
Received: 5 December 2023 Accepted: 24 May 2024 Published online: 29 June 2024

DOI: 10.1002/agj2.21630

O R I G I N A L A R T I C L E

A g r o n o m y , S o i l s , a n d E n v i r o n m e n t a l Q u a l i t y

Reformulation of dicamba herbicide: Impacts on offsite transport
and soybean damage

Caleb R. Hammer1 Timothy J. Griffis1 John M. Baker1,2 Pamela J. Rice1,2

Lara E. Frankson2 Jeffrey L. Gunsolus3 Matthew D. Erickson1 Ke Xiao1

Aarti P. Mistry1 Debalin Sarangi3

1Department of Soil, Water, and Climate,

University of Minnesota, Saint Paul,

Minnesota, USA

2Soil and Water Management Research

Unit, USDA-ARS, Saint Paul, Minnesota,

USA

3Department of Agronomy and Plant

Genetics, University of Minnesota, Saint

Paul, Minnesota, USA

Correspondence
Caleb R. Hammer and Timothy J. Griffis,

Department of Soil, Water, and Climate,

University of Minnesota, Saint Paul, MN

55108, USA.

Email: Hamme785@umn.edu and

timgriffis@umn.edu

Assigned to Associate Editor Albert

Adjesiwor.

Funding information
University of Minnesota Rapid Agricultural

Response Fund; Minnesota Department of

Agriculture; USDA Agricultural Research

Service; US Department of Energy

AmeriFlux Core Site Program

Abstract
The herbicide dicamba (3,6-dichloro-2-methoxybenzoic acid) is commonly used to

control broadleaf weeds in soybeans. Dicamba, however, is susceptible to volatiliza-

tion and drift, thereby causing significant plant damage to nontarget crops downwind.

Dicamba was reformulated to reduce volatility and off-target movement. The

effectiveness of the dicamba reformulation was assessed by quantifying dicamba

emissions following spray application and investigated how meteorological factors

influenced the off-target movement. The experiments were conducted at the Uni-

versity of Minnesota Agricultural Experiment Station (UMORE Park) during the

growing season of 2018, 2019, 2021, and 2022. Multiple high-flow polyurethane

foam air samplers were used to measure dicamba concentrations downwind from a

4-ha soybean field sprayed with dicamba. Dicamba emissions were estimated using

backward Lagrangian modeling constrained by the air sample observations. The

results indicate that dicamba emissions and downwind transport were significant

for several days following application. Further, non-traited soybeans located within

15–45 m showed substantial dicamba-related damage. In warmer, drier seasons,

increased dicamba emissions caused more severe damage to downwind soybeans,

likely worsened by drought stress preventing recovery. Favorable atmospheric con-

ditions that reduced potential drift can be difficult to achieve in terms of the typical

weather experienced over agricultural sites in the Upper Midwest. These results

indicate that the dicamba reformulation has not adequately prevented significant

post-spray volatilization losses and downwind transport.

Abbreviations: BAPMA, N, N-bis-(3-aminopropyl) methylamine; bLS, backward Lagrangian stochastic; DGA, diglycloamine; EPA, Environmental

Protection Agency; fLS, forward Lagrangian stochastic; LC, liquid chromatography; PUF, polyurethane foam; RSD, relative standard deviation.
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1 INTRODUCTION

Dicamba (3,6-dichloro-2-methoxybenzoic acid) is a group

4 herbicide, a class of chemicals that bind to plant recep-

tors for auxin or indoleacetic acid, resulting in stunting

the plant’s growth and, ultimately, killing the plant (M. R.

Behrens et al., 2007; Hartzler, 2017a). Dicamba has a rel-

atively short half-life of about 14 days and can stay in the

soil longer than other group 4 herbicides, with an average

half-life of 6 days (Hartzler, 2017a). Dicamba’s longer half-

life, effectiveness, and availability created an advantage in the

agricultural market and an effective herbicide for broadleaf

plants and weed control. However, its use has resulted in

damage to neighboring susceptible crop fields due to drift

(i.e., offsite transport during application), volatilization (i.e.,

evaporation after application), and downwind transport caus-

ing damage to nontarget crops (Riter et al., 2020). Dicamba

was first approved for agricultural systems in 1962, and by

1971, a total of ∼25,854 kg of dicamba was applied to crops

in Minnesota, Wisconsin, and Michigan (Andrilenas, 1974).

However, as new herbicides became available, farmers pre-

ferred to use other less volatile broad-spectrum herbicides

such as glyphosate (Hartzler, 2017b; Zaccaro-Gruener et al.,

2022).

The renewed interest in applying dicamba to soybean

(Glycine max) crops resulted from weed pressure due to

increased resistance to other herbicides such as glyphosate

(Batts et al., 2021). Recently, dicamba use in soybeans has

increased due to herbicide-resistant weeds and the develop-

ment of dicamba-resistant (traited) soybeans. The dicamba

reformulation approved by the United States Environmen-

tal Protection Agency (EPA) used N, N-Bis-(3-aminopropyl)

methylamine (BAPMA) salt or diglycloamine (DGA) salt to

reduce volatility and combat weeds that had become resis-

tant to glyphosate (Batts et al., 2021). Dicamba with BAPMA

reduces the boiling point and vapor pressure of the salt,

reducing the overall volatility (Riter et al., 2021). The DGA

formulation removes the volatile dimethylamine to reduce

the vaporization problem (Riter et al., 2021). When dicamba

attaches to free hydrogen molecules, it is more likely to

volatilize, leading to a greater chance of vapor or particle

drift onto nontarget crops, especially when applied as a spray

(DaSilva et al., 2006; Hartzler, 2017a). With the reformula-

tion, agrochemical companies recommended that farmers add

pH and volatilization buffers to reduce drift and volatiliza-

tion. For example, the dicamba formulation XtendiMax can

be mixed with the additive VaporGrip Technology to reduce

volatilization by decreasing the amount of dicamba molecules

combined with free hydrogen molecules (MDA, 2019).

Non-traited soybeans are at relatively high risk of injury

from offsite dicamba movement, with most reported dicamba

damage cases involving soybean (EPA, 2023). Symptoms

of dicamba spray drift and volatilization on neighboring

Core Ideas
∙ Dicamba herbicide drift and volatilization harms

nearby crops, despite new formulations and label

requirements.

∙ Dicamba emissions and drift were estimated using

polyurethane foam air samplers and Lagrangian

modeling.

∙ Dicamba was detected downwind up to 4 days post

application.

∙ Dicamba-related damage to nontarget crops was

exacerbated during hotter and drier conditions.

plants include stem twisting, yellowing of leaves, leaf wrin-

kling/crinkling, leaf loss, reduction in plant height, physical

deformities, flower reduction and, in some cases, plant death

(Castner et al., 2022; Marques et al., 2021; McCown et al.,

2018; Riter et al., 2020; Robinson et al., 2013; Sciumbato

et al., 2004). These symptoms can lead to yield and profit loss

in the agricultural industry (Batts et al., 2021; McCown et al.,

2018; Meyeres et al., 2021, 2022).

Despite new dicamba formulations, the ongoing challenges

continue to persist in soybean production areas worldwide (M.

Bish et al., 2021; M. D. Bish, Farrell, et al., 2019; Egan &

Mortensen, 2012; Riter et al., 2020, 2021; Sall et al., 2020).

Globally, countries adopt different strategies to address these

challenges. For example, Brazil deregulated soybeans toler-

ant to herbicides like dicamba and glyphosate, but limited

dicamba use to preplanting to prevent adverse environmen-

tal impacts (Carbonari et al., 2022). Other countries such as

Canada and the United States have regulated dicamba appli-

cation through measures like buffer zones to mitigate water

contamination and to protect endangered species (EPA, 2022;

Government of Canada, 2022).

In the United States, six major soybean production states of

the Upper Midwest including Illinois, Indiana, Iowa, Michi-

gan, Minnesota, and Wisconsin, in collaboration with the

EPA, are developing regulations aimed at minimizing off-

target movement and subsequent damage to neighboring

crops. These regulations include the establishment of appli-

cation cut-off dates, for example, before June 12 in southern

Minnesota and before June 30 in northern Minnesota, as

defined by the I-94 highway (EPA, 2022; IDOA, 2024; Jha,

2023; MDA, 2019; MDARD, 2024; OISC, 2023; Tomasko,

2022). Additionally, Minnesota and Illinois have introduced

further requirements for state-approved dicamba applications,

such as enforcing a maximum temperature of 29.4˚C, the

use of an approved pH buffering product, and a downwind

buffer zone of 73–94 m in areas where endangered species

are present. Minnesota is noted for having the most rigorous
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2202 HAMMER ET AL.

regulations, requiring record keeping of application informa-

tion and additional application cutoffs for Xtendimax, which

must be applied before the V4 growth stage (MDA, 2019).

However, in 2021, a total of 1726 instances of damage were

officially reported in the Upper Midwest, impacting over

15.52 million ha of soybeans across six states (EPA, 2022;

MDA, 2019).

Multiple meteorological and environmental factors can

impact the volatilization and transport of dicamba. However,

the factors influencing the transport and extent of offsite

transport are poorly constrained because atmospheric obser-

vations at the time of application are typically not made.

There is considerable concern and debate regarding dicamba’s

drift potential, volatility, atmospheric loading, and subsequent

transport to nontarget fields and natural ecosystems (Jones

et al., 2019; Riter et al., 2020; Soltani et al., 2020). Envi-

ronmental variables including air temperature, dew point,

wind speed, and atmospheric stability have been identified

as key factors associated with increased volatilization and

drift. Warm temperatures can increase dicamba volatilization

and stable atmospheric conditions can lead to an increase

in off-target drift (M. D. Bish, Farrell, et al., 2019; M. D.

Bish, Guinan, et al., 2019; Egan & Mortensen, 2012; Grint &

Werle, 2021; Mueller & Steckel, 2021). Understanding which

meteorological and environmental factors influence volatil-

ity and offsite movement could significantly improve best

management practices for dicamba application.

Here, we present data and analyses from four experi-

ments conducted in Minnesota over the period 2018–2019 and

2021–2022 to investigate dicamba volatilization and down-

wind transport following application to soybean crops. The

objectives of this study were to (1) measure dicamba concen-

trations in the atmosphere downwind of application sites, (2)

quantify dicamba loss and off-site transport using a combina-

tion of air sample observations and Lagrangian atmospheric

transport modeling, and (3) provide informed estimates

of potential downwind transport based on meteorological

conditions.

2 METHODOLOGY

2.1 Field site

This study was conducted at UMORE Park, University

of Minnesota, near Rosemount, MN (44˚43′18.37″ N,

93˚06′46.14″ W). The experimental field site is shown in

Figure 1. In each of the 4 years, diglycolamine salt of dicamba

(3,6-dichlor-o-anisic acid) with XtendiMax and VaporGrip

(Bayer CropScience LP) Technology was applied as a spray

using a John Deere 4045 Self-Propelled Sprayer with a boom

height of 0.61 m and width of 36.58 m during the morning

hours of June to traited soybean. Soybean growth stages at

the time of application ranged from V1–V3 over the 4-year

period. Dicamba was applied to the traited soybean at label

rates (0.56 kg ha−1) each year.

Air sampling for dicamba was conducted near-continuously

for a period of 5 days each year in June 2018, 2019, 2021,

and 2022. On day 0 (prior to spray), we measured ambi-

ent air to establish “background” dicamba concentrations.

Spray application (day 1) was characterized by spray drift

and subsequent volatilization, while post-application (day

2–4) included only volatilization. At the field site, 4.05

ha of dicamba-resistant (traited) soybeans (Golden Harvest

1486X [2018–2019], Golden Harvest 1414X [2021], and

Golden Harvest 1442XF [2022]) were planted and 16.2 ha

of non-dicamba-resistant (non-traited) soybeans (NK S14-A6

[2018–2019], Pioneer 16T85E [2021], and Golden Harvest

0842E3 and Golden Harvest 1472E3 [2022]) were planted

with 0.76-m spaced rows (Figure 1). The experimental design

allowed assessment of downwind transport of dicamba in air

using high-flow air samplers (described below) as well as soy-

bean plant damage (described below) associated with offsite

transport.

2.2 Air quality monitoring and
meteorological measurements

Air sampling and meteorological equipment were located

in adjacent off-target non-traited soybean fields. Tisch air

samplers (TE-1000 high volume PUF sampler, Tisch Envi-

ronmental) were used to monitor the offsite movement of

dicamba. The Tisch sampler intakes were located 1.2 m above

the soil surface and continuously collected air samples for

a period of about 24 h. Air was pulled through filter paper

(SKU TE-QMA4, Tisch Environmental) followed by a large

polyurethane foam (PUF) and then small (one-third section

of the large PUF) PUF cylinder (24295; Restek [2018–2021],

P226131C; SKC Inc [2022]) at approximately 280 L min−1.

The PUFs and filter papers were replaced approximately every

24 h. To prevent contamination of the filter papers and PUFs,

prior to deployment and following collection, all field person-

nel wore clean surgical gloves and the PUFs and filter papers

were wrapped in solvent-rinsed foil. Following collection, all

samples were stored at −40˚C prior to lab extraction.

In 2018, seven Tisch samplers were used to monitor

dicamba concentrations from the dominant wind directions

during the experiment, resulting in a total of 147 samples col-

lected (Figure 2). From day 0 (i.e., prior to spray application)

to day 2, six samplers were positioned north of the traited soy-

bean plot, while one sampler was placed south of the plot,

approximately 10, 25, and 50 m north of the plot’s edge, and

25 m south. On day 3, five samplers were located to the north

and two to the south at distances of 25 and 50 m. On day 4, four

samplers were placed to the north, one sampler was positioned
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HAMMER ET AL. 2203

F I G U R E 1 Air sampler locations (2019, 2021, and 2022). Non-traited and traited fields were 16.2 and 4.05 ha, respectively. Air samples were

taken 1.2 m above the soil surface. Samplers north 1 [N1], east 1 [E1], south 1 [S1], and west 1 [W1] were located 12 m from the traited plot; north 2

[N2], east 2[E2], south 2 [S2], and west 2 [W2] were located 40 m away from the traited plot. The meteorological tower [A] was instrumented with a

sonic anemometer, air temperature, humidity, and radiation sensors.

10 m within the traited plot, and two samplers were situated

south of the plot. The northern samplers were positioned 80 m

from the nearest corner of the traited plot, and the southern

samplers were centered between the traited plot corners. In

2019, 2021, and 2022, two Tisch samplers were deployed in

each cardinal direction (north 1 [N1], north 2 [N2], south 1

[S1], south 2 [S2], east 1 [E1], east 2 [E2], west 1 [W1], and

west 2 [W2]) in the off-target soybean field, centered between

the corners of the dicamba traited plot at distances of 12 and

40 m from the edge of the dicamba traited plot (Figure 1). A

total of 150 samples were collected in 2019, 132 samples in

2021, and 160 samples in 2022.

An eddy covariance system was deployed at the dicamba

field site and at other nearby sites (within 3 km) at UMORE

Park as part of the AmeriFlux program (Baker & Griffis,

2005). These systems were used to measure key meteoro-

logical variables including wind speed, wind direction, air

temperature, relative humidity, water vapor mixing ratio,

atmospheric stability, friction velocity, latent and sensible

heat fluxes, and net radiation balance.

The Monin–Obukhov atmospheric stability was estimated

from the potential virtual temperature, friction velocity, and

turbulent heat flux (Huang & Li, 2023; Oke, 1987; Stull,

1988). The turbulent momentum and thermal fluxes, charac-

terized by friction velocity and turbulent heat flux, are key

indicators of atmospheric stability. A stable atmosphere tends

to suppress vertical motions and reduces turbulence intensity

and diffusion. In contrast, unstable atmospheric conditions

promote vertical motions and diffusion. Stability values near

zero indicate neutral atmospheric stability, whereas nega-

tive and positive values are classified as unstable and stable

conditions, respectively.

2.3 Extraction of dicamba from filter paper
and PUFs

Dicamba was extracted from the PUFs, and filter papers in a

lab located at the University of Minnesota, Saint Paul Cam-

pus. First, the samples were removed from the freezer and

warmed to room temperature over a period of 45 min. Fil-

ter paper samples were submerged in 25 mL of 10 ng mL−1

d3-dicamba in methanol and then placed on a shaker (Ther-

molyne Bigger Bill, M49235) at 150 rpm for 60 min, flipping

them over halfway through. The extract was filtered through a

0.45 μm polytetrafluoroethylene syringe filter (Fisherbrand,
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2204 HAMMER ET AL.

F I G U R E 2 Location of air samplers in 2018. (A) Day 0–2; A0, A1: 10 m; A2, A3: 25 m; A4, A5: 50 m north; and A6: 25 m south of traited

plot. (B) Day 3; A0, A1: 10 m; A2, A3: 25 m north; A4: 50 m north; A5: 50 m; and A6: 25 m south. (C) Day 4; A0, A1: 10 m; A2, A3: 25 m north;

A4: within 10 m; A5: 50 m; and A6: 25 m south of the traited plot. Meteorological tower [A] was instrumented with a sonic anemometer, air

temperature, humidity, and radiation sensors.

09-719H) into a liquid chromatography (LC) vial. The LC

vials were analyzed on a liquid chromatograph with tandem

mass spectrometer (Shimadzu LC-40D with Sciex 5500+
MSMS).

The liquid chromatography tandem mass spectrometry

method was adapted from Riter et al. (2020). An Agilent Infin-

ityLab Poroshell 120 EC-C18 (4.6 × 100 mm, 27 micron)

column, held at 50˚C, was used to separate analytes. The

method was run on a Sciex LC40 HPLC with a Sciex 5500+
MSMS. Mobile phase A consisted of 0.02% formic acid in

water and mobile phase B consisted of 0.02% formic acid in

methanol. The mobile phase gradient is provided in Table S1.

Each sample injection was 50 μL with a 50%:50% methanol:

water needle rinse before and after each injection. The MSMS

was set at electrospray ionization negative mode with the cur-

tain gas set at 50.0 psi, collision gas at 7 psi, ion spray voltage

at −2500 V, temperature set at 500˚C, and ion source gases 1

and 2 set at 40.0 psi. The multiple reaction monitoring transi-

tions and parameters used to monitor dicamba and the internal

standard dicamba-d3 are described in Table S2. PUFs were

extracted and analyzed in the same manner as the filter paper

except 400 mL of 10 ng mL−1 d3-dicamba in methanol was

used to extract and the PUFs were shaken for 90 min. Addi-

tionally, one blank and one control spike (spiked with 75 ng

of dicamba) was extracted approximately every 15 samples.

The mean recoveries for filter paper, small PUFs, and large

PUFs consistently fell within the acceptable range of 70%–

120%, with a relative standard deviation (RSD) of equal to

or less than 20%, as specified by the EPA (EPA, 2017). The

average recovery efficiency for filter paper across all years
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HAMMER ET AL. 2205

stood at approximately 102.87% ± 8.64%, with an RSD of

8.5%. For large PUFs, the mean recovery efficiency across

all years was approximately 88.7% ± 14.8%, with an RSD

of 16.6%. Correspondingly, the mean recovery efficiency for

small PUFs for all years was roughly 98.9% ± 12.5%, accom-

panied by an RSD of 12.7%. Dicamba concentrations reported

in this study are the sum of the filter paper, large PUF, and

small PUF for each sampler.

2.4 Plant symptomology

To detect the biophysical effects of offsite dicamba move-

ment, independent of the atmospheric monitoring, we used

visual symptomology indicators (Ritter et al., 2021) for the

non-traited soybean plots. Plants were inspected for damage

such as stem twisting and leaf cupping. A small cluster of

soybeans was photographed and recorded 1 week post-spray

application for five consecutive weeks. The inspection was

conducted in the four cardinal directions at 15, 30, and 45 m

in the non-traited soybean. Symptoms were rated on a scale

ranging from 0 to 5. Dicamba damage rated at 0 signified no

effect on soybean plants from the dicamba application. A 1

rating corresponded to slight leaf crinkling and stem twist-

ing at the leaflets of the terminal leaf and second leaf of the

soybean plant, and the soybean growth rate was normal. A

2 rating indicated moderate leaf cupping and stem twisting

on the terminal with suppression of expansion of the termi-

nal leaf. A 3 rating was visible deformation of the soybean

plant leaves with reduced growth of axillary leaves and mal-

formation of terminal leaves, leading to leaves less than half of

the size of traited soybean. A 4 rating was severe deformation

and death of portions of the soybean plant with slight termi-

nal growth, terminal bud death, and chlorosis and necrosis in

axillary leaf clusters. A 5 rating was the death of the soybean

plant. Recovery of the soybean plant is possible for a dicamba

damage rating of 0–3 (Dintelmann et al., 2022; Foster & Grif-

fen, 2018; McCown et al., 2018; Robinson et al., 2013), but

soybean plants are unlikely to recover from a dicamba damage

rating of 4. See Figure 3 showing plant symptomology scale

description and photos.

2.5 Constraining dicamba emissions and
downwind transport

To constrain dicamba emissions and downwind transport, we

used the Lagrangian stochastic model WindTrax (V.2.0.9.6,

2011, Thunder Beach Scientific). WindTrax has been applied

in numerous micrometeorological applications including pes-

ticide transport problems (Flesch et al., 2002; T. K. Flesch &

Wilson, 2015; Prueger & Kustas, 2015). We used the back-

ward Lagrangian stochastic (bLS) model in combination with

our dicamba air concentration measurements and meteorolog-

ical forcing data (i.e., atmospheric stability, wind direction,

wind speed, and air temperature) to constrain dicamba emis-

sions from the traited soybean field. The dicamba emissions

(units: ng m−2 s−1) and uncertainties were simulated for each

day following spray application.

The forward Lagrangian stochastic (fLS) model was used

to estimate the downwind concentration of dicamba (unit: ng

m−3) and to assess the influence of atmospheric stability on

downwind transport. In these numerical experiments, con-

centration observations were used to constrain the modeled

downwind concentration estimates. Here, we placed “vir-

tual” sensors within the model domain at 25, 50, 75, and

100 m away from the edge of the traited soybean field to

capture the downwind concentrations (Figures S1 and S2).

Dicamba concentrations, mean air temperature, atmospheric

stability, average wind speed, and wind direction from day 2

of 2021 and 2022 were used in the model to predict the down-

wind transport of dicamba for seven different atmospheric

stabilities: very unstable, moderately unstable, slightly unsta-

ble, neutral, slightly stable, moderately stable, and very

stable.

2.6 Statistical analyses

All meteorological and concentration data were analyzed

using software R version 4.2.1 (R Core Team, 2021). The

daily and annual averages of air temperature, wind speed,

wind direction, friction velocity, relative humidity, water

vapor concentration, atmospheric pressure, and vapor pres-

sure deficit, along with the median atmospheric stability, were

analyzed. Pearson correlation, one-way analysis of variance

(ANOVA), and linear regression analyses were employed to

assess the statistical relation between meteorological vari-

ables and dicamba concentration and dicamba flux. In the

ANOVA analyses, the raw dicamba concentration, dicamba

flux, and meteorological variables were assessed for normal-

ity using the Shapiro–Wilk test and power transformed to

satisfy the homogeneity and normality assumptions (Balkema

& Pancheva, 2016; Shapiro & Wilk, 1965).

3 RESULTS AND DISCUSSION

3.1 Weather, climate, and plant growth

The key differences in weather and climate parameters among

the study periods are described below. First, we character-

ize the spring (April–May) antecedent climate prior to the

dicamba experiments that were conducted in June. Spring

2018 was the warmest (median air temperature, 12.0˚C) and

driest (total precipitation, 148 mm) of the experimental years.
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2206 HAMMER ET AL.

F I G U R E 3 Dicamba physical damage assessment. (A) level 0: no damage, (B) level 1: minor damage, (C) level 2: moderate damage, (D) level

3: moderately severe damage, (E) level 4: near death, and (F) level 5: death.

Spring 2019 was relatively cool (8.9˚C) and wet (282 mm).

Spring 2021 was similar to 2018 with a median air temper-

ature of 11.1˚C and total precipitation of 142 mm. Finally,

spring 2022 was relatively cold (8.9˚C) and wet (200 mm).

These spring conditions influenced the planting dates and

soybean phenology and growth patterns. In 2018, soybean

planting commenced on May 18, while in 2019, it was initi-

ated on June 1. Similarly, in 2021 and 2022, the soybeans were

planted on June 2 and June 3, respectively. Notably, during the

growing seasons of 2018 and 2021, the soybeans exhibited

a typical growth trajectory and healthy canopy development.

Conversely, the 2019 growing season witnessed a diminished

growth rate, resulting in stunted plants later in the season,

leading to reduced canopy coverage. The 2022 growing sea-

son was characterized by a slower growth rate relative to 2018.

However, by the end of the 2022 growing season, the soy-

bean canopy had recovered and exhibited increased biomass,

surpassing that of 2018.

In 2018, dicamba was applied on June 14 at 9:00 a.m. to V2

soybeans under southeasterly winds at 4.5 m s−1 and slightly

unstable atmospheric conditions (z/L = −0.04). In 2019, the

application took place on June 17 at 10:30 a.m. for V1 and

V2 soybeans, with a southerly wind of 1.8 m s−1 in unstable

conditions (z/L = −0.4). The 2021 application occurred on

June 23 at 12:00 p.m. for V2 soybeans, featuring a southeast

wind of 2.2 m s−1 under unstable conditions (z/L = −0.1).

Finally, in 2022, dicamba was applied on June 27 at 10:00

a.m. to V2 and V3 soybeans with a south wind of 1.5 m s−1

under unstable conditions (z/L = −0.3).

In summary, Table 1 highlights the key climatic differences

among the experimental periods. These differences include

warm and wet conditions in 2018, markedly cooler conditions

in 2019, and drought-like conditions in 2022.

3.2 Plant symptomology

The non-traited soybean plants in the field showed visible

signs of dicamba damage (Figure 3) after 1 week of spray

application, supporting that there was significant offsite trans-

port. The daily meteorological conditions of each year are

shown in Table 2 and Figure S3a–d.

In 2018, during the first week (June 29, 2018) assessment,

the dicamba plant damage was minor in the south and west at

15 and 30 m, and no plant damage was detected at 45 m. In the

north and east, there was no plant damage detected. The sec-

ond assessment (July 2, 2018) showed level 3 damage in the

north and south, level 2 damage in the west, and level 1 dam-

age in the east. The third assessment (July 6, 2018) showed

level 2 damage in the north, level 1 damage in the south and

west, and no damage in the east. The final assessment (July

25, 2018) showed level 1 damage in the north, south, and

east. In 2018, the onsite prevailing wind direction correlated

with the observed dicamba damage in the north direction in
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T A B L E 1 Climate summary for the dicamba experimental periods.

Mean temperature (˚C) Maximum temperature (˚C) Minimum temperature (˚C)
Experimental period Daily Daytime Nighttime Daily Daytime Nighttime Daily Daytime Nighttime Precipitation (mm)
June 13 to June 18, 2018 22.4 26.0 22.4 32.7 32.7 30.2 15.0 19.4 15.2 103.6

June 14 to June 21, 2019 18.4 20.4 16.2 27.7 27.7 22.5 10.8 13.6 10.8 19.7

June 22 to June 28, 2021 22.1 24.8 19.9 31.4 31.4 28.6 12.2 18.1 12.2 23.3

June 22 to July 1, 2022 22.0 24.7 30.4 31.3 31.3 30.8 10.7 16.6 10.7 3.3

the non-traited field. The dicamba concentrations measured

by the Tisch samplers (described below) were also highest in

the north and west.

In 2019, during the first week (July 2, 2019) assessment,

the dicamba damage was level 1 in all directions. The sec-

ond week (July 8, 2019) showed level 2 damage in the north,

east, and west and level 1 damage in the south. During the

third week (July 27, 2019), dicamba damage was level 2 in all

directions. In 2019, the onsite prevailing wind direction cor-

related with the observed dicamba damage in the northeast

direction in the non-traited field. The dicamba concentrations

measured by the Tisch air samplers in the north and east were

also the highest among the sample locations.

In 2021, during the first week (July 7, 2021) assessment,

the dicamba damage was level 2 in the north and west and

level 1 in the east and south. The second week (July 14, 2021)

showed level 2 damage in the north, south, and west and level

1 damage in the east. The third week (July 22, 2021) level 3

damage was observed in the south and west, level 2 dicamba

damage was observed in the north, and level 1 in the east.

In 2021, the onsite prevailing wind direction correlated with

the observed dicamba damage in the northwest direction in

the non-traited field. The dicamba concentrations measured

by the Tisch samplers in the north and west were relatively

high compared to the other sample locations.

In 2022, during the first week (July 4, 2022) assessment,

in the west, north, and east directions, the dicamba damage

at all distances (i.e., extending 15–45 m) was level 2, with

minor leaf crinkling and stem twisting. In the south, there was

no visible damage. The second week (July 11, 2022) assess-

ments showed level 2 dicamba damage at 15 m, and level 1

damage at 30 and 45 m in all directions. In the third week

(July 18, 2022) assessment, dicamba damage was level 3 at

15 m, level 2 at 30 m, and level 1 at 45 m in all directions. The

visible symptoms included leaf deformation, moderate leaf

cupping, and moderate stem twisting. During the fourth week

(July 25, 2022), the dicamba damage in the west, north, and

east between the border of the traited plot and 15 m distance

showed level 4 damage. The symptoms progressed to severe

deformation and death of the soybean plants. The damage at

30 m was level 2 in the north, east, and west. From the traited

plot at 45 m, dicamba damage was level 1 and showed signs

of recovery in the north, east, and west—similar recovery to

that reported by Foster and Griffen (2018). In their study, they

found that soybeans were able to recover from level 3 dicamba

damage. During the fifth week (August 1, 2022), the dicamba

damage in the north, east, and west was level 3 at 15 m, level

2 at 30 m, and level 1 at 45 m. The onsite prevailing wind

direction correlated with the observed dicamba damage in

the northwest and eastern directions in the non-traited field.

The Tisch air samplers located in the north, west, and east

revealed the highest dicamba concentrations (described later).

Meteorological data and Tisch air sample data suggest that

volatilization and transport post-spray were the main cause of

the plant-related damage.

The non-traited soybean damage observed during these

four experiments provides strong evidence for dicamba

volatilization and transport after spray application. The

dicamba-related plant damage indicates that current buffers

and regulations specified for Minnesota are likely insufficient

to prevent significant offsite damage. The current (as of 2022)

label requirements for Minnesota include application before

June 12 in the southern portion of the state and June 30 in

the north, 29.4˚C (85˚F) air temperature limit, windspeeds

under 4.4 m s−1 (10 mph), a general downwind buffer require-

ment of 73.2 m (240 ft), and the endangered species buffer

requirement of 94.5 m (310 ft) (MDA, 2022).

Minnesota recorded 711 complaints in 2021, the highest

number of reported dicamba damage incidents in the United

States for the 2021 growing season (EPA, 2021). Notably,

dicamba symptom expression often exhibits a time delay,

influenced by various factors, including environmental con-

ditions that significantly affect the recovery rate of soybeans.

The offsite crop damage we documented in 2021 was con-

sistent with the reported complaints filed with the Minnesota

Department of Agriculture. We hypothesize that the extreme

dry conditions in Minnesota in 2021 and 2022 decreased

the ability of the non-traited soybean crop to recover from

dicamba drift.

3.3 Downwind dicamba concentrations

Table 3 reports the average dicamba concentrations for each

experiment. In 2018 (n = 5 days), the average (± standard

error) dicamba concentration was 0.72 ng m−3. Day 1 had
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F I G U R E 4 Average dicamba emissions estimated using the bLS

approach. The error bars represent the standard error of the mean, with

larger error bars arising due to high variability in daily dicamba

concentrations.

the highest average dicamba concentration of 1.56 ng m−3,

presumably because drift during spray application made a sig-

nificant offsite contribution to the measurement. The lowest

dicamba concentrations were observed in 2019 (n = 5 days)

with a mean concentration of 0.22 ng m−3. Day 1 had the

highest average dicamba concentration, 0.36 ng m−3. In 2021

(n = 5 days), the average dicamba concentration was 0.31 ng

m−3. Day 1 had the highest average dicamba concentration

of 1.00 ng m−3. In 2022 (n = 5 days), the average dicamba

concentration was 5.42 ng m−3, yielding the highest observed

concentrations when compared to all other years. Day 1

had the highest average dicamba concentration of 23.53 ng

m−3. For each year of the experiment (Table 3), dicamba

concentrations were highest within the first 24 h of spray

application, indicating significant drift and volatilization. The

fact that dicamba concentrations were detected through the

entire 5-day sampling period provides compelling evidence of

volatilization and subsequent downwind transport following

spray application.

3.4 Dicamba emissions

The bLS emission estimates are shown in Figure 4 and Table

S3. The average dicamba flux in 2018 (n = 5 days) was

0.10 ± 0.03 ng m−2 s−1, representing approximately 8.0%

of the dicamba spray that was applied. In 2018, the highest

dicamba emissions, 0.51 ± 0.02 ng m−2 s−1, occurred on day

1. The lowest average dicamba emissions were observed in

2019 (n = 5 days) with an average emission of 0.03 ± .001 ng

m−2 s−1 with a total loss of 2.2% of applied spray. Day 1

had the highest emissions of 0.05 ± 0.002 ng m−2 s−1. In
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2210 HAMMER ET AL.

T A B L E 3 Daily and seasonal average dicamba concentrations (mean ± standard error).

Year

Average dicamba concentration (ng m−3)
Day 0 Day 1 Day 2 Day 3 Day 4 Seasonal average

2018 0.14 ± 0.03 1.56 ± 0.42 1.37 ± 0.26 0.36 ± 0.05 0.16 ± 0.04 0.72 ± 0.12

2019 0.17 ± 0.02 0.36 ± 0.11 0.14 ± 0.02 0.20 ± 0.02 0.21 ± 0.10 0.22 ± 0.04

2021 0.02 ± 0.01 1.00 ± 0.45 0.25 ± 0.13 0.23 ± 0.13 0.04 ± 0.02 0.31 ± 0.18

2022 0.14 ± 0.03 23.5 ± 8.51 2.13 ± 0.60 1.04 ± 0.27 0.27 ± 0.08 5.42 ± 4.54

2021, the average emission (n = 5 days) was 0.07 ± 0.003 ng

m−2 s−1, representing a 5.1% loss of applied spray. Emis-

sions were greatest, 0.23 ± 0.01 ng m−2 s−1, on day 1. The

highest emissions were observed in 2022. Average emissions

(n = 5 days) were 0.37 ± 0.02 ng m−2 s−1. The 5-day cumula-

tive emissions represented approximately 28.3% of the spray

application. Day 1 had the highest emissions, 1.80 ± 0.07 ng

m−2 s−1. The relatively large emissions during the first 24 h

of each experiment indicates that application drift was a sub-

stantial component of the day 1 emissions. However, dicamba

emissions were detected over the entire 5-day sampling period

indicating that post-application volatilization was significant.

These results are similar to the findings reported by Riter et al.

(2020, 2021) and Sall et al. (2020), who detected significant

dicamba emissions after spray application. However, their

estimates were generally greater than the emissions reported

here (Figures S4 and S5; Table S3).

Figures S4 and S5 and Table S3 present a comparison of

dicamba estimates from previous studies (Riter et al., 2020,

2021; Sall et al., 2020) and this study, aiming to independently

evaluate the magnitude of emissions, temporal variability,

and the potential influence of measurement techniques. While

all studies confirm significant offsite movement of dicamba

following spray application, it is crucial to consider the varia-

tions in experimental conditions and methodologies that may

have influenced the outcomes. Riter et al. (2020) conducted

their experiment on two fields with areas of 1.62 and 4.05

ha, utilizing two different dicamba formulations (XtendiMax

with Vaporgrip and Roundup Powermax) at a rate of 0.56 kg

of dicamba per hectare. Their trials experienced air temper-

atures ranging from 22.3˚C to 35.3˚C, a maximum relative

humidity of 58%, and wind speeds ranging from 1 to 4.5 m

s−1. In contrast, Sall et al. (2020) employed a 1.37-ha field,

incorporating pH-buffers Clarity, XtendiMax, and Roundup

Xtend at a relatively high application rate of 1.12 kg of

dicamba per hectare. Their trials were characterized by air

temperatures ranging from 14.1˚C to 31.4˚C, average rela-

tive humidity between 45.1% and 45.8%, and wind speeds

ranging from 0.2 to 4.2 m s−1. The relatively warmer and

drier conditions in these studies compared to ours may explain

the higher flux values observed. Additionally, differences in

rate application, sampling time, plant growth phase, and mea-

surement techniques could contribute to variations in the

reported values. However, it is noteworthy that all of these

studies identified day 1 as the period of highest dicamba

emissions following application. Despite the reformulation

of dicamba, utilization of pH-buffers, and regulatory adjust-

ments, dicamba drift and volatility remains a significant factor

contributing to downwind transport in all investigations. This

emphasizes the necessity for further research and regulatory

measures to mitigate the offsite movement of dicamba, even

with the implementation of application guidelines.

3.5 Constraints on downwind dicamba
transport

We applied the fLS model to better understand the extent of

downwind dicamba transport and to assess how atmospheric

stability influenced downwind concentrations from day 2 of

2021 and 2022(Figures 5 and 6; Table S4). Figures 5 and 6

show that under stable conditions (slightly stable, moderately

stable, and very stable) and neutral conditions, dicamba is

likely to be transported further with higher average dicamba

concentrations than in unstable (very unstable, moderately

unstable, and slightly unstable) atmospheric conditions. Very

stable atmospheric conditions have a higher probability of

more dicamba particles traveling 100 m away from the tar-

get area. Similar results were reported by M. D. Bish, Farrell

et al. (2019), who found that dicamba applied under unsta-

ble conditions resulted in less off-target movement. Our

atmospheric modeling, constrained by concentration mea-

surements, found that dicamba may be transported hundreds

of meters under stable atmospheric conditions. However, this

modeling approach does not explicitly account for dicamba

chemical losses that occur during physical transport by

turbulence. For example, dicamba is susceptible to photo-

chemical degradation, particularly when in aqueous solution,

on epicuticular waxes, in the presence of surfactants, and in

formulation (Gruber et al., 2021). This implies that exposure

to sunlight will lead to the breakdown of dicamba molecules,

reducing its concentration in the atmosphere as it moves

away from the point of origin. Further, Waite et al. (2002,

2005) have shown that dicamba undergoes both dry and wet
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HAMMER ET AL. 2211

F I G U R E 5 Estimating downwind dicamba concentration as a function of atmospheric stability. These simulations were constrained using flux

estimates from day 2 of 2021. Simulations were performed using the forward Lagrangian stochastic (fLS) model in combination with 2021 data.

Dicamba concentrations were estimated downwind at 25, 50, 75, and 100 m of the treated field for a broad range of atmospheric stabilities.

F I G U R E 6 Estimating downwind dicamba concentration as a function of atmospheric stability. These simulations were constrained using

initial flux estimates from day 2 of 2022. Simulations were performed using the forward Lagrangian stochastic (fLS) model in combination with 2022

data. Dicamba concentrations were estimated downwind at 25, 50, 75, and 100 m of the treated field for a broad range of atmospheric stabilities.

deposition, with higher deposition rates occurring close to

local sources. Finally, the reaction of dicamba with hydroxyl

radicals also contributes to faster photodegradation rates and

a decrease in concentrations downwind from field sources

(Gruber et al., 2021).

The analysis of daily data via ANOVA revealed

that air temperature (p = 0.043) and wind speed

(p = 0.010) significantly affected the variances of dicamba

concentrations and fluxes. Regression analysis indicated

that dicamba concentration was positively correlated to air
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2212 HAMMER ET AL.

F I G U R E 7 Diurnal ensemble variations in atmospheric stability measured using the eddy covariance approach at the Rosemount AmeriFlux

site. Twenty site-years of data (corn/soybean) were used to estimate the average hourly ensemble for each month. The heavy dashed line shows the

neutral atmospheric stability.

temperature (slope = 0.55 ng m−3˚C−1, r = 0.48, p = 0.043)

and wind speed (slope = 1.03 ng m−4 s, r = 0.59, p = 0.010).

This supports the findings of R. Behrens and Lueschen

(1979), who found that dicamba volatility decreased as

temperature decreased. Further, Mueller and Steckel (2019)

detected greater dicamba volatility at higher air temperatures.

Wind speed is also known to affect dicamba off-target

movement (Oslend et al., 2020; Sousa et al., 2017). Their

work showed that lower wind speeds reduced the dispersion

of dicamba over the target fields while relatively high

wind speeds increased off-target movement of dicamba.

This evidence reinforces the argument that air temperature

and wind speed are key meteorological factors influencing

dicamba volatilization and off-target movement (M. D. Bish,

Farrell, et al., 2019; M. D. Bish, Guinan, et al., 2019; Egan &

Mortensen, 2012; Grint & Werle, 2021).

Temperatures at or exceeding 30˚C (86˚F), stable atmo-

spheric conditions, and low wind speeds less than 1.47 m

s−1 (3 mph) are likely to increase offsite soybean injury from

dicamba volatilization (Grint & Werle, 2021). Further, high

relative humidity (>85%) and rainfall events have been linked

to reduced volatilization and injury to soybeans (R. Behrens

& Lueschen, 1979; Zaccaro-Gruener et al., 2023). In 2022,

we observed the highest dicamba emissions. The low rela-

tive humidity (<70%), high air temperatures, and drought-like

conditions likely increased dicamba emissions. In experimen-

tal year 2018, dicamba emissions were relatively low, likely

because of the relatively cool and wet conditions. When pos-

sible, it is recommended that dicamba application be reduced

under drought-like conditions.

The 20 site-years of atmospheric stability, wind speed, and

air temperature above crop surfaces at UMORE park (Rose-

mount, MN) indicate that there is a very limited window of

time when it is safe (i.e., meeting current label requirements)

to apply dicamba (Figures 7–9). For instance, stable atmo-

spheric conditions persist over much of the growing season

from about 7 p.m. to 8 a.m. and mean daytime wind speeds

approach 4.44 m s−1 (i.e., label cutoff requirement) from

mid to late afternoon during spring. The application of spray

under unstable atmospheric conditions with relatively low

wind speed and low surface temperature can reduce poten-

tial drift but can be difficult to achieve, considering typical

meteorological conditions over agricultural sites in the Upper

Midwest.

4 CONCLUSIONS

Dicamba was reformulated to reduce volatility and off-target

movement. Despite this reformulation, we found that dicamba

was susceptible to drift and volatilization with continuous

emissions observed over each of the 5-day sampling period.

The highest movement of dicamba through spray drift and

volatilization occurred on the day of application. However,

the post-spray dicamba volatilization and downwind trans-

port was significant and posed a risk to nontarget crops.

The existing label and recommended buffers for dicamba

addressed volatilization and drift during application but not

post-application volatilization. Based on our findings, rein-

forcing dicamba application restrictions, particularly targeting
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HAMMER ET AL. 2213

F I G U R E 8 Diurnal ensemble variations in wind speed measured

with the eddy covariance approach at the Rosemount AmeriFlux site.

Twenty site-years of data (corn/soybean) were used to estimate the

average hourly ensemble for each month. The heavy dashed line shows

the minimum and maximum acceptable wind speed thresholds for

dicamba spray application.

F I G U R E 9 Diurnal ensemble variations in air temperature

measured at the Rosemount AmeriFlux site. Twenty site-years of data

(corn/soybean) were used to estimate the average hourly ensemble for

each month. The heavy dashed line shows the maximum acceptable air

temperature threshold for dicamba spray application.

post-application volatilization, is recommended. For example,

continuous off-target movement of dicamba beyond 24 h indi-

cates the need for buffers designed for post-application sce-

narios. Additionally, it is recommended to consider reduced

application or stringent precautions during dry periods in

affected regions.
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