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Abstract

Thermal optima for physiological processes are generally high (300 -400 C) in lizards. Performance decreases substantially at low temperatures, yet some lizards
are nocturnal and are active with body temperatures below 150 C. We corroborated three hypotheses about the ecophysiological consequences of the evolution

of nocturnality in lizards: (I) nocturnality requires activity at low temperature;
(2) activity at low temperature imposes a thermal handicap that constrains per-

formance capacity; (3) nocturnal species have higherperformance capacity at
low temperature than do comparable diurnal species. Field body temperatures
during activity averaged i5.30C in Teratoscincus przewalskii, a nocturnal, terrestrial gecko from northwestern China. Individuals of T. przewalskii sustained
exercise at 150 C on a treadmill for more than 60 min at 0.18 km s h-1. However,
15a C was suboptimalfor sustained locomotion. Resting and maximum oxygen
consumption at 15a and 250 C were similar to predicted values for diurnal lizards, supporting the hypothesis that much of thermalphysiology in lizards is evolutionarily conservative. The minimum cost of transport (C,,,i, O. 73 mL 02 g-1
km-1) for T. przewalskii was only 34% of the predicted value for a diurnal lizard

of the same mass. This low cost yielded a maximum aerobic speed (MAS) of 0.27
km h-1' at 15 C, which is 2.5 times the predicted MASfor a diurnal lizard of the
same mass. In comparison with predicted values for diurnal lizards, T. przewalskii showed increased but thermally submaximal locomotor performance capacity at nighttime temperatures.

Introduction

Lizards are ancestrally diurnal, and the thermal optima for physiological

processes are generally high (300-400C; Dawson 1975; Huey 1982; Avery

Physiological Zoology 67(1):238-262. 1994. a 1994 by The University of Chicago.
All rights reserved. 0031-935X/94/6701-9256$02.00
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1984). Similarly, most lizards are active at these high body temperatures

(T,'s) (Brattstrom 1965; Pianka 1986; Huey et al. 1989) and are capable
of performance at near thermally maximal levels (Hertz, Huey, and Garland

1988). (For a discussion of the terms maximal and submaximal, see the
Appendix.) Because of the limited potential for thermoregulation at night,
nocturnal ectotherms often experience low body temperatures during activity (Cowles and Bogert 1944; Brattstrom 1965; Bustard 1967; Porter and

Gates 1969; Pianka 1986; Huey et al. 1989). Performance decreases substantially at low temperatures, yet some lizards are nocturnal and are active

with body temperatures below 150C (Thomas 1981; Valakos 1989; Henle
1990; K. Autumn, personal observation). Nocturnal lizards may have derived features that permit activity at low temperatures. Optimality theory

predicts coadaptation of (physiological) thermal optima and activity tem-

peratures (Huey and Slatkin 1976; Huey and Bennett 1987; Hailey and
Davies 1988; Huey and Kingsolver 1989; Huey et al. 1989). Whereas this
is generally true for diurnal lizards (Bennett 1982; Werner 1983), Huey et
al. (1989) reported that there is little difference between the thermal optima

for sprinting in diurnal and nocturnal species. This finding is important
because it implies that performance in nocturnal lizards is thermally submaximal at night (Dial 1978; Huey et al. 1989) and contradicts the notion

that it is possible to predict the evolution of physiology from ecology
alone (also see Garland, Huey, and Bennett 1991). If performance in nocturnal lizards is constrained to submaximal levels at night, it is possible
that increased performance at low temperature has evolved within a context

of evolutionary stasis (fig. 1). We propose a general set of hypotheses to
address this question.
1. Nocturnality Requires Activity at Low Temperature. As a preliminary
test of this hypothesis, we determined the thermal consequences of nocturnal activity by measuring field-active body temperatures in a nocturnal

lizard, Teratoscincus przewalskii, the frog-eyed gecko. We chose a lizard
that is found at high latitudes because the thermal effects of nocturnality
should be exaggerated at latitudinal and altitudinal limits of the biogeographic distributions of nocturnal species. Frog-eyed geckos are found as
far north as 470N latitude. Contrary to Pianka's (1986) prediction that these

lizards must be diurnal at such high latitudes, T przewalskii is entirely
nocturnal (Autumn and Han 1989; Semenov and Borkin 1992), is active at
very low temperatures (Semenov and Borkin 1992; see Results), and has a

foraging mode that requires sustained locomotion (Semenov and Borkin
1992; Y. L. Werner, personal communication).
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a) Teratoscincusprzewalskii could have a lower CTmin in comparison to
diurnal lizards. Since the CTmin is the temperature at which the animal be-

comes immobile, a lower CTmi, would allow T. przewalskii to be active at
lower body temperatures.
b) Teratoscincusprzewalskii could have a higher maximal rate of oxygen
consumption (Vo2 ,ax) at low temperature than a diurnal lizard of the same
body mass. A higher Vo2 max would increase the range of sustainable loco-

motor speeds by increasing the maximum aerobic speed (MAS). Comparisons of Vo2 max among species must account for temperature, body mass,

and type of exercise (Gatten, Miller, and Full 1992).

c) Teratoscincus przewalskii could have a lower minimum cost of locomotion (Cmin) than diurnal lizards. A lower Cmin would also increase the
range of sustainable speeds by increasing the MAS without increasing Vo2 max

(Full 1991; Gatten et al. 1992). The latter two possibilities follow from the
equations

V02 - )0 + Cmin " Speed, (1)
Vo2max Y0 +Cmin " MAS, (2)
and

MAS = (VO2max - yo)/Cmin, (3)

where 3y (the y-intercept of the Vo2 VS. speed function; Gatten et al
is assumed to be constant. Comparisons of Cmin among species may

dependent of temperature (John-Alder and Bennett 1981; John-Alder,

and Bennett 1983; Bennett and John-Alder 1984; Lighton and Feener

Full, Zuccarello, and Tullis 1990) but must account for body mass an

of exercise (Gatten et al. 1992). Increased endurance capacity at low t
perature exhibited by T przewalskii, relative to diurnal lizards, shou

relate with a greater MAS (John-Alder and Bennett 1981) because ex

at speeds below MAS can be sustained by energy derived primarily f

aerobic metabolism. At speeds above MAS, fatigue occurs more rapidly

much of the energy for muscular activity must come from anaerobic s

The thermal sensitivity of endurance capacity is largely due to the th

sensitivity of the MAS, which in turn is a consequence of the therma

sitivity of the Vo2max (Bennett 1982; Gatten et al. 1992). Because of

solid understanding of the physiology underlying sustained (aerobic

comotion, we are able to not only measure performance, but also dete
performance capacity.
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In testing the mechanisms of our third hypothesis, it is important to de-

termine what are comparable diurnal species. Body mass and temperature
explain much of the variation in physiological variables affecting endurance

(Full 1991) and must be considered when making comparisons among species. Allometric comparisons may include or exclude phylogeny (see Harvey
and Pagel [1991] for review). If phylogeny is ignored in allometric comparisons, the implicit assumption is that the allometry represents a functional

dependence that transcends phylogeny. We used both standard allometric
comparisons and phylogenetically independent contrasts (Felsenstein 1985)
in this study.

Material and Methods
Field Observations

The field site was 3 km south of Dunhuang (40010'N, 94050'E), on the road

to Dunhuang Sand Dunes, Jiuquan Prefecture, Gansu Province, People's
Republic of China. This region lies along the Silk Road and forms an intermediate zone between the Gobi Desert to the northeast and the Taklimakan
Desert to the west. The area is known for its low rainfall and extreme tem-

peratures. The habitat was flat, sandy desert with sparse vegetation-primarily small, spiny Alhagi sparsiflora (Leguminosae) bushes. Field observations were made from September 19, 1990, to September 25, 1990. Sunrise
was at 0700 hours Beijing time (0300 hours GMT). Sunset was at 1930 hours

Beijing time (1530 hours GMT).
Field body temperatures in Teratoscincus przewalskii were sampled by
radiotelemetry and a cloacal thermocouple. To determine Tb's Of geckos in
their burrows, transmitters (Minimitter, model T) were surgically implanted

into the body cavities of three large adult lizards (one male, two female;

mean body mass, 15 g). Prior to surgery, lizards were placed in a sealed
enclosure and anesthetized with a few drops of liquid Metafane on a cotton
ball. The transmitters weighed 3.5 g and measured 25 mm in length and 10
mm in diameter, approximately the size of a typical clutch of two T. prze-

walskii eggs. The transmitters did not appear to cause abnormal behavior
or discomfort or to hinder locomotion. While this procedure was sufficient
to determine the Tb's of geckos in burrows, these radiotelemetry data prob-

ably do not reflect typical field-active Tb's since aboveground activity may

have been reduced in telemetered geckos. For this reason, we used only
cloacal temperatures in nontelemetered geckos to determine Tb during activity. A least-squares exponential regression of temperature on time per
100 transmitter pulses yielded r2 values greater than 0.99 for calibration

This content downloaded from 128.32.10.164 on Mon, 12 Jun 2017 13:18:09 UTC
All use subject to http://about.jstor.org/terms

Locomotion at Low Temperature in a Nocturnal Lizard 243

temperatures of 15a-35oC in all three transmitters. Drift in calibration after
the study did not exceed 1C. Substrate temperature and air temperature

(10 cm aboveground) were monitored with a thermocouple reader (Bailey
BAT-12) over a period of 2 d.
Cloacal temperatures in nontelemetered, nocturnally active geckos were
sampled with a thermocouple thermometer (Bailey BAT-12). Geckos were
located by flashlight, captured by hand, and grasped by the head and hind
leg to minimize conduction. All cloacal temperatures were taken within 15

s of capture. Substrate temperature and air temperature (10 cm above
ground) were measured at the spot where the lizard was captured.

Laboratory Maintenance ofAnimals
Live adult specimens of T. przewalskiiwere collected under the 1987-1991
cooperative agreement among the Chengdu Institute of Biology, Academia
Sinica, the University of California, and the California Academy of Sciences.
The geckos were transported to the University of California, Berkeley, where

the laboratory experiments were performed. Pairs of geckos were housed
in 16-L plastic terraria with a moist hide box and metal screen top. Each
cage had direct UV lighting from a fluorescent tanning lamp and a heat strip

to allow behavioral thermoregulation over a gradient of 25a-40aC. Technicians and researchers wore protective goggles to avoid the UV radiation.
The animals were kept in an environmental room on a 13L:11D photoperiod
at 240C. The UV light and heat strip were on a 13:11-h on-off cycle corresponding to the photoperiod. The geckos were fed a diet of mealworms,
crickets, and vitamin/mineral supplement and were watered daily. Any animal that was in questionable condition or had recently autotomized its tail

was excluded from experiments. Only adult geckos were used. Each experimental group contained a nearly even sex ratio. Experiments were conducted within 8 mo of capture.

Critical Thermal Minima

Geckos were rapidly cooled in a walk-in freezer (-50C). Critical thermal
minima were determined by measuring the cloacal temperature when the
gecko was no longer able to right itself (Spellerberg 1972).

Aerobic Metabolism

Oxygen Consumption Measurements. Individuals were exercised in a miniature
treadmill respirometer (Herreid, Full, and Prawel 1981). Air leaving the chainm-
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ber was dried with Drierite, and CO2 was removed with Ascarite. The oxygen

concentration was monitored with an 02 analyzer (Ametek S3A) interfaced

with a personal computer (Macintosh II) and data acquisition hardware
(NBMIO-16 Board, National Instruments) and software (LabView, National
Instruments). Mass-specific, steady-state oxygen consumption (Vo2) was calculated from the 02 concentration (Withers 1977). Calculations of instantaneous

Vo2 (Herreid et al. 1981) were identical to steady-state rates. The treadmill
respirometer was placed in an environmental chamber (Fisher Low Temperature model 146) to control ambient temperature at either 150 or 250C.

Resting Metabolic Rate and Maximal Vo2. Geckos (mean mass + SE = 11.2
g a 0.7 g, N [individuals] = 7) were placed in the treadmill chamber for a
30-min equilibration period at either 150 or 250C, which was sufficient for

Tb to reach the ambient temperature. All individuals were tested at both
150 and 25aC, although the order of experiments was randomized. After
equilibration, measurements of the resting rate of oxygen consumption
(Vo2 rest) were taken for 10 min while the lizards rested quietly. The submaximal and maximal rates of oxygen consumption were determined by a
multiple speed, or step, treadmill test (Full and Herreid 1983). After the

10-min rest period, lizards were exercised at a slow speed. The slowest
speed used at each temperature was the minimum speed at which the lizards

could run consistently (0.14 km * h-' at 150C and 0.18 km s h-' at 250C).
On attaining a steady-state oxygen consumption (Vo2 s) for 3 min, the speed

of the treadmill belt was increased to a higher speed until a new higher
steady state was attained. Three minutes after a new steady state had been
reached, speed was increased again. At 250C, Vo2 max was defined as the
Vo2 s attained when two consecutive incremental increases in speed resulted
in no further increase in Vo2. At 150C, animals fatigued before reaching

Vo2 s at speeds greater than 0.29 km * h-', even when exercised at a single
speed. Each animal exercised at only three or four speeds per day. Animals
rested for at least 5 d between trials.

Endurance Capacity

Geckos (mean mass a SE = 9.06 g + 0.52 g, N[individuals] = 25), including
the seven individuals from the aerobic metabolism experiment (above), were

exercised in a miniature treadmill respirometer (Full 1987). The treadmill
respirometer was placed in an environmental chamber (Fisher Low Temperature model 146) to control ambient temperature at either 150 or 250C. After
30 min of temperature equilibration in the treadmill chamber, individuals were

exercised to fatigue at a single speed. The nine speeds used ranged from 0.18
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to 1.08 km s hV at both 250C (N= 25) and 150C (N= 24). Three individuals
exercised at each speed, except only one individual ran at 0.65 km s h-' at
250C. Geckos maintained a consistent pace without prodding until just before
fatigue. An animal was considered fatigued when it failed to keep pace with
the treadmill belt or did not respond to three successive prodding attempts.

The experiment was halted if endurance time exceeded 30 min (John-Alder
et al. 1983; Bennett and John-Alder 1984), and these values were not used in
calculating the endurance versus speed function. Experiments during which
geckos walked erratically or struggled were discarded.

Phylogenetic Analysis
Regressions using standardized, phylogenetically independent contrasts of
Cmi on body mass followed the protocol of Felsenstein (1985) and Garland,
Harvey, and Ives (1992). We used the computer program C.A.I.C., version

1.2 (Purvis 1991), to calculate independent contrasts. Phylogenetic relationships for independent contrasts were taken from Estes, de Queiroz, and

Gauthier (1988). Branch lengths were estimated from fossil records (Estes
1983). We used Gim,, and body mass values for species from seven lizard
families as reported by John-Alder et al. (1986). For some species, John-

Alder et al. (1986) report C,,i from both large and small individuals. We
excluded the measurements with low mass if they differed by more than
10-fold from the measurements with the higher mass(es). Values for taxa
containing more than one species (e.g., Iguanidae, Lacerta, Varanus) were
estimated from mean log-transformed species values. We used a model of

gradual evolution (Brownian motion) and regression through the origin
(Garland et al. 1992) to calculate allometries of standardized independent

contrasts (IC) of log rin (Y) versus log body mass (X). We calculated the

allometries once for all taxa and once excluding our data for T. przewalskii.

To check the assumptions of independent contrasts and linear regression,
we searched for correlations and patterns in plots of ICX, and IC Y versus
estimated nodal values and variances, and in plots of residuals versus ICX,
and IC 1. There was no significant correlation (P>> 0.05) or pattern evident
in any of these plots, and the residuals were symmetrically distributed about
zero, which indicates that the assumptions were supported.

Results
Field Body Temperature
Body temperatures in three telemetered geckos in burrows varied with sur-

face substrate temperature and ranged from 4.4aC at 0545 hours to 36.80C
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at 1607 hours (fig. 2). The exact position of individuals in burrows was
sometimes evident by differences in signal strength. These observations
suggest that geckos actively thermoregulate during the day in the burrow
by moving closer to the burrow mouth as the ground cooled and further
from the burrow mouth as the ground warmed. Burrows of Teratoscincus
przewalskii are generally more than 1 m long and extend 0.5 m below the
surface. The maximum daytime substrate temperature on the surface was

52.10C at 1600 hours, while maximum Tb was only 36.80C (fig. 2). Deep-

burrow temperatures measured at midday did not exceed 25aC. Cloacal
temperatures in nocturnally active nontelemetered geckos ranged from 9.90

to 21.5aC and averaged 15.30C a 0.87 SE (N = 13). The geckos seemed to
be thermoconformers during the night: Tb was directly proportional to

nighttime ground temperature (T,; Tb = -1.01 + 1.08 s Tg, r2 = 0.79,

P < 0.001). Geckos were active above ground from sunset to sunrise. Peak
aboveground activity lasted for 2 h after full darkness after sunset.

Critical Thermal Minimum

Mean CTmin was 8.90C (SD = 1.26, range 6.50-12.20C, N= 11), only 1a
below the lowest field-active body temperature recorded in the fie
(fig. 2).

Oxygen Consumption
Rate of Consumption at Rest. The rate of oxygen consumption during the
10 min prior to exercise was averaged to obtain Vo2 rest. Mass-specific Vo2 rest

was strongly influenced by the ambient temperature (fig. 3; table 1). Geckos
resting at 25aC had a significantly higher Vo2 rest than those at 15"C (paired

t-test, P< 0.001; table 1).

Steady-State Oxygen Consumption versus Speed. Steady-state oxygen consumption was calculated as the mean Vo2 for the last 2-3 min of exercise

at
each speed. At each temperature, Vo2iss increased linearly with speed
(fig. 3; table 1). At both 150 and 25"C, the y-intercepts of the regression
equations (y0) were elevated above Vo2 rest (fig. 3; table 1).
Maximum Rate of Oxygen Consumption. At 15aC, Vo2 max was attained at

0.29 + 0.001 km h-V1 (mean + SE). Animals exercising at faster speeds

fatigued in less than 4 min, and Vo2 swas WS not attained. At 250C, Vo2 max was

attained at the three fastest speeds tested (range 0.36-0.57 km h-l). The

slope of the regression equation describing Vo2 ss versus speed within this
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range did not test significantly different from zero (P = 0.34), and these

Vo2s values have been pooled to calculate mean Vo2 max. Mass-specific
Vo2 max was significantly higher at 25oC than at 15aC (paired t-test, P< 0.001;

fig. 3; table 1).

Maximum Aerobic Speed. The speed at which Vo2 max was attained was calculated from the intersection of the Vo2 s versus speed regression equation
(table 1) and a horizontal line representing Vo2 max as indicated in figure 3.

Cost of Locomotion

At both 150 and 25aC, the total cost of locomotion, defined as the amount
of 02 used per gram to travel 1 km, decreased with increasing speed. The
slope of the regression equation describing submaximal Vo2 ss s a function
of speed (at constant temperature) represents Cmin (Taylor, Schmidt-Nielsen,
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different (ANCOVA, P= 0.18; fig. 3; table 1).

Endurance

Endurance capacity (time to fatigue) decreased exponentially as exerc

speed increased at each ambient temperature tested (fig. 4) and was stron

influenced by temperature. At 250C, geckos showed a greater endurance

capacity (tend) over the range of speeds tested (tend = 0.030v-207, where t

is in hours and vis in km h-a; r2 = 0.87; P= 1 X 10-4) than geckos exerci

at 15aC (tend = 0.013v1.70; r2 = 0.83; P = 1 X 10-4). Endurance at bot
temperatures was correlated with the MAS.

Discussion

Frog-eyed geckos (Teratoscincus przewalskii) are nocturnally active with

Tb'S roughly 200C below the thermal optima of diurnal lizards. The meth
of parsimony establishes a diurnal ancestor for all lizards. The Iguania (sist

taxon to the larger group to which geckos belong) is almost entirely diurn
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and the strong phylogenetic pattern of nocturnality (99% of nocturnal lizards

are geckos, and 99% of geckos are nocturnal) indicates a single evolution
of nocturnality for the Gekkota (see Estes et al. [1988] for phylogeny). Ancestral diurnality in lizards is further supported by functional evidence (Walls

1942). Because lizards are ancestrally diurnal and are generally active at
temperatures near optimum (Avery 1982; Bennett 1982; Werner 1983), the
mean activity temperature of 15.3aC in T. przewalskii represents a substantial

evolutionary shift. One might expect a corresponding shift in physiology
to accompany this new selective regime (Huey and Slatkin 1976; Huey and
Bennett 1987; Hailey and Davies 1988; Huey and Kingsolver 1989; Huey et

al. 1989; Baum and Larson 1991). Since the velocity of physiological rate
processes decreases exponentially with temperature below the thermal optimum, a diurnal lizard would experience a severe handicap in performance
capacity at 150C. Assuming a Qio of 2.5, a 200C drop in body temperature
would result in an 84% decrease in performance capacity. Optimality theory

predicts that nocturnal lizards should have derived adaptations that fully
compensate for low body temperature. Ideally, performance capacity should
be thermally maximal at the temperatures that the lizard experiences during

activity (Huey and Slatkin 1976; Huey and Bennett 1987; Huey and Kingsolver 1989; Huey et al. 1989). If thermally maximal performance capacity
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at low temperature has not evolved in T przewalskii, perhaps performance
capacity at low temperature has increased to a satisfactory level (Stearns
1982). In the following sections we show that nocturnal activity imposes a
thermal handicap on locomotor performance (see Introduction) and that,
while T. przewalskii retains the thermal sensitivity typical of lizards, it differs

from diurnal lizards in being capable of greater sustained locomotor performance at low temperature (150 C).

Locomotor Performance at Low Temperature
Critical Thermal Minimum. Increased sustained locomotor performance in
T. przewalskii cannot be explained by a difference in the CTmin. The CTmin

(8.90 C) in T przewalskii is at the high end of the range of CTmin recorded

for diurnal lizards (2.5a-9.8aC) reported by Spellerberg (1972) and is similar
to the mean CTmin of 13 species of diurnal (10.10C) and nocturnal (10.00C)
lizards reported by Huey et al. (1989). While it is likely that low-temperature

acclimation could lower the CTmin in T przewalskii (Spellerberg 1972;
Kaufmann and Bennett 1989), our results indicate that its CTmin is not exceptionally low for a lizard. It is surprising that mean Tb during activity was

only 1C above CTmin,. However, there was a fair range of CTmin measured

for our laboratory population (6.50-12.20C). It is not as surprising then
to find some individuals active in the field at Tb'S of 100C. Individuals of
T przewalskii may operate closer to their lower critical thermal limits than
do diurnal lizards or nocturnal lizards from warmer habitats (see Huey 1982).

Resting Rate of Oxygen Consumption. The resting metabolic rate of T prze-

walskii at 150 and 25aC is similar to values predicted for diurnal lizards of
the same body mass. Allometric equations for Vo2 rest in lizards (Andrews
and Pough 1985) predict values for Vo2 rest that are similar to the observed

values for Vo2 rest in T przewalskii at 15" and 25oC (table 2). In addition,
the degree of thermal dependence found for Vo2 rest in T. przewalskii (Qo10
= 2.83) is similar to those reported for several species of lizards over the

200-300C interval (Q10 range = 1.7-5.4; Bennett and Dawson 1976).
Maximal Oxygen Consumption. The Vo2 max'S observed for T przewalskii
are not exceptionally high for a lizard of its size. On the basis of allometric
equations for several (12-15) species of lizards (Vo2 max at 200C = 0.69m-o19,

Vo2 max at 300C = 1.96m0-24, Vo2 max in mL 02. - h- ' and m in grams;
Bennett 1982), the predicted Vo2 max values for an 11.2-g lizard at 200 and
30oC are 0.44 and 1.10 mL 02 s g-1 , h-', respectively. To our knowledge,
no other lizard has been exercised on a treadmill at a body temperature of
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15aC, limiting comparisons of our observed data to predicted values. The
Vo2 max observed for T. przewalskii at 150C is similar to the predicted value
(table 2), and the Vo2 max observed at 250C is 25% lower than the predicted

value (table 2), assuming a Qio at 200-300C of 2.5. Thermal dependence
for Vo, max in T. przewalskii (table 1) is similar to Qio's reported for lizards

over the 200-300C interval (Qio range = 1.7-2.9; Bennett 1982) and the
250-350C interval (Qio range = 1.3-2.8; John-Alder et al. 1983).
Minimum Cost of Transport. The mass-specific Cmin observed for T. przewalskii is less than half the Cmi,, predicted for a terrestrial animal of comparable mass. Full (1989) plotted Cmin as a function of body mass for 153
species of terrestrial animals (Cmin = 10.92 m-030, Cmin in mL 02 . g-1 * km-1

and m in grams; fig. 5A). Mass-specific Cmin decreases with an increase in

body mass so that larger animals require less energy to move 1 g over 1 km.

The observed Cmi,, for T przewalskii is 36%-52% of the predicted value for

an 11.2-g terrestrial animal (2.03 mL 02 g -' km-1'; 95%o confidence limits
= 0.84-4.92; calculated from data presented in Full 1989). When compared
with lizards alone, the Cmin observed for T przewalskii is 34%-50% of the
Cmi predicted for a lizard of its body size. The predicted Cmin for an 11.2-g

lizard is 2.13 mL O s g-' , km-' (95% confidence limits = 1.26-3.58;

calculated from data presented in John-Alder et al. 1986; table 2). The ob-

served values for T przewalskii at both 150 and 250C fall below the 95%
confidence limits for an 11.2-g lizard (fig. 5B).
Felsenstein (1985) identified potential problems in the use of standard
regression with species as observations and outlined a method to compare
characters among species or higher taxa using phylogenetically independent

contrasts (also see Garland et al. 1993). The advantage to using independent
contrasts (instead of species) as observations is that phylogeny is taken into

account in the determination the regression and its confidence limits. If
species are treated as independent observations, it is possible that degrees
of freedom could be overestimated and that conclusions could be biased

by the overrepresentation of speciose taxa (Harvey and Pagel 1991). Our
results showed little difference between standard and IC regressions for
lizard body mass and Cmi. The gecko-Autarchoglossa contrast fell well outside the 95% confidence interval of the IC allometry (fig. 5 C). The concor-

dance of standard regression and IC regression provides further evidence
that Cmi in the gecko is unusually low.
There are several factors that may cause a low Cmin. One is simply a low

cost of muscular force production (Kram and Taylor 1989). Another is an
unusually high Yo due to elevated cost at low speeds. If Cmin is low because

y0 is unusually high, the MAS will not be increased (see Introduction,
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eq. [3]). An elevated yo could be due to erratic locomotion or extraneous
behavior at low speeds. To minimize this possibility, the slowest treadmill

speeds used in this study were chosen to reduce extraneous locomotor
movement. The ratio of y-intercept to Vo2 rest measured for T przewalskii

(table 1) was comparable to that of other vertebrates (Paladino and King
1979; John-Alder and Bennett 1981) and invertebrates (Herreid 1981; Full
and Herreid 1983; Full 1987). Moreover, our conclusions are not sensitive
to changes in yo: even for a Yo equal to zero, given the MAS measured for
the gecko, the Cmin,, would still fall below the 95% forecast confidence limits
of the predicted Cmin for diurnal lizards.

The relatively low Cmin observed for T. przewalskii may partially compensate for a thermally reduced Vo2 max by increasing MAS above predicted
values and therefore increasing the range of sustainable speeds at low temperature. This pattern is similar to that found for lungless salamanders (Full

et al. 1988, 1990) and sidewinders (Secor, Jayne, and Bennett 1992). Gila
monsters also have a relatively low Cmin, but they have a relatively high
Vo2 max (John-Alder et al. 1986). If T. przewalskii had the Cmin predicted for

a lizard of the same body mass, then the MAS at 15aC would be only 0.11

km h-' rather than the observed 0.27 km s h-1 (table 2). Therefore, as a
result of a relatively low Cmin, the MAS for T. przewalskii is increased by
2.5-fold above predicted values (fig. 6). An increased MAS translates into
increased endurance capacity for T przewalskii. Since T przewalskii is an
active forager (Semenov and Borkin 1992; Y. L. Werner, personal communication), sustained locomotion is likely to be a particularly important aspect

of its ecology. These results support our third hypothesis (see Introduction;

fig. 1) of increased performance at low temperatures in nocturnal lizards.
Unlike most diurnal lizards (see Bennett 1982; Werner 1983), individuals
of T. przewalskii are not capable of thermally maximal sustained locomotor
performance in the field because they are nocturnal and their range of activity

temperatures is suboptimal (endurance at 25aC was greater than at 150C;
fig. 4). These results support our first and second hypotheses (see Introduction) that nocturnality represents a thermal handicap that constrains per-

formance capacity. It is very interesting that a low Cmin is the only physio-

logical difference we found between T przewalskiiand diurnal lizards. The

m), which indicates that T. przewalskii has a low Cmn in comparison to
its sister taxon, once the effect of mass has been removed. Excluding the

gecko data, the IC allometry was highly significant (r2 = 0.89; F = 37.8; P

< 0.002; n = 6) and had a slope of- 0.30, which is similar to the slope of
-0.28 reported by John-Alder et al. (1986).
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physiological similarity of nocturnal and diurnal lizards despite their eco-

logical dissimilarity requires further explanation (see Huey et al. 1989).
Evolutionary stasis of thermal optima in nocturnal lizards has been attributed

to balancing selection on the need for a high CTmax (Huey et al. 1989; R. B.

Huey, personal communication). However, we have no evidence that maximum daytime temperatures in these deep (0.5-m) burrows are potentially
lethal or stressful to T. przewalskii. On the contrary, these lizards may have

the advantage of protected basking (Bustard 1967; Huey et al. 1989) in a
thermally buffered microhabitat that is both refuge and thermal gradient.

Nocturnality and Activity Temperature
Nocturnality in T. przewalskii represents an evolutionary shift in daily activity

cycle (Huey et al. 1989). It is illuminating that nocturnality in these geckos

does not involve a shift in daily temperature cycle. By observing how Tb
fluctuates during a 24-h period (fig. 2), it would be difficult to discern whether
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these lizards were in fact nocturnal or diurnal. Our field data show a pattern
typical of a diurnal lizard: high Tb during the day and low Tb at night (Regal

1967, 1974; Stebbins and Barwick 1968; Avery 1985). It is likely that the
minimum Tb in the gecko would be lower than the minimum Tb in most
diurnal lizards because of thermal buffering in the burrow against extreme

nocturnal temperatures. The difference between the behavior of T. przewalskii and that of a diurnal lizard is that activity and thermoregulation do

not occur coincidentally. It has long been known that nocturnal lizards
choose a higher Tb on a laboratory thermal gradient than they experience
during field activity (Licht et al. 1966; Huey 1982; Arad, Raber, and Werner
1989). Our radiotelemetry data indicate that this is not an artifact of laboratory
conditions and that nocturnal and diurnal lizards have similar thermal re-

quirements (Bustard 1967) despite substantial differences (of up to 350C)
in field-active Tb.

The meaning of activity in nocturnal lizards should be reevaluated. During

the day individuals of T przewalskii are physiologically active because Tb
is high. At night, Tb, is low and suboptimal, yet this is the time when loco-

motor activity takes place. To understand the ecology and evolution of nocturnal lizards, it is necessary to consider other activities as well as foraging.

Digestion, growth, and reproduction in lizards require products of rateprocesses that may be sufficiently rapid only at high temperature (Cowles
and Bogert 1944; Dawson 1975; Andrews 1982; Avery 1984; Stevenson, Peterson, and Tsuji 1985; Hailey and Davies 1987; Troyer 1987). In other words,
the heat sum necessary for a complete lizard life cycle may not be available
at night. Thus, nocturnal lizards may require a high Tb during the day (Bustard

1967; Saint Girons 1980) because much of their physiology is ancestrally
optimal at high temperatures. From this perspective, it is not surprising that

performance capacity in nocturnal lizards is thermally submaximal at low
temperature.
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Appendix
Discussion of Terminology
Ambiguity arises over the terms maximal and submaximal because they can refer
to performance capacity in general or to aerobic metabolism. We use thermally
maximalperformance capacity to refer to the highest level of performance possible
at any temperature. Optimal conditions permit maximal performance. At temperatures

below the thermal optimum, performance is constrained to thermally submaximal
levels. When referring to aerobic metabolism, we specifically state that it is the rate
of aerobic metabolism that is maximal or submaximal (relative to Vo2 max) and that
temperature is held constant.
It is important to distinguish between performance and performance capacity.
Performance refers to a measured value of a performance variable (e.g., sprint speed

= 0.8 m * s-I), while performance capacity is the maximum potential value of the
performance variable in an individual or species. Performance maxima can be inferred
by a large sample of performance measurements (e.g., maximum sprint speed in
John-Alder, Garland, and Bennett [1986]); however, direct measurement of performance capacity is preferable since factors such as behavior are less likely to be

important. Performance capacity can be determined by using physiological measurements to verify that performance is maximal (e.g., endurance capacity is verified

by measuring the maximum aerobic speed).
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