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ABSTRACT 

Endothermic homeothermy is a major feature of the adaptive suites of 

tachymetabolic animals such as mammals and birds. The advantages 

homeothermy confers on birds and mammals include relative independence 

from the environment, a stable internal milieu, and possibly the ability to 

sustain high aerobic activity (Bennett and Ruben 1979). Some mammals in 

situations of limited water or energy availability, however, depart markedly 

from homeothermy and instead display patterns of heterothermy. 

Torpor is a lowering of body temperature (Tb) to conserve energy 

and/ or water. I studied the energetics of arousal from torpor in two desert 

pocket mice species. The species differed in warming rates and arousal dura

tions, but used similar amounts of energy to arouse. The smaller species, 

Perognathus amplus, lost mass more quickly while fasting in the cold, yet 

waited as long as the larger species, Chaetodipus baileyi, before entering tor

por. P. amplus maintained a lower Tb during torpor than C. baileyi. The 

thermodynamics of arousal indicated that metabolic rate during arousal was a 

function of Tb but not ambient temperature (Ta), that the animals changed 

thermal conductance to increase heat gain when Ta was greater than Tb, and 

that QI0 decreased during arousals. 

In contrast to torpor, adaptive hyperthermia provides desert mammals 

in dry, hot environments a means to conserve water that would normally be 

used for evaporative cooling. I modeled the effects of body size on adaptive 

hyperthermia and discovered that small mammals gain the most in terms of 



water savings using this strategy, and that small and large mammals can 

spend larger fractions of the day active than do medium size mammals. 
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I demonstrated that two desert ground squirrel species make use of 

adaptive hyperthermia during the summer near Tucson, Arizona by follow

ing free-ranging squirrels implanted with temperature-sensitive radio trans

mitters. Ground squirrel Tb fluctuated almost continuously, ranging from 

about 35° C to over 42° C, and rarely approached steady state. Of the two 

species studied; Ammospermophilus harrisii had higher mean Tb, similar 

maximum Tb, and lower Tb variability compared to Spermophilus tereti

caudus. These results are consistent with the more wide-ranging foraging 

style of A. harrisii compared to S. tereticaudus. 



CHAPTER ONE 

Metabolic and Thermal Patterns of Arousal from Torpor in Two 

Pocket Mice Species, Perognathus amp Ius and Chaetodipus baileyi 

INTRODUCTION 

15 

Torpor (including both daily torpor and seasonal torpor, or hiberna

tion; Bligh and Johnson 1973) has been the subject of intense study by workers 

interested in the neural and endocrine control of body temperature (for ex

ample, Mrosovsky 1971, Jansky and Musacchia 1976, Wang and Hudson 1978, 

Lyman 1982), but the ecological context of torpor has largely been ignored in 

these studies. Conservation of energy reserves is a major motivation for en

dotherms to use torpor, and energetics has been the primary focus of physio

logical ecologists studying torpor. There is considerable comparative infor

mation on energy use and body temperature during torpor, especially during 

steady state conditions. 

Any endotherm will eventually become hypothermic if faced with a 

cold environment lacking food; however a hallmark of the adaptive use of 

hypothermia is the ability to arouse spontaneously through endogenous heat 

production, a trait relatively few species of mammals have acquired. Thus 

the energetics of arousal from torpor are of special interest in assessing the 

ecological value of torpor. Unfortunately, because of the difficulty of measur

ing metabolic rates at particular body temperatures in rapidly arousing ani-
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mals, we know little about the relationship between metabolic heat produc

tion, rate of heat loss, body temperature, and ambient temperature during the 

transition state of arousal from torpor. 

In order to measure metabolic rate at known body temperatures, 

Tucker (1965a, 1965b) halted the arousal episodes of the California pocket 

mouse, Perognathus californicus, by application of cold to balance the heat 

production of the animals. This technique, though somewhat artificial, pro

vided estimates of thermal conductance and the temperature dependence of 

metabolism during arousal. Bartholomew, Vleck, and Bucher (1983) pro

vided the first measurements of body temperature and instantaneous 

metabolic rate during torpor in two species of tropical passerine birds, the 

manakins Manacus vitellinus and Pipra mentalis. 

In this study I simultaneously measured instantaneous metabolic rate 

and body temperature during arousal from torpor at three ambient tempera

tures in two pocket mice species, Perognathus amplus and Chaetodipus bai

leyi. I use these measurements to provide an explanation of the dynamics of 

arousal; that is, how changes in body temperature, metabolic rate, and insula

tion interact to produce dramatically rapid increases in body temperature dur

ing arousal from torpor. These data also provide information of interest in 

comparing the two pocket mice species. 

P. amplus and C. baileyi are members of the North American rodent 

family Heteromyidae and occur sympatrically throughout much of their 

ranges in the Arizona (Hoffmeister 1986). Although the two genera to which 

these species belong were recently considered one genus, they differ substan

tially in a number of morphological and genetic traits (Hafner and Hafner 
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1983). The two genera also display differences that may directly affect their 

use of torpor. Perognathus species in general are smaller-bodied and range 

geographically further north into more extremely seasonal habitats than. do 

Chaetodipus species (Hall 198T), suggesting that Perognathus species may be 

under greater energy stress in the winter than Chaetodipus species. Further, 

it has been demonstrated that Perognathus species can arouse spontaneously 

from lower body temperatures than can Chaetodipus species (Hayden and 

Lindberg 1970). These differences suggest that P. amplus has evolved a greater 

capacity for the adaptive use of torpor compared to C. baileyi, and that such a 

difference may be apparent in the patterns of arousal from torpor. 

ME'IHODS 

Study animals 

I live-trapped a total of 19 Chaetodipus baileyi (mean body mass about 

27 g) and 12 Perognathus amplus (mean mass about 11 g) in the vicinity of 

Tucson, Pima County, Arizona. All procedures 'described were approved by 

the University Laboratory Animal Care Committee. Pocket mice were 

collected during or just prior to winter and I assumed they were capable of 

utilizing torpor immediately without the need to undergo acclimation to cold 

conditions in the lab. I kept the pocket mice in a constant temperature room 

at approximately 10° C with a 10L:14D photoperiod prior to and between 

metabolic rate measurements. The pocket mice were housed individually in 

plastic cages (18 x 12 x 27 em) and provided with millet seed ad libitum, sup-



plemented occasionally with a mixture of other seeds (commercial parakeet 

mix). All pocket mice appeared in good health throughout the experiment. 

Experimental protocol 
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I measured metabolic rates of five or six individuals of each pocket 

mouse species arousing at three ambient temperatures (Ta = 12° C, 18° C, and 

24° C). Between the end of one measurement episode (completed arousal) 

and the beginning of the next (removal of food), pocket mice were fed ad libi

tum for at least three days. 

To induce torpor in pocket mice, I weigh~d them, and then placed 

them individually in cages without food at an ambient temperature of 10° C, 

or in a few experiments with C. baileyi, 15° C. Each cage contained a small 

metal can wired with a thermocouple. Pocket mice used the cans as shelters, 

and I recorded air temperature in the cans to monitor the thermoregulatory 

state of the fasting pocket mice (i.e., whether the animals were in torpor or at 

a normal, euthermic, temperature for activity). During euthermy, metabolic 

heat production by the pocket mice substantially increased the air 

temperature inside the cans. During entry into or exit from torpor, the 

change in pocket mouse body temperature was reflected by changes in can air 

temperature, and these transitions were easily discernible as smooth, gradual 

changes in temperature. In addition to provid~ng information on 

thermoregulatory status, the temperature recordings allowed me to measure 

the length of the euthermic interval before a fasting pocket mouse entered 

torpor. By measuring body mass at the beginning and end of the interval, I 

was able to estimate the rate of body mass loss during euthermy. 
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Once a pocket mouse had entered torpor, I removed it from its holding 

cage and inserted a fine thermocouple lead encased in polyethylene tubing 

(PE-50, outside diameter = 0.96 mm) into the animal's rectum (to a depth of 2 

cm for P. amplus,3 cm for C. baileyi). The thermocouple was anchored in 

place by taping the lead to the base of the animal's tail. The pocket mouse was 

then quickly placed on a platform of quarter-inch wire screen in a metabolism 

chamber, which consisted of a 330 ml glass jar for P. amplus, or a 490 ml plexi

glass tube for C. baileyi. The screen kept the animal's venter from contacting 

the chamber floor and allowed air to mix more freely inside the chamber. I 

then placed the animal and the chamber into the oxygen analysis system 

(Figure 1.1). I could usually begin recording oxygen consumption rate and 

body temperature of the pocket mice within three minutes of initial 

handling. 

The metabolism chamber's incurrent air was dried using silica gel and 

the flow to the chamber controlled with a Matheson model 8249 thermal 

mass flow controller. The metabolism chamber's excurrent air was dried and 

its C02 was removed using silica gel and Ascarite, and its oxygen concentra

tion was then measured with an Applied Electrochemistry S-3A oxygen ana

lyzer. Oxygen concentration was measured and recorded every 4.1 seconds, or 

in some cases every 10 seconds, using an Interactive Systems AI13 analog-to

digital converter and an Apple II Plus personal computer. I converted 

measured excurrent oxygen fraction (FE) to "equilibrium" FE (Bart.holomew et 

al. 1981) in order to calculate instantaneous rates of oxygen consumption 

("V02). This calculation accounts for the gradual washout of respiratory gases 

in the metabolism chamber to determine instantaneous changes in rate of 
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oxygen consumption (Bartholomew et al. 1981). Although I did not remove 

C02 from the incurrent air, I used Equation 2 of Hill (1972) to calculate VOb 

ignoring C02 in this calculation results in errors no larger than 0.1 % (Hill, 

1972). I then converted VOl to rate of energy use assuming an energy 

equivalence of 20.1 J per ml 02 consumed (Schmidt-Nielsen, 1983). 

I measured body temperatures of arousing mice and chamber air tem

peratures using a Sensortek Bat-12 thermocouple thermometer. The instru

ment was calibrated against a thermometer traceable to the National Bureau 

of Standards. In most cases, I recorded the thermometer readings by hand at 

one minute intervals; in a few cases I used the thermometer's voltage output 

and the analog-to-digital converter to record temperatures automatically 

along with the oxygen analyzer data. 

Data analysis 

Parametric statistical tests were performed using SYSTAT 5.0, a statisti

cal software package used on an Apple Macintosh II computer (Wilkinson 

1989). I deemed the probability level of 0.05 as ~ignificant. 
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Figure 1.1 The oxygen analysis system used to measure metabolic rates of 
arousing pocket mice. The hatched box indicates that the metabolism 
chambers were placed inside a constant temperature cabinet. 
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RESULTS 

Arousal patterns 

The torpid pocket mice, stimulated by handling during transfer to the 

oxygen analysis system, usually aroused immediately, undergoing a rapid and 

continuous increase in body temperature and metabolic rate. Arousals typi

cally took between forty and eighty minutes to complete (Figures 1.2a-c). Rate 

of body temperature increase, energy use during arousal, and the "heat 

storage efficiency" (defined as the increase in heat content of the animal's 

body divided by the energy expended during arousal) were correlated with the 

ambient temperature during arousal. At low ambient temperatures, arousals 

took longer and required more energy for a given increase in body tempera

ture and heat content than at high ambient temperatures. 

Some arousals at an ambient temperature of 24° C, however, differed 

markedly from the usual pattern (Figure 1.2d). These arousals, which I term 

"passive" arousals, occurred when a torpid pocket mouse was transferred 

from the low ambient temperature (10° C or 15° C) cage used to induce torpor 

to a relatively warm (24° C) metabolism chamber in the oxygen analysis sys

tem. Passive arousals were characterized by a brief initial period of fairly high 

metabolic rate and rapid increase of body temperature, followed by a return of 

metabolic rate to very low levels (Figure 1.2d). Body temperature continued 

to increase during this phase, albeit at a slower rate than during the initial 

burst of metabolic heating, as heat was absorbed passively from the warmer 

environment. Finally, when body temperature. of the pocket mouse warmed 

to within about 2° C of ambient temperature, metabolic rate again increased 
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sharply, and the arousal was completed rapidly. During the period of passive 

heating, the pocket mice typically exhibited bo~ts of normal breathing inter

rupting longer bouts of apnea (Figure 1.2d). 

A cluster analysis (Manly 1986, Wilkinson 1989) partitioned the torpor 

arousals into clusters based on differences in arousal variables. Cluster analy

sis is an iterative algorithm for assigning cases (such as the arousal episodes 

in this study) to groups in which the within-group variance is minimized 

relative to the between-group variance. The variables used in the cluster 

analysis included the average and maximum rates of body temperature 

increase over the entire arousal, the length of time taken to increase body 

temperature from 200 C to 300 C, the energy used and the average metabolic 

rate over that body temperature interval, and the "heat storage efficiency" 

(defined above) of the entire arousal (see Table 1.1). The arousal data for body 

temperatures between 200 C and 300 C provide a uniform body temperature 

range for comparison of all arousals. 

I transformed the variable values (using a z-transformation) within 

each species before running the cluster analysis. This is necessary for two rea

sons. First, it prevents a large magnitude variable from dominating the other 

variables in determining cluster composition; in other words, without first 

transforming the variables, the algorithm will create groups which minimize 

the sum-of-squares of the large magnitude variable with little regard to the 

sums-of-squares of the small magnitude variables, which contribute little to 

the total sum-of-squares (Manly 1986, Wilkinson 1989). Second, transforming 

the variables within species removes effects due to differences in body size 
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Figure 1.2 Metabolic rate and body temperature of pocket mice arousing from 
torpor at three ambient temperatures. Figures 1.2a-c depict active arousals at 
24° C, 18° C, and 12° C. Figure 1.2d illustrates a passive arousal at 24° C. 
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Table 1.1 Characteristics of arousals from torpor at three ambient temperatures for P. amplus and C. baileyi, with 
results of two-way analysis of variance. The entire arousal episode was considered in generating values for warming 
rate and heat storage efficiency; the data from the body temperature interval from 20° C to 30° C were used to calculate 
values for duration of arousal, energy cost, and average metabolic rate. Passive arousals were excluded from this 
analysis. Values are: mean (standard deviation, sample size). 

PerognalhllS IImplllS ChlleiOliip"s bllileyi Two-way ANaVA Factor 

Variable units 12°e 18°e 24°e 12°e 18°e 24°e Species Temperature 
F p F P 

body mass g 11.2 10.5 9.8 26.0 24.7 29.1 
(2.3,5) (2.3,5) (0.78,2) <1.2. 6) <1.6,5) <3.2, 4) 

warming rate 

average °e/rrdn 0.301 0.468 0.649 0200 0.341 0.427 15.67 .001· 18.72 <.001 • 
(.706,5) (.067,5) (.059,2) (.093,6) (.149,5) (.023,4) 

maximum °e/rrdn 0.600 0.800 1.100 0.420 0.580 0.658 24.55 <.001 • 13.34 <.001· 
(.158,5) (.141,5) (.141,2) (.094. 6) (.148,5) (.150,4) 

duration min 21.0 15.2 142 49.6 32.4 19.8 5.88 .024· 2.34 .121 I1S 

<53,5) (2.6,5) (1.8,2) (29.0,6) au, 5) (2.63,4) 

energy cost 

total J 612.1 418.4 285.0 1675.5 1076.9 869.2 51.15 <.001 • 10.38 .001· 
(112.5,5) (101.2. 5) a7.4,2) (485.4. 6) 199.7,5 (55.4,4) 

mass specific Jig 55.4 39.8 29.4 642 43.5 30.0 1.03 322ns 16.59 <.001· 
, (9.8,5) (4.6,5) <5.2,2) <17.9,6) <7.4,5) (1.7,4) 

avg. metabolic rate 

total mW 494.3 464.5 338.0 636.0 653.5 739.8 20.79 <.001 • 0.074 .fJ19ns 
(62.1,5) (104.5,5) <73.9,2) (157.1,6) (188.9,5) (94.0,4) 

mass specific mW/g 45.0 44.1 35.1 24.5 26.6 25.5 36.81 <.001 • 1.21 318ns 
<7.2. 5) (2.8,5) <10.4,2) (6.4,6) (8.4,5) (2.7,4) 

heat storage JIl 0.57 0.87 1.13 0.53 0.68 1.G;) 3.12 .092ns 35.84 <.001· 
efficiency (.109,5) (.123,5) (.299,2) (.118, 6) (.099,5) (.087,4) 

~ 



and relative surface area of the two species, and allows comparison of the 

range of arousal patterns observed in both species. 
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The arousals sorted into four clusters (Table 1.2). The first cluster con

sisted of "slow" arousals at 12° C and was characterized by the slowest warm

ing rates, long durations of arousal, the highest .energy cost, low average 

metabolic rate, and the lowest heat storage efficiency. The second cluster was 

composed of the remaining arousals at 12° C and some arousals at 18° C. This 

group had moderate warming rates and durations of arousal, moderate aver

age metabolic rates and total energy cost, and low heat storage efficiency. The 

third cluster contained the remaining arousals at 18° C and and active 

arousals at 24° C. It was characterized by the highest warming rates, shortest 

durations of arousal, the lowest energy costs, moderate average metabolic 

rates, and high efficiency. Finally, the last group consisted of the arousals in 

four P. amplus individuals and two C. baileyi individuals at 24° C which I 

have termed "passive." This group had low warming rates, the longest dura

tions, low energy cost, the lowest average meta~olic rate, and the highest 

efficiency (Table 1.2). 

Effects of ambient temperature on arousals 

The passive arousals clustered as a qualitatively and quantitatively dif

ferent group from the other arousals, which tended to sort on the basis of am

bient temperature. I therefore excluded the data from passive arousals in the 

following analyses. Two-way analysis of variance was performed on the data; 

the factors were species and ambient temperature. 



Table 1.2 Arousal characteristics of groups produced by cluster analysis. The first part of 
the table presents a summary of the z-transformed data used in the cluster analysis. The 
other parts of the table present summaries of the untrailsformed data for the arousals of 
each species that belong to each cluster. Values presented are means ± standard deviation 
(see text for details>. 

Variable Cluster 1 Ouster 2 Ouster 3 Ouster 4 
(slow arousals) (arousals 120 C (fast arousals (passive 

and ISO C) ISO C & 240 C) arousals) 

Transformed data: 
Overall warming rate -1.15±O.14 -0.31 ±0.59 1.14±0.46 -O.83±0.31 
Maximum warming -1.2S±0.29 -O.28±0.37 1.07±0.65 -O.70±0.69 
rate 
Duration of arousal 1.15±0.27 -O.26±0.42 -O.8O±0.21 1.43±0.75 
Energy used 2.28±0.37 0.41±0.38 -O.74±0.32 -O.66±0.43 
Average metabolic -O.36±0.SS 0.44±0.59 0.47±0.54 -1.63±0.35 
rate 
Heat storage efficiency -1.47±O.10 -O.64±O.36 0.70±0.68 0.81±0.68 

P. amplus data: 
n 1 7 4 4 
mass (g) 9.6 10.7±2.5 11.0±1.73 11.1 ±2.6 
Overall warming rate 0.247 0.366 ± 0.093 0.582 ± 0.092 0.316±0.020 
(DC/min) 
Maximum warming 0.400 0.671 ± 0.095 1.025 ± 0.126 0.675 ± 0.126 
rate (0 C/min) 
Duration of arousal 28.50 18.07 ± 3.06 13.59± 1.80 27.12 ± 5.36 
(min) 
Energy used (J) 690.8 512.5 ± 147.7 361.1 ± 10S.6 311.6±48.9 
Average metabolic 404.0 467.2± 81.6 448.8± 137.1 192.7±11.5 
rate (mW) 
Heat storage efficiency 0.443 0.683 ± 0.125 1.058 ± 0.200 0.973 ± 0.192 
alJ) 

C. baileyi data: 
n 2 6 7 2 
mass (g) 26.6±2.0 25.6±0.8 27.0±3.6 29.0±0.0 
Overall warming rate 0.115 ± 0.035 0.228 ± 0.081 0.431 ± 0.046 0.104 ± 0.016 
(DC/min) 
Maximum warming 0.310 ± 0.028 0.467 ± 0.052 0.661 ± 0.125 0.250 ± 0.071 
rate (0 C/min) 
Duration of arousal 85.90 ± 15.13 37.57± 16.16 20.24 ± 2.41 125.50 ± 14.85 
(min) 
Energy used (J) 2278.5 ± 105.4 1338.8 ± 152.6 903.5± 73.3 1339.7 ± 44.7 
Average metabolic 447.2 ± 58.3 650.5 ± 168.6 749.2±69.9 179.5 ± 27.2 
rate (mW) 
Heat storage efficiency 0.390 ± 0.028 0.596 ± 0.045 0.939 ± 0.196 1.133 ± 0.130 
(JIJ) 

28 
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Warming rates (OC/minute): Overall warming rates (calculated as the 

change in body temper:.l.ture from the beginning of the arousal to its conclu

sion, divided by the corresponding time interval) ranged from about 0.2° 

C/minute to 0.65° C/minute and showed both temperature and species effects 

(Table 1.1). When passive arousals were excluded from the analysis, overall 

arousal rates were roughly 50% higher for P. amplus at each of the ambient 

temperatures compared to C. baileyi. Within each species, mean overall 

arousal rate at Ta = 24° C was more than double the rate at Ta = 12° C (Table 

1.1). This effect was due to the larger average temperature difference between 

the animal and its surroundings, and thus the greater average rate of heat loss 

from the animal during the arousals at the lower ambient temperature. Max

imum arousal rates (the highest rate of body temperature increase sustained 

for at least two minutes during an arousal) showed a similar pattern with re

gard to species and ambient temperature (Table 1.1). 

Duration of arousal (minutes): The time to raise body temperature 

from 20° C to 30° C ranged from about 14 minu~es to 50 minutes and was 

longer for C. baileyi than for P. amplus, as might be expected based on the 

arousal rates described above (Table 1.1). Although mean durations of 

arousals were shorter at higher ambient temperatures, the two-way ANOV A 

did not indicate significant temperature effects. Lower ambient temperatures 

seemed to slow down C. baileyi more than P. amplus; the mean duration at 

12° C was about 1.5 times as long as at 24° C for P. amplus, but about 2.5 times 

longer for C. baileyi. This difference is due in part to the slightly higher 

metabolic rate of P. amplus at 12° C compared to at 24° C. At the same time, C. 
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baileyi had"a slightly lower metabolic rate at 12° C than it did at 24° C. In nei

ther case was the temperature effect significant (see below and Table 1.1). 

Energy cost.a and!Lgl: The energy expended while warming body 

temperature from 20° C to 30° C was less at higher ambient temperatures than 

at lower ambient temperatures whether passive arousals were included or 

not. On a whole-animal basis, the mean energy cost for this body temperature 

interval decreased from 612 J to 285 J for P. amplus and from 1676 J to 869 J for 

C. baileyi from 12° C to 24° C (Table 1.1). There was a significant species effect 

in this analysis as well: C. baileyi expended about 2.5 times as much energy as 

P. amplus at the three ambient temperatures, corresponding to their larger 

body size. Analyzed on a mass-specific basis, however, the two species could 

not be distinguished, although significant temperature effects remained 

(Table 1.1). 

Average metabolic rate (m Wand m WIg): The average metabolic rate 

was calculated as the integral of metabolic rate over the body temperature in

terval of 20° C to 30° C and divided by the duration of that period. There was 

a significant species effect on both whole-animal and mass-specific metabolic 

rate (Table 1.1). The average metabolic rate of the smaller P. amplus was less 

on a whole-animal basis (mean value roughly 443 m W for the non-passive 

arousals) and more on a mass-specific basis (mean value about 43 mW /g) 

than that of the larger C. baileyi, for which corresponding values were 669 

m W and 25 m W / g. This is a scaling of whole-animal metabolic rate pro

portional to MO.46. When passive arousals were excluded, there were no sig

nificant temperature effects, although average metabolic rate for P. amplus 

appeared to be lower at 24° C than at the other temperatures, while C. baileyi 

~ ----- ~-~--------------
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appeared to have a higher metabolic rate at 24° C than at the other tempera

tures. The absence of significant Ta effects over this Tb range indicates that 

metabolic rate during arousal is essentially a function of body temperature 

and does not depend on ambi~nt temperature, a marked contrast with 

normothermic animals. Arousing pocket mice apparently have rates of heat 

production determined by body temperature, regardless of rates of heat loss. 

Heat storage "efficiency".ilL.ll: This value is calculated over the entire 

arousal and equals the increase in heat content of animal divided by the 

energy cost of the arousal. For these calculations, I assumed a specific heat of 

mouse tissue equal to 3.43 J/g'oC (Hart 1951). There was a Significant tempera

ture effect in the two-way ANDV A, but no species effect. Pocket mice 

arousing at 18° C and 24° C gained heat from the environment at no 

metabolic cost when body temperature was less than ambient temperature. 

Thus the "efficiencies" reported were higher than if metabolic heat 

production had been the only route for heat gain. At Ta = 24° C, mean heat 

storage efficiencies were greater than 100% for both species, due to the "free" 

heat gained from the environment. When Ta ~ 12° C, heat storage 

efficiencies were still fairly large (> 50%). Heat is often considered a waste 

product in analyses of energy conversion. For animals arousing from torpor, 

however, heat is the primary output of interest of the metabolic processes, 

and the "inefficiency" of metabolism is clearly advantageous to the pocket 

mice (who are adept at conserving this "waste" product). 
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Passive arousals 

A comparison of active and passive arousals for the two pocket mice 

species at Ta = 24° C (Table 1.3) indicated that while the average metabolic rate 

during passive arousals was lower than during active arousals, the overall 

duration was longer and the warming rate was,lower. Thus the overall 

energy cost of passive arousals was roughly equal to the cost of passive 

arousals in P. amplus, and greater than the cost of active arousals in C. baileyi 

(Table 1.3). There was no difference in the heat storage efficiency of the two 

types of arousals (Table 1.3). 

Heat transfer and thermal conductance 

Thermal conductance, h (mW JOC), is a measure of the ease of heat 

transfer between an animal and its environment (Scholander et al. 1950, 

Bradley and Deavers 1980). I estimated thermal conductance for pocket mice 

using metabolic rate, body temperature, and ambient temperature data 

collected at one minute intervals during arousa~s. Metabolic rate is essen

tially equivalent to metabolic heat production because all energy transforma

tions within an animal not performing external work (as in a fairly motion

less pocket mouse in a metabolism chamber) eventually show up as heat. 

Net heat flux (H, mW) can be estimated as the difference between heat pro

duction and the rate of change in heat content of the animal: 

H (mW) = 



Table 13. Comparison of passive and active arousal characteristics for P. amplus and C. baileyi arousing from torpor at 
240 C. Values presented are mean ± standard deviation. Note: t-test was not performed for C. baileyi body mass as there 
was no variation in the passively-arousing individuals. 

Perognathus amplus Chaetodipus baileyi 

Variable Passive Active t P Passive Active t P 

sample size 4 2 2 4 

body mass 11.1 ±2.6 9.8±0.78 0.68 0.535 29.0±0.0 29.1 ±3.2 
g ns 

overall warming rate 0316 ± 0.020 0.649 ± 0.059 11.3 0.000 0.104 ± 0.016 0.427 ± 0.023 17.2 0.000 
o Clmin It It 

duration of arousal 27.1 ±5.4 14.2± 1.8 3.15 0.035 125.5± 14.8 19.8±2.6 15.7 0.000 
minutes It It 

energy cost 311.6 ± 48.9 285.0±27.4 0.689 0.529 1339.644.7 869.2 ± 55.4 103 0.001 
J ns It 

average metabolic rate 192.7± 11.5 338.0±73.9 4.38 0.012 179.5±27.2 739.8±94.0 7.84 0.001 
mW It It 

heat storage efficiency 0.973 ± 0.192 1.131 ± 0.299 0.814 0.461 1.133 ± 0.130 1.086 ± 0.087 0.54 0.616 
J/J ns ns 

CJl 
CJl 
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where I!!.Tbl I!!.t is warming rate (0 Cis), Cp is specific heat capacity {J/g'o C), Mis 

body mass in grams and E is metabolic rate (mW). For these calculations, I 

again assumed the specific heat capacity of animal tissue is 3.43 J/g·oC (Hart 

1951). Net heat flux was a non-linear function of the difference between body 

temperature and ambient temperature (Figures 1.3 - 1.5), indicating that the 

insulative properties of the pocket mice change during arousal, especially in 

the neighborhood of Tb = Ta. The lines in Figures 1.3 - 1.5 were fit to the data 

points using Cleveland's (1979) locally weighted scatterplot smoother (lowess) 

in SYSTAT. Lowess is an algorithm for determining the trend in data plotted 

in scatterplot form. Lowess produces a smoothed Y i value for each pair of 

(Xi,Yi) values in the data set. The smoothed Yi is the value predicted from a 

locally-weighted linear regression line calculated for the points nearest the 

(Xi,Yi) in question. Lowess is quite flexible in that the fraction of points in the 

data set used in these regressions is set by the user; a greater fraction of points 

used leads to a greater smoothing effect (Cleveland 1979). For the graphs pre

sented in this paper I used smoothness fractions of 0.2 to 0.5; that is, between 

20% and 50% of the data points were used in each point's smoothing 

regression. 

Heat flux divided by the temperature difference between the animal 

and its surroundings corresponds to thermal conductance: 

h (mW;oC) = 
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Figure 1.3 Net heat flux (W) as a function of difference between body 
temperature and ambient temperature for arousals at 12° C. Lines are fitted 
using Lowess scatterplot smoothing algorithm (see text for details). a) P. 
amplu5, b) C. baileyi. 
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Figure 1.4 Net heat flux for arousals at 18° C. Lines are fitted using the lowess 
scatterplot smoother (see text). a) P. amplus, b) C. baileyi. 
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Figure 1.5 Net heat flux for arousals at 24° C. Lines are fitted using the lowess 
scatterplot smoother (see text). a) P. amplu5, b)'C. baileyi. 
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The thermal conductance values I calculated are noisy for at least two 

reasons. First, the "instantaneous" nature of th.e metabolic rate measure

ments compared to the "time averaging" nature of body temperature change 

causes mismatches between changes in heat content and metabolic rate if the 

latter is at all variable. Second, small errors in measurement become increas

ingly exaggerated in the neighborhood of (Tb - Ta) = 0; in other words, this 

function is hyperbolic even in the absence of any variation in H. 

Despite the noise, variation in thermal conductance over the course of 

arousal can be detec~ed. At body temperatures above ambient, thermal con

ductance initially decreased slightly during arousal, then increased again as 

the animal approached normal body temperature (best seen in Figures 1.6 and 

1.7). At body temperatures below ambient, no systematic trends in thermal 

conductance appeared, although the lowess-ge~erated line was placed at 

greater conductance values than those at body temperatures above ambient 

(best seen in Figures 1.7a and 1.8). 

I performed t-tests to test for differences between the mean thermal 

conductance values of the two pocket mice species (Table 1.4), and for differ

ences between the mean conductance values at body temperatures above and 

below ambient temperature for each of the species (Table 1.5). For these 

analyses, I excluded conductance values lying within the region bounded by 

-2.5° C and +2.5° C on the (Tb - Ta) axis; the noise due to dividing by small 

values of (Tb - T a) appeared to drop off rapidly towards the edges of this 

region. The overall mean thermal conductance values of the two species 
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Figure 1.7 Thermal conductance for arousals at .180 C. Lines are fitted using 
the lowess scatterplot smoother (see text). a) P. amplus, b) C. baileyi. 
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Figure 1.8 Thermal conductance for arousals at 240 C. Lines are fitted using 
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were significantly different (Table 1.4). The mean thermal conductance value 

for P. amplus was greater than the upper 95% confidence limit for 

conductance based on Bradley and Deaver's (1980) allometric equation for 

heteromyid rodents. The mean thermal conductance value for C. baileyi, 

while greater than the predicted minimum value, was within the 95% 

confidence interval of the allometric equation. The allometric equation for 

minimal thermal conductance is based on metabolic rate measurements of 

mammals below the thermoneutral zone and was calculated using the 

standard "fitted" method (McNab 1980). 

For both pocket mouse species thermal conductance is significantly 

higher when body temperature is less than ambient temperature compared to 

when body temperature is greater than ambient temperature (Table 1.5). 

These differences in mean conductance are striking (about 45% higher when 

the mice are cooler than the environment than when warmer for both 

species, Table 1.5). This means that the pocket mice facilitate heat gain when 

Tb < Ta, and reduce heat loss when Tb > Ta. 
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Table 1.4. Thermal conductance (m W;o C) during arousal from torpor for 
the two species of pocket mice. Values are means (standard deviation, 
sample size). Predicted minimal thermal conductance were calculated 
from Bradley and Deaver's (1980) allometric equation for heteromyid 
rodents: h (mW;o C) = 3.46m.56. The t-test compares the overall mean 
values of thermal conductance for the two species. 

overall h 
(mW/o C) 

mass 
(g) 

predicted 
minimum h 

(mW;o C) 

II 
P. amplus 

17.9 
(35.1,874) 

10.8 
(2.1, 16) 

13.1 

C.baileyi 

26.1 
(29.8, 1283) 

26.7 
(2.5, 17) 

21.8 

t P 

5.84 <0.000 
* 
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Table 1.5 Thermal conductance (mW r C) at body temperatures (Tb) above 
and below ambient temperature (Ta). Values are mean (standard deviation, 
sample size). 

Tb>Ta 

Tb <Ta 

t 
P 

P. amplus 

17.1 
(16.3,661) 

24.6 
(9.5,212) 

6.41 
<0.001 * 

C.baileyi 

24.4 
(25.9, 1135) 

35.6 
(26.0,143) 

4.86 
<0.001 * 



Body temperature effects on metabolism 

The effect of body temperature on metabolic rate during the course of 

arousal can be calculated using the QlO equation (Schmidt-Nielsen 1983): 

= (
. J 10 
:: T2-

T
1 
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where QlO is equivalent to the factorial increase in metabolic rate seen over a 

ten degree increase in body temperature, and £1 and £2 are metabolic rate at 

any body temperatures T1 and T2 during arousal. Like calculations of thermal 

conductance, this equation is also quite sensitive to noise like that 

characteristic of metabolic rates measured instantaneously. Therefore I 

averaged the three £ values nearest the body temperature value of interest 

when calculating QlO. 

The effect of body temperature on metabolic rate (as measured by QlO) 

was not constant during arousal from torpor, but was quite large at low body 

temperatures and decreased as body temperature increased (Figure 1.9). This 

indicates that the proportional increase in metabolic rate for a given increase 

in Tb decreased as Tb approaches the normothermic set point. P. amplus, in 

addition to very high QlO values (>20) seen at the lowest body temperatures, 

also showed a peak in the lowess line at body temperature equal to about 22° 

C (Figure 1.9a). This peak was due to very large QlO values (typically> 50) at 

these body temperatures as passively arousing pocket mice rapidly increase 

metabolic rate and become "active" arousers. The C. baileyi graph did not 

show this effect (Figure 1.9b), both because there were fewer passive arousals 
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in this species, and also because the transition from passive to active was not 

as abrupt as in P. amplus. C. baileyi also did not display the very high QlO 

values at body temperatures less than 18° C. This indicates that, at very low 

body temperatures, C. baileyi did not get as much of a boost in ability to 

generate heat from small increases in body temperature as did P. amplus. 

Torpor and euthermy while fasting 

In the chamber used to induce torpor, the pocket mice were faced with 

a cold environment lacking food. The two pocket mice species did not spend 

significantly different periods euthermic, although the mean value for P. am

plus is almost six hours longer than for C. baileyi (Table 1.6). Nocturnal 

rodents using daily torpor like these pocket mice tend to enter torpor around 

daybreak, remain torpid throughout the day, al).d arouse at nightfall (Brown 

and Bartholomew 1969). If a pocket mouse did not enter torpor on the first 

morning after I placed it in the 10° C cage without food, it is likely that it 

would wait approximately another 24 hours before entering torpor.on the 

second morning. Given the high variance that results from this bimodal dis

tribution of euthermic periods, it is not surprising that the t-test did not show 

a significant difference between species, despite the greater mean for P. am

plus. 

During torpor at Ta = 10° C, P. amplus maintained a lower body tem

perature than that of C. baileyi (Table 1.7). The body temperature of P. amplus 
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Figure 1.9 Temperature dependence of metabolism during arousal from 
torpor in the two pocket mice species (as measured by QI0). I calculated the QI0 
values over increments of 4° Ci the x-values used in these plots are the mid
points of these four degree ranges. Lines are fitted using the lowess scatterplot 
smoother (see text). Note that the presence of points with QI0 values> 20 pull 
the lowess line for P. amplus up at the lowest body temperatures and at the 
transition between passive and active arousal (about 22° C), but that otherwise 
QlO values are similar for the two species. a) P. amplus, b) C. baileyi. 
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Table 1.6 Durations of euthermy and torpor during fasting periods for the 
two species of pocket mice at Ta = 10° C, and results of t-tests between species. 
Values are mean (standard deviation, sample size). 

Variable I units I P. amplus C. baileyi t p 

total time hr 25.1 19.4 1.64 0.108 
euthermic (11.1,27) (10.2,15) ns 

percent time % 75.1 64.7 2.67 0.011 
euthermic (13.7,28) (13.8, 15) * 

time in torpor hr 7.2 10.8 2.25 0.030 
(3.2,27) (7.3,15) * 
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Table 1.7 Body temperatures during torpor for the two species of pocket mice 
and results of t-test for differences between means of the species. Values are 
mean, standard deviation, sample size. 

II P. amplus I C. baileyi lit I p 

x 15.8° C 7.33 <0.001 

s 1.16 3.01 

N 32 18 



50 

during torpor was on average only 1.50 C above ambient, while C. baileyi 

maintained a difference of 5.80 C. Assuming minimal thermal conductance 

for the two species, this means that while in torpor, C. baileyi uses energy on a 

mass-specific basis at about 2.5 times the rate that P. amplus does. 

Body mass loss during fasting 

The mean total body mass loss (the difference in mass between the 

time I placed a pocket mouse in the cage without food and the time I took it 

out one or two days later) was not significantly different for the two species at 

Ta = 100 C, and was equal to approximately two grams (Table 1.8). However, 

the P. amplus lost a much greater percentage of their body mass than did C. 

baileyi (mean values 18.4% vs. 7.8%, Table 1.8). 

Expressing body mass loss as a function of hours spent euthermic re

vealed significant relationships between these two variables for both species 

(Figure 1.10). The regressions indicate that C. baileyi lost 99 mg/hour euther

mic and P. amplus lost 64 mg/hr. These slopes ,are significantly different (P = 

0.046). The slopes relating percent body mas!? lost to hours euthermic for the 

two species are likewise different (P=O.022) and are 0.34 % /hr for C. baileyi and 

0.66 % /hr for P. amplus. 
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Table 1.8 Body masses and body mass loss during fasting at Ta = 100 C. Values 
are mean (standard deviation, sample size). 

Variable I urn!. I~~I ! 
p 

final body mass g 10.6 27.0 
(1.5,27) (2:7, 15) 

body mass loss 
total g 1.9 2.2 0.783 0.438ns 

(0.88,27) (1.2, 15) 

% final mass % 18.4 7.8 4.28 <0.001 It 

(9.05,27) (3.9, 15) 
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Figure 1.10 Rates of body mass loss while fasting at Ta = 10° C for the two 
pocket mice species. Mass loss is plotted again~t the time spent euthermic. a) 
Total mass loss rate. Linear least squares regression equations are: C. baileyi: 
.1mass (g) = 0.224 + 0.099·.1time (hr), r2 = 0.74, P < 0.001; P. amplus: .1mass (g) = 
0.286 + 0.064·.1time (hr), r2 = 0.67, P < 0.001. Th~ regressions are statistically 
significant from each other (P = 0.046). b) mass loss as percent of final body 
mass vs. euthermic period. Linear least squares regression equations are: C. 
baileyi: .1mass (%) = 1.30 + O.34·.1time (hr), r2 = 0.77, P < 0.001; P. amplus: 
.1mass (%) = 1.80 + 0.66·.1time (hr), r2 = 0.68, P < 0.001. The regressions are sig
nificantly different from each other (P = 0.022). 
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DISCUSSION 

Species comparisons 

P. amplus appears to utilize torpor more effectively than C. baileyi. P. 

amplus maintained lower temperature during torpor (Table 1.7) and is 

capable of arousing spontaneously from lower body temperatures than C. bai

leyi (Hayden and Lindberg 1970, pers. obs.). Thus P. amplus can save more 

energy in torpor relative to during euthermy than C. baileyi can. The QlO 

values during arousal from torpor are much greater for P. amplus at the 

lowest body temperatures than for C. baileyi (Figure 1.9). These values indi

cate that small increments in body temperature at the lowest body tempera

tures elevate metabolic rate more in P. amplus than they do in C. baileyi. 

These differences in utilization and effectiveness of torpor probably arise 

from differences in biochemistry and neurological control in the two species. 

Other differences are more likely the direct or indirect consequences of 

the different body size of the two species of pocket mice. The higher warming 

rates and thus shorter durations of arousal in P. amplus relative to C. baileyi 

result from the smaller body size and hence lower thermal inertia of P. am

plus relative to its heat-generating ability (higher mass-specific metabolic 

rate). These differences in warming rates and arousal durations are expected 

based on the general scaling of thermal mass (ocM1.0) and metabolic rate 

(ocM·75). The overall warming rates measured for these two species at 24° C 

are about 20% lower than expected based on body size (predicted values from 

Heinrich and Bartholomew [1971] are 0.81° C/min for P. amplus and 0.53° 

C/min for C. baileyi). 
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In spite of the higher average mass-specific metabolic rate and faster 

warming rate of P. amplus during arousal, the total mass-specific energy cost 

for the two species are similar (because of the shorter duration of arousal for 

P. amplus). Thus P. amplus and C. baileyi do not expend different fractions of 

their energy reserves (assuming fat stores scale approximately oc:Ml.O, Calder 

1984). This means that for arousals no decrease in energy efficiency 

accompanies an increase in the rate of the process, as occurs in many energy 

conversion systems. 

The time taken before a pocket mouse abandons euthermy and enters 

torpor in a cold environment without food is clearly an energetically costly 

period. The data from the fasting pocket mice indicate that C. baileyi may be 

under weaker selection than P. amplus for effective use of torpor. The 

smaller P. amplus lose a greater proportion of body mass and at a faster rate 

than C. baileyi. This relatively higher cost of maintaining euthermy for the 

smaller species may have favored the evolution of greater capability for using 

torpor in P. amplus. Field records of pocket mice activity in the Sonoran 

desert indicate that P. amplus has a longer and more consistent period of 

winter inactivity than C. baileyi (Lewis 1973, Reichman and Van De Graaff 

1973). These data support the inference from my lab data on body mass loss 

that C. baileyi are less constrained energetically and need not use torpor as 

much as P. amplus. 
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Surprisingly, however, the data on duration of the euthermic interval 

also indicate that P. amplus waits as long or longer than C. baileyi before en

tering torpor. Why would the species which I claim is more adept at utilizing 

torpor apparently avoid it? I believe that this result is consistent with the re-
¥ 

suits of Brown and Bartholomew (1969) worki~g with the pale kangaroo 

mouse, Microdipodops pallidus. M. pallidus is another heteromyid rodent 

capable of using torpor, but it apparently "squanders" food reserves and re

mains normothermic even at low temperatures, when the energy savings 

that couId be derived from entering torpor are very great (Brown and 

Bartholomew 1969). French (1986, see also Pearson 1960) has contended that 

avoidance of torpor is a reasonable strategy given the non-energetic costs of 

using torpor, such as missed opportunity costs (J.S. Brown 1988, Stephens and 

Krebs 1986). Increased risk of predation (Slade and Balph 1974, Hoeck 1987, 

Young 1990) during torpor may also lead to selection to avoid torpor when 

energetically feasible. Given the mean body temperatures in torpor measured 

in this study, C. baileyi uses energy about 2.5 times faster (on a mass-specific 

basis) than P. amplus while in torpor. Thus, P. amplus has a larger energy 

"safety margin" once in torpor than C. baileyi. The view that torpor should 

be avoided could explain why P. amplus waits as long as C. baileyi before 

entering torpor, despite losing mass more than twice as fast during euthermy. 

Passive arousals 

Passive arousals were strikingly different from typical arousals, and at 

first glance might appear to be an adaptive response to warm ambient tem

peratures during arousal. By waiting until body temperature reaches ambient 
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temperature before beginning to increase metabolic rate above the basal level, 

pocket mice were able to warm about halfway to euthermy at an apparently 

very low cost. Comparison of the total energy used during arousal, however, 

indicated that passive arousals were not energetically cheaper than active 

arousals at the same ambient temperature, mainly because of the exceedingly 

long duration of the passive phase (Table 1.3, Figure 1.11). The lack of energy 

savings and the long time needed for passive arousals argues against an adap

tive explanation for this phenomenon. 

Further, the conditions at which passive arousals occur are probably 

rarely, if ever, found in nature for a pocket mouse. A sudden increase of 

more than 8° C in ambient temperature was required in the lab to induce pas

sive arousals. Although the burrow temperatures of semi-fossorial rodents 

can vary seasonally, they are essentially constant over a day (Brown and 

Bartholomew 1969, Chappell and Bartholomew 1981a, this dissertation 

Chapter 3). Animals hibernating above ground, on the other hand, could 

conceivably make use of relatively quick increases in environmental 

temperature to warm up cheaply. Early work on torpor in the poorwill, a bird 

that hibernates exposed on the ground, found that these birds sometimes 

arouse passively from torpor (Howell and Bartholomew 1959). 
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Figure 1.11 Comparison of passive and active arousals at Ta = 24° C for P. 
amplus. Arrows indicate body temperatures during arousals; both mice had 
initial body temperatures of about 12° C. The passively arousing pocket 
mouse always lags behind the actively arousing mouse, and takes about twice 
as long to complete its arousal. 
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A more likely explanation for passive arousals in pocket mice is sug

gested by Heller and Hammel's (1972) work on the central nervous control of 

torpor cycles on hibernating golden-mantled ground squirrels, Spermophilus 

iateralis, implanted with water perfused thermo des in the pre-optic/ anterior 

portions of the hypothalamus. During arousal from hibernation, heating of 

the hypothalamus to normal body temperature abolished the thermogenic 

signals sent to the rest of the body, thus halting arousal. Placing a pocket 

mouse with a core body temperature of aroun~ 11° C into an environment at 

24° C might have a similar effect through the action of cutaneous and other 

peripheral temperature sensors. If this is the explanation for the passive 

arousals observed in this study, the hypothalamic receptors of the ground 

squirrels are apparently less sensitive (requiring temperatures> 37° C before 

the effect was seen) than the peripheral receptors of the pocket mice (which 

required an ambient temperature of only 24° C). 

In vertebrates, the primary role of peripheral temperature receptors is 

to provide predictive information to the central nervous system regarding 

changes in environmental temperature before such changes are manifesteo as 

a change in body temperature (Crawshaw and Hammel 1971). It has been 

demonstrated (Jacobson and Squires 1970) that in euthermic mammals the 

thermosensitivity of the hypothalamus to temperature changes varies in re

sponse to inputs from the periphery. Although no direct effects of cooling the 

peripheral sensors on the proportional control of Tb during hibernation have 

been found (Lyman and O'Brien 1972), manipulations of ambient tempera

ture as in this study (in other words, heating) to examine hypothalamic sensi

tivity during torpor and arousal have not been performed. 
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The pattern of apneic breathing during passive arousal appears very 

similar to patterns I observed during torpor in the pocket mice (personal ob

servation). Apnea among the terrestrial vertebrates is usually associated with 

reptiles (Wood and Lenfant 19-76), but it has also been noted for other mam

mals during torpor (Wang and Hudson 1970) and some pinnipeds while 

asleep on shore (Bartholomew 1954, Castellini et al. 1986). The physiological 

mechanisms contributing to apnea in bradymetabolic mammals have not, to 

my knowledge, been determined. 

Thermodynamics of arousal 

Thermal conductance varies during arousal from torpor (Figures 1.6 -

1.8), thus heat flux is a non-linear function of the difference between ambient 

temperature and body temperature in arousing 'pocket mice (Figures 1.3 - 1.5). 

The higher thermal conductances seen at body temperatures below ambient 

in arousing pocket mice imply that the pocket mice are able to make use of 

favorable gradients for heat gain, and later decrease thermal conductance 

when the temperature gradient is reversed. Again, the situation in which 

ambient temperature is much higher than body temperature in an arousing 

pocket mouse is an unlikely one in nature, so its adaptive significance is ques

tionable. However, the consistency with which the heat flux slope is shal

lower for a few degrees above (Tb - Ta) = 0 implies that minimizing heat loss, 

at least when body temperature is relatively low, is important (Figures 1.3 -

1.5). 

QI0 values appear to decrease during arousal from torpor. This trend is 

apparent in the plots of metabolic rate and body temperature versus time 

(Figures 1.2a-c), because small changes in body temperature initially corre-
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sponde~ to relatively large proportional changes in metabolic rate, and the 

proportional change in metabolic rate steadily decreased. Eventually, QlO 

values were near zero for the last few degrees before normothermy was 

achieved, because metabolic rate did not chang~ much at allover this range. 

Most QlO values reported for mammals in hibernation are in the usual bio

logical range of 2 to 3 (Snapp and Heller 1981). On the other hand, QlO values 

for respiration of hibernating ground squirrel tissues are greater at low tem

peratures than at higher temperatures (QlO = 2 to 4 between 5° C and 15° C, QlO 

= 1 to 2 between 15° C and 37.5° C; Meyer and Morrison 1960). Enormous QI0 

values such as occur at the lowest body temperatures of arousing pocket mice 

in this study have been reported for dormant bears with body temperatures in 

the range 33° C - 36° C (Watts 1989). Very large QI0 values may result from 

markedly reduced enzyme-substrate binding ability and decreased kinetic en

ergy at the lowest temperatures, and could indicate that these temperatures 

are at or below the lower thermal limits of enzyme function in the pocket 

mice (Somero 1978). 

Given that passive arousals are possible (that is, increases in metabolic 

rate are not strictly due to QlO effects on enzyme systems), then the physiolog

ical basis of the overall decrease in QlO observed in this study must partly be 

an effect of neural/endocrine control of arousal from torpor. This system 

may control the degree of sympathetic stimulation of thermogenic tissues 

proportional to the difference between body temperature and the normo

thermic set point for body temperature. Thus over the course of arousal the 

animal would move between the maximal heat production rate at very low 



body temperatures to a maintenance level of heat production at the conclu

sion of arousal. 
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CHAPTER TWO 

Adaptive Hyperthermia in Diurnal Desert Mammals: 

Benefits and Body Size 

INTRODUCTION 

Desert mammals must often contend with both scarcity of water and 

high heat loads. Under these conditions, animals must maintain body tem

peratures within acceptable limits without excessive water use for evapora

tive cooling. Most desert mammals have met these constraints by confining 

their activity to the cooler parts of the day and are crepuscular or nocturnal 

(Vaughn 1978). Other desert mammals, including the camel, some Mrican 

ungulates, and at least three species of ground squirrel, use a second option, 

termed adaptive hyperthermia (Schmidt-Nielsen et al. 1957, Taylor 1970a, 

1970b, Chappell and Bartholomew 1981a, 1981b, this dissertation Chapter 3). 

These mammals are active during the hot hours of the day (or are exposed to 

the hot microenvironment due to their large size), but store heat and allow 

body temperature to rise rather than use evaporative cooling. Elevated body 

temperature reduces or reverses the difference between body temperature and 

environmental temperature and hence the rate of heat gain. This in turn re

duces the total amount of heat with which the animal must contend. 

Further, the stored heat can be lost subsequently by non-evaporative avenues 

in cooler microenvironments, often resulting in substantial water savings. 

Adaptive hyperthermia therefore permits mammals to exploit a temporal 



niche from which they would otherwise be excluded by thermal and hydric 

constraints. 
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This study explores the consequences of body size for mammals using 

hyperthermia as an adaptive strategy. Body size is an important factor affect

ing the daily pattern of body temperature change, because the major avenues 

for heat flux (metabolism, evaporation, conduction, convection, and radia

tion) scale differently with body mass. Thus the relative importance of these 

heat balance terms will differ for animals of different body size. 

METHODS 

I used computer simulations to model the time course of body temper

ature change and evaporative water loss of hypothetical mammals shuttling 

between two microhabitats (cool or "burrow", and hot or "surface"). The dif

ference between the animal's body temperature and the operative environ

mental temperature (Bakken 1976) of the habitats determined the overall po

tential for heat transfer (via radiation, conduction, and convection) between 

the animal and its environment. In the simulations, the animals do not 

maintain a constant body temperature by evaporative cooling, rather they 

forage in the hot microhabitat until body temperature reaches some upper 

limit, and then retreat to the cool microhabitat to dump excess heat. I com

pare the water use of these hyperthermic animals (whose only water loss is 

that due to respiration and cutaneous insensible water loss) with the water 

use of strict homeotherms who maintain the same activity schedule as the 
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heterotherms but use evaporative cooling to keep body temperature constant. 

For the homeotherms, I assumed that any net heat gain from metabolism and 

the environment must be immediately offset by an equivalent amount of 

heat removed by the evaporation of water. I assumed that all of the heat used 

to evaporate the water came from the animal, rather than from the envi

ronment. This yields conservative estimates of the water use of the 

homeotherms. 

The simulation program calculated rate of resting metabolic heat pro

duction CE, milliwatts, mW) using Stahl's (1967) allometric equation: 

E (mW) = 20.42MO.76 

Resting evaporative heat loss CW, mW) was calculated using Crawford and 

Lasiewski's (1968) equation: 

W (mW) = 2.461MO.88 

where M is body mass in grams (units converted to mW from the original in 

both cases). I assumed that the latent heat of vaporization of water removed 

2,442 J for each gram of water evaporated from an animal. The latent heat of 

vaporization changes slightly with temperature, but over the range of body 

temperatures of the simulated animals the error produced in assuming a 

constant heat of vaporization is less than 0.7% (Schmidt-Nielsen 1983). 
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As an animal's body temperature change~ during a heating~cooling cy

cle, metabolic rate may also change due to the Van't Hoff effect. This temper

ature effect is described by the QlO equation (Schmidt-Nielsen 1983): 

= 

where R1 is the rate of some process at temperature T1, and R2 is the rate at 

T2. QlO values are empirically determined and are in the range of 2 to 3 for 

many biological reactions (Schmidt-Nielsen 1983); for most simulations I 

used a value of 2.5. To examine the effect of temperature compensation (low 

QlO), I ran some simulations for animals with QlO values of 1.8. 

Metabolic heat production is also affecteq by activity level. For the 

simulation, I assumed that foraging animals increase their metabolic rate by a 

fixed multiple of the resting level (after correcting for the temperature effect), 

regardless of body size. In other words, there is no size-correlated trend in 

metabolic scope during activity. These factorial scopes for activity metabolism 

equaled three in most simulations. To examine the effect of higher activity 

metabolism, I used a scope of six in some simulations. 

Operative temperature (Te) is the equilibrium temperature than an an

imal would achieve in a giv,en thermal regime in the absence of metabolic 

heat production, evaporation, or condensation (Bakken 1976, Robinson et al. 

1976). I assumed that there are no size-correlated trends in operative temper

atures for the simulated mammals. Small mammals (10 g to 100 g) may ex

perience higher operative temperatures than large mammals due to boun

dary layer effects at the soil surface (Campbell 1977). I therefore performed 
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simulations for a range of hot microenvironment temperatures (500 C to 800 

C). The effects of body size in the simulations are greater than the effects due 

to microenvironment T e (see Results). I calculated the rate of heat transfer 

between the animal and its environment as the product of the temperature 

difference (Tb - T e) and the animal's thermal conductance, h (m W r C). 

Thermal conductance is a measure of the ease of heat transfer between the an

imal and its environment; it is the reciprocal of whole-animal insulation. 

The allometric equation for minimum thermal conductance in mammals is 

h (mWr C) = 4.24MO.57 

(modified from Bradley and Deavers 1980). This equation was derived from 

mammals resting at ambient temperatures below their thermoneutral zones 

and thus minimizing heat loss to cold environments. An animal in a hot en

vironment could minimize its rate of heat gain by similarly maximizing the 

resistance to heat flow; I assumed that the minimum thermal conductance 

for mammals trying to minimize heat gain from a hot environment would 

approximate the conductance value measured in mammals in cold envi

ronments. Thermal conductances at ambient temperatures above body tem

perature of pyrrhuloxias (Cardinalis sinuata) and cardinals (Cardinalis cardi

naZis) are as low or lower than minimal thermal conductances measured be

low thermoneutrality (Hinds and Calder 1973). During dissipation of heat 

loads, the conductance of antelope ground squirrels (A. leucurus) increased by 

a factor of four or five (Chappell and Bartholomew 1981b). For mammals try

ing to unload heat in a cool environment by conduction, convection, and ra-
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diation, I assumed that thermal conductance was increased by a constant mul

tiple of the minimum values, regardless of body size (that is, that maximum 

conductance scales as mO.57 as well). The factorial increase in conductance 

("conductance scope") equaled a four-fold increase in most simulations, and 

eight-fold for others. 

I performed simulations for mammals of six different body masses, 

ranging from 10 g to 1,000 kg. Desert and arid-adapted mammals in this size 

range include both day-active and nocturnal species. The eland (Taurotragus 

oryx), among the largest of the African ungulates, has a body mass of about 

900 kg (Eisenberg 1981). The adult mass of camels (Camelus dromedarius) 

ranges to about 500 kg (Walker 1975). Desert mule deer (Odocoileus 

hemionus) in North America range in mass from about 60 kg to 180 kg (Burt 

and Grossenheider 1976). Coyotes (Canis latrans) and javelina (Tayassu ta

jacu) both have masses of about 10 kg (Eisenberg 1981). Jackrabbits (Lepus cali

fornicus) have masses between 1 kg and 3 kg, while black-tailed prairie dogs 

(Cynomys ludovicianus) are similarly sized at 1.0 to 1.4 kg (Burt and Grossen

heider 1976). In the 100 g range, desert ground squirrels comprise the smallest 

strictly diurnal desert mammals (for example Ammospermophilus harrisii 

and Spermophilus tereticaudus, see Chapter 3). Smaller desert mammals are 

essentially all strictly nocturnal (for example in the North American pocket 

mice, body masses range from about 7 g to 50 g, Burt and Grossenheider 1976), 

or are active night and day, but restricting daytime activity to cool sheltered 

microenvironments beneath surface litter (for example the desert shrew, No

tiosorex crawfordi, mass about 3 g, personal observation). 
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For all of the simulations performed, the body temperature of mam

mals using adaptive hyperthermia ranged between 33° C and 40° C. These 

limits are roughly equivalent to the minimum and maximum body tempera

tures of dehydrated camels, Camelus dromedarius (Schmidt-Nielsen et al. 

1957), and are also typical temperatures seen in antelope ground squirrels 

(Chappell and Bartholomew 1981b, this dissertation Chapter 3). As "normal" 

eutherian mammalian body temperature is usually around 37° Cor 38° C, 

mammals using this strategy are in fact hypothermic as well as hyperthermic. 

I carried out two classes of simulations. The first type of simulation 

("one cycle" simulations) followed the hypothetical mammal through one cy

cle of activity (heating) and inactivity (cooling), given constant environmen

tal conditions. This situation is unrealistically simple, but illustrates the 

effects of body size on heat balance without the' confounding effects of a vari

able environment. To understand the ecological significance of adaptive hy

perthermia, however, it is necessary to examine the dynamics of thermal 

cycling in the context of changes that occur over the course of a day in the real 

world. The period of cycles in body temperature varies with body size (Figure 

2.1). This scaling of heating and cooling rates is due to the greater thermal in

ertia (ocM1.0) of larger mammals relative to rates of heat gain from or heat 

loss to the environment (thermal conductance ocMO.57) and metabolic heat 

production (ocMO.76). For larger animals, periods are too long to assume that 

environmental conditions remain constant throughout a cycle. Thus, the 

second type of simulation ("24 hour" simulations) examines the effects of 

body size given a diurnally fluctuating environmental temperature. I used a 

sine function to model the hot ("surface") operative temperature; the mini 
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mum surface temperature occurred at 06:00, the maximum occurred at 14:00. 

I assumed that the operative temperature of the cool or "burrow" microenvi

ronment remained constant throughout the day (Brown and Bartholomew 

1969, Chappell and Bartholomew 1981a, this dissertation Chapter 3). I 

assumed that diurnal animals are potentially active during 12 hours of day

light and are inactive during 12 hours of night. I performed 444 simulations 

for different environmental conditions, QlO values, and factors for metabolic 

scope and thermal conductance. 

RESULTS 

Figures 2.2a-c present sample plots of body temperatures for simulated 

mammals of three different body masses in the 24 hour simulation. These 

plots (and others like them) confirm the basic expectation that body size 

affects the rate of heating and cooling in animals. In the simulations shown, 

the 100 g (ground squirrel size) mammal completed nineteen cycles of heating 

and cooling during the day, the 10 kg (coyote size) mammal completed only 

three, while the 1000 kg (eland-size) mammal took most of the day to warm 

up, and the rest of the day and night to cool down. Further insights are 

gained by examining the relative water use and time schedules of the simu

lated mammals. 
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Figure 2.2 Body temperatures (Tb) and environmental temperatures (Te) 
plotted by time of day for three 24 hour simulations. In these simulations, 
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sunrise (0600) and a maximum of 70° C at 1400. The cool microhabitat 
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Water use 

The simulation showed that in hot environmental conditions, a mam

mals which allowed its body temperature to rise while foraging could garner 

up to a fourteen-fold savings in water compared to a similar size mammal 

which evaporated water to keep body temperature constant. Figure 2.3 

illustrates the effect of body size on the relative magnitude of this water 

savings for several simulations of one cycle of activity and cooling. The rela

tive water savings obtained were always greate~t for the smallest animals 

(ranging from about eight-fold to fourteen-fold) and decreased with increas

ing body size. The largest animals displayed little difference in relative water 

use regardless of strategy used. 

Increasing surface environmental temperature increased the relative 

water savings gained by using adaptive hyperthermia (Figure 2.3a). Differ

ences due to surface Te were large for small mammals, but decreased with in

creasing body size. At the largest body sizes, differences in Te affected relative 

water savings very little. Conversely, increasing burrow temperature de

creased the relative water savings gained by using hyperthermia (Figure 2.3b). 

Again, small mammals were affected more by differences in temperature 

than large mammals were. 

The relative water savings gained by using hyperthermia are affected 

more by differences in burrow temperature than by differences in surface 

temperature (Figure 2.3). For the smallest size mammals, 10° C decrease in 

burrow temperature caused an increase in water savings equivalent to that 

caused by a 30° C increase in surface temperature (both changes increase the 

water savings index from about nine to about 13). This differential effect of 
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Figure 2.3 Water savings index and environmental temperatures (one cycle 
simulations). Water savings index is the ratio of water used by a simulated 
mammal maintaining a constant body temperature of 37° C to water used by a 
mammal with the same activity pattern but allowing body temperature to 
fluctuate; larger values of the index indicate larger relative water savings. 
Physiological variables as in Figure 2.2. a) Effect of surface temperature on 
water savings index for mammals of six body sizes. Burrow temperature = 
25° C for all simulations. b) Effect of burrow temperature. Surface 
environmental temperature = 70° C for all simulations. 
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surface and burrow temperature is even more pronounced for the larger 

animals. The effect results from the smaller difference between body temper

ature and environmental temperature in the cool microhabitat compared to 

in the hot microhabitat. Thus in the cool microhabitat small changes in Te 

result in proportionally larger changes in heat loss rate. In terms of water 

savings, then, it clearly pays to find as cool a retreat as possible. This implies 

that smaller animals, which can make use of real burrows (as opposed to 

shady areas under trees or rock outcrops to which larger animals are con

fined) can benefit the most by shuttling. 

The simulations which measured water use over an entire day por

trayed a similar picture (Figure 2.4). The relative water savings achieved over 

an entire day were again highest for the smallest animals, and decreased with 

increasing body size. The relative water savings for a given body size were 

generally less over an entire day than those seen within a single 

activity / cooling cycle (compare Figure 2.3 and ~igure 2.4). This resulted from 

the period of inactivity after sundown during which the water use of 

homeotherms and their hyperthermic counterparts are similar and also from 

the reduced need to use evaporative cooling in the early morning when sur

face temperatures are low. 

Environmental temperatures also affected the relative water savings 

gained by using adaptive hyperthermia in the 24 hour simulations (Figure 

2.4a), although the effects were not as great as seen in the one cycle simula

tions. For pocket mouse size animals (10 g), the water savings index was af

fected most by surface Te; that is, the water savings of the simulations sort out 

based on surface temperature first, then on the basis of burrow temperature. 
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Figure 2.4 Water savings index (24 hour simulations) a) effects of envi
ronmental temperatures. Burrow temperatures are constant (either 25° Cor 
30° C) throughout the day, while above ground temperatures cycle between a 
minimum (30° C or 40° C) at 0600 and a maximum (either 70° C or BO° C) at 
1400. Physiological variables as in Figure 2.2. b) effects of different physio
logical variables. "Baseline" condition values are QlO = 2.5, metabolic scope = 
3, conductance scope = 4. "High conductance" simulations have conductance 
scope = B. "High activity" simulations used metabolism scope = 6. "Low Q10" 
simulations used QlO = 1.B. See Figure 2.2 legend for definition of water 
savings index. 
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For mammals the size of prairie dogs to coyotes (1 kg to 10 kg) burrow tem

peratures affected relative water savings the most (the water savings sort out 

first by burrow temperature, then by surface temperature). For the largest 

mammals (deer to eland size, 100 kg to 1000kg), environmental temperatures 

in the ranges that I tested had little effect on water savings. 

Varying the physiological variables in the 24 hour simulations did not 

greatly affect the water savings index (Figure 2.4b). For the simulations plot

ted, only conductance scope had an appreciable effect on relative water sav

ings: the water savings index was about 25% greater when conductance scope 

was doubled (conductance increases eight-fold rather than four-fold when 

cooling) for the smallest mammals. Larger mammals showed less of an 

effect. 

Activity time 

Smaller mammals spent larger fractions of their heating/ cooling cycles 

active than larger mammals did (Figure 2.5). Depending on environmental 

temperature, the 10 g mammals devoted between 25% and 55% of a cycle to 

activity, while the 1000 kg mammals spent less than 30% of the cycle active. 

Lower surface environmental temperatures allowed a greater propor

tion of time to be spent active (Figure 2.5a). At higher surface temperatures 

the animals heated up more quickly and thus spent a smaller fraction of the 

heating/ cooling cycle active. This effect was most pronounced for the small

est mammals; in the 10 g mammals the fraction decreased from 0.55 to 0.40 

for an increase in Te from 50° C to 80° C. For the 1000 kg mammals, an 
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equivalent increase in surface Te decreased the fraction of the cycle spent ac

tive from about 0.22 to 0.18. 
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Higher burrow temperatures caused the fraction of time spent active to 

decrease (Figure 2.5b), by increasing the amount of time needed to cool down. 

Differences in burrow temperature affected large mammals more than small 

mammals. Increasing burrow temperature from 20° C to 25° C decreased the 

fraction of time spent active from 0.55 to 0.43 for the 10 g mammals (a 28% de

crease), but the same temperature change decreased the 1000 kg mammals' ac

tivity time from 0.32 to 0.20 ( a 60% decrease). Also, at a burrow temperature 

of 30° C, the 100 kg and 1000 kg mammals that did not use evaporative cool

ing could not dissipate heat quickly enough to counteract the QlO effects on 

metabolic rate after returning to the cool microhabitat. In these cases body 

temperature continued to increase exponentially to infinitely high values. 

This suggests that an international moratorium on studies of desert mammal 

thermoregulation should be declared in order to prevent the possibility of 

catastrophic, thermonuclear-like explosions of elands, oryxes, and other 

species. 

Figure 2.6 indicates the effects of differing values of QlO, activity 

metabolism, and thermal conductance factors on time spent active. Differ

ences in QlO (2.5 versus 1.8) did not affect the pattern of foraging for a hyper

thermic shuttler appreciably. 

Increasing thermal conductance by a factor of eight rather than four 

during the heat-dissipation phase in the cool microenvironment increased 

the fraction of the cycle spent active by about 0.2 to 0.25 for all sizes of mam

mals (Figure 2.6). This represents a moderate proportional increase for pocket 
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emouse size mammals (about 45% for the 10 g mammal), and a large increase 

for the larger mammals (about 115% for the 1000 kg animal). Increased ease 

of heat transfer while cooling clearly shortened the length of time spent cool

ing and thus increased the proportion of time spent active. 

Increasing metabolic rate during activity accelerates heat storage and 

decreases the proportion of time that can be spent active. Increasing 

metabolic heat production by a factor of six, rather than three as in most of the 

simulations, decreased the fraction of time spent active by about 0.05 to 0.06 

(Figure 2.6). This is a small proportional decrease for the smallest mammals 

(about 12%), but about 30% of the already much smaller fraction spent active 

for the largest mammals. This differential effect of increased metabolism due 

to body size may partly account for the differences in activity level of day

active desert mammals. Desert ground squirrels (mass = 100 g) are well 

known for their relatively frenetic behavior on hot days; because 

environmental heat loads are so much greater than metabolic heat 

production, high activity has a small effect on the animal's total heat budget. 

Large desert mammals, on the other hand, are more sedate during the day 

and move slowly from place to place or stand still much of the time. 

When the simulations are made more realistic by incorporating diur

nal variation in surface environmental temperature and calculating activity 

time over an entire day, a very different pattern from that in Figure 2.6 

emerges. In the 24 hour simulations, the proportion of daylight hours spent 

active was greatest for the smallest and the largest mammals (Figure 2.7). 

Intermediate sized mammals were not able to spend as large a proportion of 

the day active (Figure 2.7). Small mammals fit many activity/cooling cycles, 
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each with a high proportion of time spent active, into the daylight hours 

(Figure 2.2a). As body size increases, two things happen to the patterns of ac

tivity and cooling. First, the number of activity/cooling cycles decreased with 

increasing body size (Figures 2.2b and 2.2c). Second, the within-cycle propor

tion of time spent active decreased (Figure 2.5). The result of these two effects 

was that the proportion of daylight hours spent active initially decreased as 

body size increased, then increased at the larger body sizes. This transition to 

increasing fraction of the day spent active with increasing body size occurred 

eat the body size for which only one bout of activity can be fit into the daylight 

hours, usually at 10 kg or 100 kg in my simulations. 

Desiccation endurance time 

Given the rates of water loss provided by the 24 hour simulation, I cal

culated the time necessary for the animals in the simulations to lose 20% of 

their body mass by evaporation. This amount of water loss is sufficient to 

cause explosive temperature rise and death in humans and other mammals, 

although some mammals (notably camels) are able to withstand this or 

greater levels of dehydration (Schmidt-Nielsen 1964). Endurance times were 

always greater for hyperthermic shuttlers than for homeothermic shuttlers 

(Figure 2.8). It was shortest using either strategy for the smallest mammals, 

and increased with increasing body size. The absolute increase in endurance 

time for hyperthermic shuttlers was always in the range of two to four days. 

This was a large relative increase for the small mammals (about 10 to 15 times 

longer for the hyperthermic mammals compared to their homeothermic 
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counterparts), and even the largest mammals increased endurance time 

appreciably (about 40%) by using hyperthermia. 

DISCUSSION 
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The simulations indicated that the smallest mammals gained the most 

from using a hyperthermic shuttling strategy while foraging in a hot, dry en

vironment. The relative water savings were greatest for small mammals 

using the strategy, and they consequently enjoy a relatively greater increase in 

desiccation endurance time. Using adaptive hyperthermia instead of evapo

rative cooling limits the time that can be spent in a hot microhabitat before 

overheating. The amount of time available for activity was greatest for the 

smallest (10 to 100 g) and largest (100 to 1,000 kg) hypothetical mammals sim

ulated. 

What relationship, if any, do the results of the simulation have to the 

real world? That is, does the model lead to valid predictions about the be

havior of real mammals? Belovsky and Slade (i986) present a time budget ac

count of an entire diurnal mammalian herbivore fauna in a temperate grass

land community (National Bison Range, MT) in summer. The effect of mean 

daily air temperature on time spent active (minutes/day) was significant for 

all seven species of mammal observed (body sizes range from about 500 g to 

650 kg). In all species, activity time decreased with increased mean air tem

perature. The slopes for this relationship were steepest for the intermediate 

size mammals (Antilocapra americana, Ovis canadensis, Odocoileus 



hemionU5, body masses between 60 kg and 100 kg). The smallest and largest 

species had shallower slopes, and thus did not suffer as large a decrement in 

activity time for a given increase in ambient temperature. This pattern is 

consistent with the predictions of the simulations (see Figure 2.7) 
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This simulation study is intentionally meant to be a "Panglossian" (in 

the sense of Gould and Lewontin 1979) exploration of the physiological op

tions open to diurnal desert endotherms. Would a desert mammal of a given 

body size be better off from the standpoint of water economy it it used a hy

perthermic shuttling strategy rather than maintaining strict homeothermy? 

Clearly, mammals of any body size can save water by allowing body tempera

ture to rise above the normal level rather than cooling by evaporation. The 

relative water savings are greatest for the smallest mammals, but both the 

largest and smallest mammals can effectively forage for large portions of the 

day without increasing evaporative water loss above the minimum levels 

associated with respiration and insensible cutaneous water loss. Those ani

mals that have the least to gain from an adaptive hyperthermia strategy will 

have body sizes large enough to prohibit them from using favorable micro

climates (such as burrows) for cooling, yet small enough that the upper body 

temperature limit is reached before environmental temperatures decrease in 

the evening. If there is a fitness cost to evolving the capacity to use hyper

thermia, then the smallest and largest mammal,S will be most likely to exhibit 

this strategy. Intermediate size mammals would more likely seek to escape 

dry, hot conditions by migrating or by confining their activity to nighttime or 

dawn and dusk. 



CHAPTER THREE 

Summer Heterothermy in Two Desert Ground Squirrel Species, 

Spermophilus tereticaudus and Ammospermophilus harrisii 

INTRODUCTION 
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Our understanding of the thermoregulatory adaptations of small diur

nal desert mammals has to date come largely from work on the white-tailed 

antelope ground squirrel, Ammospermophilus 'leucurus, of the Great Basin, 

Mojave and Chihuahuan deserts (Hudson 1962, Chappell and Bartholomew 

1981a, 1981b, Kavanau and Rischer 1972). This ground squirrel is active year 

round; it utilizes shallow hypothermia and huddling behavior in the winter 

(Chappell and Bartholomew 1981b, Karasov 1983, Kramm 1972), and transient 

hyperthermia during activity in the summer (Hudson 1962, Bartholomew 

1964, Chappell and Bartholomew 1981b). The heat storage behavior (adaptive 

hyperthermia) of this ground squirrel has been well documented in the field, 

as have the water savings associated with this behavior and the squirrel's 

ability to remain active even in very hot conditions. The thermal biology of 

A. leucurus in the summer has been likened to that of "large lizards"; envi

ronmental heat loads in the sun can be six times greater than metabolic heat 

production, essentially making this mammal an ectotherm. Heat storage dy

namics in A. leucurus are greatly affected by habitat use. Large, rapid, and 

continuous changes in body temperature are associated with activity in the 

sun and cooling in the burrow. Use of the rather sparse shade by the squirrels 



in their habitat result in much more stable body temperatures and slower 

rates of Tb increase than while moving between sunlit areas and their bur

rows (Chappell and Bartholomew 1981b). 
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To date, there are insufficient data available to generalize the impor

tance of hyperthermia to small desert mammals. Many researchers have 

measured body temperatures of desert mammals in the laboratory (e.g. Hud

son and Deavers 1973, Reinking et al. 1977, Muller et al. 1979, Hudson et al. 

1972, Christian 1981, Haim 1981). Although some of these studies indicate 

moderate use of hyperthermia, a real assessment of the animals' ability to use 

hyperthermia on a transient basis is lacking: without exception the animals' 

body temperatures were measured after one or more hours in a thermally 

homogeneous environment. The natural environment of these animals, on 

the other hand, offers both hot and cool microclimates. Transient hyper

thermia while foraging in the sun is possible because of the availability of 

cool burrows in which to dissipate heat gained above ground without expend

ing water for evaporative cooling. To form a realistic picture of the ther

moregulatory strategies of small desert mammals, body temperature must be 

measured in free-ranging animals in their natural environments. 

Given the benefits of adaptive hyperthermia (Schmidt-Nielsen et al. 

1957, Bartholomew 1964, this dissertation Chapter 2), it would be surprising if 

A. leucurus were the only small diurnal desert .mammal to employ that 

strategy. I undertook this study to determine whether two Sonoran desert 

ground squirrels also exhibit high and fluctuating body temperatures. These 

two species, Harris's antelope ground squirrel (Ammospermophilus harrisii) 
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and the round-tailed ground squirrel (Spermophilus tereticaudus), are partic

ularly interesting subjects for study for several reasons. 

A. harrisii is a closely-related congener of A. leucurus and and the two 

are similar in many aspects of their natural history, yet the Sonoran desert is 

relatively lush compared to the Great Basin and Mojave deserts. With both 

summer and winter rains, two periods of fruit and seed production, and 

greater structural and species diversity in vegetation, the Sonoran desert may 

present fewer constraints to a ground squirrel trying to maintain heat and wa

ter balance than the Great Basin and Mojave deserts. 

S. tereticaudus and A. harrisii can occur together in the same location, 

but differ markedly in foraging behavior. A. harrisii is a scatter-hoarding 

species and caches food throughout its large home range while on long forag

ing trips. S. tereticaudus, on the other hand, is a central-place forager with 

small home ranges (J.S. Brown 1986). Mean distances between recaptures in a 

study of desert rodent foraging behavior by J.S. Brown (1986) were 141 m for 

A. harrisii but only 21 m for S. tereticaudus. Mean distances run before enter

ing a refuge after release from live traps in the same study were likewise 

greater for A. harrisii (about 30 m) than for S. tereticaudus «5 m). These dif

ferences suggest that, if body temperatures vary in these two species, then S. 

tereticaudus, which uses its relatively cool burrow for heat dissipation, 

should exhibit wider swings in Tb, a lower average Tb, and greater overall 

variability in Tb than A. harrisii, which relies more on above ground heat 

sinks for heat dissipation (which will usually be warmer than burrows). 

The two species also differ in yearly patterns of activity. Like A. leu

curus, A. harrisii is active year round, whereas S. tereticaudus hibernates 
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(Hudson 1964) from August-September to January-February near Tucson, 

Arizona (Dunford 1977). Hibernating ground squirrels characteristically have 

low metabolic rates, are capable of varying thermal conductance widely, and 

have developed enzyme systems tolerant of variable body temperature 

(Hudson et al. 1972). These characteristics are advantageous in a hot, dry en

vironment, thus hibernation has been proposed as an exaptation 

("preadaptation", Gould and Vrba 1982) for living in deserts, the evolution of 

general thermolability, and the ability to use hyperthermia effectively during 

activity (Hudson et al. 1972). On the other hand, adaptation to low body tem

peratures, as seen in hibernators such as S. tereticaudus, may limit an ani

mal's tolerance to higher than normal body temperatures. 

Experimental data indicate that S. tereticaudus tolerates higher ambient 

temperatures than A. harrisii's congener, A. leucurus. When placed in a con

stant temperature chamber for two hours, S. tereticaudus individuals tolerate 

ambient temperatures of 46° C without visible signs of distress or body tem

peratures in excess of 42° C (Hudson et al. 1972). In contrast, the highest 

tolerated ambient temperature for A. leucurus is 42° C (Hudson et al. 1972). 

There is also some evidence (Hudson et al. 1972) that S. tereticaudus has a 

lower rate of evaporative water loss than A. leucurus. At Ta = 41° C, S. tereti

caudus lost 3.1 % of its body mass in two hours, while A. leucurus lost 3.9% in 

two hours. Field data indicate a similar pattern for A. harrisii and S. tereti

caudus: during trapping in July and September, a greater proportion of A. 

harrisii individuals than S. tereticaudus individuals died from overheating 

in traps (J.S. Brown, 1986). 
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These differences in tolerance of high ambient temperature and high 

body temperature of A. harrisii and S. tereticaudus suggest that we should 

expect differences in their use of adaptive hyperthermia. It is also possible 

that in the habitats where these species occur, hyperthermia is not a necessary 

component of the animals' thermoregulatory strategies. 

METHODS 

Habitats 

I observed ground squirrels at two sites northwest of Tucson, Pima 

County, Arizona. One site, Picture Rocks Ranch (PRR) is located in Section 4 

of Township 13 S, Range 12 E, elevation 695 m. The PRR site is a lower 

Sonoran desert area cut by very shallow dry water courses. The most com

mon perennial plant species at the site include'saguaro (Carnegiea gigantea), 

prickly-pear and cholla cactus (Opuntia spp.), mesquite (Prosopis julif/ora), 

triangle-leaf burs age (Franseria deltoidea), ironwood trees (Olneya tesota), 

palo verde (Cercidium microphyllum), creosote bush (Larrea tridentata), 

hackberry (Celtus pallida), ocotillo (Fouquieria splendens), desert broom 

(Baccharis sarothroides), barrel cactus (Ferocactus sp.), mammalaria cactus 

(Mammalaria sp.), and hedgehog cactus (Echinocereus sp.). This site is adja

cent to a ranch and although I never observed ground squirrels drinking, free 

water was available in stock tanks and water bowls at the ranch. 

The other site, along the EI Paso Natural Gas Company pipeline access 

road (PLRd), is approximately 3.7 km north of the PRR site and is located in 
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Sections 20 and 29 of Township 12 S, Range 12 E, elevation 650 m. The PLRd 

site is also a typical Lower Sonoran desert area. The dominant plant species 

are Larrea tridentata and Prosopis juliflora. Carnegiea gigantea individuals 

occur in low abundance at the site, and a few Baccharis sarothroides indi

viduals occur at the deeper washes. 

The two study sites do not visibly differ in slope or aspect (both are 

roughly level). Differences in vegetation may be due primarily to differences 

in soil particle size. The soil at PLRd is fine grained sand, whereas at PRR the 

surface soil is rockier with a layer of calcareous caleche beneath the surface. 

Ground squirrels are relatively abundant at both sites. Harris's antelope 

squirrel, AmmospermophiIus harrisii, occur at the PRR site, while round

tailed ground squirrels, Spermophilus tereticaudus, occur at the PLRd site. 

Animals 

Using Sherman traps and rolled oats, I live-trapped a total of six 

ground squirrels to be implanted with radio transmitters for this study. All 

procedures were approved by the University Laboratory Animal Care 

Committee. Table 3.1 lists the species, sex, capt\U'e date, capture mass, surgery 

date, and release date and mass for these individuals. All individuals 

appeared in good health while in captivity, although AH897 died of 

unknown causes four days after release (the squirrel was mostly eaten by a 

predator before I recovered the transmitter and the remnants of the squirrel's 

body). 



Table 3.1 Data for A. harrisi and S. tereticaudus' individuals implanted with 
radio transmitters. Release mass does not include the mass of the 
transmi tter. 

species/ sex capture surgery release 
indiv. date mass date date mass 

AH893 male 30 May 89 122.4g 31 May 89 6 Jun 89 112g 

AH897 female 8 Jun 89 118g 8 Jun 89 11 Jun 89 108g 

AH898 male 20 Jun 89 l04g 21 Jun 89 22 Jun 89 100g 

ST891 female 17 Jun 89 92g 20 Jun 89 23 Jun 89 106g 

ST892 male 23 Jun 89 202g 23 Jun 89 25 Jun 89 1999 

AH899 male 2 Jul89 92g 2'Jul89 3 Jul89 ---

93 
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Housing & surgery 

I surgically implanted temperature-sensitive radio transmitters 

(Telonics model CHP-2P, mass about 6 g) into the abdominal cavities of 

ground squirrels within three days of capture (usually within one day). The 

~imals were anesthetized for surgery with Nembutal (sodium pentobarbital) 

at 20-30 mg/kg body mass injected intraperitoneally. 

Before and after surgery the squirrels were housed in plastic cages (25 

em x 21 cm x 47 em) with wood shaving and sand substrates. The diet in cap

tivity included ad libitum Lab Blox, sliced apples, oranges, and carrots, oats, 

mixed bird seed, canned dog food, and water. 

I released implanted squirrels at the site of capture one to six days after 

surgery. Although some squirrels lost mass during captivity (range = 8.7% 

initial body mass lost [AH897] to 15.2% initial mass gained [ST891]), all 

individuals had resumed feeding and appeared healthy at the time of release. 

Transmitters & body temperature observations 

The radio transmitters generate a pulsed signal with the number of 

pulses per unit time proportional to transmitter temperature (accurate to 

within 0.20 C). Each transmitter has a unique radio frequency. I calibrated the 

transmitters in the lab prior to implantation using a water bath held at con

stant temperatures by a Braun Thermomix temperature controller. The 

transmitters were calibrated over a temperature range of 30.80 C to 45.00 C. 

Bath temperature was monitored with a mercury thermometer traceable to 

the National Bureau of Standards. I was not able to retrap the implanted 

ground squirrels, and therefore did not check the transmitter calibrations at 
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the conclusion of the study. However other users of these transmitters have 

reported that calibrations are very stable over the lifetime of the transmitter 

battery (Bill Burger [Telonics], pers. comm., Daniel Beck, pers. comm.). 

I followed free-ranging radio-implanted ground squirrels and moni

tored their field body temperatures using a Telonics TR2 receiver. I usually 

spent three or four hours at a time on the study sites, occasionally interrupted 

by the need to retreat to cooler microclimates. Signals from the implanted 

transmitters have a range of more than 100 meters. I was usually not in direct 

visual contact with the squirrels due to their small size and shy behavior, as 

well as the presence of vegetation which obstructed the view. If only one im

planted ground squirrel was in radio range, I usually tracked that animal, 

recording Tb every 60 seconds, for 20 to 40 minutes before searching for 

another animal. If more than one squirrel was in range, I generally took body 

temperature readings from one squirrel at 60 second intervals for several con

secutive minutes, then took readings from the other squirrel, switching back 

and forth between the animals as long as both animals were in range. 

Heating and cooling curves 

In order to examine the dynamics of body temperature change in the 

ground squirrels, I identified a total of approximately 100 heating or cooling 

curves from the body temperature data set. These curves (bouts of heating or 

cooling) consist of monotonically increasing or decreasing series of Tb values 

within a limited period of time (usually less than one hour). I used these data 

to estimate a cooling or heating constant (which is linearly proportional to 

thermal conductance, Morrison and Tietz 1957) and the "equilibrium" body 



temperatu.re for each of the curves. I assumed that the best descriptor of a 

heating or cooling curve is a negative exponential curve of the form 

= Ae-At + 
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where Tb(t) is the Tb at time t, A. is the system's time constant, TbEQ is the equi

librium body temperature, and A is the difference at time zero between Tb 

and TbEQ' I used SYSTAT's Nonlin module (Wilkinson 1989) to fit this 

model to the heating and cooling curves. Of the roughly 100 curves I identi

fied, 46 produced parameter estimates for the negative exponential fit. For 

the most part, the curves that did not produce estimates were of short 

duration (less than seven or eight minutes), and probably represent bouts that 

were terminated by ground squirrels while Tb was still far from TbEQ' Using 

the estimates of TbEQ from these 46 data sets, I then calculated the values of 

the heating and cooling constants for each curve as the slope of the best fit 

line describing the relationship between log(Tb - TbEQ) versus time (Morrison 

and Tietz 1957). 

I also recorded for each heating or cooling curve the initial and final 

body temperatures, the duration of the heating or cooling bout, the overall 

rate of Tb change for the curve and the time of day and environmental tem

peratures during which the data were collected. 

Activity level 

I was able to gather crude estimates of the squirrels' activity level with 

each body temperature measurement, because the perceived strength of a 



transmitter's pulsed signal varies with the orientation of the implanted 

ground squirrel's body (Chappell and Bartholomew 1981b). I scored signal 

strength on a scale from one to four, where one indicated constant signal 

strength (inactivity), and two through four indicated increasing levels of 

signal strength variation, and hence activity. 

Environmental temperatures 
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During telemetry observations of ground squirrels I measured envi

ronmental temperatures in the study areas using copper-constantan thermo

couples and a Sensortek model Bat-12 thermometer. The thermocouple 

thermometer was calibrated as described above. I measured soil temperatures 

using two 90 cm long wooden dowels with thermocouples attached at 15 em 

intervals. One of these soil temperature probes was driven into the soil 

under the margin of a creosote bush (a typical location for a ground squirrel 

burrow) at each study site. I also measured soil surface temperature in the 

sun and shaded air temperature approximately 2 cm above soil surface. 

As an index to the net heat load on the ground squirrels, I measured 

operative environmental temperatures (Te) concurrently with most body 

temperature measurements. Te is the equilibrium temperature an animal's 

body will reach in the absence of metabolic heat production and evaporative 

heat loss. The temperature difference (Tb - Te) and the animal's thermal con

ductance determine the net heat production necessary to maintain a given 

body temperature (Bakken 1976, Robinson et al. 1976). The standard tech

nique for measuring operative environmental temperature has been to use 

an integument-covered hollow copper cast of the animal's body because an 
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object's size, shape, and surface characteristics determine its T e (Bakken et al. 

1981, Bakken et al. 1983). Recently, painted metal spheres of the same 

approximate size as the animal have been shown to be an inexpensive and 

rugged alternative to taxidermic mounts for measuring Te. Walsberg and 

Weathers (1986) compared the estimates of Te for four bird species using 

pelage-covered mounts and hollow copper spheres. They report that the 

sphere temperatures closely matched the mount temperatures (within 2° C) 

and that differences between the spheres and the mounts were no greater 

than differences between individual mount replicates for each species. The 

authors concluded that this technique provides an acceptable measure of field 

Te, especially in studies where hourly variation in Te (rather than shorter 

time scales) is of interest. 

Ground squirrel shape is more closely approximated by a cylinder than 

a sphere, so to estimate Te I placed four hollow copper cylinders (diameter = 

5.5 cm,length = 20 cm, wall thickness = 0.2 em) in each study site. Each cylin

der had a thermocouple lead taped to its inner surface and the ends stopped 

with a 1.4 cm thick disk of styrofoam. Two of these Te models were placed in 

the sun raised about one em off of the substrate on four small rocks. Of these 

two cylinders, one, painted flat black (Growco Flat Black #512), was positioned 

each hour with its long axis roughly perpendicular to direct solar radiation. 

The other of the sun cylinders, painted glossy white (Growco Gloss White 

Enamel #501), was positioned off the ground in the same manner except that 

the tube's long axis was oriented parallel to the sun's compass angle. These 

two cylinders provided a range of environmental temperatures in sunlit 

areas, with the black cylinder intercepting the greatest possible amount of sun 
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and reflecting a minimal amount. The white cylinder, on the other hand, in

tercepted the least amount of light possible for a horizontal cylinder and re

flected a large proportion of the light that struck it. Another flat black cylin

der was similarly placed on a rock stand but in the deep shade provided by a 

fallen saguaro trunk or mesquite or ironwood tree (depending on time of day 

and study site). I took readings from all of these thermocouples at intervals of 

30 to 60 minutes. I repositioned the sun cylinders to track the sun's position 

after each temperature measurement. On the rare days when clouds inter

mittently obscured the sun I took readings more frequently. 

My purpose in measuring environmental temperature was to survey 

the range of thermal microenvironments available to the ground squirrels, 

and to try to correlate measured body temperatures and rates of body tempera

ture change with particular environmental temperatures. I did not intend to 

use the environmental temperatures I measured in the field as equivalent to 

metabolism chamber temperatures, thus this simple technique satisfied my 

requirements. 

Shadow cover 

To assess the amount and distribution of shade available to the ground 

squirrels, I randomly placed four 25 m transects in each of the study areas. I 

estimated for each hour of a day the percentage of the transect lines covered 

by deep shade. Using equations in Gates (1980). and values obtained from the 

Nautical Almanac (1989), I converted shadow census times to solar zenith 

angle so that the shade measurements could be applied to any time of day for 

any day during the study. 
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RESULTS 

Study sites 

Above ground environmental temperatures: Environmental tem

peratures are quite similar at the two study sites (Figure 3.1). The black copper 

cylinder or soil surface were generally the hottest measure of environmental 

temperature, and reached nearly 70° C over the hottest hours of the day (1200 

- 1500). Although shade temperatures peaked at lower values (40° C - 50° C), 

these temperatures are higher than "normal" mammalian body temperature 

(37° C). All measures of environmental temperature were quite low at sun

rise (15° C - 20° C), and decreased after the afternoon peak to about 30° C - 35° 

C by sundown. 

Soil temperatures: At depths of 15 em and 30 em, soil temperatures 

fluctuated slowly over the course of the day, and varied between 34° C and 39° 

C at 15 em, and about 34° C and 36° C at 30 cm for both sites. The average 

temperature at 15 em did not differ between sites, but at 30 cm was signifi

cantly higher at PRR than at PLRd (Table 3.2). At depths of 45 em and greater, 

soil temperatures were roughly constant over 24 hours. At these depths, 

mean soil temperature was also greater at PRR than at PLRd (Table 3.2). At 

any time of day a ground squirrel at either site could find temperatures as low 

as 33° C in burrows 90 em or less in depth. 

Shadow cover: The relationship between percent shadow cover and 

solar zenith angle is similar at the two study sites (Figure 3.2). Although deep 

shade was always available at the study sites, the percentage of ground cover 
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in shade was relatively low «20%) for eight or nine hours of the day during 

the study at both sites. 

Body temperatures 

The body temperatures _of the implanted ground squirrels were quite 

variable. Figures 3.3a-c present composite plots of Tb versus hour of day for 

data collected over several days for three of the ground squirrels. Hourly body 

temperatures for these three individuals (AH891, ST891, and ST892) are 

summarized in Figure 3.4 and Table 3.3. I chose to use these three 

individuals in the following analyses because the hourly sample sizes for 

these individuals were comparable. Other individuals were excluded both 

because the much lower hourly sample sizes made statistical inferences 

problematic and also because they affected the outcome of test results very 

little. ,. 

The A. harrisii individual, AH893, had higher hourly body tempera

tures in terms of mean, median, minimum, and upper and lower quartiles 

compared to the S. tereticaudus individuals as assessed by Wilcoxon signed 

rank tests (P < 0.001 for all tests, Table 3.4b). Hourly maximum body tempera

tures were not significantly different between AH893 and the S. tereticaudus 

individuals (P = 0.055, Table, 3.4b). The two S. tereticaudus individuals did 

not differ from each other in any of these descriptors of hourly body tempera

ture (Table 3.4a). 

I tested for differences in body temperature variability between these 

three individuals with Levene's test for relative variation using medians 

(Schultz 1985). SYSTAT 5.0 generated estimates of the basic distributional 

parameters for body temperature, and I wrote macros in Microsoft Excel to 
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Figure 3.1 Environmental temperatures at the two study sites plotted by time 
of day. See text for details of measurement technique. a) PRR site, b) PLRd 
site. 
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Table 3.2 T-te-st results for subsurface soil temperature at the study sites. 
Values are mean ± standard deviation. Sample sizes are 16 for Pipeline Road, 
13 for Picture Rocks Ranch. 

Depth (em) I PLRd I PRR I t P 

15 36.8± 1.08 36.0 ±2.16 1.34 0.190 ns 

30 34.8± 0.46 35.3±0.49 2.78 0.010 * 

45 33.2± 0.33 35.1 ±0.17 . 18.4 <0.001 * 

60 32.0±0.88 34.7±0.21 10.7 <0.001 * 

90 30.5± 0.21 33.7±0.28 34.8 <0.001 * 
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Figure 3.2 Percentage of ground covered by deep shade at the two study sites 
plotted against solar zenith angle at the time of shade measurement. Least
squares regressions (exponential fit) for the two sites are PRR (open squares): 
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cover = 2.5·10(O·97.z), r2 = 0.76, where z equals solar zenith angle in radians. 
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Figure 3.3 Typical body temperatures versus time of day for three ground 
squirrels at different times in the study. a) the plot for AH893 is composed of 
data from three days in mid-June, b) body temperature data for ST891 from 
three days in late June, c) body temperature data for ST892 from four days in 
July. 



106 

43 - a) A. harris;; 0 
0 -w 
a: 
:::) 
I- 40 
« 
a: w 
c. 
:! 38 
W 

~ 
I- 37 
> * C 36 
0 m 35 

6 S 10 12 14 16 lS 

43 • • • I • • • • • I • • - b ) S. tereticaudus 0 
0 42--
W 

41-a: 
:::) 
I- 40 , ~ « 
a: 

39 J W l- I-

Q. 

I :e 38- I-
W 
I-

37-

~ 
I-

> 1 ~ C 
36- ~ 0 m 
35 

6 . 8 1'0 12 14 16 'l'S 

HOUR OF DAY 

Figure 3.4 Distributional information for body temperature data plotted by 
hour of day for the implanted ground squirrels. a) AH893, b) ST891 and 
ST892. Key: boxes encompass interquartile range, horizontal line within 
boxes are hourly medians, bars represent the upper and lowe~ inner fences 
(Wilkinson 1989), asterisks indicate values outside the inner fence. Sample 
sizes for each hour are given in Table 3.3. 



Table 3.3. Summary of hourly body temperatures (0 C) of A.harrisii and S. tereticaudus individuals (AH893, 
ST891, and ST892). 

Hour of Dayl 
Ammospermophilus harrisii Spermophilus tereticaudus 

- -
x s range n x s range n 

0600 36.95 0.54 35.82 37.72 32 36.73 0.72 35.69 38.40 140 
0700 38.33 1.06 36.80 40.50 103 . 37.65 1.06 35.59 40.34 159 
0800 39.62 1.07 37.35 41.38 68 38.04 1.04 35.84 39.96 262 
0900 39.74 1.15 37.58 41.97 148 38.24 1.53 34.68 41.25 291 
1000 39.12 1.16 37.18 41.49 162 38.85 1.23 36.25 41.54 266 
1100 39.34 1.02 37.42 41.53 205 38.59 1.71 35.96 42.10 133 
1200 39.33 1.08 36.75 41.28 198 38.14 1.46 35.66 41.54 176 
1300 38.95 1.15 37.14 40.90 221 37.80 1.12 35.88 40.88 224 
1400 39.70 0.93 37.19 41.21 174 37.57 1.35 35.08 41.15 248 
1500 39.85 0.99 36.59 42.51 194 37.47 1.45 34.83 41.31 197 
1600 39.72 0.79 38.11 42.04 154 37.84 1.57 ·35.45 41.33 152 
1700 39.88 1.06 38.07 41.30 73 38.00 1.30 35.75 40.77 102 
1800 39.97 1.11 38.07 41.92 123 37.26 1.29 36.06 40.04 44 

~ 
a 
'l 
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Table 3.4. Wilcoxon signed rank test results for hourly body temperatures (Tb) 
and mean activity level (a.I.) for three ground squirrel individuals. There are 
no significant differences between the S. tereticaudus individuals, so I have 
placed them in a single group for comparison with the A. harrisi individual. 
In the interspecific comparisons, the A. harrisi individual has the higher 
activity level and body temperature in all of the significant tests. 

a. ST891 vs. ST892: 

~ 
mean mean min. Tb max. Tb MTb Q25 Tb Q75 Tb 

a.1. Tb 

N 14 14 14 14 14 14 14 

Ts 32 51 41 28 48 48 50 

P2-tail 0.216 ns 0.476 ns 0.251 ns 0.068 ns 0.404 ns 0.404 ns 0.452 ns 

b. AH893 VS. S. tereticaudus individuals: 

~ 
mean mean min. Tb max. Tb MTb Q25 Tb Q75 Tb 

a.1. Tb 

N 12 13 13 13 13 13 13 

Ts 1 0 0 22 0 1 0 

P2-tail <0.001 * <0.001 * <0.001 * 0.055 ns <0.001 * <0.001 * <0.001 * 



Table 3.5 Results of Levene's test for variation in body temperatures of three ground squirrel 
individuals. T1 and T2 are the absolute deviations from the medians rank sums of each individual in 
the comparison. N1 and N2 are the sample sizes for each individual in the comparison. The 
subscripts 1 and 2 refer to the first and second individuals listed for each comparison. Tx is the rank 
sum for the individual with the smaller sample size, m. The value of the quantity m(N+l)/2 relative 
to Tx determines whether the left or right tail probability is used. Because of the large sample sizes, 
the Mann-Whitney-Wilcoxon probabilities were estimated with the z distribution using the formula 

Tx - m(N + 1)/2 
z = -;:::::============

~mn(N + 1) /12 

where m and n correspond to Nl and N2, or N2 and N1. See Schultz 1985 
for details. 

Comparison II Tl I N1 I T2 I N2 I Tx I m I Nt 

ST891 vs. 1782665 1401 1244365 1059 1244365 1059 2460 
ST892 

ST891 vs. 2453298 1367 2738955 1855 2453298 1367 3222 
AH893 

ST892 vs. 1631034 1027 2523369 1855 1631034 1027 2882 
AH893 

I m(N+l)/21 z I P(2-tail) 

1303100 -3.36711 0.0008 

2202921 9.593977 <0.0001 

1480421 7.040015 <0.0001 

I-l 
o 
\0 
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Figure 3.5 Hourly mean activity levels in the implanted ground squirrels (as 
measured by radio signal variability, see text). Values are means + 1 standard 
deviation. Sample sizes are given in Table 3.3 
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perform the test. Levene's test is restricted to two-sample questions, and I 

therefore performed three pair-wise comparisons in the analysis (in other 

words, I tested the relative variance of STB91 against that of STB92, STB91 

against AHB93, and AHB93 against STB92). Fortunately, the results of these 

three comparisons were not ambiguous (Table 3.5). The analyses indicated 

that significant differences exist in the body ten:tperature variability of the 

three ground squirrel individuals. The squirrels ranked from highest to low

est variability are STB91 > STB92 > AHB93 

Activity level 

Figure 3.5 presents the hourly mean activity level (based on radio sig

nal variability) for the three ground squirrels. In all but one hour of the day 

(1600 - 1700), A. harrisii had a higher mean activity level than S. tereticaudus. 

Wilcoxon signed rank tests indicated that AHB93 had a higher activity level 

than the S. tereticaudus individuals (P < 0.001, Table 3.4b), and that STB91 and 

STB92 did not differ in activity level (P = 0.10B, Table 3.4a). 

Heating and cooling curves 

Of the variables obtained from the heating and cooling curves, only 

initial body temperature and final body temperature showed species effects in 

two-way analysis of variance, with the mean values for A. harrisii roughly 10 

C higher than for S. tereticaudus (Table 3.6). This result is not surprising 

given the data from the hourly body temperature analysis (Table 3.3, Table 

3.4). 



Table 3.6 Heating and cooling curve data summary with results of two way analysis of variance. 
The "Curve type" factor refers to comparisons between heating and cooling curves. Values are 
means (standard deviation, sample size). 

Variable units A. harrisi S. tereticaudus Two-way ANOV A Factor 

heating cooling heating cooling Species Curve type 

F p F P 
TbEQ °C 41.2 37.0 41.3 36.5 0.056 0.814 35.96 <.001 

(2.1,5) (2.3,14) (3.0,14) (1.2,13) ns It 

H/C hr-1 3.64 1.30 2.11 255 0.083 0.775 3.610 0.064 
constant (2.19,5) (1.24,14) (152,14) (1.60,13) ns ns 

rate ofTb o C/min 0.118 0.083 0.105 0.123 0.365 0549 0.120 0.731 
change (0.046,5) (0.042,14) (0.069,14) (0.097,13) ns ns 

duration of min 18.0 22.2 23.2 23.0 0.420 0.521 0.185 0.669 
H/Cbout (8.3,5) (9.6,14) (19.6,14) (13.0,13) ns ns 

initial Tb °C 38.5 40.6 37.8 39.1 5.844 0.020 14.35 <.001 
(1.1,5) (1.3,14) (1.3,14) (1.5,13) It It 

final Tb °C 40.6 38.9 39.8 37.2 9.444 0.004 28.94 <.001 
(1.57,5) (1.8,14) (1.5,14) (0.92,13) It It 

~ 
~ 
N 
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The initial and final body temperature also showed significant differ

ences between heating and cooling curves in the two-way ANOVA, as did 

equilibrium body temperature (Table 3.6). It is interesting that equilibrium 

body temperature was not different for the two species, given that A. harrisii 

had, on average, higher body temperatures and higher final body tempera

tures in the heating/cooling curves than S. tereticaudus. This suggests that A. 

harrisii terminates cooling bouts and resumes activity with Tb further from 

TbEQ than does S. tereticaudus. Simulations of adaptive hyperthermia 

indicate that this strategy would increase the proportion of time spent active 

for A. harrisii (see Figure 2Ab, Chapter 2). The other variables estimated from 

the heating and cooling curves did not display any significant differences due 

to species or curve type in the two-way ANOV As (Table 3.6). Grouping both 

species and curve type, the values (mean ± stanpard deviation, n = 46) for 

these variables were: heating/cooling constant (hr-l) = 2.15 ± 1.65, rate of body 

temperature change (OC/min) = 0.105 ± 0.069, and duration of heating or cool

ing bout (min) = 22.3 ± 13.8. 

One of the major motivations for estimating the cooling/heating con

stant was to determine the effect of environmental temperature on rates of 

body temperature change. A series of regressions for different groupings of 

the data (individual squirrels, squirrel species, and grouping all squirrels to

gether) of cooling/heating constants, rate of body temperature change, and 

equilibrium body temperature versus environmental temperature yielded lit

tle in terms of strong effects of Te on cooling and heating dynamics. Of the 36 

regressions performed, only three were statistic~l1y significant, and these are 

not particularly striking in terms of predictive power. 
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The length of cooling bouts (curves) were correlated with the final Tb 

of the cooling curves (Figure 3.6). On the other hand, the length of heating 

bouts were correlated with the initial Tb (Figure 3.6). This is expected if the 

heating and cooling curves I observed represent a random sampling of the 

possible curves: cooling bouts terminated by the squirrels at higher TblS 

(further away from the lower limit of the range of acceptable TbIS) will tend to 

be of shorter duration than those terminated at lower TblS (all else being 

equal), while heating bouts initiated at higher TblS (closer to the upper limit 

of acceptable TbIS) will tend to be shorter than bouts initiated at lower TblS, 

again all else being equal. The calculated regression lines for heating and 

cooling are not different from each other (P < 0.001), indicating that rates of 

heating and cooling are not very different. 

The cooling bout final Tb and heating bout initial Tb (these are 

equivalent points in a body temperature cycle and represent the low point in 

the cycle) both had a significant relationship with cooling or heating duration 

(Figure 3.6a), but cooling bout initial Tb and heating bout final Tb (also 

equivalent, but represent the high point in a cycle) did not (Figure 3.6b). 

Figure 3.7 shows the relationship between initial body temperature and 

the final body temperature for both heating and cooling curves. The data for 

the two types of curves form two separate clouds of points that together are 

bounded by the "typical" range in Tb seen in the squirrels (about 35.5 °c to 

42.5° C). The linear regressions of final Tb on initial Tb for the heating and 

cooling curves yielded two almost parallel lines. 
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durations versus the high temperature points in the cycles. b) plot of bout 
durations versus the low temperature points in the cycles. 
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DISCUSSION 

Individual comparisons 

Although I have body temperature data from only a limited number of 

individuals, it is instructive to interpret these data in light of what is known 

about the behavior of the ground squirrels. The A. harrisii individual is con

sistently hotter than the S. tereticaudus individuals in all descriptors of 

hourly body temperature (hourly mean Tb, median, minimum, upper and 

lower quartiles) except for hourly maximum Tb, while the two S. tereticaudus 

individuals do not differ from each other (Table 3.3, Table 3.4). The A. har

risii individual also appears to spend more time active than the S. tereti

caudus individuals (Table 3.4). These results are unexpected in light of previ

ous work which indicates that S. tereticaudus is more tolerant of high ambi

ent temperatures than species in the genus Ainmospermophilus (J.S. Brown 

1986, Hudson et al. 1972). Higher tolerance to hot ambient conditions could 

be reflected in lower body temperatures, that is, an animal might be able to 

maintain a more "normal" body temperature through some physiological or 

behavioral mechanism not available to "less tolerant" individuals. The 

ability to maintain a lower body temperature given a large external heat load 

could result from any number of mechanisms: increased water conservation 

by the urinary system could lead to willingness to expend more water for 

evaporative cooling, while increased reflectance of solar and infrared radia

tion, differences in peripheral vascular organization, and reduced metabolic 

heat production could all diminish the overall heat load on the animal. 
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On the other hand, one could view the animal that is more active in 

hot conditions as the more successful and "tolerant" of high heat loads. The 

ability to withstand higher average body temperatures (through adjustments 

of temperature effects on biochemistry) could a provide a mechanism for in

creased tolerance defined this way. Despite the fact that the A. harrisii indi

vidual appears in general to be a hotter animal than the S. tereticaudus indi

viduals, it clearly did not suffer in terms of mobility or time spent above 

ground. The lack of difference in maximum tolerated body temperature in 

the three individuals suggests that none possess a special advantage relative 

to the others in terms of tolerance of high body temperature. It is conceivable, 

however, that A. harrisii (and for that matter S~ tereticaudus, as well) has 

developed biochemical adaptations similar to eurythermal and thermophilic 

ectotherms in terms of temperature effects on membrane fluidity, and en

zyme stability and regulation (Somero 1978). 

The Levene's tests indicate that body temperatures were less variable in 

the A. harrisii individual than in the S. tereticaudus individuals. These 

results are consistent with the view that the A. harrisii individual spends 

more time near the upper body temperature limit than the S. tereticaudus in

dividuals. A pattern of foraging at long distances from its burrow, making 

use of shade and relatively cool spots of ground to avoid overheating, would 

tend to produce consistently higher and (if the overall ceiling on Tb were the 

same) less variable body temperatures in A. harrisii. At the same time, the 

central-place foraging style of the S. tereticaudus individuals would promote 

wider swings in body temperature and hence greater variability. Indeed, 

visual inspection of the plots of Tb versus time for the ground squirrels (for 
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example see Figure 3.3a-c) appears to support t~s: there were more large cy

cles of heating and cooling in S. tereticaudus than in A. harrisii. 

Greater variability in body temperature in the S. tereticaudus individu

als than in the A. harrisii individual might also result in part from cooler 

burrow temperatures at the PLRd site. Although above ground environmen

tal temperatures do not appear different at the two sites, soil temperatures at 

45 cm or deeper were two to three degrees cooler in the S. tereticaudus habitat 

than in the A. harrisii habitat (Table 3.2). Ground squirrel burrows are 

typically half a meter deep, although burrows deeper than one meter have 

been found (Drabeck 1970, personal observation). Ground squirrels cooling at 

these depths would probably cool faster at the PLRd site than at the PRR site. 

This in turn could increase the apparent variability in the body temperatures 

of the S. tereticaudus individuals. 

Chappell and Bartholomew (1981b) report high levels of activity in A. 

leucurus during the summer in the morning and late afternoon, and a pro

nounced lull in activity in early afternoon when the highest environmental 

temperatures were measured. They argued that during these hours, envi

ronmental temperatures are so high that extremely rapid rates of heating 

would prevent the ground squirrels from foraging effectively. Due to the sub

jective nature of the activity data, and because of the different techniques used 

to measure environmental temperature, it's difficult to quantitatively com

pare the A. leucurus data with my data for A. harrisii and S. tereticaudus. 

However, the bimodal activity pattern of A. leucurus appears more similar to 

the activity pattern of S. tereticaudus than to tnat of A. harrisii. A. harrisii ac

tivity drops off little, if at all, during the hottest hours of the day (Figure 3.5). 
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During these hours it was not uncommon to observe non-implanted A. har

risii individuals at the PRR site; these individuals were always foraging in 

deep shade, often more than a meter above the ground (where temperatures 

are typically lower during the afternoon, Campbell 1977) in the branches of a 

palo verde tree. Although later in the summer S. tereticaudus individuals 

were seen foraging off the ground on the seeds and young shoots of creosote 

bush (personal observation), at the time of my study the major food for S. 

tereticaudus at the PLRd site appeared to be mesquite pods located on the 

ground. It is possible that the availability of food in elevated and relatively 

cool microhabitats at PRR accounts for differences in activity pattern between 

the A. harrisii and S. tereticaudus individuals, as well as the A. leucurus 

population in Deep Canyon. 

Thermodynamics of heating and cooling 

From more than 5000 body temperature data points I was able to extract 

only about 100 series of Tb measurements that constitute continuous bouts of 

heating or cooling longer than five minutes. Of these, less than half were of 

long enough duration to generate estimates for the negative exponential fit. 

This means that ground squirrels rarely approached steady-state body temper

atures during the day. This is not surprising (see Chapter 2) given the con

straints of minimizing evaporative water loss and maximizing activity time 

in a dry, hot habitat in which temperatures vary over a wide range 

(environmental temperatures can be 30° C in a burrow, 40° C in the shade 

outside the burrow, and nearly 70° C in the sun a few centimeters away). 
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The absence of correlation of heating and cooling rates with environ

mental temperatures stems largely, I believe, from the lack of direct visual ob

servation of the ground squirrels during body temperature measurements. 

Without such observations, it is difficult to know which of the many envi

ronmental temperatures is appropriate to associate with a particular heating 

or cooling curve. In spite of this difficulty, some significant relationships do 

appear in the heating/ cooling curve data, and features of the the ground 

squirrels' thermodynamic properties appear through the noise. 

Chappell and Bartholomew (1981b) suggested that a ground squirrel 

would maximize its above ground time by leaving its burrow before body 

temperature approaches equilibrium. They contend that the disproportionate 

increase in time necessary to cool an extra two or three degrees would be 

greater than any increase in foraging time gained by starting the activity bout 

in a hypothermic state. The data from my study, however, suggest that the 

extra time spent cooling is repaid with roughly the same amount of extra 

time foraging (Figure 3.6); this relationship includes ground squirrels that 

become mildly hypothermic during cooling. 

Chappell and Bartholomew's contention was supported, in part, by the 

observation that A. leucurus does not display any transient depression of Tb 

below 37° C - 38° C after hyperthermic cycles. Transient hypothermia was ex

pected based on laboratory observations of the San Joaquin antelope ground 

squirrel, A. nelsoni (Heller and Henderson 1976). Heating of the hypothala

mus of this species temporarily caused a subsequent downward shift in the set 

point for body temperature. Chappell and Bartholomew suggested that tran

sient hypothermia after hyperthermic bouts were not observed in A. leucurus 
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in the field because the relatively warm soil temperatures at burrow depth 

precluded such cooling. The soil temperatures at the PLRd site were in the 

same range as those at Chappell and Bartholomew's study site (30° C- 33° C), 

yet the S. tereticaudus individuals exhibited body temperatures as low as 35° 

C- 36° C throughout most of the day. At the same time, the A. harrisii indi

vidual at PRR rarely cooled to body temperatures less than 37.5° C, even 

though soil temperatures less than 35° C were available (Table 3.2). This sug

gests that differences in the thermoregulatory patterns of the two genera 

rather than environmental constraints may account for the presence or 

absence of hypothermia in the field. 

Values of thermal conductance calculated from the heating and cooling 

curves for the ground squirrels in this study are quite variable (range = 0.051 -

1.71 W /0 C, a roughly 33-fold range), and do not differ statistically between 

species or between heating and cooling. Predicted minimal thermal conduc

tance for sciurids in this body size range (90 -199 g) is 0.054 - 0.088 W /oC 

(Bradley and Deavers 1980). Chappell and Bartholomew (1981b) estimated 

minimal thermal conductances for A. leucurus (=100 g) at ambient tempera

tures above the thermoneutral zone of about 0.12 W /oC (predicted minimal 

conductance = 0.057 W fOC). They also calculated conductance during cooling 

(based on a maximal rate of cooling equal to 0.7 - 0.8° C per minute, burrow 

temperatures of 30° C- 33° C, and initial Tb of 43° C) equal to about 0.5 W /0 C, 

or about nine times the predicted minimum. vyunder (1970) found a fac

torial increase in thermal conductance of about 8.4 over minimal conduc

tance in Merriam's chipmunks running on a treadmill at 40 m/min at Ta = 

35° C. He inferred that this represented a maximal conductance as the chip-



123 

munks became hyperthermic during these running bouts. While the lowest 

conductance values I estimated from my data are about equal to the predicted 

minimal value, the factorial increase observed is much greater than expected 

based on previous work on sciurids. 

The rates of body temperature change for the heating and cooling 

curves are also quite variable (range = 0.02 to 0.30 C/minute) and do not differ 

between species and heating or cooling curves (Table 3.6). These rates are 

much lower than the maximal rates reported by Chappell and Bartholomew 

1981b (0.7 - 0.80 C/min), in part because I included a greater proportion of the 

total heating or cooling curves. However, maximal rates of Tb change from 

the entire data set rarely exceed 0.30 C/min for either heating or cooling for 

the individuals in my study (unpublished data). Thus it appears that A. leu

curus is capable of cooling faster than any of the individuals for which I have 

data. Soil temperatures in the two studies are similar, suggesting that the dif

ference in maximal rates of Tb change are due to greater maximal conduc

tance value in A. leucurus compared to the species in my study. 

Plots of the final body temperature versus initial body temperature for 

the heating and cooling curves (Figure 3.7) provide a description of the range 

of body temperatures typically observed in the ground squirrels. The regres

sion equations indicate the central tendency in these large scale excursions of 

Tb and, as such, describe the high and low temperatures around which 

ground squirrel Tb fluctuates. For this data set, the average high Tb point is 

39.90 C and the low Tb point is 37.70 C. 
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General implications 

This study provides further evidence that the body temperatures of 

small diurnal desert mammals fluctuate substantially and rapidly while these 

animals are active in the summer. Faced with the tremendous heat loads of 

the desert environment and large relative surface area due to their small size, 

it is difficult to imagine that a ground squirrel active in the sun could avoid 

becoming hyperthermic, even if fully hydrated .. Non-desert sciurids also dis

play hyperthermic body temperatures in environments that are much more 

mesic than the Sonoran and Great Basin deserts. Abert's squirrels (Sciurus 

aberti, mass <= 600 g) in the high country of northern Arizona exhibit body 

temperature fluctuations as great as seen in the desert ground squirrels in this 

study (range = 35.20 C to 41.10 C, Golightly and Ohmart 1978). Thirteen-lined 

ground squirrels (Spermophilus tridecemlineatus, mass := 200 g) in Indiana 

also display large Tb fluctuations while active during the day, even in habitats 

where water is flowing and freely available to the animals (C. Vispo, personal 

communication). 

Sciurids are among the most conspicuous of small day-active mam

mals; indeed, the preponderance of studies of b.ody temperature in small free

ranging squirrels results largely from the paucity of such species in other 

mammalian families. The lack of phylogenetic independence in the small 

mammals which exhibit hyperthermia makes the assessment of its evolution 

as an adaptive mode difficult (Huey 1987). Did hyperthermia evolve many 

times within the sciurid clade in those species that moved into environments 

with high radiation heat loads, or is it a trait that all sciurids have inherited 

from a common ancestor? Further, if the use of hyperthermia evolved in a 
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primitive sciurid, was it a key adaptation opening the small day-active 

mammal niche to this lineage? To be answered, these questions require fur

ther documentation of the degree to which Tb fluctuates in other free-ranging 

sciurids and in other small diurnal mammalian clades. Besides the mam

mals, the birds are the other major taxonomic group that displays endother

mic homeothermy, the origin of which was probably independent in the two 

lineages (McNab 1978). Small day-active birds are known to display hyper

thermia when exposed to high environmental temperatures (Bartholomew 

1964, Weathers 1981). The independent existence of hyperthermia in a 

lineage far removed from the mammals suggests that it is of strong adaptive 

value and that we should expect future work to demonstrate that hyperther

mia is a general feature of small diurnal mammal thermoregulatory patterns. 



126 

LIST OF REFERENCES 

Bakken, G.S. 1976. A heat transfer analysis of animals: unifying concepts and 
the application of metabolic chamber data to field ecology. J. Theor. 
Biol., 60: 337-338. 

Bakken, G.S., W.A. Buttemer, W.R. Dawson, and D.M. Gates. 1981. Heated 
taxidermic mounts: a means of measuring standard operative tempera
ture affecting small animals. Ecology 62: 311-318. 

Bakken, G.S., D.J. Erskine, and W.R. Santee. 1983. Construction and opera
tion of heated taxi dermic mounts used to measure standard operative 
temperature. Ecology 64: 1658-1668. 

Bartholomew, G.A. 1954. Body temperatures and respiratory and heart rates 
in the northern elephant seal. J. Mamm., 35: 211-218. 

Bartholomew, G.A. 1964. The roles of physiology and behavior in the main
tenance of homeostasis in the desert environment. Symp. Soc. Exp. 
Biol., 18: 7-29. 

Bartholomew, G.A., C.M. Vleck, and T.L. Bucher. 1983. Energy metabolism 
and nocturnal hypothermia in two tropical passerine frugivores: 
Manacus vitellin us and Pipra mentalis. Physiol. Zool., 56: 370-379. 

Bartholomew, G.A., D. Vleck., and C.M. Vleck. 1981. Instantaneous mea
surements of oxygen consumption during pre-flight warm-up and 
post-flight cooling in sphingid and saturniid moths. J. Exp. Biol., 90: 17-
32. 

Belovsky and Slade. 1986. Time budgets of grassland herbivores. Oecologia 
70: 53-62. 

Bennett, A.F. and J.A. Ruben. 1979. Endothermy and activity in vertebrates. 
Science, 206: 649-654. 

Bligh, J. and K.G. Johnson. 1973. Glossary of terms for thermal physiology. J. 
Appl. Physiol., 35: 941-961. 

Bradley, S.R. and D.R. Deavers. 1980. A re-examination of the relationship 
between thermal conductance and body weight in mammals. Compo 
Biochem. Physiol., 65A: 465-476. 



127 

Brown, J.H. and G.A. Bartholomew. 1969. Periodicity and energetics of torpor 
in the kangaroo mouse, Microdipodops pallidus. Ecology 50: 705-709. 

Brown, J.S. 1986. Coexistence on a resource whose abundance varies: a test 
with desert rodents. Ph.D. dissertation, Univ. Arizona. 

Brown, J.S. 1988. Patch use as an indicator of habitat preference, predation 
risk, and competition. Behav. Ecol. Sociobiol., 22: 37-47. 

Burt W.H. and R.P. Grossenheider. 1976. A Field Guide to the Mammals of 
America North of Mexico, 3rd Ed. Houghton Mifflin Co., Boston. 

Calder, W.A., ITI. 1984. Size, Function, and Life History. Harvard Univ. 
Press. 

Campbell, G.C. 1977. An introduction to Environmental Biophysics. 
Springer-Verlag, New York. 

Castellini, M.A., D.P. Costa, and A. Huntley. 1986. Hematocrit variation dur
ing sleep apnea in elephant seal pups. Am. J. Physiol., 251: R429-R431. 

Chappell, M.A. and G.A. Bartholomew. 1981a. Standard operative tempera
ture and thermal energetics of the antelope ground squirrel, Ammo
spermophilus leucurus. Physiol. Zool., 54: 81-93. 

Chappell, M.A. and G.A. Bartholomew. 1981b. Activity and thermoregula
tion of the antelope ground squirrel, Ammospermophilus leucurus in 
winter and summer. Physiol. Zool., 54: 215-223. 

Christian, D.P. 1981. Individual variation in thermoregulatory patterns of 
two desert rodents. J. Mamm., 62: 178-180. 

Cleveland, W.S. 1979 Robust locally weighted regression and smoothing 
scatterplots. J. Am. Stat. Assoc., 74:829-836. 

Crawford, E.C., Jr. and R.C. Lasiewski. 1968. Oxygen consumption and respi
ratory evaporation of the emu and rhea. Condor 70: 333-339. 

Crawshaw, L.I, and H.T. Hammel. 1971. Behavioral thermoregulation in two 
species of antarctic fish. Life Sciences 10: 1009-1020. 



128 

Dunford, C.J. 1975. Density limitation and the social system of round-tailed 
ground squirrels. Ph.D. dissertation, Univ. Arizona. 

Dunford, c.J. 1977. Behavioral limitation of round-tailed ground squirrel 
density. Ecology 58: 1254-1268. 

Eisenberg, J.F. 1981. The Mammalia.n Radiations. Univ. Chicago Press., 
Chicago. 

French, A.R. 1986. Patterns of thermoregulation during hibernation. in Liv
ing in the Cold: Physiological and Biochemical Adaptation. H.C. 
Heller et al, eds. Elsevier Science Publ. Co., 

Gates, D.M. 1980. Biophysical Ecology. Springer-Verlag, New York. 

Golightly, RT. and RD. Ohmart. 1978. Heterothermy in free-ranging Abert's 
squirrels (Sciurus aberti). Ecology 59: 897-909. 

Gould, S.J. and RC. Lewontin. 1979. The spandrels of San Marco and the 
Panglossian paradigm: a critique of the adaptationist programme. 
Proc. R Soc. Lond., B 205: 581-598. 

Gould, S.J. and E.S. Vrba. 1982. Exaptation - a pUs sing term in the science of 
form. Paleobiology 8: 4-15. 

Hafner, J.C. and M.S. Hafner. 1983. Evolutionary relationships of heteromyid 
rodents. Grt. Bas. Nat., 7: 3-7. 

Haim, A. 1981. Heat production and dissipation in a South African murid 
Lemniscomys griselda. S. Afr. J. Zool., 16: 67-70. 

Hall, E.R. 1981. The Mammals of North America. John Wiley and Sons, 
New York. 

Hart, J.S. 1951. Average body temperature in mice. Science 113: 325-326. 

Hayden, P. and RG. Lindberg. 1970. Hypoxia-induced torpor in pocket mice 
(Genus: Perognathus). Compo Biochem. Physiol., 33: 167-179. 

Heinrich, B. and G.A. Bartholomew. 1971. An analysis of pre-flight warm-up 
in the sphinx moth, Manduca sexta. J. Exp. Biol., 55: 223-239. 



129 

Heller, H.C. and H.T. Hammel. 1972. CNS control of body temperature dur
ing hibernation. Compo Biochem. Physio1., 42: 349-359. 

Heller, H.C. and J.A. Henderson. 1976. Hypothalamic thermosensitivity and 
regulation of heat storage behavior in a day-active rodent Ammo
sp!!rmQPh.ilus nelsoni. J. Compo Physiol., 108: 255-270. 

Hill, RW. 1972. Determination of oxygen consumption using the paramag
netic oxygen analyzer. J. Appl. Physio1., 33: 261-263. 

Hinds, D.S. and W.A. Calder. 1973. Temperature regulation of the Pyrrhu
loxia and the Arizona cardinal. Physiol. Zool., 46: 55-71. 

Hoeck, H.N. 1987. Hedgehog mortality during hibernation. J. Zool. (Lond.), 
213: 755-757. 

Hoffmeister, D.F. 1986. Mammals of Arizona. Univ. Arizona Press and Ari
zona Game and Fish Department Press, Tucson AZ. 

Howell, T.R and G.A. Bartholomew. 1959. Further experiments on torpidity 
in the poorwill. Condor 61: 180-185. 

Hudson, J.W. 1962. The role of water in the biology of the antelope ground 
squirrel Citellus leucurus. Univ. Calif. Publ. Zool., 64: 1-56. 

Hudson, J.W. 1964. Temperature regulation in the round-tailed ground 
squirrel. Ann. Acad. Sci. Fenn. IV Bio10gica 71: 219-233 

Hudson, J.W. and D.R Deavers. 1973. Metabo.lism, pulmocutaneous water 
loss and respiration of eight species of ground squirrels from different 
environments. Compo Biochem. Physio1., 45A: 69-100. 

Hudson, J.W., D.R Deavers, and S.R Bradley. 1972. A comparative study of 
temperature regulation of ground squirrels with special reference to 
the desert species. Symp. Zool. Soc. Lond., 31: 191-213. 

Huey, RB. 1987. Phylogeny, history, and the comparative method. 1987. in 
M.E. Feder, A.F. Bennett, A.W. Burggren, and RB. Huey, eds. New 
Directions in Ecological Physiology. Cambridge Univ. Press, Cam
bridge. 



130 

Jacobson, F.H. and R.D. Squires. 1970. Thermoregulatory responses of the cat 
to preoptic and environmental temperatures. Am. J. Physiol., 218: 
1575-1582. 

Jansky, L. and X.J. Musacchia, eds. 1976. Regulation of depressed metabolism 
and thermogenesis. 26th International Congress of the Physiological 
Sciences. 

Karasov, W.H. 1983. Wintertime energy conservation by huddling in ante
lope ground squirrels (Ammospermophilus leucurus). J. Mamm., 64: 
341-345. 

Kavanau, J.1. and C.E. Rischer. 1972. Effects of ambient temperature on 
ground squirrel activity. Ecology 53: 158-164. 

Kramm, K.R. 1972. Body temperature regulatipn and torpor in the antelope 
ground squirrel, Ammospermophilus leucurus. J. Mamm., 53: 609-611. 

Lewis, A.W. 1973. Comparative ecology of two sympatric pocket mice 
(Perognathus) in central Arizona. Ph.D. dissertation, Univ. Arizona. 

Lyman, C.P, ed. 1982. Hibernation and Torpor in Mammals and Birds. Aca
demic Press, New York. 

Lyman, c.P. and R.C. O'Brien. 1972. Sensitivity to low temperature in hiber
nating rodents. Am. J. Physiol., 222: 864-869. 

Manly, B.F.J. 1986. Multivariate Statistical Methods: a Primer. Chapman 
and Hall, London. 

McNab, B.K. 1978. The evolution of endothermy in the phylogeny of mam
mals. Am. Nat., 112: 1-19. 

McNab, B.K. 1980. On estimating thermal conductance in endotherms. 
Physiol. Zool., 53: 145-156. 

Meyer, M.P. and P. Morrison. 1960. Tissue respiration and hibernation in the 
thirteen-lined ground squirrel, Spermophilus tridecemlineatus. Bull. 
Mus. Compo Zool., 124: 405-420. 

Morrison, P.R. and \.v.J. Tietz. 1957. Cooling and thermal conductivity in 
three small Alaskan mammals. J. Mammal., 38: 78-86. 



Mrosovsky, N. 1971. Hibernation and the Hypothalamus. Appleton
Century-Crofts, New York. 

131 

Muller, E.F., J.M.Z. Kamau, and G.M.O. Maloiy. 1979. Oxygen uptake, 
thermoregulation and heart rate in the springhare (Pedetes capensis). J. 
Compo Physiol. B, 133: 187-197. 

The Nautical Almanac. 1989. U.S. Government Printing Office, Washington 
D.C. 

Pearson,O.P. 1960. Torpidity in birds. Bull. Mus. Compo Zool. Harvard 
Univ., 124: 93-103. 

Reichman, O.J. and KM. Van De Graaff. 1973. Seasonal activity and repro
ductive patterns of five species of Sonoran desert rodents. Am. MidI. 
Nat.,90: 119-126. 

Reinking, L.N., D.L. Kilgore Jr., E.S. Fairbanks, and J.D. Hamilton. 1977. 
Temperature regulation in normothennic black-tailed prairie dogs, 
Cynomys ludovicianus. Compo Biochem. Physiol., 57 A: 161-165. 

Robinson, D.E., G.S. Campbell, and J.R. King. 1.976. An evaluation of heat ex
change in small birds. J. Compo Physiol., 105: 153-166. 

Schmidt-Nielsen, K. 1964. Desert Animals: Physiological Problems of Heat 
and Water. Oxford Univ. Press, New York. 

Schmidt-Nielsen, K. 1983. Animal Physiology: Adaptation and Environ
ment. Cambridge Univ. Press, Cambridge. 

Schmidt-Nielsen, K., B. Schmidt-Nielsen, S.A. Jamum, and T.R. Houpt. 1957. 
Body temperatures ()f the camel and its relation to water economy. 
Am. J. Physiol., 188: 103-112. 

Scholander, P.F., R. Hock, V. Walters, F. Johnson, and L. Irving. 1950. Heat 
regulation in some arctic and tropical mammals and birds. BioI. Bull., 
99: 237-258. 

Schultz, B.B. 1985. Levene's test for relative variation. Syst. Zoo1., 34: 449-
456. 

Slade, N.A. and D.F. Balph. 1974. Population ecology of Uinta ground squir
rels. Ecology 55: 987-1003. 



132 

Snapp, B.D. and H.C. Heller. 1981. Suppression of metabolism during hiber
nation in ground squirrels (Citellus lateralis). Physiol. Zoo1., 54: 297-
307. 

Somero, G.N. 1978. Temperature adaptation of enzymes: biological optimiza
tion through structure-function compromises. Ann. Rev. Ecol. Syst., 9: 
1-19. 

Stahl, W.R. 1967. Scaling of respiratory variables in mammals. J. Appl. Phys
iol., 22: 453-460. 

Stephens, D.W. and J.R. Krebs. 1986. Foraging Theory. Princeton Univ. 
Press, Princeton, NJ. 

Taylor; c.R. 1970a. Strategies of temperature regulation: effect on evapora
tion in East Mrican ungulates. Am. J. Physio!., 219: 1131-1135. 

Taylor, C.R. 1970b. Dehydration and heat: effects on temperature regulation 
of East Mrican ungulates. Am. J. Physio!., 219: 1136-1139. 

Tucker, V.A. 1965a. Oxygen consumption, thermal conductance, and torpor 
in the California pocket mouse, Perognathus californicus. J. Cell. and 
Compo Physio!., 65: 393-404. 

Tucker, V.A. 1965b. The relation between the torpor cycle and heat exchange 
in the California pocket mouse, Perognathus californicus. J. Cell. and 
Compo Physio1., 65: 405-414. 

Vaughn, T.A. 1978. Mammalogy. Saunders College Pub!., Philadelphia. 

Walker, E.P. 1975. Mammals of the World, 3rd Ed. Johns Hopkins Univ. 
Press, Baltimore. 

Walsberg, G.B. and W.W. Weathers. 1989. A simple technique for estimating 
operative environmental temperature. J. Thermal Bio!., 11: 67-72. 

Wang, L.C.H. and J.W. Hudson. 1970. Some physiological aspects of tempera
ture regulation of the normothermic and torpid pocket mouse, Perog
nathus hispidus. Compo Biochem. Physio1., 32: 275-293. 

Wang, L.C.H. and J.W. Hudson eds. 1978. Strategies in the Cold: Natural 
Torpidity and Thermogenesis. Academic Press, New York. 



133 

Watts, P.D. 1989. Whole body thermal conductance of denning ursids. J. 
Therm. BioI., 14: 67-70. 

Weathers, W.W. 1981. Physiological thermoregulation in heat-stressed birds: 
consequences of body size. Physio!. Zoo1., 54: 345-361. 

Wilkinson, L. 1989. SYSTAT: The System for statistics. SYSTAT Inc., 
Evanston IL. 

Wood, S.C. and C.J.M. Lenfant. 1976. Respiration: mechanics, control and 
gas exchange. in Biology of the Reptilia, vol. 5. C. Gans and W.R. Daw
son, eds. Academic Press, London. 

Wunder, B.A. 1970. Energetics of running activity in Merriam's chipmunk, 
Eutamias marriami. Compo Biochem. Physiol., 33: 821-836. 

Young, P.J. 1990. Hibernating patterns of free-ranging Columbian ground 
squirrels. Oecologia 83: 504-511. 


