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INTRODUCTION

Within the complex of characteristics which we recognize as distinctly human
are usually listed bipedalism, hairlessness, a large brain, and a symbolic
linguistic ability. Each of these characteristics is genetically coded and pro-
bably represents a regponse to selective pressures at some time in the past. In
each case we see a continuation and elaboration of adaptive patterns which
characterize the order Primates.

Among our human adaptations we must also include the ability to tolerate
heat. Human heat tolerance is the result of a series of adaptations which have
been genetically encoded. All normal members of the species are born with a
highly specialized complex of thermoregulatory sweat glands and a sensitive
conlxol system. It is a plastic system whose response and efficiency becomes
more pronounced with prolonged and intense stimulation. The ability to re-
spond to heat is seen in all extant human populations, regardless of the
environment in which they now live or how many generations they have been
removed from the heat (22). For those groups living in hot environments, the
employment of cultural mechanisms has served as a buffer mediating between
the hot macroenvironment and the organism. Still it is clear that physiological
adaptations remain of paramount importance in daily survival (80). As is the
case with other human characteristics, we seem to have taken advantage of our
primate heritage, and with the aid of selection, extended our capacity beyond
that of the other members of the order.

259

0066-4294/83/1015-0259502.00

www.annualreviews.org/aronline
Annual Reviews

A
nn

u.
 R

ev
. A

nt
hr

op
ol

. 1
98

3.
12

:2
59

-2
84

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 U
ni

ve
rs

ity
 o

f 
M

ic
hi

ga
n 

on
 0

5/
28

/0
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.annualreviews.org/aronline


260 HANNA & BROWN

In this paper we will consider several aspects of heat tolerance and adapta-
tion. First we take an evolutionary perspective, relating human heat tolerance
to that 0f&her animals and consitlering how it could have occurred. Then there
is a discussion of hot envii~onments and heat exchange with them. Finally, we
examine the response to heat of contemporary humans and discuss various
factors which influence individual response.

EVOLUTIONARY CONSIDERATIONS

Mammals have evolved a number of adaptations to enhance survival in hot
environments. These include thick coats of hair, spreading of saliva over the
surface of the body, perspiration, temporary storage of heat through increasing
body temperature, panting, and heat avoidance by seeking refuge in the shade
or underground (90, 105). Many species combine .several of these adaptations
to enhance heat tolerance. Camels, for example, have thick hair, store signifi-
cant amounts of heat (to be released at nighttime), perspire, and drink large
quantities of water. These techniques can be employed individually or in
combination as the situation requires (90). The order Primates has generally
been conservative and has employed fewer mechanisms. Pr0simians and New
World monkeys rely upon the primitive mammalian pattern of saliva spreading
accompanied by panting. This combination is not particularly effective for
primates because they cannot survive above ambient temperatures of 38°C (59,
94). Some prosimians and New Word forms have also adopted a nocturnal
schedule to avoid heat.

Old World monkeys, apes, and humans have evolved in a different direction
through elaboration of thermoregulatory sweat glands dispersed over the sur-
face of the body. These specialized glands, called eccrine glands, are also
found in the lower primates, but at a much lower density, and they produce
measurable perspiration only on the palms, soles, and the volar surfaces of the
tail (94). Their function seems to be tactile rather than thermoregulatory and
their coiitribution to the maintenance of body temperature is negligible (56). 
som~ point after the separation of the New World from the Old World mon-
keys, selection favored the development of a greater heat tolerance. This was
accomplished by wetting of the general body surface with eccrine glands
becoming more dispersed, more numerous, find more active. This was an
effective development allowing macaques and baboons to survive at environ-
mental temperatures exceeding 40°C (48, 69). Humans show a continuation 
this trend, with the highest capacity for heat loss through evaporation of
perspiration exceeding that of monkeys by a significant amount (23). Unfortu-
nately, physiological studies have not been extended to other types of monkeys
(tropic forest dwellers, for example) or to the great apes, but on the basis of the
anatomical distribution of eccrine glands, these primates also seem inferior to
humans in sweat capacity (73, 95).
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HEAT TOLERANCE 261

The evolutionary events leading to our high level of heat tolerance remain
obscure; however, it seems safe to assume that the adaptation occurred in a hot
environment with daily accessibility to drinking water and probably involved
periodic bouts of intense physical activity. That a hot environment was in-
volved seems obvious. Eccrine glands are thermoregulatory so that an increase
in capacity, number, and distribution would suggest selection for heat. It is
difficult to determine, based on current human physiological adaptations alone,
whether human heat tolerance developed under hot-dry or hot-wet conditions.
Evaporation of perspiration, and thus cooling power, is most effective in dry
conditions, making an adaptive strategy emphasizing enhanced eccrine gland
activity appropriate for hot-dry conditions (27). On the other hand, the need for
a constant and plentiful water supply to provide a substrate for perspiration can
be a great limitation for humans in dry heat. Evaporation is not so effective in a
hot-humid environment, but since water is usually easily available, prodigious
sweating over the entire body surface will maximize evaporative cooling
without leading to fatal dehydration.

One must turn to the fossil record for information concerning the conditions
under which humans may have developed their heat adaptations. The oldest
unambiguous evidence for hominid remains stem from areas of eastern and
southern Africa which at present are savanna or open woodland environments
(14). It seems likely that similar environmental conditions were present in these
areas during Plio-Pleistocene times. In the lower Omo basin, for instance,
palynological studies suggest that xerophytic plants predominated about 2.0
million years ago (7), with grassland environments mixed with shrubs and
some trees (12). Also, existing presently, as well as in the Plio-Pleistocene, are
a variety of microenvironments, including those associated with rivers,
streams, and lakes, where water favored limited woodlands. Plio-Pleistocene
hominid sites from East Africa are generally found near water sources (e.g.
Olduvai Gorge, Hadar, Lake Turkana), whereas later habitations were often
located in drier areas (50).

Looking beyond the Plio-Pleistocene into the Early Miocene, much of East
Africa was probably heavily forested, with later Miocene uplifting of the Rift
Valley highlands creating a rain shadow which led to the drier climates of later
times. The drying trend, which is marked by an increase in faunal turnover,
began about 16 million years ago (98). It may have been during this period that
hominid ancestors were first confronted with hot-dry environmental condi-
tions. Thus,,.it may well be that early hominid evolution took place under
hot-dry conditions. This, however, is far from certain.

More clearly implicated by the development of rapid response and high
capacity of eccrine glands in acclimatized human subjects is selection for high
levels of physical activity. The rapid response and high capacity in acclima-
tized man implicates selection for the high heat loss required during intensive
physical activity. Well acclimatized humans can sustain a perspiration rate of 2l
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262 HANNA & BROWN

per hour (51). This is adequate to lose 1200 kcal of heat per hour or the
equivalent of the heat generated by running 12 miles per hour or running
5-minute miles. This exceeds most levels of activity. For short time periods, a
sweating rate of 41 per hour has been reported (23). This represents a heat loss
potential above our ability to produce heat through working. This excess
capacity for heat loss is probably related to high levels of heat production
associated with intense work of short duration.

There is a curious problem in that heat loss is related to water availability. In
order to dissipate the large quantities of heat associated with intense work,
equal quantities of water must be consumed. Yet men cannot store water nor
can they dehydrate to a significant degree. Humans have a limited capacity to
dehydrate. Less than 3 percent of body water can be lost with no decrease in
function (63), and for longer duration.of heat loss, water must be replenished
continuously, a significant limiting factor. Additionally, there is a problem of
replacement. Most other animals can drink prodigious quantities of water after
exposure to heat and so replace that lost through evaporation (1). Humans 
not have this capacity. We are limited to about 1l at a time, which is scarcely the
amount of water lost during an hour’s moderate work (90). It is not clear why
we do not have a larger capacity for rehydration considering the high capacity
of the sweat glands. Furthermore, even if water is readily available, men
working in the heat will drink less than that lost throughperspiration. Adolph
(1) has called this voluntary dehydration. Voluntary dehydration has been seen
during work in the heat under a variety of conditions ranging from heavy
industrial tasks (41) to primitive village agriculture in New Guinea (9). There 
a gradual dehydration so by the end of the working period those involved have
sustained significant water loss. This deficit is gradually replaced during meals
and at other times so that rehydration is complete by the next day (40). Thus,
there is a partial uncoupling of thirst from actual water requirements. This
means that activity level will not be directly tied to and limited by water
availability. These then are major elements of human heat tolerance: high
capacity for heat loss, availability of water, and a loss of sensitivity for
immediate water need.

In an evolutionary perspective there are several situations in which this
complex of adaptations could have occurred. First, an adequate technology
may have existed such that water could be carried, perhaps in large bird eggs or
in gourds. The !Kung San employ such technology today (68); however, it 
difficult to envision primitive men carrying several kilograms of water, while
periodically engaging in vigorous activity. A second possible situation involves
a thorough knowledge of the environment, its flora and fauna. Precise know-
ledge of surface water and plant resources would allow movement from place to
place. Contemporary San and Australian aborigines have been able to acquire
adequate amounts of water in this manner (68).
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HEAT TOLERANCE 263

A third solution is to remain within a day’s range of a water supply. Hunters
or foragers could thus leave in the morning and return in the evening or, if
necessary, the next evening. This would set conditions for voluntary dehydra-
tion and favor the uncoupling of thirst from water deficit. In the perspective of
human evolution, some anthropologists (18, 61) have suggested that the
establishment of a home base with daily foraging and return was a major step in
human social evolution. A certain supply of water would contribute to the
establishment of a home base. If a home base near water were .established,
several other benefits would accrue. The proximity of water and associated
vegetation would provide a cool microclimate. This would be especially
helpful to the~ very young, who have a limited heat tolerance because of an
inadequate sweating capacity, and to pregnant women, who have the additional
heat load of several kilograms of tissue which is metabolically very active.
Remaining at a home base would have benefited these important segments of
the population by reducing their thermal burden.

Several anthropologists, including Coon (17), LeBarre (54), and Montagu
(67), have attempted to tie heat tolerance to hair loss. The basic argument is that
body hair impedes heat loss, and its removal permits free circulation of the air
to the skin allowing greater evaporation. Newman (70) objects, arguing that (a)
there is no evidence to support a hair coat as a barrier to heat loss, and (b)
removal of hair exposes the body surface to solar heat gain and may actually
increase heat load. The first point has not been supported by experimental
evidence. Weiner (101) has cited experimental evidence showing a direct
relationship between thickness, of hair coat and heat loss. The hair coat is
especially undesirable at low levels of air movement where it restricts evapora-
tion. Similarly, a recent study of macaques by Johnson & Elizondo (48) shows
that the hair coat of the rhesus monkey may be a signific.ant barrier to heat
dissipation when compared to hairless man. With respect to Newman’s second
point, there is little doubt that exposure of the skin to solar radiation increases
body heat load. In hot, dry conditions, clothed men are more tolerant than
unclothed men. If heat tolerance and hair loss are related, we suggest the
selection must have occurred during bouts of strenuous activity when solar heat
gain is less critical than immediate heat dissipation. This may represent a trade
between acceptance of an increased heat load due to radiation and an ability for
rapid heat loss. Such conditions could have been bursts of running in pursuit of
game or strenuous digging of roots and tubers, activities not typically observed
in nonhuman primates.

An alternative relationship between hair loss and heat tolerance has been
suggested by Robertshaw (79). He suggests "It has been speculated that eccrine
sweating in man became necessary because of the loss of hair and that glands
previously confined to the glabrous surfaces of the palms and soles spread to the
other parts of the skin surface (p. 119)." While this hypothesis cannot simply 
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264 HANNA & BROWN

rejected, the high density of eccrine glands over the skin surface (relative to
other mammals) is a characteristic of Old World monkeys and the great apes
(73, 95). It would thus seem that loss of hair has simply enhanced their
effectiveness rather than causing them to spread. Regardless of how the
development of heat tolerance and hair loss are related, they are com-
plementary.

HOT MACROENVIRONMENTS

An understanding of biological and cultural heat adaptations requires a know-
ledge of heat exchange and some salient characteristics of the environment in
which it occurs. Adaptive responses involve the creation and maintenance of a
favorable microclimate within a larger and more stressful macroclimate. The
microclimate acts as a buffer, restricting heat gain while promoting heat loss.
The center of the system is the human body, the core of which includes the
brain, lungs, viscera, and other organs which function only within a narrow
temperature range. Elevation of core temperature by only a few degrees is fatal.
The core is surrounded by a shell of other tissues--the muscles and skin--
whose temperature is variable (11,51, 58). The shell interacts directly with the
microclimate to facilitate heat loss.

Humans generate heat by normal metabolic processes and must ultimately
lose this heat to the macroenvironment in order to maintain a constant internal
body temperature. The effectiveness of the heat removal process depends, in
large part, on the gradient of heat between the body core and the external
environment. In simple terms, human ability to adjust to heat depends on only
three factors: the magnitude of the heat gradient between the macroenviron-
ment and the bodycore, the rate of heat exchange between the interior and skin
surface, and the rate at which metabolic heat is produced. Various aspects of
the macroenvironment clearly have a direct effect on the first two factors, and
they may also have an indirect effect on the rate of metabolic heat production by
limiting the types or amount of physical work that humans can perform.

An initial understanding of how environmental features can affect human
heat tolerance may be gained through examination of the processes of heat
transference between the body and the macroenvironment. These processes are
radiation, conduction, convection, and evaporation.

Heat Exchange with the Environment

RADIATION Radiative heat exchange occurs between objects in line of sight
of each other. Heat is exchanged through the gain or loss of electromagnetic
energy at a wide span of wavelengths. Energy is emitted from one object to
another, and thus heat is lost from the first object. Net radiative heat change, or
the difference between energy lost through emission and gained through
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HEAT TOLERANCE 265

absorption, depends upon an object’s temperature and reflectance, the tempera-
tures and reflectances of all objects visible to it, the surface area of the object,
and the surface area of features visible to the object (46, 51).

For human heat adaptation, the most significant type of radiative heat
transfer is between the sun and the body surface. The amount of solar radiation
at the earth’s surface, or insolation, varies depending upon season, latitude,
time of day, amount of moisture and dust in the atmosphere, and altitude (71,
85). Interestingly, direct solar radiative heat gain in standing individuals,
particularly in the tropics or during summer, is less around noon than at about 9
AM or 3PM, since less area is exposed to the sun at noon (97). Another
consideration in solar radiative heat gain is the reflectance of the skin, which
significantly differs among individuals and between populations. "White" skin
reflects about 30-40 percent of total solar radiation, while "black" skin reflects
18 percent or less (37).

CONDUCTION Conduction is a process similar to diffusion, involving mole-
cule-to-molecule transferal of heat between surfaces that are in physical contact
with each other. The amount of thermal conductance depends upon temperature
differences between touching surfaces, the area of contact between them, and
the thermal conductivity of the materials (20, 32).

In consideration of human heat gain or loss through conduction, the chief
route is through body surface contact with the ground (or floor). Conductive
heat exchange is maximized in the supine position and minimized when
standing. Conductive heat gain from surfaces with temperatures above that of
the body core may be minimized by wearing sandals or shoes made of material
with low thermal conductivity (high insulation) and maintaining a standing
posture. Of the four processes of heat exchange between the skin surface and
the macroenvironment, conduction usually has the least significance for human
adaptation (36).

Within the organism the process of conduction is the major means for heat
transfer from the body core to the surface. Heat is conducted through layers of
tissue or via the blood. The thickness and composition of the shell therefore can
greatly influence the rate of heat exchange between the core and the environ-
ment.

CONVECTION Convective heat transfer refers to the exchange of heat be-
tween an object and a moving fluid (liquid or gas). This is frequently divided
into two types of heat exchange: natural (or free) convection and forced
convection. Natural convection occurs when an object is in contact with a calm,
non-moving gas or liquid. The temperature difference between the object and
the fluid causes vertical movements of the fluid due to density-buoyancy effects
(62). Forced convection occurs when some outside force causes the fluid 
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266 HANNA & BROWN

move (e.g. in air, barometric pressure differences or electric fans may cause
this movement). With forced convection, natural convection becomes of neg,
ligible importance (37). If air temperature is lower than body core temperature,
convective heat loss can be elevated by artificially increasing air velocity or by
exposing the maximum amount of body surface area to natural air movements.
On the other hand, with air temperature above 38°C, any breeze will increase
heat load and at above 45°C air convection will add more heat than can be lost
by evaporation (8).

EVAPORATION When a substance is converted from a liquid to a gas under
isothermal conditions, energy in the form of heat is required to drive the
process. This energy requirement, the latent heat of vaporization, has a charac-
teristic value for a unit mass of a given substance at a given temperature. The
latent heat of vaporization of water is approximately 0.58 kcal/g at 30°C (32),
hence a liter of water will remove 580 kcal of heat.

Evaporation of water from the skin surface ’is dependent on skin temperature,
water vapor pressure of ambient air, the surface area of exposed skin, and the
amount of water available for evaporation on the skin surface. The principle
means by which humans provide moisture for evaporative cooling is by active
perspiration from eccrine glands. Additionally, water used to humidify air in
the respiratory tract, insensible perspiration (diffusion of water to the skin
surface), and the behavioral application of water to the skin surface all add to
evaporative heat loss.

Heat Balance

Body heat content as related to heat exchange with the environment may be
represented by the following equation (11, 51):

Mb + Ma+_S= E ±R±K ± C

The left side of the equation is a summary of body heat production and content.
Mb is basal heat production and is thus the amount of heat generated by living
tissue at rest. Ma is additional heat produced through physical activity. S is the
amount of heat contained by the body. In the h.eat S may be increased to reduce
strain on the heat loss effectors. On the fight side of the equation are the avenues
of heat exchange discussed above: E, R, K, and C are evaporation, radiation,
conduction, and convection respectively. Excluding S, over any short period of
time the equation may be unbalanced, but to maintain equilibrium the two sides
must balance in the long term.

Several variables in the macroenvironment have important, direct effects on
heat exchange. These include: ambient temperature, insolation (and thus
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HEAT TOLERANCE 267

cloudiness and particulate matter in the atmosphere), temperatures and reflect-
ances of objects in line-of-sight, the surface areas of these objects, temperature
and thermal conductivity of the ground, wind velocity, and water vapor
pressure (or humidity) of the air. A number of biometeorological indices have
been developed, such as comfort indices, to sum the factors in the macroenvi-
ronment contributing to heat stress; these indices are useful only for specific
purposes and under specific conditions (28, 34, 51). For adaptive considera-
tions, air temperature and humidity are perhaps the most important factors and
are the variables used for dividing the macroenvironment into two major types
of significance for human heat tolerance: hot-dry and hot-humid environments.

Hot-Dry Macroenvironments

Hot-dry climates are represented in the extreme by hot deserts, although many
nondesert areas such as savannas, or the Intermediate Tropical Zone, are
seasonably hot-dry. It is in hot-dry climates that environmental temperatures
above that of the body core are most frequently encountered. Under these
conditions it is possible to gain body heat by convection and conduction.

A primary feature of hot deserts is their dryness. Deserts can be defined as
land areas where the annual rainfall in centimeters is a smaller number than the
mean annual temperature in degrees Celsius plus 16.5 (39). The aridity permits
high insolation values because of the usually dry, cloudless skies, and thus
desert environments have a high solar radiative heat load (26). Deserts are also
exceedingly hot in mid-day. Records from North Africa indicate temperatures
of 80°C are not uncommon (15). The high daytime temperature in deserts tends
to increase air movement, leading to increased convective heat gain. Converse-
ly, cloudless night skies favor the rapid reradation of heat into space, resulting
in cool nights (2, 15). Hot deserts are also characterized by sparse vegetation
and therefore shade and humid microenvironments are rare. Human adaptation
to hot deserts then must also extend beyond heat adaptation: low availability of
food (both caloric and protein) and water (8, 90) resources also become
significant limiting factors. Even when water is available, it may be unusable
because of high salinity (8, 100), and the cool nights may necessitate adapta-
tions to cold stress as well as to heat.

Some regions not usually considered as deserts are seasonally hot-dry. These
include: many tropical grassland regions with alternating wet and dry seasons;
hot steppes, which are characterized by extreme variability in precipitation,
often with low predictability; temperate or cool deserts, with summer tempera-
tures as high as those found in hot deserts; and temperate steppes with short, hot
summers (64, 100). These seasonally hot-dry areas tend to have more vegeta-
tion than hot deserts because rainfall, when it occurs, is more frequent during
cool seasons when there is l~ss evaporation (100). This lowered evaporation
rate during part of the year makes water more available to human inhabitants.
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268 HANNA & BROWN

During hot-dry seasons these regions, like hot deserts, are characterized by hot
days and cold nights, although the ranges are not so extreme.

Hot-Humid Macroenvironments

Hot-humid areas differ in several ways from the hot-dry environments discus-
sed above. Because of cloudiness and moisture in the atmosphere, insolation
values are lower, and thus ambient temperatures are lower. Concomitantly, the
more opaque atmosphere limits reradiation of heat from the ground, favoring
wanner riighttime temperatures. Temperature variations ten, d to be less extreme
and seldom rise above human body core temperature. While tropical rainforest
is the extreme representation of hot-humid zones, hot-we~ environments also
include a wide distribution of local climates, some of which may be seasonally
cold and dry as well (38).

For human heat adaptation, the primary problem in humid environments is
the reduced effectiveness of evaporation as a cooling mechanism. However,
because objects in line-of-sight are usually cooler than body core temperature,
especially when there is extensive vegetation cover (55), radiative heat loss
occurs. Convective cooling is also very important, as air temperature is also
lower than core temperature. Because of this, microclimate ventilation is an
important consideration in hot-wet environments.

Because of the high humidity, vegetation is extensive and diverse (16, 54).
Shade and water are usually plentiful for humans, permitting reduction of solar
heat gain and the replenishing of body water lost in perspiration (70). Another
potential problem is the relatively constant diurnal temperature. Intensive
activity cannot be scheduled to cool parts of the day as is common in hot-dry
areas. Human parasites and disease factors find hot-humid conditions conge-
nial, and thus such water-associated infections as malaria, trypanosomiasis,
schistosomiasis, enteric diseases, as well as many fungal and nematode infec-
tions, are prevalent (10). These infections can add to the heat burden by virtue
of their febrile effects.

MICROENVIRONMENTS

Moran (68) has defined microclimate as "The climatic condition, especially the
temperature, nearest the individual. Refers to the creation of environmental
conditions different from those in the general area." For humans in heat, the
ideal microclimate is below skin temperature, has a vapor pressure favoring
evaporative heat loss, and is protected from conductive, convective; and
radiation heat gain. It is within this extrasomatic zone that behavioral and social
adaptations play a major role by maintaining a favorable microclimate within
the microenvironment.

The goal of these adaptations is to maintain a cool and relatively dry shell of
air about major portions of the body surface to facilitate heat loss. The
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physiological adaptations to be discussed later facilitate heat transfer from the
core and working muscles into this microenvironment so that thermal equilib-
rium of the core can be maintained.

Microenvironment Adaptations to Dry Heat

Human adaptive techniques include material cultural adjustments and be-
havioral adaptations. Material culture provides habitations and clothing which
establish a favorable microclimate and counter the high potential of radiation,
convection, and conductive heat gain. Behavioral techniques center largely
upon avoidance.

Material cultural adaptation to hot-dry environments are similar to those
observed in cold environments. Lee (56), Rapoport (77), Wulsin (106), 
Moran (68) have discussed housing and may be consulted for details. There are
a number of techniques which seem common to hot-dry areas. 1. Houses are
constructed to delay the entry of heat. High heat capacity materials such as
adobe and stone are desirable because they can absorb large amounts of heat
before passing it into the interior. The stored heat is lost at night by radiation
and convection. The net effect is to dampen temperature fluctuations so that
interior temperatures remain moderate. An added bonus is warm indoor
temperatures during the cool evening. Houses of the Pueblo Indians of the
Southwest provide a good example of the application of this principle. 2. A
simple alternative to massive construction is excavation into the earth. The
mean temperature of the subsoil is more comfortable than the surface with its
extreme variations and is much cooler during the day. Rapoport (77) has
described Middle Eastern communities with the entire village constructed
several meters beneath the surface. Pit houses in the American Southwest and
elsewhere are examples. 3. If habitation is to be above ground, a compact
geometry minimizing surface area to internal volume is desirable. This pro-
portionally reduces solar heat gain as well as convective heat gain from desert
winds. 4. Houses can also be built close together, thereby increasing the
internal volume with a disproportional increase in surface area. Such compact
building also provides for mutual shading of some exterior walls and provides
wind protection. This can be extended to villages and towns with multiple-story
houses and canyon-like streets. 5. Limiting the size and number of windows, as
well as provisioning them with shutters, reduces convective and radiative heat
entry. 6. Painting in a light color or whitewashing reflects much radiation and
reduces radiative heat gain. 7. If adequate water is available, plants can be used
as primitive air conditioners by taking advantage of their transpiration, planting
them close to walls for shade and cooling. Rapoport describes an ingenious
tropical Spanish design employing plants. The house design includes two
courtyards with a gallery extending between them. One courtyard is of flag-
stone and the other well planted. As the sun warms the stoneyard, air rises
pulling the cooler air through the structure by convection. 8. Kitchens and
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cooking areas can be built away from residential structures to prevent heat
entry.

Clothing is a second aspect of material culture which provides protection
against the extremes of the macroclimate. Although clothing reduces abrasions
and prevents sunburn, an equally important effect is to reduce solar heat gain
(2). This, in turn, reduces the level of perspiration required to maintain
equilibrium. Henschel & Hanson (42) have shown that well-acclimatized men
wearing an army desert uniform perspire 30 percent less than unclothed men at
rest. This represents a reduction in heat load of about 165 kcal/hr. There are
also benefits in terms of reduced core temperature and heart rate. Adolph (2)
calculates wearing clothing in the desert gives about half the protection of an
awning or a building.

Desert clothing has adaptive value in that it stops radiation at some distance
from the skin surface and converts it to heat which can then be lost into the air.
Additionally, the insulative effects of trapped air reduce heat transmission to
the skin surface (2). The addition of a light reflective surface may reduce heat
gain even more.

Clothing is less advantageous at work than at rest because of the need to lose
internally generated heat. Henschel & Hanson (42) calculate the sweat reduc-
tion as about 15 percent at work. Design principles for hot desert garments are
also similar to those for cold climates (51). The material should be permeable 
water permitting evaporation, but should act as a barrier to radiation and
convective heat gain. Loose fitting, baggy clothing is desirable in that it favors
ventilation and evaporation from the skin surface. A light-colored external
garment may reflect radiation, reducing heat gain. Wulsin (106) has discussed
the application of some of these .principles by residents of hot desert areas.

Microenvironment Adaptations to Humid Heat

In the humid tropics, the problems associated with heat are quite different.
Solar radiation is less of a problem as temperatures are lower than in the desert.
The major thermoregulatory problem is the high humidity which reduces the
effectiveness of evaporative heat loss (70).

Houses are constructed for shade and protection from rain, yet they must
provide adequate ventilation. The dominant feature is the roof. Ideally, it is a
huge parasol with steeply sloping sides to shed rainfall and large overhangs to
provide the maximum protection. Materials of a low heat capacity are favored
because diurnal temperature variation is not great and heat storage provides no
benefit (77). Grass or thatch are ideal because solar radiation Striking a damp
roof evaporates water and aids in cooling. Humid txopic houses normally have a
long, narrow geometry to achieve maximum ventilation. In some cases, ele-
vated platforms may be employed to escape rain puddling and to allow more
adequate convective cooling. A variation is seen in Polynesia where elevated
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stone platforms move the living floor several meters above ground level.
Conductive heat transfer into the subsoil may aid in maintaining a cool micro-
environment.

The obvious problem in constructing houses in the humid tropics is how to
provide for privacy while retaining unrestricted ventilation. The privacy can be
solved with curtains, blinds, or other movable temporary partitions. In some
cases, permanent walls made of loosely joined bamboo or similar material are a
compromise, allowing some degree of privacy but also permitting an appreci-
able degree of air flow.

There is a s~ingle simple rule for humid tropical clothing--the least amount
possible. Given the high humidity and modest solar heat input, it is desirable to
leave most of the skin uncovered (80).

There are a variety of other behavioral adaptations to the heat, including
culturally sanctioned behavior, special foods and drinks, behavior scheduling,
etc. These will not be considered here because of space limitations, but they
have been reviewed elsewhere (36, 68, 76, 77, 106).

BIOLOGICAL ADAPTATIONS TO HEAT

If the temperature of the microenvironment cannot be maintained at comfort-
able levels, a series of physiological responses is initiated. These increase heat
loss via evaporation and enhance heat transfer from the core to the shell. At
ambient temperatures between 24-29°C, most resting unclothed humans are in
thermal equilibrium such that metabolic heat is dissipated by a combination of
factors discussed above (51). As ambient temperature increases, there is 
gradual increase in body heat content, and the thermoregulatory centers in the
brain begin a series of responses to increase conductive heat transfer from the
core to the shell and to evaporate water from the surface.

Dermal Blood Flow

The initial response to increased body heat content is an elevated dermal blood
flow. Venous blood flow is shifted from internal veins to superficial veins
where it can be cooled before entering the core. There is a compensatory
vasoconstriction in other areas to maintain blood pressure (107). This presents
an efficient and metabolically economical mechanism for rapid transfer of heat
to the shell. Peripheral skin blood vessels dilate under the influence of the
sympathetic nervous system and an as yet unidentified transmitter (21,84). The
active vasodilation caused by transmitter accounts for most of the increased
surface blood flow, and according to Rowell (88), is regulated by central core
temperature. As blood flow increases through direct arteriovenous shunts,
large quantities of blood are shifted into the extremities, especially the hands
and feet. These are superb heat exchangers by virtue of their large surface
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272 HANNA & BROWN

areas and low metabolic heat production (5). The general increase in skin
temperature also is beneficial in promoting loss of heat from the surface by
radiation and convection.

Cardiovascular Response

The increased surface blood flow may induce an increase in cardiovascular
activity, specifically increases in heart rate and blood pressure. The tachycardia
seems to be a response to pooling of blood in cutaneous circulation (81,107). 
physical activity is required, the strain on the heart is increased. It must
maintain flow to working muscles as well as to the skin. In acute exposure to
heat, it is this increased cardiovascular strain which leads to fatality and
accounts for the excess deaths of the elderly and young during heat waves (24).

Perspiration

As skin temperature increases, the sweat glands begin to function. This occurs
at about 35°C skin temperature, but the starting point is subject to considerable
individual variation (35). The appearance of perspiration is not uniform but the
pattern is regional, starting on the trunk and progressing distally to include the
extremities (44). The sweating mechanism will be carefully matched to thermal
needs. When sweating has been adequate to reduce the temperature of blood
perfusing the thermoregulatory center, the rate of production will be reduced
until an equilibrium is established. If core temperature continues to climb,
however, sweat producton may not continue to increase. Before the surface is
completely saturated, hidromeiosis (sweat gland fatigue) can occur and reduce
output. Hidromeiosis probably results from blockage of duct openings because
of hydration of the surrounding skin (51) since it appears in humid exposures
more frequently than dry exposures.

Thus, the physiological response of humans to a hot ambient temperature is
rather simple: blood is shifted to the surface, cardiovascular activity maintains
blood flow and rapid heat transfer within the organism, while sweating physi-
cally removes heat from the skin surface.

Eccrine Glands

The effectiveness of human evaporative heat loss is the work of the eccrine
sweat glands. These are so specialized and developed in humans that Montagna
(66) considers them one of our characteristic organs. They can be contrasted
with apocrine sweat glands which are found in the skin of most mammals.
Apocdne glands are associated with hair follicles, secrete a lipid rich, viscous
fluid, and are poorly innervated (53, 79, 89). In mammals such as the horse and
the sheep, they produce thermal sweat (90, 105). In primates a phylogenetic
trend is seen as the ratio of eccrine to apocrine glands increase from prosimians
to man (73, 95). In humans, eccrine glands are spread over the surface and
apocrine glands are confined to the axilla and groin (13, 53).
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Eccrine glands consist of a coiled region within the dermis and a duct through
the epidermis to the surface of the skin. The innermost coiled portion secretes a
fluid similar to plasma, and the coiled and tubular portions contain a series of
active transport systems to reabsorb some solutes (13). The glands are sensitive
to acetylcholine and to circulating hormones such as aldosterone, so that the
composition of the final fluid reflects general body water and electrolyte
balance as well as immediate thermal needs.

Eccrine glands are found on the hairless portions of the body surface at
densities ranging from 52 glands/cm2 on the thigh to 240/cm2 on the dorsum of
the hand. These densities exceed those reported for other animals (102). 
terms of heat loss, their effectiveness can be appreciated from the following: a
horse can perspire at a rate of 100 grn/m2/hr, a camel at 250 gm/m2/hr, and a
human in excess of 500 grn/m2/hr (27).

The activity of eccrine glands is regulated by the sympathetic nervous system
with acetylcholine serving as the postsynaptic transmitter. The function of the
glands is under complex control with local skin temperature and central core
temperature playing roles (51). The central receptors in the hypothalamus
monitor body heat content carefully, such that a small increase in the tempera-
ture of the blood perfusing the hypothalamus leads to a rapid onset of thermal
perspiration over large areas of the body. The central hypothalamic center is
presumably involved in control of patterned, nonthermal eccrine function such
as emotional and gustatory sweating (13). Local heating of the skin also causes
local thermal sweating (29), and under many circumstances it can be more
important than central input (57). Drags and hormones can also mediate
sweating.

Factors Influencing Individual Response

ACCLIMATIZATION Of the myriad of factors known to influence individual
response to heat, the state of acclimatization is without doubt the most impor-
tant. Acclimatization seems to be a universal human capacity, and degree of
acclimatization is a major contributor to individual variation in response. The
process of acclimatization is illustrated in a study reported by Strydom &
Wyndham (96). Twelve white South African men from temperate regions with
no recent heat exposure served as subjects. They were required to perform
moderate work (1560 ft.lb/min, 212 m.kg/min) in a hot, humid environment
(33/34°C; 90/93°F wet/dry) for a period of 4 hours. The work consisted 
stepping onto a box at a rate of 12 times per minute. Their responses are shown
in Figure 1 and are characteristic of acute heat response in unacclimatized
humans. Sweating rate is low, heart rate is high---approaching maximum
levelsmand core temperature reaches pathological levels. Several of the men
could not complete the test.

The acclimatization procedure involved repeating the test each day for 10
consecutive days. The changes are also recorded in Figure 1. Sweat rate has
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Figure I Physiological changes during acclimatization to heat. Responses are recorded during a
4-hour work period in a hot, humid environment. Acclimatization leads to increased sweat loss,
which reduces core temperature and cardiovascular stress. After Strydom & Wyndham (96).

doubled and the resulting increase in heat loss has reduced cardiovascular
activity and reduced core temperature. These observations have been repeated

in a number of studies (23, 29, 60, 107). The actual exposure time required 
less than 100 minutes per day (60) irrespective of the thermal environment for
the rest of the day.

The remarkable aspect of the acclimatization response is the ease by which it
is accomplished. It is rapid, effective, and will occur even though the trials are
performed in a temperate climate in winter. Furthermore, all normal people
who have been tested can acclimate. As Edholm & Weiner (22, p. 151) note,
"even with long continued life in tempenite or cold climates over many
generations without exposure to hot or tropical conditions, the ability to
acclimatize is retained." Studies on macaques (47) have confirmed that 
similar, but less dramatic acclimatization may occur in other primates.

The major factor promoting acclimatization is an increase in sweat gland

output and an increase in sensitivity to the thermal environment. Sweating
begins at a lower skin temperature (5, 51), the capacity for production 
increased by severalfold, and "inactive" glands may be activated (52). This
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permits core temperature to remain at a lower value and concomitantly reduces
circulatory strain (87). In addition to a higher output of perspiration, there is 
reduction in sodium and chloride loss (83). This may reflect general body water
balance rather than sweat gland adjustment (103). However, the end result 
the same. Acclimatization yields a greater electrolyte economy through a
reduction in sodium and chloride loss in sweat. The kidneys also reduce sodium
loss and respond rapidly with a reduction in water loss if dehydration occurs
(90).

The stimulus for acclimatization is closely related to physical activity,
because natural acclimatization is always accompanied by work. However, in a
series of laboratory studies, Fox (29) demonstrated that acclimatization will
develop in proportion to the degree of rise in body temperature. Fox and
associates developed a plastic suit which enabled the temperature of a resting
individual to be raised to any level and maintained in a steady state. Acclima-
tization changes paralleled those seen in other studies, confirming that elevated
temperature and not work was the acclimatizing stimulus (29).

Acclimatization also seems to involve a change in pattern of sweat gland
recruitment. Hofler (44) found that unacclimatized men sweated most profuse-
ly about the trunk and gradually recruited sweat glands from the limbs and other
parts of the body surface. After acclimatization, the pattern was reversed such
that sweating was most perfuse about the limbs with the trunk being recruited
later. The higher surface area to mass ratio of the limbs and their lower level of
metabolic activity makes them potentially better sources for loss of metabolic
heat. Such a reversal in pattern of recruitment would provide a much more
efficient vector for heat loss at no increase in energy expenditure and could
actually reduce the perspiration required to maintain thermal equilibrium (36).

In summary, humans acclimate to heat in a rapid and effective manner.
Acclimatization involves increased sweating which reduces body temperature
and circulatory strain. The stimulus is elevated body temperature for short
periods over several, consecutive days. In addition to a higher rate of perspira-
tion, acclimatization also involves a greater sensitivity to environmental heat,
as evidenced by the lower temperature at which sweating begins, as well as a
redistribution of recruitment patterns and a greater sodium and chloride eco-
nomy.

Anecdotal observations may cause us to question the idea that acclimatiza-
tion leads to increased sweating because newcomers to the topics seem to
perspire more than indigenes. Newcomers are most likely storing more heat
and beginning to perspire at higher skin and core temperatures than natives,
hence they have greater heat stores to lose. This requires more perspiration
once sweating begins.

AGE There is a close relationship between an individual’s age and heat
tolerance. Development of sweat gland function in youth and reduction in

www.annualreviews.org/aronline
Annual Reviews

A
nn

u.
 R

ev
. A

nt
hr

op
ol

. 1
98

3.
12

:2
59

-2
84

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 U
ni

ve
rs

ity
 o

f 
M

ic
hi

ga
n 

on
 0

5/
28

/0
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.annualreviews.org/aronline


276 HANNA & BROWN

¯ cardiovascular functions in the aged are the major factors involved. Neonates
are extremely vulnerable to extreme heat because their sweating capacity is
limited. All sweat glands are formed at birth, but many are inactive. Hey &
Katz (43) estimate that a newborn’s sweat glands produce only one third the
adult levels of perspiration, even though they are more densely packed. This
reduced capacity puts them at risk for heat-related problems. Ellis (24) has
shown that during a 15-year period in the U.S., the heat-aggrevated death rates
in infants under a year of age was the highest of any age group save those over
50.

As the child grows, the integument stretches, density of sweat glands fall,
and capacity increases. Essential to the process is activation of formed glands.
Kuno (53) has summarized evidence suggesting a critical period in the first 2 ~/2
years during which time activation occurs. It is during this period that the
sweating capacity of children increases. Because .there seems to be no addition-
al activation, this developmental phenomenon has been used to account for the
observation that natives in hot climates have more active glands than those from
temperate climates (53). Exposure to heat during infancy is presumably the
activating stimulus. Knip (52) has recently summarized evidence that deactiva-
tion and reactivation may occur in adulthood.

Older adults are at highest risk for heat-induced death (24). The major
problem seems to be lack of acclimatization and reduced physical activity in the
elderly. The elderly who maintain physical condition fare as well as middle-
aged men in moderate heat (19, 82). It is only at high le.vels of physical activity
in the heat that the fit and healthy older individual may be less tolerant (82).

SEX DIPFERENCES A large number of studies have compared men and
women in humid and dry heat with the general conclusion that both sexes
respond to heat and acclimatize in the same manner, but women tend to begin
sweating at a higher skin temperature, sweat less, and store more heat (30, 91,
108). Weinman et al (104) reported that at equal exercise intensity active
women had better performance in humid heat than inactive men. When the
sexes are matched in terms of physical fitness and level of work, there are only
trivial differences in the heat (45, 49, 72). Horstman & Chrigt.ensen (45) 
presented evidence that active women may acclimatize at a faster rate, but
again the difference seems trivial. Thus, with respect to heat tolerance, there
seems to be no important difference between the sexes if physical condition is
equal.

PI-IYSICAL ACT~vrrY Physical activity leads to physical fitness which is
closely related to heat tolerance. Well-trained men more easily tole~rate heat,
and training actually enhances the level of heat tolerance (33, 74). Training 
beneficial even if it takes place in a temperate environment with no ambient
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heat load (75). The opposite is also true--acclimatization to heat has a positive
effect on work performance and improves maximum work capacity (92). As 
have noted previously, "Physical fitness and heat tolerance both involve greater
sweating and improvement in cardiovascular function so they probably canngt
be separated" (36).

BODY SHAPE AND PROPORTION Among the earliest established correlates of
human variation were the "ecological rules" of Allen and Bergmann. These
rules hold that peoples living in warm climates have longer extremities and a
lesser body mass than those living in cold climates. Roberts (78) has summar-
ized the data and arguments. The underlying assumption is that a higher surface
area to mass ratio in homeotherms is beneficial in terms of heat loss. There are a
number of qualifications which limit the usefulness of this attractive hypoth-
esis. Malnutrition and infectious disease are epidemic in the tropics, and these
could reduce body size and proportions. These notwithstanding, stature,
weight? and limb length are phenotypically plastic and have a significant
environmental input. In this context, studies of growth are helpful. Eveleth (25)
studied American middle-class children reared in Brazil and found them to be
more linear than expected. Stinson & Frisancho (93) compared the children 
Andean migrants to the Amazon jungle with children living in the Andes.
Those reared in the jungle were more linear, the length of the extremities
clearl~ greater. Dietary factors, parasitic infection, or selective migrations
could’ play some critical role; however, the lengthening of extremity in tropical
areas’ is part of a developmental process. This corresponds to evidence from
ammal studies. Whittow (105) describes pigs reared outdoors in a cold environ-
ment as having shorter legs than littermates reared within a heated enclosure.
The mechanism is probably blood flow to the developing extremities. In the
cold, body thermal balance takes precedence, so blood flow is reduced and full
genetic potential is not reached. In a warm environment the full potential is
realized.

A linear body build is of advantage in hot climates if it promotes heat loss;
however, this advantage is limited to some conditions. Experimental studies in
climatic chambers show body temperature responds most obviously to level of
physical activity (51) and that level of physical fitness is more important than
surface area to mass proportions (4). During mild heat exposure surface area
do~s provide an advantage for heat loss (92), but as amibient temperature
increases, linear individuals may actually be at a disadvantage. At high en-
vironmental temperatures, the heat gain via convection and radiation can be
greater than the heat loss advantage conferred by the greater surface area, thus a
more compact body build may be favored (4).

Despite the simplicity and h .ttractiveness of Bergmann’s and Allen’s rules for
exploration of variation in human body form, a thermal explanation cannot be
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accepted uncritically. Other factors such as physical activity are more impor-
tant than body shape during work. Also, body shape can be modified by
disease, malnutrition, and other factors; and there also remains the possibility
that extremity exposure to cold during the development process is more
important than thermal demands during Work in shaping final body configura-
tion.

BODY FAT Excess body fat is probably detrimental in hot climates. Heavier
individuals are more subject to heat-related death (58) and have greater stress
during heat acclimatization (58, 65, 86). Reduced physical activity may 
involved, but obesity per se may also play a role. Bar-Or et al (4) studied obese
and lean women working in six environmental conditions ranging from cool to.
hot. In all conditions, the obese women sweated more profusely, stored more
heat, and maintained higher heart rate: Fat did not appear to hinder heat transfer
from core to shell because skin temperatures were also higher in the obese. The
investigators suggested several factors linking obesity to heat tolerance. First
and least important was surface area to mass ratio. As noted previously, at
higher temperatures the obese obtain some advatage through lower environ-
mental heat gain. Second, adipose tissue has less water than other tissues and
hence can absorb less heat. This promotes a greater heat load on nonfat tissue
and reduces heat tolerance. Third, obese individuals have lesser cardiovascular
fitness than nonobese. Even if there are no pathological problems, obesity leads
to an increased blood volume which is distributed to adipose tissue (99). This
places greater strain on the cardiovascular system.

SKIN COLOR While skin color seems to vary in response to the ultraviolet
level in solar radiation (31), thermobiologists have also considered its potential
influence on heat regulation (55). White and dark skin are similar in terms 
thermal exchange except, all else being equal, dark skin absorbs 30 to 40%
more sunlight than white skin (6, 37). This must be dissipated as heat. Baker (3)
reported that when blacks and whites are tested unclothed in the desert, blacks.
seem to show higher level heat storage than whites, presumably because of
greater heat gain via radiation. There has been no confirrnation of this observa-
tion. The thermal advantage of white skin was slight, and we agree with Blum
(6, p. 54), "it seems necessary to assume that the possession of dark skin should
be a disadvantage to the Negro, as regards to heat load and life in hot desert
areas, but that the disadvantage is not a great one and probably of little
importance under his usual condition of life."

Ean-nmcrrv The influence of ethnicity on the ability to tolerate heat has been
the subject of much speculation in the anthropological as well as in the popular
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literature. Implicit has been the assumption that people indigenous to hot
environments are better able to tolerate heat than non-natives. The phenomenon
of acclimatization has been largely unappreciated and the existing differences
magnified. In some cases adaptation to a hot climate has been viewed as an
adaptation to solar radiation rather than to heat. European literature, for
example, focused upon the "actinic" or "chemical" rays of the sun (76).
Protecting fair-skinned residents from these rays required heavy clothing and
special spinal pads which simply impaired heat loss. Darker-skinned, less
clothed natives tolerated the heat with greater ease.

Only recently have controlled experimental investigations begun to unravel
ethnic differences in heat tolerance. People living in all major hot zones have
been studied, and we have outlined details of this work in an earlier paper (36).
In general, all people studied are capable of acclimatizing and achieving a high
level of heat tolerance. This does not mean that all people respond in a similar
manner. Some sweat more profusely, some tend toward greater heat storage,
but the observed differences are generally small and not important for survival.
The conclusions of Strydom & Wyndham (96) are probably still valid: differ-
ences in the state of acclimatization are probably more important than any other
factor in producing differences in heat tolerance.

With this point in mind, we should consider the one ethnic factor which has
emerged in several studies. Well-acclimatized Europeans show a tendency
toward higher levels of sweat production than do natives of hot climates in
similar states of acclimatization. The reported differences are usually small, but
Strydom & Wyndham (96) observed rates of well-acclimatized Europeans 
exceed those of similarly acclimatized Bantu by up to 250 cc per hour (Figure
2). The accumulated difference was over 600 cc in 4 hours. If Europeans do
indeed perspire more heavily, there are a number of possible causes. One is that
the Europeans are drinking more, hence maintaining a higher level of hydra-
tion. Alternatively, there may be a more "economical" sweating pattern in
indigenes as has been previously suggested. It does not seem to be related to
sweat gland density for density of functioning sweat glands does not seem to
have an ethnic component (52). Regardless of the locus or even the reality 
the phenomenon, Euporeans tolerate heat as well as any other people studied,
and the work on ethnic variation has reinforced the view that intense selection
for heat tolerance antedates contemporary human ethnic variation.

CONCLUSIONS

Humans are remarkably well adapted to tolerate heat whether derived from
environmental or from metabolic sources. This adaptation apparently de-
veloped early in hominid evolution and permitted successful colonization of
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Figure 2 Ethnic differences in response to heat are seen when well-acclimatized black and white
men are compared in a hot environment. The white men sweat more profusely, but maintain similar
core temperatures and heart rates. These data are presented by Strydom & Wyndham (96). Other
studies have yielded similar--but less extreme~differences.

savanna and other hot environments. Apparently, the selective pressures were
very stong and included a behavioral component with high levels of physical
activity. The major adaptation was a high-capacity sweating response, an
improvement upon specialized sweat glands existing in the order Primates. The
adaptation came with a price, however: the necessity for a reliable daily water
supply. We have speculated that the necessity for water may have contributed
to the establishment of a home base for hominid social groups. This base, in
turn, may have been a critical factor in human sociocultural evolution.

In contemporary humans, cultural activities are an important means for
adjustment to many environmental problems, yet biological adaptations seem
of primary importance in adaptation to heat. These include cardiovascular
adjustments and diversion of blood flow to surface areas which facilitate heat
loss accompanied by active sweating and evaporative heat loss. Repeated
exposure results in improvement in the system with a quicker onset, higher
rate and increased sweating capacity. It is this ability to acclimatize found
in all humans which accounts for most of the individual variation in response
to heat.
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