
 

 

ABSTRACT 

JOHNSON, VIRGINIA ALICE.  Weed and Crop Response to Sub-lethal Rates of Dicamba, 

Glufosinate, and 2,4-D. (Under the direction of Drs. Loren Fisher and David Jordan). 

 

Advancements in herbicide resistant crop cultivars, especially dicamba and 2,4-D will 

have an important role in weed management in the southern United States.  However, off-site 

movement to non-tolerant crops is a concern in many areas of eastern North Carolina.  

Cotton (Gossypium hirsutum L.), peanut (Arachis hypogaea L.), soybean [Glycine max (L.) 

Merr.], and tobacco (Nicotiana tabacum L.) are often grown in close proximity, and 

practitioners will need to consider potential adverse effects on non-resistant crops when these 

herbicides are used.  One attempt to control spray drift would be the use of a drift reducing 

agent in the tank with herbicides.  Although it is important to reduce off target movement of 

herbicides, it is also crucial to avoid negative impacts on herbicide performance.  Research 

was conducted to evaluate effects of simulated drift rates of dicamba, glufosinate, and 2,4-D 

on cotton, peanut, soybean, and tobacco and to determine the effect of drift reducing agent on 

efficacy of dicamba, glufosinate, glyphosate, and 2,4-D. 

 The two experiments were conducted on research stations in North Carolina near 

Clayton, Kinston, Lewiston-Woodville, and Rocky Mount during 2009 and 2010 to address 

the proposed objectives.  Sub-lethal rates of dicamba (0.6 to 140 g/ha), glufosinate (16 to 302 

g/ha), and 2,4-D (1 to 269 g/ha) were applied when cotton and soybean height was 20 to 30 

cm; peanut was 15 to 20 cm in width, and tobacco was 60 cm tall.  Visual estimates of 

percent crop injury were recorded 1 and 2 weeks after treatment WAT using a scale of 0 (no 



 

 

injury) to 100 (plant death).  Data for visual injury, yield, a range of vegetative and 

reproductive measurements, and quality parameters were subjected to analysis of variance 

(ANOVA).  Data were also tested for linear, quadratic, and cubic functions for injury, yield, 

and quality parameters versus herbicide rate (g/ha).  The second experiment was conducted at 

two locations in fallow areas with natural weed populations.  Common lambsquarters 

(Chenopodium album L.), common ragweed (Ambrosia artemisiifolia L.), entireleaf 

morningglory [Ipomoea hederacea (L.) Jacq.], and Palmer amaranth (Amaranthus palmeri S. 

Wats.) were treated with dicamba, glufosinate, glyphosate, and 2,4-D applied at the 

manufacturer’s recommended use rate and half this rate either alone or with drift reduction 

agent.  Visual estimates of percent weed control were recorded 1, 2, and 3 WAT on a scale of 

0 (no control) to 100 (complete control).  Fresh weight of Palmer amaranth plants was also 

recorded in two experiments during 2010 at 3 DAT.  Data were subjected to ANOVA for a 

four (herbicide) by two (herbicide rate) by two (drift reduction agent) factorial treatment 

arrangement.   

A wide range of visual injury was noted 1 and 2 WAT for all herbicides and crops, 

with yield being reduced for most crops when herbicides were applied at the highest rate.  

The highest degree of susceptibility of cotton, peanut, soybean and tobacco was to 2,4-D, 

dicamba and glufosinate, dicamba, and glufosinate, respectively.  Correlations of injury and 

yield for peanut, soybean, and tobacco indicated that visual injury early in the season (1 and 

2 WAT) is a moderate indicator of yield response.  The indeterminate growth habit of cotton 

contributed to weak correlations between early season injury and yield.  In the herbicide 



 

 

efficacy study control by dicamba, glufosinate, and 2,4-D was not affected by drift reduction 

agent regardless of weed species.  Efficacy of glyphosate was affected by drift reduction 

agent but only in a few instances.  Results from these experiments emphasize a need for 

diligence in application of these herbicides in close proximity to crops that are susceptible 

and the possibility of using a drift reduction agent to minimize drift potential without 

sacrificing weed control.    
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CHAPTER 1 

TOBACCO RESPONSE TO SUB-LETHAL RATES OF DICAMBA, GLUFOSINATE, 

AND 2,4-D 

Jenny Johnson, Loren R. Fisher, David L. Jordan, Keith L. Edmisten, Alexander M. Stewart 

and Alan C. York

 

Development and utilization of dicamba, glufosinate, and 2,4-D resistant crop 

cultivars most likely will have an important role in weed management in the southern United 

States.  However, off-site movement to adjacent non-tolerant crops and other plants is a 

concern in many areas of eastern North Carolina, especially where sensitive crops are grown.  

Tobacco, and several other crops not resistant to these herbicides are often grown in close 

proximity and practitioners will need to consider potential adverse effects on non-resistant 

crops when these herbicides are used.  Research was conducted in North Carolina during 

2009 and 2010 with rates of glufosinate, dicamba and 2,4-D designed to simulate drift on 

tobacco to determine effects on yield, quality, and cured leaf herbicide residues.  In addition, 

correlations of visual estimates of percent injury with crop yield and a range of growth and 

quality parameters were made.  Tobacco was treated with dicamba and the amine formulation 
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of 2,4-D at 1/2, 1/8, 1/32, 1/128, and 1/512 the manufacturer’s suggested use rate of 280 g 

ai/ha and 540 g ai/ha, respectively.  Glufosinate was applied at rates equivalent to 1/2, 1/4, 

1/8, 1/16, and 1/32 the manufacturer’s suggested use rate of 604 g ai/ha.  A wide range of 

visual injury was noted at both one and two weeks after treatment (WAT).  Although 

correlations of injury one and two WAT with yield were significant (p < 0.05), coefficients 

for injury one WAT versus yield ranged from -0.39 to -0.62 and -0.44 to -0.58 for injury two 

WAT.  Results from these experiments will be used to show the importance of proper 

application of these herbicides, especially when tobacco and other susceptible crops are 

grown nearby. 

Nomenclature:  Dicamba; glufosinate; 2,4-D; tobacco, Nicotiana tabacum L. 

Key words:  herbicide resistant crops, spray drift. 
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INTRODUCTION 

 

According to the International Survey of Herbicide Resistant Weeds, there are 

currently 352 resistant biotypes, consisting of 197 species in over 420,000 fields worldwide.  

Also of note, the list of resistant weeds encompasses over 13 different known herbicide 

modes of action (Heap, 2011).  There are a number of agronomic practices that contribute to 

selection pressure on weed populations including; crop rotation, tillage, herbicide use, soil 

amendments, and mechanization of harvesting (Murphy and Lemerle 2006).  Herbicide use, 

however, has by far had the greatest impact on weed selection in recent years (Murphy and 

Lemerle 2006).  The introduction of transgenic crops has no doubt resulted in extensive 

changes in weed management and cropping systems.  Genetically modified crops have been 

adopted rapidly in North America (Murphy and Lemerle 2006) with over 62.5 million 

hectares grown in the United States including alfalfa (Medicago sativa L.), canola (Brassica 

napus), corn (Zea mays L.), cotton (Gossypium hirsutum L.), papaya (Carica papaya L.), 

soybean [Glycine max (L.) Merr.], squash (Cucurbita moschata), and sugar beet (Beta 

vulgaris subsp. vulgaris) (James 2008).   

Currently, the two transgene traits with herbicide resistance commercially available 

are LibertyLink® and Roundup Ready® with tolerance to glufosinate and glyphosate, 

respectively.  Glyphosate can be applied to Roundup Ready® crops from emergence through 

flowering to control emerged weeds (Anonymous 2010).  Therefore, growers can apply a 

single herbicide at elevated rates of active ingredient and at multiple times during the 

growing season without concern for injury to the crop (Owen and Zelaya 2005).   
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There was considerable debate when herbicide resistant crop technology was 

introduced concerning the probability of resistant biotypes developing (Benbrook 2001; 

Phipps and Park 2002).  Some argued that the adoption of this technology would reduce 

herbicide use (Phipps and Park 2002) while others suggested that it would actually increase 

(Benbrook 2001).  In reality, the number of different modes of actions applied has declined, 

thus facilitating population shifts in weed communities and the evolution of herbicide-

resistant biotypes (Conner et al. 2003; Owen and Zelaya 2005).   

The most important selective forces on a weed community in an agro-ecosystem are 

the tillage and herbicide regimes (Diggle et al. 2003; Murphy and Lemerle 2006).  One study 

considered different tillage systems that caused weed population shifts and revealed that a 

no-till system caused the most rapid and dramatic shift in the weed community (Tuesca et al. 

2001).  The same type of shift can also be the product of a drastic change in the herbicide 

program of a cropping system (Owen and Zelaya 2005).  For instance, studies evaluating 

weed populations in glyphosate tolerant crop systems have shown that weed diversity was 

dependent upon the number of herbicide applications per season and geographic location 

(Owen and Zelaya 2005).  Reasons for an increase in weed species diversity may be a result 

of a single application controlling the dominant species, thereby providing an opportunity for 

other species to flourish (Owen and Zelaya 2005).   

The current situation with resistance of specific weeds to glyphosate, is attributed to 

creeping resistance, a result of reduced herbicide rates, and is likely to include multiple genes 

(Owen and Zelaya 2005).  Therefore, with the inevitability of evolved resistance, it is crucial 
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to implement alternative approaches to delay or defer the development of resistant weed 

populations.  Numerous tactics have been suggested to address this problem including the 

alternation of low and high herbicide rates, the rotation of herbicides with different modes of 

action, or the use of herbicides in combination (Diggle et al. 2003).   

Cultivars are currently being developed that tolerate topical applications of dicamba and 2,4-

D (Sauer 2010).  Dicamba and 2,4-D are both synthetic auxins, meaning they mimic the plant 

growth hormone indole-3-acetic acid (IAA), disrupting growth and development processes, 

and eventually causing plant death (Senseman 2007).  Auxins control a large spectrum of 

broadleaf weeds, including key weeds that have evolved resistance to glyphosate (Green and 

Owen 2010).  Development of this technology provides growers with alternatives to 

LibertyLink® and Roundup Ready® systems.  However, it is important to use this 

technology correctly in order to help growers battle glyphosate resistant weed problems and 

sustain the usability of glyphosate resistant traits (Green and Owen 2010).   

While selection pressure and increased incidence of herbicide resistant weeds are 

enormous issues, there are other concerns associated with new tolerant crop cultivars.  One 

major concern is the off target movement or drift of those herbicides onto sensitive adjacent 

crops.  Herbicides such as dicamba, glufosinate, and 2,4-D can cause damage to non-target 

plants due to physical drift or volatilization (Bayley et al. 1992; Behrens and Lueschen 1979;  

Ramsdale and Messersmith 2001; Sciumbato et al. 2004a; Sciumbato et al. 2004b; Sciumbato 

et al. 2005)  and reduce crop yield (Al-Khatib and Peterson 1999; Andersen et al. 2004; 

Brown et al. 2009; Burke et al. 2005; Everitt and Keeling 2009; Fagliari et al. 2005; Lassiter 
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et al. 2007; Sciumbato et al. 2004a; Sciumbato et al. 2004b; Vangessel and Johnson 2005; 

Wax et al. 1969). 

In the United States, North Carolina is the largest flue-cured tobacco producing state 

with 2009 acreage totaling 70,400 hectares (Brown and Snell 2010).  North Carolina 

produced 189.8 million kg of the 234.3 million kg grown in the United States in 2009 with a 

gross value of $749 million (Brown and Snell 2010; NCDA).  For many years the United 

States has had the reputation of producing the world’s best flue-cured tobacco due to soils, 

climate, and experienced production (Collins and Hawks 1993).  Farmers in over 100 

countries depend on tobacco as a major source of cash income as does an entire industry, 

from a diverse manufacturing sector to distribution and retail outlets.  This has caused 

tobacco to become one of the most economically important agricultural crops in the 

international marketplace during the twentieth century (Peedin 1999).   

Although tobacco plays an important economic role for the area in which it is grown, 

producers may choose to grow other crops in order to diversify their operations (Beach et al. 

2008).  With advancing technology, new lines of common rotational crops on NC tobacco 

farms will have tolerance to herbicides such as dicamba, glufosinate, and 2,4-D and tobacco 

is sensitive to all three (Bayley et al. 1992; Johnson 2009).  The increased use of those 

particular herbicides in order to eliminate certain weed resistance problems can be beneficial 

for the farmer in some ways and detrimental in others.  The effects of a possible spray drift 

event of these herbicides are a realistic concern for both the farmers that grow the tolerant 

row crops and the producer of the tobacco (Bayley et al. 1992; Johnson 2009). 
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Although information regarding effects of simulated drift in various crops is abundant 

(Al-Khatib and Peterson 1999; Andersen et al. 2004; Brown et al. 2009; Burke et al. 2005; 

Everitt and Keeling 2009; Fagliari et al. 2005; Lassiter et al. 2007; Sciumbato et al. 2004a; 

Sciumbato et al. 2004b; Vangessel and Johnson 2005; Wax et al. 1969), published data on 

yield response to simulated drift of sub-lethal rates of herbicides on tobacco is limited.  

Burke et al. (2005) reported yield and physiological response of flue-cured tobacco to sub-

lethal rates of glyphosate.  As expected, as glyphosate rate increased, interveinal chlorosis 

and plant stunting also increased while yield of tobacco decreased.  There was also a 

reduction in market grades in response to glyphosate because it continued to translocate in 

the phytotoxic form, thereby injuring the valuable upper leaves of the tobacco plants (Burke 

et al. 2005). 

Tomato (Lycopersicon esculentum), which is in the same family as tobacco, is a crop 

considered to be very sensitive to 2,4-D.  A two-season study demonstrated a linear decline 

in tomato (Lycopersicon esculentum) yield as sub-lethal rates of 2,4-D increased (Fagliari et 

al. 2005).  The significant losses caused by sub-lethal doses of 2,4-D may be related both to 

the systemic nature of phenoxy herbicides and to source-sink balance.  Some of the injury 

observed included drop or abortion of flowers and flowering buds as well as moderate leaf 

curling and stem epinasty (Fagliari et al. 2005). 

 Research in Florida reported similar response of pepper (Capsicum spp.), also in the 

same family as tobacco, to 2,4-D and dicamba and a linear decline in total yield was noted 

with increasing herbicide rate.  Observations with the study that looked at timing of 
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applications suggested that the significant depression of yield by sub-lethal rates of auxin 

herbicides may be related to their effects on reproductive development (Gilreath et al. 2001).   

Research with picloram, another auxin mimic herbicide, (Klingman and Guedez 

1967) has found that tobacco injury may be caused by soil residues, accidental spraying, or 

spray drift.  A study was conducted to determine the tolerance of tobacco to picloram at 

different rates and various times of application (Klingman and Guedez 1967).  After 

analyzing the chemical constituents of the tobacco, they found a significant change in the 

percent nicotine and in total sugars.  Specifically, the more serious the tobacco was damaged 

by the picloram the higher the nicotine content and the lower the total sugars (Klingman and 

Guedez 1967).  Applications after transplanting reduced tobacco yield (by 50%) however, no 

other applications at the other growth stages reduced yield (Klingman and Guedez 1967).    

 Fung et al. (1973) conducted a similar study using the amine formulation of 2,4-D in 

order to develop a chemical method to determine the residue level in the plants to be able to 

identify the compound in a drift event.  Tobacco plants that were 5-8 cm high, referred to as 

the early vegetative stage, displayed symptoms of 2,4-D exposure at the one ppm application 

rate.  At the budding stage, 2,4-D at a 100 ppm application rate caused characteristic bending 

or distortion of the upper stem and epinasty of younger leaves. Not surprisingly, researchers 

found that the amount of 2,4-D required to cause damage varied with the stage of 

development, which may be explained by considering the active growing regions at a given 

stage.  It was concluded that young plants are usually more susceptible to auxin herbicides 

than mature plants (Fung et al. 1973).    
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 Reduced quality and yield is not the only concern when assessing the impact of a 

herbicide drift event on tobacco.  After a drift event and certainly following misapplication of 

herbicides, residue levels in the leaf could be elevated.  Maximum residue levels (MRLs) for 

pesticides have been established in several countries for various crops including tobacco 

and/or products made from tobacco (Mueller and Ward 1999).  There are allowable limits or 

maximum residue levels for certain agrochemicals, however there are discrepancies among 

different researchers with ranges of 0.20 to 5.0 ppm for 2,4-D and dicamba residues in 

tobacco (CORESTA 2008; Seltmann et al. 1989; USDA 2009).  The persistence and 

presence of residues in plants depend on a number of factors including chemical and 

biological properties of the molecule, application of the correct dose, environmental 

conditions, as well as crop storage and processing of the plant (Mueller and Ward 1999).  For 

example, cured leaves can have significantly reduced residue amounts when compared to 

green tissue (Mueller and Ward 1999).  This aspect is particularly important for tobacco and 

tobacco products.  The consequences of having high residue levels of a non-labeled product 

in the tobacco leaf, whether it is green or cured tobacco, could result in an unmarketable 

product (Mueller and Ward 1999).     

The focus of this research was to evaluate the effects of simulated drift rates of one 

commonly used herbicide in transgenic resistant crops, glufosinate, and two herbicides in 

development for transgenic resistant crops, 2,4-D and dicamba, on flue-cured tobacco.   
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MATERIALS AND METHODS 

 

 Experiments were conducted in North Carolina at the Upper Coastal Plain Research 

Station near Rocky Mount and the Cunningham Research Station near Kinston during 2009 

and 2010.  Soils at Rocky Mount and Kinston were a Norfolk loamy sand (fine-loamy, 

kaolinitic, thermic Typic Kandiudults).  Tobacco
1
 was transplanted in mid to late April 

during both years.  Production and pest management practices based on Cooperative 

Extension recommendations were followed to optimize crop yield and to maintain crops pest 

free.  Plot size was one row (122-cm spacing) by 12 m.  Non-treated rows were included 

between treated rows to minimize movement of herbicide to other treated rows. 

Treatments consisted of five sub-lethal rates of dicamba
2
, glufosinate

3
, and 2,4-D

4
 

applied when tobacco was approximately 60 cm tall.  The timing of the application was 

chosen to coincide with a weed control application in adjacent GMO crops.  Five sequential 

rates were calculated beginning with the manufacturer’s suggested use rate for dicamba (280 

g ai/ha), glufosinate (604 g ai/ha), and 2,4-D (540 g ai/ha).  Rates for glufosinate relative to 

the manufacturer’s suggested use rate included 1/2, 1/4, 1/8, 1/16, and 1/32 equivalent to 

302, 123, 63, 31, and 16 g/ha, respectively.  Rates for dicamba and 2,4-D relative to the 

manufacturer’s suggested use rate were 1/2, 1/8, 1/32, 1/128, and 1/512 equivalent to 140, 

41, 11, 3, and 0.6 g/ha for dicamba and 269, 78, 20, 5, and 1 g/ha for 2,4-D.  A non-treated 

control was also included.  Herbicides were applied in 140 L/ha using 8002 nozzles
5
 at 145 

kPa.   
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Visual estimates of percent crop injury were recorded one and two weeks after 

treatment (WAT) using a scale of 0 (no injury) to 100 (complete plant death).  Foliar 

chlorosis, necrosis, and plant stunting were considered when making the visual estimates.  

Digital images were taken one and two WAT in order to record injury symptomology.  In 

2009 samples of cured leaves were taken and analyzed to determine residues of dicamba, 

glufosinate, and 2,4-D in the harvested leaves.  Green leaf tissue samples were taken in 2010 

one WAT in order to determine residue levels when symptomology first became visible. 

The preparation method for these samples was based on the QuEChERS (quick, easy, cheap, 

effective, rugged, and safe) technique (Anastassiades et al. 2003). The samples were 

processed with a solid-phase extraction (SPE) procedure and analysis performed using a high 

performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS) method 

(Anastassiades et al. 2003). 

The single treated row was harvested, cured, and graded.  Yield data were recorded 

along with USDA grades (Fisher and Smith 2011) for each plot.  USDA grades were 

converted to a grade index and price (Fisher and Smith 2011). 

The experimental design was a randomized complete block with treatments replicated 

four times.  Data for visual estimates of percent crop injury, crop yield, value per acre, 

percent nicotine, and percent reducing sugars were subjected to analysis of variance to 

determine if data could be pooled over experiments (year/location combination) using the 

PROC GLM procedure in SAS
6
.  Data were analyzed by experiment for each herbicide and 

were tested for linear, quadratic, and cubic functions for injury one WAT or two WAT, crop 
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yield, value, quality, total alkaloid percentage, and reducing sugar percentage versus 

herbicide rate (g/ha).  Data for visual estimates of percent crop injury were transformed for 

the arcsine square root to normalize data.  Means were separated using Fisher’s Protected 

LSD test at p < 0.05. 
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RESULTS AND DISCUSSION 

 

The interaction of experiment by herbicide rate was significant for most parameters.  

Therefore, data are presented by experiment.   

Visual injury ratings associated with tobacco yield loss from dicamba ranged from 45 

to 76% and 50 to 95% at one and two WAT, respectively (Figure 1).  Symptomology of 

tobacco treated with sub-lethal rates of dicamba were severe leaf cupping and curling as well 

as stem epinasty with the majority of injury symptoms concentrated in the top of the plants.  

Sub-lethal rates of dicamba reduced tobacco yield at all locations both years at the 1/2 (140 

g/ha) rate (Figure 1).  Significant linear and quadratic regressions were noted for yield versus 

herbicide rate at one and three locations, respectively (Figure 1).  

Visual injury ratings associated with tobacco yield loss from glufosinate ranged from 

60 to 90% and 47 to 95% at one and two WAT, respectively (Figure 2).  Symptomology of 

tobacco treated with sub-lethal rates of glufosinate were severe chlorosis of the leaves with 

necrosis at the higher rates however, new tissue formed normally.  Glufosinate reduced 

tobacco yield at the 1/2 (302 g/ha) rate at all locations both years (Figure 2).  In 2010 tobacco 

yield was reduced by the 1/4 (123 g/ha) and 1/8 (63 g/ha) rates of glufosinate at one location 

(Figure 2). Significant linear and quadratic regressions were noted for yield versus herbicide 

rate at one and three locations, respectively (Figure 2).   

 Visual injury ratings associated with yield loss from 2,4-D ranged from 15 to 75% 

and 33 to 89% at one and two WAT, respectively (Figure 3).  2,4-D symptomology 
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associated with yield loss was cupping of upper leaves and stunting of the plants.  Sub-lethal 

rates of 2,4-D only resulted in a yield reduction at one location each in 2009 and 2010 at the 

1/2 (269 g/ha) rate (Figure 3).  Significant linear regressions were noted for yield versus 

herbicide rate at three of the four locations (Figure 3).   

Correlations between visual injury one and two WAT and yield were significant for 

all herbicides; the strongest correlation coefficient was that of dicamba and glufosinate -0.62 

to -0.50 and -0.60 to -0.58, one and two WAT, respectively (Table 2).  The negativity of 

these data imply that as dicamba and glufosinate injury increases, tobacco yield decreases 

and the absolute value of these coefficients being near 0.6 suggests dicamba and glufosinate 

injury early on is a moderate indicator of tobacco yield (Ott and Longnecker 2001).  Also, 

significant correlations and moderate coefficients of yield versus value per hectare suggest 

that dicamba, glufosinate, and 2,4-D treatments with coefficients of 0.67, 0.60, and 0.75, 

respectively, are moderate indicators of the value of the tobacco based on yield.  

Glufosinate did not affect tobacco quality in 2009 or 2010 (Figure 5).  The highest 

rate of dicamba (140 g/ha) decreased quality at one location in 2009 and 2010 (Figure 5).  

Significant linear regressions were noted for quality versus herbicide rate for two of the four 

locations (Figure 5).  The highest rate of 2,4-D (269 g/ha) reduced tobacco quality at the 

same location in 2009 and 2010 (Figure 5).  Significant cubic and linear regressions were 

noted each at one of the four locations (Figure 5).  Tobacco quality encompasses a range of 

factors, which can be classified into three areas: visible and detectable criteria, physical 

criteria, and chemical criteria (Tso 1990).  An event that results in non-labeled chemicals on 
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the leaf such as a drift or misapplication has the potential to affect all three of the criteria 

groups.   Grades of tobacco are based on class, type, group, quality and color and that grade 

is directly reflected in the value of the crop (Collins and Hawks 1993).  

Tobacco value measures both yield and quality. In 2009 the highest rate of all 

herbicides reduced tobacco value (Figure 4).  Dicamba and glufosinate affected leaf value in 

a linear manner each at one of four locations while significant cubic and linear regressions 

were noted for 2,4-D at one and two locations, respectively (Figure 4).  Value was not 

affected by herbicide treatments in 2010.   

Dicamba did not affect total alkaloid percentages in the leaves.  Glufosinate and 2,4-

D increased and decreased total alkaloid percentages at the highest rate, respectively (Figure 

6).  Also at the 1/32 (20 g/ha) rate of 2,4-D, total alkaloid percentages decreased when 

compared to the non-treated check (Figure 6).  Total alkaloids in the leaves are dependent 

upon environmental conditions, cultural practices, improved plant growth and minimizing 

internally or externally induced stress (Bush 1999).  Research has shown that removing 

apical dominance by topping the tobacco plant stimulates root growth.  The increase in root 

growth also increases the plant’s ability to absorb nutrients and to synthesize nicotine 

(Collins and Hawks 1993).  Even though it appeared treatments such as dicamba and 2,4-D 

chemically topped the plant, total alkaloid percentages did not reflect a significant difference 

as a result of those treatments. 

At both locations in 2010, dicamba at the high rate decreased the reducing sugar 

content as compared to the non-treated control (Figure 7).  Significant linear regressions were 
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noted for dicamba at three of the four locations for reducing sugar percentage versus 

herbicide rate (Figure 7).  Glufosinate decreased reducing sugar percentages at one location 

in 2009 and 2010 at the high rate (Figure 7).  Significant linear regressions were noted for 

glufosinate treatments at two of the four locations for reducing sugar percentage versus 

herbicide rate (Figure 7).  At one location in 2010 the high rate of 2,4-D (269 g/ha) decreased 

reducing sugar percentages when compared to the non-treated check (Figure 7).  At one of 

four locations a significant linear regression was noted for reducing sugar percentage versus 

herbicide rates (Figure 7).  The sugar content of tobacco can be correlated with quality within 

the range of 12 to 25 percent reducing sugars (Collins and Hawks 1993).  Although there 

were differences among treatments when considering the reducing sugar percentages, the 

range was consistent with marketable levels.  Therefore, reducing sugar percentages cannot 

be directly attributed to quality differences as a result of sub-lethal herbicide applications.    

Lab testing to analyze levels of dicamba, glufosinate, and 2,4-D residues in cured 

tobacco leaves found that for all herbicides at all rates residue levels were below the 

detectable limit in 2009 (data not shown).  A study looking at the absorption and 

translocation of carboxyl –C
14

-labeled 2,4-D in corn and wheat plants found that this growth 

regulator is absorbed by the monocots but at a slower rate in comparison with dicots.  At 

least a part of the applied 2,4-D was incorporated in a few days into other unknown 

compounds (Fang and Butts 1954).  Residue levels depend on a number of different factors 

including molecular makeup of the chemical, environmental conditions, as well as storage 

and processing by the plant.  Cured leaves can have significantly reduced residue amounts 
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when compared to green tissue (Mueller and Ward 1999).  When considering the herbicides 

used in the treatments, dicamba and 2,4-D are systemic herbicides and move to the 

meristematic or growing region of the plant.  Consequently glufosinate is a contact herbicide 

and only effects plant material that is directly ‘contacted’ by the herbicide.  Ruhland et al. 

(2004) found that 65-90% of the glufosinate applied to the leaves was lost, mainly by 

precipitation and microbiological activity.  Treatments were applied according to a time 

frame that would warrant weed control applications in adjacent herbicide resistant crops, 

which was early to mid-June when tobacco plants where approximately 60 cm tall with 12-14 

leaves.  Plants were topped approximately three to four weeks after application, which could 

explain the lack of residues with dicamba and 2,4-D treatments since the majority of the 

herbicide in the leaf would have translocated to the top of the plant towards the actively 

growing tissue and would have been removed with topping.   
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SOURCES OF MATERIALS 

 
1
NC 71, Gold Leaf Seed Company, Hartsville, SC 29550. 

 
2
Dicamba, Clarity® herbicide, BASF Corporation, Research Triangle Park, NC 27709. 

3
Glufosinate, Ignite 280® herbicide, Bayer Cropscience, Research Triangle Park, NC 27709. 

4
 2,4-D, Weedar 64® herbicide, Nufarm Americas Inc., Burr Ridge, IL 60527. 

5 
Teejet® TP8002EVS nozzles, Spraying Systems Co., Wheaton, IL 60189. 

6
SAS Institute Inc., Cary, NC 27513. 
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Table 1.  Pearson correlations among visual injury, yield, and leaf constituents of tobacco.  Data are 

pooled over years and locations. 

Variable P > F Regression Coefficient 

Dicamba   

Injury 1 WAT vs. Yield <0.0001 -0.62 

Injury 2 WAT vs. Yield <0.0001 -0.50 

Injury 1 WAT vs. Value/ha 0.0147 -0.25 

Injury 2 WAT vs. Value/ha 0.0894 -0.18 

Yield vs. Value/ha <0.0001 0.67 

Injury 1 WAT vs. Total alkaloid 0.3736 -0.09 

Injury 2 WAT vs. Total alkaloid 0.0324 -0.22 

Yield vs. Total alkaloid 0.4081 0.09 

Injury 1 WAT vs. Reducing sugars 0.0083 -0.27 

Injury 2 WAT vs. Reducing sugars 0.3998 -0.09 

Yield vs. Reducing sugars 0.0309 0.22 

Injury 1 WAT vs. Quality 0.0115 -0.26 

Injury 2 WAT vs. Quality 0.0267 -0.23 

Yield vs. Quality 0.0023 0.31 

   

Glufosinate   

Injury 1 WAT vs. Yield <0.0001 -0.60 

Injury 2 WAT vs. Yield <0.0001 -0.58 

Injury 1 WAT vs. Value/ha 0.0235 -0.23 

Injury 2 WAT vs. Value/ha 0.0209 -0.24 

Yield vs. Value/ha <0.0001 0.60 

Injury 1 WAT vs. Total alkaloid 0.1179 0.16 

Injury 2 WAT vs. Total alkaloid 0.0004 0.36 

Yield vs. Total alkaloid 0.1350 -0.15 

Injury 1 WAT vs. Reducing sugars 0.1087 -0.17 

Injury 2 WAT vs. Reducing sugars 0.0008 -0.34 

Yield vs. Reducing sugars 0.0796 0.18 

Injury 1 WAT vs. Quality 0.3457 -0.10 

Injury 2 WAT vs. Quality 0.0207 -0.24 

Yield vs. Quality 0.0666 0.19 

   

2,4-D   

Injury 1 WAT vs. Yield <0.0001 -0.39 

Injury 2 WAT vs. Yield <0.0001 -0.44 

Injury 1 WAT vs. Value/ha 0.0028 -0.30 

Injury 2 WAT vs. Value/ha 0.0021 -0.31 

Yield vs. Value/ha <0.0001 0.75 

Injury 1 WAT vs. Total alkaloid 0.0284 -0.22 

Injury 2 WAT vs. Total alkaloid 0.2581 -0.12 

Yield vs. Total alkaloid 0.0123 0.25 

Injury 1 WAT vs. Reducing sugars 0.6414 -0.05 

Injury 2 WAT vs. Reducing sugars 0.3381 -0.10 

Yield vs. Reducing sugars 0.7311 0.04 

Injury 1 WAT vs. Quality 0.0806 -0.18 

Injury 2 WAT vs. Quality 0.0281 -0.22 

Yield vs. Quality 0.0050 0.28 
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Figure 1.  Tobacco injury 1 and 2 WAT and yield following 

application of dicamba. (RM=Rocky Mount and KN=Kinston) 

RM 2009:  Y=0.925X-0.0042X2+22.3, p=0.0078, r2=0.80, LSD (0.05)=13   

KN 2009:  Y=1.3X-0.00625X2+12.9, p=<0.0001, r2=0.97, LSD (0.05)=6 

RM 2010:  Y=1.24X-0.0068X2+5.7, p=0.0003, r2=0.78, LSD (0.05)=14 

KN 2010:  Y=0.304X+14.1, p=<0.0001, r2=0.72, LSD (0.05)=13 

RM 2009:  Y=0.236X+49.5, p=0.0002, r2=0.54, LSD (0.05)=19 

KN 2009:  Y=7.5X-0.189X2+0.00099X3+33.8, p=0.0138, r2=0.57, LSD (0.05)=6 

RM 2010:  Y=0.768X-0.0033X2+7.2, p=0.0013, r2=0.90, LSD (0.05)=7 

KN 2010:  Y=0.658X-0.0019X2+5.2, p=0.0572, r2=0.92, LSD (0.05)=10 

RM 2009:  Y=-12.9X + 2679, p<0.0001, r2=0.59, LSD (0.05)=755  

KN 2009:  Y=-5.5X + 2695, p=0.0311, r2=0.20 , LSD (0.05)=576 

RM 2010:  Y=-13.3X + 3419X, p=0.0088, r2=0.27, LSD (0.05)=1616 

KN 2010:  Y=-6.2X + 2819, p<0.0001, r2=0.60 , LSD (0.05)=392 
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RM 2009:  Y=-4.5X + 3087, p=0.0028, r2=0.34, LSD (0.05)= 894 

KN 2009:  Y=-2.6X + 3097, p=0.0316, r2=0.19, LSD (0.05)= 733 

RM 2010:  Y=-8.6X + 3884, p=0.0004, r2=0.44, LSD (0.05)= 1697 

KN 2010:  Y=-9.1X + 0.013X2
 

+ 2867, p=0.0397, r2=0.84, LSD (0.05)=377  

RM 2009:  Y=-1.75X+0.0204X
2
-0.000047X

3
+75.3, p=0.0140, r

2
=0.64, LSD (0.05)=22 

KN 2009:  Y=-0.086X+0.00688X
2
-0.0000187X

3
+7.6, p=0.0037, r

2
=0.97, LSD (0.05)=8 

RM 2010:  Y=0.4933X-0.0007X
2
-10.3, p=<0.0001, r

2
=0.99, LSD (0.05)=4 

KN 2010:  Y=0.4935X-0.00077X
2
-4.2, p=0.0155, r

2
=0.90, LSD (0.05)=12 

RM 2009:  Y=0.63X-0.0014X2+19.0, p=0.0003, r2=0.82, LSD (0.05)= 14  

KN 2009:  Y=0.98X-0.0022X2-9.3, p=<0.0001, r2=0.94, LSD (0.05)=13 

RM 2010:  Y=0.485X-0.00068X2-8.9, p=0.0014, r2=0.97, LSD (0.05)=7 

KN 2010:  Y=0.581X-0.0012X2+25.2, p=0.0017, r2=0.82, LSD (0.05)=16 

Figure 2.  Tobacco injury 1 and 2 WAT and yield following 

application of glufosinate. (RM=Rocky Mount and KN=Kinston) 
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Figure 3.  Tobacco injury 1 and 2 WAT and yield following 

application of 2,4-D. (RM=Rocky Mount and KN=Kinston) 

RM 2009:  Y=-3.9X + 2939, p=0.004, r2=0.32 , LSD (0.05)=NS 

KN 2009:  Y=-3.3X + 2983, p=0.0290, r2=0.20 , LSD (0.05)=348 

RM 2010:  Y=-6.9X + 3824, p=0.0032, r2=0.33 , LSD (0.05)=1474 

KN 2010:  Y=-0.807X + 2785, p=0.3486, r2=-0.0036 , LSD (0.05)=NS 

RM 2009:  Y=0.125X+7.6, p=<0.0001, r2=0.69, LSD (0.05)=13  

KN 2009:  Y=0.0056X+0.00091X2+5.9, p=<0.0001, r2=0.99, LSD (0.05)=4 

RM 2010:  Y=0.021X+0.000148X2-0.17, p=0.0358, r2=0.95, LSD (0.05)=2   

KN 2010:  Y=-0.0069X+0.000395X2+0.8, p=0.0034, r2=0.94, LSD (0.05)=6 

RM 2009:  Y=0.132X+18.2, p=0.0007, r2=0.48, LSD (0.05)=23 

KN 2009:  Y=1.43X-0.0197X2+0.000058X3-0.5, p=<0.0001, r2=0.99, LSD (0.05)=4 

RM 2010:  Y=-0.0069X+0.00049X2-0.003, p=<0.0001, r2=0.97, LSD (0.05)=3 

KN 2010:  Y=-0.0069X +0.000395X2+0.8, p=0.0034, r2=0.94, LSD (0.05)=4 
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RM 2009:  Y=-11.82X+2515, p=0.0009, r2=0.40, LSD (0.05)=1046   

KN 2009:  Y=NS, LSD (0.05)=NS 

RM 2010:  Y=NS, LSD (0.05)=NS 

KN 2010:  Y=NS, LSD (0.05)=NS 

RM 2009:  Y=49.7X-1.07X2+0.0032X3+3283, p=0.0435, r2=0.52, LSD (0.05)=1182 

KN 2009:  Y=-3.76X+3353, p=0.0163, r2=0.24, LSD (0.05)=NS 

RM 2010:  Y=-9.35X+4648, p=0.0376, r2=0.18, LSD (0.05)=NS 

KN 2010:  Y=NS, LSD (0.05)=NS 

RM 2009:  Y=-5.02X+3288, p=0.0136, r2=0.25, LSD (0.05)=1264 

KN 2009:  Y=NS, LSD (0.05)=NS 

RM 2010:  Y=NS, LSD (0.05)=NS 

KN 2010:  Y=NS, LSD (0.05)=NS 

 

RM 2010: 

KN 2010:   

Figure 4.  Tobacco value per hectare as influenced by applications 

of dicamba, glufosinate, and 2,4-D. (RM=Rocky Mount and 

KN=Kinston) 
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Figure 5.  Tobacco quality as influenced by dicamba, glufosinate, 

and 2,4-D.  (RM=Rocky Mount and KN=Kinston) 

RM 2009:  Y=NS, LSD (0.05)=NS 

KN 2009:  Y=-0.04496X+77.08, p=0.0142, r2=0.24, LSD (0.05)=6.37 

RM 2010:  Y=-0.0867X+76.53, p=0.0496, r2=0.16, LSD (0.05)=15.57 

KN 2010:  Y=NS, LSD (0.05)=NS 

RM 2009:  Y=NS, LSD (0.05)=NS 

KN 2009:  Y=NS, LSD (0.05)=NS 

RM 2010:  Y=NS, LSD (0.05)=NS 

KN 2010:  Y=NS, LSD (0.05)=NS 

RM 2009:  Y=0.000035X-0.01173X2+0.66554X3+68.27, p=0.0368, r2=0.24, LSD (0.05)=11.41 

KN 2009:  Y=NS, LSD (0.05)=NS 

RM 2010:  Y=-0.004402X+80.23, p=<0.0001, r2=0.59, LSD (0.05)=5.43 

KN 2010:  Y=NS, LSD (0.05)=NS 
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Figure 6.  Total alkaloid percentages of cured leaf as influenced by 

dicamba, glufosinate, and 2,4-D.  (RM=Rocky Mount and 

KN=Kinston) 

RM 2009: Y=NS, LSD (0.05)=NS  

KN 2009:  Y=NS, LSD (0.05)=NS 

RM 2010:  Y=NS, LSD (0.05)=0.39 

KN 2010:  Y=NS, LSD (0.05)=NS 

RM 2009:  Y=NS, LSD (0.05)=NS 

KN 2009:  Y=-0.03X2+0.0004X2-0.0000012X3+2.9, p=0.0457, r2=0.46, LSD (0.05)=0.37 

RM 2010:  Y=NS, LSD (0.05)=NS 

KN 2010:  Y=NS, LSD (0.05)=NS 

RM 2009:  Y=NS, LSD (0.05)=NS   

KN 2009:  Y=NS, LSD (0.05)=NS  

RM 2010:  Y=NS, LSD (0.05)=0.58 

KN 2010:  Y=NS, LSD (0.05)=0.39 
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Figure 7.  Reducing sugar percentage of cured leaf as influenced by 

dicamba, glufosinate, and 2,4-D.  (RM=Rocky Mount and 

KN=Kinston) 

RM 2009:  Y=NS, LSD (0.05)=NS  

KN 2009:  Y=NS, LSD (0.05)=NS 

RM 2010:  Y=-0.025X+15.4, p=0.0001, r2=0.49, LSD (0.05)=2.43 

KN 2010:  Y=NS, LSD (0.05)=NS 

RM 2009:  Y=-0.013X+14.3, p=0.0481, r2=0.17, LSD (0.05)=2.71   

KN 2009:  Y=NS, LSD (0.05)=NS 

RM 2010:  Y=-0.0138X+14.9, p=0.0436, r2=0.17, LSD (0.05)=2.80 

KN 2010:  Y=NS, LSD (0.05)=NS 

RM 2009:  Y=-0.0399X+13.6, p=0.0025, r2=0.35, LSD (0.05)= NS 

KN 2009:  Y=NS, LSD (0.05)=NS 

RM 2010:  Y=-0.029X+13.7, p=0.0413, r2=0.17, LSD (0.05)=2.42 

KN 2010:  Y=-0.0129X+17.6, p=0.0112, r2=0.26, LSD (0.05)=1.64 
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CHAPTER 2 

COTTON, PEANUT, AND SOYBEAN RESPONSE TO SUB-LETHAL RATES OF 

DICAMBA, GLUFOSIANTE, AND 2,4-D 

 

Jenny Johnson, Loren R. Fisher, David L. Jordan, Keith L. Edmisten, Alexander M. Stewart, 

and Alan C. York

 

Development and utilization of dicamba, glufosinate, and 2,4-D resistant crop 

cultivars potentially will have a significant influence on weed management in the southern 

United States.  However, off-site movement to adjacent non-tolerant crops and other plants is 

a concern in many areas of eastern North Carolina and other portions of the southeastern 

United States, especially where sensitive crops are grown.  Cotton, peanut, soybean, and 

many vegetable crops not resistant to these herbicides most likely will be grown in close 

proximity, and applicators will need to consider potential adverse effects on non-resistant 

crops when these herbicides are used.  Research was conducted with rates of glufosinate, 

dicamba and 2,4-D designed to simulate drift on cotton, peanut, and soybean to determine 

effects on yield and quality and to test correlations of visual estimates of percent injury with 

crop yield and a range of growth and quality parameters.  Experiments were conducted in 

North Carolina near Lewiston-Woodville, and Rocky Mount during 2009 and 2010.  Cotton 
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and peanut (Lewiston-Woodville and Rocky Mount) and soybean (two separate fields 

(Rocky Mount) during each year were treated with dicamba and the amine formulation of 

2,4-D at 1/2, 1/8, 1/32, 1/128, and 1/512 the manufacturer’s suggested use rate of 280 g ai/ha 

and 540 g ai/ha, respectively.  Glufosinate was applied at rates equivalent to 1/2, 1/4, 1/8, 

1/16, and 1/32 the manufacturer’s suggested use rate of 604 g ai/ha.  A wide range of visual 

injury was noted at both one and two weeks after treatment (WAT) for all crops.  Crop yield 

was reduced for most crops when herbicides were applied at the highest rate.  Although 

correlations of injury one and two WAT with yield were significant (p < 0.05), coefficients 

ranged from -0.25 to -0.50, -0.36 to-0.62, and -0.40 to -0.67 for injury one WAT versus yield 

for cotton, peanut, and soybean, respectively.  These respective crops had ranges of 

correlations of -0.17 to -0.43, -0.34 to -0.64, and -0.41 to -0.60 for injury two WAT.  Results 

from these experiments will be used to emphasize the need for diligence in application of 

these herbicides in close proximity to crops that are susceptible as well as the need to clean 

sprayers completely before spraying sensitive crops. 

Nomenclature:  Dicamba; glufosinate; 2,4-D; cotton, Gossypium hirsutum L.; peanut, 

Arachis hypogaea L.; soybean, Glycine max (L.) Merr. 

Key words:  herbicide resistant crops, spray drift. 
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INTRODUCTION 

 

According to the International Survey of Herbicide Resistant Weeds, there are 

currently 352 resistant biotypes, consisting of 197 species in over 420,000 fields worldwide.  

Also of note, the list of resistant weeds encompasses over 13 different known modes of 

action (Heap, 2011).  There are a number of agronomic practices that contribute to selection 

pressure on weed populations including; crop rotation, tillage, herbicide use, soil 

amendments, and mechanization of harvesting (Murphy and Lemerle 2006).  Herbicide use, 

however, has by far had the greatest impact on weed selection in recent years (Murphy and 

Lemerle 2006).  The introduction of transgenic crops has no doubt resulted in extensive 

changes in weed management and cropping systems.  Genetically modified crops have been 

adopted rapidly in North America (Murphy and Lemerle 2006) with over 62.5 million 

hectares grown in the United States including alfalfa (Medicago sativa L.), canola (Brassica 

napus), corn (Zea mays L.), cotton, papaya (Carica papaya L.), soybean, squash (Cucurbita 

moschata), and sugar beet (Beta vulgaris subsp. vulgaris) (James 2008).   

Currently, the two transgene traits with herbicide resistance commercially available 

are LibertyLink® and Roundup Ready® with tolerance to glufosinate and glyphosate, 

respectively.  Glyphosate can be applied to Roundup Ready® crops from emergence through 

flowering to control emerged weeds (Anonymous 2010).  Therefore, growers can apply a 

single herbicide at elevated rates of active ingredient and at multiple times during the 

growing season without concern for injury to the crop (Owen and Zelaya 2005).   

There was considerable debate when herbicide resistant crop technology was 
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introduced concerning the probability of resistant biotypes developing (Benbrook 2001; 

Phipps and Park 2002).  Some argued that the adoption of this technology would reduce 

herbicide use (Phipps and Park 2002) while others suggested that it would actually increase 

(Benbrook 2001).  In reality, the number of different modes of actions applied has declined, 

thus facilitating population shifts in weed communities and the evolution of herbicide-

resistant biotypes (Conner et al. 2003; Owen and Zelaya 2005).   

The most important selective forces on a weed community in an agro-ecosystem are 

the tillage and herbicide regimes (Diggle et al. 2003; Murphy and Lemerle 2006).  One study 

considered different tillage systems that caused weed population shifts and revealed that a 

no-till system caused the most rapid and dramatic shift in the weed community (Tuesca et al. 

2001).  This same type of shift can also be the product of a drastic change in the herbicide 

program of a cropping system (Owen and Zelaya 2005).  For instance, studies evaluating 

weed populations in glyphosate tolerant crop systems have shown that the weed diversity 

was dependent upon the number of herbicide applications per season and geographic location 

(Owen and Zelaya 2005).  Reasons for an increase in weed species diversity may be a result 

of a single application controlling the dominant species, thereby providing an opportunity for 

other species to flourish (Owen and Zelaya 2005).   

The current situation with the resistance of specific weeds to glyphosate, is attributed 

to creeping resistance, a result of reduced herbicide rates, and is likely to include multiple 

genes (Owen and Zelaya 2005).  Therefore, with the inevitability of evolved resistance, it is 

crucial to implement alternative approaches to delay or defer the development of resistant 
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populations.  Numerous tactics have been suggested to address this problem including the 

alternation of low and high herbicide rates, the rotation of herbicides with different modes of 

action, or the use of herbicides in combination (Diggle et al. 2003).   

Cultivars are currently being developed that tolerate topical applications of dicamba 

and 2,4-D (Sauer 2010).  Dicamba and 2,4-D are both synthetic auxins, meaning they mimic 

the plant growth hormone indole-3-acetic acid (IAA), disrupting growth and development 

processes, and eventually causing plant death (Senseman 2007).  Auxins control a large 

spectrum of broadleaf weeds, including key weeds that have evolved resistance to glyphosate 

(Green and Owen 2010).  Development of this technology provides growers with alternatives 

to LibertyLink® and Roundup Ready® systems.  However, it is important to use this 

technology correctly in order to provide new uses for existing herbicides as well as to help 

growers battle glyphosate resistant weed problems and sustain the usability of glyphosate 

resistant traits (Green and Owen 2010).    

While selection pressure and increased incidence of herbicide resistant weeds are 

enormous issues, there are other concerns associated with new tolerant crop cultivars.  One 

major concern is the off target movement or drift of those herbicides onto sensitive adjacent 

crops.  Herbicides such as glufosinate, dicamba, and 2,4-D can cause damage to non-targeted 

plants due to physical drift or volatilization (Bayley et al. 1992; Behrens and Lueschen 1979; 

Ramsdale and Messersmith 2001; Sciumbato et al. 2004a; Sciumbato et al. 2004b; Sciumbato 

et al. 2005) and reduce crop yield (Al-Khatib and Peterson 1999; Andersen et al. 2004; 

Brown et al. 2009; Burke et al. 2005; Everitt and Keeling 2009; Fagliari et al. 2005; Lassiter 
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et al. 2007; Sciumbato et al. 2004a; Sciumbato et al. 2004b; Vangessel and Johnson 2005; 

Wax et al. 1969). 

Lassiter et al. (2007) studied drift of glyphosate on peanut by applying sub-lethal 

rates of the manufacturer’s suggested use rate over top of peanut plants approximately four 

weeks after planting.  Loss of peanut yield was found to be highly correlated with visual 

observations of peanut injury (Lassiter et al. 2007).   

Another study looked at cotton yield and physiological response to simulated drift 

rates of glyphosate.  When cotton was at the four-leaf growth stage, the researchers applied 

an early postemergence application of glyphosate ranging from 8.7 to 1,250 g ai/ha 

representing 0.78 to 100% of the commercial use rate, respectively.  Visual estimates of 

injury were based on a summation of stunting, discoloration, and stand reduction and were 

taken 7 days after treatment (DAT) at all locations both years and 47 DAT at all locations 

one year.  As expected, visual injury one WAT increased at all locations with increasing 

glyphosate rates with symptoms mainly consisting of discoloration and stunting.  Cotton 

yield varied among treatments, but the overall conclusion was that nontransgenic cotton can 

tolerate drift rates of glyphosate at the four-leaf stage as high as 70 g ai/ha (Thomas et al. 

2005). 

Marple et al. (2008) studied cotton injury and yield as affected by simulated drift of 

2,4-D and dicamba.  They found that in general 2,4-D and dicamba injury symptoms were 

more severe when herbicides were applied at the three- to four- leaf stage compared with 

applications later in the season.  Dicamba caused slight stem and petiole epinasty with leaf 
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cupping and general chlorosis of developed leaves at the time of application.  Leaves that 

were not fully expanded at the time of dicamba treatment were stunted and distorted.  In 

addition, cotton growth after dicamba treatment exhibited shoot and petiole epinasty, as well 

as leaf cupping and stunting.  Plants treated with 2,4-D had similar injury to plants treated 

with dicamba; however, symptoms were more intense, with distinct strapping of the leaf.  

Symptoms caused by 2,4-D were evident at one WAT and intensified throughout the season; 

consequently, the recovery from 2,4-D injury was less than the recovery from dicamba 

injury.  This research revealed that plants were susceptible to both 2,4-D and dicamba drift; 

however, yields were reduced more when plants were exposed to 2,4-D. In addition, cotton is 

most susceptible to dicamba and 2,4-D exposure at early growth stages (Marple et al. 2008).   

Researchers looking at soybean response to simulated drift applied 1/100, 1/33, 1/10, 

and 1/3 of the recommended use rates of glyphosate, dicamba, glufosinate, and selected 

sulfonylureas at the two to three trifoliate growth stage.  Observations for injury symptoms 

and recovery were taken every week during the entire growing season and injury ratings were 

estimated every two weeks.  All rates of dicamba injured the soybean plants while only the 

two highest rates of glyphosate and glufosinate injured soybeans (Al-Khatib and Peterson 

1999). 

Miller et al. (2003) studied the response of non-glufosinate resistant cotton to reduced 

rates of glufosinate.  They found that injury symptoms after an application of glufosinate 

ranged from slight chlorosis to severe necrosis and plant death and that less response to 

glufosinate was observed as application timing was delayed.  Cotton was able to recover and 
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have a yield equivalent to non-treated cotton.  However, rates evaluated in this study are 

representative of those that would be expected in sprayer contamination or drift situations, 

and rates greater than 105 g/ha may result in more serious effects (Miller et al. 2003).   

In addition to physical drift, vapor drift specifically that of auxin herbicides, is not 

uncommon (Sciumbato et al. 2004b).  Volatilization and movement resulting in crop injury 

by 2,4-D and dicamba is well documented (Behrens and Lueschen 1979; Chang and Born 

1971; Sciumbato et al. 2004b).  As a result, application of synthetic auxin herbicides is 

restricted in some geographical areas (Sciumbato et al. 2004b).   

Everitt and Keeling (2009) attempted to correlate simulated 2,4-D and dicamba drift 

on cotton but found that in most cases visual estimates of injury overestimated yield 

reduction.  Marple et al. (2007) also found that post drift symptomology caused by most 

applied treatments was not a reliable indication of effect on yield.  Plants treated with 2,4-D 

and picloram were well correlated with yield loss however these injury ratings were later in 

the season, indicating that 2,4-D and picloram injury symptoms late in the growing season 

are highly correlated with yield reduction.  This research showed that cotton plants can 

sustain some plant injury without large reductions in yield (Marple et al. 2007).  This is not 

surprising because of the indeterminate growth habit of cotton and the ability of this crop to 

compensate for stress.  Following a drift or misapplication event farmers are interested in 

knowing the long term effects of herbicide injury on yield.  Developing data to correlate 

visual injury symptoms with yield would be beneficial in making additional management 

decisions.  Therefore, research was conducted to determine cotton, peanut, and soybean 
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sensitivity to sub-lethal rates of dicamba, glufosinate, and 2,4-D and to correlate visual injury 

symptoms with yield and other growth parameters.   
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MATERIALS AND METHODS 

 

 Experiments were conducted in North Carolina at the Upper Coastal Plain Research 

Station near Rocky Mount and the Peanut Belt Research Station near Lewiston-Woodville 

during 2009 and 2010.  Soil at Rocky Mount was Norfolk loamy sand (fine-loamy, kaolinitic, 

thermic Typic Kandiudults).  Soil at Lewiston-Woodville was a Goldsboro fine sandy loam 

(fine-loamy, siliceous, subactive, thermic Aquic Paleudults).  Soil pH ranged from 5.8 to 6.3 

and organic matter content ranged from 1.5 to 2.3%.  Cotton
1
, peanut (Isleib et al. 2006), and 

soybean
2
 were planted in early to mid-May in the same field at Rocky Mount during both 

years.  At Lewiston-Woodville, cotton
3
 and peanut

 
were evaluated during both years in 

separate fields.  Soybean
2
 was also evaluated in one additional field at Rocky Mount during 

both years.  Plot size was two rows (91-cm spacing) by 9 m.  Non-treated rows were included 

between treated rows to minimize movement of herbicide to other treatment rows.  

Production and pest management practices based on Cooperative Extension 

recommendations were followed to optimize crop yield and to maintain crops pest free.  A 

non-treated control was included.  

  Treatments consisted of five sub-lethal rates of dicamba
4
, glufosinate

5
, and 2,4-D

6
 

applied when cotton and soybean were 20 to 30 cm in height and when peanut was 15 to 20 

cm wide, approximately three weeks after crop emergence.  Five sequential rates were 

calculated with the manufactures suggested use rate for dicamba (280 g ai/ha), glufosinate 

(604 g ai/ha), and 2,4-D (540 g ai/ha).  Rates for glufosinate relative to the manufacturer’s 

suggested use rate included 1/2, 1/4, 1/8, 1/16, and 1/32 equivalent to 302, 123, 63, 31, and 
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16 g/ha.  Rates for dicamba and 2,4-D relative to the manufacturer’s suggested use rate were 

1/2, 1/8, 1/32, 1/128, and 1/512 equivalent to 140, 41, 11, 3, and 0.6 g/ha for dicamba and 

269, 78, 20, 5, and 1 g/ha for 2,4-D.  Herbicides were applied in 140 L/ha using 8002 

nozzles
7
 at 145 kPa.   

Visual estimates of percent crop injury were recorded one and two weeks after 

treatment (WAT) using a scale of 0 (no injury) to 100 (complete plant death).  Foliar 

chlorosis, necrosis, and plant stunting were considered when making the visual estimates.  

Digital images were taken one and two WAT in order to record injury symptomology.  After 

cotton defoliation, six plants from each cotton plot were plant mapped to determine fruiting 

patterns in 2009 and 2010.  Before harvesting peanut, pod mesocarp color was determined in 

mid to late September to compare pod maturity among treatments (Williams and Drexler 

1981).   The percentage of pods in the brown and black mesocarp color categories is 

considered mature and ready to dig (Jordan et al. 2005).  After digging, the peanuts were 

dried for 4 to 7 days in the field prior to harvest.  A 1-kg sample of pods was removed from 

each plot to determine percentages of total sound mature kernels (%TSMK), extra large 

kernels (%ELK), and fancy pods (%FP).  Final peanut and soybean yield was adjusted to 8 

and 15.7% moisture, respectively.  

The experimental design was a randomized complete block for each crop with 

treatments replicated four times.  Data for visual estimates of percent crop injury one and two 

WAT, crop yield, percentage of mature peanut pods (%MP), %TSMK, %ELK, %FP, cotton 

plant height, cotton monopodial bolls, cotton sympodial bolls, cotton total bolls, and cotton 
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total nodes were subjected to analysis of variance to determine if data could be pooled over 

experiments (year/location combination) using the PROC GLM procedure in SAS.
 8
  Data 

were analyzed by experiment for each herbicide and were tested for linear, quadratic, and 

cubic functions for injury one WAT or two WAT or crop yield versus herbicide rate (g/ha) 

for all crops.  Data for visual estimates of percent crop injury were transformed for the 

arcsine square root to normalize data.  Transformation did not affect data interpretation and 

therefore non-transformed data are presented.  Pearson correlation coefficients (Ott and 

Longnecker 2001) and P > F values were determined for injury one and two WAT versus 

crop yield, yield versus plant height (cotton), yield versus terminals removed (cotton), yield 

versus monopodial bolls (cotton), yield versus sympodial bolls (cotton), yield versus total 

bolls (cotton), yield versus total nodes (cotton), yield versus %MP (peanut), yield versus 

%TSMK (peanut), yield versus %ELK (peanut), and yield versus %FP (peanut) using the 

PROC CORR procedure in SAS.   
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RESULTS AND DISCUSSION 

 

The interaction of experiment by herbicide rate was significant for most parameters.  

Therefore, data are presented by experiment.   

Visual injury ratings associated with cotton yield loss one and two WAT for dicamba 

ranged from 50 to 63% and 47 to 75%, respectively (Figure 1).  At one and two WAT, 

significant regressions were noted for injury versus dicamba rate at all locations (Figure 1).  

Symptomology for dicamba accompanying cotton yield loss included stem epinasty, upward 

cupping, and curling of the top leaves as well as stunting.  These were typical injury 

symptoms according to the literature as well as a less severe response when visually 

compared to 2,4-D (Everitt and Keeling 2009).  Seed cotton yield was reduced at one 

location one year at the 1/2 (140 g/ha) and 1/8 (41 g/ha) rates of dicamba while yield was not 

affected in 2009 at either location (Figure 1).  Significant linear regressions were noted for 

yield versus herbicide rate at only one location (Figure 1).  

Visual injury ratings associated with yield loss one and two WAT for glufosinate 

ranged from 90 to 95% and 70 to 100%, respectively (Figure 2).  At one and two WAT 

significant, quadratic regressions were noted for injury versus glufosinate rate at three and 

four locations, respectively (Figure 2).  Symptomology of glufosinate treatments was 

characteristic of a contact herbicide with the older leaves burned and necrotic while the new 

tissue formed without any injury symptoms.  Sub-lethal rates of glufosinate applied to cotton, 

specifically the 1/2 (302 g/ha) rate reduced yield at one location in 2009 and both locations in 

2010 (Figure 2).  Also the 1/4 (123 g/ha) rate of glufosinate reduced seed cotton yield at one 
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location in 2010 (Figure 2).  Significant regressions were noted for yield versus herbicide 

rate at all locations (Figure 2).       

Visual injury ratings associated with yield loss one and two WAT for 2,4-D ranged 

from 10 to 80% and 36 to 90%, respectively (Figure 3).  At one and two WAT significant 

cubic regressions were noted for injury versus 2,4-D rates at all locations (Figure 3).  

Symptomology accompanying yield loss due to 2,4-D, was stunting, loss of apical 

dominance, strapping, and minor cupping at lower rates.  Other researchers (Marple et al. 

2008) have noted similar symptoms as well as a comparable but more severe response to 2,4-

D than dicamba at sub-lethal rates.  Cotton showed severe sensitivity to sub-lethal rates of 

2,4-D resulting in a yield loss at the 1/2 (269 g/ha), 1/8
 
(78 g/ha), and 1/32 (20 g/ha) rates at 

one location in 2009 and both locations in 2010 (Figure 3).  In 2010, the two lowest rates of 

2,4-D applied (5 and 1 g/ha) reduced seed cotton yield at one location (Figure 3).  At three of 

the four locations, significant linear regressions were noted for yield versus herbicide rate 

(Figure 3).   

Correlations between injury one WAT and two WAT and cotton yield were 

significant for glufosinate and 2,4-D (Table 1).  For dicamba, the correlations of injury one 

WAT and cotton yield was significant, however, correlations of injury two WAT were not 

significant (Table 1).  Coefficients for all three herbicides ranged from -0.25 to -0.50 and the 

negativity of the numbers indicates that as visual injury increases, yield decreases, however, 

because the absolute value of those numbers are not greater than 0.6 we observed there was 

very little trend (Ott and Longnecker 2001).  Therefore, these data suggest use of 
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symptomology early in the season was a poor indicator of subsequent effects on cotton yield 

(Table 1).  Everitt and Keeling (2009) indicated that visual estimates of injury early in the 

season often overestimated yield reductions.  The indeterminate growth habit of cotton 

allows for considerable compensation for stress, and this compensation depends on weather 

and other conditions which can vary even though early season injury was consistent.  

Although other factors such as number of monopodial bolls, plant height, and total nodes had 

significant correlations, the coefficients associated with each were relatively poor suggesting 

that these growth measurements were not good indicators of effects on yield (Table 1).   

Visual injury ratings associated with peanut yield loss for one and two WAT for 

dicamba treatments ranged from 40 to 55% and 30 to 80%, respectively (Figure 4).  Both one 

and two WAT significant regressions were noted for injury versus herbicide rate at three and 

four locations, respectively (Figure 4).  Symptomology of dicamba treatments consisted of 

crinkled and cupped leaves on the newer tissue. At both locations in 2009 and one location in 

2010 the 1/2 (140 g/ha) rate of dicamba reduced peanut yield (Figure 4).  Also in 2009 at one 

location the 1/8 (41 g/ha) rate resulted in a yield reduction (Figure 4).  At three of the four 

locations significant regressions were noted for yield versus herbicide rate (Figure 4).       

Visual injury ratings one and two WAT associated with peanut yield loss for 

glufosinate ranged from 80 to 100% and 40 to 100%, respectively (Figure 5).  Significant 

regressions were noted for injury versus herbicide rate at all locations (Figure 5).  

Symptomology from glufosinate treatments were characteristic of contact herbicides 

resulting in burned and necrotic leaves while the new tissue formed without injury 
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symptoms.  Peanut yield was reduced by the 1/2 (302 g/ha) rate of glufosinate at both 

locations, both years (Figure 5).  In 2010 the 1/4 (123 g/ha) rate reduced yield at one location 

(Figure 5).  At three of the four locations significant regressions were noted for yield versus 

herbicide rate (Figure 5).   

Visual injury ratings for 2,4-D treatments one and two WAT ranged from 30 to 40%, 

respectively (Figure 6).  Both one and two WAT significant regressions were noted for injury 

versus herbicide rate at two and four locations, respectively (Figure 6).  Symptomology for 

2,4-D treatments were minor and consisted of leaf cupping and curling at the higher rates 

applied.  Peanut showed considerable tolerance to sub-lethal rates of 2,4-D only resulting in a 

yield loss from the 1/2 (269 g/ha) rate at one location in 2009 (Figure 6).  A significant 

quadratic regression was noted for yield versus herbicide rate at only one location (Figure 6).   

Correlations between visual injury one and two WAT and yield were significant for 

all herbicides; the strongest coefficient was that of glufosinate -0.62 and -0.64, one and two 

WAT, respectively (Table 2).  The negativity of these data imply that as glufosinate injury 

increases, peanut yield decreases and the absolute value of these coefficients being slightly 

greater than 0.6 suggests glufosinate injury early on was a moderate indicator of peanut yield 

(Ott and Longnecker 2001).  Other researchers (Lassiter et al. 2007) indicate that peanut 

injury and yield were highly correlated with coefficients ranging from -0.59 to -0.92, 

however, they were considering glyphosate drift rates and took two additional injury ratings 

at 21 and 35 DAT which may account partially for the differences compared with our own 

results.  Correlations of peanut market grade characteristics were significant although the 
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correlation coefficients were relatively poor indicating the lack of a trend (Table 2).  

Visual injury ratings for dicamba one and two WAT associated with soybean yield 

loss ranged from 20 to 90% and 30 to 100%, respectively (Figure 7).  Significant regressions 

were noted at all locations for injury versus herbicide both one and two WAT (Figure 7).  

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.  Other research 

showed similar results indicating that soybean was more sensitive to dicamba than 2,4-D at 

sub-lethal rates (Al-Khatib and Peterson 1999; Sciumbato et al. 2004a).  Soybean showed 

severe sensitivity to dicamba resulting in a yield loss from the 1/2 (140 g/ha) rate at both 

locations, both years (Figure 7).  At one location in 2009 and both locations in 2010, the 1/8 

(41 g/ha) rate reduced soybean yield (Figure 7).  Also in 2010 at both locations the 1/32 (11 

g/ha) rate of dicamba resulted in a soybean yield reduction (Figure 7).  Significant 

regressions were noted for yield versus herbicide rate at all locations (Figure 7).    

Visual injury ratings associated with yield loss one and two WAT for glufosinate 

ranged from 80 to 95% and 62 to 88%, respectively (Figure 8).  Significant regressions were 

noted at all locations for injury versus herbicide rate both one and two WAT (Figure 8).  

Symptomology from glufosinate treatments was characteristic of a contact herbicide with 

burned and necrotic older leaves and the new tissue formed normally.  Other research (Al-

Khatib and Peterson 1999) evaluating soybean response to simulated drift rates of glufosinate 

showed at lower rates soybean leaves were chlorotic and the higher rates resulted in necrosis 

and newly emerged tissue was not injured 20 DAT.  Soybean yield was reduced by the 
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highest rate of glufosinate applied (302 g/ha) at one location in 2009 and both locations in 

2010 (Figure 8).  At three of the four locations significant regressions were noted for yield 

versus herbicide rate (Figure 8).    

Visual injury ratings one and two WAT for 2,4-D that resulted in a soybean yield loss 

ranged from 5 to 90% and 1 to 93%, respectively (Figure 9).  Significant regressions were 

noted for injury versus herbicide rate at all locations both one and two WAT (Figure 9).  

Symptomology of 2,4-D treatments accompanying yield loss was similar to dicamba, but was 

less severe and consisted of some stem epinasty, cupping, and necrotic leaves.  Symptoms 

were not extensive in plots other than the highest (269 g/ha) rate of 2,4-D used.  In 2010 sub 

lethal rates of 2,4-D reduced soybean yield at the 1/2 (269 g ai/ha) rate at both locations 

(Figure 9).  Also in 2010 at one location the 1/8 (78 g/ha) rate reduced yield while soybean 

yields were not affected by 2,4-D in 2009 at either location (Figure 9).  Significant 

regressions were noted for yield versus herbicide rate at all locations (Figure 9).  Correlations 

among visual injury and soybean yield showed that although all were significant, only the 

absolute value of the coefficients for dicamba were greater or equal to 0.6 indicating dicamba 

injury symptomology was a moderate predictor of yield while glufosinate and 2,4-D were 

relatively poor (Ott, R. L. and M. Longnecker 2001) (Table 3).   

These data provide information on relative crop sensitivity to dicamba, glufosinate, 

and 2,4-D.  Cotton showed the highest degree of susceptibility to 2,4-D and expressed the 

greatest tolerance to dicamba.  Peanut showed the highest degree of susceptibility to dicamba 

and glufosinate while expressing an extraordinary tolerance to 2,4-D.  Soybean showed the 
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highest degree of susceptibility to dicamba and expressed the greatest tolerance to 

glufosinate.  Visual estimates of percent injury of peanut and soybean are a moderate 

indicator of yield response; however, correlations of injury and yield of cotton were 

relatively poor.  The indeterminate growth habit of cotton and ability of this crop to 

compensate for stress most likely contributed to the variation in response and revealed 

limitations in using early season measurements of injury to predict yield. 
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SOURCES OF MATERIALS 

 
1
 DP0912 B2RF cotton, Monsanto Company, St. Louis, MO 63167. 

2 
DG36T60 RR soybean, Crop Production Services, Loveland, CO 80538. 

3 
DP0920 B2RF cotton, Monsanto Company, 800 N. Lindbergh Blvd., St. Louis, MO 63167. 

4 
Dicamba, Clarity® herbicide, BASF Corporation, Research Triangle Park, NC 27709. 

5
 Glufosinate, Ignite 280® herbicide, Bayer Cropscience, Research Triangle Park, NC 27709.

  

6 
2,4-D, Weedar 64® herbicide, Nufarm Americas Inc., Burr Ridge, IL 60527. 

7 
Teejet® TP8002EVS nozzles, Spraying Systems Co., Wheaten, IL 60189. 

8 
SAS Institute Inc., Cary, NC 27513. 

 

 

 

 

 

 

 

 



53 

 

 

 

ACKNOWLEDGEMENTS 

 

This research was graciously funded by the Tobacco Research Commission, Lorillard 

Tobacco Company, and the North Carolina Peanut Growers Association.  The authors would 

also like to thank Joe Priest, Scott Whitley, Peter Eure, Gurinderbir Chahal, Matthew Vann, 

Seth Holt, Bill Foote, Guy Collins, Lucas Edmisten, Bryan Hicks, Jamie Lanier and 

Dewayne Johnson for technical support.  Also thanks to the staff at both the Peanut Belt 

Research Station and Upper Coastal Plain Research Station for their assistance in 

maintaining field plots. 



54 

 

 

 

LITERATURE CITED 

Al-Khatib K. and D. Peterson. 1999. Soybean (Glycine max) response to simulated drift from 

selected sulfonylurea herbicides, dicamba, glyphosate, and glufosinate. Weed Technol. 

13:264-270.  

Andersen S. M., S. A. Clay, L. J. Wrage, and D. Matthees. 2004. Soybean foliage residues of 

dicamba and 2,4-D and correlation to application rates and yield. Agron. J. 96:750-760.  

Anonymous. 2010. Roundup Ready System. Available at 

http://www.monsanto.com/weedmanagement/Pages/roundup-ready-system.aspx. 

Accessed 10/6, 2010.  

Bayley C., N. Trolinder, C. Ray, M. Morgan, J. E. Quisenberry, and D. W. Ow. 1992. 

Engineering 2,4-D resistance into cotton. TAG Theoretical and Applied Genetics 

83:645-649.  

Behrens R. and W. E. Lueschen. 1979. Dicamba volatility. Weed Sci. 27:486-493.  

Benbrook C. 2001. Do GM crops mean less pesticide use? Pestic. Outlook 12:204-207.  

Brown L. R., D. E. Robinson, R. E. Nurse, C. J. Swanton, and P. H. Sikkema. 2009. Soybean 

response to simulated dicamba/diflufenzopyr drift followed by postemergence 

herbicides. Crop Protection 28:539-542.  

Burke I. C., W. E. Thomas, W. A. Pline-Srnić, L. R. Fisher, W. D. Smith, and J. W. Wilcut. 

2005. Yield and physiological response of flue-cured tobacco to simulated glyphosate 

drift. Weed Technol. 19:255-260.  

Chang F. Y. and W. H. V. Born. 1971. Dicamba uptake, translocation, metabolism, and 

selectivity. Weed Sci. 19:113-117.  

Conner A. J., T. R. Glare, and J. Nap. 2003. The release of genetically modified crops into 

the environment. The Plant Journal 33:19-46.  

Diggle A. J., P. B. Neve, and F. P. Smith. 2003. Herbicides used in combination can reduce 

the probability of herbicide resistance in finite weed populations. Weed Research 

43:371-382.  

Everitt J. D. and J. W. Keeling. 2009. Cotton growth and yield response to simulated 2,4-D 

and dicamba drift. Weed Technol. 23:503-506.  

http://www.monsanto.com/weedmanagement/Pages/roundup-ready-system.aspx


55 

 

 

 

Fagliari J. R., Oliveira, Rubem Silverio de Jr., and J. Constantin. 2005. Impact of sublethal 

doses of 2,4-D, simulating drift, on tomato yield. Journal of Environmental Science & 

Health, Part B: Pesticides, Food Contaminants, & Agricultural Wastes 40:201-206. 

Green J. M. and M. D. K. Owen. 2010. Herbicide-resistant crops: Utilities and limitations for 

herbicide-resistant weed management. J. Agric. Food Chem.  

Heap I. 2011. International Survey of Herbicide Resistant Weeds. Available at 

http://www.weedscience.org/in.asp. Accessed 02/08, 2011.  

Isleib, T.G., P.W. Rice, R.W. Mozingo, S.C. Copeland, J.B. Graeber, H.E. Pattee, T.H. 

Sanders, R.W. Mozingo and D.L. Coker. 2006. Registration of ‘Phillips’ peanut. Crop 

Sci 46: 2308.  

James C. 2008. Global Status of Commercialized Biotech/GM Crops: 2008 the First Thirteen 

Years, 1996 to 2008. Available at 

http://www.isaaa.org/resources/publications/briefs/39/executivesummary/default.html. 

Accessed 10/11, 2010.  

Jordan, D., D. Johnson, J. Spears, B. Penny, B. Shew, R. Brandenburg, J. Faircloth, P. 

Phipps, A. Herbert, Jr., D. Coker, and J. Chapin.  2005.  Determining peanut pod 

maturity and estimating the optimal digging date: using pod mesocarp color for digging 

Virginia market type peanut.  North Carolina Cooperative Extension Service Publication 

AG-633. 

Lassiter B. R., I. C. Burke, W. E. Thomas, W. A. Pline-Srnić, D. L. Jordan, J. W. Wilcut, and 

G. G. Wilkerson. 2007. Yield and physiological response of peanut to glyphosate drift. 

Weed Technol. 21:954-960.  

Marple M. E., K. Al-Khatib, and D. E. Peterson. 2008. Cotton injury and yield as affected by 

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

Marple M. E., K. Al-Khatib, D. Shoup, D. E. Peterson, and M. Claassen. 2007. Cotton 

response to simulated drift of seven hormonal-type herbicides. Weed Technol. 21:987-

992.  

Miller D. K., R. G. Downer, B. R. Leonard, E. M. Holman, and S. T. Kelly. 2003. Response 

of non-glufosinate-resistant cotton to reduced rates of glufosinate. Weed Sci. 51:pp. 781-

785.  

Murphy C. E. and D. Lemerle. 2006. Continuous cropping systems and weed selection. 

Euphytica 148:61-73.  

http://www.weedscience.org/in.asp
http://www.isaaa.org/resources/publications/briefs/39/executivesummary/default.html


56 

 

 

 

Ott, R. L. and M. Longnecker. 2001. An Introduction to Statistical Methods and Data 

Analysis. : Wadsworth Group. Pp. 1152.  

Owen M. D. and I. A. Zelaya. 2005. Herbicide-resistant crops and weed resistance to 

herbicides. Pest Manag. Sci. 61:301-311.  

Phipps R. H. and J. R. Park. 2002. Environmental benefits of genetically modified crops: 

Global and european perspectives on their ability to reduce pesticide use. J Anim Feed 

Sci 1-18.  

Ramsdale B. K. and C. G. Messersmith. 2001. Drift-reducing nozzle effects on herbicide 

performance. Weed Technol. 15:453-460.  

Sauer K. 2010. Is there Value in Transgenic Crops? Available at 

www.monsanto.com/newsviews/Pages/Is-There-Value-in-Transgenic-Crops.aspx. 

Accessed 10/5, 2010.  

Sciumbato A. S., J. M. Chandler, S. A. Senseman, R. W. Bovey, and K. L. Smith. 2004a. 

Determining exposure to auxin-like herbicides. I. quantifying injury to cotton and 

soybean. Weed Technol. 18:1125-1134.  

Sciumbato A. S., J. M. Chandler, S. A. Senseman, R. W. Bovey, and K. L. Smith. 2004b. 

Determining exposure to auxin-like herbicides. II. practical application to quantify 

volatility. Weed Technol. 18:1135-1142.  

Sciumbato A. S., S. A. Senseman, J. Ross, T. C. Mueller, J. M. Chandler, J. T. Cothren, and 

I. W. Kirk. 2005. Effects of 2,4-D formulation and quinclorac on spray droplet size and 

deposition. Weed Technol. 19:1030-1036.  

Senseman, S.A. 2007. Herbicide Handbook, 9
th

 ed.; Weed Science Society of America: 

Lawrence, KS. Pp 458. 

Thomas W. E., I. C. Burke, B. L. Robinson, W. A. Pline-Srnić, K. L. Edmisten, R. Wells, 

and J. W. Wilcut. 2005. Yield and physiological response of nontransgenic cotton to 

simulated glyphosate drift. Weed Technol. 19:35-42.  

Tuesca D., E. Puricelli, and J. C. Papa. 2001. A long-term study of weed flora shifts in 

different tillage systems. Weed Research 41:369-382.  

USDA. 2009. Understanding Standardization Cottons. Available at 

http://www.ams.usda.gov/AMSv1.0/getfile?dDocName=STELDEV3099536. Accessed 

02/08/2011, 2011.  

http://www.monsanto.com/newsviews/Pages/Is-There-Value-in-Transgenic-Crops.aspx
http://www.ams.usda.gov/AMSv1.0/getfile?dDocName=STELDEV3099536


57 

 

 

 

Vangessel M. J. and Q. R. Johnson. 2005. Evaluating drift control agents to reduce short 

distance movement and effect on herbicide performance. Weed Technol. 19:78-85.  

Wax L. M., L. A. Knuth, and F. W. Slife. 1969. Response of soybeans to 2,4-D, dicamba, 

and picloram. Weed Sci. 17:388-393.  

Williams, J.A. and J.S. Drexler. 1981. A non-destructive method for determining peanut pod 

maturity. Peanut Science 8:134-141.  

 



58 

 

 

 

 

 

 

Table 1. Pearson correlations among visual injury, yield, and plant mapping 

characteristics of cotton.  Data are pooled over years and locations. 

Variable P > F Regression Coefficient 

Glufosinate   

Injury 1 WAT vs. Yield <0.0001 -0.45 

Injury 2 WAT vs. Yield <0.0001 -0.42 

Yield vs. Plant height 0.0015 0.34 

Yield vs. Terminals removed 0.0166 -0.37 

Yield vs. Monopodial bolls 0.1380 -0.16 

Yield vs. Sympodial bolls 0.1947 0.14 

Yield vs. Total bolls 0.7594 -0.03 

Yield vs. Total nodes <0.0001 0.42 

   

Dicamba   

Injury 1 WAT vs. Yield 0.0197 -0.25 

Injury 2 WAT vs. Yield 0.1315 -0.17 

Yield vs. Plant height <0.0001 0.54 

Yield vs. Terminals removed 0.0021 -0.45 

Yield vs. Monopodial bolls 0.1326 -0.16 

Yield vs. Sympodial bolls <0.0001 0.43 

Yield vs. Total bolls 0.0052 0.30 

Yield vs. Total nodes <0.0001 0.63 

   

2,4-D   

Injury 1 WAT vs. Yield <0.0001 -0.50 

Injury 2 WAT vs. Yield <0.0001 -0.43 

Yield vs. Plant height 0.0005 0.37 

Yield vs. Terminals removed 0.0022 -0.45 

Yield vs. Monopodial bolls 0.0567 -0.21 

Yield vs. Sympodial bolls <0.0001 0.43 

Yield vs. Total bolls 0.0215 0.25 

Yield vs. Total nodes 0.1506 0.15 
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Table 2. Pearson correlations among visual injury, yield and grades of peanut.  Data are 

pooled over years and locations. 

Variable P > F Regression Coefficient 

Glufosinate   

Injury 1 WAT vs. Yield 0.0002 -0.62 

Injury 2 WAT vs. Yield 0.0006 -0.64 

Yield vs. Ready pods 0.0001 0.39 

Yield vs. Total sound mature kernels 0.0216 0.24 

Yield vs. Extra large kernels 0.0009 0.34 

Yield vs. Fancy pods 0.0049 0.29 

   

Dicamba   

Injury 1 WAT vs. Yield 0.0003 -0.36 

Injury 2 WAT vs. Yield <0.0001 -0.45 

Yield vs. Ready pods 0.0193 0.24 

Yield vs. Total sound mature kernels 0.0836 0.18 

Yield vs. Extra large kernels <0.0001 0.41 

Yield vs. Fancy pods 0.0002 0.37 

   

2,4-D   

Injury 1 WAT vs. Yield <0.0001 -0.37 

Injury 2 WAT vs. Yield <0.0001 -0.34 

Yield vs. Ready pods 0.0515 0.20 

Yield vs. Total sound mature kernels 0.0055 0.28 

Yield vs. Extra large kernels 0.0004 0.36 

Yield vs. Fancy pods 0.0010 0.33 
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Table 3.  Pearson correlations among visual injury and yield of soybean.  Data are pooled 

over years and locations. 

Variable P > F Regression Coefficient 

Glufosinate   

Injury 1 WAT vs. Yield <0.0001 -0.40 

Injury 2 WAT vs. Yield <0.0001 -0.41 

Dicamba   

Injury 1 WAT vs. Yield <0.0001 -0.67 

Injury 2 WAT vs. Yield <0.0001 -0.60 

2,4-D   

Injury 1 WAT vs. Yield <0.0001 -0.55 

Injury 2 WAT vs. Yield <0.0001 -0.47 
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Figure 1.  Cotton injury 1 and 2 WAT and yield (seed cotton) 

following application of dicamba. (RM=Rocky Mount and 

LW=Lewiston-Woodville) 
 

RM 2009:  Y=0.19X+20.5, p=0.0095, r2=0.32 , LSD (0.05)= 15 

LW 2009:  Y=1.33X-0.0069X2+3.2, p=<0.0001, r2=0.86 , LSD (0.05)= 12 

RM 2010:  Y=1.50X-0.0074X2-2.3, p=<0.0001, r2=0.98 , LSD (0.05)= 6 

LW 2010:  Y=2.70-0.052X2+0.00025X3+7.8, p=0.0607, r2=0.88 , LSD (0.05)= 9 

RM 2009:  Y=5.47X-0.113X2+0.00067X3+24.1, p=0.0201, r2=0.69 , LSD (0.05)= 23 

LW 2009:  Y=3.71X-0.062X2+0.00028X3-4.8, p=0.0327, r2=0.96 , LSD (0.05)= 4 

RM 2010: Y=1.43X-0.0063X2-2.8, p=,0.0001, r2
 

=0.98 , LSD (0.05)= 6 

LW 2010: Y=5.80X-0.14X2+0.00073X3+2.67, p=<0.0001, r2=0.91 , LSD (0.05)= 9 

RM 2009:  Y=NS, p=0.7397 , LSD (0.05)= 967 , LSD (0.05)=NS 

LW 2009:  Y=NS, p=0.3502 , LSD (0.05)= NS 

RM 2010:  Y=-11.4X+3248, p=0.0014, r2=0.42, LSD (0.05)=543 

LW 2010:  Y=NS, p=0.2387, LSD(0.05)=NS 
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Figure 2.  Cotton injury 1 and 2 WAT and yield (seed cotton) 

following application of glufosinate.  (RM=Rocky Mount and 

LW=Lewiston-Woodville) 

 

RM 2009:  Y=-6.11X+4152.2, p=0.0019, r2=0.44 , LSD (0.05)= NS 

LW 2009:  Y=-6.4X+5048.8, p=<0.0001, r2=0.71 , LSD (0.05)= 519 

RM 2010:  Y=-5.23X+3055.9, p=0.0027, r2=0.37 , LSD (0.05)= 773 

LW 2010:  Y=2.12X-0.033X2+2871.3, p=0.0003, r2=0.91 , LSD (0.05)= 294 

RM 2009:  Y=0.95X-0.002X2-3.3, p=<0.0001,r2=0.91, LSD (0.05)=16 

LW 2009:  Y=0.75X-0.0014X2-2.4, p=<0.0001, r2=0.95, LSD (0.05)=9 

RM 2010:  Y=0.96X-0.0022X2+9.3, p=<0.0001, r2=0.87, LSD (0.05)=13 

LW 2010:  Y=0.17X+0.00046X2+9.8, p=0.0699, r2=0.96, LSD (0.05)=9 

RM 2009: Y=0.76X-0.0015X
2
+5.5, p=0.0120, r

2
=0.76, LSD (0.05)= 21 

LW 2009:  Y=0.58X-0.00087X
2
-2.2, p=0.0026, r

2
=0.95 , LSD (0.05)= 11 

RM 2010:  Y=0.87X-0.0018X
2
-12.7, p=0.0008, r

2
=0.87 , LSD (0.05)= 15 

LW 2010:  Y=0.20X+0.0017X
2
+9.8, p=0.0003, r

2
=0.92 , LSD (0.05)= 15 
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Figure 3.  Cotton injury 1 and 2 WAT and yield (seed cotton) 

following application of 2,4-D.  (RM=Rocky Mount and 

LW=Lewiston-Woodville) 
 

RM 2009:  Y=1.60X-0.019X
2
+0.000052X

3
+7.3, p=0.0141, r

2
=0.78 , LSD (0.05)= 11 

LW 2009:  Y=1.93X-0.019X
2
+0.000049X

3
+9.9, p=0.0397, r

2
=0.88 , LSD (0.05)= 8 

RM 2010:  Y=3.52X-0.044X
2
+0.0000012X

3
-5.2, p=<0.0001, r

2
=0.94 , LSD (0.05)= 9 

LW 2010:  Y=2.09X-0.026X
2
+0.00007X

3
+10.6, p=0.0074, r

2
=0.80 , LSD (0.05)= 10 

RM 2009: Y=1.89X-0.024X
2
+0.000065X

3
+40.7, p=0.0606, r

2
=0.060 , LSD (0.05)=16  

LW 2009: Y=2.9X-0.036X
2
+0.000097X

3
+22.9, p=0.0095, r

2
=0.78 , LSD (0.05)= 12 

RM 2010:  Y=2.95X-0.036X
2
+0.000095X

3
+2.6, p= <0.0001, r

2
=0.97 , LSD (0.05)= 5 

LW 2010:  Y=1.58X-0.019X
2
+0.00005X

3
+33.7, p=0.0225, r

2
=0.75 , LSD (0.05)= 9 

RM 2009:  Y=NS, p=0.7023, LSD (0.05)= NS 

LW 2009:  Y=-15.8X+4931, p=<0.0001, r
2
=0.93, LSD (0.05)= 460 

RM 2010:  Y=.7.3X+2870, p=<0.0001, r
2
=0.60, LSD (0.05)= 517 

LW 2010:  Y=-4.78X+2552.8, p=<0.0001, r
2
=0.68, LSD (0.05)= 386  
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Figure 4.  Peanut injury 1 and 2 WAT and yield following 

application of dicamba.  (RM=Rocky Mount and 

LW=Lewiston-Woodville) 
 

 

RM 2009:  Y=0.11X+30.1, p=0.0955, r
2
=0.15, LSD (0.05)=16 

LW 2009:  Y=0.93X-0.006X
2
+13.2, p=0.0001, r

2
=0.60 LSD (0.05)=11 

RM 2010:  Y=4.9X-0.11X
2
+0.0005X

3
-5.5, p=0.0006, r

2
=0.94, LSD (0.05)=11   

LW 2010:  Y=3.2X-0.069X
2
+0.00034X

3
+11.9, p=0.0020, r

2
=0.91, LSD (0.05)=7 

RM 2009:  Y=1.6X-0.0087X2+22, p=<0.0001, r2=0.86, LSD (0.05)=15   

LW 2009:  Y=2.05X-0.044X2+0.00023X3+5.9, p=<0.0001, LSD (0.05)=3 

RM 2010:  Y=1.4X-0.006X2+0.36, p<0.0001, r2=0.99, LSD (0.05)=11 

LW 2010:  Y=5.1X-0.11X2+0.0005X3+1.7, p=<0.0001, r2=0.96, LSD (0.05)=10  

RM 2009:  Y=-15.9X + 3660, p<0.0001, r
2
=0.62 , LSD (0.05)= 903 

LW 2009:  Y=-39.4X + 0.21X
2
 + 5983, p=0.0202, r

2
=0.52 , LSD (0.05)= 856 

RM 2010:  Y=-7.1X + 4111, p=0.2129, r
2
=0.07 , LSD (0.05)= NS 

LW 2010:  Y=-18.7X + 5018, p=0.0002, r
2
=0.47 , LSD (0.05)= 904 
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RM 2009:  Y=0.22X+27.9, p=<0.0001, r
2
=0.76, LSD (0.05)=17 

LW 2009:  Y=0.04X+0.00079X
2
+9.3, p=<0.000, r

2
=0.99, LSD (0.05)=6 

RM 2010:  Y=2.34X-0.016X
2
+0.00003X

3
-31.1, p=0.0004, r

2
=0.96, LSD (0.05)=12 

LW 2010:  Y=0.31X+2.1, p=<0.0001, r
2
=0.92, LSD (0.05)=14 

RM 2009: Y=0.27X+13.2, p=<0.0001, r
2
=0.72, LSD (0.05)=22  

LW 2009:  Y=-0.079X+0.0012X
2
+5.1, p=<0.0001, r

2
=0.99 LSD (0.05)=4 

RM 2010:  Y=0.36X-6.1, p=<0.0001, r
2
=0.96, LSD (0.05)=11 

LW 2010:  Y=-0.119X+0.0014X2+1.9, p<0.0001, r
2
=0.99, LSD (0.05)=5 

RM 2009:  Y=-6.4X + 6301, p<0.0001, r
2
=0.67, LSD (0.05)=958 

LW 2009:  Y=2.6X – 0.029X
2

 

+ 6039, p=0.0143, r
2
=0.76, LSD (0.05)=608  

RM 2010:  Y=-10.9X + 4319, p<0.0001, r
2
=0.52, LSD (0.05)= 1162 

LW 2010:  Y=7.3X – 0.049X
2
+ 4643, p=0.0582, r

2
=0.50, LSD (0.05)= 938 

Figure 5.  Peanut injury 1 and 2 WAT and yield following 

application of glufosinate.  (RM=Rocky Mount and 

LW=Lewiston-Woodville) 
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Figure 6.  Peanut injury 1 and 2 WAT and yield following 

application of 2,4-D.   (RM=Rocky Mount and LW=Lewiston-

Woodville) 

 

RM 2009:  Y=0.085X+8.7, p=0.0004, r2=0.51, LSD (0.05)=11   

LW 2009:  Y=0.016X+6.5, p=0.1177, r2=0.13, LSD (0.05)=NS 

RM 2010:  Y=-0.027X+0.0006X2+0.59, p=0.0596, r2=0.82, LSD (0.05)=12 

LW 2010:  Y=0.14X+0.096, p=<0.0001, r2=0.87, LSD (0.05)=8 

RM 2009:  Y=8.79X – 0.044X
2
+ 3554, p=0.0150, r

2
=0.47 , LSD (0.05)=420  

LW 2009:  Y=-1.59X + 5842, p=0.0984, r
2
=0.12 , LSD (0.05)= NS 

RM 2010:  Y=-4.45X + 4454, p=0.0852, r
2
=0.13 , LSD (0.05)= NS 

LW 2010:  Y=-3.3X + 4471, p=0.1152, r
2
=0.11 , LSD (0.05)= NS 

RM 2009:  Y=0.11X+12.5, p=0.0016, r
2
=0.43, LSD (0.05)=16   

LW 2009:  Y=0.12X+1.2, p=<0.0001, r
2
=0.87, LSD (0.05)=7 

RM 2010:  Y=0.011X+0.00027X
2
-0.11, p=0.0011, r

2
=0.97, LSD (0.05)=2 

LW 2010:  Y=0.107X-0.98, p=<0.0001, r
2
=0.73, LSD (0.05)=10 
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Figure 7.  Soybean injury 1 and 2 WAT and yield following 

application of dicamba.  (RM=Rocky Mount) 

RM #1 2009:  Y=0.42X+19.7, p=<0.0001, r
2
=0.84, LSD (0.05)=15 

RM #2 2009:  Y=1.7X-0.008X
2
+7.4, p=<0.0001, r

2
=0.95, LSD (0.05)=10 

RM #1 2010:  Y=2.4X-0.01X
2
-1.2, p=<0.0001, r

2
=0.93, LSD (0.05)=15 

RM #2 2010:  Y=1.6X-0.007X
2
+15, p=<0.0001, r

2
=0.93, LSD (0.05)=12 

RM #1 2009:  Y=3.3X-0.08X
2
+0.00045X

3
+45.6, p=0.0025, r

2
=0.86, LSD (0.05)=8  

RM #2 2009:  Y=2.6X-0.06X
2
+0.00029X

3
+43.4, p=0.0221, r

2
=0.82, LSD (0.05)=7 

RM #1 2010:  Y=3.6X-0.0X
2
+0.0003X

3
+3.9, p=0.0333, r

2
=0.96, LSD (0.05)=11 

RM #2 2010:  Y=3.8X-0.06X
2
+0.00030X

3
+8.3, p=0.0196, r

2
=0.96, LSD (0.05)=10   

RM #1 2009:  Y=-55.4X + 0.26X
2

 

+ 2710, p=0.0004, r
2
=0.86, LSD (0.05)= 675 

RM #2 2009:  Y=-5.2X + 1655 p<0.0001, r
2
=0.52, LSD (0.05)= 263 

RM #1 2010:  Y=-108.5X + 2.36X
2
 – 0.012X

3
 + 1535, p=0.0042, r

2
=0.86, LSD (0.05)=428  

RM #2 2010:  Y=-64.5X + 0.309X
2
 + 3239, p<0.0001, r

2
=0.90, LSD (0.05)= 529 
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RM #1 2009:  Y=0.62X-0.001X
2
+9.5, p=<0.0001, r

2
=0.96, LDS (0.05)=7 

RM #2 2009:  Y=1.5X-0.009X
2
+0.000018X

3
+1.7, p=0.0010, r

2
=0.97, LSD (0.05)=6 

RM #1 2010:  Y=2.3X-0.015X
2
+0.000028X

3
-26.2, p=<0.0001, r

2
=0.99, LSD (0.05)=5 

RM #2 2010:  Y=0.29X+7.7, p<=0.0001, r
2
=0.92, LSD (0.05)=10 

RM #1 2009:  Y=0.18X-8.5, p=<0.0001, r
2
=0.80, LSD (0.05)=15   

RM #2 2009:  Y=0.54X-0.00079X
2
-4.6, p=0.0154, r

2
=0.91, LSD (0.05)=15 

RM #1 2010:  Y=1.3X-0.009X
2
+0.000019X

3
-15.2, p=0.0006, r

2
=0.97, LSD (0.05)=7   

RM #2 2010:  Y=0.025X+0.001X
2
+1.3, p=<0.0001, r

2
=0.98, LSD (0.05)=9 

RM # 1 2009:  Y=-1.56X + 2772, p=0.0429, r
2
=0.17 , LSD (0.05)= 387 

RM #2 2009:  Y=-0.71 + 1598, p=0.2331, r
2
=0.06 , LSD (0.05)= NS 

RM #1 2010:  Y=-2.1X + 1594, p=0.0013, r
2
=0.39 , LSD (0.05)= 472 

RM #2 2010:  Y=7.4X – 0.036
2
 + 2784, p=0.0068, r

2
=0.53 , LSD (0.05)= 715 

Figure 8.  Soybean injury 1 and 2 WAT and yield following 

application of glufosinate.  (RM=Rocky Mount) 
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Figure 9.  Soybean injury 1 and 2 WAT and yield following 

application of 2,4-D.  (RM=Rocky Mount) 

 

RM #1 2009:  Y=0.19X+3.8, p=<0.0001, r
2
=0.83, LSD (0.05)=12  

RM #2 2009:  Y=0.64X-0.0015X
2
-0.38, p=<0.0001, r

2
=0.97, LSD (0.05)=6 

RM #1 2010:  Y=0.03X+4.3, p=<0.0001, r
2
=0.85, LSD (0.05)=19 

RM #2 2010:  Y=-0.067X+0.001X2+0.36, p=<0.0001, r
2
=0.99, LSD (0.05)=4 

RM #1 2009:  Y=0.54X-0.0012X
2
-0.87, p=0.0094, r

2
=0.87, LSD (0.05)=15   

RM #2 2009:  Y=-0.27X+0.016X
2
-0.8005X

3
+1.1, p=0.0005, r

2
=0.98, LSD (0.05)=8 

RM #1 2010:  Y=-0.032X+0.0014X
2
+0.09, p=<0.0001, r

2
=0.98, LSD (0.05)=8   

RM #2 2010:  Y=-0.136X+0.0015X
2
+1.3, p=<0.0001, r

2
=0.99, LSD (0.05)=2  

RM #1 2009:  Y=-2.04X + 2554, p=0.0406, r
2
=0.18 , LSD (0.05)= NS 

RM #2 2009:  Y=-3.5X + 0.017X
2
 + 1645, p=0.0433, r

2
=0.32 , LSD (0.05)= NS 

RM #1 2010:  Y=-4.17X + 1547, p<0.0001, r
2
=0.51 , LSD (0.05)= 602 

RM #2 2010:  Y=-8.25X + 3114, p<0.0001, r
2
=0.79 , LSD (0.05)= 564 
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CHAPTER 3 

INFLUENCE OF DRIFT REDUCTION AGENT ON EFFICACY OF DICAMBA, 

GLUFOSIANTE, GLYPHOSATE, AND 2,4-D 

 

Jenny Johnson, Loren R. Fisher, David L. Jordan, and Alan C. York
*
 

Developing strategies to minimize off-site movement to sensitive crops or other plants is 

important in successfully incorporating new technologies such as herbicide resistant crops 

into production systems.  Applying herbicides with drift reduction agent is a possible strategy 

to reduce physical spray drift if herbicide efficacy is not compromised.  Research was 

conducted in North Carolina to determine if efficacy of dicamba, glufosinate, glyphosate, and 

2,4-D was affected by the interaction of herbicide rate and drift reduction agent.  When 

evaluated 21 days after treatment, common lambsquarters, common ragweed, entireleaf 

morningglory, and Palmer amaranth control by dicamba, glufosinate, and 2,4-D was not 

affected by drift reduction agent.  Efficacy of glyphosate was affected by drift reduction 

agent but only in a few instances.  Results from these experiments indicate that drift 

reduction agent may be a plausible option to minimize physical drift of dicamba, glufosinate, 

glyphosate, and 2,4-D with minimal or no effect on herbicide efficacy. 

Nomenclature: Dicamba; glufosinate; glyphosate; 2,4-D; common lambsquarters, 

Chenopodium album L.; common ragweed, Ambrosia artemisiifolia L.; entireleaf 

                                                 
*
 Graduate Research Assistant, Associate Professor, Professor, and William Neal Reynolds 

Professor Emeritus, Department of Crop Science, North Carolina State University, Box 7620 

Raleigh, NC 27695.  Corresponding author’s E-mail:  Jenny52287@yahoo.com. 
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morningglory, Ipomoea hederacea (L.) Jacq.; Palmer amaranth, Amaranthus palmeri S. 

Wats. 

Key words: spray drift.  
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INTRODUCTION 

 

Currently, the two transgene traits with herbicide resistance commercially available 

are LibertyLink® and Roundup Ready® with tolerance to glufosinate and glyphosate, 

respectively.  Companies are presently developing cultivars that will tolerate topical 

applications of dicamba and 2,4-D (Sauer 2010).  As herbicide tolerant crop cultivar 

technology expands, so does the opportunity for these herbicides to be applied in close 

proximity to non-tolerant crops.  As a result, these herbicides may cause significant injury to 

nearby sensitive crops if off-target movement occurs (Vangessel and Johnson 2005b). 

There are numerous factors that influence herbicide drift including application 

method, herbicide chemistry and spray solution, and environmental conditions (Smith and 

Thomson 2003).  It is crucial for pesticides to land on the intended target in order to 

effectively control the pest and prevent adverse environmental impacts (Smith and Thomson 

2003).  When considering the application method used to apply most herbicides, nozzle and 

pressure selection and boom height can affect off-site movement (Smith and Thomson 2003). 

Manufactures have developed spray nozzles that minimize drift including pre-orifice 

metering and air-induction nozzles (Smith and Thomson 2003).  The difference between 

conventional nozzles and these technologies is that conventionally a single orifice is used to 

meter and atomize the spray mix whereas the pre-orifice nozzles uses two orifices an internal 

one to meter the spray and an exit one to atomize the solution.  In addition, air-induction 

technology includes a venturi section between the pre-orifice and exit orifice that pulls air 

into the nozzle and inserts it into the spray droplets during the atomization process.  Also, 
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both of the previously described nozzle types have fewer drift-prone droplets when compared 

to conventional nozzles.  However, air-induction nozzles provided better results than the pre-

orifice technology (Smith and Thomson 2003). 

In an effort to control spray drift, applicators may modify carrier volume. However, 

Knoche (1994) found that on most occasions decreasing carrier volume decreased herbicide 

performance. Therefore when spraying for weed control, in order to keep a reasonably large 

droplet size, the volume rate should not be reduced.  Ultimately, droplet size can be affected 

by the nozzle type, nozzle size, and pressure (Nordby and Skuterud 1974).  Increasing 

droplet size by reducing pressure or increasing nozzle orifice size affects carrier volume and 

can influence herbicide efficacy (Knoche 1994; Ramsdale and Messersmith 2001). 

Of the factors encompassed within application method, height above the ground at 

which the droplets are produced is one of the main aspects influencing spray drift.  Although 

boom height does not directly result in a drift event, decreasing sprayer boom height has 

potential to reduce drift considerably (Nordby and Skuterud 1974; Ramsdale and 

Messersmith 2001).  The higher the spray boom is above the target, the longer the droplets 

are exposed to environmental aspects that can increase the probability of drift.  Therefore, it 

is important to minimize boom height that is sufficient for desired overlap and spray 

distribution but reduces drift potential (Nordby and Skuterud 1974). 

Not only is drift a major concern when applying herbicides, vapor drift specifically 

that of synthetic auxin herbicides is not uncommon (Sciumbato et al. 2004b).  Volatilization 

and movement resulting in crop injury by 2,4-D and dicamba is well documented (Behrens 
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and Lueschen 1979; Chang and Born 1971; Sciumbato et al. 2004b).  Consequently, use of 

most auxin-type herbicides has been restricted in areas of susceptible broadleaf crop 

production (Sciumbato et al. 2004b).   

After the spray solution leaves the nozzles, droplet size and environmental conditions 

determine the potential for spray drift (Smith and Thomson 2003).  For instance, the wind is 

more capable of carrying smaller droplets as opposed to larger ones, simply because smaller 

droplets are lighter and move more easily in wind currents.  Matthews (1981) also noted the 

considerable loss of pesticides between the nozzles and intended target site due to 

environmental factors such as wind velocity.  However, wind is not the only environmental 

issue applicators must contend with.  Evaporation can also be an issue by reducing droplet 

size as air temperatures increase and relative humidity decreases ( Hall et al. 1993; Smith and 

Thomson 2003).  The reason behind this phenomenon is when air temperatures are high and 

the moisture in the air is low, evaporation increases in order to bring the atmosphere closer to 

a balanced state.  Unfortunately pesticide applications can suffer as a result of chemical loss 

to the atmosphere.  These implications are more evidence to justify lower boom heights in 

order to reduce the amount of time the spray solution is exposed to the environment. 

The effects application method, herbicide chemistry, and the environment have on the 

fate of the pesticide is more justification to the use of drift reduction agents and appropriate 

surfactants to optimize the opportunity for the spray solution to land on the intended target 

site.  Droplets smaller than 150 µm in diameter are subject to drift (McMullan 2000).  Drift 

reduction agents are used to modify spray characteristics and reduce spray drift, usually by 
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minimizing small droplet formation (Curran et al. 1999).  McMullan (2000) found that 

addition of polymers to the spray mixture causes an increase in initial extensional viscosity, 

decreases shear viscosity and produces coarser spray solutions with higher volume median 

diameter (VMD) and lower drift-able fraction.   The VMD is defined as 50% of the solution 

composed of droplets whose diameter is less than a certain value and 50% of the droplets are 

greater than a certain value (McMullan 2000).  A common practice for applicators is to 

include surfactants and drift reduction agents in the tank mix when spraying herbicides that 

have a high potential to move off site.   

Utility agents are used with the intention to improve the efficiency of the overall 

application process; not to directly influence the efficacy of the herbicide (McMullan 2000).  

However, improving application efficiency can indirectly improve herbicide performance 

(McMullan 2000; Vangessel and Johnson 2005).  Surfactants can influence an array of 

factors including spray droplet spectrum; spray drift and the efficiency of delivery to the leaf 

surface (Kirkwood 1993; Zabkiewicz 2000).  Studies have shown that surfactant and 

herbicidal interactions can enhance herbicide activity hypothesized to be a result of increased 

absorption (Jansen et al. 1961; Kirkwood 1993).  (Zabkiewicz 2000) found that although 

adjuvants do not affect herbicide toxicity directly, they can alter deposition, adhesion and 

retention, absorption, and translocation and phytotoxicity.   

Increasing droplet size from a particular nozzle type or the use of a drift reduction 

agent can adversely affect herbicide performance (Hanks 1995; Matthews 1981).  Larger 

droplets may not effectively cover leaf surfaces resulting in less control.  However, other 
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studies have shown no adverse effect on herbicide efficacy (Ramsdale and Messersmith 

2001; Vangessel and Johnson 2005; Zabkiewicz 2000).  Vangessel and Johnson (2005) 

reported that drift reduction agent had no effect on efficacy of glyphosate.  Hall et al. (1993) 

reported that addition of a drift reduction agent and subsequent disruption of spray pattern 

may lead to inefficient placement of the active ingredient even though drift may be reduced. 

Herbicides such as dicamba, glufosinate, glyphosate, and 2,4-D can cause damage to 

non-target plants due to physical drift or volatilization (Bayley et al. 1992; Behrens and 

Lueschen 1979; Ramsdale and Messersmith 2001; Sciumbato et al. 2004a; Sciumbato et al. 

2004b; Sciumbato et al. 2005) and reduce yield (Al-Khatib and Peterson 1999; Andersen et 

al. 2004; Brown et al. 2009; Burke et al. 2005; Everitt and Keeling 2009; Fagliari et al. 2005; 

Lassiter et al. 2007; Sciumbato et al. 2004a; Sciumbato et al. 2004b; Vangessel and Johnson 

2005; Wax et al. 1969).  Determining if drift reduction agent affects control of Palmer 

amaranth and other troublesome weeds will assist growers in developing weed management 

strategies when dicamba, glufosinate, glyphosate or 2,4-D are applied to appropriate 

transgenic crops. The objective of this study was to evaluate the effect a drift reduction agent 

has on the efficacy of glyphosate, glufosinate, dicamba, and 2,4-D for the control of various 

weeds.  
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MATERIALS AND METHODS 

 

 Experiments were conducted in North Carolina during 2009 and 2010 in fallow areas 

with natural weed populations.  In 2009, five separate experiments were conducted in 

separate fields at the Upper Coastal Plain Research Station near Rocky Mount.  Two 

experiments included common ragweed, common lambsquarters, and entireleaf 

morningglory.  Two additional experiments included common lambsquarters, entireleaf 

morningglory, and Palmer amaranth.  In a final experiment only Palmer amaranth was 

present.  In 2010, one experiment was conducted at Rocky Mount with two additional 

experiments conducted at the Central Crops Research Station near Clayton with Palmer 

amaranth.  Soil at Clayton was a Johns sandy loam (fine-loamy over sandy, siliceous, thermic 

Aquic Hapludults).  Soil at Rocky Mount was a Goldsboro fine sandy loam (fine-loamy, 

siliceous, subactive, thermic Aquic Paleudults).  Soil pH ranged from 5.8 to 6.3 and organic 

matter content ranged from 1.5 to 2.3 percent.  Plot size was 2.4 m by 4.5 m.   

Treatments included dicamba
1
, glufosinate

2
, glyphosate

3
, and 2,4-D

4 
applied at the 

manufacturer recommended use rate and half this rate either alone or with drift reduction 

agent at 0.44 L/ha.
5
 Nonionic surfactant

6
 at 0.25 % (v/v) was applied with dicamba and 2,4-

D.  Spray grade ammonium sulfate
7
 at 3.36 kg/ha was applied with glufosinate to optimize 

performance (Curran et al. 1999; Jansen et al. 1961; Kirkwood 1993; Maschhoff et al. 2000; 

Pratt et al. 2003).  Dicamba was applied at 0.14 and 0.28 kg ai/ha.  Glufosinate was applied 

at 0.30 and 0.60 kg ai/ha.  Glyphosate and 2,4-D were applied at 0.48 and 0.96 kg ae/ha or 

0.27 and 0.54 kg ai/ha, respectively.  Herbicides were applied in 140 L/ha using a CO2-
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pressurized backpack sprayer with DG11002
8
 nozzles at a pressure of 275 kPa.  Common 

lambsquarters, common ragweed, and Palmer amaranth was 5 to 15 cm in height when 

herbicides were applied.  Entireleaf morningglory had 5 to 10 leaves and was beginning to 

run.   

 The experimental design was a randomized complete block with treatments replicated 

four times.  Visual estimates of percent weed control were recorded 7, 14, and 21 days after 

treatment (DAT) on a scale of 0 (no control) to 100 (complete control).  Foliar chlorosis, 

necrosis, and plant stunting were considered when making the visual estimates.  Fresh weight 

of three Palmer amaranth plants was recorded for Palmer amaranth control in two 

experiments during 2010 at 21 DAT.  Percent reduction in fresh weight relative to the non-

treated control was calculated.   

 Data for percent common lambsquarters, common ragweed, entireleaf morningglory, 

Palmer amaranth control and Palmer amaranth fresh weight percentage were subjected to 

analysis of variance (ANOVA) for a four (herbicide) by two (herbicide rate) by two (drift 

reduction agent) factorial treatment arrangement using the Proc GLM procedure in SAS
9
.  

Data were converted to the arcsine square root prior to analysis.   Means of main effects and 

interactions were separated using Fisher’s Protected LSD test at p < 0.05. 
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RESULTS AND DISCUSSION 

 

Interactions of experiment by herbicide by herbicide rate by drift reduction agent and 

experiment by herbicide rate by drift reduction agent were not significant for any of the weed 

species evaluated regardless of when visual estimates were recorded or for percent reduction 

in Palmer amaranth fresh weight (Tables 1 - 4).  In three of six experiments, glyphosate and 

glufosinate controlled Palmer amaranth more effectively than dicamba or 2,4-D 7 DAT 

(Table 5).  Glufosinate was more effective than the other herbicides in one experiment and 

was similar to control by dicamba in another experiment (Table 5).  Dicamba and 2,4-D 

controlled Palmer amaranth similarly in four experiments with control by dicamba exceeding 

control by 2,4-D in one experiment and the opposite response occurring in a second 

experiment (Table 5).  Increasing the herbicide rate resulted in higher Palmer amaranth 

control in some but not all experiments (Table 6).  Increasing the rate of dicamba increased 

control in two of six and one of six experiments when control was evaluated 14 and 21 DAT, 

respectively.  Efficacy of glyphosate was higher in one of six and two of six experiments 14 

and 21 DAT, respectively, when applied at the higher rate.  In two experiments at each rating 

glufosinate controlled Palmer amaranth more effectively at the higher rate.  Efficacy of 2,4-D 

was improved at the higher rate in only one instance.   

The interaction of experiment by herbicide by drift reduction agent for Palmer 

amaranth control 14 and 21 DAT revealed variation in response under different experiment 

conditions (Tables 1 and 7).  Control by dicamba was reduced in one of six experiments 14 

DAT while control was similar with or without drift reduction agent 21 DAT (Table 7).  



80 

 

 

 

Control by glyphosate was reduced in one of six experiments 14 and 21 DAT (Table 7).  In 

contrast, control by glufosinate increased in one experiment 14 DAT when drift reduction 

agent was included; control was not affected by drift reduction agent 21 DAT (Table 7).  

Efficacy of 2,4-D was not affected by drift reduction agent in these experiments (Table 7).  

Percent reduction in Palmer amaranth fresh weight 21 DAT was affected by main 

effects of herbicide rate but not by drift reduction agent or interactions of drift reduction 

agent with other treatment factors (Table 1).  Vangessel and Johnson (2005) also found that 

addition of a drift control agent did not adversely affect glyphosate performance.   When 

pooled over experiments and herbicides, control was lower when herbicides were applied at 

0.5 times the manufacturer’s suggested use rate compared with control by the manufacturer’s 

suggested use rate (50% vs. 64%, data not shown in tables).  Researchers considering the 

effect herbicide, herbicide rate, and growth stage had on the efficacy of glyphosate, 

glufosinate, and imazethapyr found that in the greenhouse reducing the herbicide rate to 0.75 

and 0.5 times the labeled rates decreased control of common waterhemp [Amaranthus 

tuberculatus (Moq.) Sauer], eastern black nightshade (Solanum ptycanthum Dunal), field 

bindweed (Convolvulus arvensis L.), giant ragweed (Ambrosia trifida L.), ivyleaf 

morningglory [Ipomoea hederacea (L.) Jacq.], velvetleaf (Abutilon theophrasti Medik.), and 

yellow nutsedge (Cyperus esculentus L.) (Hoss et al. 2003).  The interaction of experiment 

by herbicide showed that glyphosate controlled Palmer amaranth more effectively than 

dicamba, glufosinate, or 2,4-D in one experiment.  However, in a second experiment control 
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by 2,4-D exceeded that of dicamba and glufosinate and was similar to control by glyphosate; 

control by glyphosate and glufosinate was similar (Table 8).   

The interaction of experiment by herbicide by herbicide rate was significant for 

common lambsquarters control 7 DAT (Table 2).  However, drift reduction agent did not 

affect control 7 DAT (Table 2).  Although common lambsquarters control by dicamba and 

2,4-D was not affected by herbicide rate, control by glyphosate and glufosinate was higher at 

the manufacturer’s suggested use rate 7 DAT in three and two of the experiments, 

respectively (Table 9).   Considerable variation in control was noted when efficacy of 

herbicides within a rate and may have reflected the amount of time for symptoms caused by 

these modes of action to be shown.  By 14 and 21 DAT, control was not affected by the 

interaction of experiment by herbicide by herbicide rate but was affected by interaction of 

herbicide by rate and experiment by herbicide (Table 2).  Common lambsquarters control by 

dicamba and 2,4-D was not affected by rate at either 14 or 21 DAT (Table 10).  However, 

increasing the rate of both glyphosate and glufosinate increased control at both rating dates 

(Table 10).  Culpepper et al. (2000) found similar results with glufosinate when comparing a 

reduced and higher rate on the control of smooth pigweed (Amaranthus hybridus L.) and 

common lambsquarters.  The higher rate of glufosinate improved control on both species 

(Culpepper et al. 2000).  Common lambsquarters was controlled more effectively by 2,4-D 

than other herbicides when applied at 0.5 times the manufacturer’s suggested use rate (Table 

10).  At the higher rate, control by glyphosate, glufosinate, and 2,4-D was similar and 

exceeded that by dicamba 14 DAT.  In contrast, control by glyphosate and 2,4-D was similar 
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21 DAT and exceeded that by glufosinate.  Common lambsquarters control by dicamba and 

glyphosate was similar in one experiment 21 DAT (Table 10).  Control by dicamba, 

glufosinate, glyphosate, and 2,4-D ranged from 50 to 91%, 36 to 93%, 31 to 95%, and 79 to 

98%, respectively, when considering control at both 14 and 21 DAT (Table 11).  Common 

lambsquarters control by glyphosate 14 DAT was reduced by drift reduction agent (Table 

12).  However, control by dicamba, glufosinate, and 2,4-D 14 DAT or control by all 

herbicides 21 DAT was not affected by drift reduction agent.   

  Entireleaf morningglory control 7 DAT was affected by the interaction of herbicide, 

herbicide rate, and drift reduction agent (Table 3).  When pooled over experiments, applying 

2,4-D at the manufacturer’s suggested use rate resulted in less control when drift reduction 

agent was included (Table 13).  Surprisingly, applying 2,4-D at 0.5 times the suggested  use 

rate was more effective when drift reduction agent was included.  In contrast to results with 

2,4-D, entireleaf morningglory by dicamba, glyphosate, and glufosinate was not affected by 

drift reduction agent or herbicide rate 7 DAT (Table 13).  The negative effect of drift 

reduction agent 7 DAT was also noted in one experiment when observing the interaction of 

experiment by herbicide by drift reduction agent (Table 14).  In a second experiment, drift 

reduction agent did not affect control by any of the herbicides 7 DAT (Table 14).  Drift 

reduction agent did not affect control by any herbicides in this experiment or by any of the 

herbicides in the other experiment 14 DAT (Table 14).  When evaluated 21 DAT, drift 

reduction agent did not affect entireleaf morningglory control regardless of herbicide or 

herbicide rate (Table 3).  However, increasing the rate increased the control by dicamba and 
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glufosinate 21 DAT while control by glyphosate and 2,4-D was not affected by rate 14 DAT 

(Table 15).  Increasing the rate of glyphosate improved entireleaf morningglory control in 

one experiment while increasing the rate of glufosinate increased control in both experiments  

21 DAT (Table 16).  Control by dicamba and 2,4-D was not affected by herbicide rate in 

either experiment (Table 16).  With the exception of the manufacturer’s suggested use rate in 

one experiment where control by glufosinate and 2,4-D was similar, 2,4-D was the most 

effective herbicide in controlling entireleaf morningglory (Table 16).  Glyphosate was the 

least effective herbicide in controlling entireleaf morningglory while control by dicamba and 

glufosinate was intermediate between glyphosate and 2,4-D but was inconsistent.  A number 

of other researchers have found glyphosate to be less effective in controlling morningglory 

species when compared to other herbicides (Chachalis et al. 2001; Corbett et al. 2004; Hoss 

et al. 2003; Jordan et al. 1997; Vangessel and Johnson 2005). 

 Common ragweed control 7 DAT was affected by the interaction of experiment by 

herbicide by herbicide rate (Table 4).  However, drift reduction agent did not affect control 7 

DAT (Table 4).  When pooled over drift reduction agent, increasing the rate of glufosinate 

and 2,4-D increased control in one of two experiments each while control by dicamba and 

glyphosate was not affected by rate in either experiment 7 DAT (Table 17).  By 14 DAT, 

increasing the rate of all herbicides increased common ragweed control by 14 percentage 

points (data not shown in tables).  With respect to increased magnitude of common ragweed 

control, glufosinate (86% control) was more effective than the other herbicides (data not 

shown in tables).  Control by dicamba (45%) exceeded that of both glyphosate and 2,4-D (9 
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and 24%, respectively); glufosinate was more effective than glyphosate (data not shown in 

tables).  At 21 DAT, dicamba was the only herbicide where increasing the rate did not 

increase common ragweed control (Table 18).  When comparing herbicides within rates, 

control by dicamba exceeded control by the other herbicides when applied at 0.5 times the 

manufacturer’s suggested use rate (Table 18).  When applied at this relative rate, glufosinate 

and 2,4-D controlled common ragweed similarly and more than glyphosate (Table 18).  

Control by dicamba and 2,4-D was similar when applied at the manufacturer’s suggested use 

rate.  Additionally, control by glyphosate and glufosinate as well as glufosinate and 2,4-D 

was similar at this rate (Table 18).   

Drift reduction agent interacted with experiment and herbicide 21 DAT (Table 4).  

When pooled over herbicide rates, drift reduction agent increased common ragweed control 

by 2,4-D but did not affect control by dicamba, glyphosate, or glufosinate (Table 19).  This is 

in agreement with previous results that a series of adjuvants of differing properties did not 

improve the efficacy of glufosinate and glyphosate on common ragweed (Grangeot et al. 

2006; Lombard et al. 2005).  In contrast, in the second experiment control by glufosinate 

increased while glyphosate decreased when drift reduction agent was included (Table 19).   

Collectively, results from these experiments indicate that drift reduction agent can 

affect efficacy of dicamba, glyphosate, glufosinate, and 2,4-D.  One study suggested that the 

addition of a drift reduction agent influenced efficacy by reducing control by glufosinate and 

2,4-D while increasing control by glyphosate (Devendra et al. 2004).  While another study 

found that glufosinate and 2,4-D control increased with the addition of a surfactant and also 
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showed that glyphosate controlled weeds similarly with or without a surfactant (Singh et al. 

2004).   However, results were inconsistent and were affected by herbicide, herbicide rate, 

and location/year combination.  Although drift reduction agent decreased control in some 

instances, in most cases drift reduction agent had no negative effect on control.  Control 21 

DAT was the more informative timing to determine the full impact of herbicide efficacy.  

Other researchers (Schuster et al. 2007) have confirmed that 3 WAT was a sufficient time 

interval to determine herbicide efficacy, specifically the effects of glyphosate on common 

lambsquarters.  Drift reduction agent reduced control of Palmer amaranth by glyphosate in 

only one of six experiments and did not affect control by the other herbicides.  Common 

lambsquarters and entireleaf morningglory control 21 DAT was not affected by drift 

reduction agent regardless of herbicide.  Common ragweed control by glyphosate was 

reduced by drift reduction agent in one experiment 21 DAT while control of 2,4-D and 

glufosinate was improved in one of two experiments each. 

These data indicate that in most instances drift reduction agent can be applied with 

dicamba, glufosinate, glyphosate, and 2,4-D with minimal concern about reduced efficacy.  

Data for these experiments will be useful if growers incorporate herbicide resistant (dicamba 

or 2,4-D) cotton and soybean into production systems when susceptible crops are in close 

proximity.   
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SOURCES OF MATERIALS 

 
1
 Dicamba, Clarity® herbicide, BASF Corporation, Research Triangle Park, NC 27709. 

2
 Glufosinate, Ignite 280® herbicide, Bayer Cropscience, Research Triangle Park, NC 27709. 

3
 Glyphosate, Weathermax® herbicide, Monsanto Company, St. Louis, MO 63167. 

4
 2,4-D, Weedar 64® herbicide, Nufarm Americas Inc., Burr Ridge, IL 60527. 

5
 Deposition and Drift Reduction Agent, Interlock™, Agriliance LLC, St. Paul, MN 55164. 

6
 Nonionic surfactant Induce®, Helena Chemical Co., Collierville, TN 38017. 

7
 Ammonium sulfate, Ultrapure™, Schwarz/Mann, ICN Biomedical Inc., Cleveland, OH 

44128. 

8
 TeeJet® DG 11002 nozzles, Spraying System Co., Wheaten, IL 60189. 

9
 SAS Institute Inc., Cary, NC 27513. 
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 Table 1. P > F for visual estimates of Palmer amaranth control and percent reduction in Palmer amaranth fresh weight as 

influenced by experiment, herbicide, herbicide rate, and drift reduction agent. 

 Days after treatment 

 Visual control Percent reduction in 

fresh weight  Non-transformed Transformed 

Treatment factor 7 14 21 7 14 21 21 

 p-value 

Experiment (Exp) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.1090 

Herbicide (Herb) <0.0001 <0.0001 0.0006 <0.0001 <0.0001 0.0005 <0.0001 

Herbicide rate (Rate) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0004 

Drift reduction agent (Drift) 0.2755 0.4847 0.2667 0.3016 0.3149 0.1471 0.8054 

Herb*Rate 0.6049 0.5908 0.2706 0.4636 0.7178 0.5069 0.7309 

Herb*Drift 0.9280 0.8533 0.6269 0.8826 0.9122 0.5353 0.0560 

Rate*Drift 0.7700 0.1447 0.2712 0.6981 0.0923 0.2446 0.0500 

Herb*Rate*Drift 0.8381 0.2142 0.9518 0.8825 0.4437 0.9706 0.1732 

Exp*Herb <0.0001 <0.0001 <0.0001 <0.0001 0.0002 <0.0001 0.0020 

Exp*Rate 0.0768 0.0235 0.3410 0.1033 0.0318 0.0526 0.5269 

Exp*Drift 0.1739 0.1939 0.5322 0.2641 0.2664 0.4239 0.1657 

Exp*Herb*Rate 0.0732 <0.0001 <0.0001 0.0881 <0.0001 <0.0001 0.6929 

Exp*Herb*Drift 0.0924 0.0051 0.0121 0.0276 0.0024 0.0015 0.1531 

Exp*Rate*Drift 0.3813 0.6544 0.3670 0.3182 0.5659 0.2700 0.7891 

Exp*Herb*Rate*Drift 0.2778 0.2740 0.3023 0.1454 0.3305 0.4106 0.4811 

Coefficient of variation (%) 22.7 21.4 19.6 19.4 20.2 18.6 34.4 

Number of experiments  6 6 6 6 6 6 2 
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Table 2. P > F for common lambsquarters control as influenced by experiment, herbicide, herbicide rate, 

and drift reduction agent. 

 Days after treatment 

 Non-transformed Transformed 

Treatment factor 7 14 21 7 14 21 

  p-value 

Experiment (Exp) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Herbicide (Herb) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Herbicide rate (Rate) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Drift reduction agent (Drift) 0.4141 0.6014 0.1367 0.3486 0.8884 0.2560 

Herb*Rate <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Herb*Drift 0.1038 0.0346 0.1611 0.1260 0.1142 0.1013 

Rate*Drift 0.3986 0.9417 0.8641 0.3952 0.6894 0.7060 

Herb*Rate*Drift 0.4083 0.8854 0.9276 0.4955 0.8998 0.9514 

Exp*Herb <0.0001 0.0007 0.0026 <0.0001 0.0017 0.0190 

Exp*Rate 0.1476 0.1317 0.2528 0.1002 0.2095 0.2566 

Exp*Drift 0.4000 0.3839 0.5035 0.3214 0.4706 0.2499 

Exp*Herb*Rate 0.0193 0.0975 0.4157 0.0026 0.1085 0.6103 

Exp*Herb*Drift 0.5454 0.2824 0.3097 0.4600 0.3022 0.2388 

Exp*Rate*Drift 0.4572 0.2000 0.7448 0.3731 0.2851 0.9029 

Exp*Herb*Rate*Drift 0.2069 0.3885 0.9624 0.1452 0.4769 0.9695 

Coefficient of variation (%) 26.4 26.5 20.9 21.8 26.1 19.9 

Number of experiments 4 4 4 4 4 4 
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Table 3. P > F for entireleaf morningglory control as influenced by experiment, herbicide, herbicide rate, and drift 

reduction agent. 

 Days after treatment 

 Non-transformed Transformed 

Treatment factor 7 14 21 7 14 21 

  p-value 

Experiment (Exp) <0.0001 0.8364 0.0771 <0.0001 0.7250 0.0483 

Herbicide (Herb) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Herbicide rate (Rate) 0.0007 <0.0001 0.0002 0.0002 <0.0001 0.0003 

Drift reduction agent (Drift) 0.6516 0.0302 0.0651 0.7097 0.0339 0.0718 

Herb*Rate 0.0135 0.0003 0.0302 0.0216 0.0023 0.0141 

Herb*Drift 0.4862 0.5303 0.9688 0.3676 0.4947 0.9932 

Rate*Drift 0.0802 0.9743 0.3203 0.0986 0.9968 0.3013 

Herb*Rate*Drift 0.0208 0.1175 0.1067 0.0317 0.1049 0.1538 

Exp*Herb 0.0231 0.0029 0.0115 0.0301 <0.0001 0.0068 

Exp*Rate 0.0803 0.4556 0.3180 0.1801 0.3058 0.1896 

Exp*Drift 0.3928 0.3158 0.3823 0.5990 0.2971 0.5509 

Exp*Herb*Rate 0.4541 0.2999 0.0259 0.3281 0.1580 0.0140 

Exp*Herb*Drift 0.0176 0.0440 0.4838 0.0220 0.0238 0.5811 

Exp*Rate*Drift 0.0698 0.3523 0.2389 0.0741 0.4087 0.2586 

Exp*Herb*Rate*Drift 0.2109 0.2225 0.0570 0.2390 0.2934 0.0737 

Coefficient of variation (%) 33.9 45.9 22.2 26.6 36.7 18.6 

Number of experiments 4 4 4 4 4 4 
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Table 4. P > F for common ragweed control as influenced by experiment, herbicide, herbicide rate, and drift reduction agent. 

 Days after treatment 

 Non-transformed Transformed 

Treatment factor 7 14 21 7 14 21 

  p-value 

Experiment (Exp) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Herbicide (Herb) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Herbicide rate (Rate) <0.0001 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Drift reduction agent (Drift) 0.4264 0.5728 0.0969 0.4292 0.8101 0.1679 

Herb*Rate 0.6012 0.6441 0.0035 0.4337 0.3371 0.0158 

Herb*Drift 0.1231 0.4934 0.0097 0.1379 0.2608 0.0068 

Rate*Drift 0.7681 0.5107 0.0508 0.5410 0.3168 0.0159 

Herb*Rate*Drift 0.3500 0.7187 0.2515 0.4600 0.8434 0.1437 

Exp*Herb 0.0287 0.1831 <0.0001 <0.0001 0.0340 <0.0001 

Exp*Rate 0.5599 0.4247 0.5361 0.5758 0.5958 0.5463 

Exp*Drift 0.4636 0.9250 0.7295 0.3472 0.8968 0.9129 

Exp*Herb*Rate 0.0446 0.0568 0.7238 0.0422 0.0648 0.4615 

Exp*Herb*Drift 0.2268 0.7031 0.0036 0.0569 0.6160 0.0050 

Exp*Rate*Drift 0.7874 0.7068 0.1094 0.7593 0.4801 0.3020 

Exp*Herb*Rate*Drift 0.8034 0.5115 0.9968 0.7826 0.3898 0.4650 

Coefficient of variation (%) 33.4 43.1 23.1 23.3 34.2 19.7 

Number of experiments 2 2 2 2 2 2 
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Table 5. Palmer amaranth control as influenced by experiment and herbicide 7 days after treatment.
a
 

 Rocky Mount, 2009  Clayton, 2010 

Herbicide Field 3 Field 4 Field 5 2010 Field 1 Field 2 

 % 

Dicamba 60 a 55 b 42 c 30 c 51 b 78 b 

Glufosinate 66 a 74 a 95 a 80 a 94 a 98 a 

Glyphosate 48 b 58 b 67 b 82 a 95 a 94 a 

2,4-D 39 b 63 ab 45 c 53 b 60 b 87 ab 
a
Means within a location, year, and field followed by the same letters are not significantly different according to Fisher’s Protected LSD test at p < 0.05.  

Data are pooled over herbicide rates and drift control agent treatment 
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Table 6. Palmer amaranth control 14 and 21 days after treatment (DAT) as influenced by experiment, herbicide, and herbicide rate.
a,b

 

 Rocky Mount , 2009  Clayton, 2010 

 Field 3 Field 4 Field 5 2010 Field 1 Field 2 

Herbicide Herbicide Rate Herbicide Rate Herbicide Rate Herbicide Rate Herbicide Rate Herbicide Rate 

 0.5X 1X 0.5X 1X 0.5X 1X 0.5X 1X 0.5X 1X 0.5X 1X 

Control 14 DAT % 

Dicamba 66 bc 74 b 63 bc 65 bc 48 b 52 b 49 c 59 bc 67 c 92 ab 69 b 89 a 

Glufosinate 56 bc 74 b 75 abc 83 a 52 b 85 a 70 b 94 a 84 ab 99 a 97 a 96 a 

Glyphosate 41 d 95 a 78 ab 86 a 76 a 75 a 93 a 90 a 91 ab 94 ab 94 a 95 a 

2,4-D 68 bc 76 b 71 abc 61 c 31 c 55 b 68 b 71 b 78 bc 94 ab 83 ab 98 a 

             

Control 21 DAT            

Dicamba 74 bc 83 ab 78 bc 76 c 69 cd 73 bcd 55 ab 61 a 74 b 97 a 78 ab 93 ab 

Glufosinate 58 de 63 cd 82 abc 93 ab 44 e 76 abc 44 b 68 a 83 ab 98 a 96 a 94 a 

Glyphosate 44 e 96 a 70 c 94 a 88 ab 91 a 69 a 68 a 96 a 95 a 95 a 95 a 

2,4-D 74 bc 79 b 83 abc 76 c 59 de 60 d 61 a 69 a 86 ab 98 a 84 ab 98 a 
a
Means within a location, year, and field followed by the same letters are not significantly different according to Fisher’s Protected LSD test at p < 0.05.  

Data are pooled over drift reduction agent treatments 
b
The 1.0X rates of dicamba, glufosinate, glyphosate, and 2,4-D were 0.28, 0.60, 0.96, and 0.54 kg/ha, respectively. 
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Table 7.  Palmer amaranth control 14 and 21 days after treatment (DAT) as influenced by experiment, herbicide, and drift reduction agent.
 a
 

 Rocky Mount, 2009  Clayton, 2010 

 Field 3 Field 4 Field 5 2010 Field 1 Field 2 

 
Drift reduction 

agent 

Drift reduction 

agent 

Drift reduction 

agent 

Drift reduction 

agent 

Drift reduction 

agent 

Drift reduction 

agent  

Herbicide Yes No Yes No Yes No Yes No Yes No Yes No 

Control 14 DAT % 

Dicamba 76 ab 64 abc 56 c 69 bc 49 c 50 c 60 de 48 e 86 ab 73 b 70 b 88 a 

Glufosinate 61 bc 69 abc 77 ab 82 a 79 a 58 bc 75 bcd 89 abc 86 ab 98 a 98 a 94 a 

Glyphosate 56 c 79 a 81 a 81 a 81 a 69 ab 91 ab 93 a 94 a 92 a 94 a 95 a 

2,4-D 78 a 68 abc 70 abc 61 bc 44 c 43 c 68 d 71 cd 83 ab 90 a 84 ab 97 a 

            

Control 21 DAT            

Dicamba 86 a 71 abc 74 b 79 ab 71 bc 72 bc 58 a 58 a 91 ab 79 b 78 b 93 ab 

Glufosinate 62 bc 56 c 85 ab 91 a 67 cd 53 d 53 a 59 a 83 ab 98 a 96 a 94 a 

Glyphosate 56 c 82 ab 80 ab 79 ab 93 a 86 ab 69 a 67 a 96 a 95 a 95 a 95 a 

2,4-D 81 ab 73 ab 82 ab 77 b 55 d 64 cd 60 a 70 a 88 ab 96 a 84 ab 98 a 
a
Means within a location, year, and field followed by the same letters are not significantly different according to Fisher’s Protected LSD test at p < 0.05.  

Data are pooled over herbicide rates. 
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Table 8. Interaction of experiment and herbicide on percent reduction in Palmer amaranth fresh weight 21 

days after treatment.
 a
 

 Clayton, 2010 

Herbicide Field 1 Field 2 

 %  

Dicamba 38 b 30 c 

Glufosinate 49 b 60 b 

Glyphosate 78 a 72 ab 

2,4-D 47 b 85a 
a
Means within a location, year, and field followed by the same letters are not significantly different according to 

Fisher’s Protected LSD test at p < 0.05.  Data are pooled over herbicide rates and drift reduction agent treatments. 
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Table 9.  Common lambsquarters control as influenced by experiment, herbicide, and herbicide rate 7 days after treatment.
 a,b

 

 Rocky Mount, 2009 

 Field 1 Field 2 Field 3 Field 4 

 Herbicide Rate Herbicide Rate Herbicide Rate Herbicide Rate 

Herbicide 0.5X 1X 0.5X 1X 0.5X 1X 0.5X 1X 

 % 

Dicamba 47 c 55 bc 33 bc 44 bc 59 c 61 bc 52 d 59 cd 

Glufosinate 59 bc 97 a 43 bc 42 bc 74 bc 93 a 85 ab 95 a 

Glyphosate 54 bc 95 a 6 d 56 ab 31 d 77 ab 56 cd 70 bc 

2,4-D 66 b 68 b 49 abc 61 a 61 bc 74 bc 66 cd 67 cd 
a
Means within a location, year, and field followed by the same letters are not significantly different according to Fisher’s Protected LSD test at p < 

0.05.  Data are pooled over drift reduction agent treatments.  
b
The 1.0X rates of dicamba, glufosinate, glyphosate, and 2,4-D were 0.28, 0.60, 0.96, and 0.54 kg/ha, respectively. 
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Table 10.  Common lambsquarters control 14 and 21 days after treatment (DAT) as influenced by herbicide 

and herbicide rate.
 a,b

 
 Herbicide rate 

Herbicide  (0.5X) (1X) 

Control 14 DAT % 

Dicamba 63 b 67 b 

Glufosinate 57 b 79 a 

Glyphosate 37 c 83 a 

2,4-D 81 a  84 a 

   

Control 21 DAT   

Dicamba 79 c 80 bc 

Glufosinate 57 d 76 c 

Glyphosate 56 d 90 ab 

2,4-D 92 a 95 a 
a
Means followed by the same letters are not significantly different according to Fisher’s Protected LSD test at p < 

0.05.  Data are pooled over experiments and drift reduction agent treatments. 
b
The 1.0X rates of dicamba, glufosinate, glyphosate, and 2,4-D were 0.28, 0.60, 0.96, and 0.54 kg/ha, respectively. 
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Table 11. Common lambsquarters control 14 and 21 days after treatment (DAT) as influenced by experiment and 

herbicide.
 a
 

 Rocky Mount, 2009 

Herbicide Field 1 Field 2 Field 3 Field 4 

Control 14 DAT % 

Dicamba 63 bc 50 b 76 ab 76 a 

Glufosinate 71 ab 36 c 82 a 87 a 

Glyphosate 55 c 31 c 68 b 84 a 

2,4-D 79 a 79 a 88 a 87 a 

     

Control 21 DAT     

Dicamba 75 b 72 b 86 b 91 a 

Glufosinate 58 c 45 c 77 c 93 a 

Glyphosate 72 b 53 c 76 c  95 a 

2,4-D 91 a 89 a 98 a 98 a 
a
Means within a location, year, and field followed by the same letters are not significantly different according to Fisher’s 

Protected LSD test at p < 0.05.  Data are pooled over herbicide rates and drift reduction agent treatments.   
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Table 12.  Common lambsquarters control as influenced by herbicide and drift reduction agent 

14 days after treatment.
 a
 

 Drift reduction agent 

 Herbicide Yes No 

 % 

Dicamba 69 b 61 bc 

Glufosinate 69 b 66 b 

Glyphosate 52 c 66 b 

2,4-D 82 a 83 a 
a 
Means followed by the same letters are not significantly different according to Fisher’s Protected 

LSD test at p < 0.05.  Data are pooled over experiments and herbicide rates.   
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Table 13. Entireleaf morningglory control as influenced by herbicide, herbicide rate, and drift reduction agent 7 days after treatment.
 a,b

 

 Herbicide rate 

 Drift reduction agent Drift reduction agent 

 0.5X 1X 

Herbicide Yes No Yes No 

 % 

Dicamba 22 c 12 c 35 bc 33 c 

Glufosinate 54 ab   54 ab 71 a 74 a 

Glyphosate 15 c 17 c  25 cd 16 d 

2,4-D 66 a 51 b 49 b 67 a 
a
Means followed by the same letters are not significantly different according to Fisher’s Protected LSD test at p < 0.05.  Data are pooled over 

experiments.   
b
The 1.0X rates of dicamba, glufosinate, glyphosate, and 2,4-D were 0.28, 0.60, 0.96, and 0.54 kg/ha, respectively. 
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Table 14. Entireleaf morningglory control 7 and 14 days after treatment (DAT) as influenced by experiment, herbicide, and drift 

reduction agent.
 a,b

 

 Rocky Mount, 2009 

 Field 3 Field 4 

 

Drift reduction agent Drift reduction agent 

Herbicide Yes No Yes No 

Control 7 DAT % 

Dicamba 35 cd 18 de 22 b 27 b 

Glufosinate 53 ab 58 ab 73 a  68 a 

Glyphosate 11 de 9 e 29 b 24 b 

2,4-D 44 bc 62 a 70 a 61 a 

     

Control 14 DAT     

Dicamba 37 c 30 cd 33 d 34 cd 

Glufosinate 66 b 24 bc 55 bc 59 ab 

Glyphosate 15 d 9 d 34 cd 27 d 

2,4-D 98 a 100 a 78 a 64 ab 
a
Means within a location, year, and field followed by the same letters are not significantly different according to Fisher’s Protected LSD 

test at p < 0.05.  Data are pooled over herbicide rates. 
b
The 1.0X rates of dicamba, glufosinate, glyphosate, and 2,4-D were 0.28, 0.60, 0.96, and 0.54 kg/ha, respectively. 
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Table 15. Entireleaf morningglory control as influenced by herbicide and herbicide rate 14 days after treatment.

 a,b
 

 Herbicide rate 

Herbicide  (0.5X)  (1X) 

 % 

Dicamba 24 c 43 b 

Glufosinate 29 bc 76 a 

Glyphosate 18 c 24 c 

2,4-D 86 a 84 a 
a
Means followed by the same letters are not significantly different according to Fisher’s Protected LSD test at p < 0.05.  Data are 

pooled over experiments and drift reduction agent treatments.   
b
The 1.0X rates of dicamba, glufosinate, glyphosate, and 2,4-D were 0.28, 0.60, 0.96, and 0.54 kg/ha, respectively. 



107 

 

 

 

 

 Table 16.  Entireleaf morningglory control as influenced by experiment, herbicide, and herbicide rate 21 days after treatment.
 a,b

 

 Rocky Mount, 2009 

 Field 3 Field 4 

 Herbicide rate Herbicide rate 

Herbicide 0.5X 1X 0.5X 1X 

 % 

Dicamba 73 b 80 b 68 cd 75 bc 

Glufosinate 56 c 74 b 56 de 86 ab 

Glyphosate 15 d 48 c 51 e 51 e 

2,4-D 100 a 99 a 100 a  96 a  
a
Means within a location, year, and field followed by the same letters are not significantly different according to Fisher’s Protected LSD 

test at p < 0.05.  Data are pooled over drift reduction agent treatments.   
b
The 1.0X rates of dicamba, glufosinate, glyphosate, and 2,4-D were 0.28, 0.60, 0.96, and 0.54 kg/ha, respectively. 
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Table 17. Common ragweed control as influenced by experiment, herbicide, and herbicide rate 7 days after treatment.
 a,b

 

 Rocky Mount, 2009 

 Field 1 Field 2 

 Herbicide rate Herbicide rate 

Herbicide 0.5X 1X 0.5X 1X 

 % 

Dicamba 51 bc 57 b 30 cd 43 c 

Glufosinate 99 a 100 a 59 b 86 a 

Glyphosate 6 f 17 ef 6 f 7 ef 

2,4-D 21 de 41 c 11 ef 21 de 
a
Means followed by the same letters are not significantly different according to Fisher’s Protected LSD test at p < 0.05.  Data are pooled 

over drift reduction agent treatments.   
b
The 1.0X rates of dicamba, glufosinate, glyphosate, and 2,4-D were 0.28, 0.60, 0.96, and 0.54 kg/ha, respectively. 
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 Table 18. Common ragweed control as influenced by herbicide and herbicide rate 21 days after treatment.
 a,b

 

 Herbicide rate 

Herbicide (0.5X) (1X) 

 % 

Dicamba 72 abc  81 a 

Glufosinate 53 e 67 bc 

Glyphosate 30 f 64 cd 

2,4-D 54 de 76 ab 
a
Means followed by the same letters are not significantly different according to Fisher’s Protected LSD test at p < 

0.05.  Data are pooled over experiments and drift reduction agent treatments.   
b
The 1.0X rates of dicamba, glufosinate, glyphosate, and 2,4-D were 0.28, 0.60, 0.96, and 0.54 kg/ha, respectively. 
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Table 19. Common ragweed control as influenced by experiment, herbicide, and drift reduction agent 21 days after treatment.a 

 Rocky Mount, 2009 

 Field 1 Field 2 

 Drift reduction agent Drift reduction agent 

Herbicide Yes No Yes No 

 % 

Dicamba 87 a 81 a 71 a 66 ab 

Glufosinate 79 a 87 a  53 bc 27 d 

Glyphosate 51 b 53 b  31 d  48 c 

2,4-D 76 a 59 b 68 a 58 abc 
a
Means followed by the same letters are not significantly different according to Fisher’s Protected LSD test at p < 0.05.  Data are pooled 

over herbicide rates.   


