
Investigation of management practices to optimize cover crop-based weed 

mitigation in Canadian sweet corn production 

by 

Hayley Brackenridge 

A Thesis 

presented to  

The University of Guelph 

In partial fulfilment of requirements 

for the degree of 

Master of Science 

in 

Plant Agriculture 

Guelph, Ontario, Canada 

© Hayley Brackenridge January 2022 



ABSTRACT 

INVESTIGATION OF MANAGEMENT PRACTICES TO OPTIMIZE COVER CROP-BASED 

WEED MITIGATION IN CANADIAN SWEET CORN PRODUCTION 

Hayley Brackenridge 

University of Guelph, 2021

Advisors: 

Dr. Robert E. Nurse 

Professor François Tardif 

 

Fall sown cereal rye (Secale cereale L.) has gained popularity as a roller crimped cover crop due 

to its weed-suppressive capabilities, but management recommendations are needed to promote 

adoption in Canadian sweet corn production. Field trials were conducted to investigate the effect 

of rye cultivar, seeding rate, and roller crimping direction on weed control and sweet corn yield 

to determine best management practices. In the first trial, two rye cultivars (early vs. standard 

maturity) were compared at three seeding rates (150, 300, and 600 seeds m-2). In the second trial, 

rye planting directions (North-South vs. East-West) and roller crimping directions (parallel vs. 

perpendicular) were tested. Weed control and sweet corn yield were highest in the standard 

cultivar sown at 300 to 600 seeds m-2 and in parallel roller crimping for either rye planting 

direction; however, supplemental weed control measures should be investigated to reduce yield 

loss from uncontrolled weeds.  
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 Literature Review 

 Introduction to cover cropping 

Cover crops are planted to provide a service rather than a cash crop product and are becoming 

increasingly popular in plant agriculture. Cover crops are categorized by the services they 

provide. The most common cover crop uses are as green manures, catch crops, living mulches, 

and smother crops. Green manures improve soil quality by adding nutrients and organic matter 

(Hartwig and Ammon 2002). They are typically incorporated into the soil to speed up the process 

of degradation and nutrient release. Catch crops are used to reduce nutrient leaching during the 

fallow period after a cash crop is harvested (Cicek et al. 2015). Living mulches are grown during 

fallow periods or between the rows of the main crop to suppress weeds and reduce erosion (Silva 

et al. 2018). Similarly, smother crops provide weed suppression, however, rapidly growing 

species with large aboveground biomass are used as smother crops to maximize resource 

competition with weeds (Hartwig and Ammon 2002). As a result, smother crops are typically 

terminated before cash crop planting to avoid yield-reducing competition. The species of cover 

crop used by a producer will depend on which of these services they desire. 

Many cover crop species provide multiple services to varying degrees; for example, cereal rye 

(Secale cereale L.) captures nitrogen, acts as a catch crop, and suppresses weeds, ultimately 

acting as a living mulch (Wortman et al. 2011). Cover crop species can be grown alone or in 

combination with other species (mixture) to provide multiple services; however, a single species 

often dominates the mixture and the quality of the intended services may be reduced (Murrell et 

al. 2017). As a result, the particular cover crop species chosen by a producer will depend on their 

adaptation to a specific environment. 
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Cover crops are compatible with other environmentally favourable practices. In North America, 

cover crops are most commonly used as a living mulch to reduce soil erosion during the winter 

fallow period (OMAFRA 2021a). These cover crops are typically soil incorporated in the spring 

before cash crop planting because the service is no longer required. There is growing interest in 

reducing tillage as well as capitalizing on the additional services provided by cover crops, such 

as weed suppression (Reberg-Horton et al. 2012, Shirtliffe and Johnson 2012). This has led to the 

investigation of best practices to manage these cropping systems to maximize cover crop 

services throughout the cash crop growing season to increase profitability. 

 Weed suppression by cover crops  

Cover crops control weeds through a combination of resource competition, alteration of the soil 

microclimate, and allelopathy. Many studies have attempted to isolate allelopathic compounds 

from species such as rye for use as biological herbicides (Bezuidenhout et al. 2012, Bhowmik 

and Inderjit 2003, Chou and Patrick 1976, Liebman and Sundberg 2006, Shilling et al. 1985); 

however, in the field, resource competition may account for greater weed suppression than 

chemical exudates (Barnes and Putnam 1987, Creamer et al. 1996, Davis 2010). Cover crops 

compete with weeds for resources including water, soil nutrients, and light. Increased shading by 

cover crops (through increased seeding rate, planting uniformity, or planting direction) has been 

shown to reduce weed biomass, independent of soil resource competition (Ashford and Reeves 

2003, Ballaré and Casal 2000, Champion et al. 1998, Liebert et al. 2017, Shrestha and Fidelibus 

2005). Light interception by cover crops can also reduce weed seed germination by reducing soil 

temperature (Bilalis et al. 2003, Burgos and Talbert 1996, Davis 2010, Teasdale and Mohler 

1993). Some studies observed a decrease in weed density in a direct comparison between cover 
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crops and bare soil, suggesting inhibited weed seed germination as the main cause (Bilalis et al. 

2003, Mischler et al. 2010, Moonen and Barberi 2004, Ngouajio and Mennan 2005, Putnam and 

DeFrank 1983); however, other studies observed no effect on weed density (Barnes and Putnam 

1983, Champion et al. 1998, Hayden et al. 2012, Ryan et al. 2011a). The level of contribution of 

these suppressive mechanisms on weed control may vary by cover crop species. Quantifying the 

effects of allelopathy, resource competition, and microclimate alteration on weeds by cover crop 

species can aid in cover crop selection and management. 

Individual weed species may react differently to cover crops, making observations difficult to 

generalize. Differential responses of weed species to cover crop allelochemicals (Barnes and 

Putnam 1983, Burgos and Talbert 1996, Liebman and Sundberg 2006, Shilling et al. 1985) and 

changes in weed community composition under cover crops (for examples see Bavougian et al. 

2019, Kruidhof et al. 2011, Mirsky et al. 2011, Silva 2014, Wayman et al. 2014) have led to 

attempts to categorize similar observations by weed type (monocot vs dicot), life cycle (perennial 

vs annual), and seed size. In the lab, Barnes and Putnam (1987) observed dicot weeds were more 

sensitive than monocot weeds to benzoxazinones extracted from rye. In the field, roller crimped 

rye, barley (Hordeum vulgare L.), hairy vetch (Vicia villosa Roth), and barley-vetch mixes were 

shown to provide more dicot than monocot weed control (Silva 2014, Wayman et al. 2014). 

Conversely, better control of monocot than dicot weed species was observed under mowed rye 

(Shilling et al. 1985) and mowed wheat (Triticum aestivum L.) (Bilalis et al. 2003). Some argue 

that differences in weed suppression by cover crops are more accurately defined by weed life 

cycle and germination timing. Particularly, early-emerging summer annuals were controlled 

better than late-emerging summer annuals and perennials by roller crimped rye or a rye-hairy 
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vetch mixture (Mirsky et al. 2011), as well as by herbicide desiccated barley, oats (Avena sativa 

L.), rye, and wheat (Putnam and DeFrank 1983). Additionally, field and lab studies suggest 

weeds and crops with smaller seeds are more susceptible to cover crops and their allelopathic 

exudates than large seeded species (Burgos and Talbert 1996, Kruidhof et al. 2011, Liebman and 

Sundberg 2006, Mirsky et al. 2011). Mohler and Teasdale (1993), however, did not observe a 

trend in seed size and emergence suppression of eighteen weed species by rye and hairy vetch 

residues applied at varying rates. Identifying the most influential category for determining weed 

species control will help increase cover crop and weed species compatibility in terms of optimal 

suppression and maximize the benefits of cover crop-based weed control. 

Can cover crops be used and relied upon to control weeds? Despite the inconsistencies in weed 

suppression between weed types, life cycles, and seed sizes, cover crops have been shown to 

provide overall weed control comparable to that provided by herbicides (Liebl et al. 1992, 

Mischler et al. 2010, Wells et al. 2016). Additionally, yield of cash crops grown with cover crops 

have been observed to be equal to or greater than weed-free controls and/or conventionally 

managed, regardless of the level of weed control (for examples see Kaspar and Bakker 2015, 

Mischler et al. 2010, Ryan et al. 2010, Smith et al. 2011, Wells et al. 2016). To achieve 

“adequate” weed control (i.e. no cash crop yield reduction attributed to weed competition), cover 

crops require proper management. Termination method, termination timing, cover crop species, 

and seeding rate all affect their weed suppressive capability (Mirsky et al. 2013, Teasdale 1996, 

Wallace et al. 2017). Review papers and online tools can help sort through the available research 

on management techniques to optimize cover crop-based weed control; however, optimal 

management can be cash crop- and environment-specific. Therefore, more research is needed to 
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provide recommendations for cover crop-based weed control for different cash crops on a 

regional basis. 

 Cover crop termination methods 

Cover crops can be terminated in the spring before cash crop planting to avoid competition and 

associated yield loss. Termination can be accomplished by chemical and/or physical means. 

Chemically, cover crops can be terminated with a burndown herbicide, such as glyphosate or 

paraquat, which can accompany physical termination methods to ensure complete cover crop 

desiccation and timely cash crop planting (Alonso-Ayuso et al. 2020, Ashford and Reeves 2003). 

Physical termination methods include tilling, mowing, or roller crimping (SARE Outreach 2020). 

Tillage is a common method of cover crop termination in the Canadian prairies (Morrison and 

Lawley 2021), however, there is growing interest in reducing or eliminating tillage due to the 

negative impacts of soil disturbance on soil health (Creech 2021). Alternatively, mowing and 

roller crimping involve no soil disturbance, but rather sever or crease the aboveground cover 

crop biomass, leading to eventual death and decomposition of remaining surface mulch (SARE 

Outreach 2020). Sickle bar and flail mowers are commonly used for terminating cover crops. 

Both cut the aboveground cover crop biomass just above the soil surface, although flail mowers 

produce a more finely chopped mulch (Morse 2001, Teasdale and Mohler 1993). Roller crimpers 

are weighted steel drums with protruding metal plates welded on the exterior in a chevron 

pattern. They are front or rear tractor mounted and are driven through the cover crop, crimping 

stems to produce a flat mat of residue. For both mowing and roller crimping, the cover crop 

mulch remains on the soil surface which can provide season-long weed suppression, reducing the 
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need for additional herbicide application or inter-row cultivation to control late season weeds 

(reviewed by Creamer and Dabney 2002). 

While herbicide burndown of cover crops is an effective termination method to ensure timely 

and complete desiccation of the cover crop, growing concerns over herbicide resistant weeds and 

increasing consumer demand for herbicide-free organic production make physical termination 

methods more appealing. Additionally, cover crops remain standing after herbicide burndown 

unless tillage is used to incorporate them into the soil, compared to mowing and roller crimping 

which produce a mulch of desiccated cover crop on the soil surface capable of season-long weed 

suppression (Ashford and Reeves 2003, Carr et al. 2013, Carrera et al. 2004, Creamer et al. 1995, 

Davis 2010, Shirtliffe and Johnson 2012). While some studies observed no differences in weed 

suppression between mowed and roller crimped cover crops (Shirtliffe and Johnson 2012, Silva 

2014, Smith et al. 2011), others report superior weed control by roller crimping, possibly due to 

more uniformly dispersed cover crop residue and longer persistence (Morse 2001, Wayman et al. 

2014). This suggests roller crimping is a more reliable method of cover crop termination for 

consistent season-long weed suppression.  

Although roller crimping is possibly the most effective method of cover crop termination for 

reduced herbicide, reduced-till weed management, there are several challenges in optimizing this 

system. Compared to herbicide burndown, roller crimping must be performed during the 

reproductive stage of most cover crops for effective termination (Keene et al. 2017, Mirsky et al. 

2009, 2013, Teasdale 1996). This timing is variable between cover crop species and 

environments, making it difficult to provide generalized recommendations. As well, the level of 

weed suppression by roller crimped cover crops can be impacted by their ability to evenly cover 
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the soil surface to prevent light penetration, which is often related to cover crop biomass (Mirsky 

et al. 2013, Reberg-Horton et al. 2012, Teasdale 1996, Wallace et al. 2017). Further 

understanding of the factors that influence termination effectiveness and weed suppression of 

roller crimped cover crops is needed to provide management recommendations for consistent 

success of this system. 

 Cover crop species 

Cover crop species selection is one of the most influential factors affecting the success of roller 

crimping for weed management. For a cover crop species to be effective in this system, it must 

be a fall sown winter annual that matures early to allow for timely roller crimping, controls 

weeds via allelopathy and/or light preclusion, and does not reduce subsequent cash crop yield 

(Teasdale 1996). Climatic variation influences each of these criteria, therefore, the success of 

different cover crop species varies regionally. 

Winter cereals are effective weed suppressing cover crops that terminate easily in early spring 

with a roller crimper. Compared to other grasses, mustards, and legumes such as vetches, peas, 

and beans, winter cereals have consistently higher biomass and associated weed suppression in 

variable environments (for examples see Bavougian et al. 2019, Brennan et al. 2009, Brennan 

and Boyd 2012, Carr et al. 2013, Hayden et al. 2012) and also terminate more effectively with a 

roller crimper (Silva 2014, Wayman et al. 2014). Of the winter cereals, rye is considered the best 

cover crop species for weed control (Kaspar and Bakker 2015, Nelson et al. 1991), specifically 

when terminated with a roller crimper (Ashford and Reeves 2003, Carr et al. 2013, Silva 2014, 

Wayman et al. 2014). At most study locations, rye consistently produced a large amount of 
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aboveground biomass despite climatic variability, making it a universally reliable cover crop for 

weed control across North America.  

 Rye termination timing 

Roller crimping of a rye cover crop must be accurately timed to ensure complete termination, 

maximize weed suppression, and allow for timely cash crop planting. Roller crimping before rye 

anthesis results in incomplete termination and production of new rye tillers capable of competing 

with the subsequent cash crop for resources (Ashford and Reeves 2003, Keene et al. 2017, 

Mirsky et al. 2009, Wayman et al. 2014). Further delay in termination into the dough stage of 

grain formation can result in grain maturation, contributing to volunteer rye the following year. 

Late anthesis to early milk was found to be the optimal termination timing of cereal rye to 

prevent incomplete termination while avoiding grain maturation (Ashford and Reeves 2003, 

Keene et al. 2017). 

Weed suppression is also influenced by the phenological timing of rye termination. Delaying 

termination increases rye biomass (Keene et al. 2017, Munawar et al. 1990, Sullivan et al. 1991), 

up until late anthesis (Wayman et al. 2014), and results in greater weed suppression (Mirsky et 

al. 2011, Mischler et al. 2010, Nord et al. 2012). Although rye phenology is influenced by 

planting date, its growth is more strongly affected by spring growing degree days than fall 

growing degree days (Mirsky et al. 2009). As a result, a five- to fifteen-day delay in spring 

termination of rye can compensate for a 30-day delay in planting in terms of rye biomass 

accumulation at termination (Nord et al. 2012). Mirsky et al. (2011) found that for each ten-day 

incremental delay in rye termination, there was a 37% increase in aboveground dry biomass. 
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Thus, terminating rye between the late anthesis and early milk stages is optimal for maximizing 

its biomass for weed control as well as reducing grain maturation and incomplete termination. 

The calendar date of the late anthesis to early milk stages of rye varies between years and 

locations. In southern Ontario, these stages typically occur within the first two weeks of June. As 

a result, a subsequent cash crop cannot be planted until mid-June which coincides with crop 

insurance dates for most crops grown in this region (Agricorp 2021). Most cash crops have 

optimal planting windows during which they should be planted to ensure maximum yields. 

Outside of such planting windows, cash crops can be susceptible to yield limiting conditions 

such as reduced heat units. Crop insurance programs use these optimal planting windows to 

determine deadlines for cash crop planting, after which, growers do not qualify for insurance 

claims, should their crop yield be reduced. This time restriction limits the compatibility of a 

roller crimped rye cover crop with many cash crops in Canada. 

Determining the optimal roller crimping timing of a rye cover crop requires careful consideration 

of the opposing time restrictions. While maximizing termination of rye and weed suppression 

require later roller crimping, preventing grain maturation and cash crop yield loss requires earlier 

roller crimping. Late anthesis to early milk is an ideal termination time period for optimal rye 

control and weed suppression, without risking grain maturity, however, in Canadian climates, 

this can delay cash crop planting outside of their planting windows, which may compromise 

yield and/or reduce their eligibility for crop insurance programs. Achieving earlier roller 

crimping to allow for timely cash crop planting without compromising weed suppression or rye 

control would improve the manageability of roller crimped cover crops for weed suppression in 

this region. 
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 Rye cultivar selection 

Similar to how cover crop species perform differently when terminated with a roller crimper, 

there is variation in performance between rye cultivars. Rye cultivars differ in their rate of 

biomass accumulation (Kaspar and Bakker 2015), level of weed control (Wayman et al. 2014), 

time to termination stage (Mirsky et al. 2009, Wells et al. 2016), and allelochemical production 

(Mirsky et al. 2011). Each of these factors influence the success of a roller crimped rye cultivar 

for weed suppression, thus, evaluating differences in these cultivar factors will allow for 

informed cultivar selection and breeding. 

Cultivar differences in time to termination stage can be exploited to increase the level of 

compatibility between cash crops and roller crimped rye for weed control. While most rye 

cultivars respond similarly when roller crimped at the same phenological growth stage, the 

Julian-date of optimal termination differs between cultivars (Mirsky et al. 2009). As a result, 

some rye cultivars would allow for earlier roller crimping and subsequent cash crop planting 

without compromising termination efficacy or weed control. For example, Mirsky et al. (2011) 

found that rye cultivar Aroostook emerged earlier, accumulated greater total aboveground 

biomass, and suppressed weeds better than the cultivar Wheeler, despite Wheeler having greater 

allelochemical production. Similarly, Wells et al. (2016) found that earlier flowering rye 

cultivars, Maton II, Wrens 96, and Wrens Abruzzi, had greater aboveground biomass than later 

flowering rye cultivars, Aroostook, Rymin, and Wheeler, in one of two years. In that same year, 

the earlier flowering cultivars also had better weed control than later flowering cultivars when 

roller crimped at the early termination date, in early May, although there were no differences in 

weed control between cultivars at the later termination date, in late May to early June, or in the 
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previous year (Wells et al. 2016). This suggests that earlier flowering rye cultivars can be roller 

crimped earlier than standard cultivars while achieving the same level of aboveground biomass 

and weed control. Earlier roller crimping would increase the compatibility of this weed 

management system with cash crops that require planting before mid-June. 

Among the early maturing cereal rye cultivars available for use as a roller crimped cover crop, 

Elbon is the most promising. Compared to rye cultivars Aroostook, Dacold, Maton, Oklon, 

Rymin, and Wheeler, Elbon was among the top aboveground biomass producers and consistently 

did not affect the yield, population, or number of barren stocks of maize (Zea mays) planted into 

roller crimped residue (Kaspar and Bakker 2015). Regionally specific comparisons of cereal rye 

cultivar performance are required to determine whether Elbon is suitable for roller crimping, as 

climatic variation influences the Julian-date of phenological growth stages between rye cultivars. 

 Allelopathy by rye 

Rye produces chemical exudates capable of suppressing the germination and growth of 

surrounding plant species. Known as allelopathy, the production of these suppressive chemicals 

was thought to be the distinguishing factor that made rye superior at controlling weeds compared 

to other cover crop species (Bhowmik and Inderjit 2003). Several allelochemicals were isolated 

from rye, including vanillic, ferulic, phenylacetic, 4-phenylbutyric, p-coumaric, p-hydroxy-

benzoic, salicylic, and o-coumaric acids, and salicylaldehyde (Chou and Patrick 1976); β-phenyl-

lactic (PLA) and β-hydroxybutyric (HBA) acids (Shilling et al. 1985); and 2,4-dihydroxy-

1,2,(2H)-benzoxazin-3-one (DIBOA) and 2(3H)-benzoxazolinone (BOA) (Barnes et al. 1987). 

Allelochemicals were once investigated for use as biological herbicides; however, some studies 
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suggest allelochemicals alone are not capable of controlling weeds in the field (Barnes and 

Putnam 1983, Creamer et al. 1996, Shilling et al. 1985). 

Plant response to rye allelochemicals varies between species, type (dicot vs monocot), and seed 

size. For example, dicots are more sensitive to BOA than DIBOA and monocots are more 

sensitive to DIBOA than BOA, although dicots are 30% more sensitive to both benzoxazinones, 

BOA and DIBOA, than monocots in general (Barnes and Putnam 1987). As well, larger seeded 

plant species, such as maize, are more tolerant of benzoxazinones than smaller seeded species, 

such as lettuce (Lactuca sativa) (Burgos and Talbert 2000). It would therefore be expected that 

dicots and smaller seeded weeds would be more effectively controlled by a rye cover crop than 

monocots or larger seeded weeds. 

The extent to which allelochemicals influence germination vs growth of different plant species 

may vary between allelochemicals. Rye residue extracts of benzoxazinones were shown to 

reduce plant growth more than germination, although this varied between species (Barnes and 

Putnam 1987). Similarly, Shilling et al. (1985) found that, in laboratory bioassays, the effect of 

PLA and HBA on germination, root growth, and hypocotyl growth varied within and between 

species. For example, hypocotyl growth of Amaranthus retroflexus was inhibited 17% by PLA 

and 100% by HBA at 8mM, compared to root growth, which was inhibited 59 and 39% at 2mM 

of PLA and HBA, respectively (Shilling et al. 1985). In the field, many studies observed a 

reduction in weed biomass under a rye cover crop, but no change in weed density (Barnes and 

Putnam 1983, Kruidhof et al. 2011, Ryan et al. 2011a, Shilling et al. 1985). This suggests that 

growth suppression of weeds by allelochemicals has more agronomic significance than 

emergence suppression. Furthermore, allelochemical production is variable between rye cultivars 
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and growth stages, which may contribute to variability between studies. Reberg-Horton et al. 

(2005) quantified DIBOA concentration in the tissue of ten rye cultivars over three harvest dates 

and observed that concentrations generally decreased over time but were higher in late maturing 

than early maturing cultivars at the later harvest date. The interaction of timing and cultivar may 

also impact field observations of weed suppression by crimped rye.  

Some studies suggest allelopathy plays a significant role in weed suppression in the field, while 

others argue that physical impedance by cover crops is more important. Compared to a physical 

mulch of poplar excelsior, rye residue reduced weed biomass by 73%, suggesting physical and 

allelopathic properties of rye influence weed control (Barnes and Putnam 1983). Alternatively, 

rye residues leached of chemical exudates and replaced in the field reduced Solanum 

ptychanthum and Setaria glauca emergence 98% and 59%, respectively, compared to a no cover 

control, and did not differ statistically from unleached residue (Creamer et al. 1996). This 

suggests that physical properties of rye residue influences weed control more than allelopathy. 

Furthermore, Davis (2010) quantified soil phytotoxicity immediately and one month after roller 

crimping rye and found no indication of phytotoxic effects on weed growth. While these studies 

do not preclude any effects of rye allelopathy on weed growth or emergence, they suggest that 

physical impedance may play a more significant and consistent role in weed control. Further 

research, therefore, should focus on improving physical properties of rye that influence weed 

suppression, such as light interception. 

 Light effects on weed suppression 

Physical properties of a rye cover crop, specifically the interception of light, may be the primary 

mechanism of weed control. While standing or as a surface residue after roller crimping, rye 
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impedes photosynthetically active radiation (PAR) from reaching the weed canopy zone (WCZ). 

Weed suppression was shown to increase with decreasing PAR in the WCZ of standing cereals, 

either through increasing cereal height (Champion et al. 1998) or changing planting direction 

(Borger et al. 2010). Reduced PAR in the WCZ was shown to decrease the fecundity (Borger et 

al. 2016) and dry matter of weed species tested (Shrestha and Fidelibus 2005). Similarly, 

supplemented residues of rye and hairy vetch reduced photosynthetic photon flux density (PPFD) 

below the mulch enough to reduce weed emergence, especially shade intolerant species 

germinating below the soil surface (Teasdale and Mohler 1993). Presumably, roller crimped rye 

would continue to preclude PAR from reaching weeds throughout the season, providing 

continued weed suppression. 

The amount of light intercepted by a rye cover crop may be influenced by several factors 

including its biomass, leaf arrangement, height, and planting uniformity and direction. While 

weed biomass and PPFD were observed to decline with increasing residue biomass (Bilalis et al. 

2003, Teasdale and Mohler 1993), Liebert et al. (2017) determined that shading from a cover 

crop prior to termination explains more variation in weed control than cover crop biomass. This 

suggests that, while rye biomass is related to light preclusion, it is not directly correlated, and 

additional factors influence a cover crop's ability to shade weeds. Light interception for a given 

leaf area index can be maximized by increasing leaf spatial uniformity through increased sowing 

density and uniformity. This reduces the amount of self-shading and prevents more light from 

reaching the soil surface without increasing biomass (Olsen and Weiner 2007). Similarly, taller 

crops reduce PAR transmittance to the WCZ (Champion et al. 1998), although this could 

presumably increase crop biomass as well.  
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Manipulating cover crop planting direction can alter PAR transmittance to the WCZ by reducing 

the amount of light angled directly between planted rows. In Australia, east-west planted grass 

crops reduced weed biomass by 37-51% and increased light interception by 18-28% compared to 

north-south planted (Borger et al. 2010). The ideal planting direction to maximize light 

interception varies around the world. In North America, north-south planting orientation 

maximizes light interception in the summer, while east-west is maximal the remainder of the 

year, although the magnitude of this difference depreciates with increasing latitude (Mutsaers 

1980). This suggests that, in Canada, east-west orientated row crops are better at reducing PAR 

transmittance to the WCZ in the spring and fall, while north-south orientated row crops are 

superior in the summer. Therefore, in a cover cropping production system in Canada, cover crops 

should be orientated east-west to suppress spring weed growth, while cash crops should be 

orientated north-south to suppress summer weed growth. 

While cover crop biomass remains an adequate predictor of PAR transmittance, other factors, 

such as plant uniformity and planting direction should also be considered when attempting to 

maximize light preclusion. These additional techniques and traits can be implemented without 

additional costs or can be selected for during breeding. Maximizing rye light interception without 

increasing biomass would allow for increased weed suppression without increased resource 

consumption by the cover crop. This would leave more resources in the soil for a subsequent 

cash crop and reduce the overall cost of inputs for this system. 

 Cover crop ground cover and biomass effects on weed suppression 

Early season ground coverage by a cover crop influences weed suppression, likely due to light 

preclusion. Weed biomass is negatively correlated with percent ground coverage of roller 
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crimped or flail-mowed rye (Boyd et al. 2009, Brennan and Smith 2005, Ryan et al. 2011a). This 

may be because an evenly established rye cover crop terminated to produce a uniformly 

distributed residue intercepts more sunlight, thus suppressing weeds better than one with uneven 

establishment and inconsistent residue soil coverage. Ground cover can be improved by 

increasing seeding rate or planting uniformity. Boyd et al. (2009) found that increasing seeding 

rate and planting uniformity of rye increased early season ground coverage in one of two years. 

While increasing seeding rate decreased weed aboveground biomass, the effect of planting 

uniformity on weed control was inconsistent (Boyd et al. 2009). Other studies using mixed cover 

crops of legumes and oats observed similar results where increasing seeding rate increased 

ground cover and weed suppression, but planting arrangement had no effect (Brennan et al. 

2009, Brennan and Smith 2005). This suggests that manipulating seeding rate to optimize ground 

coverage is more consistently effective than manipulating planting uniformity. Whether 

increasing seeding rate improves ground coverage by increasing rye biomass in a given area is 

unclear. 

Biomass of a rye cover crop is often measured to explain the level of weed suppression observed 

in a roller crimper system. Many studies observed decreasing weed biomass with increasing rye 

biomass when roller crimped, mowed, undercut, or harvested with residue reapplied (Akemo et 

al. 2000, Liebert et al. 2017, Nord et al. 2011, Ryan et al. 2011b, Smith et al. 2011). It is 

suggested that a minimum of 9000 kg ha-1 rye biomass is required for near perfect weed control 

and less than 7000 kg ha-1 is “inadequate” (Smith et al. 2011). With increasing seeding rate, rye 

biomass increases (Akemo et al. 2000, Brennan et al. 2011, Brennan and Boyd 2012, Grant et al. 

1983) while weed biomass decreases (Ateh and Doll 1996, Boyd et al. 2009, Brennan et al. 2009, 
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Olsen et al. 2005a, 2005b, 2006). Many studies have focused on maximizing rye biomass to 

increase weed control; however, they have not considered the effect of light interception. 

In an attempt to increase rye biomass and ground coverage without increasing seeding rate, Ryan 

et al. (2011a) applied poultry litter to a rye cover crop in the spring to increase nitrogen 

availability for biomass production. Although rye biomass increased with poultry litter 

application, this did not affect percent ground coverage or weed suppression even though ground 

coverage was positively correlated with rye biomass and weed control. Additionally, they found 

increasing seeding rate increased weed suppression but did not increase rye biomass or ground 

coverage (Ryan et al. 2011a). The lack of significant main effects in this study, despite the 

correlation between ground coverage, rye biomass, and weed control, suggests that an 

appreciably lower range of ground coverage was not achieved in any of the treatments to detect 

seeding rate and poultry litter application effects.  

It was shown that, so long as 70% ground cover is achieved, low rye seeding rates are sufficient 

for weed control (Ateh and Doll 1996). This suggests that, while increasing seeding rate 

increases weed suppression, the physical interception of light may have diminishing returns 

where, once ~70% ground coverage is achieved, further increases in weed control may be 

attributable to allelopathy and competition for other resources, among other factors. The level of 

light interception by crimped rye was not measured in the aforementioned study, therefore, 

further research is required to test this hypothesis. Continued investigation into the relationship 

between seeding rate, biomass, ground coverage, and weed control will help determine 

regionally specific optimum rye seeding rates to maximize weed suppression while minimizing 

input costs. 
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 Crimping direction 

Another method to improve cover crop ground cover is by increasing planting or crimping 

uniformity. Some studies have investigated the effect of increasing planting uniformity of 

standing and roller crimped crops on weed suppression, however, little research has been done to 

assess the effect of roller crimping direction. Planting a grain crop in a grid pattern by 

performing two perpendicular passes at half the seeding rate reduced weed biomass by 30% 

compared to standard rows at full seeding rate (Weiner et al. 2001). Other studies have observed 

inconsistent effects of grid planting compared to row planting on weed suppression and conclude 

the practice is not worthwhile (Boyd et al. 2009, Brennan et al. 2009). In theory, grid planting a 

cover crop should prevent light penetration to the WCZ through inter-row spaces and provide 

more consistent ground coverage following roller crimping. The increased time and fuel costs 

associated with grid planting may make the technique inefficient without consistent weed 

suppressive benefits. Comparatively, cover crop roller crimping may be manipulated to 

maximize ground coverage and weed suppression.  

Roller crimping is traditionally performed in the same direction as cover crop planting with the 

subsequent cash crop planted in the same direction. Without specialized planting equipment such 

as row cleaners for no-till planters, same direction planting and crimping resulted in the best cash 

crop population compared to other crimping patterns (Kornecki 2018). Same direction planting 

and crimping can cause gaps in the cover crop residue where the inter-row spaces exist which 

allows for better cash crop seed-to-soil contact and emergence; however, it also provides an 

opportunity for weed emergence. Row cleaner attachments on planters allow for alternative 

planting orientations with respect to roller crimping direction as the no-till planter can easily 
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push through cover crop residue to ensure seed-to-soil contact without residue accumulation in 

the equipment (Kaspar and Erbach 1998, Kornecki 2018). The addition of row cleaners should 

also allow for alternative roller crimping directions, such as perpendicular to the direction of 

cover crop planting, to provide a more evenly distributed residue that fills the inter-row gaps. 

Roller crimping perpendicular to cover crop planting, with a cash crop planted in the same 

direction, should maximize weed suppression by increasing ground coverage, without interfering 

with cash crop emergence; however, this has not explicitly been tested. 

 Cash crops in roller crimper production systems 

Roller crimped rye has variable effects on cash crop emergence, yield, and phenology, depending 

on the crop, year, and location. Several studies reported tremendous success of growing soybeans 

(Glycine max) in roller crimped rye (for examples see Liebert et al. 2017, Mischler et al. 2010, 

Smith et al. 2011, Wells et al. 2016); however, maize and vegetable crops are more inconsistent. 

Peas (Pisum sativum), cucumber (Cucumis sativus), and snap beans (Phaseolus vulgaris) grown 

with a herbicide desiccated rye cover crop experienced yields similar to or greater than 

conventional, cover crop-free plots (Barnes and Putnam 1983, Ngouajio and Mennan 2005, 

Putnam and DeFrank 1983); whereas, in another study, tomato (Solanum lycopersicum), zucchini 

(Cucurbita pepo), and bell peppers (Capsicum annuum) experienced 41-92% yield reduction in a 

rolled rye cover crop, despite 96% weed control 8-10 weeks after roller crimping (Leavitt et al. 

2011). Similarly, sweet corn emergence and marketable yield decreased in flail mowed, soil 

incorporated, and herbicide desiccated rye cover crops (Burgos and Talbert 1996, Cline and 

Silvernail 2002, Malik et al. 2008). Vegetable cropping systems may benefit most from cover 

cropping for weed suppression as they are of high value and there is increasing consumer 
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demand for chemical-free production, therefore, future research should investigate the causes for 

inconsistent results of vegetables grown with roller crimped cover crops.  

Differences in weed suppression by rye cover crops may be explained by seed size. Putnam and 

DeFrank (1983) compared the effect of an herbicide desiccated rye cover crop on smaller- vs 

larger-seeded vegetables and found that larger-seeded vegetables grew normally or were 

stimulated by the cover crop residue whereas smaller-seeded vegetables were severely injured. 

This may be because smaller-seeded species are more susceptible to allelopathy and have less 

resources to overcome the physical impediment of the cover crop (Burgos and Talbert 2000). 

This may explain the reduced yield of zucchini observed by Leavitt et al. (2011), which has 

small seeds, however, the tomatoes and bell peppers tested were transplanted. For sweet corn, a 

larger-seeded vegetable, yield reduction is hypothesized to be caused by nitrogen limitation, 

water limitation, and/or soil temperature reduction (Burgos and Talbert 1996, Clark et al. 1997a, 

1997b, Cline and Silvernail 2002). Understanding how to overcome these limitations would aid 

in the adoption of cover cropping for weed suppression in larger-seeded vegetables, such as 

sweet corn. 

 Hypotheses and Objectives 

The purpose of this research was to A) investigate the use of the earlier flowering cereal rye 

cultivar, Elbon, for roller crimping in sweet corn to improve timing compatibility and weed 

control; and B) Determine the optimal combination of rye planting and roller crimping directions 

for maximum weed suppression and cash crop yield. To address these objectives, the following 

hypotheses were tested: 1) the earlier flowering rye cultivar, Elbon, will allow for earlier roller 

crimping than a local standard cultivar; 2) a lower seeding rate of Elbon will provide a similar 
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level of weed control to a local standard cultivar sown at a higher seeding rate; 3) roller crimping 

perpendicular to the direction rye planting will reduce weed density and biomass compared to 

roller crimping in the same direction as rye planting; and 4) perpendicular roller crimping will 

reduce sweet corn emergence and yield compared to roller crimping in the same direction as rye 

planting.
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 Can an early flowering cereal rye (Secale cereale L.) cultivar 

alleviate roller crimper timing incompatibility and improve weed 

control? 

 Introduction 

Cover crops are plants grown for the services they provide rather than a product and are 

becoming increasingly popular in agriculture. In North America, cover crops are most commonly 

used to reduce soil erosion during the winter fallow period (OMAFRA 2021a). Typically, these 

cover crops are soil incorporated in the spring, however, there is growing interest in reducing 

tillage and capitalizing on weed suppression provided by cover crops during the cash crop 

growing season (Reberg-Horton et al. 2012, Shirtliffe and Johnson 2012). This has led to 

investigation of best practices to manage cover cropping systems for weed control. 

Fall sown cereal rye (Secale cereale L.) has been shown to be a consistently effective cover crop 

at controlling weeds (Mirsky et al. 2013, Reberg-Horton et al. 2012). Rye suppresses weeds 

through light and soil resource competition, allelopathy, and alteration of the soil microclimate 

(Mirsky et al. 2013, Niemeyer and Perez 1995, Reberg-Horton et al. 2012). Due to its 

competitive nature, rye must be terminated before cash crop planting to avoid yield loss. There is 

the added benefit that weed suppression from a rye cover crop can continue into the cash crop 

growing season if the terminated rye vegetation is left as a residue on the soil surface. 

Roller crimping is a cover crop termination method that severs or creases the aboveground 

vegetation, eventually leading to death and decomposition of remaining surface mulch. Rye is 

effectively terminated with a roller crimper when this operation is performed during its 

reproductive stage, between late anthesis and early milk (Ashford and Reeves 2003, Carr et al. 
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2013, Keene et al. 2017, Mirsky et al. 2009, Wayman et al. 2014). In Canada, this stage typically 

occurs between late May and early June, however, the optimal timing of roller crimping varies 

depending on environments and rye cultivars, making it difficult to provide generalized 

recommendations. 

Variability between rye cultivars and growing environments also affects the degree of weed 

control provided by the cover crop. Rye cultivars differ in their biomass accumulation and 

ground coverage, variables that are correlated with weed control (Mirsky et al. 2013, Reberg-

Horton et al. 2012, Teasdale 1996, Wallace et al. 2017). Earlier flowering rye cultivars have 

greater aboveground biomass and weed control capacity than later flowering rye cultivars when 

terminated with a roller crimper in early May (Wells et al. 2016). Additionally, increasing 

seeding rate can increase rye biomass improving weed control potential (Ateh and Doll 1996, 

Boyd et al. 2009, Brennan and Boyd 2012, Ryan et al. 2011a). Environmental variation 

differentially affects the magnitude of biomass accumulation and ground coverage of different 

rye cultivars, causing discrepancies in recommendations for seeding rate and cultivar selection in 

the literature. Regional variation in the success of weed control by different rye cultivars further 

complicates management recommendations for cover crop-based production systems. 

The level of weed control by roller crimped rye has varying consequences on cash crop yield, 

depending on the cropping system it is used in. Roller crimping rye in soybeans (Glycine max) 

produced yields comparable to using herbicides in conventional soybean production (Davis 

2010, Mischler et al. 2010, Wells et al. 2016). Conversely, tomato (Solanum lycopersicum), 

zucchini (Cucurbita pepo), and bell peppers (Capsicum annuum) experienced 41 to 92% yield 

reduction in a rolled rye cover crop, despite 96% weed control 8 to 10 weeks after roller 



 

 

24 

 

crimping (Leavitt et al. 2011). Sweet corn emergence and marketable yield decreased in flail 

mowed, soil incorporated, and herbicide desiccated rye cover crops, independent of weed control 

(Burgos and Talbert 1996, Cline and Silvernail 2002, Malik et al. 2008), but increased in hairy 

vetch (Vicia villosa)-rye cover crop mixtures terminated by roller crimping, mowing, or contact 

herbicide (Carrera et al. 2004). It is unclear whether sweet corn yield reduction in pure rye cover 

crops was related to the termination method, and whether roller crimping a pure rye cover would 

produce sweet corn yield similar to the hairy vetch-rye mixture. Roller crimping for weed control 

in sweet corn is particularly desirable because of its high value, limited herbicide registrations in 

comparison to field corn, and increasing consumer demand for chemical-free production, 

therefore, continued research is needed to develop best practices for roller crimping rye that 

maintain sweet corn yield. 

The success of roller crimped rye for weed control in sweet corn is restricted by the timing 

compatibility between sweet corn planting and rye crimping. In Canada, sweet corn planting 

begins in late April to early May and ends before the crop insurance date in mid to late June, 

depending on the climatic region (Agricorp 2021, FADQ 2016). Sweet corn is continuously 

sown in intervals during this planting window to maximize the duration of the production season. 

Roller crimping rye before sweet corn planting would delay planting until late May to early June, 

shortening the production season by approximately four weeks. Earlier flowering rye cultivars 

have the potential to partially alleviate this timing incompatibility by allowing earlier rye 

termination. Additionally, earlier flowering cultivars have been shown to have greater 

aboveground biomass and weed control than later flowering rye cultivars when terminated with a 

roller crimper in early May (Wells et al. 2016). As a result, earlier flowering rye cultivars may 
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require lower seeding rates to achieve desired levels of weed control. Optimal rye cover crop 

management can be cultivar-, cash crop-, and environment-specific, therefore, more research is 

needed to test the use of earlier flowering rye cultivars for weed control in sweet corn on a 

regional basis so that recommendations for cultivar selection, seeding rate, and termination 

timing can be determined. 

Optimizing rye cover crop-based weed management for sweet corn production in Canada 

requires consideration of rye cultivar selection, seeding rate, termination timing, and sweet corn 

planting timing. These factors interact to influence the resultant level of weed control and sweet 

corn yield. Currently, the termination timing of standard rye cultivars restricts sweet corn 

planting, which may shorten the production season and limit seasonal yield potential. Earlier 

flowering rye cultivars may allow for earlier roller crimping, minimizing the loss of production 

time, and have been shown to improve weed control. Therefore, the objective of this research 

was to investigate the use of the earlier flowering cereal rye cultivar, Elbon, for roller crimping 

in sweet corn to improve timing compatibility and weed control. It was hypothesized that: 1) the 

earlier flowering rye cultivar, Elbon, will allow for earlier roller crimping than a local standard 

cultivar; and 2) a lower seeding rate of Elbon will provide a similar level of weed control to a 

local standard cultivar sown at a higher seeding rate. 

 Materials and Methods 

 Sites description 

Field trials were conducted in 2019 and 2021 at the Agriculture and Agri-Food Canada (AAFC) 

Research and Development Centre located at Agassiz, British Columbia, Canada (49.24° N , -

121.77° W), and in 2019 to 2021 at the AAFC Research and Development Centres located at 
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Harrow, Ontario, Canada (42.03° N, -82.90° W) and St. Jean-sur-Richelieu, Quebec, Canada 

(45.30° N, -73.29° W). Each year, trials were located on different fields of each farm. At 

Agassiz, trials were conducted on a field with a silt loam soil (26% to 36% sand, 52% to 59% 

silt, 12% to 15% clay, depending on the field location) with a pH of 6.3 to 6.4 and an organic 

matter content of 5.1% to 5.2%. At Harrow, trials were conducted on a loamy sand soil (72% to 

77% sand, 19% to 25% silt, 3% to 4% clay, depending on the field location) with a pH of 5.7 to 

6.5 and an organic matter content of 1.9% to 2.3%. At St. Jean-sur-Richelieu, trials were 

conducted on clay loam (29% to 43% sand, 29% to 35% silt, 28% to 35% clay, depending on the 

field location) with a pH of 6.7 to 6.9 and an organic matter content of 2.8% to 3.7%.  

 Experimental design 

In 2019, the experimental design was a randomized complete block with a factorial of two rye 

cultivars (a local standard vs Elbon) and three seeding rates (150, 300, and 600 seeds m-2), in 

addition to weedy and weed-free no rye control plots, for a total of eight treatments. Hazlet was 

used as the local standard rye cultivar at Harrow and Agassiz, and Gauthier was used at St. Jean-

sur-Richelieu. The experimental treatments were replicated four times. In 2020 and 2021 at 

Harrow, an additional treatment of weediness (ambient weeds vs weed-free) was added as a 

factorial for all combinations of rye cultivar and seeding rate, for a total of fourteen treatments. 

Similarly, in 2020 at St. Jean-sur-Richelieu, a weed-free treatment was added for both cultivars 

at the highest seeding rate for a total of ten treatments. In 2021 at St. Jean-sur-Richelieu, the 

Elbon cultivar treatments were discarded and only the standard cultivar was planted at three 

seeding rates with the additional weed-free treatment at the highest seeding rate. These were 

compared to weedy and weed-free no rye plots for a total of six treatments.  
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 Cover crop planting and management 

In the fall of 2018, 2019, and 2020, trial areas were prepared for cover crop planting (Table A.1). 

At Agassiz and Harrow, fields were sprayed with glyphosate at 1.8 kg ae ha-1 and cultivated. At 

St. Jean-sur-Richelieu, fields were worked with a rotary power harrow in 2018, 2019, and 2020, 

with additional disk harrowing in 2019. Rye was seed drilled in fifteen- to eighteen-cm rows to a 

depth of 25 to 30 mm in three by eight-m plots at three different rates: 150, 300, and 600 seeds 

m-2. At Agassiz, pre-plant fertilizers 34-0-0 (N-P-K), 0-0-22, Gro-Power 0-0-10, and zinc chelate 

were applied at 90, 35, 30, and 7 kg ha-1 respectively in 2018 and 34-0-0, 0-0-22, and Gro-Power 

0-0-10 were applied at 220, 90, and 80 kg ha-1 respectively in 2020, based on soil testing. At St. 

Jean-sur-Richelieu, 46-0-0 was applied in the planter at 30 kg N ha-1. No fertilizer was applied 

with rye planting at Harrow.  

In the spring of 2019, 2020, and 2021, rye cover crops were terminated with a roller crimper 

when the majority of plots for one rye cultivar by seeding rate combination were between 50% 

anthesis (50% anthers emerged) and early milk stage (grain development halfway up the 

lemma/palea) across more than half of the plot. Roller crimping was done by plot, travelling in 

the same direction as the rye rows. The roller crimpers used were traditional three m wide, rear 

tractor-mounted roller crimpers filled to capacity with water (I & J Manufacturing, Gordonville 

PA, USA). The tractor travelled at a ground speed of 4.0 to 7.5 km/h, depending on the field 

conditions. 

Within six days of roller crimping (weather depending), the entire trial was seeded to sweet corn, 

with 11-52-0 in the planter applied at 350 kg ha-1 at Agassiz, 10-20-30 in the planter applied at 

350 kg ha-1 at Harrow, and a custom mix of 12.2-14.6-14.6 in the planter applied at 412 kg ha-1 
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at St. Jean-sur-Richelieu. Sweet corn was seeded in 76-cm rows to a depth of 38 mm at a rate of 

66,666 to 70,000 seeds ha-1 using a no-till planter with trash cleaners to allow planting through 

the crimped rye. Corn hybrid Awesome was grown at Harrow and St. Jean-sur-Richelieu, while 

hybrid Krispy King was grown at Agassiz. At Agassiz, plots were broadcasted without 

incorporation before sweet corn planting with 34-0-0, 0-0-22, Gro-Power 0-0-10, and 0-0-62 at 

450, 100, 30, and 75 kg ha-1 respectively in 2019 and 46-0-0, Gro-Power 0-0-10, 0-0-62, and 18-

18-18 at 140, 50, 80, and 50 kg ha-1 respectively in 2021, based on soil testing. In 2019 at 

Harrow, 46-0-0 was broadcasted prior to sweet corn planting at a rate of 413 kg N ha-1 without 

incorporation in rye plots and with incorporation in no rye plots. In 2020 and 2021 at Harrow, 

plots were side-dressed with 28% UAN at 190 kg N ha-1 at the four- to six-leaf stage of sweet 

corn. At St. Jean-sur-Richelieu, plots were side-dressed with 27-0-0 at 200 kg N ha-1 at the four- 

to six-leaf stage of sweet corn each year.  

Throughout the season, weed-free treatments were hand-weeded except at Harrow in 2020 and 

2021. In 2020 and 2021 at Harrow, weed-free no rye plots received 1.8 kg ae ha-1 of glyphosate 

at roller crimping and all weed-free plots received 0.025 kg ai ha-1 of nicosulfuron, 0.1 kg ai ha-1 

of mesotrione, and 0.28 kg ai ha-1 atrazine in a tank mix with Agral 90 adjuvant at the four- to 

six-leaf stage of sweet corn. All herbicides were applied using Hypro Ultra Low Drift 120-02 

nozzles spaced 50 cm apart and 50 cm above the targeted weeds at 125 kpa pressure with 204 L 

ha-1 water.  

Additional field management, including insecticide application and irrigation, were performed as 

necessary. At Agassiz in 2021, total rainfall amount was 32.5 mm in June, 11.9 mm below the 

30-year average for June, and zero mm in July, 64.3 mm below the 30-year average for July 
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(ECCC 2021), therefore, sweet corn was irrigated periodically from July 29th until maturity for a 

total of 30 hours using sprinklers on an irrigation reel. At Harrow in June 2020, total rainfall 

amount was 53.4 mm, 19.9 mm below the 30-year average for June (ECCC 2021), therefore, 

sweet corn was irrigated on July 7th using a stationary irrigation gun and booster pump for six 

hours. To prevent insect damage at Harrow, deltamethrin (Decis 5EC, Bayer Crop Science 

Canada) and chlorantraniliprole (Coragen, FMC Canada) were applied each year. Deltamethrin 

was applied at 15 g ai ha-1 between the VT and R1 stages of sweet corn and chlorantraniliprole 

was applied at 75 g ai ha-1 one week later.  

 Data collection  

In the spring, once the spike of the early rye cultivar emerged from the book, plots were 

monitored daily and the date of first flowering/anthesis was recorded. In 2019, percent of tillers 

flowering in each plot was recorded at approximately the same time every day until 95% 

flowering. When the majority of plots for one rye cultivar by seeding rate combination reached at 

least 50% anthesis across more than half of the plot, preliminary data collection was initiated. 

This included an initial weed population assessment, and rye above ground biomass, tillering, 

and stem diameter, as detailed below.  

For the initial weed population assessment (PRE), two permanent 0.5 by 0.5 m quadrats were 

established in representative areas of each plot. The five most prominent dicot species and five 

most prominent monocot species in the field were identified. If monocot weeds were not 

identifiable at this time, they were pooled. For each quadrat, all prominent weeds were identified, 

counted, and their approximate growth stage recorded. 
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Above ground rye biomass was harvested from two 1 m rows per plot in 2019 and 2020, and two 

0.5 m rows per plot in 2021. Within-plot samples were pooled and oven-dried at 75-80°C for at 

least two weeks until their weight stabilized to obtain dry biomass weight. Stem diameter was 

measured on ten randomly selected plants from a plot at Harrow only. Measurements were taken 

on the main stem at the thickest point between the second and third leaf node from the ground 

holding a caliper lightly against the stem. In 2019 and 2020, a second measurement was taken at 

the same point squeezing the caliper firmly without severing the stem. 

Following roller crimping, percentage ground coverage of the crimped rye was determined using 

a camera-based application (Canopeo; Patrignani and Ochsner 2015) in 2021 only. At 0, 1, 2, 3, 

and 4 weeks after roller crimping termination (WAT), visual estimates of the number of rye 

stems that were ≥ 45° upright and/or newly grown tillers and their distribution throughout the 

plot (i.e. uniform, middle, or edges) were recorded. Overall rye mortality was rated as a percent 

of the rye mat that was brown/dead at 1, 2, 3, and 4 WAT. 

A second weed assessment was performed at 4 WAT as described above in the same permanent 

quadrats on the same prominent weeds. At 8 WAT, weeds in the permanent quadrats were hand 

harvested and pooled by plot. Weeds were sorted by species, counted, and oven-dried at 75-80°C 

for at least two weeks, until their weight stabilized. The dry biomass weight of each species in a 

plot was recorded.  

At 1, 2, 3, and 4 weeks after sweet corn emergence (WAE), sweet corn injury was rated in each 

plot from 0 to 100%, where 0 = no injury and 100 = dead. Two WAE, the number of sweet corn 
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plants in the third row of each plot was counted. Three WAE, the height of ten randomly selected 

sweet corn plants from the third row of each plot was measured to the longest extended leaf tip. 

Sweet corn in the third row of each plot was hand harvested at maturity, when silks turned 

brown, but the husks were still green (~16 to 22 days after first silking). All cobs with silk from 

the third row of each plot were picked, including those that were still green. At St. Jean-sur-

Richelieu in 2020, 10 randomly selected plants per plot were harvested in lieu of harvesting the 

third row due to racoon damage. Cobs were graded as marketable or unmarketable for each plot. 

Marketability was determined based on cob size, maturity, and grain fill. Mature cobs with >75% 

of kernels pollinated, and consistent rows were considered marketable. Cobs with disease or 

insect damage that were otherwise marketable were considered marketable. Small and immature 

cobs with <75% of kernels pollinated and/or inconsistent kernel rows were considered 

unmarketable. The bulk of the husk and stem were removed. The number of cobs and the total 

weight for each grade was recorded. 

 Statistical analyses 

Treatment effects were assessed using a mixed model analysis in R version 4.0.2 (R Core Team 

2020). Location and year were treated as random effects with rep nested within each. For 

variables with repeated measures, including rye mortality, uncrimped tillers, weed count, and 

sweet corn injury, plot was also included as a random effect nested within location and year, and 

the time of measurement was added as a fixed effect. Generalized linear mixed effects models 

(GLMMs) were used to analyze count data, including weed count PRE, 4 WAT, and 8 WAT, rye 

mortality, and uncrimped tillers, using glmer() from the package lme4 (Bates et al. 2015) with a 

Poisson distribution family. Linear mixed effects models (LMMs) were used to analyze 
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continuous data and count data with transformations, including rye biomass, rye ground 

coverage, sweet corn stand, sweet corn injury, marketable cob count and fresh weight, and weed 

biomass 8 WAT, using lmer() from the package lme4. Separate model analysis was conducted to 

compare rye treatments to no rye controls and to determine rye seeding rate and cultivar 

treatment effects for each measurement variable. 

To analyze the effect of supplemental weed control in rye plots, several models were constructed 

to account for unequal treatment application. The effect of weediness across rye treatments was 

assessed for: the standard cultivar at the high seeding rate at St. Jean-sur-Richelieu in 2020 and 

2021, and Harrow in 2020 and 2021; both cultivars at the high seeding rate at St. Jean-sur-

Richelieu in 2020 and Harrow in 2020 and 2021; and all cultivar and seeding rate treatments at 

Harrow in 2020 and 2021. Similarly, weed-free cereal rye treatments were compared to the 

weed-free no rye control using model analysis for each of the datasets detailed above. 

For LMMs, model reduction was performed using step() from the package lmerTest (Kuznetsova 

et al. 2017) which performs automatic backward elimination of all model effects to determine 

significant effects calculated by F-tests. For GLMMs, the most significant model was determined 

by comparing Akaike Information Criteria (AIC) values of manually reduced models. 

Assumptions of independence, homogeneity, normality, homoscedasticity, and multicollinearity 

of residuals were assessed. Transformations were applied to correct model assumptions where 

required. Sweet corn stand and marketable cob count models were better fit with an LMM than 

GLMM and, for the treatment level analysis, cob count was log transformed. Injury was 

analyzed using an LMM with square root transformation. Weed count at the treatment level and 

weed biomass models were also log transformed. 
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The significance of treatment effects were determined by analysis of variance (ANOVA) using 

Anova() from the package car (Fox and Weisberg 2019) which calculated a Kenward-Roger F-

test for LMMs and a Wald chi-square test for GLMMs. Estimated marginalized means were 

calculated and contrasted from linear models with p-values adjusted by Tukey-Kramer honest 

significant difference (HSD) method using emmeans() from the package emmeans (Lenth 2020). 

Treatment effects were considered significant at p<0.05 for all analyses. 

Pearson’s product moment correlation coefficient was calculated using cor.test() in base R for 

the following paired samples: rye biomass and weed count; rye biomass and sweet corn yield; 

ground coverage and weed count; and ground coverage and sweet corn yield. Correlations were 

considered significant at p<0.05. 

 Results and Discussion 

 Rye phenology 

The difference in timing of 50% anthesis between the standard and earlier flowering rye cultivars 

was variable across locations and years (Table 2.1). At Agassiz, the earlier flowering cultivar 

reached 50% anthesis four and six days earlier than the local standard cultivar in 2019 and 2021 

respectively (mean=5 days). At Harrow, the earlier flowering cultivar reached 50% anthesis one 

day earlier than the local standard cultivar in 2019 and six days earlier in 2020 and 2021 

(mean=4.3 days). At St. Jean-sur-Richelieu, the earlier flowering cultivar reached 50% anthesis 

at the same time as the local standard in all study years. 

Late anthesis to early milk was shown to be the optimal termination timing of rye (Ashford and 

Reeves 2003, Keene et al. 2017). In the locations tested in the present study, roller crimping a 
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local standard rye cultivar at this stage would delay sweet corn planting to May 14 to June 12, 

approximately a month later than the beginning of the planting season (FADQ 2016, OMAFRA 

2021b). To be eligible for crop insurance, producers must have sweet corn planted by June 24 to 

June 30, depending on the location (Agricorp 2021, FADQ 2016). Planting sweet corn into a 

standard rye cover crop that has been roller crimped between mid-May and mid-June would not 

limit producers’ eligibility to claim crop insurance, however, fresh market sweet corn is typically 

planted over an extended period to increase the duration of production.  

The earlier flowering rye cultivar tested in the present study allowed for roller crimping up to six 

days sooner than the local standard cultivar at Agassiz and Harrow. The duration of sweet corn 

planting in these locations could therefore be extended from between two and six weeks as with 

the local standard cultivar, to four to seven weeks with the earlier flowering cultivar tested. At 

St. Jean-sur-Richelieu, the earlier flowering cultivar tested provided no benefit to field operation 

timing. Other cultivars or methods for hastening roller crimping should be investigated to 

maximize the sweet corn planting window in this location, such as applying a pre-plant herbicide 

to desiccate the rye before crimping. 

In the present study, roller crimping was performed at each location when one of the rye 

cultivars was observed to be between 50% anthesis and early milk (Table A.1). At Agassiz and 

Harrow, that meant the standard cultivar was crimped between first anthesis and 50% anthesis. It 

was predicted that this timing incompatibility would delay the rate of rye mortality in the 

standard cultivar compared to the earlier flowering cultivar (Ashford and Reeves 2003, Keene et 

al. 2017). Initially, this expected trend was observed, as the early maturing cultivar had a higher 

mortality than the standard cultivar at one, two, and three weeks after termination (WAT); 
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however, by 4 WAT, both cultivars reached >80% mortality and were not significantly different 

(Table 2.2). The reduced mortality in the standard cultivar compared to the earlier flowering 

cultivar in the first three weeks after roller crimping did not appear to have an effect on weed 

control or sweet corn yield as mortality was not correlated with weed control or yield (Table 

2.3). 

The standard rye cultivar was also predicted to have an increased number of uncrimped rye 

tillers compared to the earlier flowering cultivar due to the lack of reproductive assurance in the 

standard cultivar crimped before 50% anthesis (Ashford and Reeves 2003, Keene et al. 2017, 

Mirsky et al. 2009, Wayman et al. 2014). This expected trend was observed at 1, 2 and 3 WAT, 

where the number of uncrimped rye tillers was higher in the standard cultivar than the earlier 

flowering cultivar (Table 2.2). At 1 and 2 WAT, uncrimped rye was mostly comprised of tillers 

that had remained standing after roller crimping, however, at 3 WAT, the earlier flowering 

cultivar began growing new tillers, which made up a large proportion of uncrimped tillers 

counted at this time. By 4 WAT, the number of uncrimped rye tillers was higher in the earlier 

maturing cultivar than the standard cultivar (Table 2.2), although new tillers had also emerged in 

the standard cultivar. The number of uncrimped tillers at 1, 2, 3, and 4 WAT did not appear to 

have an effect on weed control or sweet corn yield as the number of uncrimped tillers was not 

correlated with weed control or yield (Table 2.4).  

 Weed control 

At Agassiz, dominant weed species were annual bluegrass (Poa annua), common chickweed 

(Stellaria media), shepherd’s purse (Capsella bursa-pastoris), bluebur (Lappulla squarrosa), 

speedwell (Veronica spp.), redroot pigweed (Amaranthus retroflexus), and lambsquarters 
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(Chenopodium album). At Harrow, dominant weed species were annual grass weed species, 

mostly comprising of large crabgrass (Digitaria sanguinalis) and small crabgrass (Digitaria 

ischaemum), lambsquarters, lady’s thumb (Persicaria maculosa), common ragweed (Ambrosia 

artemisiifolia), eastern black nightshade (Solanum ptychanthum), common chickweed, and 

stinkgrass (Eragrostis cilianensis). At St. Jean-sur-Richelieu, speedwell, and shepherd’s purse 

were dominant weed species throughout the duration of the study. Additional dominant species 

were present but varied by year. For example, common chickweed, lady’s thumb, and marsh 

cudweed (Gnaphalium uliginosum) were dominant in 2019, and barnyard grass (Echinochloa 

crus galli), small crabgrass, and witchgrass (Panicum capillare) in 2020, and lambsquarters, 

barnyard grass, and dandelion (Taraxacum officinale) in 2021. 

Weed density was measured pre-roller crimping (PRE), four weeks after termination (4 WAT), 

and eight weeks after termination (8 WAT) and was affected by the measurement timing 

(2=228.955, p<0.0001). Weed density in the weedy no rye control increased over time from 

PRE, to 4 WAT, to 8 WAT; however, within rye cover crop treatments, weed density was lower 

at 4 WAT than PRE and 8 WAT (Table 2.5). Previous research observed an increase in weed 

density over time in roller crimped rye (Leavitt et al. 2011, Mischler et al. 2010), however, few 

studies compare weed control pre- and post-roller crimping (Nord et al. 2012). The results of the 

present study suggest that weed control by rye improves after roller crimping but depreciates 

over time. More research is needed to determine the timing of peak weed control by crimped rye 

so that recommendations for supplemental weed control after this point can be made, if 

necessary. 
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Aboveground weed dry biomass 8 WAT was lower in crimped rye treatments than the weedy no 

rye control (F=25.406, p<0.0001), but weed density was only different between treatments and 

the control at 4 WAT (Table 2.5; 2
Treatment=0.0987, p=0.7534, 2

Time=293.542, p<0.0001, 

2
Treatment:Time=930.610, p<0.0001). This is consistent with previous research which found that 

compared to bare soil, roller crimped rye reduces weed biomass but does not consistently 

influence weed density (Davis 2010, Mischler et al. 2010). The effect of rye on weed 

germination is species specific (Barnes and Putnam 1987, Burgos and Talbert 2000, Shilling et 

al. 1985), therefore reduced density of sensitive weed species in rye treatment plots may have 

created more opportunity for insensitive species to germinate, resulting in no net change in weed 

density. In comparison, the effect of light exclusion by rye residue on weed biomass 

accumulation is less species specific since all plants need light to grow. This may be why there 

was a measurable reduction in weed biomass in rye treatment plots compared to the no rye 

control plots while weed density was not different pre-crimping and eight weeks after crimping. 

Within rye treatments, weed biomass 8 WAT was affected by rye seeding rate (F=6.436, 

p=0.0020) but not cultivar (F=3.165, p=0.0771). Weed biomass was lower in the high seeding 

rate, 600 seeds m-2 (mean=75.8 g m-2, s.e.=67.1), than the low seeding rate, 150 seeds m-2 

(mean=160.0 g m-2, s.e.=141.7, p=0.0016), but not different between the mid seeding rate, 300 

seeds m-2 (mean=97.4 g m-2, s.e.=86.3), and the high (p=0.475) or the low (Figure 2.1; 

p=0.0547). Conversely, weed count was affected by rye seeding rate (F=7.006, p=0.0012) and 

cultivar (F=6.819, p=0.0099). Weed count was higher in the low seeding rate (mean=141.2 

weeds m-2, s.e.=47.4) than the mid (mean=95.7 weeds m-2, s.e.=32.1, p=0.0053) and high 

(mean=94.0 weeds m-2, s.e.=31.6, p=0.0033) seeding rates, but not different between mid and 
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high (Figure 2.2; p=0.9890). This suggests that doubling the conventional rye seeding rate of 300 

seeds m-2 is not effective at reducing weed density. 

Weed density was higher in the earlier flowering rye cultivar (mean=123.6 weeds m-2, s.e.=41.1) 

than the local standard cultivar (Figure 2.2; mean=94.8 weeds m-2, s.e.=31.4, p=0.0102). Overall, 

the best weed control was observed in the standard cultivar sown at least 300 seeds m-2. Despite 

the benefits to earlier roller crimping with the earlier flowering cereal rye cultivar, it was inferior 

at suppressing weed growth compared to the local standard. Concentrations of allelopathic 

chemicals have been shown to decrease over time to varying extents, depending on the cultivar. 

Late maturing cultivars maintain higher concentrations of allelochemicals at later growth stages 

than early maturing cultivars (Reberg-Horton et al. 2005). This may explain differences in weed 

suppression observed between the standard and early flowering cultivars tested in the present 

study. Allelochemical production was not measured in this study, therefore, it is undeterminable 

whether the difference in weed suppression between the earlier flowering rye cultivar and the 

standard was caused by their allelochemical and phenological differences or by other 

morphological and physiological differences. More research is needed to determine which rye 

traits contribute to improved weed suppression so appropriate cultivars can be bred and selected. 

The increase in weed control by mid and high seeding rates may be attributed to their higher 

biomass and ground coverage compared to the low seeding rate. Increased cover crop biomass 

has been shown to increase ground coverage, which improves weed control (Boyd et al. 2009, 

Brennan et al. 2009, Brennan and Smith 2005, Ryan et al. 2011a). Seeding rate had a significant 

effect on aboveground rye dry biomass at anthesis (F=3.061, p=0.0496), and rye biomass was 

negatively correlated with weed density at Agassiz (R=-0.23, p=0.013) and Harrow (R=-0.19, 
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p=0.0083) but not at St. Jean-sur-Richelieu (R=0.022, p=0.79). Rye biomass increased 

marginally from the low seeding rate (mean=586 kg ha-1, s.e.=36.1) to the high seeding rate 

(mean=663 kg ha-1, s.e.=36.4, p=0.0759) and was not different between the mid seeding rate and 

the high (Figure 2.3; mean=659 kg ha-1, s.e.=36.1, p=0.9928). 

Additionally, ground coverage immediately after roller crimping was affected by seeding rate 

(F=5.526, p=0.007449) but was negatively correlated with weed density at Harrow only (RON=-

0.41, pON=0.0047, RBC=-0.21, pBC=0.084, RQC=-0.056, pQC=0.76). Ground coverage after 

crimping was significantly lower in the low seeding rate (mean=61.6%, s.e.=10.8) than in the 

mid (mean=71.3%, s.e.=10.9, p=0.0375) and high seeding rates (mean=73.3%, s.e.=10.8, 

p=0.0088), and was not different between mid and high seeding rates (Figure 2.4; p=0.8606). 

These results suggest that increasing rye seeding rate increases biomass and ground coverage 

after roller crimping which are relatively good predictors of weed control at the seeding rates 

tested. Similar to weed control, ground coverage did not improve significantly between the mid 

and high seeding rates, suggesting these relationships are inversely exponential, where the 

magnitude of increase in weed control and ground coverage depreciates as seeding rate increases. 

Rye seeding rates greater than 600 seeds m-2 should be tested to verify this hypothesis. This 

further supports the conclusion that doubling the conventional seeding rate is not effective at 

improving weed control. 

 Sweet corn injury and yield 

Sweet corn injury increased over time from two to four weeks after emergence (WAE) 

(F=24.257, p<0.0001). Injury was significantly higher in rye cover crop treatments 
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(mean=29.6%, s.e.=3.41) than the weed-free no rye control (mean=20.8%, s.e.=4.29, p=0.0018). 

Within rye treatments, there was no difference between cultivars (F=0.0338, p=0.8542), seeding 

rates (F=0.646, p=0.5254), or treatments with and without supplemental weed control (F=1.283, 

p=0.2586). This suggests that the presence of rye injured sweet corn, independent of the level of 

weed control. 

Injury symptoms of corn in rye treatment plots included delayed emergence up to two days, 

stunted growth up to two leaf stages, and reduced vigor. Symptoms of allelopathy, such as 

reduced stand and chlorotic leaves (Barnes and Putnam 1987, Burgos and Talbert 1996), were 

not observed (Table A.2), which suggests that sweet corn injury by rye was not due to 

allelopathy. The cause of sweet corn injury by rye cannot be determined in the present study and 

future research should investigate theories, such as reduced soil temperature and moisture in rye 

residue (Cline and Silvernail 2002, Malik et al. 2008). 

Sweet corn injury by rye did not appear to affect marketable sweet corn yield, as the number of 

marketable cobs and their fresh weight was not significantly different between weed-free rye 

treatments (meanCount=44411 cobs ha-1, s.e.=17384.4, meanWeight=4452.8 kg ha-1, s.e.=2015.18) 

and weed-free no rye controls (Figure 2.5; meanCount=39912 cobs ha-1, s.e.=16874.2, p=0.2832, 

meanWeight=4167.7 kg ha-1, s.e.=2036.27, p=0.5607). Previous studies report an incompatibility 

between corn and rye (Burgos and Talbert 1996, Malik et al. 2008), however, this may be due to 

incomplete weed control by rye. A paraquat desiccated rye cover crop supplemented with post-

emergent atrazine + metolachlor application resulted in sweet corn yield comparable to a weed-

free no cover crop check (Burgos and Talbert 1996). Additionally, being a large seeded crop, 

sweet corn should not be affected by rye allelochemicals (Burgos and Talbert 2000, Putnam and 
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DeFrank 1983). These findings are consistent with the present study which suggests that, 

independent of the level of weed control, roller crimped rye does not have an effect on sweet 

corn yield. 

Marketable cob count was affected by weediness (F=83.481, p<0.0001) but not rye cultivar 

(F=1.026, p=0.3142) or seeding rate (F=1.221, p=0.3007), while marketable fresh weight was 

affected by rye cultivar (F=7.7698, p=0.0062), weediness (F=105.762, p<0.0001), and their 

interaction (F=4.350, p=0.0398). Without supplemental weed control, marketable fresh weight 

and cob count in rye treatments (meanWeight=1346.8 kg ha-1, s.e.=1880.44, meanCount=15238.7 

cobs ha-1, s.e.=19585.72) were significantly lower than in weed-free no rye controls (Figure 2.5; 

pWeight<0.0001, pCount<0.0001). Within rye treatments without additional weed control, total fresh 

weight of marketable sweet corn cobs was higher in the standard cultivar (meanStandard=1370 kg 

ha-1, s.e.=1161) than the early maturing cultivar (meanEarly=892 kg ha-1, s.e.=1162, p=0.0063); 

However, with additional weed control, total marketable fresh weight was not significantly 

different between the early maturing cultivar (meanEarly=5439 kg ha-1, s.e.=1626) and the 

standard cultivar (meanStandard=4906 kg ha-1, s.e.=1626, p=0.4602). This suggests that reduced 

weed control in the earlier flowering cultivar compared to the local standard cultivar resulted in 

reduced sweet corn yield. This further supports the conclusion that roller crimped rye does not 

have direct negative effects on sweet corn yield and, so long as additional weed control methods 

are in place, sweet corn yields comparable to those obtained using conventional techniques can 

be achieved with rye. 



 

 

42 

 

 Conclusion 

The rye cultivar Elbon flowers almost a week earlier in Ontario and British Columbia and 

therefore has the potential to hasten roller crimping, thus reducing the loss of production time 

from two weeks to one week compared to local standard rye cultivars; however, the standard 

cultivars, Hazlet and Gauthier, controlled weeds better than Elbon, despite being roller crimped 

before the optimal stage of late anthesis to early milk in some locations. This suggests that the 

timing for optimal roller crimping may begin before late anthesis or have less of an effect on 

weed control than previously claimed. Additional research should be done to investigate the 

effect of crimping timing on weed control for various rye cultivars in Canada to determine 

optimal combinations of cultivar and crimping timing. 

The best weed control was observed in the standard rye cultivar sown at 300 to 600 seeds m-2. 

Although there was no improvement in weed control between the mid and high seeding rates, 

neither provided enough weed control to prevent sweet corn yield loss. The results of this study 

suggest that there is no benefit to increasing seeding rate above 300 seeds m-2, however, seeding 

rates higher than 600 seeds m-2 should be tested to verify this conclusion. 

Weed control in rye cover crops improved after roller crimping but depreciated by eight weeks 

after crimping. Sweet corn yield loss occurred in roller crimped rye plots without supplemental 

weed control, suggesting that roller crimped rye does not provide season long weed control 

capable of maintaining sweet corn yield. Independent of weed control, sweet corn yield was not 

reduced in rye cover crop treatments, suggesting that sweet corn is a compatible cash crop for 

this system, so long as weeds are maintained. Future research should test the feasibility of 

applying post-emergent herbicides to control weeds after roller crimping. Combining roller 
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crimped rye with post-emergent herbicide could create an effective integrated weed management 

program that reduces chemical inputs and builds soil health and stability. 

Overall, this research suggests that, for roller crimped cover crop-based weed management in 

Canadian sweet corn production, the earlier flowering rye cultivar, Elbon, allows for earlier 

roller crimping but reduces weed control and sweet corn yield compared to local standard 

cultivars, even when sown at double the conventional rate. These results do not negate the need 

to investigate earlier flowering rye cultivars to hasten roller crimping and extend the sweet corn 

production season, therefore, other cultivars should be tested for phenology and weed 

suppression. Ultimately, roller crimped rye was compatible with sweet corn production in 

Canada, but more research is needed to determine best management practices to optimize its 

success. 
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 Tables and Figures 

 

Table 2.1: Julian date of 50% anthesis for earlier flowering cereal rye (Secale cereale L.) 

cultivar (Early) and local standard rye cultivar (Standard) at each location and year. 

Location 

Standard Early 

2019 2020 2021 2019 2020 2021 

Julian date 

Agassiz BC 134  146 130  140 

Harrow ON 156 160 145 155 154 139 

St. Jean-sur-Richelieu QC 163 156 147 163 156 --a 

a A dash (--) indicates that cultivar was not planted that year. 

Table 2.2: Percent mortality and number of uncrimped tillers of cereal rye (Secale cereale 

L.) at one, two, three, and four weeks after roller crimping termination (WAT) between the 

standard local cultivar (Standard) and earlier flowering cultivar (Early). For each 

response, different letters indicate significantly different means at p<0.05 adjusted using 

Tukey Kramer Honest Significant Difference.  

 Standard Early 

 1 WAT 2 WAT 3 WAT 4 WAT 1 WAT 2 WAT 3 WAT 4 WAT 

Mortality (%) 27.9A 48.4B 66.3C 82.9D 44.3B 72.1E 79.2D 81.4D 

Number of 

uncrimped 

tillers 

29.0A 27.4A 14.1B 18.8C 8.2D 10.7E 12.5F 30.8A 
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Table 2.3: Cereal rye (Secale cereale L.) mortality one, two, three, and four weeks after 

roller crimping termination (WAT) correlated with weed density 4 WAT, weed biomass 8 

WAT, marketable sweet corn cob count, and marketable sweet corn fresh weight. R value 

calculated using Pearson’s correlation method. (*) indicates significant correlations at 

p<0.05.  

 Weed density Weed biomass Marketable cob 

count 

Marketable fresh 

weight 

Time R P value R P value R P value R P value 

1 WAT -0.0083 0.92 -0.33 <0.001* -0.11 0.19 -0.11 0.19 

2 WAT 0.018 0.82 0.13 0.073 -0.071 0.42 -0.058 0.51 

3 WAT 0.021 0.79 0.3 <0.001* -0.16 0.075 -0.14 0.11 

4 WAT 0.036 0.66 0.24 0.0013* 0.098 0.26 0.12 0.16 

 

Table 2.4: Number of uncrimped cereal rye (Secale cereale L.) tillers one, two, three, and 

four weeks after roller crimping termination (WAT) correlated with weed density 4 WAT, 

weed biomass 8 WAT, marketable sweet corn cob count, and marketable sweet corn fresh 

weight. R values calculated using Pearson’s correlation method. (*) indicates significant 

correlations at p<0.05. 

 Weed density Weed biomass Marketable cob 

count 

Marketable fresh 

weight 

Time R P value R P value R P value R P value 

1 WAT 0.012 0.88 0.11 0.15 -0.16 0.066 -0.12 0.18 

2 WAT 0.018 0.82 0.17 0.023* -0.19 0.03* -0.18 0.037* 

3 WAT -0.0027 0.97 0.097 0.2 0.023 0.79 0.00014 1 

4 WAT 0.2 0.012* 0.26 <0.001* 0.29 0.00069

* 

0.26 0.0029* 
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Table 2.5: Weed density pre-roller crimping (PRE), four weeks after roller crimping 

termination (4 WAT), and eight weeks after termination (8 WAT) for the untreated no 

cereal rye (Secale cereale L.) cover crop control (no cover crop) and untreated rye cover 

crop (cover crop). Means were calculated by back transformation from the log scale. 

Different letters indicate significantly different means at p<0.05 adjusted using Tukey 

Kramer Honest Significant Difference.  

Treatment 

PRE 4 WAT 8 WAT 

Plants m-2 

No cover crop 88.8AC 76.9AC 70.8AC 

Cover crop 99.9A 31.6B 52.3C 

 

 

Figure 2.1: Boxplot of weed biomass at eight weeks after roller crimping termination (8 

WAT) as a percentage of the untreated no cover crop control between cereal rye (Secale 

cereale L.) cover crop seeding rates of 150, 300, and 600 seeds m-2. Different letters indicate 

significantly different means at p<0.05 adjusted using Tukey Kramer Honest Significant 

Difference.  
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Figure 2.2: Scatterplot of weed density of cereal rye (Secale cereale L.) cover crop 

treatments as a percentage of the untreated no cover crop control pre-roller crimping 

(PRE), four weeks after roller crimping termination (4 WAT), and eight weeks after 

termination (8 WAT). Cover crop treatments are rye cultivar, local standard (Standard) or 

earlier flowering (Early), sown at three seeding rates, 150, 300, and 600 seeds m-2. Different 

letters indicate significantly different means at p<0.05 adjusted using Tukey Kramer 

Honest Significant Difference.  

 



 

 

48 

 

 

Figure 2.3: Boxplot of cereal rye (Secale cereale L.) aboveground dry biomass at 50% 

anthesis in kg ha-1 between seeding rates of 150, 300, and 600 seeds m-2. Different letters 

indicate significantly different means at p<0.05 adjusted using Tukey Kramer Honest 

Significant Difference. 

 

 

Figure 2.4: Boxplot of percent ground coverage by roller crimped cereal rye (Secale cereale 

L.) between seeding rates of 150, 300, and 600 seeds m-2. Different letters indicate 

significantly different means at p<0.05 adjusted using Tukey Kramer Honest Significant 

Difference.  
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Figure 2.5: Boxplot of marketable sweet corn yield in cobs ha-1 between untreated no cereal 

rye (Secale cereale L.) controls (No Rye), untreated rye cover crop treatments (Rye), 

herbicide-maintained weed-free rye cover crop treatments (Rye + Herbicide), and 

herbicide-maintained weed-free no rye controls (No rye + Herbicide). Different letters 

indicate significantly different means at p<0.05 adjusted using Tukey Kramer Honest 

Significant Difference.  
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 The effect of roller crimping direction of cereal rye for weed 

suppression  

 Introduction 

Roller crimped cereal rye (Secale cereale L.) is commonly used for weed suppression as an 

alternative to herbicides or as part of an integrated weed management program. Some studies 

have found that roller crimped rye cover crops provide weed suppression comparable to 

herbicides (Davis 2010, Mischler et al. 2010, Wells et al. 2016), whereas others have shown it 

cannot control weeds well enough to prevent cash crop yield loss (Bavougian et al. 2019, Carr et 

al. 2013, Leavitt et al. 2011, Nord et al. 2011). The level of weed control by roller crimped rye is 

predicted to be influenced by rye aboveground biomass and ground cover (Mirsky et al. 2011, 

Nord et al. 2011, 2012, Ryan et al. 2011a, 2011b, Silva 2014, Smith et al. 2011). These factors 

are nested, where increasing biomass often increases ground coverage as well (Ryan et al. 

2011a). The relationship between these factors and the level of weed suppression by rye is 

variable between study locations and years, making it difficult to determine best management 

practices for consistent weed control by roller crimped rye. 

Increasing rye aboveground biomass is often investigated as a means for improving weed control 

in a roller crimped cover crop production system. Smith et al. (2011) suggest that at least 9000 

kg ha-1 of rye is required for near-perfect weed control, and that less than 7000 kg ha-1 will result 

in “inadequate” weed control. Similarly, other studies have found a negative correlation between 

rye biomass and weed biomass (Nord et al. 2011, 2012, Ryan et al. 2011b). Rye biomass can be 

increased through increasing seeding rate and fertilizer application (Ryan et al. 2011a, Smith et 

al. 2011), however, in cooler climates, rye biomass potential may be less than the suggested 
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requirement of 9000 kg ha-1 (Munroe 2018). Alternative methods for improving weed 

suppression by roller crimped rye are needed for locations where biomass accumulation is 

restricted. 

Ground coverage by rye has also been shown to be correlated with weed suppression. Ground 

coverage can be improved by increasing rye biomass (Boyd et al. 2009, Ryan et al. 2011a), 

however, it may be similarly limited in cooler climates. Improving rye planting uniformity was 

shown to increase ground coverage and weed suppression in one of two study years (Boyd et al. 

2009). Increased planting uniformity of other crops have also been shown to provide minimal or 

inconsistent improvements to weed suppression (Brennan et al. 2009, Weiner et al. 2001). More 

consistent methods for improving ground coverage and weed control by roller crimped rye are 

needed to overcome potential limitations in biomass accumulation. 

Alternative roller crimping practices may improve ground coverage and weed control by rye 

more consistently than planting uniformity. Traditionally, roller crimping is performed in the 

same direction as rye planting, with the cash crop also sown in the same direction (Curran et al. 

2013, Mischler et al. 2010, SARE Outreach 2020). This may cause gaps of bare soil in interrow 

spaces where weeds can easily emerge. Alternatively, Kornecki (2018) found that roller crimping 

rye offset from cash crop planting direction by 15, 180, and 195 degrees resulted in reduced cash 

crop emergence. Other studies report roller crimping perpendicular to the direction of rye 

planting with cash crop planting in the same direction as roller crimping as a means to improve 

ground coverage (Keene et al. 2017, Mirsky et al. 2009, 2011, Nord et al. 2011, 2012, Ryan et al. 

2011a, Silva 2014, Smith et al. 2011); however, these studies do not explicitly compare the 

effects of roller crimping direction on weed suppression, ground coverage, or cash crop 
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emergence. An explicit investigation of the effects of roller crimping parallel vs perpendicular to 

the direction of rye planting is required to conclude whether this is an effective strategy for 

improving rye ground coverage and weed suppression without negatively affecting cash crop 

emergence and yield. 

For locations where rye biomass potential is limited, management recommendations are needed 

to improve ground coverage by roller crimped rye to maximize weed suppression. While 

increasing planting uniformity has been shown to be difficult and unreliable, anecdotal reports of 

roller crimping perpendicular to the direction of rye planting suggest it may improve weed 

suppression. The objective of this research was to determine the optimal combination of rye 

planting and roller crimping directions for maximum weed suppression and cash crop yield. 

Sweet corn was used as a cash crop in this study as it has high value, limited available herbicide 

registrations in comparison to field corn, and there is increasing consumer demand for chemical-

free production. It was hypothesized that: 1) roller crimping perpendicular to the direction rye 

planting will reduce weed density and biomass compared to roller crimping in the same direction 

as rye planting; and 2) perpendicular roller crimping will reduce sweet corn emergence and yield 

compared to roller crimping in the same direction as rye planting. 

 Materials and Methods 

 Site descriptions 

Field trials were conducted in 2020 and 2021 at the University of Guelph Elora Research Station 

at Elora, Ontario, Canada (43.64° N, -80.42° W) and in 2021 at the Agriculture and Agri-Food 

Canada (AAFC) Research and Development Centre located at Harrow, Ontario, Canada (42.03° 

N, -82.90° W). At Elora, trials were located on different fields of the farm each year, all on 
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London loam soil (approximately 31% sand, 50% silt, 19% clay) with a pH of 7.4 to 7.6 and an 

organic matter content of 3.4% to 4.2%, depending on the location. At Harrow, the trial was 

conducted on loamy sand (77% sand, 19% silt, 4% clay) with a pH of 5.7 and an organic matter 

content of 1.9%. 

 Experimental design 

The experimental design was a split-plot randomized complete block design with a factorial of 

rye planting direction (north-south, east-west, or no rye) and sweet corn planting direction 

(north-south or east-west) as the main plots. Each main plot contained a split-plot treatment of 

weediness (ambient weed pressure or herbicide-maintained weed-free). Treatments were 

replicated four times. Roller crimping was performed in the same direction as sweet corn 

planting and was therefore either parallel or perpendicular to the direction of rye planting. 

 Cover crop planting and management 

In the fall of 2019 and 2020, trial areas were sprayed with glyphosate at 1.8 kg ae ha-1 and 

cultivated to prepare for cover crop planting. In 2020 at Elora, the trial area was sprayed and 

cultivated twice. Rye cultivar Hazlet was seed drilled in eighteen-cm rows to a depth of 25 to 30 

mm in six by six m plots at 400 to 484 seeds m-2 without fertilizer. 

In the spring of 2020 and 2021, rye cover crops were terminated with a roller crimper when the 

majority of plots reached the early milk stage (grain development halfway up the lemma/palea). 

In 2019, a five-m front mounted roller crimper with hydraulic pressure was used to perform one 

pass through the centre of each main plot (I & J Manufacturing, Gordonville PA, USA). In 2020 

at Elora, a 3.7-m rear mounted roller crimper filled fully with water was used to perform two 
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non-overlapping passes of each main plot. At Harrow, a three-m rear mounted roller crimper 

filled fully with water was used to perform two non-overlapping passes of each main plot. The 

tractor travelled at a ground speed of at least 6.4 km h-1, or whatever speed was appropriate for 

the equipment/field conditions. 

Within two to five days of roller crimping (weather depending), the entire trial was seeded to 

sweet corn cultivar Awesome. At Harrow, 10-20-30 was applied in the planter at 350 kg ha-1. At 

Elora, 5-20-20 was banded during planting at 157 kg ha-1, and 28-0-0 and 6-24-6 were applied in 

the planter at 75 L ha-1 and 87.5 L ha-1 respectively. Sweet corn was seeded in 76-cm rows to a 

depth of 25 to 50 mm at a rate of 41 176 seeds ha-1 at Elora and 66 666 seeds ha-1 at Harrow 

using a no-till planter with trash cleaners to allow planting through crimped rye. Sweet corn was 

side-dressed at the four- to six-leaf stage with 46-0-0 at 120 kg N ha-1 at Elora and 28% UAN at 

190 kg N ha-1  at Harrow. 

Throughout the season, weed-free subplot treatments were hand-weeded and chemically 

maintained as necessary. At Elora in 2020 and at Harrow in 2021, no rye weed-free subplots 

received 1.8 kg ae ha-1 of glyphosate at roller crimping. In 2021 at Elora, no rye weed-free 

subplots received 1.05 kg ae ha-1 of glyphosate, 1.05 kg ai ha-1 of S-metolachlor, 0.105 kg ai ha-1 

mesotrione, and 0.28 kg ai ha-1 of atrazine at roller crimping. In 2021 at both locations, all weed-

free subplots received 0.025 kg ai ha-1 of nicosulfuron and 0.1 kg ai ha-1 mesotrione in a tank mix 

with Agral 90 adjuvant at the four- to six-leaf stage with the addition of 0.28 kg ai ha-1 of 

atrazine at Harrow only. At Elora, all herbicides were applied using Air Induction Extended 

Range Flat Fan 110-02 nozzles spaced 45.7 cm apart and 45.7 cm above the targeted weeds at 

206.8 kpa pressure with 200 L ha-1 water. At Harrow, all herbicides were applied using Hypro 
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Ultra Low Drift 120-02 nozzles spaced 50 cm apart and 50 cm above the targeted weeds at 125 

kpa pressure with 204 L ha-1 water. 

 Data collection 

Rye stand was determined in the spring of 2020 and fall of 2020 at Elora by counting the number 

of plants in two-one metre representative rows per main plot. 

When the majority of plots reached at least 50% anthesis, preliminary data collection was 

initiated, including an initial weed assessment and rye above ground biomass. 

For the initial weed assessment, two permanent 0.5 by 0.5 m quadrats were established in 

representative areas of each weedy subplot. The five most prominent dicot and five most 

prominent monocot species in the field were identified. If monocot weeds were not identifiable 

at this time, they were pooled. For each quadrat, all prominent weeds were identified and 

counted, and their approximate growth stage recorded. 

Above ground rye biomass was harvested from two-one m rows per plot in 2020 and two-half m 

rows per plot in 2021. Within-plot samples were pooled and oven-dried at 75-80°C for at least 

two weeks until their weight stabilized to obtain dry weight. 

In 2021, following rye roller crimping, Canopeo was used to measure the percentage of ground 

coverage by the roller crimped rye. At 0, 1, 2, 3, and 4 weeks after roller crimping termination 

(WAT), visual estimates of the number of rye stems that were ≥ 45° upright and/or newly grown 

tillers was recorded. Overall rye mortality was rated as a percent of rye mat that is brown/dead at 

1, 2, 3, and 4 WAT. 
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A second weed assessment was performed at 4 WAT as described above in the same permanent 

quadrats on the same prominent weeds. At 8 WAT, weeds in the permanent quadrats were hand 

harvested and pooled by subplot. Weeds were sorted by species, counted, and oven-dried at 75-

80°C for at least two weeks, until their weight stabilized. The dry weight of each species in a plot 

was recorded. 

At 1, 2, 3, and 4 weeks after sweet corn emergence (WAE), sweet corn injury was rated in each 

plot from 0-100%, where 0 = no injury, 100 = dead. Two WAE, the number of sweet corn plants 

in the third row of each plot were counted. Three WAE, the height of ten randomly selected 

sweet corn plants from the yield row for each plot were measured to the longest extended leaf 

tip. 

Sweet corn in the third row of each subplot was hand harvested at maturity, when silks turned 

brown, but the husks were still green (~16-22 days after first silking). All cobs with silk from the 

third row of each subplot were picked, including those that were still green. Cobs were graded as 

marketable or unmarketable for each subplot. Marketability was determined based on cob size, 

maturity, and grain fill. Mature cobs with >75% of kernels pollinated and consistent rows were 

considered marketable. Cobs with disease or insect damage that were otherwise marketable were 

considered marketable. Small/immature cobs with <75% of kernels pollinated and/or 

inconsistent kernel rows were considered unmarketable. The bulk of the husk and stem were 

removed. The number of cobs and the total weight for each grade was recorded. 
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 Statistical analyses 

Treatment effects were assessed using mixed model analysis in R version 4.0.2 (R Core Team 

2020). Location and year were treated as random effects with rep nested within each. For 

variables with repeated measures, including rye mortality, uncrimped tillers, weed count, and 

sweet corn injury, plot was also included as a random effect nested within location and year, and 

the time of measurement was added as a fixed effect. Generalized linear mixed effects models 

(GLMMs) were used to analyze count data, including weed count PRE, 4 WAT, and 8 WAT, rye 

mortality, uncrimped tillers, sweet corn stand, and sweet corn injury using glmer() from the 

package lme4 (Bates et al. 2015) with a Poisson distribution family. Linear mixed effects models 

(LMMs) were used to analyze continuous data, including rye biomass, rye ground coverage, 

marketable cob count and fresh weight, and weed biomass 8 WAT, using lmer() from the 

package lme4. Separate model analysis was conducted to compare rye treatments to no rye 

controls and to determine rye planting and crimping treatment effects for each measurement 

variable. The weedy vs weed-free subplot treatment was treated as a fixed effect in all relevant 

models. 

For LMMs, model reduction was performed using step() from the package lmerTest (Kuznetsova 

et al. 2017) which performs automatic backward elimination of all model effects to determine 

significant effects calculated by F-tests. For GLMMs, the most significant model was determined 

by comparing Akaike Information Criteria (AIC) values of manually reduced models. 

Assumptions of independence, homogeneity, normality, homoscedasticity, and multicollinearity 

of residuals were assessed. To correct model assumptions, the weed count model testing the 
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effect of treatments vs controls was log transformed and the rye mortality model was square root 

transformed. 

The significance of treatment effects were determined by analysis of variance (ANOVA) using 

Anova() from the package car (Fox and Weisberg 2019) which calculated a Kenward-Roger F-

test for LMMs and a Wald chi-square test for GLMMs.  Estimated marginalized means were 

calculated and contrasted from linear models with p-values adjusted by Tukey-Kramer honest 

significant difference (HSD) method using emmeans() from the package emmeans (Lenth 2020). 

Treatment effects were considered significant at p<0.05 for all analyses. 

 Results and Discussion 

 Weed control 

At Elora, dominant weed species in 2020 were annual grass species, including smooth crabgrass 

(Digitaria sanguinalis), green foxtail (Setaria viridis), and witchgrass (Panicum capillare), as 

well as lambsquarters (Chenopodium album), broadleaf plantain (Plantago major), and 

shepherd’s purse (Capsella bursa-pastoris). In 2021, lambsquarters, shepherd’s purse, pigweed 

species (Amaranthus spp.), hairy crabgrass (Digitaria ischaemum), and green foxtail dominated. 

At Harrow, annual grass weed species were very dominant and mostly comprised of smooth and 

hairy crabgrass. Lambsquarters and common chickweed (Stellaria media) were also present. 

Weed density and aboveground weed dry biomass at eight weeks after roller crimping 

termination (8 WAT) was reduced in rye treatments (meanDensity=93.6 weeds m-2, s.e.=89.2, 

meanWeight=456 g m-2, s.e.=58.9) compared to the no rye control (Figure 3.1; meanDensity=137.0 

weeds m-2, s.e.=130.9, p=0.0033, meanWeight=1213 g m-2, s.e.=83.3, p<0.001). These results are 
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consistent with previous research which found roller crimped rye suppresses weed germination 

and growth compared to bare, untreated soil (Davis 2010, Mischler et al. 2010). Weed density 

was measured pre-roller crimping (PRE), 4 WAT, and 8 WAT and was affected by the time of 

measurement (2=98.431, p<0.0001). Weed density increased from PRE (mean=116 weeds m-2, 

s.e.=94.9) to 4 WAT (mean=83 weeds m-2, s.e.=67.7, p<0.0001) then decreased by 8 WAT 

(Figure 3.2; mean=111 weeds m-2, s.e.=90.8, p<0.0001). These results suggest that weed 

suppression by rye improves after roller crimping but depreciates over time. Roller crimped rye, 

therefore, is effective at suppressing weeds, but caution should be taken to ensure any loss of 

suppression later in the season does not affect yield. 

Weed density and aboveground dry biomass did not differ between rye planting directions 

(2
Density=0.232, p=0.6301, FBiomass=0.378, p=0.5437) or crimping directions. (2

Density=0.208, 

p=0.6484, FBiomass=0.712, p=0.4058). Previous studies have found that weed biomass decreases 

with increasing ground coverage by roller crimped rye (Ryan et al. 2011a), which can be 

achieved by increasing planting uniformity (Boyd et al. 2009); The effect of crimping direction 

was not tested in these studies, however, it was predicted that roller crimping rye perpendicular 

to the direction of planting would similarly increase ground coverage compared to parallel 

planting and crimping, resulting in improved weed suppression. Planting and crimping 

orientation did not have an effect on ground coverage (mean=83%, s.e.=3.21, F=0.0281, 

p=0.8674), which may explain why there was no observed differences in weed suppression by 

parallel vs perpendicular crimped rye.  



 

 

60 

 

The results of this study suggest that altering crimping orientation is not an effective 

management strategy to improve weed suppression by roller crimped rye. Previous studies report 

crimping perpendicular to the direction of rye planting, with anecdotal claims that perpendicular 

crimping improves mulch uniformity (Keene et al. 2017, Mirsky et al. 2009, 2011, Nord et al. 

2011, 2012, Ryan et al. 2011a, Silva 2014, Smith et al. 2011). In the present study, ground 

coverage and weed suppression were not improved with perpendicular crimping compared to 

crimping in the same direction as rye planting, suggesting that, even if uniformity is improved 

with perpendicular crimping, there is no benefit to weed suppression. 

 Sweet corn yield 

Marketable sweet corn cob count and total fresh weight was affected by weediness 

(FCount=500.170, p<0.0001, FWeight=583.939, p<0.0001) and the interaction between weediness 

and rye cover crop treatment (FCount=72.799, p<0.0001, FWeight=103.273, p<0.0001). Cob count 

and fresh weight were higher in rye without supplemental herbicides (meanCount=17632 cobs ha-1, 

s.e.=6555, meanWeight=3264 kg ha-1, s.e.=1591) than the weedy no rye control (meanCount=2601 

cobs ha-1, s.e.=6740, p<0.0001, meanWeight=282 kg ha-1, s.e.=1639, p=0.0001), but were lower 

than the weed-free no rye control (meanCount=61994 cobs ha-1, s.e.=6740, p<0.0001, 

meanWeight=16863 kg ha-1, s.e.=1639, p<0.0001). The addition of post-emergent herbicide 

improved sweet corn yield in rye (meanCount=44222 cobs ha-1, s.e.=6555, p<0.0001, 

meanWeight=10028 kg ha-1, s.e.=1591, p<0.0001), however, it was still lower than the weed-free 

no rye control (Figure 3.3; pCount<0.0001, pWeight<0.0001). 

These results suggest that sweet corn yield reduction in cover crop treatments without 

supplemental herbicide can be attributed to weed competition as well as the presence of rye, 



 

 

61 

 

because additional weed control measures did not result in yield equivalent to the weed-free no 

rye control. Post-emergent weed control measures are encouraged to prevent yield loss by late 

season weed competition, however, sweet corn yield is still expected to be lower than 

conventional production with a two-pass herbicide program. These results do not negate the 

importance of incorporating cultural weed management methods, such as roller crimping cover 

crops, in sweet corn production, but rather support the need for combining methods as part of an 

integrated weed management program. 

Total marketable sweet corn fresh weight was different between rye planting and crimping 

orientations (F=4.988, p=0.0279) while cob count was not (F=3.219, p=0.0761). Marketable 

fresh weight was higher in treatments with the same planting and crimping direction (mean=7.27 

kg ha-1, s.e.=1.52) than perpendicular planting and crimping (mean=6.17 kg ha-1, s.e.=1.52). This 

suggests that there is some benefit to roller crimping rye in the same direction as it was planted. 

The cause of this difference in total marketable sweet corn fresh weight between parallel and 

perpendicular crimping orientations is unclear. Orientation did not have an effect on sweet corn 

stand (2=0.620, p=0.431) or injury (2=2.574, p=0.1087), suggesting that differences in 

marketable fresh weight were not caused by differences in sweet corn emergence or injury by rye 

between orientations. Additionally, this trend was consistent between weedy and weed-free 

subplots (2=1.658, p=0.1979) and weed suppression was not affected by planting and crimping 

orientation, as stated above, suggesting that differences in weed control between orientations did 

not cause these differences in marketable fresh weight. 
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 Conclusion 

It was found that roller crimping rye suppressed weeds compared to bare soil, however, it was 

not adequate enough to prevent sweet corn yield loss to weed competition. Roller crimping 

perpendicular to the direction of rye planting resulted in lower total marketable sweet corn fresh 

weight and did not improve weed suppression. These results support the use of roller crimped rye 

for weed suppression, however, they do not support the hypothesis that perpendicular roller 

crimping can improve ground coverage and weed suppression. Future research should investigate 

other management practices that may improve weed control, such as increasing residue biomass 

through fertilization and higher seeding rates. 

Sweet corn yield loss in roller crimped rye was partially negated with the addition of post-

emergent herbicides. Weed suppression by rye improved after it was roller crimped but 

depreciated by eight weeks. This timing coincided with the four- to six-leaf stage of sweet corn, 

during which, many post-emergent herbicides are recommended to be applied. Thus, post-

emergent herbicides could easily be incorporated into a roller crimped rye production system for 

sweet corn to prevent yield loss due to late season weed competition. Not all observed yield loss 

was attributed to weed competition, however, the cause of yield reduction in weed-free crimped 

rye cannot be determined in the present study. More research is needed to understand sweet corn 

growth in rye residue so management strategies can be adapted to prevent such limitations. 
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 Tables and Figures 

 

 

Figure 3.1: Bar graph of (A) weed density in plants m-2 and (B) weed biomass in g m-2 

between the no cover crop control and cereal rye (Secale cereale L.) cover crop treatments. 

Different letters indicate significantly different means at p<0.05 adjusted using Tukey 

Kramer Honest Significant Difference. 

 

Figure 3.2: Boxplot of weed density in plants m-2 over time from pre-roller crimping (PRE), 

to four weeks after roller crimping, to eight weeks after roller crimping. Different letters 

indicate significantly different means at p<0.05 adjusted using Tukey Kramer Honest 

Significant Difference.  
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Figure 3.3: Boxplots of (A) marketable sweet corn cob count ha-1 and marketable sweet 

corn fresh weight in kg ha-1 between untreated, no cereal rye (Secale cereale L.) controls, 

untreated rye cover crops, herbicide-maintained weed-free rye cover crops, and herbicide-

maintained weed-free no rye controls. Different letters indicate significantly different 

means at p<0.05 adjusted using Tukey Kramer Honest Significant Difference. 
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 General Discussion 

 Research conclusions 

Overall, the results of these two field experiments show that roller crimped cereal rye (Secale 

cereale L.) reduces weed density and biomass compared to untreated bare soil, and is therefore 

an effective weed control method. In both studies, weed control by crimped rye improved after 

roller crimping but depreciated over time. The resultant level of weed control provided by 

crimped rye was insufficient at preventing sweet corn yield reduction in both studies, therefore, it 

is suggested that post-emergent weed control methods, such as herbicides, be supplemented in 

this cropping system. This would produce an integrated weed management system which 

incorporates cultural and chemical weed control methods to reduce our reliance on herbicides 

and tillage, build soil health, and maintain economically viable yields.  

In the first study of this research, the suitability of an earlier flowering rye cultivar, Elbon, for 

roller crimping and weed control was compared with standard cultivars Hazlet and Gauthier. It 

was found that Elbon flowered earlier in Harrow, ON and Agassiz, BC, and could therefore be 

roller crimped sooner, extending the duration of the sweet corn production season in these 

locations. This result minimizes the constraint of timing incompatibility between roller crimping 

rye and sweet corn planting, which is a potential limitation in the adoption of this system.  

Although the rye cultivar Elbon extended the sweet corn production season in some locations, it 

was inferior at controlling weeds compared to the standard cultivars, Hazlet and Gauthier. 

Additionally, there was no difference in yield between sweet corn grown in either rye cover crop 

cultivar, and the cultivars performed similarly on other crimping efficacy merits measured, 
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despite the standard cultivars being roller crimped up to one week before the optimal timing. 

These results challenge the notion that rye is best crimped between 50% anthesis and early milk, 

at least in the locations observed, and warrants further investigation into the effects of earlier 

roller crimping. 

A main objective for both studies was to determine best management strategies to improve weed 

suppression by a roller crimped rye cover crop. Rye seeding rate and crimping orientation were 

investigated, as it has been suggested in the literature that these variables influence rye biomass 

and ground coverage, respectively, both of which have been shown to be positively correlated 

with weed control (Ryan et al. 2011a). In the present study, neither increasing seeding rate or 

altering crimping direction had an effect on weed control by crimped rye. While biomass 

increased linearly with increasing seeding rate, weed control and ground coverage had an 

inversely exponential relationship to seeding rate. This result fails to provide further insight into 

the convoluted relationship between rye seeding rate, biomass and ground coverage, and their 

effect on weed control before and after crimping. Better understanding of these interconnected 

factors is needed before best management strategies for improving weed control are determined.  

In both studies, it was found that sweet corn was relatively well suited for production in roller 

crimped rye. No symptoms of allelopathy were observed; however, sweet corn emergence was 

delayed up to three days in rye compared to bare soil. Sweet corn in rye continued to be shorter 

than in bare soil throughout the duration of the season, potentially as a result of delayed 

emergence. Tasselling in sweet corn grown in rye was also observed to be later than in bare soil, 

although this was not explicitly quantified. It is hypothesized that this delay in emergence and 

tasselling may have also delayed sweet corn cob maturity, thus impacting yield results.  
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The effect of rye on sweet corn yield independent of weed control was contradictory between the 

two studies conducted for this research. In the first study, yield was not different between sweet 

corn grown in rye compared to weed-free bare soil. In the second study, yield was lower in sweet 

corn grown in rye compared to weed-free bare soil. The first study was conducted in three 

locations across Canada over two to three years for a total of eight site-years, while the second 

study was conducted in two locations, both within southern Ontario, for one to two years for a 

total of three site-years. The additional site-years in the first study compared to the second study 

give it more credibility for encapsulating environmental variation which may influence the effect 

of rye on sweet corn yield; however, this also lends to the higher standard error in the first study 

compared to the second (i.e. Marketable cob count Study 1: s.e.No Rye=16874, s.e.Rye=17384; 

Marketable cob count Study 2: s.e.No Rye=6740, s.e.Rye=6555). The impact of crimped rye on 

sweet corn yield independent of weed control is therefore inconclusive from this research and 

further investigation is required.   

 Research limitations 

Due to the nature of field research and the methodologies implemented, there are some 

limitations to the results of the studies conducted. Firstly, in the first study, we observed low 

stands of the rye cultivar Elbon in the first study year at Harrow, ON, despite having done a 

germination test in the fall of 2018 to determine seeding rates of both cultivars. This may have 

been due to poor germination in the fall, insufficient snow coverage over winter, or extremely 

wet soil conditions experienced in the spring. The realized stands of each treatment were not 

quantified as the rye was already tillering by the time of observation, making accurate stand 

counts nearly impossible. Fall and spring stand counts were added to the protocols for the 
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following field seasons, however, due to restrictions in place to minimize the spread of COVID-

19, this data collection was not permitted. As a result, rye stands may have been lower than 

intended and/or different between cultivars. This may have impacted the results and contributed 

to the differences in weed control observed between the standard and earlier flowering cultivars. 

To minimize this limitation in future studies, fall and spring stand counts of rye should be 

conducted, and additional rye should be sown to ensure plots are reflecting their intended 

seeding rates or data should be adjusted to reflect any discrepancies. 

In these studies, we chose to measure ambient weed pressure under each treatment, as opposed to 

supplementing the weed seed beds to create uniform distributions of species and densities. Both 

methodologies are common in the field of weed science research and both have their benefits and 

limitations. By using ambient weed pressure, our study is potentially confounded by inconsistent 

species densities within and between study locations and years. At St. Jean-sur-Richelieu, QC, 

overall weed density was low across treatments and years, including the weedy no rye control; 

therefore, there is a possibility that differences between treatments may be due to uneven 

densities across the field. At Agassiz, BC and Harrow, ON, overall weed density was high across 

all treatments and years, reducing the risk of unevenness across the field. By combining data 

across locations and years, we minimized the possibility of uneven weed density at St. Jean-sur-

Richelieu, QC confounding the weed control results. Additionally, we measured the density and 

biomass of only the most prevalent monocot and dicot species at each location and year, rather 

than all present species. This approach limits our ability to comment on total weed density and 

biomass differences between treatments but gave us more opportunities to investigate species-
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specific effects for agronomically significant weeds, which may be more meaningful for 

producers.  

In the first study, roller crimping was performed at the same time for all treatments, despite 

differences in timing of 50% anthesis between the cultivars at some locations. As a result, the 

standard cultivar at Agassiz, BC and Harrow, ON was between first anthesis and 50% anthesis at 

the time of termination, which is before the optimal stage. This may have biased the results in 

favour of the earlier flowering cultivar, which was crimped at its optimal time. Alternatively, 

roller crimping could have been performed at the optimal time for each plot, resulting in an array 

of crimping timings compatible with the treatment. This approach is accompanied by different 

limitations, such as consequentially different sweet corn planting dates, potentially confounding 

yields, and the need to take more weed density and biomass samples to account for differences in 

calendar dates and termination dates. Despite the limitations in the approach chosen for the 

present study, few differences were observed between the rye cultivars in terms of crimping 

merits, weed control, or sweet corn yield, suggesting any biases towards the earlier flowering 

cultivar did not cause it to out-perform the standard cultivar. Conducting a similar study, using 

the alternative approach outlined above, could verify these results. 

Similarly, sweet corn yield was determined at the same time for all treatments, rather than at 

peak maturity for each plot. It was observed that sweet corn grown in plots with crimped rye 

emerged up to three days later, were shorter, and may have tasselled later than that in bare soil. 

As a result, it is expected that sweet corn cob maturity was also delayed in rye plots. This may 

have contributed to the lower marketable cob count and total fresh weight observed in sweet corn 

grown in weed-free rye plots compared to weed-free bare soil in the second study. Conversely, 
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there was no differences in marketable sweet corn cob count or total fresh weight between weed-

free rye plots and weed-free no rye plots in the first study. To test this hypothesis and better 

represent sweet corn yield under crimped rye, a second sweet corn harvest should have been 

conducted when the majority of plots with rye were at maturity. It is predicted that, at this time, 

sweet corn in rye plots will have greater marketability, resulting in increased marketable cob 

count, and be larger with higher water and starch content, resulting in increased total marketable 

fresh weight. The results of the present study may have underestimated sweet corn yield under 

crimped rye, thus inadvertently discouraging adoption of this cropping system.  

Finally, the extreme environmental variability in the first study and the limited number of site-

years in the second study limit the accuracy of representation of this research. For the first study, 

in the spring of 2019, Harrow, ON experienced an unseasonably cold and wet spring, resulting in 

very delayed sweet corn planting and subsequently no yield. As well, in the summer of 2021, 

Agassiz, BC experienced record-breaking heat and drought conditions, contributing to local 

forest fires which resulted in no sweet corn yield. While data was still collected on rye and weeds 

those years, yields were not obtained and these site-years were omitted, limiting the amount of 

data analyzed. These extreme conditions also shed light on the fragility of this crop production 

system to excessive moisture or heat and drought. The second study was only conducted in three 

site-years due to limitations imposed by COVID-19 and the time restrictions associated with a 

master’s degree. Consequentially, the results may be less robust than if the study had been 

replicated in more locations with variable environments, and over more years. Replication is also 

important for data power; however, power analysis did not indicate this dataset was deficient. 
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Further replication of this study across different locations and environmental conditions is 

required to ensure the results are not exclusive to the locations tested.  

 Future research 

The results of this research have led to further questions regarding roller crimping rye for weed 

control. There are several opportunities for future research to be directed towards optimizing 

management strategies, understanding the underlying mechanisms at play, and extrapolating this 

system to other cash crops.  

It was observed that supplemental weed control is necessary for managing post-emergent weeds 

to prevent sweet corn yield loss. Future research in this area should focus on determining the 

peak timing of weed control by rye so that additional control measures such as post-emergent 

herbicides or inter-row cultivation can be implemented when necessary. To do this, multiple 

weed biomass measurements should be taken over time, as it was observed that weed biomass is 

more responsive to the effects of rye than weed density. Enhancing the precision of this timing 

may maximize the benefits of both weed control methods and entice organic and low-input 

conventional farmers to incorporate roller crimping for weed control in their integrated weed 

management program.  

It remains unclear how rye seeding rate relates to biomass and ground coverage, and how these 

variables influence weed control before and after roller crimping. To address this, future research 

should investigate more seeding rates between 300 and 600 seeds m-2 and above. This should be 

done under optimal conditions for rye growth, and care should be taken to ensure the intended 

seeding rates are realized. With this data, a more comprehensive understanding of the 
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relationship between rye seeding rate, biomass, ground coverage, and weed control can be 

constructed using principle component analysis or structural equation modelling in addition to 

regression analysis.  

While the present study investigated the suitability of Elbon for roller crimping, it was shown to 

be inferior at weed control compared to the local standard cultivars, Hazlet and Gauthier. 

Additional earlier flowering rye cultivars should be tested for their suitability for roller crimping 

and level of weed control, such as Wrens Abruzzi and Wrens 96 (Wells et al. 2016). 

Furthermore, future research should investigate what features of rye contribute to its level of 

weed control in order to guide breeding efforts. For example, allelopathic chemical production, 

aboveground biomass production, and leaf area index are suggested to influence weed control by 

rye (Grant et al. 1983, Teasdale 1996). Once desirable traits are determined, breeders can work 

to incorporate those traits into earlier flowering cultivars and test them across multiple locations 

to determine their proficiency in this system.  

The effect of crimped rye on soil qualities such as nitrogen content, moisture, and temperature 

were not measured in the present study but may explain differences in sweet corn emergence and 

yield observed between rye and no-rye treatments. Rye has a high carbon to nitrogen (C:N) ratio, 

and does not associate with nitrogen fixing bacteria as leguminous species such as hairy vetch 

do. This may be why studies observed higher nitrogen fertilizer requirements for maize grown in 

rye residue compared to hairy vetch or hairy vetch-rye mixed residue (Clark et al. 1997b, 

Sullivan et al. 1991). Additionally, Cline and Silvernail (2002) observed negligible sweet corn 

yield in rye without additional nitrogen fertilizer in two of three study years, and slightly smaller 

ears in the other year. Similar results were observed in other vegetables (Leavitt et al. 2011). For 
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high value crops, such as vegetables, the increased cost of additional nitrogen fertilizer to 

mitigate yield reduction caused by rye cover crops may be worthwhile given the benefit of 

reduced herbicide reliance. As well, a rye cover crop has been shown to have variable effects on 

soil moisture, depending on the termination method and timing (Munawar et al. 1990). It is also 

possible that by blocking sunlight, crimped rye reduces soil temperature, which may delay 

emergence of some cash crop species (Hoyt 1999, Teasdale and Mohler 1993). Future research 

should investigate the effect of crimped rye on soil qualities, including nitrogen, moisture, and 

temperature to determine their effect on cash crop yield.  

Precise nitrogen management should be investigated as a strategy to alleviate yield constraints 

when growing vegetable crops, such as sweet corn, in rye cover crops. Increasing nitrogen 

fertilizer rate and delaying rye termination until mid-May increased maize grain nitrogen content 

and yield in a Maryland study (Clark et al. 1997b). Comparatively, Dyck and Liebman (1994) 

observed additional nitrogen application suppressed sweet corn emergence but enhanced 

Chenopodium album emergence. It was hypothesized that a roller crimped rye cover crop 

suppressed weeds by decreasing nitrogen availability (Ryan et al. 2011b), in which case, added 

nitrogen may negate weed control. In a greenhouse study, shoot biomass of various weed species 

increased with nitrogen addition up to 700% (Blackshaw et al. 2003), however, a field study 

observed no effect of soil nitrate concentration on weed cover (Wayman et al. 2014). In the field, 

addition of nitrogen fertilizer can improve vegetable yield when limited, which may outweigh 

potential consequences on reduced weed control. More research is required to determine the 

optimum rate of nitrogen application for vegetable crops, such as sweet corn, grown in roller 

crimped rye and evaluate whether this addition is economically justifiable for such crops. 
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The results of these studies suggest that sweet corn is a compatible cash crop for a roller crimped 

rye production system. Other cash crop species should be tested for their compatibility with 

crimped rye to increase the flexibility for producers to incorporate this system in their rotation. 

Other vegetable crops are of interest for roller crimping due to their limited availability of 

registered herbicide options for weed control. Larger seeded vegetable crops, cucumber, pea, and 

snap bean, have been shown to be more tolerant to herbicide-desiccated rye residue than smaller 

seeded vegetables, lettuce, radish, and tomato (Putnam and DeFrank 1983) and would therefore 

be good candidates to test in a roller crimped rye production system. Transplants of tomato and 

bell peppers similarly experienced significant yield loss in roller crimped rye (Leavitt et al. 

2011), likely because the allelopathic chemicals, BOA and DIBOA, are more toxic to dicot 

seedling growth than germination (Barnes and Putnam 1987). The feasibility of using larger, 

more mature vegetable seedlings for transplanting into roller crimped rye should be explored in 

future research to overcome allelopathic injury and expand the suitable cash crop options 

available for this cropping system.  

Finally, economic evaluations of the suitability of rye as an integrated weed management 

strategy in various cash crops are required. It is difficult to quantify the economic value of cover 

crop services as they vary between years and locations and are often cumulative over the long 

term. As a result, few studies have attempted to measure and contrast the costs and profits of 

cover cropping compared to conventional cropping systems. Mischler et al. (2010) determined 

the net added cost of roller crimped rye for weed control in soybeans was $68.50 ha-1. Rye was 

only evaluated for its weed suppressive capabilities, therefore, the value of additional services, 

such as reduced erosion and increased soil organic matter, were not quantified. This evaluation 
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also ignores the community-wide economic value of reduced herbicide reliance, alleviating the 

perpetual selection for herbicide resistant weed biotypes. Although it is essentially impossible to 

quantify this value, it is still a worthwhile incentive for cover crop adoption. Similarly, the value 

of carbon sequestered by cover crops is difficult to quantify, however, recent advances in carbon 

offset programs are attempting to monetize it (ECCC 2020). Claiming this profit requires 

participation in programs which are limited in availability nationally. 

Overall, there are limitations to quantifying the economic value of roller crimped rye, therefore, 

the monetary benefits of some services are underappreciated. While it is beneficial to determine 

the profitability of this alternative weed control system compared to conventional herbicide use, 

consideration should be given to unquantifiable benefits which may increase the profitability of 

cover cropping. This will help producers realize the economic potential of cover crops as an 

integrative weed management strategy and promote informed adoption of this practice.  
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APPENDIX 

Table A.1: Dates of field operations and sampling events across site-years. 

Operationa 

Agassiz Harrow St. Jean-sur-Richelieu 

2019 2021 2019 2020 2021 2019 2020 2021 

Pre plant tillageb Aug. 9, 

2018 

Sep. 19, 

2020 

Oct. 16, 

2018 
  

Sep. 24, 

2018 

Sep. 17, 

2019 

Sep. 22, 

2020 

Rye planting 
Sep. 24, 

2018 

Oct. 2, 

2020 

Oct. 16, 

2018 

Oct. 24, 

2019 

Oct. 9, 

2020 

Sep. 24, 

2018 

Sep. 18, 

2019 

Sep. 23, 

2020 

Rye biomass  

May 20, 

2021 May 

31, 2021 

Jun. 3, 

2019 

May 27, 

2020 

May 25, 

2021 

Jun. 19, 

2019 

Jun. 8, 

2020 
 

Weed count PRE  

May 20, 

2021 

May 31, 

2021 

Jun. 3, 

2019 

May 27, 

2020 

May 21, 

2021 

Jun. 12, 

2019 

Jun. 8, 

2020 
 

Roller crimping 
May 14, 

2019 

Jun. 8, 

2021 

Jun. 12, 

2019 

Jun. 9, 

2020 

May 31, 

2021 

Jun. 12, 

2019 

Jun. 9, 

2020 

Jun. 1, 

2021 

Sweet corn planting 
May 15, 

2019 

Jun. 16, 

2021 

Jun. 18, 

2019 

Jun. 12, 

2020 

Jun. 2, 

2021 

Jun. 13, 

2019 

Jun. 10, 

2020 

Jun. 2, 

2021 

Ground coverage --c Jun. 8, 

2021 
-- -- 

May 31, 

2021 
-- -- 

Jun. 2, 

2021 

Rye mortality 1 WAT  
Jun. 16, 

2021 

Jun. 19, 

2019 

Jun. 17, 

2020 

Jun. 7, 

2021 

Jun. 19, 

2019 

Jun. 17, 

2020 
 

Uncrimped tillers 1 

WAT 
 

Jun. 16, 

2021 

Jun. 19, 

2019 

Jun. 17, 

2020 

Jun. 7, 

2021 

Jun. 19, 

2019 

Jun. 17, 

2020 
 

Rye mortality 2 WAT  
Jun. 21, 

2021 

Jun. 26, 

2019 

Jun. 24, 

2020 

Jun. 14, 

2021 

Jun. 27, 

2019 

Jun. 22, 

2020 
 

Uncrimped tillers 2 

WAT 
 

Jun. 21, 

2021 

Jun. 26, 

2019 

Jun. 24, 

2020 

Jun. 14, 

2021 

Jun. 27, 

2019 

Jun. 22, 

2020 
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Rye mortality 3 WAT  
Jun. 30, 

2021 

Jul. 3, 

2021 

Jun. 29, 

2020 

Jun. 22, 

2021 

Jul. 3, 

2019 

Jun. 29, 

2020 
 

Uncrimped tillers 3 

WAT 
 

Jun. 30, 

2021 

Jul. 3, 

2021 

Jun. 29, 

2020 

Jun. 22, 

2021 

Jul. 3, 

2019 

Jun. 29, 

2020 
 

Rye mortality 4 WAT  
Jul. 6, 

2021 

Jul. 17, 

2019 

Jul. 6, 

2020 

Jun. 28, 

2021 

Jul. 9, 

2019 

Jul. 7, 

2020 
 

Uncrimped tillers 4 

WAT 
 

Jul. 6, 

2021 

Jul. 17, 

2019 

Jul. 6, 

2020 

Jun. 28, 

2021 

Jul. 9, 

2019 

Jul. 7, 

2020 
 

Sweet corn stand  
Jul. 15, 

2021 

Jul. 8, 

2019 

Jul. 6, 

2020 

Jun. 22, 

2021 

Jul. 9, 

2019 

Jul. 6, 

2020 
 

Sweet corn height 
Jun. 17, 

2019 

Jul. 22, 

2021 

Jul 16, 

2019 

Jul. 14, 

2020 

Jun. 28, 

2021 

Jul. 16, 

2021 

Jul. 15, 

2020 
 

Sweet corn injury 1 

WAE 
 

Jul. 6, 

2021 

Jul. 2, 

2019 

Jun. 29, 

2020 

Jun. 18, 

2021 

Jul. 3, 

2019 

Jul. 2, 

2020 
 

Sweet corn injury 2 

WAE 
 

Jul. 15, 

2021 

Jul. 8, 

2019 

Jul. 6, 

2020 

Jun. 22, 

2021 

Jul. 9, 

2019 

Jul. 7, 

2020 
 

Sweet corn injury 3 

WAE 
 

Jul. 22, 

2021 

Jul. 17, 

2019 

Jul. 14, 

2020 

Jun. 28, 

2021 

Jul. 15, 

2019 

Jul. 15, 

2020 
 

Sweet corn injury 4 

WAE 
 

Jul. 29, 

2021 

Jul. 25, 

2019 

Jul. 21, 

2020 

Jul. 5, 

2021 

Jul. 22, 

2019 

Jul. 21, 

2020 
 

Weed count 4 WAT 
Jun. 17, 

2019 

Jul. 6, 

2021 

Jul. 10, 

2019 

Jul. 6, 

2020 

Jun. 28, 

2021 

Jul. 10, 

2019 

Jul. 6, 

2020 
 

Weed harvest 8 WAT  
Aug. 10, 

2021 
 

Aug. 4, 

2020 

Jul. 23, 

2021 

Aug. 19, 

2019 

Aug. 6, 

2020 
 

Sweet corn harvest   -- 
Aug. 26, 

2020 

Aug. 10, 

2021 

Sep. 5, 

2019 

Aug. 31, 

2020 
 

Herbicide application -- -- -- 
Jul. 2, 

2020 

Jun. 28, 

2021 
-- --  

Chlorantraniliprole 

application 
-- -- -- 

Jul. 30, 

2020 

Aug. 4, 

2021 
-- --  
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Deltamethrin 

application 
-- -- -- 

Aug. 7, 

2020 

Jul. 27, 

2021 
-- --  

Irrigation -- 
Jul. 29, 

2021 
-- 

Jul. 7, 

2020 
-- -- -- -- 

a Abbreviations: PRE, pre-termination; WAT, weeks after termination; WAE, weeks after emergence.  

b Pre-plant operations included herbicide burndown, rotary power harrowing, disk harrowing, and/or cultivation.  

c A dash (--) indicates the operation was not conducted. 
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Table A.2: Sweet corn stand in no cover crop controls and cereal rye (Secale cereale L.) 

cover crop treatments two weeks after emergence. Different letters indicate significantly 

different means at p<0.05 adjusted using Tukey Kramer Honest Significant Difference. 

Treatment 

Stand 

Plants ha-1 

No cover crop controls 28.1A 

Rye cover crop treatments 30.9B 
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