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EXECUTIVESUMMARY

The Pest Risk Andysis Pand of the North American Plant Protection Organization (NAPPO) assessed
therisk of Karnal bunt, Tilletiaindica Mitra, establishment in commercid whesat production areas of North
America Critical factors of climate and host conducive to disease development were identified in
conjunction with their time of occurrence, in phenologica terms, and with potential disease severity to
categorize areasat risk for Karnal bunt establishment. Detailed daily wegther attributes of North America
were andysed to develop a model to identify and characterize wheet production areas as zones of high,
medium, or low risk (Sequeira 1999).

Data were dratified by the phenologica window corresponding to the critical period of wheet anthesisfor
each county or municipio across North America.  Decison rules were subsequently formulated to
determine the probability of host and disease occurrence in relation to disease severity, or any index
thereof, to dlocate counties to a specified level of risk for establishment. Three broad categories of risk
zones were formulated by building a mechanigtic or process-oriented model and displaying the results
gpatidly for North America using geographic information systems (GIS). Data that were collected,
characterized, and linked to the disease triangle include: crop production features (yield and cropping
regions of whest), relevant wheet cultivation practices (planting dates), climatology (daily historical westher
station records), known disease digtribution (survey results), crop development (crop phenology), and
historica disease dynamics and indices of damage levels, and host and environmenta conditions leading
to disease outbreaks.

Our assessment of the risk of establishment of Karnd bunt in wheet suggested that the mgjority of
production regions of North America are not highly susceptible to this disease. Limited areas have been
identified whererisk may be consdered as* medium. Anaysisof prevailing weather and planting patterns
during the production of winter and spring wheet shows that the susceptible period does not generdly
coincide with climatic conditions favorable to the disease for the mgority of locations. Karna bunt will
likely remain “below levels of regulatory concern” throughout most wheet production regions of North
Americamogt of the time, with the exception of weather anomaies. Knowledge of the potentid risk of
establishment of this disease provides for more trangparent justification of any risk management measures
to be undertaken and aids in more efficient phytosanitary resource dlocation.



INTRODUCTION

Karna bunt, Tilletia indica Mitra, isprimarily aseed-bornefungd disease of whesat and triticale that could
negatively affect the magor wheat growing regions of theworld. The effects of Karna bunt on wheet yield
are minor to indgnificant; however, the effects on quality (objectionable fishy odors) are manifested in
wheat |otswith 3% or moreinfected grainsand are undesirable. Themovement of contaminated seed from
infected areas poses the greatest risk for soread of Karna bunt and islikely the main pathway worldwide.
This diseese is difficult to identify and control in the field (Murray and Brennan 1998).

Karna bunt of wheat has a limited distribution worldwide and is confined to parts of Asa and North
America(Murray and Brennan 1998). It wasfird reported from Karnd, Indiaaround 1931, whereit had
caused some yield damage. It has aso been reported from neighboring regions in Nepa, Pakistan and
Iran, aswdll as Irag and Afghanistan (Warham 1986). In the late 1960's this disease spread to the magjor
wheat growing areas of Mexico (Sinaloaand Sonora) and in 1996 wasfound in neighboring wheat growing
regions in the southwestern United States (Arizona, Cdifornia, and Texas) where it is currently under
eradication (Poe 1998; Babadoost 2000). Karna bunt is not known to occur in the northern US or
Canada.

Within North America, zero-tolerance domestic and international quarantines are currently in place to
prevent further spread of the disease (Babadoost 2000). At this time the disease appears to be confined
to unique eco-climatic regions of Mexico and southwestern US; however, sgnificant portions of whegt
production in these regions are till considered located in pest-free aress.

In Mexico, pest free areas in the state of Sonorainclude the production areas of San Luis Rio Colorado.
Pest free areas in the date of Bga Cdiforniainclude production areas of Mexicdi. Findly, the sates of
Guangjuato, Jalisco, Michoacan, and Queretaro are considered pest free. No significant evidence of
disease spread outside of the southwestern US, in terms of expression of symptoms, has been observed
snce intensive surveys began there in 1997. Where new finds have been recorded, these have been
associated with extremely low levels (0.1% or lower); much lower than those expected to have effectson
quality or productivity.

Weather extremes (extremely dry and hot or very humid and cold) conditionsare not conducive conditions
for disease development (Sansford 1998). Karna bunt appearsto belimited to moderately cool and moist
eco-climates. Such conducive conditions may aso occur, but are rare, in northern parts of the US and
Canada (Jhorar et al. 1992; Sansford 1998; Diekmann 1998). However, the disease has never been
detected outside of its current distribution in the southwestern US and Mexico despite the historic
movement of seed throughout much of thewhesat growing regionsof North America Thisrdatively limited
digtribution of Karna bunt could be attributed to specific climatic factorsimpacting on the life cycle of the
fungus (Diekmann 1998). Thus, the Pest Risk Andysis Pand of the North American Plant Protection
Organization (NAPPO) investigated the likelihood that Karnal bunt could become established in other
commercial whesat production areas of North Americabased on climate. We developed amechanistic or



process-oriented risk model based on daily wegther data and resolved at the county or municipio scaefor
dl of North America. Variousmoded sto estimaterisk of establishment of Karna bunt in different countries
have been developed (Kehlenbeck et al. 1997; Diekmann 1998; Murray and Brennan 1998; Sansford
1998; Baker et al. 2000), but only one has been based on daily weather attributes (Sequeira 1999). We
used the spatid anaytica approach applied to a US-wide assessment of Karna bunt by Sequeira (1999)
for aNorth American scale assessment in this document.

METHODSAND APPROACH

We adopted a mechanistic or process-oriented modelling approach to risk assessment based on
epidemiologica principles. The goa was to determine risk a a redistic but practica scale for risk
management. Our modd formulates decision rules based on information from the modd developed by
Jhorar et al. (1992) for field conditions, aswell asinformation obtained from biologica research cited here.
The output from the model provides qualitative categorizationsfor risk of establishment based on estimates
of thelikelihood of establishment and the magnitude of disease severity as determined by climate (i.e., the
likelihood that Karnal bunt could infect whesat a a particular location to a specified degree of severity
definesrisk of establishment).

Our study focuses on one element of stage 2 (risk assessment) of the International Plant Protection
Convention (IPPC) risk anadysis process (FAO 2001); the characterization of the risk of establishment
of Karnd bunt within continental North America (.e., within the NAPPO PRA aed). Our anayss
assumes a pathway to the whest fields of North America. More detailed pathway andyses can be found
inWarham (1986) and Babadoost (2000) and others. Despite extensiveresearch effortsworldwide, much
is till unknown about the pathway for introduction and the complex biology of this disease.

Production Characteristics Relevant to Karnal Bunt Establishment

Whest is grown extengvely throughout North America with the United States having the largest acreage,
followed by Canada and Mexico (Anon.1994). Whest isaleading export crop in al NAPPO countries.
Whesat-growing regionsin North Americaare shownin figure 1. Despite the existence of several hundred
cultivars, only asmal proportion of the available cultivars are actudly sown. Severa agronomic typesor
varietiesof wheet are grown and are categorized according to factors such asmilling characteristics, where
they are grown, and when they are planted. Whest is planted in both winter and spring, and wheet types
include red, white, winter, durum, etc. The digtribution of wheet in terms of tonnage harvested is shown
infigure2. Inthe Yagui Vdley region of Mexico, planting has been progressvely shifting to more resstant
Durum wheset and this trend has sgnificantly reduced the incidence of Karna bunt (Nagargian 1991).

A key risk criterion considered in this analysis is the unique property that wheet is planted during periods

referred to as “sowing windows’, which vary by region. These sowing windows result in a continuous
progression of whest planting on the continent starting in the southwestern-most regions in Mexico and
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moving progressvely north until the last of the spring whest is planted in Canada. Cropping cdendars (a
summary of the trend for the timing of key phenologica events) are shown in figure 3a-b (Anon. 1994).
This figure emphasizes the timing of the susceptible reproductive or “heading” stage. The period of
susceptibility has been described by Nagargjan (1991) as Zadok’ sdecimal scale stages 45 to 69 (Zadoks
et al. 1974). A detailed map of periodsof smilar phenology (and therefore smilar susceptibility) in North
Americais shown in Figure 4. In the United States there is a progression of planting (and consequently,
heading) from south to north. In contrast, the shorter growing season in Canada is such that a much
narrower sowing (and heading) window occurs. In Mexico, wheet is planted during the fdl, winter, and
summer seasons providing for acontinuous sowing window. Theextens veresearch collections maintained
by the Internationd Maize and Whesat Indtitute (CIMMYT) dong the coastal areas present nearly
continuous production during some years.

Different types and cultivars vary in their response to different management practices and adaptability to
different conditions. Our study considered only phenologica timing. Although thistiming isacknowledged
to fluctuate, we used average heat unit requirements within a sowing region in order to forecast thetiming
of the reproductive period, which is the only wheat stage vulnerable to infection by Karna bunt. As
previoudy noted, moisture and temperature are the two key factorsthat lead to disease devel opment inthe
presence of asusceptible host. 1n addition to the observation of weather data, the use of irrigation may
increase reative humidity, especialy when irrigation is gpplied a or near the reproductive (susceptible)
period. Wheat in Mexico, as well as in the deserts of Arizona and Cdifornia, is produced amost
excdlusvey under irrigetion.

We note, however, that research on the effects of irrigation on disease epidemiology were not available at
the time of the analyss. Cursory data analysis did not identify trends that linked irrigation to disease
occurrence. Thisempirica observation, if indeed vaid, may bedueto thefact that in dry regionsthe effect
of irrigation on microclimates (thet is, the increase in moigture) is highest immediatdly after irrigation but
drops very quickly, especidly in terms of moisture onthe leaves. That is, for Karnd bunt which requires
relatively high moigture (likely including leaf surface moisture) for outhbreaksto occur, irrigation may not be
aufficient to induce epidemics, in the absence of generdly conducive rainfal and temperature patterns.

Host susceptibility

Despitetheidentification of resstancein somenon-commercia lines, thereisno clear and specific reported
resstance to Karnd bunt in wheat in commercial cultivars (e.g., Rgaram and Fuentes-Davila 1998),
athough resistant varieties with improved agronomic characteristics (e.g., high yielding) are the focus of
continued breeding research. It has been noted that Durum wheet is moderately resistant (Nagargan,
1991). Since whest is susceptible to Karna bunt infection only during its reproductive period, whest
phenology, specificdly the vulnerable reproductive period, was determined usng smple phenologica
projections based on planting date. Planting dete information was obtained from the regulatory officids
from each of the three countries participating in this andyss. We used Anon. (1994) to determine the
timing of heading or whest reproductive period and to identify the areas of the highest whest production
ineach of thethree countries. In addition, themoddsof Rickmann et al. (1996) and Stockleet al. (1994)
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were used to verify datafrom Anon. (1994) corresponding to North America. A conservative assumption
was made that dl varieties grown were equaly susceptible to Karnd bunt and that this period of
susceptibility would be restricted to the wheat reproductive phase. We further assumed that the amount
of inoculum in the soil had little to no effect on the onset of the disease (G. Fuentes, pers.comm, 1999).
We aso assumed that enough infectious inoculum was present to cause the onset of the disease under the
right climatic conditions.

Weather records and analysis

Coakley and McDanid (1988) have suggested that aminimum of 8 yearsof historical weether databe used
in plant disease forecasting. In this analys's we collected historical records anywhere from ten to one
hundred and thirty-five yearsfor each of the weather station locations used to characterize North America
Although long-term historical wegther records may not be representative of actual conditions during a
particular day or year (e.g., Casti 1991), the scope of our study was to andyse risk in the long run.

The location of weether monitoring Sations used in thisanadlyssis presented in figure 5. Weather records
from the United States from 1986 to 1997 were summarized for 9,068 monitoring stations nationwide.
Wesather records from Mexico from 1960 to 1995 were summarized for 5,055 stations nationwide.
Canadian wesather records anywhere from 1864 to 1999 for some 650 stations were summarized and
mainly encompass arable regions of the country as shown in the figure.

A metafile developed for each of the countries includes geographic reference information (latitude,
longitude, and devation) for dl stations. Daily averages were calculated for each station over al yearsfor
which records were available, and were the key data element used in our climatologica characterization.
For individud stations where more than ten years of data were unavailable, actual data were used to
cdculateaverages. This, however, wasthe casefor lessthan 1% of the dations. The*historica averages’
filewas used to build the Karnad bunt mode of establishment risk. Datawere dtratified by the phenologica
window corresponding to the critica period of wheat anthesis for each county or municipio across North
America.  The spatid average of daly climatic conditions was interpolated usng a standard GIS
triangulaion method with smoothing for each county or municipio (represented by ten or more years of
wesgther data). A phenologica modd was developed to identify the window of wheset anthess. Decison
rules were subsequently formulated to determine the probability of host and disease occurrencein reation
to disease severity, or any index thereof, to alocate counties to a specified level of risk for establishment.
This necesstated overlaying wheat susceptibility information with climatological characteridtics for the
corresponding period and region (i.e. the phenological window of whest flowering for each county). Three
broad temperature regimes were identified as crucid to disease severity and form the basis of the decison
rulesto dlocate risk of establishment into high, medium, and low risk categories.

The work cited previoudy (e.g., Bonde et al. 1997, Jhorar et al. 1992) suggests that westher conditions

appropriatefor Karna bunt development includeardatively cool temperatureregime (temperaturemaxima
between 14°C and 20°C) and an devated humidity or repeated rainfdl as detailed below. Temperatures
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between 16-18°C were congdered optimd for this sudy. Temperature maxima outsde this range but
gpproaching 5°C or 20°C were considered adequate but lessthan optima. Above 20°C and below 5°C
temperature maxima, conditionswerecons dered not conduciveto diseasedevel opment. Weacknowledge
the lack of consstency among authors in reports of temperature optima for Karnd bunt, and therefore
tested the assumptions above including deviations of plus or minus two degrees. Factors determining
etiology are detailed below. Our basdline study used only temperature factors. That is, the temperature
regimes are consstent with Jhorar et al. (1992), but we do not use ahumid-therma index inthese studies,
as relative humidity data were unavalable. After examining the caegorizations obtained from a
temperature-determined risk categorization, we further examined the correspondence of the identified
regions with rainfdl patterns.

Integration of the Data intoRisk Zones

The output of this study is the characterization of discrete geographical zones by varying degrees of
establishment potentiad of Karna bunt in the whegt production aress of North America We used
geographic information systems (GIS) software to overlay datalayers. The mapping of regionswith equa
likelihood of pathogen establishment (heresfter, “ isopathogenicity”), regionsof same susceptible phenology
(heresfter, “isophenology”), productivity maps, and conservativeassumptionsof propaguleentry or surviva
inthe pathway (i.e., theassumption that the pathogen isomnipresent) provided afina determination of risk
zones. We use the term “zone’ to describe one characterigtic of the landscape; we use the term “risk
zone’ to characterize an aggregated area of equal risk rating. Specificaly, where anintersection in time of
the hodt’ s reproductive status and range of weather conditions conducive to the disease was identified in
a particular area, an estimated risk rating was allocated to the area and called arisk zone. The specific
categorizationof risk zonesinto“high”, “medium”, and“low” categorieswas made based on how closethe
average dimatic conditions were to the field optimal for Karnd bunt given that the host was susceptible a
the location and time being characterized.

It was assumed that the climatol ogical recordswererelated to micro-canopy conditions, an assumption that
will obvioudy belessrobust givenirrigation or other agronomic practices which may dramaticaly dter the
microenvironment. It isknown that irrigation increases the susceptibility of wheet (e.g., Nagargjan 1991),
by modifying the microclimate (temperature and humidity). Although we initidly concentrated on
temperature while assuming humidity was optimum, we incorporated a decreased likdihood of pest
establishment in areas with reduced moisture by examining precipitation variations (from climatologica
normals) during periods of wheat susceptibility.

Reports of optimum conditionsfor the pathogen defined by (Jhorar et al. 1992) were used to generate our
results. Themodd used isreasonably robust and the assumptions asto the specific “optimal” temperature
selected can easily be modified. The results and interpretations however, were found to beinsengtive to

changes of up to "2°C.

In summary, the specific steps for developing the categorizations into risk zones included: 1. developing



geographicaly referenced data files on whesat planting and estimated phenology from the daily westher
archivefor North America, 2. devel oping geographicaly referenced datafileson climatology, 3. developing
geographicaly referenced data files on the occurrence of Karnd bunt disease, 4. producing acontinuous
raster grid (a continuous color map) by interpolation of climatology point data, 5. producing a series of
maps representing different sngpshots over time in which climatological characterizations (temperature,
ranfal) were overlayed with polygons outlining areas where wheat was susceptible during specific time
periods, 6. using graphical correlation to characterize geographic regionsinto risk zones (i.e., intersection
of the set of criteriadefining risk of establishment).

DISCUSSION OF RESULTS

We used multi-layered mapsto communicate our findings related to zones of smilar risk (“isorisk” zones).
The different layers correspond to epidemiologica factors: appropriate weeather conditions, susceptible
host, and a pathogen capable of inducing disease. Additionaly, we present the geographica distribution
of whest yidlds to indicate key production areas and to further investigate the magnitude of risk involved.

Fgure6a-m showsmapsthat overlay regionsof smilar and susceptible phenology (*isophenology” regions,
shown as black polygons with no shading) and isothermic regions where the color-coding correspondsto
degree of appropriatenessfor pathogen development. That is, theseisothermswere defined to correspond
to the range of conditions (optimal to sub-optimal) relative to the ability of Karna bunt disease to develop.
These identify regions of “isopathogenicity” as specified by the color gradients. The terms
isopathogenicity and isophenology are proposed for convenience and do not represent botanical or
epidemiologica conventions. Figure 6a-m corresponds to different periods that capture the progression
of whesat phenology in North America. That is, each figure corresponds to a period during which whest
is in a phenologicaly susceptible state. In figures 6a-m the color yelow represents the optimal or near
optima given the assumptions previoudy discussed. The color blue and green represent adequate but not
optimal conditions. Colorsapproaching red and black (onthe*hot” side) and towards purple (“cold” sde)
are not considered susceptible to disease development.  Although we andlyzed establishment risk for all
two-week periods during the entire growing season, only representative examples of our findings are
shown. All andyses support the findings demondrated by the figures.

United Sates

Maps of the United States (figures 6a-d) show broad areas that cover al risk categorizations when
congdering temperature only. When the crop and its phenological patterns are considered however, we
note that during mid-April (figure 6a) most areas of wheet (southernmaost production regions of the United
States) are too warm to support epidemics. There are smdl regions of Texas, Arizonaand Cdiforniathat
are consdered of medium risk, and there are afew discrete regions of Cdiforniathat would be considered
at highrisk. For mid-May (figure 6b), conditionsin areas with susceptible wheet are considered too warm
to support epidemics. There are very smal, discrete areas of medium risk as shown by the blue points on
the map. During early to mid June (figure 6¢), temperatures continue to increase countrywide, reducing



the risk of Karnal bunt development. A few exceptionsand discrete areas of high risk are shown asydlow
points on the map, dong with discrete areas of medium risk as denoted by blue and green shades. Findly
(figure 6d), most of the spring whesat (northernmast production areas) entersits reproductive period (from
late June to early July) when temperatures are generaly too warm to support epidemics, except for smdl
areas of medium risk shown as blue pointsonthemap. Figure7.1-7.2 show that low precipitation patterns
prevail during wheat susceptible periodsin the United States. Infigure 7, polygons indicate where whesat
isgrownandisinaphenologicaly susceptible period. Condderation of theimportance of areaswith higher
relative precipitation (figure 7.1-7.2; blueshaded regions) isnecessary; dthough temperaturesinfigure6a-d
may not be conduciveto Karnd bunt epidemics during average years, these areas may exhibit higher levels
of risk during yeers that deviate sgnificantly from the norm (e.g., during El Nifio events). Therefore
increased vigilance (in terms of surveys) is warranted in the areas where susceptible stages overlap with
higher precipitation patterns (figure 7.1, 7.2).

Canada

Maps of Canada (figure 6e-f) show that spring and durum wheat production in the Canadian Prairies
(which has alate June to early July reproductive period) is phenologicaly susceptible when it istoo warm
for the pathogen to develop. There are areas of suboptima temperature dong the northwestern fringes of
these production arees (e.g., northwest of Albertaand westernmost production aress, asindicated by the
blue shaded regions. No areasin Canada approach optima temperatures. Karna bunt has been reported
unable to survive extreme freezing conditions (Nagargan, pers. comm.). According to these reports,
severe winter temperatures such as exist in Canada (figure 9) are linked to decreased propagule viability.
Thus, it isunlikely that this disease would become established in the Canadian Prairies given temperatures
that can dip below -27°C during the winter. In addition, rainfal in Canada during the periods of
susceptibility (figure 7.4) islow in the Canadian Prairies and further reducestheleve of risk. Winter wheat
growing in southern Ontario and Quebec and the very few areas of Atlantic Canada are at low risk too.
Results of isorisk areas are and ogousto those of statesin the northeastern USbordering Canada. Despite
warmer winters in eastern Canada compared to the Canadian Prairies, temperatures can still get cold
enough to hamper inoculum potential of Karna bunt, thereby further reducing risk. These results are
comparable to those of most of the northeastern states of the US. Clearly, in the long run and exduding
anomadies, Canada is unlikely to have climatic conditions conducive to the establishment of Karnd bunt.

Mexico

The map of Mexico shows temperature regimes that spanal categories. Within the areas marked by the
polygons corresponding to Fall-Winter production regions (reproductive period from end of January to
February) there exist limited locations with optima temperatures for Karna bunt development (yellow
shading) in the States of Bga Cdifornia, Chihuahua, Sonoraand Coahuila (figure 6g). The Winter wheat
entering reproductive period during January and mid-February is associated with a higher incidence of
areas with sub-optima temperatures (medium) as indicated by the blue shading (figure 6 g,h).



For Winter whest that entersreproductive stages at the beginning of March, thereareareasintheNorthern
production regions experiencing optimal temperature conditions (yelow shading), but sub-optima
conditions (medium) predominate asindicated by blue shading (figure6i). Most of the country experiences
temperatures not conducive to establishment during May to September (figure 6g,k,m) asindicated by the
red shading. Thereare no areas showing optima temperaturesfor disease devel opment during this period.

For Spring-Summer wheet that entersiits reproductive period towards the end of July through September
the temperatures are not conducive, with discrete of sub-optimal temperatureindicated by the blue shading
near the State of Mexico. Indeed, most of the production at the end of the season (July to September)
occurs with temperatures above those considered optima (red and dark shaded areas). An exception to
the warming trend isthe existence of areas of sub-optima temperaturesin the States of Mexico, Hidago,
Tlaxcaa, and Puebla (blue shading).

Figure 7.3 shows that the precipitation that occurs during Summer and Fall (June to October) does not
coincide with phenologicd stages susceptible to disease devel opment in the production regions of Fall and
Winter whest. The pattern of preci pitation only shows coincidencewith susceptible stagesin the production
areas corresponding to Spring and Summer.  However, in these areas temperatures are moderately
conducive (but till sub optimal) for disease devel opment.

Occurrence of Karnal bunt in North America

Figure 8 shows al known records for Karnal bunt in North America denoted by stars. Known positive
locations (through 1999 survey reports) arelocated in Arizonaand Texasin the United Statesand primarily
aong western coastd areas (States of Sonoraand Sinaloa) in Mexico. Some known positive locations,
especidly in the coastd states of Sindloa and Sonorawhere high levels of infestation have been reported,
do not correspond to high-risk zones as predicted by our modé!.

Conditions inthese coasta growing regionsare uniquein that significant precipitation does occur during the
latter part of the year. Whereasmost commercia whest isnot susceptible after July, the extended planting
season here results in the presence of wheet year round in some years. This factor is likely to increase
susceptibility because of the shift in sowing windows for any given year.

The temperatures, however, remain sub-optimal at coastal locations in Mexico (Sonora, Snaloa, Bga
Cdifornia) where positive finds are reported and Karnd bunt has become prevaent. Whereasrainfal is
likely afactor increasing susceptibility, the research of Rosenberg et al. (1983), Baker (1994), Régniere
and Bolstad (1994), and others suggests that temperatures in coastdl areas are commonly overestimated,
as the cooling effect of coastal winds on crops is not captured by weather monitoring stations. This
research suggests that a combination of lowered temperatures due to coastal effects, rainfall patternsthat
overlap susceptible periods, and the use of irrigation are factors conducive to Karnd bunt development in
Mexico as shown in figure 8. Inland areas of Arizona and Texas where most US finds were reported
would not be subject to the same coastal effects, do not share the same precipitation patterns during
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periods of susceptibility, and do not experience optimal temperature ranges for disease development.
Further, Sgnificant infection of Karna bunt has never been detected in the United States, which further
grengthens our conclusion that coastal wheat production is subject to unique conditions that increase
susceptibility.  The nature of irrigation on Karna bunt etiology, however, needs to be monitored and
evauated, especidly in Mexico and the southwestern US.

A find note regarding likelihood of establishment concerns the behavior of pathogen spores under snow
cover or extended cold conditions. Nagargian (pers. comm.) has stated that Karna bunt spores may
rapidly decay under extreme cold. Thisis consstent with the response of many living organisms, but we
do not have quantitativerelationshipsavailable at thistime. Figure 9 showsNorth American climatic trends
for temperature minima from January to April (each subfigure represents average conditions during aone-
week period). Theblue shaded areas correspond to temperature minimabel ow freezing. Figure9 suggests
that sgnificant portions of North Americaincluding most wheat growing regions in the United States and
al of Canada, would not be conducive to long term surviva (and therefore permanent establishment) of
Karnal bunt.

Inter pretation of Risk Zones

This section discusses the interpretation of risk zones produced by our modd.

High risk zones result from the concomitant occurrence of the following criteriaimpacting on Karna
bunt epidemiology in each county or municipio in North America:

1 the temperature regimes are near the optimal for the disease, 16°-18°C; and

2. the crop is subject to optimal moisture conditions, rainfal > 4 mm/day for al days, and

3. the cropisin asusceptible stage, (i.e., during heading identified as Zadok’ sdecimd scale
wheat growth stages 45 to 69 for al days;, or

Medium risk zones result from the concomitant occurrence of the following criteriaimpacting on
Karnd bunt epidemiology in each county or municipio in North America

1 the temperature regimes tend to be close to the high or low temperature extremes at which
epidemics do not occur (i.e., temperature is not optimal to support epidemics), 5°-15°C or
19°C; and

2. moisture conditions are sub-optima, rainfal 2-3 mm/day for al days,

3. the crop isin asusceptible stage, (i.e., during heading identified as Zadok’ s decima scae
wheat growth stages 45 to 69 for al days; or
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L ow risk zones result from the concomitant occurrence of the following criteriaimpacting on Karna
bunt epidemiology in each county or municipio in North America

1 the temperature regimes tend to be beyond the high or low temperature extremes at
which disease is observed to occur, < 5° C and >20°C; and
2. conditions are dry, rainfdl < 1 mm/day for dl days;, and

3. the crop is not in a susceptible stage, (i.e., heading identified as Zadok’ s decimal scae
whest growth stages 45 to 69 does not coincide with conducive temperature or
moisture regimes on any day.

We noted that prolonged freezing has been suggested as a factor in inhibiting disease development
(Nagargan, perscomm.). At thistime, published evidenceis not available to support a modd based on
these observations. We do note however that the existence of prolonged freezing conditionsin sgnificant
aress of North America suggests a future mode whenthe above congderations are coupled with freezing
conditions. In addition to the congderations above, high risk would be linked with areas where prolonged
freezing temperatures generally do not occur, except in unusud years, and therefore do not diminate
inoculum. Medium risk would be associated with prolonged freezing temperatures and snow cover
generdly occurring and therefore reducing or eiminating inoculum. Fndly, low risk would associated with
prolonged severefreezing temperaturesgenerally occurring and thereforediminating inoculumor dragticaly
reduce any inoculum. At this time and given the limited evidence, we present the information on
temperature minimato further support our findings of low risk in some areas (those prone to prolonged
freezing) in aquditative and empirica manner.

We note that the conditions for high risk (as per the parameters listed above) did not occur in most of
North America. Medium risk is best indicated by the areas shaded blue in the maps corresponding to
temperature and except for coastal areas, red and black shading indicates low risk. Our interpretation of
available data suggests that coastdl areas are proneto significant ‘ evaporative’ cooling effects. However,
the coastd areas of Mexico have not been characterized asto such effects. Our categorization of the risk
in the production areaiin that states Sindloa and Sonoraiis determined quditatively as medium.

These risk categorizations were inferred from the temperature and moisture regimes affecting the severity
of Karna bunt aong with wheat phenology data al based on epidemiologica principles of disease
expression and are communicated in (figure 6a-m), athough not explicitly stated as such. Thus, our
approach to analyzing risk was dependent on the layering of information using geographic information
systems. This approach has been proposed earlier (e.g., Nelson et al. 1999). In our gpplication, theuse
of these gpatid andytic tools is Smilar to the phytogeographic gpproach and to the multivariate andyss
used by Dobesberger and MacDonad (1993). That is, weidentify the key datatypesthat explain disease
etiology. Diekmann (1993) dsoidentified thestrongest explanatory variablesusing multivariate gpproaches
and then uses those factors and the estimated coefficients to obtain ratings for any location, but in anon-
GIS environment. In our sudy, we proposethat epidemiology should dictate the main variablesthat must
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be studied and additiona detail (in terms of sub-data types such as average maximum temperature during
a given two-week period) should be suggested by biology but may be congtrained by information
avalability (Zadoks and Schein 1979). Theresulting identification of susceptible areasis dependent on the
concomitant occurrence of the range of the three key factors determining disease epidemiology in both
gpace and time (assuming sufficient time for interactions): susceptible hogt, virulent pathogen, and
appropriate climatic conditions. These descriptions of risk are based on average conditions. Westher
anomdies (e.g. those experienced in the state of Texas, USA during 2001) will make it possible for
outbreaks to occur on specific yearsif inoculum is present.

Applicability of the correlative approach using geographic information systems (GIS)

The gpproach used hereis mechanistic in the sense that it isbased on known biologica causal relations of
disease epidemiology (as opposed to surface or empiricaly-derived datistica functions to make
inferences). If the spatia distribution and severity of Karna bunt within North Americawereto increese,
then correspondence, clustering and other atistical approaches might prove useful to derive appropriate
probabilistic inferences about disease risk.

The method we usad iscorrelative and not dissmilar inlogic to many dustering and classification dgorithms
in existence (e.g., Diekmann, 1993, Dobesberger and MacDona d, 1993). The number of variables that
can be considered in a Gl S-based andysis as conducted here (i.e., layering of untransformed biological
data) however, limits this mechanigtic gpproach. Were the study to require a large number of predictor
variables (e.g., relative humidity, planting depth, wind speed, latitude, variety or cultivar, fertilization, soil
type, rotation sequence, other pests, etc.), this gpproach would be less sraightforward and likely more
cumbersome. In such a case forma discriminant analysis might provide a better dternative anaytical
approach.  Approaches such as discriminant analysis and other multivariate procedures are not
incompatible with the methods outlined here. For example, discriminant andyss would hdp summarize
many layers into a single expression, which could then be easily mapped as a single displayed layer.
Examples of these gpplications in agriculture include Harvey (1996) and Dobesberger and McDonad
(1993).

As noted, the andysis of risk presented here is based on long-term climatologica averages. That is, it
identifies risk zones based on historica or averaged patterns. It iswell known, however, that thereis no
such thing as atypicd or average year. Any specific year may deviate sgnificantly from the historical
average. Theimplication of this observation is thet our findings do not imply that Karna bunt will never
occur in areasthat are classfied aslow risk. However, itisunlikely that thisdisease will exist in such areas
at dengties that will lead to epidemics during most years Since categorization as low risk implies a
combination of adequate moisture, adequate temperature, susceptible hogts, and sufficient interactiontime
isunlikely to be redized. Whereas temperatures may be conducivein agiven year, the combination of al
necessary critical factors is less likely to occur. The authors, therefore, conclude that the areas
characterized aslow, medium, or high risk will conform to these zone classificationsinthemgority of years.
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CONCLUSIONS

A detailed assessment of therisk of Karnal bunt establishment in North American-grown whest produced,
inaddition to the assessment itsalf, a geo-referenced database related to wheat production, description of
production practices, daly climatology, disease digtribution, and crop phenology applicable to pest risk
assessments for North America, in generd. The output generated by this study conssts of “risk zones’,
which categorize wheat production regions based on the rating for risk of disease establishment in a pest
risk area.

Therisk mode confirmsthat the mgority of production regionsin North Americaare not highly susceptible
to development of this disease most of the time. Limited areas have been identified where risk may be
considered medium or high. Andysisof prevailing wegther and planting paiterns during the production of
winter and spring wheat shows that the susceptible period does not generdly coincide with climatic
conditions favorable to the disease at the mgority of locations throughout North America. The mgority
of wheat producing areas in the United States and Canada correspond to the lowest risk category for
Karna bunt. Thisis true for both winter and spring planted wheet. Some areas in Mexico are in the
medium risk categories.

The disease was noted to occur in areas that the modd considered of medium to low risk. In Mexico,
these areaswere dl located dong the coast. It was noted that existence of the diseasein Mexico followed
“boom” or “bugt” patterns and was not noted to occur every year even in areas generdly acknowledged
asinfested. In the United States, the occurrence of Karnd bunt in very limited areas has been associated
with climatic anomalies and was only observed to occur a very low levels of infestation.
Recommendations for future research include better characterization of microclimatic conditions at finer
time scades (including the effect of irrigation and continenta vs. coagtd effects on humidity paiterns),
development of field smulation models of disease occurrence for bunts and smuts (specificaly exploring
the rel ationship between controlled chamber studiesand field conditions), investigation of the effect of snow
cover on T. indica spores and investigation of other Tilletia-like organisms exotic to North America. The
model and gpproaches used here need further refinement and further vaidation with datafrom other areas
of the world where Karna bunt is known to occur.
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Figurel. Wheat growing regionsin North America
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Figure 2. Location and relative size of wheat producing regions
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Cropping Calendars for Wheat in North America

Spring wheat crop calendar - Canada
* (for Manitoba, Saskatchewan, Alberta which account for 98% of total)
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Figure 3a. Crop calendar for key wheat producing regionsin North America
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Figure3b. Crop calendar for key wheat producing regionsin North America



Regions of similar susceptibility in the USA- (Winter Wheat) Regions of similar susceptibility in the USA - (Spring Wheat)
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Figure 4. Regions of similar phenology (specifically the reproductive period during which wheat is susceptible to Karnal bunt) in the
United States (a,b), Mexico (c), and Canada (d)



Weather Records for
North America
-Station Locations-

Figure 5. Location of North American weather monitoring stations used in this study.
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