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Abstract 

Integrated weed management and herbicide application practices were assessed in field 

and greenhouse studies to improve weed control in herbicide-resistant soybeans (Glycine max 

(L.) Merr.) grown in Kansas. The field study was conducted to evaluate weed control, soybean 

yield, and profitability in two herbicide-resistant soybean systems and two row spacings. 2,4-D-, 

glyphosate-, and glufosinate- resistant (Enlist E3) and isoxaflutole-, glyphosate-, and glufosinate- 

resistant (LLGT27) soybeans were planted in 38- and 76-cm row spacing for four site-years. 

Three herbicide treatments were evaluated in each system: pre-emergence herbicide only (PRE), 

PRE followed by early post-emergence (POST), and POST plus overlapping residual (POR). 

Weed control was evaluated every 2 weeks after PRE application through R7 soybean. Weed 

biomass was collected before POST applications and at R7 soybean. Soybean yield was recorded 

at harvest. Data were subjected to analysis of variance and means separation. In Ottawa during 

2020, POST and POR treatments resulted in > 99% control for all species four WAT, while PRE 

resulted in > 84% control. Similarly, control at Ashland Bottoms was > 90% for POST and POR 

treatments, while PRE resulted in 7% for isoxaflutole- 62% for 2,4-D-resistant soybeans. All 

treatments resulted in > 95% control at Scandia in 2021. Row spacing had a minimal effect on 

weed control and mixed results for yield. In the greenhouse study, the objective was to determine 

the effect of herbicide combination, optimize carrier volume, and evaluate weed height on weed 

control. Co-applications of combinations of 2,4-D choline, glyphosate, and glufosinate were 

applied in carrier volumes of 93-, 140-, and 187- L ha-1 to 5-, 10-, and 20-cm Palmer amaranth 

(Amaranthus palmeri S. Watson) and large crabgrass (Digitaria sanguinalis L.). Visual ratings 

and above ground biomass were collected four weeks after treatment. Water-sensitive paper was 

also sprayed with the same herbicide combinations and carrier volumes to evaluate differences in 



  

spray coverage. Data were subjected to analysis of variance and means separation. Carrier 

volume did not affect Palmer amaranth or large crabgrass control. Control of 5-, 10-, and 20-cm 

Palmer amaranth was 100%, > 91%, and 6.7 to 79%, respectively, and variation was caused by 

the herbicide combinations.  2,4-D plus glyphosate provided the greatest Palmer amaranth 

control. Large crabgrass control pooled for both experiments was > 82% when treatments were 

applied at 5 cm, but control of 10- or 20-cm large crabgrass was reduced to 51 to 56%. There 

was a carrier volume by herbicide co-application interaction for the number of droplets deposited 

and percent area covered on water-sensitive paper. Co-applications containing glufosinate had 

more droplets than those not containing glufosinate.  2,4-D plus glyphosate had the smallest 

percent area covered, compared to the other herbicide co-applications. Data from the field study 

confirms that two-pass herbicide programs are superior to PRE- only programs, regardless of the 

inclusion of a layered residual herbicide. However, this research did not evaluate the impact of 

layered residual herbicides on weed seed production, which is crucial for long-term weed 

management. Results from the greenhouse study suggest that under ideal conditions, carrier 

volume is less important than herbicide combination and weed size for control of Palmer 

amaranth and large crabgrass.  
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Chapter 1 - Literature Review  

 Introduction 

Summer annual weeds compete with soybean (Glycine max (L.) Merr.) for resources and 

reduce yield to 79% if left uncontrolled (Bensch et al. 2003). Integrated weed management is 

needed for maximum weed control and to slow the development of herbicide resistant weed 

populations. Soybeans planted in narrow rows have the potential to canopy sooner compared to 

wide rows, thus improving weed control and yield. Soybean varieties resistant to glyphosate, 

glufosinate, and 2,4-D (Enlist E3) and glyphosate, glufosinate, and isoxaflutole (LLGT27) 

enable applications of herbicides not previously used in soybeans. The use of herbicide 

combinations made possible by these herbicide-resistant soybean traits should be evaluated in 

combination with integrated management practices such as narrow row spacings and optimized 

for application parameters such as carrier volume. 

 Troublesome weeds 

Palmer amaranth (Amaranthus palmeri S. Watson) and common waterhemp (Amaranthus 

tuberculatus J. D. Sauer) are common and troublesome weeds in soybean production throughout 

the soybean-producing areas of the United States (Van Wychen 2019). Palmer amaranth and 

waterhemp have been reported to produce over 200,000 seeds per plant, with Palmer amaranth 

production as many as 600,000 seeds per plant in some environments (Keeley et al. 1987, Sellers 

et al. 2003, Webster and Grey 2015). Viable seeds will germinate rapidly under ideal conditions. 

Sellers et al. (2003) reported Palmer amaranth emergence within five days after planting, while 

common waterhemp took 14 to 17 days. Steckel et al. (2004) furthered that research and reported 

all Palmer amaranth seeds emerged on the first day when they alternated the temperature from 18 

C to 42 C. After emergence, diaheliotropism  allows Palmer amaranth to track the sun, utilize 
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resources, and grow rapidly (Ehleringer and Forseth 1980, Ward et al. 2013). The rapid growth 

rate (Jha and Norsworthy 2009) allows these plants to reach 2 m tall (Sauer 1955).  Davis et al. 

(2015) found that Palmer amaranth survival increases with accumulating growing degree days. 

Phenotypic plasticity allows Palmer amaranth and waterhemp to be successful in many 

environments (Costea et al. 2005, Jha and Norsworthy 2009).  

Another factor that makes Palmer amaranth and waterhemp troublesome is the 

occurrence of herbicide resistance. Numerous populations resistant to one or more herbicides 

have been reported throughout the United States, including synthetic auxins, ALS-, microtubule 

assembly-, PSII-, EPSP synthetase-, glutamine synthetase-, PPO-, long-chain fatty acid 

synthesis-, and HPPD inhibitor herbicides (Heap, 2022). In fact, Palmer amaranth in Kansas has 

been found to be resistant to ALS-, PS II-, HPPD-, PPO-, EPSPS-inhibitor herbicides, and 

synthetic auxins (Shyam et al. 2021).   

The combination of high seed production, germination rate, and ability to adapt has 

inhibited soybean production. Palmer amaranth has reduced soybean yields by 68% in Arkansas 

(Klingaman and Oliver 1994) and 79% in Kansas (Bensch et al. 2003), early emerged Palmer 

amaranth caused greater losses (Bensch et al. 2003). Common waterhemp has been reported to 

cause up to 63% yield loss in soybean (Bensch et al. 2003). 

Large crabgrass (Digitaria sanguinalis (L.) Scop.) is another common weeds in soybean 

production systems in the United States (Van Wychen 2019). Aguyoh and Masiunas (2003) 

reported large crabgrass can produce 900 to 3,100 seeds per plant.  Large crabgrass emerges 

when the temperature ranges from 15 C to 35 C (King and Oliver 1994). Plants can form a dense 

mat of biomass (Basinger et al. 2019) and grow 90-cm tall (Oreja et al. 2021). This is 

problematic for farmers, as the large crabgrass will use the available water and nutrients.  
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Large crabgrass populations resistant to ACCase inhibitor herbicides have been reported 

in the United States, with populations resistant to PSII- and ALS- inhibitor herbicides in other 

regions of the world (Heap 2022). ACCase-inhibitor herbicide resistance in Canada was reported 

to be caused by the overexpression of the ACCase gene (Laforest et al. 2017).  Herbicide 

resistant weeds could impact crop yields.  

Basinger et al. (2019) suggested that large crabgrass at a density of 16 plants m-1 can 

reduce soybean yields up to 37%, which is similar to Palmer amaranth.  Soybean can interfere 

with large crabgrass. Oreja et al (2021) reported that the soybean canopy reduced solar radiation 

and maximum temperatures thereby impacting large crabgrass by reducing the total biomass 

produced. 

 Integrated weed management in soybeans 

The increasing prevalence of herbicide-resistant weeds necessitates integrated weed 

management (Davis et al. 2015, Dent 1995, King and Oliver 1994, Shyam et al. 2021, Wallace et 

al. 2019, Ward et al. 2013). Integrated weed management incorporates chemical, cultural, 

mechanical, and biological, methods to control weeds. Chemical methods use herbicides to 

control weeds (Norsworthy et al. 2012). Cultural weed control involves using different methods 

to grow a crop, such as changing the row spacing or soybean variety (Johnson et al. 1998). 

Mechanical weed control involves physically removing the undesirable plants by tilling, 

mowing, cutting, hoeing, and hand removal (Knezevic et al. 2019).  Biological weed control 

involves using living organisms to control weeds (Hoeft et al. 2001).  
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 Row spacing 

Soybean row spacing influences the rate of canopy closure, weed control, and soybean 

yield.  Narrow rows canopy sooner,  intercepting more light, potentially suppressing more weeds 

(Dalley et al. 2004, Yelverton and Coble 1991).  Bell et al. (2015) studied the effect of row 

spacing and canopy closure in soybeans with 19-, 45-, and 90-cm row spacings in Arkansas. The 

first year of the experiment was the dry year of 2012 and the 19-cm rows took 85 days after 

planting to reach 90% canopy, whereas the 90-cm rows never canopied (Bell et al. 2015). The 

next year had more normal rainfall and the 19- and 90-cm rows reached 90% canopy by 40 and 

50 days after planting, respectively (Bell et al. 2015). Bell’s findings were similar to Dalley et al. 

(2004), who reported that 19-cm rows have greater light interception 36 to 47 days after 

emergence.  These researchers also reported that soybeans planted in 19-, 38-, and 76-cm rows 

had approximately 98%, 97%, and 18% of light interception, respectively. Harder et al. (2007) 

found that 19- and 38-cm rows reached 95% light interception 1 week before 76-cm rows with 

populations less than 198,000 plants ha-1 and 2 weeks before populations greater than 296,000 

plants ha-1. 

The relationship between canopy closure and weed control is more varied. Bell et al. 

(2015) and McDonald et al. (2021) reported no effect on weed control. Harder et al.(2007) 

reported that 19-cm rows had a 78% reduction in weed densities compared to the 76-cm rows  5 

week after treatment, which was roughly at canopy closure. Similarly, weed biomass in 19-cm 

rows was reduced by 34 % when compared to the 76-cm rows grown at 296,000 to 309,000 

soybean plants ha-1 (Harder et al. 2007).   

Dalley et al. (2004) had mixed results in weed biomass for a four-year study. Weed 

biomass in 19-cm and 38-cm rows was reduced compared to 76-cm rows during three out of four 
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years when one application of glyphosate was applied to 10-cm weeds  (Dalley et al. 2004). 

Interestingly, the year that had no differences in biomass following glyphosate application to 10-

cm weeds also had the greatest total weed density (Dalley et al. 2004). Bell et al. (2015) reported 

different Palmer amaranth densities at harvest of 19-, 26-, and 41- plants m-2 in 19-, 45- and 90-

cm rows, respectively for the non-treated plots. Plots treated with herbicides had had < 2.1 weeds 

m-2 and > 86% control of Palmer amaranth at harvest, regardless of row spacing (Bell et al. 

2015). McDonald et al. (2021) also evaluated Palmer amaranth density in soybeans and reported 

15 Palmer amaranth plants m-2 in 76-cm rows, but only 1 plant m-2 in 38-cm rows after late post-

emergence herbicide applications. Overall, previously published research suggests that planting 

soybeans in row spacings less than 76 cm can help farmers achieve the ‘zero tolerance’ policy 

for managing herbicide resistant weeds (Norsworthy et al. 2014).  

Soybean yield when planted at different row widths is variable. Yelverton and Coble 

(1991) found a 20% increase in yield when soybeans were planted in 25-cm rows compared to 

102-cm rows. De Bruin and Pederson (2008) and Hanna et al. (2008) found that the 38-cm rows 

yielded more than the 76-cm rows in Iowa and Indiana, respectively. However, Bell et al. (2015) 

reported that 45-cm rows yielded 29 and 45% more than the 19-cm and 90-cm row spacing, 

respectively. Soybeans planted in 45-cm rows were also the most profitable.  

Walker et al. (2010), McDonald et al. (2021), and Rich and Renner (2007) reported that 

soybean yields from 38-cm rows were greater than or similar to 76-cm rows. During the first 

year, the 38-cm and 76-cm rows had similar yields, while during the second, wetter year narrow 

rows yielded 18% more than wide rows (McDonald et al. 2021). Rich and Renner (2007) 

reported similar yield results for 19-cm and 76-cm rows planted at 308,000 seeds ha-1 with the 

same herbicide treatments for two site years. However, in the third site year, 19-cm rows yielded 
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13% better than 76-cm rows. Berger-Doyle et al. (2014) reported irrigated soybeans yielded 

better than dryland, but yields were similar for 38-cm and 76-cm rows.  

Andrade et al. (2019) reviewed 129 site-years for differences in soybean yield between 

38-cm and 76-cm row spacings. Results indicated that overall, soybeans planted in 38-cm rows 

had 3% greater yields compared to the 76-cm rows in 68% of the experiments in the central 

United States. The northern and southern regions showed 92- and 84% of the experiments had 

18- and 8% greater yields, respectively when soybeans were planted in 38-cm rows. Narrow row 

spacing was favored when the amount of time soybeans spent in the VE-R3 growth stages is 

shorter, which is caused by shorter maturity groups and high temperatures early in the season 

(Andrade et al. 2019). However, Andrade et al. (2019) also reported that producers observed > 

5% yield reduction for some soybean growing regions, suggesting factors impacting soybean 

yield include precipitation, soil type, underlying management practices, and cultivar selection. 

Walker et al (2010) agrees that narrow-rowed soybean yield is dependent on precipitation 

amounts and cultivar selection.  

 Herbicide resistant soybeans 

There are many different herbicide-resistant traits available to soybean farmers. Traits 

include resistance to various combinations of glyphosate, glufosinate, 2,4-D, dicamba, and 

isoxaflutole. Enlist E3 soybeans are resistant to glyphosate, glufosinate, and 2,4-D, but only the 

2,4-D choline formulations are labeled for use (Werle et al. 2021).  Enlist E3 soybeans sales 

started in 2019 but  seed was not readily available until 2020. BASF announced that it would be 

launching LibertyLink GT27 soybeans in the fall of 2018. The LLGT27 soybeans are resistant to 

glyphosate, glufosinate, and isoxaflutole, an HPPD-inhibiting herbicide that controls broadleaf 

weeds and grasses preemergence (Pallett et al. 2001).  
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Herbicide combinations used in the Enlist E3 soybean system effectively control a broad 

spectrum of weeds with additive and synergistic effects. Craigmyle et al. (2013) found that 

glufosinate provided 75% control of common waterhemp while 2,4-D provided 78% control: 

however, the combination of glufosinate and 2,4-D improved control to 98%. Similar results 

were reported for Palmer amaranth, with 2,4-D controlling Palmer amaranth 68 to 80%, and co-

application with glufosinate improving control to 90 to 97% (Merchant et al. 2013). Shyam et al. 

(2021) reported > 96% control of Palmer amaranth with 2,4-D and glufosinate applied 

postemergence (POST) when a preemergence (PRE) herbicide was also applied. Lawrence et al. 

(2018) reported 2,4-D with glyphosate controled 5- to 10-cm glyphosate resistant Palmer 

amaranth 81% compared to 75% for 2,4-D alone.  Co-application of 2,4-D with glyphosate 

resulted in > 95% control of large crabgrass (Miller and Norsworthy 2016).  

However, reduced control or antagonism sometimes occurs, reducing weed control.  

Control of 15-cm large crabgrass was 75% when glufosinate was applied at 0.59 kg ha-1 but 

adding 2,4-D reduced large crabgrass control by 19% (Craigmyle et al. 2013). Merritt et al. 

(2021) pooled broadleaf signalgrass, giant foxtail, and barnyard grass control 28 days after 

treatment of 4 co-applications. Antagonism occurred when 2,4-D was co-applied with clethodim 

or glyphosate, with control of 44 and 27%, respectively. A split application of glyphosate 

followed by (fb) 2,4-D improved control to 86% (Merritt et al. 2021). O’Donovan and 

O’Sullivan (1982) suggest that antagonism that occurs when 2,4-D and glyphosate are co-applied 

is the result of reduced absorption and translocation. 

 Residual herbicides  

Most cases of herbicide-resistant weeds are associated with post-emergent products 

(Heap 2022), so preventing weed emergence by applying residual herbicides at planting or early 
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post-emergence (EPOST) can help mitigate resistance. Furthermore, co-applications of pre-

emergence herbicide improves weed control (Walsh et al. 2015). Knezevic et al. (2009) reported 

51 to 89% control 60 DAT for ivyleaf morningglory, Venice mallow, common lambsquarters, 

and velvetleaf with sulfentrazone applied PRE. Season-long weed control is improved with 

overlapping residual herbicide. Aulakh and Jhala (2015) reported control of common 

lambsquaters, common waterhemp, and velvetleaf was > 90% at harvest when sulfentrazone was 

co-applied with metribuzin as a PRE fb glufosinate and a Group 15 herbicide. In comparison, 

when the group 15 residual was not in the POST application, control was reduced to 69 to 70% 

(Aulakh and Jhala 2015). Similarly, large crabgrass and green foxtail control was > 94% at 

harvest with a PRE fb POST with a Group 15 residual herbicide compared to > 81% without 

residual in the POST application (Aulakh and Jhala 2015). Miller and Norsworthy (2016) 

reported EPOST applications containing residual herbicide provided greater Palmer amaranth 

control compared to those without. However, McDonald et al. (2021) reported weed control was 

similar for PRE fb EPOST and PRE fb EPOST + residual herbicide treatments (> 85%), except 

for dicamba fb dicamba. 

 Herbicide application parameters 

Application parameters like carrier volume and droplet size affect weed control. 

Herbicide efficacy will normally increase with increasing carrier volume (Knoche 1994). Using a 

specific carrier volume for co-application of herbicide will influence efficacy (Butts et al. 2018, 

Creech et al. 2015b). Creech et al. (2015b) evaluated velvetleaf control by glufosinate applied at 

carrier volumes ranging from 47 to 187 L ha-1 and reported that increasing the carrier volume to 

140 or 187 L ha-1 resulted in greater control (90 and 89%, respectively) than lower volumes, 

which ranged from 69 to 77%. In the same study, control by glyphosate at all carrier volumes 
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was ≥ 93%. The glufosinate herbicide label recommends carrier volumes of at least 140 L ha-1, 

but 187 L ha-1 is better, especially with a dense weed canopy (BASF Ag Products 2019). 

However, glyphosate works better at lower carrier volumes (93.5 L ha-1; Bayer Ag Products 

2017, Creech et al. 2015b, Knoche 1994).  

Limited research exists on the effects of carrier volume when multiple herbicides are 

combined. Meyer et al. (2016) evaluated different carrier volumes for co-applications of  

dicamba applied with glyphosate, glufosinate and S-metolachlor and reported greater control at 

187 L ha-1 compared to 94 L ha-1. Striegel et al. (2021) studied PRE herbicides applied at carrier 

volumes from 23.8 to 167.2 L ha-1 and reported no differences for weed control or biomass in 

soybean. 

Using the correct droplet size for a single herbicide or multiple herbicides co-applied is 

important for maintaining efficacy (Butts et al. 2018). In general, greater mortality is associated 

with smaller droplets (Knoche 1994). However, if the droplets are too small, evaporation will 

reduce control, especially in low humidity environments (Ramsey et al. 2002). When the 

operating pressure of the sprayer is increased, droplet size will decrease (Creech et al. 2015a, 

Czaczyk et al. 2012). Meyer et al. (2015) observed a decrease in Palmer amaranth, velvetleaf, 

and barnyardgrass control when the droplet size increased during one year of a two-year study.  

Droplet size is impacted by nozzle type, orifice size, and herbicide (Creech et al. 2015a, 

Nuyttens et al. 2007). Glufosinate decreased droplet size 18% compared to water alone but 

increasing the carrier volume reduced the effects the active ingredient had on droplet size 

(Creech et al. 2015a).   

The size of the weeds at application also affects the control. Chahal et al. (2015) reported 

a 15% reduction in control when Enlist Duo (glyphosate + 2,4-D) was applied to 20-cm 
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compared to 10-cm tall glyphosate- resistant common waterhemp. Similarly, common 

waterhemp control with glufosinate alone in the greenhouse was less when 30-cm plants were 

sprayed compared to 15-cm plants (Craigmyle et al. 2013). Control of both weed sizes was 

increased when 2,4-D was added, with the 15- and 30-cm common waterhemp having at least 95 

and 82% control, respectively (Craigmyle et al. 2013). Similarly, 15-cm large crabgrass was 

controlled 46 to 78% with glufosinate alone and the 30 cm was controlled 25 to 55% (Craigmyle 

et al. 2013).   

 Conclusion 

Troublesome weeds can cause major yield loss in soybeans. Integrated weed management 

practices, such as narrow row spacing, promotes canopy closure, and herbicide-resistant 

soybeans allow applications of multiple effective herbicides. Incorporating residual herbicides in 

post-emergent applications can improve season-long weed control. Increased carrier volume 

improves coverage and spray disposition resulting in greater weed control. When these practices 

are coupled with post-emergent herbicide applications targeting smaller weeds, soybean yield 

loss is mitigated. Therefore, the focus of the studies presented herein was to determine the effects 

of row spacing, post-emergent residual herbicides, carrier volume, and weed size at application 

on weed control and soybean yield in Kansas. 
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Chapter 2 - Integrated weed management in 2,4-D and isoxaflutole- 

resistant soybean in Kansas  

 Abstract 

 Integrated weed management practices were evaluated in 2,4-D-, glyphosate-, and 

glufosinate-resistant and isoxaflutole-, glyphosate-, and glufosinate-resistant soybean (Glycine 

max (L.) Merr.) planted in 38- and 76-cm row spacing for four site-years. Three herbicide 

treatments were evaluated in each system: pre-emergence herbicide only (PRE), PRE fb early 

post-emergence (POST), and POST plus overlapping residual (POR). PRE herbicides were 

pyroxasulfone plus isoxaflutole or sulfentrazone, POST herbicides were PRE plus glufosinate 

plus ammonium sulfate with or without 2,4-D, and POR herbicides were POST plus S-

metolachlor. Weed control was evaluated every 2 weeks after PRE application through R7 

soybean and weed biomass was collected before POST applications and at R7 soybean. Soybean 

yield was recorded at harvest. Data were subjected to analysis of variance and means separation 

(α = 0.05). Row spacing had a minimal effect on weed control and mixed results for yield. In 

Ottawa during 2020, POST and POR treatments resulted in > 99% control for all species four 

WAT, while PRE resulted in > 84% control. Similarly, control at Ashland Bottoms was > 90% 

for POST and POR treatments, while PRE resulted in 7% for isoxaflutole-resistant soybeans  and 

62% for 2,4-D-resistant soybeans. All treatments resulted in > 95% control at Scandia during 

2021. These data confirm that herbicide programs that include POST applications are superior to 

PRE-only programs, regardless of row spacing in the two soybean varieties evaluated. 

Additionally, the inclusion of a layered residual herbicide did not improve weed control over 

POST treatments with no residual control. However, this research did not evaluate weed seed 

production, which is crucial for long-term weed management.     
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 Introduction 

Palmer amaranth (Amaranthus palmeri S. Watson), common waterhemp (Amaranthus 

tuberculatus (Moq.) J. D. Sauer), and large crabgrass (Digitaria sanguinalis L.) are commonly 

found in Kansas soybean fields and have the potential to decrease yields by 79, 63,and  50%, 

respectively (Aguyoh and Masiunas 2003, Bensch et al. 2003). Many populations of these weeds 

are herbicide resistant. The best way to control herbicide resistant weeds is to use an integrated 

approach (Davis et al. 2015, Dent 1995, King and Oliver 1994, Norsworthy et al. 2012, Shyam et 

al. 2021, Wallace et al. 2019, Ward et al. 2013). Cultural practices, like narrow row spacing are a 

frequently adopted integrated weed management practice. Previous research has reported that 38-

cm row spacing promoted canopy closure 1 to 2 weeks sooner than 76-cm rows (Harder et al. 

2007). In fact, during dry years, 76-cm rows may never fully canopy (Bell et al. 2015). 

McDonald et al. (2021) and Bell et al. (2015) reported reduced Palmer amaranth densities in 

narrow-row soybeans for at least 1 location and Schultz et al. (2015) similarly reported reduced 

waterhemp density in narrow rows. This is important for potentially preventing weeds from 

germinating later in the season (Mickelson and Renner 1997). Yields for narrow and wide rowed 

soybeans vary and tend to favor narrow rows when planted late in the season and adequate 

moisture is available (Andrade et al. 2019). De Bruin and Pederson (2008) and Hanna et al. 

(2008) reported > 5% yields increase with narrow rows compared to wide rows. Bell et al. (2015) 

reported a 44% increase in 45-cm row soybean yield compared to 90-cm rows. During dry years 

or when heavy rainfall occurs shortly after planting, similar yields  tend to be similar between 

narrow and wide rows (Hanna et al. 2008, McDonald et al. 2021). The research experiments in 

the northern region regularly observed a 5- to 35% yield increase with narrow rows compared to 

producers’ fields were differences between narrow and wide rows could not be detected 
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(Andrade et al. 2019). Similarly, in the central region, experiments observed a 5% loss to a 15% 

gain in yield for narrow-row soybeans compared to wide-row, but producers reported lack of 

differences. Therefore, Andrade et al. (2019) speculated producers having a > 5% yield loss for 

narrow rows, potentially because of reduced precipitation, poor water holding capacity of the 

soil, or differences in management practices (Andrade et al. 2019).  

Additionally, chemical control methods are commonly implemented by soybean 

producers. Incorporating multiple herbicide modes of action is a management strategy that helps 

slow the selection of herbicide-resistant weeds (Norsworthy et al. 2012). Two soybean varieties 

genetically engineered to allow the application of different herbicides are Enlist E3 and LLGT27. 

Enlist E3 soybeans are resistant to glyphosate, glufosinate, and 2,4-D while LLGT27 are 

resistant to glyphosate, glufosinate, and isoxaflutole. The ability to apply glufosinate and 2,4-D 

POST or isoxaflutole PRE will improve weed control (Craigmyle et al. 2013, Hay et al. 2019, 

Merchant et al. 2013, Smith et al. 2019). Co-applications of 2,4-D and glufosinate resulted in 

98% control of common waterhemp, compared to 75 to 78% control for a single active 

ingredient (Craigmyle et al. 2013). Similarly, Merchant et al. (2013) reported 90 to 97% control 

of Palmer amaranth with the same co-application compared to 68 to 80% control by 2,4-D alone. 

Isoxaflutole plus metribuzin fb glyphosate has been shown to control grass and broadleaf weeds 

> 98% (Smith et al. 2019). However, glyphosate resistance is widespread (Heap 2022), therefore 

glyphosate alone should not be relied on for weed control.  

 Glufosinate and 2,4-D control emerged weeds. However, summer annual weeds can 

emerge after POST herbicide applications. Including residual herbicides in POST applications 

can help provide season-long weed control (Sarangi and Jhala 2019). Sarangi and Jhala (2019) 

reported PRE fb POST with residual herbicide programs resulted in 98% control of Palmer 
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amaranth compared to 84% without overlapping residual. Similarly, co-applications of  S- 

metolachlor with glufosinate increased common waterhemp control 23%  at harvest  compared to 

glufosinate alone (Aulakh and Jhala 2015). However, additional residual herbicide in dicamba-

resistant soybeans resulted similar Palmer amaranth control compared to treatments without 

(McDonald et al. 2021).  

 Management strategies need to be economical for producers to adopt the practice. Harder 

et al. (2007) and Nelson and Renner (1999) reported narrow-row soybeans had greater gross 

profit margins compared to wide-row. Sarangi and Jhala (2019) reported a PRE fb POST with 

residual herbicide program had the greatest gross profit margin. Due to rapid genetic 

improvements in soybean herbicide resistance, a current economic analysis needs to be 

completed. Economic partial budgets have been calculated to compare soybeans resistant to 

glyphosate or glufosinate (Rosenbaum et al. 2013),  dicamba and glyphosate or glufosinate 

(Striegel et al. 2020), and overlapping residual herbicide programs in non-genetically engineered 

soybean (Sarangi and Jhala 2019).  However, weed control and profitability of soybean resistant 

to glyphosate, glufosinate, and 2,4-D (Enlist E3) or glyphosate, glufosinate, and isoxaflutole 

(LLGT27) grown in 38- or 76-cm row spacing with corresponding herbicide programs is 

unknown. The objectives of this study are to evaluate the effects of (1) row spacing (38 cm or 76 

cm), (2) herbicide-resistance trait, (3) and herbicide on weed control, soybean yield, and 

profitability.  

 Materials and methods 

The experiment was conducted at three Kansas State University Agronomy Experiment 

Fields at Ottawa, KS (38° 32' 21" N, 95° 14 '36"W) during 2020 (OT20) and 2021 (OT21); at 

Ashland Bottoms (AB21), 9.5 km south of Manhattan, KS (39° 07' 06" N, 96° 38' 08" W) and at 
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Scandia, KS (SC21) (39° 50' 01" N, 97° 50' 22" W) during 2021. Soils at the Ottawa, Ashland 

bottoms, and Scandia locations are Woodson silt loam, Reading silt loam, and Crete slit loam, 

respectively (Soil Survey Staff et al. 2022). OT20, OT21 and AB21 were under rainfed 

conditions, while SC21 was irrigated. Field sites were tilled with a vertical cultivator (OT20 and 

OT21) or a field cultivator (AB21 and SC21) within one day prior to planting. Soybeans were 

planted with a Kinze 3000 planter in 2020 and a custom-built split-row planter in 2021. The 

split-row vacuum planter was made with John Deere XP row units with double-disk openers. It is 

capable of planting 4, 76-cm rows or 7, 38-cm rows. The target seeding rate was 345,000 seeds 

ha-1 in OT20, 387,700 seeds ha-1 in AB21, and 395,000 seeds ha-1 in both OT21 and SC21 (Table 

2.1). 

 The experimental design was a split-split plot arrangement with 4 replications. The 

whole plot was soybean trait (LLGT27 and Enlist E3), and the subplot was row spacing (38 and 

76 cm). The sub-subplot factor was herbicide program with 5 treatments: nontreated check, PRE, 

PRE fb POST, PRE fb POST with overlapping residual herbicide, and weed free check (Table 

2.2) organized in a random complete block design. Plots were 3 by 9.1 m.  

 All herbicide applications were made with a CO2-pressurized backpack sprayer and a 2- 

m boom with 50.8 cm nozzle spacing. PRE herbicides were applied immediately after planting 

and POST applications were made when weeds were 7 to 10 cm tall. Herbicides and application 

parameters are presented in Table 2.2.  In OT21 and SC21, POST and POR applications also 

included clethodim (803 g ha-1) and NIS (0.25% a v/v). See Appendix A.1 and A.2 for more soil 

information and weather data at the time of application. 

 Weed control was evaluated between the center 3 and 2 rows for 38-cm and 76-cm rows, 

respectively using a 0 to 100% scale recorded every 2 weeks after treatment (WAT) until the 
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soybeans reached R7. Weed biomass was sampled from a 0.25 m2 quadrat randomly placed 

between the center rows of each plot immediately before POST and POR applications and at R7 

soybean. Biomass was dried at 50 C to constant weight. Canopeo measurements were taken 140 

cm above the ground 8 weeks after planting. The middle 5 and 2 rows were harvested from the 

38- and 76-cm rows, respectively using a plot combine with a platform head. At OT20 and 

OT21, a model E Gleaner with a Harvest Master 800 grain gauge was used for harvest. At SC21, 

the same model of combine was used, the Harvest Master was a Single High-Capacity Grain 

gauge with BDS. In AB21, a Delta model Wintersteiger combine, and Harvest Master 800 grain 

gauge was used. Yield was adjusted to 13% moisture and 100-seed weights were recorded.   

 Economic analysis 

 A partial budget economic analysis was conducted to estimate profit for the different 

management strategies. Comparisons were made among Enlist E3 and LLGT27, 38-cm and 76-

cm rows, and PRE, POST, and POR treatments at OT20, OT21, AB21, and SC21. The rainfed 

locations were averaged to determine the profitability between soybean trait, row spacing, and 

herbicide treatment compared to the Enlist E3 78-cm rows. Factors like the tillage cost, taxes, 

and insurance were not considered in the partial budget analysis because these expenses are 

fixed. Planting costs were estimated using the K-State Machinery cost calculator (Ibendahl 

2020). A 12.2 m planter, requiring a 200 hp tractor using $0.87/L diesel was used in the 

calculator. Estimated costs were $47.88 ha-1 for the 38-cm row planter and $27.06 ha-1 for the 

76-cm row planter. The 37GB02 and 38EB03 seed prices were obtained from Tarwater Farm and 

Home Supply in Topeka. Herbicide prices for Zidua SC, Liberty 280 SL, Dual Magnum, Enlist 

One, AMS, and NIS were based on the approximate cost published in the K-State Research and 

Extension 2022 chemical weed control guide with prices from 11/1/2021. The price for Alite 27 
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was estimated based off the 2021 suggested retail price.  MKC Coop in Manhattan provided the 

price of Spartan and herbicides custom applied.  The partial budget analysis was conducted on 

the rain fed fields of OT20, OT21, and AB21 then averaged together. SC21 was also included in 

the analysis, but it was an irrigated field with similar weed control across all treatments.   

 Data analysis 

Normality and homogeneity assumption were checked with “shapiro.test” (R Core Team 

2021) and “leveneTest” (Fox et al. 2021) functions, and transformations did not improve the 

model (Hebbali 2021). Data were subjected to an analysis of variance (α = 0.05), and means 

were separated with Tukey’s HSD (α = 0.05). Fixed factors were herbicide timing, row spacing, 

and soybean herbicide resistance trait. Replication and replication within row spacing and 

soybean trait were considered random. The following R packages are listed with their uses: 

lmerTest, helps to make mixed effect models; car, is a companion to applied regression; 

emmeans, helps to estimate marginal means; multcompView, helps to summarize multiple paired 

comparisons; multcomp, allows comparisons of groups of data; and tidyverse, helps to organize 

data (Fox et al. 2021, Graves and Dorai-Raj 2019, Hothorn et al. 2022, Kuznetsova et al. 2017, 

Length 2020, R Core Team 2020, Wickham et al. 2019). For weed control results, the nontreated 

and weed-free checks were removed from the analysis because these treatments had 0% and 

100% control, respectively. Additionally, weed biomass was adjusted to a percent of the 

nontreated check prior to analysis. For the canopy measurements, only the weed free plots were 

analyzed, as the Canopeo app was not able to distinguish between weeds and soybean. 

 Results and discussions 

Growing conditions varied for OT20, OT21, AB21, and SC21 (Figure 2.1-2.8; Kansas 

State University 2022, National Climatic Data Center 2021). The 30-year average for rainfall in 
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Ottawa, KS from May 1st to harvest is 629 mm. However, during 2020 only 355 mm was 

received during that time frame. OT21 did receive more rain (767 mm), but 312 mm of that 

occurred before the soybeans were planted.  OT20 was warmer than normal in June and OT21 

was warmer than normal from August through October. AB21 received 142 mm less 

precipitation from May 1st to harvest and had a warmer fall than the 30-year average. Scandia 

was irrigated, receiving a similar amount of water as the 30- year average and had a cooler June 

with a warmer fall. 

Soybean stand counts were collected after emergence, indicating a significant main effect 

of row spacing for OT20, OT21, and SC21 regardless herbicide treatments and soybean traits 

(Table 2.3). Table 2.4 highlights the differences between the 38- and 76-cm row spacing. The 

population reductions in OT20 and OT21 for the 38-cm rows likely occurred due to crusting. The 

population of soybean plants in AB21 were similar for all treatments. SC21 had the ideal 

planting conditions and observed better stands in the 38-cm rows than the 76-cm rows. Previous 

research indicates that weed control can decrease with low populations (Liebert and Ryan 2017) 

as a result of reduced interspecific competition occurs between crops and weeds (Basinger et al. 

2019).   

 Weed control 

The weeds present at POST and POR herbicide application for each location are listed in 

Table 2.5. Then, Table 2.6 shows the total weed biomass before the POST and POR herbicide 

treatments were applied. Visual ratings of weed control were analyzed separately for each 

location because weed species were different at each location. Four and ten weeks after treatment 

of the POST (WAT) will be described here.  
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Common waterhemp and Venice mallow control four WAT in OT20 was similar for both 

soybean traits and showed the importance of a PRE fb POST program, as herbicide treatment 

was significant (Table 2.7). POST and POR treatments had similar control (98 to 100%) of both 

weeds and greater control than the PRE treatment (83 to 86%; Table 2.8). Craigmyle et al. 

(2013) reported a 23% increase in common waterhemp control when 0.45 kg ha-1 2,4-D was 

added to 0.56 kg ha-1 glufosinate. Higher rates of glufosinate (0.65 kg ha-1) were utilized in the 

current experiment, resulting in weed control > 98% for POST herbicide treatments when pooled 

across soybean trait. 

In OT21, common waterhemp control was similar for all treatments four WAT (Table 

2.9). There was a 3-way interaction between soybean trait, row spacing, and herbicide treatment 

for Venice mallow control (Table 2.9). Venice mallow control was ≥ 88% for all treatments 

except Enlist E3 soybeans grown in 38-cm rows with the PRE herbicide treatment, which had 

35% control (Table 2.10).  

Four WAT in AB21, Palmer amaranth control was affected by the herbicide treatment 

(Table 2.11) with the POST and POR treatments having similar control (≥ 99%), and greater 

control than the PRE treatment (33%; Table 2.12).  Conversely, Sarangi and Jhala (2019) 

reported improved season long Palmer amaranth control with a POR treatment compared to the 

POST with > 99% and > 92% control, respectively. There was a significant interaction between 

herbicide timing and soybean trait for ivyleaf morningglory control (Table 2.11). Once again, 

control by POST and POR treatments was similar (≥83%) for both the LLGT27 and Enlist E3 

soybean varieties (Table 2.13). However, control of ivyleaf morningglory by the PRE herbicide 

treatment was greater in the Enlist E3 trait (71%) compared to the LLGT27 (1%). The Enlist E3 

PRE herbicide treatment contained pyroxasulfone plus sulfentrazone, whereas the LLGT27 
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treatment contained pyroxasulfone plus isoxaflutole. Sulfentrazone is expected to provide greater 

control of morningglory species than isoxaflutole. For example, Krausz et al. (1998) reported 

92% ivyleaf morningglory control eight weeks after planting by sulfentrazone applied alone, 

whereas Schultz et al. (2015) reported 52 to 76% control at R3 soybean when isoxaflutole was 

applied in combination with S-metolachlor and metribuzin fb EPOST.  

At SC21, the analysis of variance indicated no differences in control for yellow foxtail 

(Table 2.14). Four WAT, all treatments averaged 95% control (data not shown). One reason for 

the high weed control could be because from May 1st to July 1st, SC21 received 56.6% less 

precipitation than the 30-year average (Figure 2.7).  Cordeau at al. (2018) reported annual weed 

emergence was reduced 20% when water was limited. Another reason could be because of 

greater interspecific competition due to greater stand counts than the other locations (Liebert and 

Ryan 2017). 

At OT20 10 WAT, common waterhemp control was influenced by herbicide treatment 

(Table 2.7) with the POST and POR treatments having similar control, and greater control than 

the PRE alone ≥ 99% and ≥49%, respectively (Table 2.8). Venice mallow control was improved 

with the use of herbicide, but when nontreated checks were removed from the analysis, no 

differences between herbicide treatments were detected (data not shown).  

 No differences in common waterhemp control were detected at OT21 10 WAT (Table 

2.9). The analysis of variance for Venice mallow control detected a significant interaction 

between herbicide and trait (Table 2.9); however, Tukey’s pairwise comparisons test found no 

differences, with all treatments providing > 88% (Table 2.13). Similarly, SC21 yellow foxtail 

control had a significant interaction between herbicide treatment, trait, and row spacing (Table 

2.14); however, control was > 99% for all treatments (Table A.3).  
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At AB21 10 WAT, Palmer amaranth control was significant for herbicide treatment 

(Table 2.11). The POST and POR treatments had similar and greater control than the PRE 

treatment with ≥ 94% and 49% control, respectively (Table 2.12). Control of Palmer amaranth 

was similar between soybean traits. However, Merchant et al. (2013) reported that Palmer 

amaranth control increased 10 to 29% when 2,4-D and glufosinate were co-applied, compared to 

being applied separate. For ivyleaf morningglory, there was a significant interaction between the 

herbicide treatment and row spacing (Table 2.11). Control with POST and POR herbicide 

treatments was similar for Enlist E3 and LLGT27 soybeans (Table 2.10). However, LLGT27 

soybeans with PRE herbicide had reduced morningglory control in both the 76- and 38-cm rows 

with 44% and 20% control, respectively (Table 2.10).  

 Weed biomass at R7 Soybean 

At OT20, OT21, and SC21 there were negligible differences in weed biomass when the 

soybeans were at R7. AB21 was the only location with differences among soybean trait, row 

spacing, and herbicide timing (Table 2.15). The 38-cm row LLGT27 soybeans with PRE 

herbicide had at least twice as much weed biomass as any other treatment combination (Table 

2.16).  This is likely due to the abundance of ivyleaf morningglory as well as lower than 

expected Palmer amaranth control associated with low amounts of rainfall in-season.  

Canopy cover 

The Canopeo app allows the estimation of canopy cover (Patrignani and Ochsner 2015), 

but is not able to distinguish between weeds and the crop. When only the weed free plots were 

analyzed, OT20, AB21, and SC21 had a significant main effect of row spacing (Table 2.17). 

However Tukey’s pairwise comparisons did not detect treatment differences at OT20, where 

canopy cover ranged from 86 to 92%. In OT21, canopy cover was only 41 to 52% in 2021 (Table 
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2.18), likely due to limited rainfall after planting until mid-July (Figure 2.5) and low populations 

(Table 2.4). For AB21 and SC 21, canopy coverage ranged from 79 to 90% 8 weeks after 

planting depending on row spacing (Table 2.18). The 38-cm rows were 3% more canopied in 

AB21 and 11% more canopied in SC21 compared to the 76-cm rows. Populations between row 

spacings were similar at AB21 and greater in the 38-cm rows at SC21 compared to the 76-cm 

rows (Table 2.4). 

 100-seed weight 

There was a significant main effect of row spacing in OT20 and OT21 and trait in OT20 

on 100-seed weight (Table 2.19). No differences were detected in AB21 or SC21. Seeds were 0.3 

to 0.4 g heavier when grown in 76-cm rows in OT20 and OT21 compared to 38-cm rows (Table 

2.20). De Bruin and Pedersen (2008) also reported mixed results for 100-seed weight of 

soybeans grown in 38- or 76-cm rows. They reported no difference at two locations; however, at 

the third location seeds from soybeans grown in 76-cm rows were 0.5 g heavier than 38-cm 

rows. Additionally, in the current study at OT20, the Enlist E3 trait 100-seed weights were 0.9 g 

greater than the LLGT27 (Table 2.20).  Anda et al. (2020) also reported differences in seed 

weight between varieties.  

 Yield 

There was a significant interaction between site year, trait, and row spacing (Table 2.21); 

therefore, yield data will be analyzed separately for each site year (Table 2.22). In OT20 no 

differences in yield were observed, with all treatments averaging 2688 kg ha-1. However, in 

OT21, the main effect of herbicide treatment was significant and there was a 2-way interaction 

between soybean trait and row spacing (Table 2.22). Table 2.23 shows the importance of using 

herbicide (PRE, POST or POR) to maintain soybean yield.  
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In OT21 Enlist E3 soybean yield increased 25% when grown in 76-cm rows compared to 

38-cm rows, whereas the LLGT27 soybeans yielded similarly in soybean row spacings (Table 

2.24). Heavy rains after planting and poorer germination in the narrow-row soybeans could have 

contributed to the 76-cm Enlist E3 soybeans yielding more. Hanna et al. (2008) also reported that 

one of their locations received heavy rains after planting, reducing plant population. However, in 

that instance, wide rows yielded similarly to the narrow rows.  

Row spacing by trait was also significant for AB21 (Table 2.22). Yields from Enlist E3 

soybeans grown in 38- and 76-cm were similar to each other and greater than yields from 

LLGT27 soybeans. The 38-cm Enlist E3 soybeans yielded 34% and 135% more than the 76- and 

38-cm LLGT27 soybeans, respectively (Table 2.24). The 76-cm LLGT27 soybeans yielded 76% 

more than the 38-cm LLGT27 soybeans. This was likely to due to poor morningglory control for 

LLGT27 trait.  Howe and Oliver (1987) reported 62 and 81% soybean yield reduction by pitted 

morningglory at a density of 40 plants m-2 for 20-cm and 100-cm rows, respectively. In addition, 

a dectes stem borer (Dectes texanus LeConte) infestation started in September on 38-cm 

LLGT27 side of the field and worked its way across the field. 

In SC21, an interaction between soybean trait and row spacing was detected (Table 2.22). 

The order of the greatest to least yield was: 38-cm Enlist E3, 38-cm LLGT27, 76-cm LLGT27, 

and 76-cm Enlist E3 soybeans. The 38-cm Enlist E3 soybeans yielded 11% more than the 76-cm 

Enlist E3 soybeans (Table 2.24). Andrade et al. (2019) reported similar results, where narrow 

row soybeans tend to have a yield advantage when planted late.  

 Economic analysis 

Partial budgets analyses are useful to determine the profitability between two practices 

(NDSU, 2021). Table 2.25 presents the results from the partial budget analysis for OT20, OT21, 
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and AB21 (the rainfed locations) and SC21 (irrigated location) using nontreated Enlist E3 trait 

grown in 76-cm rows as a baseline. At the rainfed locations, the greatest returns were observed 

when Enlist E3 soybeans were grown in 76-cm rows and a PRE herbicide treatment was applied 

($457 ha-1; Table 2.25). However, weed control was reduced in the PRE herbicide treatment 

compared to the POST and POR treatments for many of the weed species evaluated at these 

rainfed locations. Reduced weed control one year would translate into increased weed seed in the 

seed bank and increased difficultly to control weeds the next year. The reason that the PRE 

treatments were more profitable for the Enlist E3 soybeans is due to the added input cost of more 

herbicide applications when nontreated weed populations did not reduce weeds. Sarangi and 

Jhala (2019) also reported the greatest profit with a PRE treatment, but just like the current 

experiment, the PRE treatment had reduced weed control.  

Interestingly, added income was reduced for POR treatments compared to POST in the 

Enlist E3 76-cm rows for OT20 and OT21 (Table 2.25).  This was because of slight differences 

in yield; however, these differences were negligible for OT20 as the analysis of variance for 

yield shows in Table 2.22 and OT21 as Table 2.23 shows similar yields for POST and POR 

treatments.  

 AB21 had greater weed biomass in the plots that were prior to POST and POR 

application compared to the other locations (19.6 g m-2; Table 2.6). This meant the POST and 

POR treatments were more profitable than the PRE. The Enlist E3 soybean system grown in 76-

cm rows with POST herbicide treatments profited $845 ha-1 compared to the POR herbicide 

treatment that profited $906 ha-1 (Table 2.25). The additional residual herbicide in the wide rows 

was associated with greater profit. When looking at the Enlist E3 soybean system grown in the 

38-cm rows, POST treatments had $924 ha-1 profit compared to $901 ha-1 for the POR treatment. 
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This would suggest that with narrow row spacing, overlapping residual herbicide was not critical 

for this one location and one soybean trait. When herbicide treatments and rainfed locations were 

averaged together, the most profitable to least profitable systems in our study were Enlist E3 in 

76-cm rows, Enlist E3 in 38-cm rows, LLGT27 in 76-cm rows, and LLGT27 in 38-cm rows. 

The irrigated location, SC21, reported the greatest profit for Enlist E3 soybeans grown in 

the 38-cm rows and nontreated. Similarly, within the LLGT27 trait, the herbicide treatment with 

the greatest was nontreated, regardless of row spacing. This is due to the very low weed pressure, 

as the nontreated plots averaged 2 g m-2 of weed biomass at POST and POR herbicide 

applications (Table 2.6). The most profitable to least profitable systems at the irrigated location 

in our study were the Enlist E3 in 38-cm rows, LLGT27 in 38-cm rows, LLGT27 in 76-cm rows, 

and Enlist E3 in 76-cm rows.  

 Management considerations 

From a weed control standpoint, either POST or POR herbicide treatments are needed, 

regardless of soybean trait or row spacing. POST treatments tended to be more profitable 

compared to POR treatments, as both controlled weeds similarly and POR treatments were more 

costly. However, considering the long-term effects of escaped weeds is critical. Norsworthy et al. 

(2014) reported a single Palmer amaranth plant left uncontrolled can result in plants spreading 

across an entire field in 2 years. Both the LLGT27 and Enlist E3 soybeans have their advantages, 

such as the ability to apply multiple effective modes of action during a growing season. Knowing 

the weed species present, and herbicide resistance present in the weed population will help 

decide which soybean trait to use. For example, in Ashland Bottoms during 2021, the primary 

weeds were morningglory and resistant Palmer amaranth. At this location, the Enlist E3 trait 

soybean had an at planting application of pyroxasulfone plus sulfentrazone, which prevented 
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morningglory emergence (Table 2.13), compared to the LLGT27 PRE treatment and the POST 

and POR treatments controlled Palmer amaranth (Table 2.12). Soybean grown in narrow rows 

have been documented to canopy sooner, increase with weed control, and have competitive 

yields, compared to wide rows (Andrade et al. 2019, Bell et al. 2015, Dalley et al. 2004). In the 

current study at the non-irrigated locations, the 76-cm rows were more profitable compared to 

the 38-cm rows (Table 2.25). However, at the irrigated location, 38-cm rows were more 

profitable than the 76-cm rows. 

 Kansas producers may ask what the best weed management strategies in soybeans are. 

This will vary on a field-to-field basis as precipitation, soil properties, type-, resistance-, and 

quantity- of weeds changes across the landscape. My research indicates that each herbicide 

treatment, row spacing, and soybean trait has their place. But in general, using a 2- pass system 

provided the greatest weed control, regardless of the soybean trait and row spacing. If a dryland 

producer is considering purchasing a narrow row planter, they should remember that during dry 

years, a yield advantage is unlikely. In irrigated environments, or years with timely rains, narrow 

row yields are likely to yield greater than wide rows. Based on these results, Enlist E3 soybeans 

with a PRE herbicide treatment of Zidua SC plus Spartan provided similar or greater control 

compared to Zidua SC plus Alite 27 in the LLGT27 system except on Venice mallow. However, 

Venice mallow is not a common weed and can easily be control with POST and POR herbicide 

treatments.   
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Figure 2.1 Total precipitation in 2020 (red line) and 30-year average total precipitation 

(blue line) in Ottawa, KS (OT20). 

a Plant: 6/3/2020 
b 7 to 10 cm weeds: 7/1/2020 
c canopeo:8/1/2020 
d harvest:10/13/2020  
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Figure 2.2 Average daily temperature in 2020 (red line) and 30-year average temperature 

(blue line) in Ottawa, KS (OT20). 

a Plant: 6/3/2020 
b 7 to 10 cm weeds: 7/1/2020 
c canopeo:8/1/2020 
d harvest:10/13/2020 
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Figure 2.3 Total precipitation in 2021 (red line) and 30-year average total precipitation 

(blue line) in Ottawa, KS (OT21).   

a Plant: 6/10/2021 
b 7 to 10 cm weeds: 7/13/2021 
c canopeo: 8/9/2021 
d harvest:10/22/2021 
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Figure 2.4 Average daily temperature in 2021 (red line) and 30-year average temperature 

(blue line) in Ottawa, KS (OT21).   

a Plant: 6/10/2021 
b 7 to 10 cm weeds: 7/13/2021 
c canopeo: 8/9/2021 
d harvest:10/22/2021 
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Figure 2.5 Total precipitation in 2021 (red line) and 30-year average total precipitation 

(blue line) in Ashland Bottoms (AB21). 

a Plant: 6/8/2021 
b 7 to 10 cm weeds: 6/28/2021 
c canopeo:7/28/2021 
d harvest:10/22/2021 
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Figure 2.6 Average daily temperature in 2021 (red line) and 30-year average temperature 

(blue line) in Ashland Bottoms (AB21). 

a Plant: 6/8/2021 
b 7 to 10 cm weeds: 6/28/2021 
c canopeo:7/28/2021 
d harvest:10/22/2021  
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Figure 2.7 Total precipitation (red line) and 30-year average total precipitation (blue line) 

in Scandia, KS in 2021 (SC21). 

a Plant: 6/16/2021 
b 7 to 10 cm weeds: 7/22/2021 
c canopeo:8/6/2021 
d harvest:10/11/2021 
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Figure 2.8 Average daily temperature in 2021 (red line) and 30-year average temperature 

(blue line) in Scandia, KS (SC21). 

a Plant: 6/16/2021 
b 7 to 10 cm weeds: 7/22/2021 
c canopeo:8/6/2021 
d harvest:10/11/2021 
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Table 2.1  Site year information: rotation, irrigation, and planting information. 

Location 
Previous 

year crop 
Irrigation 

Targeted 

seeding 

rate 

LLGT27a 

variety 

Enlist E3a 

variety 

Seed 

treatment 

   
seed ha-1 

   

OT20a soybean none 345,000 38GB20 38EB03 None 

OT21 soybean none 395,000 37GB02 38EB03 
Servo DPI 

and Saltro 

AB21 corn none 387,700 37GB02 38EB03 
Servo DPI 

and Saltro 

SC21 corn yes 395,000 37GB02 38EB03 
Servo DPI 

and Saltro 

a All soybean varieties used were from Stine Seed Company, Adel, Iowa. 

b Abbreviations: OT20, Ottawa, KS 2020; OT21, Ottawa, KS 2021; AB21, Ashland Bottoms, 

2021; SC21, Scandia, KS 2021 
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Table 2.2 Herbicide treatment timings, active ingredients, rate, trade name and 

manufacture. 

Herbicide 

Treatments  Timing ab 

Active 

ingredients  Rate Trade name Manufacture 

LLGT27   

(g 

ai/ae 

ha-1)   
Nontreated 

control  - - - - 

PRE at planting pyroxasulfone 146 Zidua ® SC BASFc 

  isoxaflutole 105 Alite ™ 27 BASF 

POST at planting  pyroxasulfone 146 Zidua ® SC BASF 

  isoxaflutole 105 Alite ™ 27 BASF 

 7 to 10 cm weeds glufosinate  655 Liberty® 280 SL BASF 

POR at planting pyroxasulfone 146 Zidua ® SC BASF 

  isoxaflutole 105 Alite ™ 27 BASF 

 7 to 10 cm weeds  glufosinate  655 Liberty® 280 SL BASF 

  S-metolachlor  1,419 Dual Magnum Syngentad 

Weed-free at planting pyroxasulfone 146 Zidua ® SC BASF 

  isoxaflutole 105 Alite ™ 27 BASF 

 7 to 10 cm weeds glufosinate  655 Liberty® 280 SL BASF 

  S-metolachlor  1,419 Dual Magnum® Syngenta 

  Hand weeded    
Enlist E3      
Nontreated 

control   - - - 

PRE at planting Pyroxasulfone 146 Zidua ® SC BASF 

  sulfentrazone 280 Spartan® FL 4F FMCe 

POST at planting Pyroxasulfone 146 Zidua ® SC BASF 

  sulfentrazone 280 Spartan® FL 4F FMC 

 7 to 10 cm weeds glufosinate  655 Liberty® 280 SL BASF 

  2,4-D choline  1,064 Enlist One™ Cortevaf 

POR at planting Pyroxasulfone 146 Zidua ® SC BASF 

  sulfentrazone 280 Spartan® FL 4F FMC 

 7 to 10 cm weeds glufosinate  655 Liberty® 280 SL BASF 

  S-metolachlor  1,419 Dual Magnum® Syngenta 

  2,4-D choline  1,064 Enlist One™ Corteva 

Weed-free at planting Pyroxasulfone 146 Zidua ® SC BASF 

  sulfentrazone 280 Spartan® FL 4F FMC 

 7 to 10 cm weeds glufosinate  655 Liberty® 280 SL BASF 

  S-metolachlor  1,419 Dual Magnum® Syngenta 

  2,4-D choline  1,064 Enlist One™ Corteva 

  Hand weeded    
a At planting applications were applied at 140 L ha-1 with TT110015 nozzles and 245 kPa. 
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bPost-emergence applications contained ammonium sulfate (3,351 g ai ha-1) (N-Pak ® AMS, 

WinField, St. Paul, MN) and were applied at 187 L ha-1 and 262 kPa with TT110002 or 

AIXR11002 nozzles for the LLGT27 and Enlist E3 soybeans, respectively.  

c BASF Corporation, Research Triangle Park, NC 

d Syngenta, Greensboro, NC 

e FMC Corporation, Philadelphia, PA 

f Corteva Agriscience, Wilmington, DE 
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Table 2.3 Analysis of variance of fixed effects and all treatment interactions for the counted soybean populations. 

  
OT20a 

 

 
OT21 

 

 
AB21 

 

 
SC21 

Fixed 

effects 
df F-value P-value  df F-value P-value  df F-value P-value  df F-value P-value 

Herbicide 48 0.84 0.504  57 1.41 0.242  48 0.35 0.842  60 0.48 0.754 

Row 

spacing 
12 47.43 < 0.001  57 29.37 < 0.001  12 4.39 0.058  60 41.25 < 0.001 

Trait 12 0.07 0.799  57 1.15 0.289  12 0.00 0.979  60 0.08 0.781 

Herbicide* 

row spacing 
48 0.80 0.531  57 1.19 0.325  48 0.52 0.720  60 0.62 0.650 

Herbicide* 

trait 
48 1.02 0.407  57 1.17 0.336  48 0.55 0.697  60 0.44 0.783 

Trait* row 

spacing 
12 0.81 0.387  57 0.18 0.674  12 0.04 0.839  60 0.00 0.958 

Herbicide* 

trait* row 

spacing 

48 1.05 0.394  57 0.59 0.671  48 0.96 0.437  60 0.23 0.919 

a Abbreviations: OT20, Ottawa, KS 2020; OT21, Ottawa, KS 2021; AB21, Ashland Bottoms, 2021; SC21, Scandia, KS 2021 
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Table 2.4 Counted soybean populations for 38- and 76-cm rows pooled across soybean trait 

and herbicide treatment.  

Row spacing OT20 a   OT21   AB21b   SC21   

 ------------------------------------------ plants ha-1 ---------------------------------------- 

38   225,874   b       99,659   b    257,017   a    355,368   a  

76   286,202   a    141,625   a    232,267   a    295,872   b  
a Abbreviations: OT20, Ottawa, KS 2020; OT21, Ottawa, KS 2021; AB21, Ashland Bottoms, 

2021; SC21, Scandia, KS 2021 

b The main effect of row spacing is not significant. 
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Table 2.5 Dominant weeds with averaged density, height, and diameter across from nontreated control treatments prior to 

POST and POR applications. 

  OT20      OT21       AB21   

Measurement b 

Venice 

mallow 

common 

waterhemp 

large 

crabgrass 
 Venice 

mallow 

common 

waterhemp 

prickly 

sida 

large 

crabgrass 
 ivyleaf 

morningglory 

Palmer 

amaranthc 

Density 55.3 18.4 7.4  33.2 9.2 18.4 83  160 7.4 

Height 8 6.4 2  9.8 8.9 2.1 11.7  - 4.5 

Diameter - - -  7.6 7.6 4.2 12.1  - - 
a Abbreviations: OT20, Ottawa, KS 2020; OT21, Ottawa, KS 2021; AB21, Ashland Bottoms, 2021; SC21, Scandia, KS 2021 

b Units: Density, plants m-2; Height, cm; diameter, cm 

 c Measured 1 week prior to herbicide application.  
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Table 2.6  Average dry weed biomass before POST and POR applications at all locations. 

  OT20 OT21 AB21 SC21 

 ------------------- g m-2 ------------------- 

nontreated 23.6 36 26 2 

PRE b 2.4 4.4 19.6 0.4 
a Abbreviations: OT20, Ottawa, KS 2020; OT21, Ottawa, KS 2021; AB21, Ashland Bottoms, 2021; SC21, Scandia, KS 2021  

b Prior to POST and POR applications plots were only treated with a PRE. The PRE for all soybean traits and row spacing is pooled 

together for these averages.  
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Table 2.7  Analysis of variance of fixed effects and all treatment interactions for common waterhemp and Venice mallow four 

and ten weeks after POST treatment (WAT) in Ottawa, KS in 2020. 

  common waterhemp  Venice mallow 
  4 WAT   10 WAT   4 WAT    10 WAT  

Fixed effects df F-value P-value  df F-value P-value  df F-value P-value  df F-value P-value 

Herbicide 33 5.42 0.009 
 

33 5.99 0.006  24 3.77 0.038  33 0.36 0.703 

Row spacing 33 1.31 0.260 
 

33 0.42 0.521  9 1.32 0.281  33 0.4 0.529 

Trait 33 0.44 0.560 
 

33 0.55 0.463  9 2.22 0.170  33 0.16 0.690 

Herbicide * 

row spacing 
33 1.21 0.311 

 

33 0.41 0.670  24 0.33 0.720  33 0.4 0.671 

Herbicide * 

trait 
33 0.37 0.693 

 

33 0.53 0.593  24 0.57 0.571  33 0.16 0.851 

Trait*row 

spacing 
33 0.32 0.576 

 

33 0.20 0.658  9 0.60 0.460  33 0.731 0.399 

Herbicide * 

trait*row 

spacing 

33 0.27 0.765   33 0.19 0.828  24 0.21 0.811   33 0.731 0.489 
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Table 2.8  Visual ratings of weed control for common waterhemp and Venice mallow four 

and ten WAT in Ottawa, KS in 2020 pooled across row spacing and soybean trait. 

 

  

Herbicide treatment a 

common waterhemp b    Venice mallow  

4 WAT   10 WAT     4 WAT   10 WATd   

PRE 83 b 49 b  86 b 89 a 

POST 100 a 100 a  98 a 100 a 

POR 100 a 100 a  100 a 100 a 

SEc 2.65   5.03     1.72   1.86   
a Herbicide treatments: PRE (LLGT27), pyroxasulfone + isoxaflutole; POST (LLGT27), PRE fb 

glufosinate + ammonium sulfate; POR (LLGT27), PRE fb glufosinate + ammonium sulfate + S-

metolachlor;  PRE(Enlist E3), pyroxasulfone  + sulfentrazone; POST (Enlist E3), PRE fb 

glufosinate  + ammonium sulfate +2,4-D choline; POR (Enlist E3), PRE fb glufosinate  + 

ammonium sulfate +2,4-D choline + S-metolachlor 

b Means separated with Tukey’s pairwise comparisons. Similar letters within a column are not 

different (p < 0.05). 

 c Abbreviations: SE, standard error 

d Was not significant 
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Table 2.9  Analysis of variance of fixed effects and all treatment interactions for common waterhemp and Venice mallow four 

and ten weeks after POST treatment (WAT) in Ottawa, KS in 2021. 

 
  common waterhemp  Venice mallow 
  4 WAT   10 WAT   4 WAT    10 WAT  

Fixed effects df F-value P-value  df F-value P-value  df F-value P-value  df F-value P-value 

Herbicide 33 0.25 0.782  33 0.27 0.762  36 8.86 < 0.001  24 1.04 0.369 

Row spacing 33 1.13 0.296  33 0.54 0.466  36 5.02 0.031  9 0.02 0.894 

Trait 33 1.01 0.323  33 0.51 0.481  36 9.63 0.004  9 1.10 0.322 

Herbicide * 

row spacing 
33 0.97 0.390  33 0.54 0.586  36 4.59 0.017  24 0.49 0.621 

Herbicide * 

trait 
33 0.61 0.548  33 0.13 0.879  36 10.95 < 0.001  24 3.43 0.049 

Trait*row 

spacing 
33 1.18 0.284  33 0.09 0.763  36 5.69 0.022  9 0.26 0.621 

Herbicide * 

trait*row 

spacing 

33 1.02 0.371  33 0.09 0.912  36 7.92 0.001  24 2.63 0.092 
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Table 2.10 Visual ratings of weed control for Venice mallow four WAT in Ottawa, KS in 

2021 and ivyleaf morningglory ten WAT in Ashland Bottoms in 2021. 

   OT21c  AB21 

   Venice mallow  ivyleaf morningglory 

Trait 
Row 

spacing 
Herbicide treatment ac 4 WAT c 

  

  10 WAT 

        

LLGT27 38 PRE 95 a  20 c 

LLGT27 38 POST 98 a  93 a 

LLGT27 38 POR 95 a  95 a 

LLGT27 76 PRE 88 a  44 b 

LLGT27 76 POST 99 a  93 a 

LLGT27 76 POR 98 a  96 a 

Enlist E3 38 PRE 35 b  95 a 

Enlist E3 38 POST 96 a  99 a 

Enlist E3 38 POR 96 a  98 a 

Enlist E3 76 PRE 93 a  86 a 

Enlist E3 76 POST 90 a  99 a 

Enlist E3 76 POR 99 a  99 a 

SE   6.99   3.97  
a Herbicide treatments: PRE (LLGT27), pyroxasulfone + isoxaflutole; POST (LLGT27), PRE fb 

glufosinate + ammonium sulfate; POR (LLGT27), PRE fb glufosinate + ammonium sulfate + S-

metolachlor;  PRE(Enlist E3), pyroxasulfone  + sulfentrazone; POST (Enlist E3), PRE fb 

glufosinate  + ammonium sulfate +2,4-D choline; POR (Enlist E3), PRE fb glufosinate  + 

ammonium sulfate +2,4-D choline + S-metolachlor 

b Means separated with Tukey’s pairwise comparisons. Similar letters within a column are not 

different (p < 0.05). 

c Abbreviation: OT21, Ottawa, KS 2021; AB21, Ashland Bottoms, 2021; SE, standard error 
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Table 2.11 Analysis of variance of fixed effects and all treatment interactions for Palmer amaranth and ivyleaf morningglory 

four and ten weeks after POST treatment (WAT) in Ashland Bottoms in 2021. 

  Palmer amaranth   ivyleaf morningglory 
  4 WAT   10 WAT   4 WAT    10 WAT  

Fixed effects df F-value P-value  df F-value P-value  df F-value P-value  df F-value P-value 

Herbicide 33 6.55 0.004  36 7.74 0.002  33 7.64 0.002  33 18.17 < 0.001 

Row spacing 33 0.02 0.880  36 0.28 0.603  33 2.72 0.108  33 1.46 0.235 

Trait 33 2.76 0.106  36 1.30 0.262  33 5.47 0.026  33 28.94 < 0.001 

Herbicide * 

row spacing 
33 0.02 0.977  36 1.93 0.160  33 0.02 0.977  33 1.13 0.336 

Herbicide * 

trait 
33 2.76 0.078  36 2.60 0.088  33 7.93 0.002  33 22.77 < 0.001 

Trait*row 

spacing 
33 0.87 0.357  36 0.24 0.629  33 0.00 0.949  33 5.51 0.025 

Herbicide * 

trait*row 

spacing 

33 0.87 0.427  36 1.61 0.215  33 1.69 0.200  33 5.77 0.007 
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Table 2.12 Visual ratings of weed control for Palmer amaranth four and ten weeks after 

POST treatment (WAT) in Ashland Bottoms in 2021 pooled across row spacing and 

soybean trait. 

 Palmer amaranth  

Herbicide treatment a 4 WATb 
 10 WAT 

 
PRE 33 b 49 b 

POST 99 a 94 a 

POR 99 a 99 a  

SE 6.11  5.70  
a Herbicide treatments: PRE (LLGT27), pyroxasulfone + isoxaflutole; POST (LLGT27), PRE fb 

glufosinate + ammonium sulfate; POR (LLGT27), PRE fb glufosinate + ammonium sulfate + S-

metolachlor;  PRE(Enlist E3), pyroxasulfone  + sulfentrazone; POST (Enlist E3), PRE fb 

glufosinate  + ammonium sulfate +2,4-D choline; POR (Enlist E3), PRE fb glufosinate  + 

ammonium sulfate +2,4-D choline + S-metolachlor 

 b Means separated with Tukey’s pairwise comparisons. Similar letters within a column are not 

different (p < 0.05).  
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Table 2.13 Visual ratings of weed control for ivyleaf morningglory four WAT at Ashland 

Bottoms 2021 and Venice mallow ten WAT in Ottawa, KS 2021 pooled across row spacing.  

  AB21  OT21  

  ivyleaf morningglory   Venice mallow  

Trait 
Herbicide 

treatment a 
4 WAT b 

  

 10 WAT  

  -----------------------%----------------------- 

LLGT27 PRE 1 c  96 a 

LLGT27 POST 83 ab  98 a 

LLGT27 POR 84 ab  96 a 

Enlist E3 PRE 71 b  88 a 

Enlist E3 POST 93 a  94 a 

Enlist E3 POR 92 a  96 a 

SEc  5.36   3.08  
a Herbicide treatments: PRE (LLGT27), pyroxasulfone + isoxaflutole; POST (LLGT27), PRE fb 

glufosinate + ammonium sulfate; POR (LLGT27), PRE fb glufosinate + ammonium sulfate + S-

metolachlor;  PRE(Enlist E3), pyroxasulfone  + sulfentrazone; POST (Enlist E3), PRE fb 

glufosinate  + ammonium sulfate +2,4-D choline; POR (Enlist E3), PRE fb glufosinate  + 

ammonium sulfate +2,4-D choline + S-metolachlor 

b Means separated with Tukey’s pairwise comparisons. Similar letters within a column are not 

different (p < 0.05). 

cAbbreviations: AB21, Ashland Bottoms 2021; OT21, Ottawa, KS 2021; SE, standard error 
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Table 2.14 Analysis of variance of fixed effects and all treatment interactions for yellow 

foxtail four and ten weeks after POST treatment (WAT) in Scandia, KS 2021.a 

  yellow foxtail  

  4 WAT   10 WAT  
  df F-value P-value  df F-value P-value  

Herbicide  24 0.73 0.490  24 0.63 0.541 
 

Row spacing  9 2.36 0.159  9 4.66 0.059 
 

Trait 9 1.15 0.312  9 3.12 0.111 
 

Herbicide * row spacing 24 2.28 0.124  24 3.41 0.050 
 

Herbicide * trait 24 1.14 0.337  24 2.58 0.097 
 

Trait*row spacing  9 2.69 0.135  9 6.66 0.030 
 

Herbicide * trait*row spacing  24 2.65 0.091  24 5.33 0.012 
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Table 2.15 Analysis of variance of fixed effects and all treatment interactions for dry weed biomass as a percent of the non-

treated check at R7 growth stage in soybean. 

 OT20a  OT21  AB21  SC21 

Fixed effects df F-value P-value  df F-value P-value  df F-value P-value  df F-value P-value 

Herbicide 33 3.04 0.061  24 0.58 0.567  24 6.58 0.005  36 1.60 0.216 

Row spacing 33 1.51 0.228  9 1.53 0.247  12 0.82 0.383  36 1.00 0.324 

Trait 33 0.91 0.348  9 2.62 0.140  12 8.00 0.015  36 1.60 0.214 

Herbicide * 

row spacing 
33 1.51 0.236  24 0.41 0.668  24 1.08 0.356  36 1.00 0.378 

Herbicide * 

trait 
33 0.91 0.414  24 0.90 0.421  24 8.23 0.002  36 1.60 0.216 

Trait*row 

spacing 
33 0.64 0.428  9 1.81 0.212  12 3.67 0.079  36 1.00 0.324 

Herbicide * 

trait*row 

spacing 

33 0.64 0.532  24 0.53 0.596  24 4.18 0.028  36 1.00 0.378 

a Abbreviations: OT20, Ottawa, KS 2020; OT21, Ottawa, KS 2021; AB21, Ashland Bottoms, 2021; SC21, Scandia, KS 2021 



67 

Table 2.16 Dry weed biomass as a percent of the non-treated check at R7 growth stage in 

soybean at Ashland Bottoms in 2021. 

Herbicide treatment a Row spacing Trait AB21b   

 cm  

% of nontreated 

check  
PRE 38 LLGT27 67.3 a 

POST 38 LLGT27 1.6 b 

POR 38 LLGT27 0.1 b 

PRE 76 LLGT27 31.0 b 

POST 76 LLGT27 2.8 b 

POR 76 LLGT27 0.7 b 

PRE 38 Enlist E3 6.3 b 

POST 38 Enlist E3 0.0 b 

POR 38 Enlist E3 0.0 b 

PRE 76 Enlist E3 18.6 b 

POST 76 Enlist E3 0.2 b 

POR 76 Enlist E3 0.0 b 

SE    7.01   
a Herbicide treatments: PRE (LLGT27), pyroxasulfone + isoxaflutole; POST (LLGT27), PRE fb 

glufosinate + ammonium sulfate; POR (LLGT27), PRE fb glufosinate + ammonium sulfate + S-

metolachlor;  PRE(Enlist E3), pyroxasulfone  + sulfentrazone; POST (Enlist E3), PRE fb 

glufosinate  + ammonium sulfate +2,4-D choline; POR (Enlist E3), PRE fb glufosinate  + 

ammonium sulfate +2,4-D choline + S-metolachlor 

b Means separated with Tukey’s pairwise comparisons. Similar letters within a column are not 

different (p < 0.05). 
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Table 2.17 Analysis of variance of fixed effects and all treatment interactions for canopy cover measured with Canopeo eight 

weeks after planting soybean for each location.  

 OT20a  OT21  AB21  SC21 

Fixed effects df F-value P-value  df F-value P-value  df F-value P-value  df F-value P-value 

Row spacing 9 5.55 0.043  9 2.00 0.191  12 56.22 < 0.001  3 29.89 0.012 

Trait 9 0.49 0.503  9 4.10 0.074  12 2.33 0.153  6 0.01 0.932 

Trait*row 

spacing 
9 0.00 0.967  9 2.29 0.165  12 0.79 0.393  6 1.40 0.282 

a Abbreviations: OT20, Ottawa, KS 2020; OT21, Ottawa, KS 2021; AB21, Ashland Bottoms, 2021; SC21, Scandia, KS 2021 
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Table 2.18 Canopy cover measured with Canopeo eight weeks after planting soybeans in 

Ottawa, KS in 2020 and 2021, Ashland Bottoms in 2021, and Scandia, KS in 2021 pooled 

across soybean trait. 

Row spacing OT20 ab   OT21c  AB21  SC21  

cm -------------------- % canopy ---------------------- 

38 92 a 52 a 94 a 90 a 

76 86 a 41 a 91 b 79 b 

SE 5.62  5.74  0.255  5.98  
a Means separated with Tukey’s pairwise comparisons. Similar letters within a column are not 

different (p < 0.05). 

b Abbreviations: OT20, Ottawa, KS 2020; OT21, Ottawa, KS 2021; AB21, Ashland Bottoms, 

2021; SC21, Scandia, KS 2021; SE, standard error 

c Not significant 
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Table 2.19 Analysis of variance of fixed effects and all treatment interactions for 100 seed weight. 

 OT20a  OT21  AB21  SC21 

Fixed effects df F-value P-value  df F-value P-value  df F-value P-value  df F-value P-value 

Herbicide 58 0.46 0.768  48 1.12 0.360  47.2 0.29 0.882  46.3 1.26 0.298 

Row spacing 58 9.78 0.003  9 7.13 0.026  8.8 0.00 0.996  12.1 0.10 0.756 

Trait 58 14.11 < 0.001  9 4.38 0.066  9.1 3.33 0.101  12.1 0.01 0.907 

Herbicide * 

row spacing 
58 0.21 0.931  48 0.53 0.713  47.0 0.78 0.541  46.3 1.17 0.336 

Herbicide * 

trait 
58 1.24 0.304  48 0.67 0.618  47.2 0.90 0.474  46.3 0.99 0.421 

Trait*row 

spacing 
58 0.67 0.416  9 0.85 0.381  8.8 1.30 0.285  12.1 0.12 0.740 

Herbicide * 

trait*row 

spacing 

58 0.52 0.722  48 0.30 0.880  47.0 1.30 0.285  46.3 0.86 0.495 

a Abbreviations: OT20, Ottawa, KS 2020; OT21, Ottawa, KS 2021; AB21, Ashland Bottoms, 2021; SC21, Scandia, KS 2021 
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Table 2.20 Row spacing differences in 100 seed weight for Ottawa, KS in 2020 and 2021 as 

well as trait difference for Ottawa, KS in 2020. 

Row spacing OT20abc   OT21a    Trait OT20de  

cm ---------------- g 100 seed-1-----------  g 100 seed-1 

38 12.5 b 15.7 b  LLGT27 12.1 b 

76 12.9 a 16.0 a  Enlist E3 13.2 a 

SE 0.08  0.21   SE 0.08  
a Pooled across soybean trait and herbicide treatment 

b Means separated with Tukey’s pairwise comparisons. Similar letters within a column are not 

different (p < 0.05). 

c Abbreviations: OT20, Ottawa, KS in 2020; OT21, Ottawa, KS in 2021; SE, standard error 

d Pooled across herbicide treatment and row spacing. 

e Soybean trait is confounded with soybean variety.   
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Table 2.21 Analysis of variance of fixed effects and all treatment interactions for yield 

pooled across Ottawa, KS during 2020 and 2021, Ashland bottoms in 2021, and Scandia, 

KS in 2021. 

 Yield  

 Fixed effects df F- value P- value  

Herbicide 
191.8 

2.50 0.044 

Row spacing 45.3 6.85 0.012 

Trait 45.4 19.72 < 0.001 

Site year b 45.4 53.02 < 0.001 

Herbicide* row spacing 191.6 0.20 0.938 

Herbicide* trait 191.8 0.30 0.878 

Row spacing* trait 45.3 9.77 0.003 

Herbicide* site year a 191.8 1.85 0.043 

Row spacing* site year 45.3 7.23 < 0.001 

Trait*site year 45.4 17.00 < 0.001 

Herbicide* row spacing* trait 191.6 0.36 0.840 

Herbicide* row spacing * site year 191.6 1.23 0.265 

Herbicide* trait*site year 191.8 0.71 0.738 

Row spacing* trait*site year 45.3 8.48 < 0.001 

Herbicide* row spacing* trait*site year 191.6 0.60 0.838 
a Site year interaction is significant. Yield results will be analyzed separately.  
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Table 2.22 Analysis of variance of fixed effects and all treatment interactions for yield in Ottawa, KS during 2020 and 2021, 

Ashland bottoms in 2021, and Scandia, KS in 2021, ran separately. 

 Yield 

 OT20a  OT21  AB21  SC21 

Fixed effects df F-value P-value  df F-value P-value  df F-value P-value  df F-value P-value 

Herbicide 57 0.57 0.689  56 3.80 0.008  48 3.36 0.017  57 0.23 0.921 

Row spacing 57 0.76 0.388  56 8.35 0.005  9 17.01 0.003  57 25.74 < 0.001 

Trait 57 3.87 0.054  56 4.69 0.035  9 92.36 < 0.001  57 7.90 0.007 

Herbicide * 

row spacing 
57 0.63 0.646  56 1.27 0.294  48 1.90 0.126  57 0.15 0.960 

Herbicide * 

trait 
57 0.12 0.976  56 1.18 0.327  48 0.95 0.445  57 0.12 0.973 

Trait*row 

spacing 
57 3.23 0.078  56 4.02 0.050  9 37.06 0.000  57 9.90 0.003 

Herbicide * 

trait*row 

spacing 

57 0.23 0.921  56 0.94 0.450  48 0.76 0.554  57 0.16 0.959 

a Abbreviations: OT20, Ottawa, KS 2020; OT21, Ottawa, KS 2021; AB21, Ashland Bottoms, 2021; SC21, Scandia, KS 2021 
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Table 2.23 Yield results for herbicide treatment in Ottawa, KS in 2021 and Ashland 

Bottoms in 2021 pooled across row spacing and soybean trait. 

 Yield b  

Herbicide a OT21c   AB21   

PRE 2832 a 1850 b 

POST 2844 a 2366 a 

POR 2771 a 2525 a 

Weed free check 2849 a 2328 a 

Non-treated 1696 b 990 c 

SE  186  139  
a Herbicide treatments: PRE (LLGT27), pyroxasulfone + isoxaflutole; POST (LLGT27), PRE fb 

glufosinate + ammonium sulfate; POR (LLGT27), PRE fb glufosinate + ammonium sulfate + S-

metolachlor;  PRE(Enlist E3), pyroxasulfone  + sulfentrazone; POST (Enlist E3), PRE fb 

glufosinate  + ammonium sulfate +2,4-D choline; POR (Enlist E3), PRE fb glufosinate  + 

ammonium sulfate +2,4-D choline + S-metolachlor; Weed free check, POR + hoeing as needed; 

Non-treated, no herbicide applied  

 b Means separated with Tukey’s pairwise comparisons. Similar letters within a column are not 

different (p < 0.05). 

c Abbreviations: OT21, Ottawa, KS 2021; AB21, Ashland Bottoms, 2021; SE, standard error 
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Table 2.24 Yield results for Ottawa, KS in 2020 and 2021, Ashland bottoms in 2021, and 

Scandia, KS in 2021 pooled across herbicide treatments. 

  Yield a   
Trait Row spacing OT20bc   OT21   AB21   SC21 

 
  ------------------------------------ kg ha-1 ---------------------------------- 

LLGT27 38 2463 a 2597 ab 1099 c 3957 ab 

LLGT27 76 2806 a 2702 ab 1934 b 3862 bc 

Enlist E3 38 2800 a 2258 b 2588 a 4085 a 

Enlist E3 76 2681 a 2837 a 2427 a 3681 c 

SE  144  180  134  61.5  
a Means separated with Tukey’s pairwise comparisons. Similar letters within a column are not 

different (p < 0.05). 

b The interaction between row spacing and soybean trait was not significant for OT20. 

c Abbreviations: OT20, Ottawa, KS 2020; OT21, Ottawa, KS 2021; AB21, Ashland Bottoms, 

2021; SC21, Scandia, KS 2021; SE, standard error 
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Table 2.25 Partial budget comparing the soybean trait, row spacing, and herbicide treatment to the nontreated control in the 

Enlist E3 trait in 76 cm rows. 
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 cm    -------------------------------------------------------------- US $ /ha -------------------------------------------------------------- 

L
L

G
T

2
7
 

3
8
 

NT -37 25 -61  -370 25 -395  -219 25 -244  -233  193 25 168  

PRE -34 132 -166  574 133 441  -174 132 -307  -10  238 133 105  

POST 154 183 -29  357 212 145  292 211 81  66  159 212 -53  

POR 227 211 17   244 240 4   375 211 164   62   133 240 -107   

L
L

G
T

2
7
 

7
6

 

NT 43 4 40  -83 4 -87  73 4 69  7  145 4 140  

PRE 248 111 137  374 112 262  522 112 410  270  174 112 63  

POST 395 162 233  522 191 331  606 162 443  336  145 191 -46  

POR 291 190 101   520 219 301   766 190 576   326   58 219 -161   

E
n
li

st
 E

3
 

3
8
 

NT 27 21 6  -317 21 -338  297 21 276  -19  272 21 251  

PRE 316 126 190  249 126 123  860 126 734  349  287 126 161  

POST 319 209 111  134 237 -103  1133 209 924  311  211 237 -26  

POR 300 237 64   277 265 12   1138 237 901   326   259 265 -6   

E
n
li

st
 E

3
 

7
6
 

PRE 482 105 377  438 105 333  765 105 660  457  122 105 17  

POST 105 188 -83  647 221 426  1033 188 845  396  6 217 -211  

POR 51 216 -165   465 217 249   1121 216 906   330   30 244 -215   
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a Abbreviations: OT20, Ottawa, KS 2020; OT21, Ottawa, KS 2021; AB21, Ashland Bottoms, 2021; SC21, Scandia, KS 2021  

b Herbicide treatments: NT, nontreated; PRE (LLGT27), pyroxasulfone + isoxaflutole; POST (LLGT27), PRE fb glufosinate + 

ammonium sulfate; POR (LLGT27), PRE fb glufosinate + ammonium sulfate + S-metolachlor;  PRE(Enlist E3), pyroxasulfone  + 

sulfentrazone; POST (Enlist E3), PRE fb glufosinate  + ammonium sulfate +2,4-D choline; POR (Enlist E3), PRE fb glufosinate  + 

ammonium sulfate +2,4-D choline + S-metolachlor 

c Rainfed: OT20, OT21, and AB21; Irrigated: SC21  
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Chapter 3 - Effect of carrier volume and weed size on Palmer 

amaranth (Amaranthus palmeri S. Watson) and large crabgrass 

(Digitaria sanguinalis L.) control by co-applications used in 2,4-d 

resistant soybeans.  

 Abstract 

Herbicide co-application increases farm efficiency and facilitates control of a broader 

spectrum of weed species. However, application requirements may conflict or weed control may 

be reduced when herbicides are co-applied. Enlist E3 soybeans (Glycine max (L.) Merr) are 

resistant to postemergence applications of 2,4-D, glyphosate, and glufosinate, making co-

application of these products during the soybean growing season possible. However, reduced 

efficacy has been documented when some combinations of these products are applied to grasses. 

Greenhouse experiments were conducted to determine Palmer amaranth (Amaranthus palmeri S. 

Watson) and large crabgrass (Digitaria sanguinalis L.) control by 2- and 3-way combinations of 

2,4-D (1064 g ai ha-1), glufosinate (655 g ai ha-1), and glyphosate (862 g ae ha-1). Each treatment 

included ammonium sulfate (3,351 g ai ha-1) and was applied with carrier volumes of 93-, 140-, 

and 187 L ha-1 to 5-, 10-, and 20-cm Palmer amaranth and large crabgrass. Treatments were 

randomized in a split-split plot design with plant size as the main plot and replication as sub-

plots. Water-sensitive paper was also sprayed with each treatment to determine the number of 

droplets and percent area covered. Four weeks after treatment, visual ratings of weed control and 

above ground biomass were collected. Data were subjected to analysis of variance and means 

separation (α = 0.05). Control of 5-, 10-, and 20-cm Palmer amaranth was 100%, > 91%, and 7 to 

79% for the herbicide combinations, respectively. 2,4-D + glyphosate provided the greatest 
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Palmer amaranth control. Palmer amaranth control was similar for all carrier volumes. Large 

crabgrass control was > 82% when treatments were applied to 5-cm large crabgrass, but control 

of 10- or 20-cm large crabgrass was reduced to 51 to 56%. Large crabgrass control was similar 

for all carrier volumes. There was a carrier volume by herbicide combination interaction for the 

number of droplets deposited and percent area covered on water-sensitive paper. Treatments 

containing glufosinate had more droplets than those not containing glufosinate.  The percent area 

covered by 2,4-D + glyphosate was less than other herbicide combinations. These data suggest 

that under ideal conditions, carrier volume has a limited effect on control of Palmer amaranth 

and large crabgrass and control was not related to spray deposition. 

 Introduction 

Palmer amaranth  (Amaranthus palmeri S. Watson) is among the most common and 

troublesome weeds in Kansas soybean production (Van Wychen 2019). The dioecious summer 

annual plant ranges from 1.5 to 2.0 m  in height and produces 200,000 to 600,000 seeds per plant 

(Keeley et al. 1987, Meyers et al. 2010, Sellers et al. 2003, Webster and Grey 2015). Klingaman 

and Oliver (1994) reported a 60% reduction in soybean yield by three Palmer amaranth plants m-

1 of row. Others reported soybean yield loss that ranged from 37% (Basinger et al. 2019) to 79% 

(Bensch et al. 2003) by Palmer amaranth at a density of eight plants m-2.  

 Large crabgrass (Digitaria sanguinalis L.) is also a common weed in soybean production. 

The summer annual grass plant can produce 900 to 3,100 seeds, depending on plant density 

(Aguyoh and Masiunas 2003) and reaches 0.35 m tall in 42 days (Travlos 2018). Basinger et al. 

(2019) reported 37% yield loss in soybean with sixteen large crabgrass plants m-2.  

 Control of a diverse weed population that includes weeds like Palmer amaranth and large 

crabgrass can be improved by co-applying herbicides (Aulakh and Jhala 2015, Craigmyle et al. 
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2013). Transgenic crops have increased the number of herbicides that can be co-applied in 

soybeans. For example, Enlist E3 varieties allow application of 2,4-D, glyphosate, and 

glufosinate to control emerged weeds. 2,4-D is a synthetic auxin herbicide, glyphosate is a non-

selective herbicide targeting the EPSP synthase enzyme, and glufosinate is also a non-selective 

herbicide but it targets the glutamate synthase pathway. Using multiple modes of action, 

including those made possible by the Enlist E3, is a best practice to manage herbicide resistant 

weeds (Norsworthy et al. 2012).  

Numerous published studies have evaluated Palmer amaranth control with co-applied 

herbicides. Lawrence et al. (2018) observed 46, 84, and 59% control of five- to ten-cm Palmer 

amaranth 14 days after glyphosate, glufosinate and 2,4-D were applied alone, respectively. 

Control improved to > 92% for glufosinate + 2,4-D or glyphosate + glufosinate + 2,4-D. 

Similarly, when Palmer amaranth size increased to 15 to 20 cm glyphosate, glufosinate and 2,4-

D applied alone provided 40, 53, and 89% control, respectively.  Co-applications at this weed 

size for glufosinate + 2,4-D and glufosinate + 2,4-D + glyphosate improved control to > 94%. 

Merchant et al. (2013) observed similar results, with 2,4-D alone at rates of 532 to 1064 g ha-1 

providing 68 to 80% Palmer amaranth control, but control by 2,4-D + glufosinate increased to 

90% or greater.   

 However, antagonism has been documented when combinations of 2,4-D, glufosinate, 

and glyphosate are applied to grass species (Bethke et al. 2013, Craigmyle et al. 2013, Flint and 

Barrett 1989).  Control of 15-cm large crabgrass by glufosinate was decreased 10 to 20% by the 

addition of 2,4-D at rates of 0.84 to 1.12 kg ha-1 and glufosinate rates of 0.59 to 0.73 kg ha-1 

(Craigmyle et al. 2013). Meyer et al. (2021) observed antagonism when glufosinate and 
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glyphosate were co-applied to 18-cm large crabgrass, although control was > 95% for all rates 

evaluated.  

Application parameters such as carrier volume and weed size at application affect control. 

The herbicide labels for glyphosate, glufosinate and 2,4-D  recommend different carrier volumes 

ranging from 93 to 187 L ha-1 (Arneson and Werle 2020, BASF Ag Products 2019, Bayer Ag 

Products 2017). Multiple researchers have reported greater weed control when herbicides were 

applied at greater carrier volumes (Butts et al. 2018, Creech et al. 2015b, Knoche 1994).  

Knoche (1994) reported increased weed control with smaller droplets (< 150 µm) in 79% of 

published experiments, while the other 21% observed no change. Butts et al. (2018) reported that 

weed control by glufosinate is maximized with 300-µm droplets while control with dicamba is 

greater with < 600-µm droplets. Droplet size is affected by active ingredients, nozzle type, 

orifice size, spray pressure and carrier volume (Creech et al. 2015a). Glyphosate + glufosinate 

co-applications increase droplet size compared glufosinate alone (Meyer et al. 2021), 

hypothetically reducing control. 

There is limited published research investigation the interactions of herbicide co-application, 

carrier volume, and weed size on Palmer amaranth and large crabgrass control. Therefore, 

objectives of this study were to determine the effect of carrier volume, herbicide co-application, 

and weed size on Palmer amaranth and large crabgrass control and spray deposition. We 

hypothesize that Palmer amaranth and large crabgrass control will be greater when herbicide 

combinations that include 2,4-D are applied to smaller weed size at greater carrier volumes.  

 Materials and methods 

Glyphosate susceptible Palmer amaranth collected from Riley County, KS and large 

crabgrass seed (Azlin Seed Services, Leland, MS) were used for these greenhouse experiments, 
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which were repeated in time. Both Palmer amaranth and one large crabgrass runs were 

conducted in the spring of 2021 in a greenhouse set to have 16 hours of supplemental light with 

day and nighttime temperatures of 31.7 and 22.7 C.  The second large crabgrass run was 

conducted during the fall of 2020 and had 14 hours of supplemental light with day and nighttime 

temperatures of 28.9 and 22.2 C, respectively. Palmer amaranth was treated with Captan 50W 

Fungicide before planting. Then multiple Palmer amaranth or large crabgrass seeds were planted 

into 10-cm square pots filled with Miracle-Gro® Moisture Control® Potting Mix (Table 3.1). 

After emergence, seedlings were thinned to 1 plant per pot. Plants were subirrigated until 

herbicide applications were made and then watered from the top as needed.  

Plants were sprayed when the upper-most fully expanded leaf reached 5-, 10-, and 20-cm 

tall with the herbicide combinations listed in Table 3.2.  The carrier volumes were 93, 140, and 

187 L ha-1 and were achieved with AIXR 110015 (Teejet Technologies, Spraying Systems Co., 

Springfield, IL) at 91.4 kPa, AIXR 110025 at 118.9 kPa, and AIXR 11003 at 148 kPa, 

respectively with the Generation III Research Spray Booth track sprayer at 4.8 kph. Additionally, 

water-sensitive paper (WSP; Syngenta, Greensboro, NC) was sprayed with the same herbicide 

combinations and carrier volumes immediately after weeds were treated.  

Visual ratings of control were taken one, two, and four weeks after treatment (WAT) and 

above ground biomass was harvested four WAT. WSP was processed as outlined by Haramoto et 

al. (2020). Briefly, cards were scanned using a 200-dpi scanner and ImageJ (Schneider et al. 

2012) was used to quantify the number of droplets, average droplet size, and percent area 

covered.  

Fixed factors for the Palmer amaranth and large crabgrass experiments were herbicide 

combination, carrier volume, and weed size. Run, replication within run, and height within 
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replication within run were considered random for the Palmer amaranth experiment. Replication 

and replication within height were considered random for the large crabgrass experiment.  Data 

were subjected to analysis of variance (α = 0.05), and means were separated with Tukey’s HSD 

(P = 0.05).  The following R packages are listed with their uses: lmerTest, helps to make mixed 

effect models; car, is a companion to applied regression; emmeans, helps to estimate marginal 

means; multcompView, helps to summarize multiple paired comparisons; multcomp, allows 

comparisons of groups of data; and tidyverse, helps to organize data (Fox et al. 2021, Graves and 

Dorai-Raj 2019, Hothorn et al. 2022, Kuznetsova et al. 2017, Length 2020, R Core Team 2020, 

Wickham et al. 2019). 

 Results and discussions  

 Palmer amaranth experiments  

Palmer amaranth data will be presented pooled over both runs. This was done to allow 

interpretation of the data across all replicates from run one and run two, which were conducted in 

similar environments (Table 3.1). The analysis of variance showed a significant interaction 

between herbicide combination and weed size (p < 0.001) for both visual ratings four WAT and 

dry biomass (Table 3.3). Spraying 5- and 10-cm Palmer amaranth resulted in > 91% control 

(Table 3.4). Similar to the current study, Shyam et al. (2021) reported that 2,4-D + glufosinate 

combinations controlled 10- to 15-cm Palmer amaranth > 96%. Lawrence et al. (2018) reported 

that 5- to 10-cm glyphosate-resistant Palmer amaranth control by 2,4-D co-applied with 

glyphosate resulted in 81% four WAT compared to 89% when co-applied with glufosinate.  

However, Palmer amaranth control was more variable when herbicide combinations were 

applied to 20-cm Palmer amaranth (Table 3.4). 2,4-D + glyphosate controlled 20-cm Palmer 

amaranth 79%, compared to 2,4-D + glufosinate or 2,4-D + glufosinate + glyphosate 
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combinations, which provided 26 to 28% control and glyphosate + glufosinate, which provided 

7% control.  Reed et al. (2014) reported antagonism between glyphosate and glufosinate 

herbicide combinations in Palmer amaranth because glyphosate alone provided 98% control 

compared to glyphosate + glufosinate with < 70% control two WAT.  

Four WAT visual ratings of weed control were similar to dry biomass. All herbicide 

combinations applied to 5- and 10-cm Palmer amaranth resulted in < 1.11 g. Results were more 

variable for 20-cm Palmer amaranth. 2,4-D + glyphosate resulted in 5.07 g and combinations 

containing both 2,4-D and glufosinate resulted in 9.76 to 9.90 g compared to glufosinate 

treatments without 2,4-D resulting in 13.02 g.  

Palmer amaranth response four WAT was similar for all carrier volumes when both 

visual ratings of weed control (p = 0.265) and biomass (p = 0.942) were evaluated (Table 3.3). 

Likewise, Creech et al. (2015b) reported similar weed control by glufosinate for carrier volumes 

ranging from 94 to 187 L ha-1 for five out of seven species evaluated. In both the current 

experiment and Creech et al. (2015b) one plant was sprayed at a time in a very controlled setting, 

meaning coverage was ideal. In a field experiment, Berger et al. (2014) reported that control of 

15- to 20-cm Palmer amaranth in densities of 10 to 40 plants m-2 by lactofen increased 6% for the 

carrier volume of 187 L ha-1 compared to 94 L ha-1.  

Large crabgrass experiments  

Large crabgrass data will be presented separately for run 1 and 2, as run and interactions 

with run were significant and plants were grown at different times (Table 3.1). Large crabgrass 

plants grown in the second run grew faster and larger than plants in the first run at the end of the 

experiment.  For example, biomass of the non-treated control in second run averaged 33.5 g 

compared to the first run which averaged 3.5 g (data not shown) and plants in the second run 
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took 20 days to grow 20 cm tall, while the first run required 37 days to obtain the same height 

(Table 3.1).  This is likely due to differences in the temperature and light conditions between the 

two runs.  

In the first run, there was an interaction between herbicide combination and weed size at 

application four WAT for both visual ratings of weed control (p < 0.001) and biomass (p = 

0.017; Table 3.5). For the first large crabgrass run, all treatments sprayed with 2,4-D + 

glyphosate had 100% control, and all treatments applied to 5-cm large crabgrass had > 86% 

control 4 WAT (Table 3.6).  Herbicide combinations containing glufosinate applied to 10- and 

20-cm weeds were controlled 53 to 65% and 48 to 78%, respectively. Meyer and Norsworthy 

(2019) reported a 7 to 12% reduction in barnyardgrass control when weed size was increased 

from 10-cm to 30-cm with similar herbicide combinations. Then in a field experiment Meyer et 

al. (2021) reported that the combination of glufosinate + glyphosate was antagonistic, but with 

control ranged from 95 to 98%. Similarly, Bethke et al. (2013) reported antagonism between co-

applications of glufosinate + glyphosate in giant foxtail. Takano and Dayan (2020) reviewed 

glufosinate and reported that glufosinate is hydrophilic which impedes translocation and often 

results in poorer control of grasses. Large crabgrass biomass collected four WAT was < 0.13 g 

for 5- and 10-cm plants, compared to 0.22 to 0.39 g when 20-cm plants were sprayed. 2,4-D + 

glyphosate provided the greatest large crabgrass control, regardless of weed size. In Meyer et al. 

(2021) glyphosate alone provided 98% to 100% control of 17 to 18-cm large crabgrass. 

However, Merritt et al. (2021) sprayed 10-cm broadleaf signalgrass, giant foxtail, and 

barnyardgrass with glyphosate plus 2,4-D and reported 27% control four WAT.  

In the second large crabgrass experiment, interactions between herbicide combination 

and weed size were observed four WAT for both weed control (p < 0.001) and biomass (p < 
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0.001; Table 3.5).  2,4-D + glyphosate resulted in > 97% control, regardless of the large 

crabgrass size at application (Table 3.6). All large crabgrass sprayed at 5-cm size had > 74% 

control. The least control at every carrier volume resulted from application of 2,4-D + 

glufosinate and ranged from 0 to 29%.   

Carrier volume had minimal effects on control in large crabgrass. In run one, carrier 

volume was not significant, however in run two a carrier volume by size interaction was 

observed (Table 3.5). In run two all carrier volumes within a weed size had similar control, 

except for 187 L ha-1 applied to 5-cm large crabgrass resulting in 87% control when pooled over 

herbicide treatments (Table 3.7). Control of 5-cm large crabgrass with 93 and 140 L ha-1 carrier 

volumes was 62%. Visual ratings of control for 10- and 20-cm weeds were similar regardless of 

carrier volume, ranging from 31 to 52%. Biomass from run two confirmed there were no 

differences among carrier volumes within a weed size. Mahoney et al. (2019) reported 

significant effects of carrier volume ranging from 70 to 561 L ha-1 on Palmer amaranth and large 

crabgrass, however differences in control were less than 6%. 

 Water-sensitive paper 

Water-sensitive paper (WSP) data will be presented pooled for both runs of the 

experiment.  There was as significant interaction between herbicide combination and carrier 

volume (p < 0.001) for droplet number, droplet size, and area covered (Table 3.8). The greatest 

number of droplets was observed with glyphosate + glufosinate sprayed at 140 L ha-1 (Table 

3.9). The fewest droplets for each carrier volume was obtained with 2,4-D + glyphosate.  

The largest droplets were observed at 187 L ha-1 with all herbicide combinations ranging 

from 0.86 to 1.08mm compared to water alone 0.52 mm. Creech et al. (2015a) reported that 

increasing the carrier volume from 47 to 187 L ha-1 increased droplet size 5%. However, nozzle 
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operating pressure, herbicide, and nozzle orifice size are also important in determining droplet 

size. Lower operating pressures and larger orifice sizes result in larger droplets (Creech et al. 

2015a). In order to apply the 187 L ha-1, a 11003 orifice was used, compared to the 93 and 140 L 

ha-1, which used a 110015 and a 110025 orifice, respectively.  Creech et al. (2015b) also changed 

orifice size from XR11001 to XR11002 to adjust the carrier volume from 94 to 187 L ha-1 in a 

study looking at droplet size and weed control.  

The area covered ranged from 13 to 44% (Table 3.9). Glyphosate + glufosinate had the 

greatest spray coverage for each carrier volume. When applied at 187 L ha-1, glyphosate + 

glufosinate covered 44% of the area compared to a range of 32 to 37% for the remaining 

herbicide combinations (Table 3.9). Herbicide combinations containing 2,4-D applied at 140 L 

ha-1 ranged from 19 to 24% coverage. A previously published field experiment reported 25% 

coverage for 2,4-D alone at the same carrier volume (Haramoto et al. 2020). 

In conclusion, farmers should pay close attention to weed size at application, as control 

will decrease as weed size increases. Carrier volume, however, had a limited effect on Palmer 

amaranth and large crabgrass control when one plant was sprayed at a time in the greenhouse. In 

field settings greater carrier volumes should be considered, especially with greater weed 

densities. The herbicide combination of 2,4-D + glyphosate would be recommended as it had the 

greatest control of Palmer amaranth (> 79%) and large crabgrass (> 97%), regardless of size at 

application.  
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Table 3.1 Planting and spray dates for run one and two of Palmer amaranth and large 

crabgrass experiments. 

Dates  
Palmer amaranth 

run 1 

Palmer amaranth 

run 2 

large crabgrass 

run 1 

large crabgrass 

run 2 

Planting 2/5/2021 2/25/2021 10/5/2020 3/9/2021 

5 cm  2/24/2021 3/10/2021 10/19/2020 3/22/2021 

10 cm  2/26/2021 3/16/2021 10/26/2020 3/26/2021 

20 cm  3/8/2021 3/19/2021 11/14/2020 3/29/2021 
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Table 3.2 Herbicide combinations, active ingredients, rates, trade name, and manufacture. 

Herbicide combination a 

Active 

ingredient    Rate  Trade name Manufacture 

  

g ai/ae ha-1 

   

Nontreated control - - - - 

2,4-D + glyphosate 2,4-D choline 1,064 Enlist One® Cortevab 

 glyphosate 862 

Roundup 

PowerMax® Bayerc 

     

2,4-D + glufosinate 2,4-D choline 1,064 Enlist One® Cortevab 

 glufosinate 655 Liberty® SL 280 BASFd 

     

glyphosate + glufosinate glyphosate 862 

Roundup 

PowerMax® Bayerc 

 glufosinate 655 Liberty® SL 280 BASFd 

     

2,4-D + glyphosate + 

glufosinate 2,4-D choline 1,064 Enlist One® Cortevab 

 glyphosate 862 

Roundup 

PowerMax® Bayerc 

  glufosinate 655 Liberty® SL 280 BASFd 

a All herbicide combinations also included ammonium sulfate (3351 g ai ha-1). 
b Corteva Agriscience, Wilmington, DE 
c Bayer Crop Science, St. Louis, MO 
d BASF Corporation, Research Triangle Park, NC 
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Table 3.3 Analysis of variance of fixed effects and all treatment interactions for the Palmer 

amaranth experiment pooled across run. 

    Palmer amaranth 

   4 WAT a  
 Dry biomass 

  Fixed effects df F-value P-value    df F-value P-value 

Herbicide 231 29.08 < 0.001  231 14.41 < 0.001 

Volume 231 1.34 0.265  231 0.06 0.942 

Size 20 260.23 < 0.001  20 94.17 < 0.001 

Herbicide* volume 231 0.95 0.463  231 1.44 0.200 

Herbicide* size 231 22.44 < 0.001  231 14.33 < 0.001 

Volume* size 231 0.35 0.842  231 0.30 0.879 

Herbicide* volume* size 231 1.27 0.240   231 1.39 0.169 

a Abbreviations: WAT, weeks after treatment 
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Table 3.4 Visual estimate of control and dry biomass at four WAT on Palmer amaranth as 

a result of herbicide combinations applied at multiple weed sizes pooled across run and 

carrier volume.  

  Palmer amaranth 

Herbicide combination Size  4 WATab     Dry biomass   

 cm %   g  

2,4-D+ glyphosate 5 100 a  0.17 d 

2,4-D+ glufosinate 5 100 a  0.15 d 

glyphosate+ glufosinate 5 100 a  0.12 d 

2,4-D+ glyphosate + 

glufosinate 
5 100 a  0.12 d 

2,4-D+ glyphosate 10 100 a  0.99 d 

2,4-D+ glufosinate 10 100 a  0.62 d 

glyphosate+ glufosinate 10 91 ab  1.11 d 

2,4-D+ glyphosate + 

glufosinate 
10 96 ab  0.94 d 

2,4-D+ glyphosate 20 79 b  5.07 c 

2,4-D+ glufosinate 20 28 c  9.90 b 

glyphosate+ glufosinate 20 7 d  13.02 a 

2,4-D+ glyphosate + 

glufosinate 
20 26 c  9.76 b 

SE    4.73     1.04   

a Abbreviations: WAT, weeks after treatment; SE, standard error 

b Means separated with Tukey’s pairwise comparisons. Similar letters within a column are not 

different (p < 0.05). 
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Table 3.5 Analysis of variance of fixed effects and all treatment interactions for run one and two of the large crabgrass 

experiment. 

  large crabgrass (run 1) 
 

large crabgrass (run 2) 

 
  4 WAT a  

 
Dry biomass 

 
  4 WAT a  

 
Dry biomass 

  Fixed 

effects 
df F-value P-value   df F-value P-value 

 
df F-value P-value   df F-value P-value 

Herbicide 108 21.86 < 0.001  108 4.52 0.005 
 

99 120.13 < 0.001  99 60.31 < 0.001 

Volume 108 0.54 0.583  108 1.42 0.246 
 

99 1.62 0.203  99 1.79 0.172 

Size 108 23.81 < 0.001  108 85.15 < 0.001 
 

6 38.93 < 0.001  6 59.58 < 0.001 

Herbicide* 

volume 
108 0.27 0.951  108 1.14 0.346 

 

99 1.89 0.09  99 2.01 0.071 

Herbicide* 

size 
108 4.83 < 0.001  108 2.73 0.017 

 

99 5.86 < 0.001  99 12.39 < 0.001 

Volume* 

size 
108 1.67 0.163  108 0.80 0.528 

 

99 5.06 < 0.001  99 4.4 0.003 

Herbicide* 

volume* 

size 

108 0.9 0.548   108 0.82 0.625 

  

99 1.25 0.262   99 0.81 0.644 

a  Abbreviations: WAT, weeks after treatment 
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Table 3.6 Visual estimate of control and dry biomass at four WAT on large crabgrass run one and two as a result of herbicide 

combinations applied at multiple weed sizes pooled across carrier volume. 

    large crabgrass (run 1)   large crabgrass (run 2) 

Herbicide combination Size 4 WAT ab     Dry biomass   
 

4 WAT ab     Dry biomass   

 cm %   g  
 %   g  

2,4-D+ glyphosate 5 100 a 
 

0.01 d 
 

100 a 
 

0.06 g 

2,4-D+ glufosinate 5 86 ab 
 

0.01 d 
 

29 bc 
 

5.35 cdefg 

glyphosate+ glufosinate 5 98 a 
 

0.01 d 
 

79 a 
 

0.56 fg 

2,4-D+ glyphosate + glufosinate 5 92 ab 
 

0.01 d 
 

74 a 
 

1.15 efg 

2,4-D+ glyphosate 10 100 a 
 

0.02 d 
 

99 a 
 

0.28 g 

2,4-D+ glufosinate 10 55 cd 
 

0.13 cd 
 

8 cd 
 

10.62 bc 

glyphosate+ glufosinate 10 53 cd 
 

0.13 cd 
 

44 b 
 

7.15 cd 

2,4-D+ glyphosate + glufosinate 10 65 bcd 
 

0.09 cd 
 

28 bcd 
 

6.15 cdef 

2,4-D+ glyphosate 20 100 a 
 

0.22 bc 
 

97 a 
 

2.17 defg 

2,4-D+ glufosinate 20 49 d 
 

0.37 ab 
 

0 d 
 

24.04 a 

glyphosate+ glufosinate 20 78 abc 
 

0.23 bc 
 

30 bc 
 

6.49 cde 

2,4-D+ glyphosate + glufosinate 20 48 d 
 

0.39 a 
 

9 cd 
 

13.95 b 

SE   6.07     0.033   
 

6.53     1.26   

a Abbreviations: WAT, weeks after treatment; SE, standard error 

b Means separated with Tukey’s pairwise comparisons. Similar letters within a column are not different (p < 0.05).
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Table 3.7 Visual estimate of control and dry biomass at four WAT on large crabgrass run 

two as a result of carry volumes applied at multiple weed sizes pooled across herbicide 

combination. 

  large crabgrass (run 2) 

Volume  Size  4 WAT ab     Dry biomass   

L ha-1 cm %   g  

93 5 62 b  2.28 d 

140 5 62 b  2.62 d 

187 5 87 a  0.45 d 

93 10 52 bc  4.29 cd 

140 10 46 bc  5.09 cd 

187 10 36 c  8.78 bc 

93 20 34 c  10.40 ab 

140 20 31 c  13.89 a 

187 20 38 c  10.69 ab 

SE 
 5.86     1.11   

a Abbreviations: WAT, weeks after treatment; SE, standard error 

b Means separated with Tukey’s pairwise comparisons. Similar letters within a column are not 

different (p < 0.05). 
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Table 3.8 Analysis of variance of fixed effects and all treatment interactions for WSPa. 

  

 

Number of droplets 
  

Area covered 
  

Average droplet size 

 Fixed 

effects 
df F-value P-value  df F-value P-value  df F-value P-value 

Herbicide 103 33.14 < 0.001  103 79.54 < 0.001  103 37.58 < 0.001 

Volume 103 67.84 < 0.001  103 281.02 < 0.001  103 79.48 < 0.001 

Herbicide* 

volume 
103 8.94 < 0.001  103 7.82 < 0.001  103 3.87 < 0.001 

a Abbreviation: WSP, water-sensitive paper 

b P-values with * denotes significant (P < 0.05), ** means (P < 0.01), *** means (P < 0.001) 
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Table 3.9 Number of droplets, percent coverage, and average droplet size for WSP. a 

Herbicide combination Volume 

Number of 

droplets b 
 Coverage  

Average 

droplet 

size   

 L ha-1   %  mm  

2,4-D+ glyphosate 94 767 h 15 efg 0.72 cde 

2,4-D+ glufosinate 94 1152 de 15 efg 0.46 fg 

glyphosate+ glufosinate 94 856 gh 21 cde 0.84 bcd 

2,4-D+ glyphosate + 

glufosinate 
94 955 fg 18 defg 0.61 defg 

water 94 1078 ef 13 g 0.39 g 

2,4-D+ glyphosate 140 963 fg 19 cdef 0.66 cdef 

2,4-D+ glufosinate 140 1421 abc 24 c 0.55 efg 

glyphosate+ glufosinate 140 1562 a 32 b 0.67 cdef 

2,4-D+ glyphosate + 

glufosinate 
140 1484 ab 23 cd 0.51 efg 

water 140 1079 ef 14 fg 0.42 g 

2,4-D+ glyphosate 187 978 fg 32 b 1.08 a 

2,4-D+ glufosinate 187 1258 cd 37 b 0.97 ab 

glyphosate+ glufosinate 187 1387 bc 44 a 1.07 a 

2,4-D+ glyphosate + 

glufosinate 
187 1380 bc 36 b 0.86 abc 

water 187 1258 cd 20 cde 0.52 efg 

SE   35.5   1.46   2.88   

a Abbreviations: WSP, Water-sensitive paper; SE, standard error  

b Number of droplets per WSP card, which was 550 mm2 
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Appendix A - Supplemental information for chapter 2 

Table A.1  Soil series, slope, OM, and pH for Ottawa, KS in 2020 and 2021, Ashland 

Bottoms in 2021, and Scandia, KS in 2021. 

  OT20ab OT21a AB21 SC21 

Soil series Woodson silt loam Woodson silt loam Reading Silt loam Crete silt loam 

Slope (%) 1 to 3 1 to 3 1 to 3 1 to 3 

OM 3 3 2.6 2.8 

pH 6.4 6.4 6 5.8 
a 121 kg ha-1 of 18-46-0 and 93 kg ha-1 of 0-0-60 were applied.  

b Abbreviations: OT20, Ottawa, KS 2020; OT21, Ottawa, KS 2021; AB21, Ashland Bottoms, 

2021; SC21, Scandia, KS 2021; OM, organic matter 
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Table A.2 Weather data at herbicide application for Ottawa, KS in 2020 and 2021, Ashland Bottoms in 2021, and Scandia, KS 

in 2021. 

 OT20a

  
   OT21    AB21    SC21   

Timing PRE 

7 to 10 

cm 

weeds 

  PRE 

7 to 10 

cm 

weeds  

  PRE 
7 to 10 cm 

weeds  
  PRE 

7 to 10 cm 

weeds  

date 6/3/20 7/1/20  6/10/21 7/13/21  6/8/21 6/28/21  6/16/21 7/22/21 

start time  2:10 1:40  4:30 2:00  6:15 1:20  3:10 10:45 

end time  2:30 2:55  5:40 2:50  7:00 1:50  4:10 11:40 

start 

temperature ( 

C) 

34.4 30.8  31.7 29.4  30 29.6  38.3 26.1 

end temperature 

( C) 
33.3 32.2  32.8 30.6  30 28.3  38.3 27.8 

start humidity 

(%) 
51 68.8  38.6 65  37.7 57  27.9 63 

end humidity 

(%) 
50 69.3  45 60  37.7 62  20 32 

start wind (kph) 15.8 9.7  10 4.8  6.1 5.6  16.1 8 

start wind 

direction 
SW SE  ESE S  ESE NE  SSE S 

end wind (kph) 8 5.8  7.7 10.9  6.8 6.8  12.9 11.3 

end wind 

direction 
SW SE  ESE S  ESE ESE  SSE S 

max wind (kph) 16.1 12.6  18 14.5  6.8 8.8  19.3 17.5 

soil temp ( C) 28.3 26.6  31.1 31.1  30 28.9  29.4 27.8 

soil moisture dry adequate  sub-adequate wet  adequate adequate  dry adequate 

cloud cover (%) 40 90   50 10   0 70   0 0 
a Abbreviations: OT20, Ottawa, KS 2020; OT21, Ottawa, KS 2021; AB21, Ashland Bottoms, 2021; SC21, Scandia, KS 2021; OM, 

organic matter
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Table A.3 Visual ratings of weed control for yellow foxtail ten weeks after POST treatment 

(WAT) in Scandia, KS in 2021 

   yellow foxtail  

Trait Row spacing (cm) Herbicide treatment a 10 WATb 
  

LLGT27 38 PRE 99 a 

LLGT27 38 POST 99 a 

LLGT27 38 POR 99 a 

LLGT27 76 PRE 99 a 

LLGT27 76 POST 99 a 

LLGT27 76 POR 99 a 

Enlist E3 38 PRE 99 a 

Enlist E3 38 POST 99 a 

Enlist E3 38 POR 99 a 

Enlist E3 76 PRE 99 a 

Enlist E3 76 POST 99 a 

Enlist E3 76 POR 99 a 

SEc   < 0.001  

 

a Herbicide treatments: PRE (LLGT27), pyroxasulfone + isoxaflutole; POST (LLGT27), PRE fb 

glufosinate + ammonium sulfate; POR (LLGT27), PRE fb glufosinate + ammonium sulfate + S-

metolachlor; PRE(Enlist E3), pyroxasulfone  + sulfentrazone; POST (Enlist E3), PRE fb 

glufosinate  + ammonium sulfate +2,4-D choline; POR (Enlist E3), PRE fb glufosinate  + 

ammonium sulfate +2,4-D choline + S-metolachlor 

 b Means separated with Tukey’s pairwise comparisons. Similar letters within a column are not 

different (p < 0.05). 

c Abbreviations: SE, standard error 
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Appendix B - Supplemental information for chapter 3 

Table B.1 Analysis of variance of fixed effects and all treatment interactions for the Palmer 

amaranth experiment pooled across run for one and two WAT.a 

    Palmer amaranth 

   1 WAT a  
 2 WAT  

  Fixed effects df F-value P-value    df F-value P-value 

Herbicide 252 7.58 < 0.001  231 14.10 < 0.001 

Volume 252 0.42 0.656  231 1.10 0.336 

Size 252 330.31 < 0.001  21 220.77 <0.001 

Herbicide* volume 252 0.80 0.573  231 1.77 0.106 

Herbicide* size 252 8.94 < 0.001  231 12.37 < 0.001 

Volume* size 252 0.40 0.807  231 0.40 0.811 

Herbicide* volume* size 252 1.03 0.425  231 1.80 0.049 
a Abbreviations: WAT, weeks after treatment 
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Table B.2 Visual estimate of Palmer amaranth control as a result of herbicide combinations 

applied at multiple weed sizes pooled across carrier volume for one WAT. a 

  Palmer amaranth  

Herbicide combination Size 1 WAT   

 cm %  

2,4-D+ glyphosate 5 100 a 

2,4-D+ glufosinate 5 100 a 

glyphosate+ glufosinate 5 100 a 

2,4-D+ glyphosate + glufosinate 5 100 a 

2,4-D+ glyphosate 10 95 a 

2,4-D+ glufosinate 10 100 a 

glyphosate+ glufosinate 10 99 a 

2,4-D+ glyphosate + glufosinate 10 100 a 

2,4-D+ glyphosate 20 78 b 

2,4-D+ glufosinate 20 76 b 

glyphosate+ glufosinate 20 60 c 

2,4-D+ glyphosate + glufosinate 20 76 b 

SE  1.7   
a Abbreviations: WAT, weeks after treatment; SE, standard error  



107 

Table B.3 Visual estimate of Palmer amaranth control as a result of herbicide combinations 

applied at multiple weed sizes and carrier volume for 2 WAT. a 

      Palmer amaranth 

Size Carrier volume Herbicide combination 2 WAT   

cm  
 %  

5 94 2,4-D+ glyphosate 100 a 

5 94 2,4-D+ glufosinate 100 a 

5 94 glyphosate+ glufosinate 100 a 

5 94 2,4-D+ glyphosate + glufosinate 100 a 

5 140 2,4-D+ glyphosate 100 a 

5 140 2,4-D+ glufosinate 100 a 

5 140 glyphosate+ glufosinate 100 a 

5 140 2,4-D+ glyphosate + glufosinate 100 a 

5 187 2,4-D+ glyphosate 100 a 

5 187 2,4-D+ glufosinate 100 a 

5 187 glyphosate+ glufosinate 100 a 

5 187 2,4-D+ glyphosate + glufosinate 100 a 

10 94 2,4-D+ glyphosate 100 a 

10 94 2,4-D+ glufosinate 100 a 

10 94 glyphosate+ glufosinate 92 ab 

10 94 2,4-D+ glyphosate + glufosinate 94 ab 

10 140 2,4-D+ glyphosate 99 a 

10 140 2,4-D+ glufosinate 100 a 

10 140 glyphosate+ glufosinate 99 a 

10 140 2,4-D+ glyphosate + glufosinate 100 a 

10 187 2,4-D+ glyphosate 99 a 

10 187 2,4-D+ glufosinate 100 a 

10 187 glyphosate+ glufosinate 100 a 

10 187 2,4-D+ glyphosate + glufosinate 100 a 

20 94 2,4-D+ glyphosate 67 bc 

20 94 2,4-D+ glufosinate 53 cd 

20 94 glyphosate+ glufosinate 28 d 

20 94 2,4-D+ glyphosate + glufosinate 46 cd 

20 140 2,4-D+ glyphosate 85 ab 

20 140 2,4-D+ glufosinate 30 d 

20 140 glyphosate+ glufosinate 34 d 

20 140 2,4-D+ glyphosate + glufosinate 54 cd 

20 187 2,4-D+ glyphosate 74 abc 

20 187 2,4-D+ glufosinate 67 bc 

20 187 glyphosate+ glufosinate 27 d 

20 187 2,4-D+ glyphosate + glufosinate 49 cd 

SE     5.33   
a Abbreviations: WAT, weeks after treatment; SE, standard error 
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Table B.4 Analysis of variance of fixed effects and all treatment interactions for run one and two of the large crabgrass 

experiment at one and two WAT.a 

  large crabgrass (run 1) 
 

large crabgrass (run 2) 

 
 1 WAT a  

2 WAT  

  

1 WAT  
 

2 WAT 

  Fixed 

effects df F-value P-value  df F-value P-value  df F-value P-value  df F-value P-value 

Herbicide 99 1.74 0.165  108 20.52 < 0.001  105 11.84 < 0.001  105 83.26 < 0.001 

Volume 99 1.75 0.180  108 0.41 0.666  105 1.28 0.281  105 0.10 0.904 

Size 9 9.49 0.006  108 12.17 < 0.001  105 281.97 < 0.001  105 85.00 < 0.001 

Herbicide* 

volume 
99 1.15 0.337  108 0.34 0.912  105 2.53 0.025  105 3.57 0.003 

Herbicide* 

size 
99 8.67 < 0.001  108 3.40 0.004  105 2.99 0.010  105 2.82 0.014 

Volume* 

size 
99 1.91 0.115  108 1.50 0.208  105 3.87 0.006  105 9.63 < 0.001 

Herbicide* 

volume* 

size 

99 0.56 0.869  108 0.54 0.886  105 3.13 < 0.001  105 1.78 0.061 

a  Abbreviations: WAT, weeks after treatment 
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Table B.5 Visual estimate of large crabgrass control as a result of herbicide combinations 

applied at multiple weed sizes pooled across carrier volume for one WAT in run one and 

two WAT for both run one and two. ab 

    large crabgrass (run 1)   
large crabgrass 

(run 2) 

Herbicide 

combination 
Size 1 WAT ab   2 WAT    

 
2 WAT   

 cm --------------------------------%------------------------------- 

2,4-D+ glyphosate 5 86 cd 99 a  

 
95 a 

2,4-D+ glufosinate 5 95 ab 94 abc  

 
66 cd 

glyphosate+ 

glufosinate 
5 96 a 95 ab  

 
94 a 

2,4-D+ glyphosate + 

glufosinate 
5 93 abc 91 abcd  

 
90 a 

2,4-D+ glyphosate 10 96 a 100 a  

 
84 ab 

2,4-D+ glufosinate 10 89 
abc

d 
79 d  

 
60 d 

glyphosate+ 

glufosinate 
10 84 cd 79 d  

 
85 ab 

2,4-D+ glyphosate + 

glufosinate 
10 89 

abc

d 
84 bcd  

 
73 bcd 

2,4-D+ glyphosate 20 88 
abc

d 
100 a  

 
73 bcd 

2,4-D+ glufosinate 20 87 bcd 82 cd  

 
32 e 

glyphosate+ 

glufosinate 
20 88 

abc

d 
91 abcd  

 
74 bc 

2,4-D+ glyphosate + 

glufosinate 
20 80 d 81 d  

 
63 cd 

SE   1.85   2.66       2.87   

a Abbreviations: WAT, weeks after treatment; SE, standard error  
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Table B.6 Visual estimate of large crabgrass control one WAT for the second run. a 

      large crabgrass (run 2) 

Size 

Carrier 

volume Herbicide combination 1 WAT   

cm L ha-1  %  
5 94 2,4-D+ glyphosate 90 a-d 

5 94 2,4-D+ glufosinate 90 a-c 

5 94 glyphosate+ glufosinate 94 a 

5 94 2,4-D+ glyphosate + glufosinate 91 a-c 

5 140 2,4-D+ glyphosate 88 a-e 

5 140 2,4-D+ glufosinate 93 a-b 

5 140 glyphosate+ glufosinate 95 a 

5 140 2,4-D+ glyphosate + glufosinate 89 a-d 

5 187 2,4-D+ glyphosate 90 a-c 

5 187 2,4-D+ glufosinate 93 ab 

5 187 glyphosate+ glufosinate 92 abc 

5 187 2,4-D+ glyphosate + glufosinate 94 a 

10 94 2,4-D+ glyphosate 79 b-i 

10 94 2,4-D+ glufosinate 83 a-g 

10 94 glyphosate+ glufosinate 88 a-e 

10 94 2,4-D+ glyphosate + glufosinate 81 a-h 

10 140 2,4-D+ glyphosate 80 a-i 

10 140 2,4-D+ glufosinate 89 a-d 

10 140 glyphosate+ glufosinate 85 a-f 

10 140 2,4-D+ glyphosate + glufosinate 86 a-e 

10 187 2,4-D+ glyphosate 79 b-i 

10 187 2,4-D+ glufosinate 81 a-h 

10 187 glyphosate+ glufosinate 89 a-d 

10 187 2,4-D+ glyphosate + glufosinate 83 a-g 

20 94 2,4-D+ glyphosate 74 e-j 

20 94 2,4-D+ glufosinate 63 j-l 

20 94 glyphosate+ glufosinate 78 c-i 

20 94 2,4-D+ glyphosate + glufosinate 68 h-k 

20 140 2,4-D+ glyphosate 55 kl 

20 140 2,4-D+ glufosinate 53 l 

20 140 glyphosate+ glufosinate 75 d-j 

20 140 2,4-D+ glyphosate + glufosinate 70 g-j 

20 187 2,4-D+ glyphosate 61 j-l 

20 187 2,4-D+ glufosinate 66 i-l 

20 187 glyphosate+ glufosinate 63 j-l 

20 187 2,4-D+ glyphosate + glufosinate 71 f-j 

SE     2.65   
a Abbreviations: WAT, weeks after treatment; SE, standard error  
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Table B.7 Visual estimate of large crabgrass control two WAT for the second run as a 

result of herbicide combinations applied at multiple carrier volumes pooled across weed 

sizes. a 

  large crabgrass (run 2) 

Herbicide combination 

carrier 

volume 2 WAT   

 L ha-1 %  
2,4-D+ glyphosate 93 88 a 

2,4-D+ glyphosate 140 81 abc 

2,4-D+ glyphosate 187 83 abc 

2,4-D+ glufosinate 93 48 e 

2,4-D+ glufosinate 140 52 e 

2,4-D+ glufosinate 187 57 de 

glyphosate+ glufosinate 93 87 a 

glyphosate+ glufosinate 140 79 abc 

glyphosate+ glufosinate 187 86 ab 

2,4-D+ glyphosate + glufosinate 93 73 bc 

2,4-D+ glyphosate + glufosinate 140 82 abc 

2,4-D+ glyphosate + glufosinate 187 70 cd 

SE  2.87   
a Abbreviations: WAT, weeks after treatment; SE, standard error  
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Table B.8 Visual estimate of large crabgrass control two WAT for the second run as a 

result of multiple carrier volumes and weed sizes pooled over herbicide combinations. a 

  large crabgrass (run 2) 

Volume Size 2 WAT   

L ha-1 cm %  
93 5 79 bc 

140 5 85 ab 

187 5 95 a 

93 10 77 bcd 

140 10 79 bc 

187 10 70 cd 

93 20 66 de 

140 20 57 e 

187 20 58 e 

SE   2.5   
a Abbreviations: WAT, weeks after treatment; SE, standard error  

  

 


