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Abstract High concentrations of the mycotoxin
deoxynivalenol (DON), produced by Fusarium
graminearum have occurred frequently in Norwegian
oats recently. Early prediction of DON levels is impor-
tant for farmers, authorities and the Cereal Industry. In
this study, the main weather factors influencing myco-
toxin accumulation were identified and two models to
predict the risk of DON in oat grains in Norway were
developed: (1) as a warning system for farmers to decide
if andwhen to treat with fungicide, and (2) for authorities
and industry to use at harvest to identify potential food
safety problems. Oat grain samples from farmers’ fields
were collected together with weather data (2004–2013).

A mathematical model was developed and used to esti-
mate phenology windows of growth stages in oats (til-
lering, flowering etc.). Weather summarisations were
then calculated within these windows, and the Spearman
rank correlation factor calculated between DON-
contamination in oats at harvest and the weather
summarisations for each phenological window. DON
contamination was most clearly associated with the
weather conditions around flowering and close to har-
vest. Warm, rainy and humid weather during and around
flowering increased the risk of DON accumulation in
oats, as did dry periods during germination/seedling
growth and tillering. Prior to harvest, warm and humid
weather conditions followed by cool and dry conditions
were associated with a decreased risk of DON accumu-
lation. A prediction model, including only pre-flowering
weather conditions, adequately forecasted risk of DON
contamination in oat, and can aid in decisions about
fungicide treatments.

Keywords Deoxynivalenol . Phenological
development . Spearman rank correlation factor

Introduction

Fusarium head blight (FHB) is a widely distributed
cereal disease caused by various Fusarium species. As
many of these fungi can produce mycotoxins, FHBmay
result in mycotoxin accumulation in cereal grains. High
concentrations of the mycotoxin deoxynivalenol
(DON), produced by Fusarium graminearum, have
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frequently occurred in Norwegian oat grains in recent
years (Norwegian Scientific Commitee for Food Safety
2013; Hofgaard et al. 2016a), and the food and feed
quality of the grain is accordingly reduced. The Euro-
pean Commission has set guidance limits for DON
contamination in animal feed (EC 576/2006) and legis-
lative limits for human consumption (EC 1881/2006).

Early prediction of mycotoxin levels would be an
important tool for farmers to optimize management
strategies, and for the authorities and industry to limit
potential food and feed safety problems. By identifying
the main factors that influence mycotoxin accumulation
and their interactions, a better understanding of the
accumulation of this mycotoxin will be achieved and a
prediction model can be developed.

Weather is the most important factor related to my-
cotoxin accumulation in harvested grain (Hooker et al.
2002; Gourdain et al. 2011; Landschoot et al. 2012b).
The relationship between weather variables, especially
during flowering and grain maturation, and accumula-
tion of DON is widely documented in wheat (Hooker
et al. 2002; Klem et al. 2007; Franz et al. 2009;
Landschoot et al. 2012b; Andersen et al. 2015). For
oat, the relationship is not well explored, except for the
study by Lindblad et al. (2011), who stated that very
little of the variation in DON could be explained by
weather conditions. Morphological and developmental
differences between cereal species, such as a longer
flowering period for oat (Rajala and Peltonen-Sainio
2011) compared to wheat, may result in differences in
the associations between weather and DON accumula-
tion for the different cereal species. Developing predic-
tion models for DON accumulation in oat grains might
be more challenging than in wheat, among other things
due to the longer flowering period. In order to establish
prediction models for DON levels in oat grains, more
information on the relationship between weather condi-
tions and DON development is needed.

The mycotoxin content in grain at harvest is variable
and depends largely on the interaction of plant growth
stage and weather (Hooker et al. 2002; Culler et al.
2007; Klem et al. 2007; Cowger et al. 2009; Franz
et al. 2009; Gourdain et al. 2011; Landschoot et al.
2012b; Xu et al. 2013, 2014). Weather summarisations
are therefore frequently calculated within different tem-
poral time intervals (Coakley et al. 1982), fixed for the
number of days (7 days, 10 days etc.), and correlations
withmycotoxin content in harvested grain are calculated
individually for each time window. The start of a

temporal time window is usually fixed at a specific date
(Kriss et al. 2010; Xu et al. 2014), or at an observed
plant growth stage (Kriss et al. 2012). For FHB and
mycotoxins, weather conditions have been successfully
related to time intervals at defined plant growth stages,
especially around flowering (Hooker et al. 2002;
Gourdain et al. 2011; Xu et al. 2014). Linking the time
windows directly to plant growth stages, instead of the
calendar, would be more effective since the date of
sowing and harvest differ between years and fields
(Xu et al. 2014). One drawback, which prevents use of
growth stages instead of the date is that the growth
stages are rarely recorded in farmers’ fields.

The main objective of this study was to identify
possible associations between weather conditions at
specific oat growth stages and the content of DON in
harvested oat grains. The study was performed in three
parts. In the first part, a mathematical model (oat phe-
nology model) based upon weather data and sowing
date connected to 399 observations of oats collected
from experimental fields was developed and used to
estimate intervals of growth stages (phenology win-
dows) such as tillering, heading/flowering and grain
ripening. In the second part, the oat phenology model
was used to estimate phenology windows for 258 oat
grain samples from farmer fields, and the Spearman
rank correlations between the weather within each win-
dow and the DON content the harvested oats were
calculated. Associations between weather factors and
DON development were identified. In the third part,
the most important weather variables were used in the
development of two empirical models to predict risk of
DON accumulation: (1) mid-season as a warning system
for farmers to decide if and when to treat with fungicide
against FHB, and (2) end-of-season for the authorities
and industry to identify grain lots with potential food
safety problems.

Materials and methods

Part 1: oat phenology model

Field data

Phenological data on oat growth stages were obtained
from several field experiments hosted by the Nordic
Field Trial System, where the BBCH scale was used to
define plant growth stages (GS) (Lancashire et al. 1991).
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The data were collected at five different sites in Norway
(west, east and central regions), between 2006 and 2013
and include seven oat varieties (Belinda, Gere, Haga,
Hurdal, Odal, Ringsaker and Scorpion). In addition to
GS, variety and sowing date were also recorded for all
sites. The final data set consisted of 399 observations,
recorded between GS 11 and GS 99, with the majority of
observations at GS 59 (38%) and at GS 87 (31%).
Almost half the observations (43%) were on late matur-
ing oat varieties (Belinda, Odal and Scorpion) while the
remaining observations were on varieties defined as
early maturing (Haga, Ringsaker, Hurdal and Gere).
Approximately five to six days separates the group of
early and the group of late maturing varieties in growth
time from sowing and until dough development
(Åssveen et al. 2015).

Weather and environmental data

Weather data were collected from on-site weather sta-
tions provided by Agrometeorology Norway (2016).
Daily and hourly weather records of air temperature
2 m above ground level (T; °C), soil temperature at
0.1 m depth (TS; °C) and precipitation (P; mm) were
recorded.

Day length and photoperiod were estimated for the
locations each year. Day length (λ; h) was estimated
based on the latitude of the weather stations according to
Olseth and Skartveit (1985). Photoperiod (Ph; h), de-
fined as the number of daylight hours best suited to the
growth and maturation of an organism, was calculated
according to Olesen et al. (2012). The degree-day accu-
mulation was calculated by daily air temperatures from
sowing onwards with a base air temperature of 0 °C,
although different adjustments were tested (Table 1).

The oat phenology model

Ten simple models were developed and tested in order
to estimate phenological development of oat growth
(Table 1). The proposed models were based on air
temperature, soil temperature, precipitation, photoperi-
odic time and day length, which are easily available
variables assumed to be of importance for plant devel-
opment (Davidson and Campbell 1983; Shaykewich
1995; Saarikko and Carter 1996; Wang and Engel
1998; Sonego et al. 2000; McMaster et al. 2008; Rajala
and Peltonen-Sainio 2011; Olesen et al. 2012; Siebert
and Ewert 2012). The Gompertz growth function

(Batschelet 1976), which is a sigmoid function with
asymmetrical growth (Eq. 1), was used as the base
function for all proposed model versions.

GSi ¼ 99eαe
βDDi ð1Þ

The model output, GSi is the estimated phenological
growth stage of oat at day i, DDi is the adjusted degree-
day accumulation at day i, 99 is the asymptote fixed at
the maximum GS value according to the BBCH scale
and both α and β are unknown model parameters
(Table 2). The ten different models differed in the way
of including observed air temperature, soil temperature,
precipitation, day length or photoperiodic time to calcu-
late an adjusted degree-day accumulation (Table 1).

The degree-day accumulations were calculated from
sowing day and onwards. In the simplest models, a
degree-day accumulation with a base air temperature
of 0 °C (Model 1) or a base air temperature of 5 °C
(Model 2) was used. A more complex degree-day ad-
justment was tested in Model 3, where the temperatures
were weighted differently based on a weighting function

Table 1 Mathematical models (1–10) used to calculate an adjust-
ed degree-day accumulation and root mean square error of predic-
tion after cross validation

Model Adjusted degree-day Root mean square error a

1 DDi =∑i(Ti)+ b 4.6244 (1.1822)

2 DDi =∑i(Ti − 5)+ b 5.2451 (1.8731)

3 DDi =∑i(Ti ∙ ri) c 5.0545 (1.2016)

4 DDi =∑iλi/24 ∙ (Ti)+ b 4.6748 (1.2999)

5 DDi =∑iλi/24 ∙ (Ti − 5)+ b 5.3879 (1.9332)

6 DDi =∑iPhi ∙ (Ti)+ b 4.7835 (1.3943)

7 DDi =∑iPhi ∙ (Ti − 5)+ b 5.5211 (1.9775)

8 DDi =∑i(TSi)+ b 5.2845 (1.7195)

9 DDi =∑i(TSi − 5)+ b 5.9016 (2.2887)

10 DDi =∑iRRi ∙ (Ti)+ b,d 4.6425 (1.0181)

The abbreviations of the weather factors are described in the
Materials and methods section

a The values are given as mean value and standard deviation (listed
in parentheses) over the eight test data sets used in cross validation

b ^+^ indicates that only the positive outcome of the expression in
parentheses is used

c ri ¼ Tmax−Ti
Tmax−Topt

� �
∙ Ti−Tmin

Topt−Tmin

� � Topt−Tmin
Tmax−Tmin

� �
, where Tmax, Tmin and Topt

are parameters for the cardinal temperatures (Yan and Hunt 1999)

dRRi = 1 ifPi < 10mm and RRi = 0 ifPi ≥ 10mm (Pi = Precipitation
at day i)
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for the daily rate of plant growth based on the three
cardinal temperatures (Tmax, Tmin and Topt) (Yan and
Hunt 1999). InModel 4 and Model 5, base temperatures
of 0 °C and 5 °Cwere used, respectively, in addition to a
weighting function calculated by the day length (λi)
divided by 24 h. Similarly, Model 6 and Model 7 in-
cluded respectively a base temperature of 0 °C and 5 °C
in addition to a weighting function calculated from the
estimated photoperiod (Phi). Model 8 andModel 9 were
equivalent to the two first models, except using soil
temperatures instead of air temperatures. The last pro-
posed model, Model 10, used a base temperature of 0 °C
and included only temperatures on days with less than
10 mm precipitation.

Values for the model parameters (Table 2) were
estimated by Bayesian calibration (Robert and
Casella 1999). According to Bayesian learning, pos-
terior parameter distributions were calculated as a
combination of the original parameter uncertainty
(prior knowledge) and the new incorporated informa-
tion through the conditional probability distribution
of the collected data (likelihood function). The prior
probability distributions were described by wide uni-
form independent distributions (Table 2), while the
likelihood function, after some simplifications, were
determined by the distribution of model errors
(Rougier 2007). The calculations were done using
the Markov chain Monte Carlo (MCMC) algorithm
Random walk Metropolis (Robert and Casella 1999).

Cross validation (Hastie et al. 2001) is a standard
method that uses the available data in an optimal way.
When the amount of data is limited, the characteristic of
the test data may differ from the training data and cause
bias in the model assessment. In order to avoid bias and
provide a reliable measure of the models’ predictive
quality, the data was split into eight different training
and test sets according to the cross-year technique intro-
duced by Landschoot et al. (2012a). Root mean square
error of predictions were calculated using the maximum

posterior parameter estimate, which is the parameter set
that had the highest joint posterior probability and given
as mean values and standard deviations over the eight
splits of data. The model version with the lowest root
mean square error of prediction over the cross validation
splits was selected as the best model for oat growth
prediction and used in the subsequent studies.

Part 2: association between DON content and weather
conditions

Oat samples

Representative oat grain samples, of about 1 kg, were
randomly collected at farms or at delivery points of oats
from farmers’ fields across Norway (south, east and
central regions) from 2004 to 2013. Samples were proc-
essed and stored according to Aamot et al. (2012),
except for samples collected after 2009 that were divid-
ed into sub-samples of 200 g and ground using a ZM
200 mill (Retsch, Haan, Germany) with a 1-mm sieve.
Grain samples from fields treated with fungicides
against Fusarium were excluded in this study. The final
dataset consisted of samples from 258 oat fields, with
the majority from 2007 (19%) and 2008 (19%). Close to
50% of the samples were collected in the Solør-Odal
region, where oat is an important cereal crop.

Mycotoxin analysis

Of the 258 oat grain samples analysed for DON con-
tamination in this study, 175 samples were analysed by a
LC-MS/MS method with a limit of quantification
(LOQ) of 100 μg kg−1 (Kokkonen and Jestoi 2009)
and 24 samples were analysed with a LC-MS/MSmeth-
od with a LOQ of 100 μg kg−1 (NIBIO, unpublished).
The remaining 59 samples were analysed by an ELISA
method (AgraQuant® Deoxynivalenol Assay, Romer
Labs®, Tulln, Austria) with LOQ of 250 μg kg−1. For

Table 2 Description of the pa-
rameters in the proposed oat phe-
nology models, with minimum
and maximum values used in the
uniform prior distributions

Parameter Unit Description Minimum Maximum

α - Sets the y displacement -20 -0.05

β - Sets the growth rate -0.5 -0.00005

Tmin °C Minimum air temperature for oat growth -2 2

Tmax °C Maximum air temperature for oat growth 23 33

Topt °C Optimum air temperature for oat growth 16 22
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samples with a DON content below the LOQ, a value of
LOQ/6 (European Commission 2003) was used. The
ELISA analysis was performed according to the manu-
facturer’s instructions, except the sample extraction,
where 25 ml of distilled water was added to 5 g of
ground sample, followed by vigorous shaking for
3 min. The mixture was centrifuged for 1 min at
1811×g, and the supernatant was diluted 1:4 with dis-
tilled water.

Weather and environmental data

Weather data were collected as previously described in
Part 1, using daily and hourly values for air temperature
(T; °C), precipitation (P; mm) and relative humidity
(RH; %). For each grain sample, data were collected
from the nearest weather station. Altogether, data from
24 different weather stations were used. Only samples
from farms within a distance of 20 km (mean distance of
7.6 km) from a weather station were included in the
analysis.

Vapour pressure deficit (vpd; kPa) is defined as the
difference between the amount of moisture in the air and
the moisture the air can hold when saturated. Saturated
vapour pressures were estimated from measured air
temperature according to Goff and Gratch (1946). The
actual vapour pressure was derived from the estimated
saturated vapour pressure and the measured relative
humidity (Perry and Green 1997). At an air temperature
of 15 °C, a relative humidity of 80% gives a vpd equal to
0.34 kPa, while 90% RH gives a vpd of 0.17 kPa and
70% RH gives a vpd of 0.51 kPa.

Data analysis

Dates for all growth stages from sowing to harvest were
estimated for each grain sample by using the phenology
model that gave the best fit after cross validation. For the
further analysis, the dataset from each grain sample was
separated into ten intervals reflecting the different plant
developmental stages, subsequently referred to as phe-
nology windows. The phenology windows were select-
ed in order to include growth stages that correspond to
germination/seedling growth, tillering, stem elongation,
booting, inflorescence emergence, heading/flowering,
milk development, late milk, dough development and
ripening (Table 3). For each grain sample, data for air
temperature, precipitation and relative humidity, record-
ed at the nearest weather station, was summarisedwithin

each predicted phenological window. Possible associa-
tions between the mycotoxin content of DON in har-
vested oats and the weather summarisations within each
phenological windowwere calculated for the whole data
set (258 grain samples) using the Spearman rank corre-
lation coefficient (Spearman 2010). This coefficient
measures the association between two ranked variables,
and it was used due to the non-normal data and the
strong outliers consisting of some high DON values.

Part 3: prediction model for risk of DON

Discriminant analysis with stepwise selection and leave
one out cross validation was used in order to develop
two models to predict the risk of DON in harvested oats
(according to human consumption), one mid-season
model as part of a warning system for farmers to decide
if and when to treat with fungicide in the growing season
and the other model to be used at the end of the season
by authorities and industry personnel to identify grain
lots with potential food safety problems. A rigorous
threshold value of 1000 μg kg−1 was used (the legisla-
tive limit for human consumption is 1750 μg kg−1).
Since a fungicide must be applied during flowering,
the first model was constructed using only weather
observations from sowing to inflorescence emergence
while the other model included weather observations
from sowing to harvest. All the weather summarisations
with a significant (p < 0.05) correlation to DON content
at harvest were included in model development
(Table S1). As the stepwise selection procedure often
are distorted by multicollinearity (Montgomery et al.
2001), the correlations between all significant weather
summarisations were calculated, and for all weather
summarisations with higher correlations to each other
than 0.9, only the weather summarisation with highest
correlation to DON content at harvest was retained
[Table 3].

Statistical methods

SAS 9.4 was used for the discriminant analysis with the
functions stepdisc and discrim, while all other calcula-
tions were performed using MATLAB (R2016b). The
corr function with type Spearman, was used to calculate
the Spearman rank correlation coefficient. All other
calculations performed in this study were written in
script files.
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Results

This study was performed in three parts. In Part 1 a
simple mathematical model was constructed to predict
the phenological development of oats based on weather
data, in Part 2 weather conditions during plant develop-
ment, that were significantly associated with DON ac-
cumulation in grains, were identified, while in Part 3
mathematical models to predict DON accumulation in
oat grains were developed.

Part 1: oat phenology model

The ten proposed models (Table 1) for prediction of oat
growth stages were calibrated and tested for each of the
eight splits of the observed data, according to the cross-
year validation technique (Landschoot et al. 2012a).
Bayesian calibration was used (Robert and Casella
1999), and maximum posterior point estimates of the
parameter vectors were found. Root mean square errors
of prediction were calculated following cross validation
(Table 1).

According to the error term, root mean square error
of prediction, Model 1, which was the simplest pro-
posed model version with a degree-day accumulation
using a base air temperature of 0 °C, was selected as the
most suitable model, by having the lowest prediction

error. Out of the 399 observations of phenological oat
growth stages, 20 observations (5%) were estimated to
occur in an earlier phenological window, whereas 19
(5%) were estimated to occur at a later growth stage
window than actually observed. Model 1 was re-
calibrated using all collected data, and maximum poste-
rior point values estimated for α and β were α =
−2.5565 and β = −0.0021. This fitted model will in the
following be referred to as ‘Oat Phenological Model 1’.

The observed oat growth stages (GS) developed with
the number of days from sowing (Fig. 1a), but during
the two most studied growth stages, GS 59 (38% of the
observations) and GS 87 (31% of the observations),
wide variation in the number of days from sowing to
the specific GSwas observed. Similar variation was also
found when considering the varieties separately and no
significant difference in phenological growth rate was
found between the varieties in this study. Growth stage
59 occurred between 53 and 82 days after sowing, with
a relative standard deviation of 10.5%, while GS 87
occurred between 81 and 119 days after sowing with a
relative standard deviation of 9.7%. The resulting Oat
Phenological Model 1 is plotted together with the field
data of observed oat growth stages in Fig. 1b, and a
smaller variation in degree days was detected for growth
stages GS 59 and GS 87. In this model GS 59 was
observed between 647 and 894 degree-days after

Table 3 The estimated degree-days from sowing for the start and end of growth stage periods and the average number of days calculated for
each phenological growth stage period in oats in Norway according to Oat Phenological Model 1

Growth Stage (GS)a Phenological
growth stage period

DDb from sowing to start
of GS period

DDb from sowing to end
of GS period

Number of daysc

[0, 20 Germination/ seedling growth 0 221 19.6 (3.4)

[20, 30 Tillering 221 359 9.7 (2.4)

[30, 40 Stem elongation 359 489 7.9 (1.6)

[40, 50 Booting 489 622 8.0 (1.3)

[50, 55 Inflorescence emergence 622 693 3.7 (0.7)

[55, 70 Heading/flowering 693 942 14.6 (1.6)

[70, 75 Milk development 942 1046 6.6 (0.8)

[75, 80 Late milk 1046 1171 6.6 (1.0)

[80, 90 Dough development 1171 1550 23.6 (3.3)

[90, 95 Ripening 1550 1945 11.4 (7.8)

Oat Phenology Model 1 was developed from growth stage observations from 258 oat fields and connected weather data

a BBCH scale (Lancashire et al. 1991)

b Degree-day accumulation (DD) with base air temperature of 0 °C

c Themean number of days calculated by the Oat Phenological Model 1 for each phenological growth stage period. The standard deviation is
listed in parentheses
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sowing, with a relative standard deviation of 5.8%,
while GS 87 was observed between 1148 and 1611
degree-days after sowing with a relative standard devi-
ation of 7.0%.

Part 2: association between DON content and weather
conditions

Among the 258 samples analysed for mycotoxin con-
tamination, the amount of DON varied from amaximum
of 22,000 μg kg−1 to below the levels of detection
(LOD). A mean DON value of 1328 μg kg−1 and a
standard deviation of 2438 μg kg−1 was estimated.
Thirty-one percent of the samples contained DON levels
below the LOQ, while 22% of the samples contained
DON levels above the legislated limits set for unpro-
cessed oats intended for human consumption
(1750 μg kg−1) and 3% exceeded the limits set for
animal feed (8000 μg kg−1).

For all the 258 oat fields, phenological crop develop-
ment was estimated using air temperatures from the
nearest weather station for input to the Oat Phenological
Model 1. The predicted growth stages were then
grouped into ten phenological windows, such as tiller-
ing, heading/flowering and ripening (Table 3). Based on
the calculations from Oat Phenological Model 1 using
the whole data set of 258 oat grain fields, heading/
flowering was generally estimated to start 7 weeks
(50 days, 692 degree-days) from sowing and to last for
about two weeks (15 days, 249 degree-days). The

ripening phase was estimated to start 15 weeks
(102 days, 1550 degree-days) from sowing and to last
for almost two weeks (11 days, 395 degree-days). The
whole life cycle from sowing to the end of ripening was
estimated to last for 16 weeks (113 days, 1945 degree-
days).

A total of 90 weather factors, based on air tempera-
ture, rainfall and relative humidity were summarised
within each of the estimated phenology windows for
all oat fields. The weather factors used are given in the e-
Xtra (Table S1), and were mainly selected based upon
literature surveys on factors influencing Fusarium de-
velopment or mycotoxin accumulation in wheat grains
(Kriss et al. 2010; Xu et al. 2013). Table 4 presents the
minimum, maximum and mean air temperatures within
each of the ten phenological windows across the Nor-
wegian oat fields examined.

Within each of the ten phenological windows, the
Spearman rank correlation factor was calculated for the
association between DON content in harvested oat
grains and each of the 90 different weather factors.
Nearly 80% of the significant (p < 0.05) correlations
between the mycotoxin content of DON in harvested
oats and the weather summarizations during the phenol-
ogy windows were found in the period from inflores-
cence emergence onwards. The highest correlations
(r > 0.4) were detected during dough development and
ripening. A few correlation coefficients higher than 0.2,
were found during germination/seedling growth and
tillering, while no such high correlations were detected
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Fig. 1 Phenology development (growth stage) measurements in oats from Norwegian fields, plotted as a function of (a) number of days
from sowing; (b) degree-days from sowing with a base temperature of 0 °C. The lines indicate the mathematical oat phenology model
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during stem elongation and booting. Only correlations
significant at the 5% level are presented in the text,
though all calculated correlations are given in the e-Xtra
(Table S1).

The relationships between DON contamination in oat
grains and mean daily air temperature within the phe-
nology windows of selected oat growth stages are given
in Fig. 2a. The DON content was positively correlated
with mean daily air temperature during early growth
stages, which was strengthened while considering the
mean daily number of hours with T ≥ 10 °C, during
germination/seedling growth (r = 0.16, p = 0.010) and
tillering (r = 0.20, p = 0.001). By contrast, all significant
correlations between the DON content and mean daily
air temperature from heading/flowering and onwards
were negative, with the highest values observed during
dough development (r = −0.42, p < 0.001) and ripening
(r = −0.42, p < 0.001).

The correlations between DON contamination in oat
grains and mean daily precipitation within the phenolo-
gy windows are given in Fig. 2b. DON content was
negatively correlated with the mean daily precipitation
during germination/seedling growth (r = −0.15,
p = 0.017), while no significant correlation was detected
from tillering to booting (Fig. 2b). A positive correlation
was detected between DON content and mean daily
precipitation from inflorescence emergence to milk de-
velopment, with the highest value during heading/
flowering (r = 0.36, p < 0.001). When considering the
relationship between DON content at harvest and the
mean daily number of hours with precipitation, a posi-
tive and significant correlation appeared during dough
development (r = 0.15, p = 0.015). No correlation was
detected between DON content and mean daily precip-
itation during dough development, while a negative
correlation was found during ripening (r = −0.20,
p = 0.003).

When calculating the effect of relative humidity at
earlier growth stages, a small but significant negative
association was found between DON concentration in
harvested oats and mean daily relative humidity during
tillering (r = −0.14, p = 0.023) (Fig. 2c). Positive corre-
lations were found between DON content in harvested
oats and mean daily relative humidity from inflores-
cence emergence to the end of milk development, with
the highest values evident during heading/flowering
(r = 0.36, p < 0.001) (Fig. 2c). The correlation during
heading/flowering increased when considering the
mean daily number of hours with RH > 70% (r = 0.39,

p < 0.001). During dough development a positive cor-
relation (r = 0.23, p < 0.001) was detected between
DON content at harvest and mean daily relative humid-
ity (Fig. 2c), while no effect was detected during late
milk or ripening.

The association between DON and different combi-
nations of air temperature and precipitation
(P > 0.2 mm) during plant development were also
calculated (Fig. 2d, e). The DON content was not influ-
enced by high (T ≥ 15 °C) air temperatures and precip-
itation (Fig. 2d) during earlier phenological phases,
whereas the combination of low air temperatures
(T < 10 °C) and precipitation during germination/
seedling growth was associated with reduced DON
contamination (r = −0.18, p = 0.004). A positive corre-
lation was detected between DON content in harvested
grain and daily number of hours with T ≥ 15 °C in
combination with precipitation (P > 0.2 mm) in the
period from booting to the end of milk development,
with the highest value observed during heading/
flowering (r = 0.35, p < 0.001). The correlation during
heading/flowering disappeared when low or high air
temperatures (T < 10 °C or T ≥ 20 °C) were combined
with precipitation. No significant correlations between
DON content and the daily number of hours with pre-
cipitation at T ≥ 15 °C were detected at the later pheno-
logical phases (late milk and dough development), while
a high negative correlation appeared during ripening
(r = −0.36, p < 0.001). Positive correlations were evi-
dent between DON contamination and low air temper-
ature (T < 12 °C) in combination with precipitation
during dough development (r = 0.22, p < 0.001) and
ripening (r = 0.33, p < 0.001).

Significant positive correlations appeared during
germination/seedling growth (r = 0.14, p = 0.023) and
tillering (r = 0.15, p = 0.014) when considering the
relationship between DON content at harvest and the
daily number of hours with T ≥ 15 °C combined with a
lack of precipitation during these phenology windows.
By contrast, DON content was negatively associated
with the number of hours daily with T ≥ 15 °C combined
with no precipitation (P ≤ 0.2 mm) (Fig. 2e) from
heading/flowering onwards, with the highest value ob-
served during ripening (r = −0.39, p < 0.001). The
correlation during ripening increased (r = −0.43,
p < 0.001) when considering a lower air temperature
threshold (T ≥ 12 °C) combined with no precipitation.

The relationship between DON contamination in
harvested oats and the daily number of hours with moist
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weather (vpd ≤ 0.34 kPa) is given in Fig. 2f. Aweak, but
significant negative association was observed between
DON content and daily number of hours with moist

weather during germination/seedling growth
(r = −0.13, p = 0.035). On the contrary, positive corre-
lations were found from inflorescence emergence and

Table 4 Mean, standard deviation (SD), minimum and maximum air temperatures (T) during the estimated phenological stages for 258 oat
fields in Norway

Germination/
seedling
growth

Tillering Stem
elongation

Booting Inflorescence
emergence

Heading/
flowering

Milk
development

Late
milk

Dough
development

Ripening

Mean T [°C] 10.7 13.5 14.9 15.2 15.4 16.0 16.0 16.8 15.5 13.4

SD T [°C] 1.8 3.1 2.6 2.3 2.5 1.6 1.6 2.3 1.9 2.5

Min. T [°C] 6.4 8.4 10.5 11.5 11.1 12.5 12.9 13.1 10.1 5.9

Max. T [°C] 16.3 20.6 21.0 22.0 22.2 20.6 20.9 21.7 19.6 18.0
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Fig. 2 The Spearman rank
correlation factors, calculated
between DON (μg/kg)
contamination in harvested oats
and weather conditons, during
estimated time-periods
(phenology windows) of plant
growth stages (BBCH scale).
Asterisks indicate that the
correlation is significant at the
10% level (*) or the 5% level (**)
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onwards, with highest values during heading/flowering
(r = 0.36, p < 0.001) and dough development (r = 0.42,
p < 0.001).

The effect of a combination of moist and moderate to
warm weather is given in Fig. 2g. A weaker positive
correlation was detected during germination/seedling
growth (r = 0.12, p = 0.059), when the relationship
between DON content in harvested oats and daily num-
ber of hours with vpd ≤ 0.34 kPa combined with
T ≥ 10 °Cwas considered. Positive correlations between
DON content in harvested oats and daily number of
hours with moist and moderate to warm weather
(vpd ≤ 0.34 kPa and T ≥ 10 °C) were also found from
inflorescence emergence to milk development with the
maximum value detected during heading/flowering
(r = 0.37, p < 0.001). No significant effects were detect-
ed in the late milk or dough development stages, while a
significant negative correlation was found during ripen-
ing (r = −0.24, p < 0.001). By considering the relation-
ship between DON and daily number of hours with
vpd ≤ 0.34 kPa, combined with T ≥ 15 °C, the negative
effect observed at ripening was strengthened (r = −0.35,
p < 0.001), and a negative correlation at late milk
(r = −0.12, p = 0.045) and dough development
(r = −0.13, p = 0.037) appeared.

The relationship between DON content in harvested
oats and daily number of hours with moist and cool
weather (vpd ≤ 0.34 kPa and T < 10 °C) is presented
in Fig. 2h. Negative correlations were found both at
germination/seedling growth (r = −0.14, p = 0.030)
and tillering (r = −0.17, p = 0.006). By contrast, no
correlations were detected between DON content and
daily number of hours with vpd ≤ 0.34 kPa and
T < 10 °C at heading/flowering, while positive correla-
tions were found from milk development onwards, with
the highest correlations observed during dough devel-
opment (r = 0.38, p < 0.001) and ripening (r = 0.39,
p < 0.001).

Part 3: prediction models for risk of DON

Twomathematical models were developed to predict the
risk of DON contamination in oat grains. One model
included weather summarisations from sowing to the
end of inflorescence emergence (forecasting system for
fungicide treatment) and the second model comprised
weather summarizations in the period from sowing to
harvest (prognosis system for the authorities and indus-
try). Both models were developed and evaluated using

discriminant analysis with stepwise selection and leave-
one-out cross validation, considering all weather
summarisations with a significant (p < 0.05) effect on
DON accumulation, and with less correlation to each
other than r = 0.9 (Table S1).

Forecasting system for fungicide treatment

In the development of a forecasting system for fungicide
treatment, a total of 48 weather summarisations
(Table S1) were evaluated with stepwise selection and
leave one out cross validation in the discriminant anal-
ysis. The final model, consisted of nine weather
summarisations and is given in Eq. (2).

M1 ¼ −4:11−0:49a1 þ 0:27a2−0:05b1 þ 0:32b2

þ 0:44b3 þ 0:92d1

þ 0:59e1−1:38e2−0:27e3 ð2Þ
The model predicts risk of DON exceeding

1000 μg kg−1 if the model output M1 is greater than
zero. The model variables a, are weather summarisations
during the phenological window germination/seedling
growth, with respectively being the daily number of
hours with P > 0.2 mm (a1) and daily number of hours
with T in [10, 15 °C and P ≤ 0.2 mm (a2). Furthermore,
the model variables b, are weather summarisations dur-
ing the phenological window tillering, with respectively
being the average daily RH (b1), the daily number of
hours with T < 15 °C and P ≤ 0.2 mm (b2) and daily
number of hours with T ≥ 20 °C and vpd > 0.51 kPa (b3).
The model variable d1 is the daily number of hours with
T in [15, 30 °C and P > 0.2 mm during booting, while the
model variable e, are weather summarisations during the
phenological window inflorescence emergence: the daily
number of hours with T ≥ 12 °C and P > 0.2 mm (e1), the
daily number of hours with T < 10 °C and P > 0.2 mm
(e2), and the daily number of hours with T in [10, 15 °C
and vpd < 0.17 kPa (e3).

From the leave-one-out cross validation, the model
correctly estimated 76% of the observations to higher
than 1000 μg kg−1 DON while 79% was correctly
estimated to less than 1000 μg kg−1 DON. Thus, 24%
of the observations were incorrectly estimated to less
than 1000 μg kg−1 DON and 21% were incorrectly
estimated to higher than 1000 μg kg−1 DON.

The model generally predicted increased risk of
DON with dry conditions during germination/seedling
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growth and tillering, and with warm (T > 12 °C, around/
warmer than normal for that period) and wet conditions
during booting and inflorescence emergence (Fig. 3).
Simultaneously, the model predicted decreased risk of
DON with moist and wet conditions during
germination/seedling growth and tillering and with cool
(T < 10 °C, cooler than normal for that period) and
moist/wet conditions during inflorescence emergence.

Prognosis system for identification of oat grain lots
with DON levels exceeding acceptable limits

In the construction of a prognosis system for authorities
and industry, a total of 76 weather summarisations
(Table S1) were evaluated with stepwise selection in
the discriminant analysis and leave one out cross vali-
dation. The final model consisted of eight weather
summarisations and is given in Eq. (3).

M2 ¼ −5:33þ 0:27b3 þ 0:49b4 þ 0:31e4

þ 0:27 f 1 þ 9:83i1−0:54i2−0:42i3−0:23 j1 ð3Þ

The model predicts risk of DON if the model output
M2 is greater than zero. The model variable b3 is as
described in Eq. 2, while the model variable b4 is the
daily number of hourswithT< 15 °C and vpd > 0.17 kPa
during tillering. The model variable e4 is the daily
number of hourswithT in [15, 20 °C and vpd < 0.51 kPa
during inflorescence emergence and f1 is the daily num-
ber of hours with T ≥ 12 °C and vpd < 0.51 kPa during
heading/flowering, The model variables i, are weather
summarisations during the phenological window of
dough development with respectively average daily
vpd (i1), daily number of hours with T ≥ 20 °C and

vpd > 0.17 kPa (i2) and daily number of hours with
T ≥ 15 °C and vpd > 0.34 kPa (i3). Finally, the model
variable j1 is the daily number of hours with T < 15 °C
and vpd > 0.17 kPa during ripening.

From the leave-one-out cross validation, the model
correctly estimated 84% of the observations to higher
than 1000 μg kg−1 DON while 79% was correctly
estimated to less than 1000 μg kg−1 DON. Thus, 17%
of the observations were incorrectly estimated to less
than 1000 μg kg−1 DON and 21% were incorrectly
estimated to higher than 1000 μg kg−1 DON.

This model generally predicted increased risk of
DON with dry conditions during tillering and dough
development, and with warm (T > 12 °C, around/
warmer than normal for that period) and moist condi-
tions during inflorescence emergence and heading/
flowering (Fig. 4). Simultaneously, the model predicted
a decreased risk of DON with warm (T > 15 °C, warmer
than normal for that period) and moist conditions during
dough development and with cool (T < 15 °C, around/
cooler than normal for that period) and dry conditions
during ripening.

Discussion

The goal of this paper was to identify possible asso-
ciations between the development of DON in harvest-
ed oat grains and weather conditions at specific oat
growth stages.

Oat phenology model

The predictive model for phenological development of
plant growth, Oat Phenological Model 1, was based on

Fig. 3 A visualization of the model predicting DON content in harvested oats for farmers, including weather observations during the
different phenological windows from sowing to the end of inflorescence emergence
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the sigmoid Gompertz growth function of degree-day
accumulation from sowing, with a base air temperature
of 0 °C. In line with our data, Shaykewich (1995)
concluded that the phenological developmental rate of
most cereal species is a sigmoid rather than a linear
function of air temperature. It has the advantage of being
simple and asymmetric, which is an advantage com-
pared to the symmetrical logistic curve, since growth
is not always symmetrical about the point of inflection.

Our final model for phenological development in
oats included only one weather factor, air temperature.
This aligns with several other studies that concluded that
air temperature is the single most important weather
factor for plant development (Sonego et al. 2000;
Olesen et al. 2012). The base temperature used in the
degree-day accumulation, is the threshold temperature
were plant development stops. A base air temperature
equal to 0 °C (Siebert and Ewert 2012) and 5 °C (Rajala
and Peltonen-Sainio 2011; Olesen et al. 2012) are both
commonly used for calculations of phenological devel-
opment in oats. Moisture was not included in our final
model, and has previously been shown to be unimpor-
tant to the phenological development of spring wheat
(Davidson and Campbell 1983). Some studies have
included the response of day length or photoperiod in
their calculations of phenological development of plants
(Wang and Engel 1998; Siebert and Ewert 2012). How-
ever, these factors did not improve the prediction ability
of Oat Phenological Model 1. The temperature response
for wheat, showed optimum temperature for plant
growth (Wang and Engel 1998; McMaster et al. 2008),
however we found that the use of a weighting function
on the air temperatures in the degree-day accumulation
(Yan and Hunt 1999) did not improve our model.

The majority of our growth stage observations were
recorded at GS 59, which is within the period we de-
fined as heading/flowering, and at GS 87, dough

development. A wide variation in the number of days
from sowing until GS 59 and GS 87 was found for the
oat fields observed in our study. When we plotted phe-
nological growth against degree-days (Oat Phenological
Model 1), instead of the number of days from sowing,
the observed data on these two specific phenological
growth stages were closer with a clearly decreased rel-
ative standard deviation. Furthermore, whenwe estimat-
ed the developmental stages based upon the number of
days from sowing, we observed an overlap between the
two separate phenological phases GS 59 (between 53
and 82 days from sowing) and GS 87 (between 81 and
119 days from sowing), which complicated the use of
number of days as a predictor for growth stage. This
overlap disappeared when we used Oat Phenological
Model 1 to calculate the growth stages of oats based
upon degree-days from sowing, and thus it appears this
model provided a more definite picture with a clear
difference in time between heading/flowering and
dough development. Still, substantial variation was
found at both phenological phases GS 59 (observed
from 647 to 894 degree days from sowing) and GS 87
(observed from 1148 to 1611 degree days from sowing).
Some of the variation observed is likely due to the
differences in the time from sowing to maturity for the
early and late maturing oat varieties included in our
study. The variation in the observed degree-days from
sowingwas higher at the later phenological phase dough
development (GS 87) compared to at heading/flowering
(GS 59). According to Peltonen-Sainio and Rajala
(2007), only the duration of the grain filling period
consistently differed between oat varieties, while the
duration of vegetative and generative pre-anthesis
phases and sub-phases did not. If early and late maturing
oat varieties differ in the duration of their grain filling
period, it may explain why more variation was detected
at GS 87 compared to GS 59 in our model. In this case, a

Fig. 4 Avisualization of the model predicting DON content in harvested oats for authorities and industry, including weather observations
during the different phenological windows from sowing to harvest
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more precise model would likely have been constructed
if data were grouped according to the maturity of the
different varieties included in our phenology model.
Additionally, soil type, tillage and measurement errors
may also have contributed to the observed variation.

The development of spikelets in oat proceeds from the
uppermost terminal spikelet downwards to the base of
the panicle, resulting in a longer pollination period com-
pared to wheat (Rajala and Peltonen-Sainio 2011). Our
Oat Phenological Model 1 predicted that the heading/
flowering period (GS55-GS69) will last for 15 days with
a mean daily air temperature of 16 °C. This is in accor-
dance with findings by Rajala and Peltonen-Sainio
(2011) who reported the pollination period (GS61-
GS69) in oats lasted for ten to eleven days.

Association between DON content and weather
conditions at different oat growth stages

The poor relationship we found between number of days
from sowing and phenological development in oats,
made it impossible to use temporal windows, based on
number of days, when quantifying the relationship be-
tween environment and DON. The use of phenological
windows has not previously been documented, but sup-
ports earlier proposed improvements of window pane
methodology (Xu et al. 2014). While the window pane
methodology (Coakley et al. 1982) quantifies important
environmental factors and their starting time, our proce-
dure focused on specific growth stages, and identified
the associations between DON content in harvested oat
grains and environmental factors within each growth
stage. This is in agreement with most mechanistic
models for FHB development in wheat (Rossi et al.
2003; Del Ponte et al. 2005) that generally include the
dynamics of the host.

Our results indicate that DON contamination in har-
vested oat grains was influenced by weather conditions
during the early phenological growth stages from sow-
ing to the end of tillering, although higher associations
were detected during later growth stages. Rainy condi-
tions at early growth stages did not promote DON
development in our study, despite the fact that moisture
promotes the development ofF. graminearum perithecia
(Pereyra et al. 2004). Decreased F. graminearum on
plant debris has been detected in years with high pre-
cipitation in early spring (Hofgaard et al. 2016b). Tem-
perature influences the mycelial growth rate of Fusari-
um species (Brennan et al. 2003), with different optimal

growth temperatures for different species. Fusarium
graminearum is regarded as the main DON producer
in Norwegian oats (Hofgaard et al. 2016a), and warmer
temperatures may increase the competitive ability of this
species in Norway. Fusarium graminearum has an op-
timum growth temperature of 25 °C (Brennan et al.
2003) and thus this species generally dominates in
warmer geographical regions. Other species within the
FHB complex, such as Microdochium spp., have a
lower optimum temperature and are favoured in cooler
maritime areas (Maurin et al. 1995). The negative asso-
ciation between DON and cool, rainy conditions during
spring identified in our study and in Hofgaard et al.
(2016b), may be a result of increased competition in
plant residues between F. graminearum and other Fu-
sarium species or fungal or bacterial saprophytes that
are betted adapted to these weather conditions. Survival
of F. graminearum on plant debris is inversely related to
decomposition rate (Pereyra et al. 2004). Over time,
F. graminearum colonization of debris decreases where-
as the relative prevalence of other Fusarium species
increases (Pereyra et al. 2004). In a study of Fusarium
colonization on wheat debris, the greatest rate of decline
in F. graminearum colonization was detected during
early spring (Pereyra et al. 2004), which may indicate
that spring is a period of change in the colonization of
debris by fungal species.

The amount of fungal inoculum in a field, whether as
spores or as mycelium capable of infecting plants, de-
pends on the quantity of infested residues (Dill-Macky
and Jones 2000; Pereyra et al. 2004). Soil moisture and
soil temperature affect the decomposition rate of crop
debris and subsequently the survival of plant pathogens
in crop debris (Pereyra et al. 2004; Hofgaard et al.
2016b). We detected increased DON accumulation in
oat grains from fields with dry and moderate to warm
weather during the early phenological phases, which
may be the result of better survival of F. graminearum
on residues in these conditions. Similar associations
between DON accumulation and warm weather during
early phenological growth stages have been recorded in
wheat (Klem et al. 2007; Landschoot et al. 2012b).

Minor associations were detected between DON con-
tent and weather conditions during stem elongation and
booting. These low associations might be due to high
uncertainty in the prediction of the growth stages
resulting from the few observed data points at these
phenological growth stages used in the development of
Oat Phenological Model 1.
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In our Spearman rank correlation study, DON accu-
mulation was highly influenced by weather conditions
during inflorescence emergence and heading/flowering.
DON accumulation was enhanced in oat grains from
fields with wet/moist weather around flowering and
from fields with wet/moist weather in combination with
high air temperatures around flowering, which corre-
spond to the general consensus of the weather condi-
tions that promote DON accumulation in wheat (Hooker
et al. 2002; Klem et al. 2007; Landschoot et al. 2012b).

Cereal plants are most susceptible to infection by
F. graminearum at flowering (Anderson 1948), and in
order to achieve successful infection, inoculum must be
available and favourable weather conditions prevail.
Both initial infection (Anderson 1948; McMullen et al.
2012) and FHB development (Xu 2003; Kriss et al.
2010) are favoured by warm/moist conditions, and thus
the increased DON accumulation with warm and wet/
moist conditions found in our study are as expected.

While DON content was greater in oat grains har-
vested from fields with warm and wet/moist weather
during flowering, our study detected a negative asso-
ciation between DON accumulation and air tempera-
tures. A similar negative association between DON
content in harvested grain and high air temperatures
for the five days after flowering has been reported in
wheat (Klem et al. 2007). During periods with high air
temperatures and limited precipitation, the water ca-
pacity of the air likely increases, resulting in lower
moisture availability, which reduces the ability for the
fungus to sporulate, disperse and infect oat plants. In
addition, high air temperatures may accelerate plant
development and reduce the length of the flowering
period, thereby reducing the risk of F. graminearum
infection and subsequent DON accumulation. Some
FHB models have avoided using air temperature as an
explanatory variable alone (De Wolf et al. 2003; Shah
et al. 2013). Crop debris is recognized as a source of
F. graminearum inoculum (Pereyra et al. 2004). Rain-
fall is important for conidial dispersal (Xu 2003; Paul
et al. 2004), thus the positive impact of mean daily
precipitation found in our study confirms the impor-
tance of spread of the splash dispersed macroconidia
(Paul et al. 2004; Skelsey and Newton 2015) when the
plant is most susceptible to infection (Tekle et al.
2012). Rain increases the moisture of crop debris
(Manstretta and Rossi 2015) and thus also favours
the development of perithecia and maturation of as-
cospores (Manstretta and Rossi 2016).

Weather conditions during the post-flowering period,
from milk development to harvest, had a major impact
on DON accumulation in our study, in agreement with
findings on winter wheat (Cowger et al. 2009). We
detected an increased DON content in oat grains har-
vested from fields with cool and moist weather during
this period. The importance of moisture post-flowering
has also been reported alone (Cowger et al. 2009;
Andersen et al. 2015; Kharbikar et al. 2015) and in
combination with warm weather (Franz et al. 2009).
No association was detected between the DON accumu-
lation and rain during late milk and dough development
in our study, although a positive association was detect-
ed between DON and precipitation during milk devel-
opment. Warm and moist weather after flowering has
previously been associated with increased DON accu-
mulation in winter wheat (Franz et al. 2009), whereas in
our data DON accumulation in oat grain was associated
with cool and moist weather in the post-flowering peri-
od. In Norway, rainy days are usually associated with
low air temperatures and this might be the reason for the
association we observed between DON contamination
and low temperatures.

We detected a negative association between DON
accumulation and rain during ripening in our study, with
the highest correlation detected at high temperatures.
This is in agreement with the study of Culler et al.
(2007), who reported a lower DON content in wheat
from fields/plots treated with extended periods of irri-
gation from flowering to harvest when compared to
control. Leaching of DON from spikes may occur at
high rainfall (Cowger et al. 2009; Gautam and Dill-
Macky 2012), and so precipitation during grain ripening
in oat may similarly impact DON accumulation in oat.

Summarizing comments on the relationship
between weather conditions and DON content

The association between weather conditions during
plant development and DON accumulation in harvested
oat grains clearly differed between the phenological
windows examined in our study. Dry and warm condi-
tions during early growth stages for oats were associated
with increased DON accumulation, whereas low air
temperatures and precipitation in this period were asso-
ciated with reduced DON. We speculate this reflects the
competitive ability of F. graminearum being influenced
by temperature and moisture. Furthermore, wet/moist
weather around flowering was associated with increased
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DON accumulation. This may reflect the importance of
wet/moist conditions for the build-up ofF. graminearum
inoculum and successful infection of the oat panicle.
Weather conditions from heading/flowering to harvest
gave the highest correlations with DON accumulation in
our study, while weather conditions during early growth
stages were less associated with DON accumulation.
This is in agreement with most studies of FHB in wheat
(Kriss et al. 2010; Shah et al. 2013). Associations be-
tween weather conditions during plant development
(pre-, around and post-flowering) and DON accumula-
tion in grains are often evaluated in models developed to
examine DON in wheat (Hooker et al. 2002; De Wolf
et al. 2003; Klem et al. 2007). In prediction models
developed for F. graminearum and DON in wheat, only
weather conditions pre- and around flowering are in-
cluded, while weather conditions close to harvest are not
(Hooker et al. 2002; De Wolf et al. 2003; Klem et al.
2007), except for the dynamic simulation model for the
risk for Fusarium head blight in wheat (Rossi et al.
2003). According to the study by Giroux et al. (2016)
a model developed by De Wolf et al. (2003) was best
among the nine models evaluated in order to predict
DON levels in wheat in Quebec (Canada). Their model
only considered weather conditions during a 10-day
window from flowering.

Prediction models for risk of DON

Two empirical models were developed in our study, the
first model (M1) included only pre-flowering weather
conditions (from sowing to the end of inflorescence
emergence) and the secondmodel (M2) included weath-
er conditions from sowing until harvest. Both models
predicted the risk of DON adequately, with 79% of the
observations correctly estimated when DON was less
than 1000 μg kg−1. The second model (M2) was better
able to predict DON values above 1000 μg kg−1, with
84% of the observations correctly estimated compared
to 76% for M1.

According to both models, DON accumulation in-
creases with dry conditions during early stages (M1:
germination/seedling growth, M1 and M2: tillering),
independently of air temperature, and with warm and
moist/wet weather conditions before flowering (M1:
booting, M1 and M2: inflorescence emergence). Both
these effects were strengthened when more weather
variables were included in M1. Increased DON accu-
mulation has been associated with warm and moist/wet

conditions before flowering in several studies (Hooker
et al. 2002; De Wolf et al. 2003; Klem et al. 2007;
Giroux et al. 2016). Weather conditions during
heading/flowering and post-flowering were additionally
included in M2. In line with the literature (Hooker et al.
2002; De Wolf et al. 2003; Klem et al. 2007; Giroux
et al. 2016), increased DON accumulation was associ-
ated with warm and moist conditions during heading/
flowering. Conversely, warm and moist conditions dur-
ing dough development were associated with decreased
DON accumulation in our study. During ripening, de-
creased DON accumulation was associated with cool
and dry weather.

Both models developed in this study rely on predict-
ed oat growth stages. The study by Giroux et al. (2016),
evaluated nine models to predict DON in wheat, using
both predicted and observed phenological stages of the
host plant. The precision of the model was lower using
predicted growth stages compared to those observed.
Thus, an improvement of our models may be achieved
by using observed growth stages.

Our study emphasizes that the weather conditions
close to harvest have a notable impact on DON accu-
mulation in oat grains. Our model was improved by
including weather variables at this stage of crop devel-
opment. Although not examined in our study, it is evi-
dent that agronomic factors, including the type of tillage
operation (Hofgaard et al. 2016b), previous crop (Dill-
Macky and Jones 2000) and oat variety (Lillemo et al.
2014), substantially influence the inoculum potential
and dispersal of F. graminearum, and the susceptibility
of oat crop grown.

Oat is a commonly grown crop in temperate regions,
and high DON concentrations in oats have been reported
in Norway (Hofgaard et al. 2016a), Sweden (Fredlund
et al. 2013) and Finland (Nathanail et al. 2015). In
addition, DON is also detected in oats from Switzerland
(Schirdewahn et al. 2016), Canada (Tamburic-Ilincic
2010) and the U.K. (Edwards 2009). The models devel-
oped in this study to predict the risk of elevated DON-
levels in spring oats, were developed and validated for
Norwegian weather conditions only. These models may
as well be useful in other regions where spring oat is
grown, although they would need to be validated in these
regions. Oats may be infected with a range of
mycotoxin-producing Fusarium species. High levels of
the mycotoxins HT-2 and T-2 produced byF. langsethiae
have been monitored in U.K. and Norwegian oats
(Edwards 2007; Hofgaard et al. 2016a). However, the
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relationship between weather and accumulation of HT-2
and T-2, is reported to differ greatly to those observed to
correlate well with DON accumulation (Xu et al. 2014),
and no positive association has been detected between
the concentration of HT-2 and T-2 with DON, or be-
tween the species that produce HT-2 and T-2 in oats
(Hofgaard et al. 2016a; Fredlund et al. 2013; Edwards
2009). Consequently, the models developed in this study
will not be useful to predict the risk of elevated levels of
HT-2 and T-2 in oat.

Conclusions

This study identifies important associations between
DON content in oat grains and weather conditions dur-
ing different predicted growth stages of the host plant.
Warm, rainy and humid weather during and around
flowering was associated with an increased risk of
DON accumulation in oat grains, as were dry periods
during germination/seedling growth and tillering. Prior
to harvest, warm and humid weather conditions, follow-
ed by cool and dry conditions, was associated with
decreased risk of DON accumulation. DON contamina-
tion was most clearly associated with the weather con-
ditions around flowering and close to harvest. Still, a
prediction model for fungicide treatment, including only
pre-flowering weather conditions, adequately predicted
the risk of DON contamination in oat grain. The predic-
tionmodel was improvedwhenweather conditions from
sowing until harvest were included. Our data show that
adequate predictions of the risk of DON in oat grains at
harvest can be achieved, based upon weather data ob-
served during the growing season, which is in contrast to
a previous study where no clear associations were iden-
tified between weather and DON in oat grains. Existing
prediction models for DON inwheat emphasize weather
conditions around flowering, however, our study also
shows that weather conditions at early growth stages, as
well as those close to harvest, should be considered in
order to achieve better predictions on DON accumula-
tion in oat grains. Despite being developed and validat-
ed for Norwegian weather conditions only, our predic-
tion models may also be useful in other regions where
spring oat is grown. However separate models must be
developed to predict the risk of HT-2 and T-2, because
these mycotoxins are produced by Fusarium species
that are not associated with the same weather conditions
as the DON producers.
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