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Abstract

Predictions of deoxynivalenol (DON) content in wheat at harvest can be useful for
decision making by stakeholders of the wheat feed and food supply chain. The
objective of the current research was to develop quantitative predictive models for
DON in mature winter wheat in The Netherlands for two specific groups of end-users.
One model was developed for use by farmers in underpinning Fusarium spp. disease
management, specifically the application of fungicides around wheat flowering
(model A). The second model was developed for industry and food safety authorities,
and considered the entire wheat cultivation period (model B). Model development

was based on observational data collected from 425 fields throughout the Netherlands
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in the period 2001-2008. For each field, agronomical information, climatic data and
DON levels in mature wheat were collected. Using multiple regression analyses, the
set of biological relevant variables that provided the highest statistical performance
was selected. The two final models include the following variables: region, wheat
resistance level, spraying, flowering date, several climatic variables in the different
stages of wheat growing, and length of the period between flowering and harvesting
(model B only). The percentage of variance accounted for was 64.4 % and 65.6 % for
model A and B, respectively. Model validation showed high correlation between the
predicted and observed DON levels. The two models may be applied by various
groups of end-users to reduce DON contamination in wheat derived feed and food

products and, ultimately, reduce animal and consumer health risks.

Keywords: deoxynivalenol; mycotoxins; winter wheat; predictive modeling
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Introduction

Mycotoxins are secondary metabolites of fungi, some of which pose a threat to animal
and human health. These toxins have been implicated as causative agents in a variety
of animal disorders, such as depressed feed intake and feed refusal, decreased growth
and feed efficiency, reproductive disorders, and skin and gastrointestinal irritation
(Diekman and Green 1992; D’Mello et al. 1999; Morgavi and Riley 2007; Minervini
and Aquila 2008). In human, these compounds have been associated with, amongst
others, immunosurpression and cancer induction (Creppy 2002; Smith et al. 2006).
Under favorable conditions, related to agronomical and environmental circumstances,
fungi may colonize crops and produce mycotoxins. In wheat cultivation, the most
prominent fungi are Fusarium spp., resulting in Fusarium Head Blight (FHB), one of
the most important fungal diseases affecting all cropping areas of the world (Botallico
and Perrone 2002; Champeil et al. 2004a; Osborne and Stein 2007). FHB results into
reduced wheat yield and quality, and consequent economic losses. One of the most
common toxins produced by Fusarium spp. is deoxynivalenol (DON) (Miller 2008).
Besides the losses due to reduced wheat yield and quality, DON contaminated wheat
has lower market value due to its potential health threats. Growing wheat is, therefore,
faced with the challenge of keeping contamination with Fusarium spp. and related
mycotoxins at the minimum. Application of Good Agricultural Practices (GAP)
during cultivation, and Good Manufacturing Practices (GMP) and Hazard Analysis
and Ceritical Control Point (HACCP) procedures during consecutive stages of the
wheat feed and food supply chain will ensure that fungal infection and mycotoxin
formation is as low as possible given the circumstances (CAC 2003; EC 2006). To
enhance application of these practices and for further mycotoxin control, early insight

into the expected DON contamination at harvest is useful to the various stakeholders
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of the wheat supply chain. As agronomical and climatic factors are assumed to affect
mycotoxin formation during the entire growing season, prediction accuracy of DON
in mature wheat is expected to increase with the progressing cultivation period.
However, when developing predictive models, the needs of the different stakeholders
of the wheat chain regarding the intended use of the predictions and their timing
should be considered. Farmers may use DON predictions around wheat flowering to
underpin decision making on the application of fungicides, using the most accurate
predictions available at that critical growing stage. Feed and food industry, including
collectors, millers, and processors, may use DON predictions to focus their
inspections and to decide on buying, routing and processing of batches. They may
need the DON prediction as early as available in the season and up to harvest,
considering that the prediction accuracy will increase as the growing season
progresses. Food safety authorities are expected to improve inspection efficiency
when using mycotoxin predictions in constructing their yearly monitoring plan.
Worldwide, several initiatives are going on to develop quantitative predictive
models for DON levels in mature wheat, however, only a few have been published
(Schaafsma and Hooker 2007; Prandini et al. 2009). The most well-known model is
DONCcast, developed in Canada, aimed to assist farmers in their decision to spray
(Hooker et al. 2002). The model predicts DON levels at wheat heading, and is based
on regression analyses of field data. The model is commercialized to provide region
specific DON predictions, using input on climate and agronomy (Schaafsma and
Hooker 2007). Rossi et al. (2003) developed a mechanistic model, using experimental
data, for (fungal infection and) accumulation of DON and zearalenole in wheat until
harvest. The model is linked into a semi-quantitative system to estimate the risk for

both mycotoxins (Rossi et al. 2007). A neural network model has been developed to
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predict DON content in mature wheat around flowering, using data from two four-
year field experiments in Czech. The best fitting model includes preceding crop and
four climatic related variables (Klem et al. 2007). For The Netherlands, a quantitative
model to predict DON content in wheat at harvest has been developed recently (Franz
et al. 2009). Model development was based on regression analyses using six years of
field data. The best performing model included several agronomical variables and
various climatic variables up to 24 days after wheat heading. This model could be
useful in practice for feed and food industry, and food safety authorities as — in
contrary to farmers - these stakeholders do not necessarily need the model results
around wheat heading. For disease management, the postheading period is too wide,
as hourly meteorological forecasts may be reliable up to 7 to 10 days, but loose
reliability after this period.

The main aim of the current study is to develop quantitative models to predict
DON levels in mature winter wheat in The Netherlands for different groups of end-
users; more specifically, a model for farmers focusing on the wheat flowering period,
and a model for industry and authorities including the period up to harvest. The
central hypothesis of this study is that considering weather data during the entire

period of cultivation will increase the prediction accuracy.

Material and Methods

Data collection
In the years 2001 — 2008, data were collected from in total 425 fields (records)

throughout the Netherlands. The number of fields per year were: 29 in 2001, 48 in
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2002, 24 in 2003, 50 in 2004, 96 in 2005, 28 in 2006, 36 in 2007, and 114 in 2008.
Information collected from these fields included: field location (zip code), wheat
variety (VAR), cultivar resistance level (RES, levels 1-10), application of Fusarium
fungicides (SPRAY, levels 0, 1, 2 times), and DON content (in pg kg'l) in samples of
mature wheat. Spikes were collected several days before harvest at random
throughout the field until 1 kg was obtained. The entire grain sample was sent to an
independent private laboratory in The Netherlands. DON was extracted and quantified
using a liquid-chromatography with double in-line mass spectrometry (LC-MS/MS)
(Spanjer et al. 2008), using a limit of quantification of 5 pg kg'l. From the nearest
meteorological station to each field, hourly weather data on temperature, rainfall and
relative humidity was obtained for the entire observation period. Data from in total 29
meteorological stations were used. Part of the collected data was also used by Franz et

al. (2009).

Data processing

In case of a sample not exceeding the limit of quantification, the DON level of the
particular sample was set at this limit (of 5 pg kg™"). The locations of the fields were
divided into four regions, including North (N), West (W), South-East (SE) and North-
West (NW), based on provinces (n=13) of The Netherlands, such that the four regions
included a nearly equal number of provinces. For each record, the intensity of wheat
production around the field, named “cereality” (CER), was calculated as the area of
wheat grown divided by the total area. Field CER (in percentage per km?, 0-100%)
was calculated using data from the Dutch Ministry of Agriculture, Nature and Food
Quality. For the wheat fields, flowering dates were registered by the farmers.

However, some data were missing and observations showed to not to be precise in all
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cases. Therefore, for each record, the flowering date (FD) - representing the middle of
the critical wheat flowering period - was calculated as the day at which the sum of
average daily temperatures since January 1 of the particular year reached 1265°C.
Also, for each record, the harvest date (HD) was calculated as the first date at which
the sum of the average daily temperatures after the (calculated) FD reached 989°C
(Lazar and Genovese 2004). Both FD and HD are expressed as the number of days
defined from January 1 of the particular year. From the calculated FD and HD, the
length of the period (in number of days) between flowering and harvest (IeFH, in
days) was derived.
For the development of the two models, i.e., the model for the farmers (model

A) and the model for industry and authorities (model B), climatic variables were
constructed in five relevant time windows of the wheat growing season. For model A,
these time windows run up to 10 days after FD, whereas for model B they run up to
harvest. The time blocks were defined on a daily basis with days running from 12 AM
the previous day to 11 AM the actual day. Time blocks used in model A - represented
relative to FD (day 0) - were: day -17 to -10 (A0), day -10 to -3 (A1), day -3to 0
(A2), day 0 to 3 (A3), day 3 to 10 (A4). For model B, the time blocks included day -
17 to -10 (BO), day -10 to 0 (B1), day O to 10 (B2), day 10 to 10 days before HD (B3),
10 days before HD to HD (B4). Note, that the number of days in time block B3 may
vary between the records. For each of these time blocks, the following climatic
variables were calculated per record:

- average hourly temperature (Tavg in “C)

- number of hours that temperature is 25°C or higher (Th25)

- sum of hourly rainfall (rain in mm)

- total number of hours that relative humidity (RH) is 80% or higher (RHh80)

http://mc.manuscriptcentral.Co7m/tfac Email: fac@tandf.co.uk
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- sum of hourly temperatures over the hours that RH is 85% or higher, provided
this is the case for at least 2 consecutive hours (ThRH85_2)
- sum of hourly temperatures over the hours that RH is 85% or higher, provided

this is the case for at least 4 consecutive hours (ThRH85_4)

Model development and validation

In model development, a variety of statistical analyses was performed, including:
descriptive statistics, and univariate and multiple regression analyses. All statistics
were performed using GenStat 11" Edition (GenStat Committee, Algorithm group
Inc., see http://www.vsni.co.uk/), using a significance level of 0.05. Given the range
of DON values (the response variable) and the expected increasing variation at higher
levels of DON, it was assumed that DON follows a lognormal distribution. Therefore,
all statistical analyses were performed on logtransformed data, i.e., the natural
logarithm of DON (InDON).

Univariate regression analyses were run to test the relationships of the
individual agronomical variables, being REG, VAR, RES, SPRAY, CER, FD and
leFH, with InDON. The variables that contributed significantly in explaining variation
in the DON values were considered in further analyses. Pearson correlation
coefficients were calculated for all combinations of the various climatic variables in
the different time blocks. Climatic variables that were sufficiently uncorrelated
(r<0.7) were taken into account in the further selection process. Effects of quadratic
terms of the climatic variables in the different time periods and of relevant
interactions between climatic variables were also tested univariately. The resulting
agronomical and climatic variables, with relevant quadratic terms and interactions,

were considered in the multiple regression analyses (‘all possible subset selection’
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procedure using GenStat RSEARCH). The best set of variables was identified by
evaluating the percentage variance accounted for (Rzadj) and the value of Mallows’C,
(Archdeacon 1994; Gross 2003). Models with the highest Rzadj and a low Mallows’C,
that included only significant variables were selected. All the above described steps
for the selection of variables were done for constructing model A and B separately,
and using the entire dataset. However, three records that showed to result in a very
high leverage trough all the modeling steps were not considered in the analyses.

Once model A and B were selected, they were fitted to 90% of the records,
and validated using the remaining 10% of the records. For each model, the two data
subsets were constructed by drawing a random sample of 10% from each year-region
combination from the entire dataset (thus resulting in a 10% subset for model A and a
10% subset for model B). The two 90% data subsets were checked for balanced
number of records and DON levels over years, regions, cultivar and spraying levels.
Parameter estimates and standard errors (s.e.) were obtained by fitting the final
models to their respective 90% data subsets. These final models were checked for data
with high leverages, correlations between model variables, residuals (plots) and
figures of the fitted and observed relationships between the individual model
parameters and InDON. Based on the two final models, predictions (with s.e.) of DON
levels were calculated for the 10% data subsets. The correlation coefficients between
these predicted values and the corresponding observed DON levels were calculated.

Also, the 95% confidence intervals of the predictions were calculated.

Results
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Descriptive analyses

The overall average observed DON level (min — max value, n records) in the period
2001-2008 was 491.8 pg kg™ (5.0 — 10400, n=425). Average DON levels varied
highly between years, from a lowest value of 5.0 ug kg™ in 2006 to a highest value of
2045.3 pg kg in 2007 (Table 1). Yearly average values in 2001, 2002, 2004 and
2008 were around the overall average. In 2006, all samples were found to be below
the limit of quantification.

The distribution of observations over regions showed a comparable number of
records in three regions (M, N, W), but a lower number in the S-region. Observed
average DON levels in mature winter wheat were comparable for the regions M, W
and S, being 424.5 pug kg (5.0 — 4600, n=170), 357.2 ug kg (5.0 — 3150, n=106) and
572.3 ng kg (5.0 — 1300, n=23), respectively. DON levels were somewhat higher in
the N-region, averaging 681.0 pg kg™ (5.0 - 10400, n=126). DON levels were lower
in case of spraying one or two times, as compared to no fungicide treatment; averages
were 299.3 ng kg'1 (22.6 — 1300, n=66) for two applications, 291.9 ug kg™ (5.0 —
3217, n=91) for one application, and 607.0 pg kg™ (5.0 — 10400, n=268) in case no
fungicide was applied. In total 27 different wheat varieties were used, with 13 of them
having less than 5 observations. Wheat resistance level (RES) ranged from 5.0 to 8.5
with a median of 6.5. Average DON values run from 682.5 pg kg'1 for a RES of 5.0,
around 500 pg kg™' for a RES of 6.5-7.5 (468.2 pg kg' and 507.7 pug kg* for a RES of
6.5 and 7.5, respectively), to a lowest value of 137.5 ng kg'1 for a RES of 8.5. CER
ranged from 1.6% to 62.5% at the highest, with an average of 17.8%. FD ranged from
119 at the lowest to 173 at the highest, it’s median being 155. LeFH ranged from 30 to
76 days with a median value of 56. Observed DON content in mature wheat increased

with a higher CER, an earlier FD, and an increased LeFH.
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Regression analyses

Univariate analyses that showed year had a highly significant effect on DON levels,
and solely accounted for 52.8 % of the variance (s.e. 1.02). However, year was
excluded as a potential explanatory variable in further analyses as it was assumed its
effects are due to the effects of other variables. Additionally, the variable year is not
useful for making predictions for the future. Individual effects of REG, VAR, RES,
SPRAY, FD, and leFH on DON levels also were significant and accounted for,
respectively, 3.3%, 4.9%, 2.4%, 1.1%, 20.5%, and 30.1 % of the variation. The
(slight) effect of CER was not significant. The variables VAR and RES are (by
definition) related to each other, and given the low number of observations in some
VAR classes, this variable was excluded from further model building. Based on these
results, agronomical variables included in constructing both models were: REG, RES,

SPRAY, FD, added with leFH for model B.

Model A (flowering period) Within each of the five A time periods, the correlation
between the variables RHh80, ThRH85_2 and ThRH85_4 showed to be very high.
Out of these three variables related to relative humidity, RHh8O0 is the simplest one to
record and, therefore, this variable was chosen for further model building. The
variables Tavg and Th25 also were strongly correlated with each other; correlation
coefficient values ranged from 0.77 to 0.86 in the different A time blocks.
Correlations between the same climatic variables in different A time blocks in general
showed to be low. The highest correlation was found for Tavg in A2 and Tavg in A3

(r=0.67); all other correlations were below 0.60.
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For model A, the best fitting multiple regression model included the following
variables: REG, RES, SPRAY, FD, Tavg (with quadratic effects) in all A time blocks
except for A2, RHh80 in A0 and A3, rain in Al and A4 (with quadratic effect), and
the interaction between rain in Al and Tavg in A3. The results of fitting this model to
its 90% data subset are presented in Table 2. All variables showed to be significant
(p<0.05). The percentage of variance accounted (R2) for was 64.4%, the standard

error of observations was 0.87.

Model B (entire cultivation period) In all B time periods, the correlation between
ThRH85_2 and ThRH85_4 showed to be very high. This also accounted for each of
these two variables and RHh80, except for the period B4. The correlation between
Tavg and Th25 in individual B time periods was also high, varying from 0.77 to 0.96.
Correlations between the same climatic variables in different B time blocks were low;
the highest value was found for Tavg in BO and Tavg in B4, equalling 0.68. The
interaction between rain in B1 and Tavg in B2 showed significantly to affect DON
levels univariately.

For model B, the best fitting set of variables included: REG, RES, SPRAY,
FD, leFH, rainfall and RHh80 in B0, and Tavg in BO, B1, B3 and B4 (with quadratic
effects in B3 and B4). The results of fitting this model to its 90% data subset are
presented in Table 3. The percentage variance accounted for (R?) was 65.6%, the
standard error of observations was 0.836. The correlation between leFH and Tavg in
B3 was somewhat high (r=-0.72). However, both variables had a significant effect in

the final model, and were included based on their logical relationship.

Model validation
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Fitting the final models A and B to their respective 10% data subsets resulted in a
correlation coefficient between predicted and observed DON levels of 0.84 and 0.78,
respectively (n=41 records). The relationships between the predicted and observed
DON levels are illustrated in Figures 1 and 2 for model A and B, respectively. All
observed DON values were within the 95% confidence interval of the predicted

values.

Discussion

The two models constructed in the current study present the second attempt to predict
DON levels in mature winter wheat in The Netherlands. Compared to the (basic)
model of Franz et al. (2009), the two current models are more specified to the
intended user-groups, particularly wheat growers (model A) and other stakeholders,
including feed and food industry and food safety authorities (model B). Model A
includes climatic variables in a shorter period around wheat flowering, i.e., up to 10
days after FD, as compared to the basic model that used the period up to 24 days after
wheat heading (Franz et al. 2009). Unless this shorter period, the percentage of
explained variance was higher (R? of 65% vs 59%). The agronomical variables in
both models are comparable, as are the climatic variables, all being related to rainfall,
temperature and relative humidity in the pre- and postflowering periods. The
increased predictive power of model A of this study might have been due to the
additional climatic variables considered - in particular the inclusion of quadratic
effects and interactions - and/or the different distinction between days. In this study,
days were considered to run from 12 AM the previous day to 11 AM the actual day

such to include potential overnight effects of climate, specifically the effect of
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extended periods of leaf wetness (dew) during the night and early morning on fungal
development.

This study showed that taking into account the entire period up to harvest
(model B), as compared to flowering period (model A), increased the accuracy of the
model predictions; the percentage explained variance of model B (R?=65.6%) was
slightly higher, as compared to this metric for model A (R*=64.4%), and the standard
error of observations was somewhat lower. The agronomical variables in models A
and B are identical, however, model B also includes the length of the period from FD
to HD. The longer this period the higher the DON levels at harvest. This effect did not
dependent on effects of the actual FD and wheat resistance level. Given the negative
relationship between FD and DON values, the (positive) effect of an increasing length
from FD to HD may be related to extended conducive periods of humidity and high
temperatures during mid summer.

Both in model A and B, climatic variables in the preflowering period relate to
average temperature, rainfall and relative humidity. Both a higher rainfall and an
increase in the number of hours that RH is 80% or more increase DON levels at
harvest. A higher average temperature in the early preflowering period (-17 to -10
days FD) increases DON levels, but a higher average just before FD decreases DON
levels. The latter finding may be related to the humid conditions that often go hand in
hand with low temperatures and are conducive for fungal infection in the preflowering
period. Climatic effects in the postflowering period relate to rainfall, temperature and
relative humidity in case a 10 day period is considered (model A). However,
temperature is the only significant factor when the entire postflowering period is taken
into account (model B). These findings of climatic effects during the postflowering

period correspond well to Franz et al. (2009). In model A, an interactive effect of the
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preflowering rainfall and postflowering temperature on DON at harvest was found,
with a more profound effect of increasing temperature after FD (i.e., higher DON
levels) in case of a higher rainfall before FD. In the two current models, the majority
of the temperature related variables in the different periods of wheat growing showed
to have an optimal effect on DON levels at about 16-20 °C. The effects of the climatic
variables in the two models of the current study reflect the ecological conditions of
infection of Fusarium spp. in wheat and consequent DON formation, with increasing
effects of moist (wet and humid) and warm conditions around flowering (Osborne and
Stein 2007).

In the construction of both models, the intensity of wheat production in the
area around the wheat field (cereality) was considered in attempt to unravel the region
effect on DON values, found in the current study and previously (Hooker et al. 2002;
Franz et al. 2009). It was hypothesized that the more wheat produced in the area
surrounding the wheat field, the higher the Fusarium spp. infection pressure.
However, cereality did not significantly affect DON levels at harvest and, obviously,
the region effect is caused by other factors. These might include unanalyzed climatic
factors such as precrop winter conditions, regional variations in farm management
and/or in the genetic composition of Fusarium spp. These potential factors underlying
the region effect should be further investigated.

Several agronomical variables that are previously reported to affect DON
contamination in mature winter wheat, particularly tillage practices and previous crop
(Champeil et al. 2004a; Schaafsma et al. 2005; Beyer et al. 2006; Eiblmeier et al.
2007), were not considered in model construction, primarily because data on these
two factors were not available. Secondly, variability in these two factors was

(expected to be) small, making them not useful for model construction. In The
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Netherlands, generally, deep ploughing is applied and maize is not grown before
wheat (unpublished data), hereby avoiding the conducive effects of growing grain
maize as preceding crop and applying minimum or not tillage on DON contamination.
Would the models be applied to countries with other tillage and cropping practices, it
is worthwhile to investigate the possible benefits of considering these variables in
model construction, at least for the farmer’s model. Industry and authorities often do
not have data on precrop and tillage practices and therefore, may prefer one of the
current models.

Corresponding to the two comparable previous modeling studies (Hooker et al.
2002; Franz et al. 2009), the current study showed that DON levels in mature winter
wheat can be predicted accurately using regression analyses of field data, and
considering a narrow time window around wheat flowering. The predictive
performance of models of the three studies, expressed by the percentage explained
variation (R?), is in the same order of magnitude, being 73% for DONcast in Canada
(Hooker et al. 2002), 64.4% for model A of this study, and 59% for the previous
Dutch model (Franz et al. 2009). The r-square reported for DONcast (Hooker et al.
2002; Hooker et al. 2004; Schaafsma and Hooker, 2007) is somewhat higher than this
figure for the three Dutch models. This might — at least partly — be related to the more
uniform conditions of wheat cultivation in Canada (climate, field size etc.) as
compared to The Netherlands. A previous study showed that application of DONcast
to the Dutch field data resulted in very poor performance (Franz et al., 2009),
justifying the development of models for this country. Taking into account the entire
cultivation period (model B) as compared to the flowering period (model A) increased
the accuracy of the DON predictions for The Netherlands, albeit this increase is rather

small. Therefore, the intended end-users of model B (feed and food industry and/or
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authorities) might as well prefer to use model A, providing the DON predictions much
earlier in the season. The costs and benefits of the increased prediction accuracy
against the additional time could be further investigated by application of both models
into practice.

The construction of predictive models for mycotoxins in wheat and their
statistical performance not only depends on the specific variables considered in the
model building process but also on the quality, particularly the precision, of the
underlying data used, e.g., the extent to which the nearest meteorological station
represents the climate of the particular wheat field. In addition, the wheat samples and
measured DON levels are known to be subject to effects of sampling error and
characteristics of the analytical method (e.g., sensitivity, specitivity, detection limit)
used (Josephs et al. 2001; Whitaker et al. 2002; Whitaker 2003; Champeil et al.
2004b). At least part of the model residues is due to the variation in the response
variable (DON levels) and the explanatory (agronomical and climatic) variables
caused by one or more of these effects. Improving the performance of the predictive
models could, therefore, possibly be obtained by using data of even higher quality.

The input variables used in constructing the current models represents a
combination of the underlying process of fungal infection of the wheat and mycotoxin
formation in the different critical periods of wheat growing. Expertise on the ecology
of these processes was used to construct the variables and the time blocks in model
development. When increased insight into the factors affecting the behavior of
Fusarium spp and mycotoxin formation becomes available it should be included in
the modeling process to further improve the definition of possible input variables and

variable selection in model construction. Also, feedback from the end-users, applying

http://mc.manuscriptcentral.C})Zq/tfac Email: fac@tandf.co.uk



©CoO~NOUTA,WNPE

Food Additives and Contaminants Page 18 of 30

the predictive models into practice, to model developers could improve model

development.

Conclusions

This study showed that DON levels in mature winter wheat can be predicted
accurately by regression models that are constructed using field data on agronomy and
climate during the wheat growing season. Both the model for the farmer and the
model for industry/authority include region, spraying, wheat resistance level,
flowering date, various climatic variables related to rainfall, relative humidity and
temperature in different critical periods of wheat cultivation, as well as the length
between flowering and harvest (model for industry/authority only). DON levels at
harvest can be predicted accurately around wheat flowering. Taking into account the
entire period up to harvest slightly improves the prediction accuracy. The two models
are expected to be useful for the various stakeholders of the wheat supply chain in

order to control DON contamination of wheat derived feed and food products.
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2001 2002 2003 2004 2005 2006 2007 2008 overall
Mean 648.8 7473 1939 3233 2440 5.0 20453 3185 4918
Median 1112 2971 1353 2762 1300 5.0 1250.0 150.0 170.0
Min 22.60 34770 99.00 40.0 30.0 5.0 140.0  50.0 5.0
Max 3495 3788 464 1210 850 5.0 10400 4600 10400
Lower Quantile  73.1 95.3 99.0 140.0 75.0 5.0 360.0 77.0 81.3
Upper Quantile ~ 733.2 9222  276.8 420.0 3712 5.0 3025.0 340.0 4344
N 29 48 24 50 96 28 36 114 425
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1

2

2 Table 2. Summary of the final model A for prediction of DON levels in mature winter
2 wheat in The Netherlands'

é Model variable” Parameter Standard error ~ Parameter
12 estimate’ significance
2 Constant 16,04 7.62 0.036

1; REG N -0.337 0.142 0.018

i? REG W -1.654 0.167 <0.001

ig REG S -0.812 0.312 <0.010
gz SPRAY 1 0.502 0.188 0.008

gi SPRAY 0 0.720 0.175 <0.001

Sg Flowering date -0.12343 0.00865 <0.001

% Resistance level -0.4031 0.0484 <0.001

ég Rain Al -0.1362 0.0311 <0.001
g% Tavg A3 -0.0414 0.0424 0.329

%‘z Interactive effect rain A1 * Tavg A3 0.00911 0.00211 <0.001

g? Rain linear A4 -0.0977 0.0120 <0.001

> Rain quadratic A4 0.001501 0.000196 <0.001

32 Tavg linear A0 1.165 0.384 0.003

jé Tavg quadratic AO -0.0315 0.0127 0.013

jg Tavg linear Al 0.779 0.364 0.033

%2 Tavg quadratic Al -0.0304 0.0108 0.005

gg Tavg linear A4 3.494 0.673 <0.001

> Tavg quadratic A4 0.1124 0.0200 <0.001

gi RHh80 A0 0.02194 0.00308 <0.001

gg RHh80 A3 0.01493 0.00485 0.002

gé "The model predicts In(DON) concentrations (in pg kg'l). DON values (in pg kg'l) can be
60 obtained by back transformation: e™*'* .
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*Model variables are defined in the body text of this manuscript. Parameter estimates
for the factors REG and SPRAY are differences compared with their reference levels,

being REG M and SPRAY 0, respectively.
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Table 3. Summary of the final model B for prediction of DON levels in mature winter

wheat in The Netherlands'

Model variable® Parameters Standard error Parameter
estimate’ significance

Constant -31.39 9.03 <0.001
REGN 0.246 0.194 0.206
REG W -0.729 0.159 <0.001
REG S 0.305 0.260 0.241
SPRAY 1 0.688 0.165 <0.001
SPRAY 0 0.842 0.155 <0.001
Flowering date -0.0647 0.0102 <0.001
Resistance level -0.4281 0.0463 <0.001
Length FH 0.0888 0.0173 <0.001
Rain BO 0.03869 0.00572 <0.001
RHh80 BO 0.00633 0.00252 0.012
Tavg BO 0.1076 0.0477 0.025
Tavg B1 -0.0654 0.0402 0.104
Tavg linear B3 2.614 0.965 0.007
Tavg quadratic B3 -0.0781 0.0271 0.004
Tavg linear B4 2.18 1.02 0.033
Tavg quadratic B4 -0.0570 0.0277 0.040

'"The model predicts In(DON) concentrations (in pg kg™'). DON values (in pg kg'') can be
obtained by back transformation using e™*'®,
*Model variables are defined in the body text of this manuscript. Parameter estimates for

the factors REG and SPRAY are differences compared with their reference levels, being REG

M and SPRAY 0, respectively.
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FIGURE CAPTIONS

Figure 1. Predicted DON levels using model A vs observed DON levels (in pug kg™) in

mature winter wheat in The Netherlands

Figure 2. Predicted DON levels using model B vs observed DON levels (in pg kg'l) in

mature winter wheat in The Netherlands
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Figure 1.
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Observed DON levels (in pg kg-1)
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Figure 2.

Observed DON levels (in pg kg-1)
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