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Chapter I 

Literature Review 

 

Justification.   Cover crops can be defined as species planted to provide 

groundcover in an attempt to prevent soil erosion and nutrient leaching (Reeves and 

Wood, 1994). Their popularity has increased due in part to federal and state cost share 

programs that provide subsidies (Curran et al., 2015).  Cover crops can provide growers 

with many benefits; including improvement in soil organic matter, nutrient efficiency, 

and weed control, increased crop yields and reductions in soil erosion (Pimentel et al., 

1995; Reddy et al., 2003; Sainju and Singh, 1997; Williams et al., 1998).  According to a 

survey conducted in 2016 by the Sustainable Agriculture Research and Education 

program in the United States, farmers identified improved soil health, erosion control, 

and increased organic matter as the primary benefits of cover crops (SARE and CTIC 

2016). This same survey identified weed control as a minor benefit of cover crops (SARE 

and CTIC 2016).  Because of these benefits, many growers across the United States have 

been integrating cover crops into corn, soybean, and cotton production systems in recent 

years. Some of the more common cover crops used in the Midwest include crimson 

clover (Trifolium incarnatum L.), cereal rye (Secale cereal L.), hairy vetch (Vicia villosa 

Roth.), triticale (Triticosecale rimpaui), oats (Avena sativa L.), tillage radish (Raphanus 

sativus L.), annual ryegrass (Lolium multiflorum Lam.) and turnips (Brassica campestris 

L.) (Myers et al., 2015).   

 Much of the previous cover crop research has focused on the impact these species 

have on soil properties and on their ability to provide succeeding crops with available 
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forms of nitrogen (Langdale et al., 1991; Vyn et al., 2000).  Fewer studies have been 

conducted to examine the role that cover crops play in weed control.  Cover crop residues 

can provide weed control by limiting or preventing weed seed germination on the soil 

surface through reductions in light availability and modifications in soil temperature 

(Creamer et al., 1996).  In addition, weed suppression by cover crops can occur through 

allelopathy, seed predation and through competition from the living cover crop residues 

(Barnes et al., 1987; Moore et al., 1994; Reader, 1991; Warnes, 1985).  From the SARE 

survey conducted in 2016, 82% of respondents indicated an increase in weed control by 

using a cereal rye cover crop (SARE and CTIC 2016).     

Residual herbicides have the ability to persist in the soil and provide extended 

control of germinating plant species (Jhala, 2015).  The advent of glyphosate-resistant 

soybean in 1996 had a significant effect on the use patterns of residual soybean 

herbicides, greatly decreasing their use due to grower reliance on glyphosate alone 

(Young, 2006).  As the occurrence of glyphosate-resistant weeds has increased, weed 

scientists and crop advisors alike now commonly recommend the use of residual 

herbicides pre-emergence (PRE) and in-crop (Boerboom, 2006; Heap, 2017; Norsworthy 

et al., 2012).  Due to their ability to persist, some residual herbicides possess the ability to 

control weeds for many weeks during the season.  For example, fomesafen, the active 

ingredient in Flexstar, has a half-life of 6 to 12 months in aerobic soil conditions 

(Johnson and Talbert, 1993).  This poses an issue for growers wanting to establish fall 

cover crops after cash crops, particularly soybean.  Additional research is needed to 

quantify the persistence of common residual herbicides used in soybean and their effect 

on the establishment of certain cover crops commonly planted in the U.S..   
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 After cover crops have served their purpose and before cash crop planting in the 

spring, the cover crops should be effectively terminated in order to prevent competition 

with the cash crop (Singer et al., 2007).  Without effective termination, cover crops can 

compete with agronomic crops for resources, and in turn cause yield loss (Singer et al., 

2007).  To date, most of the available research on cover crop termination has focused 

primarily on rolling, mowing and tillage.  According to Raper et al. (2004) termination 

with herbicides became popular due to timeliness and low costs associated with the 

application.  Further research is necessary to provide Midwest growers with information 

and recommendations that will help them terminate their cover crops effectively and 

efficiently.  Additionally, research that seeks to understand how cover crops and residual 

herbicides can be used together as a weed control strategy will be important in future 

production systems given that glyphosate and multiple herbicide-resistant weeds now 

dominate many soybean production fields throughout the United States.   

Herbicide Carryover   

Many variables can influence the success of a cover crop stand, including seeding 

method, cover crop species and herbicide history (Smith, 2017).  Growers who intend to 

plant cover crops should be aware of the previous herbicides applied and how they might 

influence cover crop establishment.  According to the National Crop Residue 

Management Survey conducted by the Conservation Technology Information Center in 

2008, over 62% of the soybean acres in the US were grown using conservation tillage 

practices (CTIC, 2008). No-till practices alone were used on 39.9% of the US soybean 

acres in 2008 (CTIC, 2008).  Because no-till farming prohibits the use of tillage, 

producers are unable to receive any weed control from tillage, so they place reliance 
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mostly on the use of herbicides.  Herbicides became the principal weed control method in 

soybean in the 1960’s, when soil incorporated and pre-emergent (PRE) herbicides 

became popular (Carpenter, 1999).  Weed control in no-till systems relies greatly on 

herbicides applied pre-plant, PRE and post-emergence (POST) (Uri, 2000).  Since 

Roundup Ready crops became available in the mid-1990s with the release of glyphosate-

resistant soybean, cotton and corn in 1996, 1997 and 1998, respectively, there has been a 

growing trend toward total reliance on weed control POST (Young, 2006).  However, due 

to the predominance of troublesome herbicide-resistant weeds like the Amaranthus 

(pigweed) species in soybean, many weed scientists now recommend applying effective 

residual herbicides when making POST applications (Norsworthy et al., 2012).  Data 

from a USDA Cropping Practices Survey shows that herbicide use rates were higher in 

conservation tillage compared to conventional tillage from 1990 to 1995 (NRCS, 1998).  

Thus, chemical weed control has replaced tillage as the primary weed control method in 

soybean, especially no-till soybean.   

 Many herbicides used in soybean have residual properties that can affect 

subsequently-planted cover crops (Carpenter, 1999).  Residual herbicides are often used 

due to their persistence and ability to provide season-long weed control (Helling, 2005).  

However one disadvantage to using residual herbicides is their ability to persist longer 

than necessary and injure subsequent crops (Colquhoun, 2006).  Common residual 

herbicides used in soybean include acetochlor, chlorimuron-ethyl, fomesafen, 

imazethapyr, pendimethalin, pyroxasulfone, S-metolachlor, flumioxazin and 

sulfentrazone.  The term half-life is commonly used to quantify the length of residual 

activity of a herbicide.  It refers to the time required for dissipation of one half of the 
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original amount of herbicide applied (Colquhoun, 2006).  The half-lives of acetochlor, 

chlorimuron ethyl, fomesafen, imazethapyr, pendimethalin, pyroxasulfone, S-metolachlor 

and sulfentrazone are approximately 90, 30, 180, 180, 75, 47, 39, 12 and 110 days, 

respectively (Goetz et al., 1990; Jablonkai, 2000; Johnson and Talbert, 1993; Martinez et 

al., 2008; Sharma et al., 2012; Singh et al., 2002; Taylor-Lovell et al., 2001; Westra et al., 

2014).  These half-lives are dependent on numerous factors including climate, soil type, 

soil moisture, soil organic matter, microbial populations and soil pH (Colquhoun, 2006; 

Gevao et al., 2000; Koskinen and McWhorter, 1986).  As residual herbicide use 

continues to increase in Midwest cropping systems, specifically POST residual herbicide 

applications, growers will need to be mindful of succeeding cropping plans when making 

residual herbicide and cover crop decisions (Colquhoun, 2006; Smith, 2015).   

 Walsh et al. (1993) investigated imazethapyr and chlorimuron-ethyl persistence 

and found that hairy vetch, oats and annual ryegrass biomass were not reduced by either 

herbicide when evaluated the spring following establishment.  Cornelius and Bradley 

(2017a) found that cereal rye was not affected by a previous application of acetochlor, 

chlorimuron, chlorimuron plus thifensulfuron, cloransulam, flumioxazin, fomesafen, 

fomesafen plus S-metolachlor, imazethapyr, lactofen, metribuzin, pyroxasulfone, S-

metolachlor, sulfentrazone, and sulfentrazone plus cloransulam in soybean.  Other 

species such as annual ryegrass and winter oats were very susceptible to pyroxasulfone, 

which caused stand reductions of 57 and 33% in 2013 and 68 and 45% in 2015, 

respectively (Cornelius and Bradley, 2017a).  Additionally, oilseed radish stand reduction 

occurred as a result of a previous application of fomesafen and imazethapyr in soybean 

(Cornelius and Bradley, 2017a).  Tharp and Kells (2000) found that EPTC and 
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metolachlor caused significant density reduction to oats (99 and 35%, respectively) when 

applied two hours after seeding, but pendimethalin caused no reduction.  When planted 

forty days after herbicide treatment, annual ryegrass was injured by metolachlor and 

pendimethalin 96 and 43%, respectively (Tharp and Kells, 2000).  Yu et al. (2015) found 

that cereal rye was not injured from applications of imazethapyr, salfulfenacil + 

dimethenamid-P and S-metolachlor + atrazine + mesotrione when planted three months 

after the herbicides were applied.  The recommended field use rate of imazethapyr (100 

grams per hectare) applied three months prior to planting has been found to cause 33% 

injury to radish one week after emergence (Yu et al., 2015).  This same rate of 

imazethapyr caused 8% visible injury to hairy vetch four weeks after emergence (Yu et 

al., 2015).  A study from Kendig et al. (1991) concluded that large-seeded cover crops are 

able to tolerate soybean herbicide residues and that clover and hairy vetch were more 

susceptible to herbicides than wheat and cereal rye.   

 Little information is included on herbicide labels addressing cover crop 

sensitivity.  As cover crop use increases in the Midwest, it is necessary for growers to be 

aware of potential establishment issues after certain residual soybean herbicides have 

been applied.  Successful establishment of cover crops is key, and residual herbicide 

carryover is one obstacle to overcome before planting.  Therefore, as POST residual 

herbicide applications continue to become more prevalent, more research is necessary to 

understand cover crop sensitivity to common residual herbicides used in soybean 

production in the Midwest.   
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Cover Crop Termination  

Successful termination of a cover crop is crucial to avoid competition between the 

cover crop and the succeeding cash crop (Smith, 2015).  Additionally, the longer cover 

crops are able to grow, the more depleted water resources become, which ultimately 

affects the yield potential of the following crop (Unger and Vigil, 1998). If not properly 

terminated, cover crops can cause mid- to late-season interference with cash crops (White 

and Worsham, 1990).  Cover crops may be terminated through mechanical (tillage, 

rolling and mowing) and chemical control methods (Kornecki et al., 2009). Mowing or 

rolling cover crops does not disrupt soil structure, however the disadvantage of these 

techniques is that the cover crop may be able to resume growth and compete (Raper et al., 

2004).  Also, cover crop residues may not be as uniformly distributed on top of the soil 

when mowing is used as the termination method (Creamer and Dabney, 2002).  Using 

rolling as a method to terminate cereal rye has produced variable results.  For example, 

Mirsky et al. (2009) showed that rolling at the flowering stage of growth was more 

effective than earlier stages but this generally occurred at the end of May, which is later 

and less ideal for planting most agronomic crops in a timely manner (Kandel et al., 2016).  

A later termination timing (early-June) was also the most effective timing for the control 

of a hairy vetch-triticale mix (Keene et al., 2017).  A similar study investing hairy vetch 

termination found that mid- to late-June was the most effective time to terminate using 

the roller-crimper method (Mischler et al., 2010).  Ideal planting dates in the Midwest for 

cash crops such as corn and soybeans range from early-April to mid- to late-May, so 

termination via roller-crimper in June is not a suitable termination option for many 

growers.  Neu and Nair (2017) found that complete control of cereal rye was not 
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accomplished using a roller-crimper method.  The USDA’s Natural Resources 

Conservation Service recommends that growers terminate cover crops with herbicides 

rather than tillage due to compaction and soil structure issues associated with tillage 

(Stewart, 2013).  Herbicidal control of cover crops has become one of the most common 

methods of termination because sprayers can travel at higher speeds, cover more acreage 

in a shorter period of time, and application costs are relatively inexpensive (Raper et al., 

2004).   

According to Johnson and Talbert (1993), glyphosate and paraquat are the most 

commonly used herbicides to terminate living cover crops.  Cornelius and Bradley 

(2017b) conducted research in Missouri to determine the most effective herbicide 

programs for cover crop termination in various species at two different timings. Cornelius 

and Bradley (2017b) found that glyphosate-based programs provided the best control of 

winter wheat, cereal rye and annual ryegrass, and also found that terminating cover crops 

in early-April as opposed to early-May provided better visual control and biomass 

reduction of most cover crop species.  However, glyphosate applied alone did not provide 

adequate control of hairy vetch or crimson clover (Cornelius and Bradley, 2017b; White 

and Worsham, 1990).  Control of leguminous crops like hairy vetch, crimson clover and 

Austrian winter pea has been shown to be highest with treatments containing 2,4-D or 

dicamba (Cornelius and Bradley, 2017b; Curran et al., 2015; Davis, 2010; White and 

Worsham, 1990).  Additionally, Johnson et al. (1993) determined that atrazine or 

cyanazine mixed with glyphosate provided adequate control of hairy vetch.  Although 

there has been research conducted to investigate the most effective herbicide options for 

the control of some of the more common cover crop species, these studies need to be 
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expanded upon to determine the most effective herbicide programs for the termination of 

a diverse array of cover crop species across a broader geography in the U.S.   

Residual Herbicides and Cover Crops    

Cover crops have the ability to be a useful tool to suppress many weeds, 

especially winter annual weed species (Cornelius and Bradley, 2017c; Kruidhof et al., 

2008; Reddy et al., 2003).  Living cover crops are able to compete directly with winter 

annual weeds for sunlight, nutrients and water as they are actively using these resources.  

Cover crops have more of an effect on winter annual weeds that emerge in January or 

February, as the cover crop has had time to become established and begin to block 

sunlight needed for weed seed germination (Huarte and Arnold, 2003).  Henbit (Lamium 

amplexicaule L.), common chickweed [Stellaria media (L.) Vill.], and field pennycress 

(Thlaspi arvense L.) are three common winter annual weeds in the Midwest that were 

found to be controlled best by cereal rye (68%) and cereal rye plus hairy vetch (72%) 

(Cornelius and Bradley, 2017c).  A similar study conducted by Hayden et al. (2012) 

found that control of winter annuals such as field pennycress, henbit and common 

chickweed (Stellaria media (L.) Vill.) from cereal rye plus hairy vetch can be as high as 

89%.  Cover crops grown during the winter are better able to suppress winter annual 

weeds than summer annuals (Kruidhof et al., 2008).   

While cover crops can provide adequate control of winter annual weeds, control 

of summer annual weeds is often more variable.  However, Teasdale and Mohler (1993) 

found that small-seeded, summer annual weeds are more likely to be affected by cover 

crops than large-seed summer annuals.  Teasdale et al. (1991) found that cereal rye and 

hairy vetch reduced the density of summer annual weeds when used as cover crops.  
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Higher cereal rye and hairy vetch biomass resulted in higher control of small-seeded 

summer annuals like common lambsquarters (Chenopodium album L.), whereas large-

seeded summer annual weeds like velvetleaf (Abutilon theophrasti Medik.) were less 

sensitive (Mirsky et al., 2011; Teasdale and Mohler, 1993).  De Bruin et al. (2005) 

determined that cereal rye alone did not adequately control large-seeded, summer annual 

broadleaves like common ragweed (Ambrosia artemisiifolia L.), giant ragweed 

(Ambrosia trifidia L.), and common cocklebur (Xanthium strumarium L.), but Liebl et al. 

(1992) found that pigweed species (Amaranthus spp.) and common lambsquarters control 

was greatly improved by a cereal rye mulch. Webster et al. (2013) also found that Palmer 

amaranth (Amaranthus palmeri S. Watson) control was 75% with cover crop biomass 

levels up to 8,600 kilograms per hectare.   

While cover crops can provide control of certain summer annual weed species, 

they generally do not provide control of these species for the entire growing season 

(Cornelius and Bradley, 2017c; Reddy et al., 2003).  Because of the lack of adequate 

season long weed suppression, cover crops should be incorporated into a weed 

management program that uses other methods of control, such as herbicides (De Bruin et 

al., 2005; Teasdale et al., 2007; Williams et al., 1998).  Residual herbicides applied PRE 

and POST are popular weed control tactics in no-till soybean.  The use of PRE, residual 

herbicides with multiple effective, mechanisms of action is one of the primary 

recommendations for the management and mitigation of herbicide-resistant weeds 

(Norsworthy et al., 2012).  In 2014, the most commonly used herbicides in soybean, aside 

from glyphosate, were 2,4-D, flumioxazin and chlorimuron, each comprising 

approximately 11% of the market (Green, 2014).  Flumioxazin and chlorimuron are both 



  

 11 

residual herbicides.  Green (2014) also indicated that there has been an increase in the 

number of applications of glyphosate with residual herbicides.  

In recent years, there has been interest in the possibility of applying a residual 

herbicide in combination with non-selective herbicides at the time of cover crop 

termination, rather than separating out these applications.  One question that remains is to 

what extent individual cover crops species may intercept the residual herbicide and keep 

it from reaching the soil.  Any residual herbicide that is retained by plant residue reduces 

the amount that reaches the soil and thus can have a detrimental effect on weed control 

(Reddy et al., 1995).  Few studies have been conducted to determine a plant residue’s 

capacity to intercept residual herbicides that are intended to reach the soil surface.  Banks 

and Robinson (1982) found that with higher amounts of wheat straw residue, less 

metribuzin reached the soil.  For example, no metribuzin was detected when 9,000 kg/ha 

of straw was present, whereas 2,250 kg/ha of straw allowed nearly 25% of the metribuzin 

to reach the soil surface (Banks and Robinson, 1982).   

As herbicide-resistant weeds continue to dominate U.S. soybean production 

systems, it is necessary to continue to develop integrated weed management strategies 

that incorporate both chemical and cultural control methods.  Cover crops and residual 

herbicides continue to be popular weed control strategies in no-till soybean production 

systems.  This research seeks to understand how residual herbicides and cover crops can 

most effectively be integrated together for optimum weed control in a soybean production 

system.     

The objectives of this research are (1) to determine the sensitivity of a variety of 

cover crop species to residual soybean herbicide treatments applied at different timings, 
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(2) to evaluate herbicide treatments for the successful termination of common cover crop 

species, and (3) to evaluate and identify the most effective strategies for the integration of 

residual herbicides with cover crops in a soybean production system. 
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Chapter II 

Herbicide Programs for the Termination of Grass and Broadleaf Cover Crop 

Species 

Derek M. Whalen, Mandy D. Bish, Shawn Conley, Jason Norsworthy, Dan Reynolds, 

Bryan Young and Kevin W. Bradley 

 

Abstract 

The use of cover crops in soybean production systems has increased in recent 

decades.  There are many questions surrounding cover crops, specifically their benefits to 

crop production and how to best manage them.  One management aspect to consider is 

how to effectively terminate cover crops in the spring before soybean planting.  Few 

studies have been conducted to evaluate the effect of different herbicide treatments on the 

termination of a variety of different cover crop species in the spring.  An identical field 

experiment was conducted in 2016 in Arkansas, Indiana, Missouri and Wisconsin and 

repeated in Arkansas, Indiana, Mississippi and Missouri in 2017 to evaluate the most 

effective herbicide treatments for spring termination of regionally-specific cover crops, 

including annual ryegrass Austrian winter pea, cereal rye, crimson clover, hairy vetch, 

purple top turnip, triticale and wheat.  Cover crop species were planted from September 4 

to September 24 in 2015 and from September 27 to November 2 in 2016.  Glyphosate-, 

glufosinate-, and paraquat-based treatments were applied between April 15 and April 29 

in 2016 and April 10 and April 20 in 2017. Visible control of cover crops was determined 

28 days after application.  Glyphosate-based herbicide treatments were more effective 

and provided from 71 to 97% control of grass cover crop species across all site years 

compared to paraquat- and glufosinate-based treatments, which provided 72 to 83% and 

64 to 76% control, respectively.  Across all site-years, 1.12 kg glyphosate ha-1 applied 
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alone and with 0.56 kg 2,4-D ha-1, 0.025 kg saflufenacil ha-1 or 0.56 kg clethodim ha-1 

were the only treatments to be most effective on all grass cover crop species.  Annual 

ryegrass control ranged from 85 to 94% with glyphosate alone or in combination with 

2,4-D, saflufenacil and clethodim; and paraquat plus metribuzin plus 2,4-D ha-1.  

Glyphosate-, paraquat- or glufosinate-based treatments were generally most effective on 

broadleaf cover crop species when applied with 2,4-D or dicamba.  Results from this 

research indicate that proper herbicide selection is crucial to the successful termination of 

cover crops in the spring.    

Introduction 

 Cover crops have increased in popularity in recent years, most likely due to 

reports of increased soil organic matter, reductions in soil erosion and increased nutrient 

availability (Pimentel et al., 1995; Reddy et al., 2003; Sainju and Singh, 1997; Williams 

et al., 1998).  Certain cover crops can also provide increased control of winter annual 

weeds and small-seeded broadleaves in early spring (Bell et al., 2016; Cornelius and 

Bradley, 2017b; Kruidhof et al., 2011; Webster et al., 2013).  Herbicide-resistant Palmer 

amaranth (Amaranthus palmeri S. Watson) and waterhemp (Amaranthus tuberculatus 

(Moq.) J. D. Sauer) are two of the most difficult-to-control weeds in the U.S. (Van 

Wychen 2017) but it has been shown that cover crops can provide some degree of early-

season control of these species (Bell et al., 2016; DeVore et al., 2013; Loux et al., 2017; 

Van Wychen, 2017).  As cover crop usage continues to increase, one primary concern is 

the ability to effectively terminate the crop after its purpose has been served (Cornelius 

and Bradley, 2017a).  Effective cover crop termination is imperative so that cover crops 

do not become weeds in the subsequent cash crop and compete for vital resources 
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(Nascente et al., 2013; White and Worsham, 1990).  If not effectively terminated, cereal 

rye (Secale cereal L.), hairy vetch (Vicia villosa Roth), winter wheat (Triticum aestivum 

L.), crimson clover (Trifolium incarnatum L.) and annual ryegrass (Lolium multiflorum 

Lam.) have all resulted in soybean yield  decreases  (Reddy, 2001; Thelen et al., 2004).  

Previous cover crop termination research has focused primarily on mechanical methods, 

including the roller-crimper and mowing, and both have produced inconsistent and 

unsatisfactory results (Kornecki et al., 2009; Raper et al., 2004).  For example, Neu and 

Nair (2017) found that cereal rye could not be successfully terminated using the roller-

crimper method.  Raper et al. (2004) also found that cover crops are be able to resume 

growth following mowing or crimping if not completely terminated.  Additionally, the 

most effective stage to terminate cereal rye and hairy vetch using the roller-crimper 

method is the reproductive stage, typically late May to early June, which is much later 

and less ideal for planting agronomic cash crops (Creamer and Dabney, 2002; Kandel et 

al., 2016; Keene et al., 2017).    

  In recent years, cover crop termination using herbicides has proven to be a 

feasible and effective termination method.  Due to relatively inexpensive application 

costs and the ability to cover more acreage in a shorter amount of time, chemical control 

has become one of the most common methods for cover crop termination (Raper et al., 

2004).  The results from several studies have revealed that glyphosate-based termination 

programs provide the best control of grass cover crop species such as cereal rye, annual 

ryegrass and wheat (Cornelius and Bradley, 2017a; Palhano et al., 2018; Young et al., 

2016).  In 2016, Young et al. found that 0.86 kg glyphosate ha-1 provided 98% control of 

cereal rye, whereas 0.11 kg clethodim ha-1 provided only 64% control (Young et al., 
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2016).  Glyphosate applied at 0.86 kg ae ha-1 alone and in mixture with other herbicides 

controlled cereal rye and winter wheat at least 99%, except when glyphosate and 0.60 kg 

glufosinate ha-1 were applied to wheat, which was controlled 92% (Palhano et al., 2018).  

Previous research indicates that annual ryegrass is most effectively terminated with a tank 

mixture of glyphosate plus clethodim (Cornelius and Bradley, 2017a; Nandula et al., 

2007).  However, glyphosate alone does not provide effective termination of many 

leguminous cover crop species (Cornelius and Bradley, 2017a; Palhano et al., 2018).  

Cornelius and Bradley (2017) and White and Worsham (1990) found that legume cover 

crop species such as hairy vetch, Austrian winter pea and crimson clover were most 

effectively terminated with herbicide programs that contained either dicamba or 2,4-D.  

Palhano et al. (2018) also reported that paraquat plus metribuzin provided at least 90% 

control of Austrian winter pea, crimson clover and hairy vetch.   

A variety of cover crop species are currently being utilized prior to soybean 

planting in the U.S.  Some of the more popular species include cereal rye, hairy vetch, 

triticale (Triticosecale rimpaui), Austrian winter pea (Pisum sativum L.), crimson clover, 

annual ryegrass, winter wheat and turnips (Brassica campestris L.) (Myers et al., 2015).  

While some research has been conducted on herbicide termination of individual cover 

crop species, few studies have been conducted across a variety of common grass and 

broadleaf cover crop species, or across a numerous states in the U.S.  Therefore, the 

objective of this research was to determine the most effective herbicide treatments for 

successful termination of a diverse array of cover crop species across a wide geography 

in the spring.   
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Materials and Methods 

Site Description.  Field experiments were conducted in 2016 in Washington County, 

Arkansas; Jennings County, Indiana; Boone County, Missouri; and Columbia County, 

Wisconsin and repeated in 2017 in Washington County, Arkansas; Jennings County, 

Indiana; Boone County, Missouri and Oktibbeha County, Mississippi to determine the 

most effective herbicide treatments for the termination of cover crop species.  Cover 

crops were planted in 2015 from September 4 to September 24 and in 2016 from 

September 27 to November 2.   The seeding rates for the winter annual cover crops were 

123 kg winter wheat ha-1; 123 kg cereal rye ha-1; 34 kg annual ryegrass ha-1; 45 kg 

crimson clover ha-1; 56 kg Austrian winter pea ha-1; 34 kg hairy vetch ha-1; 123 kg 

triticale ha-1 and 16 kg purple top turnip ha-1.  Site-specific information regarding soil 

type, soil characteristics and cover crop planting dates are listed in Table 2.1.  Monthly 

rainfall information is presented in Table 2.2. 

 The experiment was conducted as a randomized complete block in a split-plot 

arrangement of treatments.  Cover crop species served as whole plots and herbicide 

treatments as the subplots.   Individual plots were 3 x 3 m with each treatment being 

replicated 4 times.  Herbicide treatments consisted of 18 herbicide programs applied in 

early April (Table 2.3), which has been found to be one of the most effective times to 

terminate cover crops prior to soybean planting (Cornelius and Bradley, 2017a).  

Application dates and cover crop heights at herbicide application are presented in Table 

2.4. Applications were made using a CO2-pressurized backpack sprayer equipped with 

XR 8002 flat-fan nozzle tips (TeeJet®, Spraying Systems Co., PO Box 7900, Wheaton, 

IL 60187) that delivered 140 L ha−1 at 117 kPa at a speed of 5 km/h.   



  

 26 

Treatment Evaluation and Data Collection.  All cover crop species were evaluated 28 

days after treatment (DAT) for visual control (VC) on a scale of 0 to 100%, with 0% 

being equivalent to no control and 100% being equivalent to complete cover crop death.   

Statistical Analysis.  All data were analyzed in SAS (SAS 9.4, SAS® Institute Inc. Cary, 

NC) using the PROC GLIMMIX procedure.  Year-site combinations, states and 

replications (nested within states) were considered to be sampled at random and are 

therefore random effects.  Considering replication and site-year as random effects in the 

model allows inferences to be made over a wide range of environments (Blouin et al., 

2011; Carmer et al., 1989).  Herbicide treatments and cover crop species were considered 

fixed effects.  Fisher’s Protected LSD at P<0.05 was used to separate individual treatment 

means.   

Results and Discussion 

Grass Cover Crop Species. There were significant differences in visual control (P 

<0.0001) across all cover crop species and herbicide treatments.  There was a significant 

interaction of cover crop species by herbicide treatment for visual control (P <0.0001).  

Cereal rye was terminated most effectively with treatments of paraquat plus metribuzin 

plus 2,4-D, glyphosate, or glyphosate in combination with 2,4-D, dicamba, saflufenacil, 

clethodim, metribuzin plus chlorimuron plus 2,4-D, and metribuzin plus 2,4-D (Figure 

2.1).  Previous research has shown that glyphosate alone or in combination with 2,4-D, 

saflufenacil, or dicamba provided excellent control of cereal rye (Cornelius and Bradley, 

2017a; Palhano et al., 2018; Young et al., 2016).  Specifically, Palhano et al. determined 

that glyphosate alone and glyphosate with 0.53 or 1.1 kg 2,4-D ha-1, 0.28 or 0.56 kg 

dicamba ha-1, and 0.56 kg dicamba ha-1  plus 0.50 kg saflufenacil ha-1 provided 99 to 
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100% control of cereal rye 28 DAT (Palhano et al., 2018).  Glyphosate-based treatments 

provided from 94 to 99% visual control of cereal rye while paraquat- and glufosinate-

based treatments provided from 79 to 90% and 71 to 77% control, respectively (Figure 

2.1).   

Annual ryegrass control was much more variable with almost all herbicide 

treatments compared to cereal rye (Figure 2.2).  This is consistent with results from 

Cornelius and Bradley (2017), who reported greater variability in annual ryegrass control 

between herbicide treatments and application timings compared to other grass cover crop 

species.  Treatments of glyphosate, glyphosate plus 2,4-D, glyphosate plus saflufenacil, 

glyphosate plus clethodim and paraquat plus metribuzin plus 2,4-D were most effective, 

providing 85 to 94% control of annual ryegrass (Figure 2.2).  Cornelius and Bradley 

(2017) also reported 94 to 95% annual ryegrass control with glyphosate plus 2,4-D or 

saflufenacil applied in early April (Cornelius and Bradley, 2017a).  Across 3 different 

application timings, Cornelius and Bradley reported that 1.4 kg glyphosate ha-1 plus 

0.136 kg clethodim ha-1 and glyphosate at 2.8 kg ha-1 were the only two treatments to 

provide > 90% control of annual ryegrass (Cornelius and Bradley, 2017a).  Paraquat-

based treatments resulted in 77 to 85% control of annual ryegrass, while glufosinate-

based treatments provided 57 to 80% control (Figure 2.2).   

Visual control of winter wheat ranged from 68 to 99%, with glyphosate-based 

treatments providing higher control than paraquat- and glufosinate-based treatments 

(Figure 2.3).  Treatments consisting of glyphosate alone or with clethodim, saflufenacil, 

dicamba or 2,4-D provided the most effective control (94-99%) of winter wheat  (Figure 

2.3).  Glufosinate-based treatments provided control that ranged from 68 to 75% while 
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control from paraquat-based treatments ranged from 75 to 84% (Figure 2.3).  These 

results are similar to those of Palhano et al., who reported that visual control of wheat 

was most effective with glyphosate-based treatments, followed by paraquat- and then 

glufosinate-based treatments (Palhano et al., 2018).  Cornelius and Bradley reported 

glyphosate alone or applied with 2,4-D, dicamba, saflufenacil or atrazine resulted in 

greater than 91% control of winter wheat (Cornelius and Bradley, 2017a). 

 Visual control of triticale was highly variable among paraquat- and glufosinate 

based treatments (Figure 2.4).  Triticale control with glufosinate-based treatments ranged 

from 56 to 72%, while paraquat-based treatments provided 55 to 73% control (Table 2.6).  

Glyphosate-based treatments were the most effective on this species as well, with 

treatments of glyphosate alone and applied with 2,4-D, dicamba, saflufenacil, clethodim, 

metribuzin plus chlorimuron plus 2,4-D and metribuzin plus 2,4-D providing 87 to 99% 

control of triticale (Figure 2.4).   

Cereal rye, annual ryegrass, winter wheat and triticale were best controlled by 

glyphosate-based treatments (Figure 2.5).  When averaged across all of these grass cover 

crop species, greater than 91% control was achieved with glyphosate plus clethodim, 

glyphosate plus saflufenacil, glyphosate plus 2,4-D and glyphosate alone (Figure 2.5).  

These results are similar to those of Cornelius and Bradley (2017) and Palhano et al. 

(2018), who found that winter wheat, cereal rye and annual ryegrass were most 

consistently controlled with glyphosate-based treatments (Cornelius and Bradley, 2017a; 

Palhano et al., 2018).  All glyphosate-based treatments except for glyphosate plus 

metribuzin plus 2,4-D provided higher levels of control than all other glufosinate- and 

paraquat-based treatments (Figure 2.5).    Glufosinate-containing treatments, specifically 
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glufosinate plus 2,4-D, glufosinate plus dicamba and glufosinate plus saflufenacil, 

provided the lowest levels of control (64-68%)  (Figure 2.5).  Palhano et al. (2018) 

observed similar results with glufosinate-based treatments on cereal rye and wheat, with 

0.59 kg glufosinate ha-1 plus 0.53 kg 2,4-D ha-1 providing only 76 and 77% control 28 

days after treatment (DAT) and 0.59 kg glufosinate ha-1 plus 0.56 kg dicamba ha-1 

providing only 78% control (Palhano et al., 2018).  Several authors have reported that 

glyphosate consistently provides more effective control of annual grass species compared 

to glufosinate (Culpepper et al., 2000; Riar et al., 2011; Whitaker et al., 2011).  Across 

grass species, paraquat-based treatments provided 72 to 83% control (Figure 2.5).   

Greater control of grass cover crop species was achieved with paraquat plus dicamba, 

metribuzin plus 2,4-D and chlorimuron plus metribuzin plus 2,4-D compared to paraquat 

alone.  

Broadleaf Cover Crop Species.  Less variability existed between herbicide treatments 

for the control of hairy vetch, with control ranging from 80 to 100% (Figure 2.6).  

Paraquat in combination with 2,4-D, dicamba, metribuzin plus chlorimuron plus 2,4-D, 

and metribuzin plus 2,4-D provided at least 98% control of hairy vetch (Figure 2.6).  

Additionally, all glufosinate-based treatments provided at least 93% control (Figure 2.6).  

Glyphosate applied with 2,4-D, dicamba, saflufenacil, metribuzin plus chlorimuron plus 

2,4-D and metribuzin plus 2,4-D resulted in 93 to 99% control (Figure 2.6).  White and 

Worsham (1990) reported that greater than 97% control of hairy vetch was achieved with 

1.7 kg glyphosate ha-1 plus 0.6 kg 2,4-D ha-1, 1.7 kg glyphosate ha-1 plus 0.3 kg dicamba 

ha-1, 0.6 kg paraquat ha-1 plus 0.6 kg 2,4-D ha-1, 1.1 kg 2,4-D ha-1, 0.6 kg dicamba ha-1, 

0.6 kg paraquat ha-1 plus 0.3 kg dicamba ha-1 and 0.6 kg paraquat ha-1.  Additionally, 
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Curran et al. (2015) found that applications of 1.4 kg dicamba ha-1, 1.4 kg 2,4-D ha-1 or 

1.4 kg dicamba ha-1 plus 1.4 kg 2,4-D ha-1 provided greater than 90% control of hairy 

vetch when applied early- to mid-April.  Paraquat, glyphosate and glyphosate plus 

clethodim were the least effective treatments on hairy vetch control, with control ranging 

from 80 to 84% (Figure 2.6).  These results are consistent with those of Cornelius and 

Bradley (2017a), who reported that 1.12 kg glyphosate ha-1 and 1.12 kg paraquat ha-1 

applied in early April provided only 73 and 54% visual control, respectively, as well as 

Palhano et al. (2018) who found that 0.87 kg glyphosate ha-1 only provided 56% control 

of this species.   

 As with hairy vetch, the herbicide treatments evaluated in this research provided 

consistent and effective control of Austrian winter pea across locations, with control 

ranging from 81 to 100% (Figure 2.7).  Glyphosate applied alone and in combination 

with 2,4-D, dicamba, clethodim, or metribuzin plus 2,4-D; paraquat; and glufosinate plus 

saflufenacil provided control lower than 92% (Figure 2.7).  All other treatments provided 

93 to 100% control of Austrian winter pea (Figure 2.7).  Cornelius and Bradley (2017a) 

also reported that the most effective treatments for Austrian winter pea were those that 

contained either dicamba or 2,4-D.  Glyphosate and glyphosate plus clethodim were the 

least effective treatments on Austrian winter pea (Figure 2.7), which is consistent with 

results from Palhano et al. (2018), who found that 0.87 kg glyphosate ha-1 provided only 

56% control.   

Crimson clover was most effectively controlled with glufosinate alone and 

glufosinate plus 2,4-D, dicamba, metribuzin plus chlorimuron plus 2,4-D, metribuzin plus 

2,4-D; glyphosate plus 2,4-D, dicamba, saflufenacil, metribuzin plus chlorimuron plus 
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2,4-D and paraquat plus 2,4-D, dicamba, metribuzin plus chlorimuron plus 2,4-D and 

metribuzin plus 2,4-D, (Figure 2.8).  These results are similar to those of Cornelius and 

Bradley (2017a), who reported that glyphosate applied with 2,4-D, dicamba or 

saflufenacil provided 90 to 92% control of crimson clover.  However, these results differ 

from those of Palhano et al. (2018), who found that glyphosate plus 2,4-D, dicamba or 

saflufenacil, provided only 63 to 72% control of crimson clover, as well as White and 

Worsham (1990), who reported that 1.7 kg glyphosate ha-1 plus 0.6 kg 2,4-D ha-1 and 1.7 

kg glyphosate ha-1 plus 0.3 kg dicamba ha-1 provided only 73 and 76% control, 

respectively.  In the same study by White and Worsham (1990), crimson clover was most 

effectively terminated with 0.6 kg paraquat ha-1, 0.6 kg paraquat ha-1 plus 0.6 kg 2,4-D 

ha-1 and 0.6 kg paraquat ha-1 plus 0.3 kg dicamba ha-1.   

Control of purple top turnip was generally more effective from treatments that 

included 2,4-D or dicamba compared to those without (Figure 2.9).  Control of purple top 

turnip was greater than 87% with applications of glufosinate alone or in combination with 

metribuzin plus chlorimuron plus 2,4-D, metribuzin plus 2,4-D, dicamba; with paraquat 

in combination with 2,4-D, dicamba, metribuzin plus chlorimuron plus 2,4-D, metribuzin 

plus 2,4-D; and glyphosate in combination with 2,4-D, saflufenacil and metribuzin plus 

chlorimuron plus 2,4-D (Figure 2.9).   Paraquat was the least effective treatment for 

terminating purple top turnip, providing only 53% control (Figure 2.9).   

Across all broadleaf species, treatments of paraquat; glyphosate applied alone and 

in combination with 2,4-D, dicamba, clethodim, or metribuzin plus 2,4-D; and 

glufosinate applied alone and in combination with saflufenacil provided visual control 

lower than 92% (Figure 2.10) All other herbicide treatments provided control of  at least 



  

 32 

92% (Figure 2.10).  All other herbicide treatments provided control of at least 92% 

(Figure 2.10) Treatments that included a dicamba or 2,4-D were generally most effective 

on broadleaf cover crop species (Figure 2.10).  This trend was also reported by Cornelius 

and Bradley, who found that broadleaf cover crop termination was generally improved by 

adding 2,4-D or dicamba (Cornelius and Bradley, 2017a).  Palhano et al. reported that 

Austrian winter pea, crimson clover and hairy vetch were best controlled by 0.56 kg 

paraquat ha-1 and 0.56 kg metribuzin ha-1 (Palhano et al., 2018).  Paraquat applied alone 

was the least effective treatment across all broadleaf cover crop species, with average 

control of only 75% (Figure 2.10).   

Conclusions.  Effective cover crop termination prior to soybean planting is essential to 

avoid competition for crucial resources needed for crop growth.  Herbicides have proven 

to be an effective and feasible method of cover crop termination.  The results from these 

experiments indicate that grass cover crop species are most effectively terminated with 

glyphosate-based herbicide treatments, while treatments containing dicamba or 2,4-D in 

combination with glyphosate, glufosinate, or paraquat are generally more effective on 

broadleaf cover crop species.  Growers should take into account the ease of termination 

when selecting cover crop species, as the control of certain species like annual ryegrass 

can be much more difficult and inconsistent across a broad geography (Figure 2.2).    
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Table 2.1. Site characteristics for field trials conducted in 2016 and 2017.a 

 Soil properties 

Cover Crop Planting Dates Location Year Texture %OM pH CEC 

       

ARb 2016 Captina silt loam 2.0 5.8 13.1 9/16/15 

 2017 Captina silt loam 2.0 5.8 13.1 10/20/16 

INc 2016 Cobbsfork silt loam 2.4 7.3 6.5 9/24/15 

 2017 Cobbsfork silt loam 1.9 6.0 5.4 9/27/16 

MOd 2016  Mexico silt loam 2.3 5.4 19.0 9/12/15 

 2017 Mexico silt loam 2.3 5.7 18.0 9/29/16 

MSe 2017 Marietta fine sandy loam 0.65 7.9 9.0 11/2/16 

WIf 2016 Plano silt loam 3.8 6.9 - 9/4/15 

a Abbreviations: OM, organic matter; CEC, cation exchange capacity (meq/100 g soil). 

b Fayetteville, Arkansas. Arkansas Agriculture Research and Extension Center (AAREC), University of Arkansas. (36.092996, -

94.173423).  

c Butlerville, Indiana. Southeast Purdue Agricultural Center (SEPAC), Purdue University. (39.032428, -85.525611).  

d Columbia, Missouri. Bradford Research and Extension Center, University of Missouri. (38.898432, -92.216371).  

e Starkville, Mississippi. R. R. Foil Plant Science Research Center, Mississippi State University.  (33.470807, -88.781666)  

f Arlington, Wisconsin. Arlington Agricultural Research Station. University of Wisconsin. (43.307943, -89.350072).  
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Table 2.2. Monthly rainfall (mm) in comparison to the 30-yr averages at all trial locations from April through October in 

2016 and 2017.a 

  Monthly Rainfall 

  ---------------------------------------------------------mm--------------------------------------------------------- 

Site Year April May June July August September October 

ARb 2016 100 102 52 221 94 61 135 

 2017 225 184 46 53 189 30 48 

 30 yr avg.g 109 132 121 82 77 116 104 

INc 2016 154 86 79 129 177 94 107 

 2017 146 173 177 99 53 74 115 

 30 yr avg. 114 128 109 115 109 80 93 

MOd 2016 56.7 80.8 28.7 274.0 149.4 142.5 24.9 

 2017 216.4 113.8 81.5 116.3 77.0 19.8 97.8 

 30 yr avg.  114 127 114 111 111 98 84 

MSe 2017 108 154 233 96 196 123 56 

 30 yr avg. 125 116 106 105 104 87 104 

WIf 2016 37 87 104 165 139 156 86 

 30 yr avg. 89 94 119 106 99 90 65 

a Abbreviations: yr, year; avg, average. 
b Fayetteville, Arkansas. Arkansas Agriculture Research and Extension Center (AAREC), University of Arkansas. (36.092996, -

94.173423). 
c Butlerville, Indiana. Southeast Purdue Agricultural Center (SEPAC), Purdue University. (39.032428, -85.525611). 
d Columbia, Missouri. Bradford Research and Extension Center, University of Missouri. (38.898432, -92.216371).  
e Starkville, Mississippi.  R. R. Foil Plant Science Research Center, Mississippi State University. (33.470807, -88.781666)  
f Arlington, Wisconsin. Arlington Agricultural Research Station. University of Wisconsin. (43.307943, -89.350072). 
g 30 year averages (1981-2010) obtained from the National Climatic Data Center (2011). 
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Table 2.3. Source of materials used in the experiments. 

Herbicidea Trade Name Formulation Rate Manufacturer Address 

   Kg ai or ae ha-1   

2,4-D Ester Lo-Vol 4 4 L 0.56 Tankoz Alpharetta, GA 

Chlorimuron + 

Metribuzin 
Canopy 75 WG 0.14 + 0.023 DuPont Wilmington, DA 

Clethodim SelectMax 0.97 SC 0.56 Valent Walnut Creek, CA 

Dicamba 
Clarity 4 L 0.56 BASF 

Research Triangle 

Park, NC 

Glufosinate 
Liberty 280 SL 0.59 Bayer CropScience 

Research Triangle 

Park, NC 

Glyphosate Roundup 

Powermax 
4.5 SC 1.12 Monsanto Company St. Louis, MO 

Metribuzin 
Sencor 75 DF 0.14 Bayer CropScience 

Research Triangle 

Park, NC 

Paraquat Gramoxone 

Inteon 2.0 SL 0.84 Syngenta Greensboro, NC 

Saflufenacil 
Sharpen 2.85 L 0.025 BASF 

Research Triangle 

Park, NC 

Ammonium Sulfate N-Pak AMS 3.4 L 2.9 Winfield Solutions St. Paul, MN 

Crop Oil Concentrate Relay 100 L 0.35 L ha-1 Van Diest Supply Webster City, IA 

Drift Control Agent InterLock 100 L 0.29 L ha-1 Winfield Solutions St. Paul, MN 
a Abbreviations: SL, soluble (liquid) concentrate; WG, water-dispersible granule; SC, soluble concentrate; L, Liquid; DF, dry flowable 
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Table 2.4. Height and stage of cover crops (cm) at the time of herbicide application.   

   Cover crop height and stage at the time of herbicide application 

    

Site Year 
Application 

Date 
Cereal Rye 

Hairy 

Vetch 

Italian 

Ryegrass 

Crimson 

Clover 
Wheat 

Purple Top 

Turnip 

Austrian 

Winter Pea 
Triticale 

   ----------------------------------------------------------------cm--------------------------------------------------------------- 

AR 2016 April 15 130-135 45-47 35-40 -a 50-60 - 50-56 - 

 2017 April 10 135-138 44-47 32-36 - 48-58 - 48-56 - 

   Heading Vegetative Tillering - Jointing - Vegetative - 

IN 2016 April 23 33-40 8-15 30-36 15-40 33-40 - - - 

 2017 April 12 20-25 5-8 20-28 5-10 28-36 - - - 

   Heading Vegetative Tillering Vegetative Jointing - - - 

MO 2016 April 15 23-39 20-26 20-35 - 30-41 40-55 20-25 26-40 

 2017 April 12 36-41 25-30 13-18 - 43-46 76-81 41-43 28-36 

   Heading Vegetative Tillering - Jointing Flowering Vegetative Jointing 

MS 2017 April 20 120-125 15-25 32-38 - - - 45-50 - 

   Heading Vegetative Tillering - - - Vegetative - 

WI 2016 April 29 15 - 13-15 8-10 - - - 8-10 

   Jointing - Tillering Vegetative - - - Jointing 

a Cover crops were not evaluated at every location.  
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Figure 2.1. Visual control of cereal rye across 8 site-years.  Mean visual control lines in red with the same letter are not significantly 

different based on Fisher’s LSD (p=0.05) X denotes an outlier; black bar within box denotes the median.    
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Figure 2.2. Visual control of annual ryegrass across 8 site-years.  Mean visual control lines in red with the same letter are not 

significantly different based on Fisher’s LSD (p=0.05) X denotes an outlier; black bar within box denotes the median.  
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Figure 2.3. Visual control of winter wheat across 7 site-years.  Mean visual control lines in red with the same letter are not 

significantly different based on Fisher’s LSD (p=0.05) X denotes an outlier; black bar within box denotes the median.  
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Figure 2.4. Visual control of triticale across 6 site-years. Mean visual control lines in red with the same letter are not significantly 

different based on Fisher’s LSD (p=0.05) X denotes an outlier; black bar within box denotes the median.   
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Figure 2.5. Visual control of grass cover crop species across 8 site-years in Arkansas, Indiana, Mississippi, Missouri, and Wisconsin. 

Bars with the same letter are not different, LSD=0.05.     
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Figure 2.6. Visual control of hairy vetch across 8 site-years. Mean visual control lines in red with the same letter are not significantly 

different based on Fisher’s LSD (p=0.05) X denotes an outlier; black bar within box denotes the median.  
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Figure 2.7. Visual control of Austrian winter pea across 5 site-years.  Mean visual control lines in red with the same letter are not 

significantly different based on Fisher’s LSD (p=0.05) X denotes an outlier; black bar within box denotes the median. 
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Figure 2.8. Visual control of crimson clover across 3 site-years.  Mean visual control lines in red with the same letter are not 

significantly different based on Fisher’s LSD (p=0.05) X denotes an outlier; black bar within box denotes the median.  
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Figure 2.9. Visual control of purple top turnip across 4 site-years.  Mean visual control lines in red with the same letter are not 

significantly different based on Fisher’s LSD (p=0.05) X denotes an outlier; black bar within box denotes the median.    



  

 
 

5
0

 

 

Figure 2.10.  Visual control of broadleaf cover crop species across 8 site-years in Arkansas, Indiana, Mississippi, Missouri, and 

Wisconsin. Bars with the same letter are not different, LSD=0.05.
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Chapter III 

Evaluation of Cover Crop Sensitivity to Residual Herbicides Applied in the Previous 

Soybean Crop 

Derek M. Whalen, Mandy D. Bish, Shawn Conley, Aaron Hager, Jason Norsworthy, Dan 

Reynolds, Lawrence Steckel, Bryan Young and Kevin W. Bradley 

 

Abstract 

In recent years, the use of cover crops has increased in Midwestern crop 

production systems. An important aspect of successful cover crop establishment is the 

preceding crop and herbicide program, as some herbicides have the potential to persist in 

the soil for several months. Few studies have been conducted to evaluate the sensitivity 

of cover crops to common residual herbicides used in soybean production.  An identical 

field experiment was conducted in 2016 in Arkansas, Illinois, Indiana, Missouri, 

Tennessee and Wisconsin and repeated in Arkansas, Illinois, Indiana, Mississippi and 

Missouri in 2017 to evaluate the potential of fomesafen, imazethapyr, chlorimuron + 

thifensulfuron, S-metolachlor, acetochlor, pyroxasulfone, acetochlor + fomesafen and 

fomesafen + S-metolachlor to carryover and injure or reduce the establishment of 

Austrian winter pea, cereal rye, crimson clover, hairy vetch, annual ryegrass, winter oats 

purple top turnip, tillage radish, triticale and winter wheat.  Each of the herbicides were 

applied 21 and 42 days after planting (DAP).  Three additional treatments that were 

evaluated included sulfentrazone + S-metolachlor pre-emergence (PRE), sulfentrazone + 

S-metolachlor PRE followed by (fb) fomesafen + S-metolachlor 21 DAP, and 

sulfentrazone + S-metolachlor PRE fb fomesafen + S-metolachlor 21 DAP fb acetochlor 

42 DAP.  Tillage radish and purple top turnip were the most susceptible cover crop 

species 28 days after cover crop emergence, with injury of 8.9 and 9.4%, respectively. 
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Across all herbicide treatments, the sensitivity of cover crops to herbicide residues in the 

fall, from greatest to least, was tillage radish = purple top turnip > annual ryegrass = 

winter oats = triticale > cereal rye = Austrian winter pea = hairy vetch = wheat > crimson 

clover.  Fomesafen (applied 21 and 42 DAP), chlorimuron plus thifensulfuron and 

pyroxasulfone applied 42 DAP, sulfentrazone plus S-metolachlor fb fomesafen plus S-

metolachlor and sulfentrazone plus S-metolachlor fb fomesafen plus S-metolachlor fb 

acetochlor caused the highest injury to cover crop species at the fall rating.  When 

evaluated in the spring, annual ryegrass, winter oats and purple top turnip were the most 

susceptible cover crop species to injury. Results from this study indicate that cover crops 

are most at risk when following a herbicide program that includes sequential residual 

herbicide applications in soybean, and also in response to certain active ingredients such 

as fomesafen, but that overall there is a fairly low risk of cover crop injury from residual 

soybean herbicides applied in the previous soybean crop.      

Introduction 

Cover crops offer growers many benefits including weed control, reductions in 

soil erosion control and increased soil organic matter (Pimentel et al., 1995; Reddy et al., 

2003).  The success of cover crops may be affected by many variables, including seeding 

rate, planting date and the environment.  In order to reap the potential benefits of cover 

crops, successful establishment is critical (Keeling et al., 1996; Walsh et al., 1993b).  A 

major factor to consider when establishing cover crops is the preceding herbicide 

applications, as cover crop stands have shown to be negatively impacted by previous 

herbicide applications (Cornelius and Bradley, 2017; Palhano et al., 2018; Smith, 2017).  

Cornelius and Bradley (2017) found that annual ryegrass and winter oat visual injury was 
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highest and biomass reduction was 82 and 68%, respectively, in response to an early 

post-emergence (POST) application of 0.18 kg pyroxasulfone ha-1 in soybean.  Similar 

research by Palhano et al. (2018) found that cereal rye, hairy vetch and wheat emergence 

in the spring was affected by 0.48 kg ai pyroxasulfone ha-1 applied to the previous corn 

crop.  Additionally, Tharp and Kells (2000) found that 1.68 kg metolachlor ha-1 and 1.68 

kg pendimethalin ha-1 resulted in 96 and 43% visual injury to annual ryegrass, 

respectively.   Walsh et al. (1993a) reported that applications of imazethapyr and 

chlorimuron-ethyl in soybean did not cause biomass reductions in hairy vetch, winter oats 

and annual ryegrass the spring following application but Yu et al. (2015) reported that 

imazethapyr can cause significant injury and stand reduction to oilseed radish. 

An increasing number of growers have been implementing conservation farming 

practices on their farms over the past several decades in an effort to become more 

sustainable.  According to the Conservation Technology Information Center (2006), no-

till farming practices were used on 16.9% of farmland acres in the United States in 1990, 

but by 2004, this percentage had increased to 62.4%.  In U.S. soybean specifically, no-till 

farming practices were used on 39.3% of the acres in 2008 (CTIC, 2008).  As 

conservation farming practices continue to increase, growers are placing more reliance on 

herbicides for weed control, and particularly on herbicides with residual soil activity 

(CTIC, 2008; Uri, 2000).  Also as a result of the increase in herbicide-resistant weeds like 

the Amaranthus (pigweed) species in soybean, one of the primary recommendations for 

the management and/or mitigation of these species is the use of residual herbicides, as 

these products typically provide multiple, effective mechanisms of action (Norsworthy et 

al., 2012).  According to Riggins and Tranel (2012), increases in herbicide-resistant weed 
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have limited the effectiveness of many POST herbicides, specifically glyphosate, and 

have contributed to a new reliance on residual soil-applied herbicides for weed control.  

Herbicides with residual properties are able to control weeds due to their persistence in 

the soil (Helling, 2005).  However, soil persistence can be a disadvantage if the herbicide 

persists longer than necessary and injures subsequent crops (Colquhoun, 2006).  

Herbicide persistence is dependent on many variables including application rate, 

herbicide chemical properties, soil organic matter content, plant residue, weather and 

microbial degradation (Colquhoun, 2006; Gevao et al., 2000; Koskinen and McWhorter, 

1986; Witt, 1984).   

A variety of herbicides with residual activity are currently utilized in soybean, 

including acetochlor, chlorimuron-ethyl, fomesafen, imazethapyr, pendimethalin, 

pyroxasulfone, S-metolachlor, flumioxazin and sulfentrazone.  These herbicides have 

varying levels of soil persistence.  For example, the approximate half-lives of acetochlor, 

chlorimuron ethyl, fomesafen, imazethapyr, pendimethalin, pyroxasulfone, S-metolachlor 

and sulfentrazone are 90, 30, 180, 180, 75, 47, 39, 12, and 110 days, respectively (Goetz 

et al., 1990; Jablonkai, 2000; Johnson and Talbert, 1993; Martinez et al., 2008; Sharma et 

al., 2012; Singh et al., 2002; Taylor-Lovell et al., 2001; Westra et al., 2014).  As many of 

these herbicides can be applied POST in soybean, the potential for carryover into 

subsequent crops increases as residual herbicide applications are made later in the 

soybean growing season (Colquhoun, 2006).   

While numerous studies have been conducted to investigate herbicide carryover 

and its effect on cover crop establishment in the fall, very little research has been 

conducted to evaluate injury and growth the following spring to determine if the cover 
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crop species are able to compensate for any herbicide carryover injury that may have 

occurred (Palhano et al., 2018).  Additionally, few studies have evaluated the effects of 

POST applications of residual soybean herbicides on fall-seeded cover crop species.  

Therefore, the objectives of this research are to determine the effect of common residual 

soybean herbicides applied PRE, early-POST or late-POST on the establishment and 

subsequent spring growth of a variety of cover crop species.   

Materials and Methods 

Site Description.  Field experiments were conducted in Boone County, Missouri; 

Champaign County, Illinois; Madison County, Tennessee; Washington County, 

Arkansas; and Jennings County, Indiana in 2016-2017 and were repeated in 2017-2018 in 

Boone County, Missouri; Champaign County, Illinois; Jennings County, Indiana; 

Oktibbeha County, Mississippi; and Washington County, Arkansas to evaluate the effects 

of residual soybean herbicides on cover crop establishment.  Soybeans were planted at 

each location with the planting dates listed in Table 3.1.  Soil type and properties are 

listed in Table 3.1.  Site-specific precipitation information is presented in Table 3.2.   

All treatments were arranged in a split-plot design with four replications.  

Herbicide treatments served as whole plots while subplots consisted of cover crop 

species.  Individual plots were 3 x 3 m.  The sources of all herbicides used in the 

experiments are presented in Table 3.3. Herbicide treatments were applied either pre-

emergence (PRE), 21 days after planting (DAP) or 42 DAP (Table 3.4).  Applications 

were made using a CO2-pressurized backpack sprayer equipped with XR 8002 flat-fan 

nozzle tips (TeeJet®, Spraying Systems Co., PO Box 7900, Wheaton, IL 60187) that 

delivered 140 L ha−1 at 117 kPa at a speed of 5 km/h.  Soybeans were removed at each 
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location by either baling as a forage or harvesting soybeans with a combine and cover 

crops were planted into the remaining soybean residue.  Cover crop planting dates for 

each site year are listed in Table 3.1.  Cover crops were seeded at the following rates: 123 

kg cereal rye ha-1; 34 kg annual ryegrass ha-1; 123 kg winter wheat ha-1; 123 kg triticale 

ha-1; 78 kg winter oats ha-1; 34 kg hairy vetch ha-1; 56 kg Austrian winter pea ha-1; 45 kg 

crimson clover ha-1; 16 kg purple top turnip ha-1; and 9 kg tillage radish ha-1.   

Treatment Evaluation and Data Collection.  Cover crop species were evaluated 28 

days after cover crop emergence in the fall and mid- to late-March the following spring 

for visual stand loss on a scale of 0 to 100%, with 0% being no stand loss and 100% 

equivalent to complete stand loss comparative to the non-treated control.   

Statistical Analysis.  All data were subjected to analysis in SAS (SAS 9.4, SAS® 

Institute Inc. Cary, NC) using the PROC GLIMMIX procedure.  Cover crop species and 

herbicide treatments were considered to be fixed effects.  States, replications (nested 

within states) and year-site combinations are random effects.  Inferences are able to be 

made over a wide range of environments when site-year and replication are considered to 

be random effects (Blouin et al., 2011; Carmer et al., 1989).  Means were separated using 

Fisher’s Protected LSD at P<0.05.   

Results and Discussion 

Carryover Injury to Cover Crops Following Emergence.  There was a significant 

effect of cover crop species (P <0.0001) and herbicide treatment (P <0.0001) on cover 

crop carryover injury. However, no interaction (P > 0.05) was present between cover 

crop species and herbicide treatment.  Injury was highest following treatments of 

fomesafen applied 21 and 42 days after planting (DAP), sulfentrazone plus S-metolachlor 
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PRE fb fomesafen plus S-metolachlor fb acetochlor, sulfentrazone plus S-metolachlor 

PRE fb fomesafen plus S-metolachlor and sulfentrazone plus S-metolachlor PRE (Figure 

3.1).  Four of the five treatments that caused the highest injury contained fomesafen, 

which has a half-life in the soil of up to 180 days and has a plant-back restriction of ten 

months on many crops including field corn, sweet corn, seed corn and rice and an 

eighteen month plant-back restriction on grain sorghum (Anonymous, 2016; Johnson and 

Talbert, 1993). A study by Palhano et al. (2018) examining the sensitivity of cover crop 

species to 1/16x rates of residual herbicides applied one day after cover crop planting 

determined that fomesafen caused a 10, 19, and 13% reduction in the density of cereal 

rye, winter oats and wheat, respectively, and that these were among the highest 

reductions observed for each of these cover crop species.  Fomesafen, pyroxasulfone, S-

metolachlor and acetochlor plus fomesafen applied 42 DAP, sulfentrazone plus S-

metolachlor PRE fb fomesafen plus S-metolachlor fb acetochlor, sulfentrazone plus S-

metolachlor PRE fb fomesafen plus S-metolachlor, sulfentrazone plus s-metolachlor 

PRE, acetochlor applied 21 DAP and fomesafen plus S-metolachlor applied 21 and 42 

DAP resulted in similar injury to the cover crop species, and this injury ranged from 5.5 

to 7.6% (Figure 3.1).  Across all cover crop species evaluated in their research, Cornelius 

and Bradley (2017) found that pyroxasulfone, fomesafen plus S-metolachlor and 

imazethapyr applied early-POST caused stand reductions of 32, 28 and 25%, 

respectively, while PRE applications of chlorimuron, sulfentrazone and flumioxazin 

resulted in stand reductions of 26, 31 and 24%, respectively.   

Purple top turnip and tillage radish were the two most sensitive cover crop species 

to carryover from residual soybean herbicides, with injury of 10.4 and 9.4%, respectively 
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(Figure 3.2).  These findings are similar to those of Smith (2015), who reported that 

tillage radish, along with annual ryegrass, were the most susceptible cover crop species to 

residual herbicide carryover from commonly applied corn and soybean herbicides.   

Cornelius and Bradley (2017) found that residual soybean herbicides resulted in a 14% 

stand reduction on tillage radish, but also that these same herbicides caused a 18 and 16% 

stand reduction to winter oats and winter wheat, respectively.  Across three site-years in 

these experiments, there was no visual injury to crimson clover in response to any of the 

herbicide treatments, and therefore this was the least susceptible cover crop to carryover 

from residual soybean herbicides (Figure 3.2).  Visual injury of triticale, annual ryegrass 

and winter oats was similar and ranged from 6.6 to 7.3%.  Other than crimson clover, 

Austrian winter pea, hairy vetch and winter wheat injury was lowest and ranged from 2.7 

to 3.7%.  Cornelius and Bradley (2017) also reported that Austrian winter pea and hairy 

vetch had some of the lowest herbicide carryover injury (≤11% stand reduction), but in 

their research annual ryegrass and cereal rye was similar.  Cornelius and Bradley (2017) 

concluded that the degree of cover crop herbicide injury is dependent on: 1) cover crop 

sensitivity to specific herbicide treatments, and 2) rainfall patterns experienced after the 

herbicide application.  It is likely that any differences in cover crop sensitivity in this 

research compared to the results of others could also be attributed to differences in 

rainfall and/or soil type. 

Carryover Injury to Cover Crops the Following Spring.  There was a significant 

effect of cover crop species (P <0.0001) and herbicide treatment (P =0.0024) on cover 

crop carryover injury. However, no interaction (P > 0.05) was present between cover 

crop species and herbicide treatment.  Tillage radish winter killed at all locations, and 
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was therefore omitted from all spring injury rating results.  Spring cover crop injury was 

highest (4.4 to 6.6%) following treatments of sulfentrazone plus S-metolachlor PRE fb 

fomesafen plus S-metolachlor fb acetochlor, pyroxasulfone applied 21 and 42 DAP, 

sulfentrazone plus S-metolachlor PRE fb fomesafen plus S-metolachlor, fomesafen 

applied 21 DAP, and chlorimuron plus thifensulfuron applied 42 DAP (Figure 3.3).  

Sulfentrazone half-life in the soil has been reported to be approximately 110 days, which 

can lead to subsequent injury of susceptible species (Martinez et al., 2008).  Pekarek et al. 

(2010) investigated the carryover potential of sulfentrazone to cotton and determined that 

when planted 352 days after 1, 2 and 3x rates of sulfentrazone (0.21, 0.42 and 0.84 kg ha-

1, respectively), cotton injury was 14, 53 and 100%, respectively.  All herbicide 

treatments except for sulfentrazone plus S-metolachlor PRE fb fomesafen plus S-

metolachlor fb acetochlor resulted in similar injury (2.6 to 4.9%) and were higher than 

the non-treated control (Figure 3.3).  These results indicate that cover crop injury will 

likely be similar and minimal from most residual herbicides applied in soybean by the 

spring following cover crop planting.   

 Annual ryegrass, purple top turnip and winter oats were the three most sensitive 

cover crop species to residual soybean herbicides by the spring following application, 

with injury ranging from 5.7 to 6.1% (Figure 3.4).  Crimson clover, cereal rye, hairy 

vetch and Austrian winter pea were the least sensitive cover crop species, with injury ≤ 

3%.  These results differ from those of Palhano et al. (2018), who found that cereal rye 

and hairy vetch stand densities were reduced in the spring following 0.48 kg 

pyroxasulfone ha-1, however this rate was more than twice that evaluated in this research.  

Winter wheat and triticale injury was similar to that observed on winter oats, purple top 
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turnip, cereal rye, hairy vetch, Austrian winter pea and crimson clover, but were less 

susceptible to injury than annual ryegrass (Figure 3.4).  Palhano et al. (2018) observed 

similar results with Austrian winter pea in that residual corn herbicide applications had 

no effect on stand or biomass reduction of Austrian winter pea by the spring following 

treatment.   

Austrian winter pea and hairy vetch were among the least sensitive cover crops at 

both the fall and spring timeframes (Figures 3.2 and 3.4).  Likewise, purple top turnip 

was among the most sensitive cover crop species to herbicide carryover at both intervals 

(Figures 3.2 and 3.4).  Tillage radish, along with purple top turnip, were the two most 

susceptible cover crop species 28 days after cover crop emergence, however the tillage 

radish winterkilled at all locations therefore data was unable to be collected in the spring.  

Generally speaking, legume species were less sensitive to residual soybean herbicide 

carryover than grass species (Figures 3.2 and 3.4).  Of the grass species, wheat was 

among the least sensitive at both the fall and spring evaluations.  Annual ryegrass, 

however, was one of the most sensitive cover crop species to residual soybean herbicide 

injury by the spring, which should be considered when considering annual ryegrass as a 

cover crop.  This may be due to an inability of annual ryegrass to regrow as well as other 

grass cover crop species over the winter months to make–up for any fall carryover injury.  

Fomesafen applied either 21 or 42 DAP were among the most injurious herbicide 

treatments in both the fall and spring.  As previously mentioned, many fomesafen-

containing products have plant-back restrictions of at least 10 month due to its 

persistence in the soil.  This, in combination with the results from this study, indicates 

that growers should mindful when establishing cover crop species in locations where 
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fomesafen-containing products have been applied in soybean.  Additionally, the results 

from this study indicate that herbicide programs that contain sequential applications of 

residual herbicides are likely to cause injury to cover crop species, as sulfentrazone plus 

S-metolachlor PRE fb fomesafen plus S-metolachlor fb acetochlor and sulfentrazone plus 

S-metolachlor PRE fb fomesafen plus S-metolachlor were both herbicide programs that 

caused highest cover crop injury in both the fall and spring.   

The results from this study indicate that fall-seeded cover crops are generally at 

low risk of herbicide carryover from residual soybean herbicides.  Palhano et al. (2018) 

drew similar conclusions in response to previous applications of residual corn herbicides.  

However, it is important to consider the role weather and environment can play in 

herbicide carryover, as individual species sensitivity is dependent on several variables, 

such as pH, organic matter, rainfall, temperature and soil texture (Walker and Barnes, 

1981).  Predicting carryover injury to cover crops following residual soybean herbicide 

application is highly variable due to many factors including geographical location, 

application rate, soil type, precipitation, cover crop sensitivity, temperature, application 

date and cover crop planting date, among others.   
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Table 3.1. Site characteristics of the field trials conducted in 2016 and 2017.a 

 Soil properties Planting Dates 

Location Year Texture %OM pH CEC Soybean Cover Crop Cover Crops Planted 

         

ARb 2016 Captina silt loam 2.0 5.8 13.1 June 9 October 13 AR, AWP, CR, HV, W 

 2017 Captina silt loam 2.0 5.8 13.1 June 12 October 20 AR, AWP, CR, HV, W 

ILc 2016 Drummer silty clay loam 3.6 6.1 27.1 June 8 September 18 AR, CR, HV, O, W 

 2017 Drummer silty clay loam 3.6 6.0 27.1 June 5 November 1 AR, CR, HV, O, W 

INd 2016 Cobbsfork silt loam 2.4 7.3 6.5 May 26 October 6 AR, CR, CC, HV, W 

 2017 Cobbsfork silt loam 1.9 6.0 5.4 April 19 October 3 AR, CR, CC, HV, W 

MOe 2016 Mexico silt loam 2.6 7.1 14.3 May 6 October 4 

AR, AWP, CR, HV, O, TR, T, PPT, 

W  

 2017 Mexico silt loam 2.4 7.0 10.6 April 25 October 9 

AR, AWP, CR, HV, O, TR, T, PPT, 

W 

MSf 2017 Marietta silty clay loam 1.75 6.3 24.1 May 17 October 5 AR, AWP, CR, HV, O, TR, W 

TNg 2016 Lexington silt loam 1.6 6.3 10 May 5 October 19 AR, CC, CR, HV, W 

WIh 2016 Plano silt loam 3.8 6.9 - May 16 September 27 AR, CR, HV, O, TR 

a Abbreviations: AR, annual ryegrass; AWP, Austrian winter pea; CR, cereal rye; HV, hairy vetch; O, oats; TR, tillage radish; T, 

triticale; PPT, purple top turnip; W, wheat; OM, organic matter; CEC, cation exchange capacity (meq/100 g soil). 
b Fayetteville, Arkansas. Arkansas Agriculture Research and Extension Center, University of Arkansas. (36.092996, -94.173423). 
c Champaign, Illinois. Crop Sciences Research and Education Center, University of Illinois.  (40.089437, -88.229003). 
d Butlerville, Indiana. Southeast Purdue Agricultural Center (SEPAC), Purdue University. (39.032428, -85.525611).  
e Columbia, Missouri. Bradford Research and Extension Center, University of Missouri. (38.898432, -92.216371).  
f Starkville, Mississippi.  R. R. Foil Plant Science Research Center, Mississippi State University.  (33.470807, -88.781666). 
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g Jackson, Tennessee.  West Tennessee AgResearch and Education Center, University of Tennessee.  (35.622770, -88.846785) 
h Arlington, Wisconsin. Arlington Agricultural Research Station. University of Wisconsin. (43.307943, -89.350072). 
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Table 3.2. Monthly rainfall (mm) in comparison to the 30-yr averages at all trial locations from April through October in 2016 and 

2017.a 

 Monthly Rainfall 

Site Year April May June July August September October 

  -------------------------------------------------------------mm-------------------------------------------------------------- 

ARb 2016 100 102 52 221 94 61 135 

 2017 225 184 46 53 189 30 48 

 30 yr avg.i 109 132 121 82 77 116 104 

ILc 2016 83 96 181 113 105 137 48 

 2017 148 150 52 71 56 21 160 

 30 yr avg. 96 116 106 110 92 83 80 

INd 2016 154 86 79 129 177 94 107 

 2017 146 173 177 99 53 74 115 

 30 yr avg. 114 128 109 115 109 80 93 

MOe 2016 56.7 80.8 28.7 274.0 149.4 142.5 24.9 

 2017 216.4 113.8 81.5 116.3 77.0 19.8 97.8 

 30 yr avg. 114 127 114 111 111 98 84 

MSf 2017 108 154 233 96 196 123 56 

 30 yr avg. 125 116 106 105 104 87 104 

TNg 2016 115 125 90 112 163 56 29 

 30 yr avg. 120 141 124 122 78 89 101 

WIh 2016 37 87 104 165 139 156 86 

 30 yr avg. 89 94 119 106 99 90 65 
a Abbreviations: yr, year; avg, average. 
b Fayetteville, Arkansas. Arkansas Agriculture Research and Extension Center, University of Arkansas. (36.092996, -94.173423). 
c Champaign, Illinois. Crop Sciences Research and Education Center, University of Illinois.  (40.089437, -88.229003) 
d Butlerville, Indiana. Southeast Purdue Agricultural Center (SEPAC), Purdue University. (39.032428, -85.525611). 
e Columbia, Missouri. Bradford Research and Extension Center, University of Missouri. (38.898432, -92.216371).  
f Starkville, Mississippi.  R. R. Foil Plant Science Research Center, Mississippi State University.  (33.470807, -88.781666)  
g Jackson, Tennessee.  West Tennessee AgResearch and Education Center, University of Tennessee.  (35.622770, -88.846785) 
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h Arlington, Wisconsin. Arlington Agricultural Research Station. University of Wisconsin. (43.307943, -89.350072). 
i 30 year averages (1986-2015) obtained from the National Climatic Data Center (2018).  
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Table 3.3. Sources of materials used in the experiments.a  

Herbicideb Trade Name Formulation Rate Manufacturer Address 

   kg ai or ae  ha-1   

Sulfentrazone + S-metolachlor Authority Elite 7 EC 0.2 + 1.77 FMC Corporation Philadelphia, PA 

Fomesafen Flexstar 1.88 L 0.33 Syngenta Greensboro, NC 

Imazethapyr Pursuit 2 EC 0.07 BASF Research Triangle Park, NC 

Chlorimuron + thifensulfuron Synchrony XP 28.4 WG 0.0057 + 0.0018 DuPont Wilmington, DE 

S-metolachlor Dual II Magnum 7.64 EC 1.43 Syngenta Greensboro, NC 

Acetochlor Warrant 3 L 1.26 Monsanto St. Louis, MO 

Acetochlor + Fomesafen Warrant Ultra 3.45 EC 1.24 + 0.27 Monsanto  St. Louis, MO 

S-metolachlor + fomesafen Prefix 5.29 EC 1.22 + 0.266 Syngenta Greensboro, NC 

Pyroxasulfone Zidua 85 WG 0.18 BASF Research Triangle Park, NC 

Crop Oil Concentrate Relay 100L 1.4 L ha-1 Van Diest Supply  Webster City, IA 

Ammonium Sulfate N-Pak AMS 3.4 L 2.9 Winfield Solutions St. Paul, MN 

Non-Ionic Surfactant Astute 100 L 0.35 L ha-1 MFA Columbia, MO 

a Labels for each product from their respective manufacturer can be found at http://www.cdms.net. 

b Abbreviations: L, liquid; WG, water-dispersable granule; EC, emulsifiable concentrate;  
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Table 3.4. Herbicide treatments and timings evaluated in the experiments. 

Herbicidea Trade Name Rate (kg/ha) PRE 

Early 

POST 

Late 

POST 

Fomesafen Flexstar 1.40 kg  X X 

Imazethapyr Pursuit 0.28 kg  X X 

Chlorimuron + thifensulfuron Synchrony XP 0.006 kg + 0.0018 kg  X X 

S-metolachlor Dual II Magnum 1.5 kg  X X 

Acetochlor Warrant 3.36 kg  X X 

Acetochlor + fomesafen Warrant Ultra 1.24 kg + 0.27 kg  X X 

Pyroxasulfone Zidua 0.21 kg  X X 

S-metolachlor + fomesafen Prefix 0.27 kg + 1.22 kg  X X 

Sulfentrazone + S-metolachlor Authority Elite 0.2 kg + 1.77 kg X   

Sulfentrazone + S-metolachlor fb 

fomesafen + S-metolachlor 

Authority Elite fb 

Prefix 
0.2 kg + 1.77 kg fb 

1.22 kg + 0.27 kg 
X X  

Sulfentrazone + S-metolachlor fb 

fomesafen + S-metolachlor fb acetochlor 

Authority Elite fb 

Prefix fb Warrant 
0.2 kg + 1.77 kg fb 

0.27 kg + 1.22 kg fb 3.36 kg 
X X X 

a Abbreviations: kg, kilogram; ha, hectare; fb, followed by. 
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Figure 3.1. Visual injury of cover crops 28 days after emergence in response to residual herbicide treatments applied in 

soybean.  Results combined across 9 site-years.  Bars with the same letter are not different, LSD=0.05.    
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Figure 3.2. Visual injury of cover crop species 28 days after cover crop emergence in response to residual herbicide 

treatments applied in soybean.  Results combined across 9 site-years.  Bars with the same letter are not different, LSD=0.05.    
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Figure 3.3. Visual injury of cover crops mid-March the following spring in response to residual herbicide treatments applied 

in soybean.  Results combined across 6 site-years.  Bars with the same letter are not different, LSD=0.05.    
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Figure 3.4. Visual injury of cover crop species mid-March the following spring in response to residual herbicide treatments 

applied in soybean. Results combined across 6 site-years.  Bars with the same letter are not different, LSD=0.05.    
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Chapter IV 

Integration of Residual Herbicides with Cover Crops in Soybean 

Derek M. Whalen, Lovreet S. Shergill, Lyle P. Kinne, Mandy D. Bish and Kevin W. 

Bradley 

 

Abstract 

 Cover crops have increased in popularity in Midwest corn and soybean 

production systems in recent years. However, little research has been conducted to 

evaluate how cover crops and residual herbicides are most appropriately integrated 

together in a soybean production system. Field studies were conducted in 2016 and 2017 

to evaluate summer annual weed control and residual herbicide concentration in response 

to seven different cover crop treatments combined with herbicide applications, which 

consisted of pre-plant (PP) applications of glyphosate plus 2,4-D with or without 

sulfentrazone plus chlorimuron at two different timings, 21 and 7 days prior to soybean 

planting (DPP). The cover crops evaluated included hairy vetch, cereal rye, annual 

ryegrass, winter oats, Austrian winter pea, winter wheat and a mixture of hairy vetch and 

cereal rye. These same herbicide treatments were applied to tilled and non-tilled soil 

without any cover crop for comparison. Sulfentrazone concentration was highest across 

cover crop treatments at 0, 14, and 28 days after the 21 DPP timing, which correlates to 

low levels of biomass at those timings. The tillage treatment resulted in low biomass at 

all collection intervals after both application timings, corresponding to highest 

sulfentrazone concentrations (171 ng g-1) in tilled soil compared with all cover crop 

treatments. When applied PP, herbicide treatments applied 21 DPP with sulfentrazone 

had significantly higher overall weed control (93%) and waterhemp control (89%) than 

when applied 7 DPP (60% and 69%, respectively). When applied POST, herbicide 
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treatments with a residual herbicide resulted in higher weed control and waterhemp 

control 7 DPP (83 and 77%, respectively) than 21 DPP (74 and 61%, respectively). 

Herbicide programs that include a residual herbicide had the highest soybean yields, with 

yields ≥ 3,403 kg ha-1. Similar soybean yields among the residual PP, residual POST, and 

residual PP and POST programs indicate that applying a residual herbicide at either 

timing are both effective integration methods. Results from this study indicate that 

residual herbicides can be effectively integrated pre-plant or POST in conjunction with 

cover crop termination applications.  

Introduction 

 Cover crops can provide soybean growers with many benefits including erosion 

control, increased nutrient efficiency and increased soil health (Pimentel et al. 1995; 

Reddy et al. 2003; Reeves and Wood 1994; Sainju and Singh 1997). Several studies have 

been conducted that show cover crops can provide varying degrees of winter and summer 

annual weed control (Cornelius and Bradley 2017; Kruidhof et al. 2008; Webster et al. 

2013). Previous research has shown that certain cover crop species are able to reduce 

weed density by creating a barrier that blocks sunlight from reaching weed seeds, thus 

preventing germination (Huarte and Arnold 2003; Teasdale et al. 2007). Cover crops are 

also able to suppress weed seed germination by out-competing seeds for nutrients and 

moisture needed for germination, as well as by releasing allelopathic chemicals that 

inhibit weed germination and growth (Barnes and Putnam 1986; Teasdale and Mohler 

1993; Whittaker and Feeny 1971). The amount of cover crop biomass will often 

determine the level of weed suppression, as higher amounts of residue provide greater 

weed suppression (Brennan and Smith 2005).  
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 Several studies have shown that cover crop species will generally provide greater 

levels of winter annual than summer annual weed control (Cornelius and Bradley 2017). 

Cornelius and Bradley (2017) found that common winter annual weeds such as common 

chickweed [Stellaria media (L.) Vill.], field pennycress (Thlaspi arvense L.) and henbit 

(Lamium amplexicaule L.) were suppressed by cereal rye (Secale cereal L.) and a cereal 

rye plus hairy vetch (Vicia villosa Roth) mixture, with reductions in weed density of 68 to 

72% (Cornelius and Bradley 2017). Hayden et al. (2012) found similar results, reporting 

94 to 96% biomass reduction of common chickweed, field pennycress and henbit from a 

cereal rye plus hairy vetch mixture and that cereal rye alone was able to reduce winter 

annual weed biomass by 94 to 98%. Previous research also reported that winter wheat 

was effective in reducing glyphosate-resistant horseweed [Conyza canadensis (L.) 

Cronq.] densities by 1 month after planting, but was not effective 4 months after planting 

compared to fall-applied residual herbicides (Davis et al. 2007). Cornelius and Bradley 

(2017) also found that cereal rye reduced early-season waterhemp [Amaranthus 

tuberculatus (Moq.) J. D. Sauer] emergence up to 35% compared to the non-treated 

control, which was similar to that provided by pre-emergence (PRE) residual herbicides 

in soybean. However, Austrian winter pea (Pisum sativum L.), Italian ryegrass [Lolium 

perenne L. ssp. multiflorum (Lam.) Husnot], hairy vetch, crimson clover (Trifolium 

incarnatum L.), oilseed radish (Raphanus sativus L.) and winter oat (Avena sativa L.) 

provided no significant reduction in early-season waterhemp control compared to the 

non-treated control, and that no cover crop species provided reductions in late-season 

waterhemp density comparable to a spring PRE residual herbicide (Cornelius and 

Bradley 2017). Similar patterns in early- versus late-season control were found by 
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Webster et al. (2013) with cereal rye, who reported that Palmer amaranth (Amaranthus 

palmeri S. Watson) densities increased by 43% from early June to late July. These 

reductions in summer annual weed control as the season progresses are more than likely 

due to cover crop decomposition which reduces biomass levels and thus diminishes the 

residue’s competitiveness against weed seed germination (Kruidhof et al. 2009; Teasdale 

and Mohler 1993). Cellulose and lignin decompose very slowly, and are the most 

abundant components of plant tissue (Fioretto et al. 2005). Therefore, cover crops with 

high cellulose and lignin content have slower decomposition rates, thus having greater 

potential to suppress summer annual weeds late in the season compared to those which 

decompose faster (Teasdale et al. 2007).   

The use of PRE residual herbicides has been one of the primary methods of 

summer annual weed control in soybean, and is one of the primary recommendations for 

the management and/or mitigation of herbicide-resistant weeds like waterhemp and 

Palmer amaranth (Norsworthy et al. 2012). Previous research has shown that application 

of a PRE residual herbicide in conjunction with a cover crop could provide growers with 

adequate late-season control of troublesome weeds like waterhemp and Palmer amaranth 

(Cornelius and Bradley 2017; Wiggins et al. 2016). Wiggins et al. (2016) found that 

cereal rye, hairy vetch, crimson clover or winter wheat in combination with a PRE 

application of acetochlor or fluometuron controlled Palmer amaranth greater than 87%, 

but cover crops that did not have a PRE herbicide provided less than 65% control.  

Although several recent studies have investigated the integration of cover crops 

with PRE residual herbicides, few studies have been conducted that investigate the 

possibility of applying a PRE residual herbicide in combination with non-selective 
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herbicides at the time of cover crop termination. A combined application would eliminate 

an additional sprayer pass, however, the primary concern is to what extent the living 

cover crop residue will intercept the residual herbicide that is intended to reach the soil 

(Price and Kelton 2013). One study found that metribuzin did not reach the soil when 

applied to 9,000 kg ha-1 of wheat straw, but 25% of the applied metribuzin was detected 

when applied to only 2,250 kg ha-1 of wheat straw (Banks and Robinson 1982). Plant 

residues have a higher capacity for herbicide sorption than soil, however, the sorption 

capacity can change significantly, depending on plant species and the interval between 

dessication and herbicide application (Dao 1991; Wagger 1989). Dao (1991) determined 

that wheat straw containing higher amounts of lignin than cellulose had greater herbicide 

sorptive capacity. This difference in sorptive capacity was accredited to increased lignin 

content relative to cellulose as the wheat straw aged (Dao 1991).  

Numerous studies indicate that certain cover crop species can provide some 

winter and summer weed control, in addition to reducing soil erosion and increasing soil 

health. Other research has shown that soybean growers should not rely on cover crops 

alone for weed control, but that cover crops can be a component of an integrated weed 

management program that includes a variety of cultural and chemical control methods 

(Cornelius and Bradley 2017; Klingaman 1994; Norsworthy et al. 2012). However, little 

is known about the effect of cover crop residues on the ability of residual herbicides to 

reach the soil when applied with non-selective herbicides used for cover crop termination 

applications. Therefore, the objectives of this research were to: 1) determine the effect of 

cover crop residues on the amount of sulfentrazone that can reach the soil, 2) determine 

the effectiveness of applying residual herbicides in conjunction with a cover crop 
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termination application, and 3) determine the most effective strategy for the integration of 

residual herbicides and cover crops in soybean.  

Materials and Methods 

Experimental Site Location and Design Description. Identical field experiments were 

conducted in 2016 and repeated in a separate location in 2017 at the University of 

Missouri Bradford Research Center near Columbia, MO (38.90oN, -92.21oW) following 

soybean both years. The soil at the 2016 site was a Mexico silt loam (fine, smectic, mesic 

Vertic Epiaqualfs) with 2.4% organic matter and a pH of 6.4, while at the 2017 location it 

was a Leonard silt loam (fine, smectic, mesic Vertic Epiaqualfs) with 2.7% organic 

matter and a pH of 7.3. Cover crops were planted on September 13 and 29 in 2015 and 

2016, respectively, with a no-till drill (John Deere 750, Deere & Company, 1 John Deere 

Place, Moline, IL 61265). The winter annual cover crops and seeding rates were: 123 kg 

cereal rye ha-1, 135 kg winter wheat ha-1, 28 kg Italian ryegrass ha-1, 78 kg winter oat ha-

1, 34 kg hairy vetch ha-1, 56 kg Austrian winter pea (Pisum sativum L.) ha-1, and a mix of 

78 kg cereal rye ha-1 plus 34 kg hairy vetch ha-1. Tillage plots were tilled one week prior 

to planting with a field cultivator to remove any emerged weeds and prepare the soil for 

planting. Non-tillage plots were left undisturbed. At 7 and 21 days prior to soybean 

planting (DPP) in the subsequent season, cover crops were terminated by applying pre-

plant (PP) herbicide programs evaluated for soybean grown later in the season.  Soybean 

seed were planted into all plots at a density of 407,000 seeds ha-1 in rows spaced 76-cm 

apart on May 7 and May 10 in 2016 and 2017, respectively. Average monthly 

temperature and monthly rainfall totals as well as 30-year averages are presented in Table 

4.1.  
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 The experimental design for soybean planting was a randomized complete block 

in a split-plot arrangement of treatments. Whole plots consisted of the terminated six 

cover crop species, one conventional tillage, and one non-tillage treatment, while 

subplots consisted of herbicide treatments. The subplot sizes were 3 × 5 m and each 

treatment was replicated 4 times. Herbicide applications were made using a CO2-

pressurized backpack sprayer equipped with XR 8002 flat-fan nozzle tips (TeeJet®, 

Spraying Systems Co., PO Box 7900, Wheaton, IL 60187) that delivered 140 L ha−1 at 

117 kPa at a speed of 5 km h-1. The sources of all herbicides used in the experiments are 

presented in Table 4.2. The height of each cover crop species at the time of application is 

listed in Table 4.3. 

 The herbicide programs evaluated for soybeans were: (1) No residual: 1.4 kg 

glyphosate ha-1 plus 0.56 kg 2,4-D ha-1 pre-plant (PP); (2) Residual PP: 1.4 kg glyphosate 

ha-1 plus 0.56 kg 2,4-D ha-1 plus 0.69 kg sulfentrazone ha-1 plus 0.04 kg chlorimuron ha-1 

PP followed by (fb)1.12 kg glyphosate ha-1 post-emergence (POST); (3) Residual PP and 

POST: 1.4 kg glyphosate ha-1 plus 0.56 kg 2,4-D ha-1 plus 0.69 kg sulfentrazone ha-1 plus 

0.04 kg chlorimuron ha-1 PP fb 1.12 kg glyphosate ha-1 plus 1.06 kg fomesafen ha-1 plus 

4.9 kg S-metolachlor ha-1 POST; and (4) Residual POST: 1.4 kg glyphosate ha-1 plus 0.56 

kg 2,4-D ha-1 PP fb 1.12 kg glyphosate ha-1 plus 1.06 kg fomesafen ha-1 plus 4.9 kg S-

metolachlor ha-1 POST. The PP treatments to terminate the cover crops were applied 21 

and 7 DPP while residual POST treatments were applied four weeks after the 

corresponding termination applications. When the residual was applied PP, POST 

applications were made nine weeks after the pre-plant application. All cover crop, tillage 
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and non-tillage treatments also included plots that received no herbicide program, 

referred to as the non-treated control.  

Treatment Evaluation and Data Collection. Visual weed control evaluations were 

taken 7 weeks after soybean planting (WAP) using a scale of 0 (no control) to 100% 

(complete control). Visual assessments were compared to the no-till program that 

received no herbicide treatment that served as the control. The weed species evaluated in 

this study include waterhemp [Amaranthus tuberculatus (Moq.) J. D. Sauer], giant foxtail 

(Setaria faberi Herrm.), large crabgrass [Digitaria sanguinalis (L.) Scop.] , common 

cocklebur (Xanthium strumarium L.), common ragweed (Ambrosia artemisiifolia L.), 

yellow nutsedge (Cyperus esculentus L.), horsenettle (Solanum carolinense L.), 

horseweed [Conyza canadensis (L.) Cronq.], barnyardgrass [Echinochloa crus-galli (L.) 

P. Beauv.], prickly sida (Sida spinosa L.) and shattercane [Sorghum bicolor (L.) Moench 

ssp. Verticilliflorum (Steud.) de Wet ex Wiersema & J. Dahib]. Visual weed control is 

presented as overall control, which was rated along with individual weed ratings, as well 

as waterhemp control. Waterhemp is the fifth most troublesome weed in the United States 

and thus a major focus of the study (Van Wychen 2017). Fresh weight of above-ground 

cover crop biomass, and in the case of the tillage treatments, any weed residue biomass 

remaining on the soil surface, was harvested from one, 0.33-m2 quadrat plot-1. One 5-cm 

diameter soil sample per plot to a depth of 10 cm depth were collected at five collection 

intervals of 0, 14, 28, 56 and 84 days after each pre-plant herbicide application timing. 

Soil samples were immediately placed in a freezer and kept at -9°C until further 

processing. Yield was determined by harvesting the innermost two soybean rows in each 

plot with a small plot combine and moisture was adjusted to 13%.  
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High-Performance Liquid Chromatography (HPLC) Analysis. Frozen soil samples 

were air-dried and passed through a 2-mm screen and prepared for analysis with liquid 

chromatography and tandem mass spectrometry. Ten grams of each soil sample were 

added to 50-ml screw-top centrifuge tubes. Twenty milliliters of HPLC grade acetonitrile 

(C2H3N) solution was added to each tube. Tubes were shaken for 1 hour at 125 

revolutions per minute (RPM) on a reciprocating shaker. Samples were then centrifuged 

at 5,000 RPM for 5 minutes. Supernatant was decanted into a new 50-ml screw-top 

centrifuge tube. The extraction process was repeated with a fresh 20 ml of acetonitrile 

added to the soil followed by shaking, centrifugation, and decanting. From the final 

volume of 40 ml, 1 ml of each supernatant sample was then pipetted into 1.5-ml Agilent 

liquid-chromatography vials for analysis with an Agilent Model 6460 triple quadrapole 

mass spectrometer using a multiple reaction monitoring (MRM) method with an 

electrospray ionization source (EIS) equipped with Agilent Jet Stream Technology in 

negative mode and an Eclipse Plus C-18 4.6 mm x 50 mm x 1.8 micrometer column. The 

mobile phase was a 60:40 (water + 0.1% acetic acid): acetonitrile + 0.1% acetic acid at a 

flow rate of 0.5 ml min-1. Both precursor and product ion scans were employed. The 

operating conditions for the MS parameters were as follows: gas flow 11 L min-1, 

nebulizer: 35 psi, capillary voltage: 3500 V, and gas temperature: 325C. Retention time 

for sulfentrazone was 5.01 min. The amount of sulfentrazone (ng g-1 of soil) was then 

calculated for each sample. The limit of detection for this method is 2.45 pg of soil and 

the limit of quantification is 4.29 pg.  

Statistical Analysis. All data were subjected to analysis in SAS (SAS 9.4, SAS® 

Institute Inc. Cary, NC) using the PROC GLIMMIX procedure. Environments and 
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replications were considered random effects, while herbicide programs, applications 

timings, collection intervals and cover crop treatments were considered as fixed effects. 

To make inferences over a wider range of environments, year was considered to be a 

random effect in the model (Blouin et al. 2011; Carmer et al. 1989). Individual treatment 

differences were separated using Fisher’s protected LSD at P<0.05.  

Results and Discussion 

Biomass. There was a cover crop treatment by application timing by collection interval 

interaction for cover crop biomass (P <0.0001) (Table 4.5). At 0 days after the 21 DPP 

application timing, hairy vetch and Austrian winter pea had the highest biomass, with 

weights of 17,247 and 13,434 kg ha-1, respectively (Table 4.6).  However, at all other 

collection intervals (14, 28, 56 and 84 DAA), there were no significant differences in 

cover crop biomass between any species at the 21 DPP application timing. Similar results 

were observed 0 days after the 7 DPP application timing, with Austrian winter pea, hairy 

vetch and the cereal rye plus hairy vetch mix resulting in the highest biomass of cover 

crop species, with weights of 40,747, 20,927, and 19,287 kg ha-1, respectively (Table 

4.6).  The two-week delay (21 vs. 7 DPP) in terminating the Austrian winter pea and 

cereal rye plus hairy vetch mix resulted in a > 200% and 89% increase in biomass, 

respectively. Similar trends were observed 14 days after the 7 DPP application timings; 

Austrian winter pea, hairy vetch and cereal rye plus hairy vetch mix had the highest 

biomass with weights ≥ 12,513 kg ha-1 (Table 4.6). However, at all remaining collection 

intervals (28, 56 and 84 DAA), there were no significant differences in biomass for all 

cover crop treatments at the 7 DPP application timing. These results are similar to those 

from Wiggins et al. (2016), who reported higher biomass from grass and legumes mixes 
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and legumes alone compared to grass species. On the contrary, Reddy (2001) found that 

winter oat had higher biomass than hairy vetch, crimson clover and subterranean clover, 

with biomass of 11,100, 6,800, 6,000 and 6,700 kg ha-1, respectively. There were no 

differences in the tillage and non-tillage treatments at the 21 and 7 DPP application 

timings at any of the collection intervals (Table 4.6). These results indicate that allowing 

two more weeks of cover crop growth in the spring results in higher biomass than when 

terminating cover crops earlier.  

Sulfentrazone Soil Concentrations. There was a timing by collection interval 

interaction for sulfentrazone soil concentration (P <0.001), but there were no other 

interactions present (Table 4.5). When comparing application timings across collection 

intervals, sulfentrazone concentration was highest at the 0-, 14- and 28-day collection 

intervals for the 21 DPP application timing (Figure 4.1a).  The 56- and 84-day collection 

intervals after the 7 DPP application had the lowest sulfentrazone concentrations of 53 

and 26 ng g-1, respectively (Figure 4.1a).  Except for the 56-day collection interval, all 

collection intervals had higher sulfentrazone after the 21 DPP than the 7 DPP application 

timing (Figure 4.1a). Similar sulfentrazone concentrations 56 DAA could be attributed to 

sorbed sulfentrazone being released from cover crop residues. Sulfentrazone 

concentration was highest when applied to the tillage treatment, with a concentration of 

171 ng g-1 (Figure 4.1b). The cereal rye plus hairy vetch mix, Austrian winter pea, hairy 

vetch, annual ryegrass, winter oats and winter wheat had the lowest sulfentrazone 

concentrations of the cover crop treatments, with concentrations of 89, 68, 71, 92, 88 and 

89 ng g-1, respectively (Figure 4.1b).  
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 Biomass accumulation had an inverse relationship to sulfentrazone soil 

concentrations, with less sulfentrazone concentration occurring where cover crop biomass 

was highest (Figure 4.1b and Table 4.6). Banks and Robinson (1982, 1986) observed a 

similar response in that less acetochlor, alachlor, metolachlor and metribuzin were 

detected in soil as wheat straw residue increased. At the time of application (0 DAA), 

greater sulfentrazone was recovered from the soil when herbicide applications were made 

21 DPP than 7 DPP (Figure 4.1a). Higher sulfentrazone concentrations 21 DPP compared 

to 7 DPP were likely due to lower biomass accumulation at the 21 DPP timing (Figure 

4.1a and Table 4.6). Averaged across cover crop species, higher sulfentrazone 

concentration at 0, 14 and 28 days after the 21 DPP timing correlates to low levels of 

biomass at this timing (Figure 4.1a and Table 4.6). In contrast, the tillage treatment 

resulted in almost no biomass accumulation at all collection intervals after both 

application timings, which resulted in tillage having the highest sulfentrazone 

concentration of all cover crop treatments, with a concentration of 171 ng g-1 (Figure 4.1b 

and Table 4). Sulfentrazone levels decreased as the time after application increased 

through the season, which is expected due to microbial degradation (Figure 4.1) (Shaner 

2014). 

Overall Weed Control. There was a cover crop species by herbicide interaction (P 

<0.0001) and a herbicide by application timing interaction (P <0.0001) for overall weed 

control, but there were no other interactions present (Table 4.4). All of the cover crop 

species and tillage treatments evaluated in this research without a residual herbicide 

treatment (no residual program) provided 20 to 48% overall weed control (Table 4.7). 

Weed control was highest in response to the no residual program with annual ryegrass, 
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winter oats and winter wheat, with control of 48, 38 and 38%, respectively (Table 4.7). 

When the residual PP program was utilized, weed control was highest with cereal rye 

plus hairy vetch, annual ryegrass, winter oats, winter wheat, cereal rye and Austrian 

winter pea, with control of 85, 85, 80, 78, 76 and 74%, respectively (Table 4.7). Winter 

wheat, winter oats, annual ryegrass, cereal rye, Austrian winter pea, cereal rye plus hairy 

vetch and tillage provided the highest weed control with the residual POST program, with 

control of 88, 84, 84, 82, 79, 85 and 75%, respectively (Table 4.7). Liebl et al. (1992) 

observed similar results with smooth pigweed (Amaranthus hybridus L.), in that 

conventional tillage and cereal rye terminated two weeks before planting both provided 

similar smooth pigweed control when used with PRE-only (97 and 99%, respectively) 

and POST-only (92 and 99%, respectively) herbicide treatments.  

 When comparing herbicide programs across application timings, weed control 

was highest with the residual PP, and residual PP and POST programs for 21 DPP, with 

control of 93 and 90%, respectively (Table 4.8). When applied 21 and 7 DPP, the no 

residual program provided the lowest control of 23 and 38%, respectively (Table 4.8). 

When applied 7 DPP, weed control was highest from the residual POST program, with 

control of 83% (Table 4.8). This result is similar to results from Reddy (2001), who 

found that the POST herbicide program reduced total weed density by 78%, while the 

PRE herbicide program reduced weed density by only 54%. Weed control was higher 

from the no residual program when applied 7 rather than 21 DPP, with control of 38 and 

23%, respectively (Table 4.8). Weed control was higher with the residual PP program 

when applied 21 rather than 7 DPP, with control of 93 and 60%, respectively (Table 4.8). 

However, the residual POST program was more effective when applied 7 rather than 21 
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DPP, with control of 83 and 74%, respectively (Table 4.8). This is likely a reflection of 

the lower cover crop biomass resulting in greater residual herbicide penetration to the soil 

(Figure 4.1b and Table 4.6). These results indicate that if a grower decides to include a 

residual herbicide with their termination application, terminating the cover crop 21 DPP 

will provide greater weed control, as there is less cover crop biomass to intercept the 

residual herbicide and keep it from reaching the soil. However, for growers wanting to 

include the residual POST, terminating the cover crop 7 DPP will provide higher weed 

control.   

Waterhemp Control. There was a cover crop species by herbicide interaction (P 

<0.0001) and a herbicide by application timing interaction for waterhemp control (P 

<0.0001), but there were no other interactions present (Table 4.4). When comparing 

cover crops across herbicide programs, waterhemp control was ≥ 90% from the annual 

ryegrass and cereal rye plus hairy vetch mix in non-treated control plots (Table 4.7). As 

previously noted, soybeans were planted into green cover crops in the control plots 

resulting in poor soybean stands. Waterhemp control from the no residual program 

ranged from only 44 to 65% with all cover crop species and tillage treatments (Table 

4.7). Similar results were reported by Wiggins et al. (2016), who found that Palmer 

amaranth control 28 days after application was greater when residual herbicides were 

used in conjunction with cover crop residue (58%) as opposed to using cover crops 

without residual herbicides for weed control (17%). When the residual was applied PP, 

waterhemp control was similar between all cover crop treatments, with control ranging 

from 73 to 84% (Table 4.7). When the residual herbicide was applied POST, waterhemp 

control ranged from 53 to 79% (Table 4.7).  
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When comparing herbicide programs across application timings, waterhemp 

control was highest (81-89%) with the residual PP and residual PP and POST programs 

when applied 21 DPP (Table 4.8). These results are similar to a study that determined 

Amaranthus weed densities were higher with POST-only herbicide programs than 

programs incorporating herbicides PP and POST (Price et al. 2012). When applied 21 

DPP, the no residual, non-treated control and residual POST programs provided the 

poorest waterhemp control of only 60, 64 and 61% respectively (Table 4.8). When 

applied 7 DPP, waterhemp control was highest from the residual POST and residual PP 

programs, with control of 77 and 69%, respectively (Table 4.8). Waterhemp control was 

higher from the no residual program when applied 21 rather than 7 DPP, with control of 

60 and 46%, respectively (Table 4.8). Similarly, control was higher with the residual PP 

program when applied 21 rather than 7 DPP, with control of 89 compared to 69%, 

respectively (Table 4.8). However, the residual POST program was more effective when 

applied 7 rather than 21 DPP, with control of 77 and 61%, respectively (Table 4.8). The 

residual PP and POST program provided higher weed control when applied 21 rather 

than 7 DPP, with control of 81 and 68%, respectively (Table 4.8).     

Soybean Yield. There was a significant effect of cover crop species (P <0.0001) and 

herbicide programs (P <0.0001) on soybean yield, but no effect of herbicide application 

timing (Table 4.4). No interactions (P > 0.05) were present between herbicide programs, 

cover crop species and application timing for soybean yield (Table 4.4). Soybean yield 

was highest with tillage, hairy vetch, cereal rye, annual ryegrass, winter oats and winter 

wheat, with yield ≥ 3,247 kg ha-1 (Figure 4.2a). Cereal rye plus hairy vetch, Austrian 

winter pea and the no-tillage treatment resulted in the lowest yield, with yield ≤ 3,041 kg 
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ha-1 (Figure 4.2a). Soybean yield was similar between the 21 and 7 DPP applications 

timings (Figure 4.2b). However, Liebl et al. (1992) found that soybean yield was affected 

by cover crop termination date in all four years of their study, reporting that cereal rye 

terminated two weeks prior to planting yielded higher than cereal rye terminated at 

planting, with average yields of 1,933 and 1,533 kg ha-1, respectively. Soybean yield was 

highest with the inclusion of a residual herbicide (Figure 4.2c). There was no difference 

in soybean yield between applications of a residual herbicide applied PP, POST or PP 

and POST (Figure 4.2c).  

The results from these experiments indicate that growers have the ability to 

integrate residual herbicides with cover crops, however applying the residual herbicide 

PP in conjunction with the termination application provides higher overall weed control 

than applying the residual herbicide POST (Table 4.8). The decision for cover crop and 

residual herbicide integration depends on several variables, including the targeted 

soybean planting date, the targeted cover crop termination application and the amount of 

cover crop biomass desired before termination. For growers that desire to terminate cover 

crops several weeks prior to planting, the results from this research indicates that 

application of a residual herbicide in conjunction with the termination application will be 

necessary to supplement the weed control provided by the cover crop. The amount of 

residual herbicide that is likely to reach the soil is inversely related to the biomass 

accumulation, as lower amounts of biomass earlier in the spring will allow for higher 

amounts of the residual herbicide to reach the soil. Growers that prefer to terminate cover 

crops closer to planting will likely achieve higher levels of weed control with application 

of a residual herbicide during the POST application, as higher cover crop biomass 
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accumulation is likely to occur and consequently interfere with residual herbicide soil 

concentrations.  
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Table 4.1 Monthly rainfall (mm) and average monthly temperatures (C) in comparison to the 30-yr averages from April through 

October in 2016 and 2017 at the Boone County research location.  

 Rainfall Temperature 

Month  2016 2017 30 yr avg 2016 2017 30 yr avg 

 ---------------------------------mm---------------------------- --------------------------------°C ------------------------------- 

April 56.7 216.4 114 13.6 14.2 12.8 

May 80.8 113.8 126.5 16.7 17.4 17.8 

June  28.7 81.5 113.5 24.7 22.6 22.7 

July 274.0 116.3 111.0 24.6 25 25.2 

August 149.4 77.0 110.7 23.6 21.0 24.6 

September  142.5 19.8 98.3 21.0 20.2 19.8 

October 24.9 97.8 84.1 16.0 13.8 13.3 

a 30 year averages obtained from National Climatic Data Center (2018). 
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Table 4.2. Sources of materials used in the experiments.a 

Herbicideb Trade Name Rate Formulation Manufacturer Address 

  kg ai or ae ha-1    

2,4-D ester Lo-Vol 0.56 4 L Tankoz, Inc Alpharetta, GA 

Glyphosate Roundup PowerMax 1.12 4.5 SC Monsanto  St. Louis, MO 

Chlorimuron + sulfentrazone Authority Maxx 0.04 + 0.69 66 WG FMC Philadelphia, PA 

Fomesafen + S-metolachlor Prefix 1.06 + 4.9 5.12 EC Syngenta Greensboro, NC 

Ammonium sulfate  N-Pak AMS 2.9 3.4 L Winfield Solutions St. Paul, MN 

Drift Control Agent InterLock 0.29 L ha-1 100 L Winfield Solutions St. Paul, MN 
a Labels for each product from their respective manufacturer can be found at http://www.cdms.net.  

b Abbreviations: SL, soluble (liquid) concentrate; WG, water-dispersible granule; SC, soluble concentrate; L, Liquid; DF, dry 

flowable; EC, emulsifiable concentrate.  
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Table 4.3. Height and stage of cover crops (cm) at the time of herbicide application.  

 Cover Crop Height and Stage 

Year 

Termination 

Timing 

Application 

Date Cereal Rye 

Hairy 

Vetch 

Italian 

Ryegrass 

Winter 

Wheat 

Winter 

Oats 

Austrian 

Winter Pea 

Cereal Rye/ 

Hairy Vetch 

   ---------------------------------------------------- cm ---------------------------------------------------- 

2016 21 DPPa April 12 30-33 22-42 12-16 23-26 14-21 20-27 30/42 

   Jointing Vegetative Tillering Jointing Jointing Vegetative Jointing/ 

Vegetative 
 7 DPP April 28 66-77 41-48 26-32 66-77 35-43 53-61 68/78 

   Heading Flowering Jointing Heading Heading Flowering Heading/ 

Flowering 

2017 21 DPP April 12 33-51 23-36 15-23 30-48 20-30 25-36 30/42 

   Jointing Flowering Tillering Jointing Jointing Vegetative Jointing/ 

Flowering 
 7 DPP April 25 76-86 36-43 30-38 66-76 38-46 41-51 39/83 

   Heading Flowering Jointing Heading Heading Flowering Heading/ 

Flowering 
a Abbreviations: DPP, days prior to planting;  
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Table 4.4. Summary of effects for overall weed control and waterhemp control 7 weeks after planting and soybean yield at 

harvest.a  

Effect 

Degrees of 

Freedom 

Overall Weed 

Control  

Waterhemp 

Control  Soybean Yield 

Cover crop 8 * * * 

     

Herbicide 4 * * * 

     

Application timing 1 * * NS 

     

Cover crop x herbicide 32 * * NS 

     

Cover crop x application timing 8 NS NS NS 

     

Herbicide x application timing 4 * * NS 

     

Cover Crop x herbicide x application timing 32 NS NS NS 
a NS, no significant differences at α = 0.05; *, significant differences at α = 0.05; 
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Table 4.5. Summary of effects for cover crop biomass and sulfentrazone soil concentration.a 

Effect 

Degrees of 

Freedom 

Cover Crop 

Biomass 

Sulfentrazone Soil 

Concentration 

Cover crop 8 ** ** 

    

Application timing 4 ** ** 

    

Collection interval 1 ** ** 

    

Cover crop x application timing 32 * NS 

    

Cover crop x collection interval 8 ** NS 

    

Application timing x collection interval 4 ** ** 

    

Cover crop x application timing x collection interval 32 * NS 
a NS, no significant differences at α = 0.05; *, significant differences at α = 0.01; **, significant differences at α = 0.001. 
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Table 4.6. Influence of cover crop species, herbicide application timing, and collection interval on cover crop biomass.  

  Collection Intervalab 

 
0 DAA 14 DAA 28 DAA 56 DAA 84 DAA 

Cover crop and tillage 

treatments 
21 DPP 7 DPP 21 DPP 7 DPP 21 DPP 7 DPP 21 DPP 7 DPP 21 DPP 7 DPP 

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

Tillage  3293 jkl 2254 kl 644 l 602 l 2138 kl 955 l 1456 l 4137 jkl 2501 kl 3233 kl 

Non-tillage 4117 jkl 3069 kl 3151 kl 2377 kl 3146 kl 3772 jkl 1111 l 1923 l 3356 jkl 2974 kl 

Annual ryegrass 8293 g-l 8518 g-l 2425 kl 8510 g-l 6235 h-l 7824 g-l 1644 l 2958 kl 3683 jkl 4004 jkl 

Austrian winter pea 13434 c-g 40747 a 4907 jkl 18235 bcd 10048 f-k 8521 g-l 5061 i-l 3726 jkl 6655 h-l 4274 jkl 

Cereal rye 5616 i-l 9797 f-k 3992 jkl 6926 h-l 5610 i-l 3637 jkl 2974 kl 2508 kl 2989 kl 1856 l 

Cereal rye/hairy vetch mix 10220 f-j 19287 bc 4987 i-l 16063 b-f 5523 i-l 11408 e-i 2916 kl 4105 jkl 3350 jkl 3497 jkl 

Hairy vetch 17247 b-e 20927 b 3774 jkl 12513 d-h 7100 g-l 5492 i-l 3801 jkl 3918 jkl 4058 jkl 3604 jkl 

Winter oats 4346 jkl 7285 g-l 3042 kl 9045 g-k 5254 i-l 9780 f-k 2281 kl 6228 h-l 3287 kl 5670 i-l 

Winter wheat 5999 i-l 6593 h-l 3308 jkl 6659 h-l 2673 kl 4929 i-l 1471 l 6030 h-l 4507 jkl 5469 i-l 

a Means within the same column and row followed by the same letter are not different, α = 0.05.  

b Abbreviations: DAA, days after application; DPP, days prior to planting; NS, no significant differences at α = 0.05. 
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Table 4.7. Influence of cover crop species and herbicide programs on overall weed and waterhemp control 7 weeks after planting.  

 
Herbicide Programab 

Cover crop and tillage 

treatments 

Non-

Treated 

No 

Residual 

Residual 

PP 

Residual 

POST 

Residual 

PP & 

POST 

Non-

Treated 

No 

Residual 

Residual 

PP 

Residual 

POST 

Residual 

PP & 

POST 

 --------------- Overall Weed Control (%) ---------------- ---------------- Waterhemp Control (%) ------------------ 

Tillage  0 o 20 n 71 b-h 75 a-g 73 b-g 0 o 44 m 77 c-f 59 g-m 84 abc 

Non-tillage 23 lmn 26 lmn 72 b-g 65 e-i 69 c-h 27 n 53 j-m 77 b-e 53 j-m 68 c-j 

Annual ryegrass 91 a 48 ijk 85 a-d 84 a-d 85 abc 96 a 64 e-l 82 a-d 76 c-g 80 a-e 

Austrian winter pea 55 hij 26 lmn 74 a-g 79 a-f 78 a-f 60 f-m 47 lm 79 a-e 70 c-j 74 c-h 

Cereal rye 75 a-g 33 k-n 76 a-g 82 a-e 76 a-g 76 c-f 48 lm 73 c-h 74 c-h 69 c-j 

Cereal rye/hairy vetch mix 83 a-d 26 lmn 85 a-d 85 abc 76 a-g 94 ab 45 m 80 a-e 77 b-e 69 c-j 

Hairy vetch 62 f-i 21 mn 72 b-g 67 d-g 69 c-h 81 a-e 49 klm 79 a-e 57 h-m 71 c-i 

Winter oats 60 ghi 38 j-m 80 a-e 84 a-d 79 a-e 69 c-j 60 f-m 84 abc 72 c-i 77 b-f 

Winter wheat 55 hij 38 j-m 78 a-f 88 ab 77 a-f 76 c-g 65 d-k 81 a-e 79 a-e 80 a-e 

a Means in the same column and row followed by the same letter are not different, α = 0.05.  

b Abbreviations: POST, post-emergence; PP, preplant; Res, residual; NS, no significant differences at α = 0.05. 
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Table 4.8. Influence of herbicide programs and preplant application timing on overall weed and waterhemp control 7 weeks after 

planting.a  

  Herbicide Application Timing 

Herbicide program 21 DPP 7 DPP 21 vs. 7 DPP 21 DPP 7 DPP 21 vs. 7 DPP 

 --------------- Overall weed control (%) --------------- --------------- Waterhemp control (%) --------------- 

Non-treated 56 d 56 d NS 64 de 64 de NS 

No Residual 23 f 38 e * 60 e 46 f * 

Residual PP 93 a 60 d * 89 a 69 cd * 

Residual POST 74 c 83 b * 61 de 77 bc * 

Residual PP & POST 90 ab 61 d * 81 ab 68 de * 

a Means in the same column and row followed by the same letter are not different, α = 0.05.  

b Abbreviations: DPP, days prior to planting; POST, post-emergence; PP, preplant; NS, no significant differences at α = 0.05. 
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Figure 4.1. Influence of preplant herbicide application timing and collection interval (A) and cover crop and tillage treatment (B) on 

sulfentrazone soil concentrations. Within each graph, bars with the same letter are not different, α = 0.05.
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Figure 4.2. Influence of cover crop and tillage treatments (A), preplant herbicide application timing (B) and herbicide program (C) on 

soybean yield. Within each graph, bars with the same letter are not different, α = 0.05.  

  

 


