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DAILY VARIATION IN THE BODY TEMPERATURES OF
FREE-RANGING GARTER SNAKES!

CHARLES R. PETERSON?
Department of Zoology, Washington State University, Pullman, Washington 99164 USA

Abstract. This study describes how the body temperatures (7},) of individual garter
snakes varied on a daily basis under field conditions. Temperature-sensitive radio trans-
mitters were surgically implanted into 10 Thamnophis elegans vagrans in eastern Wash-
ington. The snakes were released and monitored at 15-min intervals for periods of up to
several days from June 1979 to May 1980. Operative environmental temperatures were
estimated with painted metal models and were used to indicate possible 7°,’s. The com-
bination of telemetered body temperatures with operative temperature data permitted
detailed description of T, variation and evaluation of the relative importance of the physical
environment and behavior in determining that variation. The physical environment usually
prevented the snakes from attaining preferred (selected) 7',’s and thus limited when and
where they could be active and potentially reduced their physiological performance. On
cool days or at night, when operative temperatures (7,) were <15°C, the snakes remained
underground and body temperatures changed gradually. On moderate days (15° < T, <
30°), the snakes usually emerged but were unable to maintain preferred body temperatures,
and T, variation was marked. On warm days (7, > 30°), the snakes selected 7,’s within
their preferred temperature range, and variation in T}, was small (e.g., range = 28.0°-32.5°,
X =29.9°, sp = 1.32°). The snakes stayed within their preferred temperature range >90%
of the time when 7', > 30°. Their high thermoregulatory precision and thermal utilization
presumably maintained high levels of physiological performance on warm days. Delays in
emergence accounted for most instances in which the snakes did not utilize available
thermal opportunities.

Key words:  body temperature; garter snake; operative environmental temperature; radiotelemetry;
reptiles,; snakes; Thamnophis elegans vagrans; thermal ecology, thermal preference; thermoregulation,

Washington.

INTRODUCTION

The body temperatures of reptiles depend on both
the magnitude of temperature variation present in the
environment and the ability of these animals to reg-
ulate heat exchange with the environment. Most stud-
ies to date have emphasized the success of reptiles at
maintaining relatively constant, often high, body tem-
peratures (7°,) and the consequences of this stenother-
my for organismal performance (Avery 1982, Huey
1982; but see Huey and Webster 1976). This emphasis
may be misplaced, however, for several reasons, in-
cluding: (1) phylogenetic and ecological biases in the
species studied; (2) inadequate descriptions of thermal
environments; and (3) incomplete data on temporal
variation in the 7,’s of individual animals (especially
when inactive).

The vast majority of studies of 7, variation have
focused on diurnal lizards in open habitats (Avery 1982,
Huey 1982). Studies of reptiles with less access to heat
(e.g., nocturnal, fossorial, aquatic, or forest forms) sug-
gest that such animals usually exhibit lower and/or

' Manuscript received 21 June 1985; revised 30 April 1986;
accepted 7 May 1986.

2> Present address: Department of Anatomy, 1025 East 57th
Street, University of Chicago, Chicago, Illinois 60637 USA.

more variable body temperatures when active (Huey
and Slatkin 1976, Avery 1982). Consequently, studies
of a wider variety of species (both phylogenetically and
ecologically) are needed to obtain a general view of
body temperature variation in reptiles (Avery 1982,
Huey 1982).

Descriptions of thermal environments that indicate
the range of 7°,’s available to an ectotherm are needed
to determine the extent to which body temperatures
(and thus physiology and behavior) are constrained by
physical factors. Without such descriptions, it is often
difficult or impossible to determine whether environ-
mental factors or the physiology and behavior of the
animal are responsible for particular 7\, patterns (Heath
1965). Few studies of reptilian body temperatures have
accurately described the potential range of 7’s so that
the distinction between environmental and organismal
determinants of T, could be made; notable exceptions
include Christian et al. (1983), Porter and Tracy (1983),
Waldschmidt and Tracy (1983), and Crawford et al.
(1983).

The usual procedure for measuring the body tem-
peratures of reptiles may also bias results. Most field
T, data are based upon nonrepetitive temperature
measurements of different animals. Such data will mask
individual differences in temperature selection. Fur-
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thermore, because most of these 7', measurements are
from active animals, relatively little is known about
body temperature variation during periods of inactiv-
ity (e.g., during sleep, aestivation, or hibernation) even
though these periods account for the majority of time
spent by most reptiles (Huey 1982).

The concepts and techniques needed to address these
problems have been developed during the past two
decades. Mathematical models of heat transfer or phys-
ical animal models can be used to measure the potential
range of an ectotherm’s body temperatures for a given
environment (Porter et al. 1973, Bakken and Gates
1975, Campbell 1977, Tracy 1982). Radio transmitters
can be used to measure repeatedly the body temper-
atures of individual animals (e.g., Mackay 1964, Steb-
bins and Barwick 1968, Osgood 1970, Lang 1979).
Continuous 7, and environmental measurements make
it possible to determine the extent to which reptiles
utilize the thermal opportunities available to them, in
addition to providing more accurate field measure-
ments of body temperature selection. These techniques
have seldom been integrated in a single study, however
(e.g., Christian et al. 1983).

The study reported here investigated: (1) how the
body temperatures of individual garter snakes (Tham-
nophis elegans vagrans) from eastern Washington var-
ied in the field and (2) the importance of the environ-
ment and behavior in determining that variation. The
approach consisted of (1) using physical models of the
snakes to characterize their thermal environments and
(2) using surgically implanted, temperature-sensitive
radio transmitters to monitor the body temperatures
of free-ranging snakes for entire days during different
seasons. The body temperatures preferred (selected) by
garter snakes in laboratory thermal gradients were used
to indicate when environmental conditions may have
constrained body temperatures. This approach re-
vealed that the snakes were unable to attain preferred
body temperatures during much or all of each day
throughout the year but that, with several interesting
exceptions, they thermoregulated precisely when en-
vironmental conditions permitted.

MATERIALS AND METHODS
Study site

The study was conducted at the Turnbull Pine Re-
search Natural Area, a 81-ha tract located within the
Turnbull National Wildlife Refuge (Spokane County,
Washington; R43 E, T 21 N, Section 25). The elevation
ranges from 685 to 715 m. Monitoring of the snakes
was concentrated around three small (<6 ha), shallow
(<3 m), eutrophic lakes surrounded by 3-8 m basalt
cliffs and slopes. The vegetation of the natural area
includes: (1) colonies of cattails (Typha latifolia) and
tule (Scirpus); (2) moist meadows dominated by Phal-
aris arundinacea and Deschampsia caespitosa; (3)
stands of quaking aspen (Populus tremuloides), (4)
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grassland dominated by bluebunch wheatgrass (A4gro-
pyron spicatum), Idaho fescue (Festuca idahoensis), and
Bromus spp.; and (5) two types of Ponderosa pine forest
communities, Pinus ponderosa/ Festuca idahoensis and
Pinus ponderosa/Symphoricarpos albus/Calamagros-
tis rubescens (Franklin et al. 1972).

Implantation of transmitters

Six female and four male garter snakes (snout-vent
length 482-703 mm, mass 50-209 g) were collected
and brought to the laboratory. Individuals were iden-
tified by clipping ventral scales (Brown and Parker
1976).

Each snake was placed in crushed ice for 3—4 h (to
ensure immobilization) before implantation of the
transmitter. The site of the incision (=65% of the way
down the body, just posterior to the spleen and pan-
creas) was swabbed with a povidone-iodine solution
(Betadine) followed by 70% ethyl alcohol. The pre-
sterilized transmitter was implanted subcutaneously
through the incision in the lateral portion of 5-6 ventral
scutes and forced posteriorly. Although the transmit-
ters were implanted superficial to the peritoneum, they
usually were surrounded by it upon removal (which
occurred =30 d after implantation). The incision was
sutured shut and then sprayed with furazolidone (To-
pozone).

The snakes rapidly recovered and were released at
the site of capture within 24 h after the operation and
no more than 5 d after capture. Subsequent behavior
(movements, feeding, gestation, etc.) appeared normal.
The snakes were followed for 7 to 122 d (mean = 43
d). After =1 mo, surgical procedures were repeated on
five of the snakes to replace transmitter batteries.

To determine if the head, body, and tail regions dif-
fered in temperature, I compared telemetered body
temperatures with esophageal and cloacal tempera-
tures (measured with a Schultheis thermometer) from
snakes captured in the field. The means and the vari-
ances of 21 pairs of body and cloacal temperature mea-
surements were not significantly different (paired ¢ test
of means, P > .3; F test of variances, P > .1). The
means of 17 pairs of esophageal and cloacal temper-
ature measurements (some from snakes without trans-
mitters) were not different (P > .2), buti the esophageal
temperatures were significantly less variable than the
cloacal temperatures (P < .025) (Peterson 1982).

Radiotelemetry system

Model T temperature-sensitive radio transmitters
(Mini Mitter Company, Sunriver, Oregon) and two
1.5-V silver oxide batteries were contained in a plastic
capsule coated with a paraffin/silicone mixture (ap-
proximately 12 x 30 mm and 4 to 5 g). These trans-
mitters resolve temperature differences of 0.5°C, trans-
mit under field conditions for =30 d, and have a range
of =®5-100 m depending upon orientation and the de-
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Fic. 1. Representative comparison of body temperatures

(—) of an anesthetized Thamnophis elegans vagrans with
snake model temperatures (——-). The experiment began at
0820 (Local Solar Time) on 7 October 1979.

gree of obstruction. To minimize calibration drift, the
transmitters were allowed to run for 1 mo before they
were implanted (after a change of batteries). The trans-
mitters were calibrated against a Schultheis quick-read-
ing thermometer both before and (if recovered) after
use in the snakes, but no significant calibration shifts
occurred.

Lafayette HA 420 “walkie talkies,” modified with
beat frequency oscillators, were used as receivers. The
built-in telescoping antenna or a 15 to 30 m length of
insulated 1-mm (18-gauge) copper wire was used as an
antenna. A cassette tape recorder, powered by a 6-V
battery and controlled by a custom-built timer, re-
corded the signals from the receiver for =40 s at in-
tervals of 15 min.

Physical model

Operative temperatures (7,; Bakken and Gates 1975)
were estimated by using a physical model of a garter
snake. The model consisted of a straight, 700 mm long
piece of hollow copper tubing, 16 mm in diameter, 1
mm wall thickness, that weighed 170 g, and was paint-
ed gray. The spectral reflectances of the dorsal surfaces
of a light and a dark 7. e. vagrans and of a copper plate
(spray-painted with Western Auto gray auto primer)
were measured with a Beckman DK-2a spectroreflec-
tometer at wavelengths between 290 and 2600 nm
(Porter 1967). The average reflectance (18.1%) of the
paint fell between the reflectance values for the light
and dark snakes (18.4 and 15.7%, respectively).

To test the accuracy of the model for predicting 7°,’s
for a particular microclimate, I compared the temper-
atures of the model snakes (7,,) with temperatures of
anesthetized snakes under field conditions. Model and
anesthetized snake temperatures generally agreed well
(correlation coefhicient = 0.96, N = 45) even though
the model changed temperature more rapidly than did
the snake. A representative comparison is shown in
Fig. 1.

From 14 June to 19 August 1979, the model was
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placed on the ground, in the open, within several metres
of the snake being monitored at the time. However,
because of shading by trees and other objects, the mod-
el was later moved onto an open ridge on the northwest
corner of Middle Findley Lake, 20 m from the site
of most subsequent monitoring. All model readings
after 19 August 1979 were from this location. The
model was placed in the open at the surface to deter-
mine the maximum 7.’s during the day (relatively low
T.s were always available underground). A Temp-
scribe (—34° to +49°C) recording thermometer, cali-
brated to within 1°, was used to measure and record
model temperatures. The 7-d temperature charts could
be read to within 30 min. The probe from this ther-
mometer was placed in the middle of the snake model,
the ends of which were then closed with foam rubber
or rubber stoppers.

A Tempscribe (—5°to + 15°) recording thermometer
was used to measure 20 cm deep soil temperatures and
rock temperatures 20 cm deep in the talus of the Middle
Findley Lake denning site in the spring of 1980.

Sampling procedure

Body temperatures of snakes were monitored each
week (irrespective of weather conditions) from 14 June
to 23 October 1979 and from 29 March to 19 May
1980. Seven snakes were monitored in 1979 and three
snakes were monitored in 1980. Body temperature re-
cordings of individual snakes were made at 15-min
intervals for periods of up to 67 h. Although measured
continuously, model temperatures are reported at 30-
min intervals because of resolution limitations of the
recording thermometer.

The snakes usually were recaptured each week and
the condition of each was noted: mass, digestive state
(via palpation), reproductive condition (via palpation
and cloacal smears), shedding state, and general health.
In addition, direct observations of their behavior
(basking, hunting, mating, etc.) occasionally were made.
The snakes were very sensitive to the presence of peo-
ple. Although considerable care was taken to avoid
frightening the snakes, inadvertent disturbances oc-
curred on =10% of the monitoring days. Data from
disturbed snakes were discarded. Further details on all
of the materials and methods employed in this study
can be found in Peterson (1982).

RESULTS AND DISCUSSION
Temperature selection in the laboratory

The body temperatures selected by garter snakes in
laboratory thermal gradients were used to indicate when
environmental conditions may have constrained body
temperatures. The preferred (=selected) body temper-
ature range is the range of temperatures maintained by
an ectotherm in a laboratory temperature gradient
(Pough and Gans 1982). The mean preferred body tem-
peratures of garter snakes (Thamnophis spp.) average
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Fic. 2. Daily body temperature patterns. (A) Plateau pattern. (B) Oscillating pattern. (C) Smooth pattern. Telemetered
body temperatures (7,) from individual free-ranging Thamnophis elegans vagrans, snake model temperatures (7,,) at the
surface, and 20 cm deep ground temperatures (7,) are plotted vs. time of day (Local Solar Time). Sunrise () and sunset (|)
are indicated on time axis. Note that during the heating phase on 5 August the snake was able to find a microhabitat that

was warmer than that where the model was placed.

~28°C, ranging from 24.5° to 30.7° depending on the
season of the year, ingestive status, reproductive con-
dition, etc. (Stewart 1965, Scott 1978, Scott and Pettus
1979, Lysenko and Gillis 1980). The mean preferred
T, for nine T. e. vagrans from eastern Washington that
were exposed to substrate thermal gradients in the lab-
oratory was 29.6° (SE = 0.25°, N = 45) (B. P. Kinney
and C. R. Peterson, personal observation). In this study,
I considered the physical environment to be a potential
constraint on snake temperatures if the surface model
temperature was <30°.

Daily body temperature patterns

Daily body temperature (7,) records were of three
types: plateau, oscillating, or smooth (Fig. 2). The first

type, termed the plateau pattern (Fig. 2A), consisted
of three phases: heating, plateau, and cooling. This was
the most common pattern and was observed only on
warm days (7, > 30° Table 1). During the morning
heating phase, the snakes usually warmed quickly (mean
rate = 0.22°/min) from the minimum daily 7, and soon
reached the preferred temperature level. The initial
sharp rise in T}, presumably corresponded to the snake’s
emergence and exposure to the sun. During the plateau
phase, body temperatures were relatively stable (see
Thermoregulatory Precision). The duration of the pla-
teau phase ranged from 4 to 12 h. The snakes often
were active during this phase and selected a variety of
microhabitats (above or below ground; on rocks, dirt,
under bushes, in the grass, or in the water; and in open
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FiG. 3. Body temperature frequency distribution for a pla-
teau pattern 7, record. The relative frequencies are based on
97 T, readings taken from a free-ranging, gravid Thamnophis
elegans vagrans over a 24-h period on 22-23 June 1979.
Temperature readings from the B cooling, O heating, and &
plateau phases are distinguished.

sun, shade, or a sun/shade mosaic). The cooling phase
began in the afternoon and ended the following morn-
ing. Cooling rates were relatively low (<0.03°/min).
During the cooling phase, the snakes were underground
(in a burrow or talus) or under cover (e.g., under a log
or a large rock). Body temperature frequency distri-
butions for plateau patterns were bimodal (Fig. 3); the
low and high portions of the distributions correspond-
ed to the cooling and plateau phases, respectively.

The second type, the oscillating pattern (Fig. 2B),
was characterized by a period of variable rather than
stable 7',’s during the day (i.e., an oscillating rather
than a plateau phase). This pattern usually occurred
on moderate days, when daytime model temperatures
ranged between 15°and 30° (Table 1). Snake 7’s often
exceeded the model temperatures by several degrees
during these oscillating periods, presumably because
the snakes could select warmer microhabitats and make
behavioral adjustments such as coiling. Initial rates of
cooling were often relatively high (up to 0.56°/min).
Observations of other garter snakes at the study site
indicated that they moved less extensively and spent
more time in the open under oscillating phase condi-
tions than during plateau phases.

The third type, the smooth pattern (Fig. 2C), was
characterized by gradual or no change in 7, throughout
an entire 24-h period. This pattern usually occurred
on cool days (7, < 15°% Table 1) and, with one excep-
tion, the snakes did not reach the preferred temperature
level. Snakes displaying smooth patterns were under-
ground or under surface objects for the entire day.

These pattern types were strongly correlated with the
daily weather conditions (Table 1). Plateau patterns
occurred on 20 of 23 (87%) of the warm days (T,, >
30° during the day); oscillating patterns on 10 of 11
(91%) of the moderate days (15° < T,, < 30°; and
smooth patterns on 5 of 5 (100%) of the cool days
(T, < 15° (x* = 53.36; P < .005).

CHARLES R. PETERSON
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Both the thermal environment and the behavior of
the snakes determined the daily patterns of body tem-
perature variation. The importance of behavior in de-
termining 7, patterns generally increased as the range
of operative temperatures increased, and was most ev-
ident during the plateau phases, when 7,’s showed a
low correlation with model temperatures (e.g., Fig. 2).
In contrast, no behavior could maintain 7,’s within
the preferred range on cold days (when there was a
relatively narrow range of possible 7’s), and the rc-
sulting smooth T, patterns were primarily determined
by the environment. Although physiological factors
(such as metabolic heat production or cardiovascular
adjustments) were not studied, they probably played a
minor role in determining 7, patterns because of the
snakes’ small size, elongate shape, and absence of limbs
(Bartholomew 1982, Turner, in press).

Most published accounts of daily 7', variation in
reptiles describe triphasic patterns similar to the pla-
teau pattern found in garter snakes (Stebbins and Bar-
wick 1968, Osgood 1970, Smith 1975, Hammerson
1979, King 1980, Sanders and Jacob 1981, Christian
et al. 1983). Few studies describe oscillating-type pat-
terns (King 1980, Sanders and Jacob 1981) and none
previously has reported smooth-type 7, patterns. Al-
though this distribution of described patterns certainly
is related to the species studied, it also reflects the
emphasis that researchers have placed on the study of
T, regulation during warm periods, when most activity
occurs. Body temperature variation during cool or in-
active periods should receive more attention if we are
to achieve a complete view of T, variation in reptiles.

Environmental constraints

Body temperatures. — The physical environment
usually prevented the snakes from attaining body tem-
peratures within their preferred 7, range. Body tem-

TaBLE 1. Classification of daily model and body temperature
patterns. T, patterns are based on daytime model temper-
atures. N = the number of days on which a particular pattern
occurred.

Snake model Live snake
% T, %
T, pattern N days pattern N days
Warm 23  59.0 Plateau 20 51.3
T, > 30°C Oscillat- 2 5.1
ing
Smooth 1 2.6
Moderate 11 28.2 Plateau O 0.0
15 < T, <30C Oscillat- 10 25.6
ing
Smooth 1 2.6
Cool 5 12.8  Plateau 0 0.0
T, < 15°C Oscillat- 0 0.0
ing
Smooth 5 12.8
Total 39 100.0 39 100.0
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peratures were constrained in this way to some extent
on all days when T,’s were monitored. The duration
of this constraint ranged from entire days during cold
periods in the spring and fall to =7 h during the night
on warm summer days.

On some days, the snakes never were able to achieve
preferred body temperatures. Model temperatures did
not exceed 15° (the T, threshold for surface activity)
on 5 of 39 days (13%), and the snakes remained un-
derground or under cover for the entire day at less than
preferred 7’s (e.g., Fig. 2C).

On some other days, snakes were unable to achieve
preferred temperatures consistently because of varying
environmental conditions. Daytime 7T,,’s ranged be-
tween 15° and 30° on 11 days (28%). All of the snakes
except one emerged on these days, but none was able
to maintain preferred temperatures. Body tempera-
tures usually oscillated with the varying operative tem-
peratures (e.g., Fig. 2B). Consequently, body temper-
atures from the oscillating phases (when 7',’s were often
constrained) were lower and more variable than in the
plateau phases (when preferred 7',’s were consistently
attainable). The mean 7,’s for individual oscillating
and plateau phase records were 26.2° and 29.9°, re-
spectively; mean 7', ranges were 9.0° and 4.6°, respec-
tively; and median standard deviations were 2.81° and
1.32°, respectively.

Even on the 23 days (59%) when model temperatures
were >30° (e.g., Fig. 2A), the plateau phase times were
of limited duration (<12 h). The potential and actual
durations of the plateau phases varied seasonally as
the warmth of the environment and the likelihood of
inclement weather changed throughout the year (Pe-
terson 1982).

On all days, environmental heat sources diminished
as the sun set, and the snakes were unable to maintain
their 7',’s within the preferred 7}, range throughout the
night (e.g., Fig. 2). During the cooling phases, which
ranged from 10.75 h to 19.47 h, body temperatures
dropped below the preferred range 42 to 100% of the
time.

Activity times.— Potentially lethal temperatures at the
surface often limited the amount of time that was avail-
able for activity above ground. The critical thermal
minimum for 7. e. vagrans from the Turnbull site is
~2°(Stevenson et al. 1985). The critical thermal max-
imum for 7. e. vagrans from Colorado is =43° (Scott
et al. 1982). Either or both of these critical tempera-
tures occurred at the surface on most days during the
present study. Potentially lethal temperatures, calcu-
lated from energy budget equations, also occurred often
in the environments of 7. e. vagrans in Colorado (Scott
et al. 1982).

Potential activity times were further limited because
the snakes usually did not emerge unless operative tem-
peratures at the surface were greater than underground
temperatures (or 15°) and the snakes usually retreated
when surface temperatures became cooler than under-
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ground temperatures (e.g., in the late afternoon). High
environmental temperatures were less constraining than
low T.’s because the snakes could avoid overheating
by shuttling between hot and cool microhabitats (e.g.,
in the shade, in water, or under rocks) or by exposing
only part of the body to the sun. Even on days when
open surface T.’s exceeded 49°, some snakes were ac-
tive.

Temperature selection in the field

The garter snakes selected a relatively narrow range
of body temperatures around 30° during the plateau
phases. Overall, plateau phase 7,’s ranged from 25.4°
to 36.0° and averaged 30.1° (N = 490). The average
plateau phase 7, range was 28.0° to 32.5°. The means
of individual plateau phase T, records varied season-
ally, decreasing from 32.2° in the spring to 26.9° in the
fall, and averaged 29.9° (N = 20).

Body temperatures during the plateau phases were
similar to temperatures selected by garter snakes in the
laboratory. The overall mean plateau phase 7', of 30.1°
(se = 0.06°, N = 490) was close to the mean preferred
T, (29.6° s = 0.25°, N = 45) for nine garter snakes
from eastern Washington (B. P. Kinney and C. R. Pe-
terson, personal observation). Garter snakes in the field
and laboratory also show similar seasonal patterns of
decrease in selected T’s from spring to summer to fall
(Scott 1978, Scott and Pettus 1979, Peterson 1982).

The temperatures selected by reptiles in the field are
sometimes different from those selected in laboratory
thermal gradients (DeWitt 1967, Pough 1974, Huey
1982). The results from this study indicate that con-
tinuous 7. and T, data can help determine the causes
of such differences. Several studies have reported mean
cloacal 7’s from active garter snakes in the field that
are several degrees lower than the plateau phase 77’s
found in this study or body temperatures selected in
the laboratory. Activity 7’s (measured cloacally with
a Schultheis rapid-reading thermometer) for 7. e. va-
grans from the Turnbull site ranged from 17.7°to 34.0°
and averaged 26.7° (SE = 0.49°, N =70) (C. R. Peterson,
personal observation). Scott (1978) reported field T’s
ranging from 13°to 35°and averaging 27.8°(SE = 0.18°,
N = 313). Activity T}’s for T. e. vagrans on Vancouver
Island averaged 25.7° (N = 107) (Gregory and Mc-
Intosh 1980). These cloacal measurements are lower
than telemetered plateau phase T,’s largely because of
the inclusion of records taken when 7.’s were lower
than preferred temperatures and records taken from
animals still in their heating phases. For example, the
mean field activity temperature decreased from 28.7°
to 27.0° if records for T’s in the water or on cold days
were included (Scott 1978). In this study, the addition
of 151 oscillating phase 7, measurements to the pla-
teau phase readings decreased the overall mean by 0.9°
and the inclusion of 83 heating phase 7, measurements
further reduced the overall mean 7', by 0.6° to 28.6°.

The cloacal T, measurements for 7. e. vagrans from
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eastern Washington aré generally similar to field tem-
peratures reported for other members of this genus
(Carpenter 1956, Fitch 1965, Gibson and Falls 1979,
Gregory and McIntosh 1980, Stewart 1965, and others)
and for many other species of snakes (Avery 1982).
These results are in agreement with the generalization
that snake temperatures are usually lower than the body
temperatures of diurnal lizards from open habitats
(Brattstrom 1965, Avery 1982).

Although many factors influence temperature selec-
tion in reptiles (Huey 1982), the sex or physiological
condition of the snakes did not appear to affect tem-
perature selection. The plateau phase 7,’s of three
snakes before ecdysis (eyes clouded) and of four snakes
that had recently fed were not obviously different from
those of other snakes. Three records for a gravid female
showed typical plateau phase 7’s except that the stan-
dard deviations were quite low (0.93°,0.78°, and 0.72°).
The standard deviations for two plateau phase records
following parturition were considerably higher (1.63°
and 1.54°) and perhaps were related to increased ac-
tivity.

Thermoregulatory precision

There are various ways of defining and measuring
thermoregulatory precision, none of which estimates
all aspects of the extent of temperature regulation (Huey
1982). In this study, thermoregulatory precision is de-
fined as the maintenance of body temperature near the
mean temperature selected in a thermal gradient. In
accordance with the distinction between temperature
regulation and temperature control (Bartholomew
1982), I have considered only those times when the
environment allowed the snakes to thermoregulate at
preferred T, levels (i.e., T, > 30°. The ranges and
standard deviations of the plateau phase 7}’s can rea-
sonably be used as indices of thermoregulatory preci-
sion because of the close correspondence between pre-
ferred T,’s and plateau phase 7,’s.

Body temperature variation during the individual
plateau phases was relatively low. The difference be-
tween the minimum and maximum plateau phase 7,’s
for any given day varied from 1.7° to 6.3° and averaged
4.5° (N = 20 days). The standard deviations of the
plateau phase 7,’s ranged from 0.63° to 1.97° (me-
dian = 1.32°, N = 20 days). The T, frequency distri-
butions for plateau phases were unimodal with a nar-
row T, range (Fig. 3). Three of seven plateau phase 7T,
distributions analyzed were normally distributed; three
were positively skewed; and one was negatively skewed.

Continuous 7, data are important because differ-
ences in the set points of individuals may lead to under-
estimates of thermoregulatory precision if 7, mea-
surements from a number of animals are pooled. For
example, the average range and the standard deviation
for the individual plateau phase records (4.5°and 1.22°,
respectively) are lower than the range and standard
deviation for the same readings that are pooled (10.2°
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and 1.69°). Operative temperature data are also im-
portant because they make it possible to distinguish
between the effects of the physical environment and
behavior on thermoregulatory precision (e.g., compare
Fig. 2A and Fig. 2B).

The occurrence of relatively precise thermoregula-
tion (mean plateau phase 7', range = 4.5° and mean
sD = 1.22°) in garter snakes contradicts Avery’s (1982)
generalization that snakes are less precise thermore-
gulators than lizards. The few comparable data sets for
other reptiles indicate that thermoregulatory precision
in diurnal colubrids is similar to that of diurnal lizards.
The standard deviations of telemetered 73’s for active
striped racers (Masticophis lateralis) in outdoor enclo-
sures ranged from 1.6°to 2.3° (Hammerson 1979). The
standard deviation of midday (0900-1800) 7,’s for
four male Cyclura nubila was 1.4° (Christian et al. 1986).
The average standard deviations of body temperatures
for individuals of 11 African lizard species in outdoor
enclosures ranged from 0.71° to 1.58° (Bowker 1984).
The average ranges and standard deviations of body
temperatures for individuals of three species of Cne-
midophorus exposed to laboratory thermal gradients
ranged from 4.6° to 5.6° and from 0.94° to 1.26°, re-
spectively (Bowker and Johnson 1980, R. Bowker, per-
sonal communication). In Dipsosaurus dorsalis, a des-
ert lizard often considered to exemplify precise
thermoregulation in reptiles, DeWitt (1967) found that
68% of the body temperatures in laboratory thermal
gradients ranged between 36.1° and 40.1°. In light of
these comparisons, the more variable activity T’s of
snakes as a group (Avery 1982) may be due to other
factors (such as lesser access to heat sources) rather
than to limited thermoregulatory ability.

As a result of precise thermoregulation within the
preferred temperature range, snakes are able to main-
tain high rates of physiological processes such as me-
tabolism, digestion, and locomotion (Stevenson et al.
1985). The maintenance of high performance levels
presumably benefits snakes by decreasing the risk of
predation and enhancing growth and reproduction, but
this awaits documentation. Precise thermoregulation
during warm periods may be especially important be-
cause snake 7,’s are constrained by the environment
most of the time.

Thermoregulation involves costs (in time and en-
ergy) and risks (e.g., exposure to predation during the
heating phase) as well as benefits (Huey and Slatkin
1976, Huey 1982). In the present study, the costs as-
sociated with precise thermoregulation during high 7',
conditions appear to have been low, especially for snakes
that were relatively sedentary (e.g., gravid females or
individuals that had recently fed upon a large prey
item). Limited observations indicate that a garter snake
can thermoregulate precisely during much of the day
without extensive activity (or energy cost) simply by
varying its exposure to the sun or its position within
thermal gradients under surface objects (such as large

This content downloaded from 128.193.8.24 on Wed, 28 Aug 2013 18:05:50 PM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

February 1987

rocks) or within burrows (C. R. Peterson, personal ob-
servation; D. G. Kephart, personal communication).
Because the snakes are not exposed or moving during
much of this time, the risk of predation may also be
reduced. In contrast, the snakes controlled their tem-
peratures less carefully than was possible during pe-
riods of low or medium 7,’s, when costs and risks may
have been higher (see Utilization of the Thermal En-
vironment). These observations are consistent with the
generalization that precise thermoregulation is asso-
ciated with low costs (Huey and Slatkin 1976).

Utilization of the thermal environment

Another important aspect of temperature selection
in reptiles is the extent to which they utilize their ther-
mal environment. The concept of thermal utilization
is related to but different from those of thermal con-
straint, preference, and regulatory precision. It can be
defined as the extent to which an animal chooses tem-
peratures within or close to its preferred 7', range. The
measurement of thermal utilization requires an as-
sumption about the animal’s thermal preference (based
on laboratory studies) and a comparison between the
temperatures the animal actually selected and the tem-
peratures it could have selected. Possible shifts in ther-
mal preference during the period of study (e.g., due to
the time of day or to changes in the animal’s physio-
logical condition) also need to be considered.

Even though the thermal environment limited the
absolute amount of time in which snakes could achieve
preferred body temperatures, the snakes were remark-
ably effective at thermoregulating during those periods
when high operative temperatures were available. The
percentage of the potential plateau phase time during
which the snakes were at preferred temperatures was
used as an index of thermal utilization. On 11 warm
days, such as the one depicted in Fig. 2A, the snakes
maintained their body temperatures within their pre-
ferred T, range for ®93% of the time that model tem-
peratures equalled or exceeded 30° (Fig. 4). Similarly,
Galapagos land iguanas (Conolophus pallidus) regulate
their temperatures within a narrow range nearly all of
the time, when possible (Christian et al. 1983).

High utilization has several important implications.
First, body temperatures at which many physiological
processes are maximal (for crawling, swimming, tongue-
flicking, and digestion; Stevenson et al. 1985) were
usually selected in the field when the snakes could do
so. Also, possible constraints upon thermoregulation
(such as predation risk, competition, or energetic costs
of thermoregulatory adjustments) seldom prevented the
snakes from obtaining preferred temperature levels
when they were not constrained by the thermal envi-
ronment. This result is important to predictions of
activity periods based upon thermoregulatory behavior
and T, data. A critical assumption underlying such
predictions is that the animals consistently attempt to
thermoregulate within their preferred range (e.g., Por-
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FiG. 4. Thermal utilization. The amount of time per day
that snake body temperatures (7',) were within the preferred
temperature range (PBTR = 25°-35°C) when the temperature
of the model snake (7,,) exceeded 30°, plotted vs. the amount
of time per day that the model temperatures exceeded 30°.
The 100% utilization line is broken and the regression line is
unbroken. N = 11, r» = 0.92, slope = 1.06, and intercept =
—60.3.

ter et al. 1973). A high thermal utilization value val-
idates that assumption.

Thermal utilization appeared to decrease at opera-
tive temperatures <30°. On eight days when daytime
model temperatures ranged between 15° and 30° (e.g.,
Fig. 2B), snake T,’s were within or close to the preferred
range only 65% of the time. In other words, for =35%
of this time the snakes were not selecting the available
temperatures that were closest to their preferred body
temperatures. Delayed emergence or early retreat ac-
counted for most of the time that the snakes failed to
utilize available temperatures. Perhaps this is an in-
dication of increased costs or risks associated with pre-
cise thermoregulation or activity under marginal ther-
mal conditions.

Although T, data were available for nights and cold
days, the question of utilization could not be quanti-
tatively addressed because (1) the range of tempera-
tures underground (where maximum 7°.’s would occur
at these times) was unknown; and (2) there is insuffi-
cient laboratory data on nocturnal thermal preferences
of garter snakes. During the night or on cold days, body
temperatures were higher than model temperatures at
the surface because the snakes were underground (Fig.
2). In the spring, snake 7’s were usually higher than
ground or talus temperatures at a depth of 20 cm (e.g.,
Fig. 2B), indicating that the snakes were even deeper
underground. However, it was impossible to determine
if the snakes had selected the warmest temperatures
available, because of the lack of underground data.

The characterization of thermal utilization when op-
erative temperatures are less than preferred tempera-
tures is important because most of the snakes’ time is
spent under such conditions. Consequently, behavioral
control of T, (e.g., nocturnal microhabitat selection
and possible subterranean movements) during these
periods could have profound physiological and eco-
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logical consequences. Despite its potential significance,
however, the thermal biology of inactive (but nonhi-
bernating) reptiles remains virtually unknown (Huey
1982).

In several situations, the snakes did not select avail-
able temperatures that were within (or closer to) their
preferred temperature range. (1) The snakes often de-
layed emergence even though the model temperature
was greater than body temperature (e.g., Fig. 2B). The
intervals between the time when model temperatures
exceeded T, and the time when snakes emerged av-
eraged 90 min and ranged from O to 4 h 45 min (N =
29). Model temperatures at emergence ranged from
10.6° to 38.6° (mean = 24.0°, sp = 7.58°). Snakes failed
to emerge on only 2 of 45 days (4.4%) on which T,,’s
were greater than 7,’s. (2) Snakes retreated under-
ground (as indicated by a sharp drop in 7)) early on 4
of 30 days (13%). (3) Snakes occasionally selected noc-
turnal habitats that were not the warmest available.
Four snakes spent some nights under surface objects
near the lake or in the fields (cf. in talus or under large
rocks) and consequently experienced unusually low 7}’s.

Although cases in which the snakes did not choose
temperatures within the normal preferred range were
rare in this study, they nonetheless may be important
in several ways. Delays in emergence times may have
resulted from time lags in some cue that indicated when
warmer temperatures were available at the surface, or
they may represent an adaptation to avoid predation
by minimizing the time that the snakes would be ex-
posed when their body temperatures are low and their
ability to escape from predators is limited. The low
nocturnal 7’s of some snakes may represent tempo-
rary shifts in preferred temperatures. Voluntary noc-
turnal hypothermia has been reported for several rep-
tiles (e.g., Regal 1967, Spellerberg 1974), including
garter snakes (Scott 1978; but see Lysenko and Gillis
1980) and may function to minimize energy expen-
diture or may be due to other factors not directly re-
lated to temperature (e.g., predation risk). Further field-
work may reveal other situations in which thermal
utilization or thermoregulatory precision is lowered
(e.g., to gain access to prey) or in which there are shifts
in preferred body temperatures (e.g., during extended
periods of low food availability, such as droughts).

Conclusions

The results from this study support some generaliza-
tions concerning the thermal biology of reptiles, yet
disagree with others. In contrast to the prevailing em-
phasis on the ability of reptiles to thermoregulate, the
most striking result was that most of the time the phys-
ical environment prevented the garter snakes from at-
taining preferred temperatures. Nevertheless, the ex-
istence of a range of operative temperatures even at
night or on cool days suggests that temperature control
by snakes at these times is potentially very important
and deserves further study. In warm conditions, the
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snakes thermoregulated precisely but (like other snakes)
selected temperatures lower than those chosen by many
lizards. The combination of data on the thermal en-
vironment with telemetered body temperatures re-
vealed that the snakes utilized their thermal environ-
ment to stay within their preferred temperature range
most of the time that it was possible to do so. Similar
behavior has been assumed for many other reptiles but
has seldom been verified. Those time periods in which
the snakes did not appear to utilize their thermal en-
vironments (e.g., emergence delays) provide good op-
portunities for studying the costs associated with be-
havioral thermoregulation.
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