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Using Weather Variables Pre- and Post-heading to Predict  
Deoxynivalenol Content in Winter Wheat 

D. C. Hooker, A. W. Schaafsma, and L. Tamburic-Ilincic, Ridgetown College, University of Guelph, Guelph, 
Ontario, Canada, N0P 2C0 

Substantial economic losses of wheat 
(Triticum aestivum L. em. Thell) have 
occurred in Ontario because of periodic 
epidemics of Fusarium head blight (FHB) 
or scab. The most prevalent causal organ-
ism of FHB in Ontario is Fusarium 
graminearum Schwabe, which produces 
the mycotoxin deoxynivalenol (DON); the 
toxin is produced as the disease progresses 
during the growing season. The cost of an 
epidemic in 1996 was estimated to exceed 
over $100 million (CDN) in Ontario (J. 
Whitelaw, Ontario Wheat Producers Mar-
keting Board, personal communication). 
The frequency of the problem and its se-
verity appear to be increasing in recent 
years. Unacceptable concentrations of 
DON in wheat have exceeded 1 µg g–1 in 
scattered, localized areas across the prov-
ince in every year from 1997 to 2000 (un-
published survey data). Another $25 mil-
lion (CDN) was lost in 2000 because of 
Fusarium-damaged grain and unacceptable 

concentrations of DON (J. Whitelaw, On-
tario Wheat Producers Marketing Board, 
personal communication). 

Concentrations of DON <1.0 µg g–1 are 
permitted in wheat destined for human 
consumption, and up to 5 µg g–1 for live-
stock feed (18). Wheat grain with DON 
concentrations of over 5 µg g–1 may not be 
marketable (30). Visual incidence or sever-
ity of FHB is usually reported in the litera-
ture as an indicator of yield and test weight 
because the assessment is quick and inex-
pensive (8). However, in Ontario, winter 
wheat is frequently contaminated by at 
least 1.0 µg g–1 of DON (26). Because 
DON can form in the absence of observ-
able disease symptoms (13,17), the actual 
measurement of DON is preferred when 
investigating the factors responsible for 
DON production. 

FHB epidemics are usually associated 
with an abundance of inoculum and favor-
able weather conditions around wheat 
heading (14,22). Substrates for the produc-
tion of inoculum are not limiting in the 
Great Lakes basin, especially with the 
adoption of reduced tillage practices that 
retain corn and wheat residues on the soil 
surface (31). Optimal conditions for the 
formation and maturity of the inoculum 
have been reported when the substrate is 
moist (13) and with temperatures between 

20 and 30°C (10). Low inoculum levels 
usually occur in dry periods (14). Regard-
less of the level of inoculum available, 
favorable weather conditions are critical 
for infection to occur in wheat heads. Only 
a small amount of inoculum may be 
needed to cause concern for high concen-
trations of DON if weather conditions are 
favorable for infection (19). 

Susceptibility to infection has been re-
ported to be the greatest from flowering to 
the early dough stage, or Zadoks growth 
stages 60 to 83 (24). Infection is mainly 
dependent on the combination of rainfall, 
the duration of canopy wetness, and tem-
perature conditions relative to the stage of 
wheat development. Pugh et al. (24) found 
that wheat heads exposed to F. graminea-
rum at 25°C for 36 h of continuous wet-
ness were 18% infected, compared with 
77% infected at 48 h of continuous wet-
ness. Another study found minimal infec-
tion with a duration of wetness of less than 
24 h (17). Temperatures of 30 to 32°C tend 
to reduce infection and fungal growth (25). 
Lacey et al. (17) reported reduced infection 
with temperatures of less than 9°C and 
greater than 26°C. Most of these studies 
have been conducted under controlled 
conditions in the growth room. 

Little has been reported on specific envi-
ronmental conditions in farm fields respon-
sible for elevated concentrations of DON. 
Important weather variables and their tim-
ing for spore release and infection need to 
be further examined for predicting concen-
trations of DON in mature wheat grain. 
The impact of various environments has 
typically been assessed through simple 
effects of one or two variables that can be 
artificially controlled either in the growth 
room or in small field plots. As a result, 
models developed from those investiga-
tions are usually site-specific and do not 
provide acceptable accuracy when applied 
to diverse and complex environments (5). 
The potential to predict the level of con-
tamination of grain with DON across di-
verse environmental conditions may be 
possible by using weather data from many 
fields over several years. Other researchers 
have investigated and published the effects 
of weather variables on other diseases 
using natural geospatial and cultural varia-
tion on farm fields (2,4,9,14,15,33). If 
weather variables can be quantified into 
DON-response relationships, a model 
could be developed to predict the concen-
tration of DON using both forecasted and 
actual weather data for specific fields. This 
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tool may be useful to investigate the need 
for fungicide applications to reduce the 
potential for unacceptable concentrations 
of DON. Objectives of this work were: (i) 
to identify critical weather parameters and 
time periods around wheat heading that 
promote the occurrence and accumulation 
of DON, and (ii) to develop a model that 
predicts concentrations of DON using 
weather data around wheat heading. 

MATERIALS AND METHODS 
From 1996 to 2000, 399 farm winter 

wheat fields were selected at random just 
before harvest across southern and eastern 
Ontario. The study involved 83 farm fields 
in 1996, 72 in 1997, 73 in 1998, 101 in 
1999, and 70 in 2000. Agronomic practices 
used in each field were not known prior to 
selection. 

Hand shears were used to harvest mature 
wheat spikelets at Zadoks 92 (34) from 10, 
2-m2 areas equally spaced across the center 
of each field. Spikelets were threshed with 
a stationary plot thresher, which was ad-
justed to retain any light or shriveled ker-
nels. The entire grain sample was finely 
ground through a ROMER mill (Model 
2A, Romer Labs, Inc., Union, MO). In 
1996, DON was extracted from a 1-g sub-
sample in a 5-ml mixture of methanol and 
water (1:9), and quantified using competi-
tive direct enzyme-linked immunosorbent 
assay (CD-ELISA) (27). The same proce-
dures were used from 1997 to 2000, except 
that DON was extracted from a 20-g sub-
sample in 100 ml of methanol and water 
(1:9), and quantified with the commer-
cially prepared EZ-Quant DON Plate Kit 
(Beacon Analytical Systems, Inc., Scar-
borough, ME). Both analytical procedures 
can detect DON to the lower limit of 0.2 
µg g–1. 

The date of wheat head emergence was 
estimated for each field by assuming it 
corresponded to the heading date of the 
same variety planted at the nearest site of 
the multilocation network of Ontario Ce-
real Tests (12). Cereal test sites were 
within 30 km of each field in the survey. 
The date of wheat head emergence was 
defined when the heads of 50% of the 
plants fully emerged from the boot, or 
Zadoks 59 (34). 

Daily weather data were normalized for 
each field with the date of wheat head 
emergence. Daily rainfall, daily minimum 
and maximum air temperatures, and hourly 
relative humidity (RH) were estimated for 
each field for a 48-day period centered 
around head emergence. These weather 
data were obtained from the nearest Envi-
ronment Canada weather station that was 
within 20 km of each field location. Daily 
binary values were calculated for each of 
four weather variables (i.e., 0 = does not 
match weather criterion for the day, 1 = 
matches criterion): (i) when daily rainfall 
>5 mm (before heading) or 3 mm (after 
heading), (ii) when minimum temperature 

was <10°C, (iii) when maximum tempera-
ture was >32°C, and (iv) when RH was 
>90% at noon. Different criteria were cho-
sen for rainfall before and after heading 
because rainfall exceeding 5 mm has been 
regarded as important for perithecial for-
mation (23), while 3 mm was presumed to 
be substantial to wet the wheat canopy for 
infection. Daily binary values (i.e., 0 or 1) 
for each weather variable were then 
summed in simple 4-day moving periods or 
“windows” in the following equation, 
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where B(d+i–1) is the binary value (i.e., 0 or 
1) within the 4-day interval i on day d 
relative to the day of head emergence (d = 
0). Therefore, an array of 45 summed val-
ues was calculated for each weather vari-
able, starting at interval i = 1 for the period 
between 24 and 21 days before heading, 
and ending with interval i = 45 or between 
20 and 23 days after heading. The summed 
values represent up to five levels of inten-
sity for each weather variable within a 4-
day period, from 0 (i.e., no days matching 
criteria) to 4 (i.e., all days matching crite-
ria). Stepwise regression procedures (SAS 
Institute, Cary, NC) identified the most 
important weather variables for accumula-
tion of DON, and their timing relative to 
heading, by regressing the summed values 
on the concentration of DON for each field 
in every year of the survey. The analysis 
ensured that observations from all fields 
and years were independent of each other 
(O. B. Allen, Ashton Statistical Consulting, 
University of Guelph, Guelph, Ontario, 
Canada, personal communication). Prior to 
analysis, concentrations of DON were 
transformed by ln(x + 0.1) to satisfy as-
sumptions of normality. 

Final models derived from multiple re-
gression were chosen based on several 
criteria. One criterion was the largest mul-
tiple coefficient of determination (R2). 
Because the R2 value should not be used as 
a sole indicator of the ability of a model to 
describe, predict, and control the depend-
ent variable (6), four additional criteria 
were used. First, for each successive inde-
pendent variable added to a model, the R2 
would increase; however, the independent 
variable may only be useful if the standard 
error (s) of the prediction decreases. Sec-
ond, Mallow’s C statistic was used to iden-
tify models that were not biased; a C statis-
tic close to the number of parameters in the 
model is desirable (6). Third, the predicted 
error sum of squares (PRESS) statistic 
compared the predictive ability of models. 
A low PRESS, for example, indicates bet-
ter predictive ability compared with an-
other model with a higher PRESS statistic 
(6). Fourth, the variance inflation factor 
(VIF) indicated multicollinearity among 
other “independent” variables in the 
model; a value for an independent variable 
close to 1.0 is desirable, and a value >10 

indicates that the variable contributes re-
dundant information (6). Models were 
further refined by identifying influential 
observations and suspected outliers by the 
INFLUENCE statistic (SAS). A more de-
tailed description on using these tools for 
developing appropriate models is described 
in Bowerman and O’Connell (6). 

In 2000, final models were evaluated on 
17 farm fields located within 2 km of one 
of five Environment Canada weather sta-
tions in Ontario. The weather stations were 
separated by more than 50 km. The fields 
were selected based on proximity to the 
weather station, not on variety or other 
agronomic practices. Methods to obtain 
DON data for the validation were the same 
as those used for the development of the 
model.  

RESULTS 
Agronomic practices on surveyed 

fields. Fields surveyed between 1996 and 
2000 represented an array of agronomic 
practices and winter wheat cultivars. A list 
of agronomic practices, and the effects on 
contamination by DON, is presented with 
greater detail in another paper (26). In 
summary, the proportion of fields planted 
to soft red wheat increased from 14% in 
1996 to 51% in 2000, while the number of 
fields planted to soft white wheats de-
clined. Soybean and other bean crops were 
grown in the year previous to the survey on 
more than 70% of wheat fields in the 5-
year period. Corn or wheat was the previ-
ous crop grown on less than 9% of sur-
veyed wheat fields in any year. More than 
76% of the fields in the survey were 
cropped to either corn or wheat within 3 
years before the survey. Tillage systems, 
which bury most of the residue from previ-
ous years, were used on approximately 
30% of the fields. Minimum or no-tillage, 
in which at least 20% of the soil surface 
was covered with residue following wheat 
planting, was used to plant wheat on the 
remaining 70% of fields. 

General weather conditions on fields 
from 1996 to 2000. For the period 7 days 
before and 10 days after wheat heading, 
mean maximum temperatures across all 
fields were between 21 and 26°C in 1996, 
22 and 28°C in 1997, 18 and 26°C in 1998, 
21 and 31°C in 1999, and 18 and 29°C in 
2000. Mean daily minimum temperatures 
in the same period across all fields were 
between 12 and 17°C in 1996, 12 and 18°C 
in 1997, 6 and 13°C in 1998, 7 and 19°C in 
1999, and 8 and 15°C in 2000 (Fig. 1). In 
the period between 3 and 6 days after head-
ing (approximately during anthesis), tem-
peratures did not exceed 30°C in 1996 and 
2000, but did exceed 30°C in 33% of the 
fields in 1997, 25% of the fields in 1998, 
and 93% of the fields in 1999 (data not 
shown). 

Rainfall across surveyed fields was 
greater and more frequent in a period 12 
days before and 12 days after heading in 
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1996, compared with the same periods for 
each year from 1997 to 2000 (Fig. 1). In 
the period from heading to 8 days before 
heading in 1996, at least 2 days of rain >5 
mm occurred on 90% of fields, compared 

with 14% of the fields in 1997, 32% in 
1998, 52% in 1999, and 26% in 2000 (data 
not shown). In the period from heading to 
10 days after heading, at least 2 days of 
rain >3 mm occurred on 96% of the fields 

in 1996, compared with 90% in 1997, 30% 
in 1998, none in 1999, and 50% in 2000. 

Concentrations of DON in mature 
wheat grain from 1996 to 2000. Concentra-
tions of DON exceeded 1.0 µg g–1 in 94% of 

 

Fig. 1. Average rainfall and air temperatures assumed across surveyed field-locations from 20 days before Zadoks 59 or wheat heading (–20) to 24 days 
after heading (+24). Data for each field were normalized to 50% head emergence of the same variety in nearby Cereal Test locations. 



614 Plant Disease / Vol. 86 No. 6 614

the fields in 1996 and 54% of the fields in 
2000 (Table 1). In contrast, DON was <1.0 
µg g–1 in at least 59% of fields in 1997, 89% 
in 1998, and 76% in 1999. Six percent of the 
wheat samples contained DON at >5 µg g–1 
in 2000, compared with 60% of the fields in 
1996. DON exceeded 85 µg g–1 in three 
fields in 1996 (data not shown). Cultural 
practices and weather at these fields were 
not unique in 1996. These data were dis-
carded from the 1996 data set and from 
Table 1 after statistical analysis identified 
them outliers and highly influential in the 
subsequent development of the models. 

Critical periods of rainfall around 
heading. Stepwise multiple regression 
identified several weather variables and 
three main periods around heading associ-
ated with DON. Both rainfall and tempera-
ture were important weather variables for 
predicting DON (P < 0.05). Relative hu-
midity (>90% at noon) was not a factor 

around heading (P > 0.10), so this variable 
was not used in any equation. The weather 
most influential for predicting DON oc-
curred in three critical periods: (i) 4 to 7 
days before heading, (ii) 3 to 6 days after 
heading, and (iii) 7 to 10 days after heading. 

Three equations were developed to pre-
dict DON using rainfall and temperature 
data (Table 2). Equation 1 predicts DON 
using weather information from 4 to 7 days 
before heading: 

DON = exp[–0.30 + 1.84RAINA  
– 0.43(RAINA)2 – 0.56TMIN] – 0.1 

(1) 

where DON = concentration of DON (µg 
g–1), RAINA is the number of days of rain 
>5 mm day–1 in the period 4 to 7 days be-
fore heading, and TMIN is the number of 
days of temperatures <10°C between 4 and 
7 days before heading. 

Two weather variables, the days of rain-
fall >5 mm (linear variable RAINA and 

quadratic variable RAINA2) and days with 
minimum air temperatures <10°C (variable 
TMIN), explained 55% of the variability of 
DON across all fields using weather data 
only between 4 and 7 days before heading. 
Rain alone accounted for 41% of the vari-
ability in DON as shown in partial R2 
analysis (Table 2). When the minimum 
temperature variable (i.e., variable TMIN) 
was held constant, partial regression 
showed a quadratic relationship between 
the concentration of DON and the number 
of days of rain >5 mm during the 4- to 7-
day period before heading (i.e., variable 
RAINA). Predicted concentrations of DON 
were at a maximum with 2 or 3 days of 
rain during that period. In contrast with 
rain, DON decreased with air temperatures 
below 10°C during the period 4 to 7 days 
before heading. Nevertheless, rain was the 
most important variable for predicting 
concentrations of DON. 

Equations 2 and 3 predicted DON using 
weather information from 7 days before 
heading to 10 days after heading:  

when RAINB > 0, then 

DON = exp[–2.15 + 2.21RAINA – 0.61 
(RAINA)2 + 0.85RAINB + 0.52RAINC  
– 0.30TMIN – 1.10TMAX] – 0.1 

(2)

and when RAINB = 0, then 

DON = exp(–0.84 + 0.78RAINA  
+ 0.40RAINC – 0.42TMIN) – 0.1 

(3)

where DON = concentration of DON (µg 
g–1), RAINA is the number of days of rain 
>5 mm day–1 in the period 4 to 7 days be-

Table 1. Concentrations of deoxynivalenol (DON) in wheat fields studied from 1996 to 2000 across 
Ontario 

 Percentage of fields surveyed in year 

Concentration of DON (µg g–1) 1996 1997 1998 1999 2000 

<0.1 (very low) 0.0 25.0 65.8 33.7 0.0 
0.1 - 0.9 (low) 6.0 34.7 23.2 42.6 45.3 
1.0 - 1.9 (moderate) 15.7 34.7 5.5 7.9 23.4 
2.0 - 4.9 (high) 18.1 5.6 5.5 13.9 25.0 
≥5.0 (very high) 60.2 0.0 0.0 2.0 6.3 
Mean DON concentration 8.0 0.8 0.3 0.9 1.6 
Minimum DON concentration 0.1 0.0 0.0 0.0 0.2 
Maximum DON concentration 29.2 4.1 3.8 6.2 11.5 
Number of fields 83 72 73 101 70 

Table 2. Statistics of equations within the model to predict deoxynivalenol using actual or forecasted weather variables before wheat head emergence, 
with rain 3 to 6 days after heading, or with no rain 3 to 6 days after heading 
 

Equationa 

 

Variableb 
Parameter 
estimate 

 

SE 
Parameter esti-

mate P > |T| 

 

VIFc 
Partiald  

R2 
Equatione  

R2 

 

PRESSc 

1       0.55 421 
 Constant –0.30 0.116 0.0114 … …   
 RAINA 1.84 0.193 0.0001 7.0 0.37   
 TMIN –0.56 0.053 0.0001 1.1 0.14   
 RAINA2 –0.43 0.089 0.0001 7.1 0.04   
         
2       0.79 127 
 Constant –2.15 0.218 0.0001 … …   
 RAINA 2.21 0.196 0.0001 5.9 0.46   
 TMIN –0.30 0.059 0.0001 1.3 0.10   
 RAINC 0.52 0.069 0.0001 1.2 0.08   
 RAINA2 –0.61 0.079 0.0001 5.5 0.07   
 RAINB 0.85 0.102 0.0001 1.2 0.06   
 TMAX –1.10 0.293 0.0002 1.0 0.02   
         
3       0.56 155 

 Constant –0.84 0.190 0.0001 … …   
 RAINA 0.78 0.092 0.0001 1.2 0.40   
 TMIN –0.42 0.071 0.0001 1.3 0.14   
 RAINC 0.40 0.134 0.0030 1.4 0.02   

a Degrees of freedom of the mean square error term for equations 1, 2, and 3 are 396, 195, and 192, respectively. All equations were significant at P < 
0.0001.  

b RAINA = no. days of rain >5 mm in the 4-day period from 4 to 7 days prior to wheat head emergence; RAINA2 = RAINA squared; RAINB = no. days of 
rain >3 mm in the 4-day period from 3 to 6 days after wheat head emergence; RAINC = no. days of rain >3 mm in the 4-day period from 7 to 10 days 
after wheat head emergence; TMIN = no. days of daily minimum temperature <10°C in the 4-day period before wheat head emergence; TMAX = no. 
days of daily maximum temperature >32°C in the 4-day period 3 to 6 days after wheat head emergence. 

c VIF = variance inflation factor; PRESS = prediction error sum of squares.  
d Partial coefficient of determination (R2) values of variables added to each model in the order of the stepwise method of model selection.  
e R2 = overall coefficient of determination of each equation model. 
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fore heading, RAINB is the number of 
days of rain >3 mm day–1 in the period 3 to 
6 days after heading, RAINC is the number 
of days of rain >3 mm day–1 in the period 7 
to 10 days after heading, TMIN is the 
number of days with temperatures <10°C 
between 4 and 7 days before heading, and 
TMAX is the number of days with tem-
peratures >32°C between 4 and 7 days 
before heading. Equation 2 was developed 
from 193 fields that received at least 1 day 
of rain >3 mm between 3 and 6 days after 
head emergence, and equation 3 (Table 2) 
was developed from 206 fields that were 
dry during the 3 to 6 days after heading. 

When rain occurred between 3 and 6 
days after heading, equation 2 explained 
79% of the variability in DON (Table 2). 
Preheading weather data used in equation 1 
were also important components in equa-
tion 2. Partial R2 analysis showed that the 
preheading days of rainfall >5 mm (linear 
RAINA and quadratic RAINA2) and 
minimum temperature <10°C (TMIN) 
predicted 63% of the variability in DON, 
followed by rain between 7 and 10 days 
after heading (RAINC), then rain >3 mm 
between 3 and 6 days after heading 
(RAINB), and lastly the days with maxi-
mum temperature (TMAX) exceeding 
32°C between 3 and 6 days after heading 
(Table 2). Rain variables were usually 
more important in the equations than tem-
perature variables. Rain variables alone 
explained approximately 67 of the 79% 
variation in DON explained in equation 2. 
In general, DON increased with more fre-
quent rain during the three periods around 
heading, and decreased with air tempera-
tures below 10°C in the period before 
heading and with temperatures exceeding 
32°C between 3 and 6 days after heading. 

Concentrations of DON were less pre-
dictable in fields with dry weather during 
the 3- to-6 day period after heading (equa-
tion 3). Only 56% of the variability in 
DON was explained in equation 3 (Table 
2). Despite similar R2 values for equation 1 
and equation 3 (55 and 56%), a lower 
PRESS statistic for equation 3 means that 
DON is more predictable using this equa-
tion compared with equation 1. Preheading 
weather data used in equation 1 were also 
important components in equation 3, with 
the exception that the quadratic component 
of days of >3 mm rainfall (RAINA2) was 
not a significant variable in the model. 
Partial R2 analysis showed that rain >5 mm 
and minimum temperatures <10°C during 
4 to 7 days before heading explained 54 of 
56% variability explained by equation 3, 
while the occurrence of rain between 7 and 
10 days after heading was associated with 
2% of the variability in DON (Table 2). 

Most of the values of variance inflation 
factors (VIF) (i.e., indicator of collinearity) 
associated with independent variables in 
the equations were within a desirable range 
of 1.0 to 1.4 in all three equations. The 
VIFs for both RAINA and the quadratic 

variable RAINA2 were >5.5 (Table 2). All 
other variables were weakly correlated 
with one another (0.17 < r < 0.39) despite 
statistical significance for all correlations 
at P = 0.001 (Table 3). In general, tempera-
ture variables were negatively correlated to 
rain variables. As expected, the concentra-
tion of DON was positively correlated with 
rain during the three periods around head-
ing (0.57 > r > 0.40; P < 0.001) and nega-
tively correlated with minimum tempera-
tures below 10°C during the period before 
heading (r = –0.51; P < 0.0001), and 
maximum temperatures >32°C during the 
period just after heading (r = –0.33; P < 
0.0001) (Table 3). 

Model development. A flowchart illus-
trates the application of the equations using 
actual or forecasted weather information 
from 7 days before heading to 10 days after 
heading (Fig. 2). The flowchart is initiated 
with wheat stage observations in the field 
before the emergence of the flag leaf, or 
approximately 12 days before heading. 
Once the day of heading is estimated at 12 
days or less, data from 5-day weather fore-
casts may be included in equation 1 (i.e., 
the fifth day of the forecast is the first day 
of data input in 4 to 7 days before head-
ing). Calculations of weather data from 
forecasted weather probabilities will be 
discussed in a subsequent paper. Equations 
2 and 3 may be used for predicting DON 
when either forecasted or actual weather 
values become available in the 3- to 10-day 
period after heading. 

Overall, the model predicted 73% of the 
variability in concentrations of DON across 
399 fields over 5 years (Fig. 3). Predictions 
were more accurate in fields where actual 
DON was <2.0 µg g–1 of wheat, or approxi-
mately 0.7(ln x + 0.1) µg g–1 in Figure 3. For 
example, the model predicted DON at <1.0 
µg g–1 on 89% of the 196 wheat fields con-
taining <1.0 µg g–1 in the survey. Further-
more, concentrations of DON <2.0 µg g–1 
were predicted on 74% of those fields con-
taining <2.0 µg g–1 in the survey; however, 
DON was predicted to exceed 5.0 µg g–1 on 
only 59% of 51 wheat samples containing 
>5.0 µg g–1 (Fig. 3). 

Model validation in 2000. Different 
weather conditions were recorded in each 
of the five field location-centers (Table 4). 
For example, no rain >5 mm occurred in 
fields near Windsor and Guelph from 4 to 
7 days before heading (i.e., RAINA = 0), 
while London had >5 mm of rain on 2 of 4 
days in the period before heading (i.e., 
RAINA = 2). In the period 3 to 6 days after 
heading, the fields near Guelph had 4 days 
of >3 mm rain, while no rain occurred 
during this time in fields near London. 
Minimum temperatures <10°C occurred on 
at least 1 day during the period before 
heading in all fields (Table 4). Tempera-
tures greater than 32°C were not recorded 
on any field from 3 to 10 days after head-
ing in 2000. 

Concentrations of DON varied from 0.2 
to 11.5 µg g–1 across field locations that 
were used for validating the model. A chi-
square test on the actual and predicted 
concentrations of DON showed that the 
predictions were not by chance alone (χ2 = 
18.7; 0.25 > P > 0.15). Predictions of the 
concentration of DON were better in fields 
where <1.0 µg g–1 occurred. The model 
successfully predicted a concentration of 
<1.0 µg g–1 on five of six fields where the 
concentration of DON was <1.0 µg g–1;1.3 
µg g–1 was measured on the one field (Ta-
ble 4; Sarnia Field 3) that predicted 1.3 µg 
g–1. Overall, the model predicted DON 
within 1.0 µg g–1 on 13 of 17 fields, and 
within 2.0 µg g–1 on 15 of the 17 fields. 
The three fields near Guelph had the great-
est difference between predicted and actual 
concentrations of DON (1.7 to 6.2 µg g–1); 
two of these fields had the highest concen-
tration of DON of the 17 fields in the vali-
dation study. 

DISCUSSION 
Empirical relationships were identified 

between concentrations of DON and 
weather variables in three periods around 
wheat heading; these were used to devel-
oped a predictive model. An early predic-
tion of DON in mature grain was devel-
oped using only rain and temperature 
information from the period 4 to 7 days 

Table 3. Pearson correlation coefficients (r)a among independent variables and deoxynivalenol as 
selected by stepwise multiple regression procedures using data from all wheat farm fields surveyed 
across Ontario from 1996 to 2000 (n = 399) 

Variableb RAINA RAINA2 RAINB RAINC TMIN TMAX 

RAINA2 0.92 … … … … … 
RAINB 0.17 0.18 … … … … 
RAINC 0.23 0.21 0.22 … … … 
TMIN –0.39 –0.30 –0.26 –0.36 … … 
TMAX –0.26 –0.20 –0.27 –0.20 0.28 … 
DON 0.57 0.47 0.40 0.42 –0.51 –0.33 

a All correlations were statistically significant at P = 0.001.  
b RAINA = no. days of rain >5 mm in the 4-day period from 4 to 7 days prior to wheat head emer-

gence; RAINA2 = RAINA squared; RAINB = no. days of rain >3 mm in the 4-day period from 3 to 
6 days after wheat head emergence; RAINC = no. days of rain >3 mm in the 4-day period 7 to 10 
days after head emergence; TMIN = no. days of daily minimum temperature <10°C in the 4-day 
period before wheat head emergence; TMAX = no. days of daily maximum temperature >32°C in 
the 4-day period 3 to 6 days after wheat head emergence; DON = concentration of deoxynivanol 
(transformed; ln(x + 0.1)). 
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before heading. The full predictive model, 
however, used rain and temperature infor-
mation from three periods between 7 days 
before heading and 10 days after heading. 
These results support the hypothesis that 

concentration of DON in mature grain is 
highly associated with environmental fac-
tors that influence both inoculum produc-
tion and infection in wheat at heading. 
While others have reported that the devel-

opment of FHB in wheat is highly depend-
ent on weather during the month of anthe-
sis (16,29), our analysis showed that DON 
may be predicted using weather data from 
relatively narrow time periods around 

Fig. 2. Flowchart for implementing the weather-based model at heading to predict the concentration of deoxynivalenol (DON) at grain harvest. 
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heading. Overall, 73% of the variability of 
DON in the field surveys was explained by 
the model. The model was also supported 
in the validation study, where both actual 
and predicted concentrations were <2.0 µg 
g–1 on 15 of 17 fields. The predictive abil-
ity of the model may be attributed, in part, 
to the diverse weather conditions and array 
of cultural practices on farm fields in the 
data set used to develop the model. 

The strength of the predictive ability of 
the model may also be attributed to negli-

gible multicollinearity among predictor 
variables. Independent variables of the 
prediction equations were only weakly 
correlated with each other (r < 0.38), while 
VIF values for most independent variables 
in the model were close to 1.0. These sta-
tistics suggest that each weather variable 
contributed unique information for predict-
ing the dependent variable (DON) (6). It 
should be noted that a relationship between 
RAINA and RAINA2 was expected (VIFs 
>7.1; Table 2) because, by definition, they 

are related to one another. The quadratic 
variable was retained in the best model, 
however, because it increased the R2, low-
ered the PRESS statistics (i.e., indicates 
better predictability), and lowered the 
overall mean square error (s). 

In the first period 4 to 7 days before 
heading, concentrations of DON increased 
with 1 or 2 days of rain >5 mm and de-
creased with temperatures <10°C. Warm 
and moist conditions during the 4- and 7-
day period before heading probably en-
hanced conditions for both perithecial and 
ascospore formation and maturation of 
ascospores. The supply of inoculum is a 
critical factor in FHB epidemics (22). 
Francl et al. (14) reported inoculum up to 
20 CFU during FHB epidemics compared 
with levels of 1 to 2 CFU during nonepi-
demic levels of the disease. Others have 
associated dry weather with low levels of 
inoculum (11,14,21). Although we found a 
relationship between rain and DON across 
diverse environments on 399 fields, inocu-
lum levels were not measured during these 
critical periods. Others, however, have 
attempted to investigate the effects of envi-
ronment on inoculum levels using only a 
few fields (14,21). Despite these intense 
studies, the temporal relationship of rain-
fall and temperature on levels of inoculum 
has been difficult to quantify for predicting 
the potential of epidemics (14). One study 
showed a peak ascospore release 2 to 4 
days after major rainfall (23). Another 
study showed the incidence of FHB in-
creased with rain 3 to 9 days before anthe-
sis (approximately 2 to 7 days before head-
ing) in three fields (11), and another study 
showed peak inoculum levels 5 to 7 days 
after a rain (21). In most cases, when the 
timing of peak ascospore release coincided 
with favorable conditions for infection at 

Table 4. Validation of model to predict concentrations of deoxynivalenol (DON) in wheat fields across southern Ontario in 2000 

   
Days matching rainfall criteriaa 

Days matching  
temperature criteriab 

Concentration of DON  
(µg g–1) c 

Location area  Field no. RAINA RAINB RAINC TMIN TMAX Actual Predicted 

Windsor 1 0 1 1 3 0 0.2 0.2 
 2 0 1 1 3 0 0.6 0.2 
 3 0 1 1 3 0 0.7 0.2 
 4 0 1 1 3 0 1.0 0.2 
Sarnia 1 1 0 1 1 0 0.5 0.9 
 2 1 0 1 1 0 0.3 0.9 
 3 1 0 1 1 0 1.3 0.9 
Guelph 1 0 4 2 2 0 2.1 5.3 
 2 0 4 2 2 0 3.6 5.3 
 3 0 4 2 2 0 11.5 5.3 
St. Catherines 1 1 1 2 3 0 1.8 1.5 
 2 1 1 2 3 0 2.0 1.5 
 3 1 1 2 3 0 1.1 1.5 
London 1 2 0 1 2 0 2.6 1.3 
 2 2 0 1 2 0 1.3 1.3 
 3 2 0 1 2 0 2.1 1.3 
 4 2 0 1 2 0 0.7 1.3 

a Number of rain events (>5 mm day–1) between 4 and 7 days before wheat head emergence (RAINA), or no. of rain events (>3 mm day–1) between 3 and 
6 days (RAINB) or 7 and 10 days (RAINC) after wheat head emergence.  

b Number of days of minimum daily air temperature <10°C between 4 and 7 days before wheat head emergence (TMIN), and no. of days of maximum 
daily air temperature >32°C between 3 and 6 days after wheat head emergence (TMAX).  

c Actual and predicted concentrations of DON from 17 wheat grain samples hand-harvested at maturity. 

 

Fig. 3. Actual versus predicted deoxynivalenol (DON) concentrations for all surveyed fields using 
weather variables from 7 days before heading to 10 days after heading (composite predictions using 
equations 2 and 3). 
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anthesis, a higher incidence of FHB oc-
curred. 

During this first period (4 to 7 days be-
fore heading), levels of inoculum may be 
reduced with excessive rain. The quadratic 
relationship between rain (4 and 7 days 
before heading) and DON suggests a 
maximum concentration of DON with 2 
days of rain, then a decrease with at least 3 
days of rain. Others have suggested that 
excessive rainfall may inhibit the devel-
opment of perithecia, impede the release 
and dissemination of spores, or wash 
spores off wheat heads (23). None of the 
fields in our study received 4 days of rain 
>5 mm during this period. Therefore, this 
relationship between DON and excessive 
rainfall is not definitive; the hypothesis of 
a quadratic relationship between rain and 
DON would have been better tested if 4 
days of rain had occurred in the study. 

Again, during this first period before 
heading, daily temperatures <10°C had a 
negative impact on DON, even though 
moisture conditions were optimal for DON 
production. Low temperatures likely de-
layed or reduced ascospore production 
during this period, which reduced the lev-
els of inoculum during critical wheat de-
velopment periods for infection. Other 
researchers have associated low levels of 
inoculum with low temperature (1,11,21). 
De Wolf et al. (11) suggested that a rela-
tively low level of inoculum at one of their 
sites was attributed to average daily tem-
peratures of approximately 10°C, because 
high levels of inoculum were produced at 
other sites with similar rainfall, but in 
warmer conditions. 

The second period when weather influ-
enced DON occurred between 3 and 6 days 
after heading. Elevated concentrations of 
DON in mature grain with rain 3 to 6 days 
after heading suggests that infection oc-
curred in a relatively narrow period of time 
after heading. A similar narrow time period 
was found in one other small field plot 
study, where maximum infection of wheat 
heads by F. culmorum was associated with 
wet conditions that were generated using a 
misting apparatus in a 3-day period around 
anthesis (17). Although our study did not 
investigate the effect of weather on infec-
tion by various Fusarium species, we did 
find that the level of contamination of 
DON was also related to weather during 
relatively narrow periods around heading 
or anthesis. Our knowledge of the infection 
process suggests that there is usually little 
concern of excessive DON in grain with 
dry conditions during anthesis. This pro-
vided the rationale to separate the data into 
fields that received rain during the period 3 
to 6 days after heading and fields that were 
dry during this period. 

During the second period, 3 to 6 days af-
ter heading, DON was elevated with daily 
rainfall >3 mm, while temperatures >32°C 
had a negative impact on DON. The high-
est concentrations of DON that were 

measured in this study were in the epi-
demic year of 1996, which was the year of 
consistent day-to-day rainfall in most fields 
around heading (Fig. 1). In addition to the 
rain, air temperatures did not exceed 32°C 
on any field 3 to 6 days after heading. In 
1999, temperatures exceeded 32°C in over 
90% of the fields between 3 and 6 days 
after heading (Fig. 1). On those fields that 
exceeded 32°C in 1999, concentrations of 
DON averaged 0.31 µg g–1 compared with 
1.30 µg g–1 in other fields where lower 
temperatures occurred around heading (i.e., 
anthesis) (data not shown). The effects of 
year on concentrations of DON in this 
study (Table 1) are likely at least partially 
associated with temperatures exceeding 
32°C during the period 3 to 6 days after 
heading (i.e., approximately anthesis) in 
some years more than others. Temperatures 
exceeding 30°C have been observed to 
reduce the growth of F. graminearum 
(20,24,25). The negative effect of daily 
temperatures exceeding 32°C was only 
important for predicting DON when rain 
occurred during the period of infection 
(i.e., rain between day 3 and 6 in equation 
2). In other words, high temperatures were 
not important for predicting DON when 
conditions were dry during the 3- to 6-day 
period after heading. This suggests that the 
potential for infection was at a minimum 
because of dry conditions. 

In the third critical period, 7 to 10 days 
after heading, rain was the only weather 
variable to influence DON. We speculate 
that higher concentration of DON with rain 
7 to 10 days after heading (RAINC) in 
equations 2 and 3 was the result of condi-
tions favorable for the colonization of 
Fusarium in wheat heads that were in-
fected in the 3- to 6-day period after head-
ing. However, because dry conditions oc-
curred in some fields during the 3- to 6-day 
period (i.e., those fields in equation 3), 
some of the rain effect in the 7- to 10-day 
period may have favored infection in the 
later developing wheat heads in the can-
opy, rather than colonization or growth of 
the fungi. The utility of using the variable 
of rain 7 to 10 days after heading for pre-
dicting DON at heading is difficult to as-
sess because of problems associated with 
accuracy of long-range forecasts. The vari-
able of rain 7 to 10 days after heading ac-
counted for less than 8% of the total vari-
ability explained by the prediction equa-
tions. Thus, other weather variables were 
more useful for predicting DON than the 
variable of rain 7 to 10 days after heading. 

It is important to consider limitations in 
the data used to develop the model when 
making predictions in a field. It is well 
known that factors other than weather in-
fluence DON (7,26). Variation among 
wheat cultivars alone explained 27% of the 
variation of DON across these surveyed 
fields in 1996 to 1999 (26). Although a 
differential response to wheat cultivar is 
usually more pronounced in the presence 

of moderate to high disease pressure (32), 
white wheat cultivars were contaminated 
with nearly double the DON compared 
with red wheat cultivars in the survey (26). 
Wheat cultivar should be considered as a 
factor influencing DON (3). The predictive 
ability of our model would likely be im-
proved if significant factors other than 
weather were quantified. 

Crop rotation may also affect the con-
centration of DON in fields. It is well 
known that potentially high concentrations 
of DON may be expected in wheat planted 
after corn because of high inoculum poten-
tial (31). In this study, less than 9% of the 
wheat fields surveyed followed corn in the 
rotation. Therefore, because less than 9% 
of the data used to develop the model are 
from fields where wheat was planted after 
corn, the model is likely biased against 
elevated concentrations of DON in fields 
where wheat was planted after corn. These 
differences may explain higher variability 
of predictions, especially in fields with 
concentrations of DON >2 µg g–1. 

The model may also be improved with a 
more accurate estimate of a heading date 
for each field, although we are confident 
that the actual heading date that was esti-
mated for each field was within a day or 
two of the actual heading date. Agronomic 
practices such as cultivar, tillage system, 
and planting date may have affected the 
time of heading from field-to-field. Actual 
heading dates of fields in the survey had to 
be estimated because the fields were cho-
sen and sampled near harvest. Despite 
possible errors in heading date (and conse-
quently weather) for each field, the 4-day 
window in the equations provided some 
margin for error. The heading date may 
have been predicted better by choosing and 
observing the surveyed fields before head-
ing. 

This predictive model may be useful for 
decision-making purposes for the use of 
fungicides. There are many factors which 
influence decisions for economical control 
using fungicides, including the price of the 
crop, market destinations, the costs associ-
ated with fungicide application, and the 
yield potential of the field. A fungicide 
application that reduces extremely high 
concentrations of DON to concentrations 
insufficient to improve the grade of wheat 
may not be justified; however, the use of 
fungicides may be warranted to improve 
the grade and marketability with predic-
tions of DON at 1 to 2 µg g–1. This means 
that the model may be useful because pre-
dictions appear to be better when low to 
moderate DON concentrations occur (<2.0 
µg g–1). Poor predictions of DON levels in 
epidemic situations were expected because 
when data were log-transformed, any er-
rors were also log-transformed (28). With 
further validation using actual and fore-
casted weather data, the model can at least 
be used to alert the wheat industry to pre-
pare to deal with severe DON problems. 
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