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Infectious Diseases and Human 

Population History 

Throughout history the establishment of disease has been a side 
effect of the growth of civilization 

Andrew P. Dobson and E. Robin Carper 

rom the plagues of biblical 
times to the HIV pandemic of 
today, infectious diseases have 

played an indisputably major role in 
human history. The continual ex- 
pansion of human populations since 
prehistoric times has led to succes- 
sive invasions of the human popula- 
tion by increasing numbers of dif- 
ferent pathogens. Today many 
people's worries about emerging 
pathogens have been sharply focused 
by the Ebola virus outbreak in 
Kikwit, Zaire, and by Lyme disease 
and hantavirus outbreaks through- 
out the United States (Garrett 1994, 
Levins et al. 1994). In this article, we 
examine the infectious diseases of hu- 
mans from an ecological perspective. 

Understanding pathogens at the 
population level is as important in 
disease prevention and control as 
understanding pathogens at the mi- 
croscopic or molecular level. Three 
ecological processes are crucial in 
determining the impact, persistence, 
and spread of pathogens and para- 
sites: the size and spatial distribu- 
tion of the host population, the 
movement of infected and suscep- 
tible hosts and vectors, and the nu- 
tritional status of the human host 
population. Although medical ad- 
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It is likely that many of 
the plagues mentioned 
in the Old Testament 
arose when human 

populations became 
sufficiently aggregated 
to sustain epidemics of 

new pathogens 

vances continue to reduce the im- 
pact of degenerative and self-in- 
flicted diseases on people who can 
afford to pay for treatment, the con- 
trol and prevention of infectious 
diseases is likely to be increasingly 
dependent on a solid understanding 
of the ecology of pathogen trans- 
mission and persistence. 

Parasite life-history strategies 
The enormous array of pathogens 
that infect humans and other ani- 
mals may be conveniently divided 
on epidemiological grounds into 
microparasites and macroparasites 
(Anderson and May 1979, May and 
Anderson 1979). Microparasites in- 
clude the viruses, bacteria, proto- 
zoa, and fungi; they are character- 
ized by their ability to reproduce 
directly within individual hosts, their 
small size, their relatively short du- 
ration of infection, and the produc- 
tion of an immune response in in- 

fected and recovered individuals. 
Mathematical models examining the 
dynamics of these pathogens divide 
the host population into susceptible, 
infected, and recovered classes. In 
contrast, macroparasites (the para- 
sitic worms, ticks, and fleas) do not 
multiply directly within an infected 
individual but instead produce in- 
fective stages that usually pass out 
of the host before transmission to 
another host. Macroparasites tend 
to produce a limited immune re- 
sponse in infected hosts, are rela- 
tively long-lived, and are usually 
visible to the naked eye. Mathemati- 
cal models of the population dy- 
namics of macroparasites have to con- 
sider the statistical distribution of 
parasites within the host population. 

The complexities of parasite-host 
population dynamics may be reduced 
by the derivation of expressions that 
describe the most important epide- 
miological features of a parasite's 
life cycle (Anderson and May 1979, 
1991, Dobson 1988, May and 
Anderson 1979). Three parameters 
are important in describing the dy- 
namics of a pathogen: the basic re- 
productive ratio (which determines 
the rate at which the pathogen is 
likely to spread in the population), 
the threshold number of hosts re- 
quired for the parasite to become 
established, and the mean levels of 
infection of the parasite in the host 
population. 

Basic reproductive ratio, Ro 
The number of individuals that each 
infected individual infects at the 
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beginning of an epidemic is formally 
termed R0, the basic reproductive 
ratio of the disease. The first deriva- 
tion of an expression for RO was for- 
mulated by epidemiologist George 
MacDonald in his seminal studies of 
malaria (MacDonald 1956). This 
work provided the key insight that 
if an infection is to persist in a host 
population, then each infected indi- 
vidual must on average transmit the 
infection to at least one other indi- 
vidual. If this level of transmission 
does not occur, the infection is likely 
to progressively disappear from the 
population. 

The basic reproductive ratio for a 
macroparasite is defined as the num- 
ber of daughter worms (or ticks) 
established in a host population fol- 
lowing the introduction of a soli- 
tary fertilized female worm (or tick). 
In both the microparasite and 
macroparasite cases, the resultant 
expression for R0 usually consists of 
a term for the rates of parasite trans- 
mission, divided by an expression 
for the rate of mortality of the para- 
site in each stage in the life cycle. 
Increases in host population size or 
rates of transmission tend to in- 
crease R0, whereas increases in 
sources of parasite mortality or de- 
creases in transmission rate tend to 
reduce the spread of the pathogen 
through the population. 

It is also possible to derive expres- 
sions for the levels of prevalence (pro- 
portion of the hosts infected) and in- 
cidence (mean parasite burden) of 
parasites in the host populations 
(Anderson and May 1991). In gen- 
eral, changes in the parameter values 
that tend to increase R tend also to 
produce increases in the proportion of 
hosts infected by a microparasite, as 
well as increases in the prevalence and 
mean burden of worm macroparasites 
(Anderson and May 1979,1991, Dob- 
son 1988, May and Anderson 1979). 
In particular, increases in the size of 
the host population usually lead to 
increases in the prevalence and inci- 
dence of the disease in the host popu- 
lation. 

Thresholds for 
establishment, HT 

Epidemiological theory suggests that 
host population density is critical in 
determining whether a pathogen can 
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Figure 1. The relationship between human population size on oceanic islands and the 
percentage of months when measles was recorded on the islands (after Black 1966). 
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Figure 2. Distribution of population size of the world's cities from 1360 B.C. until 
A.D. 1968. The data are divided into frequency classes that increase on a 
logarithmic scale (e.g., 1000, 2000, 5000, 10,000). Unfortunately, it is logistically 
impossible to obtain information on historic aggregations of less than 2000-5000 
people, or more recent data for towns of less than 20,000 people (data from 
Chandler and Fox 1974). 

become established and remain en- old for disease establishment, HT, 
demic in a population (Anderson may be obtained by rearranging the 
and May 1991), a notion that was expression for R to find the popula- 
articulated as long ago as 1927 tion density where Roequals unity. 
(Kermack and McKendrick 1927, The size of the host population 
1932). An expression for the thresh- needed to continuously sustain new 
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Figure 3. Recorded deaths from differ- 
ent diseases in the city of London 
1625-1750. (a) During the period 
1625-1700, plague had a dramatic im- 
pact on the population. (b) and (c) Dur- 
ing the period 1650-1750, there were 
cyclic outbreaks of smallpox (1000- 
3000 cases per year; lower lines) and a 
steady rise in deaths from consumption 
(tuberculosis [TB]; upper lines). Re- 
drawn from data in Appleby 1975. 

infections usually varies inversely 
with the transmission efficiency of 
the pathogen but directly with its 
virulence (case mortality rate). 
Mathematical expressions may be 
derived for micro- and macropara- 
sites with either simple or complex 
life cycles (Diekmann et al. 1990, 

Dietz 1993). The resultant expres- 
sions suggest that changes in the 
parameters that tend to increase R0 
tend to reduce HT, and vice versa. 
Therefore, more virulent species re- 
quire larger populations to sustain 
them, while reductions in the mor- 
tality rate of transmission stages may 
allow parasites to maintain infec- 
tions in populations previously too 
small to sustain them. Some mod- 
ern estimates suggest that a popula- 
tion of approximately 500,000 people 
is needed to produce annually the 
7000 susceptible individuals needed 
to sustain an endemic infection of 
measles (Figure 1). 

An important parallel can be 
drawn with the concept of popula- 
tion viability used in conservation 
biology to determine whether a 
population of an endangered spe- 
cies is likely to persist and not go 
extinct; essentially 500,000 people 
can be considered as the minimal 
viable host population required to 
sustain a continuous infection of 
measles. Obtaining similar empiri- 
cal estimates for other infectious 
diseases would yield crucial insights 
into the role that urban aggrega- 
tions play in maintaining infectious 
diseases endemic in human popula- 
tions. Preliminary analysis of his- 
torical data for human diseases in 
Australia suggests that populations 
of approximately 200,000 people 
are required to sustain pertussis (also 
known as whooping cough) and scar- 
let fever, while only 50,000 people 
are required to sustain diphtheria 
(also known as croup; Cumpston 
1927). 

The most parsimonious way of 
examining when infectious diseases 
became established in human popu- 
lations is to examine human epide- 
miological history from the per- 
spective of the size and spatial dis- 
tribution of human populations as 
they began to expand in numbers 
and aggregate into the first villages, 
towns, and cities in different parts 
of the world at different historical 
times. 

Parasites and pathogens of 
early human populations 
The nomadic hunter-gatherer bands 
that were typical of human social 
structure for most of humankind's 

2-million-year history probably sup- 
ported a parasite fauna closely re- 
sembling that of the higher apes, 
from whom humans inherited their 
original collection of pathogens. 
Parasites with high transmission 
rates that induced little or no immu- 
nity were probably the only patho- 
gens able to establish in the groups 
of around 50-100 individuals that 
characterized these early societies. 
Pathogens such as hepatitis B, 
herpes, Epstein-Barr virus, and cy- 
tomegalovirus are still found in 
primitive tribes in the few remain- 
ing isolated parts of the world (Black 
1975). Direct life cycle macropara- 
sites (those that do not require vec- 
tors for transmission), such as pin- 
worms, Ascaris, lice, and ticks, were 
probably also common in hunter- 
gatherer societies, as were sexually 
transmitted diseases, which can be 
sustained in low-density host popu- 
lations. Similarly, vector-transmit- 
ted pathogens, such as malaria and 
yellow fever, may have become 
adapted to humans at this early stage 
in human history. The long latent 
periods associated with the devel- 
opment of Plasmodium vivax, prob- 
ably the oldest species of human 
malaria, suggest a mechanism for 
parasite survival under low trans- 
mission conditions. 

The more sedentary habits of the 
early agriculturists probably in- 
creased the incidence of direct life 
cycle macroparasites, such as the 
roundworm Ascaris, mainly because 
of the increasingly successful trans- 
mission of the long-lived free- 
living stages, which increased in 
numbers around more permanent 
dwellings. Water supplies became 
contaminated with toxic bacteria 
and protozoa as humans became 
more sedentary. Archeological stud- 
ies on human communities entering 
the transition between hunter-gath- 
ering and primitive pastoralism pro- 
vide evidence suggesting that a more 
sedentary existence tended to lead 
to increased child mortality and high 
levels of disease. A significant char- 
acteristic of this malnutrition was a 
reduced diversity in diet as humans 
switched from a mixture of meat, 
grains, and fruit to a diet dominated 
by grains (Cohen and Armelagos 
1984). This change in diet was not 
entirely detrimental, because stor- 
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ing wheat, barley, and millet in earth- 
enware pots may have created ideal 
conditions for Streptomycetes to 
develop. The tetracycline-producing 
Streptomycetes are effective against 
bacteria, rickettsiae, spirochetes, and 
some viruses (Bassett et al. 1980). 
Thus some ancient populations 
would have inadvertently dosed 
themselves with the first antibiotics 
during roughly the same historical 
period that they began to acquire 
their first significant bacterial and 
protozoan pathogens. 

The first cities 
The first significant aggregations of 
humans into sedentary agricultural 
settlements occurred around 5500 
B.C. at Khuzistan in the valleys of 
the Tigris and Euphrates in what is 
now Iran (Chandler and Fox 1974). 
Irrigation allowed these first cities 
to grow; nevertheless, it took 2000 
years for these early villages to de- 
velop into the city of Uruk (which 
had around 50,000 inhabitants at 
the peak of its influence) and the 
surrounding towns of Ur, Kish, 
Lagash, and Umma (each of which 
had between 10,000 and 20,000 in- 
habitants). The early settlements that 
appeared in the Indus River valley 
in India at this time and in China, 
Egypt, and Mesoamerica consisted 
more of towns and villages than 
cities. None of these conurbations 
were large enough to continuously 
sustain any of today's common child- 
hood diseases. 

Only when communication be- 
tween small groups of neighboring 
towns began to be established is it 
likely that human populations be- 
came large enough to sustain direct 
life cycle bacterial and viral infec- 
tions. It is in these first cities that the 
now common diseases of humans 
started to appear. Many of the first 
pathogens to infect humans evolved 
from diseases of domestic animals. 
Measles, for example, is closely re- 
lated to two other morbilliviruses- 
canine distemper and rinderpest (a 
disease of cattle)-whereas small- 
pox probably evolved from cow- 
pox. India is probably the original 
home of smallpox; traditions con- 
cerning this disease have long ex- 
isted amongst the Brahmans. Ru- 
bella, typhoid, and dysentery also 
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Figure 4. Frequency distribution of family sizes in Great Britain 1870-1925 (after 
Wrigley 1969). Decreases in family size may have lead to changes in the average 
age at infection and the case mortality rate. 
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Figure 5. The age-dependent mortality rate due to an outbreak of measles in the 
population of the Faeroe Islands in 1846 (after Panum 1940). 

arose during this period. Although 
written descriptions of many early 
disease outbreaks are almost impos- 
sible to decipher, rabies is known 
from writings in Babylonian tombs 
from approximately the twenty-third 
century B.C., while smallpox and 
tuberculosis were clearly described 
in Chinese writings from approxi- 
mately A.D. 1000. 

Hippocrates (460-377 B.C.) was 
probably the first person to record 

diseases with enough precision for 
them to be identified today as ma- 
laria, mumps, diphtheria, tubercu- 
losis, and perhaps influenza. The 
Greeks were definitely aware of pul- 
monary tuberculosis-an epidemic 
of tuberculosis seems to have raged 
during Hippocrates' lifetime. Hippo- 
crates also described many other 
recognizable infections, including 
malaria, so it is apparent that these 
diseases were present in Hellenic 
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times. Interestingly, none of Hippo- 
crates's records indicate the pres- 
ence of smallpox, measles, or bu- 
bonic plague in ancient Greece, 
which suggests that the size of an- 
cient Greek and Egyptian cities may 
not have been large enough to con- 
tinuously sustain measles and small- 
pox infections, and these pathogens 
may have died out. 

It is likely that many of the plagues 
mentioned in the Old Testament 
arose when human populations be- 
came sufficiently aggregated to sus- 
tain epidemics of new pathogens. 
Because human populations had not 
previously been exposed to patho- 
gens such as smallpox, rubella, and 
measles, levels of immunological 
resistance were low and mortality 
rates were high. After several visita- 
tions by a specific pathogen, levels 
of genetic resistance and herd im- 
munity start to increase, leading to 
reduced pathogenicity and a more 
regular pattern of prevalence. 

There is circumstantial evidence 
that the plague of Athens (430-429 
B.C.), which killed 25% of the city's 
population, may have been measles 
(McNeill 1976); contemporary de- 
scriptions of the pathology closely 
resemble those from the first epi- 
demic of measles in Hawaii. The 
population of Athens was only 
around 155,000 at the time of the 
plague; therefore, if the plague was 
an early outbreak of measles, the 
small size of the human population 
would have caused the disease to die 
out once the initial pool of suscep- 
tible individuals had been exhausted. 
In a smallpox epidemic in Rome in 
A.D. 165-180, 25% of the populace 
died, while 5000 a day died in a 
second epidemic in A.D. 251-266 
(McNeill 1976). These and other 
epidemics may have played a sig- 
nificant role in strengthening the 
position of the growing Christian 
sect, whose members believed in 

Figure 6. Decline in mortality rates from 
four common microparasitic diseases in 
England and Wales during the second 
half of the nineteenth century: (a) 
measles, (b) pertussis, (c) scarlet fever 
(Streptococcus), and (d) smallpox. In 
each case the figures given are death 
rate per million people infected (after 
Cumpston 1927). 

assisting the sick, whom the rest of 
society sought to avoid. These care- 
givers, through repeated low-level 
exposures to the virus, may have 
built up their immunity to the patho- 
gen, thus appearing protected by 
virtue of their religious convictions. 
Perhaps this so-called protection 
gave the Christians an advantage 
during the big Roman epidemics and 
convinced many nonbelievers to join 
their ranks. 

If one examines the distribution 
of city sizes over the last 3500 years, 
it becomes clear that cities capable 
of maintaining an endemic measles 
infection were continuously present 
only from around the late seven- 
teenth century (Figure 2). Cities ca- 
pable of continuously supporting 
diphtheria (circa 50,000) have been 
present only since the early Chris- 
tian era, while cities capable of sup- 
porting pertussis and streptococcus 
(scarlet fever) have been present only 
since the late Middle Ages (twelfth 
and thirteenth centuries). Although 
some large cities were present in late 
Roman times, these cities declined 
in the Dark Ages. Most of the cities 
in which today's diseases evolved 
were the size of large towns or the 
suburban districts of today's mega- 
cities. The data in Figure 2 suggest 
that sequential outbreaks of measles 
in different towns may have been an 
important historical mechanism for 
ensuring the persistence of patho- 
gens in human populations before 
towns and cities were large enough 
to continuously support infections. 

In the case of measles, persistence 
would have had to occur on time 
scales of the order of 10 to 18 centu- 
ries before cities were large enough 
to continuously sustain infections. 
Consequently, a curious distortion 
in the present understanding of the 
population biology of measles has 
been created. Most studies have fo- 
cused on the dynamics of measles in 
large cities in the United States and 
Europe in the mid-twentieth cen- 
tury (Anderson et al. 1984, Bolker 
and Grenfell 1993, Grenfell 1992, 
Olsen and Schaffer 1990); yet for 
90% of its history, measles has per- 
sisted by moving between ephem- 
eral populations of susceptibles in 
largely rural populations (Cliff and 
Haggett 1980, 1984, 1988). 

May and Anderson (1990) pro- 
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pose a mathematical model to ex- 
plain this phenomenon as an expla- 
nation for the early period of the 
HIV/AIDS epidemic. The model sug- 
gests that it may have been possible 
for HIV to persist for periods of up 
to 100 years as a sequence of out- 
breaks that flared and died out in 
small villages. Providing a new out- 
break was initiated in another vil- 
lage before the pathogen had com- 
pletely died out in villages where 
outbreaks were occurring, then the 
disease could have persisted for a 
long time in populations of villages 
that, individually, would be too 
small to sustain a continuous out- 
break. It would be intriguing to 
know if similar spatial heterogene- 
ities allowed measles to persist for 
much of human history. 

Diseases in the New World 
The population of the New World 
probably numbered around 100 
million before Columbus's arrival 
in the fourteenth century (McNeill 
1976). In terms of disease status it 
resembled the Old World around 
the time of the birth of Christianity. 
Intestinal worms and protozoan in- 
fections prevailed, and traces of these 
parasites are often found in archaeo- 
logical studies of bodies from pre- 
Colombian burial sites (McNeill 
1976). The apparent lack of other 
pathogens in the New World may be 
due to differences in animal hus- 
bandry practices (Clutton-Brock 
1987). In much of South America 
the traditional herd animals were 
llamas and alpacas. Because these 
animals live in small groups high in 
the mountains, there was little con- 
tact with humans and smaller popu- 
lations of hosts within which dis- 
eases could become established. 
Important exceptions to this case 
were the protozoan infections that 
give rise to trypanosomiasis and its 
close relative leishmaniasis. These 
pathogens are endemic in many spe- 
cies of small mammals, and Trypan- 
osoma cruzi is particularly preva- 
lent in the populations of guinea 
pigs traditionally kept in large num- 
bers by New World farmers as a 
source of meat. Triatomid bugs 
transmitted the pathogen between 
guinea pigs, humans, and reservoir 
hosts such as possums. 
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Disease again worked in the fa- 
vor of the Christians during the 
European invasion of the New World 
during the fifteenth and sixteenth 
centuries-an event that had im- 
mense epidemiological repercussions 
for the indigenous people of the 
Americas (McNeill 1976). The com- 
ing of the Europeans provides per- 
haps the best illustration of the ef- 
fects of population movement on 
pathogen transmission. The intro- 
duction of smallpox, measles, and 
typhus to South American and Cen- 
tral American human populations, 
who had no natural resistance or 
immunity to these diseases, led to 
apalling numbers of deaths. Largely 
as a result of successive epidemics 
of these diseases, the population 
of Mexico fell from 20 million to 

approximately 3 million in the 50 
years from 1518 until 1568 and then 
to 1.6 million in the next 50 years. 
The successful colonization of these 
continents probably owes consider- 
ably more to the pathogens that 
Europeans brought with them than 
to any of their more traditional 
weapons. 

While malaria was prevalent in 
Europe at the time of the coloniza- 
tion of the New World, historical 
data suggest that the disease was 
absent in the Americas before the 
arrival of the Europeans. Moreover, 
the importation of slaves from highly 
endemic areas of Africa fueled epi- 
demics that spread in waves across 
the continents, ravaging both the 
indigenous and colonist populations. 
In North America, the spread and 
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the birth and survival rates of hu- 
man populations. These and similar 
data sets suggest that disease epi- 
demics were a common consequence 
of increasing urbanization. The data 
for the city of London for the time 
period 1625-1750 illustrate two 
major outbreaks of plague (Figure 
3; Appleby 1975). Although this 
disease died out after thatched roofs 
were replaced with slate roofs in the 
aftermath of the Great Fire of Lon- 
don, other pathogens became estab- 
lished in this period. So-called fever 
deaths may represent mortality due 
to influenza, while deaths due to 
consumption reflect the increasing 
incidence of tuberculosis. Smallpox 
remained endemic in the population 
at this time and caused regular epi- 
demic outbreaks. 

1930 

Year 

Figure 8. The mortality rate due to tuberculosis in three generations of Canadian 
plains American Indians after their forced adoption of a sedentary existence (after 
Ferguson 1933). 

persistence of malaria were closely 
associated with pioneer life. Al- 
though epidemic levels of malaria 
had subsided in the northeast colo- 
nies by the mid-1700s, later settlers 
in the upper Mississippi Valley suf- 
fered high levels of mortality and 
morbidity. So bad was the situation 
that one writer declared that "it is 
unlikely that any amount of toil... 
will make this land habitable." The 
prevalence of malaria finally began 
to decrease in the latter half of the 
nineteenth century, probably due 
to improved housing, nutrition, 
and agricultural practices as the 
frontier became settled. In the south- 
ern states, however, the disease 
remained deeply entrenched as late 
as the 1930s and 1940s, when 4 
million cases per year were being 
reported. This high endemicity 
seeded a new round of malaria epi- 
demics in the northeast when North- 
ern soldiers returned from the South 
at the end of the Civil War-epi- 
demics that did not subside until the 
early 1900s. 

Meanwhile, back in Europe 

The first influenza epidemic in Eu- 
rope occurred from 1556 to 1560 
(McNeill 1976), at approximately 
the same time as a similar epidemic 
in Japan (1556). This directly trans- 
mitted microparasite has a short la- 
tent period and is highly contagious, 
requiring large populations in order 
to establish itself. Its first recorded 
appearance in the human popula- 
tion seems to have caused around 
20% mortality (McNeill 1976). The 
great influenza pandemic that fol- 
lowed the World War I in 1918- 
1919 led to the deaths of 20 million 
people-more than had died in the 
war itself (McNeill 1976). This high 
mortality may have been associated 
with the low levels of nutrition in 
the human population following the 
wartime rationing and the high inci- 
dence of secondary infections that 
followed the war in Europe. 

It is only from around 1650 that 
population statistics are reliable and 
that real estimates can be made of 

Spatial aggregation and 
average age at infection 

Although diseases of childhood were 
well established in towns in the sev- 
enteenth and eighteenth centuries, 
they were still transmitted only in- 
termittently in the smaller popula- 
tions of rural areas. Before 1800, 
less than 2% of the European popu- 
lation lived in cities of 100,000 or 
more (McNeill 1976). Many conta- 
gious diseases were spread when 
boys and men joined the army or 
when children went to school. Even 
by the time of Napoleon (1812), it 
was noted that skinny and ill-fed 
urban recruits survived much longer 
than did large, muscular, and well- 
fed recruits from the countryside, 
who were repeatedly ill (McNeill 
1976). This disparity in health was 
probably due to a reduced exposure 
to pathogens and hence a lower level 
of immunity in the smaller popula- 
tions of isolated towns and villages. 
The earlier figure for the size of the 
world's cities illustrates the aggre- 
gation of Europe's growing human 
population into an increasing num- 
ber of larger towns and cities (Fig- 
ure 2). This large-scale change in 
spatial distribution was matched by 
a reduction in spatial aggregation at 
a lower scale. 

Many demographers argue that 
the so-called demographic transi- 
tion to smaller family sizes (Figure 
4) is a direct consequence of in- 
creased health and hence increased 
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survival. Yet it should be noted as 
well that reductions in family size 
also lead to direct improvements in 
the health and welfare of women 
and perhaps to significant reduc- 
tions in the rates of disease mortal- 
ity within families. Studies of mor- 
tality from measles in families of 
different sizes indicate that mortal- 
ity rates among children are higher 
in larger families, even when the 
effects of increased malnutrition in 
many larger families are controlled 
(Aaby et al. 1988, Garenne and Aaby 
1990). In general, as more children 
in a family succumb to an infection, 
its pathology becomes worse. This 
outcome may be because susceptible 
children in larger families receive 
higher disease inocula from their 
infectious siblings, or it may reflect 
rapid selection that allows the virus 
to exploit the common genetic back- 
ground of children in the same fam- 
ily. Probably, both of these effects 
operate. If they do, then the net 
impact of pathogens on the host 
population may have declined as 
human societies have shifted toward 
smaller families. 

Age-dependent mortality 
The net impact of a pathogen on a 
population is influenced by the in- 
teraction between the average age of 
infection and the age-dependent 
mortality rate of the disease. If 
pathogen-induced mortality in- 
creases significantly with age, then 
the later ages of infection that char- 
acterize rural communities may well 
cause higher mortality in lower den- 
sity rural populations. In contrast, 
mortality may be lower in urban 
populations where people are likely 
to be exposed to infection at earlier 
ages. Anecdotal evidence of this ef- 
fect is provided by information on 
recruits to Napoleon's army. 

A remarkable study of an outbreak 
of measles in an isolated island off the 
northern coast of Scotland (Panum 
1940) offers quantitative evidence in 
support of age-dependent mortality. 
In 1846, when the human population 
of the Faeroe Islands numbered 7782 
people, measles appeared and in- 
fected nearly everyone. A previous 
epidemic in 1781 had also infected 
almost the whole population, but 
the disease had disappeared com- 
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Figure 9. The relationship between the proportion of a community that must be 
immunized to eradicate an infection, p, and the basic reproductive rate, R . The 
figure also illustrates the average of infection, A, before vaccination for different 
values of R0; this relationship is shown for L = 70 (lower figures) and L = 45 (upper 
figures). The infection is eradicated for values of p above the line. 

pletely, presumably due to a lack of 
susceptible persons. Measles was 
reintroduced to the population in 
1846 by an infected carpenter who 
had been exposed to the disease just 
before leaving Copenhagen, Den- 
mark. He became sick in April, soon 
after his arrival on the islands, and 
by October the disease had spread 
throughout the community. The 92 
people who survived the 1781 epi- 
demic escaped infection in 1846. 
Others escaped by rigid quarantine 
and isolation, but 95% of the rest of 
the population, approximately 6000 
people out of a possible 6682, even- 
tually contracted measles. The in- 
fection then disappeared from the 
islands, again presumably due to a 
lack of susceptible persons. The 
mortality rate of people of different 
ages, carefully recorded by Panum 
(1940), reveals an interesting age- 
dependent case fatality rate (Figure 
5). Children younger than one year 
old tended to die from measles. The 
mortality rate then declined to ap- 

proximately 0.3% in age classes up 
to age 30, after which it increased 
first to 1.5%, and then to 8%-10% 
in people older than 60. Thus the 
average age of infection is likely to 
be important in determining the 
impact a disease such as measles has 
on a population. If this relationship 
between mortality and age occurs 
for other infectious diseases, then 
infrequent outbreaks of disease in 
isolated and semi-isolated rural and 
island populations would lead to 
higher levels of mortality than would 
occur in cities, where the majority 
of individuals are exposed to com- 
mon, so-called childhood diseases 
when still young. 

Vaccination and the control of 
human disease 

The migration of people into the 
industrial cities in Europe through- 
out the nineteenth century probably 
increased the rates of transmission 
of directly transmitted diseases. Be- 
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1934) records huge increases in 
140- mortality due to tuberculosis once 

the American Indians were removed 
130 - -from their normal nomadic exist- 

120- * ence and settled onto reservations 
(Figure 8). The mortality rate from 

110 - tuberculosis, which had not previ- 
ously been recorded for these tribes, 

00 - rapidly increased to 90-140 cases 

90 - per 1000 people within a few years 
_ of the reservations' founding. From 

80- 1882 through the 1930s, the mor- 
&"*g~~~~~~~~~~ ^|~~~~tality rate decreased from 90 cases 

8 70 - per 1000 people to 20 cases, and 
d 6 then to 8 cases, per 1000 people 

60 - *(Ferguson 1933, 1934). In some 
50 - years the mortality rate was 20 times 

2aj~~~~ ^J-~~~~~~ ^J~ ̂the rate for the surrounding white 
3 40 - population. A number of different 

factors may have caused this high 
30 - mortality rate-inadequate diet af- 

20 - ter the disappearance of buffalo, 
poor housing, overcrowding, and 

10 - general spiritual demoralization. Yet 
many European immigrants exposed 

0 ----I _^ to conditions as bad as those en- 
0 1 2 3 4 5 6 7 8 9 10 n 12 countered by the American Indians 

Socioeconomic class did not have mortality figures of 
this magnitude. Careful analysis of 

Figure 10. The incidence of tuberculosis in different socioeconomic sectors of the the family trees of the Indians by 
population in New York State in 1976 (Hinman et al. 1976). Ferguson revealed that during the Ferguson revealed that during the 

peak of the epidemic in the 1880s, 
fore 1900 it is unlikely that popula- nineteenth to the early twentieth although some families suffered 
tions in cities were self-sustaining, century. This shorter period may high mortality, others suffered much 
because before this date urban popu- reflect the younger age at first infec- lower mortality. Many of the sur- 
lations were maintained only by tion (and hence increasing RO) as the viving American Indian families were 
immigration from the surrounding human population became larger and descendants of the families with 
countryside, where 80%-90% of the more aggregated into urban areas. It lower mortality. This finding sug- 
population still lived. The mortality may also reflect the effects of better gests that some selection for reduced 
rates caused by common childhood nutrition in reducing the time that susceptibility to tuberculosis oper- 
pathogens began to decline during people were infectious. ated. 
this period, particularly when vac- Unfortunately, it may never be 
cines (for smallpox) or treatments Selection for increased possible to determine the relative 
(for scarlet fever) became available disease resistance importance for declining disease 
(Figure 6). Notice in Figure 6 that mortality rates of changing age at 
several of the diseases exhibit a pro- There are almost no data available first infection, smaller family size 
nounced tendency to produce regu- that can be used to examine selec- (and hence smaller inocula), better 
lar epidemic cycles. The period of tion for resistance in humans to the nutrition, and selection for resis- 
these cycles can be roughly estimated common childhood diseases such as tance. Obviously improvements in 

using a simple formula (period = measles, mumps, and rubella. Simi- nutrition and personal hygiene have 
2s(AD)2, where A is average age of larly, there are no studies that allow been important, but changes in the 
infection and D is the duration of scientists to accurately examine re- spatial distribution of humans and 
time for which an individual is in- ductions in the virulence of these selection for reduced virulence in 
fected; Anderson and May 1982). pathogens (Ewald 1983). There is the pathogens may also have played 
This relationship suggests that the one historical study of tuberculosis important roles in changing average 
interepidemic period is likely to de- (Ferguson 1933, 1934) that allows age of infection and case mortality 
dine as the average age at infection some quantification of the selection rate. Furthermore, most of the re- 
declines (Figure 7). Several of the pressure that this pathogen may have duction in pathogen-induced mor- 
data sets (measles and smallpox) placed on previously naive human tality rates occurred before the full 
illustrated in Figure 6 show an ap- populations. In a study of tubercu- development of preventive medicine, 
parent shortening of interepidemic losis in American Indians of the suggesting that much of the reduc- 
period as we move from the mid- Canadian plains, Ferguson (1933, tion of the impact of disease may 
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have been due to the development of 
agricultural practices that made food 
cheaper and more plentiful and the 
development of more efficient means 
of sewage and waste disposal. 

Vaccination 

The development of vaccines for 
many directly transmitted micro- 
parasitic diseases of humans con- 
tributed to the final decline in juve- 
nile mortality rates in developed 
countries during the present cen- 
tury. Nevertheless, these diseases are 
still major causes of death in the 
developing world. Mathematical 
population models can again help to 
explain why vaccination has been 
successful against some pathogens 
and why it may be less successful 
against others. Essentially, a suc- 
cessful vaccination scheme should 
reduce the size of the pool of 
susceptibles to below the threshold 
needed for the pathogen to sustain 
itself. More specifically, the propor- 
tion of the host population that needs 
to be vaccinated, p, is given by 
p=1-1/Ro (Figure 9). It is thus pos- 
sible to eradicate a disease by vac- 
cinating only a proportion of a 
population rather than the whole pop- 
ulation. However, this possibility also 
implies that although vaccination 
may be useful as a control against 
diseases such as rubella and measles, 
it is unlikely to be effective against 
diseases such as malaria, where a 
large proportion of the infant popu- 
lation is infected by the age of six 
months. 

One of the major additional ef- 
fects of vaccination is the reduction 
of infected individuals in the popu- 
lation due to the reduced number of 
contacts that infected individuals 
have with susceptible individuals. 
This effect is called herd immunity 
(Fine 1993, Fox 1983, Fox et al. 
1971). As the percentage of the popu- 
lation that is immunized increases, 
there are linear decreases in the to- 
tal incidence of the disease in the 
population and increasingly rapid 
decreases amongst the proportion 
of individuals not vaccinated. 

Arita et al. (1986) assembled data 
on population densities for small- 
pox vaccination coverage in African 
and Asian countries during the late 
1960s and early 1970s. These data 

indicate that smallpox disappeared 
early from countries in which the 
density of susceptible (unvaccinated) 
individuals fell below ten persons 
per square kilometer. In populations 
with a population density of less 
than 50 persons per square kilome- 
ter, this density roughly corresponds 
to 80% coverage. Infections of small- 
pox persisted in more densely popu- 
lated regions, in particular Nigeria, 
with 58 persons infected per square 
kilometer; Pakistan, with 83 per- 
sons per square kilometer; India, 
with 175 persons per square kilo- 
meter; and Bangladesh, with 502 
persons per square kilometer (Arita 
et al. 1986). To eradicate smallpox 
in these areas would have required 
coverage of the order of 98% to 
reduce the number of susceptible 
individuals to less than ten persons 
per square kilometer; such coverage 
was impractical. By 1970 vaccina- 
tion policy changed to active case 
detection, contact tracing, and the 
breaking of individual chains of 
transmission. It was this policy 
change that eventually led to the 
worldwide eradication of smallpox 
(Arita et al. 1986, Fine 1993). 

Infectious diseases today 
Despite widespread advances in 
medical science, infectious diseases 
continue to have devastating conse- 
quences for human populations in 
many parts of the world. Although 
the incidence of measles in the United 
States has fallen by approximately 
99% since the introduction of vac- 
cination in 1963, annual resurgences 
continue even though approximately 
98% of children in the United States 
have been vaccinated by the age of 
school entry. Analysis of surveil- 
lance data suggests that transmis- 
sion has been continuous in several 
large urban populations, in particu- 
lar those with large, poor, inner-city 
populations-such as New York, 
Los Angeles, and Chicago. Although 
transmission is only sporadic 
throughout the rest of the country, 
inner-city areas present an extremely 
difficult problem for public health 
providers because the social condi- 
tions for high vaccine coverage are 
least conducive in the areas where 
the highest uptake is required. As 
urbanization trends continue glo- 

bally, disease is likely to continue to 
be maintained in cities, presenting a 
constant threat to the decreasing 
proportion of the human popula- 
tion living in rural areas. 

In 1993 alone, tuberculosis killed 
2.7 million people and infected an- 
other 8.1 million worldwide (Snider 
1994). An estimated one-third of 
the world's population, or 1.7 bil- 
lion people, is infected but has not 
yet developed the disease. Further- 
more, the mortality rates of infected 
individuals are sharply related to 
socioeconomic status (Figure 10). 

The present tuberculosis epidemic 
is expected to grow worse, espe- 
cially in the developing world. This 
epidemic is partly driven by the in- 
creasing urban population, by the 
evolution of multidrug-resistant 
strains, and by the emergence of 
HIV/AIDS, which compromises the 
immune system of human hosts and 
makes them more susceptible to in- 
fectious diseases such as tuberculo- 
sis. In the United States and Europe, 
prisons and homeless populations 
now act as reservoirs for the resur- 
gence of tuberculosis. These under- 
served subpopulations are now 
above the threshold sizes for main- 
taining diseases in areas where they 
had previously been significantly 
reduced. 

While medical and sanitation 
technology have certainly helped 
minimize the impact of infectious 
diseases in the last two centuries, 
humans can only really claim vic- 
tory over one pathogen-the small- 
pox virus. It seems inevitable that 
other diseases (e.g., measles and ty- 
phus) that may now be simmering 
quietly in scattered populations will 
reemerge as the susceptible subpopu- 
lations of major cities increase to 
threshold sizes. 

The epidemiological and nutri- 
tional situation of many developing 
countries is similar in some ways to 
that of Europe in the seventeenth 
and eighteenth centuries (Livi-Bacci 
1991). Although smallpox has been 
successfully eradicated, malaria, 
measles, rubella, and other child- 
hood diseases are still major causes 
of death. Malaria, in particular, is 
showing a major resurgence. Fol- 
lowing the widespread use of drugs 
and insecticides against the patho- 
gen and its mosquito vector in the 
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mid-twentieth century, genetic re- 
sistance has evolved to these com- 
pounds, and malaria is returning 
rapidly to areas that had been de- 
clared free of the infection. The 
macroparasitic pathogens such as 
hookworm, ascaris, and schisto- 
somiasis continue to debilitate many 
millions of people. The effects of all 
diseases in the developing nations 
are made worse by poor nutrition. 
The United Nations Children's Fund 
estimates that 50%-75% of all re- 
corded deaths of infants and young 
children can be attributed to a com- 
bination of malnutrition and infec- 
tion (UNICEF 1995). 

As the only developed nation 
other than South Africa without a 
national health plan, the United 
States may be the first developed 
country to have to contend with 
reemerging diseases. For example, 
although malaria had been success- 
fully controlled in most of the coun- 
try by the mid-nineteenth century, 
large cities such as New York still 
supported endemic transmission of 
Plasmodium falciparum as late as 
the early 1940s. In an interesting 
parallel to current HIV epidemiol- 
ogy, falciparum malaria was main- 
tained in the mid-twentieth century 
entirely among intravenous drug 
users (Blower et al. 1991, Most 
1940). Today, with access to qual- 
ity health care dependent on socio- 
economic status, the rapid growth 
of susceptible subpopulations (e.g., 
homeless and prison populations) 
in large cities is not surprising. These 
subpopulations are susceptible not 
because they have no history of ex- 
posure to a particular pathogen (the 
majority of people in developed 
countries have not been exposed to 
many infectious pathogens) but be- 
cause they are underserved by or 
inaccessible to the medical commu- 
nity (Berkelman et al. 1994). 

No challenge to medical science 
more sharply illustrates the impor- 
tance of developing an ecological 
understanding of infectious disease 
than the current pandemic of HIV/ 
AIDS. Much of the progress in un- 
derstanding HIV/AIDS comes from 
studies at the population level 
(Anderson and May 1991) and from 
extensions of these mathematical 
techniques to develop an under- 
standing of the population dynam- 

ics of interactions between compo- 
nents of the immune system and the 
HIV virus in individual infected hosts 
(Nowak et al. 1991). These quanti- 
tative scientific insights into the bi- 
ology and epidemiology of HIV have 
been obtained using extensions of 
models originally developed to study 
the ecology of infectious diseases in 
human and other animal popula- 
tions (Anderson and May 1991). It 
is essential that policy for disease- 
control strategies in the twenty-first 
century build upon this understand- 
ing of diseases at the population 
level as well as at the molecular and 
cellular level. 
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