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Abstract

Dicamba is a synthetic auxin herbicide that may be applied over the top of transgenic dicamba-
tolerant crops. The increasing prevalence of herbicide-resistant weeds has resulted in increased reli-
ance on dicamba-based herbicides in soybean production systems. Because of the high volatility of
dicamba it is prone to off-target movement, and therefore concern exists regarding its drift onto
nearby specialty crops. The present study evaluates 12mid-Atlantic vegetable crops species for sen-
sitivity to sublethal rates of dicamba. Soybean, snap bean, lima bean, tomato, eggplant, bell pepper,
cucumber, summer squash, watermelon, pumpkin, sweet basil, lettuce, and kale were grown in a
greenhouse and exposed to dicamba at 0, 0.056, 0.11, 0.28, 0.56, 1.12, 2.24 g ae ha−1, which is, respec-
tively, 0, 1/10,000, 1/5,000, 1/2,000, 1/1,000, 1/500, and 1/250 of the maximum recommended label
rate for soybean application (560 g ae ha−1). Vegetable crop injury was evaluated 4 wk after treat-
ment using visual ratingmethods and leaf deformation indexmeasurements.Overall, snap beanwas
the most sensitive crop, with dicamba rates as low as 0.11 g ae ha−1 resulting in significantly higher
leaf deformation levels compared with the nontreated control. Other Fabaceae and Solanaceae spe-
cies also demonstrated high sensitivity to sublethal rates of dicamba with rates ranging 0.28 to
0.56 g ae ha−1 causing higher leaf deformation comparedwith the nontreated control.While cucum-
ber, pumpkin, and summer squashwere no ormoderately sensitive to dicamba,watermelon showed
greater sensitivity with unique symptoms at rates as low as 0.056 g ae ha−1 based on visual evalu-
ation.Within the range of tested dicamba rates, sweet basil, lettuce, and kale demonstrated tolerance
to dicamba with no injury observed at the maximum rate of 2.24 g ae ha−1.

Introduction

The prevalence of glyphosate-resistant weeds such as Palmer amaranth (Amaranthus palmeri S.
Watson), horseweed [Conyza canadensis (L.) Cronquist], and common ragweed (Ambrosia
artemisiifolia L.) has led to the development and commercialization of alternative control
technologies. In 2017, transgenic dicamba-resistant soybean was introduced to help manage
glyphosate-resistant broadleaf weeds (Johnson et al. 2010; Soltani et al. 2020). This technology
allows dicamba to be applied preplant in no-till production systems and as an over-the-top
application in resistant soybean and cotton (Gossypium hirsutum L.) during mid-season.

Dicamba is a synthetic auxin herbicide that inhibits the development of the meristematic
tissue in susceptible broadleaf plants (Chang and Vanden Born 1971; Griffin et al. 2013;
McCown et al. 2018). Dicamba injury manifests as a distinctive leaf cupping deformation, as
well as epinasty, swollen petiole bases, and terminal chlorosis (Griffin et al. 2013; McCown
et al. 2018). Because doses below the recommended rate of dicamba can cause severe leaf defor-
mation in many species, off-target movement of dicamba onto sensitive crops is a concern
(Bohnenblust et al. 2016; Soltani et al. 2020). With increased use of dicamba products during
the 2017 growing season, it was estimated that 1.5million crop hectares were injured by dicamba
off-target movement in the United States (WSSA 2018). Off-target deposition of dicamba can
occur through wind-driven particle drift, vaporization, and spray equipment contamination.
Particle drift occurs when spray particles are carried by wind, whereas vaporization occurs
due to the high volatility of dicamba products (Behrens and Lueschen 1979; Egan and
Mortensen 2012). Off-target deposition of dicamba can cause severe crop injury and lead to
economic losses and potential legal conflicts between growers, applicators, and manufacturers.

The spread of glyphosate-resistant Palmer amaranth in the mid-Atlantic region has led to an
increase in the acreage of dicamba-resistant soybean planted in New Jersey; estimated to be
around 70% of 94,000 total soybean acres planted in 2021 (E. Guenther, personal communica-
tion; Heap and Duke 2018; Eklund 2021). Many vegetable fields in New Jersey are grown within
close proximity to soybean fields, thereby increasing the potential for dicamba drift injury.
Vegetable crops are of major concern for off-target movement due to their economic value,
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representing more than $13 billion in 2020 (USDA-NASS 2020)
and sensitivity to dicamba (Colquhoun et al. 2014; Culpepper
et al. 2018). Currently, data on relative sensitivities of vegetable
crops to sublethal rates of dicamba are limited. Quantifying the
sensitivity to dicamba of several economically important vegetable
species may help specialty crops growers from the Mid-Atlantic
region to more effectively design their planting strategies around
dicamba-treated soybean fields. This research may also provide
herbicide manufacturers with information on dicamba sensitivity
that can be used for adapting restrictions on dicamba product
labels to reduce the risk of off-target dicamba injury. Therefore,
the objectives of this work were to provide information about
the relative sensitivities to dicamba for several economically
important vegetable crops grown in the mid-Atlantic United
States.

Materials and Methods

Data presented here were collected from a greenhouse study that
was designed to help narrow the scope of a complementary field
study, the results of which will be subsequently published.

Plant Culture

This study was conducted in 2020 and 2021 in a greenhouse
located on Rutgers University campus in New Brunswick, NJ.
The photoperiod was 16 h with supplemental artificial lighting
provided by a 400-W high-pressure sodium lamp when photosyn-
thetically active radiation flow of natural light fell below
400 μEm−2 s−1. Daily low temperatures ranged from 18 to 21 Cwith
an average of 19 C. Daily high temperatures ranged from 21 to 24 C
with an average of 22 C. Seeds of 16 vegetable crops (Table 1) were
planted in commercial growing medium (SunGro® Horticulture
Professional Growing Mix; Agawam, MA) in the greenhouse and
hand watered daily. Approximately 70 seeds were planted for each
crop, and 35 were selected for the study based on relative desired
growth stage. Tomato, eggplant, sweet basil, and bell pepper were
grown to 30 to 40 cm in height. Snap bean, lima bean, and pumpkin
were grown to the cotyledon stage, at which no fully emerged true
leaves were present. Soybean, cucumber, summer squash, and
watermelon were grown up to the stage when 3 to 4 true leaves com-
pletely emerged. Kale and lettuce were grown until they were within
10 d of anticipated harvest. Cultivar selections are listed in Table 1,
with the exception of ‘Premier’ kale, ‘Rutgers Devotion DMR’ sweet
basil, and ‘Butterhead’ lettuce. Tomato, eggplant, sweet basil, and
bell pepper were grown in 3.7-L pots; whereas lettuce, kale,
Cucurbitaceae, and Fabaceae crops were grown in 10-cm-square
pots. Potted plants were fertilized weekly with Jack’s Professional
General-Purpose 20-20-20 fertilizer (JR Peters, Inc., Allentown,
PA) with nitrogen at 750 ppm.

Herbicide Treatments

To simulate potential active ingredient concentrations found in
particle drift, seven sublethal rates of dicamba were applied to
the vegetable crop species. Dicamba (XtendiMax®; Bayer Crop
Science, Research Triangle Park, NC) doses were 0, 0.056, 0.11,
0.28, 0.56, 1.12, and 2.24 g ae ha−1, which are, respectively, 0, 1/
10,000, 1/5,000, 1/2,000, 1/1,000, 1/500, and 1/250 of the maxi-
mum recommended label rate for soybean application (560 g ae
ha−1). The dicamba rate of 0.056 g ae ha−1 corresponded to the low-
est observed effect for exposure to sensitive soybean plants (Egan
and Mortensen 2012). Dicamba was applied using a single-nozzle

track spray chamber (Generation 3, SB8-211; DeVries
Manufacturing, Hollandale, MN) equipped with an 8002EVS
flat-fan Teejet® nozzle (TeeJet, Glendale Heights, IL), delivering
140 L ha−1 at 310 kPa.

Herbicide was applied based on the estimation of phenotypic
growth stage at which the vegetable crop would be during mid-
June in New Jersey, when soybean is typically treated with
dicamba. Growth stages were chosen based on the recommenda-
tions made by a panel of Rutgers Cooperative Extension vegetable
specialists (W Kline, M InfanteCasellas, and R VanVranken, per-
sonal communication). The experiment was arranged in a ran-
domized complete block design with five replications per
treatment. This study was repeated in the winters of 2020 and 2021.

Visual Evaluations of Leaf Deformation

Individual plants were visually evaluated for percent leaf area
reduction caused by dicamba-induced leaf deformation compared
with nontreated control foliage. Visual evaluations were conducted
weekly up to 4 wk after treatment (WAT) using a scale from 0 (flat
leaf) to 100 (no measurable leaf area) based on an integrated esti-
mation of leaf cupping, leaf strapping, and leaf crinkling. In these
studies, dicamba injury primarily manifested as leaf cupping with
secondary symptoms that included leaf crinkling and leaf strap-
ping. Visual evaluations included only foliage that emerged after
the dicamba application, since dicamba accumulates in meri-
stematic plant tissue and injury manifests only in the uppermost
leaves (Chang and Vanden Born 1971; Griffin et al. 2013;
McCown et al. 2018).

Leaf Deformation Index Evaluations

Leaf deformation index (LDI) was calculated for the first that
emerged leaf after dicamba application on each individual plant
(Wasacz et al. 2021). The LDI method is intended to measure
the amount of leaf deformation that occurs after a dicamba treat-
ment, but does not account for leaf size differences as a result of
dicamba application. Four weeks after treatment, the first leaf to
fully emerge immediately after dicamba treatment was removed
and LDI wasmeasured. Leaf area and “leaf shadow”weremeasured
using a Perfection V800 photo scanner (Epson, Los Alamitos, CA)
and simultaneously computed by WinRhizo Arabidopsis 2017
software (Regent Instruments Inc., Quebec City, QC, Canada).
Individual leaves in their natural configuration were placed onto
the scanner bed with the adaxial surface facing downward, as to
mimic a light source hitting the leaf surface, and “leaf shadow”
was measured. Next, the same leaf was flattened using a clear plas-
tic tray and the leaf area was measured. LDI was then calculated
according to Equation 1:

LDI ¼ As

Af

 !" #
� 100 [1]

where As is the leaf shadow area and Af is leaf flattened area. LDI
evaluations use leaf area measurements to quantify the amount of
leaf deformation independent of leaf area reduction. LDI values
were subtracted from 100 to make comparisons with visual eval-
uations clearer.
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Statistical Analysis

All statistical analyses were performed using SAS software version
9.4 (SAS Institute, Cary, NC). Species were analyzed separately, but
both years were analyzed together due to preliminary analysis indi-
cating that there was no significant interaction effect between year
and dicamba rate on the data.

The LDI data were subjected to ANOVA using the GLIMMIX
procedure to test for the effects of dicamba rate. Fixed effects in the
model were year and dicamba rate. Random effects in the model
were blocks within years. The adequacy of the model was assessed
using plots of studentized residuals and quantile-quantile plots.
Due to the heterogeneity of the variances, the visual deformation
rating data were subjected to ANOVA using a randomization test
and the same model in GLIMMIX (Cassell 2002). Dunnett’s test
was used to determine the minimum effective rate (MER), which
is defined as the lowest concentration of dicamba that was signifi-
cantly different form the nontreated control group for visual defor-
mation ratings and LDI (α= 0.05). To compare crops for overall
sensitivity the area under the curve of visual deformation across
dicamba rates in each block was calculated using the EXPAND
procedure and the trapezoid rule for each crop. The calculated
areas were then subjected to ANOVA using the GLIMMIX pro-
cedure. Least-squares means for each crop were then grouped
using Tukey’s honestly significant difference test (α= 0.05).

For species with significant differences among dicamba rate
means, a nonlinear four-parameter logistic curve was used to help
visualize the relationship between dicamba rate and leaf deforma-
tion according to Equation 2:

Y ¼ �þ δ� �ð Þ= 1þ x=�ð Þβf g [2]

where Y is the dependent variable (visual leaf deformation), x is the
dicamba rate expressed in mg ae ha−1, α is the upper limit of the
dose response curve, δ is the lower limit of the dose response curve,
θ is the EC50 inflection point (i.e., dicamba rate corresponding to
50% response between upper and lower limit), and β is the slope
around the point of inflection (Dmitienko et al. 2007). Data were
plotted in SigmaPlot 12.0 (Systat Software Inc., San Jose, CA). For
this model fitting, visual deformation ratings were selected over
LDI because visual ratings are standard field evaluation widely

used by weed scientists for assessing herbicide tolerance of various
crops.

Results and Discussion

Cucurbitaceae

The MERs for visual evaluations were 0.28, 1.12, 1.12, 2.24, and
0.56 g ae ha−1 for ‘Burpless Beauty’ cucumber, ‘Python’ cucumber,
summer squash, pumpkin, and watermelon, respectively. The
MER for LDI measurements were 1.12, 2.24, 2.24, and
1.12 g ae ha−1 for Burpless Beauty cucumber, summer squash,
pumpkin, and watermelon, respectively. For Python cucumber,
there was no detectable MER for LDI (Table 1).

Overall, Cucurbitaceae crops demonstrated a wide range of vis-
ual responses to sublethal dicamba rates (Figure 1A). While
cucumber Burpless Beauty was highly sensitive, with 60% leaf
deformation at the highest rates of dicamba, Python showed very
low sensitivity to sublethal rates of dicamba, with <10% visual leaf
deformation at any rate (Figure 1A). Additionally, the Burpless
Beauty cucumber showed a gradual increase in leaf deformation
across higher rates, with no plateau, even at the highest rate applied
(Figure 1A). However, Python cucumber demonstrated leaf defor-
mation that increased rapidly from 1.00 to 1.30 g ae ha−1, where it
reached a maximum at 7% visual deformation (Figure 1A). In a
study by Hand et al. (2021) in which 1/250th of the labeled rate
of dicamba (2.24 g ae ha−1) was applied, ‘Impact’ and ‘Bristol’
cucumbers visually evaluated 9 d after application demonstrated
10% visual injury on average, thereby demonstrating the possibility
that sensitivity differences exist among cultivars of the same
species.

In the present study, pumpkin was one of the least sensitive cucur-
bit species, exhibiting <10% visual deformation at the highest rate
applied. The logistic curve for pumpkin remained at 0% injury until
the dose reached about 1.20 g ae ha−1, where it increased and
approached a maximum at 7% visual deformation (Figure 1A).
Summer squash responded similarly to pumpkin, but exhibited
10% visual deformation at the second highest rate (1.12 g ae ha−1),
suggesting slightly higher dicamba sensitivity than pumpkin
(Figure 1A). The summer squash curve showed a gradual increase
starting near 0.30 g ae ha−1, without reaching a maximum within

Table 1. Minimum effective rate for LDI and visual estimation of leaf deformation, and area under the curve for visual estimation of leaf deformation for vegetable
species sprayed with sublethal dicamba rates ranging from 0 to 2.24 g ae ha−1.a

Crop Cultivar Botanical familyb MER for visual deformationc MER for LDI AUCd

————— g ha−1 —————

Snap bean ‘Caprice’ Fab 0.11 0.11 251 A
Eggplant ‘Santana’ Sol 0.11 0.56 220 Ab
Soybean ‘SG 4078 GT/LL’ Fab 0.28 0.28 174 Bc
Lima bean ‘Fordhook Bush 242’ Fab 0.28 0.56 155 C
Snap bean ‘Bush Blue Lake 274’ Fab 0.28 0.56 164 C
Cucumber ‘Burpless Beauty’ Cuc 0.28 1.12 146 C
Tomato ‘Roma’ Sol 0.28 2.24 165 C
Eggplant ‘Black Beauty’ Sol 0.56 0.28 161 C
Bell pepper ‘Great Stuff Hybrid’ Sol 0.56 1.12 84 D
Watermelon ‘Crimson Sweet’ Cuc 0.56 1.12 88 D
Summer squash ‘Saffron Prolific Straightneck’ Cuc 1.12 2.24 33 E
Cucumber ‘Python’ Cuc 1.12 None 16 E
Pumpkin ‘Jack-o-lantern’ Cuc 2.24 2.24 16 E

aSpecies are listed from most to least sensitive based on visual deformation ratings.
bAbbreviations: Sol, Solanaceae; Fab, Fabaceae; Cuc, Cucurbitaceae; MER, minimum effective rate; LDI, leaf deformation index; AUC, area under the curve.
cMER is the lowest rate with mean visual deformation significantly different from control according to Dunnett’s test (α= 0.05).
dMeans with no letters in common are significantly different at α= 0.05 according to Tukey’s honestly significant difference test (α= 0.05).
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the experimental range (Figure 1A). Watermelon showed significant
sensitivity to dicambawith unique symptoms at rates as low as 0.056 g
ae ha−1 when evaluated visually. While all other cucurbit crops
showed leaf cupping, watermelon leaves developed an epinastic
response to dicamba associated with venal feathering, crinkling of
the adaxial leaf surface, and overall leaf fingering (Figure 2D). At
the highest sublethal rate, watermelon exhibited 30% visual deforma-
tion (Figure 1A) and 20% LDI on average. The logistic curve for
watermelon shows slightly higher levels of visual deformation than
other cucurbit crops at the low rates, with a gradual increase in visual
deformation beginning near 0.40 g ae ha−1 until the curve flattened
near 2.10 g ae ha−1 and 30% visual deformation (Figure 1A). In com-
parison, a previous study demonstrated that watermelon treated with
1/250th of the dicamba label rate (2.24 g ae ha−1) exhibited 17% visual
injury on average when evaluated 2 WAT (Culpepper et al. 2018).

Fabaceae

The MER for visual evaluations were 0.28, 0.11, 0.28, and 0.28 g ae
ha−1 for soybean, ‘Caprice’ snap bean, ‘Bush Blue Lake 274’ snap
bean, and lima bean, respectively. The MER for LDI were 0.28,
0.11, 0.56, and 0.56 g ae ha−1 for soybean, Caprice snap bean,
Bush Blue Lake 274 snap bean, and lima bean, respectively
(Table 1).

All Fabaceae species were highly sensitive to sublethal rates of
dicamba. Unlike Cucurbitaceae species, Fabaceae species did not
differ greatly in MER for visual deformation. Caprice snap bean
was the most sensitive cultivar, having the lowest MER (0.11 g
ae ha−1) of all crops tested in this study for both methods of
dicamba injury rating (Table 1) and showing greater than 60% vis-
ual deformation at the highest dicamba rate. The logistic curve for
Caprice snap bean showed a sharp increase in leaf deformation
from 0 to 1.00 g ae ha−1, where the curve continued to increase
steadily without reaching a maximum in the experimental range
(Figure 1B). While Bush Blue Lake 274 snap beans were less sen-
sitive to dicamba, both snap bean cultivars exhibited high levels of
leaf deformation in both methods of evaluation, with <40% visual
deformation and <20% LDI on average. The curve for Bush Blue
Lake 274 snap bean showed a uniform increase across dicamba
rates tested in this study, but did not reach an asymptote within
the experimental range (Figure 1B).

Lima bean was the least sensitive Fabaceae species, but showed
50% visual leaf deformation (Figure 1B) and greater than 15% LDI
at the highest dicamba rate applied. In this study, the curve for lima
bean displayed a gradual increase in leaf deformation, but never
reached a maximum in the tested range (Figure 1B). Soybean
was more sensitive than lima bean and Bush Blue Lake 274 snap
bean, but less sensitive than Caprice snap bean. The logistic curve

Figure 1. Predicted visual estimate of deformed leaf area of Cucurbitaceae crops (A), Fabaceae crops (B), and Solanaceae crops (C) 28 d after treatment in response to 0, 0.056,
0.11, 0.28, 0.56, 1.12, and 2.24 g ae ha−1 rates of dicamba.
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for soybean increased rapidly until it reached 2.00 g ae ha−1, where
the curve approached a maximum near 55% visual deformation
(Figure 1B). A meta-analysis of 11 soybean field studies by
Kniss (2018) concluded that injury could be detected visually at
rates as low as 1/20,000th of the label rate of dicamba (0.03 g ae
ha−1). Additionally, a previous study showed that 1/400th of the
label rate of dicamba (1.40 g ae ha−1) applied to snap bean resulted
in 43% visual injury 18 d after treatment (DAT) as well as a sig-
nificant yield reduction, further emphasizing the sensitivity of
Fabaceae crops to low doses of dicamba (Colquhoun et al. 2014).

Solanaceae

The MER for injury was 0.56, 0.56, 0.11, and 0.28 g ae ha−1 for bell
pepper, ‘Black Beauty’ eggplant, ‘Santana’ eggplant, and tomato,
respectively. The MER for LDI was 1.12, 0.28, 0.56, and 2.24 g
ae ha−1 for bell pepper, Black Beauty and Santana eggplant, and
tomato, respectively (Table 1).

Bell pepper was the least sensitive Solanaceae species, with no
more than 30% visual deformation (Figure 1C) and <30% LDI at
the highest rate. A previous study demonstrated that 1/200th of the
label rate of dicamba (2.80 g ae ha−1) applied to bell pepper resulted
in 10% visual injury 28 DAT (Mohseni-Moghadam and Doohan
2015). In this study, the logistic curve for bell pepper shows a rapid
increase in leaf deformation from about 0.30 to 1.20 g ae ha−1,
where the curve flattened near 25% (Figure 1C). Additionally,
Santana eggplant was the most sensitive cultivar and crop in this
family based on area under the curve of visual estimation of leaf
deformation (Table 1) with peak visual injury increasing up to
60% at the highest dicamba rate (Figure 1C). Both eggplant culti-
vars had the highest LDI values in the study, >45% at the highest
rate of dicamba, due to the intense leaf cupping observed. The
logistic curve for Santana eggplant showed a rapid increase in

visual deformation from 0 to 1.00 g ae ha−1, where the curve begins
to flatten but does not reach a maximum within the experimental
range (Figure 1C). On the other hand, the curves for Black Beauty
eggplant and tomato demonstrated a gradual increase beginning at
0, despite both curves not reaching a maximum within the exper-
imental range (Figure 1C). However, the LDI data showed that
tomato was only significantly different from the nontreated control
at the highest sublethal rate, despite the high visual deformation
assessment. This discrepancy may be attributed to the naturally
crinkled leaf morphology of tomato plants, making the LDI rating
not as useful as those species with naturally flat leaves (e.g., egg-
plant). Previous literature has demonstrated that tomato plants
are highly sensitive to dicamba injury, with only 0.82 g ha−1 of
dicamba causing 10% visual injury 21 DAT (Knezevic et al. 2018).

Lettuce, Kale, and Sweet Basil

No visual leaf deformation in response to dicamba application was
detected in lettuce, kale, or sweet basil based on either visual ratings
or LDI (data not shown). Thus, sensitivity to rates of dicamba equal
to or lower than 2.24 g ae ha−1 is limited or null for these crops
when reaching a growth stage close to optimal development for
harvest. Previous research with potted ‘Stella’ lettuce found that
plants sprayed 30 d after transplanting could tolerate dicamba
up to 16.8 g ae ha−1 and showed complete recovery 28 DAT from
dicamba-induced phytotoxicity with no biomass reduction com-
pared to untreated plants (Roesler et al. 2020). However, lettuce
death was noted for doses of 67.2 g ae ha−1 or greater. Chen
(2021) observed varietal difference in the susceptibility of lettuce
to dicamba injury with no significant yield reduction for
‘Vulcan’ lettuce exposed to dicamba dose of 23 g ae ha−1, whereas
the same rate caused nearly 50% yield loss in ‘Green Forest’ lettuce.
Yield response was also affected by lettuce growth stage in 2020

Figure 2. Pictures of the first emerged leaf for ‘Fordhook Bush 242’ Lima bean (A), ‘Great Stuff Hybrid’ bell pepper (B), ‘Black Beauty’ eggplant (C), ‘Crimson Sweet’ watermelon
(D), ‘Roma’ tomato (E), and ‘Burpless Beauty’ cucumber (F) 28 d after application of dicamba at 2.24 g ae ha−1.
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with Green Forest and Vulcan varieties not showing yield reduc-
tion when treated at the mature stage with doses of 140.5 and 56 g
ae ha−1, whereas ‘Allstar’ yield significantly decreased. Lettuce had
been considered to be highly susceptible to dicamba drift by
authors mentioned previously. However, none of previous studies
investigated dicamba rates lower than 0.56 g a.i. ha−1 in contrast to
the present study, and Chen (2021) reported model-predicted
dicamba dose ranging 4.4 to 57.7 g ae ha−1 for reaching 5% injury
7 DAT for three lettuce varieties treated at the mature stage. These
doses are beyond rates tested in this study and confirm greater
dicamba tolerance of lettuce at the mature stage in comparison
to other vegetable crops investigated here.

Consistent with results of this study observed on kale,
Nascimento et al. (2020) did not report any injury on green-
house-grown cabbage ‘Astrus Plus’ (Brassica oleracea var. capitata
L.) sprayed with dicamba at 2.4 to 96 g ae ha−1 when plants had two
pairs of true leaves. Authors conducted a similar field study and
reported injury averaging 20% only for doses equal or greater than
96 g ae ha−1 without resulting in yield reduction. Horseradish
[Armoracia rusticana (L.) Britton] also belongs to the
Brassicaceae family and has been shown to tolerate dicamba with
no significant yield and height reduction at doses lower than 280 g
ae ha−1 when dicamba was applied 45 d after seeding
(Wiedau 2017).

To our best knowledge, no previous literature exists on sweet
basil response to sublethal dicamba rates. Additional evaluations
under greenhouse and field conditions should be conducted to
determine whether dicamba tolerance noted for lettuce, kale,
and sweet basil in this study would be confirmed for applications
at earlier growth stages or is a response to a reduction in new shoots
production associated with plant aging.

In this greenhouse study, two different ratingmethods were used
to calculate the MER and evaluate foliar injury in vegetable crops to
sublethal rates of dicamba. Visual deformation ratings tended to
detect higher levels of injury at lower rates than the LDI method.
While visual deformation ratings are efficient and robust to crop
species differences in leaf deformationmorphology, the LDImethod
provides a simple assessment of leaf deformation that removes rater
bias (Wasacz et al. 2021). The LDI method was also included in this
study to further assess the value of this method.

Overall, the data indicate that Fabaceae and Solanaceae crops
tend to be more sensitive than Cucurbitaceae crops within the
range of dicamba rates tested in this study. Solanaceae and
Fabaceae experienced higher levels of injury at lower sublethal
rates compared to Cucurbitaceae crops for both evaluation meth-
ods, indicating that these families are at higher risk for potential
dicamba drift injury. Through future studies, these crops and cul-
tivars may be tested at other geographic locations, including field
locations, to see how sensitivity differs in a range of environmen-
tal conditions. Additionally, LDI analysis can be further per-
formed on multiple tissue samples per observational unit.
Future studies may also aim to quantify sensitivity of these crops
and different cultivars at other rates and application timings.
Since significant differences were observed between cucumber,
eggplant, and snap bean cultivars, it is possible that some cultivars
may be more sensitive to dicamba drift injury than others. The
information obtained in the present study can be used to make
future management decisions for growers, applicators, and con-
sultants to plan their planting strategies near dicamba treated
fields to mitigate the risk of dicamba volatilization onto sensitive
vegetable crops.

Acknowledgments. We acknowledge funding support for this research by
Bayer Crop Science and the Rutgers New Jersey Agricultural Experiment
Station. We thank Baylee Carr, Tim Jensen, Suzanne Polashock, David
Mayonado, Corrie Hopkins, and the crew at the Rutgers University NJAES
greenhouses for their technical support. We also thank Lynn Sosnoskie and
Andy Wyenandt for reviewing the manuscript. No conflicts of interests have
been declared.

References

Behrens MR, Lueschen WE (1979) Dicamba volatility. Weed Sci 27:486–493
Bohnenblust EW, Vaudo AD, Egan F, Mortensen DA, Tooker JF (2016) Effects

of the herbicide dicamba on nontarget plants and pollinator visitation.
Environ Toxicol Chem 35:144–151

Cassell DL (2002) A randomization-test wrapper for SAS PROCs. SAS Users’
Group International Proceedings 27:251. http://www2.sas.com/proceedings/
sugi27/p251-27.pdf. Accessed: September 7, 2021

Chang FY, Vanden Born WH (1971) Dicamba uptake, translocation, metabo-
lism, and selectivity. Weed Sci 19:113–117

Chen X (2021) Effects of micro-rates of 2,4-D and dicamba on lettuce and
pumpkin in Nebraska. M.S. dissertation. Lincoln: University of Nebraska.
180 p

Colquhoun JB, Heider DJ, Rittmeyer RA (2014) Relationship between visual
injury from synthetic auxin and glyphosate herbicides and snap bean and
potato yield. Weed Technol 28:671–678

Culpepper AS, Sosnoskie, LM, Shugart J, Leifheit N, Curry M, Gray T (2018)
Effects of low-dose applications of 2,4-D and dicamba on watermelon.
Weed Technol 32:267–272

Dmitienko A, Chuang-Stein C, D’Agostino B (2007) Pharmaceutical statistics
using SAS: a practical guide. Cary, NC: SAS Publishing

Egan JF, Mortensen DA (2012) Quantifying vapor drift of dicamba herbicides
applied to soybean. Environ Toxicol Chem 31:1023–1031

Eklund B (2021) New Jersey 2021 Annual Vegetable Report. Washington: U.S.
Department of Agriculture–National Agricultural Statistics Agency

Griffin JL, Bauerle MJ, Stephenson DO, Miller DK, Boudreaux JM (2013)
Soybean response to dicamba applied at vegetative and reproductive growth
stages. Weed Technol 27:696–703

Hand LC, Vance JC, Randell TM, Shugart J, Gray T, Luo X, Culpepper AS
(2021) Effects of low-dose applications of 2,4-D and dicamba on cucumber
and cantaloupe. Weed Technol 35:357–362

Heap I, Duke SO (2018) Overview of glyphosate-resistant weeds worldwide.
Pest Manag Sci 74:1040–1049

Johnson B, Young B, Matthews J, Marquardt, P, Slack C, Bradley K, York A,
Culpepper S, Hager A, Al-Khatib K, Steckel L, Moechnig M, Loux M,
Bernards M, Smeda R (2010) Weed control in dicamba-resistant soybeans.
Crop Manag doi: 10.1094/CM-2010-0920-01-RS

Knezevic SZ, Osipitan OA, Scott JE (2018) Sensitivity of grape and tomato to
micro-rates of dicamba-based herbicides. J Hort 5:1–5

Kniss AR (2018) Soybean response to dicamba: a meta-analysis. Weed Technol
32:507–512

McCown S, Barber T, Norsworthy JK (2018) Response of non-dicamba-resist-
ant soybean to dicamba as influenced by growth stage and herbicide rate.
Weed Technol 32:513–519

Mohseni-Moghadam M, Doohan D (2015) Response of bell pepper and broc-
coli to simulated drift rates of 2,4-D and dicamba.Weed Technol 29:226–232

Nascimento AL, Pereira GA, Pucci LF, Alves DP, Gomes CA, Reis MR (2020)
Tolerance of cabbage crop to auxin herbicides. Planta Daninha doi: 10.1590/
s0100-83582020380100017

Roesler GD, Gomes Jonck LC, Pires Silva R, Jeronimo AV, Silva Hirata AC,
Monquero PA (2020) Decontamination methods of tanks to spray 2,4-D
and dicamba and the effects of these herbicides on citrus and vegetable spe-
cies. Aust J Crop Sci 14:1302–1309

Soltani N, Oliveira MC, Alves GS, Werle R, Norsworthy JK, Sprague CL, Young
BC, Reynolds DB, Brown A, Sikkema PH (2020) Off-target movement
assessment of dicamba in North America. Weed Technol 34:318–330

212 Wasacz et al.: dicamba injury in vegetables

Downloaded From: https://complete.bioone.org/journals/Weed-Technology on 18 May 2025
Terms of Use: https://complete.bioone.org/terms-of-use

http://www.www2.sas.com/proceedings/sugi27/p251-27.pdf
http://www.www2.sas.com/proceedings/sugi27/p251-27.pdf


[USDA-NASS] U.S Department of Agriculture–National Agricultural
Statistics Service (2020) 2020 State Agriculture Overview. Washington:
USDA-NASS Overview for New Jersey. https://www.nass.usda.gov/Quick_
Stats/Ag_Overview/stateOverview.php?state=NEWþJERSEY. Accessed:
October 12, 2021

Wasacz MH, Sosnoskie LM, Elmore MT, Besançon TE (2021) Imaging analysis
method to quantify leaf deformation in response to sub-lethal rates of
dicamba. Weed Technol 35:733–738

[WSSA] Weed Science Society of America (2018) WSSA Research Workshop
for Managing Dicamba Off-Target Movement: Final Report. https://wssa.
net/wssa/technology-stewardship/dicamba-off-target-movement/ Accessed:
October 12, 2021

Wiedau KN (2017) Assessing sensitivity of horseradish plants to dicamba and
2,4-D in new soybean production systems. M.S. dissertation. Carbondale:
Southern Illinois University. 90 p

Weed Technology 213

Downloaded From: https://complete.bioone.org/journals/Weed-Technology on 18 May 2025
Terms of Use: https://complete.bioone.org/terms-of-use

https://www.nass.usda.gov/Quick_Stats/Ag_Overview/stateOverview.php?state=NEW+JERSEY
https://www.nass.usda.gov/Quick_Stats/Ag_Overview/stateOverview.php?state=NEW+JERSEY
https://www.nass.usda.gov/Quick_Stats/Ag_Overview/stateOverview.php?state=NEW+JERSEY
https://www.nass.usda.gov/Quick_Stats/Ag_Overview/stateOverview.php?state=NEW+JERSEY
https://wssa.net/wssa/technology-stewardship/dicamba-off-target-movement/
https://wssa.net/wssa/technology-stewardship/dicamba-off-target-movement/

	Sensitivity to sublethal rates of dicamba for selected mid-Atlantic vegetable crops
	Introduction
	Materials and Methods
	Plant Culture
	Herbicide Treatments
	Visual Evaluations of Leaf Deformation
	Leaf Deformation Index Evaluations
	Statistical Analysis

	Results and Discussion
	Cucurbitaceae
	Fabaceae
	Solanaceae
	Lettuce, Kale, and Sweet Basil

	References


