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in dicamba-resistant soybean
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1Department of Agronomy and Plant Genetics, University of Minnesota, St. Paul, MN, United States,
2Department of Plant Sciences, North Dakota State University, Fargo, ND, United States, 3Department
of Plant and Agroecosystem Sciences, University of Wisconsin–Madison, Madison, WI, United States
In February 2024, the United States Environmental Protection Agency (EPA)

vacated the registrations of dicamba products for over-the-top applications on

dicamba-resistant cotton and soybean following a court ruling. This decision has

raised significant concerns among United States farmers, who now have limited

chemical options to manage tough-to-control weeds. However, the risk of off-

target dicamba movement to sensitive plants remains a critical issue. If permitted

in the future, applying dicamba as a preemergence (PRE) treatment, tank-mixed

with other soil residual herbicides, could help reduce off-target movement while

preserving its utility for managing problem weeds. Field experiments were

conducted in 2022 and 2023 in Minnesota and North Dakota, and in 2021 and

2022 in Wisconsin, to evaluate the effectiveness of dicamba-based PRE herbicide

mixtures in soybean. Across all site-years, dicamba tank mixed with other soil

residual herbicides provided better control of targeted weed species at 21 d after

treatment (DAT) compared to applying the residual herbicides alone. In

Minnesota, dicamba-based herbicide tank mixes provided an average

waterhemp control of 72%, compared to 59% for treatments without dicamba

at 21 DAT. Similarly, in North Dakota, waterhemp control at 21 DAT improved

from 74% with residual herbicides alone to 97% when tank mixed with dicamba.

In Wisconsin, dicamba-based tank mixes resulted in 96% control of common

ragweed and 83% of velvetleaf, versus 83% and 73% for those species,

respectively, without dicamba. At the Minnesota site, adding dicamba to

residual herbicides improved common lambsquarters and giant ragweed

control by 17% and 20%, respectively, and their densities were reduced by at

least 50%. At the North Dakota site, kochia control was improved by 23% with

dicamba PRE. The results from this research outlined the effectiveness of PRE

application of dicamba tank mixed with other residual herbicides for effective

weed management in the Upper Midwest.
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1 Introduction

Soybean [Glycine max (L.) Merr.] is an important crop in the

United States, with an estimated planted area of 34.84 million

hectares in 2024 (Anonymous, 2024a). Weeds can potentially cause

soybean yield losses worth US $16.2 billion in the United States

when no control measures are applied (Soltani et al., 2017). With

the widespread distribution of glyphosate-resistant (GR) weeds

such as Palmer amaranth (Amaranthus palmeri S. Watson),

waterhemp [Amaranthus tuberculatus (Moq.) J. D. Sauer],

common ragweed (Ambrosia artemisiifolia L.), giant ragweed

(Ambrosia trifida L.), kochia [Bassia scoparia (L.) A. J. Scott], and

horseweed (Erigeron canadensis L.), there is an increasing trend in

the use of preemergence (PRE) herbicides in the United States

(Beckie et al., 2019).

Dicamba is an auxin mimic herbicide [Weed Science Society of

America’s (WSSA’s) herbicide site of action Group 4] commonly

used for postemergence (POST) control of broadleaf weeds in

pastures, turf, and cereal crops (Shaner, 2014). It is highly soluble

in water (4,500 mg L−1 at 25°C) and has low soil binding properties

(soil sorption coefficient normalized to organic carbon, Koc = 2 g

mL−1), therefore, can be used in limited rainfall environments to

achieve greater residual activity (Cojocaru et al., 2013; Shaner, 2014;

Silva et al., 2023). However, it is important to note that higher water

solubility and low sorption potential of dicamba can increase the

risk of leaching under higher rainfall conditions (Gazola et al.,

2022). The commercialization of dicamba-resistant soybean and

cotton (Gossypium hirsutum L.) allowed farmers to use dicamba

POST in these crops to control GR weeds. Following

commercialization, soybean farmers in the United States rapidly

adopted dicamba-resistant traits (Roundup Ready2 Xtend®:

glyphosate and dicamba resistant; XtendFlex®: glyphosate,

dicamba, and glufosinate resistant). Dicamba use in soybean

increased nearly 97-fold ranging from 0.078 to 7.6 million kg of

active ingredients between 2015 and 2020 due to the adoption of

dicamba-resistant traits and the use of over-the-top dicamba in the

United States (Mortensen et al., 2024).

Physical drift of herbicide can injure nearby sensitive plants

when sprayed using improper nozzles or under high wind speed

and gusts. Additionally, dicamba’s high vapor pressure makes it

highly volatile, allowing it to vaporize easily. The vaporized form of

dicamba, along with finer spray particles, can be carried by the wind

under certain conditions, often referred to as “temperature

inversions” and “atmospheric loading” (Hammer et al., 2024;

Oseland et al., 2024; Sarangi et al., 2021; Soltani et al., 2020). In

2021, the United States Environmental Protection Agency (EPA)

received nearly 3,500 dicamba injury complaints caused by off-

target movement of dicamba to sensitive crops including row crops,

orchards, and vegetables (Anonymous, 2021). This volatility has led

to widespread damage to dicamba-susceptible soybean and other

broadleaf plants, prompting the EPA to implement stricter

application restrictions (Anonymous, 2020). Some states,

including Minnesota, imposed additional state-specific restrictions

for dicamba use like date and temperature cut-off limits

(Anonymous, 2022). Following a recent court ruling in February
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2024, the EPA issued an order for the limited sale and distribution

of dicamba products in the United States for 2024, with the future of

dicamba application in soybean and cotton remaining uncertain

(Anonymous, 2024b). In addition to off-target movement concerns,

the heavy reliance on dicamba POST for controlling GR weeds has

exerted strong selection pressure, leading to the evolution of

dicamba resistance in weeds such as kochia, Palmer amaranth,

and waterhemp (Dhanda et al., 2024; Foster and Steckel, 2022;

Heap, 2024; Kumar et al., 2019; Singh et al., 2024).

Applying dicamba PRE can reduce the potential of volatilization

compared to POST applications (Striegel et al., 2021). Since PRE

applications are made to bareground before the emergence of both

soybean and weeds, temperature inversions are less frequent earlier

in the season, which reduces the risk of dicamba volatilization. The

application of PRE herbicides can reduce overreliance on POST

herbicides (Knezevic et al., 2019). Additionally, PRE herbicides can

extend the window before POST applications are needed, helping to

manage early-season weed competition (Knezevic et al., 2013). A

previous greenhouse experiment showed that control of dicamba-

resistant kochia increased from 10% with dicamba (at 560 g ae ha−1)

applied POST to 97% with dicamba (420 g ae ha−1) applied PRE,

indicating the significance of PRE application of dicamba (Ou et al.,

2018). Johnson et al. (2010) reported that PRE application of

dicamba provided 97% control of common lambsquarters

(Chenopodium album L.) and horseweed at 21 days after

treatment (DAT). However, limited information is available on

the effect of PRE application of dicamba when tank mixed with

other soil residual herbicides on weed control in dicamba-resistant

soybean. The objective of this research was to compare the efficacy

of commonly used PRE herbicides, with or without the addition of

dicamba at 560 g ae ha−1 in tank mixes, for weed control in

dicamba-resistant soybean in the Upper midwestern United States.
2 Materials and methods

Field experiments were conducted at three locations in

Minnesota, North Dakota, and Wisconsin: the University of

Minnesota’s Rosemount Research and Outreach Center in

Rosemount, MN (44°42′ N; 93°04′ W), North Dakota State

University’s Research Farm in Fargo, ND (46°55′ N; 96°51′ W),

and the University of Wisconsin-Madison’s Arlington Agricultural

Research Station near Arlington, WI (43°30′ N; 89°33′ W).

Experiments were carried out in 2022 and 2023 in Minnesota and

North Dakota and in 2021 and 2022 in Wisconsin. Additionally, a

separate experiment for kochia control was conducted in 2023 at

the North Dakota site, totaling seven site-years. The soil type at the

Minnesota site was silty clay loam (8.7% sand, 57.6% silt, and 33.7%

clay) with 4.5% organic matter and 6.0 pH. The soil at the North

Dakota site was silty clay (2.2% sand, 41.1% silt, and 56.7% clay)

with 5.3% organic matter and a pH of 8.0. At the Wisconsin site, the

soil was Plano silt loam (7% sand, 68% silt, and 25% clay) with 3.4%

organic matter and a pH of 6.4 in 2021 and 5.9 in 2022. All sites

were under conventional tillage [two-pass tillage in the fall and

spring (2–3 days before soybean planting)], except for the North
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Dakota site in 2023, which was under a no-till system. All tillage-

based site-years were weed-free at the time of soybean planting and

PRE application. Paraquat (Gramoxone® SL 3.0; Syngenta Crop

Protection, Greensboro, NC, 27409) at 420 g ai ha−1 plus non-ionic

surfactant (NIS) at 0.25% were applied 1 day before planting to

control weeds at the North Dakota sites in 2023. Treatments were

laid out in a randomized complete block design with four

replications with a plot size of 9- by 3-m length and width.

Soybean was planted in 76.2-cm row spacing across all site-years.

Soybean planting and harvesting dates, variety and seeding rate

information, and herbicide application dates are provided in

Table 1, and the PRE herbicide treatment details are outlined in

Table 2. Acetochlor and fomesafen premix treatment was not

included in the North Dakota site, as this herbicide cannot be

applied in this region due to geographic restrictions (Anonymous,

2024c). Dicamba-only PRE treatment was not included in

Wisconsin in 2021; however, it was included in 2022. Herbicides

were applied using a CO2-pressurized backpack sprayer equipped

with TTI 110015 nozzles (Teejet, Springfield, IL, 62703) at the

Minnesota andWisconsin sites, and TTI 11002 nozzles at the North

Dakota site, calibrated to deliver 140 L ha−1 of spray solution at 248

kPa. Daily air temperature (°C) and precipitation (mm) data for

each growing season for all site-years were collected from nearby

weather stations. Percent weed control was estimated visually at 21

DAT on a scale of 0%–100%, where 0% means no control and 100%

means complete control. This research utilized naturally occurring

weed populations at respective sites, with data collected only on the

dominant species. At the Minnesota site, waterhemp and common

lambsquarters control were evaluated in both 2022 and 2023, while

giant ragweed control was estimated only in 2023, along with the

other two species. At the North Dakota site, waterhemp control was

measured in 2022 and 2023, and kochia control was evaluated in

2023 at a separate experiment. In Wisconsin, common ragweed and

velvetleaf (Abutilon theophrasti Medik.) control were estimated in

both 2021 and 2022. Weed density at the Minnesota site was

recorded at 21 DAT by placing two 0.5- by 0.5-m quadrats

randomly between the middle two soybean rows in each plot, and

the data were converted to plants m−2. Soybean injury data were

visually recorded at 21 DAT across all site-years using a 0%–100%

scale, where 0% means no injury and 100% means soybean plant
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death. The soybean stand was recorded only at the Minnesota site

by counting the number of plants from 1 m of the two center rows

of each plot at 21 DAT.
2.1 Statistical analyses

The data were analyzed using R statistical software (R Core

Team, 2024). Given the variability and abundance of weed species

across the experiment sites, data on each weed species from each

site were analyzed separately. Percent weed control and soybean

injury data were subjected to generalized linear mixed models using

“beta” distribution with a “log” link function in glmmTMB package

(Brooks et al., 2017). Weed density and soybean stand count data

were subjected to generalized linear mixed models but using a

“negative binomial” distribution with a “log” link function. The

PRE herbicide treatment was considered a fixed effect, and

replications nested within years (or replication alone in the

single-year data) were considered random effects. Model

assumptions were verified by plotting simulated residuals and

estimating goodness-of-fit using DHARMa package (Hartig,

2024). Analysis of variance (ANOVA) and Type III Wald chi-

square tests were performed followed by mean separation using

Fisher’s protected LSD at a = 0.05. A priori orthogonal contrast

analysis was performed to compare the efficacy of PRE herbicide

programs with and without dicamba addition in the tank mixture.
3 Results and discussion

The average temperature at the Minnesota site was 18°C and

19°C, and the total precipitation (from May to June) was 130 and

101 mm in 2022 and 2023, respectively (Figure 1). At the North

Dakota site, the average temperature was 17°C and 20°C and the

total precipitation (from May to June) was 154 and 169 mm in 2022

and 2023, respectively. The average temperature at the Wisconsin

site was 18°C and 17°C and the total precipitation (from May to

June) was 182 and 207 mm in 2021 and 2022, respectively

(Figure 1). Soybean injury from PRE herbicide treatments was

minimal (<10%) at Minnesota and Wisconsin sites at 21 DAT,
TABLE 1 Details for the field experiments conducted from 2021 to 2023 in Minnesota, North Dakota, and Wisconsin.

Site Year Soybean variety Seeding rate Planting date
Preemergence herbicide

application date

—– seeds ha−1 —–

Rosemount, Minnesota 2022 AG17XF2 368,030 May 25 May 26

2023 AG15XF2 368,030 May 17 May 20

Fargo, North Dakota 2022 AG09XF0 385,320 May 24 May 24

2023 AG07XF2 385,320 May 21 May 22

Arlington, Wisconsin 2021 AG20XF1 345,800 May 12 May 12

2022 AG20XF1 345,800 May 9 May 10
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and no soybean injury was observed at the North Dakota site (data

not shown). In addition, no soybean stand reduction was observed

at the Minnesota site (data not shown).
3.1 Waterhemp control

In Minnesota, all PRE herbicide treatments tank mixed with

dicamba provided 69%–76% residual control of waterhemp at 21

DAT, which was comparable to acetochlor and fomesafen (69%),

acetochlor plus metribuzin (67%), and dicamba-only (60%)

treatments (Table 3). Acetochlor, when tank mixed with dicamba,

reduced waterhemp density to 1 plant m−2, which was similar to

acetochlor and fomesafen plus dicamba, and acetochlor plus

metribuzin treatments (2 plants m−2). Dicamba-only PRE

treatment reduced waterhemp density by 72% compared to the

non-treated control at 21 DAT. Benoit et al. (2019) reported 54%

control and 56% density reduction of waterhemp resistant to WSSA

Groups 2, 5, and 9 with PRE application of dicamba. Hedges et al.

(2018) reported that PRE application of pyroxasulfone plus premix of

glyphosate and dicamba resulted in 98% control of GR waterhemp at

28 DAT. In this research in Minnesota, adding dicamba to a premix

of metribuzin and sulfentrazone reduced waterhemp density by 55%

and 88% compared to metribuzin and sulfentrazone only and non-

treated control treatments, respectively, indicating the significance of

adding dicamba as PRE in a mixture with other residual herbicides

(Table 3). When averaging across the treatments, contrast analysis
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indicated that waterhemp control increased from 59% to 72% and

density reduced from 7 to 3 plants m−2 with dicamba-based mixtures

compared to non-dicamba treatments (Figures 2, 3). The relatively

lower waterhemp control with all the PRE herbicides at the

Minnesota site was likely due to lower rainfall after herbicide

application (Figure 1).

In North Dakota, all dicamba-based PRE herbicide mixtures,

except for flumioxazin and pyroxasulfone premix plus dicamba,

provided 98% waterhemp control at 21 DAT (Table 4). Waterhemp

control was lower (≤ 65%) with flumioxazin alone or flumioxazin and

pyroxasulfone; however, when dicamba was tank-mixed with these

herbicides, control increased to ≥94%. Averaging across the treatments,

tank mixing dicamba with soil residual herbicides provided 97%

waterhemp control compared to 74% control with herbicide

treatments without dicamba (Figure 2). A recent study conducted in

Ontario, Canada reported 59% and 89% control of waterhemp with a

separate PRE application of dicamba and acetochlor, respectively;

however, the control increased to 94% when dicamba was tank

mixed with acetochlor (Symington et al., 2024). The same study also

reported that combined PRE application of dicamba plus acetochlor

reduced waterhemp density by 98% compared to non-treated control.
3.2 Common lambsquarters control

Dicamba applied alone or in a tank mix with other PRE herbicides

resulted in 56%–67% control of common lambsquarters at 21 DAT in
TABLE 2 List of preemergence herbicide treatments, rates, trade names, manufacturers, and adjuvants used in the field experiments for weed control
in dicamba-resistant soybean from 2021 to 2023 in Minnesota, North Dakota, and Wisconsin.

Herbicidea Rate Trade name Manufacturerb Adjuvantc,d

– g ae or ai ha−1 –

Non-treated – – – –

Acetochlor 1,260 Warrant® Bayer –

Acetochlor and fomesafen 1,234 and 276 Warrant® Ultra Bayer –

Acetochlor + metribuzin 1,260 + 280 Warrant® + Mauler™ Bayer + Valent –

Flumioxazin 70 Valor® EZ Valent –

Flumioxazin and pyroxasulfone 70 and 89 Fierce® EZ Valent –

Metribuzin and sulfentrazone 189 and 126 Authority® MTZ FMC –

Acetochlor + dicamba 1,260 + 563 Warrant® + XtendiMax® VaporGrip® Bayer VRA

Acetochlor and fomesafen + dicamba 1,234 and 276 + 563 Warrant® Ultra + XtendiMax® VaporGrip® Bayer VRA + DRA

Acetochlor + metribuzin + dicamba 1,260 + 280 + 563 Warrant® + Mauler™ + XtendiMax® VaporGrip® Bayer + Valent VRA

Flumioxazin + dicamba 70 + 563 Valor® EZ + XtendiMax® VaporGrip® Valent + Bayer VRA

Flumioxazin and pyroxasulfone + dicamba 70 and 89 + 563 Fierce® EZ + XtendiMax® VaporGrip® Valent + Bayer VRA + DRA

Metribuzin and sulfentrazone + dicamba 189 and 126 + 563 Authority® MTZ + XtendiMax® VaporGrip® FMC + Bayer VRA

Dicamba 563 XtendiMax® VaporGrip® Bayer VRA
aAcetochlor and fomesafen, and acetochlor and fomesafen + dicamba were not evaluated at the North Dakota site during both years, whereas only dicamba treatment was not evaluated at the
Wisconsin site during 2021.
bManufacturer address: Bayer, Bayer Crop Science, St. Louis, MO, 63167; FMC, FMC Corporation, Philadelphia, PA, 19104; Valent, Valent USA Corporation, Walnut Creek, CA, 94583.
cAbbreviations: VRA, volatility reducing agent; DRA, drift reduction agent.
dVaporGrip® Xtra was used at 1% v/v as VRA. INTACT drift control & foliar agent at 0.5% v/v was used as DRA.
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Minnesota, which was similar to flumioxazin alone (61%) (Table 3).

The contrast analysis showed that dicamba-based PRE herbicide

mixtures provided an average common lambsquarters control of

62%, compared to only 45% control achieved by non-dicamba

treatments (Figure 2). All dicamba-based mixtures reduced common

lambsquarters density by ≥77% compared to non-treated control in

Minnesota. Non-treated control had a common lambsquarters density

of 52 plants m−2, which was similar to PRE application of acetochlor-

alone (23 plants m−2) and metribuzin and sulfentrazone premix (34

plants m−2) treatments; however, the density reduced to ≤9 plants m−2

when dicamba was mixed to these herbicides (Table 3). Jha et al. (2015)

also reported relatively lower control of common lambsquarters (51%–

65%) with PRE application of acetochlor in corn (Zea mays L.). The

contrast analysis also showed that adding dicamba in the tank mixture

reduced common lambsquarters density substantially (9 plants m−2)

compared to non-dicamba tank mixes (20 plants m−2) (Figure 3).
3.3 Giant ragweed control

In Minnesota at 21 DAT, tank mixing dicamba with soil

residual herbicides (except for acetochlor and fomesafen premix)

improved giant ragweed control compared to the herbicides applied
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38% control of giant ragweed at that time. Johnson et al. (2010) also

reported <10% giant ragweed control with PRE application of

dicamba. When averaged across the treatments, dicamba-based

PRE herbicide mixtures resulted in 34% giant ragweed control

compared to only 14% control achieved by non-dicamba

treatments (Figure 2). Similarly, dicamba in tank mixtures

reduced average giant ragweed density to 4 plants m−2 compared

to herbicide treatments without dicamba (8 plants m−2) (Figure 3).

Soltani et al. (2011) reported that PRE application of dicamba in

corn resulted in 60%–80% giant ragweed control and reduced

density by 45% compared to non-treated control. Giant ragweed

is an early-emerging weed and continues to germinate later in the

growing season (Schutte et al., 2012); therefore, the PRE application

of dicamba would be effective when tank-mixed with another

effective PRE herbicide. Residual control of giant ragweed is

challenging because of its larger seed size. Silva et al. (2023)

reported greater giant ragweed control with PRE application of

dicamba in corn with 21 mm of rainfall received within 15 d of

application. However, in the present study, the amount of rainfall

received within 15 days of PRE application at the site was only 8 and

2 mm during 2022 and 2023, respectively, which resulted in lower

control (Figure 1).
FIGURE 1

Daily average air temperature (°C) and precipitation (mm) in May and June: Arlington, Wisconsin (2021–2022), Fargo, North Dakota (2022–2023),
and Rosemount, Minnesota (2022–2023). The “PRE” indicates the date of preemergence herbicide application.
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TABLE 3 The effect of preemergence herbicide treatments on the control and density of waterhemp, common lambsquarters, and giant ragweed at
21 days after treatment in field experiments conducted in Rosemount, Minnesota, in 2022 and 2023a,b.

Herbicide Rate

Waterhemp Common
lambsquarters

Giant ragweed

Control Density Control Density Control Density

g ae or ai ha-1 — % — #plants m−2 — % — #plants m−2 — % — #plants m−2

Non-treated – – 43 a – 52 a – 8 ab

Acetochlor 1,260 54 cd 4 bcde 45 cd 23 abc 8 e 15 a

Acetochlor and fomesafen 1,234 and 276 69 abc 4 bcde 40 d 17 bcde 18 cde 6 bc

Acetochlor + metribuzin 1,260 + 280 67 abc 2 ef 48 bcd 18 bcd 12 de 8 ab

Flumioxazin 70 58 bcd 9 bcd 61 abc 11 cdef 18 cde 5 bc

Flumioxazin and pyroxasulfone 70 and 89 49 d 10 bc 38 d 18 bcd 13 de 7 ab

Metribuzin and sulfentrazone 189 and 126 51 cd 11 b 32 d 34 ab 15 de 7 ab

Acetochlor + dicamba 1,260 + 563 71 ab 1 f 62 ab 9 def 22 bcd 6 bc

Acetochlor and fomesafen + dicamba 1,234 and 276 + 563 74 a 2 ef 66 a 7 ef 25 abcd 5 bc

Acetochlor + metribuzin + dicamba 1,260 + 280 + 563 73 ab 3 cde 56 abc 9 def 40 ab 3 bc

Flumioxazin + dicamba 70 + 563 69 abc 3 cde 63 a 9 def 43 a 4 bc

Flumioxazin and pyroxasulfone + dicamba 70 and 89 + 563 69 abc 4 bcde 67 a 12 cdef 43 a 4 bc

Metribuzin and sulfentrazone + dicamba 189 and 126 + 563 76 a 5 bcde 58 abc 6 f 34 abc 4 bc

Dicamba 563 60 abcd 12 b 67 a 9 def 38 ab 2 c
F
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aMeans within the same column with no common letter(s) are significantly different based on Fisher’s Protected LSD (p < 0.05).
bGiant ragweed control and density were only evaluated in 2023 experiment at Rosemount, Minnesota.
FIGURE 2

Percent weed control at 21 days after treatment with and without dicamba in combination with residual herbicides applied preemergence. Triangles
in the boxplot represent replicated data points, the cross (x) represents the estimated mean, gray circles represent boxplot outliers, and the solid
black line within each box represents the median. Mean weed control comparisons are presented as significant at p < 0.01 (**) and p < 0.001 (***).
Common lambsquarters, giant ragweed, and waterhemp were present at the Minnesota (MN) site; waterhemp and kochia were present at the North
Dakota (ND) site; and common ragweed and velvetleaf were present at the Wisconsin (WI) site.
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FIGURE 3

Weed density at 21 days after treatment at the Minnesota site with and without dicamba in combination with residual herbicides applied
preemergence. Triangles in the boxplot represent replicated data points, the cross (x) represents the estimated mean, gray circles represent boxplot
outliers, and the solid black line within each box represents the median. Mean weed density comparisons are presented as significant at p <
0.001 (***).
TABLE 4 The effect of preemergence herbicide treatments on waterhemp and kochia control at 21 days after treatment in field experiments
conducted in Fargo, North Dakota, in 2022 and 2023a,b,c.

Herbicidec Rate Waterhemp control Kochia control

— g ae or ai ha−1 — ——– % ——– ——– % ——–

Acetochlor 1,260 79 d 23 e

Acetochlor and fomesafen 1,234 and 276 – –

Acetochlor + metribuzin 1,260 + 280 78 d 56 d

Flumioxazin 70 62 e 64 cd

Flumioxazin and pyroxasulfone 70 and 89 65 e 76 bc

Metribuzin and sulfentrazone 189 and 126 84 cd 87 ab

Acetochlor + dicamba 1,260 + 563 98 a 85 ab

Acetochlor and fomesafen + dicamba 1,234 and 276 + 563 – –

Acetochlor + metribuzin + dicamba 1,260 + 280 + 563 98 a 86 ab

Flumioxazin + dicamba 70 + 563 98 a 93 a

Flumioxazin and pyroxasulfone + dicamba 70 and 89 + 563 94 b 89 a

Metribuzin and sulfentrazone + dicamba 189 and 126 + 563 98 a 94 a

Dicamba 563 88 c 86 ab
F
rontiers in Agronomy
 07
aKochia control was only evaluated in 2023 as a separate experiment from waterhemp in Fargo, ND.
bAcetochlor and fomesafen, and acetochlor and fomesafen + dicamba were not evaluated during both years.
cMeans within the same column with no common letter(s) are significantly different based on Fisher’s protected LSD (p < 0.05).
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3.4 Common ragweed control

Common ragweed and velvetleaf were the two predominant

weed species at the Wisconsin research site in 2021 and 2022.

Dicamba applied alone or in a tank mixture with other PRE

herbicides resulted in ≥94% control of common ragweed, which

was better than any of the PRE treatments without dicamba at 21
Frontiers in Agronomy 08
DAT (Table 5). The contrast analysis also showed that

dicamba-based PRE herbicide mixtures provided an average

common ragweed control of 96% compared to 83% control with

non-dicamba herbicides (Figure 2). Jha et al. (2022) also reported

that adding dicamba to a premix of metribuzin and sulfentrazone

increased common ragweed control from 80% to 99% compared to

metribuzin and sulfentrazone only. In a field experiment conducted
TABLE 5 The effect of preemergence herbicide treatments on common ragweed and velvetleaf control at 21 days after treatment in field experiments
conducted in Arlington, Wisconsin, in 2021 and 2022a.

Herbicide Rate Common ragweed control Velvetleaf control

—— g ae or ai ha-1 —— —————— % —————— —————— % ——————

Acetochlor 1,260 81 cd 61 cd

Acetochlor and fomesafen 1,234 and 276 84 bcd 59 cd

Acetochlor + metribuzin 1,260 + 280 84 bcd 72 bc

Flumioxazin 70 86 bc 90 a

Flumioxazin and pyroxasulfone 70 and 89 87 bc 92 a

Metribuzin and sulfentrazone 189 and 126 74 d 50 d

Acetochlor + dicamba 1,260 + 563 96 >a 85 ab

Acetochlor and fomesafen + dicamba 1,234 and 276+ 563 96 a 85 ab

Acetochlor + metribuzin + dicamba 1,260 + 280 + 563 96 a 83 ab

Flumioxazin + dicamba 70 + 563 96 a 92 a

Flumioxazin and pyroxasulfone + dicamba 70 and 89 + 563 96 a 91 a

Metribuzin and sulfentrazone + dicamba 189 and 126 + 563 96 a 84 ab

Dicamba 563 94 ab 82 abc
frontiersin.org
aMeans within the same column with no common letter(s) are significantly different based on Fisher’s Protected LSD (P < 0.05).
FIGURE 4

Weed control at 21 days after treatment as affected by the tank mixtures of dicamba with soil residual herbicides applied preemergence in dicamba-
resistant soybean in Rosemount, Minnesota in 2022. Treatments are (A) non-treated control, (B) flumioxazin and pyroxasulfone, (C) flumioxazin and
pyroxasulfone + dicamba, and (D) dicamba only.
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in Ontario, Canada, Soltani et al. (2018) reported that PRE

application of dicamba at 600 g ae ha−1 resulted in 100% control

and density reduction in GR common ragweed in corn at 28 DAT.
3.5 Velvetleaf control

In Wisconsin, flumioxazin-based PRE herbicide treatments

provided ≥90% velvetleaf control, regardless of the dicamba tank

mix. This was comparable to dicamba only (82%) and all

dicamba-based tank-mix PRE treatments (≥ 83%) at 21 DAT

(Table 5). Sarangi and Jhala (2019) also reported 98% velvetleaf

control with PRE application of flumioxazin and pyroxasulfone

in soybean at 28 DAT. Similarly, Mahoney et al. (2014) also

reported that PRE application of flumioxazin and pyroxasulfone

resulted in 94% control of velvetleaf at 28 DAT. When averaged

across the treatments, dicamba-based PRE herbicide mixtures

provided 83% velvetleaf control compared to 73% control

obtained with herbic ide treatments without dicamba

(Figure 2). Jha et al. (2022) reported 47% and 70% velvetleaf

control with acetochlor and a premix of metribuzin and

sulfentrazone, respectively; however, control increased to 83%

and 91% with the addition of dicamba.
3.6 Kochia control

In Fargo, North Dakota, dicamba-based herbicide mixtures

resulted in 85%–94% kochia control, which was similar to dicamba

alone (86%) or metribuzin and sulfentrazone premix (87%) at 21 DAT

(Table 4). Ou et al. (2018) reported that PRE application of dicamba at

280–420 g ae ha−1 resulted in 75%–97% control of dicamba-resistant

kochia, whereas POST application of dicamba at 560 g ae ha−1

provided only 10% control. The same research also reported that

PRE application of dicamba at 560 g ae ha−1 could provide consistent

kochia control in fields where seed densities range from 1 to 1,200

viable seeds m−2 and no dicamba resistance observed. Acetochlor alone

provided 23% kochia control in North Dakota, but the control

improved substantially to 85% when dicamba was tank mixed with

acetochlor (Table 4). The contrast analysis indicated that dicamba-

based herbicide mixtures resulted in an average of 84% kochia control

compared to only 61% control achieved with non-dicamba

treatments (Figure 2).
3.7 Practical applications

This research was conducted over seven site-years across

diverse environmental and soil conditions in the Upper Midwest,

focusing on the six most dominant weed species in soybean. The

findings demonstrate that applying dicamba-based herbicide

mixtures as PRE treatments can be an effective option to control

problematic weeds in dicamba-resistant soybean compared to using

soil residual herbicides alone (Figure 4). Dicamba, known for its
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high water solubility and low soil binding property (Cojocaru et al.,

2013; Shaner, 2014), can be beneficial when used as a PRE herbicide

in tank mixtures with other residual herbicides. This combination

helps mitigate the performance risks typically associated with the

reduced efficacy of soil residual herbicides under drought

conditions, where low soil moisture availability can limit their

effectiveness. Applying dicamba PRE is expected to minimize its

off-target movement to sensitive plants compared to its POST

application. Weeds resistant to dicamba have been confirmed in

the United States (Foster and Steckel, 2022; Heap, 2024; Kumar

et al., 2019; Singh et al., 2024). However, applying dicamba as a PRE

treatment along with other soil residual herbicides can diversify the

herbicide sites of action and reduce the selection pressure exerted by

a single herbicide. In some cases, PRE application of dicamba

achieved satisfactory control of dicamba-resistant weeds, whereas

dicamba applied POST at the same dose did not provide

comparable control (Ou et al., 2018). However, it is important to

note that applying dicamba as a PRE treatment in non-dicamba-

resistant soybean should be avoided to prevent crop injury. This

research highlights the new use of dicamba as PRE treatment in

dicamba-resistant soybean, offering effective weed control while

reducing the risk of off-target movement. The findings provide

valuable insights for registrants, legislators, and policymakers,

helping them make informed decisions about the future use of

dicamba in dicamba-resistant soybean.
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