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From the preface to the first edition 

The common aim of the many disciplines that com­
prise veterinary medicine is an increase in the health 
of animal populations, notably of domestic livestock 
and companion animals. This goal has traditionally 
been achieved by individual diagnosis and treatment: 
procedures that evolved contemporaneously in veterin­
ary and human medicine, when infectious diseases, 
which had predominantly single causes and clearly 
identifiable signs, were commonplace. 

Four major changes in the veterinarian's appreci­
ation of and approach to disease problems have occurred 
over the past 20 years. First, despite traditional control 
techniques, for example slaughter and vaccination, 
some diseases remain at refractory levels and now 
require continuous scrutiny to detect changing levels 
of occurrence associated with ecological and manage­
ment factors. An example is the detection of 'pockets' 
of bovine tuberculosis in England in areas where 
infection of badgers is recorded. Secondly, the control 
of infectious disease has freed animals from major 
causes of death, thereby facilitating the emergence of 
non-infectious diseases as major problems: examples 
are the cardiac, dermal and renal diseases of dogs. 
Many of these diseases have a poorly understood, 
often complex (i.e., multifactorial) cause. Thirdly, the 
intensification of animal industries has highlighted 
new 'diseases of production', often manifested as 
poor performance, rather than clinical disease, and 

frequently with multifactorial causes. Fourthly, eco­
nomic evaluation has become important: the economic 
advantages of disease control, which are obvious with 
the major animal plagues such as rinderpest, can be 
difficult to identify when overt disease and dramatic 
changes in levels of performance are not involved. 
These four changes in the approach to, and appre­
ciation of, disease have added momentum to the 
emergence of veterinary epidemiology as a discipline 
concerned with the measurement of the amount of 
disease and its economic effects, the identification and 
quantification of the effects of factors associated with 
disease, and the assessment of the effects of prevention 
and treatment of disease in groups of animals. 

A knowledge of elementary statistics is essential 
for an understanding of the full range of epidemiolo­
gical techniques. Hitherto, most epidemiology books 
either have assumed a knowledge of statistics or 
have avoided a description of the mathematical manip­
ulations that are commonly used in epidemiology. 
However, the extent of statistical teaching varies widely 
between veterinary schools. Two chapters therefore 
are included as an introduction to basic statistics, 
and are intended to make this book statistically self­
sufficient (though not comprehensive). Similarly, a 
chapter includes an introduction to computers, which 
are now used widely in the recording and analysis of 
epidemiological data. 
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From the preface to the second edition 

Since publication of the first edition, veterinary medi­
cine has faced several new problems, and has been 
forced to evaluate established ones more critically. 
Bovine spongiform encephalopathy emerged as a 
serious problem in the United Kingdom. Rinderpest is 
still the subject of a global eradication campaign. There 
is an increasing demand for comprehensive, high­
quality, technical and economic information on animal 
disease and productivity at the national and inter­
national level; and information systems, such as the 
United States' National Animal Health Monitoring 
System, have been designed to suit these require­
ments. The moves towards an open market, both in the 
European Union and internationally following the 
Uruguay round of the General Agreement on Tariffs 
and Trade, highlight the need for information on 
animal disease status in trading nations. Multifactorial 
diseases continue to predominate in intensive produc-

tion systems, and many companion animal diseases 
are similarly complex. The solving of these problems 
and fulfilling of these tasks rely heavily on epidemio­
logical principles and techniques. 

All chapters of the first edition have been revised. 
Chapter 11 has been modified to take account of the 
increasing popularity of microcomputers, and the 
rapid development of veterinary information systems. 
New chapters on clinical trials and comparative epi­
demiology have been added in response to sugges­
tions from colleagues. More statistical methods are 
included in Chapters 12-15 and 17. The goal of this edi­
tion nevertheless remains the same as that of the first: 
to provide an introduction to veterinary epidemiology 
for veterinary undergraduates, postgraduates who 
have received limited or no training in epidemiology, 
and practising veterinarians and members of other 
disciplines with an interest in the subject. 



Preface to the third edition 

The ten years since publication of the second edition 
have witnessed further expansion in the application of 
veterinary epidemiology. Quantitative methods have 
increased dramatically, both in their development and 
use. Evidence-based clinical veterinary medicine is now 
widely appreciated, and relies heavily on the results of 
epidemiological analyses, including observational 
studies, clinical trials and the quantitative interpreta­
tion of diagnostic tests. The successful employment of 
epidemiological techniques has witnessed continued 
progress in rinderpest eradication, whereas the epi­
demic of foot-and-mouth disease in Europe (notably in 
the UK) in 2001 presented fresh challenges. 

All chapters from the second edition have been 
revised. Numerous topics (e.g., causality, now expli­
citly considered in Chapter 3) have been expanded in 
response to questions raised by undergraduates, post­
graduates and professional colleagues, with the aim of 
consolidating the more enduring principles and con­
cepts of epidemiology. Surveillance is now addressed 
specifically in Chapter 10. Chapter 17 has been en­
larged in response to increased interest in diagnostic­
test validation and performance. The opportunity also 
has been taken to correct several typographical errors 
that were present in the second edition. The text con­
tinues to be an introduction to veterinary epidemio­
logy, directed at all with an interest in the subject. 

My gratitude is again due to colleagues whose 
comments during the writing of this third edition have 
been invaluable. Michael Campbell and Janet Wittes 
held lively email discussions in relation to sample-size 
calculation for the comparison of two sets of ordinal 
data, and an appropriate method is now included in 
Chapter 14. Bruce Gummow provided additional 
information on the chronic copper poisoning incident 

described in Chapter 22. Andrew Catley, Matthias 
Greiner, Sam Mansley, Andrew Paterson, Nick Taylor 
and David Whitaker criticized various parts of the text. 
lowe a particular debt of thanks to George Gettinby 
and Keith Howe, whose scholarship and guidance 
have been enthusiastically offered to me during the 
writing of all three editions of this book, and whose 
longstanding friendship is particularly cherished. Sally 
Macaulay typed several tables, and Rhona Muirhead 
again produced numerous figures. Susanna Baxter, 
Samantha Jackson and Emma Lonie of Blackwell 
Publishing, and Mary Sayers, assisted with conversion 
of the manuscript to published text. Finally, I am grate­
ful to the Literary Executors of the late Sir Ronald A. 
Fisher FRS and the late Dr Frank Yates FRS, and to the 
Longman Group Limited, London, for permission to 
reprint Tables III, IV, V and VII from their book, 
Statistical Tables for Biological, Agricultural and Medical 
Research (6th edition, 1974). 

Author's note on the paperback reissue 

The publication of this paperback edition has provided 
the opportunity to correct typographical errors. The 
'Further reading' section of several chapters has also 
been expanded. The opportunity has also been taken 
to include an appendix on risk analysis (Appendix 
XXIV) in response to requests from readers. I am 
grateful to Stuart MacDiarmid and aforementioned 
colleagues for their perceptive comments on this 
addition. 

Michael Thrusfield 
September 

2006 



The development of veterinary medicine 

Veterinary epidemiology is concerned with disease in 
animal populations. Its evolution has spanned several 
centuries and has been central to the successful control 
of animal disease. This introductory chapter traces 
the development of veterinary medicine in general 
(including relevant aspects of human medicine), 
showing that it has been inseparably linked to that of 
veterinary epidemiology. 

Although man's association with animals began in 
prehistoric times, the development of scientific veter­
inary medicine is comparatively recent. A milestone 
in this growth was the establishment of the first per­
manent veterinary school at Lyons, France, in 1762. 
Early developments were governed largely by eco­
nomic rather than humanitarian motives, associated 
with the importance of domestic stock as a source 
of food and as working animals; and there are still 
important economic reasons for concern about disease 
in animal populations. Later, with the advent of the 
industrial revolution and the invention of the internal 
combustion engine, the importance of draft animals 
declined in the developed countries. Although dogs 
and cats have been companion animals for several 
thousand years, it is only recently that they and other 
pets have increased in importance as components of 
human society. 

Until the last half of the 20th century, the emphasis 
of veterinary medicine had been on the treatment of 
individual animals with clearly identifiable diseases 
or defects. Apart from routine immunization and pro­
phylactic treatment of internal parasites, restricted 
attention had been given to herd health and com­
prehensive preventive medicine, which give proper 
consideration to both infectious and non-infectious 
diseases. 

Currently, the nature of traditional clinical practice 
is changing in all developed countries. The stock 

owner is better educated, and the value of individual 
animals relative to veterinary fees has decreased. 
Therefore, contemporary large animal practitioners, if 
they are to meet modern requirements, must support 
herd health programmes designed to increase produc­
tion by preventing disease, rather than just dispensing 
traditional treatment to clinically sick animals. 

In the developing countries, the infectious diseases 
still cause considerable loss of animal life and pro­
duction. Traditional control techniques, based on 
identification of recognizable signs and pathological 
changes, cannot reduce the level of some diseases to 
an acceptable degree. Different techniques, based on 
the study of patterns of disease in groups of animals, 
are needed. 

Similarly, contemporary companion-animal practi­
tioners, like their medical counterparts, are becoming 
increasingly involved with chronic and refractory dis­
eases which can be understood better by an investiga­
tion of the diseases' characteristics in populations. 

This chapter outlines the changing techniques of 
veterinary medicine by tracing man's attempts at 
controlling disease in animals, and introduces some 
current animal disease problems that can be solved by 
an epidemiological approach. 

Historical perspective 

Domestication of animals and early methods 
of healing 

The importance of animal healers has been acknow­
ledged since animals were initially domesticated, 
when they were already likely to have been chronically 
affected by various infections (McNeill, 1977). The 



, The development of veterinary medicine 

Fig. 1.1 A generalized map to show the spread of farming from the 
Near East to Europe in years BC, (From Dyer, 1990.) 

dog, naturally a hunter, was probably the first animal 
to be domesticated over 14 000 years ago when it 
became the companion of early hunters. Sheep and 
goats were domesticated by 9000 BC in the fertile Nile 
valley and were the basis of early pastoral cultures. 
A few of these societies have lasted, for example the 
Jews, but many were superseded by cattle cultures; in 
some the pig increased in importance (Murray, 1968). 
An Egyptian cattle culture evolved from 4000 BC, 
and farming spread from the Near East into Europe 
(Figure 1.1). There is archaeological evidence of cattle 
shrines in Anatolia dating back to 6000 BC (Mellaart, 
1967). This record illustrates that animals had a 
religious as well as an economic significance in early 
civilizations. The aurochs was central to the religion of 
the Sumerians, who migrated throughout Asia, North 
Africa and Europe in the third millennium BC taking 
their animals and beliefs with them. India is the largest 
cattle culture that remains. Cattle cultures also persist 
in north-east Africa, the result of interaction between 
the Ancient Egyptians and early Nilotic tribes. Cattle 
still play important roles in these cultures: they are food, 
companionship, and status and religious symbols 
to the Suk (Beech, 1911) and Dinka tribes (Lienhardt, 
1961) of the Sudan. 

The first extensive colonization of the Eurasian 
steppe and semi-arid areas occurred in the third mil­
lennium Be. The horse provided the key to successful 
exploitation of the area north of the Black Sea, the 
Caucasus, and the Taurus and Zagros mountains 
(Barraclough, 1984), and a Eurasian horse culture, 
associated with warrior tribes, emerged (Simpson, 
1951). Some of these tribes overran the older cattle 
cultures. The horse is represented in Iranian, Greek 
and Celtic pantheons. It has become a symbol of veter­
inary medicine in the form of a centaur, one of which, 

Chiron, was considered to be the mythological founder 
of Greek medicine. 

There have been several movements of animals 
with concomitant social and agricultural modifications 
since the early changes. The camel was introduced into 
Saharan Africa in the first century BC, and into the sub­
Saharan region around AD 400 (Spencer and Thomas, 
1978; Phillipson and Reynolds, 1996), the latter already 
having well established domestic cattle and goat 
populations (Cain, 1999; Tefera, 2004). The Spanish 
introduced cattle, sheep, pigs and goats to North 
America in the 16th century. Haired sheep were intro­
duced to Africa by European slave traders. The Spanish 
brought turkeys to Europe from North America. 

The early Egyptian healers combined religious and 
medical roles by being priest-healers, often associated 
with temples. Their therapeutic techniques are recorded 
in the veterinary Papyrus of Kahun (c. 1900 BC). Literary 
records of similar age, describing veterinary activities, 
are extant from other parts of the world, such as 
Indian Sanskrit texts from the Vedic period (1800-
1200 Be). 

Changing concepts of the cause of disease 

Concepts of the cause of disease have changed and 
evolved1. A method of treatment used by early 
Egyptians was incantation. This was partly ritual, but 
also reflected their belief in supernatural spirits as a 
possible cause of disease. Approaches to treatment 
and prevention are the direct result of theories of 
cause. There have been five main theories up to the 
middle of the last century2. One theory was often 
superseded by another, but traces of each can still be 
seen in different parts of the world. 

Demons 

Early man attributed disease to supernatural powers, 
the product of animism which imbued all moving 
things with a spirit. In this 'spirit-world', disease could 
be produced by witches3, superhuman entities and 
spirits of the dead (Valensin, 1972). Treatment there­
fore included: placation, for example by sacrifice; 

1 Causality is outlined in this chapter specifically in the context of 
disease. A more general discussion is presented in Chapter 3. 

2 Theories of the cause of disease also have similarities with theories 
of the origin of species, and both have rationalistic and theological 
dimensions (Bullock, 1992). 

3 A witch was originally defined as 'one who by commerce with the 
Devil has a full intention of attaining his (or her) own ends' (Bodin, 1580). 
Witchcraft became widespread in Europe between the 12th and 18th 
centuries. In the depositions of witch trials, there are many examples 
of the supposed induction of disease and death in man and domestic 
animals by witches (L'Estrange Ewen, 1933). 



exorcism (forcible expulsion); evasion, for instance 
scattering millet seeds to avoid vampires (Summers, 
1961); and transference, often to human and animal 
'scapegoats'4, probably the best known single example 
of which is the Gadarene swine (the Bible: Mark 5, 
i-xiii). The techniques included: ritual ceremonies; 
material objects that could be suspended (amulets 
and periapts), carried (talismans), hung in a building 
(fetishes and icons) or displayed in the community 
(totems); the use of special people such as witch 
doctors; and incantations. The meaning of the Indian 
word 'brahmin' originally was 'healer' because the 
brahmin were a class of healers. In the neolithic period 
(4200-2100 BC), trepanning (the removal of a bone 
disc from the skull) may have been practised to release 
demons from sick people. 

During the 19th century, many European peasants 
still believed that diseases of cattle were caused by evil 
spirits, which could be kept at bay by fire (Frazer, 
1890), and the African Nuer tribe occasionally still 
uses incantations during ritual sacrifice when cattle 
epidemics occur (Evans-Pritchard, 1956)5. Moreover, 
sacrifice was practised in England as late as the 19th 
century (Baker, 1974). 

Divine wrath 

The demonic theory involved many spirits; the next 
development, monotheistic in origin, argued that dis­
ease was the product of a displeased supreme being: 
disease was punishment. This belief is prominent in 
the Old Testament, for example the animal plague of 
Egypt (the Bible: Exodus 9, iii) and is also evident in 
Persian and Aztec writings. The only effective treat­
ment of disease induced in this way was placation 
because exorcism and evasion would not be effective 
against a supreme being. Traces of this belief have 
persisted until recent times. The English veterinary 
surgeon, William Youatt, writing in 1835, supported 
the practice of burning crosses on the heads of cattle 
to cure and prevent disease. In 1865, Queen Victoria, 
believing that the current British rinderpest (cattle 
plague) outbreak was the result of divine displeasure, 
ordered that a prayer should be used in each church in 
England while the epidemic continued. 

4 The scapegoat had the dual purpose of averting and magically trans­
ferring guilt and evil, both generally and at a specific time of crisis, such 
as plague or failure of crops. It takes its name from the Hebrew rites of the 
Day of Atonement when a goat was driven into the wilderness after 
the High Priest had ritually confessed the sins of the people and trans­
ferred them to the goat. The custom occurs universally from Ancient 
Babylonian times to modern times, where human sacrificial scapegoats 
have been known in some tribal societies (Cooper, 1990). 

5 More recently, there has been a trend towards a contemporary 
understanding of disease (Hutchinson, 1996). 

Historical perspective 

Metaphysical medicine 

The next development did not assume the existence 
of a supreme being, either demonic or divine, but 
assumed the presence of occult forces beyond the 
physical universe. This 'metaphysical' medicine em­
bodied a theory of natural laws but excluded scientific 
principles such as observation and the repeatability 
of phenomena. The moon, stars and planets were 
considered to affect health (Whittaker, 1960), these 
concepts being obvious predecessors of astrology. 
Several outbreaks of rinderpest in Dark Age Europe 
were ascribed to earthquakes, floods and comets. 

Treatment frequently included particularly foul medi­
cines and practices that persisted for many centuries. 
A recommended 17th century cure for broken wind 
in horses comprised toads, swallows and moles 
roasted alive and mixed with shoe soles. Divination, 
practised by the Babylonians using sheep livers, 
and the 'Doctrine of Signatures' which suggested 
a similarity between the disease and its cure - for 
example using toads to treat warts - were notable 
metaphysical developments. 

The universe of natural law 

A major intellectual revolution began in Greece in 
the sixth century BC in which the universe was 
rationalized without either demonic or metaphysical 
influences. The Greeks thought that disease was the 
result of derangement of four humours of the body, 
which were associated with four properties (heat, 
moisture, dryness and cold) and with four elements 
(air, earth, water and fire) (Figure 1.2). Diseases were 
considered to be caused by external forces, includ­
ing climatic and geological changes that affected the 
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population. Local outbreaks of disease were thought 
to be the result of local eruptions of noxious air: 
miasmata (miasmas)6. The word 'malaria' literally 
means 'bad air' and hints at the 19th century belief that 
the disease was caused by stale air around swamps. 

The concept of humoral derangement was reim­
ported into medi�val Europe, via Sicily, during the 
Crusades, and food was imbued with the same 
properties as the humours (Tannahill, 1968). The con­
cept persists in several cultures. In indigenous Indian 
Ayurvedic human and veterinary medicine, based on 
the Hindu Scriptures (Vedas), there are three humours 
(tridosa): vata (wind), pitta (bile) and kapha (phlegm); 
derangement of vata, for example, causing asthma 
and diarrhoea. This concept is also central to modern 
Mahayana Buddhist medicine. However, in Europe, 
the popularity of the miasmatic theory declined at 
the beginning of the 20th century, by which time the 
microbial theory of infectious disease was adequately 
supported. 

The Greek idea of disease was susceptible to 
scientific investigation. Careful observation and the 
identification of specific causes became the hallmarks 
of the fifth century Be school of medicine at Cos, and 
were refined by Hippocrates whose text, Discourse 
on Airs, Waters and Places (Jones, 1923), dominated 
medicine for many centuries. Therapy was consistent 
with causal concepts, and included purges and altera­
tions in diet. 

Contagion 

The idea that some diseases can be transmitted from 
one animal to another has its ubiquitous origins in 
antiquity, and ancient veterinary accounts of disease 
provide strong evidence of the concept of conta­
giousness (Bodson, 1994). The Romans, Galen and 
Lucretius, believed that disease could be spread by 
airborne seeds or anima cui a (not necessarily living), 
which were taken in through the nose and mouth. 
The Jewish Talmud describes demons as hiding 
'everywhere' - in water, crumbs and air - implying 
transmissibility. The primitive Hindus associated sick 
rats with human plague, the first suggestion of a 
zoonosis. The Veronan, Fracastorius, writing in the 
early 16th century, argued that diseases were transmit­
ted by minute, invisible particles (Wright, 1930); and 
Lancisi, physician to Pope Clement XI, freed Rome 
from rinderpest by using a slaughter policy to prevent 
infection of unaffected animals. Thomas Lobb, writing 
in London in the 18th century, considered that human 
plague and rinderpest were caused by particles that 
multiplied in infected individuals and then infected 

6 This explains why urban Victorians draped thick curtains in their 
windows in an attempt to keep out disease. 

others, either by contact or through the air (Lobb, 
1745). The 18th century American lexicographer and 
essayist, Noah Webster, classified diseases as mias­
matic (e.g., pneumonia) or contagious (e.g., smallpox), 
representing an intermediate stage in the evolution of 
the contagion theory (Winslow, 1934). 

The main advances in the identification of microbes 
as causes of infectious diseases occurred in the 19th 
century, although the concept of a living contagious 
agent, contagium anima tum, was founded in the 17th 
century. Edward Jenner's development of a smallpox 
vaccine using cowpox-infective material, and early 
biological warfare conducted by American settlers 
who gave blankets belonging to smallpox victims to 
Indians as presents, implicitly recognized contagion. 

Louis Pasteur's investigation of anthrax and rabies 
(Walden, 2003), and Robert Koch's discovery of the 
bacteria causing tuberculosis7 and cholera (Munch, 
2003), firmly established microbiology and marked the 
downfall of the miasmatic theory. The set of postulates 
formulated by Koch to define causal agents has been 
used to identify many microbial diseases since those 
early days of bacteriology (see Chapter 3). 

Viruses were also discovered in the late 19th cen­
tury, although not actually 'seen' until the invention 
of the electron microscope in the 1930s. In 1892, 
Iwanowsky demonstrated that tobacco mosaic disease 
could be transmitted by sap that had been filtered 
through bacteria-proof filters (Witz, 1998). Beijerinck 
serially transmitted the disease using bacteria-free 
filtrates, and coined the term contagium vivum 
fluidum to describe the infectious 'living' agent. In 
1898-99 Loeffler and Frosch discovered the first 
animal virus, foot-and-mouth disease virus, and in 
1911 Rous reported the first virus-induced transmis­
sible tumour. 

Towards the end of the 19th century, the first 
arthropod carrier (a tick) of an infectious disease was 
identified by Kilborne, Smith and Curtis, investigating 
Texas fever of cattle in the US. 

Impetus for change 

Changing attitudes towards the cause of disease and 
the concomitant alterations in techniques of treatment 
and prevention are a small part of shifts in overall 
scientific thought. These changes have not taken place 
gradually, but have occurred as distinct 'revolutions', 
which terminate periods of stable science (Kuhn, 

7 Anthrax and tuberculosis are diseases of great antiquity, dating back 
at least to Ancient Egypt, where the former bacterium was most likely the 
cause of some of the biblical plagues (Blaisdell, 1994; Willcox, 2002; 
Witowski and Parish, 2002; Sternbach, 20(3). 



19708). Each period has its paradigm (model), which 
serves to guide research. As time passes, anomalies 
accumulate. Initially, scientists accommodate these by 
modifying the paradigm, but a time comes when the 
pressures on the old framework become so great that 
a crisis occurs, and there is a revolutionary shift 
in paradigms. For example, in astronomy, the old 
Ptolemaic model of the universe had to be modified 
and remodified by adding new planetary epicycles 
to account for the observed motion of the heavenly 
bodies, but eventually the critical point was reached 
when the old model was falling apart under the strain 
and was ceasing to be credible. Thus, the time was 
ripe for the dramatic shift in models called the 
Copernican revolution. Kuhn's thesis has also been 
applied to political, social and theological 'revolutions' 
(Macquarrie, 1978) and to the applied sciences 
(Nord ens tam and Tornebohm, 1979) of which veter­
inary medicine is a pare. 

Veterinary medicine has experienced five stable 
periods and revolutions up to the middle of the 20th 
century relating to disease control (Schwabe, 1982), 
which stimulated the changes in the causal concepts 
already described. The major problem that persisted 
during these periods, precipitating crises, was large­
scale outbreaks of infectious disease: the classical 
animal piagues10 (Table 1.1). Military campaigns fre­
quently assisted the spread of these infections (Table 1.2 
and Karasszon, 1988). 

The first period: until the first century AD 

The initial domestication of animals brought man into 
close contact with animals and therefore with their dis­
eases. The demonic theory was prevalent. However, 
despite the use of control techniques consistent with 
the theory, draft animals continued to die, and a crisis 
arose when urbanization increased the importance of 
animals as food resources. This resulted in the develop­
ment of the first stable phase of veterinary medicine. 
This was characterized by the emergence of veterinary 
specialists such as the early Egyptian priest-healers 
and the Vedic Salihotriya who founded the first veter­
inary hospitals. Humoral pathology developed and 

H For a critical assessment of Kuhn's philosophy, see Hoyningen­
Huene (1993). 

9 The concept of dramatic paradigm shifts, however, may not be 
applicable to all areas of thought and progress. The 17th century German 
philosopher, Leibnitz, argued that change (e.g., in ethics and aesthetics) 
is gradual. 

10 A plague (Greek: plege = a stroke, a blow; Latin: plangere = to strike) 
traditionally is any widespread infectious disease with a high fatality rate 
among clinically affected individuals. In veterinary medicine, the term is 
extended to any widespread infectious disease causing major economic 
disruption, although the fatality rate may not be high (e.g., foot-and­
mouth disease). In human medicine, the term is now commonly 
restricted to infection with the bacterium, Yersinia (Pasteurella) pestis. 

Historical perspective 

the miasmatic theory of cause evolved. Techniques 
of treatment required careful recognition of clinical 
signs following the Greek Coan tradition. Quarantine 
(derived from the Italian word meaning 'forty' - the 
traditional length, in days, of isolation in the Middle 
Ages) and slaughter became preventive strategies. 
These local actions, which lasted until the first century 
AD, were incapable of solving major problems in the 
horse, which was becoming an important military 
animal. This crisis resulted in the second phase: that 
of military healers. 

The second period: the first century AD until 1762 

Veterinarians specialized in equine medicine and 
surgery, reflecting the importance and value of horses 
(e.g., Richards, 1954). A major veterinary text, the 
Hippiatrika, comprising letters between veterinarians, 
cavalry officers and castrators, dates from early 
Byzantine times. The major contributor to this work 
was Apsyrtus, chief hippiatros to the army of Con­
stantine the Great. This phase lasted until the mid-18th 
century and was marked by a continuing interest in 
equine matters. Several important texts were written, 
including Vegetius Renatus' Ars Veterinaria (published 
in 1528) and Carlo Ruini's Anatomy of the Horse (pub­
lished in 1598). Interest was taken in other species, too. 
The 15th century Bake of Saint Albans described dis­
eases of falcons (Comben, 1969); and John Fitzherbert's 
Bake of Husbandrie (published in 1523) included dis­
eases of cattle and sheep. The horse, however, was 
pre-eminent. This bias survived in Europe until early 
in the 20th century when equine veterinary medicine 
was still considered to be a more respectable occupa­
tion than the care of other species. 

Varying emphasis was placed on the miasmatic 
and metaphysical theories of cause and on humoral 
pathology. The Arabians, for example, based their 
medicine largely on the metaphysical theory. 

The third period: 1762-1884 

The animal plagues, especially those of cattle, became 
particularly common in Europe in the mid-18th cen­
tury with the introduction of rinderpest from Asia 
(Scott, 1996). They provided the next major crisis 
involving civilian animals. The miasmatic theory per­
sisted but the miasmata were thought to originate 
from filth generated by man, rather than from natural 
sources. A third stable phase developed, characterized 
by improvement of farm hygiene, slaughter and 
treatment as control techniques. When rinderpest 
entered England from Holland in 1714, Thomas Bates, 
surgeon to George I, advocated fumigation of build­
ings, slaughter and burning of affected animals, and 
resting of contaminated pasture as typical tactics 



Table 1.1 Some dates of occurrence of animal plagues. (Most dates before 1 960 extracted from Smithcors, 1 957.) 

Oate Animal plagues 

Rinderpest Pleuropneumonia Canine Anthrax Foot-and-mouth disease Equine /II-defined diseases 
distemper influenza 

500 Be Egypt 500 Be - time of Christ 

Egypt 278 Be abortion 
AD 

Rome AD 500 Rome 4th century AD (cattle) 

France 6th century AD (cattle) 

Ireland 8th century AD 

France 820, 850, 940-943 (cattle) 

Engl and 1 31 4  (cattle) 
AD 1 400 

England 1 490*, 1 551 Italy 1 51 4  

England 1 688 
AD 1 700 

France 1 71 0-14 Europe 1 8th century 

Rome 1 71 3  

England 1 71 4, 1 745-46 England 1 727 
France 1750 Ireland 1 728 

US 1 760 England 1 733, 1 737, 1 750, 
Spain 1 761 1 760, 1 771 , 1 788 

England 1 763 
AD 1 800 

England 1 841 -98 Engl and 1 839 England 1 837 

England 1 865 England 1 870-72, North America 1 872 

1 877-85 

England 1 889-90 
Africa 1 890-1 900 



AD 1 900 

AD 2000 

Bel gium 1 920 

Middle East 1 969-70 

Africa 1 979 - 84 

India 1 983-85 

Turkey 1 99 1-92 

* Named as 'steppe murrain' (derivative of Latin marl = to die). 

Engl and 1 922-25, 1 942, 

1 952, 1 967-68 

Canada 1 951 -52 

Switzerland 1 980 

Channel Islands, France, Isle 

of Wight, Italy, Spain 1 981 

Denmark, Spain 1 983 

Germany (W.), Greece, 

The Netherl ands, 

Portugal 1984 

Italy 1 985, 1988, 1 993 

India, S .  Arabia 1 990 

Nepal 1 993-94 

Turkey 1 995 

Albania, Bulgaria, Greece, 

Macedonia, Yugoslavia 

1 996 

Taiwan 1 99 7  

Bhutan 1 998 

China 1 999 

Greece, Japan, Mongol ia, S. 

Africa 2000 

France, Ireland, The 

Netherl ands, UK 2001 

Czechoslovakia 1 957 

Britain 1 963 

US 1 963 

Europe 1 965 

Pol and 1969 

USSR 1 976 

France, The Netherlands, 

Sweden 1 978-79 

England 1 989 

� 
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Table 1.2 Mil itary campaigns that disseminated rinderpest. 

Century 

5th 

8-9th 

1 2th 

1 3th 

1 5 -1 6th 

1 7th 

1 8th 

1 8th 

18th 

18-1 9th 

19-2Oth 

1 9-20th 

20th 

20th 

20th 

20th 

20th 

20th 

20th 

Campaign 

Fall of Rome 

Charlemagne's conquest of Europe 

Genghis Kahn's invasion of Europe 

Kublai Kahn's invasion of Europe and China 

Spanish-Hapsburg conquest of Italy 

War of the League of Augsberg 

War of the Spanish Succession 

War of the Austrian Succession 

Seven Years' War 

Napoleonic Wars 

US invasion of the Phil ippines 

Ital ian conquest of Eritrea 

Worid War l 

World War II 

Vietnam War 

Lebanese War 

Sri Lankan conflict 

Azerbaijan confl ict 

Gulf War 

Table 1. 3 Veterinary schools founded to combat rinderpest. 

Year of City Country 
foundation 

1 762 Lyon France 

1 766 Alfort France 

1 767 Vienna Austria 

1 769 Turin Piedmont 

1 773 Copenhagen Denmark 

1 777 Giessen Hesse 

1 778 Hannover Hannover 

(Bates, 1717-1719). Cattle owners were also com­
pensated for loss. By the mid-19th century, disinfection 
(notably using carbolic and cresylic acids) was also 
being applied to control the disease (Brock, 2002). 

Half of the cattle in France were destroyed by rinder­
pest between 1710 and 1714. The disease occurred 
irregularly until 1750, when it again became a serious 
problem. Little was known about the disease. This 
provided impetus for the establishment of the first 
permanent veterinary school at Lyons in 1762, and 
others were subsequently founded to combat the dis­
ease (Table 1.3) 11. 

The lifting of animal importation restrictions in 
England in 1842 increased the risk of disease occurring 
in Britain. Sheep pox entered Britain in 1847 from 
Germany, and pleuropneumonia became a serious 

11 There were other pressures, too, fostering the establishment of 
European veterinary schools. These included the need for military 
authorities to improve the effectiveness of horse-dependent armies, and 
the requirement for increased agricultural productivity in the face of 
population growth (Mathijsen, 1 997). 

problem. Public concern, highlighted by the rinderpest 
outbreak of 1865 (Scott, 1997), was responsible for the 
establishment of the British State Veterinary Service in 
the same year. Similar services were founded in other 
countries. The legislature continued to strengthen 
the power of the veterinary services by passing Acts 
relating to the control of animal diseases. 

The fourth period: 1884-1960 

The animal plagues continued despite sanitary cam­
paigns. This crisis coincided with the inception and 
acceptance of the microbial theory which, epitomized 
by Koch's postulates, defined a specific, single cause of 
an infectious disease and therefore implied a suitable 
control strategy directed against the causal agent. 

This fourth stable phase of campaigns or mass 
actions began in the 1880s. Treatment of disease was 
based on laboratory diagnosis involving isolation 
of agents and identification of lesions followed by 
therapy. Control of disease by prevention and, sub­
sequently, eradication involved mass testing of animals 
and immunization when an increasing number of 
vaccines became available12. The discovery of disease 
vectors facilitated prevention by vector control. An 
improved understanding of infectious agents' life 
histories enabled their life-cycles to be broken by 
manipulating the environment; the draining of land 
to prevent fascioliasis is a good example. Bacterial 
diseases remained as major clinical problems until 
the discovery and synthesis of antibiotics in the 20th 
century, when, in human medicine, the effectiveness 
of control measures was starkly reflected in changes 
in the 'league table' of causes of deaths (Figure 1.3). 
The veterinarian also experienced a similar increase in 
therapeutic power. 

Many infectious diseases were either effectively con­
trolled or eradicated between the latter part of the 19th 
century and the middle of the 20th century in the 
developed countries using the new techniques of the 
microbial revolution and older techniques including 
quarantine, importation restrictions, slaughter and 
hygiene. In 1892, pleuropneumonia in the US was the 
first disease to be regionally eradicated after a cam­
paign lasting only five years. Notable British successes 
included rinderpest, eradicated in 1877, pleuropneu­
monia in 1898, and glanders and equine parasitic 
mange in 1928. 

12 There had been earlier attempts to immunize animals against 
rinderpest, mimicking the practice of 'variolation' in humans, in which 
smallpox virus was inoculated to prevent the disease. The first such 
rinderpest trial was undertaken in 171 1 by Bernardino Ramazzini at the 
University of Padua (Koch, 1891). Some authorities believe that the prac­
tice of immunization began in China; see Bazin (2003) for a brief history. 
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Quantification in medicine 

The evolution of understanding of the cause of disease 
purely qualitatively was accompanied by increased 
interest in disease in quantitative terms. This began 
primarily as a descriptive exercise. The ancient 
Japanese reported outbreaks of animal diseases. John 
Graunt (1662) published quantitative observations on 
London parish registers and 'Bills of Mortality' . An 
outbreak of rinderpest in France in the late 18th cen­
tury was responsible for the establishment of a com­
mission on epidemics, headed by Felix Vicq d' Azyr, 
Marie Antoinette's personal physician. This evolved 
into the Royal Society of Medicine, which pioneered 
the collection of statistical data on animal and human 
epidemics and the weather (Matthews, 1995). 

Post-Renaissance thinking and 'The Enlightenment' 

The scientific revolution that began during the 16th 
century posited that the physical universe was orderly 
and could be explained mathematically (Dampier, 1948). 
This argument was extended to the biological world, 
where it was considered that 'laws of mortality' must 
exist. Graunt's mortality studies included attempts to 
formulate such laws by constructing life tables (see 
Chapter 4), Edmund Halley (1656-1742) constructed 
life tables for Breslau (Benjamin, 1959), and Daniel 
Bernoulli (1700-1782) applied life-table methods to 
smallpox data, thereby demonstrating that inoculation 
was efficacious in conferring lifelong immunity (Speiser, 
1982). A hundred years later, William Farr (Halliday, 
2000) produced a simple mathematical model of the 
1865 rinderpest epidemic in the UK (see Chapter 19). 

Quantitative analysis of biological (including med­
ical) phenomena evolved in the 18th century, when the 
Age of Enlightenment saw a growth in literature dealing 
with the relationship between probability and the 
need for objectivity in science and society (the 'Prob­
abilistic Revolution'). The mathematical foundation of 
probability was laid by Jakob Bernoulli in his Ars 
Conjectandi, which was published posthumously in 
1713. He developed a theory of 'inverse probability', 
which stated that the frequency of an event would 
approach its probability of occurrence if the number 
of observations was large enough. This theory was 
mathematically refined by Simeon-Denis Poisson, who 
proposed a 'law of large numbers', which stated that, if 
an event was observed a large number of times, one 
could assume that the probability of its future occur­
rence would correspond to its observed frequency. 
The logical consequence of this conclusion is that, if 
there are sufficient observations, sound predictions 
can be made. Thus, in relation to therapy, Pierre-Simon 
Laplace (1814) suggested that a preferred method of 
treatment 'will manifest itself more and more in the 
measure that the number (of observations) is increased'. 

A pivotal move towards comparative statistical 
techniques occurred when Pierre-Charles-Alexander 
Louis developed his 'numerical method', requiring 
systematic record keeping and rigorous analysis of 
multiple cases (Bonett, 1973). He documented typhoid 
in Paris, showing that the disease occurred predomin­
antly in young adults, and that the average age of 
fatal cases was higher than that of survivors, suggest­
ing that the younger patients had the best prognosis 
(Louis, 1836). He subsequently demonstrated that 
blood-letting was of no benefit to typhoid cases, and 
his calculation of average values was adopted by other 
early protagonists of clinical trials (e.g., Joseph Lister; 
see Chapter 16). Average values were also applied to 
provide a quantitative definition of a 'normal' indi­
vidual; Adolphe Quetelet (1835), for example, recorded 
the range of the human cardiac and respiratory rates. 

Application of probability theory to medicine was 
cautiously and tendentiously accepted by British and 
French medical statisticians, who were largely con­
cerned with the descriptive statistics of the major 
public health issues (e.g., Figure 1.3), rather than with 
statistical inference. Nevertheless, during the 19th 
century, strong links were forged between epidemio­
logists, mathematicians and statisticians through the 
common influence of Louis (Lilienfeld, 1978) 13, and, by 
the 20th century, rigorous methods of statistical infer­
ence were developing (Stigler, 1986) and were being 
applied in medicine and agriculture. These methods 
necessitate observation of events in populations, 
rather than in the individual, and are thus central 
to the development of quantitative epidemiology (see 
Chapter 2). 

The formulation of physical and biological events, 
however, now, as then, needs to be very carefully 
assessed, and may convey an illusion of certainty 
and security that is not warranted (Gupta, 2001) .  
Moreover, it is not always considered to be socially 
beneficial14, and is not a substitute for rigorous, albeit 
sometimes onerous, analysis of field data (The Eco­
nomist, 2002). Additionally, there may be a tendency to 
use whatever numerical data are available, regardless 
of their relevance and quality (Gill, 1993)15. 

13 An interesting 'family tree', showing the links between 1 8th-20th 
century statisticians, public-health physicians and epidemiologists, is 
depicted by Lilienfeld and Lilienfeld (1980). 

14 See, for example, Gregory (2002) for a brief theological discussion. 
15 Chambers (1997) amalgamates Gupta's and Gill's points, with 

sights set particularly on economists: 'Quantification alld statistics call mis­
lead, distract, be wasteful, simply not make sCllse or conflict with COlnlllOIi values 
. .. Yet professionals, especially economists and consultants tight for time, have 
a strong felt need for statistics. At worst they grub aroulld alld grab what lIum­
bers they can, feed them into their computers and prillt out not just numbers, but 
more and more elegant graphs, bar charts, pie charts allli three-dimensional 
wonders ... Numbers can also reassure by appCllrilig to extmd control, precision 
and knowledge beyond their real limits ... wrong numbers, one might add, are 
worst of all because al/numbers pose as true.' Porter (1 995) provides a philo­
sophical discussion of quantification in general. 
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Table 1.4 Current trends in the distribution of some infectious diseases of an imals. ( Extracted main ly from Mulhern et al., 1 962; Knight, 1972; 

Blaha, 1 989; West, 1 995;  and Radostits et al., 1 999.) 

Disease 

Anthrax 

Aujeszky's disease 

Bluetongue 

Bovine bruce l l osis 

Contagious bovine 

pleuropneumonia 

Glanders 

Johne's disease 

Lumpy skin disease 

Rabies 

Rift Valley fever 

Rinderpest 

Sheep pox 

Swine vesicular disease 

Tuberculosis 

Host 

All animals, particu larly 

devastati ng in cattle 

Pigs 

Sheep 

Cattle 

Cattle 

Horses 

Cattle, sheep, goats 

Cattle 

Al l mammals, some birds 

Cattle, sheep, goats, man 

Artiodactyls 

Sheep 

Pigs 

Many species, especially 

serious in cattle 

Contemporary veterinary medicine 

Current perspectives 

Infectious diseases 

Although there have been notable successes in the con­
trol of the infectious diseases, some still pose problems 
in both developed and developing countries (Table 1.4), 
and some continue to recur; for example, foot-and­
mouth disease (Table 1.5), which erupted most recently 
in western Europe with devastating consequences 
(notably in the UK) in 2001 (Table 1.1) . Some have 
emerged as major problems this century, although 
there is circumstantial evidence that the infectious 
agents have existed for some time (Table 1.6). Others 
are apparently novel (Table 1.7)16. Military conflict con­
tinues to be responsible for spreading these diseases 

1h Emergent and novel infectious diseases may be classified together 
as 'emerging diseases' :  ' ... illfectiolls that have newly appeared in a popula­
tion or have existed but are rapidly iI/creasing in il/cidence or geographic range' 
(Morse, 1995). Infectious diseases may emerge either as a result of genetic 
changes in infectious agents or their hosts (see Chapter 5) or following 
ecological changes (see Chapter 7). Schrag and Wiener (1995) conclude 

Trends 

World-wide ran ge, now contracting to main l y  tropics 

and sub-tropics 

Spreading, recently entered Japan 

Spread ing for past 100 years 

Eradicated from many developed countries in recent 

decades 

Eradicated from much of Europe 

Mostly eradicated from developed countries 

World-wide distribution with increasing prevalence in 

some countries, and spreading in Europe 

Extending from Africa to the Middle East 

Eradication is problematic. Geographically isolated 

areas (includ ing some island masses) are generally free, 

al though most countries experience rabies to some extent 

Extendin g from Africa to the Middle East 

Only a few pockets of infection remain ing. Global mass 

vaccination now ended 

Eradicated from Europe in 1 95 1 .  Presen t  in AfricJ, Middle 

East and India 

Decreased significance since 1982 

Eradication has proved problematic but some success has 

been achieved. No country is totally free of tubercul osis 

(Table 1.2); for example, at the end of the Second World 
War, retreating Japanese soldiers brought rinderpest 
from Myanmar (Burma) to north-eastern Thailand. 

The infectious diseases are particularly disruptive in 
the developing countries, where more than half of the 
world's livestock are located (Table 1.8), accounting for 
over 80% of power and traction (Pritchard, 1986) and, 
in pastoral communities, at least 50% of food and 
income (Swift, 1988) (with milk, alone, accounting for 
up to 75% of human daily energy requirements: Field 
and Simkin, 1985). There have been some successes, 
for example, the JP15  campaign against rinderpest in 
Africa (Lepissier and MacFarlane, 1966), although the 
benefits of this campaign were subsequently negated 
by civil strife and complacency (Roeder and Taylor, 
2002) and the disease has only recently been effectively 
tackled again (FAO, 1996), with the goal of global erad­
ication by 2010. Several vector-transmitted diseases 

that both ecological and genetic evolutionary changes can contribute to 
the emergence of infectious diseases, but that ecological change is prob­
ably the more general explanation for new epidemics (probably because 
ecological changes are less constrained than evolutionary changes in 
hosts and pathogens). 
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Table 1.5 Number of outbreaks of foot-and-mouth disease in the United Kingdom, 1 892-2001 . 

Year Outbreaks Year Outbreaks Year Outbreaks Year Outbreaks 

1 892 95 1 9 1 2  83 1 932 25 1 95 2  495 

1 893 2 1 9 1 3  2 1 933 87 1 95 3  40 

1 894 3 1 9 1 4  27 1934 79 1 954 12 

1 895 0 1 9 1 5  5 6  1 935 5 6  195 5  9 

1 896 0 1 9 1 6  1 1 936 67 1 95 6  1 62 

1 89 7  0 1 9 1 7  0 1937 187 1 95 7  1 84 

1 898 0 1918 3 1 938 1 90 1 958 116 

1 899 0 1 9 1 9  75 1 939 99 1959 45 

1 900 21 1 920 1 3  1 940 100 1 960 298 

1901 1 2  1 921 44 1941 264 1 961 1 03 

1 902 1 1 922 1 1 40 1 942 670 1962 5 

1 903 0 1 923 1 929 1 943 27 1 963 0 

1904 0 1 924 1944 181 1 964 0 

1 905 0 1 925 260 1 945 1 29 1 965 

1 906 0 1 926 204 1 946 64 1966 34 

1907 0 1 927 1 43 1 947 104 1 967 2210 

1 908 3 1 928 1 38 1 948 1 5  1 968 1 87 

1 909 0 1 929 38 1 949 1 5  1969 -2000 It 
1 9 1 0  2 1 9 30 8 1 950 20 2001 2030 

1 9 1 1 1 9  1 931 97 1 95 1  1 1 6 

t An isolated outbreak occurring on the Isle of Wight in 1 98 1 . 

Table 1.6 Some emergent infectious diseases and p lagues of animals in the 20th Century. 

Year Country Infection Source 

1907 Kenya African swine fever Montgomery (1921) 

1 9 1 0  Kenya Nairobi sheep disease Montgomery (1 9 1 7) 

1 9 1 8  US Swine influenza Shope (1 931 ) 

1929 South Africa Lumpy skin disease Thomas and Mare (1 945 )  

1 929 US Swine pox McNutt et al. (1 929) 

1 930 US Eastern equine encephalomyelitis Kissling et al. (1 954) 

1 930 US Western equine encephalomyelitis Kissling (1 958) 

1 932 US Vesicu l ar exanthema of pigs Traum (1 936) 

1 933 Iceland Maedi-visna Sigu rdsson (1954) 

1 9 39 Colombia Venezuelan equine encephal omyelitis Kubes and Rios (1 939) 

1 946 Canada Mink enteritis Schofield (1949) 

1 947 US Transmissible mink encephalopathy Hartsough and Burger (1965) 

1 95 3  US Bovine mucosal disease Ramsey and Chivers (1 95 3) 

1 95 5  US Infectious bovine rhinotracheitis Miller (1 955)  

1 95 6  Czechoslovakia Equ ine influenza A (H7N7) Bryans ( 1 9 64) 

1 962 France West Nile equ ine encephalomyel itis Panthier (1968) 
1 963 US Equine influenza A (H3N8) Bryans (1 964) 

1966 UK Bovine u lcerative mammillitis Martin et al. (1 966) 

1 972 Iran Camel pox Baxby (1 972) 

1 972 US Lyme disease Steere et al. (1 977) 

1 9 74 Kenya Horsepox Kaminjolo et al. (1 974) 

1 975 South Africa Haemorrhagic Rift Valley fever Van Velden et al. (1 977) 

1 977 Worldwide Canine parvovirus Eugster et al. ( 1 9 78) 

1 977 USSR Cat pox Marennikova et al. (1 977) 

1 980 UK Infectious bursitis-2 McFerran et al. (1980) 

1 98 1  Zimbabwe Mokola virus infection Foggin (1 983) 

1 983 US Fulminating avian influenza (H5N2) Buisch et al. (1 984) 
1 985 Denmark Danish bat rabies (Duvenhage) Grauballe et al. (1 987) 
1 986 UK Bovine spongiform encephalopathy Wells et al. (1 987) 
1 986 US Cache Valley teratogenesis Chung et al. (1 991 ) 
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Table 1.7 Some novel infectious diseases and pl agues of animals in the 20th Century. 

Year Country Infection Source 

1 907 Hungary Marek's disease Marek ( 1907) 
19 1 2  Kenya Rift Valley fever Daubney etal. ( 1 931 ) 

1923 The Netherlands Duck p lague Baudet ( 1 923) 

1925 US Avian l aryngotracheitis May and Tittsler ( 1 925)  
1 926 java Newcastle d isease Doyle ( 1 927) 
1 928 France Fel ine panleukopenia Verge and Cristoforoni ( 1 928) 

1 930 US Avian encephalomyelitis jones ( 1 932) 
1 930 US Avian infectious bronchitis Schal k and Hawn (1931 ) 
1 932 US Equine virus abortion Dimock and Edwards ( 1932) 
1 937 US Turkey haemorrhagic enteritis Pomeroy and Fenstermacher (1937) 
1942 Ivory Coast Goat plague (peste des petits ruminants) Gargadennec and Lalanne ( 1942) 

1945 US Duck virus hepatitis-1 Levine and Fabricant (1950) 

1945 US Transmissible gastroenteritis of pigs Doyle and Hutchings ( 1 9 46) 
1 946 US Bovi ne vi rus d iarrhoea Olafson et al. ( 1 946) 
1946 US Aleutian disease of mink Hartsough and Gorham ( 1 956) 
1 947 Sweden Infectious canine hepatitis Rubarth ( 1 947) 

1 950 US Avian aden ovirus-1 Olson ( 1 950) 
1 95 1  US Turkey bluecomb disease Peterson and Hymas ( 1 9 5 1) 

1953 US Feline infectious anaemia Flint and Moss (1953) 
195 4  japan Akabane d isease Miura et al. ( 1 974) 

195 4  Canada Avian reovirus Fahey and Crawley (1954) 

1 956 China Goose plague Fang and Wang (198 1 )  
1 95 7  US Fel ine cal icivirus Fastier ( 1 957) 

1 95 8  US Fel ine viral rhinotracheitis Crandell and Maurer ( 1 958)  

1959 Canada Turkey viral hepatitis Mongeau et al. ( 1959) 

1959 japan Ibaraki disease Omori et al. (1969) 

1960 Israel Turkey meningoencephalitis Komarov and Kalmar ( 1 960) 

1 962 US Bovine aden ovirus-1 ,2 Klein ( 1 962) 

1 962 US Avian infectious bursitis-1 Cosgrove ( 1 962) 

1 964 UK Fel ine leukaemia jarrett et al. ( 1 964) 

1 964 UK Porcine adenovirus Haig et al. ( 1 964) 

1965 UK Duck virus hepatitis-2 Asplin ( 1 965 )  

1965 US Canine herpes Carmichael et al. ( 1 965) 

1 965 US Porcine enteroviruses Dunne et al. (1965) 

1966 Italy Swine vesicular d isease Nardelli etal. ( 1 968) 

1 967 UK Porcine parvovirus Cartwright and Huck ( 1 967) 

1 967 UK Border disease in sheep Dickinson and Barlow ( 1 967) 

1 967 US Chronic wasting disease of deer Will iams and Young ( 1 980) 

1968 Canada Bovine adenovirus-3 Darbyshire ( 1 968) 

1 969 US Duck virus hepatitis-3 Toth (1969) 

1 972 UK Lymphoprol iferative d isease of turkeys Biggs et al. ( 1 9 74) 

1 973 US Equine adenovirus McChesney et al. ( 1 9 73) 

1 974 US Feline herpes urol ithiasis Fabricant and Gillespie (1974) 

1974 US Caprine arthritis-encephalitis Cork et al. ( 1 974) 

1 974 japan Kunitachi v irus Yoshida et al. ( 1 9 77) 

1 976 The Netherlands Egg-drop syndrome Van Eck et al. (1976) 

1 976 japan Avian infectious nephritis Yamaguchi et al. ( 1 979) 

1 977 US Chicken parvovirus Parker et al. (1977) 

1977 Ireland Contagious equine metritis O'Driscol l  et al. ( 1 9 77) 

1978 Iraq Pigeon paramyxovirus-1 Kaleta et al. ( 1 985)  

1 979 japan Chick anaemia agent  Yuasa et al. ( 1 979) 

1 98 1  US Canine cal icivirus Evermann et al. ( 1 981) 

1984 China Rabbit haemorrhagic d isease Liu et al. ( 1 984) 

1985 US Potomac horse fever Rikihisa and Perry ( 1 985)  

1 985 UK Rhinotracheitis of turkeys Anon. ( 1985)  

1 985 japan Chuzon d isease of cattle Miura et al. ( 1 990) 

1 987 USSR Phocid d istemper-2 (Baikal)  Grachev et al. ( 1 989) 

1987 US Porcine reproductive and respiratory syndrome Keffaber (1989) 

1987 US Morbi l l ivirus of dolphins Lipscomb et al. ( 1 994) 

1 988 The Netherlands Phocid d istemper-1 ( North Sea) Osterhaus and Vedder ( 1 988) 

1 990 The Netherl ands Bovine birnavirus Vanopdenbosch and Wel lemans (1990) 

1994 Australia Hendra virus ( formerly equine morbil l ivirus) Murray et al. ( 1 995)  

1 995 New Zealand Wobbly possum disease virus Anon. (1997) 

1996 US Porcine wasting d isease syndrome Daft et al. ( 1 996) 
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Table 1.8 World l ivestock populations, 2001 (1 OOOs of animals). (From FAO, 2002.) 

Cattle Sheep Goats Pigs Horses Chickens Buffaloes Camels 

US and Canada 110 223 7 805 1 380 71 738 5 68 5  1 988 000 

Central America 50 453 7 5 22 12 308 25 707 8 453 716 000 5 

South America 308 5 69 75 312 22 148 5 5 399 15 651 1 765 000 1 151 

Europe 143 858 144 812 17 904 194 15 3  7 010 1 746 000 230 12 

Africa 230 047 250 147 218 625 18 467 4 879 1 276 000 3 430 15 124 

Asia 470 920 406 584 406 584 5 5 2  372 16 302 7 250 000 160 892 4 198 

Oceania 37 722 164 001 684 5 094 376 119 000 

Al l  parts of the world 1 35 1 792 1 05 6 184 738 246 922 929 5 8 244 14 859 000 165 724 19 334 

Table 1.9 The livestock population of Great Britain, 1866-1997 (1 OOOs of animals). (From HMSO, 1968, 1982, 1991, 1998.) 

Year Cattle Sheep 

1866 4 786 22 048 

1900 6 805 26 592 

1925 7 368 23 094 

1950 9 630 19 714 

1965 10 826 28 837 

1980 11 919 30 385 

1989 10 5 10 38 869 

1997 9 902 39 943 

- Data not available. 

Pigs 

2 478 

2 382 

2 799 

2 463 

6 731 

7 124 

7 391 

7 375 

Horses 
(agricultural use) 

1 078 

910 

347 

21 

Fowls 

39 036 

71 176 

101 956 

115 895 

121 279 

111 566* 

Turkeys 

730 

855 

4 323 

6 335 

* 1995 figure. (A new approach to collecting poultry information began in 1997, preventing direct comparisons with previous years.) 

with complex life-cycles, including haemoprotozoan 
infections such as trypanosomiasis, have not been 
controlled satisfactorily17. The techniques of the micro­
bial revolution have enabled these diseases to be 
identified. However, accurate means of assessing the 
extent and distribution of the diseases also are neces­
sary in order to plan control programmes (e.g., the 
Pan-African Rinderpest Campaign: IAEA, 1991).  

Some infectious diseases, for example brucellosis 
and tuberculosis, persist at low levels in developed 
countries, despite the application of traditional control 
methods. This problem can result from inadequate 
survey techniques and insensitive diagnostic tests 
(Martin, 1977). In some cases, an infectious agent may 
have a more complex natural history than initially sus­
pected. For example, continued outbreaks of bovine 

17 The reasons for lack of progress in the control of animal diseases in 
developing countries are complex, including more than lack of technical 
feaSibility. Insufficient applied research to solve field problems, poor 
information, and neglect of farmers' needs and the requirement for 
farmer participation in disease control, all contribute to the problem 
(Huhn and Baumann, 1 996; Bourn and Blench, 1999). With the demand 
for livestock products in developing countries estimated to double by 
2020 (Delgado et aI., 1999), the supply of livestock services, including vet­
erinary services, is likely to increase in importance, and issues such as 
privatisation (Holden et al., 1996) and delivery to the poor (Ahuja and 
Redmond, 2004) will require close scrutiny. 

tuberculosis in problem herds in England (Wile smith 
et al., 1982) have been shown to be associated with 
pockets of infection in wild badgers (Little et al., 1982; 
Krebs, 1997), which has resulted in a somewhat con­
tentious control strategy of badger culling (Donnelly 
et al . ,  2003; DEFRA, 2004) .  

The effective control of the major infectious dis­
eases has allowed an increase in both animal numbers 
(Table 1.9) and productivity (Table 1.10) in the devel­
oped countries (mechanization making draft horses 
the exception)18. There has been an increase in the size 
of herds and flocks, notably in dairy, pig (Table 1.11) 
and poultry enterprises. Intensification of animal 
industries is accompanied by changes in animal health 
problems. 

Complex infectious diseases 

The animal plagues are caused by 'simple' agents, that 
is, their predominant causes can be identified as single 

1R Some earlier improvements in productivity had occurred as a 
consequence of improved nutrition. For example, in England in the 18th 
century, more land was planted with high-yielding roots (e.g., turnips) 
and new types of grass, enabling animals to be fed adequately through­
out the year. The average weight of an ox at London's Smithfield Market 
increased from 370 lb in 1710 to 800 lb in 1795 (Paston-Williams, 1993). 
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Table 1.10 World cattle productivity, 2001. (From FAO, 2002.) 

Number of animals slaughtered Carcass weight Milk yield (kg/animal) Milk production 
(1 ODDs of animals) (kg/anima/) (1 ODDs metric tonnes) 

US 36 690 327 8 226 75 025 

South America 55 369 213 1 580 47 055 

Asia 78 380 143 1 232 96 674 

Africa 27 255 149 486 18 645 

Europe 53 447 219 4 149 210 193 

Oceania 12 408 2 14 4 232 24 623 

All parts of the world 277 353 204 2 206 493 828 

Table 1.11 Pig herd structure in England and Wales (June).  (Data supplied by the Meat and Livestock Commission.) 

1965 1971 

Number of farms with pigs 94 639 56 900 

Total sows (1 OOOs) 756.3 791.0 

Average herd size (sows) 10.4 18.5 

Number of herds by herd 

size (sows): 

1-49 56 560 (75.4%) 39 000 (90.9%) 

50-99 10 445 ( 13.9%) 2 700 (6.3%) 

100-199 8 034 ( 10.7%) 1 000 (2.3%) 

200 and over 200 (0.5%) 

Total number of herds with sows 75 039 42 900 

infectious agents. Diseases caused by single agents still 
constitute problems in developed countries. Examples 
include salmonellosis, leptospirosis, babesiosis and 
coccidiosis. However, diseases have been identified 
that are produced by simultaneous infection with 
more than one agent (mixed infections), and by inter­
action between infectious agents and non-infectious 
factors. These are common in intensive production 
enterprises. Diseases of the internal body surfaces 
- enteric and respiratory diseases - are particular 
problems. Single agents alone cannot account for the 
pathogenesis of these complex diseases. 

Subclinical diseases 

Some diseases do not produce overt clinical signs 
although often affect production. These are called 
subclinical diseases. Helminthiasis and marginal min­
eral deficiencies, for example, decrease rates of live­
weight gain. Porcine adenomatosis decreases growth 
in piglets, although there may be no clinical signs 
(Roberts et ai., 1979). Infection of pregnant sows 
with porcine parvovirus in early pregnancy destroys 
fetuses, the only sign being small numbers of piglets in 
litters. These diseases are major causes of production 
loss; their identification often requires laboratory 
investigations. 

1975 1980 1991 1999 

32 29 1 22 973 13 738 10 460 

686.0 70 1. 1 672.4 580.5 

27.6 4 1.4 70.4 86.3 

20 873 (84.0%) 12 900 (76.3°;'») 6 47 1  (67.8'Yo) 4 714 (70.1%) 

2 40 1  (9.7%) 2 000 ( 1 1  .8%) 1 050 ( 1 1  .0%) 522 (7.8%) 

1 14 1 (4.6%) 1 300 (7.7%) 1 1 15 (1 1.7%) 581 (8.6%,) 

426 ( 1.7%) 700 (4.1%) 9 14 (9.5%) 9 1 1  ( 13.5%) 

24 84 1 16 900 9 550 6 728 

Non-infectious diseases 

Non-infectious diseases have increased in importance 
following control of the major infectious ones. They 
can be predominantly genetic (e.g., canine hip dys­
plasia), metabolic (e.g., bovine ketosis) and neoplastic 
(e.g., canine mammary cancer). Their cause may be 
associated with several factors; for example, feline 
urolithiasis is associated with breed, sex, age and diet 
(Willeberg, 1977). 

Some conditions, such as ketosis, are particularly 
related to increased levels of production; ketosis is 
more likely in cows with high milk yields than in those 
with low yields. Intensive production systems may 
also be directly responsible for some conditions, for 
example foot lesions in individually caged broilers 
(Pearson, 1983). 

Diseases of unknown cause 

The cause of some diseases has not been fully elucid­
ated, despite intensive experimental and field 
investigations over many years. Examples include 
the related diseases, feline dysautonomia (Edney et ai., 
1987; Nunn et ai., 2004) and equine grass sickness 
(Hunter et al., 1999; McCarthy et ai., 2001; Wlaschitz, 
2004). 
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In some situations, infectious agents have been 
isolated from cases of a disease but cannot be unequi­
vocally associated with the disease. An example is 
Mannheimia haemolytica (previously named Pasteurella 
haemolytica) in relation to 'shipping fever' (Martin et al., 
1982). This syndrome occurs in cattle soon after their 
arrival at feedlots. Post-mortem examination of fatal 
cases has revealed that fibrinous pneumonia is a 
common cause of death. Although M. haemolytica is 
frequently isolated from lungs, it is not invariably pre­
sent. Attempts to reproduce the disease experiment­
ally are fraught with problems, not the least of which 
is the difficulty of establishing colonization of the nasal 
tract with the bacterium (Whiteley et al., 1992). Other 
factors also seem to be involved (Radostits et al., 1999). 
These include mixing animals and then penning them 
in large groups, the feeding of corn silage, dehorning, 
and, paradoxically, vaccination against agents that 
cause pneumonia, including M. haemolytica - factors 
associated with adrenal stress (see Figure 3.5b and 
ChapterS) . 

Management and environment also appear to play 
significant, although often not clearly defined, roles in 
other diseases. Examples include enzootic pneumonia 
and enteritis in calves (Roy, 1980), enteric disease in 
suckling pigs, porcine pneumonia, bovine mastitis 
associated with Escherichia coli and Streptococcus uberis 
(Blowey and Edmondson, 2000b) and mastitis in 
intensively housed sows (Muirhead, 1976). 

In some instances, the infectious agents that are 
isolated are ubiquitous and also can be isolated 
from healthy animals, for example, enteric organisms 
(Isaacson et al., 1978). These are 'opportunistic' patho­
gens, which cause disease only when other detrimen­
tal factors are also present. 

In all of these cases, attempts to identify a causal 
agent fulfilling Koch's postulates frequently fail, 
unless unnatural techniques, such as abnormal routes 
of infection and the use of gnotobiotic animals, are 
applied. 

The fifth period 

The animal-health problems and anomalies that 
emerged in the 20th century stimulated a change, 
which began in the 1960s, in attitude towards disease 
causality and control. 

Causality 

The inappropriateness of Koch's postulates as criteria 
for defining the cause of some syndromes suggested 
that more than one factor may sometimes operate in 
producing disease. A multifactorial theory of disease 
has developed, equally applicable to non-infectious 

and infectious diseases. Interest in human diseases 
of complex and poorly understood cause grew in the 
early years of the 20th century (Lane-Claypon, 1926) 
and was responsible for the development of new 
methods for analysing risk factors, for example smok­
ing in relation to lung cancer (Doll, 1959), and these 
epidemiological techniques are now firmly established 
in veterinary medicine, too (e.g., in the investigation 
of risk factors for respiratory disease in pigs: Shirk, 
2000). 

There is also now an awareness that the causes 
of disease include social, geographical, economic and 
political factors, as well as biological and physical ones 
(Hueston, 2001) .  For instance, although bovine spongi­
form encephalopathy subsequently spread to main­
land Europe, its initial emergence in the UK (Table 1.6) 
was the result of recycling infective meat and bone 
meal to cattle, and this practice was extensive because 
meat and bone meal was an inexpensive source of 
high-quality protein in cattle rations in a country that 
had heavily intensified and in which plant proteins 
were limited. Likewise, bovine tuberculosis is a mani­
fest and expanding problem in white-tailed deer in 
north-eastern Michigan in the US because the deer 
populations have increased as a result of feeding pro­
grammes established to serve the hunting industry 
that has replaced cattle farming in this economically 
deprived area. 

New control strategies 

Two major strategies have been added to the earlier 
techniques (Schwabe, 1980a,b): 

1 .  the structured recording of information on disease; 
2. the analysis of disease in populations. 

These methods involve two complementary ap­
proaches: the continuous collection of data on disease 
- termed surveillance and monitoring - and the 
intensive investigation of particular diseases. A fur­
ther technique, used at the individual farm level, is 
the recording of information on both the health and 
productivity of each animal in a herd, as a means of 
improving production by improving herd health. 

Recent trends 

Several recent trends have occurred in relation to the 
services that the veterinarian supplies to his clients, 
and to national and international disease reporting. 

Veterinary services 

Veterinarians practising in the livestock sector con­
tinue to control and treat disease in individual 



Fig.1.4 Areas of empl oyment of 

veterinarians in the US, 1980 and 

1990. LAE: exclusivel y  large animal; 

LAP: predominantly l arge animal; 

MIX: mixed practice; SAP: predominantly 

small animal; SAE: excl usivel y  smal l animal; 
EQ: equine; OPP: other private practice; 

UNI: university; FC: federal government; 

SLC: state or l ocal government; 

US: uniformed services; IND: industry; 

OPC: other public and corporate. 

(From Wise and Yang, 1992.) 
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animals. Developments in molecular biology are 
improving diagnostic procedures (Goldspink and 
Gerlach, 1990), and offer new opportunities for vaccine 
production (Report, 1990). Additionally, in intensive 
production systems, the multifactorial nature of many 
diseases necessitates modification of the environment 
of the animal and management practices, rather than 
concentrating exclusively on infectious agents. 

Diseases of food animals are also being considered 
directly in relation to their effect on production. 
Reduced levels of production can be used as 'diag­
nostic indicators', for example small litter size as an 
indicator of infection with porcine parvovirus. More 
significantly, veterinary emphasis has shifted from 
disease as a clinical entity in the individual animal 
to disease assessed in terms of suboptimal health, 
manifested by decreased herd performance: disease is 
being defined as the unacceptable performance of 
groups of animals. There is thus a need to identify all 
factors that contribute to the occurrence of disease, to 
select suitable 'performance indicators' (e.g., 'calving 
to conception interval'), and to define targets for these 
indicators in herds under a particular system of hus­
bandry. It is then possible to identify those herds that 
miss the targets. This is called performance-related 
diagnosis (Morris, 1982), and includes not only the 
measurement of overt indicators, such as liveweight 
gain, but also estimation of covert biochemical values, 
such as metabolite levels in serum. Thus, clinical 
disease, subclinical disease and production need to 
be monitored in the context of anticipated ('normal') 
levels for a particular production system (Dohoo, 1993). 

The veterinarian therefore has become more 
involved in husbandry, management and nutrition 
than previously, and less involved in traditional 'fire 
brigade' treatment of clinically sick animals. However, 
the livestock owner frequently still regards the veter­
inarian solely as a dispenser of treatment (Goodger 
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and Ruppanner, 1982), relying on feed representatives, 
dairy experts and nutritionists for advice on breeding, 
nutrition and management. The extent of this problem 
varies from one country to another, but indicates that 
the veterinarian's evolving role in animal production 
requires a change not only in veterinary attitudes but 
also sometimes in those of animal owners. 

Government veterinary services, too, are becoming 
increasingly concerned with investigations of specific 
animal health problems of complex cause, such as 
mastitis, thereby extending their role beyond the tradi­
tional control of mass infectious diseases. 

As the mass infectious diseases are controlled, and 
animal production becomes more intensive, other 
diseases become relatively more important. They are 
currently major problems in developed countries, and 
in some developing countries that have intensive enter­
prises, such as poultry and pig units in Malaysia, the 
Philippines and Taiwan. These diseases will become 
increasingly significant in the developing countries 
when the mass infectious diseases are controlled. 

Attention is being focussed on the health of compan­
ion animals, particularly in the developed countries 
(e.g., Heath, 1998)19. This is reflected in the employ­
ment trends in the veterinary profession (Figure 1.4). 
Many health problems of companion animals are 
complex too, and a full understanding of their cause 
and control is possible only when the contribution 
of genetic and environmental factors is appreciated. 
Examples include urinary tract infections in bitches, 
in which concurrent disease and recent chemother­
apy are important factors (Freshman et ai., 1989), and 
equine colic, which is related to age and breed (Morris 
et ai., 1989; Reeves et ai., 1989). Problems of veterinary 

19 In many developing countries, private veterinary practice remains a 
minority employer of veterinarians, with companion animals of little 
significance (e.g., Turkson, 2003). 
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Fig.l.5 A Victorian satire: Microcosm dedicated to the London Water Companies' Monster soup commonly called Thames Water' by George 

Cruikshank (1792-1878). British Museum, London UK/Bridgeman Art Library. 

interest now extend beyond clinical conditions to 
wider social issues, such as the biting of children by 
dogs (Gershman et al., 1994), and animal welfare (see 
below) . 

Additionally, veterinary services have an enlarging 
responsibility for human health, including preventing 
and controlling emerging zoonotic diseases, and 
addressing antibiotic resistance (an area of endeavour 
that has been traditionally labelled veterinary public 
health), and protecting the environment and ecosys­
tems (Chomel, 1998; Marabelli, 2003; Pappaioanou, 
2004). 

Food quality 

A particular area of concern in veterinary public health 
is food quality. The public's concern about what it con­
sumes is not new (Figure 1.5). However, during the last 
two decades of the 20th century, concern increased 
because of major outbreaks of foodborne infections of 
animal origin (Cohen, 2000). Examples include an out­
break of salmonellosis affecting over 200 000 people in 
the US in 1994, and Escherichia coli 0157:H7 infection 

affecting over 6000 schoolchildren in Japan in 1996 
(WHO, 1996). Other emerging foodborne pathogens 
include Cryptasparidium and Campylabacter spp. 
(Reilly, 1996) and Listeria manacytagenes (WHO, 1996). 
Additionally, the emergence of bovine spongiform 
encephalopathy, with its putative role as the cause of 
the fatal human disease, variant Creutzfeldt-Jakob 
disease (Will, 1997), has served to heighten public 
concern over food safety. In several western countries, 
this has led to the establishment of Food Standards 
Agencies whose remit is to oversee food quality. 

The veterinarian's role is now extended beyond 
guaranteeing wholesomeness of food at the abattoir, 
and addresses all levels of the production chain, 
from the farm to the table ( 'from paddock to plate') 
(Smulders and Collins, 2002, 2004). This necessitates 
the establishment of quality assurance programmes on 
the farm, using techniques such as HACCP (Hazard 
Analysis Critical Control Points) (Noordhuizen, 2000), 
thus marking a shift in focus from herd health, alone, 
to quality control of food throughout the production 
chain (Figure 1.6). This approach is strengthened by 
quantitative evaluation of the risk of transmission 
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of infection throughout the chain (see Chapter 2: 
'Microbial risk assessment'). 

Animal welfare 

The attitude of the public to animals (notably in devel­
oped countries) is reflected in contemporary concern 
for animal welfare, both among the scientific com­
munity (Moss, 1994; Appleby and Hughes, 1997) and 
the general public (Bennett, 1996)2°. This encompasses 
health and 'well-being' (Ewbank, 1986; Webster, 
2001)21. The latter term is difficult to define, and is also 
included in the World Health Organization's definition 
of human health (Old English: hal = whole) as 'a state of 
complete physical, mental and social well-being and 
not merely the absence of disease or infirmity' (WHO, 
2003) .  Although this definition was not designed to be 

20 Concern for the welfare of animals is not just recent, though. In 1 790, 
for example, there was public outrage over the wastage of horses in the 
British Army, which was losing more animals from disease and lack of 
care than from enemy action. This resulted, in 1795, in the Army directing 
that a veterinarian should be attached to each regiment. (The first to enlist 
as an Officer was John Shipps in 1796.) The shortage of trained veterin­
arians was so acute that London's Royal Veterinary College temporarily 
reduced its period of training from three years to three months. 

21 Animal welfare is therefore assessed primarily biologically, and is 
distinct from 'animal rights', which is an ethical and philosophical issue 
(Singer, 2000). 

a framework for formulating goals of health policy 
(N oack, 1987), it illustrates that health is more than just 
absence of disease. 

Obvious aspects of animal welfare are deliberate 
physical abuse (non-accidental injury) and neglect; 
contentious topics are surgical mutilation, such as tail 
docking of dogs (Morton, 1992), horses (Cregier, 1990) 
and pigs (Day and Webster, 1998), and velvet antler 
removal from deer (Pollard et al., 1992). Companion 
animals are known to suffer a wide range of types of 
physical abuse (Munro and Thrusfield, 2001a,b,c) and 
sexual abuse (Munro and Thrusfield, 2001d) which are 
remarkably similar to those found in child abuse, 
and the link between abuse of animals and abuse of 
children is becoming recognized (Ascione and Arkow, 
1999). Other animal-welfare issues may be more 
subtle; for example, the relationship between bovine 
mastitis and use of bovine somatotropin to increase 
milk production (Willeberg, 1993, 1997). 

Welfare in livestock production systems is often 
evaluated in the context of the 'five freedoms' 
(Sped ding, 2000): 

1 .  freedom from hunger and thirst; 
2. freedom from discomfort; 
3. freedom from pain, injury and disease; 
4. freedom to express normal behaviours; 
5. freedom from fear and distress. 
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Behavioural problems may be associated with 
intensive husbandry systems; for example, cannibal­
ism in laying hens (Gunnarsson et al., 1998), but there 
may be less tangible issues (Ewbank, 1986) such as 
behavioural deprivation in sows tethered in stalls. 
The move towards organic farming in some western 
countries is justified, in part, by improved animal 
welfare (Sundrum, 2001), and the veterinarian there­
fore is concerned with disease, productivity and well­
being, all of which can be interrelated, in all types of 
production system (Ewbank, 1988) . 

National and international disease reporting 

There is a requirement for improved disease report­
ing systems at the national and international level to 
identify problems, define research and control prior­
ities and assist in the prevention of spread of infectious 
agents from one country to another. Additionally, 
residues need to be identified and eliminated (WHO, 
1993). These include contamination of meat by pesti­
cides (Corrigan and Seneviratna, 1989) and hormones 
(McCaughey, 1992), as well as the more long-standing 
issue of antibiotic residues, with the attendant prob­
lem of antibiotic resistance (Hugoson and Wallen, 
2000; Teal, 2002). 

The move towards a free internal market in the 
European Union (Anon., 1992), and global goals to lib­
eralize international trade through the World Trade 
Organization (WTO), are highlighting the requirement 
for comprehensive disease reporting, and govern­
mental veterinary services are responding to this need 
(DEFRA, 2002c). If liberalization is achieved, it will 
have advantageous effects on world trade, including 
that in livestock commodities (Page et al., 1991) .  An 
important component of free trade therefore is assess­
ment of the risk of disease and related events (e.g., 
carcass contamination) associated with the importa­
tion of animals and animal products (Morley, 1993). 
Established organizations, such as the Office Inter­
national des Epizooties (OlE), are modifying their goals 
and reporting techniques, taking account of these new 
requirements (Blajan and Chillaud, 1991; Thiermann, 
2005). 

The advent of low-cost computing following the 
microelectronic revolution offers powerful means of 
storing, analysing and distributing data. Information 
can be transported rapidly using modern communica­
tions systems. These developments increase the scope 
for efficient disease reporting and analysis of the many 
factors that contribute to clinical disease and sub­
optimal production, both of which require increased 
statistical acumen among veterinarians. Epidemiology 
has developed to supply these contemporary veterin­
ary requirements. 
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The scope of epidemiology 

Many contemporary disease problems can be solved 
by an investigation of animal populations rather than 
the individual. The natural history of infectious dis­
eases can be understood by studying their distribution 
in different populations. The measurement of the 
amount of infectious and non-infectious diseases in a 
population assists in determining their importance 
and the efficacy of control campaigns. Complex and 
unknown causes of diseases can be elucidated by 
studying the diseases in various groups of animals. 
The effects of diseases on production can be realistic­
ally estimated only in relation to decreased produc­
tion in the herd or flock, rather than in a single animal. 
The economic impact of disease and of attempts to con­
trol it similarly are evaluated best in groups of animals, 
ranging from the individual farm to the national level. 
The investigation of disease in populations is the basis 
of epidemiology. 

Definition of epidemiology 

Epidemiology is the study of disease in populations 
and of factors that determine its occurrence; the 
key word being populations. Veterinary epidemiology 
additionally includes investigation and assessment 
of other health-related events, notably productiv­
ity. All of these investigations involve observing 
animal populations and making inferences from the 
observations. 

A literal translation of the word 'epidemiology', 
based on its Greek roots EJrl- (epi-) = upon, bTff10-
(demo-) = people, and AOyO- (logo-) = discoursing, is 'the 
study of that which is upon the people' or, in modern 
parlance, 'the study of disease in popuiations'l .  
Traditionally, 'epidemiology' related to studies of 
human populations, and 'epizootiology', from the 

Greek swo- (zoo-) = animal, to the studies of animal 
(excluding human) populations (e.g., Karstad, 1962). 
Outbreaks of disease in human populations were 
called 'epidemics', in animal populations were called 
'epizootics', and in avian populations were called 
'epornitics', from the Greek opvz8- (ornith-) = bird 
(e.g., Montgomery et al., 1979). Other derivatives, such 
as 'epidemein' ('to visit a community'), give hints 
of the early association between epidemiology and 
infections that periodically entered a community, in 
contrast to other diseases that were usually present 
in the population. 

The various derivatives can be used in different 
contexts. A study of a disease that is present only in an 
animal population, such as Brucella ovis infection of 
sheep, would not involve a simultaneous study of dis­
ease in humans; the term 'epizootiology' might then be 

1 Two adjectives, 'epidemiologic' and 'epidemiological' are in use, the 
former being more common in North American publications, whereas 
the latter is usual in British literature. The shorter version has probably 
arisen because of the general human tendency to go for simpler forms 
wherever possible. In the case of ' -ic' and ' -ical' this tendency is helped by 
the fact that they are virtually interchangeable. '-ic-' (pedantically, '-ik-') 
is one of the commonest Greek suffixes used to turn a noun into 
an adjective, whereas -al- performs the same function in Latin. Very 
many adjectives of these types were borrowed into English, and native 
speakers became so familiar with both suffixes that they used them with­
out any conscious reference to their linguistic origin (e.g., 'anecdote' is a 
Greek borrowing, and should really have 'anecdotic' as its adjective, 
instead of the hybrid 'anecdotal'). Moreover, it is a feature of both Latin 
and Greek to use adjectives syntactically as nouns, and this has been 
carried over when words have been borrowed into English, resulting 
in 'logic' (properly an adjective) being used as a noun. This was then 
converted to the common adjective, 'logical', using the Latin suffix. 
However, since many of the '-ic' forms also remained as adjectives (e.g., 
'comic', 'classic'), doublets such as 'comic(al)' and 'classic(al)' arose. The 
existence of these doublets explains why 'epidemiologic' and 'epidemio­
logical' are essentially identical, one not being 'more correct' than the 
other. 



used by some to indicate that the study was confined 
to animals other than man. Many diseases, called 
zoonoses, may be shared by man and lower animals. 
Thus, when studying diseases such as bovine brucel­
losis and leptospirosis, both of which are zoonoses, 
mechanisms of transfer of disease between human and 
non-human populations have to be considered. An 
important factor that determines the occurrence of 
such occupationally acquired zoonoses (in veterinar­
ians, abattoir workers and farmers in these examples) 
is the amount of disease in domestic animals. The 
'epidemiology' of brucellosis and leptospirosis in dairy 
farmers is therefore closely associated with the 'epi­
zootiology' of these diseases in cattle. The semantic 
differentiation between studies involving human dis­
eases and those concerned with animal diseases there­
fore is considered neither warranted nor logical (Oohoo 
et al., 1994). Throughout this book, the word 'epidemi­
ological' is used to describe any investigation relating 
to disease in a population, whether or not the popula­
tion consists of humans, domestic animals, or wildlife. 

The uses of epidemiology 

There are five objectives of epidemiology: 

1 .  determination of  the origin of  a disease whose 
cause is known; 

2. investigation and control of a disease whose cause 
is either unknown or poorly understood; 

3. acquisition of information on the ecology and 
natural history of a disease; 

4. planning, monitoring and assessment of disease 
control programmes; 

5. assessment of the economic effects of a disease, 
and analysis of the costs and economic benefits of 
alternative control programmes. 

Determination of the origin of a disease whose 
cause is known 

Many diseases with a known cause can be diagnosed 
precisely by the signs exhibited by the affected 
animals, by appropriate laboratory tests and by other 
clinical procedures such as diagnostic imaging. For 
instance, the diagnosis of foot-and-mouth disease is 
relatively straightforward: the infection produces 
distinct clinical signs in most species (sheep can be 
an exception), and can be readily diagnosed in the 
laboratory. However, determining why an outbreak 
occurred is important in limiting its spread and eradic­
ating the disease. For example, the first reported 
case of the UK epidemic in 2001 was in an abattoir in 
south-east England. However, epidemiological invest­
igations revealed that the disease had originated on a 
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pig farm several hundred miles north (Gibbens et al., 
2001b), and it was only by careful tracing of move­
ments of animals that had been exposed to infection 
at this source that the widespread dissemination of 
the virus through sheep marketing was identified, 
and appropriate national control measures therefore 
instituted (Mans ley et al., 2003). 

There are many examples of the investigation of dis­
eases with known causes that involve answering the 
questions 'Why has an outbreak occurred?' or 'Why 
has the number of cases increased?'. For instance, an 
increased number of actinobacillosis cases in a group 
of cattle might be associated with grazing a particular 
pasture of 'burnt-off' stubble. Such an occurrence 
could be associated with an increase in abrasions of 
the buccal mucosae, caused by abrasive ash, which 
could increase the animals' susceptibility to infection 
with Actinobacillus lignieresi (Rados tits et al., 1999). 
Similarly, consumption of prickly pears (Opuntia spp.) 
may be associated with an increased frequency of the 
disease in sheep, for a similar reason. An increased 
number of cases of bone defects in puppies might be 
due to local publicitybeing given to the use of vitamin 
supplements, resulting in their administration to 
animals that were already fed a balanced diet, with 
consequent hypervitaminosis 0, inducing osteosclerosis 
and bone rarefaction (Jubb et al., 1993). An increase in 
the number of lamb carcasses with high ultimate pH 
values could be associated with excessive washing of 
the animals prior to slaughter (Petersen, 1983). These 
possible explanations can be verified only by epidemio­
logical investigations. 

Investigation and control of a disease whose cause is 
either unknown or poorly understood 

There are many instances of disease control based 
on epidemiological observations before a cause was 
identified. Contagious bovine pleuropneumonia was 
eradicated from the US by an appreciation of the 
infectious nature of the disease before the causal 
agent, Mycoplasma mycoides, was isolated (Schwabe, 
1984). Lancisi's slaughter policy to control rinderpest, 
mentioned in Chapter I, was based on the assump­
tion that the disease was infectious, even though 
the causal agent had not been discovered. Edward 
Jenner's classical observations on the protective effects 
of cowpox virus against human smallpox infection 
in the 18th century (Fisk, 1959), before viruses were 
isolated, laid the foundations for the global eradication 
of smallpox. 

More recently, epidemiological studies in the UK 
suggested that cattle developed bovine spongiform 
encephalopathy following consumption of feedstuffs 
containing meat and bone meal contaminated with a 
scrapie-like agent (Wilesmith et al., 1988). This was 
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sufficient to introduce legislation prohibiting the feed­
ing of ruminant-derived protein, although the causal 
agent had not been identified at the time. 

Although the exact cause of 'blood splashing' 
(ecchymoses in muscle) in carcasses is still not known, 
observations have shown that there is a correlation 
between this defect and electrical stunning by a 'head 
only' method (Blackmore, 1983); and the occurrence 
of this condition can be reduced by adopting a short 
'stun-to-stick' interval, stunning animals with a cap­
tive bolt, or using a method of electrical stunning that 
causes concurrent cardiac dysfunction (Gracey et al., 
1999). Similarly, there is a strong correlation between 
grass sickness and grazing, and the disease can be 
almost totally prevented by stabling horses continu­
ously during spring and summer, although the cause 
of the disease is unknown (Gilmour, 1989). 

The cause of squamous cell carcinoma of the eye in 
Hereford cattle ( 'cancer eye') is not known. Epidemio­
logical studies have shown that animals with unpig­
mented eyelids are much more likely to develop the 
condition than those with pigment (Anderson et al., 
1957). This information can be utilized by cattle 
breeders to select animals with a low susceptibility to 
this neoplasm. 

Epidemiological studies are also used to identify 
causes of disease (many of which are multifactorial 
and initially poorly understood) so that the most 
appropriate disease control techniques can be applied. 
Thus, the identification of low levels of water intake 
as an important component of the cause of feline 
urolithiasis (Willeberg, 1981) facilitated control of this 
syndrome by dietary modification. Investigations can 
also be used to identify characteristics of animals that 
increase the risk of disease. For example, entire, nulli­
parous bitches with a history of oestrus irregularity, 
pseudopregnancy, and use of oestrus-suppression 
drugs are particularly at risk of developing pyometra 
(Fidler et al., 1966; Niskanen and Thrusfield, 1998); 
this information is of diagnostic value to the clinician, 
and is of assistance when advising owners on breeding 
policy. 

Acquisition of information on the ecology and natural / 
history of a disease 

An animal that can become infected with an infectious 
agent is a host of that agent. Hosts and agents exist 
in communities that include other organisms, all of 
which live in particular environments. The aggregate 
of all facts relating to animals and plants is their 
natural history. Related communities and their 
environments are termed ecosystems. The study of 
ecosystems is ecology. 

A comprehensive understanding of the natural 
history of infectious agents is possible only when they 

are studied in the context of their hosts' ecosystems. 
Similarly, an improved knowledge of non-infectious 
diseases can be obtained by studying the ecosystems 
and the associated physical features with which 
affected animals are related. The geological structure 
of an ecosystem, for example, can affect the mineral 
content of plants and therefore can be an important 
factor in the occurrence of mineral deficiencies and 
excesses in animals. 

The environment of an ecosystem affects the sur­
vival rate of infectious agents and of their hosts. Thus, 
infection with the helminth Fasciola hepatica is a serious 
problem only in poorly drained areas, because the 
parasite spends part of its life-cycle in a snail that 
requires moist surroundings. 

Each of the 200 antigenic types (serovars) of 
Leptospira interrogans is maintained in one or more 
species of hosts. Serovar copenhageni, for instance, is 
maintained primarily in rats (Babudieri, 1958). Thus, if 
this serovar is associated with leptospirosis in either 
man or domestic stock, then part of a disease control 
programme must involve an ecological study of rat 
populations and control of infected rats. Similarly, in 
Africa, a herpesvirus that produces infections with­
out signs in wildebeest is responsible for malignant 
catarrhal fever of cattle (Plowright et al., 1960). Wilde­
beest populations, therefore, must be investigated 
when attempting to control the disease in cattle. 

An ecosystem's climate also is important because 
it limits the geographical distribution of infectious 
agents that are transmitted by arthropods by limit­
ing the distribution of the arthropods. For example, 
the tsetse fly, which transmits trypanosomiasis, is 
restricted to the humid parts of Sub-Saharan Africa 
(Ford, 1971). 

Infectious agents may extend beyond the eco­
systems of their traditional hosts. This has occurred 
in bovine tuberculosis in the UK, where the badger 
population is an alternative host for Mycobacterium 
tuberculosis (Little et al., 1982; Wilesmith et al., 1982) in 
which the disease has been refractory (Report, 2000). 
Similarly, in certain areas of New Zealand, wild 
opossums are infected with this bacterium and can 
therefore be a source of infection to cattle (Thorns and 
Morris, 1983). Purposeful routine observation of such 
infections provides valuable information on changes 
in the amount of disease and relevant ecological 
factors and may therefore indicate necessary changes 
in control strategies. 

Infectious diseases that are transmitted by insects, 
ticks and other arthropods, and which may be main­
tained in wildlife, present complex ecological relation­
ships and even more complex problems relating to 
their control. Comprehensive epidemiological studies 
of these diseases help to unravel their life-cycles, and 
can indicate suitable methods of control. 



Planning, monitoring and assessment of disease 
control programmes 

The institution of a programme to either control or 
eradicate a disease in an animal population must be 
based on a knowledge of the amount of the disease in 
that population, the factors associated with its occur­
rence, the facilities required to control the disease, 
and the costs and benefits involved. This information 
is equally important for a mastitis control programme 
on a single dairy farm and for a national brucellosis 
eradication scheme involving all the herds in a 
country. The epidemiological techniques that are 
employed include the routine collection of data on 
disease in populations (monitoring and surveillance) 
to decide if the various strategies are being successful. 

Surveillance is also required to determine whether 
the occurrence of a disease is being affected by new 
factors. For example, during the eradication scheme 
for bovine tuberculosis in New Zealand, opossums 
became infected in certain areas. New strategies had to 
be introduced to control this problem (Julian, 1981). 
During the foot-and-mouth disease epidemic in the 
UK in 1967 and 1968, surveillance programmes indic­
ated the importance of wind-borne virus particles 
in the transmission of the disease (Smith and Hugh­
Jones, 1969). This additional knowledge was relevant 
to the establishment of areas within which there was 
a restriction of animal movement, thus facilitating 
eradication of the disease. 

Assessing the economic effects of a disease and 
of its control 

The cost of the control of disease in the livestock 
industry must be balanced against the economic loss 
attributable to the disease. Economic analysis there­
fore is required. This is an essential part of most 
modern planned animal health programmes. Although 
it may be economic to reduce a high level of disease in 
a herd or flock, it may be uneconomic to reduce even 
further the level of a disease that is present at only 
a very low level. If 15% of the cows in a herd were 
affected by mastitis, productivity would be severely 
affected and a control programme would be likely 
to reap financial benefit. On the other hand, if less 
than 1 % of the herd were affected, the cost of further 
reduction of the disease might not result in a suffi­
cient increase in productivity to pay for the control 
programme. 

This introduction to the uses of epidemiology 
indicates that the subject is relevant to many areas 
of veterinary science. The general agricultural practi­
tioner is now primarily concerned with herd health. 
The companion animal practitioner is faced with 
chronic refractory diseases, such as the idiopathic 
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dermatoses, which may be understood better by an 
investigation of the factors that are common to all 
cases. The state veterinarian cannot perform his rou­
tine duties without reference to disease in the national 
animal population. The diagnostic pathologist invest­
igates the associations between causes and effects 
(i.e., lesions); this approach is epidemiological when 
inferences are made from groups of animals. The 
veterinarian in abattoirs and meat-processing plants 
attempts to reduce the occurrence of defects and con­
tamination by understanding and eliminating their 
causes. Similarly, industrial veterinarians, concerned 
with the design of clinical trials, compare disease rates 
and response to treatment in groups of animals to 
which different prophylactic and therapeutic com­
pounds are administered. 

Types of epidemiological investigation 

There are four approaches to epidemiological invest­
igation that traditionally have been called 'types' of 
epidemiology. These types are descriptive, analytical, 
experimental and theoretical epidemiology. 

Descriptive epidemiology 

Descriptive epidemiology involves observing and 
recording diseases and possible causal factors. It is 
usually the first part of an investigation. The observa­
tions are sometimes partially subjective, but, in com­
mon with observations in other scientific disciplines, 
may generate hypotheses that can be tested more 
rigorously later. Darwin's theory of evolution, for 
example, was derived mainly from subjective observa­
tions, but with slight modification it has withstood 
rigorous testing by plant and animal scientists. 

Analytical epidemiology 

Analytical epidemiology is the analysis of observations 
using suitable diagnostic and statistical procedures. 

Experimental epidemiology 

Experimental epidemiologists observe and analyse data 
from groups of animals from which they can select, 
and in which they can alter, the factors associated 
with the groups. An important component of the 
experimental approach is the control of the groups. 
Experimental epidemiology developed in the 1920s 
and 1930s, and utilized laboratory animals whose 
short lifespans enabled events to be observed more 
rapidly than in humans (see Chapter 18). A notable 
example is the work of Topley (1942) who infected 



colonies of mice with ectromelia virus and Pasteurella 
spp. The effects of varying the rate of exposure of 
mice maintained in groups of various sizes provided 
insights into the behaviour of human epidemic dis­
eases such as measles, scarlet fever, whooping cough 
and diphtheria, which followed similar patterns to 
the experimental infections (MRC, 1938). This work 
demonstrated the importance of the proportion of 
susceptible individuals in the population in deter­
mining the progress of epidemics (see Chapter 8); 
hitherto, changes in the virulence of a microorganism 
were thought to be the most important factor affecting 
epidemic patterns; for example, the decline in the 
occurrence of rinderpest in the UK in the 18th century 
was ascribed to its passing into a mild form of the 
disease (Spinage, 2003) .  

Rarely, a 'natural' experiment can be conducted when 
the naturally occurring disease or other fortuitous cir­
cumstance approximates closely to the ideally designed 
experiment. For instance, when bovine spongiform 
encephalopathy occurred in the UK, outbreaks of the 
disease on the Channel Islands (Jersey and Guernsey), 
which maintain isolated populations of cattle, pro­
vided an ideal situation in which to study the disease, 
uncomplicated by the possibility of transmission by 
contact with infected animals (Wilesmith, 1993). This 
added credence to the hypothesis that the disease was 
transmitted in contaminated feedstuffs. 

Theoretical epidemiology 

Theoretical epidemiology consists of the representation 
of disease using mathematical 'models' that attempt to 
simulate natural patterns of disease occurrence. 

Epidemiologica l subdisciplines 

Various epidemiological subdisciplines2 are now 
recognized. These generally reflect different areas of 
interest, rather than fundamentally different tech­
niques. They all apply the four types of epidemiology 
described above, and can overlap, but their separate 
identities are considered by some to be justifiable3. 

2 The term 'subdiscipline' implies that epidemiology is a discipline. 
That it is, is generally accepted (Howe and Christiansen, 2004), following 
the criterion of Hirst (1965); namely, that a discipline involves certain 
central concepts that are peculiar in character and form. The central con­
cept of epidemiology is measuring, and drawing inferences from, disease 
in populations. 

J The author's preference is not to compartmentalize epidemiology, 
which implies an insular, specialists' modus operandi rather than a broad 
approach to problems. However, listing of subdisciplines is vindicated 
on the grounds that they are still widely cited. 

Clinical epidemiology 

Clinical epidemiology is the use of epidemiological 
principles, methods and findings in the care of indi­
viduals, with particular reference to diagnosis and 
prognosis (Last, 2001), and therefore brings a numer­
ate approach to traditional clinical medicine, which has 
tended to be anecdotal and subjective (Grufferman 
and Kimm, 1984). It is concerned with the frequency 
and cause of disease, the factors that affect prognosis, 
the validity of diagnostic tests, and the effectiveness 
of therapeutic and preventive techniques (Fletcher 
et al., 1988; Sackett et al., 1991 ), and therefore is an 
important component of evidence-based medicine 
(Polzin et al., 2000; Sackett et al., 2000; Cockroft and 
Holmes, 2003; Marr et al., 2003), which is concerned 
with patient care based on evidence from the best 
available studies. 

Computational epidemiology 

Computational epidemiology involves the applica­
tion of computer science to epidemiological studies 
(Habtemariam et al., 1988). This includes the repre­
sentation of disease by mathematical models (see 
'Quantitative investigations', below) and the use of 
expert systems. These systems are commonly applied 
to disease diagnosis where they incorporate a set of 
rules for solving problems, details of clinical signs, 
lesions, laboratory results, and the opinions of experts; 
examples are identification of the cause of coughing in 
dogs (Roudebush, 1984), and the diagnosis of bovine 
mastitis (Hogeveen et al., 1993). Expert systems are 
also employed in formulating disease control strat­
egies (e.g., for East Coast fever: Gettinby and Byrom, 
1989), predicting animal productivity (e.g., reproduc­
tive performance in dairy herds: McKay et al., 1988), 
and supporting management decisions (e.g., decisions 
on replacing sows: Huirne et al., 1991). 

Genetic epidemiology 

Genetic epidemiology is the study of the cause, distribu­
tion and control of disease in related individuals, and 
of inherited defects in populations (Morton, 1982; 
Roberts, 1985; Khoury et al., 1993). It indicates that the 
disciplinary boundary between genetics and epidemio­
logy is blurred. Many diseases involve both genetic 
and non-genetic factors (see Chapter 5), and genes are 
increasingly incriminated in diseases of all organ 
systems (Figure 2.1). Thus, the geneticist and epidemio­
logist are both concerned with interactions between 
genetic and non-genetic factors - only the frequently 
indistinct time of interaction may be used to classify an 
investigation as genetic or epidemiological. 



Fig. 2. 1 The discovery of the role of genes 

in the pathogenesis of disease. An analogy 

is made using the sea and reefs. The sea 

represents environmental factors (infectious 

and non-infectious); the reefs represent genetic 

factors. Only the reefs above the water level 

are known. As time passes, the water level 

falls, and more genetic factors are identified. 
(From Thrusfield, 1 993;  after Patterson, 1 993. )  

Field epidemiology 

Field epidemiology is the practice of epidemiology 
in response to problems of a magnitude significant 
enough to require a rapid or immediate action (Good­
man and Buehler, 2002). For example, when outbreaks 
of foot-and-mouth disease occur, field epidemiologists 
promptly trace potential sources of infection in an 
attempt to limit spread of the disease (see Chapters 10  
and 22). Field epidemiology is a timely, judgemental 
process based on description, analysis, common sense 
and the need to design practical control policies. It 
is sometimes termed 'shoe-leather epidemiology' be­
cause the investigator is often required to visit the field 
to study disease4. 

Participatory epidemiology 

Awareness, in the 1980s, of the rudimentary develop­
ment of veterinary services in some parts of the devel­
oping world, where animals were economically and 
socially important, prompted the use of local know­
ledge to gain information, with the main goal of 
improving animal health (Catley et al., 2002a). The 
techniques that are employed evolved in the social 
sciences, and consist of simple visual methods and 
interviews to generate qualitative data. This approach 
became known as 'participatory appraisal' and its 
application in veterinary medicine is now termed 
'participatory epidemiology'. It is a tool for the field 
epidemiologist, which is increasingly used in develop­
ing countries. 

This area of interest is closely related to 'ethnoveter­
inary medicine' (McCorkle et al., 1996; Martin et al., 
2001; Fielding, 2004), which is concerned with local 

4 This contrasts with 'armchair epidemiology' : a term (sometimes 
used cynically) referring to the analysis of data within the confines of 
one's office. 
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knowledge of, and practices relating to, the health of 
animals. 

A brief introduction to participatory epidemiology 
is given in Chapter 10. 

Molecular epidemiology 

New biochemical techniques now enable microbio­
logists and molecular biologists to study small genetic 
and antigenic differences between viruses and other 
microorganisms at a higher level of discrimination 
than has been possible using conventional serological 
techniques. The methods include peptide mapping, 
nucleic acid 'fingerprinting' and hybridization (Keller 
and Manak, 1989; Kricka, 1992), restriction enzyme 
analysis, monoclonal antibodies (Oxford, 1985; 
Goldspink and Gerlach, 1990; Goldspink, 1993) and 
the polymerase chain reaction (Belak and Ballagi­
Pordany, 1993). For example, nucleotide sequencing of 
European foot-and-mouth disease virus has indicated 
that some outbreaks of the disease involved vaccinal 
strains, suggesting that improper inactivation or 
escape of virus from vaccine production plants may 
have been responsible for the outbreaks (Beck and 
Strohmaier, 1987). Sequencing has also indicated that 
unrestricted animal movement is a major factor in 
dissemination of the disease in West Africa (Sangare 
et al., 2004). 

Additionally, infections that hitherto have been 
difficult to identify are now readily distinguished 
using these new molecular techniques; examples are 
infection with Mycobacterium paratuberculosis (the 
cause of Johne's disease) (Murray et al., 1989) and 
latent infection with Aujeszky's disease virus (Belak 
et al., 1989). The application of these new diagnostic 
techniques constitutes molecular epidemiology. A 
general description of the methods is given by Persing 
et al. (1993). 

Molecular epidemiology is part of the wider use 
of biological markers (Hulka et al., 1990). These are 
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cellular, biochemical or molecular alterations that are 
measurable in biological media such as tissues, cells 
or fluids. They may indicate susceptibility to a causal 
factor, or a biological response, suggesting a sequence 
of events from exposure to disease (Perera and 
Weinstein, 1982). Some have been used by veterinari­
ans for many years, for instance serum magnesium 
levels as indicators of susceptibility to clinical hypo­
calcaemia (Whitaker and Kelly, 1982; van de Braak 
et al., 1987), serum transaminase levels as markers for 
liver disease, and antibodies as indicators of exposure 
to infectious agents (see Chapter 17) .  

Other subdisciplines 

Several other epidemiological subdisciplines have 
also been defined. Chronic disease epidemiology is 
involved with diseases of long duration (e.g., cancers), 
many of which are non-infectious. Environmental epi­
demiology is concerned with the relationship between 
disease and environmental factors such as industrial 
pollution and, in human medicine, occupational 
hazards. Domestic animals can act as monitors of envir­
onmental hazards and can provide early warning of 
disease in man (see Chapter 18). Micro-epidemiology 
is the study of disease in a small group of individuals 
with respect to factors that influence its occurrence in 
larger segments of the population. For example, stud­
ies of feline acquired immunodeficiency syndrome 
(FAIOS) in groups of kittens have provided insights 
into the widespread human disease, AIDS (Torres­
Anjel and Tshikuka, 1988; Bendinelli et al., 1993). 
Micro-epidemiology, which frequently uses animal 
biological models of disease, therefore is closely 
related to comparative epidemiology (see Chapter 
18). In contrast, macro-epidemiology is the study of 
national patterns of disease, and the social, economic 
and political factors that influence them (Hueston and 
Walker, 1993; Hueston, 2001) .  Other subdisciplines, 
such as nutritional epidemiology (Willett, 1990; Slater 
1996b), subclinical epidemiology (Evans, 1987), and, 
specifically in human medicine, social epidemiology 
(Kasl and Jones, 2002) and psychosocial epidemio­
logy (Martikainen et al., 2002) can also be identified to 
reflect particular areas of interest. 

Components of epidemiology 

The components of epidemiology are summarized 
in Figure 2.2. The first stage in any investigation is 
the collection of relevant data. The main sources of 
information are outlined in Chapter 10. Investigations 
can be either qualitative or quantitative or a combina­
tion of these two approaches. 

Qualitative investigations 

The natural history of disease 

The ecology of diseases, including the distribution, 
mode of transmission and maintenance of infectious 
diseases, is investigated by field observation. Eco­
logical principles are outlined in Chapter 7. Methods 
of transmission and maintenance are described in 
Chapter 6, and patterns of disease occurrence are 
described in Chapter 8. Field observations also may 
reveal information about factors that may directly or 
indirectly cause disease. The various factors that act 
to produce disease are described in Chapter 5. 

Causal hypothesis testing 

If field observations suggest that certain factors may be 
causally associated with a disease, then the association 
must be assessed by formulating a causal hypothesis. 
Causality (the relating of causes to effects) and hypo­
thesis formulation are described in Chapter 3. 

Qualitative investigations were the mainstay of 
epidemiologists before the Second World War. These 
epidemiologists were concerned largely with the 
identification of unknown causes of infectious disease 
and sources of infection. Some interesting examples of 
the epidemiologist acting as a medical 'detective' are 
described by Roueche (1991) and Ashton (1994). 

Quantitative investigations 

Quantitative investigations involve measurement (e.g., 
the number of cases of disease), and therefore expres­
sion and analysis of numerical values. Basic methods 
of expressing these values are outlined in Chapters 4 
and 12. The types of measurement that are encoun­
tered in veterinary medicine are described in Chap­
ter 9. Quantitative investigations include surveys, 
monitoring and surveillance, studies, modelling, 
and the biological and economic evaluation of 
disease control. Some of these may be confined with­
in the walls of the research organization - 'armchair 
epidemiology' . 

Surveys 

A survey is an examination of an aggregate of units 
(Kendall and Buckland, 1982). A group of animals is 
an example of an aggregate. The examination usually 
involves counting members of the aggregate and char­
acteristics of the members. In epidemiological surveys, 
characteristics might include the presence of particular 
diseases, or production parameters such as milk yield. 
Surveys can be undertaken on a sample of the popula­
tion. Less commonly, a census, which examines the 
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Fig. 2. 2 Components of veterinary epidemiology. (Based on Thrusfield, 1 985a.)  

total animal population, can be undertaken (e.g., 
tuberculin testing). A cross-sectional survey records 
events occurring at a particular point in time. A longi­
tudinal survey records events over a period of time. 
These latter events may be recorded prospectively 
from the present into the future; or may be a retro­
spective record of past events. 

A particular type of diagnostic survey is screening. 
This is the identification of undiagnosed cases of dis­
ease using rapid tests or examinations. The aim is to 
separate apparently healthy individuals that probably 

have a disease from those that probably do not. Screen­
ing tests are not intended to be diagnostic; individuals 
with positive test results (i.e., that are classified as dis­
eased by the screening test) usually require further 
investigation for definite diagnosis. They therefore 
differ from diagnostic tests, which are applied to 
animals showing suspicion of disease. 

Screening frequently involves investigation of the 
total population (mass screening); for example, the 
screening of cattle populations for tuberculosis. It may 
also be targeted at animals only in areas where there 
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have been cases of disease (strategic screening); for 
example, the serological sampling of sheep within a 
3-km radius of premises on which foot-and-mouth 
disease has been diagnosed (Donaldson, 2000). Pre­
scriptive screening aims at early identification of dis­
eases that can be controlled better if they are detected 
early in their pathogenesis (e.g., mammography to 
detect breast cancer in women). 

Screening also may be applied more generally to 
include the measurement of any characteristic or 
health problem which may not be apparent in a popu­
lation (e.g., measurement of heavy metal levels in wild 
and domesticated animals) (Toma et a/ . ,  1999). 

Diagnostic tests and screening are considered in 
Chapter 1 7. The design of surveys in general is 
described in Chapter 13. 

Monitoring and surveillance 

Monitoring is the making of routine observations on 
health, productivity and environmental factors and 
the recording and transmission of these observations. 
Thus, the regular recording of milk yields is mon­
itoring, as is the routine recording of meat inspection 
findings at abattoirs. The identity of individual dis­
eased animals usually is not recorded. 

Surveillance is a more intensive form of data re­
cording than monitoring. Originally, surveillance was 
used to describe the tracing and observation of people 
who were in contact with cases of infectious disease. 
It is now used in a much wider sense (Langmuir, 1965) 
to include all types of disease - infectious and non­
infectious - and involves the collation and interpreta­
tion of data collected during monitoring programmes, 
usually with the recording of the identity of diseased 
individuals, with a view to detecting changes in a 
population's health. It is normally part of control 
programmes for specific diseases. The recording of 
tuberculosis lesions at an abattoir, followed by tracing 
of infected animals from the abattoir back to their 
farms of origin, is an example of surveillance. The 
terms 'monitoring' and 'surveillance' have previously 
been used synonymously, but the distinction between 
them is now generally accepted. 

Surveillance is discussed in detail in Chapter 10. 

Studies 

'Study' is a general term, which refers to any type 
of investigation. However, in epidemiology, a study 
usually involves comparison of groups of animals; 
for example, a comparison of the weights of animals 
that are fed different diets. Thus, although a survey 
generally could be classified as a study, it is excluded 
from epidemiological studies because it involves only 
description rather than comparison and the analysis 

that the comparison requires. There are four main 
types of epidemiological study: 

1. experimental studies; 
2. cross-sectional studies; 
3. case-control studies; 
4. cohort studies. 

In an experimental study the investigator has the 
ability to allocate animals to various groups, according 
to factors that the investigator can randomly assign 
to animals (e.g., treatment regimen, preventive tech­
nique); such studies are therefore part of experimental 
epidemiology. An important example is the clinical 
trial. In a clinical trial, the investigator assigns animals 
either to a group to which a prophylactic or thera­
peutic procedure is applied, or to a control group. It is 
then possible to evaluate the efficacy of the procedure 
by comparing the two groups. Clinical trials are dis­
cussed in Chapter 16.  

The other types of study - cross-sectional, case­
control and cohort - are observational. An observa­
tional study is similar to an experimental study: 
animals are allocated to groups with respect to certain 
characteristics that they possess (trait, disease or other 
health-related factors). However, observational studies 
are conducted on naturally occurring cases of disease 
in the field, and so it is not possible to assign animals to 
groups randomly because the investigator has little 
control over the factors that are being studied. For 
instance, a study of the relationship between bovine 
mastitis, type of housing and management practices 
would involve investigation of cases of the disease on 
farms under different systems of husbandry. 

A cross-sectional study investigates relationships 
between disease and hypothesized causal factors 
in a specified population. Animals are categorized 
according to presence and absence of disease and 
hypothesized causal factors; inferences then can be 
made about associations between disease and the 
hypothesized causal factors, for example, between 
heart valve incompetence (the disease) and breed 
(the hypothesized causal factor) . 

A case-control study compares a group of diseased 
animals with a group of healthy animals with respect 
to exposure to hypothesized causal factors. For ex­
ample, a group of cats with urolithiasis (the disease) can 
be compared with a group of cats without urolithiasis 
with respect to consumption of dry cat food (the factor) 
to determine whether that type of food has an effect on 
the pathogenesis of the disease. 

In a cohort study, a group exposed to factors is 
compared with a group not exposed to the factors with 
respect to the development of a disease. It is then pos­
sible to calculate a level of risk of developing the disease 
in relation to exposure to the hypothesized causal fac­
tors. For instance, a group of young neutered bitches can 



be compared with a group of young entire bitches with 
respect to the development of urinary incontinence, to 
ascertain if neutering is a risk factor for the condition. 

Case-control and cohort studies often have been 
applied in human medicine in which experimental 
investigations of cause are usually unethical. For 
example, it would not be possible to investigate the 
suspected toxicity of a drug by intentionally adminis­
tering the drug to a group of people in order to study 
possible side-effects. However, if symptoms of toxicity 
have occurred, then a case-control study could be used 
to evaluate the association between the symptoms and 
the drug suspected of causing the toxicity. Some argue 
that there are fewer ethical restraints on experimental 
investigation in veterinary medicine than in human 
medicine and so experimental investigation of serious 
conditions is more tenable. However, observational 
studies have a role in veterinary epidemiology, for 
example when investigating diseases in farm and 
companion-animal populations. Moreover, the increas­
ing concern for animal welfare (see Chapter 1 )  is 
making these techniques even more attractive and 
useful than previously. 

Basic methods of assessing association between dis­
ease and hypothesized causal factors in observational 
studies are described in Chapters 14 and 15.  

Observational studies form the majority of epi­
demiological studies. Observational and experimental 
science have their own strengths and weaknesses, 
which are discussed in detail by Trotter (1930). A major 
advantage of an observational investigation is that 
it studies the natural occurrence of disease. Experi­
mentation may separate factors associated with disease 
from other factors that may have important inter­
actions with them in natural outbreaks. 

Modelling 

Disease dynamics and the effects of different control 
strategies can be represented using mathematical 
equations. This representation is 'modelling'. Many 
modern methods rely heavily on computers. Another 
type of modelling is biological simulation using 
experimental animals (frequently laboratory animals) 
to simulate the pathogenesis of diseases that occur 
naturally in animals and man. Additionally, the 
spontaneous occurrence of disease in animals can be 
studied in the field (e.g., using observational studies) 
to increase understanding of human diseases. Math­
ematical modelling is outlined in Chapter 19, and spon­
taneous disease models are described in Chapter 18. 

Risk assessment 

There is increasing and widespread interest in evalua­
tion of the risk of the occurrence of adverse events, 
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such as accidents and disasters (Report, 1983, 1992). 
The analysis, perception and management of risk 
therefore have been the focus for the development of 
formal methods of qualitative and quantitative risk 
assessment (Stewart, 1992; Vose, 2000). 

In veterinary medicine, disease is an adverse event, 
and observational studies provide a framework for 
identifying risk factors for disease occurrence. How­
ever, veterinary risk assessment has a much broader 
remit than identifying risks to the individual animal. 
For example, although diseases may occur at low levels 
and be adequately controlled, there may be a risk of 
importing them from other countries. Such a risk can 
only be removed completely if importation is totally 
prohibited. However, current political pressures in the 
world favour movement towards free trade, and the 
unquantified risk of introduction of a disease can 
now no longer be presented as a trade barrier. There 
is therefore a need to assess objectively the risks 
associated with the importation of livestock and their 
products. Examples include the risk of disease trans­
mission by bovine embryo transfer (Sutmoller and 
Wrathall, 1995) and the risk of introduction of bovine 
spongiform encephalopathy (Wahlstrom et al., 2002). 
Similarly, the risk of disease transmission between 
animals (e.g., transmission of Mycobacterium tubercu­
losis from badgers to cattle: Gallagher et al., 2003) can 
be assessed. 

Microbiological risk assessment (Kelly et al., 2003) 
commonly is concerned with food safety risks, and 
involves estimation of the magnitude of microbial 
exposure at various stages in the production chain 
(rearing on the farm; transport and processing; retail 
and storage; preparation), so that the risk of foodborne 
infection can be estimated. It has been applied notably 
to Campylobacter spp. (e.g., Rosenquist et al., 2003) 
and Salmonella spp. (e.g., Oscar, 1998) infections. The 
approach has also been used to assess the contribu­
tion of animal growth promoters to the transfer of 
antibiotic resistance to pathogens in humans (Kelly 
et al. ,  2003). 

Some aspects of import risk assessment are pre­
sented in Chapter 1 7. 

Disease control 

The goal of epidemiology is to improve the veterin­
arian's knowledge so that diseases can be controlled 
effectively, and productivity thereby optimized. This 
can be fulfilled by treatment, prevention or eradication. 
The economic evaluation of disease and its control 
is discussed in Chapter 20. Herd health schemes are 
described in Chapter 21 .  Finally, the principles of 
disease control are outlined in Chapter 22. 

The different components of epidemiology apply the 
four epidemiological approaches to varying degrees. 
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Surveys and studies, for example, consist of a 
descriptive and an analytical part. Modelling addi­
tionally may include a theoretical approach. 

Epidemiology's locale 

The interplay between epidemiology and 
other sciences 

During the first half of the 20th century most epi­
demiologists were trained initially as bacteriologists, 
reflecting epidemiologists' early involvement in the 
qualitative investigation of outbreaks of infectious dis­
ease. As the century proceeded, epidemiology became 
established in the context of the ecology of infectious 
diseases, and was addressed as such in the standard 
veterinary and infectious-disease textbooks (e.g., Blood 
and Henderson, 1960; Andrewes and Pereira, 1964). 
The epidemiological approach, however, is now prac­
tised by veterinarians from many disciplines: the 
geneticist concerned with an hereditary defect in a 
population, the nutritionist investigating a deficiency 
or toxicity, and the clinician concerned with risk fac­
tors for non-infectious diseases such as cancer. 

Today, members of a variety of other sciences also 
take part in epidemiological studies: statisticians 
analysing data from groups of animals, mathem­
aticians modelling diseases, economists assessing the 
economic impact of disease, and ecologists studying 
the natural history of disease. Each of these sciences is 
concerned with different facets of epidemiology, rang­
ing from the purely descriptive, qualitative approach 
to the quantitative analytical approach. There have 
been many definitions of epidemiology (Lilienfield, 
1978), which reflect these facets. These definitions vary 
from the ecological, relating only to infectious diseases 
('the study of the ecology of infectious diseases' : 
Cockburn, 1963), to the mathematical, referring only to 
human populations ( 'the study of the distribution and 
dynamics of diseases in human populations': Sartwell, 
1973). However, they all have the study of populations 
in common, and so are encompassed by the broad 
definition that was given at the beginning of this 
chapter. Moreover, the most profitable approach to 
epidemiology lies in balance between these qualitative 
and quantitative facets, with neither dominating the 
otherS, and in an appreciation that the validity of 

5 The need for balance between different disciplines with a common 
interest is acknowledged in several areas of endeavour. For example, a 
healthy relationship between philosophy and theology is beneficial, with 
the philosopher providing the theologian with useful methods of argu­
ment; this contrasts with periods when the relationship between these 
disciplines has been marked by acute controversy, with little benefit 
accruing (Macquarrie, 1998). 

qualitative and quantitative research may be judged 
differently (Park, 1989; Maxwell, 1992). 

The rel ationship between epidemiology and 
other diagnostic discipl ines 

The biological sciences form a hierarchy, ranging from 
the study of non-replicating molecules to nucleic acids, 
organelles, cells, tissues, organs, systems, individuals, 
groups and, finally, whole communities and ecosys­
tems (Wright, 1959). The various disciplines in veter­
inary medicine operate at different levels in this 
hierarchy. Histologists and physiologists study the 
structure and dynamics of the individual. Clinicians 
and pathologists are concerned with disease processes 
in the individual: clinicians diagnose disease using 
signs displayed by the patient; pathologists inter­
pret lesions to produce a diagnosis. Epidemiologists 
investigate populations, using the frequency and dis­
tribution of disease to produce a diagnosis. These three 
diagnostic disciplines, operating at different levels 
in the hierarchy, are complementary (Schwabe et al., 
1977). Epidemiologists, dealing with the higher levels, 
must have a knowledge of those disciplines 'lower' in 
the hierarchy - they must be able to see both the 'wood' 
and 'trees'6. This means that they must adopt a broad 
rather than a specialist approach, avoiding the dangers 
of the specialist; dangers that have been described 
(somewhat cynically) by Konrad Lorenz (1977) in his 
book on the natural history of human knowledge: 

The specialist comes to know more and more about 
less and less, until finally he knows everything 
about a mere nothing. There is a serious danger that 
the specialist, forced to compete with his colleagues 
in acquiring more and more specialised knowledge, 
will become more and more ignorant about other 
branches of knowledge, until he is utterly incapable 
of forming any judgement on the role and import­
ance of his own sphere within the context of human 
knowledge as a whole.' 

Moreover, the specialist may be inclined to a 'posit­
ivist' approach (see Chapter 3), which requires strict 
separation of the object of inquiry from the investigat­
ing subject (and therefore, sometimes, the investigator) 
and thus may be somewhat divorced from the con­
sequences of the knowledge that he generates, which 
may have profound social and economic effects. 

Thus, the major attributes required to become a 
competent veterinary epidemiologist are a natural 

6 Although the epidemiologist - operating at the higher levels - has 
always been concerned with the characteristics and effects of disease 
in populations and ecosystems, this interest has been freshly labelled 
'conservation medicine' and 'ecological health' (Aguirre et al., 2002). 



curiosity, a logical approach, a general interest in, and 
knowledge of, veterinary medicine, and experience of 
the realities of animal disease. In spite of the preceding 
remarks on specialists, a special interest and expertise 
in a particular sphere of veterinary science may, how­
ever, be useful in some investigations, for example, 
a knowledge of economics when undertaking an 
evaluation of the economic effects of disease. 

Epidemiology within the veterinary profession 

Brandeis (1971) proposed three 'peculiar characteristics' 
of a profession, as distinguished from other occupations: 

'First. A profession is an occupation for which 
the necessary training is intellectual in character, 
involving knowledge and to some extent learning, 
as distinguished from mere skill. Second. It is an 
occupation which is pursued largely for others and 
not merely for one's self. Third. It is an occupation 
in which the amount of financial return is not the 
accepted measure of success.' 

The practice of clinical veterinary medicine is entirely 
congruous with these characteristics, and there is a 
similar consistency in the five objectives of veterinary 
epidemiology, outlined earlier in this chapter, which 
all focus on the control of animal disease, to the benefit 
of animals, their owners, and society in general. 
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Causal ity 

Chapter 1 included a brief historical description of 
changing concepts of the cause of disease. This chapter 
initially discusses the cause of events more generally, 
as a necessary background to the investigation of the 
cause of disease, which follows. 

Philosophical background 

Causality (causation) deals with the relationship 
between cause and effect, and is addressed in both 
science and philosophy. The scientist is primarily 
concerned with identification of causes to explain nat­
ural phenomena, whereas the philosopher attempts 
to understand the nature of causality, including its role 
in human actions (Vollmer, 1999). The philosopher 
provides an insight into the theory of the grounds of 
knowledge (formally termed 'epistemology'); and so a 
basic knowledge of the philosophy of causality con­
tributes to the scientist's ability to assess the validity 
and limitations of his inferences in the broader context 
of human knowledge as a whole. Concepts of causality 
have progressed historically, as new areas of interest 
emerge (e.g., the recent interest in causality in relation 
to artificial intelligence: Shafer, 1996). 

The Classical period 

In Classical times, Aristotle defined a doctrine of four 
causes (Barnes, 1984). These four 'causes' are really 
four different explanations or reasons for how and 
why a thing is as it is: (1) the material cause - what 
'stuff' (matter) a thing comprises (some combination of 
the four elements: earth, air, fire and water: Figure 1.2); 
(2) the formal cause - the 'form and pattern' of a thing, 
or those properties without which a thing would not 
exist as it does; (3) the efficient cause - which is the 

maker of a thing (and by which the formal cause is 
therefore explained); and (4) the final cause - which is 
the purpose of the thing (and therefore, in the case of 
natural things, usually synonymous with the formal 
cause). The notion of the 'universe of natural law' as a 
cause of disease (see Chapter 1 )  was consistent with 
this philosophy. Aristotle's emphasis lay on purpose as 
the only satisfactory explanation of why a thing is; and 
his doctrine failed to account for certain natural phe­
nomena (e.g., why bodies accelerate while falling). 

The Scholastics 

The Christian medi<Eval philosophers (termed the 
'Scholastics') generally endorsed Aristotle's ideas I, but 
focussed on God as the efficient cause of all things 
(a view posited by 5t Thomas Aquinas in his Summa 
Theologica)2. The notion that disease was induced by 
divine wrath (see Chapter 1) was consistent with this 
philosophy. The extent to which individuals were sec­
ondary efficient causes of things, with God as the prim­
ary cause, was a subject of debate during this period. 

The 'Modern' period 

Debate on causality expanded substantially during the 
so-called 'Modern' period of philosophy. Beginning 

1 The origins of Scholasticism can be traced back to the sixth-century 
Roman philosopher, Boethius (Rand, 1928) and Aristotle's influence was 
pre-eminent in medi2eval universities, only being tempered by a broader 
philosophical curriculum in the late 1 4th century, possibly as a result of 
the teachings of the Byzantine scholar, Manuel Chrysoloras, who was 
brought to Florence in 1397 by the Chancellor of the city, Coluccio 
Salutati. 

2 This idea had a wide influence, for example, on the concept that right 
and wrong are absolute - a notion that was tempered by one that they are 
determined by circumstances (termed 'casuistry': Dewar, 1968). 



with the French Philosopher, Rene Descartes (1596-
1650), the debate (which was an integral part of 
'The Enlightenment' : see Chapter 1) was complex, 
but essentially aimed to simplify and secularize the 
Classical and Scholastic concepts of causality (Clatter­
baugh, 1999). 

In science, the erosion of the Classical and Scholastic 
view had begun with Galileo. In his book, Discorsi e 
Dimostrazioni Matematiche (published in 1638), he 
emphasised the need to explain events mathematically 
in terms of 'how' (description), and 'why' (explana­
tion). This was prompted, in part, by increasing 
mechanization and the consequent need for engineers 
to predict the effects of different designs (e.g., of ships, 
as navigation extended throughout the world). 
Increasingly, in science, a physical and mathematical 
explanation for natural phenomena was sought, and 
the techniques of causal inference were debated. 

Causal inference 

Scientific conclusions are derived by two methods of 
reasoning: deduction, and induction3. Deduction is 
arguing from the general to the particular; that is, a 
general case is established, from which all dependent 
events are argued to be true. For example, in Euclidean 
geometry, axioms are established, from which spe­
cific theorems (e.g., Pythagoras' Theorem) are then 
reasoned. Thus, if one posits the truth of the general 
proposition 'all dogs are mammals', it follows by 
deduction that any particular example of a dog will 
be a mammal. If the premisses of a deductively valid 
argument are true, it follows that the conclusion must 
also be true. 

Induction, in contrast, is arguing from the particular 
to the general. For instance, a dog may be vaccinated 
against distemper virus, and shown to be immune to 
challenge with the agent, from which the conclusion 
is drawn that the vaccine prevents distemper in all 
dogs. It is important to note that, unlike the deductive 
example, the premiss in this example could be true and 
yet the conclusion false. 

Induction has generally driven modern scientific 
investigation, requiring detached observation of 
events, and is frequently associated with 'positivism', 
a philosophical term describing scientific study based 
on the objective analysis of data, which excludes 
unverifiable speculation (Britannica, 1992)4. The 

J This is a simplification, which is inevitable in a brief introduction. 
A short, but scholarly, discussion is provided by Medawar (1969). 

4 This approach, which generates 'instrumental knowledge', has 
become synonymous with contemporary scientific method, but repres­
ents only one way of acquiring knowledge (Feyeraband, 1975; Giddens, 
1987; Uphoff, 1992; Liamputton and Ezzy, 2005), and may not present the 

Causal inference 

English theologian and philosopher, Thomas Bayes 
(1702-61) was the first to apply statistical probability 
inductively (Bayes, 1763). His method, eponymously 
named 'Bayesian inference', involves calculating, from 
the frequency with which an event had occurred previ­
ously (the 'prior probability'), the probability that it 
will occur in the future (the 'posterior probability'). 
The Bayesian view of probability is a way of register­
ing degrees of belief, which may be strengthened or 
weakened by numerical data. A notable example of 
the Bayesian method is calculation of the probability 
of disease in an individual, depending on results of 
diagnostic tests (see Chapter 17) .  

Induction was later addressed in some detail by the 
19th century English philosopher, John Stuart Mill 
(1868), whose 'canons' of inductive reasoning are still 
widely used in epidemiology, and are outlined and 
exemplified later in this chapter. However, the validity 
of induction as a demonstration of proof had already 
been challenged by the scepticism of the 18th century 
Scottish philosopher David Hume (1739-40), whose 
ideas are still the subject of debate (Straws on, 1989). 
Hume argued that the mere observation that one event 
preceded another (e.g., that a vaccine against canine 
distemper is observed to confer immunity to distem­
per virus when administered to a dog) was not proof 
that the former was the cause of the latter; because, 
first, even if the observation were repeated many 
times, coincidence could not be excluded, and, sec­
ondly, previous patterns cannot be guaranteed to con­
tinue in the future. Logically, then, inductive proof of a 
hypothesis5 is impossible. It is, however, possible to 
refute a hypothesis by observing events that conflict 
with it on a single occasion6. This led the philosopher, 

'full picture'. For example, during the 2001 epidemic of foot-and-mouth 
disease in the UK, field investigations revealed uncorroborated suspicion 
of transmission of the disease by undisclosed movements of livestock, 
thereby providing a fuller explanation of the disease's spread (Gibbens et 
a/., 200lb) - an approach with which positivists would be unsympathetic. 
In the social sciences, the need to locate oneself 'within' the area of 
research now is accepted as fundamental to the analytical procedure, and 
is formally termed ' experiential analysis' (Reinharz, 1 983). This is similar 
to the acquisition of 'interactive knowledge', which is obtained by direct 
involvement with, and experience of, society (Habermas, 1972). More­
over, positivism excludes moral and ethical judgements (for example, 
on the social and psychological effects of a particular disease control 
campaign: Mepham, 2001), which are made possible only by reflection ­
so-called 'critical knowledge' (Habermas, 1972). 

5 A hypothesis is a theory that is not well tested. This contrasts with 
laws and facts. (See Chapter 19 for a fuller discussion.) 

6 Probably the commonest example quoted in the literature is of the 
cockerel and the sunrise. The crowing of the cockerel always precedes 
the rising of the sun. However, the hypothesis that the cockerel causes the 
sun to rise can be refuted by strangling it before dawn. The 20th century 
philosopher, Bertrand Russell, gives another poultry example: an 'induct­
ivist turkey' who reasons to the effect that, since every day in the past he 
has been fed at nine o'clock by the farmer, he will today again be fed as 
the farmer approaches at nine 0' clock, as usual - but today it is Christmas 
Eve! 



Causality 

Karl Popper (1959), to conclude that science advances 
only by elimination of hypotheses7. 

In epidemiology, studies are generally undertaken 
to identify causes of disease so that preventive mea­
sures can be developed and implemented, and their 
subsequent effectiveness identified (Wynder, 1985). 
Such investigations of cause are usually based on 
inductive reasoning, which, despite its philosophical 
deficiencies, still forms the pragmatic basis on which 
most conclusions need to be drawn in epidemiology 
and other sciences, and on which a workable definition 
of 'proof' is based 8. 

Methods of acceptance of hypotheses 

One may accept (or reject) a causal hypothesis by four 
methods (Cohen and Nagel, 1934): 

1. tenacity; 
2. authority; 
3. intuition; 
4. scientific inquiry. 

Tenacity 

Habit makes it easy to continue to believe a proposi­
tion and to offer a closed mind either to the opinions of 
others or to evidence that contradicts the proposition. 
Thus, some people continued to believe that smoking 
was beneficial because it 'cleared the chest', even 
after Doll (1959) provided evidence that it induced 
lung cancer. The method of tenacity is unsatisfactory 
because it disregards the opinions of others, and, 
if they are considered, provides no framework for 
choosing between them. 

Authority 

Sometimes, appeal is made to a highly respected 
source to substantiate views. First, this may involve an 
appeal to an allegedly infallible source. This is, for 
instance, the basis of religious beliefs. However, this 

7 Popper's philosophy contrasts with Kuhn's concept of paradigm 
shifts in science (see Chapter 1). Between the rare crises that stimulate the 
latter, conservatism and conformity do not favour serious criticism of 
prevailing scientific assumptions; whereas Popper urges constant chal­
lenging of current scientific beliefs (Fuller, 2003). For a critical treatment 
of Popper's writings, see Notturno (1999). 

H Philosophers, too, have been aware of the utility of induction. 
Thus, although Mill and Hulme are both sceptical about induction, 
because induction itself cannot be established empirically (i.e., as 
being reliable merely by observation), they both appear to conclude 
that induction - though philosophically unjustifiable - is, none the less, 
indispensable. 

cannot lead to unanimity or stability of belief because 
there may be a variety of conflicting sources9. 

Secondly, appeal may be made to the opinions of 
experts, whose authority is generally acknowledged. 
This is a reasonable and widely used approach. 
However, experts' opinions may vary, and such 
authority is only relatively final because opinions may 
be modified in the light of new knowledge or more 
convincing arguments. 

Intuition 

Some propositions may be considered to be self­
evident, without being sustained by evidence. Thus, 
many veterinarians judged speed of slaughter of 
animals on infected premises to be crucial in the con­
trol of foot-and-mouth disease before firm evidence in 
support of this proposition was presented (Honhold 
et al., 2004; Thrusfield et al., 2005b). Intuition may be 
moulded by training, experience and fashion. How­
ever, intuitive notions (e.g., that the Earth is flat) 
may subsequently be shown to be false. Therefore, 
intuitions need to be tested. 

Tenacity, authority and intuition may all contribute, 
to varying degrees, to an individual's belief in the 
veracity of a hypothesis, and such belief can be 
insidious, colouring scientific investigation - a danger 
highlighted by Sir Peter Medawar, former Director of 
the National Institute for Medical Research, London 
(1979): 

' . . .  the intensity of the conviction that a hypothesis 
is true has no bearing on whether it is true or not.' 

Scientific inquiry 

Clarity, order and consistency in fixing beliefs, inde­
pendent of the idiosyncrasies of a few individuals, 
are required. This is the basis of scientific inquiry, 
which involves making objective observations that can 
be repeated by many investigators. Scientific method 
encourages doubt (and the scientist's prudent distrust 
of himself: Baker, 1973) and, as either new evidence or 
new doubts arise, they are incorporated in the accumu­
lating body of knowledge. Thus, science is progressive 
and is never too certain about its resultslO. It therefore 
differs radically from tenacity, authority and intuition, 
which generally exclude the possibility of errors and 
have no provision for correcting them. 

9 These may not only vary between faiths, but also within faiths, lead­
ing, for example, to shifting definitions of orthodoxy and heresy (George, 
1995). 

10 The 19th century biologist, T.H. Huxley, concisely summarized a 
necessary consequence of scientific inquiry: 'The great tragedy of Science­
the slaying of a beautiful hypothesis by an ugly fact'. 



The remainder of this chapter now focuses on 
causality specifically in the context of disease. 

Koch's postulates 

Chapter 1 indicated that there has been a transition 
from the idea that disease has a predominantly single 
cause to one of multiple causesll .  The former idea is 
epitomized by the postulates, formulated by Robert 
Koch in the late 19th century, to determine the cause of 
infectious disease (Koch, 1892) . These postulates12, 
which are based on inductive reasoning, state that an 
organism is causal if: 

• it is present in all cases of the disease; 
• it does not occur in another disease as a fortuitous 

and non-pathogenic parasite; 
• it is isolated in pure culture from an animal, is 

repeatedly passaged, and induces the same dis­
ease in other animals. 

Koch's postulates brought a necessary degree of 
order and discipline to the study of infectious disease. 
Few would argue that an organism fulfilling the above 
criteria does not cause the disease in question; but is 
it the sole and complete cause? Koch provided a 
rigid framework for testing the causal importance of a 
microorganism but ignored the influence of environ­
mental factors, which were relatively unimportant 
in relation to the lesions that were being studied. 
Microbiologists found it difficult enough to satisfy 
the postulates without concerning themselves with 
interactions between complex environmental factors. 
Therefore the microorganisms were assumed to be the 
sole causes of the diseases that the microbiologists 
were investigating. 

Dissatisfaction became evident in two groups 
(Stewart, 1968). Some microbiologists thought that the 
postulates were too difficult to satisfy because there 
can be obstacles to fulfilling Koch's postulates with 
some infectious agents that are causes of disease (e.g., 
some pathogens can be isolated in pure culture from 
cases, but do not readily induce disease in other 
animals; see, for example, Chapter 5: 'Diseases caused 
by mixed agents'). Others thought that the postulates 

11 Complexity, however, should not be sought when it is not justified. 
This guideline is encapsulated in the 'principle of parsimony' (Hamilton, 
1852), whose frequent and thorough use by the media2val English 
philosopher, William of Occam, gained it the name of 'Occam's razor': 
'Pluralitas non est ponenda sine necessitate': 'multiplicity ought not to be 
posited without necessity'. More generally, one should choose the 
simplest hypothesis that will fit the facts (Edwards, 1967). 

12 The postulates are more fully termed the Henle-Koch postulates. 
Koch empirically validated postulates deductively reasoned 40 years 
earlier by his teacher, Jacob Henle (Rosen, 1938). 

Evans' rules 

were insufficient because they did not specify the envi­
ronmental conditions that turned vague associations 
into specific causes of disease. Furthermore, the postu­
lates were not applicable to non-infectious diseases. 
A more cosmopolitan theory of cause was needed. 

Evans' rules 

Alfred Evans (I 976) has produced a set of rules that are 
consistent with modern concepts of causality: 

• the proportion of individuals with the disease 
should be significantly higher in those exposed to 
the supposed cause than in those who are not; 

• exposure to the supposed cause should be present 
more commonly in those with than those without 
the disease, when all other risk factors are held 
constant; 

• the number of new cases of disease should be 
significantly higher in those exposed to the sup­
posed cause than in those not so exposed, as 
shown in prospective studies; 

• temporally, the disease should follow exposure to 
the supposed cause with a distribution of incuba­
tion periods on a bell-shaped curve;13 

• a spectrum of host responses, from mild to severe, 
should follow exposure to the supposed cause 
along a logical biological gradient; 

• a measurable host response (e.g., antibody, cancer 
cells) should appear regularly following exposure 
to the supposed cause in those lacking this 
response before exposure, or should increase in 
magnitude if present before exposure; this pattern 
should not occur in individuals not so exposed; 

• experimental reproduction of the disease should 
occur with greater frequency in animals or man 
appropriately exposed to the supposed cause than 
in those not so exposed; this exposure may be 
deliberate in volunteers, experimentally induced 
in the laboratory, or demonstrated in a controlled 
regulation of natural exposure; 

• elimination (e.g., removal of a specific infectious 
agent) or modification (e.g., alteration of a deficient 
diet) of the supposed cause should decrease the 
frequency of occurrence of the disease; 

• prevention or modification of the host's response 
(e.g., by immunization or use of specific lym­
phocyte transfer factor in cancer) should decrease 

13 The bell shape is often obtained only when the horizontal 'time' axis 
is mathematically transformed (Sartwell, 1950, 1966; Armenian and 
Lilienfeld, 1974; Armenian, 1987); if a linear time scale is used, then the 
curve is usually positively skewed, that is, there are few long incubation 
periods relative to the number of short incubation periods. Mathematical 
transformation is described in Chapter 12. 



Ii Causality 

or eliminate the disease that normally occurs on 
exposure to the supposed cause; 

• all relationships and associations should be bio­
logically and epidemiologically credible. 

An important characteristic of Evans' rules, which 
unified principles of establishing causality for both 
infectious and non-infectious diseases14, is that some 
require the association between a hypothesized causal 
factor and the disease in question to be statistic­
ally significant. This involves comparing groups of 
animals, rather than investigating associations in 
the individual. 

Demonstration of a statistically significant associ­
ation, however, does not prove that a factor is causal15. 
The logical reduction of proof requires that the mech­
anism of induction of a disease by a cause needs to be 
explained by describing the chain of events, from 
cause to effect, at the molecular level, corresponding to 
a 'deeper' level of understanding than that offered by 
statistical association (Lower, 1983). However, in the 
absence of experimental evidence, epidemiological 
identification of an association can be of considerable 
preventive value because it can indicate factors, the 
reduction or removal of which is empirically shown to 
reduce the occurrence of disease, although a specific 
cause has not been identified (see Chapter 2).  Some of 
the statistical techniques of demonstrating association 
are described in Chapters 14 and 15. 

Variables 

The object of detailed statistical analysis is to identify 
those factors that cause disease. Disease and causal 
factors are examples of variables. 

Variable 

A variable is any observable event that can vary. 
Examples of variables are the weight and age of an 
animal and the number of cases of disease. 

Study variable 

A study variable is any variable that is being considered 
in an investigation. 

14 In so doing, Evans built on the Henle-Koch postulates, the criteria 
for causality for non-infectious diseases established by Yerushalmy and 
Palmer (1959) and Huebner's (1957) argument that prevention should be 
counted among the criteria. For a detailed discussion of the evolution of 
causal criteria, see Lower and Kanarek (1983). 

15 Statisticians' views on the relationship between statistical associ­
ation and causality, and the extent to which statistical associations demon­
strated in either a single study or several studies (e.g., meta-analysis; 
see Chapter 16), indicate cause, vary widely (Pearson, 1911; Cox and 
Wermuth, 1996). Pearl (2000) discusses this issue in detail. 

(1) Statistically unassociated 

__ non·causally associated 
(2) Statistically associated 

............. causally associated 
¥ i nd irectly associated 
.... 

d i rectly associated 

Fig. 3.1 Types of association between disease and hypothesized 
causal factors. 

Response and explanatory variables 

A response variable is one that is affected by another 
(explanatory) variable. In epidemiological invest­
igations, disease is often the response variable. For 
example, when studying the effects of dry cat food on 
the occurrence of urolithiasis, cat food is the explan­
atory variable and urolithiasis is the response variable. 

Types of association 

Association is the degree of dependence or independ­
ence between two variables. 

There are two main types of association (Figure 3 . 1 ): 

1 .  non-statistical association; 
2. statistical association. 

Non-statistical association 

A non-statistical association between a disease and a 
hypothesized causal factor is an association that arises 
by chance; that is, the frequency of joint occurrence of 
the disease and factor is no greater than would be 
expected by chance. For example, Mycoplasma felis has 
been isolated from the eyes of some cats with con­
junctivitis. This represents an association between the 
mycoplasma and conjunctivitis in these cats. However, 
surveys have shown that M. felis also can be recovered 
from the conjunctivae of 80% of apparently normal 
cats (Blackmore et aI., 1971) .  Analysis of these findings 
revealed that the association between conjunctivitis 
and the presence of M. felis arose by chance: the 
mycoplasma could be present in healthy cats as well 
in those with conjunctivitis. In such circumstances, 
where a chance, non-statistical association occurs, a 
factor cannot be inferred to be causal. 

Statistical association 

Variables are positively statistically associated when 
they occur together more frequently than would be 
expected by chance. They are negatively statistically 
associated when they occur together less frequently 
than would be expected by chance. 

Positive statistical associations may therefore indic­
ate a causal relationship. However, not all factors that 
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Fig.3.2 Path d iagrams i nd icat ing the paradigm (a) and an example 
(b) of causal and non-causal statistical associations. A = Cause of 
d isease (explanatory variable); B and C = manifestations of d isease 
(response variables); -----. causal association; .. - - _ .  non-causal 

association. 

are positively statistically associated with a disease are 
necessarily causal. This can be understood with the aid 
of a simple path diagram (Figure 3 .2a). The explanatory 
variable, A, is the cause of a disease. The response vari­
ables, B and C, are two manifestations of the disease. 
In these circumstances, there is a statistical causal asso­
ciation between A and B, and between A and C. There 
is also a positive statistical association between the 
two response variables, B and C, arising from their 
separate associations with A, but this is a non-causal 
association. 

An example of these associations is given in 
Figure 3.2b. If infection of cattle with Haemonchus 
contortus were being investigated, then the following 
positive statistical associations could be found: 

• between the presence of the parasite and abomasal 
mucosal hyperplasia; 

• between the presence of the parasite and anaemia; 
• between abomasal mucosal hyperplasia and 

anaemia. 

The first two associations are causal and the third 
non-causal. 

Fig.3.3 Path d iagrams indicating the 
paradigm (a) and examples (b) of direct 
and i nd i rect causal associations: 1 and 
2 = direct causal associations; 3 = indirect 
causal association (A with C), d i rect 
causal association (B with C); 4 = direct 
and indirect causal association (A with C). 

1. 

2. 

3. 

4. 

A .. B 

A
� 

C 

B� 

A -..B-"C 

A 
--------... I C 

,� 
B 
(a) 

Types of association : . I 

Abomasal mucosal hyperplasia and infection with 
H. contortus are risk factors for anaemia, that is, their 
presence increases the risk of anaemia. Similarly, in 
cats, lack of skin pigmentation results in white fur 
and also increased ultraviolet irradiation of the skin. 
The latter is associated with cutaneous squamous cell 
carcinoma (Dorn et al., 1971), and white fur is a risk 
factor for this condition. 

Risk factors therefore may be either causal or non­
causal. (Some authors reserve 'risk factor' exclusively 
for causal factors, and use 'risk indicator' or 'risk 
marker' to describe both causally and non-causally 
associated factors: Last, 2001 . )  A knowledge of risk 
factors is useful in identifying populations at which 
veterinary attention should be directed. Thus, high 
milk yield is a risk factor for ketosis in dairy cattle. 
When developing preventive measures it is important 
to identify those risk factors that are causal, against 
which control should be directed, and those that are 
non-causal and will not therefore affect the develop­
ment of disease. 

Explanatory and response variables can be causally 
associated either directly or indirectly (Figure 3.3). 
Path diagrams 1 and 2 illustrate direct causal asso­
ciations. Indirect associations are characterized by an 
intervening variable. Path diagram 3 illustrates an 
indirect causal association between A and C where the 
effect of A is entirely through the intervening variable 
B, whose effect is direct. This is equivalent to saying 
that A and B operate at different levels, therefore 
either A or B can be described as the cause of C. 
Leptospirosis, for example, causes haemoglobinuria 
by haemolysing red blood cells; a clinician would 
say that leptospirosis causes the haemoglobinuria, 
whereas a pathologist might attribute it to intra­
vascular haemolysis. 

Path diagram 4 in Figure 3.3 illustrates the situation 
where one explanatory variable, A, has not only a 

Trauma � Bruise 

Infection with Salmonella spp. 

Infection with canine parvovirus 
�Enteritis 

Leptospirosis ----. Haemolysis -.. Haemoglobinuria 

Rabies in bats 

Rabies in humans 

Rabies in foxes � 
(b) 
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direct causal association with a response variable, C, 
but also an indirect effect on C by influencing another 
variable, B. For example, in the US people have con­
tracted rabies by inhalation on entering caves where 
rabies-infected bats roost. They can also contract rabies 
from foxes that are infected by living in bat-infested 
caves. 

Confou nd i ng 

Confounding (Latin: confundere = to mix together) is 
the effect of an extraneous variable that can wholly or 
partly account for an apparent association between 
variables. Confounding can produce a spurious asso­
ciation between study variables, or can mask a real 
association. A variable that confounds is called a con­
founding variable or confounder. 

A confounding variable is distributed non-randomly 
(i.e., is positively or negatively correlated with the 
explanatory and response variables that are being 
studied). A confounding variable generally must16: 

• be a risk factor for the disease that is being studied; 
and 

• be associated with the explanatory variable, but 
not be a consequence of exposure to it. 

Examples to illustrate the concept 

An investigation of leptospirosis in dairy farmers in 
New Zealand (Mackintosh et al., 1980) revealed that 
wearing an apron during milking was associated with 
an increased risk of contracting leptospirosis. Further 
work showed that the larger the herd being milked, the 
greater the chance of contracting leptospirosis. It also 
was found that farmers with large herds tended to 
wear aprons more frequently for milking than farmers 
with small herds. The association between the wearing 
of aprons and leptospirosis was not causal but was 
produced spuriously by the confounding effect of 
large herd size (Figure 3 .4a), because large herd size 
was associated with leptospirosis, and also with the 
wearing of aprons. Figure 3 .4b illustrates a similar 
confounding effect in relation to respiratory disease 
in pigs (Willeberg, 1980b). A statistical association was 
demonstrated between fan ventilation and respiratory 
disease. This was not because fan ventilation caused 
respiratory disease. The association resulted from the 

10 Criteria for confounding are given in standard texts (e.g., 
Schlesselman, 1982), but there is controversy over conflicting definitions 
of confounding, and therefore over the conditions required (Kass and 
Greenland, 1991; Weinberg, 1993; Shapiro, 1997). 

(a) Weari ng an apron 

/ �"� 
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(confounder) 

(b) Fan ventilation 
of pig house 

/ �, 

"� 
Respiratory disease 
In pigs 

Size of pig herd � 
(confounder) 

Fig. 3.4 Examples of confounding: (a) large dairy herds in relation 
to leptospirosis in dairy farmers and the wearing of m i l king aprons; 
(b) large pig herds in relation to respi ratory d isease in pigs and fan 
vent i lation. � 'Real' association; .. - - - - spurious association. 

confounding effect of herd size: large herds are more 
likely to develop respiratory disease than small herds, 
and are also more likely to have fan ventilation rather 
than natural ventilation. 

These two examples have been selected to illustrate 
confounding in situations where the spurious asso­
ciation is obviously rather implausible. However, in 
many situations, confounding is less obvious, but must 
be considered, for example, in observational studies 
that test causal hypotheses (see Chapter 15). 

Causal models 

The associations and interactions between direct and 
indirect causes can be viewed in two ways, producing 
two causal 'models'. 

Causal model 1 

The relationship of causes to their effects allows 
classification of causes into two types: 'sufficient' and 
'necessary' (Rothman, 1976). 

A cause is sufficient if it inevitably produces an 
effect (assuming that nothing happens that interrupts 
the development of the effect, such as death or prophy­
laxis). A sufficient cause virtually always comprises 
a range of component causes; disease therefore is 
multifactorial. Frequently, however, one component 
is commonly described, in general parlance, as the 



cause17. For example, distemper virus is referred to 
as the cause of distemper, although the sufficient 
cause actually involves exposure to the virus, lack of 
immunity and, possibly, other components. It is not 
necessary to identify all components of a sufficient 
cause to prevent disease because removal of one com­
ponent may render the cause insufficient. For example, 
an improvement in floor design can prevent foot 
abscesses in pigs even though the main pyogenic 
bacteria are not identified. 

A particular disease may be produced by different 
sufficient causes. The different sufficient causes may 
have certain component causes in common, or they 
may not. If a cause is a component of every sufficient 
cause, then it is necessary18. Therefore, a necessary 
cause must always be present to produce an effect. 

In Figure 3 .5a, A is the only necessary cause, because 
it is the only component appearing in all of the 
sufficient causes. The remaining causes (B-J) are not 
necessary because there are some sufficient causes with­
out them. This concept is exemplified in Figure 3 .5b, 
which depicts hypothesized sufficient causes of 
pneumonic pasteurellosis in cattle. Infection with 
Pasteurella spp. is the necessary cause, but other com­
ponent causes, including lack of immunity, are 
required for induction of the disease. 

Another example of a cause that is necessary but 
not sufficient is infection with Actinobacillus ligneresi, 
which must occur before actinobacillosis ('wooden 
tongue') can develop. However, other factors that dam­
age the buccal mucosae (e.g. sharp, abrasive vegeta­
tion) must be present before the disease develops. In 
the absence of these factors, the bacterium can be 
present without disease developing. 

It is obvious that necessary causes are frequently 
related to the definition of a disease; for example, lead 
is a necessary cause of lead poisoning, and P. multocida 
is a necessary cause of pneumonic pasteurellosis. 

A cause may be necessary, sufficient, neither, or 
both, but it is unusual for a single component cause 

17 Philosophers are uneasy with such a definition. Note, for instance, 
Mill's 'argument from caprice': 'Nothing can better show the absence of any 
scientific ground for the distinctioll between the cause of a phenomenon and its 
conditions, than the capricious manner in which we select from among the 
conditions that which we choose to denominate the cause.' (Mill, 1868). Mill's 
argument has won the philosophical field, and is echoed by contem­
porary authors such as Lewis (1986): 'We sometimes single out one among all 
the causes of some event and call it "the" cause, as if there were no others. Or we 
single out a few as the "causes", calling the rest mere "causal factors" or "causal 
conditions" ... We may select the abnormal or extraordinary causes, or those 
under human control, or those we deem good or bad, or just those we want to talk 
about. I have nothing to say about these principles of invidious discrimination.' 

IS Again, the philosopher would be uneasy. Just because one com­
ponent has always been present in all cases, it does not follow that it is 
the causally operative/necessary component, or that it is a necessary 
component at all - what if the next case lacks this component? 

Causal models 

Sufficient Sufficient Sufficient 
cause cause cause 
1 2 3 ®®® 

(a) 
Sufficient 

cause 

1 

Sufficient 

cause 

3 

(b) 

Sufficient 

cause 

2 

Sufficient 

Fig. 3.5 Scheme for the causes of d i sease (causal model 1 ) . 
(a) Paradigm. (b) Hypothetical example for bovine pneumonic 
pasteurel losis. glob-: Lack of specific globu l ins; stress : adrenal 
stress of environmental origin (e.g., weather); Past.: presence of 
Mannheimia (Pasteurella) spp.; microbe: presence of vi ruses or 
mycoplasmata; cel l- : lack of cel l u lar immu nity. «a) From Rothman, 
1 976; (b) modified from Martin et al., 1 987.) 

to be both necessary and sufficient. One example is 
exposure to large doses of gamma radiation with the 
subsequent development of radiation sickness. 

Component causes therefore include factors that 
have been classified as: 

• predisposing factors, which increase the level of 
susceptibility in the host (e.g., age and immune 
status); 

• enabling factors, which facilitate manifestation of 
a disease (e.g., housing and nutrition); 

• precipitating factors, which are associated with 
the definitive onset of disease (e.g., many toxic and 
infectious agents); 

• reinforcing factors, which tend to aggravate the 
presence of a disease (e.g., repeated exposure to an 
infectious agent in the absence of an immune 
response). 
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Fig. 3.6 Causal web of bovine hypomagnesaemia (causal model 2 ) .  
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Pneumonia is an example of a disease that has 
sufficient causes, none of which has a necessary com­
ponent. Pneumonia may have been produced in one 
case by heat stress where a dry, dusty environment 
allowed microscopic particulate matter to reach the 
alveoli. Cold stress could produce a clinically similar 
result. 

the same level (but not necessarily at the same intens­
ity), and there may be several levels, producing 
a 'web of causation'. Again, disease is multifactorial. 
Figure 3 .6 illustrates the causal web of bovine 
hypomagnesaemia. 

Multifactorial syndromes such as pneumonia can 
have many sufficient causes, although no single 
component cause is necessary. Part of the reason is 
taxonomic: pneumonia is a loosely connected group of 
diseases whose classification (see Chapter 9) is based 
on lesions (inflammation of the lungs), rather than 
specific causes; the lesions can be produced by many 
different causes. When a disease is classified according 
to aetiology, there is, by definition, usually only one 
major cause, which therefore is likely to be neces­
sary. Examples include lead poisoning, actinobacil­
losis and pasteurellosis, mentioned above, and many 
'simple' infectious diseases, such as tuberculosis and 
brucellosis. 

The object of epidemiological investigations of 
cause is the identification of sufficient causes and their 
component causes. Removal of one or more compon­
ents from a sufficient cause will then prevent disease 
produced by that sufficient cause. 

Causal model 2 

Direct and indirect causes represent a chain of actions, 
with the indirect causes activating the direct causes 
(e.g., Figure 3 .3, path diagram 3). When many such 
relationships occur, a number of factors can act at 

Formulating a causal hypothesis 

The first step in any epidemiological investigation of 
cause is descriptive. A description of time, place, and 
population is useful initially. 

Time 

Associations with year, season, month, day, or even 
hour in the case of food poisoning investigations, 
should be considered. Such details may provide 
information on climatic influences, incubation periods 
and sources of infection. For example, an outbreak of 
salmonellosis in a group of cattle may be associated 
with the introduction of infected cattle feed. 

Place 

The geographical distribution of a disease may indic­
ate an association with local geological, management 
or ecological factors, for example nutritionally defi­
cient soil or arthropod transmitters of infection. Epi­
demiological maps (see Chapter 4) are a valuable aid 
to identifying geographical associations. For example, 
mapping of the location of cattle fatalities in South 
Africa, linked to meteorological data, revealed that the 



fatalities were due to ingestion of grass contaminated 
with copper from a nearby copper mine (Gummow 
et al., 1991 ) (addressed more fully in Chapter 22). 

Population 

The type of animal that is affected often is of consider­
able importance. Hereford cattle are more susceptible 
to squamous cell carcinoma of the eye than other 
breeds, suggesting that the cause may be partly 
genetic. In many parts of the world, meat workers are 
affected more often by Q Fever than are other people, 
implying a source of infection in meat-processing 
plants. 

When the major facts have been established, alternat­
ive causal hypotheses can be formulated. An epidemio­
logical investigation is similar to any detective novel 
that unfolds a list of 'suspects' (possible causal factors), 
some of which may be non-statistically associated 
with a disease, and some statistically associated with 
the disease, either causally or non-causally. 

Methods of deri v ing a hypothes i s  

There are four major methods of arriving at a 
hypothesis: 

1. method of difference; 
2. method of agreement; 
3. method of concomitant variation; 
4. method of analogy. 

Method of difference 

The method of difference (Mill's canon 1) argues that, 
if the frequency of a disease is different in two different 
circumstances, and a factor is present in one cir­
cumstance but is absent from the other, then the factor 
may be suspected of being causal. For instance, Wood 
(1978) noted an increased occurrence of stillbirths in 
pigs in one of three farrowing houses. The only dif­
ference between this house and the other two was a 
different type of burner on its gas heaters. A hypo­
thesis was formulated: that the different type of burner 
caused the stillbirths. Subsequently, the burners were 
shown to be defective and producing large amounts of 
carbon monoxide; the carbon monoxide was assumed 
to cause the stillbirths. The occurrence of stillbirths 
decreased when the faulty burners were removed, 
thus supporting the hypothesis. 

Similarly, bovine spongiform encephalopathy 
occurred to a different extent on the Channel Islands 
(Jersey and Guernsey), and meat and bone meal 
was used more frequently in feedstuffs on the island 

Formulating a causal hypothesis I; 

with the greater frequency of bovine spongiform en­
cephalopathy (Wile smith, 1 993). This added credence 
to the hypothesis that the causal agent was transmitted 
in meat and bone meal in concentrate rations. 

A defect of a hypothesis based on the method of dif­
ference is that several different factors usually may be 
incriminated as possible causes. The value of a hypo­
thesis generated by this method is reduced if many 
alternative hypotheses can be formulated. For example, 
a comparison of the different disease patterns of pigs 
in Africa and Denmark would involve a large number 
of variables, many of which could be hypothesized as 
causal. In contrast, the marked occurrence of mannosi­
dosis in Angus cattle (Jolly and Townsley, 1980), com­
pared with the absence of this disease in other breeds, 
strongly suggests that a genetic factor is the cause. 

Method of agreement 

The method of agreement (Mill's canon 2) reasons that, 
if a factor is common to a number of different circum­
stances in which a disease is present, then the factor 
may be the cause of the disease. Thus, if a batch of meat 
and bone meal was associated with salmonellosis on 
widely different types of pig farms, and this was the 
only circumstance in common, then the causal hypo­
thesis - that disease was caused by contamination of 
that batch - is strengthened. 

A second example relates to bovine hyperkeratosis 
which was identified in cattle in the US (Schwabe et al., 
1 977). The disease was called 'X disease' because ini­
tially the cause was unknown. It occurred in different 
circumstances: 

• in cattle that were fed sliced bread; 
• in calves that had been licking lubricating oil; 
• in cattle that were in contact with wood 

preservative. 

The bread slicing machine was lubricated with a sim­
ilar oil to that which had been licked by the calves. 
The lubricating oil and the wood preservative both 
contained chlorinated naphthalene. This chemical 
was common to the different circumstances and sub­
sequently was shown to cause hyperkeratosis. 

Method of concomitant variation 

The method of concomitant variation (Mill's canon 5) 
involves a search for a factor, the frequency or strength 
of which varies continuously with the frequency of the 
disease in different situations. Thus, the distance over 
which cattle are transported before slaughter appears 
to be related to the occurrence of bruises in their car­
casses (Meischke et al., 1974). Similarly, there appear to 
be relationships between the occurrence of squamous 
cell carcinoma of the skin of animals and the intensity 
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Table 3.1 The relationship between frequency of m i l king and serological evidence of exposure to leptospi rosis in dairy farm personnel in the 
Manawatu region of New Zealand. 

Frequency of milking Ser%gicalleptospirosis 
of cows by personnel 

Present Absent 

9 times/week 6 1  1 1 6 
1 -8 times/week 4 1 1  
Rarely or never 0 20 

Table 3.2 The relationship between number of cigarettes smoked 
per day and deaths from lung cancer in British doctors, 1 95 1 -6 1 . 
(From Dol l  and H i l l , 1 964a.) 

Cigarettes/day in 195/ 

None 
1 -14 

1 5-24 
225 

Annual lung cancer death 
rate/I 000 (1951-61) 

0.07 
0 .54 
1 .39 
2 .27 

of ultraviolet radiation, between the occurrence of 
bovine hypomagnesaemia and pasture levels of mag­
nesium, and between infection of dairy personnel with 
leptospires and the frequency with which the person­
nel milk cows (Table 3 .1 ) .  The classical medical epi­
demiological investigation of the association between 
smoking and lung cancer (Doll and Hill, 1964a,b) also 
illustrates this method of reasoning (Table 3.2): the 
number of deaths due to lung cancer is proportional 
to the number of cigarettes smoked per day19. 

Method of analogy 

This method of reasoning involves comparison of the 
pattern of the disease under study with that of a dis­
ease that already is understood, because the cause of 
a disease that is understood may also be the cause 
of another poorly understood disease with a similar 
pattern. For example, some mammary tumours of 
mice are known to be caused by a virus, therefore some 
mammary tumours of dogs may have a viral cause. 
The climatic conditions associated with outbreaks of 
Kikuyu grass poisoning of cattle may suggest a myco­
toxin as the cause because the circumstance is similar 
to those circumstances present in other mycotoxicoses 
(Bryson, 1982). Bovine petechial fever, caused by 
Cytoecetes ondiri, is present in a limited area of Kenya 
(Snodgrass, 1974). The mode of transmission of this 

19 This seminal investigation eventually became a 50-year study 
(Doll ct al., 2004). 

Total number Percentage of personnel with 
of personnel serological leptospirosis 

1 77 34.5 
1 5  26.7 
20 0 .0 

infectious agent is unknown. However, other mem­
bers of the genus Cytoecetes are known to be trans­
mitted by arthropods, and geographic limitation is a 
feature of arthropod transmitted diseases. Therefore, 
using the method of analogy, it has been suggested 
that C. ondiri may be transmitted by arthropods. 

Evidence by analogy is not, in the strictest sense, 
evidence of fact, It can point to probabilities, and 
can confirm conclusions that may be reached by other 
means; but it can be dangerously misleading (and was 
not considered sound enough by Mill to be included as 
a canon). A classical example is the inference made by 
the 19th century medical epidemiologist, John Snow, 
that yellow fever was transmitted by sewage (Snow, 
1 855) . He had already demonstrated that cholera was 
transmitted by sewage, and then observed that cholera 
and yellow fever were both associated with over­
crowding. He then inferred that cholera and yellow 
fever had similar modes of transmission, whereas the 
latter actually is transmitted by an arthropod rather 
than by contaminated sewage. 

Pri nc i p les for estab l i s h i ng cause: Hi l l 's cr iter ia 

The British medical statistician, Austin Bradford Hill, 
proposed several criteria for establishing a causal asso­
ciation (Hill, 1965), including: 

• the time sequence of the events; 
• the strength of the association; 
• biological gradient; 
• consistency; 
• compatibility with existing knowledge. 

Time sequence 

Cause must precede effect. In a bacteriological survey, 
Millar and Francis (1974) found an increased occur­
rence of various infections in barren mares compared 
with others whose reproductive function was normal. 
However, unless the bacterial infections were present 
before the mares became infertile, it would be incorrect 
to infer that the bacterial infections caused infertil­
ity. The causal pathway may have been in the other 



direction: absence of normal reproductive cyclic 
activity may allow previously harmless infections to 
flourish. 

Strength of association 

If a factor is causal, then there will be a strong positive 
statistical association between the factor and the 
disease. 

Biological gradient 

If a dose-response relationship can be found between 
a factor and a disease, the plausibility of a factor being 
causal is increased. This is the basis of reasoning by 
the method of concomitant variation. Examples have 
already been cited: frequency of milking in relation to 
leptospirosis (see Table 3 .1), and smoking in relation 
to lung cancer (see Table 3.2). 

Consistency 

If an association exists in a number of different circum­
stances, then a causal relationship is probable. This is 
the basis of reasoning by the method of agreement. An 
example is bovine hyperkeratosis, mentioned above. 

Compatibility with existing knowledge 

It is more reasonable to infer that a factor causes a 
disease if a plausible biological mechanism has been 
identified than if such a mechanism is not known. 
Thus, smoking can be suggested as a likely cause of 
lung cancer because other chemical and environmen­
tal pollutants are known to have a carcinogenic effect 
on laboratory animals. Similarly, if a mycotoxin were 
present in animal foodstuffs, then it might be expected 
to produce characteristic liver damage. On the other 
hand, the survey of leptospirosis of dairy farmers, men­
tioned earlier, showed a positive association between 
wearing an apron and having a leptospiral titre. This 
finding was not compatible with either existing know­
ledge or common sense, and a factor that might have 
confounded the result was sought and found. 

Hill also included specificity of response (a single 
cause leads to a single effect) and analogy in his set of 
criteria2o. However, the former is faulted (Susser, 
1977): some causes are known to induce more than one 
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syndrome (see Figure 9.3d), and, earlier in this chapter, 
the latter has been shown to be a suspect method of 
reasoning. 

A fuller discussion of reasoning and causal inference 
in general is given by Taylor (1967) and Pinto and 
Blair (1993), and, in the context of epidemiology, by 
Buck (1975), Maclure (1985), Weed (1986), Evans (1993) 
and Rothman and Greenland (1998). The testing of 
hypotheses using observational studies is described in 
Chapter 15. 
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This chapter discusses the types of animal population 
that are encountered in veterinary medicine, and 
describes the methods of expressing the amount and 
temporal and spatial distribution of disease in these 
populations. 

Some bas ic terms 

Endemic occurrence 

'Endemic' is used in two senses to describe: 

1 .  the usual frequency of occurrence of a disease in a 
population; 

2. the constant presence of a disease in a population. 

Thus, the term implies a stable state; if a disease is well 
understood, then its endemic level is often predictable. 
The term 'endemic' can be applied not only to overt 
disease but also to disease in the absence of clinical 
signs and to levels of circulating antibodies. Therefore, 
the exact context in which the term is used should 
always be defined. For example, laboratory mice kept 
under conventional systems of 'non-barrier mainten­
ance' (i.e., with no special precautions being taken to 
prevent entry and spread of infection into the popula­
tion) are invariably infected with the nematode Syphacia 
obvelata. Infection of 100% of the mice would be consid­
ered the usual level of occurrence, that is, the endemic 
level of infection. When a disease is continuously pre­
sent to a high level, affecting all age-groups equally, it is 
hyperendemic. In contrast, the endemic level of actino­
bacillosis in a dairy herd is likely to be less than 1 %.  

'Endemic' is  applied not only to infectious diseases 
but also to non-infectious ones: the veterinary meat 
hygienist is just as concerned with the endemic level of 
carcass bruising as is the veterinary practitioner with 
the endemic level of pneumonia in pigs. 

When endemic disease is described, the affected 
population and its location should be specified. Thus, 
although bovine tuberculosis is endemic in badgers in 
south-west England, the infection apparently is not 
endemic in all badger populations in the UK (Little 
et al., 1982). 

Epidemic occurrence 

'Epidemic' originally was used only to describe a 
sudden, usually unpredictable, increase in the number 
of cases of an infectious disease in a population. In 
modern epidemiology, an epidemic is an occurrence 
of an infectious or non-infectious disease to a level 
in excess of the expected (i.e., endemic) level. Thus, 
infection with S. obvelata should be absent from 
specific-pathogen-free (SPF) mice kept under strict 
barrier conditions where precautions are taken to 
prevent entry and spread of infectious agents in 
the colony. If an infected mouse gained entry to the 
colony, the infection would be transmitted through­
out the resident population and an epidemic of the 
nematode infection would occur. Such an infection in 
SPF mice colonies would be unusually frequent, that 
is, epidemic. Similarly, if cattle grazed on rough pas­
ture, which could abrade their mouths, there might be 
an increase in the number of cases of actinobacillosis. 
Although only 2% of the animals might become 
infected, this would be an unusually high (epidemic) 
level compared with the endemic level of 1 % in the 
herd. Thus, an epidemic need not involve a large 
number of individuals. 

When an epidemic occurs, the population must have 
been subjected to one or more factors that were not 
present previously. In the example of the SPF mouse 
colony that became infected with S. obvelata, the factor 
was a breakdown in barrier maintenance and the entry 



of an infected mouse. In the case of the herd with 
actinobacillosis, the new factor was an increased 
consumption of vegetation that could cause buccal 
abrasions. 

The popular conception of an epidemic frequently is 
an outbreak of disease that is noticed immediately. 
However, some epidemics may go undetected for 
some time after their occurrence. Thus, in London, in 
1952, the deaths of 4000 people were associated with a 
particularly severe smog (fog intensified by smoke). 
The deaths occurred at the same time as the Smithfield 
fat stock show (HMSO, 1954). Although an epidemic of 
severe respiratory disease in the cattle was recognized 
immediately, and was associated with the air pollution 
caused by the smog, the epidemic of human respir­
atory disease was not appreciated until statistics 
recording human deaths were published more than a 
year later. 

In contrast, some epidemics may be exaggerated. An 
increased number of deaths in foxes occurred in the 
UK in the late 1950s. This apparent epidemic of a 'new' 
fatal disease received considerable publicity and every 
dead fox was assumed to have died from the disease. 
Subsequent laboratory analyses identified chlorinated 
hydrocarbon poisoning as the cause of the increased 
fox fatality, but only 40% of foxes submitted for post­
mortem examination had died from the poisoning. The 
other 60% had died of endemic diseases that had not 
previously stimulated general interest (Blackmore, 
1964). This example illustrates that the endemic level 
of disease in a population has to be known before an 
epidemic can be recognized. 

Pandemic occurrence 

A pandemic is a widespread epidemic that usually 
affects a large proportion of the population. Many 
countries may be affected. Pandemics of rinderpest 
(see Table 1 .1 ), foot-and-mouth disease, and African 
swine fever have been the cause of considerable 
financial loss. By the 1970s, rinderpest was found only 
in north-west Africa and the Indian subcontinent, but 
the disease became pandemic in Africa and the 
Middle East during the early 1980s (Sasaki, 1991), and 
became the target of a global eradication campaign 
(Wojciechowski, 1991), which is reaching a successful 
climax (Table 1 .4). In the late 1970s, a pandemic of 
parvovirus infection occurred in dogs in many parts of 
the world (Carmichael and Binn, 1981). Serious human 
pandemics have included plague (the Black Death), 
which spread throughout Europe in 13481, cholera 

1 The pandemic eliminated nearly a third of the population, but popu­
lation decline continued long after. In 1450, Europe's population was 
probably nearly half of what it had been in the early 14th century. Thus, 
agricultural labour became scarce, labourers became stronger, and land-
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in the 19th century, influenza soon after the First 
World War, and, currently, HIV / AIDS (particularly 
in Africa). 

Sporadic occurrence 

A sporadic outbreak of disease is one that occurs irregu­
larly and haphazardly. This implies that appropriate 
circumstances have occurred locally, producing small, 
localized outbreaks. 

Foot-and-mouth disease is not endemic in the UK. 
A sporadic outbreak, thought to be associated with the 
importation of infected Argentine lamb that entered 
the animal food chain, occurred initially in Oswestry 
in October 1967 (Hugh-Jones, 1972). Unfortunately, 
this incident, and several subsequent ones associated 
with the imported lamb, resulted in an epidemic, 
which was not eliminated until the middle of 1968 
(Figure 4.1a) .  Similarly, the more widespread epidemic 
of foot-and-mouth disease that occurred in the UK in 
2001 (Figure 4 .1b) began as a sporadic outbreak in a pig 
herd at Heddon-on-the-Wall in Northumbria (DEFRA, 
2002b; Mansley et al., 2003), and was most likely caused 
by contamination of swill by illegally imported meat. 
However, in both epidemics, the disease did not 
become endemic because of veterinary intervention. 
Conversely, in 1969, a single sporadic case of rabies 
occurred in a dog in the UK after it had completed 
the statutory 6-month quarantine period (Haig, 1977). 
No other animal was infected and so this sporadic 
outbreak was confined to the original case. 

Thus 'sporadic' can indicate either a single case or 
a cluster of cases of a disease or infection (without 
obvious disease) that is not normally present in an area. 

Infection with Leptospira interrogans, serovar pomona, 
is endemic in domestic pigs in New Zealand. The 
bacterium is also frequently the cause of sporadic 
epidemics of abortion in cattle. Infected cattle excrete 
the bacterium in their urine only for approximately 
3 months. The bacterium therefore cannot usually be 
maintained, and so become endemic, in the herd. If a 
cow becomes infected with the bacterium by direct or 
indirect contact with pigs, this constitutes sporadic 
infection. This animal may now become a short-term 
source of infection to other pregnant cattle in the herd, 
and a sporadic epidemic of abortion, of 3 or 4 months' 
duration, is likely to occur. Post-infection leptospiral 
antibodies persist for many years in cattle, and spor­
adic infection with the bacterium is not uncommon; 
18% of New Zealand cattle have been reported to have 

lords weaker. Consequently, wealth was sought in commerce, and the 
great cities of Amsterdam. Florence, London, Paris, Vienna and Venice 
developed. In Italy, this produced the urban cultural climate in which The 
Renaissance could be born and flourish (Holmes, 1996) - illustrating that 
disease can have consequences far beyond the bounds of health. 
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Fig. 4.1 Epidemics of foot-and-mouth d isease in the UK :  number of outbreaks per day. (a) 1 967-68. (From HMSO, 1 969); (b) 2001. (From DEFRA, 
2002b. © Crown copyright; Reproduced by kind permission of DEFRA.) 

detectable antibodies to this organism. Thus, although 
infection and the abortion that may ensue are sporadic, 
there is an endemic level of antibody in the bovine 
population (Hathaway, 1981). 

Outbreaks 

The Office In ternational des Epizooties defines an out­
break as 'an occurrence of disease in an agricultural 
establishment, breeding establishment or premises, 
including all buildings as well as adjoining premises, 
where animals are present', the term generally imply­
ing that several animals are affected. Livestock in 
developed countries are usually kept as separated 
populations (see below) and so 'outbreak' can be 
applied unambiguously to an occurrence of disease on 

an individual farm. For example, the epidemic of foot­
and-mouth disease in the UK in 2001 comprised 2030 
infected premises (i.e., outbreaks), which all originated 
from a single infected pig farm. In contrast, the term 
sometimes also is used in the context of a single source, 
irrespective of the number or premises involved. 
Thus, in the US in 2002-03, exotic Newcastle disease 
occurred in 21 commercial flocks in California, and 
over 1 000 'backyard flocks', including some in the 
neighbouring states of Arizona and Nevada. This was 
documented as only one outbreak because it was con­
sidered to have arisen from a single introduction of the 
disease. Subsequently, a second outbreak, involving 
only one premises, was recorded in Texas (some dis­
tance from the first outbreak); this was determined to 
be a separate introduction, based on DNA sequencing 
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Table 4.1 Criteria for declar ing an outbreak of foot-and-mouth d isease. (From European Commission, 2002.) 

An outbreak shall be declared where a hold ing meets one or more of the following criteria: 

1 .  foot-and-mouth d isease v i rus has been isolated from an animal ,  any product derived from that an imal, or  its environment; 

2.  c l in ical signs consistent with foot-and-mouth d isease are observed in an an imal of a susceptible species, and the vi rus antigen or v i rus 
ribonucleic acid (RNA) specific to one or more of the serotypes of foot-and-mouth d i sease virus has been detected and identified in 
samples col lected from the an imal or its cohorts; 

3. c l in ical signs cons istent with foot-and-mouth d i sease are observed in an an imal of a susceptible species and the an imal or its cohorts are 
positive for antibody to foot-and-mouth d i sease vi rus structural or non-structural proteins, provided that previous vaccination, residual 
maternal antibodies or non-specific reactions can be excluded as possible causes of seropositiv ity; 

4.  virus antigen or vi rus RNA specific to one or more of the serotypes of foot-and-mouth d isease v i rus has been detected and identified in  
samples col lected from an imals of  susceptible species and  the an imals are positive for antibody to  foot-and-mouth d i sease v i rus structural 
or non-structural proteins, provided that in the case of antibodies to structural prote ins  previous vaccination, res idual maternal antibodies 
or non-specific reactions can be excluded as possi ble causes of seropositivity; 

5. an epidemiological l ink has been establ ished to a confirmed foot-and-mouth d isease outbreak and at least one of the fol lowi ng cond itions 
applies: 

(a) one or more an imals are positive for antibody to foot-and-mouth d i sease v i rus  structural or  non-structural proteins, provided that previous 
vaccination, residual maternal antibodies or non-specific reactions can be excluded as possible causes of seropositivity; 

(b) v i rus antigen or v i rus RNA specific to one or  more of the serotypes of foot-and-mouth d i sease vi rus has been detected and identified in  
samples collected from one  or more an imals of  susceptible species; 

(c) serological evidence of active infection with foot-and-mouth d i sease by detection of seroconversion from negative to positive for antibody 
to foot-and-mouth d isease v i rus structural or non-structural prote ins has been estab l i shed in one or more an imals of suscepti ble species, 
and previous vaccination, residual maternal antibodies or non-specific reactions can be excluded as poss ible causes of seropositivity. 

Where a previously seronegative status cannot be reasonably expected, th is  detection of seroconversion i s  to be carried out in paired samples 
col lected from the same an imals on two or more occasions at least 5 days apart, in the case of structural protei ns, and at least 21 days apart, i n  
the case o f  non-structural proteins. 

differences between the two virus strains that were 
isolated from each outbreak. Moreover, definition of 
'outbreak' may include criteria other than the presence 
of clinical cases, and may be tailored to specific infec­
tions (Table 4 .1 ) .  

In developing countries, animal populations are 
frequently contiguous (see below) and so it may be 
difficult to define the limits of one outbreak. An 
outbreak is then considered as occurring in part of a 
territory in which, taking local conditions into account, 
it cannot be guaranteed that both susceptible and 
unsusceptible animals have not had direct contact with 
affected or susceptible animals. For example, in certain 
areas of Africa, an outbreak means the occurrence of 
disease within a sixteenth square degree; the occur­
rence is still referred to as an outbreak, even though the 
disease may occur in several places within the same 
sixteenth square degree. (Note that the area within a 
sixteenth square degree is not constant: it varies with 
latitude.) 

Basic concepts of d isease q u antification 

A necessary part of the investigation of disease in a 
population is the counting of affected animals so that 

the amount of disease can be described. Furthermore, 
it is usually desirable to describe when and where 
disease occurs, and to relate the number of diseased 
animals to the size of the population at risk of devel­
oping disease so that a disease's importance can be 
assessed. A report of 10 cases of infectious enteritis in a 
cattery, for example, does not indicate the true extent 
of the problem unless the report is considered in terms 
of the number of cats in the cattery: there may be only 
10 cats present, in which case all of the cats are affected, 
or there may be 100 cats, in which case only a small 
proportion of the cats is affected. 

The amount of disease is the morbidity (Latin: mor­
bus = disease); the number of deaths is the mortality. 
The times of occurrence of cases of a disease constitute 
its temporal distribution, whereas places of occurrence 
comprise its spatial distribution. The measurement 
and description of the size of populations and their 
characteristics constitute demography2 (Greek: demo­
= people; -graphia = writing, description). 

2 A distinction between zoography and demography is not made in 
this book, for the reasons given in Chapter 2 in relation to epizootiology 
and epidemiology. 
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The structure of animal populations 

The structure of populations influences the extent to 
which the size of the population at risk can be assessed, 
as well as affecting the ways in which disease occurs 
and persists in animals. The organization of animal 
populations can usually be described as either con­

tiguous or separated. 

Contiguous popu l ations 

A contiguous population is one in which there is 
much contact between individuals in the population 
and members of other populations. Contiguous popu­
lations therefore predispose to transfer and persistence 
of infectious diseases over large areas because of the 
inherent mixing and movement of animals. 

Most human populations are contiguous because 
there is mixing of individuals by travel. Populations of 
small domestic animals also are usually contiguous. 
Dogs and cats that are not confined to houses move 
freely within cities, coming into contact with other 
urban, suburban and rural animals of their own and 
different species3. African nomadic tribes similarly 
own animals that comprise contiguous groups. Many 
wild animals belong to this category, too. 

Assessing the size of contiguous populations 

It is often difficult to assess the size of contiguous 
animal populations. Only limited demographic data 
about small domestic animals are available; for ex­
ample, from Kennel Club registers (Tedor and Reif, 1978; 
Wong and Lee, 1985). In some developed countries, 
dogs must be legally registered, but this is a difficult 
law to enforce and so many dogs may not be recorded. 
There are pet registries that record and identify 
animals, for example, by ear or leg tattooing (Anon., 
1984), but these records are voluntary and so exclude 
the majority of animals. Increased uptake of identifica­
tion of companion animals by 'microchips', designed 
to an international standard (Anon., 1995; Ingwersen, 
2000), should facilitate improved enumeration and 
tracing of these animals4. Over half a million animals 
were implanted with microchips in the UK within the 
ten years up to 2000 (Anon., 2000). 

3 Such animals are classified as 'free-roaming' (Slater, 2001), a category 
that includes strays (i.e., recently lost or abandoned animals) as well as 
unrestrained, but owned, animals. 

4 Microchips are an accurate means of identification of animals, 
provided they are properly implanted (Sorensen e/ ai., 1 995; Fry and 
Green, 1999). However, the use of different standards in the US and 
Europe currently hampers international identification of all 'chipped' 
animals (Fearon, 2004). 

Some studies have been undertaken to establish the 
size and other characteristics of small animal popula­
tions (Table 4.2). However, such animals frequently are 
kept in small numbers - often only one animal per 
household. It is therefore necessary to contact many 
owners to gain information about relatively few 
animals (i.e., the animal:owner ratio is low). This can 
be a difficult and costly exercise. The results may also 
be distorted by the lack of information on undetect­
able segments of the population such as stray, semi­
domesticated and feral animals. Limited demographic 
data can be obtained from animal-cemetery records 
(e.g., Hayashidani et al., 1988, 1989) and information 
held by pet insurance companies (e.g., Bonnett et al., 
1997; Egenvall et al., 2000). 

Non-thoroughbred horses and ponies kept as 
leisure animals similarly are difficult to count, and 
their enumeration is frequently indirect. In the UK, 
for example, estimation of population size has been 
based on the number of farriers (McClintock, 1988), the 
amount of shoeing steel produced (Horse and Hound, 
1992), aerial counts (Barr et al., 1986), and surveys 
of private households (McClintock, 1988; Horse and 
Hound, 1992). These methods have shortcomings. 
The first counted farriers, assuming that each shod 
250 horses, and ignored unshod horses; the second 
assumed an average of four new sets of shoes per horse 
per year, again ignoring unshod horses; the aerial 
survey omitted horses indoors; and the household 
surveys excluded some categories of animals such as 
those in riding centres. However, each produced sim­
ilar figures (for thoroughbred and non-thoroughbred 
horses, combined), ranging from 500 000-560 000 
animals, suggesting valid, but conservative, estimates. 
In the US, a sample survey of equine operations has 
provided information on the age and type of horse 
(USDA, 1998). 

The requirement for horse 'passports' within the 
European Union (EUROPA, 2000; Sluyter, 2001; 
HMSO, 2004) - although primarily designed to protect 
the health of those who eat horsemeat by preventing 
horses, dosed with any medicines that are not intended 
for use in food-producing animals, from entering the 
human food chain - should lead to better characteriza­
tion of equine populations. 

Populations of wild animals can be enumerated 
either directly or indirectly. Direct methods involve 
observation of individual animals, and include aerial 
and ground counts (Seber, 1973; Norton-Griffiths, 1978; 
Southwood, 1978; Buckland et al., 1993). A common 
method is capture-release-recapture in which animals 
are caught, marked and released. A second sample is 
then captured. The numbers of marked animals recap­
tured in the second sample is then related to the num­
ber initially marked. The simplest index for estimating 
the number of individuals (Lincoln, 1930) is: 



Table 4.2 Some demographic studies of dog and cat populations. 

Country/region Characteristics recorded 

The structure of animal populations , ! 

Source 

Bal i  

Canada: Ontario 

Type and characteristics of urban pet ownersh ip* 

Breed, age, owner characteristicst 

Margawani  and Robertson ( 1 995) 

Lesl ie  et al. ( 1 994) 

Cyprus 

Europe 

Population size 

Population size (by cou ntry) 
For UK :  regional d istribution, owner 

characteristics 

Pappaioanou et al. ( 1 984) 

Anderson ( 1 983) 

Malaysia Breed, sex, l itter size, seasonal d istribution 
of whelping 

Wong and Lee ( 1 985) 

Netherlands Population size* 

Norway For Bernese mountain dog, boxer, B ichon frise: 

Lumeij et al. ( 1 998) 

Moe et al. (2001 ) 
population size, sex, age, age-specific mortality 

Ph i l ippi nes 

Sweden 

U K  

US 

US: Boston 

US:  Cal ifornia 

US: I l l inois 

US :  Indiana 

US:  Kansas 

US: Nevada 

Density of rural dogs 

Breed-specific morta l ity 
Breed, sex, age, owner characteristics 

Sex, age, diet 
Breed 
Breed, sex, age 

Age, health status 
Free-roaming populations 

Age at death, breed, sex 

Breed, sex, age, owner characteristics 
Breed, sex, age � 
Owner characteristics 
Breed, sex, age owner characteristics 

Population size 

Sex, age, reproductive h istory, owner 
characteristics 

Population size 
Sex, age, owner characteristics 

Age, population dynamics 

Age, population dynamics 

Breed, sex, age 

Robinson et al. ( 1 996); Chi lds  et al. ( 1 998) 

Bonnett et al. ( 1 997) 
Egenval l  et al. ( 1 999); Hedhammar et al. 

( 1 999); Sal lander et al. (200 1 )  

Fennell  ( 1 975) 
Edney and Smith ( 1 986) 
Thrusfield ( 1 989) 

Lund et al. ( 1 999) 

Levy et al. (2003) 

Bronson ( 1 981 , 1 982) 

Dorn et al. ( 1 967b); 
Franti and Kraus ( 1 974) 
Schneider and Vaida ( 1 975) 
Franti et al.  ( 1 974) 
Franti et al. ( 1 980) 
Schneider ( 1 975) 

Griffiths and Brenner ( 1 977) 

Lengerich et al. ( 1 992) 
Teclaw et al. ( 1 992) 

Nasser and Mosier ( 1 980) 

Nasser et al. ( 1 984) 

US: New Jersey 

US: Ohio 

Zimbabwe 

Breed, sex, age, owner characteristics 

Popu lation size, sex, age, owner characteristics 

Cohen et al. ( 1 959) 

Schnurrenberger et al. ( 1 961 ) 

Butler and B ingham (2000) 

* Also reports ownersh i p  of birds and exotic species. 
t Owner characteristics vary between studies, and include age, occupation, location (urban versus rural ) ,  number and age of ch i ldren, and type of 
dwel l ing. 
� Also reports ownersh ip  of horses. 

where: 

� an N = ­
r 

N = estimated population size; 
a = number of individuals initially marked; 
n = number of individuals in the second sample; 
r = number of marked individuals recaptured in the 

second sample. 

Capture-release-recapture techniques have also 
been applied to estimating the size of dog populations 
(Beck, 1973; Anvik et ai., 1974; Heussner et ai., 1978); 
and these and other marking techniques can also pro­
vide information on the movement, home range and 
territories of wild animals, which can be relevant to 
disease transmission (see Chapter 7). The marking of 
bait, for example, has facilitated identification of 
badgers' territories that overlap with dairy farms in 
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Table 4.3 Hold ings by size of herd or flock: U K, June, 1 997 .  (From HMSO, 1 998.) 

Dairy breeding herds 
No. of holdi ngs 
No. of cows 

Beef breeding herds 
No. of holdings 
No. of cows 

Cattle and calves 
No. of holdings 
No. of cattle 

Pig breeding herds 
No. of holdi ngs 
No. of pigs 

Pigs 
No. of hold ings 
No. of pigs 

Sheep breeding flocks 
No. of holdi ngs 
No. of sheep 

Sheep 
No. of holdings 
No. of sheep 

1-< 7 0  
2 260 
8 556 

1-< 7 0  
26 648 

1 1 7  7 1 9  

1-< 7 0  
1 3 81 5  
71  890 

1-< 7 0  
4 583 

1 6 1 68 

1-< 7 0  
4 039 

1 3  768 

1-<50 
22 446 

5 1 6 765 

1-<50 
1 5 740 

341 880 

1 0-<30 
5 776 

1 1 5 380 

1 0-<30 
24 588 

431 979 

1 0-<30 
27 6 1 3 

5 2 1  5 7 1  

1 0-<20 
1 206 

1 6 549 

1 0-<20 
1 329 

1 8 1 86 

50- < 7 00 
1 4 86 1  

1 065 407 

50- < / 00 
1 0 658 

778 980 

30-<40 40-<50 
3 91 3  3 76 1  

1 34 449 1 66 085 

30-<40 40-<50 
5 802 3 876 

1 96 459 1 69 690 

30-<40 40-<50 
9 85 3  8 391  

3 3 7 099 3 7 1  439 

20-<50 50- < 1 00 
1 260 864 

39 533 6 1  6 1 8  

20-<50 50-< /00 
1 606 1 02 2  

50 786 73 065 

1 00-<200 200-<500 
1 6 1 38 1 8 204 

2 284 1 2 7  5 732 2 1 7  

1 00-<200 200-<500 
1 4 463 20 608 

2 095 656 6 674 783 

the south-west of England on which tuberculosis is 
present, indicating that infected badgers could be the 
source of infection on these farms (Cheeseman et al., 
1981). 

The validity of this method depends on several as­
sumptions such as complete mixing of marked animals 
in the population; the population is not increased 
by immigration and birth; marked and unmarked 
animals are equally likely to be captured in each 
sample; and marks are not lost or overlooked (Seber, 
1973; Southwood, 1978). An alternative approach, 
with fewer assumptions, is distance sampling. This 
involves measurement of perpendicular distances 
between a series of transverse lines and animals 
observed from them, and then computation of 
animal density using an appropriate statistical model 
(Buckland et al., 1993). The main assumptions are that 
animals are distributed randomly (see Chapter 8); the 
probability (see Chapter 12) of detecting animals from 
the lines is one; and distances are measured exactly. 
Childs et al. (1998) provide an example relating to rural 
dog populations, as well as an assessment of marking 
methods. 

Direct methods can be inaccurate when animals live 
in concealed habitats. The size of deer populations in 
woodland, for example, may be underestimated by a 
factor of four when direct methods are used (Ratcliffe, 
1987; Langbein, 1996). Indirect methods are then 
more appropriate. These semi-quantitative techniques 
include assessing the effect of grazing and browsing 
on trees and plants ( 'impact levels') (Mayle et al., 1999), 

50-<70 70-< / 00 100-<200 200 and over Total 

6 349 6 72 5  6 638 907 36 329 
371 5 1 2  556 454 872 926 250 5 3 1  2 475 893 

50- < 1 00 1 00 and over Total 
7 401 2 799 71 1 1 4  

502 693 421 978 1 840 5 1 8  

50-<70 70-< 1 00 1 00-<200 200 and over Total 
1 3 849 1 5 338 2 6 1 23 1 4 5 1 7  1 29 499 

8 1 6 578 1 282 243 3 679 41 5 4 477 959 1 1  558 1 94 

1 00-<200 200-<500 500-< / 000 1000 and over Total 
979 1 327 1 0 2 1 9  

1 39 81 0 651  851 925 529 

1 00-<200 200-<500 500-< / 000 1000 and over Total 
1 035  1 622 1 309 2 281  1 4 243 

1 47 41 7 532 937  947 295 6 1 89 040 7 972 494 

500-< 1 000 1 000 and over Total 
7 903 3 008 82 560 

5 428 889 4 480 397 1 9 507 802 

500-< 1 000 1 000 and over Total 
1 3 367 1 2 301  87 1 3 7 

9 5 1 8 3 1 6  2 2  786 386 42 1 96 001 

dung surveys (Marques et al., 2001) and counting 
tracks when they can be observed on snow and soft soil 
(Dzieciolowski, 1976). 

Separated popu l ations 

Separated populations occur as discrete units such as 
herds and flocks. They are particularly common in 
countries that practise intensive animal production, 
with many animals on one farm (e.g., many of the 
developed countries). Table 4.3 illustrates the various 
sizes of these units in the UK; most animals of all 
species are kept in larger units. 

A separated population can be closed, with no 
movement of animals into or out of the unit (except 
to slaughter). An example is a dairy herd that raises 
its own replacements, or is under statutory control of 
movement. Two extreme examples of closed popula­
tions are the specific-pathogen-free (SPF) and gnoto­
biotic colonies of laboratory animals. 

A separated population can also be open, with 
limited movement of individuals in and out. Examples 
include beef herds where animals are brought in from 
other farms and markets for fattening, and dairy herds 
that receive replacements from other farms. 

Separated populations, especially of the closed type, 
are less likely to be infected with agents from other 
areas than contiguous populations. However, if 
infection enters separated populations, it may spread 
rapidly because the animal density frequently is high. 



Assessing the size of separated populations 

It is often easier to obtain information on the size of a 
separated than a contiguous population. The large 
numbers of animals kept under conditions of intensive 
husbandry in a single separated unit usually have only 
one owner (i.e., the animal:owner ratio is high). Many 
demographic data about food animals are available as 
a result of regular censuses and estimations (annually, 
in the UK, for exampleS). The most extensive sources 
are the Animal Health Yearbook of the Food and 
Agriculture Organization of the United Nations and 
Office International des Epizooties; animal population 
sizes in Tables 1 .B and 1 . 10 were obtained from the first 
source. 

Thoroughbred horses are members of separated 
(usually open) populations. They are concentrated in 
stables in major training areas and can be counted 
easily. Published figures, however, may not be com­
prehensive. Thoroughbred horses in training in the 
UK, for example, are recorded annually, but they com­
prise only a small and variable age group. Stud books 
provide information on stallions, mares and foals, but 
may be incomplete. 

Measures of disease occurrence 

Preva lence 

Prevalence, P, is the number of instances of disease or 
related attributes (e.g., infection or presence of anti­
bodies) in a known population, at a designated time, 
without distinction between old and new cases. When 
the time is not specified, prevalence usually refers to 
point prevalence; that is, the amount of disease in a 
population at a particular point in time. 

Period prevalence refers to the number of cases that 
are known to have occurred during a specified period 
of time; for example, a year (annual prevalence). It is 
the sum of the point prevalence at the beginning of the 
period and the number of new cases that occur during 
the period, and can therefore be used when the exact 
time of onset of a condition is not known (e.g., some 
behavioural condition). Lifetime prevalence is the 
number of individuals known to have had disease for 
at least part of their life. 

Although prevalence can be defined simply as the 
number of affected animals, it is most meaningful 

5 The first census of livestock in England was undertaken as early as 
1086, as part of the 'Domesday Survey'. Unfortunately, though, when the 
data were edited, they were also abridged by omission of the livestock 
numbers from the published document, the Liber de Wintonia (Book of 
Winchester), for most parts of the country (Morris, 1976). 

Measures of disease occurrence 

when expressed in terms of the number of diseased 
animals in relation to the number of animals in the 
population at risk of developing the disease: 

number of individuals having a disease 

P = 

at a particular point in time 
number of individuals in the population 

at risk at that point in time 

For example, if 20 cows in a herd of 200 cows were 
lame on a particular day, then the prevalence of lame­
ness in the herd on that day would be 20/200, that is, 
0 .1 .  This is a proportion that represents the probabil­
ity of an animal having a specified disease at a given 
time. Prevalence can take values between 0 and 1 ,  and 
is dimensionless. Sometimes, it is expressed as a per­
centage. Thus, a prevalence of 0.1 = 10%. Additionally, 
if a disease is rare, its prevalence may be expressed as: 

number of cases of disease 
x 10" 

population at risk 

where n is an integer depending on the rarity of the 
disease. Thus, prevalence may be expressed per 10  000 
population at risk (n = 4) or per 1 000 000 population at 
risk (n = 6). 

I nc idence 

Incidence is the number of new cases that occur in a 
known population over a specified period of time. The 
two essential components of an incidence value are: 

1 .  the number of new cases; 
2. the period of time over which the new cases occur. 

Incidence, like prevalence, can be defined simply in 
terms of the number of affected animals, but again is 
usually expressed in relation to the population at risk. 

Cumulative incidence 

The cumulative incidence, el, (also termed risk) is the 
proportion of non-diseased individuals at the begin­
ning of a period of study that become diseased during 
the period: 

number of individuals that become 

CI = 
__ d_l_' s_e_a_se_d_d_u_r_in�g!...-a--.!..p_a_rt_i_cu_l_a_r2cp_e_n_· o_d __ 

number of healthy individuals in the 
population at the beginning of that period 

It is therefore a proportion that can take values 
between a and 1 (or 0-100%), and is dimensionless. 

Thus, if 20 animals in a cattery develop feline viral 
rhino tracheitis during a week, and there are 100 
healthy cats in the cattery at the beginning of the week, 
then, for the week: 
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Table 4.4 Example of calcu lation of incidence rate: enzootic bovi ne leucosis (EBL) (hypothetical data). 

Cow number 

2 

3 
4 
5 
6 
7 
8 
9 

1 0  

Total 

Calculation :  
Total number of  cases = 2 .  

Period of observation 

7 years 
7 years 
4 years 

5 years 
6 years 
8 years 

5 years 
2 years 
9 years 
5 years 

Inc idence rate = 2 per 58 animal-years at risk 

Time of development of EBL Contribution to 
after beginning of observation animal-years at risk 

No d i sease 7 years 

No d isease 7 years 
4 years 4 years 

No d isease 5 years 
No d isease 6 years 
No d isease 8 years 

5 years 5 years 
No d isease 2 years 
No d isease 9 years 
No d i sease 5 years 

58 years 

= 3.5 per 1 00 animal-years at risk, i .e.  0.035 per an imal-year at risk. 

20 CI = -
100 

= 0 .2. 

The longer the period of observation, the greater 
the risk. Thus, if 10 more cats developed the disease 
during a second week of observation, the cumulative 
incidence would be 0.3 for the 2-week period. 

If the cumulative incidence has been estimated for 
one time period, x, it can be extrapolated to other 
periods, y: 

CI = 1 - (1 - CI )y/x y x ' 
assuming that the risk is constant (Martin et al., 1987). 
For example, if the cumulative incidence in 1 year is 
0.30, and the value in 3 years is required, then x = I, 
y = 3, and : 

CI = 1 - (1 - 0.30)3/1 
= 1 - 0.73 
= 1 - 0.34 
= 0.66. 

Cumulative incidence is an indication of the average 
risk of developing disease during a particular period, 
in both the individual and the population. It is usually 
calculated only for the first occurrence of a disease 
(rather than for multiple occurrences). When calculat­
ing cumulative incidence, additional animals at risk 
cannot be added to the initial number at risk during 
the period of observation. However, if non-diseased 
animals are removed from the population during this 
period, the denominator is modified by subtraction 
of half the value of the number removed (Kleinbaum 
et al., 1982). Cumulative incidence is also used in 
dynamic populations if the period of risk is short and 
related to a specific event (e.g., dystokia at calving in 

dairy herds), because all relevant animals can then be 
observed for the entire risk period. 

I ncidence rate 

Incidence rate, I, measures the rapidity with which 
new cases of disease develop over time: 

number of new cases of disease that occur in a 

I _ -"-p_o--,,p_u_l_a_ti_o_n_d_u_r_in--=g_a--,p�a_r_h_' c_u_Ia_r-,p,-e_r_io_d_o_f_h_' m_e 
-

the sum, over all individuals, of the length 
. 

of time at risk of developing disease 

The denominator is measured as 'animal-years at 
risk'. This is the sum of the periods of observation for 
each animal during which the latter is free from the 
disease (i.e., is at risk). As soon as an animal becomes 
diseased, it no longer contributes to this value. For 
example, six cows, free from disease, observed for 
1 year would constitute '6 animal-years at risk; 
equally, one cow observed for 6 years would constitute 
'6 animal-years at risk'. An example of calculation of 
incidence rate is given in Table 4.4. Note that incidence 
rate has a dimension, time-I; incidence rate is calcu­
lated per animal-week, per animal-year, and so on. 
This unit of time is sometimes termed the internal 
time component. 

If the incidence rate has been estimated for one time 
period, x, it can be extrapolated to other periods, y: 

Iy = I/y/x), 
assuming that the rate is constant (Martin et al., 1987). 
For example, if the incidence rate has been estimated 
as two cases per animal-year at risk, and the rate per 
animal-month is required, then y = 1 and x = 12 (1 year 
= 12 months), and: 



Iv = 2(1/12) 
. = 0.17 per animal-month at risk. 

Similarly, an incidence rate of two cases per animal­
month at risk is equivalent to 24 cases per animal-year 
at risk. 

The technique is based on the idea that the move­
ment to the diseased state depends on: 

• the size of the population; 
• the period of observation; 
• the 'force of morbidity' . 

The force of morbidity (also termed the 'hazard rate' 
and 'instantaneous incidence rate') is a theoretical 
measure of the risk of occurrence of disease at a point 
in time, and it is this that is estimated by the incidence 
rate. The measure accommodates movement into and 
out of the population (e.g., heifers being brought into, 
and cows leaving, a dairy herd) during an observed 
time period, and is calculated when the population is 
relatively dynamic and disease is not restricted to a 
particular period of time. 

Frequently the exact period of observation of indi­
vidual animals cannot be recorded, and so an exact 
incidence rate cannot be calculated. An approximate 
calculation is then: 

number of new cases of disease that occur in a 
population during a particular period of time 

1 =  . 
(number at risk at the start of the time period + 
number at risk at the end of the time period)/2 

using a denominator that represents the average 
number at risk (Martin et al., 1987). 

Thus, if a herd with an average size of 70 cows was 
observed for a year, and pneumonia was reported in 
seven cows, the incidence rate is approximated by: 

7/70 per animal-year at risk 
= 0.10 per animal-year at risk. 

The exact and approximate values are equal when 
the exact average period of risk for diseased animals 
is half of the period of observation. For example, if 
five animals are observed for 1 year, and three develop 
disease: 

one at day 72 (0.20 year) 
one at day 180 (0.50 year) 
one at day 290 (0.80 year) 

using the exact denominator: 

1 =  3/(2 + 0.20 + 0.50 + 0.80) 
= 3/3.50 = 0.86; 

using the approximate denominator: 

1 =  3/ 1 (5 + 2)/2}  
= 3/(7/2) = 0.86. 

Measures of disease occurrence 

The exact and approximate incidence rates are equal, 
because the exact average period of risk for the dis­
eased animals is 6 months: (0.20 + 0.50 + 0.80)/3 years 
= 0.50 years. 

In contrast, if five animals are observed, and three 
develop disease: 

two at day 120 (0.33 year) 
one at day 240 (0.67 year) 

using the exact denominator: 

1 =  3/(2 + 0.33 + 0.33 + 0.67) 
= 3/3.33 
= 0.90; 

and, using the approximate denominator, again 1 = 0.86. 
The approximate denominator underestimates the 

exact rate because the exact average period of risk of 
diseased animals is less than 6 months: (0.33 + 0.33 + 
0.67)/3 years = 0.44 years. 

Finally, if five animals are observed, and three 
develop disease: 

one at day 120 (0.33 year) 
two at day 240 (0.67 year) 

using the exact denominator: 

1 =  3/(2 + 0.33 + 0.67 + 0.67) 
= 3/3.67 
= 0.82; 

and, using the approximate denominator, again 1 = 0.86. 
The approximate denominator overestimates the 

exact rate because the exact average period of risk of 
diseased animals is more than 6 months: (0.33 + 0.67 + 
0.67)/3 years = 0.57 years. 

When calculating an incidence rate, the internal time 
component should be short enough to allow only one 
bout of illness in each animal (after which time the 
animal ceases to be at risk). Thus, when measuring the 
incidence rate for bovine mastitis, an appropriate time 
unit could be 1 month, in which case the rate would be 
expressed in terms of animal-months at risk. How­
ever, in practice, some diseases may recur within the 
specified time unit (e.g., injuries). If the disease is of 
short duration, and subsequent recovery (and immu­
nity) is brief, affected individuals can continue to be 
included in the population at risk, without interrup­
tion (Kleinbaum et al., 1982). Alternatively, recovery 
periods can be defined, in which circumstance animals 
re-enter the population at risk after expiry of the 
periods (Bendixen, 1987). 

The incidence rate is sometimes called, more fully, 
the true incidence rate, the person-time incidence rate 
(from human epidemiology), or the incidence density 
(Miettinen, 1976). It relates to the population, and can­
not be interpreted at the level of the individual. 
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Cumulative incidence can be estimated from the 
incidence rate thus: 

CI = 1 - e-1 

where e is the base of natural logarithms, 2.718 (see 
Appendix II). For example, if the incidence rate is 
0.03 per year, for one year: 

Cl = 1 - 2.718-0.03 
= 1 - (1/2.718°·03) 
= 1 - 0.97 
= 0.03. 

Note that, in this example, the cumulative incidence 
and incidence rate are equal; this equality is roughly 
maintained when I < 0.10 (Kleinbaum et ai., 1982). 
(Recall that cumulative incidence relates disease to the 
number at risk at the beginning of the period of obser­
vation, whereas an incidence rate relates disease to 
the average population at risk during the period - two 
different denominators. The rate is higher because 
the number under observation at the start of the period 
is reduced as cases occur and are therefore removed 
from the population at risk.) 

Conversion of incidence rate to cumulative incidence 
is useful for comparing incidence between different 
studies of a disease that use each of the two para­
meters. For example, in a study of urinary incontinence 
in neutered bitches in the UK (Thrusfield et ai., 1998), 
an incidence rate of 0.0174 per animal-year at risk was 
estimated. This was the equivalent of a 10-year cumu­
lative incidence of approximately 0.16, which was not 
dissimilar from the 0.20 value documented in a Swiss 
study (Arnold et ai., 1989). 

Incidence is discussed in detail by Kleinbaum et ai. 
(1982) and Bendixen (1987). 

Attack rate 

Sometimes a population may be at risk for only a lim­
ited period of time, either because exposure to a causal 
agent is brief, or because the risk of developing the 
disease is limited to a narrow age range such as the 
neonatal period. Examples of the first reason would be 
the feeding of a batch of food contaminated with a 
mycotoxin to a herd of cattle (e.g., Griffiths and Done, 
1991),  and exposure to radiation during nuclear accid­
ents. Even if observations were made on the animals 
for a long time, the incidence would not change. In 
these circumstances, when the period of risk is brief, 
the term attack rate is used to describe the proportion 
of animals that develop the disease. 

A secondary attack rate can also be defined 
(Lilienfeld and Lilienfeld, 1980). This is the proportion 
of cases of a transmissible disease that develop as a 
result of contact with the primary case: 

Secondary attack rate 
number of individuals exposed to the 

primary case that develop disease within 
the range of the incubation period 

total number of individuals exposed 
to the primary case 

(Cases occurring outside the range of the incubation 
period are usually the result of contact with secondary 
cases, and are therefore called tertiary cases.) If the 
incubation period of the disease is not known, the 
numerator can be expressed in terms of a specified 
time period. The secondary attack rate is usually 
applied to closed aggregates of individuals such as 
pens and stables (and, in human populations, families 
and households) and is a useful measure of contagi­
ousness (see Chapter 6). 

The re lationsh i p  between preva lence 
and i ncidence rate 

A disease with a long duration is more likely to be 
detected during a cross-sectional survey than is a dis­
ease of short duration. For example, chronic arthritis, 
lasting for several months, could be detected by a 
cross-sectional abattoir survey that was undertaken 
any time during the several months that the arthritis 
was present. However, clinical lou ping-ill, lasting for a 
few days, could be detected by a cross-sectional survey 
only if the survey was conducted during the short 
period that the disease was apparent. 

Prevalence, P, therefore depends on the duration, V, 
and the incidence rate, I, of a disease: 

p o d x V. 

This means that a change in prevalence can be due to: 

• a change in incidence rate; 
• a change in the average duration of the disease; 
• a change in both incidence rate and duration. 

A decrease in the incidence rate of a disease such 
as Johne's disease in cattle eventually will decrease 
the overall prevalence of the disease. Improvements 
in the therapy of diseases that are frequently fatal 
may decrease mortality, but could increase preval­
ence by prolonging the life of diseased animals that 
otherwise would have died quickly. For example, 
antibiotic treatment of acute bacterial pneumonia 
could decrease the fatality of the disease but could 
increase the number of convalescent animals with 
chronic pneumonia. 

The prevalence of a disease also can be decreased if 
the duration of the disease is reduced. Improvements 
in therapy, for instance, may accelerate recovery. 



Calculation of incidence rate from prevalence 

The exact relationship between prevalence and incid­
ence rate is complex (Kleinbaum et al., 1982), but 
a simple mathematical relationship can be derived 
under steady-state conditions (i.e., assuming a stable 
population and a constant incidence rate and 
prevalence): 

P(1 - P) = I x D. 

When P is small, this simplifies to: 

P = I x D. 

Therefore, if two components of the equation are 
known, the third can be calculated. For example, the 
annual incidence rate of occupationally acquired lepto­
spirosis in New Zealand dairy farmers has been estim­
ated (Blackmore and Schollum, 1983). Surveys had 
shown that 34% of farmers had serological reactions 
to leptospirosis (i.e., the prevalence of seropositive 
farmers was 0.34). Other work indicated that lepto­
spiral titres of 1 /24 or greater persist, on average, for 
10 years (i.e., the duration of the infection, expressed as 
persistence of antibody at that titre, was 10 years) .  The 
number of notified cases of human leptospirosis had 
remained at approximately the same level for more 
than 10 years. Therefore, it could be assumed that a 
stable endemic level of disease existed in the human 
population. Thus: 

P = 0.34, 
D (years) = 10.  

Therefore: 

1 = 0.34/10 
= 0.034 (3.4%) per year. 

This estimated annual incidence rate compares 
favourably to an annual notification value of 2.1 % in 
dairy farmers in a large dairy region of New Zealand 
because official notifications are generally an under­
estimate of the true incidence of a disease. (See also 
Chapter 17 for a further discussion of seroconversion 
rates.) 

App l ication of prevalence and 
i ncidence va l ues 

Prevalence and incidence have different applications. 
Prevalence is useful if interest is focussed on existing 
cases; for example, in identifying disease problems 
for administrative purposes and for defining research 
priorities and long-term disease control strategies, 
and in evaluating diagnostic tests (see Chapter 1 7). 

Measures of disease occurrence 

Cumulative incidence is used to predict an indi­
vidual's change in health status because it indicates 
the probability of an individual becoming ill over a 
specified period of time. In contrast, an incidence rate 
cannot be directly interpreted at the individual level, 
but is appropriate when the speed of development 
of new cases in a population needs to be known. 

Causal studies 

Investigations of causal factors ideally require know­
ledge of incidence. This is because incidence values 
directly estimate the probability of developing disease 
during a specified period of time, and therefore permit 
the epidemiologist to determine whether the probabil­
ity of developing disease differs in different popula­
tions or time periods in relation to suspected causal 
factors (Lilienfeld and Lilienfeld, 1 980). The choice 
of the appropriate incidence measure (cumulative 
incidence versus incidence rate) in causal studies is 
discussed briefly in Chapter 15 and in detail by 
Kleinbaum et al. (1982). 

When attempting to identify causal associations, 
disease occurrence in the presence of a hypothesized 
causal factor is compared with disease occurrence 
in the absence of the factor. This can be conducted 
either by: 

• comparing the absolute difference between values 
(e.g., the absolute difference between a cumulative 
incidence of 0.0010 over 10 years in a group 
'exposed' to a factor, and of 0.0001 in an 'unex­
posed' group, is 0.0009); or 

• comparing the relative difference between the two 
groups (0.0010/0.0001 = 1 0  in the above example). 

A relative measure gives a clear indication of the 
magnitude of the difference, and is often applied 
in causal studies. This topic is discussed in detail in 
Chapter 15.  

Morta l ity 

Mortality measures are analogous to incidence mea­
sures where the relevant outcome is death associated 
with, rather than new cases of, a specific disease. 

Cumulative mortality 

Cumulative mortality, eM, can be estimated in a 
similar way to cumulative incidence, but with the 
numerator comprising the number of deaths due to 
a particular disease over a specified period of time, 
and the denominator comprising the number of indi­
viduals at risk of dying during that period. Diseased 
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animals present at the beginning of the period of obser­
vation are included in the denominator. 

number of individuals that die 

CM = 
during a particular period 

number of individuals in the population 
at the beginning of that period 

Mortality rate 

Mortality rate (mortality density), M, is calculated 
similarly to incidence rate. The numerator comprises 
the number of deaths. However, since an animal is 
at risk of dying after onset of disease, animals that 
develop disease continue to be included in the denom­
inator until they die. 

number of deaths due to a disease that occur in 

M = 
a population during a particular period of time

. 
the sum, over all individuals, of the length 

of time at risk of dying 

Death rate 

The death rate is the total mortality rate for all diseases 
- rather than one specific disease - in a population. 
(Some authors do not distinguish between mortality 
rate and death rate. Thus, a disease-specific death rate 
may be encountered. Similarly, a crude mortality rate, 
referring to deaths from all causes, may be described.) 

Case fatality 

The tendency for a condition to cause the death of 
affected animals in a specified time is the case fatality, 
CF. This is the proportion of diseased animals that die: 

number of deaths 
CF =------------------­

number of diseased animals 

It measures the probability of death in diseased 
animals, is dimensionless, and can take values between 
o and 1 (or 0-100%).  

The value of the case fatality depends on the time of 
observation, which can range from a brief period of 
hospitalization to several years. If the period of obser­
vation is long (e.g., in cases of chronic diseases such as 
cancer), it is more appropriate to quote survival. 

S u rv iva l  

Survival, S, i s  the probability of  individuals with a 
specific disease remaining alive for a specified length 
of time. 

N - D  
5 = -­

N
' 

where: 

D = the number of deaths observed in a specified 
period of time, 

N = the number of newly diagnosed cases under 
observation during the same period of time. 

Survival is the complement of case fatality. Thus, for 
a given period of observation, the sum of the case 
fatality and survival should equal 1 (100%). 

During observation, an animal may die, survive, or 
be 'censored' . An animal is censored when follow-up 
ends before death or completion of the full period of 
observation (e.g., if an animal cannot be traced or the 
study is terminated)6. 

One-year or 2-year (and in humans, 5-year or 10-
year) survival times are often quoted for cancer cases. 
These times also provide a useful way of summarizing 
prognosis with or without treatment. 

In domestic animals, survival depends not only on 
the characteristics of the disease but also on subjective 
factors, such as humane and economic reasons for 
euthanasia in pet animals and farm livestock, respect­
ively. The effects of these factors can be removed 
when evaluating net effect of therapeutic procedures 
by including only animals that died from the disease or 
that were killed in its terminal stage. 

Using the data in Figure 4.2, survival for at least 
1 year can be estimated: 

6 
5 = - = 0.86 (86%). 

7 
However, 2-year survival is more difficult to calcu­

late because of the two censored observations (animals 
D and E). If these animals survived for at least 2 years, 
the 2-year survival would again be 6/7 (0.86). How­
ever, if these two animals died within 2 years, the 
survival would be 4/7 = 0.57. Statistical techniques, 
termed survival analyses, have been devised to deal 
with such incomplete data. A common method uses 
life tables. 

Life tables were originally developed by demo­
graphers and actuaries to describe the lifetime of a 
theoretical population, based on the observed estimates 
from an actual population. They are, however, easily 
adapted to mortality and morbidity data. 

6 There are two types of censored observation resulting from an event 
not being observed on every subject. For example, if an aircraft-engine 
part is being tested, an experimenter may conduct the test on engine 
parts and decide to terminate observation at a pre-specified velocity. 
Thus, velocity disintegration is only known for those parts that break 
before the pre-specified velocity; this constitutes Type I censoring. 
Alternatively, the experimenter may decide observation is terminated 
when a given number of failures occurs, where this number is less than 
the number of parts observed; this is Type II censoring. In epidemio­
logical studies, censoring is usually caused by time restrictions, and is 
therefore of Type I. 
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Table 4.5 Life table of 86 d iabetic dogs. (Raw data suppl ied by Peter Graham and Andrew N ash, University of G lasgow Veterinary SchooL) 

Time from No. survivors No. censored Population 
diagnosis (nj) observations at risk 
(months) 0) (ej) (nj - e/2) 

0-1 86 85.5 
>1 -2 80 0 80.0 
>2- 3 7 7  0 77.0 
>3-4 75 74.5 
>4-5 7 1  1 70.5 
>5-6 67 0 67.0 
>6-1 2 65 3 63 .5  

>1 2-1 8 57 3 55 .5  
>1 8-24 48 7 44.5 
>24-30 35 4 3 3 .0 
>30-36 29 5 26.5 
>36-42 22 5 1 9 .5 
>42-48 1 4  5 1 1 .5 
>48-54 6 5 .5  
>54-60 4 2 3 .0 
>60 2 1 . 5 

* Logically, the probabi l ity of death beyond 5 years = 1 .  

Diagnosis End 

I 
A J , 

B : Death 

I 
I C 

D : Censored 

E : Censored 

I 
I F 
I 
I G 

2 
Observation (years) 

Fig. 4.2 Survival of seven d iseased an imals (hypothetical data). 

The events being observed are divided into j discrete 
intervals of time, and, given a sample of N individuals, 
the cumulative probability of survival is calculated, 
using the following data for each interval (Lee, 1 992): 
• 

• 

• 

the number of survivors in the population at the 
beginning of the interval, n ·; 
the number of censored observations during the 
interval (i.e., individuals lost to follow-up), cj; 
the population at risk during the interval nj - c/2*; 

* Half the number of withdrawals, e/2, is applied on the assumption 
that the mean withdrawal time occurs at the midpoint of the time interval 
(Elandt-Johnson, 1977). 

No. dogs Estimated Estimated Estimated cumulative 
dying (dj) probability probability of probability of survival at 

survival (Pj) beginning of interval (�) 
5 
3 
2 
3 
3 
2 
5 
6 
6 
2 
2 
3 
3 

0 

of death (qj) 
0.058 0.942 1 .000 
0.038 0.963 0.942 
0.026 0.974 0.907 
0.040 0.960 0.883 
0.043 0.95 7 0.847 

0.030 0.970 0.8 1 1 
0.079 0.92 1 0.787 
0. 1 08 0.892 0 .725 
0. 1 35 0.965 0.647 
0.061 0.939 0.559 
0.075 0.925 0 .525 
0. 1 54 0.846 0.486 
0.261  0 .739 0 .41 1 
0 . 1 82 0.8 1 8  0 .304 

0.000 1 .000 0.249 
1 .000* 0.000 0.083 

• the number of individuals in which death occurs 
during the interval, dj; 

• the estimated probability of death occurring during 
the interval, tJj = d/ (nj - c/2); 

• the estimated probability of death not occurring 
during the interval, Pj = 1 - tJj; 

• the estimated cumulative probability of survi­
�ing �ll pr:ceding intervals, Pj = Po X PI x . . .  x 
P· 1 = P. 1 X p. l '  ]- ]- ]-

Table 4.5 is a life table for 86 diabetic dogs presented 
at a veterinary clinic. 

Up to 1 month: 

no = 86 
co = 1 

no - Col 2 = 86 - 0.5 
= 85.5 

do = 5 
tJo = dol (no - co/2) 

= 5/85.5 
= 0.058 

Po = 1 - tJo 
= 1 - 0.058 
= 0.942 

Po = 1 .000 (all animals being alive at the beginning of 
the period of observation). 

Thus, up to 2 months, PI = Po 

up to 3 months, 

= 0.942, 
P2 = PO X PI 

= 0.942 x 0.963 
= 0.907, 



(,(I Describing disease occurrence 

Table 4.6 One-year survival of cats with mammary carc inoma 
according to some prognostic factors. (Based in  Weijer and Hart, 
1 983.)  

Prognostic factor Number of cats Survival 

No tumour + ve lymph nodes 1 07 0.58 
Tumour + ve lymph nodes 43 0.22 

Diameter of primary tumour :  
1 cm 2 7  0 .72 
2 cm 3 1  0 .41  
3-5 cm 98 0.40 
26 cm 44 0 .23  

1 00 

80 " 

i 60 
0; '. .� � 40 " en 

20 

0 2 3 
Years 

Fig. 4.3 Survival curve of cats with mammary carc inoma in relation 
to the presence of tumours in lymph nodes at i n it ia l  d iagnosis. The 
survival of cats was calcu l ated at 3-monthly intervals, and the poi nts 
jo ined by straight l i nes. -- no tumour-positive lymph nodes; 
- - - - tumour-positive lymph nodes. (Redrawn from Weijer and 
Hart, 1 983.)  

up to 4 months, P3 = PO X PI X P2 
= 0.942 x 0.963 x 0.974 
= 0.883, 

and so on. 
The analysis reveals that diabetic dogs survive 

fairly well up to approximately 18 months after initial 
diagnosis (cumulative probability of survival = 0.725); 
survival then declines to below 25% 5 years after 
diagnosis. 

Another common method of survival analysis is 
Kaplan-Meier analysis (Kaplan and Meier, 1958). 
Table 4.6 lists the I-year survival of cats with mammary 
carcinoma, after surgical removal of the tumour, estim­
ated by the Kaplan-Meier technique, in relation to 
some prognostic factors (indicators) .  The results can 
also be presented graphically (Figure 4.3), and assist 
the clinician is determining prognosis. Thus, cats 
without secondary tumours in the lymph nodes when 
mammary cancer is diagnosed have a reasonable 
chance of surviving for 1 year (survival "" 60%), whereas 
cats with tumours in the lymph nodes have a much 
poorer prognosis (survival "" 20%). 

Other measures of survival are also used in cancer 
studies (Misdorp, 1987). Thus, tumour-free (disease-

Table 4.7 Some studies of the longevity of animals .  

Species/breed etc. 

Captive mammals 

Cat 

Dog 

Bernese mounta in  dog, 
boxer, B ichon frise: 

I r ish wolfhound 

Horse 

Mammals 

Poultry 

Sheep 

Source 

Comfort ( 1 957) 

Comfort ( 1 955);  Hayashidani 

et al. (1 989) 

Comfort ( 1 960); Hayash idani 
et al. ( 1 988); Reid and 
Peterson (2000) 

Moe et al. (2001 ) 

Comfort ( 1 956) 

Comfort ( 1 958); K ing ( 1 696) 

F lower ( 1 9 3 1 )  

Pease ( 1 947) 

Carter ( 1 939) 

free) survival can be estimated; however, this requires 
careful periodic examination for local recurrence 
or metastases. The success of local treatment can 
be expressed in terms of the percentage recurrence 
or non-recurrence. Systemic treatment (e.g., chemo­
therapy) can be assessed by the percentage of com­
plete or partial remission. 

Survival analysis can also be applied to periods 
of time during which animals are free from disease, 
and to studying longevity in healthy animals (Chiang, 
1984); some examples are listed in Table 4.7. 

Exam ple of calc u l ation of preva lence, 
i nc idence, mortal ity, case fata l ity 
and s u rviva l  

Suppose a veterinarian investigates a disease that runs 
a clinical course ending in either recovery or death, in a 
herd of cattle. On 1 July 2003 the herd is investigated 
when the disease is already present. The herd is then 
observed for the following year, during which period 
the herd size remains the same and all animals are 
followed up (i.e., there are no censored observations). 

Total herd size on 1 July 2003: 600 
Total number clinically ill on 1 July 2003: 20 
Total number developing clinical disease 

between 1 July 2003 and 1 July 2004: 80 
Total number dying from the disease from 

1 July 2003-1 July 2004: 30 

Prevalence on 1 July 2003 = 20/600 = 0.03 
Cumulative incidence 1 July 2003-1 July 2004 = 80/580 
= 0.14 
Incidence rate = 80/1 (580 + 500)/2) 

= 0.15 per animal-year at risk 



Cumulative mortality 1 July 2003-1 July 2004 = 30/600 
= 0.05 
Mortality rate = 30/{(600 + 570)12} 

= 0.05 per animal-year at risk 
Case fatality 1 July 2003-1 July 2004 = 30/100 = 0.30 
Survival 1 July 2003-1 July 2004 = 70/100 = 0.70 
(Note that in this calculation approximate incidence 
and mortality rates are calculated using the total popu­
lation of susceptible animals as the denominator. 
Calculation of a true incidence rate and mortality rate 
would require observation of each animal so that the 
time of onset of disease, and occurrence of death, 
respectively, in each could be noted, and the number 
of animal-months at risk therefore recorded, as in 
Table 4.4.) 

Ratios, proportions and rates 

The preceding parts of this chapter have introduced 
some descriptive measures of disease occurrence as 
proportions and rates. These two terms and a third -
ratios - have been widely and sometimes improperly 
used in veterinary and human medicine, and therefore 
require further discussion. 

A ratio is a value obtained by dividing one quantity 
by another. For example, a male:female sex ratio might 
be 3:2, the upper figure being the numerator and the 
lower figure the denominator. A proportion is a spe­
cial case of a ratio in which the numerator consists 
of some of (i.e., is a subset of) the individuals in the 
denominator. Thus, prevalence, cumulative incidence, 
case fatality and survival are proportions. In epidemi­
ology, the term ratio is usually confined to measures 
where the numerator is not drawn from the denomin­
ator. For example: 

f I d h . number of fetal deaths 
� � ra� = . 

number of live births 
A rate is a ratio that expresses a change in one quant­

ity (the numerator) with respect to another quantity 
(the denominator). 'Time' is usually included in the 
denominator. Velocity (e.g., 1 0  m per second) is a 
rate. True epidemiological rates have time as part 
of the denominator. Incidence rate is the commonest 
epidemiological rate. 

However, 'rate' has sometimes been suffixed incor­
rectly to epidemiological ratios in which the numer­
ator is a sub-set of the denominator (i.e., proportions). 
Thus, 'prevalence rate', 'cumulative incidence rate', 
'case fatality rate' and 'survival rate' are sometimes 
used as synonyms for prevalence, cumulative incid­
ence, case fatality and survival, respectively, although 
they are not true rates. 

Table 4.8 lists some common epidemiological ratios 
and rates. In most instances, the rates are proportions, 
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rather than true rates, but the terms are so well estab­
lished that they are retained in this table. 

Proportions and rates are expressed in three main 
forms: crude, specific and adjusted. 

Crude measures 

Crude prevalence, incidence and mortality values are 
an expression of the amount of disease and deaths in a 
population as a whole; they take no account of the 
structure of the population affected. For instance, the 
crude death rate of two laboratory colonies of mice 
could be 1 0/1000/day and 20/1 000/day, respectively. 
Initially this might suggest that the second colony has 
twice the disease problem of the first, but this differ­
ence in crude rates might be due only to a difference 
in age structure. Mice have a lifespan of about 2 years, 
and so if the second colony consisted of much older 
animals than the first, greater mortality would be 
expected in the second than the first colony, even 
without concurrent disease. Although crude rates may 
express the prevalence or incidence of a particular 
disease, they take no account of specific host char­
acteristics, such as age, which can have a profound 
effect on the occurrence of disease in a population. 

Specific measures 

Specific measures of disease are those that describe 
disease occurrence in specific categories of the popula­
tion related to host attributes such as age, sex, breed 
and method of husbandry, and, in man, also race, 
occupation and socio-economic group. They convey 
more information than crude measures on the pattern 
of disease. They can indicate categories of animal that 
are particularly at risk of disease, and can provide 
evidence on its cause. 

Specific measures are calculated in a similar manner 
to crude ones, except that the numerator and denomin­
ator apply to one or more categories of a population 
with specific host attributes. For instance, a whole 
series of different age-specific incidence rates could 
be calculated that would cover the entire lifespan of a 
particular population. 

Age-specific incidence rates of many enteric dis­
eases, such as salmonellosis and colibacillosis, can be 
higher in young than old animals. Sex-specific incid­
ence rates of diabetes mellitus are higher in females 
than in males. The breed-specific prevalence of squam­
ous cell carcinoma of the eye in cattle reveals that 
Herefords have the highest prevalence: although there 
is a crude prevalence of 93/100 000 for all breeds 
of cattle, the specific prevalence for Herefords and 
Hereford crosses is 403/100 000. The prevalence of 
goitre in budgerigars is higher in pet birds than 
in breeders' birds (Blackmore, 1963). Similarly, the 
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Table 4.8 Some commonly used rates and ratios ( ind ices usual ly refer to a defined population of animals observed for 1 year)*. (Modified and 
expanded from Schwabe et a/., 1 977.)  

Name 

Rates 

No-return rate at n days: 

Pregnancy rate at n days: 

Crude l ive b i rth rate: 

General fert i l ity rate: 

Crude death rate: 

Age-specific death rate: 

Calf ( Iamb, piglet, puppy, etc.) morta l ity rate: 

Neonatal (calf, lamb, etc.) mortal ity rate: 

Foetal death rate (also cal led sti l lb i rth rate) : 

Cause-specific death rate: 

Proportional morbidity rate: 

Proportional morta l ity rate: 

Ratios 

Fetal death ratio (also cal led sti l lb i rth ratio): 

Maternal mortal ity ratio: 

Zoonosis incidence ratio (ZIR) :  

Area incidence ratio (AIR) :  

* Al l  rates could use other specified time periods. 

Definition 

No.  animals bred that have not come back in heat in n days after breed ing 
x l  o"t 

No. animals bred 

No.  animals pregnant at n days after breeding 
x l  0" 

No. animals bred 

No. l ive births occurring 
x l  0" 

Average population 

_____ N_o_._I_iv_e_b_i r_th_s_o_c_c_u_rr_i n
--'

g"----___ x 1 0" 
Average no. female animals of reproductive age 

No. deaths occurring 
x l  0" 

Average population 

No. deaths among animals in  a specified age group 
x l  0" 

Average no. in  the specified age group 

No. deaths under a specified age** 
x 1 0" 

No. l ive b i rths 

No. deaths under a specified age** 
x 1 0" 

No. l ive b i rths 

No. fetal deaths 
----------- x l 0" 
No. l ive b i rths p lus fetal deaths 

No. deaths from a specified cause 
x 1 0" 

Average population 

No. of animals with a specified d i sease 
x l  0" 

Tota l no. of d iseased animals 

No.  deaths from a specified cause 
x 1 0" 

Total no. deaths 

No. fetal deaths 
x 1 0" 

No. l ive births 

No. deaths in  dams from puerperal causes 
x l  0" 

No. l ive b i rths 

No. new cases of a zoonotic d isease in  an animal species in 
a given geographic area in  a stated time period 

------'''----''-'-''---'-''------=---'---'-''- -------'------ x 1 0" 
Average human population in the same area during the 

same period x t ime 

No. new cases of a d i sease in a given time period 
x l  0" 

Un it geographic area in which the observations are made x time 

** There is not a un iversal agreement on the age at which animals cease to be neonates in  veterinary med icine. 
ta = a whole number, usually between 2 and 6 ;  for example, if  a = 3,  then l oa = 1 03 = 1 000. 

occupation-specific prevalence values of human Q 
fever in Australia indicate that meat workers are the 
group at greatest risk (Scott, 1981) .  

Table 4.9a illustrates that the crude incidence rate of 
testicular neoplasia in castrated dogs (12.67 per 1 000 
dog-years at risk) reveals much less about the period 
at risk in a dog's life than the age-specific values. 
Likewise, the rates specific to location (Table 4.9b) indic­
ate at which sites the lesion is most likely to occur. 

Calculation of age-specific incidence values has 
given further clues to the cause of bovine spongiform 
encephalopathy (see Chapters 2 and 3). The mode 
(most frequent value) of the disease's incubation 
period is 4-5 years, and very few cases occur in 2-year­
old animals. A statutory ban on ruminant-derived 
protein (meat and bone meal), the suspected source of 
the infection, was introduced in July 1988. Its impact 
therefore would be detected initially in 2-year-old 



Table 4.9 Specific inc idence rates of test icular neoplasia i n  
cryptorchid dogs. (From Reif e t  al., 1 979.) 

(a) Age-specific rates 
Age No. of Dog-years No. of Age-specific 
(years) dogs at risk neoplasms rate/1000 

dog-years 

Q 262 4 1 1 .3 0 0.00 
2-3 1 53 288.8 0 0.00 
4-5 93 1 99.4 0 0.00 
6-7 49 1 03 .0  7 67.96 
8-9 31 59.2 4 67 .57 

21 0 2 1  43 .3  3 69.28 

Total 609 1 1 05.0 1 4  1 2 .67 

(b) Rates specific to location 
Location of No. Dog- No. of Incidence/ 
testicles of years neoplasms 1000 

dogs at risk dog-years 

Bi lateral scrotal 
(controls) 329 680.0 0 0.00 
Abdomina l-scrotal 2 1 0  392.8 5 1 2 .73 
I ngu inal-scrotal 1 88 372.2 9 24. 1 8  
B i lateral abdominal  54 96.8 0 0.00 
B i lateral inguinal  27 52 .5  0 0.00 
Ingui nal-abdom inal 1 6  30.5 0 0.00 
Cryptorchid unknown 1 1 4  1 60.2 0 0.00 

animals 2 years later. None of the 2-year-old animals 
affected then had been born after the ban (Wile smith 
and Ryan, 1992). This finding added credence to the 
hypothesis that meat and bone meal were the source of 
the infection. 

Adjusted (standardized) measures 

Crude values can only be used to make comparisons 
between two different populations if the populations 
are similar with respect to all characteristics that might 
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affect disease occurrence. If the populations are dis­
similar with respect to such characteristics, erroneous 
conclusions might be drawn because these character­
istics may act as confounders (see Chapter 3). 

For example, Table 4.10a presents the results of a sur­
vey of the prevalence of leptospiral antibodies (sero­
prevalence) in samples of unvaccinated dogs taken in 
two cities, Glasgow and Edinburgh. The crude sero­
prevalence in Glasgow is 3% higher than in Edinburgh 
(0.27 compared with 0.24). Assuming that the rate of 
antibody decline (i.e., the duration of seropositivity) 
is constant, this might suggest that the incidence of 
leptospiral infection is greater in Glasgow than in 
Edinburgh (reasons might include a larger population 
of infected feral animals in the former than the latter 
city). 

However, factors other than location might also 
affect seroprevalence. Male dogs, for instance, may 
run a higher risk of infection because of sexual 
behaviour, particularly the licking of the vulva of 
females (Dunbar, 1 979), which is likely to bring them 
into contact with infected urine. Other studies have 
already shown that leptospiral seroprevalence is 
higher in male dogs than in bitches (Stuart, 1946; 
Cunningham et al., 1957; Arimitsu et al., 1989). 

The confounding effect of sex can be removed by 
adjustment (standardization) by direct and indirect 
methods. This involves adjusting the crude values 
to reflect the values that would be expected if the 
potentially confounding characteristics were similarly 
distributed in the two study populations. 

Direct adjustment In direct adjustment, the specific 
values in each population are required. The sex­
specific seroprevalence values for the data in Table 4.10a 
are listed in Table 4 .10b.  Note that the seroprevalence 
in males is higher than that in females. Note, too, that 
the crude values are the weighted average of the 

Table 4.1 0 Numbers and proportions (seroprevalence) of u rban dogs with m icroscopic agglutination test antibody titres 21 : 1 0  to leptospires, 
Edinburgh and G lasgow, 1 986-1 988. (Based on van den Broek et al., 1 99 1 .)  

Edinburgh 
G lasgow 

Total 

Edinburgh 
G lasgow 

Total 

(a) Crude seroprevalence 
No. of dogs with positive titres No. of dogs sampled 

61  
69  

1 30 

(b) Sex-specific seropreva lence 

No. of dogs with positive titres No. of dogs sampled 

260 
251  

5 1 1 

Male Female Total Male Female 

1 5  
53 

68 

46 
1 6  

60 

6 1  
69 

1 30 

48 
1 80 

228 

2 1 2 
7 1  

283 

Total 

260 
2 5 1  

5 1 1 

Seroprevalence 

0.24 
0.27 

Seroprevalence 

Male 

0.31  
0.29 

Female 

0.22 
0.23 
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specific values, with the number of males and females 
used as the weights: 

Edinburgh: 

Crude seroprevalence 

Glasgow: 

Crude seroprevalence 

(0.31 x 48) + (0.22 x 212) 
(48 + 212) 

= 0.24. 

(0.29 x 1 80) + (0.23 x 71) 
(180 + 71) 

= 0.27. 
To directly adjust these values, a standard popula­

tion is selected, in which the frequency of the char­
acteric (sex, in this example) is known. Its choice is 
somewhat arbitrary, but it should be realistic and rele­
vant. Thus, it may be a large population obtained from 
published demographic data, one of the two groups 
being compared, or the totals of the two groups. In this 
example, the totals of the two groups are used, that is, 
228 males and 283 females. 

The specific values in each group are now weighted 
by the frequency of the characteristic in the standard 
population: 

51 52 direct adjusted value = srI x - + sr 2 x -
N N 

where: 
sr = specific value in study population; 
5 = frequency of characteristic in the standard 

population; 
N = total number in the standard population 

(51 + 52 = N) .  

For Edinburgh: 
srI (male) = 0.31 
51 = 228 
sr2 (female) = 0.22 
52 = 283 
N = 51 1  

Adjusted value = {O.31 x (228/511 ) } + {O.22 x (283/51 1 ) } 
= 0.138 + 0.122 

For Glasgow: 
srI (male) 
51 
sr 2 (female) 
52 
N 

= 0.26. 

= 0.29 
= 228 
= 0.23 
= 283 
= 5 1 1  

Adjusted value = {O.29 x (228/51 1 ) } + {O.23 x (283/51 1 ) }  
= 0.129 + 0.127 
= 0.26. 

The adjusted values are similar. This suggests that 
sex is the factor responsible for the difference in sero­
prevalence between Edinburgh and Glasgow. If other 
characteristics (e.g., location or age) were responsible 
for the difference, the sex-adjusted values would be 
different. 

In veterinary medicine, direct adjustment is indic­
ated for age, sex, breed and other factors that may be 
confounders. However, the specific data are the 'facts'; 
the combination of specific values into a weighted 
average is merely a useful way of combining the 
values into a single index for the purpose of com­
parison of groups. 

Indirect adjustment If specific values for one or both 
populations are not available, or the numbers with 
each characteristic are so small that large fluctuations 
in morbidity or mortality occur through the presence 
or absence of a few cases, the indirect method of 
adjustment can be used. 

In indirect adjustment, only crude values are 
required for the two study populations, but the 
frequencies of the adjusting characteristic in these 
populations must be known. Additionally, specific 
values are required for the standard population. 
First, calculate the overall value expected in each 
population if the standard population's specific values 
applied: 

where: 

SI S2 expected value = 5rl x - +  5r2 x -
n n 

5r = specific value in standard population, 
s = frequency of characteristic in the study 

population, 
n = total number in the study population 

(sl + s2 = n) .  

In each population being compared, the ratio of the 
observed crude value to the expected value is termed 
the standardized morbidity ratio (or standardized 
mortality ratio, SMR, when mortality is being indir­
ectly adjusted). These standardized ratios provide 
relative comparisons between two populations. They 
are multiplied by the crude value in the standard popu­
lation to give the indirectly adjusted values for each 
population. 

Age-adjusted SMRs, expressed as percentages, are 
commonly used in human medicine to relate mortality 
in particular occupations to the mortality experience of 
the general population (HMSO, 1958). The adjustment 
is made in 5-year blocks for adults between 20 and 
64 years of age. 

The advantages, disadvantages and pitfalls asso­
ciated with adjustment are discussed in detail by Fleiss 
et al. (2003) and Kahn and Sempos (1989). 



D i sp lay i ng morb id ity and morta l ity 
val ues and demograph ic d ata 

Morbidity and mortality values and demographic data 
should be recorded in a way that immediately conveys 
their salient features such as fluctuations in values. The 
methods of presentation include tables, bar charts, 
time trend graphs and time lines. 

Tables 

Tabulation is one of the commoner techniques of dis­
playing numerical data. It involves listing numerical 
values in rows and columns (e.g., Table 4.3). 

Bar charts 

Bar charts display variables by vertical bars that have 
heights proportional to the number of occurrences 
of the variable (Figure 4.4). The bar chart is used to 
display categories in which counts are discrete, that 
is, they comprise whole numbers, such as numbers of 
cases of disease. (The frequency distribution of con­
tinuous data - defined in Chapter 9 - can be displayed 
in a similar fashion, in which case adjacent bars touch, 
and the chart is called a histogram; an example is given 
in Figure 12 . 1 .) The bar chart strikingly demonstrates 
differences that would not be noted as easily in tables. 
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Fig. 4.4 The d istribution of hydatid cysts in  organs of 765 Somal ian 
cattle i n  Kuwait: an example of a bar chart. (Modified from Behbehani 
and Hassounah, 1 976.) 

Mapping b', 

Time trend graphs 

In a time trend graph the vertical position of each point 
represents the number of cases; the horizontal position 
corresponds to the midpoint of the time interval in 
which the cases were recorded. In Figure 4.5, for 
instance, the vertical coordinate of each point is the 
number of new cases of anthrax and the horizontal 
coordinate is the midpoint of the weekly intervals for 
which cases of anthrax were reported. The plotting of 
epidemics in this way produces epidemic curves (see 
Figure 4 .1 and Chapter 8) 

Time lines 

Time lines depict disease and related events (e.g., 
implementation of control procedures) in chronolog­
ical order, along a horizontal line representing the 
passage of time. They are a simple and useful way of 
visualizing key events (e.g., Figure 4.6). 

Mapping 

A common method of displaying the geographical 
(spatial) distribution of disease and related factors is 
by drawing maps (cartography). This is of value not 
only in the recording of areas where diseases exist but 
also in investigating the mode and direction of trans­
mission of infectious diseases. For example, the spatial 
distribution of cases of foot-and-mouth disease during 
the British outbreak in 1 967 suggested that the infec­
tion may have been disseminated by wind (Smith 
and Hugh-Jones, 1969). Subsequent investigations 
have supported this idea (Hugh-Jones and Wright, 
1970; Sellers and Gloster, 1980). 

Maps can also suggest possible causes of diseases of 
unknown aetiology. Mapping indicated that tumours 
(notably of the jaw) in sheep in Yorkshire clustered 
in areas where bracken was common (McCrea and 
Head, 1978). This led to the hypothesis that bracken 
causes tumours. Subsequently, the hypothesis was 
supported by experimental investigation (McCrea 
and Head, 1981) .  Similarly, comparison of the maps of 
hypocupraemia in cattle (Leech et al., 1982) with a geo­
chemical atlas (Webb et al., 1978) has indicated areas in 
England and Wales where bovine copper deficiency 
may be caused by excess dietary molybdenum. 

At their simplest, maps may be qualitative, indicat­
ing location without specifying the amount of disease. 
They can also be quantitative, displaying the number 
of cases of disease (the numerator in proportions, rates 
and ratios), the population at risk (the denominator), 
and prevalence and incidence (i.e., including both 
numerator and denominator). 
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Fig. 4.6 Time l i ne of the main events in the foot-and-mouth d i sease epidemic in Dumfries and Gal loway, Scotland, 2001 . (From Thrusfield et al., 
200Sa.) 



Fig. 4.7 Density of badger sells in Great 
Brita in :  an example of an isoplethic map 
(geographic base). (From Zuckerman, 1 980.) 

Map bases 

Maps can be constructed according to the shape of a 
country or region, in which case they are drawn to a 
geographic base. Alternatively, they can be drawn to 
represent the size of the population concerned, that 
is, to a demographic (isodemographic) base (Forster, 
1966), in which morbidity and mortality information is 
presented in relation to population size. Demographic 
maps require accurate information on both the numer­
ators and denominators in morbidity and mortality 
values and are not common in veterinary medicine 
because this information is often missing. 
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Figure 4.7 is an example of a geographic base map, It is 
a 'conventional' map of Great Britain, showing the shape 
of the country. Most atlases consist of geographic base 
maps. There are several types of geographic base map, 
each with a different purpose, and displaying informa­
tion in varying detail. 

Point (dot or location) maps 

These maps illustrate outbreaks of disease in discrete 
locations, by circles, squares, dots or other symbols. 
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Fig. 4.8 Outbreaks of bl uetongue in Portugal ;  Ju ly  1 956 :  an example 
of a point map. (From Sellers et al., 1 978.) 

An example is Figure 4.8, where the solid circles with 
adjacent names indicate the sites of outbreaks of blue­
tongue in Portugal. Point maps are qualitative; they do 
not indicate the extent of the outbreaks, which could 
each involve any number of animals. Point maps can 
be refined by using arrows to indicate direction of 
spread of disease. A series of point maps, displaying 
occurrence at different times, can indicate the direction 
of spread of an outbreak of disease. Additionally, point 
maps can be given a quantitative dimension (if data 
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Fig. 4.1 0 Fasciol iasis i n  Austra l ia :  an example of a d istribution map. 
(Modified from Barger et al., 1 978.) 

are available) by varying the density of the dots in 
proportion to the amount of disease (Figure 4.9). 

Distribution maps 

A distribution map is constructed to show the area 
over which disease occurs. An example is given in 
Figure 4.10, illustrating areas in south-east Australia 
in which fascioliasis is continually present (endemic 
areas) and those that only experience the disease in wet 

Fig. 4.9 Prevalence of heartworm infection in the US, 1 995 .  (From 501 1  and Knight, 1 995.)  
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Fig. 4.1 1 Reported cases of rabies in skunks in the US, by county, 1 990: an example of a proportional c i rc le  map. The area of each c i rcle i s  
proportional to the number of  cases in  each county. (From Uhaa et al., 1 992.)  

years. Further examples, showing the world distribu­
tion of the major animal virus diseases, are presented 
by Odend'hal (1983). 

Proportional circle maps 

Morbidity and mortality can be depicted using circles 
whose area is proportional to the amount of disease or 
deaths (Figure 4 . 11 ) .  If the large values are substan­
tially greater than the small values, the values can be 
represented by proportional spheres whose volume 
is proportional to the magnitude of the depicted char­
acteristic. (Shading is used to give the impression of 
spheres on a two-dimensional map.) 

Choroplethic maps 

It is also possible to display quantitative information 
as discrete shaded units of area, graded in intensity 
to represent the variability of the mapped data. The 
units can be formed from grid lines, but are commonly 
administrative areas such as parishes, shires, counties 
or states. Maps that portray information in this way are 
choroplethic (Greek: charas = an area, a region; plethos 
= a throng, a crowd, the population).  Figure 4.12 is an 
example. 

Choroplethic maps display quantitative data, but 
the boundaries between different recorded values are 
artificial. They are not the actual boundaries between, 
for example, high and low prevalence; they are merely 

the administrative boundaries of the areas over which 
the displayed values are averaged. 

Isoplethic maps 

True boundaries between different values can be 
depicted by joining all points of equal value by a line, 
such as joining points of equal height to produce the 
familiar contour map. Maps produced this way are 
isoplethic (Greek: iso = equal) .  Lines joining points 
of equal morbidity are isomorbs, and those joining 
points of equal mortality are isomorts. If these lines are 
to be constructed, accurate estimates of both the num­
ber of cases of disease (numerator) and the size of the 
population at risk (denominator) over an area must 
be known. 

Figure 4.7 is an isoplethic map showing badger 
density in Great Britain, drawn in relation to bovine 
tuberculosis. In this example, the 'contours' are the 
boundaries between different ranges of badger density. 

Medical mapping is discussed in detail by Cliff and 
Haggett (1988). 

G eograph ical i n formation systems 

Disease distribution can be mapped and analysed 
using geographical information systems (GIS) 
(Maguire, 1991) .  These are computerized systems 
for collecting, storing, managing, interrogating and 
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Fig. 4.1 2  Prevalence of fluke-affected l ivers by sh i re, Victoria, Austral ia, 1 977-78: an example of a choroplethic map. (From Watt, 1 980.) 

displaying spatial data. They have a range of powerful 
functions in addition to simple mapping; these include 
graphical analysis based on spatial location, statistical 
analysis and modelling. 

Structure of G I S  

Data that are input may be cartographic data, describ­
ing the location of features; and textual attribute data, 
describing characteristics of the features. These types 
of data may be primary or secondary. Primary data 
may be directly sensed from field sketching, inter­
views and measurements. Alternatively, they may be 
remotely sensed (Hay et ai., 2000), that is, collected 
by a device not in direct contact with the object 
that is being sensed (e.g., a photographic camera). 
Meteorological satellites have also been used to detect 
habitats of ticks, mosquitoes, trematodes (Hugh-Jones, 
1 989) and tsetse flies (Rogers, 1 991) .  

The GIS then store these geographically referenced 
data in a database management system in a form that 
can be graphically queried and summarized. 

Cartographic data must be stored in digital form on 
computers. The digital maps are stored in two basic 
formats: grid-based (raster-based) and vector-based. 

In grid-based systems, information is stored uniformly 
in relation to each cell that forms the grid (Figure 4.13). 
In vector-based systems, points and lines (arcs) are 
used to represent geographical features, the lines being 
composed of their respective straight-line segments. 
Areas enclosed by lines (e.g., farms) are termed 
polygons. A digitizing tablet is used to convert maps 
to a digital format for vector-based storage. This is an 
electronic board and pointer that accurately transcribes 
a map to digital format. A scanner is used for raster­
based storage. 

Grid-based systems store and manipulate regional 
and remotely sensed data conveniently, but data pro­
cessing is relatively slow if high resolution is required. 
In contrast, vector-based systems have inherently high 
resolution but are complex to implement. Many cur­
rent systems can analyse both vector and raster data. 

Applications of GIS  

Applications of  GIS (Sanson et ai., 1991 b)  include: 

• cartography, with the advantage over traditional 
techniques that special-purpose maps can be 
produced and updated rapidly; 
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Fig .. 4.1 3 Areas of statutory badger control i n  south-west England : a n  example of a grid-based map generated by a geographical i nformation 
system. Badgers are reservoirs of i nfection with Mycobacterium tuberculosis i n  this region. Statutory badger removal to control bovine tubercu losis 
started in  1 975 and was based on areas del ineated by physical barriers such as roads, so that the instigating herd of cattle and nearby herds were 
included. This strategy was costly and, in 1 986, was replaced by an ' interim' strategy in which badgers were removed only from land used by 
infected herds in which infection had been unequ ivocal ly  associated with badgers_ Further analysis with the GIS identified areas where pre­
emptive badger control could be applied. (From Cl ifton-Hadley, 1 993. )  

• neighbourhood analysis which allows an invest­
igator to list all features that meet specified criteria 
(e.g., in the foot-and-mouth disease epidemic that 
occurred in the UK in 2001, in some regions all 
premises within a 3-km radius of an infected farm 
were identified, and sheep on these premises were 
pre-emptively culled (see Chapter 22) to reduce 
the perceived risk of spread of the disease, after 
which serosurveillance was conducted on small 
ruminants within a 10-km radius of each infected 
premises: Figure 4.14); 

• buffer generation around or along certain fea­
tures (e.g., definition of all properties at risk of 
infection within a given distance of an infected 
farm, or along a road that has been used by 
infected animals); 

• overlay analysis in which two or more data sets 
are superimposed on top of one another and areas 
of intersection (overlay) of features identified (e.g., 
overlaying land-form, vegetation and watering­
point locations to identify areas where animals 

are difficult to muster for tuberculin testing: Laut, 
1986); 

• network analysis permitting optimal routing along 
networks of linear features; 

• three-dimensional surface modelling (e.g., con­
struction of isoplethic maps with height propor­
tional to disease incidence or other characteristics: 
Figure 4.15). 

The ability of GIS to link graphic and non-graphic 
data facilitates powerful analysis of the spatial dis­
tribution of disease and related factors. These systems 
are being increasingly applied to animal disease con­
trol as integral parts of veterinary decision support 
systems (see Chapter 1 1 ) .  Some GIS applications are 
listed in Table 4.1 1 ,  and the value of GIS and remote 
sensing are discussed by Hugh-Jones (1991a,b) and 
Hay et al. (2000). Paterson (1995) outlines some of the 
problems associated with the practical implementa­
tion of GIS in veterinary epidemiology - particularly 
for the new user. 
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Fig. 4.1 4 Identification of a l l  smal l-ruminant holdi ngs with in  a 1 O-km radius  of premises with confirmed foot-and-mouth d isease infection (the 
'sampl ing frame'), preparatory to selecting a sample to demonstrate freedom from infection :  an example of neighbourhood analys is  using a G IS. 
Few stocked holdi ngs were with in  a 3-km rad ius because of prior pre-emptive cu l l i ng. (From Stringer and Thrusfield, 2001 .) 

Fig. 4.1 5 Spatial d istribution of the number of tubercu l i n  test reactors i n  cattle i n  New Zealand, 1 988-89: an example of an isoplethic map 
generated by a geograph ical information system. The heights of the peaks represent numbers of tubercu l in  test reactors; the bases represent 
geograph ical areas of the country. (From OlE Scientific and Technical Review, 1 0( 1 ), March 1 99 1 . )  
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Table 4.1 1 Some appl ications of geograph ical i nformation systems and remote sens ing in veterinary and related fields. 

Area of application 

Antibiotic res istance 

Aujeszky's d i sease 

Bovine tubercu losis 

Blowfly strike 

Cani ne cancer d i stribution 

Corynebacterium pseudotuberculosis 

infection (equine) 

Disease control 

Distribution of Culicoides imicola 

(vector of bluetongue) 

Dracuncul iasis 

Equine motor neuron disease 

Echinococcosis 

Fasc iol iasis 

Foot-and-mouth d isease 

Gastric cancer 

Geographical referencing of farms 

Habitat of the sna i l  Fossaria bulimoides 

( i ntermediate host of Fasciola hepatica) 

Hand l i ng epidemiological data 

Human population growth in relation 
to tsetse fly extinction 

L ivestock production and health atlas 

Mosquito population dynamics 

Prediction of outbreaks of Oestrus ovis 

Site selection for fish farm ing 

Rickettsia conorii 

Thei leriosis 

Tick habitats: 
Amblyomma variegatum 

Lyme disease tick d istribution 
Rhipicephalus appendiculatus 

Trypanosomiasis 

Tsetse fly control 

Vibrio vulnificus (model for cholera) 

Wildl ife disease management 

Country!continent 
US 

US 
Hu ngary 

I reland 
New Zealand 
U K  

Austra l ia  

US 

US 

Africa 

I beria 
Morocco 
Southern Africa 
Mediterranean 
Europe and North Africa 

West Africa 

US 

Germany 

Eth iopia 

Braz i l  
New Zealand 
Taiwan 

U K  

U K  

U S  

U S  

Africa 

G lobal 

US 

Namibia 

Ghana 

Italy 

Africa 

St. Lucia 
Guadeloupe 
US 
Czechoslovakia 
Africa 

Burkina Faso 

Botswana 

US 

Africa, New Zealand, U K  

Source 

S inger et al. ( 1 998) 

Marsh et al. (1 99 1 ) 
Solymosi et al. (2004) 

Hammond and Lynch ( 1 992) 
Sanson et al. ( 1 99Ia) 
Cl ifton-Hadley ( 1 993) 

Ward and Armstrong (2000) 

O'Brien et al. ( 1 999) 

Doherr et al. ( 1 999) 

Paterson et al. (2000) 

Rawl ings et al. ( 1 997) 
Bayl is and Rawl ings ( 1 998) 
Bayl i s  et al. ( 1 999) 
Bayl i s  et al. (200 1 )  
Tatem e t  al. (2003) 

Clarke et al. ( 1 991 ) 

De La Rua-Domenech et al. ( 1 995) 

Staubach et al. ( 1 998) 

Y i lma and Malone ( 1 998) 

Arambulo and Astud i l lo ( 1 99 1 )  
Sanson et al. ( 1 99 Ib) 
Yamane et al. ( 1 997) 

Matthews ( 1 989) 

Durr and Froggatt (2002) 

Zukowski et al. ( 1 991 ) 

Campbel l  ( 1 989) 

Reid et al. (2000) 

Clements et al. (2002) 

Wood et al. ( 1 99 1 )  

F lasse et al. ( 1 998) 

Kapetsky et al. ( 1 99 1 )  

Mannell  i et al. (2001 ) 

Lessard et al. ( 1 988, 1 990) 

Hugh-Jones ( 1 991  c) 
Hugh-Jones and O'Nei l  ( 1 986) 
Hugh-Jones et al. ( 1 992) 
Kitron et al. ( 1 99 1 ) 
Daniel and Kolar ( 1 990) 
Lessard et al. ( 1 990) 
Perry et al. ( 1 990) 
Randolph ( 1 994) 

Michel et al. (2002) 

A l l sopp ( 1 998) 

Hugh-Jones et al. ( 1 996) 

Pfeiffer and Hugh-Jones (2002) 



f Describing disease occurrence 
<, " » "" 

Fu rther read i ng 

Clifton-Hadley, R.S. (1995) Geographic information systems 
and their use in animal disease research and control. State 
Veterinary Journal, 5 (4), 1-4 

Collett, D. (2000) Modelling Survival Data in Medical Research, 
2nd edn. Chapman and Hall/CRe, Boca Raton. (A compre­
hensive text on survival analysis) 

Dawson-Saunders, B. and Trapp, R.G. (1990) Basic and 
Clinical Biostatistics. Appleton and Lange, East Norwalk 

Durr, PA and Gatrell, A.c. (Eds) (2004) GIS and Spatial 
Analysis in Veterinary Science. CAB! Publishing, Wallingford 

Hay, 5.1., Randolph, S.E. and Rogers, D.J. (2000) Remote 
sensing and geographical information systems in epi­
demiology. Advances in Parasitology, 47, 1-351 

Hugh-Jones, M. (Ed.) (1991) Applications of remote sensing 
to epidemiology and parasitology. Preventive Veterinary 
Medicine, 11, 159-366 

Last, J.M. (2001) A Dictionary of Epidemiology, 4th edn. Oxford 
University Press, New York 

Roht, L.H., Selwyn, B.J., Holguin, A.H. and Christensen, B. 
(1982) Principles of Epidemiology. A Self-teaching Guide. 
Academic Press, New York 



Determinants of disease 

Chapter 3 introduced the concept that disease is 
caused by multiple factors. The factors are determin­
ants of disease. A determinant is any characteristic that 
affects the health of a population. Diet, for example, is 
a determinant of bovine hypomagnesaemia: reduced 
food intake and low levels of plant magnesium, related 
to rapid grass growth, are associated with an increased 
incidence of the disease (Figure 3 .6) .  Knowledge of 
determinants facilitates identification of categories of 
animal that are at particular risk of developing disease. 
It therefore is a prerequisite for disease prevention, 
and is an aid to differential diagnosis. This chapter dis­
cusses the types of determinant and the interactions 
that occur between them. 

Class i f ication of determ i nants 

Determinants can be classified in three ways, as: 

1. primary and secondary; 
2. intrinsic and extrinsic; 
3. associated with host, agent or environment. 

Primary and secondary determinants 

Primary determinants are factors whose variations 
exert a major effect in inducing disease. Frequently, 
primary determinants are necessary causes (see Chap­
ter 3). Thus, exposure to distemper virus is a primary 
determinant of canine distemper. 

Secondary determinants correspond to predispos­
ing, enabling and reinforcing factors. For example, 
sex is a secondary determinant of canine heart 
valve incompetence: male dogs are more likely to 
develop incompetence than females (Buchanan, 1977; 
Thrusfield et al., 1985). The primary determinants may 

include other genetically determined factors such as the 
rate of ageing of the valves, which may be associated 
with breed. Primary and secondary determinants are 
listed in Table 5.1 . 

Intrinsic and extrinsic determinants 

Table 5.1 also illustrates that some determinants (both 
primary and secondary) are internal to the host, 
for example, genetic constitution, including aberrant 
genes (which are the primary causes of genetic dis­
orders), species, breed and sex. These determinants 
are intrinsic, also termed endogenous (Greek: endon = 

within). In contrast, some determinants are external to 
the host; for instance, transportation, which may result 
in physical trauma, producing bruising of carcasses 
(Jarvis and Cockram, 1994). Such determinants are 
extrinsic, also termed exogenous (Greek: exo = outside). 

Table 5.2 exemplifies this scheme of classification in 
relation to canine pruritus (tendency to itch), a common 
problem in small animal practice. 

Determinants associated with host, agent and 
environment 

Many diseases include infectious agents in their 
sufficient causes. Most infectious agents enter the host 
as challenges from the environment (see Figure 2 . 1 ), 
and, when fetal infection occurs, the dam can be the 
'environment' too. However, during the microbial 
revolution, the early emphasis on microbes as the prim­
ary causes of disease resulted in their being considered 
separately from other environmental factors such as 
husbandry, trauma and toxic agents. Thus, determin­
ants commonly are classified into those associated 
with the host, the agent and the environment. These 
three groups of factors are sometimes called the 
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Table 5.1  Primary and secondary determinants. 

PRIMARY DETERMI NANTS 
Intrinsic determinants 

Genetic constitution 
Metabol i sm 
Behaviour 

SECONDARY DETERMINANTS 
Intrinsic determinants 

Endoparasitic 

Viruses 
Bacteria 
Fungi 
Protozoa 
Metazoa 

Animate 

Genetic constitution ( including sex, species and breed) 
Age 

Size and conformation 
Hormonal status 
N utritional status 
Immunological status 
Functional status (e.g. pregnant, lactating) 
Behaviour 

Ectoparasitic 

Arthropods 

Extrinsic determinants 

Physical 

Trauma 
C l imate 
Radiation 
Stressors 

Extrinsic determinants 

Location 
C l imate 

Inanimate 

Chemical Allergic 

Excess Al lergens 
Deficiency 
I mbalance 
Poisons 
Photosensitizers 

Husbandry (housing, diet, general management, an imal use) 
Trauma 
Concurrent d isease 
Vaccination status 
Stressors 

Table 5.2 Some determ inants of can i ne pruritus. (S impl ified from Logas, 2003 ; Mason, 1 995.)  

Intrinsic determinants 

Host 
characteristics 

Internal disease Chemicals Environment 

Extrinsic determinants 

Diet Parasites Bacteria, fungi 
and yeasts 

Breed 
Age 

Neoplas ia :  I rritant contact 
dermatitis 

Solar dermatitis Adverse food 
reactions 

Hookworm dermatitis 
Pelodera dermatitis 
Schistosomiasis 
D i rofi lariasis 

Bacterial fol l icu l itis 
Deep pyoderma 
Dermatophytosis 
Malassezia dermatitis 

mast cel l  
tumour mycosis 
fungoides 

Immu ne-mediated 
disorders: 
systemic l u pus 
erythematosus 

Hormonal 
hypersensitivity 

Calcinosis cutis 

triad (Figure 5.1) .  Some authors (e.g., Schwabe, 1984) 
consider that management and husbandry are 
important enough in intensive animal enterprises to 
be classified separately from the environment, as a 
fourth major group. 

In some diseases, an infectious agent is the main 
determinant, and host and environmental factors are of 
relatively minor importance. Such diseases are 'simple'; 
examples are major animal plagues such as foot-and­
mouth disease and rinderpest occurring in susceptible 
populations. A multifactorial nature is not obvious. In 
other diseases, termed 'complex', their multifactorial 
nature predominates and a clear interaction between 
host, agent and environment can be identified. 

Scabies 
Ped icu losis 
Demodicosis 
Otodectes cyanotis 
Trombic u l iasis 
Cheyletiel losis 

Thus, 'environmental' mastitis involves an inter­
action between Escherichia coli or Streptococcus uberis 
(the agent), milking machine faults, and poor environ­
mental hygiene (Blowey and Edmondson, 1995). In 
addition, cows (the hosts) are most susceptible in early 
lactation. Similarly, it has been claimed that the bind­
ing of copper and manganese (trace elements found 
in the soil) to prion proteins may influence the patho­
genesis of scrapie and other transmissible spongiform 
encephalopathies (Purdey, 2000). 

The complexity of a multifactorial disease depends 
upon how the disease is defined. Most 'diseases' with 
which the veterinarian is initially concerned are actu­
ally clinical signs presented by animals' owners. Thus, 
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Fig. 5.1 The 'triad' ;  three main head ings under which determ inants 
can be c lassified. 

pruritus in a dog is a clinical sign, which can be caused 
by several different lesions each with their own suf­
ficient causes. Further examples of signs and lesions 
with different causes are given in Figures 9.3b and 
9.3c. The causal web can become very complex when 
the 'disease' is defined in terms of a production short­
fall in a herd or flock. Thus, 'reproductive failure' in a 
pig herd, reflected in unacceptably low numbers of 
piglets being born in a herd in a defined period of time, 
can be produced by decreased male or female fertility, 
or infection or metabolic derangement of the sow or 
fetus during pregnancy. Figure 5.2 divides the causes 
of reproductive failure in pigs into six main areas relat­
ing to genetic constitution, nutrition, infections, toxic 
agents, environment and management; it therefore 
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Fig. 5.2 Diagrammatic representation of causes of reproductive 
fai l u re in a pig herd. (Modified from Pritchard et al., 1 985. ) .  

represents a subdivision of agent, host and environ­
mental determinants. These six areas are discussed in 
detail by Wrathall (1975). 

Genetic factors include genetic defects affecting 
the parents (e.g., abnormal genitalia or gametes) 
and the offspring (e.g., malformations and inherited 
predisposition to disease). 

Failure to supply nutritional requirements for 
specific micro nutrients (vitamins, minor minerals 
and trace elements) can result in reduced litter sizes, 
embryonic death and delayed puberty. The plane of 
nutrition can also affect performance. Restriction of diet 
can delay puberty. In contrast, 'flushing' (increasing 
the amount fed) a few days before ovulation is due can 
increase the number of ova released in gilts. 

Infections are classified into three groups: 

1 .  opportunistic pathogens; 
2. common viruses; 
3. specific infectious diseases. 

Group 1 pathogens are ubiquitous and frequently 
endogenous. They cause disease sporadically when 
host resistance is lowered. Examples include Staphylo­
coccus and Listeria spp. - infections causing prenatal 
deaths and abortions. Notable in group 2 are the 
porcine parvoviruses, also termed SMEDI viruses, 
an acronym for stillbirth, mummification, embryonic 
death and infertility, which effects they produce. 
Group 3 infections include brucellosis, leptospirosis, 
toxoplasmosis and swine fever - infections caused by 
exogenous pathogens, which can produce low concep­
tion rates and induce abortion. 

Toxic substances include those ingested in the 
food (e.g., mycotoxins which can induce vulvovag­
initis and abnormal oestrus), and environmental pol­
lutants such as wood preservatives which can cause 
abortion. 

The environment affects reproduction through its 
climatic, social and structural components. High 
environmental temperatures, for example, can induce 
infertility in males. 

Important management factors include herd age 
(young females may have a low ovulation rate and 
therefore small litter size), the boar:sow ratio, boar 
management, efficiency of heat detection and preg­
nancy diagnosis, breeding policy and record keeping. 

The three schemes of determinant classification are 
not mutually exclusive. They are just three different 
ways of viewing the multifactorial nature of disease. 
Determinants are described below using the third 
system of classification: into those associated with 
host, agent or environment. This system is also fol­
lowed by Schwabe et al. (1977), Martin et al. (1987) and 
Smith (2005) in their discussion of determinants of 
animal diseases, and by Reif (1983) in his consideration 
of determinants of diseases of dogs and cats. 



Determinants of disease 

Host determinants 

Genotype 

The genetic constitution of a host is its genotype. Some 
diseases appear to have an almost totally genetic 
cause; that is, alterations in gene structure are con­
sidered to have a marked effect on their pathogenesis, 
and they may be inherited by succeeding generations; 
an example is haemophilia A and B in dogs. Such dis­
eases, in which aberrant genes are primary determin­
ants, are traditionally termed genetic diseases. Other 
diseases, such as the simple infectious diseases, appear 
to have little or no genetic component. Many diseases, 
however, occupy positions intermediate to these two 
extremes; examples are bovine foot lameness (Peterse 
and Antonisse, 1981) and mastitis (Wilton et al., 1972). 

Genetic diseases generally belong to one of three 
categories (Nicholas, 1987, 2003): 

1. chromosomal disorders; 
2. Mendelian (simply inherited) disorders1; 
3. multifactorial disorders. 

The first two categories represent diseases that are 
almost totally genetic. The third category represents 
diseases that have a variable, complex, genetic com­
ponent. Such diseases have been reported to occur 
more commonly than those belonging to the first two 
categories; their mode of inheritance will therefore be 
discussed in more detail. 

Multifactorial inheritance 

Many of the simply inherited disorders are qualitative, 
'all-or-none' characteristics. 

In contrast, other characteristics, such as muscle 
mass and the severity of some diseases (e.g., hip dys­
plasia: Morgan et al., 2000), are quantitative, displaying 
continuous variation. The genetic component of this 
variation is explained by the cumulative (usually 
additive) effects of many genes at several sites (loci) 
on the chromosomes. This is polygenic inheritance. 
The polygenic component additionally interacts with 
environmental factors; thus, there is a multifactorial 
cause to such traits. For example, canine hip dysplasia 
requires both a genetic weakness to the muscles sup­
porting the hip joint, and conditions in early life that 
favour separation of the joint, resulting in the osseous 
changes that characterize the disease. These changes 
can be prevented by confining to cages pups that have 
genetically weak muscles, with their hindlimbs flexed 

1 Developments in molecular biology, however, have resulted in a 
reassessment of the classical Mendelian modes of inheritance (Zlotogora, 
1998). 

t + 
Threshold value 

Liability to disease 

Fig. 5.3 Genetic model for manifestation of a multifactorial d isease. 
The d isease occurs when the number and combination of genes, i n  
association with environmental factors, exceeds the  threshold val ue. 

and abducted. The development of the condition 
is also exacerbated by excess energy consumption 
(Fries and Remedios, 1995). Thus, there is clearly a 
non-genetic component relating to management and 
nutrition early in life. The relative (but not exclusive) 
occurrence of hip dysplasia in different giant breeds, 
between which there is no genetic movement, sup­
ports the hypothesis that large, poorly muscled breeds 
(whose conformation is genetically determined) are 
particularly at risk. Furthermore, litter mates can be 
affected to different degrees, suggesting a polygenic 
cause. 

Some disorders, such as congenital heart defects, 
do not show continuous variation, but liability to the 
condition nevertheless can be interpreted as having a 
polygenic component. An individual can inherit the 
'right' number and combination of genes, and be ex­
posed to environmental determinants, to pass beyond 
a threshold value, beyond which the disease occurs 
(Falconer and Mackay, 1996). Figure 5.3 illustrates this 
concept. The horizontal axis is the 'liability to disease', 
'+' indicating the presence of many, and '-' of few, of 
the right genes and environmental factors. The vertical 
axis is the relative frequency of values of liability to 
disease in the population. The congenital heart defect, 
patent ductus arteriosus, for example, is inherited 
multifactorially, and is discussed in more detail in 
Chapter 18 in the context of comparative epidemiology. 

The likelihood of a relative inheriting the right com­
bination of causal genes becomes less as a relationship 
becomes more distant. The likelihood of the right 
number and combination of genes being inherited 
also decreases as the number of genes required for 
manifestation of the disorder increases. 

Initially, simple and polygenic modes of inheritance 
appeared to be mutually exclusive. However, it is now 
clear that the additive effects of many genes, inherited 
in a Mendelian manner, can be applied to the polygenic 
model for continuous traits. Conversely, a single-gene 
model can be applied to quantitative traits by con­
verting the trait to a dichotomy, with an animal char­
acterized as to whether its trait value is above or 



below a threshold value. Moreover, liability to disease 
can be applied to simple, single-gene traits where 
environmental factors have an effect (e.g., human 
phenylketonuria). 

Although it is currently believed that many common 
diseases have a genetic component, it is unclear 
whether this amounts to a multifactorial (polygenic) 
predisposition or to the involvement of a single major 
chromosomal locus interacting with environmental 
factors. It is also difficult to infer a genetic component 
to the cause of a disease in the absence of data relating 
to genetically distinct groups (breeds, families, and 
sire and dam lines). 

Foley et al. (1979) describe heritable diseases of 
companion animals and livestock in detail, and 
Ackerman (1999) specifically addresses conditions in 
dogs. Identification of putative genes, or ones that map 
closely to them ('linked markers'), is an important 
component of the control of inherited disorders (see 
Chapter 22). 

Age 

The occurrence of many diseases shows a distinct 
association with age. Many bacterial and virus dis­
eases, for instance, are more likely to occur, and to be 
fatal, in young than in old animals, either because of 
an absence of acquired immunity or because of a low 
non-immunological host resistance. Many protozoan 
and rickettsial infections, in contrast, induce milder 
responses in the young than in the old. 

The absolute number of cases of a disease clearly 
is not an indication of the impact of disease in a 
particular age range because the ranges are present in 
different proportions in the total population. This is 
illustrated in Figure 5.4, which depicts population 
pyramids for dogs and cats. These show the age dis­
tribution of animals (male and female indicated separ­
ately). Thus, age-specific rates (see Chapter 4) provide 
the most valuable information about disease in 
particular age groups, because they relate morbidity 
and mortality to a uniform size of population at 
risk. Figure 5.5 displays age-specific rates for canine 
neoplasia and shows that tumours are more common 
in old than in young animals. (There are some notable 
exceptions such as canine osteosarcoma and lympho­
sarcoma which show peak incidences between 7 and 
10 years of age: Reif, 1983.) 

Sex 

Sexual differences in disease occurrence may be attrib­
uted to hormonal, occupational, social and ethological, 
and genetic determinants. 

Host determinants 
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Fig. 5.4 Can ine and fel i ne population pyramids. (a) Canine: 
New Jersey, USA, 1 957;  (b) canine: U K, 1 986; (c) fel ine: U K, 1 986. 
((a) From Cohen et a/., 1 959; (b) and (c) from Thrusfield, 1 989.) 

Hormonal determinants 

The effects of sex hormones may predispose animals to 
disease. Bitches are more likely to develop diabetes 
mellitus than dogs (Marmor et al., 1982) and signs 
often develop after oestrus, possibly related to the 
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Fig. 5.5 Age distribution of a total canine hospital population (bars) 
and age-apecific rates (graph) for can ine neoplasia: Un iversity of 
Pennsylvania, 1 952-1 964. (From Reif, 1 983 . )  

increased insulin requirements of diabetic bitches 
during oestrus. Similarly, the neutering of bitches 
decreases the likelihood of mammary carcinoma 
developing (Schneider et al., 1969), perhaps from the 
effect of oestrogens on this tumour (see Chapter 18). 

Occupational determinants 

Sex-associated occupational hazards, although more 
relevant to human than animal disease, can be 
identified occasionally in animals, where animal use is 
equated with occupation. Thus, the increased risk of 
contracting heartworm infection by male dogs relative 
to bitches (Selby et al., 1980) may result from increased 
'occupational' exposure of male dogs during hunting 
to the mosquito that transmits the infection. 

Social and ethological determinants 

Behavioural patterns may account for bite wound 
abscesses being more common in male than female 
cats. Behaviour can also affect the likelihood of trans­
mission of infection from one species to another. Thus, 
in New Zealand, opossums stand their ground when 
confronted by cattle, thereby increasing the chance of 
aerosol transmission (see Chapter 6) of tuberculosis 
from infected opossums to cattle by inhalation. In 
contrast, in the UK, badgers' immediate response to 
threatening behaviour is to retreat, and so aerosol 
transmission of tuberculosis from infected badgers is 
less likely (Benham and Broom, 1989). 

Genetic determinants 

Genetic differences in disease incidence may be 
inherited either by being sex-linked, sex-limited, or 
sex-influenced. Sex-linked inheritance is commonly 
associated with Mendelian inheritance, and occurs 
when the DNA responsible for a disease is carried 
on either the X or Y sex chromosomes. Canine 
haemophilia A and B, for example, are associated with 
the X chromosome and are inherited recessively, the 
defects being predominant in males (Patterson and 
Medway, 1966). Sex-limited inheritance occurs when 
the DNA responsible for the disease is not in the sex 
chromosomes, but the disease is expressed only in 
one sex, for example cryptorchidism in dogs. In sex­
influenced inheritance, the threshold for the overt 
expression of a characteristic (based on the multi­
factorial genetic model: Figure 5.3) is lower in one sex 
than the other, therefore, there is an excess incidence in 
one sex over the other. Canine patent ductus arteriosus 
(see Chapter 18) may be an example. 

In many diseases, there may be excess disease 
occurrence in one sex over the other, but either a 
genetic component has not been identified clearly or 
the method of inheritance has not been established. 
Examples that are reported to occur predominantly 
in male dogs include epilepsy (Bielfelt et al., 1971), 
melanoma and pharyngeal fibrosarcoma (Cohen et al., 
1964). 

Some diseases may be apparently sex-associated, 
but are actually associated with other determinants 
that are related to gender. For instance (Schwabe et al., 
1977), the increased mortality rate in male dairy calves 
may appear to be sex-associated. However, the real 
association is with husbandry: male dairy calves may 
not be given as much attention as females because they 
are worth less (in this instance husbandry, therefore, is 
a confounder: see Chapter 3). 

Species and breed 

Species and breeds vary in their susceptibility and 
responses to different infectious agents, and therefore 
in the role they play in disease transmission. Dogs, for 
example, do not develop heartwater. Pigs are harder 
to infect with foot-and-mouth disease virus via the 
respiratory tract than cattle and sheep (Sellers, 1971; 
Donaldson and Alexandersen, 2001) .  Thus, cattle are 
the species most likely to be infected by between-farm 
spread of airborne virus, because of their extreme 
susceptibility to airborne infection and higher respir­
atory tidal volume (Donaldson et al., 1982; Donaldson, 
1987). Pigs are not only less susceptible to airborne 
virus but also, because of their lower tidal volume and 
the practice of housing them indoors, are less likely to 



encounter sufficient virus to initiate clinical disease. 
In contrast, if infection does occur, pigs excrete vast 
quantities of airborne virus (one pig being equivalent 
to 3000 cattle) and so are important sources of airborne 
virus during epidemics because they are often kept 
in large numbers. (See also Chapter 6.) 

Rottweilers and Dobermann Pinschers react more 
severely to canine parvovirus enteritis than other 
breeds (Glickman et al., 1985), and boxers appear to 
be more susceptible than other breeds to mycotic 
diseases, such as coccidioidomycosis (Maddy, 1958) 
(for a distribution map of the fungus see Figure 7.2). 
Different breeds of poultry vary in their susceptibility 
to a range of viruses (Bumstead, 1998; Hassan et al., 
2004). 

The reasons for species susceptibility are many and 
not fully understood. The efficacy of the immune mech­
anism against an infectious agent may be important. 
Thus, humans are not usually susceptible to infection 
with Babesia spp. but splenectomized individuals 
can develop the disease. Different species have been 
shown to have different receptors for infectious agents 
on the cell surface. This is particularly important with 
viruses, which must enter the host cell. Monkeys are 
not susceptible to poliovirus because they do not have 
the 'right' cell receptors. Removal of the virus capsid 
allows the virus to divide lytically in monkey cells if 
it is first made to enter them. Susceptibility can vary 
within a species, too. Thus, only certain pigs are sus­
ceptible to the strain of Escherichia coli possessing the 
K88 antigen because susceptibility is determined by 
the presence of an intestinal receptor that is specified 
by one or more genes (Vogeli et al., 1992). 

Phylogenetically closely related animals are likely 
to be susceptible to infection by the same agent, 
albeit with different signs. Herpesvirus B causes labial 
vesicular lesions in non-human primates, but fatal 
encephalitis in man. The rider to this - that phylogen­
etically closely related agents infect the same species 
of animal - is not, however, generally true. Measles, 
distemper and rinderpest are closely related para­
myxoviruses, yet usually infect quite different species: 
man, dogs and cattle, respectively. 

Apparently new diseases can develop when a 
species or breed is placed in a new ecosystem (see 
Chapter 7) that contains a pathogen that has a well bal­
anced relationship with local species or breeds. In such 
circumstances inapparent infection (discussed later 
in this chapter) is common in the local animals but 
clinical disease occurs in the exotic ones. This hap­
pened in South Africa, when European breeds of sheep 
were exposed to bluetongue virus. The agent did not 
produce clinical signs in the indigenous sheep, but 
caused severe disease in imported Merino sheep. 
Similarly, malaria developed as a clinical disease in 
early European visitors to West Africa, whereas 
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the local population was tolerant of the parasite. 
Resistance to the tick Boophilus microplus is greater 
in indigenous Zebu cattle (Bas indicus) than in 
European cattle (Bas taurus) (Brossard, 1998), and the 
importation of European cattle to West Africa also 
accentuated the problem of dermatophilosis. 

There is also species and breed variation in the 
occurrence of non-infectious diseases. Thus, British 
breeds of sheep develop intestinal carcinoma more fre­
quently than fine wool breeds, Hereford cattle develop 
ocular squamous cell carcinoma more commonly than 
other breeds (see Chapter 4), and there is considerable 
variation in canine and feline breed predisposition 
to skin tumours (Goldschmidt and Schofer, 1994). 

Many diseases having distinct associations with a 
particular familial line or breed are considered to 
be primarily genetic (Ubbink et al., 1998b). Patterson 
(1980) has described over 100 such diseases in the dog. 
A genetic causal component is more likely when dis­
ease incidence is higher in pedigree animals than in 
crossbreds. Examples include congenital cardiovascu­
lar defects (Patterson, 1968) and valvular heart disease 
(Thrusfield et al., 1985) in dogs. 

Diseases may be present in a range of breeds, 
because the breeds are genetically related. Boston ter­
riers and bull terriers show a high risk of developing 
mastocytoma, which may be related to their common 
origin (Peters, 1969). In contrast, the risk of a particular 
breed developing a disease may vary between coun­
tries, indicating different genetic 'pools' (or a different 
environment or method of management). Thus, Das 
and Tashjian (1965) found an increased risk of devel­
oping valvular heart disease in cocker spaniels in 
North America, whereas, in Scotland, Thrusfield et al. 
(1985) did not detect an increased risk in that breed. 
In contrast, valvular heart disease is commoner in 
cavalier King Charles spaniels in Scotland (Thrusfield 
et al., 1985) than in Australia (Malik et al., 1992). Gough 
and Thomas (2003) document breed dispositions to 
diseases in dogs and cats. 

Other host determ i nants 

Size and conformation 

Size, independent of particular breed associations, 
has been identified as a disease determinant. Hip dys­
plasia and osteosarcoma are more common in large 
than small breeds of dog (Tjalma, 1966). Interestingly, 
the latter disease is also more common in large than 
small children (Fraumeni, 1967). The conformation 
of animals may similarly increase the risk of some 
diseases. For instance, cows with a small pelvic outlet 
relative to their size (e.g., Chianina and Belgian blue) 
are predisposed to dystokia. Conformation may also 
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have less direct effects. Thus, some calves cannot suckle 
their dams because the latter have large, bulbous teats 
(Logan et al. , 1974). This can result in the calves being 
hypogammaglobulinaemic, with the increased risk of 
fatal colibacillosis. 

Coat colour 

Predisposition to some diseases is associated with 
coat colour, which is heritable and a risk indicator. 
For example, white cats have a high risk of developing 
cutaneous squamous cell carcinoma (Dorn et al., 1971) 
related to the lack of pigment, which protects the skin 
from the carcinogenic effects of the sun's ultraviolet 
radiation. In contrast, canine melanomas occur mainly 
in deeply pigmented animals (Brodey, 1970). White 
cats often have a genetic defect associated with deaf­
ness (Bergsma and Brown, 1971) .  White hair colour is 
also associated with congenital deafness in Dalmatians 
(Anderson et ai., 1968) . 

Agent determinants 

Vi ru lence and pathogen ic ity 

Infectious agents vary in their ability to infect and to 
induce disease in animals2• The ability to infect is 
related to the inherent susceptibility of a host and 
whether or not the host is immune. The ability to 
induce disease is expressed in terms of virulence and 
pathogenicity. Virulence is the ability of an infectious 
agent to cause disease, in a particular host, in terms of 
severity3. It is also sometimes expressed quantitatively 
as the ratio of the number of clinical cases to the num­
ber of animals infected (Last, 2001) .  Case fatality (see 
Chapter 4) is an indicator of virulence when death is 
the only outcome. Pathogenicity is sometimes incor­
rectly used as a synonym for virulence, with virulence 
reserved for variations in the disease-inducing poten­
tial of different strains of the same organism. However, 
'pathogenicity' refers to the quality of disease induc­
tion (Stedman, 1989). Thus, the protozoan parasite 
Naegleria fowleri is pathogenic to man in warm, but not 
in cold, water, pathogenicity being governed in this 
instance by environment. Pathogenicity also may be 
quantified as the ratio of the number of individuals 
developing clinical illness to the number exposed to 
infection (Last, 2001 ). 

2 This is also true for plant pathogens (Mills et ai., 1995). 
3 The conventional wisdom is that parasites evolve into less virulent 

forms because, in killing their hosts, lethal parasites appear to 'commit 
suicid e'. However, recent evidence (Ebert and Mangin, 1995) suggests 
that parasite evolution involves a subtle balance between virulence and 
transmission rate. 

Pathogenicity and virulence are commonly intrinsic 
characteristics of an infectious agent and are either 
phenotypically or genotypically conditioned. Pheno­
typic changes are transient, and are lost in succeeding 
generations. For example, Newcastle disease virus, 
cultivated in the chorioallantois of hens' eggs, is more 
virulent to chicks than virus that is cultivated in calf 
kidney cells. Genotypic changes result from a change 
in the DNA (and RNA, in RNA viruses) of the micro­
bial genome (the agent's total genetic complement). 
Most pathogenic bacteria express their virulence genes 
only when they are inside the host; the conditions 
in the host somehow facilitating expression of these 
genes. 

Pathogenicity and virulence are determined by a 
variety of host and agent characteristics. Bacterial viru­
lence and pathogenicity are determined by a relatively 
small group of factors ( 'common themes'), including 
toxin and adhesin production, and common themes 
for invasion of the host and resistance to the clearance 
and defence mechanisms of the host (Finlay and 
Falkow, 1997). An agent may achieve pathogenicity, 
or increase virulence, by a change in antigenic com­
position to a type to which the host is not genetically 
or immunologically resistant. However antigenic 
changes are not always the cause of changes in 
pathogenicity. They may simply be indicators of such 
changes, the determinants being associated with the 
production of inhibitory, toxic or other substances 
(e.g., exotoxins and endotoxins) and the immune­
mediated damage that may ensue (Biberstein, 1999). 
Genotypic changes also can alter the sensitivity of 
bacteria to antibiotics. 

Types of genotypic change 

Various genotypic changes can occur in infectious 
agents (Table 5.3). Major ones include mutation, 
recombination, conjugation, transduction and 
transformation. 

Mutation is an alteration in the sequence of nucleic 
acids in the genome of a cell or virus particle. There 
may be either point mutation of one base, resulting in 
misreading of succeeding codon triplets, or deletion 
mutation, where whole segments of genome are 
removed. Deletion mutants are more likely to occur 
because they result in changes without redundant 
genetic material. Frequent mutation may produce 
antigenic diversity, which may induce recurrent out­
breaks of disease in a population that is not immune to 
the new antigen. Within the same organism, mutation 
rates can vary for different genetic markers by a factor 
of 1000. Sites within the genome that frequently 
mutate are termed 'hot spots' . If these spots code 
for virulence determinants and antigens in the infec­
tious agent, then the agent can change virulence and 
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Table 5.3 Potential sou rces of genetic variabi l ity in bacterial and vi rus popu lations, (Modified from Trends in Ecology and Evolution, 1 0, Schrag, 
S.J . and Wiener, P. Emerging i nfectious d i seases: what are the relative roles of ecology and evolution?, 3 1 9-324 © (1 995), with perm ission from 
Elsevier.) 

Bacteria 

Mutation: Mutation rate i s  approximately 1 0-9_1 0-6 per base 
pair. Poi nt mutations, deletions, i nsertions and i nvers ions can 
lead to sign ificant changes i n  v i ru lence factors (e.g. ,  adhesion 
abi l ity, toxin production). Antigenic drift can a l low bacterial 
pathogens to 'h ide' from mammal ian  immune systems. 

Transposition: Transposons are segments of DNA that can be 
i ntegrated i nto new sites on the same or different DNA molecules 
from thei r  orig in ;  conjugative transposons are elements that 
can promote their own transfer from one bacterial cell to 
another. 

Transformation: Uptake and integration i nto bacterial 
chromosome of exogenous DNA. 

Plasmid exchange: Transfer of plasm ids between bacterial 
cel ls. 

Conjugation: Plasmid-med iated chromosome transfer between 
bacteria l  cel ls .  

Lysogeny: I ncorporation of phage genes i nto bacterial genome 
via phage i ntegration (e.g., Escherichia coli 01 57) .  

Transduction: Phage-mediated transfer of sma l l  portions of 
bacterial DNA. 

antigens frequently. If mutation occurs at sites that 
are not associated with either virulence or antigenic 
type, then changes in these two characteristics are rare. 
Sometimes only one or two mutations is sufficient to 
convert a relatively harmless bacterium or virus into a 
highly virulent form (Rosqvist et al., 1988). 

The switch from virulence to non-virulence -
which is reversible - is sometimes termed phase varia­
tion. This can occur with a high frequency; appro­
ximately 1 in 106 in Bordetella pertussis (the cause of 
whooping cough in children), for example. The phase 
variation is manifested in changes in colonial char­
acteristics, and similar changes occur in Bordetella 
bronchiseptica, the cause of canine 'kennel cough', 
(Thrusfield, 1992), in which infections may range from 
the clinically inapparent to the overt (Bemis et al., 1977; 
McKiernan et al., 1984; and see below 'Gradient of 
infection' ). 

Recombination is the reassortment of segments of a 
genome that occurs when two microbes exchange 
genetic material. Thus, influenza A viruses have a 
genome that is packaged in each virion (virus particle) 
as eight strands of RNA. Influenza viruses are divided 
into groups based on the structure of two major anti­
gens: the haemagglutinin and neuraminidase (see also 
Table 1 7.6). Reassortment between current human and 
avian strains of the virus (possibly in pigs) is likely to 

Viruses 

Mutation: RNA viruses have sign ificantly h igher mutation rates 
than DNA viruses or bacteria, because of the greater i nstabi l ity of 
RNA molecules and the h igher error rates of RNA replication 
enzymes. Point mutations can generate rapid antigenic variation. 

Recombination between viruses: In traspecific and interspecific 
recombination has been observed in some RNA and DNA viruses. 

Recombination with host genes: Recombination can occur  in 

DNA v i ruses that i ntegrate i nto host chromosomes or in the DNA 
provi rus  step of retrovi rus repl ication. If the host chromosome has 
previously i ncorporated pieces of virus DNA, recombination can 
result i n  the i ntegration of both host and virus genes i nto vi rus 
genetic material .  

Reassortment of virus segments: I n  RNA viruses with segmented 
genomes (e.g., i nfluenza viruses) reassortment of segments among 
progeny rapidly leads to h igh levels of genetic var iabi l ity with i n  
populations. 

produce recombinants with novel haemagglutinin and 
neuraminidase combinations (Webster et al., 1992). 
Major changes are referred to as 'shift' and minor 
changes as 'drift' . The major changes are responsible 
for the periodic - approximately decadal - pandemics 
of influenza in man (Kaplan, 1982; Webster, 1993). 
(Note that antigenic drift also occurs in trypanosomes, 
but by a totally different mechanism. The superficial 
cell membrane is shed to reveal new antigens4. 
The epidemiological result, though, is similar: new 
antigens, therefore a partially or totally susceptible 
population.) Recombination may also occur in the 
orbiviruses (e.g., African horse sickness and blue­
tongue) where the precise mechanism is not known, 
and the term 'genetic reassortment' has been applied 
(Gorman et al., 1979). 

4 African trypanosomes can spend a long time in the blood of their 
mammalian host, where they are exposed to the immune system and are 
thought to take advantage of it to modulate their own numbers. Their 
major immunogenic protein is the variant surface glycoprotein (VSG). 
Trypanosomes escape antibody-mediated destruction through periodic 
changes of the expressed VSG gene from a repertoire of 1 000 genes (Barry 
and McCulloch, 2001; Gibson, 2001; Vanhamme et aI., 2001; Barry and 
Carrington, 2004). 
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Conjugation (Clewell, 1993) involves transmission 
of genetic material - usually in the form of a plasmid5 -
from one bacterium to another, by a conjugal mech­
anism (i.e., they touch) through a sex pilus6. The 
greatest practical effect of conjugation is in conferring 
resistance to antibiotics in both 'established' and 
emerging and re-emerging pathogens (McCormick, 
1998); for example, gentamycin resistance in Staphylo­
coccus spp. (Schaberg et al., 1985), which may pose 
a particular problem in nosocomial infections7. Con­
jugally mediated drug resistance may therefore be an 
important determinant of the effectiveness of therapy 
when infections occur, and there is increasing evid­
ence that some antibiotic-resistant strains of zoonotic 
bacteria have evolved in farm livestock (Fey et al., 2000; 
Willems et al., 2000)8. Conjugation occurs in many 
bacteria, including Bordetella bronchiseptica, E. coli, and 
Clostridium, Pasteurella, Proteus, Salmonella, Shigella and 
Streptococcus spp. 

Transduction (Snyder and Champ ness, 1997) is the 
transfer of a small portion of genome from one bac­
terium to another, 'accidentally', by a bacterial virus 
(bacteriophage)9. Again, resistance factors, as well as 
surface antigens, may be transferred in this way. It 
occurs in Shigella, Pseudomonas and Proteus spp. 

Transformation (Snyder and Champness, 1997) 
involves release of DNA from one bacterial cell and 
then its entry into another cell of the same bacterial 
species. It occurs spontaneously in Neisseria spp. but, 
to occur in other bacterial species, DNA has to be 
extracted in the laboratory. (This type of trans­
formation should not be confused with the in vitro 
production of malignant cells, which is also called 
transformation.) 

In addition to these five methods of genetic altera­
tion, infection by more than one type of virus particle 
may be necessary to produce disease. Such infections 
do not strictly involve a change in a virus genome, 
rather a complementation of it, which may render a 
non-pathogenic virus particle pathogenic. This occurs 
in some plant virus infections because several plant 
viruses have split genomes that are packaged in 

5 Plasmids are small, autonomously replicating molecules in bacterial 
cells. 

h Plasmids also can be transferred non-conjugally (Storrs et ai., 1988). 
7 Nosocomial infections are those that are acquired in hospitals or clin­

ics (Greek: 'nosokomeian' = hospital). In human and (probably) veteri­
nary hospitals, the most common are those of the urinary tract, followed 
by pneumonias, surgical site infections, and bacteraemias (Emori and 
Gaynes, 1 993; Greene, 1998b). 

H There is also evidence that the process is reversible, when in-feed 
antibiotics are subsequently banned (Ferber, 2002). 

" There are two types of transduction: generalized and specialized. In 
the former, any region of the bacterial DNA can be transferred; whereas, 
in the latter, only certain genes close to the phage's attachment site on the 
bacterial chromosome can be transferred. 

separate particles. Each particle carries a portion of the 
total genome which is, itself, non-infectious, but which 
contributes to the whole infectious unit. For example, 
tobacco rattle virus has two virions: one containing a 
promoting gene, and the other containing replication 
and maturation genes. All three genes, and therefore 
both types of virion, are necessary to instigate the suc­
cessful infection of a tobacco plant. In animals, Rous 
sarcoma virus has capsid proteins that are genetically 
determined by a separate helper virus. Similarly, some 
adeno-associated viruses require an adenovirus for 
infectivity. The different particles present in human 
hepatitis B fall into this double infection group too. 

Infection with immunosuppresive viruses can 
exacerbate other infections (e.g., rinderpest infection 
aggravates haemoprotozoan infections) .  Conversely, 
infection by one virus may prevent infection by, or 
lessen the virulence of, a second virus. This occurs 
when the first virus induces the host's cells to release 
an inhibitory substance now known as interferon. 

The ways in which virulence and pathogenicity 
affect the transmission and maintenance of infection 
are discussed in Chapter 6. 

Genotypic variability and microbial taxonomy 

Initially, classification of microbes was based on phys­
ical and chemical properties; for example, buoyant 
density and susceptibility to heat inactivation to define 
genera of the virus family, Picornaviridae, which 
includes the foot-and-mouth disease virus species. 
Subsequently, nucleotide sequencing and other micro­
bial characteristics have been used to classify microbes 
in a manner that may reflect, more accurately, vari­
ation in pathogenicity and virulence. Thus, foot-and­
mouth disease virus occurs as seven serotypes - A, 0, 
C, Southern African Territories (SAT) 1, SAT 2, SAT 3, 
and Asia 1 - defined by the inability of infection or 
vaccination to confer immunity against other serotypes. 
Substantial genetically determined antigenic variation 
exists within each serotype (particularly types A and 
0), and is associated with varying virulencelO. 

The genetic variation in microbes may also provide 
valuable clues to the origin of epidemics. The type 0 
foot-and-mouth disease viruses, for instance, exhibit 
genetically and geographically distinct evolutionary 
lineages (topotypes) (Samuel and Knowles, 2001). 
Using a 15% nucleotide-sequence difference as the 
upper limit defining a single topotype, eight topotypes 
of type 0 have been identified: European/South 
American (Euro-SA), Middle East/South Asia (ME­
SA), South East Asia (SEA), Cathay, East Africa (EA), 

10 The variation is so substantial that each isolate may be unique 
(Clavijo and Kitching, 2003). 
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West Africa (W A), Indonesia 1 (ISA -1) and Indonesia 2 
(ISA-2). The 2001 epidemic in the UK was caused by 
the PanAsia strain, a genetic sublineage of the ME-SA 
topotype, which emerged in India in 1990 before 
spreading throughout Asia and into the Middle East, 
South Africa and southern Europe (Kitching, 1998). 
Identification of this strain therefore supported the 
hypothesis that meat, illegally imported from the 
Far East, may have been the source of the epidemic 
(DEFRA, 2002b). 

G rad ient of i nfection 

'Gradient of infection' refers to the variety of responses 
of an animal to challenge by an infectious agent (Fig­
ure 5.6) and therefore represents the combined effect of 
an agent's pathogenicity and virulence, and host char­
acteristics such as susceptibility and pathological and 
clinical reactions. These responses affect the further 
availability of the agent to other susceptible animals, 
and the ability of the veterinarian to detect, and there­
fore to treat and control, the infection. If an animal is 
either insusceptible or immune, then infection and 
significant replication and shedding of an agent do not 
usually occur and the animal is not important in the 
transmission of infection to others. 

Inapparent (silent) infection 

This is infection of a susceptible host without clinical 
signsll .  The infection may run a similar course to that 

which produces a clinical case, with replication and 
shedding of agent. The inapparently infected animal 
poses a considerable problem to the disease controller 
because it is impossible to detect without auxiliary 
diagnostic aids such as antigen detection or serology. 
For example, sheep may show either no or transient 
clinical signs of infection with foot-and-mouth disease 
virus (Kitching and Hughes, 2002), although they 
may excrete virus (Sharma, 1978). Demonstration of 
infection by serology is therefore recommended in this 
species (Donaldson, 2000). 

Subclinical infection occurs without overt clinical 
signs. Some authors use this term and inapparent 
infection synonymously. Others ascribe a loss of pro­
ductivity to subclinical infection, which is absent from 
inapparent infection. 'Subclinical' can also be applied 
to non-infectious conditions, such as hypomagnesae­
mia, where there may be no clinical signs. 

Clinical infection 

Clinical infection produces clinical signs. Disease may 
be mild. If the disease is very mild with an illness 
too indefinite to permit a clinical diagnosis, then it is 
termed an abortive reaction. Thus, the spectrum of 
response to foot-and-mouth disease virus infection in 
sheep may result in only mild signs of foot-and-mouth 

11 Some authorities use the term 'unapparent' synonymously (e.g., 
Sutmoller and Olascoaga, 2002). 
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disease (Bolton, 1968; Kitching and Hughes, 2002), 
leading to difficulty in unequivocal diagnosis (Ayres et 
al., 2001; De la Rua et al., 2001). Laboratory diagnosis is 
therefore prudent (and probably necessary) to confirm 
a diagnosis in this species, and to avoid misclassifying 
unaffected sheep as affected12. 

There is a gradation to severe disease, which is 
called a frank clinical reaction, when the intensity is 
sufficient to allow a clinical diagnosis. The spectrum of 
response to foot-and-mouth disease virus infection in 
sheep may therefore also include clear clinical signs, 
often associated with times of stress such as parturi­
tion (Brown, 2002; Reid, 2002; Tyson, 2002). 

The severest reaction results in death. Paradoxically, 
death is the logical climax of some infections because it 
is the only means by which the agent can be released 
to infect other animals. An example is infection with 
Trichinella spiralis, which is transmitted exclusively by 
flesh eating. 

Inapparent and mild clinical infections may indicate 
an adaptation of some antiquity between host and 
parasite; the relationship between bluetongue virus 
and indigenous South African sheep has already been 
cited. 

Outcome of infection 

Clinical disease may result in the development of a 
long-standing chronic clinical infection, recovery, or 
death. Chronically infected cases are potential sources 
of an infectious agent. Death usually removes an 
animal as a source of infection, although there are 
important exceptions such as infection with T. spiralis, 
and anthrax infection where carcasses contaminate the 
soil. Recovery may result in sterile immunity follow­
ing an effective host response, which removes all of 
the infectious agent from the body. Animals that have 
sterile immunity no longer constitute a threat to the 
susceptible population. 

Two states, however, are important determinants: 

1. the carrier state; 
2. latent infection. 

The carrier state 

'Carrier' is used loosely to describe several situations. 
In a broad sense, a carrier is any animal that sheds an 
infectious agent without demonstrating clinical signs. 
Thus, an inapparently or subclinically infected animal 
may be a carrier, and may shed agent, either continu-

12 This is particularly important if animals incorrectly classified as 
diseased on clinical examination alone ('false-positives': see Chapter 17) 
are subject to mandatory slaughter. 

ously or intermittently. The periods for which animals 
are carriers vary. They are rarely lifelong, but carriers 
may be important sources of infection to susceptible 
animals during these periods. 

Incubatory carriers are animals that excrete agent 
during the disease's incubation period. For instance, 
dogs usually shed rabies virus in their saliva for up to 
5 days before clinical signs of rabies develop (Fox, 
1958), and periods as long as 14 days have been 
reported (Fekadu and Baer, 1980). Thus, in countries in 
which rabies is endemic, the World Health Organiza­
tion recommends that dogs and cats that have bitten a 
person should be confined for 10 days; this protocol 
is designed to determine if the bitten person was 
exposed to rabies virus. 

Convalescent carriers are animals that shed agent 
when they are recovering from a disease, and the agent 
may then persist for prolonged periods. 

The carrier state in foot-and-mouth disease A carrier 
of foot-and-mouth disease virus is precisely defined as 
an animal from which the virus can be isolated from 
oropharyngeal fluid samples, collected by probang, 
for periods greater than 28 days after virus challenge 
(Salt, 1994). It occurs in cattle and sheep following 
clinical and subclinical disease, the latter commonly fol­
lowing challenge with low titres of virus, and in cattle 
with partial immunity (Sutmoller et al., 1968), such cir­
cumstances occurring in areas in which the disease is 
endemic. Persistence also may occur in vaccinated cat­
tle that are subsequently challenged. The oropharynx 
is the primary site of replication of virus in cattle, 
whereas, in sheep, virus is most frequently isolated 
from the tonsillar region. However, virus titres are 
low, and decline, falling below the level considered 
necessary for transmission (Donaldson and Kitching, 
1989). 

The duration of the carrier state varies between spe­
cies, with sheep and goats carrying foot-and-mouth 
disease virus for up to 9 months, cattle for up to 3 years, 
and the African buffalo for at least 5 years; whereas 
pigs do not act as carriers. The frequency of develop­
ment of the carrier state in nature also appears to be 
species-related. Thus, up to 50% of cattle have been 
recorded as carriers for 6 months following epidemics 
(Sutmoller and Gaggero, 1965), whereas the carrier 
state in sheep and goats has been rarely reported 
naturally (Anderson et al., 1976; Hancock and Prado, 
1993; Donaldson, 2000). 

Although virus-laden oropharyngeal fluid from car­
rier animals can infect cattle and pigs experimentally 
(van Bekkum, 1973), many experiments have failed to 
demonstrate transmission from carrier animals to in­
contact susceptible animals (Davies, 2002; Sutmoller 
and Olascoaga, 2002). Similarly, there is a paucity 
of evidence that carriers can transmit infection in 
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the field, relating largely to African buffalo infected 
with SAT serotypes, and circumstantial evidence of 
transmission from carrier domesticated livestock in 
outbreaks in Zimbabwe due to the SAT2 serotype 
(Thomson, 1996). 

Collectively, this information suggests that although 
the carrier state may be a clearly identified phenom­
enon, its role as a determinant of transmission 
and maintenance of infection during epidemics is 
uncertain. 

Latent infection 

A latent infection is one that persists in an animal, and 
in which there are no overt clinical signs. Thus, the 
distinction between latency, chronic infection and the 
carrier state is blurred. Latency may or may not be 
accompanied by transmission to other susceptible 
animals. In persistent bacterial infections (e.g., 
tuberculosis), a balance occurs between host and agent 
such that the agent replicates, but the disease may 
not progress for a long time. In virus and rickettsial 
infections, persistence is not usually associated with 
demonstrable replication of the agent unless the latter 
is reactivated. Many examples of virus and rickettsial 
latency are known, but the role of latency in perpetuat­
ing infection in a population, except in a minority 
of infections such as bovine virus diarrhoea virus 
infection (Lindberg, 2003), is still unclear. 

The likelihood of persistence can depend not only on 
the particular infectious agent and host species but 
also on the host's age at the time of infection. For 

instance, all kittens transplacentally infected with 
feline leukaemia virus become permanently infected 
(Jarrett, 1985). However, from 8 weeks of age, an 
increasing proportion of cats resist infection: by 4-
6 months of age only about 15% of naturally infected 
cats become permanently infected. Latently infected 
cats do not appear to transmit infection (except pos­
sibly female cats to their kittens, in milk). 

Unidentified latent infections can be obstacles to 
the control of disease. For example, the bacterium 
Brachyspira (previously Serpulina, Treponema) hyodysen­
teriae, the cause of swine dysentery, can latently infect 
pigs. Attempts to control swine dysentery in the 
Thuringia region of Germany in the 1960s and 1970s 
were unsuccessful because only pigs in clinically 
affected herds were treated, and the infection was 
maintained in latently infected animals. However, 
when latently infected herds were identified by exam­
ining faecal samples for presence of the bacterium, and 
control measures were instituted in these herds, the 
disease declined (Figure 5.7). Pathogen-free status was 
subsequently monitored by examination of mucosal 
scrapings from the colon. 

Microbial colonization of hosts 

Infectious agents enter a host at varying times during 
its life. Some - the vertically transmitted ones (see 
Chapter 6) - infect the host before birth. Initial infec­
tion may or may not be followed by the immediate 
development of disease. 
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Exogenous and endogenous pathogens 

The previous description of microbes involved with 
reproductive failure in pigs illustrates that pathogenic 
infectious agents can be classified into two groups: 
exogenous and endogenous (Dubos, 1965). 

The exogenous pathogens are not usually present 
in the host. They cannot normally survive for a long 
time in the external environment (soil, water, etc.). 
They do not usually form persistent relationships with 
the host. They are generally acquired by exposure to 
an infected animal, and usually produce disease with 
clearly identifiable clinical signs and pathological 
lesions. Examples include canine distemper, rinder­
pest, and the other traditional animal plagues. 

The endogenous pathogens are often found in 
healthy animals, commonly in the gastrointestinal and 
respiratory tracts, and usually do not cause disease 
unless the host is stressed. An example is E. coli, which 
is commonly found in the intestinal tract of calves, 
and which may cause disease only when a calf is 
immunodeficient, for example due to deprivation of 
colostrum (Isaacson et al., 1978). 

This twofold classification is somewhat simplistic. 
Some pathogens possess characteristics of both groups. 
For example, Salmonella spp. usually produce distinct 
clinical signs when they infect animals. However, 
some animals can permanently carry and intermit­
tently excrete the agent without showing signs, as 
carriers. The bacterium can also be transmitted by 
methods other than direct contact with infected 
animals, for example in contaminated food. 

Opportunistic pathogens 

Some organisms cause disease only in a host whose 
resistance is lowered; for example by drug therapy 
and other diseases. Such organisms are opportunistic, 
may colonize the host at any time during life, and may 
be endogenous or exogenous. Examples described 
earlier are the group 1 pathogens that can cause 
prenatal deaths and abortions in pigs. 

Environmental determinants 

The environment includes location, climate and 
husbandry. Particular attention has been paid to 
environmental determinants of disease in livestock 
enterprises, where intensive production systems expose 
animals to unnatural environments (e.g., chicken bat­
tery houses), and in human medicine, where social and 
occupational exposure to possible causal factors (e.g., 
to smoke in relation to lung cancer: Table 3 .2) can occur. 
Moreover, the health and welfare of captive wild 

animals may also be affected by their environment 
(Kirkwood, 2003). 

Location 

Local geological formations, vegetation and climate 
affect the spatial distribution of both animals and dis­
ease. Thus, the incidence of jaw tumours in sheep, 
mentioned in Chapter 4, is associated with the dis­
tribution of bracken, and illustrates the value of maps 
in identifying causes of disease. Non-specific chronic 
canine pulmonary disease in middle-aged and old 
dogs has been shown to be associated with urban 
residence in the US (Reif and Cohen, 1970); urban 
residence being defined in relation to atmospheric 
pollution (see Chapter 18). This investigation has been 
refined by demonstrating an urban/rural gradient 
in the occurrence of canine pulmonary disease (Reif 
and Cohen, 1979): an example of the application of the 
method of concomitant variation (see Chapter 3) in 
inferring cause. The effects of proximity of livestock to 
oil and natural-gas sites are equivocal (Waldner et al., 
2001a,b; Scott et al., 2003a,b). 

Noise is associated with location and may also be 
considered as being related to 'occupation' and hus­
bandry. The impact of noise on human health has been 
investigated extensively (Kryter, 1985; Butler et al., 1999), 
but its effect on animal health has not been studied in 
detail. Most investigations have been conducted on 
man and laboratory animals where, apart from the 
obvious induction of temporary or permanent deaf­
ness, noise has been shown to cause a general stress 
reaction (discussed later in this chapter) with altered 
secretion of adrenocortical hormones. In a review of 
the effects of noise on animal health, Algers et al. (1978) 
describe leucopenia (which could be associated with 
immunosuppression), decreased milk production in 
dairy cows, and oligospermia and an increased incid­
ence of abortion in rats. Studies in horses suggest that 
impulse noises (sonic booms) have no effect on animal 
health or behaviour (Ewbank and Cullinan, 1984). 

The temporal distribution of disease is also affected 
by location because of the seasonal effects of climate. 
These effects, and methods of identifying them, are 
discussed in Chapter 8. 

Climate 

Two types of climate can be identified: macroclimate 
and microclimate. 

Macroclimate 

The macroclimate comprises the normal components 



of weather to which animals are exposed: rainfall, tem­
perature, solar radiation, humidity and wind, all of 
which can affect health (Webster, 1981).  Temperature 
may be a primary determinant, for example low tem­
peratures in the induction of hypothermia, to which 
newborn animals are particularly prone. Wind and 
rain increase heat loss from animals. Cold stress pre­
disposes animals to disease, for example by reducing 
efficiency of digestion, which may predispose to infec­
tious enteritis. Wind also can carry infectious agents 
(e.g., foot-and-mouth disease virus) and arthropod 
vectors (e.g. Culicoides spp. infected with bluetongue 
virus) over long distances (see Chapter 6). 

Solar radiation can act as a primary determinant: 
the carcinogenic effect of solar ultraviolet radiation 
has already been mentioned in relation to cutaneous 
squamous cell carcinoma. It is also an important 
component of the sufficient cause of infectious bovine 
keratoconjunctivitis, in which the primary determinant 
is infection with Moraxella bovis (Hughes et al., 1965), 
the ultraviolet radiation 'loosening' the corneal epithe­
lium, thereby facilitating colonization of the cornea 
by the bacterium (George, 1993). The bacterium alone 
only produces mild clinical signs; the classical disease 
only occurs when high levels of ultraviolet radiation 
are present. The disease therefore tends to be seasonal, 
occurring most frequently during summer, and 
occasionally in winter, when ultraviolet radiation is 
reflected from fresh snow (Hubbert and Hermann, 
1970). Current stratospheric ozone depletion, with the 
associated increase in ultraviolet radiation, may there­
fore cause an increase in the incidence of this and other 
diseases, including Uberreiter's syndrome (chronic 
superficial keratoconjunctivitis) in dogs, and cataracts 
and skin lesions in farmed fish (Mayer, 1992). 

The macroclimate can also affect the stability of 
infectious agents, in which circumstance it is a second­
ary determinant. Bovine rhinotracheitis virus survives 
well when humidity is low, whereas rhinoviruses 
survive when it is high. Porcine transmissible 
gastroenteritis virus is sensitive to solar ultraviolet 
radiation, and therefore is more likely to be inactivated 
in summer than winter. The statistical association 
between respiratory disease and cool damp weather 
conditions is probably due to a build-up of pathogens, 
rather than a reduction in host resistance by climatic 
stress (Webster, 1981). 

Drought can have mixed effects. The one in England 
and Wales in the summer of 1976, for example, was 
associated not only with decreased milk yield and 
weight gain in cattle, and an increase in the prevalence 
of warble fly infestation in sheep, but also with a 
beneficial reduction in levels of fascioliasis and para­
sitic bronchitis (SVS, 1982). 

Climatic variation can also induce changes in dis­
ease occurrence over vast distances. For example, 
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the epidemic of Rift Valley fever that occurred in 
East Africa in 1997-98 was the result of an increase in 
the size of the mosquito vector population follow­
ing increased rainfall stemming from the El Nino 
phenomenon13 (Brown and Bolin, 2000). 

Climatic impact can be measured in several ways. 
A common method is to calculate the wind-chill 
index. This combines the effects of temperature and 
wind-speed, and is especially important at temper­
atures below freezing, where convective heat losses 
are magnified by wind. The standard environmental 
temperature (McArthur, 1991) relates the effects 
of temperature, wind-speed and humidity, and can 
take values considerably below or above actual air 
temperature. 

The macroclimate, in conjunction with geological 
features, determines vegetation and affects the spatial 
distribution of disease because of the resultant 
distribution of hosts and vectors; this is discussed in 
Chapter 7. Macroclimatic changes may therefore alter 
the frequency and distribution of many diseases, and it 
has been speculated that global warming, resulting 
from an increase in the 'greenhouse effect' caused by 
the high industrial output of carbon dioxide emissions, 
may be an important determinant during this century 
(Aitken, 1993). For example, if there is a mean rise in 
temperature of 2-4°C in Europe over this period, the 
growing season in the UK would be extended and the 
rainfall pattern would alter. Extension of the grazing 
season could increase the incidence of bovine hypo­
magnesaemia (see Figure 3 .6) and selenium and cobalt 
deficiency in lambs. A concomitant change to 'softer' 
grazing with more lush pasture could also lead to an 
increase in dental problems in sheep. 

The distribution of biological vectors may also alter, 
resulting in changes in vector-transmitted diseases; 
for example, louping-ill, Lyme disease and tick-borne 
fever could become more common as the pattern of 
activity of the agents' vector, the tick Ixodes ricinus, 
shifted. Moreover, the patterns of parasitic diseases 
such as fascioliasis, nematodiriasis and haemonchosis 
could also be modified because of the importance 
of temperature in the development of the parasites' 
stages in the environment and cold-blooded inter­
mediate hosts. Similarly, Culicoides imicola, the vector 
of bluetongue, appears to be extending its range 
northwards and westwards; and it is possible that 
other species of Culicoides might become competent 
vectors of the virus (DEFRA, 2002d). 

Patz et al, (1996, 2000), McMichael and Haines (1997), 
Patz and Lindsay (1999), Kiska (2000), Wittmann and 
Baylis (2000), Epstein (2001), McCarthy et al, (2001), 
Alitzer et al, (2002) and Hunter (2003) discuss the broad 

13 El Nino is a disruption of the oceanic-atmospheric system in the 
tropical Pacific (Philander, 1990). 
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Table 5.4 Occupational exposure limits of gases and dust in l ivestock buildings. (Modified from Wathes, 1 994 .)  

Human occupational exposure limits 

Cases (ppm) 
Ammonia, NHl 
Carbon dioxide, CO2 
Carbon monoxide, CO 
Formaldehyde, HCHO 
Hydrogen sulphide, H 2S 
Methane, C H4 
N itrogen dioxide, N02 

Ousts (mg m-l) 
Grain dust' 

Total inhalable fraction 
Non-specific dust 

Total inhalable fraction 
Respirable fraction 

, Maximum exposure time. 
t 24 - h  time-weighted average. 

Long-term 
(8-h time-weighted average) 

25 
5000 

50 
20 
1 0  

Asphyxiant 
3 

1 0  

10 
5 

implications of climate change for the distribution of 
infectious diseases and vectors. 

Microclimate 

A microclimate is a climate that occurs in a small, 
defined space. This may be as small as within a few 
millimetres of a plant's or an animal's surface or as 
large as a piggery or calf house. In the former, micro­
climate may be terrestrial (e. g., over the surface of 
leaves) or biological (e.g., over the surface of a host's 
body). The terrestrial microclimate affects the develop­
ment of arthropods and helminths. The biological micro­
climate can change during the course of a disease, 
assisting in its spread. For instance, sweating during 
the parasitaemic phase of human malaria increases the 
humidity of the body's surface and attracts more 
mosquitoes to the humid skin surface at a time when 
the protozoon is readily available. 

The microclimate in intensive animal production 
units is an important determinant of disease. Stable 
dust is associated with respiratory hypersensitivity 
and non-allergic pulmonary disease, and can act as a 
vehicle for microorganisms (Collins and Algers, 1986). 
High levels of ammonia are associated with kerato­
conjunctivitis in hens (Charles and Payne, 1966) and 
turbinate atrophy in pigs (Drummond et al., 1981) .  
Poor ventilation is associated with chronic equine 
respiratory disease (Clarke, 1987). Therefore, adequate 
ventilation is recommended to remove stale air, 
microbial aerosols and dust, and to reduce humidity 
(Wathes et al., 1983; Wathes, 1989), and exposure limits 

Short-term 

(10 min) 

35 
15000 

300 
30 
15 

5 

Animal exposure limits 

(maximum continuous) 

20 
3 000 

10 

0.5 

for dust and gases, for both humans and animals in 
livestock buildings, have been suggested (Table 5.4). 
Although the effects of high concentrations of non­
pathogenic airborne bacteria on livestock are unclear, 
there is evidence (Pritchard et al., 1981) that reduced 
levels of airborne bacteria are associated with a 
reduced incidence of clinical and subclinical respir­
atory disease. 

Domestic micro climates may also be determinants. 
High levels of household humidity, for example, are 
related to increased levels of canine mite allergens 
(Randall et al., 2003). 

Husbandry 

Housing 

The importance of well designed ventilation in an 
animal house has already been mentioned. The 
structure of bedding materials and surfaces is also a 
determinant. Thus, claw lesions are more common 
and severe in pigs reared on aluminium slats than 
in pigs reared on steel or concrete slabs, or on soil 
(Fritschen, 1979). Limb lesions are more common in 
pigs reared on concrete than on asphalt-based floors 
(Kovacs and Beer, 1979); and hoof lesions and vulva 
biting (associated with aggression) are common prob­
lems in group-housed sows (Kroneman et al., 1993). 
Smith (1981) suggests that excessive floor slope may 
predispose to rectal prolapse in pigs because of the 
increased effect of gravity. 



Diet 

Diet has obvious effects in diseases caused by energy, 
protein, vitamin and mineral deficiencies. Sometimes 
the effects are less clearly defined. There is evidence, 
for example, that increased dietary levels of biotin 
reduce the incidence of foot lesions in sows (Penny 
et al., 1980). However, there is no evidence of an 
association between a deficiency of the vitamin and 
an increased incidence of the lesions. 

Feeding regimes may be a determinant. Thus, gastric 
torsion in sows kept in sow stalls has been associated 
with once-a-day rather than twice-a-day feeding, 
which may indicate that the ingestion of a relatively 
large amount of food is a causal factor (Crossman, 
1978). 

Management (including animal use) 

Management determines stocking density and produc­
tion policy. Increased densities increase the challenge 
of microbial pathogens. An internal replacement policy 
(i.e., maintaining a 'closed' population: see Chapter 4) 
is less likely to introduce pathogens into an enterprise 
than a policy involving buying in animals from outside 
the herd. 

The use to which an animal is put (its 'occupation') 
can affect disease occurrence. Equine limb injuries 
are relatively common in hunters. 'Hump-sore' ('yoke 
gall') occurs more frequently in draught zebus than 
in non-working cattle. Apparently sex-related differ­
ences in disease occurrence, which are actually related 
to animal use, have been described earlier. 

Stress 

No general theory of stress has been universally 
accepted (Moberg, 1985; Moberg and Mench, 2000), 
and there has been conflict and confusion over 
interpretation of the related physiological responses 
(Becker, 1987). In human medicine, it is used to 
describe emotional conflicts and displeasure. In veter­
inary medicine, it is often considered as arising from 
factors such as weaning, overcrowding, transporta­
tion, changes in diet and other environmental factors. 
However, in such circumstances, stress may just be 
a convenient term to describe an area of interest or 
particular conditions of management, and may mask 
understanding of underlying principles and mechan­
isms (Rushen, 1986). A similar vagueness may also be 
demonstrated in human medicine (Stansfield, 2002). 

Stress was initially considered in relation to the 
physiological 'flight or fight' reaction (Cannon, 1914). 
Factors such as physical exertion and fear stimulate 

Environmental determinants 

secretion of catecholamines by the adrenal medulla. 
These in turn assist muscular exercise by redistribut­
ing blood to the muscles, enabling animals to respond 
by either ' flight' or 'fight' . 

A more comprehensive theory of stress was formu­
lated by Selye (1946), who described the effects of 
noxious stimuli (e.g., cold, heat, immobilization and 
severe infections) in laboratory animals. These stimuli 
were called stressors, and their effects were later col­
lectively termed the general adaptation syndrome. 
This was divided into three parts: 

1. general alarm reaction; 
2. phase of resistance (phase of adaptation); 
3. phase of reaction. 

Initial responses included a decrease in the size 
of the liver, lymph nodes, spleen and thymus, and 
the development of erosions in the digestive tract. 
The phase of resistance began after approximately 
48 hours, and included adrenal enlargement. If this 
was unsuccessful in dealing with the stimuli, death 
could occur in the final stage. 

Selye argued that there was a similar, that is, 
non-specific, response to all stressors, which always 
involved adrenal activity (e.g., increased secretion of 
cortisol into the circulation). However, later studies 
(Mason et al., 1968) demonstrated that the adrenal 
response is closely related to psychological stimuli, 
and that it does not occur when some stressors (e.g., 
fasting) are applied in the absence of psychological 
stressors. This resulted in the rejection of a non-specific 
stress response (Mason, 1971) .  Consequently, the par­
ticular stimulus responsible for an observed reaction 
should be identified; this is particularly important in 
practical situations (e.g., transportation) where several 
stimuli are involved. Changes in variables such as 
plasma cortisol are found in response to a variety of 
psychological stimuli; some of these may be considered 
aversive, whereas others may be considered pleasur­
able. The changes in biological function in response 
to a stressor can be sufficient to remove the threat. 
However, when the response is prolonged and ex­
tensive, some aspects of biological function may be 
affected, leaving the animal vulnerable to detrimental 
effects; for example, endocrine events vital for re­
productive success may be disrupted, immune 
function may be altered, resulting in susceptibility to 
infectious disease, and abnormal behaviour may 
develop (Moberg, 1985). 

There is large variation in how animals respond 
to stressors. One individual may respond to some 
stimuli, whereas others may not, and some animals, 
compared with other animals, may show a completely 
different type of response to the same stressor. Factors 
such as experience, genetics and 'coping style' will 
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affect whether or not an animal perceives a stimulus 
as a stressor, and the type· of biological response 
initiated by the animal in response to the stimulus 
(Moberg, 1985). 

Evidence for the role of stress as a determinant 
of disease has usually been in the context of particu­
lar conditions of management, rather than in relation 
to a well understood, unequivocal physiological 
response. It is in the former context that stress is now 
discussed. 

Stress can be a primary determinant. A notable 
example is when stress results from the capture of 
animals, where it can produce a postcapture myo­
pathy syndrome. This syndrome is reported in wild 
animals in South Africa (Basson and Hofmeyer, 1973). 
It is characterized by ataxia, paresis or paralysis, the 
production of brown urine, and asymmetric muscular 
and myocardial lesions. A similar disease occurs in 
red deer following capture (McCallum, 1985). 

Stress is also a primary determinant of the porcine 
stress syndrome. This is the inability of susceptible 
pigs to tolerate the usual environmental stressors (e.g., 
castration, vaccination, movement and high ambient 
temperatures) that are associated with normal man­
agement. The syndrome occurs rapidly - often within 
minutes - after exposure to a stressor. The disease, 
which is considered to be identical to malignant 
(fulminant) hyperthermia in humans, dogs, cats, horses 
and pigs, is characterized initially by muscle and 
tail tremors. Further stress can produce dyspnoea, 
cyanosis, increased body temperature and acidosis. 
The final stage is marked by total collapse, muscle 
rigidity, hyperthermia and death. The condition is 
a genetically determined error of metabolism, which 
induces a switch of energy utilization in muscles of 
affected pigs from aerobic to anaerobic metabolism. 
It is inherited through an autosomal recessive gene 
with high or complete penetrance. Susceptible pigs can 
be detected by the rapid development of malig­
nant hyperthermia under halothane anaesthesia, and 
by certain blood-group-linked genes (Archibald and 
Imlah, 1 985). 

Stress may be a secondary determinant of several 
diseases. The immune system can be suppressed 
by stressors (Dohms and Metz, 1991) .  Although the 
significance of such immunosuppression in predis­
posing animals to infectious disease is unclear, 
epidemiological studies have provided evidence that 
it is functionally relevant. Thus, shipping fever (see 
Chapter 1 )  is associated with transportation, dehorn­
ing, castration and winter weather, and the increased 
incidence of malignant catarrhal fever and yersiniosis 
in deer in winter may be due to prolonged exposure to 
cold and a low plane of nutrition. 

Interaction 

Determinants associated with host, agent or environ­
ment do not exert their effects in isolation, but interact 
to induce disease. 'Interaction' refers to the inter­
dependent operation of factors to produce (or prevent) 
an effect (Last, 2001).  Thus, factors that result in net 
decreased magnesium intake interact with those that 
induce net increased loss to produce hypomagne­
saemia (see Figure 3 .6). Nutritional intake of protein 
and gastrointestinal parasitism interact because the 
parasitism induces protein deficiency by increasing 
the demands for amino acids in the alimentary tract; 
this, in turn, affects the development and maintenance 
of immunity, which is sensitive to protein supply 
(Sykes and Coop, 2001) .  Bovine alimentary papillo­
mas, caused by a papilloma virus (the agent), can 
transform to carcinomas in areas where bracken fern 
(the environment) is common, indicating an inter­
action between agent and environment (Jarrett, 1980). 
There is an interaction between a gene (the host) and 
stressors (the environment), which induces the porcine 
stress syndrome. 

Diseases caused by mixed agents 

An important example of interaction between agents is 
the mixed infection, that is, an infection with more 
than one type of agent. The main infectious disease 
problems in intensive production systems relate to 
the body surfaces. Common problems are enteric and 
respiratory diseases and mastitis. These diseases are 
frequently caused by mixed infections. Two categories 
of diseases can be identified (Rutter, 1982): 

1 .  diseases in which clinical signs can be reproduced 
by single agents independently, although mixed 
infections usually occur in animals; 

2. diseases in which two or more microbial com­
ponents are necessary to induce disease. 

Some examples are listed in Table 5.5. Category I 
agents include E. coli, rotaviruses, caliciviruses, and 
Cryptosporidium spp., all of which can induce diar­
rhoea. Category II agents are exemplified by those that 
cause calf pneumonia, which include five viruses, four 
mycoplasmata and 19 bacterial species. The precise 
mechanism of the interaction is unclear, but investiga­
tions in mice ( Jakab, 1977) suggest that pulmonary 
phagocytosis of bacteria may be reduced by virus 
inhibition of intracellular killing mechanisms in macro­
phages, and that increased bacterial adherence to 
virus-infected cells may increase. 

Similarly, respiratory disease in calves is often 
associated with mixed infections with Mannheimia 
(Pasteurella) spp., bovine respiratory syncytial virus, 
parainfluenza-3 virus, and bovine virus diarrhoea 
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Table 5.5 Examples of diseases caused by mixed infections. (Modified and expanded from Rutter, 1 982.)  

Disease 

Enteric disease 
(most species) 

Respiratory disease 
(calves) 

Atrophic rhi nitis 
(pigs) 

Foot·rot 
(sheep) 

Pneumon ia 
(sheep) 

Swine dysentery 
(pigs) 

'Co l i  septicaemia' 
(chickens) 

Respiratory disease 
(bovine) 

Summer mastitis 
(bovine) 

C/assification* 

I (?I I )  

I I  

I I  

I I  

I I  

?II 

? I I  

Agents 

Enterotoxigenic Escherichia coli 
Rotavirus 
Coronavirus 
Cal ic ivirus 
Cryptosporidium spp. 

Mannheimia (Pasteurella) spp. 
Bovine respi ratory syncytial virus 
Parainfluenza·3 virus 
Bovine virus diarrhoea v i rus 

Bordetella bronchiseptica 

Pasteurella multocida 

Corynebacterium pyogenes 
Fusobacterium necrophorum 

Dichelobacter nodosus 

Motile fusobacteria 

Parainfluenza-3 
Mannheimia (Pasteurella) haemolytica 

Treponema hyodysenteriae 
Gut anaerobes 

Escherichia coli 

I nfectious bronch itis v i rus 

Mycoplasma bovis 

Mycoplasma dispar 
Para influenza-3 
Respiratory syncytial v i rus 
I nfectious bovine rhi notracheitis virus 
Pasteurella spp. 
Other bacteria  

Corynebacterium pyogenes 

Peptococcus indolicus 
Streptococcus dysgalactiae 
Micro-aerop h i l ic cocci 

* I = S ingle agents can reproduce c l in ical signs but mixed i nfections frequently occur 
II = Mixed infections are essential with cooperative or synergistic interactions 
? = Insufficient evidence for definitive classification 

virus (Fulton et al., 2000). Although the first two 
viruses can induce respiratory disease when acting 
individually, bovine virus diarrhoea virus interacts 
with them and Mannheimia spp. through its immuno­
suppressive effect (Yates, 1982; also see Figure 3.5). 

Foot-rot in sheep also demonstrates interaction. 
There are four component organisms: Corynebacterium 
pyogenes, Fusobacterium necrophorum, Bacteroides nodosus 
and non-pathogenic motile fusobacteria. Each of these 
four alone is only poorly virulent but supplies growth 
factors or substances that overcome the host's defence 
mechanisms in the complete infection (Roberts, 1969). 

Other examples of interactions demonstrated experi­
mentally include intestinal coccidiosis in chickens, 
which may predispose to necrotic enteritis with 
the associated proliferation of Clostridium perfringens 

(Shane et al., 1985), and haemorrhagic enteritis virus 
infection of turkey poults which increases their sus­
ceptibilty to colibacillosis (Larsen et al., 1985). A full 
discussion of microbial interactions is presented by 
Woolcock (1991) .  

In addition to this general concept of interaction, 
two specific meanings are attached to interaction, 
defining biological and statistical interaction, both of 
which have been tendentiously redacted (Rothman 
and Greenland, 1998). 

Biological interaction 

Biological interaction involves dependence between 
two factors based on an underlying physical or chemical 
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association and reaction - also therefore termed 
'mechanical interaction' (Rothman and Greenland, 
1998). For instance, there is a chemical interaction 
between the K88 antigen of E. coli (the agent) and 
receptors in the intestines of some pigs (the host), 
described earlier in this chapter, which results in the 
bacteria that possess the antigen being pathogenic to 
pigs with the receptors. There appears to be a physical 
interaction, also mentioned earlier, between the pres­
ence of bacteria and poor ventilation in the induction 
of calf respiratory disease, associated with the density 
of airborne bacteria. Biological interaction similarly is 
demonstrated by category II mixed agents. Biological 
interactions therefore relate to identifiable stages in a 
causal pathway, and represent many of the known 
general qualitative interactions. 

Two or more factors also can interact biologically to 
produce an effect that is greater than that expected of 
either factor alone; this is synergism. An example 
would be the potentiating effect of combinations of 
antibiotics. Similarly, there is synergism between the 
four component organisms of ovine foot-rot, described 
above. 

'Synergism' should be reserved to describe biolo­
gical mechanisms. In the epidemiological literature, 
however, synergism has also been used to describe 
certain types of statistical, rather than biological, inter­
actions, and this has led to some confusion (Kleinbaum 
et al., 1982). The use of 'synergism' in a statistical con­
text is discussed in the following section. 

Statistical interaction 

Statistical interaction is a quantitative effect involving 
two or more factors. Often disease occurrence does not 
depend simply on the presence or absence of a factor; 
there may be continuous variation in the frequency of 
occurrence of disease associated with both the strength 
of a factor (e.g., the frequency with which dairy farm 
personnel milk cows and infection with Leptospira 
spp. :  see Table 3 .1)  and the number of factors involved. 
There is often a 'background' frequency of occurrence 
associated with none of the factors under considera­
tion. When two or more factors are associated with 
disease, the frequency of disease may be proportional 
to the occurrence of disease resulting from the separ­
ate frequencies attributable to each factor (i.e., the fre­
quency when each factor is present singly, minus the 
'background' frequency). Alternatively, the frequency 
may be either in excess of or less than that expected 
from the combined effects of each factor, in which case 
statistical interaction occurs. For example, Willeberg 
(1976), in his study of the feline urological syndrome 
(FUS), showed that castration and high levels of dry 
cat food intake, when present simultaneously, resulted 

in a frequency of the FUS in excess of that expected 
from the combined effects of each factor, indicating 
positive statistical interaction between the two factors. 

When several component causes are present simul­
taneously, their joint effect can be explained quantitat­
ively in terms of two causal models: additive and 
non-additive (Kupper and Hogan, 1978). The additive 
model interprets disease occurrence, when two or 
more factors are present, as the sum of the amount of 
disease attributable to each factor. If no interaction 
exists, then, for example: 

when X and Yare both absent, suppose 'background' 
disease occurrence = y; 
when cause X is present alone, disease occurrence 
=2+y; 
when cause Y is present alone, disease occurrence 
=5+y; 
when X and Yare both present, disease occurrence 
=7+y. 

If positive interaction occurs, then the level of disease 
occurrence, when X and Yare present, will be greater 
than 7 + y. 

The commonest non-additive model is the multi­
plicative. This interprets disease occurrence, when 
two or more factors are present, as the product of the 
amount of disease attributable to each factor. If no 
interaction exists, then, for example: 

when X and Yare both absent, suppose 'background' 
disease occurrence = 8; 
when cause X is present alone, disease occurrence 
=28; 
when cause Y is present alone, disease occurrence 
= 58; 
when X and Yare both present, disease occurrence 
= 1 08. 

If positive interaction occurs, then the level of disease 
occurrence, when X and Yare present, will be greater 
than 108. 

Disease occurrence can be measured in terms of incid­
ence or other measures of the risk of disease develop­
ing (see Chapter 15) .  The type of model depends on the 
means of expressing disease occurrence; for example, a 
multiplicative model may become additive if log trans­
formation of the measure of occurrence is conducted. 

In epidemiology the additive model is of particular 
relevance to assessing the impact of a factor on disease 
occurrence in a population, whereas the multiplicative 
model has a role in the elucidation of causes 
(Kleinbaum et al., 1982). When there is evidence of 
positive interaction based on the additive model, the 
model has sometimes been described as synergistic. 
However, there are arguable differences between 
interaction and synergism (Blot and Day, 1979) . 
Evidence of a positive statistical interaction does not 



necessarily imply a causal relationship. However, if 
it can be inferred that the factors are part of an aggreg­
ate of causes with a common causal pathway, then 
synergism is said to have occurred (MacMahon, 1972). 
Synergism, in a statistical context, therefore may be 
thought of as a positive statistical interaction where a 
causal pathway may be inferred. Thus, castration and 
high levels of dry cat food intake (usually associated 
with overfeeding and sometimes related to insufficient 
water intake) are synergistically associated in the FUS: 
both may result in inactivity, thereby reducing blood 
flow to the kidneys, impairing renal function, and 
therefore promoting changes in the urine that are 
conducive to the formation of uroliths. 

The value of assessing statistical interaction lies in its 
ability to identify the degree to which various deter­
minants interact. It then may be possible to predict the 
extent to which disease incidence may be reduced by 
modification of the determinants. Thus, the value of 
interaction often lies in its ability to predict outcome, 
rather than to explain biological interaction (Kupper 
and Hogan, 1978). The quantification of statistical 
interaction is described in Chapter 15.  

The cause of cancer 

The cause of cancer exemplifies interaction between 
host, agent and environment. The abnormal, unre­
stricted multiplication of cells produces a tumour. 
Tumours may be benign, in which growth is restricted, 
and spread to other parts of the body does not occur, 
or malignant, in which growth is unrestricted, and 
spread (metastasis) may occur. Malignant tumours are 
commonly termed cancers, the word taking its mean­
ing from the zodiacal constellation of the crab, because 
malignant tumours 'put out' extensions like the limbs 
of a crab. 

The induction of cancer 

The mass of cancerous cells that constitutes a malig­
nant tumour originates from a single 'founder' cell 
which once was normal, but which has undergone a 
fundamental change. This change is manifested in sev­
eral abnormal characteristics such as excessive depend­
ence on anaerobic metabolism and the presence of 
unusual tumour antigens, in addition to the disregard 
for normal territorial boundaries, which is a cancer's 
most obvious characteristic. These complex alterations 
in cell behaviour appear to originate from a surpris­
ingly restricted set of genetic changes (Weinberg, 
1983). Thus, cancer can be induced in laboratory 
animals by the introduction of cells that have been 
transferred to the cancerous state, in vitro, by infection 
with polyoma virus. 

Interaction '1, 

Epidemiological investigations previously had 
revealed that, in addition to viruses, chemical and 
physical agents can induce cancer. Hydrocarbons 
in soot were the first chemicals to be incriminated. In 
1775, Percival Pott, a London surgeon, recorded an 
increased incidence of scrotal epithelioma in chimney 
sweeps. Since then, a range of chemical carcinogens 
has been identified (Coombs, 1980), including hydro­
carbons, aromatic amines (associated with bladder 
cancer in dyestuff workers),  N-nitroso compounds 
(associated with liver cancer in fish, birds and mam­
mals), steroids (e.g., oestrone, inducing mammary 
cancer in mice), inorganic products such as asbestos 
(associated with mesothelioma in man; see Chapter 18) 
and some natural products (e.g., the fungal aflatoxins, 
which are contaminants of peanut oil, implicated 
in liver cancer in humans and in fish exposed to 
contaminated foodstuffs). 

The pathogenesis of cancer has a well established 
molecular basis (Cullen et al., 2002). Evidence suggests 
that tumour-inducing (oncogenic) viruses, chemical 
and physical carcinogens, and spontaneous mutations 
alter cellular DNA and, therefore, that cancer results 
from alterations to genetic material (Coop and Ellis, 
2003). The critical genes that are the targets of these 
alterations fall into two families: proto-oncogenes 
and oncosuppressor genes (Lee and Yeilding, 2003). 
Proto-oncogenes code for the products that directly 
support cell proliferation, or, sometimes, inhibit cell 
death. These products form a group of cell-regulatory 
molecules, including growth factors, membrane­
associated growth factor receptors, GTP-binding pro­
teins, tyrosine and serine kinases, and transcription 
factors. These molecules are vital for the normal 
modulation of cell behaviour. When modified, for 
example by mutation, through interaction with chem­
ical carcinogens or ionizing radiation, they acquire 
the potential to transform cells directly towards the 
cancerous state. Such modified forms of the proto­
oncogenes are called oncogenes. Many transforming 
animal retroviruses contain versions of such onco­
genes, presumably acquired during the sojourn of the 
virus within host cells. 

Oncosuppressor genes have the property of re­
straining growth. In association with proto-oncogenes, 
such genes exert extremely important roles in 
physiological cell regulation. One such gene (the 
retinoblastoma susceptibility gene, Rb-1) regulates cell 
movement into and around the replication cycle. 
Another (p53) initiates cell cycle arrest in response to 
genotoxic injury, so permitting DNA repair. Others 
may modulate the passage of signals from cell to cell or 
from substratum to cell, via adhesion molecules, and 
so adjust cell behaviour and proliferation in response 
to prevailing cell density within a tissue. In carcino­
genesis, these genes are silenced, usually by mutation 
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or by acquired loss of part of the chromosome contain­
ing the gene. Normal diploid cells contain two copies 
of each oncosuppressor gene, and in general both must 
be inactivated to achieve the full change of phenotype 
that is recognized as cancer. However, these paired 
events do not necessarily occur at the same time. 
They may be acquired one after the other through con­
tinuous exposure to a carcinogen, or only one may be 
acquired, the other being inherited in the germ line. 
Animals that inherit such defective oncosuppressor 
genes are clearly at higher risk of acquiring cancer 
through subsequent exposure to environmental car­
cinogens, and several well known inherited cancer­
susceptibility syndromes in humans (e.g., familial 
retinoblastoma and familial polyposis coli) are the 
result of this type of inherited gene defect. Interest­
ingly, the transforming genes of several animal DNA 
viruses (e.g., in the papova-, papilloma-, adeno-virus 
groups) appear to act through binding to the products 
of endogenous oncosuppressor genes. 

Many tumours show a steeply rising age-incidence 
relationship (Armitage and Doll, 1954; Peto, 1977; 
and see Figure 5.5). This can be accurately modelled 
by assuming that carcinogenesis requires multiple 
independent events. Laboratory reconstructions, in 
which different oncogenes are inserted, in active form, 
into previously normal cells, also confirm the view that 
multiple changes are required to achieve full trans­
formation from normality to the cancer cell. Hence, 
it is not surprising that the majority of known cancers 
can be shown to contain multiple oncogene and onco­
suppressor gene alterations. The concept of multistage 
carcinogenesis, however, also includes interactions 
between agents that may not effect permanent changes 
in DNA structure in the manner outlined above for 
oncogenes and oncosuppressor genes. Early experi­
ments with chemical carcinogens delineated two main 
processes in carcinogenesis (Becker, 1981): initiation 
and promotion. 

Initiation, either by oncogenic viruses, ionizing 
radiation, chemical carcinogens, or inherited or spon­
taneous changes in the genome, is assumed to involve 
an irreversible alteration in cellular DNA. 

Initiation alone is not sufficient to induce a cancer, 
but produces a cell with a high risk of becoming malig­
nant. Malignancy results when promotion occurs. This 
step was considered to be reversible, although there is 
evidence that, when cells have reached a certain stage 
of change, they progress irreversibly to cancer (e.g., 
Peraino et al., 1977). Several chemical promoters have 
been identified, such as croton oil, which promotes 
skin tumours. The active ingredient in croton oil is 
an ester that is an analogue of an endogenous cellular 
regulatory molecule, but the biochemical basis of 
promotion is generally still poorly understood. Many 

chemical carcinogens are both initiators and promoters 
(complete carcinogens). 

'Co-carcinogen' is a general term for a factor that 
furthers the action of a carcinogen, such as chronic 
inflammation or a chemical promoter. Squamous cell 
carcinoma of sheep in northern Australia occurs pre­
dominantly on the ears, the prevalence increasing with 
decreasing latitude. Solar ultraviolet radiation has 
been incriminated as a physical carcinogen. An infec­
tious agent, transmitted on ear marking instruments, 
may be a co-carcinogen, and would explain why the 
lesions are commoner on the ear than on other parts of 
the head. 

Investigating the cause of cancer 

Biochemists, virologists and molecular biologists have 
identified inducers and promoters, using animals and 
tissue cultures. At the top of the biological hierarchy, 
epidemiologists have identified risk factors using 
observational studies. Two groups of factors are defined 
(Gopal, 1977): 

1. specific causal agents; 
2. modifying factors. 

Specific physical causal agents that have been incrim­
inated include ultraviolet and ionizing radiation 
(the latter experimentally inducing thyroid tumours 
and leukaemia in dogs), chronic irritation (associated 
with some horn cancers in Indian cattle: Somvanshi, 
1991) and parasites (e.g., Spiroceria lupi associated with 
canine oesophageal osteosarcoma and fibrosarcoma). 
Specific chemical and biological initiators, such as 
viruses, have already been described. Modifying fac­
tors are not incriminated as initiators, but in some 
way affect the incidence of cancer, and include co­
carcinogens. The genetic composition of the host is 
the most important modifying factor, and may be 
related to the presence of suitable proto-oncogenes. 
Some cancers can be hereditary; for example, porcine 
lymphosarcoma (McTaggart et al., 1979). 

Interactions have been demonstrated in which chem­
ical carcinogens enhance the production of tumours 
in vitro by oncogenic viruses. One outstanding 
example is the interaction between bracken fern 
and infection with bovine papilloma virus, described 
above. Some non-oncogenic viruses are also reported 
to interact with chemical carcinogens (Martin, 1964). 
Thus, chickens infected with pox viruses, and mice 
infected with influenza virus, are more susceptible to 
chemical carcinogenesis than non-infected animals. 
Doll (1977) has contended that most cancers have envir­
onmental causes as either initiators or promoters. 

Investigation of the cause of cancer therefore involves 
cooperation between several disciplines: biochemistry, 



pathology, molecular biology and epidemiology, and 
attempts have been made to produce conceptual 
models that link molecular to epidemiological studies 
(Moolgavar, 1986). However, Rothman and Greenland 
(1998) comment that 

'Description of a mechanism whereby such [biolog­
ical] interactions take place does not immediately 
lead to precise predictions about epidemiological 
observations. One reason this is so is that rarely if 
ever is a mechanism proposed that would account 
for all observed cases of disease, or all effects of 
all risk factors, measured and unmeasured. Back­
ground "noise", in the form of unaccounted-for 
effects and interactions, would easily obliterate any 
pattern sought for by the investigator.' 

The various disciplines should therefore be considered 
as complementary suppliers of different pieces of the 
'cancer jigsaw puzzle' . 

Tumours of domestic animals and some of their 
causes are reviewed by Meuten (2002). Domestic 
animals can also be useful biological models of human 
cancer (Pierrepoint, 1985); this topic is discussed 
further in Chapter 18. 
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The transmission and 
maintenance of infection 

Infectious disease is the result of the invasion of a host 
by a pathogenic organism. The continued survival of 
infectious agents, with or without the induction of 
disease, depends on their successful transmission to a 
susceptible host, the instigation of an infection therein 
and replication of the agent to maintain the cycle of 
infection. The complete cycle of an infectious agent is 
its life history (life-cycle). A knowledge of the life his­
tory of an infectious agent is essential when selecting 
the most applicable control technique (see Chapter 22). 
This involves knowledge of: 

• the modes of transmission and maintenance of 
infection; 

• the ecological conditions that favour the survival 
and transmission of infectious agents. 

This chapter is concerned with the first topic; the 
second is considered in Chapter 7 with reference to 
basic ecology. 

Transmission may be either horizontal (lateral) 
or vertical. Horizontally transmitted infections are 
those transmitted from any segment of a population to 
another; for example, influenza virus from one horse 
to a stable-mate. Vertically transmitted infections are 
transmitted from one generation to the next by infec­
tion of the embryo or fetus while in utero (in mammals) 
or in ovo (in birds, reptiles, amphibians, fish and 
arthropods). Transmission by milk to offspring is also 
considered, by some, to be vertical. 

Horizontal transmission 

Infections can be transmitted horizontally either dir­
ectly or indirectly (Figure 6.1) .  

Direct transmission occurs when a susceptible host 
contracts an infection, either by physical contact with 

an infected host or by contact with the latter's infected 
discharges (e.g., the transmission of canine distemper 
in infected urine and faeces). 

Indirect transmission involves an intermediate 
vehicle, living or inanimate, that transmits infection 
between infected and susceptible hosts. This vehicle 
generally may be termed a vector, although the term is 
usually restricted, by common usage, to living carriers 
(see 'vector' below). Indirect transmission can involve 
a vector of a different species from that of the initially 
infected host. The life-cycle of infectious agents there­
fore may be complex, with several different hosts. 
Details of specific life-cycles are not presented in this 
chapter, but a basic knowledge of veterinary micro­
biology and parasitology is assumed. 

Airborne transmission of infectious agents, frequently 
over long distances, is often defined as indirect, 
although it is more correctly classified as direct because 
no intermediate vehicle is involved. 

Types of host and vector 

A variety of terms describe the range of host/parasite 
relationships, and are used by the epidemiologist, 

External environment 

D irect 

I ndirect 

Fig. 6.1 Basic mechanisms of transmission of infectious agents. 



protozoologist, entomologist, helminthologist and 
microbiologist. Each of these may use terms specific to 
his discipline that have the same general meaning, 
from the point of view of the life-cycle of the disease, as 
�ifferent :vords from other disciplines; for example, 
mtermedlate host in helminthology and biological 
vector in entomology (see below). 

Hosts 

Host A plant, animal or arthropod that is capable of 
being infected with, and therefore giving sustenance 
to, an infectious agent. Replication or development of 
the agent usually occurs in the host. 

Definitive host A parasitological term describing 
a host in which an organism undergoes its sexual 
phase of reproduction (e.g., Taenia pisiform is in dogs; 
Plasmodium spp. in mosquitoes). 

Final host A term used in a more general sense 
(i.e., in connection with all types of infectious agent) 
as a synonym for definitive host. Both 'final' and 
'definitive' imply the 'end of the line'; in other words, 
the termination of a dynamic process. They are, in 
most cases, therefore improperly used. 

Primary (natural) host An animal that maintains 
an infection in the latter's endemic area (e.g., dogs 
infected with distemper virus) .  Since an infectious 
agent frequently depends upon a primary host for its 
long-term existence, the host is also called a mainten­
ance host. 

Secondary (aberrant) host A species that addition­
ally �s invo�ved in the life-cycle of an agent, especially 
outSIde typIcal endemic areas (e.g., cattle infected with 
strains of foot-and-mouth virus that usually cycle in 
buffaloes). A secondary host sometimes can act as a 
maintenance host 1 .  

Paratenic host A host in which an agent is  trans­
ferred mechanically, without further development 
(e.g., fish, containing Diphyllobothrium spp. larvae, 
which are preyed upon by larger fish). This term is 
exclusive to helminthology, and could be considered 

1 The distinction between the primary and secondary hosts is import­
ant In relation to microbial evolution. For instance, although influenza 
viruses can

. 
infect a wide variety of birds and mammals, the primary 

hosts are wdd �aterfowl, shorebirds, and gulls. The evolutionary rate of 
Influenza VIruS In the primary hosts is believed to be slow, while in mam­
mals, chickens and turkeys the rate is much higher (Suarez, 2000). The 
higher rate of evolution in mammals is thought to be a result of selective 
pressure on the virus to adapt to an aberrant host species. 
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Fig. 6.2 The mai ntenance a n d  amplifier hosts of Japanese 
encephalitis v i rus in Japan. The vector is  the mosquito, Culex 
tritaeniorhynchus. (From Gordon Smith, 1 976, based on 
Buescher et al., 1 959, and Scherer et al., 1 959.) 

to have its entomological analogue in the term 
mechanical vector. 

Intermediate host An animal in which an infectious 
agent undergoes some development, frequently with 
asexual reproduction (e.g., Cysticercus pisiform is in 
rabbits and hares). This term is parasitological in 
origin. 

Amplifier host An animal which, because of tem­
porally associated changes in population dynamics that 
produce a sudden increase in the host population size, 
may �u�de�ly increase the amount of infectious agent. 
MultlplIcatlon of the agent occurs in this type of host. 
This term is most commonly used in relation to virus 
di�eases. An example is litters of baby pigs infected 
WIth Japanese encephalitis virus (Figure 6.2). 

Hibernating host An animal in which an agent is 
held, probably without replication, in a state of 'sus­
pended animation' (e.g., hibernating snakes infected 
with either western, eastern or Japanese encephalitis 
virus). 

Incidental (dead-end or accidental) host One that 
does not usually transmit an infectious agent to other 
animals (e.g., bulls infected with Brucella abortus). 
'Final' and 'definitive' can be applied validly to this 
type of host. 

Link host A host that forms a link between other host 
species (e.g., pigs linking infected herons to man in 
Japanese encephalitis: Figure 6.2). 

Reservoir A term commonly used as a synonym for, 
or prefix to, 'host'; ('reservoir hos!'). A reservoir host 
is one in which an infectious agent normally lives 
and multiplies, and therefore is a common source of 
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infection to other animals; thus, it is frequently a prim­
ary host. In Kenya, for example, buffalo and water­
buck are reservoirs of bovine ephemeral fever virus, 
acting as a source of infection for cattle (Davies et al., 
1975). Similarly, in the tropics, cattle are reservoirs of 
bluetongue virus, and therefore can be sources of 
infection for sheep (Hourrigan and Klingsporn, 1975). 
Animals may be important reservoirs of infection for 
humans. In Sierra Leone, the multimammate mouse, 
Mastomys natalensis, is the primary host and reservoir 
of Lassa fever, a virus disease with a high case fatality 
rate in man (Monath et al., 1974). The mouse is adapted 
to life both within houses and in fields, and comes into 
contact with man in rural areas, particularly during the 
wet season, when it may seek shelter in houses and 
thus may transmit the infection to man. Likewise, 
birds are reservoirs of eastern equine encephalitis, and 
so farmed birds can be used as 'sentinels' for surveil­
lance of the infection (see Chapter 1 0) .  Reservoirs may 
be primary or secondary hosts. 

'Reservoir' is also used to refer to any substance that 
is a common source of infection (e.g., soil as a source of 
anthrax spores). 

Vector An animate transmitter of infectious agents. 
By common usage, vectors are defined as invertebrate 
animals - usually arthropods - that transmit infectious 
agents to vertebrates. The dictionary definition of the 
term implies independent movement; that is, a living 
vehicle. Inanimate carriers of agents (e.g., feed con­
centrates contaminated with Salmonella spp.) usually 
are called 'fomites' (singular: fomes, from the Greek 
meaning 'tinder'; because fomites were thought meta­
phorically to be the 'tinder' by which the 'fire' of an 
epidemic was ignited). 

Mechanical vector An animal (usually an arthropod) 
that physically carries an infectious agent to its prim­
ary or secondary host (e.g., mosquitoes and fleas 
transmitting myxomatosis virus between rabbits). The 
infectious agent neither multiplies nor develops in the 
mechanical vector. 

Biological vector A vector (usually an arthropod) in 
which an infectious agent undergoes either a necessary 
part of its life-cycle, or multiplication, before trans­
mission to the natural or secondary host. 

Three types of biological transmission occur: 

1 .  developmental transmission: with an essential 
phase of development occurring in the vector (e.g., 
Dirofilaria immitis in mosquitoes); 

2. propagative transmission: when the agent multi­
plies in the vector (e.g., louping-ill virus in ixodid 
ticks); 

3. cyc1opropagative transmission: a combination of 
1 and 2 (e.g., Babesia spp. in ticks). 

Development in the vector involves migration of the 
infectious agent. Thus, two types of transmission are 
identified in the life-cycles of members of the pro­
tozoan genus Trypanosoma (Maudlin et al., 2004). The 
African trypanosomes that parasitize the blood and 
tissues of infected animals are ingested by insects of 
the genus Glossina, in which they undergo a develop­
mental cycle that involves migration from their initial 
focus of infection in the midgut and back to the saliv­
ary glands, from which infective forms are released; 
this is salivarian transmission. In contrast, members 
of the species Trypanosoma cruzi (the cause of Chagas' 
disease in man in South America, with dogs, cats 
and some wild animals implicated as reservoirs) are 
ingested by bugs of the family Reduviidae, from which 
infective forms are shed in the faeces, human infection 
occurring by contamination of wounds and the eyes; 
this is stercorarian transmission. 

Biological vectors are frequently either definitive 
or intermediate hosts; for example, mosquitoes are 
biological vectors and the definitive hosts of Plasmodium 
spp. (the cause of malaria). 

Factors associated with the spread of infection 

Three factors are important in the transmission of 
infection (Gordon Smith, 1982): 

1 .  characteristics of hosts; 
2. characteristics of pathogens; 
3. effective contact. 

Characteristics of hosts 

A host's susceptibility and infectiousness determine 
its ability to transmit infection. Susceptibility to infec­
tion may be limited to a single species or group of 
species. For example, only equids are naturally sus­
ceptible to equine rhinopneumonitis virus infection. 
Alternatively, several widely different species may be 
susceptible to an infection; for example, all mammals 
are susceptible to rabies. 

Susceptibility within a species may vary markedly 
and may be associated with selection of genetically 
resistant animals following exposure to an infectious 
agent. For example, the mortality in rabbits, exposed 
experimentally to a standard dose of myxomatosis, fell 
from 90% to 25% over a 7-year period (Fenner and 
Ratcliffe, 1965). 

'Infectiousness' refers to: 

• the duration of the period when an animal is 
infective; 

• the relative amount of an infectious agent that an 
animal can transmit. 
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Plowright, 1 964.)  

An animal is not infectious as soon as it is infected -
a period of time lapses between infection and the 
shedding of the agent; this is a parasite's prepatent 
period, a virus's eclipse phase, and a bacterium's 
latent period2• In contrast, the incubation period is 
the period of time between infection and the develop­
ment of clinical signs. Thus, inapparent infections have 
a prepatent period, but do not have an incubation 
period. The generation time is the period between 
infection and maximum infectiousness. This is con­
sidered by some authorities (Last, 2001) to be syn­
onymous with the serial interval: the period of time 
between analogous phases of an infectious illness (e.g., 
infection, onset of clinical signs) in successive cases of a 
chain of infection spread from animal to animal. These 
periods, for a given agent and host species, are not 
the same for all animals, but show natural variation. 
The frequency distribution of incubation periods, for 
example, follows a lognormal statistical distribution 
(see Figure 12.4 and Sartwell, 1950, 1966). 

Figure 6.3 plots the excretion of rinderpest virus in a 
group of experimentally infected cattle. It illustrates 
that nasal excretion is the most common form of 
shedding of the virus, that virus is shed before the 
appearance of clinical signs, and that, for the group, 
the period of maximum infectiousness is 4 days after 
the onset of clinical signs (i.e., pyrexia). 

2 'Latent period' is also used for this time interval for infectious dis­
eases in general. For non-infectious diseases, it is the interval between 
exposure to a cause and appearance of manifestations of disease. The 
latent period of canine bladder cancer, for example, is approximately 
4 years (see Chapter 18). 
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Fig. 6.4 The relationship between duration of incubation period 
of an i nfectious agent, density of the host, and the potential  of the 
i nfectious agent to exist in a population. 0: Conditions unfavou rable 
for the existence of i nfectious agent. T: Conditions favourable for the 
existence of infectious agent; the number of triangles ind icates the 
relative degree to which the conditions are favourable. (Modified from 
Macdonald and Bacon, 1 980.) 

Diseases with short incubation periods run a clinical 
course, terminating in either recovery or death, relat­
ively quickly. Thus, a high host density is required to 
ensure that the agent's life-cycle can be perpetuated 
(Figure 6.4). An example is distemper virus infection of 
dogs with an incubation period of 4-5 days. This dis­
ease therefore is endemic only in urban areas where 
there is a high density of dogs. In contrast, infectious 
diseases with long incubation periods can maintain 
their cycles of infection in varying animal densities 
(Figure 6.4); rabies is an example. 

The time between infection and availability of an 
infectious agent in an arthropod vector is the agent's 
extrinsic incubation period. 
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Fig. 6.5 Colorado tick fever: the relat ionships between viraemia levels in a maintenance host (the golden mantled ground squirrel) and an 
accidental host (the Columbian ground squi rrel) and the threshold of i nfection of the arthropod mai ntenance host (Dermacentor andersoni ) .  
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For transmission to occur between a vertebrate host 
and an arthropod vector, an infectious agent must be 
present to a minimum concentration in the vertebrate 
host's circulation. This is the threshold level. Some 
vertebrate hosts may become infected, but are unable 
to transmit infection to arthropods because the thresh­
old level is not achieved. These are therefore 'dead 
end' hosts. For example (Figure 6.5), the Columbian 
ground squirrel is an incidental (dead end) host for 
Colorado tick fever. However, when the virus infects 
and multiplies in the golden mantled ground squirrel, 
the threshold level is attained; therefore the vector, the 
tick Dermacentor andersoni, can ingest virus particles, 
and this squirrel can act as a maintenance host. 

Characteristics of pathogens 

Three important characteristics of pathogens that affect 
transmission of infectious agents are infectivity, virul­
ence and stability. 

Infectivity relates to the amount of an organism that 
is required to initiate infection. The infectivity of dif­
ferent organisms varies considerably. For example, the 
particle:infectivity ratio (the number of virus particles 
required to instigate infection) of bacterial viruses 
(bacteriophages) in tissue culture is approximately 1 : 1 ,  
indicating a high degree of  infectivity. Lower degrees 
of infectivity are demonstrated by animal viruses, with 
ratios of between 1 0:1 and 1 00:1 .  Plant viruses have an 
even lower infectivity, with a ratio of approximately 
1 000: 1 .  Infectivity can vary between different strains 
of the same organism, and can depend upon the route 
of the infection, and the age and innate resistance of 
the host. 

When an agent is capable of infecting more than one 
species, its infectivity for different hosts is often quite 

different. For instance, the infective dose of strains 
of Campylobacter jejuni isolated from chickens is only 
500 bacteria for chickens, whereas the infective dose of 
strains of the same bacterium isolated from seagulls is 
above 1 07 for chickens. This example illustrates that 
the infectivity of an agent cannot be specified without 
reference to the host that it infects. 

Virulence (see Chapter 5) also affects transmission 
and can change. Repeated passage through the same 
species of animal tends to increase virulence for that 
species but to simultaneously lower virulence for the 
original natural host. Thus, serial passage of Ross 
River virus in suckling mice increases its virulence 
for mice (Taylor and Marshall, 1975), but alternate 
passage in mice and the mosquito Aedes aegypti does 
not alter virulence. In contrast, when Edwards (1928) 
passaged rinderpest virus of bovine origin serially 
through several hundred goats, its virulence for cattle 
dramatically decreased, enabling production of the 
first veterinary modified live virus vaccine. 

The length of time for which an organism can 
remain infective outside its host is the organism's stab­
ility. Some organisms survive only for short periods 
of time; that is, they are very labile (e.g., Leptospira 
spp. in dry environments), whereas others are more 
resistant (Table 6.1) .  Stability is frequently facilitated by 
protective capsules, such as those forming the outer 
layer of bacterial spores (e.g., Bacillus anthracis). The 
hazards presented to infectious agents by the external 
environment, and techniques of achieving stability, 
are discussed later in this chapter. 

Effective contact 

Effective contact describes the conditions under which 
infection is likely to occur. For a particular infection it 



Table 6.1 The effect of temperature and pH on t ime for 90% foot­
and-mouth d isease virus inactivation .  (From Pharo, 2002.) 

Effect of temperature (at pH 7.5) Effect of pH (at 4°C) 

Temperature Inactivation pH Inactivation 
time (90%) time (90%) 

6 1 °e 30 seconds 1 0.0 1 4  hours 
55°e 2 minutes 9.0 1 week 
49°e 1 hour 8.0 3 weeks 
43°e 7 hours 7.0-7.5 >5 weeks 
3 7°e 2 1  hours 6.5 1 4  hours 
200e 1 1  days 6.0 1 minute 

4°e 1 8  weeks 5 .0 1 second 

depends on the stability of the organism and the routes 
by which the organism leaves an infected host and 
enters a susceptible one. 

Effective contact may be very short (e.g., seasonally 
transmitted, vector-borne diseases) or potentially of 
many years' duration (e. g., anthrax spores in soil: 
Dragon and Rennie, 1995). The duration of infectious­
ness determines the number of susceptibles that can be 
infected by an infected animal. Thus, upper respir­
atory tract infections (e. g., kennel cough in dogs) result 
in short periods of infectiousness of several days' 
duration, whereas cows infected with bovine tuber­
culosis may excrete the bacterium in their milk for 
several years. 

Behaviour, which may be changed during 
infection3, can also affect the likelihood of effective 
contact. Thus, feral animals that are naturally shy of 
man may enter houses when they contract rabies, 
therefore increasing the likelihood of human infection. 
Humans infected with Guinea worm are driven to 
soothe affected limbs in rivers, thus facilitating release 
of the parasite from lesions, and transmission to 
other individuals. Sticklebacks infected with cestodes 
become sluggish, and so are likely be caught by pre­
datory birds, in which the life-cycle is completed. 

The pathogenesis of disease may increase the like­
lihood of transmission; for example, respiratory dis­
eases may induce coughing and sneezing, thereby 
spreading respiratory pathogens to near neighbours. 

3 Host behavioural changes following infection are widespread 
throughout the Animal Kingdom (Poulin, 1995), also involving inter­
mediate hosts. For example, Leucochloridium, a helminth parasite with birds 
as its definitive hosts, has a snail as its intermediate host. The tentacles of 
infected snails change in size, shape and colour, and pulsate in response 
to light (Kagan, 1951), thereby attracting the definitive hosts. The magni­
tude of the effect of parasites on host behaviour appears to be similar in 
vertebrate and invertebrate hosts; among helminth parasites, nematodes 
appear to induce the greatest behavioural changes (Poulin, 1994). 
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Fig. 6.6 Body surfaces as sites of horizontal infection and shedding 
of infectious agents. (Mod ified from Mims e t  al., 2000.) 

Routes of infection 

The site or sites by which an infectious agent gains 
entry to a host (Figure 6.6), and by which it leaves the 
host (Table 6.2), are the agent's routes of infection. 

The oral route 

Infection via the mouth is one of the more common 
routes of entry, especially in relation to the enteric 
organisms, which often 'escape' from an infected 
animal in the faeces. Organisms such as rotaviruses, 
Salmonella spp. and gastrointestinal parasites may 
contaminate water and foodstuffs, which then act as 
fomites. Ingested agents may be excreted in the faeces, 
producing the faecal-oral transmission cycle. 

Agents that gain entry to the body orally may be 
disseminated from the infected animal by a variety of 
routes, apart from in the faeces. Brucella abortus often 
infects cows orally but is excreted later in the milk and 
uterine discharges. Similar circumstances occur in 
relation to infection of ruminants with the rickettsia 
Coxiella burnetii, the cause of Q fever. Such agents may 
then be retransmitted by both the oral and other 
routes. Although some organisms can be transmitted 
by the oral route, the low pH of gastric secretions is an 
effective barrier against this method of transmission 
for a wide variety of organisms. 

The respiratory route 

The respiratory route is also a common method of 
transmission for many infectious agents, including 
those that are not restricted to the respiratory tract 
(e.g., Salmonella typhimurium: Wathes et al., 1988). 
Infectious agents seldom occur as individual airborne 
particles, but are usually associated with other organic 
matter in the form of droplets or dust. The nature and 
size of such composite particles affect their dispersal 
and stability. Particles of a diameter of 5 nm or greater 
do not reach the alveoli of the lung and therefore initi­
ally cause infection only of the upper respiratory tract. 



I ( ! I The transmission and maintenance of infection 

Table 6.2 Examples of routes by which animal  pathogens are shed from i nfected hosts. (Modified from Wathes, 1 994.) 

Site of exit Contaminated tissue or fluid Pathogen Disease Host 

Body surface Hair Microsporum canis Ri ngworm Dog, man, etc. 
Lesion crusts Poxviruses Cowpox Ox, sheep, etc. 
Exudate (e.g., pus) Staphylococcus aureus Abscesses 

Nose Secretions Paramyxovirus spp. Distemper Dog 
Exudate (bloodsta ined) Orthomyxovirus spp. Influenza Pig, horse, birds 

Bacillus anthracis Anthrax Ox, sheep 

Mouth Sal iva Foot-and-mouth virus Foot-and-mouth d isease Ox, sheep 
Lyssavi rus spp. Rabies Dog 

Sputum Mycobacterium tuberculosis Tuberculosis (pulmonary) Ox, man 

Tonsi l Erysipelothrix rhusiopathiae Erysipelas Pig 

Mammary Mi lk  Streptococcus agalactiae Mastitis Ox 

Anus Faeces Mycobacterium johnei Johne's d isease Ox, sheep 
Rotavirus spp. Enteritis Pig 
Salmonella dublin Enteritis, septicaemia Ox 

Urogenital tract Urine, semen Leptospira canicola Leptospirosis Dog 
Campylobacter fetus Inferti l ity Ox 

Eggs Salmonella pullorum Pul lorum d i sease Poultry 

Eyes Tears Haemophilus influenzae Pink eye (New Forest d i sease) Ox 

Wound (tick vector) B lood Rickettsia burnetti Q-fever Ox 

Infections spread by the respiratory route are more 
likely to occur where population densities are high 
and ventilation is poor. Examples of such conditions 
are enzootic pneumonia in intensively reared pigs, and 
occupationally acquired brucellosis in meat workers. 
In environmental extremes, diseases that are spread 
rarely by the respiratory route become transmissible 
by this method. These circumstances arise in the air­
borne transmission of rabies from insectivorous bats 
to animals and man within the confines of a cave. 
Similarly, African swine fever virus, which is usually 
transmitted by Ornithodoros spp. ticks, spreads rapidly 
by the oral route in piggeries. In crowded and poor 
living conditions, pneumonic plague is transmitted 
directly between people, rather than by the bites of 
infected fleas, the latter method of transmission indu­
cing the less severe bubonic plague. 

Infection via skin, cornea and mucous membranes 

Transmission via the skin is percutaneous (Latin: per = 

through, across; cut = skin). Certain agents infect only 
the skin, and transmission is always by direct contact 
with either another infected animal or a fomes; ex­
amples are 'ringworm' and ectoparasitic infestations. 
The incidence of such infections and infestations is par­
ticularly influenced by the population density of the 
susceptible hosts. Intact skin acts as an effective barrier 
to the majority of infectious agents, but some, par­
ticularly the immature stages of some nematodes and 

trematodes, can penetrate this barrier and cause 
infection. Examples include blood fluke (Schistosoma 
spp.) and hookworm (Ancylostoma spp.) infections, the 
latter infection also being zoonotic and the cause of 
cutaneous larva migrans in man. 

If the skin is cut or abraded, then infection by a vari­
ety of organisms can occur, resulting in localized infec­
tions of the skin (e.g. by Staphylococcus spp. and the 
cutaneous form of human anthrax). Other agents, 
such as leptospires and swine vesicular disease virus, 
may gain entry to the body percutaneously and then 
develop a more generalized infection. 

Another important form of percutaneous infection is 
from bites by both vertebrates and arthropods. Agents 
that are present in the saliva, such as the viruses of 
rabies and lymphocytic choriomeningitis, and bacteria 
such as Streptobacillus moniliformis (a common inhab­
itant of the oropharynx of rats), are transmitted by 
animal bites. Diseases transmitted by the bites of 
infected arthropod vectors constitute a particular class 
of infections that was introduced earlier in this chapter 
during the description of hosts and vectors. 

Infection of the cornea may remain localized, 
for example, bovine keratoconjunctivitis caused by 
Moraxella bovis. Alternatively, the infection may spread 
to other parts of the body, for instance, corneal infec­
tion of birds with Newcastle disease virus. 

Although few diseases can be transmitted through 
intact skin, several can infect undamaged mucous 
membranes. An important class of such agents is those 



that are very labile in the external environment, and 
require intimate sexual contact during coitus to 
be transmitted to the urogenital tract, for example 
Trypanosoma equiperdum in horses. 

Methods of transmission 

Six main methods of transmission, which bring infec­
tious agents into contact with the sites of infection, can 
be identified: 

1. ingestion; 
2. aerial transmission; 
3. contact; 
4. inoculation; 
5. iatrogenic transmission; 
6. coitus. 

Ingestion 

This may occur via a mechanical vehicle (fomes), for 
example, contaminated water, or by ingestion of inter­
mediate hosts, such as cestode cysts in meat. Ingested 
agents are usually excreted in the faeces, producing 
the faecal-oral transmission cycle. Some agents are 
excreted only faecally because they are localized to the 
intestine (e.g., the Johne's disease bacillus in cattle) .  
Other agents, if  they invade the bloodstream, can be 
excreted by additional means, such as the urine (e.g., 
Salmonella spp.). Sometimes, agents are excreted on the 
breath (e.g., reoviruses and rinderpest virus). 

Aerial transmission 

This involves airborne transmission of infectious 
agents via contaminated air. It is the usual method 
of transmission with the hardy spores of fungi and 
some bacteria, and also occurs with pathogens of the 
respiratory tract that are expired on the breath of 
infected animals and enter susceptible ones during 
inspiration. 

Quasistable suspensions of liquids or solids in gases, 
that are capable of floating for some time, are formed 
only when droplet diameters do not exceed 5 nm. 
Expiratory droplets range in size from 15 to 1 00 nm 
and thus even the smallest sediment rapidly (within 
3 seconds). Therefore, they cannot travel far. Direct 
infection from expiratory droplets is thus limited to the 
area directly in front of the infected individual (the 
'expiratory cone'). Very localized droplet infection can 
occur on food bowls and by sniffing. 

Aerosol transmission is a type of airborne trans­
mission involving transmission via an aerosol which is 
defined variously as 0) any solution in the form of a 
fine spray in which the droplets approximate colloidal 
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Table 6.3 Common pathogens of pigs and poultry known to be 
transmitted aeria l ly .  (From Wathes, 1 987.) 

Bacteria 
Bordetella bronchiseptica 
Brucella suis 

Corynebacterium equi 

Erysipelothrix rhusiopathiae 
Escherichia coli 
Haemophilus gallinarus 
Haemophilus parasuis 

Haempohilus pleuropneumoniae 
Listeria monocytogenes 
Leptospira pomona 

Mycobacterium avium 

Fungi 
Aspergillus flavus 

Aspergillus fumigatus 
Aspergillus nidulans 
Aspergillus niger 

Rickettsia 
Coxiella burnetii 

Protozoa 
Toxoplasma gondii 

Viruses 
African swine fever 
Avian encephalomyel it is 
Avian leukosis 
Foot-and-mouth disease 
Fowl plague 
Hog cholera 
Inclusion body rh in it is 
Infectious bronch itis of fowls 
Infectious laryngotracheitis 
of fowls 

Mycobacterium tuberculosis 

Mycoplasma gallisepticum 
Mycoplasma hyorhinus 

Mycoplasma suipneumoniae 
Pasteurella multocida 
Pasteurella pseudotuberculosis 

Salmonella pullorum 
Salmonella typhimurium 
Staphylococcus aureus 
Streptococcus suis type I I  

Coccidioides immitis 

Cryptococcus neoformans 
Histoplasma farcinorum 

Rhinosporidium seeberi 

Infectious nephrosis of fowls 
Infectious porcine 
encephalomyel itis 
Marek's d i sease 
Newcastle disease 
Ornithosis 
Porcine enterovirus 
Swine influenza 
T ransm issible gastroenteritis 
of swine 

size 0-1 00 nm), and (2) finely divided virus particles 
hanging or floating in air. Thus, quasistable suspen­
sions and expiratory droplets can both be involved in 
aerosol transmission. 

Some agents that are not primarily pathogens of the 
respiratory tract can contaminate the air and there­
fore may also be airborne. An example is foot-and­
mouth disease virus shed from ruptured vesicles (see 
also 'Long-distance transmission of infection' below). 
Similarly, some Salmonella spp. infections are airborne 
and infect animals via the conjunctiva (Moore, 1957). 

Table 6.3 lists some common pathogens of pigs and 
poultry that can be transmitted aerially. 

Contact 

Contact transmission is transmission without transmis­
sion factors (e.g., mechanical vectors) and without par­
ticipation of an external medium. This is particularly 
important in relation to infectious agents that are shed 
from the body surfaces, such as vesicular viruses, and 
with agents that gain entry through the body surface. 
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Very few agents are transmitted merely by touch; some 
degree of trauma is necessary, albeit microscopic. 
Transmission may be by bites (e.g., rabies and rat bite 
fever), or by scratches (e.g., cat scratch fever). 

Diseases transmitted by contact may be described as 
'contagious' (Latin: contagio = to touch closely) but this 
term now is used less commonly than previously. 

Inoculation 

Inoculation (Latin: inoculatus engrafted, or 
implanted) is the introduction into the body, by punc­
ture of the skin or through a wound, of infectious 
agents. 

Although classified separately here, inoculation is 
frequently associated with contact transmission (e.g., 
bites from rabid dogs). Arthropods that act as vectors 
may inoculate infectious agents into the blood by bit­
ing (e.g., tsetse flies infected with Trypanosoma spp., 
in which development of the parasite occurs in the 
salivary gland, gut and mouthparts). 

Iatrogenic transmission 

Iatrogenic literally means 'created by a doctor' . Thus, 
an iatrogenically transmitted infection is one that is 
transferred during surgical and medical practice. 

There are two main types, involving: 

1 .  introduction of pathogens by dirty instruments, 
(e.g., during non-aseptic surgery and tattooing) or 
by contaminated body surfaces; 

2. introduction of pathogens contaminating prophy­
lactic or therapeutic preparations (e.g., Pseudomonas 
aeruginosa in intra mammary dry-cow antibiotic 
preparations: Nicholls et al., 1981; porcine repro­
ductive and respiratory syndrome virus in needles: 
Otake et ai., 2002; lumpy skin disease in anaplas­
mosis vaccine; scrapie in lou ping-ill vaccine; 
human hepatitis B virus and HIV / AIDS in serum 
preparations and blood4) and, more rarely, by 
organ transplantation (e.g., rabies virus by corneal 
transplants). 

Coitus 

Some infectious agents may be transmitted during 
coitus. Certain diseases are transmitted only in this 
way. These were called venereal diseases (Latin: 
venereus = pertaining to sexual love). In human 

4 Vaccines - while not actually being contaminated with pathogens ­
also may induce acute hypersensitive reactions (Tizard, 1990), as well as 
being determinants of chronic immune-mediated diseases (Hogenesch 
et al., 1999; Dodds, 2001). 

medicine they now are referred to as sexually trans­
mitted diseases (STDs). Sexual transmission can occur 
not only in vertebrates but also in arthropods. For 
example, African swine fever virus can be sexually 
transmitted from male to female ticks of the genus 
Ornithodoros (Plowright et al ., 1974) . 

The mode of transmission of agents frequently gov­
erns the epidemic picture. Thus, agents that are trans­
mitted by the faecal-oral and airborne modes often 
produce sudden explosive epidemics, whereas coitally 
transmitted diseases spread more slowly, over a long 
period of time. 

Long-distance transmission of infection 

Infectious diseases can be transmitted by the methods 
described above over long distances as a result of the 
mobility of infected animals, microorganisms and 
parasites, vectors and fomites. 

Host mobility 

Previously, transportation by sea provided a period 
of quarantine, but epidemics, nevertheless, did occur. 
For example, Italian colonists accidentally introduced 
a few cattle infected with rinderpest into the Horn of 
Africa in 1880, resulting in a pandemic that swept 
through sub-Saharan Africa, from Somalia to Cape 
Town (Scott, 1964). 

The increasing use of air transport now means that 
animals incubating infections can arrive at their destina­
tion before clinical signs of infection have appeared. 
The movement of horses, in connection with their 
sale, breeding and competition, has spread a variety 
of equine infections, including contagious equine 
metritis, equine infectious anaemia, piroplasmosis 
and influenza, between continents (Powell, 1985). 
International livestock trade also poses a clear risk 
of disease transmission; enzootic bovine leucosis, 
Mycoplasma bovis, M. canadensis, Haemophilus somnus 
and infectious bovine rhinotracheitis may have been 
introduced into the UK in this way (Scud amore, 1984). 
The translocation of farmed fish for angling and food 
production poses similar risks (Cable and Harris, 
2003), and disease can spread between free-ranging 
and captive wildlife as a result of movement between 
the two types of population (Table 6 .4). 

The importation of animals infested with the screw­
worm fly, Chrysomyia bezziana, has spread the disease 
from Uruguay to Libya; the giant fluke, Fascioloides 
magna, was introduced into European elk from North 
America; and duck plague was introduced into North 
American wild ducks and geese through the im­
portation of infected domestic ornamental waterfowl 
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Table 6.4 Movement of species among free-ranging and captive wi ld l ife populations that has exacerbated the spread of d isease. (Modified 
from Cleaveland et al. (2002) The role of pathogens in biological conservation. I n :  The Ecology of Wildlife Diseases, Edited by Hudson, P.J. et al. 

By permission of Oxford U n iversity Press.) 

Disease Species of concern 

Cani ne d istemper B lack-footed ferret 

Haematozoa Wild tu rkeys 
(Plasmodium kemp I) 
Lungworm Bontebok, spri ngbok 
(Bronchonema magna) 

Mycoplasma spp. Gopher and desert tortoises 

Parvovi rus Racoons 

Rabies Racoons, skunks 

Rinderpest Cloven-hoofed artiodactyls 
(e.g., wi ldebeest, eland, 
buffalo, bushbuck) 

Tubercu losis Arabian oryx 

Warble files, nostri l  flies Caribou 

'Whi rl ing disease' Rainbow trout 

(Leighton, 2002). There is a risk of the introduction 
of heartwater into the US associated with the importa­
tion of tick-infected reptiles and wild game from 
Africa, and from infected livestock imported from the 
Caribbean (Burridge et al., 2002). 

Transmission can also involve more complex rela­
tionships. Thus, Crimean-Congo haemorrhagic fever 
virus infects its vector, Hyalomma spp. ticks, which are 
then carried by migrating birds from the Crimea to 
Africa where they are responsible for outbreaks of the 
disease (Hoogstraal, 1979). 

There is concern that C. bezziana, which is endemic in 
Papua New Guinea, may be imported into Australia 
as an inadvertent passenger on international flights, or 
by animal movement between the Torres Strait Islands 
(see the case study in Chapter 20 for further details). 
The movement of people by aeroplane can also dis­
tribute human exotic diseases over all parts of the 
world (Prothro, 1977)5. Although smallpox has been 
globally eradicated (see Chapter 22), it is believed that 
unofficial virus stocks6 exist (Henderson, 1998) and, if 
intentionally released, could be widely distributed by 
air travel (Grais et al., 2003). 

The movement of animals may also contribute to 
epidemics of human disease. For example, epidemics 
of human trypanosomiasis ( 'sleeping sickness') occur 

5 There are also other health-related risks associated with flying, such 
as deep-vein thrombosis and additional risks to sufferers of pulmonary 
disease (Buik, 2004). 

6 Stocks are officially confined at the Centers for Disease Control and 
Prevention, Atlanta, Georgia, and Vector, Koltsovo, Novosibirsk. 

Movement References 

Wild to captive Thorne and Wi l l iams (1 988) 

Wild to wi ld Castle and Christensen (1 990) 

Wild to wild Verster et al .  (1 975)  

Captive to wi ld;  Jacobson (1 994); 
Wild to wi ld  Jacobson e t  al. (1 995)  

Wild to wi ld  Woodford (1 993)  

Wild to wi ld  Jenkins et  al. (1 988) 

Domestic to wi ld;  Lowe (1 942 ) ;  Thomas and Reid (1 944); 
wild to wild S incla ir  and Norton-Griffiths (1 979);  

Scott (1 981 ) 

Captive to wi ld Kock and Woodford (1 988) 

Captive to wi ld Woodford (1 993)  

Captive to wi ld Trust (1 986) 

in distinct foci in Africa, in contrast to trypanosomiasis 
in animals, which tends to occur throughout the tsetse 
fly region. Cattle are also reservoirs of infection of 
human trypanosomes, and the movement of infected 
cattle (e.g., to market) appears to be responsible for 
translocating human infective trypanosome strains 
into regions previously free from the disease (Hide 
et al., 1996; Hide, 2003). 

Airborne (atmospheric) transmission 

Airborne transmission of infection (atmospheric 
transmission) is a specific category of long-distance 
transmission. It cannot occur with expiratory droplets 
because they sediment rapidly (see above). Transmis­
sion of respiratory and vesicular infections indirectly 
through the air over long distances (atmospheric trans­
mission) must, therefore, be effected by other means. 
The evaporation of water from droplets (which can 
occur when droplets are airborne or on the ground) 
produces desiccated droplet nuclei, ranging in dia­
meter from 2 nm to 1 0  nm. The smallest of these are 
quasistable and can travel over long distances, assisted 
by wind. The rate of formation of these nuclei depends 
on the temperature and relative humidity. Rain 
sediments the nuclei. 

Foot-and-mouth disease Atmospheric transmission 
of foot-and-mouth disease has received considerable 
attention. Thus, during the 1967-68 foot-and-mouth 
disease epidemic in the UK, a series of secondary out­
breaks followed the primary one (Figure 6.7a). Initially, 
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Fig. 6.7 The 1 967-68 Engl ish foot-and-mouth d isease epidemic: (a) outbreaks from days 1 -1 0; (b) profile through Bryn Farm i l lustrati ng the lee 
wave hypothesis of aerial spread of virus. (Repri nted by permission from Nature, Vol .  227, pp. 860-862. Copyright © 1 970 Macmi l lan Journals 
L im ited.) 

it was suggested that this was due to infected imported 
lamb, because no human or mechanical links could 
be established between the secondary outbreaks and 
the primary outbreak at Bryn Farm. However, a com­
plex meteorological hypothesis has been presented 
(Tinline, 1970, 1972) suggesting that the secondary 
outbreaks were caused by virus particles being pulled 
downwards in a current of air, which is forced into 
vertical oscillation as it flows over a hill. This 
phenomenon is called a lee wave (Figure 6 .7bf. 

Another, more general model of airborne trans­
mission of foot-and-mouth disease virus uses the 
meteorological Gaussian plume model for atmospheric 

7 For fuller discussions of lee waves, see Casswell (1966) and Bradbury 
(1989). Recent studies (Gloster et ai., 2005) suggest that the role of lee 
waves may have been exaggerated. 

diffusion (Hanna et al., 1982) which is a basic model 
for dispersion calculations. This predicts horizontal 
elliptical spread, the shape of the virus-laden plume 
depending on wind speed, downwind distance from 
the source of infection, and air stability. More recent 
model formulations include the ALOHA (Aerial Loca­
tion of Hazardous Atmospheres) system (Casal et al., 
1997), initially developed to predict the dispersal of 
toxic gases from chemical engineering plants; and the 
Rimpuf model (Sorensen et al., 2000). The latter model 
- which considers topography and factors that affect 
virus survival (e.g., relative humidity) - simulates 
plumes by breaking them into independent, three­
dimensional concentration fields ( 'puffs'), transporta­
tion of which depends on atmospheric stability. This 
model predicts that the distance at which susceptible 
animals are at risk of infection from infected animals 



depends on the species of each, and the number of 
infected animals (Table 6.5)8. The distance over which 
animals are at risk also depends on the infecting 
strain: virus production by animals infected by the 
C Noville strain (Table 6.5a) being approximately 
300 times greater than when infected by the PanAsia 
strain (Table 6.5b). 

Long-distance spread of foot-and-mouth disease 
virus is most likely under the following conditions: 

• high output of virus from the infected animals: 
pigs are an important source of airborne virus 
because they excrete vast quantities of airborne 
virus (see Chapter 5) - and are often kept in large 
numbers (Donaldson et al., 1982; Donaldson, 1987); 

• steady wind direction so that animals may be 
exposed for several hours; 

• relative humidity greater than 60%, allowing high 
survival of virus (Donaldson et aI., 1982); however, 
heavy rains wash the virus out of the air; 

• low levels of atmospheric turbulence associated 
with a flat landscape, stable surface air (particu­
larly over water) and light winds, which result in 
low dispersion of virus (Gloster et aI., 1982). 

Extensive windborne spread, however, is not com­
mon, probably because the likelihood of all the pre­
disposing factors occurring together is sma1l9. Analysis 
of field data has shown the most usual pattern of 
airborne spread of the virus is from pigs at source to 
cattle downwind (Henderson, 1969; Hugh-Jones and 
Wright, 1970; Sellers, 1971; Sellers and Forman, 1973; 
Donaldson et al., 1982; Gloster et al., 1982). The 1967-68 
epidemic in the UK occurred in one of the most 
densely stocked dairy areas in the country. During the 
first 3 weeks, around 350 separate outbreaks occurred 
and more than 2000 farms were affected over a period 
of 9 months (Figure 4.1a). The size of the outbreak was 
attributed to its explosive start, which occurred follow­
ing extensive airborne transmission from an infected 
pig unit (HMSO, 1969). The 2001 epidemidFigure 4.1b) 
began in similar fashion by airborne spread from a pig 
unit to nearby cattle and sheep farms (DEFRA, 2002b; 
see Chapter 4). 

Some other diseases Identification of isolates of 
Aujeszky's disease virus using molecular epidemio­
logical techniques has also suggested that airborne 

� The modelled infection is between populations, where it is generally 
argued that the size of an infected population affects transmission 
to other populations (Willeberg et a/., 1994; Van Nes et a/., 1998). This 
contrasts with transmission of infection within a population, where trans­
mission depends on the density of susceptible individuals, rather than 
population size (Bouma et aI., 1995; De Jong et aI., 1995) (see Chapter 8). 

9 Concerns that virus might be spread by smoke rising from inciner­
ated infected carcasses, for example, are probably unfounded (Gloster 

et a/., 2001; Jones et a/., 2004a). 
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Table 6.5 Effect of species and number of animals excreting 
foot-and-mouth virus on the risk for d ifferent species downwind. 
« a) from Sorensen et a/.,  2000; (b) from Donaldson et a/., 2001 .) 

(a) C Noville strain 

Distance (km) downwind 
at which species are at risk 

Species excreting virus Cattle Sheep Pigs 

1 000 infected animals 
Pigs 300 90 20 
Cattle 3 0.5 <0. 1  
Sheep 3 0.5 <0.1 

1 00 infected animals 
Pigs 1 20 1 5  5 
Cattle 0.7 <0. 1  <0. 1  
Sheep 0.7 <0. 1  <0. 1  

1 0  infected animals 
Pigs 30 4 
Cattle <0.1  <0. 1  <0. 1  
Sheep <0.1  <0. 1  <0. 1  

1 infected an imal 
Pigs 5 0 .3  
Cattle <0. 1  <0. 1  <0. 1  
Sheep <0. 1  <0. 1  <0. 1  

(b) PanAsia strain 

Distance (km) downwind at 

which species are at risk 

Species excreting virus Cattle Sheep Pigs 

1 000 infected animals 
Pigs 6 2 <0.2 
Cattle 0.7 0.2 <0.1 
Sheep 0.7 0.2 <0.1 

1 00 i nfected animals 
Pigs 2 0.4 <0. 1  
Cattle 0.2 <0. 1  <0. 1  
Sheep 0.2 <0. 1  <0. 1  

1 0  infected animals 
Pigs 0.5 0 . 1  <0. 1  
Cattle <0. 1  <0. 1  <0. 1  
Sheep <0. 1  <0. 1  <0. 1  

1 infected an imal 
Pigs <0. 1  <0. 1  <0. 1  
Cattle <0. 1  <0. 1  <0. 1  
Sheep <0. 1  <0. 1  <0.1 

transmission of this virus over long distances can 
occur (Christensen et al., 1990, 1993), and this sugges­
tion has been supported by dispersion models (Gloster 
et al., 1984; Grant et al., 1994). Similarly, studies of out­
breaks of vesicular stomatitis, based on nucleotide 
fingerprinting and trajectory analysis of winds, sug­
gest that wind could have been responsible for carry­
ing infection from Mexico to the US (Sellers and 
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Maarouf, 1990). There is also evidence for airborne 
transmission of Newcastle disease (Smith, 1964) and 
the virus causing porcine reproductive and respiratory 
syndrome (Beilage et al., 1991; Mortensen and Madsen, 
1992). 

Wind can also carry arthropod vectors over long 
distances (Pedgley, 1983). The outbreak of bluetongue 
in Portugal in 1956 (Sellers et al., 1978) may have been 
caused by windborne transfer of the African vector, 
Culicoides imicola, from North Africa1o, although the 
latter now is permanently established in Portugal 
(Mellor et al., 1985). Windborne transfer has also 
been incriminated in the introduction of the disease 
into Cyprus (Polydorou, 1980), Israel (Braverman and 
Chechik, 1993) and the Balearic Islands (Alba et al., 
2004). African horse sickness can also be transferred in 
a similar way. 

Vertical transmission 

Types and methods of vertical transmission 

There are two types of vertical transmission: heredit­
ary and congenital. 

Hereditarily transmitted diseases are carried within 
the genome of either parent. Thus, retroviruses, which 
have integrated DNA copies of the virus in the host's 
genome, are transferred hereditarily. 

Congenitally transmitted diseases are, literally, 
those present at birth. According to strict etymology, 
hereditarily transmitted diseases are a part of this 
group. However, by common usage, 'congenital' refers 
to diseases acquired either in utero or in ova, rather 
than inherited. 

Transmission can occur at various stages of em­
bryonic development. It may produce either abortion, 
if incompatible with life, or teratoma (literally 'mon­
sters'). Alternatively, infection which is inapparent and 
continuous after birth (innate infection) can occur. 

Germinative transmission 

This involves either infection of the superficial layers 
of the ovary, or infection of the ovum itself. Examples 
include the chicken leukosis viruses, spontaneous 
lymphoid leukaemias of mice (Gross, 1955), murine 
lymphocytic choriomeningitis and avian salmonellosis. 

Transmission to the embryo 

This is via the placenta (transplacentally) or via the 
fetal circulation, through the placenta, to the fetus. For 

1 0  The wind is capable of transporting the midges as 'aerial plankton' 
up to 700 km (Witmann and Baylis, 2000). 

example, kittens can be transplacentally infected with 
feline panleucopenia virus (Csiza et al., 1971). Viruses, 
being small, cross the placenta with greater ease and 
earlier in pregnancy than larger microbes. The fetal cir­
culation, however, can carry most microbes. Infection 
of the placenta does not always produce infection of 
the fetus. Q fever particles, for instance, may be found 
in large quantities in bovine placentae without infec­
tion of the developing calves. 

Ascending infection 

This is infection that is transmitted from the lower 
genital canal to the amnion and placenta (e.g., some 
Staphylococcus and Streptococcus spp. infections) .  

Infection at parturition 

This is infection acquired from the lower genital canal 
at birth (e.g., human herpes simplex infection). 

I mmunological status and vertical 
transmission 

The immunological status of the fetus is important 
when agents are transmitted vertically. Immune toler­
ance of microbial antigens by the fetus can be detri­
mental in postnatal life, because 'non-self' antigens are 
then recognized as 'self'. The result is a lack of a protec­
tive immune response, sometimes with the develop­
ment of a carrier state with the subsequent dangers 
to other susceptible animals, as in the case of feline 
panleucopenia. However, immune tolerance by the 
fetus can occasionally be advantageous when infec­
tions have clinical and pathological effects mediated 
by the immune response. The paradigm of this is 
lymphocytic choriomeningitis (LCM) infection of mice 
(Old stone, 1998). In adults the disease is mediated by a 
lethal infiltration of the brain by responsive T lympho­
cytes. Prenatal infection induces a tolerance to LCM 
virion antigens; therefore no lymphocytic infiltration 
occurs in adult infections; and thus there is no clinical 
disease. 

Transovarial and trans-stadial transmission 
in arthropods 

Some arthropods, notably ticks and mites, transmit 
bacteria, viruses and protozoa from one generation to 
another via their eggs; this is transovarial transmis­
sion. Examples of transovarially transmitted infections 
include bovine anaplasmosis (a protozoan disease 
causing anaemia in cattle in the tropics and subtropics, 
transmitted by several genera of ticks) and canine 
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babesiosis (another protozoan disease causing anaemia 
in dogs, transmitted by ticks of the genera Dermacentor 
and Haemaphysalis). 

In contrast, some arthropods only transmit infec­
tions from one developmental stage to another (e.g., in 
ticks: larva to nymph, nymph to adult); this is trans­
stadial transmission. An example of a trans-stadially 
transmitted disease is theileriosis, caused by protozoa 
of the genus Theileria, occurring in cattle, sheep 
and goats, and transmitted by ticks of the genus 
Rhipicephalus. 

Some infections are spread both transovarially and 
trans-stadially, for example Nairobi sheep disease, 
a virus infection transmitted by the brown tick, 
Rhipicephalus appendiculatus. Investigations of tick­
transmitted diseases are revealing that many infec­
tions, once thought to be transmitted by only one of 
these methods, are transmitted by both. 

Some infections involve trans ovarial, trans-stadial 
and sexual transmission in arthropods. Thus, in Africa, 
African swine fever virus is primarily maintained in 
the tick Ornithodoros moubata by these three methods 
of transmission (Figure 6.8). Warthogs are infected 
by the bite of the tick, but there is neither horizontal 
nor vertical transmission between them, and only a 
small proportion of nymphal ticks are persistently 
infected when they bite young warthogs during a brief 
viraemic phase. 

Maintenance of infection 

Hazards to infectious agents 

The transmission of infection involves some stages 
when the infectious agent is in the host, and others 
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Boycott, 1971.) 

when it is in the external environment or in a vector, or 
in both (Figure 6.1). Both internal and external environ­
ments present hazards to infectious agents. 

The environment within the host 

The host has its natural defence mechanisms: surface­
active chemicals, specific reactive cells, phagocytes 
and humoral antibodies. The successful parasite must 
be able to avoid, in part, these mechanisms, and must 
also avoid competition with other agents that may 
simultaneously infect the host in a similar niche 
(see Chapter 7). Parasites have evolved strategies to 
resist the host's protective mechanisms, such as acid­
resistant helminth cuticles (to resist gastric acid) and 
an intracellular mode of life (to avoid humoral anti­
bodies). Some bacteria possess capsules that protect 
them against phagocytosis, for example, Pneumococcus 
spp. (Figure 6.9). Many parasitic nematodes have a 
greater fecundity than their free-living counterparts 
(Table 6.6), thus ensuring that some offspring will sur­
vive the host's immune response and potentially lethal 
conditions in the external environment. 

The external environment 

The two main hazards presented by the external 
environment are desiccation and ultraviolet light. 
Desiccation is not always lethal, but frequently inhibits 
multiplication. Low temperatures are not usually 
lethal, but can inhibit multiplication. The high tem­
peratures attained in temperate climates are probably 
not lethal but those reached in tropical countries may 
be more effective. Many agents may be partially pro­
tected from desiccation by being discharged in moist 
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Table 6. 6 The comparative fecundity of Platyhelminthes and 

Nemathelminthes. (From Dobson et al., 1992.) 

Species Fecundity Host 

Free-living species (young/adult/ 

breeding season) 
Turbellaria 

Polycelis nigra 2.5 

P. tenuis 1.0 

Ougesia polychroa 0.8-1.7 

Plana ria torva 4.9 -15.2 

Oendrocoelom lacteum 4.9-10.3 
Bdellocephala punctata 16.0 

Parasitic species (eggs/worm/day) 

Digenea 

Schistosoma mansoni 100 Hamster 
Cestoda 

Echinococcus granulosus 600 Dog 

Hymenolepis diminuta 200 000 Rat 

Taenia saginata 720 000 Man 

Acanthocephala 

Moniliformis moniliformis 5 000 Rat 

Nematoda 

Ascaris lumbricoides 200 000 Pig 

Enterobius vermicularis 11 000 Man 

Wuchereia bancrofti 12 500 Man 

carriers such as faeces and urine. They may also persist 
by being shed into favourable surroundings; lepto­
spires, for example, persist longer in paddy fields 
than in semi-arid regions. Some viruses that survive 
loss of water and become desiccated remain viable for 
months or years. Other viruses (e.g., the pox viruses) 
are resistant to desiccation and can survive for long 
periods in dry infected scab material. Agents may also 
survive in inanimate material in the environment, 
which may therefore act as a fomes; for example, 
animal foodstuffs contaminated with Salmonella spp. 
Foot-and-mouth disease virus can survive for several 
weeks on a variety of fomites (Table 6.7), necessitating 
thorough cleansing and disinfection of premises after 
outbreaks (Quinn, 1991)11. 

11 The following description of the cleansing and disinfection proced­
ures used in Scotland during the 2001 foot-and-mouth disease epidemic 
exemplifies the intensity of effort that is required to effectively remove 
the hazard of further infection from environmental contamination. First, 
and usually within a day of slaughter of affected animals, preliminary 
cleansing and disinfection of affected farms was undertaken by teams of 
six: two with pressure washers at the gate to disinfect all leaving vehicles, 
and four to help with the carcass disposal pyre, carcass moving and pre­
liminary disinfectant spraying of the premises. It was often necessary 
to provide water bowsers to assist with this. All areas that had been 
in contact with susceptible stock (especially the slaughter area) were 
thoroughly soaked with a disinfectant. If immediate removal of carcasses 
was not possible, then they, also, were soaked with disinfectant and 
covered until removed. On removal, the area on which the carcasses were 
located, and any other areas used for transportation and removal, were 
again sprayed with disinfectant. Next, premises were visited by specially 

Table 6. 7 Foot-and-mouth disease virus survival times in animal 

products, and on some common fomites. (Compiled from Sanson, 

1994; Pharo, 2002.) 

Product/material 

Lymph and haemal nodes at 4°C 

Bone marrow at 4°C 

Skeletal muscle (pH<6) at 4°C 

Frozen carcass (no rigor mortis) 
Milk pH 2.0 4°C 

Milk pH 5.8 4°C 

Milk pH 7.0 4°C 

Dried casein 

Cheese (manufactured from raw milk) pH 6 

Cheese (manufactured from raw milk) 

cured at>2°C 

Frozen or liquid manure 

Wool 

Ox's hair 

Houseflies 

Contaminated footwear 
Wood, hay, straw, feed sack, etc. 

Maintenance strategies 

Survival time 

120 days 

210 days 

2 days 
6 months 

1 minute 

18 hours 

15 days 

2 months 
30 days 

120 days 

>6 months 

14 days 

4- 6 weeks 

10 weeks 

11-14 weeks 
15 weeks 

The ways in which infectious agents are maintained 
can be considered as strategies for maintenance. Five 
main strategies can be identified: 

1. avoidance of a stage in the external environment; 
2. the development of resistant forms; 
3. a 'rapidly in, rapidly out' strategy; 
4. persistence within the host; 
5. extension of host range. 

Avoidance of a stage in the external environment 

Some agents avoid transfer via the environment. There 
are four main methods: 

trained cleansing-and-disinfection officers to discuss implementation of 
cleansing and disinfection, either by the farmer alone, or in combination 
with a contractor, or by the latter alone. A proforma of work to be 
carried out on approximately 800 premises was completed. Faeces were 
removed, stacked to heat up, and sprayed with disinfectant. Slurry, by 
preference, was treated with caustic soda on farms to raise the pH to 11, 
and then spread on fields; 193 premises were treated in this way. Slurry 
in towers was left for at least 90 days, before spreading. Some slurry in 
pits was partially treated and removed to give space for wash water. 
Some was left for at least 150 days, and then spread. A further 150 
premises were dealt with either by these timed methods, or by caustic­
soda treatment by the farmers themselves. All areas in contact with 
susceptible livestock were first hosed down with water. A detergent 
degreaser then was applied to remove grease and encrusted faeces. These 
areas were washed down again, and further degreased and washed, if 
required. Particularly dirty roofs were also washed or vacuumed. The 
clean areas were then sprayed with disinfectant, and, finally, 7 days later, 
the areas were disinfected once more. Additionally, approximately 800 
3-km pre-emptively-culled premises (see Figures 4.6, 4.14 and Chapter 22) 
had to have all areas in contact with livestock sprayed with disinfectant. 



1. by vertical transmission; 
2. by venereal transmission; 
3. by vector transmission; 
4. by transmission by sarcophagia (flesh eating); 

for example, the helminth Trichinella spiralis occurs 
in cysts in the muscle of pigs, rats and other 
animals, and is only transmitted when these 
animals are eaten by predators and scavengers, 
including man; 'salmon poisoning' is another 
example (see Figure 7.9). 

Resistant forms 

The harshness of the external environment can be 
buffered by surrounding the infectious agent with a 
shell that is resistant to heat and desiccation. Some 
bacteria form such shells (spores). Examples include 
members of the genera Clostridium and Bacillus, which 
can survive boiling water, even flames, for short 
periods of time, and may survive in the external 
environment for decades. Fungi may also produce 
spores. Generally these are less resistant than bacterial 
spores. Some helminths and protozoa form resistant 
shells (cysts). These can protect the agent from the 
host's defence mechanisms; the protozoan parasite, 
Toxoplasma gondii, for example, can survive for many 
years in its cystic form in the host, until the latter 
is eaten. Thick-shelled helminth eggs can resist the 
external environment and may overwinter on pasture. 

'Rapidly in, rapidly out' strategy 

Some agents enter the host, replicate and leave very 
quickly, before the host has time to mount an immune 
response or die. Many viruses of the upper respiratory 
tract can do this within 24 hours. The strategy requires 
a continuous supply of susceptible hosts. This may be 
one reason why respiratory and enteric infections, 
such as the common cold virus in man, are not present 
in primitive societies of low population density, and 
may not have occurred in small prehistoric societies 
(Brothwell and Sandison, 1967; Black, 1975)12. 

Persistence within the host 

Infectious agents may persist within the host, some­
times for life. Persistence occurs because the host's 
defence mechanisms fail to eliminate agents. This fail­
ure may arise because microorganisms adapt to the 
host's phagocytic cells, or develop strategies for avoid­
ing the host's immune response (Mims et al., 2000). The 
latter include immunosuppression and tolerance. 

12 Grenfell et al. (2004) present a detailed discussion of the evolution of 
the dynamics of infection. 

Maintenance of infection I II 

Immunosuppression results in the agents being 
maintained in the host for varying periods of time. It 
may be general or antigen-specific. General immuno­
suppression is demonstrated by some viruses (e.g., 
rinderpest) and protozoa (e.g. T. gondii), and facilitates 
survival of these and other agents in the host. Antigen­
specific immunosuppression only involves the re­
sponse to the infecting microorganism, the responses 
to other agents being unaffected. Human leprosy and 
tuberculosis induce this type of immunosuppression. 

Tolerance is due to a primary lack of responsiveness 
by the host, rather than active suppression. This can 
occur prenatally; the example of LCM has been given 
earlier in this chapter. It can also occur when there are 
large amounts of circulating antigen or antigen­
antibody complexes, for instance, in human leishmani­
asis and cryptococcosis. Tolerance is sometimes found 
in infections with microorganisms that have antigens 
similar to normal host antigens (e.g., Bacteriodes spp. 
infections in mice). It has been suggested that 
such 'molecular mimicry' is generally associated with 
tolerance, but the evidence is equivocal. 

Other means of avoiding the host's immune response 
are antigenic variation (see Chapter 5), intracellular 
parasitism (see Chapter 7), multiplication in sites 
inaccessible to the immune response (e.g., mammary 
tumour virus of mice, infecting the lumenal surface of 
the mammary gland), and the induction of ineffective 
antibodies (e.g., Aleutian disease virus of mink). 

Other examples of persistent infections are Myco­
bacterium johnei, tapeworm infections of the gut, and 
T. spiralis in tissues. Specific types of persistent infec­
tion (latent and chronic infection, and the carrier state) 
have already been discussed in Chapter 5. 

Persistence can be associated with a long incubation 
or prepatent period. A group of virus diseases, termed 
'slow virus diseases' because of their long incubation 
period, fall into this category. Maedi-Visna, for 
example, is a slow virus disease of sheep, producing 
neurological and respiratory signs, with an incubation 
period of 2-8 years. Similarly, scrapie is a virus-like 
disease, also of sheep, which produces neurological 
signs and has an incubation period of 1-5 years. 
Its persistence within its host facilitates vertical and 
possibly horizontal transmission in a flock. 

Alternatively, an agent's prepatent period may be 
relatively short, but excretion of the agent may con­
tinue for a long time (Le., the period of infectiousness 
is long). Excretion may be intermittent, for example, 
Salmonella spp. infection can be associated with inter­
mittent clinical episodes or subclinical infection, both 
associated with occasional excretion of the bacterium. 
Infection may also result in continuous excretion. 
For instance, infection of cattle by Leptospira, serovar 
hardjo, results in urinary excretion of the bacterium 
that can last for 12-24 months. The long period of 
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Table 6.8 Some characteristics of host/parasite relationships between fleas, acting as vectors, and infectious agents. (Simplified from 

Bibikova, 1977.) 

Disease and pathogen Site of pathogen Reproduction of Duration of Pathogenic 

in flea pathogen in flea pathogen in flea effect on flea 

Myxomatosis Digestive tract No Up to 100 days Yes 

Fibromavirus myxomatosis 

Tularaemia Digestive tract No Several days No 

Franciseela tularensis 

Murine typhus Digestive tract Yes Lifetime No 

Rickettsia mooseri 

Murine trypanosomiasis Digestive tract Yes Lifetime No 

Trypanosoma lewisi 

Salmonellosis Digestive tract Yes Up to 40 days Yes 

Salmonella enteritidis 

Plague Digestive tract Yes Several months Yes 

Yersinia pestis to over 1 year 

Table 6.9 Some infectious diseases commonly transmitted from wildlife to domestic livestock. (Modified from Bengis et al., 2002.) 

Disease and causal agent Maintenance host Domestic animals affected Epidemic potential 

Foot-and-mouth disease (aphthovirus) African buffalo and cattle Cattle, pigs, sheep and goats Major 

Trypanosomiasis (Trypanosoma spp.) Elephant, wild ruminants and wild Cattle, horses, pigs, sheep, Moderate 

suids goats and dogs 

African swine fever (asfarvirus) Argasid ticks, warthogs Domestic pigs Major 

Theileriosis or Corridor disease African buffalo Cattle Moderate 

( Theileria parva group) 

Heartwater (Cowdria ruminantium) Suspect buffalo, other artiodactyls, Cattle, sheep and goats Moderate 

chelonians and gallinaceous birds 

African horse sickness (orbivirus) Zebra Horses and donkeys Moderate 

Bluetongue (orbivirus) Various artiodactyls (uncertain) Sheep and cattle Moderate 

Lumpy skin disease (capripox) Uncertain 

Malignant catarrhal fever Blue and black wildebeest 

N ewcastle disease Wild birds, exotic pet birds 

Classical swine fever Wild boar 

infectiousness of hosts infected with such agents 
ensures that a susceptible population, resulting from 
regular births, is always available. Some endogenous 
agents (see Chapter 5) may persist as the bacterial flora 
of hosts. 

Agents may persist not only within vertebrate hosts 
but also in arthropod vectors. African swine fever 
virus, for example, persists in ticks for up to 8 months 
(Hares nape and Wilkinson, 1989). Table 6.S lists the 
duration of infection of fleas by various microbial 
agents. Note that some agents (e.g., murine typhus) 
can persist in fleas for the latter's lifetime which can 
be very long - over 500 days in the case of unfed Pulex 
irritans (Soulsby, 1982). Additionally, agents can per­
sist in flea excreta for long periods; murine typhus, for 
example, can persist for over 9 years (Smith, 1973). 

Cattle Moderate 

Cattle Limited (seasonal) 

Poultry Major 

Pigs Major 

Extension of host range 

Many infectious agents can infect more than one host. 
Indeed, their number exceeds that of one-host agents. 
For example, over 80% infectious agents to which 
humans are susceptible are shared by other species 
of animal. An important role of the veterinarian is to 
control these zoonoses (e.g., tuberculosis and canine 
ascarid infections). Some infections of various hosts 
are inapparent, increasing the difficulty of control. For 
example, the bacterium Borrellia burgdorferi, the tick­
transmitted cause of Lyme disease in man and other 
animals, also inapparently infects several wild and 
domestic mammals and birds, which maintain the 
infection in Europe and the US (Anderson, 1988). 
Table 6.9 lists some infectious diseases with wildlife as 



maintenance hosts that transmit infection to domestic 
livestock. 

Extension of host range is an obvious way of main­
taining infection, and is facilitated by the presence of 
the various hosts in the same area. However, if an 
agent is present in different species in the same region, 
it should not be assumed that transfer between them 
always occurs. Thus, 18 southern African species of 
wildlife have been found to have antibodies to foot­
and-mouth disease virus (Condy et ai., 1969; Keet et ai., 
1996), but only the wild buffalo has been shown to be 
an efficient maintenance host (Condy et ai., 1985) and 
occasional transmitter of infection to cattle (Thomson, 
1996) and some cloven-hoofed species of wildlife 
(Bastos et ai., 2000). In contrast, several species of wild 
animals, such as the elephant, act as dead-end hosts 
and are incapable of transmitting the virus to other 
animals (Brooksby, 1972). 
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The ecology of disease 

The study of disease in populations requires an under­
standing of the relationships between organisms (hosts 
and agents) and their environment. These relation­
ships govern the spatial and temporal occurrence of 
disease. Climate, for example, affects the survival of 
hosts and infectious agents and the distribution 
of the latter's vectors either directly or, more subtly, 
by regulating the occurrence of plants that support 
the organisms. Similarly, the type of plant can affect 
the availability of minerals and trace elements, and 
therefore the occurrence of disease associated with a 
deficiency, an excess, or an imbalance of these chem­
icals. For instance, white clover (Trifolium repens) 
absorbs relatively small amounts of selenium, whereas 
brown top (Agrostis tenuis) absorbs large amounts 
(Davies and Watkinson, 1966). Therefore, when pas­
ture is top-dressed with selenium salts to prevent 
selenium deficiency in animals, the risk of selenium 
toxicity is greater if the latter plant predominates. 

The study of animals and plants in relation to their 
habits and habitation (habitat) is ecology (Greek: oikos 
= house; logo- = discoursing)l. Ecology developed as a 
discipline relating to animals and plants, but has been 
extended to include microorganisms (e.g., Atlas and 
Bartha, 1998) and has a qualitative and quantitative 
framework similar to epidemiology (Dodson et al., 
1998). In the context of animal disease, the scale of eco­
logical studies therefore ranges from an investigation 
of leptospires in the 'environment' of the renal tubules 
to the distribution and dynamics of sylva tic hosts of 
foot-and-mouth disease in the African savannahs. The 
study of a disease's ecology (also termed its natural 

1 The term 'ecology' was first used in 1866 by Ernst Haeckel in his 
book General Morphology, in support of the ideas propounded by Charles 
Darwin, 7 years earlier, in his seminal Origin of Species. 

history) is frequently a part of epidemiological invest­
igations. This has two objectives: 

1. an increase in the understanding of the patho­
genesis, maintenance and, for infectious agents, 
transmission of disease; 

2. the use of knowledge of a disease's ecology to 
predict when and where a disease may occur, 
to enable the development of suitable control 
techniques. 

This chapter introduces basic ecological concepts and 
relates them to epidemiology. 

Basic ecological concepts 

Two major factors that determine the occurrence of 
disease are the distribution and size of animal popula­
tions. The former depends on the distribution of suit­
able food; the latter depends on availability of food, 
mates and the species' breeding potential. 

The distribution of populations 

Vegetational zones 

Botanists were among the first to note the division of 
the Earth into different vegetational zones. In some 
parts of the world this division is clear; for example, 
the border between forest and tundra in northern 
regions, and the zoning of forests as one ascends 
mountains. In other areas the change is more gradual, 
for instance the transition from deserts to prairies. 
Early 18th century naturalists suggested that the world 
was divided into discrete formations of vegetation, 
such as tundra, savannah and desert, and they drew 
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Table 7.1 Koppen's system of classification of climate based on de Candolle's plant groups. (From Colinvaux, 1973.) 

De Candolle' 5 plant group Postulated plant requirements 

Megatherms (most heat) Continuous high temperature 

and abundant moisture 

Xerophiles (dry-loving) Tolerate drought, need minimum 

hot season 

Mesotherms (middle heat) Moderate temperature and 

moderate moisture 

Microtherms (little heat) Less heat, less moisture, tolerate 

long cold winters 

Hekistotherms (least heat) Tolerate polar regions 'beyond 

tree-line' 

maps that neatly but erroneously separated forma­
tions by lines. 

The first serious attempt to explain these apparently 
neat formations was made by de Candolle (1874), 
who argued that climate, particularly temperature, 
dictated vegetation. He drew the first vegetational 
map based on isotherms. Rain forests were described 
as formations of megatherms, deciduous forests of 
mesotherms, and deserts of xerophiles. At the begin­
ning of the 20th century Koppen used de Candolle's 
classification as the basis of the modern system 
(Table 7.1), which provides a good correlation between 
climatic and vegetational regions. Climate may dictate 
boundaries, but in a much more complex way than 
merely by ground-level temperature changes and 
rainfall. Meteorological work using satellites, and 
long-term studies of the thermal composition of air 
masses, however, have suggested that the mean posi­
tions of air fronts over the Earth roughly coincide with 
vegetational types. 

Biomes 

In the 19th century, zoologists noted that the broad 
divisions of the Earth were populated by similar 
animals. Even if the divisions were discontinuous (e.g., 
Africa and South America), some animals, especially 
birds, showed similar features. This assisted the evolu­
tionists in adding credence to their theory of conver­
gent evolution, which states that animals of different 
ancestral stock evolve similar features to suit similar 
environments. 

Zoologists attempted to classify different areas of 
the world according to the types of animal and plant 
that were present, because the distribution of animals 
appeared to be related to vegetation. One such person 
was the American, Merriam (1893) who defined life 
zones in North America after studying the distribution 
of animals and plants at various altitudes on North 
American mountains. 

Formation Koppen's climatic division 

Tropical rain forest A (rainy with no winter) 

Hot desert such as Sonoran B (dry) 

Temperate deciduous forest C (rainy with mild winters) 

Boreal forest D (rainy climates with severe 
winters) 

Tundra E (polar climates with no warm 

season) 

Merriam proposed four main life zones (Figure 7.1): 

1. boreal (northern), involving the Canadian, 
Hudsonian and Alpine Arctic; 

2. transition, containing animals and plants from the 
Boreal and Sonoran; 

3. Sonoran (named after Sonora, a state in NW 
Mexico), comprising the Upper and Lower; 

4. Tropical. 

A fifth, minor one (the Lower Californian), is also 
indicated in Figure 7.1. 

The first impression of the vegetation in a life zone is 
termed its vegetational physiognomy; for example, 
the boreal life zone is dominated by conifers. How­
ever, it is important to note that there is a gradual 
transition from one zone to another; the apparent 
boundary on the life-zone map is set sharply by the 
cartographer. African ecological zones, based on clim­
ate, vegetation and potential for agricultural use, are 
described by Pratt et al. (1966), White (1983) and FAO 
(1999). 

Merriam, like de Candolle, thought that temper­
ature governed the distribution of animals. He argued 
that, in the Northern hemisphere, an animal's northern 
boundary was drawn by the threshold temperature 
below which reproduction was not possible. The 
animal's southern boundary was drawn by the thres­
hold temperature above which the heat was intolerable. 
Although Merriam spent much time measuring mean 
temperatures, he was never able to match isotherms 
with life zones. Although reasons for the transition 
from one life zone to another are not available, the exist­
ence of these zones is clear. They are now commonly 
called biomes. Thus, tropical rain forest, savannah and 
tundra are biomes, each with its own particular range 
of plants and animals (the boreal biome is colloquially 
called the 'Spruce-Moose' biome). 

The distribution of infectious agents and their vec­
tors, and therefore of the diseases produced by the for­
mer, may be limited by the environmental conditions 
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of biomes. The distribution of Rift Valley fever (a virus 
disease of sheep and cattle), for example, is associated 
with the wetter African ecological zones. This may be 
related to the abundance of mosquito vectors in these 
zones (Davies, 1975). Similarly, the fungus Coccidioides 
immitis, which systemically infects humans, dogs, 
cattle and pigs, producing primary respiratory signs in 
humans and dogs, appears to be endemically limited 
to the Lower Sonoran life zone (Figure 7.2: Schmelzer 
and Tabershaw, 1968). This zone is characterized 
by hot summers, mild winters, sparse vegetation, an 
annual rainfall of 6-8 inches (15-20 cm), an alkaline 
soil pH and wind conditions that are conducive 
to maintenance and dissemination of the fungus 
(Egeberg, 1954). Although the disease was first 
reported over 100 years ago (Deresinski, 1980), the 
number of cases has recently increased dramatically, 
and can be particularly severe in immunosuppressed 
individuals, such as those infected with human 
immunodeficiency virus (the cause of AIDS) (Kirkland 
and Fierer, 1996). 

The prevalence of heartworm (Dirofilaria immitis) 
infection of dogs in California is related to plant 
climatic zones (Figure 7.3). The seven zones are based 
on average temperatures during the day and night. 

Fig. 7.1 Map of the life zones of North America 

proposed by Merriam (1893), 

The time required for the parasite's microfilariae to 
develop to infective L3 larvae in the mosquito vector 
varies considerably between each zone, thus limiting 
the 'window' of transmission. The high prevalence in 
the Interior Valley areas also may be explained by the 
large amount of agricultural land devoted to rice 
production, which is known to increase the abundance 
of mosquitoes (Hill and Cambournac, 1941 )2. 

The nature of an ecological zone also has a major 
influence on animal husbandry, which, in turn, can 
affect morbidity and mortality (Carles, 1992). For 
example, animals reared on rangelands throughout 
the world experience marked climatic and nutritional 
changes (e.g., in forage type and availability), and 
inadequate nutrition therefore occurs. Fertility is par­
ticularly sensitive to the status of the body's reserves, 
and so infertility is a common problem on rangelands 
(Carles, 1986). The practice of trekking may pose 
additional stress, and so diseases in which stress is a 
component cause (e.g., pasteurellosis; see Figure 3 .5b) 
are also rangeland problems. Localized environments, 

2 The relationship between malaria and rice cultivation is well­
documented (Service, 1989), 
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Fig. 7.2 Lower Sonoran life zone and area of endemic Coccidioides immitis (nosoarea) in the US. (From Schmelzer and Tabershaw, 1968.) 

Fig. 7.3 Prevalence of canine heartworm in 

California. (From Theis et al., 1998.) 
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such as night enclosures and watering points, become 
heavily contaminated with microorganisms that are 
responsible for septicaemias in neonatal kids and 
lambs in some African pastoral systems. The high 
prevalence of brucellosis among livestock kept on 
rangelands may be associated with difficulties in 
the adequate disposal of aborted fetuses. Pre-weaning 
and post-weaning mortality rates are therefore often 
high: in sheep and goats reared extensively on tropical 
rangelands in Africa, India and Australia they often 
exceed 30%. 

Regulation of population size 

The 'balance of nature' 

The early biologists were impressed by the stability 
of animal and plant populations. Populations grow, 
reach a certain size, and then stop growing. The popu­
lation becomes stable and balanced, with the rate of 
reproduction equalling the death rate. 

Control of population size by competition 

Two hypotheses have been formulated to explain the 
balance of nature. Chapman (1928) argued that there 
was environmental resistance. Animal populations 
had an intrinsic rate of increase but there was some 
quality of the environment that resisted the increase. 
This theory may be good but there is no evidence to 
support it. The currently accepted theory is that popu­
lations are brought into balance by competition for the 
resources of the habitat, the most common of which is 
food. Competition therefore is density-dependent. 

In order to test this hypothesis it is necessary to con­
duct an experiment with food supply controlled. Such 
an experiment was conducted by Gause (1934), using 
one species of Paramecium with a constant supply of 
food. The growth curve for this protozoon is a sigmoid 
(Figure 7.4) that approximates to a mathematical equa­
tion, called the logistic equation (see also Chapter 15). 

The logistic equation is derived thus: if R = observed 
rate of increase, r = intrinsic rate of increase, N = 
number of animals, then, for the slope of the curve: 

R=rN. 

If K = saturation number, then, with increasing com­
petition, when N = K, R = O. 

The complete history of the sigmoid curve is: 

R=rN [I- � J. 
Early in growth, when growth is rapid because much 

food is available, N is small; therefore the quotient N/K 
is small: 
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Fig. 7.4 The sigmoid growth curve for a simple population in a 

confined space with limited input of energy. 

N 
1 - - approaches 1 

K 

and R approaches rN. 
Later, as growth decreases (because less food is 

available): 

N K 
- approaches - = 1 
K K 

N 
Thus 1 - - approaches O. 

K 
ThusR=rNxO 

=0. 

Further laboratory studies, for example with the fruit 
fly Drosophila, supported the hypothesis of density­
dependent competition for food. Parasite populations 
may also be regulated by this mechanism. Reproduc­
tion of Ascaris spp., for example, is density-dependent 
(Croll et al., 1982). However, experiments with other 
insects, notably the flour beetle, showed that density­
dependent factors other than food availability may 
control the size of populations, for instance the build­
up of metabolic excretory products, and decreased 
reproduction due to crowding. Thus, the competition 
model is a useful theoretical concept that has aided 
understanding of regulatorl mechanisms, but in the 
real world density dependence is rarely the result of 
just a single factor: various factors may operate at 
different times to control population size. 

3 'Population regulation' and the 'balance of nature' are synecdoches, 
which imply that there is active control with a particular purpose. 
However, both terms are used by ecologists simply to describe the 
processes that affect population dynamics - no purpose is required. 



Dispersal 

In some parts of the world, there may be dramatic 
seasonal variations in climate. An Australian species 
of grasshopper overwinters in its egg. The warmth of 
spring causes the eggs to hatch. The adults that develop 
then lay eggs as long as the weather is wet. A drought 
kills all of the adults. This is not density dependent; it 
occurs long before competition occurs. Such insects sur­
vive only by dispersal over large areas to different clim­
ates so that at least some are in an area that is wet. This 
phenomenon led Andrewartha and Birch (1954) to sug­
gest that large animals too were controlled by climate, 
not competition for food. They emphasized the dangers 
of oversimplification using the logistic model. 

Predation 

Predation has an obvious plausible role in controlling 
the size of populations, but most of the evidence 
suggests that this is not true for large animals because 
predators take only the sick and weak and young 
animals. Since the latter probably would not die other­
wise (a small number of deaths may occur, for example 
by drowning during migration), predation could have 
some effect on population size. There is, however, 
contradictory evidence. In the Serengeti of Africa there 
are about 200 000 wildebeests, but lions kill only 
12 000-18 000 each year, an insignificant number, and 
mostly of newborn animals that become lost. 

However, small predators, notably of insects, are 
efficient controllers of populations. Predators have 
been used to control insect pests; for example, the use 
of ladybirds to control cotton cushiony-scale insects. 

Infectious disease 

Pandemics with high case fatality rates, such as the 
Black Death and rinderpest (see Chapter 4) clearly 
have a severe impact on populations, However, con­
siderable interest is developing in the role of infectious 
disease in determining and regulating the size of 
populations more generally (Anderson and May, 1986, 
1991). There is circumstantial evidence, for instance, 
that the approximate decadal fluctuations in popu­
lations of forest-dwelling Lepidoptera are caused by 
epidemics of disease (Myers, 1988), and there may be 
similar effects in vertebrate populations. The fungus, 
Batrachochytrium dendrobatidis, for example, probably 
caused population decline in rainforest-dwelling frogs 
in Australia and Panama (Berger et al., 1999). Inten­
tional release of rabbit haemorrhagic disease virus 
appears to be an effective method of controlling rabbit 
populations (Sanson et al., 2000), and myxomatosis 
appears to have a regulatory effect, too (Ross et al., 
1989). Moreover, infections are a major risk to endan-
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gered species (McCallum and Dobson, 1995) when 
they 'spill over' from other species, canine distemper 
virus, for example, killing over 70% of the last remain­
ing free-living colony of black-footed ferrets (Table 6.4). 

Infectious agents can be divided into two groups 
according to their generation dynamics: microparasites 
and macroparasites (May and Anderson, 1979); this 
is a useful classification when considering the effects 
of parasites on host populations. The microparasites 
multiply directly when inside the hosts, increasing the 
level of parasitism. They include viruses, bacteria and 
protozoa. Macroparasites, in contrast, do not increase 
the level of parasitism: they grow in the host, but 
multiply by producing infective stages which are 
released from the host to infect new hosts. They 
include helminths and arthropods. 

Microparasitic infections can obviously depress host 
population size when they occur as epidemics or pan­
demics with high case fatality rates. Such effects are 
usually transient, but they do indicate a potential for 
more general regulation of the host population akin to 
that of predators. 

The intrinsic growth rate of a population must be 
influenced by parasites if they are to regulate popu­
lation size. This rate is governed by host survival and 
reproductive capacity. Microparasites are frequently 
pathogenic organisms of high virulence. Their obvious 
regulatory potential therefore lies in their capacity to 
kill hosts, but they may also have less direct effects 
such as inducing susceptibility to opportunistic infec­
tions and rendering infected hosts 'less competitive' 
than their peers. 

There are certain experimentally and theoretically 
identified conditions under which microparasites 
can regulate host population size (Anderson, 1981). 
Disease-induced mortality must be high compared 
with the disease-free rate of growth. The influence of 
high pathogenicity and virulence, however, is often 
moderated by a short period of infectiousness because 
fewer individuals are likely to be infected. Moreover, 
enduring immunity in recovered individuals prevents 
recurrence of disease. These last two factors therefore 
mitigate the regulatory effects of virus and bacterial 
infections in vertebrates. (Invertebrates cannot develop 
acquired immunity, and the capacity of pathogenic 
bacteria and viruses to regulate invertebrate popu­
lations is generally acknowledged.) Early epidemio­
logical studies indicated that AIDS may be able to 
reverse positive population growth (Anderson and May, 
1988), and recent evidence supports this (Whiteside, 
1998; Barnett and Whiteside, 2002). Characteristics of 
the infection that contribute to this effect are the virus's 
high pathogenicity, the lack of an immune response 
in the host (and, consequently, the invariably fatal out­
come of the disease), the long period of infectiousness, 
and vertical transmission. 
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Table 7.2 The average parasite burdens of N orth American 

mammals,* (From Dobson et ai" 1992,) 

Mean burden Mean number 

per individual of species per 
host host population 

Trematodes 108 L8 

Cestodes 140 2,8 

N ematodes 117 5,3 

Acanthocephalans 0,3 

Number of parasite 

species 3 10 

* The data are from 76 populations of mammals comprising 10 

species of lagomorphs, 22 species of rodents, 35 species of carnivores 

and 11 species of artiodactyls, Carnivores generally had the most 

diverse range of parasites, and lagomorphs the leas!' Gregarious 

species had the highest mean parasite burdens, 

Infections with macroparasites, particularly hel­
minths, are ubiquitous in the animal kingdom 
(Table 7.2). Therefore, they could have a widespread 
regulatory effect on animal populations, although 
the effect may not be as overt as those induced by 
microparasites. Helminths not only significantly 
decrease an animal's growth rate, but also can reduce 
host survival and reproductive capacity. For example, 
sheep mortality is related to intensity of infection with 
Fasciola hepatica (Smith, 1984); and red grouse infected 
with Trichostrongylus tenuis produce smaller clutch 
sizes than uninfected birds (Hudson, 1986). 

Infections may also act more subtly, for example, 
by increasing a host's susceptibility to predation 
(Anderson, 1979). Thus, cormorants capture a dis­
proportionately large number of roach infected with 
the tapeworm, Ligula intestinalis, compared with the 
prevalence of infected fish in the population as a whole 
(Dobben, 1952). 

Microparasites and macroparasites have been ident­
ified as suitable candidates for the control of rats, dogs, 
cats and goats that are introduced to oceanic islands; 
parasitic nematodes and viruses of low to intermediate 
pathogenicity being the most appropriate (Dobson, 
1988). It has also been postulated that microparasites 
might be used less directly to control vertebrate pest 
populations by being genetically engineered to ex­
press genes encoding gamete proteins, thus 'immuno­
sterilizing' the pests (Tyndale-Biscoe, 1994). 

The population dynamics of microparasites are dis­
cussed by Nokes (1992) and Bulmer (1994). Dobson 
et al. (1992) discuss macroparasites. 

Home range 

Certain animals have a natural restriction to the 
area over which they roam; this is their home range. 
For example, arctic birds have a larger home range 

when food is scarce than when it is plentiful. This may 
control the population, and has implications for the 
transmission of infectious disease; infected animals 
may transmit infection over their home range, but no 
further. For example, rats are the maintenance hosts of 
the rickettsial disease scrub typhus. Trombiculid mites 
(chiggers) are the vectors; they parasitize mammals 
and birds. The small home range of the rats results in 
the mite's life-cycle being restricted to small areas, 
called 'mite islands' (Audy, 1961). When the mites are 
infected with the rickettsia, localized endemic areas of 
scrub typhus, associated with the mite islands, occur. 
Extension of the infection occurs only by dispersal 
of infected mites by wider-ranging incidental hosts 
such as birds and man, in whom the infection causes 
serious disease. 

Territoriality 

The part of an animal's home range that it defends 
aggressively from invaders is the animal's territory. 
This behavioural response is territoriality, and is par­
ticularly conspicuous in birds. This has an advantage, 
economizing movement when searching for food. 
Territoriality may also control the population because 
there is a minimum size to a territory and a finite 
amount of space, and therefore a finite number of 
animals that can exist in the territory. The conditions 
that favour territoriality over non-territorial organiza­
tion may depend on the 'economics' of the strategy 
(Brown, 1964). If a resource (food) is scarce, widely dis­
persed, or subject to seasonal fluctuation, then it may 
be too costly to defend by territorial behaviour. These 
factors interact to determine optimum territorial size 
(Carpenter et al., 1983). 

Social dominance 

In the 1920s, a social hierarchy called the 'peck order' 
was discovered among birds. Some gregarious species, 
especially rodents, inhabit favourable places. When 
crowding occurs, the socially weaker animals are forced 
out. This may be a population control mechanism. 

The 'Wynne-Edwards' hypothesis 

The population-control consequence of territoriality, 
social hierarchy and behaviour may be just a side­
effect. The Aberdeen zoologist, Wynne-Edwards, sug­
gested that population control was the main purpose 
of group behaviour (Wynne-Edwards, 1962), which 
sometimes causes physiological stress (see Chapter 5). 
The crowding of rats results in associated fighting, 
cannibalism and reduced fecundity. Such experi­
mentally stressed animals, and those that are naturally 
stressed (e.g., sewer-dwelling rats), have hypertrophied 



adrenals, indicative of the general adaptation syndrome 
(see Chapter 5). 

At certain times of the year animals congregate, 
although there are no obvious spatial restrictions (e.g., 
deer during the rutting season). Wynne-Edwards sug­
gested that this 'head count' of the population evoked, 
by feedback, the general adaptation syndrome and 
controlled reproduction. There are two problems 
with this theory: evolution tends to select individuals, 
not groups, and the hypothesis suggests that birth­
controllers are favoured, whereas evolution usually 
selects the efficient producers. This theory is not 
fashionable today. 

For whatever reason animals congregate, the 
increased contact can aid transmission of infectious 
agents, and can produce seasonal trends in disease 
occurrence (see Chapter 8). Thus, when North Amer­
ican leopard frogs congregate to spawn during the 
winter, there is seasonal transmission of Lucke's frog 
virus (McKinnell and Ellis, 1972). 

It is difficult to produce a general theory of popula­
tion control. Food availability is important, and energy 
availability limits the supportable biomass (see 'The 
distribution of energy between trophic levels' below). 
Infectious disease also may have a role. 

However, different mechanisms probably operate in 
different circumstances. 

The implications for disease occurrence of 
the distribution and control of populations 

The distribution, the home range of animals, and other 
behavioural activities of hosts of infectious agents 
affect the latter's transmission. An example is vulpine 
rabies. The infection is maintained in Europe in foxes 
(Wachendorfer and Frost, 1992). The behaviour of 
foxes during the year alters the association between 
foxes. The animals may be solitary, paired, or part of a 
family unit. Similarly, rabid foxes' behaviour depends 
on the type of rabies that they display; foxes with 
dumb rabies may seek a solitary existence, whereas 
furious rabies may cause foxes to approach other 
animals readily. Figure 7.5 illustrates how these differ­
ent behaviour patterns affect the survival and spread 
of rabies virus between animals. 

Increases in home range also may increase spread of 
infection. Thus, during the summer months, rabies 
may be confined to foxes in the northern tundra and 
forests of Canada, but in winter, as food supplies 
become scarce, infected foxes may invade more 
southerly regions and introduce rabies to such areas. 

The niche 

Gause's work with Paramecium, mentioned earlier in 

Behaviour 
of rabid 
foxes 

Dumb 

Mixed 
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Fig. 7.5 Social group behaviour and behaviour of rabid foxes 

as determinants of rabies in foxes. 0: Conditions unfavourable for 

existence of rabies virus; number of squares indicates the relative 

degree to which conditions are unfavourable. T: Conditions 

favourable for the existence of rabies virus, number of triangles 

indicates the relative degree to which conditions are favourable. 

(From Macdonald and Bacon, 1980.) 

this chapter, is an example of intraspecific competi­
tion, that is, competition between members of the 
same species. Interspecific competition also can occur 
when two species live together, in which circumstance 
they either might both thrive, or one may be extermin­
ated by the other. 

The solving, simultaneously (in the mathematical 
sense), of the logistic equation for each species to find 
the relative size of each population produces pairs of 
equations that were derived independently in the US 
by Lotka (1925) and in Italy by Volterra (Chapman, 
1931). These equations are therefore called Lotka­
Volterra equations. They can be derived for varying 
degrees of competition. The conclusion drawn from 
these equations is of fundamental importance in eco­
logy. It is that the coexistence of two strongly competing 
species is impossible. Coexistence is possible only if 
competition is weak. This was tested, again by Gause, 
using two different species of Paramecium in a test-tube 
culture. He found that either one or the other species 
triumphed, depending on the composition of the 
environment. This led to the principle of competitive 
exclusion: that competition will exclude all but one 
species from a particular position defined by an 
animal's feeding habits, physiology, mechanical abili­
ties and behaviour. This position is an animal's niche 
(Elton, 1927). The principle of competitive exclusion 
can therefore be summarized as 'one species, one 
niche'. (This implies that Charles Darwin's original 
concept of the survival of animals most suited to 
their environment, as a result of competition, should 
be modified to one of survival by the avoidance of 
competition.) 

There are examples of competition leading to exclu­
sion in the world as a result of strong competition, 
although they are few. Probably the best-documented 
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one is of the Abington turtles. Abington is an island in 
the South Atlantic that had an indigenous species of 
turtle. During the 19th century, sailors introduced 
goats to the island. The goats had exactly the same 
requirements as the turtles for food. Therefore there 
was strong competition, which led to the extinction of 
one of the species, in this case the turtles, according to 
the Lotka-Volterra prediction. Competitive exclusion 
is known to operate among virus infections at the 
cellular level (Domingo et al., 1999). 

Competitive exclusion has been used as a means of 
disease control. The snail, Biomphalaria glabrata, which 
is an intermediate host for schistosomiasis, has been 
replaced by the more competitive snail Marisa cornuar­
ietis, which is not an intermediate host for the helminth 
(Lord, 1983). Marisa cornuarietis is reared and then 
released into streams and ponds, which are the habitat 
of B. glabrata. Marisa cornuarietis dominates within 
a few months of its release, and B. glabrata virtually 
disappears. It also offers prospects for control of 
Salmonella and Campylobacter spp. and Escherichia coli 
infections in poultry (Mead, 2000) and E. coli infections 
in pigs (Genovese et al., 2000) (also see Chapter 22). 
There is also evidence that coyotes exclude red foxes 
from their domestic family territories (Voigt and Earle, 
1983; Sargeant et al., 1987; Harrison et al., 1989), and it 
has therefore been suggested that such interspecific 
competition could be used to control the vulpine vector 
of rabies, and therefore the disease (Kappeler, 1992). 

However, the 'real world' is very diverse and there 
are many opportunities for animals to avoid com­
petition by finding their own niche. Sometimes the 
mechanism of avoidance is not obvious; for example, 
marine zooplankton are all filter feeders but actually 
filter particles of different sizes and therefore do not 
compete. 

A voidance of competition is usual in sympatric 
species, that is, species found in the same country or 
area. Giraffe, Thompson's gazelles and wildebeests 
are sympatric species in East Africa. They avoid com­
petition for food: the giraffe, with its long neck, feeds 
high up; the gazelle and wildebeest, although of 
similar stature, eat differently: the gazelle eats ground­
hugging leaves, while the wildebeest eats side shoots. 

There are two sympatric species of cormorant in 
England: the common cormorant and the shag. Both 
species look alike, occupy the same stretches of shore, 
are submarine feeders, nest on cliffs, and are fairly 
abundant. They appear to occupy the same niche, but 
do not. The common cormorant has a mixed diet, but 
excluding sand eels and sprats. It fishes out to sea and 
nests high on cliffs on broad ledges. The shag, in con­
trast, eats mostly sand eels and sprats, fishes in the 
shallows, and nests low on cliffs or on shallow ledges. 

There are many other examples of sympatric species 
occupying different niches, ranging from cone shells 

that occupy different sublittoral zones, to warblers that 
occupy different parts of the same tree. Short-lived 
animals, for example insects, can occupy the same 
niche and avoid competition by pursuing their activit­
ies during different seasons. 

Disease can affect relationships between sympatric 
species when avoidance of competition does not occur 
(De Leo et al., 2002). Parasites can indirectly tip the 
balance of competition and allow one host species to 
exclude another from a potentially sympatric range. 
Thus, the meningeal helminth parasite, Parelapho­
strongylus tenuis, has prevented moose and caribou 
from becoming established in areas in the Eastern US, 
easing competition for white-tailed deer (Schmitz and 
Nudds, 1993). 

Although competition may be avoided by sympatric 
species, their inevitably close proximity can provide 
the opportunity for transmission of infection between 
them; these may include endangered species, whose 
populations may consequently decline (Table 7.3). 

Gause noted a laboratory example of the develop­
ment of a mechanism to avoid competition. During an 
experiment with two species of Paramecium, he noticed 
that both species survived in the same test tube 
because one species had changed its mode of living to 
inhabit only the top half of the test tube, while the other 
species had moved to the bottom of the tube, thus 
avoiding competition. This process was explained 
first by Darwin when he developed the concept of 
divergence of character: characters must diverge 
when closely related species live in the same region, be 
it test tube or prairie. The synonymous term character 
displacement was first used in the 1950s. 

One would expect displacement to be more common 
than exclusion because the world offers many ways of 
subtly changing niches. Displacement is also a mech­
anism of increasing species diversity. One example 
illustrates this phenomenon. Two species of nuthatch 
occur in Greece, Turkey and other parts of Asia: Sitta 
neumayer and Sitta tephronota. The external appearance 
of S. neumayer in Greece, and S. tephronota in Central 
Asia, where the species do not overlap, is similar. 
However, in Iran, where the two species overlap and 
coexist, the external appearance of each species is dif­
ferent. This external divergence of characters probably 
reflects other changes that avoid competition. 

Some examples of niches relating to disease 

louse infestations 

Lice tend to be host-species-specific; pig lice do not live 
on man or dogs, and vice versa. By being host-specific, 
species of lice avoid competition: they have their own 
niche. The human louse also demonstrates character 
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Table 7.3 Infections transmitted from more common sympatric populations that have caused population declines in threatened mammals. 

(Modified from Cleaveland et al. (2002) The role of pathogens in biological conservation. In:  The Ecology of Wildlife Diseases, Edited by Hudson, 

P.J. et al. By permission of Oxford University Press.) 

Threatened host Infection Reservoir host References 

Ethiopian wolf Rabies, canine distemper virus Domestic dogs Sillero-Zubiri et al. ( 1996); Laurenson et al. ( 1998) 

African wild dog Rabies, canine distemper virus Domestic dogs Alexander et a/. ( 1993, 1996);  Gascoyne 

et al. ( 1993); Alexander and Appel (1994); 
Kat et al. (1995) 

Baikal seal Canine distemper virus Domestic dogs Mamaev et al. ( 1995) 

Caspian seal Canine distemper virus Possibly terrestrial Forsyth et a/. (1998) 
carnivores 

B lack-footed ferret Canine distemper virus Various wild carnivores Williams et al. ( 1988) 

Arctic foxes Otodectic mange Domestic dogs Goltsman et al. ( 1996) 

Chimpanzee Polio People Van Lawick-Goodall (1971) 

Bighorn sheep Pasteurella spp. Domestic sheep Foreyt and Jessup (1982); Foreyt (1989) 

Chamois Infectious keratoconjunctivitis Domestic sheep Degiorgis et al. (2000) 

Monk seal Morbillivirus Possibly dolphins Osterhaus et a/. ( 1998) 

Mountain gorilla Measles People 

Rainforest toads Chytridiomycosis Cane toads 

displacement. Two types of louse live on man: the 
head louse and the body louse. These each parasitize 
the two different parts of the body, rather like Gause's 
two species of Paramecium living in the top and the 
bottom of the test tube. 

Internal parasitism 

An animal comprises a connected set of organ systems, 
which are potential niches for many internal parasites 
with complex life-cycles. The fundamental niche is 
the range of sites that can be occupied by a parasite; 
whereas realized niches are the sites that are actually 
occupied (Poulin, 1 998). Realised niches may be the 
optimal sites of a parasite within the fundamental 
niche, if competition with other species does not occur. 
Alternatively, if there is potential competition, realized 
niches may be those that are occupied to avoid com­
petition, and such 'interactive site segregation' (Holmes, 
1973) is known to occur. For example, several species 
of helminth parasitize the intestine of grebes, but, on 
average, occupy different sites along the length of the 
intestine (Figure 7.6). 

Intracellular parasitism 

Intracellular parasites comprise all viruses, some 
bacteria (e.g., Brucella spp., Mycobacterium tuberculosis, 
and Rickettsia, Ehrlichia, Coxiella and Chlamydia spp.) 
and some protozoa (e.g., Babesia spp.). They occupy a 
variety of niches in cells, including the cytoplasm, 

Hastings et al. ( 1991) 

Berger et al. ( 1998) 

endosomes, lysosomes and vesicles. There are several 
advantages to this type of existence, such as safety 
from humoral antibodies and the avoidance of com­
petition with extracellular agents. The intracellular 
environment, however, is harsh; this is reflected in 
the relatively low generation times of intracellular 
parasites compared with extracellular ones. The intra­
cellular environment shares this characteristic with 
larger extreme environments such as snowfields and 
salt lakes (Table 7.4). 

Intracellular parasites therefore have evolved diverse 
mechanisms for evading the host's cellular defences 

Table 7.4 Comparison of the intracellular environment with 

terrestrial extreme climates. (After Moulder, 1974.) 

Diversity of 

inhabiting species 

is low 

Dominant forms 

have evolved 

unique fitness traits 

Dominant forms 

dependent on 

species diversity 

limiting factors 

Terrestrial extreme 
environments (e.g. 
deserts, salt lakes, hot 
springs, snowfields) 

+ 

+ 

Factor is abiotic, 
e.g. heat, 

salinity, dryness 

The cell 

+ 

+ 

Factor is 

biotic : 
the cell 
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Fig. 7.6 Distribution of intestinal helminth parasites in two species of 

grebes (a) Aechmophorus occidentalis, and (b) Podiceps nigricol/is . 
• : Mean; 0: standard deviation. (From Poulin, 1998; data from Stock 

and Holmes, 1 988.) 

(Hackstadt, 1998). These include rapid escape from 
phagocytic vacuoles (Rickettsia spp.), blocking of 
maturation of endosomes (Mycobacterium and Ehrlichia 
spp.) and adaptation to lysosomal conditions (Coxiella 
spp.). 

Epidemiological interference 

Studies in India (Bang, 1975) have shown that the pres­
ence, in a human community, of one type of respir­
atory adenovirus prevents infection with other types, 
even though the latter are common in surrounding 
communities. This is because the first type occupies a 

niche (the lower respiratory tract), which therefore 
cannot be filled by other agents. This phenomenon is 
epidemiological interference. 

Similarly, there is evidence that infection of 
laboratory animals and domestic livestock with one 
serodeme (a population demonstrating the same range 
of variable antigens: WHO, 1978) of Trypanosoma 
congolense delays the establishment of infection with 
a different serodeme in the same animals (Dwingler 
et al., 1986). 

Interference can affect the time of occurrence of 
disease. An epidemic caused by one agent may sup­
press epidemics caused by other similar agents. This is 
true of certain human respiratory infections in North 
America and India (Bang, 1975) and measles and 
whooping cough (Rohani et al., 2003). Some diseases 
are common in the young. Interference by other agents 
during early life causes the diseases of the young to 
occur in older age cohorts, altering the age-specific 
incidence rates. There is evidence that this occurs with 
certain virus infections in man (Bang, 1975). 

Interference can also affect the rate of natural immun­
ization. If an infectious agent is present at continued 
high levels, and infection is followed by immunity, 
then there is usually a decreased incidence in older age 
groups. However, if other agents interfere with the 
agent in the young, then immunity induced by the 
agent is delayed, producing continued infection in 
older subjects. There is evidence, for example, that 
interference by other enteroviruses delays natural 
poliovirus immunization in man (Bang, 1975). 

Epidemiological interference may be a general 
phenomenon. The delay in its discovery is probably 
due to the lack of long-term surveys on the incidence of 
infections. The phenomenon has an obvious place in 
the evolution of disease: it prevents massive multiple 
and possibly fatal infections of the young. An example 
of the application of epidemiological interference to 
the control of enteric diseases is given in Chapter 22. 

The re lationships between different types of 
animals and plants 

A particular biome contains different types of animals 
and plants. Some are common, others are scarce. Some 
are large, others are small. Reasons for these variations 
have been suggested by ecological studies. 

Animals tend to move about en masse, and so it is 
difficult to study them all simultaneously. Ecologists 
therefore chose to look in detail at one species of 
animal, in conditions that favoured easy observa­
tion. Charles Elton (1927) visited Bear Island near 
Spitzbergen and observed Arctic foxes, with particular 
reference to what they ate. Bear Island was essentially 
a tundra biome, thus foxes were easy to observe. 



Food chains 

Elton noted what the foxes ate in the summer and 
the winter. In the summer, the foxes ate birds (e.g., 
ptarmigan and sandpiper). The birds ate berries, 
tundra, leaves and insects. The insects also ate leaves. 
Thus, Elton noted that there was a food chain: 
tundra-insects-birds-fox. In addition, the foxes ate 
marine birds, which in turn ate smaller marine animals 
which in turn ate marine plants. Thus, there was � 
further food chain: marine plants-marine animals­
seabirds-fox. 

. 
In the winter, the birds migrated to the south, leav­

mg only polar bear dung and the remains of carcasses 
of seals that had been killed by polar bears. Thus, in 
the winter, there was a different food chain: marine 
animal-seal-polar bear dung-fox. In animal commun­
ities, therefore, a complex system has evolved, with 
food chains linking animals. 

The size of animals and food webs 

Elton observed that animals fed at different levels in 
the food chain. These levels he termed trophic levels. 
He also noted that animals occupying different trophic 
levels generally were of different sizes. The foxes 
were the largest, and the birds (one level down) were 
smaller. Similarly, those further down the pyramid 
(e.g., the insects) were even smaller. Also, moving 
down the food chain (e.g., from foxes to insects), the 
animals were more abundant. There were more birds 
than foxes, and more insects than birds. A histogram 
depicting animal size against number of individuals 
is shown in Figure 7.7a. If the vertical axis of the 
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histogram is moved to the centre, and the bars 
ar� arranged symmetrically, a pyramid is produced 
(Figure 7.7b); this is the Eltonian pyramid of numbers. 
As animals become larger and rarer, they have larger 
home ranges and therefore, if shedding an infectious 
agent, transmit infections over larger areas than small 
an�mals. Thus, although hedgehogs (relatively small 
ammals) can be infected with foot-and-mouth disease 
virus (McLaughlan and Henderson, 1947), they have 
relatively small home ranges, and so probably play 
only a minor role in the dissemination of the virus 
during epidemics. 

The food chain is a simplistic view of the relation­
sh�p between an animal and its food. In reality, an 
ammal usually eats a variety of food, and so there are 
generally many linked food chains radiating outwards 
from the lower plant trophic levels to the herbivores, 
and then inwards towards the top carnivores, produc­
ing food webs (Figure 7.S). In addition, parasitic food 
webs can be identified in which the small parasites 

?ccupy a level in the food web higher than the organ­
Isms that they parasitize4. 

Although early ecological studies highlighted the 
complexity of food webs, recent studies suggest 
that all webs follow relatively simple rules, involving 
such characteristics as the length of the food chain, 
similarities between trophic levels, and 'connectance'S 
(Williams and Martinez, 2000). 

An animal's feeding habits and its place in the 
trophic hierarchy place restrictions on its mode of life; 
this led Elton to define the niche: 'an animal's place 
in the biotic environment; its relation to food and 
enemies'. 

The significance of food webs to disease transmission 

The food web of an animal can determine to which 
orally transmitted infectious agents an animal acts 
as host, and from which food poisoning toxins it is at 
risk. Predators, for instance, risk being infected with 
micr

.
obes ingested with infected food. For example, 

capt�ve raptors (some of which are endangered 
speCIes) c�n be fatally infected with viruses through 
consumptIOn of food of avian origin (Forbes et al., 1997; 
Rideout et al., 1997). It has therefore been suggested 
that captive raptors that are likely to be released into 

4 There are also complex marine food webs involving parasites 
(Poulin and Chappell, 2002) . 

5 'Connectance' or 'connectivity' refers to the extent to which the 
different components of the web interact. It is part of the wider issue of 
th� structure of networks, which pervades modern science (e.g., power 
gnds, the Internet, and cellular and metabolic pathways: Strogatz, 2001) .  
Connectivity is  also of  relevance to disease spread, where the degree of 
contact between populations of susceptible animals is an important 
determmant of disease transmission (May and Lloyd, 2001; Webb and 
Sauter-Louis, 2002; Christley and French, 2003; Weber et a/., 2004). 
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the wild should be fed with rodents, rabbits and other 
small mammals - rather than chickens - to reduce the 
risk of released birds transmitting infection to wild 
populations (Hoffle et al., 2002). 

Helminth diseases, for which there are definitive 
and intermediate hosts, are frequently transmitted via 
food webs. For example, the tapeworm Echinococcus 
granulosus includes the sheep as an intermediate host 
and the dog as the definitive host. The cysts in the liver 
and lungs of the intermediate host are transmitted to 
dogs when the latter eat sheep offal; hence the recom­
mendations that raw sheep offal should not be fed 
to dogs. 

Figure 7.9 illustrates the complex life-cycle of 
Neorickettsia heiminthoeca6. This rickettsia produces a 
febrile disease in dogs and foxes. The disease is called 
'salmon poisoning' because it is associated with the 
feeding of salmon to dogs. This agent's life-cycle also 
illustrates a parasitic food chain, in which the smallest 
member, the rickettsia, parasitizes a fluke which in 
turn parasitizes a snail for part of its life-cycle. The 

6 Complex life-cycles have evolved in wide and distantly related 
groups of parasitic nematodes (Adamson, 1986). The simplest explana­
tion is that, at first, only single-host cycles in vertebrates occurred, with 
intermediate hosts (initially, paratenic hosts: see Chapter 6) being added 
later. Intermediate hosts offer an advantage by protecting the parasite 
from the environment, and offering it to the host in the food chain 
(Anderson, 1984). Alternatively, there may be an advantage to the evolu­
tion of multiple-host cycles by conferring greater 'fitness' on the parasite 
when one host is used for food and the other for dispersion (Morand, 
1996). This is supported by the greater virulence of helminth parasites in 
the intermediate host (the food base) than in the definitive host (the mode 
of dispersion) (Ewald, 1995). Moreover, studies in sympatric species of 
cestodes, with only the life-cycles - one-host versus two-host - varying, 
indicate that the two-host species are more abundant than the one-host 
species (Robert et al., 1988; Morand et al., 1995). 

Fig. 7.8 Hypothetical food web involving 

carnivorous, insectivorous and herbivorous 

birds, carnivorous and herbivorous insects, 

and plants. 

snail in turn releases infected miracidia which para­
sitize the salmon. Feeding salmon to dogs transmits 
the rickettsia to the latter, where the microbe produces 
clinical disease. 

Ingestion of intermediate stages of parasites some­
times may control, rather than transmit, infection. For 
example, members of the genus Utricularia (carnivor­
ous bladderworts) have been shown to ingest cer­
cariae and miracidia of Schistosoma mansoni (Gibson 
and Warren, 1970). It has been suggested (Lord, 1983) 
that the absence of schistosomiasis from Cuba, which 
has 17 species of Utricularia, may be related to this 
activity. 

Parasitic food chains might also be exploited in the 
control of other helminth parasites (Waller, 1992). 
Some bacteria are effective controllers of plant nema­
tode parasites (Tribe, 1980). Predaceous fungi might 
be used to control nematode parasites of livestock; 
Duddingtonia flagrans, for example, is able to trap and 
destroy free-living stages of trichostrongylid larvae 
(Larsen, 1999). Similarly, Arthrobotrys oligospora, a 
predator of infective larvae of the bovine nematode 
Ostertagia ostertagi, has reduced the level of parasitism 
in cattle when applied to dung pats (Gronvold et al., 
1989, 1993), although oral administration has had little 
benefit yet (Hashmi and Connan, 1989). 

The distribution of energy between trophic levels 

Elton's theory explained why animals occupying dif­
ferent trophic levels were of different sizes, but it 
did not explain why there were so few animals higher 
up the pyramid. There could be geometric restric­
tions: more small animals can be packed into a fixed 
space than larger ones. However, the sea contains few 
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Fig. 7.9 Life-cycle of the fluke Nanophyetus salmincola salmineola and the microorganism Neorieksettsia helminthoeea. A, Dog (definitive host); 

B, Oxytrema silieula (first intermediate host); C, Salmonidae fish (second intermediate host); a, Nanophyetus salmineola salmineola egg in dog 

faeces; b, miracidium; c, miracidium enters snail by skin penetration; d, redia; e, cercaria: f, encysted metacercaria in salmon, ingested by the dog 

in raw salmon meat; g, adult fluke develops in duodenal mucosa; h, Neorieksettsia helminthoeea leave the fluke and infect the dog systemically. 

(From Booth et al., 1984.) 

predators (e,g., sharks) at the top of the pyramid even 
though the sea is very large. 

Lindemann (1942) explained population density at 
different levels of the pyramid by considering the food 
chain, not in terms of particulate food, but in terms of 
calorific energy flow. According to the second law of 
thermodynamics, the process of converting energy 
from one state to another is wasteful, that is, there is 
not 100% conversion of energy. Thus, moving up from 
one level to another in the Eltonian pyramid, con­
version at each level wastes energy and so less proto­
plasm can be supported at progressively higher levels. 
Therefore, even if animals at different levels were of 
the same size, there would be fewer higher up. Since 
those higher up are larger, the packaging of a 
supportable amount of protoplasm produces even 
fewer animals. 

It is because of the greater availability of energy at 
lower levels that ungulates are often bigger than their 
carnivorous predators. The biggest animals tend to be 
those that feed very low in the pyramid (e.g., filter 
feeders like blue whales) because much energy is 
available to them. When civilization dawned and man 
ceased to be a hunter/gatherer and began cultivating 
crops, he 'climbed down' the pyramid, tapping more 
energy. This is one reason for the increase in the 
world's population in the cradle of civilization in early 
Egypt and the associated development of horticulture 
and livestock farming (see Chapter 1). 

The analysis of predation 

The association between predator and prey is a special 
case of interaction in a food chain. Many mathematical 
models have been devised to analyse predator/prey 
interactions. The one to be discussed here is that 
devised independently by Lotka and Volterra (Lotka, 
1925; Chapman, 1931). They reasoned that predator/ 
prey interactions were similar to interactions between 
competing species and so adapted their formulae 
accordingly. 

The three predictions of this model are: 

1. the fluctuation of two species, one of which feeds 
on the other, are periodic, and the periods depend 
only on the coefficient of growth; 

2. the ultimate mean values of the numbers of 
individuals of the two species are, with fixed 
coefficients, independent of the initial numbers of 
individuals; 

3. if individuals of the two species are eliminated in 
proportion to their total number, then the recovery 
potential of the prey is greater than that of the 
predator; conversely, increased protection of the 
prey from all risks, including the predator, allows 
both species to increase. 

Thus, applying the first prediction, the prevalence of 
rabies in foxes is related to the population density of 
foxes (a predator) and, therefore, to the population 
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(From Sinnecker, 1976.) 

density of mice (a prey). Figure 7.10 illustrates this rela­
tionship, using demographic and disease prevalence 
data collected in Germany. 

There are also similarities between predator/prey 
interactions and parasite/host interactions. For ex­
ample, cyclic patterns of measles and other childhood 
diseases (Yorke and London, 1973) are equivalent 
to Lotka-Volterra cycles because the development of 
immunity by infected individuals is equivalent, in its 
effect on parasite populations, to the effects of removal 
of prey on predator populations. 

Ecosystems 

The relationship between animals linked by food 
chains defines the variety of animals in a particular 
area. Similarly, climate and vegetation govern the dis­
tribution of plants and therefore of the animals that 
live off them. These areas are characterized by the 
animals and plants that occupy them, and by their 
physical and climatic features. This unique interact­
ing complex is called an ecosystem (Tansley, 1935). 
The components of an ecosystem can be considered 
seperately, and ecosystems themselves can vary in 
size. Various terms have been devised to describe 
these components (Schwabe, 1984) including biotope 
and biocenosis. 

Biotope 

A biotope is the smallest spatial unit providing uni­
form conditions for life. An organism's biotope there­
fore describes its location. This contrasts with a niche, 
which describes the functional position of an organism 
in a community. A biotope can vary in size. For 
example, it may be the caeca of a chicken for coccidia, 

or an area of poorly drained land for Fasciola hepatica 
infection of cattle. 

Biocenosis 

A biocenosis is the collection of living organisms in a 
biotope. The organisms include plants, animals and 
the microorganisms in the biotope. Sometimes biotic 
community is used synonymously with biocenosis. 
On other occasions, 'biotic community' refers to a large 
biocenosis. Major biotic communities are biomes. 

Types of ecosystem 

Three types of ecosystem can be identified, according 
to their origin: autochthonous, anthropurgic and 
synanthropic. 

Autochthonous ecosystems 

'Autochthonous' derives from the Greek adjective autos, 
meaning 'oneself' or 'itself'; the Greek noun chthon, 
meaning 'the earth' or 'the land'; and the adjectival 
suffix -ous, meaning 'deriving from'. Hence an auto­
chthonous ecosystem is one 'coming from the land 
itself'. Examples are to be found in biomes such as 
tropical rain forests and deserts. 

Anthropurgic ecosystems 

, Anthropurgic' is derived from the Greek noun 
anthropos, meaning 'man': and the Greek verb root 
erg, meaning 'to work at, to create, to produce'. Thus, 
an anthropurgic ecosystem is one created by man 
(strictly, it can also mean 'creating man'). Examples 
are those found in cultivated pastures and towns. 
Some authors use 'anthropogenic' (Greek: gen- = 'be 
produced') in a similar context. 

Synanthropic ecosystems 

'Synanthropic' originates from the Greek preposition 
syn, meaning 'along with, together with'; and the 
Greek noun anthropos, meaning 'man'. Thus, a synan­
thropic ecosystem is one that is in contact with man. 
An example is a rubbish tip, harbouring a variety of 
vermin. It follows that some synanthropic ecosystems, 
such as rubbish tips, are anthropurgic. 

Synanthropic ecosystems facilitate the transmission 
of zoonotic infections from their lower animal hosts to 
man. For example, the brown rat, Rattus norvegicus, 
inhabits rubbish dumps and can be inapparently 
infected with Leptospira, serovar ballum. Humans in 
proximity to rubbish dumps that harbour infected rats 
may therefore be infected with the bacterium. 
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Fig. 7.1 1 The transmission of yellow fever 
between apes (primary hosts) and man (the 

secondary host). (From Sinnecker, 1976.) 

An ecological climax 

Town 

An ecological climax traditionally is said to have 
occurred when plants, animals, microbes, soil and 
macroclimate (see Chapter 5) have evolved to a stable, 
balanced relationship7. 

Characteristically, when infections are present, they 
too are stable and therefore are usually endemic. Also, 
the balance between host and parasite usually results 
in inapparent infections. Such stable situations can be 
disrupted, frequently by man, resulting in epidemics. 
For example, bluetongue, a virus disease of sheep, was 
recognized only after the importation of European 
breeds of sheep to South Africa towards the end of the 
19th century (Neitz, 1948). The virus, however, was 
present in indigenous sheep before that time, but was 

part of an ecological climax in which it only produced 
mapparent infections. The importation of exotic sheep 
represented a disturbance of the stable climax. 

A climax involving endemic infectious agents indic­
ates that all factors for maintenance and transmission 
of the agent are present. Sometimes changes in local 
ecology may tip the balance in favour of parasites, thus 
increasing disease incidence. For example, the sea­
sonal periodicity of foot-and-mouth disease in South 
America may result from seasonal increases in the size 
of the susceptible cattle population when animals are 
brought into an endemic area for fattening (Rosenberg 
et al., 1980). 

Ecological interfaces 

An ecological interface is a junction of two ecosystems. 
Infectious diseases can be transmitted across these 
interfaces. An example is the transmission of yellow 
fever, an arbovirus disease of man. The virus is main­
tained in apes in Africa in an autochthonous forest 

7 In some ecosystems (e.g., tropical rain forests) an ecological climax is 
determined exclusively by plant! arthropod relationships (Janzen, 1971; 

Way, 1977). 

�A. aegypti Town cycle 

Man 

ecosystem in the forest canopy (Figure 7.1 1) .  The 
canopy-dwelling mosquito, Aedes africanus, transmits 
the virus between apes. The mosquito A. simpsoni 
bridges the interface between the autochthonous forest 
ecosystem and the anthropurgic cultivated savannahs. 
!his n:osquito therefore maintains a plantation cycle 
m WhICh man and apes may be infected. Finally, the 
urban mosquito, A. aegypti, can maintain an urban 
cycle in man. People who enter forests may also 
contract the infection from A. african us. 

Several diseases can be propagated across the inter­
face between wildlife ecosystems and cultivated land 
stocked with domesticated animals (Bengis et al., 2002; 
se

.
e also Table 6.9). Sylvatic foci of infection may con­

stItute refractory problems to eradication of disease in 
livestock (e.g., tuberculosis in badgers: see Chapter 2), 
as well as increasing the frequency of disease in 
companion animals (e.g., epidemics of rabies in 
raccoons related to the increased occurrence of rabies 
in domestic cats: Gordon et al., 2004). 

Ecological mosaics 

An ecological mosaic is a modified patch of vegetation, 
created by man, within a biome that has reached a 
climax. Infection may spread from wild animals to man 
in such circumstances. For example (Schwabe, 1984), 
the helminth infection, loiasis, is transmitted by arthro­
pods between man, living in small forest clearings, 
and canopy-dwelling monkeys. Similarly, clearing of 
the forest canopy encourages a close cover of weeds 
on the ground, creating conditions that are favourable 
for the incursion of field rats with mites infected with 
scrub typhus, which form mite islands and the result­
ing local areas of endemic scrub typhus (Audy, 1961). 

However, transmission does not always occur in the 
mosaics because suitable vectors may not be available. 
Thus, in Malaya, man lives unharmed in forests in 
mosaics with monkeys infected with a variety of 
species of Plasmodium (a protozoon) that are patho­
genic to man. Transmission to man from monkeys 
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does not occur because vectors that bite both types of 
primate are not present in the ecosystem. 

Landscape epidemiology 

The study of diseases in relation to the ecosystems 
in which they are found is landscape epidemiology. 
Terms conveying the same meaning are medical 
ecology, horizontal epidemiology (Ferris, 1967) and 
medical geography. Investigations are frequently qual­
itative, involving the study of the ecological factors 
that affect the occurrence, maintenance and, in the 
case of infectious agents, transmission of disease. This 
contrasts with the study of quantitative associations 
between specific diseases and hypothesized factors 
- sometimes termed 'vertical' epidemiology - as 
described in Chapters 14, IS, 18 and 19. Landscape epi­
demiology was developed by the Russian, Pavlovsky 
(1964), and later expanded by Audy (1958, 1960, 
1962) and Galuzo (1975); it involves application of the 
ecological concepts described above in the study of 
disease. 

Nidal ity 

The Russian steppe biome was the home of the 
great plagues such as rinderpest. Many arthropod­
transmitted infections present in the steppes were also 
limited to distinct geographical areas. These foci were 
natural homes of these diseases and were called nidi 
(Latin: nidus = nest). The presence of a nidus depends 

Fig. 7.1 2 N osoarea (shaded) of endemic fox rabies. (From Winkler, 1975.) 

on its limitation to particular ecosystems. An area that 
has ecological, social and environmental conditions 
that can support a disease is a nosogenic territory 
(Greek: noso- = sickness, disease; gen- = to produce, to 
create). A nosoarea is a no so genic territory in which a 
particular disease is present. Thus, Britain is a noso­
genic territory for rabies and foot-and-mouth disease, 
but is not a nosoarea for these diseases, because the 
microbes are prevented from entering the country by 
quarantine of imported animals. Diseases that show 
strict geographical boundaries within an ecosystem 
or series of ecosystems are nidal because they are 
confined to a specific nidus. Salmonellosis is endemic 
in most parts of the world because virtually all verteb­
rates and some invertebrates (see Table 6.S) can act 
as hosts for the various species of Salmonella. Rabies, 
when maintained in foxes, is endemic in a large 
zone around the northern hemisphere because this 
large area supports a fox population of high density 
(Figure 7.1 2). The nosoarea for coccidioidomycosis 
was described earlier in this chapter (see Figure 7.2). 

When diseases are vector-transmitted, they are often 
restricted to more precise geographical boundaries 
than other infectious diseases. This is because the 
ecosystem has to satisfy the requirements of both the 
vertebrate host and the arthropod vector. Thus, Rocky 
Mountain spotted fever, a rickettsial disease of rodents 
transmitted by ticks, is essentially restricted to particu­
lar areas of North America, as the name of the disease 
suggests. 

At the opposite end of the spectrum from diseases 
with a wide distribution are those that may be 
confined to relatively small areas within a town or on a 
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Table 7.5 Probable ecological factors responsible for emerging infectious diseases. (Compiled from Morse, 1995; Williams et a/. , 2002; and 

Trends in Ecology and Evolution, 1 0, Schrag, S.J. and Wiener, P. Emerging infectious diseases: what are the relative roles of ecology and evolution?, 

pp. 319-324 © (1995), with permission from Elsevier.) 

Factor(s) contributing to emergence 

Viruses 
Argentine, Bolivian haemorrhagic fever 

Dengue 

Duck plague 

Changes in agriculture favouring rodent host 

Urbanization, factors favouring mosquito hosts 

Changes in lake water management 

Hantaviruses Ecological or environmental changes increasing contact 

with rodent hosts 

Influenza (pandemic) Possibly pig-duck agriculture, facilitating reassorlment of 

avian and mammalian influenza viruses (see Chapter 5) 

Lassa fever Urbanization favouring rodent hosts, increasing exposure 

(usually in homes) 

US, rabies Illegal translocation of raccoons to new areas 

Rift Valley fever Dam building, agriculture, irrigation; possibly change in 

virulence or pathogenicity of virus 

Bacteria 
Mycoplasmal conjunctivitis of wild finches Sale and transportation of birds 

Lyme disease ( Borrelia burgdorferi) Reforestation around homes and other conditions favouring 

tick vector and deer (a secondary reservoir host) 

Plague ( Yersinia sp.) Unsanitary urban environments 

Parasites 
Schistosomiasis Dam building 

farm. An isolated clump of trees that is used as a roost 
by starlings may be the only reservoir of infection for 
histoplasmosis within a large area. The faeces from 
these birds provide an ideal environment in which the 
fungal agent can survive and replicate (Di Salvo and 
Johnson, 1979). Even smaller nidi can be identified. 
For example, a focus of infestation with the tropical 
dog tick, Rhipicephalus sanguineus, has been identified 
in a house in London (Fox and Sykes, 1985), the warm 
conditions of the house providing a suitable envir­
onment for the tick. The affected dog had not been 
imported from abroad, but probably contracted the 
infestation from a quarantine kennel where it had been 
boarded. 

Changes in ecosystems stemming from human 
activity can modify nosogenic patterns substantially, 
resulting in the emergence of infectious diseases 
(Table 7.5). These changes represent one class of factor 
that contributes to the introduction and spread of such 
infections (Table 7.6). 

Object ives of landscape epidemiology 

Landscape epidemiology is founded on the concept 
that, if the nidality of diseases is based on ecological 

factors, then a study of ecosystems enables predic­
tions to be made about the occurrence of disease and 
facilitates the development of appropriated control 
strategies. Three examples will illustrate this concept. 

leptospirosis 

It is known that the prevalence of Leptospira, serovar 
ballum, in the brown rat is density dependent; an estima­
tion of the number of rats inhabiting an area enables 
a prediction of the prevalence of serovar ballum infec­
tions to be made (Blackmore and Hathaway, 1980: 
Figure 7.13). The number of rat burrows in an area is 
a good indicator of the number of rats, and these 
burrows are seldom more than 100 m from the major 
feeding ground, and are seldom more than 40 cm deep 
(Pisano and Storer, 1948). Thus, if inspection of the 
area reveals a large number of burrows and evidence 
of recent rat activity, it is likely that the area constitutes 
a reservoir of infection for serovar ballum. Conversely, 
if the rubbish dump is well managed and the area 
surrounding it shows evidence of regular bulldozing 
and few inhabited burrows, then the rat population is 
likely to be small, and any rats present are unlikely 
to constitute a maintenance population for this 
leptospiral serovar. 
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Table 7.6 Probable factors for the emergence of some infectious diseases. (Compiled from Morse, 1995; Whittington, 2003.) 

Factor 

Ecological changes 

(including those due to 

economic development 

and land use) 

Human demographics, 

behaviour 

International travel 

and commerce 

Deliberate introduction 

Technology and industry 

Microbial adaptation 

and change 

Breakdown in public 

health measures 
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Examples of specific factors 

Agriculture; dams, changes in water ecosystems; 

deforestation/reforestation; flood/drought; famine; 

climate changes 

Societal events: population growth and migration 

(movement from rural areas to cities); war or civil 

conflict; urban decay; sexual behaviour; 

intravenous drug use; use of high-density facilities 

Worldwide movement of goods, animals and 

people; air travel 

Introduction of natural or engineered agent in a 

legal or illegal control programme, or a terrorist act 

Globalization of food supplies; changes in food 

processing and packaging; organ or tissue 

transportation; drugs causing immunosuppression; 

widespread use of antibiotics 

Microbial evolution, response to selection in 

environment 

Curtailment or reduction in prevention 

programmes; inadequate sanitation and vector 

control measures 

Examples of diseases 

Schistosomiasis (dams); Rift Valley fever (dams, 

irrigation);  Argentine haemorrhagic fever (agriculture); 

Hantaan (Korean haemorrhagic fever) (agriculture); 

hantavirus pulmonary syndrome, southwestern US, 

1993 (weather anomalies) 

Introduction of HIV; spread of dengue; spread of HIV 

and other sexually transmitted diseases 

'Airport' malaria; dissemination of mosquito vectors; 

rat-borne hantaviruses; introduction of cholera into 

South America; dissemination of 0139 Vibrio cho/erae 

Rabbit calicivirus 

Haemolytic uraemic syndrome (E. coli contamination of 

hamburger meat); bovine spongiform encephalopathy; 

transfusion-associated hepatitis (hepatitis B, C), 

opportunistic infections in immunosuppressed patients; 

Creutzfeldt-Jakob disease from contaminated batches 

of human growth hormone (medical technology) 

Antibiotic-resistant bacteria; antigenic drift in 

influenza virus 

Resurgence of tubercu losis in the US; cholera in refugee 

camps in Africa; resurgence of diphtheria in the former 

Soviet Union 

demic was associated with the clearing of small areas 
of forest to create areas of grazing, which led to a 

0.8 1 .0 

sudden increase in the population density of hares 
and rodents. A consideration of local ecology in this 
instance would have suggested that the creation of 
these synanthropic ecosystems, in which man can be 
infected either by handling dead hares or through 
bites of infected mosquitoes, could result in such 
consequences. 

Kyasanur Forest disease 

Relative population density 

Kyasanur Forest disease is caused by an arbovirus. 
Symptoms in humans include headache, fever, back 
and limb pains, vomiting, diarrhoea and intestinal 
bleeding. Death due to dehydration can occur in 
untreated cases. It is apparently restricted to an area 
600 miles square in the Indian state of Mysore. The 
virus endemically and inapparently infects some 
small mammals, including rats and shrews, in the 
local rain forest. The virus is transmitted by several 
species of tick (Singh et al., 1964), only one of which, 
Haemaphysalis spinigera, will infest humans. The usual 
host of the tick is the ox. Thus, when humans create 
ecological mosaics by cultivating areas for rice, their 
cattle roam into the surrounding rain forest and 

Fig. 7.1 3  Relationship between the relative population density and 
prevalence of Leptospira, serovar ballum, infection in the brown rat 

(Rattus norvegicus). (Simplified from Blackmore and HathawaY, 1980.) 

Tularaemia 

In 1967 in Sweden, an epidemic of tularaemia occurred 
with more than 2000 human cases and a high mortality 
rate of hares (Borg and Hugoson, 1980). This epi-



may become infested with virus-infected ticks. Dense 
populations of ticks therefore build up around villages 
and, when infected, these ticks can transmit the infec­
tion to humans (Hoogstraal, 1966). 
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Patterns of disease 

Methods of expressing the temporal and spatial dis­
tribution of disease were described in Chapter 4. The 
various patterns of disease that can be detected when 
disease distribution is recorded are discussed in this 
chapter. A considerable bulk of mathematical theory 
has been formulated to explain disease patterns (e.g., 
Bailey, 1975). Most of this is beyond the scope of this 
book, but a brief introduction will be given in this 
chapter. Additionally, the application of mathematics 
to the development of predictive models, of practical 
value to disease control, is described in Chapter 19. 

Epidemic curves 

The representation of the number of new cases of a 
disease by a graph, with the number of new cases on 
the vertical axis and calendar time on the horizontal 
axis, is the most common means of expressing disease 
occurrence. The graph of an epidemic in this way pro­
duces an epidemic curve. Figure 8.1 depicts the vari­
ous parts of an epidemic curve, stylized to a symmetric 
shape for the purpose of illustration. Epidemic curves 
are given for foot-and-mouth disease in Figure 4.1, 
with the number of new outbreaks (Appendix I) 
approximately indicating the number of new cases. 
Note that the culmination point (peak) is shifted to the 
left, that is, the curve is positively skewed. 

Factors affecting the shape of the curve 

The shape of the curve and the time scale depend on: 

• the incubation period of the disease; 
• the infectivity of the agent; 
• the proportion of susceptible animals in the 

population; 
• the distance between animals (i.e., animal density). 

Thus, a highly infectious agent with a short incubation 
period infecting a population with a large proportion 
of susceptible animals at high density produces a 
curve with a steep initial slope on a relatively small 
time scale, representing a rapid spread of infection 
among the population. 

A minimum density of susceptible animals is 
required to allow a contact-transmitted epidemic to 
commence. This is called the threshold level, and 
is defined mathematically by Kendall's Threshold 
Theorem (in Discussion to Bartlett, 1957). Figure 8.2 
illustrates application of the theorem in relation to 
rabies in foxes. Above a certain density of susceptible 
animals, one infected fox can, on average, infect more 
than one susceptible fox, and an epidemic can occur; 
the greater the density, the steeper the slope of the 
progressive stage of the epidemic curve. Few thres­
hold values relating to animal diseases are known. 
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Fig. 8.1 Components of an epidemic curve (sty l ized to a symmetric 
shape). The horizontal dotted line i ndicates the average number of 
new cases. (From S innecker, 1 976.) 
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Fig.8.2 Application of Kendal l 's Threshold Theorem to rabies in  
foxes: the  theorem predicts that, i f  a rabid fox infects more than 
one other before it d ies, the d isease increases exponentia l ly;  
if each an imal i nfects less than one other, the disease decreases 
exponentia l ly. White an imals :  susceptible; black animals:  i nfected 
and infectious. Numbers refer to the contact rate: the number 
of susceptible an imals  that are infected by an infected an imal .  
(From Macdonald and Bacon, 1 980.) 

Wierup (1983) has estimated that a minimum density 
of 12 dogs/km2 is required before a canine parvovirus 
epidemic can occur. 

The threshold level is more generally defined in 
terms of the basic reproductive number (basic repro­
duction ratio; basic reproductive rate) RQ1: the average 
number of secondary cases caused by one typical 
infectious individual during its entire infectious period 
(Diekmann et al., 1990). 

For microparasitic diseases (see Chapter 7): 

Ro=f3xd 

where: f3 �&�: number of contacts per unit time trans­
mission probability per contact, and: d = duration of 
infectiousness. 

If Ro > 1, an infection will invade a population; 
whereas if Ro < 1 it cannot. 

The basic reproductive number is not specific to a 
particular microbe. It is a characteristic of a particular 
microbial population in a particular host population 
at a specific time. The value of f3 is affected by the con­
ditions under which effective contact (see Chapter 6) 
occurs. For example, during a foot-and-mouth disease 
epidemic, contact rates in hill sheep are likely to be 
lower than in housed sheep. Direct estimation of Ro is 
therefore difficult (Dietz, 1993)1. 

1 Indirect methods can be used when transmission is in equilibrium 
(e.g., when, on average, one infectious case produces one other infectious 
case); see Halloran (1998) for details. 

The basic reproductive number can also be applied 
to macro parasitic diseases, where it refers to the aver­
age number of offspring produced throughout the life 
span of a mature parasite (Anderson and May, 1991); 
a parasite population will establish within a host 
community only when Ro > 1 .  

As an epidemic proceeds, the number of susceptible 
animals is decreased, either as a result of death of 
infected animals, or by increasing immunity following 
infection (Figur e 8.3). Eventually, the epidemic cannot 
continue because there are insufficient susceptible 
animals available for infection. In the case of canine 
parvovirus, for instance, an epidemic stops when the 
density of susceptible dogs falls below 6/km2 (Wierup, 
1983). A period of time is then necessary to allow 
replacement of susceptible animals before another 
epidemic can commence. This explains the cyclicity 
of some epidemics. 

In veterinary medicine, concern frequently focuses 
on the progress of an epidemic at herd level. The dis­
semination rate (DR) is the propensity of infection to 
spread to other herds (Miller, 1976)2. It represents the 
average number of uninfected herds (or premises) to 
which an infectious agent is delivered by each infected 
herd. 

The DR depends on several factors: 

• the environment (geography, herd density and 
sometimes weather); 

• type of farming enterprise (species of livestock, 
opportunity for transmission by fomites); 

• animal movements (e.g., marketing, movement to 
pasture from winter housing); 

• behaviour of the farmer ('biosecurity', travel); 
• disease control strategies (quarantine, movement 

restrictions); 
• host factors (immunity, concurrent disease, age, 

breed, pregnancy). 

In epidemics involving farmed livestock (e.g., 
foot-and-mouth disease), infection is usually curtailed 
by a decline in the DR, rather than just by a lack of 
susceptible animals. The decline may be due to the 
implementation of disease control strategies, increased 
awareness among livestock owners, and other factors 
initially favourable to dissemination no longer acting 
(e.g., the mixing and crowding of animals in markets 
no longer occurring). 

The complex of factors that generate a value of the 
DR renders precise prediction of the course of an 

2 A herd-level parameter is valuable because herds are stationary, 
having only indirect contact with other herds (e.g., through fomites). The 
concept of effective contact (see Chapter 6) occurring at random within a 
homogenously mixed population, which forms the basis of simple epi­
demic models (e.g., the Reed-Frost model described later in this chapter), 
is therefore inappropriate. 
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