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ABSTRACT 

RESIDUAL HERBICIDE IMPACT ON COVER CROPS UTILIZED WITHIN CROPPING 

SYSTEMS FOR WEED SUPPRESSION 

Sydney M. Wardell Boersma                                                                Advisors: 

University of Guelph, 2019                                                                   Professor D.E. Robinson 

                                                                                                               Professor P.H. Sikkema  

 

Annual ryegrass (Lolium multiflorum Lam.), and red clover (Trifolium pratense L.) 

interseeded into V4 corn, and oilseed radish (Raphanus sativus var. oleiformis L.) planted after 

winter wheat harvest were evaluated for weed suppression. A concern with these practices is 

how the herbicide applied to the main crop will affect the establishment and growth of the cover 

crop, and whether the interseeded cover crop competes with the main crop. Experiments were 

conducted at two locations per study year (2016, 2017) at the University of Guelph Ridgetown 

Campus. S-metolachlor/mesotrione/atrazine, S-metolachlor/mesotrione/bicyclopyrone and S-

metolachlor/mesotrione/bicyclopyrone/atrazine applied preemergence (PRE) caused 91-99% red 

clover, and 74-94% annual ryegrass injury. S-metolachlor, atrazine and S-metolachlor/atrazine, 

applied PRE caused 73 to 86%, <1% and 83 to 89% annual ryegrass injury, respectively. As 

intercrops, annual ryegrass and red clover did not reduce grain corn yields. 

Bromoxynil/bicyclopyrone and bromoxynil/pyrasulfotole applied postemergence (POST) in 

winter wheat neither injured nor reduced oilseed radish biomass. 
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1.0 Literature Review: Effect of Herbicide Residue on Cover crops 

1.1 Benefits of Cover Crops 

Cover crops are traditionally defined as non-cash generating crops grown to cover the 

ground, to protect the soil from erosion and from loss of plant nutrients through leaching and 

runoff (Reeves 1994). Living ground covers, when grown by relay cropping, or double cropping 

may provide and conserve nitrogen, suppress weed pressure, and increase soil organic matter 

content (Hartwig and Hoffman 1975). Relay cropping is when two or more crops grow 

simultaneously, but one is planted after a crop has reached a specific stage. Interseeding is a 

common type of relay cropping utilized in corn, soybean, and some vegetable cropping system. 

Double cropping is when two or more crops grow in a sequence where one crop is planted after 

the preceeding crop is harvested preventing land degradation from wind and water erosion by 

acting as a protective ground cover (Langdale et al. 1991).  

It is important for the farmer to have a focused goal before seeding a cover crop, since 

desired benefits will influence cover crop selection.  Legume and grass cover crops are known 

for being the most dependable in increasing soil fertility, whereas mustard species are generally 

applied to reduce soil-borne diseases, and cereals produce the largest amount of biomass for 

building soil and suppressing weeds (Snapp et al. 2005). In a study by Dabney et al. (2001) 

legume cover crops provided nitrogen to a subsequent crop through nitrogen fixation, and grass 

species were superior in scavenging residual nitrogen reducing the leaching potential within the 

agricultural system. Members of the mustard family contain glucosinolates that, when broken 

down enzymatically, produces toxic isothiocyanates as byproducts. These are thought to be 

responsible for the suppression of soil-borne diseases and weeds. Sclerotinia sclerotiorum (Lib.) 

(Smolinska and Horbowicz 1999) and Verticillium albo-atrum var. dahliae (Kleb.) (Olivier et al. 

1999) are two of the many documented pathogens suppressed by mustards. Also, rapeseed 
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(Brassica napus L.) foliage controlled lambsquarters (Chenopodium album L.) and redroot 

pigweed (Amaranthus retroflexus L.) to an equivalent level of the herbicide standard (Boydston 

and Hang. 1995). Cover crop selection ensures that an appropriate species is chosen to match the 

function needed on a field-to-field basis. 

It is also important for cover crops to be utilized in conditions optimal for the desired benefit 

to be realized to cover the costs of implementation and maintenance. Most cover crop species are 

best adapted to warm areas with abundant precipitation (Dabney et al. 2001) and are most 

effective in niches that frequently remain fallow following conventional rotations, or in a field in 

need of rehabilitation (Snapp et al. 2005). In Ontario, red clover (Trifolium pratense L.) and fall 

rye (Secale cereale L.) are commonly chosen cover crops; however, hairy vetch (Vicia villosa 

Roth), oilseed radish (Raphanus sativus var. oleiformis), annual ryegrass (Lolium multiflorum 

Lam.), and Kentucky blue grass (Poa pratensis L.) have also been established to sequester and 

cycle nutrients and improve soil structure (Samson et. 1990). In North America, cover crops can 

be grown after the cash-generating crop or interseeded into the crop. The most successfully 

established winter cover crop species are hardy species like rye and hairy vetch for contrast, a 

summer annual species, such as oilseed radish, only supply ground cover until cold temperatures 

set in (Snapp et al. 2003).  Therefore, it is important that when choosing a cover crop, its 

hardiness must be known for optimal results, regardless of its function (Hartwig and Ammon 

2002).  

 

1.1.1 Weed Suppression 

Growth of preexisting weeds and establishment of new weeds can be reduced by seeding 

of cover crops that interfere with weeds through competition of resources and acting as a 

physical barrier (Conklin et al. 2002; Creamer et al. 1996). On the soil surface cover crop 
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residues can indirectly suppress weeds by reducing light availability, soil temperatures and 

moisture (Teasdale and Mohler 1993), harboring insects that feed on weed seeds (Blubaugh et al. 

2016), and reducing nutrient availability (Halligan 1976; Kimber 1973). It was established that 

oilseed radish and mustards compared with a bare fallow, overpower the majority of weeds by 

light interception of residues in the spring and by competition in the fall (Strivers-Young 1988). 

Residues of cover crops inhibit weed seed germination or prevent seed-to-soil contact reducing 

potential weed growth (Creamer et al. 1996; Karssen and Hilhorst 1992). 

Cover crop residues can also directly or indirectly suppress weeds by releasing toxic 

chemicals into the environment, which prevent the germination of certain weed species, a 

process known as allelopathy (Rice 1974). Some allelochemicals released from cover crops are 

hydroxamic acids from rye and maize (Zea mays L.) (Niemeyer 1988), L-DOPA from velvet 

bean (Mucuna pruriens Linn.) (Fujii et al.1991; Fujii 1999), and saponins from alfalfa 

(Medicago sativa L.) (Miller 1983; Miller et al. 1988). Wheat (Triticum aestivum L.) can 

potentially release hydroxamic acids, phenolic acids and DIMBOA which all assist in weed 

suppression (Niemeyer 1988; Shilling et al. 1985; Wu et al. 2000). In addition, wheat can 

suppress weeds due to residues on the soil surface and by competition in the fall (Stivers-Young 

1998). 

In vegetable production the use of herbicides is limited and hand weeding is costly 

(Mayberry et al. 1995) so cover crop mulches are an important component of an intergrated weed 

management program for conventional and organic growers.  The benefit of weed suppression by 

a cover crop has been documented in tomato (Solanum lycopersicum L.) (Creamer et al. 1996), 

peppers (Hutchinson and McGriffen 2000) and in potato (Solanum tuberosum L.) (Gallandt et al. 

1998). In New York, 15% of vegetable growers reported weed suppression as a benefit of cover 
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crops (Stivers-Young and Tucker 1999). Therefore due to the weed suppression effect, cover 

crops can reduce the use of herbicides and their related costs by providing an ecological and 

economical strategy to help manage weed control. Variables like cover crop species, weather and 

time of establishment are factors that affect weed suppression with cover crops (Herrero et al. 

2001). Overall, the use of cover crops in a diversified, integrated weed management program can 

reduce the reliance on herbicides, providing growers with an environmentally sound alternative 

cropping system to manage weeds. 

 

1.1.2 Soil Structure and Fertility 

 One of the main benefits of cover crops is to improve soil productivity by reducing water 

runoff and preventing soil erosion. The purpose of the cover crop is to provide vegetative cover 

to unoccupied fields reducing the effect from the force of raindrops, which, without cover, would 

unfasten soil particles, increase aggregate breakdown, resulting in greater soil erosion. Also, the 

protection of the soil with cover crops results in improved moisture infiltration due to the 

lowered rate of runoff (Hartwig and Ammon 2002). Cover crop biomass is more than volunteer 

vegetation, plant biomass and residues allows for more water to transpire, rainfall to infiltrate 

into the soil, and decreases runoff and soil erosion potential (Dabney 1998).  

 Soil erosion by wind and water can be associated with a decrease in soil quality and 

productivity (Reeves 1994), which is why cover crops are utilized to prevent land degradation. 

The benefit of cover crops as a ground cover to prevent soil erosion is more pronouced in 

conventional-till than no-till systems. In a study by Langdale et al. (1991), there was an 88% 

reduction in soil erosion in no-till soybean compared to conventional till soybeans without a 

cover crop. Mutchler and McDowell (1990) showed that winter cover crops could reduce soil 
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erosion 47% on a silt loam cotton field. Cover crops reduce soil erosion by acting as a buffer, 

decreasing the velocity of winds and water that reach the soil, allowing for large aggregate soil 

particles to be maintained (Langdale et al. 1991). Crop protection from wind is important, since 

serious injury to crops can result if wind erosion rates become greater than 2.5 T ha-1 (Hayes 

1965). Overall cover crops are critical in preventing soil erosion in areas with sandy soils, where 

tree lines have been removed to enlarge fields which results in increased exposure to areas with 

high wind (Daney et al. 2001). 

 In a study by Dapaah and Vyn (1998), red clover, oilseed radish and annual ryegrass 

cover crops resulted in higher soil aggregate stability compared to where no cover crops were 

used. The study also concluded that aggregate stability was highest before spring tillage where 

oilseed radish was seeded, but after tillage soil stability was higher with an annual ryegrass cover 

crop (Dapaah and Vyn 1998). This suggests that selecting cover crops to restore soil structure 

depends on the tillage system utilized. Cover crops also add organic matter to the soil increasing 

soil tilth, productivity, and soil microorganisms, such as mycorrhizal fungi (Galvez et al. 1995; 

Hartwig and Ammon 2002). Mycorrhizal fungi produce a glycoprotein that is central to soil 

aggregate stability and increases water and nutrient uptake; this is possible due to the symbiotic 

relationship between the plant roots and the fungi (Wright et al. 1999). If the organic matter of a 

cover crop is left in a system it can increase carbon inputs to the soil, and thus improve soil 

quality by carbon sequestration (Derpsch et al. 1986; Reeves 1997). Cover crops can increase 

soil quality through increased organic carbon content, improved soil aggregate stability, greater 

water infiltration, and reduced nutrient and soil runoff (Dabney et al. 2001).  
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1.1.3 Nitrogen Scavenging and Recycling 

 Legume cover crops are well known for their ability to fix atmospheric nitrogen and 

release some back to a subsequent crop, reducing the amount of synthetic nitrogen fertilizer 

required (Drinkwater et al. 1995; Griffen and Hesterman 1991; Vyn et al. 1999). Corn and small 

grains can benefit from the additional release of nitrogen from previous legume cover crops 

(Ebelhar et al. 1984; Hargrove 1986). The contribution of total nitrogen is correlated to the 

amount of dry matter produced by the cover crop (Holderbaum et al. 1990), as seen in a study by 

Kuo et al. (1997) where annual ryegrass and cereal rye increased the soil organic nitrogen 

compared to the control, hairy vetch, Austrian winter pea (Pisum sativum L.) and canola 

(Brassica napus L.), due to its higher biomass and larger carbon input. The experiment 

correlated soil organic nitrogen levels and cumulative biomass carbon added from the cover 

crops, however, neither grass species were able to increase soil inorganic nitrogen levels (Kuo et 

al. 1997). Cline and Silvernail (2002) found that hairy vetch could be utilized in a no-till sweet 

corn system as a nitrogen source if vetch nitrogen content was greater than 150 kg ha-1. Ashley et 

al. (1987) found that snap beans (Phaseolus vulgaris L.) seeded into white clover can reach its 

full yield potential with no added nitrogen. Therefore, the ability for legume cover crops to fix 

nitrogen can reduce production costs and decrease the requirements for inorganic N fertilizer 

(Frye et al. 1985).  

 Legume and non-legume cover crops may be utilized to recycle unused nutrients 

including nitrogen. In other studies, it was found that non-legume cover crops such as cereal rye, 

forage radish, and canola have a greater potential to scavenge residual nitrate and nitrogen in the 

soil than legume cover crops (Isse et al. 1999; Wagger et al. 1998). A general practice in Ontario 

is to use a cover crop mix of a grass and legume, commonly cereal rye and red clover to provide 
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nutrient recycling; however the use of annual cover crops like annual ryegrass, hairy vetch, 

oilseed radish and Kentucky bluegrass are on the rise in the province (Samson et al. 1990). A 

cereal/legume mixture is ideal since it scavenges more nitrogen and produces more biomass for 

nitrogen fixation compared to a legume monoculture (Clark et al. 1994; Ranells and Wagger 

1997). Overall, the uptake of excess nutrients with cover crops, with the emphasis being on 

nitrogen, is important in reducing the leaching potential in agricultural systems, thus reducing 

environmental pollution. 

 

1.2. Cover Crop Species  

1.2.1 Oilseed Radish 

 Oil seed radish (Raphanus sativus var. oleiformis) is a part of the Brassicae family and is 

a non-legume broadleaf species that is winter killed (OMAFRA 2012b). Oilseed radish 

germinates quickly and grows rapidly in the fall (Weil et al. 2009), which is why it is considered 

an ideal summer annual cover crop. Other beneficial characteristics of oilseed radish are its large 

taproot that deeply penetrates the soil, its residues that decompose rapidly, and production of 

glucosinolates that are allelopathic (Weil et al. 2009). The taproot of the oilseed radish can reach 

up to 1.8 m in depth and the extensive root growth is attributed to preventing soil compaction, 

excess nitrate leaching, as well as improving weed and pest management (USDA 2012).  

 The oilseed radish taproot penetrates compacted layers of the soil and is used as an 

alternative to deep tillage in no-till systems (Williams and Weil 2004). On average 25 to 50 cm 

of the taproot closest to the soil surface can be up to 5 cm in diameter (Williams and Weil 2004).  

The thickness of the taproot results in large holes once the roots decompose in the spring. This 

allows for water, air and the primary crop roots to penetrate dry, hard soil generated under 
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unfavorable summer conditions (Williams and Weil 2004). This process is known as “bio-

drilling” and often used in areas where drought is common. It has been documented that when 

oilseed radish was utilized as a winter cover crop, the penetration of compacted subsoil by corn 

roots increased 4 fold (Weil et al. 2009). Oilseed radish can reduce soil erosion because of its 

quick canopy closure which prevents damage from driving rains, and if left to over winter the 

decomposed residues can decrease runoff and sediment loss (Weil et al. 2009). Therefore, 

oilseed radish can be used as a cover crop to improve soil tilth and structure.  

  The length of the oilseed radish taproots allows for the scavenging of excess nitrogen at 

greater depths in the soil profile, and can absorb 112 to 1168 kg N ha-1 (Weil et al. 2006).  In a 

study by Isse et al. (1999) when compared to the control and other nitrogen sequestering cover 

crops (ryegrass and red clover), oilseed radish had the lowest levels of nitrate in the soil. Oilseed 

radish in rotation can act as a fertilizer for the subsequent crop by recycling nitrogen that the 

primary crop root systems cannot access, and releasing that nitrogen during decomposition of the 

plant residues (Kristensen and Thorup-Kristensen 2004). In one study, this decomposition 

provided up to 7846 kg ha-1 organic matter to the soil between the above and below ground 

biomass, improving microbial life over time (Weil et al. 2009). Oilseed radish as a cover crop 

can improve soil structure, improve soil fertility, and recycle nitrogen to a subsequent crop. 

 A desirable trait of oilseed radish is its capability to suppress weeds. Its ability to grow 

rapidly in the fall suppresses the growth of winter annual weeds, such as common chickweed and 

henbit (Yvonne et al. 2011). In western New York, fall-seeded oilseed radish suppressed winter 

annual weeds until March/April of the following growing season in vegetables (Stivers-Young 

1998), and in Michigan the cover crop reduced spring weed density and weed seed return 

compared to having no cover crop (Baskin and Baskin 2001; Wang et al. 2008). Weed control 



9 

 

studies with Brassica cover crop species have concluded that glucosinates are the allelopathic 

chemicals involved in weed suppression (Al-Khatib et al. 1997; Boydston and Hang 1995; 

Krishan et al. 1998; Turk and Tawaha 2003). A more recent study by Yvonne et al. (2012) 

corroborated earlier research that found that weed suppression with oilseed radish can be 

attributed to its’ rapid germination, emergence and fall growth which results in a dense canopy 

that outcompetes weeds. Another benefit of oilseed radish as a cover crop are, glucosinates 

which are released from root exudates that trap beet cyst nematodes and prevent reproduction 

(Budahn et al. 2009). Although many Brassica cover crops are documented to suppress soil 

borne diseases, the value of oilseed radish as a component of an integrated pest management 

strategy is still under investigation. 

 Oilseed radish grows best in cool, moist growing conditions on well drained loam to 

clay-loam soil types, therefore it is generally planted late summer to early fall after the primary 

crop is removed (OMAFRA 2012b). Control of oilseed radish is simple and inexpensive 

compared to other cover crops (OMAFRA 2012b). The crop is not harvested for feed and is left 

to winter kill and be incorporated into the soil.  Overall, oilseed radish is primarily grown to 

enhance soil quality, fertility and productivity (Magdoff and Van Es 2009) and also has the 

additional benefit of weed and disease suppression. 

 

1.2.2 Annual Ryegrass 

 Annual ryegrass (Lolium multiflorum Lam.), also known as Italian ryegrass is a winter 

annual grass commonly used as a forage or an underseeded/interseeded cover crop in North 

America. This cool season annual grass has a short-lived perennial growth habit, due to its ability 

to over winter and then regrow vigorously in the spring (Nandula et al. 2007). As a temperate 
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forage, annual ryegrass is most commonly utilized due to its’ ease of establishment, wide 

adaptability to varying soil and climatic conditions, and high livestock feed quality (Balasko et 

al. 1995). Annual ryegrass is also known worldwide for having the potential to become a weed 

that causes economic losses in many annual and perennial cropping systems, however with 

proper management it is becoming more commonly used as a cover crop in orchards, vineyards 

and some high value cropping systems (Clark 2012; Preston et al. 2009). Some biotypes are 

glyphosate-resistant which is a concern, but with proper termination the positive benefits of 

suppressing pests and weeds, improving soil health, and sequestering excess nutrients can be 

achieved in a cropping system. 

 Annual ryegrass is used as a living mulch to suppress weeds due to its rapid and 

aggressive growth pattern. Kaneko et al. (2011) utilized a living mulch of annual ryegrass in a 

soybean system, which resulted in good forage soybean quality and weed suppression in high 

weed density fields.  The residues of annual ryegrass when incorporated into the soil or used as 

living mulch provide weed suppressive effects (Bond and Grundy 2011; Strizaker and Bunn 

1996).  Didon et al.  (2014) found that annual ryegrass extended the mean germination time of 

shepherd’s purse by 21 to 28% and lowered germination index value by 23 to 28%, compared to 

the no cover crop control. Annual ryegrass, due to its vigorous and dense growing habit, acts as a 

physical barrier that suppresses weeds. In addition, annual ryegrass reduces soybean cyst 

nematode (SCN) populations. Root exudates of annual ryegrass increased SCN egg hatch up to 

47% compared to soybean. The study concluded annual ryegrass suppressed SCN by increasing 

egg hatch in the absence of a host, thus depleting lipid reserves of juveniles and inducing the 

lower nematode parasitism (Riga et al. 2001). Annual ryegrass provides weed and disease 

suppression. 
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 Annual ryegrass is an effective cover crop for building soil by enhancing water 

infiltration, increasing water-holding capacity, adding organic matter, and reducing erosion. It is 

frequently grown in orchards to improve soil structure, since the extensive fibrous root system 

firmly holds the soil in poor rocky, wet soils and is flood tolerant (Clark 2012). The dense root 

system of annual ryegrass contributes to improved soil drainage components and enhanced soil 

tilth, by increasing water holding capacity and water infiltration (Clark 2012). Annual ryegrass 

can grow up to 120 cm in a season, thus supplying a large amount of biomass that can increase 

organic matter and reduce soil splash on the main cash-generating crop decreasing disease 

opportunities (Clark 2012; OMAFRA 2012a). Annual ryegrass can produce up to 10,088 kg dry 

matter per hectare (DM ha-1) under optimal conditions, adding a large amount of organic matter 

to the soil, or in some cases utilized as a forage crop (Clark 2012). Overall the below and above 

ground biomass of annual ryegrass is beneficial for soil erosion control and improving soil 

structure, drainage and health. 

 Annual ryegrass is an excellent cover crop to scavenge nitrogen (Malcolm et al. 2014). 

While the root architecture contributes to improved soil quality, it is the winter plant growth that 

primarily is responsible for reduced NO3
- leaching losses (Malcolm et al. 2014; Malcolm et al. 

2015). When compared to tall fescue (Festuca arundinacea S.) a deep rooting grass species, on 

average annual ryegrass total N herbage uptake and DM yield were 24 and 48% greater, 

respectively (Malcolm et al. 2015). In a field study looking at cow urine patches, NO3
- leaching 

losses were up to 54 % less when utilizing annual ryegrass as the main pasture species compared 

to perennial ryegrass (Lolium perenne L.) and tall fescue ( Malcolm et al. 2014). The cover crop 

captures nutrients from fields receiving manure applications and can take up to 112 kg N ha-1 

(Brink et al. 2006; Plumer et al. 2013), as well as increasing N uptake under conditions of high N 
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fertilizer application systems (Zhou et al. 1999). Therefore, annual ryegrass is an ideal cover 

crop for sequestering excess nitrogen in different cropping systems, reducing leaching and runoff 

losses. 

 A major concern with utilizing annual ryegrass as a cover crop is the possibility of it 

becoming a weed and the risk of selecting herbicide-resistant biotypes. In the United States 

annual ryegrass has confirmed resistance to four herbicide sites-of-action: acetyl CoA 

carboxylase (ACCase) inhibitors, acetolactate synthase (ALS) inhibitors, 5-enolpyruvl shikimate 

3-phosphate synthase (EPSPS) inhibitors and glutamine synthetase (GS) inhibitors (Legleiter et 

al. 2015). Also, Italian ryegrass has a glyphosate-resistant population in Chile (Perez and Kogan 

2003). Management of annual ryegrass is key, since the seed of annual ryegrass has the ability to 

remain viable and dormant for several years in the soil; other factors such as weather, timing of 

herbicide application, rates/combination of herbicides, and size of plant at the time of herbicide 

application have also been deemed critical for optimal control (Legleiter et al. 2015; Lins et al. 

2007; Nandula et al. 2007). As a cover crop in a corn-soybean cropping system a single 

application of glyphosate at varying rates does not provide full control, therefore a sequential 

herbicide program or a tank mix that includes glyphosate is recommended (Lins et al. 2007; 

Legleiter et al. 2015).  In conclusion, a well-planned, robust termination program should be 

implemented where annual ryegrass is used as a cover crop. 

 

1.2.3 Red clover 

Red clover (Trifolium pratense L.) is a short-lived herbaceous perennial species from the 

Leguminosae family, with several desirable attributes when used as a cover crop.  Red clover is 

frequently frost seeded/underseeded in cereal crops in Ontario and north-central US states 
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(OMAFRA 2003), and more recently has been evaluated as inter-seeded cover crop in corn.  Red 

clover, being a legume, has the ability to fix approximately 45 kg N ha-1 (OMAFRA 2003). Red 

clover adds a tremendous amount of biomass, and improves conditions for microbial life in the 

soil (OMAFRA 2003). Red clover reduces erosion by providing extensive soil ground cover and 

in addition it improves soil structural strength and infiltration, and increases water holding 

capacity, water infiltration and soil permeability (Burket et al. 1997; Mutch and Martin 1998). 

Red clover can interrupt pest cycles and suppress weeds (Blaser et al. 2011; Bruulesma and 

Christie 1987; Chen et al. 2006; Ross et al. 2001). 

 Winter wheat underseeded to red clover results in increased corn yields the following 

year due to the nitrogen credit from the red clover cover crop. Red clover, when underseeded 

into a small grain, contributed 82 kg N ha-1 nitrogen to corn grown the following growing season 

(Janovicek and Stewart 2004). Red clover tissues have a quicker nitrogen turnover compared to 

non-leguminous cover crops due to its low C/N ratio allowing more nitrogen to be available to a 

subsequent crop (Varco et al. 1989; Wagger 1989). Red clover’s ability to fix atmospheric 

nitrogen through symbiotic interactions between its underground nodules and surrounding 

rhizobial bacteria is not just a benefit to field crops, but also to the environment due to its high 

nutritive value improving agro-ecological resilience (Taylor and Quesenberry 1996; 

Thilakarathna et al. 2012). The release of nitrogen is due to the decomposition of root and shoot 

biomass, however the amount of nitrogen credit from red clover is influenced by weather 

conditions and soil type (Dapaah and Vyn 1998). 

 Red clover produces more below-ground biomass than other clover species due to 

vigorous tap and lateral root growth (Kirchmann 1988). The two different root structures make 

red clover an ideal cover crop to reduce degradation, and to help retain moisture and nutrients 
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within the root zone. The fibrous lateral roots stabilize soil structure, reduce erosion, and 

function as the primary route for moisture and nutrients to be absorbed (Brady and Weil 2002; 

OMAFRA 2003). The tap root of red clover provides access to nutrients, and moisture in the 

subsoil, which when undersown in winter wheat in a crop rotation, improves soybean and corn 

yield stability under droughty soil conditions and low yielding environments (Gaudin et al. 2015; 

OMAFRA 2003). Under cool, moist conditions the tap root of red clover will grow up to 90 cm a 

year and the cover crop will grow up to 60 cm in height (OMAFRA 2003). 

 The large amount of red clover’s above and below ground biomass in combination with 

its low C:N has several benefits. First, it provides organic matter for microorganisms in the soil, 

improves structure of fine textured soils, accelerates decomposition of surface crop residues 

(Drury et al. 1991; Drury et al. 1999), and increases soil dissolved carbon content (Zhang et al., 

1999). Red clover biomass also improves soil water holding capacity, and immobilizes the NO3
- 

directly, thus reducing nitrate leaching potential over the winter months compared to uncovered 

soil (Bergstrom and Kirchmann 2004). Once decomposed the red clover biomass improves soil 

quality by enhancing water infiltration, improving soil structure, reducing soil erosion, leaching 

and runoff of nutrients and moisture. 

Although, there are many benefits to planting red clover, the crop can potentially host 

several insects and disease pests. Red clover, when under stress, has been associated with an 

increase in the incidence of northern anthracnose and powdery mildew (Gesell and Calvin 2014), 

as well as hosting clover seed chalcid, bud weevil, root borer and meadow spittle bug over winter 

(OMAFRA 2003). However, red clover does not always have a negative influence on pest 

management. Red clover can reduce soybean cyst nematode (SCN) populations up to 40%, since 

the crop triggers the SCN cysts to hatch without providing a proper host, therefore reducing the 



15 

 

population (Chen et al. 2006). In a corn rootworm study the addition of red clover into a rotation 

showed no damage due to the pest compared to the plots without which showed severe damage 

(Bruulsema and Christie 1987). 

Red clover after wheat can suppress weeds. Blaser et al. (2011) reported that red clover 

reduced weed density by approximately 65%. In less fertile soils, red clover shows more 

potential for weed suppression. In a study by Ross et al. (2001), red clover reduced mustard 

biomass by 57% in low-fertility soils and by 29% in high fertility soils. Red clover can be used 

as a cover crop for improving soil health, or for pest management, however it will only be a 

useful tool if the cover crop doesn’t compete with the main crop (Bergstrom and Kirchmann 

2004; Bruulsema and Christie 1987; Blaser et al. 2011. Studies in Ontario and New York have 

shown that interseeding red clover into standing corn had no adverse effects on corn yield, but 

interseeding into soybean reduced yield (Belfry and Van Eerd 2016; Hively and Cox 2001). 

Therefore when integrating red clover into a crop rotation it is important that red clover is grown 

with a compatible main crop to avoid loss of revenue.  

 

1.3 Herbicide Fate in the Soil 

1.3.1 Adsorption 

 Adsorption is the association of molecules with the surfaces of solids (Ross and Lembi 

2008). In terms of herbicides, adsorption is the accumulation of herbicide at the interface of soil 

colloid and either soil water solution or air (Helling 2005). Adsorption of a herbicide influences 

its persistence in the soil by affecting the movement, transformation, bioavailability and rate of 

degradation of the herbicide due to microbial and chemical reactions (Helling 2005; Zimdahl 

1993). The surface area for the soil colloid interface is negatively charged due to clay and 
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organic matter, therefore ionization properties of the herbicide influence its binding strength to 

the adsorptive surface (Ross and Lembi 2008; Zimdahl 1993). Herbicide chemical structure can 

influence the strength of adsorption based on i) ionic charges of the functional groups, or ii) how 

the functional group of an herbicide can be altered due to soil pH (Helling 2005; Zimdahl 1993). 

For example, bipyridilium herbicides are positively charged cations and therefore adsorb to the 

negative soil colloid surfaces unlike anions, which have a higher leaching potential (Zimdahl 

1993). Some herbicides can gain or lose a charge depending on soil pH, thereby affecting their 

ability to be adsorbed. For instance, imazethapyr in an acidic soil becomes negative opposed to 

having no charge on a neutral soil type (Zimdahl 1993). In conclusion adsorption of herbicides is 

influenced by ionic charge and whether functional groups can be altered by soil pH. 

 

1.3.2 Movement 

 Herbicide movement is generally categorized into transport in solution by runoff and 

leaching, or transport in vapour phase also known as volatilization. Leaching is herbicide 

movement into the soil profile, whereas runoff is the off-site surface transport of the herbicide. 

Run-off is triggered by rainfall and causes the highest loss of the herbicide during the first major 

rain event; however a study by Waucope (1978) states that less than 5% of applied chemical is 

lost to run-off. Leaching potential of herbicides depends on many factors such as water 

solubility, adsorptive interactions, soil organic carbon affinity coefficient, pKa, susceptibility to 

degradation, and the timing and amount of rainfall (Ross and Lembi 2008; Zimdahl 1993). A 

herbicide has a higher leaching potential if the herbicide is persistent, has low adsorption to soil 

colloids, and has high water solubility; however these attributes can also make the herbicide 
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more susceptible to microbial degradation, which may reduce leaching potential under some 

conditions (Ross and Lembi 2008).  

 Volatilization is the physical change of a liquid or solid to a gas, and it is through this 

process that herbicide on the soil surface can be lost to the atmosphere (Ross and Lembi 2008). 

Herbicide volatilization can be predicted based on its vapour pressure; generally herbicides like 

EPTC and trifluralin with a vapour pressure greater than 1.0 x 10-4 mm Hg at 25ºC are volatile 

(Ross and Lembi 2008). Volatilization is greatest immediately after herbicide application onto 

moist soil followed by drying, however volatilization can be reduced by high adsorption or 

leaching (Helling 2005). Overall, loss of herbicide to volatilization is considered minimal 

because few herbicides have high vapour pressure and most herbicides are formulated to reduce 

vapour phase loss (Ross and Lembi 2008). Mechanical incorporation and rainfall after 

application reduce volatilization losses of herbicides (Helling 2005). 

 

1.3.3 Degradation 

 Degradation of herbicides is categorized as abiotic and biotic, with biotic being 

predominately microbial degradation and abiotic being chemical or photodegradation (Zimdahl 

1993). Microbial degradation of a susceptible herbicide is the main mechanism of loss from the 

surface horizon (Helling 2005). Microbes, fungi and bacteria, respond to the herbicide by 

increasing their population size in the presence of the food source, and/or adapting their enzymes 

to degrade the herbicide, though some will degrade the herbicide with no changes to the 

population (Ross and Lembi 2008). The microbes utilize carbon in many herbicide structures as 

a food energy source (Zimdahl 1993). The rate of microbial degradation is influenced by 

agricultural techniques, properties of the herbicides, and environmental factors such as, soil 
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temperature, aeration, moisture content, pH, soil organic matter, and plant growth (Helling 2005; 

Torstensson 1980). In general herbicide degradation is higher in warm, moist, aerobic conditions 

on no-till soils rich in organic matter that favour microbial growth (White and Rice 2007; 

Zimdahl 1993). 

 Goring et al. (1975) defines chemical transformation in soils as hydrolytic nucleophilic 

transformations, oxidations, and non-hydrolytic nucleophilic displacement reactions. In 

laboratory studies loss due to abiotic degradation is classified when half-lives for sterile and 

nonsterile soil are alike (Helling 2005). Some herbicides are broken down by chemical reactions 

not mediated by microorganisms. For example triazines are degraded by hydroxylation and 

sulfonyl ureas are degraded by hydrolysis in low pH soils (Zimdahl 1993).  Dinitroanilines, 

atrazine, and prometryn are herbicides that can chemically degrade by becoming covalently 

bound to soil organic matter forming a bound residue pool in the soil (Khan 1991). Herbicides 

with a heterocyclic molecule, or that contain nitrogen often undergo photodegradation. 

Photodegradation is when herbicides are chemically broken down due to radiation on internal 

chemical bonds. Susceptible herbicides such as the phenoxy carboxylic acids, benzoic acids and 

dinitroanilines should be incorporated into the soil to reduce photodecomposition (Zimdhal 

1993).  

 

1.3.4 Plant Uptake 

 Herbicides in soil water solution can be taken up by plants, and the availability is 

dependent on various factors including soil conditions, physio-chemical properties of the 

herbicide, climate, and rate and method of application (Schmidt and Pestemer 1980). Herbicides 

in soil water are generally absorbed by either the roots or shoots of emerging plants, and 
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different plants have different absorption sites (Zimdahl 1993). Dicotyledonous plant shoots 

uptake herbicides through the hypocotyl, epicotyl, or cotyledons, whereas monocotyledonous 

plants absorb herbicides through the coleoptile or mesocotyl (Schmidt and Pestemer 1980). 

Herbicide contact with developing plant structures in the soil depends on the developmental 

timing of the plant and depth in soil profile for optimal exposure (Ross and Lembi 2008). Small-

seeded weed species that germinate near the soil surface do not need the herbicide deep in the 

soil profile; however some plant species, like yellow nutsedge (Cyperus esculentus L.) need 

herbicide incorporation from tillage, or water to move the herbicide for optimal absorption (ie. 

the rhizomes and tubers) (Ross and Lembi 2008). Overall manipulating herbicide depth can 

enhance or reduce absorption through the roots, or emerging shoots of a plant.  

 

1.4 Factors Influencing Herbicide Persistence 

1.4.1 Soil Characteristics 

 There are many soil characteristics that influence herbicide persistence including pH, 

organic matter content, texture and composition, moisture content and temperature (Helling 

2005). Soil pH is strongly correlated to herbicide adsorption and degradation which can alter 

herbicide persistence in the soil (Hurle and Walker 1980). Herbicides such as sulfonylureas, 

triazines, and imidazolinones can protonate or deprotonate when pH fluctuates or varies in a field 

having the potential to cause herbicide carryover to the next season (Helling 2005). Overall pH 

can change the ionization of herbicide structures directly, or influence the surface soil 

characteristics to manipulate binding potential of the herbicide (Helling 2005). 

 Soil organic matter content influences herbicides ability to adsorb to soil colloids and has 

an effect on microbial population growth (Hurle and Walker 1980). At higher levels of organic 
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matter, soil is more likely to adsorb the herbicide and to have a greater microbial population. 

These two consequences counteract one another since microbial degradation decreases 

persistence, whereas binding to the soil organic matter allows the herbicide to remain in the soil 

profile longer (Helling 2005). Increased soil clay content may also result in the herbicide having 

higher affinity to the soil colloids, therefore herbicide rates are adjusted based on soil clay and 

organic matter content (Ross and Lembi 2008). It is important to note that not all herbicide 

families have strong binding potential to soil colloids, and therefore are not as subjected to being 

influenced by soil clay and organic matter content. 

 Moisture and soil temperature can affect herbicide degradation, and therefore soil 

persistence. Increased moisture and soil temperature are essential for microbial activity, and 

water is a substrate for hydrolysis therefore increasing herbicide degradation rates, thus 

decreasing persistence (Hurle and Walker 1980). Dry soils increase adsorption to soil colloids, 

and reduce plant uptake, especially for soil-applied herbicides (Ross and Lembi 2008). 

Prolonged drought also slows the rate of degradation, consequently increasing the half-life of 

several herbicides including, atrazine, cyanazine, metolachlor, and metribuzin (Mojaŝević et al. 

1996). Higher soil temperatures are associated with lower herbicide persistence due to faster 

dissipation rates (Helling, 2005; Hurle and Walker 1980). Herbicides persist less in wam, moist 

soils due to higher degradation rates, 

 

1.4.2 Environmental Conditions 

 Environmental conditions such as weather and climate modify herbicide persistence. 

Studies by Hamaker et al. (1967) and Harris et al. (1969) have shown that atrazine, chlorfenac, 

and picloram persist more in cooler, drier climates than in semi-tropical southern climates, the 
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half-life constants of the study were highly correlated to rainfall and temperature. Seasonal 

fluctuation in temperatures was also reported to have an effect on persistence of propyzamide 

residues (Walker 1970). Low temperatures in the spring slowed down degradation of the 

herbicide. High temperatures and rainfall tended to accelerate herbicide degradation, while in 

contrast herbicides are more likely to persist in cool, dry conditions (Lembi and Ross 2008). 

 

1.4.3 Application Factors 

 Herbicide persistence is also influenced by management factors, such as tillage, and 

herbicide rate. When comparing conventional tillage and reduced tillage, reduced tillage system 

has higher organic carbon, more moisture, larger microbial populations and improved water 

drainage (Locke and Bryson 1997). These factors are known to decrease herbicide persistence; 

however studies have shown variability due to the type of herbicide, weather and field conditions 

(Lembi and Ross 2008). Some herbicides like trifluralin and EPTC are susceptible to 

photodegradation and volatilization and need to be incorporated to prevent rapid degradation, 

thereby improving persistence and performance (Menges and Tamez 1974; Savage and 

Barrantine 1969). Vegetative buffer strips and cover crops are also used to reduce the half-life of 

herbicides, as seen in the study by Staddon et al. (2001) with metolachlor. 

 The dosage of a herbicide can result in the herbicide residue taking longer to dissipate, 

with DT50 values being mostly unaffected (Helling 2005). Dosages of the same active ingredient 

may be different depending on the crop, soil type, soil organic matter content and application 

timing (Helling 2005). Herbicide persistence is increased when higher rates are applied to 

cropland due to double spraying, miscalculation, or mixing herbicide with the same or similar 

mode of action (Lembi and Ross 2008). Studies have also shown that continuous application of 
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the same or similar herbicides can increase microbial degradation, as seen with continual 

application of thiocarbamates and atrazine (Koskinen and Clay 1997; Roeth 1986). Overall, 

herbicide persistence is influenced by the application factors, which can vary among herbicides, 

and can also indirectly be altered by environmental factors and soil characteristics. 

 

1.5 Herbicide Active Ingredients 

1.5.1 Atrazine 

Atrazine belongs to the triazine herbicide family. It is a symmetrical triazine sold under 

the trade names of Aatrex® or Converge® (Shaner 2014). Atrazine is primarily used in corn for 

annual broadleaf weed control and suppression of annual grasses (Shaner 2014). In corn, atrazine 

can be applied preplant (PP), preplant incorportated (PPI), preemergence (PRE), and post 

emergence (POST) at 1.1-2.2 kg ai ha-1 (Shaner 2014). Atrazine is apoplastically translocated 

with water through the xylem to transpiring leaves (Shaner 2014). The herbicide is photosystem 

II inhibitor which prevents the flow of electrons from QA to QB forming highly reactive triplet 

chlorophyll and singlet oxygen, ultimately causing lipid peroxidation (LeBaron and Gressel 

1982). Injury symptoms caused by atrazine applied POST include interveinal chlorosis followed 

by necrosis on susceptible broadleaf weeds, the injury symptoms are most pronounced in 

actively transpiring in older leaves. Soil applied atrazine will reduce emergence of susceptible 

weeds, and cause chlorosis, followed by necrosis in leaf tissue of weeds that emerge (Shaner 

2014). 

 Atrazine is a persistent herbicide with potential to carryover and injure sensitive crops. 

The average field half-life is 60 days (Wauchope et al. 1992) and degradation of the herbicide in 

soil is mainly through hydrolysis with some contributions from microbial and photodegradation.  
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Carryover of the herbicide can be enhanced in high pH soils, and under cool and dry conditions 

in the year of application (Shaner 2014), and most crops can be planted a year after application. 

However, vegetable crops, sugarbeets, and small seeded-legumes planted within 22 months of 

application are sensitive to atrazine residues (Reinhardt 2013; Robinson 2008; Zimdahl et al. 

1979). 

 

1.5.2 S-metolachlor  

 S-metolachlor belongs to the chloroacetanilide family. It is a Group 15 herbicide and 

commonly known by the trade name Dual II Magnum® (Shaner 2014). S-metolachlor is 

registered for use in a wide range of crops including field, sweet, and seed corn, soybean, dry 

bean, and a range of vegetable crops (Anonymous 2017). Its application timing for corn is PP, 

PPI, PRE, and ePOST for the control of yellow nutsedge, annual grasses and some small-seeded 

broadleaf weeds (Shaner 2014). The safeners, benoxacor, is included with S-metolachlor to 

reduce injury in corn under stressed conditions (Anonymous 2017). The herbicide is absorbed by 

the emerging shoot and roots of plants and apoplastically translocated, resulting in reduced 

emergence of susceptible species. Annnual grasses which emerged are distorted and twisted 

while emerged broadleaf species have a shortened mid-rib along with cupping and crinkling of 

the leaves (Shaner 2014). 

 The herbicide is a cell growth disrupter and inhibits very long-chain fatty acids (VLCFA) 

synthesis (Böger et al. 2000; Husted et al. 1966). The inhibition of VLCFA causes disruption of 

cell membranes, loss of cell integrity and ultimately plant death (Boger et al. 2000; Husted et al. 

1966). The herbicide provides 10-14 weeks residual weed control with a field half-life of 3-5 

months. Fields with fine textured soils, high in organic matter (OM) more readily adsorbs the 
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herbicide (Shaner 2014). The herbicide is transformed by photo- and microbial-degradation, 

requires water for activation, cannot be applied on soils with less than 1% or greater than 10% 

organic matter, and winter cereals must be planted 5 months after an application of S-

metolachlor (Anonymous 2017). Benoxacor is a safener that enhances the rate of detoxification 

in corn plants because it enhances the gluthathione- mediated metabolism (Shaner 2014). The 

safener has no herbicidal activity and does not affect the efficacy of S-metolachlor (Shaner 

2014). 

 

1.5.3 Mesotrione 

 Mesotrione is a triketone herbicide. It is a Group 27 herbicide commonly sold under the 

trade name Callisto® and is utilized in field, sweet and seed corn for the control of annual 

broadleaf weeds and some grass species (Anonymous 2018). Its application timing is PP, PRE 

(140 g ai ha-1) or POST (105 g ai ha-1) in corn cropping systems (Shaner 2014). When soil 

applied weeds fail to emerge or emerged seedlings turn white followed by plant death. 

Postemergence applications result in bleached leaves that turn necrotic (Shaner 2014) with 

symptoms showing in new leaves first, since the herbicide is adsorbed by the leaves and then 

symplastically translocated to the growing points (Anonymous 2018). 

 The herbicide is a pigment inhibitor that disrupts the enzyme p-hydroxyphenyl pyruvate 

dioxygenase (HPPD), preventing the production of homogentisate (Shultz et al. 1993). This 

causes in a decrease in plastoquinone resulting in inhibition of carotenoid pigment production 

causing bleaching in plant tissues (Lee et al. 1997).  The herbicide has residual activity with a 

field soil half-life of 9 days and is broken down by microbial degradation and chemical 
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hydrolysis (Shaner 2014). Mesotrione has some mobility in high pH soils, otherwise the 

herbicide has negligible leaching potential (Shaner 2014).  

 

1.5.4 Pyrasulfotole  

 Pyrasulfotole is a Group 27 herbicide from the pyrazolone family. Pyrasulfotole is sold in 

combination with bromoxynil under the trade name Infinity® (HCPMRA 2007). Pyrasulfotole is 

a POST broadleaf herbicide used at a rate of 50 g ai ha-1 to control weeds in wheat (spring, 

durum, and winter), barley, tame oats, triticale and timothy, Infinity is sprayed at 205.5 g ai ha-1 

(HCPMRA 2007).  Pyrasulfotole is a systemic herbicide that inhibits the 4-

hydroxyphenelpyruvate dioxygenase (HPPD) enzyme, which prevents the synthesis of 

carotenoids in susceptible plants.  The chlorophyll is then left unprotected from oxidative and 

photolytic damage, resulting in bleaching of the leaves (HCPMRA 2007). 

 Pyrasulfotole under Ontario field conditions can have a half-life from 15 to 177 days and 

studies showed that on average 19% of the herbicide carries over to the following growing 

season (HCPMRA 2007).  The herbicide has low volatility and is generally degraded in the soil 

by microbial degradation and binding to soil colloids; however as soil pH increases mobility of 

the herbicide increases, with optimum mobility at neutral pH levels (HCPMRA 2007). 

Therefore, the herbicide is moderately persistent, can be soil mobile, but rotational crop studies 

have shown that many crops including alfalfa, barley, canola , and field corn can be planted 

within 10 months of application. Only lentils have a replanting restriction of 22 months after 

application (HCPMRA 2007). Pyrasulfotole when used in accordance to the label has low-

mammalian toxicity and residues from food and water were deemed not to be of concern 

(HCPMRA 2007). 
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1.5.5 Bicyclopyrone  

Bicyclopyrone is a Group 27 herbicide in the triketone family. Bicyclopyrone is one 

active ingredient included in Acuron® and Acuron Flexi® at 200 g L-1 (HCPMRA 2015). 

Bicyclopyrone is used for broadleaf weed control, as well as some annual grasses in field, seed 

and sweet corn. The above mentioned residual herbicides can be utilized PP, PRE and POST in 

corn (HCPMRA 2015). Susceptible weeds may not emerge after soil applications, while emerged 

seedlings become bleached and eventually necrotic after POST application of bicyclopyrone 

(HCPMRA 2015). 

 The bleaching is due to the destruction of chlorophyll since susceptible weeds lose their 

ability to produce carotenoids, as a result of inhibition of the HPPD enzyme (HCPMRA 

2015).The herbicide is broken down by photo- and microbial degradation, therefore persistence 

in the soil and accumulation over time should be a low-risk (HCPMRA 2015). Bicyclopyrone is 

water soluble, and has some potential to move in the soil profile; however if label directions are 

followed the herbicide poses no risk to the environment (HCPMRA 2015). 

 

1.5.6 Bromoxynil  

 Bromoxynil belongs to the benzonitrile herbicide family. It is a Group 6 herbicide and 

sold as Bromax®, Bromotril®, and Pardner® as a sole ingredient (Shaner 2014).When in 

combination with MCPA, it is sold as Buctril-M®, and with pyrasulfotole the trade name is 

Infinity® (Shaner 2014). The application timing of bromoxynil is POST in many crops including 

wheat, barley, oats, rye and triticale at a rate of 0.21-0.56 kg ae ha-1, seedling grasses and alfalfa 

at 0.28-0.56 ae ha-1, 0.28-0.42 kg ae ha-1 in field corn, and other crops at varying rates (Shaner 

2014). The herbicide is utilized for the control of annual broadleaf weeds by inhibiting electron 
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transport in photosystem II. Bromoxynil binds to the QB binding niche on the D1 protein 

preventing the flow of electrons from QA to QB resulting in high energy free radicals which 

destroy cell membranes (Devine et al. 1993). 

The herbicide is fast acting: susceptible weeds turn chlorotic, and plant tissue appears 

water soaked one to two days after application (Shaner 2014). Then between three and six days 

after application foliar necrosis and desiccation of susceptible weeds occurs (Shaner 2014). New 

growth is generally unaffected due to the herbicides inability to translocate basipetally. Due to 

minimal basipetal translocation the herbicide is termed a contact herbicide; therefore good weed 

coverage of herbicide is crucial for acceptable control (Shaner 2014). Bromoxynil has an average 

field half-life of 7 days and does not provide residual weed control since it bonds strongly to soil 

particles; however it is recommended to not spray with heavy rain in forecast due to possible 

leaching and the risk of absorption by aquatic life, to which it is toxic (Anomynous 2016; Shaner 

2014).  

 

1.6 Hypotheses and Objectives 

It was hypothesized: 

1. that residual herbicide PRE in corn containing mesotrione will affect the growth and 

establishment of red clover and S-metolachlor will affect the growth and 

establishment of annual ryegrass. 

2. that residual herbicide POST in wheat will not affect the growth and establishment of 

oilseed radish. 

3. that cover crops injured by herbicide residuals will decrease weed suppression of that 

cover crop. 
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The objectives of this research are: 

1. To determine the effect of residual PRE herbicides in corn on the growth, establishment, 

and weed suppression ability of annual ryegrass and red clover 

2. To determine if the addition of atrazine enhances S-metolachlor injury to annual ryegrass, 

compared to S-metolachlor applied alone 

3. To determine if the interseeding of annual ryegrass and red clover into V4 corn affects 

the corn grain yield at harvest. 

4. to determine the effect of residual POST herbicides in wheat on the growth, 

establishment and weed suppression ability of oilseed radish. 
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2.0 Residual Effects of S-metolachlor premixes on Annual Ryegrass and Red Clover 

Interseeded into V4 Corn. 

2.1 Abstract 

Cover crops such as annual ryegrass (Lolium multiflorum Lam.) and red clover (Trifolium 

pretense L.) can be interseeded into corn (Zea mays L.) for soil improvement, erosion control 

and weed suppression. However, this practice has the potential to reduce corn yield due to cover 

crop interference, and some corn herbicides may have adverse effects on cover crops. The 

objectives of this study were to examine the residual effects of S-metolachlor tank mixes applied 

preemergence on cover crop growth, to deternine the effect red clover and annual rye grass 

interseeded into V4 corn on weed emergence and growth, and to determine the inpact of 

interseeded cover crops on corn yield. Four field studies were conducted over a two-year period 

(2016, 2017) at the University of Guelph Ridgetown Campus at two sites with differing soil 

types. The herbicide treatments evaluated caused 91-99% red clover, and 74-94% annual 

ryegrass injury. Weed counts were lower in the herbicide treatments than the herbicide-free 

control. Results indicate that weed suppression is primarily due to the herbicide treatments. 

Grain corn yields averaged over both years were 12.19 to 12.98 t ha-1 and were not affected by 

cover crop or herbicide treatment. 

 

2.2 Introduction 

 There is substantial interest in interseeding cover crops within a corn cropping system. 

Fall seeded cover crops when integrated into an annual crop have diverse benefits such as, 

improving soil quality and health, conserving nutrients, and reducing weed and pest pressure 
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(Hartwig and Hoffman 1975).  In Canada, the ideal time to interseed a cover crop is at the V4- 

V6 corn stage (Roth et al. 2015), which is near the end of the critical weed free period for corn.  

 Studies have shown that red clover and annual ryegrass have good weed suppression 

abilities, as well as having many other conservational benefits when grown as a component of a 

long-term, diverse cropping system (Didon et al. 2014; Ross et al. 2001). Cover crops can be 

incorporated by broadcasting or drilling. Interseeding cover crops into grains by broadcasting 

was the common practice in the 1940s (Dickey 1947), since then researchers have investigated 

different strategies to optimize cover crop establishment and growth, such as Curran et al. (2018) 

with the implementation of a no-till drill interseeder. Another important component when 

integrating cover crops other than seeding equipment is the herbicide program.  

When cover crops are a component of an integrated weed management program the 

selection of a compatible herbicide program that allows for unhindered establishment and growth 

of the cover crop to obtain the desired benefits is crucial. Frequently, in Ontario and the US corn 

belt, growers will use a two-pass herbicide program of a soil-applied residual herbicide applied 

preemergence (PRE) followed by a broad spectrum herbicide applied postemergence (POST). 

The focus of this study is to determine the impact of the PRE-residual herbicides over a range of 

soil types on cover crop establishment and growth.  

A study by Li et al. 2015 found that annual ryegrass planted a year after the application of 

S-metolachlor/mesotrione/atrazine exhibited 53% visible injury. Overall, there is little 

information on the effect S-metolachlor/mesotrione/atrazine, S-

metolachlor/mesotrione/bicyclopyrone, and S-metolachlor/mesotrione/bicyclopyrone/atrazine 

applied PRE on the establishment, growth, and competitiveness of red clover and annual 

ryegrass interseeded into V4-V5 corn under Ontario environmental conditions.  
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The objectives of this study were to determine the effect of S-

metolachlor/mesotrione/atrazine, S-metolachlor/mesotrione/bicyclopyrone and S-

metolachlor/mesotrione/bicyclopyrone/atrazine applied PRE on the establishment and growth of 

interseeded annual ryegrass and red clover, and to determine the effect of interseeded cover 

crops on corn grain yield.  

 

2.3 Materials and Methods 

2.3.1 Site Preparation and Field Layout 

 The study was conducted in 2016 and 2017 at the University of Guelph, Ridgetown 

Campus. Depending on particular sites, soil texture varied from, clay, sandy-clay loam or sandy-

loam (Table 2.1) to determine the effect of herbicide residues on cover crops. In early May of 

both seasons, corn hybrid DKC 5356 was planted at a depth of 5 cm in rows spaced 75 cm, at 

approximately 78800 seeds ha-1. A standard fertilizer mix (30-6.5-9.5) was applied to the corn 

(OMAFRA 2002) and was worked-in once with an s-tine cultivator.  In June of 2016 and 2017 

an application of glyphosate (900 g ae ha-1) was utilized to control all emerged weeds before the 

planting of the cover crops. At the V4 stage of corn, red clover and annual ryegrass was 

broadcast seeded at 13.5 and 27 kg ha-1, respectively. The cover crops were lightly incorporated 

into the field with a two-row s-tine cultivator. Refer to Table 2.3 for corn and cover crop 

planting, emergence, and harvest dates. 

 Experiments were established as a factorial arranged in a randomized complete block 

design with four replications. Each plot was 3 m wide and 8 m long and consisted of 4 rows of 

corn, the cover crops were interseeded between rows two and three of the corn to insure optimal 

exposure of the cover crops to the herbicide residues. In each plot two permanent 0.25m2 
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quadrats were placed in front and back half to account for field variability. The quadrats were 

used for visible ground cover estimates, weed counts, and above ground cover crop biomass. The 

factorial design included seven treatments and two cover crop species. The 14 different 

treatments consisted of herbicide free control and the herbicides S-

metolachlor/mesotrione/atrazine, S-metolachlor/mesotrione/bicyclopyrone, and S-

metolachlor/mesotrione/bicyclopyrone/atrazine at the 1X and 2X rates (Table 2.3). The 

herbicides were applied preemergence to the corn crop using a CO2 pressurized backpack 

sprayer with a 2 m boom. The boom contained ULD 120-02 AIR induction nozzles with 50 cm 

nozzle spacing.  The herbicide was broadcast with a 200 L ha-1 spray volume at 207 KPa. 

2.3.2 Data collection 

 Percent ground cover of the cover crop was estimated visually in two permanent 0.25 m2 

quadrats. A value of 0 indicated no cover crop ground cover and 100 complete cover crop 

ground cover. For analysis the values from the two quadrats were averaged. The raw data was 

converted to a proportion by dividing all values by 100 to result in data that could be run as a 

beta distribution in GLIMMIX analysis. Ground cover was measured 2, 3, 4, 5 and 6 weeks after 

emergence (WAE) of the cover crop. At 6 WAE (Table 2.4), above ground cover crop biomass 

was determined. If the amount of cover crop in the quadrat was less than 50 individual plants the 

amount of cover crop as individuals was counted. The purpose of counting the individual plants 

for low biomass was to provide data that could be utilized as a covariate in the biomass analysis 

if needed. The cover crops were then dried for two weeks at 60º C until a constant weight was 

achieved, and then weighed. 

 Cover crop injury due to the herbicide was visually assessed at 2 and 4 WAE on a percent 

scale, with 0 indicating no injury and 100 complete plant death. To account for field variability 
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plots were compared within the blocks, and then averaged over the whole experiment. When 

assessing herbicide injury the whole plot where the cover crop was planted was utilized and 

observed for herbicide injury symptoms including reduced emergence, delayed emergence, 

stunting, chlorosis, necrosis, and bleaching. 

 Weeds were counted by species from the two 0.25 m2 quadrats and then summed. Since 

the purpose of the experiment was to determine how red clover and annual rye grass competed 

with newly emerging weeds each time the counts were performed the weeds were removed from 

the quadrats. Thus, when the counts were performed 2, 3, 4, 5 and 6 WAE of the cover crops all 

the counts were newly emerged weed seedlings. The threshold to determine if a weed was 

prominent or not was the count had to be ≥ 100 when summed for both seasons. The raw data of 

the weed counts was then summed to result in total emergence up to 6 WAE. An important part 

of the study was determining whether the planting of red clover or annual ryegrass cover crops 

would affect corn yield. Corn was harvested with a small-plot combine at maturity from the 

center two rows of each plot, corn weight and moisture were recorded. Corn grain yield was 

adjusted 15.5% seed moisture content. 

 

2.3.3 Statistical Analysis 

 All statistical analyses were performed in SAS (Version 9.4, SAS Institute Inc., Cary, 

NC) using the GLIMMIX procedure with the cover crops and herbicide treatments as the fixed 

effects in the factorial design. The random effect was block nested within environment. Due to 

the low weeds density the raw data for weed counts was the cumulative sum total emergence. 

Data were collected from 112 sampling units in both the 2016 and 2017 field season. Residual 

plots were utilized to insure the data met the assumptions of variance analysis (ie. random, 
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homogenous and independent), and the Shapiro-Wilk test was conducted using PROC 

UNIVARIATE to test for normality. Corn yield and percent injury 4 WAE followed a normal 

distribution; dry matter, weed density, and weed counts were transformed using a natural log, 

percent injury 2 WAE and percent ground cover was transformed to a frequency to follow a beta 

distribution. Ground cover was run for each individual time point, not as a repeated measures 

value. A contrast statement was used to compare the two time points for percent injury, as well 

as all trials had a contrast statement between red clover and annual ryegrass data. The Tukey 

HSD test was utilized to separate the means at α=0.05, all transformed data was back-

transformed for presentation of the results. 

 

2.4 Results and Discussion 

 Statistical analysis indicated that there was an intereaction for cover crop injury 4 WAE, 

cover crop ground cover 2, 4, 5, and 6 WAE and cover crop dry matter so the simple effects are 

presented in Tables 2.6 amd 2.7. There was no interaction between herbicide and cover crop for 

cover crop visual injury at 2 WAE (p=0.0093, p<.0001) and cover crop ground cover 3 WAE so 

the main effects will be presented. There was no difference in red clover and annual ryegrass 

injury among the six herbicide treatments at 2 WAE. (Table 2.4). The herbicides caused greater 

injury in red clover than annual ryegrass. At 3 WAE, cover crop ground cover was similar for all 

three herbicides when applied at the 1X or 2X rate. There was lower cover crop ground cover 

when the herbicides were applied at the 2X rate although differences were not always 

significantly different. There was no effect of herbicide treatment or cover crop species on corn 

yield. 
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Annual ryegrass injury 4 WAE was lower for the 1X rate of S-

metolachlor/atrazine/mesotrione and S-metolachlor/mesotrione/bicyclopyrone than the 2X rate 

(Table 2.7). There was no difference in annual ryegrass injury with S-

metolachlor/atrazine/mesotrione/bicyclopyrone at the 1X and 2X rates. S-

metolachlor/atrazine/mesotrione, S-metolachlor/mesotrione/bicyclopyrone, and S-

metolachlor/atrazine/mesotrione/bicyclopyrone applied at the 1X or 2X rate caused similar 

annual ryegrass injury. All of the herbicide treatments evaluated caused >91% red clover injury, 

there was no difference among treatments evaluated.  

 Percent injury data corresponded well with the measurements of ground cover. Ground 

cover 3 WAE at 1X rate of S-metolachlor/atrazine/mesotrione and S-

metolachlor/mesotrione/bicyclopyrone resulted in greater ground cover results then the 2X rates. 

The herbicide free control was significantly different the all herbicidal treatments. The simple 

effects were analyzed for visual ground cover at 2, 4, 5, and 6 WAE for red clover and annual 

ryegrass. All the herbicide treatments evaluated caused similar injury therefore 6 WAE will only 

be discussed (Table 2.6).  

For annual ryegrass at 6 WAE the herbicide-free control resulted in the highest percent 

ground cover at 29%, and differed from all herbicidal treatment. Only the 1X rate of S-

metolachlor/atrazine/mesotrione (12% ground cover) differed from the 2X rates of all herbicides 

(5% ground cover). The 1X rate of S-metolachlor/mesotrione/bicyclopyrone and S-

metolachlor/atrazine/mesotrione/bicyclopyrone were 10 and 9% respectively and were 

comparable to all herbicide treatments, but not the herbicide free control. Red clover herbicide 

free control was different then all herbicide treatments with a percent ground cover of 15%, 

where all herbicide treatments were the significantly the same with 1% ground cover. These 
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values were similar to the studies conducted by Yu et al. (2015) and Wallace et al. (2017), where 

preemergence herbicides containing the active ingredient (a.i.) S-metolachlor decreases annual 

ryegrass biomass and mesotrione decreases red clover stand.  

 In the study by Yu et al. (2015) injury levels of annual ryegrass a year after the 

application of the 1X and 2X S-metolachlor/atrazine/mesotrione resulted in 36 and 53% injury, 

respectively 1 WAE. This complements the injury data found in this study where the injury 

levels are higher when annual ryegrass is subjected to the herbicide residual S-

metolachlor/atrazine/mesotrione in the same season, 4 WAE (injury levels 74 and 94%). Wallace 

et al. (2017) found that the effect on red clover and annual ryegrass biomass from the herbicide 

residual S-metolachlor/atrazine/mesotrione in the same season resulted in significantly lower 

biomass then their untreated controls.  

In this experiment the same results as Wallace et al. (2017) was incurred for the biomass 

of annual ryegrass and red clover subjected to S-metolachlor/atrazine/mesotrione, as well as all 

the other herbicide cover crop treatments were lower than the herbicide free control. The single 

rate of S-metolachlor/atrazine/mesotrione resulted in the highest biomass for annual ryegrass, 

and was significantly different from the double rates of all herbicidal treatments. Although the 

trends of the two studies are similar this experiment resulted in lower biomass of the cover crops. 

The differences in the studies may be due to the amount of precipitation the cover crops 

received, precipitation from this study is shown in Table 2.8. In this experiment the correlation 

between water precipitation to cover crop performance was not performed, however it preludes 

the low weed counts collected, as well as the lower herbicide free biomass of the cover crops 

compared to Wallace et al. (2017). Also, the study by Wallace et al. (2017) had lower response 

of the herbicide on drilled annual ryegrass than in this study. This lack of similarity might be due 
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to the fact that the cover crops were broadcasted on the soil surface overall resulting in a 

reduction of stand because of planting method. Despite the numerical differences between the 

two studies, the relative changes in cover crop stand and biomass were similar to those we 

observed. 

 By using the threshold of 100 weeds, when single specie counts were summed over the 

two field seasons in the herbicide free controls eastern black nightshade, common purslane, 

lambsquarters, and redroot pigweed were the broadleaf species. Large crabgrass was the most 

prominent grass specie. All broadleaf species weed species incurred a treatment effect with the p 

value <0.0001 and the difference in treatment were between the herbicide free control having 

higher weed counts than all the other herbicide treatments. Large crab grass had a treatment 

effect (p=0.001) where the herbicide treatments suppressed weeds the same, but significantly 

lower than the herbicide free control. There was also a species effect for large crabgrass 

(p=0.0369) were red clover resulted in lower weed counts, however due to poor establishment of 

the cover crop under the herbicide the difference can be attributed to spatial variability. 

Statistical analysis indicated that there was no treatment, species or interaction effect for corn 

grain yield, p =0.7322, 0.0519, and 0.8099, respectively (Table 1.4.). Therefore there was no 

negative effect on corn grain yield from interseeding annual ryegrass and red clover at V4. 

 

2.5 Conclusion 

 S-metolachlor/atrazine/ mesotrione, S-metolachlor/mesotrione/bicyclopyrone, and S-

metolachlor/atrazine/mesotrione/bicyclopyrone applied PRE at the 1X and 2X rates caused 

unacceptable annual ryegrass and red clover injury when interseeded in V4 corn. There was no 

effect of cover crops on corn grain yield. Weed suppression in this study was primarily due to 
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herbicide and not cover crop. One limitation of this study is that there was less then 60% of the 

average rainfall from June to August in both years, which may have reduced herbicide 

degradation and accentuated cover crop response.  
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Table 2.1. Soil characteristics including percent sand, silt, and clay, organic matter (OM), pH, cation exchange capacity (CEC), 

texture and series for 4-site years (2016, 2017) with red clover and annual ryegrass interseeded into V4 corn at the University of 

Guelph Ridgetown Campus, Ontario. 

                                               

 2016 2017 

 Site A Site B Site A Site B 

Soil Type Watford/Brady series Maplewood/Normandale 

 series 

Maplewood/Normandale  

series 

Maplewood/Normandale 

series 

Texturea SCL C SL C 

% sand 53.6 29.6 75.6 31.6 

% silt 24.4 28.4 12.4 28.4 

% clay 22.0 42.0 12.0 40.0 

% OM 4.3 4.5 2.9 4.6 

pH 6.6 7.3 7.1 7.4 

CEC 10.8 16.4 8.8 15.9 

                                               
a Texture letter representation S=sand, C=clay, L=loam. 
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Table 2.2. Trade name, active ingredient and rate of herbicide treatments for 4-site years (2016, 

2017) with red clover and annual ryegrass interseeded into V4 corn at the University of Guelph 

Ridgetown Campus, Ontario. 

              

Herbicide Trade 

Name 

Active Ingredients Dose 

 (g ai ha-1) 

Lumax EZ  

 

Acuron Flexi  

 

Acuron  

 

S-metolachlor/mesotrione/atrazine 

 

S-metolachlor/mesotrione/bicyclopyrone 

 

S-metolachlor/mesotrione/bicyclopyrone/atrazine 

2065 (1X) 

4130 (2X) 

1575 (1X) 

3150 (2X) 

2022 (1X) 

4044 (2X) 
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Table 2.3. Planting, emergence and harvest dates for 4-site years (2016, 2017) with red clover 

and annual ryegrass interseeded into V4 corn at the University of Guelph Ridgetown Campus, 

Ontario. 

                

Crop Year Planting date  

  Trial A Trial B 

Corn 

 

Cover crops 

 

2016 

2017 

2016 

2017 

May 6th 

May 5th 

June 2nd  

June 13th  

May 9th 

May 18th 

June 10th  

June 19th  

  Emergence date 

  Trial A  Trial B  

Corn 

 

Cover crops 

2016 

2017 

2016 

2017 

May 20th 

May 23rd  

June 12th-18th 

June 25th-July 1st  

May 26th 

May 29th  

July 3rd-9th  

June 25th-July 1st  

  Harvest date 

  Trial A   Trial B  

Corn 

 

Cover crops 

2016 

2017 

2016 

2017 

October 18th  

November 1st  

6 WAE 

6 WAE 

October 18th  

November 1st  

6 WAE 

6 WAE 

              

Note: WAE is weeks after emergence of the cover crops. 
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Table 2.4. Significance of main effects and interactions for percent injury, ground cover, and dry matter of cover crops interseeded 

into V4 corn, and corn grain yield for 4-site years (2016, 2017) at the University of Guelph Ridgetown Campus, Ontario. 

 Cover crop injury Ground cover of cover crop  Corn 

Main efffects 2WAEz 4 WAE 2 WAE 3 WAE 4 WAE 5 WAE 6 WAE Cover crop dry matter yield 

 ---------(%)-------- ---------------------(% of 0.25 m-2)------------------- (g 0.25m-2) (t ha-1) 

Herbicide (g a.i. ha-1) * * * * * * * * NS 

Herbicide-free control - - 11 16a 18 17 22 1.7 12.4a 

S-metolachlor/atrazine/ 

mesotrione (2065) 

70a 84 2 3b 3 3 4 0.022 12.4a 

S-metolachlor/atrazine/ 

mesotrione (4130) 

90a 92 1 1c 2 2 2 0.0044 12.6a 

S-metolachlor/ 

mesotrione/ 

bicyclopyrone (1575) 

72a 84 2 3b 3 3 4 0.020 12.4a 

S-metolachlor/ 

mesotrione/ 

bicyclopyrone (3150) 

96a 96 1 1c 2 1 2 0.0040 12.7a 

S-metolachlor/ atrazine/ 

mesotrione/ 

bicyclopyrone (2022) 

70a 89 2 2bc 3 3 3 0.012 12.3a 

S-metolachlor/ atrazine/ 

mesotrione/ 

bicyclopyrone (4044) 

94a 95 1 1c 2 1 2 0.0028 12.3a 

Cover crop species * * * * * * * * NS 

Red clover 100a 96 1 1b 1 1 2 0.25 12.6a 

Annual ryegrass 59b 85 4 6a 7 7 9 0.0012 12.3a 

Interaction          

H x Cz NS * * NS * * * * NS 
z WAE, weeks after emergence of cover crop; H, herbicide treatment; C, cover crop species; H x C, herbicide x cover crop interaction. 
a-d Means within column followed by the same letter are not different according to Tukey’s HSD at α=0.05. 

* Significant at P<0.05; NS, not significant at the P≥0.05 level. 
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Table 2.5. Significance of main effects and interactions for weed counts for 4-site years (2016, 2017) with red clover and annual 

ryegrass interseeded into V4 corn at the University of Guelph Ridgetown Campus, Ontario. 

 Weed counts by species up to 6 WAEz 

Main efffects AMAREy CHEAL POROL SOLPT DIGSA 

 -------------------------------------------------------(No. 0.5 m-2)--------------------------------------------------------- 

Herbicide (g a.i. ha-1) * * * * * 

Herbicide-free control 0.14a 0.043a 2.3a 0.0054a 1.9a 

S-metolachlor/atrazine/ 

mesotrione (2065) 

0.00063b 0.00065b 0.064b 0.00035b 0.065b 

S-metolachlor/atrazine/ 

mesotrione (4130) 

0.0010b 0.00034b 0.043b 0.00018b 0.037b 

S-metolachlor/ 

mesotrione/ 

bicyclopyrone (1575) 

0.0006b 0.00065b 0.040b 0.00018b 0.096b 

S-metolachlor/ 

mesotrione/ 

bicyclopyrone (3150) 

0.0020b 0.00033b 0.078b 0.00013b 0.034b 

S-metolachlor/ atrazine/ 

mesotrione/ 

bicyclopyrone (2022) 

0.0028b 0.00093b 0.034b 0.00052b 0.055b 

S-metolachlor/ atrazine/ 

mesotrione/ 

bicyclopyrone (4044) 

0.00072b 0.0013b 0.029b 0.00029b 0.11b 

Cover crop species NS NS NS NS * 

Red clover 0.0020a 0.00099a 0.073a 0.00038a 0.06b 

Annual ryegrass 0.0023a 0.0013a 0.086a 0.00039a 0.16a 

Interaction      

H x Cz NS NS NS NS NS 
z WAE, weeks after emergence of cover crop; H, herbicide treatment; C, cover crop species; H x C, herbicide x cover crop interaction. 
y EPPO codes: AMARE= redroot pigweed, CHEAL=common lambsquarters, POROL= common purslane, SOLPT=eastern black 

nightshade, DIGSA= large crabgrass. 
a-b Means within column followed by the same letter are not different according to Tukey’s HSD at α=0.05. 

* Significant at P<0.05, respectively; NS, not significant at the P≥0.05 level.
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Table 2.6. Percent ground cover of cover crops for herbicide treatments for 4-site years (2016, 

2017) with red clover and annual ryegrass interseeded into V4 corn at the University of Guelph 

Ridgetown Campus, Ontario. 

 

Herbicide Treatment by variable (g a.i. ha-1) Annual ryegrass Red clover 

Ground cover 2 WAE ------------------(%)-------------------- 

Herbicide-free control 17a 7a 

S-metolachlor/atrazine/mesotrione (2065) 5b 1b 

S-metolachlor/atrazine/mesotrione (4130) 2d <1b 

S-metolachlor/mesotrione/bicyclopyrone (1575) 5bc 1b 

S-metolachlor/mesotrione/bicyclopyrone (3150) 2cd <1b 

S-metolachlor/atrazine/mesotrione/bicyclopyrone (2022) 5bc <1b 

S-metolachlor/atrazine/mesotrione/bicyclopyrone (4044) 2d <1b 

Ground cover 4 WAE ------------------(%)-------------------- 

Herbicide-free control 28a 11a 

S-metolachlor/atrazine/mesotrione (2065) 9b 1b 

S-metolachlor/atrazine/mesotrione (4130) 3e 1b 

S-metolachlor/mesotrione/bicyclopyrone (1575) 8bc 1b 

S-metolachlor/mesotrione/bicyclopyrone (3150) 3de <1b 

S-metolachlor/atrazine/mesotrione/bicyclopyrone (2022) 7bcd 1b 

S-metolachlor/atrazine/mesotrione/bicyclopyrone (4044) 4cde <1b 

Ground cover 5 WAE ------------------(%)-------------------- 

Herbicide-free control 24a 11a 

S-metolachlor/atrazine/mesotrione (2065) 9b 1b 

S-metolachlor/atrazine/mesotrione (4130) 4cd 1b 

S-metolachlor/mesotrione/bicyclopyrone (1575) 7bc 1b 

S-metolachlor/mesotrione/bicyclopyrone (3150) 3d <1b 

S-metolachlor/atrazine/mesotrione/bicyclopyrone (2022) 8b 1b 

S-metolachlor/atrazine/mesotrione/bicyclopyrone (4044) 3cd <1b 

Ground cover 6 WAE ------------------(%)-------------------- 

Herbicide-free control 29a 15a 

S-metolachlor/atrazine/mesotrione (2065) 12b 1b 

S-metolachlor/atrazine/mesotrione (4130) 5c 1b 

S-metolachlor/mesotrione/bicyclopyrone (1575) 10bc 1b 

S-metolachlor/mesotrione/bicyclopyrone (3150) 5c 1b 

S-metolachlor/atrazine/mesotrione/bicyclopyrone (2022) 9bc 1b 

S-metolachlor/atrazine/mesotrione/bicyclopyrone (4044) 5c 1b 
z WAE, weeks after emergence of the cover crop. 
a-e Means within column followed by the same letter are not different according to Tukey’s HSD 

at α=0.05. 
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Table 2.7. Percent visible injury and dry matter of cover crops in grams for herbicide treatments 

for 4-site years (2016, 2017) with red clover and annual ryegrass interseeded into V4 corn at the 

University of Guelph Ridgetown Campus, Ontario. 

 

Herbicide Treatment by variable (g a.i. ha-1) Annual ryegrass Red clover 

Injury 4 WAEz ------------------(%)-------------------- 

Herbicide-free control - - 

S-metolachlor/atrazine/mesotrione (2065) 74b 96a 

S-metolachlor/atrazine/mesotrione (4130) 94a 91a 

S-metolachlor/mesotrione/bicyclopyrone (1575) 75b 94a 

S-metolachlor/mesotrione/bicyclopyrone (3150) 94a 99a 

S-metolachlor/atrazine/mesotrione/bicyclopyrone (2022) 81ab 96a 

S-metolachlor/atrazine/mesotrione/bicyclopyrone (4044) 90a 99a 

 

Cover crop dry matter 

 

---------------(g 0.25m-2)-------------- 

Herbicide-free control 4.2a 0.69a 

S-metolachlor/atrazine/mesotrione (2065) 0.60b 0.00079b 

S-metolachlor/atrazine/mesotrione (4130) 0.027e 0.00069b 

S-metolachlor/mesotrione/bicyclopyrone (1575) 0.45bc 0.00086b 

S-metolachlor/mesotrione/bicyclopyrone (3150) 0.068de 0.00023b 

S-metolachlor/atrazine/mesotrione/bicyclopyrone (2022) 0.35bcd 0.00043b 

S-metolachlor/atrazine/mesotrione/bicyclopyrone (4044) 0.078cde 0.00010b 
z WAE, weeks after emergence of the cover crop. 
a-e Means within column followed by the same letter are not different according to Tukey’s HSD 

at α=0.05. 
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Table 2.8. Historical 30-year average precipitation and precipitation values for June, July, and 

August of 2016 and 2017, in Ridgetown, Ontario. 

                  

 Average Rainfall 

(mm)a 

2016 (mm)b 2017 (mm)b 

June 88 51 44.7 

July 81 79.2 36.1 

August 97 64.9 61.5 

                  
a Statistics : Ridgetown, ON from the weather network. 
b Statistics: Ridgetown, ON from Environmental and Natural resourses- Historical weather and 

climate data. 
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3.0 Residual Effects S-metolachlor, Atrazine and S-metolachlor/Atrazine on Annual 

Ryegrass Interseeded into Corn at V4 Stage 

3.1 Abstract 

 Annual ryegrass (Lolium multiflorum Lam.) is a cover crop commonly used in Ontario to 

improve weed control, soil fertility and soil structure. Recently, the practice of interseeding 

annual ryegrass into corn is gaining interest among producers; however two major concerns are 

the impact it could have on corn grain yield and, proper design of an herbicide plan compatible 

with both the cash-generating crop and cover crop. The objectives of this study were to 

determine the effect of S-metolachlor, atrazine and S-metolachlor/atrazine, applied preemergence 

(PRE), on annual ryegrass on emergence and growth, weed suppression of newly emerging 

weeds, and corn grain yield. Four field studies were conducted over a two-year period (2016, 

2017) at the University of Guelph Ridgetown Campus at two sites with differing soil types. S-

metolachlor, atrazine and S-metolachlor/atrazine, applied PRE caused 73 to 86%, <1% and 83 to 

89% annual ryegrass injury. Based on these results, it is concluded that S-metolachlor, applied 

PRE, causes unaccceptable annual ryegrass injury. Corn grain yields were not affected by 

herbicide/cover crop treatment.  

 

3.2 Introduction 

 Interseeding annual ryegrass into a corn cropping system is gaining interest in the grower 

community to supress weeds, improve soil structure and health, and sequester nutrients (Clark 

2012; Didon et al. 2014; Malcolm et al. 2014). Futhermore, the possibility of interseeding cover 

crops into corn may have greater benefits compared to seeding a cover crop after corn harvest 

due to the extremely short growing season after corn harvest. In Canada cover crop 
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establishment timing is crucial. A study by Roth et al. (2015) states the ideal time interseed a 

cover crop in corn is at the V4-V6 stage, which coincides with the end of the critical weed free 

period in corn. 

 Annual ryegrass rapid growth and dense establishment makes it an ideal cover crop for 

weed suppression and is adapted to the climate in Ontario. Concerns with interseeding annual 

ryegrass into corn stem from preliminary findings that S-metolachlor, applied preemergence 

(PRE) reduced annual ryegrass stand on silt loam soils in Pennsylvania (Wallace et al., 2017). S-

metolachlor, a Group 15 cloroacetanilide herbicide, effectively controls yellow nutsedge 

(Cyperus esculentus L.), annual grasses and small seeded broadleaf weeds in corn when applied 

preplant (PP), preplant incorporated (PPI), PRE and early postemergence (ePOST) (Shaner 

2014), and is commonly tank-mixed with atrazine to increase the spectrum of weeds controlled.  

Atrazine is registered PP, PPI, PRE, and postemergence (POST) in corn. Atrazine, a 

Group 5 triazine herbicide, provides control of some annual broadleaf weeds and provides 

suppression of some annual grasses (Shaner 2014). A better understanding of how annual 

ryegrass responds to tank-mix combinations of these herbicides may facilitate the use of this 

cover crop in corn to enhance soil structure and tilth and reduce erosion (Clark 2012), provide 

weed suppression (Strizaker and Bunn 1996) and reduce nitrate leaching losses (Malcolm et al. 

2014). 

 Earlier studies conducted by Wallace et al. (2017) and by Tharp and Kells (2000) found 

that S-metolachlor and S-metolachlor and atrazine residues negatively affected the establishment 

of annual ryegrass. Both studies concluded that S-metolachlor caused a high level of annual 

ryegrass injury, in addition Wallace et al. (2017) found that atrazine caused no negative effects 

on annual ryegrass. The significance of this study is to look at S-metolachlor and atrazine 
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individually and S-metolachlor/atrazine within the same study to observe if the addition of 

atrazine to S-metolachlor results in greater injury to annual ryegrass.  

The objective of this study was to determine the effect of S-metolachlor, atrazine and S-

metolachlor/atrazine, applied PRE, at three rates on annual ryegrass establishment and growth 

interseeded into V4 corn, weed suppression and corn grain yield. In this study the annual 

ryegrass was broadcast on the soil surface while in the study completed by Wallace et al. (2017) 

the cover crop was drilled between the corn rows. The seeding method is important to determine 

annual ryegrass stand establishment, since this would reduce cost for the grower. 

 

3.3 Materials and Methods 

3.3.1 Site Preparation and Field Layout 

 This study included four field experiments and was conducted at the University of Guelph 

Ridgetown Campus over a two-year period (2016, 2017). In each year experiments were conducted 

on a sandy loam and clay textured soil to deterimine if soul textured influenced the results (Soil 

characteristics are presented in Table 3.1. Corn hybrid ‘DKC 5356’ was planted 5 cm deep in rows 

spaced 75 cm apart at a seeding rate of approximately 78800 seeds ha-1 in early May (Table 3.2). 

Fertilizer (30-6.5-9.5) was broadcast on the soil surface and worked in with an s-tine cultivator 

with rolling basket harrows. Glyphosate (900 g ae ha-1) was applied prior to planting the annual 

ryegrass to remove the confounding effect of weed interference. Annual ryegrass was broadcast at 

a rate of 27 kg ha-1 at the V4 corn and cultivated into the soil. 

 Trials were arranged in randomized complete block design with four replications. Plots 

were 3 m wide (4 corn rows spaced 75 cm apart) and 8 m long, annual ryegrass was interseeded 

between the second and third row of corn (Table 3.2). Two permanent quadrats were randomly 
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placed in each plot, one in the fron and back half of the plot to account for field variability. Each 

quadrat was 0.25 m2 and was utilized for visible ground cover estimates, weed counts, and above 

ground biomass assesments. The experiment included a herbicide free control and nine herbicide 

treatments: atrazine, S-metolachlor, and S-metolachlor/atrazine at three rates, 0.83 of the low label 

rate, and the low and high label rate in Ontario (Table 3.3). A CO2 pressurized backpack sprayer 

equipped with a 1.5 m boom with four ULD 120-02 air induction nozzles spaced 50 cm apart, was 

used to apply the herbicide treatments at a pressure of 207 KPa and a spray volume of 200 L ha-1. 

 

3.3.2 Data Collection 

 At 2, 3, 4, 5, and 6 weeks after cover crop emergence (WAE) percent annual ryegrass 

ground cover was visually estimated in the two permanent quadrats within each plot. The visual 

assessment was averaged for the two quadrats. The averaged percentage was converted to a 

proportion by dividing the value by 100 for the purpose of analysis. At 6 WAE, annual ryegrass in 

the permanent quadrats was cut at the soil surface, placed in paper bags, dried for two weeks at 

60°C and the weight recorded. 

 Annual ryegrass injury was assessed visually at 2 and 4 WAE on a scale of 0 (no injury) to 

100 (total necrosis) relative to the herbicide free control within each block. Herbicide injury 

symptoms included reduced emergence, delayed emergence, stunting, chlorosis, and necrosis, 

which-were combined into a single injury rating from zero (no injury) to 100 (complete death). 

Weed counts by species in the permanent quadrats were completed weekly from 2 to 6 WAE. After 

counting, the weeds were removed to determine length of weed suppression provided by the annual 

ryegrass cover crop. The dominant weeds were selected based on a threshold ≥ 100 m-2 in the 

control when summed for both seasons, those weeds with ≥100 m-2 were used in the analysis. Corn 
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was harvested at maturity from the centre two rows of each plots with a small-plot ombine, weight 

and moisture were recorded. Corn grain yield was adjusted to 15.5% seed moisture content.  

 

3.3.3 Statistical Analysis 

 All statistical analyses was performed using the GLIMMIX procedure in SAS (Version 

9.4, SAS Institute Inc., Cary, NC) with herbicide treatment as a fixed effect. The random effect 

was block nested within environment. Weed counts were summed over all weeks to produce 

cumulative estimates of total emergence from 2 to 6WAE of the annual ryegrass. Data were 

collected from 80 sampling units in both the 2016 and 2017 field seasons. The Shapiro-Wilk test 

was performed using PROC UNIVARIATE to test for normality, and residual plots were 

conducted on the data points to assure the assumptions of variance analysis were met (ie. random, 

homogenous and independent). Yield was normally distributed, and the other variables of dry 

matter, weed density, and weed counts were derived to the natural log. Annual ryegrass percent 

ground cover for each individual time point was transformed to a frequency to follow a beta 

distribution. The two percent injury points were run together and then separately for all the trials 

to see if there was a difference in the injury at 2 WAE and 4 WAE. The Tukey Honest Significant 

Difference (HSD) test was utilized to separate means at α=0.05, all transformed data was back-

transformed for presentation of the results. 

 

3.4 Results and Discussion 

Annual ryegrass injury was evaluated at 2 and 4 WAE (Table 3.4). S-metolachlor and S-

metolachlor /atrazine caused greater annual ryegrass injury than atrazine. Injury levels for 

atrazine, S-metolachlor and S-metolachlor /atrazine at 4 WAE were 1, 83 to 86, and 85 to 79%, 
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respectively. Tharp and Kells (2000) reported that S-metolachlor (2240 g ai ha-1), applied PRE, 

reduced annual ryegrass density 96%. Although the S-metolachlor rate was slightly higher in the 

study completed Tharp and Kells (2000) than in this study, S-metolachlor cause ≥75% annual 

ryegrass injury in both studies. The study by Tharp and Kells (2000) was on annual ryegrass 

while in this study the annual ryegrass was interseeded in corn.  

The effect of herbicide treatment on percent ground cover was consistent for all time 

points, therefore only data from 6 WAE will be discussed (Table 3.4). Ground cover 6 WAE 

varied among treatments (p<0.0001). Atrazine did not reduce annual ryegrass ground cover. S-

metolachlor and S-metolachlor/atrazine reduced annual ryegrass ground cover ≥60%, there was 

no difference among the rates evaluated. Herbicide treatment had a similar effect on annual 

ryegrass above ground biomass (p<0.0001). The annual ryegrass above ground biomass ranged 

from 0.27 to 5.9 g m-2 (Table 3.4). Atrazine did not reduce annual ryegrass biomass. S-

metolachlor and S-metolachlor/atrazine reduced annual ryegrass biomass >82%, there was no 

difference among the rates evaluated.  The results from this study are consistent with the study 

conducted by Wallace et al. (2017), in which S-metolachlor caused annual ryegrass injury and 

reduced stand, while atrazine did not injure or reduce annual ryegrass stand. Based on these 

results for S-metolachlor/atrazine it can be concluded that the injury is due to S-metolachlor and 

there is no increase in injury with the addition of atrazine. 

 Using a threshold of >100 (plants 0.5 m2) in the herbicide free control when summed 

across all trials, lambsquarters (Chenopodium album L.), common purslane (Portulaca oleracea 

L.) and large crabgrass (Digitaria sanguinalis L.) were the dominant species (Table 3.5). Large 

crabgrass density was not affected by treatment (p=0.1514), while there was a significant effect 

of herbicide treatment on lambsquarters and common purslane density (p<0.001). There was no 
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consistent effect of herbicide rate on common purslane and lambsquarters density which 

attributed to field variability. Variability in weed density may also have been increased due to 

low weed density resulting from a dry growing seasons (Table 3.7). Precipitation in this study 

was not correlated to annual ryegrass performance. It can be concluded that there was no 

biological reason for the common purslane and lambsquarters results.  

  In a study by Ni HaWen et al. (2000) it was concluded that common purslane weed 

infestations does not affect corn grain weight or ear number per plant. Therefore it is concluded 

that the variable common purslane density in this study did not affect corn grain yield. Common 

lambsquarters is highly competitive with corn (Weaver 2001), however the plots that were 

treated with herbicides evaluated resulted in 2 or less newly emerging plants per 0.5 m2 across all 

trials. Compared to the study by Sibuga and Bandeen (1980) common lambsquarters in Ontario 

reduced yield only >46 plant m2. Beckett et al. (1988) in Illinois found a yield loss of 12 % at 

approximately 5 plants m2. Therefore, when compared to these studies common lambsquarters 

count at 2 plants 0.5m2 can be assumed to have no effect in corn yield. 

Corn grain yield was between 12.24 and 13.06 t ha-1, there was no effect of herbicide 

treatment in corn yield (Table 3.6). This study concludes that annual ryegrass can be interseeded 

into a corn cropping system at the V4 with no affect on corn yield.  

 

3.5 Conclusion 

S- metolachlor and S-metolachlor/atrazine residues caused severe annual ryegrass injury, 

while atrazine posed little risk to the cover crop. Therefore it can be concluded that atrazine can 

be safely used for annual broadleaf control in corn with no negative effects on annual ryegrass 

when interseeded into V4 corn. This study concluded that S-metolachlor and S-
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metolachlor/atrazine, applied PRE, cause unacceptqable annual ryegrass injury. The results from 

this study are consistent with the results from Wallace et al. (2017) where there was no negative 

effect of atrazine residues on annual ryegrass biomass, and S-metolachlor caused significant 

annual ryegrass injury.  
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Table 3.1. Soil characteristics including percent sand, silt, and clay, organic matter (OM), pH, cation exchange capacity (CEC), 

texture and series for 4-site years (2016, 2017) with annual  ryegrass interseeded into V4 corn at the University of Guelph Ridgetown 

Campus, Ontario. 

                                                

 2016 2017 

 Site A Site B Site A Site B 

Soil Type Maplewood/Normandale  

series 

Maplewood/Normandale 

 series 

Maplewood/Normandale  

series 

Maplewood/Normandale 

series 

Texturea SL C SL C 

% sand 75.6 29.6 75.6 31.6 

% silt 12.4 28.4 12.4 28.4 

% clay 12.0 42.0 12.0 40.0 

% OM 2.9 4.5 2.9 4.6 

pH 7.1 7.3 7.1 7.4 

CEC 8.8 16.4 8.8 15.9 

                                               
a Texture letter representation S=sand, C=clay, L=loam.  
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3.2. Planting, emergence and harvest dates for 4-site years (2016, 2017) with annual ryegrass 

interseeded into V4 corn at the University of Guelph Ridgetown Campus, Ontario. 

                

Crop Year Planting date 

Trial A                            Trial B  

Corn 

 

Annual ryegrass 

 

2016 

2017 

2016 

2017 

May 6th 

May 5th 

June 7th   

June 13th  

May 9th 

May 18th 

June 10th  

June 19th  

  Emergence date 

  Trial A   Trial B  

Corn 

 

Annual ryegrass 

2016 

2017 

2016 

2017 

May 20th 

May 23rd  

June 20th  

June 25th  

May 26th 

May 29th  

July 4th  

June 28th  

  Harvest date 

  Trial A  Trial B  

Corn 

 

Annual ryegrass 

2016 

2017 

2016 

2017 

October 19th  

November 1st  

6 WAE 

6 WAE 

October 18th  

November 1st  

6 WAE 

6 WAE 

              

Note: WAE is weeks after emergence of annual ryegrass. 
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Table 3.3. Trade name, active ingredient and rate of herbicide treatments for 4-site years (2016, 

2017) with annual ryegrass interseeded into V4 corn at the University of Guelph Ridgetown 

Campus, Ontario.  

                        

Herbicide Trade Name Active Ingredients Dose (g ai ha-1) 

Dual II Magnum 

 

 

Primextra 

 

 

Atrazine  

 

S-metolachlor 

 

 

S-metolachlor/atrazine 

 

 

Atrazine 

 

1800 (0.5X) 

2160 (1X) 

2880 (2X) 

1000 (0.5X) 

1200 (1X) 

1600 (2X) 

800 (0.5X) 

960 (1X) 

1280 (2X) 
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Table 3.4. Treatment means for annual ryegrass, injury 2 and 4 WAE, and biomass when seeded into V4 corn for 4-site years 

 (2016, 2017) at the University of Guelph Ridgetown Campus, Ontario. 

 

 

 

 

Treatment 

 

 

 

Rate 

treatment 

Cover 

crop 

Injury 

 2 

WAEy 

Cover 

crop 

Injury 

4 

WAE 

 

 

Ground 

cover 2 

WAE 

 

 

Ground 

cover 3 

WAE 

 

 

Ground 

cover 4 

WAE 

 

 

Ground 

cover 5 

WAE 

 

 

Ground 

cover 6 

WAE 

 

 

Biomass 

cover crop 

6 WAE 

 (g ai ha-1) (%) (%) ------------------------------(% 0.25m-2) ------------------------------ (%  0.25m-2) 

Untreated control - - - 14a 22a 24a 25a 33a  5.3 a 

S-metolachlor/ 

atrazine 

1800 71a 83 a 4b 6b 8b 10b 13b 0.92 b 

S-metolachlor/ 

atrazine 

2160 79a 75 a 4b 5b 7b 7b 10b 0.52 b 

S-metolachlor/ 

atrazine 

2880 92a 89 a 3b 5b 5b 6b 8b 0.32 b 

S-metolachlor 1000 89a 86 a 4b 6b 8b 10b 12b 0.44 b 

S-metolachlor 1200 87a 73 a 4b 5b 6b 6b 8b 0.56 b 

S-metolachlor 1600 91a 83 a 3b 4b 5b 5b 7b 0.27 b 

Atrazine 800 1b 1 b 17a 24a 26a 26a 35a 5.1 a 

Atrazine 960 2b 1 b 14a 23a 24a 26a 36a 5.0 a 

Atrazine 1280 1b 1 b 15a 23a 26a 27a 39a 5.9 a 
z all means shown have a significant treatment effect at α=0.05. 
y WAE, weeks after emergence of cover crop species. 
a-d Means within column followed by the same letter are not different according to Tukey’s HSD at α=0.05. 
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Table 3.5. Treatment means for weed count data with annual ryegrass interseeded at V4 corn for 4-site years (2016, 2017) at 

 the University of Guelph Ridgetown Campus, Ontario. 

 

 

 

Treatment 

Rate 

treatment 

(g ai ha-1) 

 

CHEALy 

(# 0.5 m-2) 

 

POROL 

(# 0.5 m-2) 

 

DIGSA * 

(# 0.5 m-2) 

Untreated control  5.4 a 97 a 4.1 a 

S-metolachlor/atrazine 1800 0.0023 d 0.014 b 0.28 a 

S-metolachlor/atrazine 2160 0.68 abc 89 a 1.3 a 

S-metolachlor/atrazine 2880 0.0069 cd 0.0087 b 0.54 a 

S-metolachlor 1000 0.61 abc 57 a 3.0 a 

S-metolachlor 1200 0.0025 d 0.020 b 0.059 a 

S-metolachlor 1600 1.7 ab 76 a 1.7 a 

Atrazine 800 0.023 bcd 0.024 b 0.072 a 

Atrazine 960 2.1 ab 64 a 1.4 a 

Atrazine 1280 0.0065 cd 0.0093 b 0.16 a 
z all means are significant for the treatment effect at α=0.05, except DIGSA labelled with *. 
y EPPO codes: CHEAL= lambsquarters; POROL= common purslane; DIGSA= large crabgrass. 
a-d Means within column followed by the same letter are not different according to Tukey’s HSD at α=0.05. 
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Table 3.6. Treatment means for corn grain yield at maturity when interseeded with annual ryegrass at V4 for 4-site years 

 (2016, 2017) at the University of Guelph Ridgetown Campus, Ontario. 

 

 

 

Treatment 

 

Rate treatment 

(g ai ha-1) 

 

Corn yield 

(t ha-1) 

Untreated control  12.24 a 

S-metolachlor/atrazine 1800 13.06 a 

S-metolachlor/atrazine 2160 12.58 a 

S-metolachlor/atrazine 2880 12.78 a 

S-metolachlor 1000 12.73 a 

S-metolachlor 1200 12.40 a 

S-metolachlor 1600 12.62 a 

Atrazine 800 12.54 a 

Atrazine 960 12.47 a 

Atrazine 1280 12.43 a 
z all means are not significant for the treatment effect at α=0.05. 
a-d Means within column followed by the same letter are not different according to Tukey’s HSD at α=0.05. 
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Table 3.7. Historical 30-year average precipitation and precipitation values for June, July, and August of 2016 and 2017, in 

Ridgetown, Ontario. 

                                

 Average Rainfall (mm)a 2016 (mm)b 2017 (mm)b 

June 88 51 44.7 

July 81 79.2 36.1 

August 97 64.9 61.5 

                               
a Statistics : Ridgetown, ON from the weather network. 
b Statistics: Ridgetown, ON from Environmental and Natural resourses- Historical weather and climate data. 
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4.0 Residual Effects of Bromoxynil Premixes on Oilseed Radish as a Fall Cover Crop after 

Winter Wheat. 

4.1 Abstract 

 In southern Ontario and portions of the northeastern United States, oilseed radish 

(Raphanus sativus var. oleiformis) is often planted after winter wheat harvest to improve soil 

tilth, fertility, and structure, and for weed and disease suppression. However, residues of some 

herbicides used for broadleaf weed control in winter wheat can persist in the soil and negatively 

affect oilseed radish emergence and growth. Therefore, it is imperative that a herbicide be chosen 

that provides effective broadleaf weed control in wheat but has no detrimental effects on oilseed 

radish.  A study consisting of eight experiments over a two- year period (2016, 2017) on two 

different soil types at the University of Guelph Ridgetown Campus was conducted to examine 

the effect of bromoxynil/pyrasulfotole and bromoxynil/bicylcopyrone residues on the 

establishment and growth of oilseed radish planted after winter wheat harvest. 

Bromoxynil/bicyclopyrone at both rates and all three timings caused no oilseed radish injury or 

biomass reduction. In 2017, the application of bromoxynil/bicyclopyrone reduced total weed 

density, but did not reduce density of common lambsquarters in treatments planted with oilseed 

radish. Bromoxynil/pyrasulfotole caused no oilseed radish injury or biomass reduction. 

Bromoxynil/pyrasulfotole, applied at the high rate at the latest application timing in winter wheat 

reduced dandelion density.  

 

4.2 Introduction 

 Oilseed radish is frequently planted by Ontario farmers after winter wheat combining. 

The annual growth cycle of oilseed radish is compatible with early harvest of winter wheat; it is 
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planted in late summer to early fall immediately after harvesting winter wheat (OMAFRA 

2012a). Oilseed radish grows well on loam to clay-loam soils, is killed by frost, and the seed is 

relatively inexpensive compared to other cover crops, making it an ideal choice for Ontario 

growers. Oilseed radish canopy grows rapidly, as does its tap root, and it provides several 

benefits, including alleviating soil compaction (Weil et al. 2009), reduced nitrate leaching (Weil 

et al. 2006),and  weed and disease suppresion (USDA 2012). 

 Oilseed radish has been found to outcompete winter annual weeds due to its rapid 

germination, emergence, and canopy development in the fall (Yvonne et al. 1997). Oilseed 

radish residues suppressed winter annual weeds until March or early April of the following 

growing season in studies completed in western New York (Strivers-Young 1998) and Michigan 

(Baskin and Baskin 2001), both areas have similar soil and climate to Ontario. However, there is 

little data on the suppression of weeds due to planting oilseed radish after winter wheat in 

Ontario.  

 Bromoxynil/pyrasulfotole (Infinity©) is a common postemergence (POST) herbicide used 

for broadleaf weed control in wheat (spring, durum, and winter) (Shaner 2014).  

Bromoxynil/bicyclopyrone (Talinor©) is a newer herbicide, registered for broadleaf weed control 

in wheat in Ontario (HCPMRA 2015). Both herbicides have a residual active ingredient – either 

pyrasulfotole or bicyclopyrone - to complement the contact herbicide bromoxynil (HCPMRA 

2015; Shaner 2014). To our knowledge, there has been no research on the residual effects of 

bromoxynil/pyrasulfotole and bromoxynil/bicyclopyrone on oilseed radish establishment and 

growth when seeded after winter wheat harvest. 

 Mesotrione, bicyclopyrone, pyrasulfotole, and topramazone are all 4-

hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors; mesotrione and bicyclopyrone belong to 
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the triketone family, and topramazone and pyrasulfotole belong to the pyrazolone family 

(HCPMRA 2015; Shaner 2014). Research is limited on the effect of pyrasulfotole and 

bicyclopyrone on oilseed radish emergence and growth, however a study by Cornelius and 

Bradley (2017) evaluated the effects of mesotrione and topramazone residues on oilseed radish. 

Mesotrione reduced oilseed radish stand 15% and biomass 30%, whereas topramazone reduced 

oilseed radish biomass up to 36%, but had no negative effect on stand (Cornelius and Bradley 

2017). Therefore, since bicyclopyrone and pyrasulfotole belong to the same herbicide families, it 

is plausible that they could be used for broadleaf weed control in winter wheat with little, to no 

negative effects on oilseed radish planted after winter wheat combining. 

 The objectives of this study were to examine the effect of bromoxynil/pyrasulfotole and 

bromoxynil/bicyclopyrone residues on the establishment and growth of oilseed radish planted 

after winter wheat harvest and to determine the effect of oilseed radish on weed emergence and 

growth.  

 

4.3 Materials and Methods 

4.3.1 Site Preparation and Field Layout 

 This study consisted of eight experiments (two herbicides- bromoxynil/pyrasulfotole and 

bromoxynil/bicyclopyrone, and on two soil types- a sandy clay loam and a clay loam) that were 

conducted over a two-year period (2016, 2017) at the University of Guelph Ridgetown Campus 

(Table 4.1). The herbicides were applied at two rates and three application timings in winter 

wheat. Soil characteristics are presented in Table 4.1. Winter wheat cultivar ‘Pioneer 25R40’ was 

seeded at a rate of 120 kg ha-1 in early October. Nitrogen fertilizer ’46-0-0’ was broadcast 

applied at 101 and 77 kg N ha-1 in April 2016 and 2017, respectively. Dates of winter wheat 
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planting, emergence and harvest are presented in Table 4.2. In late July or early August oilseed 

radish cultivar CCS 779 was drilled at a depth of 3 cm, in rows spaced 18 cm apart, at a rate of 

11-13 kg ha-1. In 2016 the oilseed radish was planted in all plots, in 2017 to incorporate a cover 

crop presence effect weed emergence plots were planted with and without oilseed radish.  

The experiments were established as a randomized complete block design with four 

replications. Each plot was 2 m wide by 8 m long. Two 0.25 m2 quadrats were placed randomly 

in the front and back half of each plot to account for spatial variance. Each quadrat was flagged 

and contained 4 rows of oilseed radish. Grass weed species and volunteer wheat were removed 

by hand as they emerged during the course of the experiments. The quadrats were utilized for 

sampling visible ground cover, broadleaf weed counts, and above ground biomass. Each 

experiment had one herbicide bromoxynil premix (bromoxynil/pyrasulfotole or 

bromoxynil/bicyclopyrone) at the label rate and 2X rate (to stimulate a spray overlap) and was 

applied at three biweekly timings starting at Zadok stage 15, a herbicide free control was 

included in each replicate (Table 4.3 and 4.4). In 2017 an additional factor was included in each 

experiment (ie. presence or absence of oilseed radish). This allowed for the determination of 

herbicide and herbicide + oilseed radish effect on weed emergence and growth. The herbicides 

were applied with a CO2 pressurized backpack sprayer calibrated to deliver 200 L of spray 

solution ha-1 at 207 KPa. The boom was 1.5 m wide with four ULD 120-02 AIR induction 

nozzles (Hypro, New Brighton, MN) spaced 50 cm apart which produced a spray width of 2.0 m.  

 

4.3.2 Data Collection 

 Percent oilseed radish ground cover was estimated visually, the average of the 0.25 m2 

quadrats within each plot was recorded. The percent ground cover was then transformed to a 
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proportion prior to analysis. Oilseed radish ground cover was visually estimated 2, 4, 6, 8, and 10 

weeks after oilseed radish emergence (WAE). At 10 WAE, the oilseed radish in each quadrat 

were counted. The oilseed radish was then cut at the soil surface, placed in paper bags and dried 

at 60 ºC for two weeks to a constant weight and the dry weight was recorded. 

 Oilseed radish injury was estimated visually at 2 and 6 WAE on a scale of 0 to 100, with 

0 representing no injury and 100 complete death. The visual oilseed radish injury assessment 

included all herbicide injury symptoms including: reduced/delayed emergence, stunting, 

chlorosis, and necrosis. Broadleaf weed emergence counts by species were completed, at 2, 4, 6, 

8, and 10 WAE in both quadrats. The weeds were removed after counting. Weed emergence 

counts were summed. A cummulative threshold of ≥80 plants per quadrat in the herbicide free 

control was used as the threshold for the inclusion of a weed species in the analysis.  

 

4.3.3 Statistical Analysis 

 The GLIMMIX procedure in SAS (Ver. 9.4, SAS Institute Inc., Cary, NC) was used for 

all statistical analyses. In 2016 and 2017, herbicide rate and application dates were treated as the 

fixed effects for visible injury, above ground biomass, and percent oilseed radish ground cover. 

In 2017, cover crop presence or absence was added as a fixed effect for analysis of weed 

emergence. The random effects of years and blocks were nested within environment.The 

assumptions of variance analysis (ie. random, homogenous and independent) were confirmed 

using the residual plots, as well as the Shapiro-Wilk conducted with PROC UNIVARIATE 

ensured normality. Every measurement was derived to the natural log, with the exception of 

ground cover which followed a beta distribution. The Tukey HSD test was utilized to separate 

the means at α=0.05, all transformed data was back-transformed for presentation. 
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4.4 Results and Discussion   

4.4.1 Bromoxynil/Pyrasulfotole  

 Bromoxynil/pyrasulfotole (1X- 2X rates) applied POST at three application timings in 

winter wheat caused <1% oilseed radish injury at 2 and 6 WAE and no effect on oilseed radish 

biomass and ground cover at 2, 4, 6, 8, and 10 WAE (Table 4.5 and Table 4.6). In addition, there 

was no effect of bromoxynil/pyrasulfotole on oilseed radish ground cover at 2, 4, 6, 8, and 10 

WAE (Table 4.6).  

The broadleaf species evaluated in this study were common purslane and dandelion 

(Table 4.7).  There was no herbicide or cover crop presence effect for common purslane. 

Bromoxynil/pyrasulfotole (2X rate) applied late reduced dandelion density. This study concludes 

that bromoxynil/pyrasulfotole used for broadleaf weed control has had little to no effect on the 

growth of oilseed radish seeded after winter wheat combining. These results are similar to those 

of Cholette (2017) where bromoxynil/pyrasulfotole applied in winter wheat did not adversely 

affect oilseed radish. 

 

4.4.2 Bromoxynil/bicyclopyrone  

Bromoxynil/bicyclopyrone (1X and 2X rates) applied POST at three application timings 

in winter wheat caused <1% oilseed radish injury at 2 and 6 WAE (Table 4.8). There was no 

effect of bromoxynil/bicyclopyrone residues on oilseed radish biomass (10 WAE) and ground 

cover at 2, 4, 6, 8, and 10 WAE (Table 4.8 and 4.9). This study concludes that there is no 

deleterious effect of bromoxynil/bicyclopyrone, residues on oilseed radish seeded after winter 

wheat harvest.  
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The broadleaf species that were evaluated in this study were common lambsquarters 

(Chenopodium album L.), common purslane (Portulaca oleracea L.), common chickweed 

(Stellaria media L.), and dandelion (Taraxacum officinale) (Table 4.10). There was no 

interaction between herbicide treatment and cover crop and no effect of herbicide treatment so 

the main effect of cover crop is presented. There was no effect of oilseed radish on common 

purslane, common chickweed or dandelion. Oilseed radish increased the number of 

lambsquarters. In contrast, oilseed radish reduced the cumulative weed density. This 

contradiction may be due to the high spatial and temporal variability in common lambsquarters 

emergence and density at one of the four sites. In 2017 at one of the sites, there was much higher 

common lambsquarters density in two of the four replicates and there was one predominant flush 

with little later emergence. When the majority of the lambsquarters emergence data points are 

zero, high populations of common lambsquarters skewed the data. Therefore, spatial and 

temporal variability could have attributed to the difference, however it is to be noted that the 

wheat residue was left on the field and may have acted as a physical barrier preventing weed 

emergence on plots with no oilseed radish; where the growth of oilseed radish would have 

moved the residue.  

The results of this study are in contrast to the results from Cornelius and Bradley (2017). 

Mesotrione and topramazone residues reduced oilseed radish stand 15 and 7% and biomass 30 

and 36%, respectively (Cornelius and Bradley 2017). In this study there was no adverse effect of 

bromoxynil/pyrasulfotole and bromoxynil/bicyclopyrone on oilseed radish seeded after winter 

wheat harvest. However, in the study by Conelius and Bradley (2017) oilseed radish stand count 

and biomass was taken 4 WAE, whereas in this study measurements were at 10 WAE.  
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4.5 Conclusion 

 Based on these results bromoxynil/pyrasulfotole and bromoxynil/bicyclopyrone can be 

utilized for broadleaf control in winter wheat without hindering the growth and development of 

oilseed radish cover crop planted after harvest. Bromoxynil/pyrasulfotole applied at the high rate 

and at a later application timing can decrease dandelion emergence in the fall. The use of 

bromoxynil/bicyclopyrone in winter wheat followed by an oilseed radish cover crop has the 

potential to decrease weed density in the fall. This study concludes the integration of selected 

broadleaf herbicides for weed management in winter wheat followed by an oilseed radish cover 

crop after combining can be safely implemented under Ontario environmental conditions.   



70 
 

 

Table 4.1. Soil characteristics including percent sand, silt, and clay, organic matter (OM), pH, cation exchange capacity (CEC), 

texture and series for 4-site years (2016, 2017) with oilseed radish seeded after winter wheat harvest at the University of Guelph 

Ridgetown Campus, Ontario.  

                                            

 2016 2017 

 Site A Site B Site A Site B 

Soil Type Watford/Brady series Maplewood/Normandale 

series 

Watford/Brady series Maplewood/Normandale 

series 

Texturea SCL C SL C 

% sand 53.6 31.6 65.6 31.6 

% silt 21.4 28.4 18.4 28.4 

% clay 25.0 40.0 16.0 40.0 

% OM 3.2 4.6 4.0 4.6 

pH 6.8 7.4 6.8 7.4 

CEC 10.5 15.9 10.5 15.9 

                                               
a Texture letter representation S=sand, C=clay, L=loam.  
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Table 4.2. Planting, emergence and harvest dates for 4-site years (2016, 2017) with oilseed 

radish seeded after winter wheat harvest at the University of Guelph Ridgetown Campus, 

Ontario.  

             

Crop Year Planting date 

Trial A                            Trial B  

Winter wheat 

 

Oilseed radish 

 

2015 

2016 

2016 

2017 

Oct 6th 

Oct 12th 

Aug 8th 

July 27th  

Oct 5th  

Oct 12th 

Aug 8th  

July 27th  

  Emergence date 

  Trial A  Trial B  

Winter wheat 

 

Oilseed radish 

 

2015 

2016 

2016 

2017 

Oct 19th 

Oct 27th  

Aug 16th   

Aug 11th    

Oct 19th   

Oct 27th  

Aug 16th  

Aug 11th  

  Harvest date 

  Trial A  Trial B  

Winter wheat 

 

Oilseed radish 

 

2016 

2017 

2016 

2017 

July 19th  

July 18th  

10 WAE 

10 WAE 

July 19th  

July 18th  

10 WAE 

10 WAE 

              

Note: WAE is weeks after emergence of the cover crops. 
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Table 4.3. Trade name, active ingredient, rate of herbicide and application timing of 

bromoxynil/pyrasulfotole treatments for 4-site years (2016, 2017) with oilseed radish seeded 

after winter wheat harvest at the University of Guelph Ridgetown Campus, Ontario. 

              

Herbicide 

Trade 

Name 

Active Ingredient Rate 

 (g ai ha-1) 

Application  

Timing 

Application Date 

Year           Dates 

Infinity  Bromoxynil/pyrasulfotole 212.5 1 2016  

2017  

April 25th-29th 

May 1st- 5th 

Infinity  Bromoxynil/pyrasulfotole 425 1 2016 

2017  

April 25th- 29th  

May 1st -5th 

Infinity Bromoxynil/pyrasulfotole 212.5 2 2016  

2017  

May 9th- 13th 

May 15th-19th 

Infinity  Bromoxynil/pyrasulfotole 425 2 2016 

2017  

May 9th- 13th 

May 15th- 19th 

Infinity  Bromoxynil/pyrasulfotole 212.5 3 2016  

2017  

May 23rd- 27th 

May 29th- June 2nd 

Infinity  Bromoxynil/pyrasulfotole 425 3 2016  

2017  

May 23rd-27th 

May 29th- June 2nd 
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Table 4.4. Trade name, active ingredient, rate of herbicide and application timing of 

bromoxynil/bicyclopyrone treatments for 4-site years (2016, 2017) with oilseed radish seeded 

after winter wheat harvest at the University of Guelph Ridgetown Campus, Ontario. 

              

Herbicide 

Trade 

Name 

Active Ingredients Rate 

 (g ai ha-1) 

Application  

Timing 

Application Date 

Year           Dates 

Talinor  Bromoxynil/bicyclopyrone 212.5 1 2016  

2017  

April 25th-29th 

May 1st- 5th 

Talinor  Bromoxynil/bicyclopyrone 425 1 2016 

2017  

April 25th- 29th  

May 1st -5th 

Talinor  Bromoxynil/bicyclopyrone 212.5 2 2016  

2017  

May 9th- 13th 

May 15th-19th 

Talinor  Bromoxynil/bicyclopyrone 425 2 2016 

2017  

May 9th- 13th 

May 15th- 19th 

Talinor  Bromoxynil/bicyclopyrone 212.5 3 2016  

2017  

May 23rd- 27th 

May 29th- June 2nd 

Talinor 2 Bromoxynil/bicyclopyrone 425 3 2016  

2017  

May 23rd-27th 

May 29th- June 2nd 
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Table 4.5. Treatment means for oilseed radish, visible injury 2 and 6 WAE, biomass, and ground cover when planted after 

 winter wheat for 4-site years (2016, 2017) at the University of Guelph Ridgetown Campus, Ontario. 

 

 

 

 

 

Treatment 

 

Rate 

treatment 

(g ai ha-1) 

 

 

Application 

Timing 

Oilseed radish 

Injury 

2 WAEy 

(%) 

Oilseed radish 

Injury 

6 WAE 

(%) 

 

Biomass Cover Crop 

10 WAE 

(g 0.25m-2) 

Untreated Control      33.1 a 

Bromoxynil/pyrasulfotole 213 1 0 a 0 a 36.9 a 

Bromoxynil/pyrasulfotole 426 1 0 a 0 a 39.3 a 

Bromoxynil/pyrasulfotole 213 2 0 a 0 a 37.9 a 

Bromoxynil/pyrasulfotole 426 2 0 a 0 a 38.4 a 

Bromoxynil/pyrasulfotole 213 3 0 a 0 a 34.7 a 

Bromoxynil/pyrasulfotole 426 3 0 a 0 a 36.4 a 
z all means shown do not have a significant treatment effect at α=0.05. 
y WAE, weeks after emergence of cover crop species. 
a Means within column followed by the same letter are not different according to Tukey’s HSD at α=0.05. 

 
 
 
 

 

 

 

 

 

 

 



75 
 

 

Table 4.6. Treatment means for oilseed radish percent ground cover at 2, 4, 6, 8, and 10 WAE when planted after winter wheat 

 for 4-site years (2016, 2017) at the University of Guelph Ridgetown Campus, Ontario. 

 

 

 

Treatment 

 

Rate 

treatment 

 

Application 

Timing 

Ground 

Cover 

2 WAEy 

Ground 

Cover 

4 WAE 

Ground 

Cover 

6 WAE 

Ground 

Cover 

8 WAE 

Ground 

Cover 

10 WAE 

 (g ai ha-1)  ----------------------------(% 0.25m-2)-------------------------- 

Untreated 

Control 

  28 a 43 a 51 a 52 a 49 a 

Bromoxynil/ 

pyrasulfotole 
213 1 29 a 44 a 51 a 52 a 51 a 

Bromoxynil/ 

pyrasulfotole 
426 1 32 a 47 a 56 a 55 a 51 a 

Bromoxynil/ 

pyrasulfotole 

213 2 29 a 45 a 54 a 55 a 53 a 

Bromoxynil/ 

pyrasulfotole 

426 2 29 a 48 a 55 a 53 a 52 a 

Bromoxynil/ 

pyrasulfotole 

213 3 27 a 44a 52 a 56 a 51 a 

Bromoxynil/ 

pyrasulfotole 

426 3 31 a 47 a 53 a 53 a 50 a 

z all means shown do not have a significant treatment effect at α=0.05. 
y WAE, weeks after emergence of cover crop species. 
a Means within column followed by the same letter are not different according to Tukey’s HSD at α=0.05. 
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Table 4.7.  Oilseed radish cover crop presence effect means on suppression of newly emerged broadleaf weeds and density of weeds 

for 2-sites in 2017 at the University of Guelph Ridgetown Campus, Ontario. 

 

 

 

 

Treatment 

 

 

Rate treatment 

(g ai ha-1) 

 

 

Application 

Timing 

 

 

POROLy 

(# 0.5 m-2) 

 

 

TAROF* 

(# 0.5 m-2) 

 

 

Weed density 

(# 0.25 m-2) 

Untreated Control   0.059 a 0.12 a 0.69 a 

Bromoxynil/pyrasulfotole 213 1 0.022 a 0.030 ab 1.9 a 

Bromoxynil/pyrasulfotole 426 1 0.011 a 0.0048 ab 0.82 a 

Bromoxynil/pyrasulfotole 213 2 0.0045 a 0.032 ab 0.72 a 

Bromoxynil/pyrasulfotole 426 2 0.0029 a 0.0057 ab 0.35 a 

Bromoxynil/pyrasulfotole 213 3 0.0086 a 0.0045ab 0.76 a 

Bromoxynil/pyrasulfotole 426 3 0.0055 a 0.0020 b 0.39 a 
z all means shown with * have a significant treatment effect at α=0.05. 
y EPPO codes: POROL= common purslane; TAROF= dandelion. 
a-b Means within column followed by the same letter are not different according to Tukey’s HSD at α=0.05. 
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Table 4.8. Treatment means for oilseed radish, residual injury 2 and 6 WAE, biomass, and ground cover when planted after 

 winter wheat for 4-site years (2016, 2017) at the University of Guelph Ridgetown Campus, Ontario. 

 

 

 

 

Treatment 

 

Treatment 

rate 

(g ai ha-1) 

 

 

Application 

Timing 

Oilseed radish 

Injury 

2 WAEy 

(%) 

Oilseed radish 

Injury 

6 WAE 

(%) 

 

Biomass cover crop 

10 WAE 

(g 0.25m-2) 

Untreated Control      39.8 a 

Bromoxynil/bicyclopyrone 212.5 1 0 a 0 a 47.0 a 

Bromoxynil/bicyclopyrone 425 1 0 a 0 a 43.6 a 

Bromoxynil/bicyclopyrone 212.5 2 0 a 0 a 43.7 a 

Bromoxynil/bicyclopyrone 425 2 0 a 0 a 46.8 a 

Bromoxynil/bicyclopyrone 212.5 3 0 a 0 a 46.7 a 

Bromoxynil/bicyclopyrone 425 3 0 a 0 a 46.8 a 
z all means shown do not have a significant treatment effect at α=0.05. 
y Abbreviation:WAE, weeks after emergence of cover crop species. 
a Means within column followed by the same letter are not different according to Tukey’s HSD at α=0.05. 
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Table 4.9. Treatment means for oilseed radish percent ground cover at 2, 4, 6, 8, and 10 WAE when planted after winter wheat 

 for 4-site years (2016, 2017) at the University of Guelph Ridgetown Campus, Ontario. 

 

 

 

Treatment 

 

Rate 

treatment 

 

Application 

Timing 

Ground 

Cover 

2 WAEy 

Ground 

Cover 

4 WAE 

Ground 

Cover 

6 WAE 

Ground 

Cover 

8 WAE 

Ground 

Cover 

10 WAE 

 (g ai ha-1)  -------------------------------(% of 0.25m-2)----------------------------- 

Untreated 

Control 

  31 a 51 a 56 a 56 a 50 a 

Bromoxynil/ 

bicyclopyrone 
212.5 1 30 a 56 a 62 a 65 a 54 a 

Bromoxynil/ 

bicyclopyrone 
425 1 30 a 53 a 56 a 60 a 48 a 

Bromoxynil/ 

bicyclopyrone 

212.5 2 32 a 51 a 57 a 59 a 48 a 

Bromoxynil/ 

bicyclopyrone 

425 2 30 a 51 a 60 a 62 a 52 a 

Bromoxynil/ 

bicyclopyrone 

212.5 3 37 a 54 a 59 a 63 a 52 a 

Bromoxynil/ 

bicyclopyrone 

425 3 33 a 56 a 61 a 67 a 52 a 

z all means shown do not have a significant treatment effect at α=0.05. 
y WAE, weeks after emergence of cover crop species. 
a Means within column followed by the same letter are not different according to Tukey’s HSD at α=0.05. 
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Table 4.10.  Bromoxynil/bicyclopyrone residues on oilseed radish cover crop presence effect means on suppression of newly emerged 

broadleaf weeds and density of weeds for 2-sites in 2017 at the University of Guelph Ridgetown Campus, Ontario. 

 

Presence of 

oilseed radish 

CHEALy* 

(# 0.5m-2) 

POROL 

(# 0.5m-2) 

STEME 

(# 0.5m-2) 

TAROF 

(# 0.5m-2) 

Weed density* 

(# 0.25m-2) 

No 0.00036 b 0.031 a 0.0067 a 0.0068 a 4.2 a 

Yes 0.0024 a 0.16 a 0.0067a 0.0071 a 1.9 b 
z all means shown with * only have a significant cover crop presence effect at α=0.05. 
y EPPO codes: CHEAL=common lambsquarters; POROL= common purslane; STEME= common chickweed; TAROF= dandelion. 
a-b Means within column followed by the same letter are not different according to Tukey’s HSD at α=0.05. 
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5.0 General Discussion 

5.1 Contributions 

 This research examined the effects of residual herbicides used in corn and winter-wheat 

on the growth and establishment of three important cover crops: annual ryegrass, red clover, and 

oilseed radish. The two cropping systems utilized were i) interseeding the cover crop annual 

ryegrass or red clover into corn at the V4 stage, and ii) drilling oilseed radish after winter wheat 

harvest.  

S-metolachlor/mesotrione/atrazine, S-metolachlor/mesotrione/bicyclopyrone, S-

metolachlor/mesotrione/bicyclopyrone/atrazine applied preemergence (PRE) caused 91-99% red 

clover injury and 74-94% annual ryegrass injury when interseeded into V4 corn. This study 

concludes that S-metolachlor/mesotrione/atrazine, S-metolachlor/mesotrione/bicyclopyrone, S-

metolachlor/mesotrione/bicyclopyrone/atrazine applied PRE caused unacceptable red clover and 

annual ryegrass injury. 

 The purpose of the atrazine, S-metolachlor, and S-metolachlor/atrazine, applied PRE, 

study was to determine if the addition of atrazine enhances S-metolachlor annual ryegrass injury, 

compared to S-metolachlor applied alone. Atrazine and S-metolachlor caused up to 2 and 91% 

annual ryegrass injury, respectively. Atrazine did not reduce annual ryegrass ground cover or 

biomass while S-metolachlor reduced annual ryegrass ground cover and biomass up to 82 and 

95%, respectively. The addition of atrazine to S-metolachlor did not increase annual ryegrass 

injury, ground cover or biomass. This study concludes that atrazine applied PRE has an 

acceptable margin of crop safety when annual ryegrass is interseeeded into V4 corn. 
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 This oilseed radish study concludes that bromoxynil/bicyclopyrone and 

bromoxynil/pyrasulfotole applied POST in winter wheat does not cause any oilseed radish injury 

or growth reduction when seeded after winter wheat harvest.  

5.2 Limitations 

 In 2016 and 2017 annual rainfall from June to August was 73 and 54% of the 30-year 

average, respectively. The low precipitation hindered the growth and establishment of annual 

ryegrass and red clover, as indicated by the low population stands in the herbicide-free control 

plots. Though an attempt was not made to correlate precipitation during the establishment period 

with weed population counts, visual observations of new weed flushes seemed to correspond 

with precipitation events. Spatial weed variability occurred in most experiments. The resulting 

heterogeneity in spatial variability of weeds made it difficult to assess the effect of cover crop 

competition on weed density. 

 The spatial variability in weed populations made it difficult to determine the effect of the 

herbicides evaluated on weed control. For example, in the study that included atrazine, S-

metolachlor, S-metolachlor/atrazine there was no rate effect for the control of common purslane 

and lambsquarters. Therefore, it was not possible to conclude if there was a herbicide effect on 

weed control. This is most likely due to the low weed density due to dry season being 

confounded with high spatial and temporal variability in weed density and emergence timing.  

 For the oilseed radish seeded after winter wheat harvest study the weather was similar in 

2016 and 2017. However, there was some contradictory weed count data in the bromoxynil/ 

bicyclopyrone treatments. While total weed density was lower when a cover crop was present, 
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lambsquarters density was actually lower when no cover crop was present. This observation can 

be attributed to spatial variability in lambsquarters density across the experimental area. Spatial 

weed variability made it difficult to draw appropriate conclusions on the potential of cover crops 

to suppress weeds.  

Another limitation of this study would be that the winter wheat residues were not baled 

and removed after harvest. Many Ontario farmers bale the straw for additional revenue source or 

livestock bedding. The study may have been more accurate if the wheat residues were removed 

to eliminate the confounding effect of wheat residues and cover crop on weed density. The wheat 

residues were thick and may have reduced light available to germinating weeds in plots with no 

oilseed radish. It is also important to note that volunteer winter wheat was prominent throughout 

the trials. Although it was removed from the weed count quadrats, it was not removed from the 

quadrat where total weed density was taken. The presence of volunteer wheat would act as a 

cover crop and confounded the effect of herbicide residues and oilseed radish cover crop on 

weed emergence.  

5.3 Future Research 

It is important to continue research on the impact of herbicide residues on cover crops in 

different cropping systems to create a data base of herbicide programs that growers can safely 

use to incorporate cover crops into their production systems. This MSc research program 

reviewed corn and winter wheat cropping systems, but not soybeans, a major crop for Ontario 

growers. The effect of herbicide residues on cover crops, not examined in this research is 

important, since many growers plant cover crop mixtures. This research will provide growers 
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with the information they need to establish cover crop mixtures in a range of cropping systems in 

Ontario.  

Also, this study evaluated annual ryegrass and red clover broadcast into V4 corn. Newer 

technology has allowed for cover crops to be drilled into standing corn, therefore it is important 

to have studies with both seeding methods to contrast cover crop establishment and growth. 

Seeding rates is also another important cost factor for many growers. In this study seeding rates 

where high to ensure a good cover crop stand; cost was not taken into account. 

More research is needed on cover crops as a weed management tool, especially with the 

evolution of herbicide-resistant weed biotypes. Finding compatible herbicide/cover crop 

programs will be one component of a long-term diversified weed management program to reduce 

the selection intensity for herbicide- resistant weeds. This would be helpful in a corn program, 

where producers commonly use a two-pass herbicide program of a broad-spectrum soil applied 

herbicide applied PRE followed by glyphosate POST. Instead of a POST herbicide following the 

PRE herbicide, a cover crop could be interseeded into corn to suppress the weeds for the rest of 

the growing season.   
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7.0 Appendix 1: Sample of SAS Coding 

DATA FIRST; 

INPUT YEAR TRIAL$ SPECIES$ ENV$ BLOCK TRT DMCC_QA

 DMCC_QB INJ_14 INJ_28 GCA_14 GCB_14 GCA_21 GCB_21

 GCA_28 GCB_28 GCA_35 GCB_35 GCA_42 GCB_42

 YIELDDMCC_QM DMWD_QM AMARE_14 CHEAL_14 POROL_14

 SOLPT_14 DIGSA_14 SETVI_14 AMARE_21 CHEAL_21 POROL_21

 SOLPT_21 DIGSA_21 SETVI_21 AMARE_28 CHEAL_28 POROL_28

 SOLPT_28 DIGSA_28 SETVI_28 AMARE_35 CHEAL_35 POROL_35

 SOLPT_35 DIGSA_35 SETVI_35 AMARE_42 CHEAL_42 POROL_42

 SOLPT_42 DIGSA_42 SETVI_42; 

INJ_14=INJ_14/100; 

*INJ_28=INJ_28/100; 

if INJ_14= 0 then INJ_14= 0.0001; 

if INJ_14= 1 then INJ_14= 0.9999; 

*if INJ_28= 0 then INJ_28= 0.0001; 

*if INJ_28= 1 then INJ_28= 0.9999; 

DMCC=(DMCC_QA+DMCC_QB)/2; 

if DMCC=0 then DMCC=0.0001; 

DENSITY=DMCC_QM/DMWD_QM; 

if DENSITY=0 then DENSITY=0.0001; 

GC_14=((GCA_14+GCB_14)/2)/100; 

if GC_14= 0 then GC_14= 0.0001; 

if GC_14= 1 then GC_14= .9999; 

GC_21=((GCA_21+GCB_21)/2)/100; 

if GC_21= 0 then GC_21= 0.0001; 

if GC_21= 1 then GC_21= .9999; 

GC_28=((GCA_28+GCB_28)/2)/100; 

if GC_28= 0 then GC_28= 0.0001; 

if GC_28= 1 then GC_28= .9999; 

GC_35=((GCA_35+GCB_35)/2)/100; 

if GC_35= 0 then GC_35= 0.0001; 

if GC_35= 1 then GC_35= .9999; 

GC_42=((GCA_42+GCB_42)/2)/100; 

if GC_42= 0 then GC_42= 0.0001; 

if GC_42= 1 then GC_42= .9999; 

AMARE= (AMARE_14+AMARE_21+AMARE_28+AMARE_35+AMARE_42); 

if AMARE= 0 then AMARE=0.0001; 

CHEAL= (CHEAL_14+CHEAL_21+CHEAL_28+CHEAL_35+CHEAL_42); 

if CHEAL= 0 then CHEAL=0.0001; 

POROL= (POROL_14+POROL_21+POROL_28+POROL_35+POROL_42); 

if POROL= 0 then POROL=0.0001; 

SOLPT= (SOLPT_14+SOLPT_21+SOLPT_28+SOLPT_35+SOLPT_42); 

if SOLPT= 0 then SOLPT=0.0001; 
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DIGSA= (DIGSA_14+DIGSA_21+DIGSA_28+DIGSA_35+DIGSA_42); 

if DIGSA= 0 then DIGSA=0.0001; 

SETVI= (SETVI_14+SETVI_21+SETVI_28+SETVI_35+SETVI_42); 

if SETVI= 0 then SETVI=0.0001; 

DATALINES; 

Data second; 

  set first; 

  if TRT=1 then delete; 

run; 

PROC GLIMMIX data=second; *method=quad; 

  class YEAR TRIAL SPECIES ENV BLOCK TRT;  

  model INJ_28= TRT|SPECIES/ distribution=normal link=identity; 

  random intercept / subject= BLOCK(ENV); 

  covtest 'BLOCK(ENV) =0' 0 .; 

  contrast 'RC VS AR' SPECIES 1 -1; 

  lsmeans TRT|SPECIES /pdiff adjust=tukey ilink lines; 

  *ods output lsmeans=third; 

  ods exclude lsmeans diffs; 

  ods output lsmeans=mmm diffs=ppp; 

  output out=second_resid predicted=pred residual=resid residual(noblup)=mresid 

student=studentresid student(noblup)=smresid; 

run; 

Data second_resid; 

  set second_resid; 

  if studentresid < -3 then delete; 

Run; 

Proc sgplot data=second_resid; 

  scatter y=smresid x=TRT; 

  refline 0; 

Run; 

Proc sgplot data=second_resid; 

  vbox smresid / group=TRT datalabel; 

Run; 

/* Homogeneity of effects */ 

Proc sgscatter data=second_resid; 

  plot studentresid*(pred TRT SPECIES); 

Run; 

/* Q-Q plot and Shapiro-Wilk for normal distribution */ 

Proc univariate data=second_resid normal plot; 

  var studentresid; 

Run; 
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