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This is again for Mary, who still does not stand and wait,
and for Andrew, who now willingly serves.
And for Azeb, Selamawit and Astier, who make life easier.

Preface

I have spent less time in the arid zone in the last few years than I
did during the 1960's, 1970's and early 1980's. This results from a
progression through age and a career structure which gradually shifted
the emphasis of my work from being essentially field-oriented to
essentially office-hound.
When, therefore, I was asked by John Cloudsley-Thompson to
undertake the writing of this hook I hesitated for two reasons. One
reason was that, although I now had access to good library facilities
and kept up with the literature on the arid zones and their fauna, I
was not sure that a sedentary and pleasant life in a temperate highland
island in tropieal Africa would provide a mental attitude suitable to
writing a hook which related to areas where life is usually nomadie
and often extremely disagreeable. The other reason was that I was
uncertain whether I could devote the time necessary to researehing
and writing the hook on top of my professional (which now specifically excluded research in the arid zones and on camels) and social
(new-found and time-consuming) commitments.
In the event I accepted and the fates were kind to me. By some
peculiar combination of circumstances I was given the opportunity
to spend a considerable part of the first half of 1988 in some of the
driest areas of the globe. I had already visited all of the locations
used for the construction of Fig. 2.2 except for Swakopmund in
Namibia during the course of earlier peregrinations. The Government
of Sudan, the Food and Agriculture Organisation and the World Bank
all considered my presence in some part of the arid zones to be a
necessity during early 1988.
This book largely results from those visits. Not only is it about
animaIs that live in the driest zones of the world: it was mainly
written in those zones.
Sudan, Morocco, Niger, Kenya, Ethiopia
Summer 1989

R.T.

WILSON
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1 Introduction

Classie physiology studies have rarely taken the environment in which an
animaI lives into account. As aresult, little has been gleaned of the
evolutionary pressures which have made animaIs more or less fit for the
environments in which they are currently found. Comparative physiology has
attempted to extend studies away from humans and from some of the more
easily accessible domestic and laboratory animaIs in an effort to understand
some aspects of organisation which would not be possible in humans and
their familiar animaIs. Comparative physiology, however, has th us far, as pure
physiology, taken little, if any, cognisance of the evolutionary and adaptive
aspects of development.
The aims of ecophysiology - and it is not the intention here to attempt
to distinguish this discipline from environmental physiology or physiological
ecology - are to define the adaptive features of an organism whieh fit it to
its environment. It is presumed that such adaptations result from stress, and
therefore that the environment in which the animaI lives is a difficult one.
Adaptation is not, however, restricted to physiological mechanisms, and these
are often intimately associated with anatomieal and, particularly, behavioural
adaptations. Each of these characters reinforees the others and it is therefore
often difficult to distinguish which adaptations are contributing most to an
organism's ability to survive and thrive in a difficult environment.
The study of adaptation to stress is a relatively reeent phenomenon. One
of the first books to be published in the general field (Buxton 1923) dates
back some 60 years. It was not, however, until after the Second World War
(when technieal advances in biometeorology and in the ability to provide
artificiaIly controIled environments with in fine limits had been made) that
studies of adaptations to stress became more general. It is, of course, difficult
to simulate the real environment in the laboratory. Conversely, in the field
it is not always possible, indeed it is most unusual, to be able to control
variabIes. In the laboratory all variables except the one under study can be
heI d constant. The difficulties encountered in the field have thus sometimes
led to a distinction being made between ecophysiology and physiological
ecology on the one hand, which are based mainly on studies made in the
natural environment, and environmental physiology on the other hand, where
studies are made mainly in the laboratory.
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Be that as it may, by the middle of the 1960's a number of groups of
workers throughout the world had done sufficient work on adaptive physiology
to be able to produce books dealing with this general area (Kleiber 1961;
Macfarlane 1964; Schmidt-Nielsen 1964; Folk 1966) and a number oflandmark
papers had also been published (Leitch andThompson 1945; Schmidt-Nielsen
et al. 1956, 1957a; Payne and Hutchinson 1963; Schoen 1969; Taylor 1970a,
b). A decade later, adaptation of animals to their environment was "a la
mode" and was the subject of numerous conferences and collections of papers
(Maloiy 1972a; Yousef, Horvath and Bullard 1972; Hadley 1975; Goodall,
Perry and Howes 1979).
It will have become evident from the references just cited that stress on
animals, at least as considered by man, is more prevalent in deserts than
elsewhere. Stress is also exerted on animals in mountain and arctic areas.
The references quoted relate mostly to vertebrate mamrnaIs and more
specifically to ungulates. Adaptation is not, however, restricted to these taxa.
Adaptation may, indeed, be better developed in other animal groups and
much of our understanding has come from reptiles (for a recent comprehensive
text see Bradshaw 1986), from insects and other arthropods (Edney 1971;
Hadley 1972; Hamilton and Seely 1976) as weIl as from birds (Marder 1973;
Louw, Belonje and Coetzee 1969; Bartholomew, White and Howell 1976;
Dixon and Louw 1978) and from other elasses such as Amphibia and Pisces.
Some behavioural mechanisms, which were initially thought to be adaptations
to the environment, for example the building of a huge enelosed nest by the
African endemic bird, the hamerkop, do not seem to serve any such function
(Wilson and Wilson 1986, 1989; Wilson 1989). Adaptations to stress by plants
are also very varied and weil developed.
Some of the major adaptations exhibited by desert organisms (Louw and
Seely 1982) are:
-

Size and shape;
Orientation to the sun to reduce profile area exposed to the heat source;
Colour and nature of the integument;
Absorption and storage of water;
Facultative breeding or reproduction;
Tolerance of high temperatures and tissue dehydration;
Specialised respiratory pattems;
Conservation of water, in particular by reducing urine flow, excreting drier
faeces and concentrating nitrogen and other electrolytes;
- Reduction in metabolic rate;
- Modifications in digestive physiology;
- Escape or retreat to more favourable sites (for example rodents and other
small animals living in burrows).

Introduction
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The major physiological adaptations (as opposed to morphological,
anatomical or behavioural ones with which they may be intimately linked)
can be considered to fall into three major categories. Water balance is perhaps
the most important of the three and is adjusted or controlled by means of:
evaporative cooling by panting and sweating; tolerance of water loss and the
capacity to reduce body mass by water loss without this affecting other vital
functions; variation in glomerular filtration rates"adjustment of renal plasma
flow and urine flow; reduction of the water content of faeces so that they can
be excreted in a more solid form; and, when the opportunity arises, water
can be ingested quickly and in large quantities. ThermaI relationships are also
important, the most common means of temperature control being: facultative
hyperthermia during the day and hypothermia at night, animais capable of
doing this being in effect bradymetabolic; counter-current heat exchange; and
the nature of the skin and coat providing protection against heat loss or gain.
Finally, nutritional adaptations are related to: the physiology of nutrition in
part related to the ability to select the most nourishing food from the total
available; the ability to build up reserYes in the form of fat; and reducing
food and water requirements through a lowered metabolic rate.
Following a chapter on the desert environment, all of these three major
adaptive characters will be considered in detail.

2 Deserts and the Desert Environment

Deserts are amongst the most stressful environments in the world. They present
enormous challenges for both plant and animallife at the eelI, organism and
population levels. Deserts are typically associated with extreme temperature
and extreme aridity. Solar radiation is usually intense and wind can impose
additional stress. Food and water are often in short supply and, because the
vegetation is sparse, there may be little or no shade.

2.1 Climate
A peculiar feature of deserts is the rapidity with which changes occur in
environmental parameters. These changes may occur diurnally or seasonally
but they impose additional stress and require further adaptations from animaIs
and plants. Temperatures, for example, may differ by more than 50° e from
day to night and an absolute deficiency of food may rapidly turn to superabundance very shortly after rain has fallen. Although usually associated
especially by the layman, with sandy areas, desert soils are of very diverse
genesis in different areas. Soil type affects not only water holding capacity
and thus the length of the period during which vegetative growth is possible
but also the kinds of plants which will grow. As an example of the latter there
might be saline or non-saline food available, the former posing additional
problems in use and conversion.
The term desert is, however, an inexact one. The most characteristic feature
of such an area is the overall moisture deficit and the markedly seasonal
nature of its supply. Within these definitions it is possible to find "desert"
areas with rainfall varying from zero in many years to areas which regularly
receive as much as 600mm per year distributed over one or two short 2 to
4 month periods. On an annual basis, evapotranspiration is always more, and
usually is greatly in excess of, precipitation. For short periods of the year, or
for short periods in some years, rainfall might nonetheless exceed water loss,
and vegetative growth is possible. It needs to be noted that vegetative growth
is not always related immediately to precipitation and may occur after a period
of weeks or months has elapsed since a combination of favourable conditions,
as in the case of the 'gizu' of the southern Sahara (Wilson 1978).
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Fig.2.1. Ombrothermic diagrams for some typical desert locations (Africa: (a) Zinder
13°48'N 08°59'E 510 m; (b) Niono 13°58'N 5°55'W270 m; (e) Khartoum 15°36'N 32°32'E
380 m; (d) Massawa 15°37'N 39~7'E 20 m; (e) Tsabong 26°03'S 22°27'E 962 m; (f)
Swakopmund 220 41'S W31'E 12 m; (g) Tindouf 27°43'N 08°08'E 600 m; (h) Garissa
OO~9'S 39°38'E 128 m. America: (i) LasVegas 36°1O'N 115°1O'W648 m; (j)Yuma 32°40'N
114°39'W59 m. Australia: (k) Alice Springs 23 0 49'S 133°53'E 545 m; (l) Bourke 30005'S
145°57'E 108 m)
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Various measures of aridity, other than a simple measure of rainfall, have
been proposed to deseribe the semi-arid zone (600-400mm rainfall per year),
the arid zone (400-100mm) and the hyper-arid zone (100mm). Early attempts
to classify the degree of aridity were based on potential and actual rates of
evapotranspiration (Thornthwaite 1948) and on modifications of this method
(Meigs 1952). Acommonly used measure of aridity and one which lends itself
to a simplified visual presentation in the form of ombrothermic diagrams (Fig.
2.1) is the Xerothermic Index of Bagnouls and Gaussen 1953; 1957). The
xerothermic index is calculated as:
in which

and

x=

X is
K is
N is
n, b

K(N-n) - E[b+r]/2)
the index
the eoefficient of relative humidity
the number of dry days per month
and r are days of rain, fog and dew per month.

Ombrothermic diagrams are construeted from precipitation and
temperature figures where P in millimetres is graphed against t in degrees
centigrade (on a scale equal to twice the same value as precipitation). Dry
periods are defined as those where precipitation is less than the figure of 2t.
It is also possible to construct climatograms of different type s from primary
meteorologieal data which al so convey the likely levels of stress in relation
to precipitation, temperature and humidity (Fig. 2.2).
A more simple and practieal measure of aridity uses the simple ratio P/
ETP, where P is annual precipitation in mm and ETP is the me an annual
potential evapotranspiration also in mm. This classification, which has been
adopted by some technical agencies of the United Nations (Riquier and
Rossetti 1976; MAB 1979) - and will probably therefore assume wide eurreney
- defines the arid zone as a region in which the ratio PIETP falls between
0.20 and 0.03 and the hyper-arid zone as being one where the ratio is less
than 0.03.
None of the classifications discussed takes into account the effeets of wind
and insolation. Wind can be important not only in its effects on evapotranspiration but al so directly in relation to comfort. An indication of the importanee
accorded to wind by humans who inhabit desert areas can be gained from the
names given to them: 'habub' in Sudan; 'harmattan' in West Africa; 'khamsin'
(the wind that blows for 50 days) in Mediterranean North Africa and the
Middle East; 'simoon' in Iran; and 'berg' in Namibia. Noy-Meir (1973) has,
however, insisted that water is the most important factor in desert
environment s (beeause it is absolutely low, highly variable in time and space,
and is largely unpredictable with coefficients of variation of 100%) and that
its use as the principal descriptive factor is the most logical and pragmatic.
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Fig.2.2. Climatograms of (a) a desert area compared with (b) a situation where climatic
features are relatively constant

2.2 Desert 'JYpes and Locations
The loeation of the major deserts in the world is shown in Fig. 2.3. Most
deserts lie within or just outside the tropics. In these areas they also tend to
be situated on the western side of the relative land masses, close to oeeans
with cold eurrents, or in the interiors of eontinents. It has been postulated
(MeGinnies 1979) that three general eauses ean aet, singly or in eombination,
to produee an arid elimate. These eauses are: physieal distanee or topographical impedanee of an area from oeeanic moisture; the presenee of large
and stable high pressure air masses which resist eonveetive currents; and a
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Fig.2.3. The location of the world's deserts (Cloudsley-Thompson 1977)

lack of storm systems which would create an unstable environment and provide
the uplift necessary for precipitation to occur.
The second cause is perhaps the most elassie one and is partieularly
responsible for the formation of the major subtropieal deserts. As can be seen
from Fig. 2.3, these are also the regions where the majority of the world's
hyper-arid areas are found . The stable air masses result from the trade winds
which, in both hemispheres , blow towards the equator, gathering moisture
as they proceed. This causes them to rise and be subject to adiabatic cooling
elose to the equator. These cooled air masses condense and precipitation
occurs. As aresult, the high alitude winds moving away from the equator are
relatively dry. This high altitude air mass eventually descends into the highpressure regions of the sub-tropics and becomes compressed and heated as
it does so, with a further concomitant reduction in humidity. These causal
factors have given rise to a general model of the world's deserts (CloudsleyThompson 19n) which is described inTable 2.1. Other models of desert types
have been proposed and it would also be possible to inelude factors other
than elimate in the elassification. Such factors could inelude altitude - whieh
might affect precipitation and would certainly influence temperature - soil
type, and vegetation. The last is a resultant of rainfall and soil type. Soil types
appear to be less variable and le ss rich in nutrients in the Australian deserts
than elsewhere as a consequence of low soil nitrogen and phosphorus status
due to a long history of weathering.
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Table 2.1. A elassification of the world's deserts

Type

Location

Examples

Prineipal
formative
causes

Temperature

Sub-tropical

Within and just
outside
tropics:
30oS-30oN

Sahara (sensu
lato)
Arabian
Kalahari
SomalilKenya
AustraHan

High pressure air Hot
masses along each
side of the tropics Hot
Hot
Hot
Hot

Cool coastal

Western side s Namib
of land masses Atacama
in proximity to Baja California
cold ocean
currents

High pressure air
masses,
intensified by near
presence of cold
currents or by
advective fog

Hot-cool,
elimate
ameliorated
somewhat by
cool on-shore
winds

Rain shadow

On leeward
side of
mountain
ranges

Patagonia
Mohave
Great Basin
Australia

Windward sides
of mountains
cause air to rise,
cool adiabatically
and precipitate
moisture. Leeside air masses are
therefore dry.

Cold
Hot
Hot
Hot

Interior
continental

At interior of
large
continental
land masses
between major
wind belts and
associated
storm systems

Central
AustraHan
North
American
Central Asian

Large dry air
masses at long
distances from
major sources of
moisture

Hot
Hot
Cold

This history of weathering raises the question of the long-term stability
of desert environments. A well-known and well documented example of longterm change is that of the Sahara, where several different factors, including
prehistoric industries, soil type changes, vegetation components and patterns,
and climate, have enabled a reconstruction of events over the past 10000 years
to be made (Quezel 1965). At about 10000 years before present (BP) the
central Sahara climate was arid and vegetation was of the steppe type with
some fragmented Mediterranean incursions. Approximately 2000 years later
the climate had become temperate and Mediterranean sub-humid to humid
in type, which allowed the establishment of mixed, mainly deciduous forests
in the mountain massifs with coniferous Aleppo pine forests predomi-
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nating at lower altitudes. At 6000 BP the elimate was again becoming dry
although still relatively moist at altitude and the Mediterranean flora persisted
with the addition of oliyes, heather and some other species. By about 3000
years BP the elimate changed fundamentally from a Mediterranean type with
rainfall in the winter to a Sahel type with summer rainfall, the Mediterranean
vegetation subsequently disappearing to be replaced, in the main, by Acaeia
species. In the last 2000 years the elimate has become gradually drier and,
except in some favoured areas, the vegetation has disappeared almost
completely. Some of these favoured areas which still contain remnants of the
original vegetation are the massifs of Ennedi and TIbesti in the central Sahara
and the Adrar n'Horas, the Air and Jebel Marra along the southern fringes
(Williams and Faure 1980).
The boundaries of the deserts with non-desert areas are subject to various
elimatic influences. The major subtropical deserts have steppic or "bush"
vegetation types on the boundaries elosest to the equator, resulting largely
from the summer rainfall regime. On the boundaries farthest from the equator
the elimate of most of these deserts is of the Mediterranean type with winter
rainfall and summer drought. The vegetation is principally of the selerophyllous brush type associated with the Mediterranean sub-humid (800600mm rainfall) and humid types (1200-800mm) of elimate. These vegetative
associations are known as 'macquis' and 'garigue' in southern Europe and
along the Mediterranean littoral of north Africa, 'macchia' in South Africa,
'mulga' and 'malee' in Australia and 'chaparral' in the United States.
The major interior continental deserts are usually cold at the margins
farthest from the equator, as are the rain shadow deserts. This is mainly
because cold polar air masses can arrive in the winter without being hindered
by large mountain ranges between the pole s and the deserts themselves.
Cool coastal deserts are essentially extensions of the major subtropical
arid regions but, as already stated, are influenced by cold ocean currents: the
Benguela in the case of the Namib; the Humboldt in South America; and
the California in North America. Temperature inversions in these deserts
cause advectional fogs which are often the main source of moisture.
The Sahara is by far the most arid and largest of the world's deserts,
although it is slightly more humid at its western extremity than at its centre
and in the east. In North Africa it is estimated that 5323000km2 are desert
of which about 90% is hyper-arid, and desert covers 93% of the whole region.
Australia has about 6328000km2 of desert but none of this is hyper-arid, about
65% is arid and 35% semi-arid, while 80% of the total land area is desert
(Le Houerou 1979). Asia has by far the largest desert area of any continent
(16477000km 2) of which about only 6% is hyper-arid, about 48 per cent is
arid and the remainder semi-arid, but the total of desert areas covers only
38% of the region. In North and South America 25 and 20% respectively of
the total area are desert, but le ss than 1% of this is hyper-arid in North
America and onlyabout 6% is hyper-arid in SouthAmerica: in both continents

Life in Deserts

11

semi-arid areas are greater in area than arid ones, in North America the semiarid zone covering about 65% of all so-called desert areas (Monod 1973).

2.3 Life in Deserts
High temperatures and low precipitation result in the aridity which poses the
major problem to survival of both plants and animais in deserts.
Plants have adopted various strategies to resist aridity and to take
advantage of the ephemeral availability of better conditions. Adaptive
strategies inelude specialised root systems, modifications of the cutiele, modifications to the size and shape of the leaves, and orientation of the whole plant
or of parts of it in line with the sun to reduce the heat load. A major strategy
adopted by animais, that of movement, is not usually available to plants.
Perhaps as an altemative, plants have, in many cases, become ephemeral.
Many desert plants, particularly in the tropical deserts, also use the C4 pathway
and are thereby able to sustain very rapid photosynthesis during the short
favourable growing period.
The stresses imposed by heat and aridity can be reduced to a considerable
extent if these two factors can be avoided or their effects lessened by
behavioural mechanisms. Small forms of animallife (arthropods, reptiles and
small mamrnais, especially rodents) could be subject to considerably greater
problems than larger animais, not only because size confers some advantages
in stress adaptation but also because conditions are more extreme near the
ground than farther away from it. The soil at ground level heats and cools
very rapidly. At Khartoum in Sudan the annual mean soil temperature at 1cm
depth fluctuates from less than 20° C just before sunrise to a maximum of
65° C in the early aftemoon (Oliver 1965). At depth, because of the insulating
properties of soil, both diumal and, to a lesser extent seasonal, fluctuations
are reduced. At 50cm the diumal variation becomes very much attenuated
and at 100cm it may be reduced to a very narrow range so that the temperature
at this depth is almost stable. Animais which can construct burrows or make
use of natural crevices in the soil therefore have the opportunity of escaping
from the most severe effects of heat.
Other escape mechanisms inelude aestivation (involving a long period of
dormancy or torpor in which metabolic rate and body temperature may be
considerably reduced by physiological mechanisms) and, of course, migration.
Migration is, in practice, restricted to large mamrnais and birds whilst
aestivation is an escape method adopted by small mamrnais and bradymetabolic animais. Some authors have suggested that as the process of aestivation
is not the same in tachymetabolic as in bradymetabolic animais, different
terminology should be used. Classic examples of long migrations inelude the
case of the springbok (Antidorcas marsupialis) in southem Africa. Shorter
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migrations indude that of the gemsbok (Oryx gazella) in the Kalahari desert
of Namibia and Botswana.
Reeent texts have attempted to distinguish between "escape" and "retreat"
from the desert environment (Louw and Seely 1982). Eseape is considered
to be a longer-term effeet whilst retreat is of a short-term nature, often
oeeurring diurnally, with or without eireadian torpor. Retreat is more common
in arthropods, reptiles and small mammals than in large mammals. Where
eonditions are favourable, however, large mammals will adopt retreat taetics
such as shade-seeking during the heat of the day and/or restricting feeding
and other aetivities to night periods or when the sky is overeast.

