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I. INTRODUCTION 

A. Aim of the Chapter 

This chapter is analytical rather than descriptive. In conformity with 
the basic purpose of this treatise the chapter aims at an understanding of 
the factors and processes that go to make an epidemic, and not at a 
description of important epidemics, past or present. 

B. Some Common Misconceptions 

It is stated in the literature that for an epidemic to occur there must 
be an aggressive parasite that multiplies fast, spreads far and swiftly, and 
is not particularly selective in its requirements. These are total miscon
ceptions. They are the cause of much confused thinking and must be 
disposed of forthwith. 

Consider swollen shoot of cacao, a systemic virus disease in West 
Africa, as an example. The virus complex is carried by slow-moving 
flightless mealy bugs of the family Pseudococcidae, and spreads largely 
from tree to tree in contact (Posnette, 1953). It is delicate, and survives 
for less than an hour in the feeding vectors (Posnette, 1953). The num
ber of infected trees on a farm multiplies slowly; under conditions of 
unrestricted natural spread it took 30 months for the percentage of 
infected trees to increase from 31 to 75 (Anonymous, 1949). The spread 
of infection from farm to farm is also slow. In 1947 the largest area of 
disease in West Africa had reached a radius of only some 10 miles after 
having spread continuously since 1922 (Posnette, 1947). Yet there can 
be no doubt that swollen shoot is a major epidemic. The virus complex 
is endemic in West African indigenous trees of the Sterculiaceae and 
Bombacaceae. As a sporadic disease, cacao swollen shoot has a long 
history in West Africa (Posnette, 1953). But some 30 years ago the 
epidemic began, with the merging of separate but expanding, more or 
less circular outbreaks, into larger amorphous areas of dead and dying 
trees, which spread ever more rapidly and devastated whole farms in 
their spread (Posnette, 1953). The disease has caused political up
heavals, and the cacao industry from the western Ivory Coast to central 
Nigeria has needed drastic measures to save it. 
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Another example is oak wilt, caused by the fungus Ceratocystis 
fagacearum. The current epidemic of this disease in the United States 
was rated sufficiently high to get an entire chapter to itself in the limited 
space of "Plant Diseases," the United States Department of Agriculture's 
Yearbook for 1953. Yet the parasite has very limited means of spread. It 
can spread over a distance by some means that are not yet properly 
understood, but the main spread is from tree to tree. Infection takes 
place through root grafts, and local barriers such as roads are sometimes 
enough to stop it (Riker, 1951). 

An extreme example is psorosis, a virus disease of citrus. No vector is 
known. The virus can spread from tree to tree by root grafts, but the 
natural spread is so slow that it is extremely difficult to demonstrate in 
orchards. Yet psorosis is currently the greatest killer of citrus trees in 
California (Moore et al., 1957). Psorosis epidemics, it seems, may take 
half a century or more to develop. 

C. Epidemics as a Matter of Balance between Opposing Processes 

The human population of a country can increase as a result of a high 
birth rate; it can also increase as the result of a low death rate. It will 
increase with a low birth rate provided that the death rate is even lower. 
As with men, so it is with plant pathogens. Disease can increase to 
epidemic levels because (to consider only the extremes) the pathogen 
has a high birth rate or because it has a low death rate. The miscon
ceptions we have just discussed have arisen because attention has been 
focused on high birth rate epidemics. But low death rate epidemics are 
also important, particularly with perennial hosts. 

High birth rate epidemics are usually caused by fungi which develop 
uredospores, conidia, oidia, and the like, and produce local lesions in the 
host. Low death rate epidemics are caused largely but not entirely by 
systemic pathogens. The explanation is often fairly obvious. The systemic 
pathogen is safe within the host, and if the host is perennial and the 
disease not immediately lethal, a long life of the infected host guarantees 
a long life to the systemic pathogen. With pathogens as well as with men 
longevity means a low death rate. The terms are practically equivalent. 

The line between the two types of epidemic is often somewhat 
blurred, but at the extremes the distinction between them is clear and 
has interesting consequences. High birth rate epidemics are usually con
trolled by fungicides or resistant varieties; low death rate epidemics are 
mainly controlled by means of sanitation. High birth rate epidemics 
usually spread fast; low death rate epidemics usually spread slowly. 
These and other consequences will unfold themselves logically as we 
proceed. But the terms high birth rate epidemics and low death rate 
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epidemics have been used purely to illustrate a point and now will be 
dropped in favor of more conventional expressions. 

II. T H E MULTIPLICATION O F INFECTIONS 

A. Multiplication within a Crop 

1. The Course of an Epidemic 

There is no such thing as a typical epidemic. The variety of epidemics 
in plant pathology is infinite. To mention just two factors, the epidemic 
varies with the amount of inoculum that is the source of the infection, 
and this ranges with the different diseases from scarce to abundant; it 
varies with the rate at which the infections multiply, and this ranges 
from very slow to very fast. Because of this variety, one example is as 
good as another. Blight of potatoes, caused by Phytophthora infestans, 
is chosen here as an example because of its place in the history of plant 
pathology. But even for this one disease the example we have chosen for 
illustration is not typical of all epidemics. It is based on data from 
western Europe. If blight in North America had been the example, stress 
would have been laid on the danger of epidemics starting from piles of 
culled potatoes and garbage dumps near towns. 

Figure 1 is based on data taken from a probit foliage decay line 
given by Large (1945) for an epidemic of blight on potatoes in England. 
Observations were started on August 11, when 0.1% of the foliage was 
infected. This is equivalent to an average of about 1 lesion per plant. The 
epidemic progressed for about 4 weeks, after which all the foliage had 
been destroyed by blight. The curve that shows this in Fig. 1 is sigmoid. 
The figure also shows the rate of increase of infection per cent per day. 
The rate for this epidemic began at about 48%, when observations were 
started on August 11, and gradually dropped to zero as the epidemic ran 
its course. 

In the Netherlands the early history of a potato blight epidemic was 
studied by van der Zaag (1956) . We assume that the results hold for 
England too. Van der Zaag found that the most important primary foci 
of infection were infected plants growing from infected seed. These 
plants had a few weak, shriveled shoots with a few lesions from which 
spores were released during the second half of May. They were most 
abundant in the very susceptible variety, Duke of York, in which about 
1 primary focus per square kilometer was found. Infection spread first 
around these foci, then generally over the fields, and from field to field 
and from variety to variety. Our concern here is not with the progress 
in any particular field but with the epidemic generally. 
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These findings show how inadequate a picture Fig. 1 gives of an 
epidemic. There are 3,000,000 or 4,000,000 plants in 1 sq. km. of potatoes, 
so that there are (in round figures) 3,000,000 or 4,000,000 lesions per 
square kilometer of potatoes when 0.1% of the foliage is infected. Still in 
round figures, infection had to multiply 1,000,000 times from the original 
foci before the level of 0.1% was reached on August 11. Figure 1 describes 
the one-thousandfold increase (from 0.1 to 100%) that occurred after 

11 Aug. 18 Aug 2 5 Aug. 11 Sept. 18 Sept. 

FIG 
potatoes 
e: 

1. Lower half: The progress of an epidemic of blight (P. infestans) in 
(Data of Large, 1945.) Upper half: The increase of infection per day 

expressed as a percentage of the infection already present. 

August 11, and ignores the one-millionfold increase that went before. 
And in terms of time Fig. 1 starts in August instead of May, like the 
biography of a centenarian that starts after his seventieth birthday. 

Consider the matter from the farmer's point of view. For him the most 
important single characteristic of an epidemic is its date of onset. This 
decides when he must spray or whether he need spray at all. If the date 
is early—say, in July in England—heavy losses are likely to occur if the 
disease is unchecked. But if it is late—say, in September—losses are 
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likely to be small (apart from tuber infection), and spraying would be a 
waste of material and effort. There are of course some variations in detail 
(an epidemic may start early and then be checked by a change in the 
weather) but the general pattern is clear, as can be seen from the 
analyses of Moore (1943) , Large (1952) , Beaumont et al (1953) , and 
Large et al (1954) . The date of onset is determined by what happens 
before the onset, i.e., by that portion of the epidemic not described in 
Fig. 1. 

Infection increased one-millionfold between the second half of May 
and August 11, i.e., in about 80 days. This is equivalent to an average 
increase "at compound interest" at the rate of 17% per day. But the rate 
would not have remained at a steady average since it is affected by 
changes in the weather. Apart from that, the potato becomes more sus
ceptible as it becomes older (Grainger, 1956). One can therefore infer 
that the rate was considerably less than 17% at the start and increased to 
48% by August 11. 

2. Rate of Multiplication before the Onset of the Epidemic 

For convenience we can define the onset of an epidemic as that time 
when not more than 5% of the susceptible tissue is infected, or, for 
systemic diseases, when not more than 5% of the plants are infected. 
Within this rough limit we can decide on any criterion we wish; for 
example, with potato blight in England and Wales the starting point for 
the assessment of blight is 0.1% infection, and this level can conveniently 
be taken to indicate the onset. 

The rate of increase of disease has been taken as 

% = kx(l - χ) (1) 

in which k is a constant and χ is the proportion of susceptible tissue 
that is infected, or, for systemic diseases, the proportion of infected 
plants. The rate at which infection occurs is, according to this equation, 
proportional to the product of the proportion of infected tissue and the 
proportion of healthy susceptible tissue, that is, to the proportion of 
tissue that is still available for infection. Curves of this equation describ
ing the progress of infection with time have the sigmoid shape so 
commonly found in plant pathology. Large (1945) applied the equation 
to blight epidemics and concluded that it would give a good fit to actual 
blight progress curves within the limits of accuracy of the original 
observations. Nevertheless the reader is warned that after the onset a 
good fit can come about only as a result of counterbalancing factors, 
because the incubation period (i.e., the pre-reproduction period after 
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infection) inevitably tends to increase the value of k as the epidemic 
progresses beyond the onset. That is, after the onset, k is just an em
pirical constant even in a constant environment. We use equation 1 and 
sigmoid progress curves almost solely to provide a helpful introduction 
to the study of multiplication. After the introduction the topic is treated 
in a way that will nearly obviate the need for considering disease 
progress curves beyond the onset. 

Infection is influenced by the weather, the susceptibility of the host, 
the virulence of the pathogen, etc. So equation 1 will be rewritten in 
the form 

ft = kx{\ - x)f(T#,S . . . ) (2) 

in which f (Γ , H, S . . . ) is a function of the temperature and humidity 
of the air, the susceptibility of the host, and so on. 

Before the onset of an epidemic, χ is small and, in the definition 
already given for the onset, less than 0.05. As a good approximation for 
the progress of infection up to the onset, the term (1 — x) can be 
dropped and equation 2 rewritten as 

·) (3) 

. 0 (4) 

By definition, r is the rate of increase per cent per day (or per year, if 
years are the units of time) up to the onset of the epidemic. Within the 
limits of the approximation just stated r is independent of the progress 
of the epidemic (up to the onset) and becomes a direct reflection of the 
environmental conditions, the susceptibility of the host, and so on. A 
qualification, normally of minor importance, will be discussed in Sec
tion II, A, 6. 

3. Some Comments about r 

One must become familiar with r. It is a fundamental and perhaps 
the most useful concept of epidemiology. It plays its part not only in 
multiplication rates, but also in the rate of spread of epidemics in dis
tance (Section IV, A and E ) , in the theory of forecasting (Section III, 
B ) , in sanitation (Section III, C ) , and directly or indirectly, in much else. 
The impression may have been given that r is only an approximation. 
That is incorrect. For convenience r is allowed to make its debut ap
proximately as the percentage rate of multiplication at or before the 

^ = kxf{T,H,S . . 

_ 100 dx 
χ dt 

= 100fc/(T,#,S . 
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onset of an epidemic, which is accurate enough for present purposes. 
But r is a concept capable of exact determination (as by equation 5) and 
applicable throughout the course of the epidemic. The reasons for using 
it mainly at or before the onset will appear later. 

In reporting the results of censuses, human birth rates, death rates, 
and rates of increase of population are given in terms of 1,000 of popula
tion. It is not assumed that the rates are the same for all hours of the 
day, for all seasons of the year, or for all years of boom and depression, 
peace and war. The crude rates are simply a convenient way of ex
pressing what is happening. So too r can be regarded as a convenient way 
of reporting the results of censuses of infections before or at the onset. 
It is not implied that r is constant from hour to hour or day to day. 
It just expresses the tempo of developments up to the onset in an 
uncomplicated way. But one condition is implied: fractions of a day 
or, if appropriate, a year must be avoided. When, for example, it is 
calculated in Section III, C that an epidemic would be delayed 3.7 days, 
this must be interpreted as "from 3 to 4 days." 

In one way r has an advantage over crude census rates, which are 
subject to the influence of varying proportions of the population in the 
different age groups, particularly to a varying proportion of women of 
childbearing age. Superficially, the same problem occurs with r. With 
potato blight, for example, it takes from 4 to 6 days or longer after 
inoculation for spores to be produced. But for most of this period there 
is no recognizable lesion, and spore formation begins soon after the 
lesions become visible in the field. Up to the time of the onset of the 
epidemic relatively few of the lesions seen in the field are not of spore-
bearing age; one could without great difficulty count as lesions only 
those of an age to produce spores. The validity of using lesions of this 
sort for determining multiplication rates is examined in Section II, A, 6. 

The magnitude of r reflects the effect of temperature, humidity, rain
fall, wind, and other environmental factors on multiplication; it reflects 
among other factors the resistance or susceptibility of the host, the 
proportion of spores that germinate, the proportion of germinated spores 
that manage to enter the host and establish infection, the rate of in
crease in size of the lesion, the speed at which spores are produced and 
their number, the abundance of vectors and their mobility, efficiency, 
and distribution, and the size and number per acre of the host plants. 
It summarizes the equilibrium of the factors (except χ itself) that affect 
the tempo of multiplication. Because of this, few of these factors will be 
specifically dealt with in this chapter. There is, for example, no dis
cussion of the effect of weather and climate. This may seem strange in a 
chapter on epidemiology. But it is logical. When a forecaster uses his 
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knowledge of the weather and other relevant factors to forecast an 
epidemic, he is in fact forecasting a faster rate of multiplication. To him 
the weather and other factors are important. To us (for the purpose of 
this chapter) the rate of multiplication is important. This statement 
carries no implication that the one approach is better than the other. 
There are several possible approaches to the discussion of epidemics. 
One chooses what one believes to be the most apt for one's purpose. 

4. The Estimation of r 

Substitute r/100 for kf (T,H,S . . . ) in equation 2, integrate, change 
logarithms to the base 10, and rearrange thus: 

230 . 32(1 - xt) _ 

Here X i and x2 are the proportion of susceptible tissue infected (or, for 
systemic diseases, the proportion of infected plants) at dates tx and t2, 
and t2 — £i is the interval in days (or years, if this is appropriate) be
tween these dates. 

For example, according to the data of Large (1945) blight in pota
toes at Dartington in 1942 increased from 0.1 to 5.0% in 7 days. Here 
* i and x2 are 0.001 and 0.05, respectively, and t2 — tx is 7 days. From 
equation 5, r = 57% per day. 

In general, the use of equation 5 assumes that the lesions are 
randomly distributed. In the particular case of potato blight there is the 
independent evidence of Gregory (1948) that this is so; but randomness 
is not the rule. There are often quick departures from randomness, 
especially when systemic diseases multiply, particularly the systemic 
diseases of trees. There is a general rule about this: the smaller the size 
of lesion, the higher the value of x2 that can be used without incurring 
a serious error from lack of randomness. A systemically infected plant 
must be considered as a single lesion (Section IV, F ) . 

As another example, consider cauliflower mosaic. It spreads in non-
random fashion to form nests of infected plants (Broadbent, 1957). In a 
trial with different strains of cauliflower there were 1.7 and 5.9% infected 
plants on August 21 and September 4, respectively (see Fig. 4 in Broad
bent, 1957), so X i and x2 are 0.017 and 0.059, respectively, and t2 — tx is 
14 days; whence r is 9.2% per day. The epidemic was started artificially 
by planting an infected plant at the center of each plot of 121 plants, so 
5.9% infection represents roughly 7 plants around each infector plant. The 
evidence is that at this stage the error from nonrandomness is small, so 
the estimate of r is fairly trustworthy; but at much higher values of x2 

estimates would be too low. 
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With local lesion disease on plants that grow between tx and t2, 
allowance must be made for new susceptible tissue. If susceptible tissue 
increases m times between tx and t2, equation 5 must be rewritten as 

230 , mx2(l — Xi) ,a\ 

Chester (1943) gives figures for the multiplication of leaf rust 
(Puccinia triticina) of wheat in Oklahoma. After a severe winter fol
lowed by normal weather, infection increases at a steady rate from 1 
pustule per 1,000 leaves at the beginning of March to 10 pustules per 
leaf at the beginning of June. During this period there is a tenfold 
increase of leaf tissue (Chester, 1946); hence m is 10. The ratio x2/xx is 
10,000, and t2 — f i is 92 days. An infection of 10 pustules per leaf is 
equivalent to about 1% infection, according to Fig. 13 of Chester (1950) ; 
so x2 is 0.01 and x± is even smaller, and we can ignore the terms (1 — X i ) 
and (1 — x2). By equation 6, r = 12.5% per day. 

5. General Comments on the Restriction of Much of This Chapter to 
Events before the Onset 

Physical chemistry advanced far in the theory of dilute solutions. 
The gas laws were applied to dilute solutions, and dissociation constants 
were determined in dilute solutions. This was done in the first place to 
avoid the difficulties of dealing in theory and practice with the behavior 
of molecules and ions at high concentrations. In the same way this 
chapter deals to a great extent with the theory of dilute concentrations 
of disease: of disease up to the onset, defined arbitrarily as the 5% level. 
Primarily the reason for this is to avoid the objection against using dis
ease progress curves after the onset. 

How much information do we lose by confining quantitative discus
sions to the period up to the onset? The answer is: surprisingly little. Con
sider these examples. In Section III, C an equation is given that evaluates 
sanitation in terms of a delay in the onset of the epidemic. If the weather 
and other conditions stay constant, the delay in the onset is also the 
delay in reaching the 50% level of disease or the 99% level. If the weather 
changes, then interest is changed from the factor of sanitation to the 
factor of weather. By describing the effect of sanitation on the onset, 
one has in effect described all that needs to be described about the effect 
of sanitation on the course of the epidemic. In other words, the loss of 
information from confining attention to the period up to the onset is 
negligible. Also, it does not matter what criterion one takes for the 
onset, provided that it is not more than about 5%; it could just as well 
or better be taken at 0.1%. In Section III, Β we discuss the application 
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of r to the theory of forecasting; in most cases forecasts are in practice 
confined to the onset of an epidemic. 

Gradients of infection away from the source figure largely in Sections 
IV and V. With gradients, too, it can be shown both that it is wise to 
keep calculations to the period up to the onset of the epidemic and that 
remarkably little information is lost by doing so. In this chapter we do 
in fact discuss gradients at higher levels of disease, and correct the 
data as best we can. But this is only through lack of choice; the data 
are so scant that one cannot at present afford to be selective. 

6. Justification for Using the Law of Compound Interest When There 
Is an Incubation Period 

The meaning given to r is that it is the rate of compound interest 
(per cent) up to the onset. True compound interest (we are not con
cerned with bankers' compound interest) is added to accumulated cap
ital as it is earned, and then instantly begins earning itself; the concept 
of an incubation (i.e., pre-reproduction) period is foreign to the law 
of compound interest as it is used in science. Are we then justified in 
applying the law, as represented by r, to plant disease? It seems that we 
are, and it will be shown that r can be used as an apparent rate. 

The meaning of χ is the proportion of infected tissue in which incu
bation is complete. The infection is visible and the lesions are of an age 
to produce inoculum (according to the suggestion in Section II, A, 3 ) . 
Consider now the total proportion x? of tissue that is infected, even if 
incubation is still incomplete. To simplify the argument, we shall con
fine attention to events before the onset of the epidemic. Instead of 
equations 3 and 4, let us write for the same set of observations 

dx' r f ,  . 

Here x^t-p is the proportion of infected tissue at time t — P, in which 
Ρ is the incubation period. It is the proportion of tissue in which incuba
tion is complete and therefore has the same meaning as χ in the earlier 
equations. It can be determined that 

Pr 

r = r'e 1 0 0 ' (8) 

In effect, r is a compound interest rate to which Ρ contributes, out
wardly like any other factor, such as the abundance of vectors. 

Equation 8 holds only when Ρ and κ* are constant. More generally, it 
can be shown that despite an incubation period the concept of compound 
interest is valid even if Ρ and f vary with temperature, humidity, etc. 

There is more to it than just that. In the early history of an epidemic 
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(for example, soon after inoculation in an artificial epidemic) r at first 
varies with time, even if Ρ and r9 are constant, and only later settles 
down to the stable value given by equation 8. The larger the product 
Pr, the larger are the variations. Similar variations occur when, for 
example, an epidemic is checked by drought and then builds up again. 
The previous history of the epidemic, every previous fluctuation, is 
remembered in the multiplication rate, and this memory factor is the 
special contribution of an incubation period to the concept of com
pound interest. 

There is a qualification. Previous memory is wiped out each time 
multiplication stops for a continuous interval at least as long as P, and 
then starts anew. Hence, the memory factor can cause a drift in the 
multiplication rate of potato blight from day to day, but not in that of 
potato leaf roll from year to year. 

Variations in the value of r, whether caused by memory or any other 
factor, are properly cared for by equation 5. This equation estimates 
the average of the value of r at every instant between any times t1 and 
t2, irrespective of any variations that occur. 

But although it is important to know that the memory factor's effect 
on r is correctly estimated, it is often equally important to know how to 
eliminate this effect so that other factors can be studied without inter
ference. Except within approximately 2.2 Ρ days after inoculation in an 
artificial epidemic or 1.2 Ρ days after the end of a major interruption in 
a natural epidemic, the effect of the memory factor on r can be made 
small by arranging that the interval between tx and t2 should be as near 
to 1.2 Ρ days (or a multiple thereof) as is possible without using frac
tions of a day. For example, if Ρ is 6 days and it is wished to study in an 
artificial epidemic the separate effect on r of factors other than the 
memory factor, observations should begin whenever convenient after 
the thirteenth day from inoculation and then be made at weekly inter
vals. Very exact knowledge of Ρ is here unnecessary, and in the example 
just quoted an 8-day interval between tx and t2 would also almost elim
inate the memory factor's effect on r. 

B. Increase of Disease when the Pathogen Does Not Spread 
between the Host Plants 

Consider bunt of wheat caused by Tilletia caries and T. foetida. 
Plants are infected as young seedlings, and do not release spores until 
the grain has been formed. One plant cannot infect another during the 
course of the season. There is multiplication of infection, but only as an 
increase from season to season and not within a single crop. Many other 
systemic smut fungi behave similarly. 
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With obligate heteroecism there are similar restrictions. The apple 
rust fungi Gymnosporangium spp. move hither and thither from apples 
to the alternate hosts and back. During this movement from one host 
to the other there can be a multiplication of infection, but there is no 
multiplication directly from apple to apple. Similarly, Cronartium ribi-
cola does not spread from pine to pine. 

With many of the systemic or quasi systemic vascular wilt diseases 
the pathogen is not returned in great quantity to the soil until the host 
dies. The pathogen may build up from season to season, but it does not 
spread much from plant to plant during the season. 

Sometimes there is apparently no spread from plant to plant and no 
building-up within the host species even over the seasons. Eastern 
X virus spreads from chokecherry (Prunus virginiana) to peach but ap
parently not from peach to peach (Hildebrand, 1953). The virus of 
Pierce's disease has a wide range of species of host plants from which it 
infects grapevines, but it does not seem to spread from grapevine to 
grapevine (Hewitt et al., 1949). Tomato spotted wilt virus infects 
tobacco, but the thrips vectors do not breed on this host and there is no 
evidence of spread from tobacco to tobacco (van der Plank and An-
derssen, 1945). Peaches with X disease, grapevines with Pierce's disease, 
and tobacco with tomato spotted wilt apparently do not contribute to 
the building-up of an epidemic of these three virus diseases; in them 
epidemics are secondary (see Section III, D ) and are the result of multi
plication in other hosts. 

Absence of spread from plant to plant can occur at times even with 
diseases that normally spread. Figure 2A, reproduced from a report by 
Doncaster and Gregory (1948) , shows the distribution of rugose mosaic, 
caused by virus Y, in an isolated potato field. This field was initially free 
from virus Y, but was invaded from a source 300 yd. away. The plants 
which were infected as a result of this invasion did not pass the infec
tion on to their neighbors, and there was no evidence of secondary 
spread. Absence of secondary spread can be expected when the invasion 
takes place late in the season or when the presence of vectors is 
transient. It is possibly not uncommon. 

The type of increase without multiplication which has been discussed 
in the previous five paragraphs can cause an epidemic which super
ficially resembles other epidemics but which is fundamentally distinct. 
There is, for example, no reason why the progress curve of the epidemic 
with time should be sigmoid. Often the approach to control is different. 
It is therefore important to be able to detect when infection is increasing 
without spreading from plant to plant. 

This can be done in various ways. One can mark infected plants and 
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determine whether they are foci of infection by comparing the number 
of plants which become infected in an area near them with the number 
of plants which become infected in a comparable area at a distance away 
from them. But the most convenient methods use the distribution of 

A Β 

® = M o f a !c O-Healthy # = L e a f roll 

FIG. 2. Distribution of rugose mosaic and leaf roll around an infected plant, 
L.R., grown from a potato tuber infected with leaf roll. For convenience, rugose 
mosaic and leaf roll are shown in separate diagrams, A and B, respectively. (After 
Doncaster and Gregory, 1948). 

diseased plants in the field or orchard without a knowledge of their 
history. Figure 2B shows how leaf roll develops in a potato field around 
an infected plant grown from an infected tuber. There is a nest of 
diseased plants near this plant. Nests of this sort vary in their compact
ness and shape from disease to disease, but it is probably safe to 
assume that with all plant diseases there is a tendency for infected 
plants to aggregate to some extent near the source of infection. (The 
tendency is greatest when f is low in value and the gradients are steep; 
see Section IV, Ε and F about scales of distance.) The test for spread of 
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infection is a test for aggregations. Cochran (1936) examined some gen
eral tests, and Todd (1940) and Freeman (1953) developed a test for 
the special case of the death of trees planted at the corners of a square 
lattice in a rectangular plantation. The simplest test yet devised makes 
use of doublets (van der Plank, 1946). A doublet consists of 2 adjacent 
diseased plants. If η plants are examined in sequence, and of these μ are 
diseased, the expected number of doublets is 

ά = \μ{μ~ 1). (9) 

A run of 3 diseased plants is counted as 2 doublets; a run of 4, as 3 
doublets; and so on. A test of significance has been worked out by G. A. 
Mclntyre of the Commonwealth Scientific and Industrial Research Or
ganisation, Canberra, Australia, and it is hoped it will be published 
shortly. 

As an example, the distribution of leaf-roll-infected potato plants in 
Fig. 2B is analyzed. There is a total of 100 plants, including the original 
diseased plant; of these, 28 are infected. If one starts at the top left 
corner, reads down the first row, up the next, and so on, one counts 
19 doublets. The expected number is only 28 X 27/100 or 7.56. The 
infected plants show excessive (nonrandom) aggregation. A corres
ponding analysis for the 9 potato plants with rugose mosaic in Fig. 2A 
gives d (observed) 0 and d (expected) 0.72. There is no evidence of 
nonrandom aggregation. In practice one is usually concerned with col
lecting evidence for the absence rather than for the presence of spread 
of infection. Extensive data are needed, and precautions must be taken 
against extraneous heterogeneity of the field. The method can be used 
to examine evidence for spread in any direction, and counting can start 
from any randomly chosen starting point. Missing plants, uneven spac-
ings, or changing directions do not affect the analysis mathematically, 
although they may affect its interpretation biologically. From what is 
written in Section IV, F it follows that spread of infection is most easily 
detected by this method if the disease is a systemic disease of trees. 

III. T H E A M O U N T O F I N O C U L U M A T ITS SOURCE I N R E L A T I O N TO E P I D E M I C S 

A. The Amount of Inoculum and Rate of Multiplication before the Onset 

In the preceding section our concern was with rates of multiplication. 
The amount of inoculum at the source of the epidemic must now be 
considered. When infected plants are the starting inoculum—when, for 
example, epidemics of potato blight start from lesions on infected shoots 
developing from infected tubers or when potato leaf roll spreads from an 
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infected plant, the sequence of multiplication is homogeneous. Lesions 
produce lesions, and infected plants produce infected plants. We shall 
be concerned only with homogeneous sequences. When the source of 
inoculum is resting spores or anything but infected plants, we consider 
the sequence as starting from the first plants to be infected directly 
from this inoculum, i.e., the first infected plants are considered as the 
inoculum at its source. This restriction to homogeneous sequences 
simplifies what has to be discussed without affecting the conclusions 
appreciably. 

Suppose J 0 and ί are respectively the amounts of inoculum (in terms 
of the number of lesions or, for systemic diseases, the number of infected 
plants) at the source and at the onset of the epidemic which was defined 
in Section II, A, 2. 

/ = J 0 e ^ 1 0 0 . (10) 

Here t is the time taken up to the onset, and r has the meaning given in 
earlier equations. To quote an example given previously, if P. infestans 
multiplies a millionfold in 80 days, 

e80r/100 = 7//0 = 1 Q 6 

whence r = 17.3% per day. This is an average rate for the 80 days. 
More often one needs to know the effect of a change in the amount 

of inoculum at the source: a change brought about, for example, by 
sanitation. One can therefore profitably rewrite equation 10. Suppose 
the amount of inoculum at the source is reduced from J 0 to J ' 0 . The 
delay in the onset of the epidemic, At, can then be determined from 
the equation 

7 0 = / Ν Δ < / 1 0 0 

whence 

230 , Jo 
Δ < = — togyr- (11) 

' J- 0 

In the equation, r is the rate during the time of the delay. Logarithms 
are to the base 10. 

Suppose r = 69.3% per day at the onset. How long will the onset be 
delayed by halving the amount of inoculum at its source? 

230 log 2 
69.3 

= 230 X 0.301 
69.3 

= 1.0. 
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The answer is 1 day. Natural compound interest of 69.3% per day, which 
is added to the accumulated capital at every instant, is equal to 100% 
"banker's" compound interest, which is added once a day. This numerical 
problem makes the obvious point that if the amount of infection is 
doubled every day, halving the amount at its source will postpone the 
onset by a day. The criterion for the onset must of course be fixed, but, 
provided that it is fixed within the limit stated in Section II, A, 2, the 
particular value at which it is fixed has no relevance. (But read also 
Section II, A, 5.) 

Consider another example. Broadbent (1957) tested the use of 
barriers to protect cauliflower seedlings from mosaic, and found that a 
barrier of three rows of barley around the seedbed reduced infection 
from 3.0 to 0.6%. How long would the onset of an epidemic of cauli
flower mosaic be delayed in crops planted from protected seedbeds? 
Use the value r = 9.2% per day, calculated for cauliflower mosaic in 
Section II, A, 5. 

. , 230 , 3.0 
M = 9 ^ l 0 g 0 6 

= 17.5. 

The onset of the epidemic would be delayed 17.5 days. For properly apt 
results, r should be measured for the same variety as that used in the 
barrier experiment, in the same district, at the same time of the year, 
in the same type of soil, etc. 

B. Some Comments on the Theory of Forecasting of Epidemics 

The method and effectiveness of forecasting epidemics varies with 
the value of r in equation 11. Consider the two extremes of forecasts 
that ignore, and forecasts based entirely on, the amount of inoculum 
at the source. 

1. Forecasts That Ignore the Amount of Inoculum 

According to equation 11, the higher the value of r at the onset, the 
less the error of a forecast of the time of onset that ignores differences 
in the amount of inoculum at the source. If r is large enough, approxi
mate forecasts become possible without reference to inoculum. An alter
native condition would be that the amount of inoculum is so large that 
it ceases to be a limiting factor. Both conditions possibly exist with, say, 
apple scab when scabby spring weather follows a fall and a winter 
favorable to the survival of large amounts of inoculum in dead leaves. 

Potato plants become more susceptible to blight as they grow older 
(Grainger, 1956), and high values of r are possible toward maturity. 
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It is this fact of a high value toward maturity that makes short-range 
forecasts of blight feasible on weather data alone. It has been found 
that there may be a "zero time" a date (July 1 in west Scotland) 
before which forecasts based on weather data alone are invalid (Grain
ger, 1950). Interpreted by equation 11, "zero time" is the date on which 
the magnitude of r becomes high enough to blur the effect of variations 
in the amount of inoculum and make the epidemic specially sensitive to 
the weather. The more susceptible the variety, the earlier can "zero 
time" be fixed or, alternatively, if "zero time" is unchanged, the more 
accurately can forecasts be made. 

2. Forecasts Based on the Amount of Inoculum Alone 

As the value of r at the onset decreases, the effect of variations in the 
amount of inoculum on the date of the onset increases. With low enough 
values of r the importance of the inoculum factor becomes dominant, 
and approximate forecasts can be based on it alone. The number of 
sclerotia of Sclerotium rolfsii in the soil can be used to forecast losses 
of sugar beet from this fungus (Leach, 1938). In general the soil is not 
a medium conducive to the fast multiplication of pathogens, and 
methods of forecasting other diseases caused by soil-borne pathogens 
on inoculum alone are likely to be feasible. 

C. An Epidemiological View of the Problem of Sanitation: 
the First Rule of Sanitation 

Equation 11 tells us that, measured as a delay in the onset of an 
epidemic, the benefit of a given percentage reduction in the amount of 
inoculum at its source is inversely proportional to r, the magnitude of 
r being determined at the time of the delay. This is the first rule of 
sanitation. 

Within the limits of one disease the rule means that sanitation helps 
most when it is needed least. Before any method of sanitation is recom
mended for the control of a disease, it should be ascertained that the 
method will remain effective even during seasons when conditions are 
such that infection multiplies at its fastest. 

In comparing different diseases the rule means that control by sani
tation is most apt for those diseases that multiply most slowly. If r is 
large, sanitation is relatively ineffective, and it is usually necessary to 
use fungicides or, alternatively, to call in the plant breeder to produce 
a resistant variety, i.e., to bring down the magnitude of r. When r is 
small, one is likely to be dealing with a disease that can be controlled 
by sanitation: by crop rotation, by fumigation of the soil before the 
crop is planted, by destroying diseased crop residues or using manure 
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free from inoculum, by planting healthy or disinfected seed and nursery 
stock, by roguing out diseased plants, by isolating fields from sources 
of inoculum, by destroying weeds or other hosts that can carry infec
tion, or by any other method that reduces inoculum at its source. 

For example, systemic diseases tend to have low values of r, and a 
study of the literature shows that the majority of them are controlled 
by sanitation in one form or other. 

As r increases, sanitation becomes less effective. But where do we 
draw the line? At the one extreme, with very low rates of multiplica
tion, sanitation is almost completely effective; for example, on present 
knowledge, a citrus grower can be protected against losses from psorosis 
by the sanitary measure of using only healthy nursery stock to plant his 
orchards. Are there, at the other extreme, infections that multiply so 
fast that sanitation is worthless? The answer depends on the circum
stances. Consider this example. A field of potatoes grown from blight-
free seed can become infected with blight from infected refuse piles or 
from infected fields. Take the second alternative. From calculations 
based on meager data in the literature, it can be estimated that 
doubling the isolation of a potato field from its neighbors would reduce 
the amount of blight that the field gets from its neighbors by 83%. (See 
Section IV, Β and D.) If, from Fig. 1, we take r to be 48% per day, this 
isolation will postpone the onset of an epidemic by 3.7 days. (Here 
ίο/ί'ο —100/(100-83).) On an allowance of an increase of a ton of 
tubers per acre per week during the critical period of the growing sea
son, isolation to the extent stated would mean a gain of crop in an 
unsprayed field of about half a ton per acre. Whether this gain would 
be worth working for depends on the circumstances. On a small farm, 
isolation is impossible or possible only at the cost of arrangements that 
are not acceptable to the farmer. But on a large estate some farm 
planning with an eye to isolation is not ruled out. It is not for our 
present purpose desirable to pursue this topic at length, but it should 
be stated that even with a fast multiplying disease like blight of pota
toes the possibility of sanitation cannot be excluded before conditions 
are analyzed. 

D. An Epidemiological View of Breeding for Resistance 

One especially important deduction from equation 11—and the first 
rule of sanitation—concerns resistant varieties. Plant breeders like to 
aim at high resistance or complete immunity; this is desirable, and the 
effect of immunity is readily understandable: there is no epidemic (and 
in that case the matter would be outside the scope of this chapter). 
But commonly the available resistance is only partial; infection occurs, 
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but at a slower rate. The magnitude of r is reduced, and the value of 
sanitation correspondingly increased. Every quantum of resistance, how
ever small, increases the efficiency of sanitation; and every quantum of 
sanitation increases the value of the partial resistance. As methods of 
control, sanitation and partial resistance should go together. When a 
disease is controlled by sanitation, partial resistance in any measure is 
an achievement not to be despised. It has been much undervalued in 
plant pathology, largely as the result of ignoring its connection with 
sanitation. 

Ε. Secondary Epidemics 

An epidemic can be defined as secondary if it starts from inoculum 
derived from another, earlier epidemic. In Section II, Β it was observed 
that epidemics of eastern X disease of peaches, Pierce's disease of grape
vines, and tomato spotted wilt on tobacco are secondary because there 
is apparently no spread of the diseases in the crops mentioned. Infection 
must come from outside. 

In the Netherlands van der Zaag (1956) found that with the potato 
variety Duke of York there was about 1 primary focus of infection per 
square kilometer at the start of the season, this focus originating from 
an infected seed tuber. With the more resistant variety Noordeling, 
primary foci were much rarer or entirely absent. Further, he tested 
varietal differences by artificially inoculating leaflets in the field before 
natural infection was apparent, and then 12 days later counting how 
many leaflets had become secondarily and naturally infected from these 
primary artificial sources. For every 1 lesion on Noordeling that devel
oped secondarily around the primary source, there were 180 on Duke 
of York. From this we infer that the magnitude of r was roughly 180 
times as great for Duke of York as for Noordeling. This estimate is 
rough but adequate; the evidence does not allow an exact estimate of 
either r or f. Epidemics in Duke of York take about a month to develop 
from the primary foci, so, from equation 11, an epidemic in Noordeling 
would need 180 months to develop. If one adds to this the information 
about the scarcity of natural primary foci with Noordeling, the period 
needed would be much greater. Even if one admits the possibility of 
error, the differences are striking enough to make it reasonably certain 
that a primary epidemic of blight in Noordeling is improbable in a 
growing season limited to 4 or 5 months. If Noordeling becomes sig
nificantly blighted, it is almost certainly as a result of infection obtained 
initially from some other variety. 

The tendency for disease to spread from more to less susceptible 
varieties and cause secondary epidemics in them, increases with the 
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extent to which initial inoculum must multiply to cause an epidemic. 
For any given time up to the onset, the logarithm of the amount of 
multiplication is proportional to r. If two varieties differ in that in the 
one r is twice as great as in the other at all times, then by the time the 
more susceptible variety has multiplied 10 2 times the less susceptible 
will have multiplied 10 times; by the time the more susceptible has 
multiplied 10 6 times the less susceptible will have multiplied 10 3 times. 
As multiplication continues, the difference in level of disease between 
the varieties increases. The more the multiplication needed before a level 
of, say, 5% is reached, the greater is the difference in disease between 
the varieties when the more susceptible has reached that level; hence, 
other things being equal, the greater the chance that disease in the less 
susceptible variety will be influenced by inoculum from the more sus
ceptible. With diseases like potato blight, in which relatively little 
inoculum survives the winter, the danger of susceptible varieties starting 
secondary epidemics in other varieties is correspondingly great. 

Late blight, caused by Phytophthora infestans, can survive peren
nially on tomatoes in countries in which tomatoes are grown all the 
year round. It can also be brought into the summer-grown tomato plants 
of colder climates by blight-infected transplants imported from warmer 
areas. But late blight of tomatoes has also a considerable literature of 
epidemics secondary to those of potatoes. Neighboring blighted potato 
fields or potato refuse piles are repeatedly implicated as the source of 
tomato blight. But in one detail there has been a noteworthy change 
in the literature since Mills (1940) summarized it. In 1940 races of 
Phytophthora infestans from potato were poorly adapted to tomatoes, 
and, according to Mills, had to be trained to attack tomatoes by a few 
passages through tomato leaves. Nowadays there are frequent refer
ences in the literature to potato races that readily attack tomatoes, 
although a distinction between potato and tomato races still exists. On 
the general evidence of the literature, secondary epidemics on tomatoes 
are now more easily established from potatoes. There has been, it would 
appear, a change in the relationship between P. infestans and the potato, 
which has also involved the tomato secondarily and possibly incidentally, 
and which has perhaps been the cause of the destructive epidemics of 
tomato blight on a scale unknown before 1946. 

There is a type of secondary epidemic brought about by mixed 
cropping. The apple variety Delicious has considerable resistance to 
powdery mildew, caused by Podosphaera leucotricha. Jonathon is very 
susceptible and is commonly used as a pollinator for Delicious. In mixed 
orchards spores from diseased Jonathans may start secondary epidemics 
on Delicious which are severe enough to require control measures 
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(Sprague, 1953). Hardwoods grown alone are normally resistant to 
Fames annosus but may be killed when grown in mixed stands with 
susceptible conifers in which inoculum builds up (Peace, 1957). These 
examples show the value of uniformity of resistance in minimizing the 
risk of secondary epidemics, a point to remember when reading Sections 
VI, C, 2, f and VI, E . 

Secondary epidemics provoked by mixed cropping are often used by 
plant breeders to eliminate susceptible lines of seedlings. A variety 
known to be susceptible is interplanted with the material to be sorted 
out in order to ensure that infection will be present in the breeders' 
plots. The method is simple and convenient, but there is the danger of 
confusing the smaller amount of resistance adequate to stop a primary 
epidemic with the larger amount needed to cope with a secondary 
epidemic. 

IV. T H E SPREAD O F E P I D E M I C S 

A. Factors That Affect the Rate of Spread 

Section IV describes how an epidemic spreads over a distance. Three 
factors are considered at the start. A fourth factor, scale of distance, is 
discussed later in the section. 

1. The Gradient of Infection 

The probability that a healthy plant in a given direction will become 
infected depends on the distance of that plant from the source of infec
tion. Infection grades away (usually smoothly, but not necessarily so) 
from the source. Unless otherwise stated, the source will always be 
taken to be a point—a single plant, for instance—and not a field or strip. 
Gradients should be determined only when the percentage of infection 
is low; apparent gradients necessarily become flatter as disease mounts. 

2. The Abundance and Distribution of Susceptible Host Plants 

The probability that a spore or other propagule will travel a given 
distance is proportional to the number of propagules released at the 
source. If the number of air-borne spores at the source is multiplied 100 
times, then on an average 100 times as many as before will blow past 
the first milestone, 100 times as many past the second, and so on. When 
heavy spore showers are detected hundreds of miles from the nearest 
source, it is reasonably certain that the source is not a single plant but 
fields of plants, not just a few fields but hundreds of acres of fields. 
Abundant host plants mean, too, that the leaps the pathogen need make 
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from one host plant to another are small. Their distribution—whether in 
small fields or large—also affects the pathogen's spread; this is a matter 
to be discussed in Section V. 

3. The Rate of Multiplication 

Spread is multiplication at a distance from the source of inoculum; 
and, for a given gradient, multiplication at a distance is related to 
multiplication in general. Fast multiplication of disease lesions means 
fast spread of disease. The connection has long been tacitly accepted, 
and pathologists commonly use the words "multiplication" and "spread" 
interchangeably. A tie between multiplication and spread is discussed 
in Section IV, Ε (equation 13 ) . 

B. Horizons of Infection 

Horizons of infection have been discussed by van der Plank (1949b). 
For argument's sake suppose temporarily that the probability that a 
lesion (or, for systemic diseases, an infected plant) will form a daughter 
lesion in unit time on a healthy plant at a distance s is 

Here a and b are constants. We shall not bother about the accuracy of 
this equation; the relationship shown is just scaffolding, which will be 
removed later. Suppose that there are infected fields scattered over a 
large area, and consider any field as center. Suppose that this field is 
only lightly infected: that the epidemic in it has not gone further than 
the onset, and that it receives inoculum from other fields in a sector 
narrow enough for the gradients toward the center to be considered 
uniform. The probability that a lesion will develop in this field as a 
result of inoculum received from a parent lesion two units of distance 
away in the sector is l /2 & times the probability that a lesion will develop 
from inoculum from a parent lesion one unit of distance away in the 
sector. But on an average the number of parent lesions two units of 
distance away is twice the number one unit away (because for a given 
angle at the center the arc is proportional to its radius). Hence on an 
average the number of lesions caused by inoculum received from all 
sources (all parent lesions) two units away is 2/2& or 1/2 6 * 1 times the 
number from inoculum received from all sources one unit away. Sim
ilarly the number from inoculum received from all sources three units 
away is 1 / 3 & 1 times the number from all sources one unit away. If Q is 
the number of lesions from inoculum received from all sources one unit 
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of distance away the number of lesions from inoculum received from 
all sources at all distances is 

If b > 2, this series is convergent, and there will be a limit from 
beyond which inoculum will not come. 

To simplify calculations, suppose that the distance between fields is 
relatively large and that the fields are uniformly infected and uniformly 
distributed. We can, as an adequate approximation, take the distance 
between the centers of neighboring fields as the unit of distance. If 
b = 2.5, 62% of the daughter lesions caused by inoculum received from 
other fields will come from fields, beyond the immediate neighbors, 40% 
from more than 3 fields away, and 32% from more than 5 fields away. If 
6 = 3 , the respective figures are 39, 17, and 11%; if b = 4, the figures are 
now 17, 3, and 1% respectively. If, for example, one regards inoculum 
coming from behind the horizon as negligible if it is responsible for less 
than 10% of the daughter lesions, then if b = 2.5, a horizon is established 
more than 50 fields away; if b = 3, about 5 fields away; if b = 4, 2 
fields away. The horizon draws in sharply as b increases, i.e., as gradients 
become steeper. 

It is not assumed that gradients are the same in all sectors, and the 
horizon about a field need not be circular. 

C. Continuous and Discontinuous Spread of Epidemics 

If b > 2, the source of a new outbreak will probably be within a 
horizon. The greater the magnitude of 6, the more likely is the source 
to be near, and the easier it will be to follow the path of an epidemic. 
The spread will be continuous. 

But if b < 2, more inoculum will arrive from far than from near 
(assuming of course that host plants occur over a wide area). Infection 
will appear as if "from nowhere." There will be what have been called 
"spot" infections—infections that cannot be traced to their source. The 
spread will be discontinuous. 

Low values of b can be expected if the movement of inoculum is 
oriented with a restriction on random scattering, as would occur, for 
example, if the inoculum were carried by birds migrating toward a 
particular destination. Migratory birds are thought to spread chestnut 
blight by carrying the sticky pycnospores of Endothia parasitica (Heald 
and Studhalter, 1914; Leach, 1940). "Spot" infections were a feature 
of the great chestnut blight epidemic in North America, and occurred 
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in addition to local infections caused by wind-blown ascospores; it seems 
likely that during migrations b was less than 2. 

D. The Determination of Gradients; the Scrapping of Equation 12; 
Dutch Elm Disease; Potato Blight 

Equation 12 was used only to build up an argument. In scrapping it 
one need not replace it by a better equation, but only consider its most 
useful features. The central inferences from the equation concern the 
value b = 2, or, to scrap the equation, concern a gradient in which the 
number of lesions formed by inoculum from a source varies inversely 
as the square of the distance from the source. If one plots the number 
of lesions against distance on a log-log scale, the inverse-square lines are 
straight. One can draw as many as one wishes—all parallel. Such are 
the lines A, B, C, D in Fig. 3. The observed gradient for any disease can 
then be compared immediately with these lines. If its slope is steeper 
than theirs, there will be a horizon of infection, and spread will be 
continuous. Similarly one can draw a number of parallel inverse-cube 
lines like the lines Ε and F in Fig. 3. If the observed gradient is steeper 
than theirs, horizons can be expected to be fairly close. In Fig. 4 the 
process is continued, and lines G, Η, 7, and / show the number of lesions 
inversely as the fourth power of the distance from the source of infection. 

Dutch elm disease, caused by Ceratostomella ulmi, was chosen to 
illustrate Fig. 3. There is a fair amount of information about it. Among 
other things, the spread of disease from a single infected tree in a 
limited period of time has been observed by several workers to virtually 
cease within some hundreds of yards from the tree, so one knows in 
advance that one should expect gradients steeper than the inverse-square 
lines. On one point there is a difficulty—a difficulty common to most 
of the literature of diseases that could be used for illustration: gradients 
should be determined only at low percentages of disease. This limits 
information to the lower part of the curve; the disadvantage of this is 
that information there is usually based on relatively few diseased plants 
and is consequently not powerful statistically. At higher levels of disease 
one can correct the curve partially (or fully, if the lesions are distributed 
randomly) by transforming percentages of diseases into calculated 
numbers of infections per 100 plants. Attention to this was drawn by 
Gregory (1948) , who published a useful table of transformed values. 
Some examples will explain the transformation. Suppose there were 
exactly 100 random infections per 100 plants. Not all plants would be 
infected; on an average, 36.8% would have no infections (they would 
remain healthy) and 63.2% would have 1 or more infections. The table 
calculates this in reverse; it transforms 63.2% disease to 100 infections 
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per 100 plants. In Fig. 3 the highest figure for disease is 88.9%, which is 
transformed to 220 infections per 100 trees. At low percentages the 
change is small and usually negligible: 5% disease transforms to 5.13 
infections per 100 plants. 

Figure 3 analyzes the combined data of Zentmyer et al. (1944) for 
three plots in Connecticut; and the data of Liming et al. (1951) for a 

I cm. 10 cm. I m. 10m. 100 m. I km. 
Log cm. 

FIG. 3 . Amount of Dutch elm disease (Ceratostomella ulmi) at varying dis
tances from the source of inoculum. Curves 1 and 2 : data of Zentmyer et al. ( 1 9 4 4 ) 
and Liming et al. ( 1 9 5 1 ) , respectively, shown as transformed numbers of infections. 
A, B, C, and D are inverse-square lines with scales of distances as 1 : 1 0 : 1 0 0 : 1 0 0 0 . 
Ε and F are inverse-cube lines with scales of distance in the ratio 1 : 1 0 . 

plot in New Jersey. These data were collected within a year of the 
emergence in large numbers of the vector beetles from the source of 
infection which in each case was a single naturally infected tree. There 
was therefore little time for secondary multiplication to affect the 
gradients. At the lower levels of disease, which are the safest to observe, 
the gradients are steeper than the inverse-square lines and are more like 
the inverse-cube lines. This is what one would expect from general 
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observations on the disease, but the data are too few to warrant detailed 
statistical analysis. 

Figure 4 analyzes records of potato blight, caused by Phytophthora 
infestans. The data of Limasset (1939) were taken from the paper of 
Gregory (1945) . Bonde and Schultz (1943) recorded the number of 
lesions per 100 plants, so no transformation is needed. These records 

Log cm. 

FIG. 4. Amount of potato blight (P. infestans) at varying distances from the 
source of inoculum. Curves 1 and 2: data of Limasset (1939) . Curve 3: data of 
Bonde and Schultz (1943) . Curves 4 and 5 : data of Waggoner (1952) . Curve 6: 
data of Newhall (1938) for Peronospora destructor. Curves 1, 2, 4, and 5 are based 
on transformed numbers of lesions. G, Η, I, and J are inverse fourth-power lines 
with scales of distance as 1:10:100:1000. 

were taken from a field about 100 ft. away from an infected dump pile 
of about 25 barrels of cull potatoes. Blight was first noted in the pile 
on June 12, and had infected most of the plants in the pile by June 25. 
The readings in the potato field that are reproduced in Fig. 4 were taken 
on July 12. It is thus possible that there had been some secondary multi
plication in the field before then, so the gradients, steep as they are, 
may underestimate the true steepness. The results of Waggoner (1952) 
in curve 4 were obtained 9 days after artificial inoculation of the center 
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from which sporangia later spread; those in curve 5 from another plot 
18 days after inoculation, during 9 days of which the weather was 
generally unfavorable for infection. In addition, data are presented for 
the related fungus Peronospora destructor to make the records as com
plete as possible. They are derived from the data of Newhall (1938) for 
downy mildew lesions per 100 ft. of row, and no transformation was 
needed. These various records are consistent in suggesting that, as a 
reasonable approximation at the low amounts of disease in which we 
are primarily interested, the number of lesions falls off inversely at least 
as the fouth power of the distance from the source. This result has been 
assumed in the calculation made for blight in Section III, C. In Fig. 5 
(to be discussed later) two more curves are shown for Phytophthora 
infestans. They are slightly steeper than an inverse—sixth-power gradi
ent. The evidence from all the records that the curves at low amounts 
of disease become steeper than an inverse—fourth-power gradient is 
statistically significant; but it is inadequate to say how steep they 
eventually become. 

Curve 3 in Fig. 4 is displaced to the right of curves 4 and 5. Dis
placements will be discussed under the next heading. But one reason 
for displacement seems evident here: the source of infection for curve 
3—the cull pile—was comparatively large and heavily infected, and was 
at a distance from the field; the sources for curves 4 and 5 were smaller 
and within the fields. 

E. Scales of Distance; a Tie between Multiplication and Spread 

For illustration let us return to the chestnut blight fungus spread 
by migrating birds. There are two relevant features about birds during 
migration: the flights are longer between pauses, and are oriented toward 
some particular destination. The second feature—orientation—was cited 
as probably involved in making spread discontinuous. The first feature 
—long flights—was ignored. Making flights longer without change of 
orientation and without serious loss of inoculum during flight would 
make an epidemic spread on a larger scale (in the word's literal mean
ing of relative dimensions). But it would not make a continuous spread 
discontinuous. 

Consider the inverse-square lines in Fig. 3. The scale of distance 
for line D is exactly 1,000 times the scale of line A at any given level of 
infection. Between any two given levels of infection the change from 
line A to line D is a change from millimeters to meters, from meters to 
kilometers. In Fig. 3 displacement to the right means an increase of 
scale of distance. 

Other things (including the strength with which the inoculum is 
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emitted at the source) being equal, longer flights by winged vectors or 
longer motions by the inoculum generally mean a larger scale of distance 
and displacement to the right. Restricted motion, which one might 
expect of inoculum moving through heavy soil, would mean a smaller 
scale and displacement to the left. 

When disease spreads from a single point source of inoculum, one 
can define the scale of distance on a relative basis by saying that the 
scale of distance varies directly with the distance between two given 
levels of disease (which must be defined if necessary). When curves 
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FIG. 5. Amount of potato blight, P. infestans, at different distances from the 
source of inoculum. Data of van der Zaag (1956) , given as transformed numbers. 
Explanation in text. 

relating disease and distance are plotted in a log-log graph and the 
displacement of the curves is fairly regular or when the two levels of 
disease are selected close together, a change of scale of distance is read
ily determined graphically. 

Consider Fig. 5, which is constructed from data of van der Zaag 
(1956) for the spread of Phytophthora infestans from an incompletely 
removed source of infection. The data for percentages of diseased plants 
have been transformed into the number of lesions per 100 plants. To the 
north of the focus (curve N) the spread was less than to the south 
(curve S) . Since the spread in both directions was from the same source 
of inoculum, the displacement of curve S to the right of curve Ν is the 
result of a changed scale of distance. This is measured by the line OP, 
which represents an increment of 0.4 in the logarithm of the distance 
or a 2.5-fold increase in scale of distance at the level of disease at or 
near points Ο and Ρ (log 2.5 = 0 .4) . The argument will have been 
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grasped in the simpler comparison between the straight lines A and D 
a few paragraphs back, and needs no further elucidation. 

The corresponding change in the scale of disease at the distance 
represented by points Ο and Q is measured by the line OQ, which repre
sents an increment of 2.5 in the logarithm of the number of lesions or 
a 316-fold increase in the number (log 316 = 2 .5) . At this distance 
there was about 316 times as much disease to the south as to the north 
as a result of a 2.5-fold change of scale of distance. 

The records of Waggoner (1952) for P. infestans in his plot at Clear 
Lake in 1950 on day eighteen show a scale of distance to the NNW about 
8 times as great as to the SSE. Since, approximately, disease varied in
versely as the fourth power of distance from the source (curve 5 of 
Fig. 4 ) , there was about 8 4 or 4096 times as much disease over a given 
distance to the NNW as to the SSE. This result appears to have been 
due to wind. There is considerable evidence in the literature that wind 
can strongly alter the scale of distance. One reason why wind affects the 
scale in different directions is that more inoculum leaves the source in 
one direction than in another. 

To determine a relation between multiplication and spread, referred 
to in Section IV, A, 3, consider a primary gradient set up in healthy 
plants surrounding a point source of infection. A primary gradient is one 
set up by inoculum derived directly from the initial point source with
out complications from secondary multiplication of disease in the zone 
of the gradient. For example, curves 1 and 2 of Fig. 3 probably represent 
primary gradients of Dutch elm disease. Return to equation 7 and 
consider a boundary condition. While t < P, the quantity * V P , taken 
here as the point source, is constant. Because the gradient is set up in 
plants healthy at the start, i.e., when t = 0, the amount of disease at any 
given time less than Ρ and (for a given gradient) at any given distance 
from the source, will be proportional to the value of r* prevailing over 
the period of the observations. Whence, to follow the reasoning in the 
previous paragraphs, 

As = fcr'*1^ (13) 

where As, which determines the scale of distance, is the distance between 
two given levels of disease in the gradient; k is a constant; b has the 
same meaning as in equation 12; and changes in r* are assumed to be 
moderately small. 

If the two levels of disease are taken fairly close together, the value 
of b can, with reasonable accuracy, be taken as constant over As. This 
feature appears in all the curves in Figs. 3 and 4, especially at distances 
not too near the source. Therefore the use of b here does not revive 
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equation 12, but only the part of it that may legitimately be revived. 
It is necessary that b should be positive; i.e., there must be an actual 
decrease of disease with distance away from the source. 

Equation 13 holds for those factors (except the incubation period) 
which effect r but not the gradient. With such a range of factors affect
ing r—from wind to the susceptibility of the host—and such a range of 
inoculum—from air-borne spores to water-splashed bacteria and vector-
transmitted viruses—any generalization about the effect on gradients is 
difficult. It is, however, worth noting that in their effect on scale of 
distance the factors that determines r cannot be distinguished one from 
another (except the incubation period). Consider, for example, diseases 
that spread mainly "by contact" between plants that are immediate 
neighbors. It is common experience that these diseases multiply slowly, 
and it is generally assumed that they multiply slowly because inoculum 
can only be spread by contact. In many cases one can use the opposite 
argument: the diseases appear to spread by contact because they multi
ply slowly for reasons that need not be known. 

A summary of the basic concepts might facilitate an understanding 
of the relation between multiplication and spread. We have been con
cerned with a point source of inoculum, hence only with primary gradi
ents, hence not with the incubation period, and hence with / and not r, 
as equation 13 shows. If inoculum comes from a source other than a 
point (e.g., an epidemic's front) the incubation period and r may become 
involved. A particular solution for the relation between r and the 
spread of the front of an epidemic of wheat stem rust underlies the 
Appendix. It is for the special case in which the pathogen's birth rate 
greatly exceeds its death rate and lesions are small. 

F . Inverse Scales of Distance; the Law of Lesion Size 

We have been considering changes in the distance scale on which 
a pathogen can spread. Now let us think of the problem from the oppo
site view and consider changes in the scale of distance over which a 
pathogen must spread if it is to transmit disease. As an example we 
may consider the law of lesion size. 

The law is that the highest potential rates of multiplication are with 
small lesions. A systemically infected plant is regarded as a single lesion 
extending over the whole plant. (The largest lesion is a systemically 
infected tree.) In round figures, small local lesions like those of potato 
blight can multiply one-billionfold in a season, systemic diseases of small 
herbaceous plants up to ten-thousandfold, and systemic diseases of trees 
about tenfold in a year. Evidence is given elsewhere (van der Plank, 
1958). The word "law" is used to indicate that the relationship was 
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observed, not predicted. Only maximum rates are relevant; it is not 
relevant to know that in arid climates or immune varieties potato blight 
does not multiply at all. 

Two virus diseases with efficient aphid vectors are cauliflower mosaic 
and tristeza disease. The number of cauliflower plants infected with 
cauliflower mosaic multiplies faster than that of orange trees infected 
with tristeza disease (van der Plank, 1 9 5 8 ) . Suppose cauliflower plants 
in a field could be enlarged to 1 0 times their normal size with all dis
tances increased in proportion: the plants would be 1 0 times as tall, 
1 0 times as broad, with the distance between them 1 0 times as great, 
and in rows 1 0 times as wide. Suppose one plant in the field is infected. 
The distance from any relative position on this plant to any relative 
position on a neighboring plant or any relative position on any plant 
in the field would be increased 1 0 times by the process of enlargement. 
The scale of distance that an aphid would have to travel to transmit 
the virus would be increased 1 0 times, and the probability of a transmis
sion would drop, correspondingly, according to the gradient. Similarly, 
if orange trees in an orchard could be shrunk to one-tenth their size 
with all other distances shrunk proportionately, the probability of trans
mission would rise in accordance with a decrease to one-tenth of the 
scale of distance over which an aphid must travel. So, other things being 
equal, an aphid has a greater chance of transmitting mosaic between 
cauliflower plants than between orange trees simply because orange trees 
are larger. The argument applies not only to vector-transmitted viruses 
but to any sort of inoculum. It applies not only to systemic disease but 
to any lesion; a uredospore of a cereal rust fungus must travel over only 
a very small distance, a few millimeters, to fall clear of an isolated 
pustule on healthy tissue. Cereal rust pustules can multiply fast because 
the scale of distance the pathogen must travel is small. 

Inverse scales of distance are only one of the factors involved in the 
effect of size of lesion. The incubation period (to mention another) is 
often longer in systemic disease; the effect of this period has already 
been given in equation 8 . Forest trees seem to have resistance to virus 
diseases, systemic bacterial diseases and systemic smut diseases. Oper
ating in the opposite direction is the factor of the size of plant (Section 
VI, D , I ) . 

V. E P I D E M I C S IN R E L A T I O N TO T H E ABUNDANCE AND 

DISTRIBUTION O F H O S T P L A N T S 

A. General 

Agriculture has meant bringing plants together in fields and—to 
meet the ever growing demand for food—increasing the acreage of 
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these fields. This raises two separate questions with which this section 
is concerned. 

First: how does the bringing together of plants and increasing the 
acreage affect the prevalence of disease? The general answer is that 
disease is encouraged. But there are exceptions, and increasing the 
acreage, if it means enlarging the fields without increasing their number, 
may at times even reduce the percentage of disease. Also, apart from this 
exception, the relation between disease and intensified agriculture is not 
simple. Some diseases are more sensitive to intensified agriculture than 
others, and increase relatively faster as the acreage is increased. 

The second question is: how does the distribution of host plants 
affect epidemics? For example, if the acreage remains constant, how do 
the size and distribution of the fields influence infection? The answers 
can be of the greatest practical importance if epidemics can be reduced 
by nothing else than planned agriculture. The least exploited method of 
reducing plant disease is by planning the pattern of farming in directions 
other than by crop rotation; no attempt is made here to produce a blue
print for such exploitation, but it is hoped at least to indicate that blue
prints are entirely feasible. 

B. Disease in Susceptible Plants Scattered among Immune Plants 

Although bringing plants together into fields normally increases the 
likelihood of disease, epidemics among scattered host plants are not 
uncommon. For example, Puccinia malvacearum attacks only wild and 
garden plants. Yet it spread through western Europe within 5 years of 
its first appearance (Gaumann, 1946). 

But bringing plants together may sometimes be a necessary condition 
for an epidemic to start. A good example is provided by the "native" 
potatoes of the mountains of Basutoland (van der Plank, 1948). The 
chief vector of the potato viruses, Myzus persicae, is abundant, and its 
winter host, the peach, almost ubiquitous. The varieties have no great 
resistance to virus disease, and succumb quickly when they are planted 
in garden plots. But when they grow—as they ordinarily do—as odd 
plants in the corn fields or in the grass near roadsides, there is little 
evidence of virus disease, and the varieties have persisted for more than 
a century in good health. 

Mixed cropping has been deliberately used to control disease. Plant
ing squashes and marrows in corn is commonly practiced in South 
Africa to control an aphid-borne mosaic disease. In Denmark and 
England beet seedlings intended for seed crops have successfully been 
protected against virus yellows disease by shield crops of barley (Han
sen, 1950; Hull, 1952). In France the idea has been extended. Seedlings 
of beets are raised in beds which are latticed with longitudinal and 
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cross bands of barrier crops to give subdivisions about 20 yd. long by 
5 yd. wide. The barrier bands are about 1 yd. wide. Oats, corn, hemp, 
and sunflower are generally used (Hull, 1952). In England, Broadbent 
(1957) showed that narrow barriers of barley rows reduced the inci
dence of cauliflower mosaic and cabbage black ring spot in cauliflower 
seedbeds, a matter that has already been mentioned in Section III, A as 
an illustration of a quantitative problem in sanitation. There is a con
siderable range in detail as one passes from mixed cropping through 
shield crops to barrier crops; but all are methods based on the reduction 
of the effective movement of inoculum, and all share the common feature 
that they are useful in practice only against a type of disease which we 
shall call a crowd disease, i.e., a disease that is likely to reach epidemic 
proportions only when the host plants are crowded together into fields. 

C. The "Epidemic Point" in Crowding Plants Together 

Before crowd diseases are discussed consider what happens when 
susceptible host plants are crowded together. It is useful here to return 
to our introductory concept of epidemics as a matter of balance between 
the birth and death rates of the pathogen. Bringing plants nearer to
gether increases the movement of inoculum between them; and it in
creases the birth rate of the pathogen. But it is unlikely to affect the 
death rate greatly (unless the pathogen or its vector is itself parasitized 
or preyed upon). When the point is reached at which births exceed 
deaths the danger of an epidemic begins. 

Take as examples three diseases of trees: rosette disease of peaches, 
swollen shoot of cacao, and tristeza disease of sweet oranges on sour 
orange rootstocks. All are caused by viruses that kill their hosts and die 
with them. Rosette virus ordinarily spreads slowly from peach to 
peach, and its birth rate is low. However, its death rate is high, because 
it quickly kills its peach host, which usually dies in the same season in 
which symptoms are first seen, and then dies too. Ordinarily, the death 
rate exceeds the birth rate, and the disease in peaches is self-eradicating 
(Hildebrand et al, 1942) although it occasionally flares up and affects 
a whole orchard (McClintock et al, 1951). Swollen shoot of cacao has 
the same features as peach rosette, but not in quite such an extreme 
degree. It spreads slowly, but not quite so slowly; it kills quickly, but 
not quite so quickly, and infected trees may survive up to 2 years or 
longer. Tristeza disease has an abundant and efficient vector, Toxoptera 
citricidus (among others), which occurs in both winged and wingless 
forms, and infection spreads relatively fast through an orchard in which 
T. citricidus occurs. The disease kills sweet oranges on intolerant root-
stocks but not very fast; the trees go into a decline that may last for 
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several years. Compared, then, with peach rosette, citrus tristeza has a 
higher birth rate and a lower death rate. 

The three diseases form an interesting series with regard to the 
epidemic point, which we define as the point in crowding plants together 
at which the birth rate of the pathogen exceeds the death rate.* In peach 
rosette the epidemic point is usually imaginary: it is usually not reached 
even when peaches are in continuous orchard formation. The disease 
of peaches is usually sporadic and self-eliminating, and the virus per
sists only because it has other more tolerant hosts such as the wild plum, 
from which it spreads to peaches. If epidemiology is the science of 
disease in populations, in peaches this behavior is epidemiological 
hypersensitivity, comparable in its effect on populations with ordinary 
hypersensitivity in its effect within the plant (Volume I, Chapter 14 ) . 
Swollen shoot of cacao has a lower epidemic point, which was ap
parently reached in West Africa between the World Wars, when cacao 
production was expanding rapidly. Before then the disease in cacao had 
a long history of sporadic outbreaks (Posnette, 1953); it was only after
wards that the epidemic began to rage. Tristeza seems to have a fairly 
low epidemic point in countries in which Toxoptera citricidus is present; 
in these countries the virus seems to pervade quickly all susceptible 
species of citrus, killing those trees which are on unsuitable rootstocks 
and saturating the rest. 

It is reasonable to suppose that with all diseases that cause primary 
epidemics the host plants are crowded beyond the epidemic point, at 
least during epidemic years. (The epidemic point will necessarily be 
lower in years favorable to the disease.) If the epidemic point is passed 
during the recorded history of man's crowding plants together, there will 
be a discontinuous change from sporadic disease to epidemic disease, as 
has happened apparently with swollen shoot of cacao. But where the 
epidemic point is low it was probably passed long ago, and the process 
of intensifying agriculture will seem to have a continuous effect—with 
epidemics becoming continuously more likely to occur. 

D. Crowd Diseases; Changes in the Refotvoe Importance 
of Diseases; a Glimpse of the Future 

Crowd diseases are likely to reach epidemic proportions only when 
the host plants are crowded together; they are diseases with a high 
epidemic point. The inoculum is likely to have a high death rate (as 
when, for example, it cannot persist in the soil); or the movement of 

* This definition is loose because the balance between births and deaths varies 
with x. A precise definition would need to stipulate some arbitrary value of χ at 
which births should still exceed deaths. 
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inoculum between separated plants is likely to be small because of 
a small scale of distance, as reflected in a steep gradient and a low value 
of r or, more strictly, ιΛ 

By equation 11 the effect of variations in the amount of inoculum 
reaching a field is greatest when r is least. To make a long story short, 
consider only diseases like potato blight, the cereal rusts, and those virus 
diseases not transmitted directly through the soil or dead plant residues. 
Usually, the systemic virus diseases multiply more slowly than the local 
lesion diseases (van der Plank, 1958). Therefore, intensified agriculture, 
by bringing fields nearer together and increasing the movement of 
inoculum between them, is likely to advance epidemics of systemic virus 
diseases relatively faster than those of local lesion diseases. To some 
extent the trend has been observable during the past century of fast-
rising food production. Plant pathology started as a branch of mycology, 
but became increasingly more concerned with virus diseases. One grants 
that much of this history has been fortuitous; had de Bary's chief 
interest been in virus diseases, the history would have been different. 
But the change was not wholly fortuitous. 

Further, because diseases especially sensitive to the intensification of 
agriculture are, as a result of this characteristic, especially amenable to 
control by isolation and sanitation generally, plant pathologists can 
expect to be much more concerned with the theory and practice of 
sanitation in the future than in the past. 

E. The Effect of Making Fields Larger 

1. Inoculum Coming from Other Hosts 

Consider the finding of Wellman (1937) in Florida that cucumber 
mosaic virus, causing mosaic in celery, comes from other hosts such as 
Commelina nudiffora growing within 75 ft. of the field. For the sake of 
argument, accept this figure and ignore the possibility of some inoculum 
arriving from beyond 75 ft. or of vectors flying right over the field without 
settling in it. The area of a 75 ft. zone about a square field of 0.1 acre is 
0.86 acre; about a field of 1 acre it is 1.85 acres; about a field of 10 acres it 
it 4.95 acres. Thus 10 acres of celery divided into 100 square fields of 0.1 
acre, would draw infection from other hosts scattered over 86 acres; 
divided into 10 square fields of 1 acre, from other hosts scattered over 18.5 
acres; and concentrated into 1 square field of 10 acres, from other hosts 
scattered over only 4.95 acres (van der Plank, 1948). Concentration of 
the host plants into a single field of compact shape reduces infection from 
outside to a minimum. 

Probably one of the few occasions on which the percentage of disease 



7. ANALYSIS OF EPIDEMICS 265 

is reduced while agriculture is intensified is when infection comes from 
scattered hosts near the fields and acreage is increased by increasing the 
size of the fields and not their number. 

2. Inoculum Moving between Fields 

We shall consider here what happens when fields are made larger and 
correspondingly fewer, so that the total acreage remains constant. To do 
so we shall revive equation 12, but only to the limited extent that we use 
it, as in Section IV, D, to illustrate the gradient of disease. Discussion will 
be limited to what happens before the onset of an epidemic, i.e., to in
oculum moving into fields that are not already heavily infected, which is 
the only case of practical importance. 

Assume that the fields are equal in size and uniformly shaped, 
orientated, and distributed over the country. Making them larger and 
correspondingly fewer increases the average distance between them in 
proportion to the square root of their average area, their shape and 
orientation being unchanged. The average distance, not necessarily on 
a straight course, that a spore (or other propagule) must travel from 
any particular relative position in the field of its origin to any particular 
relative position in the first field it reaches is proportional to the square 
root of the average area of the fields, that is, it must travel an average 
distance &iA* where kx is a proportionality constant and A the average 
area of the fields. The probability that a lesion (or, with systemic diseases, 
an infected plant) in one field will form a daughter lesion (or infected 
plant) at any particular point in the first field is, therefore, by equation 12 

a 

The average distance the spore must travel to cross the first field, that 
is, the average potential number of daughter lesions along its track across 
the field, is also proportional to the square root of the average area. The 
probability of a daughter lesion somewhere along the track can there
fore be taken as 

ak 

where k is another proportionality constant. Similarly, if the spore passes 
the first field, the probability of a daughter lesion in the second field it 
reaches is 

ak 
k2
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in the third 

ak 
kM^-v 

and so on where k2, k3 . . . are constants. The probability of a daughter 
lesion in any field other than the field of origin is: 

ak ( l 1 1 \ 

The series 

h" ^  h"  ^  k 3" T 

may be taken as convergent when b > 1 because it is almost identical 
with the series 

j -Λ+ι + ι + . . Λ 
which is convergent when b > 1. Hence, when constants are collected 
together as K, 

Ρ = ^ (b > 1) (14) 

within the limit of the initial assumption of uniformity. 
As an example of the effect of area, with an inverse-fourth power gra

dient (which on present data seems a fair approximation to the behavior 
of Phytophthora infestans not too near its source), doubling the average 
area of fields and halving their number reduces the probability that a 
lesion will cause the development of a daughter lesion in some other field 
by 65%; trebling their area reduces the probability by 81%. 

If one wishes to show that the number of daughter lesions in other 
fields follows the same trends, it must also be shown that the multiplica
tion of disease in the field of origin is not appreciably affected by the 
area of this field. This follows from direct observation. Increasing the 
area of fields reduces the amount of inoculum that escapes from the 
field of origin. If this affected the multiplication of disease there, one 
would expect gradients of disease within the field, the border being sig
nificantly less diseased than the center. Small border effects have indeed 
been observed: e.g., Thomas et al. (1944) found that peach yellow-bud 
mosaic occurred less in the outside row or two, when disease multiplied 
within and the orchard was not exposed to infection from without, and 
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Storey and Godwin (1953) found that when cauliflower mosaic multiplied 
within a field the incidence was somewhat less in the outer rows. But 
these border effects are small and extend inward for only a few rows or 
feet. If they had been strong, they would long ago have received general 
comment, and one may infer that with the exception of very small plots 
and fields, the area of the field does not greatly affect the rate of multi
plication within. The reason is not difficult to find. The vast bulk of in
oculum released from a field falls back into the same field. Variations in 
the small proportion that escapes have a large effect on inter-field move
ment of disease, but very little on disease within the field of origin 
itself. 

F. The Paradox; in Praise of Large Fields; the Second Rule of Sanitation 

The paradox is this. Bringing plants together into fields increases 
the chance of epidemics; bringing them still further together, by in
creasing the area of the fields and correspondingly reducing their number, 
may reduce the chance of a general epidemic. 

In the literature of plant pathology it is common to read of the danger 
of bringing together the host plants of a pathogen. The indiscriminate in
dictment for bringing plants together is unjustified. Food must be grown, 
and it is time to write in praise of the large field. 

Take these two examples: swollen shoot of cacao can be controlled 
by sanitation, i.e., by cutting out diseased trees. But the scope for this on 
small farms is limited, and the difficulties have been described by Pos-
nette (1953) . "Each farm, consisting usually of less than 5 acres, has to 
be treated separately although it has no clearly defined boundaries, and 
from the standpoint of disease control about 50 acres is the smallest 
area it is practicable to consider as a unit. For treatment to have any 
permanent value, the unanimous co-operation (or at least the consent) of 
many individual farmers must be obtained, and no method of achieving 
this has been found. Consequently, the Ivory Coast, Nigeria, and the 
Gold Coast [Ghana] have each in turn been forced to abandon their 
original plans for disease eradication and have had to adopt the expedient 
of a 'cordon sanitaire' around the heavily infected districts." 

At the other end of the scale we read of the trend gardening has 
taken in the Everglade region of Florida in recent years (Anonymous, 
1957). Anyone farming less than a section or two of land—1 or 2 square 
miles—is considered a little man in the vegetable patch. Celery fields 
are half a mile long. A celery harvester has been described that weighs 
60,000 pounds and carries a crew of nearly 100 persons aboard. Weeds 
are cleaned out chemically. The writer does not pause to mention such 
a trifle as disease, but if our inference from Wellman's findings is cor-
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rect (in Section V, Ε, 1) celery mosaic from weeds must cease to exist 
as a practical problem. 

If inoculum comes from other hosts—as cucumber mosaic virus in 
celery fields comes from Commelina and other weeds—making fields 
larger reduces the percentage of infection in the fields. If inoculum 
moves from field to field, making fields larger and correspondingly fewer 
reduces the movement. If sanitation is practiced within the field—as by 
using clean seed if the pathogen is seed-borne, by rotation of crops if 
the pathogen persists in the soil, by roguing out diseased plants, and by 
planting disease-free nursery stock—the size of field does not affect the 
process directly. But making fields larger and correspondingly fewer 
affects it indirectly by reducing the reentry of inoculum from without. 
Guarding against the reentry of large amounts of inoculum is part of the 
process. One can summarize all this in a second rule of sanitation: efforts 
at sanitation are furthered by making homogeneous fields, orchards, and 
plantations larger and correspondingly fewer. 

The qualification that the fields should be homogeneous is implicit in 
all our arguments. If, for example, part of a large field is sown with 
healthy and part with diseased seed, there is no necessary advantage in 
largeness; it would have been better to separate the two parts. Sanitation 
needs common sense as well as common rules. 

With diseases that spread slowly, such as some root diseases, the 
second rule may seem to have no urgency. But these diseases spread in 
time, as experience shows, and the rule applies in time. 

G. The Reduction of Disease by Farm and Country Planning 

What is discussed under this heading in five paragraphs, namely, the 
planned reduction of disease by the proper spacing and grouping of fields, 
may well have in the future a chapter and then a treatise to itself. This 
is sanitation, no different fundamentally from the destruction of alter
nate hosts such as barberry bushes. But we are concerned here not with 
other hosts, but with the crop itself. Two examples will illustrate the 
problem. One of the chief reasons for epidemics of virus yellows of beet 
in England is the indiscriminate intermingling of the sugar and fodder 
beets with some 8000 acres of seed crops in areas naturally congenial to 
the aphid vector (Hull, 1952). Concentrating seed growing into larger 
fields in fewer regions would reduce the chance of epidemics. In Hol
land 80% of the surface of the area, De Streek, is down to potatoes, 
mainly the early-maturing variety Duke of York, which is intensely sus
ceptible to blight. This (presumably) has come about entirely for reasons 
unconnected with blight, such as the suitability of the soil and climate 
for early varieties. But the fact remains that the concentration of very 
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susceptible early varieties is excellent planning of a countryside against 
blight, because the over-all damage is less than when very susceptible 
early and less susceptible mid-season varieties are intermingled. 

The problem is to compute the effect of a change in the spacing and 
grouping—the pattern—of fields. The simplest way is to put matters on 
a relative basis, to use the existing pattern as a standard, and to com
pute how a change in the pattern would change the date of the onset of 
an epidemic. From the gradients one can determine the percentage 
change in the number, i.e., the relative number, of daughter lesions that 
a field acquires from other fields. From the percentage change one can 
use equation 11 to determine At, the delay in the onset of the epidemic, 
i.e., the relative date. If, to quote for illustration purely random figures, 
At is 6 days, the date of onset might be postponed from July 20 to 26, or 
from August 1 to 7, or from November 12 to 18, the actual date, as dis
tinct from the delay, will not be estimated in advance. But the estimate 
of the delay itself is enough for an estimate of the gain in yield (from 
a knowledge of average dates of onset and average increments of yield 
with the development of the crop). From this one could judge whether 
any feasible change in the pattern of fields is worth recommending. 

It is not implied that the calculations would be simple, but ways and 
means of numerical computation can usually be found. The determin
ation of gradients, especially over distances not near the source, may 
be difficult; among fungi, a start might be made with those that release 
their spores only in the cool of the night and early morning or during 
cloudy, wet weather: their gradients are likely to be more easily deter
mined. But collecting an appropriate range of r values for different 
varieties, different maturities, and different conditions of the weather 
should not be difficult; for some diseases such as potato blight, data al
ready exist in the literature, from which a range of values could be 
calculated. 

The response of the various diseases will vary. The greatest benefits 
from a change in the pattern of fields—often a delay of months in the on
set—can be expected when the gradient is steep and r is low. (Steep gra
dients will also simplify the computations because they limit the area 
that must be scanned.) Diseases such as potato blight, with high values 
of r but steep gradients, are less apt for inclusion in planning, but can
not be excluded. Diseases with both shallow gradients and high values 
of r are probably not worth planning for. This lack of universality does 
not condemn the method any more than the use of fungicides in plant 
pathology is condemned by their failure (up until now) to help much 
in controlling the rust diseases of cereals. One chooses a method by 
what it will do, not by what it does not do. 
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The general scope for planning is becoming more favorable under 
both poles of farming, capitalistic and communistic, because mechaniza
tion is introducing larger units and more freedom for organization. On 
the evidence, there is already room for maneuver, at least with some 
diseases. 

H. Epidemics in Experimental Plots; an Epidemiological 
View of Field Experiments in Phnt Pathology 

In Section III, Ε we discussed secondary epidemics. Potato varieties, 
which although not immune are resistant enough to escape epidemics on 
their own, can become severely infected through the multiplication of 
inoculum received from susceptible varieties. Apples of the variety Deli
cious have resistance but not immunity to powdery mildew, and may be
come infected when interplanted with susceptible Jonathan as pol
linators. So, too, when one plants small experimental plots of resistant 
but not immune varieties in the same variety trial as plots of susceptible 
varieties, one can expect inoculum to move from the susceptible to the 
resistant varieties and initiate there a secondary epidemic that otherwise 
would not have developed. If the purpose of the trial is a demonstration 
of qualitative differences, no harm is done. But if the purpose is to put 
a quantitative value on the resistance, this value will be underestimated, 
possibly grossly, and the trial will give no indication of how the variety 
would behave in the hands of the farmer, which after all is the point of 
the trial. Smallness of plot magnifies the error because it magnifies 
movement of inoculum between plots. Also, resistance itself contributes 
to the error: the greater the resistance, the smaller the value of r, so, by 
equation 11, the greater the advancement of the date of onset of the epi
demic in consequence of the arrival of a given amount of inoculum from 
the susceptible varieties, and hence the greater the error in evaluating re
sistance, if the onset is early enough to affect the result. The first rule 
of sanitation (Section III, C ) prevails in experimental plots as much as 
elsewhere; here it is in reverse, with an advancement instead of a delay 
of the onset (i.e., with At negative). 

Precisely the same argument holds in trials with fungicides. If the 
fungicide were perfect and conveyed complete protection in all circum
stances, no harm would be done by the proximity of unsprayed control 
plots. But fungicides ordinarily fall short of perfection, and the presence 
of unsprayed controls necessarily causes the value of the fungicide to the 
farmer to be underestimated. An example has been given by Christ 
(1957) . A fault on the right side, one may say, but it remains a fault. 

There has been a strange change of fashion. In the bad old days ex
perimenters dispensed with adequate replication. Their experiments were 



7. ANALYSIS O F EPIDEMICS 271 

often biologically sound, but seldom capable of statistical interpretation. 
Nowadays we determine with great mathematical nicety the statistical 
significance of a result that has no reality outside the experimenter's 
plots. It seems that the statistician and the plant pathologist have each 
wrongly assumed that the other has examined the techniques of field 
experiments in plant pathology and approved of them. Better techniques 
could probably be evolved, perhaps by using plots of unequal size and 
cutting down subdivisions as much as is possible without interfering 
greatly with statistical efficiency. But the real solution is to reduce the 
errors at their source. If, for demonstration purposes, it is necessary to 
plant a resistant and susceptible variety together, or to have a sprayed 
and unsprayed plot together, it should be considered as a demonstration 
and left at that. But if one wishes to evaluate new varieties quantitatively, 
they should be compared with others of about the same class: susceptible 
varieties with susceptible varieties, moderately resistant varieties with 
moderately resistant varieties—each class in its own separate trial. In 
fungicide trials one fungicide should be compared with another without 
an untreated control, if the purpose of the trial is to determine which 
fungicide is the more efficient. This will reduce the error, even if it 
does not entirely exclude it. 

From these remarks one excepts diseases like many root diseases that 
spread too slowly for plots to interfere with each other. 

VI. T H E H O S T P L A N T S 

A. Conditions for an Epidemic of Disease in Annual Crops 

1. The Annual Rise and Decline of Epidemics: Rules about Its Form 

Among annuals we include perennials and biennials grown as annuals, 
such as beet grown for its roots. 

Epidemiologically, the problem with annuals is to determine how 
disease can strike quickly enough to cause substantial damage. Heavy 
losses can occur quickly enough if small lesions multiply fast enough to 
compensate for scarcity of inoculum at the start, or if the amount of 
inoculum at the start is high enough to compensate for a slow rate of 
multiplication of small lesions, or if each individual lesion causes damage 
great enough to compensate for low initial inoculum or slow multiplica
tion, or with any of the countless gradations between these ways. 

Consider the first two ways. According to equation 11 the higher the 
value of r, the less the effect on an annual epidemic of variations in the 
carry-over of inoculum from the previous season, and hence the less 
the effect of environmental factors other than those operating during the 
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season of the epidemic itself. The climatic and other risks are concen
trated and not well spread, and, as a general rule, one can expect large 
fluctuations from season to season. 

The same rule can be put more elaborately: the higher the value of 
r, the less likely is a nonrandom succession of epidemic years, provided 
that the variety of the host and the race of the pathogen remain un
changed. The provision is necessary to exclude what happens when a 
new aggressive race arises and causes successive epidemics until it is 
countered by new resistant varieties. 

Stem rust of wheat, caused by Puccinia graminis, illustrates this rule. 
The explosiveness of its epidemics indicates a high value of r,* and the 
data compiled by McCallan (1946) show a wide fluctuation—from a 
trace to 23%—in crop losses from year to year in the United States. Leaf 
rust, caused by P. triticina, which on the whole produces less explosive 
epidemics, does almost as much damage on the average, but within nar
rower limits, from 1.0 to 9.6% as one would expect from a lower value 
of r. 

Another rule, which needs little explanation, is: the higher the value 
of r, the steeper the rise, and, usually, the steeper the decline of an annual 
epidemic. The second part, about the decline, can only be inferred 
logically for low-priced crops such as corn and wheat. With high-priced 
crops that justify a large fungicide account one cannot infer that inoculum 
drops to a low level between seasons, even if r is high. 

2. The Fast Multiplication of Small Lesions with a Low Amount of 
Inoculum at the Start 

Because of a high value of r, sanitation is not very effective against 
diseases with these characteristics (Section III,C) unless it is under
taken thoroughly and extensively, as in a nationwide eradication of bar
berry bushes for the control of stem rust of wheat. Epidemics are typi
cally controlled by using resistant varieties (e.g., against cereal rusts) or 
fungicides (e.g., against late blight of tomato). Epidemics are typically 
widespread; they involve more than a few farms and commonly extend 
over whole countries or states. This accords with what was said in Section 
IV. Epidemics tend to fluctuate widely from season to season. 

3. The Slow Multiplication of Small Lesions with a High Amount of 
Inoculum at the Start 

The root knot nematodes (Meloidogyne spp.) of tropical and sub
tropical climates are examples. They survive well from year to year. The 

* One numerical value is calculated in the Appendix. 
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multiplication rate is relatively low; e.g., one does not expect severe epi
demics if the soil is only lightly infected at the beginning of the season. 
This is indeed the fundamental assumption in soil fumigation, which re
duces the population of nematodes but normally falls far short of 
complete eradication. 

Because of a low value of r, diseases in this category can usually be 
controlled by sanitation, e.g., by fumigation, isolation, clean fallows, or 
crop rotation. Epidemics are typically local, i.e., they may involve only 
a part of a single field. Fluctuations from year to year are relatively 
small; one can normally predict fairly accurately what will happen one 
year from what happened the previous year. 

4. Multiplication of Large Destructive Lesions and Systemic Infections 

If each individual lesion or systemic infection is very destructive, 
relatively slow multiplication of a relatively small amount of inoculum 
at the start will bring about a destructive epidemic. 

Because of slow multiplication, sanitation is commonly effective 
(Section III, C ) . Thus, for virus diseases of annuals, sanitation is the com

monest recommendation for control. An analysis of recommendations in 
the 1957 edition of Smith's "Textbook of Plant Virus Diseases" establishes 
this point. Epidemics tend to be local (Section IV, G ) . Evidence here 
is strong; there does not seem to be a single example among annual 
plants of a disease with large lesions that spreads widely in a year with
out man's help. One expects disease not to fluctuate wildly from year to 
year. Evidence here is weak and conflicting. Hull (1952) states that epi
demics of virus yellows in sugar beet develop in a spiral over a period of 
years. Peak outbreaks have never yet occurred in the root crop in England 
directly after years of light infection, but have taken 2 or 3 years to 
develop. But Wolf (1935) found no correlation between the amounts 
of mosaic in consecutive tobacco crops on the same land, even though 
in 125 out of 229 fields the virus was observed to overwinter in tobacco 
stubbles. 

B. Conditions for an Epidemic in the Annual 
New Growth of Perennial Crops 

There is the same need for speed here; the new growth must be in
fected quickly enough for the epidemic to be destructive. 

Some diseases owe little to the perennial nature of the host; e.g., 
tuber-borne inoculum does nor usually play a significant part in epidemics 
of early blight in potatoes, caused by Alternaria solani. The greatest effect 
of perenniality occurs when the crop occupies a perennial site such as 
an apple orchard or vineyard or when the disease affects perennial tissues 
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as well as the annual new growth. Inoculum then commonly overwinters 
locally; e.g., epidemics of apple scab start from inoculum released in 
spring from rotting leaves or infected twigs; epidemics of apple and 
grape powdery mildew start from infected bud scales. 

Many of the diseases of the annual new growth of perennial crops 
are caused by fungi that multiply fast in small lesions. They differ from 
corresponding diseases of annual crops in often having a larger initial 
source of overwintered inoculum. Consequently many tend to be par
ticularly destructive, and must be kept under control by the lavish use of 
fungicides. It is a matter of fact that the greatest sales of fungicides (ex
cluding seed dressings) are for use against diseases in this category. The 
crops must be productive enough in terms of money to pay the bill. 

C. Epidemics of Disease in Perennial Tissues 

1. Plants Grown from Seed 

The diseases in coniferous forests fall within this group, as well as 
many diseases of hardwoods, plantation crops, ornamentals, and the like. 

In agriculture one is concerned largely with epidemic disease; in for
estry, largely with endemic disease. With indigenous pathogens of indig
enous trees growing under natural conditions, inoculum has existed 
over a long period, and a balance is struck between pathogen and host. 
Disease control is primarily a matter of: a, forestry practice to maintain a 
reasonably healthy balance; b, selecting suitable sites for species adapted 
to the locality with stock grown from seed of suitable origin and with 
the appropriate composition and management of the stand. There may 
be small local and temporary epidemics, but the general ecological pat
tern is of a stable community of pathogens and hosts. In the language of 
this chapter there is no multiplication and no spread; inoculum is peren
nial, and within limits the area of the forest has little effect. What we 
have been discussing is inapplicable—which emphasizes the point that 
this chapter is concerned only with epidemic disease and not disease in 
general. 

With introduced pathogens or introduced hosts a new balance must 
be struck, and it is commonly very unfavorable to the host. Examples 
are chestnut blight, Dutch elm disease, and swollen shoot of cacao. Epi
demics of disease following new combinations of host and pathogen 
seem to be much like those of disease in annual plants, except that the 
time scale is different; one can conveniently plot the progress of the 
epidemic in years rather than weeks. 
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2. Dangers of Vegetative Propagation 

a. Special Danger from Systemic Disease. Although the material used 
for vegetative propagation can carry the inoculum of local lesions, it is 
especially dangerous for systemic disease. In "Plant Diseases," the 1953 
Yearbook of Agriculture of the United States Department of Agriculture, 
about 8% of the space given to diseases of plants grown from seed is 
about viruses. For vegetatively propagated plants the figure is 28%. It is 
largely because of the property of systemic infection that viruses are so 
dangerous in plants propagated vegetatively. 

b. Danger from Longevity. Many of the clones used in agriculture 
and horticulture are old. The bulk of the citrus fruit of commerce comes 
from varieties 80 years old or more. Old apple varieties remain highly 
popular. The potato varieties Russet Burbank, Irish Cobbler, and White 
Rose, which rank second, fourth and sixth, respectively, in the United 
States, are all very old. This longevity provides the span needed for a 
slow epidemic—what in Section I, C was called a low death rate epi
demic. It is one of several factors in the accumulation of virus diseases, 
so that, for example, it is rare to find a single healthy clonal citrus tree, 
as experience with the Florida budwood certification scheme shows 
(Norman, 1956). 

The longevity factor (the danger of perpetuating the virus) is the 
one usually considered in references to the danger of virus diseases in 
vegetatively propagated plants. But it is easy to overrate the importance 
of the factor. In providing a long span of years long-lived clones are 
no different from long-lived plants grown from seed. 

c. Danger from the Randomization of Sources of Infection. Figure 
2B shows a nest of leaf-roll-infected potato plants loosely clustered about 
the plant that was the original source of inoculum. Within the nest, and 
especially along the rows which are the main direction of spread, there 
are many nonrandom contacts between diseased plants: contacts that 
are harmless in the spread of a systemic disease. Within the nest diseased 
plants are separated from healthy plants outside the nest; the deeper 
they are within the nest, the greater the separation and the less the 
chance of transmission. Suppose that the field of potatoes had been 
harvested and the crop used for seed the next year. There would have 
been a mixing of seed with a scattering of diseased tubers among healthy 
ones, so that when the new crop grew there would be new random con
tacts between diseased and healthy plants that would allow a less 
hindered spread of infection. The phenomenon is general. When systemic 
disease spreads from a focus in an orchard to form a nest of diseased 
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trees, there is a similar automatic brake on further spread and a similar 
release of that brake every time buds are randomly collected as propa
gating material for a new orchard. 

The danger from this source is greatest when r or f is small, as it 
usually is with systemic diseases of trees in particular (van der Plank, 
1958). For reasons given in discussing scales of distance in Section 
IV, Ε the smaller the value of f9 the greater the tendency for diseased 
plants to cluster, hence the stronger the automatic brake and the 
greater the benefit to the pathogen of a random use of propagating 
material in establishing a new orchard or field. One could paraphrase 
this in general terms by saying that the feebler the pathogen's own 
power of spread, the greater is the relative benefit to it of man's mov
ing propagating material around, and that feeble powers are on the 
whole likely to be found in systemic pathogens of trees. 

d. Danger from the Infectious Incompatibility of Scion and Root-
stock. One of the worst epidemics on record, that of tristeza disease 
of citrus in South America, resulted from what in the event proved to 
have been an unfortunate choice of rootstock. Typically, tristeza was 
found in sweet orange on sour orange rootstocks although other com
binations were involved. Neither sweet orange on sweet orange stock 
nor sour orange on sour orange stock suffered noticeably. The disease 
was one of a combination of species, not of single species. 

The key to the understanding of tristeza is the difference between 
transmission by grafting and by vectors. Infected sweet oranges har
bor with apparent tolerance a virus component which is readily trans
missible to sour orange seedlings by grafting, and causes them to be 
stunted. But although this component is freely transmitted by vec
tors such as Toxoptera citricidus from sweet orange to sweet orange, 
it has not been found in adult sour orange trees even when they grow 
beside infected sweet oranges in a vector-ridden orchard. Sour orange in 
the orchard is resistant to systemic infection by vectors of this particular 
component. But when one grows a sweet orange scion on a sour orange 
rootstock in a tristeza-infected locality, the sweet orange foliage acquires 
the component by vector transmission, and the sour orange rootstock 
acquires it from the scion across the graft union. The result, it seems, is 
tristeza (McClean and van der Plank, 1955). 

To generalize, the necessary conditions for infectious incompati
bility between species neither of which shows marked symptoms on 
its own roots are probably that both species should be susceptible by 
graft transmission, that one or both species should be resistant to sys
temic infection by vectors, and that one but not both species should 
be tolerant of the pathogen or particular strain of it. Exocortis of sweet 
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orange on trifoliate rootstocks is probably an example in which both 
species are resistant to systemic infection by vectors (no vector is 
known). Incompatibility in such a combination is normally the result 
of using infected material in the nursery. 

e. Pernicious Nursery Practices; Contamination During Handling. 
It would be unrealistic to ignore the part that pernicious nursery prac
tices can play in increasing diseases which on their own increase 
slowly. Rootstocks have been rebudded after the first buds have failed, 
sometimes with a different variety. Rose nurserymen have been known 
to obtain an abundant source of material for rootstocks by cutting 
stocks off above the bud union and reusing the cuttings after rooting 
them for a new lot of buds the following season. 

Rather different in type because the practices are not in themselves 
reprehensible is the spread of inoculum while handling the material 
for propagation. Ring rot, caused by Corynebacterium sepedonicum, 
black leg, caused by Erwinia phytophthora, and the virus disease 
spindle tuber are transmitted by the knife used to cut seed potatoes, 
and, other things being equal, epidemics are more common when seed 
is cut and not planted whole. 

f. Genetic Uniformity of Clones. Apart from mutations, a clone re
mains genetically uniform. If a pathogen can attack the clone, genetic 
conditions are uniformly favorable to disease—a point sometimes 
stressed. On the other hand, if the clone is resistant, conditions are 
uniformly unfavorable to disease—a point sometimes overlooked. The 
problem is part of a wider problem discussed in Section VI, E. The 
danger of secondary epidemics in crops not uniform in resistance has 
been mentioned in Section III, E. 

g. Disease in Relation to Vegetative Propagation in Nature. Plants 
propagated vegetatively are common in nature, ranging from sod 
grasses to suckering trees. As a group they do not seem to be especially 
liable to disease. In them vegetative propagation is primarily a matter 
of longevity and (presumably) of genetic uniformity. In particular, 
there is no randomization of sources of infection. Members of the clone 
stay close together, even when propagation material is released from 
the air, as the bulbils of Agave. To put the matter teleologically (purely 
for the sake of brevity!), nature does not make the mistake of dis
tributing this material as she distributes seeds and fruits. Only man 
makes this mistake, and gives the pathogen a mobility it would other
wise not have. 

The dangers of vegetative propagation usually stressed in the liter
ature are the dangers of perpetuating the pathogen in the clone, i.e., 
the longevity factor, and the danger of genetic uniformity. If those 
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were the worst dangers, the prospects of improvement would not be 
hopeful, because the dangers would be inherent in the core of the 
process of vegetative propagation. But with vegetative propagation in 
nature as a background one doubts whether they are. An assessment of 
disease factors in vegetative propagation in agriculture and horticul
ture seems overdue. In particular, it should be assessed whether vege
tative propagation is in fact inherently dangerous or whether we are 
not making it more dangerous than it need be. If, as one might guess, 
much of the trouble starts from the randomization of sources of in
fection, it should not be beyond the ability of man to devise means 
of curbing that randomness. Partial curbs are already being applied: 
perhaps the best-known is tuber-uniting of potatoes (cutting seed 
potatoes and planting the pieces together in sequence). But more 
could be done, and pathologists might take a broad look at the disease 
problem in vegetative propagation to see whether they cannot cut it 
down to size. 

D. Epidemics of Systemic Disease 

1. Refotion with the Size of the Plant 

In Section IV, F a systemically infected plant was regarded as a 
single large lesion. Between small plants growing close together in 
narrow rows inoculum has less distance to travel than between large 
trees proportionately widely spaced. Other things being equal, an in
dividual vector, for example, will transmit disease more easily between 
the small plants than between the trees. But there in another quite 
different problem. If large plants are scattered among the small plants 
without change of spacing, the large plants are a bigger target for the 
inoculum and are more likely to become infected. Because it is implicit 
in the concept of systemic disease that only one successful transmission 
is needed to infect the plant, these large plants will be expected to de
velop a larger percentage of systemic disease than the small plants 
among which they are scattered (van der Plank, 1947). Some figures 
of Broadbent (1957) can be quoted. In cauliflower seedbeds the infec
tion with cauliflower mosaic was 37.5% in large plants, 6.5% in medium 
plants, and 0.5% in small plants. The corresponding figures for cabbage 
black ring spot were 13.8, 7.0, and 2.4%, respectively. 

2. Relation with the Number of Plants per here 

Suppose plants are being infected with a systemic disease caused 
by inoculum coming from outside the plants, e.g., plants infected with 
air-borne or vector-borne inoculum entering the field from another 
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field or plants infected with inoculum from the soil in which they 
grow. Consider, for example, two fields exposed to a uniform invasion 
of migrating infective insects. If m1 and ra2 are the mean number of 
transmissions of inoculum per plant in the two fields and xx and x2 the 
proportions of disease developed, 

1 - X l = e-fnl 

1 — x2 = e~m2 

according to the Poisson theorem. Hence, 

log (1 - χι) = W i i 

log (1 - Xi) m2 

The mean number of transmissions per plant can reasonably be as
sumed to be proportional to the number of vectors per plant, and, be
cause the vector environment of the two fields is uniform, this is in
versely proportional to the number of plants ηχ and n2 per unit area in 
the two fields. Thus, 

nil _ n2 

m2 Ui 

and 

i o g < ; - x i = ( i 5 ) 
log (1 - x2) ni 

This relation (in a slightly different outward guise) was used by 
van der Plank and Anderssen (1945) for the discussion of infection of 
tobacco with tomato spotted wilt virus. The virus is brought into fields 
by thrips which apparently settle randomly and do not spread the 
disease from tobacco to tobacco. The percentage of disease varied with 
the number of plants per unit area in the manner predicted by equa
tion 15. 

If the proportion of infection is low for a given disease and vector, 
one may simplify matters by an algebraic transformation, and, as an 
approximation, write 

Χι _ n2 

x2 Πι 

If μ,ι and μ2 are the number of infected plants per unit area in the two 
fields, then 

μι = η&χ 
μ2 = n2x2. 

So, as an approximation when the proportion of infection is low, 

Mi = M2. (16) 
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With systemic disease, if inoculum enters the crop randomly and if the 
proportion of infection is low, the number of infected plants per unit 
area is constant and independent of the density of the stand (van der 
Plank, 1947). This relation was observed experimentally by Linford 
(1943) without a realization of the condition that the proportion of infec
tion must be low. Pineapple plants were spaced 12, 15, and 18 inches 
apart in the row, giving populations of 21,780, 18,150, and 14,520 plants 
per acre, respectively. The same number of plants per acre developed 
yellow spot, caused probably by tomato spotted wilt virus and carried 
in randomly by thrips. The percentage of infection was low (3.3, 4.6, 
and 5.2% for the 12, 15, and 18 inches spacing, respectively), so the con
dition underlying equation 16 is satisfied, and the number of infected 
plants per acre was 720, 820, and 760, respectively. 

In modern agronomy there is a trend toward high plant populations 
per acre. From the point of view of disease levels this is a trend in the 
right direction for crops menaced by vascular wilt diseases and other 
systemic or quasi-systemic diseases. A simple experiment makes a useful 
demonstration: tomato seedlings growing sparsely spaced in trays are 
easily infected at suitable temperatures with bacterial wilt when a cul
ture of Pseudomonas solanacearum is poured over the soil, but it is 
much more difficult to infect a high proportion of tightly crowded 
seedlings. 

Ε. Ε feet of Genetic Variability of the Host 

1. Effect of the Type of Propagation on the Prevalence of Disease; an 
Economic Factor 

In what type of plant are epidemics of disease most likely to be 
common? Stevens (1939, 1948) presented evidence that self-pollinated 
plants and vegetatively propagated plants have most disease, and came 
to the conclusion that no disease control measures yet put into practice 
equal in efficiency on a broad scale the natural ability of a cross-
pollinated crop to protect itself through variation. He regards uni
formity as dangerous. His evidence came both from the volume of 
publication of diseases in the United States and from McCallan's (1946) 
list of outstanding diseases in the United States. 

The lowest disease ratings were for the group of cross-pollinated 
plants grown from seed: corn, sugar beet, and sweet corn. (The evi
dence is for the days before hybrid corn became popular.) But one 
must be careful about deductions from this. The group is dominated by 
corn. Corn is indigenous to North America. Disease of indigenous crops 
caused by native pathogens tends to be on an endemic rather than epi-
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demic level. The outstanding diseases of corn in McCallan's list are 
root, stalk, and ear rots, and smut. These are recognizable as usually en
demic diseases. The difference in disease between cross-pollinated in
digenous corn and self-pollinated introduced wheat and oats has still 
to be traced convincingly to the method of pollination. 

The highest disease ratings were for vegetatively propagated 
plants: potato, apple, sweet potato, peach, strawberry, pear, and cherry. 
A glance at this list shows the economic fallacy in trying to compare 
these crops with corn. If the gross return of money per acre were no 
more for unblemished apples than for corn, epidemics of apple scab 
would be rare, because no farmer could afford to grow apples ex
cept where scab epidemics were rare or until resistant varieties were 
available. The economic argument is obvious: epidemics are frequent 
in crops that give high gross returns of money per acre because these 
are the only crops that can support frequent epidemics. The bearing of 
this argument on disease in vegetatively propagated crops is clear. If 
one takes this into account, together with the fact that there are sev
eral dangers (discussed in Section VI,C,2) in vegetative propagation 
that have nothing to do with genetics, one remains unconvinced on 
any evidence yet presented that there is any substantial genetic reason 
why plant pathologists should deplore vegetative propagation. 

Consider, for example, blight in potatoes. A genetic objection to 
vegetative propagation might seem plausible if, when blight first struck 
in the 1840's, the European potato industry had relied on only one 
or two clones. In point of fact it seems that varieties were then almost 
indescribably numerous. (Among other reasons the raising of new 
varieties was the obvious counter to the accumulation of virus diseases 
in the absence of an organized seed potato industry, and local varieties 
were often the result of poor roads and no railroads.) These varieties 
were very diverse in respect to maturity, response to length of day, 
growth habit, and the size, shape, and color of the tuber. If there was 
a lack of diversity of resistance to blight, it would be difficult to argue 
that it came from vegetative propagation. 

Admittedly, experience during the last 100 years suggests that there 
is not adequate resistance within Solarium tuberosum for the develop
ment of resistant, early maturing varieties. A likely reason is that S. 
tuberosum came from the Andes where blight is not endemic; and 
breeders are now convinced that for higher resistance they have to go 
to other species of Solarium (also vegetatively propagated) native to 
the parts of Central America where Phytophthora infestans is probably 
also native. Vegetative propagation seems to have little or nothing 
to do with the matter. 
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Admittedly, too, blight in the 1840's caught the potato with its 
defenses down. But during recent years Puccinia polysora has caught 
cross-pollinated corn in Africa with its defenses down. One reason, 
which has nothing to do with vegetative propagation, seems evident: 
before these epidemics potatoes in Europe and corn in Africa had a 
long history of freedom from these fungi. 

One grants that a wide range of genes is desirable in any crop; but is 
this more difficult to maintain or to draw upon to block an outbreak of 
disease in a diversity of clones than in a diversity of individuals in a 
cross-pollinated variety? With this diversity in reserve is there no case 
for uniformity of resistance to a disease; and must one consider the ap
parent value of uniform resistance as illusory, even though there are 
many examples of clones with long-lasting resistance? 

2. Rise and Decline of Epidemics Caused by Foreign Pathogens 

Many of the greatest epidemics of plant disease have resulted from 
organisms introduced newly into a country: in Europe, blight of pota
toes, powdery and downy mildews of grapes; in America, blight of 
chestnuts, blister rust of pines, and Dutch elm disease are familiar ex
amples. Some introductions remain obscure because they find condi
tions uncongenial. Others find conditions to their liking and host plants 
with only weak defenses against attack. An epidemic follows. When 
the host plant is a tree that cannot quickly be replaced, the epidemic 
runs its course, and, in the short period of man's interest, seems to 
reach a destructive end. That, for example, is the history of chestnut 
blight in North America. But with short-lived crops adjustments are 
usually made quickly: the crop may be shifted to another area, fungi
cides may be used or cultural practices changed, or resistance may 
be accumulated by selection (conscious or unconscious) with each 
new generation of the host (provided that there was resistance avail
able for accumulation). After an initial rise, the epidemic declines to 
a less devastating level. 

Potato blight in Europe is an example. After the great epidemics 
of the 1840's, blight settled down and, even before the discovery of 
Bordeaux mixture, caused milder losses. In the process the old varieties 
disappeared and new ones appeared. One can reconstruct something 
of the early epidemics from old varieties that have survived. There is 
documentary evidence of the introduction of potatoes into Basutoland 
in 1833 from the Cape Colony (van der Plank, 1949a). The background 
makes it probable that the initial source was Europe. These potatoes 
have continued to grow in the mountains, under conditions not very 
favorable to blight. Recently many of these varieties were tested for 
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possible use as parents in a breeding program. It was found that they 
were intensely susceptible to blight; even varieties with a late maturity, 
which nowadays in Europe almost invariably goes with high field resist
ance, were very susceptible. If these varieties represent European pota
toes before 1840, the calamitous epidemics need no further explanation, 
and those who grumble about poor progress toward blight resistance 
do so in ignorance of the very great advance that has already been 
made in exploiting what genes there are for resistance in Solarium 
tuberosum. 

F. Vulnerability and Resistance of the Host to Disease; 
a Matter of Natural Selection 

The question of the type of plant in which epidemics are most likely 
to be common can be probed from another angle: the geographical and 
ecological position of the plant before it was taken into cultivation. This 
has been much better understood in forestry than in agriculture. 

The fundamental concept is that of vulnerability. A state of vulner
ability means that circumstances are favorable for attack and harm 
by appropriate pathogens. Vulnerability must not be confused with 
susceptibility. Indeed, in nature they are to a great extent mutually ex
clusive: a species can be in a very vulnerable state or it can be very 
susceptible, but it is unlikely for long to be both vulnerable and sus
ceptible. Natural selection will see to that.* 

To give an example of geographical vulnerability, North American 
plants have been vulnerable to North American pathogens, and, if 
brought into cultivation in their natural habitat, are likely to have some 
measure of resistance to them. Extended, the argument brings one to 
the well-known fact that epidemics are more common if either the host 
or the pathogen has been introduced. 

To give examples of ecological vulnerability, ecologically dominant 
plants—plants in a more or less pure stand—are more vulnerable than 
those in mixed stands because inoculum can more easily spread between 
them. Perennial plants are more vulnerable to systemic disease than an
nuals because systemic disease (usually) persists for the rest of the 
life of the plant. 

Dominant long-lived trees—redwoods, pines, eucalypts, and the 
like—are, because of their ecological state, highly vulnerable to viruses 
and on the geological evidence many have been so continuously for mil-

* Natural selection is implicit in the whole argument. This is the centenary of 
the publication by Darwin and Wallace of their essay, and plant pathologists can 
have little satisfaction in the thought that 100 years have gone by without the 
greatest concept in biology having left more than a scratch on their subject. 
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lions of years. That they have survived destruction by harmful viruses 
implies great resistance, and up until now no virus disease has been 
recorded in them. The argument for dominant long-lived trees holds 
also, although sometimes to a lesser extent, for dominant perennials of 
any sort, such as the dominant grasses of veld and prairie. Great vul
nerability can be expected to have required great resistance, which 
seems to accord with the facts, because there does not seem to be a 
single record of natural infection (let alon^ an epidemic) by a harmful 
virus of any plant species that has achieved ecological dominance and 
is growing in its natural environment. Exceptions may yet be found, 
but they are unlikely to alter the general conclusion that there have 
been epidemics of plant virus diseases only because we have taken 
into cultivation a lot of annuals and other plants with no background 
of ecological dominance in nature. 

Tolerance must be grouped with resistance here, and the discovery 
of harmless latent viruses in ecologically dominant perennials would 
not invalidate the argument in any way. 

These examples illustrate the connection between vulnerability and 
resistance. One point is still very obscure. Geographical vulnerability 
can explain why epidemics are more common with foreign pathogens 
or in foreign hosts. But can ecological vulnerability sometimes lead to 
general resistance, even against foreign pathogens? So far, e.g., the red
woods, pines, and eucalypts have remained free from harmful virus 
diseases despite international commerce and movement of viruses. It 
would be a mistake to reject the possibility of general resistance as 
far-fetched just because one cannot for the moment point to the 
mechanism. 

A P P E N D I X : A SUGGESTION FOR T H E CONTROL O F S T E M R U S T O F W H E A T 

When this chapter was written, it was realized that stem rust of 
wheat, caused by Puccinia graminis tritici, behaved in many ways like 
blight of potatoes. Rowell (1957) , testing a method of inoculating wheat 
with rust spores carried in oil, had published an S-shaped progress curve 
for an attack of race 15B on Marquis wheat. From this curve one cal
culates that r was about 50% per day between July 4 and 10, 1956. But 
the work of Hay den (1956) had not been seen. Without knowledge of 
r and the appropriate equations Hayden was not in a position to see 
fully the capital significance of his results. 

When Race 15B reached epiphytotic levels, it was observed that 
the varieties Lee and Sentry were less severely damaged than Marquis, 
Mida, Carleton, and Nugget, even though all these varieties (Lee and 
Sentry included) were fully "susceptible," in the sense that the infec-
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Hon types with Race 15B were 3 or X + to 4. Hayden inoculated these 
varieties with Race 15B when all had headed except Marquis and Carle-
ton, which were in the boot stage. Relatively little difference in yield 
resulted between plots inoculated with heavy and light concentrations 
of spores with all varieties except Lee and Sentry. When exposed to 
light concentrations of spores, the yield of these two varieties was de
pressed much less than that of all other varieties. As inoculum was in
creased from light to heavy, the yield of Lee and Sentry more closely 
approached that of the four other varieties. (By equation 11 the effects 
of varying amounts of inoculum at the start are greatest when r is least.) 
Hayden inoculated plants with Race 15B in the center of plots. The rate 
of spread of rust from these centers was lowest in Lee among the bread 
wheats and in Sentry among the durums. (By equations 8 and 13, with 
a given incubation period and environmental conditions, the rate of 
spread of a given pathogen is determined by r.) Hayden inoculated 
plants with spores. On the "susceptible" varieties except Carleton, which 
was not included in the test, the inoculations produced fewer lesions 
per culm on Lee among the bread wheats and on Sentry among the 
durums. 

From these results there is little doubt that Lee and Sentry have 
lower r values, and that these relatively low r values are at least in 
part the result of a resistance to infection which cannot possibly be 
reflected in the accepted criterion of "susceptibility": an X, 3 or 4 type 
of reaction. The resistance of Lee and Sentry to Race 15B is com
parable with that of the potato variety Noordeling to Phytophthora 
infestans, discussed in Section ΙΙΙ,Ε. In each case there is a certain ap
parent tolerance in the sense that the varieties fare better than others 
in an epidemic, and this tolerance is in reality partial resistance mani
fested as a low value of r. Partial resistance has long been recognized 
and is considered to be polygenic and not greatly affected by the race 
of the fungus. It will be assumed that this is so. 

There is nothing original in a suggestion that tolerance in some 
form or other might profitably be used to lessen losses from rust. The 
suggestion has often been mooted. But our recommendation is not just 
tolerance, valuable though it be, but cumulative delay. A rust epidemic 
adequately delayed is no epidemic at all. 

Let us rewrite equation 5 as follows: 

. , 2 3 0 . x 2(l -  Xl ) 

The time taken for an epidemic in a field to develop from any given 
level of infection xt to any other given level x2 is inversely proportional 
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to r. But the same idea applies to an epidemic in its whole course from 
field to field, from country to country. If the values of r of all "sus
ceptible" varieties could be halved, then every step which before took 
1 day would now take 2, other things being equal. One pictures the 
whole epidemic process occurring step by step in the same order as 
before, but with each step now taking twice the time. An epidemic 
which before needed 2 months to travel from Mexico to Canada would 
now need 4, other things being equal. Epidemics starting from infected 
barberries or wild grasses would be delayed in the same way. 

Let us consider the errors. The reasoning is not true of the relatively 
short time that spores are actually air-borne between fields. Another 
error comes from lesions' growing old and sterile. This error is on the 
safe side, i.e., it makes equation 5 undervalue the benefit of reducing 
r. The condition that other things be equal is unattainable. Here too 
the error is likely to be on the safe side. Rust epiphytotics occur as a 
result of particularly favorable combinations of climatic conditions, and 
these are less likely to extend over, say, 4 months than over 2. Finally, 
an error comes from the incubation period's effect on the disease progress 
curve (Section II, A , 2 ) . Here too the error is on the safe side, because 
if, e.g., factors counterbalancing this effect make the curve for a high-r 
variety sigmoid, they will make the curve for a low-r variety progressively 
flatter than sigmoid. 

Because the delay is cumulative with the progress of the epidemic, 
it might seem that on the main North American rust track the benefits 
of delay would increase from south to north: that Canada would gain 
more than Mexico. Perhaps this is true. But the south in turn gets in
oculum from the north, so the process is not just one way. 

Suppose it were agreed that after some specified date no new vari
eties would be released unless they had relatively low r values. There 
would be an immediate local benefit to farmers who planted these 
varieties, a benefit of the same sort as that gained by those who planted 
Lee and Sentry during the recent epidemics of Race 15B. But hopes 
would go far beyond that—to the time when low r varieties had ac
cumulated along the rust track and delayed general epidemics out of 
existence. If all states along the rust track pursued a policy of en
lightened local self-interest and released only low r varieties, they 
could expect both an interim and a final dividend. That is our sug
gestion. 

It would probably be easiest to determine r comparatively. Lee or 
Sentry might, for example, be used as a standard for testing against Race 
15B those varieties that have a "susceptible" reaction to this race. The 
easiest, but not the only, way of producing suitable new varieties would 
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be to use breeding material "susceptible" to one or other race. But it is 
not the aim of this appendix to discuss methods of breeding; it is to 
describe the benefits that could be expected from stable polygenic 
resistance manifested as relatively low values of r and to state how 
this resistance could best be used. 
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