eastern fence lizards (Sceloporus undu-
latus) captured from cold and warm environ-
ments under identical laboratory conditions.
They showed that embryos from colder envi-
ronments developed faster and grew more effi-

ciently than those from warmer environments,
and suggested that geographic variation can
produce thermal adaptation in embryonic phe-
notypes.

Tortoises are remarkable in their ability to
withstand shortages of both food and water and
are able to thrive at relatively high densities in
extreme environments (Barboza 1995; Lagarde
et al. 2003). Studies on the desert tortoise
Gopherus agassizii have shown that their
adaptability to extreme environments may be
due to their extremely low rates of water loss
and energy use, their ability to withstand very
high levels of plasma osmolality, and their abil-
ity to use their urinary bladder as a store for
water (Peterson 1996; Henen et al. 1998).
Several factors may affect the reproductive
effort (the ratio of reproductive energy expen-
diture to the amount of energy available for all
expenditures during the year) of female desert
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Figure 1. Resting metabolic rate (kJ/d) of Geochelone pardalis and Psammobates oculiferus. Line shows the
allometric prediction of Bennett & Dawson (1976) for all reptiles at 30°C; [Log10 (RMR, kJ/d) = Log10
(0.278) - 0.23 x log10 (body mass, g)].



tortoises; although body mass is particularly
important to reproductive allocations, other
effects such as habitat type (e.g., xeric versus
mesic) and life-history strategy (e.g., ‘r-’ versus
‘K-’ selected) may also be significant (Henen
1997).

In the current study we found differences in
RMR between two sympatric species of tor-
toise. Several factors may have produced these
observed differences. One possibility is
species-specific differences in RMR. Also,
RMR’s were measured on animals that were
not necessarily post-absorptive, so species dif-
ferences in RMR could have been influenced in
part by differences in the heat increment of
feeding. However, more work is needed on this
topic.

The large difference in body size between the
two species might affect the species’ ther-
moregulatory strategies, particularly the use of
thermal inertia. We also cannot discount the
fact that core body temperatures may have dif-
fered between the two species. Chelonians
thermoregulate both behaviourally and physio-
logically, shunting blood to facilitate heat gain
in the morning and reduce heat loss at night
(Heisler and Glass 1985, Meek & Avery 1988).
Hence, it is possible that the species’ core body
temperatures differed systematically from the
chamber temperatures. However, body temper-
ature was not measured and therefore interpre-
tations need to be made with caution.

Another possibility is that differences in
observed RMR might be due to differences in
growth rates between the two species. Many of
the leopard tortoises measured in this study
were of juvenile body size, but only about three
of the Kalahari tent tortoises were juveniles.
Since Leopard tortoises grow rapidly, especial-
ly during the first few years of life (Branch
1998), the RMR of juvenile leopard tortoises
may have reflected high production costs at this
stage of life. 
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