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ABSTRACT

Mechanisms that influence body temperature patterns in black-
tailed prairie dogs are not well understood. Previous research
on both free-ranging and laboratory populations of black-tailed
prairie dogs (Cynomys ludovicianus) has suggested that reduc-
tions in ambient temperature and food and water deprivation
are the primary factors that stimulate torpor in this species. In
other species, however, torpor has been shown to be influenced
by a multitude of factors, including innate circadian and cir-
cannual timing mechanisms, energy status, and reproductive
behaviors. Our objective was to clarify the influence of weather,
sex, and intrinsic timing mechanisms on the body temperature
patterns of free-ranging black-tailed prairie dogs. We monitored
body temperatures of eight adult (>1 yr) prairie dogs from
November 1999 to June 2000. Prairie dogs showed distinct daily
and seasonal body temperature patterns, which reflected
changes in ambient temperatures that occurred during these
periods. These patterns of daily and seasonal heterothermy sug-
gest that body temperature patterns of black-tailed prairie dogs
may be driven by an innate timing mechanism. All prairie dogs
entered torpor intermittently throughout winter and spring.
Torpor bouts appeared to be influenced by precipitation and
reductions in ambient temperature. Our results also suggest
that reproductive behaviors and circadian timing may influence
torpor in this species.
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Introduction

Black-tailed prairie dogs (Cynomys ludovicianus) display un-
usual overwinter body temperature patterns that are not well
understood. Although these animals have entered torpor under
laboratory conditions, it was long presumed that they remain
active throughout winter in the natural environment (King
1955; Smith 1958; Tileston and Lechleitner 1966; Michener
1983a; Bakko et al. 1988; Harlow 1997). In a recent study,
however, we demonstrated that free-ranging populations of
black-tailed prairie dogs enter torpor intermittently during win-
ter (Lehmer et al. 2001), demonstrating body temperature pat-
terns intermediate to those of hibernators and nonhibernators.
Both free-ranging and laboratory populations of prairie dogs
enter torpor following reductions in ambient temperature
(Hamilton and Pfeifer 1977; Harlow 1997; Lehmer et al. 2001).
Under laboratory conditions, torpor is most common when
prairie dogs are deprived of food and water for prolonged
periods at these low temperatures (Harlow and Menkens 1986).
In the natural environment, however, sudden food and water
deprivation does not seem to be closely associated with torpor,
since snowfall, which could prevent foraging, has not been
associated with entrance into or arousal from torpor (Lehmer
et al. 2001).

The underlying physiological mechanisms that drive torpor
are complex; therefore, it seems unlikely that torpor in black-
tailed prairie dogs is influenced solely by changes in ambient
temperature or by fluctuations in food availability. In many
mammalian species, daily and seasonal torpor are thought to
be stimulated primarily by innate circadian and circannual tim-
ing mechanisms (Davis 1976; Kortner and Geiser 2000), but
there is evidence that these forms of torpor can be influenced
by a variety of external factors. For example, light cycles are
thought to allow animals practicing daily torpor to entrain their
body temperature patterns to promote activity during the most
appropriate times of day (Geiser and Ruf 1995). Seasonal torpor
can be influenced by certain aspects of an animal’s natural
history, including age and gender. Michener (1992) reported
that female Richardson’s ground squirrels (Spermophilus ri-
chardsonii) had longer torpor bouts, shorter intertorpor arousal
periods, and longer hibernation seasons than did male squirrels.
Similar patterns have been observed in free-ranging Columbian
ground squirrels (Spermophilus columbianus; Young 1990).
These sex-specific differences in torpor patterns are thought to
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result from the earlier onset of reproductive behaviors in male
ground squirrels relative to female ground squirrels (Michener
1992). An animal’s energetic status can also influence its torpor
patterns. Torpor has been shown to occur more frequently in
animals with limited access to food (Lovegrove et al. 2001a),
and it is believed that a lower energetic status can make animals
more sensitive to environmental cues (Kortner and Geiser
2000) and thus more likely to enter torpor.

Because there are few data on torpor in free-ranging black-
tailed prairie dogs, mechanisms that stimulate the unusual body
temperature patterns of this species in the natural environment
are not well understood. Here we try to clarify the influence
of environment, sex, and innate timing mechanisms on the
initiation and duration of torpor in black-tailed prairie dogs.
We also examine the potential for black-tailed prairie dogs to
practice heterothermy and facultative estivation. To focus our
analysis, we developed three hypotheses to evaluate the body
temperature patterns of black-tailed prairie dogs: (1) immer-
gence into torpor is associated with unfavorable changes in
weather, such as reductions in ambient temperature, increased
precipitation, and high wind speeds; (2) timing of torpor is
more closely tied to weather and other ambient conditions than
to an innate timing mechanism; and (3) male and female prairie
dogs show different torpor patterns that coincide with sex-
specific reproductive behaviors.

Material and Methods

Overwinter body temperature patterns were monitored in adult
(>1 yr) black-tailed prairie dogs located on the Pawnee National
Grassland in Weld County, Colorado, continuously from No-
vember 10, 1999, to June 15, 2000.

In the fall (November 1-10) of 1999, 10 prairie dogs (five
males, five females) were livetrapped from two colonies sepa-
rated by ca. 2 km. After capture, temperature-sensitive data
loggers (Stow Away Tidbit, Onset Computer, Bourne, Mass.)
were surgically implanted into the abdominal cavity of each
prairie dog (Lehmer et al. 2001). Loggers were programmed to
record body (abdominal) temperature (T,) to the nearest 0.1°C
in the temperature range of —20° to 50°C every 24 min
throughout the study period. Loggers were calibrated in a
stirred water bath of known temperature before implantation
and after removal. Each animal was uniquely identified with a
numbered tag in each ear (National Band and Tag, Newport,
Ky.). Following recovery from anesthesia (ca. 4 h), prairie dogs
were released to their original sites of capture.

Weather data, including minimum and maximum ambient
temperature (°C), precipitation (mm), wind speed (km/h), and
soil temperature (°C) were recorded daily from November 1999
to July 2000 by the Shortgrass Steppe Long-Term Ecological
Research Station at a location <2 km from each prairie dog
colony studied. Ambient temperature (T,) and wind speed were
measured 1.5 m above ground level. T, measurements were

made in a Standard Weather Box (Belfort Instrument, Balti-
more). Soil temperatures (7,) were recorded at a depth of 186
cm.

In the summer (June 15-25) of 2000, eight prairie dogs (five
males, three females) were recaptured. One of these females
(F1) had been implanted with a temperature logger in Novem-
ber 1998, and thus her T, was recorded for approximately 19
consecutive months. Immediately after capture, temperature
loggers were surgically removed, and prairie dogs were released
to their original sites of capture. Data from the loggers were
downloaded using Box Car Pro software (version 3.51, Onset
Computer, Bourne, Mass.) A prairie dog was considered to be
in torpor if it experienced a continuous reduction in T, that,
at some point, reached a level below the mean seasonal low
reported for this species (31°C; Bakko et al. 1988). Because
31°C is below the mean daily minimum 7, that we observed
in prairie dogs at any time during winter or spring, this criterion
ensured that torpor bouts were distinguished from daily and
seasonal fluctuations in T that prairie dogs regularly experi-
enced. Thus, we have defined a torpor bout as the reduction
in T, below seasonal euthermic normal levels (36°C; Bakko et
al. 1988; Lehmer et al. 2001), the maintenance of a minimum
T, less than 31°C, and the subsequent increase in T, above
36°C. The duration of a torpor bout was measured in hours
from the time in which T, decreased below 36°C until the time
at which T, approximated pretorpid levels (>36°C). We deter-
mined cooling rates during torpor by calculating the average
number of hours required to reduce T, from euthermic levels
(<36°C) to the minimum level reached during the torpor bout.
Rates of rewarming were determined by calculating the average
number of hours required to raise T, from the minimum level
reached during a torpor bout to a level above 36°C.

All statistical analyses were conducted on data recorded be-
tween November 10, 1999, and June 15, 2000, since all animals
were implanted with loggers during this period. One-way
ANOVA was used to compare subtle daily and seasonal differ-
ences in T, during periods in which prairie dogs were not in
torpor (i.e., daily and seasonal heterothermy; SAS V.8, SAS
Institute, Cary, N.C.). We also used one-way ANOVA to com-
pare differences in general torpor patterns between male and
female prairie dogs and between seasons. These tests included
comparisons of the number and length of torpor bouts, dif-
ferences in minimum 7}, and time required to reach minimum
T, and return to euthermic T,. We evaluated differences in
dates of first and final torpor bouts between male and female
prairie dogs by comparing Julian dates of first immergence and
final emergence from torpor for each animal (ANOVA). One-
way ANOVA was also used to compare weather patterns (min-
imum and maximum T, precipitation, and wind speed) be-
tween winter and spring during periods when animals were in
torpor. Unless otherwise stated, values describing differences
in these general torpor and weather patterns are presented as
mean *+ SE and the maximum and minimum value for each
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Figure 1. Relationship between seasonal fluctuations in body temper-
ature and ambient temperature in a free-ranging black-tailed prairie
dog (Cynomys ludovicianus) monitored at the Central Plains Experi-
mental Range (Weld County, Colo.). A, Daily minimum body tem-
perature of a single adult female recorded continuously from April 1,
1999, to April 1, 2000. B, Daily mean air temperature recorded 1.5 m
above ground level at a location within 2 km of the prairie dog colony
studied.

variable. Differences in these variables were considered to be
significant if P<0.05. Spearman correlations were used to de-
termine relationships between minimum T, of prairie dogs
during torpor, bout length, and T,. We used cross correlations
to further evaluate relationships between mean daily minimum
T, of prairie dogs and individual weather variables (minimum
T,, maximum T,, precipitation, and wind speed; Minitab V.
13.31, Minitab, State College, Pa.). We treated these variables
as time series data and checked for lags in correlation from
—10 to +10 d. Separate cross correlations were made between
each weather variable and daily average minimum T, of prairie
dogs. Unless otherwise stated, values describing these cross cor-
relations are represented by the correlation coefficient with its
associated time lag.

Results

General Body Temperature Patterns

Excluding torpor bouts, T, of prairie dogs was highly variable
across seasons. Daily mean (P<0.01) and minimum (P =
0.04) T, of prairie dogs varied monthly and generally decreased
to an annual low from November 10 to January 15 and then
increased from January 15 to June 15. Changes in T, were
reflected by changes in T,, which also decreased from November
10 to January 15 and increased from January 15 to June 15.
Patterns of seasonal heterothermy are especially apparent when
examining a full year of T, and T, data in a representative
animal, F1 (Fig. 1). Excluding periods in which animals were
torpid, prairie dogs also displayed a daily T, cycle throughout
the year, with mean diurnal T, always significantly higher than
mean nocturnal T, (P<0.01). Mean diurnal T;’s were highest
during May (40.2°C) and lowest during December (36.4°C).
Likewise, mean nocturnal T;’s were also highest during May
(36.8°C) and lowest during December (31.7°C). The greatest
amplitude of mean T; on a single day was 6.8°C, which occurred
during December.

All prairie dogs entered torpor sporadically from November
10 to April 1, with the first torpor bout beginning November
11 and last bout beginning on March 29. From February 1 to
February 9, no animals entered torpor. Therefore, for the pur-
poses of this study, we have used this period to arbitrarily
delineate winter and spring seasons. Torpor was more common
during winter (November 10-February 1) than during spring
(February 2—April 1; P< 0.01; Fig. 2). General body temperature
patterns of torpor bouts during winter and spring—including
number of bouts, bout lengths, minimum T, time spent at
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Figure 2. Number of male (gray lines) and female (black lines) black-
tailed prairie dogs (Cynomys ludovicianus) in torpor daily from No-
vember 10, 1999, to April 1, 2000. Eight (five male, three female) adult
(>1 yr) prairie dogs were monitored at the Central Plains Experimental
Range (Weld County, Colo.).
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Table 1: Comparison of general torpor patterns between winter (November 10, 1999, to February 1, 2000) and spring

(February 2 to April 1, 2000)

Winter Spring

X SE Minimum Maximum X SE Minimum Maximum P Value
Number of bouts 5.4 3.2 1 12 1.5 1.5 0 4 <.01
Bout length (h) 72.5 419 14.0 187.5 49.3 189 24.2 73.6 <.01
Minimum T, (°C) 27.3 5.1 10.1 30.9 30.4 .6 28.8 30.9 <.01
Time to reach minimum T, (h) 39.0 25.6 5.2 129.9 32.8 10.4 14.8 55.0 11
Time at minimum T, (h) 4.0 2.5 2.7 10 4.9 5.1 .8 7.8 .28
Time to rewarm to euthermic

T, (h) 25.2  25.5 1.0 98.2 13.0 12.1 1.2 36.0 .01

Note. Body temperature (T,) patterns were monitored in eight adult (>1 yr) black-tailed prairie dogs (Cynomys ludovicianus) at the Central Plains Experimental
Range (Weld County, Colo.). Differences in torpor patterns between winter and spring were evaluated with one-way ANOVAs.

minimum 7, and rates of cooling and rewarming—are pre-
sented in Table 1. Minimum T, of prairie dogs during torpor
was strongly correlated to bout length (r = —0.62; Fig. 3). In
contrast, T, was not strongly correlated to either torpor bout
duration (r = 0.18; Fig. 4A) or minimum 7, reached during
torpor (r = 0.06; Fig. 4B).

Torpor bouts of prairie dogs showed a pronounced circadian
cycle. In 85% of the torpor bouts we observed (n = 58), im-
mergence occurred between 11 a.M. and 4 p.m. (Fig. 5). Like-
wise, in 79% of the torpor bouts we observed, emergence took
place between 11 a.m. and 3 p.m. (Fig. 5). There was no dif-
ference between the circadian timing of immergence (P =
0.56) or emergence (P = 0.47) from torpor between male and
female prairie dogs. With the exception of one torpor bout, all
bouts were within = 6.5 h of a 24-h interval (Fig. 6). The single
bout that did not follow this pattern was 14 h in length.

Influence of Weather on Torpor Patterns

Changes in weather and declines in T, were strongly cross
correlated, and reductions in T, were primarily affected by
weather in the previous 24-h period (Figs. 7, 8). During winter,
average minimum 7, of prairie dogs was most strongly cross
correlated to maximum T, (r = 0.48) and minimum T, (r =
0.44) at time lags of 1 d (Fig. 7). These cross correlations
decayed below r = 0.05 by day 3. There was also a strong cross
correlation between precipitation and minimum 7, in winter
(r = —0.76) that occurred at —1 d, suggesting that reductions
in T, were not directly caused by precipitation but that pre-
cipitation often coincided with low T,. There was no clear
relationship between wind speed and reductions in T during
winter, since the strongest cross correlation between these var-
iables (r = —0.25) occurred at a time lag of —5 d. During
spring, average minimum T, of prairie dogs was strongly cross
correlated to maximum T, (r = 0.75) as well as minimum T,
(r = 0.55) at time lags of 1 d (Fig. 8). These cross correlations
decayed below r = 0.05 by day 4. Precipitation and wind speed

did not appear to have a large effect on minimum 7, during
spring, since the strongest cross correlations between these var-
iables were r = 0.18 (time lag =2 d) and r = 0.34 (time
lag = 3 d), respectively.

Weather triggers associated with the immergence into torpor
were not different between winter (November 10-February 1)
and spring (February 2—April 1). Torpor bouts that occurred
during winter were associated with reductions in maximum
and minimum 7, <6°C in the 24 h before the onset of a torpor
bout, whereas during spring, torpor bouts were associated with
reductions in maximum and minimum 7, <9°C in the 24 h
before the onset of the bout. During periods in which animals
were torpid, minimum T, (winter X = —6.7°C, spring X =
—5.7°C; P = 0.11), maximum T, (winter X = 8.1°C, spring
X = 5.5°C; P = 0.15), precipitation (winter X =02 mm,
spring X = 0.9 mm; P = 0.07), and wind speed (winter X =
68 km/h, spring X = 84.6 km/h; P = 0.24) did not differ be-
tween winter and spring. However, it is noteworthy that, during
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Figure 3. Correlation between torpor bout lengths and minimum body
temperatures reached during torpor. Torpor patterns were monitored
in eight adult (>1 yr) black-tailed prairie dogs (Cynomys ludovicianus)
at the Central Plains Experimental Range (Weld County, Colo.).
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Figure 4. Relationship between soil temperature and torpor patterns
of adult (n = 8) black-tailed prairie dogs (Cynomys ludovicianus). A,
Correlation of torpor bout length and soil temperatures. B, Correlation
of minimum body temperatures during torpor and soil temperatures.
Soil temperatures were measured 186 cm below ground level.

winter, 7.4% of the days prairie dogs spent in torpor had pre-
cipitation in the form of rain or snow, whereas during spring,
54.5% of the days spent in torpor had rain or snow.

Gender Differences in Torpor Patterns

Comparisons of torpor patterns between male and female prai-
rie dogs are presented in Tables 2 and 3. Male and female prairie
dogs did not differ in their number of torpor bouts, minimum
T, reached during torpor, bout lengths, time spent at minimum
T,, or time required to rewarm to euthermic 7,. However, male
prairie dogs required more time to reach minimum T, during
torpor than females. Male prairie dogs began to enter torpor
earlier in the winter than females and continued to enter torpor
later into the spring than female prairie dogs (Fig. 2); however,

the total number of hours spent torpid did not differ between
males and females (Table 2). Neither male nor female prairie
dogs entered torpor during the period between February 1 and
February 9, a period that may coincide with copulation. Masses
of male prairie dogs were greater than female prairie dogs both
in the fall (male X = 1,126 g; female X = 879 g, P =10.02)
and in the spring (male X = 1,030 g female X = 780 g;
P = 0.01).

Evidence of Facultative Estivation

During the summer of 1999 (May 1-September 30), prairie
dog F1 experienced six episodes in which her T, dropped below
the mean seasonal low reported for this species (37°C; Bakko
et al. 1988) for more than 15 h. Cyclical T, patterns during
these episodes strongly resembled torpor patterns we recorded
in prairie dogs during winter and spring, since F1 experienced
a reduction in T, below seasonal euthermic norms, maintained
a low T, for a period of time, and subsequently increased T,
to levels that approximated seasonal euthermic norms. Thus,
although the mean minimum T, of these bouts (31.4°C) was
above our criterion for torpor during winter and spring (31°C),
we will refer to these episodes as torpor bouts. Minimum T;
during these summer torpor bouts averaged 31.4°C (*1.5),
with 3.4 h (*1.8) spent at the minimum T;. F1 required 24.33
h (£17.9) to reach minimum T, and 27.8 h ( £ 33.0) to rewarm
to euthermic levels. Minimum T, during torpor and bout length

were strongly correlated (r = —0.79). In contrast, correlations
between T, and minimum 7, during torpor (r = —0.09) as
well as between T, and torpor bout length (r = —0.03) were

not strong. During all summer torpor bouts, T, began to decline
between 1 p.M. and 6 p.M., and rewarming occurred between
11 am. and 5 p.M. From May 1 to September 1, all torpor
bouts were less than 24 h in length; however, bouts averaged
122.1 h in length before May 1 and after September 1. Average
minimum T, of F1 during torpor was cross correlated to max-
imum T, (r = 0.40) and minimum 7, (r = 0.27) at time lags
of 1 d. Precipitation was also cross correlated to minimum T,
(r = —0.35); however, these cross correlations did not show a
time lag effect (time lag = 0 d). Wind did not appear to have
a large influence on summer torpor, since the strongest cross
correlation between wind speed and minimum T, was r =
0.15, which occurred at a time lag of —4 d. Torpor bouts during
this summer period were generally associated with increases in
T, >10°C and >1.5 mm rainfall within a 24-h period. It is
possible that F1 entered torpor in response to physiological
stress rather than to environmental cues; however, we did not
find evidence to suggest that the physical condition of F1 was
exceptionally poor relative to other female prairie dogs in our
study. F1 was an adult female who was at least 24 mo old at
the time of final capture (May 2000). At the time of original
capture (November 1998), F1 weighed 855 g, and the average
mass of other female prairie dogs we captured at this time was
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Figure 5. Circadian timing of immergence into torpor (striped bars) and emergence from torpor (solid bars). Torpor patterns were monitored
in eight (five male, three female) adult (>1 yr) black-tailed prairie dogs at the Central Plains Experimental Range (Weld County, Colo.) from

November 1999 to June 2000.

863 g (=36 g). At the time of final capture, F1 did not appear
to have lactated recently, which suggests that she probably did
not reproduce during the previous spring. We do not have body
mass data for F1 from November 1998 to May 2000; thus, we
cannot speculate about her condition during the summer of
1999 when she entered torpor. At the time of final capture
(May 2000), F1 weighed 763 g, and the average mass of other
nonreproductive female prairie dogs we captured at this time
was 792 g (£23 g); the mass of reproductive females at this
time was 727 g (=31 g). F1 did not show any obvious signs
of injury, disease, or dehydration at the time of first or final
capture.

Discussion

Body temperature patterns of black-tailed prairie dogs appear
to be influenced by an innate rhythm. Prairie dogs in this study
demonstrated distinct seasonal changes in T that are charac-
teristic of heterothermy, since T decreased continuously from
fall to winter and increased from spring to summer. Prairie
dogs also had distinct daily T; patterns, in which T, was reduced
at night and increased during the day. Bakko et al. (1988)
reported similar T, patterns in free-ranging black-tailed prairie
dogs, since the average T, of animals they observed varied by
up to 2.8°C daily and 5.8°C across seasons. It is possible that
these patterns of heterothermy are the result of animals re-
sponding to short-term changes in their environments, since
changes in T, reflected changes in T, during these periods.

However, uniformity in these T, patterns among animals in
our study at all times of the year suggest that T, patterns are
influenced, at least in part, by an innate daily and seasonal
timing mechanism that is perhaps linked to a circadian or
circannual rhythm. Distinct circadian timing of immergence
into and emergence from torpor as well as the distinct 24-h
intervals of bout duration that prairie dogs in this study ex-
perienced offer further evidence that T, patterns of this species
are highly dependent on an innate timing mechanism. Black-
tailed prairie dogs have been shown to have distinct seasonal
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Figure 6. Rank order of torpor bout lengths of black-tailed prairie dogs
(Cynomys ludovicianus). Body temperature patterns were monitored
in eight adult (>1 yr) prairie dogs at the Central Plains Experimental
Range (Weld County, Colo.) from November 1999 to June 2000.
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of prairie dogs and daily maximum ambient air temperature (BI), daily minimum ambient air temperature (B2), and precipitation (B3) at
time lags of —10 d to +10 d.
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Table 2: Comparison of torpor bouts of adult (>1 yr) male
(n = 5) and female (n = 3) black-tailed prairie dogs
(Cynomys ludovicianus)

Females Males P Value
Total time spent in
torpor (h) 172.1 195.6 12
Date of first torpor
bout November 21 November 11 .05
Date of last torpor
bout February 24  March 29 .03

Note. Prairie dogs were monitored from November 1999 to June 2000 at the
Central Plains Experimental Range (Weld County, Colo.). One-way ANOVA
was used to compare differences in general torpor patterns between male and
female prairie dogs.

fluctuations in body mass that are independent of food con-
sumption (Harlow 1997), and patterns such as these can be
indicative of an endogenous circannual rhythm (Mrosovsky
and Faust 1985).

Our results indicate that torpor in black-tailed prairie dogs
is influenced by weather; however, it is unlikely that weather
is the only stimulus for torpor in this species. Immergence into
torpor during winter and spring was most closely associated
with reductions in T, in the 24-h period before the onset of a
bout. However, the changes in T, that occurred during these
periods were relatively small, and there were periods when T,
was reduced to an even greater extent in which no animals
entered torpor. Furthermore, torpor was not synchronized in
all animals, which suggests that weather may trigger torpor only
in some animals or that weather acts concomitantly with other
factors to stimulate torpor. The female prairie dog, F1, displayed
evidence of facultative estivation, since she engaged in torpor
intermittently during summer. These torpor bouts appeared to
be influenced by weather, primarily by increasing T,. It is pos-
sible that rainfall may also influence facultative estivation in
this system, since most summer torpor bouts coincided with
precipitation. It is noteworthy, however, that precipitation dur-
ing this summer period was minimal. Daily precipitation during
summer averaged 0.18 mm/d, and the greatest accumulation
of precipitation on a single day was 2.15 mm. Thus, there were
few days during this summer period that could be characterized
as “cool and rainy.” At our study site, brief afternoon thun-
dershowers are typical when daily T,’s are exceedingly high
(Central Plains Experimental Range, unpublished data). There-
fore, F1 may be responding to typical summer weather systems
of high T,, which, coincidentally, often include rainfall. Al-
though estivation has been reported anecdotally in black-tailed
prairie dogs (D. Biggins, personal communication), other pub-
lished studies have not observed estivation in free-ranging
black-tailed prairie dogs (Bakko et al. 1988).

Reproductive behaviors may also influence the timing of
torpor in free-ranging black-tailed prairie dogs. In this study,
males began to enter torpor before females, and they continued
to enter torpor much later into spring than females. This is in
contrast to the patterns reported for hibernating sciurids, in
which males are generally the first cohort to immerge in the
fall and emerge in the spring (Michener 198356, 1992; Young
1990). Such hibernation patterns are thought to be strongly
influenced by sex-specific reproductive behaviors, since males
emerge earlier in spring to prepare for mating but must rely
heavily on cached food to meet energy demands, whereas fe-
males emerge for copulation later in spring at a time when the
quality of forage has improved (Michener 1992). Female hi-
bernators have been shown to have a limited propensity for
torpor following mating in spring, and torpor and pregnancy
or lactation do not occur simultaneously in many rodent hi-
bernators (Geiser 1998; Kortner and Geiser 2000). Likewise,
several studies have demonstrated that males with higher levels
of testosterone have fewer and more shallow torpor bouts than
males with lower testosterone levels (Hall and Goldman 1980;
Steinlechner et al. 1986; Mzilikazi and Lovegrove 2002). In
many hibernators, termination of seasonal torpor coincides
with gonadal recrudescence (Jansky et al. 1981; Goldman et al.
1986), but in some species the onset of the hibernation season
occurs before the regression of the testes or the cessation of
reproductive activity (Jansky et al. 1981; Lyman et al. 1982;
Geiser and Masters 1994). These findings have led to the general
conclusion that elevated levels of testosterone do not inhibit
torpor; rather, the production of testosterone and hibernation
are separate processes that are affected individually by the pineal
gland responding to changing photoperiods (Lyman et al. 1982;
Goldman et al. 1986). Black-tailed prairie dogs at this latitude
generally copulate in early February (Bakko et al. 1988), and
young of the year first appear above ground in early May (An-
delt and Beck 1998). In this study, both male and female prairie
dogs remained euthermic for a 10-d period in early February,
a period that may have coincided with copulation. Following
this 10-d period, only one female entered a single bout of
torpor, whereas four out of five male prairie dogs continued
to enter torpor sporadically until late March. It is possible that
females terminate torpor earlier in the spring during periods
that generally coincide with gestation and lactation. After cop-
ulation and subsequent reductions in testosterone levels, male
black-tailed prairie dogs may attempt to maximize energy con-
sumption and conservation by continuing to enter torpor
throughout spring until the quality of forage improves and T,
increases.

Minimum 7;’s of prairie dogs during torpor were consid-
erably higher than those reported for hibernators and animals
that practice daily torpor (Geiser and Ruf 1995); however, prai-
rie dogs required more time to decrease their T} to these lower
levels and subsequently rewarm to euthermic T,. Prairie dogs
in this study required 34.4 h to reduce T, below 31°C and 20.0
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Table 3: Comparison of general torpor patterns of adult (>1 yr) male (n = 5) and female (n = 3) black-tailed prairie dogs

(Cynomys ludovicianus)

Females Males

X SE Minimum Maximum X SE Minimum Maximum P Value
Number of bouts 10 3.6 7 14 5.6 1.8 3 8 .08
Bout length (h) 64.9 37.9 22.4 187.5 68.9 42.2 14.0 149.6 .33
Minimum T, (°C) 28.7 3.6 10.1 30.7 29.7 3.2 19.4 30.9 .15
Time to reach minimum T, (h) 26.0 19.3 5.2 89.8 51.5 30.5 6.8 129.9 <.01
Time at minimum T, (h) 4.5 2.3 2.7 7.8 3.4 2.2 .8 10.0 .07
Time to rewarm to euthermic

T, (h) 25.7 20.9 1.2 74.3 31.6  28.9 1.0 98.2 22

Note. Prairie dogs were monitored continuously from November 1999 to June 2000 at the Central Plains Experimental Range (Weld County, Colo.). One-
way ANOVA was used to compare differences in general torpor patterns between male and female prairie dogs.

h to rewarm T, above 36°C. In contrast, Richardson’s ground
squirrels can reach minimum T, below 10°C within 36 h and
rewarm to euthermic T, within 6 h (Wang 1979). Likewise,
animals that practice daily torpor, such as elephant shrews ( Ele-
phantulus spp.), can rewarm from torpor to euthermic levels
at rates ranging from 0.19° to 0.39°C/min (Lovegrove et al.
2001b). Although prairie dogs have a relatively high body mass
compared with Richardson’s ground squirrels and elephant
shrews, it is not likely that body mass is the primary factor
preventing black-tailed prairie dogs from rapidly reducing body
temperature and rewarming during torpor, since hibernating
sciurids with higher body masses (i.e., Cynomys leucurus) have
the ability to rapidly reduce and increase body temperature
during torpor (Harlow 1997). The apparent limited ability of
black-tailed prairie dogs to rapidly alter body temperature could
be the result of physiological factors that inhibit their ability
to practice shivering and nonshivering thermogenesis, which
possibly result from differences in the composition of their
brown adipose tissue and protein stores. Similar oxygen con-
sumption patterns between laboratory populations of black-
tailed and white-tailed prairie (C. leucurus) dogs following nor-
adrenaline injection has led to the conclusion that black-tailed
prairie dogs have a “nonshivering thermogenic response” that
is similar to that of hibernators (Harlow 1997). However, in
the natural environment, there may be factors that confound
this thermogenesis and prevent black-tailed prairie dogs from
rapidly altering T;. Environmental factors, such as burrow tem-
peratures, could also influence the ability of black-tailed prairie
dogs to alter their T; during torpor. Although T, did not appear
to have a large influence on torpor bout duration or on min-
imum T, of prairie dogs during torpor, T, has been shown to
affect torpor bout duration and minimum T; in some sciurid
hibernators (Michener 1992). T.s that we report are higher
than T.’s reported at depths approximating hibernacula of free-
ranging Richardson’s ground squirrels (4°~10°C vs. 1°-4°C). A
smaller T,—T; gradient could have a large effect on cooling rates,

minimum T,, and rewarming rates of prairie dogs during
torpor.

Examination of the unusual torpor patterns of black-tailed
prairie dogs may provide insight about the evolution of hi-
bernation among sciurids. Although the evolution of hiber-
nation is a subject of much contention, it is generally believed
to be the ancestral condition among mammals that originated
in northern climates (Davis 1976; Geiser 1998). Estivation is
thought to have developed as species began to inhabit more
southern latitudes (Davis 1976). Within the genus Cynomys,
members of the subgenus Leucocrossuromys are thought to be
most primitive and are believed to have evolved at extreme
northern latitudes, whereas members of the subgenus Cynomys
are thought to have evolved more recently as prairie dogs began
expanding southward (Goodwin 1995). Members of Cynomys
Leucocrossuromys, including white-tailed (Cynomys Leucocros-
suromys leucurus), Gunnison’s (Cynomys Leucocrossuromys gun-
nisoni), and Utah prairie dogs (Cynomys Leucocrossuromys par-
videns), are thought to hibernate continuously during winter,
whereas members of the subgenus Cynomys, including Mexican
(Cynomys Cynomys mexicanus) and black-tailed prairie dogs,
do not hibernate (Hoogland 1995). However, black-tailed prai-
rie dogs are capable of entering torpor intermittently during
both winter and summer but practice daily and seasonal het-
erothermy while continuing to forage throughout most of the
year. There is a growing body of evidence to suggest that some
species practice an intermediate strategy on the gradient be-
tween hibernation and daily torpor (Wilz and Heldmaier 2000;
Lovegrove et al. 2001b). Likewise, black-tailed prairie dogs may
represent an evolutionary step between seasonal torpor and
normothermy.

In summary, body temperature patterns of black-tailed prai-
rie dogs have a daily and seasonal rhythmicity that is indicative
of an innate timing mechanism. However, T, patterns in this
species are also influenced by weather conditions, and there is
evidence that torpor patterns may be influenced by reproduc-
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tive behaviors. Our examination of torpor in this context reveals
the complexity of this physiological strategy in the natural en-
vironment and underscores the need for further investigation
of body temperature patterns in free-ranging animals.
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