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Herbicide sprayers are becoming larger and more efficient in applications in crop fields.
A precise and efficient herbicide application is advantageous in effective weed control. New
precision sprayers were introduced in hopes of reducing the amount of herbicide applied.
Greeneye Technology and John Deere have developed precision sprayers for the detection of
weeds in crop fields, which come equipped with a dual tank system that allows for two different
herbicides to be separated from tank to tip. The objectives of this study were to evaluate the
broadleaf and grass weed control efficacy of spot spray (SS) technology when applied in spot
application versus broadcast application as well as herbicide savings. Greeneye technology’s SS
machine achieved similar control of palmer amaranth (amaranthus palmeri) (99%) and giant
foxtail (setaria faberi) (94-99%) 21 days after POST. When using the John Deere SS machine in
2023, weed control of various broadleaves were similar when comparing SS against broadcast
both 21 days after early-POST (A) and late-POST (B). Non-residual herbicide savings were
much higher in 2022, achieving 87-94% savings, compared to the highest herbicide saved in
2023 of 5.4%. With early season applications of residual herbicides in 2022, and no residual
herbicides applied in 2023, herbicide savings can be directly linked to weed pressure at

application timing.



The objectives of the next two studies were to use the dual tank design to separate graminicides
(clethodim and quizalofop-p-ethyl) from commonly applied POST herbicides in corn (2,4-d
choline) and soybean (dicamba) to reduce antagonism. In soybean, the physical separation of
herbicides in dual tank applications provided 71-76% higher control of volunteer corn than tank-
mix treatments at 28 days after application. In corn, the separation of herbicides using a dual tank
system did provide 93-99% volunteer corn control but was not significantly different from tank-
mix treatments. The results from these studies suggest that a dual tank design may mitigate

antagonism.
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Chapter 1: Introduction and Objectives
Introduction

Herbicide Application and Techniques

Herbicides have been an effective form of weed control since their introduction, with
compounding research leading to a reduction in use rates as well as the discovery of new modes
of action (Ruegg et al., 2007). With this, the first herbicide-resistant (HR) crop introduced was in
1995, with glyphosate-resistant soybean introduced just a year later in 1996, and glyphosate-
resistant corn in 1998 (Duke, 2005; Nandula, 2019). Following this introduction of HR crops
came a swift adoption, with farmers quickly realizing the benefits at play including higher yield
and profitability (Green, 2012). This combination of herbicides to control weeds paired with the
respective HR crop is a great option, especially in corn-soybean rotations. Boom sprayers were
adopted for herbicides in the mid-20th century (Bals, 2018). Ever since this adoption, research
about increased efficiency, nozzle selection, and productivity has been widely discussed.
Applicators need to understand the proper hection breakrbicide application fundamentals
(Dhananjayan et al., 2020), with failures in either equipment or improper techniques allowing for
off-target movement (Oseland et al., 2024; Jones et al., 2019), inadequate weed coverage
(Creech et al., 2018) or potential harm to groundwater (New-Aaron et al., 2021). While boom
sprayers become bigger, faster, and more efficient, adequate spray coverage for weed control

while mitigating these potential risks should be priority.

Advancement of Precision Sprayers



The evolution of patch or site-specific herbicide applications has been widely discussed (Gutjahr
etal., 2012; Wiles, 2009; Tian et al., 1999). These sprayers aim to predict the scope of weed
pressure in certain areas of the field and apply the appropriate amount of herbicide when needed.
Potential benefits of this application method are highlighted by the reduction of herbicide use
(Nordmeyer, 2006; Rider et al., 2006), which leads to many incentives for those involved.
Recent advancements have progressed this technology even further, with precision sprayers now
introduced in the market. A precision sprayer uses machine vision and algorithms to identify or
detect weeds in real time (Vijayakumar et al., 2023), only applying herbicide when weeds are
present. This advancement implies benefits which include further reduction of herbicide, less off-
target movement, less potential for crop injury, and increased efficiency (Gullickson, 2022)
relaying benefits for both the farmer and environmental purposes. The precise detection of weeds
and relay to trigger proper nozzle spray is ideal in these machines. While herbicide savings are
the highlight of these machines, proper weed control is a priority. Two of the newest spot spray
machines that have become available in the market include the John Deere See and Spray™
package (Deere and Company, Moline, IL) and Greeneye Technology™ (Greeneye Technology,
Tel Aviv, Israel). Both machines claim to be effective in corn and soybean row cropping
systems, a popular choice among farmers in the Midwest. John Deere’s See and Spray
Ultimate™ is an all-in-one machine that comes equipped with this technology (Gullickson,
2022), while Greeneye Technology is a boom only system that can be retrofitted onto an existing
sprayer (Miller, 2022). With this, the proper detection of weeds and spot spray herbicide
applications with these two machines should be tested in diverse cropping systems and multiple

weed scenarios.



Dual Tank Technology to Alleviate Antagonism

In instances with both grass and broadleaf weed pressure, multiple modes of action are
needed for effective control of each species. Herbicide antagonism, as defined by Colby (1967),
pertains to a herbicide having a lower-than-expected efficacy when tank mixed with another
herbicide, as compared against just one herbicide. Most commonly, this antagonism reduces the
efficacy to control monocot plants (Zhang et al., 1995). As each individual herbicide possesses a
unique chemical structure, this makes the combination of selected herbicides distinctive in nature
that need to be analyzed whether to be antagonistic. While the introduction of HR crops has
opened the doors for multiple modes of action to be applied simultaneously, HR crop volunteers
the following year require special attention. HR volunteer corn, specifically
glufosinate/glyphosate-resistant volunteer corn, is typically controlled with graminicides (grass
herbicides) (Striegel et al., 2020) which include herbicides in the FOP, DIM, and DEN families.
However, antagonism between selected graminicides, specifically quizalofop-p-ethyl and
clethodim, and common broadleaf herbicides, such as 2,4-d choline and dicamba, has been
widely noted (Singh et al., 2023; Underwood et al., 2016; Duenk et al., 2023). Herbicide
interactions can occur in the tank, on the leaf of the plant, or inside the plant (Barbieri et al.,
2022). The precision sprayers come equipped with two separate tanks and boom systems, which
keep herbicides physically separate from ‘tank to tip’. This may be beneficial if the herbicide
antagonism is a tank compatibility issue. Knowing the multitude of unique herbicide interactions,

each herbicide combination needs to be evaluated to understand where antagonism occurs.

OBJECTIVES



1.

Evaluate the broadleaf and grass weed control efficacy of spot spray (SS) technology
when applied in spot application versus broadcast application as well as herbicide
savings.

Evaluate efficacy of quizalofop-p-ethyl applied in a separate tank (dual tank) using the precision
dual tank sprayer or mixed with 2,4-D choline in the same tank (tank-mix) and apply for control
of glufosinate/glyphosate-resistant corn volunteers in corn resistant to
arloxyphenonxypropionates.

Evaluate efficacy of clethodim applied in a separate tank (dual tank) using the precision dual tank
sprayer or mixed with dicamba in the same tank (tank-ix) and apply for control of
glufosinate/glyphosate-resistant corn volunteers in dicamba/glufosinate/glyphosate-resistant

soybeans.
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Evaluating precision sprayers for detecting weeds and applying herbicides in real time for
target weed control in corn and soybean fields
Adam Leise

Abstract

A precise and efficient method for herbicide application in commercial crop fields is
desirable for financial and environmental purposes. Precision sprayers have been developed with
cameras and sensors built into the sprayer that detect weeds in real time followed by targeted
spraying of herbicide. The objective of this study was to evaluate spot spray (SS) technology
compared to traditional broadcast application of pre-plant, early post-emergence (EPOST), and
late-POST (LPOST) herbicides for broadleaf and grass weed control in corn and soybean fields.
Greeneye Technology’s precision sprayer was evaluated in corn field near Clay Center, NE in
2022 and John Deere’s precision sprayer was evaluated in soybean field near Mead, NE in 2023.
In 2022, Palmer amaranth (Amaranthus palmeri S. Watson) and giant foxtail (Setaria faberi
Herrm.) control was similar between SS (94%-99%) and broadcast (99%) 21 d after LPOST
herbicide application. In 2023, common lambsquarters (Chenopodium album L.), kochia [Bassia
scoparia (L.) A.J. Scott], and waterhemp [Amaranthus tuberculatus (Moq.) J.D. Sauer] control
and soybean yield was similar between SS and broadcast 21 d after LPOST. Herbicide savings
varied between site-years depending on weed infestation at the time of herbicide application. It
could be attributed to relatively lower weed pressure due to residual herbicide use in 2022 but no
residual herbicide was applied in 2023, resulting in high weed infestation at the time of LPOST
herbicide application. The results suggest that precision sprayers were very accurate in detecting

weeds and applying herbicides and would be rewarding in fields with low weed infestation.



Introduction

Herbicides are commonly used to control weeds in large-scale farming in the USA and
several other countries due to the ease of implementation and being an effective and economical
method in crop fields (Pacanoski, 2007; Lyon et al., 1996). Herbicides share a significant portion
of input in row cropping systems. For example, in 2022, estimated costs for herbicide programs
in corn, cotton, and soybean were $123 ha?, $206 ha™t, and $200 ha™, respectively (Greogry &
Leach, 2022). The use of herbicides can effectively enhance crop yield by controlling weeds;
however, ineffective or overuse of herbicides comes at a risk to human health and environment
(Damalas & Eleftherohorinos, 2011; Yarpuz-Bozdogan, 2018). A risk assessment of commonly
used herbicides such as atrazine, glyphosate, and dicamba suggests an increasing cause of
concern for human health risks due to herbicide exposure (Gammon et al., 2005; Lerro et al.,
2020). Considering an increase in herbicide prices and associated potential risks to humans and

the environment, the use of the least amount of herbicide would be beneficial.

The use of large broadcast sprayers has been an effective method for applying herbicides
in cash crop fields in recent decades in the USA. Advancements in broadcast sprayers such as
application technology, sprayer size and speed, and tank volume have made it possible to cover
more acres than ever before; however, these advancements come with potential side effects such
as more horizontal trajectory and potential for drift (Sapkota et al., 2009). Spray drift is one of
the primary mechanisms of pesticide off-target movement (Matthews et al., 2014). Despite best
efforts to mitigate spray drift, off-target movement through particle drift continues to be a major
issue in the USA (Werle et al., 2022). With an increasing squeeze on herbicide regulations, it is
important to have a precise and efficient application of herbicides as their use is prevalent in row

cropping systems.



Precision sprayers have been developed to help reduce herbicide use, input costs, and
subsequently environmental risks associated with the overuse of herbicides. For example,
variable-rate smart sprayers have been shown to reduce herbicide use compared to a constant
rate, conventional broadcast (Hussain et al., 2020). Greeneye Technology (Greeneye
Technology, Tel Aviv, Israel) and John Deere (Deere & Company, Moline, IL) have developed
precision sprayers that have attached cameras and processing units that can detect weeds in real-
time and spray herbicide. Greeneye Technology refers to their machine as the “Greeneye
Sprayer” which is a boom that can be mounted onto a sprayer that is compatible. This system is
programmed to identify weed species, activating the nozzles when necessary. This design differs
from John Deere, which has developed a precision sprayer all-in-one machine (ASABE, 2022).
This system detects when there are weeds between the cash crop rows, activating the nozzles
when weed is present. This technology, which will be referred to as “spot spray” (SS) or target
spray, is equipped with two large volume tanks that carry a soil residual and non-residual
herbicide in separate tanks. This setup allows applications of only spray non-residual foliar-
active herbicides when cameras identify a weed species or detect weed presence (Vogt, 2022).
The sensitivity for weed identification or detection can be changed depending on what coverage
the applicator is looking for. It is important to test the efficiency and efficacy of precision
sprayers for weed control compared to a traditional broadcast sprayer in corn and soybean fields.
Depending on the weed infestation, precision sprayers can reduce the amount of non-residual
herbicides sprayed post-emergence in cash crop fields (Spaeth et al., 2024). If effective, this is
considered a win-win for the environment and reduces herbicidal input cost for farmers. While a
precise application is in reach, it is critical to have a timely and adequate rate of herbicides when

using target precision sprayers.



John Deere and Greeneye precision sprayers are currently designed for 76 cm row
spacing crops such as corn, soybean, and cotton. The study's objectives were to evaluate the
broadleaf and grass weed control efficacy of precision sprayers when applied in spot (target)
application versus broadcast application and herbicide savings. We hypothesized that SS would
perform at or near the level of a traditional broadcast setup in terms of weed control after
applications in fields with various weed infestations. Furthermore, we hypothesized that SS
would reduce herbicide costs in fields with low weed infestation, given a program that includes a
residual herbicide. The goal of the study was to detect current SS capabilities, while also

recommending future advancements.

Materials and Methods

Machine Design

Greeneye Technology has developed a boom-only SS system that retrofits onto sprayers
(Figure 1). This system allows itself to be adaptable in different operations. The boom consists of
24 cameras controlling 144 nozzles on a 37 m wide boom. The system has a dual tank/line
system installed, which allows herbicide from Tank 1 and Tank 2 to be separated from ‘tank to
tip’. This allows select applications to occur at the operator's action. The central processing units

can detect weeds in real-time at a maximum speed up to 24 km h2.

The John Deere’s See and Spray package is factory-installed on four different model tractor
sprayers (410R, 412R, 612R, and 616R) (Fischer, personal communication, 2023). This system
is designed currently for detecting weed infestation, instead of identifying individual weed
species. The John Deere 612R model was used for this experiment, with a total boom length of

37 mincluding 96 nozzles and 36 cameras (Figure 2 and Figure 3). Since the plot width was 18



m, the boom was folded in half during herbicide applications. Nozzle spacing is designed at 38
cm, which includes a nozzle directly over the row crop. Sensitivity, the height at which weeds
are detected and sprayed, can be modified to turn on multiple nozzles per row or detect smaller
weeds (6 mm). Multiple nozzle activation is handy in windy conditions which is a common
occurrence in spring months in Nebraska. Sensitivity can be adjusted to modify the length of
application; and the amount of time the sprayer is spraying the detected weeds. These
adjustments will affect weed control and concurrently the amount of herbicide applied or saved.
The data from 36 cameras run back to vision processing units to confirm the nozzles to act. If the
confidence of camera falls due to any reason, the nozzle units will enter ‘fallback mode’ to
which the sprayer applies herbicide in a broadcast method until the camera regains confidence.
This is to ensure there are no weed escapes. The precision sprayer has a dual tank system; Tank 1
and Tank 2. Tank 1 is a 2,839 liter (L) capacity tank, which is larger than Tank 2’s 1,703 L
capacity. Tank 1 is preferred for a blanket broadcast herbicide application while Tank 2 may be
used for SS or spot (target) applications. Tanks 1 and 2 have separate nozzles; at no point does
the machine spray two different herbicides through the same nozzle. This may be an important
factor in potentially reducing herbicide antagonism when controlling weed species by applying
two herbicides at the same time. The SS system is labeled for application up to 19 km h™tin
2023, with an expected 24 km h™* speed coming in the next generation precision sprayers. Boom
height is preferred to be between 61 and 76 cm above the weeds. This is the range the cameras
are deemed most accurate. If the boom enters outside this boundary due to uneven terrain, it will

enter fallback mode, which applies herbicide in a full broadcast method.

Experimental Site



The field trials were conducted at the University of Nebraska-Lincoln’s South-Central
Agricultural Laboratory (SCAL) near Clay Center, NE (40.52° N, 98.05°W) in 2022 to test
Greeneye Technology’s precision sprayer, and at the Eastern Nebraska Research Extension and
Education Center (ENREEC) near Mead, NE (41.8°N, 96.29°W) in 2023 to test John Deere’s
precision sprayer. Trials were set up in a completely randomized design due to the large plot size
and boom length of the precision sprayers. In 2022, three separate studies were conducted at
Sout Central Ag Lab. Three treatments were replicated three times, with four pseudo-replications
in each replication. Treatments comprised of different application technigques consisting of
Broadcast only (using Tank 1 only), Broadcast (Tank 1) + SS (Tank 2), Broadcast (Tank 1) +
Broadcast (Tank 2). For each application technique, herbicides were applied as an early-POST
(EPOST) and a late-POST (LPOST) (Table 1). In 2023, four herbicides, each applied as
broadcast and SS comprised eight treatments, which were replicated two times, with four
pseudo-replications in each replication. Herbicides were applied EPOST and a LPOST (Table 2).
The broadcast application of each herbicide was placed directly beside the SS consisting of the
same herbicide. This was accomplished hoping to have similar weed infestation before herbicide
applications. For the feasibility of applying herbicides with larger commercial sprayers, the plot

size was 18 x 45 m at Clay Center, NE and 18 x 76 m at Mead, NE.

In 2022, glufosinate/glyphosate-resistant corn (DKC60-87RIB RR/LL; Dekalb Genetics
Crop, Dekalb, IL) was planted on April 28 in fields with irrigated, ridge-till conditions in 76 cm
row spacing. Flumioxazin (Valor SX; Valent USA, San Ramon, CA) at 71 g active ingredient
(ai) hat was applied in the fall of 2021 after soybean harvest which provided control of winter
annual weeds. The EPOST application occurred on May 17. Acetochlor/atrazine (Harness Xtra;

Bayer Crop Science, Research Triangle, NC) at 4,033 g ai ha! and mesotrione (Callisto;



Syngenta Crop Protection, Greensboro, NC) at 165 g ai ha™* including ammonium sulfate (AMS)
2.5% v/v and crop oil concentrate (COC) 1% v/v were placed in Tank 1 to provide residual weed
control, being applied to 100% of the treatment plot area (Table 1). Tank 2, which was the SS-
designated tank (target spray), consisted of dicamba (DiFlexx; Bayer Crop Science, Research
Triangle, NC) at 350 g acid equivalent (ae) ha™* and glyphosate (Roundup PowerMax; Bayer
Crop Science, Research Triangle, NC) at 945 g ae ha™* along with AMS 2.5% v/v and non-ionic
surfactant (NIS) 0.25% v/v. The LPOST herbicide application occurred on June 13. Tank 1 was
activated 100% of the time and included acetochlor/atrazine at 1,344 g ai ha™* atrazine (AAtrex
4L; Syngenta Crop Protection, Wilmington, DE) at 448 g ai ha™*, and mesotrione at 105 g ai ha™!
along with AMS 2.5% v/v and COC 1% v/v. Tank 2 was the designated SS (target spray), which
included dicamba/diflufenzopyr (Status; BASF, Research Triangle Park, NC) at 196 g ai ha! and
glyphosate at 945 g ae ha™! + AMS 2.5% v/v + NIS 0.25% v/v. Tank 2 was not active for both A
and B applications in ‘Broadcast only’ treatment. The average sprayer speed was 13 km h™* and
spray volume for both applications was 187 L hat, respectively. AIXR 11015 flat fan nozzles
(TeelJet Technologies; Spraying Systems Co.) were used for Tank 1 applications, while custom-
made DG4003 large droplet nozzles (TeeJet Technologies) were used for Tank 2 applications

which are recommended for dicamba application to reduce drift (Sousa et al., 2017).

Enlist E3™ soybean (Stine 32EE21; Stine Seed Company, Adel, IA) was planted in 76-cm
spaced rows on May 9, 2023, with the field being in no-till, rainfed conditions. The EPOST
application was applied on the day of planting on May 9, 2023. To fully determine the
effectiveness of SS and push the boundaries of the technology with high weed infestation, no
herbicide with residual activity was applied in this application. LPOST was applied on June 20,

2023. The average sprayer speed and spray volume for both applications were 15 km h™! and 187



L ha™, respectively. Specific herbicides applied in both applications are listed in Table 2.
Besides 2,4-D choline, AMS 3% v/v was mixed with each herbicide treatment. Glyphosate and
lactofen (Cobra; Valent USA LLC, San Ramon, CA) included NIS 0.25% v/v, and saflufenacil
contained methylated seed oil (MSO) 1% v/v. Due to high weed infestation at the time of
LPOST application, glufosinate rate was increased to 881 g ai ha™ to control weeds assuming
they will be taller than the height at EPOST application timing. Acetochlor (Warrant; Bayer
Crop Science) at 1,513 g ai ha* was broadcast applied in the entire field in a separate tank
during application B to provide residual weed control coupled with the non-residual herbicides.
The nozzles used for all broadcast applications were PSLDMQ2006 low drift nozzles (John
Deere), with AIXR 11004R4 nozzles (TeelJet Technologies) used for SS applications. These

nozzles were rear facing at 40° angle.

Weed size and environmental conditions at herbicide application

In 2022, weed sizes ranged from cotyledon to 3 cm tall at the time of EPOST application
and wind speed was 3-10 km h™1. During LPOST, weed sizes ranged from 3-15 cm tall and an
average wind speed was 15 km h™t. Weed pressure was minimal at the time of LPOST
application due to a strong residual herbicide program in LPOST application that was

broadcasted in 100% of the experimental site.

In 2023, weed size ranged from 1-7 cm tall at the time of the EPOST application. Wind
speed was moderate at 8-15 km h™*. The sensitivity of the machine which determines what weed
size is picked up in the SS program was set to ‘low’. At LPOST application, weed size displayed

a high variance between the cotyledon stage to 91 cm. The highest weed height and pressure was



of kochia [Bassia scoparia (L.) A.J. Scott]. Since no residual herbicide was applied, the escapes

from application A provided high weed pressure. The wind speed was 11 to 13 km h2.

Data Collection

In 2022 field studies, weeds present included Palmer amaranth (Amaranthus palmeri
S.Watson) and giant foxtail (Setaria faberi Herrm.). In 2023, weeds present included common
lambsquarters (Chenopodium album L.), kochia and waterhemp [Amaranthus tuberculatus
(Moq.) J.D. Sauer]. Weed control estimates were taken at 7, 14, and 21 days after LPOST
application in 2022, and 7, 14, and 21 days after EPOST and LPOST in 2023, on a scale of 0% to
100% where 0% indicates no control of weeds, and 100% indicates complete control. Weed
density was determined by counting plants in two one m? quadrats side by side, in a random and
representative area of the plots 7, 14, and 21 DAB in 2022, and 14 days after each treatment in
2023. Herbicide applied per area was determined after each application timing from each
machine’s data center in both years, on a scale of 0%-100%, with 0% indicating the SS was
active during the entire application, and 100% indicating the SS did not spray any herbicide.
Then, the percent area coverage with SS was converted to percent herbicide savings by
deducting it from 100%. In 2022, corn was harvested using a John Deere 9570, and in 2023,
soybean was harvested using a John Deere S650 combine. Corn and soybean yields were
adjusted to a standard moisture content of 15.5% and 13%, respectively. Using ArcGIS PRO
version 3.2 (Ersi GIS Mapping Systems, Redlands, CA), Crop yield maps were categorized for

each treatment.

Data Analysis
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Data were analyzed using SAS Studio, version 9.4 (SAS Institute, Cary, NC). Data were
separated by year and analyzed using the PROC GLIMMIX procedure. There was no difference
in weed control between three projects conducted in 2022; therefore, data were combined. The
application technique was treated as a fixed effect, while block was treated as a random effect.
For 2023, herbicide and application technique combination were treated as a fixed effect, while
block was treated as random effects. Type 111 tests were conducted to assess fixed effects and
treatment means were separated using LSMEANS with Tukey's test at 0=0.05. For 2023,
orthogonal contrasts between broadcast and SS were conducted using CONTRAST statement
followed by PROC MEANS procedure to find overall means, with significance determined at

o=0.05.

Results & Discussion

Weed Control

Broadcast + SS provided similar control of Palmer amaranth (99%) and giant foxtail
(93%) compared to broadcast + broadcast (98%-99%) 7 days after treatment (DAT) of late-post-
emergence (LPOST) herbicide application in corn in 2022 (Table 3). Furthermore, control of
Palmer amaranth (P=0.18) and giant foxtail (P=0.23) did not differ from broadcast only,
indicating no significant advantage of non-residual herbicides (Tank 2) because weed infestation
was minimal at the time of LPOST herbicide application. At 14 DAT of LPOST herbicide,
control of Palmer amaranth (99%) and giant foxtail (90%) with broadcast + SS was similar to
broadcast + broadcast (99%). At 21 DAT of LPOST, control of giant foxtail and Palmer
amaranth with broadcast + spot (94-99%) herbicide application was 17% and 6% higher than

broadcast only (77-93%), respectively (Table 3). Spaeth et al. (2024) found that a conventional
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broadcast application resulted in the same weed control 14 days after application compared to a
SS application in corn (98-100%), while SS saved 20% of herbicide in corn. Furthermore, weed
coverage and control in sugar beet (Beta Vulgaris) between broadcast and SS were similar (95-
100%) 14 days after application, saving up to 55% of herbicide. Similarly, in this study, the soil-
active herbicide applied EPOST provided excellent weed control that reduced the amount of
LPOST herbicide applied. Likewise, corn and soybean studies conducted in Nebraska reported a
savings of 64% of non-residual herbicide in soybean, and 43% in corn, while providing similar
weed control (Barnhart, 2024). Palmer amaranth control in broadcast + SS application was 5%-
9% higher compared to giant foxtail control in the same treatments from 7-21 DAT of LPOST.
Buzanini et al. (2023) found that grass weeds may be harder to identify for SS systems, noting
that shadows, weed height, and timing of application play an impact on accuracy of weed
identification. This notion that grasses may be harder to identify than broadleaf weeds should be

tested in future.

In 2023, control of common lambsquarters, waterhemp, or kochia did not differ between
broadcast and spot spray applications up to 21 DAT of LPOST (Table 4). Among individual
herbicide treatments, 2,4-D choline at 1,284 g ae ha! did not provide good control of kochia
with broadcast (41%) or SS (16%) having 21%-83% lower control than other herbicides (62%-
99%) 7 DAT. The 2,4-D choline was not effective, providing a maximum of 38% kochia control,
which was similar to glufosinate at 655 g ai ha (47%-50%). Similarly, poor control of kochia
(25-39% at 30-39 days after treatment) when using 2,4-D has been reported in other studies
(Wolf et al., 2000; Tonks & Westra, 1997). Kochia infestation and plant height became an issue
in LPOST applications. Reduction in herbicide efficacy for weed control when weeds are taller

than mentioned in the label is weel documented (Kouame et al., 2023; Meyer & Norsworthy,
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2019). With kochia height (up to 91 cm) in LPOST applications, an increase in glufosinate
application rate from 655 g ai ha™! to 881 g ai ha™! was needed. Kumar & Jha (2015) found that
glufosinate at 593 g ai ha™! can provide 87% kochia control 7 days after treatment. Saflufenacil
provided 94 to 95% control of kochia 21 DAT of EPOST, resulting in minimal infestation that
was followed by (fb) 2,4-D choline. At 7 DAT of LPOST, 2,4-D choline had a 3% lower kochia
control with SS (95%) than broadcast (98%; Table 5). Similarly, lactofen provided 9% lower
kochia control with SS (62%) than broadcast (71%) 14 DAT of LPOST. Weed control of all
weed species did not differ among broadcast and SS for all herbicides by 21 DAT of LPOST.
These findings correlate with Spaeth et al. (2024) who observed similar weed control between
broadcast and SS in corn (98-100%) and sugar beet (95-99%). Buzanini et al. (2024) observed
similar findings in plasticulture pepper (Capsicum annuum ‘Jalapeno’) production, noting an
84% and 54% non-residual herbicide savings when following a previously applied residual

herbicide in the fall and spring, respectively.

Precision sprayer such as custom builds and alternative algorithms, have been tested in
turfgrass system and reported to have high precision in the identification of broadleaves such as
carpetweed (Mollugo verticillata L.), three lobe morningglory (Ipomea triloba L.) and common
ragweed (Ambrosia artemisiifolia L.) (Jin et al., 2023; Yu et al., 2019). These findings suggest
that SS systems can have a high accuracy in identifying broad leaves among grass crops. In this
study, differences were observed among herbicides with respect to their efficacy for controlling
individual weed species; however, no pattern of differences was observed in weed control
between broadcast and SS after EPOST and LPOST herbicide applications in our studies,
validating the machine could identify weeds in corn in 2022, and detect and target weeds in

soybean in 2023.
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Weed density

Palmer amaranth and giant foxtail densities were low (0-0.2 plants m2) following
LPOST applications with no differences among application techniques 7 DAT of LPOST in
2022 field study in corn (Table 6). Giant foxtail density was similar at 14 and 21 DAT of LPOST
in broadcast + SS (0.3-0.7 plants m~) compared to broadcast + broadcast (0 plants m=2). Giant
foxtail density at 21 DAT of LPOST was higher in broadcast only (2.3 plants m %) compared to
broadcast + broadcast (0 plants m). With a PRE and POST herbicide program with residual
activity, Palmer amaranth was effectively controlled throughout the growing season, resulting in
0 plant m2 21 DAT of LPOST in broadcast + SS and broadcast + broadcast herbicide
application. In 2023, common lambsquarters density was higher in broadcast (1.4 plants m2)
than SS (1.0 plants m™2) 14 DAT of EPOST (P = 0.09; Table 7). Otherwise, no differences were
observed between broadcast and SS for all weed species 14 DAT of EPOST and 14 DAT of

LPOST.

Herbicide Savings

In 2022, SS was activated 6% and 13% of the time of EPOST and LPOST applications,
saving 94% and 87% of non-residual herbicides, respectively (Table 8). Herbicide savings were
high as weed infestation was minimal due to the application of herbicides with diverse modes of
action (Table 1). Weed density, growth stage, and species present may have a direct correlation
on SS nozzle activation and herbicide savings (Spaeth et al. 2024; Zanin et al. 2022). Gonzalez
de Soto et al. (2016) observed that when weed patches cover 22.6% of ground surface in wheat

(Triticum aestivum L.), a custom roboticized sprayer applied herbicide to 23.1% of the area. This
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margin for error may be higher or lower with other SS systems, cropping systems, or weed

characteristics.

In 2023, non-residual herbicide savings were low (1.1%-5.4%) for EPOST application
and none for LPOST application (Table 9). For the EPOST application, the lowest and highest
amount of herbicide saved using SS was 1.1% and 5.4% with 2,4-D choline and glyphosate
sprayed in 98.9% and 94.6% of the total plot area, respectively. The history in relation to weed
control of the experimental field in 2023 provided a high weed infestation at the timing of pre-
plant herbicide application. Furthermore, since no residual herbicide was applied at planting,
weed infestation during the LPOST herbicide application in 2023 was significantly higher than
that of 2022 field studies (Figure 4a and Figure 4b). It has been suggested with other SS
technologies that crop stage and how close the crop is to canopy may affect the ability to ‘see’
between the rows (Barnhart et al. 2024). Jin et al. (2023) developed a linear regression model
that states as weed infestation increases (as %), herbicide applied as volume increases. Thus,
proper herbicide coverage should be the priority before herbicide savings. Villette et al. (2022)
found that SS systems with multiple nozzle activation with double overlap should provide the
best herbicide coverage in SS systems compared to an increase in flowrate per nozzle.
Furthermore, the activation of adjacent nozzles regarding a specific target prevents the under
application of herbicide to weeds. The activation of multiple nozzles regarding spray overlap

may directly impact herbicide savings, alluding to further testing needed in this area.

Crop Yield

In 2022, corn yield in broadcast + broadcast was higher (17,219 kg ha™') than broadcast

only (16,366 kg ha™!; Figure 5). Broadcast + SS yield (16,867 kg ha™') was similar to broadcast +
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broadcast yield. In 2023, soybean yield was lowest in 2,4-d choline fb glufosinate in broadcast
and SS treatments (4,456-4,893 kg ha™!; Figure 6). Soybean yield in 2,4-D choline fb glufosinate
was reduced because of poor control of kochia early in the growing season. Kochia’s impact on
soybean yield in Nebraska was noted by Wicks et al. (1997), observing that soybean yield will
likely decrease for each soybean growth stage kochia is not controlled. In all herbicide
combinations, there were no differences in yield between broadcast and SS treatments, indicating
SS application of herbicide was as effective as broadcast for wee control and reducing crop-weed

competition.

Crop metabolism of herbicide and its impact on yield has been studied (Hamouz et al.,
2015) and the use of a precision sprayer to reduce the amount of herbicide applied could lead to a
higher yield (Parte et al., 2019). This direct notion that the use of a SS system leading to a higher

yield was not found in this study but should be tested in the future.

Practical Implications

Precision sprayers were evaluated in this study for target weed control compared with
broadcast application in corn and soybean production fields in Nebraska. Target spray of
herbicide provided similar control of Palmer amaranth and giant foxtail as broadcast application
in field studies conducted in corn in 2022 (Table 3), saving 87% of herbicides (Table 8). The
application of layered residual herbicide provided excellent weed control and a field with
minimal weed infestation, which directly influenced herbicide savings. The precision sprayer
provided 94 to 99% control of Palmer amaranth and giant foxtail in corn under target application,
saving 94% and 87% of herbicide in EPOST and LPOST applications, respectively. In 2023,

control of common lambsquarters and waterhemp were similar between broadcast and SS
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application 7-14 DAT in either application, and kochia control was similar 7-21 DAT of EPOST,
and 14-21 DAT of LPOST. Therefore, the precision sprayer was found to correctly detect and
spray herbicides for weed control in soybean. The low amount of herbicide saved in 2023 can be
directly linked to higher-than-normal weed infestation because no residual herbicide was applied
during pre-plant herbicide application. In fields with minimal weed infestation, SS may allow
producers to save high amounts of non-residual herbicides, as observed in 2022. A reduction in
the use of non-residual herbicides has been directly linked to weed density, stage, and coverage
in fallow and row-crop situations (Esau et al., 2018; Fischer et al., 2020). With this, herbicide
savings could be roughly visually predicted pertaining to a field’s weed infestation and growth
stage of weeds and crops. Similar level of weed control when using SS or broadcast are attractive
and SS should be more rewarding in fields with low weed infestation. The sensitivity option may
be adjusted per the operator's request to either increase weed detection or allow for more
herbicide savings. With this, proper herbicide coverage is fundamental and should continue to be

emphasized ahead of herbicide savings to reduce weed seed production.

The hope for herbicide savings through patch or site-specific application methods has
been widely discussed (Donald et al., 2004; Luck et al., 2011; Miller, 2003). Buzanini et al.
(2023) found that spot spray application techniques reduced non-residual herbicide use by 26%
and 42% in the fall and spring in pepper production, with no significant effect on weed control or
yield between target spray and broadcast. Furthermore, spot spraying may reduce herbicide
runoff depending on the herbicide applied (Melland et al., 2016). These positive findings
reaffirm that financial and environmental benefits are at play. Spot spray technology is being
tested in wheat (Genna et al., 2021), in varying amounts of post-harvest stubble. Advances in

other site-specific weed management allow for many options for weed control (Gerhards et al.,
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2022), opening the door for alternative weed control methods. The future of target spray
technology is promising enough to further test this technology in various crops, cropping
systems, and environments. Weather patterns, weed pressure, and cropping systems may impact

this technology’s benefit that should be considered by applicators to see if it fits their operation.
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Table 1: Herbicides, application rates, trade names, and application techniques used in a field study
conducted for weed control in corn with Greeneye Technology’s precision sprayer near Clay Center,
Nebraska, USA in 2022 in early-POST (EPOST) and late-POST (LPOST) application timings.

Tank 1

Tank 2
Herbicide Rate Trade Name® Herbicide Rate Trade* Name
Application
Timing gaihal g aihal
EPOST | Acetochlor/atrazine 4,033 + 165 Harness Xtra + Dicamba + 350 + 945 DiFlexx +
+ mesotrione Callisto glyphosate Roundup
PowerMax
LPOST | acetochlor/atrazine 1,344 + 488 + 105 Harness Xtra+  Dicamba/diflufe 196 + 945 Status +
+ atrazine + AAtrex 4L + nzopyr + Roundup
mesotrione Callisto glyphosate PowerMax
Treatment Tank 1 Application Technique Tank 2 Application Technique
1 Broadcast N/A
2 Broadcast Spot
3 Broadcast Broadcast

aManufacturer: Harness Xtra, Bayer Crop Science, Creve Couer, MO; Callisto, Syngenta Crop Protection, Wilmington, DE;
AAtrex 4L, Syngenta Crop Protection; Diflexx, Bayer Crop Science; Roundup PowerMax, Bayer Crop Science; Status, BASF

Agriculture, Research Triangle Park, NC.

Table 2: Herbicides, rates, and trade names in a field study conducted for weed management in soybean
with John Deere’ precision sprayer near Mead, Nebraska in 2023. Each treatment was applied as
broadcast and spot (target) spray separately in early-POST (EPOST) and late-POST (LPOST)

applications.

Herbicide? Timing? Rate (g ai/ae ha)>  Trade Name Manufacturera®
2,4-D choline fb EPOST fb 1,284 fb 881 Enlist One fb Liberty Corteva fb BASF
glufosinate LPOST
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glyphosate fb lactofen =~ EPOST fb 1,091 fb 168 Roundup PowerMax fb Bayer fb Valent
LPOST Cobra

glufosinate fb EPOST fb 655 fb 1,091 Liberty fb Roundup BASF fb Bayer

glyphosate LPOST PowerMax

saflufenacil fb 2,4-D EPOST fb 21 b 1,284 Sharpen fb Enlist One BASF fb Corteva

choline LPOST

2Abbreviations; fb, followed by; ai, active ingredient; ae, acid equivalent.
b Corteva Agriscience, Indianapolis, IN; BASF Corporation Research Triangle Park, NC; Bayer CropScience, Creve Coeur, MO;
Valent USA Corporation, San Ramon, CA.

Table 3: Palmer amaranth and giant foxtail control at 7, 14, and 21 d after treatment (DAT) of LPOST in
a field study conducted for weed control in corn with Greeneye Technology’s precision sprayer near Clay
Center, Nebraska, USA in 2022.

Percent control

7 DAT 14 DAT 21 DAT
Palmer giant Palmer giant Palmer giant
Application Technique  amaranth? foxtail? amaranth? foxtail? amaranth? foxtail?
Broadcast 97a 92a 94a 80b 93b 77b
Broadcast + Spot 99a 93a 99a 90 ab 99a 9 a
Broadcast + Broadcast 98 a 99a 99a 99a 99 a 99 a
P- value .18 .23 .15 .07 .04 .01

aMeans separated within each column with no common letter(s) are significantly different according to Tukey-Kramer's LSD test
at P <0.05.

Table 4: Common lambsquarters, kochia, and waterhemp control at 7, 14, and 21 d after treatment (DAT)
of early-POST herbicides (EPOST) in a field study conducted for weed management in soybean with
John Deere’ precision sprayer near Mead, Nebraska in 2023.

Herbicide AT2 common lambsquarters® kochia® waterhemp®
7 14 21 7DAT 14 21 7DAT 14 DAT 21 DAT
DAT DAT DAT DAT DAT

% control
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2,4-D Broadcas 85b 84 a 83b 41d 31lb 30b 79 ¢ 78 b 77¢c

choline t

2,4-D Spot 85b 90a 89ab 16e 38b 34b  8lbc 80b 79 bc

choline Spray

glyphosate Broadcas 97 a 97 a 96 a 98 a 97 a 97 a 94 a 96 a 93 ab
t

glyphosate Spot 9%5ab 97a 97 a 99 a 98 a 98 a 95 a 97 a 97 a
Spray

glufosinate Broadcas 45c 36b 36¢ 74 be 48b 50 b 92 ab 96 a 94 ab
t

glufosinate Spot 42c 33b 29¢ 62 c 47b 49b 9% a 96 a 9%5a
Spray

saflufenacil Broadcas 96a 94 a 93ab 92ab 96 a 9% a 98 a 99a 99a
t

saflufenacil Spot 95ab 91a 9lab 92ab 96 a 94a 98a 99a 99a
Spray

P-value .0001 .0001 .0001 .0001 .0001  .0001 .018 .0029 .014

Broadcast vs. Spot Spray® 81vs 78vs 77vs  76Vs 68 vs 67vs 9lvs 92vs93 9lvs

79 77 76 67 70 69 92 92

2Abbreviations: A.T., Application Technique.

bMeans separated within each column with no common letter(s) are significantly different according to Tukey-
Kramer's LSD test at p < 0.05

CAsterisks (*) indicate a significant difference between broadcast and spot spray contrast means at P<0.1.

Table 5: Common lambsquarters, kochia, and waterhemp control at 7, 14, and 21 d after treatment (DAT)
of late-POST (LPOST) herbicides in a field study conducted for weed management in soybean with John
Deere’ precision sprayer near Mead, Nebraska in 2023.

Common lambsquarters? Kochia? Waterhemp?
Herbicide Application 7 14 21 7DAT 14 21 DAT 7DAT 14 21
Technique DAT DAT  DAT DAT DAT DAT
% control
glufosinate Broadcast 98 a 96 a 53b 99a 98 a 99a 99 a 96 ab 53b
glufosinate Spot Spray 98 a 96 a 53b 99a 97 a 99a 99a 99a 53b

lactofen Broadcast 64b 77b 49b 99a 71b 93b 95 a 9lc 49b
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lactofen Spot Spray 64 b 77b 64 b 99a 62 c 94 ab 86 b 96 ab 64 b

glyphosate Broadcast 99 a 99a 99 a 99a 9 5a 98 ab 93 ab 98 ab 99a

glyphosate Spot Spray 99a 99a 97 a 98 a 96 a 98 ab 96 a 9%bc 97a

2,4-D Broadcast 98 a 9a 98 a 98 a 98 a 96 ab 98 a 96 ab 98 a

choline

2,4-D Spot Spray 96 a 99a 99a 95b 93 a 99a 99a 97 ab 99a

choline

P-value .0001 .0001 .0001 .0001 .0001 0.25 .09 .0045  0.61

Broadcast vs. Spot Spray® 0vs 93vs 75vs  99vs 91 vs 97vs98 96 vs 95 vs 75 vs
89 93 78 98 87 95 97 78*

aMeans separated within each column with no common letter(s) are significantly different according to Tukey-Kramer's
LSD test at p < 0.05.
bAsterisks (*) indicate a significant difference between broadcast and spot spray contrast means at P<0.1.

Table 6: Palmer amaranth and giant foxtail density (plants m=2) as affected by herbicide application
techniques at 7, 14, and 21 d after treatment (DAT) of late-POST (LPOST) herbicides in a field study
conducted for weed control in corn with Greeneye Technology’s precision sprayer near Clay Center,
Nebraska, USA in 2022.

7 DAT? 14 DAT? 21 DAT?
o Palmer Giant foxtail Palmer Giant foxtail Palmer Giant foxtail

Application amaranth amaranth amaranth
Technique plants m2
Broadcast 0.2a 02a 02a 15a 0.3a 23a
Broadcast + Spot O0a 0.la Oa 0.7 ab Oa 0.3b
Broadcast + O0a Oa O0a 0b Oa 0b
Broadcast
P-value 0.38 0.23 0.42 0.04 0.24 0.03

aMeans separated within each column with no common letter(s) are significantly different according to Tukey-Kramer's LSD test
at P <0.05.

Table 7: Broadcast vs spot spray contrast for weed density (plants m2) at 14 d after treatment (DAT) of
early-POST (EPOST) and 14 d after treatment (DAT) of late-POST (LPOST) separated by species in spot
spray trial conducted in soybean with John Deere’ See and Spray technology near Mead, NE in 2023.

Weed 14 DATabe 14 DATabc
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EPOST LPOST
---------------- plants m—2--------------
Common 1.4vs1.0* 0.8vs1.0
lambsquarters
Kochia 31lvs24 0.6vs0.3
Waterhemp 0.3vs0.4 0.7vs0.9

aDAT, Days after treatment.

b Asterisks (*) indicate a significant difference between broadcast and spot
spray contrast means at P<0.1.

¢ Means separated within each column with no common letter(s) are

significantly different according to Tukey-Kramer's LSD test at P < 0.05.

Table 8: Percent of acreage covered with non-residual herbicide applied using Tank 2 of Greeneye
technology in early-POST (EPOST) applications and late-POST (LPOST) in spot spray trial conducted in
corn near Clay Center, NE in 2022.

Tank 12 Tank 2° Timing Tank 2 % Herbicide Savings
% area covered®

Broadcast N/A EPOST fb LPOST 0fbO --

Broadcast Spot EPOST fbLPOST 6 fb 13 94% b 87%

Broadcast Broadcast EPOST fb LPOST 100 fb 100 0%

&Tank 1 included herbicide with residual activity.

bTank 2 included herbicides with non-residual activity.

“Herbicide applied on a scale of 0-100%, with 100% indicating spot spray was activated
the entire application. Fb means followed by.

Table 9: Herbicide savings and percent area covered compiled using John Deere” See and Spray
technology in early-POST (EPOST) and late-POST (LPOST) applications in trials conducted in soybean
near Mead, NE in 2023.

Herbicide? Timing? Rate (g ai/ae hal)? % area covered® % herbicide savings®”

2,4-D choline fb EPOST fb 1,284 fb 881 98.9 fb 100 1.1fb0
glufosinate LPOST
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glyphosate fb EPOST fb 1,091 fb 128 94.6 fb 100 5410
lactofen LPOST
glufosinate fh EPOST fb 655 fb 1,091 96.8 fb 100 3210
glyphosate LPOST
saflufenacil fb 2,4-D  EPOST fb 21fbh 1,284 98.1 fb 100 190
choline LPOST

2Abbreviations; fb; followed by, ai; active ingredient, ae: acid equivalent.
Herbicide applied on a scale of 0-100%, with 100% indicating spot spray was activated the entire application.
*Residual herbicide was not applied in EPOST application.

i -

Fiure 1. Greeneye technology machine used in spot spray trial conducted in corn near Clay Center, NE
in 2022. This system can be retrofitted on compatible sprayers.
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Figure 2. John Deere’ See and Spray machine with boom a) folded and b) unfolded (37 m wide boom
before A application in spot spray trial conducted in soybean near Mead, NE in 2023.

Figure 3. One of 36 cameras attached to boom of John Deere See and Spray used in spot spray trials
conducted near Mead, NE in 2023.
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Figure 4. Low weed pressure as depicted in between corn rows 21 d after LPOST in an experimental
field in Greeneye’s Spot Spray trial conducted near Clay Center, NE in 2022, and high weed pressure as
depicted by injured weed plants 7 d after LPOST in an experimental field in John Deere’ See and Spray
trial conducted near Mead, NE in 2023.
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Figure 6: Soybean yield as affected by application techniques and herbicide programs in a John Deere’
See and Spray field trial conducted near Mead, NE in 2023.

A precision dual tank sprayer to overcome antagonism of mixing dicamba and clethodim
for control of glufosinate/glyphosate-resistant corn volunteers in dicamba-resistant soybean
Adam Leise

ABSTRACT

Clethodim is mixed with dicamba for control of volunteer corn in dicamba-resistant
soybean. However, this mixture is often antagonistic, reducing the efficacy of clethodim for
control of volunteer corn. John Deere’s new precision sprayer with dual tank can reduce
antagonism because two herbicides can be applied simultaneously through separate nozzles. The
objective of this study was to evaluate the dual tank option of precision sprayer for control of
glufosinate/glyphosate-resistant volunteer corn in soybean with dicamba and clethodim applied
from the same tank or dual tank. A field experiment was conducted in 2023 in southcentral

Nebraska. Bin-run glufosinate/glyphosate-resistant corn was planted at 54,000 seeds ha™ to
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mimic as volunteer corn in dicamba-resistant soybean. Clethodim (54 and 76 g ai ha™) and
dicamba (558 g ae ha™*) were applied as tank mix (mixed in the same tank) and dual tank
(separate tank) application technique. Clethodim at 54 and 76 g ai ha™* provided 90% and 94%
volunteer corn control 28 days after application (DAA), respectively. Mixing clethodim at 54
and 76 g ai ha™* with dicamba in the same tank resulted in 21% and 28% volunteer corn control,
respectively. Clethodim and dicamba applied in dual; tank (separate tank) provided similar
control (97%-99%) as clethodim applied alone and 71%-76% higher control compared to tank
mix application. It is concluded that precision sprayer with dual tank system is effective to
overcome antagonism of mixing clethodim and dicamba in the same tank for control of volunteer

corn in soybean.

INTRODUCTION
Soybean is one of the major crops in the United States with production of 113 million MT in

2023 (USDA, 2024). In the Midwestern United States, corn-soybean rotation continues to be a
popular choice among growers due to its known benefits including flexibility in rotating
herbicide modes of action and lower pest pressure (Sexton 2019). In this rotation, corn kernels or
ears lost during the previous year due to harvest inefficiency or adverse weather may overwinter
and emerge as volunteer corn the following spring (Chahal & Jhala, 2015). This presents a
challenge for optimal soybean production. Volunteer corn in soybeans is a problem weed that
can affect soybean yield (Alms et al., 2016). Research in Nebraska has found that volunteer corn
at a density of 10,000 plants ha™! reduced soybean yield by 22% compared to no volunteer corn
(Chahal & Jhala, 2015). Nearby, studies in South Dakota have shown that when volunteer corn
density reaches one plant per 0.9 m~2, soybean yield was decreased by 8-9% (Rosenberg &

Deneke, 2020).
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The introduction of herbicide-resistant (HR) crops has added cropping choices for
growers that have expanded herbicide options for weed control. Since their introduction, growers
have been quick to adopt HR crops in their farming operations (Reddy & Nandula, 2012). as the
adoption of HR crops is one of the fastest adoptions in agriculture history (Green & Siehl, 2021).
With this adoption, HR weeds such as glyphosate-resistant weeds have been on the rise since the
commercial cultivation of glyphosate-resistant crops (Beckie et al., 2006; Clay, 2021; Roma-
Burgos et al., 2018;). The evolution of HR weeds and their widespread occurrence resulted in in
stacking HR traits into corn and soybean to allow herbicide options for control of HR weeds
(Ceccon et al., 2020; Dill et al., 2008). With the commercial cultivation of multiple HR traits in
corn and soybean, it is challenging to control multiple HR crop volunteers in the following
growing season, specifically volunteer corn (Jhala et al. 2022). Soil-applied residual herbicides
labeled for grass control in soybean are available in the market, but research has shown that these
herbicides provide poor control of HR volunteer corn (Chahal & Jhala, 2015). If this issue arises,
HR volunteer corn needs to be managed through the POST herbicides. VVolunteer corn resistant
to glufosinate and glyphosate may need graminicide (grass herbicide) such as clethodim,
quizalofop-p-ethyl, sethoxydim, among others to provide effective control in soybean (Jhala and
Rees, 2018). ACCase-inhibiting herbicides, which includes the FOP, DIM, and DEN families,
are effective in controlling specifically monocot plants due to their ability to inhibit the
homomeric plastidic ACCase gene, halting this formation by blocking fatty acid biosynthesis
(Takano et al., 2020). Symptoms of ACCase-inhibiting herbicides include chlorotic or bleaching
of leaves at lower concentrations, with higher concentrations leading to a killed growing point

and rotten whorl (Butts et al., 2023).
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Soybean resistant to dicamba/glufosinate/glyphosate (XtendFlex soybean Bayer Crop
Science, Creve Coeur, MO) were commercialized in (Anonymous, 2020) which provides the
option to use dicamba for broadleaf weed control. Oftentimes, when broadleaf weeds such as
Palmer amaranth and waterhemp along with volunteer corn are present in soybean fields in
Nebraska and several other states in the Midwest where soybean is typically grown in rotation
with corn. When growers mix graminicides such as clethodim for glufosinate/glyphosate-
resistant volunteer corn control and dicamba for broadleaf weed control, clethodim has been
reported to exhibit a reduced efficacy providing less than expected volunteer corn control
(Perkins et al., 2021; Underwood et al., 2016), resulting in ineffective volunteer corn control
with a POST application. While a single application of herbicide mixture is desirable for growers
for saving time and financial incentives, the separate application of clethodim and dicamba is
more appropriate due to antagonistic interaction.

John Deere (Deere and Company, Moline, IL, USA) has developed a new precision
sprayer (Figure 1) equipped with a dual tank system that allows for simultaneous herbicide
applications from separate tanks and nozzles (John Deere, 2023). This system allows for the
herbicides to be entirely separated from tank to tip until they reach the plant. The use of a dual
tank system may reduce or overcome herbicide antagonism that otherwise occurs when mixed in
the same tank. Scientific literature is lacking on whether dual tank systems can reduce the
antagonistic effect of clethodim + dicamba by maintaining clethodim’s efficacy for controlling
volunteer corn. The objective of this study was to evaluate efficacy of clethodim applied in a
separate tank (dual tank) using the precision dual tank sprayer or mixed with dicamba in the
same tank (tank-mix) for control of glufosinate/glyphosate-resistant corn volunteers in

dicamba/glufosinate/glyphosate-resistant soybean. We hypothesized that utilizing the dual tank
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system could decrease the antagonistic effect of dicamba on clethodim, thus increasing
clethodim’s efficacy for controlling glyphosate/glufosinate-resistant corn volunteers.
MATERIALS & METHODS
2.1 Experimental site and design, and agronomic management
The field experiment was conducted in 2023 at the University of Nebraska-Lincoln’s South-
Central Agricultural Laboratory near Clay Center, NE (40.58, -98.14). The experimental field
was under a no-till production system and rainfed conditions. The experiment was arranged in a
randomized complete block design with 2 replications and 4 pseudo-replicates in each. Plot size
was 18 m wide by 46 m long. A large plot size was preferred for ease of application and sprayer
coordination as the sprayer width was 37 m with the capacity to apply herbicide on a minimum
of 18 m. Dicamba/glufosinate/glyphosate-resistant soybean (XtendFlex soybean; NK-JOXF; NK
Seeds, Hopkins, MN) was planted at 308,750 seeds haton May 11, 2023. After planting
soybean, bin-run glufosinate/glyphosate-resistant corn seeds were planted at 54,000 seeds ha™
using a circular spreader and incorporated using a cultivator on the same day. A preemergence
(PRE) application of pyroxasulfone (Zidua SC; BASF Agriculture, Research Triangle Park, NC,
USA\) at 120 g ai ha* and glufosinate (Liberty; BASF Agriculture, Research Triangle Park, NC,
USA) at 593 g ai ha* was applied on May 16. Neither soybean nor volunteer corn had emerged
at the time of PRE herbicide application.
2.2 Herbicide treatments

Clethodim (Select Max, Valent USA, San Ramon, CA, USA) rates at 54 and 76 g ai ha
were chosen for controlling glufosinate/glyphosate-resistant volunteer corn and referred to as a
‘lower rate’ and a ‘higher rate’, respectively (Anonymous 2020). Herbicide treatments consisted

of clethodim at 54 and 76 g ai ha, dicamba at 558 g ae ha?, clethodim at 54 and 76 g ai ha*
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mixed with dicamba, and applied in a separate tank using the dual tank system through separate
nozzles or mixed in the same tank and applied through a single nozzle (Table 1). In total, seven
herbicide treatments were applied on June 15. When herbicides were applied, volunteer corn was
between the VV5-V6 growth stage. Treatments containing dicamba included VaporGrip Xtra
Agent (Verified; Helena Agri-Enterprises, Collierville, TN) at 1,449 ml ha* and a drift reduction
agent (Interlock; Winfield United, Arden Hills, MN) at 0.5% v/v. AIXR 11015 coarse droplet
flat fan nozzles (TeelJet Technologies; Glendale Heights, IL) were used for clethodim
application, and TTI 110015 (Teelet Technologies) extremely coarse droplet nozzles were used
for treatments containing dicamba, with a spray rate of 187 L hatat 276 kPa. During the time of
application, the temperature was 30°C with a wind speed of 8-16 km h™™. The speed of the
sprayer was 13 km h'.

2.3 Machine design

The John Deere (Deere and Company, Moline, IL) 612R sprayer equipped with a dual tank
system was used for this experiment. This model is equipped with a boom length of 37 m, which
includes 36 cameras and 96 nozzles spaced 38 cm apart. The dual tank system, the study's focus,
is equipped with tanks A and B with separate flow lines. This system keeps the herbicides in
both tanks separate from ‘tip to tank’ to keep the active ingredients separate during application.
Tank A has a 2,839 L capacity, compared to tank B’s 1,703 L capacity. John Deere recommends
that Tank B is preferred to be used for See and Spray™ (target) application of non-residual
herbicides, while Tank A is preferred for blanket application of residual herbicides. The boom
height is preferred to be between 26-48 cm above the ground or canopy, with a boom height of

30 cm for this project at the time of herbicide application. The See and Spray™ feature was
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equipped on this model but was not activated during application because clethodim and dicamba
were applied broadcast to evaluate their interaction.
2.4 Data collection and analysis

Visual estimates of volunteer corn control were determined at 7, 14, 21, and 28 days after
application (DAA) on a scale of 0% to 100% where 0% indicates volunteer corn with no injury
and 100% indicates complete control. VVolunteer corn density was determined by counting plants
in two one m? quadrats side by side, in a random and representative area of the plot at 14 and 28
DAA. Soybean injury was assessed at 14 and 28 DAA to determine phytotoxicity damage- with
0% indicating no damage from herbicide and 100% indicating complete plant death due to
herbicide injury. At maturity, soybean was harvested using a John Deere 9570 combine, and
yield data were categorized using ArcGIS PRO version 3.2 (Ersi GIS Mapping Systems,
Redlands, CA).
Antagonism occurs when the mixture of herbicides leads to less control than the herbicide
applied individually (Colby, 1967). Colby (1967) further developed a mathematical equation to
calculate the expected control from two or more herbicides applied in a mixture.

E= (X+Y)-XY/100

where X is the percent control of volunteer corn with herbicide A, Y is the percent control with
herbicide B, and E is the expected control with a mixture of A and B herbicides. The expected
means of treatments containing clethodim plus dicamba were calculated and compared against
the observed control using a t-test with significance at o= 0.05 (Singh et al., 2023). Data were
analyzed in SAS studio (9.4) using the PROC GLIMMIX package. Block was deemed a random

effects, while herbicide treatments were used as a fixed effect. Type Il fixed effect tests were
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used to assess fixed effects differences and treatment means were separated using LSMEANS
with Tukey’s test at a= 0.05.

RESULTS AND DISCUSSION

Volunteer corn control

Clethodim 54 and 76 g ai ha* provided 79% and 84% control of volunteer corn 7 DAA,
respectively (Table 2). Striegel et al. (2020) found that clethodim at 68 g ai ha™* provided 94%
control of volunteer corn 14 days after POST (DAP) and 90% control at 28 DAP. Furthermore,
Soltani et al. (2015) observed that clethodim as low as 30 g ai ha™* can control 88% of volunteer
corn 14 DAP, and 92% of volunteer corn 28 DAP. Thus, selected rates of 54 and 76 g ai ha™*
were effective for controlling volunteer corn. When clethodim at 54 and 76 g ai ha™* was applied
with dicamba 558 g ae ha* using a dual tank, volunteer corn control was 49% and 84%,
compared with 28% and 30% control when mixed in the same tank, respectively. Colby’s
analysis indicated antagonistic interaction when clethodim at 54 and 76 g ai ha™* was mixed with
dicamba in the same tank— providing 51% and 54% less than the expected control of 79% and
84%), respectively. However, dual tank applications were not antagonistic; for example,
observed volunteer corn control with the higher rate of clethodim (76 g ai ha™) was the same as
expected (84%). At 21 DAA, clethodim at 54 and 76 g ai ha™! provided 94% and 99% control
when applied using a dual tank system with dicamba, which was 78% and 69% higher than
mixing clethodim and dicamba in a single tank, respectively (Figure 2). The observed control

with tank mix applications at either rate suggested antagonistic interactions, providing 73% (54 g
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ai ha™t) and 65% (76 g ai ha™) less than expected control (89%-95%). At 28 DAA, observed
control (97%-99%) of clethodim 54 and 76 g ai ha™* plus dicamba in dual tank application was
similar to clethodim applied at 76 g ai ha* (94%). However, mixing clethodim with dicamba
regardless of application rates of clethodim resulted in antagonistic interactions with 66%-70%
lower than expected control (91%-94%). Duenk et al. (2023) found antagonistic interactions with
clethodim 30 g ai ha* + dicamba 600 g ae ha™* for controlling glufosinate/glyphosate-resistant
volunteer corn 28 DAA, observing 54% control, 26% less than expected. In addition, Perkins et
al. (2021) found that the addition of a drift reduction agent (DRA) at 0.25% v/v further induced
antagonism between clethodim (105 g ai ha') + dicamba (560 g ae ha™') for junglerice
[Echinochloa colona (L.) Link] control 21 DAA (66%) compared to clethodim + dicamba with
no DRA (77%), and clethodim at the same rate (88%).

Typical symptoms of ACCase-inhibiting herbicides (Devkota et al., 2024) on volunteer
corn plants were present in the treatments containing clethodim (Figure 3). Mixing clethodim
with dicamba in the same tank reduced volunteer corn control from 7-28 DAA. Merritt et al.
(2021) found that mixing clethodim at 68 g ai ha™' + dicamba 562 g ae ha™!' provided 17% control
of broadleaf signalgrass [Urochloa platyphylla (Munro ex C. Wright) R.D. Webster], 18%
control of giant foxtail (Setaria faberi Herrm.), and 35% control of barnyardgrass [Echinocloa
crus-galli (L.) P. Beauv.] 7 DAA, which was 30%, 25%, and 22% lower than clethodim applied

alone at the same rate. This reaffirms that antagonism between these two herbicides can reduce
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the efficacy of clethodim for control of grass weed species besides volunteer corn. The results of
this study suggest that dual tank technology could alleviate antagonism, especially 14-28 DAA.
The literature has reaffirmed this notion of using a dual tank between clethodim and dicamba.
Merritt et al. (2020) observed 92% control of volunteer corn with clethodim (68 g ai ha™!) +
dicamba (281 g ae ha™) 4 WAA (92%) using a dual tank system compared to mixing the two
chemicals in line (60%), or tank mixing the chemicals at the same rate (88%). Furthermore, in
Merritt et al. (2020) study, when the dicamba rate was increased from 281 g ae ha™! to 562 g ae
ha™!, using a separate boom provided 7-14% higher control than tank-mix applications and 15-
35% higher control than mix-in-line applications for control of Italian rygrass (Lolium perenne
L.) and broadleaf signalgrass. The applications of dicamba at a half than labeled rate in dicamba-
resistant soybean were not antagonistic in this scenario; however, dicamba application at this rate
is not recommended.

The selection and use of adjuvants in clethodim applications and their respective effect
on efficacy has been noted (Zollinger & Howatt, 2006). Soltani et al. (2023) observed that when
applying clethodim at 45 g ai ha™!, the use of adjuvants, specifically phosphate ester surfactant,
high surfactant oil concentrate (HSOC), and HSOC + methlyated seed oil (MSO), increases
glyphosate-resistant volunteer corn control by 75-79% 4 weeks after application compared to no
adjuvant use. In respect to using a dual tank application technique with clethodim and dicamba,

further research may be needed to confirm adjuvant use.
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Volunteer corn density

Clethodim applied at 54 or 76 g ai ha* recorded 0.3 plants m2 14 DAA (Table 3).
Mixing clethodim at 54 g ai ha ! with dicamba in the same tank resulted in 3.7 volunteer corn
plants m~ compared with 2.6 volunteer corn plants m= with 76 g ai ha™* + dicamba. In contrast,
clethodim and dicamba applied from the dual tank system recorded < 0.5 volunteer corn plants
m~2. At 28 DAA, dual tank applications of clethodim 54 (0.3 plants m~2) and 76 g ai ha™ (0
plants m2) with dicamba provided similar volunteer corn densities compared to clethodim
applied alone at 76 g ai ha', which recorded 0.6 plants m, respectively. Duenk et al. (2023)
observed 6 volunteer corn plants m=2in clethodim at 30 g ai ha™! + dicamba 600 g ae ha™' tank-
mix application 42 DAA compared to 4 plants m2 when clethodim applied alone. Furthermore,
Underwood et al. (2016) observed 6 volunteer corn plants m2 in tank-mix applications of
clethodim 37.5 g ai ha™' + dicamba 600 g ae ha™! 42 DAA, suggesting antagonistic interactions
with 3 plants higher than the expected value of 3 plants m~2. Furthermore, in this study, when the
rate of clethodim was increased from 37.5 g ai ha' to 45 g ai ha®, volunteer corn density
decreased to 3 plants m~2. These notions continue to support the idea that dicamba mixed with
clethodim mitigates effective reduction of volunteer corn density. With this, the increase of
clethodim rate may reduce this effect, thus further improving volunteer corn control and density
reduction.

Soybean injury and yield
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Soybean injury was marginal in this study with 5% soybean injury observed at 7-14 DAA
when dicamba was applied alone (Table 4). Mixing dicamba and clethodim in the same tank or
dual tank applications did not result in any soybean injury. Soybean yield varied between
herbicide treatments (P-value = 0.01; Figure 4). Dual tank application of clethodim 54 g ai ha™*
(4,195 kg ha*) and 76 g ai ha™ (4,448 kg ha™*) with dicamba provided 1,128 kg ha* and 1,235
kg ha! higher yield than mixing them in the same tank, respectively. Mixing clethodim at 54 g ai
ha with dicamba in the same tank resulted in soybean yield of 3,067 kg ha™!, a 26% reduction
compared to dual tank applications at similar rates. Dicamba applied alone provided the lowest
soybean yield of 2,459 kg ha* as it is broadleaf weed herbicide with no activity on volunteer
corn (Table 2). Hence, competition from volunteer corn density as high as 6 plants m=2 (28
DAA) reduced soybean yield by 45% compared to the highest soybean yield (4,448 kg ha™t) with
clethodim 76 g ai ha! + dicamba 558 g ae ha™ applied in dual tank (separate tank). Alms et al.
(2016) found that volunteer corn at 4.4 plants m~ can reduce soybean yield by 51%, suggesting
it as more competitive than other weed species commonly found in soybean fields in the
Midwest.

PRACTICAL IMPLICATIONS

Clethodim alone at either rate (54 or 76 g ai ha™) provided 90%-95% control of
glufosinate/glyphosate-resistant volunteer corn 21-28 DAA (Table 2). If weed pressure of other

species is a non-factor, this would still be a viable option. However, in cases where dicamba is
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selected as the foliar broadleaf herbicide in dicamba-resistant soybean, the addition of clethodim
to control glufosinate/glyphosate-resistant volunteer corn can result in reduced efficacy. In this
study, clethodim (54 or 76 g ai ha*) mixed with dicamba 558 g ae ha™* in the same tank provided
21%-28% control of volunteer corn, suggesting antagonistic interaction as observed control was
66%-70% less than expected control 28 DAA. As a direct result of antagonism, growers may
consider applying dicamba and clethodim in two separate applications.

The results from this study suggest that clethodim (54 or 76 g ai ha™) and dicamba 558 g
ae ha ! applied from separate tanks using dual tank technology can overcome clethodim
antagonism from dicamba in a single pass. When clethodim and dicamba were applied using
dual tank, it provided similar control (> 94%) of glyphosate/glufosinate-resistant volunteer corn
as clethodim (> 90%) 14-28 DAA. If mixed with dicamba, it is suggested using clethodim 54 g
ai ha! for volunteer corn < 30 cm tall, and 76 g ai ha* for 30-60 c¢m tall volunteer corn
(Lingenfelter, 2023). Harre et al. (2020) found that increasing clethodim rates in mixtures with
dicamba in various adjuvant scenarios can overpower antagonistic interaction. However, if dual
tank of precision sprayer is accessible, the separation of herbicides through application technique
can provide excellent volunteer corn control. For example, Zimmer et al. (2023) found that using
a dual tank sprayer increased volunteer corn control by 49% when separating clethodim 51 g ai
ha! + S-metolachlor (1,390 g ai ha*) from dicamba 560 g ae ha™* + glyphosate 1,260 g ae ha™!
compared to mixing them in a single tank. With this, many cases of herbicide antagonism have
been reported pertaining to multiple cropping systems outside of soybean, such as in corn (Zea
mays L.) and cotton (Gossypium arboreum L.) (Selleck & Baird, 1981; Meyer et al. 2021; Merritt
et al., 2020; Zollinger and Howatt, 2006), of which monocot plants have a higher chance of

antagonism compared to dicot plants (Zhang et al. 1995). If the antagonism is suspected to be a
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tank compatibility issue, the option of using a dual tank application technique can reduce
antagonism between selected herbicides. Additional research is needed to test if dual tank
technology would be beneficial in other known cases of antagonism such as quizalofop-p-ethyl +
2,4-D choline, which is commonly applied to control HR volunteer corn and glyphosate-resistant
broadleaf weeds in Enlist soybean and corn. In this study, herbicides were applied broadcast
without activating See and Spray technology. This feature, which comes with the sprayer, could
be an added benefit in reducing herbicide use or only activating one herbicide at a time. These
findings of potentially overcoming clethodim antagonism from dicamba with dual tank coupled
with the potential for the use of target spray features can benefit growers by providing effective

volunteer corn control in a single application while reducing herbicide use.
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Table 1: Herbicide treatments, rates, trade names, and application techniques used for control of
glufosinate/glyphosate-resistant volunteer corn in dicamba/glufosinate/glyphosate-resistant soybean in a

field experiment conducted near Clay Center, NE in 2023.

Herbicide? Rate® Trade Name Manufacturer® Application
Technique

g ailae

ha™!
Clethodim 54 Select Max Valent USA -
Clethodim 76 Select Max Valent USA -
Dicamba 558 XtendiMax Bayer -
Clethodim + 54 + 558  Select Max + Valent USA/Bayer  Tank Mix (single
Dicamba XtendiMax tank)
Clethodim + 76 + 558  Select Max + Valent USA/Bayer  Tank Mix (single
Dicamba XtendiMax tank)
Clethodim + 54 +558  Select Max + Valent USA/Bayer  Dual Tank
Dicamba XtendiMax (separate tank)
Clethodim + 76+ 558  Select Max + Valent USA/Bayer  Dual Tank
Dicamba XtendiMax (separate tank)

2Adjuvants included: Crop oil Concentrate (COC) at 1% v/v, ammonium sulfate (AMS) at 3%V/v in clethodim alone or clethodim
designated tank. VaporGrip Xtra Agent (Verified; Helena Agri, Collierville, TN) at 1,449 ml ha%, and a drift reduction agent (In-
place; San Fransisco, CA) at 0.5% v/v was included in dicamba alone or dicamba designated tank.
bAbbreviations: ai, active ingredient; ae, acid equivalent.

°Manufacturer: Bayer CropScience, Creve Couer, MO.; Valent USA Corporation, San Ramon, CA.

Table 2: Control of glufosinate/glyphosate-resistant volunteer corn using tank mix and dual tank
applications at 7, 21, and 28 d after application (DAA) in dicamba/glufosinate/glyphosate-resistant
soybean in field experiment conducted near Clay Center, NE in 2023.
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Herbicide Rate? Application 7 DAADC 21 DAAPC 28 DAAPC
Technique?
g ai/ae ha' Observed  Expected Observed Expected Observed Expected
% Control
Clethodim 54 - 79a - 90 b - 90 b -
Clethodim 76 - 84 a - 95a - 94 ab -
Dicamba 558 -- 0d - 3e - 3e -
Clethodim 54 +558 ™ 28 c* 79 16 d* 89 21 d* 91
+ Dicamba
Clethodim 76 + 558 ™ 30c* 84 30c* 95 28 c* 94
+ Dicamba
Clethodim 54 + 558 DT 49 b 79 94 ab 89 97a 91
+ Dicamba
Clethodim 76 + 558 DT 84 a 84 99a 95 99a 94
+ Dicamba

aAbbreviations: ae, acid equivalent; ai, active ingredient; DT, Dual Tank; TM, Tank Mix.
b Asterisks (*) indicate the observed and expected values are significantly different according to the t-test (P<0.05),
suggesting antagonistic interactions.

®Means separated within each column with no common letter(s) are significantly different according to Tukey-
Kramer's LSD test at P < 0.05.

Table 3: Density of glyphosate/glufosinate-resistant corn volunteers with clethodim and dicamba mixture
in single tank and dual tank applications at 14 and 28 d after application (DAA) (applied at the V5-V6
volunteer corn stage) in dicamba/glufosinate/glyphosate-resistant soybean in field experiment conducted
near Clay Center, NE in 2023.

Herbicide Rate? Application 14 DAAP 28 DAAP
Technique?

g ai/ae hat plants m=
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Clethodim 54 - 0.25d lc
Clethodim 76 -- 0.25d 0.6 cd
Dicamba 558 -- 6.4a 6.1a
Clethodim + Dicamba 54 + 558 ™ 3.7b 46D
Clethodim + Dicamba 76 + 558 ™ 26¢C 42hb
Clethodim + Dicamba 54 + 558 DT 05d 0.3d
Clethodim + Dicamba 76 + 558 DT 0.25d od

aAbbreviations: ae, acid equivalent; ai, active ingredient; DT, Dual Tank; TM, Tank Mix.
bMeans separated within each column with no common letter(s) are significantly different according to Tukey-Kramer's LSD test
at P <0.05.

Table 4: Soybean injury for clethodim and dicamba treatments applied from a single tank or dual tank at
7, 14, and 28 d after application (DAA) in field experiment conducted near Clay Center, NE in 2023.

Herbicide* Rate? Application 7 DAA? 14 DAAP 28 DAAY
Technique?
g ai/ae ha! %

Clethodim 54 - 3a Oa Oa
Clethodim 76 - 3a Oa Oa
Dicamba 558 - 5a 5a Oa
Clethodim + Dicamba 54 + 558 ™ Oa Oa Oa
Clethodim + Dicamba 76 + 558 ™ Oa Oa Oa
Clethodim + Dicamba 54 + 558 DT Oa Oa Oa
Clethodim + Dicamba 76 + 558 DT Oa Oa Oa
P-value 0.4 0.7 -

aAbbreviations: ae, acid equivalent; ai, active ingredient; DT, Dual Tank; TM, Tank Mix.
bMeans separated within each column with no common letter(s) are significantly different according to Tukey-Kramer's LSD
test at P <0.05.
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Figure 1: John Deere’s precision sprayer with a.) dual tank system; b) unfolded (37 m wide boom) before

application in field experiment conducted in soybean near Clay Center, NE in 2023.
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Figure 2: Volunteer corn control at 21 days after application (DAA) with clethodim + dicamba (54 + 558

g ai/ae ha?) in (a) tank mix applications and (b) dual tank applications.
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Figure 3: A partially controlled volunteer corn with a mixture of clethodim at 54 g ai ha™! + dicamba 558
g ae ha! 11 days after application (DAA) in a field study conducted at South Central Ag Lab near Clay

Center, NE.
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Clethodim Clethodim Dicamba Clethodim Clethodim Clethodim Clethodim

54g 76g 5589 549 + 76g + S54g + 76g +
Dicamba Dicamba Dicamba Dicamba
5589 5589 558¢g 5589
P-Value= 0.01 Tank Mix Dual Tank

Figure 4: Soybean yield affected by application techniques (Tank-mix and Dual Tank) and herbicide

treatments for control of volunteer corn in soybean in field experiment conducted near Clay Center, NE in

2023. Herbicide rates are in g ae or ai ha'.
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A precision dual tank sprayer to evaluate interaction of 2,4-D choline and quizalofop-p-
ethyl for control of glufosinate/glyphosate-resistant corn volunteers in corn resistant to
aryloxyphenoxypropionates

Adam Leise!, Mandeep Singh?, Nicolas Cafaro La Menza®, Stevan Z. Knezevic*, Amit J. Jhala®

Abstract

Management of volunteer corn resistant to multiple herbicides is a challenge for corn growers in
Nebraska and other states where continuous corn is a common practice. Quizalofop-p-ethyl (QPE) can
provide effective control of glufosinate/glyphosate-resistant corn volunteers in corn resistant to
aryloxyphenoxypropionates (Enlist corn). However, mixing QPE with broadleaf herbicides such as 2,4-D
choline can have antagonistic effect for controlling volunteer corn. A new precision sprayer (John Deere’s
612R) with dual tank allows for simultaneous applications of two herbicides through different nozzles,
which may alleviate the physiochemical antagonism of mixing herbicides in a single tank. The objective
of this study was to evaluate efficacy of QPE applied using a separate tank or mixed with 2,4-D choline in
the same tank using the precision dual tank sprayer for control of glufosinate/glyphosate-resistant corn
volunteers in Enlist corn. Bin-run glufosinate/glyphosate-resistant corn was planted at 54,000 seeds ha™*
to mimic as volunteer corn on the same day of Enlist corn planting using a circular spreader. VVolunteer
corn control with QPE at 39 g ai ha + 2,4-D choline at 1,064 g ae ha* in a dual tank system (applied
through a separate tank) was 60% compared to 35% control when mixing them in a single tank at 7 d after
application (DAA). Mixing QPE at 39 g ai ha™ + 2,4-choline at 1,064 g ae ha™* improved control of
volunteer corn to 70% but was 20% lower compared to applied through dual tank system 14 DAA,
indicating importance of dual tank precision sprayer. QPE at both rates (39 and 77 g ai ha'*) had
antagonistic interaction with 2,4-D choline when mixed in the same tank at 7 and 14 DAA. At 28 DAA,
the antagonistic effect was observed with QPE 39 g ai ha® in tank mix, observing 8% lower control than
expected. Volunteer corn control was > 92% at 28 DAA across treatments leading to similar Enlist corn

yield without crop injury.
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Introduction
Corn production in the United States increased to 398 million MT in 2023, an increase of 51

million MT from 2022 (USDA, 2024). In the Midwest, continuous corn remains a popular choice for
farmers. In this rotation, corn kernels or ears fell during the previous year due to harvesting inefficiency
or adverse weather may overwinter and emerge as volunteer corn the following spring (Newcomer, 1971;
Chahal, 2014). Volunteer corn can increase pest and disease pressure in continuous corn rotations, such as
potentially developing resistance to Bt traits (Marquardt et al., 2013), and can be viewed as intraspecific
competitor (Marquardt et al., 2012) as twin species compete for the same resources. As hybrid corn has
been diligently optimized for maximum production (Staggenbrog et al., 1999; Assefa et al., 2016),
volunteer corn’s impact on hybrid corn population density could result in less-than-optimal production.
Early-season volunteer corn competition can reduce hybrid corn leaf area per plant which can be directly
linked to a reduction in grain yield (Marquardt et al., 2012).

Since the introduction of herbicide-resistant (HR) corn in 1996, it has been rapidly adopted with
91% of corn planted in the United States with HR traits in 2023 (USDA, 2023). Some common choices
for HR hybrid corn include glufosinate and glyphosate-resistant traits. While glufosinate/glyphosate
considered good options for weed control, volunteer corn emerging the following year may present a
management challenge (Jhala et al., 2021). Enlist corn is resistant to 2,4-D choline and the FOP family
(aryloxyphenoxypropionates) of herbicides (Anonymous, 2021) along with stacked resistance to
glyphosate and glufosinate (Godar et al., 2023). The metabolism-based aryloxyalkanoate dioxygenase
(AAD-1) trait in Enlist corn provides resistance to two herbicide chemical classes, which include the
aryloxyphenoxypropionate (FOP) class of ACCase-inhibiting herbicides and the phenoxycarboxylic class
of synthetic auxins (Godar et al., 2023; Wright et al., 2010). This trait allows growers to use quizalofop-p-
ethyl (QPE) in Enlist corn to control glufosinate/glyphosate-resistant volunteer corn as selective POST
herbicide option. Currently, QPE (Assure 1I, AMVAC Corporation, Newport Beach, CA, USA) is the

only herbicide labeled to control volunteer corn in Enlist corn.
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Reports of antagonism between ACC-ase inhibiting herbicides (e.g., QPE) mixed with the POST
herbicide such as 2,4-D-choline have been reported (Singh et al., 2023; Duenk et al., 2023). This
antagonism reduces the efficacy of QPE for controlling volunteer corn (Underwood et al., 2016; Singh et
al., 2023). Weed height and more specifically tall grasses can affect herbicide efficacy and potentially
antagonism, thus leading to a choice for farmers to make two separate applications (Craigmyle et al.,
2013; Meyer et al., 2014). Increasing the rate of QPE can reduce antagonistic effect and increase QPE
efficacy (Singh et al., 2023). However, farmers may be reluctant to increase the rate of QPE to deter this
effect due to additional input costs. In addition, it is time consuming and expensive to apply grass and
broadleaf weeds killing herbicides in separate application. Therefore, growers are looking for solutions to
apply herbicides at the same time for broad-spectrum weed control without antagonistic effect.

John Deere (Deere and Company, Moline, IL, USA) has developed a new precision sprayer (Figure 1)
equipped with a dual tank system (Figure 2) that allows for simultaneous herbicide applications from
separate tanks and nozzles (John Deere, 2023). The See and Spray Ultimate™ package (equipped with
Tank A and B) (Figure 2) is available on the 410R, 412R, 612R, and 616R models as of January 2024.
This system allows for the herbicides to be entirely separated until they reach the plant. This system can
be combined with the activation of See and Spray™ features. By utilizing the dual tank system, it can
reduce or overcome herbicide interaction that otherwise occurs when mixed in the same tank. Scientific
literature is lacking whether utilizing dual tank system can reduce the antagonistic effect of QPE + 2,4-D
choline by maintaining QPE’s efficacy for controlling volunteer corn. The objective of this study was to
evaluate efficacy of QPE applied in a separate tank (dual tank) using the precision dual tank sprayer or
mixed with 2,4-D choline in the same tank (tank-mix) and apply for control of glufosinate/glyphosate-
resistant corn volunteers in Enlist corn. We hypothesized utilizing the dual tank system could decrease the
antagonistic effect of 2,4-D choline on QPE, thus increasing QPE efficacy in controlling
glufosinate/glyphosate-resistant corn volunteers. If successful, this can lead to farmers utilizing a lower

rate of QPE rather than increasing rates to overcome/reduce antagonism. Furthermore, precision sprayers
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with dual tank systems could be tested in other crops/situations to evaluate herbicide interactions in
various combinations.

Materials and Methods

Experimental Site

The field experiment was conducted in 2023 at the University of Nebraska-Lincoln’s South-Central
Agricultural Laboratory near Clay Center, NE. The project consisted of 2 replications, with 4 pseudo-
replicates in each. Plot size was 18 m wide by 46 m long. Large plot sizes were preferred due to ease of
application and sprayer coordination as the sprayer width was 120 feet with the capacity to apply
herbicide on minimum of 60 feet. Enlist corn was planted at 81,000 seeds ha* on May 11. Before planting
Enlist corn, glufosinate/glyphosate-resistant bin-run corn seeds were planted at 54,000 seeds ha using a
circular spreader on May 11. A preemergence (PRE) application of atrazine/bicyclopyrone/mesotrione/S-
metolachlor (Acuron; Syngenta Crop Protection, Greensboro, NC) at 2,890 g ai ha*and glufosinate
(Liberty; BASF Agriculture, Research Triangle Park, NC, USA) at 593 g ai ha* was applied on May 16.
Neither Enlist corn nor volunteer corn had emerged at the time of PRE herbicide application. No fall
herbicide was applied that could provide residual activity and hinder corn growth. Both replications were
under a no-till program. Due to field space constraints, both replications of treatments 1-4 were under
pivot irrigation, while both replications of treatments 5-7 were under rainfed conditions.

Herbicide Program

QPE (Assure 11, AMVAC Corporation, Newport Beach, CA, USA) rates of 39 and 77 g ai ha were
chosen and referred to as ‘lower rate’ and a ‘higher rate’, respectively for controlling volunteer corn
(Anonymous 2018a). Striegel et al., (2020) found that QPE rates of 31 and 39 g ai ha* can control
glyphosate/glufosinate-resistant volunteer corn >95% at 28 d after application (DAA). Thus, selected
rates were ideal for controlling volunteer corn. Treatments containing QPE included crop oil concentrate
(COC) at 1% v/v. Herbicide treatments consisted of QPE at 39 and 77 g ai ha* applied alone, mixed with
2,4-D choline at 1,064 g ae ha* (Anonymous 2018b) and applied in a separate tank using the dual tank

system (Table 1). In total, seven treatments were applied separately on June 15, with volunteer corn at the
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V3-V4 growth stage. AIXR 11015 flat fan nozzles (TeeJet Technologies; Spraying Systems) were used
for herbicide applications with a spray rate of 187 L ha* (Table 1).

Machine Design

The John Deere (Deere and Company, Moline, IL) 612R sprayer equipped with a dual tank system was
used for this project (Figure 1 and Figure 2). The machine was equipped with a boom length of 36 m (120
feet). Since the plot width was 18 m, the boom was folded in half during the application. Nozzle spacing
is designed at 38 cm which includes a nozzle directly over the row crop. The See and Spray™ feature was
equipped on this machine but was not activated during application because herbicides were applied in
broadcast application with the objective to evaluate herbicide interaction. The dual tank system, which is
equipped with tanks A & B, keeps the herbicides separate from ‘tip to tank’, to promote the separation of
active ingredients during application. Tank A is a 2,839 L capacity tank, which is larger than tank B’s
1,703 L capacity. Tank A is preferred to be used for a blanket broadcast application of residual herbicides
while Tank B can be used for See and Spray™ postemergence herbicide application. The machine is
labeled for applications up to 19 km h't in 2023, with expected speeds of 24 km h™ in 2024. Boom height
was 30 cm above the crop canopy. Boom height is preferred to be between 26 cm and 48 cm above the
ground or crop canopy for this machine.

Data Collection

Visual estimates of volunteer corn control were determined at 7, 14, 21, and 28 DAA on a scale of 0% to
100% where 0% indicates volunteer corn with no injury and 100% indicates complete control. Volunteer
corn density was determined by counting plants in two one m? quadrat side by side, in a random and
representative area of the plot at 14 and 28 DAA. Enlist corn injury was assessed at 14 and 28 DAA to
determine any phytotoxicity damage- with 0% indicating no damage from herbicide and 100% indicating
complete plant death due to herbicide injury. Enlist corn was harvested using a John Deere 9570 combine
and categorized using ArcGIS PRO version 3.2 (Ersi GIS Mapping Systems, Redlands, CA).

Data Analysis
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Colby (1967) developed a mathematical equation to calculate the expected control from two or

more herbicides applied in a mixture.

E=(X+Y)-(XY)100

where X is the percent control of herbicide A, Y is the percent control of herbicide B, and E is the
expected control with a mixture of A and B herbicides. Antagonism occurs when the mixture of
herbicides leads to less control than the herbicides applied individually (Colby, 1967). The expected
means of treatments containing QPE and 2,4-D choline were calculated and compared against the
observed control using a t-test (Singh et al., 2023). Data were analyzed in SAS studio (9.4) using the
PROC GLIMMIX package. Herbicide treatments and application techniques were used as fixed effects,
while block was treated as a random effect. Type 11 fixed effect tests were used to assess fixed effects
and treatment means were separated using LSMEANS with Tukey’s test at a= 0.05.

Results & Discussion

Volunteer Corn Control

QPE at 39 and 77 g ai ha® provided 73% and 83% control of volunteer corn 7 DAA, respectively (Table
2). Observed control of volunteer corn with QPE applied at 39 and 77 g ai ha™* with 2,4-D choline at
1,064 g ae hatin dual tank applications were 60% and 59%, respectively, compared with 35% and 43%
control when mixed in the same tank. Colby’s analysis indicated antagonism for both tank mix
treatments, and dual tank applications of QPE at 77 g ai ha'at 7 DAA. QPE at 39 and 77 g ai ha™* mixed
with 2,4-D choline (1,064 g ae ha) had 40% and 42% less than expected volunteer corn control,
respectively. Similarly, in dual tank, the higher rate of QPE (77 g ai ha™) provided 59% volunteer corn

control, 26% less than expected. Underwood et al. (2016) observed 57% control of glyphosate-resistant
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volunteer corn with QPE applied at 36 g ai ha™ 7 DAA, which increased to 92% at 14 DAA. This
suggests that QPE is a slow acting herbicide as it takes about 14 days to observe complete symptoms on
sensitive grass weeds. QPE at 39 and 77 g ai ha* with 2,4-D choline provided 85% and 98% control 14
DAA when applied in a dual tank, which was 15% and 8% higher than mixing QPE and 2,4-D choline in
a single tank, respectively. The observed control of QPE at 77 g ai ha! + 2,4-D choline in the dual tank
provided similar control (98%) compared to QPE applied alone at the same rate, indicating importance of
dual tank system because applying 2,4-D choline at the same time can provide control of glyphosate-
resistant broadleaf weeds such as Palmer amaranth and waterhemp. Tank mix applications at either rate
were antagonistic with observed control being 26% and 8% below the expected control for lower and
higher rate of QPE, respectively. Volunteer corn control in treatments containing QPE improved to > 92%
28 DAA; however, mixing QPE at 39 g ai ha® with 2,4-D choline in the same tank had an antagonistic
interaction (P=0.012) with 7% less than expected control of 99%. QPE at 39 g ai ha* with 2,4-D choline
applied using a dual tank provided 93% control of volunteer corn without antagonism, but numerically it
was 6% less than expected control of 99%, and 6% lower than QPE applied alone (Table 2).

Antagonistic effect of 2,4-D choline on QPE efficacy for controlling volunteer corn seemed to
minimize as the weeks progressed. Results of this study correlate with Singh et al., (2023) where 48% and
57% control 14 DAA was observed with QPE at 46 g ai ha™* + 2,4-D choline 800 g ae ha, and QPE at 93
g ai ha + 2,4-D choline at 1,060 g ae ha* applied at V3 growth stage of volunteer corn, which improved
to 91% and 98% control 28 DAA, respectively. VVolunteer corn control of 99% at 28 DAA with QPE
applied alone in this study reaffirms previous findings that it is an effective option for controlling
glufosinate/glyphosate-resistant volunteer corn (Underwood et al., 2016). The dual tank option of a

precision sprayer reduced the antagonistic effect but did not completely overcome it, especially at 7 DAA,;
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however, other findings suggest that QPE usually do not reach to full potential within 7 days (Underwood
et al., 2016; Chahal and Jhala, 2014).
Volunteer Corn Density

QPE applied alone at either rate resulted in density of one volunteer corn plant m=2 7 DAA, which
was similar to QPE + 2,4-D choline applied in a dual tank (Table 3). In contrast, QPE at 39 or 77 g ai ha™!
mixed with 2,4-D choline in the same tank resulted in 4 volunteer corn plant m=2 7 DAA. Volunteer corn
density was as low as 0 to 2 plants m=2in treatments that included QPE 14 and 28 DAA usually without
difference among them (Table 3).
Enlist Corn Injury

QPE + 2,4-D choline did not lead to any crop injury in this study (Table 4). There was a 5-7%
injury observed 7 and 14 DAA when 2,4-D choline was applied alone. These injury symptoms included
green snap and brace roots. Brace root symptoms are well documented when 2,4-D is applied alone or
mixed with other herbicides (Sikkema, 2017). Injury may be accentuated due to 2,4-D choline entering in
the whorl of corn. Corn injury was < 4% due to 2,4-D choline 28 DAA (Table 4).
Corn Yield

Corn yield was found to be statistically similar in all treatments (Figure 3). The numerically
highest corn yield of 15,866 kg ha* was found in QPE at 39 g ai ha* and 15,385 kg ha'in QPE at 77 g ai
ha*. With all treatments providing >92% control of volunteer corn 28 DAA, intraspecific competition
was minimal after this point. Broadleaf weeds were controlled in this study to avoid their effect on grass
weeds and corn yield. Identification of corn yield production from surviving volunteer corn was not
collected nor assessed; as yield from volunteer corn may not hinder hybrid corn yield as previously
mentioned.
Conclusion & Future Direction
As of 2024, QPE is the only labeled herbicide to control glufosinate/glyphosate-resistant volunteer corn in
Enlist corn (Anonymous 2018a). It is suggested to increase the rate of QPE when applying with broadleaf

herbicides such as 2,4-D choline due to potential antagonism (Webster 2019). With limited options,



65

growers can increase the rate of QPE or make two separate applications to avoid antagonism. The results
of this study suggest that dual tank technology can reduce antagonism of QPE mixed with 2,4-D choline
even if applied at the same time, but from different tank. Mixing QPE at 39 g ai ha* with 2,4-D choline at
1,064 g ae ha* was antagonistic until 28 DAA and until 14 DAA for higher rate of QPE i.e., 77 g ai ha*.
However, dual tank applications of QPE regardless of application rate (39 or 77 g ai ha') with 2,4-D
choline was additive at 14 DAA. Therefore, results suggest that dual tank technology can alleviate 2,4-D
choline antagonism and improve control of glufosinate/glyphosate-resistant volunteer corn with QPE
between 7 DAA-28 DAA. This is important to reduce volunteer corn competition with hybrid corn
planted. Zimmer et al. (2024) found that QPE at 62 g ai ha* +2,4-D choline at 1,065 g ae ha™ applied in a
dual tank provided 33% better control than mixing them in a single tank in field studies conducted in
Indiana. Singh et al. (2023) further found that increasing the rates of graminicides and QPE may not be
effective if the rate of broadleaf herbicides is increased.

The increase in volunteer corn control between 7 to 21 DAA with dual tank can alleviate
antagonism of QPE from 2,4-D choline; however, treatments containing QPE + 2,4-D choline provided >
92% control of volunteer corn 28 DAA. Provided this and similar yields across all treatments, it may not
be enough ‘kickback’ to justify investment in this technology in this scenario. However, many cases of
herbicide antagonism have been reported pertaining to multiple scenarios (Merritt et al., 2020; Zollinger
and Howatt, 2006), to which this technology could provide alleviation if antagonism between selected
herbicides is a tank compatibility issue. More research is needed to further test if dual tank technology can
alleviate other known cases of antagonism among other herbicide combinations such as dicamba +
clethodim or sethoxydim which are applied commonly in dicamba-resistant soybean. In this study,
herbicides were applied broadcast without activating See and Spray technology. This is because both the
weed and crop were corn. If volunteer corn control is in soybean, use of See & Spray technology of this
precision sprayer can reduce the amount of herbicides applied compared with broadcast application; thus
beneficial for growers. With improved control in higher rate applications of QPE, it may be suggested to

use the higher labeled rate of QPE when mixing 2,4-D choline in the same tank. Research of adjuvants,
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nozzle selection, and droplet size may play an important role in pinpointing cases of antagonism (Gizotti
de Moraes and Kruger, 2018; Penner 1989).
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Table 1: Herbicide treatments, rates, products, and application technique used for control of

glufosinate/glyphosate resistant volunteer corn in Enlist™ corn in field experiments conducted at Clay
Center, NE in 2023.
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Quizalofop-p-ethyl 39 Assure |1 -

Quizalofop-p-ethyl 77 Assure |1 -

2,4-D Choline 1,064 Enlist One -

QPE + 2,4-D Choline 39 + 1,064 Assure Il + Enlist One  Tank Mix (single tank)

QPE + 2,4-D Choline 77 + 1,064 Assure Il + Enlist One  Tank Mix (single tank)

QPE + 2,4-D Choline 39 + 1,064 Assure Il + Enlist One  Dual Tank (separate
tank)

QPE + 2,4-D Choline 77 + 1,064 Assure Il + Enlist One  Dual Tank (separate

*Quizalofop-p-ethyl was tank)

mixed with Crop Qil
Concentrate (COC) at 1%
viv

Table 2: Control of glufosinate/glyphosate-resistant corn volunteers with quizalofop-p-ethyl (QPE) and
2,4-D choline in a single tank and dual tank at 7, 21, and 28 d after application (DAA) when applied at the
V4 volunteer corn growth stage in Enlist™ corn in field study conducted at Clay Center, NE in 2023.

Herbicide*** Rate AT>* 7 DAA 14 DAA 28 DAA
g ai ha' Observed Expected Observed Expected Observed Expected
%
QPE 39 73 ab -- 93 ab -- 99a
QPE 77 83a - 98a - 99a
2,4-D Choline 1,064 1le - 15e - 13¢
QPE +2,4-D  39+1,064 Tank- 35d 75* 70d 96* 92b 99*

Choline mixed



QPE+2,4-D 77+1,064
Choline
QPE+2,4-D 39+1,064
Choline
QPE+24-D 77+1,064
Choline

A Asterisks (*) indicate the observed and expected values are significantly different according to the t-test

Tank- 43 cd 85*
mixed

Dual 60 b 75
tank

Dual 59 bc 85*
tank

(P<0.05), suggesting antagonistic interactions.

Bx*xA T.= Application Technique

Caxx QPE= Quizalofop-p-ethyl

90 bc 98*
85¢ 96
98 a 98
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97 a 99
93ab 99
99 a 99

Table 3: Density of glufosinate/glyphosate-resistant corn volunteers with quizalofop-p-ethyl (QPE) and
2,4-D choline mixture in single tank and dual tank applications at 7, 21, and 28 d after application (DAA)
applied at the V4 volunteer corn stage in Enlist Corn™ at in field study conducted at Clay Center, NE in

2023.
Herbicide* Rate AT> 7 DAA 14 DAA 28 DAA
g ai hat
Plants m
QPE 39 -- lc Oc 0b
QPE 77 - lc Oc Ob
2,4-D Choline 1,064 - 5a 5a 4a
QPE + 2,4-D Choline  39+1,064 Tank-Mixed 4 ab 2b 1b
QPE + 2,4-D Choline  77+1,064 Tank-Mixed 4b lc Ob
QPE + 2,4-D Choline  39+1,064 Dual Tank lc Oc Ob
QPE + 2,4-D Choline  77+1,064 Dual Tank lc Oc Ob

A*A T.= Application Technique



B ** QPE= Quizalofop-p-ethyl

Table 4: Enlist™ corn crop injury for quizalofop-p-ethyl (QPE) and 2,4-D choline treatments when

applying from a single tank or dual tank in field experiments conducted near Clay Center, NE in 2023.

72

Herbicide* Rate AT* 7DAA 14 DAA 28 DAA
gaihat
%
QPE 39 - 0a 0a Oa
QPE 77 - 0a Oa Oa
2,4-D Choline 1,064 - 7a 5a Oa
QPE + 2,4-D Choline 39+1,064 Tank-Mix Oa Oa Oa
QPE + 2,4-D Choline 77+1,064 Tank-Mix Oa O0a Oa
QPE + 2,4-D Choline 39+1,064 Dual Tank Oa Oa Oa
QPE + 2,4-D Choline 77+1,064 Dual Tank Oa O0a Oa

A*AT.= Application Technique
B **QPE= Quizalofop-p-ethyl
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Figure 1: John Deere’s precision sprayer with 120 feet long boom unfolded before application of
herbicides in a study conducted at the University of Nebraska—Lincoln’s South Central Ag Lab near Clay
Center, Nebraska.

Figure 2: John Deere’s precision sprayer with dual tank system with capacity to apply two herbicides in a
separate tank in a study conducted at the University of Nebraska—Lincoln’s South Central Ag Lab near
Clay Center, Nebraska.
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P-Value= 0.31 Tank Mix Dual Tank
Figure 3: Effect of herbicide programs and application technique for control of glufosinate/glyphosate-
resistant corn volunteers on yield of Enlist corn in a field study conducted near Clay Center, NE in 2023.
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