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1. Introduction 

Although man has been described as a tropical animal, he 
has been able to live and work successfully in most all of 
the world's climatic regions. Under extreme natural envi- 
ronmental conditions such as those outlined in figure 1, 
man has utilized remarkably efficient physiological and 
behavioral compensatory mechanisms in addition to var- 
ious technological and sociocultural techniques to insure 
a flexible but accurate adaptive capacity to meet these 
climatic challenges. The controls of this adaptive capac- 
ity operate in a hierarchy at all levels of biological organi- 
zation, from molecular to organismic, to preserve or res- 
tore the 'milieu interieur', i.e. the constancy state of the 
internal environment or homeostasis, within fairly nar- 
row limits despite diverse and disruptive external envi- 
ronments. The limits within which the physicochemical 
characteristics of the 'milieu interieur' vary are a function 
of the precision of physiological regulation. For example, 
there is a demonstrable hierarchy of preciseness with 
which the chemical composition of blood is regulated 42. 
Blood Na +, K +, and pH are precisely regulated, but levels 
of glucose, cholesterol, etc. are less closely guarded. 
Homeostasis is best exemplified by homeothermy or the 
body's ability to maintain a relatively constant tempera- 
ture when a wide range of environmental challenges are 
encountered. For several decades, physiologists have 
sought to define and reveal the controlling mechanisms 
of human thermoregulation. This effort has resulted in 
major recent conferences and publications wherein volu- 
minous literature was assembled, interpreted and re- 
viewed 15, 23, 27, 28' s~ Due to limited space, I have confined 
this review to some aspects of human thermoregulation 
as influenced by heat and cold stress. No attempt has 
been made to consider all of the excellent papers pub- 
lished recently. 

2. Evaluation of the thermal environment 

Several meteorological indices have been used to appraise 
the severity of hot and cold environments thus helping 
man to set limits beyond which his ability to work and 
thermoregulate fails, resulting in deleterious conse- 
quences. The notable problems of disease in thermoregu- 
lations is discussed in this review by Dr Michel Cabanac 8. 
Development of  available indices began in 1905 with the 
pioneering work of Haldane 22 who suggested the wet bulb 
temperature (Twb) as an index of heat stress. This index 
has been modified to include other meteorological mea- 
surements such as dry bulb temperature (Tdb), thermal 
radiation as measured by the globe thermometer (Tg), 
and air movement (V). 

3. Physiological regulations in response to thermal stress 

The basic thermodynamic processes related to man in hot 
and cold environments may be estimated from a knowl- 
edge of his metabolic rate (M), and of the environmental 
conditions which establish heat gain or loss by radiation 
( • R), convection ( :t: V), conduction ( :t: Cd) and evap- 
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These meteorological measurements are then assembled 
using formulas or graphs into a single value rating the 
stress of the environment.' The most commonly used 
meteorological indices for heat and cold stresses are 
summarized in table 1. An evaluation of these indices was 
made by Brief and Confer 4 who revealed that WBGT and 
WGT are best suited to hot work situations where 
radiant energy is present. For hot, moist conditions, ET 
is the preferred index. 
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Figure 1. Diagrammatic illustration to show the interrelationships be- 
tween the external environment and maintenance of homeostasis in man. 
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oration ( -E)  as outlined in figure 2. Heat balance must be 
maintained as presented by the equation: 
M = E + Cv + Cd + R + S; where S is heat storage. 
With the exception of E, all heat loss avenues can also be 
sources of heat gain as described by the known laws of 
physics for heat transfer. When heat balance is threat- 
ened, physiological compensatory mechanisms are trig- 
gered. These mechanisms operate at two levels of com- 
munications: fast and slow. The fast regulatory response 
is related to reactions of the central and peripheral ner- 
vous system. The slow regulatory response employs pri- 
marily the endocrine system. Both levels of communica- 
tion are linked resulting in corrective responses in central 
circulation, body fluids, respiration, metabolism and ex- 
cretion to prevent breakdown of the thermoregulatory 
machinery. These responses occur in all healthy individu- 
als irrespective of ethnic origin, sex, or age. However, 
there are marked quantitative differences between indi- 
viduals and in the same individual on different occasions. 
Generally, the intra-individual variability exhibits much 
less variation than does the inter-individual. 

3.1 Physiological regulations of heat loss 
Hot environments are encountered by man under natural 
conditions when living in arid and semi-arid lands, or 
under artificial conditions found, for example; in certain 
industries such as mining, metallurgy and glass factories. 
Under either situation, when faced with an increased 
environmental heat load, man has two primary avenues 
by which to prevent an explosive rise in core body tem- 
perature: sweating and dilation of peripheral blood flow. 
The former affects the rate at which the body is able to 
lose heat to its surroundings by evaporation, and the 
latter enables the body to regulate the flow of metabolic 
heat from within the body to the skin surface. 
Evaporative heat loss. Sweating results in serious risk of 
dehydration due to depletion of body water and salt 43. 
Efficiency of sweat as a cooling mechanism is optimal 
only if adequate evaporation is permitted; sweat which 
drips offis useless, and that which is absorbed by clothing 
and evaporated at a distance from the skin is less effec- 
tive. Wallerstrom and Holmer 52 reported that impair- 
ment of sweat evaporative efficiency is related to the 
degree of skin wetness which differs under resting and 
exercise conditions. Studies under natural desert condi- 
tions have revealed that man, even during moderate phy- 
sical activity (walking at a rate of 80-120 m/rain), sweats 
at a level appropriate to the requirement for thermal 
balance, i.e. about 1.5 % of body weight is, 55.56. This find- 
ing dispells such popularly held beliefs as, ' I  sweat very 
little' or 'I  sweat profusely'. On the average, sweat rate 
(SR)/m 2 is lower in women than in men. However, 
women with a high degree of physical fitness have similar 
SR to men walking together at the same rate on a hot 
desert day. Under natural desert conditions, SR in heal- 
thy and heat acclimatized subjects was not influenced by 
age or race. Also, contrary to the many reports conclud- 
ing decreased sweating capacity, i.e. 'sweat gland fatigue' 
with increased duration of heat exposure 1~ we observed 
no evidence of suppressed SR when evaporative capacity 
of the environment was adequate. Additionally, we 
found no decrease in whole body SR as a result of dehy- 
dration. 
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Figure 2. Summary of factors influencing thermal exchange between man 
and his environment. M, metabolism; S, heat storage; E, evaporative 
water loss; R, radiation; Cv, convection; Cd, conduction. 

Heat acclimation or acclimatization, natural or artificial, 
is known to increase SR, to initiate sweating at a lower 
Tb, and to decrease salt loss for a given SR. The many 
physiological factors involved in heat acclimatization 
have been summarized by Horvath 25 as shown in table 2. 
The mechanisms underlying these physiological re- 
sponses remain open for further investigations. The high 
SR associated with heat acclimation may be related to 
decreased sweat output per gland 13, rather than to devel- 
opment of 'new' sweat glands since Kuno 33 reported that 
the number of sweat glands remains the same during 
postnatal life. The salt economy during heat acclimatiza- 
tion is perhaps caused by increased Na + reabsorption in 
the sweat gland duct which may be related to the action 
of aldosterone in response to the renin-angiotensin sys- 
tem 4s. 
Vasoregulatory responses. Dilation of peripheral blood 
vessels during rest or exercise in heat results in redis- 
tribution of circulatory blood volume to maintain ade- 
quate flow to skin and muscles by shunting blood away 
from other organs that do not require high perfusion. 
The various changes in compensatory mechanisms of 
blood volume and the circulatory system have been ex- 
tensively reviewed recently 5, 24,40,44. Under moderate envi- 
ronmental heat load, adjustments in skin blood flow may 
increase conductivity of the skin several times, thus pre- 
venting hyperthermia. However, as the heat load increa- 
ses, progressive displacement of blood into cutaneous 
veins results in reducing of central venous blood pressure, 
central blood volume, stroke volume, and cutaneous 
venous compliance and a gradual increase in heart rate. 
Sufficient compensatory increases in cardiac output, due 
to increased heart rate, and visceral vasoconstriction oc- 
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Table 1. Meteorological indices for evaluation of thermal environments 
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Indices Meteorological Remarks Authors 
measurements 

A) Hot environments 
1. Effective temp. (ET) 
2. Corrected effective temp. (CET) 
3. Wet bulb globe temp. (WBGT) 

4. Wet globe temp. (WGT) 

B) Cold environments 
1. Wind chill factor 

Tdb, Twb Line chart available for calculation a Yaglou 53 
Tg, Twb, V Line chart available for calculation a Bedford 2 
Tg, Twb, Tdb WBGT = 0.7 Twb + 0.3 Tg (indoor use) Yaglou and Minard 54 

or 
WBGT = 0.7"Twb + 0.2 Tg + 0.1 Tdb Minard et al. 39 

(outdoor use) 
A single thermometer b to combine: 
Tdb, Twb, Tg in one reading 

Line chart available for calculation 

Wet globe thermometer 

Tdb, V 

Bostford 3 

Sipple and Passel 44 

a Heating and Cooling for Man in Industry, 1 st edn, chap. 2. Am. Ind. Hyg. Assoc., Southfield, Michigan 1970. b A commercial thermometer is available 
from: Howard Engineering Comp., P.O. Box 3164, Bethlehem, Pennsylvania 18017. 

cur so that  mean arterial  b lood pressure tends to be 
preserved. These circulatory changes are media ted  re- 
flexly by autonomic  responses and locally by passive 
release of  vasoconstr ic tor  tone and active cholinergic 
vasodilat ion.  

3.2 Practical methods to reduce heat stress 
Brain cooling. Michel Cabanac  and his associates have 
made a notable  contr ibut ion by demonstra t ing that  man  
possesses a selective bra in  cooling mechanism during hy- 
per thermia  9,11,12. Such a mechanism was first demon-  
strated anatomical ly  and physiological ly in other mam- 
malian species 1. This mechanism provides a reasonable 
explanat ion for the pa radox  that  some mammals ,  includ- 
ing man,  can survive rectal temperature  of  4 6 4 7  ~ al- 
though it is known that  the highest temperture  tolerated 
by the bra in  is less than 41 ~ Cabanac  9 found that  even 
during dehydra t ion  sweat product ion  was mainta ined  on 
the face and by evapora t ion  of  this sweat, brain ( tympa- 
nic) temperature  (Ttymp) remained below esophageal  
temperature.  Moreover ,  he demonst ra ted  that  fanning 

the face considerably reduced the initial elevation of  
T tymp and decreased it. When  face fanning was stopped,  
T tymp rose. Therefore, selective bra in  cooling can be 
improved by the simple method of  face fanning thus 
providing therapy and preventing bra in  hyperthermia.  
Use of garments to optimize evaporative heat loss. Since 
adding water  to the skin surface may  result in artifically 
increasing the body ' s  effective sweat rate, Strethowen et 
al. 47 found that  using an artificially wetted very thin, 
one-piece, fight-fitting garment,  having good  wicking 
characteristics was equivalent to a reduction of  Twb of  
about  1.3 and 4.0 ~ when compared  to a nude man and 
to a man  wearing conventional  clothing, respectively. 
Al though this experiment included only one man, it pro-  
vided the impetus for further research to consider devel- 
opment  of  special clothing as an integral par t  of  the 
strategy aimed at reducing heat  stress wherever it is en- 
countered by man. A garment  designed to optimize evap- 
orative heat  loss could be used to improve safety, increase 
productivi ty,  and to decrease detr imental  effects of  heat  
stress. 

Table 2. Changes observed consequent to heat acclimatization (used with 
permission from Horvath 2s) 
Heart rate $ 
Cardiac output = 
Stroke output T 
Core temperature 1. 
Skin temperature 
Sweat output i" 
Evaporated sweat T 
Onset of sweating $ 
Wetted surface t 
Skin and core temperature 

at onset of sweating 
NaC1 in sweat 
Work output T 
Endurance T 

Subjective discomfort 1. 
Fatigue J, 
Capacity for work in higher 

ambients 1" 
Coordination ]" 
Mental disturbances $ 
Syncopal responses ~. 
Extracellular fluid volume 1" 
Plasma volume i" 
Nausea 
Vomiting 
Endocrines T ~ = 
Other systems show variable 

responses 
]', increase; $, decrease; =,  no change. 

Table 3. Shivering and heat production in men exposed to intense cold 
(used with permission from Glickman et al. 2~ 
Time after exposure Heat production % Increased over 
(h) Cal/m 2- h basal level 
0 35.4 0.0 
1 54.0 52.5 
2 72.0 103.4 
3 92.0 159.9 
4 96.0 171.2 
0, pre-exposure. 

3.3 Physiological regulations in cold environments 
In cold environments,  besides low air temperatures,  other  
factors such as wind velocity, radiant  heat, dura t ion of  
exposure, and individual  variabi l i ty  must  be considered. 
F o r  example, the chilling power of  wind may  produce a 
super cooling effect on exposed skin as is well demon- 
strated by the windchill  index. Man ' s  conquest  of  cold 
regions has been achieved by cultural,  technological,  be- 
havioral ,  and physiological  mechanisms. The importance 
of  these mechanisms is to prevent  hypothermia  and/or  
cold tissue injury. Accl imat ion and acclimatizat ion of  
man  to cold have been recently reviewed 7''8'33, in addi t ion 
to the excellent volume entitled ' M a n  in the Cold '  by 
Professor LeBlanc s4. In  general, homeothermy is 
achieved in a cold environment  by increasing heat  pro-  
duct ion and/or  decreasing heat  loss. These two mecha- 
nisms require orchestrat ion of  the muscle, nervous, car- 
diovascular,  and circulatory systems. 
Heat preservation. Man reduces heat  loss by increasing 
physical  and/or  physiological  insulation. Physical insula- 
t ion includes both  natural ,  i.e. subcutaneous fat and arti- 
ficial insulation, i.e., clothing. To measure the influence 
of  clothing on thermal insulat ion and rate of  heat  loss, 
the unit  known as clo has been devised. One clo will 
mainta in  a resting-sitting man  with a metabolic  rate of  50 
Cal /m 2. h comfor tably  in an environment of  21 ~ air 
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temperature, relative humidity less than 50%, and wind 
velocity of 6 m/rain 6. Under these conditions, one clo is 
equivalent to a business suit or 0.64 Cm clothing 34. A 
formula has been derived to provide the number of clos 
needed for any given environmental temperature: 

I = M(Tsk-Ta)75 (M) 
I = insulation in clo units 
Tsk = average skin temperature; Ta = air temperature; 
M = metabolism; 50 Cal/m 2. h. 

Other factors to be considered in calculating the insula- 
tion of clothing are metabolic rate and wind velocity. 
Line charts are available to permit rapid estimation of the 
insulative value of clothing under varying conditions 6. 
Insulative value of clothing is related to the air trapped 
between the fibers and between the layers of clothing. 
Edholm 17 reviewed the effects of  clothing in cold and 
concluded that there is no particular merit in one kind of 
material as compared with another except in its capacity 
to trap air. Cotton and wool are as good as down feathers 
in this respect. The difference in insulative capacity is that 
under quite moderate pressure cotton and wool become 
compressed and remain so when pressure is removed. 
However, down feathers resist compression and rapidly 
recover their original shape and thickness when pressure 
is eliminated. 
Natural insulation in man is attributed primarily to his 
layer of subcutaneous fat. Thermal conductivity of fat is 
much lower than that of muscle. Additionally subcuta- 
neous fat is not well vascularized, consequently its tem- 
perature gradient will be affected by Ta a4. Experimental 
evidence has shown that subcutaneous fat greatly en- 
hances the effectiveness of the vasomotor adjustments, 
thus enabling fat individuals to conserve a large portion 
of metabolic heat and thermoregulate despite consider- 
able cold stress 7,31,38. From these observations, subcuta- 
neous fat is considered to be a n  important insulator 
which may account at least in part for the individual 
variability in tolerance to cold. Recently Gallow et a1.19 
concluded that body morphology could account for dif- 
ferences in heat loss at rest, but during exercise the role of 
such insulative adaptation decreases and metabolic re- 
sponses dominate. 
Physiological insulation refers to the vasoregulatory 
mechanisms in response to cold. Peripheral vasoconstric- 
tion results in lowering Tsk due to reduced blood flow, 
decreasing the gradient Tsk-Ta. Consequently heat loss 
to the environment diminishes. Accompanying periph- 
eral vasoconstriction, blood flow to the viscera is aug- 
mented resulting in increased heart rate, cardiac output 
and blood pressure. 
Peripheral vasoconstriction of a finger upon immersion 
into cold water was observed to alternate with vasodila- 
tion 37. This cold-induced vasodilation known as the 
Lewis 'hunting' phenomenon was found to be associated 
with increased blood flow to the finger due to sudden 
opening of the arteriovenous anastomoses 21. These obser- 
vations were confirmed on other regions of the periphery 
and the differences in the vascular 'hunting' reaction to 
cold as related to sex, season, and environmental temper- 
atures have been reported 48,49. The vasoregulatory re- 
sponses to immersing the hand in cold water or to cold air 
blowing on the face are characterized by different respon- 

ses of both branches of the autonomic nervous system 33. 
Immersion of the hand in cold water causes in activation 
of the sympathetic branch as evidenced by increased 
blood pressure and heart rate. On the other hand, cold 
wind blown on the face produces a rise in blood pressure 
but at the same time causes a reflex bradycardia of vagal 
origin. Activity of the sympathetic branch is decreased 
with adaptation by intermittant exposure to severe cold, 
whereas activity of the parasympathetic branch seems to 
increase 35. Also, the decreased sympathetic activity in 
adapted subjects was found to parallel a decrease in the 
subjective pain caused by cold stimulation. I f  heat preser- 
vation via insulative means is not adequate to offset heat 
flux to a cold environment, metabolic responses are 
evoked to insure maintenance of heat balance. 
Metabolic responses. Two different types of metabolic 
responses known to increase heat production (HP) in 
cold environment have been described in man: shivering 
and non-shivering thermogenesis. For a naked man, an 
increase in HP usually occurs when air temperature de- 
creases below 25 ~ The most rapid way to increase HP is 
either by shivering or active physical exercise. Shivering 
can raise HP two to threefold and this increase is 
progressive throughout the cold stress as shown in table 
3 20 . From an energy viewpoint, efficiency of the shivering 
mechanism is relatively low, approximately 10%. Also, 
shivering is mentally disturbing, and although it is 
usually periodic in character men have been observed 
shivering for periods up to 10 days 26. 
Increased HP through active exercise is limited by man's  
capacity to maintain high levels of activity for prolonged 
periods of time. Man may be able to maintain an HP level 
equal to 5 times that of the basal level for about 8 h a day 
for several days 26. Can man maintain such high levels of 
HP if continuously exposed to cold? This is doubtful; 
however, quantitative evidence is lacking. 
In contrast to the many animal studies on cold acclima- 
tion, there is little evidence that in man shivering is re- 
placed by non-shivering thermogenesis, i.e., increased 
HP in the absence of visible or electromyographically 
detectable muscle activity. Non-shivering thermogenesis 
in animals is mediated by hormonal responses especially 
norepinephrine. The basic problem in human studies is 
the difficulty in finding people who are habitually ex- 
posed to cold or individuals who will accept the necessary 
experimental protocol of continuous exposure to cold 
long enough to follow the sources of metabolic responses. 
Davis TM published the first experimental evidence for a 
decrease in shivering and an increase in non-shivering 
thermogenesis in men exposed for 4 weeks for daily 8-h- 
periods to temperatures of 5-1 1 ~ Further evidence for 
non-shivering thermogenesis was demonstrated by the 
increased sensitivity to norepinephrine in men after re- 
peated exposure to cold 3~ and in the Ainu of Japan who 
are considered to be well-adapted to cold 29. Contrary to 
this evidence, a review of studies on native populations of 
cold regions, i.e. Alacalufe Indians, Athapascan Indians, 
Australian aborigines, Eskimos, Kalahari Bushmen, Ko- 
rean Ama, Norwegian Lapps and Peruvian Quechuas 
provided no concrete evidence for non-shivering thermo- 
genesis 17'18'33. These populations have developed a high 
degree of adjustment to cold stress, but they differ in the 
manner of attaining the adaptation. Some populations 
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(Australian aborigines and Kalahari Bushmen) are 
adapted by utilizing a degree of hypothermia or as 
termed by LeBlanc 33 'overnight torpor'  to reduce HL, 
thus decreasing shivering allowing for a comfortable 
sleep. The suppression of shivering was accompanied by 
a decrease rather than an increase in HP; thus non-shi- 
vering thermogenesis may not exist. However, the Alaca- 
lufe Indians had high metabolic rates throughout a cold 
night without visible shivering and maintained their body 
temperature. The question to ask is whether or not these 
people have developed non-shivering thermogenesis. Ed- 
holm 17 speculated in a teleological way on the difference 
between the adaptive mechanisms of the Australian ab- 
origines and the Alacalufe Indians. He stated that the 
Australian aborigines can afford hypothermia during the 
night, as they will quickly rewarm in the morning sun, 
and by cooling down they conserve heat and water which 
are valuable commodities in their environment. How- 
ever, the Alacalufe Indians, who live in a cloudy, rainy, 
and moist environment cannot, without great risk, cool 
down their body as rewarming would be difficult. In such 
an environment, an individual with high HP would have 
an advantage, and if this were an inheritable trait it 
would, in time, become a general attribute. 
Individual variability: a fundamental problem. One of the 
very first concerns in thermogenic responses of man to 
thermal stress is the rather wide inter and intra-individual 
variability. This variability in a cold environment is 
ascribed to many factors including body morphology, 
sex, physical fitness, and age. The role of body morphol- 
ogy was discussed under physical insulation. McArdle et 
al. 38 found that the insulatory benefits of body fat, per se, 
may vary in comparison of thermoregulatory responses 
between the sexes. Women did not maintain core temper- 
ature at rest in cold water as effectively as men of the 
same body fat content. The relatively greater cooling at 
rest of women was partly explained by a generally larger 
surface area to mass ratio. 
The effect of physical training on physiological responses 
to cold and the tolerance of cold has not been critically 
evaluated. In view of the ambiguity in findings and lack 
of research in this area, any conclusion is open to ques- 
tion. Eagan 16 reported no relationship between physical 
fitnesss and resistance to finger cooling. On the other 
hand, other investigators found a relatively reduced HP 
with physical conditioning (when exposed to cold) in 
conjunction with reduced skin and core temperatures and 
a further lowering of the body temperature threshold for 
an elevation in HP 3233. These studies demonstrate that 
physiological responses and/or tolerance to cold are not 
uniform among individuals and this varibility, at least in 
part, may be related to the level of physical fitness. 
Few studies have been devoted to the effects of age on 
tolerance or responses to cold. Available evidence indi- 
cates that old individuals have a less effective response to 
cold stress than young ones 34'46. The younger individuals 
reacted rapidly to cold (16-17 ~ by increasing HP and 
decreasing HL by cutaneous vasoconstriction, whereas 
older men did not increase HP to the same extent and 
were less able to maintain body heat stores by cutaneous 
vasoconstriction 51. The mechanisms reflecting the inabil- 
ity of older men to thermoregulate as effectively as the 
young men in a cold environment remain open to investi- 

gation. Only very few of the individuals studied in these 
experiments were above 65 years of age. The effects of age 
on cold responses need to be studied with many more 
subjects before valid conclusions can be drawn for the 
entire aged population. The need for such studies has 
become more urgent with the shortage of energy to main- 
tain proper heating in homes for the elderly combined 
with their reduced ablity to thermoregulate, resulting in 
devastating effects on the aged. 

4. Concluding remarks 

In reviewing the effects of thermal stresses, specifically, 
heat and cold on man's  immediate physiological respon- 
ses and adaptive processes, it becomes quite apparent 
that much more research is needed. Only two of the many 
unsolved questions are stressed here. First, most of our 
knowledge of human thermal physiology is based on data 
obtained using primarily young men and women. Little 
emphasis has been given to the study of aging individuals, 
especially those above 65 years of age. The available, 
though scanty, data indicate that many functions and 
responses are affected by age. As population growth and 
control in developed countries become more successful, 
the aged population will rise at an unprecedented rate in 
the near future. Thus, it is the obligation of biometeoro- 
logists to provide a better understanding of the thermal 
limits of comfort for aging men and women. 
Other unanswered questions relate to individual variabil- 
ity in responses to thermal stress. It has been shown in 
several reports that some individuals react differently 
from the average of the group studied. Individual differ- 
ences must be emphasized and additional experiments 
should be designed to reveal the mechanisms underlying 
individual variability. 
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C o m p a r a t i v e  p h y s i o l o g y  s h o w s  t h a t  m o s t  a n i m a l  spec i e s  
r e g u l a t e  t h e i r  b o d y  t e m p e r a t u r e  (Tb). T h e  b i g g e r  spec i e s  
g e n e r a l l y  r e g u l a t e  t h e i r  b o d y  t e m p e r a t u r e  a t  v a l u e s  l o w e r  

t h a n  o f  t h e  s m a l l e r  spec ies .  T h e  r a n g e  o f  t o l e r a t e d  b o d y  
t e m p e r a t u r e  n a r r o w s  w i t h  t h e  a d v a n c e m e n t  o f  t h e  p h y l o -  
g e n i c  e v o l u t i o n  o f  t h e  spec ies .  T h e  q u e s t i o n  a r i ses  as  to  


