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Abstract

In research conducted using indeterminate soybean [Glycine max (L.) Merr.], fourteen
injury criteria observed following dicamba at 0.6 to 280 g ae ha™ (1/1000 to % of 560 g ha™ use
rate) were rated using a scale of 0= no injury, 1= slight, 2= slight to moderate, 3= moderate, 4=
moderate to severe, and 5= severe. Greatest crop injury 15 d after treatment (DAT) was observed
following dicamba applied at 0.6 to 4.4 g ha™ at \V3/V4 for upper canopy pale leaf margins (3.8
to 4.2) and at R1/R2 for terminal leaf cupping (4.1 to 5.0) and, following 0.6 to 8.8 g ha™
dicamba applied at VV3/V4 for upper canopy leaf cupping (3.8 to 4.8) and upper canopy leaf
surface crinkling (3.4 to 4.4). At 15 DAT, injury was no greater than the nontreated control when
dicamba rate was as high as 4.4 g ha™ for lower stem base swelling (V3/V4 application) and for
upper canopy leaf rollover/inversion and terminal leaf necrosis (R1/R2 application) and for rates
as high as 8.8 g ha™* for leaf petiole base swelling and stem epinasty (R1/R2 application) and
lower stem base lesions/cracking (V3/V4 and R1/R2 applications). In contrast, overall injury
ratings (0 to 100%) showed a steady increase as dicamba rate increased. Injury data were
analyzed using multiple regression with a forward selection procedure to develop yield
prediction models. Variables included in the V3/V4 15 DAT model were lower stem base
lesions/cracking, plant height reduction, terminal leaf epinasty, leaf petiole droop, leaf petiole
base swelling, and stem epinasty. For the R1/R2 15 DAT model, variables included lower stem
base lesions/cracking, terminal leaf chlorosis, leaf petiole base swelling, stem epinasty, terminal
leaf necrosis, and terminal leaf cupping. To validate the models, experiments were conducted at

two locations and predicted yield reduction for each dicamba rate was compared with observed

viii



yield reduction. For dicamba at 0.6 to 4.4 g ha™, the VV3/V4 15 DAT model either underestimated
or overestimated observed yield loss by 1 and 3 percentage points and the R1/R2 15 DAT model

overestimated observed yield loss by 3 to 5 percentage points.



Chapter 1. Introduction

Soybean [Glycine max (L.) Merr.] is the dominant oilseed crop grown in the United
States, accounting for 90% of total oilseed produced (USDA 2018). Soybean seeds contain high
levels of protein and oil that are useful for human consumption (Brummer et al. 1997). Soybean
also contributes to industrial and animal feed sectors. The United States is the world's leading
soybean producer and the second-leading exporter (USDA 2018). In 2017, estimated value of
Louisiana agriculture to the state’s economy was $11.8 billion with plant enterprises comprising
64% (Anonymous 2018a). Soybean production in the state was valued at $798.2 million with 1.9
billion kg of seed produced on 522,045 ha by 2,346 producers. The average soybean yield in
2017 was 3,629 kg ha™*. When considering only row crops, soybean is the second-highest value
plant commaodity in the state ($798.2 M) behind sugarcane (Saccharum spp.) ($998.3 M).

Prior to the introduction of the Roundup Ready® crop technology (Monsanto Company,
St. Louis, MO 63167), it was common to observe numerous broadleaf and grass weeds in row
crops requiring use of multiple herbicides and applications. Low commodity prices and high
herbicide costs forced growers to reduce weed control inputs. Glyphosate, more commonly
known as Roundup® (Monsanto Company, St. Louis, MO 63167), is a non-selective herbicide
labeled for control of over 300 grass and broadleaf weed species (Franz et al. 1997). In the plant,
glyphosate inhibits the enzyme 5-enolpyruvylshikimate 3-phosphate synthase (EPSPS), which is
responsible for the production of the essential aromatic amino acids phenylalanine, tyrosine, and
tryptophan (Shaner 2014a). Prior to the mid 1990’s, glyphosate was commonly used as a

preplant burndown treatment. With the introduction of glyphosate-resistant soybean in 1996,



cotton (Gossypium hirsutum L.) in 1997, and corn (Zea mays L.) in 1998, use of glyphosate was
expanded to in-crop use and weed control was equal to or better than previous weed management
practices (Culpepper and York 1998; McKinley et al. 1999; Vangessel et al. 2000). Glyphosate-
resistant crops were widely adopted due to glyphosate’s low mammalian toxicity, cost, ease of
use, and broad spectrum weed control. In 2017, 94% of the soybeans planted in the United States
were herbicide-resistant varieties (USDA-NASS 2017). Despite recent media attention, research
has concluded that glyphosate, when used according to the label, is not hazardous to human
health (Williams et al. 2000).

Although glyphosate-resistant crops have simplified farming by saving growers time and
money due to fewer pesticide applications (Brookes and Barfoot 2009), the overreliance has
selected for glyphosate-resistant weeds. Herbicide-resistant weeds naturally occur at low levels
in the population early on and when exposed to glyphosate over several years, the weed
population shifts to weeds less susceptible and overtime the resistant weeds become dominant.
To date, glyphosate resistance has been confirmed in 42 weed species worldwide, including 17 in
the United States (Heap 2018). In 2003, glyphosate-resistant marestail [Conyza canadensis (L.)
Cronquist] was identified in Mississippi and Arkansas. Glyphosate-resistant Palmer amaranth
(Amaranthus palmeri S. Wats.) was reported in 2005 in Georgia, 2006 in Arkansas and
Tennessee, 2008 in Mississippi, and 2010 in Louisiana. Glyphosate-resistant Italian ryegrass
[Lolium perenne L. ssp. multiflorum (Lam.) Husnot] was reported in 2005 in Mississippi, 2008 in
Arkansas, and 2014 in Louisiana. Glyphosate-resistant johnsongrass [Sorghum halepense (L.)

Pers.] was reported in 2007 in Arkansas, 2008 in Mississippi, and 2010 in Louisiana.



In response to herbicide-resistant weeds, soybean and cotton have been developed with a
genetic trait that confirms resistance to dicamba (Behrens et al. 2007). Dicamba (3,6-dichloro-2-
methoxybenzoic acid) is a synthetic auxin herbicide in the benzoic acid chemical family that can
be used for broadleaf weed control preplant, preemergence (PRE), and postemergence (POST) in
corn and small grains at rates of 280 to 560 g ha™, as well as POST in fallow, pastures,
rangelands, and turf (Shaner 2014b). Dicamba was discovered in 1958 by S. B. Richter, was first
marketed in 1964 and is now the sixth most widely used herbicide in the United States. One
concern with dicamba is the potential for volatility and off-target movement. Dicamba has a
vapor pressure of 4.5 x 10 Pa (25 C) and water solubility of 4,500 mg/L for the acid, 720,000
mg/L for the dimethylamine salt formulation (DMA), and 400,000 mg/L for the sodium salt, and
is classified as a moderately volatile compound (Bunch and Gervais 2012). It is sold under many
trade names including Banvel® herbicide, which is formulated as a DMA salt (Arysta
LifeScience North America LLC, Cary, NC 27513), and Clarity® herbicide, which is formulated
as a diglycolamine (DGA) salt (BASF Corporation, Research Triangle Park, NC 27709) (Shaner
2014b).

Synthetic auxins are classified in the 4© HRAC/WSSA Herbicide Mechanism of Action
Group and mimic the naturally occurring growth hormone Indole-3-acetic acid (IAA) (Shaner
2014c). The exact mechanism of action is not well understood and the molecular binding site has
not been identified. Dicamba mimics natural auxin and causes abnormal growth by affecting cell
division (Cremlyn 1991). Auxin is the most abundant hormone in plants (Taiz and Zeiger 2002)
and is effective at very low concentrations (Weidenhamer et al. 1989). Synthetic auxin

herbicides at a high concentration in the plant cause an uncontrolled auxin response in sensitive



plants (Kelley and Riechers 2007). The biosynthesis of abscisic acid (ABA) is induced by high
auxin levels. Presence of ABA prompts stomatal closure, which causes carbon fixation by
photosynthesis to end (Cobb and Reade 2010). When ABA is exposed to light, it is believed to
cause accumulation of hydrogen peroxide resulting in phytotoxicity (Cobb and Reade 2010).
Compared to 2,4-D, dicamba penetrates plant tissue slightly less rapidly, and among
formulations, the DMA salt penetrates leaf foliage more rapidly than other formulations
(Andersen et al. 2004). Dicamba accumulates in the meristematic regions of the plant due to
phloem transport. Metabolism of dicamba is generally slower in broadleaf plants than in tolerant
grasses. Grasses can metabolize as much as 50% of dicamba in 1 day but it takes broadleaves 20
d to metabolize 10% of dicamba (Chang and VVanden Born 1971). Although dicamba can be an
effective tool for the control of herbicide-resistant broadleaf weeds, it should be part of an
integrated weed management program that employs multiple herbicide sites of action. Tank-
mixing dicamba with glyphosate increased the control of Palmer amaranth, waterhemp
[Amaranthus tuberculatus (Mog.) J.D. Sauer], and horseweed compared to glyphosate alone
(Johnson et al. 2010). Other research has documented an increase in control of glyphosate-
resistant weeds by dicamba and glyphosate combinations over dicamba alone (Spaunhorst and
Bradley 2013). Currently only six weed species are resistant to dicamba worldwide, with two
species, Kochia [Kochia scoparia (L.) Schrad.] and prickly lettuce (Latuca serriola L.), present
in the U.S. (Heap 2018).

The dicamba-resistant crop technology was made possible by the discovery of the soil
bacterium Pseudomonas maltophilia (strain DI-6) that metabolizes dicamba to a non-

herbicidal/inactive form (Behrens et al. 2007). Tolerance in transgenic plants is achieved by



inserting the enzyme O-demethylase which catalyzes the breakdown of dicamba to the non-
herbicidal 3,6-dichlorosalicylic acid (Cao et al. 2011; Behrens et al. 2007; Dumitru et al. 2009).
This technology will provide growers with an additional mode of action for control of
glyphosate-resistant weeds; as well as protoporphyrinogen oxidase (PPO) inhibitor-resistant
weeds such as Palmer amaranth, waterhemp, and common ragweed (Ambrosia artemisiifolia L.)
(Heap 2018), but risk of dicamba off-target movement to sensitive crops is of concern.

The broad application window for dicamba in the dicamba-resistant crop technology will
increase the likelihood of off-target movement to sensitive crops. Soybean is especially sensitive
to dicamba (Al-Khatib and Peterson 1999; Griffin et al. 2013). Weidenhamer et al. (1989)
reported soybean yield reduction for dicamba as low as 0.04 g ha™*. Hartzler (2017) described
sensitivity of soybean to dicamba using corn and glyphosate as a comparison. The lowest
observed dose of glyphosate causing significant visual response in corn was 1% of the labeled
use rate of 560 g ha™. For soybean, significant visual injury from dicamba occurred at 0.005% of
the 560 g ha™ use rate, showing soybean to be 200 times more sensitive to dicamba than corn is
to glyphosate. Wax et al. (1969) reported that the injury to soybean from dicamba exceeded that
from equivalent rates of 2,4-D. However, visual injury from dicamba doesn’t always correlate
with yield reduction (Griffin et al. 2013).

Previous research has shown that soybean growth stage at the time of dicamba exposure
affects soybean yield response (Griffin et al. 2013). They reported a 15 and 36% reduction in
yield when 17.5 g ha™* (1/32 of use rate) of dicamba was applied V4 and R1, respectively, and
concluded that soybean exposed to dicamba during R1 is 2.5 times more sensitive compared to

vegetative exposure. Robinson et al. (2013) reported that soybean yield loss was lower when



dicamba was applied at vegetative stages and could be attributed to plants having more time to
overcome injuries before reproduction began. Egan et al. (2014) reported soybean yield loss
from dicamba exposure at 5.6 g ha™* of 4% during vegetative stage and 9% during flowering.

In addition to growth stage at time of exposure, other factors can also impact soybean
response from dicamba. Greater yield reduction has been reported in drier growing seasons
(Andersen et al. 2004; Auch and Arnold 1978; Robinson et al. 2013; Weidenhamer et al. 1989).
Al-Khatib and Peterson (1999) observed increased soybean sensitivity to dicamba with high
temperatures at time of exposure. Wax et al. (1969) reported differences in yield response
between indeterminate and determinate soybean to low rates of dicamba. The effects of initial
injury and persistence of injury on crop yield loss from herbicide exposure would be dependent
on receiving timely rainfall or irrigation during the growing season and on the effective
management of insects, diseases, and weeds that affect crop yield potential.

Roundup Ready 2 Xtend® (Monsanto Company, St. Louis, MO 63167) soybean cultivars
commercially available to growers in 2016 allowed for use of dicamba through the R1 growth
stage (Seifert-Higgins and Arnevik 2012), however, dicamba herbicide was not registered for
commercial in-crop use until November 9, 2016. In an effort to manage herbicide-resistant
weeds, some growers chose to make illegal applications of older, more volatile dicamba
formulations before the new dicamba formulations were approved by the Environmental
Protection Agency (EPA). In 2016, complaints of dicamba damage to nontarget crops were
received in Alabama, Arkansas, Illinois, Kentucky, Minnesota, Mississippi, Missouri, North
Carolina, Tennessee, and Texas (United States Environmental Protection Agency 2017).

Based on the number of crop acres adversely affected, it was believed that illegal use of dicamba



formulations with increased volatility and unfavorable spray conditions were the major
contributor.

In 2017, three dicamba products were registered for use in the dicamba-resistant crop
technology. Dicamba as a BAPMA [N,N-bis-(aminopropyl)methylamine], a tridentate amine salt
that provides strong and effective binding of dicamba spray residues to suppress volatilization
(Xu et al. 2012), was marketed as Engenia® (BASF Corporation, Research Triangle Park, NC
27709). Dicamba as a DGA salt of dicamba, which includes VVaporGrip® technology (a
proprietary ingredient to reduce dicamba volatility compared with other formulations), was
marketed as Xtendimax® (Monsanto Company, St. Louis, MO 63167) and FeXapan® (Dupont,
Wilmington, DE 19898). Roundup Xtend® herbicide (Monsanto Company, St. Louis, MO
63167), a premix of glyphosate and the DGA salt of dicamba with VaporGrip® technology, is
still awaiting approval by the EPA. To help alleviate problems in 2017, educational programs
were initiated by the manufactures of labeled dicamba products and through some of the state
land grant universities to emphasize stewardship of the technology.

During the 2017 growing season, off-target movement of dicamba was again observed. In
Arkansas as of October 15, 2017, 986 dicamba-related injury investigations were filed (Bradley
2017). The sale, use, and application of dicamba for row crop agricultural use in Arkansas was
prohibited starting July 11, 2017, and was in effect for 120 d. In addition, an increase in the civil
penalty for dicamba misuse was increased up to $25,000 (Arkansas Agriculture Department
2017). In Missouri as of October 15, 2017, 310 alleged dicamba-related complaints were filed
(Bradley 2017). A dicamba use ban was initiated and rescinded and special local need labels for

the three labeled dicamba products were written that specified wind speed and time of day



applications could be made. It was required that applicators be certified, on-line web-based
forms be completed prior to application, and records be maintained for each application
(Missouri Department of Agriculture 2017). In Tennessee as of October 15, 2017, 132
complaints concerning dicamba drift were under investigation (Bradley 2017). A dicamba ban
was not issued, but the state prohibited use of older dicamba formulations, specified when
applications could be made during the day, and required that applicators be certified (Tennessee
Department of Agriculture 2017). In Mississippi as of October 15, 2017, 78 official complaints
were made to the Department of Agriculture and Commerce (Bradley 2017). Off-target
movement of dicamba to susceptible soybean was also reported in lowa and Ohio (Loux and
Johnson 2017) and Illinois (Hager 2017). At least ten reported official complaints concerning
dicamba drift were made to the state departments of agriculture in Indiana, Kansas, Kentucky,
Minnesota, Nebraska, North Carolina, North Dakota, and South Dakota (Bradley 2017). As of
October 15, 2017, 2,708 total dicamba-related injury investigations were made to state
departments of agriculture in the U.S. (Bradley 2017). In Louisiana as of October 15, 2017, there
were only 2 dicamba-related injury investigations filed. Approximately 1.46 million ha of
soybean were reported by university extension weed scientists as injured by off-target movement
of dicamba. Unfortunately issues with dicamba off-target movement continued in 2018 and as of
July 15, approximately 600 cases of dicamba injury to various crops were being investigated by
the state departments of agriculture. In Louisiana, there were 34 cases under investigation.
University weed scientists estimated that approximately 445,000 ha of soybean were injured by

dicamba (Bradley 2018).



Volatilization, physical spray drift, and sprayer contamination are the main sources for
off-target movement of a pesticide. Volatilization occurs when pesticide changes from a liquid to
a gas during the application or after the pesticide reaches the intended target. Herbicides with a
higher vapor pressure will have a greater tendency to volatilize. Volatility of herbicide increases
at high ambient temperature and low relative humidity (Behrens and Lueschen 1979; Mueller et
al. 2013). The leaf surface of a plant and environmental factors such as temperature, rainfall, and
relative humidity can affect herbicide volatility (Egan and Mortenson 2012). In a study
conducted in Tennessee, air samples collected from the field showed the amount of dicamba
detected with DMA salt two times greater than the DGA salt (Mueller et al. 2013). The amount
of dicamba detected was greater during the 0 to 12 h period after application compared to the 12
to 48 h period. Egan and Mortensen (2012) were able to detect vapor drift of dicamba DMA 21
m away from the treated plot at a mean concentration of 0.56 g ha™ (0.1% of the applied rate)
They also found the DGA salt of dicamba to be 94% less volatile than the DMA salt of
dicamba.Volatilization from corn fields occurred up to three d after application and in one of five
experiments, minor injury due to volatilization was observed on the fourth day after application.
Behrens and Lueschen (1979) reported volatility of DMA dicamba 1.5 times greater from treated
soybean foliage compared with silt loam soil and also found the sodium salt of dicamba to be
less volatile than the DMA salt of dicamba. Vapor injury to soybean was almost eliminated when
1 mm of simulated rainfall was applied to dicamba-treated corn. It was reported that 92% of
dicamba acid had volatilized at 12 h compared with 43% for the DMA salt. Bauerle et al. (2015)
concluded that under field conditions, differences in volatility among dicamba herbicide salt

formulations would be of minimal importance with respect to off-target movement and injury to



sensitive crops. Additionally, Griffin et al. (2013) reported that application of dicamba at 0.56 g
ha™!, the exposure rate associated with volatility, resulted in soybean yield reduction of no more
than 1%. Meta-analysis of data from over seven decades of simulated drift experiments showed
soybean yield losses of basically zero for exposure to dicamba at 0.56 g ha™* during vegetative
stage and of approximately 1% during flowering (Egan et al. 2014).

All herbicides are prone to off-target movement as physical drift of the spray solution.
Herbicide drift is mainly caused by improper application methods (Wauchope et al. 1982).
Factors such as spray droplet size, wind speed, spray nozzles, spray pressure, boom height, crop
stage, crop sensitivity, atmospheric conditions, and spray solution properties can all interact to
influence the extent of a physical drift event (Hatterman-Valenti et al. 1995; Heidary et al. 2014;
Lofstrom et al. 2013). A range of 1 to 8% of the spray solution with ground sprayers typically
moves beyond the spray swath by means of physical drift (Maybank et al. 1978). Physical drift
of auxin herbicides can cause significant injury and yield loss (Griffin et al. 2013; Johnson et al.
2012). Griffin et al. (2013) reported that based on a minimum spray particle drift of 1% of the
dicamba use rate, yield loss from soybean exposure to dicamba would correspond to 5% when
exposed at V3/V4 and 13% when exposed at R1. The specific type of spray equipment used can
also impact physical drift. Herbicides are more prone to physical drift when applied aerially
(Martin and Green 1995). Droplet size can influence drift, especially when herbicides are applied
by air as ultralow-volume sprays when spray droplets are less than 105 microns in size (Hanks
1995). Nozzle selection is a key factor in attaining the correct droplet size (Heidary et al. 2014).
Driftable fine spray droplets can be reduced from 30 to 2% by upgrading the nozzle technology

of a sprayer (Ramsdale and Messersmith 2001). There are currently 20 nozzles approved for use
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when applying Engenia® herbicide (BASF Corporation, Research Triangle Park, NC 27709)
(Anonymous 2018b) and 26 nozzles approved for use when applying Xtendimax® herbicide
(Monsanto Company, St. Louis, MO 63167) (Anonymous 2018c). Pesticides applied with
dicamba can also influence the droplet size of the spray solution. Adding S-metolachlor®
(Syngenta Crop Protection, Greenshoro, NC 27409) to Engenia® (BASF Corporation, Research
Triangle Park, NC 27709) was shown to reduce droplet size by 28% even when Turbo Teejet
Induction (TTI) nozzles were used (Meyer et al. 2016).

Off-target movement of herbicide as both a vapor and a liquid can occur as a result of
temperature inversion. Inversions form as heavier cool air settles close to the soil surface with a
warm layer above (Beckman 2016). Formation of inversion layers is most common under calm
conditions late in the afternoons through the night and into the morning. Application of herbicide
above the inversion layer can prevent spray from reaching the target area. With increasing wind
speed, the herbicide can be transported away from the treated area and can settle out as the
inversion layer dissipates. The role of temperature inversions in off-target movement of dicamba
is the reason some states in 2017 specified time of the day when dicamba could be applied
(Missouri Department of Agriculture 2017; Tennessee Department of Agriculture 2017).

Off-target exposure to herbicide can also occur through sprayer contamination from
herbicide residue in the spray tank and spray hoses, filters, and pump (Steckel et al. 2005).
Cundiff et al. (2017) evaluated dicamba persistence as influenced by sprayer cleanout procedures
and agricultural hose types using dicamba-sensitive soybean as a bio-indicator. Differences in
soybean injury were not observed after addition of ammonia to the cleanout solution when

compared with water alone. Differences in retention of dicamba among spray hose types
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appeared related to imperfections present on inner walls. Scroggs et al (2008) reported that
auxinic herbicides can readily adhere to the inside of the spray tank, particularly to plastic as

well as to rubberized components and cannot be removed with only water. Most often, a solution
of household ammonia and water is used to remove chemical residues from sprayers (Steckel et
al. 2005). Boerboom (2004), however, reported that even though spray equipment used to make a
dicamba application was cleaned with an ammonium—water solution, spray solution exiting the
sprayer on the next application contained up to 0.63% dicamba.

Issues related to off-target movement of dicamba in 2017 were attributed to herbicide
volatility, time of day applications were made, spray conditions and spray nozzle selection, and
spray tank contamination. Other possibilities included dicamba-contaminated herbicides and
misdiagnosis of leaf symptoms attributed to dicamba (Fraley 2017). Most likely, the degree of
severity observed was related to a combination of several factors exacerbated by both the
quantity of dicamba sprayed over a short time period, described as the landscape effect (Baldwin

2017) and the high sensitivity of non dicamba-resistant soybean.

Soybean exposed to dicamba, depending on the rate, can exhibit leaf cupping and
crinkling, stem and leaf petiole epinasty, terminal chlorosis/death, stem swelling, and stem
cracking (Griffin et al. 2013). Around 15 d is when dicamba injury expression is highly visible
(Griffin et al. 2013; Egan et al. 2014) and with time, plant symptoms can become less noticeable
due to plant recovery or death. Because dicamba injury symptoms are easily recognized, concern
arises regarding the effect on crop yield. Weidenhamer et al. (1989) reported that soybean yield

was not reduced when only crinkling and cupping of terminal leaves occurred at lower dicamba
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rates. Significant soybean yield reduction, however, was reported when injury consisted of
terminal bud kill, splitting of the stem, swollen petioles, and curled, malformed pods. Others
have documented injury symptoms such as lateral growth and increased branching when
soybeans are exposed to dicamba early in the growing season (Andersen et al. 2004; Wax et al.
1969).

In most research evaluating crop response to auxin herbicides, injury is based on a visual
rating of O (no crop injury/no effect) to 100% (all plants dead/total plant death/complete
kill/complete crop death). Specific injury criteria represented in ratings are often not provided.
Al-Khatib and Peterson (1999) noted “severe shoot and petiole epinasty, swollen petioles, leaf
cupping, and leaf curling” 7 DAT with dicamba and “symptomology associated with yield loss
from dicamba treatments included severe epinasty, leaf cupping and curling, as well as leaf burn
at some of the higher rates.” Griffin et al. (2013) stated that injury ratings “included leaf cupping
and crinkling, stem and leaf petiole epinasty, terminal chlorosis/death, stem swelling, and stem
cracking”. Others have stated that “foliar chlorosis, necrosis, and plant stunting were considered
when making the visual estimates” (Johnson et al. 2012). Weidenhamer et al. (1989) assessed
soybean injury from dicamba by “the presence or absence of several distinct morphological
symptoms of herbicide injury; foliar aberrations, terminal bud injury, pod malformation, petiole
enlargement, twisting of plant tops, splitting of stem, canopy closure, and delayed maturity.”
Regardless of what injury symptoms are included when making an overall visual injury rating, to
assign a single injury rating on a 0 to 100% scale that represents multiple injury criteria would
require that individual criterion be assigned a level of severity and ranked as to contribution to

overall injury. In most cases, overall crop injury ratings in response to dicamba have shown an
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increase with increasing rate (Al-Khatib and Peterson 1999; Griffin et al. 2013; Johnson et al.
2012). When yield data associated with various dicamba rates are available, injury ratings could
be used to pinpoint rate of exposure and to predict yield loss. The lack of specificity in assigning
injury ratings along with the variability in ratings expected among individuals, however, would
question the ability to accurately pinpoint exposure rate and to predict yield loss.

Others have used a 0 to 100 rating scale to assess soybean injury affected by auxin
herbicides, but went a step further by clearly defining the specific injury represented using 10-
point increments. Egan and Mortensen (2012) described soybean injury following exposure to
dicamba with a value of 10 representing “slight crinkle of leaflets of terminal leaf”; 20
equivalent to “cupping of terminal leaflets, slight crinkle of leaflets of second leaf, growth rate
normal”; and 50 indicating “no expansion of terminal leaf, second leaf size one-half that of
control, axillary leaf buds unable to open and develop”. In dose response experiments, soybean
injury was quantified 14 d following dicamba applied at \/4 at 0.006 to 56.1 g ha™ in one year
and at 0.006 to 561 g ha™ the second year. For each year, 1n-linear regression was used to
produce the inverse relationship describing 1n (dose) as a function of injury value 14 d after
treatment. Log-linear models produced a correlation between observed injury and treatment dose
of r’=97.3 in year 1 and r*= 96.6 in year 2.

Robinson et al. (2013) described soybean injury from auxin herbicides with 10%
representing “slight reduction in height or canopy volume, cupped or bubbled leaves on less than
or equal to the upper 10% of the plant, bent petioles, and chlorosis or necrosis”; 20%
representing “moderately crinkled leaflets (extended across less than or equal to the upper 20%

of the plant), curled petioles, reduced height and canopy volume, cupped terminal leaflets”; and
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50% representing “very high reduction of plant height (less than or equal to 50% of the plant)
with little likelihood of recovery from the apical meristem, new growth suppressed, formation of
pods reduced or malformed, some leaf and stem tissue becomes necrotic, petioles and stem show
severe twisting”. Nonlinear regressions of soybean injury as affected by dicamba rate were used
in dose-response models to predict seed yield loss as related to dicamba injury. The effective
dose (ED) 14 DAT to cause 20% injury (EDag) was 0.68 g ha™* dicamba for exposure at V2 and
V5 and 0.94 g ha™ for exposure at R2.

The rating systems described by Egan and Mortensen (2012) and Robinson et al. (2013),
however, may be too definitive and inflexible. A fairly simple and straight forward method of
assessing crop injury from auxin herbicides was described by Bauerle et al. (2015). Cotton and
tomato injury symptoms were grouped as 1) leaf cupping/crinkling/drooping, 2) leaf
rolling/strapping, 3) stem epinasty, and 4) stem swelling/cracking. For each group, a visual
injury rating was assigned using a scale of 0 to 5 with 0 = none, 1 = slight, 2 = slight to
moderate, 3 = moderate, 4 = moderate to severe, and 5 = severe. The rating system proved
effective in evaluating volatility among auxin herbicide formulations.

A valuable lesson was learned after the introduction of glyphosate-resistant crops.
Although research at that time had documented injury and yield reductions associated with corn
and rice (Ellis et al. 2003) and wheat (Roider et al. 2007) exposure to glyphosate, researchers
were unable to forecast potential yield reduction early in the growing season to help growers
with management decisions. In anticipation of potential off-target movement of dicamba to
susceptible soybean, the specific objectives of this research were 1) to identify injury criteria

associated with soybean exposure to dicamba, to quantify injury severity as influenced by rate,
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plant growth stage at exposure, and time after exposure, and to relate findings to assessment of
overall visual crop injury using the standard (0 to 100%) rating scale, 2) to determine the effect
of dicamba on soybean yield and yield components as influenced by dicamba rate and soybean
growth stage, 3) to use injury criteria data and level of injury and yield data to develop soybean
yield prediction models and to validate the models, and 4) to develop an app using the yield

prediction models that will allow users to enter injury data and receive a yield loss prediction.
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Chapter 2. Injury Criteria Associated with Soybean Exposure to Dicamba

Introduction

Soybean [Glycine max (L.) Merr.] and cotton (Gossipium hirsutum L.) have been
developed with a genetic trait that confirms resistance to dicamba (Behrens et al. 2007). This
technology will provide growers with an alternative for the control of problematic glyphosate-
resistant weeds like Palmer amaranth (Amaranthus palmeri S. Wats.), common waterhemp
(Amaranthus rudis J.D. Sauer), common ragweed (Ambrosia artemisiifolia L.), giant ragweed
(Ambrosia trifida L.), and horseweed [Conyza canadensis (L.) Cronquist] as well as
protoporphyrinogen oxidase (PPO) inhibitor-resistant Palmer amaranth, common waterhemp,
and common ragweed (Heap 2017). Dicamba-resistant soybean cultivars were first commercially
available in 2016. That year, complaints of dicamba damage to nontarget crops were received in
Missouri, Alabama, Arkansas, Illinois, Kentucky, Minnesota, Mississippi, North Carolina,
Tennessee, and Texas (United States Environmental Protection Agency 2017). During the 2017
growing season, off-target movement of dicamba was again observed. Bradley (2017) reported
that 2,708 dicamba-related injury cases were under investigation by state departments of
agriculture by mid-October in 2017. State extension weed scientists estimated that approximately
1.46 million ha of U.S. soybean crops were injured by off-target movement of dicamba.

In most weed science research, crop injury response to herbicide is based on a visual
rating of 0 (no crop injury/no effect) to 100% (all plants dead/total plant death/complete
kill/complete crop death). Injury criteria represented in ratings are often not provided, but in

some cases the authors are more specific. Al-Khatib and Peterson (1999) noted “severe shoot and
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petiole epinasty, swollen petioles, leaf cupping, and leaf curling” 7 d after treatment (DAT) with
dicamba and “symptomology associated with yield loss from dicamba treatments included severe
epinasty, leaf cupping and curling, as well as leaf burn at some of the higher rates.” Griffin et al.
(2013) stated that injury ratings “included leaf cupping and crinkling, stem and leaf petiole
epinasty, terminal chlorosis/death, stem swelling, and stem cracking”. Others have stated that
“foliar chlorosis, necrosis, and plant stunting were considered when making the visual estimates”
(Johnson et al. 2012). Weidenhamer et al. (1989) assessed soybean injury from dicamba by “the
presence or absence of several distinct morphological symptoms of herbicide injury; foliar
aberrations, terminal bud injury, pod malformation, petiole enlargement, twisting of plant tops,
splitting of stem, canopy closure, and delayed maturity.” To assign a single injury rating on a 0
to 100% scale that represents multiple injury criteria would require that individual criterion be
assigned a level of severity and ranked as to contribution to overall injury. Such a rating system
would be subjective and ratings would be expected to vary among individuals.

Others have used a 0 to 100 rating scale to assess soybean injury affected by auxin
herbicides, but have gone a step further by clearly defining the specific injury represented using
10-point increments. As an example, Egan and Mortensen (2012) described soybean injury
following exposure to dicamba where a value of 10 represents “slight crinkle of leaflets of
terminal leaf”; 20 is equivalent to “cupping of terminal leaflets, slight crinkle of leaflets of
second leaf, growth rate normal”; and 50 indicates “no expansion of terminal leaf, second leaf
size one-half that of control, axillary leaf buds unable to open and develop”. Robinson et al.
(2013) described soybean injury from auxin herbicides where 10% represents “slight reduction in

height or canopy volume, cupped or bubbled leaves on less than or equal to the upper 10% of the
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plant, bent petioles, and chlorosis or necrosis”; 20% represents “moderately crinkled leaflets
(extended across less than or equal to the upper 20% of the plant), curled petioles, reduced height
and canopy volume, cupped terminal leaflets”; and 50% represents “very high reduction of plant
height (less than or equal to 50% of the plant) with little likelihood of recovery from the apical
meristem, new growth suppressed, formation of pods reduced or malformed, some leaf and stem
tissue becomes necrotic, petioles and stem show severe twisting”.

The rating systems described by Egan and Mortensen (2012) and Robinson et al. (2013),
however, may be too definitive and inflexible. A fairly simple and straight forward method of
assessing crop injury from auxin herbicides was described by Bauerle et al. (2015). Cotton and
tomato injury symptoms were grouped as 1) leaf cupping/crinkling/drooping, 2) leaf
rolling/strapping, 3) stem epinasty, and 4) stem swelling/cracking. For each group, a visual
injury rating was assigned using a scale of 0 to 5 with 0 = none, 1 = slight, 2 = slight to
moderate, 3 = moderate, 4 = moderate to severe, and 5 = severe. The rating system proved
effective in evaluating volatility among auxin herbicide formulations.

The high sensitivity of soybean to dicamba suggests that symptomology such as leaf
cupping would be expressed at very low rates. The question would be, how does the presence of
leaf cupping or any other observed symptom relate to crop yield? The objectives of this research
were 1) to identify injury criteria associated with soybean exposure to dicamba and to quantify
severity (0 to 5 scale) as influenced by rate, plant growth stage at exposure, and time after
exposure, 2) to compare this method of injury assessment to overall visual crop injury ratings (0
to 100%), and 3) to use injury criteria data and level of severity to help pinpoint specific

herbicide rates to determine crop yield loss.
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Materials and Methods

Experiments to evaluate soybean response to dicamba were conducted for 3 yr at the LSU
AgCenter, Central Research Station, Ben Hur Research Farm (30.363°N, 91.163°W) in Baton
Rouge, LA. The soil type and soil classification for the experiments was a Mhoon silt loam (fine-
silty, mixed, nonacid, thermic Typic Fluvaquent) with a pH of 6.3 and OM of 1.9. Indeterminate
soybean cultivars and maturity groups were Pioneer 94Y80 (relative maturity 4.8) in 2013,
Terral REV 51R53 (relative maturity 5.1) in 2014, and Asgrow 4835 (relative maturity 4.8) in
2015. Planting dates were June 6, 2013, May 21, 2014, and May 6, 2015, and seeding rate was
300,000 seed ha™. On the same day of planting, S-metolachlor (Dual 11 Magnum®, Syngenta
Crop Protection, Greenshoro, NC 27409) at 1610 g ai ha™ plus glyphosate (Roundup
PowerMax®, Monsanto Co., St. Louis, MO 63167) at 870 g ae ha™were applied in 2013 and S-
metolachlor plus sulfentrazone (Authority Elite®, FMC Corporation, Philadelphia, PA 19104) at
1760 g ai ha™* were applied in 2014 and 2015. In each experiment, glyphosate (Roundup
PowerMax) was applied twice at 870 g ha ™ when weeds were 5 to 8 cm tall and approximately
14 d later to eliminate weed competition. Fungicides and insecticides were applied beginning at
R3 (Fehr and Caviness 1977) based on LSU AgCenter recommendations (Anonymous 2017).

The DGA salt formulation of dicamba (Clarity® herbicide, BASF Corporation, Research
Triangle Park, NC 27709) was applied to soybean at VV3/VV4 (third/fourth node with 2/3 fully
expanded trifoliates) or at R1/R2 (open flower at any node on main stem/open flower at one of
the two uppermost nodes on main stem). Dicamba rates included 0.6, 1.1, 2.2, 4.4, 8.8, 17.5, 35,
70, 140, and 280 g ae ha™ (1/1000 to ¥ of the manufacturer’s use rate of 560 g ha™). Nonionic

surfactant at 0.25% vol/vol was added to all treatments and a nontreated control was included for
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comparison. A randomized complete block design with a factorial arrangement of treatments
(growth stage by dicamba rate) and four replications were used each year.

Specific dates for dicamba application for each experiment along with rainfall received 0
to 4 d after application (DAA) and average minimum/maximum air temperature, soil
temperature, and percent relative humidity 0 to 4 DAA are shown in Table 2.1. For the 3 yr of
the study, plots were not irrigated. Timely rainfall was in most cases sufficient to prevent
drought stress conditions. For each experiment, dicamba treatments were applied using a CO»-
pressurized backpack sprayer calibrated to deliver 140 L ha™ spray volume at 270 kPa. Sprayers
were fitted with 110° Turbo TeeJet Induction flat spray nozzles (TeeJet® Technologies, Spraying
Systems Co., Wheaton, IL 60189) and wind speed at application was no more than 4.8 km h™.
Treated areas consisted of two rows spaced 76 cm apart with a nontreated border area between
plots of 152 cm. The border area was sufficient to prevent cross contamination between adjacent
plots.

Fourteen injury criteria associated with dicamba exposure were identified as upper
canopy leaf cupping, terminal leaf cupping, upper canopy pale leaf margins, upper canopy leaf
surface crinkling, upper canopy leaf rollover/inversion, lower leaf soil contact, leaf petiole droop,
leaf petiole base swelling, terminal leaf chlorosis, terminal leaf necrosis, terminal leaf epinasty,
stem epinasty, lower stem base swelling, and lower stem base lesions/cracking. Each criterion
was visually rated 7 and 15 d after dicamba treatment (DAT) using a scale of 0 to 5 with 0=no
injury, 1= slight, 2= slight to moderate, 3= moderate, 4= moderate to severe, and 5= severe.
Injury ratings were determined from five plants selected at random within each row of the two-

row plots. Plants were evaluated for each injury criterion using the 0 to 5 scale and a value
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Table 2.1. Rainfall, average minimum (min.) and maximum (max.) air and soil temperatures, and average relative humidity 0—4 d after
herbicide treatment (DAT) for experiments conducted in Baton Rouge, LA to evaluate dicamba applied to soybean at vegetative and
reproductive growth stages.

Average min./max. Average min./max.  Average min./max. relative
Application date Rainfall within 4 DAT air temperature soil temperature humidity
100111 A e L %
2013
V3/V4 (July 2) 16 21/30 26/31 53/94
R1/R2 (July 30) 25 23/34 28/32 49/94
2014
V3/V4 (June 20) 4 23/32 28/33 49/95
2015
V3/V4 (June 3) 0 21/33 26/32 40/91
R1/R2 (June 23) 75 22/32 27/33 55/98

Soybean growth stages included VV3/V4 (third/fourth node with 2/3 fully expanded trifoliates) and R1/R2 (open flower at any node on
main stem/open flower at one of the two uppermost nodes on main stem). The R1/R2 application in 2014 was not included because of
weather conditions.
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representative of the ten plants was recorded. In addition, an overall visual assessment of
soybean injury 7 and 15 DAT was made using a scale of 0 to 100% with 0= none and 100%=
plants dead. An attempt was made to include the level of injury observed for specific injury
criteria in the overall injury assessment. Around 15 d is when injury expression is highly visible
(Griffin et al. 2013; Egan et al. 2014) and over time, plant symptoms can become less noticeable
because of plant recovery or death. Plant height reduction compared with the nontreated control
was also determined 7 and 15 DAT using the 0 to 100% scale. Mature plant height was measured
just prior to harvest from 5 randomly selected plants from each treated row. Soybean was
combine-harvested on October 28, 2013; October 16, 2014; and October 5, 2015 and yields were

adjusted to 13% moisture.

Statistical Analysis

Data for all variables were subjected to the Mixed Procedure in SAS (SAS Institute Inc.,
Cary NC 27513). Years and replications, and all interactions containing these effects were
considered random (Carmer et al. 1989). Application timing, herbicide rate, and rating date
(where applicable) were considered fixed effects. Because injury criteria were assigned zero
values when dicamba was not applied and for some of the criteria injury was not observed at
lower rates or at higher rates because of plant death, Tukey-Kramer (p < 0.05) was used for mean
separation, and letter groupings and SE values were included (SAS Institute Inc., Cary NC
27513).

For percent visual injury and plant height reduction, regression analysis determined the

relationship of each variable to dicamba rate and is best described by a three-parameter
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sigmoidal equation (Nandula et al. 2009). The regression equation for each variable was
computed using Sigma Plot (Sigma Plot, version 12.5, Systat Software Inc., San Jose, CA
95131).

y=al (1 +exp(—(x+Xp)/b)) [Equation 1]

For equation 1, y is visual injury or plant height reduction, a is an asymptote, Xo is the dicamba
rate resulting in a given measure of y, b is the slope of the curve around xo, and x is the dicamba
rate, fitted to the raw data.

For soybean mature height and yield, a significant dicamba rate by growth stage
interaction was observed. Regression analysis determined the relationship of each variable to
dicamba rate and is best described as a nonlinear exponential decay model (Nandula et al. 2009;
White and Boyd 2016). Regression equations for each variable were computed using Sigma Plot.

y=ae ™ [Equation 2]

For equation 2, y is mature plant height or yield, a is an asymptote, e is Euler’s number (a

constant), b is the slope of the curve, and x is the dicamba rate, fitted to the raw data.

Results and Discussion
Soybean plants were actively growing when dicamba was applied each year. For the
V3/V4 and R1/R2 applications, rainfall ranging from 0 to 16 mm and 25 to 75 mm, respectively,
was received within 4 DAT (Table 2.1). Average maximum air temperature 0 to 4 DAT for the
applications ranged from 30 to 34 C and average maximum relative humidity was at least 91%.
Upper Canopy Leaf Cupping and Upper Canopy Pale Leaf Margins. Leaf cupping is

commonly used to describe symptomology of auxin herbicides (Al-Khatib and Peterson 1999;
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Bauerle et al. 2015; Egan and Mortensen 2012; Griffin et al. 2013; Johnson et al. 2012; Robinson
et al. 2013; Wax et al. 1969; Weidenhamer et al. 1989). Upper canopy leaf cupping was observed
for dicamba exposure at VV3/V4 and was expressed primarily as upward cupping. At 7 DAT,
upper canopy leaf cupping for dicamba at 0.6 and 1.1 g ha™ was 3.9 and 4.1, respectively, and
injury was equivalent for 2.2 to 280 g ha™ (4.8 to 5) (Table 2.2). In contrast, greatest upper
canopy leaf cupping was observed 15 DAT at the lower dicamba rates. Injury was equivalent for
rates of 0.6 t0 8.8 g ha™ (3.8 to 4.8), and decreased to 2.6 at 17.5 g haand to 1.8 at 35 g ha™.
Leaf cupping for 70 g ha™ dicamba and higher was no more than 0.3 because of masking by
other injury criteria and plant death.

Upper canopy leaves also exhibited whitish/cream-colored leaf margins often with a
pointed leaf tip, which made symptoms highly visible. Upper canopy pale leaf margins 7 d
following exposure at VV3/V4 to dicamba at 0.6 and 1.1 g ha™® was 2.5 and 3.2, respectively, and
injury was 4.3 to 5.0 for the higher rates (Table 2.2). Greatest injury was observed 15 DAT at the
lower dicamba rates. Injury was equivalent for 0.6 to 4.4 g ha™ (3.8 to 4.2) and was 2.7 at 8.8 g
ha™. For 17.5 to 280 g ha, injury was 0 to 1.6 due to expression of other injury criteria and plant
death.

Lower Leaf Soil Contact and Lower Stem Base Swelling. For both variables, injury
was observed following dicamba exposure at VV3/V4 and greatest injury was observed at the
higher dicamba rates. Lower leaf soil contact was no more than 0.3 at 7 and 15 DAT for rates of
0.6 to 17.5 g ha™ (Table 2.2). At 35 g ha™*, however, injury at 7 DAT was 2.2 and at 15 DAT was
1.9; for 70 to 280 g ha™, injury ranged from 4.2 to 4.8 at 7 DAT and from 2.1 to 3.3 at 15 DAT.

Lower stem base swelling observed for exposure at VV3/VV4 was equivalent to the nontreated
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Table 2.2. Upper canopy leaf cupping, upper canopy pale leaf margins, lower leaf soil contact, and lower stem base swelling in soybean 7
and 15 d after treatment (DAT) with dicamba at V3/V4.%

Upper canopy leaf cupping
(0to 5)°

Upper canopy pale leaf
margins (0 to 5)

Lower leaf soil contact
(0to 5)

Lower stem base swelling
(0to 5)

V3/V4 application

V3/V4 application

V3/V4 application

V3/V4 application

Dicamba

rate

(g ae ha'l)C 7 DAT 15 DAT 7 DAT 15 DAT 7 DAT 15 DAT 7 DAT 15 DAT
0 0 f9(0)° 0f(0) 0i(0) 0i(0) 0f(0) 0f(0) 0e(0) 0e(0)
0.6 39cd (0.2) 4.7a-d(0.2) 25ef (0.3) 4.1a-d(0.2) 0f(0) 0f(0) 0.1e(0.1) 0.2e(0.1)
1.1 4.1bcd (0.2) 4.8abc (0.1) 3.2de (0.3) 4.2abc(0.3) 0f(0) 0f(0) Oe (0) 0.4 de (0.1)
2.2 4.8abc (0.1) 4.6a-d(0.2) 4.5abc (0.2) 3.9bcd (0.3) 0f(0) 0f(0) 0e (0) 0.7 de (0.3)
4.4 49ab(0.1) 45a-d(0.2) 4.3abc (0.3) 3.8cd(0.3) 0f(0) 0f(0) 0.2e(0.1) 1.2 de (0.3)
8.8 49ab (0.1) 3.8cd(0.4) 4.8 ab (0.2) 2.7¢e(0.3) 0f(0) 0f(0) 0.2e(0.1) 1.6 d (0.2)
17.5 48abc (0.2) 2.6e(0.5) 48ab(0.2) 1.6fg(0.3) 0.3f(0.1) 0.3f(0.1) 1.6d(0.3) 3.2¢(0.2)
35 48abc(0.1) 18e(0.4) 5.0a(0) 1.3gh (0.3) 2.2 de (0.4) 1.9e(0.5) 3.2c¢(0.4) 4.0abc(0.3)
70 5.0a(0) 0.3f(0.1) 48ab(0.1) 0.3hi(0.2) 4.2abc (0.4) 2.1de(0.6) 4.3abc (0.3) 3.3bc (0.7)
140 5.0a(0) 0f(0) 4.8 ab (0.1) 0i(0) 4.4ab (0.4) 3.0cde(0.7) 46ab(0.3) 3.3bc(0.7)
280 5.0a (0) 0f(0) 4.8 ab (0.1) 0i(0) 48a(0.1) 3.3bcd(0.7) 4.8a(0.2) 3.3 bc (0.7)

% Application timing:V3/V4 (third/fourth node with 2/3 fully expanded trifoliates)

Y Injury was visually rated using a scale of 0= no injury; 1= slight; 2= slight to moderate; 3= moderate; 4= moderate to severe; and 5=

Severe.

® Dicamba rates ranged from 1/1000 to ¥: of the use rate of 560 g ha™.
d Means within columns followed by the same letter are not significantly different using Tukey-Kramer at p < 0.05.
¢ Standard error of the mean in parentheses.
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control for dicamba at 0.6 to 8.8 g ha™ at 7 DAT (0 to 0.2) and at 0.6 to 4.4 g ha™ at 15 DAT (0.2
to 1.2) (Table 2.2). Lower stem base swelling for 70 to 280 g ha™ was 4.3 to 4.8 at 7 DAT and
3.3 at 15 DAT.

Terminal Leaf Cupping and Upper Canopy Leaf Rollover/Inversion. Terminal leaf
cupping was observed for dicamba exposure at R1/R2. The presence of mostly upward cupped
terminal leaflets was not as visible compared with cupping of upper canopy leaves observed at
V3/V4 because affected terminal leaves did not exhibit whitish/cream-colored margins and were
mostly underneath older leaves in the upper canopy. At 7 DAT, terminal leaf cupping was 4.6 to
5.0 for dicamba rates of 0.6 to 140 g ha™*, and at 280 g ha™ injury decreased to 2.4 (Table 2.3).
As also observed for upper canopy leaf cupping, greatest terminal leaf cupping 15 DAT was
observed at the lower dicamba rates. Injury was equivalent for 0.6 to 4.4 g ha™ dicamba (4.1 to
5.0), and decreased to 2.4 at 8.8 g ha™ and to 0.6 at 35 g ha™. For rates of 70 g ha™ and higher,
terminal leaf cupping was overshadowed by other injury criteria and plant death. The difference
in the response to dicamba observed between the 7 and 15 DAT ratings for upper canopy leaf
cupping, upper canopy pale leaf margins, and terminal leaf cupping (Tables 2.2 and 2.3) suggest
that the 15 DAT rating would be a better estimate of soybean response to dicamba.

Upper canopy leaf rollover/inversion was observed for exposure at R1/R2. Particularly at
higher dicamba rates, the light green color from the underside of inverted leaves was evident in
the top of the soybean canopy. Injury 7 and 15 DAT ranged from 0.5 to 1.1 for dicamba rates of
0.6t017.5gha™ and at 35 g ha™ was 2.1 at 7 DAT and 2.4 at 15 DAT (Table 2.3). At 280 g ha,

injury was 5.0 at 7 DAT but was not observed 15 DAT because of plant death.

32



Table 2.3. Terminal leaf cupping and upper canopy leaf rollover/inversion in soybean 7 and 15 d after treatment (DAT) with dicamba at
R1/R2 and upper canopy leaf surface crinkling 7 and 15 DAT at V3/V4 and R1/R2.%

Terminal leaf cupping

Upper canopy leaf

(0 to 5)° rollover/inversion (0 to 5) Upper canopy leaf surface crinkling (0 to 5)

R1/R2 application R1/R2 application V3/V4 application R1/R2 application
Dicamba
rate
(g ae ha'l)c 7 DAT 15 DAT 7 DAT 15 DAT 7 DAT 15 DAT 7 DAT 15 DAT
0 0d? (0)° 0d (0) 0e(0) 0e(0) 0 mn (0) 0 mn (0) 0n (0) 0n (0)
0.6 46a(0.2) 4.4a(0.3) 0.5de (0.2) 0.5de(0.2) 3.3a-g(0.2) 4.4a(0.2 3.0a-h (0.4) 3.4a-g(0.3)
1.1 5.0a(0) 5.0a(0) 0.6de (0.3) 0.5de(0.2) 3.8a-d(0.2) 4.4a(0.1) 3.0a-h (0.3) 3.5a-f(0.2)
2.2 49a(0.1) 45a(0.2 0.5de (0.2) 0.5de (0.2) 4.0abc (0.2) 4.1ab(0.1) 2.4c-j(0.4) 2.2d-k(0.3)
4.4 49a(0.1) 4.1a(0.3) 0.5de(0.2) 0.5de(0.2) 41ab(0.2) 3.8a-d(0.2) 2.4b-i (0.3) 2.2d-k(0.3)
8.8 49a(0.1) 24b(0.7) 09d(0.4) 09d(0.4) 41ab(0.3) 34a-e(0.3) 2.0e-k (0.3) 2.3d-j(0.2)
17.5 49a(0.1) 1.4bc(0.5) 09d(0.2) 11d(0.12) 3.8a-d(0.4) 2.8b-h(0.4) 1.79g-m(0.2) 2.4b-i(0.2)
35 46a(0.2) 0.6cd (0.2 21c(0.2) 24c(0.4) 3.8a-d(0.4) 1.8f-1(0.3) 15h-n(0.2) 1.9e-1(0.2)
70 47a(0.2) 0.4cd(0.2 39b(0.2) 3.4b(0.3) 1.6 h-1 (0.7) 0.7 j-n (0.3) 1.3h-n(0.3) 1.7g-m(0.1)
140 49a(0.1) 0d (0) 48a(0.2) 24c(0.5) 1.7h-1(0.7) 0.5k-n(0.2) 0.9i-n(0.4) 0.2Imn (0.2)
280 2.4b(0.9) 0d (0) 5.0a(0) 0e (0) 1.3h-n(0.6) 0mn(0) 0.8i-n (0.4) 0n (0)

% Application timings:V3/V4 (third/fourth node with 2/3 fully expanded trifoliates) and R1/R2 (open flower at any node on main stem/open
flower at one of the two uppermost nodes on main stem).
® Injury was visually rated using a scale of 0= no injury; 1= slight; 2= slight to moderate; 3= moderate; 4= moderate to severe; and 5=

Severe.

® Dicamba rates ranged from 1/1000 to % of the use rate of 560 g ha™.
4 Means within columns followed by the same letter are not significantly different using Tukey-Kramer at p < 0.05.
® Standard error of the mean in parentheses.
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Upper Canopy Leaf Surface Crinkling. Upper canopy leaf surface crinkling was
observed for dicamba applied at both growth stages, but unlike upper canopy leaf cupping,
affected leaves did not have pale leaf margins. Crinkled leaves exhibited an irregular,
bubbled/leathery leaf surface and a slight downward curve with an abnormal whitish, pointed
leaf tip. Leaves exhibiting surface crinkling appeared in conjunction with cupped leaves in the
upper canopy following exposure at V3/V4 (Table 2.2) and with terminal leaves following
exposure at R1/R2 (Table 2.3). At 7 DAT for VV3/V4 application, upper canopy leaf surface
crinkling for 0.6 to 35 g ha™* dicamba was equivalent and ranged from 3.3 to 4.1 and injury
decreased at the higher rates (Table 2.3). At 15 DAT for VV3/V4 application, injury from dicamba
at 0.6 g ha™ was 4.4 and decreased to 2.8 at 17.5 g ha™’. Injury for 70 g ha™* and higher was no
greater than 0.7. For exposure at R1/R2, upper canopy leaf surface crinkling for dicamba at 0.6 g
ha*was 3.0 at 7 DAT and 3.4 at 15 DAT and injury was equivalent to rates as high as 70 g ha™
(Table 2.3). Injury was 0 to 0.9 for dicamba at 140 and 280 g ha™ because of plant senescence.

Leaf Petiole Droop and Leaf Petiole Base Swelling. Leaf petiole droop and leaf petiole
base swelling were observed following exposure to dicamba at both growth stages. Leaf petioles
were considered to be drooped when the angle between the petiole and the main stem was greater
than 45°; in some cases, leaf petioles were at 90° angles or more. Following V3/V4 exposure to
dicamba at 0.6 to 8.8 g ha™, leaf petiole droop was equivalent and ranged from 1.3 t0 2.4 at 7
DAT (Table 2.4). Injury was 3.5 to 5.0 for 17.5 g ha™ and higher. For 15 DAT at \V3/V4 and 7
DAT at R1/R2, differences in leaf petiole droop were not observed for dicamba rates of 0.6 to
280 g ha™. At 15 d following the R1/R2 application, injury was equivalent to the nontreated

control for dicamba rates of 0.6 to 17.5 g ha™ (1.4 to 2.1) and was 3.9 to 5.0 for the higher rates.
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Table 2.4. Leaf petiole droop and leaf petiole base swelling in soybean 7 and 15 d after treatment (DAT) with dicamba at VV3/V4 and R1/R2.°

Leaf petiole droop (O to 5)°

Leaf petiole base swelling (0 to 5)

V3/V4 application

R1/R2 application

V3/V4 application

R1/R2 application

Dicamba

rate

(g ae ha')° 7 DAT 15 DAT 7 DAT 15 DAT 7 DAT 15 DAT 7 DAT 15 DAT

0 on?(0)° 0n (0) 0 mn (0) 0 mn (0) 0n(0) 0n (0) 0n(0) 0n (0)
0.6 15j-n(0.4) 15j-n(0.3) 3.0a-1(05) 14jn(0.2) 0.2mn (0.1) 0.81Imn (0.2) 0.8k-n(0.3) 0.5Imn (0.2)
1.1 1.3Imn (0.4) 1.4k-n(0.3) 3.0a-1(05) 1.6h-n(0.2) 0.81mn (0.2) 0.81mn (0.2) 0.6 Imn (0.3) 0.6 Imn (0.2)
2.2 1.99g-m(0.3) 1.8i-n(0.4) 3.6aj(0.3) 20fn(0.1) 09k-n(0.1) 15j-n(0.2) 1.1j-n(0.4) 0.6 Imn (0.2)
4.4 2.0g-m(0.4) 2.1g-m(0.4) 35a-k(04) 19g-n(0.2) 15j-n(0.3) 2.41k(0.3) 1.8g9g-m(0.3) 1.1j-n(0.2)
8.8 2.41-1(0.4) 21g-m(0.4) 3.2a-1(05) 21fn(0.2) 1.8i-1(0.3) 25e-j(0.2) 1.6 h-n(0.5) 15j-n(0.2)
17.5 35ai(03) 27e-1(0.3) 3.7a-1(05) 19g-n(0) 3.4b-g(0.2) 35af(0.2) 3.6af(0.3) 2.6d-(0.2)
35 43a-e(0.2) 3.1b-1(0.4) 4.2a-f(0.4) 3.9a-h(0.5) 45abc(0.2) 4.1a-d(0.3) 41a-e(0.2) 43a-d(0.2
70 48abc (0.1) 2.9d-1(0.6) 46a-e(0.2) 4.0a-g(0.1) 49ab (0.1) 3.3c-i(0.7) 443-d(0.2) 4.6abc(0.2)
140 48ab(0.1) 3.1c-1(0.7) 50a-d(0.1) 5.0a-d(0.1) 5.0a(0) 3.3¢-h(0.7) 48abc(0.1) 4.9abc(0)
280 5.0 a (0) 3.3 b-j (0.7) 5.0 abc (0) 5.0 abc (0) 5.0a(0) 3.3¢-h (0.7) 4.9 abc (0) 4.9 abc (0)

2 Application timings: V3/V4 (third/fourth node with 2/3 fully expanded trifoliates) and R1/R2 (open flower at any node on main stem/open

flower at one of the two uppermost nodes on main stem).
® Injury was visually rated using a scale of 0= no injury; 1= slight; 2= slight to moderate; 3= moderate; 4= moderate to severe; and 5= severe.

® Dicamba rates ranged from 1/1000 to % of the use rate of 560 g ha™.

9 Means within columns followed by the same letter are not significantly different using Tukey-Kramer at p < 0.05.

® Standard error of the mean in parentheses.
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Leaf petiole base swelling was 0 to 1.8 for dicamba at 0 to 8.8 g ha™ at 7 DAT at V3/V4
and increased to 3.4 to 5.0 for the higher rates (Table 2.4). At 15 DAT at V3/V4, leaf petiole
base swelling was equivalent to the nontreated control for dicamaba at 0.6 to 2.2 g ha™* (0.8 to
1.5); injury was 2.4 to 4.1 for rates of 4.4 g ha™ and higher. For R1/R2 at 7 DAT, injury was 0 to
1.8 for rates of 0 to 8.8 g ha™ and injury increased to 3.6 to 4.9 for the higher rates (Table 2.4).
Injury at 15 DAT was equivalent to the nontreated control for dicamba at 0.6 to 8.8 g ha™ (0.5 to
1.5) and injury was 4.3 to 4.9 for dicamba at 35 g ha™ and higher.

Terminal Leaf Chlorosis and Terminal Leaf Necrosis. Terminal leaf chlorosis and
necrosis were observed following exposure to dicamba at both growth stages. For terminal leaf
chlorosis 7 DAT at VV3/V4, injury was 1.5 and 1.7 for 0.6 and 1.1 g ha™, respectively, and 4.0 to
4.9 for 8.8 t0 35 g ha™ (Table 2.5). Injury 15 DAT at VV3/V4 was 2.0 to 3.2 for 0.6 to 17.5 g ha™
dicamba, but injury was no more than 0.6 for 35 g ha™* and higher due to terminal necrosis.
Terminal leaf chlorosis 7 DAT at R1/R2 was equivalent for dicamba at 0.6 to 8.8 g ha™ (2.0 to
3.1) and was greater than the nontreated control; injury was 2.5 to 1.1 for 70 to 280 g ha™ (Table
2.5). By 15 DAT for R1/R2 exposure, differences in terminal leaf chlorosis were not observed
for dicamba at 0.6 to 280 g ha™.

Terminal leaf necrosis for V3/V4 was no greater than for the nontreated control for
dicamba at 0.6 to 4.4 g ha™ at 7 DAT (0.1 to 1.0) and for 0.6 t0 2.2 g ha™ at 15 DAT (0 to 0.7)
(Table 2.5). Injury for 8.8 to 35 g ha™ was 2.0 to 3.3 at 7 DAT and 2.6 to 4.3 at 15 DAT. For 70
to 280 g ha™, injury was 4.9 to 5.0 for 7 DAT and 15 DAT. For R1/R2 exposure, terminal leaf
necrosis was no greater than for the nontreated control for dicamba at 0.6 to 35 g ha™ at 7 DAT

and for 0.6 to 4.4 g ha™ at 15 DAT (Table 2.5). Injury was 3.6 to 4.6 for 70 to 280 g ha™ at
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Table 2.5. Terminal leaf chlorosis and terminal leaf necrosis in soybean 7 and 15 d after treatment (DAT) with dicamba at V3/V4 and R1/R2.?

Dicamba rate

Terminal leaf chlorosis (0 to 5)°

Terminal leaf necrosis (0 to 5)

V3/V4 application

R1/R2 application

V3/V4 application R1/R2 application

(g ae ha'®)° 7 DAT 15 DAT 7 DAT 15 DAT 7 DAT 15 DAT 7 DAT 15 DAT
0 0 m% (0)° 0m (0) 01m (0) 01m (0) 0i (0) 0i (0) 0 hi (0) 0 hi (0)
0.6 15h-1(0.2) 2.0 (0.4) 2.0k (0.3) 0.9j-m(0.3) 0.1i (0.1) 0i (0) 0.1 hi (0) 0.1 hi (0)
1.1 179k (0.1) 25e-i(0.4) 211k (0.3) 1.1i-m(0.3) 0.1i (0.1) 0i (0) 0.1 hi (0) 0.1 hi (0)
2.2 2.9¢-g(0.3) 3.2cf(0.5) 27¢i(02) 15g-m(0.2) 0.3hi (0.1) 0.7 hi (0.2) 0.1 hi (0) 0.1 hi (0)
4.4 33b-f(04) 3.2¢-F(0.4) 29¢-h(0.3)  1.9fk(0.2) 1.0ghi (0.2) 1.2 gh (0.3) 0.1 hi (0) 0.1 hi (0)
8.8 40a-d(0.2) 2.8e-h(0.4) 31b-g(0.3) 1.4h-m(03)  20efg(0.2) 2.6de (0.4) 0.Lhi (0) 2.6 b-f(0.9)
17.5 46ab(0.2) 2.4e-i(0.3) 39a-e(0.3) 2.0fk(0.4) 2.8de (0.2) 4.0abc (0.3) 0.Lhi (0)  4.0abc (0.4)
35 49a(0.1) 0.6 kim (0.3) 44abc(0.2)  0.11m (0) 33cd(0.4) 4.3ab(0.3) 13fgh(0.2)  5.0a(0)
70 om@©  0.3Im(0.1) 25d- (0.4  0.11m (0) 49a(01)  4.9a(0.1) 3.6bcd (0.3)  5.0a(0)
140 0m (0) 0m (0) 14h-m(0.3)  0.11m(0) 5.0 a (0) 5.0 a (0) 42abc(0.2)  5.0a(0)
280 0m (0) 0m (0) 1.1i-m (0.4)  0.11m (0) 5.0 a (0) 5.0 a (0) 46ab(0.3)  5.0a(0)

% Application timings: V3/V4 (third/fourth node with 2/3 fully expanded trifoliates) and R1/R2 (open flower at any node on main stem/open

flower at one of the two uppermost nodes on main stem).
® Injury was visually rated using a scale of 0= no injury; 1= slight; 2= slight to moderate; 3= moderate; 4= moderate to severe; and 5= severe.

® Dicamba rates ranged from 1/1000 to ¥: of the use rate of 560 g ha™.
9 Means within columns followed by the same letter are not significantly different using Tukey-Kramer at p < 0.05.
¢ Standard error of the mean in parentheses.
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7 DAT and 4.0 to 5.0 for 17.5 to 280 g ha™ at 15 DAT. A common observation where terminal
necrosis was severe was the presence 15 DAT of new growth from lateral buds at the base of the
plant.

Terminal Leaf Epinasty, Stem Epinasty, and Lower Stem Base Lesions/Cracking.
Terminal leaf epinasty, stem epinasty, and lower stem base lesions/cracking were observed
following exposure to dicamba at both growth stages. For terminal leaf epinasty, injury 7 DAT
for \V3/V4 exposure was equivalent to the nontreated control for dicamba at 0.6 and 1.1 g ha™
(1.8 and 1.7) (Table 2.6). Compared with 0.6 g ha™*, however, injury was greater for 17.5 g ha™
and higher (1.8 vs. 4.2 to 5.0). At 15 DAT for VV3/V4 exposure, terminal leaf epinasty was
equivalent for dicamba rates of 0.6 to 280 g ha™ (3.2 to 4.3). For the R1/R2 application 7 DAT,
injury for dicamba at 0.6 to 70 g ha™* was equivalent (2.3 to 4.9) and injury was 5.0 for 140 and
280 g ha™* (Table 2.6). For 15 DAT, terminal leaf epinasty was equivalent to the nontreated
control for dicamba at 0.6 to 2.2 g ha™ (1.8 to 2.1). Compared with dicamba at 0.6 g ha™, injury
was greater for 35 g ha™ and higher (1.8 vs. 3.9 to 5.0).

For stem epinasty, there was a significant dicamba rate by growth stage interaction.
Averaged across rating dates, injury from exposure at VV3/V4 was equivalent for dicamba at 0.6
t0 8.8 g ha™ (1.8 to 2.6) and injury was 3.6 to 4.2 for 17.5 g ha™ and higher (Table 2.6). For the
R1/R2 application averaged across rating dates, stem epinasty was equivalent to the nontreated
control for dicamba applied at 0.6 to 8.8 g ha™ (0.7 to 1.4). Injury increased compared with 0.6 g
ha* for dicamba at 35 g ha™ and higher (0.7 vs. 3.3 to 4.7). For lower stem base lesions/cracking,
there was a significant dicamba rate by rating date interaction. Averaged across growth stages,

injury was equivalent to the nontreated control 7 and 15 DAT for dicamba applied at 0.6 to
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Table 2.6. Terminal leaf epinasty, stem epinasty, and lower stem base lesions/cracking in soybean 7 and 15 d after treatment (DAT) with

dicamba at VV3/V4 and R1/R2.2

Lower stem base lesions/

cracking
Terminal leaf epinasty (0 to 5)° Stem epinasty (0 to 5) (0O to 5)
V3/Va R1/R2
V3/V4 application R1/R2 application application application 7 DAT 15 DAT
7 and 15 7 and 15 V3/V4and V3/V4and
Dicamba rate DAT DAT R1/R2 R1/R2
(g ae ha™)° 7 DAT 15 DAT 7 DAT 15 DAT Average Average Average Average
0 0 n%(0)° 0n(0) 0 mn (0) 0 mn (0) 0 h (0) 0 h (0) 0f(0) 0f(0)
0.6 1.8i-n (0.3) 3.3a-k (0.6) 26f-k (0.5) 1.8i-n(0.4) 1.8efg (0.5) 0.7gh(0.3) 0f(0) 0f(0)
1.1 1.7k-n(0.4) 3.4a-i(0.6) 2.3h-m (0.4) 1.8i-n(0.3) 2.2d-g (0.5) 0.7 gh(0.3) 0f(0) 0f(0)
2.2 2.5h-k (0.4) 3.5a-k(0.6) 261k (0.3) 2.1h-n(0.4) 2.5def (0.6) 1.1fgh (0.4) 0f(0) 0.1f(0.1)
4.4 2.79-k (0.5) 3.7 a-i (0.6) 3.0a-k(0.3) 28e-1(0.3) 2.5def (0.6) 1.2 fgh (0.4) 0f(0) 0.21(0.1)
8.8 3.0e-1(0.4) 3.8a-j(0.5) 3.3a-k(0.4) 3.4ak(0.4) 2.6 b-f(0.6) 1.4 fgh (0.4) 0.1f(0.1) 0.2f(0.2)
17.5 4.2 a-h (0.3) 4.3a-h(0.3) 39a-i(0.3) 39a-i(04) 3.6a-d(0.4) 2.1d-g(0.4) 11e(0.3) 2.2d(0.4)
35 45a-g(0.2) 4.3a-h(0.4) 4.3a-h (0.3) 4.4a-h(0.2) 40ab (0.4) 3.3a-€(0.3) 2.3d(0.4) 3.1c(0.5)
70 48a-e(0.1) 3.2d-1(0.7) 4.9 a-f (0.1) 5.0 a-e (0) 40ab (0.4) 4.2ab(0.1) 3.3c(0.4) 45ab(0.3)
140 49a-d (0.1) 3.3a-k(0.7) 5.0 a-e (0) 5.0 a-e (0) 3.9abc (0.6) 4.3a(0.2) 3.7bc(0.5) 4.7a(0.2)
280 50a-d (0) 3.3a-k(0.7) 5.0 a-e (0) 5.0 a-e (0) 4.2a(0.4) 4.7a(0.2) 39bc(0.4) 5.0a(0.0)

% Application timings: V3/V4 (third/fourth node with 2/3 fully expanded trifoliates) and R1/R2 (open flower at any node on main stem/open

flower at one of the two uppermost nodes on main stem).

® Injury was visually rated using a scale of 0= no injury; 1= slight; 2= slight to moderate; 3= moderate; 4= moderate to severe; and 5=

severe.
® Dicamba rates ranged from 1/1000 to % of the use rate of 560 g ha™.

4 Means within columns followed by the same letter are not significantly different using Tukey-Kramer at p < 0.05.

® Standard error of the mean in parentheses.
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8.8 gha™ (0t00.2) (Table 2.6). For dicamba at 17.5 g ha™, lower stem base lesions/cracking was
1.1at 7 DAT and 2.2 at 15 DAT. At 70 g ha™* and higher, injury was 3.3 to 3.9 at 7 DAT and 4.5
to 5.0 at 15 DAT.

Visual Soybean Injury and Height Reduction. A significant sigmoidal response was
observed for percent overall soybean injury and plant height reduction versus dicamba rate 7 and
15 DAT for V3/V4 and R1/R2 applications. For both VV3/VV4 and R1/R2 applications, soybean
injury for the dicamba rates was greater 15 DAT compared with 7 DAT (Figure 2.1). As dicamba
rate increased from 0.6 to 70 g ha™ for application at \V3/V4, soybean injury increased from 35 to
85% at 7 DAT and from 45 to 94% at 15 DAT. For 140 and 280 g ha™, injury was 88 and 96%,
respectively, 7 and 15 DAT. For exposure at R1/R2, as dicamba rate increased from 0.6 to 70 g
ha™, soybean injury increased from 31 to 83% at 7 DAT and from 33 to 90% at 15 DAT. For 140
and 280 g ha, injury was 85 and 93%, respectively, 7 and 15 DAT.

Soybean height reduction for both V3/V4 and R1/R2 applications was greater at 15
DAT compared with 7 DAT (Figure 2.2). Soybean height reduction from exposure to dicamba at
V3/V4 increased as rate increased for 0.6 to 70 g ha™ from 14 to 72% at 7 DAT and from 24 to
87% at 15 DAT. For 140 and 280 g ha™, height reduction was 84 and 92%, respectively, 7 and
15 DAT. For exposure at R1/R2, height reduction at 7 DAT increased from 10 to 51% as
dicamba rate increased from 0.6 to 70 g ha™ and from 12 to 57% at 15 DAT. For 140 and 280 g
ha*, height reduction was 54 and 62%, respectively, 7 and 15 DAT. For dicamba rates of 0.6 to
8.8 g ha™, plant height reduction 15 DAT for \V3/V4 was around twice that observed for R1/R2.
The increase in both soybean visual injury and height reduction with increasing dicamba rate is

in contrast to the decrease in severity of injury observed 15 DAT for upper canopy leaf cupping,
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Figure 2.1. Soybean injury 7 and 15 DAT as influenced by dicamba rate and
application timing at (a) V3/V4; and (b) R1/R2.
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42



terminal leaf cupping, upper canopy pale leaf margins, and upper canopy leaf surface crinkling
(Tables 2.2 and 2.3).

Mature Plant Height. Soybean mature height in response to dicamba rate followed an
exponential decay pattern for both application timings. Soybean mature height when dicamba
was not applied was 78.6 cm for the VV3/V4 treatments and 72.1 cm for the R1/R2 treatments
(Figure 2.3). For individual rates of dicamba, mature plant height was negatively affected more
when soybean was exposed at V3/V4 than at R1/R2. For exposure at V3/V4 to 0.6 g ha™,
dicamba, mature height was reduced 1% but was not reduced for the same rate applied at R1/R2.
For exposure at V3/V4, mature plant height was reduced 5% at 2.2 g ha™, 20% at 8.8 g ha™, and
59% at 35 g ha™’. In contrast, plant height for soybean exposed at R1/R2 was reduced 1% at 2.2 g
ha?, 4% at 8.8 g ha™, and 15% at 35 g ha™*.

100

—&— V3/V4 y=786422e"""% R?>=0.96

——@— R1/R2 y=72.1160e"""* R?=0.90

80 -

Soybean mature height (cm)
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Figure 2.3. Soybean mature height as influenced by dicamba rate and application
timing at V3/V4 and R1/R2.
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The greater reduction in mature plant height when soybean was exposed to dicamba at
V3/V4 was due to apical meristem damage. Terminal necrosis prior to flowering resulted in
plants producing multiple branches from the lower nodes (data not shown). With the extended
growing season following dicamba exposure at VV3/V4, soybean was able to compensate for
reduction in height through additional branching with increased number of fruiting sites
(Andersen et al. 2004; Wax et al. 1969). In contrast, soybean plants injured by dicamba during
flowering were unable to compensate as a result of the shortened growing season.

Soybean Yield. Soybean yield in response to dicamba rate followed an exponential
decay pattern for both V3/V4 and R1/R2 applications. When dicamba was not applied, soybean
yield was 4250 kg ha™ for VV3/V4 treatments and 4014 kg ha™ for R1/R2 treatments (Figure 2.4).
For individual rates of dicamba, soybean yield was negatively affected more when soybean was
exposed at R1/R2 than at V3/V4. Following exposure to dicamba at VV3/V4, soybean yield was
reduced 5% at 2.2 g ha™, 18% at 8.8 g ha™, and 54% at 35 g ha™. Yield for soybean exposed at
R1/R2 was reduced 9% at 2.2 g ha™*, 30% at 8.8 g ha™, and 76% at 35 g ha™, a reduction in yield
around twice that compared with the same rates at VV3/V4. Others also have reported that
soybean is more susceptible to dicamba in the flowering stage compared with vegetative (Auch
and Arnold 1978; Egan et al. 2014; Griffin et al. 2013; Wax et al. 1969).

For a field application rate of 560 g ha™ dicamba, a rate of 0.56 g ha™ (0.1% of the
applied rate) would correspond to vapor drift exposure in an adjacent field (Egan and Mortensen
2012; Grover et al. 1972). Based on the present study, injury expressed as moderate to severe 15
d following exposure to dicamba at 0.6 g ha™ during the vegetative stage was observed for only

upper canopy leaf cupping (4.7), upper canopy pale leaf margins (4.1), upper canopy leaf surface
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crinkling (4.4), and terminal leaf epinasty (3.3) (Tables 2.2, 2.3, and 2.6). For the same dicamba
rate 15 d following exposure during the reproductive stage, moderate to severe injury was noted
for only terminal leaf cupping (4.4) and upper canopy leaf surface crinkling (3.4) (Table 2.3).
Overall visual injury associated with 0.6 g ha™* dicamba 15 DAT was 45 and 33% for vegetative
and reproductive exposure, respectively, but soybean yield loss was no more than 2% (Figures
2.1 and 2.4). Meta-analysis of data from over seven decades of simulated drift experiments
showed soybean yield losses of basically zero for exposure to dicamba at 0.56 g ha™ during

vegetative stage and of approximately 1% during flowering (Egan et al. 2014).
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Figure 2.4. Soybean yield as influenced by dicamba rate and application timing at
V3/V4 and R1/R2.

A dicamba use rate of 5.6 g ha™ (1% of applied rate) would correspond to particle drift
exposure in an adjacent field (Brown et al. 2004; Carlsen et al. 2006; de Jong et al. 2008; United

States Environmental Protection Agency 2006; Wang and Rautman 2008). Based on the present
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study, injury expressed as moderate to severe 15 d following exposure to dicamba at 4.4 g ha™
during the vegetative stage was observed for only upper canopy leaf cupping (4.5), upper canopy
pale leaf margins (3.8), upper canopy leaf surface crinkling (3.8), terminal leaf chlorosis (3.2),
and terminal leaf epinasty (3.7) (Tables 2.2, 2.3, 2.5, and 2.6). For the same dicamba rate 15 d
following exposure during the reproductive stage, moderate to severe injury was noted for only
terminal leaf cupping (4.1) (Table 2.3). Overall visual injury associated with 4.4 g ha™* dicamba
15 DAT was 50 and 38% for vegetative and reproductive exposure, respectively, and soybean
yield loss was 9 and 17%, respectively (Figures 2.1 and 2.4). Egan et al. (2014) reported soybean
yield loss from dicamba exposure at 5.6 g ha™ of 4% during vegetative stage and 9% during
flowering. For the meta-analysis study (Egan et al 2014), crop sensitivity to vapor and spray
particle drift of dicamba and 2,4-D in soybean and cotton was directly related to environmental
conditions before, during, and following herbicide exposure. Soil moisture and air temperature
were identified as key factors and dry conditions were consistently associated with increased
soybean sensitivity to dicamba.

In the present study, for some of the criteria 15 d after exposure to dicamba, injury was
greatest at the lower rates and decreased with increasing rate. The lack of differences among the
lower dicamba rates for some of the criteria is in contrast to the steady increase in overall visual
injury and plant height reduction observed as dicamba rate increased (Figures 2.1 and 2.2). These
findings suggest that moderate to severe injury ratings at the lower dicamba rates for upper
canopy leaf cupping, upper canopy pale leaf margins, upper canopy leaf surface crinkling, and
terminal leaf chlorosis at VV3/V4, and terminal leaf cupping at R1/R2 (Tables 2.2, 2.3, and 2.5)

may or may not be indicative of yield loss. Weidenhamer et al. (1989) reported significant
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soybean yield reduction when injury from dicamba consisted of terminal bud Kill, splitting of the
stem, swollen petioles, and curled, malformed pods, but yield was not reduced when only
crinkling and cupping of terminal leaves occurred at lower rates. Al-Khatib and Peterson (1999)
stated that symptoms from soybean exposure to dicamba that usually are worrisome to growers,
such as cupping of terminal leaf, crinkling, and leaf stunting, occur at rates much lower than
required to reduce yield. Egan et al. (2014) reported that visual injury (most commonly reported
on a 0 to 100% scale) for soybean exposed to dicamba will overestimate yield loss and that
plants exposed during the vegetative stage can recover from low to moderate injury. The effects
of initial injury and persistence of injury on crop yield loss would be dependent on receiving
timely rainfall or irrigation during the growing season and on the effective management of
insects, diseases, and weeds to maximize crop yield potential.

For other criteria associated with dicamba exposure in the present study, injury 15 DAT
was greatest at the higher rates, but at the lower rates, injury was no different from the nontreated
control. This was observed for dicamba rates as high as 2.2 g ha™ for leaf petiole droop, leaf
petiole base swelling, and terminal leaf necrosis for V3/VV4 exposure and for terminal leaf
epinasty for R1/R2; as high as 4.4 g ha™ for lower stem base swelling for \V3/V4 exposure and
for terminal leaf necrosis and upper canopy leaf rollover/inversion for R1/R2; as high as 8.8 g ha”
! for leaf petiole base swelling and stem epinasty for R1/R2 exposure and lower stem base
lesions/cracking as an average for V3/V4 and R1/R2; and as high as 17.5 g ha™ for lower leaf
soil contact for V3/V4 exposure and leaf petiole droop for R1/R2 (Tables 2.2, 2.3, 2.4, 2.5, and

2.6). The lack of differences in injury for these criteria at the lower dicamba rates compared with
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the nontreated control would also be in contrast to the steady increase in overall visual injury and
plant height reduction observed as dicamba rate increased (Figures 2.1 and 2.2).

Findings from this research show the limitations of using a single overall visual rating to
assess crop injury from dicamba along with the ability of soybean to recover even when severe
injury symptoms are observed. The high sensitivity of soybean to dicamba based on moderate to
severe cupping and leaf crinkling observed at 0.6 g ha™, the lowest rate evaluated, suggests that
significant injury would be expected at much lower rates. Identification of injury criteria and the
level of injury associated with specific dicamba rates could be useful in yield loss assessment.
Further analysis of the data may be useful for developing a model for soybean yield loss

prediction.
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Chapter 3. Development of a Model to Predict Soybean Yield Loss Following Dicamba
Exposure
Introduction

Use of dicamba in dicamba-resistant soybean [Glycine max (L.) Merr.] can provide an
alternative for management of herbicide-resistant broadleaf weeds (Flessner et al. 2015;
Spaunhorst and Bradley 2013). As of October 15, 2017, however, off-target movement of
dicamba resulted in 2,708 dicamba-related injury investigations by state departments of
agriculture in the U.S. (Bradley 2017). Approximately 1.46 million ha of soybean were reported
by university extension weed scientists as injured by off-target movement of dicamba.
Unfortunately issues with dicamba off-target movement continued in 2018 and as of July 15,
approximately 600 cases of dicamba injury to various crops were being investigated by the state
departments of agriculture. University weed scientists estimated that approximately 445,000 ha
of soybean were injured by dicamba (Bradley 2018).

Symptoms most often associated with soybean exposed to dicamba are leaf cupping and
leaf surface crinkling. These symptoms are easily recognized and cause concern regarding the
effect of dicamba on crop yield. This uncertainty places growers in a predicament in regard to
the economic value of crop inputs for the remainder of the growing season. Foster and Griffin
(2018) using a 0 to 5 rating scale (0= no injury, 1= slight, 2= slight to moderate, 3= moderate, 4=
moderate to severe, and 5= severe) reported upper canopy leaf cupping in soybean of 4.7 and leaf
surface crinkling of 4.4 15 d after \VV3/V4 exposure to dicamba at 0.6 g ha™ (1/1000 of 560 g ha™
use rate). Following exposure to 0.6 g ha™ dicamba at R1/R2, terminal leaf cupping of 4.4 and

leaf surface crinkling of 3.4 were observed. Meta-analysis of data from over seven decades of
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simulated drift experiments showed soybean yield losses of basically zero for exposure to
dicamba at 0.56 g ha™ during vegetative stage and approximately 1% during flowering (Egan et
al. 2014).

In most research evaluating crop response to auxin herbicides, injury has been assessed
using a visual rating of 0 (no crop injury/no effect) to 100% (plant death), with specific injury
criteria represented in ratings often not provided. Crop injury ratings in response to dicamba
have shown an increase with increasing rate (Al-Khatib and Peterson 1999; Foster and Griffin
2018; Griffin et al. 2013; Johnson et al. 2012). When yield data associated with various dicamba
rates are available, injury ratings could be used to pinpoint rate of exposure and to predict yield
loss. The lack of specificity in assigning injury ratings along with the variability in ratings
expected among individuals, however, would question the ability to accurately pinpoint exposure
rate and to predict yield loss.

Egan and Mortensen (2012) evaluated soybean injury following exposure to dicamba
using a 0 to 100 scale in 10-point increments with description of injury adapted from Andersen et
al. (2004) and Behrens and Lueschen (1979). Injury ratings of 10 represented “‘slight crinkle of
leaflets of terminal leaf”; 20 “cupping of terminal leaflets, slight crinkle of leaflets of second
leaf, growth rate normal”; and 50 “no expansion of terminal leaf, second leaf size one-half that of
control. Axillary leaf buds unable to open and develop”. In dose response experiments, soybean
injury was quantified 14 d following dicamba applied at \/4 at 0.006 to 56.1 g ha™ in one year
and at 0.006 to 561 g ha™ the second year. For each year, 1n-linear regression was used to

produce the inverse relationship describing 1n (dose) as a function of injury value 14 d after
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treatment. Log-linear models produced a correlation between observed injury and treatment dose
of r*=97.3 in year 1 and r*= 96.6 in year 2.

Robinson et al. (2013) evaluated soybean injury following exposure to dicamba at 0 to
22.7 g hal. Visual ratings were made using a scale of 0 to 100% in 10 point increments with
description of the injury provided. Injury ratings of 10% represented “slight reduction in height
or canopy volume, cupped or bubbled leaves on less than or equal to the upper 10% of the plant,
bent petioles, and chlorosis or necrosis”; 20% “moderately crinkled leaflets (extended across less
than or equal to the upper 20% of the plant), curled petioles, reduced height and canopy volume,
cupped terminal leaflets”; and 50% “very high reduction of plant height (less than or equal to
50% of the plant) with little likelihood of recovery from the apical meristem, new growth
suppressed, formation of pods reduced or malformed, some leaf and stem tissue becomes
necrotic, petioles and stem show severe twisting”. Nonlinear regressions of soybean injury as
affected by dicamba rate were used in dose-response models to predict seed yield loss as related
to dicamba injury. The effective dose (ED) 14 DAT to cause 20% injury (EDo) was 0.68 g ha™
dicamba for exposure at V2 and V5 and 0.94 g ha™ for exposure at R2.

The value of any model lies in its ability to accurately predict an outcome. Egan and
Mortensen (2012) and Robinson et al. (2013) using visual injury ratings that were specific as to
injury criteria and level of injury were able to develop models predictive of dicamba rate of
exposure. Follow up research, however, was not conducted to determine effectiveness of the
visual rating scales in predicting dicamba exposure rate and soybean yield loss.

Foster and Griffin (2018) described response of indeterminate soybean to dicamba at

vegetative and reproductive growth stages using overall visual injury and plant height reduction
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(0 to 100%), but also identified 14 injury criteria and quantified severity of injury for each using
a 0 to 5 scale. The objectives of the present research were 1) to utilize data from previous
research conducted by Foster and Griffin (2018) to develop soybean yield prediction models
based on growth stage and days after exposure to dicamba, 2) to conduct experiments with
dicamba rates and application timings the same as those used to develop the models and to
compare level of injury for the variables included in each model with those reported previously,
and 3) to validate the models by comparing predicted percent yield reduction for each rate of

dicamba using the appropriate model with yield reduction observed in two experiments.

Materials and Methods

In previous research conducted by Foster and Griffin (2018), dicamba was applied at
rates of 0.6, 1.1, 2.2, 4.4, 8.8, 17.5, 35, 70, 140, and 280 g ae ha™* (1/1000 to ¥ of 560 g ha™ use
rate) to soybean at VV3/V4 (third/fourth node with 2/3 fully expanded trifoliates) or at R1/R2
(open flower at any node on main stem/open flower at one of the two uppermost nodes on main
stem). Data for 14 injury criteria rated on level of severity (0 to 5 with 0= no injury, 1= slight, 2=
slight to moderate, 3= moderate, 4= moderate to severe, and 5= severe) along with overall visual
injury and plant height reduction (0 to 100% with 0= none and 100= plant death), and canopy
height collected 7 and 15 DAT were analyzed using multiple linear regression with a forward
selection/stepwise procedure to determine the relationship to soybean yield (SAS Institute Inc.,
Cary NC 27513). Because the interest was in the relationship between the variables and yield,
dicamba rate was not included in the analysis. Forward selection starts by calculating all possible

simple linear regressions and selecting the first variable based on highest probability (Pr > F). At
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each step, another variable is selected and the resulting p value is reflective of the contribution of
all variables selected at that point in the analysis. The selection process continues until the
addition of a variable no longer meets the minimum criteria of p = 0.50. Stepwise selection is a
variation of forward selection where at each step in the analysis there is verification that each
variable included in the model continues to meet the criteria. If a variable falls below the criteria,
it is removed from the model. Results of the forward selection procedure for 7 and 15 DAT for
V3/V4 and R1/R2 exposure to dicamba are presented in Tables 3.1 and 3.2.

Because the prerequisite for inclusion in the initial model was a minimum p value of <
0.50 and the goal was to use the model to develop a field app for yield loss prediction, variables
were further selected based on high probability and maximum R? (Tables 3.1 and 3.2). Multiple
regression equations including the variables selected for the final models were used in the
validation experiments.

Validation Experiments. Experiments to validate the dicamba yield prediction models
were conducted in 2016 at the LSU AgCenter, Central Research Station, Ben Hur Research Farm
(30.363°N, 91.163°W) in Baton Rouge, LA and at the Northeast Research Station (31.941°N,
91.233°W) in St. Joseph, LA. The soil type and soil classification for the experiment in Baton
Rouge was a Mhoon silt loam (fine-silty, mixed, nonacid, thermic Typic Fluvaquent) with a pH
of 6.3 and OM of 1.9% and in St. Joseph was a Sharkey clay (very-fine, smectitic, thermic
Chromic Epiaquert) with a pH of 6.1 and OM of 2.3%.

The indeterminate soybean cultivar Asgrow 4835 (relative maturity 4.8) was used at both
locations. Planting dates in 2016 were May 10 in Baton Rouge and May 9 in St. Joseph and

seeding rate was 300,000 seed ha™*. On the same day of planting, S-metolachlor plus
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Table 3.1. Summary of the forward selection procedure for 7 and 15 d after treatment (DAT) of dicamba at VV3/V4 with variables
presented in the order of selection using a minimum criteria of p = 0.50.%

V3/V4 application

7 DAT 15 DAT

Model Model
Variable” Pr>F R’ Variable® Pr>F R’
Height reduction <0.0001  0.8280 Lower stem base lesions/cracking <0.0001  0.8326
Lower leaf soil contact <0.0001 0.8571 Height reduction <0.0001  0.8583
Lower stem base lesions/cracking 0.0001 0.8725 Terminal leaf epinasty 0.0162 0.8646
Canopy height 0.0002 0.8854 Leaf petiole droop <0.0001  0.8967
Overall visual injury 0.0169 0.8905 Leaf petiole base swelling <0.0001 09125
Upper canopy leaf surface crinkling 0.0005 0.9006 Stem epinasty 0.0007 0.9201
Upper canopy leaf cupping 0.0339 0.9042 Terminal leaf necrosis 0.0125 0.9241
Terminal leaf chlorosis 0.0390 0.9074 Lower leaf soil contact 0.0197 0.9274
Terminal leaf necrosis 0.0135 0.9120 Terminal leaf chlorosis 0.0167 0.9307
Upper canopy pale leaf margins 0.1687 0.9134 Upper canopy leaf surface crinkling 0.0819 0.9324
Leaf petiole droop 0.0317  0.9166 Lower stem base swelling 0.2226  0.9333
Leaf petiole base swelling 0.0736  0.9189 - - -
Stem epinasty 0.1712 0.9201 - - -
Lower stem base swelling 0.4244  0.9206 - - -

#Variables in the analysis included twelve injury criteria observed following VV3/V4 application (0 to 5 scale with 0= no injury, 1=
slight, 2= slight to moderate, 3= moderate, 4= moderate to severe, and 5= severe) along with overall soybean visual injury and height
reduction (0 to 100% with 0= no injury/height reduction and 100=plant death) and canopy height.

®For the 7 and 15 DAT models the top six variables were selected based on high probability (Pr > F) and maximizing model R?.
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Table 3.2. Summary of the forward selection procedure for 7 and 15 d after treatment (DAT) of dicamba at R1/R2 with variables
presented in the order of selection using a minimum criteria of p = 0.50.%

R1/R2 application

7 DAT 15 DAT

Model Model

Variable” Pr>F R Variable” Pr>F R?
Height reduction <0.0001 0.8173 Lower stem base lesions/cracking <0.0001  0.8829
Lower stem base lesions/cracking <0.0001 0.8699 Terminal leaf chlorosis <0.0001  0.9030
Leaf petiole droop <0.0001 0.8991 Leaf petiole base swelling 0.0001  0.9190
Upper canopy leaf rollover/inversion 0.0079  0.9074 Stem epinasty 0.0014  0.9285
Leaf petiole base swelling 0.0289  0.9126 Terminal leaf necrosis 0.1313  0.9304
Stem epinasty 0.1401  0.9150 Terminal leaf cupping 0.0114  0.9358
Terminal leaf necrosis 0.2595  0.9163 Terminal leaf epinasty 0.0036  0.9422
Upper canopy leaf surface crinkling 0.2209  0.9179 Height reduction 0.2201  0.9433
Terminal leaf epinasty 0.3112 0.9190 Canopy height 0.0032 0.9493
Terminal leaf cupping 0.3262 0.9200 Upper canopy leaf surface crinkling 0.2351 0.9503
- - - Leaf petiole droop 0.4495  0.9506

®Variables in the analysis included ten injury criteria observed following R1/R2 application (0 to 5 scale with 0= no injury, 1= slight, 2=
slight to moderate, 3= moderate, 4= moderate to severe, and 5= severe) along with overall soybean visual injury and height reduction (0
to 100% with 0= no injury/height reduction and 100=plant death) and canopy height.

®For the 7 and 15 DAT models the top six variables were selected based on high probability (Pr > F) and maximizing model R?.
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sulfentrazone (Authority Elite®, FMC Corporation, Philadelphia, PA 19104) at 1760 g ai ha™
was applied in Baton Rouge and glufosinate-ammonium (Liberty® 280 SL herbicide, Bayer
CropScience LP, Research Triangle Park, NC 27709) at 590 g ai ha™ plus glyphosate (Roundup
PowerMax®, Monsanto Co., St. Louis, MO 63167) at 1260 g ae ha™* plus flumioxazin plus
pyroxasulfone (Fierce®, Valent U.S.A. Corporation, Walnut Creek, CA 94596) at 160 g ai ha™
were applied in St. Joseph. In Baton Rouge, glyphosate (Roundup PowerMax®) was applied at
870 g ha ™ when weeds were 5 to 8 cm tall and around 2 weeks later to eliminate weed
competition. In St. Joseph, clethodim (Select®, Valent U.S.A. Corporation, Walnut Creek, CA
94596) was applied at 280 g ai ha™ to eliminate grass weed competition and was followed one
week later with an application of glyphosate at 870 g ha . Fungicides and insecticides were
applied at both locations beginning at R3 (Fehr and Caviness 1977) as needed based on LSU
AgCenter recommendations (Anonymous 2018).

Dicamba rates and application timings were the same as those used in the previous
research to develop the models (Foster and Griffin 2018). The DGA salt formulation of dicamba
(Clarity® herbicide, BASF Corporation, Research Triangle Park, NC 27709) was used and
nonionic surfactant at 0.25% vol/vol was added to all treatments; a nontreated control was
included for comparison. A randomized complete block design with a factorial arrangement of
treatments (growth stage by dicamba rate) and four replications were used for both locations.

Dicamba treatments were applied using a CO,-pressurized backpack sprayer calibrated to
deliver 140 L ha™ spray volume at 270 kPa. Sprayers were fitted with 110° Turbo TeeJet
Induction flat spray nozzles (TeeJet® Technologies, Spraying Systems Co., Wheaton, IL 60189)

and wind speed at application was no more than 4.8 km h™. Specific dates for dicamba
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Table 3.3. Rainfall, average minimum (min.) and maximum (max.) air and soil temperatures, and average relative humidity 0—4 d after

herbicide treatment (DAT) for experiments conducted in Baton Rouge and St. Joseph, LA to validate the dicamba yield loss prediction
model.

Rainfall within 4 Average min./max. air Average min./max. soil  Average min./max. relative
Location Application date DAT temperature temperature humidity
11071 R e Crmmmmmmm e %

Baton Rouge 2016

V3/V4 (June 7) 18 22/32 26/33 46/93

R1/R2 (June 27) 72 22/33 28/32 50/98
St. Joseph 2016

V3/V4 (June 1) 32 21/31 25/34 48/93

R1/R2 (June 22) 40 23/34 28/37 51/95

#Soybean growth stages included V3/V4 (third/fourth node with 2/3 fully expanded trifoliates) and R1/R2 (open flower at any node on
main stem/open flower at one of the two uppermost nodes on main stem).
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Variables that did not meet the significance level were terminal leaf epinasty 7 DAT and upper
canopy leaf cupping, upper canopy pale leaf margins, overall visual injury, and canopy height 15
DAT. Terminal leaf cupping and upper canopy leaf rollover/inversion were not observed
following V3/V4 exposure to dicamba 7 or 15 DAT (Foster and Griffin 2018) and were not
included in the analysis.

For R1/R2 exposure 7 DAT, 10 of the 13 variables met the 0.50 significance level for
inclusion in the initial model (Table 3.2). Eleven of the 13 variables were included in the model
for R1/R2 15 DAT. Variables that did not meet the significance level for inclusion in the model
were terminal leaf chlorosis, overall visual injury, and canopy height 7 DAT and upper canopy
leaf rollover/inversion and overall visual injury 15 DAT. Upper canopy leaf cupping, upper
canopy pale leaf margins, lower leaf soil contact, and lower stem base swelling were not
observed following R1/R2 exposure to dicamba 7 or 15 DAT (Foster and Griffin 2018).

To simplify the models, the number of variables were reduced based on high probability
(Pr > F) and maximizing model R? at each step in the forward selection procedure. Six variables
were included in the final model for V3/V4 7 DAT and in the order of selection included height
reduction, lower leaf soil contact, lower stem base lesions/cracking, canopy height, overall visual
injury, and upper canopy leaf surface crinkling (Table 3.1). Probability level was 0.0005 when
variable six was included and was 0.0339 with the addition of the seventh variable. Model R?
increased from 0.8280 for the first variable to 0.9006 for variables one through six; addition of
the seventh variable, upper canopy leaf cupping, resulted in an R? = 0.9042.

In the final model for V3/V4 15 DAT, the six variables in order of selection were lower

stem base lesions/cracking, height reduction, terminal leaf epinasty, leaf petiole droop, leaf
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petiole base swelling, and stem epinasty (Table 3.1). Probability level was 0.0007 for variables
one through six and was 0.0125 with the addition of the seventh variable. Model R? increased
from 0.8326 for the first variable to 0.9201 for variables one through six; addition of the seventh
variable, terminal leaf necrosis, resulted in an R? of 0.9241.

The six variables included in the final model for R1/R2 7 DAT in the order of selection
were height reduction, lower stem base lesions/cracking, leaf petiole droop, upper canopy leaf
rollover/inversion, leaf petiole base swelling, and stem epinasty (Table 3.2). Probability level
was 0.0289 for variables one through five and decreased to 0.1401 with addition of the sixth

variable. Model R? increased from 0.8173 for the first variable to 0.9150 when variables one

through six were included, with only a slight change with addition of the seventh variable (R
0.9163).

In the final model for R1/R2 15 DAT, the six variables in order of selection were lower
stem base lesions/cracking, terminal leaf chlorosis, leaf petiole base swelling, stem epinasty,
terminal leaf necrosis, and terminal leaf cupping (Table 3.2). Probability level was 0.1313 for
variables one through five but increased to 0.0114 when the sixth variable was added. For
variables one through six, R was 0.9358 and with the addition of the seventh variable, terminal
leaf epinasty, R® was 0.9422.

Validation Experiments - Data Collected for Variables. Soybean plants were actively
growing when dicamba was applied at both growth stages and at both locations. For the V3/V4
and R1/R2 applications, rainfall of 18 and 72 mm, respectively, was received within 4 DAT at

Baton Rouge and 32 and 40 mm, respectively, at St. Joseph (Table 3.3). Average maximum air
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temperature 0 to 4 DAT for the applications ranged from 31 to 34 C and average maximum
relative humidity from 93 to 98%.

At each location, data were collected for the six variables included in the models based
on dicamba application timing and days after exposure (Tables 3.1 and 3.2). For each variable,
data collected were compared with data from previous research used to develop the models
(Foster and Griffin 2018).

Data Collection V3/V4 7 DAT Model. Compared with the data used to develop the
model, soybean plant height reduction at the locations for the various rates of dicamba ranged
from 10 percentage points less to 23 points greater at Baton Rouge and from 12 points less to 3
points greater at St. Joseph (Table 3.4). Variability in plant height reduction between the
locations would be expected since environmental conditions would affect soybean growth and
rate of plant recovery from dicamba injury, especially at 7 d. Lower leaf soil contact and lower
stem base lesions/cracking were not observed for dicamba rates of 0.6 to 8.8 g ha™ at either
location (Table 3.4), which was in agreement with previous research. For rates of 17.5 and
greater for both lower leaf soil contact and lower stem base lesions/cracking, injury level was 1
to 5 and was either the same or 1 to 2 units greater than data used to develop the model. Canopy
height for the nontreated control was 5 cm less at Baton Rouge and 1 cm less at St. Joseph when
compared with data for the nontreated control used to develop the model (Table 3.4). For
dicamba rates of 0.6 to 280 g ha™ canopy height was 3 to 8 cm less at Baton Rouge and for
dicamba rates of 1.1 to 280 g ha™ was 1 to 7 cm less at St. Joseph. Differences in growing
conditions early in the season would directly affect early season soybean growth and canopy

height.
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Table 3.4. Data collected from validation experiments conducted in Baton Rouge and St. Joseph, LA in 2016 for the six variables
selected for the soybean yield prediction model for 7 d after treatment (DAT) with dicamba at VV3/V4 compared with data from previous
research used to develop the model.

Variables selected for V3/VV4 7 DAT model?

Lower stem Upper canopy
Height Lower leaf soil base Overall visual leaf surface
reduction contact lesions/cracking Canopy height injury crinkling
(0 to 100%) (0to 5) (0to5) (cm) (0 to 100%) (0to5)
Dicamba
rate Baton St. Baton St. Baton St. Baton St. Baton St. Baton St.
(gaeha’) Rouge Joseph Rouge Joseph Rouge Joseph Rouge Joseph Rouge Joseph Rouge Joseph
0 0/0° 0/0 0/0 0/0 0/0 0/0 36.3/-5 40.6/-1 0 0 0 0
0.6 8/0 1/-7 0/0 0/0 0/0 0/0 34.3/-3 38.1/+1 25/-3  6/-22 4/+1 0/-3
1.1 18/+7  5/-6 0/0 0/0 0/0 0/0 32.5/-5 36.3/-1 26/-6  10/-22 4/0 0/-4
2.2 20/+5  9/-6 0/0 0/0 0/0 0/0 31.2/-3 33.8/-1 34/-5 15/-24 4/0 0/-4
4.4 28/+11 19/+2 0/0 0/0 0/0 0/0 30.0/-6  29.2/-7 48/+5 30/-13 4/0 2/-2
8.8 33/+10 23/0 0/0 0/0 0/0 0/0 27.9/-6 30.0/-4 55/+7  35/-13 2/-2 1/-3
17.5 53/+23 33/+3 1/+1 1/+1 3/+2 1/0 25.4/-6 28.7/-2 69/+10 45/-14 0/-4 0/-4
35 64/+22 45/+3 3+1  4/+2 4/+1 3/0 19.8/-8 21.6/-6 78/+11 58/-9 0/-4 0/-4
70 74/+2  60/-12 4/0 4/0 5/+2 4/+1 14.0/-4  16.0/-2 86/+5 70/-11 0/-2 0/-2
140 78/-2  73/-7 5/+1 5/+1 5/+1 5/+1 12.7/-4  12.7]-4 93/+6  84/-3 0/-2 0/-2
280 78/-10 78/-10 5/0 5/0 5/+1 5/+1 12.2/-3 12.2/-3 94/+2  90/-2 0/-1 0/-1

®For height reduction and overall visual injury 0 = no height reduction/visual injury and 100=plant death compared with the nontreated.
For lower leaf soil contact, lower stem base lesions/cracking, and upper canopy leaf surface crinkling 0= no injury, 1= slight, 2= slight
to moderate, 3= moderate, 4= moderate to severe, and 5= severe.

®Data presented for each variable represent data collected at the location followed by the difference between data collected and data
used to develop the model (Foster and Griffin 2018); a negative value indicates data collected were less, a positive value indicates data
were greater, and a 0 indicates data were the same.
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A steady increase in overall visual injury with increasing dicamba rate was observed at
both locations (Table 3.4), which also has been reported by others (Al-Khatib and Peterson 1999;
Griffin et al. 2013). Compared with data used to develop the model, overall visual injury for
V3/V4 7 DAT at Baton Rouge for all dicamba rates was within -6 to +11 percentage points for
all dicamba rates. At St. Joseph, however, visual injury for dicamba at 0.6 to 2.2 g ha™ was 22 to
24 percentage points less than the data from previous research and was 2 to 14 points less for 4.4
g ha™ and higher. The variation observed for visual injury data collected at the two locations and
the initial data is not unexpected and supports the contention that overall visual injury ratings
associated with soybean exposed to dicamba may not be a good indicator of yield loss (Egan et
al. 2014). Upper canopy leaf surface crinkling observed at Baton Rouge was the same as or one
unit greater than data used to develop the model for 0.6 to 4.4 g ha™ dicamba at Baton Rouge,
but was 2 to 4 units less for rates of 8.8 to 140 g ha™ (Table 3.4). At St. Joseph, upper canopy
leaf surface crinkling was 2 to 4 units less compared with previous research for dicamba rates of
0.6 t0 140 g ha.

Data Collection V3/V4 15 DAT Model. As also observed for data used to develop the
model, lower stem base lesions/cracking was not observed for dicamba rates of 0.6 to 8.8 g ha™
at either location (Table 3.5). For rates of 17.5 and greater, injury level at Baton Rouge and St.
Joseph was either the same as or within = 2 units compared with the initial data. Height reduction
for dicamba rates 0.6 to 280 g ha™ at Baton Rouge was 4 to 15 percentage points greater
compared with the data used to develop the model. In contrast, at St. Joseph for dicamba rates
0.6 to 280 g ha*, height reduction was 2 to 11 percentage points less or 6 to 10 points greater

compared with previous research. Terminal leaf epinasty at Baton Rouge for rates of 0.6 t0 8.8 g
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Table 3.5. Data collected from validation experiments conducted in Baton Rouge and St. Joseph, LA in 2016 for the six variables
selected for the soybean yield prediction model for 15 d after treatment (DAT) with dicamba at V3/V4 compared with data from
previous research used to develop the model.

Variables selected for VV3/V4 15 DAT model?

Lower stem base Terminal leaf Leaf petiole Leaf petiole
lesions/cracking Height reduction epinasty droop base swelling Stem epinasty
(0to5) (0 to 100%) (0to 5) (0to5) (0to 5) (0 to 5)

Dicamba
rate Baton St. Baton St. Baton St. Baton St. Baton St. Baton St.
(gaeha’) Rouge Joseph Rouge  Joseph Rouge Joseph Rouge Joseph Rouge Joseph Rouge Joseph
0 0/0° 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
0.6 0/0 0/0 24/+7 14/-3 1/-2 0/-3 2/0 0/-2 2/+1 0/-1 0/-2 0/-2
1.1 0/0 0/0 32/+11 18/-3 1/-2 0/-3 2/+1 1/0 2/+1 1/0 0/-2 0/-2
2.2 0/0 0/0 35/+4  20/-11 2/-2 1/-3 3/+1 2/0 3/+1 1/-1 2/-1 0/-3
4.4 0/0 0/0 45/+15  28/-2 3/-1 1/-3 3/+1 2/0 3/+1 2/0 2/-1 1/-2
8.8 0/0 0/0 49/+15  43/+9 3/-1 2/-2 3+1 3/+1 3/0 3/0 3/0 3/0
17.5 3/0 1/-2 60/+12  55/+7 4/0 3/-1 4/+1 3/0 4/0 4/0 4/0 3/-1
35 5/+2 2/-1 71/+10  70/+9 5/+1 3/-1 4/+1  4/+1 5/+1 4/0 5/+1 4/0
70 5/0 4/-1 100/+12  84/-4 5/+2  5/+2 5/+2  4/+1 5/+2  5/+2 5/+2  5/+2
140 5/0 5/0 100/+10 100/+10 5/+2  5/+2 5/+2  4/+1 5/+2  5/+2 5/+2  5/+2
280 5/0 5/0 100/+6  100/+6 5/+2  5/+2 5+2  4/+1 5/+2 5/+2 5/+2 5/+2

®For height reduction 0 = no height reduction and 100=plant death compared with the nontreated control. For lower stem base
lesions/cracking, terminal leaf epinasty, leaf petiole droop, leaf petiole base swelling, and stem epinasty 0= no injury, 1= slight, 2=
slight to moderate, 3= moderate, 4= moderate to severe, and 5= severe.

®Data presented for each variable represent data collected at the location followed by the difference between data collected and data
used to develop the model (Foster and Griffin 2018); a negative value indicates data collected were less, a positive value indicates data
were greater, and a 0 indicates data were the same.
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ha™ was 1 to 2 units less than the data used to develop the model and as much as 1 to 2 units
greater for rates of 35 to 280 g ha™ (Table 3.5). At St. Joseph for rates of 0.6 to 35 g ha,
terminal leaf epinasty was 1 to 3 units less compared with previous research and was 2 units
greater for rates of 70 to 280 g ha™.

Leaf petiole droop for V3/V4 15 DAT at Baton Rouge for dicamba at 0.6 g ha™ was the
same as the data used to develop the model, was 1 unit greater for 1.1 to 35 g ha™*, and 2 points
greater for 70 to 280 g ha™ (Table 3.5). At St. Joseph, leaf petiole droop for dicamba at 1.1, 2.2,
4.4, and 17.5 g ha™* was the same compared with previous research and 2 units less for 0.6 g ha™
and 1 unit greater for 35 to 280 g ha™*. Compared with data used to develop the model, leaf
petiole base swelling for individual dicamba rates was the same or 1 to 2 units greater at Baton
Rouge and the same, 1 unit less, or 2 units greater at St. Joseph (Table 3.5). Stem epinasty at
Baton Rouge was either the same, 1 to 2 units less, or 1 to 2 units greater, and at St. Joseph was
either the same, 1 to 3 units less, or 2 units more (Table 3.5).

Data Collection R1/R2 7 DAT Model. Soybean height reduction at Baton Rouge for
dicamba rates was 1 to 10 percentage points less compared with the data used to develop the
model (Table 3.6). At St. Joseph for dicamba rates 0.6 to 35 g ha™, height reduction was either
the same as or 1 to 4 points less compared with previous research; at the higher rates, height
reduction was 1 to 6 points greater. Lower stem base lesions/cracking was not observed for
dicamba rates of 0.6 to 8.8 g ha™ at either location and was in agreement with data used to
develop the model (Table 3.6). For rates of 17.5 and higher, injury level ranged from 1 to 5 at the
locations and was either the same or within 1 unit of data from previous research. For leaf petiole

droop compared with data used to develop the model, values at the locations for rates of 0.6 to
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Table 3.6. Data collected from validation experiments conducted in Baton Rouge and St. Joseph, LA in 2016 for the six variables
selected for the soybean yield prediction model for 7 d after treatment (DAT) with dicamba at R1/R2 compared with data from previous
research used to develop the model.

Variables selected for R1/R2 7 DAT model?

Height Lower stem base Leaf petiole Upper canopy leaf Leaf petiole
reduction lesions/cracking droop rollover/inversion base swelling Stem epinasty
(0 to 100%) (0to 5) (0to5) (0to 5) (0 to 5) (0 to 5)

Dicamba
rate Baton St. Baton St. Baton St. Baton St. Baton St. Baton St.
(gaeha’) Rouge Joseph Rouge Joseph Rouge Joseph Rouge  Joseph Rouge Joseph Rouge Joseph
0 0/0° 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
0.6 0/-5 3/-2 0/0 0/0 1/-2 1/-2 1/0 0/-1 1/0 1/0 01 1/0
1.1 4/-2 5/-1 0/0 0/0 1/-2 1/-2 1/0 1/0 2/+1 2/+1 1/0 1/0
2.2 5/-5 6/-4 0/0 0/0 2/-2 2/-2 1/0 1/0 2/+1 2/+1 2/+1 1/0
4.4 10/-4  13/-1 0/0 0/0 3/-1 3/-1 1/0 1/0 3/+1 3/+1 3/+2  3/+2
8.8 13/-4  16/-1 0/0 0/0 3/0 3/0 1/0 1/0 4/+2 3/+1 3/+2  3/+2
17.5 21/-5  26/0 1/0 1/0 3/-1 3/-1 2/+1 2/+1 4/0 4/0 4/+2  4/+2
35 29/-6  33/-2 1/-1 2/0 4/0 4/0 2/0 2/0 5/+1 5/+1 4/+1  4/+1
70 39/-6  48/+3 3/0 3/0 5/0 5/0 3/-1 3/-1 5/+1 5/+1 4/0 4/0
140 48/-1  55/+6 3/0 4/+1 5/0 5/0 4/-1 3/-2 5/0 5/0 4/-1 4/-1
280 54/-10 65/+1 5/+1 4/0 5/0 5/0 4/-1 4/-1 5/0 5/0 5/0 5/0

®For height reduction 0 = no height reduction and 100=plant death compared with the nontreated control. For lower stem base
lesions/cracking, leaf petiole droop, upper canopy leaf rollover/inversion, leaf petiole base swelling, and stem epinasty 0= no injury, 1=
slight, 2= slight to moderate, 3= moderate, 4= moderate to severe, and 5= severe.

®Data presented for each variable represent data collected at the location followed by the difference between data collected and data
used to develop the model (Foster and Griffin 2018); a negative value indicates data collected were less, a positive value indicates data
were greater, and a 0 indicates data were the same.
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2.2 g ha™* were 2 units less; for 4.4 and 17.5 g ha™ were 1 unit less; and for the other rates were
the same (Table 3.6).

For dicamba rates of 0.6 to 8.8 g ha™, upper canopy leaf rollover/inversion at both
locations for R1/R2 7 DAT was the same or 1 unit less than data used to develop the model
(Table 3.6). For rates of 17.5 g ha™ and higher at both locations, values were in most cases the
same or £ 1 unit compared with previous research. Compared with data used to develop the
model, leaf petiole base swelling was either the same or 1 unit greater at the locations with the
exception of 2 units greater for 8.8 g ha™ at Baton Rouge. For dicamba rates of 0.6 to 2.2 and 35
to 280 g ha™*, stem epinasty observed was the same or + 1 unit at both locations compared with
data used to develop the model (Table 3.6). For rates of 4.4 to 17.5 g ha™, stem epinasty at the
locations was 2 points greater than data from previous research.

Data Collection R1/R2 15 DAT Model. As was the case for data used to develop the
model, lower stem base lesions/cracking was not observed for dicamba rates of 0.6 to 8.8 g ha™
at Baton Rouge and for 0.6 to 4.4 g ha™* at St. Joseph (Table 3.7). For 17.5 to 70 g ha™ at Baton
Rouge, values ranged from 2 to 4 and were also in agreement with data from the previous study.
In St. Joseph for rates of 8.8 to 140 g ha™, lower stem base lesions/cracking ranged from 1 to 5
and for each rate, values were 1 point greater than the initial data. Compared with data used to
develop the models, terminal leaf chlorosis was either the same or # 1 unit for 0.6 to 4.4 g ha™
dicamba at Baton Rouge and 0.6 to 2.2 g ha™ at St. Joseph (Table 3.7). Additionally, terminal
leaf chlorosis for 8.8 g ha™ at Baton Rouge was 3 units greater and for 4.4 and 17.5 g ha™* at St.
Joseph values were 2 units greater and 2 units less, respectively. Injury was not observed for 35 g

ha™* and higher at Baton Rouge or for 17.5 g ha™ and higher at St. Joseph. Leaf petiole base
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Table 3.7. Data collected from validation experiments conducted in Baton Rouge and St. Joseph, LA in 2016 for the six variables
selected for the soybean yield prediction model for 15 d after treatment (DAT) with dicamba at R1/R2 compared with data from
previous research used to develop the model.

Variables selected for R1/R2 15 DAT model?

Lower stem
base Terminal leaf Leaf petiole Terminal leaf Terminal leaf
lesions/cracking chlorosis base swelling Stem epinasty Necrosis cupping
(0to 5) (0to 5) (0to 5) (0to 5) (0to 5) (0to 5)
Dicamba
rate Baton St. Baton St. Baton St. Baton St. Baton St. Baton St.
(gaeha') Rouge Joseph Rouge Joseph Rouge Joseph Rouge Joseph Rouge Joseph Rouge Joseph
0 0/0° 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
0.6 0/0 0/0 0/-1 1/0 1/0 1/0 0/-1 1/0 0/0 0/0 5/+1 4/0
1.1 0/0 0/0 0/-1 2/+1 2/+1 2/+1 1/0 2/+1 0/0 0/0 5/0 5/0
2.2 0/0 0/0 2/0 3/+1 3/+2 2/+1 2/+1 3/+2 0/0 1/+1 5/0 4/-1
4.4 0/0 0/0 3/+1 4/+2 3/+2 3/+2 3/+2 4/+3 2/+2 2/+2 2/-2 3/-1
8.8 0/0 1/+1 4/+3 1/0 4/+2 4/+2 4/+2 4/+2 2/-1 2/-1 0/-2 1/-1
17.5 2/0 3/+1 2/0 0/-2 4/+1 5/+2 4/+2 5/+3 3/-1 4/0 0/-1 0/-1
35 3/0 4/+1 0/0 0/0 5/+1 5/+1 5/+2 5/+2 4/-1 5/0 0/-1 0/-1
70 4/0 5/+1 0/0 0/0 5/0 5/0 5/+1 5/+1 5/0 5/0 0/0 0/0
140 5/+1 5/+1 0/0 0/0 5/0 5/0 5/+1 5/+1 5/0 5/0 0/0 0/0
280 5/0 5/0 0/0 0/0 5/0 5/0 5/0 5/0 5/0 5/0 0/0 0/0

®For lower stem base lesions/cracking, terminal leaf chlorosis, leaf petiole base swelling, stem epinasty, terminal leaf necrosis, and
terminal leaf cupping 0= no injury, 1= slight, 2= slight to moderate, 3= moderate, 4= moderate to severe, and 5= severe.

®Data presented for each variable represent data collected at the location followed by the difference between data collected and data
used to develop the model (Foster and Griffin 2018); a negative value indicates data collected were less, a positive value indicates data
were greater, and a 0 indicates data were the same.
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swelling at both locations for dicamba rates of 0.6 (value of 1) and for 70, 140, and 280 g ha™
(value of 0) were the same as data used to develop the model (Table 3.7). For rates of 1.1 t0 35 g
ha™, leaf petiole base swelling was 1 to 2 units greater than the previous study.

Stem epinasty for dicamba at 0.6 to 280 g ha™* at Baton Rouge for R1/R2 15 DAT was
the same, £ 1 unit, or 2 units greater compared with data used to develop the model (Table 3.7).
At St. Joseph for rates of 0.6 to 280 g ha™, stem epinasty values compared with the previous
study were the same or 1 to 3 units greater. Terminal leaf necrosis was the same as data used to
develop the model for dicamba at 0.6 to 2.2 g ha™ at Baton Rouge and for 0.6 to 1.1 g ha™ at St.
Joseph (no injury observed), and for 70 to 280 g ha™ at Baton Rouge and 17.5 to 280 g ha™ at St.
Joseph (injury of 4 and 5) (Table 3.7). For the other rates at the locations terminal leaf necrosis
was + 1 or 2 units greater compared with previous research. Terminal leaf cupping for dicamba
at 0.6 to 2.2 g ha™ was 4 to 5 at the location and was either the same or + 1 unit compared with
data used to develop the model (Table 3.7). For 4.4 to 35 g ha™* dicamba, terminal leaf cupping at
the locations ranged from 0 to 3 and was 1 to 2 units less compared with the previous study.

Validation Experiments - Soybean Yield. Data collected for the six variables specified
by the models (Tables 3.4, 3.5, 3.6, and 3.7) for each dicamba rate and were used in multiple
linear regression equations to predict soybean yield (Tables 3.8, 3.9, 3.10, and 3.11). To evaluate
the models, predicted percent yield reduction was compared with observed percent yield

reduction at the two locations.
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Table 3.8. Soybean yield and percent yield reduction following dicamba application at VV3/V4 for validation experiments conducted in
Baton Rouge and St. Joseph, LA in 2016 compared with predicted yield and percent yield reduction using the model for 7 d after the
V3/V4 application.®

Validation experiments (V3/V4 7 DAT model)

Baton Rouge, LA St. Joseph, LA
Observed Predicted Observed Predicted Average difference

yield / yield / Difference in yield / yield / Difference in in percent
Dicamba percent percent percent reduction percent percent percent reduction reduction
rate reduction reduction (percentage reduction reduction (percentage (percentage
(gaeha®) kgha'/% kgha'/% points)® kgha'/% kgha'/% points)® points)®
0 4510 4420 -- 5480 4190 -- --
0.6 3920/13 4310/2 -11 4960/10 4180/0 -10 -11
1.1 3540/22 4200/5 -17 4930/10 4130/1 -9 -13
2.2 3470/23 412017 -16 4550/17 4090/2 -15 -16
4.4 3110/31 3760/15 -16 4480/18 4090/2 -16 -16
8.8 3040/33 3410/23 -10 4050/26 3680/12 -14 -12
17.5 3040/33 1700/62 +29 3730/32 2880/31 -1 +14
35 2230/51 770/83 +32 3370/39 1380/67 +28 +30
70 0/100 200/95 -5 2530/54 800/81 +27 +11
140 0/100 0/100 0 1020/81 130/97 +16 +8
280 0/100 0/100 0 0/100 0/100 0 0

®Predicted yield determined at each location using data collected for the six variables specified by the model (see Table 3.4) and the
prediction equation: Y (kg ha™') =[93.29 — 0.30 (height reduction) — 3.77 (lower leaf soil contact) — 4.25 (lower stem base
lesions/cracking) — 0.76 (canopy height) — 0.27 (overall visual injury) + 1.71 (upper canopy leaf surface crinkling)] x 67.2. Because
canopy height is included in the model, predicted yield for the nontreated is calculated by entering the canopy height in cm and zero (0)
for the other variables where injury was not observed.

®\/alues represent the difference in percentage points between the predicted yield reduction and observed yield reduction. A minus (-)
value implies that the predicted value underestimated observed yield reduction whereas a plus (+) value implies that the predicted value
overestimated observed yield reduction.

“Values represent the average difference between the predicted yield reduction and observed yield reduction for the two locations.
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Table 3.9. Soybean yield and percent yield reduction following dicamba application at VV3/VV4 for validation experiments conducted in
Baton Rouge and St. Joseph, LA in 2016 compared with predicted yield and percent yield reduction using the model for 15 d after the
V3/V4 application.®

Validation experiments (V3/V4 15 DAT model)

Baton Rouge, LA St. Joseph, LA
Observed Predicted Observed Predicted Average difference

yield / yield / Difference in yield / yield / Difference in in percent
Dicamba percent percent percent reduction percent percent percent reduction reduction
rate reduction reduction (percentage reduction reduction (percentage (percentage
(gaeha®) kgha'/% kgha'/% points)® kgha'/% kgha'/% points)® points)®
0 4510 4380 - 5480 4380 -- -
0.6 3920/13 3680/16 +3 4960/10 3840/12 +2 +3
1.1 3540/22 3510/20 -2 4930/10 3770/14 +4 +1
2.2 3470/23 3440/22 -1 4550/17 3630/17 0 -1
4.4 3110/31 3290/25 -6 4480/18 3600/18 0 -3
8.8 3040/33 2860/35 +2 4050/26 2690/39 +13 +8
17.5 3040/33 1940/56 +23 3730/32 2290/48 +16 +20
35 2230/51 1030/77 +26 3370/39 1470/66 +27 +27
70 0/100 0/100 0 2530/54 980/78 +24 +12
140 0/100 0/100 0 1020/81 160/96 +15 +8
280 0/100 0/100 0 0/100 160/96 -4 -2

®Predicted yield determined at each location using data collected for the six variables specified by the model (see Table 3.5) and the
prediction equation: Y (kg ha™') =[65.18 — 4.08 (lower stem base lesions/cracking) — 0.46 (height reduction) + 5.38 (terminal leaf
epinasty) — 5.92 (leaf petiole droop) + 4.21 (leaf petiole base swelling) — 3.77 (stem epinasty)] x 67.2.

®\/alues represent the difference in percentage points between the predicted yield reduction and observed yield reduction. A minus (-)
value implies that the predicted value underestimated observed yield reduction whereas a plus (+) value implies that the predicted value
overestimated observed yield reduction.

“Values represent the average difference between the predicted yield reduction and observed yield reduction for the two locations.
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Table 3.10. Soybean yield and percent yield reduction following dicamba application at R1/R2 for validation experiments conducted in
Baton Rouge and St. Joseph, LA in 2016 compared with predicted yield and percent yield reduction using the model for 7 d after the
R1/R2 application.®

Validation experiments (R1/R2 7 DAT model)

Baton Rouge, LA St. Joseph, LA
Observed Predicted Observed Predicted Average difference

yield / yield / Difference in yield / yield / Difference in in percent
Dicamba percent percent percent reduction percent percent percent reduction reduction
rate reduction reduction (percentage reduction reduction (percentage (percentage
(gaeha®) kgha'/% kgha'/% points)® kgha'/% kgha'/% points)® points)®
0 4520 4580 -- 5390 4580 -- -
0.6 3680/19 4310/6 -13 5030/7 424017 0 -7
1.1 3340/26 4170/9 -17 4960/8 4200/8 0 -9
2.2 3220/29 4050/12 -17 4660/14 3900/15 +1 -8
4.4 3040/33 3610/21 -12 4250/21 3440/25 +4 -4
8.8 2260/50 3320/28 -22 3370/37 3190/30 -7 -15
17.5 2200/51 2630/43 -8 2170/60 2370/48 -12 -10
35 1220/73 1800/61 -12 960/82 1370/70 -12 -12
70 1020/77 500/89 +12 180/97 50/99 +2 +7
140 640/86 30/99 +13 0/100 0/100 0 +7
280 0/100 0/100 0 0/100 0/100 0 0

®Predicted yield determined at each location using data collected for the six variables specified by the model (see Table 3.6) and the
prediction equation: Y (kg ha™) =[68.11 — 0.77 (height reduction) — 6.93 (lower stem base lesions/cracking) — 1.60 (leaf petiole droop)
+ 1.93 (upper canopy leaf rollover/inversion) — 2.95 (leaf petiole base swelling) + 1.78 (stem epinasty)] x 67.2.

P\V/alues represent the difference in percentage points between the predicted yield reduction and observed yield reduction. A minus (-)
value implies that the predicted value underestimated observed yield reduction whereas a plus (+) value implies that the predicted value
overestimated observed yield reduction.

“Values represent the average difference between the predicted yield reduction and observed yield reduction for the two locations.

74



Table 3.11. Soybean yield and percent yield reduction following dicamba application at R1/R2 for validation experiments conducted in
Baton Rouge and St. Joseph, LA in 2016 compared with predicted yield and percent yield reduction using the model for 15 d after the
R1/R2 application.®

Validation experiments (R1/R2 15 DAT model)

Baton Rouge, LA St. Joseph, LA
Observed Predicted Observed Predicted Average
yield / yield / Difference in yield / yield / Difference in difference in

Dicamba percent percent percent reduction percent percent percent reduction percent reduction
rate reduction reduction (percentage reduction reduction (percentage (percentage
(gaeha®) kgha'/% kgha'll/% points)® kgha'/%  kgha™/% points)® points)©
0 4520 4690 -- 5390 4690 -- --
0.6 3680/19 3880/17 -2 5030/7 4010/15 +8 +3
1.1 3340/26 3700/21 -5 4960/8 3760/20 +12 +4
2.2 3220/29 3440/27 -2 4660/14 3470/26 +12 +5
4.4 3040/33 3270/30 -3 4250/21 3260/30 +9 +3
8.8 2260/50 3000/36 -14 3370/37 3060/35 -2 -8
17.5 2200/51 1990/58 +7 2170/60 1710/64 +4 +6
35 1220/73 1500/68 -5 960/82 690/85 +3 -1
70 1020/77 640/86 +9 180/97 470/90 -7 +1
140 640/86 120/97 +11 0/100 120/97 -3 +4
280 0/100 120/97 -3 0/100 120/97 -3 -3

®Predicted yield determined at each location using data collected for the six variables specified by the model (see Table 3.7) and the
prediction equation: ¥ (kg ha™) =[69.82 — 10.37 (lower stem base lesions/cracking) — 3.92 (terminal leaf chlorosis) — 4.68 (leaf petiole
base swelling) + 3.90 (stem epinasty) — 2.46 (terminal leaf necrosis) — 1.70 (terminal leaf cupping)] x 67.2.

P\/alues represent the difference in percentage points between the predicted yield reduction and observed yield reduction. A minus (-)
value implies that the predicted value underestimated observed yield reduction whereas a plus (+) value implies that the predicted value
overestimated observed yield reduction.

“Values represent the average difference between the predicted yield reduction and observed yield reduction for the two locations.
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V3/V4 7 DAT model. The soybean yield prediction equation for V3/V4 7 DAT is:

Y (kg ha*) = [93.29 — 0.30 (height reduction) — 3.77 (lower leaf soil contact) — 4.25 (lower stem
base lesions/cracking) — 0.76 (canopy height) — 0.27 (overall visual injury) + 1.71 (upper
canopy leaf surface crinkling)] x 67.2. Because canopy height is included in the equation, yield
for the nontreated control is calculated by entering canopy height data for the nontreated control
and entering zeros for the other variables where injury was not observed (Table 3.4). The
conversion factor of 67.2 is used to express yield in kg ha™.

At both locations, soybean yield decreased as dicamba rate increased (Table 3.8).
Nontreated control yields for \V3/V4 dicamba application were 4510 kg ha™ at Baton Rouge and
5480 kg ha™ at St. Joseph. Predicted percent yield loss for dicamba at rates of 0.6 to 8.8 g ha™
underestimated observed yield loss 10 to 17 percentage points at Baton Rouge and 9 to 16 points
at St. Joseph. For 35 g ha, the difference in yield loss between predicted and observed was 32
points at Baton Rouge and 28 points at St. Joseph. Although consistency between locations was
observed for the lower dicamba rates, differences between locations were quite large for 17.5 and
70 g hal. For 17.5 g ha, predicted yield loss overestimated observed yield loss by 29
percentage points at Baton Rouge, but underestimated yield loss by 1 percentage point at St.
Joseph. For 70 g ha*, predicted yield loss underestimated observed yield loss by 5 points at
Baton Rouge, but overestimated by 27 points at St. Joseph. The variation observed between
locations could be related to environmental conditions before, during, and following herbicide
exposure (Egan et al. 2014) which could affect ability of plants to recover from initial injury.

Combining the data for the two locations, predicted yield loss for dicamba at 0.6 t0 8.8 g

ha™ underestimated observed yield loss by an average of 11 to 16 percentage points and for 35 g
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ha™, predicted yield loss was underestimated by 30 points (Table 3.8). For 17.5 and 70 g ha™*
dicamba where results were inconsistent at the locations, average difference in percent yield loss
between predicted and observed was an overestimate of 14 and 11 points, respectively.

V3/V4 15 DAT model. The soybean yield prediction equation for V3/VV4 15 DAT is:

Y (kg ha'’) = [65.18 — 4.08 (lower stem base lesions/cracking) — 0.46 (height reduction) + 5.38
(terminal leaf epinasty) — 5.92 (leaf petiole droop) + 4.21 (leaf petiole base swelling) — 3.77
(stem epinasty)] x 67.2.

The consistency between locations and the accuracy of the model in predicting observed
yield loss for 0.6 to 17.5 g ha™ dicamba were greater 15 d after \/3/V4 application compared
with 7 d (Tables 3.8 and 3.9). For dicamba at 0.6 to 4.4 g ha™* at 15 d, the difference between
predicted and observed percent yield loss ranged from an underestimate of 6 points to an
overestimate of 3 points at Baton Rouge and from no difference to an overestimate of 4 points at
St. Joseph (Table 3.9). Predicted yield loss overestimated observed yield loss by 2 points at
Baton Rouge and 13 points at St. Joseph for 8.8 g ha™; by 23 points at Baton Rouge and 16
points at St. Joseph for 17.5 g ha™; and by 26 points at Baton Rouge and 27 points at St. Joseph
for 35 g ha™. For 70 and 140 g ha*, yield was not observed at Baton Rouge and the model
predicted 100% yield loss. However at St. Joseph, soybean yield was observed for dicamba at 70
and 140 g ha™ and predicted yield loss was overestimated by 24 and 15 percentage points,
respectively.

Combining the data for the two locations, predicted yield loss for rates of 0.6 to 4.4 g ha™

underestimated or overestimated observed yield loss by an average of 1 and 3 points (Table 3.9).
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For 8.8 g ha, the model overestimated yield loss by an average of 8 points and for 17.5 and 35 g
ha™*, yield loss was overestimated by 20 and 27 points, respectively.

R1/R2 7 DAT model. The soybean yield prediction equation for R1/R2 7 DAT is:

Y (kg ha®) = [68.11 — 0.77 (height reduction) — 6.93 (lower stem base lesions/cracking) — 1.60
(leaf petiole droop) + 1.93 (upper canopy leaf rollover/inversion) — 2.95 (leaf petiole base
swelling) + 1.78 (stem epinasty)] x 67.2.

At both locations yield decreased as dicamba rate increased (Table 3.10). Nontreated
control yields for R1/R2 dicamba application were 4520 kg ha™ at Baton Rouge and 5390 kg ha™
at St. Joseph. The 7 DAT V3/V4 model was less accurate at predicting yield loss for lower rates
of dicamba at Baton Rouge than at St. Joseph. Predicted yield loss for dicamba at 0.6 to 4.4 g ha’
! underestimated observed yield loss by 12 to 17 percentage points at Baton Rouge but at St.
Joseph, predicted yield loss was the same or overestimated observed yield loss by no more than 4
percentage points. Predicted yield loss was underestimated by 22 points at Baton Rouge and 7
points at St. Joseph for 8.8 g ha™*; by 8 points at Baton Rouge and 12 points at St. Joseph for 17.5
g ha; and by 12 points at both locations for 35 g ha™. For 70 and 140 g ha™, yield loss was
overestimated 12 and 13 points, respectively, by the model at Baton Rouge, but no more than 2
points at St. Joseph. The inconsistency in the performance of the model between the locations for
many of the dicamba rates is probably indicative of the intensity of symptom expression as
related to environmental conditions during the 7 d following exposure.

Averaged across locations, the R1/R2 7 DAT model underestimated observed yield loss

for dicamba rates of 0.6 to 4.4 g ha™ by 4 to 9 percentage points (Table 3.10). The model

78



the V3/V4 and R1/R2 15 DAT models resulted in greater predicted yield in most cases when
compared with using data collected 15 DAT. With yield loss based on yield of the nontreated
control, predicted yield loss using 30 DAT data would be less compared with using 15 DAT

data.

In conclusion, soybean lacking the dicamba-resistance trait is extremely sensitive to
dicamba at very low rates (0.1% of the 560 g ha™* use rate). The presence of severe leaf cupping
and crinkling associated with off-target movement of dicamba raises concern as to the effect on
crop yield. This uncertainty places growers in a predicament in regard to the economic value of
crop inputs for the remainder of the growing season. The yield loss prediction models described
herein could be a useful tool for early season evaluation of dicamba injury to susceptible
soybean. An app for use in field assessment of soybean yield loss has been developed and is

available through the LSU AgCenter.
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Chapter 4. Changes in Soybean Yield Components in Response to Dicamba

Introduction

Recent development of dicamba-resistant soybean [Glycine max (L.) Merr.] has allowed
for control of herbicide-resistant broadleaf weeds (Flessner et al. 2015; Spaunhorst and Bradley
2013), but has also resulted in off-target injury to sensitive crops. As of July 15, 2018,
approximately 600 cases of dicamba injury to various crops from off-target movement were
being investigated by the state departments of agriculture (Bradley 2018). University weed
scientists estimated that approximately 445,000 ha of soybean were injured by dicamba. Soybean
exposed to dicamba can exhibit moderate to severe leaf cupping and crinkling at rates as low as
1/1000™ of the use rate (Foster and Griffin 2018). Hartzler (2017) reported that based on 1% of
the labeled use rate of 560 g ha™*, soybean is 200 times more sensitive to dicamba than corn (Zea
mays L.) is to glyphosate.

Off-target movement of dicamba can occur as vapor drift from volatility and as spray
particle drift as a liquid. Volatility increases at high ambient temperature and low relative
humidity (Behrens and Lueschen 1979; Mueller et al. 2013). Volatility is also affected by
herbicide formulation (Bauerle et al. 2015; Egan and Mortensen 2012). In Tennessee, air samples
collected from the field showed the amount of dicamba detected with dimethylamine (DMA) salt
two times greater than the diglycolamine (DGA) salt (Mueller et al. 2013). The amount of
dicamba detected was greater during the 0 to 12 h period after application compared to the 12 to

48 h period.
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Off-target movement of dicamba whether as a vapor or as a liquid can be exacerbated by
temperature inversions. Other factors affecting off-target movement of herbicide would include
wind speed, nozzle selection, spray pressure, and spray boom height above the target. Dicamba
injury can also occur through spray tank contamination from herbicide residue in the spray
hoses, filters, and pump (Steckel et al. 2005). Cundiff et al. (2017) in evaluating sprayer cleanout
procedures using dicamba reported ammonia in the cleanout solution was more effective
compared with water alone and differences in retention of dicamba among spray hose types.

For a field application rate of 560 g ha™ dicamba, a rate of 0.56 g ha* (0.1% of the
applied rate) would correspond to vapor drift exposure (Egan and Mortensen 2012; Grover et al.
1972). Meta-analysis of data from over seven decades of simulated drift experiments showed
soybean yield losses of basically zero for exposure to dicamba at 0.56 g ha™* during vegetative
stage and approximately 1% during flowering (Egan et al. 2014). A rate of 5.6 g ha™ (1% of
applied rate) would represent spray particle drift (Brown et al. 2004; Carlsen et al. 2006; de Jong
et al. 2008; United States Environmental Protection Agency 2006; Wang and Rautman 2008).
Egan et al. (2014) reported 4% soybean yield loss from dicamba exposure at 5.6 g ha™ during
vegetative stage and 9% during flowering.

Soybean yield on a per plant basis would be affected by yield components that include
number of reproductive nodes, pods per reproductive node, seed per pod, seed number, and
individual seed weight (Board and Modali 2005). Yield expressed on a per hectare basis would
be affected by plant population, growth characteristics of the cultivar, and environmental
conditions. Robinson et al. (2009) and Kahlon et al. (2011) addressed the effect of planting dates

and varieties on soybean yield components and found that reproductive node number, pod
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number, and seed number were responsible for higher yield. Soybean yield reduction from
dicamba has been attributed to reduced plant height and seed number (Weidenhamer et al. 1989)
and to reduced number of seed and pods per plant and seed weight (Kelley et al. 2005; Robinson
et al. 2013; Wax et al. 1969). In research conducted by Foster et al. (2017), soybean plant height
reduction was included in the six-variable models used to predict yield response to dicamba
exposure at V3/V4 and R1/R2.

When soybean is exposed to dicamba early in the growing season, injury to the terminal
resulted in increased branching (Andersen et al. 2004; Wax et al. 1969). The production of seed
from lateral branches could offset the seed loss associated with injury to the main stem. The
objectives of this research were to 1) evaluate the effect of dicamba applied at 1/1000 to ¥ of the
560 g ha™ use rate to indeterminate soybean at vegetative and reproductive growth stages on
individual plant yield components and 2) determine the contribution of lateral branching to

whole plant yield.

Materials and Methods

Experiments to evaluate the effect of dicamba on soybean yield components were
conducted for 2 yr at the LSU AgCenter, Central Research Station, Ben Hur Research Farm
(30.363°N, 91.163°W) in Baton Rouge, LA. The soil type and soil classification for the
experiments was a Mhoon silt loam (fine-silty, mixed, nonacid, thermic Typic Fluvaquent) with
a pH of 6.3 and OM of 1.9. The indeterminate soybean cultivar and maturity group planted both
years was glyphosate-resistant Asgrow 4835 (relative maturity 4.8). Planting dates were May 6,

2015 and May 10, 2016, and seeding rate was 300,000 seed ha™. On the same day of planting

88



each year, S-metolachlor plus sulfentrazone (Authority Elite®, FMC Corporation, Philadelphia,
PA 19104) was applied at 1760 g ai ha™. In each experiment, glyphosate (Roundup PowerMax®
Monsanto Company, St. Louis, MO 63167) was applied twice at 870 g ha™* when weeds were 5
to 8 cm tall and approximately 14 d later to eliminate weed competition. Fungicides and
insecticides were applied beginning at R3 (Fehr and Caviness 1977) based on LSU AgCenter
recommendations (Anonymous 2018).

The DGA salt formulation of dicamba (Clarity® herbicide, BASF Corporation, Research
Triangle Park, NC 27709) was applied to soybean at VV3/VV4 (third/fourth node with 2/3 fully
expanded trifoliates) or at R1/R2 (open flower at any node on main stem/open flower at one of
the two uppermost nodes on main stem). Dicamba rates included 0.6, 1.1, 2.2, 4.4, 8.8, 17.5, 35,
70, 140, and 280 g ae ha™ (1/1000 to ¥ of the manufacturer’s use rate of 560 g ha™). Nonionic
surfactant at 0.25% vol/vol was added to all treatments and a nontreated control was included for
comparison. A randomized complete block design with a factorial arrangement of treatments
(growth stage by dicamba rate) and four replications were used each year.

Specific dates for dicamba application for each experiment along with rainfall received 0
to 4 d after application (DAA) and average minimum/maximum air temperature, soil
temperature, and percent relative humidity 0 to 4 DAA are shown in Table 4.1. Timely rainfall
was in most cases sufficient to prevent drought stress conditions. For each experiment, dicamba
treatments were applied using a CO,-pressurized backpack sprayer calibrated to deliver 140 L
ha™ spray volume at 270 kPa. Sprayers were fitted with 110° Turbo TeeJet Induction flat spray
nozzles (TeeJet® Technologies, Spraying Systems Co., Wheaton, IL 60189) and wind speed at

application was no more than 4.8 km h™. Treated areas consisted of two rows spaced 76 cm apart
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Table 4.1. Rainfall, average minimum (min.) and maximum (max.) air and soil temperatures, and average relative humidity 0—4 d after

herbicide treatment (DAT) for experiments conducted in Baton Rouge, LA to evaluate the effect of dicamba on soybean yield
components.

Rainfall within 4 Average min./max. air Average min./max. soil Average min./max. relative
Application date DAT temperature temperature humidity
100111 I O %

2015

V3/V4 (June 3)? 0 21/33 26/32 40/91

R1/R2 (June 23) 75 22/32 27/33 55/98
2016

V3/V4 (June 7) 18 22/32 26/33 46/93

R1/R2 (June 27) 72 22/33 28/32 50/98

Soybean growth stages included V3/V4 (third/fourth node with 2/3 fully expanded trifoliates) and R1/R2 (open flower at any node on
main stem/open flower at one of the two uppermost nodes on main stem).
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with a nontreated border area between plots of 152 cm. The border area was sufficient to prevent
cross contamination between adjacent plots.

Just prior to soybean harvest, 5 randomly selected plants from each treated row (10 plants
per plot) were harvested at ground level and transported to the lab for evaluation. Main stem
height to the uppermost growing point was determined for each plant and the number of lateral
branches was recorded. All pods from the main stem and lateral branches were removed and
counted to represent total pods per plant. Pods from each plant were threshed with an Almaco
small bundle thresher (Almaco, Nevada, lowa 50201) and seed were counted with an Agriculex
electronic seed counter (Agriculex Inc., Guelph, Ontario, Canada N1E 6B4). Using total number
of seed per plant and pod number data, number of seed per pod was calculated. Seed collected

for each plant were weighed to represent seed yield.

Statistical analysis. For each plot, data collected for each variable for the 10 plants were
averaged and used for analysis. Data for all variables were subjected to the Mixed Procedure in
SAS (SAS Institute Inc., Cary NC 27513). Years and replications, and all interactions containing
these effects were considered random (Carmer et al. 1989). Application timing and herbicide rate
were considered fixed effects. Tukey-Kramer (p < 0.05) was used for mean separation, and letter

groupings were included (SAS Institute Inc., Cary NC 27513).

Results and Discussion

Soybean plants were actively growing when dicamba was applied each year. For the

V3/V4 and R1/R2 applications, rainfall ranging from 0 to 18 mm and 72 to 75 mm, respectively,
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was received within 4 DAT (Table 4.1). Average maximum air temperature 0 to 4 DAT for the
applications ranged from 32 to 33 C and average maximum relative humidity was 91 to 98%.

Main Stem Height and Lateral Branch Number. When dicamba was not applied
soybean main stem height at maturity was 90 cm for the VV3/V4 treatments and 89 cm for the
R1/R2 treatments (Table 4.2). Main stem height following 0.6 g ha™* dicamba applied at VV3/V4
was reduced 47% compared with the nontreated control. For R1/R2 application, stem height was
not negatively affected until dicamba was applied at 1.1 g ha™ (21% reduction compared with the
nontreated control). For dicamba applied at VV3/V4, main stem height reduction compared with
application at R1/R2 was 4.3 times greater for 0.6 g ha™*, around 2.4 times greater for 1.1 and 2.2
g ha™, and 1.4 to 1.7 times greater for 4.4 to 35 g ha™*. The 84% reduction in main stem height
for 2.2 g ha™* dicamba applied at V3/V4 was not observed until 70 and 140 g ha™ dicamba were
applied at R1/R2. Plant death (100% height reduction) first occurred at 70 g ha™* dicamba applied
at V3/V4 and at 280 g ha™ for R1/R2.

Andersen et al. (2004) and Wax et al. (1969) reported that although main stem height can
be reduced when soybean is exposed to dicamba during the vegetative stage, the extended
growing season can allow plants to compensate through additional branching with increased
number of fruiting sites. In the present study, lateral branching was observed when soybean was
treated with dicamba at VV3/V4, but was not observed in nontreated soybean suggesting that
branching was in response to dicamba injury. Lateral branch number was equivalent for dicamba
at 0.6 and 1.1 g ha™ (1.4 and 1.3 branches per plant) and at 2.2 to 35 g ha™ (2.9 to 3.2 per plant)
(Table 4.2). For soybean exposed to dicamba at V3/V4, compensation for loss in main stem

growth would be dependent on flowering and pod production on the lateral branches.
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Table 4.2. Main stem height and number of lateral branches per plant for soybean treated with dicamba at VV3/V4 and R1/R2.?

Main stem height (cm)

Lateral branches (no. per plant)

Dicamba

rate

(g ae ha™)° V3/V4 application R1/R2 application V3/V4 application R1/R2 application
0 90 a° 89 a Oc Oc
0.6 48 de (47%)" 79 ab (11%) 14D Oc
1.1 45 de (50%) 70 bc (21%) 1.3b Oc
2.2 14 fg (84%) 57 cd (36%) 29a Oc
4.4 11 g (88%) 44 de (51%) 3.1la Oc
8.8 11 g (88%) 40 de (55%) 32a Oc
175 10 g (89%) 33 ef (63%) 3.2a Oc
35 10 g (89%) 33 ef (63%) 3.1la Oc
70 0 g (100%) 16 fg (82%) Oc Oc
140 0 g (100%) 15 fg (83%) Oc Oc
280 0 g (100%) 0 g (100%) Oc Oc

& Application timings: VV3/V4 (third/fourth node with 2/3 fully expanded trifoliates) and R1/R2 (open flower at any node on main
stem/open flower at one of the two uppermost nodes on main stem). Data for each dicamba rate represent an average for 10 plants

randomly selected from each plot for the two experiments.
b Dicamba rates ranged from 1/1000 to ¥ of the use rate of 560 g ha’.

¢ Means within columns followed by the same letter are not significantly different using Tukey-Kramer at p < 0.05.

dValues in parentheses represent percent reduction compared with the nontreated control.
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Main Stem and Lateral Branch Pod Production. When dicamba was not applied, main
stem pod production per plant was 77 for the VV3/V4 treatments (Table 4.3). For the V3/V4
application of dicamba, main stem pod production was equivalent for 0.6 and 1.1 g ha™ (36 and
34, respectively), and averaged around 55% less than the nontreated control. However, for 0.6
and 1.1 g ha*, 33 pods were produced on the lateral branches. Pods produced on both the main
stem and lateral branches totaled 69 and 67 for dicamba at 0.6 and 1.1 g ha™, respectively,
showing the ability of soybean to compensate for reduced main stem height. Because the main
stem was killed when dicamba was applied at V3/V4 at 2.2 g ha™ and higher, main stem pods
were not produced. For 2.2 to 35 g ha™* dicamba, lateral branch pod production (also representing
total pod production) ranged from 47 to 61, 1.4 to 1.8 times the lateral branch pods produced for
0.6and 1.1 g ha™.

When dicamba was not applied, main stem pod production was 74 for the R1/R2
treatments (Table 4.3). Lateral branches were not produced when dicamba was applied at R1/R2
(Table 4.2). Main stem pod number (also representing total pod production) for dicamba at 0.6 to
4.4 g ha™ was 52 to 66 and was equivalent to the nontreated control (Table 4.3). For rates of 8.8,
17.5, and 35 g ha™*, however, main stem pod number was 38 to 60% less compared to the
nontreated control and as rate increased to 70 g ha™*, main stem pod production was 93% less
than the nontreated control.

Seed Per Pod, Total Seed Production, and Seed Yield. Soybean seed per pod when
dicamba was not applied averaged 2.1 for the V3/V4 treatments and 2.0 for the R1/R2 treatments
(Table 4.4). For dicamba applied at 0.6 to 35 g ha™ at both VV3/VV4 and R1/R2, seed per pod was

equivalent to the respective nontreated controls. For 70 and 140 g ha™* applied at R1/R2, seed per
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Table 4.3. Number of pods on the main stem and lateral branches for soybean treated with dicamba at VV3/V4 and R1/R2.%

V3/VV4 application R1/R2 application

Dicamba Total Total
rate Main stem pods Lateral branch pods (no. per Main stem pods Lateral branch pods  (no. per
(g ae ha™)° (no. per plant) (no. per plant) plant) (no. per plant) (no. per plant) plant)
0 778 0d 77° 74 ab 0d 74
0.6 36 ef 33b 69 66 abc 0d 66
1.1 34 ef 33b 67 62 a-d Od 62
2.2 0g 61 a 61 56 a-e 0d 56
4.4 0g 58 a 58 52 b-f Od 52
8.8 0g 52 ab 52 46 c-f 0d 46
17.5 0g 51 ab 51 42 def 0d 42
35 0g 47 abc 47 30f 0d 30
70 0g od 0 590 0d 5
140 0g 0d 0 49 0d 4
280 0g 0d 0 0g 0d 0

& Application timings: V3/V4 (third/fourth node with 2/3 fully expanded trifoliates) and R1/R2 (open flower at any node on main
stem/open flower at one of the two uppermost nodes on main stem). Data for each dicamba rate represent an average for 10 plants
randomly selected from each plot for the two experiments.

® Dicamba rates ranged from 1/1000 to % of the use rate of 560 g ha™.

¢ Means within columns followed by the same letter are not significantly different using Tukey-Kramer at p < 0.05.

9 Total pods produced per plant on main stem and lateral branches.
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Table 4.4. Number of seed per pod, total seed per plant, and seed yield for soybean treated with dicamba at VV3/V4 and R1/R2.?

Seed per pod Total seed (no. per plant) Seed yield (g per plant)
Dicamba
rate V3/V4 R1/R2 V3/V4 R1/R2 V3/V4 R1/R2
(g ae ha™)° application application application application application application
0 2.1a° 20a 160 a 149 ab 22.2a 20.4 ab
0.6 2.1a 20a 144 ab 132 be 19.6 abc 17.2 bed
1.1 2.1a 2.1a 130 bc 127 bed 16.9 bed 16.6 cd
2.2 2.1a 2.1a 126 bcd 117 cde 15.9 de 15.7 de
4.4 2.1a 2.1a 120 cd 105 def 15.3 de 15.3 de
8.8 2.2a 19a 114 cde 88 fg 14.4 de 14.0 de
17.5 2.2a 19a 111 c-f 78 gh 13.6 de 13.8 de
35 2.1a 19a 96 efg 59 h 129¢e 89f
70 Oc 10b Oi 8i 0g 2549
140 Oc 1.0b Oi 7i 0g 189¢g
280 Oc Oc Oi Oi 0g 0g

& Application timings: V3/V4 (third/fourth node with 2/3 fully expanded trifoliates) and R1/R2 (open flower at any node on main
stem/open flower at one of the two uppermost nodes on main stem). Data for each dicamba rate represent an average for 10 plants
randomly selected from each plot for the two experiments.

® Dicamba rates ranged from 1/1000 to % of the use rate of 560 g ha™.

¢ Means within columns followed by the same letter are not significantly different using Tukey-Kramer at p < 0.05.
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pod averaged 1.0 and was less than for the lower rates. Seed were not produced for 70 to 280 g
ha™* dicamba applied at \V3/V4 and for 280 g ha™ applied at R1/R2 due to plant death. It should
be noted that number of pods produced per plant included all pods present on the plant including
those that were shriveled or not completely filled, which affected the seed per pod data.

Soybean seed per plant totaled 160 when dicamba was not applied for the V3/V4
treatments and 149 for the R1/R2 treatments (Table 4.4). Total seed per plant was equivalent to
the respective nontreated controls for 0.6 g ha™ dicamba applied at \V3/V4 and for 0.6 and 1.1 g
ha™ applied at R1/R2. Total seed per plant was equivalent for dicamba at 1.1 to 17.5 g ha™
applied at VV3/V4 and for 2.2 and 4.4 g ha™ applied at R1/R2. For 70 to 280 g ha™ dicamba, seed
production was not observed for V3/V4 and was no more than 8 for R1/R2. For individual rates
of 0.6 to 4.4 g ha™ dicamba, total seed per plant was equivalent for V3/V4 and R1/R2
applications. For dicamba at 8.8, 17.5, and 35 g ha™, however, total seed per plant for each rate
was greater for the VV3/VV4 application.

Soybean seed yield per plant when dicamba was not applied was 22.2 g for the V3/V4
treatments and 20.4 g for the R1/R2 treatments (Table 4.4). For both growth stages, seed weight
for dicamba at 0.6 g ha™ was equivalent to the nontreated control. There were no differences in
seed yield for 1.1 to 17.5 g ha™ and 2.2 to 35 g ha™ for exposure at VV3/V4 and for 0.6 to 17.5 g
ha* for exposure at R1/R2. Seed yield for 70 and 140 g ha™ was observed for only R1/R2
exposure. For individual rates of 0.6 to 17.5 g ha™ dicamba, seed yield was equivalent for \/3/V4
and R1/R2 applications.

Soybean yield is a function of plant population, number of seed produced per plant, and

seed weight (Weidenhamer et al. 1989). In the present study because plant population data were
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not collected, the number of seed produced per hectare could not be determined. Robinson et al.
(2013) reported that yield components most affected by dicamba were number of main stem
nodes™, number of main stem reproductive nodes, pods m?, and seed m™. In their research,
information was based on main stems with no reference to lateral branching.

In the present study using an indeterminate 4.8 relative maturity cultivar planted in early
May, exposure to 0.6 g ha™ dicamba, a rate associated with volatility (Egan and Mortensen 2012;
Grover et al. 1972), reduced main stem height 47% for V3/V4 and 11% for R1/R2 (Table 4.2).
The reduction in main stem height for 0.6 g ha™* dicamba resulted in a 53% reduction in main
stem pod production compared with the nontreated control for V3/V4 application, but only 11%
reduction for R1/R2 application (Table 4.3). Main stem height reduction observed for 0.6 g ha™
dicamba at VV3/VV4 was accompanied by an increase in number of lateral branches and lateral
branch pod production. With seed per pod not affected by dicamba, total seed production and
seed yield following 0.6 g ha™ dicamba at \V3/VV4 was equivalent to the nontreated control (Table
4.4).

For the VV3/V4 application of dicamba at 4.4 g ha, a rate approximating spray particle
drift in an adjacent field (Brown et al. 2004; Carlsen et al. 2006; de Jong et al. 2008; United
States Environmental Protection Agency 2006; Wang and Rautman 2008), the 88% reduction in
main stem height was accompanied by production of 3.1 lateral branches with 58 pods (Table
4.3). As a consequence of lateral branch production observed for 4.4 g ha™ dicamba applied at
V3/V4 (Table 4.2), total seed production and seed yield were equivalent to that observed for the

R1/R2 application at the same rate (Table 4.4). The ability of a soybean variety to recover from
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early season injury, however, would be dependent on receiving timely rainfall or irrigation
during the growing season and on the effective management of pest problems.

Findings from this research show the high sensitivity of soybean to dicamba and the
ability of soybean to recover from early season injury. Results show that soybean injured by
dicamba during the vegetative growth stage at the lowest rate evaluated of 0.6 g ha™ was able to
compensate through increased branching. Others have reported that soybean main stem height
reduction with dicamba resulted in increased branching (Andersen et al. 2004; Wax et al. 1969),
but number of lateral branches produced and their contribution to overall yield were not
quantified. Because seed per pod was not negatively affected in the present study, total seed
produced and seed yield per plant following vegetative exposure to dicamba at 0.6 g ha™* was
equivalent to the nontreated control. Others have reported minimal yield loss for soybean
exposed to dicamba at 0.6 g ha™* during the vegetative stage (Egan et al. 2014; Foster and Griffin
2018). At higher dicamba rates, reduction in seed yield was attributed to fewer pods and seed

produced per plant.
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Chapter 5. Summary

Soybean [Glycine max (L.) Merr.] containing a genetic trait that confirms resistance to
dicamba has provided growers with an alternative method of control for herbicide-resistant
broadleaf weeds. Application of dicamba, however, has resulted in significant off-target
movement and injury to susceptible soybean. Soybean plants can exhibit dicamba symptoms on
leaves in the upper canopy and the terminal bud, leaf petioles, stems, and pods. Plant height
reduction and delayed maturity can also be observed. In most research evaluating crop response
to auxin herbicides, injury is assessed using a visual rating of O (no crop injury/no effect) to
100% (plant death), with the specific injury criteria represented often not provided. To assign a
single injury rating that represents multiple injury criteria would require that individual criterion
be assigned a level of severity and ranked as to contribution to overall injury. The lack of
specificity in assigning overall injury ratings, along with the variability in ratings expected
among individuals would question the ability of the rating to accurately pinpoint an exposure rate
and to predict yield loss. Furthermore, using symptoms of leaf cupping or leaf crinkling to
forecast yield loss may cause unnecessary concern and place growers in a predicament in regard
to the economic value of crop inputs for the remainder of the growing season.

In the initial study conducted in the field over 3 yr, dicamba at 0.6 to 280 g ae ha™
(1/1000 to ¥ of 560 g ha™ use rate) was applied to indeterminate soybean at \V3/V4 (third/fourth
node with 2/3 fully expanded trifoliates) or at R1/R2 (open flower at any node on main
stem/open flower at one of the two uppermost nodes on main stem). Fourteen injury criteria

associated with dicamba exposure were each visually rated 7 and 15 d after treatment (DAT)
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using a scale of 0 to 5 with 0= no injury, 1= slight, 2= slight to moderate, 3= moderate, 4=
moderate to severe, and 5= severe. Overall visual assessment of injury and plant height reduction
compared with the nontreated control (0 to 100%) was also rated and mature plant height was
measured just prior to harvest.

Injury criteria included upper canopy leaf cupping, terminal leaf cupping, upper canopy
pale leaf margins, upper canopy leaf surface crinkling, upper canopy leaf rollover/inversion,
lower leaf soil contact, leaf petiole droop, leaf petiole base swelling, terminal leaf chlorosis,
terminal leaf necrosis, terminal leaf epinasty, stem epinasty, lower stem base swelling, and lower
stem base lesions/cracking. For dicamba at 0.6 g ha™ (0.1% of use rate corresponding to
volatility) at V3/V4, injury expressed as moderate to severe 15 DAT was observed for only
upper canopy leaf cupping (4.7), upper canopy pale leaf margins (4.1), upper canopy leaf surface
crinkling (4.4), and terminal leaf epinasty (3.3). For the same dicamba rate 15 DAT at R1/R2,
moderate to severe injury was noted for only terminal leaf cupping (4.4) and upper canopy leaf
surface crinkling (3.4). Overall visual injury associated with 0.6 g ha™ dicamba 15 DAT was 45
and 33% for V3/V4 and R1/R2 exposure, respectively, but soybean yield loss was no more than
2%.

In regard to soybean yield components, exposure to 0.6 g ha™ dicamba reduced main
stem height 47% for V3/V4 and 11% for R1/R2. The reduction in main stem height for 0.6 g ha™
dicamba resulted in a 53% reduction in main stem pod production compared with the nontreated
control for V3/V4 application, but only 11% reduction for R1/R2 application. Main stem height
reduction was observed for 0.6 g ha™ dicamba at \/3/V4, however, was accompanied by an

increase in the number of lateral branches and lateral branch pod production. With seed per pod
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not affected by dicamba, total seed production and seed yield following 0.6 g ha™ dicamba at
V3/V4 was equivalent to the nontreated. At higher dicamba rates, seed yield reduction was

attributed to production of fewer nodes and seed per plant.

For dicamba applied at VV3/V4 at 4.4 g ha™ (0.8% of use rate approximating spray particle
drift), injury expressed as moderate to severe 15 DAT was observed for only upper canopy leaf
cupping (4.5), upper canopy pale leaf margins (3.8), upper canopy leaf surface crinkling (3.8),
terminal leaf chlorosis (3.2), and terminal leaf epinasty (3.7). For 4.4 g ha™ dicamba 15 DAT at
R1/R2, moderate to severe injury was noted for only terminal leaf cupping (4.1). Overall visual
injury for 4.4 g ha™ dicamba 15 DAT was 50 and 38% for \/3/VV4 and R1/R2 exposure,
respectively, and soybean yield loss was 9 and 17%, respectively.

For some of the criteria 15 DAT, injury from dicamba was greatest at the lower rates and
decreased with increasing rate. The lack of differences among the lower dicamba rates for some
of the criteria is in contrast to the steady increase in overall visual injury and plant height
reduction observed as dicamba rate increased. Findings suggest that moderate to severe injury
ratings at the lower dicamba rates for upper canopy leaf cupping, upper canopy pale leaf
margins, upper canopy leaf surface crinkling, and terminal leaf chlorosis at V3/V4, and terminal
leaf cupping at R1/R2 may or may not be indicative of yield loss.

For other criteria associated with dicamba exposure, injury 15 DAT was greatest at the
higher rates but at the lower rates, injury was no different from the nontreated control. This was
observed for dicamba rates as high as 2.2 g ha™ for leaf petiole droop, leaf petiole base swelling,

and terminal leaf necrosis for V3/VV4 exposure and for terminal leaf epinasty for R1/R2; as high
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as 4.4 g ha™ for lower stem base swelling for V3/VV4 and for terminal leaf necrosis and upper
canopy rollover/inversion for R1/R2; as high as 8.8 g ha™ for leaf petiole base swelling and stem
epinasty for R1/R2 and lower stem base lesions/cracking as an average for V3/V4 and R1/R2,;
and as high as 17.5 g ha™ for lower leaf soil contact for \V3/V4 exposure and leaf petiole droop
for R1/R2. The lack of differences in injury for these criteria at the lower dicamba rates
compared with the nontreated control would also be in contrast to the steady increase in overall
visual injury and plant height reduction observed as dicamba rate increased. Findings from this
research show the limitations of using a single overall visual rating to assess crop injury from
dicamba along with the ability of soybean to recover, even when severe injury symptoms are
observed. With the extended growing season following dicamba exposure at VV3/V4, soybean
was able to compensate for reduction in height through additional branching with increased
number of fruiting sites. In contrast, soybean plants injured by dicamba during flowering were
unable to compensate due to the shortened growing season.

In the follow up study, the data collected for the 14 injury criteria from the initial study
along with overall visual injury, plant height reduction, and canopy height were analyzed using
multiple regression with a forward selection procedure to develop yield prediction models. For
the six-variable models used to predict yield, lower stem base lesions/cracking was included in
each of the models (V3/V4 and R1/R2 for 7 and 15 DAT) and was ranked as the first variable in
the 15 DAT models. Soybean height reduction, leaf petiole base swelling, and stem epinasty
were included in 3 of the models and leaf petiole droop in 2 of the models. Variables included in
only one model were lower leaf soil contact, canopy height, overall visual injury, and upper

canopy leaf surface crinkling (V3/VV4 7 DAT); terminal leaf epinasty (V3/V4 15 DAT); upper

105



canopy leaf rollover/inversion (R1/R2 7 DAT); and terminal leaf chlorosis, necrosis, and cupping
(R1/R2 15 DAT). Upper canopy leaf cupping observed following exposure at VV3/VV4 was not

included in the 7 or 15 DAT model.

To validate the models, data for the six variables for each model were collected from two
experiments and used to predict yield. In the validation experiments, level of injuryona0to 5
scale for variables included in the 7 and 15 DAT models for the dicamba rates were in most
cases either the same or within £ 1 or 2 units compared with data collected from the initial study
used to develop the models. For dicamba at 0.6 to 280 g ha™, consistency between validation
experiments in predicting yield loss was observed for the V3/V4 7 DAT and 15 DAT models,
and for the R1/R2 15 DAT model. For 0.6 to 4.4 g ha™ dicamba, the \V3/V4 7 DAT model
underestimated observed yield loss by an average of 11 to 16 percentage points whereas the
V3/V4 15 DAT model underestimated or overestimated observed yield loss by 1 and 3
percentage points. Although yield loss prediction for 0.6 to 4.4 g ha™ dicamba using the R1/R2 7
DAT model was inconsistent for the experiments, average yield loss using the model
underestimated observed yield loss by 4 to 9 percentage points. For the R1/R2 15 DAT model,
predicted yield loss for 0.6 to 4.4 g ha™ dicamba overestimated observed yield loss by an average
of 3 to 5 percentage points. Predicted average yield loss of 8 points above or below observed
yield was noted for 8.8 g ha™ dicamba using the 15 DAT models.

In both the initial research to identify and quantify injury and the research to develop and
validate the yield prediction models, indeterminate maturity group 4.8 and 5.1 soybean cultivars

were grown under hot and humid conditions in Louisiana. Soybean received timely rainfall or
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was irrigated to avoid drought stress. Weeds were controlled and fungicides and insecticides
were used as needed to maximize soybean yield potential. The models described herein could be
a useful tool for early season yield loss assessment from dicamba injury to susceptible soybean
and could be beneficial in planning for economic inputs thereafter. As a result of the research
conducted for this dissertation, the Soybean Dicamba-Yield Loss Prediction (SoyD-YeLP) App
was developed by the LSU AgCenter and can be accessed at

https://app.Isuagcenter.com/soydyelp.
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