
1204 Plant Disease / Vol. 95 No. 10 

Serge Savary, Andrew Nelson, Adam H. Sparks,  
and Laetitia Willocquet 

International Rice Research Institute (IRRI),  
Los Baños, Philippines 

Etienne Duveiller and George Mahuku 
The International Maize and Wheat Improvement Center 

(CIMMYT), Mexico D.F., Mexico 

Greg Forbes 
International Potato Center (CIP), Lima, Peru 

Karen A. Garrett 
Kansas State University, Manhattan, KS, USA 

David Hodson 
FAO, AGP Division, Viale Terme di Caracalla, Rome, Italy 

Jon Padgham 
System for Analysis, Research and Training (START), 

Washington DC, USA 

Suresh Pande and Mamta Sharma 
International Crops Research Institute  

for the Semi-Arid Tropics (ICRISAT), Patancheru, India 

Jonathan Yuen and Annika Djurle 
Swedish University of Agricultural Sciences,  

Uppsala, Sweden 

Problem Identification 
Climate change (48) has a number of observed, anticipated, or 

possible consequences on crop health worldwide, as a series of 
reviews have discussed (3,10,17,20,21,35,60), especially recently 
(18,29,30,36,38,54,65,68,88,100,118,129). Global change, on the 
other hand, incorporates a number of drivers of change 
(72,83,141), including global population increase, natural resource 
evolution, and supply–demand shifts in markets, from local to 
global. Global and climate changes interact (Fig. 1) in their effects 
on global ecosystems (72). 

Identifying and quantifying the impacts of global and climate 
changes (123) on plant diseases is complex (20,118). A number of 
nonlinear relationships, such as the injury (epidemic)–damage 
(crop loss; 153) relationship, are superimposed on the interplay 
among the three summits of the disease triangle (host, pathogen, 
environment; 139). These relationships depend on (i) production 
situations (sensu Rabbinge and De Wit [103]—the ecological, so-
cial, and economic context where agriculture takes place), (ii) 
pathosystems, and (iii) the occurrence of other injuries to plants. 
Work on a range of pathosystems involving rice, peanut, wheat, 
and coffee has shown the direct linkage (Fig. 1A) and feedback 
between production situations and crop health (110). Global and 
climate changes influence the effects of system components on 
crop health (Fig. 1B). For instance, shifts in production situations 
(107) may accelerate, leading to a new crop health status; or the 
range of management options may decline because of changes in 
production situations; or again, adaptations to changes may gener-
ate new disease threats (because of, e.g., the introduction of novel 
crops). The combined effects of global and climate changes on 

diseases, therefore, vary from one pathosystem to another within 
the tetrahedron framework (humans, pathogens, crops, environ-
ment; 156) where human beings, from individual farmers to con-
sumers to entire societies, interact with hosts, pathogens, and the 
environment. Figure 1 proposes a very simplified (16: Fig. 26.7, p. 
770) view of a complex, networked (92) system, with an emphasis 
on man-made agricultural systems. Figure 1 attempts to distinguish 
the effects of global change from those of climate change, which 
we refer to as “indirect” and “direct”, respectively, bearing in mind 
that both climate and global changes refer to sets of drivers that are 
not independent. 

This article highlights international phytopathological research 
addressing the effects of global and climate changes on plant dis-
eases in a range of crops and pathosystems. We first propose a 
typology of pathosystems that may help assess the importance of 
diseases in relation with the structure of Figure 1, and may help 
prioritize options for management. Challenges to address plant 
diseases under global and climate changes in the developing world 
are then briefly addressed. Third, a series of current research ap-
proaches are briefly presented. Fourth, outcomes of these methods 
on a range pathosystems are highlighted. Fifth, we propose an 
outlook of approaches and priorities to address the management of 
crop health in a changing developing world. 

The following framework and the set of examples in this article 
indicate how progress is taking place, with several entry points of 
developing strategies that incorporate a number of different op-
tions, and how the harnessing of new methodologies will help bet-
ter identify priorities, target research products, and enhance tech-
nology diffusion. 

A Broad Typology of Plant Diseases  
and of Approaches to Manage Them 

Drawing from the medical literature (64), we propose to con-
sider plant diseases in three broad categories—chronic, acute, and 
emerging (Fig. 2)—using these terms in a way similar to public 
health medicine. We define the terms as: 
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(i) chronic, a disease that occurs on a systematic basis over large 
areas, causing regular attrition in system performances, including 
reductions in crop yield; 

(ii) acute, a disease that occurs irregularly, both temporally and 
spatially, and which, when occurring, may cause massive disrup-
tions in system performances; and 

(iii) emerging, a disease whose range is expanding to new areas. 
Such a categorization is by no means intended to be prescriptive, 

i.e., a disease may belong to more than one of these categories, 
sometimes because of the very changes we witness today. Figure 2, 
for instance, shows that diseases can overlap among categories. 

This categorization connects with the assessment framework for 
complexities developed by Garrett et al. (36), and may help prob-
lem identification and the development of solutions. One may pro-
pose that: 

(i) the level of biological interactions is similarly variable across 
the three groups of diseases; 

(ii) chronic diseases are less responsive to climate variables 
across their range; 

(iii) diseases within each of the three groups are similarly vari-
able in their responsiveness to climate change; 

(iv) chronic diseases are often less variable in their spatial varia-
tion, whereas acute and emerging diseases show increasing levels 
of variability; 

(v) chronic diseases are often associated with strong feedback 
with crop and disease management; 

(vi) there is an increasing discrepancy between epidemic and man-
agement networks from chronic to acute, and to emerging diseases; 

(vii) the three types of diseases may have similarly variable ef-
fects on ecosystem services; and 

(viii) the three types of diseases may have equally variable con-
sequences on climate change. 

Again, the above eight assumptions should not be seen as pre-
scriptive, chiefly because one disease may belong to more than one 
of the three groups (chronic, acute, or emerging). A series of patho-
systems is considered in turn in this article to gauge these hypothe-
ses and to show that generalizations can be dangerous. Yet the link-
age between Figures 1 and 2 may provide useful insights for 
comparison. 

Chronic diseases call for lasting solutions. While this applies to 
any disease, chronic diseases have to be managed every season. 
Chronic diseases further pose the challenge of often being persis-
tent constraints in production situations where other yield-reducing 
and yield-limiting factors often occur. In this context, “lasting solu-
tions” refer to control options that account for both a multiple-con-
straint environment and a limited range of control choices. Solu-
tions for chronic diseases do not need to provide complete disease 
control, but rather lead to (i) limited crop losses, (ii) production of 
stable results that farmers can trust, thus enhancing technology 
adoption, and (iii) prevention of the occurrence of quality losses, 
including toxin accumulation, a recurrent public health issue (68) 
that hampers income generation for poor farmers. By contrast, 
acute diseases require much higher levels of control. These levels 
often should not be maintained for extensive periods, however. 
This is because (i) pathogens may adapt to the selection pressure 
created by these management options, which (ii) in turn may lead 
to negative externalities or hidden costs, such as pesticide mis- or 
over-use (138) or the use of less-preferred varieties by farmers 
under normal conditions. Emerging diseases represent the greatest 
difficulty. By definition, they lead to risk uncertainty over time and 

 

Fig. 1. A simplified representation of the effects of global and climate change on plant diseases. A Shows relationships between production situations and crop health (110), 
as demonstrated in a number of (multiple) pathosystems of rice in tropical Asia, peanut in West Africa, wheat in Western Europe, and coffee in Central America. B Illustrates 
in a simplified manner how the Production situation - Crop health association is affected, directly or indirectly, by the interacting global change and climate change (derived 
from 16). 
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space; and this very uncertainty, and the fear it generates, often 
lead to considering such problems as priorities. 

An overview of international agricultural research suggests that 
the bulk of the efforts have been devoted to acute diseases (includ-
ing bacterial blight and blast in rice, dry root rot in chickpea, and 
late blight in potato) and, in a more erratic manner, to emerging 
diseases such as stem rust of wheat, wheat blast, and Phytophthora 
blight of pigeonpea. By and large, it would seem that chronic dis-

eases, such as brown spot in rice, wheat spot blotch, and maize ear-
rot, have not received the level of attention they deserve (Fig. 2). 
One element to explain the emphasis given to acute diseases is that 
the key control option targeted by international research programs 
has often been to breed for complete resistance with major genes: 
this is because breeding for such types of resistance on huge num-
bers of entries was possible. Recently, paradigm shifts have taken 
place. For instance, CIP has implemented research toward durable 

 

                                     Fig. 2. Schematic categorization of some important diseases in the developing world on various key crops. 
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resistance to late blight based on partial resistance and careful 
genotype by environment (G × E) analysis (151). CIMMYT em-
ploys a similar multiple, minor genes–based adult-plant resistance 
approach for wheat rusts (119). 

Challenges 
Key challenges we wish to underscore are: 
(i) Crop losses (yield and quality) caused by diseases amount to 

a double penalty: the “untaken harvest” (80), and the waste of re-
sources invested in crops (inputs, labor, land, seeds, water, and 
non-renewable energy). The latter component of the penalty is not 
borne by farmers only, but also by communities, societies, and 
entire economies. Obviously, the less-developed world is more 
vulnerable to these two components. 

(ii) The lag between research onset and product deployment by 
farmers is commonly 30 to 40 years (2,6,89,90). This stresses the 
need for forward-looking approaches enabling prioritization and 
problem-definition (58) frameworks to guide research. 

(iii) Because of nonlinear relationships (39,51,52) and interac-
tions (and thus emerging properties of pathosystems; 24,137) 
among the four elements of the disease tetrahedron, combined 
effects of climate and global changes on disease may have unex-
pected consequences. One analogy here is useful: climate change 
alone predicts global water demands that are quite different from 
those associated with climate change and human population 
growth combined (142). 

So far, most plant pathologists addressing climate change effects 
on plant disease have focused on the direct effects of climate vari-
ability on single diseases (e.g., disease cycles, Fig. 1B). However, 
indirect effects triggered by climate and global changes, via shifts 
in cropping practices and their socio-economic contexts (Fig. 1B), 
are important, much more rapid (i.e., have relaxation times much 
smaller) than climate change–induced variation, and may become 
increasingly so in their effects on plant diseases. 

Approaches 
Simulation modeling. Simulation models are powerful tools to 

answer questions of the “what if…?” type (155) by assessing a 
system’s responses to variation in its parameters or its driving 
functions (23). Thus, simulation modeling is an effective approach 
for addressing the impact of global and climate changes on crop 
diseases. Because they are process-based, simulation models can 
improve our quantitative understanding of the dynamics of epidem-
ics or yield loss buildup. They are also useful for the formulation 
of strategies, management decisions, research priorities, and the 
analysis of future scenarios. Simulation models often mobilize 
detailed biological understanding and quantification of the proc-
esses involved, including the effects of weather (102). They are 
therefore suitable for studies of climate change effects on plant 
diseases. 

Many weather-driven epidemiological models have been devel-
oped and used to predict plant disease epidemics under variable 
climatic conditions (26,108). In many cases, daily or hourly 
weather data (25) are used as model inputs to match the time step 
of the processes simulated (e.g., infection). Such high-resolution 
weather data are not, however, generated for climate change sce-
narios by current climatic models. Two approaches have so far 
been implemented to address this issue: (i) interpolation of weather 
data (150), and (ii) generation of high-resolution weather data from 
low-resolution weather data using stochastic weather generators 
(43,66). A third promising approach involves the development of 
metamodels (125,126). 

Agrophysiological models simulating the physiological effects 
of disease injuries on crop and yield have also been developed for 
many crops (110,133), and this quantitative knowledge can be used 
to model yield losses under climate and global changes. Since a 
crop in general is exposed to several diseases, which often interact 
in their yield-reducing effects, multiple disease models can be used 
to predict the relative importance of diseases during a crop cycle, 
as well as the efficiencies of different crop health management 

strategies under future scenarios. Such validated models exist for 
two key crops on a global scale, wheat and rice (98,146–148). 

Addressing both plant disease epidemics and their impact on 
crop losses can be achieved by coupling dynamic simulation mod-
els of epidemics with crop models (59,102). Such an approach has 
been advocated to analyze the effects of climate and global 
changes (133). The implementation of such models, however, re-
quires (i) the availability of generic, simple models that can be 
modified for diverse production situations for use at a global scale, 
and (ii) coordination and standardization of collection of input 
data. Generic modeling platforms from collaborative international 
research, such as IBSNAT (8) and CROPSYST (127), can be 
considered as starting points. However, model simplification and 
testing (93) will be required to address large-scale future scenarios. 
In order to incorporate the human element of the disease tetrahe-
dron (156), such as farmers’ attitudes to risk in decision making 
(152), simulation modeling should preferably go beyond climate 
effects on crops and diseases. Modeling the disease effects of vary-
ing production situation components (109) in response to global 
change elements such as fallow period duration, fertilizer input, 
crop rotation, or water stress has not been addressed adequately, 
and should be emphasized in future research. 

The relevance of simulation modeling has been questioned for 
not translating results into direct, field-based applications (11,143). 
The purpose of the approach we refer to here is strategic rather 
than tactical (153), and has shown progress in Europe and at CIP 
(40). New progress is underway where simulation models can be-
come effective tools for technology targeting. 

Ecological niche modeling. We need to anticipate invasion risks 
from both exotic and indigenous pests (61,129). Ecological niche 
models, or species distribution models, are powerful tools to pre-
dict future disease epidemics, and provide support for developing 
strategies against new threats. 

Ecological niche models are defined here as correlative models 
that predict a species’ potential geographical range based on two 
types of georeferenced data, biological data describing the species’ 
known distribution (presence and absence) and environmental data 
that describe the landscape conditions where the species is found 
(33,94,140). A broad range of algorithms are used in these models. 
Because of their reliance on environmental data, e.g., climatic or 
weather data, these models are well suited to studies of the effects 
of climate change on plant disease, and exotic pest introductions. 

The ability of ecological niche models to use limited data such 
as species presence and generic environmental data makes them 
complementary to simulation models. In many cases correlative 
approaches can provide a reasonable indication of high-risk areas 
for prioritization. 

One may distinguish different classes of ecological niche mod-
els. Climate envelope models, which involve climate matching, 
have been used to create predictive maps of critical pests’ risk. 
CLIMEX and NAPPFAST, for instance, have been used by plant 
pathologists for predicting plant disease occurrences. CLIMEX 
(130) exemplifies well these tools, and has been used by plant pa-
thologists to predict the likelihood of pathogen establishment under 
current climatic conditions (95,99) or, more rarely, under climate 
change scenarios (97). NAPPFAST (North Carolina State Univer-
sity – United States Department of Agriculture [USDA] Animal 
and Plant Health Inspection Service [APHIS] Plant Pest Forecast-
ing; 69) is a more recent model that was developed for rapid risk 
assessments, and has been used for first guesstimates of establish-
ment risk for exotic pests (69). 

Other model algorithms exist that have not been as widely used 
by plant pathologists, but could prove to be useful. The Open-
Modeller (77) software package employs several “plug-ins” or 
model algorithms used for ecological niche modeling in one pack-
age. This is useful for comparing the predictions of several differ-
ent models or combining them into an ensemble model of species’ 
ranges, which results in more robust forecasts (5). 

The ecological niche model approaches discussed here currently 
can only utilize presence/absence and environmental information 



1208 Plant Disease / Vol. 95 No. 10 

to predict disease risk at a specific geographic point, usually a grid 
cell in a geographic information systems (GIS) raster file. This 
makes ecological niche models useful for identifying current high-
risk locations or interactions in future scenario analysis. Future 
challenges exist in analyzing the distribution of plant diseases. This 
departs from many ecological distribution model applications, 
because it involves (i) an interaction between at least one host and 
a pathogen species, (ii) pathogen reproduction, evolution, and dis-
persal, at extremely variable rates, and (iii) human intervention as a 
defining factor of agricultural systems. Thus, information about the 
spatial structure of host availability and the risk of disease buildup 
in neighboring areas are important features to assess risk at any 
given location (36,70,71). These effects should be incorporated 
into ecological risk models in a GIS to achieve a more complete 
picture of risk. 

Geographic information systems and mapping disease risks. 
Uses of GIS in plant pathology implement early concepts devel-
oped by Weltzien (144,145). GIS brings about the possibility of 
overlaying, geographically, a wide range of very different informa-
tion, whether pertaining to pathogens, hosts, and environments, as 
well as to socio-economic and infrastructural systems, such as road 
networks (and thus access to markets and inputs), or irrigation 
systems. The information can also be organized over time. The 
ability of the GIS to integrate such diverse data has resulted in its 
widespread application in agricultural sciences. GIS is commonly 
used to evaluate and model the spatial distribution of plant disease 
or to analyze relationships between environmental factors and plant 
disease intensity. Such information, when mapped together, creates 
a powerful tool for monitoring and management. Inclusion of geo-
referenced socio-economic data can add important targeting and 
impact assessment information. The body of techniques associated 
with GIS has been instrumental in understanding, managing, and 
predicting public and animal health (42,96). The International 
Agricultural Research Centers were early users of GIS, with initial 
activities dating back to the early 1980s (15). GIS technology is 
increasingly applied to cover many different aspects of plant dis-
ease research and management. General approaches are high-
lighted using selected examples. 

International disease networks, global germplasm collections, 
and extensive multi-decadal international trials all constitute rich 
data resources that can support geo-spatial analysis of plant dis-
ease. GIS can exploit these resources in diverse ways, from the 
perspective of disease resistance discovery, of disease monitoring, 
as well as for risk mapping and epidemiological purposes. Global 
gene banks can also be mined to maximize the likelihood of find-
ing desirable traits involving the spatial predictions of areas where 
selection pressures may occur (e.g., disease-prone environments). 
For instance, Bhullar et al. (7) describe the utility of the approach 
for identifying new sources of resistance to powdery mildew in 
wheat. 

Monitoring and forecasting of trans-boundary diseases relies on 
coordinated international surveillance networks. GIS provides a 
platform for data management of disease surveys, integrated analy-
sis of dispersal, and risk assessment. Hodson and DePauw (44) 
describe the application of GIS for monitoring and risk assessment 
of new virulent races of wheat stem rust, whereby standardized 
global disease survey data are integrated with wind models, crop 
varietal distribution, crop phenology, and climatic data. 

Climate-based probability mapping for plant disease or disease 
vectors using GIS has also received considerable attention. Cus-
tomized software tools such as Floramap (53) have been used to 
determine climate probability models for important disease vectors 
such as whitefly (74). Coupling of disease forecasting models to 
climate databases within a GIS enables predictions that combine 
the spatial perspectives of GIS with the stronger representation of 
temporal processes of forecast models. Hijmans et al. (43) outline 
this GIS-linked model approach for potato late blight. Use of such 
climate-based, GIS-linked models facilitates exploratory analysis 
of likely distributional shifts under differing climate scenarios 
(125,126). 

Use of GIS to determine spatially explicit disease management 
outcomes is another approach. Using GIS, Phytophthora blight 
(PB) caused by P. drechsleri f. sp. cajani was monitored in the 
major pigeonpea growing regions of the Deccan Plateau of India. 
GIS indicated that PB occurs on improved as well as local cultivars 
of pigeonpea, irrespective of soil types and cropping systems (84). 
Based on this information and historical weather and disease data 
over four decades, simulation of different disease management 
option outcomes, including host plant resistance, has been initi-
ated. 

Technology targeting. The importance of technology targeting 
for efficiently implementing disease management tools as global 
change and climate change unfold is highlighted with three con-
trasting examples. 

Chickpea and pigeonpea are mainly grown in different cropping 
systems by resource poor farmers in harsh, climatically and eco-
nomically volatile environments of Asia and Africa. Host plant 
resistance to diseases thus represents a primary research objective 
in such environments (84,85). In this context, research on the ef-
fects of climate and global changes on host–pathogen interactions 
is critical to develop durable resistances. Dry root rot of chickpea 
and Phytophthora blight of pigeonpea are two key examples. 
Epidemiological knowledge, combined with biophysical and socio-
economical understanding, are then required to deploy resistances 
and achieve sustainable disease management. 

Potato viruses represent another example of the potential use of 
modeling for technology targeting. Farmers throughout the high-
land tropics have traditionally produced seed at higher altitudes 
where vector populations are lower (135). As accelerated climate 
change in higher mountain ranges allows insect vectors to reach 
higher elevations, the virus-free (or virus-low) areas disappear. 
This has the double cost of pushing farmers up into ever-more 
fragile environments and, eventually, denying farmers seed produc-
tion options. A logical solution to this problem is the introduction 
of potato cultivars with high levels of virus resistance. However, as 
noted, the lead-time needed for variety development to have im-
pact, particularly in a vegetatively propagated crop, highlights the 
need for accurate identification of high-risk zones, as well as of 
low-risk zones, where potato seed production is feasible. 

The toolkit for rice leaf blast management is another example, 
with three groups of tools: knowledge, physical, and communica-
tion tools (132). Rice varieties, whose resistances represent the 
pillar of the management of several major diseases (82), are part of 
the first group. The over-arching link between these groups of tools 
is a systems-based knowledge of blast epidemiology that incorpo-
rates elements as diverse as decision aides, cultural knowledge, and 
fungicide and fertilizer use. Technology targeting in this case is 
again strongly dependent, not only on biophysical (epidemiologi-
cal, population genetics) information, but also on socio-economic 
understanding: the toolkit does not have only to be inherently 
effective; it also has to be adopted by farmers. 

Ground truth. Ground truth, i.e., the actual measurements of 
disease in the field, their proper recording and processing, requires 
sufficient resources, including skilled manpower (49,56,131,
134,156). Much of this information, over space, i.e., over pro-
duction situations as they evolve, as well as over time (50), used to 
be gathered by extension systems and national organizations, 
which cannot be replaced by international research. 

Persistence pays (2,89): strong benefits can be derived from sus-
tained support to the agricultural research and development sector. 
Yet the agricultural extension systems in many developing coun-
tries are weakening. This decline cannot be disconnected from 
global change: this is partly a reflection of policies, of different 
ways farmers are seen in their roles toward societies, and perhaps 
of a different way farmers see their roles themselves. Policy mak-
ers in particular often take crop health assessment, monitoring, and 
management for granted, despite the methodology, skills, and 
training required to generate the reliable information needed to 
make recommendations. Thus, extension systems are frequently 
transferred to local, e.g., provincial, authorities, often leading to 
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reduced coordination and efficacy, which unfortunately coincides 
with increased demands for information and knowledge associated 
with adapting to climate and global changes. The process of di-
versifying production systems away from reliance on climate-
sensitive or market-vulnerable crops or practices is very knowledge 
intensive, and formal extension services by themselves will not be 
able to meet the substantial knowledge and information demands. 
Overall, the financial resources allocated to the agricultural system 
have been shrinking (2,89), often under the assumptions that (i) the 
private sector would replace public services, and (ii) farmers would 
gain more autonomy, in part because of increased wealth, in part 
because of increased knowledge. 

Extension systems are progressively declining in the developed 
world, too. However, while farming in, e.g., Western Europe, is an 
occupation chosen by few, farming is often the only option for the 
millions of resource-poor farmers in the developing world. Being a 
farmer in Western Europe implies considerable levels of training 
and leads to access to multiple sources of information, while farm-
ers in the developing world still depend on their own knowledge 
and, in general, limited access to information. In a world of transi-
tion, insufficient information and inadequate training puts farmers 
in a weak position among the many stakeholders of agriculture. 

This decline in ground truth intelligence results in extreme diffi-
culties in several areas. One is difficulty in ensuring that proper 
measures are being undertaken when emerging disease problems 
occur, such as the yellowing syndrome of rice in the Mekong Delta 
(I. R. Choi, IRRI, personal communication). A second is difficulty 
in generating sufficient evidence to show that, in some instances, a 
crop health problem does not necessarily have the importance it is 
supposed to have according to some of the stakeholders of plant 
protection––including scientists. Lack of information leads to 
uncertainty; uncertainty leads to fear; fear leads to overreaction 
(154). A third is the use of blanket recommendations for pesticides, 
leading to pesticide misuse and abuse, as well as the erosion of 
decades of farmers’ knowledge in managing crop health. 

The following section highlights how ground truth is critical for 
advances in managing diseases under global and climate changes 
in the developing world. Ground truth represents the very fabric on 
which our research is based, against which we can test models, 
assess strategies, and measure ex-ante and ex-post impacts. Ground 
truth appraisal using a systems approach (e.g., for rice, 
109,110,112) also enables progress in prioritizing the importance 
of diseases, their relationships with production environments, and 
technology targeting for disease management as global changes 
take place. 

The following examples show how the problems faced, and the 
solutions envisioned, may differ. This is of course due to the wide 
differences among the considered pathosystems, but also, and per-
haps more importantly, to the social and economic backgrounds 
where agriculture takes place in the world’s ecoregions. Depending 
on the latter group of reasons, rather than the former, the impact of 
global and climate changes on the importance of diseases, and on 
the relevance of solutions, vary. 

Selected Examples of Outcomes 
Rice. Rice diseases may be chronic (such as brown spot; Fig. 2), 

acute (such as rice blast or rice tungro disease), or emerging (such 
as the rice yellowing syndrome, which develops in the Mekong 
Delta [I. R. Choi, personal communication]). Climate change ef-
fects on rice diseases and pests have been carefully studied for a 
few pathosystems (133). Much of this work has focused on specific 
diseases, aiming in particular at analyzing the effects of climate 
change components on specific disease cycle phases in given 
pathosystems (55) and modeling the effects of climate change on 
risk probability (epidemics) or risk magnitude (yield losses) using 
generic crop growth models such as ORYZA or CERES-Rice. One 
early effort is exemplified by the development of BLASTSIM, a 
simulation model for leaf blast epidemics (12). This paved the way 
toward two directions. First, epidemics of leaf blast under climate 
variability were addressed by combining BLASTSIM to a climate 

data generator in a GIS. Thus, blast epidemics were simulated at 
53 locations in Asia representing a range of agroecologies (66). 
Second, BLASTSIM was coupled to CERES-Rice and weather 
generators in a GIS to assess yield losses associated with rice blast 
(67). Efforts in modeling yield losses also led to a CERES-Rice 
based model enabling addressing the effects of blast, weeds, and 
defoliators in isolation or in combination (98). 

Further research concerned the characterization of injury profiles 
(diseases, animal pests, and weeds) and production situations 
(cropping systems, crop rotation, and management) in the tropical 
and subtropical lowlands of Asia (112), which roughly account for 
90% of Asia’s and 80% of the world’s rice output. This risk prob-
ability analysis was complemented by an experimental risk magni-
tude study where yield losses caused by injury profiles in a range 
of production situations corresponding to attainable yields varying 
from 1 to 10 t ha-1 were analyzed (111). This enabled the develop-
ment of RICEPEST, a simple, generic, production situation–
specific yield loss model (147). RICEPEST represents a tool to set 
research priorities in plant protection for rice. Beyond considering 
only yield losses, this model further allows one to consider yield 
gains accrued from new plant protection technologies, alone or in 
combination. One important outcome from this research is that 
disease syndromes were shown to be strongly associated to produc-
tion situations (112) and by drivers of agricultural change (water 
stress, labor shortage, reflected by a shift from transplanting to 
direct-seeding crop establishment; 108). Thus, risk factors for syn-
dromes of injuries attached to production situations as wholes, or 
their components, can be derived (109). Importantly, variation in 
these components of production situations depends on global 
change, climate change, or both. 

New steps are underway. One is the recent development of 
EPIRICE (S. Savary, I. B. Pangga, J. Aunario, L. Willocquet, and 
A. Nelson, Crop Prot., in press), a generic epidemiological model 
for fungal, viral, and bacterial diseases that accounts for different 
levels of hierarchy in a crop canopy (leaves, sheaths, entire plants) 
depending on the nature of the disease. EPIRICE has been 
parameterized for five major (Asian) rice diseases (brown spot, leaf 
blast, bacterial blight, sheath blight, and tungro), and has been 
linked to a GIS to simulate potential epidemics (Fig. 3). Another 
step will be to link RICEPEST to a GIS in order to develop global 
simulated risk magnitude maps. Critical to the success of these new 
steps will be the acquisition of geo-referenced ground truth data. 
These different simulation modeling, statistical modeling, and GIS 
approaches can be combined to develop scenario analyses, where 
the best control tools can be determined, based on biophysical and 
socio-economic contexts. The biophysical and socio-economic 
contexts, in turn, will define domains where strategies may be 
deployed. 

Wheat. Two wheat-based pathosystems illustrate very different 
paths of relationships of Figure 1, and extreme examples of the 
categories of Figure 2, with one chronic disease and a group of 
diseases that belong to the acute–emerging groups. 

Spot blotch, caused by the hemibiotroph Cochliobolus sativus, is 
the main chronic disease affecting resource-poor farmers in mar-
ginal lands, in warmer wheat growing regions where relative hu-
midity and night-time temperature are high (9,115). Such condi-
tions prevail in parts of Brazil, as well as in the vital rice-wheat 
system of the eastern Gangetic plains, where the disease is recur-
rently severe. Spot blotch intensity depends on crop physiology, 
and thus on environmental factors, including soil fertility (low N 
and K in particular), water supply, and heat (104,113,114). In 
South Asia, the optimum wheat growing period ranges from the 
second half of November to March–April. Any delay in wheat 
sowing (after rice) increases the risk of crop exposure to heat stress 
(i.e., warmer night-time temperatures) at critical growth stages. 
This stress, if associated with the physiological switch from 
vegetative to reproductive, increases the susceptibility to spot 
blotch in late sown crops (115). Thus, while the areas for optimum 
wheat cultivation in South Asia are expected to decline in the fu-
ture (45) as a result of changing climate, yield losses to spot blotch 
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are expected to increase (115). Improved crop management pro-
vides spot blotch control. Thus, breeding for resistance combined 
with good crop husbandry are the main components of an efficient 
integrated management of the disease (27). Wheat spot blotch 
shares many similarities with rice brown spot (Cochliobolus mya-
beanus): brown spot depends heavily on crop physiological predis-
position and mainly occurs in poor soils (lacking K and/or N) 
when drought occurs (82). As in spot blotch of wheat, good crop 
husbandry and improved water supply contribute to disease con-
trol. Parallel epidemiological analysis and syntenic modeling of the 
two diseases could enable the definition of joint parameters for 
breeding for resistance and disease management. Changes in crop-
ping practices, including reduced tillage (wheat) or direct seeding 
(rice) to avoid heat stress, adaptation to declining agricultural la-
bor, and optimization of resources (water, energy) will affect these 

diseases on the two crops. Strategies to address these shifts in dis-
ease importance do not differ and call for similar management 
options. 

The spread of obligate wheat rust (Puccinia spp.) pathogens de-
pends on large numbers of propagules being dispersed over large 
distances onto suitable hosts. Globalization increases the risk of 
accidental introductions, while increased severity at a given loca-
tion increases the probability of windborne movement and the 
emergence of new virulences. Yellow rust, for instance, has been 
shown to adapt to warmer environments (73). Further, the move-
ment of the Yr9-virulent race of P. striiformis from the East African 
highlands from 1985 to the Indian subcontinent (Nepal, 1997) 
exemplifies the spread of the disease associated with the ”western 
disturbance” weather system (78). Earlier, virulence for the Yr2 
gene had been first recorded in Turkey and traced to Pakistan 

Fig. 3. Simulated global maps of potential rice brown spot epidemics. A, Mean areas under potential disease progress curve (AUPCs) of disease severity on leaves in
%.days simulated using EPIRICE using global daily climate data and crop establishment dates over cropping seasons averaged over 12 climatic years (1997–2008). B,
Standard deviation of AUPCs of potential brown spot epidemics. 
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(121). These examples suggest that Asia’s entire wheat area, except 
perhaps China, consists of a single epidemiological zone, which is 
of even greater concern when considering that genetically uniform 
‘‘megacultivars’’ cover most of the area grown to wheat (28). The 
emergence of a Sr31-virulent strain of stem rust (P. graminis f. sp. 
tritici), typified by race TTKSK (Ug99), triggered international 
concern, since commercial cultivars are strongly susceptible 
(119,120). Anticipating the spread of new virulent pathotypes and 
preparing the replacement of existing varieties for resistant ones in 
vulnerable wheat-growing regions such as West and South Asia is a 
priority. GIS tools are increasingly used to integrate factors deter-
mining likely spread (44). The combination of improved crop 
distribution and biophysical data at high spatial resolutions also 
enables exploring scenarios for disease risk (45). Increased avail-
ability of near real-time daily weather data should further improve 
predictions, as well as enable region-scale modeling of dynamic 
processes such as disease progression or crop water status (45). A 
dedicated web portal (Rust SPORE) and associated tools, e.g., 
RustMapper (19), provides up-to-date information on the current 
status and potential spread of Ug99 and its derivatives. Continued 
investment in disease and environmental monitoring, development 
and deployment of durable resistant varieties, and effective seed 
multiplication and delivery systems, will be required to address 
both current and future challenges posed by wheat rusts. 

Potato. Potato late blight typifies the acute disease group, yet 
with areas where it must be considered a chronic disease (Fig. 2). 
The total losses to potato late blight caused by Phytophthora in-
festans alone were recently estimated at nearly $US 13 billion (10 
billion Euros) in developing countries (41). The management of 
late blight is particularly difficult in the tropical (and subtropical) 
highlands because in these areas potatoes are produced year-round 
and disease is generally present at all times (32). Therefore, farm-
ers must protect plants from emergence to harvest. Traditionally, 
farmers have used a number of approaches to control late blight, 
including planting mixtures of genotypes (136) and planting more 
susceptible cultivars at higher altitudes. The latter practice is effi-
cient because higher altitudes correspond to lower disease risk, 
since disease severity is reduced by low temperatures (57), as in 
the case of the high-altitude production areas in Peru that were 
virtually blight free until recently. Because of rising temperatures, 
however, some high-altitude communities have recently seen late 
blight for the first time, with devastating results (W. Perez, per-
sonal communication). 

The primary adaptation components include a more frequent use 
of resistant cultivars and increased disease management know-how 
among farmers. The International Potato Center (CIP) and its part-
ners in developing countries have identified a number of potato 
genotypes that provide levels of resistance to P. infestans that 
greatly reduce the need for fungicide application. The challenges 
that remain include the identification of particular genotypes that 
fit local conditions and needs (particular markets or subsistence 
needs) and then multiplication and diffusion of these selected 
materials. The latter is hindered by the low multiplication rate of 
potato and by the absence of structured seed systems in developing 
countries (135). Farmers need to understand basic epidemiological 
concepts to enhance host resistance and fungicide efficiencies. 
Capacity building is therefore critical for successful management 
strategies (4,81). 

CIP has been working on risk assessment related to the effects of 
climate change on late blight for nearly a decade. The initial ap-
proach has been to use technology based on simple decision rules 
run within a GIS to display potential late blight risk (43). This 
work has evolved more slowly than initially hoped, especially be-
cause of the mismatch between available climate data and model 
requirements. The initial plot-level forecasts for risk require hourly 
temperature and humidity data, while data available from global 
climate models are spatially and temporally much coarser (126). 
Work is underway to downscale climate change data to finer reso-
lutions. A more recent approach is to calibrate disease risk models 
for coarser resolution input weather data using metamodels (125). 

The potential is strong for climate change modeling of late 
blight risk for several reasons. First, late blight is highly weather 
driven (31). Second, in addition to the nascent spatial modeling 
indicated above, there is extensive experience on plot and plant 
level simulation modeling and a good understanding of disease 
epidemiology. Finally, spatially specific aerobiological models 
have been developed and validated (122). 

Maize. Maize, the staple food for millions in Africa, Latin 
America, and Asia, is mainly produced under rainfed conditions, 
making it vulnerable to climate variability and rainfall patterns 
(46,47,79,124). We especially focus here on one major group of 
chronic (Fig. 2) maize diseases, which lead to mycotoxin con-
tamination, because this group of diseases is expected to strongly 
respond to climate change (68,91), and because of the public health 
problems they entail (34,105). 

Maize ear rots are caused by a range of fungi, among which 
Fusarium graminearum, F. verticillioides, Aspergillus flavus, and 
A. parasiticus are the most important (14). Under suitable condi-
tions, A. flavus and A. parasiticus produce aflatoxin, F. verticil-
lioides produces fumonisin, and F. graminearum produces de-
oxynivalenol (DON) and zearalenone (ZEA) that render maize 
unsafe for human and animal consumption (14). Production of 
toxins may take place prior to harvest, but in many cases, it in-
creases after harvest under favorable postharvest conditions. 

Maize ear rot fungi are widely distributed in the tropics, but can 
occur anywhere in food systems. Increases in temperature might 
result in a shift in the distribution range of mycotoxin-causing 
fungi and the types of mycotoxins they produce, because of the 
specific ecological requirements of each mycotoxin-producing 
fungus (13,101). Increased temperatures and occurrences of 
droughts may for instance lead to geographical displacement of F. 
graminearum by F. verticillioides, translating into a shift from 
deoxynivalenol and zearalenone to fumonisin. 

Environmental conditions adverse to the plant (such as drought, 
high temperatures [106], soil nutrient deficiency, or animal injuries 
[62]) have been shown to favor infection by A. flavus and F. 
verticillioides, and mycotoxin accumulation (22). The A. flavus 
population increases during hot dry weather, resulting in increased 
aflatoxin contamination. The case of acute aflatoxicosis in Kenya 
in 2004 is well documented (63,128). Insects may also (i) act as 
vectors (larvae spreading spores from kernel to kernel), (ii) provide 
ingress into kernels, and (iii) predispose the plant to infection (76). 
Insect injury depends, in turn, on both crop management and cli-
matic conditions. 

Therefore, the mycotoxin problem requires considering a series 
of interacting components: (i) pathogens, (ii) epidemics, including 
spread by vectors, (iii) toxin production, (iv) crop status, and (v) 
storage environment, all of which are influenced directly or indi-
rectly by global change or climate change. The need for strength-
ened research to reduce infection by toxin-producing fungi and the 
accumulation of toxins during storage should involve a systematic 
monitoring of mycotoxins-producing fungi, particularly in high-
risk environments, linked to geo-referenced mycotoxin and cli-
matic data, in order to better predict health risks from mycotoxin 
contamination. 

A general lack of information among farmers, extension special-
ists, and policy makers in most developing countries on the causes 
of mycotoxin contamination is slowing progress toward minimiz-
ing the burden of mycotoxins. Capacity building of stakeholders in 
languages they can understand is needed for successful manage-
ment of mycotoxins. 

Legumes. The many diseases of legumes in the developing 
world may be illustrated by dry rot of chickpea as an acute–emerg-
ing disease and by Phytophthora blight of pigeonpea as an emerg-
ing disease (Fig. 2). Models addressing legume diseases in the 
tropics have not so far emphasized the effects of climate and global 
change. However, weather-dependent models to predict the devel-
opment of legume diseases such as Ascochyta blight and Botrytis 
gray mold in chickpea have been developed to provide sounder 
bases for fungicide use (86). 
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Increased heat and drought stress and monsoon shifts in South 
Asia tend to push legume production toward more marginal lands, 
where management options are fewer. Climate change alters the 
spectrum of diseases in terms of pathogen distribution and viru-
lence and appears associated with the emergence of new patho-
types. For example, with increased temperature and more frequent 
moisture stress, Rhizoctonia blight is becoming more intense in 
typically tropical-humid areas, while viruses and rusts dominate in 
warm but dry zones. Data collected in India from 2000 to 2010 
show higher incidence of dry root rot (Rhizoctonia bataticola) in 
chickpea varieties that are resistant to Fusarium wilt in years when 
temperatures exceed 33°C (84,116). This is consistent with green-
house experiments where different soil moisture levels and 
temperatures were manipulated, showing that R. bataticola in-
fected chickpea plants and caused dry root rot faster at 35°C with 
soil moisture levels less than or equal to 60% (116). By contrast, 
cooler temperatures and wetter conditions are associated with in-
creased incidence of stem rot on soybean (Sclerotinia scle-
rotiorum), blights in chickpea, lentil, pigeonpea, and pea, and an-
thracnose (Colletotrichum spp.) in lentil and chickpea (85,87,149). 
Recently, studies indicated that the epidemic of Phytophthora 
blight of pigeonpea (Phytophthora drechsleri f. sp. cajani) in India 
over the last decade can be attributed to high intermittent rainfall 
(>300 mm) within a week during the crop season (85,117). 

It is critical that there be progress toward pro-poor, environmen-
tally neutral, host plant resistances, as well as toward drought toler-
ance in chickpea (ICRISAT), beans (CIAT), and cowpea (IITA) 
(1,37), combined with systems-adapted integrated disease manage-
ment technologies. 

Outlook and Conclusions 
Despite, or because of, the close interaction between climate 

change and global change (Fig. 1), far too little research has ad-
dressed the effects of the latter on crop health. Global change may 
affect crop health in quite different ways depending on the type of 
disease considered (Fig. 2). This is because global change entails 
different networked relationships (75,92) in influencing disease 
increase (or suppression) and impact, depending on whether a dis-
ease is chronic, acute, or emerging. The network theory and its 
approaches (75,92) offer a fresh, novel, and probably useful way to 
consider such relationships. This is even more important when one 
considers that chronic, acute, and emerging diseases will predomi-
nantly call for strategic long-term, strategic short-term, or tactical 
(110,153) decisions, respectively. Thus, different elements are 
likely to play different roles in a hierarchical network of stake-
holders, including farmers, advisors, farmers’ communities, retail-
ers, consumers, policy-makers, and research planners. 

In addition to the network theory, this article touched upon only 
a sample of methods to analyze and interpret data, including 
simulation modeling, ecological niche modeling, and GIS. These 
methods may lead to applications, if they are shared by a suitable 
range of disciplines, whose linkage will determine the level of 
relevance of plant protection in the years to come. These methods 
offer, to varying degrees, opportunities for interdisciplinary work 
and impact, as this article illustrates. 

Never have there been so many new methods available for plant 
pathologists to analyze data. However, the availability of ground 
truth data on crop health will soon become a serious issue: the 
collection of systems-based, holistic data remains the keystone 
toward progress to understand and manage constantly evolving 
pathosystems. Effective disease management depends on these 
combinations of resources, methods, and disciplines. We believe 
that such combinations exist, with massive benefits toward food 
security in a biosphere shared by seven billion humans. 

 
 

Literature Cited 
1. Agbicodo, A. M., Fatokun, C. A., Muranaka, S., Visser, R. G. F., and van 

der Linden, C. G. 2009. Breeding drought tolerant cowpea: Constraints, 

accomplishments and future prospects. Euphytica 167:353-370. 
2. Alston, J. M., Andersen, M. A., James, J. S., and Pardey, P. G. 2010. 

Persistence Pays: U.S. Agricultural Productivity Growth and the Benefits 
from Public R&D Spending. Springer, Dordrecht, Netherlands. 

3. Anderson, P. K., Cunningham, A. A., Patel, N. G., Morales, F. J., Epstein, 
P. R., and Daszak, P. 2004. Emerging infectious diseases of plants: Patho-
gen pollution, climate change and agrotechnology drivers. Trends Ecol. 
Evol. 19:535-544. 

4. Andrade-Piedra, J. L., Cáceres, P. A., Forbes, G. A., and Pumisacho, M. 
2009. Humans: The neglected corner of the disease tetrahedron - develop-
ing a training guide for resource-poor farmers to control potato late blight. 
Acta Hortic. 834:111-122. 

5. Araújo, M. B., and New, M. 2007. Ensemble forecasting of species 
distributions. Trends Ecol. Evol. 22:42-47. 

6. Beddow, J. M., Pardey, P. G., Koo, J., and Wood, S. 2010. The changing 
landscape of global agriculture. Pages 8-38 in: The Shifting Patterns of 
Agricultural Production and Productivity Worldwide. J. M. Alston, B. A. 
Babcock, and P. G Pardey, eds. The Midwest Agribusiness Trade Research 
and Information Center, Iowa State University, Ames, IA. 

7. Bhullar, N. K., Kenneth Street, K., Mackay, M., Yahiaoui, N., and Keller, 
B. 2009. Unlocking wheat genetic resources for the molecular identifica-
tion of previously undescribed functional alleles at the Pm3 resistance lo-
cus. Proc. Natl. Acad. Sci. USA 106:9519-9524. 

8. Bouma, J., and Jones, J. W. 2001. An international collaborative network 
for agricultural systems applications (ICASA). Agric. Syst. 70:355-368. 

9. Braun, H. J., Atlin, G., and Payne, T. 2010. Multi-location testing as a tool 
to identify plant response to global climate change. Pages 115-138 in: Cli-
mate Change and Crop Production. M. P. Reynolds, ed. CABI, Walling-
ford, UK. 

10. Burdon, J. J., Thrall, P. H., and Ericson, L. 2006. The current and future 
dynamics of disease in plant communities. Annu. Rev. Phytopathol. 44:19-
39. 

11. Butt, D. J., and Jeger, M. J. 1985. The practical implementation of models 
in crop disease management. Pages 207-230 in: Advances in Plant Pathol-
ogy, Vol. 3. Mathematical Modelling of Crop Disease. C. A. Gilligan, ed. 
Academic Press, London. 

12. Calvero, B. S., and Teng, P. S. 1992. Validation of BLASTSIM.2 in IRRI 
blast nursery and Cavinti, Laguna, Philippines. Int. Rice Res. Newsl. 
17:20-21. 

13. Cardwell, K. F., and Cotty, P. J. 2002. Distribution of Aspergillus section 
flavi among field soils from the four agroecological zones of the Republic 
of Benin, West Africa. Plant Dis. 86:434-439. 

14. Cardwell, K. F., Desjardins, A., Henry, S. H., Munkvold, G., and Robens, 
J. 2001. Mycotoxins: The Cost of Achieving Food Securty and Food Qual-
ity. APSnet Features. Online. doi: 10.1094/APSnetFeature-2001-0901. 

15. Carter, S. E. 1987. Collecting and organizing data on the agro-socioeco-
nomic environment of the cassava crop: Case study of a method. Pages 11-
29 in: Agricultural environments, characterization and mapping. Proceed-
ings of the Rome Workshop on Agroecological Characterization, Clas-
sification and Mapping. A. H. Bunting, ed. CAB International, Walling-
ford, UK. 

16. Cassman, K. G., and Wood, S. (coordinating lead authors). 2005. Culti-
vated systems. Pages 741-789 in: Ecosystems and Human Well-Being, 
Millenium Ecosystem Assessment, Current State and Trends, Vol. 1. Island 
Press, Washington, DC. 

17. Chakraborty, S., Luck, J., Hollaway, G., Freeman, A., Norton, R., Garrett, 
K., Percy, K., Hopkins, H., Davis, C., and Karnosky, D. F. 2008. Impacts 
of global change on diseases on agricultural crops and forest trees. CAB 
Reviews: Perspectives in Agriculture, Veterinary Science, Nutrition and 
Natural Resources 3, No 054. 

18. Chakraborty, S., and Newton, A. C. 2011. Climate change, plant diseases 
and food security: An overview. Plant Pathol. 60:2-14. 

19. CIMMYT, 2010. BGRI - UG99 Rustmapper: http://apps.cimmyt.org/
gis/rustmapper/index.htm, http://www.fao.org/agriculture/crops/rust/stem/
stem-rustmapper/en/. 

20. Coakley, S. M., and Scherm, H. 1996. Plant disease in a changing global 
environment. Asp. Appl. Biol. 45:227-238. 

21. Coakley, S. M., Scherm, H., and Chakraborty, S. 1999. Climate change 
and plant disease management. Annu. Rev. Phytopathol. 37:399-426. 

22. De la Campa, R., Hooker, D. C., Miller, J. D., Schaafsama, W. A., and 
Hammond, B. G. 2005. Modelling effects of environment, insect damage 
and BT genotypes on fumonisin accumulation in maize in Argentina and 
the Philippines. Mycopathologia 159:539-552. 

23. De Wit, C. T. 1993. Philosophy and terminology. Pages 3-9 in: On Sys-
tems Analysis and Simulation of Ecological Processes with Examples in 
CSMP and FORTRAN. P. A. Leffelaar, ed. Kluwer Academic Publishers, 
Dordrecht, Netherlands. 

24. DeAngelis, D. L., and Mooij, W. M. 2005. Individual-based modeling of 
ecological and evolutionary processes. Annu. Rev. Ecol. Syst. 36:147-148. 

25. Djurle, A., Ekbom, B., and Yuen, J. E. 1996. The relationship of leaf wet-
ness duration and disease progress of glume blotch, caused by Stagono-
spora nodorum, in winter wheat to standard weather data. Eur. J. Plant 
Pathol. 102:9-20. 

26. Djurle, A., and Yuen, J. 1991. A simulation model for Septoria nodorum in 



Plant Disease / October 2011 1213 

winter wheat. Agric. Syst. 37:193-218. 
27. Duveiller, E., and Sharma, R. C. 2009. Genetic improvement and crop 

management strategies to minimize yield losses in warm non-traditional 
wheat growing areas due to spot blotch pathogen Cochliobolus sativus. J. 
Phytopathol. 157:521-534. 

28. Duveiller, E., Singh, R. P., and Nicol, J. 2007. Challenges to maintaining 
wheat productivity: Pests, diseases and potential epidemics. Euphytica 
157:417-430. 

29. Eastburn, D. M., McElrone, A. J., and Bilgin, D. D. 2011. Influence of 
atmospheric and climatic change on plant-pathogen interactions. Plant 
Pathol. 60:54-69. 

30. Fitt, B. D. L., Fraaije, B. A., Chandramohan, P., and Shaw, M. W. 2011. 
Impacts of changing air composition on severity of arable crop disease epi-
demics. Plant Pathol. 60:44-53. 

31. Forbes, G. A., Fry, W. E., Andrade-Piedra, J. L., and Shtienberg, D. 2008. 
Simulation models for potato late blight management and ecology. Pages 
161-177 in: Integrated Management of Diseases Caused by Fungi, Phyto-
plasma and Bacteria. A. Cancio and K. G. Mukerji, eds. Springer Sci-
ence+Business Media, New York. 

32. Forbes, G. A., and Landeo, J. A. 2006. Late blight. Pages 279-320 in: 
Handbook of Potato Production, Improvement, and Postharvest Manage-
ment. J. Gopal and S. M. Khurana, eds. Haworth Press Inc., Binghamton, 
NY. 

33. Franklin, J. 2009. Mapping Species Distributions: Spatial Inference and 
Prediction. Cambridge University Press, Cambridge. 

34. Fung, F., and Clark, R. F. 2004. Health effects of mycotoxins: A toxi-
cological overview. J. Clin. Toxicol. 42:217-234. 

35. Garrett, K. A., Dendy, S. P., Frank, E. E., Rouse, M. N., and Travers, S. E. 
2006. Climate change effects on plant disease: Genomes to ecosystems. 
Annu. Rev. Phytopathol. 44:201-221. 

36. Garrett, K. A., Forbes, G. A., Savary, S., Skelsey, P., Sparks, A. H., Val-
divia, C., van Bruggen, A. H. C., Willocquet, L., Djurle, A., Duveiller, E., 
Eckersten, H., Pande, S., Cruz, C. V., and Yuen, J. 2011. Complexity in cli-
mate-change impacts: An analytical framework for effects mediated by 
plant disease. Plant Pathol. 60:15-30. 

37. Gaur, P. M., Krishnamurthy, L., and Kashiwagi, J. 2008. Improving 
drought-avoidance root traits in chickpea (Cicer arietinum L.): Current 
status of research at ICRISAT. Plant Prod. Sci. 11:3-11. 

38. Ghini, R., Bettiol, W., and Hamada, E. 2011, Diseases in tropical and 
plantation crops as affected by climate changes: Current knowledge and 
perspectives. Plant Pathol. 60:122-132. 

39. Gilligan, C. A., and Van den Bosch, F. 2008. Epidemiological models for 
invasion and persistence of pathogens. Annu. Rev. Phytopathol. 46:385-
418. 

40. Govers, F., Meijer, H. J. G., Tran, H., Wagemakers, L., Raaijmakers, J. M., 
Forbes, G. A., Govers, F., and Fry, W. E. 2009. Unraveling the senses of 
Phytophthora; leads to novel control strategies? Acta Hortic. 834:41-50. 

41. Haverkort, A. J., Struik, P. C., Visser, R. G., and Jacobsen, F. E. 2009. Ap-
plied biotechnology to combat late blight in potato caused by Phy-
tophthora infestans. Potato Res. 52:249-264. 

42. Hay, S. I., Graham, A. J., and Rogers, D. J. 2006. Global mapping of infec-
tious diseases. Adv. Parasitol. 62:37-77. 

43. Hijmans, R. J., Forbes, G. A., and Walker, T. S. 2000. Estimating the 
global severity of potato late blight with GIS-linked disease forecast mod-
els. Plant Pathol. 49:697–705. 

44. Hodson, D., and DePauw, E. 2010. Use of GIS Applications to Combat the 
Threat of Emerging Virulent Wheat Stem Rust Races. Pages 129-157 in: 
Applications in Agriculture: Invasive Species. S. Clay, ed. Taylor & Fran-
cis Press, UK. 

45. Hodson, D., and White, J. 2007. Use of spatial analyses for global char-
acterization of wheat-based production systems. J. Agric. Sci. 145:115-
125. 

46. Hulme, M., Doherty, R. M., Ngara, T., New, M. G., and Lister, D. 2001. 
African climate change: 1900–2100. Climate Res. 17:145-168. 

47. IPCC (Intergovernmental Panel on Climate Change) 2001. Climate 
Change 2001: Impacts, Adaptation, and Vulnerability. Contribution of 
Working Group II to the Third Assessment Report of the Intergovernmen-
tal Panel on Climate Change. IPCC. 

48. IPCC. 2007. Summary for Policymakers. Pages 7-22 in: Climate Change 
2007: Impacts, Adaptation, and Vulnerability. Contribution of Working 
Group II to the Fourth Assessment Report of the Intergovernmental Panel 
on Climate Change. M. L. Parry, O. F. Canziani, J. P. Palutikof, P. J. van 
der Linden, and C. E. Hanson, eds. Cambridge University Press, Cam-
bridge, UK. 

49. James, W. C., and Teng, P. S. 1979. The quantification of production con-
straints associated with plant diseases. Adv. Appl. Biol. 3:201-264. 

50. Jeger, M. J., and Pautasso, M. 2008. Plant disease and global change - The 
importance of long-term data sets. New Phytol. 177:8-11. 

51. Jeger, M. J., and Van den Bosch, F. 1994. Threshold criteria for model 
plant disease epidemics. I. Asymptotic results. Phytopathology 84:24-27. 

52. Jeger, M. J., and Van den Bosch, F. 1994. Threshold criteria for model 
plant disease epidemics. II. Persistence and endemicity. Phytopathology 
84:28-30. 

53. Jones, P. G., and Gladkov, A. 2001. FloraMapTM Version 1.01. A com-

puter tool for predicting the distribution of plants and other organisms in 
the wild. Centro Internacional de Agricultura Tropical (CIAT) CD-ROM 
series, Cali, Colombia. CD-ROM + Guide. 

54. Juroszek, P., and von Tiedemann, A. 2011. Potential strategies and future 
requirements for plant disease management under a changing climate. 
Plant Pathol. 60:100-112. 

55. Kobayashi, T., Ishiguro, K., Nakajima, T., Kim, H. Y., Okada, M., and Ko-
bayashi, K. 2006. Effects of elevated atmospheric CO2 concentration on 
the infection of rice blast and sheath blight. Phytopathology 96:425-431. 

56. Kranz, J. 1988. Measuring plant disease. Pages 35-49 in: Experimental 
Techniques in Plant Disease Epidemiology. J. Kranz and J. Rotem, eds. 
Springer Verlag, Berlin. 

57. Kromann, P., Taipe, A., Perez, W. G., and Forbes, G. A. 2009. Rainfall 
thresholds as support for timing fungicide applications in the control of 
potato late blight in Ecuador and Peru. Plant Dis. 93:142-148. 

58. Kropff, M. J., Bouma, J., and Jones, J. W. 2001. Systems approaches for 
the design of sustainable agro-ecosystems. Agric. Syst. 70:369-393. 

59. Kropff, M. J., Teng, P. S., and Rabbinge, R. 1995. The challenge of linking 
pest and crop models. Agric. Syst. 49:413-434. 

60. Legrève, A., and Duveiller, E. 2010. Preventing potential diseases and pest 
epidemics under a changing climate. Pages 50-70 in: Climate Change and 
Crop Production. M. P. Reynolds, ed. CABI, Wallingford, UK. 

61. Levine, J. M., and D’Antonio, C. M. 2003. Forecasting biological inva-
sions with increasing international trade. Conserv. Biol. 77:322-326. 

62. Lew, H., Adler, A., and Edinger, W. 1991. Moniliformin and the European 
corn borer (Ostrinia nubilalis). Mycotox. Res. 7:71-76. 

63. Lewis, L., NOnsongo, M., Njapau, H., Schurz-Rogers, H., Luber, G., Ki-
eszak, S., Nyamongo, J., Backer, L., Dahiye, A., Misore, A., DeCock, K., 
and Rubin, C. 2005. Aflatoxin contamination of commercial maize prod-
ucts during an outbreak of acute aflatoxicosis in eastern and central Kenya. 
Environ. Health Persp. 113:1763-1767. 

64. Lloyd-Smith, J. O., George, D., Pepin, K. M., Pitzer, V. E., Pulliam, J. R. 
C., Dobson, A. P., Hudson, P. J., and Grenfell, B. T. 2009. Epidemic dy-
namics at the human-animal interface. Science 326:1362-1367. 

65. Luck, J., Spackman, M., Freeman, A., Trebicki, P., Griffiths, W., Finlay, 
K., and Chakraborty, S. 2011. Climate change and diseases of food crops. 
Plant Pathol. 60:113-121. 

66. Luo, Y., Teng, P. S., Fabellar, N. G., and TeBeest, D. O. 1998. The effects 
of global temperature change on rice leaf blast epidemics: A simulation 
study in three agroecological zones. Agric. Ecosyst. Environ. 68:187-196. 

67. Luo, Y., Teng, P. S., Fabellar, N. G., and TeBeest, D. O. 1998. Risk analy-
sis of yield losses caused by rice leaf blast associated with temperature 
changes above and below for five Asian countries. Agric. Ecosyst. Envi-
ron. 68:197-205. 

68. Magan, N., Medina, A., and Aldred, D. 2011. Possible climate-change ef-
fects on mycotoxin contamination of food crops pre- and postharvest. 
Plant Pathol. 60:150-163. 

69. Magarey, R. D., Fowler, G. A., Borchert, D. M., Sutton, T. B., Colungu-
Garcia, M., and Simpson, J. A. 2007. NAPPFAST: An internet system for 
the weather-based mapping of plant pathogens. Plant Dis. 91:336-345. 

70. Margosian, M. L., Garrett, K. A., Hutchinson, J. M. S., and With, K. A. 
2009. Connectivity of the American agricultural landscape: Assessing the 
national risk of crop pest and disease spread. BioScience 59:141-151. 

71. Meentemeyer, R. K., Anacker, B. L., Mark, W., and Rizzo, D. M. 2008. 
Early detection of emerging forest disease using dispersal estimation and 
ecological niche modeling. Ecol. Appl. 18:377-390. 

72. Millennium Ecosystem Assessment (MEA). 2005. Ecosystems and human 
well-being: Synthesis. Island Pres, Washington, DC. 

73. Milus, E. A., Kristensen, K., and Hovmøller, M. S. 2009. Evidence for 
increased aggressiveness in a recent widespread strain of Puccinia stri-
iformis f. sp. tritici causing stripe rust of wheat. Phytopathology 99:89-94. 

74. Morales, F. J., and Jones, P. G. 2004. The ecology and epidemiology of 
whitefly-transmitted viruses in Latin America. Virus Res. 100:57-65. 

75. Moslonka-Lefebvre, M., Finley, A., Dorigatti, I., Dehnen-Schmutz, K., 
Harwood, T., Jeger, M. J., Xu, X., Holdenrieder, O., and Pautasso, M. 
2011. Networks in plant epidemiology: From genes to landscapes, coun-
tries, and continents. Phytopathology 101:392-403. 

76. Munkvold, G. P., and Hellmich, R. L. 2000. Genetically modified insect 
resistant maize: Implications for management of ear and stalk diseases. 
APSnet Features. Online. Doi:10.1094/PHP-2000-0912-01-RV. 

77. Muñoz, M. E. S., Giovanni, R., Siqueira, M. F., Sutton, T., Brewer, P., 
Pereira, R. S., Canhos, D. A. L., and Canhos, V. P. 2009. OpenModeller: A 
generic approach to species’ potential distribution modelling. GeoInfor-
matica. DOI: 10.1007/s10707-009-0090-7. 

78. Nagarajan, S., and Singh, D. V. 1990. Long-distance dispersion of rust 
pathogens. Annu. Rev. Phytopathol. 28:139-154. 

79. Neelin, J. D., Munnich, M., Su, H., Meyerson, J. E., and Holloway, C. E. 
2006. Tropical drying trends in global warming models and observations. 
Proc. Natl. Acad. Sci. USA 103:6110-6115. 

80. Ordish, G. 1952. Untaken Harvest: Man’s Loss of Crops From Pest, Weed 
and Disease. Constable, London. 

81. Ortiz, O., Garrett, K. A., Heath, J. J., Orrego, R., and Nelson, R. J. 2004. 
Management of potato late blight in the Peruvian highlands: Evaluating 
the benefits of farmer field schools and farmer participatory research. Plant 



1214 Plant Disease / Vol. 95 No. 10 

Dis. 88:565-571. 
82. Ou, S. H. 1987. Rice Diseases, 2nd ed. C.A.B. International, Farnham 

House, Farnham Royal, Slough. 
83. Padgham, J. 2009. Agricultural Development Under a Changing Climate. 

Opportunities and Challenges for Adaptation. Joint Discussion Paper, 
Agriculture and Rural Development and Environment Departments, The 
World Bank. 

84. Pande, S., Desai, S., and Sharma, M. 2010. Impact of climate change on 
rainfed crop diseases: Current status and future research needs. Pages 55-
59 in: National Symposium on Climate Change and Rainfed Agriculture, 
February 18-20, 2010. Indian Society of Dryland Agriculture, Central Re-
search Institute for Dryland Agriculture, Hyderabad, India. 

85. Pande, S., and Sharma, M. 2010. Climate change: Potential impact on 
chickpea and pigeonpea diseases in the rainfed semi-arid tropics (SAT). In: 
5th International Food Legumes Research Conference (IFLRC V) and 7th 
European Conference on Grain Legumes (AEP VII) April 26-30, 2010, 
Antalya, Turkey. 

86. Pande, S., Stevenson, P. C., Rao, J. N., Neupane, R. K., Grzywacz, D., 
Bourai, V. A., and Kishore, G. K. 2005. Reviving chickpea production in 
Nepal through integrated crop management, with emphasis on Botrytis 
gray mold. Plant Dis. 89:1252-1262. 

87. Pangga, I. B., Chakraborty, S., and Yates, D. 2004. Canopy size and in-
duced resistance in Stylosanthes scabra determine anthracnose severity at 
high CO2. Phytopathology 94:221-227. 

88. Pangga, I. B., Hanan, J., and Chakraborty, S. 2011. Pathogen dynamics in 
a crop canopy and their evolution under changing climate. Plant Pathol. 
60:70-81. 

89. Pardey, P. G., Alston, J. M., and Piggott, R. R., eds. 2006. Agricultural 
R&D in the Developing World: Too Little, Too Late? International Food 
Policy Research Institute, Washington, DC. 

90. Pardey, P. G., and Wood, S. 2008. Linking plant diseases and their eco-
nomic consequences in a global setting. (Abstr.) Phytopathology 98:S188. 

91. Paterson, R. R. M., and Lima, N. 2010. How will climate change affect 
mycotoxins in food? Food Res. Int. 43:1902-1914. 

92. Pautasso, M., Dehnen-Schmutz, K., Holdenrieder, O., Pietravalle, S., 
Salama, N., Jeger, M. J., Lange, E., and Hehl-Lange, S. 2010. Plant health 
and global change--some implications for landscape management. Biol. 
Rev. Camb. Philos. Soc. 85:729-755. 

93. Penning De Vries, F. W. T. 1982. Phases of development of models. Pages 
20-25 in: Simulation of Plant Growth and Crop Production. F. W. T. Pen-
ning de Vries and H. H. Van Laar, eds. Pudoc, Wageningen, Netherlands. 

94. Peterson, A. T., and Vieglais, D. A. 2001. Predicting species invasions us-
ing ecological niche modeling: New approaches from bioinformatics at-
tack a pressing problem. BioScience 51:363-372. 

95. Pethybridge, S. J., Nelson, M. E., and Wilson, C. R. 2003. Forecasting 
climate suitability of Australian hop-growing regions for establishment of 
hop powdery and downy mildews. Australas. Plant Pathol. 32:493-497. 

96. Pfeiffer, D., Robinson, T. P., Stevenson, M., Rogers, D. J., and Clements, 
A. C. A. 2008. Spatial Analysis in Epidemiology. Oxford University Press, 
Oxford, UK. 

97. Pinkard, E. A., Battaglia, M., Bruce, J., Leriche, A., Kriticos, D. J., Parks, 
C. G., Bernier, P., Bytnerowicz, A., and Hånell, B. 2010. Process-based 
modelling of the severity and impact of foliar pest attack on eucalypt 
plantation productivity under current and future climates. For. Ecol. 
Manag. 259:839-847. 

98. Pinnschmidt, H. O., Batchelor, W. D., and Teng, P. S. 1995. Simulation of 
multiple species pest damage in rice using CERES-rice. Agric. Syst. 
48:193-222. 

99. Pivonia, S., and Yang, X. B. 2004. Assessment of the potential year-round 
establishment of soybean rust throughout the world. Plant Dis. 88:523-
529. 

100. Pritchard, S. G. 2011. Soil organisms and global climate change. Plant 
Pathol. 60:82-99. 

101. Probst, C., Njapau, H., and Cotty, P. J. 2007. Outbreak of an acute aflatoxi-
cosis in Kenya in 2004: Identification of the causal agent. Appl. Environ. 
Microbiol. 73:2762-2764. 

102. Rabbinge, R. 1982. Pests, diseases, and crop production. Pages 253-265 
in: Simulation of Plant Growth and Crop Production. F. W. T. Penning de 
Vries and H. H. Van Laar, eds. Pudoc, Wageningen, Netherlands. 

103. Rabbinge, R., and De Wit, C. T. 1989. Systems, models and simulation. 
Pages 3-15 in: Simulation and Systems Management in Crop Protection. 
R. Rabbinge, S. A. Ward, and R. van Laar, eds. Pudoc, Wageningen, Neth-
erlands. 

104. Regmi, A. P., Ladha, J. K., Pasuquin, E. M., Pathak, H., Hobbs, P. R., 
Shrestha, L. L., Gharti, D. B., and Duveiller, E. 2002. The role of potas-
sium in sustaining sustaining yields in a long-term rice-wheat experiment 
in the Indo-Gangetic plains of Nepal. Biol. Fertility Soils 36:240-247. 

105. Robens, J. F., and Richard, J. L. 1992. Aflatoxins in animal and human 
health. Rev. Environ. Contam. Toxicol. 127:69-93. 

106. Rosenzweig, C., and Hillel, D. 2000. Soils and global climate change: 
Challenges and opportunities. Soil Sci. 165:47-56. 

107. Savary, S., Castilla, N. P., Elazegui, F. A., and Teng, P. S. 2005. Multiple 
effects of two drivers of agricultural change, labour shortage and water 
scarcity, on rice pest profiles in tropical Asia. Field Crop Res. 91:263-271. 

108. Savary, S., De Jong, P. D., Rabbinge, R., and Zadoks, J. C. 1990. Dynamic 
simulation of groundnut rust, a preliminary model. Agric. Syst. 32:113-
141. 

109. Savary, S., Mila, A., Willocquet, L., Esker, P. D., Carisse, O., and 
McRoberts, N. Risk factors for crop health under global change and 
agricultural shifts: A framework of analyses using rice in tropical and sub-
tropical Asia as a model. Phytopathology. In press. 

110. Savary, S., Teng, P. S., Willocquet, L., and Nutter, F. W., Jr. 2006. Quantifi-
cation and modeling of crop losses: A review of purposes. Annu. Rev. Phy-
topathol. 44:89-112. 

111. Savary, S., Willocquet, L., Elazegui, F. A., Castilla, N. P., and Teng, P. S. 
2000. Rice pest constraints in tropical Asia: Quantification of yield losses 
due to rice pests in a range of production situations. Plant Dis. 84:357-369. 

112. Savary, S., Willocquet, L., Elazegui, F. A., Teng, P. S., Du, P. V., Zhu, D., 
Tang, Q., Lin, X., Singh, H. M., and Srivastava, R. K. 2000. Rice pest con-
straints in tropical Asia: Characterization of injury profiles in relation to 
production situations. Plant Dis. 84:341-356. 

113. Sharma, R. C., and Duveiller, E. 2004. Effect of Helminthosporium leaf 
blight on the performance of timely and late seeded wheat under optimal 
and stressed levels of soil fertility and soil moisture. Field Crop Res. 
89:205-218. 

114. Sharma, S., Duveiller, E., Basnet, R., Karki, C. B., and Sharma, R. C. 
2005. Effect of potash fertilization on reducing Helminthosporium leaf 
blight severity and associated increase in grain yield and kernel weight in 
wheat. Field Crops Res. 93:142-150. 

115. Sharma, R. C., Duveiller, E., and Ortiz-Ferrara, G. 2007. Progress and 
challenge towards reducing wheat spot blotch threat in the Eastern 
Gangetic Plains of South Asia: Is climate change already taking its toll? 
Field Crops Res. 103:109-118. 

116. Sharma, M., Mangala, U. N., Krishnamurthy, M., Vadez, V., and Pande, S. 
2010. Drought and dry root of chickpea. In: 5th International Food Leg-
umes Research Conference (IFLRC V) & 7th European Conference on 
Grain Legumes (AEP VII) April 26-30, 2010, Antalya, Turkey. 

117. Sharma, M., Pande, S., Pathak, M., Narayana Rao, J., Anil Kumar, P., 
Madhusudun Reddy, D., Benagi, D., Mahalinga, D. M., Zhote, K. K., 
Karanjkar, P. N., and Eksinshe, B. S. 2006. Prevalence of Phytophthora 
blight of pigeonpea in the Deccan Plateau. J. Plant Pathol. 22:309-313. 

118. Shaw, M. W., and Osborne, T. M. 2011. Geographic distribution of plant 
pathogens in response to climate change. Plant Pathol. 60:31-43. 

119. Singh, R. P., Hodson, D. P., Huerta-Espino, J., Jin, Y., Njau, P., Wanyera, 
R., Herrera-Foessel, S. A., and Ward, R. W. 2008. Will stem rust destroy 
the world’s wheat crop? Adv. Agron. 98:271-309. 

120. Singh, R. P., Hodson, D. P., Jin, Y., Huerta-Espino, J., Kinyua, M. G., 
Wanyera, R., Njau, P., and Ward, R. W. 2006. Current status, likely migra-
tion and strategies to mitigate the threat to wheat production from race 
Ug99 (TTKS) of stem rust pathogen. CAB Reviews: Perspectives in Agri-
culture, Veterinary Science, Nutrition and Natural Resources, 1, No. 054. 

121. Singh, R. P., Huerta-Espino, J., and Roelfs, A. P. 2002. The Wheat Rusts. 
Pages 317-330 in: Bread Wheat: Improvement and Production. Plant pro-
duction and protection series no. 30. B. C. Curtis, S. Rajaram, and H. Go-
mez Macpherson, eds. FAO, Rome. 

122. Skelsey, P., Rossing, W. A. H., Kessel, G. J. T., and Van der Werf, W. 2010. 
Invasion of Phytophthora infestans at the landscape level: How do spatial 
scale and weather modulate the consequences of spatial heterogeneity in 
host resistance? Phytopathology 100:1146-1161. 

123. Smith, B., Ebi, K. L., Pilifosova, O., Burton, I., Challenger, B., Huk, S., 
Klein, R. J. T., and Yohe, G. 2001. Climate Change 2001: Impacts, Adapta-
tion, and Vulnerability. Contribution of Working Group II to the 3rd As-
sessment Report of the Intergovernemental panel on Climate Change. 
Cambridge University Press, Cambridge. 

124. Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. B., 
Tignor, M., and Miller, H. L., eds. 2007. Contribution of Working Group I 
to the Fourth Assessment Report of the Intergovernmental Panel on Cli-
mate Change. Cambridge University Press, Cambridge. 

125. Sparks, A. H. 2009. Disease risk mapping with metamodels for coarse 
resolution predictors: Global potato late blight risk now and under future 
climate conditions. Ph.D. diss. Department of Plant Pathology, Kansas 
State University. Manhattan, KS. 

126. Sparks, A. H., Forbes, G., Hijmans, R., and Garrett, K. 2010. Metamodels 
for scaling potato late blight risk analysis in climate change scenarios. 
(Abstr.) Phytopathology 100:S121. 

127. Stockle, C. O., Donatelli, M., and Nelson, R. 2001. CropSyst, a cropping 
system simulation model. Eur. J. Agron. 18:289-307. 

128. Strosnider, H., et al. 2006. Workgroup Report: Public health strategies for 
reducing Aflatoxin exposure in developing countries. Environ. Health Per-
spect. 114:1898-1903. 

129. Sturrock, R. N., Frankel, S. J., Brown, A. V., Hennon, P. E., Kliejunas, J. 
T., Lewis, K. J., Worrall, J. J., and Woods, A. J. 2011. Climate change and 
forest diseases. Plant Pathol. 60:133-149. 

130. Sutherst, R. W., and Maywald, G. F. 1985. A computerized system for 
matching climates in ecology. Agric. Ecosyst. Environ. 13:281-299. 

131. Teng, P. S., ed. 1982. Crop Loss Assessment and Pest Management. 
American Phytopathological Society, St Paul, MN. 

132. Teng, P. S. 1994. The epidemiological basis for blast management. Pages 



Plant Disease / October 2011 1215 

409-433 in: Rice Blast Disease. R. S. Zeigler, S.A. Leong, and P. S. Teng, 
eds. CAB International, Wallingford, UK, and IRRI, Los Banos, Philip-
pines. 

133. Teng, P. S., Heong, K. L., Kropff, M., J., Nutter, F. W., and Sutherst, R. W. 
1996. Linked pest-crop models under global change. In: Global Change 
and Terrestrial Ecosystems. B. H. Walker and W. L. Stephen, eds. Cam-
bridge University Press, Cambridge. 

134. Teng, P. S., and Savary, S. 1992. Implementing the system approach in 
pest management. Agric. Syst. 40:237-264. 

135. Thiele, G. 1999. Informal potato seed systems in the Andes: Why are they 
important and what should we do with them? World Develop. 27:83-99. 

136. Thurston, H. D. 1994. Andean potato culture: 5,000 years of experience 
with sustainable agriculture. Pages 6-13 in: Advances in Potato Pest Biol-
ogy and Management. American Phytopathological Society, St. Paul, MN. 

137. Turchin, P. 2003. Complex Population Dynamics: A Theoretical-Empirical 
Synthesis. Princeton University Press, Princeton, NJ. 

138. UNEP, 2004. Childhood Pesticide Poisoning. Information for Advocacy 
and Action. United Nations Environment Programme, Châtelaine, Switzer-
land. 

139. Van der Plank, J. E. 1963. Plant Diseases. Epidemics and Control. Aca-
demic Press, New York. 

140. Venette, R. C., Kriticos, D. J., Magarey, R. D., Koch, F. H., Baker, R. H. 
A., Worner, S. P., Gómez Raboteaux, N. N., McKenney, D. W., Dobesber-
ger, E. J., Yemshanov, D., De Barro, P. J., Hutchison, W. D., Fowler, G., 
Kalaris, T. M., and Pedlar, J. 2010. Pest risk maps for invasive alien spe-
cies: A roadmap for improvement. BioScience 60:349-362. 

141. Von Braun, J. 2009. Addressing the food crisis: Governance, market func-
tioning, and investment in public goods. Food Security 1:9-15. 

142. Vörösmarty, C. J., Green, P., Salisbury, J., and Lammers, R. B. 2000. 
Global water resources: Vulnerability from climate change and population 
growth. Science 289:284-288. 

143. Way, M. J., and van Emden, H. F. 2000. Integrated pest management in 
practice - Pathways towards successful application. Crop Prot. 19:81-103. 

144. Weltzien, H. C. 1972. Geophytopathology. Annu. Rev. Phytopathol. 
10:277-298. 

145. Weltzien, H. C. 1978. Geophytopathology. Pages 339-360 in: Plant Dis-
ease: An advance treatise, Vol. 2: How disease develops in populations. J. 

G. Horsfall and E. A. Cowling, eds. Academic Press, New York. 
146. Willocquet, L., Aubertot, J. N., Lebard, S., Robert, C., Lannou, C., and 

Savary, S. 2008. Simulating multiple pest damage in varying winter wheat 
production situations. Field Crops Res. 107:12-28. 

147. Willocquet, L., Elazegui, F. A., Castilla, N. P., Fernandez, L., Fischer, K. 
S., Peng, S., Teng, P. S., Srivastava, R. K., Singh, H. M., Zhu, D., and 
Savary, S. 2004. Research priorities for rice disease and pest management 
in tropical Asia: A simulation analysis of yield losses and management 
efficiencies. Phytopathology 94:672-682. 

148. Willocquet, L., Savary, S., Fernandez, L., Elazegui, F. A., Castilla, N., Zhu, 
D., Tang, Q., Huang, S., Lin, X., Singh, H. M., and Srivastava, R. K. 2002. 
Structure and validation of RICEPEST, a production situation-driven, crop 
growth model simulating rice yield response to multiple pest injuries for 
tropical Asia. Ecol. Model. 153:247-268. 

149. Workneh, F., and Yang, X. B. 2000. Prevalence of Sclerotinia stem rot of 
soybeans in the north-central United States in relation to tillage, climate 
and latitudinal positions. Phytopathology 90:1375-1382. 

150. Wu, D., Yu, Q., Lu, C., and Hengsdijk, H. 2006. Quantifying production 
potentials of winter wheat in the North China Plain. Eur. J. Agron. 24:226-
235. 

151. Wulff, E. G., Pérez, W., Nelson, R. J., Bonierbale, M., Landeo, J. A., and 
Forbes, G. A. 2007. Identification of stable resistance to Phytophthora in-
festans in potato genotypes evaluated in field experiments in Peru. Exp. 
Agric. 43:353-363. 

152. Yuen, J. E., and Hughes, G. 2002. Bayesian analysis of plant disease 
prediction. Plant Pathol. 51:407-412. 

153. Zadoks, J. C. 1985. On the conceptual basis of crop loss assessment: The 
threshold theory. Annu. Rev. Phytopathol. 23:455-473. 

154. Zadoks, J. C. 1989. EPIPRE, a computer-based decision support system 
for pest and disease control in wheat: Its development and implementation 
in Europe. Pages 3-29 in: Plant Disease Epidemiology. Vol. 2. K. J. Leo-
nard and W. E. Fry, eds. McMillan, New York. 

155. Zadoks, J. C., and Rabbinge, R. 1985. Modelling to a purpose. Pages 231-
244 in: Advances in Plant Pathology. Vol. 3. Mathematical Modelling of 
Crop Diseases. C. A. Gilligan, ed. Academic Press, London. 

156. Zadoks, J. C., and Schein, R. D. 1979. Epidemiology and Plant Disease 
Management. Oxford University Press, New York. 

 

Dr. Savary is a plant pathologist at the International Rice 
Research Institute (IRRI), where his research currently 
focuses on epidemiological modeling, risk assessment, crop 
health management, and research prioritization. Dr. Savary 
received his Ph.D. from the Wageningen Agricultural Univer-
sity. His expertise lies in simulation modeling, crop loss 
assessments, multivariate analysis, and surveys in farmers’ 
fields. His interests focus on the dynamic linkages between 
crop health and production situations, including the agro-
nomic and the socio-economic contexts of agricultural 
production. He has conducted research at different locations 
on different topics, including vegetables, legumes, and cas-
sava in West Africa, coffee and bean diseases in Central 
America, and wheat and grapevine in France, aside from his 
research on rice health. 

Dr. Nelson is a scientist and geographer in the social 
sciences division of the IRRI, Los Baños, Philippines. He 
received his BEng from the University Nottingham, his M.Sc.
from the University Leicester, and his Ph.D. in geography 
from the University of Leeds, all in the UK. Over the last 14 
years, he has conducted spatial research on a wide range of 
natural resource and agricultural issues within the CGIAR, 
the World Bank, FAO, UNEP, and the European Commission.
He is now head of the GIS/RS group at IRRI and responsible 
for the spatial characterization and mapping of rice growing 
areas in Asia including the prevalence and incidence of rice 
pests and diseases. 

Dr. Sparks is plant pathologist and GIS specialist in the 
plant breeding, genetics, and biotechnology and social 
sciences divisions of the IRRI, Los Baños, Philippines. He 
received his B.S. in agronomy from Purdue University, West 
Lafayette, IN, and his graduate certificate in GIS and Ph.D. in 
plant pathology from Kansas State University, Manhattan, 
KS. He specializes in linking ecological, epidemiological, and 
crop health models to geographic information systems. His 
current research at IRRI links models that predict un-
managed plant disease epidemics and crop yield losses in 
rice to GIS, in order to construct maps for a better under-

standing of what influences crop losses and develop tools for 
strategic decisions such as resistance deployment, and to 
better understand the influences of global change on the 
processes that drive plant disease development. 

Dr. Willocquet is a senior scientist and plant pathologist in 
the plant breeding, genetics, and biotechnology division of 
the IRRI, Los Baños, Philippines. She received her degree of 
agronomy engineer from the Agronomy National Institute of 
Paris-Grignon and her Ph.D. in phytopathology from the 
University of Paris-Orsay. Over the last 16 years, she has 
conducted research on epidemiology, yield losses, and 
modeling of a wide range of pathosystems in tropical and
temperate areas within IRD, INRA, and IRRI. Her main work 
at IRRI is to apply epidemiological approaches to improve 
host plant resistance to rice diseases, including the devel-
opment of phenotyping methods for resistance to rice sheath 
blight. 

Dr. Duveiller is principal scientist at the International Maize 
and Wheat Improvement center (CIMMYT), Mexico. He 
received his M.Sc. and Ph.D. from University of Louvain 
(UCL) in Belgium and a special degree in social sciences 
from the Developing Countries Institute at the same univer-
sity. With 30 years experience in international agriculture and 
development projects, he specialized in cereal disease resis-
tance and integrated crop management. After working in 
capacity building in Bolivia and in Burundi on rice diseases, 
he joined CIMMYT Wheat Program in 1987 and conducted 
several research projects on bacterial and foliar pathogens. 
After 10 years at CIMMYT headquarters in Mexico, he 
became regional wheat pathologist in the Indian Subconti-
nent based in Nepal and participated in several wheat dis-
ease surveys in central Asia and Iran. He returned to Mexico 
headquarters in 2006 as head of wheat pathology and is 
currently associate director of CIMMYT Global Wheat Pro-
gram. 

Dr. Mahuku is a senior scientist at CIMMYT, Texcoco, 
Mexico. He received his Ph.D. degree in plant pathology from 
University of Guelph, Ontario, Canada. His current research 
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activities include pathogen biology, disease epidemiology, 
molecular characterization of fungal pathogens, climate 
change, and emerging diseases of maize and their manage-
ment using host plant resistance. His current research inter-
ests are on the effect of climate change variables on 
mycotoxin producing fungi and using host resistance to 
minimize contamination and contribute to food safety. 

Dr. Forbes received his Ph.D. degree in plant pathology 
from Texas A&M University in 1986, where he worked on 
sorghum grain mold. He then spent 2 years in a postdoctoral 
position in Montpellier, France at the Institut National de la 
Recherche Agronomique (INRA). In 1989, he joined the 
International Potato Center (CIP) in Lima, Peru, with respon-
sibility for research on potato late blight. He has worked with 
CIP for more than 22 years, 12 in Quito, Ecuador, and 8 in 
Lima, and has recently completed a 1-year posting at the 
Swedish University of Agricultural Sciences in Uppsala, 
working with Dr. Jonathan Yuen. He is interested in manage-
ment of potato late blight in developing countries and has 
coordinated the Global Initiative on Late Blight (GILB).
Lately, he has participated in the development of methods 
and materials for building disease management capacity of 
resource-poor farmers. He is also interested in assessing 
risks related to potato late blight, particularly in the context 
of global change. 

Dr. Garrett is a professor at the Department of Plant 
Pathology and leads the Laboratory of Plant Disease Ecol-
ogy, Ecological Genomics, Biodiversity Resource Science at 
Kansas State University. She received her B.S. from Purdue 
University, her M.S. from Colorado State University, and her 
Ph.D. in botany and plant pathology from Oregon State Uni-
versity. Her field of research relates to plant disease ecology, 
ecological genomics, agricultural biodiversity and resistance 
gene deployment, disease in natural systems, statistical 
applications in biology, and international agriculture. She has 
collaborated with CIP and IRRI scientists in several epide-
miological aspects of potato late blight and rice blast. 

Dr. Hodson is an agricultural officer within the AGP 
Division at FAO. He has led the Global Cereal Rust Moni-
toring System at FAO since 2009. Previously, he was head of 
the GIS unit at CIMMYT and was actively involved in numer-
ous regional projects in Africa, Asia, and Latin America. In 
his roles at FAO and at CIMMYT, he has worked closely with 
wheat scientists on issues related to wheat stem rust race 
Ug99 since 2005, with a focus on impact assessment and 
monitoring, including the development of a web-based spa-
tial information system for the dissemination of up-to-date 
information on Ug99. He received his Bachelors degree and 
Ph.D. from De Montfort University, Leicester and has a post-
graduate certificate in GIS from Edinburgh University, UK. 

Dr. Padgham is director of the Risk, Vulnerability, and 
Adaptation program at START, the global change SysTem for 
Analysis, Research and Training, a non-governmental re-
search organization. Prior to joining START, he worked at the 
World Bank and the U.S. Agency for International Devel-

opment on climate change adaptation initiatives. At the World 
Bank, he developed a study detailing where Bank invest-
ments are needed to build adaptive capacity in the agricult-
ure sector. At USAID, he managed adaptation projects and 
helped to develop a guidance manual on climate change 
adaptation for that agency’s field operations. He received his 
Ph.D. in soil science from Cornell University. 

Dr. Pande is a principal scientist at the International Crops 
Research Institute for the Semi-Arid Tropics (ICRISAT), 
Patancheru, India. He received his Ph.D. degree in plant 
pathology from Indian Agricultural Research Institute, New 
Delhi, India. His 34 years of research in plant pathology span 
from innovation to impact in temperate, tropical, and arid 
regions of Asia and Africa. His main research areas include: 
pathogens biology, disease epidemiology, climate change, 
and emerging diseases of legumes and their management 
using host plant resistance. He also leads research and de-
velopment activities on crop diversification in the rice-wheat 
cropping systems in Asia. He has been honored by many 
CGIAR awards: Doreen Margaret Mashler award (thrice), 
The King Baudouin award (twice), and Distinguished Sci-
entific Achievement award by Bangladesh and Indian Society of 
Pulses Research, India for his scientific contributions. 

Dr. Sharma is a scientist in the department of legumes 
pathology at ICRISAT, Patancheru, India. She received her 
M.Sc. and Ph.D. degrees in plant pathology from Dr. Y. S. 
Parmar, University of Horticulture and Forestry, Himachal 
Pradesh, India. Her current research activities include: di-
sease epidemiology, host plant resistance, biology and 
molecular characterization of fungal pathogens in legumes,
specifically chickpea and pigeonpea. Her current research 
interests are on the effect of climate change variables on 
legume diseases in semi-arid tropics environment. She has 
been awarded Promising Young Scientist award for her re-
search contributions. 

Dr. Yuen is professor at the Department of Forest Mycol-
ogy and Pathology at the Swedish University of Agricultural 
Sciences, Uppsala, Sweden. He received his Ph.D. from 
Cornell University. His expertise lies in plant pathology, plant 
disease epidemiology, modeling, and statistics. He has used 
ecological and molecular methods to study late blight of po-
tato and rust diseases in small grains. He has collaborated 
with CIP scientists in modeling the epidemiological dynamics 
of potato late blight and has had cooperative rust research 
with CIMMYT. Prior to his first academic position in 1985, he 
served with the Asian Vegetable Research and Development 
Center in Taiwan, and he has several years experience in 
human disease epidemiology. 

Dr. Djurle is a senior lecturer in plant pathology at the 
Swedish University of Agricultural Sciences. She received 
her degree in agronomy and her Ph.D. in plant pathology 
from the same university. Most of her research has connec-
tions to the epidemiology of small grain diseases. She also 
teaches plant pathology at B.Sc. and M.Sc. levels. Agrilife 
Extension Service in 2008.  
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