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ABSTRACT 

Herbicide-resistant weed species have altered the challenges faced by Tennessee 

cotton (Gossypium hirsutum, L.) producers.  While the weed control and environmental 

benefits of cover crops have been well-documented, the integration of cover crops into 

cotton production systems has presented management challenges.  In-season broadcast 

postemergence weed control options are limited in cotton.  Furthermore, off-target 

movement of 2,4-D and dicamba can result in additional management challenges if 

susceptible cotton is injured.  Studies were conducted from 2018 to 2021 to evaluate: 1) 

cotton response to cover crop termination timings and methods; 2) postemergence weed 

control programs in cotton without the use of glyphosate; 3) the relationship between 

auxin injury, in-season reflectance data, and yield penalties; and 4) the effects of 

synthetic auxin exposure on yield components of cotton.  Cover crop termination timings 

and methods impacted early season cotton growth, but yields were ultimately not 

affected.  Postemergence control of weed species was generally greater with multiple 

POST applications compared to a single POST application but no herbicide program 

provided greater than 80% annual grass control 21 d after late-POST application.  Auxin 

related injury and yield penalties may be better predicted following exposure during 

vegetative growth compared to exposure during reproductive growth.  Exposure to 2,4-D 

caused more severe impacts to cotton than exposure to dicamba, but auxin application 

rate and timing impacted yield components and partitioning.  Results from these studies 

will support a more sustainable production system through improved management of 
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cover crops, selection of herbicide programs, and understanding of the scope and severity 

of off-target movement of 2,4-D and dicamba.   
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CHAPTER I: EFFECT OF COVER CROP TERMINATION TIMING AND 

METHOD ON COTTON DEVELOPMENT AND YIELD  
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Abstract 

 The sustainability movement has influenced the cotton (Gossypium hirsutum L.) 

industry by igniting the search for more sustainable cotton production practices.  Cover 

crops have been promoted for use in agricultural systems due to both environmental and 

economic opportunities.  Cotton growers in West Tennessee faced challenges in the 2015 

and 2016 growing seasons with cover crop termination management which resulted in 

failed cotton stands.  The objective of this experiment was to determine effects of various 

cover crop termination timing and method on cotton emergence, development, and yield.  

Field experiments were conducted from 2018 to 2020 in both small plot and on-farm 

scenarios across West Tennessee.  Cover crop termination timings consisted of an at-

planting termination, three weeks prior to planting, and both a broadcast and furrow-strip 

termination six weeks prior to planting.  The cover crop termination methods consisted of 

chemical termination, mechanical termination using a roller-crimper, and chemical + 

mechanical termination.   

Cotton emergence and early-season maturity were impacted by termination timing 

and method, where emergence and growth were impacted most severely following at-

planting or mechanical terminations.  Thrips injury was greater in cotton following a 

chemical + mechanical termination of the cover crop.  Three-cornered alfalfa hopper 

damage was less prevalent in cotton when cover crops were terminated six weeks prior to 

planting in a broadcast method or with a roller-crimper.  While early-season impacts were 

observed, end of season yield differences were not observed.  Still, producers in short 

season environments should be acutely aware of the higher level of risk associated with 
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at-planting terminations or terminations without herbicides if season length is not 

conducive for compensation.   

Introduction 

Cotton (Gossypium hirsutum L.) producers in the United States strive to 

incorporate sustainable agronomic practices into production systems (Daystar et al., 

2017).  The integration of cover crops is a production practice that can provide 

environmental benefits and benefit the cash crop.  Cover crops improve soil and water 

quality, reduce soil erosion and nutrient leaching, and cycle nutrients (Balkcom et al., 

2016; Hartwig and Ammon, 2002; Kaspar and Singer, 2011).  Additional benefits include 

a reduction in weed seed germination and an increase in beneficial insect populations 

(Balkcom et al., 2016; Hartwig and Ammon, 2002; Tillman et al., 2004).  Even so, yield 

impacts on the cash crop are often inconsistent from year to year (Bauer and Busscher, 

1996).   

Compared to other row crops, cotton is particularly susceptible to early season 

stressors (National Cotton Council of America, 2007).  Large quantities of surface 

biomass often results in inconsistent seed placement and poor seed to soil contact.  

Unless rainfall occurs soon after planting, inadequate seed placement is likely to cause 

germination issues.  Cover crop residues can slow cotton growth which leaves cotton 

susceptible to early season pests and less able to recover from residual herbicide injury.  

In most cases cotton recovers from early season stress, but increased risks associated with 

a delayed crop linger throughout the season and these risks can be particularly impactful 

in short-season environments.   
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Stand establishment and early season growth are priorities in the northern Cotton 

Belt, as there is a narrow planting window (Butler et al., 2020).  Delayed or inadequate 

emergence may lead to replanting outside of the optimal window.  Replanted cotton may 

grow in less-than-ideal conditions were cotton reaches critical growth stages during 

periods of increased drought stress, higher temperature, and increased pest pressure.  An 

early fall can also wreak havoc on a delayed crop that is not given the opportunity to 

completely mature.  Even the decision to replant to soybean (Glycine max L.) can cause 

issues associated with herbicide plant-back restrictions and wasted fertilizer inputs.  

Either way, the producer is faced with economic strain due to increased input costs.  

Adoption of cover crops into cotton production systems has not been widespread, 

mainly due to associated costs and previous failed attempts.  A 2017 University of 

Tennessee survey of row crop producers found that 29% of respondents planted a cover 

crop in 2016, while 22% of respondents had planted a cover crop previously but chose 

not to continue the practice (Campbell, 2018).  Reasons given for not continuing to plant 

cover crops were 1) planting difficulties, 2) increased cost of production, 3) termination 

difficulties, and 4) yield reductions.  Other areas of the U.S. Cotton Belt report similar 

issues integrating cover crops into the cotton production system (Roesch-McNally et al., 

2017).  This research focuses on the effects of cover crop termination timing and method 

on cotton emergence, development, and yield.   

Termination Timing 

There are risks and benefits from incorporating a cover crop program, which are 

greatly impacted by termination timing decisions.  Premature cover crop termination 
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reduces the biomass accumulation that would occur in the spring and decreases the 

amount of time residue persists into the growing season (Balkcom et al., 2016).  Delaying 

termination increases cover crop biomass levels but can also increase the likelihood of 

failed cover crop termination, failed or delayed cotton emergence, and the opportunity of 

a ‘green bridge’ for insect pests.  Additionally, the timing of cover crop termination 

impacts soil moisture (Hargrove and Frye, 1987; Kornecki et al., 2009; Wortman et al., 

2012), soil temperature (Balkcom et al., 2016), and weed suppression by mulching 

(Webster et al., 2013; Wiggins et al., 2016) or allelopathic effects (Price et al., 2008). 

Strip termination is an alternative termination method that may reduce the risks 

and increase the benefits of a cover crop.  Using this method, a band of cover crop is 

terminated prior to planting where the cash crop will be planted.  Then, around the time 

of cash crop planting, the remaining living cover crop is terminated.  Theoretically, this 

allows for a clean seed bed for cash crop planting as well as a greater chance of receiving 

benefits from the accumulated cover crop biomass.  Limiting the quantity of biomass 

over the furrow reduces binding of planter row cleaners, allows for proper operation of 

gauge wheels and double disk openers, and eases furrow closing by press wheels.  

Limited research has been conducted to evaluate the efficacy of strip terminations in 

cover crop systems.   

The University of Tennessee currently recommends terminating cover crops at 

least two weeks prior to cotton planting.  Terminations three weeks prior to planting are 

more economically sound as delayed terminations at, or around the time of planting carry 

far greater risks.  The strip termination method could lend itself to being both 
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economically and environmentally sound in that there is reduced risk at planting because 

of the terminated strips but increased benefits of cover crops can be observed in the row 

middles.   

Termination Method 

Achieving adequate cover crop termination is another important factor in 

managing a cover crop.  Creating a uniform seed bed for the cash crop to be planted into 

can reduce the chances of planting difficulties where planting units get bound or tangled 

in residue or ‘hairpinning’ occurs where residue is pushed into the furrow along with seed 

(Kornecki and Price, 2010).  Cover crops may be terminated naturally, chemically, or 

mechanically or by using some combination of these methods.   

Non-hardy winter species and determinate species in southern latitudes terminate 

naturally when winter temperatures are low enough to kill them.  Mild winters have 

increased frustrations at termination timing due to species in the mustard (Brassicaceae) 

family surviving the winter months.  Radishes (Raphanus sativus L.)  that do not 

winterkill are extremely difficult to terminate once flowering begins in the spring as there 

are no effective herbicide options for control (McClure et al., 2017).  Chemical 

termination is a common method for producers and is an effective control option for most 

cover crop species (Kornecki et al, 2009).  Mechanical termination is accomplished with 

various implements including mowers, undercutters, plows, disks, or roller-crimpers.  

Mowers do not lend themselves to providing a uniform seed bed and regrowth of the 

cover crop is common (Creamer and Dabney, 2002).  Roller-crimpers; however, 

consistently provide a uniform mat of cover crop residue on the soil surface and the 
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likelihood of regrowth minimal.  The basis for using a roller-crimper is to create a layer 

of residue that will act as a mulch (Davis, 2010).  As the roller-crimper moves across the 

field, the protruding fins crimp and crush the cover crop to terminate it (Kornecki and 

Price, 2010).   

Adequate termination of cover crops is required because of the subsequent effects 

of cover crop regrowth on the cotton crop including reduced soil moisture content, 

delayed cotton emergence, and reduced cotton yield (Price et al., 2009; Singer et al., 

2007).  Currently, the University of Tennessee recommends a chemical application prior 

to the use of a roller-crimper (McClure et al., 2017).  There is a short window for cover 

crops to accumulate biomass in the northern region of the Cotton Belt and biomass 

accumulation is highly variable year to year.  For those reasons, the roller-crimper alone 

may not always guarantee adequate termination in this area of the Cotton Belt.  Chemical 

termination of cover crops will provide the most consistent kill in comparison to 

mechanical terminations by way of the roller-crimper.   

A great deal of research has been conducted on single species cover crop effects 

on the soil and subsequent cash crops (Bauer and Busscher, 1996; Mirsky et al., 2009; 

Price et al., 2008).  However, management practices for single species cover crop 

programs may not work well for cover crop blends, which have increased in popularity 

due to government program support.  To ensure a seamless integration of multi species 

‘soil health’ blends into cotton production systems, more information is needed 

specifically in the realm of termination – both timing and method. 
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Materials and Methods 

Experiments were conducted from 2018 to 2020 on producer’s fields and at 

research and education centers across West Tennessee to determine the effects of various 

cover crop termination timing and method on subsequent cotton emergence, 

development, and yield.  Producer field sites were located near Humboldt, TN (Calloway 

silt loam; Fine-silty, mixed, active, thermic Aquic Fraglossudalfs and Grenada silt loam; 

Fine-silty, mixed, active, thermic Oxyaquic Fraglossudalfs) from 2018 to 2020, 

Henderson, TN (Guyton silt loam; Fine-silty, siliceous, active, thermic Typic 

Glossaqualfs) from 2018 to 2019, and Trenton, TN (Memphis silt loam; Fine-silty, 

mixed, active, thermic Typic Hapludalfs) from 2018 to 2019.  Research centers were 

located near Milan, TN at the Milan AgResearch and Education Center (MREC; Grenada 

silt loam; Fine-silty, mixed, active, thermic Oxyaquic Fraglossudalfs) in 2018, and at the 

West Tennessee AgResearch and Education Center (WTREC) in Jackson, TN (Lexington 

silt loam; Fine-silty, mixed, active, thermic Ultic Hapludalfs) from 2018 to 2020.  

Experimental units in Humboldt, Henderson, and Trenton were 12 m by 24 m and 4 m by 

9 m in MREC and WTREC.  Treatments were arranged in a randomized complete block 

design and replicated three times at Humboldt, Henderson, and Trenton and four times at 

MREC and WTREC. 

 A Natural Resource Conservation Service (NRCS) approved cover crop blend 

was seeded into experimental locations during the fall of the previous year.  Cover crop 

blend components varied slightly from year to year on producer’s fields due to 

recommendations from NRCS.  In general, species included cereal rye (Secale cereale 
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L.), wheat (Triticum aestivum L.), crimson clover (Trifolium incarnatum L.), hairy vetch 

(Vicia villosa Roth), and Austrian winterpea (Pisum sativum L. ssp. sativum var. 

arvense).  Experiments located on research and education centers consisted of cereal rye, 

wheat, crimson clover, hairy vetch, and Austrian winterpea seeded at 21, 28, 6, 6, and 8 

kg ha-1, respectively. 

 Termination timing applications were triggered six weeks prior to planting, three 

weeks prior to planting, and at planting (Table 1, all tables and figures are located within 

the appendix).  The target planting date for all experiments was 01 May.  At six weeks 

prior to planting, both a broadcast termination and a strip termination were implemented.  

The strip termination was achieved by spraying a 20 cm band where the seed furrow 

would be and the remaining green cover crop in the row middles was terminated at 

planting.  Experiments conducted at both research and education centers also included a 

termination four weeks prior to planting and a fallow treatment.   

Termination method treatments included a chemical termination, a mechanical 

termination, and a chemical and mechanical termination.  Termination method treatments 

were applied approximately one month prior to the target plant date.  Chemical 

termination was accomplished with a broadcast herbicide application consisting of 

glyphosate and dicamba.  Mechanical termination was accomplished with a roller-

crimper.  For the chemical + mechanical termination, experimental units were first rolled 

and then chemically terminated. 

All termination applications consisted of glyphosate (RoundUp PowerMax, Bayer 

Crop Science, St. Louis, MO) at 1.5 kg ae ha-1 and dicamba (Xtendimax with Vaporgrip 
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Technology, Bayer Crop Science, St. Louis, MO) at 0.8 kg ae ha-1.  Broadcast 

applications were applied with a MudMaster Multi-Purpose Sprayer (Bowman 

Manufacturing, Newport, AR) operating at a pressure of 276 kPa with TTI 11004 (TeeJet 

Technologies, Springfield, IL) nozzles and an application volume of 140 L ha-1.  Strip 

termination applications were accomplished with tractor-mounted sprayers at equivalent 

application pressure and volume to ensure that cover crops would be terminated where 

the cotton crop would later be seeded. Equipment utilized for strip terminations varied 

across environment due to the use of producer equipment but in general, drop nozzles 

were fabricated onto an existing spray boom to achieve strip termination. 

 Prior to each termination timing, cover crop biomass samples were collected from 

experimental units to be treated.  Biomass samples were collected from two, 0.25 m2 

locations within each experimental unit and combined for a representative sample of the 

plot.  Samples were dried in a forced-air dryer at 41°C for 72 hours to achieve a constant 

mass.  Cover crop biomass samples were also collected at planting in the termination 

timing treatments. 

Cotton was seeded as close to the target planting date as possible, taking into 

consideration environmental conditions (Table 1).  Planting decisions, in terms of cotton 

variety and seeding rate, were left up to the discretion of the producer but followed 

recommended guidelines put forth by UT Extension (Raper, 2016).  Planter attachments 

varied slightly between locations.  Row cleaners were either Martin-Till® floating row 

cleaners with razor wheels (Martin Industries, Elkton, KY) or Yetter floating row 

cleaners with no-till coulters (Yetter Manufacturing Co., Inc., Colchester, IL).  Closing 
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wheels consisted of either rubber or cast iron closing wheels or double disc closing 

wheels followed by a single press wheel.  Maintenance herbicide applications typically 

applied at or around the time of cotton planting were held off until approximately 21 days 

after planting to evaluate weed suppression provided by cover crops and their residue.  A 

weed suppression rating was collected at 21 days after planting.  After this rating, 

herbicide applications were applied as needed in season for weed control to prevent yield 

impacts from uncontrolled weed species. 

At 21 d after planting, cotton emergence was evaluated by counting the number of 

emerged plants in 12 m row.  The number of plants that had reached two leaf stage 

(BBCH12) within the same 12 m row section was recorded.  The number of plants at 

BBCH12 was divided by the total number of emerged plants resulting in a percentage of 

cotton at BBCH12.  Weed and insect pressure was monitored, and data were collected if 

warranted for each location.  At all on-farm locations in 2018 and 2019, thrips injury was 

rated on a scale of 0 – 5 (0 = no injury, 5 = plant death), slug damage was rated on a scale 

of 0 – 100 (0 = no damage/defoliation, 100 = plant death), and the number of plants that 

exhibited injury from three-cornered alfalfa hoppers were counted in the center two rows 

of each plot.  Early season soil moisture levels were monitored as well with ECH2O EC-5 

sensors that measure volumetric water content of the soil (Decagon Devices, Pullman, 

WA) 

At cutout, plant height, total node count, node of first fruiting branch (FFB), and 

node above cracked boll (NACB) were collected.  Experimental units were also rated to 

capture percent of open bolls approximately 14 d prior to defoliation (0 – 100; 0 = no 
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open bolls, 100 = bolls completely open).  Two rows were mechanically harvested from 

each experimental unit with a spindle cotton picker modified for small plot research.  

Seed cotton was weighed and ginned to collect yield measurements and lint turnout 

percentage.  Lint samples were collected and sent to the USDA Fiber Classing Office in 

Memphis, TN for fiber quality analysis.   

Data were analyzed in SAS (v. 9.4, SAS Institute Inc., Cary, NC) using the PROC 

GLIMMIX procedure.  Termination timing and termination method were separate 

experiments and therefore were analyzed separately.  Location and replication were set as 

random effects to evaluate termination management decisions across multiple 

environments (Blouin et al., 2011; Gbur et al., 2012).  Data were subjected to analysis of 

variance and means were separated using Fisher’s Protected LSD at the 0.05 level of 

significance. 

Results and Discussion 

Cover Crop Biomass 

 Overall, cover crop biomass accumulation was limited across all site years (Table 

2).  In most instances, cotton was grown in the growing season prior to experimental 

initiation causing cover crop planting to be delayed into November.  The delayed planting 

of the cover crop shortened the window for growth prior to winter which attributed to low 

overall biomass accumulation.  Sykes et al. (2021) performed cover crop variety testing 

in TN and observed approximately a 50% reduction in cover crop biomass accumulation 

among top performers when cover crops were planted in early November compared to 



13 

 

early October.  Average cover crop biomass accumulation from November planted cover 

crops in the variety testing program conducted by Sykes et al. (2021) was 938 and 2,731 

kg ha-1 for April and May terminations, respectively.   

Timing of cover crop termination impacted cover crop biomass at the time of 

termination (Table 2; p < 0.0001) as well as at-planting (Table 2; p = 0.0049).  

Accumulated cover crop biomass ranged from 417 to 524 kg dried plant material ha-1 for 

terminations at four and six weeks prior to planting which was less that biomass 

accumulated at three weeks prior to planting (746 kg ha-1).  Cover crop biomass levels at 

termination were highest in the at-planting treatments (1,175 kg ha-1).  When comparing 

cover crop biomass at the time of cotton planting, cover crops terminated at-planting 

(1,923 kg ha-1) accumulated more biomass than any other termination timing treatment 

(171 – 684 kg ha-1).  In some site-years, cotton planting was delayed following the at-

planting termination causing the difference in cover crop biomass accumulation of the at-

planting termination treatment.  The fallow treatment did have plant material present at 

the time of planting, which consisted of winter annual weed species that emerged. 

 In cover crop termination method treatments, no differences were observed for 

cover crop biomass levels at termination (Table 2; p = 0.5142).  Cover crop biomass 

levels ranged from 834 to 965 kg dried plant material ha-1.  Cover crop biomass was not 

collected at-planting for termination method treatments.  However, the cover crop at the 

time of termination had not yet reached an adequate growth stage or biomass level for 

adequate termination from a roller-crimper alone based on visual observations; small 

grains included within the cover crop mixes had typically not reached the anthesis stage 
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during any of the conducted experiments. Similarly, Ashford and Reeves (2003) observed 

reduced kill rates of wheat, rye, and black oats (Avena strigose Schreb.) at flag leaf stage 

and anthesis with the roller-crimper alone compared to either chemical or mechanical + 

chemical termination methods.   

Cotton Emergence and Early Season Stressors 

 Both cover crop termination timing and method affected cotton emergence (Table 

3; p < 0.0001).  Cotton emergence data was collected and analyzed from on-farm 

locations only.  When cover crop termination was delayed until cotton planting, cotton 

emergence was reduced 21 d after planting (56,487 plants ha-1) compared to all other 

termination timings (70,456 – 75,552 plants ha-1).  Reduced emergence may be partially 

due to allelopathy; Shekoofa et al. (2020) evaluated allelopathic effects of cover crop 

extracts from various termination timings and observed the greatest suppression of cotton 

germination to be from cover crops terminated at planting.  Cotton emergence following 

mechanical termination was reduced (53,098 plants ha-1) compared to emergence 

following either chemical (71,831 plants ha-1) or mechanical + chemical termination 

(70,732 plants ha-1).  In contrast, Price et al. (2009) did not observe differences in cotton 

population between a rolled cover crop and a rolled + chemically sprayed termination.  

Again, it is possible that the failure of the cover crop in our studies to reach an adequate 

growth stage and biomass level for proper crimping may have caused the discrepancies 

between results from Price et al. (2009) and those noted in these experiments. 

 Cover crop termination timing impacted early season cotton development (Table 

3; p < 0.0001).  Cotton planted into a living stand of cover had less of the stand reaching 



15 

 

BBCH12 21 d after planting than cover crop terminations that took place prior to planting 

(7% versus 16 – 20%, respectively).  Cover crop termination method did not impact early 

season development (Table 3; p = 0.1249). 

 Cover crop termination timing did not impact observed thrips injury (Table 3; p = 

0.0953).  Cover crop termination method affected observed thrips injury; plots that were 

both mechanically and chemically terminated had higher thrips injury (2.1) in comparison 

to either termination method alone (1.6 – 1.8) (Table 3; p < 0.0001).  Results noted differ 

from those observed by Toews et al. (2010), who reported an inverse relationship 

between thrips density and ground cover from both cereal and legume cover crop species.  

In general, slug damage – measured as percent defoliation – was miniscule across cover 

crop termination timings and methods (Table 3; p ≥ 0.0783).  Percent slug damage ranged 

from 2.4 to 4.1% and 3.0 to 5.1% for termination timing and method treatments, 

respectively.   

Cover crop termination timing and method impacted the percentage of three-

cornered alfalfa hopper damaged plants (Table 3; p ≤ 0.0223).  Cover crops terminated 

six weeks prior to planting with a broadcast application resulted in four percent of 

emerged cotton with three-cornered alfalfa hopper damage which was less than cotton 

following cover crops terminated at-planting, three weeks prior to planting, and six weeks 

prior to planting in strips (10, 9, and 12%, respectively).  Balkcom et al. (2016) reported 

that delaying cover crop termination has the potential to create a ‘green bridge’ for insect 

pests.  It is suspected that the movement of insect pests off the cover crop and onto the 

emerging cash crop likely drove the increases in injury. Cover crops that were 
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mechanically terminated with the roller-crimper (2%) resulted in less three-cornered 

alfalfa hopper damaged cotton than cover crops that were chemically terminated or 

chemically and mechanically terminated (17 – 18%).  This response is not well 

understood, and it may be an anomaly in the data.   

There were no differences in grass or broadleaf weed control due to cover crop 

termination timing or method (Table 3; p ≥ 0.1124).  However, Webster et al. (2013) 

observed reduced weed pressure with the presence of cover crop biomass due to 

increased competition for light, nutrients, and water.  Across all locations, termination 

timing, and termination method, broadleaf weed control ranged from 59 to 80% 21 d after 

planting.  Grass weed control ranged from 29 to 72%.  The lack of weed control observed 

may be due to low levels of biomass previously discussed or inconsistent cover crop 

stand due to a cover crop blend being planted (Raper et al., 2019).  The need for in-

season weed control remains due to variability in cover crop stand and suppression 

(Wiggins et al., 2016). 

Cotton Growth and Lint Yield 

 Cover crop termination timing had no effect on cotton height or NACB (Table 4; 

p ≥ 0.8040).  Cover crops terminated at-planting resulted in cotton with more nodes 

(20.0) than cotton following cover crops terminated three weeks prior to planting or six 

weeks prior to planting in strips (18.9 – 19.2) (p = 0.0231).  In terms of FFB, cotton 

following cover crops terminated at-planting set the FFB higher on the plant (6.6) than 

cotton following cover crops terminated six weeks prior to planting (6.1) (Table 4; p = 

0.0322).  In terms of percent open bolls, cotton maturity was delayed when cover crops 
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were terminated at-planting (29%) compared to all other termination timings (39 – 42%) 

(Table 4; p = 0.0042).  Late-season cotton growth and maturity were not impacted by 

termination method as no differences were observed in terms of plant height, total nodes, 

FFB, NACB, and percent open bolls (Table 4; p ≥ 0.1987).   

 Cotton lint yields were not impacted by either cover crop termination timing or 

termination method (Table 5; p ≥ 0.1354).  Lint yields ranged from 1,047 to 1,182 and 

1,049 to 1,165 kg ha-1 for cover crop termination timing and termination method, 

respectively.  Kornecki and Price (2010) also did not observe yield differences between 

mechanical termination or mechanical termination with the addition of glyphosate, but 

Price et al. (2009) observed reduced yield following mechanical only termination in 

comparison to a chemical + mechanical termination.  Cotton is an incredibly adaptive 

plant for its growing conditions and can compensate for adverse environments, especially 

those incurred early-season, and still produce adequate yield (Toews et al., 2010). 

Conclusions 

 Although differences were observed in cotton emergence and growth due to cover 

crop termination timing and method, yield differences were not noted.  Still, these results 

highlight the higher level of risk associated with delayed cover crop termination.  If these 

studies had been conducted in a short-season environment, the potential of decreased 

stands, delayed maturity, and cotton yield impacts can be substantial.  Insect damage and 

injury was also impacted by cover crop termination timing and method.  Early and 

complete terminations of cover crops resulted in fewer TCAH damaged plants.  

Terminations with the roller-crimper were inconsistent in terms of kill rate which is due 



18 

 

to the lack of biomass accumulated in the spring in this region of the Cotton Belt.  

Although the strip termination did not provide any added yield benefits, this method of 

termination has the potential to maximize benefits of cover crops while reducing risk in 

terms of cotton growth and development.   
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Appendix 

Table 1. Cover crop termination, cotton planting, and cotton harvest dates. 

 -------------------------------- Cover Crop Termination ------------------------------- ------------ Cotton ------------ 

 Fallow 6 wk PP a 4 wk PP 3 wk PP At-planting Planting Harvest 

2018        

 WTREC 01 Nov 2017 21 March 05 April 19 April 25 May 04 June 17 Nov 

 MREC 01 Nov 2017 21 March 05 April 20 April 29 May 05 June 30 Oct 

 Griggs -- 22 March -- 30 April 11 May 11 May 05 Nov 

 Harris -- 22 March -- 18 April 18 May 15 May 12 Nov 

 Hinson -- 21 March -- 19 April 20 May 20 May 01 Nov 

2019        

 WTREC 15 Nov 2018 19 March 02 April 16 April 16 May 20 May 12 Nov 

 Griggs -- 19 March -- 
12 April (Timing) 

24 April (Method) 
13 May 11 May 31 Oct 

 Harris -- 25 March -- 11 April 28 May 31 May 05 Nov 

 Hinson -- 02 April -- 24 April 20 May 20 May 02 Nov 

2020        

 WTREC 12 Nov 2019 20 April 05 May 11 May 30 May 01 June 05 Nov 

 Griggs -- 16 April -- 07 May 29 May 29 May 31 Oct 
a Pre-Plant  
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Table 2. Effect of termination timing and method on cover crop biomass at time of 

termination and at planting. 

 Cover Crop Biomass Levels 

 At Termination Application At Planting 

Termination Timing ---------------------------- kg ha-1 (SEc) ------------------------------ 

Fallow -- 171 (819.9) B 

6 wk PPa Broadcast 417 (124.0) Cb 259 (334.7) B 

6 wk PP Strip 438 (132.2) C 684 (454.8) B 

4 wk PP 524 (140.7) C 395 (518.5) B 

3 wk PP 746 (124.0) B 619 (304.5) B 

At-planting 1,175 (142.3) A 1,923 (299.4) A 

p-value < 0.0001 0.0049 

     

Termination Method     

Chemical 874 (153.3) -- 

Mechanical 965 (158.7) -- 

Chem + Mech 834 (157.8) -- 

p-value 0.5142 -- 
a Pre-Plant 
b Data pooled across environment. Means within a column followed by the same letter are not significantly 

different at p ≤0.05. 
c Standard Error 
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Table 3. Cover crop termination timing and method effect on cotton emergence, maturity, insect injury from thrips, slugs, 

and three-cornered alfalfa hoppers, and weed control 21 d after planting.  

 ---------------- Cotton ---------------- ---------------------- Insects ---------------------- ---- Weed Control ---- 

 
Emergence Maturity Thrips Injury 

Slug 

Damage 

TCAHe 

Injured Plants 
Broadleaf Grass 

Termination Timing plants ha-1 (SEb) % BBCH12d ----- 0-5 ----- ------------------------------ % ------------------------------ 

Fallow -- -- -- -- -- 64 (9.8) 43 (18.8) 

6 wk PPa Broadcast 75,552 (5,991.3) Ac 20 (3.9) A 2.0 (0.19) 2.4 (0.88) 4 (4.8) B 68 (8.0) 51 (16.3) 

6 wk PP Strip 72,236 (6,357.0) A 16 (4.0)  A 2.0 (0.20) 2.6 (0.96) 12 (4.9) A 80 (9.2) 29 (20.1) 

4 wk PP -- -- -- --  62 (8.9) 33 (18.8) 

3 wk PP 70,456 (5,991.3) A 17 (3.9) A 1.9 (0.19) 3.3 (0.88) 9 (4.8) A 71 (8.0) 48 (16.3) 

At-planting 56,487 (5,991.3) B 7 (3.9) B 1.7 (0.19) 4.1 (0.88) 10 (4.8) A 75 (8.0) 72 (16.3) 

p-value < 0.0001 < 0.0001 0.0953 0.0783 0.0223 0.1861 0.1124 

        

Termination Method        

Chemical 71,831 (5,093.5) A 18 (3.3) 1.8 (0.19) B 5.1 (1.8) 18 (11.0)  A 59 (12.3) -- 

Mechanical 53,098 (5,129.6) B 13 (3.3) 1.6 (0.19) B 4.8 (1.8) 2 (11.1) B 64 (12.4) -- 

Chem + Mech 70,732 (5,092.8) A 17 (3.3) 2.1 (0.19) A 3.0 (1.8) 17 (11.0) A 62 (12.3) -- 

p-value < 0.0001 0.1249 < 0.0001 0.1864 0.0183 0.8025 -- 
a  Pre-Plant 
b Standard Error 
c Data pooled across environment. Means within a column followed by the same letter are not significantly different at p ≤ 0.05. 
d Second true leaf unfolded 
e Three-Cornered Alfalfa Hopper 
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Table 4. Cover crop termination timing and method effect on cotton growth and maturity as measured by plant height, 

total nodes, first fruiting branch (FFB), nodes above cracked boll (NACB), and percent open bolls at defoliation. 

 Plant Height Total Nodes FFB NACB Open Bolls 

Termination Timing ------ cm (SEb) -----    --------- % --------- 

Fallow -- -- -- -- -- 

6 wk PPa Broadcast 104 (14.0) 19.6 (0.77) ABc 6.1 (0.14) B 3.8 (2.79) 39 (10.8) A 

6 wk PP Strip 104 (14.1) 18.9 (0.79) B 6.1 (0.16) B 2.6 (3.17) 40 (11.1) A 

4 wk PP -- -- -- -- -- 

3 wk PP 106 (14.0) 19.2 (0.77) B 6.3 (0.14) AB 2.8 (2.79) 42 (10.8) A 

At-planting 106 (14.0) 20.0 (0.77) A 6.6 (0.14) A 4.4 (2.79) 29 (10.8) B 

p-value 0.8255 0.0231 0.0322 0.8040 0.0042 

      

Termination Method      

Chemical 100 (11.8) 18.9 (0.48) 6.0 (0.22) 2.7 (2.02) 40 (8.7) 

Mechanical 98 (11.8) 19.4 (0.49) 6.4 (0.23) 3.4 (2.02) 35 (8.8) 

Chem + Mech 98 (11.8) 19.0 (0.48) 6.1 (0.22) 1.1 (2.02) 39 (8.7) 

p-value 0.8340 0.4596 0.1987 0.2402 0.5662 
a Pre-Plant 
b Standard Error 
c Data pooled across environment.  Means within a column followed by the same letter are not significantly different at p ≤ 0.05. 
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Table 5. Effect of cover crop termination timing and method on cotton lint yield. 

 Lint Yield 

Termination Timing kg ha-1 (SEb) 

Fallow 1,171 (168.9)c 

6 wk PPa Broadcast 1,116 (154.2) 

6 wk PP Strip 1,047 (157.0) 

4 wk PP 1,121 (159.4) 

3 wk PP 1,182 (154.2) 

At-planting 1,130 (154.2) 

p-value 0.3464 

  

Termination Method  

Chemical 1,165 (176.1) 

Mechanical 1,049 (176.6) 

Chem + Mech 1,137 (176.1) 

p-value 0.1354 
a Pre-Plant 
b Standard Error 
c Data pooled across environment.  Means within a column followed by the same letter are not significantly 

different at p ≤ 0.05. 
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CHAPTER II: EVALUATION OF POSTEMERGENCE WEED CONTROL 

PROGRAMS IN COTTON WITHOUT THE ADDITION OF GLYPHOSATE 
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Abstract 

Glyphosate has played an important role in agricultural production systems, 

especially after the release of glyphosate resistant crops.  With increased usage and an 

overall reliance on the chemical, weed resistance to glyphosate has occurred and is now a 

major issue.  The objective of this research was to investigate weed control levels 

provided by glufosinate, 2,4-D, and clethodim as an alternative to glyphosate.  Multiple 

POST applications generally provided superior weed control in comparison to a single 

early-POST application.  No programs provided greater than 80% annual grass control 

beginning 21 d after the mid-POST application.  Applications of glufosinate or 

glufosinate + 2,4-D fb clethodim + glufosinate, glufosinate + 2,4-D, or clethodim + 

glufosinate + 2,4-D provided adequate broadleaf weed control throughout the rating 

period.  While POST-only programs are an option, they are not a sustainable weed 

control practice.  It remains important to incorporate residual herbicides into a weed 

control program as well as alternative weed control methods.   

Introduction 

Glyphosate resistant (GR) soybean (Glycine max (L.) Merr.), cotton (Gossypium 

hirsutum L.), and corn (Zea mays L.) were released in 1996, 97, and 98, respectively 

(Duke, 2005).  Widespread adoption of GR crops occurred as glyphosate proved to be a 

simpler and more economical weed control option for producers (Culpepper, 2006; Owen 

and Zelaya, 2005).  In 1995, prior to the release of GR crops, 12.5 million kg glyphosate 

were applied to agricultural areas in the U.S and has continually increased since 
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(Benbrook, 2016).  Estimated annual usage of glyphosate in agricultural settings has 

exceeded 113 million kg since 2010 (USGS, 2021).   

Shaner (2000) observed a general decrease in the amount of soybean and cotton 

hectarage treated with chemistry classes excluding glyphosate after the release of GR 

crops.  The heavy reliance on glyphosate placed tremendous selection pressure on the 

chemistry which led to the development of GR weed species (Culpepper, 2006; Owen 

and Zelaya, 2005).  A weed shift also occurred due to altered production practices that 

accompanied the adoption of GR crops (reduced tillage, reduced residual herbicide 

applications, and reduced rotation between modes of action) and producers encountered 

weed species that were naturally more tolerant to glyphosate (Culpepper, 2006; Shaner, 

2000).    

 Of the weed species with developed resistance, Palmer amaranth (Amaranthus 

palmeri S. Wats) is one of the most troublesome weeds for row crop producers (Kruger et 

al., 2009; Van Wychen, 2016; Van Wychen, 2017).  Palmer amaranth in TN has 

confirmed resistance to glyphosate (2006), ALS inhibitors (1994), and microtubule 

inhibitors (1998) as well as multiple resistance to glyphosate + ALS inhibitors (2009), 

glyphosate + PPO inhibitors (2015), and glyphosate + dicamba (2020) (Heap, 2021).  

Several grass species in TN have developed resistance to glyphosate including 

goosegrass (Elusine indica L.), Johnsongrass (Sorghum halepense L.), Italian ryegrass 

(Lolium perenne L. ssp. Multiflorum (Lam.) Husnot), annual bluegrass (Poa annua), 

junglerice (Echinochloa colona) and barnyardgrass (Echinochloa crus-galli (L.) P. 

Beauv.) (Heap, 2021).  Along with resistance development, there have been reports of 
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reduced herbicidal activity on some grass species when a combination of postemergence 

herbicides are applied (Mueller et al., 1989; Perkins et al., 2021).  Decreased herbicidal 

activity on grass weed species has been attributed to antagonistic effects between 

commonly used postemergence herbicides such as glyphosate and dicamba (Perkins et 

al., 2021).  

With the increase in GR-weed species, there has been a shift in weed control 

strategies to integrated weed management practices which include cover crop 

implementation, crop rotation, herbicide mode of action rotation, the use of residual 

herbicides, tillage, and the utilization of herbicide resistant (HR) crops (Sosnoskie and 

Culpepper, 2014; Webster et al., 2013).  From 2019 to 2021, approximately 94 percent of 

TN cotton acreage was planted in cotton with resistance to glyphosate, glufosinate, and 

dicamba (XtendFlex™, Bayer Crop Science, St. Louis, MO) followed by approximately 

five percent of cotton acreage planted in cotton with resistance to glyphosate, glufosinate, 

and 2,4-D (Enlist™, Corteva Agriscience, Indianapolis, IN) (USDA-ARS, 2019 & 2020).  

The remaining one percent of TN cotton acreage was planted in cotton with resistance to 

glyphosate and glufosinate only (GlyTol® LibertyLink®, BASF Corporation, Research 

Triangle Park, NC). 

 The increasing number of GR-weed species has encouraged the agricultural 

community to find alternative methods for weed control outside of chemical control.  

While alternative methods can help to reduce weed populations, chemical control options 

still provide efficacious control at a relatively low cost per unit (Merchant et al., 2013).  

Typical chemical weed control programs in cotton include burndown applications, at 
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planting applications, as well as single or multiple postemergence applications in-season 

which can include both postemergence and residual herbicides.  Glyphosate is commonly 

used in an herbicide weed control program but due to the increase in GR species and the 

antagonistic nature of some postemergence herbicide combinations, it is necessary to 

investigate cotton herbicide programs that do not include glyphosate.  Common 

postemergence herbicides used in cotton for control of weed species in 2,4-D resistant 

cotton are glufosinate, 2,4-D, and clethodim.  

 The objective of this research was to investigate weed control levels provided by 

glufosinate, 2,4-D, and clethodim as alternatives to glyphosate.  The hypothesis of this 

experiment is that adequate weed control levels will be accomplished with two 

postemergence applications containing multiple modes of action.  This experiment does 

not include residual herbicides in postemergence herbicide applications, although this is 

recommended as control is typically increased (Gardner et al., 2006b; Meyer et al., 2015). 

Materials and Methods 

Field experiments were conducted from 2019 to 2021 at University of Tennessee 

AgResearch and Education Centers in both Milan, TN (MREC) on a Collins silt loam 

(coarse-silty, mixed, active, acid, thermic Aquic Udifluvents) and Grand Junction, TN 

(Ames) on a Collins silt loam and Lexington silt loam (fine-silty, mixed, active, thermic 

Ultic Hapludalfs) to evaluate postemergence weed control programs in cotton without the 

use of glyphosate.  Experimental units consisted of four, 97 and 102 cm wide rows which 

were 9 m in length at Ames and MREC, respectively.  Treatments were arranged in a 

randomized complete block design and replicated four times at each location.   
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The Milan location had a uniform flush of weed species that emerged prior to 

planting the cotton crop.  In 2019, the Ames site required overseeding with weed seed 

prior to trial establishment to build a weed seed bank which was accomplished with the 

spreading of seed contaminants from seed cleaners in the area.  Contained within the seed 

contaminants were a greater number of viable soybean seeds than expected which 

required a blanket paraquat application to terminate the flush of soybeans which likely 

were glufosinate-resistant.  Except for the Ames location in 2019, cotton was seeded into 

emerged weeds and no burndown or preemergence applications were made.  Phytogen 

400 W3FE (Corteva Agriscience, Indianapolis, IN) was seeded at a rate of 98,800 seeds 

ha-1 (Table 6).  The selected variety was resistant to glyphosate, glufosinate, and 2,4-D.  

Apart from weed control, cotton was managed based on University of Tennessee 

Extension agronomic and pest management recommendations (Raper, 2016).   

 Two postemergence application timings were utilized for experiments including 

an early-POST and mid-POST.  The early-POST application was made approximately 

three weeks after planting or when cotton reached two to three true leaves (Table 6).  The 

mid-POST application was made 14 d after the early-POST application or when cotton 

reached four to six true leaves (Table 6).  Treatments included single applications early-

POST of clethodim (Section® Three Herbicide; WinField United, Arden Hills, MN) at 

0.17 kg ai ha-1 with a crop oil concentrate at 0.5 percent volume per volume, clethodim + 

glufosinate (Liberty® 280 SL; BASF Corporation, Research Triangle Park, NC) at 0.66 

kg ai ha-1, clethodim + 2,4-D choline salt (Enlist One™ with Colex-D™ Technology; 

Corteva Agriscience, Indianapolis, IN) at 1.1 kg ae ha-1, glufosinate + 2,4-D, and 
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clethodim + glufosinate + 2,4-D.  All treatments were applied at the mid-POST timing 

following an early-POST application of either glufosinate alone or glufosinate + 2,4-D.  

A non-treated control was included which provided a total of 16 treatments.  

Postemergence applications were made with CO2-powered backpack sprayers calibrated 

to apply 140 L ha-1 at a pressure of 276 kPa.  Applications were made with TTI 11002 

(TeeJet Technologies, Springfield, IL) nozzles at a walking speed of 4.8 km hr-1.   

 Estimates of visual weed control were conducted 7, 14, 21, and 28 d after early-

POST (DAEP) and 7, 14, 21, and 28 d after mid-POST (DAMP) on a scale of 0 – 100% 

(0 = no control, 100 = complete control) for each weed species present at the time of 

application.  Broadleaf weed species present across experimental locations included 

Amaranthus species (Amaranthus spp.), morningglory species (Ipomoea spp.), prickly 

sida (Sida spinosa L.), and common purslane (Portulaca oleracea L.).  Annual grasses 

consisted of goosegrass, johnsongrass, and large crabgrass (Digitaria sanguinalis, L.).  At 

28 DAMP application, aboveground weed biomass samples were collected from a 0.25 

m2 area and dried at 41°C for 72 hours to achieve a constant weight and expressed as 

percent reduction in biomass relative to the non-treated control. 

Data were analyzed in SAS (v. 9.4, SAS Institute Inc., Cary, NC) using the PROC 

MIXED procedure. Treatments were considered fixed effects.  Experimental location and 

replication were considered random effects to make inferences about herbicide program 

efficacy across multiple environments (Blouin et al., 2011; Gbur et al., 2012).  Analysis 

of visual weed control estimates did not include the values from the non-treated control.  
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Data were subjected to analysis of variance and means were separated using Fisher’s 

Protected LSD at the α = 0.05. 

Results 

Broadleaf Weed Control 

 Visual broadleaf control was affected by herbicide program across all rating 

timings and weed species (Table 7).  Across all rating timings and broadleaf weeds 

observed, clethodim only early-POST provided less weed control than all other herbicide 

treatments (Tables 8 – 13).  This is to be expected as clethodim, a graminicide, has no 

activity on broadleaf weeds.  At 7 DAEP, clethodim + 2,4-D provided less Amaranthus 

species, prickly sida, and common purslane control than other early-POST treatments 

(Table 8).  These results are supported by Merchant et al. (2013) who found that 

broadleaf control from 2,4-D was often inadequate but control was improved with the 

addition of glufosinate.   

At 14 DAEP, the clethodim + 2,4-D early-POST treatment generally provided 

less Amaranthus species and prickly sida control and numerically lower common 

purslane control compared to other combinations of 2,4-D applied early-POST (Table 9).  

Morningglory species control 14 DAEP provided by clethodim + 2,4-D early-POST 

resulted in 93% control which was greater than the clethodim + glufosinate + 2,4-D 

early-POST treatment (80%).  While the addition of glufosinate to this treatment did not 

improve morningglory species control, glufosinate is highly effective in controlling 

morningglories.  Statistical differences observed amongst early-POST treatments of 
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either glufosinate or glufosinate + 2,4-D both 7 and 14 DAEP can be attributed to natural 

differences in weed population across field sites (Tables 8 and 9).  Since weed size and 

density differed across experimental units, it is also likely that herbicide efficacy was 

impacted by reduced coverage.   

By 21 DAEP and 7 DAMP, all early-POST only treatments (0 – 73%) and 

glufosinate fb clethodim (65%) provided less prickly sida control than remaining 

treatments with multiple POST applications (84 – 97%) (Table 10).  The same was true 

for common purslane control except following glufosinate + 2,4-D fb clethodim 

application which provided control similar to that of early-POST only treatments.  Copes 

et al. (2021) observed variable effectiveness in prickly sida control with only 

postemergence applications compared to using both PRE and POST herbicides.  

Amaranthus species control was less following early-POST only treatments (0 – 78%) 

and glufosinate fb clethodim (72%) than treatments with multiple POST applications (86 

– 91%) (Table 10).  Glufosinate fb clethodim + 2,4-D (86%) did provide similar levels of 

control to early-POST only treatments as well.  Clethodim + 2,4-D (90%) and glufosinate 

+ 2,4-D (88%) early-POST, provided morningglory species control similar to that of all 

two-POST programs (86 – 99%). 

At both 28 and 35 DAEP, which coincide with 14 and 21 DAMP, respectively, 

control provided by two POST treatments was generally greater than glufosinate fb 

clethodim and early-POST only treatments (Tables 11 and 12).  Morningglory species 

control is an exception as only clethodim, clethodim + glufosinate, and clethodim + 

glufosinate + 2,4-D early-POST provided less control than all other treatments, with 
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clethodim and clethodim + glufosinate + 2,4-D providing the least morningglory control 

beginning 35 DAEP (Table 12).  Gardner et al. (2006b) observed morningglory species 

control of at least 94% when glufosinate was applied in comparison to preemergence 

herbicides alone (35-54%).  Common purslane control 28 DAEP does not follow the 

general trend either as all treatments besides glufosinate + 2,4-D fb clethodim (67%) and 

clethodim only (0%) provided control greater than 91% (Table 11).   

At 28 DAMP, the following treatments provided greater than 80% control 

regardless of broadleaf species: glufosinate or glufosinate + 2,4-D fb clethodim + 2,4-D, 

glufosinate + 2,4-D, and clethodim + glufosinate + 2,4-D and glufosinate + 2,4-D fb 

clethodim + glufosinate (Table 13).  Control of Amaranthus species was also greater than 

80% following applications of glufosinate + 2,4-D fb clethodim.  Riar et al. (2011) 

concluded that to achieve Palmer amaranth control similar to that of PRE fb POST 

programs, a POST only program required an additional POST application in between the 

early-POST timing and layby.  Morningglory species control was also greater than 80% 

following applications of glufosinate fb clethodim + glufosinate and clethodim + 2,4-D 

and glufosinate + 2,4-D early-POST (Table 13).  Common purslane control greater than 

80% was achieved with applications of clethodim + glufosinate and clethodim + 

glufosinate + 2,4-D at early-POST.  Adequate levels of purslane control observed from 

early-POST only treatments may better be explained by the suppressive nature of other 

more upright growing weed species present in plots and crop shading as opposed to 

treatment effect.   
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Annual Grass Control 

 Control of annual grasses was affected by herbicide program 7, 21, and 28 DAEP 

and 7, 14, 21, and 28 DAMP (Table 7).  Annual grass weed control 7 DAEP was less 

with clethodim alone (47%) and clethodim + 2,4-D (48%) than any other treatment 

combination (80 – 90%) (Table 14).  By 14 DAEP, annual grass control fell below 80% 

regardless of early-POST application and no differences were observed amongst 

treatments.  Beginning at 21 DAEP and continuing throughout the rating period, annual 

grass control from a single early-POST application was greater when clethodim was 

applied (66 – 77%) compared to clethodim + glufosinate (40 – 52%) or clethodim + 

glufosinate + 2,4-D (38 – 50%).  These results agree with Mueller et al. (1989) who 

observed reduced johnsongrass control when 2,4-D was tank mixed with fenoxaprop, 

haloxyfop, or sethoxydim.   

The addition of glufosinate to graminicides, like clethodim, has been found to 

cause antagonism with respect to clethodim efficacy on grass weed control (Burke et al., 

2005; Gardner et al., 2006a).  Chalal and Jhala (2015) observed less control of 

glyphosate-resistant volunteer corn when ACCase inhibitors were tank-mixed with 

glufosinate compared to those graminicides applied alone.  Harre et al. (2020) observed 

clethodim antagonism when applied with glyphosate + 2,4-D but combinations of 

clethodim + 2,4-D did not result in reduced control of glyphosate-resistant corn compared 

to clethodim alone.  When either glufosinate or glufosinate + 2,4-D was applied first, no 

antagonism was present following mid-POST applications of clethodim or clethodim 

tank-mixes (Table 14).   
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Clethodim alone applied early-POST (77%), and all treatments that received two 

POST applications (68 – 87%) provided greater annual grass control than other early-

POST only treatments (42 – 54%) beginning 14 DAMP and continuing throughout the 

rating period (Table 14).  In some cases, a mid-POST application was able to provide 

greater than 80% annual grass control but by 21 DAMP, no herbicide treatment provided 

control of annual grass species greater than 80%.   

Weed Biomass Reduction 

 Herbicide program impacted weed biomass reduction relative to the non-treated 

control 28 DAMP (Table 15).  In general, greater biomass reduction was achieved with 

two postemergence applications in comparison to a single early-POST application (Table 

15).  However, exceptions were observed.  Glufosinate + 2,4-D fb clethodim (74%) 

resulted in greater biomass reduction than applications of glufosinate fb clethodim (25%) 

and early-POST applications of clethodim (20%) (Table 15).  Glufosinate or glufosinate 

+ 2,4-D fb clethodim + glufosinate (56 – 63%) reduced weed biomass better than 

clethodim + glufosinate early-POST (21%). Similar weed biomass reduction levels were 

observed when clethodim + 2,4-D was applied early-POST (53%) and mid-POST 

following either glufosinate (65%) or glufosinate + 2,4-D (74%).  Two applications of 

glufosinate + 2,4-D (75%) reduced weed biomass more than a single early-POST 

application of glufosinate + 2,4-D (35%).  Glufosinate or glufosinate + 2,4-D fb 

clethodim + glufosinate + 2,4-D (78%) resulted in greater biomass reduction than 

clethodim + glufosinate + 2,4-D early-POST (38%). 
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Discussion  

 When glyphosate is excluded from in-season weed control programs due to loss 

of efficacy or other restrictions, there are currently alternative methods for controlling 

troublesome and problematic weeds.  Alternative POST applied herbicides, like 

glufosinate and 2,4-D, can provide adequate levels of weed control in the absence of 

glyphosate.  Glufosinate, in general, is less efficacious on annual grasses and Amaranthus 

spp. than other commonly used POST products but control can be improved with the use 

of residual herbicides and timely applications (Chahal and Jhala, 2015; Gardner et al., 

2006b).  The addition of 2,4-D to a glufosinate application resulted in either no or 

minimal differences in control throughout the rating period regardless of weed species.  

In contrast, Merchant et al. (2013) did observe improvements in weed control when 

glufosinate and 2,4-D were applied together versus either herbicide alone.  Differences in 

weed size and density at the time of application may have contributed to this difference. 

Within this experiment, programs that included two POST applications generally 

provided adequate broadleaf weed control 28 d after the final application without the use 

of residuals.  Unfortunately, control of annual grass weeds was less than ideal across all 

environments, but control was generally better with multiple POST applications.  

However, the addition of preemergence herbicides to the programs could provide greater 

control as well as reduce selection pressure on the already slim number of POST 

herbicide modes of actions currently available for use in-season (Gardner et al., 2006b; 

Riar et al., 2011).  There is also the potential that an effective PRE fb POST herbicide 
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program could reduce the chances of needing multiple POST applications (Riar et al., 

2011). 
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Appendix 

Table 6. Cotton planting dates and herbicide application dates for a study 

conducted from 2019 to 2021 near Milan and Grand Junction, TN. 

 Milan  Grand Junction 

 2019 2020 2021 2019 2020 2021 

Cotton Planting Date 23 May 22 May 20 May 29 May 14 May 17 May 

Early-POST Date 11 June 19 June 17 June 25 June 16 June 18 June 

Mid-POST Date 25 June 30 June 02 July 12 July 29 June 02 July  

 

Table 7. Analysis of variance for the effect of herbicide program combination on 

percent control of weed species present at 7, 14, 21, and 28 d after early- and mid-

POST for experiments conducted in Milan and Grand Junction, TN from 2019 to 

2021. 

 AMASSa IPOSS SIDSP PORTOL GGGAN 

Herbicide Program ------------------------------- p-valueb ------------------------------- 

7 DAEPc < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

14 DAEP < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.1505 

21 DAEP / 7 DAMPd < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

28 DAEP / 14 DAMP < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

35 DAEP / 21 DAMP < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

42 DAEP / 28 DAMP < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 
a Abbreviations: Amaranthus spp. (AMASS); Ipomoea spp. (IPOSS); prickly sida (SIDSP); common 

purslane (POROL); annual grasses (GGGAN) 
b Data pooled across environment. Non-treated control not included in analysis. 
c d after early-POST 
d d after mid-POST 
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Table 8. Effect of herbicide program combination on weed control 7 d after early-POST for experiments conducted in 

Milan and Grand Junction, TN from 2019 to 2021. 

Herbicide Program Visual Weed Control Estimates (%) 

Early-POST Mid-POST AMASSa IPOSS SIDSP POROL 

Clethodim -- 0 Cb 0 D 0 C 0 D 

Clethodim + Glufosinate -- 93 A 93 A 89 A 90 A 

Clethodim + 2,4-D -- 67 B 54 C 59 B 74 C 

Glufosinate + 2,4-D -- 94 A 91 AB 94 A 92 A 

Clethodim + Gluf. + 2,4-D -- 91 A 70 BC 89 A 93 A 

Glufosinate 

Clethodim 94 A 89 AB 93 A 84 ABC 

Clethodim + Glufosinate 93 A 85 AB 92 A 88 AB 

Clethodim + 2,4-D 94 A 93 A 93 A 91 A 

Glufosinate + 2,4-D 90 A 84 AB 92 A 77 BC 

Clethodim + Gluf. + 2,4-D 92 A 78 AB 90 A 89 A 

Glufosinate + 2,4-D 

Clethodim 94 A 89 AB 93 A 94 A 

Clethodim + Glufosinate 93 A 89 AB 88 A 91 A 

Clethodim + 2,4-D 95 A 91 AB 94 A 91 A 

Glufosinate + 2,4-D 95 A 95 A 95 A 94 A 

Clethodim + Gluf. + 2,4-D 94 A 89 AB 92 A 91 A 

Standard Error 2.9 8.3 4.0 5.9 
a Abbreviations: Amaranthus spp. (AMASS); Ipomoea spp. (IPOSS); prickly sida (SIDSP); common purslane (POROL) 
b Means within a column followed by the same letter are not significantly different at p ≤ 0.05.   
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Table 9. Effect of herbicide program combination on weed control 14 d after early-POST for experiments conducted in 

Milan and Grand Junction, TN from 2019 to 2021. 

Herbicide Program Visual Weed Control Estimates (%) 

Early-POST Mid-POST AMASSa IPOSS SIDSP POROL 

Clethodim -- 0 Eb 0 C 0 F 0 E 

Clethodim + Glufosinate -- 82 CD 89 AB 80 CDE 81 A-D 

Clethodim + 2,4-D -- 77 D 93 A 71 E 74 D 

Glufosinate + 2,4-D -- 89 ABC 93 A 88 ABC 86 A-D 

Clethodim + Gluf. + 2,4-D -- 86 ABC 80 B 85 BCD 93 AB 

Glufosinate 

Clethodim 88 ABC 86 AB 84 BCD 83 A-D 

Clethodim + Glufosinate 84 BCD 89 AB 78 DE 80 BCD 

Clethodim + 2,4-D 82 BCD 88 AB 79 DE 93 AB 

Glufosinate + 2,4-D 82 BCD 84 AB 83 BCD 76 CD 

Clethodim + Gluf. + 2,4-D 87 ABC 85 AB 86 A-D 92 AB 

Glufosinate + 2,4-D 

Clethodim 87 ABC 94 A 90 AB 95 A 

Clethodim + Glufosinate 86 ABC 88 AB 89 AB 91 ABC 

Clethodim + 2,4-D 91 AB 92 A 85 BCD 93 AB 

Glufosinate + 2,4-D 94 A 90 AB 94 A 92 AB 

Clethodim + Gluf. + 2,4-D 94 A 85 AB 92 AB 84 A-D 

Standard Error 4.3 3.8 4.8 7.8 
a Abbreviations: Amaranthus spp. (AMASS); Ipomoea spp. (IPOSS); prickly sida (SIDSP); common purslane (POROL) 
b Means within a column followed by the same letter are not significantly different at p ≤ 0.05.    
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Table 10. Effect of herbicide program combination on weed control 21 d after early-POST and 7 d after mid-POST for 

experiments conducted in Milan and Grand Junction, TN from 2019 to 2021. 

Herbicide Program Visual Weed Control Estimates (%) 

Early-POST Mid-POST AMASSa IPOSS SIDSP POROL 

Clethodim -- 0 Fb 0 E 0 E 0 C 

Clethodim + Glufosinate -- 62 E 78 CD 55 D 60 B 

Clethodim + 2,4-D -- 78 CD 90 AB 73 C 63 B 

Glufosinate + 2,4-D -- 74 D 88 ABC 68 C 64 B 

Clethodim + Gluf. + 2,4-D -- 71 DE 69 D 65 CD 67 B 

Glufosinate 

Clethodim 72 D 86 BC 65 CD 60 B 

Clethodim + Glufosinate 91 AB 99 A 91 AB 93 A 

Clethodim + 2,4-D 86 BC 95 AB 84 B 89 A 

Glufosinate + 2,4-D 93 AB 99 A 92 AB 95 A 

Clethodim + Gluf. + 2,4-D 96 A 98 AB 95 A 96 A 

Glufosinate + 2,4-D 

Clethodim 91 AB 94 AB 88 AB 71 B 

Clethodim + Glufosinate 97 A 99 A 97 A 96 A 

Clethodim + 2,4-D 95 AB 98 AB 93 AB 96 A 

Glufosinate + 2,4-D 98 A 99 A 98 A 97 A 

Clethodim + Gluf. + 2,4-D 98 A 99 A 97 A 96 A 

Standard Error 6.4 4.2 7.1 15.2 
a Abbreviations: Amaranthus spp. (AMASS); Ipomoea spp. (IPOSS); prickly sida (SIDSP); common purslane (POROL) 
b Means within a column followed by the same letter are not significantly different at p ≤ 0.05.   
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Table 11. Effect of herbicide program combination on weed control 28 d after early-POST and 14 d after mid-POST for 

experiments conducted in Milan and Grand Junction, TN from 2019 to 2021. 

Herbicide Program Visual Weed Control Estimates (%) 

Early-POST Mid-POST AMASSa IPOSS SIDSP POROL 

Clethodim -- 0 Hb 0 C 0 G 0 C 

Clethodim + Glufosinate -- 55 G 55 B 45 F 93 A 

Clethodim + 2,4-D -- 68 EF 88 A 61 DE 96 A 

Glufosinate + 2,4-D -- 72 DE 84 A 67 D 94 A 

Clethodim + Gluf. + 2,4-D -- 62 FG 40 B 54 EF 93 A 

Glufosinate 

Clethodim 62 FG 84 A 54 EF 91 A 

Clethodim + Glufosinate 86 BC 98 A 85 BC 96 A 

Clethodim + 2,4-D 86 BC 98 A 83 BC 97 A 

Glufosinate + 2,4-D 91 AB 98 A 90 BC 95 A 

Clethodim + Gluf. + 2,4-D 94 AB 97 A 93 ABC 98 A 

Glufosinate + 2,4-D 

Clethodim 80 CD 81 A 81 AB 67 B 

Clethodim + Glufosinate 94 AB 96 A 93 C 97 A 

Clethodim + 2,4-D 92 AB 97 A 91 ABC 96 A 

Glufosinate + 2,4-D 96 A 95 A 96 A 95 A 

Clethodim + Gluf. + 2,4-D 96 A 97 A 96 A 96 A 

Standard Error 7.1 7.2 7.3 4.5 
a Abbreviations: Amaranthus spp. (AMASS); Ipomoea spp. (IPOSS); prickly sida (SIDSP); common purslane (POROL) 
b Means within a column followed by the same letter are not significantly different at p ≤ 0.05.   
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Table 12. Effect of herbicide program combination on weed control 35 d after early-POST and 21 d after mid-POST for 

experiments conducted in Milan and Grand Junction, TN from 2019 to 2021. 

Herbicide Program Visual Weed Control Estimates (%) 

Early-POST Mid-POST AMASSa IPOSS SIDSP POROL 

Clethodim -- 0 Eb 0 D 0 G 0 E 

Clethodim + Glufosinate -- 55 D 72 AB 47 F 64 BCD 

Clethodim + 2,4-D -- 68 C 90 A 60 E 61 D 

Glufosinate + 2,4-D -- 66 C 85 AB 66 DE 63 CD 

Clethodim + Gluf. + 2,4-D -- 62 CD 28 C 54 EF 77 ABC 

Glufosinate 

Clethodim 62 CD 76 AB 57 EF 74 ABCD 

Clethodim + Glufosinate 78 B 96 A 77 BCD 81 A 

Clethodim + 2,4-D 85 AB 96 A 83 ABC 79 A 

Glufosinate + 2,4-D 88 AB 90 A 86 AB 86 A 

Clethodim + Gluf. + 2,4-D 88 AB 96 A 88 AB 83 A 

Glufosinate + 2,4-D 

Clethodim 78 B 62 B 74 CD 76 ABC 

Clethodim + Glufosinate 88 AB 85 AB 85 ABC 83 A 

Clethodim + 2,4-D 89 A 94 A 86 AB 79 AB 

Glufosinate + 2,4-D 90 A 92 A 91 A 86 A 

Clethodim + Gluf. + 2,4-D 92 A 90 A 90 A 84 A 

Standard Error 7.2 10.0 7.5 9.7 
a Abbreviations: Amaranthus spp. (AMASS); Ipomoea spp. (IPOSS); prickly sida (SIDSP); common purslane (POROL) 
b Means within a column followed by the same letter are not significantly different at p ≤ 0.05.   
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Table 13. Effect of herbicide program combination on weed control 42 d after early-POST and 28 d after mid-POST for 

experiments conducted in Milan and Grand Junction, TN from 2019 to 2021. 

Herbicide Program Visual Weed Control Estimates (%) 

Early-POST Mid-POST AMASSa IPOSS SIDSP POROL 

Clethodim -- 0 Gb 0 D 0 H 0 E 

Clethodim + Glufosinate -- 59 F 72 AB 57 FG 83 ABCD 

Clethodim + 2,4-D -- 72 DE 90 A 67 DEF 76 CD 

Glufosinate + 2,4-D -- 66 EF 85 AB 64 EFG 73 D 

Clethodim + Gluf. + 2,4-D -- 65 EF 28 C 59 FG 88 ABC 

Glufosinate 

Clethodim 62 EF 76 AB 52 G 77 BCD 

Clethodim + Glufosinate 79 CD 96 A 76 BCD 79 ABCD 

Clethodim + 2,4-D 87 ABC 96 A 86 ABC 88 ABC 

Glufosinate + 2,4-D 86 ABC 90 A 84 ABC 90 AB 

Clethodim + Gluf. + 2,4-D 88 ABC 96 A 87 AB 91 A 

Glufosinate + 2,4-D 

Clethodim 80 BCD 62 B 74 CDE 78 ABCD 

Clethodim + Glufosinate 89 AB 85 AB 87 AB 89 ABC 

Clethodim + 2,4-D 88 ABC 94 A 86 AB 86 ABC 

Glufosinate + 2,4-D 92 A 92 A 90 A 91 A 

Clethodim + Gluf. + 2,4-D 93 A 90 A 90 A 90 AB 

Standard Error 5.9 10.0 6.3 10.0 
a Abbreviations: Amaranthus spp. (AMASS); Ipomoea spp. (IPOSS); prickly sida (SIDSP); common purslane (POROL) 
b Means within a column followed by the same letter are not significantly different at p ≤ 0.05.   
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Table 14. Effect of herbicide program combination on annual grass visual control 7, 14, 21, and 28 d after early-POST and 

d after mid-POST for experiments conducted in Milan and Grand Junction, TN from 2019 to 2021. 

 Annual grasses Visual Control Estimates 

 DAEPa 

 7  14  21 28 35 42 

   DAMPb 

Herbicide Program   7  14 21 28 

Early-POST Mid-POST -------------------------------------- % ------------------------------------ 

Clethodim -- 47 Cc 70 66 DE 77 BC 72 A 70 A 

Clethodim + Glufosinate -- 90 A 79 52 FG 46 DE 40 C 41 C 

Clethodim + 2,4-D -- 48 C 65 60 EF 54 D 42 C 42 C 

Glufosinate + 2,4-D -- 85 AB 71 45 G 42 E 37 C 32 C 

Clethodim + Gluf. + 2,4-D -- 87 AB 76 50 FG 45 DE 38 C 39 C 

Glufosinate 

Clethodim 80 B 65 73 CD 81 AB 76 A 74 A 

Clethodim + Glufosinate 85 AB 71 90 A 81 AB 71 A 70 A 

Clethodim + 2,4-D 86 AB 66 76 B-D 79 AB 73 A 72 A 

Glufosinate + 2,4-D 81 B 67 85 AB 68 C 59 B 57 B 

Clethodim + Gluf. + 2,4-D 83 AB 66 92 A 79 AB 68 AB 69 A 

Glufosinate + 2,4-D 

Clethodim 86 AB 69 75 B-D 87 A 76 A 75 A 

Clethodim + Glufosinate 84 AB 67 93 A 82 AB 71 A 67 AB 

Clethodim + 2,4-D 88 A 70 82 A-C 80 AB 73 A 70 A 

Glufosinate + 2,4-D 87 AB 68 89 A 72 BC 66 AB 67 AB 

Clethodim + Gluf. + 2,4-D 87 AB 65 93 A 80 AB 71 A 71 A 

Standard Error 5.5 7.6 11.0 10.1 12.2 11.6 
a d after early-POST 
b d after mid-POST 
c Means within a column followed by the same letter are not significantly different at p ≤ 0.05.   

 



52 

 

Table 15. Effect of herbicide program on percent weed biomass reduction relative to 

non-treated control at 28 d after mid-POST application for experiments conducted 

in Milan, TN and Grand Junction, TN from 2019 to 2021. 

Herbicide Program Biomass Reduction 

Early-POST Mid-POST % of NTCa 

Clethodim -- 20 Db 

Clethodim + Glufosinate -- 21 D 

Clethodim + 2,4-D -- 53 ABCD 

Glufosinate + 2,4-D -- 35 BCD 

Clethodim + Gluf. + 2,4-D -- 38 BCD 

Glufosinate 

Clethodim 25 CD 

Clethodim + Glufosinate 57 ABC 

Clethodim + 2,4-D 65 AB 

Glufosinate + 2,4-D 65 AB 

Clethodim + Gluf. + 2,4-D 78 A 

Glufosinate + 2,4-D 

Clethodim 74 A 

Clethodim + Glufosinate 63 AB 

Clethodim + 2,4-D 74 A 

Glufosinate + 2,4-D 75 A 

Clethodim + Gluf. + 2,4-D 78 A 

Standard Error 20.3 

p-value 0.0002 
a Non-Treated Control 
b Means within a column followed by the same letter are not significantly different at p ≤ 0.05.  
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CHAPTER III: SYNTHETIC AUXIN INJURY ON SUSCEPTIBLE COTTON, 

PART I: RELATIONSHIPS BETWEEN AERIAL REFELCTANCE DATA, CROP 

INJURY, AND YIELD 
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Abstract 

Synthetic auxin drift onto sensitive cotton (Gossypium hirsutum L.) cultivars has 

impacted many producers across the U.S. Cotton Belt.  Currently, the spatial scope and 

severity of auxin damage in-season is most often estimated by an agronomist.  The use of 

remote sensing technology has the potential to objectively quantify the spatial scope and 

severity of drift damage. Experiments were conducted in 2019, 2020, and 2021in Grand 

Junction, TN to determine: 1) the effect of reflectance data collection timing; 2) the effect 

of auxin exposure timing; 3) the value of near infrared (NIR) and red-edge (RE) 

reflectance versus reflectance within the visible spectrum data, and 4) if/how visual 

injury relates to aerial reflectance data.  Applications of 2,4-D or dicamba were made to 

susceptible cotton cultivars at 1X, 1/4X, 1/16X, 1/64X, 1/256X and 1/1024X rates at 

either matchhead square (MHS) or two weeks after first bloom (FB+2WK).  Non-treated 

controls were included for each application timing as well.  Aerial reflectance data was 

collected 7, 14, 21, and 28 d after application.  Unsupervised classification of images into 

vegetative and non-vegetative pixels did not increase correlations between vegetative 

indices (VIs) and application rate.  Overall, the VIs which generated the strongest 

correlations with application rate, visual injury, and relative lint yield were RE based but 

similar correlations were also noted with VIs calculated from reflectance in the visible 

spectrum.  Correlations were greater when auxin injury occurred at MHS than FB+2WK.  

Results suggest reflectance measured within the visible spectrum can quantify the scope 

and severity of auxin injury if the injury occurs early during the growing season.   
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Introduction 

Herbicide-resistant (HR) Palmer amaranth (Amaranthus palmeri S. Wats) has 

plagued row crop producers in the United States.  The over-reliance on single herbicides 

for control of weed species has proven to not be a sustainable weed control practice 

(Cahoon et al., 2015).  Herbicide-resistant weed species have developed and weed 

species shifts have occurred making weed control practices more difficult (Cahoon et al., 

2015; Culpepper, 2006).  Integrated weed control practices for control of troublesome 

weed species are necessary for extending the lifespan of current herbicides.  

Unfortunately, there are still escapes of troublesome weed species that can cause issues 

later into the season and there are limited effective postemergence herbicide options in 

cotton (Gossypium hirsutum L.).  Synthetic auxin-resistant cotton is the latest HR crop 

released to help combat HR weed species. 

In 2020, 73 percent of U.S. cotton hectarage planted carried the XtendFlex™ trait 

which provides resistance to dicamba, glyphosate, and glufosinate and 17 percent of U.S 

cotton hectarage carried the Enlist™ trait which provides resistance to 2,4-D, glyphosate, 

and glufosinate (USDA, 2020).  This widespread adoption of synthetic auxin-resistant 

cotton cultivars can be attributed to combatting HR weed species and to protecting 

against certain auxin drift from neighboring fields (Buol et al., 2019; Cahoon et al., 

2015).  Both 2,4-D and dicamba are volatile compounds; therefore, complaints of off-

target movement and damage have accompanied applications of auxin-like herbicides 

since their release (Egan et al., 2014; Wax et al., 1969).  Off-target applications of 
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dicamba and 2,4-D occur due to particle drift, vapor drift, or sprayer contamination (Buol 

et al., 2019; Cundiff et al., 2017; Egan et al., 2014).   

Injury symptoms observed in plants are unique to synthetic auxins and include: 

epinastic growth, leaf strapping or cupping, twisting, chlorosis, stunting, loss of apical 

dominance, and delayed maturity (Buol et al., 2019; Byrd et al., 2016).  Some injury 

symptoms can be observed shortly after exposure, even at low application rates.  Low-

dose exposures do not always impact yield, but mid- and end-of-season management 

decisions must often be altered to account for delays in maturity.  Cotton growth stage 

impacts the severity of visual injury and yield effects; while cotton exposed to synthetic 

auxins during vegetative growth stages exhibit greater injury symptoms than cotton 

exposed to synthetic auxins after reproductive growth has begun, greater visual injury 

levels do not always translate to greater yield penalties (Byrd et al., 2016; Egan et al., 

2014; Everitt & Keeling, 2009).   

Visual ratings of synthetic-auxin damage are commonly used to assess spatial 

scope and severity of injury (Sciumbato et al., 2004a).  Other assessment methods include 

height measurements, biomass measurements, or visual differences in coloration.  There 

is strong bias associated with visual injury ratings due to their subjective nature (Ali et 

al., 2013).  It is hypothesized that remote sensing could potentially provide a more 

consistent and objective measurement of crop injury from synthetic auxin drift.  Remote 

sensing has been used for decades to determine nutrient status, estimate crop injury or 

yield, and to locate and identify weed species in a field, along with many other 

applications (Ali et al., 2013; Atzberger, 2013; Henry et al., 2004; Tucker et al., 1980). 
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To date, little data has been published pertaining to the use of aerial remote 

sensing technologies for detection of synthetic-auxin injury in cotton.  Cotton reflectance 

as related to 2,4-D injury has been investigated using handheld sensors (Suarez et al., 

2016; Suarez et al., 2017).  Suarez et al (2017) observed strong relationships between the 

green wavelength and the NIR range and yield.  Work regarding the relationship of auxin 

damage and reflectance data in soybean (Glycine max (L.) Merr.) has recently been 

published (Abrantes et al., 2021; Oseland et al., 2021).  Previously published work has 

focused on the detection of glyphosate injury in row crops with remote sensing 

technologies (Ali et al., 2013; Everman et al., 2008; Henry et al., 2004).  Ali et al. (2013) 

concluded that analyzing images for reflectance values in the visible range was a viable 

option for herbicides which directly affect chlorophyll levels.  Henry and colleagues 

(2004) reported that regrowth of corn after paraquat applications decreased the accuracy 

of distinguishing rate responses from the untreated control using various indices 

including the normalized difference vegetation index (NDVI) (Rouse et al., 1973; Tucker, 

1979).   

The NDVI index assesses plant health since healthy plants absorb red light and 

reflect near-infrared (NIR) light.  In unhealthy plants the absorption and reflectance of 

these wavelengths and NDVI values decrease.  While NDVI is widely used in remote 

sensing applications, there are flaws due to the tendency of the signal to become saturated 

at high vegetation densities making NDVI less precise in detecting differences in crop 

health later in the growing season when vegetation density increases (Boegh et al., 2002).   
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Additional vegetative indices (VIs) have been developed with higher sensitivities 

to biomass changes, especially later in the growing season.  These include the green 

normalized difference vegetation index (GNDVI) and the normalized difference red edge 

(NDRE) (Gitelson and Merzlyak, 1994; Gitelson et al., 1996).  The simplified canopy 

chlorophyl content index (SCCCI) combines NDVI and NDRE (Barnes et al., 2000).  

Various ratios between wavelengths have also been found to correlate with plant stressors 

(Gitelson and Merzlyak, 1997).  Vegetative indices that only use wavelengths from the 

visible spectrum have also been identified that correlate with plant growth (Bendig et al., 

2015; Gitelson et al., 2002; Meyer and Neto, 2008).  The ability to utilize Red/Green/ 

Blue (RGB)-based indices would greatly reduce the investment and time required to 

remotely analyze crop status when compared to the cost of NIR and red-edge (RE) 

cameras.   

The ability to remotely collect reflectance data to accurately assess auxin damage 

would benefit the agricultural industry.  When auxin damage is incurred by a producer, 

civil cases and insurance claims are common methods for receiving damages for lost 

yield.  Damages are based on the extent of yield loss which currently requires waiting for 

harvest to ensure an objective measurement of yield loss.  Currently, visual observations 

of auxin injury in-season cannot adequately or objectively predict yield loss.  Aside from 

the potential yield damages from auxin-drift, the use of remotely sensed reflectance data 

might provide more accurate information about the state of the injured crop leading to 

more informed management decisions (Henry et al., 2004).   
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The overall objective of this research was to determine if the severity of auxin 

injury can be measured with aerial remote sensing.  Secondary objectives included 

determining the effect of reflectance data collection timing and the effect of auxin 

exposure timing on the ability to remotely measure auxin injury, if NIR and RE 

reflectance is needed to measure injury remotely or if data from the RGB spectrum would 

suffice and defining how visual injury relates to aerial reflectance data.  The hypotheses 

are that (1) collecting reflectance data approximately 14 d after auxin exposure is 

appropriate for capturing auxin injury, (2) remotely collected reflectance data will better 

relate to auxin injury and yield effects when exposure occurs during vegetative growth 

rather than reproductive, and (3) visible spectrum reflectance data will perform similarly 

to NIR and RE reflectance data.   

Materials and Methods 

Field experiments were conducted from 2019 to 2021 at the University of 

Tennessee Ames AgResearch and Education Center located near Grand Junction, TN on 

a Memphis silt loam (fine-silty, mixed, active, thermic Typic Hapludalfs) to evaluate the 

relationship between reflectance data of auxin-injured cotton collected from an unmanned 

aerial system (UAS), visual injury ratings of auxin-injured cotton, and yield.  Two 

experiments were conducted at this location: 2,4-D tolerant cotton sprayed with dicamba, 

and dicamba-tolerant cotton sprayed with 2,4-D.  Experimental units were 5.8 m by 9 m 

and arranged in a randomized complete block design with four replications.   

 Cotton was seeded at 98,800 seeds ha-1 during May of each year (Table 16).  

Varieties selected for these experiments were PHY 400 W3FE (Corteva Agriscience, 
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Indianapolis, IN), a 2,4-D tolerant variety, and DP 1725 B2XF (Bayer CropScience, 

Research Triangle Park, NC), a dicamba-tolerant variety.  Less than 1% of TN cotton 

acreage is planted without an auxin-tolerant trait; therefore, using a cultivar with 

sensitivity to both auxins would not have been representative of TN cotton production 

systems (USDA, 2020).  Cotton was managed based on University of Tennessee 

Extension agronomic and pest management recommendations (Raper, 2016).  

Maintenance herbicide applications did not include 2,4-D or dicamba.   

 Treatments consisted of 2,4-D choline salt (Enlist One™ with Colex-D™ 

Technology, Dow AgroSciences, Indianapolis, IN) at the following rates: 1,064 (1X), 266 

(1/4X), 67 (1/16X), 17 (1/64X), 4 (1/256X), and 1 (1/1024X) g ae ha-1 and dicamba 

(Xtendimax® with VaporGrip® Technology, Bayer Crop Science, St. Louis, MO) at the 

following rates: 558 (1X), 139 (1/4X), 35 (1/16X), 9 (1/64X), 2 (1/256X), and 0.5 

(1/1024X) g ae ha-1.  Applications were made at match-head square (MHS) and two 

weeks after first bloom (FB+2WK) (Table 16).  Non-treated plots were included for each 

application timing as well.  The center four rows of each experimental unit were treated, 

leaving a two-row border in between treated areas to minimize drift effects.  Applications 

were made with a MudMaster Multi-Purpose Sprayer (Bowman Manufacturing, 

Newport, AR) operating at a pressure of 276 kPa with XR 11002 (TeeJet Technologies, 

Springfield, IL) nozzles and an application volume of 140 L ha-1 at a ground speed of 6.4 

km hr-1.   

 A DJI Inspire drone (DJI, Shenzhen, China) equipped with a hyperspectral double 

4K sensor (Sentera, Inc., Minneapolis, MN) mapped the experimental location 7, 14, 21, 
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and 28 d after each application (Table 17).  Flight plans were made using the Field Agent 

application (Sentera, Inc., Minneapolis, MN).  Flights were conducted at an altitude of 61 

m with an overlap of 80% resulting in a spatial resolution of 1.8 cm.  The collected 

images and reflectance data were stitched in Pix4D (Pix4D Inc., Pilly, Switzerland) and 

then uploaded into ArcMap 10.7 (Environmental Systems Research Institute, Inc., 

Redlands, CA) for analysis (Fig. 1).  Plot boundaries were drawn and added to the map.  

The Sentera Double 4K sensor has two cameras, one that captures red, green, and blue 

bands and one that captures RE and near-infrared (NIR) bands.  To calculate indices that 

use bands from both cameras, bands were normalized to one another, and a correction 

factor was applied.  Normalization of bands was accomplished using equations provided 

by the sensor manufacturer (Table 17).   

Once bands were corrected, NDVI was calculated using the equation found in 

Table 17 (Fig. 1).  The NDVI raster was clipped to the plot boundaries and the image was 

classified using the Iso Cluster Unsupervised Classification available in ArcMap 10.7 to 

classify each pixel as vegetation, shadow, or soil (Fig. 1).  The pixels classified as 

shadow and soil were removed from the image to isolate the crop (Fig. 1).  Reflectance 

values for the five bands were determined for both the unclassified and classified image 

and spatial statistics was performed using the zonal statistics tool resulting in a single 

value for each band for each experimental unit.  These data were exported into Excel 

where VIs were calculated.  The VIs of interest and their respective calculations are 

reported in Table 18. 
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Visual crop injury ratings were recorded at each application as well as 7, 14, 21, 

and 28 d after each application timing.  Cotton was harvested from the center two rows of 

each experimental unit using a spindle picker modified for small-plot research.   

Data were analyzed using the multivariate method in JMP Pro (v 16, SAS 

Institute Inc., Cary, NC) by both auxin technology and application timing as both factors 

influence overall response.  Application rate was transformed using the following 

equation to capture a linear response against application rate: 𝐿𝑜𝑔(𝐴𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒) =

 𝑙𝑜𝑔(𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 +  0.0045).  A constant was included in the log transformation 

to maintain the untreated plots in the analysis (Bellégo et al., 2021).  Pearson correlations 

were first examined between VI calculated with both unclassified and classified data, % 

pixel retained, and the log transformed application rate for data collected 7, 14, 21, and 

28 d after each application during the 2019 growing season to determine the effect timing 

of reflectance data collection has on response.  Pearson correlations were also examined 

between VI calculated from unclassified data, % pixels retained, the log transformed 

application rate, injury ratings, and relative lint yield data collected 14 d after each 

application across all years of the experiment.  Relative lint yield (RLY) was calculated 

using the following equation to normalize yield across years:  𝑅𝐿𝑌 =

 (𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑙𝑖𝑛𝑡 𝑦𝑖𝑒𝑙𝑑 / 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑦𝑒𝑎𝑟𝑙𝑦 𝑝𝑙𝑜𝑡 𝑦𝑖𝑒𝑙𝑑)  ∗  100 . 
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Results and Discussion 

Unclassified vs. Classified Images for VI Calculations 

Analysis of unclassified images resulted in greater Pearson Correlation values 

between VI and application rate than analysis of classified images 21 d after a MHS 

application of either 2,4-D or dicamba and 14 d after a FB+2WK application of 2,4-D 

(Tables 19 and 21).  Utilizing classified images for GNDVI analysis never improved 

correlation values between VI and application rate at any application timing or timing of 

reflectance data collection for either auxin (Tables 19 and 21).   

Over all herbicides and application timings, when comparing VI calculated from 

unclassified and classified images, Pearson correlation values were greater when 

analyzing unclassified images 54 percent of the time (Tables 19 and 21).  Fig. 2 

illustrates the difference in VI values calculated from unclassified and classified images 

as application rate increases; the difference is more pronounces following exposure of 

2,4-D at MHS compared to exposure at FB+2WK.   

When the non-vegetative pixels in an image were removed from analysis and the 

actively growing regions of the cotton plant were retained, the ability to distinguish 

between VI based on application rate was diminished.  The information that can be used 

from the classification of images comes from the percent of pixels that are retained 

through the classification process (Fig. 2).  The limited increase in correlation provided 

by the relatively time consuming and computationally demanding classification 

procedure will likely result in practitioners’ use of unclassified data. Therefore, the 
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remainder of the analysis will focus on VIs derived from unclassified images and the % 

pixel retained.   

Timing of Reflectance Data Collection 

Pearson correlation (r) values were greatest 28 d after MHS application and 21 d 

after FB+2WK application for both 2,4-D on dicamba-tolerant cotton and dicamba on 

2,4-D tolerant cotton (Tables 19 – 22).  Marple et al. (2008) observed greatest visual 

cotton injury 28 d after application of either 2,4-D or dicamba regardless of growth stage 

at the time of application.  Sosnoskie et al. (2015) observed peak cotton injury from 2,4-

D formulations 28 d after application when applied to 5- to 7- leaf cotton.  However, the 

relationship between soybean injury and application rate of dicamba and 2,4-D was 

described as a quadratic response by Abrantes et al. (2019).  For soybeans exposed to 

dicamba, greater r2 values were observed 8 d after treatment whereas the relationship 

between injury and application rate with soybean exposure to 2,4-D formulations were 

greatest 15 d after treatment.   

Further analysis of the relationship between aerial reflectance data and visual 

injury from auxin herbicides focused on reflectance data collected 14 d after each 

application.  Based on previous research, this timeframe for data collection falls between 

injury symptom development and the potential for regrowth in experimental units which 

receive sub-lethal rates of auxin herbicide.  In a similar experiment in soybeans, Oseland 

et al. (2021) observed inconsistent response in reflectance data collected both 7 and 28 d 

after application; therefore, reflectance data from 14 d after application was presented.  

Furthermore, Sciumbato et al. (2004b) did not observe consistent cotton injury response 
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to synthetic auxin exposure at 4- to 6-leaf growth stage until 14 d after treatment.  

Additionally, Smith et al. (2017) observed visual injury from 2,4-D exposure on sensitive 

cotton to increase or remain the same up to 28 d after treatment regardless of application 

timing and cotton injury following dicamba exposure began to decrease 21 d after 

application.  Waiting to remotely assess cotton response to auxin herbicides, especially 

when dealing with low to ultra-low rates of auxins, can allow that crop to begin putting 

on new growth which could mask some effects. 

Visible Spectrum vs. NIR and RE Data 

 Overall, Modified Green-Red Vegetation Index (MGRVI) and Visual 

Atmospheric Reflectance Index (VARI) were two of the best VIs based on correlation 

values (Tables 23 and 24).  Of the three RGB VIs of interest, MGRVI and VARI ranked 

in the top five VIs evaluated for overall performance for both dicamba and 2,4-D applied 

at either MHS or FB+2WK based on Pearson correlation values (Table 25).  For both 

dicamba and 2,4-D applied at FB+2WK, Excess Green (ExG) also ranked in the top five 

VIs evaluated based on Pearson correlation values but did not rank well following auxin 

exposure at MHS.  Jay et al. (2019) observed strong correlations between VARI and 

NDVI when assessing reflectance in sugar beets (Beta vulgaris L.).  Abrantes et al. 

(2019) found three RGB VIs (MGRVI, Modified Photochemical Reflectance Index 

(MPRI), and (ExG) were superior in relating reflectance with soybean injury and yield 

following exposure to dicamba and two formulations of 2,4-D.   

Based on these data, remotely assessing injury from auxin herbicides with visible 

spectrum data is a viable option.  The ability to use a VI that only requires wavelengths 
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from the visible spectrum would greatly reduce the cost and time investment for the end-

user while still providing an objective method for assessing auxin injury (Oseland et al., 

2021).   

Timing of Auxin Exposure 

 In general, Pearson Correlation values for the relationships between VIs 14 d after 

application and application rate, visual injury 14 d after application, and RLY were 

greater than those relationships made 14 d after a FB+2WK application of both 2,4-D and 

dicamba (Tables 23 and 24).  The severity of visual injury symptoms following auxin 

exposure during reproductive growth stages in cotton was less than when applications are 

made during vegetative growth stages (Buol et al., 2019; Marple et al., 2008).  The 

difference in cotton response based on growth stage translates to analysis of VI as well.  

Based on these results, a general idea of cotton growth stage at time of auxin exposure is 

needed to relate aerial reflectance data with visual injury, application rate and RLY.   

Relationships between VI, Application Rate, Visual Injury, and Relative Lint Yield 

 Correlation values between VIs, percent of pixel retained, application rate, visual 

injury, and RLY from MHS applications of 2,4-D or dicamba on sensitive cotton all 

exceeded an absolute value of 0.60, except for SCCCI correlated with rate, injury, and 

RLY (r ≤ 0.58) (Tables 23 and 24).  The correlation values between VIs and percent pixel 

retained with application rate and RLY from FB+2WK applications of 2,4-D on sensitive 

cotton ranged from -0.42 to 0.41.  Visual injury had a stronger correlation with VI when 

2,4-D was applied to sensitive cotton at FB+2WK with all VI but SCCCI, GNDVI, and 
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RE/Green exceeding -0.63 (Table 23).  When dicamba was applied to sensitive cotton at 

FB+2WK, correlation values between VIs and percent pixel retained ranged from -0.18 to 

0.22 (Table 24).   

The correlations between application rate, visual injury, and RLY when either 

dicamba or 2,4-D were applied were generally stronger than correlations between VIs 

and parameters of interest for both application timings, although differences between 

correlation values following MHS applications were minimal (Tables 23 and 24).  

Previous research has reported conflicting conclusions between visual injury and lint 

yield regarding relationship strength.  Sciumbato et al. (2004b) observed strong linear 

relationships between visual injury and lint yield in two out of three years of the 

experiment; adverse weather conditions during one growing season were cited for the 

weaker relationship.  Conversely, Johnson et al. (2012) reported much lower correlations 

between yield and visual injury 7 and 14 d after auxin applications to 20 – 30 cm cotton 

compared to these data and cited indeterminate growth and the ability of cotton to 

compensate for stress as reasons for poor correlation.  

 The VIs which correlate most strongly with application rate, visual injury, and 

RLY across both herbicide active ingredient and application timing were NDRE, 

RE/Red, MGRVI, and VARI (Table 25).  Even though NDVI did not rank highly for 

auxin exposure at both application timings, performance of NDVI was further evaluated 

with the top performing VIs due to the widespread use and popularity of the index.  In 

order to normalize responses and define sensitivities, the sensitivity equivalent (SEq) was 

calculated as described by Solari et al. (2008) for the five selected VIs after which the 
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root mean square error (RMSE), slope, and SEq were compared (Tables 26 and 27).  For 

application rate, visual injury, and RLY, of 2,4-D and dicamba on sensitive cotton for 

MHS and FB+2WK applications, NDRE and RE/Red were generally most sensitive, 

although differences between VI for most correlations were minimal.  Oseland et al. 

(2021) similarly observed NDRE to perform better than other commonly used VI when 

dicamba was applied to sensitive soybeans, and various researchers have reported high 

sensitivity to changes in chlorophyll content with the RE region in various cropping 

systems (Schlemmer et al., 2005).   

Based on Pearson correlation values between VI and application rate, visual 

injury, and RLY, the best performing RGB VI was MGRVI and the best performing NIR 

or RE VI was NDRE.  The relationships between these two indices and application rate, 

visual injury, and RLY are depicted for applications of 2,4-D and dicamba in Figs. 3 and 

4, respectively.  MGRVI and NDRE captured 14 d after MHS application of 2,4-D and 

dicamba on sensitive cotton strongly correlate with application rate, visual injury, and 

RLY with r2 values ranging from 0.64 to 0.87 (Figs. 3 and 4).  The greatest r2 value 

between VI and application rate and VI and visual injury was with NDRE after sensitive 

cotton was exposed to 2,4-D at MHS (r2 = 0.87 and 0.84, respectively).  The greatest r2 

value between VI and RLY was with NDRE after exposure to dicamba at MHS (r2 = 

0.74).  Oseland et al. (2021) reported NDRE as the most consistent VI for predicting 

yield loss in soybean following auxin exposure.  MGRVI and NDRE captured 14 d after 

FB+2WK application of 2,4-D on sensitive cotton both had r2 values of 0.41 when related 

to visual injury (Fig. 3).  MGRVI and NDRE captured 14 d after FB+2WK applications 



69 

 

of dicamba on sensitive cotton poorly correlated with application rate, visual injury, and 

RLY with r2 values all less than 0.05 (Fig. 4).   

Perceived Hurdles to Adoption 

 These results suggest remotely acquired reflectance data may be used to assess 

injury and yield effects of auxin exposure if exposure to auxin herbicides occurs during 

the MHS growth stage.  Exposure at FB+2WK resulted in considerably lower 

correlations between reflectance and parameters of interest.  Based on these data, the best 

predictor of RLY when cotton is exposed to auxin herbicides at FB+2WK is visual injury 

(r ≥ -0.74) (Tables 23 and 24).  Marple et al. (2008) reported improved correlation values 

between visual injury and lint yield when injury ratings were taken later in the growing 

season.  While correlation values seemed to improve over time between VIs and 

application rate, remote assessment of auxin damage should be completed after initial 

injury symptoms appear but before regrowth occurs.   

Overall, the two best VI in terms of correlations between VI, application rate, 

visual injury, and RLY were both RE based, followed by MGRVI and VARI and then 

NDVI.  The inclusion of the RE wavelength in VI calculations improved correlation 

values which agrees with previous research (Schlemmer et al., 2005).  However, the 

performance of MGRVI and VARI in this experiment suggest that RGB reflectance data 

would suffice when assessing auxin damage remotely.  While NDVI was superior to 

some of the other VIs investigated in this experiment, the usefulness of NDVI becomes 

limited due to the tendency for saturation when the crop canopy closes (Hatfield et al., 

2019).  Hatfield et al. (2019) suggested to use caution when NDVI values exceed 0.75.  
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In this experiment, just over 50% of NDVI readings in experimental units were greater 

than 0.75.  However, ground collected reflectance values reported by Suarez et al. (2017) 

pointed to stronger correlations with the green wavelength and the NIR region.   

It should be noted that environmental conditions, particularly water deficits, play 

a critical role in a crop’s response to auxin applications (Johnson et al., 2012; Oseland et 

al., 2021). The unpredictability of the frequency and amount of rainfall during a growing 

season make it difficult to confidently predict yield effects.  While more in-depth 

investigations related to this topic could improve models, assessing auxin damage 

remotely certainly has the potential to provide a more objective method for predicting 

yield loss when applications are made at MHS under normal environmental conditions. 

To remotely detect auxin injury from exposure at FB+2WK, additional research will be 

required.  It is likely that pattern recognition or some other artificial intelligence 

procedures to quantify the parameters captured in visual ratings will be required at 

FB+2WK, as opposed to the more simplistic calculations of raw reflectance data required 

at MHS.   
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Appendix 

Table 16. Cotton planting dates, herbicide application dates, and cotton harvest 

dates for 2,4-D and dicamba experiments located in Grand Junction, TN from 2019 

to 2021. 

Event 2019 2020 2021 

Cotton Planting 06 May 14 May 17 May 

Matchhead Square Application 25 June 29 June 06 July 

First Bloom + 2 wk Application 18 July 29 July 10 Aug 

Cotton Harvest 19 Nov 17 Nov 01 Nov 

 

Table 17. Sentera Double 4K (Sentera, Inc., Minneapolis, MN) multispectral sensor 

specifications and equations for band corrections to remove cross talk between 

bands. 

Band 

Center 

Wavelength Bandwidth Equation 

Blue 446 (nm) 60 (nm) 1.377 ∗ 𝐵𝑙𝑢𝑒 − 0.182 ∗ 𝐺𝑟𝑒𝑒𝑛 − 0.061 ∗ 𝑅𝑒𝑑 

Green 548 45 −0.199 ∗ 𝐵𝑙𝑢𝑒 + 1.420 ∗ 𝐺𝑟𝑒𝑒𝑛 − 0.329 ∗ 𝑅𝑒𝑑 

Red 650 70 −0.034 ∗ 𝐵𝑙𝑢𝑒 − 0.110 ∗ 𝐺𝑟𝑒𝑒𝑛 + 1.150 ∗ 𝑅𝑒𝑑 

Red Edge 720 40 −0.956 ∗ 𝑁𝐼𝑅 + 1.000 ∗ 𝑅𝑒𝑑 𝐸𝑑𝑔𝑒 

Near-Infrared 840 20 2.426 ∗ 𝑁𝐼𝑅 − 0.341 ∗ 𝑅𝑒𝑑 𝐸𝑑𝑔𝑒 
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Table 18. Vegetative indices calculated from spectral reflectance collected by the Sentera Double4K (Sentera, Inc., 

Minneapolis, MN) multispectral sensor. 

Acronym Name Vegetative Index Reference 

VARI Visual Atmospheric Reflectance Index 
𝐺𝑟𝑒𝑒𝑛 − 𝑅𝑒𝑑

𝐺𝑟𝑒𝑒𝑛 + 𝑅𝑒𝑑 − 𝐵𝑙𝑢𝑒
 Gitelson et al., 2002 

ExG Excess Green 2 ∗ 𝐺𝑟𝑒𝑒𝑛 − 𝑅𝑒𝑑 − 𝐵𝑙𝑢𝑒 Meyer and Neto, 2008 

MGRVI Modified Green-Red Vegetation Index 
𝐺𝑟𝑒𝑒𝑛2 − 𝑅𝑒𝑑2

𝐺𝑟𝑒𝑒𝑛2 + 𝑅𝑒𝑑2
 Bendig et al., 2015 

NDVI Normalized Difference Vegetative Index 
2.7𝑎 ∗ 𝑁𝐼𝑅 − 𝑅𝑒𝑑

2.7 ∗ 𝑁𝐼𝑅 + 𝑅𝑒𝑑
 Rouse et al., 1973 

NDRE Normalized Difference Red Edge Index 
𝑁𝐼𝑅 − 𝑅𝑒𝑑 𝐸𝑑𝑔𝑒

𝑁𝐼𝑅 + 𝑅𝑒𝑑 𝐸𝑑𝑔𝑒
 Gitelson and Merzlyak, 1994 

SCCCI 
Simplified Canopy Chlorophyll Content 

Index 

𝑁𝐷𝑅𝐸

𝑁𝐷𝑉𝐼
 Barnes et al., 2000 

RE/Green Red Edge / Green 
2.7 ∗ 𝑅𝑒𝑑 𝐸𝑑𝑔𝑒

𝐺𝑟𝑒𝑒𝑛
 Gitelson and Merzlyak, 1997 

RE/Red Red Edge / Red 
2.7 ∗ 𝑅𝑒𝑑 𝐸𝑑𝑔𝑒

𝑅𝑒𝑑
 Gitelson and Merzlyak, 1997 

GNDVI Green NDVI 
2.7 ∗ 𝑁𝐼𝑅 − 𝐺𝑟𝑒𝑒𝑛

2.7 ∗ 𝑁𝐼𝑅 + 𝐺𝑟𝑒𝑒𝑛
 Gitelson et al., 1996 

a A correction factor of 2.7 is applied to the NIR or RE band in equations that use bands from both cameras on the Sentera Double 4K multispectral sensor.  

Correction factor provided by Sentera.  
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Table 19. Pearson correlation (r) between vegetative indices calculated from unclassified and classified images and % 

pixel retained with 2,4-D application rate from 7, 14, 21, and 28 d after either the matchhead square or 2 weeks after first 

bloom application of 2,4-D on sensitive cotton from the 2019 growing season. 

 Matchhead Square Application Two Weeks After First Bloom Application 

 7 a 14 21 28 7 14 21 28 

Index --------------------------------------------- Pearson Correlation (r) ---------------------------------------------- 

VARI Unclassified -0.5333 -0.5154 -0.5115 -0.9017 -0.9017 -0.9257 -0.9050 -0.9227 

VARI Classified -0.5444 b -0.5371 -0.3958 -0.9347 -0.9347 -0.8252 -0.8523 -0.8881 

ExG Unclassified -0.5498 -0.5321 -0.4427 -0.8842 -0.8842 -0.9437 -0.8029 -0.9173 

ExG Classified -0.5762 -0.5605 -0.3480 -0.8845 -0.8845 -0.7728 -0.6039 -0.7642 

MGVRI Unclassified -0.5377 -0.5272 -0.5262 -0.8932 -0.8932 -0.9152 -0.9030 -0.9164 

MGVRI Classified -0.5546 -0.5274 -0.3464 -0.9220 -0.9220 -0.7522 -0.8023 -0.8530 

NDVI Unclassified -0.5189 -0.5329 -0.5458 -0.7623 -0.7623 -0.7670 -0.8189 -0.7964 

NDVI Classified -0.4894 -0.4797 -0.3211 -0.8621 -0.8621 -0.3960 -0.8954 -0.8728 

NDRE Unclassified -0.5171 -0.5304 -0.5358 -0.7912 -0.7912 -0.7993 -0.8542 -0.8312 

NRDE Classified -0.4642 -0.3944 -0.3076 -0.8886 -0.8886 -0.5657 -0.9092 -0.8906 

CCCI Unclassified -0.3623 -0.5448 -0.5459 -0.7835 -0.7835 -0.7241 -0.8323 -0.7773 

CCCI Classified 0.2513 0.3659 -0.1959 -0.7333 -0.7333 -0.4254 -0.8338 -0.8541 

GNDVI Unclassified -0.4509 -0.5077 -0.5540 -0.6015 -0.6015 -0.5412 -0.6930 -0.6206 

GNDVI Classified 0.3750 0.0172 -0.3306 -0.3331 -0.3331 -0.0445 -0.4482 -0.0680 

RE/Green Unclassified -0.3885 -0.4769 -0.5139 -0.6242 -0.6242 -0.5643 -0.7459 -0.6645 

RE/Green Classified 0.1164 0.5026 -0.2239 -0.2677 -0.2677 -0.0514 -0.4913 -0.1296 

RE/Red Unclassified -0.4815 -0.4681 -0.4610 -0.8411 -0.8411 -0.8549 -0.8818 -0.8728 

RE/Red Classified -0.3904 -0.3820 -0.3730 -0.8863 -0.8863 -0.7530 -0.8996 -0.8774 

% Pixel Retained -0.4840 -0.4444 -0.4753 -0.7243 -0.7243 -0.8886 -0.8030 -0.8695 
a Represents reflectance data collection timing: 7, 14, 21, or 28 d after application. 
b Bold values represent an increase in Pearson correlation values when classified images were used for vegetative indices compared to unclassified images. 
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Table 20. Performance ranking of vegetative indices based on Pearson correlation values between vegetative indices 

calculated from unclassified and classified images and % pixel retained with 2,4-D application rate from 7, 14, 21, and 28 

d after either the matchhead square or 2 weeks after first bloom application of 2,4-D on sensitive cotton from the 2019 

growing season. 

 Matchhead Square Application Two Weeks After First Bloom Application 

 7 14 21 28 7 14 21 28 

Index --------------------------------------------------------- Rank --------------------------------------------------------- 

VARI Unclassified 2 a 3 4 1 4 1 3 2 

VARI Classified 2 3 4 1 1 4 3 2 

ExG Unclassified 2 3 4 1 3 1 4 2 

ExG Classified 2 3 4 1 1 2 4 3 

MGVRI Unclassified 2 3 4 1 4 2 3 1 

MGVRI Classified 2 3 4 1 1 4 3 2 

NDVI Unclassified 4 3 2 1 4 3 1 2 

NDVI Classified 2 3 4 1 3 4 1 2 

NDRE Unclassified 4 3 2 1 4 2 1 2 

NRDE Classified 2 3 4 1 3 4 1 2 

CCCI Unclassified 4 3 2 1 2 4 1 3 

CCCI Classified 3 2 4 1 3 4 2 1 

GNDVI Unclassified 4 3 2 1 3 4 1 2 

GNDVI Classified 1 4 3 2 2 4 1 3 

RE/Green Unclassified 4 3 2 1 3 4 1 2 

RE/Green Classified 4 1 3 2 2 4 1 3 

RE/Red Unclassified 2 3 4 1 4 3 1 2 

RE/Red Classified 2 3 4 1 2 4 1 3 

Overall 2 3 4 1 3 4 1 2 

% Pixel Retained 2 4 3 1 4 1 3 2 
a Reflectance data collection timing ranked from 1 – 4 (1 = highest correlation value, 4 = lowest correlation value) within each VI for each application 

timing based on Pearson correlation values between VI and application rate.  Overall ranking represents the ranking of data collection timings over all VIs 

calculated with unclassified and classified images 
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Table 21. Pearson correlation (r) between vegetative indices calculated from unclassified and classified images and % 

pixel retained with dicamba application rate from 7, 14, 21, and 28 d after either the matchhead square or 2 weeks after 

first bloom application of dicamba on sensitive cotton from the 2019 growing season. 

 Matchhead Square Application Two Weeks After First Bloom Application 

 7 a 14 21 28 7 14 21 28 

Index ----------------------------------------------- Pearson Correlation (r) ----------------------------------------------- 

VARI Unclassified -0.4744 -0.5632 -0.5685 -0.7247 -0.7247 -0.7244 -0.7315 -0.7326 

VARI Classified -0.5180 b -0.5778 -0.5531 -0.8010 -0.8010 -0.8047 -0.7812 -0.8200 

ExG Unclassified -0.5098 -0.4879 -0.5218 -0.8286 -0.8286 -0.8128 -0.8315 -0.8552 

ExG Classified -0.4912 -0.4781 -0.4638 -0.8350 -0.8350 -0.7947 -0.7555 -0.8212 

MGVRI Unclassified -0.4921 -0.5649 -0.5660 -0.7096 -0.7096 -0.7011 -0.7214 -0.7146 

MGVRI Classified -0.5203 -0.5728 -0.5424 -0.8026 -0.8026 -0.7886 -0.7917 -0.8184 

NDVI Unclassified -0.4787 -0.5542 -0.5617 -0.6149 -0.6149 -0.6112 -0.6256 -0.6194 

NDVI Classified -0.4658 -0.5060 -0.5447 -0.6880 -0.6880 -0.6585 -0.6823 -0.6864 

NDRE Unclassified -0.4792 -0.5583 -0.5657 -0.6315 -0.6315 -0.6220 -0.6439 -0.6352 

NRDE Classified -0.4666 -0.5642 -0.5412 -0.7091 -0.7091 -0.6602 -0.7240 -0.7092 

CCCI Unclassified -0.4374 -0.5498 -0.5500 -0.5889 -0.5889 -0.5787 -0.5930 -0.5884 

CCCI Classified 0.2170 0.2148 -0.4582 -0.7122 -0.7122 -0.6360 -0.7158 -0.6966 

GNDVI Unclassified -0.4312 -0.5159 -0.5041 -0.4475 -0.4475 -0.4335 -0.5019 -0.4737 

GNDVI Classified 0.1655 0.0965 0.2839 0.3730 0.3730 0.3938 -0.0789 0.2236 

RE/Green Unclassified -0.4090 -0.5169 -0.5344 -0.4267 -0.4267 -0.4065 -0.4914 -0.4558 

RE/Green Classified 0.4112 0.4047 0.3348 0.1695 0.1695 0.2362 -0.1825 0.0631 

RE/Red Unclassified -0.4287 -0.5459 -0.5652 -0.6928 -0.6928 -0.6967 -0.7105 -0.7085 

RE/Red Classified -0.4497 -0.5538 -0.5350 -0.7319 -0.7319 -0.6766 -0.7380 -0.7269 

% Pixel Retained -0.4662 -0.5344 -0.5624 -0.5950 -0.5950 -0.6792 -0.6004 -0.6511 
a Represents reflectance data collection timing: 7, 14, 21, or 28 d after application. 
b Bold values represent an increase in Pearson correlation values when classified images were used for vegetative indices compared to unclassified images. 
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Table 22. Performance ranking of vegetative indices based on Pearson correlation values between vegetative indices 

calculated from unclassified and classified images and % pixel retained with dicamba application rate from 7, 14, 21, and 

28 d after either the matchhead square or 2 weeks after first bloom application of dicamba on sensitive cotton from the 

2019 growing season. 

 Matchhead Square Application Two Weeks After First Bloom Application 

 7 14 21 28 7 14 21 28 

Index --------------------------------------------------------- Rank --------------------------------------------------------- 

VARI Unclassified 4 a 3 2 1 3 4 2 1 

VARI Classified 4 2 3 1 3 2 4 1 

ExG Unclassified 3 4 2 1 3 4 2 1 

ExG Classified 2 3 4 1 1 3 4 2 

MGVRI Unclassified 4 3 2 1 3 4 1 2 

MGVRI Classified 4 2 3 1 2 4 3 1 

NDVI Unclassified 4 3 2 1 3 4 1 2 

NDVI Classified 4 3 2 1 1 4 3 2 

NDRE Unclassified 4 3 2 1 3 4 1 2 

NRDE Classified 4 2 3 1 3 4 1 2 

CCCI Unclassified 4 3 2 1 2 4 1 3 

CCCI Classified 3 4 2 1 2 4 1 3 

GNDVI Unclassified 4 1 2 3 3 4 1 2 

GNDVI Classified 2 1 3 4 2 1 4 3 

RE/Green Unclassified 4 2 1 3 3 4 1 2 

RE/Green Classified 4 3 2 1 3 1 2 4 

RE/Red Unclassified 4 3 2 1 4 3 1 2 

RE/Red Classified 4 2 3 1 2 4 1 3 

Overall 4 3 2 1 3 4 1 2 

% Pixel Retained 4 3 2 1 4 1 3 2 
a Reflectance data collection timing ranked from 1 – 4 (1 = highest correlation value, 4 = lowest correlation value) within each VI for each application 

timing based on Pearson correlation values between VI and application rate.  Overall ranking represents the ranking of data collection timings over all VIs 

calculated with unclassified and classified images  
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Table 23. Pearson correlation (r) between vegetative indices computed from unclassified images, % pixel retained, 2,4-D 

application rate, visual injury, and relative lint yield and parameters of interest calculated from 14 d after either the 

matchhead square or 2 weeks after first bloom application of 2,4-D on sensitive cotton from 2019 to 2021. 

 Matchhead Square Application Two Weeks After First Bloom Application 

 Rate Injury RLY a Rate Injury RLY 

 ------------------------------------------------- Pearson Correlation (r) -------------------------------------------------- 

VARI -0.8785 -0.8352 0.8196 -0.4056 -0.6406 0.3477 

ExG -0.7600 -0.7834 0.7629 -0.4222 -0.6697 0.3671 

MGRVI -0.8905 -0.8506 0.8136 -0.4114 -0.6430 0.3536 

NDVI -0.9127 -0.9017 0.7821 -0.3436 -0.6264 0.3128 

NDRE -0.9338 -0.9160 0.8021 -0.4124 -0.6422 0.4073 

SCCCI -0.5819 -0.5409 0.4543 -0.2968 -0.5454 0.3199 

GNDVI -0.8581 -0.9003 0.7088 0.0200 -0.1420 0.0131 

RE/Green -0.8184 -0.8213 0.6898 -0.0251 -0.1649 0.1431 

RE/Red -0.9321 -0.9032 0.8831 -0.3668 -0.6378 0.3711 

% Pixel Retained -0.8751 -0.8812 0.7561 -0.3654 -0.5829 0.3998 

Rate - 0.9680 -0.8912 - 0.7887 -0.9086 

Injury 0.9680 - -0.9150 0.7887 - -0.8147 

Relative Lint Yield -0.8912 -0.9150 - -0.9086 -0.8147 - 
a Relative Lint Yield 
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Table 24. Pearson correlation (r) between vegetative indices computed from unclassified images, % pixel retained, 

dicamba application rate, visual injury, and relative lint yield and parameters of interest calculated from 14 d after either 

the matchhead square or 2 weeks after first bloom application of dicamba on sensitive cotton from 2019 to 2021. 

 Matchhead Square Application Two Weeks After First Bloom Application 

 Rate Injury RLY a Rate Injury RLY 

 ------------------------------------------------- Pearson Correlation (r) -------------------------------------------------- 

VARI -0.7955 -0.8239 0.8221 -0.1463 0.0369 0.1419 

ExG -0.6630 -0.7148 0.6454 -0.1611 -0.0255 0.1249 

MGRVI -0.8112 -0.8376 0.8407 -0.1398 0.0463 0.1487 

NDVI -0.8057 -0.8321 0.8566 -0.1137 -0.0041 0.1825 

NDRE -0.8129 -0.8557 0.8585 -0.1477 -0.0767 0.2215 

SCCCI -0.5571 -0.5403 0.5826 -0.0799 -0.1195 0.1210 

GNDVI -0.6754 -0.7167 0.7492 -0.0105 -0.0612 0.1150 

RE/Green -0.5989 -0.6018 0.6570 -0.0153 -0.1644 0.1117 

RE/Red -0.8444 -0.8547 0.8747 -0.1603 -0.1507 0.1843 

% Pixel Retained -0.7591 -0.8233 0.7996 -0.1391 -0.1760 0.2087 

Rate - 0.9559 -0.8428 - 0.6808 -0.8183 

Injury 0.9559 - -0.9108 0.6808 - -0.7389 

Relative Lint Yield -0.8428 -0.9108 - -0.8183 -0.7389 - 
a Relative Lint Yield 
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Table 25. Ranking of vegetative indices based on Pearson correlation values between unclassified images and auxin 

application rate, visual injury, and relative lint yield calculated from 14 d after either the matchhead square or 2 weeks 

after first bloom application on sensitive cotton from 2019 to 2021. 

 Matchhead Square Application Two Weeks After First Bloom Application 

 Rate Injury RLY a Overall Rate Injury RLY Overall 

Index Rank 

2,4-D on XtendFlex 

VARI 5 b 6 2 5 4 4 5 5 

ExG 8 8 6 7 1 1 3 1 

MGRVI 4 5 3 4 3 2 4 3 

NDVI 3 3 5 3 6 6 7 6 

NDRE 1 1 4 2 2 3 1 2 

SCCCI 9 9 9 9 7 7 6 7 

GNDVI 6 4 7 6 9 9 9 9 

RE/Green 7 7 8 7 8 8 8 8 

RE/Red 2 2 1 1 5 5 2 4 

Dicamba on Enlist Cotton 

VARI 5 5 5 5 4 7 5 5 

ExG 7 7 8 7 1 8 6 3 

MGRVI 3 3 4 3 5 6 4 3 

NDVI 4 4 3 4 6 9 3 7 

NDRE 2 1 2 2 3 4 1 2 

SCCCI 9 9 9 9 7 3 7 6 

GNDVI 6 6 6 6 9 5 8 9 

RE/Green 8 8 7 8 8 1 9 7 

RE/Red 1 2 1 1 2 2 2 1 
a Relative Lint Yield 
b Vegetative indices (VI) ranked from 1 – 9 (1 = highest correlation value, 9 = lowest correlation value) within each relationship between VI and parameter 

of interest (application rate, visual injury, and RLY).  Overall ranking represents the ranking of VIs combined over all parameters of interest for each auxin 

and application timing combination.
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Table 26. Root mean square errors, slopes, and sensitivity equivalents for selected 

vegetative indices computed from unclassified images 14 d after 2,4-D exposure and 

2,4-D application rate, visual injury 14 d after 2,4-D exposure, and relative lint yield 

from 2019 to 2021. 

 Matchhead Square Application Two Weeks After First Bloom App. 

 Rate Injury RLY a Rate Injury RLY 

 ----------------------------- Root Mean Square Error ------------------------------ 

VARI 0.0900 0.1000 0.1100 0.1500 0.1300 0.1500 

MGRVI 0.1100 0.1200 0.1400 0.1700 0.1500 0.1700 

NDVI 0.0800 0.0700 0.1200 0.0700 0.0600 0.0700 

NDRE 0.0700 0.0700 0.1200 0.0800 0.0800 0.0800 

RE/Red 0.5500 0.6100 0.7100 1.0700 0.9700 1.0700 

 ----------------------------------------- Slope ----------------------------------------- 

VARI -0.1482 -0.0046 0.0043 -0.0583 -0.0048 0.0016 

MGRVI -0.1853 -0.0060 0.0053 -0.0676 -0.0055 0.0019 

NDVI -0.1497 -0.0045 0.0040 -0.0230 -0.0021 0.0007 

NDRE -0.1648 -0.0047 0.0044 -0.0326 -0.0029 0.0011 

RE/Red -1.2490 -0.0387 0.0369 -0.3739 -0.0343 0.0124 

 --------------------------- Sensitivity Equivalent (SEq) --------------------------- 

VARI -1.6467 -0.0464 0.0391 -0.3888 -0.0369 0.0109 

MGRVI -1.6845 -0.0498 0.0377 -0.3976 -0.0367 0.0112 

NDVI -1.8713 -0.0648 0.0333 -0.3286 -0.0342 0.0098 

NDRE -2.3543 -0.0673 0.0368 -0.4074 -0.0362 0.0132 

RE/Red -2.2709 -0.0634 0.0519 -0.3494 -0.0353 0.0116 
a Relative Lint Yield 
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Table 27. Root mean square errors, slopes, and sensitivity equivalents for selected 

vegetative indices computed from unclassified images 14 d after dicamba exposure 

and dicamba application rate, visual injury 14 d after dicamba exposure, and 

relative lint yield from 2019 to 2021. 

 Matchhead Square Application Two Weeks After First Bloom App. 

 Rate Injury RLY a Rate Injury RLY 

 ----------------------------- Root Mean Square Error ------------------------------ 

VARI 0.1100 0.1000 0.1000 0.1300 0.1300 0.1300 

MGRVI 0.1300 0.1100 0.1200 0.1400 0.1400 0.1400 

NDVI 0.0900 0.0700 0.0700 0.0700 0.0600 0.0700 

NDRE 0.1000 0.0700 0.0900 0.0700 0.0700 0.0700 

RE/Red 0.8600 0.8000 0.7800 1.0300 1.0100 1.0300 

 ----------------------------------------- Slope ----------------------------------------- 

VARI -0.1294 -0.0055 0.0040 -0.0169 -0.0004 0.0006 

MGRVI -0.1546 -0.0067 0.0048 -0.0177 -0.0005 0.0007 

NDVI -0.1035 -0.0042 0.0033 -0.0072 -0.0000 0.0004 

NDRE -0.1246 -0.0045 0.0040 -0.0092 -0.0004 0.0005 

RE/Red -1.1990 -0.0505 0.0375 -0.1484 -0.0119 0.0061 

 --------------------------- Sensitivity Equivalent (SEq) --------------------------- 

VARI -1.1764 -0.0551 0.0403 -0.1299 -0.0028 0.0045 

MGRVI -1.1892 -0.0612 0.0402 -0.1264 -0.0035 0.0048 

NDVI -1.1500 -0.0593 0.0474 -0.1028 -0.0003 0.0059 

NDRE -1.2460 -0.0646 0.0441 -0.1317 -0.0064 0.0071 

RE/Red -1.3942 -0.0632 0.0480 -0.1441 -0.0118 0.0059 
a Relative Lint Yield 
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Figure 1. Research trial plots at Ames AgResearch and Education Center taken 14 d 

after first bloom + 2-week application of 2,4-D on susceptible cotton in 2019. 

Polygons represent experimental units (A).  Calculated NDVI layer over 

orthomosaic image (green = 1; purple = 0) (B).  Iso Cluster Unsupervised 

Classification of NDVI resulted in 3 classes: vegetation (green), canopy (grey) and 

soil (tan) (C). Image was reclassified to only carry forward vegetative growth (D). 

  

A B C D 
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Figure 2. Vegetative index values calculated from both unclassified and classified 

images (lines) collected 14 d after application and the percent of pixels retained 

from the classification procedure (bars) for applications of 2,4-D at various rates at 

both matchhead square (MHS) and two weeks after first bloom (FB+2WK). 
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Figure 3. Relationships between Modified Green-Red Vegetation Index (MGRVI) 

and Normalized Difference Red-Edge (NDRE) 14 d after 2,4-D application to 

sensitive cotton with log transformed application rate, visual injury observed 14 d 

after application, and relative lint yield from experiments located in Grand 

Junction, TN from 2019 to 2021.  
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Figure 4. Relationships between Modified Green-Red Vegetation Index (MGRVI) 

and Normalized Difference Red-Edge (NDRE) 14 d after dicamba application to 

sensitive cotton with log transformed application rate, visual injury observed 14 d 

after application, and relative lint yield from experiments located in Grand 

Junction, TN from 2019 to 2021.
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CHAPTER IV: SYNTHETIC AUXIN INJURY ON SUSCEPTIBLE COTTON, 

PART II: EFFECTS ON YIELD COMPONENTS 
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Abstract 

Auxin-tolerant cotton (Gossypium hirsutum L.) cultivars are the latest tools 

producers use to combat herbicide-resistant weed species during the growing season.  

The widespread implementation of auxin-tolerant crops has led to an increase in in-

season applications of auxins.  Auxin drift has subsequently become a more prominent 

issue in the agricultural industry and causes producers to shift management tactics.  Yield 

partitioning research based on auxin application timing has been conducted but more 

information is needed concerning application rate and the interaction between application 

rate and timing.  Experiments were conducted from 2019 to 2021 in Grand Junction, TN 

to determine the effects of synthetic auxin exposure on boll positioning, development, 

and production.  Applications of 2,4-D or dicamba were made to cotton cultivars of the 

opposite technology at either matchhead square or two weeks after first bloom.  Non-

treated experimental units were also included.  More severe impacts on overall lint yield, 

yield partitioning, and yield components were observed following exposure to 2,4-D than 

dicamba.  Application rate and timing also impacted yield components and partitioning.  

Exposure to 2,4-D during vegetative growth caused increased partitioning to vegetative 

and aborted fruiting positions but decreased partitioning to position 1, zone 2 (nodes 9 

through 12), and zone 3 (nodes 13 and above) as application rate increased.  Exposure to 

investigated 2,4-D rates at FB+2WK and dicamba rates at MHS and FB+2WK did not 

impact percent yield partitioning.  Environmental conditions following applications of 

2,4-D or dicamba plan an important role in the recovery and growth of cotton and 

subsequent yield penalties. 
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Introduction 

Integrated weed control practices for control of troublesome weed species are 

necessary for extending the lifespan of currently available herbicides.  Weed control 

practices include but are not limited to crop and herbicide mode of action (MOA) 

rotation, the use of residual herbicides, or the implementation of cover crops (Culpepper, 

2006).  Unfortunately, there may be escapes of troublesome weed species that can cause 

issues later into the growing season and the next year.  To combat herbicide-resistant 

broadleaf weed species, seed companies have developed and released corn (Zea mays L.), 

cotton (Gossypium hirsutum L.), and soybean (Glycine max (L.) Merr.) cultivars with 

resistance to synthetic auxin herbicides.   

The auxin-resistant traits allow for an additional broadcast postemergence weed 

control options.  These traits are particularly important in cotton, as there are limited 

postemergence herbicide options effective on glyphosate-resistant Amaranthus palmeri.  

Corteva’s Enlist™ system (Corteva Agriscience, Indianapolis, IN) allows PhytoGen™ 

cultivars that include the Enlist™ trait to be treated with 2,4-D in-season.  Bayer’s 

XtendFlex™ system (Bayer Crop Science, St. Louis, MO) allows cultivars which include 

the XtendFlex™ trait to be treated with dicamba in-season.  Both systems (Enlist and 

XtendFlex) also provide tolerance to post applications of glufosinate and glyphosate.   

In 2020, 73 percent of U.S. cotton acreage planted carried the XtendFlex™ trait 

followed by 17 percent which carried the Enlist™ trait (USDA, 2020).  This widespread 

adoption of synthetic auxin-resistant cotton cultivars can be attributed to combatting 
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herbicide-resistant weed species and to protecting against auxin drift from neighboring 

fields (Buol et al., 2019a; Cahoon et al., 2015).   

Synthetic auxin herbicides were some of the first developed herbicides for 

broadleaf weed control (Egan et al., 2014).  They are widely used compounds because of 

their versatility that allows them to be used in numerous applications.  However, some 

synthetic auxins are volatile compounds that may cause distinct visual symptomology on 

sensitive plant species (Egan et al., 2014; Wax et al., 1969).  Complaints of off-target 

movement of auxin herbicides have occurred since their release.  Off-target applications 

of dicamba and 2,4-D can occur due to particle drift, vapor drift, or sprayer 

contamination (Buol et al., 2019a; Cundiff et al., 2017; Egan et al., 2014).  

In susceptible plant species, synthetic-auxin herbicides mimic the function of 

indole-3-acetic acid (IAA), a naturally occurring plant growth hormone (Song, 2014).  

Susceptible cotton is generally more sensitive to 2,4-D whereas susceptible soybeans are 

more sensitive to dicamba applications – meaning that lower concentrations of the active 

ingredient are required to produce visual injury symptoms and yield effects (Egan et al., 

2014; Johnson et al., 2012).  Injury symptoms observed in cotton plants are unique to 

synthetic auxins and include epinastic growth, leaf strapping or cupping, twisting, 

chlorosis, stunting, and loss of apical dominance (Byrd et al., 2016; Sciumbato et al., 

2004).  Exposure to auxin-like herbicides also delays maturity of the cotton crop (Buol et 

al., 2019a).  Low-dose exposures do not always impact yield but end of season 

management may require adjustments to account for the delayed maturity in cotton.   
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Cotton growth stage at time of synthetic auxin exposure impacts the severity of 

the injury and yield effects (Buol et al., 2019a; Buol et al., 2019b; Egan et al., 2014).  

Visual injury symptoms observed in season can oftentimes only serve as a guideline to 

yield effects (Egan et al., 2014).  In the meta-analysis conducted by Egan et al. (2014), 

severe visual injury due to dicamba exposure often did not translate to yield loss while 

severe visual injury due to 2,4-D exposure resulted in yield reduction.  Byrd et al. (2016) 

observed yield effects correlated with boll population rather than visual injury ratings.  

Conversely, Egan et al. (2014) concluded that yield effects were reduced when cotton 

was exposed to 2,4-D during reproductive stages.   

Buol et al. (2019a; 2019b) observed that while yield may not be impacted when 

sensitive cotton is exposed to dicamba or 2,4-D during early reproductive stages (PHS, 

MHS, and early flowering), fruiting structures will partition more to upper nodes and 

outer positions which may impact maturity and fiber quality.  Suarez et al. (2017) 

determined that yield response to dosage levels in cotton exposed to 2,4-D with four to 

eight true leaves was difficult to distinguish but if cotton with 11 to 12 nodes was 

sprayed, dosage responses were distinguishable at harvest.  The severity of auxin injury 

and recovery is dependent on environment, water deficits will likely cause more severe 

injury and yield impacts (Buol et al., 2019b; Byrd et al., 2015; Sciumbato et al., 2014).   

While previous research has investigated timing effects of synthetic auxin 

exposure, the objective of this research was to determine effects of auxin application rate 

and timing on boll development and partitioning, seed production, and fiber quality.  The 

hypotheses of this research are that (1) more drastic impacts will be observed due to 2,4-
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D exposure compared to dicamba, (2) auxin exposure during vegetative growth will have 

a greater impact on yield partitioning in that bolls will be more prevalent on upper and 

outer positions, but (3) greater yield penalties will accompany auxin exposure during 

reproductive stages.  

Materials and Methods 

Field experiments were conducted from 2019 to 2021 at the University of 

Tennessee Ames AgResearch and Education Center located near Grand Junction, TN on 

a Memphis silt loam (fine-silty, mixed, active, thermic Typic Hapludalfs) to evaluate 

synthetic auxin effects on the yield components of sensitive cotton cultivars.  Two 

experiments were conducted at this location: 2,4-D-tolerant cotton sprayed with dicamba 

and dicamba-tolerant cotton sprayed with 2,4-D.  Less than 1% of TN cotton acreage is 

planted without an auxin-tolerant trait; therefore, using a cultivar with sensitivity to both 

auxins would not have been representative of TN cotton production systems (USDA, 

2020).  Experimental units consisted of six, 97 cm spaced rows that were 9 m in length 

and arranged in a randomized complete block design with four replications for each 

experiment.   

 Cotton was seeded on at 98,800 seeds ha-1 during May of each year (Table 28).  

Varieties selected for these experiments were PHY 400 W3FE (Corteva Agriscience, 

Indianapolis, IN), a 2,4-D tolerant variety, and DP 1725 B2XF (Bayer CropScience, 

Research Triangle Park, NC), a dicamba-tolerant variety.  Cotton was managed based on 

University of Tennessee Extension agronomic and pest management recommendations 

(Raper, 2016).  Maintenance herbicide applications did not include 2,4-D or dicamba.   
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 Dicamba and 2,4-D application timings were triggered at matchhead square 

(MHS) and two weeks following first bloom (FB+2WK) (Table 28).  Treatments 

consisted of 2,4-D choline salt (Enlist One™ with Colex-D™ Technology, Dow 

AgroSciences, Indianapolis, IN) at the following rates: 1,064 (1X), 266 (1/4X), 67 

(1/16X), 17 (1/64X), 4 (1/256X), and 1 (1/1024X) g ae ha-1 and dicamba (Xtendimax® 

with VaporGrip® Technology, Bayer Crop Science, St. Louis, MO) at the following 

rates: 558 (1X), 139 (1/4X), 35 (1/16X), 9 (1/64X), 2 (1/256X), and 0.5 (1/1024X) g ae 

ha-1.  Non-treated control plots were included for each application timing.  The center 

four rows of each experimental unit were treated, leaving a two-row border between 

treated areas to minimize drift effects.  Applications were made with a MudMaster Multi-

Purpose Sprayer (Bowman Manufacturing, Newport, AR) operating at a pressure of 276 

kPa with XR 11002 (TeeJet Technologies, Springfield, IL) nozzles and an application 

volume of 140 L ha-1 at a ground speed of 6.4 km hr-1.   

 Plant height and total node count were collected from six plants within each 

experimental unit 14 and 28 days after each application.  Yield components were 

determined after collecting and processing a 25-boll seed cotton sample from each 

experimental unit.  Boll size (g) was determined by dividing the total seed cotton weight 

by 25.  Boll samples were ginned and separated into the seed and fiber.  Lint percentage 

was determined by dividing the lint weight (g) by the total seed cotton weight (g) and 

multiplying by 100.  The weights of two samples of 50 fuzzy seed were also recorded.  

The seed index was determined by averaging the two, 50-seed weights and then 

multiplying by 2.  Lint index was calculated by multiplying the lint percentage by the 
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seed index and dividing that value by the difference of 100 minus the lint percentage.  

The number of seeds per boll was calculated by multiplying boll size by the difference of 

100 minus lint percentage and then dividing that value by the seed index.  The lint from 

the ginned boll sample was sent for HVI analysis at the USDA Fiber Classing Office in 

Memphis, TN.     

Cotton plants in one meter of row were collected from nontreated experimental 

units, and those treated with 1/64X, 1/256X, and 1/1024X rates of dicamba or 2,4-D.  

Yield partitioning data was focused on the three lowest rates of each auxin herbicide and 

the nontreated control to determine differences in yield partitioning even if mechanical 

yield was not impacted.  Collected plants were transported back to a storage facility and 

box mapped according to procedures described by Jenkins et al. (1990).  Cotton plants 

were broken down into three vertical zones: zone one containing fruit from sympodial 

branches up to the eighth node; zone two containing fruiting positions from nodes nine 

through 12; and zone three containing bolls from nodes 13 and above.  Horizontal 

positioning was determined by distance from the main stem, meaning the bolls harvested 

from the fruiting position closest to the main stem were classified as position one, the 

next fruiting position was classified as position two, and any remaining fruiting positions 

were classified as position three.   

Bolls harvested from monopodial branches were classified as vegetative and any 

bolls harvested from fruiting positions that occurred after the plant had lost apical 

dominance were classified as aborted.  Vegetative and aborted fruiting sites were treated 

as independent from both horizontal and vertical partitioning.  Both boll counts and 
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weights were recorded for each fruiting site.  Yield partitioning data for each zone and 

position are presented as the percentage of total seed cotton weight.  The number of bolls 

collected from 1 m of row was recorded and converted to the number of bolls per hectare 

based on box mapping data.  Boll counts generated from box mapping data include bolls 

that would not be mechanically harvested due to them being hard-locked, malformed, or 

too small; therefore, the number of bolls per hectare was also calculated using mechanical 

harvest data.  Seed cotton yields were converted to g ha-1 and then divided by the boll 

size generated from boll sample data.  Mechanical yields were collected by harvesting the 

center two rows of each experimental unit with a spindle picker modified for small-plot 

research.   

Data were analyzed in SAS (v 9.4, SAS Institute Inc., Cary, NC) using the PROC 

MIXED procedure.  Analysis was separated by experiment.  Application rate and timing 

were fixed effects whereas year and replication were considered as random effects for 

each analysis.  Data were analyzed with year as a random effect to make inferences 

regarding synthetic auxin effects over a range of environments (Blouin et al., 2011; Gbur 

et al., 2012).  Means were subjected to analysis of variance and separated using Fischer’s 

Protected LSD at α = 0.05.  Figures were developed to illustrate yield partitioning using 

SigmaPlot (v. 14.5, Systat Software Inc., Chicago, IL). 
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Results and Discussion 

2,4-D Applied to Dicamba-Tolerant Cotton 

 Cotton plant height and total nodes were affected by application rate 14 and 28 d 

after MHS application and 28 d after FB+2WK application (Table 29; p ≤ 0.0060).  In 

general, plant height and total nodes were reduced as 2,4-D rate increased.  Reduction in 

plant height and total nodes occurred both 14 and 28 d after MHS application when 17 g 

ae ha-1 or greater was applied at MHS.  No differences in plant height or total nodes were 

observed amongst application rates 14 d after plots treated at FB+2WK; heights ranged 

from 98 to 106 cm and total nodes ranged from 16 to 18.  By 28 d after FB+2WK 

application, reductions in plant height and total nodes were observed when 266 and 1,064 

g ae ha-1 were applied.  In contrast, Buol et al. (2019b) observed cotton height increased 

at the end of the season in plots that had been exposed to 8 g ae ha-1 at squaring and early 

flowering.  Sciumbato et al. (2014) observed height reduction compared to a nontreated 

control following applications of 2,4-D greater than 0.01 times a 0.53 kg ai ha-1 use rate 

of 2,4-D at 4- to 6-leaf cotton in two out of three years but differences in total node 

counts were minimal across all rates investigated.  Slight differences in data collection 

timings from year to year and the environment after application likely contributed to 

differences in reported plant height responses.   

 Mechanical lint yield was affected by an interaction between 2,4-D application 

rate and timing (Table 30; p < 0.0001).  Amongst applications made at MHS, the 

untreated and applications of 1 g ae ha-1 (1,536 and 1,468 kg ha-1, respectively) 

outyielded applications of 4 g ae ha-1 and greater (35 – 856 kg ha-1).  Amongst FB+2WK 



100 

 

applications, the untreated and applications of 1 g ae ha-1 (1,521 and 1,323 kg ha-1, 

respectively) outyielded applications of 17 g ae ha-1 and greater (41 – 848 kg ha-1).  

Results agree with those of Buol et al. (2019b), who recorded an 18 – 21% reduction in 

yield relative to the untreated control when cotton was exposed to 8.3 g ae ha-1 2,4-D at 

7-leaf stage, pinhead square (PHS), and MHS.  These results also agree with Everitt and 

Keeling (2009) who observed a decrease in cotton lint yield as 2,4-D application rate 

increased when applied from vegetative growth stages to first bloom.  Lint percentage 

was also affected by an interaction between application rate and timing, but differences 

were slight; percentages only ranged from 44-47% (Table 30; p < 0.0001).  

 The percent of total seed cotton partitioned to position 1 was impacted by the 

interaction between application rate and timing (Table 31; p < 0.0001; Fig. 5).  For MHS 

applications, each increase in 2,4-D rate resulted in a decrease in the percentage of total 

seed cotton weight partitioned to position 1.  No differences were observed between 

application rate for FB+2WK application (54 – 62%).  Application rate and timing each 

effected the percentage of total seed cotton partitioned to position 2 (Table 31; p ≤ 

0.0120; Fig. 5).  The untreated experimental units and plots which received 1 g ae ha-1 

had 19 percent of the total seed cotton weight partitioned to position 2, which was greater 

than plots treated with 4 and 17 g ae ha-1 (15 and 12%, respectively) regardless of 

application timing.  Applications made at FB+2WK (18%) resulted in a greater 

percentage of total seed cotton weight partitioned to position 2 than applications made at 

MHS (15%), regardless of application rate.  Application rate impacted partitioning to 

position 3 (Table 31; p = 0.0004; Fig. 5); cotton treated with 17 g ae ha-1 (9%) had a 
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greater percentage of total seed cotton weight partitioned to position 3 than the untreated 

and cotton treated with 4 and 1 g ae ha-1 (3 – 4%).   

 Partitioning within zone 1 (nodes 5 – 8) was not impacted by application rate or 

timing (Table 31; p ≥ 0.2842; Fig. 5).  Vertical partitioning was impacted by the 2,4-D 

application rate and timing interaction in zone 2 (nodes 9 – 12) and 3 (nodes 13 and 

above) (Table 31; p ≤ 0.0316; Fig. 5).  Within zone 2, the untreated and applications of 1 

g ae ha-1 applied at MHS (40 and 33%, respectively) had a greater percentage of total 

seed cotton weight than 4 and 17 g ae ha-1 applied at MHS (15 and 11%, respectively).  

No differences were observed within zone 2 between application rate for FB+2WK 

applications (36 – 44%).  Within zone 3, applications of 1 g ae ha-1 at MHS (23%) 

resulted in a greater percentage of total seed cotton than applications of 4 and 17 g ae ha-1 

at MHS (16 and 5%, respectively).  Untreated experimental units for the FB+2WK 

application timing (24%) resulted in a greater percentage of total seed cotton in zone 3 

than applications of 4 and 17 g ae ha-1 at FB+2WK (17 and 15%, respectively).   

 Boll partitioning to both vegetative (fruiting positions on sympodial branches) and 

aborted (fruiting positions after loss of apical dominance) fruiting positions were 

impacted by the interaction of application rate and timing (Table 31; p ≤ 0.0230; Fig. 5).  

Applications of 2,4-D at 4 and 17 g ae ha-1 at MHS (42 and 38%, respectively) resulted in 

a greater percentage of total seed cotton weight in vegetative fruiting positions than the 

untreated and applications of 1 g ae ha-1 at MHS (13 and 20%, respectively).  

Applications of 17 g ae ha-1 at MHS (24%) had a greater percentage of total seed cotton 

weight on aborted fruiting positions than the untreated and applications of 1 and 4 g ae 
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ha-1 at MHS (1, 6, and 12%, respectively). No differences were observed between 

application rates of the FB+2WK application for either vegetative or aborted fruiting 

positions.  Similar results were reported by Buol et al. (2019b), who also observed a 

general decrease in percent total seed cotton weight to position 1, position 2, zone 1, and 

zone 2 when 8.3 g ae ha-1 2,4-D was applied from early vegetative to MHS stage.  

Similarly, the boll distribution in these scenarios was shifted to vegetative and aborted 

fruiting positions.   

The number of bolls present per hectare was affected by the interaction of 

application rate and timing when data was generated from yield partitioning data and 

from mechanical yield data (Table 32; p = 0.0170 and 0.0479, respectively).  From the 

data generated from yield portioning data, there was no difference amongst application 

timing when the untreated and 2,4-D rates of 1 and 4 g ae ha-1 (848,000 – 911,000, 

871,000 – 949,000, and 701,000 – 805,000 bolls ha-1, respectively) were applied.  More 

bolls were produced per hectare when 17 g ae ha-1 was applied at FB+2WK (684,000 

bolls ha-1) compared to 17 g ae ha-1 at MHS (380,000 bolls ha-1).  When boll counts per 

hectare were generated using mechanical yield data, more accurately representing 

harvestable boll counts, there was no difference amongst application timing when the 

untreated and 2,4-D rates of 1, 4, 67, 266, and 1,064 g ae ha-1 (746,000 – 805,000, 

660,000 – 823,000, 512,000 – 618,000, 98,200 – 294,000, 105,000 – 218,000, and 32,800 

– 73,100 bolls ha-1, respectively) were applied.  More bolls were produced per hectare 

when 17 g ae ha-1 was applied at FB+2WK (531,000 bolls ha-1) compared to 17 g ae ha-1 

at MHS (307,000 bolls ha-1).   
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Seed index was not impacted by 2,4-D application rate or timing (Table 32; p ≥ 

0.0726).  Seed index ranged from 8.3 to 9.6 g per 100 seed.  Lint index was affected by 

application rate (Table 32; p = 0.0074).  Across application timing, a greater lint index 

was observed with the untreated and when applications of 1 g ae ha-1 (8.0 and 8.0, 

respectively) compared to applications of 67, 266, and 1,064 g ae ha-1 (7.5, 7.2, and 7.3, 

respectively).   

The number of seeds per boll was impacted by both application rate and 

application timing (Table 32; p ≤ 0.0105).  The greatest number of seed per boll was 

produced with the untreated and applications of 2,4-D at 1 g ae ha-1 with 30 and 29 seed 

per boll, respectively.  As application rate increased, the number of seeds per boll 

decreased.  Applications of 2,4-D at FB+2WK produced bolls with an average of 27 seed 

per boll which was greater than bolls produced when 2,4-D applications were made at 

MHS (25 seed boll-1).   

Cotton boll size was affected by the interaction of application rate and timing 

(Table 32; p = 0.0013).  No differences in boll size between application timing were 

observed for the untreated and the following 2,4-D rates: 1, 266, and 1,064 g ae ha-1 (5.2 

– 5.3, 5.0 – 5.2, 3.6 – 3.8, and 3.2 – 3.6 g, respectively).  Applications of 4, 17, and 67 g 

ae ha-1 made at FB+2WK (5.2, 4.7, and 4.3 g, respectively) produced a larger boll size 

than those same application rates at MHS (4.3, 4.1, and 3.8, respectively).  In contrast, 

Sciumbato et al. (2014) did not observe differences in boll weights when low-rates of 2,4-

D were applied to cotton at 4- to 6-leaf stage.  It is likely that the earlier timing of 
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exposure in the Sciumbato et al. (2014) experiments could have limited the boll size 

impacts compared to the MHS and FB+2WK exposures tested within these experiments.  

Fiber micronaire was impacted by application rate of 2,4-D (Table 33; p < 

0.0001).  The untreated and treatments that received 1 and 4 g ae ha-1 (4.7, 4.7, and 4.5, 

respectively) across application timings had greater micronaire than treatments that 

received 67, 266, and 1,064 g ae ha-1 (4.2, 4.2, and 4.2, respectively). Similar reductions 

in micronaire were captured by Buol et al. (2019b) when cotton was exposed to 8.3 g ae 

ha-1 2,4-D during PHS and MHS.   

Fiber length was affected by both application rate and timing (Table 33; p ≤ 

0.0163).  Longer fibers were produced with the untreated and applications of 1, 4, and 17 

g ae ha-1 (1.17, 1.17, 1.18, and 1.17 in, respectively) than applications of 266 g ae ha-1 

(1.12 in).  Applications made at MHS (1.18 in) produced longer fibers than applications 

made at FB+2WK (1.13 in).  Buol et al. (2019b) observed a reduction in fiber length 

when applications of 8.3 g ae ha-1 were made during flowering.   

Fiber strength was impacted by the interaction between application rate and 

timing (Table 33, p = 0.0167).  Amongst 2,4-D applications made at MHS, greater fiber 

strength was accomplished with 17 g ae ha-1 (31.2 g tex-1) compared to the untreated 

(30.0 g tex-1).  Among applications made at FB+2WK, greater fiber strength with the 

untreated (30.1 g tex-1) compared to applications of 266 g ae ha-1 (28.5 g tex-1) which also 

produced greater fiber strength than applications of 1,064 g ae ha-1 (25.1 g tex-1).   

Uniformity was impacted by the interaction of application rate and timing (Table 

33; p = 0.0004).  There were no differences in fiber length uniformity between 
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application rates at MHS; uniformity ranged from 82.5 to 83.7%.  The untreated and 

applications of 2,4-D at 1 and 4 g ae ha-1 at FB+2WK (83.5, 82.9, and 82.5%, 

respectively) produced more uniform fibers than applications of 67, 266, and 1,064 g ae 

ha-1 at FB+2WK (81.1, 79.5, and 78.5%, respectively).  Buol et al. (2019b) observed 

reduction in fiber uniformity when 8.3 g ae ha-1 was applied to sensitive cotton at MHS 

and first bloom.  While differences in fiber quality were observed due to 2,4-D exposure, 

most values did not fall within a range to cause discounted market values.  The exception 

to this statement was with fiber strength and uniformity when a full rate of 2,4-D was 

applied at FB+2WK. 

Dicamba Applied to 2,4-D-Tolerant Cotton 

 Cotton plant height and total nodes were affected by dicamba rate 14 and 28 d 

after MHS application and 28 d after FB+2WK application (Table 34; p ≤ 0.0311).  

Reductions in plant height and total nodes occurred both 14 and 28 d after MHS 

application when 35 g ae ha-1 or greater was applied.  No differences in plant height or 

total nodes were observed amongst dicamba rates 14 d after plots were treated at 

FB+2WK.  At 28 d after FB+2WK application, plants were shorter in plots that received 

558 and 139 g ae ha-1 than the untreated and plots that were treated with 0.5 g ae ha-1.  

Cotton plants in plots that received 558 and 139 g ae ha-1 at FB+2WK had fewer total 

nodes 28 d after FB+2WK application than the untreated and plots that received 0.5 or 2 

g ae ha-1.   

 Mechanical lint yield was affected by an interaction between dicamba application 

rate and timing (Table 35; p = 0.0017).  No differences in lint yield between application 
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timings were observed between the untreated experimental units and plots treated with 

0.5, 2, 9, and 35 g ae ha-1 (1,294 – 1,465, 1,478 – 1,513, 1,316 – 1,515, 1,283 – 1,435, 

and 912 – 962 kg ha-1, respectively).  These data agree with previous findings which 

observed minimal to no yield reductions following low-rate exposure to dicamba (Egan et 

al., 2014; Everitt and Keeling, 2009).  Buol et al. (2019a) observed a decrease in yield 

relative to the non-treated control when 35 g ae ha-1 dicamba was applied seven weeks 

after emergence which corresponded with MHS.  Plots treated with 139 and 558 g ae ha-1 

at FB+2WK (493 and 250 kg ha-1, respectively) outyielded plots treated with those same 

rates at MHS (181 and 26 kg ha-1, respectively).   

Lint percentage was impacted by the interaction between application rate and 

timing (Table 35; p < 0.0001).  No differences were observed in lint percentage between 

application timings for the untreated and the following dicamba rates: 0.5, 2, and 9 g ae 

ha-1 (46 – 47%).  However, lint percentage for plots treated with 35, 139, and 558 g ae ha-

1 at FB+2WK (46, 43, and 41%, respectively) was greater than those same rates at MHS 

(47, 46, and 47%, respectively).  In contrast, Buol et al. (2019a) did not observe a timing 

effect on lint percentage when 35 g ae ha-1 was applied. 

 The percent of total seed cotton partitioned to position 1 was impacted by the 

interaction between dicamba application rate and timing (Table 36; p = 0.0206; Fig. 6).  

For MHS applications, a greater percentage of total seed cotton weight was partitioned to 

position 1 when untreated (71%) than when 9 g ae ha-1 (63%) was applied.  The opposite 

was true for application rates applied at FB+2WK where a greater percentage of total 

seed cotton weight was partitioned to position 1 when 9 g ae ha-1 (71%) was applied than 
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the untreated (62%).  Partitioning within position 2 was not impacted by application rate 

or timing (Table 36; p ≥ 0.2288; Fig. 6).  The percentage of total seed cotton weight 

partitioned to position 2 ranged from 13 – 16%.  Partitioning to position 3 was impacted 

by the interaction between application rate and timing (Table 36; p = 0.0162; Fig. 6).  For 

MHS applications, a greater percentage of total seed cotton weight was partitioned to 

position 2 for the untreated and when 9 g ae ha-1 (2 and 3%) was applied than when 2 g 

ae ha-1 (0%) was applied.  For dicamba rates applied at FB+2WK, a greater percentage of 

total seed cotton weight was partitioned to position 2 for the untreated (3%) than when 

0.5 and 9 g ae ha-1 (2 and 2%) was applied.   

 Partitioning within zone 1 (nodes 5 – 8) was impacted by application timing 

(Table 36; p = 0.0379; Fig. 6).  When cotton was exposed to dicamba at FB+2WK (25%), 

a greater percentage of seed cotton was partitioned to zone 1 than when cotton was 

exposed to dicamba at MHS (22%).  Vertical partitioning was not impacted by dicamba 

application rate or timing in zone 2 (nodes 9 – 12) and 3 (nodes 13 and above) (Table 36; 

p ≥ 0.2238; Fig. 6).  Partitioning to zone 2 ranged from 39 – 45% of total seed cotton 

weight and partitioning in zone 3 ranged from 17 – 21% of total seed cotton weight.   

 Boll partitioning to vegetative (fruiting positions on sympodial branches) fruiting 

positions was impacted by the interaction of application rate and timing (Table 36; p = 

0.0381; Fig. 6).  No differences were observed amongst dicamba rates applied at MHS; 

the percentage of total seed cotton weight partitioned to vegetative positions ranged from 

13 – 18%.  The untreated plots for the FB+2WK application timing yielded 19% of fruit 

partitioned to vegetative positions compared to 12% when 9 g ae ha-1 was applied at 
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FB+2WK.  No differences were observed in terms of partitioning to aborted fruiting 

positions (fruiting positions following loss of apical dominance) (Table 36; p ≥ 0.7875; 

Fig. 6).  The percentage of total seed cotton weight partitioned to aborted fruiting 

positions ranged from 1 – 2%.  In contrast, Buol et al. (2019a) observed pre-flowering 

exposure of 35 g ae ha-1 dicamba caused less partitioning to position 1, position 2, zone 1, 

and zone 2 and more partitioning to vegetative and aborted fruiting positions compared to 

the non-treated control. 

The number of bolls present per hectare was affected by application rate and 

timing of dicamba when data were calculated based on yield partitioning data (Table 37; 

p ≤ 0.0336).  Across application timings, 891,000 bolls ha-1 were produced when 9 g ae 

ha-1 was applied which was greater than the untreated and when 2 g ae ha-1 (814,000 and 

788,000 bolls ha-1, respectively) was applied.  Following dicamba applications at MHS, 

870,000 bolls ha-1 were produced compared to 809,000 bolls ha-1 produced following 

applications at FB+2WK.  Boll counts per hectare were also calculated using mechanical 

yield data to represent harvestable boll counts more accurately; the number of bolls ha-1 

calculated in this manner was impacted by the interaction between application rate and 

timing (Table 37; p = 0.0007).  The three lowest dicamba application rates at both 

application timings and the untreated for the FB+2WK application timing had more bolls 

ha-1 (673,000 – 751,000 bolls ha-1) than applications of dicamba at 35, 139, and 558 g ae 

ha-1 at both MHS and FB+2WK (50,700 – 522,000 bolls ha-1).  Foster and Griffin (2019) 

evaluated soybean yield components following exposure to dicamba of 1/2 to 1/1000 of 

the labeled rate at vegetative and reproductive growth stages; reduction in the number of 
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main stem pods per plant occurred beginning with 0.6 g ae ha-1 but plants were able to 

compensate by producing more pods on lateral branches.  Dicamba applications made 

during reproductive stages impacted main stem pod production, but the plants were not 

able to compensate and produce lateral branch pods that late in the growing season.  

While the response of sensitive cotton to 2,4-D was similar to the response Foster and 

Griffin (2019) observed, the response of sensitive cotton to dicamba was notably 

different; fruiting shifts were slight and typically resulted in a simple reduction in overall 

fruiting bodies.   

Seed index was impacted by dicamba application rate (Table 37; p < 0.0001).  

Seed index was reduced to 8.4 when 558 g ae ha-1 was applied compared to all other 

application rates in which seed index ranged from 9.4 to 9.6.  Lint index was impacted by 

the interaction of application rate and timing (Table 37; p < 0.0001).  For the untreated 

and applications of dicamba 0.5, 2, and 9 g ae ha-1 (8.2 – 8.3), no differences in lint index 

were observed between application timings.  For applications of 35, 139, and 558 g ae ha-

1, lint index was greater following FB+2WK (8.5, 8.2, and 7.7, respectively) applications 

than MHS (8.0, 7.4, and 5.5, respectively) applications.     

The number of seeds per boll was impacted by the interaction between application 

rate and timing (Table 37; p = 0.0005).  For the untreated and applications of dicamba at 

0.5, 2, 9, and 35 g ae ha-1 (27 – 31 seed boll-1), no differences in the number of seed per 

boll were observed between application timings.  For applications of 139 and 558 g ae ha-

1, the number of seeds per boll was greater following FB+2WK (29 and 31 seed boll-1, 

respectively) applications than MHS (26 and 26 seed boll-1, respectively) applications.  
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Cotton boll size was affected by the interaction of application rate and timing (Table 37; 

p = 0.0129).  The untreated and applications of dicamba at 0.5, 2, and 9 g ae ha-1 (5.4 – 

5.6 g) at MHS produced larger bolls than applications of 139 and 558 g ae ha-1 (3.8 – 4.6 

g) at MHS.  No differences in boll size occurred between application rates applied at 

FB+2WK; boll size ranged from 5.0 to 5.4 g.   

 Fiber micronaire, length, and strength were each impacted by the interaction 

between dicamba application rate and timing (Table 38; p ≤ 0.0013).  For the untreated 

and applications of 0.5, 2, 9, and 35 g ae ha-1, no differences in micronaire or length were 

observed between application timings; micronaire ranged from 4.5 to 4.8 and fiber length 

ranged from 1.15 to 1.17 in.  Applications of dicamba at 139 and 558 g ae ha-1 at 

FB+2WK (4.7 and 4.7, respectively) resulted in greater micronaire than those same rates 

applied at MHS (3.1 and 4.1, respectively).  Applications of 139 and 558 g ae ha-1 at 

FB+2WK (1.14 and 1.13 in, respectively) produced cotton with shorter fibers than cotton 

exposed to those same rates applied at MHS (1.21 and 1.22 in, respectively).  For the 

untreated and applications of dicamba at 0.5, 2, and 9 g ae ha-1, no differences in fiber 

strength were observed between application timings; fiber strength ranged from 31.6 to 

32.4 g tex-1.  Fiber strength following an application of 35 g ae ha-1 at FB+2WK (32.4 g 

tex-1) was greater than that same rate applied at MHS (31.0 g tex-1).  Applications of 139 

and 558 g ae ha-1 at FB+2WK (31.7 and 29.9 g tex-1, respectively) produced fiber with 

less strength than those same application rates at MHS (34.0 and 32.9 g tex-1, 

respectively).  Uniformity was impacted by dicamba application rate (Table 38; p = 

0.0140).  Fiber produced after exposure to 2 g ae ha-1 (84.2%) was more uniform than 
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fiber produced following exposure to 35, 139, and 558 g ae ha-1 (83.1, 83.5, and 83.2%, 

respectively).  While differences in fiber quality were observed due to dicamba exposure, 

no values fell within a range to cause discounted market values.  

Impacts of Weather 

Cotton’s response to auxin injury during the growing season is dependent on 

environment, specifically water availability.  Periods of drought or water stress following 

exposure to 2,4-D can exacerbate injury symptomology and yield effects.  Sciumbato et 

al. (2014) reported the least yield impacts from 2,4-D exposure from the growing season 

that had the most consistent rainfall following 2,4-D application at 4- to 6-leaf cotton.  In 

this research, during the growing season with the least amount of rainfall following 2,4-D 

application, up to 84% yield reductions were recorded.  In general, the severity of yield 

effects due to auxin exposure is more severe during vegetative growth but given an 

amicable environment following exposure, cotton can compensate.   

Conclusions 

Cotton exposed to 2,4-D was characterized by lint yield reductions at rates ≥ 4 g 

ae ha-1, whereas cotton exposed to dicamba was characterized by lint yield reductions at 

rates ≥ 35 g ae ha-1.  While 2,4-D applied to sensitive cotton at the MHS stage caused 

reductions of fruit partitioned at the 1st horizontal position as rate increased, strong shifts 

in fruit partitioned at the 1st horizontal position were not generated by dicamba or 2,4-D 

applied at MHS or 2,4-D applied at FB+2WK (Figs. 5 and 6).  Furthermore, the 

application of dicamba at FB+2WK had minor impacts on boll size, but applications of 
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dicamba and 2,4-D at MHS and the application of 2,4-D at FB+2WK resulted in 

substantial decreases in boll size as rate increased.  The number of seeds per boll 

decreased as application rate of 2,4-D increased and when exposure occurred during 

vegetative growth compared to reproductive growth.  The timing of exposure only 

affected the number of seeds per boll when cotton was exposed to dicamba at rates of 139 

and 558 g ae ha-1.  Cotton is clearly more sensitive to low-rates of 2,4-D than dicamba, 

but low rates of both auxin herbicides impacted yield components.  While light rates of 

auxin injury to susceptible cotton will likely not be detected in fruit partitioning, injury 

will likely appear in reductions in seed number and boll size. 
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Appendix 

Table 28. Cotton planting dates, herbicide application dates, and cotton harvest 

dates for 2,4-D and dicamba experiments located in Grand Junction, TN from 2019 

to 2021. 

Event 2019 2020 2021 

Cotton Planting 06 May 14 May 17 May 

Matchhead Square Application 25 June 29 June 06 July 

First Bloom + 2 wk Application 18 July 29 July 10 Aug 

Cotton Harvest 19 Nov 17 Nov 01 Nov 

 

Table 29. Effect of 2,4-D application rate on cotton plant height and total node count 

14 and 28 d after MHS and FB+2WK (A and B, respectively) applications for 

experiments conducted in Grand Junction, TN from 2019 to 2021. 

Rate (g ae ha-1) 14 DA-A 28 DA-A 14 DA-B 28 DA-B 

 ------------------------------- Plant Height (cm) -------------------------------- 

1,064 35 Da 35 E 100 89 B 

266 37 D 41 E 98 90 B 

67 42 C 53 D 102 95 AB 

17 59 B 84 C 103 100 A 

4 80 A 103 B 106 104 A 

1 78 A 110 A 104 102 A 

0 78 A 107 AB 105 105 A 

p-value < 0.0001 < 0.0001 0.3060 0.0060 

Standard Error 2.2 3.0 9.4 14.7 

 ------------------------------------ Total Nodes ---------------------------------- 

1,064 10 C 9 D 16 15 B 

266 10 C 10 D 16 15 B 

67 10 C 12 C 16 17 A 

17 12 B 15 B 18 18 A 

4 13 A 16 AB 16 17 A 

1 13 A 16 A 16 17 A 

0 14 A 16 AB 17 17 A 

p-value < 0.0001 < 0.0001 0.4298 0.0005 

Standard Error 0.7 0.6 0.8 0.7 
a Means within a column followed by the same letter are not significantly different at p ≤ 0.05.    
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Table 30. Effect of 2,4-D application rate, application timing, and their interaction 

on cotton lint yield and lint percentage for experiments conducted in Grand 

Junction, TN from 2019 to 2021. 

Effect Lint Yield  Lint Percentage 

Rate (g ae ha-1) kg ha-1 % 

1,064 38 46 

266 146 47 

67 306 46 

17 647 46 

4 1,041 46 

1 1,396 46 

0 1,528 47 

p-value; Standard Error < 0.0001; 53.9 0.0684; 0.3 

Timing   

MHS 661 45  

FB+2WK 797 46  

p-value; Standard Error 0.0002; 35.7 < 0.0001; 0.3 

Rate – Timing   

1,064 – MHS 35 Fa 45 C-G 

1,064 – FB+2WK 41 F 46 A-E 

266 – MHS 156 F 44 F-G 

266 – FB+2WK 136 F 46  C-F 

67 – MHS 129 F 44 G 

67 – FB+2WK 483 E 47 A 

17 – MHS 447 E 45 G 

17 – FB+2WK 848 D 47 AB 

4 – MHS 856 D 45 F 

4 – FB+2WK 1,226 C 46 D 

1 – MHS 1,468 AB 46 CD 

1 – FB+2WK 1,323 BC 46 D-F 

0 – MHS 1,536 A 46 B-D 

0 – FB+2WK 1,521 A 47 A-C 

p-value; Standard Error < 0.0001; 71.9 < 0.0001; 0.5 
a Means within a column followed by the same letter are not significantly different at p ≤ 0.05.   

 



117 

 

Table 31. Effect of 2,4-D application rate, application timing, and their interaction on yield partitioning for experiments 

conducted in Grand Junction, TN from 2019 to 2021.  

 ---------- Horizontal Position --------- -------------- Vertical Zone ------------   

Effect 1 2 3 1 2 3 Vegetative Aborted 

Rate (g ae ha-1) ------------------------------------------------------- % Total --------------------------------------------------------- 

17 36 12 Ba 9 A 22 24 10 29 14 

4 45 15 B 4 B 18 29 16 29 7 

1 57 19 A 3 B 21 36 22 17 3 

0 61 19 A 3 B 22 38 23 16 1 

p-value < 0.0001 0.0003 0.0004 0.4480 < 0.0001 < 0.0001 < 0.0001 0.0012 

Standard Error 2.4 3.1 1.8 6.2 1.9 1.9 4.6 2.3 

Timing         

MHS 41 15 B 5 20 25 16 28 11 

FB+2WK 58 18 A 4 22 39 19 17 2 

p-value < 0.0001 0.0120 0.3967 0.4096 < 0.0001 0.0602 < 0.0001 0.0004 

Standard Error 1.7 3.0 1.6 6.1 1.4 1.5 4.3 1.7 

Rate – Timing         

17 – MHS 17 D 10 10 22 11 C 5 D 38 A 24 A 

17 – FB+2WK 54 B 15 8 23 38 AB 15 C 20 B 4 BC 

4 – MHS 29 C 11 5 15 15 C 16 C 42 A 12 B 

4 – FB+2WK 60 AB 18 3 21 44 A 17 BC 17 B 2 C 

1 – MHS 53 B 19 3 19 33 B 23 AB 20 B 6 BC 

1 – FB+2WK 62 AB 19 3 24 40 AB 21 ABC 15 B 1 C 

0 – MHS 65 A 19 2 24 40 AB 21 ABC 13 B 1 C 

0 – FB+2WK 58 AB 20 3 20 36 AB 24 A 18 B 1 C 

p-value < 0.0001 0.1554 0.5129 0.2842 < 0.0001 0.0316 < 0.0001 0.0230 

Standard Error 3.5 3.4 2.1 6.6 2.6 2.4 5.1 3.3 
a Means within a column followed by the same letter are not significantly different at p ≤ 0.05.   
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Table 32. Effect of 2,4-D application rate, application timing, and their interaction on number of bolls ha-1 calculated with 

yield partitioning data and mechanical yield data, seed index, lint index, number of seed boll-1, and boll size for 

experiments conducted in Grand Junction, TN from 2019 to 2021. 

Effect Bolls ha-1  (SEa) Seed Index  Lint Index Seed Boll-1 Boll Size (g) 

Rate (g ae ha-1) Yield Partitioning Mechanical Yield      

1,064 -- 53,000 (87 K) 8.6 (0.33) 7.3 (0.33)  BC 22 (1.4) E 3.4 (0.22) 

266 -- 161,000 (51 K) 8.8 (0.22) 7.2 (0.23) C 24 (1.0)  DE 3.7 (0.16) 

67 -- 196,000 (55 K) 8.9 (0.18) 7.5 (0.19)  BC 25 (0.9)  CD 4.1 (0.14) 

17 532,000 (71 K) 419,000 (44 K) 9.2 (0.16) 7.9 (0.17)  AB 26 (0.8) C 4.4 (0.13) 

4 753,000 (71 K) 565,000 (41 K) 9.3 (0.16) 7.9 (0.17)  AB 27 (0.8) B 4.7 (0.13) 

1 910,000 (71 K) 742,000 (50 K) 9.4 (0.16) 8.0 (0.17) A 29 (0.8) A 5.1 (0.13) 

0 879,000 (71 K) 776,000 (45 K) 9.2 (0.16) 8.0 (0.17) A 30 (0.8) A 5.2 (0.13) 

p-value < 0.0001 < 0.0001 0.0726 0.0074 < 0.0001 < 0.0001 

Timing       

MHS 719,000 (65 K) 391,000 (30 K) 9.2 (0.10) 7.6 (0.13) 25 (0.7) B 4.3 (0.11) 

FB+2WK 818,000 (65 K) 441,000 (33 K) 9.0 (0.11) 7.8 (0.14) 27 (0.7) A 4.5 (0.11) 

p-value 0.0202 0.2342 0.1197 0.2479 0.0105 0.0102 

Rate – Timing       

1,064 – MHS  -- 32,800 (100 K) F 9.0 (0.38) 7.4 (0.38) 22 (1.5) 3.6 (0.25)  EF 

1,064 – FB+2WK -- 73,100 (141 K) DEF 8.3 (0.54) 7.1 (0.53) 21 (2.1) 3.2 (0.34) F 

266 – MHS -- 218,000 (72 K) DEF 9.3 (0.31) 7.4 (0.31) 23 (1.3) 3.8 (0.21)  EF 

266 – FB+2WK -- 105,000 (71 K) EF 8.3 (0.54) 6.9 (0.31) 24 (1.3) 3.6 (0.21)  EF 

67 – MHS -- 98,200 (71 K) EF 9.2 (0.27) 7.2 (0.27) 23 (1.2) 3.8 (0.19)  EF 

67 – FB+2WK -- 294,000 (82 K) DE 8.6 (0.23) 7.8 (0.24) 26 (1.0) 4.3 (0.16)  CD 

17 – MHS 380,000 (83 K)  Cb 307,000 (64 K) D 9.3 (0.22) 7.6 (0.23) 24 (1.0) 4.1 (0.16)  DE 

17 – FB+2WK 684,000 (83 K)  B 531,000 (59 K) C 9.1 (0.22) 8.1 (0.23) 27 (1.0) 4.7 (0.16)  BC 

4 – MHS 701,000 (83 K)  B 512,000 (54 K) C 9.1 (0.22) 7.6 (0.23) 26 (1.0) 4.3 (0.16)  D 

4 – FB+2WK 805,000 (83 K)  AB 618,000 (59 K) BC 9.5 (0.22) 8.3 (0.23) 29 (1.0) 5.2 (0.16)  A 

1 – MHS 949,000 (83 K)  A 823,000 (82 K) A 9.3 (0.22) 8.0 (0.23) 29 (1.0) 5.0 (0.16)  AB 
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Table 32. Continued 

Effect Bolls ha-1  (SEa) Seed Index  Lint Index Seed Boll-1 Boll Size (g) 

Rate – Timing Yield Partitioning Mechanical Yield      

1 – FB+2WK 871,000 (83 K)  A 660,000 (54 K) ABC 9.6 (0.22) 8.0 (0.23) 30 (1.0) 5.2 (0.16) A 

0 – MHS 848,000 (83 K)  AB 746,000 (54 K) AB 9.1 (0.22) 7.9 (0.23) 31 (1.0) 5.3 (0.16)  A 

0 – FB+2WK 911,000 (83 K)  A 805,000 (71 K) A 9.3 (0.22) 8.1 (0.23) 30 (1.0) 5.2 (0.16)  A 

p-value 0.0170 0.0479 0.0829 0.2834 0.0930 0.0013 
a Standard Error  
b Means within a column followed by the same letter are not significantly different at p ≤ 0.05.   
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Table 33. Effect of 2,4-D application rate, application timing, and their interaction on fiber micronaire, length, strength, 

and uniformity for experiments conducted in Grand Junction, TN from 2019 to 2021. 

Effect Micronaire Length Strength Uniformity 

Rate (g ae ha-1) (SEa) in g tex-1 % 

1,064 4.2 (0.20) CDb 1.13 (0.025) BC 27.6 (0.69) 81.0 (0.87)  

266 4.2 (0.14) CD 1.12 (0.019) C 29.6 (0.50) 81.0 (0.76) 

67 4.2 (0.12) D 1.14 (0.017)  BC 29.8 (0.44) 82.1 (0.73)  

17 4.3 (0.11) CD 1.17 (0.017)  AB 30.6 (0.41) 82.7 (0.71)  

4 4.5 (0.11) BC 1.18 (0.017) A 29.9 (0.41) 82.8 (0.71)  

1 4.7 (0.11)  A 1.17 (0.017)  AB 30.1 (0.41) 83.2 (0.72)  

0 4.7 (0.11)  AB 1.17 (0.017)  AB 30.0 (0.41) 83.6 (0.71) 

p-value < 0.0001 0.0163 0.0059 < 0.0001 

Timing     

MHS 4.4 (0.09) 1.18 (0.015)  A 30.6 (0.34)  83.3 (0.68)  

FB+2WK 4.4 (0.09) 1.13 (0.015)  B 28.8 (0.36)  81.4 (0.69)  

p-value 0.9985 < 0.0001 < 0.0001 < 0.0001 

Rate – Timing     

1,064 – MHS  4.2 (0.23) 1.17 (0.028) 30.1 (0.78)  A-D 83.4 (0.93)  AB 

1,064 – FB+2WK 4.2 (0.32) 1.08 (0.038) 25.1c (1.06) E 78.5 (1.13) E 

266 – MHS 4.3 (0.19) 1.16 (0.024) 30.7 (0.66) AB 82.5 (0.85)  ABC 

266 – FB+2WK 4.1 (0.19) 1.09 (0.024) 28.5 (0.66) D 79.5 (0.85) E 

67 – MHS 4.2 (0.17) 1.19 (0.022) 30.7 (0.58)  AB 83.2 (0.80)  AB 

67 – FB+2WK 4.3 (0.15) 1.10 (0.020) 29.0 (0.52)  CD 81.1 (0.77) D 

17 – MHS 4.3 (0.14) 1.18 (0.019) 31.2 (0.50)  A 83.7 (0.76) A 

17 – FB+2WK 4.2 (0.14) 1.16 (0.019) 29.9 (0.50)  BCD 81.8 (0.76)  CD 

4 – MHS 4.4 (0.14) 1.20 (0.019) 30.7 (0.50)  AB 83.0 (0.76)  AB 

4 – FB+2WK 4.6 (0.14) 1.15 (0.019) 29.2 (0.50)  CD 82.5 (0.76)  BC 

1 – MHS 4.7 (0.14) 1.19 (0.019) 30.5 (0.50)  AB 83.5 (0.76)  AB 

1 – FB+2WK 4.8 (0.14) 1.15 (0.019) 29.8 (0.50)  BCD 82.9 (0.76)  AB 
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Table 33 Continued. 

Effect Micronaire Length Strength Uniformity 

Rate – Timing (SEa) in g tex-1 % 

0 – MHS 4.7 (0.14) 1.17 (0.019) 30.0 (0.50)  BC 83.7 (0.76) A 

0 – FB+2WK 4.7 (0.14) 1.17 (0.019) 30.1 (0.50)  BC 83.5 (0.76)  AB 

p-value 0.9159 0.0748 0.0167 0.0004 
a Standard Error 
b Means within a column followed by the same letter are not significantly different at p ≤ 0.05. 
c Italicized values represent fiber quality grades which call for discounted market value. 
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Table 34. Effect of dicamba application rate on cotton plant height and total node 

count 14 and 28 d after MHS and FB+2WK (A and B, respectively) applications for 

experiments conducted in Grand Junction, TN from 2019 to 2021. 

Rate (g ae ha-1) 14 DA-A 28 DA-A 14 DA-B 28 DA-B 

 ------------------------------- Plant Height (cm) ------------------------------- 

558 39 Da 38 D 94 89 CD 

139 44 D 45 C 95 87 D 

35 64 C 73 B 100 91 BCD 

9 74 B 98 A 100 94 ABCD 

2 78 AB 103 A 99 96 ABC 

0.5 78 AB 103 A 104 100 A 

0 80 A 103 A 100 98 AB 

p-value < 0.0001 < 0.0001 0.1490 0.0311 

Standard Error 3.7 5.2 8.4 13.0 

 ----------------------------------- Total Nodes --------------------------------- 

558 10 C 9 C 15 15 CD 

139 11 C 9 C 16 15 D 

35 13 B 14 B 16 15 BCD 

9 13 AB 16 A 16 16 ABC 

2 14 A 15 A 16 17 AB 

0.5 14 A 15 A 16 17 A 

0 14 A 16 A 16 17 AB 

p-value < 0.0001 < 0.0001 0.2395 0.0171 

Standard Error 0.6 0.5 0.7 0.5 
a Means within a column followed by the same letter are not significantly different at p ≤ 0.05.   
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Table 35. Effect of dicamba application rate, application timing, and their 

interaction on cotton lint yield and lint percentage for experiments conducted in 

Grand Junction, TN from 2019 to 2021. 

Effect Lint Yield  Lint Percentage 

Rate (g ae ha-1) kg ha-1 % 

558 138 44 

139 337 45 

35 937 47 

9 1,359 46 

2 1,415 46 

0.5 1,496 46 

0 1,379 46 

p-value; Standard Error < 0.0001; 77.0 < 0.0001; 0.5 

Timing   

MHS 989 45 

FB+2WK 1,028 47 

p-value; Standard Error 0.3143; 63.8 < 0.0001; 0.4 

Rate – Timing   

558 – MHS  26 Fa 41 D 

558 – FB+2WK 250 E 47 AB 

139 – MHS 181 EF 43 C 

139 – FB+2WK 493 D 46 B 

35 – MHS 962 C 46 B 

35 – FB+2WK 912 C 47 A 

9 – MHS 1,435 AB 46 AB 

9 – FB+2WK 1,283 B 46 AB 

2 – MHS 1,515 A 46 B 

2 – FB+2WK 1,316 AB 47 AB 

0.5 – MHS 1,513 A 46 B 

0.5 – FB+2WK 1,478 AB 46 B 

0 – MHS 1,294 B 46 AB 

0 – FB+2WK 1,465 AB 46 B 

p-value; Standard Error 0.0017; 92.3 < 0.0001; 0.5 
a Means within a column followed by the same letter are not significantly different at p ≤ 0.05.   
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Table 36. Effect of dicamba application rate, application timing, and their interaction on yield partitioning for 

experiments conducted in Grand Junction, TN from 2019 to 2021. 

 ----------- Horizontal Position ---------- -------------- Vertical Zone -------------   

Effect 1 2 3 1 2 3 Vegetative Aborted 

Rate (g ae ha-1) -------------------------------------------------------- % Total ---------------------------------------------------------- 

9 67 15 2 22 41 20 15 1 

2 68 14 1 22 42 19 15 2 

0.5 66 14 2 24 40 18 17 1 

0 67 14 3 24 42 17 16 1 

p-value 0.9456 0.9095 0.0176 0.6005 0.8000 0.3887 0.8238 0.7884 

Standard Error 2.9 4.5 1.5 7.8 1.5 5.0 3.8 0.8 

Timing         

MHS 67 14 2 22 B 42 19 15 1 

FB+2WK 66 15 2 25 A 41 18 16 1 

p-value 0.5148 0.4641 0.3777 0.0379 0.2238 0.2670 0.7136 0.7875 

Standard Error 2.6 4.4 1.5 7.7 1.1 4.9 3.6 0.6 

Rate – Timing         

9 – MHS 63 BCa 14 3 AB 18 41 21 18 AB 2 

9 – FB+2WK 71 A 15 2 BCD 27 42 19 12 C 1 

2 – MHS 70 AB 13 0 D 21 42 20 15 ABC 2 

2 – FB+2WK 66 ABC 15 2 ABC 23 42 17 15 ABC 2 

0.5 – MHS 66 ABC 16 2 BCD 24 42 18 16 ABC 1 

0.5 – FB+2WK 66 ABC 13 2 CD 24 39 18 18 ABC 1 

0 – MHS 71 A 13 2 ABC 24 45 17 13 BC 1 

0 – FB+2WK 62 C 15 3 A 24 39 17 19 A 1 

p-value 0.0206 0.2288 0.0162 0.1220 0.3470 0.8702 0.0381 0.8102 

Standard Error 3.6 4.6 1.6 7.9 2.1 5.2 4.1 1.2 
a Means within a column followed by the same letter are not significantly different at p ≤ 0.05.   
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Table 37. Effect of dicamba application rate, application timing, and their interaction on number of bolls ha-1 calculated 

with yield partitioning data and mechanical yield data, seed index, lint index, number of seed boll-1, and boll size for 

experiments conducted in Grand Junction, TN from 2019 to 2021. 

Effect Bolls ha-1 (SEa) Seed Index Lint Index Seed Boll-1 Boll Size (g) 

Rate (g ae ha-1) Yield Partitioning Mechanical Yield     

558 -- 114,000 (71 K) 8.4 (0.36) B 6.6 (0.33) 29 (1.5) 4.5 (0.47) 

139 -- 225,000 (64 K) 9.6 (0.33) A 7.8 (0.31) 27 (1.4) 4.9 (0.44) 

35 -- 496,000 (62 K) 9.4 (0.32) A 8.3 (0.30) 27 (1.3) 5.2 (0.42) 

9 891,000 (84 K) Ab 695,000 (62 K) 9.6 (0.32) A 8.3 (0.30)  28 (1.3) 5.2 (0.42) 

2 788,000 (84 K) C 712,000 (62 K) 9.5 (0.32) A 8.2 (0.30) 29 (1.3) 5.3 (0.42) 

0.5 866,000 (84 K) AB 737,000 (62 K) 9.5 (0.32) A 8.2 (0.30) 29 (1.3) 5.4 (0.42) 

0 814,000 (84 K) BC 671,000 (62 K) 9.5 (0.32) A 8.2 (0.30) 30 (1.3) 5.5 (0.42) 

p-value 0.0336 < 0.0001 < 0.0001 < 0.0001 0.0003 0.0283 

Timing       

MHS 870,000 (82 K) A 499,000 (58 K) 9.3 (0.31) 7.7 (0.28) 28 (1.3) 5.1 (0.41) 

FB+2WK 809,000 (82 K) B 543,000 (58 K) 9.4 (0.30) 8.2 (0.28) 29 (1.3) 5.2 (0.41) 

p-value 0.0276 0.0516 0.2037 < 0.0001 0.1222 0.1405 

Rate – Timing       

558 – MHS  -- 50,700 (86 K) F 8.1 (0.42) 5.5 (0.38) E 26 (1.7) EF 3.8 (0.55) D 

558 – FB+2WK -- 177,000 (80 K) F 8.7 (0.39) 7.7 (0.36) CD 31 (1.6) AB 5.3 (0.52) A-C 

139 – MHS -- 101,000 (72 K) F 9.7 (0.36) 7.4 (0.33) D 26 (1.5) F 4.6 (0.48) CD 

139 – FB+2WK -- 348,000 (72 K) E 9.6 (0.36) 8.2 (0.33) A-C 29 (1.5) B-D 5.2 (0.48) A-C 

35 – MHS -- 522,000 (67 K) CD 9.2 (0.34) 8.0 (0.31) BC 27 (1.4) D-F 4.9 (0.45) BC 

35 – FB+2WK -- 469,000 (67 K) D 9.6 (0.34) 8.5 (0.31) A 28 (1.4) D-F 5.4 (0.45) AB 

9 – MHS 921,000 (88 K) 714,000 (67 K) A 9.6 (0.34) 8.3 (0.31) AB 28 (1.4) C-E 5.4 (0.45) AB 

9 – FB+2WK 861,000 (88 K) 676,000 (67 K) AB 9.6 (0.34) 8.3 (0.31) AB 28 (1.4) C-E 5.0 (0.45) BC 

2 – MHS 849,000 (88 K) 751,000 (67 K) A 9.6 (0.34) 8.2 (0.31) A-C 30 (1.4) A-C 5.4 (0.45) AB 

2 – FB+2WK 727,000 (88 K) 673,000 (67 K) AB 9.4 (0.34) 8.2 (0.31) A-C 28 (1.4) C-E 5.1 (0.45) A-C 

0.5 – MHS 905,000 (88 K) 745,000 (67 K) A 9.5 (0.34) 8.2 (0.31) A-C 29 (1.4) A-C 5.5 (0.45) AB 



126 

 

Table 37. Continued 

Effect Bolls ha-1 (SEa) Seed Index Lint Index Seed Boll-1 Boll Size (g) 

Rate – Timing Yield Partitioning Mechanical Yield     

0.5 – FB+2WK 826,000 (88 K) 730,000 (67 K) A 9.6 (0.34) 8.2 (0.31) A-C 29 (1.4) B-D 5.4 (0.45) AB 

0 – MHS 805,000 (88 K) 610,000 (67 K) BC 9.4 (0.34) 8.2 (0.31) A-C 31 (1.4) A 5.6 (0.45) A 

0 – FB+2WK 823,000 (88 K) 732,000 (67 K) A 9.5 (0.34) 8.2 (0.31) A-C 29 (1.4) A-C 5.3 (0.45) AB 

p-value 0.3267 0.0007 0.6449 < 0.0001 0.0005 0.0129 
a Standard Error  
b Means within a column followed by the same letter are not significantly different at p ≤ 0.05.   
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Table 38. Effect of dicamba application rate, application timing, and their interaction on fiber micronaire, length, 

strength, and uniformity for experiments conducted in Grand Junction, TN from 2019 to 2021. 

Effect Micronaire Length Strength Uniformity 

Rate (g ae ha-1) (SEa) in g tex-1 % 

558 3.9 (0.09) 1.18 (0.018) 31.4 (0.63) 83.2 (0.69) BC 

139 4.4 (0.07) 1.18 (0.017) 32.9 (0.53) 83.5 (0.64) ABC 

35 4.5 (0.06) 1.15 (0.016) 31.7 (0.48) 83.1 (0.62) C 

9 4.7 (0.06) 1.17 (0.016) 32.2 (0.47) 84.0 (0.61) AB 

2 4.7 (0.06) 1.17 (0.016) 32.3 (0.47) 84.2 (0.61) A 

0.5 4.6 (0.06) 1.16 (0.016) 32.3 (0.47) 84.1 (0.61) AB 

0 4.6 (0.06) 1.16 (0.016) 31.9 (0.48) 84.0 (0.62) AB 

p-value < 0.0001 0.3063 0.2024 0.0140 

Timing     

MHS 4.3 (0.04) 1.17 (0.015) 32.3 (0.41) 83.9 (0.58) 

FB+2WK 4.6 (0.04) 1.15 (0.015) 31.9 (0.40) 83.6 (0.58) 

p-value < 0.0001 0.0008 0.1164 0.1439 

Rate – Timing     

558 – MHS  3.1 (0.15) Db 1.22 (0.022) A 32.9 (0.87) AB 84.2 (0.83) 

558 – FB+2WK 4.7 (0.12) AB 1.13 (0.020) CD 29.9 (0.73) D 82.1 (0.75) 

139 – MHS 4.1 (0.10) C 1.21 (0.019) A 34.0 (0.66)  A 83.7 (0.71) 

139 – FB+2WK 4.7 (0.10) AB 1.14 (0.018) D 31.7 (0.65) BC 83.4 (0.71) 

35 – MHS 4.6 (0.09) AB 1.15 (0.017) BCD 31.0 (0.59) CD 83.4 (0.67) 

35 – FB+2WK 4.5 (0.08) B 1.15 (0.017) BCD 32.4 (0.57) B 82.8 (0.66) 

9 – MHS 4.7 (0.08) AB 1.16 (0.017) BCD 32.1 (0.57) BC 83.9 (0.66) 

9 – FB+2WK 4.7 (0.08) AB 1.17 (0.017) B 32.3 (0.57) BC 84.2 (0.66) 

2 – MHS 4.7 (0.08) AB 1.17 (0.017) B 32.2 (0.57) BC 84.4 (0.66) 

2 – FB+2WK 4.8 (0.08) A 1.16 (0.017) BCD 32.3 (0.57) B 84.0 (0.66) 

0.5 – MHS 4.6 (0.08) AB 1.17 (0.017) BC 32.4 (0.57) B 84.1 (0.66) 

0.5 – FB+2WK 4.6 (0.08) AB 1.16 (0.017) BCD 32.3 (0.57) BC 84.1 (0.66) 
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Table 38 Continued. 

Effect Micronaire Length Strength Uniformity 

Rate – Timing (SEa) in g tex-1 % 

0 – MHS 4.6 (0.09) AB 1.15 (0.017) BCD 31.6 (0.59) BC 83.6 (0.67) 

0 – FB+2WK 4.6 (0.08) AB 1.17 (0.017) B 32.2 (0.57) BC 84.5 (0.66) 

p-value < 0.0001 < 0.0001 0.0013 0.0623 
a Standard Error 
b Means within a column followed by the same letter are not significantly different at p ≤ 0.05. 
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Figure 5. Seed cotton yield calculated from yield partitioning data (A) and vertical 

(B) and horizontal (C) yield partitioning data presented as percent total seed cotton 

yield as affected by 2,4-D application rate at matchhead square (MHS) and two 

weeks after first bloom (FB+2WK). 
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Figure 6. Seed cotton yield calculated from yield partitioning data (A) and vertical 

(B) and horizontal (C) yield partitioning data presented as percent total seed cotton 

yield as affected by dicamba application rate at matchhead square (MHS) and two 

weeks after first bloom (FB+2WK). 
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