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ABSTRACT
Esker, P. D., Harri, J., Dixon, P. M., and Nutter, E. W., Jr. 2006. Comparison of models for fore-
casting of Stewart’s disease of corn in Jowa. Plant Dis. 90:1353-1357.

Three forecasting models for Stewart’s disease (Pantoea stewartii subsp. stewartii) of corn (Zea
mays) were examined for their ability to accurately predict the prevalence of Stewart’s disease in
Iowa at the county level. The Stevens Model, which is used as a predictor of the early wilt phase
of Stewart’s disease, the Stevens-Boewe Model, which predicts the late leaf blight phase of
Stewart’s disease, and the Iowa State Model that is used to predict the prevalence of Stewart’s
disease, all use mean air temperatures for December, January, and February for a preplant pre-
diction of Stewart’s disease risk in a subsequent season. Models were fitted using weighted bi-
nary logistic regression with Stewart’s disease prevalence data and air temperature data for 1972
to 2003. For each model, the years 1972 to 1999 (n = 786 county-years) were used for model
development to obtain parameter coefficients. All three models indicated an increased likelihood
for Stewart’s disease occurring in growing seasons preceded by warmer winters. Using internal
bootstrap validation, the Stevens Model had a maximum error between predicted and calibrated
probabilities of 10%, whereas the Stevens-Boewe and Iowa State models had maximum errors of
1% or less. External validation for each model, using air temperature and seed corn inspection
data between 2000 and 2003 (n = 154 county-years), indicated that overall accuracy to predict
Stewart’s disease at the county level was between 62 and 66%. However, both the Stevens and
Stevens-Boewe models were overly optimistic in predicting that Stewart’s disease would not
occur within specific counties, as the sensitivity for these two models was quite low (18 and
43%, respectively). The Iowa State Model was substantially more sensitive (67%). The results of
this study suggest that the Iowa State Model has increased predictive ability beyond statewide
predictions for estimating the risk of Stewart’s disease at the county level in Iowa.

Disease forecasting is an integral com-
ponent for disease and pest management
affecting numerous cropping systems
(3,10,28,29). In the Stewart’s disease (Pan-
toea stewartii subsp. stewartii (syn. Er-
winia stewartii (Smith) Dye)) of corn (Zea
mays) pathosystem, for example, forecast-
ing models to predict the severity of the
early wilt phase (26), the severity of the
late leaf blight phase (2), and the seasonal
prevalence in seed corn fields (19) have
been developed. These models attempt to
predict the amount of initial inoculum
(disease risk represented as number of P.
stewartii-infested corn flea beetles that
survived the winter) available in early
spring to initiate Stewart’s disease epi-
demics. This risk is often a function of
the effect of winter temperatures on sur-
vival of corn flea beetle (Chaetocnema
pulicaria Melsheimer) populations (2—
4,19,26).

The Stevens Model (26) was developed
by comparing differences in winter air

Corresponding authors:
P. D. Esker; E-mail: pde @iastate.edu
F. W. Nutter, Jr.; E-mail: fwn@iastate.edu

Accepted for publication 31 May 2006.

DOI: 10.1094/PD-90-1353
© 2006 The American Phytopathological Society

temperatures for years in which Stewart’s
disease was severe with years when Stew-
art’s was absent or of low severity. Boewe
(2) modified Stevens’ Model to predict
severity of the late leaf blight phase of
Stewart’s disease using a revised index of
mean monthly temperatures; this model
became known as the Stevens-Boewe
Model (Table 1; 20). The Stevens-Boewe
Model was intended to help sweet corn
producers prior to planting to be prepared
to employ management tactics to minimize
Stewart’s disease severity. Severe epidem-
ics of Stewart’s disease in sweet corn can
cause significant yield reductions and also
affect quality (8,23,27).

The Stevens-Boewe Model has also
been used throughout the U.S. Corn Belt to
predict the prevalence of Stewart’s disease
in seed corn production fields (16,17).
Stewart’s disease is economically impor-
tant because the mere presence of Stew-
art’s disease in a seed corn field will in-
voke phytosanitary measures that severely
restrict the overseas export of seed corn
from seed corn fields found to have Stew-
art’s disease (12). However, Nutter et al.
(19) demonstrated that the Stevens-Boewe
Model did not accurately predict the risk
of Stewart’s disease, as an unacceptable
number of false negatives (not predicting a
high prevalence of Stewart’s disease) were
observed. Using prevalence data from the
Iowa Department of Agriculture and Land
Stewardship (IDALS) seed corn inspection
database, these workers reported that a
forecasting model based on the number of
winter months (December—February) with
mean monthly temperatures below a
—4.4°C (24°F) temperature threshold better
predicted the actual prevalence of Stew-
art’s disease in Iowa than either the Ste-
vens or Stevens-Boewe model (Table 2).

To date, Stewart’s disease forecasting in
Iowa has emphasized statewide risk (19).
In order to provide seed corn producers
more site-specific disease risk information,
accuracy of the three forecasting models
needs to be evaluated at a finer geographic
scale. Evaluating the three models at the
county level will help producers in making
decisions whether to: (i) use an insecticide
seed treatment and/or apply foliar insecti-
cides during the growing season
(11,13,15,21,22), (ii) choose planting loca-
tions with a lower Stewart’s disease risk,
and (iii) delay date of planting to avoid the
overwintering generation of P. stewartii—
infested corn flea beetles (6,7,13).

Table 1. The Stevens and Stevens-Boewe forecasting models for predicting incidence and severity of
Stewart’s disease using air temperature data for December, January, and February

Stevens Model Stevens-Boewe
Winter (seedling wilt Winter Model (late leaf
temperature index® phase) temperature index blight phase)
85 to 90°F (-6.2 to -3.3°C) Nearly absent <80°F (<-8.8°C) Trace

90 to 100°F (-3.3 to 2.2°C) Light to severe 80 to 85°F (-8.8 to —6.2°C) Light

>100°F (>2.2°C) Destructive 85 to 90°F (-6.2 to -3.3°C) Moderate
90 to 100°F (-3.3 to 2.2°C) Severe
>100°F (>2.2°C) Severe

2 Winter temperature index is obtained by summing the mean monthly air temperatures for December,
January, and February. For example, if the mean temperatures for December, January, and February
were 28°F (-2.2°C), 20°F (-6.7°C), and 25°F (-3.9°C), the sum would be 73°F (-12.8°C), and the
Stevens Model would predict a “nearly absent” risk of Stewart’s disease and the Stevens-Boewe
Model would predict a “trace” risk of Stewart’s disease.
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The objectives of this study were to: (i)
evaluate and compare the Stevens, Ste-
vens-Boewe, and Iowa State Stewarts’
disease forecasting models for their ability
to accurately predict the prevalence of
Stewart’s disease at the county level, and
(ii) validate all three models for sensitivity
(accurately predicting Stewart’s disease
prevalence given that Stewart’s disease was
found in a county) and specificity (accu-
rately predicting that no Stewart’s disease
occurred given that no Stewart’s disease
was found in a county).

MATERIALS AND METHODS

Iowa seed corn inspection database
and Stewart’s disease. Seed corn inspec-
tion data from IDALS was used for com-
parison of the Stevens, Stevens-Boewe,
and Towa State models (Tables 1 and 2).
We focused on county level disease risk
predictions for Stewart’s disease preva-
lence in Iowa using inspection and weather
data between 1972 and 2003. Seed corn
inspection data were obtained from 70 of
the 99 counties in Iowa during this period,
but the number of years a county was in-
spected varied from 1 to 32, with the num-
ber of fields inspected varying from 1 to
579. The inbred variety was not known for
each field and as such was assumed to
differ in potential susceptibility to Stew-
art’s disease. The response variable was
prevalence of Stewart’s disease, which was
calculated as the proportion of seed corn
fields in a county found to have Stewart’s
disease divided by the total number of seed
corn fields inspected in that county. For
evaluation and comparison of model accu-
racy, the actual prevalence of Stewart’s
disease was coded for each county as ei-
ther O (prevalence of Stewart’s disease = 0)
or 1 (prevalence of Stewart’s disease >0).
A total of 940 county-years of prevalence
and weather data were used for model
evaluation and validation.

Model development and validation.
Maximum and minimum air temperature
data were obtained from the NOAA Na-
tional Climatic Data Center (obtained
online) for each county and year where
seed corn inspections had been performed.
Missing air temperature data were interpo-
lated from data from counties within the

Table 2. Iowa State Model for disease forecast-
ing for the prevalence of Stewart’s disease of
seed corn in ITowa?®

Number of months Predicted risk
0 Negligible
1 Low
2 Moderate
3 High

2Jowa State Model examines the mean monthly

air temperature for December, January, and
February to determine if the monthly mean
temperature was > —4.4°C (24°F) and then
sums the number of months that were beyond
the threshold temperature.
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same climate district. In Iowa, there are
nine climate districts that represent similar
geographic regions (e.g., northwest or
north central). The 940 county-years of data
were divided into two groups. Data from
1972 to 1999 (n = 786 observations) were
used for model development and evaluation.
Analysis of these data led Nutter et al. (19)
to conclude that the Stevens-Boewe Model
had significantly higher false negatives than
was acceptable at the state level (Fig. 1).
External model validation was performed
on independent Stewart’s disease prevalence
and air temperature data from the years
2000 to 2003 (n = 154 observations). State-
wide prevalence of Stewart’s disease from
2000 to 2003 was 58.0, 2.8, 4.9, and 8.9%
of fields, respectively.

Accuracy in predicting prevalence of
Stewart’s disease was compared for the
Stevens, the Stevens-Boewe, and the Iowa
State models using binary logistic regres-
sion. Model coefficients were determined
using maximum likelihood estimation using
the [rm function in the Design library of R
(R 2.1.1, The R Project for Statistical Com-
puting: http://www.r-project.org/) (1,9). In
binary logistic regression, the probability
that disease prevalence will occur when
given a set of values that only take on the
values 0 or 1 (no/yes) is:
P(Y = Stewart’s disease) = M (1)
1+exp(Xhx)

where, x; represents the predictors in the
model and b; represents the parameters to

be estimated (1,9,14). All three forecasting
models have categorical predictors (Tables
1 and 2). There were three risk categories
for the Stevens Model, five for the Ste-
vens-Boewe Model; and four for the Iowa
State Model (2,19,26). Because the num-
ber of fields inspected in a given county
and year was not uniform across all
county-years, all observations were
weighted by the number of inspected fields
within a county. Preliminary model com-
parisons were made based on the number
of concordant (yes-yes) and discordant
(yes-no) pairs, including comparing the
probability of concordance (¢) and So-
mers’ D,, rank correlation (9). These
methods measure the association between
predicted probabilities and observed re-
sponses. The probability of concordance
ranges between 0.5 and 1, with values
closer to 1 indicating increased predictive
ability. Somers’ D,, ranges between 0 and
1, with higher values implying increased
predictive ability.

Further model comparisons were made
using internal and external validation.
Internal bootstrap validation was per-
formed for each model to provide bias-
corrected estimates of prediction accuracy
since model bias may arise from the over-
fitting of a model (9). The internal boot-
strap procedure randomly resampled with
replacement 786 county-year observations
from the data used for model development.
For each bootstrap run, a new binary logis-
tic regression model was obtained (5,9).
The total number of bootstrap samples was
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Fig. 1. Prevalence of Stewart’s disease of corn in Iowa from 1972 to 1999. Prevalence (at the state
level) was defined as number of seed corn fields inspected where Stewart’s disease occurred, divided
by total number of seed corn fields inspected in Iowa. Low prevalence of Stewart’s disease was defined
for years in which prevalence was <8%, with high prevalence for years with prevalence >8%. Number
of fields inspected was fewer than 100 during the early 1970s, but in most years since then, the number
of fields inspected was between 500 and 1,300 per year. Seed corn field sizes inspected ranged from

minimum (6.4 ha or less) to 100 or more hectares.



1,000. From this bootstrap procedure, two
model fit statistics were examined, So-
mers’ D,, and E,,, (the maximum absolute
error between the predicted and calibrated
probabilities).

External validation of each forecasting
model was performed with data from the
2000 to 2003 seed corn inspections (1). We
predicted the probability of Stewart’s dis-
ease for each county with air temperature
data from the prior winter. A “yes” re-
sponse for Stewart’s disease in a county
was recorded if the predicted probability
was >0.5 (1). Each county was then com-
pared with the corresponding actual pres-
ence (1) or absence (0) of Stewart’s disease
based on the IDALS seed corn inspection
in that county. The following measures
were used to compare the three models: (i)
overall prediction accuracy (proportion of
correct yes and no classifications of Stew-
art’s disease in a county), (ii) sensitivity
(proportion of correctly classified cases of
Stewart’s disease prevalence in a county),
(iii) specificity (proportion of correctly
classified cases of no Stewart’s disease
prevalence in a county), and (iv) the pro-
portion of false positive and false negative
predictions of Stewart’s disease based on
the differences between predicted and
actual occurrences (1,9,24).

RESULTS

Model development. All three empiri-
cal models (Stevens Model, Stevens-
Boewe Model, lowa State Model) differed

in their ability to accurately predict Stew-
art’s disease, which we had hypothesized
(Table 3). The Iowa State Model had the
highest ¢ value (0.720), indicating an in-
creased likelihood of accurately predicting
Stewart’s disease in a given county. The
Stevens Model had a ¢ value (0.530) that
approximated random predictions, whereas
the Stevens-Boewe Model was intermedi-
ate (0.628). One problem with fitting the
Stevens Model and the Stevens-Boewe
Model was that neither model had county-
years in the highest disease risk category
(3 for the Stevens Model and 5 for the
Stevens-Boewe Model). Therefore, no
estimate of either coefficient was possible.

For all three models, the odds of Stew-
art’s disease occurring within a county rose
with increased air temperature, meaning
the models predicted that the probability of
Stewart’s disease was >0.5 (Table 3). Based
on these regression coefficients, Stewart’s
disease was more likely to occur if either 2
or 3 months were greater than —4.4°C using
the Towa State Model, or if the Stevens or
Stevens-Boewe models gave predictions in
the light risk category or higher.

Internal bootstrap model validation.
Both the Iowa State Model and the Ste-
vens-Boewe Model had maximum abso-
lute errors (E,.) between predicted and
calibrated probabilities of 1% or less, indi-
cating that these models were not overfit-
ting the observed prevalence data (Table
4). Therefore, based on E,,,,, both models
may be applicable to predicting the county

level prevalence of Stewart’s disease. The
Stevens Model was found not to perform
adequately, as a high E,,  was observed
(~10%).

External model validation. Of 154
county-years of seed corn inspection data
from 2000 to 2003, Stewart’s disease was
found in 69 (44.8%) counties. Overall,
each model predicted the risk or nonrisk of
Stewart’s disease comparably (Table 5), as
the proportion of correct predictions
ranged from 0.621 (both Stevens Model
and Stevens-Boewe Model) to 0.656 (Iowa
State Model). However, large differences
among the models were detected for sensi-
tivity and specificity. Sensitivity ranged
from 0.176 (Stevens Model) to 0.667
(Iowa State Model) (Table 5). Specificity
ranged from 0.647 (Iowa State Model) to
0.976 (Stevens Model) (Table 5). The Ste-
vens Model had the largest false negative
prediction (failure to predict the prevalence
of Stewart’s disease), as 82.4% of the oc-
currences of Stewart’s disease were not
predicted, whereas the Iowa State Model
was most accurate, with 33.3% false nega-
tive predictions. The Stevens-Boewe
Model was intermediate, with 57.4% false
negative predictions. Conversely, the Iowa
State Model had the largest false positive
prediction (failure to predict that Stewart’s
disease would not occur), as 35.3% of the
nonoccurrences of Stewart’s disease were
not predicted, while the Stevens Model
(2.4%) and Stevens-Boewe Model (22.3%)
had lower false positive predictions.

Table 3. Summary of binary logistic regression for each of three empirical Stewart’s disease forecasting models that were fit using weighted maximum like-
lihood estimation, where the weight was the number of fields inspected in a given county

Stevens Model? Stevens-Boewe Model Towa State Model
Parameter Estimate (SE) Parameter Estimate (SE) Parameter Estimate (SE)
Intercept -0.5765 (0.0164) Intercept -0.8502 (0.0188) Intercept —1.7840 (0.0519)

Stevens = light to severe® 1.0531 (0.0673)

Model LR¢ 253.4 (1df
P <0.0001
ct 0.530
D, 0.060

Stevens-Boewe = light
Stevens-Boewe = moderate
Stevens-Boewe = severe

1.6185 (0.0564)
1.4263 (0.0683)
1.3268 (0.0680)

1,502.4 (3 df)
<0.0001
0.628
0.256

0.6361 (0.0592)
2.2508 (0.0590)
1.9369 (0.0687)

2,815.0 (3 df)
<0.0001
0.720
0.441

Towa State = low
Towa State = moderate
Iowa State = high

2 For these forecasting models, models would be interpreted as follows (using the Iowa State method for a “low” risk as an example):

1. If Towa State Model = 1(low): P(Y = Stewart’s) = exp(—1.7840 + 0.6361)/[ 1 + exp(—1.7840 + 0.6361)] = 0.241.
b No observations of the Stevens = destructive (category = 3), or Stevens-Boewe = severe (category = 5) were observed in the model development dataset.

¢ Model likelihood ratio.
d ¢ measures the probability of concordance.

¢ Somers’ D, rank correlation index (D,, = 2(c - 0.5)).

Table 4. Fit statistics from internal bootstrap validation of Stewart’s disease prevalence data obtained between 1972 and 1999

Somers’ D,, rank correlation

Model Original Training? Testing® Optimism® Corrected! Enax®
Stevens 0.073 0.073 0.073 0.000 0.074 0.099
Stevens-Boewe 0.259 0.265 0.262 0.003 0.255 0.007
Iowa State 0.411 0.428 0.417 0.011 0.401 0.010

2 Based on performance of each logistic regression model using the bootstrap samples.

b Model accuracy from using the training sample on the original data sample.

¢ A measure of model overfitting and the difference between the training and testing values.
d Corrected index is obtained from correcting the original model by subtraction of the optimism from overfitting of the original model.
¢ Maximum absolute error in between predicted and calibrated probabilities.
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DISCUSSION

Using the IDALS seed corn inspection
database, when coupled with Stewart’s
disease predictions, enabled us to critically
examine the accuracy of three Stewart’s
disease forecasting models at the county
level in Iowa. Although all three Stewart’s
disease forecasting models rely on air tem-
perature to predict the likelihood of corn
flea beetle survival, thereby predicting the
potential amount of initial inoculum for the
season, the Iowa State Model improved
predicting the risk of Stewart’s disease
prevalence at the county level in Iowa over
the Stevens and Stevens-Boewe models.

While overall prediction (62 to 66%
prediction accuracy) was similar for the
three models, the combination of internal
and external validation provided additional
information to evaluate the performance of
each model. The Stevens and Stevens-
Boewe models were both overly risky in
predicting Stewart’s disease in Iowa, in
that they both often failed to predict a risk
for Stewart’s disease when it occurred in a
county. The Stevens Model system pre-
dicted a nonabsence risk of Stewart’s dis-
ease only 6% of the time (gross underpre-
diction), whereas the Stevens-Boewe
predicted a nonabsence risk 21% of the
time (also greatly underpredicted). Given
the number of county-years of Stewart’s
disease prevalence and weather data used
for comparison, it is highly doubtful that
the Stevens or Stevens-Boewe models will
accurately predict the risk of Stewart’s
disease occurrence in a county in lowa.
This is because these three models rely on
different temperature thresholds, as well as
different effects (prevalence versus sever-
ity). Furthermore, based on the threshold
temperature of 24.0°F (—4.4°C) for the
Iowa State Model, our results suggest that
the corn flea beetles survive at tempera-
tures lower than either the Stevens or Ste-
vens-Boewe models would predict. For
instance, upon examining mean monthly
air temperatures during the period 1971 to
2000 within the nine Iowa climate districts,
not a single climate district was classified
as having a risk of Stewart’s disease using
either the Stevens or Stevens-Boewe mod-

els, even though there was a series of years
(1983, 1992, 1995 to 2000) during which
prevalence of Stewart’s disease was high
(Fig. 1).

Relying solely on the Stevens Model or
the Stevens-Boewe Model to predict the
prevalence of Stewart’s disease would have
an adverse effect on disease management
strategies meant to reduce the risk of
Stewart’s disease, as predictions from
these two models would suggest a minimal
yearly risk (overly risky). Although the
Stevens and Stevens-Boewe models were
originally developed to predict the severity
of Stewart’s disease epidemics in sweet
corn, these models had also been used to
predict the risk of Stewart’s disease occur-
rence (i.e., prevalence) in seed corn fields
in Towa (16,17). These models had been
applied despite the lack of clear validation
that they would be effective in seed corn
fields, where interest is in determining if
Stewart’s disease will occur. Therefore, our
results substantiate that the Stevens and
Stevens-Boewe models lack sufficient
accuracy to predict the prevalence of
Stewart’s disease in Iowa.

The Iowa State Model greatly reduced
the percentage of false negative predictions
(33%) compared with the Stevens and
Stevens-Boewe models. While this was a
significant improvement, additional re-
search is necessary to elucidate the influ-
ence of other factors (biological, environ-
mental, the timeframe when inspections
are performed) that might further improve
model accuracy, especially given that fore-
casting for Stewart’s disease occurs prior
to planting and factors during the growing
season may potentially influence the oc-
currence of Stewart’s disease in a county.
Nutter and Esker (18) suggested that ex-
amination of other environmental vari-
ables, including snowfall frequency and
duration, snow cover duration, soil tem-
perature, and knowledge of Stewart’s dis-
ease occurrence the preceding season, may
significantly improve the accuracy, speci-
ficity, and sensitivity of disease forecasts.
For example, based on exploratory analy-
ses, it appeared that a mean monthly soil
temperature >30°F (-1.1°C) was found to

Table 5. External validation for the Stevens, Stevens-Boewe, and Iowa State models regarding their
ability to predict the prevalence of Stewart’s disease in Iowa counties between 2000 and 2003

Validation criteria Stevens Stevens-Boewe Towa State
Correct prediction? 95/153 (0.621) 95/153 (0.621) 101/154 (0.656)
Sensitivity? 12/68 (0.176) 29/68 (0.426) 46/69 (0.667)

83/85 (0.976)
2/85 (0.024)
56/68 (0.824)

Specificity®
False positived
False negative®

66/85 (0.777)
19/85 (0.223)
39/68 (0.574)

55/85 (0.647)
30/85 (0.353)
23/69 (0.333)

2 Implies the proper classification of 1’s (Stewart’s disease) and 0’s (no Stewart’s disease) based on 153

independent samples between 2000 and 2003.

b Correct classification of 1°s (prevalence of Stewart’s disease).

¢ Correct classification of 0’s (no Stewart’s disease).

4 Proportion of falsely predicting the prevalence of Stewart’s disease when Stewart’s disease did not

occur.

¢ Proportion of falsely predicting that Stewart’s disease would not occur when Stewart’s disease in fact

did occur.
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favor corn flea beetle survival in years
where Stewart’s disease prevalence was
high (data not shown) (18). Furthermore,
the preceding season’s occurrence of
Stewart’s disease may be particularly im-
portant because this risk factor provides an
indirect indication of a potential local
source of inoculum (P. stewartii-infested
corn flea beetles).

Wrongly predicting the actual risk or
nonrisk of Stewart’s disease in Iowa also
has severe economic consequences. For
example, if we assume a single 1-ha field
of seed corn was inspected per county, we
can estimate an economic cost due to both
false positive and false negative predic-
tions that is based on either the unneces-
sary application of a seed and foliar insec-
ticide (false positive) or the inability to
export seed corn in relation to actual pro-
duction costs, plus product development
and sales (overhead) costs (false negative)
(25). The cost of an insecticide seed treat-
ment, plus one foliar application of insec-
ticide, is approximately $28/ha. Con-
versely, the economic loss due to the
inability to export harvested seed corn is
estimated to be approximately $52.50
(based on expected loss for an 80,000 ker-
nel bag of seed [$60], standardized to a
planting density of 70,000 kernels per ha)
(6,13). Economically, the Iowa State
Model would have had the lowest negative
impact, as its false predictions would cost
$2,220. Both the Stevens and Stevens-
Boewe models would have higher negative
economic consequences ($2,996 for the
Stevens Model and $2,580 for the Stevens-
Boewe Model), and the difference between
the Stevens and Stevens-Boewe models is
due to the Stevens Model having more
false negative predictions. Further research
is necessary to incorporate economic cal-
culations into Stewart’s disease forecasting
in order to optimize the probability thresh-
old for disease forecasts to better balance
the sensitivity and specificity of forecast-
ing this disease.
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