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Abstract--An examination of warming rates of chest muscle in relation to rectal temperature and 
subsequent thermal mapping of selected tissues in active bats has shown the following trends: 

1. During arousal, chest muscle warms slightly faster than rectal temperature in Pipistrrllus hasperus. 
.411fro:ous pullidus, MJsotis califbrnicus, M. thysanodes. Eptesicus fuscus, and Tudarida hrusiliellsis. 
whereas in Plrcorus towtlsendii chest muscle warms twice as fast as rectal. 

2. Bats that warmed sufficiently to initiate flight in the laboratory had interscapular temperatures 
that wcrc higher than rectal, brain. or adjacent flight muscles. 

3. Field data. however, indicate interscapular temperatures to be lower than flight muscle temperature, 
especially following periods of sustained flight. 

4. Both laboratory and field data show that certain bats are capable of coordinated and sustained 
flight at tissue temperatures well below recognized homeothermic levels. 

INTRODUCTION 

Lyman & Chatfield (1950) showed that there exists 
a marked differential in blood flow between the ab- 
dominal and thoracic regions in the Syrian hamster, 
Mr.socricrrus aurtrtus wuterhousi. This differential has 
since been shown to occur in several other nonvolant 
mammalian hibernators (see reviews of Lyman, 1965 
and 1970) as well as for some bats (Rauch & Hay- 
ward. 1970: Rauch. 1973; and Rauch & Beatty, 1975). 
These studies showed, in general, that blood flow is 
chiefly confined to anterior body regions during arou- 
sal from hibernation, with the myocardium, diaph- 
ram. skeletal muscles. and brown adipose tissues 
receiving the highest rates of blood flow. A differential 
in blood flow between the abdominal and thoracic 
cavities accounts for a marked temperature differen- 
tial between these regions. 

Certain species of bats have demonstrated winter 
activity in temperate regions (O’Farrell & Bradley, 
1970) with the concomitant ability to fly at reduced 
body temperatures (Bradley & O’Farrell, 1969; and 
Studier & O’Farrell. 1972). Studier (1974) reported 
a predictive relationship between rectal temperature 
and fight muscle temperature in two species of bats 
during arousal from torpor. Since the bats of the 
southwestern U.S. show a high degree of variability 
in body temperature required for initiation and main- 
tenance of flight, the relationship described by Studier 
(1974) needs further examination. 

The present study is an attempt to determine the 
extent of thermal differences in the body of warming 
and active bats, in order to gain an understanding 
of the processes involved in low body temperature 
Right. In addition. the capability of low body tem- 
perature flight raises the question of the critical body 
temperatures at which these animals can achieve 
coordinated flight. particularly for the brain and flight 
muscles. 

MATERIALS AND METHODS 

Bats studied were collected at various locations in south- 
ern Nevada at elevations ranging from 600 to 2500 m from 
September, 1974, through March, 1975. The following spe- 
cies were examined: Pip&e//us hesperus, Anrrozous pal- 
lidus. Myotis californicus. M. rhpsanodes. Eptesicus ,fuscus 
Plecotus towusendii, and Tudurida hrasiliensis. Adult bats 
of both sexes were studied within 3 days of capture. 

Bats were first cooled to approx 5%lo’C in a refrigerator 
at 4°C ambient temperature, then restrained (Studier. 1974) 
and allowed to warm up at room temperatures (23-27°C). 
except P. rownsendii which was allowed to warm up at 
14-15°C. Simultaneous readings were taken from chest 
muscle and rectum, at I min intervals. using a Yellow 
Springs Instrument Telethermometer with YSI hypodermic 
thermister probe, and a quick registering Schultheis mer- 
cury thermometer, respectively, similar to that of Studier 
(1974). The hypodermic probe was carefully inserted into 
the left pectoral muscle mass and the Schultheis therm- 
ometer was inserted 8 mm into the rectum. Bats were 
flown, using the method of Bradley & O’Farrell (1969). 
when they reached an arbitrary known flight temperature 
(Studier & O’Farrell, 1972), and interscapular, flight 
muscle, and brain temperature were recorded and com- 
pared with rectal temperature immediately after initiation 
of flight. Brain temperatures were obtained by inserting 
the hypodermic thermistor through the external auditory 
meatus into the central brain region. In most instances, 
several warming trials were obtained on individual bats 
before brain and tissue temperatures were taken. 

In September, while bats were being netted over a water 
hole, rectal. chest muscle, and interscapular temperatures 
were determined within 1 min of capture, using similar 
methods to those performed in the laboratory. 

REStiLTS 

Chest muscle temperatures (z) and rectal tempera- 

tures (T,) showed a high degree of correlation in 
arousing bats (Figs. 1 & 2). Several distinct patterns 
can be seen among those bats capable of low body 
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Fig. I. Chest muscle temperature (T,) and rectal temperature (‘4) during arousal in Eplrsicus fiscu.s, 
A,lrrozou.s pallidus, Pipistrdlu.s hrsperus, and MJYU~.\ ccrlifijmicus. The solid diagonal line represents 

a reference line where TL = 7;. X = point at which bats could initiate flight. 

temperature flight. The most similar patterns are 
shown in Fig. I. With few exceptions. T was lower 
than 7; at the lower temperatures. The point or range 
of temperatures where T, was equal to or higher than 
T varied by species. In A. ~~LI//~~Ks, it was noted that 
as the animals were stressed by water and food depri- 
vation. ~c remained lower than 7; (Fig. I ). 

The 3 species presented in Fig. 2 show warming 
patterns which differ from the previous species. 
Although P. towr~.xwdii and M. ~/IJ~~/c~s are also 
low body temperature fliers, 7: hsilirmis is a high 
body temperature flier (Studier & O’Farrell. 1972). 
In M. thr.~~ot/~s. r is higher than 7; throughout 
the warming except for a point around 20 C at which 
time T, = T,. Plecof~s towt~scv~dii shifts from a lower 
7; to a higher relationship very easily in warming. 
The pattern exhibited by 7: hsi~irmi,s is most similar 
to M. culiforrlicus: however. T does not exceed 7; 
until 27 C. It should be noted that for all bats tcstcd. 
the temperature at which 7; cqualled or exceeded 7; 
corresponded to the time when the bats began VOG- 

lizing and wriggling. 
Regression analysis of T, on T, for w-arming bats 

points out further differences among the species 
(Table I). The most striking difference is the signifi- 
cantly grcatcr slope for P. towrw~~rlii. All analyses 
showed a high degree of predictability (r’ > 0.84). 

Warming rates of 7; did not differ significantly 
among any of the species tested either while re- 
strained or after flight was initiated except for .4. purl- 
/i&s (P -c 0.05; Table 2). Similar patterns also were 
observed in warming rates of K. Although warming 

rates of T, tended to be greater than x. these rates 
were not significantly greater except for P. towtwndii 

(P < 0.05). 

A comparison of selected tissue temperatures fol- 
lowing flight which was initiated in the laboratory 
is given in Table 3. 7; was significantly lower than 
all other tissues tested (P < 0.01). Brain. chest muscle, 
and interscapular temperatures did not differ signifi- 
cantly. although interscapular temperatures tended to 
be higher in most instances. Although P. town.srrdii 
initiated flight at a greatly reduced 7,. tissue tempera- 
tures did not differ from any other bats tested. Tissue 
tempcraturcs obtained in the field were similar to 
those given in Table 3. 

DIS(‘l’SSION 

In hibernators. an anteropostcrior temperature gra- 
dient occurs during arousal with thoracic being 
greater than abdominal temperatures (see review in 
Lyman. 1965). Study of this gradient in relation to 
changes in blood flow in hibernating bats have been 
described in detail (Rauch & Hayward, 1970; Rauch. 
1973; and Rauch & Beatty, 1975). To summarize 
these findings. it was found that during arousal, 
capillary blood flow to brown fat and to anterior 
muscle is significantly greater than hibernating flow 
rates. Distribution of blood in liver, kidneys. and gas- 
trointestinal tissues were greatly reduced during arou- 
sal. After arousal has occurred. blood distribution in 
the various regions of the body was similar to that 
of nonarousing. hibernating bats. Studier (1974) de- 
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scribed temperature differentials in bats which sup- 
ports the occurrence of an anteroposterior tempera- 
ture gradient. Chest muscle and rectal temperature 
differentials in Figs. 1 & 2 also show an anteroposter- 
ior gradient. In several of the species. however. rectal 
temperatures remain higher than chest muscle tem- 
peratures for a period longer than expected from the 
results of Rauch (1973). This may be due, in part. 
IO the overall physiological condition of our exper- 
imental animals. As was described earlier. we found 
that with increasing stress. chest muscle temperature 
tended to remain lower than rectal temperature. Dif- 
ferences may also be due to the fact that the hats 
tested were either non-hibernators (I: ~?~~~si~j~~z.s~,s~ or 
known low body temperature fliers. 

The points at which chest muscle temperature 
equalled or exceeded rectal temperature may be the 
time at which visceral vasodilation occurs. These 
points coincide within the range of body temperatures 
dt which these bats are known to be able to initiate 
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Fig. 2. Chest muscle temperature (7:) and rectal tempera- 
ture (7;) during arousal in P/ecotus rownsrrrciii. Myoris 
r/wnode.s, and Thduridu hrrrsilirnsis. The solid diagonal line 
represents a reference line where 7; = T,. X = point at 

which bats could initiate Right. 

and maintain Aight at reduced ambient temperatures. 
The warming trends we observed are somewhat differ- 
ent than those given by Rauch (1973). which is prob- 

ably a reflection of the ambient temperature during 
testing. The pattern exhibited by P. town.sendii does 
conform to that of Rauch (1973), and they were tested 
at low ambient temper~~tures. It would have been pre- 

ferable to conduct all tests under these conditions. 
Our facilities precluded the opportunity to conduct 
the tests at a constant, low ambient temperature. 

The results obtained using the low body tcmpera- 
ture flier. M. soctcllis. by Studier (1974) were compar- 
able to our results (Table 1). On the other hand, E. 
~~GCIIS had a sign~fic~intly higher slope (P < 0.01). 
Eprc%~us in southern Nevada are capable of activity 
at low body temperatures. It appears that the desert 
variety is more physiologically labile than eastern or 
northern E. firscus. It is also possible that there was 
a difference in physioiogicai condition of the two var- 
ieties. due to differences in seasons that the animals 
were tested. 

Warming rates of laboratory tested animals (Table 
2) are comparable to rectal warming rates determined 
in hibcrnacula (Twente. 1955: and Hughes. 1968). 
Twente (1955) described a linear warming trend, 
whereas Hughes (196X) found a logarithmic increase 
in rectal temperat~lrc. We found both trends in the 
bats listed. Laboratory and field rates were similar. 
Variations we observed were attributable to stress 
and declining physiological condition which may 
account for differences found in the previous studies. 

The differential in tissue temperatures (Table 3) are 
as expected in light of differential blood flow. Inters- 
cap&r tern~~~~~t~lres should be slightly higher since 
these bats were in the process of arousal when tlight 
was initiated. It is possible that for low body tempera- 
ture fliers. high interscapular temperatures may be 
maintained during flight at low ambient temperatures. 
If so. this would be advantageous in maintaining the 
thermal gradient between deep core and ambient tem- 
peratures. The low brain and chest muscle tempera- 
tures, however. arc surprising for an activity that is 
associated with a high homeothermic capacity. 
Detailed studies on the pre-optic anterior hypotha- 
lamus (PO/AH) in E. jirsc~s aid in understanding the 
low brain temperatures obtained in the present study 
(Kluger & Heath, 197la. b. and c). Lesions placed 
in the PO;AH resulted in only minor losses of ther- 
moregulatory ability. It was determined that the 
PO/AH of E. Jir.scu.s was less thermally sensitive than 
that of other vertebrates and that other central ner- 
vous structures may have acquired increased thermor- 
egulatory function. Finally. it was suggested that as 
an open-rno~ltlled flier. PO’AH fluctuates in tempera- 
ture during Fiight which possibly preadapts E. jirscirs 
for heterothermv. 

This inforrnatjon is valuable when considering low 
body tcmperaturc flight. Many bats in the southwes- 
tern United States are active throughout the winter 
months (O’Farrell & Bradley. 1970) and are capable 
of low body temperature flight. directly dependent on 
ambient temperatures (O’Farrell & Bradley. 1975). 
The low tissue temperatures obtained in post-flight 
bats (Table 3) indicate that these animals are capable 
of sustained, coordinated activity at greatly rcduccd 
body temperatures. A less thermally sensitive PO,‘AH 
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Table 1. Regression analysis of chest muscle temperature on rectal temperature of several species of 
bats. One standard error is given in parentheses. N = the number of actual temperatures obtained 

at 1 min intervals 

Species N Equation r2 Source 

Pipistrellus hesperus 

Antrozous pallidus 

MyOtis californicus 

MyotiS thysanodes 

48 T, = 0.058) 102 T, - 2.422 0.8E9 Present study 

119 Tc = 61;:6:r - 3.551 0.897 Present study 

127 T ‘= 63b$ - 6.638 0.840 Present study 

53 TC = 0.959 T + 2.335 0.883 
(0.049)* 

Present study 

m sodalis 45 

EpteSicus -- fuscus 40 

T c - - (j;;;21;r - 1.666 (Studier, 1974) 

T‘ = 1.224 T, - 4.633 0.949 
(0.046) 

Present study 

T, = 049 T, + 0.757 
6.020) 

(Studier, 1974) 

Tc 
= 2.208 T, 11.669 0.966 Present study 

(0.066) 

Tc = 1.252 T, - 8.063 0.922 Present study 
(0.052) 

Eptesicus fuscus 

Plecatus townsendii 

Tadarida brasiliensis 

80 

41 

51 

Table 2. Mean warming rates (‘C,‘min) of several species of desert bats. One standard error is gi\cn 
in parentheses. N = number of warming trials. Usually more than I warming trial was obtained for 

each individual 

SpeCleS N T, TC Activity 

Pipistrellus hesperus 3 

3 

pallidus Antrozous 5 

4 

MyOtls calif0rnicus 10 

5 

Mrotis thysanodes 3 

2 

Eptesicus fuscus 3 

Plecotus townsendii 3 

Tadarida brasfliensis 3 

0.83 
‘y;’ 

(0.40) 

1.05 
w;) 

(0.72) 

0.84 
‘;:;;’ 

(0.11) 

1.00 
m:;;) 

(0.10) 

1.03 
w;) 

(0.25) 

1.29 

'Y:$) 

(0.28) 

0.84 
'0":;;) 

__ 

0.91 
w;) 

__ 

0.81 
‘;:;;I 

__ 

0.93 
m:;;) 

__ 

0.69 1.52 
m;) (;:I;) 

(0.51) (0.69) 

0.68 
(0.15) 

0.73 
(0.15) 

Restrained 

After flight 

Restrained 

After flight 

Restrained 

After flight 

Restrained 

After flight 

Restrained 

After flisht 

Restrained 

After flight 

Restrained 

Table 3. Mean tissue temperatures ( C) of several species of desert bats following inltlal fhght. One 
standard error is given in parentheses. N = number of individual bats examined: T = reck~l tempera- 

ture; Tb = brain temperature; 7; = interscapular temperature; T, = cheat muscle temperature 

SpeCleS 

Pipistrellus hesperus 

N TV Tb Ti Tc 

3 26.50 
(0.81) 

30.45 31.50 30.03 
(0.56) (0.47) (1.54) 

pallidus Antrozous 4 27.47 29.17 29.57 29.20 
(0.13) (0.24) (0.57) (0.23) 

Myotis californicur 11 25.64 28.81 29.62 29.10 
(0.60) (0.58) (0.34) (0.44) 

MyotlS thysanodes 1 24.90 __ 28.90 27.30 
__ __ __ __ 

Eptesicus fUSCUS 2 27.90 29.60 30.10 29.60 
__ __ __ __ 

Plecotus townsendii 20.73 28.33 29.52 28.83 
(2.31) (0.44) (0.09) (0.35) 
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would be of adaptive value in a condition where it 
would not be energetically feasible for an animal to 
maintain a steep gradient between ambient and body 
temperature. It would not be necessary nor desirable 
to have an alternative primary thermal sensor as pro- 
posed by Kluger & Heath (1971 b). We suggest that 
for low body temperature fliers, a primary thermal 
sensor with a “coarse” sensitivity would allow for 
maintenance of flight at reduced temperatures and 
function as an energy conserving mechanism. Further 
studies are needed to clarify the metabolic and neuro- 
mechanisms of the flight musculature which enables 
these bats to fly at unusually low ambient tempera- 
lures. 
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