PHYSIOLOGICAL
ANIMAL ECOLOGY

CHAPTER 1

TEMPERATURE AND
THERMOREGULATION

1.6 Control systems

When the first vertebrates emerged on land some 400 million years ago they
immediately enjoyed the great advantage of extracting oxygen from a
medium (air) with a high oxygen content and a low density. This advantage
eventually led to the evolution of homeothermic, or endothermic, mammals
and birds, with a constant body temperature and a metabolic rate some four
to eight times greater than their ectothermic ancestors. The advantages of
terrestrial life and physiological control over thermoregulation are many and
varied but there is a price to pay, namely dehydration as a result of the
ventilation of the respiratory surfaces. We will examine later the interesting
adaptations that have evolved to compensate for the risk of dehydration. Let
us first examine the control systems involved in both endothermic and
ectothermic thermoregulation. Temperature control lends itself to systems
analysis, and there have been very sophisticated analyses of the control,
particularly for humans.

In Fig. 1.9 a simple model depicts the central nervous system as a black
box receiving afferent information from cold and warm sensors situated in
both the periphery and the core of the body. This information is integrated
and produces the appropriate efferent response. Sweating, shivering and
non-shivering thermogenesis, and to a large extent panting, are restricted to
true endotherms (mammals and birds), while ectothermic animals (the rest
of the animal kingdom) can at best use only changes in vasomotor tone and
behaviour. The latter two responses are naturally used extensively by
endotherms as well.
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Figure 1.9 The thermoregulatory system as a black box which receives infor-
mation from warm and cold receptors, and actuates appropriate effec-
tor mechanisms to dissipate, generate or conserve heat.

This simple model has been expanded frequently to provide mathematical
and engineering models, expressed in the analogous terms of a proportional
controller. In parallel with efforts to understand the systems characteristics
of temperature control better, there has been a concerted effort to identify the
anatomical elements and physiological function of the controller. Neuro-
chemical and neurophysiological approaches were employed. In the neuro-
chemical approach, putative neurotransmitters and their antagonists have
been introduced into the nervous system. It has been possible to produce the
entire repertoire of thermoregulatory responses in several animal species by
micro-injecting minute amounts of various neurotransmitters at appropriate
brain locations. The same neurotransmitter will elicit appropriate responses
in species as diverse as the sheep and the giant monitor lizard, suggesting a
very ancient origin for the neurochemical mechanisms. However, no unifying
neurochemical model has emerged capable of explaining responses across
species, nor in different thermal circumstances, and there are so many meth-
odological problems associated with current techniques that one cannot be
optimistic about achieving a coherent model.

The neurophysiological approach has been much more successful. Neur-
ones capable of functioning as temperature sensors have been identified in
peripheral tissue (especially the face and scrotum), and in the central ner-
vous system, of several species (see Fig. 1.10). They have firing rates which
either increase (warm sensors) or decrease (cold sensors) with temperature
change in the physiological range, and their characteristics are very similar
in all species studied, including ectotherms. The modern techniques of brain
slice recording and neuronal culture have established that single neurones
can act as biological thermometers without any connection to other neur-
ones; on the other hand, there are neurones in the brain which function as
interneurones capable not only of integrating afferent input from tempera-
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Figure 1.10 Temperature—activity patterns of hypothalamic neurones in a con-
scious rabbit. A miniature heat exchanger was implanted in the
rabbit's hypothalamamus, and microelectrodes were used to measure
firing rates of nearby neurones. Most hypothalamic neurones have
a firing rate which is not affected by local temperature. Some have a
firing rate which increases with temperature within the normal range
of brain temperatures (top) or decreases with temperature over the
same range (bottom). Redrawn from Hellon (1967).

ture sensors in different body regions, but also capable of integrating the
thermoregulatory control system with other control systems, like that respon-
sible for maintaining body fluid volume.

|.7 Metabolic rate and thermoneutral zones

Basal metabolic rate is a medical term invented for humans. It describes the
minimum amount of energy required to support essential life processes such
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Figure 1.I1 Regression lines fitted to measurements of the metabolic rate of
various mammals in relation to air temperature. The resting metabolic
rate of each species, in the absence of cold stress, is given the value
100%, making it possible to compare widely differing species. The
slope of the regression line is a measure of conductance, and Arctic
animals typically have much lower conductances than tropical animals.
Redrawn from Scholander et al. (1950a).

as heart function, respiration, muscle tonus, etc. when the subject is at
complete rest, in the post-absorptive state (i.e. food has not been eaten
during the past 12 hours) and in a thermally neutral environment. It is
seldom possible to comply with all these conditions when studying animals
and instead we describe the conditions of the experiment and rather speak of
standard or resting metabolic rate. If we expose an endothermic animal to a
wide range of temperatures and simultaneously measure its metabolic rate
we shall find a temperature range within which metabolic rate will not
change. The width of this so-called thermoneutral zone will depend largely
on the conductance and body size of the animal concerned. This important
principle is well illustrated in Fig. 1.11 which shows that well-insulated
Arctic animals, such as the Arctic fox, have very wide thermoneutral zones
and only raise their metabolic rates when exposed to temperatures as low as
—40°C. In contrast, naked humans have a very narrow neutral zone and in
the case of some small mammals the zone is merely a single point on the
temperature axis.

If we recall the conductance equation (eqn [1.7]), we can see that polar
animals, as expected, have much lower conductances than tropical animals;
their slopes are much flatter. Also, the equation predicts that if the lines are
extrapolated to the x-axis they intercept this axis at body core temperature,
about 37°C for most mammals. Interestingly, the extrapolated conductance
curve for birds does not intercept the x-axis at body temperature, presumably

COLOUR 21

because birds can change their shape and therefore their conductance mark-
edly by fluffing their feathers out and changing their posture.

Because an increased metabolic rate represents an energy cost to the
animal, various physiological adaptations have evolved to reduce this poten-
tial energy wastage. These include summer aestivation in the case of desert
animals, hibernation during winter and even a daily torpor in the case of very
small endotherms such as humming-birds and shrews.

The increase in metabolic rate with declining ambient temperature, shown
in Fig. 1.11, is largely the consequence of shivering of skeletal muscle. Shiver-
ing is an emergency procedure and animals will go to great behavioural
lengths to avoid having to employ it. Shivering produces a large amount of
heat but not all the heat is stored, because the muscle activity induces
increased blood flow, and the extra flow results in heat loss from the body
surface. Human shivering efficiency (i.e. percentage heat stored) is about
50%, which is nevertheless much higher than the efficiency of exercise as a
means of generating heat to overcome cold, about 20%. During voluntary
activity of a muscle, shivering is inhibited, which means that the effects of
exercise and shivering are not additive. Also, the pathways responsible for
activating shivering in voluntary muscle are separate to the pathways serving
motor function in the same muscles and can be traced back through separate
spinal tracks to the posterior hypothalamus.

In addition to shivering, certain mammals, particularly small ones, are
capable of producing large amounts of heat by so-called non-shivering ther-
mogenesis (NST). To test if an animal is capable of NST it is first given the
opportunity to become cold-adapted by exposing it to low ambient tempera-
tures and preferably a declining photoperiod. It is then given noradrenaline
while its heat production is measured either directly in a calorimeter or
indirectly by recording the oxygen consumption. Animals capable of NST
will respond with a rapid, almost instantaneous, increase in heat production.
The mechanism whereby NST operates at the cellular level involves sym-
pathetic stimulation of B-adrenoreceptors in brown adipose tissue (BAT),
and the dissipation of proton gradients across the mitochondrial membranes
in this tissue. We shall discuss the phenomenon in some detail in Chapter 3.
Non-shivering thermogenesis is an efficient means of heat production and is
cxtcnswc!y used by small mammals when emerging from torpor a.nd ‘hiber-
nation, as well as by the neonates of large mammals, including man.

1.8 Colour

The colours displayed by vertebrate animals have been the subject of much
speculation among zoologists, geneticists and animal scientists. The subject
is a complex one, particularly when considering the effect of opposing natural
selection pressures. For example, it may be beneficial for an animal to be
white in colour to match its background (so-called crypsis) and thereby






