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Part III. Selected Management Practices (SMP) for 
Rice Diseases 
 

Section 1. Applications of epidemiological knowledge to rice disease 
management

S. Savary

1. Introduction
Savary et al (2012) review the principles for sustainable pest management in rice. More 
specifically, the purpose of this section is to address some principles underlying disease 
management in rice—not to cataloguing tools and applications. Rice diseases do not 
function in isolation. They are part of a system (Forrester 1961, Ferrari 1982, Teng 1985) 
where a number of elements interact in a dynamic fashion and where a pathogen, and 
the rice host plant and crop are only parts of a whole. Changes are underway and more 
are to come. These changes are so important that, in many countries, agriculture, and 
therefore plant pathology, will not operate within the same framework very soon (Zeigler 
and Savary 2009). These changes will also quickly reduce the agricultural land base for rice 
production, shrink agricultural water resources; diminish labor availability for agriculture 
as economic and social developments take place; and create energy shortages, rendering 
both mechanical operations and fertilizers (especially nitrogen) more costly. In this world 
of agricultural change, one must expect two series of consequences (Zadoks and Schein 
1979). 

First, we must anticipate that the “scene” of rice diseases in the future will not be the 
same as in the past. Some diseases that yesterday were considered extremely harmful may 
soon not be seen in the same way. Other diseases might become much more important 
because they might cause higher direct yield losses (harvested biomass) that were once 
smaller and less obvious. Disease-induced, preharvest losses attributed to grain quality 
should also be considered. In addition, some new diseases may emerge as threats to the 
productivity and/or sustainability of rice agroecosystems.

Second, today’s options to solve current problems might become ineffectual, 
irrelevant, or unavailable in the future. This is of special relevance in this section,

If in this section we had addressed each of the main rice diseases as we see them 
today, it might have rendered what we stated irrelevant in a few years, either because we 
chose to deal with the wrong disease targets or because the options we suggested would 
not be suitable for tomorrows’ agriculture. Therefore, we attempted to present a general 
framework of thoughts. This framework is in no way revolutionary but we hope it connects 
two notions that are closely linked to one another, but sometimes overlooked: integrated 
disease (pest) management (Zadoks and Schein 1979, Bentley et al 1995, McRoberts et al 
2001) and agricultural sustainability (Wilken 1981, Fresco and Kroonberg 1992, Dowling 
et al 1998), especially for rice-based systems (Teng 1994a, Greenland 1997, Dowling et al 
1998, Zeigler and Savary 2009). This framework and its limits are discussed. 

We also introduce what we believe is a novel way to look at rice disease 
management for the future. We believe the implications of what we know today of the 
epidemiology of individual rice diseases to current and future management requires 
a holistic approach. Therefore, we introduce “rice crop health” as a generic concept, its 
application and usefulness, and illustrate it with a recent application example.
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2. The disease tetrahedron
Zadoks and Schein (1979) first introduced the so called “disease tetrahedron.” This 
framework of thinking is an expansion of the classical disease triangle–a pathogen, a 
host, and the environment–which Van der Plank (1963) introduced. Zadoks and Schein’s 
addition is of considerable significance because it introduces humans as an integral part of 
the system (Ittersum and Rabbinge 1997), i.e., crops are manmade systems and, therefore, 
any property of the system derives from human action before or during a crop cycle, as 
well as across crop cycles and landscapes. The addition of a new element, humans, to the 
diagram enables us to look at disease and pathosystem (Robinson 1976) management.

Some additional 
explanations are useful here. In 
SMP Figure 1, the term “pest” 
includes, but is not limited to, 
plant pathogens. First, it may 
be applied–as it has been 
applied; see for rice-based 
agro-ecosystems (Teng 1994a, 
McRoberts et al 2001)–to any 
organism harmful to a crop, 
including insects, etc.rther, and 
focusing on plant pathogens, 
“Pest” also encompasses the 
genetic diversity of plant 

pathogens, their adaptability to the host and to the environment. “Crop”, in turn, includes 
the diversity of plants that are cultivated; these may be resistant or susceptible to the 
pathogen, and, in both cases, to varying degrees. However, “crop” also incorporates the 
physiological attributes of the host, its development stage, and its water and mineral 
nutritional status (that is to say, “crop” incorporates predisposition processes, e.g., 
Schoeneweiss 1975). It also incorporates other attributes, such as the crop morphology, 
geometry, and the size of the plant stand, which is considered. 

“Environment” incorporates elements of the meso- and the microclimate (as the 
latter evolves with crop growth). However, “environment” also incorporates the chemical 
and the biological environments as well (including pesticides; Zadoks and Schein 1979). 
“Environment” therefore incorporates natural enemies (biocontrol agents as well as 
growth-promoting factors and the large and varying diversity of organisms that constitute 
the rhizoflora and phylloflora of any growing crop. 

“Humans” is not restricted to farmers, even though farmers are key to systems 
functioning. This element also includes policymakers, farm advisers, farmer communities, 
retailers and distributors of agricultural inputs, and scientists. In general, therefore, 
“Humans” encompasses any stakeholder involved in decision making for disease 
management.

We use this tetrahedron structure in the following examples and briefly see how 
well it describes the way rice diseases are managed. In each example, the structure of 
SMP Figure 1 is used where some of the paths will be emphasized or de-emphasized. 
De-emphasis of some paths does not mean that the corresponding relationships are 
irrelevant or unimportant; it simply implies that these paths appear to be, currently, 
less important in achieving sustainable management. It also means that the these 
paths nevertheless are still part of an over-arching structure and, therefore, should not 
be overlooked in future research and applications for rice disease management as the 
contexts of agriculture evolve. Thus, the pest tetrahedron diagram is used as a guide to 
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this section with specific adaptation to the pathosystems. The appearance of the diagram 
will vary but we mean to summarize, not to be prescriptive. 

3. Application of disease tetrahedron to key rice diseases 

3.1. Bacterial blight (BB); see Part II, Section 2, Chapter 2 
BB is probably one of the best examples where host plant resistance (HPR) has been 
successfully used to control what was once a major rice disease (Ou 1985, Mew 1991) and 
still remains a major threat to the sustainability of rice agroecosystems (S. Savary and R. 
Hijmans, IRRI, unpublished). 

HPR research on BB 
started in the late 1970s with 
the identification of resistance 
gene donors. It was continued 
via inheritance studies, gene 
identification, and development 
of near-isogenic lines in the 
1990s (Mew and Vera Cruz 2001), 
in combination with pathogen 
population analysis (Leach 
et al 1992), understanding of 
pathogen genes underpinning 
aggressiveness (Bai et al 2000, 
Vera Cruz et al 2000), and the 
identification of markers of 
resistance genes. This led to 
the development and release 
of new resistant varieties in the 
2000s. This first example shows 
how basic research can translate 
into a better understanding of processes and lead to major, yet insufficiently recognized, 
impact for farmers. Were it not for the simulation modeling work, no one could have 
predicted that this research would later lead to yield gains of 5 to 15% across Asia (Zeigler 
and Savary 2009).

The pest tetrahedron can be adapted to BB as shown in SMP Figure 2, which 
emphasizes E (“Environment”), C (“crop”), and P (“pathogens”) and their interactions, i.e., 
the elements of the disease triangle of Van der Plank (1963) It does not emphasize H 
(“human”) even though a number of human actions could be listed that have been well 
documented to influence the management of this pathosystem. One of them is indicated 
is nitrogen fertilizer application. Human action effects on the behavior and management 
of the rice-bacterial blight system is particularly well documented. For instance, nitrogen 
fertilizer over-use favors BB epidemics (Reddy et al 1979a,b).

3.2. Blast (RBl); see Part II, Section 1, Chapter 2 
The underlying principles for RBl management were reviewed by Teng (1994b) in detail. 
He distinguished four types of management tools: knowledge, physical, communication, 
and policy, each having effects on initial inoculum (x

0
) and/or the apparent rate of 

epidemics (r). The knowledge tools primarily refer to humans in the tetrahedron. They 
include systems analysis and problem definition techniques, forecasting and decision 
aids or support systems, and cultural knowledge. The physical tools, as defined by 
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Teng (1994b), incorporate seeds with HPR to blast (crop), as well as components that 
change the chemical (fungicides) or biological (natural enemies) environment. The 
communication tools also refer to humans with the array of multimedia communication 
and learning technologies from low- to high-tech as well as farm demonstrations. The 
set policy tools also refer to human. They include regulations concerning fungicide and 
chemical use, varietal release and deployment policies and regulations, and quarantine 
and seed health principles and regulations.

The information 
synthesized by Teng et al (1991) 
and Teng (1994b) for blast 
management leads to a structure 
(SMP Figure 3) far more complex 
than for bacterial blight. Only 
examples can be given here. HPR 
is central to RBl management 
(Zeigler et al 1994). Variability 
of the pathogen (Zeigler et al 
1994, Leong et al 1994, Leung et 
al 2002) is another key element 
for management as it affects the 
efficiency of HPR deployment. 
Fungicide use, therefore, often 
represents one important 
element of disease control. The 
efficiency and relevance of its 
use strongly depends on the 

meso- and microclimatic environment as well as on varieties (Teng 1994b). 
Thus, SMP Figure 3 emphasizes all elements of the pest tetrahedron with a strong 

contribution of H on E (which includes the chemical environment altered by fungicide 
application) and of C (crop and plant physiology); of P with the diversity of the pathogen, 
and the influence of E (including the microclimate) and C (including, especially, HPR).

3.3. Rice tungro (RT); see Part II, Section 3, Chapter 1
Synchronous crop establishment has long been considered a key element for RT 
management (Loevinsohn 1984) because synchronous crop nonrice periods break 
the “green bridge” (Zadoks and Schein 1979). The main vector of both viruses, the 
green leafhopper (Nephotettix virescens) is monophagous, specialized in feeding on 
cultivated rice and a few related species. Also, the vector does not usually disperse over 
large distances, the half-distance being about 1 km, with a maximum range of 30 km 
(Azzam and Chancellor 2002). In addition, fallow periods break the polyetic transfer of 
inoculum from one infected crop to a nearby healthy one. The efficiency of synchronous 
versus asynchronous crop establishment in controlling RT is strongly supported by both 
simulations (Holt and Chancellor 1997) and field work (Chancellor et al 2006).

The physical climate can have important consequences on RT epidemics, especially 
where the disease is not endemic. The rainy season favors rapid vector population 
build-up and it enhances early emigration of vectors from field to field, favoring disease 
transmission (Chancellor et al 1996, Cooter et al 2000, Azzam and Chancellor 2002). Yet, 
the population size of the vector is a poorer predictor of disease risk than is the size of 
the viruliferous fraction of the total vector population (Savary et al 1993). Insecticide 
applications, once recommended for RT control, are now poorly grounded.
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Several options for RT 
management have been explored. 
Insecticide use, an option 
extensively used in the past, does 
not appear reliable, efficient, 
nor cost effective (Azzam and 
Chancellor 2002), in addition to 
the collateral risks and secondary 
costs it entails. Roguing diseased 
plants is effective only at low 
disease intensities and requires 
being both frequent and precise, 
rendering it an option which 
cannot easily be used. On the 
other hand, direct seeded crops 
appear less conducive to RT than 
transplanted ones (Azzam and 
Chancellor 2002).

HPR is a main option for RT management as concluded in a review by Azzam and 
Chancellor (2002). Two types of resistances are to be considered: to the main vector and 
to the viruses. The former has extensively been addressed, but has the classic drawback 
of insect populations adapting to current resistances (Dahal et al 1990). The latter is under 
active investigation. Progress may derive from a combination of both types of resistances 
(Shibata et al 2007).

While progress is being made in developing varieties with resistance to Tungro 
viruses (especially RTSV), the overall management of the disease is shown in SMP Figure 
4 with strong elements related to C (crop synchrony and the available resistances), P 
(removal of inoculum sources, including infected volunteer plants and presence in 
neighboring infected fields), and their necessary connection with human decisions. In this 
simplified diagram, we accept the underlying hypotheses associated with downplaying 
the role of the environment, whether physical (which is given where the disease is 
endemic) or chemical (including insecticide use).

3.4. Rice sheath blight (ShB); see Part II, Section 1, Chapter 3
ShB is a relative newcomer on the rice crop health scene (Ou and Bandong 1976, Ahn and 
Mew 1986, Mai et al 1993) as a “major disease of rice.” One reason for this shift in status is 
that losses to ShB increased as productivity in the fertile, irrigated, lowland “rice bowls” 
of Asia started to significantly increase after the Green Revolution (Teng 1994a). The 
increased importance of the disease involves a number of related factors, which can be 
simplified by the fact that ShB is favored by dense crop canopies that have high attainable 
(uninjured) yields. So, there is a conflict between aiming for high yield on one hand and 
avoiding serious ShB epidemics on the other.

Another reason for the shift to importance is that, for an extended period of time, 
no useful source of ShB resistance had been found against the necrotrophic, unspecialized 
pathogen, whose host range is extraordinarily wide (Ou 1985). This view has changed. 
Sources of resistance have been introgressed into the O. sativa genome through 
interspecific crosses and progress has been made to track putative genes for physiological 
resistance through breeding programs (e.g., Li et al 1995, Zou et al 2000). However, 
progress is still needed to characterize the respective true contributions of (physiological) 
resistance traits relative to morphological characteristics, quantify their specific effects and 
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interactions with the environment and crop management, and achieve the deployment of 
resistant varieties in major rice-producing areas.

ShB epidemics are governed by two key factors: the amount of contacts between 
healthy and diseased tissues and the occurrence of moisture in the canopy (Savary et 
al 1995). In the case of ShB, the concept of contact distribution, used by mathematical 
epidemiologists (e.g., Diekmann and Hesteerbeek 2000) and introduced to botanical 
epidemiology by Van den Bosch et al (1988), takes a physical and direct meaning. This is 
because the pathogen does not produce any propagules and must spread within the 
canopy by means of running hyphae. 

Detailed experimental work has demonstrated that nitrogen supply to the crop, 
which was long considered a direct cause for disease increase, was actually only an 
indirect cause of both increased plant tissue contacts and moisture, which are together 
required for infection and disease progress (Castilla et al 1996). Experimental work has 
also dismissed direct seeding, an often-mentioned cause for strong ShB epidemics, as a 
risk factor. On the contrary, direct seeding, when conducted at reasonable rates, tends 
in fact to reduce, not increase, the rate of disease increase. Direct seeding reduces the 
amount of contacts among tillers (Willocquet et al 2000a). As in the case of RT disease, 
epidemiological simulation modeling work (Savary et al 1997) provided a strong 
framework for hypothesis testing. In essence, modeling indicates that the initial spread 
of disease (the mobilization of inoculum to create primary infections) only contributes 
marginally to the terminal level of disease intensity. This is when compared with, first, 
the secondary spread of the disease among plant tissues (often referred to as “horizontal 
spread;’ Hashiba et al 1982) and, second, the level of disease aggregation (Savary et al 
1997). The latter is a reflection of both the geometry of the crop (and this necessarily 
involves the architecture of individual plants) and the ability of the pathogen to spread 
within this geometry.

Some options other than HPR have been explored for ShB management. These 
essentially target the reduction of secondary spread as predicted by epidemiological 
model outputs and their supporting experiments. One approach is biological control 
(Mew and Rosales 1986). A number of promising biocontrol agents (BCAs) were identified. 
However the several steps of the transition, involving (1) in vitro BCA identification, 
(2) laboratory testing, (3) field testing, (4) mass production, and (5) deployment, often 
encountered difficulties. This is probably related to uncontrolled elements of a necessarily 
complex biological system and to difficulties in the adoption of a such new management 
tool by farmers. 

Fungicide use is a second approach that targets secondary spread. This option is 
often overlooked in the developing world in spite of the fact that many rice farmers do 
indeed use fungicides, especially in Southeast Asia. Modern and very effective fungicides 
are available (Groth and Bond 2006) and appear to have very few of the drawbacks that 
many pesticides can have (Zadoks and Schein 1979). Modern decision theory approaches 
(e.g., Esker et al 2006) could be harnessed to deploy a management tool that many 
farmers already have adopted and to improve both safety and efficiency.  A third approach 
that also targets secondary ShB spread (as well as inoculum mobilization) is the use of 
silicon (Zhao and Jiang 1987, Rodrigues et al 2003). To our knowledge, only limited testing 
of silicon-based amendments has been done in Asia. Since it has shown promise in other 
parts of the world, further testing would be warranted. 

A fourth approach emphasizes the crop as the environment where ShB can 
spread. Simple components include proper weed management on levees where 
the pathogen can survive and invade the crop (Mew et al 1980) and rational fertilizer 
(especially nitrogen) inputs (Savary et al 1995, Slaton et al 2003, Tang et al 2007), which 
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will limit contact among plant 
tissues and reduce canopy 
wetness (Savary et al 1995). In 
that respect, and contrary to a 
common perceptions, direct 
seeding, if done at a reasonable 
seeding rate, has been shown 
to significantly suppress ShB 
epidemics (Willocquet et al 
2000a). 

SMP Figure 5 emphasizes 
the crop’s density, architecture, 
and nutritional status. The latter 
is directly related to the physical 
environment and mainly canopy 
wetness. The environment 
incorporates fungicide and 
silicon application. Both E and C 
are related to human decisions. Any relation with the pathogen is only suggested, given 
its nature, its pathogenicity, and its host range. At this stage, HPR is not incorporated in 
this simplified vision of the pathosystem. Epidemiological modeling of ShB epidemics 
(Savary et al 1997) may have an important role to play to develop HPR ideotypes (Tang 
et al 2007) where both physiological and passive morphology-related resistances would 
be incorporated. Novel approaches, involving key notions of spatial and temporal niches 
(Tan and Wang 2002) and the way they change as the crop grows and as genes express 
themselves as plant tissues develop, could play a very useful role.

3.5. Brown spot (BSp); see Part II, Section 1, Chapter 2
Even though a review of rice diseases never fails to mention BSp as one of the major 
diseases to consider (Zadoks 1974), it is very surprising to see what little we know about 
this “poor rice farmer’s disease” and its management in comparison with the previous 
examples. Yet, this fungal disease is associated with the dramatic Great Bengal Famine of 
1942 (Padmanabhan 1973). Although from a historical perspective, one should generally 
be very cautious in drawing simple cause-and-effect relationships between plant diseases 
and famines (Zadoks 2008).

BSp is classically associated with poor soils, water stress, or both (Ou 1985). In 
particular, a low K/N ratio in the crop nutrition has been documented by several authors as 
a very important predisposing factor (Ou 1985; Chakrabarti 2001). Silicon uptake has also 
been demonstrated to be an important element in reducing BSp intensity.

A direct entry point for management is thus an improvement, especially a more 
balanced fertilizer supply to the crop. Among the rice diseases considered in this section, 
predisposition (Schoeneweiss 1975) appears a critical element. Predisposition should 
not be seen only as one critical factor that determines BSp epidemics. It also should be 
seen in the context of where HPR will, or will not, be detected. Crop age is also a well 
documented feature that influences the course of BSp epidemics—the older the crop, 
the more sensitive it is to the disease (Chakrabarti 2001). BSp may be seen as an example 
of typical adult-plant susceptibility. Conversely, the disease itself has been associated with 
early senescence processes (Klomp 1977). Again, water stress, combined with aging plant 
tissues, generates a cascade of physiological processes that may well contribute to disease 
predisposition. 
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BSp belongs to a group of rice diseases whose importance has been debated—
whether the cause is actually a pathogen or a set of predisposition factors has brought 
about considerable confusion. However, large expanses of rice agroecosystems are 
established on very poor soils and face, at increasing frequencies, irregular rainfall 
patterns. Although there is no debate that the disease is infectious, there is debate on 
its importance. This debate has to consider crop losses caused by the disease and under 
which production situations.

For the reasons summarized above, and even though predisposition and genotype-
by-environment (GxE) interactions are pervasive elements in any pathosystem, BSp 
probably symbolizes best the difficulties phytopathologists and breeders face when 
confronting a major GxE interaction (e.g., Pinnschmidt and Hovmoller 2002). Breeding 
for BSp resistance has had to involve very careful characterization of environments and 
accurate phenotyping procedures. Nevertheless, partial resistance, governed by several 
QTLs, has long been detected in India and has been reported by teams in Japan and 
India (Prasad et al 1998, Goel et al 2006, Dudhare et al 2008, Sato et al 2008). These results 
indicate that breeding may become a strong element in managing BSp.

In SMP Figure 6, emphasis 
is given to the relations between 
the crop (its physiology, its 
age), the environment (rainfall 
patterns and soil fertility), and 
human interventions (fertilizer 
inputs, and, when possible, water 
supply). C may soon incorporate 
resistance genes for partial 
resistance to the disease.

There is a striking 
similarity between SMP Figures 
5 and 6, representing two 
very different pathosystems. 
The similarity stems from the 
same group of reasons, even 
if the underlying mechanisms 
are quite different. Both the 
ShB and BSp pathosystems 
represent very current challenges, 

particularly in the development of resistant varieties. Although so much progress has been 
accomplished in breeding techniques and molecular tools that can help make breeding 
more efficient, both pathosystems are posing challenges with respect to the development 
of suitable phenotyping methods. Yuen and Forbes (2009) address some of these 
challenges and summarize a suite of methods and concepts that should enable better 
links to disease levels and the possible underpinning of resistance traits. SMP Figure 6 
involves the pathogen because reports indicate its variability (e.g., Kamal et al 2007), which 
might interact with levels of predisposition and possibly partial resistance.

4. Revisiting the tetrahedron framework

4.1. Crop losses, yield losses, and yield gains: the yardsticks to progress
The ultimate goal of phytopathology and disease management, as fields of research and 
application, is to reduce crop losses caused by plant pathogens. Yet, the relationship 
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between disease management and epidemiology (both of them bringing about their 
elements of science and application) is often weak. Jeger (2004) points out that it may 
seem self-evident that improved understanding of epidemic processes will lead to 
more effective control practices but this remains a testable proposition rather than 
demonstrated reality.

The link between botanical epidemiology and disease management requires 
knowledge of the harmfulness, not of pathogens, but of epidemics as a whole. This 
has involved efforts from a large scientific community over the decades. This cannot 
be reviewed here so readers are referred to these references that summarize this effort:  
Chiarappa (1971, 1981), James (1974), James and Teng (1979), Madden (1983), Zadoks 
(1985), Teng (1987), Gaunt (1995), Oerke (2004), and Savary et al (2005). Even though solid 
bases to make progress have been established, a number of critical questions still remain 
pending. An outstanding issue is the management of crop health as a whole, not of 
individual diseases considered in isolation (McRoberts et al 2001, Savary et al 2005). 

The term ‘crop loss’ encompasses direct and indirect losses (Zadoks and Schein 
1979). Direct losses include primary losses in yield; quality; costs incurred by disease 
control; extra costs of harvesting, grading, and replanting; and opportunity costs (growing 
a less profitable crop). Direct losses also include secondary costs including contamination 
of seeds and soils, the weakening of perennials, and control costs. Indirect losses to 
diseases, on the other hand, occur at the farm, rural community, exporter and trader, 
consumer, governmental, and environmental scales. Most of the literature has focused on 
yield loss. Yield loss, the gap between attainable, undamaged yield and actual, disease-/
pest-reduced yield, is a measure of the ‘untaken harvest’ or what would have been 
harvested in the absence of disease epidemics. It provides a measure of what could be 
gained through better management. Crop loss assessment, in general, and yield loss, in 
particular, are yardsticks for future progress (Chiarappa 1971, 1981).

There have been many calls for attention to be given to generating suitable 
information on losses caused by diseases. However, the quantitative information 
that would enable a ranking of diseases by the crop losses they cause, i.e., their real 
importance, is surprisingly scarce. There are a number of reasons for this.

First, the information required is very expensive to acquire and implies difficult 
fieldwork by trained observers. 

Second, generated information needs periodic updating because functioning 
complex systems and their outputs (yield and yield quality, especially) are bound to vary 
dynamically. In particular, it has been demonstrated in rice, as well as in other tropical 
and temperate crops, that these outputs vary depending on the attainable yield, thus on 
changing production situations (Savary et al 2005). 

Third, the relationships among epidemics—the injury they induce, the losses 
they may generate, and the economic losses they may cause—are not linear. One has 
to consider damage functions (the relationships between injuries and crop losses) and 
loss functions (the relationships between crop losses and economic losses; Zadoks 1985). 
From one disease to another, damage functions will vary. They also depend on production 
situations (and the corresponding attainable yields) and on the occurrence of other 
injuries. 

Fourth, the performance-reducing effects of diseases (and pests in general) are less 
than additive. This was demonstrated long ago (Padwick 1956, Pinstrup-Andersen 1976). 
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4.2. Epidemics: their relation to yield losses and the gain potential from 
disease management
The International Rice Research Institute and its partners have been following a range of 
approaches to characterize the importance of rice diseases:
• Surveys have been conducted on hundreds of farmers’ fields across Asia, emphasizing 

the lowlands where the bulk of the rice production takes place.  The aim is to 
characterize levels of disease (and other pest) injuries and agronomic attributes of 
individual fields (Savary et al 2000a);

• Experiments have been conducted in which a range of some 15 diseases and other 
rice yield-reducers, alone or combined, have been artificially introduced in microfields 
at different levels of attainable yield. This has resulted in a yield loss database of several 
hundred injuries x attainable yield combinations (Savary et al 2000b).

• A simulation model, RICEPEST (Willocquet et al 2000b), has been developed in which 
the main injury mechanisms of rice diseases (and pests) have been incorporated into 
a very simple crop growth model. RICEPEST has been validated in China, India, and 
the Philippines in a series of linked parameterization and evaluation experiments 
(Willocquet et al 2004).

These approaches have led to a series of conclusions:
• Damage functions vary, depending on (1) diseases, (2) attainable yield (thus, on 

production situation), and (3) occurrence of other injuries.
• Across tropical and subtropical Asia on several hundred farmers’ fields, the extreme 

diversity of cropping systems, crop management, and crop health status, has been 
captured by only a few production situations and a few crop health syndromes. 
Production situations and crop health syndromes are not site-specific; to the contrary, 
most are shared by sites that can be geographically very far apart.

• A strong association between production situations and crop health syndromes has 
been demonstrated (Savary et al 2011). Bayesian methods have been used to predict 
crop health syndromes from production situations;

• There are strong interactions among diseases in their yield-reducing effects. Overall, 
these interactions lead to a less-than-additive effect of accumulated injuries on the 
resulting yield losses.

• Two approaches, simulation modeling and multivariate statistical prediction, yielded 
similar outcomes on the yield-reducing effect of diseases, alone or combined, in a 
range of characterized production situations, on yield losses.

The above summary addresses only direct, quantitative, and biomass losses. It may 
very well be that major efforts, similar to those deployed in the USA and Europe to address 
fusarium head blight in wheat (Paul et al 2010), might be required to control emerging, 
quality-affecting rice diseases, such as brown spot and false smut. 

4.3. The role of ‘humans’
The tetrahedron graphic (SMP Figure 1) puts “humans” in the top corner for a number of 
reasons. Zadoks and Schein (1979) designed the original diagram to indicate that human 
actions must be considered if plant disease management, as part of an IPM approach 
is to be understood, improved, and lead to better results. Jeger (2000) noted that the 
recognition of a bottleneck in IPM is very much dependent on different perceptions 
from politicians, industrialists, scientists, and farmers. In rice, perceptions are critical. 
Wherever rice is part of the cultural and historical fabric, the ways crop health problems 
are perceived may vary widely and perceptions may lead to seemingly illogical decisions 
(Savary 1994). 
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Teng (1990) developed a checklist for the introduction of new technologies for 
plant protection in rice (SMP Box 1). It captures the many facets that success, or failure, in 
disease management entails (Teng 1994a). Although developed for rice, it presumably has 
a general value (Heong 1985, Heong et al 1992, Kogan 1998, McRoberts et al 2001). It also 
explains why, in the above five examples of rice diseases, various degrees of success were 
realized in their management (see SMP Table 1).

SMP Box 1. Checklist for introducing new technologies for plant protection in 
rice. Source: Teng (1990).

1. Is a complete package of new technology available that has been tested under a 
wide range of local conditions?

2. Under normal growing conditions, will this technology guarantee a meaningful 
increase in production levels?

3. Can this new technology be readily adopted and economically utilized by small 
farmers?

4. Are the supporting inputs (such as new seeds) readily available for this new 
technology in the quantities needed?

5. Is there an adequate number of trained and experienced field technicians to carry 
this technology to the farmers?

6. If this staff is not available, do the facilities and personnel exist to adequately train 
people for this job?

7. If an extension staff does exist, does it have the necessary mobility to reach large 
numbers of farmers?

8. Is strong government support available at all levels for the successful conduct of 
such a broad program?

9. Do the necessary communications or media channels exist to adequately reach 
the nation’s farmers?

10. Does the expertise exist to successfully promote these programs and motivate 
farmers to accept the new technology?

11. Do enough credit sources exist to support such a massive infusion of credit to 
small farmers without collateral?

12. Are there rural, village, tribal, religious, or community organizations that could 
serve as a joint-liability group?

13. Can private sector support be organized to provide the necessary supply of 
fertilizer, pesticides, herbicides, and other production increasing inputs that would 
be required?

14. Do adequate marketing facilities exist that can readily absorb the proposed 
production increases at prices that will assure adequate returns to the farmers?
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Yield loss (1) Yield gain (2) Management 
efficiency (3) Absolute (4) % (4) Absolute (4) % (4)

CHS (5) 1.4 - 2.3 25 - 43 1.2 - 5.7 16 - 69 0.4 - 0.7

BB(6) 0 - 0.03 0 - 0.6 0 - 0.9 0 - 17 0.9 - 1

ShB 0.3 - 0.7 5 - 10 0 - 2.4 0 - 29 0 - 0.8

BSp 0 - 0.5 0 - 10 0 0 0

RBl 0 - 0.1 0 - 1.7 0 - 3.5 0 - 65 0.9 - 1

NBl 0 - 0.1 0 - 2.1 0 - 2.1 0 - 40 0.9 - 1

SHR 0.1 - 0.4 1.3 - 7.3 0 0 0

BPH 0 - 0.01 0 - 0.3 0.1 - 0.3 0.8 - 5.3 0.9 - 1

DEF 0.01 - 0.05 0.2 - 0.9 0 - 0.1 0.1 - 0.9 0.3 - 0.6

DH 0.02 - 0.05 0.3 - 1.0 0.02 - 0.12 0.3 - 2.3 0.5 - 0.8

WH 0.1 - 0.3 1.9 - 5.8 0.1 - 0.7 1.9 - 13.2 0.5 - 0.7

Weeds 0.7 - 1.2 12 - 22 0.5 - 3.1 9 - 51 0.4 - 0.8

(1) Yield losses expressed in absolute terms (t.ha-1) or in percentage of the attainable (un-injured) rice yield. Estimates are 
derived from simulations with RICEPEST.

(2) Yield gain assuming the deployment of available management tools against individual yield-reducer (diseases, insects, 
weeds) or of entire crop health syndromes (CHS). Estimates are derived from simulations with RICEPEST.

(3) Efficiency of management derived from current management tools, relative to complete elimination of losses. Two 
figures are given, indicating the upper and lower bounds of the range of values across production situations.

(4) Yield losses and yield gains in absolute terms (t/ha) or in percentage of the attainable (uninjured) rice yield. Two figures 
are given, indicating the upper and lower bounds of the range of values across production situations.

(5) CHS: crop health syndromes.
(6) BB: bacterial blight; ShB: sheath blight; BSp: brown spot; RBl: rice blast; NBl: neck blast; ShR: sheath rot; BPH: brown 

planthoppers; DEF: defoliating insects; DH: dead hearts (stem borers); WH: whiteheads (stem borers).

SMP Table 1. Yield losses caused by some major rice diseases, weeds, and insect pests, 
and by syndromes of crop health.

5. Challenges for future research and impact 

5.1. Durable resistance
Durable HPR is central to the management of many rice diseases. Conventional 
approaches to analyzing the durability of resistance have focused on the dynamics of 
the frequency of virulence genes (Johnson 1984, Parlevliet 2002), leading to a definition 
of durability involving the time from introduction of a resistance and the time when the 
frequency of the virulent pathogen exceeds a preset threshold. This view of durability is 
restrictive in the sense that it does not account for the ultimate use of HPR, which is to 
reduce crop losses and increase yield. Van den Bosch and Gilligan (2003) proposed and 
modeled three different definitions for durable resistance. The first considers T

invasion
, the 

expected time until invasion, assuming that the virulent pathogen is absent from the 
pathogen population. The second considers T

take-over
, the expected time until the virulent 

genotype takes over the pathogen population. The third considers T
additional

, the additional 
number of days when uninfected host plants grow because of resistance, which will 
translate to increased yield. The three definitions correspond to a series of equations (Van 
den Bosch and Gilligan 2003), involving Hs and Hr, the densities of susceptible (s) and 
resistant (r) hosts, respectively and the densities of avirulent (A) and virulent pathogens 
(V). Hs and Hr will increase with plantings and decrease with harvesting and infection. 
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A and V will increase with infection and immigration and will decrease with genotype 
displacement and death (of infected plant tissues):

dHs(t)/dt = (planting)s – (harvest)s – (Vinfection)s – (Ainfection)s
dHr(t)/dt = (planting)r – (harvesting)r – (Vinfection)r 
dA(t)/dt = (infectious Hs)A – (death)A + (immigration)A
dV(t)/dt = (infectious Hs)V – (infectious Hr)V – (death)V + (immigration)V
This modeling is meant to be generic and therefore lacks spatial dimensionalities. 

It only focuses on gene-for-gene host-pathogen interactions and it does not explicitly 
address yield build-up and loss. Yet, it opens interesting and important lines of thought, 
compared to the classic approach, materialized by T

take-over
, which one may see as a 

reference. First, T
invasion

 concerns the risk of new pathogen genotypes (or new pathogens) 
invading agroecosystems, i.e., new, emerging diseases, in relation to durable resistances 
that should be deployed for their control. Second, T

additional
 concerns the practical 

consequences of durable resistance being deployed in terms of yield benefits, not disease 
suppression.

5.2. Emerging diseases
The term ‘emerging’ is somewhat confusing as it may refer to a disease that already exists, 
but whose status changes. It may also refer to a disease whose frequency increases 
exceptionally rapidly. BSp may be seen as a good representative of the first category. In 
many ways, false smut may be seen as a suitable representative of the second category 
although the ubiquity of the disease is real (Ou 1985). 

There is consistent, regular, if not published, report of BSp becoming more frequent, 
with more severe epidemics occurring where it formerly was considered a marginal 
problem. This is a case, in particular, wherever water shortage occurs, although brown 
spot epidemics are associated with many interacting factors, as was discussed earlier. The 
following section provides additional elements regarding the possible status of BSp in the 
future. BSp is a very serious concern, as the disease not only induces important yield losses 
(Savary et al 2000b), but also seriously affects grain quality.

Information pertaining to false smut (FSm) is poorer. Recent analyses (Reddy et al 
2011), however indicate a significant link between FSm epidemics and the deployment 
of hybrids in India over a population of 129 districts: the contingency table between 
districts where hybrids have been introduced at a rate higher than 10% versus districts 
where hybrids have not, against three levels of disease (not observed, lower than 10%, 
above 10%) yields a chi-square value of: χ2 = 8.05 (df = 3; P = 0.037). Biological research is 
necessary to document the process that might be leading to this association.

5.3. New disease syndromes
Regular monitoring of crop health across production situations and the corresponding 
experimental work to assess crop loses will remain the only mechanism to truly assess the 
distribution and importance of rice diseases. Nevertheless, new modeling approaches may 
help produce quantitative estimates of the likelihood of the emergence and composition 
of new crop health syndromes. Surveys in farmers’ fields in the lowlands of tropical and 
subtropical Asia during 1985-95 outlined three major health syndromes: 
• S1, dominated (with respect to diseases only) by sheath blight; 
• S2, dominated by brown spot and bacterial blight; and 
• S3, dominated by sheath rot, brown spot, rice blast, and neck blast (Savary et al 2000a). 

 Bayesian methods are now enable to produce statistical projections based on 
available data on the status of overall crop health as production situations evolve. Recent 
work (Savary et al 2011) has been conducted where production situations have been 
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addressed as the combinations of four major drivers of agricultural change: (1) crop 
establishment method (reflecting the availability of labor), (2) water supply, (3) mineral 
fertilizer input (one important energy component of agricultural systems), and (4) fallow 
period duration (which accounts for the availability of both land and time). These analyses 
lead to a series of conclusions:
• The likelihood of a given disease syndrome occurring is much higher when using 

predictors, which consist of production situations as a whole, rather than the above 
individual components of production situations;

• Conversely, the likelihood of a given disease occurring is increased when using 
production situations as predictors rather than the individual components of 
production situations;

The variation in these four components of production situations are predicted to 
lead to changes in the resulting health syndromes.  For example, shift from transplanting 
to direct seeding leads to an increase in S2; increasing water shortage or decreasing 
mineral fertilizer inputs leads to an increase in S3  and reduced fallow periods increase S2.

 Another challenge is validating such projections using field data that do not 
only address individual diseases, but also crop health syndromes in their corresponding 
production situations.
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