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I . INTRODUCTION 

When plant pathology first emerged as a discipline, there was much 
interest in the causation of disease, and interest centered on the diseased 
plant as an individual. There is still much to be learned about the 
processes that lead to disease in the individual plant and the mechanisms 
by which the plant wards off infection. These considerations have been 
dealt with in Volume I . 

There is also much to be learned about the methods of infection by 
pathogens and the biochemical processes within the pathogen that lead 
to infection and disease. Even in the development of control measures, 

1 



2 Α. Ε. DIMOND AND J. G. HORSFALL 

interest still centers about the individual pathogen. Too little is known 
of the biochemical pathways that are unique to microorganisms for us to 
generalize when we are attempting to develop a pesticide.. Perhaps this 
will always be so. These are the domain of Volume II. 

The realm of Volume III is the youngest phase of plant pathology 
and deals with populations of plants in relation to infection and to con
trol. We must deal with populations of inoculum and also with the 
consequences of cultivation, which results in populations of uniform 
plants. Just as populations of people present unique problems in public 
health medicine, so in plant pathology populations of inoculum or of 
plants exhibit characteristics that are not apparent when attention is 
focused on the individual plant only. 

II. INOCULUM POTENTIAL 

Injuries and inanimate pathogens aside, there is no disease without 
inoculum, a principle that arose with Pasteur. The production of inocu
lum is, therefore, our first order of business in Volume III and is con
sidered by Garrett in Chapter 2. Inoculum may be considered to be any 
material capable of producing infection. It may consist of such propa-
gules as conidia, sclerotia, or mycelium. It may consist of virus particles. 

A plant pathologist, interested in disease in populations of plants, 
needs to know how severe a disease is likely to be. When inoculum 
lands on the host under conditions favoring disease development, we 
know that the frequency of infection is somehow related to the number 
of inoculum units that encounter the host. To describe this situation, 
Horsfall (1932) first used the term inoculum potential, and, as initially 
defined, it is the number of infective particles present in the environment 
of the uninfected host. According to Horsfall (1932) "such a concept 
carries with it the idea of mass action—the greater the mass of organ
isms present, the more severe will be the disease. This idea also carries 
with it the idea of virulence—the more virulent the organism the more 
severe will be the disease. This view of inoculum potential is concerned 
only with the amount or virulence of inoculum rather than with the 
influence of environment on the severity of infection." Later, Zentmyer 
and associates (1944) modified the original definition and considered 
inoculum potential as the disease-producing power of the host environ
ment, assuming that pathogens constitute a part of that environment. 
Wilhelm (1950) adopted the term inoculum potential in its original 
sense, i.e., the amount of inoculum in a unit volume of soil. His measure 
of inoculum potential was the infection index, which is the percentage 
of tomato plants becoming infected with Verticillium when planted in a 
unit volume of soil in a stated manner. In this use, therefore, it reflects 
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the infective power of the pathogen in the soil (Wilhelm, 1951). Garrett 
(1956, and in Chapter 2 of this volume) defines inoculum potential in 
another sense: the energy of growth of the pathogen available for infec
tion of the host at the surface of the host to be infected. 

Although those studying root diseases and soil-borne pathogens first 
sensed the need for this term, the concept of inoculum potential is 
equally applicable to pathogens that are borne in any manner: by air, 
water, insects, on crop residues, or on seeds. Probably the term arose 
initially because those working with soil-borne pathogens found it very 
difficult to measure the quantity of infective units in a given volume of 
soil, whereas with air-borne and seed-borne infections, the measurement 
of this quantity was a simple matter, and different terms were applied 
to the problem. Thus Heald (1921) used the term spore load to describe 
the number of bunt spores per wheat kernel. 

In the following discussion the term "inoculum potential" is the 
number of independent infections that are likely to occur in a given 
situation in a population of susceptible healthy tissues. The amount of 
tissue that can be invaded from a single infection is the unit taken, 
whether it be a part of a leaf in a localized disease or an entire plant in 
a systemic infection. In this sense inoculum potential is the resultant of 
the action of the environment, the vigor of the pathogen to establish an 
infection, the susceptibility of the host and the amount of inoculum 
present. This is precisely the index needed in describing the rise and de
cline of epidemics (Chapter 7 ) and in forecasting epidemics (Chapter 8 ) . 

We may find it convenient to think of inoculum potential as a form 
of potential energy. In physics we learn that all forms of energy contain 
an intensity factor and a capacity factor. The magnitude of the energy 
is the product of these two. Thus heat energy can be measured as the 
product of the temperature (the intensity factor) and heat capacity 
(the capacity factor). Light energy is the product of the intensity of the 
light and the proportion of the light that is absorbed by a system to do 
photochemical work. Electrical energy is the product of the potential 
difference across the terminals of a circuit and the current flowing 
through it. By this analogy inoculum potential is the product of the 
quantity of inoculum present (the intensity factor) and the capacity of 
the environment, used in a broad sense, to produce disease in a host of 
given susceptibility with a pathogen of stated characteristics. 

In this sense inoculum potential is a useful concept. Energy is the 
ability to work. Work is done when inoculum is moved from a source 
to an infection court and successful infection occurs. The operation may 
proceed efficiently under favorable conditions or very inefficiently under 
unfavorable conditions. We may consider all factors that tend to reduce 
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the number of successful infections as analogous to frictional losses when 
work is done in a real system. Thus, when the environment is unfavor
able to the establishment of infection or when a large percentage of the 
inoculum arrives at the infection court in nonviable condition, the net 
work is small and the efficiency is low. 

Plant pathologists have tended to confine their measurements of 
inoculum potential to the resultant of the action of both the intensity 
and the capacity factors and have devoted but little effort to attempts 
to measure the numerical influence of the capacity factors. Thus, the 
studies of Horsfall (1932) , of Wilhelm (1950, 1951), and of Nusbaum 
and associates (1952) are all cases in which the value of the inoculum 
potential as a whole was measured. The measurement of the magnitude 
of disease must be perfected if estimates of the inoculum potential are to 
be precise. Horsfall and Barratt (1945) devised one method of doing so. 
while Chester (1950, and Volume I, Chapter 4 ) has given us an excel
lent appraisal of the factors underlying estimates of disease and of the 
methods that can be employed in making these measurements. 

A. The Intensity Factor of Inoculum Potential 

The amount of inoculum present is the intensity factor of inoculum 
potential. How the amount of inoculum varies with distance and how 
much inoculum is deposited upon plant surfaces in varying circumstances 
are interesting problems that require quantitative solution to make use 
of the measurements of the inoculum potential. 

To construct a simplified model of the way in which the amount of 
inoculum varies, it will be useful to consider the subject from three points 
of view: variation of the amount of inoculum with distance, factors af
fecting the viability of inoculum during dispersal, and the trapping of 
inoculum by plant surfaces. 

1. Variation of Inoculum with Distance from the Source 

In considering how the amount of inoculum varies with distance, 
we must account for a number of situations observed in the field. The 
most commonly observed situation is that where the amount of disease 
diminishes with distance from a point source and finally disappears, that 
is, where there is no transmission beyond a certain distance. The second 
case is that where the amount of disease diminishes with distance from 
a point source, but where there is no limit to the distance to which the 
disease will spread from this source, if sufficiently strong. Finally there 
are those cases where the disease outbreak appears "out of the blue" and 
the source from which the outbreak arose is not readily apparent. 

We may look at these situations in another way. Inoculum may be 
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carried from the source to the infection court in one, two, or three 
dimensions. The gradient of disease is useful for inferring what the na
ture of transmission has been. Here the gradient of disease is defined 
as the slope of the line when the logarithm of the amount of disease is 
plotted against the logarithm of distance from the source of inoculum. 

Let us imagine that a bird carries spores from their source to the 
infection court and flies at least 50 miles before landing. It may fly any 
distance greater than this before landing but never less. If the bird loses 
no inoculum in flight, the quantity of inoculum will be the same in the 
infection court when the bird lands as it was at the source of inoculum. 
It may fly 50, 60, or 100 miles before landing and the same will be true. 
Here, the strength of the inoculum does not vary with distance from the 
source, so the gradient of disease will be zero because the line relating 
log disease to log distance will be horizontal and have a slope of zero. 
In such a case it is easy to see why the outbreak of disease in a new 
locality would appear "out of the blue." 

The second case is that in which a disease spreads in two dimensions 
only, as in the case of rhizomorphs of ArmiUaria meUea, fanning out 
from an infected host but maintaining reasonably constant depth in the 
soil. Here, the strength of the inoculum varies inversely as the distance 
itself. 

One can derive this relationship quite simply. Imagine a group of 
nematodes concentrated at a point, the number of nematodes being Q. 
Imagine a circle of radius xx about the center Q and a second circle with 
twice this radius, x2i also about Q as a center. Assume that the nematodes 
can move outward equally in all directions from the center of a plane, 
as in a film of water on a flat surface. When they arrive at the first circle, 
they are dispersed over a length equal to the circumference of the circle, 
a length of 2ττχχ cm., and the intensity of inoculum, i, along this line is 

Similarly, if the nematodes all swim on to the second circle, the intensity 
of inoculum per unit length at the second circle is I2 = Q/2TTX2. Then 

Canceling out common terms, we have 

Hence, in this case, intensity of inoculum varies inversely with distance 
from the source. 

nematodes per centimeter. (1) 

h = Q/2wxx 

12 Q/2TX2 

(2) 
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Equation (1 ) can be stated in other terms. When Q, the source 
strength, is constant, then Q/2TT is also constant, and the equation 
becomes 

where k, a constant, equals Q/2w. In logarithmic terms, this equation 
becomes 

log I = log k — log χ (5) 

which is the equation of a straight line, having a slope of —1 when log 
I is plotted against log x. In this curve the slope of the line is the gradient 
of disease and the value of log k defines the scale of distance, as dis
cussed by Van der Plank (Chapter 7 ) . In this case, also, the source of 
inoculum may be difficult to locate when only the points of new outbreak 
of disease are known. 

In the third case, the dispersion of inoculum is three-dimensional. A 
derivation analogous to the case for two-dimensional dispersal indicates 
that the strength of inoculum varies inversely with the square of the 
distance from the source. When an inverse square law is followed, from 
a sufficiently powerful source of inoculum there should be an infinite 
horizon in the spread of disease, i.e., the abundance of new infections 
arising from a point source should vary inversely as the square of the 
distance. Some infections will occur, though rarely, at an infinite dis
tance from a sufficiently strong source of inoculum. In this case the 
disease gradient has a value of —2. 

In many diseases the gradient obtained by actual counts of disease 
incidence indicates that the strength of inoculum varies as a higher 
power than the square of the distance from the source. In these cases 
there is a definite horizon for the spread of disease from a point source, 
that is, the distance to which a disease is spread is limited no matter 
how strong the source is, and beyond this limit no spread will occur. Van 
der Plank discusses this case in Chapter 7. 

As Wood has discussed in Chapter 7 of Volume II, a host may require 
more than one and perhaps many spores in an infection court if infection 
is to become established. Thus the experimental placement of a single 
spore upon a host surface seldom results in infection, whereas the pres
ence of many spores in an infection court invariably results in infection. 

This phenomenon is partly ascribable to variation in vigor of in
dividual spores. Partly it is the necessity of the "sacrifice hit" in baseball 
—the necessity of a number of spores to modify the host barrier if one 
spore is to breach it. Herein lies an advantage of organization of cells, 
such as the multicellular spores of Helminthosporium, the multicellular 
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sclerotium, or the nematode. These frequently invade the host in the 
absence of others of their kind. Thus each infection may require several 
propagules and 

D =  nl  (6) 

where D is a successful infection resulting in disease, and nl is the 
number of propagules necessary. Herein also lies the reason for the 
greater success of the Fusarium associated with a nematode, which can 
invade an otherwise Fwsanwm-resistant host. In this case the nematode 
provides a penetrating mechanism that many Fusarium cells fail to ac
complish in the absence of the nematode because the host barrier is 
invulnerable to them when the host is resistant. 

2. Infectiousness of Inoculum 

Inoculum liberated from the source may not be capable of producing 
an infection in a susceptible host on arrival in the infection court. This 
may be because the inoculum is liberated from the source in nonviable 
or weakened condition or because the inoculum loses infectiousness in 
transit to the infection court. 

The application of a fungicide to the source of inoculum is an illus
tration of loss in viability at the source. The dispersal of spores through 
hot, dry air may result in death in transit. In either case only a pro
portion oi the inoculum arrives in the infection court in a condition 
capable of infection. The value of this proportion, i, can be determined 
experimentally under different environmental conditions, or it can be 
expressed as an equation when the law governing how inoculum dies 
is known, and be used to predict the value of i for a given transit from 
source to the infection court. 

The resistant plant has the effect of reducing the proportion of spores 
capable of infection. Looked at from this view, therefore, resistance or 
immunity of the host reduces the infectiousness of the inoculum. 

3. Trapping of Inoculum 

The trapping of inoculum by bodies having different shapes has been 
studied by Gregory (1950, 1951) and by Gregory and Stedman (1953) . 
In simplest terms, the shape of the host surface and of the spore under
going dispersal both determine the number of spores deposited. One 
can visualize this process by considering the passage of light through 
a colored solution. The light corresponds to spores undergoing dispersal, 
and the colored solution corresponds to the plant surface which traps the 
spores. Light of a given wave length, absorbed by the solution, is ab
sorbed in accordance with the Beer-Lambert law: the same proportion 
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of the light is absorbed per unit length of solution traversed by the light 
at unit concentration of the solution. This can be stated as an equation: 

/ = I0e-klG (7) 

where c is the molar concentration of the solution, I is the length of the 
light path through the solution, I0 is the initial intensity of the light, J is 
the intensity of the light after traversing a path of length I through the 
solution, and k is a constant characteristic of the solute. 

We may think of the deposition of spores across a surface as follow
ing a similar law. In this case the terms in the equation above must be 
redefined, c being the density of the crown of foliage through which the 
spores travel, I the length of the path of the spores through the foliage, 
I0 the intensity of the inoculum at the beginning, and I the intensity of 
inoculum after any distance I is traversed. The constant k then becomes a 
characteristic of the trapping surface for a spore of given shape. 

In the production of disease our concern is not with the intensity of 
the inoculum which successfully traverses this crown of foliage but 
rather with the amount of inoculum deposited per unit length of path 
traversed, and this is obviously the quantity I0 — I. 

Although a convenient way of thinking about the trapping of inocu
lum, the above equation describes the situation incompletely. First, the 
crown of foliage is discontinuous, that is, plants and fields are spaced 
apart from one another and only in a tomato or a potato field does the 
foliage approximate a continuous system at maturity. Second, the move
ment of spores is through turbulent air, and when long distances are 
involved, dispersal between plants involves no crown of foliage at all. 
The above equation, therefore, approximates reality only when a cloud 
of spores traverses continuous foliage. 

In Chapter 6 Schrodter has discussed the biophysical aspects of the 
landing of spores and the processes by which deposition is accomplished. 
Unfortunately, our ability to forecast the deposition of spores in actual 
field problems is primitive, and the mathematical treatment of the sub
ject necessarily applies only under idealized conditions. 

The effect of precipitation in washing air-borne spores out of the 
atmosphere and bringing them to the ground is also discussed in Chapter 
6. This process reduces the intensity of inoculum because it reduces the 
spore content of the air, but results in the arrival of very little inoculum 
in the infection court. 

4. Intensity of Inoculum in the Infection Court 

The above discussion can now be tied together to give an approxima
tion to the total picture. The amount of inoculum arriving in the in-
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fection court will be the resultant of the factors influencing the inoculum 
during transit. We have seen how the intensity of inoculum may vary in 
intensity with distance from the source. This may be expressed by the 
equation 

(8) 

where ί is intensity of inoculum, m, is a constant, Q is the strength of 
inoculum at the source, χ is the distance from the source, and & is a 
constant, varying in value from 0 in the case of one dimensional dis
persal to values as high as 4 or 5 in cases discussed by Van der Plank 
(Chapter 7 ) . 

We have seen further that the proportion of spores capable of in
fecting a host can be expressed by the term i. Finally we have seen how 
the deposition of spores may follow a law analogous to the Beer-Lambert 
law or I = I0 e~klc. The resultant of the action of these factors is 

7 = ^ e ~ - (9) 

If the crown of foliage is continuous from source to infection court, then 
Q is the same as i 0 , the initial strength of the inoculum. In this equation 
I is the intensity of inoculum remaining after deposition along a stated 
path and capable of producing an epidemic elsewhere. 

The resemblance of this equation to that given by Waggoner (Chap
ter 8 ) is obvious although different symbols have been used in the two 
cases because different significance has been attached to them. Other 
approaches to this problem have been presented by Gregory (1945) and 
by Waggoner (1951, 1952, Chapter 8 ) . 

From this equation we can visualize how disease gradients arise as a 
linear relation in the field. The equation given just above can be re
written in logarithmic form as follows: 

log / = —b log χ + (log m + log i + log Q — He) (10) 

where terms are expressed in natural logarithms to the base e. In a given 
disease situation all factors are constants other than I and x, and under 
these circumstances the equation defines a line on log-log co-ordinates 
such as that the slope of the line, —&, is the disease gradient and the 
sum of the factors in parentheses is the scale of distance, discussed by 
Van der Plank (Chapter 7 ) . 

B. The Capacity Factor of Inoculum Potential 

Plant pathologists have discovered no simple way of treating the 
capacity factor of inoculum potential quantitatively. The influence of 
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environmental temperature, relative humidity, and the susceptibility of 
the host all contribute to the capacity of the environment to produce 
disease. 

We know that infection generally increases with temperature and is 
roughly proportional to it up to the optimum for the disease under con
sideration. Beyond this point infection becomes inversely proportional 
to temperature. Equations that describe this situation are known and 
could be applied to most diseases. In a general way we also know the 
influence of atmospheric humidity on the infection process. Being mois
ture sensitive, fungus pathogens fail to germinate unless relative hu
midity is high. As one approaches the saturation point, the capability of a 
pathogen to germinate and to infect the host increases very sharply. At 
the saturation point condensation occurs, and infection becomes a 
maximum. Equations are also known that describe this situation. The 
effect of host susceptibility on the infection process can be handled sim
ply as an efficiency factor in which, for a given intensity of inoculum and 
for a given environment, the number of infections becoming established 
is stated as a number relative to the most susceptible condition that can 
be imagined. Each of these terms separately can be described mathe
matically and independently of the others when the others are held 
constant. Thus, the influence of temperature at a given humidity and for 
a host of stated susceptibility can be stated. We may deal similarly with 
the influence of humidity and of host susceptibility. By using the tech
niques already employed for kinetic studies in chemistry and physics, 
the plant pathologist can use differential equations to increase his power 
to analyze and therefore to predict the real value of the inoculum poten
tial. When this has been done and is put to use, the plant pathologist 
will have a powerful tool at his disposal. 

C. Inoculum Potential as a Tool 

In the preceding discussion inoculum potential has been treated as 
a function of distance, infectiousness, trapping efficiency, and of the 
environmental factors that enter into the amount of disease that is likely 
to develop. These are the factors that enter into an energy concept of 
inoculum potential. 

The rate at which disease development occurs is dealt with in Chap
ter 7 by Van der Plank. By the analogy that inoculum potential has the 
dimensions of energy or work, the rate of increase of inoculum poten
tial is analogous to power in physics; power is the rate of doing work. 
Van der Plank has presented in his chapter expressions for the rate of 
disease development which, in our analogy, is the power of the system to 
produce disease in a population of plants. 
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Frequently over a period of time the course of development of disease 
in a population of plants describes a sigmoid curve when a true epidemic 
is involved. In the early phases of disease development, there is loga
rithmic growth in the amount of disease over a period of time and only 
after the number of susceptible healthy individuals becomes limited or 
some other factor limits disease development is Jthere departure from a 
logarithmic growth curve. 

The sigmoid character of the curve relating amount of disease to 
time, in fact, is the same whether an epidemic is involved or not. If 
disease levels remain low, we are concerned only with the first part of 
the curve. When disease levels are high, then the sigmoid character of 
the total relation appears. Whether disease develops in an unrestricted 
manner, a manner restricted naturally, or by control measures devised by 
man, the mathematics of the disease development curve are similar. The 
application of a control measure merely reduces the magnitude of the 
factors already in the equation. Chapter 7 is concerned with this con
cept to some extent although only with the logarithmic portion of the 
curve. 

The usefulness of inoculum potential as a tool rests upon an apprecia
tion of this fact. Estimates of how large the inoculum potential is at a 
given time and particularly of the change in inoculum potential over a 
period of time permit forecasts of disease incidence. An understanding 
of the mathematical equation that describes this change, and particularly 
that the same equation is valid for an epidemic or an abortive disease 
occurrence held in check by a control measure, is a step forward in our 
ability to forecast the development of disease in a population of plants. 

III. T H E DISPERSAL OF PATHOGENS 

We have seen that the amount of inoculum in the infection court is 
directly proportional to that produced at the source. The method by 
which inoculum is dispersed from the source to the infection court does 
not alter this fact. It merely changes the effect of distance, the proportion 
of viable propagules arriving, the trapping characteristics on arrival at 
the host, and the likelihood of finding a host. If a dispersal mechanism 
is highly efficient, the effect of these factors is small; if the mechanism 
is inefficient, their effect is great. In a general way the more efficient a 
dispersal mechanism is, the fewer are the propagules needed to pro
duce a given level of disease. For survival of a pathogen in an evolu
tionary sense, when dispersal is inefficient, a large amount of inoculum 
must be produced at the source. This relationship can be seen in the 
abundance of inoculum produced by air-borne pathogens, relative to 
ones that are seed-borne. 



12 Α. Ε. DIMOND AND J. G. HORSFALL 

A. Autonomous Dispersal 

In the soil the climate is not subject to wide variation as it is in the 
air. In an evolutionary sense the structure of roots is conservative, that is, 
primitive. Thus the vascular anatomy of fossil plant stems resembles that 
of roots. Stems gradually became varied in structure in response to a 
varied environment in the atmosphere. Likewise, in an evolutionary 
sense, as has been stressed by McNew in Chapter 2 of Volume II, the 
most primitive types of pathogens are those that live in the soil and 
cause root diseases. 

The dispersal of pathogens in the soil is likewise primitive. We 
should remember that plant pathogens frequently have more than one 
method of dispersal available to them. In the discussion that follows we 
are concerned with individual dispersal mechanisms, rather than with 
the habit of individual pathogens. Soil-dwelling fungi, such as Rhiz-
octonia and the root-rotting Fusaria, are facultative parasites living on 
organic matter in the soil, and are not dependent upon their ability to 
find a host in order to survive. Their attack of plants involves the chance 
encounter by mycelium or spores of plant roots that are susceptible. 
When a propagule lies in wait for a susceptible host, the source of 
inoculum and the infection court are the same, and the distance between 
them is either zero or very small. The inoculum potential changes little, 
if any, between the source and the infection court. 

When mycelial growth occurs from a substrate, it fans outward and 
eventually encounters more organic matter or a new host. Rhizomorphs 
behave in a similar fashion. Dispersal occurs slowly because the growth 
of mycelium in the soil is a relatively slow process, and from a point 
source the inoculum potential drops rapidly with distance to zero. How
ever, because the environment in the soil is not ordinarily subject to 
wide fluctuations, these pathogens can survive in the soil for a long 
time as compared with pathogens that are characteristically dispersed 
in the air. Cysts of nematodes, sclerotia, mycelia, and rhizomorphs all 
fall into this group. Ability to survive adversity, a facultatively parasitic 
habit, and adaptation to an environment in which fluctuations are not 
great are all factors that favor ubiquitous distribution, a characteristic 
of Rhizoctonia and the root-rotting Fusaria. These matters have been 
discussed by Garrett in Chapter 2. 

The soil dwelling nematodes behave in a manner comparable with 
the pathogens that are dispersed in the soil through the growth of their 
own mycelium. The nematodes, on hatching from eggs, swim short dis
tances in the moisture available in the soil until they find food. Because 
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they do not swim rapidly, their dispersal is slow. All of these are ex
amples of autonomous dispersal, a subject discussed by Muskett in 
Chapter 3 of this volume. 

The chemotropic responses exhibited by propagules of pathogens 
favor the finding of a suitable host. Although a chemotropic response 
does not enable a pathogen to distribute itself more widely in the soil 
in terms of space, it increases the probability that a favorable host will 
be found. In this sense chemotropism has survival value for soil-dwelling 
organisms even though it operates only over short distances. Thus the 
cyst-forming nematodes, when encysted, are well adapted to resist 
desiccation and the absence of a host for a period of years. However, 
when a host occurs nearby, the liberation of a hatching factor by its 
roots stimulates the germination of eggs in cysts of nematodes belonging 
to the genus Heterodora, and the resulting nematodes then migrate to the 
roots of the host and complete their life cycle. 

B. Dispersal by Water 

The dispersal of inoculum in water can occur in one of two ways. 
In the case of free-swimming nematodes or zoospores or motile bacteria, 
inoculum is dispersed autonomously. When the water itself provides the 
motion that causes dispersal, then inoculum is carried along with the 
water, and self-motility of the inoculum can for all intents and purposes 
be ignored. When water provides a continuous medium and the patho
gen is motile, as with nematodes in the soil, the variation in intensity of 
inoculum with distance from the source will approach the inverse square 
law because dispersal is three-dimensional. When moisture exists in a 
thin film over a surface and inoculum swims out from a point source, 
then inoculum intensity varies inversely with the distance itself. 

Water-borne pathogens are not necessarily efficient in finding a new 
host. When secondary spores of the apple scab fungus are released and 
are carried by rain over leaves, they are in an advantageous position 
because of the proximity of susceptible host tissue in the path of water 
flow. In this case the dispersal mechanism favors finding uninfected host 
tissue on the same plant, but is not well-adapted to finding new plants 
and, accordingly, is better suited to local lesion than to systemic diseases. 

However, inoculum may be adapted to being dislodged by water. 
By the splashing of the water-borne inoculum, tiny droplets are created. 
These droplets may then become air-borne, and the probability that 
inoculum will find a new host plant is increased. Gregory (1952) has 
discussed the manner in which this phenomenon occurs. 
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C . Dispersal on Crop Residues 

Pathogens that are dispersed mechanically by being present in crop 
residues can be transported over limited distances. In perennial plants 
these pathogens may survive on the overwintering part of the host and 
maintain themselves for long periods. Among the nematodes, both the 
root knot and the foliar nematodes can overwinter in the plant. The 
habit of Verticillium and Fusarium of invading the host generally after 
its death and fruiting on the surface of the host makes these pathogens 
well-suited to dispersal on crop residues. 

As with crop residues, so it is with refuse piles containing pathogens. 
Under cultivation there is a reasonable likelihood that a susceptible 
crop will be planted in an ensuing year close to the refuse pile. The 
proximity of the refuse pile to the field and man's habit of successive 
cropping, season after season, makes necessary only a short dispersal for 
the pathogen to make successful contact with its host. 

D. Dispersal by Insects 

Insect-borne pathogens are specialized. These pathogens, to speak 
teliologically, have hedged their bet between the widespread dispersal 
possible when spores are three-dimensionally air-borne and the reason
able assurance of finding a host because of the preference of an insect 
for a particular plant. When the pathogen rides along with an insect, 
that already has a preference as to the host in which it lands, the finding 
of a host is less a matter of chance than when dispersal of the pathogen 
is strictly random, but because the flight of an insect may be in any 
direction from the source, the variation in intensity of inoculum with 
distance from the source tends to vary inversely as a power of the dis
tance from source to infection court. 

For the viruses that persist with their insect vectors, the relation is 
unique. Here, the insect itself is a host and is capable of transmitting the 
virus to plants for a long time because the virus multiplies in the insect. 
This aspect of the subject has been treated by Broadbent in Chapter 4. 

E. Dispersal in the Air 

Air-borne spores must be liberated forcibly to push them through the 
layer of quiet air surrounding the plant into the layer of turbulent air 
above. How pathogens shoot their spores into the layer of moving air 
above the leaf has been discussed by Ingold in Chapter 5 of this volume. 

Air-borne spores are well-suited to travel over long distances but are 
not efficient in finding a new host, and usually multitudes of spores must 
be produced in order that the pathogen can flourish. Witness the pro-
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fusion of spores produced by Endothia parasitica, the chestnut blight 
pathogen, which is air-borne. When air-borne spores are produced on 
refuse piles, the distance over which dispersal must occur is short, and, 
inasmuch as air-borne dispersal is usually a dispersal in three dimensions, 
the number of spores varies inversely as the square or higher power of 
the distance from the source. It is for this reason that the inoculum 
potential drops rapidly with distance from the source of inoculum. 
Stated conversely, the greater the distance of a susceptible crop from the 
source of inoculum, logarithmically the more spores must be produced in 
order that infection remains equally likely. 

Generally speaking, in air-borne dispersal the landing of inoculum 
is distributed at random, and the inoculum lands more frequently on 
nonsusceptible hosts than on susceptible ones unless the inoculum is 
dispersed over short distances in cultivated fields, planted to a single 
species. 

The aerodynamic aspects of spore dispersal are discussed by Schrodter 
in Chapter 6. This chapter stresses the theory underlying the broad as
pects of the subject. Frequently illustrations are given to show how 
observations made in the field have confirmed the soundness of the 
theory. 

The need for devising new ways of making measurements in this 
area is often apparent. An excellent illustration of how adequate instru
mentation has changed conceptions in this part of plant pathology is the 
spore trap devised by Hirst (1952) and a modification of it for special 
use made by Gregory (1954) . An instrument of cascade impactor design, 
the Hirst spore trap permits a study of the changes in spore content of 
the air diurnally, seasonally, and from point to point (Gregory and Hirst, 
1957). As a result of the astute use of a well designed spore trap, Hirst 
(1953) has shown the effects of weather on the types and abundance 
of spores in the air. We are beginning to learn much about the factors 
governing how and when spore discharge occurs (Hirst et al., 1955; 
Hirst, 1959). As a consequence, our ability to forecast disease outbreaks 
and epidemics has been greatly improved. To paraphrase an Ameri
canism, the world has beat its way to the door of the man who built a 
better spore trap! 

F. Dispersal on Seeds 

By contrast, seed-borne pathogens, although not mobile themselves, 
move with the seed and are practically guaranteed the presence of a host 
if the seed survives or one nearby if the seed is planted with others of 
its kind. This is a highly efficient means of dispersal of inoculum, and no 
great number of spores is necessary for survival of seed-borne pathogens. 
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The smuts, however, are often diseases of reproductive organs, and in 
the case of the stinking smut, Ustilago tritici, the entire seed may be
come nongerminable in terms of the host, but a mass of spores in terms 
of the pathogen. Because of the manner in which wheat is grown, har
vested, and planted, this method of dispersal is highly efficient, and 
inoculum potential does not vary with distance between the infection 
court and the source of the inoculum. Muskett has discussed dispersal of 
pathogens on seeds in Chapter 3. 

G. Dispersal by Man 

Of all the methods of dispersal only those where the pathogen is 
dispersed on plant parts can be altered in a significant way by plant 
quarantines. We have seen in the case of the seed-borne pathogens that 
their dispersal is highly efficient. The same is true of pathogens that live 
on material in transit. Insofar as quarantines are designed to intercept 
such material, they are well conceived so long as the pathogen can be 
recognized when it is present. Unfortunately, some quarantines are not 
of this type. We already know how hard it is to legislate a pathogen out 
of existence; the pathogens do not read the statutes. Gram has discussed 
quarantines in Chapter 9. In addition, a principle that is useful in decid
ing whether a quarantine will be worthwhile is inherent in the dis
cussion below and in Chapter 7. 

IV. CONTROL MEASURES AND INOCULUM POTENTIAL 

Van der Plank's equation 12 (Chapter 7 ) states that 

230 , Jo 
dt = — " l o g y r 

' * 0 

where dt is the delay in onset of disease, r is the rate of increase of 
disease (and of inoculum) in per cent per unit of time, I0 is the amount 
of inoculum in the absence of a control measure, and I ' 0 is the amount 
of inoculum remaining after a control measure has been applied. In 
Chapter 7 there is a discussion of the extent to which the onset of an 
epidemic is delayed by reducing the inoculum by a stated amount. How 
much the onset of the epidemic is delayed depends upon how rapidly 
the inoculum is reproducing itself. 

We may look upon all control measures in terms of this equation. 
Some control measures have their primary influence on reducing the 
available inoculum. Other control measures have their effect primarily 
on the rate at which inoculum builds up. These two effects are quali
tatively different from each another. 

In fact we may look upon factors that affect the amount of inoculum 
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available for producing disease directly as factors affecting the intensity 
factor of inoculum potential. Protective fungicides, seed treatments, the 
planting of trap crops, and soil treatments are cases in point. These are 
discussed in Chapters 10, 11, and 12 of the present volume. By contrast, 
control measures that primarily affect the value of r, affect the capacity 
factor of inoculum potential. The planting of disease-resistant hosts and 
many cultural methods of controlling disease are examples. These are 
discussed in Chapters 10 and 14. 

The fundamental clue as to which control measures will work best 
in a given case rests upon the numerical value of r. When the amount 
of disease is plotted against time in the development of an epidemic, 
the curve is usually sigmoid in shape, and the slope of the curve at any 
time is the value of r. Thus what the most efficient control measure to 
employ is depends upon what value of r has been attained in the epi
demic curve. When r values are very low, a small reduction in inoculum 
can be effective. When values of r are high either because of the nature 
of the disease itself or because of the position attained along the epidemic 
curve when a perennial and systemic disease is involved, then control 
measures that affect the value of r primarily are the ones that will 
affect the development of disease most satisfactorily. Thus inspection of 
the equation shows that halving the value of r produces a delay in onset 
equivalent to reducing the amount of inoculum one-hundredfold. The 
choice of proper fertilizers to produce a crop that resists infection and 
the use of crop varieties resistant to disease both reduce the value of r. 
A striking illustration of reducing the value of r is the use of p-dichloro-
benzene or benzene in seedbeds to control downy mildew of tobacco. 
This compound prevents the production of spores on lesions by acting 
as an antisporulant (Horsfall, 1945). Rapidly spreading downy mildew 
infections in tobacco seedbeds can be wiped out through use of p-
dichlorobenzene or benzene, because they primarily affect The value of r. 
With the development of the dithiocarbamate fungicides and the ap
plication of ferbam to tobacco seedlings, inoculum intensity can be so 
drastically reduced that the development of an epidemic is held below 
its onset by reduction of inoculum levels alone. 

From the epidemiological view, plant chemotherapy is a technique 
of reducing the value of r when the treatment increases the resistance 
of the plant to infection (Dimond and Horsfall, 1959). There are in
stances, of course, in which natural factors tend to hold the value of r 
at a low level. Some of these are discussed by Darpoux in Chapter 13. 
Another instance, that of disease resistance of a genetic nature, is dis
cussed by Stakman in Chapter 14. Of the cultural practices that control 
disease, some of those discussed by Stevens in Chapter 10 are designed 
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primarily to reduce inoculum as such, as for example, the spraying of 
orchard floors to reduce the number of apple scab spores prior to the in
fection period or the roguing out of diseased plants. Others, such as 
variations in timing or spacing of planting, or the destruction of weeds 
that serve as hosts and therefore as sources of inoculum have their value 
primarily in reduction of the value of r. 

Both chemical soil treatment, discussed by Kreutzer in Chapter 11, 
and foliar and seed protection with chemicals, discussed by Burchfield in 
Chapter 12, are examples of control measures whose primary purpose 
is to destroy inoculum. 

This way of looking at things is useful in considering when plant 
quarantines will be effective, a topic discussed by Gram in Chapter 9. 
As Van der Plank discussed in Chapter 7, epidemics can arise because 
the birth rate of inoculum (and diseased plants) is high or because the 
death rate is low. Those diseases in which the death rate is low charac
teristically have low reproductive rates. This characteristic makes such 
diseases amenable to control by sanitation (Chapter 7 ) . Quarantines 
are well-suited to control of such diseases if diseased material can be 
surely and readily detected. 

Under special situations quarantines can also be reasonably applied 
when inoculum (and diseased plants) characteristically have a high 
birth rate. First, the value of r must be low. We know that the rate of 
reproduction of a pathogen is low when it first enters a new area and 
that the value of r increases thereafter. But the value of r is partly a 
characteristic of the pathogen itself and partly of the environment, 
neither being influenced by a quarantine. A quarantine can affect only 
the value of the intensity of inoculum, and this under special conditions: 
when the dispersal of inoculum into a locality where the disease is absent 
is exclusively imported by shipment on plant material. Then the effi
ciency of the quarantine is measured by the ratio (I0 — F0)/Io where 
i'o is the intensity of inoculum entering under a quarantine and I0 is 
the amount entering in the absence of the quarantine. How long an 
epidemic is delayed by reducing the amount of inoculum entering an 
area by given percentage when the value of r is low is a convenient way 
of estimating the value of a quarantine. 

Unfortunately this approach has often been ignored. Quarantines 
have sometimes been continued after the value of r has become high and 
the amount of inoculum intercepted is but a small proportion of the total 
present in the area. 

Some useful criteria can be devised to guide decisions on the merits 
of a proposed quarantine or of abandoning other quarantines. The inocu
lum arriving must be restricted to plant material in shipment. Diseases 
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can be considered in terms of whether they have a low death rate or a 
high birth rate. If they are of the latter type, an appreciation of the 
importance of r and measurements of its value in specific circumstances, 
together with estimates of the extent to which inoculum will be reduced 
by the quarantine, will be helpful guideposts. 

Inoculum can be combated at the source or in the infection court. 
Some control practices are designed to reduce inoculum at the source 
whereas others combat it in the infection court itself. When dispersal of 
inoculum is three dimensional, it would seem that the control of inocu
lum in the infection court would be more efficient because much of what 
is present at the source never finds a host and its destruction is relatively 
unimportant. 

This is why the efficiency of eradication programs is often low. What 
is important here is not the amount of inoculum destroyed, but rather 
the amount that is missed and is still free to produce an infection. The 
destruction of 99% of an infinite amount of inoculum leaves an infinite 
amount of inoculum still. Man has wasted his effort in this case by labor
ing to destroy a proportion of the inoculum that will be ineffective in 
producing disease in any case. What remains may suffice to produce an 
inappreciably lower level of disease in the next crop. 

Destruction of diseased plants and its ultimate goal, eradication, are 
wisely used when the amount of inoculum is low at the source and its 
reproduction rate is low. When there are overwhelming strategic ad
vantages other than the destruction of inoculum as such, then eradication 
may achieve a desired end. The destruction of barberry, the host of wheat 
rust responsible for development of new rust races, is a case in point. 

The choice of whether to combat inoculum at the source or in the in
fection court is critical, and both entomologists and plant pathologists 
have had to learn the hard way how critical this choice can be. The con
trol of inoculum involves pesticides—whether fungicides or bactericides 
—to control the inoculum directly, or insecticides to combat a vector in 
dispersal and inoculation. All pesticides kill only a proportion of the 
inoculum or the vector population, and while this proportion can be 
increased by increasing the dosage of pesticide, the increase in mortality 
becomes slight when concentration of pesticide is increased logarith
mically at high levels of mortality. There are, therefore, limits beyond 
which we cannot economically go in the killing of inoculum or vectors. 
When the population of inoculum and vectors is already very high, the 
proportion of inoculum or vectors that survive treatment with a pesticide 
may also be adequate to produce disease. This is one of the reasons why, 
in an average year, almost any fungicide is effective whereas in an 
epidemic year, almost no fungicide is. 
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The choice between the source of inoculum and the infection court 
as locations to which a pesticide is to be applied can sometimes be 
simply answered. When inoculum is produced in prodigious quantities 
at the source and is dispersed by air and when no other considerations 
are involved, the decision to apply the pesticide at the source of inocu
lum is poor, and the decision to apply the pesticide in the infection 
court results in more effective disease control. Thus attempts to control 
apple scab by eradicating the inoculum on the orchard floor were not 
successful because the population of inoculum surviving treatment was 
sufficiently high to produce approximately the same amount of disease 
as would have occurred had no control measure been applied at all. On 
the contrary, the application of fungicide to the infection court has been 
and continues to be an effective method of controlling apple scab. The 
chestnut blight fungus produces prodigious amounts of inoculum, but 
few of these spores find the infection courts. Whether it is better from a 
disease-control standpoint, and, economics aside, to concentrate on the 
trees that are diseased and are producing inoculum or on the trees that 
remain healthy is simple to decide. When the disease is first present in 
an area, the number of inoculum sources is small. But to find them all 
and with certainty is well nigh impossible. To miss a few is to leave suffi
cient inoculum to permit the disease to spread at an almost uncontrolled 
rate. To control the inoculum in the infection court, if it were economi
cally worthwhile, would seem the more efficient way to proceed because 
no effort need be spent in searching out the material to be protected. The 
total effort would be spent on reducing inoculum in the infection court 
where the absolute numbers of the amount of the inoculum would be a 
minimum. In a similar fashion, it would seem a more efficient procedure 
to develop compounds that render the plant toxic to nematodes than to 
attempt to reduce the level of nematodes in the soil by the use of nemato-
cides, and although the problems of plant chemotherapy are remarkably 
difficult from the biochemical point of view, the over-all strategy is 
sound. 

The choice between application of a pesticide at the source of inocu
lum or in the infection court may likewise be related to how rapidly the 
pesticide kills or how long the inoculum or the vector is in a vulnerable 
condition. Thus Broadbent (1957) has discussed the frequent failure on 
the part of insecticides to restrict the spread of aphid-borne viruses when 
the insecticide is applied to the infection court. Before the insecticide 
can act, the plant is already inoculated and even though insect control 
is reasonably good, the control of spread of virus disease is not. When 
insecticides are applied to the source of inoculum, however, the extent to 
which virus spread is reduced depends upon whether the virus is a per-
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sistent or a nonpersistent one. Vectors of a persistent virus, once they are 
able to infect healthy plants, maintain this ability for a long time, 
whereas vectors of nonpersistent viruses can transmit the virus for a 
short time only. Because, with the persistent viruses, there is an incubation 
period between the time when an insect feeds and the time when it is 
capable of transmitting the virus to a healthy plant, there is opportunity 
for an insecticide to act upon the insect, and insecticides that kill quickly 
are more effective than those that kill slowly. 

When a disease is being spread from plant to plant within a cultivated 
field, the application of pesticide is to the source of inoculum and to the 
infection court as well, but when the strategy is to prevent the intro
duction of disease into a field that is healthy, one often has a difficult 
and sometimes an impossible choice of whether to apply the pesticide to 
crops nearby or to crops that are to be protected. 

In the case of some diseases there is sometimes a sufficient time period 
for a pesticide to act either at the infection court or at the source, and 
with rapidly acting insecticides, it may make little difference to which 
locus the pesticide is applied. Dutch elm disease is apparently a case in 
point. This disease, being carried by the elm bark beetle, can be com
bated by the application of insecticide either to infected trees in which 
bark beetles are breeding or to healthy trees to which infested bark 
beetles may fly. In either case the beetle remains on the host a sufficient 
time to be inactivated by a rapidly acting insecticide such as DDT. 
Although great promise was given the systemic insecticides, we now 
know that their use in preventing the spread of disease by insects is 
somewhat limited. Thus, a systemic insecticide may be useful in killing 
bark beetles at the source of inoculum but probably would not be useful 
in the infection court. There the vector wounds the tree sufficiently to 
inoculate it with the Dutch elm disease pathogen while it gets a toxic 
dosage of insecticide. 
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