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Abstract: The commercial launch of dicamba-tolerant (DT) crops has resulted in increased dicamba
usage and a high number of dicamba off-target movement complaints on sensitive soybeans (Glycine
max L.). Dicamba is a synthetic auxin and low dosages as 0.028 g ae ha™ can induce injury on
sensitive soybean. Tank contamination has been identified as one of the sources for unintended
sensitive crop exposure. The labels of new dicamba formulations require a triple rinse cleanout
procedure following applications. Cleanout efficacy might vary based on the sprayer type and
procedure followed. This study was performed to quantify dicamba retention in commercial
sprayers and assess the risk for crop injury from remaining contaminants. The results indicate triple
rinse with water was comparable to cleanout procedures utilizing ammonium, commercial tank
cleaners, and glyphosate in rinses. Dicamba contaminants in final rinsates resulted in <15% visual
injury and no yield response when applied to sensitive soybeans at R1 stage. A survey of 25
agricultural sprayers demonstrated a cleanout efficacy of 99.996% by triple rinsing with water
following applications of dicamba at 560 g ae ha™!, with concentrations of less than 1 ug mL!
detected rinsates from the fourth rinse. A dose response experiment predicted dosages causing 5%
visual injury and the yield losses were 0.1185 and 2.8525 g ae ha™'. However, symptomology was
observed for all tested dosages, including the rate as low as 0.03 g ae ha™'. The results from this study
suggest triple rinsing with sufficient amount of water (210% of tank volume) is adequate for the
removal of dicamba residues from sprayers to avoid sensitive soybean damage. This study can
provide producers with confidence in cleanout procedures following dicamba applications, and aid
in minimizing risk for off-target movement through tank contamination.

Keywords: tank contamination; dicamba off-target movement; dicamba dose response; soybean
yield loss; visual injury; sprayer tank cleaning

1. Introduction

Recent commercialization of dicamba tolerant (DT) cotton (Gossypium hirsutum L.) and soybean
(Glycine max (L). Merril) has provided US producers with a new tool for controlling herbicide-
resistant broadleaf weeds that is rampant in many cotton and soybean producing states. The rapid
increase in dicamba usage in DT crops has led to unprecedented numbers of off-target movement
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complaints with an estimated 1.46 million hectares of sensitive soybean being damaged in the first
year following commercialization of the technology [1]. Primary sources of dicamba off-target
movement have been identified as spray particle drift, volatility, and sprayer contamination [2-9].
Adverse weather conditions can strongly influence the amount of herbicide movement away from
the target site via particle drift and volatility [3-8]. Tank contamination in commercial sprayers is
likely the most preventable form of unintended exposure [10]. Effective cleanout procedures need to
be identified to minimize dicamba retention and reduce the risk for crop injury.

Dicamba is a synthetic auxin that can induce distinct injury on sensitive plants, including leaf
cupping, leaf crinkling, stem twisting, chlorosis on terminal leaves, abnormal leaf venation, swollen
petiole bases, stunting, and necrosis, etc. [6,9,11]. The soybean response to dicamba has been widely
studied and dosages as low as 0.028 g ae ha™ (0.005% of 560 g ae ha use rate) have been shown to
cause symptomology [2,4,9,12,13]. The degree of damage can differ based on the crop stage at the
time of exposure, with consistently higher yield loss potential for reproductive stages as opposed to
vegetative stages by two to six-fold [2,6,9]. For example, Griffin et al. [6] observed 4 and 15% soybean
yield losses following dicamba exposure during V2-V3 stages at 4.4 and 17.5 g ae hal, respectively,
and 10 and 36% reductions exposed during R1 stages using the same rates. In another study, the
dicamba dosage predicted to cause 5% yield loss was 5.8 and 1.0 g ae ha for V2-3 and R1 stages,
respectively [9]. Similarly, a meta-analysis pooled data from multiple published studies found
dosages predicted to cause 5% soybean yield loss ranged from 1.6 to 24, 1.2 to 47, and 0.15 to 14 g ae
ha for V1-3, V4-7, and R1-2 stages, respectively [2]. The available literature indicates the potential
for soybean recovery is greatest when exposed at vegetative stages and exposure during reproductive
stages has the highest risk for yield reduction [2,3,6,9]. However, soybean yield loss due to dicamba
exposure can be inconsistent due to environmental conditions and plant vigor [2—4,6,9,14-17].

Row crop producers often use sprayers to apply multiple pesticides, as owning a sprayer that is
dedicated to dicamba applications is expensive and unrealistic. Failure to remove dicamba residues
from a sprayer could result in multiple exposures to sensitive crops throughout the season. Labels of
new dicamba formulations require a triple rinse cleanout procedure following applications to
minimize the risk for unintended exposure to sensitive crops [18-20]. Using a tank cleaning agent in
the second rinse is recommended, but not required in these labels. Although dicamba is formulated
as a water-soluble product, the removal from spray equipment is difficult and residues can readily
adhere to plastic and rubber surfaces [5,21-23]. Modern self-propelled sprayers often have large tanks
and multiple filters, screens, end caps, valves, and nozzles that can trap dicamba deposits. Published
data is very limited on dicamba clean out efficacy in agricultural sprayers. More information is
needed in order to determine the effectiveness of cleanout procedures and soybean response to the
remaining contaminants. Therefore, the objective of this study was to evaluate triple rinse cleanout
procedures for dicamba residue removal efficacy in agricultural sprayers following applications and
assess sensitive soybean response to various concentrations of dicamba residue that may not be
removed from sprayer equipment.

2. Materials and Methods

2.1. Cleanout Procedure Comparisons

Field and laboratory experiments were conducted in January 2017 to evaluate three commercial
sprayers for dicamba residue retention following four triple-rinse cleanout procedures, as shown in
Table 1. Hagie Upfront STS 10 (Hagie Manufacturing Co., Clarion, IA 50525, USA), John Deere 6700
(John Deere and Co., Moline, IL 61265, USA) and SprayCoupe 4660 (AGCO, Duluth, GA 30096, USA)
sprayers with polyethylene tanks and capacities of 3570 L, 1590 L, and 1580 L, respectively, were used
to apply diglycolamine salt of dicamba (Clarity®, BASF Corporation, Research Triangle Park, NC,
27709, USA) at arate of 1.12 kg ae ha™ in a carrier volume of 93.5 L ha™'. Herbicide solution was mixed
for 378 L of water in each sprayer at initial application. Herbicide solution was agitated for 10 min.
before being sprayed on fallow fields until no droplets were emitted from of nozzles in order to empty
solution in hose and pump. Following herbicide application, remaining herbicide solution in the tank
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was drained completely. For each rinse during cleanout procedures, 378 L of water and the assigned
cleaning treatment were added to the tank. After agitating for 5 min., half of the cleaning solution
was sprayed out before rinsate samples were collected from the left, middle, and right sections of the
boom simultaneously and then combined into a single sample. Sprayer tanks were not drained in
between rinses during cleanout procedures. A fourth rinse using only water was included in order
to demonstrate the cleaning efficacy of each triple-rinse procedure since label only mandates triple-
rinse. All four cleaning procedures were repeated three times on each sprayer in field and the
experiment was repeated twice.

Table 1. Cleanout procedures, agents, and, amounts.

Rinse Cleaning Agent A Amount Added to Tank

Procedure 1

1 Water 378.00 L

2 Water 378.00 L

3 Water 378.00 L

4 Water 378.00 L
Procedure 2

1 Ammonium 11.34 L

2 Glyphosate 6.24 kg ai

3 Water 378.00 L

4 Water 378.00L
Procedure 3

1 Ammonium 11.34L

2 Fimco™ detergent 0.90 kg

3 Water 378.00 L

4 Water 378.00L
Procedure 4

1 Ammonium 11.34 L

2 Protank® detergent 095L

3 Water 378.00 L

4 Water 378.00 L

A Manufacturers for cleaning agents: ammonium (10% ammonium hydroxide), Great Value™ clear
ammonium all-purpose cleaner, KIK International LLC, 33 Macintosh Blvd Concord, Ontario, Canada
L4K 4L5; glyphosate, Roundup Powermax®, Bayer CropScience, St. Louis, MO 63167, USA; Fimco™
spray tank neutralizer and cleaner, Fimco Industries, North Sioux City, SD 57049, USA; Protank®
liquid cleaner, Winfield Solutions, LLC, St. Paul, MN 55164, USA.

Rinsates were collected in 1 L glass jars, and 1/3 of each sample from the various boom sections
were mixed in a single jar before being placed on ice and later frozen at —20 °C for future analytical
analysis. The samples were thawed before aliquoting 1.5 mL into 2 mL Eppendorf® tubes (Eppendorf
North America, Hauppauge, NY 11788, USA), which were subsequently centrifuged for 2 min. at
15,000 rpm to remove any debris. After centrifugation, 1 mL of the cleaned sample was pipetted into
2 mL glass chromatography vials. Prior to centrifuging, the samples from the first and second rinses
were diluted 1:100 and 1:10, respectively, as the concentrations were too high for accurate
chromatography analysis. All of the processed samples were analyzed through high performance
liquid chromatography (HPLC) using an Agilent 1260 Infinity series apparatus (Agilent
Technologies, Santa Clara, CA, 95051, USA) equipped with a diode array detector (1260 Infinity
Diode Array Detector VL, Agilent Technologies, Santa Clara, CA, 95051, USA) and an Agilent
Poreshell 120EC-C18 column (4 pm, 4.6 x 250 mm). The total run time of the chromatography for each
sample was 10 min. (flow rate of 1 mL min.”, injection volume of 100 puL) with a constant mobile
phase of 50% 10 mM phosphoric acid and 50% acetonitrile. The analytical wavelength was set to 230
nm and the peaks were integrated from the DAD spectrum. The detection limit of dicamba was 0.1
png mL-1. Analytical standards were developed while using HPLC-grade water and formulated
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dicamba (Clarity®, BASF Corporation, Research Triangle Park, NC 27709, USA) to include ten
concentrations ranging from 0.25 to 50 pg mL-'. The known concentrations were regressed against
their respective concentrations in Sigmaplot 13.0 (Systat Software, San Jose, CA 95131, USA), and the
resulting linear equation was used to determine dicamba concentrations in sprayer rinsate samples.

2.2. Rinsate Application on Sensitive Soybean Bioassays

Rinsates that were collected from the fourth rinses from all cleanout procedures were applied
over the top of sensitive soybeans at early-bloom (R1) stage at EV Smith Research and Extension
Center at Shorter, AL (32°29'45.6” N 85°53'25.2” W) on August 15, 2017 to demonstrate dicamba clean
out efficacy by triple-rinse procedures. A Roundup-Ready Soybean variety ‘P76T54R2’ (Pioneer®,
Corteva Agriscience, Johnston, IA 20131, USA) was planted at 346,000 seeds ha™ on 91 cm row
spacing and managed with local recommendations. Plots were 7.6 m long by 3.7 m wide with four
rows of soybean. A total of 12 treatments (three sprayers by four cleanout procedures) were sprayed
over the top of soybean in a randomized complete block design, plus a non-treated control. Each
treatment contained all of the replications from the spray cleaning study described above. Samples
that were collected from left, middle, and right boom sections from the fourth rinse of each treatment
replication were combined into a single sample and applied on the middle two rows in each plot.
Rinsate samples were applied with a COz-pressurized backpack sprayer that was equipped with four
Turbo TeeJet induction (TTI110025) nozzles (TeeJet Technologies, Wheaton, IL 60187, USA) at speed
of 6.4 km ha, 335 kpa pressure, and a carrier volume of 187 L ha to ensure good coverage. Visual
injury was estimated on a scale of 0 (no injury) to 100 (complete mortality) at 7, 14, and 21 days after
treatment (DAT). All of the plots were maintained weed free with appropriate herbicides and hand
weeding. Soybean yield was collected on November 29, 2017, by machine harvesting the middle two
rows.

All of the collected data were subjected to a mixed model analysis of variance while using PROC
GLIMMIX in SAS 9.4 (Statistical Analysis Systems®, version 9.4; SAS Institute Inc., Cary, NC 27513).
The cleanout procedure and sprayer were considered to be fixed effects, while replication was a
random effect and all of the interactions were considered. Means comparisons were generated using
Tukey’s Honest Significant Difference (HSD) test with P = 0.05.

2.3. Dicamba Cleanout Survey on Commercial Sprayers

A survey was conducted across 25 commercial sprayers from various row crop farms in
Alabama, Georgia, and Florida in October 2019 to further assess the cleanout efficacy of triple rinsing
with water following dicamba applications. Sprayer models, manufacturers, and locations can be
found in Table 2. All of the sprayers have polyethylene tanks except for sprayer ID # 4 which has a
stainless-steel tank. Sprayers were thoroughly cleaned before mixing dicamba by rinsing tank and
flush spray line with clean water at 15% tank capacity. Dicamba (Xtendimax® with VaporGrip®
Technology, Monsanto Co., St. Louis, MO 63167, USA) was applied at 560 g ae ha™ in tank mixture
with a drift reduction agent (Intact, Precision Laboratories, LLC, Waukegan, IL 60085, USA) at 0.5%
v v-1. All of the sprayers were loaded at 15% tank capacity and agitated for 10 min. before application
at 140 L ha'. A standard procedure of four rinses with water was conducted on all sprayers in this
survey at 15% tank capacity during each rinse. Water was agitated for 5 min. in the tank before
collection process was initiated. At each rinse, half of the water added to tank was sprayed out before
sample collection from the left, middle, and right sections of the boom simultaneously. Sprayer tanks
were drained after initial application and in between all rinses. The samples were immediately placed
in a cooler on ice, and then frozen at —20 °C until further analysis. Rinsate samples were processed in
laboratory and analyzed by HPLC with the procedure, as previously described. Rinsate samples that
were collected from left, middle, and right sections of the boom were separately analyzed to reveal
potential boom section effect. Dicamba concentrations in rinsates were analyzed in a mixed model
analysis of variance using PROC GLIMMIX in SAS 9.4, with fixed effects of boom section and number
of rinses and random effect of sprayer ID number.
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Table 2. Sprayer ID, model, boom width, and tank capacity for sprayer survey.

ID No. Location Model ABCD Boom Width (m) Tank Capacity (L)
1 Baldwin Co., AL JD 4630 24 2271
2 Coffee Co., AL JD 4730 33 3028
3 Coffee Co., AL JD R4030 33 3028
4 Dallas Co., AL JD R4030 33 3785
5 Dallas Co., AL JD R4030 27 3028
6 Geneva Co., AL JD 4730 30 3028
7 Henry Co., AL Tractor mounted 7 568
8 Henry Co., AL Tractor mounted 11 568
9 Henry Co., AL Tractor mounted 7 568
10 Henry Co., AL JD 6700 11 1136
11 Henry Co., AL Tractor mounted 11 1136
12 Henry Co., AL JD 6700 11 1136
13 Limestone Co, AL MudMaster™ 9 416
14 Limestone Co, AL JD 6700 11 1590
15 Macon Co., AL Tractor mounted 7 454
16 Jackson Co., FL JD 4730 27 3028
17 Santo Rosa Co., FL Tractor mounted 7 454
18 Berrien Co., GA Tractor mounted 11 1136
19 Berrien Co., GA JD 4730 33 3028
20 Irwin Co., GA Tractor mounted 16 1136
21 Irwin Co., GA JD 4730 33 3028
22 Tift Co., GA Tractor mounted 11 1893
23 Tift Co., GA JD R4030 33 3028
24 Tift Co., GA JD R4030 33 3028
25 Worth Co., GA JD R4030 33 3028

A Abbreviations: JD, John Deere. B John Deere sprayers manufactured at John Deere, Moline, IL 61265, USA. ©
Mudmaster™ manufactured at Bowman Manufacturing Co., Inc., Newport, AR 2112, USA. P Manufacturing

information not available for tractor mounted sprayers.

2.4. Soybean Response to Dicamba Concentrations

Field studies were conducted during summers of 2017, 2018, and 2019 at the E.V. Smith Research
Center in Macon County, AL (32°29'45.6” N 85°53'25.2” W) and the West Central Research and
Extension Center in Lincoln County, NE (41°05'15.98” N 100°46'39.42” W) in 2019 in order to evaluate
soybean response to different dicamba concentrations. Air temperatures at the time of applications
ranged from 33 to 35° C with humidity of 48 to 72% across all sites. Dates for soybean planting,
dicamba application, and harvest as well as temperature and humidity at the time of application can
be found in Table 3. The plots were 7.6 m long by 1.2 m wide and they consisted of four rows of
‘P76T54R2" (Pioneer®, Corteva Agriscience, Johnston, IA 20131, USA) and ‘NK S524-K2' (NK®,
Syngenta Crop Protection, Greensboro, NC 2749, USA) soybean varieties in the AL and NE field
studies, respectively. Soybeans were planted at 346,000 seeds ha! on 91 and 76 cm row spacing in AL
and NE, respectively. Randomized complete block design with four replications was used at each
location. Broadcast applications of dicamba at 0.03, 0.14, 0.70, 1.40, 3.51, 14.04, 35.07, and 140.28 g ae
ha™ were used to simulate tank contamination at low concentrations. These dosages represent 0.25,
1, 5, 10, 25, 100, 250, and 1000 pg mL, respectively. These concentrations were applied to soybeans
at first to mid-bloom stage with a COz-pressurized backpack sprayer that was equipped with four
Turbo TeeJet Induction (TTI110025) nozzles (TeeJet Technologies, Wheaton, IL 60187, USA)
delivering 187 L ha at 6.4 km hr-'and 335 kpa pressure.
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Table 3. Dates of soybean planting, dicamba application, harvest, and temperature and humidity at
time of application.

. Planting  Application Harvest Tempe.ratu.re at Relfa t{ve
Year Location Application Humidity at
Date Date Date . ..
°C Application %
2017 Macon o lien017 8152017 11/29/2017 33 72
Co., AL
M
2018 acO 12018 8/08/2018  11/06/2018 34 48
Co., AL
M
2019 a0 5092019 7/10/2019  11/17/2019 35 55
Co., AL
Lincol
2019 SO 6032019 7/15/2019  10/14/2019 33 54
Co., NE

Soybean visual injury was estimated on a scale of 0 (no injury) to 100 (complete mortality) 14
and 21 DAT. Soybean yield was collected at each location by a plot combined from the center two
rows. Collected data were subjected to a mixed model analysis of variance using PROC GLIMMIX in
SAS 9.4. Dicamba concentration and location were considered fixed effects, while replication was a
random variable, and all interactions were examined. If an interaction was significant, data were
analyzed and presented by the fixed effects at each level. Means comparisons were generated while
using Tukey’s HSD test with P =0.05. A non-linear regression model was fitted to the dry weight and
visual estimations of injury data using the DRC package in R software (R Foundation for Statistical
Computing, Wienna, Austria) [24]. The effective-dose to reduce 5% and 10% of plant biomass and
cause 5% and 10% visual estimations of injury (ED5 and ED10) were estimated while using a four-
parameter log logistic equation:

y=c+{d -c/1+exp[b(log x —log e)]} (1

in which y corresponds to the biomass reduction and visual estimations of injury (%), x represents
dicamba dosage, b is the slope at the inflection point, c is the lower limit of the model, d is the upper
limit, and e is the inflection point that represent the dosage that caused 50% injury or 50% yield loss.
Visual injury and yield data were pooled over years and locations for non-linear regression to provide
maximum prediction power to the model.

3. Results

3.1. Comparison of Four Cleanout Procedures for Dicamba Residue Retention

No sprayer by cleanout procedure interactions were observed for dicamba residue retention at
any rinse. Therefore, the data were combined to show cleanout procedure and sprayer effects
individually (Table 4).
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Table 4. Dicamba concentrations in rinsates following cleanout procedures in different sprayers 4#5€P,

Rinse

Cleaning Procedure 1 2 3 4

Concentration (ug mL-)

Triple rinse with water 298.32 a 2112 a 356 a 125 a

Ammonium fb glyphosate fb water 521.98 a 1667 a 072 b 067 a

Ammonium fb Fimco™ fb water 373.13 a 2975 a 121 ab 090 a

Ammonium fb Protank™ fb water 472.65 a 2996 a 128 ab 050 a
Sprayer

Hagie Upfront STS 10 54305 A 3175 A 255 A 109 A

John Deere 6700 27034 B 1694 A 075 B 091 A

SprayCoup 4660 43616 AB 2444 A 178 AB 048 A

A Abbreviation: fb, followed by. ® Dicamba (Clarity®, BASF Corporation, Research Triangle Park, NC
27709, USA) initially applied at 1.12 kg ae ha™. € No sprayer by treatment interactions were observed
at p =0.05; therefore, data were combined to show sprayer and treatment effects individually. P Means
followed by the same uppercase letter within a sprayer column or lowercase letter within a cleaning
procedure column are not significantly different based on Tukey’s HSD at p = 0.05.

Dicamba concentrations in the first rinse were similar for all of the cleanout procedures.
Residues detected in the Hagie Upfront STS 10 exceeded those in the John Deere 6700 by 272 mg L,
possibly due to smaller tank size of John Deere 6700. Dicamba concentrations in the rainsate from the
second rinse were similar for all cleanout procedures and sprayers. Triple rinsing with water resulted
in higher dicamba concentrations in the third rinse as compared to ammonium fb glyphosate fb
water, with 3.56 and 0.72 ug mL! detected in rinsate, respectively. The Hagie Upfront STS 10 retained
more dicamba than John Deere 6700 at the third rinse with 1.8 pg mL™ higher in concentrations.
Dicamba concentrations in the fourth rinse did not differ significantly for any sprayer or cleanout
procedure and did not exceed 1.25 pug mL-l, which is equivalent to 0.18 g ae ha™ in a sprayer
delivering 140 L hal. This concentration surpassed the lowest dicamba dosage that is expected to
induce soybean symptomology and slightly exceeded the dosage predicted to cause 5% yield loss,
which are 0.03 and 0.15 g ae ha™, respectively [2,6,9,13].

3.2. Application of Fourth Rinsates on Sensitive Soybean Bioassays

When the fourth rinsates were directly applied to sensitive soybeans at mid-bloom, typical
dicamba symptomology of leaf cupping, stem twisting, and chlorosis was observed. However, visual
injury estimations did not exceed 15% for any treatment and yield was not significantly reduced by
remaining dicamba residues from any clean out procedure and any sprayer (data not shown). These
data indicate that sensitive soybeans could tolerate dicamba contaminants remaining in sprayers
following triple rinse cleanout procedures without risk for yield loss. However, environmental
conditions can largely influence soybean response to dicamba and injury could be more severe during
times of drought stress and higher temperatures [2,7,8,15]. These low concentrations of dicamba
residue may still pose a concern for sensitive soybean.

Inman et al. [25] reported triple rinse with water was comparable to ammonia and commercial
tank cleaners for dicamba residue removal following applications of 560 g ae ha™!, with 0.006% of
original concentrations remaining in final rinses. Dicamba residue retention was higher in this study,
with up to 0.015% (1.25 ug mL™") of the original application concentrations detected, which was
probably due to higher initial use rate of dicamba at 1.12 kg ae ha™'. Cundiff et al. [21] found that hose
material had a greater influence on dicamba retention in sprayer equipment than triple rinse cleanout
procedures of water versus ammonia, which was likely due to the material porosity of hose interior
where residues can settle. Certain hose materials deteriorate quicker than others after repeated
pressurization during application which led to more dicamba retention. Osborne et al. [23] conducted
an anonymous sprayer survey and reported 98 to 100% cleanout efficiency, and the average dicamba
concentrations of 245 ug mL™ reduced to 0.41 ug mL™" after triple rinses with water. The results of
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this study combined with previous literature demonstrate the addition of a cleaning agent might not
provide an additional benefit for dicamba removal than triple rinse with water, hose type, and the
age of sprayer equipment is likely a concern [21].

3.3. Survey of Commercial Sprayers for Dicamba Residue Retention Following Triple Rinse with Water

Concentrations that were collected from the left, middle, and right sections of the boom for
individual rinses performed on each sprayer was not significant as a fixed effect in the model;
therefore, concentrations were combined over sections. Dicamba concentration in the sprayer tank
was calculated at 4000 pg mL-! when mixed at 560 g ae ha™ rate and applied at 140 L ha'. The average
dicamba concentrations detected in the first, second, third, and fourth rinses were 100.75, 6.78, 0.79,
and 0.17 ug mL", respectively, indicating that the cleanout efficacy improved with each additional
rinse (Table 5). Dicamba concentrations that were detected in the first rinse were not uniform across
sprayers and detection ranged from 0.10 to 664.82 ug mL-, which is likely a result of vastly different
sprayer systems and equipment age. In general, sprayers that retained higher concentrations in initial
rinses also retained higher amounts of dicamba throughout the rinses, such as sprayer ID no. 3, 18,
and 25.

Table 5. Dicamba concentration in surveyed sprayers rinsates from each rinse #8.

Rinse
ID No. 1 2 3 4
Dicamba Concentration (ug mL-?) €
1 27.76 0.86 0.10 <0.10
2 4413 0.10 0.74 0.17
3 294.96 9.10 2.18 0.68
4 0.54 0.20 0.17 <0.10
5 24.08 3.55 0.00 0.00
6 41.83 0.62 0.14 <0.10
7 57.87 0.10 0.10 <0.10
8 55.20 0.10 0.25 <0.10
9 82.31 151 0.07 <0.10
10 154.28 7.13 0.12 <0.10
11 31.28 0.10 0.10 0.12
12 146.78 10.90 0.15 0.07
13 60.41 0.12 0.17 <0.10
14 70.22 3.18 0.23 <0.10
15 17.25 0.10 0.10 <0.10
16 2.70 0.10 0.10 <0.10
17 73.77 0.10 0.10 <0.10
18 287.17 18.61 6.89 <0.10
19 7491 5.75 0.08 0.16
20 145.09 8.41 0.10 <0.10
21 14.97 0.43 0.21 <0.10
22 0.10 0.77 0.10 <0.10
23 96.79 4.97 1.02 <0.10
24 49.59 7.70 1.18 1.00
25 664.82 84.69 5.35 0.47
Average 100.75 6.78 0.79 0.17

ADicamba (Xtendimax® with Vaporgrip Technology®, Monsanto Co., St. Louis, MO 63167, USA) was
applied at 560 g ae ha™' and tank mixed with a drift reduction agent (Intact) at 1% v v-'. B All sprayers
received water at 15% tank capacity for all rinses. ¢ No boom section by rinse interactions were
observed at p = 0.05; therefore, data were combined across sections for each rinse to show sprayer
average.
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The three sprayers with highest dicamba concentrations in the first rinse were two John Deere
R4030s and a tractor mounted sprayer (ID no. 3, 18, and 25) with concentrations ranging from 287.17
to 664.82 ug mL (Table 5). The greatest dicamba retention at the second rinse was observed on
sprayer ID no. 25, 18, and 12, with concentrations of 84.29, 18.61, and 10.90 ug mL", respectively. The
three highest dicamba concentrations in rinsates that were collected at the third rinse were detected
from sprayers previously identified (ID No. 3, 18, 25) for retaining the greatest amounts of dicamba
in the first rinse, ranging from 2.18 to 6.89 pug mL-". All the sprayers retained 0.68 ug mL! or less of
dicamba at the fourth rinse, with the majority (18 sprayers) below the instrument detection limit of
0.1 ug mL7, indicating near complete cleanout efficacy on these sprayers. The triple rinse with water
procedure cleaned out 99.996% of dicamba in sprayers surveyed based on initial tank concentration
(4000 pg mL™) and average concentrations generated from the fourth rinse (0.17 pg mL™). Final
dicamba concentrations in this survey, where the dicamba in-season use rate (560 g ae ha) was
applied initially, did not surpass the lowest dosage expected to cause yield loss (0.15 g ae ha™ or 1.07
png mL™). Three sprayers (ID No. 3, 24, 25) retained concentrations with potential to induce
symptomology based on available literature [2,9,12,13]. Three sprayers (ID No. 4, 16, and 22) showed
abnormally low dicamba concentrations in the initial rinsate samples, ranging from 0.10 to 2.70 ug
mL. The explanation for this observation is unknown, but certain sprayer design might allow more
complete tank drainage following dicamba application, thus leading to low concentrations being
detected in the first rinse. Further investigation is needed to study how sprayer design affects
chemical retention in these sprayers.

3.4. Soybean Dose-Response to Dicamba Concentrations

A dicamba concentration by site-year interaction was observed for soybean visual injury at 14
and 21 DAT. Data were analyzed and separately presented for each site-year (Table 6). Soybean visual
injury was observed for all concentrations tested and increased from 1 to 100% as dicamba dosage
increased from 0.25 pg mL to 1000 pg mL™ across all site-years. The two highest dosages tested in
this study resulted in consistently higher injury of 49% or greater across all rating dates and site-
years. Dicamba concentrations of 0.25 and 1 pg mL-" did not induce visual injury that is greater than
18% and the soybean responses were variable across site-years.

Table 6. Soybean visual injury to various concentrations of dicamba under field conditions 14 and 21

DAT ABCDE,
Concentration 14DAT 21DAT
(ug mL1) AL AL AL 2019 NE AL AL AL 2019 NE
2017 2018 2019 2017 2018 2019
0.25 1 d 5 d 4 e 10 d 25 ¢ 10 de 5 e 7 e
1.00 8 ed 1 d 16 de 17 d 4 ¢ 3 e 18 de 17 e
5.00 10 ed 20 ed 31 d 33 ¢ 13 ¢ 15 de 31 d 37 d
10.00 15 ¢ - 31 d 37 ¢ 14 <c¢ - 30 d 40 od
25.00 16 ¢ 30 bc 26 d - 13 ¢ 29 od 26 d -
100.00 20 ¢ 4 bc 55 ¢ 47 b 15 ¢ 4 bc 59 ¢ 48 bc
250.00 49 b 53 b 76 b 48 b 50 b 56 b 78 b 55 b
1000.00 80 a 8 a 100 a 8 a 91 a 8 a 100 a 88 a

ADicamba concentrations of 0.25, 1, 5, 10, 25, 100, 250, and 1000 represent dosages of 0.03, 0.14, 0.70,
1.40, 3.51, 14.04, 35.07, and 140.28 g ae ha™, respectively, at 140 L ha™ application rate. ® Abbreviation:
DAT, days after treatment. © A concentration by site-year interaction was observed for visual injury
14 and 21 DAT at p = 0.05; therefore, data were analyzed and presented separately by each site-year.
D Means within a column followed by the same letter do not differ significantly at p = 0.05 based on
Tukey’s HSD. E—indicates where dosages were not tested in a specific site-year.

Soybean yield was also variable across site-years and it ranged from 852 to 4934 kg ha™ in the
nontreated control (Table 7). The AL site experienced extended periods of drought in the summer of



Agronomy 2020, 10, 772 10 of 15

2019 that were likely caused the lower yields across all treatments and a lack of differences. Across
all site-years, soybean yield was not significantly reduced for dicamba dosages of 5 pug mL™" or less
when compared to the nontreated control. A dicamba dosage of 10 ug mL- resulted yields 725 kg
ha-'lower than the nontreated control in AL during 2017. No other site-year observed a loss from this
dosage, and applications of 25 pg mL~ did not result in yield reductions for any site. The yield loss
that resulted from 100 pug mL-* was observed at the 2017 AL and 2019 NE sites with reductions of 819
and 2026 kg ha™, respectively. Three out of four sites observed yield loss greater than 50% following
dicamba applications at 250 ug mL-". Applications of 1000 pg mL (1/4 of labeled use rate at 560 g ae
ha™) caused the most severe yield loss, and resulted in lower yield for all sites, ranging from 0 to 442
kg ha™'. Non-linear regression using indicated significant relationships between dicamba dosages to
soybean visual injury and yield loss (Table 8, Figures 1 and 2). The ED5 and ED10 are estimated as
0.1185 and 0.4143 g ae ha! for visual injury and 2.8525 and 4.9602 g ae ha™' for yield loss, respectively.
The ED5 and ED10 of this study are within the range of dosages causing 5% injury and yield loss in
the published studies [2,6,9,12,13].

Table 7. Soybean yield response to various dicamba concentrations under field conditions .

Concentration (ug mL-) Yield (kg ha) °€
AL 2017 AL 2018 AL 2019 NE 2019
0.00 3652 1150 abc 852 ab 4934  abc
0.25 3524 1337 a 921 ab 5019 ab
1.00 3371 1280 ab 931 ab 5117 a
5.00 3289 ab 1268 ab 999 a 4307 bc
10.00 2927 bc - 921 ab 4112 c
25.00 3219  abc 832 bcd 885 ab -
100.00 2833 c 712 cd 842 ab 2908 d
250.00 1319 d 405 d 648 b 1539 e

1000.00 376 e 442 d 0 C 124 f
A A concentration by site-year interaction was observed for yield at p = 0.05; therefore, data were
analyzed and presented separately by each site-year. Dicamba concentrations of 0.25, 1, 5, 10, 25, 100,
250, and 1000 represent dosages of 0.03, 0.14, 0.70, 1.40, 3.51, 14.04, 35.07, and 140.28 g ae ha™
respectively at 140 L ha! application rate. ® Means within a column followed by the same letter do not
differ significantly at p = 0.05 based on Tukey’s HSD. ¢—indicates where dosages were not tested in a

specific site-years.

Table 8. Parameter estimates for non-linear regression 5.

EDs

Data p p ED1o
*+SE *+SE +SEM ¢ Val
Type S Value bx§ Value © SEM p value ;'lgaii (g ae ha)
Visual -0.5971 16.4181 0.1185 0.4143
<0.0001 <0.0001

injury 0 +0.0530 0.000 +2.0377 0.000 +0.0535 +0.1434
Yield -1.5831 -1.1190 30.9877 2.8525 4.9602
loss __ +2.0259 201677 V00 5gapy  QOOL gy 41500

A Four parameter log logistic model is used, where c is the minimum value of response variable, d is

the maximum value of response variable, e is the point of inflection, b is the slope of the curve at

inflection point. B Parameter c was set as 0% in non-linear regression for visual injury. Parameter d

was set as 100% for both visual injury and yield loss in the non-linear regression. ¢ Also known as

EDs, effective dosage to cause 50% visual injury or reduce 50% of the yield.
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Figure 1. Soybean visual injury as affected by dicamba dosage.
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Figure 2. Soybean yield as affected by dicamba dosage.

Visual injury was observed for all dosages that were tested in this study, which correlates to
previous studies, where at least 5% visual injury was predicted with dicamba dosages as low as 0.028
g ae ha[2,9,13]. A study by Griffin et al. [6] predicted that soybean injury of 19% is likely to occur
from exposure to dicamba at 1.1 g ae ha! during reproductive stages 7 to 14 DAT. A similar dosage
in this study of 1.4 g ae ha (10 ug mL™) resulted in 15 to 40% injury across all sites. Although
previous literature predicts 5% soybean yield loss with dosages as low as 0.15 g ae ha™, soybeans in
this study were able to tolerate dosages up to 0.7 g ae ha! (5 ug mL") with no yield loss [2,6,9].
Research conducted by Kelley et al. [17] observed 25 and 41% visual injury resulted from dicamba
applications of 0.56 and 5.6 g ae ha™ at R2 stage with no yield loss and 7% yield loss, respectively.
Foster et al. [26] reported 9% and 30% yield loss for dosages of 2.2 and 8.8 g ae ha™ applied at
reproductive stages. Injury up to 37% observed in the current study from 0.7 g ae ha™ (5 ug mL™")
with no impact on yield, indicating that a substantial amount of injury can occur without affecting
yield under certain conditions. In a nutshell, the results from this study demonstrate that
concentrations greater than 1.25 pg mL (0.18 g ae ha™) have not been found on any sprayer tested if
triple rinse cleanout procedures were followed. There is reasonable confidence to state that soybean
yield loss from dicamba residue remained in sprayer after triple rinse procedure while using
sufficient amount of water is unlikely to occur.

4. Discussion

Dicamba concentrations from the final rinse in the sprayer survey may cause visual
symptomology on sensitive soybean, but they were not higher than the lowest dosage expected to
cause soybean yield loss. Dicamba concentrations in the final rinse were not detectable in the majority
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of the sprayers surveyed. Higher amounts of dicamba may be retained when higher rates are applied.
Several sprayers in both studies did retain enough dicamba residues in final rinsates to cause
observable symptomology that is based on dose responses in previous studies [2,9,12,13]. Bioassay
where actual rinsates were applied to soybeans at first bloom in 2017, which is the most sensitive
growth stage for yield loss, resulted in <15% symptomology and no yield loss [2,3]. These
observations are consistent with the findings from the dose-response portion of this study, where
concentrations of 1 ug mL-! generated 18% or less visual injury and a lack of yield response. Published
literature and the results of this study suggest the safety margin for sensitive soybeans not to be
damaged by dicamba residues in sprayers does exist, but it is fairly narrow (0.68 pg mL™" dicamba
found in 4th rinse and 1.07 pg mL-' may cause soybean yield loss), so growers must be cautious when
conducting triple rinse procedure [2,6,9,21].

A few precautionary measures for cleaning sprayer equipment include thoroughly draining the
tank after dicamba application and between each rinse, using sufficient volumes of water (at least
10% tank capacity), washing the top of the tank, flushing hoses, cleaning end caps, soaking nozzles,
and washing the exterior of the sprayer [22,27]. The failure to drain sprayer tanks in between rinses
can impede proper dilution and result in higher herbicide retention [27]. Additionally, periodic
maintenance of sprayer equipment and the replacement of damaged parts, such as hoses and nozzles,
is often recommended to limit spaces where residues can become lodged [21]. Commercial tank
cleaning agents have been shown to increase removal efficacy on flumioxazin and other herbicides
with low water solubility, which tend to precipitate to the bottom of the tank and spray hose
[11,27,28]. However, the addition of tank cleaning agent in the second rinse did not significantly
improve dicamba clean out efficacy in this study due to its high-water solubility.

Dicamba off-target movement concerns are not likely to be completely resolved in coming years
and proper technology stewardship will be necessary to minimize the impacts on sensitive crops and
environment. Data generated from dicamba retention in commercial sprayers and soybean dose
response experiments in this study can provide guidelines to ensure proper stewardship of new
technology and avoid potential self-inflicted damage on sensitive crops. More research is needed on
understanding how different sprayer designs, tank materials, boom length, hoses, and tank plumbing
affect dicamba retention. Authors should discuss the results and how they can be interpreted in
perspective of previous studies and of the working hypotheses. The findings and their implications
should be discussed in the broadest context possible. Future research directions may also be
highlighted.
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