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TABLE 7.1 Heat production in the major organs of a
man at rest {body mass, 65 kg; heat production, 1872
kcal per day = 78 kcal per hour = 90.65 W}. The

main internal organs weigh about 5 kg but account
for 72% of the total heat production. {Aschoff et al.
1971]

Organ mass Heat production at rest
Organ kg % of body mass kcal h1 % of lotal
Kidneys 0.29 0.45 6.0 7.7
Heart 0.29 0.45 8.4 10.7
Lungs 0.60 5.03 0.9 7.7 3.4 4.4 724
Brain 1.35 2.1 125 16.0
Splanchnic organs® 2.50 3.8 26.2 33.6
Skin 5.00 7.8 1.5 1.9
Muscle 27.00 } 59,97 41.5 } 923 12.2 15.7 } 27.6
Other 27.97 43.0 7.8 10.0
Total 65.00 100.0 78.0 100.0
2 Abdominal organs, not including kidneys.

BODY TEMPERATURE OF BIRDS
AND MAMMALS

What is body temperature?

The heat produced by an animal must be trans-
ported to the surface before it can be transferred to
the environment. Therefore, the surface of the or-
ganism must be at a lower temperature than the
inner parts, for if the temperature were the same
throughout, no heat could be transferred. The con-
clusion is that the temperature of an organism of
necessity cannot be uniform throughout.

If we examine where in the mammalian body
heat production takes place, we find that some parts
produce more heat than others. In humans the or-
gan of the chest and the abdomen, although they
make up less than 6% of the body mass, produce
56% of the total heat (Table 7.1). If we include the
brain, which in humans is large and has a high heat
production, we have accounted for 72%, or more
than two-thirds of the total heat production, in less
than 8% of the body mass.

We can therefore consider that the body consists
of a core where most of the heat is produced, and
a much larger shell that includes skin and muscles

and produces only a small fraction of the total body
heat.

During exercise, the situation is different, for the
total metabolic rate may increase 10-fold or more.
Most of this increase occurs in the muscles (includ-~
ing the diaphragm and other respiratory muscles).
During exercise, then, for the internal temperature
to remain constant, more than 10 times as much
heat as was produced at rest must be transported to
the surface of the organism.

Temperature distribution in the body

The inner, or core, temperature remains reason-
ably constant, but this does not mean that the tem-
perature throughout the core is uniform. Organs that
have a high rate of heat production may be warmer
than others, but they are cooled by the blood (i.e.,
the venous blood that leaves these organs is warmer
than the arterial blood). The temperature differ-
ences in the core may be as much as 0.5 °C from
one site to another. We therefore cannot speak about
a single core temperature, but for practical pur-
poses the deep rectal temperature is often used as
a representative measure.

The surface temperature of a person who 1s in
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FIGURE 7.1 Temperature distribution in the body
of a person at room temperatures of 20 °C (left) and
at 35 °C (right). The isotherms, which indicate sites
of equal temperature, show that, at 35°C room
temperature, a core temperature of 37 °C (shaded
area) extends into the legs and arms. At 20 °C room
temperature, the temperature gradients in the shell
extend throughout the legs and arms, and the core
temperature is restricted to the trunk and head.
[Aschoff and Wever 1958]

heat balance is always lower than the core temper-
ature. This means that the arterial blood that flows
to the shell loses heat and returns as colder venous
blood. This is, of course, how most of the heat
produced in the core is brought to the surface or,
in other words, how the core organs are cooled.
Depending on the circumstances (external temper-
atures and the need for heat loss), the surface tem-
perature varies a great deal. Also, the underlying
tissues, including a large part of the muscle mass,
can take on temperatures considerably below the
core temperature (Figure 7.1).

What is the mean temperature of the body? We

can calculate a mean body temperature from mul-
tiple measurements at various sites, provided we
have a weighting procedure to apply to the various
measurements. However, mean body temperature
calculated from multiple measurements is physio-
logically relatively meaningless.

We have already seen that the core temperature
does not represent the heat status of the whole body,
that the temperature of the shell can vary widely,
and that the depth in the body to which the shell
temperature extends can change drastically. A
change in the temperature of the shell means that
the total amount of heat in the body changes, al-
though the core temperature may remain constant.
It a person moves from a room temperature of 35 °C
to 20 °C, the drop in shell temperature may in-
volve a heat loss of 200 kcal (>800 kJ) from the
shell. The magnitude of this much heat becomes
clear when we realize that it corresponds roughly
to 3 hours’ resting metabolism of the person.

“Normal” body temperature of birds
and mammals

Daily fluctuations in core temperature

The core temperature of humans and of other
mammals and birds undergoes regular daily fluc-
tuations. Within 24 hours these fluctuations are
usually between 1 and 2 °C. Diurnal animals show
a temperature peak during the day and a minimum
at night; nocturnal animals show the reverse pat-
tern. However, these daily cycles are not caused
directly by the alternating periods of activity and
rest, for they continue even if the organism is at
complete rest.

The daily body temperature pattern of many
mammals and birds consistently follows the light
cycle. When the towhee (Pipilo aberti) is kept in
12 hours of darkness and 12 hours of light, its body
temperature follows a cycle synchronized with the
light cycle. At a room temperature of 23 °C, the
core temperature at night is about 39 °C and when
the light comes on, it rapidly rises to nearly 42 °C
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FIGURE 7.2 When the towhee (a finch, Pipilo aberti)
is kept at a constant room temperature of 23 °C, its
bady temperature varies with the light cycle. When
the lights come on at 0600 hours, the body temper-
ature rises by nearly 3 °C, to drop again when the
lights go off at 1800 hours, If the room temperature
is reduced to 5 °C, the body temperature cycle is
similar, but at a slightly higher level. {Dawson 1954]
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(Figure 7.2). At a different room temperature (5 °C,
for example) the core temperature follows the same
day-and-night cycle, although it is, on the average,
about 0.5 °C higher than the corresponding core
temperature measured at 23 °C.

Similar temperature cycles have been recorded
in a variety of other birds from several different
families. Diurnal forms always have the highest
temperature during the day and nocturnal species
at night. One example of a nocturnal bird is the
flightless kiwi (Apteryx) from New Zealand. Its core
temperature is lower than in most other birds, with
a daytime mean of 36.9 °C. At night, which is the
normal period of activity for the kiwi, the temper-
ature increases to a mean of 38.4 °C (i.e., at night
the temperature is about 1.5 °C higher than in the
daytime) (Farner 1956).

Both the temperature cycle and the correspond-
ing cycle in metabolic rate can be reversed by re-
versing the periods of light and dark. This shows
that the cycle is governed by the illumination.
However, even if all variations in the light are re-
moved and the animals are kept in continuous uni-
form light, their temperature variations continue on
nearly the same timing. This is called the free-
running period, and because it persists without any

external cues, it must be inherent in the organism;
it must be a truly endogenous cycle.

The cycle is self-sustained in the sense that, in
the absence of external timing cues, it continues
for days, weeks, and even months. It remains ex-
tremely regular, but its duration usually is not ex-
actly 24 hours. As a result, the timing of a free-
running cycle in the absence of an external cue
gradually drifts away from the environmental 24-
hour day-and-night cycle.

We have now seen that the temperature of the
body core and shell may differ greatly and that there
are regular variations of several degrees that make
measurements of the core temperature meaningful
only if we also have information about activity, the
time of day, and the usual temperature cycle of the
animal.

Temperature differences among
animal groups

If we disregard variations that amount to a cou-
ple of degrees, we see that the usual or ‘‘normal’’
core temperature is almost uniform within each of
the major groups of warm-blooded vertebrates, but
that there are characteristic differences among the
groups (Table 7.2).

Allowing for the fact that it is difficult to estab-
lish what is normal body temperature for a given
animal, and disregarding variations caused by ex-
ternal conditions and activity, we can as a rule of
thumb say that most birds maintain their body
temperature at 40 x 2 °C, eutherian mammals at
38 = 2 °C, marsupials at 36 =2 °C, and mono-
tremes at 31 = 2 °C. Small birds may have some-
what higher body temperatures than large birds
(McNab 1966), but in mammals there is no clear
relationship between body size and body tempera-
ture (Morrison and Ryser 1952). For marsupials
the available information is insufficient to show
whether there is any relationship between body size
and body temperature.

The fact that the so-called primitive groups —
insectivores, marsupials, and especially mono-
tremes — consistently have low body temperatures
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TABLE 7.2 Approximate normal and lethal core tem-
peratures of some major groups of mammals and birds.
The lethal temperatures are based on observations
made under a wide variety of conditions. There is
rather consistently an approximately 6 °C interval be-
tween the normal and the lethal temperatures for the
same animal.

Approximate  Approximate
normal core  lethal core
temperature  temperature
Animal Q) e
Monotreme (echidna) 30-31e 37
Marsupials 35-36" 40-41¢
Insectivore (hedgehog)  34-36 41/
Man 37 43
Eutherian mammals 36-38° 4244
Bird {kiwi) 38¢
Birds, nonpasserine 39-40° 46"
Birds, passerine 40-41? 474

“Schmidt-Nielsen et al. (1966).
®Dawson and Hulbert (1970},
¢Morrison and Ryser (1952),

?Farner (1956).

¢Robinson and Morrison (1957).
fShkoinik and Schmidt-Nielsen (1976).
2 Adoiph (1947,

" Robinson and Lee (1946).

iCalder (1964).

{Dawson {1954).

raises some interesting evolutionary problems. These
groups are considered to be very ancient and pre-
sumably have had more time than more recent
groups to evolve toward a high body temperature,
if this is ‘‘desirable’’ or advantageous. Have they
remained in their more ‘primitive’’ stage because
they have lacked the capacity to evolve in this di-
rection? They have certainly been successful as
witnessed by their ability to survive for so long.
The fact is that we do not fully understand the
advantages of any given body temperature. In any
event, it would be a mistake to interpret a low body
temperature as a sign of ‘‘primitive’’ and thus in-
adequate temperature regulation. It has been said
that the egg-laying echidna is halfway to being a
cold-blooded animal and is unable to regulate its

body temperature adequately. In fact, the echidna
is an excellent temperature regulator and can main-
tain its core temperature over a wide range of am-
bient temperatures down to freezing or below, al-
though it has a poor tolerance to high temperature
(Schmidt-Nielsen et al. 1966).

The approximate lethal body temperatures for the
various groups of warm-blooded vertebrates are
given in the last column of Table 7.2. It seems that
the lethal temperature is regularly at roughly 6 °C
above the normal core temperature. Thus, the
echidna dies when its body temperature reaches
37 °C, which is a normal temperature for placental
mammals and well below the normal temperature
for birds. The margin of safety remains uniformly
at about 6 °C from group to group, but we do not
know why the lethal temperature is at such a con-
stant level relative to the normal core temperature.

Temperature of cold-climate animals

Do Arctic birds and mammals maintain body
temperatures within the same range as species from
warmer climates?

To answer this question the body temperatures
of a number of Alaskan birds and mammals were
measured while the animals were exposed to a wide
range of low air temperatures. The birds studied
belonged to 30 different species and ranged in weight
from 0.01 to 2 kg. In air temperatures from +20 °C
down to —30 °C, their mean body temperature was
41.1 °C, which is within the normal range for birds
from moderate or tropical climates.

Arctic mammals of 22 species, weighing from
0.1 to 1000 kg, were exposed to temperatures down
to —50 °C, and one species (the white fox) even
to —80 °C. The individuais of all species main-
tained their body temperatures within normal
maminalian limits. The mean for all the observed
species was 38.6 °C, which is about 0.5 °C higher
than the previously reported mean temperature for
a large number of mammals from temperate re-
gions, but this difference is considered insignifi-
cant (Irving and Krog 1954).

We can therefore conclude that Arctic birds and
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mammals maintain body temperatures characteris-
tic of their groups, although they live in some of
the coldest areas on earth.

Animals in natural conditions

In contrast to the large amount of information
on body temperature in captive and laboratory an-
imals, there are few long-term studies on animals
under natural conditions. The development of
methods to measure temperature with transducers
that transmit information by radio (telemetry) has
made it possible to obtain recordings from unre-
strained and completely undisturbed animals.

Surgical implantation of such a telemetric unit
has enabled the monitoring of the temperature of a
single animal for as long as 1 year. When this tech-
nique was used on sheep grazing under field con-
ditions, the daily range of the deep body tempera-
ture was less than 1 °C regardless of sun, rain, or
storm. The total temperature range observed dur-
ing a whole year from summer to the most severe
winter was 1.9 °C, from 37.9 to 39.8 °C (Bligh et
al. 1965).

Fever

Fever is an increase in body temperature that
usually is associated with microbial or virus infec-
tions. Similar increases in body temperature can be
produced by the injection of killed bacteria. These
contain substances, pyrogens, that are the cause of
the fever reaction. The organism behaves as if the
set point of a thermostat has been increased by a
few degrees and now regulates as if it wants to
maintain the increased temperature.

Fever is definitely not a failure of temperature
regulation. If a person with fever is challenged with
cooling, increased heat production serves to main-
tain the higher temperature, and vice versa if an
extra heat load is applied. The processes of tem-
perature regulation respond as expected, except that
the reactions revolve around the higher body tem-
perature.

The concept that fever represents a well-
regulated resetting of a ‘‘thermostat’” is further

supported by the following experiment. If a pyro-
gen is injected into a dog, the animal develops a
fever. However, if heat is applied locally only to
the hypothalamus, where the temperature regula-
tion center is located, the fever in the body is sup-
pressed. The body behaves as if the higher ‘‘set-
point”’ has already been reached. This indicates that
the bacterial pyrogen does not somehow damage
the regulatory mechanism in the hypothalamus, but
that a certain hypothalamic temperature is *‘desir-
able,”” and when this has been attained, no further
heating is called for (Andersen et al. 1961).

Both mammals and birds develop fever after be-
coming infected with bacteria, but it is unclear
whether the fever is beneficial or harmful. An in-
teresting attempt at settling this much-argued ques-
tion has been made by studying, not warm-blooded
mammals or birds, but a cold-blooded animal, the
lizard Dipsosaurus dorsalis. When Dipsosaurus is
placed in an environment where there is a range of
temperatures, it selects a preferred temperature
where it tends o remain so that it maintains body
temperature of about 38.5 °C. If the lizard is in-
jected with an appropriate bacterial suspension, it
seeks a somewhat warmer environment and main-
tains a higher body temperature, a “‘fever’’ of ap-
proximately 2 °C.

Amphibians and fish show similar reactions in
response to bacterial pyrogens (Reynolds et al. 1976;
Kluger 1977). They select a warmer environment
and thus maintain higher preferred body tempera-
tures, demonstrating that the “‘fever’’ response is
present in a broad range of vertebrates and not only
in the warm-blooded mammals and birds. Even
cockroaches, when injected with bacteria and placed
in a thermal gradient, prefer temperatures signifi-
cantly elevated over what they normally do (Bron-
stein and Conner 1984).

Let us return to the question of whether fever is
beneficial or harmful. An answer has been sought
by performing the following experiment on Dip-
sosaurus. Five groups of lizards were infected with
bacteria (Aeromonas hydrophila) and kept at uni-
form constant temperatures. One group was kept
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at a neutral 38 °C, two groups at lower tempera-
tures (36 and 34 °C), and two at higher tempera-
tures (40 and 42 °C). There was a striking corre-
lation between survival and temperature; all the
animals at the lowest temperature died in less than
4 days; survival increased with temperature and was
highest in the animals at 42 °C. This is approxi-
mately the same temperature that injected animals
voluntarily chose if they were allowed to select their
temperature (Kluger et al. 1975). In these animals,
then, a clear beneficial effect was associated with
the higher body temperature.

The ability to maintain a constant body temper-
ature, as birds and mammals do, and the ability to
reset the temperature with full maintenance of reg-
ulation as occurs in fever, require extraordinary ca-
pacities of the physiological mechanisms for heat
exchange. Before we discuss these mechanisms we
will need an elementary knowledge of the physics
of heat transfer,

TEMPERATURE, HEAT, AND
HEAT TRANSFER

In the preceding section we were concerned with
temperature, and the concept of heat was men-
tioned only incidentally. It is important to under-
stand the difference between these two physical
quantities and to realize that the measurement of
temperature does not necessarily give any infor-
mation about heat.

Temperature is usnally measured in degrees Cel-
sius (°C), although in physical chemistry and
thermodynamics we use absolute temperature ex-
pressed in kelvins (K).*

In biology heat is usually measured in calories,
and 1 calorie (cal) is defined as the amount of heat
needed to raise the temperature of 1 g water by
1 °C. The calorie is not a part of the International

* Absolute zero is at —273.15 °C. Celsius temperature (T¢)
relates to absolute temperature (Ty) as follows: Ty = T+ 273.15.

System of Units (the SI System), but the term is so
common that it will remain in use for some time to
come. For conversion to SI units, 1 cal=4.184
joules (I).

To heat 1 g water from room temperature (25 °C)
to the boiling point (100 °C) requires 75 cal of heat.
To raise the temperature of 100 g water by 75 °C
requires 7500 cal (7.5 kcal). In both cases the ini-
tial and final temperatures are the same, and tem-
perature alone therefore gives no information about
the amount of heat added. If we know the amount
of water, however, we can calculate the amount of
heat from the temperature change, for by defini-
tion, the heat needed to raise the temperature of 1
g water by 1 °C is 1 cal. The amount of heat needed
to warm 1 g of substance by 1° is known as the
specific heat capacity of that substance.t The spe-
cific heat capacity of water is 1.0 cal g~! °C™!,
which compared with that of other substances is
very high. The specific capacity of rubber is 0.5,
of wood 0.4, and of most metals 0.1 or less. The
specific heat capacity of air is 0.24 cal g~! °C™,
and because the density of air is 1.2 g per liter (at
20 °C), the heat capacity of 1 liter of air is 0.3
cal °C~ 1.

The amount of heat needed to increase the tem-
perature of the animal body is slightly less than the
amount needed to heat the same mass of water.
The mean specific heat capacity of the mammalian
body is about 0.8. Thus, to increase the tempera-
ture of a 1000-g mammal by 1 °C requires about
800 cal. The exact value for the specific heat ca-
pacity of the animal body varies somewhat. For
example, the specific heat capacity of mouse bod-
ies was found to vary between 0.78 and 0.85 with
a mean of 0.824 (Hart 1951).

The bulk of the body is water, which has a spe-
cific heat capacity of 1.0, and the other compo-
nents — proteins, bone, and fat — tend to reduce

t1t is recommended that the word specific before the name
of a physical quantity be restricted to the meaning *‘divided by
mass’’ {Council of the Royal Society 1975).
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this value. Fat is particularly important, for its
amount can vary within wide limits, and its spe-
cific heat capacity is only about 0.5.

For many purposes it is sufficient to use a mean
value of 0.8 for the specific heat capacity of the
animal body, for in order to determine a change in
heat content, we must know the mean body tem-
perature, and as we have seen, this variable is very
difficult to determine with accuracy.

Physics of heat transfer

For a body to maintain a constant temperature,
there is one absolute requirement: Heat loss must
exactly equal heat gain. For an animal to maintain
a constant temperature, heat must be lost from the
body at the same rate it is produced by metabolic
activity.

As we have seen, metabolic heat production can
casily increase more than 10-fold with activity, and
unless heat loss is increased in the same propor-
tion, body temperature will rise rapidly. Further-
more, the conditions for heat loss vary tremen-
dously with external factors such as air temperature
and wind. An understanding of the physiological
mechanisms involved in the regulation of heat pro-
duction and heat loss requires an elementary
knowledge of the physics of heat transfer.

Whenever physical materials are at different
temperatures, heat flows from a region of higher
temperature to one of lower temperature. This
transfer of heat takes place by conduction and by
radiation. A body cannot lose heat by conduction
or radiation unless its environment, or some part
of it, is at a lower temperature than the surface of
the body. There is, however, a third way to re-
move heat: the evaporation of water. These three
ways of heat transfer — conduction, * radiation, and

*Transfer of heat between a surface and a fluid (gas or liquid)
in contact with it takes place by conduction. Mass movement
in the fluid, termed convection, contributes to renewal of fluid
in the boundary layer and thus complicates the conductive heat
transfer (see later in this chapter).

FIGURE 7.3 Heat flow in a uniform conductor de-
pends on its cross section, the temperature gra-
dient, and the material from which it is made.

evaporation — are the only means available for the
removal of the heat produced in the metabolic ac-
tivity of living organisms.

Conduction

Conduction of heat takes place between physical
bodies that are in contact with each other, whether
they are solids, liquids, or gases. Conduction of
heat consists of a direct transfer of the kinetic en-
ergy of molecular motion, and it always occurs from
.aregion of higher temperature to one of lower tem-
perature.

Assume that we have a uniform conductor in
which we keep one end warm and the other cold
(Figure 7.3). The rate of heat transfer by conduc-
tion Q) can now be expressed as:

O=kA TL—..IL

‘ {
*where k is the thermal conductivity of the conduc-
tor, A is the area through which the heat flows
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TABLE 7.3 Thermal conductivities (k) for a variety of
common materials, [Hammel 1955; Hensel and Bock
1955; Weast 1969]

k
Material (cals~Tem™'°C™ 1
Silver 0.97
Copper 0.92
Aluminum 0.50
Steel 0.11
Glass 0.002 5
Soil, dry 0.000 3
Rubber 0.000 4
Wood 0.0003
Water 0.001 4
Human muscle 0.001 1
Adipose tissue (.000 51
Air 0.000 057
Animal fur 0.000 091

(normal to the direction of heat flow), and T, and
T, are the temperatures at two points separated by
the distance /. The fraction (T, - T')/{ is known as
the femperature gradient and stands for the tem-
perature difference per unit distance along the con-
ductor.

This expression for heat flow in a conductor can
be stated in simple intuitively obvious terms. Heat
flow increases with the thermal conductivity (k) of
the conducting material, with increasing cross-
sectional area (A) of the conductor, and with an
increased temperature difference between two points
T, and T. Increasing the distance (f) between two

given temperatures, 7, and T (if these remain un--

changed), decreases the amount of heat flow.

The thermal conductivity coefficient (k), is an
expression for how easily heat flows in a given ma-
terial. Values for the thermal conductivity of some
common materials are given in Table 7.3. As we
know, metals are excellent conductors and have high
conductivity coefficients. Glass and wood are poorer
conductors; water and human tissues have slightly
lower conductivities again, but of a similar order
of magnitude. The similarity between the thermal
conductivities of human tissue and water is, of

course, attributable to the fact that most tissues
consist of roughly two-thirds to three-quarters water.
Air and animal fur have very low thermal conduc-
tivities, which means that their insulation value
(resistance to heat flow) is high. The main reason
the thermal conductivity of fur is low is the large
amount of air trapped between the hairs. Other ma-
terials that enclose a high proportion of air (e.g.,
felt, woolen fabrics, down) are also poor conduc-
tors or excellent insulators.

The simple equation for heat conduction given
above unfortunately applies only when heat flows
through a plane object such as a wall. Most animal
surfaces are curved, and this makes the conduction
equation considerably more complex. For practical
purposes, we can consider the heat flow as depen-
dent on temperature gradients and area, but if we
wish to make a quantitatively satisfactory analysis
of heat transfer in an animal, it is necessary to ap-
ply a more rigorous treatment of the physics of heat
transfer.

Convection

The transfer of heat in fluids is almost invariably
accelerated by the process of convection, which re-
fers to mass movement of the fluid. Assume a cold
fluid in contact with a warm solid surface. Heat
flows into the fluid by conduction, and the fluid
adjacent to the surface becomes warmer. If the fluid
is in motion, the warm fluid adjacent to the solid
surface is replaced by cold fluid, and the heat loss
from the solid surface is therefore speeded up. Mass
flow, or convection, in the fluid thus facilitates heat
loss from the solid, although the transfer process
between solid and fluid remains one of conduction.

Convection in a fluid may be caused by temper-
ature differences or by external mechanical force.
Heating or cooling of a fluid usually changes its
density, and this in turn causes mass flow. For ex-
ample, if a warm solid surface is in contact with a
cold fluid, the heated fluid expands and therefore
rises, being replaced by cool fluid. In this case the
mass flow, or convection, is caused by the temper-
ature difference and is called free or natural con-
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vection. This term applies also if the wall is colder
than the fluid and the fluid adjacent to the wall be-
comes denser and sinks.® Free convection, of
course, can take place both in air and in water and
contributes substantially to the rate of heat loss from
living organisms. '

Motion in the fluid can also be caused by exter-
nal forces, such as wind, water currents, or an
electric fan. Convection caused by external forces,
as opposed to density changes, is referred to as
forced convection.

Because convection depends on mass transfer in
fluids, the process is governed by the rather com-
plex laws of fluid dynamics, which include such
variables as the viscosity and density of the fluids,
in addition to their thermal conductivity. Convec-
tive heat loss does not depend only on the area of
the exposed surface. Variables such as the curva-
ture and the orientation of the surface give rise to
rather complex mathematical expressions, which
cause great difficulties in the analysis of the heat
transfer from an animal. As we shall see below,
however, we can find practical means for analyz-
ing the heat transfer between an animal and the
environment that circumvent the need for an exact
analysis of the physical processes involved.

Radiation

Heat transfer by radiation takes place in the ab-
sence of direct contact between objects. All phys-
ical objects at a temperature above absolute zero
emit electromagnetic radiation. The intensity and
the wavelength of this radiation depend on the tem-
perature of the radiating surface (and its emissiv-
ity, which we shall discuss below). All objects also
receive radiation from their surroundings. Electro-
magnetic radiation passes freely through a vac-

/ *Water has a higher density at +4 °C than at the freezing
point. This is of great importance in bodies of fresh water, but
in most physiological situations the anomalous density of water
is of no significance. Sea water does not exhibit the anomalous
density properties at near-freezing temperature (see also page
226).

uum, and for our purposes atmospheric air can be
regarded as fully transparent to radiation.

The intensity of radiation from an object is pro-
portional to the fourth power of the absolute tem-
perature of the surface. This is expressed by the
Stefan-Boltzmann law for heat radiation flux:

QROCUT4

where T is the absolute temperature of the radiating
surface (in kelvin, K), and o is Stefan-Boltzmann’s
constant (1.376x10712 cal s! cm™? K™% or
5.67x 1078 W m~% K™%, Because the amount of
heat or energy radiated increases with the fourth
power of the absolute temperature, the emission
increases very rapidly indeed with the surface tem-
perature. :

The wavelength of the emitted radiation depends
on the surface temperature, and the hotter the sur-
face, the shorter is the emitted radiation. As the
surface temperature of a heated object increases,
the radiation therefore includes shorter and shorter
wavelengths.

The radiation from a heated piece of iron just
barely begins to include visible red light when its
temperature is about 1000 K. If heated further, it
emits shorter wavelengths (i.e., more visible radia-
tion is included). Therefore, as the temperature in-
creases, the visible color shifts from red to yellow
to white. The sun’s radiation, which has its peak
in the visible part of the spectrum, corresponds to
a surface temperature of about 6000 K and in-
cludes an appreciable amount of radiation in the
near uitraviolet as well.

Objects that are close to physiological tempera-
tures emit most of the radiation in the middle in-
frared. For example, the infrared radiation from the
living human skin (7300 K) has its peak at about
10 000 nm. As visible light is between 450 and 700
nm, the radiation from human skin includes no vis-
ible light. (The visible light from the skin that we
perceive is, of course, only reflected light, and in
darkness we see no light from the skin.)

Figure 7.4 shows how the wavelengths and in-
tensity of emitted radiation change with the tem-



250

CHAPTER 7. TEMPERATURE REGULATION

FIGURE 7.4 The thermal radiation from a body de-
pends on its surface temperature, in regard to both
the spectral distribution of the radiation and its in-
tensity. The higher the surface temperature, the
shorter is the wavelength and the higher is its inten-
sity. This figure shows the spectral distribution of
the thermal radiation from the sun (6000 K), a red-
hot stove (1000 K), and the human body (300 K).
[Hardy 1949]
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perature of the radiating surface, as described in
the preceding two paragraphs.

The next concept to consider is emissivity. The
simplest way to approach this concept is to con-
sider first the absorptivity of a surface for the ra-
diation that falls on it. A black body, by definition,
absorbs radiation completely in all wavelengths and
reflects nothing. The absorptivity of a completely
black body is therefore 100%. (Although we often
think of “‘black’ in relation to visible light, the
physical concept applies to all wavelengths).

In contrast to a black body, the surface that re-
flects all radiation is a perfect reflector, and its ab-
sorptivity is zero. This condition is approached by
a highly polished metallic surface (e.g., a silver
mirror). Because incident radiation is either ab-
sorbed or reflected, absorptivity and reflectivity must
add to 1 (or 100%). If 30% of incident radiation is
reflected, 70% is absorbed, and so on.

Usually, the absorptivity (and thus reflectivity)
is different in different wavelengths of incident ra-
diation. In visible light we recognize this as the
color of objects; an object we perceive as yellow
reflects mostly yellow light and absorbs other com-
ponents of the visible light. In the middle infrared,
which 1s of the greatest interest in connection witZ/ "
heat radiation at physiological temperatures, most
surfaces are black bodies. The human skin, for ex-
ample, absorbs virtually 100% of incoming in-
frared radiation, and thus is a black body in these
wavelengths, irrespective of whether it is light or
dark in the visible light.

The concept of surface absorptivity should now
be clear, and we can return to the emissivity. The
two are numerically equal, a fact that can be intu-
itively understood from the following. Consider an
object suspended in a vacuum within a hollow sphere
of uniform wall temperature. The object within the
sphere receives radiation from the wall of the sphere,
part of which is absorbed and part of which is re-
flected. Likewise, the object radiates to the spher-
ical surface, and part of this radiation is absorbed
while part is reflected. (The reflected portion, in
turn, is either intercepted by the suspended object
or reaches another point of the sphere.)

When the system is in equilibrium, the object
has attained the temperature of the surrounding
spherical surface, and the absorbed and emitted ra-
diations from the object are now precisely equal.
If this were not so, the object would not be at the
temperature of the sphere. This would be a physi-
cal impossibility, for otherwise we could tap en-
ergy from the system and have the makings of a
perpetuum mobile. As a practical example, take a
highly reflective metal coffee pot that has a reflec-
tivity of 95% (i.e., an absorptivity of only 5%). Its
emissivity, therefore, is also 5% (i.e., the polished
coffee pot loses heat by radiation very slowly).

Let us next consider that the object within the
sphere is nearly black and has an absorptivity of
99%. This object obviously will attain the same
temperature as a highly reflective silver object sim-
ilarly suspended, although the latter may have an
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absorptivity of only 1%. For each object at equilib-
rium the absorbed and the emitted radiations are
precisely equal. The final temperature will be the
same for both, but the highly reflective object will
need longer to reach it.

To repeat, an object of high absorptivity also has
high emissivity. A body that is a perfect emitter in
a given wavelength is also a perfect black body in
the same wavelength, and vice versa.

Human skin, animal fur, and all sorts of other
nonmetallic surfaces have high absorptivities in the
middle infrared range of the spectrum, between 5000
and 10 000 nm. For all practical purposes human
skin 1s black in this range, and there is no differ-
ence between heavily pigmented and unpigmented
skin. The difference we perceive is in the visible
region of the spectrum, but because no radiation is
emitted in this range, the difference in pigmenta-
tion does not influence radiation from human skin.

As a consequence of the high absorptivity in the
middle infrared, emissivity is also close to 100%
in this region. Consequently, heat losses by radia-
tion from pigmented and unpigmented skins are
about equal; both radiate as virtually black bodies.
The same is true of radiation from animal fur, which
likewise is independent of the color in the visible
part of the spectrum.

Failure to appreciate this simple physical fact has
led to some ill-conceived speculation in regard to
animal coloration. For example, it has been sug-
gested that black-colored animals lose heat by ra-
diation faster than white-colored ones. Because the
emission of radiation in the infrared has no relation
to visible coloration, a difference in emissivity in
the infrared can be established only by direct mea-
surement in this range of the spectrum. No such
differences have been found.

Skin and fur color may, however, be important
to the heat absorbed from solar radiation, which
has its peak intensity in the visible range. About
half of the energy carried in solar radiation falls
within what we call the visible light (Figure 7.4),
and it is important to the heat balance whether this
light is absorbed or reflected. When exposed to di-

rect solar radiation, dark-colored skin or fur ab-
sorbs more of the incident energy than light-
colored skin or fur.

Net heat transfer by radiation. If two surfaces
are in radiation exchange, each emits radiation ac-
cording to Stefan-Boltzmann's law, and the net ra-
diation transfer (Qg) between them is:

Or=0e e T>* —T1HA

in which o is Stefan-Boltzmann’s constant, €, and
€, are emissivities of the two surfaces, T; and T,
are their absolute temperatures, and A is an expres-
sion for the effective radiating area.* If the envi-
ronment is a uniform sphere, A is a simple expres-
sion of the integrated ‘‘visible’” surface in the
direction of radiation. '

If the environment is nonuniform, however, and
in particular if it includes a point source of heat
(such as the sun), the integration of the surfaces of
exchange becomes more complex. In this regard,
situations in nature are extremely complex, and to
describe in exact terms the total heat transfer is very
difficult. Nevertheless, once the elementary phys-
ics of radiation exchange is understood in princi-
ple, we can readily avoid some erroneous conclu-
sions such as those relating to the role of surface
pigmentation.

A practical simplification. ~ Although radiation heat
transfer changes with the fourth power of the ab-
solute temperature, we can use a simplified expres-
sion, provided the temperature difference between
the surfaces is not too great. Within a temperature
range of about 20 °C, the-error of not using the
rigorous Stefan-Boltzmann equation can often be
disregarded, and, as an approximation, we can re-
gard the radiation heat exchange as being propor-
tional to the difference in temperature between the
two surfaces. For small temperature differences,
the error is relatively insignificant, but it becomes
increasingly important the greater the temperature
difference.

*This equation for net radiation transfer assumes that one or
both surfaces has an emissivity close or equal to unity.
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We will not use this simplification and regard
the radiation heat exchange as proportional to the
temperature difference. The rate of heat loss from
a warm-blooded animal in cool surroundings con-
sists of conduction and radiation heat loss (for the
moment disregarding evaporation). Because both
can be considered proportional to the temperature
difference (7, —T), their sum will also be propor-
tional to (I>—1T), or:

Q=C(T,~T))

in which all the constants that enter into the heat-
exchange equation have been combined to a simple
proportionality factor, C.

We shall later return to the application of this
simplified equation in the discussion of heat loss
from warm-blooded animals in the cold.

Evaporation
The evaporation of water requires a great deal of
heat. To transfer 1 g water at room temperature to
water vapor at the same temperature requires 584
cal (2443 J). This is an amazingly large amount of
heat, for when we consider that it takes 100 cal
(418 J) to heat 1 g of water from the freezing point
to the boiling point, we see that it takes more than
five times again as much heat to change the liquid
water into water vapor at the same temperature.
The amount of heat required to achieve the phase
change from liquid water to vapor is known as the
heat of vaporization (H,). The heat of vaporization
changes slightly with the temperature at which the
evaporation takes place: At 0 °C the H, is 595 cal
per gram water; at 22 °C it is 584 cal per gram; and
at the boiling point, 100 °C, it is 539 cal per gram.
In physiology it is customary to use the figure
580 cal per gram water, which is an approximation
of the value for vaporization of water at the skin
temperature of a sweating person, about 35 °C.
The measurement of heat loss by vaporization
of water has one great convenience: It suffices to
know the amount of water that has been vaporized.
When a person is exposed to hot surroundings, he
cools himself by evaporation of sweat from the

general body surface, but a dog evaporates most of
the water from the respiratory tract by panting, The
amount of heat transferred per gram water is, of
course, the same in both cases (i.e., we do not have
to know the exact location or the area of the evap-
orating surface).

The respiratory air of mammals and other air-
breathing vertebrates is exhaled saturated with water
vapor, and therefore there is normally a consider-
able evaporation of water from the respiratory tract,
even in the absence of heat stress. This evaporation
must, of course, be included in any consideration
of the total heat balance of an animal, which is the
subject we shall now discuss.

HEAT BALANCE

We have repeatedly emphasized that for the body
temperature to remain constant, heat loss must equal
heat gain. The body temperature does not always
remain constant, however. Assume that heat loss
does not quite equal the metabolic heat production,
but is slightly lower. The body temperature inevi-
tably rises. This means that part of the metabolic
heat remains in the body instead of being lost, and
the increase in body temperature thus represents a
storage of heat.

If the mean body temperature decreases, which
happens -when heat loss exceeds heat production,
we can regard the excess heat loss as heat removed
from storage. The amount of heat stored depends
on the change in mean body temperature, the mass
of the body, and the specific heat capacity of the
tissues (which for mammals and birds usually is
assumed to be 0.83).

The heat exchange between the body and the en-
vironment takes place by the three means de-
scribed above: conduction (including convection),
radiation, and evaporation. Usually each of these
represents a heat loss from the body, but this is not
always so. When the air temperature exceeds the
body surface temperature, heat flow by conduction
1s to, not from, the body. When there is a strong
radiation from external sources, the net radiation
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flux may also be toward the body. Evaporation is
nearly always a negative entity, but under unusual
circumstances it could be reversed; this happens,
for example, when a cold body comes in contact
with moist warm air.*

We can enter these variables into a simple equa-
tion:
Hop= *tH xtH +H. .+ H
in which

Hiot = metabolic heat production
(always positive)
H. = conductive and convective heat exchange
(+ for net loss)
H. =net radiation heat exchange
(+for net loss)
H. == evaporative heat loss (+for net loss)
H, = storage of heat in the body
(+ for net heat gain by the body)

The three components of heat exchange — con-
duction, radiation, and evaporation — depend on
external factors, among which the most important

*When a human with a skin temperature of, say, 35 °C, en-
ters a Turkish steam bath in which the air is nearly saturated
and above 40 °C, there is an immediate condensation of water
on his skin. In this case the direction of evaporation heat ex-
change is the reverse of the usual. In the sauna bath, however,
the air is usually dry, and the visible moisture seen on the skin
shortly after entering the sauna is sweat.

t1t is important to note that no work term appears in this
equation. For heat balance, the equation is correct as it stands.
However, if oxygen consumption is used to estimate metabolic
rate and to calculate heat production, external work must be
considered, for that fraction of the oxygen consumption that
goes o perform external work does not appear as heat in the
body. For example, a flying bird uses probably 20% of its met-
abolic rate to impart acceleration to the air through which it flies
(ultimately this external work degenerates into heat in a trail of
decaying air vortexes). For a flying bird, therefore, only 80%
of the oxygen consumption represents heat released within the
body, and only this part enters into the heat balance equation as
metabolic heat (H,,)} to be dissipated through the means to the
right of the equality sign. This also means that the caloric
equivalent of oxygen (4.8 kcal formed per liter oxygen con-
sumed) cannot be used to calculate the heat production of an
animal performing external work.

single factor is temperature. It is obvious that heat
losses increase when the external temperature falls.
If, however, external temperature rises, the heat
losses decrease, and if external temperature ex-
ceeds body surface temperature, both conduction
and radiation heat exchange may be from the en-
vironment to the organism. The total heat gain is
then the sum of heat gain from metabolism plus
heat gain from the environment. This situation still
permits the maintenance of a constant body tem-
perature (storage = ()), provided evaporation is in-
creased sufficiently to dissipate the entire heat load.

The phystological responses 1n cold and in heat
differ in many respects, and it is convenient to treat
the two conditions separately. We shall first deal
with temperature regulation in cold surroundings,
and afterward discuss temperature regulation in the
heat.

Temperature regulation in the cold:
Keeping warm

To maintain a constant body temperature, an an-
imal must satisfy the steady-state condition in which
the rate of metabolic heat production (H) equals
the rate of heat loss (Q). For the moment we will
consider that the heat loss (in the cold) takes place
only through conduction (including convection) and
radiation, and that heat loss through evaporation
can be disregarded.* To describe the heat loss we
will use the simplified equation that relates heat
loss () to ambient temperature as developed in
the preceding section:

H=0=C(T,~T)

This equation simply says that the rate of meta-
bolic heat production equals the rate of heat loss,
which in turn is proportional to the temperature
difference between the body and the environment
(T, —T,). The term C is a conductance term that
will be discussed later.

* At moderate to low temperature, evaporation takes place
primarily from the respiratory tract, at a rate corresponding to
a few percent of the metabolic heat production.
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FIGURE 7.5 An insulated box is maintained at a
given temperature (7,) by a heater supplying heat
at the rate H. If the outside temperature (7,) is low-
ered, T, can be maintained constant by increasing
the rate of heat input in proportion to the tempera-
ture difference (T, T,). This is a model of thermo-
reguiation in a mammal.

What can an animal do to maintain the steady
state? Among the terms in the above equation, am-
bient temperature (7,) is one an animal can do little
about, short of moving to a different environment.
To adjust to an unfavorable T,, an animal can ad-
just only three remaining terms: heat production
(H), the conductance term (C), or body tempera-
ture (Ty,). As we are concerned with the mainte-
nance of the body temperature (T},), we are left with
adjustments to be made either in heat production
(H) or in the conductance term (C). (The third al-
ternative, a change i body temperature, does oc-
cur in hibernation, a subject to be discussed later.)

Increase in heat production

Although heat production (metabolic rate) can-
not be turned down below a certain minimum level,
increased metabolic rate permits a wide range of
adjustments. The major ways in which heat pro-
duction is increased are through (1) muscular ac-
tivity and exercise, (2) involuntary muscle contrac-
tions (shivering), and (3) so-called nonshivering

FIGURE 7.6 The oxygen consumption of the pygmy
possum (Cercaertus nanus) at various ambient
temperatures. Below a certain point, the lower crit-
ical temperature (7,), the oxygen consumption in-
creases linearly with decreasing ambient tempera-
ture. [Bartholomew and Hudson 1962]
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thermogenesis. The last term refers to an increased
metabolic rate that takes place without noticeable
muscle contractions.

To clarify the role of increased heat production,
let us consider a simple physical model of an ani-
mal (Figure 7.5). An insulated box is equipped with
an electric coil that delivers heat at the rate H. The
temperature inside the box (Ty,) is therefore
higher than the ambient temperature (7,). If we
lower the ambient temperature (7,), the tempera-
ture within the box can be maintained only by in-
creasing the rate of heat input (H). The increase in
H must be proportional to the increase in tempera-
ture difference as long as the insulation (or con-
ductance) in the wall remains unchanged.

This is precisely the situation for an animal ex-
posed to cold. The lower the ambient temperature,
the greater the increase in metabolic rate needed to
stay warm. In Figure 7.6 we see that below a cer-
tain ambient temperature, called the lower critical
temperature (T}, the metabolic rate increases lin-
early with decreasing temperature. Above the crit-
ical temperature, heat production, which cannot be
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FIGURE 7.7 The metabolic rates of various mam-
mals in relation to air temperature. The normal rest-
ing metabolic rate for each animal, in the absence
of cold stress, is given the value 100%. Any in-

Arctic

Metabolic rate {normalized}

crease at lower temperature is expressed in rela-
tion to this normalized value, making it possible to
compare widely differing animals. {Scholander et
al. 1950a]
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reduced lower than the resting metabolic rate, re-
mains constant as temperature is increased.

If we imagine an animal that can reduce its met-
abolic rate further, less and less heat is needed to
keep warm as the outside temperature (7,) is in-
creased. When T, reaches T3, no heat is lost from
the animal, and no heat input is needed to maintain
Tv. This is quite feasible for our model in Figure
7.5; the straight line that describes its heat loss rel-
ative to changing air temperature intersects with
the abscissa when Ty, equals 7,. The straight line
that describes the heat production of the mammal
in Figure 7.6 likewise extrapolates to the abscissa
to intersect at the temperature of the body.

If we want to compare a variety of different an-
imals, we can conveniently do so if we assign to
the normal resting metabolic rate of each the value
100%. This has been done in Figure 7.7, where we
can see that most tropical mammals have critical
temperatures between +20 and +30 °C; below these
temperatures their metabolic rates increase rapidly.

Arctic mammals, however, have much lower crit-
ical temperatures, and a well-insulated animal such
as an Arctic fox does not increase its metabolic rate
significantly until the air temperature is below
—40 °C.

The slopes of the lines in Figure 7.7 can be re-
garded as an expression of the conductance term
(C) in the equation we have been using.* As arule,
tropical mammals have high conductances, and
Arctic mammals low conductances (high insula-
tion values). As a consequence, a tropical mam-
mal, because of its high conductance (low insulation),
must increase its metabolism drastically for even a
moderate temperature drop.

For example, a monkey with a body temperature
of 38 °C and a lower critical temperature of 28 °C
must double its metabolic rate for a further 10° drop

*When the data have been normalized by assigning to the
resting heat production the value of 100%, the slope does not
indicate conductance in absolute units.
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FIGURE 7.8 if two animals have the same body
temperature and the same conductance, but have
different resting metabolic rates, they will also have
different lower critical temperatures (top). if their
metabolic rates are normalized to 100%, this pro-
cedure will suggest, incorrectly, that they have dif-
ferent conductance values (bottom).
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in the temperature, to 18 °C. An Arctic ground
squtrrel, on the other hand, which has a lower crit-
ical temperature at about 0 °C, will not need to
double its metabolic rate until the temperature has
dropped to nearly —40 °C. The Arctic fox, with
its lower critical temperature at —40 °C, should be
able to sustain the lowest temperatures measured
in Arctic climates (—70 °C) with less than a 50%
increase in its metabolic rate.

The difference between Arctic and tropical ani-
mals is very clear in Figure 7.7. The width of the

thermoneutral zone* is much greater in the Arctic
animal and the metabolic response to cold is less
pronounced than in tropical mammals. The way the
graph is drawn, however, is in some ways mislead-
ing. Assume that we examine two mammals of equal
size and equal conductance value, but that one has
a metabolic rate in the thermoneutral zone that is
twice as high as the other. If, instead of normaliz-
ing the metabolic rate at 100%, we plot their actual
metabolic rates (Figure 7.8), the lower critical
temperature will be different for the two animals,
but below this temperature, the two animals must
expend the same number of calories to keep warm.
It is therefore obvious that the location of the
lower critical temperature (the width of the ther-
moneutral zone) by itself is not sufficient informa-
tion about how well adapted an animal is to cold
conditions. Information about the level of the rest-
ing metabolic rate, or better, the conductance value,
1s also necessary to evaluate the relationship be-
tween energy metabolism and heat reguiation.

Conduction, insulation, and fur thickness

Conductance, in the sense it has been used above,
is a measure of the heat flow from the animal to
the surroundings. The term includes the flow of
heat from deeper parts of the body to the skin sur-
face and from the skin surface through the fur to
the environment. When conductance is low, the in-
sulation value is high. In fact, insulation is the re-
ciprocal value of conduction. ¥

Our discussion is concerned with animals in the
cold, where the fur is a major barrier to heat flow.
The insulation values of the fur from various ani-
mals differ a great deal. Some data, plotted relative
to the thickness of the fur, are shown in Figure 7.9.

*The thermoneutral zone is the temperature range within which
the metabolic heat production is unaffected by a temperature
change.

T Thermal conductance (heat flow per unit time per unit area
per degree temperature difference) has the units W m~=2° ¢!
(or cal s~ em ™2 °C 1), Insulation is the reciprocal of conduct-
ance, and its units are therefore W™ m? °C (or cal ~ ' s cm?® °C).
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As expected, the insulation value increases with
the thickness of the fur and reaches a maximum'for
some of the larger animals that have thick fur, such
as the white fox.

Among the smaller animals there is a clear cor-
relation between fur thickness (and insulation} and
the size of the animal. A small animal must have

relatively short light fur or it could not move about.
This is particularly true for the smallest mammals,

60

%0

70

80 reciprocal of insulation) is

therefore 0.000 096 cal s
cm~2°C~* which is in good
agreement with the value for
fur listed in Table 7.3
[Scholander et al. 1950b]

small rodents and shrews. Because of their rela-
tively poor insulation, these animals must either
take advantage of microclimates {e.g., by living in
burrows) or hibernate to escape the problem of
keeping warm.

The polar bear is interesting, for its open and
coarse fur provides poor insulation relative to its
thickness. More important, when polar bear skin is
submerged in ice water, most of the insulation value
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of the fur is lost, and heat transfer is 20 to 25 times
faster than in air. If the water is agitated (as it would
be when the bear is swimming), the heat loss is
increased even more, some 50 times. This is be-
cause water penetrates to the skin surface, dislodg-
ing all air from the fur. When in water, the polar
bear is helped by subcutaneous blubber, which af-
fords insulation (see later in this chapter).

The skin of the seal has a relatively thin fur, but
a heavy layer of blubber affords considerable in-
sulation. Therefore, the difference in insulation value
for seal skin in air and in water is not very great.
In air, seal skin with the blubber attached has only
a slightly better insulation value than the skin of a
lemming (i.e., 60 to 70 mm of mostly blubber in-
sulates about as well as 20 mm of fur). When the
seal skin is submerged in water, the insulation value
is reduced, but not as drastically as for polar bear
skin,

It is well known that the thickness of animal fur
changes with the seasons and that winter fur is
heavier and presumably affords better insulation than
the thinner summer fur. The seasonal changes that
have been measured are greatest in large animals
and relatively insignificant in small rodents. The
black bear, for example, in summer loses 52% of
the insulation value of its winter fur (i.e., the sum-
mer pelt affords less than half the insulation of the
winter pelt). The smallest seasonal change ob-
served in a sub-Arctic mammal was a 12% reduc-
tion of the winter value in the muskrat (Hart 1956).

Conductance in birds

As we have seen, the conductance values for
mammals in the cold require that the metabolic rates
increase in proportion to the imposed cold stress.
The straight lines describing the metabolic rates at
low temperature extrapolate to body temperature,
showing that mammals fit our assumed model
(Figure 7.5).

For birds the situation is not so simple. Some
birds conform to the mammalian pattern with met-
abolic curves that extrapolate to body temperature.
Other birds, however, deviate from this pattern.

FIGURE 7.10 The oxygen consumption of the pi-
geon and of the roadrunner increases at low tem-
perature, but the regression lines do not extrapo-
late to the body temperature of the animal as they
commonly do in mammals. [Calder and Schmidt-
Nielsen 1967]
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For example, the metabolic heat production of pi-
geons and roadrunners does not increase as much
as expected at low ambient temperature (Figure
7.10). For these birds the metabolic line extrapo-
lates, not to the body temperature of about 40 °C,
but to a much higher temperature, well above 50 °C.

There is only one possible explanation for such
a slope: The bird does not adhere to the simple
equation H=C (T,—T,), where C remains con-
stant at low temperature.

One way to explain the observed regression line
is to assume that the conductance value (C) grad-
ually decreases with failing ambient temperature
(T2). The other way to achieve a change in slope is
to permit the body temperature (7y) to decrease.
The birds represented in Figure 7.10 maintained
normal body temperatures, and the question is then:
how can conductance change graduaily as the am-
bient temperature decreases?

One way to decrease conductance is to raise the
feathers and withdraw feet and head as far as pos-
sible into the feathers, and birds do this in the cold,
Another way is to allow the peripheral tissues to
undergo an appreciable temperature drop while the
core temperature is maintained. The drop in shell
temperature has several effects: Circulation in the
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FIGURE 7.11 Body temperature of a willow tit
(Parus montanus) during the night hours at three
different ambient temperatures. The records are from
midafterncon one day to the following morning.
(Reinertsen and Haftorn 1986).
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shell is decreased, shell thickness is increased, and
the volume of the core is reduced. Each of these
variables contributes to a change in conductance
and permit the maintenance of core temperature.

A change in conductance can also be combined
with a drop in core temperature, and this could
achieve even greater savings. Small birds in north-
ern climates have serious problems in winter. The
ambient temperature is low, snow covers the ground,
and the days are short with only a couple of hours
of weak daylight. How do small birds manage
through the winter? '

Studies in Norway show that the willow tit (Pa-
rus montanus) uses both a decreased conductance
and a drop in core temperature to survive from day
to day in winter. The drop in core temperature is
greater at low ambient temperature (Figure 7.11)
and may be as great as 10 °C. Even at an ambient
temperature as high as 20 °C the drop may be nearly
4 °C, which represents an energy saving of 35%
compared to what it would cost to maintain day-

time temperature during the night (Reinertsen and
Haftorn 1986).

The relative savings of dropping the core tem-
perature are not as great at lower ambient temper-
atures, but in combination with other adjustments
it enables the bird to remain in subarctic regions
during the winter. The birds use food storage, they
find sheltered roosting places, and they assume a
sleeping posture that utilizes heat conservation to
the fullest.

Huddling
Among the penguins of the Antarctic the most
striking is the large emperor penguin (Aprenodytes

forsteri), which lives under colder conditions than

any other bird and has the unique characteristic of
breeding during midwinter.

As winter approaches, emperor penguins leave
the open water and walk on the sea ice for 50 or
100 km toward the permanent ice shelf to the rook-
eries. There the female lays a single egg, which is
placed on the feet of the male, who remains at the

‘rookery to incubate the egg while the female re-

turns to the sea to feed.

While incubating, the male stands on the ice for
over 2 months in air temperatures that may be as
low as ~30 to —40 °C with high wind velocities.
The female usually returns to the rookery with a
full stomach about the time the egg hatches; she
feeds the chick while the male returns to the sea to
feed.

Emperor penguins can feed only at sea, and to
sustain himself during the long fast the male begins
the period with large deposits of subcutaneous fat.
The fast may exceed 100 days, and by the end the
male may have lost up to 40% of his initial body
weight. _

How much energy is needed for the long walk
to and from the rookery, and how much is needed
to keep warm in the Antarctic cold? And do pen-
guins keep warm? These questions have been the
subject of detailed studies (LeMaho et al. 1976;
Pinshow et al. 1976).

The penguins do keep warm; their body temper-
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HUDDLING PENGUINS Chicks of the emperor
penguin photographed on the ice-covered Ant-
arctic breeding grounds. The chicks huddle to-
gether and thus reduce the surface area exposed
to cold air. This behavior leads to a substantial re-

ature remains at the normal 38 °C during the entire
breeding period. How much fuel do the birds need
for this and how much for walking?

A large male penguin may weigh 35 kg when he
leaves the sea and may have lost 15 kg at the end
of the fast. The amount of energy needed for walk-
ing can be determined by training penguins to walk
on a treadmill in the laboratory and determining
their oxygen consumption. This shows that walk-
ing 200 km to the breeding grounds and back to
the sea may require the use of about 1.5 kg of fat.

duction in the metabolic cost of keeping warm in
the frigid climate. The group in this photo contains
about 50 birds; a few have momentarily raised their
heads to watch the photographer. [Courtesy of Yvon
LeMaho, University of Lyon, France]

Is the remainder sufficient to keep the bird warm
for several months of starvation while he incubates
the egg?

One might expect penguins to have physiologi-
cal characteristics that distinguish them from other
birds, such as a thermoneutral zone extending to
extremely low temperatures (i.e., a very low ther-
mal conductance). This is not the case. Penguins
have a thermal conductance to be expected for any
bird of the same body size, and their lower critical
temperature is at ~ 10 °C, far above the usual Ant-
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arctic winter temperatures. The metabolic rates of
penguins under laboratory conditions at tempera-
tures similar to those in nature suggest that perhaps
25 kg of fat would be needed to keep warm during
the winter, and this by far exceeds the reserves that
even a large male carries.

The apparent contradiction is explained by the
behavior of the penguins in the rookery, where they
huddle together in large groups that may number
several thousands. The metabolic rates of huddling
penguins have not been determined, but weight loss,
which presumably results from metabolism of fat,
is a good indication. Single emperor penguins in
the cold lose about 0.2 kg per day; huddling pen-
guins lose only about half as much, about 0.1 kg.
Huddling together helps, and it is easy to under-
stand why. Instead of being exposed to the cold on
all sides, a major part of each bird’s surface is in
contact with neighboring penguins. When two
bodies have the same temperature, there is no heat
flow between them. Huddling together obviously
is a prerequisite for survival and for the success of
breeding. Why the emperor penguins choose to

breed in winter is another question that remains un- .

answered.
Other animals also huddle together to keep warm,

although they may be less spectacular than the pen- -

guins. Huddling reduces the exposed surface, thus
reducing the cold stress and the metabolic require-
ments for heat production. This is of particular im-
portance for newborn mammals and bird nestlings
that live together as a litter: They can remain warm
in the absence of the parent for longer periods, and
the young animal’s decreased dependence on the
use of energy for heat production permits faster
growth.

Insufation in aquatic mammals

Many seals and whales live and swim in the near-
freezing water of the Arctic and Antarctic seas. Not
only are the temperatures low, but water has a high
thermal conductance and a high heat capacity, and
the thermal loss to water is therefore much higher
than to air of the same temperature. The heat con-

ductivity coefficient for water is about 25 times as
high as for air, but because convection, both free
and forced, plays a major role, the cooling power
of water may under some circumstances be even
greater, perhaps 50 or even as high as 100 times as
great as for air.

What can seals and whales do about their heat
balance in water with such cooling power? Evi-
dently they manage quite well, for both seals and
whales are far more numerous in cold water than
in the tropics. As there is nothing they can do about
the water temperature (short of moving to warmer
seas), they have a limited choice. They could either
(1) live with a lowered body temperature, (2) in-
crease the metabolic rate to compensate for the heat
loss, or (3) increase the body insulation to reduce
the heat loss.

With regard to body temperature, seals and whales
are similar to other warm-blooded animals; their
usual temperature is around 36 to 38 °C (Irving
1969). We must therefore look at the other possi-
bilities for an explanation of their ability to live in
ice water.

The metabolic rate has been measured in several
species of seals and in some dolphins (porpoises),
but not in any of the large whales, which are rather
unmanageable as experimental animals. Most of
these animals have resting metabolic rates about
twice as high as would be expected from their body
size alone (Irving 1969). In the harp seal (Phoca
groenlandica), an Arctic species, the metabolic rate
remained the same in water all the way down to
the freezing point; in other words, even the coldest
water did not cause the heat loss to increase enough
to require increased heat production. The lower
critical temperature for the harp seal in water is
thus below freezing and has not been determined
(Irving and Hart 1957).

The third possibility, an effective insulation, is
obviously the main solution to the problem. Both
seals and whales have thick layers of subcutancous
blubber that afford the major insulation. Measure-
ments of the skin temperature support this concept,
for the temperature at the skin surface is nearly
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FIGURE 7.12 The temperature of the skin surface
of a living seal immersed in ice water is nearly iden-
tical to that of the water. Most of the insulation is
provided by the thick layer of blubber. {Irving and
Hart 1957]
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identical to that of the water (Figure 7.12). If the
surface temperature is nearly the same as that of
the water, very little heat can be transferred to the
water. The temperature gradient is sustained by the
blubber, and at a depth of some 50 mm (roughly
the thickness of the blubber), the temperature is
nearly at body core temperature.

In Arctic land mammals the temperature gra-
dients are different. The surface temperature of the
body skin under the fur is regularly within a few
degrees of core temperature (Irving and Krog 1955),
and most of the insulation therefore resides outside
the skin surface. The polar bear, whose fur loses
most of its insulation value in water, also has a

FIGURE 7.13 The skin surface temperature of seals
in air and water. Solid line indicates equality of skin
and environmental temperature. [Hart and Irving
1959] -
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substantial layer of blubber that seems to be of ma-
jor importance when the polar bear swims in ice
water. Without the layer of blubber, the semi-
aquatic way of life would seem impossible (QDrits-
land 1970).

If seals and whales are so well insulated, how
do they manage to avoid overheating when the water
is warmer or when the metabolic rate is increased
during fast swimming? If a seal is removed from
water and placed in air, its skin temperature in-
creases considerably (Figure 7.13). The higher skin
temperature is necessary for dissipation of heat to
the air, due to the reduced cooling power of air
relative to water. The increase in skin temperature
results from an increased blood flow through the
blubber to the superficial layer of the skin, which
is well supplied with blood vessels. This system of
cutaneous blood vessels permits a precise regula-
tion of the amount of heat that reaches the skin
surface and thus is lost to the environment.

We can now see that the main difference in in-
sulation between aquatic and terrestrial mammals
is that the insulator of the aquatic mammals (the
blubber) is located internally to the surface of heat
dissipation. Therefore, the blood can bypass the
insulator, and heat dissipation during heavy exer-
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'is muscie, bone, and visceral organs. The measur-
ing stick is graduated in inches. {Courtesy of P. F.
Scholander, University of California, San Diego]

SEAL BLUBBER This cross section of a frozen seal
shows the thick layer of blubber. Of the total area
in the photo, 58% is biubber and the remaining 42%

tion or in warm water can be independent of the
insulator. Terrestrial animals, in contrast, have the
insulator located external to the skin surface.
Therefore, they cannot modulate the heat loss from
the general skin surface to any great extent and must
seck other avenues of heat loss when they need to
dissipate excess heat to the environment (Figure
7.14).

Distribution of insulating material

We must remember that furred Arctic animals
cannot afford to insulate all parts of the body equally
well; they also need surfaces from which heat can
be dissipated, especially during exertion. Because
the main part of the body is well insulated for max-

imum heat retention, they need thinly covered skin
areas on the feet, face, and other peripheral loca-
tions, from which heat loss can take place when
the demand for heat dissipation increases.
Estimates of the fraction of the body surface area
that is covered with fur of different thicknesses
suggests that some animals have considerable flex-
ibility in regulating their conductance by changes
in posture, Estimates on a male guanaco (a relative
of the llama) are shown in Table 7.4 and-in dia-
grammatic form in Figure 7.15 (Morrison 1966).
Because the thermal conductance through fur is
inversely related to the thickness of the fur, the
nearly bare areas can potentially transfer much more
heat than the heavily furred areas. With the limbs
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FIGURE 7.14 The insulation afforded by blubber
can be bypassed when the need for heat dissipa-
tion increases. Fur, in contrast, is located outside
the skin surface and its insulation value cannot be
drastically changed by a bypass.

™~ Skin
surface
N
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TABLE 7.4 Partitioning of surface areas with fur of
different thickness in the South American guanaco
{Lama guanicoe). About 40% of the area is covered
by heavy fur, but almost 20% is nearly bare and per-
mits extensive modulation of heat dissipation. [Mor-
rison 1966]

Depth of Percent of

fur (mm) total skin area
Nearly bare 1 19
Short hair 4 20
Medium-length hair 15 20
Long hair 30 41

extended and their surfaces fully exposed, the bare
areas can serve as ‘‘heat windows’’ that can ac-
count for more than half the total heat transfer.

A guanaco lying or standing in a normal position
would have the bare areas on the inside of the legs
opposed, and this would reduce surface heat trans-
fer by one-half. If the animal were to curl up to
cover as much as possible of the remaining short-
haired areas, surface conductance would be at a
minimum: only one-fifth of that for the stretched
out animal. Other animals have similar short-haired
areas whose role in heat transfer can be modulated
by changing their exposure and by changing the
blood flow to these areas, thus giving a great deal
of flexibility in the regulation of heat loss.

FIGURE 7.15 Distribution of fur of different thick-
nesses on the body of the guanaco. Areas on the
chart are proportional to measured areas on the
animal. [Morrison 1966]

Heat exchangers

Seals and whales have flippers and flukes that
lack blubber and are poorly insulated. These ap-
pendages are well supplied with blood vessels and
receive a rich blood supply. This means that these
relatively thin structures with their large surfaces
can lose substantial amounts of heat and aid in heat
dissipation, but how is it possible to avoid exces-
sive heat loss from the flippers when heat needs to
be conserved? If the blood that returns to the body



