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Trachydosaurus rugosus is a large, slow-moving Australian skink. The maximal
sprint velocity of this species averages only 2.7 km/h and is apparently limited by
short limbs that have relatively little muscle mass. Standard metabolic rate at 35 C is
0.073 rt 0.009 ml 02/(g h), and the maximal rate of O2 consumption is 0.722 0.0 19
ml Oz/(g. h). The maximal aerobic speed is 0.67 km/h, and endurance at 1.0 km/h is
23 7 min. The net cost of locomotion (CN)is 0.92 1 ml 02/(g. km) (95% confidence
limit [C.L.]: 1.133,0.709). This value is tabulated together with all other data available
for lizards, and a new allometric equation describing net cost of locomotion as a
function of body mass is presented. For all lizards, CN (ml 02/(g-km) = 4.22 (body
mass, g)-0.282.The locomotory and energetic capacities of Trachydosaurus describe a n
unusually slow lizard with limited stamina.
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INTRODUCTION

1977; Huey and Pianka 1981; Vitt and

Lizards have relatively limited capacity

Price 1982: Garland 1985), in abilities to

for aerobic energetic support of activity
compared to mammals (Bennett 1978,
1982; Bennett and Ruben 1979; Pough
1980). Consequently, these animals can
generally sustain low levels of activity
(John-Alder and Bennett 1981; Garland
1982; John-Alder, Lowe, and Bennett
1983). Nevertheless, lizards vary considerably in natural behavioral levels (Stamps

sustain activity (Garland 1982, 1985), and
in physiological capacities to support activity (Bennett 1982). Several recent studies
have demonstrated that interspecific differences in locomotory capacities are correlated with differences in underlying energetic support. For example, some widely
foraging species of Kalahari lacertids have
higher aerobic capacity, greater endurance,
and lower sprint capacity than closely related sit-and-wait foragers (Bennett, Huey,
and John-Alder 1984; Huey et al. 1984).
Correlates of these behavioral and energetic
limitations are obvious. Widely foraging
lacertids may be too slow to be ambush
predalors, and sit-arid-wait lacertids may
not be effective at widely foraging (Huey et
al. 1984).
The present study is an analysis of some
aspects of the locomotory performance and
the physiological basis of activity of Trachydosaurus rugosus. Trachydosaurus is a
large, slow-moving skink distributed widely
in the southern half of Australia. This lizard
is the sole representative of its monotypic
genus (Cogger 1983) and is easily recognized by its short, rounded tail and greatly
enlarged, rugose dorsal scales (thus, the
colloquial names: shingle-back, sleepy, or
stumpy-tailed lizard). Trachydosaurus is a
diurnal lizard with a moderately low preferred body temperature of 32-36 C (War-
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burg 1965; Licht et al. 1966; Wilson 1974;
Bennett and John-Alder 1986). In general
appearance, Trachydosaurus is somewhat
similar to the Gila monster, Heloderma
suspectum, a distantly related lizard of
North American deserts. Both species have
robust bodies, short tails, and relatively
short limbs, and adult body masses frequently exceed 500 g. We have previously
reported that Heloderma has a relatively
high aerobic capacity and a relatively low
net cost of locomotion (John-Alder et al.
1983),two qualities that appear to be adaptive for this widely foraging, carnivorous
species (Heath 196 1; Jones 1983). Trachydosaurus is omnivorous, and its home
range is only about 10% of that expected
for a carnivorous lizard of similar size (Satrawaha and Bull 1981). Thus, despite its
morphological similarity to Heloderma,
Trachydosaurus might be expected on the
basis of ecological observations to have a
much more limited ability to sustain locomotion. We report here the performance
of Trachydosaurusin sprint and sustainable
locomotion together with an analysis of
aerobic locomotory energetics for this species. We compare our results to those obtained previously for the Gila monster
(John-Alderet al. 1983) and to limited data
we have obtained on two other large Australian skinks (Tiliqua scincoides and
Egernia cunninghami). In addition, we
present a new allometric equation for the
net cost of locomotion in lizards.
MATERIAL A N D METHODS

Lizards used for most aspects of this
study were captured by hand during the
austral spring in the vicinity of Wilmington,
South Australia, under South Australian
National Parks and Wildlife Permit 9 18 issued to A.F.B. Animals were transported
to the laboratory at the University of Adelaide and then held on a natural photopenod in cages equipped with high-wattage
incandescent bulbs to permit daily behavioral thermoregulation. Some determinations of endurance and SMR were made by
one of us (T.G.) in A. J. Hulbert's laboratory at the University of Wollongong. Animals used in Wollongong were collected
under New South Wales National Parks
and Wildlife Service Permit B 185. Dog food
and mixed fruits were provided twice

weekly, and water was available at all times.
All animals maintained body mass and remained in good health throughout the
study. All measurements were made at a
body temperature of 35 C, which is within
the normal activity range (Bennett and
John-Alder 1986).
LOCOMOTORY PERFORMANCE

Burst speeds of Tiliqua scincoides (n = 6;
body mass = 438 + 26.2 g [mean k SEMI)
and Egernia cunninghami (n = 9; 268
11.5 g) were obtained on a photocelltimed racetrack as previously described
(Huey et al. 1984; Garland 1985). Each individual was run a total of eight times over
2 days, and the single fastest 0.5-m interval
for each individual was entered into the
analysis.
Trachydosaurus rugosus consistently refused to run on the racetrack, choosing instead to turn and threaten the investigator
with an open mouth and hissing sounds.
We therefore obtained maximal running
speeds of this species on a motorized treadmill. Eleven lizards with an average body
mass of 432 27.6 g were used for these
measurements. The treadmill had a speed
range of 0.1-3.6 km/h, and the top surface
was 170 cm long and 40 cm wide. A radiant
heater was suspended above the tread belt,
and the entire treadmill was enclosed in a
polyethylene tent open only to the investigator for the maintenance of desired thermal conditions. Body temperatures were
adjusted to 35 C prior to measurements.
Deep cloaca1 temperatures were measured
before and after a running trial, and the
average temperature was recorded. When
maximal running velocity was to be measured, an animal was placed on the motionless tread belt, and its tail and hind
limbs were tapped and squeezed to encourage the animal to begin walking. The
velocity of the tread belt was then adjusted
to match that of the walking lizard. The
lizard's tail and hind limbs were repeatedly
tapped and squeezed to encourage the lizard
to walk progressively faster, and the treadmill was continually accelerated to match
the velocity of the lizard. This procedure
was continued until the lizard was no longer
able to move faster than the tread velocity.
The lizard was then removed, and the tread
velocity was recorded as the maximal run-
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ninp velocity for that determination. Seven
lizards were used for duplicate measurements on separate days to assess the reproducibility of measured velocities.
Locomotory endurance at 1.0 km/h was
measured on six T.rugosus (542 f.28.3 g),
three T. scinccides (475 f 4 1.4 g), and eight
E. cunninghami (270 f 1 1.6 g). Body temperatures were maintained as described
previously. Endurance was measured as the
length of time a lizard maintained station
at 1.0 km/h on the treadmill with tapping
and squeezing as encouragement (Garland
19843. Trials were terminated when an individual did not maintain station after 10
consecutive taps at 5 1-s intervals. Animals
wcrc usually exhausted at this point.
METABOLISM AND LOCOMOTORY ENERGETICS

Standard metabolic rate (SMR) (Garland
1984; Andrews and Pough 1985) was measured during the austral summer. Standard
metabolic rate was measured as the rate o f
O2 consumption using a Taylor Servomex
type OA-272 O2 analyzer in an open-flow
system as animals rested in a dark, temperature-regulated cabinet at 35 C. Dry air
was metered through metabolic chambers
at a flow rate of about 150 ml/min (STPD).
Each animal's metabolic rate was measured
for 8-10 min each hour from dusk until
dawn, and the lowest reading was used to
calculate SMR.
Rates of O2 c o ~ u m p t i o nand C 0 2 production (vo2and Vco2)during locomotory
activity at 35 C were measured over a range
of velocities on the treadmill at the University of Adelaide, using 14 lizards (474
f 29.9 g). A lizard was removed from the
temperature-regulated cabinet and was fitted with a lightweight, transparent plastic
mask through which room air was drawn.
An animal was encouraged to walk as
above. When an even-paced locomotory
velocity was attained, Vo2 and Vco2 were
measured for 10-30 min until a 5-min record of stable O2consumption had been obtained. Subsequently, the animal was encouraged to walk at a higher velocity for a
second measurement. When these efforts
were successful, gas exchange at the higher
velocity was measured for 10 min. While
most trials consisted of one walking velocity, as many as three velocities per trial were
occasionally obtained. For measurements

of maximal rates of O2 consumption
(Vo2max), lizards were encouraged to accelerate quickly to a high velocity, and gas
exchange was measured at the highest attained velocity for 10 min or until exhaustion. Trials were rejected in the absence of
a stable Vo2 for >90 s. Measurements of
gas exchange were made and analyzed as
described previously (John-Alder and Bennett 198I; John-Alder et al. 1983). The rate
of O2 consumption was calculated using
equation (3b) in Withers (1977), and Vco2
was calculated using equation (2) in Gleeson (1979b).
MORPHOLOGY

Morphological measurements were made
on animals sacrificed by a blow to the head
in preparation for studies on contractile
properties of limb skeletal musculature
(John-Alder and Bennett, unpublished).
Snout-vent length was measured to the
nearest millimeter, and hind limb length
was measured as the distance from the body
wall to the end of the longest toe along the
anterior surface of a leg extended at a right
angle from the body (Pianka 1969). Hind
limb span was measured on living animals
as the length between toe tips (exclusive of
claws) on limbs extended perpendicularly
from the body (Garland 1984).
STATISTICS

Statistical analyses were done using a Stat
I statistics module for a Hewlett-Packard HP4 1-CX hand-held computer and
STATPRO (Blue Lakes Computing).
RESULTS

The average SMR for six individuals was
41.70 f 5.20 ml Oz/h or 0.073 0.009 ml
02/(g h). A va!ue of 46.23 ml 02/h is predicted by equation (1) in Andrews and
Pough (1985). Skinks as a family tend to
have somewhat lower SMRs than do other
squamates (Andrews and Pough 1985), and
adding the mean skink residual (-0.049)
from table 2 in Andrews and Pough (1985)
to their equation (I) yields a predicted SMR
of 41.30 ml O2/h. Thus, SMR of Trachydosaurus seems typical for skinks.
Rates of Oz consumption during treadmill locomotion are reported in figure 1.
These data are described by two equations
derived through least-squares linear regres-

+

526

H.

JOHN-ALDER,
T. GARLAND, JR., AND A. BENNETT
0.921 ml 02/(g. km) (95% C.L.: 1.133,
0.709). The maximum aerobic speed
(MAS), given by the intersection of equations (1) and (2) (John-Alder and Bennett
198l), is 0.67 km/h. Respiratory exchange
ratios were significantly lower below than
above MAS (1.17 0.04 vs. 1.44 f 0.05;
P < .001).
The average maximal running velocity
for 1 1 individuals was 2.70 km/h (table 1).
The average duration of a running trial was
3.2 1 rnin (range 1 .SO-6.65). Duration was
not correlated with peak velocity (r = .078;
n = 11; P > SO). Thus, peak velocity was
not limited by stamina in a trial. Determinations of maximal running velocity on
the treadmill were repeatable: the first and
second measurements on seven individuals
on 2 days were significantly correlated (r
= .870; P < .05). The first and second measurements on individuals did not differ significantly (two-way ANOVA; P > .5).
Sprint velocities of Tiligua scincoides and
Eqernia cunninghami are also reported in
table 1.
Endurance of T. rugosus (mean = 23
min) was intermediate to that of T. scincoides (75 min) and E. cunninghami (7.0
min) (table 1). Endurance was not correlated with body mass in any species, but
the range of body masses was small in all
three.
The average snout-vent length of T. rugosus used for studies on muscle contractile
properties (John-Alder and Bennett, unpublished) was 269 k 4.9 mm (n = 4), and
average hind limb length was 56.8 f 2.0
mm. On average, hind limb length was
2 1.1% (range; 19.4%-23.1%) of snout-vcnt
length. Hind limb spans of all three species
are reported in table 1.

+

0

0.2 0.4 0.6 0.8

1.0 1.2

Velocity, (km.h-'1
FIG. 1.-Rates of 0,consumption as a function of
walking velocity on a motorized treadmill. Maximal
V O ~ ,SMR, and M A S are indicated on the appropriate
axes. See text for details of statistical analysis.

sion analysis as described by John-Alder
and Bennett (1981). For the purpose of
finding the two best-fitting equations (by
the criterion of minimizing the sum of the
residual sums of squares), the data were divided into two subsets at intervals of 0.05
km/h. The two best-fitting equations are:
V O ~= 0.107

+ 0.921 (V),

V = velocity c 0.7 km/h,
n

=

(1

27 observations on 14 individuals;

and
V O ~= 0.746 - 0.027 (V),

V = velocity > 0.7 km/h,

(2)

DISCUSSION

The vo2max reported here for Trachydosaurus rugosus is in the lower 50% of all
values that have been reported for lizards
at 35 C (Gleeson 1981; John-Alder et al.
1983). This comparison is achieved by adThe slope of equation (2) is not significantly
justing measured ~ o ~ m a xfor
' s size-related
different from zero (P> -5).Maximal Vo2,
differences among species (Bennett 1982),
estimated as the average of Vo2's attained
2
by body mass
at V > 0.7 km/h, is 0.722 f 0.019 ml 02/ i.e., by dividing ~ 0 (ml/h)
(g) raised to the 0.76 power
(g. h) (f + 1 SE). The net cost of loco(= ~o,max,corr). The Vo2max,corr for
motion (Schmidt-Nielsen 1972). given by
Trachydosaurus is 3.27 ml ~ ~ / ( h).
g ~ . ~ ~
the slope of Vo2 on V in equation (I), is
n

=

23 observations on 14 individuals;

.
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TABLE I

LOCOMOTORY
PERFORMANCE AND HIND LIMB PROPORTIONS OF THREE LARGE
AUSTRALIANSKlNKS AND THE GILAMONSTER

Species

Burst Speed
(kmlh)

Endurance
at 1 km/h
(s)

Hind Limb Span
(mm)
(7% snout-vent length)

Body
Mass" (g)

Trachydosaurus
rugosus . . . .
Tiliqua

scincoides
Egernia
cunninghami
Heloderma
suspectum

.. .... . .

2b

No data
(see text)

...

69

...

NOTE.-All values are k SD; n is number following; range in parentheses.
" Body masses are for those individuals used to measure hind limb proportions; body masses for individuals
used in speed and endurance trials are given in Results.
From Bogert and Martin del Campo, 1956; see also John-Alder et ill. 1983.

Wilson (1974) reported ~ o ~ m a x , c o r r
2.13 ml 02/(g0.76h), only 65% of the
value reported here. Reasons for this discrepancy are uncertain. Wilson (1974) used
electrical stimulation to elicit vigorous activity in his animals, and this procedural
difference is known to contribute to differences in reported Vo2max's. Similarly,
Vozmax's for Amblyrhynchus cristatus,
Cnemidophorus tigris, and Iguana iguana
were substantially higher for animals running on a treadmill (Gleeson 1979b; Garland 1985; Gleeson, Mitchell, and Bennett
1980, respectively) than for animals stimulated electrically (Bennett, Dawson,
and Bartholomew 1975; Asplund 1970;
Moberly 1968, respectively). However,
vo2max's attained during forced locomotory activity are not higher than those via
electrical stimulation in Dipsosaurus dorsalis (cf. Bennett and Dawson [ 19721 with
John-Alder and Bennett [ 19811) or in Sceloporus occidentalis (Bennett and Gleeson
1976; Gleeson 1979a, 1982). Thus, these
two procedural variafions do not consistently bias measured Vofmax's one way or
the other. However, obviously "Vo2max's7'
determined by different techniques should
be compared with caution. Intraspecific differences in Vo2maxhave also been reported
=

as a function of season (John-Alder 1984;
Garland 1985). However, as Wilson (1974)
did not report collection dates, this explanation cannot be evaluated in the present
case.
The net cost of locomotion for Trachydosaurus and other lizards is tabulated in
table 2. Using these values, we have computed a new allometric relationship between net cost of locomotion and body
mass in lizards:

=

4.22 (body mass, g)-0.282, (3)

This relationship is reported in figure 2. The
95% confidence limit for the slope is
-0.227-0.337, and for the constant, 0.4930.756. The slope of a previously formulated
equation is -.25 (Gleeson 1979b), within
the 95% confidence limit reported here. We
did not wish our equation to be biased by
the inclusion of several points for a single
species. Therefore, we have calculated species means (table 2), except where the range
of body masses was > fourfold (Ilmblyrhynchus cristatus, Tupinambis nigropunc-
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TABLE 2

NET COST OF LOCOMOTION ( C N OF
) LIZARDS
Body Mass
Species
Gerrhonotidae:
Gerrhonotus sp. . . . . . . . . . . . . .
Helodermatidae:
Heloderma suspectum . . . . . . . .
Iguanidae:
Amblyrhynchus cristatus . . . . . .

Conolophus subcristatus . . . . . .

-

X .......................
Ctenosaura sp. . . . . . . . . . . . . . .
Dipsosaurus dorsalis . . . . . . . . .
Iguana iguana . . . . . . . . . . . . . .

-

X .......................
Lacertidae:
Lacerta vivipara . . . . . . . . . . . . .
L. sicula . . . . . . . . . . . . . . . . . . .

-

(g)

14

1.91"

464

.616'

580
2,885
2,369
4,73 1
4,556
3,885
126
51.3

900
1520
1210
3.4
6.4
10

X .......................

8.2

L. viridus . . . . . . . . . . . . . . . . . .

26
35
30.5

-

X .......................
Scincidae:
Trachydosaurus rugosus . . . . . .
Teiidae:
Cnemidophorus murinus . . . . . .
Tupinambis nigropunctatusC . . .

-

X .......................
Varanidae:
Varanus sp. "1 " . . . . . . . . . . . . .

Varanus sp. "2" . . . . . . . . . . . . .
V. exanthematicus . . . . . . . . . . .

CN
(ml 02/g X km)

.749"
,373"
327
.299
.256
.3607"
1.09"
1.3ga

1.07
.83
.95"

Reference
Bakker 1972
John-Alder et al. 1983
Gleeson 19796
Gleeson 19796

Bakker 1972
John-Alder and Bennett 1981
Gleeson 19796

3.6ab
2.05
1.95
2.0'

1.3b
1.1
1.24b

54 1

.92 1 "

70.7
16
1,200
865
1,089
1,051

3.68
1.66"
.35
.52 1
.373
.4147"

Bennett and Gleeson 1979
Bakker 1972
Bakker 1972
Bennett and John-Alder 1984
Bennett and John-Alder 1984

1.86"
1.24"
1.28"
.56"
.62'

Bakker 1972

26
230
145
630
990

Present study

Bakker 1972
Gleeson 19796

Denotes 19 values used for regression analysis; see text and fig. 2.
Cragg, reported in Hughes 1977, fig. 8; species designations assumed, given body mass ranges reported in
Cragg 1978.
'Species assumed to be nigropunctatus for Bakker (1972).

tatus, Varanus sp. "1" and "2"). In these
cases, we used two values for each species.
We have excluded Cnemidophorus murinus
from the analysis because of uncertainty
regarding the estimation of CN(see Bennett
and Gleeson 1979). Similarly, we did not
include the value of T. nigropunctatus
measured at 25 C (Bennett and John-Alder
1984). The corresponding slope for mamnlals is -0.3 16 (Taylor, IIeglund, and Ma-

loiy 1982), which is within the 95% confidence limit of our equation (3).
Although CN of Trachydosaurus is
somewhat higher than predicted, it does not
fall outside the 95% confidence limit of
equation (3). However, we have compared
CN's for Trachydosaurus and Heloderma
suspectum using original data in a multipleregression model with dummy variables
(Kleinbaum and Kupper 1978). The rela-
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FIG.2.-Log-log plot of net cost of locomotion (CN)
of lizards (data from table 2). Solid line is least-squares
regression equation (see text). Broken line is equation for mammals from Taylor et al. 198 1 .
tionship between vo2and velocity for Heloderma is:

vo2= 0.258 + 0.617 (V),
0.3 I V I 0.9 km/h,

n

=

(4)

30 observations on 11 individuals;

(Eq. [3] in John-Alder et al. 1983).
Using data obtained on groups of lizards in
which body masses are not significantly different ( P > .2), we found that the net cost
of locomotion is significantly higher in
Trachydosaurus than in Heloderma, i.e.,
the slope of :quation (1) > the slope of (4)
( P < .05). The same result is obtained if
rates of O2 consumption are expressed as
ml 02/(g0.76h) before the comparison is
made (see Bennett and John-Alder 1984).
The basis of this higher cost in Trachydosaurus is uncertain. The morphological
similarities between these two species might
suggest that mechanical differences in gait
or posture are not responsible for the difference in locomotory costs. Fundamental
differences in the efficiencies of muscular
contraction, as seen among different mammalian fiber types (see Rail 1983),may give
rise to these differences.
In addition to having a significantly
higher net cost of locomotion than Heloderma, Trachydosaurus has a significantly
lower ~ o ~ m a x , c o r[3.27
r
vs. 3.75 02/
- h); P < .05]. AS a consequence of

these difierences in aerobic capacity and locomotory energetics, the maximum aerobic
speed (MAS) of Trachydosaurus (0.67 km/
h) is only 6 1% that of Heloderma ( 1.1 km/
h) (John-Alder et al. 1983). The endurance
of Heloderma at 1.O km/h would therefore
be predicted to exceed 30 inin at 1 .O km/h
(John-Alder,Lowe, and Bennett 1983)versus only 23 + 6.7 min ( n = 6) for Trachydosaurus at 35 C.
Maximal running velocities of Trachydosaurus, about 2.7 km/h, are only about
those reported for many other species
of lizards (Garland 1982, 1984, 1985).
Sprint velocities of Trachydosaurus are
probably limited by the short length and
small muscle mass of this species' limbs.
The ratio of hind limb length to snout-vent
length is only 0.2 1 in Trachydosaurus; in
many other species, this ratio varies from
0.35 to 0.90 (Pianka 1969; John-Alder and
Bennett, unpublished). Although relative
hind limb length generally decreases with
increasing body mass (see Garland 1984,
1985), the limb length of Trachydosaurus
appears to be exceptionally short for a lizard
of this mass. In comparison, the ratio of
hind limb to snout-vent length is 0.39 in
Varanus mertensi (body mass = 1,178 g)
and 0.4 1 in V. tristis (body mass = 106 g)
(see also table 1). Heloderma, which is also
characterized by short hind limbs, has an
exceptionally low maximal sprint velocity,
less than 2 km/h (John-Alder et al. 1983).
The only other species of lizards for which
similarly low sprint velocities have been
measured are small, reduced-limbed skinks
(Huey and Bennett, unpublished). Limi-
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tations on muscle contractile kinetics m a y
The suite of physiological and Incnmntory qualities that characterize Trachydoalso contribute to the low sprint velocities
saurus do not appear to be adaptive for eiof Trachydosaurus. For example, although
ther the widely foraging or sit-and-wait
the maximal velocity of muscle shortening
is not slower than predicted for a lizard of
modes of predation (Huey and Pianka
1981;Huey et al. 1984). One correlate, percomparable mass, it is slower than predicted
on the basis nf muscle length (John-Alder
haps conseauence, of this is the dietary
generality of Trachydosaurus. Whereas
et al., unpublished). Furthermore, the time
required for the development of peak twitch
Heloderma, which is a widely foraging spetension in Trachydosaurus is longer than
cies (Heath 1961;Jones 1983),preys mainly
predicted for a lizard of comparable mass.
on bird eggs plus occasional juvenile mamOur observations on aerobic energetics
mals, Trachydosaurus is omnivorous (Wilson 1974) and traverses only a small fracand locomotory capacities of Trachydotion of the area expected for a comparably
saurus describe an unusually slow lizard
sized, carnivorous lizard (Satrawaha and
with limited stamina. We have recorded loBull 1981; see also Christian and Waldcomotory velocities ranging from 0.15 to
schmidt 1984). However, the omnivory oC
0.72 km/h (Xk SEM = 0.37 f 0.060 km/
Trachydosaurus is not a necessary conseh; distances = 0.6-2.3 m; n = 8) in undisturbed individuals in the field, values that
quence of its inability to forage either widely
or by sit-and-wait predation. Phrynosoma
are all below or near MAS (0.67 km/h). Vecornutum, another unusual lizard that fits
locities of two presumably frightened lizards
neither of the extremes of foraging mode
crossing roads in front of approaching cars
(Whitford and Bryant 1979; Huey and
averaged 2.1 km/h. These observations indicate that our experimentally determined
Pianka 198l), is an ant specialist under very
MAS and sprint velocities are ecologically
different circumstances of foraging ecology.
relevant values. It has been suggested that
The dichotomy between widely foraging
good sprinters are likely to have limited enversus sit-and-wait predation adequately
durance and that lizards with high endurcharacterizes many species of lizards (Huey
ance will not be able to run fast. Data preand Pianka 1981; but see Magnusson et al.
sented for Kalahari lacertids substantiate
1985), and general consequences with rethat expectation (Huey et al. 1984). Trachgard to prey selection can be predicted for
ydosaurus is exceptional in this regard, as
these species. In species that fit neither catit is characterized by both low sprint caegory, however, uniquely divergent behavpacity and a low MAS, the latter particuiors and foraging ecology are likely to have
larly in comparison with Heloderma (Johnevolved in close association with physioAlder et al. 1983).
logical and morphological features.
LITERATURE CITED

ANDREWS,
R. M., and F. H. POUGH.1985. Metabolism
of squamate reptiles: allometric and ecological relationships. Physiol. Zool. 58:2 14-23 1.
ASPLUND,K. K. 1970. Metabolic scope and body
temperatures of whiptail Lizards (Cnemidophorus).
Herpetologica 26:403-411.
BAKKER,
R. T. 1972. Locomotor energetics of lizards
and mammals compared. Physiologist 1576.
BENNETT,
A. F. 1978. Activity metabolism of the lower
vertebrates. Annu. Rev. Physiol. 40:447-469.
. 1982. The energeticsof reptilian activity. Pages
eds. Bi155- 199 in C. GANSand W. R. DAWSON,
ology of the reptilia. Vol. 13. Academic Press, New
York.
BENNETT,
A. F., and W. R. DAWSON.1972. Aerobic
and anaerobic metabolism during activity in the
lizard Dipsosaurus dorsalis. J. Comp. Physiol. 81:
289-299.
BENNETT, A. F., W. R.DAWSON, and G. A. BARTHOLOMEW. 1975. Effects of activity and temperature

on aerobic and anaerobic metabolism in the Galapagos marine iguana. J. Comp. Physiol. 100.3 17329.
BENNETT,
A. F., and T. T. GLEESON.
1976. Activity
metabolism in the lizard Sceloporus occidentalis.
Physiol. Zool. 4965-76.
-. 1979. Metabolic expenditure and the cost of
foraging in the lizard Cnemidophorus murinus.
Copeia 1979573-577.
BENNETT,
A. F., R. B. HUEY,and H. JOHN-ALDER.
1984. Physiological correlates of natural activity
and locomotor capacity in two species of lacertid
lizards. J. Comp. Physiol. 154:113- 1 18.
1984. The
BENNETT,
A. F., and H. B. JOHN-ALDER.
effect of body temperature on the locomotory
energetics of lizards. J. Comp. Physiol. 15921-27.
-. 1986. Thermal relations of some Australian
skinks (Sauna: Scincidae). Copeia 1986:57-64.
B ~ N N ~A.~F.T
,and
, J. A. RUBEN.1979. Cndothcrmy
and activity in vertebrates. Science 206:649-654.

LOCOMOTION AND E:NERGETICS OF LIZARDS
BOGERT,C . M.,and R. MARTINDEL CAMPO.1956
The Gila monster and its allies. Bull. Am. Mus.
Nat. Hist. 109: 1-238.
CHRISTIAN,
K. A., and S. WALDSCHMIDT.
1984. The
relationship between lizard home range and body
size: a reanalysis of the data. Herpetologica40:6875.
COGGER,H. G. 1983. Reptiles and amphibians of
Australia. A. H. &A. W. Reed,Sydney. 660 pp.
CRAGG,
P. A. 1978. Oxygen consumption in the lizard
genus Lacerta in relation to die1 variation, maximum activity and body weight. J. Exp. Biol. 77:
33-56.
GARLAND,
T., JR. 1982. Scaling maximal running
speed and maximal aerobic speed to body mass in
mammals and lizards. Physiologist 25338.
. 1984. Physiological correlates of locomotory
performance in a lizard: an allometric approach.
Am. J. Physiol. 247:R806-R815.
. 1985. Physiological and ecological correlates
of locomotory performance and body s i i in lizards.
Ph.D. diss. University of California, Irvine.
GLEESON,
T. T. 1979a. The effects of training and
captivity on the metabolic capacity of the lizard
Sceloporus occidenialis. J. Comp. Physiol. 129: 123128.
. 1979b. Foraging and transport costs in the
Galapagosmarine iguana, Amblyrhynchus crislufus.
Physiol. Zool. 52549-557.
. 1981. Preferred body temperature, aerobic
scope, and activity capacity in the monitor lizard,
Varanus salvator. Physiol. Zool. 54423-429.
. 1982. Lactate and glycogen metabolism during
and after exercise in the lizard Sceloporus occidentalis. J. Comp. Physiol. 14279-84.
GLEESON,
T. T., G. S. MITCHELL,
and A. F. BENNETT.
1980. Cardiovascular responses to graded activity
in the lizards Varanus and Iguana. Am. J. Physiol.
239:R 174-R 179.
HEATH,
W. G. 1961. A trailing device for small animals
designed for field study of the Gila monster (Heloderma suspectum). Copeia 1%1:491-492.
HUEY,R. B., A. F. BENNETT,H. JOHN-ALDER,
and
K. A. NAGY.1984. Locomotor capacity and foraging behaviour of Kalahari lacertid lizards. Anim.
Behav. 3241-50.
Hu~Y
R.,B., and E. R. PIANKA.1981. Ecological cunsequences of foraging mode. Ecology 6299 1-999.
HUGHES,
G. M. 1977. Dimensions and the respiration
of lower vertebrates. Pages 57-82 in T. J. PEDLEY,
ed. Scale effects in animal locomotion. Academic
Press, New York.
H. B. 1984. Seasonal variations in acJOHN-ALDER,
tivity, aerobic energetic capacities, and plasma
thyroid hormones (T3 and T4) in an iguanid lizard.
J. Comp. Physiol. 154:409-419.
1981. TherJOHN-ALDER,
H. B., and A. F. BENNETT.
mal dependence of endurance and locomotory
energetics in a lizard. Am. J. Physiol. 241:R342R349.
JOHN-ALDER,
H. B., C. H. LOWE,and A. F. BENNEI-~.
1983. Thermal dependence of locomotory energetics and aerobic capacity of the Gila monster

53 1

(H~lnnPrmorurp~ctum)J C o m ~ Physiol.
.
151:

119-126.
JONES,K. B. 1983. Movement patterns and foraging
ecology of Gila monsters (Heloderma suspecium
Cope) in northwestern Arizona. Herpetologica 39:
247-253.
KLEINBAUM,
D. G., and L. L. KUPPER.1978. Applied
regression analysis and other multivariate methods.
Duxbury Press, Nurllr Sciiuate, Mass.
LICHT,P., W. R. DAWSON,
V. H. SHOEMAKER,
and
A. R. MAIN.1966. Observations on the thermal
relations of Western Australian lizards. Copeia
1966:97-110.
W. E., L. JUNQUEIRA
DE PAIVA,R.
MAGNUSSON,
MOREIRA
DA ROCHA,C. R. FRANKE,
L. A. KASPER,and A. P. LIMA.1985. The correlates of foraging mode in a community of Brazilian lizards.
Herpetologica 41:324-332.
MOBERLY,
W. R. 1968. The metabolic responses of
the common iguana, Iguana iguana. to activitv
under restraint. Comp. Biochem. Physiol. 22120.
PIANKA,
E. R. 1969. Sympatry of desert lizards (Ctenotus) in Western Australia. Ecology 50: 1012- 1030.
POUGH,F. H. 1980. The advantages of ectothermy for
tetrapods. Am. Nat. 115:113-120.
RALL,J. A. 1983. Energetic aspects of skeletal muscle
co~itraction.implications of fiber typcs. Pagcs 3374 in R. L. TERJUNG,
ed. Exercise and sport sciences reviews. Macmillan, New York.
SATRAWAHA,
R., and C. M. BULL. 1981. The area
occupied by an omnivorous lizard, Trachydosaurus
rugosus. Aust. Wildl. Res. 8:435-442.
SCHMIDT-NIELSEN,
K. 1972. Locomotion: energy cost
of swimming,flying, and running. Science 177222228.
STAMPS,
J. A. 1977. Social behavior and spacing patterns in lizards. Pages 265-334 in C. GANSand
D. W. TINKLE,eds. Biology of the reptilia. Vol. 7.
Academic Press, New York.
TAYLOR,
C. R., N. C. HEGLUND,
and G. M. 0.MALOIY. 1982. Energetics and mechanics of terrestrial
locomotion. J. Exp. Biol. 97: 1-2 1.
VITT,L. J., and H. J. PRICE.1982. Ecological and
evolutionary determinants of relative clutch mass
in lizards. Herpetologica 38:237-255.
WARBURG,
M. R. 1965. The influence of ambient
temperature and humidity on the body temperature
and water loss from two Australian lizards, Tiliqua
rugosa Gray (Scincidae) and Amphibolurus barbatus Cuvier (Agamidae). Aust. J. Zool. 13331350.
WHITFORD,
W. G., and M. BRYANT.1979. Behavior
of a predator and its prey: the homed lizard (Phrynosoma cornutum) and the harvester ants (Pogonomyrmex spp.). Ecology 60:686-694.
WILSON,K. J. 1974. The relationship of oxygen supply
for activity to body temperature in four species of
lizards. Copeia 1974:920-934.
WITHERS,
P. C. 1977. Measurement of VOZ,VCOZ
and
evaporative water loss with a flow-through mask.
J. Appl. Physiol. 42:120-123.

