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THERMAL AND PHYSIOLOGICAL CONSTRAINTS ON ENERGY
ASSIMILATION IN A WIDESPREAD LIZARD (SCELOPORUS UNDULATUS)
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Abstract. Thermal constraint on energy assimilation is an important source of life
history variation in geographically widespread ectotherms such as the eastern fence lizard
(Sceloporus undulatus). Fence lizards in southern populations grow faster and produce
more offspring per year than do those in northern populations. Biophysical models indicate
that this difference in production is the result of thermal constraints on energy assimilation,
but they do not exclude intraspecific variation in behavior or physiology. I quantified both
thermoregulatory behavior and the thermal sensitivity of metabolizable energy intake (MEI)
in lizards from New Jersey (NJ) and South Carolina (SC) populations of Sceloporus un-
dulatus. In the laboratory, I conducted feeding trials to estimate MEI at body temperatures
experienced by field-active lizards (20°, 30°, 33°, and 36°C). I also measured preferred body
temperature (7},) of lizards in a thermal gradient. In the field, I estimated the accuracy of
thermoregulation by lizards. Both NJ and SC lizards exhibited a maximal MEI at their 7T,
(33°C), but lizards from SC had a significantly higher MEI at this temperature than lizards
from NJ. Although lizards in both populations thermoregulated within 2°C of T, lizards
in SC could maintain T, for a longer duration on a daily and annual basis. Therefore, lizards
in SC could assimilate more energy because they had a higher maximal MEI during activity
and were active for longer durations than lizards in NJ. Geographic variation in the life
history of S. undulatus may be caused by differentiation of physiology between populations,
as well as by differences in the thermal environments of populations.
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INTRODUCTION

Although life history theory has emphasized the al-
location of available energy to growth and reproduction
(e.g., Gadgil and Bossert 1970, Schaffer 1974), energy
acquisition plays an equally important role in the man-
ifestation of life histories (Tuomi et al. 1983, Jonsson
1997). The ability to harvest and assimilate resources
constrains the set of possible life histories (Congdon
1989, Dunham et al. 1989, Kersten and Visser 1996).
Furthermore, the trade-off between time spent acquir-
ing food and that spent in pursuit of other resources
affects the allocation decisions of organisms (Black-
enhorn et al. 1995). Resource availability, climate, pre-
dation risk, and the social environment influence the
rate of energy acquisition, thus determining the amount
of energy available for allocation to growth and repro-
duction (Dunham et al. 1989). Therefore, variation in
energy acquisition by individuals is a potentially wide-
spread mechanism underlying the patterns of life his-
tory observed among natural populations.

In ectotherms, body temperature (7,) exerts a major
influence on the acquisition of energy. A succession of
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behavioral and physiological processes (including de-
tection, capture, ingestion, digestion, and absorption of
food) determines the rate of energy assimilation. Many
of these processes are sensitive to T, (Greenwald 1974,
Stevenson et al. 1985, Waldschmidt et al. 1986, Van
Damme et al. 1991, Beaupre et al. 1993, Ayers and
Shine 1997). Typically, such processes proceed best
over a certain range of body temperatures and proceed
relatively poorly at temperatures outside this range
(Huey 1982). However, two factors cause the rate of
energy assimilation to be particularly sensitive to 7.
First, processes involved in energy acquisition occur
sequentially. Each upstream process (e.g., ingestion)
limits all downstream processes (e.g., digestion, ab-
sorption), and vice versa. Second, not all processes are
equally sensitive to T, (Huey 1982, Stevenson et al.
1985, Van Damme et al. 1991). Consequently, the rate
of energy assimilation, which relies on the concerted
performance of multiple behavioral and physiological
processes, should be more sensitive to 7, than any sin-
gle process involved. Estimates of thermal sensitivities
of performance support this notion. Performance
breadths for locomotion usually span a range of 10—
20°C (Bennett 1980, Hertz et al. 1983, Crowley 1985,
van Berkum 1986, Huey et al. 1989, Van Damme et
al. 1989), whereas those for energy assimilation span
ranges of only 5-10°C (Dutton et al. 1975, Wald-
schmidt et al. 1986, Van Damme et al. 1991, Beaupre
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et al. 1993, Ji et al. 1995, 1996). Precise regulation of
T, is required for the rate of energy assimilation to be
maximized.

Given the profound influence of body temperature
on the rate of energy assimilation, it is not surprising
that the thermal environment has been invoked fre-
quently as the cause of geographic variation in the life
histories of ectotherms (e.g., Grant and Dunham 1990,
Partridge et al. 1994, Beaupre 1995, Sorci et al. 1996;
for reviews, see Partridge and French 1996, Atkinson
and Sibly 1997). Although many ectotherms are ca-
pable of thermoregulation (Casey 1981, Avery 1982,
Bartholomew 1982, Peterson et al. 1993), climate limits
the duration for which individuals can maintain their
preferred body temperatures (Porter et al. 1973, Grant
and Dunham 1988, Bashey and Dunham 1997). All
other things being equal, an individual that is able to
maintain its preferred body temperature for a longer
time period should assimilate more energy. Thermal
constraints on energy assimilation may limit the growth
and reproduction of individuals. Indeed, laboratory
studies have demonstrated that ectotherms grow faster
when reared at higher temperatures (reviewed by At-
kinson 1994) or given increased access to radiative heat
(Sinervo and Adolph 1989, 1994, Autumn and De-
Nardo 1995). Because the opportunity for thermoreg-
ulation varies with altitude and latitude, the potential
for growth and reproduction varies geographically.

Divergence in behavior or physiology is an addi-
tional factor that can contribute to geographic variation
in life histories. Intraspecific variation in the growth
rates of individuals may result from adaption to local
environments. For example, individuals in cooler en-
vironments typically grow more slowly than those in
warmer environments, but may grow fastest when all
populations are reared in a ‘“‘common garden’’ envi-
ronment (reviewed by Arendt 1997). Presumably, a dif-
ference in growth observed in a controlled laboratory
setting represents divergence in the underlying behav-
ior or physiology. In some cases, higher rates of con-
sumption lead to faster growth (e.g., Billerbeck et al.
2000). In other cases, faster growth results from higher
growth efficiency (e.g., Imsland et al. 2000, Jonassen
et al. 2000). Even in the absence of genetic divergence,
maternal and environmental factors during embryonic
development may have long-term effects on the be-
havior and physiology involved in energy acquisition
(Joanen et al. 1987, Burger 1989, Qualls and Shine
1996, Roosenburg and Kelley 1996).

Further consideration of the behavioral and physi-
ological processes that influence energy assimilation
would identify additional factors that contribute to geo-
graphic variation in the life histories of ectotherms.
Both field and laboratory studies are necessary to de-
termine the relative contribution of environmental, be-
havioral, and physiological constraints on growth. Lab-
oratory studies can identify divergence in behavior and
physiology between populations. Field studies can de-
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Fic. 1. A larger energy budget can result from (A) an
average body temperature that is closer to the optimum tem-
perature for energy assimilation (7, vs. T}), or (B) a higher
rate of energy assimilation at all body temperatures. Rates of
energy assimilation are depicted in relative terms, as per-
centages of the maximum.

fine the thermal constraints on behavior and physiology
at different localities. The results of these studies can
be integrated to explain intraspecific variation in energy
budgets. Specifically, relatively fast growth can result
from either of two mechanisms: (1) individuals main-
tain a T, that is closer to the thermal optimum for
energy assimilation (Fig. 1A); or (2) individuals have
a physiology that allows them to assimilate more en-
ergy at a given T, (Fig. 1B). Importantly, these two
mechanisms are not mutually exclusive.

The eastern fence lizard, Sceloporus undulatus, pro-
vides an excellent opportunity to study the consequenc-
es of an organism’s thermal ecology for its life history.
Sceloporus undulatus ranges over two-thirds of the
United States, and life histories differ by as much as
twofold between populations (summarized by Tinkle
and Dunham 1986, Smith et al. 1996). Lizards in south-
ern populations grow faster and produce more offspring
per year than do those in northern populations. The-
oretical and empirical work has linked geographic var-
iation in the life history of S. undulatus to thermal
environments. Grant and Porter (1992) used a bio-
physical model and climate data to estimate the op-
portunity for thermoregulation in 11 populations. An-
nual activity time was correlated with the reproductive
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output of females. Additionally, laboratory and field
experiments support the notion that the growth of liz-
ards in some populations is limited by thermal con-
straints on energy assimilation. Supplemental feeding
of lizards in New Jersey did not result in faster growth
relative to control lizards (Niewiarowski 1995). More-
over, S. undulatus matures in 4-5 mo when permitted
access to basking sites for 14 h/d, but requires 1-2 yr
to mature under natural conditions (Ferguson and Tal-
ent 1993).

Although thermal constraints on energy assimilation
may be a major source of life history variation in S.

undulatus, there is some evidence that either behavioral-

or physiological divergence among populations has oc-
curred. Lizards in South Carolina (SC) grow faster and
have a higher reproductive output than lizards in New
Jersey (NJ) (Tinkle and Ballinger 1972, Niewiarowski
1994). One is tempted to attribute the greater annual
production of SC lizards to their relatively warm en-
vironment. However, laboratory studies have shown
that lizards from SC gain mass more rapidly than liz-
ards from NJ, even when reared under identical thermal
conditions (Niewiarowski 1995). Also, lizards from
New Jersey do not grow faster when transplanted to
the relatively warm environment of Nebraska (Nie-
wiarowski and Roosenburg 1993). Thus, the life history
variation in S. undulatus may be caused by divergence
in behavior or physiology, as well as geographic var-
iation in the thermal environment.

With this in mind, I used a threefold approach to
investigate environmental, behavioral, and physiolog-
ical constraints on energy assimilation in S. undulatus.
First, I quantified the thermal sensitivity of energy as-
similation by lizards from NJ and SC. Second, I mea-
sured thermoregulation in the laboratory and field to
assess the consequences of behavior for energy acqui-
sition. Third, I estimated daily and annual constraints
on energy acquisition, based on climate data and lab-
oratory measures of energy assimilation. This integra-
tion of laboratory and field studies established that both
physiological and environmental factors may be im-
portant causes of geographic variation in the life his-
tory of S. undulatus.

METHODS
Thermal sensitivity of energy assimilation

I quantified the thermal sensitivity of energy assim-
ilation in Sceloporus undulatus through feeding trials
conducted in the laboratory. These trials included liz-
ards from Lebanon State Forest (Burlington County,
New Jersey, USA) and the Savannah River Site (Aiken
County, South Carolina, USA). All lizards were trans-
ported to the University of Pennsylvania, but lizards
from NJ were kept in cloth -bags for 2 d to mimic the
conditions experienced by lizards from SC during
transport. Each individual was housed in a 6-L plastic
terrarium. Terraria were kept in programmable incu-
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bators (Model 818, Precision Scientific, Chicago, Il-
linois, USA) on a 14:10 light cycle and at a temperature
of 33°C during photophase and 20°C during scotophase.
Lizards were offered vitamin-dusted crickets, Acheta
domestica, and water daily.

I measured metabolizable energy intake (MEI) be-
cause it is the quantity of energy that can be allocated
to maintenance, growth, and reproduction. By defini-
tion, MEI is the energy absorbed minus dietary nitrogen
(Kleiber 1961). I estimated MEI of lizards as follows:

MEI=C—-F-U

where Cis energy consumed, F is energy lost as feces,
and U is energy lost as uric acid. When using this
equation to compute MEI, it is assumed that uric acid
production is an adequate estimate of dietary nitrogen
(i.e., the nitrogen flux of an individual is in equilib-
rium). This is likely to be a valid assumption because
feeding trials lasted =10 d.

Feeding was conducted at four temperatures: 20°,
30°, 33°, and 36°C. The temperatures 30—36°C span the
range of body temperatures of NJ and SC lizards during
activity, and 20°C approximates the T, of NJ lizards at
night (Niewiarowski 1992). Feeding trials commenced
within 1 wk of collection, and lizards were maintained
at their respective treatment temperature for 2 d to al-
low acclimation to experimental conditions. Because
feeding could only be carried out at two temperatures
simultaneously, the number of individuals used in each
group varied according to the availability of newly cap-
tured lizards. In 1995, 48 lizards from NJ were main-
tained at each of two temperatures, 20° and 33°C (how-
ever, 15 of the lizards at 33°C were eliminated from
the study because of an incubator malfunction). In
1996, 20 lizards from each population were maintained
at 33°C, and 13 and 14 lizards from SC and NIJ, re-
spectively, were maintained at 30° and 36°C. A total
of 175 lizards, ranging in body mass from 2 gto 12 g,
were used in the experiment. Average body mass, 5.4

* 1.6 g (all descriptive statistics are mean and 95%

confidence interval), did not differ significantly among
temperature groups (Ms = 8.83, F,,, = 1.19, P = 0.31)
or between populations (MS = 8.2, F|,, = 2.2, P =
0.15). The sex ratio, 45 males to 55 females, did not
deviate significantly from 50:50 (x> = 1.0, df = 1, P
= 0.32).

At the onset of each feeding trial, I measured the
passage time of a single marked food item. During the
2-d acclimation period, lizards were fasted to clear their
guts of food. After acclimation, each lizard was fed a
cricket injected with 100 pL of a slurry containing an
indigestible, UV-fluorescent powder (Scientific Mark-
ing Materials, Seattle, Washington, USA). The powder
associates with feces rather than uric acid (Beaupre et
al. 1993), so it provides a reliable estimate of passage
time. Lizards that refused to accept a marked cricket
within 2-3 d were removed from the experiment. Ter-



November 2001

raria were checked for feces at 4-h intervals. If feces
were present, the lizard was transferred to an identical
clean terrarium and was returned to the incubator im-
mediately. Feces were examined for appearance of the
marker. The time at which the first marked feces were
discovered was recorded as the passage time for the
cricket, and determined the onset of the feeding trial.

Each day, lizards were offered crickets that had been
weighed to the nearest 0.1 mg. Lizards were allowed
to consume crickets ad libitum, except for 15 NJ lizards
at 33°C that were restricted to one cricket daily to en-
sure a broad range of food consumption. Feces and uric
acid were collected daily and frozen. Each trial lasted
a minimum of 10 d, after which a second marked cricket
was fed to each lizard. Passage time was determined a
second time and the trial was ended after the appear-
ance of the second marker. By examining feces for
markers, I was certain that all feces and urate that I
collected were generated from food that was consumed
between the first and second marked crickets.

For each lizard, I calculated total consumption of
food and production of feces and uric acid during the
feeding trial. Energy ingested as food was calculated
using a regression model, obtained as follows. Thirty
crickets were weighed, dried at 55°C, and weighed
again. Linear regression was used to determine the re-
lationship between wet mass and dry mass of crickets
(dry mass = 0.25(wet mass); F,,;3 = 178.4, adjusted
r2 = 0.86, P < 0.001). Dry mass consumed was.con-
verted to energy consumption (hereafter referred to as
consumption), using an energy density of 25.6 kl/g
(Waldschmidt et al. 1986). Amounts of energy lost as
feces and uric acid were determined directly. Feces and
uric acid were dried at 55°C and weighed. A subset of
samples was combusted for bomb calorimetry (Philip-
son 1964). Energy density of feces was not affected by
temperature (Ms = 2.28, F,, = 0.48, P = 0.63), and
the average energy density of 19.7 kJ/g dry mass was
used to calculate feces production. An average energy
density of 11.0 kJ/g was used to calculate caloric con-
tent of uric acid. )

Analysis of covariance (ANCOVA) was used to de-

- termine effects of temperature (30°, 33°, and 36°C) and
population (NJ and SC) on consumption, passage time,
feces production, urate production, and MEI. Because
of the incomplete design, data on digestion at 20°C
were not included in analyses. Lizards fed a restricted
diet were excluded from comparisons of consumption
and metabolizable energy intake between populations.
Body mass was used as a covariate in all analyses.
Consumption was used as an additional covariate in
analyses of feces and urate production. Comparison of
feces production by ANCOVA allows one to determine
whether apparent digestibility coefficients (ADC) dif-
fer between NJ and SC lizards without having to an-
alyze ratios (Beaupre and Dunham 1995).

Prior to analyses, data were examined for violations
of the assumptions of ANCOVA. First, data were log
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transformed to reduce heteroscedasticity. Levene’s test
was used to assess whether variances were homoge-
neous among groups. A chi-square goodness-of-fit test
was used to examine the assumption of normality. Fi-
nally, slopes of the relationship between covariates and
dependent variables were examined for homogeneity
among treatment groups. '

When main effects and interactions were significant,
I made unplanned comparisons among means and pro-
duced a predictive equation for the dependent variable.
Tukey’s honest significant difference (hsd) test was
used to make pairwise comparisons of group means.
Multiple linear regression was used to construct pre-
dictive models. Results of ANCOVA were used as a
criterion for inclusion in regression models; if a vari-
able had no significant effect on the dependent variable
in ANCOVA, it was excluded from the model.

Thermdregulatory behavior

I measured the T, of lizards from NJ and SC in the
spring and summer of 1997. Lizards from NJ and SC
were collected on mornings and transported to labo-
ratories at the University of Pennsylvania and Savan-
nah River Site, respectively. Each individual was
placed in a thermal gradient at 1500 on the day of
collection. A thermal gradient consisted of a 38-L
aquarium with a 250-W ceramic heating element
(PEARLCO, RAM Network, Reseda, California, USA)
positioned above one end. The substrate was ~3 cm
of fine sand. Aquaria were kept in a room with an
ambient temperature of 24°C, resulting in a stable tem-
perature gradient that ranged from 26° to 38°C (oper-
ative temperatures were measured with copper models).
A combination of natural and fluorescent lighting was
used. Fluorescent lights were turned off at 1800 and
lizards remained undisturbed until 0800 the following
morning, when the fluorescent lights were turned on.
At 1000 and 1400, T, was measured with a quick-read-
ing cloacal thermometer (T-4000, Miller and Weber,
Queens, New York, USA). Lizards were not disturbed
prior to or between measures of 7,. Most lizards had
food in their stomach and large intestine when placed
in the gradient, and all lizards defecated during the
morning that 7, was measured. Thus, T, was measured
under fed conditions, which reflects the physiological
state of field-active lizards. Analysis of covariance with
repeated measures was used to examine the within-
subjects effect of time of day (morning vs. afternoon),
and the among-subjects effects of season (spring vs.
summer) and population on 7,. Body mass was used
as a covariate. Unplanned comparisons were made with
Tukey’s honest significant difference test.

From 1996 to 1998, I measured 7T, of field-active
lizards in NJ and SC. I walked transects at each study
plot in the morning (0800-1200) or afternoon (1400—
1800). Most measurements were obtained during the
breeding season (April-June), when S. undulatus is
most conspicuous. Upon sighting a lizard, I attempted
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to capture it with the least amount of disturbance. Body
temperature was not recorded if excessive chasing (=1
min) was required. Otherwise, 7, was measured to
+0.1°C with a cloacal thermometer, and the time and
date were noted. I used ANOVA to examine the effects
of time of day (0800-0900, 0900-1000, etc.) and pop-
ulation on 7. Only data collected on sunny days are
presented. .

I used the methods outlined by Hertz et al. (1993)
to evaluate the accuracy of thermoregulation in S. un-
dulatus. The accuracy of thermoregulation (d,) is the
average absolute deviation of T, from the preferred
range (i.e., set point range). This index provides a
means of comparing the extent to which body temper-
atures of NJ and SC lizards correspond to their pre-
ferred body temperatures. I defined the set point range
as the temperatures bounded by the lower and upper
quartiles of T,. Average d, was determined for each
hour, and a ¢ test was used to compare the hourly means
of NJ vs. SC lizards. Prior to analysis, the Shapiro-
Wilks’ W test was used to assess the normality of the
distributions of T.

Activity time and energy budgets

I used a biophysical model to estimate the maximum
duration of daily and annual activity of lizards in NJ
and SC. The model combines the microclimate program
of McCullough and Porter (1971) and the ectotherm
program of Grant and Porter (1992) to estimate the
number of hours per day that an individual can maintain
its T, within a preferred range. All model parameters
were specified as in Adolph and Porter (1996), except
that monthly air temperatures and relative humidities
for NJ and SC sites were obtained from the National
Climate Data Center (Asheville, North Carolina, USA).
The programs calculate thermal properties of both the
environment and a lizard in that environment. For ex-
ample, the microclimate program outputs the intensity
of solar radiation and a soil temperature profile for each
hour of the day. The ectotherm program uses output
from the microclimate model to determine how many
hours of the day an ectotherm can maintain its 7}, (here-
after referred to as daily activity time). Because climate
data used by the microclimate program are average
monthly values, daily activity time is calculated for an
average day of each month of the year.

I used the model output to estimate the maximum
duration of activity for a year (hereafter referred to as
annual activity time). In doing so, I adjusted daily ac-
tivity times calculated by the model for overestimation
of activity. For example, an individual can attain its T,
above the surface in winter months, but the soil tem-
perature is too cold to induce surface activity. Because
S. undulatus burrows during inactivity, I reasoned that
the soil temperature must reach a threshold before in-
dividuals will initiate activity on a given day. The low-
est T, values recorded for a lizard active on the surface
were 20.8° and 20.0°C for NJ and SC lizards, respec-
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tively. Therefore, I assumed that lizards would not be-
come active each day until surface soil temperature
reached a minimum of 20°C. For each month, I totaled
the number of hours that a lizard could achieve T, per
day after the onset of activity. By summing these hours
over an entire year, I arrived at an estimate of annual
activity time. :

Data on MEI field-active T,, and activity time were
used to estimate energy budgets of NJ and SC lizards.
To calculate energy budgets from maximum annual ac-
tivity, it was necessary to make the following assump-
tions: (1) lizards were active if they could maintain
their 7, (=1°C); (2) the rate of MEI observed in the
laboratory was equivalent to the maximum rate of en-
ergy assimilation in natural populations; (3) during
months in which activity was predicted, lizards main-
tained 7, during activity and a T, of 20°C during in-
activity (Niewiarowski 1992); and (4) food was not
limiting in either NJ or SC. The fourth assumption is
supported by the results of food supplementation ex-
periments conducted in the NJ population (Niewia-
rowski 1995). Even if this assumption were not valid
for both populations, my calculations would still define
maximum values for daily and annual energy budgets.

RESULTS
Thermal sensitivity of energy assimilation

Consumption was strongly affected by body mass
and temperature (Table 1). Not surprisingly, consump-
tion was positively correlated with body mass (Ms =
4245, F,,, = 47.1, P < 0.000001). Although the per-
centage of lizards that completed the feeding trials
(44%) did not differ among temperatures (x> = 0.58,
df = 3, P = 0.90), consumption per lizard was highly
dependent on temperature (Ms = 1028, F,,, = 11.4, P
= 0.0001). For lizards that were fed ad libitum, con-
sumption differed significantly among 20° (94 * 16
J-g~1.d=1), 30° (270 £ 74 J.g='-d~!), and 33°C (511 =
73 J.g='-.d~1), but did not differ significantly between
33° and 36°C (421 * 56 J-g=!-d-!). Lizards from NJ
and SC did not differ in their consumption (Ms = 54.0,
F,, = 0.60, P = 0.44), and no interaction between
temperature and population was observed (Ms = 54.3,
F,4 = 0.60, P = 0.55). Digestive data for 1995 and
1996 were pooled because no significant differences in
consumption (Ms = 0.02, F| ,; = 0.47, P = 0.50), feces
production (Ms = 0.04, F,,; = 0.74, P = 0.40), or
urate production (Ms = 0.001, F,; = 0.02, P = 0.88)
of NJ lizards were found between years.

A relatively short passage time for food must have
contributed to greater consumption at high tempera-
tures. Passage time decreased significantly with in-
creasing temperature (Ms = 0.14, F,5, = 7.22, P-=
0.002). Passage time for a single cricket was 122 = 18
h at 20°C, 47 = 9 h at 30°C, 35 = 5 h at 33°C, and 27
+ 5 h at 36°C. Passage time did not vary within in-
dividuals (+ = 0.81, df = 39, P = 0.42), and was not



November 2001

TABLE 1.

LIZARD THERMOREGULATION AND ENERGETICS

3049

Regression analyses of the effects of temperature (7°), consumption (C), and body mass (M) on passage time,

feces production, and urate production in the lizard Sceloporus undulatus.

Variable Model df F P Adjusted
Passage time (h) —20.59(T) + 0.26(7T?) + 428.86 2,1 10 889 0.007 0.99
Feces (kJ)

20°C 0.13(C) + 0.34 1, 18 26.13 0.000 0.57
30°C 0.14(C) + 0.19 1,9 43.89 0.000 0.81
33°C (NJ) 0.06(C) + 0.87(M) — 1.37 2,22 31.44. 0.000 0.72
33°C (SC) 0.07(C) + 0.10(M) + 0.43 2,6 10.77 0.010 0.71
36°C 0.24(C) — 1.56 1, 11 47.97 0.000 0.80
Uric acid (kJ)
20°C 0.03(C) + 0.10(M) — 0.06 2,17 30.06 0.000 0.75
30°C 0.11(C) + 0.30 1,9 74.52 0.000 0.88
33°C 0.06(C) + 0.30(M) + 0.004 2, 31 102.94 0.000 0.86
36°C 0.09(C) + 0.68 1, 11 161.21 0.000 0.93

Notes: Only variables that were significant in the ANCOVA were included in the models. Consumption and body mass

were expressed in kJ and g, respectively.

affected by consumption (Ms = 0.01, F,5, = 0.58, P
= 0.56). Passage time did not differ between NJ and
SC lizards (Ms = 0.008, F5, = 0.43, P = 0.51), and
no interaction between temperature and population was
observed (Ms = 0.02, F,5 = 0.85, P = 0.43). The
relationship between temperature and passage time was
nonlinear, and a second-order regression model de-
scribed 99% of the variation in passage time (Table 1).

Metabolizable energy intake was extremely sensitive
to temperature (MS = 813, F,4 = 12.4, P < 0.0001),
and the pattern of sensitivity was consistent between
populations (no interaction effect: Ms = 50.0, F,,, =
0.76, P = 0.47). Metabolizable energy intake at 33°C
was significantly greater than MEI at 30° and 36°C (Fig.
2). Unplanned comparisons revealed that the MEI of
SC lizards (34.7 += 6.8 kJ) was significantly greater
than that of NJ lizards (23.2 = 6.1 kJ) at 33°C (Tukey’s
hsd test, P < 0.05). Thus, MEI for both NJ and SC
lizards was maximized at 33°C, but maximum MEI of
SC lizards was greater than that of NJ lizards.

35

10 T T T
27 30 33 36 39

Temperature (°C)

F1G. 2. Metabolizable energy intake (MEI) was very sen-
sitive to body temperature in the fence lizard, Sceloporus
undulatus. At 33°C, the MEI of lizards from South Carolina
(open circles) was significantly greater than that of lizards
from New Jersey (solid circles). Data are adjusted means
derived from ANCOVA.

The difference in maximum MEI between NJ and
SC lizards resulted from a higher efficiency of digestion
or absorption by SC lizards. ANCOVA was used to
compare feces and urate production by NJ and SC liz-
ards at each temperature, because slopes of the rela-
tionships between covariates and dependent variables
were not homogeneous among temperatures (see Table
1). Data for 1995 and 1996 were pooled because no
significant difference in feces production of NJ lizards
was found between years (Ms = 0.04, F,,; = 0.74, P
= 0.40). After adjusting for body mass and consump-
tion, feces production by NJ lizards at 33°C (4.68 kJ)
was significantly greater (Ms = 0.25, F 3, = 22.8, P
< 0.0001) than that of SC lizards at the same temper-
ature (2.75 kJ). This result supports the conclusion that
digestion or absorption by SC lizards was more effi-
cient at 33°C. In fact, ADC of SC lizards at 33°C was
higher than that of NJ lizards (Tables 2 and 3). How-
ever, no significant difference in feces production was
observed between populations at 30° (ms = 0.00, F,,
= 0.04, P = 0.84) or 36°C (Ms = 0.04, F,, = 2.36, P
= 0.16). Urate production, adjusted for body mass and
consumption, did not differ significantly between pop-
ulations at 30° (Ms = 0.00, F,, = 0.20, P = 0.67), 33°
(Ms = 0.00, F 5, = 1.65, P = 0.21), or 36°C (Ms =
0.00, F,y = 2.13, P = 0.18). Therefore, the greater
MEI of SC lizards at 33°C was caused mainly by a
higher ADC.

Thermoregulatory behavior

Preferred body temperatures of NJ and SC lizards
were always very close to the thermal optimum for
MEI. Preferred body temperature did not differ signif-
icantly between NJ and SC lizards (Table 4), with the
average T, of NJ lizards being 32.8°C (n = 31) and
that of SC lizards being 32.9°C (n = 26). The T, of NJ
lizards was significantly higher in the summer (34.0 *
1.0°C, n = 11) than in the spring (31.5 = 1.0°C, n =
21), but no seasonal effect on the T, of SC lizards was
found (32.6 = 1.2°C and 33.2 * 0.8°C for spring and
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TaBLE 2. Results of feeding trials in Sceloporus undulatus from New Jersey held at constant temperatures.

Treatment n  Duration (d) Mass (g) C (k) F (k) U (kJ) ADCt (%) MECTt (%)
20°C 20 14 £ 1 4.6 = 0.7 6.4 = 2.0 1.0 £ 0.3 0.6 + 0.2 82+ 6 71 = 8
30°C 3 13 +£1 32 + 6.6 9.1 £83 1.1 = 0.8 1.2+ 0.6 87 = 10 72 + 18
33°C

ad libitum 15 14 =1 48 £ 1.0 297 £17.3 3.4 +09 32 0.7 88 +3 77 + 4

restricted 10 150 40 £ 1.5 20.6 = 5.2 33 +20 23 09 86 = 5 756
36°C 8 121 6.5 £ 4.5 32.5 £ 18.8 5.6 £ 4.1 3.6 1.7 84 +4 72 +£5

Note: Consumption (C), feces production (F), and urate production (U) of lizards are reported as mean and 95% confidence
interval.

+ Apparent digestibility coefficient (ADC) and metabolizable energy coefficient (MEC) are reported for comparison with

other studies.

summer, respectively; n = 13 in each season). Time of
day did not influence the T, of lizards from either pop-
ulation.

Field body temperatures corresponded well with pre-
ferred body temperatures. Lizards in both populations
maintained a relatively high and constant T, throughout
the day (Fig. 3; effect of time: Ms = 9.17, Fg 4 =
1.49, P = 0.16). Overall, the average T, of NJ lizards
(34.0- £ 0.3°C, n = 243) was higher than that of SC
lizards (33.1 = 0.4°C, n = 242), but body temperatures
of NJ and SC lizards did not differ significantly at any
specific hour (Tukey’s hsd test, all P > 0.05). Although
T, of NJ lizards varied significantly between spring and
summer, there was a remarkable similarity between av-
erage T, of NJ lizards in spring (33.8°C) and summer
(34.0°C). Lizards in New Jersey thermoregulated more '
accurately (¢ = —2.58, df = 16, P = 0.02) than those
in South Carolina (d, = 0.8 *+ 0.3°C and 1.5 +.0.4°C
for NJ and SC lizards, respectively). Even so, lizards
from both populations maintained body temperatures
that were very close to T, (Fig. 4).

Activity time and energy budgets

Activity times predicted by the biophysical model
were in accord with activities observed in the field
(Table 5). The model predicted that daily activity time
of SC lizards in spring would be 2 h longer than daily
activity time of NJ lizards, and I observed that SC
lizards were active for 1.5 h longer. Also, the model
predicted no difference in daily activity time in sum-
mer; a difference of only 0.2 h was observed. Although
there were discrepancies between predicted and ob-
served activity (particularly in summer), daily activity
predicted by the model was always equal to or greater
than that observed in the field. This result is consistent
with the notion that the model calculated the maximum

duration of activity by a lizard. Additionally, annual
activity times corresponded well to qualitative expec-
tations. Lizards in SC were predicted to become active
in March and cease activity in November, whereas liz-
ards in NJ were predicted to become active in April
and cease activity in October. These patterns of annual
activity were observed in the SC and NJ populations
of S. undulatus during this study. Given the qualitative
match between activity predicted by the biophysical
model and activity observed in the field, I considered
activity times predicted by the model to be useful for
estimating energetics of field-active lizards in these
populations.

Annual energy budgets of SC lizards were ~60%
larger than those of NJ lizards because of their longer
activity time at 7, and greater MEI (Table 5). Lizards
in SC were active for a longer daily duration in spring,
but observed activity was similar between NJ and SC
lizards in summer (Table 5). Daily energy budgets for
SC lizards were 28% and 16% larger than NJ lizards
in spring and summer, respectively (Table 5). The com-
bined effects of an additional 1.5 h of activity and a
higher digestive efficiency account for the greater dif-
ference in daily MEI in spring, whereas digestive ef-
ficiency accounts for most of the difference in daily
MEI in summer. Maximum annual activity at T, is the
same for juvenile and adult lizards (model output was
not sensitive to body size in the range considered), but
was greater for SC lizards (2632 h) than for NJ lizards
(1864 h). Based on these annual activity times, esti-
mates of annual MEI for NJ and SC juveniles were 104
kJ and 165 kJ, respectively, whereas those for NJ and
SC adults were 310 kJ and 495 kJ, respectively. The
longer annual activity time and the higher digestive
efficiency of SC lizards each account for a large per-

TABLE 3. Results of feeding trials in Sceloporus undulatus from South Carolina held at constant temperatures.

Treatment n Duration (d) Mass (g) C (kI) F (k) U (k) ADCY (%) MECT (%)
30°C 8 13 +£1 6.0 = 2.5 19.4 = 8.0 24+ 1.0 24 +0.9 88 2 75 £ 2
33°C 9 12 =1 6.5 £ 0.8 42.0 = 7.7 3.2 £ 0.5 4.1 £ 0.6 92 + 1 82 =1
36°C 5 13+0 6.7 £ 4.3 31.8 £ 13.9 4.1 £ 2.7 33+1.2 87 + 4 77 £ 3

Note: Consumption (C), feces production (F), and urate production (U) ‘are reported as mean and 95% confidence interval.
+ Apparent digestibility coefficient and metabolizable energy coefficient are reported for comparison with other studies.
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TaBLE 4. ANCOVA for the effects of population, season, and time of day on the preferred

body temperature of Sceloporus undulatus.

Source df MS F P

A) Between-subjects effects

Population 1,52 3.04 0.41 0.52

Season 1,52 41.85 6.61 0.02

Population X Season 1, 52 7.45 2.78 0.10
B) Within-subjects effects

Time of day 1, 53 7.45 1.30 0.26

Time X Population 1, 53 5.33 0.93 0.34

Time X Season 1, 53 2.45 0.43 0.52

Time X Population X Season 1,53 -2.64 0.46 0.50

centage of the difference between the energy budgets
of SC and NI lizards.

DISCUSSION

Metabolizable energy intake is a function of con-
sumption, apparent digestibility, and urate production,
each of which covaried with temperature in a unique
way. In Sceloporus undulatus, the combination of these
variables resulted in a nonlinear relationship between
temperature and MEI, with MEI increasing from 30°
to 33°C, but decreasing from 33° to 36°C (Fig. 2). Tem-
perature exerts much of its effects on MEI by influ-
encing the propensity to feed. As reported for other
species (e.g., Dutton et al. 1975, Waldschmidt et al.
1986, Van Damme et al. 1991), I found that consump-
tion increased nonlinearly with increased temperature.
Two mechanisms may be responsible for the greater
consumption at higher temperatures. First, temperature
influences the performance of activities associated with
feeding (Bennett 1990). For example, sprint speed in-

38

36 8 26 41 47 30 29 35 21 6
)
< 34
o
5
T 327
@
£ 301 24 43 23 12 27 49 32 19
@ 7
'._
& 28
o
o

261

6
24 . : : . r
0800 1000 1200 1400 1600 1800
Time of Day
FiG. 3. Fence lizards in New Jersey (solid circles) and

South Carolina (open circles) maintained relatively high and
constant body temperatures from morning until evening. Error
bars denote the 95% confidence intervals of the means. The
dotted lines mark the upper and lower bounds of the set point
range (central 50% of preferred body temperatures). The top
and bottom rows of numbers contain sample sizes for lizards
from New Jersey and South Carolina, respectively. Field body
temperatures did not differ significantly between populations
at any time period (Tukey’s hsd test, all P > 0.05).

creased and capture and handling time decreased with
increasing T, in Lacerta vivipara (Van Damme et al.
1991). Speed of striking and success at capturing prey
increased with increasing T} in the gopher snake Pi-
tuophis catenifer (Greenwald 1974). Furthermore, per-
formance seems to have an asymptotic relationship
with temperature, similar to that observed for con-
sumption; no significant variation in capture and han-
dling time was noted above 30°C in L. vivipara (Van
Damme et al. 1991). It is possible that temperature-
induced constraints on locomotion contributed to the
significant difference in consumption between lizards
at 20° and 30°C. It is more likely, however, that passage
time limits consumption at low temperatures. Because
ingestion is limited by gut capacity, an environment
that favors rapid passage of food would allow a higher
rate of feeding. The shorter passage time at 33°C rel-
ative to 30°C was associated with greater consumption.
However, lizards did not consume more food at 36°C
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temperature and the set point range (central 50% of preferred
body temperatures).



3052

TABLE 5.

MICHAEL J. ANGILLETTA, JR.

Ecology, Vol. 82, No. 11

Duration of daily activity in New Jersey (NJ) and South Carolina (SC) populations

of Sceloporus undulatus based on earliest and latest observations in the field:

Observedi activity (h)

Estimated activity

Dura- Time of day Dura- Daily MEIT (J)

Season - n Earliest Latest tion Earliest Latest tion (h) Juvenile Adult
Spring

NJ 10 1024 1706 6.7 1100 1800 7 431 1292

SC 28 0930 1739 8.2 0900 0900 9 551 1653
Summer

NJ 36 0920 1753 8.6 0800 2000 12 499 1498

SC 9 0841 1728 8.8 0800 2000 12 580 1740

Notes: For comparison, the maximum daily activity estimated by a biophysical model (Grant
and Porter 1992) is reported. For spring and summer, the number of days on which observations

were made (n) is given.

+ Observed activity was used to calculate daily MEI for a 3-g juvenile and a 9-g adult. For
details, see Methods: Activity time and energy budgets.

than at 33°C, even though passage time at 36°C was
even shorter.

Thermoregulatory behavior is thought to be influ-
enced by the thermal sensitivity of physiological per-
formance (Bennett 1980, Huey and Bennett 1987, Huey
et al. 1989). Because the resting metabolic rate of S.
undulatus is relatively insensitive to temperature (An-
gilletta 2001), net energy assimilation is maximized at
the thermal optimum for MEI. If individuals prefer a
body temperature that is close to the thermal optimum
for MEI, then thermoregulatory behaviors should en-
hance energy acquisition in natural ‘populations (van
Marken Lichtenbelt et al. 1997). In S. undulatus, the
close match between the T, and the thermal optimum
for MEI suggests that lizards place a premium on phys-
iological processes that pertain to energy acquisition.
Moreaver, individuals in both populations used behav-
ioral thermoregulation to enhance MEI Even though
average air temperature in South Carolina was consis-
tently 5—10°C warmer than that in New Jersey (National
Climate Data Center, unpublished data), field body
temperatures of SC and NJ lizards did not differ sig-
nificantly. During activity, lizards maintained a T}, with-
in 2°C of T, (Fig. 4). Consequently, average T, of field-
active lizards corresponded extremely well to the ther-
mal optimum for MEI. Similar field body temperatures
have been observed in other populations of S. undu-
latus. In Nebraska, the T, of S. undulatus averaged 33.7
+ 0.3°C (P. H. Niewiarowski, personal communica-
tion). In southwestern Utah, S. undulatus had an av-
erage T, of 32.7°C (Grover 1996). The homogeneity of
field body temperatures among populations indicates
that lizards can thermoregulate accurately in a wide
range of thermal environments. In fact, behavioral
compensation for altitudinal or latitudinal variation in
the thermal environment is common (Hertz 1981, Hertz
and Huey 1981, Adolph 1990, Diaz 1997, Schwarzkopf
1998). In this case, the high accuracy of thermoregu-
lation allows lizards in different environments to as-
similate energy at a relatively high rate. Because ec-

totherms grow faster when permitted to thermoregulate
(reviewed by Waldschmidt et al. 1987, Sinervo and
Adolph 1989, 1994, Autumn and DeNardo 1995), many
species may prefer body temperatures that enhance en-
ergy assimilation.

The life history of S. undulatus varies considerably
among populations, and much of this variation is be-
lieved to be induced by the thermal environment (Nie-
wiarowski 1994). Maximum activity time predicted
through biophysical modeling is correlated with age at
maturity, adult body size, and annual reproductive out-
put (Grant and Porter 1992, Adolph and Porter 1993,
1996). Experimental evidence corroborates the predic-
tions of biophysical models. Niewiarowski (2001) es-
timated that lizards in Nebraska (NE) can maintain T,
for up to 3 h longer than lizards in NJ each day, and
that this difference in activity time corresponds to a
larger annual production budget for NE lizards. Nie-
wiarowski and Roosenburg (1993) transplanted hatch-
lings from NE to NJ, and observed slow growth in
transplanted hatchlings relative to hatchlings that re-
mained in NE. However, hatchlings transplanted from
NIJ to NE did not grow faster than those that remained
in NJ. Similarly, “common garden’ studies have re-
vealed apparently genetic bases for intraspecific vari-
ation in life histories of Sceloporus lizards (Sinervo
1990, Ferguson and Talent 1993, Sinervo and Adolph
1994, Niewiarowski 1995). Genetic divergence in be-
havior and physiology among populations may be just
as important as environmental factors in producing
geographic variation in the life history of S. undulatus
(Niewiarowski 1994).

The relatively high annual production of S. undulatus
in South Carolina results, in part, from more oppor-
tunities for thermoregulation. Specifically, the energy
budgets of SC lizards would exceed those of NJ lizards
if SC lizards are either active at a T, that is closer to
the T, (i.e., higher accuracy of thermoregulation) or
maintain their 7, for a longer period of time. The former
scenario is unlikely because the thermoregulation in S.
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undulatus is extremely accurate. The latter scenario is
very plausible. Despite the high accuracy of thermo-
regulation in S. ‘undulatus, the temporal and spatial
availability of suitable microclimates should influence
the energetics and life history of this species. Energetic
benefits of increased activity time may be mediated by
a longer duration of activity at the thermal optimum
on a daily and seasonal basis, rather than by differences
in the accuracy of thermoregulation during activity.
Daily and annual activity times for NJ and SC lizards
indicate that intraspecific variation in the energetics of
S. undulatus is affected by differences in activity time
among populations. Lizards from South Carolina had
a longer daily activity time in spring; presumably, the
same is true for fall. The longer daily activity time of
SC lizards in spring would result in a daily. MEI that
is 28% greater than that of NJ lizards (Table 5). Ad-
ditionally, lizards in SC become active one month ear-
lier and cease activity one month later than lizards in
NJ (see Results). The greater duration of annual activity
by SC lizards can account for up to 38% more metab-
olizable energy per year. Given that lizards thermoreg-
ulate accurately at-a T, that maximizes MEI, these dif-
ferences in-activity time would account for the greater
annual production of SC lizards.

Intraspecific variation in digestive physiology may
play a significant role in producing geographic varia-
tion in the growth and reproduction of S. undulatus.
Metabolizable energy intake of SC lizards at 33°C was
significantly greater than that of NJ lizards. The dif-
ference in MEI resulted from the higher ADC of SC
lizards, because the production of feces at 33°C was
greater for NJ lizards than it was for SC lizards. Be-
cause feces production was adjusted for body mass and
consumption before comparison, the difference in feces
production between populations was due to divergence
in physiology between populations. Differences in
ADC between populations have been documented pre-
viously (e.g., Beaupre and Dunham 1995, Khokhlova
et al. 1997, Kirkwood and Robertson 1997), but in this
case there is a clear link between differentiation of
digestive physiology and a difference in the energy
budgets of individuals in these populations. As a result
of the difference in ADC at 33°C, the MEI of lizards
from SC was 32% greater than that of NJ lizards (Fig.
2). Furthermore, the higher rate of MEI for SC lizards
at T, amplifies the effect of the longer activity season
in SC on the difference between energy budgets of NJ
and SC lizards. For example, a NJ lizard in the SC
environment would assimilate 39% more energy per
year than a NJ lizard in the NJ environment. However,
a SC lizard in the SC environment would assimilate
60% more energy per year than a NJ lizard in the NJ
environment. Therefore, digestive physiology partially
explains the greater annual growth and reproduction
exhibited by lizards in SC. .

Why is the digestive efficiency of SC lizards higher
than that of NJ lizards? One possible explanation is
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that the higher digestive efficiency of SC lizards is
actually a consequence of a ‘‘fast growth” strategy
(Arendt 1997). Growth hormone increases intestinal
mass and absorption capacity in vertebrates (Stevens
et al. 1999, Stevens and Devlin 2000), so fast growth
should be associated with relatively high digestive ef-
ficiency. Therefore, the relatively fast growth of SC
lizards caused by-longer daily activity at T, may en-
hance digestive performance and further amplify dif-
ferences in growth between populations. Why does nat-
ural selection not favor the evolution of increased di-
gestive efficiency in NJ lizards to compensate for the
shorter activity season? There is some evidence that a
fixed strategy of slow growth has been favored in the
NJ population (Niewiarowski 2001). First, hatchling
lizards transplanted from NJ to NE do not grow faster
even though the NE environment permits an additional
2 h of activity at T, per day (Niewiarowski and Roos-
enburg 1993). Also, hatchlings from NJ that are reared
in the laboratory with unlimited food and exposure to
a heat source for 14 h/d do not grow faster than hatch-
lings in the natural population (Niewiarowski 1995).
Slow growth would be associated with lower levels of
growth hormone; therefore, one might expect the di-
gestive performance of NJ lizards to be relatively poor.
Although a significant difference in fecal production
was detected only at 33°C, SC lizards tended to have
a higher ADC than NJ lizards at 30° and 36°C as well
(Tables 2 and 3). It is possible that the apparent di-
gestibility in SC lizards is generally higher than that
in NJ lizards, but that low statistical power prevented
me from detecting significant differences at all tem-
peratures. Additional studies to determine whether
growth in body length or mass is related to enhanced
digestive performance in lizards would help to evaluate
the plausibility of this mechanism for differences in
ADC between populations.

My conclusions about the relative contributions of
environmental and physiological constraints on energy
assimilation to the difference in annual production be-
tween populations of S. undulatus are based on esti-
mates of energy assimilation by field-active lizards.
Thus, it is necessary to consider potential sources of
error in these estimates. Data on digestibility are likely
to be accurate for lizards feeding on adult insects, the
major prey of both NJ and SC lizards (M. J. Angilletta,
Jr., unpublished data), because measures of digestive
performance were made within one week of capture.

-However, the use of lab measures of MEI to estimate

energy assimilation in nature relies on several as-
sumptions. First, I assumed that neither population of
S. undulatus was food limited. Although results of sup-
plemental feeding studies support this assumption for
NJ lizards (Niewiarowski 1995), there is no direct ev-
idence to support the same assumption for SC lizards.
However, food limitation of SC lizards would not con-
tribute to greater annual production by SC lizards;
therefore, thermal and physiological constraints on di-
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gestion would be even more important to understanding
intraspecific variation in annual production if SC liz-
‘ards were food limited and NJ lizards were not. Second,
I assumed that body temperature during inactivity was
20°C for lizards in both populations. This assumption
is almost certainly violated. Soil temperatures in SC
are warmer than those in NJ, but this difference is
usually a few degrees (e.g., minima for soil tempera-
tures in NJ and SC during June are 17.7°C and 21.5°C,
respectively). By assuming the same nighttime body
temperature for NJ and SC lizards, I may have over-
estimated energy assimilation by NJ lizards, although
- the very low passage rate at 20°C (122 = 18 h for a
single cricket) would minimize the magnitude of error
caused by this violation. Third, I assumed that digestive
performance at constant temperatures can be used to
predict performance under the diel cycles of temper-
ature experienced by individuals in nature. Although
there are no data to evaluate the validity of this as-
sumption, variation in temperature should not alter my
conclusions qualitatively. Lizards in both populations
experienced similar diel cycles of temperature, so the
relative difference in energy assimilation should be ac-
curate.

The absolute values of estimated energy budgets in
S. undulatus are comparable to those for similar-sized
lizards. For three species of iguanian lizards, Congdon
et al. (1982) reported annual MEI of adults that ranged
from 215 to 465 kJ. In comparison, I estimated annual
METI to be 310 kJ and 495 kJ for adults of S. undulatus
from NJ and SC, respectively. My values of annual
energy assimilation for juveniles of S. undulatus are
certain to be underestimates because I assumed a con-
stant body mass of 3 g, whereas juveniles are growing
rapidly during the year. However, my estimates for ju-
veniles compare favorably to those calculated for adults
of smaller species of lizards. For example, Nagy (1983)
used a combination of lab and field methods to estimate
annual energy assimilation in adults of Uta stansbu-
riana (body mass = 2.6-3.3 g). Nagy’s values of 132—
149 kJ for U. stanburiana are similar to my estimates.
of 104 and 165 kJ for juveniles of S. undulatus from
NJ and SC, respectively. Given these considerations,
conclusions that I have drawn from comparison of en-
ergy budgets in S. undulatus should be valid.

The role of physiology in generating geographic var-
iation in life histories is less understood than that of
the environment, perhaps because data on the extent of
physiological divergence between populations are rare-
ly available (Garland and Adolph 1991). Environmen-
tal factors, such as temperature and food availability,
have been posited to be the proximate causes of geo-
graphic variation in the life history of S. undulatus
(Niewiarowski 1994). In fact, biophysical models used
to draw inferences about the proximate causes of life
history variation in S. undulatus assume that no di-
vergence in physiology among populations has oc-
curred (Grant and Porter 1992, Adolph and Porter 1993,
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1996). I have demonstrated that both environmental
and physiological factors determine energy assimila-
tion in S. undulatus. A difference in digestive efficiency
between populations compounds the effect of the ther-
mal environment. This result underscores the impor-
tance of considering multiple causality when investi-
gating ecological phenomena (Quinn and Dunham
1983). A more complete understanding of the proxi-
mate causes of life history variation will aid efforts to
explain the evolution of life histories in S. undulatus
and other geographically widespread ectotherms.
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