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1. Introduction
The study of plant disease epidemics is a field of research in its own right (Madden et al
2007), which serves a number of purposes. First, plant disease epidemics, as biological
phenomena, are of interest from an ecological standpoint. Plant disease epidemics have
some unique features; yet, as processes, they share many similarities with human or animal
epidemics. This is why modern approaches to the study of plant disease epidemics draw
upon concepts used both in general ecology, population biology, and in medical and animal epidemiology (e.g., Madden et al 2007). By contrast with human epidemiology, which
addresses both infectious and noninfectious diseases, botanical epidemiology essentially
focuses on the former: very little research, so far, has addressed the epidemiology of noninfectious plant diseases. It has been argued that pathogens have been one of the main,
and perhaps strongest, determinants of the current diversity of life (Wilson 1992, Levin
et al 1999). Thus, plant disease epidemiology involves a diverse body of approaches (e.g.,
Zadoks and Schein 1979, Leonard and Fry 1989, Kranz 1990, Bergamin and Amorim 1996,
Madden et al 2007).
Another reason for studying plant disease epidemics is their importance. Epidemics
occur in natural ecosystems, sometimes with dramatic consequences to wild plant populations (e.g., Dinus 1974). However, were it not for the consequences of plant diseases on
cultivated plants, plant disease epidemiology would not exist as a field of research. Crop
losses in rice caused by epidemics have been known since the beginning of rice cultivation in Asia and in the modern era, have been subject to much study (IRRI 1990). The
importance of diseases is discussed elsewhere in this online resource. Rice diseases indeed
have been historically and are still, today, a major cause of concern (Zeigler and Savary
2009). Plant disease epidemiology studies the processes leading to disease developing in
plant populations (Van der Plank 1963). The understanding of these processes may lead
to disease management options. Epidemiological research also provides specific tools,
operational definitions, and methods (Zadoks 1972a, Teng 1985), to identify intervention
points in disease cycles. At these intervention points, control options may be used with
quantifiable, predictable, efficiency.
Lastly, epidemiological research endeavors to prevent epidemics from occurring,
through sanitation and prevention techniques, whose efficiencies can, in principle, be
quantified and predicted (Heesterbeek and Zadoks 1987). In that respect, botanical epidemiology is very close in its approach to public health research, where it faces similar types
of questions: What are the factors that may favor the emergence of new diseases? What
is the likelihood of a new disease establishing in a given agroecosystem? What would the
likely outcome be?
This chapter comprises a series of sections. First, we briefly introduce some basic
methodological concepts. Then, the nature of plant disease epidemics, as a common phenomenon, is illustrated using some well-known rice diseases. We then present a modeling
framework that may explain these observed phenomena. This modeling framework is
then used to compare epidemics caused by different pathogens and to analyze the variability of epidemics caused by the same pathogen.
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This relatively short chapter cannot synthesize the very large amount of research on rice
disease epidemiology. Excellent reviews have been published on the general characteristics of epidemics caused by bacterial, fungal, and viral diseases of rice (Mew 1991, Teng
1994a, Hibino 1996). In this chapter, we emphasize methods and approaches to derive
perspectives for future research. For this purpose, we introduce EPIRICE, a generic and
simple model. EPIRICE is used both as a framework to assemble available information
and guide the reader. The generic structure of EPIRICE is used to address five major rice
diseases: leaf blast (RBl; Part II, Section 1, Chapter 2), brown spot (BSp; Part II, Section
1, Chapter 2), bacterial blight (BB; Part II, Section 2, Chapter 2), sheath blight (ShB;
Part II, Section 1, Chapter 3), and rice tungro disease (RT; Part II, Section 3, Chapter
1). We chose these diseases because of (1) their global importance, (2) the biological, and
especially, the epidemiological, knowledge accumulated on each of them, and (3) the diversity of plant pathogens this selection captures, thus its representativeness of the range
of diseases the rice crop is exposed to, globally. These five diseases also account for a good
portion of the hierarchy of plant tissues that are affected by rice diseases.
A summary of the modelling work described in this text, with application to global
risk analysis for rice health, has been published by Savary et al (2012).

2. Phenomenology: the shape of rice disease epidemics
A common method to describe and provide simple quantification of epidemics is the use
of a Disease Progress Curve. ERD Figure 1 illustrates typical shapes of the disease progress
curves of rice disease epidemics observed in rice fields for RBl, BSp, BB, ShB, and RT. Their
common feature, as epidemics, includes a phase of increase in disease intensity over time.
These epidemics, however, differ in their shapes, time span, speed, maximum intensity,
occurrence of a decline phase, and the scale at which disease intensity is measured.
The ShB epidemic shows a typical sigmoid shape, whereas the RBl and BB epidemics
evolve in two stages, a first one with an increase of disease intensity, followed by a decline.
The BSp and RT epidemics have exponential shapes.
The five epidemics strongly differ in their dynamics over time: RBl, ShB, and RT show
an early onset and ShB and RBl reach very rapidly (within about 25 days) their maximum
levels. The RT epidemic is slower with disease intensity still increasing 40 days after the
epidemic onset. By contrast, BB and BSp epidemics start much later, at about 50 days after
crop establishment.
The decline in the RBl and BB epidemics is mainly related to removal of infected
tissue, associated with an accelerated leaf senescence. The decline in leaf blast epidemic is
also related to the progressive decrease in susceptible tissues as plants become older.
The scale at which disease intensity is measured differs among diseases. The fraction of
leaf area (severity) is used for RBl and BSp, the fraction of diseased leaves (incidence at the
leaf level) is used for BB, the fraction of diseased tillers (incidence at the sheath level) is
used for ShB, and the fraction of diseased plants (incidence at the plant level) is used for
RT. The reader is referred to Nutter et al (1991) for a detailed explanation of disease intensity terminology. These different units for scaling disease intensity correspond to different
scales at which epidemiological processes take place, and will be discussed in the next
sections.
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3. Some main characteristics of five major rice diseases
3.1 Defining epidemiological sites
The five diseases differ in the notion of lesion (Van der Plank 1963), or site, which can be
associated to them. In the case of RBl and BSp, a lesion is a fraction of leaf area colonized
by the pathogen and where propagules are produced. The trophic relations between leaf
pathogens and plant tissues can greatly differ (Ayres 1981) and this is the case for both
RBl and BSp. Nevertheless, the epidemiology of both of these diseases can suitably be
addressed considering a fraction of leaf area—the potential maximum leaf area a lesion
can expand to (Jeger 1986, Bastiaans 1991)—as individual sites in the considered (crop)
system.
In the case of BB, an individual leaf may well be considered a single lesion. This is because, in the case of a susceptible plant, the entire leaf blade, or a very large fraction of it,
can rapidly be colonized by the pathogen (Mew 1991). The leaf itself then may become a
source of inoculum to other, healthy, leaves. In the case of BB, a proper site size is an entire
leaf.
By contrast, ShB develops and multiplies in ways that are quite unique, through
mycelial strands of the fungal pathogen running onto sheaths, leaves, and stems, where
infection cushions and penetration in the plant tissues occur (Matsuura 1986). This process may be quite rapid and, when a tiller becomes infected, it becomes quickly nearly
impossible to assign an infection point to a particular infection source. In the case of ShB,
it is thus convenient to define a lesion as an entire infected tiller, which may in turn infect
other tillers.
RT is caused by two virus species, an RNA spherical virus and a bacilliform DNA virus
(Hibino et al 1979). Infection with both virus species needs to occur in order to cause
the typical RT symptoms and prior infection by the spherical virus species is required to
enable infection by the bacilliform virus (Hibino 1996). Finally, both the pathogens require
a vector (the green leafhopper is the most common one) to be transmitted (Rivera and Ou
1965, Hibino 1996). Viruliferous vectors are therefore necessary for disease spread in the
host population. As the two viruses are systemically distributed in an infected plant, it is
best in this case to consider an entire rice plant as a lesion. For both pathogens, it is at the
entire plant level that infection, multiplication, and transmission take place.
Thus, the analysis of disease epidemics caused by these five different pathogens of
rice lead us to consider four successive levels of sites in a hierarchy: leaf spot sites for RBl
and BSp, leaf sites for BB, tiller sites for ShB, and plant sites for RT.

3.2. Overview of the epidemiological characteristics
This section provides a summary of the biology of the pathogens and the epidemiology of
the five diseases.
RBl is a major rice disease on which a very large amount of epidemiological knowledge has been accumulated. RBl has a very rapid rate of increase, particularly on young
leaves. It has a short latency period and a fairly long infectious period (Teng 1994b, 1996).
Individual lesions on the leaves are relatively large, even though their dimensions will vary
depending upon climatic conditions and, even more so, depending on the level of resistance of the host (Schlosser et al 2000); we shall consider here a susceptible host.
BSp does not quite have the same rate of multiplication as RBl does (Pannu et al
2005). The disease, however, multiplies much faster on older than young leaves (Klomp
1977). Although the quantitative, published, information is fewer than in RBl, the latency
and infectious periods of the disease may roughly be considered similar to that of RBl
(Sarkar and Sen Gupta 1977). Much has been written on the particular physical environ-
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ment that determines the infection efficiency in BSp, including the effect of drought stress
and of mineral nutrition (especially the effects of K and N; Ou 1985, Chakrabarti 2001).
While these aspects certainly are very important, we do not address these here for lack of
quantitative data and for the sake of simplicity. One additional feature of BSp is that the
accumulation of lesions on the same leaf accelerates leaf senescence (Klomp 1977).
Compared to RBl and even BSp, much less is quantitatively known on the epidemiology of BB. Scarce field data (Adhikari et al 1999) indicate a fairly rapid rate of disease
increase. The latency of the disease is relatively short (Nayak et al 1987), while the duration
of the infectious period probably is fairly long. Accelerated leaf senescence is also a feature
of BB.
Field-epidemiological data on rice sheath blight indicate an average rate of disease
increase (Willocquet et al 2000) and experimental work indicates a short latency period
and suggests a short infectious period too. One typical feature of the disease is that it
produces (and progresses through) conspicuous disease foci. It thus has a very high level
of aggregation (Savary et al 1995). Colonization of sheath and leaf tissues is conducive to
accelerated senescence of tillers.
By contrast with the four other diseases, available literature suggests that the rate of
increase of RT—at the individual plant scale—is comparatively smaller (Chancellor 1995)
in spite of the fact that the latency period of the disease is small (Rivera and Ou 1965) and
is related to the fact that that, once infected, a rice plant may be considered indefinitely
infectious (Azzam and Chancellor 2002).

4. EPIRICE: a general modeling framework of rice disease epidemics
4.1.Plant disease epidemics as host sites progressing through successive
states
A disease epidemic may be seen as the succession of transitions leading individuals
belonging to a population of hosts across successive states: healthy, latent, infectious, or
removed (Zadoks 1971). Although the terms for these successive states may differ among
disciplinary areas (medical epidemiologists, for instance, often use ‘exposed’ instead of
‘latent’), the same series of states has been used to analyze epidemics in human beings,
animals, and plants (e.g., Diekmann and Heesterbeek 2001).
While in human and animal epidemiology, the focus is on whole individuals, plant
disease epidemiology considers different plant organs, depending on the considered
disease. This is because a lesion, in the epidemiological sense, may vary. The size of a lesion
may span from a restricted fraction of plant tissues (e.g., of a leaf ), to a whole organ (e.g., a
shoot or a tiller), to an entire plant. A primary reason for plant disease epidemiologists to
consider plant tissues in such a hierarchy is, therefore, the nature of the lesions the host
population consists of. Another reason is that the analysis of plant disease epidemics has
historically often been associated to the assessment of the damage caused by disease in a
crop stand. It is worth noting that this second reason has no methodological link with our
ability to model and understand epidemics. Even though the two phenomena are related,
the mechanisms underlying epidemics and loss differ.

4.2. A generic epidemiological model
For the purpose of this chapter, we chose a modeling structure that would enable us to
address any of five rice diseases: RBl, BSp, BB, ShB, and RT. Specifically, we want to model
with the same level of detail (and therefore, of simplification) the epidemics of these five
diseases with the following criteria (and thus with the corresponding constraints):
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•
•
•

•
•

develop as simple a model structure as possible (and therefore, accept
simplifying hypotheses for the sake of generalization);
incorporate the notions of healthy, latent, infectious, and removed sites
(and thus have quantitative measurements of the latent and infectious
periods);
take into account the spatial aggregation of disease (Waggoner and Rich
1981, Jeger 1983, Hughes and Madden 1992, McRoberts et al 1996) and,
therefore, parameterize aggregation and/or forward hypotheses on the
level of disease aggregation;
incorporate crop growth as a major determinant of the dynamics of epidemics (Berger 1977) and yet, represent crop growth, i.e., site population
growth, in the simplest possible manner;
incorporate the senescence of plant tissues, whether disease-induced or
physiological, as a major determinant of the decline of epidemics (Kranz
1976, Berger et al 1995) and therefore apply general, simplifying hypotheses
on the crop growth-epidemic linkage.

4.3. Model structure and hypotheses
The model chosen is based on the concepts developed by Van der Plank (1963) and their
translation to botanical epidemiology by Zadoks (1971). The structure is based on the
“epidemiological quintuplet” (Zadoks 1971, Zadoks and Schein 1979): the amount of initial
inoculum (x0), the infection efficiency of pathogen propagules (E), the amount of effective propagules produced by a lesion (N), the duration of the latency period (p), and the
duration of the infectious period (p). The system considered involves four state variables:
H, L, I, and P, respectively, representing the healthy, infected-latent, infected-infectious,
infected-removed, and post-infectious sites of the crop stand (ERD Table 1). The system
also involves a series of rates, including a rate of crop growth (RG), infection (RI), and senescence (RS).
We define C as the proportion of plant sites that are healthy, H, relative to the total
number of plant sites, healthy or diseased (D), in the (crop) system: C = H / (H+D).
A central element of the model is the rate of infection, RI, which is written as:
dL/dt = RI = Rc I Ca (Eq 1)
where the rate of infected-latent sites, L, is proportional to (i), the amount of infected-infectious sites I, (ii) to a power function of C, the proportion of plant sites that are healthy
relative to the total number of plant sites in the (crop) system, and (iii) to Rc, the basic
infection rate corrected for removals (Van der Plank 1963). The value of the exponent
parameter a is 1 when there is no aggregation of disease, i.e., when new infections occur
at random among the population of healthy sites, and is larger than 1 when the horizon
of infection (Van der Plank 1963) of the disease is such that propagules cannot access the
entire population of healthy sites, resulting into aggregation (Waggoner and Rich 1981).
The amount of tissues that are healthy, and thus available to infection, is at the center of
much epidemiological work. When a = 1, eq 1 is the model introduced in plant disease
epidemiology by Van der Plank (1963), with the strong assumption that all healthy sites (H)
are equally exposed to infection – that disease is randomly distributed in the population
of host sites – which is a simplification of reality (Campbell and Madden, 1990; Madden et
al, 2007). This hypothesis has proven to be acceptable in a number of specific cases. When
a > 1, equation 1 attempts to account for some heterogeneity in the spatial distribution
of disease in a very simplified manner. This has drawbacks, especially when one considers
that the aggregation parameter a (i) is a dimensionless parameter, which thus is difficult to
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relate to a specific process (Savary et al 1997), and (ii) may not be constant throughout the
course of an epidemic (Campbell and Madden 1990). The approach however has proven
to be suitable in some cases (Savary et al 1997 Allorent et al 2005).
We describe the growth in a very simple, logistic manner:
dH/dt = RG = RRG H [1 - (TS/Sx)] (Eq 2)
in considering that the rate of plant tissue growth, RG, is proportional to a relative rate of
growth, RRG, to the amount of healthy plant tissue (i.e., of sites) that is present, and to a
correction factor that depends on the total amount of sites produced at a given time, TS,
relative to the maximum amount of sites, Sx, that a crop stand can produce.
The rate of senescence is described as a simple feed-forward process, whereby the
amount of senesced sites, S increases over time proportionally to the amount of (healthy)
tissue produced, with a constant relative rate of senescence, RRS:
			

dS/dt = RS = RRS H (Eq 3)

Many diseases, in rice in particularly, are responsible for accelerated senescence of diseased tissues. This is particularly true for necrotrophic pathogens such as BSp (Klomp
1977) and ShB (Savary et al 1997), but also hemibiotrophic ones such as RBl (Bastiaans
1993). We express the fact that infected host units are encountering a faster senescence
process by the equation:
			dS/dt = RS = RP + RRS H
(Eq 4)
where RP is the rate of transition from the infectious to the post-infectious state of a
diseased site. This equation assumes that infected-latent (L) and infected-infectious (I) sites
are not affected by senescence and also that an additive process is involved in senescence, whereby disease-induced and age-induced senescence are simply added. The first
hypothesis is acceptable if one considers that (i) latency and infectiousness are transitory
stages only, (ii) senescence will take place at a later stage of a disease (and a crop) dynamics, and (iii) it will predominantly affect post-infectious sites that accumulate over time; it
also enables a much simpler modeling algorithm. The second hypothesis, while simplifying quite complex physiological interactions, is a way to capture the indirect effect of
disease on the senescence of healthy tissues. Underlying this equation is the assumption
that disease-induced senescence will equally affect healthy as well as diseased (post-infectious) sites, and this further supposes a random distribution of disease amongst the
population of host sites.

4.4. A diagrammatic overview of the generic model
ERD Figure 2 shows a diagrammatic overview of the modeling structure. As soon as
infected (RI), a healthy site becomes latent, then becomes infectious and later on, post-infectious. The model involves two residence time parameters, the latency period duration,
p, and the infectious period, i. Both parameters, p and I, are functions of many factors,
including the type of disease and the level of susceptibility of the host to the pathogen.
These latter two factors are considered as fixed in the course of a given epidemic. Several
other factors, which will vary in the course of an epidemic, can also have strong effects on
i and p: the age of the population of host sites (which may become more, or less, susceptible over time); the physiology of the host; and an array of environmental factors, including
temperature, humidity, or radiation. For the sake of simplicity and genericity, we consider i
and p fixed in the course of a disease epidemic.
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4.5. Epidemic threshold
In essence, the above structure has been developed and discussed by several authors
under a variety of forms (e.g., Teng 1985, Teng et al 1980, Savary et al 1990, Lannou 1994,
Segarra et al 2001). One of the main properties of this model structure is that it enables
defining a threshold for an epidemic to occur (Onstad 1992, Jeger and Van den Bosch
1994). This threshold is based on Rc, the basic infection rate corrected for removals (Van
der Plank 1963) and i, the infectious period, so that when: i Rc < 1, an epidemic cannot
develop.
Rc can be decomposed in two terms (Zadoks 1971): the amount N of efficient propagules produced per lesion per unit time (that is, the amount of propagules that actually
are coming into contact with a given host site, diseased or not, per unit time), and the
infection efficiency, E, of these propagules (that is, the fraction of effective propagules that
generate a new lesion):
				

Rc = N E (Eq 5)

The quantity i Rc represents the amount of effective propagules (Rc) produced by an
infectious site (I) during the infectious period i. If this quantity is smaller than 1, the population of infected sites (L, I, and R) will decline and the epidemic will stop.
Several approaches to estimate Rc have been offered in the literature (Van der Plank 1963,
Campbell and Madden 1990, Sun and Zeng 1993, Segarra et al 2001).
In the early stage of an epidemic:

			rl = [1/ (t2-t1)] ln(x2/x1) (Eq 6)
where x1 and x2 are diseased fractions at two successive dates, t1 and t2, and rl is the apparent rate of disease increase.
Rc can then be estimated from:

				

Rc = rl / { [exp(-rl p) – exp(-rl [p +i])] } (Eq 7)

where p and i are the durations of the latency and infectious periods, respectively.

5. Comparing the epidemiology of rice diseases
5.1. Some additional detail to the structure
In the simplified framework used here to analyze and compare epidemics of rice diseases,
only three driving variables of the physical and the biological environment are considered:
the daily moisture of the canopy, the daily mean temperature, and the age of the crop
stand.
Canopy moisture is an important factor in numerous plant diseases and there is
a wealth of information on the effects of physical factors on moisture formation and
duration in a rice canopy (Luo 1996). The translation of physical variables into the actual
moisture of the canopy is an area of its own (Huber and Gillespie 1992) in which we do not
wish to enter here. For the sake of simplicity, we applied a simple rule to represent canopy
moisture (Luo 1996, Savary et al 1991): when the maximum daily relative humidity is higher than 95%, some moisture is assumed to occur in the canopy.
Temperature is also a well-known and equally important factor of epidemiological
processes in many plant diseases. Temperature, in particular, affects the basic infection
rate corrected for removals, Rc, as well as the latent (p) and infectious (i) period durations.
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Here again, simplicity was sought: p and i were considered fixed in the course of a given
epidemic, and thus only Rc was made a function of temperature.
Plant age, too, can have very strong effects on epidemiological processes (including
Rc, i, and p). Again, only the effect of age on Rc is considered in the framework used here.
The effects of age, temperature, and wetness are reflected in the model by three
modifiers (Loomis and Adams 1983), respectively, RcA, RcT, and RcW. These modifiers are
parameters strictly bound between 0 and 1, which are multiplied to a reference, potential,
value of the basic infection rate corrected for removals, RcOpt, which is derived from published data (Rc = RcOpt; Eq 7). The running value of Rc is therefore modeled as the product
of the four terms:
			

Rc = RcOpt · RcA · RcT · RcW (Eq 8)

5.2. Parameterization of the model for the five diseases
Parameters and initialization values are listed in ERD Table 1, considering a homogeneous
system of 1 m2, and a reference crop growth duration, from crop establishment until harvest, of 120 days. Rice varieties do vary widely in their rate of development, and therefore,
in their crop cycle durations (e.g., ERD Figure 1). We felt that a duration of 120 days was
apt to capture processes that may occur in many, short- to long-duration rice varieties and
that this duration was also suitable to address epidemiological processes and the resulting
dynamics.
For both RBl and BSp, a maximum leaf area index of 3.5 was assumed. This was
used to derive the potential maximum number of sites (fractions of leaf area, in the case
of these two diseases) that could be infected in a canopy, based on the respective sizes
of lesions reported in the literature. In the case of BB, the site size is one individual leaf. A
maximum number of sites for BB was derived assuming a maximum number of four leaves
per tiller and 800 tillers per m2 (Yoshida 1981). The site size for ShB is considered a whole
tiller and a maximum population of sites of 800 per m2 was thus assumed (Yoshida 1981;
Willocquet et al 2000, 2004). In the case of RT, where the individual site is a plant, a total
population of site of 100 per m2 was assumed. Note that the modeling structure does not
make any hypothesis on the structure of the rice crop stand with respect to its establishment (i.e., whether transplanted or direct seeded). Also, while these maximum population
sizes are calculated in the case of RBl and BSp, only reference values are used for diseases
where the site is of a higher scale (i.e., leaves, sheaths, or plants, for BB, ShB, or RT, respectively).
The size of the host population sites is governed (ERD Figure 2) by two relative
rates: a relative rate of growth (RRG) and a relative rate of (physiological) senescence
(RRS). Values for these relative rates are indicated in ERD Table 1, which are derived from
the literature. Again, only reference values are used here, which refer to near-optimum
rice growth conditions (Yoshida 1981; Willocquet et al 2000, 2004). Both relative rates of
growth and senescence are set to 0 in the case of RT with the assumptions that (1) a crop
is being established at a set number of plants per m2 (i.e., there is no growth in the number of plants after crop establishment), and (2) plants, as a whole, do develop and mature
until harvest, but do not die from physiological senescence.
The values used for p and i (ERD Table 1) are very different from one disease to
another. For RBl and BSp, we use values that are not very different from one disease to another and have been reported in the literature. These values correspond (as for the other
diseases) to near-optimal conditions, including maximum host susceptibility. In the case
of BB, the value for p is derived from the literature too, whereas the value for i corresponds

8

Disease intensity
30
Leaf blast

Nakdong
Jingheung
Akibare

20
10
0
0
40

30

60

90

120

Brown spot

30
20
10
0

0

40

50

100

150

Bacterial blight

30
Nakdong
Jingheung
Akibare

20
10
0

0

100

25

50

75

100

25

50

75

100

25

50
Dace

75

100

Sheat blight

75
50
25
0

0

60

Tungro

40
20

0

0

ERD Fig 1. Shapes of progress curves derived from the literature
for five major rice diseases: leaf blast (Hwang et al 1987), brown
spot (Pannu et al 2005), bacterial blight (Adhikari et al 1999),
sheath blight (Willocquet et al 2000), and tungro (Chancellor 1995).
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ERD Fig 2. Overall structure of EPIRICE (see text for symbols).

to the survival duration of an infected, infectious, site (in the case of this disease, an entire
leaf ). The i value for BB, therefore, is much longer than for the first two diseases. Similarly,
in the case of ShB, the latency period is short, but the infectious period is prolonged to its
maximum possible duration. The underlying hypothesis is that an infected tiller remains
infectious throughout the epidemic and does not become post-infectious—destruction of tillers by ShB does occur (Savary et al 1997), but is not considered here. A same
approach is used for RT, with a short latency period, and a prolonged infectious period.
Again, at the plant level, an infected, infectious site remains so throughout the epidemic
and plant death from RT is ignored. For all five diseases, the values RcOpt were derived
using Eq 7 from published graphs and data showing rapid epidemics and from which rl
values were estimated.
The variation of the modifiers for age (RcA), temperature (RcT), and canopy wetness
(RcW) is derived from a range of sources (ERD Table 1). Each modifier is a response to
varying age, temperature, and canopy wetness, and takes values comprised between 0
and 1 accordingly. Each of these functions is not discussed in detail here, but very large
differences exist among diseases, of course. For instance there is a sharp contrast between
RBl, where RcA decreases strongly as crop ages (Torres 1986) and BSp (Padmanabhan and
Ganguli 1954), where it is the opposite. There also is a decrease in RcA with age in the case
of RT (Ling and Palomar, 1975).
Note that, in ERD Table 1, we kept the modeling as simple as possible and primarily
focused on potential epidemics. Therefore, while crop age is accounted for through variation in RcA over time, we kept both the temperature and wetness under optimal conditions for all diseases. Thus, while the framework used here has the potential of addressing
daily, detailed, variation of two climatic variables, we do expand discussion on this aspect
here.
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ERD Table 1. EPIRICE parameter values and references.
Disease
Site size
Maximum
site number

RRG
RRS

Date of
epidemic
onset

p
i

rl

Rc
RcA

RcT

RcW

a

Leaf blast
45 mm2 of a
leaf
30,000

Brown spot
10 mm2 of a leaf

Bacterial blight
1 leaf

Sheath blight
1 tiller

Tungro
1 plant

100,000

3,200

800

100

Pinnschmidt
et al (1995a)

Dasgupta and
Chattopadhyay
(1977)
0.1
0.01
Yoshida (1981),
Willocquet et al
(2000, 2004)

Willocquet et al
(2000, 2004)

Willocquet et al
(2000, 2004)

Azzam and
Chancellor (2002)

0.1
0.01
Yoshida (1981),
Willocquet et al
(2000, 2004)

0.2
0.005
Willocquet et al
(2000, 2004)

0
0
Chancellor (1995)

20 DACE

20 DACE

30 DACE

25 DACE

Pannu et al (2005)
6 days
19 days
Sarkar and Sen
Gupta (1977), Levy
and Cohen (1980)

Adhikari et al
(1999)
5 days
30 days
Nayak et al (1987),
I. Oña, pers.
comm.

0.19
Klomp (1977)

0.25
Adhikari (1991)

0.61
(Strong) increase
with plant age

0.87
Decrease with
plant age

Willocquet et al
(2000)
3 days
120 days
Castilla et al
(1996), N.P.
Castilla, pers.
comm.
0.23
Savary et al
(2001)
0.46
(Slight) increase
over age

Padmanabhan
and Ganguli
(1954)
Varies with
temperature
Sarkar and Sen
Gupta (1977)
1 if canopy wet, 0
otherwise

Baw and Mew
(1988)

Sharma et al
(1990)

Ling and Palomar
(1975)

Varies with
temperature
Horino et al (1992)

Varies with
temperature
Tu et al (1979)

1 if canopy wet, 0
otherwise

1 if canopy wet,
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6 days
120 days
Rivera and Ou
(1965)

0.10
Tiongco et al
(1993)
0.18
(Strong) decrease
with plant age

1

5.3. Simulated epidemics of the five diseases
The epidemics simulated with EPIRICE for the five rice diseases are shown in ERD Figure
3. They indicate that this modeling framework allows capturing the variation observed in
actual epidemic shapes (ERD Figure 1). The difference in epidemic onset, e.g., between
RBl (early onset) and Bsp (late onset) is well simulated. Differences in epidemic speed are
also well represented, from slow (BB) to very fast (RBl). The model allows simulating adequately epidemic decline in the case of BB and RBl.
Simulations allow the visualization of the dynamics of categories of sites which are
time-consuming (e.g., healthy sites), very difficult (removed sites), or impossible (e.g. latent
sites) to measure in the field. These dynamics provide, in turn, useful insight on the mechanisms underpinning epidemics and their impacts on crops. For example, the dynamics of
the number of healthy sites can often be used to estimate yield losses caused by diseases
(Teng 1987).

6. Examples of factors that affect plant disease epidemics
6.1. Partial resistance effects on epidemics: leaf blast
Partial resistance to disease may be seen as a series of relative resistance terms acting as
breaks in disease progress (Parlevliet and Zadoks 1977, Parlevliet 1979). These relative resistance terms, often commonly called “components of resistance,” can act at several stages
of the epidemiological process, and thus one may consider:
• a relative resistance for infection efficiency, which reduces E: rrE,
• a relative resistance for the latency period duration p (which increases the
duration of the latency period): rrp,
• a relative resistance for the infectious period duration i (which decreases
the duration of the infectious period): rri, and
• a relative resistance for effective propagule formation N (which reduces the
amount of propagules produced by n infectious lesion): rrN.
These relative resistances therefore correspond to all four elements of the epidemiological
quintuplet, except x0, the amount of initial inoculum. The relative resistance terms can be
operationally defined on the basis of measurements of disease characteristics on a susceptible host check (SC) and of a test variety, which carries some partial resistance (PR) and
expressed as (Zadoks 1972b):
rrE = 1 – (EPR / ESC); rrp = 1 – (pSC/pPR); rri = 1 – (iPR / iSC); and rrN = 1 – (NPR / NSC)
The effects of these relative resistances, that is, of partial resistance terms expressed in a
formal way, have been analyzed, discussed, and exemplified long ago (Zadoks 1972b) in
the case of leaf rust on wheat. The modeling structure enables us to address the same
relative resistance in the case of RBl.
Simulated outputs suggest that relative resistance for latent period and number of
effective propagules represent key components of resistance to target since they have the
largest effects in reducing epidemics (ERD Figure 4). Relative resistance to the number
of effective propagules can be achieved through the reduction of sporulation intensity or
through the reduction of infection efficiency. Relative resistance for the infectious period
has comparatively a smaller effect. These outputs illustrate how epidemiological knowledge on the monocycle of a plant disease can be up-scaled to epidemics as wholes and
provide guidelines for breeding programs aimed at improving quantitative resistance.
Here, we combined sporulation intensity and infection efficiency into one parameter (NE, effective propagules). Note that improvement in the EPIRICE might separate these
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ERD Fig. 3. Simulated outputs of five rice disease epidemics under near-optimal conditions.
Disease intensities (vertical axis) are expressed with different units:
•
blast and brown spot: fraction of leaf area diseased, i.e., incidence at the fraction of
leaf area scale;
•
bacterial blight: fraction of leaves diseased, i.e., incidence at the leaf scale;
•
sheath blight: fraction of tillers diseased, i.e., incidence at the tiller scale;
•
tungro: fraction of plants diseased, i.e., incidence at the plant scale.
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two elements, which may differ in outcomes. For instance, in the case of rusts, E (infection
efficiency) usually has a much stronger effect (e.g., Teng et al 1980, Savary et al 1990). In
other diseases, such as Septoria nodorum in wheat, propagule formation (sporulation, N),
which is included in NE, is more important in its effect on disease dynamics (Rapilly and
Jolivet 1976).
There appears to have been much debate in the respective contribution of the
different components of resistance (Bonman et al 1992, Roumen 1994), perhaps because
of lack of shared methodology in defining and comparing relative resistance parameters.
The infectious period has been suggested as one important factor to partial resistance
(Mukherjee and Nayak 1998). This is also in agreement with the outputs of ERD Figure
4. Indeed, propagule formation, and its relationship with the age of a lesion, has been
thoroughly analyzed in the case of leaf blast (as well as on the associated neck and collar
blast, Pinnschmidt et al., 1995b). The wide variation in i value with host and environmental
factors, and the ability of leaf blast to have an extended infectious period, which the latter
authors reported in a very detailed study, suggest that the infectious period, and the associated rri, correspond to an important component of partial resistance in blast, in a way
similar to that of Septoria nodorum blotch of wheat.

6.2. Inoculum aggregation effects on epidemics: sheath blight
In the case of ShB, disease transmission from an infected to a healthy tiller requires a physical contact. This explains the strongly aggregated spatial patterns in ShB epidemics (Savary et al 2001). Outputs from EPIRICE (ERD Figure 5) with different levels of aggregation
indicate that increased aggregation slows down epidemics and that this effect increases
as the epidemic develops. As a result, epidemics taper-off at lower levels when aggregation is higher. A similar effect of aggregation on ShB epidemics has been described when
using a specific simulation model with a different structure, but integrating aggregation in
the same way (Savary et al 1997).

6.3. Epidemic onset time effects on epidemics: tungro
Onset of epidemics can affect greatly their final levels, particularly when the host population becomes resistant over the course of its crop cycle. This phenomenon is reflected
in simulated epidemics of RT, with different epidemic onsets (ERD Figure 6). Simulated
outputs indicate that final disease intensity is decreased by about eight-fold when disease onset is increased from 15 to 45 days after crop establishment. Such effects have
been described in the case of tungro (Azzam and Chancellor 2002) and through a general
mechanistic simulation of virus epidemics (Madden et al 2000). As a consequence, delay in
disease onset can be considered an important entry point for management of RT epidemics, confirming several reports (e.g Azzam and Chancellor, 2002).

6.4. Challenges for future research
In this chapter, we focused on five rice diseases whose epidemiology have been relatively
well-studied. There are still many knowledge gaps in the understanding of rice diseases,
especially beyond these five. Some of these gaps represent major bottlenecks for progress
in disease management, especially for the screening of host plant resistance. Other gaps
hamper our vision of the future of rice diseases. These bottlenecks are summarized in ERD
Table 2.
Shifts in cropping systems and cropping practices, partly in response to globalization and its socioeconomic consequences, partly in response to climate change, will
have considerable effects on the epidemiology of rice diseases. Climate change alone will
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generate a number of such changes. Epidemiological knowledge of rice disease therefore
must be strengthened especially for diseases whose dynamics have been documented
but poorly understood, as well as for diseases for which our basic biological knowledge is
too poor.
Finally, although we have used EPIRICE as a modeling framework to illustrate the
synthesis of epidemiologic knowledge for understanding, analyzing, and predicting
behavior, models are by no means always essential to put epidemiologic knowledge to
practical use in disease management. Knowledge on specific aspects of the disease cycle
(components of epidemics) may often be used on their own to design appropriate management measures, and for as yet minor diseases, this may be the pragmatic approach to
use.
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