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ABSTRACT 

EXAMINATIONS OF RED CLOVER AS A COVER CROP 
 

Brett Hilker 
University of Guelph, 2020 

       Advisor: 
       Dr. Elizabeth Lee   

Frost seeding red clover into winter wheat is a common practice in Ontario prior to corn in the 

rotation. However, non-uniform stands of red clover as a cover crop restrict a grower’s ability to 

capture its full benefits. This thesis examines: (1) How did red clover end up as the clover of 

choice for frost seeding into winter wheat? (2) Can clover species diversity help alleviate clover 

stand non-uniformity of frost seeded clover? (3) Are there any immediate benefits to the 

subsequent corn crop of having clover in the rotation? Red clover has persisted into the present 

day due to the readily available source of seed and familiarity with the plant. In Ontario field 

trials, red clover is superior as a frost seeded cover crop compared to alsike, crimson, and clover 

species blends. Finally, while initial results from preceding clover show no immediate benefits to 

corn, the results are only preliminary.  
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1 

 Literature Review 

 
 
1.1. Introduction 

Modern-day agriculture has heavily relied on crop inputs to sufficiently meet high 

yielding crop demands, while prioritizing economics for maximized returns. The potential for 

high output systems can largely be influenced by the performance of the soil, however this 

cannot be achieved if the value of soil health is not properly recognized. Soil organic matter 

(SOM) has more recently been documented as a driver for crop performance, particularly in 

years with adverse weather conditions. However, SOM concentrations have seen a steady decline 

over the past decade due to simplified crop rotations and loss of perennial forages and livestock 

in the cropping system. The following chapter is a literature review that briefly highlights the 

uses of cover crops in Ontario’s corn-based cropping system with an emphasis on red clover’s 

historical prevalence and current use as a cover crop. 

 

 

1.2. Cover Crops Uses 

 The use of cover crops has been on the rise over the past decade as the importance of soil 

health and agricultural sustainability of cropping systems has become a major focus (Zulauf and 

Brown, 2019). Despite the rise in interest amongst farmer groups, the implementation of cover 

crops on farms is not a new practice (Kjaergaard, 2003; Piper, 1916; Taylor, 1985). However, 

recent research has allowed growers to better understand the role that cover crops can play in 

modern-day cropping systems (e.g. Gaudin et al., 2013; Clark, 2007; Frye and Belvins, 1989; 

McVay et al., 1989; Chen and Weil, 2010; Dean and Weal, 2009; Kaye and Quemada, 2017, 
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Christie et al., 1992). Many growers today have adopted modern farm practices that involve the 

use of crop rotations to avoid the risk of degradation to soil properties (Haruna and Nkongolo, 

2019; D’Acunto et al., 2018). Crop rotations also limit the harbouring of pests, diseases and 

weed species that could otherwise be present under a continuous cropping system (Li et al., 

2019).  While many Ontario growers will implement a corn (Zea mays L.)-soybean (Glycine max 

(L.) Merr.)-winter wheat (Triticum aestivum L.) rotation, cover crops are also being incorporated 

into these cropping systems.  

A cover crop is defined as any living ground cover that is planted into or after an annual 

cash crop, commonly terminated through winter kill, mechanical tillage or chemical burndown 

prior to planting the next crop, and not typically harvested for its seed (Gerdes, 2017; Hartwig 

and Ammon, 2002; Sarrantonio and Gallant, 2003). Cover crops are being adopted because of 

the services they provide. These include improved cropping system resilience against 

environmental stresses, N cycling benefits (Dapaah, 1992), enhancement of soil organic matter 

(SOM) and soil fertility (Kaspar and Singer, 2011; Scholberg et al., 2010) suppression of weeds 

and diseases and provides habitat for beneficiary insect species (Gaudin et al., 2013; Lu et al., 

2000). The efficient use of crop resources such as water, nitrogen and other soil related factors 

are coming to the forefront of sustainable agricultural production as weather patterns become 

more extreme and agricultural input costs rise (Schipanski et al., 2014). Dramatic weather events 

such as drier conditions with less than average seasonal rainfall within Ontario’s crop growing 

regions, as well interest in regenerative agriculture amongst consumers and industry groups, 

could influence the way crops are cultivated in the province (Gaudin et al., 2013).  The long-term 

benefits of cover crops may play a pivotal role in helping reduce the negative effects caused by 

climate change and may actually contribute to a more profitable farm operation. The use of 



3 

legume cover crops has been shown to consistently increase cash crop yields by 5 to 30% over a 

range of growing conditions and climates (Finney et al., 2016; Gabriel et al., 2013; Quemada et 

al., 2013), while non-legume cover crop species do not show these same effects (Kaye and 

Quemada, 2017). Nonetheless, the use of cover crops can aid in the resilience of an agricultural 

system, with a growing network of supporting literature to support their benefits (Chapagain et 

al., 2020; Clark, 2007; Gaudin et al., 2013; Rosouli et al., 2014).   

In Ontario, producers have more recently began to experiment with multi-species cover 

crop mixes to take advantage of the multiple services provided by different cover crop species, 

which as has been made possible by modern day seeding equipment and technology. Non-

legume cover crop species include annual cereals (rye (Secale cereal L.), wheat, barley 

(Hordeum vulgare L.), oats (Avena sativa L.)), annual or perennial forage grasses such as 

ryegrass (Lolium spp.), warm-season grasses such as sorghum-sudangrass (Sorghum x 

drummondii), forbes such as forage chicory (Cichorium intybus), phacelia (Phacelia 

tanacetifolia) and sunflower (Helianthis annuus) and brassica species such as radish (Raphanus 

sativus L.) and rapeseed (Brassica napus L.) (Clark, 2007). Non-legume species are often 

utilized for their ability to produce high amounts of biomass that contribute towards preventing 

soil erosion, supressing weed growth and building SOM, along with some species of brassicas 

that can contribute to alleviating soil compaction (Clark, 2007; Chen and Weil, 2010). Although 

non-legume species do not add nitrogen (N) to the cropping system, they are excellent 

scavengers of residual soil N (Clark, 2007; Dean and Weil, 2009). The ability for non-legume 

species to recapture N that is often in surplus during or after a growing season can help reduce 

the amount of soil nitrate leaching from the cropping system (Clark, 2007; Dean and Weil, 

2009).  Some grass species of cover crops are comprised of highly fibrous material that contain 
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high carbon:nitrogen (C:N) ratios by which residue breakdown and N-availability to subsequent 

crops may be inhibited (Clark, 2007). Introducing a mix between non-legume and legume cover 

crop species may relieve the impacts of a high C:N ratio to improve the overall N-

immobilization of the system and provide a quicker breakdown of residues (Clark, 2007). 

Legume cover crop species that are most common in Ontario include winter annuals such 

as crimson clover (Trifolium incarnatum L.), hairy vetch (Vicia villosa L.), field peas (Pisum 

sativum L.); perennials such as red clover (Trifolium pratense L.), white clover (Trifolium repens 

L.), alsike clover (Trifolium hybridum L.), and biennials such as sweet clover (Melilotus 

officinalis L.) (Clark, 2007). Legume cover crops are most notable for their ability to fix 

atmospheric N into the plant available form ammonia (NH3) and a portion of this fixed N can 

then be utilized by subsequent crops within the crop rotation (Bruulsema and Christie, 1987; Dou 

et al., 1994; Hesterman et al., 1992; Stute and Posner, 1995). Legume cover crops also contribute 

biomass that provides soil cover to reduce soil erosion, increase SOM levels, and attract 

beneficial insects (Clark, 2007). Studies from Frye and Blevnins (1989) and McVay et al. (1989) 

indicate that, under growing conditions similar to that of southwestern Ontario, legume cover 

crops could provide an equivalent of 50-123 kg ha-1 of N fertilizer to a subsequent crop within 

the rotation. Legumes generally have a lower C:N ratio than cereals and other non-legume 

species, thus resulting in an increased mineralization of residues and quicker release of N to a 

subsequent crop (Clark, 2007; Scholberg et al., 2010). A combination of both non-legume and 

legume cover crop species has shown to have many advantageous effects, such as improved 

biomass and N production, weed control, suppression of soil pests and retention of soil nitrate 

and sulphates (Chapagain et al., 2020; Clark, 2007).  
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Although many of these species have been used more recently for their utility as a cover 

crop, their purpose has not always been their main purpose. There is a lack of scientific evidence 

that supports the development of these cover crop species through genetic improvement. As a 

result, growers have been using cover crop species that have been previously developed for their 

superior attributes as a forage (feed quality, disease resistance, persistence, yield), or cash crop 

(grain yield, semi-dwarfing, disease and insect resistance) (Riday, 2010; Taylor and Queensbury, 

1996; Tucak et al., 2009; Worthington and Reberg-Horton, 2013). Because of this, it is likely 

that cover crop adoption has been slow due to the variability in performance of cover crop 

species that are used today which contain ‘old’ genetic material. For example, red clover has 

been largely developed for its purpose as a high quality, protein rich forage, with improved 

pathogen resistance, forage yields and grazing tolerance/persistence (Marshal et al., 2017; Riday, 

2010). However, red clover’s short rotational use in today’s cropping systems with corn-

soybean-winter wheat displaces the need for red clover cultivars to possess some of these traits. 

As a result, a greater focus needs to be placed on making red clover, as well as other species, 

better suited as a cover crop by improving specific traits. 

 

 

1.3. Red Clover as a Cover Crop 

Red clover has seen substantial shifts in use since it was first cultivated with agricultural 

interest in the 17th century and used to replace fallow periods prior to the cultivation of potatoes 

(Kjaergaard, 2003; Piper, 1916). Since then, red clover’s use a forage and green manure crop has 

been in decline for reasons such as the introduction of the Haber-Bosch process (Isobe et al., 

2014), widespread adoption of alfalfa (Frame et al., 1998), and production shifts to more 
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simplified crop rotations (Gaudin et al., 2013). The consequences of simplified corn-soybean 

rotations have led to a loss of winter cereal grains in the cropping system, and subsequently has 

resulted in a decline in SOM (Ketcheson, 1980; Munroe, 2017). The inclusion of a winter cereal 

grain, such as winter wheat into corn-soybean crop rotations can have many cropping system 

benefits. These apparent benefits include improved yields and greater yield stability of 

subsequent crops with reduced crop inputs, improved soil quality, disrupted pest cycles, creates a 

more diversified income and spreads out the yearly workload on a farm (Blaser et al., 2006; 

Jarecki et al., 2018). Winter wheat grown prior to corn in the crop rotation results in decreased 

corn N requirements while nitrogen-use efficiency (NUE) is increased (Gaudin et al., 2015). 

Similarly, the inclusion of winter wheat into corn-soybean rotations improved soybean yields 

(Gaudin et al., 2015). Another study by Gaudin et al. (2014b) showed that in hot and dry years, 

increasing crop diversification of corn-soybean rotations with reduced tillage, resulted in yield 

increases of 7% and 22% for corn and soybean, respectively. 

Including winter wheat in crop rotations provides a temporal niche after wheat harvest 

that allows for the inclusion of legume cover crops in northern cropping systems (Gaudin et al, 

2015). Red clover has historically been the legume cover crop of choice by farmers across the 

province because it can be grown under winter wheat with minimal competition, is relatively 

easy to establish, is adapted to a wide range of soil types, and has a readily available source of 

seed (Clark, 2007; Loucks et al., 2018). In Ontario, red clover also has the potential for high 

biomass yields, producing 0.69-4.02 Mg ha-1 in the fall and 1.71-5.33 Mg ha-1 in the following 

spring of above ground dry biomass, while simultaneously providing a N-credit for subsequent 

corn crops of 44-64 kg N ha-1 (Gaudin et al., 2013).  
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1.3.1. Red Clover Stress Factors/Challenges 
 

Over the past 20 years in Ontario, red clover usage as an inter-seeded cover crop in 

winter wheat has declined due to inconsistent establishment and non-uniform stands, which 

limits its value in a corn-based cropping system (Loucks et al., 2018). Non-uniform stands result 

in patchiness of red clover plants across the field, resulting in highly spatial variation in N 

fixation for a subsequent corn crop (Loucks et al., 2018). The economic return from planting red 

clover diminishes under such occurrences, and ultimately leads to N being applied at full rates in 

the subsequent corn crop rather than accounting for the red clover’s N credit (Queen et al., 

2009). Not only does this reduce the economic value of the patchy inter-seeded red clover into 

winter wheat and forgoing potential N-credits, but it also poses a risk to the environment. A full 

N-rate application on areas where red clover has established can lead to potential environmental 

issues from nitrogen leaching and nitrous oxide emissions into the atmosphere due to the high 

influx of fertilizer plus additional N fixed by the red clover (Loucks et al., 2018, Vyn et al., 

1999).  

The factors impacting the success of red clover under-seeded to winter wheat have been 

well studied. Specifically, inconsistent stands have been attributed to a lack of moisture on dry 

years, which effectively leads to poor biomass production (Blaser et al., 2006; Loucks et al., 

2018; Queen et al., 2009; Smith, 1975; Thiessen Martens et al., 2001a). Dry and hot springs may 

have a direct effect on red clover establishment (Singer et al., 2006), while winter wheat may 

indirectly affect red clover establishment in dry years as it outcompetes the red clover for 

moisture up to the period of wheat anthesis (Queen et al., 2009). Westra (2015) observed 

reduced red clover biomass in a year with lower than average precipitation, as well as increased 
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stand variability across fields. Although other studies have evaluated additional factors such as 

decreased light availability and high leaf area indices (Blaser et al., 2011), higher wheat nitrogen 

fertilizer rates (Gaudin et al., 2014a) and wheat seeding rates (Blaser et al., 2006), moisture is 

still considered to be the biggest contributing factor leading to the success, or failure, of red 

clover establishment when frost seeded into winter wheat. 

Despite moisture being the predominant factor affecting the success of red clover as a 

cover crop, light effects may also be a major contributor to establishment dynamics. In a study 

by Queen et al. (2009), moisture and light effects were measured to determine the correlation of 

such factors on the productivity of under-seeded red clover in winter wheat. When every third 

row of wheat (grown on 19 cm row spacings) (hereafter known as twin-row planting) was 

removed, it was determined that end of season red clover dry weight had a significant increase 

by 12.7%. However, red clover plant density (plants m-2) was not affected. In both years of the 

study, winter wheat grain yields were significantly reduced in the thinned, twin-row treatments 

under lower N rates (67 kg N ha-1), however a no significant differences were observed with 

higher N rates (135 kg N ha-1) (Queen et al., 2009). Another study by Hussain et al. (2012) 

determined that winter wheat cultivars that have a higher tillering capacity produced higher grain 

yield in wider row spacing than cultivars with low tillering ability. Using a similar twin-row 

planting pattern as Queen et al. (2009), Mao et al. (2017) showed that intercepted 

photosynthetically active radiation (iPAR) in twin rows was significantly higher and the winter 

wheat crop maintained a higher level of iPAR than solid seeded winter wheat throughout the 

growing season under the same planting regime. The twin-row planting method improved 

canopy microclimate with increasing levels of precipitation/irrigation, thus increasing the 

relative humidity, iPAR, evapotranspiration, water potential and winter wheat grain yield (Mao 
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et al., 2017). In addition to this published literature, an unpublished report from Bowley (2014) 

looked at competition effects in red clover under seedings to winter wheat and found that 

between mid-May and early June, red clover density decreased with prolonged competition with 

winter wheat until removal. Moreover, it was found that the reduction in light at the base of the 

wheat stand was simultaneous to the reduction of red clover plants indicating that a reduction of 

solar irradiance through the wheat canopy corresponds with lower plant stands as wheat 

advances in development (Bowley, unpublished data, 2014). The use of wider row spacing 

patterns such as twin-row winter wheat, in addition to suitable wheat cultivars, may allow for red 

clover to become a stronger candidate to be successfully frost seeded as a cover crop in winter 

wheat.  

 

1.4. Red Clover Effects in Corn-based Cropping Systems 

The cultivation of corn in southwestern Ontario is most notable to be a major crop for 

uses in livestock feed (60%) and industrial purposes (40%) such as ethanol production 

(OMAFRA, 2020a). While the cultivation of corn in 2017 made up approximately 860 000 

hectares (OMAFRA, 2020b), growers have become highly reliant on the use of inorganic N 

fertilizer to supply this area. In the early 1900s, the development of the Haber-Bosch process led 

to a readily available supply of inexpensive N fertilizer to enhance crop yields (Erisman et al., 

2008; Follett et al., 2010). The use of this synthetic N fertilizer was responsible for a 26% 

production increase in the six major non-leguminous crops in the US, and nitrogen use efficiency 

(NUE) increased by approximately 30% over the last 40 years due to improved crop varieties, 

increased irrigation and improvements in nutrient management (Stanford, 1973; Stewart et al., 

2005; Van Grinsven et al., 2015; Zhang et al., 2015). As a result, corn N demand has increased 
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while corn biomass yield has simultaneously risen over the years (Jordan et al., 1950). Although 

these advancements in nitrogenous fertilizers have continued into the present day, Ontario corn 

farmer’s reliance and continued use of N remain high to supply these high-yielding systems (Cao 

et al., 2018). For instance, North American N fertilizer demand increased by 0.5% from 2014-

2018, where 23 538 000 tonnes of fertilizer were used (FAO, 2018). However, the large demand 

and extensive use of N fertilizer increases risk of loss to the environment.  

On-farm management of crop nutrients is crucial for mitigating losses and reducing the 

environmental threat associated with annual fertilizer applications. Between 1990 and 2018, 

greenhouse gas (GHG) emissions in Canada rose 20.9% with the majority of this increase 

associated with fertilizer management and higher nitrous oxide (N2O) levels (Environment and 

Climate Change Canada, 2020). The losses associated with N applications in corn-based 

cropping systems are overwhelmingly high and are often attributed to loses via ammonia 

volatilization (Drury et al., 2017; Lui et al., 2019; Rochette et al., 2009). The application of urea 

for example, can result in half of the total NH3 from urea to be lost within two to seven days after 

application (Burch and Fox, 1989; Jarvis and Pain, 1990; Sommer et al., 2004). As a result, the 

facilitation of nutrient management and, specifically N management in corn where application 

rates are high, become increasingly important for minimizing the negative effects associated with 

N losses to the environment. 

The cultivation of corn in southwestern Ontario generally follows winter wheat in the 

crop rotation. As mentioned in Section 1.2, crop rotations that include winter wheat allow for the 

window of opportunity to exist for incorporating cover crops (Fowler, 2012; Gaudin et al., 2013; 

Snapp et al., 2005). Not only has this type of system been shown to have advantageous benefits 

such as yield increases of 7% in corn and 22% in soybean (Gaudin et al., 2014b), but it also 
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provides further value through the application of N-credits and related reductions in inorganic N 

fertilizer applications required in corn (Daapah and Vyn, 1998; Sarrantonio and Gallandt, 2003). 

The N-credits obtained by using legume cover crop species, in particular red clover, can allow 

producers to lower their application rates in subsequent corn crops. The Ontario recommendation 

for red clover N-credit values are 44-64 kg N ha-1, however these values may be greater if 

consistent stand uniformity could be achieved when red clover is frost seeded into winter wheat 

(Gaudin et al., 2013; Verhallen et al., 2003). Moreover, the use of red clover for N contributions 

to a following corn crop are important with respect to building stable organic N reserves, which 

tend to mineralize slower and reduces the leaching potential compared to reserves that reside 

from the active fraction of SOM (Westra, 2015). Studies by Harris et al. (1994) and Janzen et al. 

(1990) suggest that the use of legume cover crops contribute two to three times more N to the 

organic N pool than inorganic N fertilizer. In addition, soils can retain 47-56% of N from legume 

cover crops in the microbial biomass and non-biomass fraction of soils compared to 17% from 

synthetic N fertilizers (Harris et al., 1994). 

Issues relating to variable stand establishment of red clover frost seeded in winter wheat 

continues to be a challenge for farmers in temperate landscapes, and the approach for applying 

red clover N-credit values to subsequent corn crops has been dismissed (Queen et al., 2009). 

Farmer frustrations in patchy red clover stands has led to difficulties in applying uniform N-

credits to corn crops. As a result, producers are continuing to apply full N rates such that their 

corn crop is not N-limited and minimizes the risk of production loss. The environmental risk of 

this practice becomes prevalent when this occurs, as excess N is often applied where dense red 

clover stands have established, and biologically fixed N is or will become available through 
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mineralization (Westra, et al., 2015). Surplus N in these areas become prone to loss from the 

cropping system through leaching or N2O emissions (Westra et al., 2015; Gaudin et al., 2013).  

Despite the environmental implications that non-uniform stands of red clover have on 

subsequent corn crops, there are other management factors of red clover that may determine the 

maximum N-credit available. A study by Stute and Posner (1995) reported that over a two-year 

study in the US Midwest, red clover released 50% of its total N during the first four weeks after 

incorporation into the soil. Although the timing of N release from red clover residues vary 

depending on mineralization rates as affected by management practices, soil type, environmental 

conditions and residue quality such as C/N ratio, the termination timing of red clover cover crops 

may dictate the availability of N in which it is synchronized with the rapid uptake period of a 

subsequent corn crop (Gaudin et al., 2013; Westra, 2015). As the high N demand period typically 

occurs at the V6-V8 growth stage in corn, or approximately six to eight weeks after planting 

(Ritchie and Dolling, 1985), fall versus spring termination of red clover can be an important 

decision for maximizing economic return and NUE (Gaudin et al., 2013). The predominant 

decision in Ontario is to terminate red clover in the fall to avoid the delay of soil warming in the 

spring, while mitigating the challenges associated with termination by herbicide or tillage under 

wet spring conditions, or concerns of reduced moisture availability to cash crops in moisture-

limiting areas (Westra, 2015; Reese et al., 2014). Additionally, fall herbicide applications for the 

purpose of terminating red clover provides at least 85% control of red clover in the following 

spring, while also allowing for the control of perennial weed species (Cowbrough, 2012). Aside 

from the N benefits associated with red clover in the cropping system, non-N benefits to 

subsequent corn crops can also occur (Henry et al., 2010). A review of studies by Gaudin et al. 
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(2013) determined that when red clover was included in the cropping system, average corn yields 

under non-N limiting systems increased by 2%.  

Nonetheless, red clover grown as a frost seeded cover crop in winter wheat, and prior to 

the cultivation of corn, delivers a number of benefits. The challenge that continues to face 

farmers even prior to making these management decisions for maximizing the value of their 

cover crops, is the success in uniform stand establishment of red clover. Applying uniform N-

credits to subsequent corn crops becomes spatially difficult to apply when variability in red 

clover establishment exists, therefore leading to an underutilization of the N and non-N benefits 

that red clover can provide. The lack of inconsistency in establishment of red clover could be 

alleviated by the introduction of other clover species and relate it to further benefits within the 

crop rotation. 

 

1.5. Clover Species 

1.5.1. Red Clover 
 
 Red clover has been the cover crop of choice in Ontario for many years due to its highly 

adopted use as a forage and its cold tolerance making it adapted for areas of northern latitudes. 

Red clover performs best on well-drained soils but can also grow well in poorly drained soils 

with a pH of 6.0 or higher (USDA, 2006). Furthermore, its success in these temperate regions 

prone to colder weather is due to its exceptional seedling vigor that allows it to persist and 

establish with relative ease when frost-seeded in the early spring (mid-March to early April) 

(Riday, 2008). When red clover is frost-seeded into a winter wheat crop in the early spring, it has 

the advantage of being able to develop under the wheat canopy due to its shade tolerance 

properties, allowing it to continuously build both above- and below-ground biomass under low 
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levels of light (Riday, 2008; Gaudin et al., 2013). Red clover’s low light compensation point of 

approximately 140 µmol s-1 m-1 makes it an ideal species for surviving beneath a winter wheat 

canopy (Liebman et al., 2001).  

Red clover is a short-lived perennial legume with varieties being categorized as double- or 

single-cut (Fergus and Hollowell, 1960). In Ontario, double-cut red clover is still the most 

predominant type of red clover grown. This is primarily due to the greater availability of double-

cut red clover seed available in Ontario, as double-cut varieties can result in a harvestable forage 

crop for livestock feed in the year of seeding (Taylor, 2008). Single-cut red clover cultivars are 

grown more extensively in Western Canada and are favoured for its use as a cover crop. This is 

because flowering does not occur in the year of seeding, thus reducing the chance of volunteer 

red clover occurring in the following crop (Bowley et al., 1984). However, single-cut red clover 

varieties tend to be more costly as seed is often imported from Western Canada or the United 

States. In turn, this increases the cost of inter-seeding red clover into a winter wheat crop 

(Westra, 2015).  

Double-cut red clover is often associated with having crop biomass that is greater than 

single-cut red clover and contributes to more SOM additions as a result. However, a study from 

Christie et al. (1992) compared double-cut and single-cut strains as they related to the allocation 

of biomass production as an under-seeded cover crop. Single-cut red clover had a greater 

root/shoot ratio than double-cut strains with an average root/shoot ratio of 4.22 for the single-cut 

strain, versus an average root/shoot ratio of 0.94 for double-cut strains (Christie et al., 1992). The 

above-ground biomass of double- and single-cut red clover in this study did not differ, however 

there was a significant difference for root and shoot percent N and root biomass, with no 

difference in subsequent corn yield (Christie et al., 1992). Often, growers may look at utilizing 
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both wheat grain and straw as sources of revenue. Having proportionally less above-ground 

biomass from under-seeded single-cut red clover in wheat would be beneficial for maximizing 

straw biomass and quality. This may be achieved by a lower combine cutting height, while straw 

quality can be maintained by a faster drying time as a result of less red clover shoot biomass 

being incorporated into the straw adding moisture or restricting airflow from the bottom of the 

straw swath. In addition, lowering the incidence of the total amount of green material being 

processed through harvest machinery during wheat harvest can prevent delays and maintain 

harvest efficiency. As a result, red clover’s utility in both single-and double-cut varieties provide 

the characteristics needed to be an effective cover crop. However, the short stature of single-cut 

red clover appears to be a more attractive variety for its use as an inter-seeded cover crop in 

winter wheat, without compromising cover crop benefits.  

 

1.5.2. Crimson Clover 
 

Crimson clover is considered as an early-maturing winter annual cool-season legume 

species that tends to have rapid emergence properties due to its larger seed size and annual-like 

growth habits (Monday et al., 2013; Evers and Smith, 2006). Studies have shown that enhanced 

seedling growth in leguminous species is related to seedling vigor (Evers, 1999). Due to crimson 

clover’s larger seed size, it is perceived to have the best seedling vigor compared to other clover 

species. Once emerged, this could be directly related to larger seedling leaf size which enhances 

early developmental photosynthetic potential and could enhance seedling growth rates (Evers, 

1999). Crimson clover is best suited for well-drained, sandy loam soils, however it can also 

perform well on less suitable soils with a lower sensitivity to soil pH than most other annual 

clover species (USDA, 2009; Curell, 2014; Evers, 2003). Despite its ability to adapt to most 
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soils, it does not perform well in severe cold, extreme heat, or waterlogged soils. Although this 

species is considered to have excellent cold tolerance in areas such as the southeastern USA 

where it is predominantly grown (Knight, 1985; Brandsaeter et al., 2002), extreme temperatures 

that can develop in Canada can reduce the performance of this species. Crimson clover prefers a 

soil pH range of 6.0 to 7.0, where levels outside of this cause the species to perform poorly and 

have negative effects related to N fixation (USDA, 2009; Curell, 2014). It has been reported that 

after seedling establishment in the spring, crimson clover’s growth is superior to other clover 

species at lower temperatures (USDA, 2009). However, a study performed by Coombs et al. 

(2017) suggests that crimson clover produces lower amounts of fall biomass than red clover. In 

addition, there appears to be variability in this species to provide N to a subsequent corn crop. 

While an increase in N availability and grain yield have been observed in the southeastern 

United States (Wilson and Hargrove, 1986; Wagger, 1989a,b), there was no benefit to corn from 

crimson clover in Kentucky (Frye and Belvins, 1989).  

Cover crop management plays a major role in the success of crimson clover as a cover 

crop. Although considered a cool-season legume species, its adaptation and success has primarily 

been in the southeast and southern Atlantic regions of the US (USDA, 2009), and its success in 

northern areas such as Canada have been mixed. A study by Coombs et al. (2017) found that 

crimson clover biomass accumulation was low when seeded in the spring, however lower soil 

mineral N levels were observed in the fall compared to no cover crop, resulting in less soil N 

available for loss over the duration of the winter. Moreover, crimson clover’s ability to produce 

N and crop biomass occurs much earlier than that of other clover species with its early maturing 

nature (Monday et al., 2013). Despite this, crimson clover may only prove effective as a late 

seeded cover crop where cool, spring temperatures do not limit overall growth and performance, 
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or where crimson clover matures too quickly, and fixed N is not utilized effectively by 

subsequent crops. More recently, crimson clover has become a popular species used as a late 

season cover crop in Ontario as a result of its lack of overwintering and poor reseeding potential 

(Evers and Smith, 2006). Therefore, this species may dismiss the need for chemical or 

mechanical termination, unlike most other perennial clover species used as cover crops. 

Nevertheless, no published research has reported on the effectiveness of using the annual 

crimson clover species as a frost seeded cover crop in winter wheat for its utility in northern 

cropping systems. 

 

1.5.3.  Alsike Clover 

Alsike clover is a perennial plant that originated in central Sweden (Alsike) and was 

introduced into Canada around 1839 (Fairey, 1986). Like red clover, alsike clover is a short-lived 

perennial. Alsike clover, however, can be identified by its lack of white leaf markings and the 

presence of leaf margin serrations (Huuskonen et al., 2016). Despite its similarities to red clover, 

alsike clover is generally lower yielding (USDA, 2008). Alsike clover, unlike red and crimson 

clover, can persist under very wet conditions and on soils that are of more extreme pH values. It 

is a species that grows well in more northern latitudes and can survive severe winters, with cool 

summers being optimum for growth (USDA, 2008). Alsike clover has a low shade tolerance 

(USDA, 2008), which is a potential issue when it comes to its development as a frost-seeded 

cover crop under a wheat canopy in temperate agricultural regions. Its small seed size may also 

reflect upon its performance with seedling emergence and stand establishment due to fairly low 

seedling vigor compared to other legume species (Exner and Cruse, 1993). Small-seeded species 

often struggle with establishment and can require an additional two weeks for emergence (Den 
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Hollander et al., 2007) compared to larger seeded species (Exner and Cruse, 1993). Having early 

establishment becomes increasingly important with regards to utilizing higher levels of PAR 

through the wheat canopy in the early spring to drive the production of plant biomass through 

photosynthesis, as well as achieving quick ground cover to reduce the germination and 

establishment of weed seedlings and minimize erosion events from early season precipitation 

(Den Hollander et al., 2007). Once established, alsike clover has the ability to fix high quantities 

of nitrogen. A study from Rice (1980) showed that alsike clover had the ability to fix biological 

N phenologically by the end of July, which is earlier than red clover. Alsike clover fixed 85% of 

its total potential by this point, whereas red clover only fixed 73% (Rice, 1980). In addition, Den 

Hollander et al. (2007) found that alsike clover accumulated high amounts of total-N (10.8 g m-2) 

with a N-content of 3.73%. The high N-content was greater than all clover species used in the 

study, which included both red and crimson clover. As a result, the inclusion of alsike clover in 

the cropping system would be favorable due to its ability to have high annual N2 fixation (Rice, 

1980). This may be of importance when considering the quantity of available nitrogen that 

becomes mineralized for the subsequent corn crop when used as a frost-seeded cover crop in 

winter wheat; however total biomass production must also be considered. Despite the drawbacks 

of lower biomass and its lower shade tolerance than other clover species, alsike clover fits into 

the temperature climate well and has the potential to be utilized as a frost seeded cover crop in 

winter wheat. 

 

1.5.4.  White Clover 

White clover is a common perennial clover species that is widely used and adapted in 

Ontario’s pasture and forage crops. White clover exhibits a prostrate, stoloniferous stature that 
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can be of a weedy nature if not properly managed (USDA, 2006). This is aided by the fact that 

white clover is tolerant of many broadleaf herbicides used in commercial crop production due to 

its low growth profile and stolons, which contributes to issues related to it becoming a weed in a 

cropping system (Schuster et al., 2015). Despite white clover’s numerous benefits as a cover 

crop in providing sufficient quantities of N to subsequent crops, providing ground cover to 

reduce erosion events and improve soil tilth and water infiltration (Smith and Valenzuela, 2002), 

it may possess certain limitations when used as a cover crop in row-crop agriculture. White 

clover’s use as a living mulch in other agricultural systems such as organic orchards and 

vineyards have shown to be of greater benefit (Brunetto et al., 2011; Qian et al., 2015).  

Although white clover has been known to be less competitive when used as an inter-seeded 

cover crop than other clover species (red and alsike clover), Den Hollander et al. (2007) showed 

that survival rate in leeks dropped significantly from 59% to 30% as planting date of leeks was 

delayed while establishment and maturity of white clover increased, suggesting that white 

clover’s competitive nature was the cause to this effect. 

In addition to this, white clover’s use as a cover crop in an Ontario corn-based cropping 

system present disadvantages when it comes to providing benefits to a subsequent corn crop. 

White clover’s production of biomass and N fixation is negatively affected more by moisture and 

light limitations in the crop canopy than red clover (Carlsson et al., 2009). This effect is reported 

by Bergkvist et al. (2011) where white clover’s response to N fertilizer rates were greater than 

red clover when inter-seeded to winter wheat. Although N mineralization rates vary between 

leguminous species, a study by Marstorp and Kirchman (1991) determined that the release of N 

in white clover is quicker than that of red clover when incorporation of biomass occurs. 

Consequently, N release from white clover has the potential to occur prior to the high N demand 
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period in a subsequent corn crop. For these reasons, white clover has had limited options as a 

cover crop in row-crop agriculture and more specifically as an inter-seeded cover crop in winter 

wheat. Thus, white clover was not included in the current study. 

 

1.5.5.  Berseem Clover and Balansa Clover 
 

Berseem clover (Trifolium alexandrinum L.) and balansa clover (Trifolium michelianum 

L.) are two annual clover species that have favourable characteristics as cover crop species. For 

example, berseem clover is a summer annual clover species that grows well in slightly alkaline 

soils and under most soil types except sand (Clark, 2007). Berseem clover has rapid growth after 

seeding, and because it is a true annual species, it is considered to be the least winter hardy and 

will winter-kill (Gjaffarzadeh, 1997). Additionally, berseem clover produces high forage quality, 

large quantities of biomass, and responds well to multiple cuttings in a season (Baldridge et al., 

1992; Brink and Fairbrother, 1992; Singh et al., 1989). Berseem clover’s use as an inter-seeded 

cover crop in oats in Iowa, USA, increased total oat biomass production without reducing oat 

grain yield, and contributed to N-credits of approximately 44 kg N ha-1 to a subsequent corn crop 

(Gjaffarzadeh, 1997). Greater N contributions have also been observed where berseem clover, 

frost seeded in Michigan, produced approximately 95 kg N ha-1 (Shrestha et al., 1998). Balansa 

clover is a cool-season annual clover that adapted to grow on a range of soil types, and can 

tolerate growing conditions of waterlogged soils, salinity and pH ranging from 4.0 to 8.0 (Clark, 

2007). However, balansa clover has undergone minimal scientific experimentation for its use as 

a cover crop in northern crop growing regions. Some evidence of success has been noted by 

farmer experiences in parts of the mid-western US, however its use in Ontario is limited. Both 

berseem and balansa clover have had genetic improvements developed by Grasslands Oregon to 
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improve their utility as both cover crop and forage. Berseem clover (Var. Frosty) and balansa 

clover (Var. Fixation) have been bred to have improved cold tolerance, making them a more 

suitable species to be seeded in northern climates (Baune, 2020; Pearce, 2017). Although no 

experimental research has been conducted on the use of these two annual clover species in 

Ontario, their improved cold-tolerance may prove beneficial for their use as a cover crop in a 

frost-seeded environment with winter wheat. 

 

 

1.6. Objectives and Hypotheses 

The goal of this research project is to provide farmers with a comprehensive management 

strategy for mitigating stand establishment issues of red clover as a cover crop in Ontario, 

Canada. In this thesis, I am testing three hypotheses. First, I ask the question, how did red clover 

end up as the predominant clover species for a cover crop? Based on historic literature, I 

hypothesize that red clover has been the clover of choice in Ontario primarily due to the 

available sources of seed and familiarity with the plant. I then ask the question, will increasing 

clover diversity result in better stand establishment when frost seeded in winter wheat? I 

hypothesize that an increase in clover species diversity as a frost seeded cover crop in winter 

wheat, with alterations to winter wheat row spacing management, can improve stand 

establishment and uniformity of clover cover crops. Finally, I ask the question, are there any 

short-term impacts on including clover in the rotation in addition to a N-credit? I hypothesize 

that the use of clover species preceding corn in the crop rotation leads to a rotation effect, 

resulting in a positive response to corn physiology that extends beyond N effects. 
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The following objectives for the course of the research project are as follows: 

1. Investigate past literature to determine why red clover has been known as the 

clover of choice as a cover crop in Ontario. 

2. Determine the establishment dynamics of single-cut red, crimson, alsike 

berseem and balansa clover in single, two-way and three-way species blends 

as a frost seeded cover crop in winter wheat. 

3. Assess the variability in clover establishment in twin-row and conventional 

winter wheat row spacing. 

4. Determine the short-term/immediate rotation effects to a subsequent corn crop 

with split nitrogen applications.  
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Chapter 2. Red clover’s (Trifolium pratense L.) journey from forage 
to cover crop – a historical overview of red clover 

 
2.1.  Abstract  

Red clover (Trifolium pratense L.) has seen substantial shifts in use since it was first cultivated 

with agricultural interest in the 17th century and has been an important species into the present 

day. The objective of this paper was to determine how red clover has become the main clover of 

choice for a cover crop across temperate agricultural landscapes. Based on over 100 years of 

literature reviews, red clover has a history of use for many aspects within the agricultural system 

for its green manure properties towards soil fertility, feed value in livestock systems, and more 

recently as a cover crop. The introduction of the Haber-Bosch process in 1909 for synthetically 

made N-fertilizer and the introduction of winter-hardy alfalfa cultivars coincided with reductions 

in red clover use. More recently, reductions have been caused by simplified corn-soybean 

rotations. Currently, red clover’s main use is as a frost seeded cover crop in winter wheat, 

however, stand establishment uniformity continues to be a challenge. As a result, red clover’s 

persistence into the present day has been attributed to the availability of cheap, locally adapted 

sources of seed, and familiarity with the plant.  
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2.2. Introduction 

The goal of this review paper is to answer the question: how did red clover end up as the 

main clover of choice for a cover crop in Canada? To answer this question, we highlight red 

clover’s history in agriculture from its origins in Eurasia along the Mediterranean Sea (Fergus 

and Holowell, 1960), to its use in agriculture in the 16th century (Blomeyer, 1889; Hopecroft, 

2003; Kjaergaard, 2003; Lane, 1980; Merkenschlager, 1934a, 1934b; Riday, 2010; Zeven, 1991), 

to its current usage as a cover crop (Blaser et al., 2006, 2011; Christy et al., 1992; Daapah and 

Vyn, 1998; Gentry et al., 2013; Gaudin et al., 2013, Johnson, 2005;).  Red clover has been well 

known for its suitability as a nutrient-rich forage for livestock for many years (Frame et al., 

1998), and also for its nitrogen (N) fixing ability to provide a N-credit to subsequent crops in the 

rotation (Daapah and Vyn; 1998; Christy et al., 1992; Gaudin et al., 2013; Ketterings et al., 

2015). As a result of these benefits to the agroecosystem both as a cover crop and as a green 

manure, substantial shifts have been made in red clover use. In this chapter we will examine 

events that took place that led red clover from a forage crop to cover crop. 

 

2.3. Red Clover Morphology and Biology 

Red clover is a short-lived perennial species that maintains a versatile role as a forage 

legume crop. It is adaptable to various soil types, pH and environments which makes it a 

valuable species as a hay, silage, pasture and cover crop in temperate regions of the world 

(Ortega et al., 2014; Smith et al., 1985). Red clover thrives in temperatures ranging from 21 to 

24°C under adequate moisture levels throughout the summer season (USDA, 2002). It performs 

well on soils that are well-drained but with high water holding capacity, such that loams, silt 
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loam and heavy textured soils like clay are preferred over light sandy or gravelly soils (USDA, 

2002). Growth of red clover is optimal on soils with a pH of 6.0 to 7.6, however growth 

reductions are minimal at a pH of 5.0 to 6.0 if fertility levels are sufficient (Smith et al., 1985; 

USDA, 2002; Madill and Skepasts, 1981).  

Red clover is identified by its palmate trifoliolate leaves that are in an alternate pattern. 

Although the first true leaf is a unifoliate, succeeding leaves are trifoliate. Leaflets will most 

often possess a white to yellow crescent shaped marking similar to that of the low-growing 

stoloniferous species white clover (Trifolium repens L.) (Taylor and Queensbury, 1996). The 

head (inflorescence) of red clover is also distinctive as a result of a terminal capitulum that 

contain 30-70 florets of a rose-pink colour (Taylor and Queensbury, 1996). Red clover stems, 

derived from the crown, are hollow and densely covered with hairs (trichomes) on both leaf and 

stem. The pubescence of red clover is more common in North American cultivars as a result of 

non-glandular trichomes that occur due to selection for insect resistance (Taylor and 

Queensbury, 1996). Red clover generally establishes a tap root system that is approximately one 

meter in length, however some shorter growing varieties may develop a more fibrous root system 

with adventitious roots derived from the crown (Isobe et al., 2014; Taylor and Queensberry, 

1996; USDA, 2002).  

Two main types of red clover exist: medium and mammoth varieties. These varieties are 

often characterized by their time to flowering rather than the number of harvests, such that 

medium red clover varieties flower more quickly than mammoth (Bagg, 2012; Fergus and 

Hollowell, 1960). In Canada, these varieties are more commonly known as double-cut (medium) 

and single-cut (mammoth) red clover. Both varieties, however, can contribute towards producing 

similar total biomass over a growing season (Fulkerson, 1982; Madill and Skepasts, 1981). 
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Double-cut varieties tend to be more commonly grown due to their ability to produce higher 

quantities of above-ground biomass for forage purposes (Bruulsema and Christie, 1987; Christie 

et al., 1992; Fulkerson, 1982; Hejduk and Knot, 2010). As a result of increased levels of 

functionality for double-cut red clover, single-cut varieties are not as common due to low first 

year vegetative growth (Choo et al., 1984; Christie and Choo, 1991). Studies suggest that when 

grown as a cover crop under winter wheat (Triticum aestivum L.), however, single-cut red clover 

is preferred due to its lower above-ground biomass in the year of seeding while having a greater 

root/shoot ratio than double-cut red clover (Christie et al., 1992; Hesterman et al., 1992; Loucks 

et al., 2018; Singer et al., 2006). Minimizing the amount of above-ground biomass is often seen 

as advantageous when under-seeding into winter wheat to enable a lower cutting height for 

maximizing straw biomass while reducing the amount of green clover material being clipped off 

and processed through the combine.  

Red clover varieties in North America are primarily diploid (2n = 14), while tetraploid 

(2n = 28) red clover varieties are used in Europe in addition to diploid varieties (Taylor, 2008; 

Riday 2010; Taylor and Queensbury, 1996). Diploid red clover varieties are most common in 

North America because tetraploid varieties tend to have reduced seed yields in the North 

American environment (Taylor, 2008). The diploid red clover varieties common to North 

America contain self-incompatible alleles, forcing entomophilic cross-pollination to ensure 

fertilization. One of the unique aspects of red clover is that it is a population, not a true-breeding 

cultivar. This fact, coupled with its self-incompatibility, sets up the natural mechanism for red 

clover populations to adapt to local environments. In turn, red clover seed production over 

multiple generations develop populations that become adapted to specific geographies, 
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production systems, and have local resistance to diseases and insects (Taylor and Queensbury, 

1996; Frame et al., 1998, Taylor and Smith, 1980).  

 

2.4. Historical Development – Old World 

There are a total of 250 species of clover that belong to the genus Trifolium, of which, red 

clover is one. Approximately one-third of these species are perennial, and the remainder are 

annuals. One-third of the species within the Trifolium genus are self-pollinated with the majority 

requiring cross-pollination by bees for the production of seed (Taylor, 1985). Historical records 

suggest that red clover was first reported in Europe during the 3rd and 4th centuries; however, the 

cultivation of red clover was first mentioned in the literature by Albert Magnus in the 13th 

century (Isobe et al., 2014; Taylor and Queensbury, 1996). Although red clover was historically 

known as a wild plant, it was first noted as being cultivated in Spain and later in northern 

Europe, specifically for agricultural purposes at the end of the 17th century (Isobe et al., 2014; 

Kjaergaard, 2003). The red clover seed first cultivated in northern Europe was likely to have 

originated from Spain, thus cultivated red clover during that time period was called “Spanish 

clover” (Isobe et al., 2014). Later, red clover was cultivated in Italy (1550), Flanders (1566), 

France (1585), England (1645), United States (1663), and Russia (1776). By the 1800’s, this 

crop had expanded to almost all temperate agricultural regions in the world (Isobe et al., 2014; 

Taylor and Queensbury, 1996). Although the spread of red clover occurred mainly in Europe, 

there are some species of clover native to North America. This includes species such as T. 

reflexum (buffalo clover), T. stoloniferum (running buffalo clover), T. carolinianum (Carolina 

clover), T. virginicum (Kate’s mountain clover), and T. bejariense (Bejar clover) (Taylor et al., 
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1994). They are primarily found as wild plants with no documented evidence of them being 

grown for agricultural purposes.  

While the benefits of cultivating red clover were perhaps not scientifically established, 

farmers however, understood that red clover contributed to improving yields and adding some 

level of value to their cropping system (Piper, 1916). It has been stated by Piper (1916) that red 

clover has had a greater influence on civilization than the potato (Solanum tuberosum L.). This 

was noted due to the fact that red clover was able to fix atmospheric nitrogen through the 

symbiotic relationship with the soil bacterium Rhizobia and the roots. It was not until 1866 that 

Woronin discovered these bacteria, and not until 1887 that the importance of such bacteria to 

leguminous plants and the formation of root nodules to fix atmospheric nitrogen was identified 

by Hellriegel (Piper, 1916). In turn, the use of red clover as a green manure replaced fallow land 

in the crop rotation and not only provided a source of nitrogen directly to the soil, but also 

increased the abundance of livestock feed and indirectly, manure supplies (Piper 1916; Taylor, 

1985). The dependency of potatoes on red clover as a green manure influenced the food supply 

in the 17th century and allowed the European population to triple by the 1900’s (Kjaergaard, 

2003; Taylor, 1985).  Consequently, red clover plants have historically played a role in the agri-

food system for their value as a nitrogen source to subsequent crops in rotations and is one of the 

major reasons for the widespread use of red clover. 

As early as 1918, there were a number of attributes of red clover recognized for 

contributions to soil health. Boss and Arny (1918) describe red clover as providing the following 

benefits: 

1) Adds to soil organic matter, allowing for greater root development of other plants, 

2) Enhances the soils microbiome and earthworm populations, 
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3) Increases the water-holding capacity of the soil, 

4) Provides a living root structure to prevent the loss of soil from rain and wind erosion and, 

5) Improves soil aggregate stability and water infiltration. 

Ironically, current fundamental practices of sustainable agriculture and the use of cover crops 

align closely with the soil health attributes as the ones previously stated by Boss and Arny over a 

century ago. More recently, extensive research has allowed producers to better understand the 

mechanisms underlying the benefits of leguminous cover crops, in particular red clover.  

Red clover was brought to the USA by early settlers for its use as a high-quality feed 

source for livestock (Smith, 2000). Red clover followed US settlement and became adapted for 

its use as hay, silage, pasture and soil improvement (green manure) in temperate climates (Smith, 

2000). In the northeastern and northcentral US and southeastern Canada where red clover was 

predominantly grown, localized production of red clover seed allowed for it to become locally 

adapted over time. As farmers harvested their red clover for seed, they improved the superiority 

and adaptation over red clover sources originating from Europe, resulting in red clover being a 

vigorous crop that thrived in North American temperate climates (Smith, 2000; Piper, 1916). 

 

2.5. Red Clover in North America 

Due to red clover’s ease of establishment, good seedling vigour, rapid growth and 

contribution to improving soil health, it has been well documented as a highly important and 

influential crop worldwide (Kjaergaard, 2003; Taylor, 1985). More specifically, red clover 

continues to have status as an important crop on farms across North America. In temperate 

agricultural regions in North America, red clover is most often grown in mixed swards with 

grasses such as timothy (Phleum pratense L.) and rarely grown in pure stands, hence it is 
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difficult to estimate the total cultivated land area where it persists. However, in the USA between 

1909 and 1927, mixed swards of red clover and grass were at their maximum, spanning 12 to 14 

million hectares (Taylor and Queensbury, 1996). During that time, red clover use in the US 

spanned across most areas where sufficient rainfall occurred (Westgate and Hillman, 1911). In 

the arid regions of the western US, alfalfa (Medicago sativa) was more often grown as a result of 

longer persistence and a greater number of cuttings per season under the drier conditions 

(Westgate and Hillman, 1911). In the US between 1927 and 1959, the cultivated land area under 

clover-grass swards decreased from approximately 14 million hectares to 6 million hectares, and 

further declined to 4.15 million hectares by 1987 (Taylor and Queensbury, 1996). Since then, red 

clover cultivation, including that utilized for seed production, has declined rapidly in the US, 

Great Britain, France, Sweden and New Zealand; however, Canada has not incurred the same 

dramatic decrease in red clover cultivation (Taylor and Queensbury, 1996). The subsequent 

section will outline why red clover use as a forage has declined dramatically across North 

America and why it is predominantly used as a cover crop but is declining still in that respect.  

 

2.5.1. Causes of Red Clover Forage Acreage Decline 

 
The decline in red clover cultivation came as a result of two major factors; 1) the 

development of the Haber-Bosch process and 2) the introduction of alfalfa. The development of 

the Haber-Bosch process in 1909 utilized the methods of ammonia synthesis as a means for 

extracting atmospheric nitrogen (N2 gas) to be processed into a synthetic source of nitrogen 

fertilizer (McNeill, 2000; Isobe et al., 2014) The post-WWII era was characterized by an 

abundance of cheap sources of synthetic fertilizers and pesticides, thus decreasing the need for 

green manures to provide farmers with a source of nitrogen (Allison and Ott, 1987; Cardwell, 



31 

1982; Dimitri et al., 2005; Sarrantonio and Gallandt, 2003). For example, legume seed 

production in the US (excluding alfalfa), decreased from 122 million kg in 1959 to 22 million kg 

by 1979 (Power and Doran, 1984), while total nitrogen applied in the US during the same time 

period increased from 2.4 million tons to 95 million tons (Taylor and Queensbury, 1996). As a 

result, red clover was no longer cost-effective, and growers began to realize the ability for 

inorganic N sources to provide a more uniform and consistent application onto field crops 

(Fergus and Hallowell, 1960; Allison and Ott, 1987). 

The second factor that resulted in the decline of red clover in North America was the 

introduction of alfalfa. The rapid development of alfalfa in the US took place in 1854 in 

California (Piper, 1916), where around the same time the introduction of irrigation was also 

occurring (Putnam et al., 2000). Consequently, the ability for alfalfa to thrive in more arid 

climates, and with the help of irrigation, allowed for the widespread use of this crop in the 

western US regions (Putnam et al., 2000). The cultivation of alfalfa in the northeastern US and 

southern Canada, however, was challenging due to the lack of cold hardiness in varieties initially 

brought over by western European settlers (Frame et al., 1998). Through breeding, improved 

cultivars of alfalfa for winter-hardiness and persistence were developed, increasing its usage in 

Canada and the northern US (Frame et al., 1998). Although still dominant in this time period, red 

clover began to be replaced more frequently by alfalfa, which was fundamentally due to alfalfa’s 

superior forage qualities: high nutritive value and palatability, larger biomass production, 

drought resistance from large tap root structure, stand longevity, and its ability to make superior 

dry hay (Piper, 1916). However, despite red clover’s popularity during the early 1900’s, there 

were large efforts to promote the increase in the cultivated area of alfalfa in parts of Ontario as a 

means to improve soil fertility and crop rotations – “the alfalfa campaign” (Trueman, 1930). 
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The alfalfa campaign was aimed at incorporating more alfalfa into crop rotations in 

Grenville county of Ontario, Canada, to improve soil fertility and drainage (Trueman, 1930). 

This campaign increased alfalfa acreage by 518%, over a 5-year period, at the expense of land 

containing pasture and hay consisting of red clover (Trueman, 1930). During this period, acreage 

under yellow sweet clover (Melilotis officinalis) also increased in the region, as a substitute of 

alfalfa, when alfalfa seed was scarce (Trueman, 1930). Sweet clover’s ability to perform in 

poorly drained soils made it ideal for an area like Grenville county and other areas where alfalfa 

could not be grown (Trueman, 1930). However, sweet clover’s sensitivity to acidic soils and 

poor ability to provide a satisfactory hay crop in the second year made it less versatile than red 

clover (Hughes, 1925). Growers were unable to observe positive effects of sweet clover to the 

cropping system despite its high N and plant biomass contributions (Fulkerson, 1982). 

Despite the two major factors influencing the decline of red clover previously mentioned, 

production shifts to more intensive cropland has also been a major contributor to this. For 

instance, in the US between 1850 and 1950, approximately 105 million hectares of grasslands 

were converted into cropland, with an additional 11 million hectares lost between 1950 and 1990 

(Conner et al., 2001). More recently, the introduction of genetically modified corn brought 

increased drought tolerance, allowing corn to be grown in the Northern Plains of the US. In 

addition to this, the expansion of ethanol production in the US created a greater demand for corn, 

which subsequently led to an increase in commodity prices and therefore producers in Iowa, 

Minnesota, North Dakota, South Dakota and Montana have converted areas of hayland, 

pastureland and rangeland into cropland (Claassen et al., 2011). The introduction of corn to be 

grown and utilized in the beef industry has also had an influence on the decline of pastures 

including red clover. The shift towards more grain fed beef in feedlots occurred after the WWII 
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era as low grain prices warranted the increase in grain fed beef production (Galyean et al., 2011). 

Moreover, the replacement of pastures with more intensive row-crop operations in the US corn 

belt and southwestern Ontario has also replaced livestock farms altogether, which further 

reduced the need for red clover to be a multi-purpose forage and green manure crop (Ketcheson, 

1980). This has perhaps indirectly shifted red clover’s position as a forage crop towards solely 

being used for its soil improvement purposes. 

 

2.6. Clovers as Cover Crops 

The use of red clover as a cover crop in northern cropping systems has been a practice for 

several decades to mitigate the risks associated with both biotic and abiotic stresses, in addition 

to improving soil conservation and soil health (Gaudin et al., 2013). Furthermore, red clover’s 

ability to improve the use of nitrogen resources, as well as its ability to biologically fix nitrogen 

and provide for subsequent crops have also been well documented (e.g. Blackshaw et al., 2010; 

Daapah and Vyn, 1998; Drury et al., 2003;  Gaudin et al., 2013, Henry et al., 2010; Fisk et al., 

2001; Mutch et al., 2003). Despite the factors that highlight red clover’s function as a cover crop, 

the decline in its use has been further recognized due to production shifts on cash crop farms in 

more recent years. Although less significant, the historic use of red clover in small grain-clover 

rotations has been replaced by simplified corn-soybean rotations or monoculture systems. 

More recently, row-crop agriculture has shifted further towards these simplified crop 

rotations which has not only contributed towards a loss of soil organic matter (Ketcheson, 1980; 

Munroe, 2017), but dismantled the inclusion of red clover and cover crops in general due to the 

small window of opportunity for establishment related to corn and soybean production (Gaudin 

et al., 2013). Consequently, government policies in the US have provided large incentives for 
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farmers to operate on these simplified rotations to increase their yields (Parr et al., 1990; Stuart 

and Houser, 2018). However, the elimination of forage and cereal crops within the crop rotation 

have led to a plethora of environmental issues at the expense of soil health, resiliency against 

biotic and abiotic stresses and crop yield (Elliot et al., 1987; Scott and Burt, 1987).  

Evidence in past and current literature show that red clover possesses the cover crop 

characteristics needed to improve agroecosystem functionality and stability (Chapagain et al., 

2020; Gaudin et al., 2013). This can be seen through its ability to fix atmospheric nitrogen, 

supply N to the following cash crop, addition of carbon biomass, weed suppression, attract/host 

pollinators and beneficial organisms, and its ability build soil health through increased microbial 

activities (Blaser et al., 2012; Drury et al., 1991; Gupta, 1988; Janzen et al., 1990; Ladd et al., 

1983; Mutch et al., 2003). This results in improvements in water infiltration, holding capacity 

and use efficiency, soil aggregate stability, and nutrient availability (Daapah and Vyn, 1998; 

Gaudin et al., 2013; Gupta, 1988; Hussain et al., 1988; Six et al., 1999; Unger and Merle, 1998; 

Verhallen, 2003; Westra, 2015; Wyngaarden et al., 2015). In Ontario, the best strategy to include 

red clover in the cropping system is through the inclusion of winter wheat in the corn and 

soybean rotation. The increase in diversification by including winter wheat in the crop rotation 

can improve the nitrogen use efficiency (NUE) of the agronomic system as a whole, while at the 

same time contributing towards the stability of corn and soybean yields and increasing annual net 

profits in subsequent years (Gaudin et al., 2015; Queen et al., 2009; Meyer-Aurich et al., 2006). 

As a result, winter wheat provides the temporal niche needed to include a red clover cover crop 

(Snapp et al., 2005) as it opens up the opportunity to be frost-seeded into winter wheat while 

providing a growing environment that is non-competitive between species. 
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The question, however, still persists; why is red clover still the major clover species used 

today as a frost-seeded cover crop, and why are other clover species not utilized under these 

conditions? While there may have been many extension and on-farm experiments to this regard, 

it appears as though no scientific based evidence in the literature has directly compared red 

clover against other clover species to see which performs best. Additional clover species that 

would be suitable comparisons to red clover in a frost-seeded environment would be alsike and 

crimson clover. Alsike clover is a short-lived perennial species that has similar agronomic 

benefits (Rice, 1980) and growth habits to red clover and performs best in species mixtures under 

northern climates with cool, wet summers (Huuskonen et al., 2016; Piper, 1916; USDA, 2008). 

However, alsike clover is generally lower yielding than red clover and is not considered shade 

tolerant (USDA, 2008). Crimson clover is another suitable species, although it has been more 

recently utilized as a cover crop seeded after winter wheat harvest, and generally included in a 

species blend with other species such as oats, radish and cereal rye (Chapagain et al., 2020; Chu 

et al., 2017, Verhallen, personal communication, 2020). Because of crimson clover’s winter-

annual nature, its ability to be seeded in the early spring (May) results in biomass accumulation 

much less than that of red clover (Coombs et al., 2017). No evidence of crimson clover’s 

performance when frost-seeded into winter wheat has been found in the literature. White clover 

(Trifolium repens L.) is another species of choice that has some supporting literature with 

comparisons to red clover. Its low-growing stoloniferous growth has led to management issues 

for white clover, and difficulties in controlling its stoloniferous growth with broadleaf herbicides 

have been reported (Schuster et al., 2015). In addition, white clover tends to be more susceptible 

to light and moisture stress than red clover, resulting in lower biomass and N fixation (Carlsson 

et al., 2009). Lastly, it’s been found by Marstorp and Kirchman (1991) that the mineralization of 
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white clover residues occurs more rapidly than red clover, therefore negatively influencing the 

synchrony of N demand periods of subsequent crops. For these reasons, white clover has been 

avoided as a cover crop in conventional winter wheat systems. 

As a result of the limited research on the use of alsike and crimson clover, a recent study 

was conducted (Chapter 3) to determine if alsike and crimson clover could be suitable candidates 

in addition to red clover as a frost-seeded cover crop in winter wheat. It was determined that red 

clover was still the best clover species to use under frost-seeding conditions for stand 

establishment, shoot and root biomass, and total plot coverage without compromising winter 

wheat grain yield (Chapter 3). Although alsike clover was able to produce adequate stands, it did 

not compare to the performance of red clover under the conditions of the study. Furthermore, 

crimson clover’s annual nature resulted in the early completion of its lifecycle, and coupled with 

poor initial establishment, it is not a recommended species for its use as a frost seeded cover crop 

in winter wheat.    

As it seems, the use of clovers as cover crops in North America today is defined by 

having two functional areas in the cropping system; the first being the use of red clover 

(perennial) frost-seeded into winter wheat, and the second is the use of crimson clover (annual) 

seeded after winter wheat harvest. 

 

2.6.1. Frost Seeding Red Clover in Winter Wheat: 

Frost-seeding red clover into winter wheat is generally performed in the early spring in 

Ontario, Canada (late March-early April), or earlier in the corn belt regions of the US (Figure 2a-

2d) (Gaudin et al., 2013). This inexpensive and efficient method of seeding takes advantage of 

spring freeze/thaw cycles that exists during the early spring when there are consecutive daytime 



37 

temperatures that rise above 0°C and fall below freezing during the nighttime. The frozen ground 

minimizes damage to the winter wheat crop during the time of seeding, while the freeze/thaw 

action along with spring precipitation allows for the small broadcasted red clover seed to find its 

way into cracks on the soil surface, thereby providing adequate seed to soil contact (Clark, 2007; 

Gibson et al., 2006). Despite the non-competitive relationship that red clover has with winter 

wheat (Blaser et al., 2011; Gaudin et al., 2014; Hartl,1989; Hesterman et al., 1992; Schipanski 

and Drinkwater, 2010), the establishment of red clover within the wheat canopy may be 

compromised because of stress throughout the growing period (Blaser et al., 2006).  

The successful germination and establishment of red clover under a winter wheat canopy 

occurs quickly while early season irradiance on the soil is relatively high, and the wheat crop 

biomass is low (Gaudin et al., 2013; Wyngaarden et al., 2013). As daytime temperatures begin to 

rise, the winter wheat crop growth rate increases and competition for light and water become 

prevalent, which are primary factors that may limit red clover seedling development (Klebesadel 

and Smith, 1959). One of red clover’s advantages in its use as a cover crop is its shade tolerance 

and ability to accumulate biomass under low levels of light (Gist and Mott, 1957). The light 

compensation point of red clover is 6% of daylight, making it more efficient than other legumes 

in this particular agronomic microclimate to establish itself and begin to produce biomass under 

the wheat canopy (Taylor and Smith, 1995). Although red clover has the ability to survive under 

a low-light environment better than other legume cover crops, it is nonetheless considered a 

stress and may be linked to patchy red clover establishment among various other environmental 

factors (Queen et al., 2009). Moisture stress, for example, is debatably the most predominant 

cause for variability in red clover establishment as an inter-seeded cover crop in winter wheat. 

Various studies have specifically associated dry years with poor red clover biomass production 
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and increased levels of stand variability (Blaser et al., 2006; Mutch et al., 2003; Queen et al., 

2009; Singer et al., 2006; Westra, 2015). Consequently, the uncertainty in establishment success 

of red clover in recent years has led producers away from using red clover as a cover crop 

(Chapagain et al., 2020; Gaudin et al., 2013). For example, approximately one-third of Ontario’s 

winter wheat acres gets seeded to red clover annually, however the use of red clover as a cover 

crop has declined over the past several years (Johnson, personal communication, 2019). This 

recent decline in use can be attributed to these issues surrounding poor red clover establishment 

when frost-seeded into winter wheat, in addition to the ease of application of synthetic fertilizers 

and herbicides, the interference with straw harvest, economics of inter-seeding into poor wheat 

stands, as well as increased farmer interests in the vast array of other cover crop options to seed 

after wheat harvest (Follings, 2019; Gaudin et al., 2013; Johnson, personal communication, 

2019). 
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c)                  d) 
 
Figure 2.1. Red clover use as a cover crop: a) frost-seeding into winter wheat; b) red clover growing into winter 
wheat; c) growth at wheat harvest; d) post-wheat growth in the fall (November) (Chapagain et al., 2020). 
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2.6.2. Seeding Crimson Clover After Winter Wheat Harvest: 

 The issues surrounding red clover establishment when frost-seeded into winter wheat has 

more recently turned growers to the use of seeding cover crops after winter wheat has been 

harvested. Given that only the first two-thirds of the growing season is used for the production of 

winter wheat, the remaining growing period provides the opportunity to establish annual species 

as a cover crop (Hayes, 2013; Swanton et al.,1996; Vyn et al., 1999), or late season forage (Deen 

et al., 2019). This opportunity has given rise to the use of crimson clover in this environment for 

reasons such as its ability to rapidly grow in the fall, in addition to its use in winter grazing and 

forage mixes with other annual species (Knight and Hollowell, 1974). For example, Holderbaum 

et al. (1990) found the use of crimson as a fall-seeded cover crop in Maryland, US, had high 

levels of establishment and soil coverage, and contributed to an average biomass and N 

contribution of 8.1 Mg ha-1 and 229 kg total N ha-1, respectively. Although the use of crimson 

clover has shown promise as a cover crop, the vast majority of crimson clover’s successes has 

occurred in the southern and central US (Knight and Hollowell, 1974), with very little scientific 

literature validated in Ontario for crimson clover’s use as a late seeded cover crop. Nonetheless, 

crimson clover has found its way into commercial cover crop seed mixes in Ontario (often with 

oats, radish, cereal rye) (Chapagain et al., 2020; Verhallen, personal communication, 2020) and 

has been used with some level of success as a cover crop after wheat harvest. Crimson clover’s 

use can most likely be attributed to its annual nature, making it a better choice than red clover to 

seed after winter wheat for its faster growth rates and ability to winterkill (Knight and Hollowell, 

1974). However, despite the lack of supporting scientific literature for its use in Ontario, it has 

perhaps been adopted by growers simply for the comfort of having a clover growing in the field. 
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2.7. Conclusion 

The purpose of this paper was to answer the question: how did red clover end up as the 

clover of choice for a cover crop? As it seems, the apparent role of red clover today is mostly 

utilized as a frost-seeded cover crop in winter wheat. However, red clover’s main use in this 

environment is typically under stress for moisture and light availability as a seedling. While this 

is considered to be less detrimental to red clover than to other species such as alsike and crimson 

clover, the apparent differences of these advantages (high shade and cold tolerance, high spring 

growth rate, low competitor with winter wheat) have primarily been made by farmer experiences 

more so than scientific research. In addition to this, red clover’s historical use has led this species 

into the present day, mostly due to the availability of affordable, locally adapted seed, and the 

familiarity with the plant. Lastly, red clover’s long history of known benefits to the soil and 

productivity of subsequent crops has greatly influenced the way growers have utilized this plant 

from a forage, to a cover crop.  

Given red clover’s historical importance, its position in the agroecosystem today as a 

cover crop has been realized and continues to play a significant role in crop rotations. Because of 

this, red clover has remained as the clover species of choice in temperate climates for many years 

and has the potential to continue this trend in the future. However, as with almost all other cover 

crop species, red clover has not gone through genetic improvement for its use specifically as a 

cover crop. It is our contention that while red clover has been improved for forage purposes (e.g. 

Riday, 2010; Taylor, 2008; Ortega et al., 2014; Frame et al., 1998; Taylor and Queensbury, 

1996; Abberton and Marshall, 2005), its use as a green manure (e.g. Gaudin et al., 2013; 

Huxham et al., 2005; Tiffin and Hesterman, 1998; Liebman et al., 2012) and a cover crop (e.g. 

Loucks et al., 2018; Gaudin et al., 2013, 2014; Hesterman et al., 1992; Blaser et al., 2011; 
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Wyngaarden et al., 2015; Verhallen, 2003; Snapp et at., 2005) was not by design, but rather was 

serendipitous. Given this, it is conceivable that the true potential of red clover as a cover crop has 

not yet been realized. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



43 

Chapter 3. Using Species Diversity and Winter Wheat Row Spacing 
Management to Improve Stand Establishment Issues in Red Clover 
as a Cover Crop 

 
3.1. Abstract 

 
The inability of red clover (Trifolium pratense L.) to successfully provide growers with uniform 

stands across the landscape has hindered its use as a cover crop in Ontario when frost seeded into 

winter wheat (Triticum aestivum L.). This study was conducted to determine if additional clover 

species in one, two- or three-way species blends, in addition to winter wheat row spacing 

management, could aid in the uniform establishment of a clover cover crop. The effects of the 

treatments on clover stand establishment, shoot and root biomass, total plot coverage and winter 

wheat physiology traits were investigated over three location-years at Elora and Waterloo, 

Ontario, Canada. Across all location years, red clover outperformed all other species for clover 

stand establishment, biomass accumulation, and plot coverage with no significant impact on 

winter wheat grain yield (5.01 Mg ha-1) vs. the no clover control (4.87 Mg ha-1). Moreover, no 

significant advantage was observed from the introduction of clover species, either as single 

species or in two- and three-way species blends. Row spacing did not affect clover stand 

establishment, biomass or percentage of plot coverage; a significant decrease in winter wheat 

yield and straw biomass was observed with twin-row winter wheat. The introduction of twin-row 

winter wheat greatly reduced red and alsike clover shoot and root biomass CV. Red clover still 

appears to be the most suitable clover species for frost seeding into winter wheat, and twin-row 

winter wheat spacing lowers the variability in biomass accumulation while reducing input costs.  

 

 



44 

3.2.  Introduction 

The inclusion of winter wheat in crop rotations with corn and soybean supports the ability 

to incorporate cover crops with greater ease by providing a longer window of opportunity for 

establishment, biomass production and potentially N contribution (Schipanski and Drinkwater, 

2011; Gaudin et al., 2013). In Ontario, red clover has been used for many years as a cover crop 

when frost seeded into a winter cereal such as winter wheat (Triticum aestivum L.) (Hesterman et 

al., 1992; Gaudin et al., 2015; Queen et al., 2009; Stute and Posner, 1993). However, the use of 

red clover as an under-seeded cover crop in winter wheat has seen a dramatic decline in recent 

years due to poor establishment resulting in non-uniform stands (Gaudin et al., 2013; Loucks et 

al., 2018; Queen et al., 2009). To this extent, approximately only one-third of the winter wheat 

acres in Ontario gets under-seeded to red clover (Johnson, 2005) with much of this decline 

occurring over the past 15-20 years (Bill Deen, personal communication, 2018).  

The largest documented benefit of using red clover in the rotation is the N-credit that it 

has to the subsequent corn crop. However, utilizing the N benefits provided by red clover can 

often be difficult due to the spatial variability of red clover stands, which poses a challenge for 

growers to uniformly apply N-credits to a subsequent corn crop. The Ontario provincial 

recommendation for apparent N-credits provided by red clover is 44-64 kg N ha-1 (Gaudin et al., 

2013; Verhallen et al., 2003), however, the success in achieving these N-credits is largely 

determined by the quantity of plant biomass produced by red clover, which is generally a 

function of the length of the growing season, climatic conditions and time of termination (Bill 

Deen, personal communication, 2018; Vyn et al., 2000; Wivstad, 1999). As a result, the 

variability in uniform establishment of red clover poses a threat to the total biomass 
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accumulation when used as a frost seeded cover crop, thus making the N-credits spatially 

difficult to apply across a field.  

Numerous studies have been conducted to determine the cause of poor red clover 

establishment under winter wheat, with moisture and light considered to be the most 

predominant cause of these effects. Red clover biomass has been associated specifically with dry 

springs (Singer et al., 2006) or when wheat is likely to be a stronger competitor for moisture at 

the wheat development stage of anthesis (Queen et al., 2009). Westra (2015) observed reduced 

red clover biomass in a year with lower than average precipitation as well as increased stand 

variability across fields. Although additional studies have evaluated other factors such as 

decreased light availability and high leaf area indices (Blaser et al., 2011; Queen et al., 2009), 

higher wheat nitrogen (N) fertilizer rates (Gaudin et al., 2014), wheat seeding rates (Blaser at al., 

2006) and tillage methods (Blaser et al., 2012), red clover stand establishment in winter wheat 

remains unreliable.  

One potential solution to reducing clover cover crop stand variability issues is to exploit 

the attributes of other clover species either in mixes or pure stands. Some prior research by 

Coombs et al. (2017) examined the use of red clover, alfalfa and crimson clover as a cover crop 

prior to corn and found that only red clover and alfalfa had a positive impact on corn yield with 

much of this effect attributed to aboveground biomass. Additionally, alsike clover used 

specifically within winter wheat has not been studied directly, although a study by Stute and 

Posner (1993) observed the use of alsike clover when inter-seeded to oat. They found that alsike 

clover was able to effectively establish when companion seeded with oats but lacked the ability 

to produce as much biomass DM (0.78 Mg ha-1) as both double-cut (1.55 Mg ha-1) and single-cut 

(1.24 Mg ha-1) red clover (Stute and Posner, 1993). The use of additional clover species to help 
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mitigate stand establishment issues associated with pure stands of red clover may be achieved 

through increasing clover diversity. Some perennial clover species of interest are alsike 

(Trifolium hybridum L.) and white clover (Trifolium repens L.) as they are able to persist 

throughout the entire growing season and into the following year (USDA 2008, 2006), fix high 

quantities of N (Haynes and Francis, 1990; Rice, 1980) and effectively grow with other species 

(USDA, 2008, 2006). White clover is potentially a problematic species to control for its 

tolerance to broadleaf herbicides due to its perennial nature and stoloniferous growth (Schuster et 

al., 2015). Several annual clovers have gained interest more recently, such as crimson (Trifolium 

incarnatum L.), berseem (Trifolium alexandrium L.) and balansa (Trifolium michelianum L.) 

clovers. Unlike the perennial species, these annual species of cover crops do not persist for the 

full growing season and are considered to be effective cover crops for rapid biomass 

accumulation, N-fixation and can effectively winterkill without the use of herbicides (Clark, 

2007).  

This study examines two management strategies for reducing stand variability. I test the 

hypothesis that an increase in clover species diversity can mitigate spatial variability and reduce 

stand variability as a frost seeded cover crop in winter wheat. I also test the hypothesis that 

changing winter wheat row spacing will permit a more uniform red clover stand. 

 

3.3. Materials and Methods 

3.3.1. Plant Materials  

Five clover species were used in this experiment: single-cut red clover (Trifolium 

pratense L.), crimson clover (Trifolium incarnatum L.), alsike clover (T. hybridum L.), berseem 

clover (T. alexandrium L.) cultivar ‘Frosty’, and balansa clover (T. michelianum L.) cultivar 
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‘Fixation’.  The berseem and balansa clovers were only included in the 2019 experiments.  Soft 

red winter wheat varieties 25R34 (Pioneer) 2018 and 2019 Elora field site, and 25R74 (Pioneer) 

in 2019 Waterloo field site were used (Table 3.1.).  

 

3.3.2. Experimental Design and Agronomic Practices 

 The experimental design consisted of a randomized complete block, with 6 replications.  

The experiment was grown at one location in 2018 (Elora Research Station near Elora, Ontario, 

Canada) and two locations in 2019 (Elora Research Station and Rosendale Farms in Waterloo, 

Ontario, Canada).  Plots were 36 m2 (12 m x 3 m).  In 2018 there were eight treatments frost 

seeded into winter wheat in March: a no clover control, pure stands of single-cut red clover (R), 

alsike clover (A), or crimson clover (C), 2-way blends of red+alsike (R+A), red+crimson (R+C), 

and alsike+crimson (A+C), and a 3-way blend of red+alsike+crimson (R+A+C).  In 2019 there 

were six additional treatments added to the experiment:  no clover twin row control, pure stands 

of red clover (R), alsike clover (A), or crimson clover (C) frost seeded into twin rows of wheat, 

and pure stands of berseem (Ber) and balansa (Bal) clover frost seeded into conventional stands 

of wheat.  The twin row stands of winter wheat were achieved by chemically removing every 

third row of wheat from a conventional stand through the use of graminicides using a back-pack 

sprayer with a single flat fan nozzle. In the Waterloo location, Roundup WeatherMAX (Bayer 

CropScience Canada, Calgary, AB, Canada) (Glyphosate, 540 grams a.e. L-1) was applied in the 

fall of 2018 at a rate of 0.5 L ha-1 to remove wheat rows as a sufficient wheat stand was present. 

Late planting of winter wheat in the fall of 2018 in the Elora location, required wheat rows to be 

removed in the spring of 2019 when ‘green-up’ occurred (after frost seeding of clover). Here, 

Assure II (Corteva Agriscience, Calgary AB, Canada) (quizalofop-p-ethyl 96 g a.i. L-1) was 
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applied at a rate of 0.38 L ha-1 and the surfactant Sure Mix (Corteva Agriscience, Calgary AB, 

Canada) at 0.5% v v-1.  

 The soil at the Elora Research Station belongs to the Guelph loam series with a pH of 6.8, 

sand 41 %, silt 49%, clay 10% and soil organic matter content of 4.1% (Hoffman et al., 1963). 

The Waterloo field site was a Freeport sandy loam soil series with a pH of 7.4, sand 62%, silt 

28%, clay 10% and soil organic matter of 2.5% (Presant and Wicklund, 1971; SGS, 2019). Field 

history in Elora for the past three years followed a corn-soybean-winter wheat rotation. Planting 

of soybean and winter wheat were no-till, with tillage following winter wheat as fall chisel plow 

and two passes with a field cultivator in the spring prior to corn. Waterloo field history follows 

the same corn-soybean-winter wheat rotation with tillage occurring when corn and soybean are 

grown. This consists of a fall chisel plow and two passes in the spring with a field cultivator 

prior to planting both corn and soybean (Table 3.1.). 

 Winter wheat was seeded at a rate of 140 kg/hectare on October 2, 2017 at the Elora field 

site, 140 kg/hectare October 12, 2018 at the Elora field site, and 146 kg/hectare on September 28, 

2018 at the Waterloo field site.  No fall fertility was applied at the Elora field sites, but at the 

time of planting the 2019 Waterloo field site, monoammonium phosphate (MAP) and potash 

split 50/50 with seed in-row at a rate of 225 kg/ha was applied.  The Elora field sites were 

planted using a John Deere 750 no-till drill, seeded at a depth of 3.8 cm on 19 cm row spacing. 

The Waterloo field site was planted with a John Deere no-till air seeder using, seeded at a depth 

of 3.8 cm on 19 cm row spacing. (Table 3.1.)  

At the Elora field sites, plots were fertilized in the spring prior to frost seeding clover 

(March 13, 2018 and March 19, 2019) with a blend of ammonium nitrate (34-0-0) and 

ammonium sulphate (21-0-0-24) using a Gandy fertilizer spreader applying at a rate of 100 kg N 
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ha-1 and 10 kg S ha-1. The Waterloo location in 2019 received the fertilizer application after frost 

seeding with a self-propelled broadcast applicator (Terragator; AGCO Corp., Duluth, GA, USA), 

which applied 135 kg N/ha as 28% UAN and 20 kg sulphur/ha. (Table 3.1.) 
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Table 3.1. Winter wheat management information for experimental field sites (2018-2019) in Elora and Waterloo, Ontario, Canada. 
Winter Wheat Management 

Location Year Winter Wheat 
Variety Planting Date Seeding Rate 

(kg/ha) Fertility – Fall Fertility – Springz 

Elora 2018 Pioneer 25R34 Oct. 2, 2017 140 -- 100 kg N ha-1 (34-0-0) + 
10 kg S ha-1 (24-0-0-21) 

Elora 2019 Pioneer 25R34 Oct. 12, 2018 140 -- 100 kg N ha-1 (34-0-0) + 
10 kg S ha-1 (24-0-0-21) 

Waterloo 2019 Pioneer 25R74 Sept. 28, 2018 146 225 kg ha-1 MAP/Potash 
50/50 split 

135 kg N ha-1 (28% 
UAN) + 20 kg S ha-1 

(24-0-0-21)  

 
z Fertilizer applications applied in the spring at Elora 2018-19 occurred prior to frost seeding of clover, and Waterloo 2019 after frost-seeding. Fertilizer applied 
in Elora 2018-19 was a hand blend of ammonium nitrate (34-0-0) with a sulphur-based fertilizer applied as ammonium sulphate (24-0-0-21).
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3.3.3. Frost seeding  

Frost seeding of clover plots was carried out using a 1 m wide Scotts lawn seeder (Scotts 

Miracle Grow, Marysville, OH, USA) that contained the proportional amounts of seed for each 

selected species to achieve a uniform seeding rate of 10kg/ha, which is the upper end of the 

recommended seeded rate for frost seeding red clover into a winter cereal crop (OMAFRA, 

2017). Frost seeding of clover plots in Elora occurred on March 21st, 2018 and March 25th, 2019, 

and on March 18th, 2019 in Waterloo. Clover seeds were inoculated with Nitragin Gold, a clover 

specific inoculant containing the N fixing bacteria strain Rhizobium leguminosarum bivar trifolii 

in the wettable powder form. The inoculant was applied using the recommended rate of 8.4g kg-1 

of seed (Monsanto BioAg, 2020). The clover seeds were then mixed with Turface Athletics Pro-

League, a calcine clay medium, to help mix and maintain an adequate seeding rate due to the 

small seed sizes of the clover species. To ensure a uniform seeding application, the total plot area 

(3m X 12m) was split into sixths (1m X 6m) and the lawn seeder made a pass up and back on 

itself to cover a 6m2 area. 

Due to differences in seed size and number of seeds kg-1 for each clover species used, 

seed weight for each species to achieve a seeding rate equivalent to red clover rate of 10kg/ha 

was determined (Tables 3.2. & 3.3.).  For each 6 m2 seeding area, the amount of seed for each 

species was determined using the following example for red clover: 

 

 

10kg/ha = 10,000g/10,000m2 

= 1g/1m2 

= 6g/6m2 
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Table 3.2. Average number of seeds per kg for each respective species used in the experiment. 

Clover Species: Number of seeds per kg 

Red Clover 605 000 

Crimson Clover 330 000 

Alsike Clover 1 540 000 

Berseem Clover, var. Frosty 400 000 

Balansa Clover, var. Fixation 1 102 000 
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Table 3.3. Quantity of seed used (g) to cover a 6m2 plot area based on seed size of each respective clover species 
and blend. 

Clover species/blend: Quantity of seed (g)z: 
Red  6 
Crimson 12 
Alsike 3 
Berseem, var. Frosty 12 
Balansa, var. Fixation 9 
Red + Crimson 3 + 6 
Red + Alsike  3 + 1.5 
Crimson + Alsike  6 + 1.5 
Red + Crimson + Alsike 2 + 4 + 1 

 

z Calculated quantity of seed is based on a targeted seeding rate of 10 kg ha-1 
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3.3.4. Environment and light interception/penetration data 

Monthly mean soil temperature, air temperature and precipitation were collected during 

the 2018 and 2019 experimental growing seasons using Watchdog (Spectrum Technologies, 

Aurora, IL, USA) 1000 series and A-series data loggers. In the event where weather station 

sensors prevented accurate collection of ambient air temperature, proximal weather stations were 

used for correction. In 2019 daily incident photosynthetically active radiation (PAR) was 

captured using LightScout 6 Sensor Quantum Bars (Spectrum Technologies, Inc., Aurora, IL, 

USA) placed perpendicular across two rows of wheat at a height of 10 cm above the ground. The 

10 cm height was used to avoid soil contamination on the sensors during or after a rain event, in 

addition to an attempt to mimic the height of underseeded clover within the wheat canopy. The 

LightScout 6 Sensor Quantum Bars were placed in the N/C control plots and an additional single 

LightScout Quantum Light Sensor was used to capture above-canopy PAR (400-700 

nanometers) at the top of the weather station. These light bars were used to provide a rough 

estimate for differences in canopy light penetration between twin-row and conventional winter 

wheat row spacing. 
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3.3.5. Traits Measured 

3.3.5.1 Clover Traits: 

Clover establishment was assessed by a count sampling method using a grid that 

measured 0.25 m2. The grid was considered the experimental unit (EU) for the experiment where 

two EU’s were randomly assigned across each plot area to represent the variation in clover 

establishment. Within each EU, 9 quadrants existed where 4 were used as sub-samples to 

perform clover counts which followed a clockwise ‘diamond’ orientation (Figure 3.1). Both 

EU’s were marked within each treatment of every rep to ensure all counts and samples were 

taken from the same grid location following the same counting orientation to monitor the 

progress of clover establishment and species contributions throughout the experiment.  

Stand counts were taken to provide a better understanding of clover stand establishment 

throughout the growing season and to examine spatial variability. In 2018, stand counts were 

taken at three time points; pre-canopy closure (Pre-Can), one month following wheat harvest 

(Post-Harv) and at clover termination (Clov-Term). In 2019, stand counts were taken at just two 

time points (Pre-Can and Post-Harv). Growing degree days corresponding to the 2018 sampling 

times were calculated and the 2019 Pre-Can and Post-Harv sampling times were based on GDD 

accumulated (Table 3.5).   The Pre-Can stand counts capture germination and initial stand 

establishment of the clover.  The Post-Harv and Clov-Term stand counts capture the 

survival/persistence of clover throughout the winter wheat growing season.  For the treatment 

blends, stand counts were on a species basis.  

Late fall plant biomass samples, both above and below ground, were collected from one 

representative 0.5 m x 0.5 m grid sample area of each plot.  These samples were taken prior to 

fall clover termination to maximize the growing season and biomass accumulation potential 
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(October 10, 2018 – Elora; October 9, 2019 – Elora; October 7, 2019 – Waterloo).  During the 

sampling process, soil stuck to the clover roots were removed in the field as best as possible, 

where any remaining soil on the plant material was washed off in the lab. Once both shoots and 

roots were free of soil and field debris, the samples were separated at the crown (into shoots and 

roots), placed in onion skin bags and dried to 0% moisture. Once dried, clover shoots and roots 

were weighed to obtain the biomass measure. Plant tissue analyses were also performed 

following the biomass samples for each clover species to determine the total N (%) that is 

accumulated within the plant over the growing season. The tissue samples underwent the 

analysis at the University of Guelph’s Agri-Food Laboratories using an Elementar Vario Macro 

Cube (Elementar Analysis System, Frankfurt, Germany) using catalytic combustion (950°C) to 

determine the elemental analysis for plant tissue N (Nick Schrier, Personal Communication, 

2021). 

The assessment for total plot coverage was performed on a per plot basis as an indication 

for how well the clover visually established and covered the plot area (36 m2). This assessment 

was recorded as a percent ground coverage by the clover species, such that deductions were 

made if patches of bare ground were present. This visual assessment occurred just prior to fall 

termination to capture the full season potential of clover ground cover. 
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Table 3.4. Clover establishment count sampling dates as represented by Julian Day and corresponding accumulated 
GDD for 2018 and 2019 locations-years. 

Location Year Julian Day (GDD) 

  Pre-Can Post-Harv Clov-Term x 

Elora 2018 135 (737) 240 (2,765) 272 (3,306) 

Elora 2019 147 (606) 251 (2,491) - 

Waterloo 2019 142 (737) 250 (2,732) - 

 

x The Clov-Term time period for clover establishment count sampling was not observed in 2019 due to no significant 
difference in the number of clover plants between the time periods of Post-Harv and Clov-Term.  
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Figure 3.1. Detailed example of the 0.25 m2 experimental unit (EU) and count orientation used in each plot of the 
clover species establishment trial.  
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3.3.5.2 Winter Wheat Measurements: 

Total above-ground biomass and grain yield were the two traits followed in winter wheat. 

Using the 0.5 m x 0.5 m established EU’s from the grid, two rows of wheat within the whole EU 

were harvested resulting in two 0.25 m2 harvest areas per plot (Figure 3.4.). However, the 

sampling method for winter wheat grain yield and straw biomass was computed based on the 

assumption that each EU represented one meter of row length per hectare for each treatment.  

The wheat was clipped off at approximately 10 cm above the ground to ensure that sampling 

uniformity with regards to total biomass and straw biomass could be achieved across all plots. 

The harvested wheat samples were dried at a temperature of 80°C until reaching a 0% moisture 

level. The dried samples were weighed for total biomass and then threshed to obtain grain yield.  

Grain yields were then readjusted to a market moisture level of 14%.  Harvest dates were July 

19, 2018 for Elora 2018 trial, August 8, 2019 for the Elora 2019 trial, and July 29, 2019 for the 

Waterloo 2019 trial. 

Following hand harvest of the winter wheat from each EU, the remaining wheat crop was 

mechanically harvested by a commercial sized combine, where the straw swath was dropped 

perpendicular across each treatment in all reps. This was done in an effort to ensure a uniform 

distribution of stress applied to each plot with respect to total plot clover establishment as a result 

of wheat chaff and tire tracks from the combine, as well as tractor and large square baler during 

straw removal. No straw bales were dropped on the plots, which minimized the traffic across the 

experimental sites during straw bale collection.
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Figure 3.2. Example of placement for the anchored 0.25 m2 experimental units (EU) within each plot covering two 
winter wheat rows across both spacing regimes in 2019 field experiment locations. 
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3.3.6. Statistical Methods 

All statistical analyses were performed using SAS statistical software (Statistical 

Analysis Software, version 9.4, SAS institute, NC, USA) using PROC GLIMMIX. In the clover 

establishment experiment, clover species (treatment) is the fixed effect, and environment, rep, 

time, and the interaction of environment, clover species and time are considered the random 

effects. The variable ‘environment’ was used as a random effect to account for the change in 

location as well as the year to year variation in weather on field locations where the experiments 

were conducted. In the winter wheat spacing analysis in 2019, the same variables were used as 

the clover diversity experiment, with the addition of ‘spacing’ as a fixed effect. This variable was 

incorporated by which the interaction of clover species, time and spacing are considered the 

random effects. Within the clover experiment, winter wheat total crop biomass and grain yield 

were also measured. Here, clover species, spacing, and time (clover counts only) are the fixed 

effects, while rep is the random effect. Environment was not included as a random effect as only 

one location-year of data was utilized for the row spacing experiment. Analysis of variance 

(ANOVA) was performed for all clover traits measured in both clover species diversity and row 

spacing experiments, with LSMEANS statements used for Tukey’s test for multiple means 

comparisons to compare means and differences to be considered significant at p < 0.05. 

Lognormal distributions were used to fit the model in assessing the ANOVA, where PROC 

MEANS was used to determine the coefficient of variation (CV) for traits measured. PROC 

UNIVARIATE was used to test for the normality of residuals using a quantile-quantile plot and 

Shapiro-Wilk test. Scatter plots and box plots were also used to test the linearity of fixed effects 

and homogeneity of effects. The Kenward-Roger bias correction was included for the statistics 
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and denominator df, as well as means and standard errors in the analysis are returned from the 

analysis scale to the data scale using the ILINK option in the LSMEANS statement in SAS 9.4.   

  

The models used for the analysis of the RCBD are as follows: 

2018: 

     ! = 	$ + &'( + )&*) + 	' 

Where, 

• y is the clover count 

• µ is the mean 

• rep is the replication of the treatments in an RCBD design 

• trmt is the treatment effect, which represents the clover species and blends of species 

• e is the error component 

2019: 

! = 	$ + &'( + '+, + &'(('+,) + )&*) + )&*) ∗ '+, + ' 

Where, 

• y is the clover count 

• µ is the mean 

• rep is the replication of the treatments in an RCBD design 

• env is the environment effect, which represents the random locations used 

• rep(env) is the randomized component of environment nested within each rep 

• trmt is the treatment effect, which represents the clover species and blends of species 

• trmt*env is the interaction of the clover species within each environment 

• e is the error component 
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3.4. Results and Discussion – Clover Diversity  

Clover trials were established in three location-years (Elora 2018-19, Waterloo 2019) into 

existing winter wheat stands to assess the utility of red, alsike, crimson, berseem and balansa 

clover species and species blends as frost seeded cover crops. Winter wheat at the Elora 2019 

location was planted late (October 12, 2018) under cool, wet conditions resulting in poor 

emergence and winter wheat stands. As a result, the Elora 2019 location had lower winter wheat 

yields (4.41 Mg ha-1) indicative of the poor stands and was a much lower yielding environment 

than Elora 2018 (7.44 Mg ha-1) and Waterloo 2019 (6.47 Mg ha-1) locations. An analysis across 

location-years showed that the interaction between environments and clover species was not 

significant (Table 3.6). Therefore, Elora 2019 was included in all of the analyses despite the 

lower winter wheat yields. Additionally, because the interaction between location and clover 

species was not significant (p < 0.05), the means presented for clover stand establishment are 

averaged across the two sampling dates, Pre-Can and Post-Harv. Shoot biomass for berseem 

clover in this study may be underestimated due to the fact that some of the shoot biomass was 

clipped off and removed during wheat harvest.   

 
 

3.4.1.  Clover initial establishment and final establishment after wheat harvest  

In all three location-years of the study, clover species germinated and emerged with an 

average seed lot germination of 94, 93 and 95% for red, alsike and crimson clover, respectively. 

Clover species and time of clover counts (Pre-Can vs. Post-Harv) were significant sources of 

variation (p < 0.05) across all three location-years of the study with respect to clover stand 

establishment (Table 3.5). Across location-years, there was also a significant location effect (p < 

0.05) for clover stand establishment, where the Elora 2019 location resulted in the greatest clover 
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stand establishment, however the Elora 2018 and Waterloo 2019 location-years had similar stand 

establishment (Figure 3.3) No significant interactions between clover species and time of 

sampling was observed (Table 3.5).  

Averaged across all location-years, red clover grown as a single species or included in a 

two- or three-way blend had statistically equivalent clover stand establishment (p < 0.05), 

however the alsike, crimson and A+C mix had significantly poorer stands (Table 3.6). Therefore, 

red clover under these conditions has significantly better (p < 0.05) stand establishment than 

alsike and crimson clover. When plots were visually assessed for stand establishment, it 

appeared that red clover was the dominant species in the species blends, suggesting that although 

seeding rates of all clover species were the same and all species germinated, red clover is still the 

most likely to survive under the stress of a winter wheat canopy than alsike and crimson clover. 

Sampling time for assessing clover establishment (Pre-Can and Post-Harv) showed that 

there was a significant reduction (p < 0.05) in the number of clover plants averaged across 

location-years between pre-canopy closure and one month following wheat harvest (Figure 3.3). 

Between count sampling times Pre-Can and Post-Harv, there was a 30% decline in clover plants 

over time, from 1.87 plants 0.5 m-2 to 1.38 plants 0.5 m-2 (Table 3.6), but that this was consistent 

across species mixes (Table 3.5). Two factors are likely responsible for the decline in clover 

plants from Pre-Can to Post-Harv: increased competition for light and competition for moisture, 

with the winter wheat crop. These driving factors are consistent with other studies found in the 

literature. For example, Bowley (2014) found that there is the lack of sufficient light at the base 

of the wheat canopy, and a significant reduction in red clover plant stands occurred. This tended 

to be the case such that the longer the winter wheat crop competed with the clover, the greater 

the competition for light (and moisture), resulting in a reduction in the number of clover plants 
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(Bowley, 2014; Blaser et al., 2011; Queen et al., 2009). Additionally, moisture competition until 

the time of wheat harvest has also been a well-documented cause to the decline in clover plants 

over time (Bowren et al., 1969; Keeling et al., 1996; Singer et al., 2006; Singer and Cox, 1998), 

with Queen et al. (2009) indicating that final red clover stand count was highly correlated to soil 

moisture content during the period of wheat anthesis.    
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Table 3.5. Generalized mixed model variance analysis with heterogenous covariance structure and Kenward-Roger adjustmentz for clover stand establishment 
(plants 0.5m-2), clover shoot and root biomass (Mg ha-1), total plot coverage (%) and winter wheat grain yield, straw biomass (Mg ha-1) and harvest index (%), 
with clover diversity and time of sampling effects in a RCBD in 2018 and 2019 site-years. 

 
 

 
Clover Stand 
Establishment Clover Biomass  Total Plot 

Coverage 
Winter Wheat Traits 

   Shoot Root   Grain Yieldw Straw Biomassv Harvest Index 

Random 
Effects 

Variance 
Estimate 
(plants 
0.5 m-2) 

Pr > 
chi-
sq 

Variance 
Estimate 
(Mg ha-1) 

Pr > 
chi-
sq 

Variance 
Estimate 
(Mg ha-1) 

Pr > 
chi-
sq 

Variance 
Estimate 
(%) 

Pr > 
chi-
sq 

Variance 
Estimate 
(Mg ha-1) 

Pr > 
chi-
sq 

Variance 
Estimate 
(Mg ha-1) 

Pr > 
chi-
sq 

Variance 
Estimate  
(%) 

Pr > 
chi-
sq 

Rep(Env) 0.03149 * 0 NS 0 NS 24.4606 * 0.1371 * 0.1438 * 0.5495 * 
Env 0.1298 * 0.1362 * 0.2248 * 95.5407 * 2.4213 * 2.8529 * 56.4586 * 
Env x 
Species 

0.004752 NSy 0.02124 NS 0 NS 53.4126 * 0 NS 0 NS 0.07919 NS 

Env x 
Time 

0.008704 NS x 

 
          

Env x 
Species x 
Time 

0 NS             

Residual 0.4644  0.2913  0.2344  107.23  1.1660  1.7583  4.3824  
               
Fixed 
Effects 

F-Value Pr > 
F 

F-Value Pr > 
F 

F-Value Pr > 
F 

F-Value Pr > 
F 

F-Value Pr > 
F 

F-Value Pr > 
F 

F-Value Pr > 
F 

Species 15.90 * 64.44 * 224.41 * 44.18 * 3.26 * 0.97 NS 0.65 NS 
Time 26.19 *             
Species x 
Time 

1.44 NS             

 

v Straw biomass represents above ground dry matter (DM) clipped off at 10 cm above the ground. 
w Wheat yields adjust to standard market moisture of 14% 
x Traits not utilizing the time component as an effect are represented by blanks in the ANOVA table. Clover stand establishment was the only trait that had a 
time effect  
y NS = Non-significant 
z Data obtained in this table was analyzed using PROC GLIMMIX in SAS version 9.4 using the Kenward-Roger adjustment 
*Significant at p < 0.05 
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Table 3.6. Means comparisons for clover stand establishment (plants 0.5m-2), shoot and root biomass (Mg ha-1), total plot coverage (%) and winter wheat grain 
yield and straw biomass (Mg ha-1) with clover species/blend and sample time effects as a frost-seeded cover crop in winter wheat in 2018 and 2019 site-years. 

 Clover Stand 
Establishment Clover Biomass Percent Plot Coverage Wheat 

Grain Yield 
Wheat Straw 

Biomass 
Clover Species/Blends Stand 

Establishmentz 
(plants 0.5m-2) 

Shoot Biomass 
(Mg ha-1) 

Root Biomass 
(Mg ha-1) 

Plot Coveragew 
(%) 

CVx 

(%) 
Grain Yield 
(Mg ha-1)t 

Straw 
Biomasss 
(Mg ha-1) 

Red  2.09 ay 2.01 a 1.75 a 92.10 a 12.89 6.14 ab 5.51 a 
Red + Crimson + Alsike 1.86 a 2.02 a 1.65 ab 86.57 a 11.88 5.99 ab 5.29 a 
Red + Crimson 1.84 a 1.92 a 1.54 ab 86.39 a 13.33 5.55 b 5.36 a 
Red + Alsike 1.75 ab 1.86 a 1.60 ab 88.28 a 12.85 6.32 ab 5.50 a 
Alsike 1.46 bc 1.56 a 1.39 ab 70.56 a 36.89 6.05 ab 5.31 a 
Alsike + Crimson 1.36 c 1.24 a 1.02 b 57.06 b 32.14 6.07 ab 5.57 a 
Crimson 1.01 c 0.20 b 0.09 c 16.41 cd 91.15 6.49 a 5.93 a 
Berseem (Var. Frosty) NEu 0.32 b 0.05 d 27.90 c 51.44 6.58 a 5.95 a 
Balansa (Var. Fixation) NE 0.03 c 0.01 e 0 d 0 6.04 ab 5.42 a 
No Clover      5.97 ab 5.48 a 
        
Sampling Timev        
Pre-Canopy 1.87 a       
Post-Harvest 1.38 b       
 

s Straw biomass represents above ground dry matter (DM) clipped off at 10 cm above the ground. 
t Wheat yields adjusted to standard market moisture of 14% 
u NE = Not estimated due to statistical analysis errors when including stand establishment values from 2019 only.  
v Time at which clover counts were performed (Pre-Canopy = Julian Day 142; Post-Harvest = Julian Day 250) 
w All plot establishment means represent average percent stand in the plot (3m x 12m) of clovers as a single species or blend 
x CV = Coefficient of Variation 
y Mean estimates followed by the same letter are not significantly different at the 5 % level according to a Tukey-Kramer grouping of least squares means 

z All means represent average number of clover plants in 0.5 m2 sampling areas per plot across two sampling times (Pre-Canopy and Post-Harvest) 
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Figure 3.3. Clover stand density (plants 0.5 m-2) means comparison and SE across individual location years showing 
significant reductions in clover stand densities between Pre-Can and Post-Harv count sampling time periods. 
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3.4.2.  Clover shoot and root biomass  

Across all three location-years of the study, clover species was a significant source of 

variation (p < 0.05) for both final clover shoot and root biomass (Table 3.5). Clover shoot 

biomass in treatments containing the three-way clover blend R+C+A was significantly greater 

(2.02 Mg ha-1) than the annual clovers crimson, berseem and balansa (0.20, 0.32 and 0.03 Mg ha-

1, respectively) (Table 3.6). Root biomass in treatments containing red clover (1.75 Mg ha-1) was 

significantly greater than treatments containing the species blend A+C, as well as single species 

crimson, berseem and balansa clover (1.02, 0.09, 0.05 and 0.01 Mg ha-1, respectively) (Table 

3.6).  

Clover shoot and root biomass was consistent with the results for clover stand 

establishment in Section 3.4.1. Red clover biomass in pure stands or species blends was 

statistically equivalent, and significantly greater (p < 0.05) than all annual clover species. 

Although there has been limited research comparing shoot and root biomass across different 

clover species and species blends, it appears that under the conditions of the current study, red 

clover had the greatest biomass accumulation. In addition to this, limited research has been 

conducted on annual clover species in Ontario to assess their establishment and performance as a 

frost seeded cover crop. Based on the results of the study, differences in species dynamics 

between perennial and annual clover species were evident (Figure 3.4). While establishment of 

crimson and berseem clover were satisfactory, their capacity to accumulate biomass and provide 

ground cover into the fall was shown to be poor for all location-years. Balansa clover provided 

very little quantifiable biomass at the time of sampling. Consequently, the lifecycle differences 

between annual and perennial clovers indicate that use of crimson, berseem and balansa clovers 
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for the purpose of a frost-seeded cover crop in winter wheat is not a recommended practice under 

the conditions present in this study.    
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Figure 3.4. Average final shoot biomass (A) and root biomass (B) (± SE) of single clover species and species mixes when utilized as a frost seeded cover crop in 
winter wheat across location years Elora 2018, Elora 2019 and Waterloo 2019. Biomass samples were obtained from a 0.25m2 sample area in each plot where 
shoots and roots were later separated. 
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3.4.3.  Percent plot coverage at clover termination 

 Across each location-year in the study, clover species was a significant source of 

variation (p < 0.05) for percent plot coverage (Table 3.5). Within this visual assessment, red 

clover in pure stands had significantly greater coverage (p < 0.05) than the species blend A+C 

and single species crimson, berseem and balansa clovers, with an average plot coverage of 

92.1% (Table 3.6). Additionally, any treatments containing red clover in a species blend (R+C, 

R+A, R+C+A) resulted in percent plot coverage greater than 85%. Furthermore, CV (%) did not 

exceed 14% in treatments where red clover was seeded alone or included in species blends 

(Table 3.6). As a result, any treatments containing red clover had significantly greater plot 

coverage with the lowest level of variability over the other clover species and species blends 

used in the experiment. Annual clover species used in the study expressed an average plot 

coverage less than 30%. Balansa clover had no visible establishment at the time of assessment 

(clover termination) (Table 3.6). The addition of alsike, crimson, berseem and balansa clovers 

led to no significant advantage for percent plot coverage over the red clover standard (Figure 

3.5). These results are also consistent with the clover stand establishment counts in this study 

(Section 3.4.1). 
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Figure 3.5. Total plot coverage (%) with standard error (±SE) for treatments containing single clover species and 
species blends as a frost seeded cover crop in winter wheat. Values were obtained by a visual assessment of percent 
plot covered by clover prior to fall termination. 
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3.4.4.  Clover species and blends impact on winter wheat grain yield and straw biomass 

Across all three location-years of the study, clover species was a significant source of 

variation for winter wheat grain yield (Table 3.5), however no significant differences (p < 0.05) 

were observed when compared to the no clover control (Table 3.6). This was also the case in the 

low-yielding environment in Elora, 2019. Average wheat yields for Elora 2018, Elora 2019, and 

Waterloo 2019 were 7.44, 4.41 and 6.47 Mg ha-1, respectively. These results are also consistent 

with regards to wheat straw biomass, such that no significant difference (p < 0.05) was observed 

across clover species compared to the no clover control (Tables 3.5 and 3.6). In addition to this, 

there was no significant difference (p < 0.05) in winter wheat HI (Table 3.5). These results 

indicate that the use of inter-seeded clover species and species blends had no significant impact 

on the performance of winter wheat. Although there has been little evidence in the literature that 

show other clover species (alsike and crimson) have the same effect as red clover on winter 

wheat grain yield, the results from this study are consistent with respect to red clover in studies 

by Blaser et al. (2006, 2012), Thiessen Martens et al. (2001b), Mutch et al. (2003),  Hesterman et 

al. (1992), Hartl (1989) and Stute and Posner (1993).   
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3.5. Winter Wheat Row Spacing Effect (Conventional vs. Twin-Row) 

The winter wheat spacing trial was only conducted in 2019 at two locations, Elora, ON, 

and Waterloo, ON. The Elora 2019 location was planted late (October 12, 2018) under cool, wet 

conditions and resulted in poor emergence and winter wheat stands. Therefore, only the 

Waterloo location was used for the row spacing study. Twin-row treatments containing crimson 

clover led to a faster time to maturity and seed production than crimson clover in conventional 

row spacing. Because of this, twin-row crimson clover biomass at the time of sampling (clover 

termination) was less than crimson clover in conventional spacing treatments due to biomass 

assessments made on newly emerged seedlings (Figure 3.8).  

 
 
 
3.5.1.  Clover initial establishment and final establishment after winter wheat harvest with 

row spacing effect  

Consistent with the clover species/blends results reported above (Section 3.4.1), clover 

species and time of count sampling were significant sources of variation for stand establishment 

(Table 3.7), with red clover having a significantly better (p < 0.05) stand establishment than 

alsike and crimson clover (Table 3.8). Averaged across wheat row spacing and clover species, a 

significant reduction (p < 0.05) in clover plants occurred between the Pre-Can and Post-Harv 

sampling periods (Table 3.8), which was also consistent with the results in Section 3.3.1. No 

significant difference in clover stand establishment was observed between conventional and 

twin-row wheat spacings, nor were the interactions between clover species, time of count 

sampling and row spacing significant sources of variation (Table 3.7). Initial data from this study 

suggests that no significant advantage to altering winter wheat row spacing was observed 

towards clover stand establishment and is consistent with data presented by Queen et al. (2009).  
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Table 3.7. Generalized mixed model variance analysis with heterogenous covariance structure and Kenward-Roger adjustmentz for clover stand establishment 
(plants 0.5m-2), clover shoot and root biomass (Mg ha-1), total plot establishment (%) and winter wheat grain yield and straw biomass (Mg ha-1), with clover 
species, time of sampling and winter wheat row spacing effects in a RCBD in Waterloo, ON Canada, 2019. 

 
 
 
 
 

 Clover Stand 
Establishment Clover Biomass Total Plot Coverage Winter Wheat Traits 

   Shoot Root   Grain Yieldw Straw Biomass 

Random 
effects 

Variance 
Estimate 
(plants 0.5 
m-2) 

Pr > 
chi-sq 

Variance 
Estimate 
(Mg ha-1) 

Pr > 
chi-sq 

Variance 
Estimate 
(Mg ha-1) 

Pr > 
chi-sq 

Variance 
Estimate 
(%) 

Pr > 
chi-sq 

Variance 
Estimate 
(Mg ha-1) 

Pr > 
chi-sq 

Variance 
Estimate 
(Mg ha-1) 

Pr > 
chi-sq 

Rep 0.1031 * 0.08569 * 0.04167 NS 0 NS 0.01034 NS 0 NS 
Residual 0.3393  0.3346  0.2849  62.5200  0.5108  1.8526  
             
Fixed Effects F-Value Pr > F F-Value Pr > F F-Value Pr > F F-Value Pr > F F-Value Pr > F F-Value Pr > F 
Species 7.28 * 90.50 * 71.43 * 420.60 * 2.79 * 2.15 NS 
Time 7.43 *           
Species x 
Time 

0.91 NSy x          

Spacing 1.87 NS 0.44 NS 2.37 NS 1.60 NS 10.96 * 6.88 * 
Species x 
Spacing 

2.63 NS 0.14 NS 1.48 NS 0.08 NS 0.57 NS 0.68 NS 

Species x 
Time x 
Spacing 

0.26 NS           

 

w Wheat yields adjusted to standard market moisture of 14% 
x Traits not utilizing the time component as an effect are represented by blanks in the ANOVA table. Clover stand establishment was the only trait that had a 
time effect  
y NS = Non-significant 
z Data obtained in this table was analyzed using PROC GLIMMIX in SAS version 9.4 using the Kenward-Roger adjustment 
*Significant at p < 0.05 
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Table 3.8. Means comparisons for clover stand establishment (plants 0.5m-2), shoot and root biomass (Mg ha-1), total plot establishment (%) and winter wheat 
grain yield and straw biomass (Mg ha-1) with single clover species, sample time and wheat row spacing effects as a frost-seeded cover crop in winter wheat in 
Waterloo, ON, Canada, 2019. 

 Clover Stand 
Establishment Clover Biomass Total Plot Establishment Winter Wheat Traits 

Clover Species/Blends 

Stand 
Establishmentz 
(plants 0.5m-2) 

Shoot Biomass 
(Mg ha-1) 

Root Biomass 
(Mg ha-1) 

Plot 
Establishment 

(%) 
CVx 

(%) 
Grain Yield 
(Mg ha-1)v 

Straw 
Biomass 
(Mg ha-1) 

Red  1.79 ay 3.34 ay 2.67 a 96.50 a 2.98 6.22 ab 6.05 a 
Alsike 1.32 b 2.48 b 1.84 b 80.42 b 13.38 5.99 b 6.27 a 
Crimson 0.92 b 0.26 c 0.12 c 8.58 c 67.65 6.42 ab 6.78 a 
No Clover      6.54 a 6.87 ay 
        
Sample Timew        
Pre-Canopy 1.51 a       
Post-Harvest 1.17 b       
        
Row Spacing        
Conventional      6.54 a 6.85 a 
Twin-Row      6.05 b 6.13 b 
 

v Wheat yields adjusted to standard market moisture of 14% 
w Time at which clover establishment counts were performed (Initial = Julian Day 142; Final = Julian Day 250) 
x CV = Coefficient of Variation 
y Mean estimates followed by the same letter are not significantly different at the 5 % level according to a Tukey-Kramer grouping of least squares means 

z All means represent average number of clover plants in 0.5 m2 sampling areas per plot across two sampling times (Pre-Canopy and Post-Harvest) 
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3.5.2.  Winter wheat row spacing effect on clover shoot and root biomass 

Clover species was a significant source of variation for end of season shoot and root 

biomass (Table 3.7). Consistent with the shoot and root biomass results recorded in Section 

3.3.2, red clover had a significantly greater (p < 0.05) final biomass accumulation for both shoots 

and roots than alsike and crimson clover (Table 3.8). Final red clover shoot biomass was 25.7% 

and 92.2% greater than alsike and crimson clover, respectively, while root biomass was 31% and 

95.5% greater, respectively. These biomass differences for both clover species and row-spacing 

are represented in Figure 3.6.  

The alteration of winter wheat row spacing led to twin-row treatments having smaller 

coefficient of variations (CV) in clover shoot and root biomass, compared to conventional wheat 

spacing (Figure 3.7). This indicates that under these conditions, there is less variability in the 

quantity of biomass that is produced by clover plants in twin-row systems. As a result, biomass 

CV decreased in twin-row treatments across all clover species, although most notably in red and 

alsike clover. Shoot biomass CV in twin-rows declined 17% and 11.8% in red and alsike clover 

respectively, compared to conventionally planted winter wheat. Moreover, root biomass for red 

and alsike clover displayed an even greater decrease in CV, with a 39.3% and 22.4% decline, 

respectively, when established in twin-rows versus conventionally planted winter wheat. Perhaps 

these reductions in biomass variabilities when grown under twin-row winter wheat spacing 

allows for a greater predictability of spatial biomass accumulation from an under-seeded clover 

cover crop. In turn, this may have an impact on how well producers can predict total N-fixation 

from under-seeded clovers, and more confidently apply it as subsequent N-credits in corn.
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Figure 3.6. Comparison of single clover species biomass (shoot and root) in conventional and twin-row treatments 
from Waterloo, 2019. Crimson clover biomass in twin-row treatments are primarily a result of new seed 
reestablishment vs. original seed establishment in conventional treatments. Within each clover species, no 
significant difference in shoot or root biomass accumulation was observed across wheat row spacing (p < 0.05), 
although shoot and root biomass CV (%) decreased in twin-row treatments.  
 
 
 
 
 

Twin-Row Red Clover Conventional Red Clover 

Conventional Alsike Clover Twin-Row Alsike Clover 

Conventional Crimson Clover Twin-Row Crimson Clover 



80 

 
 
 
 
 
 

 
Figure 3.7. Average coefficient of variation for shoot biomass (A) and root biomass (B) of single clover species in conventional and twin-row winter wheat 
spacing in Waterloo, ON. CV values obtained from biomass samples collected from a 0.25m2 sample area in each plot. Values above bars represent mean CV 
(%). 
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3.5.3.  Winter wheat row spacing effect on percent plot coverage at clover termination 

The visual assessment for percent plot coverage of single clover species across 

conventional and twin-row planted winter wheat was a significant (p < 0.05) source of variation 

(Table 3.7).  These results were also consistent with those from the clover species/blends 

experiment (Section 3.4.3), where treatments containing red clover had a significantly greater 

plot coverage than treatments containing single species of crimson clover (Table 3.8).  

No significant differences were observed in percent plot coverage within the winter 

wheat spacing effect (conventional vs. twin-row) (Figure 3.8), however results from the current 

study suggests that there is perhaps some improvement in the ability for clover to survive with 

enhance light penetration through the winter wheat canopy. Improvements in survival of clover 

species may be a result of increased plant biomass during the early growth stages that allow it to 

become more resilient against competition with the wheat crop for moisture. In addition, earlier 

accumulation of clover shoot and root biomass should provide a greater ability of clover to 

compensate for lower stand densities once the wheat crop is harvested (Loucks et al., 2016). It 

has been reported in a study by Blaser et al. (2011) that an increase in red clover shoot biomass 

occurred 40 days after wheat harvest, by 240% and 474% in 2008 and 2009, respectively. 

Additionally, in the same years of the study, red clover root biomass increased 168% and 587% 

during the same time period (Blaser et al., 2011).  
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Figure 3.8. Single-cut red clover total plot coverage (%) in a twin-row (A) and conventional (B) winter wheat 
spacing treatment 15 days after harvest in Waterloo, 2019. No significant differences in percent plot coverage were 
observed (p < 0.05) at clover termination (October 7, 2019).  
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3.5.4.  Winter wheat row spacing effects on winter wheat grain yield and straw biomass 

Winter wheat grain yield was assessed across treatments that included single stands of 

clover and no clover control treatments in both conventional and twin-row winter wheat spacing. 

Clover species and winter wheat row spacing were significant sources of variation (p < 0.05) for 

winter wheat grain yield (Table 3.7), such that only alsike clover had an impact on wheat grain 

yield, relative to the no clover control (Table 3.8). Row-spacing was the only significant source 

of variation for straw biomass (Table 3.7). 

Within the winter wheat row spacing effect, grain yield across all clover species in twin-

row spacing treatments had a significant (p < 0.05) yield reduction of 7.8% compared to 

conventional winter wheat spacing (Table 3.9). Similar observations of reduced wheat grain 

yield under a twin-row spacing system were made by Queen et al. (2009) and Johnson (2007). In 

contrast, unpublished results from a 2018 Ontario farmer trial showed winter wheat yields that 

were competitive under a twin-row system, compared to yields from conventionally planted 

winter wheat. Additionally, Potter and Khalilian (1995) also found that wheat yields were not 

compromised as wheat row spacing was altered and generally led to more wheat grains per spike 

than conventionally planted wheat.  

The winter wheat spacing effect resulted in conventional treatments with straw biomass 

significantly greater than those in twin-row treatments (as observed in grain yield results), where 

a 11.1% difference occurred (Table 3.8). The significant reduction in winter wheat grain yield 

and straw biomass in twin-row planted winter wheat may be a cause for concern for producers 

due to a direct loss in grain revenue, in addition to a reduced opportunity in the use or sale of 

wheat straw. This may become especially important to growers as the price of winter wheat 

straw has increased in recent years for reasons such as low winter wheat hectarage in 2019 (low 
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supply), increased export market access and increased use of straw in dairy rations (Greig, 2019; 

OMAFRA, 2020b). 

 

 
3.5.5.  Theoretical Cost Analysis – Conventional vs. Twin-Row Winter Wheat 

 
The following prices used are to estimate a generalized cost analysis for a cropping 

system that compares conventionally planted winter wheat and twin-row winter wheat. The 

values presented for a twin-row system and are considered to be a best-case scenario. All input 

prices were derived from Woodrill Ltd. in Guelph, ON. 

 

Winter Wheat Seed Cost: 

The cost of winter wheat seed using the soft red winter wheat SeCan variety Emperor at a 

seeding rate of 1.5 million seeds/ac requires 2.5 bags/ac at a cost of $26.75/bag. Assuming a 

seeding rate that is 1/3 the amount of 1.5 million seeds per acre to accommodate a twin-row 

planting pattern, then: 

Seed Requirement: 

 

Conventional: 

2.5 bags = 1 acre 

1 ac/2.5 bags = 0.4 ac bag-1 

 

1,500,000 seeds ac-1 X 1/3 ac = 500,000 seeds 

1,500,000 – 500,000 = 1,000,000 seeds ac-1 for twin-row planting rate 
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Twin-Row: 

1,500,000/1,000,000 = 1.5 

1.5 X 0.4 acres bag-1 = 0.6 acres bag-1 

1/0.6 = 1.67 bags ac-1 

 

Cost: 

Conventional: 

$26.75 bag-1 X 2.5 bags ac-1 = $66.88 ac-1 

$66.88 ac-1/0.405 ha ac-1 = $165.14 ha-1 

 

Twin-Row: 

$26.75 bag-1 X 1.67 bags ac-1 = $44.67 ac-1 

$44.67 ac-1/0.405 ha ac-1 = $110.30 ha-1 

 

 

Herbicide Program: 

The assumption to be made in a twin-row wheat system is that improved light penetration 

through the winter wheat canopy may allow for more consistent red clover establishment that 

provides adequate ground cover through increased biomass as an acceptable means for weed 

suppression and control. Conversely, in a conventional winter wheat system that includes red 

clover as a frost seeded cover crop that is more prone to variable stand establishment due to 

reduced light availability, limited options are available for weed control if red clover survival 
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throughout the growing season is of importance. Two herbicide options for winter wheat with 

red clover are as follows: 

 

Program 1: Fall burndown with RoundUp (glyphosate) application pre-emergence to winter 

wheat and prior to spring frost-seeding of red clover. 

Cost: RoundUp   

$8.30 ac-1 + $12 ac-1 application 

Product: $8.30 ac-1 /0.405 ha ac-1 = $20.49 ha-1  

Application: $12 ac-1 /0.405 ha ac-1 = $29.63 ha-1 

 

Program 2: Post emergence spring application of Buctril M during the critical period for 

weed control in winter wheat (500-1000 GDD) (OMAFRA, 2009). 

Cost: Buctril M 

$8.20 ac-1 + $12 ac-1 application 

Product: $8.20 ac-1 /0.405 ha ac-1 = $20.25 ha-1  

Application: $12 ac-1 /0.405 ha ac-1 = $29.63 ha-1 

 

 

Fungicide Program: 

Assumptions made for the elimination of fungicide applications in twin-row winter wheat 

systems are that every third row (19 cm) is missing, therefore creating a canopy environment that 

supports greater air movement. Increased air movement through the wheat canopy may inhibit 

the opportunity for prolonged levels of high moisture mixed with humidity and eliminate the host 
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environment needed by pathogens such as leaf rust (Puccinia triticinia), stem rust (Puccinia 

graminis), stripe rust (Puccinia striiformis) and fusarium head blight (Fusarium graminearum). 

Generally, densely planted winter wheat stands contribute to poor leaf drying and increase the 

risk for the on-set of disease. Fungicide recommendations for control of wheat diseases are as 

follows: 

Fungicide (T1): StrategoPRO - (this can be applied at the time of Herbicide Program 2, no 

additional application cost). 

Cost: StrategoPRO 

Product: $12 ac-1 /0.405 ha ac-1 = $29.63 ha-1 

 

Fungicide (T3/Heading): Prosaro  

Cost: Prosaro 

Product: $20 ac-1 /0.405 ha ac-1 = $49.38 ha-1  

Application: $12 ac-1 /0.405 ha ac-1 = $29.63 ha-1 

 

 

N Fertilizer Credit Value: 

The use of twin-row winter wheat does not necessarily infer any reductions in N fertilizer 

required to supply the winter wheat crop. However, a twin-row winter wheat system may allow 

for greater consistency in a red clover cover crop stand where more uniform establishment, and 

less variable biomass relates to more predictable N-credits for subsequent corn crops. As a result, 

the likelihood to forego N-credits from red clover that is often associated from poor stand 

establishment in conventional winter wheat spacing may be alleviated and a uniform N-credit 
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value can be confidently applied. Based on the maximum value for the Ontario recommendation 

of N-credits supplied by red clover of 64 kg N ha-1 and a urea fertilizer price of $535 Mt-1, then 

the red clover N-credit value can equate to: 

 

 

1 Mt = 1000 kg 

$535 Mt-1/ 1000 kg = $0.535 kg-1 

$0.535 kg-1 X 64 kg N ha-1 = $34.24 ha-1 

 

 

Wheat Yield: 

Data for obtaining wheat yield is from one location year in Waterloo, ON, (Section 5.4.4) 

where the average winter wheat yield from conventional and twin-row red clover treatments 

were used. Only red clover treatments are used for this analysis due to a greater positive response 

to twin-row systems versus alsike and crimson clover.  

 

Average Wheat Yield and Price: 

Average Price of Wheat (GFO 2018-2019) = $240.51 Mg-1 

 

Yield: Conventional – 6.54 Mg ha-1 X $240.51 Mg-1 = $1,572.94 ha-1 

Yield: Twin-Row – 4.81 Mg ha-1 X $240.51 Mg-1 = $1,455.09 ha-1 
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Total Costs of Conventional Wheat vs. Twin-row Wheat: 

The following information in Table 3.9 are estimated values derived from the 

calculations above. It should be recognized that this summary table is not standard for all farm 

operations but is most likely the scenario used when no-till soybean and winter wheat are 

practiced, meaning that the need for a fall herbicide burndown may be required in both wheat 

systems. The input factors used primarily outline the major differences in each system, and do 

not account for other inputs that remain constant across both conventional and twin-row planted 

winter wheat, therefore total values do not represent all costs. Lastly, using grain yield data 

derived from one location-year in Waterloo, ON, the following assumptions based on cost of 

inputs can be made: 

Table 3.9. Theoretical cost differences between winter wheat planted in conventional spacing and twin-row spacing 
patterns.   

Input Factor Conventional Winter Wheat Twin-Row Winter Wheat 
 $CAD ha-1 

TOTAL WINTER WHEAT 

REVENUEx 
1572.94 1455.09 

Winter Wheat Seed -165.14 -110.30 

Herbicide Program1 -20.49 -20.49 

Herbicide Program2 -20.25 0 

Herbicide Application Cost -29.63 (x2) -29.63 

Fungicide (T1)y -29.63 0 

Fungicide (T3) -49.38 0 

Fungicide Application Cost -29.63 0 

Red Clover N-Credit 0 34.24 

Mean Wheat Grain Yield (Mg) 6.54  6.05 

Mean Wheat Grain Price ($ Mg-1) 240.51 240.51 

REMAINING REVENUE 1199.16 1328.91 
 

x – Total wheat revenue determined by the mean wheat grain yield in each system multiplied by the mean wheat 
grain price from 2018-2019 ($240.51 Mg -1)  
y – T1 fungicide application applied with herbicide program2 eliminating additional application fee – price of 
product only 
1 – Fall herbicide program using RoundUp as a burndown pre-emerge to wheat crop 
2 – Spring herbicide program using Buctril M post-emerge, safe on red clover 
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3.6. Conclusions  

Under the field conditions of this study, the objective was to assess the effect of 

additional clover species and species blends on clover stand establishment, shoot and root 

biomass, percent plot coverage and winter wheat grain and straw yield, when frost-seeded into 

conventional and twin-row winter wheat row spacings. Amongst both clover mixes and winter 

wheat row spacing experiments, red clover appears to consistently perform the best in terms of 

stand establishment, shoot and root biomass, and percent plot coverage. Although the use of 

alsike clover showed some level of success under the conditions of the study, its utility as a frost-

seeded cover crop is more variable compared to red clover. Initial results for the winter wheat 

row spacing effect in this experiment show that the only difference between conventional and 

twin-row planted winter wheat was that clover plants in a twin-row system had more uniform 

and consistent shoot and root biomass. Despite the reduction of winter wheat grain yield and 

straw biomass in the twin-row winter wheat system, the apparent benefit is still greater from the 

reduction of input costs. Although the direct revenue from winter wheat grain is lower than 

conventional row spacing, the cost analysis suggests a twin-row system can be more economical 

by the reduction of input costs such as seed, herbicide and fungicide applications. However, 

these winter wheat row spacing results are from one location-year of data, and additional 

research-years are needed to further identify ways to encourage greater clover stand 

establishment in twin-row systems, while simultaneously reducing input costs and maximizing 

returns from the winter wheat crop. 
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Chapter 4. Examining the N-credit and clover effect on the 
mechanisms underlying corn grain yield 

 
 
4.1. Abstract 

Ontario corn (Zea mays L.) producers have routinely observed positive effects on grain yield 

when planting corn following a winter wheat-red clover cropping system. This study was 

conducted to determine if there is an immediate clover effect following the establishment of 

clover cover crops and to observe any N and non-N related benefits to a subsequent corn crop. 

The effects of corn grain yield, biomass DM at silking, physiological maturity and GFP, soil NO3 

and plant tissue NO3 were investigated at one location-year in 2019 at Elora, Ontario, Canada. In 

this study, no significant clover effects were observed from the interaction between clover vs. no 

clover and N rate. Corn grain yield was significantly greater following clover cover crops (14482 

kg ha-1) than no clover (13264 kg ha-1) and corn biomass DM at physiological maturity was also 

greater (10007 kg ha-1) following clover than no clover cover crops (9112 kg ha-1). All corn 

physiology traits responded significantly to sidedressed N applications of 150 kg N ha-1 over 

corn that was not supplemented by N. Additional research years are needed to further evaluate 

the response of subsequent corn crops to preceding clover in the crop rotation with respect to 

both N and non-N benefits. 
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4.2.  Introduction 

The addition of red clover in the cropping system has been well known for its historic use 

as a green manure (Boss and Arny, 1918; Kjaergaard, 2003; Piper, 1916; Taylor, 1985) and more 

recently as a cover crop (Blackshaw et al., 2010; Chapagain et al., 2020; Clark, 2007; Daapah 

and Vyn; 1998 Gaudin et al., 2013). There are two types of benefits to having red clover in the 

crop rotation; a N benefit and a non-N benefit. The N benefit is applied to the cropping system 

through N-credits that are captured from the process of N-fixation, which can later be applied as 

a reduction in N fertilizer required for a subsequent corn crop (Gaudin et al., 2013; Hesterman et 

al., 1992; Schipanski and Drinkwater, 2011). Additionally, the non-N benefits are often applied 

to the system in numerous forms that impact soil health and may have both immediate and long-

term benefits to the entirety of the cropping system (Drinkwater et al., 1998; Gaudin et al., 2013; 

Harris et al., 1994; Robertson et al., 2008; Sanchez at al., 2004; Stewart et al., 2019). It is well 

understood that red clover in the cropping system has enormous long-term benefits (Drury et al., 

1991; Gaudin et al., 2013; Laamrani et al., 2020; Munkholm et al., 2013). However, because the 

proportion of cultivated farmland is often rented vs. owned in today’s modern agricultural 

landscape due to high land costs, growers are less likely to practice using red clover if it is only 

associated with its long-term benefits. If documentation of immediate N and non-N red clover 

benefits can be observed in subsequent corn crops, it should incentivize growers to incorporate 

more red clover into the cropping system.  

Given Ontario’s most common crop rotation of corn-soybean-winter wheat, the ability to 

include a red clover cover crop becomes available on years when winter wheat is included in the 

rotation (Gaudin et al., 2013). The apparent immediate benefits associated with red clover as a 

cover crop frost seeded into winter wheat prior to corn has been well documented (e.g. Daapah, 
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1992; Henry et al., 2010; Hively and Cox, 2001; Meyer-Aurich et al., 2006; Raimbault and Vyn, 

1991; Vyn et al., 1999) and the intended benefits from including red clover are not exclusively 

due to N contributions. Despite average N-credits of 44-64 kg N ha-1 that can be provided by red 

clover (Gaudin et al., 2013; Verhallen et al., 2003), studies in the literature suggest that 

subsequent corn crops in the rotation with preceding red clover can receive non-N benefits as 

well (McVay et al., 1989; Serran, 2005; Raimbault and Vyn, 1991; Vyn et al., 2000). For 

example, Serran (2005) found that corn yields have shown to increase by an average of 2% 

simply due to these short-term non-N benefits, however this was considered to be an 

underestimate of the non-N effects found in this study (Serran, 2005). Additionally, compiled 

data over the past 40-years in Ontario has shown that the estimated long-term rotational effects 

of red clover in a conventional tillage system could extend to 7.11% (Gaudin et al., 2013). 

Moreover, Gentry et al. (2013) found that the establishment of red clover improved physiological 

measures in a subsequent corn crop, such that corn biomass and biomass N increased 17 and 

38%, respectively, compared to corn following winter fallow. Corn grain yields in the same 

study by Gentry et al. (2013) were not significantly greater than without red clover, however 

grain N content increased 14% following red clover (Gentry et al., 2013). Most of these non-N 

related benefits in the cropping system are also noted as having fewer pest problems (Benson, 

1985), increased plant-available nutrients (Copeland et al., 1992), greater root activity (Copeland 

et al., 1993), altered mycorrhizal populations (Johnson et al., 1992), enhanced precipitation use 

efficiency (Daapah and Vyn, 1998), and additional benefits that are associated with improving 

soil properties such as organic matter, water infiltration, mulch cover and soil moisture 

conservation (Corak et al., 1992; Drinkwater et al., 1998; Ebelhar et al., 1984; Raimbault et al., 

1992; Robertson et al., 2000; Stute and Posner, 1995; Utomo et al., 1990). Most of these benefits 
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are most likely attributed to SOM additions from red clover and the direct contributions from 

plant biomass and general rotation effects on improved soil structure and health (Gaudin et al., 

2013).  The fundamental role that red clover plays towards improving the cropping system as a 

whole has been well documented and furthers the need to continue the incorporation of red 

clover into crop rotations. Although there are studies to suggest that red clover contributes to an 

immediate N effect (Gentry et al., 2013, Vyn et al., 1999, 2000), there is a lack of data 

supporting immediate clover effects that extend beyond N and impact the mechanisms 

underlying corn grain yield.  

The objective of this study was to investigate the effects of previously established clover 

cover crops on the subsequent corn crop, and if the effect is only due to the N-credit or if there 

are other immediate benefits to corn with having clover in the rotation. In this study, I test the 

hypothesis that the inclusion of frost seeded clover in winter wheat contributes non-N clover 

effects in a subsequent corn crop, thereby enhancing corn grain yield, HI, and biomass dry matter 

(DM) at silking, physiological maturity and during the grain fill period (GFP).   

 

 

4.3. Materials and Methods 

4.3.1 Plant Materials 

Corn was planted on May 21, 2019 in Elora, ON with a 4-row corn planter using the 

PioneerÒ hybrid P9404AM at a target planting population of 84,000 seeds ha-1. The corn was 

planted on 75cm row spacing which covers the previously established 3m X 12m plots in one 

pass with the 4-row corn planter (see Chapter 3). A starter fertilizer of 6-20-20-6S at a rate of 
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160 kg/ha was applied at planting and was banded 5 cm beside and 5 cm below the seed trench 

to ensure optimal corn emergence. 

  

4.3.2 Experimental Design 

The previous clover trial (Elora 2018) (Chapter 3) was laid out as a RCBD, with eight 

treatments and six replications.  The treatments consisted of: a no clover control, pure stands of 

red clover (R), alsike clover (A), and crimson clover (C), 2-way blends of red+alsike (R+A), 

red+crimson (R+C), and alsike+crimson (A+C), and a 3-way blend of red+crimson+alsike 

(R+C+A).  The clover plots were frost seeded into winter wheat at a targeted seeding rate of 10 

kg ha-1. The clover plots were 12 m x 3 m and each plot’s location were marked using GPS.  All 

clover plots exhibited good coverage of clover following wheat harvest. 

Using GPS, the corn plots were planted on top of the existing 2018 winter wheat/clover 

RCBD design with a split-block design imposed by splitting the plots into two N-applications: 0 

kg N vs. 150 kg N ha-1 (Figure 4.1), with the main plots being N-application and sub-plots being 

clover treatment. The added fertilizer was applied on June 10, 2019 when the corn was 

approximately in the V4 development stage. The N was applied as side-dressed liquid UAN 

(28%) using a 5-row injector system that was calibrated for an output of 150 kg N ha-1. The 

sidedressed UAN was applied to the back half of reps 1, 2 and 3 and front half of reps 4, 5 and 6 

(Figure 4.2).  
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Figure 4.1. Example of rep 1 in 2019 corn trial that shows the split-block design incorporating the 0 kg-N ha-1 vs. 
150 kg-N ha-1 within the preceding 2018 clover trial. 
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Figure 4.2. Elora 2019 field plot layout for corn trial in the RCBD split-block design indicating the location of side-
dress N application across all 6 reps during the V4 development stage of corn. 
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4.3.3 Data collected 

Three types of data were collected: corn physiology traits, soil NO3 tests, and plant tissue 

NO3 analyses.  

4.3.3.1 Corn Traits 

Two sampling areas were identified in each plot, one for dry matter at silking and one for 

dry matter at harvest.  Each sample area consisted of the middle two rows of the 4-row plot and 

were 1.5 m in length.  The first 1m of each plot was used as a border, with a 1 m border area 

between the two sample areas (Figure 4.3). 

At silking, a destructive sample consisting of five competitively border corn plants from 

each of the middle two rows was taken and fresh weight was determined from each sample.  

Sixteen samples (1 from each clover treatment x N treatment) were randomly collected across 

the 6 reps and dried to 0% moisture.  This was done to determine the average moisture content of 

the 0-N and 150-N treatments and those values were used to convert the fresh weight values to 

dry weight values. 

Following physiological maturity, the second destructive sample was taken consisting of 

five competitively border corn plants from each of the middle two rows.  Ears were removed 

from the stover and the fresh weight of the stover was measured.  Ears were dried to 0% 

moisture, shelled, and the grain and cob was weighed.  Stover samples from reps 1 and 4 (32 

samples, representing two samples per clover treatment and N treatment) were dried to 0% 

moisture.  This was done to determine the average moisture content of the stover from the 0-N 

and 150-N treatments and those values were used to convert the stover fresh weight values to dry 
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weight values.  Total dry matter was then calculated for each sample by adding the stover dry 

matter to the grain and cob dry matter. Harvest index (HI) was calculated on a plot basis as grain  

weight/total dry matter at harvest. Following the second destructive sampling, the middle two 

rows were machine harvested.  The machine harvested plot weight was adjusted to 15.5% 

moisture and the grain weight from the dried destructive sample was adjusted to 15.5% market 

moisture and added to the plot weight to obtain a grain yield estimate for the plot.   

4.3.3.2 Soil Tests 

Soil samples were collected at three time points during the growing season: pre-sidedress, 

silking, and maturity (Table 4.1). Soil cores were obtained using a probe that captured soil in the 

0-30 cm depth range, where 6 core samples were taken from each single clover species plot and 

the no clover control treatments, across all 6 reps in the 0 kg N ha-1 plots. Core samples were 

placed into a large bucket and mixed to homogenize the samples for each plot, and a subsample 

was then taken for soil NO3 analysis done by the University of Guelph Agriculture and Food 

Laboratory. The soil NO3 samples were performed using the extraction process with 2 M KCl, 

and the extract is analyzed spectrophytometrically at 520 nm using the Seal AQ2 discrete 

analyser (Seal Analytical, Mequon, WI, USA).  

4.3.3.3 Plant Tissue Analysis 

The 16 samples that were dried down at silking and the 32 samples that were dried down 

at harvest were sent for NO3-N analysis to the University of Guelph Agri-Food Labs using the 

same extraction technique as the soil samples with the Seal AQ2 discrete analyser process for 

NO3.  This is one sample per clover treatment x N treatment at silking and two samples per 

clover treatment x N treatment at maturity. 
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Table 4.1. Sampling dates for soil sampling and corn tissue sampling throughout the field experiment season in 
Elora, ON, 2019. 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

Soil Sample Tissue Sample Mechanical Harvest 

Pre-Sidedress Silking Maturity Silking Maturity Maturity 

June 11, 2019 August 1, 
2019 

October 21, 
2019 

August 7, 
2019 

October 23, 
2019 October 29, 2019 
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Figure 4.3. Example of one plot including four corn rows (dashed lines) with center two rows (light green) utilized 
as sample rows. Small arrows represent 1 m border between 1.5 m sample areas (shaded boxes) by which two 
sample areas are used per split-block (red box = 0 kg-N ha-1; grey box = 150 kg-N ha-1) at the time of crop silking 
(#1) and again at crop maturity (#2). 
 
 
 
 
 
 
 
 
 
 
 
 
 

#1 

#2 

#1 

#2 
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4.4. Statistical Methods 

All statistical analyses were performed using SAS statistical software (Statistical 

Analysis Software, version 9.4, SAS institute, NC, USA) using PROC GLIMMIX. In the 2019 

corn rotation experiment, N-rate (0 kg N ha-1 and 150 kg N ha-1), clover vs. no clover 

(treatment), and the interaction of clover vs. no clover x N is considered the fixed effect. With 

the imposed split-block design, rep, rep x N, rep x clover and the interaction of rep x clover x N 

were considered the random effects. Traits analyzed under the split-block design included corn 

grain yield, HI, biomass DM at silking, physiological maturity and during GFP, and plant nitrate, 

while soil nitrate analysis was analyzed as a RCBD as sampling occurred only within the 0-N 

treatment. Within the corn rotation experiment where HI, soil NO3 and plant tissue NO3 were 

measured, a lognormal distribution was used as it provided the best distribution to fit the 

statistical model. Means and standard errors from the analyses using the lognormal distribution 

was back transformed into the data scale using the ILINK option in the LSMEANS statement. 

PROC UNIVARIATE statements were used to test for the normality of residuals using a 

quantile-quantile plot and Shapiro-Wilk test. Scatter plots and box plots were also used to test the 

linearity of fixed effects and homogeneity of effects. The Kenward-Roger bias correction was 

used for the statistics and denominator df, as well as LSMEANS statements were used for 

Tukey’s test for multiple means comparisons to compare means and differences to be considered 

significant at p < 0.05.  

  

 

 

 



103 

The model used for the soil nitrate analysis as a RCBD are as follows: 

 

     ! = 	$ + &'( + )&*) + 	' 

Where, 

y is the soil nitrate content 

µ is the mean 

rep is the replication of the treatments in an RCBD design 

trmt is the treatment effect, which represents the clover species and blends of species 

e is the error component 

 

The model for analyses using the split-block design are as follows: 

 

! = 		$ + &'( + +,-.'& + (&'( ∗ +,-.'&) + 2 + (&'( ∗ 2) + (&'( ∗ +,-.'& ∗ 2) 

 

Where, 

y is the corn trait measured (corn yield, HI, biomass DM, plant NO3) 

µ is the mean 

rep is the replication of the treatments in a split-block design 

clover is treatment effect (A), which represents clover vs. no clover  

N is treatment effect (B), which represents the two N rates used (0-N and 150-N) 

rep*clover*N is the interaction effect between treatments effects (A) and (B). 
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4.5. Results and Discussion – Corn Rotation Response to Preceding Clover 

Cover Crops 

  

The corn physiology experiment was conducted over one-location year in 2019 at Elora, 

ON, Canada. Corn plots were planted on top of previously established clover plots from the 2018 

experiment in a RCBD with a split-block N-rate (150 vs. 0 kg N ha-1) imposed. This trial was 

conducted to determine the rotation effects from frost seeded clover cover crops on a subsequent 

corn crop in the rotation. A clover species level comparison was analyzed, however there were 

no significant differences observed across clover treatments. Therefore, contrasts between clover 

and the no clover control were performed to determine if immediate rotations effects were 

present in corn following clover cover crops.  

 

 

4.5.1. Corn grain yield, biomass and harvest index (HI)  

 

 A clover species level comparison was analyzed in this experiment. Although corn grain 

yield (p = 0.0004) and DM at physiological maturity (p = 0.0177) were the only traits that were 

significantly different relative to the control (p < 0.05), there were no significant species level 

differences in traits observed in the subsequent corn crop (Table B.14). As a result, contrasts 

between clover vs. no clover cover crop was analyzed to observe whether a short-term general 

rotation effect was present among corn traits measured. 

The contrast between clover treatments and the no clover control for corn grain yield was 

significant (p < 0.05) (Table 4.2), such that yields were 1218 kg ha-1 greater following a clover 
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cover crop, than no clover (Table 4.3). Additionally, N-level was a significant source of variation 

(p < 0.05) (Table 4.2), as corn yields were significantly greater when 150 kg N ha-1 was 

sidedressed applied, than no additional N (Table 4.3). In fact, all traits measured in the 

experiment showed a significant response (p < 0.05) to the addition of N, with the exception of 

HI (Table 4.2). Additionally, the interaction of clover vs. no clover by N was not significant 

(Table 4.2). Although this interaction was non-significant, the mean differences in corn grain 

yield from each N-level are still quite large between clover vs. no clover at 150-N, where a corn 

yield difference of approximately 1.3 Mg ha-1 was observed.  

The clover vs. no clover contrast for DM at physiological maturity was significant (p < 

0.05) (Table 4.2), such that biomass DM was significantly greater following clover, than no 

clover control (Table 4.3). Because there was no significant difference in DM at silking or during 

the GFP, the apparent clover effects on DM accumulation at physiological maturity were subtle, 

with small, incremental benefits until the time of corn maturity where these effects became most 

visible (Table 4.3). Moreover, the supporting effects of soil and plant NO3 concentrations on 

underlying physiology showed no significant difference between clover and no clover 

treatments, or the interaction of treatment and N. However, there was a significant source of 

variation (p < 0.05) for time of soil sampling and N-rate (Table 4.2), although this was expected 

to be the case to the extent that the higher N-rate (150-N) would yield greater corn tissue NO3-N 

values than the 0-N, and soil NO3 levels would be greater during the pre-sidedress timing, than at 

corn maturity.  

 The subtle increases in corn yield and DM at maturity between clover vs. no clover may 

have been larger under different environmental and management conditions. For example, within 

the month of July 2019, the Elora field location received a total of 36 mm of rainfall. This time 
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period is indicative of the rapid vegetative growth stages in corn (V5 to V12) (Hanway, 1963), 

where associations to increased yield and crop N demand are highly correlated to rainfall 

(Neimeyer, 2020). As a result of low soil N supply to fully meet corn demand (Table 6.4.2), in 

addition to low precipitation, little to no variation in corn plant tissue NO3 was observed in the 0-

N block. This, coupled with challenges regarding high moisture levels in the fall of 2018 may 

have caused greater NO3 leaching, explaining the low soil NO3 values observed following clover 

cover crops, despite the addition of 9.6 kg N ha-1 applied in the starter fertilizer at planting 

(Table 4.3). Although studies suggest that fall red clover termination results in elevated soil NO3 

levels (Thilakarathna et al., 2015; Vyn et al., 2000), excessive moisture during the fall of 2018 

may have inhibited some of the N-effects typically observed by clover cover crops in the 

subsequent growing season (Schröder et al., 1997).  As the initial soil NO3 sampling time 

occurring on June 11, it is also conceivable that any available N had already been taken up by the 

corn plants in all treatments, resulting in low soil NO3 concentrations.  
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Table 4.2. Generalized mixed model variance analysis with heterogenous covariance structure and Kenward-Roger adjustmentz for corn grain yield and biomass 

DM (kg ha-1), harvest index (%) and soil and tissue NO3-N (mg kg-1), with clover species, nitrogen and time of soil sampling effects in a split-block design in 

Elora, ON Canada, 2019. 

 

u Blanks within the table represent effects not analyzed by respective traits within the same column 
v Corn DM (total biomass DM – grain weight) expressed at 0% moisture 

w Analysis performed on data collected from two out of six reps 

x Corn grain yields adjusted to standard market moisture of 15.5% 

y NS = Non-significant 

z Data obtained in this table was analyzed using PROC GLIMMIX in SAS version 9.4 using the Kenward-Roger adjustment 

*Significant at p < 0.05 

 

 

 

 

 

 

 

 
Corn Grain 

Yieldx  
(kg ha-1) 

Harvest Index 
(%) 

Corn DM – 
Silking v   
(kg ha-1)  

Corn DM – 
Physiological 

Maturity  

(kg ha-1) 

Corn DM – 
GFP  

(kg ha-1) 
Soil NO3  

(mg N kg-1) 
Tissue NO3w 
(mg N kg-1) 

Random Effects Pr > chi-sq Pr > chi-sq Pr > chi-sq Pr > chi-sq Pr > chi-sq Pr > chi-sq Pr > chi-sq 
Rep * * NS NS NS * NS 
Rep x N * NS NS NS NS  NS 
Rep x Clover * NS NS NS NS  NS 

Rep x Clover x N * NS NS NS NS  NS 

        
Fixed Effects Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F 
Clover vs. No Clover * NS NS * NS NS NS 

N * NS * * *  * 

Clover vs. No Clover x N NSy NS NS NS NS  NS 

Time      *  

Clover vs. No Clover x Time u     NS  
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Table 4.3. Means comparisons for corn grain yield and biomass DM (kg ha-1), harvest index (%) and soil and tissue NO3-N (mg kg-1), with clover species, 

nitrogen and time of soil sampling effects in a split-block design in Elora, ON Canada, 2019. 

 

 Corn Grain 
Yieldw 

Harvest 
Index 

Corn DMv – 
Silking  

Corn DM at 
Physiological 

Maturityv 

Corn DM – 
GFPx Soil NO3 Tissue NO3z 

Clover Species/Blends (kg ha-1) (%) (kg ha-1) (kg ha-1) (kg ha-1) (mg N kg-1) (mg N kg-1) 
Overall Mean 14330 0.55 6774.51 9895.54 3120.96 8.41 10.59 

Clover vs. No Clover        

Clover 14482 ay 0.55 a 5631 a 10007 a 4377 a 10.20 a 16.15 a 

No Clover 13264 b 0.55 a 5335 a 9112 b 3776 a 9.44 a 14.10 a 

Clover vs. No Clover x N        

Clover (150-N) 16234 a 0.55 a 6265 a 11286 a 5021 a  27.76 a 

No Clover (150-N) 14919 a 0.56 a 5964 a 10500 a 4536 a  24.65 a 

Clover (0-N) 12734 b 0.55 a 4996 b 8746 b 3750 b  4.55 b 

No Clover (0-N) 11609 b 0.55 a 4706 b 7724 b 3018 b  3.55 b 

N-Rate 

(kg ha-1) 
       

150 16070 a 0.56 a 6115 a 11172 a 4770 a  26.20 a 

0 12590 b 0.55 a 4851 b 8619 b 3384 b  4.05 b 

        

Soil Sample Timing        

Pre-Sidedress u     13.23 a  

Silking      12.42 a  

Maturity      3.77 b  

 
u Blanks within the table represent effects not analyzed by respective traits within the same column  
v Corn dry matter (DM) expressed at 0% moisture 
w Corn grain yields adjusted to standard market moisture of 15.5% 

x GFP = grain fill period (DM at silking - DM at physiological maturity) 
y Mean estimates followed by the same letter are not significantly different at the 5 % level according to a Tukey-Kramer grouping of least squares means 

z Mean estimates in corn tissue NO3 derived from data collected from two out of six reps 

*Significant at p < 0.05 
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4.6. Conclusions 

The 2019 corn experiment was established to determine if there was an immediate 

rotation effect on corn and if it was associated with only a N-credit or if there was a general 

clover effect from the preceding clover cover crop experiment in 2018 (Chapter 3). Initial results 

from the study show that grain yield, and DM at physiological maturity averaged across N-rates, 

were significantly greater following clover cover crops than when no cover crops were 

established. Additionally, all traits measured had a significant response to the addition of N (150 

kg N ha-1) when sidedress applied to corn at the V4 development stage, with the exception of HI. 

These preliminary results indicate that although the preceding clover cover crops were unable to 

sufficiently meet corn N demand in the 0-N block, average corn yields between clover and no 

clover within each N level (150-N and 0-N) were not significantly different. This suggests that 

no real clover effect was present. However, the difference in grain yield between clover and no 

clover at 150-N still showed a 1.3 Mg ha-1 difference. These results, however, are from one 

location-year of data, and require additional research years to further quantify the subsequent 

benefits (N and non-N relating) in corn from using clover as a frost-seeded cover crop in winter 

wheat. 
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Chapter 5. General Conclusions and Future Directions 

The use of clover species diversity to help with establishment issues of red clover as a 

frost seeded cover crop in winter wheat, provided no significant advantage above the red clover 

standard. In the clover diversity experiment, red clover provided the greatest level of stand 

establishment, shoot and root biomass, and percent plot coverage when frost seeded into winter 

wheat. The addition of clover species such as alsike clover, or species blends containing red and 

alsike clover may provide some level of usefulness in environments that are prone to areas with 

poor drainage, where differences in species dynamics could still provide a clover benefit without 

solely relying on the performance of red clover. The use of annual clover species such as 

crimson, berseem and balansa clovers are not considered to be effective clover species to use in 

frost seeding scenarios due to issues regarding lifecycle longevity, interference with winter 

wheat harvest and overall poor establishment.  

Based on initial results from the winter wheat row spacing experiment, it appears as 

though there are some improvements to clover establishment through the introduction of twin-

row winter wheat. To further assess a twin-row winter wheat system with frost seeded red clover 

as a cover crop, additional field experiments are needed to capture the performance of this 

system under various climatic and location effects. Given this, an additional study based off of 

this twin-row experiment was conducted in 2020 and was aimed at winter wheat varietal testing. 

The purpose of this study is to analyze the performance and response of various winter wheat 

varieties under augmented light availability. This may determine if there are differences in 

tillering capacity or wheat head size amongst winter wheat varieties in twin-row vs. conventional 

wheat spacing with an under-seeded red clover cover crop.  
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The preliminary results obtained from the corn rotation experiment has promoted the 

need for additional research years to determine whether clover effects exist beyond N. These 

additional research years have already been initiated with a second year of corn trials conducted 

during the 2020 growing season at two locations. These additional location-years will extend the 

dataset presented here for the response of corn succeeding clover as a cover crop. This will 

provide a better understanding towards the effectiveness of using clover cover crops and the 

clover effects associated with improving physiological traits in corn. A focus on the use of clover 

species as cover crops prior to corn in Ontario should continue in the future given that corn 

yields continue to increase, thereby causing a positive trajectory in N fertilizer use while N 

fertilizer prices remain high (Elgi, 2008; FAO, 2018). Although the current study did not show 

significant evidence of improved corn physiology through the interaction of clover vs. no clover 

and N rate, there was however, a 1.3 Mg ha-1 increase in corn yield following clover vs. no 

clover in the non-N limiting (150-N) environment. Given this, additional research is needed to 

further validate these differences on the basis that a corn grower is likely to see this increase in 

grain yield as valuable, even though it’s considered not significant in the current study. In 

anticipation for continued high N input use in Ontario, the extension of this current research 

study is desirable for Ontario corn producers to sustainably apply these N inputs while building 

healthier soils.  

Based on a synthesis of results obtained over the past three location-years for clover 

diversity, winter wheat row spacing and corn rotation experiments, a systems approach can be 

analyzed. Given that red clover continues to be the superior clover species used as a cover crop 

in a frost seeding environment with winter wheat, a greater focus is needed to develop red clover 

cultivars for its specific function as a cover crop. As with most cover crop species used today, 
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genetic improvement for specific cover crop attributes has not yet been a primary breeding 

objective. Red clover’s use as a cover crop can be enhanced through breeding that increases its 

tolerance to cold, high moisture and drought events, low-light environments, rapid biomass 

accumulation after wheat harvest, root and crown development and increased N-fixation 

capabilities. Together, these improvements may contribute towards making red clover a more 

viable option for its use with winter wheat and in these high stress environments. As a result of 

the stresses that are present within a winter wheat canopy (light, moisture, and nutrient 

competition), the need to improve the survivability of red clover is important for maximizing its 

benefits in the crop rotation. For example, a study by Loucks et al. (2018) found that genotypic 

differences in red clover exist, as single-cut (Altaswede) red clover had significantly greater 

survival rates than double-cut (Belle) due to meristematic viability in the crown, making it more 

resilient against moisture deficits where re-growth potential can occur. In turn, increasing crown 

size of single-cut red clover cultivars for crown and root reserves can be one of many breeding 

objectives to improve red clover’s function under a winter wheat canopy. A solution to 

increasing crown size may be as simple as altering the row spacing in winter wheat to delay the 

onset of wheat canopy closure. The use of twin-row winter wheat spacing could increase the 

amount of time red clover plants have with reduced competition for light and moisture, which 

can in turn increase crown size and subsequently improve the survivability of red clover plants 

through periods of high moisture stress.  

In this particular twin-row winter wheat system, further evaluations can be made on 

selecting winter wheat varieties that positively respond to wider row spacing. Variations in wheat 

genotypes as it relates to canopy architecture have been noted by Richards et al. (2019), such that 

wheat varieties that have a more erectophile canopy structure yielded 13% greater than 
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planophile varieties, with much of this difference associated with above-ground biomass. 

Selecting for winter wheat varieties with a greater tillering capacity and potential for competitive 

wheat yields, could allow for a greater adoption of twin-row systems to provide the environment 

needed to improve red clover survivability. Also, the economic incentives of utilizing this twin-

row system is most visible from early-planted winter wheat, creating a high yielding 

environment to maximize the potential of wheat grain yields that are competitive with 

conventional row spacing, while simultaneously reducing input costs. 

Management of these cropping systems that include twin-row winter wheat becomes 

increasingly important for extending the response seen in subsequent corn crops. A study by 

Gaudin et al. (2013) observed that N applications at the maximum economic rate (MERN) for 

wheat grain yield significantly reduced the economic benefit of red clover, and high N rates on 

wheat increased the likelihood of non-uniform red clover stands. Additionally, an Ontario farmer 

survey by Olgilvie et al. (2020), determined that improved red clover stand uniformity was 

achieved through wider wheat row spacing, higher red clover seeding rates (³10 kg ha-1) and 

increased tillage to some degree prior to wheat. Past studies by Deen and Earl (2006) and Legere 

et al. (2001) have also indicated a reduction in final red clover biomass in the absence of tillage, 

however Blaser et al. (2012) reported no significant difference. Aside from the uncontrollable 

effects of moisture limitations on red clover establishment, providing the environment for red 

clover to succeed through management factors that enrich seed to soil contact (tillage), light 

availability (winter wheat row spacing) and germination success (red clover seeding rate) needs 

further investigation. As a result, these management decisions made during the years with winter 

wheat in the rotation can have prolonged impacts on the value and benefits of red clover in the 

system.  Therefore, a grower needs to consider these management components on a year by year 
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basis to extend any immediate apparent benefits of red clover into the corn system for providing 

both N and non-N effects on corn physiology.  
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Appendix A: Historical documentation of red clover use 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.1. Red clover growing areas in the United States of America: a) area under spring seeded biennial and 
winter annual (SARE, 2020); b) red clover use as a forage crop (OSU, 2020); United States red clover seed usage 
and production 1899-2007 (Riday, 2010).  
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Figure A.2. Map of United States (1909) and Canada (1910) showing the widespread use of red clover grown across 
each US state and Canadian province.  
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Figure A.3. New York wholesale prices of forage species in 1914, with red clover being the cheapest legume 
species to seed (Piper, 1916). 
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Figure A.4. Average yields of succeeding crops between 1935-44 with different preceding crops (Nowosad, 1953). 
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Appendix B: Additional field trial results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table B.10 Generalized mixed model variance analysis with heterogenous covariance structure and Kenward-Roger 
adjustmentz showing the effect of clover species diversity, environment and time of count sampling for the utility of 
successful clover stand establishment when frost-seeded into winter wheat in a RCBD in 2018 and 2019. 

Random effects 
Variance Estimate 
(plants 0.5m-2) 

Standard Error 
(plants 0.5m-2) 

Chi- 
squared Pr > chi-sq 

Rep(Env) 0.03149 0.01868 10.37 * 
Env 0.1298 0.1421 4.80 * 
Env x Species 0.004752 0.009244 1.12 NS 
Env x Time 0.008704 0.01314 1.75 NS 
Env x Species x Time 0 0.01085 1.10 NS 
Residual 0.4644 0.03289   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Species 6 12 15.90 * 
Time 1 2 26.19 * 
Species x Time 6 12 1.44 NS 
 

z Data obtained in this table was analyzed using PROC GLIMMIX in SAS version 9.4 using the Kenward-Roger 
adjustment 
*Significant at p < 0.05 
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Table 11. Generalized mixed model variance analysis with heterogenous covariance structure and Kenward-Roger 
adjustmenty for clover shoot and root biomass (Mg ha-1) in a randomized complete block design across site-years in 
2018 and 2019. 

Clover Shoot Biomass 

Random effects 
Variance Estimate 
(Mg ha-1) 

Standard error 
(Mg ha-1) 

Chi- 
squared Pr > chi-sq 

Rep(Env) 0 0.008869 1.54 NS 
Env 0.1362 0.1434 13.66 * 
Env x Species 0 0.02810 2.62 NS 
Residual 0.2913 0.03976   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Species 8 14 64.44 * 
     
Clover Root Biomass     

Random effects 
Variance Estimate 
(Mg ha-1) 

Standard error 
(Mg ha-1) 

Chi- 
squared Pr > chi-sq 

Rep(Env) 0 0.007223 1.89 NS 
Env 0.2248 0.2269 25.12 * 
Env x Species 0 0.01232 1.89 NS 
Residual 0.2344 0.03215   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Species 8 14 224.41 * 
 

y Data obtained in this table was analyzed using PROC GLIMMIX in SAS version 9.4 using the Kenward-Roger 
adjustment 
*Significant at p < 0.05 
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Table 12. Generalized mixed model variance analysis for total plot establishment (%) of clover species with 
heterogenous covariance structure and Kenward-Roger adjustmentz for total plot establishment (%) of clover species 
when frost-seeded into winter wheat in a randomized complete block design across all three site-years in 2018 and 
2019. 

Random effects 
Variance Estimate 
(%) 

Standard error 
(%) 

Chi- 
squared Pr > chi-sq 

Rep(Env) 24.4606 14.6061 7.62 * 
Env 95.5407 109.42 6.66 * 
Env x Species 53.4126 27.0758 12.81 * 
Residual 107.23 14.5703   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Species 8 14 44.18 * 
 

z Data obtained in this table was analyzed using PROC GLIMMIX in SAS version 9.4 using the Kenward-Roger 
adjustment 
*Significant at p < 0.05 
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Table 13. Generalized mixed model variance analysis with heterogenous covariance structure and Kenward-Roger 
adjustmenty for winter wheat grain and straw yield (Mg ha-1) in a randomized complete block design across site-
years in 2018 and 2019. 

Winter Wheat Grain Yield 

Random effects 
Variance Estimate 
(Mg ha-1) 

Standard error 
(Mg ha-1) 

Chi- 
squared Pr > chi-sq 

Rep(Env) 0.1371 0.07297 15.30 * 
Env 2.4213 2.4522 30.55 * 
Env x Species 0 0.02618 0.71 NS 
Residual 1.1660 0.09623   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Species 9 16 3.26 * 

     
Winter Wheat Straw Biomass 

Random effects 
Variance Estimate 
(Mg ha-1) 

Standard error 
(Mg ha-1) 

Chi- 
squared Pr > chi-sq 

Rep(Env) 0.1438 0.08781 8.12 * 
Env 2.8529 2.8920 29.54 * 
Env x Species 0 . 0 NS 
Residual 1.7583 0.1415   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Species 9 309 0.97 NS 
     
Winter Wheat Harvest Index     

Random effects 
Variance Estimate 
(Mg ha-1) 

Standard error 
(Mg ha-1) 

Chi- 
squared Pr > chi-sq 

Rep(Env) 0.5495 0.2905 14.49 * 
Env 56.4586 56.6024 55.26 * 
Env x Species 0.07919 0.1600 0.31 NS 
Residual 4.3824 0.3622   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Species 9 16 0.65 NS 
 

x NS = Non-significant 
y Data obtained in this table was analyzed using PROC GLIMMIX in SAS version 9.4 using the Kenward-Roger 
adjustment 
*Significant at p < 0.05 
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Table 14. Generalized mixed model variance analysis with heterogenous covariance structure and Kenward-Roger 
adjustmentz for clover stand count with winter wheat row spacing effect in a randomized complete block design in 
Waterloo, Ontario, Canada in 2019. 

Random effects 
Variance Estimate 
(Plants 0.5m-2) 

Standard error 
(Plants 0.5m-2) 

Chi- 
squared Pr > chi-sq 

Rep x Species x EUy 0.1031 0.05959 4.82 0.0140 
Residual 0.3393 0.05811   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Species 2 32 7.28 * 
Time 1 70 7.43 * 
Species x Time 2 70 0.91 NSx 
Spacing 1 70 1.87 NS 
Species x Spacing 2 70 2.63 NS 
Species x Time x Spacing 3 70 0.26 NS 
 

xNS = Non-significant  
yEU = experimental unit 
z Data obtained in this table was analyzed using PROC GLIMMIX in SAS version 9.4 using the Kenward-Roger 
adjustment 
*Significant at p < 0.05 
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Table 15. Generalized mixed model variance analysis with heterogenous covariance structure and Kenward-Roger 
adjustmenty for clover shoot and root biomass (Mg ha-1) with a winter wheat row spacing effect (conventional vs. 
twin-row) in a randomized complete block design in Waterloo, Ontario, Canada in 2019. 

Clover Shoot Biomass 

Random effects 
Variance Estimate 
(Mg ha-1) 

Standard error 
(Mg ha-1) 

Chi- 
squared Pr > chi-sq 

Rep 0.08569 0.09085 2.19 NS 
Residual  0.3346 0.09464   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Species 2 25 90.50 * 
Spacing 1 25 0.44 NSx 
Species x Spacing 2 25 0.14 NS 
     
Clover Root Biomass     

Random effects 
Variance Estimate 
(Mg ha-1) 

Standard error 
(Mg ha-1) 

Chi- 
squared Pr > chi-sq 

Rep 0.04167 0.05797 0.95 NS 
Residual  0.2849 0.08059   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Species 2 25 71.43 * 
Spacing 1 25 2.37 NS 
Species x Spacing 2 25 1.48 NS 
 

xNS = Non-significant 
y Data obtained in this table was analyzed using PROC GLIMMIX in SAS version 9.4 using the Kenward-Roger 
adjustment 
*Significant at p < 0.05 
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Table 16. Generalized mixed model variance analysis with heterogenous covariance structure and Kenward-Roger 
adjustmenty for total plot coverage (%) of clover species across winter wheat row spacing (conventional vs twin-
row) when frost-seeded into winter wheat in a randomized complete block design in Waterloo, Ontario, Canada in 
2019. 

Random effects 
Variance Estimate 
(%) 

Standard error 
(%) 

Chi- 
squared Pr > chi-sq 

Rep 0 3.2212 3.81 NSz 
Residual  62.5200 17.6833 - - 
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Species 2 25 420.60 * 
Spacing 1 25 1.60 NS 

Species x Spacing 2 25 0.08 NS 
 

y Data obtained in this table was analyzed using PROC GLIMMIX in SAS version 9.4 using the Kenward-Roger 
adjustment 
zNS = Non-Significant 
*Significant at p < 0.05 
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Table 17 Generalized mixed model variance analysis with heterogenous covariance structure and Kenward-Roger 
adjustmenty for clover shoot and root biomass (Mg ha-1) with a winter wheat row spacing effect (conventional vs. 
twin-row) in a randomized complete block design in Waterloo, Ontario, Canada in 2019. 

Winter Wheat Grain Yield 

Random effects 
Variance Estimate 
(Mg ha-1) 

Standard error 
(Mg ha-1) 

Chi- 
squared Pr > chi-sq 

Rep 0.01034 0.02719 0.20 NSx 

Residual  0.5108 0.07929   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Species 3 83 2.79 * 
Spacing 1 83 10.96 * 
Species x Spacing 3 83 0.57 NS 
     
Winter Wheat Straw Yield 

Random effects 
Variance Estimate 
(Mg ha-1) 

Standard error 
(Mg ha-1) 

Chi- 
squared Pr > chi-sq 

Rep 0 0.05752 0.19 NS 
Residual  1.8526 0.2876   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Species 3 23.74 2.15 NS 
Spacing 1 24.61 6.88 * 
Species x Spacing 3 23.52 0.68 NS 
 

xNS = Non-significant 
y Data obtained in this table was analyzed using PROC GLIMMIX in SAS version 9.4 using the Kenward-Roger 
adjustment 
*Significant at p < 0.05 
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Table 18. Summary of total accumulated N (kg N ha-1) in both shoots and roots associated with each individual 
clover species across both conventional and twin-row spacing from 2018-2019 clover experiments. Tissue sampling 
at Elora, ON location occurred on October 18, 2018, and at Elora and Waterloo, ON locations on October 7 and 
October 9, 2019, respectively. 

Clover Species Shoot Root 
 Biomass 

(kg ha-1) % N kg N ha-1 Biomass 
(kg ha-1) % Nx kg N ha-1 

2018x       
Red 1348 2.22 45 927 2.84 26.3 
Alsike 1193 2.68 32 932 2.84 26.5 
Crimsony 259 1.86 5 69 2.62 1.8 
2019 – Eloraz       
Red 2010 2.67 53.7 2820 2.47 69.7 
Twin-Row Red 2170 2.47 53.6 2740 2.44 66.9 
Alsike 1510 2.85 43 1730 2.45 42.4 
Twin-Row Alsike 1770 2.80 49.6 1680 2.51 42.2 
Crimsony 220 3.20 7 140 2.71 3.8 
Twin-Row Crimsony 250 2.96 7.4 170 2.5 4.3 
2019 - Waterloo       
Red 3280 2.88 94.5 2320 2.84 37.5 
Twin-Row Red 3410 3.04 104 3030 2.87 87 
Alsike 2380 3.35 79.7 1790 2.84 50.8 
Twin-Row Alsike 2600 3.05 79.3 1890 2.7 51 
Crimsony 260 3.06 8 110 2.62 2.9 
Twin-Row Crimsony 260 3.13 8.1 130 2.64 3.4 
 
x Clover root tissue test not analyzed in 2018, therefore Waterloo 2019 average %N values for conventional 
clover species were used to infer N-credit values (kg N ha-1). 
y Values associated with treatments containing crimson and twin-row crimson clover may be lower and not 
reflective of optimal biomass values and %N as a result of sampling timing. Crimson clover’s annual nature 
caused earlier seed production than alsike and red clover which lowered end of season biomass values. 
z N-credit differences in Elora 2019 between conventional and twin-row spacing is less prominent due to variable 
winter wheat stands dissipating the effects of conventional vs. twin-row wheat spacing. 

 
 
 
 
 
 
 
 



159 

Table 19. Comparison of Environment and Climate Change Canada average monthly air temperature and total 
monthly precipitation values to 30-year (1981 to 2010) monthly temperature and precipitation means for clover trial 
locations in 2018 and 2019x. 
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20
17

 09 17.2 14.9 54 93  16.5 14.5 14 88 
10 11.6 8.3 90 77  11.4 8.2 38 67 
11 1.8 2.1 92 93  2.0 2.5 76 87 
12 -6.8 -3.9 55 69  -6.4 -3.3 21 71 

           

20
18

 

01 -7.6 -7.4 106 68  -7.5 -6.5 60 65 
02 -3.8 -6.3 90 56  -3.2 -5.5 45 55 
03 -1.6 -1.9 35 60  -1.1 -1.0 29 61 
04 1.5 5.7 109 74  2.2 6.2 97 75 
05 16.5 12.2 59 87  16.0 12.5 72 82 
06 18.4 17.5 52 84  18.0 17.6 59 82 
07 21.2 20.0 59 89  20.8 20 72 99 
08 21.4 19.0 87 97  20.8 18.9 92 84 
09 17.6 14.9 57 93  17.1 14.5 52 88 
10 7.8 8.3 87 77  7.9 8.2 54 67 
11 -0.6 2.1 116 93  0.0 2.5 72 87 
12 -2.1 -3.9 97 69  -1.4 -3.3 59 71 

Sum   953 946    763 916 

           

20
19

 

01 -8.9 -7.4 81 68  -7.5 -6.5 29 65 
02 -6.3 -6.3 102 56  -5.6 -5.5 39 55 
03 -3.3* -1.9 114* 60  -2.5 -1.0 60 61 
04 4.5* 5.7 132* 74  5.1 6.2 93 75 
05 10.8* 12.2 90* 87  11.3 12.5 79 82 
06 17.0 17.5 61 84  16.7 17.6 53 82 
07 21.8 20.0 36 89  21.3 20 51 99 
08 19.1 19.0 127 97  19.0 18.9 59 84 
09 15.6 14.9 76 93  15.5 14.5 30 88 
10 8.7 8.3 136 77  8.6 8.2 133 67 
11 -1.1 2.1 70 93  -0.6 2.5 34 87 
12 -3.3 -3.9 75 69  -2.1 -3.3 44 71 

Sum   1100 946    704 916 
 

x Monthly values are provided for the year in which the field trial(s) was/were conducted at each site. In addition, 
values for the last four months of the year prior to each experiment are listed to indicate fall growing conditions 
for winter wheat. Weather data and climate normals may not be from the same station given the movement or 
termination of station locations over time 
y Elora (43.6509, -803968) data and normals were obtained from the Fergus Shand Dam weather station (43.7347, 
-80.3303). Values with an asterisks (*) were obtained from Elora RCS (43.6500, -80.4167) 
z Waterloo (43.4970, -80.4279) data and normals obtained from Waterloo International Airport (43.4561, -
80.3856). Although the Waterloo field location was not used in 2018, totals were included to show site location 
differences. 
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Figure B.1. Average daily PAR (as percentages of total PAR) for twin-row and conventional winter wheat spacing systems in Waterloo, ON, 2019.  
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Table 20. Generalized mixed model variance analysis with heterogenous covariance structure and Kenward-Roger 
adjustmentz for corn grain yield and biomass (kg ha-1) with a clover species rotation effect in a randomized complete 
block design in Elora, Ontario, Canada, 2019. 

Corn Grain Yield     

Random effects 
Variance Estimate 

(kg ha-1) 
Standard error 
(kg ha-1) 

Chi- 
squared Pr > chi-sq 

Rep 387146 196839 6.21 * 
Rep x N 0 336330 4.99 * 
Rep x Clover 0 237792 5.00 * 
Rep x N x Clover 295525 460945 4.99 * 
Residual 1469157 351196   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Clover vs. No Clover 1 31.75 22.86 * 
N 1 11.47 107.39 * 
Clover vs. No Clover x N 1 11.47 0.05 NSy 

     
Harvest Index     

Random effects 
Variance Estimate 

(kg ha-1) 
Standard error 
(kg ha-1) 

Chi- 
squared Pr > chi-sq 

Rep 0.000395 0.000384 4.19 * 
Rep x N 0 0.000222 2.84 NS 
Rep x Clover 0.000005806 0.000387 3.30 NS 
Rep x Clover x N 0.000321 0.000322 3.05 NS 
Residual 0.001742 0.000279   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Clover vs. No Clover 1 7.192 0.19 NS 
N 1 25.74 1.35 NS 
Clover vs. No Clover x N 1 25.74 0.17 NS 
     
Corn DM – Silking      

Random effects 
Variance Estimate 

(kg ha-1) 
Standard error 
(kg ha-1) 

Chi- 
squared Pr > chi-sq 

Rep 14245 78763 0.03 NS 
Rep x N 22803 98509 0.10 NS 
Rep x Clover 3086 77717 0 NS 
Rep x Clover x N 50262 104447 0.58 NS 
Residual 260497 41703   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Clover vs. No Clover 1 6.23 2.55 NS 
N 1 7.16 39.14 * 
Clover vs. No Clover x N 1 7.16 0 NS 
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Table B.11. Continued     
Corn DM – Physiological 
Maturity 

    

Random effects Variance Estimate 

(kg ha-1) 
Standard error 
(kg ha-1) 

Chi- 
squared 

Pr > chi-sq 

Rep 31720 141570 0.74 NS 
Rep x N 138720 180537 0.85 NS 
Rep x Clover 0 . 3.06 * 
Rep x Clover x N 0 .   
Residual 1156304 180584   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Clover vs. No Clover 1 5 63.40 * 
N 7 35 1.63 NS 
Clover vs. No Clover x N 7 35 1.03 NS 
     
Corn DM– Grain Fill Period     
Random effects Variance Estimate 

(kg ha-1) 
Standard error 
(kg ha-1) 

Chi- 
squared 

Pr > chi-sq 

Rep 0 134274 1.31 NS 
Rep x N 174954 139360 1.55 NS 
Rep x Clover 144234 164659 1.70 NS 
Rep x Clover x N 0 117938 1.32  
Residual 1046305 173156   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Clover vs. No Clover 1 10.16 3.10 NS 
N 1 23.14 15.19 * 
Clover vs. No Clover x N 1 23.14 0.26 NS 
 

y NS = Non-significant 
z Data obtained in this table was analyzed using PROC GLIMMIX in SAS version 9.4 using the Kenward-Roger 
adjustment 
*Significant at p < 0.05 
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Table 21. Generalized mixed model variance analysis with heterogenous covariance structure and Kenward-Roger 
adjustmentz for soil NO3-N (mg kg-1) showing the effect of clover cover crops on subsequent soil NO3-N 
concentrations in corn in a RCBD in Elora, Ontario, Canada, 2019. 

Random effects 
Variance Estimatey 

(mg kg-1) 
Standard error 
(mg kg-1) 

Chi- 
squared Pr > chi-sq 

Rep 1.2837 1.2528 9.55 * 
Residual 8.2493 1.4937 - - 
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Clover vs. No Clover 1 61 0.94 NSx 

Time 2 61 60.40 * 
Clover vs. No Clover x Time 2 61 0.16 NS 
 

x NS = Non-significant 
y Estimates obtained from single clover species plots (R, C, A, N/C) from the 0-N block only. 
z Data obtained in this table was analyzed using PROC GLIMMIX in SAS version 9.4 using the Kenward-Roger 
adjustment 
*Significant at p < 0.05 
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Table 22. Generalized mixed model variance analysis with heterogenous covariance structure and Kenward-Roger 
adjustmentz for corn tissue NO3-N (mg kg-1) showing the effect of clover cover crops on subsequent corn tissue NO3 
at physiological maturity blocky design in Elora, Ontario, Canada, 2019. 

Random effects 
Variance Estimate 
(mg kg-1) 

Standard error 
(mg kg-1) 

Chi- 
squared Pr > chi-sq 

Rep 3.3294 10.1465 0.19 NSx 

Rep x N 0 . 0 NS 
Rep x Clover 0 . 0 NS 
Rep x Clover x N 0 . 0 NS 
Residual 60.9240 16.5814   
     
Fixed Effects Numerator df Denominator df F-Value Pr > F 
Clover vs. No Clover 1 27 0.24 NS 
N 1 27 28.20 * 
Clover vs. No Clover x N 1 27 0.06 NS 
 

x NS = Non-significant 
yAnalysis performed is from data collected in only 2 out of 6 reps. 
z Data obtained in this table was analyzed using PROC GLIMMIX in SAS version 9.4 using the Kenward-Roger 
adjustment 
*Significant at p < 0.05 
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Table 23. Generalized mixed model variance analysis with heterogenous covariance structure and Kenward-Roger 
adjustmentz for corn grain yield and biomass (kg ha-1), HI (%) and soil and tissue NO3-N (mg kg-1), with clover 
species, nitrogen and time of soil sampling effects in a split-block design in Elora, ON Canada, 2019. 
 

 
 
 
 
 
 
 
 
 
 

 

Corn 
Grain 
Yieldx  

(kg ha-1) 

Harvest 
Index 
(%) 

Corn DM 
– Silking v   
(kg ha-1)  

Corn DM – 
Physiological 

Maturity  

(kg ha-1) 

Corn 
DM – 
GFPt  

(kg ha-1) 

Soil NO3  
(mg N kg-1) 

Tissue NO3w 
(mg N kg-1) 

Random 
Effects 

Pr > chi-
sq 

Pr > 
chi-sq 

Pr > chi-
sq Pr > chi-sq 

Pr > chi-
sq 

Pr > chi-
sq Pr > chi-sq 

Rep * NS NS NS NS * NS 
Rep x N NS NS * NS NS  NS 
Rep x 
Species 

NS * * NS NS  * 

Rep x N x 
Species 

* NS * NS NS  NS 

        
Fixed 
Effects 

Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F 

Species * NS NS * NS * NS 
N * NS * * *  * 
Species X N NSy NS NS NS NS  NS 
Time u     *  
Species x 
Time 

     NS  

t GFP = grain filling period (corn DM maturity – corn DM silking) 
u Blanks within the table represent effects not analyzed by respective traits within the same column 
v Corn DM (total DM – grain weight) expressed at 0% moisture 
w Analysis performed on data collected from two out of six reps 
x Wheat yields adjusted to standard market moisture of 15.5% 
yNS = Non-significant 
z Data obtained in this table was analyzed using PROC GLIMMIX in SAS version 9.4 using the Kenward-Roger 
adjustment 
*Significant at p < 0.05 
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Table 24. Means comparisons for corn grain yield and biomass (kg ha-1), HI (%) and soil and tissue NO3-N (mg kg-

1), with clover species, nitrogen and time of soil sampling effects in a split-block design in Elora, ON Canada, 2019. 
 

 Corn 
Grain 
Yield 

Corn DM –  
Silking 

Corn DM –  
 Physiological 

Maturityv 

Corn DM – 
GFP Soil NO3 Tissue NO3t 

Clover 
Species/Blends (kg ha-1) (kg ha-1) (kg ha-1) (kg ha-1) 

(mg N kg-

1) (mg N kg-1) 
Red  14279 ab 5566.32 a 9730.46 ab 4164.14 a 9.70 a 13.42 a 
Red + Crimson + 
Alsike 

14755 a 5827.06 a 10556 a 4728.67 a  11.26 a 

Red + Crimson 14733 a 5480.65 a 10554 ab 5073.04 a  10.17 a 
Red + Alsike 14828 a 5681.38 a 10377 ab 4695.64 a  11.48 a 
Alsike 14839 a 5971.05 a 9704.50 ab 3733.45 a 8.47 ab 13.61 a 
Alsike + Crimson 14666 a 5576.96 a 9662.83 ab 4085.87 a  7.66 a 
Crimson 13279 b 5311.01 a 9467.71 ab 4156.69 a 7.51 b 7.94 a 
No Clover 13264 b 5335.36 a 9111.82 b 3776.64 a 7.96 ab 9.18 a 
       
N-Rate 

(kg ha-1) 
      

150 16070 a 6227.47 a 11172 a 4944.91 a  25.30 ay 
0 12590 b 4959.98 b 8618.57 b 3658.59 b  4.25 b 
       
Soil Sample 
Timing 

      

Pre-Sidedress u    13.16 ay  
Silking     12.02 a  
Maturity     3.71 b  
 
t Mean estimates derived from data collected from two out of six reps 
u Blanks within the table represent effects not analyzed by respective traits within the same column  
v Corn biomass (total biomass DW – grain weight) expressed at 0% moisture 
w Time at which clover establishment counts were performed (Initial = Julian Day 142; Final = Julian Day 250) 
x CV = Coefficient of Variation 
y Mean estimates followed by the same letter are not significantly different at the 5 % level according to a Tukey-
Kramer grouping of least squares means 

z All means represent average number of clover plants in 0.5 m2 sampling areas per plot across two sampling 
times 

 


