
This is a “preproof” accepted article for Weed Science. This version may be subject to change in 

the production process, and does not include access to supplementary material. 

DOI: 10.1017/wet.2024.38 

 

This is an Open Access article, distributed under the terms of the Creative Commons Attribution-

NonCommercial-NoDerivatives licence (http://creativecommons.org/licenses/by-nc-nd/4.0/), 

which permits non-commercial re-use, distribution, and reproduction in any medium, provided 

the original work is unaltered and is properly cited. The written permission of Cambridge 

University Press must be obtained for commercial re-use or in order to create a derivative work. 

Running Title: Hemp response 2,4-D dicamba 

 

Evaluating the vegetative and reproductive response of hemp (Cannabis sativa) to 

simulated off-target events of 2,4-D and dicamba 

 

Alyssa I. Essman
1
, Mark M. Loux

2
, Alexander J. Lindsey

3
, Michael Kelly

4
, Siyu Yao

5
, Cameron 

Jordan
6 

 

1
Assistant Professor (ORCID ID 0000-0002-9357-2280), Department of Horticulture and Crop 

Science, The Ohio State University, Columbus, OH, USA; 
2
Professor Emeritus, Department of 

Horticulture and Crop Science, The Ohio State University, Columbus, OH, USA; 
3
Associate 

Professor, Department of Horticulture and Crop Science, The Ohio State University, Columbus, 

OH, USA; 
4
Greenhouse Coordinator, Department of Plant Pathology, The Ohio State University, 

Columbus, OH, USA; 
5
Assistant Professor, Department of Nutrition and Food Hygiene, 

Southeast University, Nanjing, Jiangsu, China; 
6
Graduate Research Associate, Department of 

Food Science and Technology, The Ohio State University, Columbus, OH, USA. 

 

Author for correspondence: Alyssa Essman, Assistant Professor, 228 Kottman Hall, The Ohio 

State University, Columbus, OH 43210. Email: Essman.42@osu.edu.   

 

  

https://doi.org/10.1017/wet.2024.38 Published online by Cambridge University Press

mailto:Essman.42@osu.edu
https://doi.org/10.1017/wet.2024.38


Abstract 

Introducing soybean cultivars resistant to 2,4-D and dicamba allowed for postemergence 

applications of these herbicides. These herbicides pose a high risk for off-target movement, and 

the potential influence on crops such as hemp is unknown. Two studies were conducted from 

2020 through 2022 in controlled environments to evaluate hemp response to rates simulating off-

target events of 2,4-D and dicamba. The objectives of this study were to: 1) determine the effects 

of herbicide (2,4-D and dicamba) and rate (1x to 1/100,000x labeled rate) on visible injury, 

height, and branching, and 2) determine the effect of 2,4-D rate (1x to 1/100,000x labeled rate) 

on visible injury, height, branching, and reproductive parameters. Herbicides were applied in the 

early vegetative stage, and evaluations took place 14 and 28 days after treatment (DAT) and at 

trial termination (42 DAT in the greenhouse trial and at harvest in the growth chamber trial). In 

the greenhouse trial, 2,4-D and dicamba at the 1x rate and the 1/10x rate caused 68, 78, and 20% 

injury 28 DAT, respectively. At the time of trial termination 42 DAT, plants treated with 1x rates 

of 2,4-D and dicamba or 1/10x dicamba were 19, 25, and 9 cm shorter than the nontreated 

control, respectively. At trial termination, simulated off-target rates of 2,4-D and dicamba did not 

influence branching or plant weight. In the growth chamber study, the 1x and 1/10x rates of 2,4-

D caused 82% and 2% injury 28 DAT, respectively. Plant height, fresh weight, and cannabidiol 

(CBD) levels of plants treated with simulated off-target rates of 2,4-D were not different from 

the nontreated control. These studies suggest that hemp grown for CBD exposed to off-target 

rates of 2,4-D or dicamba in early vegetative stages may not have distinguishable effects 42 DAT 

or at harvest.  

Nomenclature: 2,4-D; dicamba; hemp, Cannabis sativa L.; soybean, Glycine max (L.) Merr. 

Key words: 2,4-D; dicamba; hemp; herbicide injury; off-target; soybean; sublethal rate.  
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Introduction 

Hemp is a relatively new crop in Ohio agricultural production. Until 2018, hemp was 

classified along with marijuana (also C. sativa L.; collectively referred to as cannabis) as a 

federally illegal substance and, therefore not eligible for production or research purposes. The 

passage of the 2018 Agriculture Improvement Act (Farm Bill) removed federal restrictions on 

hemp and allowed for research to take place on this crop (USDA 2021). While federally legal at 

that time, many individual states still had laws in place barring hemp production or research, as 

was the case in Ohio (Essman 2018). In 2019, the Ohio general assembly passed Senate Bill 57 

which differentiated hemp from marijuana and allowed for research to take place (TOLGA 

2019). By law, C. sativa plants that contain less than 0.3% of the psychoactive compound delta-

9-tetrahydrocannabinol (THC) are defined as hemp. By the same law, C. sativa plants above the 

0.3% threshold are considered marijuana, a federally illegal schedule 1 substance (USDA-AMS 

2018).  

The use of new herbicide-resistant soybean systems with traits conferring resistance to 

herbicides 2,4-D (2,4-dichlorophenoxyacetic acid) and dicamba (3,6-dichloro-2-methoxybenzoic 

acid) have increased in recent years, in response to the spread of herbicide-resistant weed 

biotypes (Unglesbee 2018; Gage et al. 2019). The utilization of these herbicide-resistant soybean 

trait systems allows for postemergence (POST), in-season applications to growing soybean 

plants with state-specific application cutoff dates. This can be problematic when a resistant 

soybean crop is planted adjacent to sensitive soybean or other sensitive crops or trees, as these 

herbicides present a high risk for off-target movement (Bish et al. 2021). Two main issues arise 

from in-season applications of these herbicides: physical drift and volatility. Physical drift is a 

form of primary movement and refers to the off-target movement of an herbicide at the time of 

application (Bish et al. 2021). Primary movement can also include events such as tank 

contamination with residue from prior applications (Hager 2017; Browne et al. 2020; Bish et al. 

2021). Symptomology from primary movement typically has a distinct pattern, often occurring 

along a gradient downwind from the application, and is less noticeable further from the source 

(Loux and Johnson 2017; Hager 2017). Secondary movement occurs after the time of herbicide 

application and is often referred to as vapor drift (volatility) or wind erosion of treated soil 

(Soltani et al. 2020; Bish et al. 2021). Events of secondary movement of growth regulator 

herbicides are extremely problematic and can be very difficult to predict and diagnose. Even 
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with known temperature and environmental effects, there is not always a distinct injury pattern. 

The growth regulator herbicides 2,4-D and dicamba are particularly susceptible to volatility due 

to their chemical makeup and high vapor pressure (Bish et al. 2021). Studies estimate that for 

dicamba, 0.028 g acid equivalent ha
-1

, as low as 1/20,000x of the labeled rate, can cause visual 

injury to sensitive soybean (Bish et al. 2019). The proposed dicamba No Observed Adverse 

Effect Level (NOAEL) range for soybean is 0.0003 to 0.033 g acid equivalent ha
-1

 (Milosevic et 

al. 2023). Stunting, leaf cupping, malformed stem growth (epinasty), and apical death are 

symptomology of these herbicides in sensitive weeds and crops (Behrens and Lueschen 1979). 

Off-target herbicide movement can be highly damaging to nearby sensitive vegetation and can 

also lead to reduced sensitivity in exposed weed populations over time (Vieira et al. 2020).   

In Ohio and much of the Midwest, POST applications of dicamba have been of great 

concern, as soybeans without the resistance trait are highly sensitive to low-doses of dicamba 

and vulnerable to both primary and secondary off-target movement (Egan et al. 2014; Loux and 

Johnson 2017). In 2017, there were 28 dicamba related injury claims in Ohio (Bish et al. 2021). 

Along with sensitive soybean varieties, other sensitive vegetation such as horticultural crops, 

trees, and landscapes of ornamental plants are at risk from both the physical movement of droplet 

particles at the time of application and volatility from dicamba applied to resistant soybean 

varieties. There is a differential response among plant species to off-target movement of 2,4-D 

and dicamba. In areas with large amounts of land in cotton (Gossipium hirsutum L.) production, 

damage from 2,4-D drift and volatility is a major concern. Cotton is relatively tolerant of 

dicamba but is very sensitive to 2,4-D (Egan et al. 2014) and an increase in damage was reported 

following the introduction of 2,4-D resistant soybeans (McKindra 2018; Unglesbee 2018). 

Alfalfa (Medicago sativa L.), wine grapes (Vitis vinifera L.), sweet cherries (Prunus avium L.), 

tomato (Solanum lycopersicum L.), watermelon [Citrullus lanatus (Thunb.) Matsum. & Nakai], 

garden annuals, and ornamental and fruiting trees have all been reported as being sensitive to 

drift from these herbicides (Dintelmann et al. 2020; Bish et al. 2021). Aside from the unintended 

physical damage of nearby plants, producers and applicators must also consider the risk of 

lawsuits and legal ramifications arising from using these products (Rollins 2021). The release of 

low volatility herbicide formulations reduced the likelihood of secondary off-target movement, 

but the risk of injury from volatility persists and can be influenced by tank mix pH and the 

addition of other herbicides (Sosnoskie et al. 2015; Mueller and Steckel 2019; Striegel et al. 
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2020). The future use of dicamba-resistant soybeans in Ohio and nationwide is uncertain, as label 

changes, EPA registration, lawsuits, and herbicide resistance threaten the longevity of these 

products (Unglesbee 2020; Kirk Hall 2024a; Kirk Hall 2024b).  

One potential effect of unintended off-target movement of dicamba and 2,4-D from 

POST applications to resistant soybean systems is that on potentially sensitive horticultural and 

agronomic crops growing nearby. Hemp is a crop with renewed interest in Ohio and has garnered 

attention from growers across the state seeking to diversify cropping systems and income 

streams (Essman 2018). The three main outputs of hemp production are fiber, seed, or flower 

(metabolites or cannabinoids). Much like agronomic crops such as soybean and corn (Zea mays 

L.), genetics play a large role in the production of hemp, and variation between different 

cultivars has a considerable effect on their biological and morphological makeup (Campbell et al. 

2019). Of these three end products, hemp for metabolite production garnered the most attention 

from Ohio growers because of the potential for high profit margins, and as a result of more 

infrastructure in place to support the processing and production of metabolites than grain or fiber 

(Reese 2021). A great deal of research is needed to understand better the potential influence of 

growing this crop in outdoor settings adjacent to agronomic crops in Ohio and the US.  

 The objectives of these studies were to determine the 1) vegetative response of hemp to 

rates simulating different off-target events of 2,4-D and dicamba herbicides and 2) the effect of 

rates simulating different off-target events of 2,4-D on vegetative and reproductive parameters of 

hemp, including the yield of metabolites such as cannabidiol (CBD). The goal of this study was 

to simulate the potential response of hemp grown in proximity to herbicide-resistant soybean 

where POST applications of 2,4-D or dicamba herbicides might take place, and there is a high 

risk of physical drift or volatility.  

Materials and Methods 

 To evaluate the response of hemp to simulated off-target events of 2,4-D and dicamba, 

two studies were conducted, and each replicated twice from 2020 through 2022 in the 

greenhouse and a growth chamber (Model PGR15; Conviron, Winnipeg, Canada) within 

Kottman Hall in Columbus, OH. Vegetative cuttings of a cannabinoid hemp variety ‘Tangerine’ 

(NY Hemp Source, LLC; New York, NY) were taken from cloned mother plants using pruning 

shears. The tips of hemp cuttings were dipped into a a rooting hormone (Indole-3 Butyric Acid; 

Rootech Cloning Gel, BC, Canada), and placed under a vented dome in rockwool cubes (Indoor 
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Gardens; Columbus, OH). Rockwool cubes were kept moist with a solution of water and Clonex, 

mixed to label instructions (Clonex Clone Solution; Lansing, MI). Once the cuttings had 

sufficient root mass as visible at the bottom of the rockwool cube, they were placed into 13-cm 

pots filled with approximately 190 g of a peat-based media (Metro-Mix 830; Sun Gro 

Horticulture, Agawam, MA). Plants were treated approximately two to four weeks following 

transplanting, when plants reached 12 to 18 cm in height. This is the growth stage in which hemp 

plants are most likely at during the time of concern for potential off-target events. Treatments 

were applied with a single-nozzle Allen track spray chamber (Allen Machine Works; Midland, 

MI) set to apply 140 L ha
-1

 with a flat spray tip (8001EVS; TeeJet Technologies®, Springfield, 

IL). Following application, plants were placed on separate carts by treatment for approximately 2 

hours. Irrigation resumed 24-h following treatment. 

Greenhouse study 

Following successful cutting establishment, a greenhouse trial was initiated in January 

2021 and was repeated in time with a second run initiated in August 2021. At 14 days after the 

herbicide treatment (DAT), the hemp plants were transplanted into 1.8 L pots. Media was 

supplemented with a pelleted slow-release fertilizer at a labeled use rate for the duration of the 

trial (approximately 8g pot
-1

; Osmocote, Scotts Miracle-Gro, Marysville, OH). Greenhouse 

lighting consisted of ambient light supplemented with metal halide lights set to an 18-hour day 

length to keep plants in a vegetative state for the duration of the study. Greenhouse temperature 

was set at 25.5 C during the day and 21 C at night. Treatments were arranged in a randomized 

complete block design (RCBD) with three replications of 13 treatments. Treatments consisted of 

six rates (560, 56, 5.6, 0.56 0.056, 0.0056 g acid equivalent ha
-1

) of dicamba (Xtendimax with 

VaporGrip; Bayer CropScience, St. Louis, MO), six rates (1060, 106, 10.6, 1.06, 0.106, 0.0106 g 

acid equivalent ha
-1

) of 2,4-D (Enlist One; Coreteva Agriscience, Indianapolis, IN), and a 

nontreated control (water). These rates were intended to represent the different types of potential 

off-target movement as follows: the 1x rate served as the field application rate control; the 1/10x 

rate represented a sprayer hygiene error such as tank contamination; the 1/100x rate represented 

particle drift from an adjacent field; and the 1/1,000x rate represented vapor drift (Egan and 

Mortensen, 2012; Egan et al., 2014). Other rates were included to evaluate the potential influence 

of intermediate and lower rates and to assess the general sensitivity of hemp to these growth 

regulator herbicides.  
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Measurements were collected 14 and 28 days after treatment (DAT) and at trial 

termination 42 DAT. These measurements included visual evaluations of injury for growth 

regulator herbicides on a scale of 0 to 100% (adapted from Behrens and Lueschen 1979 and 

Egan and Mortensen 2012), plant height, branching (number attached to the main stem), plant 

fresh weight and plant dry weight at trial termination 42 DAT. To evaluate weight, plants were 

clipped at the soil surface and fresh weight was measured. Plants were then placed into paper 

bags and dried for 3 days at 55C, after which plant dry weight was measured. 

Growth Chamber Study 

Hemp plants were transplanted into 3.8-L pots with approximately 400 g of media 

(Metro-Mix 830; Sungro Horticulture, Agawam, MA) before herbicide application and remained 

in these pots for the duration of the trial. Due to size constraints within the growth chamber, light 

was regulated to keep the hemp at a manageable size for the purposes of space and plant health. 

The media served as the source of nutrients until plants entered the reproductive phase. Once in 

the reproductive phase, hemp plants in the growth chamber were fertilized using mixtures of 

silicon, iron, Canna Flores (2-2-4) and Canna Boost (0-1-1) (CANNA; London, United 

Kingdom), per label and growth stage guidelines.  

Plants were treated with myclobutanil (Eagle; Dow AgroSciences LLC, Indianapolis, 

IN), or raw milk dilutions (80% water, 20% raw milk, OSU Waterman dairy farm; Bettiol 1999) 

as needed for powdery mildew (Golovinomyces orontii) management. Thrips (Thysanoptera 

spp.) were managed using predatory beneficial mites (Amblyseius cucumeris; Arbico Ogranics; 

Oro Valley, AZ) in both trials. Growth chamber lighting was provided via high-pressure sodium 

lights set to an 18-hour day length during the vegetative stage. At 14 DAT, the lighting was 

switched to 12-hour day length to induce reproductive growth. Foliage on very small branches at 

the base of all plants was removed at that time to increase airflow and reduce the risk of disease. 

As a result, branching at harvest was not evaluated. Growth chamber temperature was set to 

range from 24.5 to 25.5°C. Temperature, humidity, and lighting were managed according to 

plant growth stage and to prevent infections from diseases common in hemp production, such as 

botrytis (Botrytis cinerea).  

Treatments were arranged in a RCBD with three replications of 11 treatments. 

Treatments consisted of 10 rates (1060, 106, 32, 10.6, 3.2, 1.06, 0.32, 0.106, 0.032, 0.0106 g acid 

equivalent ha
-1

) of 2,4-D (Enlist One) and a nontreated control (water). Measurements were 
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collected 14 and 28 days after treatment (DAT) and at the time of harvest. These measurements 

consisted of visual evaluations of injury for growth regulator herbicides on a scale of 0 to 100% 

(adapted from Behrens and Lueschen 1979 and Egan and Mortensen 2012), plant height, and 

branching (number attached to the main stem). Flower maturity was determined using a hand 

lens with a light to evaluate trichome development and color. Harvest was initiated when 

trichomes became cloudy and were just turning amber (Mahlberg and Kim 2004). At harvest, 

plants were clipped at the soil surface and fresh weight was measured. Plants were then hung 

upside down in the growth chamber with the lights off, humidity at 50%, and a temperature 

range of 20 to 24C until buds were sufficiently dry to process (10-23 days). Bud (flower) weight 

and metabolite levels within the dried buds were also measured to evaluate the potential 

influence on yield. Extraneous branches containing buds were included in the harvest, and all 

buds were collected and pooled for weight and metabolite analysis. Liquid chromatography-mass 

spectrometry (LC-MS/MS) was performed (Rodriguez-Saona Lab; Department of Food Science 

and Technology, The Ohio State University) to quantify % (w/w) of CBD and delta-9 THC as 

well as the acidic precursors CBDA and THCA. These precursors are converted to CBD and 

THC by decarboxylation, a process which is regulated by temperature and occurs naturally over 

time, or more rapidly via heat exposure (Wang et al. 2016).  

Data Analysis 

Data were analyzed as a randomized complete block design using PROC GLIMMIX in 

SAS 9.4 (SAS Institute; Cary, NC). Analytical procedures were like those performed in 

Dintelmann et al. 2020, in terms of combining herbicide and rate for comparison with the 

nontreated control for measurements of height, branching, and weight. For the evaluation of 

injury ratings, herbicide, rate, and the interaction between herbicide and rate were fixed effects, 

and trial run and replication nested within trial run were random effects. For plant height, 

branching, fresh plant weight, dry bud weight, and metabolite levels, herbicide and rate were 

combined for comparison with the nontreated control. The global F-test was used to evaluate 

significance, and treatment means were separated using the p-values for differences (PDIFF) of 

the least significant means at an alpha value of  0.05. Visual evaluations of herbicide injury at 

very low levels can be difficult to detect. Some injury ratings at the 14 DAT evaluation were 

suspected to be false positives because of leaf crinkling or symptomology that was present but 

not necessarily associated with herbicide injury. These ratings were removed from the data if 
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they were both 1) equal to or less than 5% injury and, 2) recorded as no injury present at the 28 

DAT evaluation (Egan and Mortensen 2012).  

Results and Discussion  

Greenhouse Study 

 The interaction between herbicide and rate was significant for injury ratings at both 

evaluation timings following herbicide application. The 1x rates of dicamba and 2,4-D were not 

different from one another, and caused 72 and 70% injury at 14 DAT, respectively. 

Symptomology associated with this range included epinasty, leaf cupping, and strongly 

malformed terminal growth. The 1/10x rate of dicamba caused 30% injury or cupping of the 

terminal leaflets and crinkles on secondary leaves. This was greater than the injury caused by the 

1/10x rate of 2,4-D, which was 4% 14 DAT. There was no difference between the 1/10x rate of 

2,4-D and the lower rates of either herbicide at that time (Table 1). At 28 DAT, the 1x rate of 

dicamba caused greater injury than the 1x rate of 2,4-D. Injury symptoms at 1x rates for this 

evaluation included those observed 14 DAT, swelling of stem tissue, and limited shoot growth. 

The 1/10x rate of dicamba caused cupping and crinkling of affected leaves, but there was little to 

no visible injury from the lower rates of either herbicide at the 14 or 28 DAT evaluations (Table 

1).  

 The greatest reduction in the hemp height occurred in treatments where 2,4-D and 

dicamba were applied at the 1x rate (Table 2). Height at the 1/10x rate of dicamba was reduced 

relative to the nontreated control 14 and 28 DAT but was not always different from the 1/10x 

rate of 2,4-D or other lower rates of dicamba, except for the 1x and 1/100,000x rates. The height 

of plants treated with the 1/10x rate of 2,4-D was not different from the nontreated control. At 42 

DAT, plants treated with 1x rates of either herbicide or the 1/10x rate of dicamba were 9.4 to 

24.7 cm shorter than the nontreated control (Table 2). Growth regulator herbicides at sublethal 

rates may cause stunting and yield loss in sensitive crops at certain rates, growth stages, and 

environmental conditions (Kelley et al. 2005; Marple et al. 2008; Johnson et al. 2012). Sublethal 

rates of growth regulator herbicides can also stimulate plant growth, enlarge fruit size, and 

increase yield (Auch and Arnold 1979; Belz and Duke 2017). These effects are dependent upon 

rate, environment, and species. The number of plant branches was unaffected by herbicide and 

sublethal rates 14 DAT (Table 3). At 42 DAT, none of the rates lower than 1x of both herbicides 

influenced plant branching (Table 3). In this study, rates of 2,4-D and dicamba lower than the 
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labeled field use rate (1x) did not influence fresh or dry plant weight relative to the nontreated 

control. Only when hemp was treated with 1x rates of either herbicide were fresh and dry 

weights reduced (Supplementary Materials Table 1).  

Growth Chamber Study 

 The 1x and 1/10x rates of 2,4-D caused visible injury of hemp 14 and 28 DAT in the 

growth chamber study. The 1x rate caused substantial visible injury, ranging from 82% to 83% 

(Table 4). Symptomology was consistent with growth regulator herbicide injury and included 

leaf cupping, stem swelling, epinasty, and necrosis. The 1/10x rate caused 10% injury 14 DAT, 

comprised of crinkles present in terminal leaves to mild cupping of leaflets. This effect was not 

as visible at the 28 DAT evaluation, and only slight crinkles were detected on some plants. The 

greatest influence on height occurred in plants that had been treated with the 1x rate of 2,4-D 

(Table 5). Plants treated with the 1/10x rate of 2,4-D were shorter than some sublethal rates 14 

DAT but were not different from the nontreated control, and there was no difference between 28 

DAT or at harvest. There was no difference in branching 14 or 28 DAT or at harvest (data not 

shown). Fresh plant weight did not differ between the rates lower than 1x and the nontreated 

control (Supplementary Materials Table 2). Metabolite content was not quantified for plants 

treated with the 1x rate due to a lack of bud development or plant death. There was no difference 

in CBD between the nontreated plants and those that received an application of a rate lower than 

1x of 2,4-D in this study (Supplementary Materials Table 2). 

Practical Implications 

 The 1x rates of 2,4-D and dicamba did not always cause the death of all hemp plants in 

this study. Plants exposed to labeled use rates (1x) had severe symptomology, including leaf 

cupping, epinasty, malformed growth, stem swelling and callusing, and death of terminal buds 

with occasional regrowth of secondary growing points. Some plants remained in this state, 

growing little, if at all, relative to the other plants for the duration of both trials. In general, plant 

responses to growth regulator herbicides can be difficult to quantify (Bobadilla et al. 2021), 

which makes detecting herbicide susceptibility difficult. Since the initiation of this work, other 

studies have been published evaluating hemp response to herbicides. Ortmeier-Clarke et al. 2022 

found that 1x and 1/8x label rates of 2,4-D and dicamba applied POST resulted in biomass 

reduction relative to nontreated controls. In that trial, hemp was grown from seed, and plants 

were treated from 5 cm to 10 cm in height. A preliminary study in Nebraska found that 157 g ae 
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ha
-1

 of clopyralid (3,6-dichloro-2-pyridinecarboxylic acid; group 4) was among the safest 

herbicides tested on industrial hemp, causing only temporary injury up to 10% (Knezevic et al. 

2020). A second preliminary study in Nebraska found that among group 4 herbicides, both 

clopyralid and quinclorac (3,7-dichloro-8-quinolinecarboxylic acid) caused initial injury 

followed by regrowth, but that fluroxypyr (4-amino-3,5-dichloro-6-fluoro-2-pyridyloxyacetic 

acid) was highly injurious (Cuvaca et al. 2020). Both studies tested industrial hemp grown for 

fiber production in outdoor settings, and results indicated that hemp may possess some natural 

tolerance to some of the group 4 herbicides. Studies published since the initiation of this work 

have also shown variability in hemp response to herbicides between different hemp varieties 

(Ortmeier-Clarke et al. 2022). 

Severe stunting and malformed growth occurred when dicamba and 2,4-D were applied 

at the 1x rate, which did not always result in death of all plants, but symptoms consistent with 

severe damage and a general inability to regrow. The 1/10x and 1/100x rates of dicamba initially 

caused more visible injury than the same rates of 2,4-D. Height was initially reduced in hemp 

plants exposed to some simulated off-target rates of dicamba, but differences were not evident at 

the time of trial termination. This study suggests that off-target movement of growth regulator 

herbicides 2,4-D and dicamba may cause visible injury to nearby hemp plants. These controlled 

environment studies did not affect height, branching, or plant weight at the time of harvest. 

Herbicides in these trials were applied when hemp was in the early vegetative stage, and it 

remains unknown at this time how simulated off-target rates may influence vegetative and 

reproductive parameters if hemp was exposed at later growth stages, or when exposure occurs to 

plants growing under field conditions. Further studies evaluating different hemp varieties and in-

field, settings would be required to effectively quantify the potential damage caused by the off-

target movement of 2,4-D and dicamba on hemp. Other areas to be explored include residues of 

these and other herbicides that exist in vegetative tissues and flowers following exposure.  

Acknowledgments 

The authors would like to thank the personnel at the Kottman Hall Greenhouse and the Loux lab 

members for their assistance and support. We are especially grateful to Isaac Knowles and Zak 

Ralston, as well as several undergraduate student research associates for technical support and 

assistance in managing these trials. Salaries and research support provided in part by State and 

https://doi.org/10.1017/wet.2024.38 Published online by Cambridge University Press

https://doi.org/10.1017/wet.2024.38


Federal funds appropriated to the Ohio Agricultural Research and Development Center, The 

Ohio State University. Manuscript HCS 23-16.  

Funding 

This research received no specific grant from any funding agency, commercial or not-for-profit 

sectors.  

Competing Interests 

The authors declare none. 

 

References 

Auch DE, Arnold WE (1978) Dicamba use and injury on soybeans (Glycine max) in South 

Dakota. Weed Sci 26:471-475 

Behrens R, Lueschen WE (1979) Dicamba volatility. Weed Sci 27:486-493 

Belz RG, Duke SO (2017) Herbicide-mediated hormesis. Pages 135-148 in Pesticide Dose: 

Effects on the Environment and Target and Non-Target Organisms. Washington, DC: 

Am Chem S  

Bettiol W (1999) Effectiveness of cow's milk against zucchini squash powdery mildew 

(Sphaerotheca fuliginea) in greenhouse conditions. Crop Prot 18:489-492 

Bish MD, Farrell ST, Lerch RN, Bradley KW (2019) Dicamba Losses to Air after Applications 

to Soybean under Stable and Nonstable Atmospheric Conditions. J Environ Qual 48: 

1675-1682 

Bish M, Oseland E, Bradley K (2021) Off-target pesticide movement: A review of our current 

understanding of drift due to inversions and secondary movement. Weed Technol 35: 

345–356 

Bobadilla LK, Giacomini DA, Hager AG, Tranel PJ (2022) Characterization and inheritance of 

dicamba resistance in a multiple-resistant waterhemp (Amaranthus tuberculatus) 

population from Illinois. Weed Sci 70: 4–13 

Browne FB, Li X, Price KJ, Wang J, Wang Y, Kruger GR, Golus J, Macedo GdC, Vieira BC, 

Sandlin T (2020) Dicamba retention in commercial sprayers following triple rinse 

cleanout procedures, and soybean response to contamination concentrations. Agronomy 

10:772 

https://doi.org/10.1017/wet.2024.38 Published online by Cambridge University Press

https://doi.org/10.1017/wet.2024.38


Campbell B, Dong Z, McKay JK (2019) Hemp genetics and genomics in Williams DW ed., 

Industrial hemp as a modern commodity crop. Madison, WI: ASA Books 

Cuvaca IB, Jhala AJ, Scott J, Knezevic S (2020) Industrial hemp variety tolerance to PRE-

herbicides. 2020 NCWSS ABS 67 

Dintelmann B, Trinklein D, Bradley K (2020) Response of common garden annuals to sublethal 

rates of 2,4-d and dicamba with or without glyphosate. Hort Tech 30:411-420 

Egan JF, Barlow KM, Mortensen DA (2014) A meta-analysis on the effects of 2,4-D and 

dicamba drift on soybean and cotton. Weed Sci 62:193–206 

Egan JF, Mortensen DA (2012) Quantifying vapor drift of dicamba herbicides applied to 

soybean. Environ Toxicol Chem 31:1023–1031 

Essman E (2018) Hemp for one, hemp for all?  The farm bill, industrial hemp and what it means 

for ohio. The Ohio State University Ag Law Blog https://farmoffice.osu.edu/blog/thu-

12272018-541pm/hemp-one-hemp-all%C2%A0-farm-bill-industrial-hemp-and-what-it-

means-ohio. Accessed: November 6, 2021 

Gage KL, Krausz RE, Walters SA (2019) Emerging challenges for weed management in 

herbicide-resistant crops. Agriculture-London 9:(180)1-11  

Hager (2017) The dicamba dilemma in Illinois: Facts and speculations. FarmDoc 

https://farmdoc.illinois.edu/field-crop-production/weeds/the-dicamba-dilemma-in-

illinois-facts-and-speculations.html. Accessed: November 6, 2021 

Johnson VA, Fisher LR, Jordan DL, Edmisten KE, Stewart AM, York AC (2012) Cotton, 

peanut, and soybean response to sublethal rates of dicamba, glufosinate, and 2,4-D. Weed 

Technol 26:195–206 

Kelley KB, Wax LM, Hager AG, Riechers DE (2005) Soybean response to plant growth 

regulator herbicides is affected by other postemergence herbicides. Weed Sci 53:101-112 

Kirk Hall P (2024) Dicamba’s future is uncertain, again. The Ohio State University Farm Office 

https://farmoffice.osu.edu/blog/dicamba’s-future-uncertain-

again#:~:text=As%20a%20result%20of%20the,for%20the%20upcoming%20crop%20se

ason. Accessed: April 11, 2024 

 Kirk Hall P (2024) EPA issues "existing stocks" order for over-the-top dicamba use. The Ohio 

State University Farm Office https://farmoffice.osu.edu/blog/epa-issues-existing-stocks-

order-over-top-dicamba-use. Accessed: April 11, 2024 

https://doi.org/10.1017/wet.2024.38 Published online by Cambridge University Press

https://farmoffice.osu.edu/blog/thu-12272018-541pm/hemp-one-hemp-all%C2%A0-farm-bill-industrial-hemp-and-what-it-means-ohio
https://farmoffice.osu.edu/blog/thu-12272018-541pm/hemp-one-hemp-all%C2%A0-farm-bill-industrial-hemp-and-what-it-means-ohio
https://farmoffice.osu.edu/blog/thu-12272018-541pm/hemp-one-hemp-all%C2%A0-farm-bill-industrial-hemp-and-what-it-means-ohio
https://farmdoc.illinois.edu/field-crop-production/weeds/the-dicamba-dilemma-in-illinois-facts-and-speculations.html
https://farmdoc.illinois.edu/field-crop-production/weeds/the-dicamba-dilemma-in-illinois-facts-and-speculations.html
https://farmoffice.osu.edu/blog/dicamba’s-future-uncertain-again#:~:text=As%20a%20result%20of%20the,for%20the%20upcoming%20crop%20season
https://farmoffice.osu.edu/blog/dicamba’s-future-uncertain-again#:~:text=As%20a%20result%20of%20the,for%20the%20upcoming%20crop%20season
https://farmoffice.osu.edu/blog/dicamba’s-future-uncertain-again#:~:text=As%20a%20result%20of%20the,for%20the%20upcoming%20crop%20season
https://farmoffice.osu.edu/blog/epa-issues-existing-stocks-order-over-top-dicamba-use
https://farmoffice.osu.edu/blog/epa-issues-existing-stocks-order-over-top-dicamba-use
https://doi.org/10.1017/wet.2024.38


Knezevic S, Cuvaca IB, Werle R, Scott J (2020) Structured PRE and POST programs for crop 

tolerance and weed control in industrial hemp. 2020 NCWSS Abs 64 

Loux M, Johnson W (2017) It’s beginning to look a lot like – off-target dicamba movement – our 

favorite time of the year! Agronomic Crops Network 

https://agcrops.osu.edu/newsletter/corn-newsletter/2017-21/it’s-beginning-look-lot-–-

target-dicamba-movement-–-our-favorite. Accessed: November 6, 2021 

Mahlberg PG, Kim E-S 2004) Accumulation of cannabinoids in glandular trichomes of Cannabis 

(Cannabaceae). J Indust Hemp: 9:15–36. 

Marple ME, Al-Khatib K, Peterson DE (2008) Cotton injury and yield as affected by simulated 

drift of 2,4-D and dicamba. Weed Technol 22:609–614 

McKindra L (2018) Cotton producers managing 2,4-D and other auxin herbicide concerns. 

Oklahoma State University 

https://news.okstate.edu/articles/agriculture/2018/18_auxin_herbicides.html. Accessed: 

November 6, 2021  

Milosevic L, Osipitan OA, Scott JE, Knezevic SZ (2023) Soybean tolerance to ultra-low doses of 

dicamba: Hormesis or not. Crop Prot 173:106356  

Mueller TC and Steckel LE (2019) Dicamba volatility in humidomes as affected by temperature 

and herbicide treatment. Weed Technol 33:541–546 

Ortmeier-Clarke HJ, Oliveira MC, Arneson NJ, Conley SP, Werle R (2022) Dose–response 

screening of industrial hemp to herbicides commonly used in corn and soybean. Weed 

Technol 36: 245–252 

Reese M (2021) Hemp production in Ohio. Ohio’s Country Journal 

https://ocj.com/2021/03/hemp-production-in-ohio/. Accessed: November 6, 2021  

Rollins B (2020) The deal with dicamba: Part one. The National Agricultural Law Center 

https://nationalaglawcenter.org/the-deal-with-dicamba-part-one/. Accessed: November 6, 

2021   

Soltani N, Oliveira MC, Alves GS, Werle R, Norsworthy JK, Sprague CL, Young BG, Reynolds 

DB, Brown A, Sikkema, PH (2020) Off-target movement assessment of dicamba in 

North America. Weed Technol 34:318–330 

Sosnoskie LM, Culpepper AS, Braxton LB, Richburg JS (2015) Evaluating the volatility of three 

formulations of 2,4-D when applied in the field. Weed Technol 29:177–184 

https://doi.org/10.1017/wet.2024.38 Published online by Cambridge University Press

https://agcrops.osu.edu/newsletter/corn-newsletter/2017-21/it’s-beginning-look-lot-–-target-dicamba-movement-–-our-favorite
https://agcrops.osu.edu/newsletter/corn-newsletter/2017-21/it’s-beginning-look-lot-–-target-dicamba-movement-–-our-favorite
https://news.okstate.edu/articles/agriculture/2018/18_auxin_herbicides.html
https://ocj.com/2021/03/hemp-production-in-ohio/
https://nationalaglawcenter.org/the-deal-with-dicamba-part-one/
https://doi.org/10.1017/wet.2024.38


Striegel S, Oliveira MC, Arneson N, Conley SP, Stoltenberg DE, Werle R (2021) Spray solution 

pH and soybean injury as influenced by synthetic auxin formulation and spray additives. 

Weed Technol 35:113–127 

[TOLGA] The Ohio Legislature General Assembly (2019) Decriminalize hemp and license 

hemp cultivation. https://www.legislature.ohio.gov/legislation/133/sb57. Accessed: May 

10, 2024  

Unglesbee E (2018) Handling Herbicide Injury: A guide to dealing with damage as dicamba and 

2,4-D injury reports begin. Progressive Farmer 

https://www.dtnpf.com/agriculture/web/ag/crops/article/2018/06/06/guide-dealing-

damage-dicamba-2-4-d. Accessed: November 6, 2021 

Unglesbee E (2020) The future of dicamba: dicamba use faces trio of threats: courts, weeds and 

farmer fatigue. The Progressive Farmer 

https://www.dtnpf.com/agriculture/web/ag/crops/article/2020/07/14/dicamba-use-faces-

trio-threats-weeds. Accessed: November 6, 2021 

[USDA] U.S. Department of Agriculture (2021) The agriculture improvement act of 2018. 

https://www.usda.gov/topics/hemp. Accessed: November 6, 2021     

[USDA-AMS] U.S. Department of Agriculture–Agricultural Marketing Service (2018) Subtitle 

G—Hemp production 

https://www.ams.usda.gov/sites/default/files/media/2018FarmBill.pdf. Accessed: 

November 6, 2021  

Vieira BC, Luck JD, Amundsen KL, Werle R, Gaines TA, Kruger GR (2020) Herbicide drift 

exposure leads to reduced herbicide sensitivity in Amaranthus spp. Nature 10:2146 

Wang M, Wang YH, Avula YH, Radwan MM, Wanas AS, Antwerp JV, Parcher JF, ElSohly 

MA, Khan IA (2016) Decarboxylation study of acidic cannabinoids: A novel approach 

using ultra-high-performance supercritical fluid chromatography/photodiode array-mass 

spectrometry. Cannabis and Cannabinoid Research 1(1):262-271 

https://doi.org/10.1017/wet.2024.38 Published online by Cambridge University Press

https://www.legislature.ohio.gov/legislation/133/sb57
https://www.dtnpf.com/agriculture/web/ag/crops/article/2018/06/06/guide-dealing-damage-dicamba-2-4-d
https://www.dtnpf.com/agriculture/web/ag/crops/article/2018/06/06/guide-dealing-damage-dicamba-2-4-d
https://www.dtnpf.com/agriculture/web/ag/crops/article/2020/07/14/dicamba-use-faces-trio-threats-weeds
https://www.dtnpf.com/agriculture/web/ag/crops/article/2020/07/14/dicamba-use-faces-trio-threats-weeds
https://www.usda.gov/topics/hemp
https://www.ams.usda.gov/sites/default/files/media/2018FarmBill.pdf
https://doi.org/10.1017/wet.2024.38


Table 1. Injury to hemp from simulated off-target rates of 2,4-D and dicamba based on visual 

evaluations 14 and 28 days after treatment (DAT) in a greenhouse study evaluating vegetative 

effects of growth regulator herbicides in Columbus, OH, from 2020 to 2022.
a,b 

 

  Hemp injury 

Herbicide Rate 14 DAT  28 DAT 

  ———— %  ———— 

Dicamba 1x 72 a  78 a 

Dicamba 1/10x 30 b  20 c 

Dicamba 1/100x 3 c  1 d 

Dicamba 1/1000x 0 c  0 d 

Dicamba 1/10,000x 0 c  0 d 

Dicamba 1/100,000x 0 c  0 d 

2,4-D 1x 70 a  68 b 

2,4-D 1/10x 4 c  3 d 

2,4-D 1/100x 0 c  0 d 

2,4-D 1/1000x 0 c  0 d 

2,4-D 1/10,000x 0 c  0 d 

2,4-D 1/100,000x 0 c  0 d 

 

a 
Means within a column followed by a different letter are significantly different based on the 

lsmeans function at α = 0.05.  

b
Herbicide rate fractions are relative to the full labeled field use rates in resistant soybean (1x) of 

560 g ae ha
-1

 of dicamba and 1060 g ae ha
-1

 of 2,4-D.  
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Table 2. Hemp height 14, 28, and 42 days after treatment (DAT) from simulated off-target rates 

of 2,4-D and dicamba in a greenhouse study evaluating vegetative effects of growth regulator 

herbicides in Columbus, OH from 2020 to 2022.
a,b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a 
Means within a column followed by a different letter are significantly different based on the 

lsmeans function at α = 0.05. 

b
Herbicide rate fractions are relative to the full labeled field use rates (1x) of 560 g ae ha

-1
 of 

dicamba and 1060 g ae ha
-1

 of 2,4-D.  

 

 

 

 

 

 

 

  Hemp height 

Herbicide Rate 14 DAT 28 DAT 42 DAT 

  ——————— cm ——————— 

Nontreated 0 30.0 abc 41.7 abc 55.4 ab 

Dicamba 1x 19.6 e 19.8 e 30.7 e 

Dicamba 1/10x 25.6 d 35.8 d 46.0 d 

Dicamba 1/100x 26.8 bcd 39.5 bcd 52.1 abcd 

Dicamba 1/1000x 27.0 bc 35.8 d 46.8 dc 

Dicamba 1/10,000x 28.2 bcd 39.9 bcd 51.0 bcd 

Dicamba 1/100,000x 30.4 ab 44.0 ab 56.3 ab 

2,4-D 1x 18.2  e 22.0 e 36.5 e 

2,4-D 1/10x 25.8 cd 38.0 dc 53.0 ab 

2,4-D 1/100x 30.3 ab 44.6 ab 54.9 ab 

2,4-D 1/1000x 32.6 a 45.7 a 57.8 a 

2,4-D 1/10,000x 28.5 abcd 39.7 bcd 52.7 abc 

2,4-D 1/100,000x 29.0 abcd 39.9 bcd 52.4 abc 
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Table 3. Average number of hemp branches on the primary stem 14, 28, and 42 days after 

treatment (DAT) of simulated off-target rates of 2,4-D and dicamba in the greenhouse study 

evaluating vegetative effects of growth regulator herbicides in Columbus, OH from 2020 to 

2022.
a,b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a 
Means within a column followed by a different letter are significantly different based on the 

lsmeans function at α = 0.05. 

b
Herbicide rate fractions are relative to the full labeled field use rates (1x) of 560 g ae ha

-1
 of 

dicamba and 1060 g ae ha
-1

 of 2,4-D.  

 

 

 

 

 

 

  Hemp branches 

Herbicide Rate 14 DAT 28 DAT 42 DAT 

  —————— # —————— 

Nontreated 0 3.8 11.8 ab 14.3 a 

Dicamba 1x 2.7 4.3 c 7.2 b 

Dicamba 1/10x 3.8 9.8 b 13.2 a 

Dicamba 1/100x 3.3 11.5 ab 13.7 a 

Dicamba 1/1000x 3.2 11.2 ab 14.0 a 

Dicamba 1/10,000x 4.5 12.5 a 14.5 a 

Dicamba 1/100,000x 3.7 11.8 ab 14.3 a 

2,4-D 1x 2.0 3.7 c 6.2 b 

2,4-D 1/10x 3.7 11.8 ab 14.0 a 

2,4-D 1/100x 4.5 13.2 a 14.7 a 

2,4-D 1/1000x 4.3 12.2 a 14.5 a 

2,4-D 1/10,000x 4.2 12.2 a 15.5 a 

2,4-D 1/100,000x 4.0 11.3 ab 14.3 a 
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Table 4. Visual evaluations hemp injury resulting from applications of simulated off-target rates 

of 2,4-D taken 14 and 28 days after treatment (DAT) from hemp grown in a growth chamber 

study evaluating vegetative and reproductive effects of growth regulator herbicide 2,4-D in 

Columbus, OH from 2020 to 2022.
a,b 

  Hemp injury 

Herbicide Rate 14 DAT  28 DAT 

  ——— %  ——— 

2,4-D 1x 83 a 82 a 

2,4-D 1/10x 10 b 2 b 

2,4-D 3/100x 2 c 0 c 

2,4-D 1/100x 0 c 0 c 

2,4-D 3/1000x 0 c 0 c 

2,4-D 1/1000x 0 c 0 c 

2,4-D 3/10,000x 0 c 0 c 

2,4-D 1/10,000x 0 c 0 c 

2,4-D 3/100,000x 0 c 0 c 

2,4-D 1/100,000x 0 c 0 c 

 

a 
Means within a column followed by a different letter are significantly different based on the 

lsmeans function at α = 0.05. 

b
Herbicide rate fractions are relative to the full labeled field use rate (1x) 1060 g ae ha

-1
 of 2,4-D.  
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Table 5. Height of hemp in response to application of simulated off-target rates of 2,4-D 

measured 14 and 28 days after treatment (DAT) and at harvest from hemp grown in a growth 

chamber study evaluating vegetative effects and reproductive effects of growth regulator 

herbicide 2,4-D in Columbus, OH from 2020 to 2022.
a,b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a 
Means within a column followed by a different letter are significantly different based on the 

lsmeans function at α = 0.05. 

b
 Herbicide rate fractions are relative to the full labeled field use rate (1x) 1060 g ae ha

-1
 .  

  Hemp height 

Herbicide Rate 14 DAT 28 DAT At 

harvest 

  —————— cm ————— 

Nontreated 0 26.9 ab 46.1 a 51.4 a 

2,4-D 1x 15.2 c 16.4 b 17.5 b 

2,4-D 1/10x 23.0 b 41.2 a 44.9 a 

2,4-D 3/100x 29.4 a 45.7 a 51.3 a 

2,4-D 1/100x 27.8 a 45.9 a 51.4 a 

2,4-D 3/1000x 27.5 ab 45.6 a 50.4 a 

2,4-D 1/1000x 25.9 ab 41.9 a 46.9 a 

2,4-D 3/10,000x 29.2 a 46.3 a 50.8 a 

2,4-D 1/10,000x 26.7 ab 46.3 a 51.5 a 

2,4-D 3/100,000x 27.1 ab 46.6 a 51.2 a 

2,4-D 1/100,000x 27.4 ab 45.0 a 50.0 a 
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