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Future efﬁcacy of pre-emergence herbicides in
corn (Zea mays) is threatened by more variable
weather
Christopher A Landau,a Aaron G Hager,a Patrick J Tranel,a
Adam S Davis,a Nicolas F Martina and Martin M Williams IIb*
Abstract
BACKGROUND: By 2050, weather is expected to become more variable with a shift towards higher temperatures and more
erratic rainfall throughout the U.S. Corn Belt. The effects of this predicted weather change on pre-emergence (PRE) herbicide
efﬁcacy have been inadequately explored. Using an extensive database, spanning 252 unique weather environments, the efﬁcacy of atrazine, acetochlor, S-metolachlor, and mesotrione, applied PRE alone and in combinations, was modeled on common
weed species in corn (Zea mays L.).
RESULTS: Adequate rainfall to dissolve the herbicide into soil water solution so that it could be absorbed by developing weed
seedlings within the ﬁrst 15 days after PRE application was essential for effective weed control. Across three annual weed species, the probability of effective control increased as rainfall increased and was maximized when rainfall was 10 cm or more.
When rainfall was less than 10 cm, increasing soil temperatures had either a positive or negative effect on the probability of
effective control, depending on the herbicide(s) and weed species. Herbicide combinations required less rainfall to maximize
the probability of effective control and had higher odds of successfully controlling weeds compared with the herbicides applied
individually.
CONCLUSIONS: Results of this study highlight the importance of rainfall following PRE herbicide application. As rainfall
becomes more variable in future, the efﬁcacy of common PRE herbicides will likely decline. However, utilizing combinations
of PRE herbicides along with additional cultural, mechanical, biological, and chemical weed control methods will create a more
sustainable integrated weed management system and help U.S. corn production adapt to more extreme weather.
© 2021 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
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INTRODUCTION

Over the next three decades, the weather is expected to be more
variable in the U.S. Corn Belt. Current climate predictions for the
region suggest an overall increase in spring rainfall followed by
decreased summer rainfall.1 Much of the extra spring rainfall is
expected in an increase in the number of extreme rainfall events
accompanied by more short drought periods between rainfall
events.2,3 More frequent spring rainfall events will reduce the
number of ﬁeld working days in April and May.4 In addition, an
increase in the average air temperature of 1.1–2.2°C is predicted
for the Corn Belt.1 It is expected that there will be a concomitant
increase in soil temperatures, as there is a linear relationship
between air and soil temperatures.5,6 Future weather changes call
into question how the efﬁcacy of many soil-applied herbicidebased weed control programs may be affected.
A central component of many weed management programs
in corn is the use of soil-applied pre-emergence (PRE) herbicides. The residual activity of PRE herbicides allows growers
to control weed cohorts that emerge with the crop or shortly

after crop emergence.7 PRE herbicides improve the efﬁcacy
of other weed control strategies by reducing the number and
size of early emerging weeds at the time of implementing
additional tactics.8
Most PRE herbicides require rainfall or irrigation within the ﬁrst
2 weeks after application to dissolve the herbicide into soil water
solution so that it can be absorbed by emerging weeds.9 Inadequate incorporation of the herbicide into the soil within this
period, in general, reduces herbicide bioavailability and
efﬁcacy.10–13 Research on this issue has been limited by relatively
few rainfall scenarios. The impact of a broad range of rainfall scenarios on PRE herbicide efﬁcacy is poorly quantiﬁed.
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The efﬁcacy of many PRE herbicides also is affected by soil temperature. Generally, as soil temperature increases, the efﬁcacy of PRE
herbicides declines due to enhanced volatilization, herbicide metabolism within plants, and/or photochemical and microbial breakdown within the soil.14–16 Additionally, above-average soil
temperature promotes germination and early growth of many
weeds, thereby shortening the period when the weed is exposed
to PRE herbicides.17,18 Much of the previous research on soil temperature effects on PRE herbicides focused on crop injury and not weed
control. Moreover, the study of soil temperature-mediated effects on
PRE herbicide efﬁcacy is often isolated to a low number of
controlled-temperature treatments. Knowledge of the effect of a
broad range of soil temperatures on PRE herbicide efﬁcacy is limited.
Previous studies quantifying the inﬂuence of weather on common PRE herbicide efﬁcacy were often based on ten or fewer environments. As such, the inference space used to understand the
effects of rainfall and temperature on PRE herbicide efﬁcacy is quite
narrow compared with the actual weather conditions in which the
products must perform. This study aims to extract new knowledge
from 25 years of herbicide performance and weather data to better
capture the range of weather conditions affecting PRE herbicide
efﬁcacy. Developing a larger inference space would better characterize PRE efﬁcacy and assist U.S. corn producers to adapt to climate
change. The objectives of this study were to: (i) determine the risk
of reduced weed control efﬁcacy of common PRE products due
to variation in rainfall and soil temperature, and (ii) determine the
extent to which PRE herbicide combinations improve the success
of weed control in variable weather environments compared with
PRE herbicides applied individually. Three hypotheses were tested:
(i) the probability of successful weed control increases with rainfall
accumulation following application; (ii) increasing soil temperature
following PRE application negatively affects weed control; and
(iii) in variable weather environments, PRE herbicide combinations
increase the odds of successful weed control compared with herbicides applied individually.

2 MATERIALS AND METHODS
2.1 Data collection
Between 1992 and 2016, 2695 individual herbicide evaluation trials were conducted across Illinois by the Herbicide Evaluation Program (HEP) at the University of Illinois. Trials contained numerous
different herbicide treatments but often consisted of individual
herbicides (hereafter referred to as simply ‘herbicides’), combinations of two or more herbicides (hereafter referred to as ‘herbicide
combinations’), adjuvants, and non-chemical weedy controls. A
majority of the trials were conducted at the Crop Science

TABLE 1. Treatments and rate range used in the analysis. Rate
ranges were constructed from the current maximum labeled rates of
products represented in the database
Rate (kg ai ha−1)

Treatment
Atrazine
Acetochlor
S-Metolachlor
Atrazine + acetochlor
Atrazine + S-metolachlor
Atrazine + S-metolachlor
+ mesotrione

1.79–2.24
1.68–2.24
1.42–1.78
1.12–1.68 + 1.99–2.18
1.74–1.83 + 1.35–1.41
0.84–0.85 + 2.25–2.26 + 0.22–0.23
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Research and Education Center (CSREC) in Urbana, IL. The primary
soil types were Flanagan silt loam (ﬁne, smectitic, mesic Aquic
Argiudolls), and Drummer silty clay loam (ﬁne-silty, mixed, mesic,
Typic Endoaquolls). Both soil types are in the Mollisols soil order,
the most common soil order throughout much of the Corn Belt.19
Treatments within each trial were arranged in a randomized complete block design with three replicates. Within each trial, percent
weed control (0% being no control, 100% being complete control)
for individual species was recorded at varying times throughout
the growing season. Trial data were entered into FieldPro: Bio
Data Management Software (Heartland Technologies, Inc.), which
allowed for the collected data from each trial to be archived into a
single database containing all trials.
2.2 Database management
Only trials conducted at the CSREC ﬁelds were used for analysis.
The HEP database was ﬁltered to contain only treatments with
weed control ratings taken 21–35 days after treatment (DAT)
on the most represented weeds; common lambsquarters (Chenopodium album L.), giant foxtail (Setaria faberi Herm.), and/or
waterhemp (Amaranthus tuberculatus (Moq.) Sauer). Additionally, the database was ﬁltered to only contain treatments with
at least one PRE application. In order to prevent a postemergence (POST) treatment from confounding the results, treatments that contained a POST application component
following PRE application were only included if the POST treatment was applied after the 21–35 DAT control rating was
recorded. Therefore, all data, results, and interpretations are
based on a relatively early-season assessment of PRE herbicide
performance.
Following the ﬁltering process, six PRE herbicide and herbicide
combinations were selected: atrazine, acetochlor, S-metolachlor,
atrazine + acetochlor, atrazine + S-metolachlor, and atrazine + Smetolachlor + mesotrione. These six treatments were used in the
analyses described below. All treatments were labeled for control
of common lambsquarters, giant foxtail, and waterhemp with the
exception of S-metolachlor on common lambsquarters. However,
suppression or control of common lambsquarters with Smetolachlor has been previously reported.20,21 Each of the treatments was applied at several rates and under different trade names
since 1992. Rate ranges for each treatment were created as ±5% of
the maximum recommended rate from the current (2020) labels for
the various trade names represented in the database in order to
remove experimental rates and focus solely on agriculturally relevant rates. Treatments with rates that did not fall within this range
were excluded from analyses. Rate ranges selected for each treatment are presented in Table 1.
Daily mean soil temperature at 10 cm and daily rainfall were
obtained from an Illinois State Water Survey weather station
within 1 km of the CSREC (Champaign, IL, www.sws.uiuc.edu/
atmos/statecli). Although 10 cm is deeper than the weed emergence zone for the three weed species included in this study,
soil temperature at this standard depth helps characterize the
variable environments. Total rainfall and average temperatures
0–15 DAT were calculated for each trial.
2.3 Statistical analysis
Prior to analyses, percent weed control ratings for each species
were converted to a binary variable using a scale modiﬁed from
the Canadian Weed Science Society, where ratings of 80% of
higher were considered acceptable to excellent control (hereafter
referred to as ‘successful’ weed control; response = 1) and ratings
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comparing the combined odds of successful weed control of the
individual herbicides (atrazine, acetochlor, and S-metolachlor) to
the odds of successful weed control of each of the herbicide combinations. Herbicide combinations whose CI contains 1.0 are interpreted as not signiﬁcantly improving the likelihood of having
successful weed control compared with individual herbicides.
Herbicide combinations whose CI endpoints are greater than 1.0
are interpreted as improving the likelihood of successful weed
control.23
All statistical analyses were conducted using R version 3.5.3.24

lower than 80% were considered poor control to suppression
(hereafter referred to as ‘unsuccessful’ weed control;
response = 0).
To test the effects of rainfall and temperature on the probability
of successful weed control, data were subjected to logistic regression. Individual models were built for each treatment by weed
species combination using a stepwise logistic regression procedure with the following logistic regression equation as the full
model:
P=

1
1+e−ð⊎0 +⊎1 R +⊎2 T +⊎3 R*T Þ

ð1Þ

3 RESULTS AND DISCUSSION

Where P is the probability of successful weed control, R is the
total amount of rainfall (cm), T is the average soil temperature
(°C) at a depth of 10 cm, and ⊎0, ⊎1, ⊎2, and ⊎3 are regression
coefﬁcients.
For each model, the maximum likelihood regression coefﬁcient estimates were calculated, and Wald's chi-square was used
to test the statistical signiﬁcance of each regression term. Goodness of ﬁt was measured with the Hosmer–Lemeshow lack-of-ﬁt
test, which indicated reasonable ﬁts for each model (P > 0.1).22
Parameter estimates for weed control models are presented in
Table 2. Contour plots were constructed to visualize individual
models.
To compare the effect of individual herbicides to that of herbicide combinations on weed control, odds ratios (ORs) and conﬁdence intervals (CIs) were calculated for each weed species by

3.1 Weeds and weather variability
Observed weed species varied by trial, but only common lambsquarters, giant foxtail, and waterhemp were treated with all six
herbicides and herbicide combinations in multiple trials. All three
weeds are representative of U.S. corn production and are ranked
as the top three most common weeds in U.S. corn production.25
Both common lambsquarters and waterhemp are ranked in the
top ﬁve most troublesome weeds.
Weather conditions following treatment application varied
greatly among herbicide evaluation trials. Throughout the
25 years of herbicide trials, PRE application dates ranged from
Julian dates 104 to 179, or approximately 14 April to 28 June.
The data set represents a total of 252 environments. Total rainfall
from the treatment application to 15 DAT ranged from 0.1 to
18.6 cm (Figure 1a). The average soil temperature (10 cm depth)

TABLE 2. Parameter estimates for the logistic regression models discriminating control of common lambsquarters (Chenopodium album), giant
foxtail (Setaria faberi), and waterhemp (Amaranthus tuberculatus) using atrazine, acetochlor, S-metolachlor, atrazine + acetochlor, atrazine + S-metolachlor, and atrazine + S-metolachlor + mesotrione

Weed Species
Common
lambsquarters

Giant foxtail

Waterhemp

a

Herbicide
Atrazine
Acetochlor
S-Metolachlor
atrazine + acetochlor
Atrazine + S-metolachlor
Atrazine + S-metolachlor
+ mesotrione
Atrazine
Acetochlor
S-Metolachlor
atrazine + acetochlor
Atrazine + S-metolachlor
Atrazine + S-metolachlor
+ mesotrione
Atrazine
Acetochlor
S-Metolachlor
atrazine + acetochlor
Atrazine + S-metolachlor
Atrazine + S-metolachlor
+ mesotrione

R×T

Hosmer–Lemeshow
P-value

Observations

−0.38

0.16**

0.25

107

0.33**
0.10**
1.91**
0.15*
−4.25**

0.05*
0.20**
−0.43*
0.63**
−0.32

—
—
—
—
0.34**

0.15
0.16
0.15
0.47
0.11

108
204
142
136
173

−5.02**
−5.54
−0.68
5.24
−4.76
−0.64

0.20**
0.39**
0.67**
1.57**
0.57**
1.99**

0.24**
0.38**
−0.07*
−0.36**
0.25*
−0.17*

—
—
—
—
—
—

0.13
0.78
0.15
0.67
0.72
0.25

138
106
255
162
165
173

−2.81
−1.50
−5.97**
1.89
−4.48
19.60**

0.46**
0.76**
0.17**
0.89**
1.28**
−5.91*

0.11*
−0.05*
0.35**
−0.12*
0.06*
−1.28**

—
—
—
—
—
0.47**

0.16
0.11
0.13
0.75
0.22
0.19

95
102
192
162
167
160

Intercept

Rainfall (R)

5.25

−1.76*

0.55
−3.15**
6.67
−7.37
4.91

a

Temperature (T)
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over the ﬁrst 15 DAT ranged from 12.3 to 27.6°C (Figure 1b). The
wide range of weather conditions comes closer to representing
the diverse weather environments of the Corn Belt than any previous research on PRE herbicide efﬁcacy to date.
3.2 Contour plots
Individual regression models for each treatment by weed species combination are presented (Figure 2). Three of the 18 individual models contained a signiﬁcant rainfall by temperature
interaction term. Total rainfall (cm) within 15 DAT is listed on
the x-axis and average soil temperature (°C) on the y-axis. The
probability of successful control is the color gradient with a
probability of 0.0 represented as yellow and a probability of 1.0
represented as dark blue.

FIGURE 1. Distributions of (a) total rainfall (cm) and (b) average soil temperature at 10 cm (°C) over 15 days after treatment.

3.3 Effect of rainfall variation
As hypothesized, the probability of successful control of common
lambsquarters, giant foxtail, and waterhemp increased with rainfall following PRE treatment application. Although the total
amount of rainfall required to maximize the probability of successful control varied by herbicide treatment and the sensitivity
of each species to the treatments, 5–10 cm of rainfall after application maximized the probability of successful weed control for
most treatments (Figure 2). By contrast, the absence of rainfall
within 15 days proved detrimental for the efﬁcacy of most herbicide treatments. In previous studies comparing efﬁcacy across
nine or fewer environments, rainfall within the ﬁrst 15 DAT was
required to prevent loss in efﬁcacy due to poor incorporation of
atrazine, acetochlor, S-metolachlor, and mesotrione into the
soil–water solution, leading to reduced uptake by developing

4

FIGURE 2. Contour plots of probability of successful control of common lambsquarters (Chenopodium album), giant foxtail (Setaria faberi), and waterhemp (Amaranthus tuberculatus) as a function of total rainfall and average soil temperature from application to 15 days after treatment (DAT). *Signiﬁcant
rainfall by temperature interaction at ⊍ =0.05.
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weed seeds.11,26,27 Janak and Grichar28 reported rainfall accumulation less than 5 cm over the ﬁrst 14 days after planting (DAP)
resulted in reduced control of Panicum fasciculatum from combinations of atrazine, S-metolachlor, and mesotrione. Because rainfall is required to move PRE herbicides into the soil–water
solution, poor herbicide efﬁcacy under limited rainfall is likely
due to low bioavailability of the PRE herbicides.
The least amount of early-season rainfall required to maximize
the probability of successful weed control varied by herbicide
treatment and weed species combination; however, the rainfall
requirement was lower for most of the herbicide combinations
compared with individual herbicides. For example, 10–15 cm of
rainfall was required to maximize the probability of successful
waterhemp control with S-metolachlor, whereas only 5 cm was
needed to maximize control with acetochlor (Figure 3). The addition of atrazine to both of these herbicides largely negates the differences in weed control, thereby reducing the amount of rainfall
required to maximize control to 5 cm for both combinations. Poor
control of giant foxtail with metolachlor and atrazine + metolachlor was previously observed in environments with less than
2 cm of rainfall by 15 DAT compared with environments with
2 cm or more of rainfall, but the efﬁcacy of atrazine + metolachlor
was less sensitive to rainfall than the individual herbicides.29
Results from the current study utilizing 252 environments showed

Pest Manag Sci 2021

that the herbicide combinations reduce the risk of poor weed
control caused by inadequate rainfall. The reduced risk with herbicide combinations in this study is likely caused by numerous factors including selectivity, water solubility, and soil sorption of each
component in the herbicide combination.
3.4 Effect of soil temperature variation
The hypothesis that increasing soil temperature following PRE
application negatively affects weed control was not consistently
true across herbicides and herbicide combinations, and in general,
soil temperatures only affected early season weed control when
rainfall was limiting. When rainfall by 15 DAT was 10 cm or more,
the probability of successful weed control with most treatments
was maximized under all tested soil temperatures (Figure 2). However, when rainfall was less than 10 cm, increasing soil temperatures either increased or decreased the probability of successful
weed control, depending on the herbicide or herbicide combination. The decrease in the probability of successful weed control at
warmer soil temperatures observed with some treatments may
be due to increased herbicide degradation in both the plant and
soil at warmer temperatures.15,16,30–32 Increased herbicide uptake
at warmer temperatures has been reported in velvetleaf (Abutilon
theophrasti Medik.) and soybean (Glycine max L. Merr.) and is a likely
cause of the increased probability of successful weed control
observed at warmer temperatures in this study.33,34
The average air temperature in the Corn Belt is predicted to
increase by 1.1–2.2°C over the next three decades, and soil temperature is expected to follow a similar trend.1,5,6 Results from
the current study further demonstrate that future weather is likely
to exacerbate variability in herbicide efﬁcacy.
3.5 Overcoming weather variability with herbicide
combinations?
The hypothesis that PRE herbicide combinations have increased
odds of successful weed control compared with individual PRE
herbicides held true for control of common lambsquarters, giant
foxtail, and waterhemp. The ORs and CI for each of the herbicide
combinations used on the three weed species were greater than
1.0, but the magnitude of this increase varied by weed species
and herbicide combination (Figure 3). For example, atrazine + Smetolachlor + mesotrione increased the odds of successful waterhemp control by 458% (CI 2.62 to 11.92), whereas the odds of successful giant foxtail control increased by 114% (CI 1.33 to 3.43)
compared with the individual herbicides alone. In previous studies comparing efﬁcacy across seven or fewer environments, combinations of atrazine, acetochlor, S-metolachlor, and mesotrione
often achieved greater control of common lambsquarters, giant
foxtail, and waterhemp than that of the herbicides applied
alone.13,35,36
To prevent corn yield loss from weed interference, weeds must
be controlled typically between emergence and the eight-leaf
stage in corn.37,38 To accomplish this, PRE herbicides and herbicide combinations are often used to control early-emerging
weeds and increase the efﬁcacy of subsequent chemical or
mechanical weed control methods. Results from the current
study show future weather can reduce the efﬁcacy of common
PRE herbicides; however, combinations of atrazine, acetochlor,
S-metolachlor, and mesotrione overcome some risk of variable
weather on PRE herbicide efﬁcacy. Determining the exact cause
of this increased efﬁcacy of PRE herbicide combinations was
beyond the scope of this research; however, it does highlight
an area of future research. Pre-emergence herbicide
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FIGURE 3. Odds ratio (OR) estimates and 95% conﬁdence intervals (CIs)
for control of common lambsquarters (Chenopodium album), giant foxtail
(Setaria faberi), and waterhemp (Amaranthus tuberculatus) due to differences between individual herbicides and herbicide combinations. The
black dot represents the OR and solid black lines represent 95% CIs. The
dashed red line represents an OR of 1.0. Herbicide combinations whose
conﬁdence intervals are > 1.0 have a signiﬁcantly higher probability of
successful weed control compared with the individual herbicides.
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combinations are but one component to further integrate with
other weed management tactics in a future with changing and
more variable weather.

4 CONCLUSION
Over the next three decades, the U.S. Corn Belt is predicted to
experience more variable weather. These changes in weather will
affect the efﬁcacy of common PRE herbicides. Results from this
study, which compared herbicide efﬁcacy across 252 weather
environments, show reduced efﬁcacy of atrazine, acetochlor,
S-metolachlor, and mesotrione under rainfall-limited conditions.
Furthermore, future temperatures in rainfall-limited conditions
are likely to exacerbate variability in herbicide efﬁcacy. These conclusions are a cautionary note for areas of the Corn Belt where
erratic weather, particularly lack of rainfall, is more common than
in Illinois. Results also indicate that utilizing herbicide combinations of atrazine + acetochlor, atrazine + S-metolachlor, or atrazine + S-metolachlor + mesotrione reduces some risks
associated with limited rainfall and increases the likelihood of
controlling common lambsquarters, giant foxtail, and waterhemp
early in the growing season compared with that of the herbicides
applied alone. The development and adoption of more integrated
weed management strategies that utilize PRE herbicides in combination with additional cultural, mechanical, biological, and
POST chemical control options are needed in the quest to adapt
U.S. corn production to climate change.
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