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ABSTRACT 

 

OPPORTUNITIES FOR THE INCLUSION OF COVER CROPS IN THE CORN-

SOYBEAN ROTATION IN ONTARIO 

 

 

Jaclyn Cassandra Clark         Co-Advisors: 

University of Guelph 2018        Dr. Bill Deen 

Dr. Dave Hooker 

 

Integration of cover crops in corn (Zea mays L.)-soybean (Glycine max Merr.) rotations may 

reduce negative impacts on crop yield, soil health, and the environment. Two experiments 

investigated cover crops in corn-soybean based rotations. Lolium multiflorum (annual ryegrass, 

AR) and Trifolium pretense (red clover, RC) were planted or broadcast into V5 corn harvested 

for grain or silage. Cover crop biomass in the spring ranged from 0 to 1.63 Mg ha-1.  Grain corn 

yields were unaffected by cover crops.  In the second experiment, three rotations were 

established: 1) continuous soybean, 2) corn-soybean, and 3) continuous soybean with broadcast 

or drilled AR or Secale cereale (cereal rye, CR).   Cover crop biomass measured late fall was 

consistently low (<0.50 Mg ha-1).  Spring cover crop biomass ranged from 0-1.77  

Mg ha-1. Overall, AR, RC, or CR can be used as cover crops in corn-soybean rotations, however 

variability in biomass accumulation may limit benefits. 

Key words: annual ryegrass, cereal rye, cover crops, crop rotations, interseeding, red clover, soil 

health.  

 

 

 

 



iii 
 

TABLE OF CONTENTS 

1.0 Introduction ..................................................................................................................................................... 1 

2.0 Literature Review .......................................................................................................................................... 2 

2.1 Cover crops - Intended purpose and potential benefits ............................................................ 2 

2.1.1 Nutrient management ..................................................................................................................... 3 

2.1.2 Soil organic matter/carbon ........................................................................................................... 4 

2.1.3 Erosion protection and compaction alleviation .................................................................... 7 

2.1.4 Pest control.......................................................................................................................................... 8 

2.2 Why incorporate cover crops into a corn-soybean rotation? .................................................. 9 

2.3 Potential challenges associated with incorporating cover crops into a corn-soybean 

rotation .............................................................................................................................................................. 11 

2.4 Candidate cover crop species for inclusion in a corn-soybean rotation .......................... 13 

2.4.1 Annual ryegrass ............................................................................................................................. 13 

2.4.2 Red clover ......................................................................................................................................... 17 

2.4.3 Cereal rye ......................................................................................................................................... 20 

2.4.4 Cover crop mixes ........................................................................................................................... 23 

2.5 Experience to-date with cover crops in corn and soybeans .................................................. 25 

2.5.1 Cover crops interseeding into corn ........................................................................................ 25 

2.5.2 Seeding cover crops pre and post soybean harvest .......................................................... 33 

2.6 Research gaps, objectives and general hypotheses ................................................................... 36 

3.0 Evaluation of interseeded cover crops in V4-5 corn ..................................................................... 41 

3.1 Introduction ............................................................................................................................................. 41 

3.2 Methodology ............................................................................................................................................ 42 

3.2.1 Field Locations ............................................................................................................................... 42 

3.2.2 Experimental Design .................................................................................................................... 43 

3.2.3 Field Management Activities .................................................................................................... 44 

3.2.4 Data Collection and Analysis .................................................................................................... 45 

3.2.5 Weather ............................................................................................................................................. 51 

3.3 Results and Discussion ......................................................................................................................... 52 

3.4 Conclusions .............................................................................................................................................. 68 

4.0 Potential for cover crops to mitigate soil health and yield depression of soybean 

intensive rotations ............................................................................................................................................. 81 



iv 
 

4.1 Introduction ............................................................................................................................................. 81 

4.2 Methodology ............................................................................................................................................ 82 

4.2.1 Field Site............................................................................................................................................ 82 

4.2.2 Weather ............................................................................................................................................. 82 

4.2.3 Experimental Design .................................................................................................................... 82 

4.2.4 Field Management Activities .................................................................................................... 83 

4.2.5 Sample Collection and Data Analysis .................................................................................... 84 

4.3 Results and Discussion ......................................................................................................................... 88 

4.3.1 Agronomic Data ............................................................................................................................. 88 

4.3.2 Soil Parameters .............................................................................................................................. 98 

4.4 Conclusions ............................................................................................................................................ 100 

5.0 Final Remarks ........................................................................................................................................... 108 

References ........................................................................................................................................................... 110 

Appendices ......................................................................................................................................................... 122 

Appendix A: Sample Plot Plans of Each Site in Interseeding Experiment ................................. 122 

Appendix B: Variance analysis for Interseeding Experiment Simplified Analysis (all years 

and locations grouped) ................................................................................................................................. 124 

Appendix C: Statistical Contrasts for Cover Crop and Weed Biomass in Chapter 1 

Interseeding Experiment. ............................................................................................................................ 129 

Appendix D: Correlational Data from Chapter 1 Interseeding Experiment ............................... 130 

Appendix E: Potassium Deficiency Results In Soybeans Following Corn & Interseeded Cover 

Crops at Elora 2016 ...................................................................................................................................... 132 

Appendix F: Chapter 2 Cover Crops in Soybean Experiment Plot Plan ..................................... 133 

Appendix G – Photos from 26 November 2011 (No Cover Crop Biomass Measured) .......... 134 

Appendix H: Cover Crop Biomass Sampling Protocol Differences By Sampling Period in 

Chapter 2 Cover Crops in Soybean Experiment .................................................................................. 135 

Appendix I: Residue Cover Sample Photos from the Photo Comparison Method .................. 136 

Appendix J: Statistical Contrasted for Chapter 2 Cover Crops In Soybeans Experiment ..... 137 

Appendix K: Variance Analysis for Chapter 2 Cover Crops In Soybeans Experiment .......... 138 

Appendix L: Aggregate Size Distribution Means Comparisons .................................................... 142 

 

 

 

 



v 
 

LIST OF FIGURES  

 

Figure 1. Outline of the primary utility and benefits of cover crops. .................................................. 38 

Figure 2. Trends in harvested area of major field crops in Ontario from 1981-2013 (Gaudin et 

al., 2015). ................................................................................................................................................................ 39 

Figure 3. Depiction of cumulative potential benefits of successful incorporation of red clover 

into a cropping system (Gaudin et al., 2013). .............................................................................................. 40 

Figure 4. Long-term weather averages (data closest available to field site – Fergus 11.5 km from 

Elora field) and deviations in precipitation and temperature (data from Elora <2 km from field) 

over the course of the experiment. .................................................................................................................. 69 

Figure 5. Long-term weather averages (data closest available to field site – New Glasgow 19.94 

km from Ridgetown field) and deviations in precipitation and temperature (data from Ridgetown 

<2 km from field) over the course of the experiment. .............................................................................. 70 

Figure 6. Long-term weather averages (data closest available to field site –Trent University 

<2km from Trent field) and deviations in precipitation and temperature (data from Trent 

University or, when not available, Peterborough weather station 16 km from field) ...................... 71 

Figure 7. Difference in field conditions post corn harvest shown at Ridgetown site on 26 

October 2015. Grain corn plots (left), silage corn plots (right). ............................................................. 77 

Figure 8. Spring cover crop growth at Elora on 28 April 2016. Clockwise from top left: 

interseeded/planted AR+RC after grain corn; interseeded/broadcast AR+RC after grain corn, 

interseeded/broadcast AR+RC after silage corn, interseeded/planted AR+RC after silage........... 78 

Figure 9.  Soybean emergence following grain corn in no cover control (top) compared to AR 

(bottom) cover crop at Elora (planted 4 June 2017, photo taken 16 June 2017), many plants in 

row failed to germinate due to seed trench opening. ................................................................................. 79 

Figure 10. Slug damage to soybeans following interseeded cover crops at Elora (15 August 

2017). ....................................................................................................................................................................... 80 

Figure 11. Cover crops at Elora on November 19th, 2010. Clockwise from top left, AR 

broadcast pre-soybean leaf drop, CR broadcast pre-soybean leaf drop, CR drilled post-soybean 

harvest, and AR drilled post-soybean harvest. .......................................................................................... 107 

 

 

 

 

 

 

 

 

file:///C:/Users/Jackie/Documents/MSc%20Project/Documents%20in%20Progress/Thesis%20Revisions%20Feb%2012.docx%23_Toc506316298
file:///C:/Users/Jackie/Documents/MSc%20Project/Documents%20in%20Progress/Thesis%20Revisions%20Feb%2012.docx%23_Toc506316300
file:///C:/Users/Jackie/Documents/MSc%20Project/Documents%20in%20Progress/Thesis%20Revisions%20Feb%2012.docx%23_Toc506316300
file:///C:/Users/Jackie/Documents/MSc%20Project/Documents%20in%20Progress/Thesis%20Revisions%20Feb%2012.docx%23_Toc506316305
file:///C:/Users/Jackie/Documents/MSc%20Project/Documents%20in%20Progress/Thesis%20Revisions%20Feb%2012.docx%23_Toc506316305
file:///C:/Users/Jackie/Documents/MSc%20Project/Documents%20in%20Progress/Thesis%20Revisions%20Feb%2012.docx%23_Toc506316305


vi 
 

LIST OF TABLES 

 

Table 1: Management of corn and cover crops in interseeding experiment 2016-2017. ............... 72 

Table 2. Main crop yields in 2015 and 2016 at Elora, Ridgetown, and Trent. ................................. 73 

Table 3. Interseeded cover crop and weed dry matter (DM; Mg ha-1) at different harvest dates in 

corn harvested for silage or grain at Elora.................................................................................................... 74 

Table 4. Interseeded cover crop and weed dry matter (DM; Mg ha-1) at different dates in corn 

harvested for silage or grain at Ridgetown. .................................................................................................. 75 

Table 5. Interseeded cover crop and weed dry matter (DM; Mg ha-1) at different dates in corn 

harvested for silage or grain at Trent. ............................................................................................................ 76 

Table 6. Elora long-term climate averages and weather data for the duration of the experiment.

 ................................................................................................................................................................................. 102 

Table 7. Management activities in soybean intensive rotation experiment. .................................... 103 

Table 8. Fall and Spring cover crop biomass (DM; Mg ha-1) of annual ryegrass (AR) or cereal 

rye (CR) broadcast pre soybean leaf drop (pre) or drilled post soybean harvest (post) as 

influenced by cover crop or tillage treatment each year. ........................................................................ 104 

Table 9. Residue cover (%) in early summer each rotation and tillage treatment over three years.

 ................................................................................................................................................................................. 105 

Table 10. Soybean yields in Mg/ha at 13% moisture over rotational and tillage treatments in 

three years, and averaged over experiment duration. .............................................................................. 106 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

LIST OF ABBREVIATIONS 

AR   annual ryegrass 

C   carbon 

CHU   corn heat units 

CR   cereal rye 

DM   dry matter  

FAO   Food and Agriculture Organization 

HI   harvest index 

N   nitrogen 

OMAFRA  Ontario Ministry of Agriculture, Food and Rural Affairs 

RC   red clover 

SOC   soil organic carbon 

SOM   soil organic matter 

WAS   wet aggregate stability  

WHC   water holding capacity  

 

 

 

 

 

 



1 
 

1.0 Introduction 

 
Crop rotations in Ontario and the Northern Corn Belt of the USA are becoming shorter 

with less species diversity.  Small grains and forages are becoming less frequent, while corn (Zea 

mays) and soybean (Glycine max) are increasing (Gaudin et al., 2015). The trend for shorter 

rotations is associated with soil degradation, increased reliance on chemical fertilizers and 

pesticides, decreased input use efficiency, increased pest pressure, and reduced resiliency to 

environmental stresses (Guadin et al., 2015, Deen et al., 2016). These issues may be exacerbated 

in the future through residue removal for biofuel and other bioproducts, and greater climatic 

variability due to global climate change.  Long-term rotational trials in both Ontario and Iowa 

have demonstrated that more complex rotations (including those which incorporate cover crops) 

can mitigate some of these issues (Davis et al., 2012; Gaudin et al., 2015). 

Cover crops, sometimes also referred to as catch crops, green manures, or living mulches, 

are species grown to cover bare soil and provide benefit to the cropping system (Fageria et al., 

2005; Kaspar and Singer, 2011). They have been used throughout history to maintain or improve 

soil health and cropping system resiliency.  In Pieters’ 1927 publication “Green Manuring 

Principles and Practice”, there is evidence of cover crops cultivated and ploughed under to 

improve land quality from as early as 5th century BC in China, and 287-27 BC in Greece and 

Rome. The United Nations named 2015 as the International Year of Soils, and again identified 

cover crops as a means to improve soil properties (FAO & ITPS, 2015).  

In Ontario, there has been renewed and increasing interest in using cover crops to 

improve soil health for benefits to farmers, the environment and to other various stakeholders.  

Currently, the most-understood and adopted practices of cover cropping in Ontario involve 

seeding into or following a winter cereal.  As a corn-soybean rotation is becoming increasingly 
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popular in Ontario and across the Northern Corn Belt, opportunities for cover crop inclusion 

need to be developed for this rotation.   The primary objective of this study is to investigate the 

agronomic opportunities and challenges of incorporating Lolium multiflorum (annual ryegrass, 

AR), Trifolium pretense (red clover, RC), and Secale cereale (cereal rye, CR), into corn-and 

soybean-based crop rotations in Ontario. 

2.0 Literature Review 

 

2.1 Cover crops - Intended purpose and potential benefits  

 
Cover crops are grown to capture a diverse range of benefits (Blanco-Canqui et al., 2015; 

Fageria et al., 2005; Kaspar and Singer, 2011). A simplified summary of the primary benefits is 

shown in Figure 1, though it is important to note that not all cover crop species provide all 

benefits. Some redundancy observed in Figure 1 reflects the interconnectedness of cover crop 

functions. Cover crops are usually terminated prior to maturity using physical or chemical 

methods, though they may be grazed or used to feed livestock (Fageria et al., 2005). The cover 

crop species chosen and their management will vary depending on the desired functional benefits 

(Snapp et al., 2005). Cover crops may be incorporated into a crop rotation using many methods, 

whether planted before the main crop is seeded, before the main crop is harvested, or after the 

main crop is harvested (Fageria et al., 2005). The following four sections provide more detail 

concerning specific cover crop benefits relevant to this study, including management of 

nutrients, carbon (C) additions and the associated environmental and soil health benefits, 

physical soil protection and improvement, and pest suppression. Benefits from grazing or haying 

cover crops to feed livestock are beyond the scope of this thesis and will not be discussed in 

detail here. Overall, crop crops can provide benefits that ultimately lead to improvements in 

productivity or resiliency of the cropping system (Fageria et al., 2005; Snapp et al., 2005). 
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2.1.1 Nutrient management  

 
Nutrient management, either by addition or loss prevention, is one of the reasons for 

adopting a cover crop. For example, leguminous cover crops form symbiotic relationships with 

soil bacteria called rhizobia, which contribute nitrogen (N) to the system through biological 

fixation (Dilworth et al., 2008); this decreases synthetic fertilizer input requirements (Fageria et 

al., 2005). A study conducted in Switzerland evaluated 19 different legume cover crop species at 

two sites and found atmospheric-derived N ranged from 2-172 kg N ha-1, depending on biomass, 

biological N fixation efficiency, and environment (Büchi et al., 2015). The mean N contribution 

at each site varied from 59 to 70  kg N ha-1, indicating that leguminous cover crops have the 

potential to provide a significant N input  to a cropping system (Büchi et al., 2015). In Ontario, 

alfalfa and RC planted in early summer produced 20 kg N ha-1 of plant available N when 

terminated the next spring (Coombs, 2015). In addition to direct contributions of N, both 

leguminous and non-leguminous cover crops can take up soil N to prevent loss from the system 

(Fageria et al., 2005; Kuo and Sainju, 1998). Nitrogen loss is prevented by extending the period 

of time throughout the year when there is a living crop in the field taking up N, reducing the 

downward movement of water soluble nitrate (NO3), and also limiting gaseous loss as N2O, NO, 

and N by competing with denitrification microorganisms (Kaspar and Singer, 2011).  

Short-term changes in N dynamics with the incorporation of cover crops will depend 

largely on the cover crop type (grass or legume), biomass, and termination type and method. 

Those factors influence the period of active N uptake or contribution to the soil, and the amount 

and quality (C:N ratio) of residues added to the soil, which will influence how they decompose 

(Kaspar and Singer, 2011).   For environmental reasons, there is also considerable interest in the 

ability of cover crops to prevent loss of phosphorus (P) from agricultural systems, to address the 
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issue of runoff into watersheds and eutrophication. Particulate P is associated with sediment, 

which cover crops help to prevent the loss of P through physical protection (discussed further in 

section 2.2.3). The relationship between cover cropping and soluble P is still not fully 

understood; some studies have reported higher soluble P losses with the inclusion of cover crops 

(Kaspar and Singer, 2011). If N fixing or nutrient scavenging cover crops can be included in 

corn- and soybean-based rotations in Ontario, it may decrease synthetic fertilizer requirements 

and decrease environmental externalities. Nitrogen and P management are crucial for agricultural 

production; however, C contribution is the primary purpose of cover crop inclusion.  

2.1.2 Soil organic matter/carbon  

 
Soil organic carbon (SOC) makes up 50-58% of the mass of soil organic matter (SOM) 

(Kaspar and Singer, 2011), which is why SOC additions to the soil are closely related to the 

benefits of increased SOM. The cumulative impact of cover crops on SOC is related mostly to 

the quantity of biomass returned to the soil, the rate of decay of the material, and the years the 

site has been in cover crops, original SOC/SOM level, soil type, tillage systems and climactic 

factors (Blanco-Canqui et al., 2015; Kuo et al., 1997).  Additionally, some studies have reported 

that the use of cover crops improves the main crop yields which can also increase C inputs to the 

soil, though results are variable depending on the specific management of the system and number 

of years cover crops have been used (Blanco-Canqui et al., 2015). For example, Meyer-Aurich et 

al. (2006) reported a 5% corn yield increase following RC planted after wheat, which would 

increase SOC inputs through greater corn residue, since harvest index (HI) remains unchanged 

when corn yields increase. Long-term studies in Italy have shown higher SOC in the top 10 cm 

of soil 5 years after cover crop integration, and in the top 30 cm after 15 years (Mazzoncini et al., 

2011). Soil organic carbon was reported to be approximately 9% higher in plots with a high-N 
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supplying legume cover crop (subterranean clover and hairy vetch) when compared to a no-cover 

crop control (Mazzoncini et al., 2011). In North America, after 9-years of a CR cover crop 

incorporated into a silage corn-soybean rotation in Iowa, SOM, particulate organic matter, and 

potentially mineralizable N in the surface 5 cm of soil were higher compared to a no cover crop 

control or CR planted after soybeans (Moore et al., 2014).  Specifically, SOM was 15% higher in 

the top 5 cm and 5% higher in the  5-10 cm depth when CR was planted after both main crops 

(Moore et al., 2014). These results emphasize the relatively slow rate of C additions to the soil, 

and the authors acknowledge that the slow rate of soil changes may be an obstacle to adoption of 

cover cropping practices. A meta-analysis that examined 139 plots at 37 different tropical and 

temperate sites found C additions averaged 0.32 +/- 0.08 Mg ha-1 year-1 using 27 different 

species of cover crops to a depth of 22 cm (Poeplau and Don, 2015). Their data included studies 

of up to 54 years; no studies showed a plateau or steady-state of SOC, though they predict that 

this may occur after 155 years. They also reported that 50% of the added C after 155 years may 

have accumulated after 23 years of cover crop incorporation (Poeplau and Don, 2015). The 

ability of cover crops to add C to the soil has potential implications for their ability to mitigate 

greenhouse gas emissions; however, the impact depends on the species and management 

(Blanco-Canqui et al., 2015). The C sequestration ability of cover crops as a strategy to combat 

climate change may need more research; however, the soil quality benefits have been 

documented. 

The significance of increased SOC, and therefore SOM, include the potential for 

enhanced soil structural characteristics, improved soil water status, and increased soil biological 

activity (Blanco-Canqui et al., 2015; Kaspar and Singer, 2011; McDaniel et al., 2014). Increased 

SOM through cover crop growth and decomposition contributes to improved aggregate stability, 
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physically through belowground growth, and by addition of organic C and binding agents 

(Blanco-Canqui et al., 2015). In fact, changes in wet aggregate stability (WAS) are commonly 

used as a proxy measurement for increased SOM because it is one of the most responsive 

variables indicating soil health (Blanco-Canqui et al., 2015). Measuring WAS may help to 

counteract the difficulties in detecting short-term changes in soil C due to high spatial variability 

and slow rates of addition (Blanco-Canqui et al., 2015). The aggregate size, shape, arrangement 

and stability in the soil will impact bulk density and porosity, which will in turn change the 

infiltration characteristics and water holding capacity (WHC) (Kaspar and Singer, 2011). So 

though cover crops may provide some competition with the main crop for moisture, they can also 

contribute to soil characteristics that conserve water. The net impact on soil water status is 

regionally dependant and related to the amount of precipitation and field management (Blanco-

Canqui et al., 2015; Kaspar and Singer, 2011). Cover crops not only increase organic inputs to 

the soil, but they mediate the temporal distribution of those inputs over the season, which in turn 

mediates the soil biological populations by providing a consistent food source, preventing sharp 

declines that may be observed in cropping systems where fields are left bare for many months of 

the year (Blanco-Canqui et al., 2015). The addition of organic inputs and mediation of 

temperature and moisture conditions that cover crops provide has been associated with an 

increase in macro fauna such as earthworms, and microbiological communities (populations, 

biomass and enzyme activity) (Blanco-Canqui et al., 2015; Kaspar and Singer, 2011). The 

importance of soil biology for soil health and agriculture is an emerging area of interest in cover 

crop research, and much of the relationship between cover crop management, soil biology, and 

agricultural systems is still to be discovered.  
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2.1.3 Erosion protection and compaction alleviation  

 
In addition to improving the aggregate stability of soil, which decreases the chances of 

soil particle detachment, cover crops can increase physical ground cover, protecting the surface 

from the erosive forces of wind and rain (Blanco-Canqui et al., 2015; Kaspar and Singer, 2011). 

Cover crops absorb and dissipate raindrop energy, thereby reducing soil particle detachment and 

intercepting splash transport of soil and predominantly preventing interill erosion (Kaspar and 

Singer, 2011). Rill erosion caused by shear force may also be reduced by use of cover crops, 

both directly by increasing the hydraulic resistance of the surface and slowing flow velocity, and 

indirectly by increasing infiltration capability of the soil (Kaspar and Singer, 2011). The 

usefulness of cover crops in protecting from wind  is mostly recognized in semi-arid 

environments, where living roots provide anchoring and shoots provide physical protection, 

which reduces erosion and leads to improved air quality (Blanco-Canqui et al., 2015). A review 

of the impact of cropping systems management on soil erosion in the United States reported 

decreases in soil loss of up to 96% when cover crops were incorporated into a system (Langdale 

et al., 1991). A study conducted in Ontario found that intercropping silage corn with RC (planted 

perpendicular to corn rows) reduced soil loss from the field by between 40 and 78% when 

compared to no RC (Wall et al., 1991).  Underseeding of a cover crop into a main crop is one of 

the listed  crop management factors of the Revised Universal Soil Loss Equation for Application 

in Canada, associated with reducing the final calculated  estimate of erosion potential on a 

specific field (Wall et al., 2002).  The inclusion of cover cropping in a widely accepted and 

utilized framework for predicting soil erosion is evidence of their socially and scientifically 

recognized protective potential. In addition to erosion prevention, the ability of cover crops to 

prevent or alleviate compaction becomes of more interest as agricultural equipment gets larger 
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and heavier. The impact will depend on cover crop biomass and physiological characteristics. 

For example, incorporating species with a large tap root such as Raphanus sativus, forage radish, 

has been shown to increase the critical water content at which compaction occurs, allowing fields 

to be driven on in wetter conditions without causing compaction (Blanco-Canqui et al., 2015). 

Cover crops have also been reported to help alleviate compacted soil by physically creating pores 

and decreasing bulk density (Blanco-Canqui et al., 2015; Kaspar and Singer, 2011). Erosion and 

compaction are two concerns threatening global soil resources which cover crops have a 

demonstrated capability to mitigate. Establishing a stand of cover crops by interseeding into corn 

or soybeans would allow for soil protection to be in place immediately after the main crop is 

harvested.  

2.1.4 Pest control  

 
Cover crops can reduce weed and pest pressure by disrupting pest cycles, physical 

suppression and also allelopathy between specific species  (Fageria et al., 2005). As an example, 

a study investigating sweet corn rotations found that weed biomass was lower when an oilseed 

radish Raphanus sativus (oilseed radish) cover crop was used compared to no cover crop controls 

or cereal cover crop (O’Reilly et al., 2011). This decreased weed growth was hypothesized to be 

caused by allelopathic effects or rapid early-season biomass accumulation of oilseed radish 

(O’Reilly et al.,  2011). Allelochemicals secreted by cover crops have also been known to 

suppress pathogens and nematodes (Kaspar and Singer, 2011). In Iran, Trifolium alexandrinum 

(berseem clover) was planted 15 days before, simultaneous with, or 15 days after corn planting 

with the goal of providing weed suppression (Mohammadi et al., 2012). The earliest seeding 

time provided a significant decrease in weed biomass (2.9 g m-2  reduction per 1 g m-2  of clover 

growth) and  increased corn yields were observed and attributed to this improved weed control 
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(Mohammadi et al., 2012).  Similarly, in Quebec, corn yields were consistently higher when 

cover crops were interseeded between corn rows than in a no cover crop control treatment when 

no additional weed control method was used (Abdin et al., 1998). Having cover crops directly 

compete with, and physically suppress undesirable species is an advantage that may help to 

offset their cost, if an economically significant amount of pest control can be provided.  

2.2 Why incorporate cover crops into a corn-soybean rotation? 

 
 Corn and soybean are the two dominant annual row crops being grown on more hectares 

by Ontario farmers (Figure 2). These two crops alone comprised 70% of Ontario’s harvested area 

of annual row crops in 2013. This trend is also consistent throughout the Northern Corn Belt and 

other major areas of crop production. Soybean acreage in Ontario increased 900% between 1970 

and 2014, corn increased 25% and forages and spring cereals decreased 35 and 80%, respectively 

(Deen et al., 2016). This reflects a direct decrease in the diversity of crops grown on Ontario 

fields, and ultimately has led to the prevalence of a simple two crop corn-soybean rotation. There 

are many factors that have contributed to the decreased complexity of rotations, including 

development of synthetic fertilizer and pesticides, increased prevalence and size of machinery, 

government policies, economic considerations and the abundance of rented land (Deen et al., 

2016).  Farmers, as evidenced by their adoption, have deemed this simple rotation to maximize 

profitability.   

 It has been well-demonstrated through recent investigation and review of existing 

literature that simplified rotations are linked to yield decline and reduced soil health (Bennett et 

al., 2012; Congreves et al., 2015). Some specific concerns include increased risk of losses due to 

pest pressure, decreased SOM, vulnerability to abnormal moisture conditions, decreased surface 

and ground water quality stemming from nutrient loss and erosion, increased greenhouse gas 
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emissions, high yield risk and low cropping system resiliency (Deen et al., 2016; Gaudin et al., 

2015). Including cover crops to increase the diversity of corn-soybean rotations without 

necessarily making it longer would be a strategy to combat those concerns by capturing the 

benefits outlined in the previous section. 

Research conducted in the United States suggests that cover crops may provide a 

potential solution to soil degradation by contributing carbon to the soil. A global meta-analysis 

investigated the belowground implications of simplified cropping systems and found that 

increasing diversity of rotations with an additional main crop was associated with increased soil 

total C and N, by 3.5% and 5.3% respectively, and increased microbial biomass (McDaniel et al., 

2014). However when diversity was increased by the addition of a cover crop, the associated 

increase in soil C was 8.5% and soil N was 12.8% (McDaniel et al., 2014). The greater rotational 

effect from cover crops may be due to the fact that they tend to be particularly productive 

belowground (McDaniel et al., 2014). The greatest rotational benefit (11%) was observed when 

monoculture soybeans were diversified (McDaniel et al., 2014), showing that there is potential to 

improve soil characteristics in soybean intensive rotations. One projection looked at future soil C 

levels in the corn-soybean rotation, and predicted a 6% decrease by 2060 (Basche et al., 2016). 

However, if a rye cover crop was incorporated in both phases of the rotation, the model predicted 

soil C would only decrease by 3%, indicating the potential to improve but not fully offset C loss 

from the soil (Basche et al., 2016). Additionally, an examination of corn yields in Illinois, 

Michigan, Minnesota and Pennsylvania over 14 years found that increased soil WHC was 

associated with yield stability (Williams et al., 2016). Improved WHC both minimized risk of 

declines in corn yields and maximized corn yield potential in unfavourable conditions, 
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supporting the idea that farmers should adopt practices that increase SOM and improve WHC 

(Williams et al., 2016), such as planting cover crops.  

 Given the concerns associated with a simple corn-soybean rotation, and the resistance by 

farmers to extend the rotation by adding additional crop species, interest in incorporating cover 

crops as a means to mitigate concerns has grown (Basche et al., 2016; Gaudin et al., 2013; 

McDaniel et al., 2014; Williams et al., 2016). Interseeding cover crops into corn (i.e., drilling or 

broadcasting cover crop seed after corn has already emerged) or planting cover crops after 

soybeans may add diversity to this simple rotation and help to preserve and enhance the yields, 

soil health, and resiliency of this system, and generally combat the broader environmental, 

economic, and social concerns associated with decreased complexity of rotations.  

2.3 Potential challenges associated with incorporating cover crops into a corn-soybean 

rotation   

 
Certain attributes of the corn and soybean crop rotation in Ontario may challenge the 

feasibility of using cover crops.  Ontario has a relatively short growing period and uses full 

season hybrids to maximize light capture (Sacks and Kucharik, 2011).  In an effort to maximize 

the growing period there has been a trend over the past 25 years towards earlier planting dates 

and later maturity dates for corn hybrids, and earlier planting dates for soybean varieties (Sacks 

and Kucharik, 2011).  In Ontario, in the fall after corn or soybean harvest, low temperatures, 

short days and low sun angles will reduce the potential for biomass accumulation by cover crops.  

Similarly in the spring, opportunity for biomass accumulation can be limited since corn and 

soybean planting is occurring earlier.  Chemical or mechanical control of cover crops is typically 

recommended to occur at least 1-2 weeks prior to planting (Dr. Bill Deen, Personal 

Communication, December 11th 2017).  ‘Planting green’, a system where corn or soybeans are 

planted into living cover crops, will increase cover crop biomass and has been evaluated by 
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university and governmental extension programs (though there is limited published scientific 

literature), but there is a high risk that the cover crop reduces main crop yield (Hayes, 2017; Jasa, 

2016; Steckel, 2016).   

Although cover crops can be interseeded into corn at the V5-V6 stage with minimal risk 

of yield reduction to corn (Bich et al., 2014; Roth and Curran, 2017), potential cover crop 

biomass is low while the crop is present.  Cover crops growing under a corn canopy are 

subjected to significant competition for resources by a high yield corn crop.  In Ontario corn 

yields have increased approximately 0.28 Mg ha-1 year-1 since 2000, an acceleration in yield 

gains compared to just 0.09 Mg ha-1 year-1 for the two decades preceding (Vanhie et al., 2015).  

In 2014, Ontario grain corn yields averaged 10.10 Mg ha-1 (OMAFRA, 2017).  It is also 

important to note that as corn yields have increased, the HI has remained relatively constant, 

around 0.5, meaning that the amount of corn residues which will be left on the soil surface after 

grain harvest has also increased in recent years (Tollenaar and Lee, 2006).  As corn yield 

increases the risk of competition with the cover crop through shading from corn leaves pre-

harvest, and potential smothering from residues post-grain corn harvest.  A similar risk has been 

demonstrated with winter wheat yield effect on underseeded RC where low light 

penetration/high moisture demand by high wheat yield can cause stand reduction and/or limit 

end of season RC biomass (Loucks, 2017; Queen et al., 2009).  It should be noted that two of the 

most recent studies conducted by Abdin et al. (1997; 1998) and Scott and Burt (1987), which 

evaluating cover crops interseeded into standing corn, reported relatively low corn yields. Across 

all years, the highest reported corn yield in the no-cover control treatment in each study was only 

9.40 Mg ha-1 and 6.60 Mg ha-1,  respectively (Abdin et al., 1998; Scott and Burt, 1987).   
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Interseeding of cover crops into soybean typically occurs at a late stage of development, 

when there is less risk of soybean yield loss due to resource competition. Timings ranging from 

mid-July to just prior to harvest at maturity have been evaluated (Hively et al., 2009; Johnson et 

al., 1998; Smith and Kallenbach, 2006).  However, loss of yield or loss of quality can occur if 

early rapid growth of the cover crop species interferes with soybean harvest (Hively and Cox, 

2001). Agronomic methods need to be further investigated to determine proper management of 

cover crops interseeded into soybean.  

 2.4 Candidate cover crop species for inclusion in a corn-soybean rotation 

 
The Ontario Ministry of Agriculture and Rural Affairs (OMAFRA) note that there are 

many cover crops to choose from in Ontario, and list seed suppliers for species within 11 

different families, though the main three used are grasses, legumes and brassicas (OMAFRA, 

2012a). The species chosen will depend on the specific needs and goals of the production 

system, including the consideration of factors such as growth habits, overwintering requirements, 

and management of nutrients and herbicides (OMAFRA, 2012a). The following four sections 

provide details on the specific cover crops examined in this thesis (AR, RC, and CR) as well as a 

discussion of cover crop mixtures.   

2.4.1 Annual ryegrass 

 
 Grass species cover crops tend to experience rapid growth, and also tend to decompose 

slower than legumes because of their high C:N ratio (Blanco-Canqui et al., 2015; Fageria et al., 

2005). Those characteristics allow for fast provision of surface protection and longer periods of 

surface coverage by residues, and greater moderation of soil moisture and temperature (Blanco-

Canqui et al., 2015; Fageria et al., 2005). Some results suggest that grass species (specifically 

AR) may be better adapted than legumes to maintain ground cover under wet conditions; 
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however, there is also concern about potential for immobilization of N (Hively and Cox, 2001). 

It has been noted that fall-seeded grasses remove NO3
 from the soil more efficiently than 

legumes which helps to prevent leaching, a product of early growth and extensive root systems 

(Kuo and Sainju, 1998). Annual ryegrass  is a cool season annual/weak perennial, with some 

varieties able to overwinter and resume growth in the spring (MCCC, 2014). It  has been 

identified as a popular choice by producers in the Northern Corn Belt and throughout the United 

States following both corn and soybeans, ranked fourth greatest cover crop area planted 

nationally with a total of 30,816 ha in 2016 (CTIC, 2017; Singer, 2008). The popularity of AR 

can be attributed to the aforementioned benefits of grass cover crops, and its particularly fast-

establishing fibrous root system and aggressive vegetative growth, biomass potential, and ability 

to overwinter in Ontario and the Midwestern United States (Kuo et al., 1997; Legleiter et al., 

2015; OMAFRA, 2012b).  

The rapid growth of AR has been effective at providing ground cover and C inputs to the 

soil, and improved soil characteristics have been observed. When planted after silage corn and 

harvested in the spring in Washington State AR consistently outperformed Austrian winter pea, 

vetch, and canola, accumulating 7.12 Mg ha-1 and 9.44 Mg ha-1 total (above and belowground) 

biomass in 1992 and 1993, respectively (Kuo et al., 1997). Total C additions to the soil were 3.01 

Mg ha-1 and 3.32 Mg ha-1 in the two years of the study, which exceeded the reported SOC 

maintenance rate of 2.00 Mg ha-1 (Kuo et al., 1997). After 6 years the rapid decay of these cover 

crops mean that the SOC pool was only increased marginally (Kuo et al., 1997) suggesting that 

improvements in SOC (and therefore SOM) would take several years of growing AR following 

silage corn. In Ontario, AR was broadcast in April and drilled in July into wheat and barley 

crops, and left to grow after the cereals were harvested, overwintered, and was chemically 
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terminated and ploughed a week before corn was planted (Dapaah and Vyn, 1998). Soil wet 

aggregate stability was higher in the AR plots compared to a no-cover control, even following 

spring tillage; however corn yields following the growth of AR were reduced, which was 

attributed to N immobilization (Dapaah and Vyn, 1998). Those results suggest that AR may be 

an appropriate cover crop to improve soil health in Ontario; however, there are no recent studies 

examining its usefulness in the corn-soybean rotation.  

Annual ryegrass has been identified as a species with suitable characteristics for 

interseeding between corn rows, and some success has been experienced in Canada and the 

United States. Ryegrass (annual and perennial varieties) has been traditionally used as a relay 

crop with silage corn in British Columbia, to offset environmental concerns of biomass removal 

and fall leaching of nutrients (Bittman et al., 2004). It was found that AR could be established in 

standing corn and persist in the shaded and humid conditions under the canopy, have minimal 

impact on corn yield, and successfully reduce N leaching, runoff and suspended solids in systems 

that used fall applied manure (Bittman et al., 2004; van Vliet et al., 2002). In British Columbia 

the ryegrass is typically used as a forage crop for livestock, and though all types of ryegrass are 

used, this system may have provided a model for the interseeding of AR as a cover crop into 

standing corn, which is becoming popular in Ontario and parts of the United States. In fact, a 

survey of farmers engaged in cover cropping in the United States found that of those who have 

adopted the practice of interseeding into corn, 32% use AR, making it the most popular species 

for the technique (CTIC, 2017). Interseeding AR into corn has been studied in Quebec, 

Wisconsin, Pennsylvania, Maryland and New York, which will be discussed in detail in section 

2.5.1 (Abdin et al., 1997; Grabber et al., 2014; Scott and Burt, 1987; Wallace et al., 2017). 

Although interseeding cover crops and the specific popularity of AR is mentioned in OMAFRA 



16 
 

online extension materials (OMAFRA, 2015), there is no recent Ontario-based literature on 

interseeding AR into corn. Also relevant to the corn-soybean rotation, AR has been interseeded 

into soybean in Missouri and New York, which will be discussed more fully in section 2.5.2 

(Hively and Cox, 2001; Smith and Kallenbach, 2006).  

Annual ryegrass’s reported rapid biomass accumulation and fibrous root growth, and 

shade tolerance and overwintering ability make it a good candidate for inclusion in the corn-

soybean rotation in Ontario; however, there are also some concerns. Termination of AR can be 

difficult. The growing interest in cover crops in the corn-soybean rotation in the Midwest has led 

to recent research on  termination of cover crops, conducted in Missouri, to help prevent the 

consequences of improper termination such as interference with soil drying, warming, and 

emergence of the following crop (Cornelius and Bradley, 2017). In a study of 6 cover crops and 

9 herbicide treatments at two timings, AR planted after corn in September was found to be most 

effectively controlled in early April (compared to early May) with glyphosate (Cornelius and 

Bradley, 2017). A second experiment provided additional data related to AR termination by 

testing 18 herbicide treatments at three timings (based on height of AR: 15, 35, and 75 cm tall) 

and again found that glyphosate (alone or in some combinations) provided good visual control 

(90%+), though higher rates (up to 1458 g ha-1) were needed for 75 cm AR (Cornelius and 

Bradley, 2017). Biomass reduction was generally lower when AR was sprayed at 35 or 75 cm 

tall compared to when AR was sprayed at 15 cm tall (within the same herbicide programs, 

measured 28 days after spraying) (Cornelius and Bradley, 2017). Adding clethodim to 

glyphosate also provided adequate control in terms of both visual control and biomass reduction, 

except when applied to 75 cm AR (Cornelius and Bradley, 2017). Adequate termination was 

observed with some other mixtures, but there was little consistency in herbicide treatment effect 
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on measures of control (visual/biomass reduction) or impact of application timing (Cornelius and 

Bradley, 2017). More research must be done to identify effective options for terminating AR. 

This is important because of both its potential to reduce yields of subsequent crops and because 

of herbicide resistance that has been identified in the United States (Cornelius and Bradley, 

2017; Heap, 2017).  Several states have reported populations of AR resistant to glyphosate, and 

others with multiple resistance (Heap, 2017), and though there have been no reports in Canada 

thus far, producers should be aware of the potential for resistance to develop in AR, and have 

termination options available to help prevent further spread of resistant populations.  

2.4.2 Red clover 

 
Legumes, including RC, are able to fix atmospheric N to provide to a subsequent crop, 

and the lower C:N ratio of legume residues allows for faster decomposition than grass species 

(Gaudin et al., 2013; Kuo and Sainju, 1998; Loucks, 2017). Red clover is a short-lived perennial 

(2-3 years) that is adapted to grow in a wide variety of soil and climatic conditions, and can 

tolerate both shade and frost (Fergus and Hollowell, 1960; MCCC, 2014). There are single cut 

(mammoth) and double cut (medium) types of RC, that vary in their day-length requirements for 

flowering (Fergus and Hollowell, 1960). This cover crop is often used preceding corn throughout 

the Northern Corn Belt, including Ontario (Gaudin et al., 2013; Singer, 2008). In a producer 

survey in the Northern Corn Belt, 46% of farmers using cover crops claimed that they increased 

their corn and soybean yields, and 25% of those attributed this yield effect to RC (Singer, 2008). 

This suggests interest in the use of this cover crop in the corn and soybean rotation. The 

cumulative benefits of successfully incorporating RC as a cover crop can be observed in Figure 

3.  
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The shade tolerance and overwintering ability of RC has allowed for it to be underseeded 

to winter cereals, and common practice in Ontario involves frost seeding wheat in March 

(Gaudin et al., 2013). Gaudin et al. (2013) reported aboveground biomass of RC ranged from 

0.69-4.02 Mg ha-1 when measured in the fall, and 1.71-5.33 Mg ha-1 when measured in the 

spring, across 6 field sites. Interseeding RC to winter wheat has seen a multitude of benefits, 

including increased organic matter contributions to the soil, improved decomposition of wheat 

straw, addition of N to the soil, increased water use efficiency, improved resilience to stress, and 

increased crop yields in the following season (Gaudin et al., 2013; Meyer-Aurich et al., 2006). 

This success suggests that RC is a good candidate for interseeding into corn.  

There has been some previous investigation of red clover interseeded into standing corn 

in a wide range of environments, with different goals and management techniques. Red clover 

was part of a mixture interseeded into corn in wide-spaced rows in Iowa in 1955, the earliest 

publication of the practice that could be found (Schaller and Larson, 1955). Similar to AR (and 

often paired with AR in mixture treatments), RC has been interseeded into corn more recently in 

New York, Quebec, Wisconsin, British Columbia, Pennsylvania and Maryland to investigate 

impact on corn yields, N dynamics, interactions with manure use, tolerance to residual 

herbicides, and general benefits to the cropping system, all which will be discussed in more 

detail in section 2.5.1 (Abdin et al., 1997; Bittman et al., 2004; Grabber et al., 2014; Scott and 

Burt, 1987; Wallace et al., 2017). Red clover has also been interseeded into corn in Slovakia to 

observe impact on silage yield and weed growth (Jamriska, 2002), in Michigan at different corn 

planting densities (Baributsa et al., 2008), perpendicular to corn rows in Ontario for erosion 

protection (Wall et al., 1991), and in sweet and seed corn in Ontario (Belfry and Van Eerd, 

2016), all which will be discussed further in section 2.5.1. Red clover has also been undersown 
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in soybeans in an organic system in New York to evaluate its usefulness, and it was found that 

interseeding red clover did not interfere with soybean harvest or impact soybean yields (Hively 

and Cox, 2001). In the first year increased subsequent corn yields were observed with 

interseeded RC when compared to a no cover crop control, but there was no difference in the 

second year, attributed to uneven RC establishment and growth (Hively and Cox, 2001). The 

learnings from those studies indicate that interseeding RC into corn can be done successfully in a 

variety of soil and climate conditions, though there has been no recent investigation of RC 

planted in between rows of corn to be harvested for grain or silage in Ontario.  

There are some obstacles to the success of RC use which are currently a limiting factor to 

adoption (Gaudin et al., 2013; Queen et al., 2009).It has been reported that RC will successfully 

germinate and emerge, however stand uniformity becomes an issue later on in the season (Queen 

et al., 2009). Stand non-uniformity can cause huge variability of N across a field, which makes 

the benefit difficult to measure or manage in practical terms (Loucks, 2017). In an attempt to 

investigate the cause of this uniformity issue, RC grown under winter wheat was tested with 

different N application rates and thinning treatments to alter light penetration through the wheat 

canopy (Queen et al., 2009). It was found that lower light conditions resulted in significantly 

lower RC dry biomass at the end of the season (Queen et al., 2009). Although this was not the 

main focus of the study, the data indicated that lower soil moisture may have an effect on end of 

season dry matter of RC and stand counts of RC stayed more consistent in a year with adequate 

rainfall, whereas they dropped dramatically around wheat anthesis when precipitation was more 

limiting (Queen et al., 2009). A recent Ontario-based investigation showed that low soil moisture 

could lead to decreased stand densities and final biomass, and increase stand non-uniformity in 

RC underseeded to winter wheat (Loucks, 2017). Drought response in RC was found to vary by 
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variety and growth habit (single vs. double cut), and inconsistent RC stands are an obstacle to 

adoption of the species as a cover crop under wheat (Loucks, 2017).These results suggest that 

establishing an effective stand of RC may be challenging under highly competitive conditions for 

light and water, and the same concerns with RC undersown to winter wheat may be an issue 

while interseeding into corn.  

2.4.3 Cereal rye 

 
Cereal rye is a small grain crop that has been found to be useful when planted as a fall 

cover crop, particularly in colder regions because of its ability to germinate at temperatures as 

low as 4oC (Sarrantonio and Gallandt, 2003). In a survey of farmers in the Northern Corn Belt it 

was frequently used after corn or soybeans, and of the 46% of respondents who reported cover 

cropping increased their corn or soybean yields, 23% of those attributed this to CR (farmer 

perception-not official yield data) (Singer, 2008). In 2016 it was the most widely grown cover 

crop in the United States by area, planted on 116,982 ha (CTIC, 2017).The adaptation to colder 

temperatures allows for later establishment in the fall; however if established early enough  CR 

will develop a deep and fibrous root system effective for soil protection (Sarrantonio and 

Gallandt, 2003; Snapp et al., 2005). This early developed root system to assists the species in 

scavenging NO3 from the soil (McCracken et al., 1994). It was shown that CR cover crops were 

significantly more effective than vetch at reducing NO3 concentration in leachate to values 

approaching zero ppm from early October through to termination in May, attributed to the 

superior root system and earlier spring regrowth of CR (3-4 weeks earlier than vetch) 

(McCracken et al., 1994). It has also been reported to have synergies with vetch; when grown 

together the CR allows for easier termination by mowing, allowing less tangled growth 

(Sarrantonio and Gallandt, 2003). A study conducted over two sites in southern Ontario noted 
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that when planted mid-summer following a pea crop, CR experienced slower establishment than 

some other species (oats-Avena sativa, oilseed radish), however superior spring growth, doubling 

its biomass in the month of May at one of the sites, and yielding comparable mass overall 

(O’Reilly et al., 2011).  

Cereal rye has been found to perform well as a cover crop, consistently accumulating 

greater than 1 Mg ha-1 of dry biomass and contributing to improved soil characteristics. A study 

conducted in Illinois looked at vetch and CR (in combination and separately) drilled after corn, 

and the impact on subsequent soybean yield (Ruffo et al., 2004). They found that aboveground 

CR dry biomass measured between 2.20-6.10 Mg ha-1 in early May just prior to termination 

(Ruffo et al., 2004). There was more residue cover in the treatments containing CR than the no 

cover control, and the authors also noted that CR residues have better characteristics for water 

infiltration and protection against runoff and erosion when compared to corn/soybean residues 

(Ruffo et al., 2004). The cover crops did not affect soybean yield, indicating that CR has 

potential to improve soil characteristics and reduce N leaching without detrimentally affecting 

the corn-soybean rotation (Ruffo et al., 2004). Similarly, after 13 years of a winter rye cereal 

cover crop in a corn-soybean rotation in Iowa, there was no impact on main crop yield (the rye 

was drilled after harvest of either main crop in early years of the study, and broadcast just prior 

to harvest in later years); however soil water characteristics were improved (Basche et al., 2016). 

In measurements taken over 7 years, CR biomass averaged 1.64 Mg ha-1, and the CR cover crop 

treatment had an average field WHC and plant available water 10-11% and 21-22% greater than 

the no cover control, respectively (Basche et al., 2016). A previously mentioned study (see 

section 2.2.2) also conducted in Iowa included CR in a silage corn-soybean rotation over 9 years 

and increased SOM and potentially mineralizable N was observed compared to the no-cover crop 
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control (Moore et al., 2014) . Another study in Illinois also found improved soil characteristics 

when CR was included in a no-till corn-soybean rotation, either after both main crops or after 

corn, with vetch or a mixture of CR and vetch after soybean (Villamill et al., 2006). They 

observed that the rotations that included cover crops (particularly when both CR and vetch were 

used) had greater SOM and WAS, increased storage porosity, and decreased potential for nitrate 

or Ploss (Villamill et al., 2006). In a Wisconsin based investigation, CR was found to be an 

adequate forage companion crop for continuous silage corn systems, maximizing silage yield 

with spring manure application, and minimizing phosphorus losses when manure was applied in 

the fall (Grabber et al., 2014). When CR was interseeded into corn in Iran to provide weed 

control, dry weight of weeds in the no cover control was 218 g m-2 compared to only 8 g m-2 with 

the CR cover crop (Fakhari et al., 2015). There was a recent experiment conducted in Ontario to 

test herbicide residual effect on CR, however none of the herbicide treatments had a negative 

impact on CR growth when applied at the recommended rate (Yu et al., 2015). The previously 

discussed study concerning termination of AR also tested fall planted CR in their preliminary 

experiment, with similar results in that glyphosate seems to be the most effective for spring 

termination, though had equally effective visual control when combined with 2,4-D, dicamba or 

saflufenacil and applied in early April (Cornelius and Bradley, 2017). 

Though CR has been included in long-term studies that observed measurable benefits 

compared to a no-cover control, there is also the possibility of negative impacts on the cropping 

system. In contrast to the above results where no negative yield impact was seen with the use of 

a CR cover crop, an older study interseeded CR into soybeans in mid-August and their results 

from two years of data showed no impact on within-year soybean yield, however there was a 

reduction in corn yields the following year (Johnson et al., 1998). This experiment will be 
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discussed in more detail in section 2.5.2, along with other investigations of CR interseeded into 

soybeans in Missouri, New York, Iowa, Mississippi, and Japan (Hively and Cox, 2001; Johnson 

et al., 1998; Reddy et al., 2003; Smith and Kallenbach, 2006; Uchino et al., 2009). It is clear 

from these experiments that CR has been adopted as a cover crop in various systems globally, 

and has been found to be useful in preserving soil health in the corn-soybean rotation in the 

Midwestern United States. However, lacking is Ontario based research on the impact of a CR 

cover crop on the corn-soybean rotation in terms of main crop yields, resiliency or soil health 

parameters.  

2.4.4 Cover crop mixes 

 
Recently there has been increased interest from producers and in the scientific 

community concerning the utility of cover crop mixtures. The previous sections outlining 

characteristics of grasses and legumes gives evidence for relative advantages of each, but also 

introduces the idea of potential synergies when mixed species are planted together as cover 

crops. Increasing the biodiversity of agroecosystems is not a new idea. Mixed cropping systems 

have been investigated to identify benefits compared to monoculture-based agriculture, and it has 

been found that they can provide greater overall productivity and profitability, increased control 

of pests and diseases, and enriched ecological services (Malezieux et al., 2009). This is achieved 

through a multitude of interconnected mechanisms. Two examples would be the positive 

relationship between intentional biodiversity (planted species) and wild biodiversity which helps 

to protect the integrity of ecosystems, or spatial variability of plant growth, which maximizes 

efficiency of light interception or nutrient acquisition from the soil (Malezieux et al., 2009). The 

same principles of increased diversity to improve resiliency and productivity may be applied to 

cover crop mixtures. 
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 In older studies, simple mixtures of grass and legume species were investigated, and 

performed well in terms of biomass production and ground cover, though not consistently 

superior to single species (Abdin et al., 1997; Scott and Burt, 1987). Including a grass and a 

legume could maximize N efficiency by applying principles of N complementarity by including 

both an N fixing and an N scavenging species as cover crops (Finney et al., 2016). A study on 

nutrient interactions with varied residues in soil demonstrated how mixing AR with hairy vetch 

(a legume) could alter the C:N ratio of cover crop residues, which has implications for N 

interactions (mineralization/immobilization) and availability to subsequent crop (Kuo and Sainju, 

1998). This example underlines the types of considerations that may need to be investigated 

when designing a cover crop mixture for a particular cropping system. In Pennsylvania a two 

year trial was established to investigate 18 cover crop treatments consisting of up to 8 species 

and different combinations of four functional groups: N scavengers, N fixers, winter hardy, and 

winterkilled (Finney and Kaye, 2016; Finney et al., 2016).  Biomass and ecosystem service data 

of the cover crop treatments gave insight on the impact of cover crop mixture species richness 

and complementarity (Finney and Kaye, 2016; Finney et al., 2016). Increasing the species 

number in a mix could lead to overyielding (more biomass than the average of each of the 

components grown as a monoculture), and there was no transgressive overyielding (more 

biomass than the most productive species in the mixture grown as a monoculture) (Finney et al., 

2016). Similarly, there was a relationship between increased cover crop species diversity and 

multifunctionality (i.e., greater species number in mixture increased multifuctionality). The 

relationship between diversity and multifunctionality was not transgressive; a monocrop of hairy 

vetch still tended to provide a greater measure of multifunctionality than the mixture with the 

greatest number of species (Finney and Kaye, 2016). However, results indicate that functional 
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diversity, defined as the variety of different niches occupied and services provided by a group of 

species, is a key driver of multifunctionality and ecosystem service provision (Finney and Kaye, 

2016; Finney et al., 2016), and so designing an effective cover crop mix should involve 

consideration of the functional traits of each species rather than maximizing species number. In 

an interseeding situation, Bich et al.(2014) found that the biomass of a mix of lentil, wheat and 

clover had different proportional composition in different years, indicating that in certain years 

different species were more successful than others. This implies that cover crop mixtures may be 

useful as a strategy to ensure that a successful stand is established when interseeding, even under 

variable and unpredictable conditions. Finney et al. (2016) also identified some challenges in the 

management of mixed cover crop species, including determining appropriate planting depth, 

varied seed sizes and cost of mixtures. Having multiple species present in a cover crop stand will 

complicate appropriate management in terms of herbicide program and termination, but may also 

provide greater biomass or a wider range of benefits to the cropping system. 

2.5 Experience to-date with cover crops in corn and soybeans 

 

2.5.1 Cover crops interseeding into corn 

 
 Intercropping agricultural crops for mutual benefits has been conducted in the Americas 

since the Native Americans grew corn, squash and beans together as the Three Sisters (Zhang et 

al., 2014).  Corn has previously been intercropped with legumes in India and Nigeria to take 

advantage of N contributions (Agboola and Feyemi, 1971; Nair et al., 1979). In those systems, 

both the corn and legumes are harvested as a main crop; however the goal of taking advantage of 

mutual benefits without detriment to corn yield the same core philosophy behind interseeding 

cover crops into standing corn. Cover crops have been planted between corn rows in Iran to 

provide weed control, and have successfully done so without compromising corn yields (Fakhari 
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et al., 2015; Mohammadi et al., 2012). Interseeding into corn represents a modern application of 

intercropping polyculture systems. 

Interseeding cover crops into corn has been previously assessed for the dual purpose of 

improved soil health and fodder/hay production. In North America, the earliest published record 

of interseeding into corn rows was in Iowa in 1955 (Schaller and Larson, 1955). Forage species 

such as winter wheat, timothy grass, alfalfa, RC, CR and vetch were interseeded between wide 

spaced (100 cm, 200 cm and alternating 100/200 cm) corn rows in early July with the goal of 

organic C contributions, erosion prevention, and hay production (Schaller and Larson, 1955). 

Frequent forage species stand failure was observed in 100 cm rows, leading the authors to 

recommend wide row spacing for interseeding, which allowed them to have more consistent 

forage biomass (for both hay production and soil quality benefits) while still preserving 80% of 

corn yields (Schaller and Larson, 1955). More recently a similar integrated crop-livestock system 

was investigated in Wisconsin, testing interseeding AR and RC (as well as interseeded kura 

clover and CR planted after corn with factorial manure application timing treatments) as 

companion crops in silage corn, primarily for feeding to dairy cattle (Grabber et al., 2014). They 

found that interseeded RC had the highest and most stable yields when it was successful, though 

it was sometimes hindered by stand failure, and when AR was used, fall applied manure 

maximized corn yields (as opposed to spring applied manure when rye was used – see section 

2.4.3) (Grabber et al., 2014). None of the rotations tested were clearly superior, giving an 

indication of some of the relative advantages and trade-offs involved in an intercropping system. 

Previously discussed in section 2.4.1, AR and RC have also been interseeded into silage corn in 

Canada, providing the benefits of reduced environmental degradation, economically useful 

fodder, and has also been noted to provide an alternative target for water fowl, who may 
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otherwise damage the corn crop (Bittman et al., 2004; van Vliet et al., 2002). All of these studies 

are very similar to the approach of interseeding cover crops into standing corn, though they may 

have slightly different objectives or methods. These studies suggest it is possible to plant legume 

and grass species, including RC and AR, into established corn, and observe benefits of weed 

suppression and biomass production (for soil inputs or animal feed), in a variety of environments 

without compromising corn yield.  

Interseeding cover crops into corn with the primary focus on improving soil quality and 

cropping system resiliency is a relatively unexplored concept, however there are a few key 

studies to gain insights from. In the mid 80’s in New York three experiments were conducted to 

assess ground cover, N contributions and corn grain yields when interseeded with many species 

and mixes of cover crops in New York (Scott and Burt, 1987). In the first year, there was no 

impact of interseeded cover crops on corn yield, however in subsequent years the effect on corn 

yield was variable (Scott and Burt, 1987). The authors reported significant corn yield reductions 

in the second year for several cover crop treatments including CR (both the treatments seeded at 

midsilk and after silage harvest), likely due to competition from rapid early growth of cover crop 

species during less favorable conditions (Scott and Burt, 1987). Treatments including RC, AR 

and a mixture of the two yielded significantly more corn than the control with no N side dressed, 

although when 39 kg N ha-1  were added yields of the control surpassed any cover crop 

treatments (Scott and Burt, 1987). Mean dry matter yields of 2.94 Mg ha-1 of RC, 2.54 Mg ha-1 

of AR and 1.34 Mg ha-1 CR were recorded, and it was found that an AR and RC mixture 

provided exceptional ground cover, averaging 76% over the four years of study when measured 

in the spring (Scott and Burt, 1987). A similar study in Quebec tested 12 different cover crop 

treatments (including CR and a RC + AR mixture) seeded into corn 10 and 20 days after 
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emergence in four site-years, and compared them to weeded and weedy no-cover crop controls 

(Abdin et al., 1998). Similar to Scott and Burt (1987), the cover crop biomass and impact of the 

interseeded cover crop treatments on corn yield was variable by cover crop and site year (Abdin 

et al., 1997).  At one of the sites there was no significant difference in corn yields between the 

AR and RC mixture or CR and the weeded controls, and the yields in the those cover crop 

treatments were higher than those of the un-weeded control in both years (Abdin et al., 1998). 

However, at the second site there was a significant reduction in corn yield for all interseeded 

cover crop treatments when compared to weeded controls, and the authors noted this was likely 

due to strong competition which tended to affect yields when rainfall was a limiting factor 

(Abdin et al., 1998). Cover crop biomass ranged from 0.40-8.8 Mg ha-1 depending on species and 

site year (Abdin et al., 1998). These two early studies indicate that in an interseeding system, 

cover crop growth and corn yield will vary depending on both cover crop species or mixture and 

seasonal context.  

 Interseeding cover crops into corn has also been tested in various other environment with 

a range of different management strategies. Interest is not limited to North America, as a study 

conducted in Slovakia looking at RC interseeding timing into silage corn found that corn dry 

matter was reduced when RC was interseeded 5 days after corn planting, but not when 

interseeded post-corn emergence at the 3 leaf stage (Jamriska, 2002). A study conducted at Elora 

Research Station in Ontario evaluated the use of RC for erosion control when intercropped 

perpendicularly to silage corn (Wall et al., 1991). The authors emphasized the importance of 

timing of establishment of the legume to allow for significant growth before winter (important 

for coverage and to avoid winterkill) and termination for maximum N accumulation (Wall et al., 

1991). When averaged over the 6 years of the study the corn and clover treatment had a mean 
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yield 30.2% higher than that of the control when no fertilizer N was applied (Wall et al., 1991). 

Yields were not significantly different when N was applied, however the corn/clover treatment 

required an average of 42 kg ha-1  less of N fertilizer to achieve optimal yields (Wall et al., 

1991). Impact of RC interseeded into corn has also been investigated over varied corn planting 

densities in Michigan, and it was found that there was no difference in corn yield between any 

treatments and the no cover crop control (Baributsa et al., 2008). Red clover dry biomass was 

reduced from 0.69 Mg ha-1 to 0.18 Mg ha-1  as corn density increased from 37500 plants ha-1 to 

75000 plants ha-1 when measured in the fall, however in the following spring RC dry matter was 

not different between any of the corn densities (Baributsa et al., 2008). These results may 

indicate that there is adequate time for RC growth and recovery after corn harvest, even if harsh 

competition was experienced while corn was in the field, though harvest date in this study varied 

widely across years from 6 October  to 10 November (Baributsa et al., 2008). Interseeding vetch 

into corn was investigated in an organic system in Japan and found that corn yield increased 

from 3.11 Mg ha-1 in the no cover control to 7.39 Mg ha-1 and 9.67 Mg ha-1 when vetch was 

seeded at the same time as and post corn planting, respectively (Uchino et al., 2009). However, 

seeding before corn planting prevented grain corn from growing, and corn yield was zero 

(Uchino et al., 2009).  The various ways in which interseeding cover crops has been applied and 

studied gives insight as to the amount of biomass potential and expected benefits may be 

observed in similar cropping systems.  

 With growing interest in interseeding, details of management such as planting method 

and herbicide programs require research to optimize performance of cover crops without 

negatively impacting corn yield. Researchers in South Dakota used the same model Penn State 

Interseeder that was used in the present experiment to drill a mixture of clover, lentil and winter 
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wheat into corn at the V3 and V5 growth stages, and they also broadcast the same mixture at the 

same timings to compare planting methods (Bich et al., 2014). They found that when the cover 

crops were drilled they had more uniform establishment and greater biomass when the corn was 

at the R4 (dough) growth stage (Bich et al., 2014). There was a 10% decrease in corn yield in 

two years at one site (out of 7 total site-years) when cover crops were interseeded at V3, whereas 

interseeding at V5 never impacted corn yield (Bich et al, 2014). More research is needed to 

determine if the success of interseeding and benefit of drilling over broadcasting can be 

replicated in other climatic and edaphic environments. A study conducted in Pennsylvania, 

Maryland and New York interseeded RC and AR into corn at the V5 stage to test any residual 

detrimental effect of herbicide treatments applied 1-2 days after corn planting on the cover crops 

(Wallace et al., 2017). When biomass was sampled in the late fall in the no-herbicide applied 

control, both AR and RC ranged widely from 0.07-0.65 Mg ha-1 and 0.08-0.32 Mg ha-1, 

respectively (Wallace et al., 2017). Even with the variability in the control treatment, the authors 

were able to detect that AR biomass was significantly lower than the untreated control when S-

metolachlor (Bicep/Boundary/Magnum/Dual), pyroxasulfone (Zidua), dimethenamid-P (Detail, 

Freedom, Guardsman, Leadoff, Outlook), or acetochlor (Degree, DoublePlay, FieldMaster, 

FulTime, Harness, Surpass, TopNotch) were applied, and there was greater than 80% injury to 

RC from mesotrione (Callisto/Tenacity) (Wallace et al., 2017). Research like this allows 

producers to better-informed about potential challenges when designing a herbicide program 

with interseeded cover crops. This research gives an idea of options to effectively interseed cover 

crops with a high-clearance drill and also minimize herbicide injury to either RC or AR, however 

more experiments are needed to ensure management is locally applicable.  
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 In Ontario, interseeding cover crops into corn has only been recently investigated in three 

experiments at 22 locations over three years in sweet and seed corn (Belfry and Van Eerd, 2016). 

Timing of planting was evaluated by seeded at early (corn sage V4-V6) and late (corn stage V10-

V12) timing in sweet and seed corn. It was reported that in sweet corn cover crops had good 

establishment, but then growth stopped, attributed to canopy closure in the corn leading to poor 

light infiltration (Belfry and Van Eerd, 2016). In seed corn, fall measurements showed cover 

crops sown at the early time (V4-V6) had accumulated an average of 0.37 Mg ha-1 more biomass 

than those seeded later (V10-V12), however spring biomass was more variable by species due to 

differences in overwintering success. There were no differences between cover crop treatments 

or no cover control treatment in seed corn yields or subsequent year oat yields (where applicable) 

(Belfry and Van Eerd, 2016).  In another experiment 12 individual species and 6 mixtures were 

broadcast by hand when seed corn was at V6-V8 stage; none of the treatments affected seed corn 

yield, quality or interfered with harvest (Belfry and Van Eerd, 2016). Cover crop biomass at seed 

corn harvest was found to be 0.73 Mg ha-1 and 0.33 Mg ha-1 for CR and RC, respectively (Belfry 

and Van Eerd, 2016). The authors suggest that interseeding cover crops is effective in seed corn, 

however suggest that the same difficulty they observed in sweet corn may be seen if interseeding 

is attempted in silage or grain corn in Ontario; however there is no actual previous data published 

on the subject. 

  To summarize, interseeding is not a novel idea, however the modern application in 

Ontario requires further research. Much of the previous work was done in systems with different 

designs or objectives, such as forage companion crops for livestock (Bittman et al., 2004; 

Grabber et al., 2014; Schaller and Larson, 1955; van Vliet et al., 2002), in different countries 

with different climates, soil conditions and standard agricultural practices than Canada, including 
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Iran, Nigeria, India, Japan and Slovakia (Agboola and Feyemi, 1971; Fakhari et al., 2015; 

Jamriska, 2002; Mohammadi et al., 2012; Nair et al., 1979; Uchino et al., 2009), or in Ontario, 

but with different planting method or types of corn (Belfry and Van Eerd, 2016 Wall et al., 

1991). This previous work has investigated relationships between intercropped or interseeded 

species and measured benefits in terms of weed suppression, nutrient provision, and outlined 

some of the expected challenges of interseeding. However, because of the differences in the 

application of interseeding, environment, or management, it is unrealistic to assume that the 

results observed will directly translate to interseeding cover crops into silage and grain corn in 

Ontario.  

Some previous experiments more closely align with the objective of interseeding of cover 

crops in Ontario corn-soybean rotations. Scott and Burt (1987) and Abdin et al. (1997;1998) 

specifically tested RC and AR interseeded into corn between corn rows, however this reasearch 

was conducted in the late 80’s and 90’s in New York and Quebec, at corn yield levels much 

lower than what is typically observed in Ontario at present. Bich et al. (2014) used the Penn State 

Interseeder to investigate drilling and broadcasting a cover crop mix into V3 and V5 corn in 

South Dakota however under different climate and soil considerations, and using a cover crop 

mix that would not be a typical choice for Ontario farmers. The results that have been seen in all 

these experiments seem to emphasize that specific context of the field (soil) and season (weather) 

can influence the success of an intercropping or interseeding cover crop system. That specificity 

warns that results that took place under certain conditions of management, climate, or soil cannot 

be broadly interpreted as applicable, or expected to be replicated under different conditions.  For 

this reason, field level evaluation of interseeding of cover crops into grain and silage corn in 

Ontario is necessary.  
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2.5.2 Seeding cover crops pre and post soybean harvest  

 
Cover crops have been proposed as a potential strategy to mitigate agronomic and 

environmental concerns with soybean intensive rotations. Research has been done in the United 

States and Japan, involving both planting cover crops after soybean harvest and interseeding into 

soybeans, and the impact cover crops may have on soybean growth and yield, and soil 

characteristics. 

Long-term studies have measured soil health and cropping system benefits of planting 

cover crops after soybeans (particularly in the case of CR-see section 2.4.3). In long-term studies 

conducted in Iowa and Illinois, it has been shown that CR and other cover crops planted after 

soybeans can be part of a strategy to help increase SOM, aggregate stability, WHC, and nutrient 

retention (Basche et al., 2016; Moore et al., 2014; Villamill et al., 2006). Another study in 

Mississippi looked at treatments of rye and Trifolium incarnatum (crimson clover) planted after 

soybean harvest in a continuous soybean system, with additional treatments of herbicide timing 

and conventional tillage vs. no till (Reddy et al., 2003). Reddy et al. (2003) observed 

improvements in soil fertility and microbial activity with the inclusion of cover crops, and less 

weed biomass with CR and greater plant available N in the crimson clover treatments. However, 

those improvements did not translate to increased soybean yield, and in fact yields were reduced 

by 0.22 Mg ha-1 in the crimson clover treatment, attributed to the cover crop (which was 

terminated in April shortly before planting) interfering with soybean establishment (Reddy et al., 

2003). Those results indicate that though cover crops may be able to provide benefit to the 

system, care must be taken in terms of proper management and termination to ensure that 

soybean yields are preserved.  
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In organic crop production, there has been particular interest in establishing cover crops 

after soybeans, and trying to overcome the challenge of limited time for fall establishment by 

interseeding the cover crops pre-soybean harvest. One study conducted in New York 

investigated the interseeding of cover crops in soybeans in mid-July and impact on subsequent 

corn yields in an organic system (Hively and Cox, 2001). It was found that CR established, 

however grew too high and interfered with soybean harvest, so no measurements were taken for 

interseeding that species (Hively and Cox, 2001). In one year they tested hand-broadcasting CR 

after soybean harvest, and found that it provided 41% ground cover, though only 0.1 Mg ha-1 of 

biomass in the fall, increasing to 1.1 Mg ha-1 the following spring (Hively and Cox, 2001). The 

authors speculate that drilling CR may increase fall growth compared to broadcasting. 

Interseeded RC and AR both survived the winter and did not interfere with soybean harvest, 

achieving spring biomasses of 0.8 Mg ha-1 and 0.6 Mg ha-1 in 1996, and 0.1 Mg ha-1 and 0.5 Mg 

ha-1 in 1997, respectively (Hively and Cox, 2001). They both provided more than 30% ground 

cover in the fall, which the authors deemed significant for erosion protection (Hively and Cox, 

2001). During wet conditions of fall in 1996 it was noted that grass species were better adapted 

for survival than legumes, which experienced lower biomass and patchy stands the following 

spring (Hively and Cox, 2001). Corn yields following RC crops were higher than the no cover 

crop control in 1996, however there was no difference in 1997, attributed to the poor 

establishment and development of the legume (Hively and Cox, 2001). Corn after AR saw no 

difference in yield compared to controls in 1996, however experienced 0.9 Mg ha-1 lower yields 

than the control in 1997; the authors hypothesize that N immobilization caused this effect 

(Hively and Cox, 2001). Intercropping soybean with CR was also investigated in an organic 

system in Japan, with treatments consisting of interseeding before, simultaneous to and after 
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soybean planting (Uchino et al., 2009). Soybean yields were lowest in the no cover crop control 

at 3.12 Mg ha-1 and increased with cover crop seeding pre, in synchronicity with, and post 

soybean planting to 3.61 Mg ha-1, 4.11 Mg ha-1 and 4.40 Mg ha-1, respectively (Uchino et al., 

2009). These results indicate that cover crop and main crop dynamics can vary greatly depending 

on seasonal conditions or management decisions.  

In conventional crop production systems, the effect of interseeding of cover crops into 

soybeans on ground cover, biomass production and impact on soybean growth has been 

evaluated. In Iowa, CR, oat, and a mix of both was interseeded into soybeans in August, with the 

oats winterkilled and the CR terminated just prior to corn planting in the following season 

(Johnson et al., 1998). In one year, the oat cover crop caused a reduction in soybean yield, 

whereas the CR treatment had no impact on soybean yield (Johnson et al., 1998).  CR 

accumulated an average of 0.41 Mg ha-1 and 1.87 Mg ha-1 in the fall and spring respectively; 

lower corn yields were consistently observed in the season following a CR cover crop (Johnson 

et al., 1998). The authors stated that the previous presence of a CR cover crop may have caused 

stress to corn during early development through allelopathic effects or reduction of soil 

temperatures and nutrient availability (Johnson et al., 1998). A more recent study in Missouri 

investigated the interseeding of CR and AR into soybeans at the R5.5, R6.5 and R8 growth 

stages, and found a similar reduction in next-season corn yields when CR was planted at R6.5, 

and in the AR treatments in a particularly dry year (Smith and Kallenbach, 2006). Smith and 

Kallenbach (2006) noted that the cover crop treatments tended to have 52-68% residue cover in 

the spring, which was greater than the no cover crop control treatment, countering Johnsen et al. 

(1998), where no consistent detectable difference in residue cover was seen between the control 

and cover crop treatments in the fall or the spring. The soybean yields in the experiment 
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conducted by Smith and Kallenbach (2006) were unaffected by the presence of cover crop 

treatments. 

The previous research conducted has demonstrated that it is possible to establish 

interseeded cover crops or fall cover crops postharvest in soybeans. Benefits of improved soil 

health (organic matter content, WHC, and nutrient cycling), residue cover, and weed suppression 

have been observed, however the challenge of detriment to a following corn crop has been a 

consistent trend (Johnson et al., 1998; Reddy et al., 2003; Smith and Kallenbach, 2006). Both the 

planting and termination timing of cover crops needs to be managed correctly to ensure that they 

do not interfere with harvest, planting, or establishment of main crops (Cornelius and Bradley, 

2017; Hively and Cox, 2001; Uchino et al., 2009). Most of the research on cover crops and 

soybeans has been conducted in the Midwestern United States. With the colder and more 

northern climate of Ontario, it is possible that success of cover crop establishment, and lower fall 

biomass may be observed than what has been reported in warmer regions.  

2.6 Research gaps, objectives and general hypotheses 

 
There is a distinct lack of current research applicable to southern Ontario concerning the 

integration of cover crops into corn and soybean rotations. Also, previous studies that have 

specifically evaluated cover crops in grain corn/soybean systems were conducted at lower corn 

yield levels than currently observed or anticipated for the future.  Much of the research on cover 

crops in corn has been conducted in silage corn systems, which differs from grain corn in harvest 

timing and residue management. In Ontario, grain corn accounts for a considerable amount of 

corn production area, with 752,700 ha harvested in 2014, compared to only 102,000 ha of silage 

corn (OMAFRA, 2015). There is also no direct comparison of biomass achieved through 

interseeding into grain versus silage based corn systems, and little discussion comparing planting 
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methods of drilling versus broadcasting. This is relevant for determining key times for fall cover 

crop growth and to gage the feasibility of use with a limited growing season, as well equipment 

recommendations for producers. Another aspect that has been sparsely addressed in the literature 

is the impact of integrating a cover crop into a corn-soybean rotation on subsequent crop years. 

Though there is some data on cover crops interseeded into continuous corn, there is a lack of 

research studying the impact the technique may have on following soybeans, or long-term impact 

on this specific rotation. In general, the data concerning this technique has limited application to 

modern agriculture in Ontario, and is missing several key nuances to realistically assess the 

practicality of cover cropping in a corn and soybean rotation.  

Given the identified gaps in the literature, the overall objective of this research is to 

determine the consistency and quantity of cover crop biomass produced in corn and soybean 

based crop rotations under Ontario climate and soil conditions, and the impact of these cover 

crops on main crop yield and soil properties. The general hypothesis is that interseeding of cover 

crops into a corn-soybean system, or planting cover crops after soybean harvest, will be 

accomplished without detriment to corn and soybean yield. However, resulting cover crop 

biomass will be low and variable, which will result in limited soil health and crop yield benefits.  
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Cover 
Crops

Grazing/forage value for 
livestock

Increase organic matter inputs

· Improve soil physical properties 

· Increase biological activity

· Moderate soil temperature and moisture

Nutrient management

· Fix atmospheric nitrogen (legumes)

· Reduce sediment-associated phosphorus loss

· Prevent leaching of water soluble nutrients 

Physical protection & presence of living roots

· Reduce erosion and runoff

· Prevent nutrient leaching

· Alleviate compaction

· Increase porosity/infiltration

Suppress weeds and other pests

· Outcompete for resources

· Physically smother

· Allelopathy 

Figure 1. Outline of the primary utility and benefits of cover crops. 
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Figure 2. Trends in harvested area of major field crops in Ontario from 1981-2013 (Gaudin et 

al., 2015). 
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Figure 3. Depiction of cumulative potential benefits of successful incorporation of red clover 

into a cropping system (Gaudin et al., 2013). 
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3.0 Evaluation of interseeded cover crops in V4-5 corn 

 

3.1 Introduction 

 
The corn-soybean rotation is becoming more popular in Ontario, at the expense of forage 

and small-grain cereal crops (Deen et al., 2016). The short rotation is associated with soil 

degradation, reduced input use efficiency, higher risk of yield loss under adverse conditions, 

lower profitability, and overall poor cropping system resiliency (Davis et al., 2012; Gaudin et al., 

2015). The inclusion of cover crops in a corn-soybean rotation may reduce some of the negative 

effects associated with the short rotation.  

 Cover crops cover the ground at a time or in a place when it might otherwise be bare, 

such as in between row crops or during fallow seasons (Kaspar & Singer, 2011). They can 

provide physical protection to prevent soil erosion, alleviate compaction, suppress weeds, fix N, 

contribute organic matter that can improve soil structure and function, and more (Blanco-Canqui 

et al., 2015).  

 There are challenges to the incorporation of cover crops into a corn-soybean rotation in 

Ontario. Crops in this region are limited by a short growing season, and so high-yielding, full 

season hybrids are used to maximize crop growth, limiting time in the spring and fall for cover 

crop biomass accumulation (Sacks & Kucharik, 2011). As a strategy to overcome this obstacle, 

cover crops may be interseeded and established early in corn development, and then remain in 

the field after harvest and terminated prior to soybean planting in the spring. Previous reports 

using this technique has had variable results. Studies in New York and Quebec observed 

successful cover crop biomass growth and ground cover;  however, sometimes observed reduced 

corn yield (Abdin et al., 1998; Scott and Burt, 1987). The results of these experiments may have 

limited applicability to current Ontario corn production because of the different climatic and 
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edaphic environments, and the gains in corn yields over the last 2-3 decades. There was recent 

success concerning cover crops interseeded into seed corn in Ontario (Belfry and Van Eerd, 

2016); however, those results are difficult to translate to grain and silage corn because of the 

greater spring fallow time, early senescing canopies, greater light penetration through the corn 

canopy due to detasseling, and the less competitive inbred varieties used in seed corn production.  

The objectives of this experiment were to investigate a niche in the corn-soybean rotation 

for cover crops to be grown by interseeding AR and RC, and a mixture of both (AR+RC) planted 

with the Penn State Interseeder or broadcasted into V4-V5 corn. Biomass of the cover crop 

treatments will be measured and compared at different times in the season to understand species 

and planting method impact on growth. Yields of silage and grain corn and subsequent soybeans 

will be compared between cover crop treatments and a no-cover crop control to detect any 

differences.  

3.2 Methodology 

 

3.2.1 Field Locations  

 
Field studies were conducted at three locations in Southern Ontario: 1) “Elora” - 

University of Guelph Elora Research Station (43o 38’ 26N, 80o 24’ 26W), 2) “Ridgetown” - 

University of Guelph Ridgetown Campus (42o 27’ 33N, 81o 52’ 43W), and 3) “Trent” - 

Sustainable Agriculture Experimental Farm at Trent University in Peterborough (44o 21’ 42N, 

78o 16’ 37W).  The three sites vary in length of growing season, with approximately 2600, 3500, 

and 2700 Corn Heat Units (CHU) at Elora, Ridgetown, and Trent, respectively. The soil at Elora 

is classified as a London silt loam (Grey Brown Podzolic/Luvisol); at Ridgetown a Barrien sandy 

loam (Grey Brown Podzolic), a sandy loam over clayey subsoil; and Trent a Otonobee loam 
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(Orthic Melanic Brunisol), a moderately stony loam till (Agriculture Canada, 1936; Gillespie and 

Acton, 1981; Hoffman et al., 1963).  

3.2.2 Experimental Design  

 
The experiment consisted of two treatment factors. The first factor was corn harvest 

timing with two treatments: 1) Grain Corn – grain harvested late in the fall, residues left in-field, 

2) Silage Corn – removal of most aboveground biomass from the field early in the fall. At the 

Trent site in 2015, corn residues were also removed from the grain corn plots.  The second factor 

was cover crop with five treatments: 1) Control – No cover crop, 2) AR – interseeded using a 

planter, 3) RC – interseeded using a planter, 4) AR+RC interseeded using a planter, 5) AR+RC 

interseeded by broadcasting. From this point forward ‘interseeded/planted AR+RC’ will refer to 

treatment 4, the mixture interseeded with the Penn State Interseeder, and ‘interseeded/broadcast 

AR+RC’ will refer to treatment 5, the mixture interseeded by hand broadcasting.    

Each site employed a slightly different experimental design to accommodate the 

machinery available at each site. Plot plans for each location are included in Appendix A to 

illustrate differences. At Trent, treatments were arranged in a split plot design with four 

replications; the main plots were the cover crop treatments and the sub plots were the corn 

harvest timings. At Elora, a split plot design with four replications was also used; however, the 

harvest timing treatments were the main plot and the cover crop treatments were the sub plots. 

Randomization only occurred between two pairs of replications. To accommodate this in the 

analysis, reps 1 and 2 are used as subsamples of block 1, likewise with reps 3 and 4 and block 2. 

Finally, Ridgetown employed a strip plot design with four fully randomized blocks. Each plot at 

all sites consisted of four corn rows spaced 0.76-m apart. Plots were 9.1 m long in both years at 
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Elora, 7.5 m and 15.2 m long in 2015 and 2016, respectively, at Ridgetown, and 8 m long in both 

years at Trent.  

The experiment was repeated on different fields in 2015 and 2016 at each location.  To 

determine any residual effects of treatments on the subsequent crop, soybean was planted the 

following year at each location, though only the soybean data from 2016 is included in this 

thesis.    

3.2.3 Field Management Activities 

 
In both years at Elora and Ridgetown, soybean was grown in the season preceding the 

interseeding experiment, and at Trent, barley was grown before the corn in 2015, and wheat 

before the corn in 2016. Prior to corn planting, seedbeds were prepared by cultivating and 

cultipacking. Corn planting date, hybrid, and fertility information are provided in Table 1.  An 

adapted full-season, high-yielding popular corn hybrid was selected for each field location; all 

hybrids were resistant to glyphosate. To avoid herbicide effects on cover crop performance, one 

or two applications of glyphosate were applied before cover crop planting.   

Cover crop treatments were planted or broadcast at approximately the V4-V5 stage of 

corn (Table 1).   The Penn State Interseeder (Interseeder Technologies, Woodward, PA) was 

used at all sites for the planted cover crop treatments.  This machine is a high clearance drill 

which uses coulter tillage, packing wheels and a drag chain to seed in three rows spaced 18.75 

cm apart between corn rows.  Seeding rates for each of the cover crop treatments were 

determined based on local extension materials and consultation with agronomists. The 

Interseeder was calibrated to plant AR at 27 kg ha-1, RC at 9 kg ha-1 and the AR+RC at 22+7 kg 

ha-1, respectively. The interseeded/broadcast AR+RC treatment was seeded by hand at the same 

seeding rate as the interseeded/planted AR+RC treatment. Due to mechanical error, the AR 
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treatment at Trent in 2015 was seeded at 77 kg ha-1. In both 2015 and 2016, the broadcast 

treatment of AR+RC at Elora was seeded at 13.5+11.2 kg ha-1, respectively. 

Silage corn treatments were mechanically harvested at a cutting height set at 

approximately 15 cm.  Grain corn treatments were harvested using a combine at Elora and 

Ridgetown (residues remained in field), and hand harvested at Trent. As stated above, at the 

Trent location, all corn residue was removed from the grain crop treatments in 2015.  All harvest 

dates are included in Table 1.   

All cover crop treatments were chemically terminated approximately 10-14 days prior to 

soybean planting the following spring using glyphosate (Table 1). After cover crops were 

effectively controlled in the spring, soybean was no-till planted in 38-cm rows at a rate of 

446,000 seeds ha-1 at Elora on May 20th (cv. Pioneer P05T24R) and 400,000 seeds ha-1 at 

Ridgetown on May 19th (cv. Pioneer P22T69). Weeds were controlled at Elora with Lorox at 2.4 

L ha-1 (480 g L-1 linuron) and Roundup Weathermax at 1.75 L ha-1 (540 g L-1 glyphosate) on 

May 23rd.  Ridgetown used the same burndown application and an additional Roundup 

Weathermax application at 2.5 L ha-1 at V4.  

3.2.4 Data Collection and Analysis  

 
3.2.4.1 Silage Corn Dry Matter  

For each silage corn subplot, five consecutive and representative corn plants were hand 

harvested at ground level from each of the two centre rows of each plot in September (Table 1; 

Table 2). Fresh weight (FW) of these 10 plants was recorded. Row length (RL) occupied by the 

10 plant hand-harvested area was measured.  From these 10 plants, a three-plant subsample was 

taken for moisture determinations. The subsample was dried at 80oC until constant weight, and 

the moisture content of the subsample was calculated from the fresh and dry weights.  
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Harvested area (m2) and sample moisture (%) were calculated using the equations below: 

𝐴𝑟𝑒𝑎 = (𝑅𝐿1 + 𝑅𝐿2) ∗ 0.76 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 = [1 − (
3 𝑝𝑙𝑎𝑛𝑡 𝐷𝑊

3 𝑝𝑙𝑎𝑛𝑡 𝐹𝑊
)] ∗ 100 

Silage DM was calculated in Mg ha-1 as follows:  

𝑆𝑖𝑙𝑎𝑔𝑒 𝐷𝑀 = [10 𝑝𝑙𝑎𝑛𝑡 𝐹𝑊 ∗ (
10000

𝐴𝑟𝑒𝑎
)] ∗ [

100 − 𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒

100
] 

Immediately following sampling, the entire plot was harvested either by hand  (described 

above) or mechanically to impose the silage harvest treatment on the entire plot. No data was 

collected from the whole plot harvest.   

3.2.4.2 Grain Corn Yield and Harvest Index 

Harvest indices were determined using a sampling protocol similar to silage corn, 

differing only in that the three-plant subsamples were separated into cobs and stover, and FW 

was taken on each component separately. Once dried, cobs were shelled and grain and cob stover 

DW was recorded. From this, harvest index (HI) was calculated as a ratio using the equation 

below: 

𝐻𝐼 = 𝑔𝑟𝑎𝑖𝑛 𝐷𝑊/(𝑒𝑎𝑟 𝐷𝑊 + 𝑠𝑡𝑜𝑣𝑒𝑟 𝐷𝑊) 

Following the above sampling procedure, corn was then harvested (dates Table 1; Table 

2) at Elora and Ridgetown using a plot combine harvester (4 rows at Elora, 2 rows at Ridgetown) 

to obtain grain weight (Mg) and moisture (%) data.  The area harvested by the combine was 

determined using plot size and subtracting the area that was hand sampled (see area equation in 

previous section). This information was used to calculate corn yield at 15.5% moisture using the 

calculation below: 

𝐶𝑜𝑟𝑛 𝑦𝑖𝑒𝑙𝑑 = [𝑔𝑟𝑎𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ (
10000

𝑎𝑟𝑒𝑎 ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑
)] ∗ [

(100 − 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒)

84.5
] 
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At the Trent site, corn was harvested by hand. Cobs were removed from an 8-m section (which 

included the area where the 10 plant hand harvest had previously taken place) from the middle 

two rows of each plot. Cobs were dried and weighed and a representative 10-cob sub-sample was 

selected and shelled. This grain was weighed (Mg) to determine shelling percentage. The area 

harvested was then calculated in m2 by subtracting the area of the previous 10 plant hand sample 

from the 8-m by 2-corn row area. Grain corn yield at 15.5% moisture was determined using the 

equation below: 

𝐶𝑜𝑟𝑛 𝑦𝑖𝑒𝑙𝑑 = [[𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑏 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ (
𝑠ℎ𝑒𝑙𝑙𝑖𝑛𝑔 %

100
)] ∗ (

10000

𝑎𝑟𝑒𝑎 ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑
)] /0.845 

3.2.4.3 Cover Crop and Weed Biomass 

Cover crop and weed biomass sampling occurred at four different times throughout each 

season (Table 3-5): i) close to silage harvest (silage plots only), ii) close to grain harvest (grain 

plots only), end of fall cover crop growth and just prior to termination of cover crops in the 

spring (all plots).  To determine cover crop and weed biomass, a 0.5 m x 0.5 m quadrant was 

placed on the ground in the middle of rows 2 and 3 of the plot, in an area representative of the 

cover growth within that inter-row. The aboveground biomass was removed at ground level and 

sorted by cover crop or weeds. Samples were then dried at 80oC for a minimum of two days or 

until constant weight was achieved.  The weed dry biomass (WDBM) and cover crop dry 

biomass (CCDBM) from the broadcast treatment were calculated in Mg ha-1 using the equation 

below:  

𝑊𝐷𝐵𝑀 𝑜𝑟 𝐶𝐶𝐷𝐵𝑀(𝑏𝑟𝑜𝑎𝑑𝑐𝑎𝑠𝑡 𝐴𝑅 + 𝑅𝐶) = 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ (
10000

0.75
) 
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The CCDBM from the interseeded plots is calculated similarly with an adjustment to 

account for the drilled rows as opposed to uniform coverage. The area sampled is representative 

of the length of the quadrat by the width of the corn row spacing, totally 1.14 m2: 

𝐶𝐶𝐷𝐵𝑀(𝐴𝑅, 𝑅𝐶 𝑎𝑛𝑑 𝑀𝑖𝑥𝐼𝑛𝑡) = 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ (
10000

1.14
) 

3.2.4.4 Soybean Yield 

Soybean yields were determined using small plot combine harvesters at Elora and 

Ridgetown on October 6th and September 27th, respectively. At Elora a 9.5-9.7 m length of three 

rows of soybeans was harvested, and at Ridgetown a ~7m length of 3 rows of soybeans was 

harvested. The exact row length (to calculate exact area), grain weight and moisture values were 

recorded. These values were used to procure a yield measurement in Mg ha-1 at 13% moisture 

using the following calculation: 

𝑆𝑜𝑦𝑏𝑒𝑎𝑛 𝑦𝑖𝑒𝑙𝑑 = [𝑔𝑟𝑎𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ (
10000

𝑎𝑟𝑒𝑎 ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑
)] ∗ [

(100 − 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒)

87
] 

  Due to equipment limitations and a variable crop due to drought and extreme weed 

pressure, yield values were not taken for soybeans at the Trent location.  

3.2.4.5 Potassium Deficiency 

The soybeans in 2016 in Elora exhibited symptoms of potassium deficiency at the first 

trifoliate growth stage, and so measurements were taken by visual assessment, tissue and soil 

sampling.  

Two soybean rows in each plot were visually rated on a scale from 1 (no deficiency 

symptoms) to 5 (severe yellowing). The rows were designated either in-row (close to the 

previous corn row) or inter-row (in between where the previous corn rows were) resulting in a 

value for each rep x harvest x cover crop x row position combination.  
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Tissue and soil samples were also taken from the Control, AR and RC treatments (where 

the most extreme visual differences were observed). Two representative rows were chosen for 

each pair of reps (block 1 and 2 and block 3 and 4) and judged either “in row” or “inter-row”. 

Six soil cores of 0-15 cm were taken and combined into a representative sample. Tissue samples 

(top four trifoliate leaves) were cut from each plot and placed in paper bags. These samples were 

submitted to SGS Canada Agri-Food Laboratories for analysis of potassium, which was done for 

the soil using an ammonium acetate extraction measured by inductively coupled plasma mass 

spectrometry (ICP-MS) and for the tissue with a dry ashing procedure (Horwitz, 1980; 

Schollenberger and Simon, 1945).  

3.2.4.6 Statistical Analysis  

Analysis of the agronomic data was done using SAS 9.4 with PROC GLIMMIX. 

Location from all sites and years was initially pooled and analysed using a mixed model with a 

split plot design, with year, location, cover crop treatment and corn harvest timing as fixed 

effects. There were consistent main effect interactions with location, year and cover crop or 

harvest treatment at the 0.05 significance level (variance analysis in Tables B1-B5; Appendix B). 

Analysis was then conducted separately for each site year because of the presence of those 

interactions and the different experimental design used at each site which altered the statistical 

model. Cover crop treatment and corn harvest timing were fixed effects, and replication was a 

random effect. Residuals were generated to test assumptions of a linear additive model with 

independent, homogeneous, and normally distributed error, and Lund’s test was used to identify 

outliers. To satisfy the assumptions of mixed model analysis using ANOVA, certain parameters 

required a logarithmic transformation, and means were back-transformed using the delta method. 

The parameters that required this transformation in 2015 were end of fall cover crop and weed 



50 
 

biomass at Ridgetown, spring cover crop biomass at Ridgetown, end of fall weed biomass at 

Trent and following spring weed biomass at all three locations in 2016. Also in 2016 in the 

second repetition of the experiment, logarithmic transformations were necessary for weed 

biomass at grain corn harvest at Ridgetown and Trent, end of fall cover crop biomass at 

Ridgetown, and following spring 2017 weed biomass at Elora. A heterogeneous error structure 

was required to generate the analysis for end of fall weed biomass in Elora in 2015.  

  Means were generated and separated at the 0.05 significance level using a Tukey’s 

adjustment.  Direct contrasts and estimates were generated between specific treatments in cover 

crop and weed biomass (Table C1; Appendix C). For cover crop biomass, solo cover crop vs. 

cover crop mixes (AR and RC compared to interseeded/planted AR+RC and 

interseeded/broadcast AR+RC) and planting method (interseeded/planted AR+RC compared to 

interseeded/broadcast AR+RC) were investigated, and for weeds the no cover control was 

compared to all other treatments (containing cover crops).  

To assess critical times in the season of interseeding cover crops into standing corn in 

which water competition may be a factor that limits growth, correlations were tested between the 

final biomass of cover crops (spring sampling timing) and cumulative rainfall over different time 

periods (listed and defined in Table D1; Appendix D), both averaged over all treatments and 

each individual treatment. Since these variables did not follow a normal distribution, Kendall’s-

Tau rank correlations were conducted (Bowley, 2015). When applicable (when dependant on 

corn harvest timing), cover crop biomass averages were separated by grain and silage plots and 

rainfall data was summed to the appropriate harvest date. Precipitation from December-March 

was not included, for these months average temperatures were below 0oC and therefore cover 

crop growth was assumed negligible. Rank correlations were also conducted between silage DM, 
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grain corn yield and cover crop biomass values in the corresponding plots to explore some of the 

dynamics of growing two crops (a cash crop and a cover crop) at the same time (Appendix D; 

Table D2). These were tested both including and excluding the control plot (cover crop value 

was always zero in these plots). Cover crop biomass measured at each sampling time was 

compared to the final corn yields.  

3.2.5 Weather 

 
Figures 4-6 show the weather patterns throughout the course of this experiment at Elora, 

Ridgetown and Trent, respectively. The top graph in each figure depicts the 30 year climate 

averages for each location in terms of average monthly precipitation (bars) and average monthly 

temperature (line). The middle and bottom graphs show the deviation from the normal amount of 

precipitation and normal temperature in each month for the duration of our study. The graphs are 

organized May-April instead of the standard calendar year to give a better sense of weather 

patterns for each repetition of our study, from corn being planted in May to cover crops being 

terminated the next year in April. 

In the first year of the experiment, Elora had double the long-term average precipitation 

in June, whereas Trent and Ridgetown had spring/early summer precipitation amounts close to 

normal. Later in the season, Ridgetown was unusually dry late summer (50 mm less precipitation 

than seasonal average in both August and September) compared to the other two sites which 

experienced greater rainfall closer to long-term normal values. March of 2016 was warm and wet 

at Elora, however May and June (the initiation of the second year of the experiment) both had 33 

mm less than the long-term average precipitation. Similar dry conditions were observed at the 

beginning of the second year of the experiment at Trent, and persisted throughout the summer, 

accumulating only 305 mm total rainfall from May-November (282 mm less than normal). 
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Though Elora had started the 2016 season dry, there was greater rainfall later in the summer. 

Ridgetown experienced a similarly moderately dry spring in 2016, but precipitation was closer to 

seasonal throughout the summer and fall. Generally Ridgetown tended to experience warmer 

temperatures than Elora or Trent, with the exception being the summer of 2016, where Trent 

experienced unusually warm and dry conditions.  

 

3.3 Results and Discussion  

 
3.3.2 Agronomic Data  

3.3.2.1 Cover crop impact on corn silage and grain yields 

In both years at all sites, cover crops did not affect grain corn yield (Table 2) or harvest 

index (data not shown). Silage dry matter showed a tendency to be greater in the control 

treatment when compared to treatments with cover crops at Elora and Ridgetown in 2016, and 

the difference was statistically significant at Ridgetown (Table 2; p=0.0138). Cover crop biomass 

measured at silage harvest timing at those sites in 2016 was very low (Tables 3-5), suggesting 

minimal competition for light or water, though there was early season drought that could have 

contributed to limiting biomass of both the cover crops and the corn silage. Silage corn at Trent 

also had treatment differences in 2015, with the interseeded/planted AR+RC treatment 

accumulating more biomass than the interseeded/broadcast AR+RC treatment. The reason for 

this is unclear, for cover crop biomass in both of these treatments was similarly low at silage 

harvest time, though it should be noted that the Trent site was unusually variable due to late 

planting, animal predation, and untimely weed control.  

It is unlikely that AR or RC interseeded at the V4-5 leaf stage in corn would reduce grain 

corn yields. This planting time ensures that cover crops experience little growth throughout the 

critical period of weed control in corn, while the corn would be susceptible to competition 
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(Swanton and Hall, 1992). Our corn yield results reflect recent evaluations of cover crops 

interseeded into sweet, seed and grain corn (Belfry and Van Eerd, 2016; Bich et al. 2014).  

Interseeding cover crops at the V5 corn limits competition for resources, since the corn is just 

entering a period of rapid linear growth, making it very competitive for water resources and 

efficient at intercepting sunlight. The biomass of the cover crops remains relatively low until 

after the corn is harvested, with little potential for interference with corn growth. There is some 

evidence that under drought conditions silage biomass may be sensitive to interseeded cover 

crops, more so than grain corn yield. Jamriska (2002) also reported a decrease in corn silage 

yield when clover was undersown, though it was not discussed if this was related to moisture 

conditions. Both Abdin et al. and Scott and Burt noted variability in grain yield response, 

observing lower yields in treatments with interseeded cover crops when there was seasonal 

drought (Abdin et al., 1998; Scott and Burt, 1987). Corn yield has increased significantly since 

those studies were conducted. During Abdin et al.’s experiments, corn yields ranged between 

6.4-9.7 Mg ha-1, and at the time of Scott and Burt’s study they were even lower, from 2.7-6.3 Mg 

ha-1, whereas corn yield in the present study range from 5.14-15.04 Mg ha-1, with the majority 

being over 11 Mg ha-1. This may explain why grain yields were unaffected in the present study, 

similar to the more recent work by Bich et al. (2014).  

There has been no recent data published which compares the impact of the same 

interseeded cover crop treatments on corn harvested for grain vs. corn harvested for silage. The 

fact that there was no difference in grain yield by cover crop treatment in 2016 (Table 2; 

p=0.7655) but there was a difference in silage DM must be explained either by the difference in 

harvested unit (whole plant DM vs. grain dried to 15.5% moisture), harvest timing, or random 

error. Differences were seen in correlation analysis of cover crop biomass measured early in the 
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season and silage DM or grain yield (Table D2; Appendix D). More specifically, there was a 

negative correlation between grain yield and early cover crop biomass (p=0.0025, R2=0.20662 

when control excluded); however, no relationship was detected with biomass measured at the 

same time and silage DM. It is unclear why this difference exists or how it may relate to the 

impact of interseeded cover crops on silage and grain corn. Further research should be conducted 

to assess how interseeded cover crops specifically effect DM accumulation and grain yield in 

corn, to predict if and when interseeding may decrease silage or grain yields.  

3.3.2.2 Pre corn harvest cover crop biomass was low and variable 

Aboveground cover crop biomass ranged from 0-0.24 Mg ha-1 at silage harvest time, and 

0-0.63 Mg ha-1 at grain harvest timing (Tables 3-5). In 2016, RC did not establish or persist 

under the corn canopy at Elora or Trent, a striking contrast to 2015 when RC produced the 

highest amount of biomass of all treatments at Trent (Table 5). In many site-years, AR measured 

at silage or grain harvest exceeded RC biomass and tended to be more consistent in its 

establishment. Cover crop biomass generally increased between silage and grain harvest, except 

for in Ridgetown in 2015, where the cover crops established, but did not persist under the grain 

corn (Table 4). When both cover crops and corn where in the field, single species of AR or RC 

produced as much or greater biomass than the mixtures. However, the individual species 

treatments were sometimes less consistent in their establishment (for example the RC at Trent in 

2016) in which case the mixtures tended to have higher biomass. When the mixed treatments 

were directly contrasted to assess planting method differences, there was a consistent trend for 

interseeding with the planter to increase early-season biomass of the cover crops when compared 

to broadcasting (Table C1, Appendix C). The advantage of interseeding with the planter was 

significant at silage and grain harvest at Elora in 2015 (p=0.0016 and p=0.0042, respectively), 
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silage harvet timing at Ridgetown in 2015 (p=0.0161) and persisted at all four sampling timings 

at Ridgetown in 2016 (silage p<0.0001, grain p=0.0349, fall p=0.0021, and spring p=0.0103).  

The low and variable cover crop biomass observed during the time when corn was still in 

the field was expected, even though some earlier studies reported much higher values of up to 

10.3 Mg ha-1 of AR+RC measured at grain harvest (Abdin et al., 1997). Modern corn hybrids 

accumulate dry matter rapidly throughout the season, are grown at high densities, and stay green 

longer into the fall, with canopies that are increasingly efficient at intercepting light (Tollenaar 

and Lee, 2006). Corn is also relatively tolerant of stress through both avoidance and adaptation, 

including the ability to increase root mass upon drought stress to improve water acquisition 

(Tollenaar and Lee, 2006). So, though cover crops were able to establish when the corn was in 

the mid-stages of vegetative growth, lack of light interception would likely limit opportunity for 

biomass accumulation after corn canopy closure. As well, the root systems of cover crops would 

be lesser developed than the corn crop, and not able to compete as well for moisture in cases of 

drought stress. A more recent study conducted in South Dakota cited cover crop biomass when 

corn was at R4 between 0-0.32 Mg ha-1 (Bich et al., 2014), closer to the results that we observed 

and a more realistic range of expectations for a farmer growing corn in Ontario today.  

Cover crop biomass was highly variable across treatments, locations and years. No 

relationship was detected between AR biomass and precipitation in the spring or summer, and 

was only correlated with rainfall periods after corn harvest, indicating that late season rainfall is 

most important for AR’s biomass accumulation. This may explain why AR tended to have more 

consistent establishment and growth during the corn phase. Conversely, RC was found to have a 

stronger relationship with rainfall periods earlier in the season, particularly the two weeks after 

cover crop seeding. That relationship offers an explanation for the poor establishment and 
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growth of RC in 2016-especially at Elora and Trent-when spring rainfall around cover crop 

seeding time was limited. Poor growth of RC during periods of dry conditions (low rainfall) 

reflects previous research which suggests that growth of RC is susceptible to drought stress when 

underseeded to wheat (Loucks, 2017). It would appear that the same reduction in biomass and 

stand non-uniformity is a trend when RC is interseeded into corn in a low-moisture season. 

Rainfall patterns varied between each of the six site-years, which likely contributed to the 

differences seen in cover crop biomass. This same variability in cover crop biomass sampled at 

corn harvest and by site-year has been observed by other authors when investigating 

interseeding, and is often attributed to differences in seeding date or climatic conditions (Abdin 

et al., 1997; Belfry and Van Eerd, 2016; Bich et al., 2014; Jamriska, 2002).  

The results indicate that AR may be a better choice for interseeding into corn than RC, 

because of its consistent early-season establishment and persistence during dry conditions. If a 

producer is attempting interseeding with the goal of having a living cover in place as soon as the 

corn is harvested, then AR is more likely to have greater biomass present, even if there has been 

a moisture deficit. Along the same lines of reasoning, the mixture of AR + RC had better 

establishment and greater biomass at silage and grain harvest than the solo cover crops in 

Ridgetown and Trent in 2016, and therefore may provide some risk mitigation in case one 

species experiences poor germination. Additionally, comparisons of planting method indicated 

that in some seasons, interseeding with the planter contributed to greater early-season biomass 

than broadcasting. Similar results have been found in a recent investigation of interseeding 

specifically (Bich et al., 2014), and a more general evaluation of cover crop planting method, 

where planted treatments had greater cover crop density early in the season (Brennan and Leap, 

2014). Similar to our study, Bich et al. (2014) found that establishment was particularly poor in 
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the broadcast treatment when soils were dry, attributing the treatment difference to drilling 

allowing the seed to be placed in better contact with soil moisture.  This establishment advantage 

is important even if, as will be discussed later, the end of fall or spring biomass does not differ 

between planting methods, for the rapid early growth is critical for protecting the soil from 

erosion immediately after the corn is harvested.  

3.3.2.3 End of fall biomass was highly variable and greater in silage corn  

 Cover crop biomass measured mid-late November varied widely across sites and between 

years (Tables 3-5). It was frequently found that fall cover crop biomass was different between 

the silage and grain corn treatments, with cover crops accumulating more biomass before winter 

where corn was harvested for silage compared to corn harvested for grain at Ridgtown in 2015 

(p=0.0008), and both Elora and Ridgetown in 2016 (p=0.0217 and p=0.0012, respectively). The 

magnitude of the difference was variable. In Ridgetown 2015, no cover crop biomass was 

present in the fall following grain corn, and cover crop biomass following silage corn averaged 

only 0.09 Mg ha-1. In 2016 mean cover crop biomass following silage corn was 0.50 Mg ha-1 and 

0.90 Mg ha-1 at Elora and Ridgetown, respectively, compared to only 0.24 Mg ha-1 (Elora) and 

0.12 Mg ha-1 (Ridgetown) following grain corn. Cover crop biomass measured at the end of fall 

following silage corn ranged from 0-1.20 Mg ha-1 and following grain corn ranged from 0-0.98 

Mg ha-1 (Table 3-5).    

 Trends in end-of-fall biomass differed from biomass observed before corn was harvested. 

Cover crops that were established in silage corn experienced biomass growth ranging from 0-

1.11 Mg ha-1 after silage corn harvest to end of fall biomass sampling. Limited cover crop 

biomass at silage harvest was not always a good indicator of end of season biomass. For 

example, at Ridgetown in 2016, cover crop biomass at silage harvest averaged only 0.04 Mg ha-
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1, but end of fall cover crop biomass had an average of 0.71 Mg ha-1, with two treatments 

growing more than 1.00 Mg ha-1. Growth patterns were also variable by cover crop treatment 

(Tables 3-5), as an example in 2015 at Elora, AR establishment was good, but had limited 

growth for the remainder of the season and the following spring. Conversely, the 

interseeded/broadcast AR+RC established more slowly, though had greater biomass at later 

sampling times. At Elora, there was 0.66 Mg ha-1 less RC biomass than AR and at Ridgetown the 

difference was similar (0.42 Mg ha-1) in the fall of 2016 (Tables 3, 4). When a direct contrast 

was run between the pairs of treatments, the mixed (AR+RC) treatments had significantly greater 

biomass than the single cover crop treatments in both seasons at Elora, and in 2016 at Ridgetown 

and Trent.  Planted and broadcast AR+RC treatments yielded 0.28 to 1.09 Mg ha-1 more cover 

crop biomass than the single species cover crop treatments (Table C1; Appendix C). However, in 

some cases, such as AR in Elora in 2016, a single treatment had greater biomass than both of the 

mixed treatments; nevertheless, the poor performance of the other single species cover crop 

treatments (in this case RC) gave the mixtures the higher average biomass when a direct contrast 

was run between the single species treatments and the mixtures (p=0.0286 Table C1; Appendix 

C). The biomass of the solo crops was less predictable and consistent than the mixtures. As was 

observed for cover crop biomass measured within the corn phase, planting tended to increase the 

cover crop biomass over broadcasting, however the difference was only significant at Ridgetown 

in 2016 (Table C1; Appendix C).  

 In 5 of the 6 site-years, cover crop biomass following grain corn was lower than corn 

harvested for silage when measured at the end of fall, including Ridgetown in 2015 when late 

summer drought led to negligible biomass after grain corn. Indeed, in many site-years, cover 

crop biomass in grain corn plots was limited between harvest and end of fall sampling, the 
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greatest difference being only 0.44 Mg ha-1, but more frequently being near zero. Trends in 

treatment differences between AR and RC, and differences between mixtures and single cover 

crops followed a similar pattern as observed in end of fall cover crop biomass following silage 

corn. The difference in cover crop biomass between planting and broadcasting was not 

significant in the end of season biomass following grain corn.  

 In previous studies, corn was harvested typically either for silage or for grain, with no 

comparison between the two. As was expected, higher and more consistent cover crop biomass 

was observed within silage plots compared to grain plots. This may be attributed to the earlier 

harvest date, with the cover crops having approximately one extra month of fall cover crop 

growth without competition compared to the grain corn. Additionally, the full residue removal in 

the silage corn reduces the potential for stover to shade and/or smother the cover crops after 

harvest, compared to grain corn when the residues are distributed on the surface (Figure 7). As 

previously mentioned, advances in corn yields have been achieved with little change to the 

approximate 0.50 harvest index (Tollenaar and Lee, 2006) which means that as corn yield 

increases with modern hybrids, residue biomass also increases, augmenting shading and 

smothering potential when corn is harvested for grain compared to when all residues are 

removed for silage.  

The difference between the harvest treatments was less pronounced at Trent, where corn 

stover was removed from the field after grain harvest. In addition to differences in the biomass, 

cover crop stands were also more spatially variable following grain corn when compared to 

silage corn. This (similar to biomass differences) can likely be attributed to the longer period of 

competition for the cover crop and the shading and smothering from corn stover staying in the 

field after grain harvest. The additional fall growth (without living corn or stover in the field) of 
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cover crops established under silage corn led to a more uniform stand likely due to more uniform 

and uninhibited access to sunlight and moisture. The differences between silage and grain 

harvest dates and field conditions thereafter account for the greater and more uniform growth 

after silage corn compared to the cover crops after grain corn.   

Cover crop biomass was found to be correlated with fall rainfall following corn harvest 

(Table D1; Appendix D). Differences in cumulative rainfall between the site-years explains why 

biomass results would be variable between seasons and locations. This also contributes to the 

explanation of the difference between harvest treatments, since the rainfall after corn harvest 

would be different (and greater) in silage corn compared to grain corn. For example, at 

Ridgetown in 2016 there was 160.2 mm of rainfall in the fall after silage harvest and only 40.6 

mm after grain harvest. The low biomass and particularly poor performance of AR at Ridgetown 

in 2015 can likely be attributed to an especially dry period late in the summer. August 

precipitation was 56.5 mm below the long-term average, and from the 11th to the 31st there was 

less than 10 mm of total rainfall (Government of Canada, 2017). Late season competition 

between corn and cover crops resulted in little successful regrowth, particularly in the grain corn 

plots, in this site-year, proving limited rainfall in late summer or fall may have consequences on 

cover crop biomass, even if precipitation was adequate at establishment. 

Though interseeded cover crop biomass has been previously reported as variable (similar 

to this study) by several authors (Abdin et al., 1997; Belfry and Van Eerd, 2016; Scott and Burt, 

1987) there is little in the previous literature that examines the difference made by corn harvest 

treatment in interseeded cover crops. The results of this experiment indicate that silage corn 

offers a good opportunity for interseeding cover crops, with greater potential cover crop biomass 

when compared to corn intended for grain harvest. When harvesting for grain, leaving stover as-
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is will likely result in more cover crop biomass than using a combine with a mulching header, for 

the large pieces left standing and leaning on each other would allow for greater (if variable) light 

penetration. If mulched, the residues would likely form a uniform mat which may impede cover 

crop development. Further investigation on the impact of corn harvest method and residue 

management on interseeded cover crops would help to develop agronomic practices to maximize 

cover crop biomass. 

By the end of fall, the advantage of planting compared broadcasting a cover crop was no 

longer detected. Biomass was not different consistently between the planted and broadcast 

AR+RC. It appears that the planting method has an impact on cover crop germination and 

establishment, but once it has established, other factors (such as corn harvest timing) have 

greater influence on biomass accumulation. Consistent differences were, however, seen between 

the single species cover crop and mixed cover crop treatments, with the mixtures having greater 

biomass at the end of fall at all sites in 2016, and Elora in 2015 (Table C1; Appendix C). At 

Elora in 2015 and Ridgetown in 2016, all treatments successfully accumulated biomass, but the 

AR+RC treatments were more productive, however in other situations, the AR+RC mix did 

better on average due to either AR or RC not performing well as a sole species.  For example, 

AR had the highest biomass at Elora at the end of fall of 2016, but the RC treatment performed 

so poorly that the mixtures had higher overall biomass. The situation was similar at Trent in 

2016 when RC had no biomass at the end of fall. This trend gives some support to the idea that 

cover crop mixtures can be planted as a strategy for risk management, so that if one species does 

not grow effectively in that season there will still be living biomass in the field. It also suggests 

that emphasis should be placed on functional diversity in terms of response to stress when 

designing cover crop mixtures. It is this functional diversity that will capture the true benefit of 
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mixed cover crop species, for it was revealed in our contrasts that mixtures do not always yield 

greater biomass than a single cover crop, similar to the results found by Finney et al. when 

comparing diverse mixes to high yielding monoculture cover crops (Finney et al., 2016). Further 

research should be done with the participation and input from growers to develop low-cost cover 

crop seed mixtures with diverse desirable traits for interseeding. These traits may include, but are 

not limited to, in-season drought resistance, shade resistance, rapid establishment, cold vigour, 

winter survival, and ease of termination. A well-planned mixture will be an effective way to 

capture multiple beneficial functional traits with one cover crop treatment. 

Fall cover crop biomass is generally low and variable biomass, such that potential 

benefits associated with biomass (e.g., SOM improvements) would be limited if cover crops 

were to be terminated in the fall. Other benefits not proportional to biomass, such as erosion 

protection, would still be realized using cover crops interseeding into corn that are allowed to 

overwinter. Interseeding of cover crops into corn would have limited utility in simple rotations 

that include and are responsive to fall tillage and will be more effective in rotations that allow for 

overwintering and spring regrowth.  

3.3.2.4 Cover crop biomass in the following spring followed similar trends as fall biomass 

 Cover crop biomass in the spring varied depending on site-year and treatment (Tables 3-

5). There were no instances of complete winterkill of the cover crops, and where biomass in the 

spring was low it was associated with low end-of-fall biomass. When cover crops were sampled 

the following spring, biomass was still consistently higher following silage corn than following 

grain corn, with ranges of 0-1.63 Mg ha-1 and 0-0.54 Mg ha-1, respectively. Also, similar to the 

end-of-fall sampling, there was greater spatial variability in the cover crops following grain corn 
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than those following silage corn. Figure 8 shows the interseeded/planted and 

interseeded/broadcast AR+RC treatments following both silage and grain corn.   

 There was only one site-year where interseeding/planting showed a biomass advantage 

compared to interseeding/broadcast the cover crop at the spring sampling period. In Ridgetown 

in the spring of 2017 (following the 2016 season), interseeding/planting AR+RC resulted in 

increasing cover crop biomass yield by 0.34 Mg ha-1 compared to interseeding/broadcast 

AR+RC (p=0.0103). The mixtures of AR+RC had more biomass in the spring compared to the 

single treatments at Elora in both years, and Trent in 2016, however in other site-years a 

comparison showed that a single species of either AR or RC could produce equivalent spring 

biomass to a mixture (Table C1; Appendix C). Neither species was consistent in its growth, so a 

producer could not be sure that a solo cover crop treatment would always achieve equal biomass 

to a cover crop mixture. When comparing the two species, spring biomass of RC was less than 

AR at Elora and Trent following the 2016 season, however it was greater than AR in other 

instances, such as following the 2015 season’s grain corn at Trent and Ridgetown.  

 Generally, spring biomass patterns reflected the trends that had been observed at the end 

of the previous fall. Cover crops following silage corn had 0.12-1.08 Mg ha-1 greater biomass 

than those following grain corn. Visually, cover crops following silage corn had a more uniform 

stand, likely due to the corn stover still present in grain plots contributing to the spatial 

variability, as seen in Figure 8. By this sampling time, several months after seeding, planting 

method (interseeding vs. broadcasting) is not likely to have a consistent impact on biomass; as 

mentioned previously, other factors such as precipitation patterns and presence of corn stover are 

much greater determinants of cover crop growth at this stage.  
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Variability across years and locations in spring cover crop biomass is explained by the 

different climatic conditions experienced during each site-year. Rainfall patterns in the spring 

were variable by site-year, and biomass was found to be associated with total season rainfall and 

total rainfall after corn harvest including both the fall and spring, which would have contributed 

to spring re-growth. For example, March rainfall was higher than average in Elora in 2016 and 

Ridgetown in 2017; temperatures were higher than average in March at Elora. This likely 

contributed to the greater spring cover crop biomass in those seasons, frequently accumulating 

over 1 Mg ha-1 in the silage plots.  

 An important consideration with any cover cropping system is the method and timing of 

termination. Termination date will impact the quantity of biomass ultimately achieved in the 

spring; however, there are possible consequences to delaying termination for the sole purpose of 

maximizing cover crop growth. Chemical termination was used in this experiment with no 

incorporation or tillage. At the Elora, it was observed that spring cover crop growth can cause 

issues to the following soybean crop, even after it was effectively chemically terminated. Annual 

ryegrass in particular posed challenges to no-till drilling soybeans.  Decaying cover crop biomass 

was visually observed to delay soil drying and warming (though this was not directly measured), 

contributed to the seed trench not closing as seen in Figure 9. Slugs were also observed to be 

more prevalent in cover crop biomass in the spring, and the damage can be observed in Figure 

10. To ensure the success of a subsequent crop, it may be effective to spray cover crops earlier in 

the spring for ease of termination and to avoid the aforementioned issues. Warm, sunny and wet 

conditions allow cover crops to rapidly accumulate biomass in the spring, so applying herbicide 

a week earlier might mean missing out on significant cover crop growth. Not all cover crop 

benefits depend directly on achieving maximum biomass. Wall et al. (1991) reported 20-30% 
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ground cover is adequate for erosion protection. Finney et al. (2016) also discuss how cover crop 

biomass is associated with many ecosystem services, but it is not usually a directly positive 

linear relationship, nor is it the only determinant. The desired benefit from cover crops must be 

balanced with practical agronomic considerations to terminate at a time when total benefit to the 

crop rotation can be maximized, including cover crop biomass and planting and establishment of 

the subsequent crop.  

3.3.2.5 Interseeded cover crops reduced weed biomass 

Weed biomass ranged from 0-0.47 Mg ha-1 and 0-0.34 Mg ha-1 when measured at silage 

and grain corn harvest, respectively, although at Elora and Ridgetown weed biomass was <0.10 

Mg ha-1 (Tables 3-5). The Trent site had high weed pressure compared to the other two sites due 

to low management, so weed biomass is both greater than and more variable than what would be 

expected from a typical production field. At the end of fall, weed biomass ranged from 0-0.56 

Mg ha-1, and in the following spring, was up to 0.81 Mg ha-1. Weed biomass tended to be lower 

in treatments with high cover crop biomass. Often the highest weed biomass was in the no cover 

crop control. When a statistical contrast was conducted between the no-cover control and the 

four cover crop treatments, the control had greater weed biomass in 11 out of 24 total sampling 

timings (6 site years x 4 sampling timings; Table C1; Appendix C). There were also cases where 

corn harvest had an impact; greater weed biomass was present in plots that had silage corn 

compared to grain corn, for example in the spring of 2016 at Elora (p=0.0143). In general, weed 

biomass followed two distinct and somewhat conflicting trends. There was variability across 

site-year (though these were not compared statistically) and corn harvest treatments that tended 

to reflect cover crop biomass trends. That is, in a given site-year or harvest treatment, if there 

was greater cover crop biomass compared to the other harvest treatments or other site-years, 
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there would also be greater weed biomass. This is likely related to general moisture and light 

conditions, and the weeds competing with the corn for those resources (similar to the cover 

crops); however, a second and opposite weed biomass trend can be observed within specific site-

year and harvest treatment combinations. In a given site-year and harvest treatment, cover crop 

treatments with greater cover crop biomass tend to have less weed biomass. This indicates that 

given a certain growing condition context, cover crops are able to suppress weed growth.   

Consistently higher weed biomass in the no cover crop control treatment indicated that 

there may be some smothering potential by the cover crops. To further confirm this effect, a 

contrast was conducted at each of the 4 sampling times in the 6 site-years between the no cover 

control against the AR, RC, and both interseeded/planted and interseeeded/broadcast AR+RC 

treatments (Table C1; Appendix C). The no cover crop control treatment had higher weed 

biomass than the treatments with cover crops in 11 of those 24 sample times, including every 

sampling timing at Elora except grain harvest in 2015 and silage harvest in 2016, end of fall in 

Ridgetown in 2016 and spring in both years, and silage harvest and end-of-fall at Trent in 2015. 

This suggests that the cover crops do have a smothering effect on weeds and can out-compete 

them in an interseeded system under corn, and in the field after corn harvest.  Several other 

authors have also come to the same conclusion that incorporation of cover crops can lead to a 

reduction in the population and/or biomass of weeds (Abdin et al., 1997; Fakhari et al., 2015; 

Jamriska, 2002; Mohammadi et al., 2012). The weed suppression benefit provided by cover 

crops could potentially be offset by limitations interseeding imposes on selection of herbicides in 

a chemical-based weed control. More thought and planning must go into the herbicide program 

to ensure there is no injurious residual effect on the cover crop species. Wallace et al. (2017) 

tested 22 herbicide treatments from 5 different functional groups and mixtures for their residual 
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impact on interseeded AR and RC in three US states (previously discussed in section 2.6.1), and 

more research of this type is required to inform producer decision-making when using 

interseeded cover crops.  

3.3.2.6 Impact of interseeding cover crops on subsequent crop yield is unclear 

Few studies have investigated the impact of interseeded cover crop growth on subsequent 

crop growth. At Ridgetown in 2016 soybeans were planted following the termination of cover 

crops, and yield was unaffected by corn harvest or cover crop treatment. However, at Elora, 

soybean yields showed a significant harvest by cover crop interaction (p=0.0417). Yields were 

lower in plots following grain corn when RC or interseeded/planted AR+RC had been present 

compared to the no cover crop control. This growing season was particularly dry at Elora which 

led to some potassium deficiency, which was measured by visual assessment, tissue and soil 

samples (Table E1; Appendix E). There were treatment effects associated with the deficiency by 

cover crop and harvest treatments, and position effect depending on whether the soybean row 

was located close to the previous corn row or closer to the middle of the inter-row (between 

previous corn rows). The exact dynamics of how previous corn and cover crop treatments may 

have interacted with moisture or K limited conditions to reduce soybean yield remains unclear, 

but warrants further investigation. Our results may indicate that in the short-term, interseeding 

cover crops may cause yield reductions in subsequent crops under resource limiting conditions, 

however previous research has shown that diversifying rotations in general (including the 

addition of cover crops) can help to preserve yields under adverse conditions in the long-term 

(Gaudin et al., 2013). Future research should be conducted over the course of several years to see 

what the persisting trends in main crop yield would be with this system. 
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3.4 Conclusions 

 
 This experiment evaluated the possibility of using a high clearance drill to interseed AR 

or RC individually and in combination into silage or grain corn. Interseeding cover crops into 

corn did not affect grain yields, however dynamics between cover crops and silage dry matter 

and subsequent soybean yields require further investigation, particularly under water-stress 

conditions. Cover crop biomass was exceptionally variable by site-year, and tended to be low as 

long as the corn canopy was present. Interseeding using a drill provided better early season 

growth and uniformity compared to interseeding by broadcasting. Mixtures provided increased 

biomass in cases when one species was limited by abiotic stress. Cover crop biomass was 

consistently higher following silage corn compared to grain corn due to harvest timing and post-

harvest field conditions, and weed biomass was consistently reduced with adequate cover crop 

growth. Overall, this study highlighted some of the challenges of interseeding cover crops into 

corn. This includes the trade-off between ensuring corn yields are preserved even though this 

tends to limit cover crop biomass accumulation, the relative benefits of planting vs. broadcasting, 

and the proper design of multi-species mixtures. The highly variable results in this experiment 

highlight the fact that interseeding cover crops involves many management decisions that should 

take into account the specific context of the field in question, including climate, corn yield 

potential, and soil conditions. Interseeding cover crops into standing V4-V5 corn is one strategy 

that may enable farmers to diversify their corn-soybean rotations and contribute to making 

agriculture more resilient in the future.  
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Figure 4. Long-term weather averages (data closest available to field site – Fergus 11.5 km from 

Elora field) and deviations in precipitation and temperature (data from Elora <2 km from field) 

over the course of the experiment. 
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Figure 5. Long-term weather averages (data closest available to field site – New Glasgow 19.94 

km from Ridgetown field) and deviations in precipitation and temperature (data from Ridgetown 

<2 km from field) over the course of the experiment. 
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Figure 6. Long-term weather averages (data closest available to field site –Trent University 

<2km from Trent field) and deviations in precipitation and temperature (data from Trent 

University or, when not available, Peterborough weather station 16 km from field) 
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Table 1: Management of corn and cover crops in interseeding experiment 2016-2017. 

Location Year Corn Hybrid Corn 

Planting 

Date 

Starter Fertilizer UAN date 

and ratez 

Herbicide 

application date and 

ratey 

Cover 

Crop 

Planting 

Date 

Corn 

Harvest 

Dates 

Cover Crop 

Termination date and 

application ratez  

Elora 2015 DKC39-97 8 May 5-20-20 @157 kg ha-1 

(5x5 cm band) 

6-24-6 @ 43 L ha-1 

(seed placed) 

4 June 

163 kg N ha-1 

23 May 

glyphosate 362 g ha-1 

June 11th  

glyphosate 918 g ha-1 

17 June Silage – 10 

September 

Grain – 22 

October 

2 May  

glyphosate 2700 g  ha-1  

 2016 DKC39-97 10 May  5-20-20 @ 157 kg ha-

1 (5x5 cm band) 

15 June  

150 kg N ha-1 

3 June 

glyphosate 1350 g ha-

1 

20 June Silage – 12 

September 

Grain – 26 

October 

11 May 

glyphosate 2025 g ha-1 

19 May 

saflufenacil 59 g ha-1 

Ridgetown 2015 Pioneer 

P0216AM 

 

4 May 8-32-16 @ 168 kg ha-

1 (5x5 cm band) 

10 June 

101 kg N ha-1 

22 May 

glyphosate 146 g ha-1 

June 5th  

glyphosate 146 g ha-1 

10 June Silage – 11 

September 

Grain – 16 

October 

26 April  

glyphosate 653 g ha-1 

 2016 Pioneer 

PO216AM 

6 May 8-32-16 @ 168 kg ha-

1 (5x5 cm band) 

13 June 

101 kg N ha-1 

27 April 

glyphosate 151 g ha-1 

June 15th  

glyphosate 151 g ha-1 

15 June  Silage – 7 

September 

Grain – 26 

October 

25 April  

glyphosate 2160 g ha-1  

Trent  2015 Pride 

A5909G2RIB 

30 May 4-19-19 @ 147 kg ha-

1 (broadcast 

incorporated) 

7 June 

149 kg N ha-1 

20 June 

glyphosate 146 g ha-1 

21 July  

MCPA 480 g ha-1 

16 July Silage – 30 

September 

Grain – 5 

November 

25 May  

glyphosate + 

glufosinate-ammonium 

@ 2:8 ratio (432 g ha-1 

and 640 g ha-1) 

 

 2016  Pride 

A5909G2RIB 

17 May 7-27-27 @ 235 kg ha-

1 (broadcast 

incorporated)  

29 June 

177 kg N ha-1 

25 May  

0.27 L/ha 

29 June 

MCPA 480 g ha-1 

29 June 

 

Silage – 15  

September 

Grain – 1 

November 

Not terminated – test 

will not continue at this 

site 

z UAN knifed in-between rows at an approximate depth of 10 cm at all sites.  
y Herbicide applications listed by rate of active ingredient.
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Table 2. Main crop yields in 2015 and 2016 at Elora, Ridgetown, and Trent.  

Location 

Year 

Cover Crop Treatment  

Silage Dry Matter Grain Yield 

Next-year Soybean Yield 

Silage corn  Grain corn 

(Mg ha-1) 

(Mg ha-1 @ 15% 

moisture) (Mg ha-1 @ 13.5% moisture) 

Elora                  
2015 - Harvest Date 10 Septemer 2015 22 October 2015  
No cover 17.79 a1 12.10 a 1.37 a  2.66 a 

AR2 18.52 a 12.85 a 1.71 a  2.41 ab 

RC 18.58 a 12.41 a 1.36 a  1.80 bc 

Planted AR+RC 19.05 a 11.56 a 1.56 a  1.68 c 

Broadcast AR+RC 19.04 a 12.41 a 1.44 a  2.09 abc 

P-value 0.5287 0.5058 0.4562  0.0080 

2016 - Harvest Date 12 Septemer 2016 26 October 2016          
No cover 18.64 a 12.29 a          
AR 15.31 a 12.31 a          
RC 15.69 a 12.72 a          
Planted AR+RC 16.03 a 11.81 a          
Broadcast AR+RC 16.52 a 12.43 a          
P-value 0.0840 0.3254                   

Ridgetown                   
2015 - Harvest Date 11 September 2015 16 October 2015  
No cover 26.50 a 15.04 a 4.78 a  4.49 a 

AR 27.45 a 14.15 a 4.63 a  4.59 a 

RC 28.83 a 15.05 a 4.94 a  4.65 a 

Planted AR+RC 27.17 a 14.51 a 4.59 a  4.44 a 

Broadcast AR+RC 28.94 a 14.76 a 4.74 a  4.78 a 

P-value 0.7158 0.5416 0.3719  0.3911 

2016 - Harvest Date 7 September 2015 26 October 2016          
No cover 27.54 a 11.28 a          
AR 23.98 ab 11.16 a          
RC 23.02 b 11.77 a          
Planted AR+RC 23.82 ab 11.86 a          
Broadcast AR+RC 23.18 b 11.73 a          
P-value 0.0138 0.7655                   

Trent                   
2015 - Harvest Date 30 September 2015 5 November 2015          
No cover 13.62 ab 7.19 a          
AR 14.38 ab 7.23 a          
RC 14.02 ab 5.95 a          
Planted AR+RC 17.96 a 6.14 a          
Broadcast AR+RC 13.38 b 6.49 a          
P-value 0.0425 0.5988          
2016 - Harvest Date 15 September 2016 31 October 2016          
No cover 9.93 a 5.14 a          
AR 9.66 a 5.48 a          
RC 10.28 a 6.11 a          
Planted AR+RC 10.61 a 6.47 a          
Broadcast AR+RC 7.63 a 6.20 a          
P-value 0.4365 0.6323                   

1 Means within the same column and site-year followed by the same letter are not statisitically different according to 

the Tukey-Kramer test (P=0.05). 
2 Abbreviations: AR= annual ryegrass, RC = red clover.  
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Table 3. Interseeded cover crop and weed dry matter (DM; Mg ha-1) at different harvest dates in corn harvested for silage or grain at Elora.  

 

Year 

Cover Crop 

Treatment 

Silage Plots 

Sampled at Silage 

Harvest 

Grain Plots 

Sampled at Grain 

Harvest 

Sampled at End of Fall 

 

Sampled Following Spring 

 

Silage corn4 Grain corn4 Silage corn Grain corn 

Cover 

crop Weed 

Cover 

crop Weed 

Cover 

crop Weed 

Cover 

crop Weed 

Cover 

crop Weed 

Cover 

crop Weed 

Elora                         
2015 - Sampling 

Date 10 September 2015 14 October 2015 16 November 2015 27-28 April 2016 

No cover 0.00  0.06 a 0.00  0.07 a 0.00  0.17 a 0.00 a 0.06 a 0.00  0.44 a 0.00  0.09 a 

AR2 0.21 ab1 0.02 ab 0.15 b 0.03 a 0.45 c 0.03 b 0.13 a 0.03 a 0.93 b 0.02 b 0.30 a 0.02 abc 

RC 0.16 bc 0.02 b 0.22 a 0.02 a 0.49 bc 0.03 b 0.20 a 0.02 a 1.08 ab 0.03 b 0.43 a 0.00 bc 

Planted AR+RC 0.24 a 0.03 ab 0.26 a 0.03 a 0.64 ab 0.02 b 0.23 a 0.02 a 1.18 a 0.01 b 0.44 a 0.00 c 

Broadcast AR+RC 0.12 c 0.07 a 0.14 b 0.10 a 0.70 a 0.07 a 0.19 a 0.03 a 1.27 a 0.09 ab 0.49 a 0.03 ab 

P-value 0.0049 0.0189 0.0099 0.0674 0.0067 0.0002 0.3106 0.5761 0.0111 0.0016 0.1104 0.0047 

2016 - Sampling 

Date 14 September 2016 26 October 2016 19 November 2016 3 May 2017 

No cover 0.00  0.04 a 0.00  0.09 a 0.00  0.23 a 0.00  0.11 a 0.00  0.81 a 0.00  0.21 a 

AR 0.07 a 0.01 a 0.28 a 0.02 b 0.76 a 0.03 b 0.42 a 0.01 a 0.64 ab 0.04 c 0.37 a 0.03 b 

RC 0.00 b 0.02 a 0.02 b 0.06 ab 0.10 c 0.15 ab 0.02 c 0.07 a 0.11 b 0.38 ab 0.02 a 0.16 a 

Planted AR+RC 0.04 ab 0.01 a 0.18 a 0.05 ab 0.60 ab 0.07 ab 0.32 ab 0.03 a 0.64 ab 0.12 bc 0.34 a 0.10 ab 

Broadcast AR+RC 0.02 ab 0.01 a 0.14 ab 0.05 ab 0.54 b 0.10 ab 0.19 bc 0.04 a 0.76 a 0.17 bc 0.34 a 0.13 ab 

P-value 0.0439 0.3703 0.0121 0.0478 0.0002 0.0214 0.003 0.3456 0.0209 0.0011 0.1672 0.0157 
1 Means within column and site-year followed by the same letter are not statistically different according to the Tukey-Kramer test (P=0.05). 
2 Abbreviations: AR= annual ryegrass, RC = red clover.  
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Table 4. Interseeded cover crop and weed dry matter (DM; Mg ha-1) at different dates in corn harvested for silage or grain at Ridgetown. 

Location 

Year 

Cover Crop 

Treatment 

Silage Plots 

Sampled at Silage 

Harvest 

Grain Plots 

Sampled at Grain 

Harvest 

Sampled at End of Fall 

 

Sampled Following Spring 

 

Silage corn4 Grain corn4 Silage corn Grain corn 

Cover 

crop Weed 

Cover 

crop Weed 

Cover 

crop Weed 

Cover 

crop Weed 

Cover 

crop Weed 

Cover 

crop Weed 

Ridgetown                         
2015 - Sampling 

Date 11 September 2015 15 October 2015 19 November 2015 22 April 2016 

No cover 0.00  0.07 a 0.00 a 0.05 a 0.00  0.05 a 0.00  0.00 a 0.00  0.04 a 0.00  0.01 a 

AR2 0.12 a 0.03 a 0.00 a 0.04 a 0.22 a 0.00 a 0.00 a 0.00 a 0.66 a 0.00 c 0.00 b 0.00 a 

RC 0.03 c 0.04 a 0.02 a 0.03 a 0.18 a 0.00 a 0.00 a 0.00 a 0.51 a 0.02 abc 0.01 a 0.00 a 

Planted AR+RC 0.10 ab 0.04 a 0.01 a 0.04 a 0.29 a 0.00 a 0.00 a 0.00 a 0.75 a 0.01 abc 0.02 a 0.00 a 

Broadcast AR+RC 0.05 bc 0.07 a 0.02 a 0.07 a 0.17 a 0.00 a 0.00 a 0.00 a 0.26 a 0.03 ab 0.01 a 0.00 a 

P-value 0.0024 0.1489 0.1822 0.4048 0.7734 0.0800 0.3618 0.7656 0.2759 0.0262 0.0017 0.0792 

2016 - Sampling 

Date 7 September 2016 24 October 2016 18 November 2016 25 April 2017 

No cover 0.00  0.02 a 0.00  0.04 a 0.00  0.15 a 0.00  0.02 a 0.00  0.48 a 0.00  0.06 a 

AR 0.04 a 0.02 a 0.08 ab 0.03 a 1.01 a 0.03 b 0.08 a 0.06 a 1.46 ab 0.11 ab 0.46 a 0.01 a 

RC 0.05 a 0.00 a 0.06 b 0.04 a 0.58 b 0.06 ab 0.07 a 0.00 a 1.51 ab 0.11 ab 0.19 a 0.02 a 

Planted AR+RC 0.09 a 0.03 a 0.17 a 0.02 a 1.20 a 0.03 b 0.21 a 0.00 a 1.63 a 0.05 b 0.51 a 0.02 a 

Broadcast AR+RC 0.00 b 0.01 a 0.09 ab 0.02 a 0.78 b 0.09 ab 0.14 a 0.00 a 1.16 b 0.14 ab 0.29 a 0.01 a 

P-value 0.0002 0.073 0.0431 0.6179 <.0001 0.0077 0.2119 0.4570 0.0567 0.0316 0.1812 0.0911 
1 Means within column and site-year followed by the same letter are not statistically different according to the Tukey-Kramer test (P=0.05). 
2 Abbreviations: AR= annual ryegrass, RC = red clover.  
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Table 5. Interseeded cover crop and weed dry matter (DM; Mg ha-1) at different dates in corn harvested for silage or grain at Trent. 

Location 

Year 

Cover Crop 

Treatment 

Silage Plots 

Sampled at Silage 

Harvest 

Grain Plots 

Sampled at Grain 

Harvest 

Sampled at End of Fall 

 

Sampled Following Spring 

 

Silage corn4 Grain corn4 Silage corn Grain corn 

Cover 

crop Weed 

Cover 

crop Weed 

Cover 

crop Weed 

Cover 

crop Weed 

Cover 

crop Weed 

Cover 

crop Weed 

Trent                          
2015 - Sampling 

Date 30 September 2015 27 October 2015 26 November - 4 December 2015 2-3 May 2016 

No cover 0.00  0.47 a 0.00  0.29 a 0.00  0.54 a 0.00  0.56 a 0.00  0.04 a 0.00  0.05 a 

AR2 0.19 a 0.15 b 0.23 ab 0.13 a 0.69 a 0.33 a 0.56 ab 0.34 a 0.42 ab 0.00 a 0.19 b 0.02 a 

RC 0.26 a 0.25 ab 0.43 a 0.13 a 0.72 a 0.27 a 0.82 a 0.33 a 0.63 a 0.01 a 0.54 a 0.00 a 

Planted AR+RC 0.03 b 0.20 ab 0.10 b 0.17 a 0.46 a 0.41 a 0.32 b 0.46 a 0.31 ab 0.00 a 0.14 b 0.01 a 

Broadcast AR+RC 0.03 b 0.31 ab 0.15 b 0.24 a 0.46 a 0.43 a 0.59 ab 0.39 a 0.12 b 0.04 a 0.12 b 0.00 a 

P-value <0.0001 0.0334 0.0034 0.1106 0.0485 0.1371 0.0042 0.2308 0.0042 0.3407 0.0075 0.4739 

2016 - Sampling 

Date 15 September 2016 26 October 2016 19 November 2016 12-13 May 2017 

No cover 0.00  0.18 a 0.00  0.34 a 0.00  0.26 ab 0.00  0.30 a 0.00  0.32 ab 0.00  0.16 a 

AR 0.04 a 0.17 a 0.32 ab 0.18 a 0.38 a 0.10 b 0.54 a 0.19 a 0.26 a 0.13 bc 0.23 a 0.13 a 

RC 0.00 a 0.20 a 0.00 b 0.25 a 0.00 b 0.21 ab 0.00 b 0.20 a 0.00 b 0.43 a 0.00 b 0.29 a 

Planted AR+RC 0.06 a 0.33 a 0.32 ab 0.33 a 0.88 a 0.34 a 0.67 a 0.24 a 0.26 a 0.17 bc 0.17 ab 0.20 a 

Broadcast AR+RC 0.05 a 0.21 a 0.63 a 0.13 a 0.59 a 0.22 ab 0.98 a 0.13 a 0.40 a 0.09 c 0.29 a 0.07 a 

P-value 0.0661 0.4572 0.0067 0.0665 <.0001 0.0404 <.0001 0.2090 0.0016 0.0015 0.0150 0.0871 
1 Means within column and site-year followed by the same letter are not statistically different according to the Tukey-Kramer test (P=0.05). 
2 Abbreviations: AR= annual ryegrass, RC = red clover.  
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Figure 7. Difference in field conditions post corn harvest shown at Ridgetown site on 26 

October 2015. Grain corn plots (left), silage corn plots (right). 
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Figure 8. Spring cover crop growth at Elora on 28 April 2016. Clockwise from top 

left: interseeded/planted AR+RC after grain corn; interseeded/broadcast AR+RC 

after grain corn, interseeded/broadcast AR+RC after silage corn, interseeded/planted 

AR+RC after silage 
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Figure 9.  Soybean emergence following grain corn in no cover control (top) compared to AR 

(bottom) cover crop at Elora (planted 4 June 2017, photo taken 16 June 2017), many plants in row 

failed to germinate due to seed trench opening. 
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Figure 10. Slug damage to soybeans following interseeded cover crops at Elora (15 August 

2017). 
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4.0 Potential for cover crops to mitigate soil health and yield depression of soybean 

intensive rotations 

 
(This experiment was conducted from 2008 to 2012. My contribution to this study was to process 

the soil samples for nutrient analysis for organic carbon and total nitrogen, conduct the statistical 

analysis of all data collected, and write up the results) 

 

4.1 Introduction 

 
 In Ontario, soybean intensive rotations are increasingly common. In 2017, 1.24 million 

ha of soybeans were seeded, compared to 0.90 million harvested 10 years ago in 2007 

(OMAFRA, 2017). Average provincial yields have increased in that same time frame from 2.20 

Mg ha-1 to 3.10 Mg ha-1(OMAFRA, 2017). Trends in Ontario reveal that soybeans have been 

replacing small grains (Gaudin et al., 2015), and are particularly prevalent in places where corn 

production is seen as less profitable or more difficult in terms of mechanical capabilities and soil 

type.  

 The movements towards simplified, soybean intensive rotations has several implications 

for soil health. It has been shown through long-term studies that low diversity rotations with 

frequent soybeans are problematic due to their low addition of C to the system leading to a net C 

loss (Deen et al., 2016). This, in turn, leads to degradation of soil structure and function, and 

ultimately crop yield depression and instability (Gaudinet al., 2015).  

 Cover crops have been shown to provide soil health benefits across a range of cropping 

systems (Fageria et al., 2005). They can protect soil from erosion or runoff, provide N to 

subsequent crops, add organic matter to the soil, suppress weeds, break up pest cycles and lead to 

a number of secondary and tertiary benefits (Fageria et al., 2005; Fakhari et al., 2015; Gaudin et 

al., 2013; Mazzoncini et al., 2011; Wall et al., 1991).  

 The objective of the present study it to determine whether integration of cover crops into 

a soybean dominated rotation can mitigate soil health and yield depressions previously observed. 
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The effect of cover crops on agronomic and soil parameters on seven different soybean intensive 

rotations were evaluated under both conventional and no tillage.  

4.2 Methodology  

 

4.2.1 Field Site 

 
This experiment was conducted at the Elora Research Station (associated with the 

University of Guelph) (43o 38’ 26N, 80o 24’ 26W) from 2008-2012.  The soil type was a London 

silt loam (22% sand, 56% silt, 22% clay), which is a Grey Brown Luvisol loam till with 

imperfect drainage (Hoffman et al, 1963).  

4.2.2 Weather 

 
This study was conducted over a 4 year period from 2008-2012. Table 6 contains 

precipitation and temperature data for the growing season during the duration of the study, and 

long-term monthly averages from 1981-2010. The study period included diverse summer 

weather patterns. 2009 was close to long-term average precipitation, 2008 and 2010 had above 

average precipitation, and 2012 was dry. Rainfall distribution was uneven in 2011, with July 

being exceptionally dry and August experiencing above average rainfall. Of particular interest to 

this study is the weather patterns each year from September through to November. In 2009 this 

period rainfall was much lower than average in two of the three months, and in 2012 rainfall was 

nearly double the long-term average in the month of October. Fall temperatures during this 

period were generally close to long-term averages for the region.  

4.2.3 Experimental Design 

 
The field experiment was a split plot design with cover crop/rotation main plot treatments 

and tillage as the split plot treatment. The main plots consisted of seven treatments of various 
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crop rotations, cover crop species and planting methods. Main cover crop system treatments 

were: 

1. No cover crop in continuous soybean - S-S 

2. No cover crop in corn soybean rotation - C-S 

3. No cover crop in soybean corn rotation - S-C 

4. Annual ryegrass broadcast pre-soybean leaf drop in continuous soybean - S(ARpre)-

S(ARpre) 

5. Annual ryegrass drilled post soybean harvest in continuous soybean - S(ARpost)-

S(ARpost) 

6. Cereal rye broadcast pre-soybean leaf drop in continuous soybean - S(CRpre)-S(CRpre) 

7. Cereal rye drilled post-soybean harvest in continuous soybean - S(CRpost)-S(CRpost) 

 

Each main plot was split into conventional spring tillage and no till sub plots. Each split plot 

measured 3.05 m (4 corn rows, 8 soybean rows) wide and 18.29 m long. Border plots in between 

treatments allowed for proper treatment management (see plot plan in Appendix F). Cover crop 

system and tillage treatments were established in spring 2008 and the first cover crop treatment 

planted fall 2009 Treatments were maintained until cover crop termination in the spring 2012.  

4.2.4 Field Management Activities 

 
Prior to planting, plots were cultivated and 5-20-20 fertilizer was broadcast applied at 300 

kg ha-1. In 2008 tillage plots were cultivated and packed prior to planting, in 2009 tillage plots in 

soybean treatments were disk tilled twice, whereas the corn plots were disk tilled and cultivated, 

in 2010 both corn and soybean tillage split plots were disk tilled once, and in 2011 wet 

conditions meant that aggressive use of deep coulters had to be used as a ‘modified disking’ for 
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the tillage split plots. Each year Pioneer 38B14 corn was planted at 78,000 plants ha-1 (except in 

2008 when Pioneer 38M60 was used at 71,700 plants ha-1) Using a JD 1750 MaxEmerge planter 

(Moline, IL) that was equipped with a double-disk opener system, 2.5-cm-wide angled closing 

wheels, fingered residue removers attached in front of the furrow opener, three coulters set at a 

10- to 15-cm depth, and seed firmers. Both liquid (in row) and solid fertilizers were applied at 

corn planting, and UAN applied in late June to corn plots (detailed dates and rates are presented 

in Table 7). Pioneer 90M40 soybeans were planted in all years except 2009 when DKB00-99RR 

was used. Soybeans were planted using a JD750 no till drill (Moline, IL) in 38 cm rows. 

Inoculant was seed applied each year. Weed control in soybean plots occurred in in late May 

2008 using an application of metolachlor and flumetsulam, and in all of the soybean and corn 

plots for the remainder of the experiment using repeated applications of glyphosate (all dates and 

application rates specified in Table 7).  

Cover crops were hand broadcast prior to soybean leaf drop and drilled post-harvest.  

Dates of planting and seeding rates are given in Table 7. Post-harvest drilling of cover crops was 

conducted using a JD 750 drill. In 2008 generic ryegrass was planted but was 100% winterkilled, 

so Green Spirit Italian ryegrass was used from 2009 onwards. Hazlet CR was used in all years.  

In early November of 2010 broadcast applications of 0-0-60 at 225 kg ha-1 and 0-46-0 at 

275 kg ha-1 were applied to ensure P and K were non-limiting. Details of agronomic management 

for all years are found in Table 7.  

4.2.5 Sample Collection and Data Analysis 

 
Sampling dates for various agronomic measures and for soil are recorded in tables with 

corresponding results.  
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4.2.5.1 Crop yield 

Both corn and soybeans were mechanically harvested using a small plot combine 

harvester which recorded grain mass o and moisture. For soybeans, 4 rows were harvested for a 

row length between 7-11 m.   Corn was harvested from 4 rows for a length of 18.3-18.5 m (exact 

row length recorded to calculate area). Using this information and area harvested, yields were 

calculated in Mg ha-1 at 15.5% moisture for corn and 13% moisture for soybeans using the 

equations below.  

𝑆𝑜𝑦𝑏𝑒𝑎𝑛 𝑦𝑖𝑒𝑙𝑑 = [𝑔𝑟𝑎𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ (
10000

𝑎𝑟𝑒𝑎 ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑
)] ∗ [

(100 − 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒)

87
] 

 

𝐶𝑜𝑟𝑛 𝑦𝑖𝑒𝑙𝑑 = [𝑔𝑟𝑎𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ (
10000

𝑎𝑟𝑒𝑎 ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑
)] ∗ [

(100 − 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒)

84.5
] 

4.2.5.2 Cover crop biomass 

Cover crop biomass was recorded in the fall in 2008, 2009 and 2010 and in the spring in 

2009, 2010, 2011 and 2012. Samples were not taken in the fall of 2011. Pictures from late 

November of 2011 are included in Appendix G, and show that cover crops had established, 

though there was little and variable growth. Protocol varied slightly at each sampling time, 

dependant on visual assessment of cover crop growth and development (details of differences in 

Appendix H). Generally, either a 0.25 m2 or 0.5 m2 quadrant was placed in two representative 

locations in the plot, and aboveground cover crop biomass was removed and placed into paper 

bags. For the S(CRpost) or S(ARpost) treatments, the number of drilled rows included in the 

quadrant was recorded to make the appropriate area adjustment. These samples were placed in a 

high temperature dryer at 80oC until uniform moisture was achieved. Dry weights were then 
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taken, and then combined with appropriate sampling area data to calculate an approximate cover 

crop biomass value using the equation below.  

 𝐶𝑜𝑣𝑒𝑟 𝑐𝑟𝑜𝑝 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = 𝑑𝑟𝑦 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ (
10000

𝐴𝑟𝑒𝑎
) 

 

4.2.5.3 Residue cover 

Residue cover was visually estimated for each plot in early July of 2009 and early June of 

2010 and 2011 using the photo comparison method, outlined by University of Nebraska 

Extension, with example photos in Appendix I (Shelton and Jasa, 1995). Four observations of 

representative areas of the field (looking straight down) were compared to pictures of known 

residue cover for each plot to estimate percent coverage. An average was taken of these estimates 

to give a % value for each plot.  

4.2.5.4 Soil parameters 

Soil samples were taken at the initiation of the project on May 11th 2009, and it’s 

conclusion on May 31st 2012 from the no-till subplot of cover crop system treatments 1, 2 and 7, 

because these represented the extremes of cover crop system management. A Giddings hydraulic 

soil corer (Giddings Machine Company, Windsor, CO) was used to extract two 0-30 cm cores 

from each plot.  The cores were kept cool, and segmented into depths of 0-15 cm,  and 15-30 cm. 

Cores from each plot were homogenized by depth, air dried at a temperature between 25-40oC  

Following combustion of the sample organic C was determined using a Leco SC-444 method 

(Skjemstad and Baldock, 2008) and total N content determined using the Dumas method 

(Dumas, 1831; Rutherford et al., 2008).  Additional soil samples were taken on May 23rd, 2012 

to assess aggregate size distribution and stability, using methodology similar to Kemper and 

Rosenau (1986), which was developed and adjusted from earlier work by Yoder (1936). From 
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each plot 3 cores were taken from a depth of 7 cm, each 7 cm in diameter. These were combined, 

placed in buckets in a low temperature dryer at 25oC. On May 30th the buckets were inverted to 

assist with even drying and prevent clumping of samples or breakdown of aggregates. Once 

dried, samples were placed on a stack of sieves, with fineness values of > 8 mm, > 4 mm, > 2 

mm, > 1 mm and > 0.5 mm (top to bottom). The soil sample was sieved for 30 seconds. The 

mass of soil caught in each sieve and the soil that passed  through all sieves (< 0.5 mm) was 

recorded, and divided by the total mass of the sample to give a decimal value, representing the 

relative proportions of each size of aggregates in that plot.  

Wet aggregate stability (WAS) was measured using 10 g of the 1-2 mm fraction of soil 

separated by the previously explained method. This was placed on a smaller nest of sieves with 1 

mm diameter on top and 0.25 mm mesh opening below. This sieving apparatus was immersed in 

water and sieved for 10 minutes (an up-and-down motion, stroke length 35 mm at 40 strokes per 

minute). The aggregates present on top of the 0.25 and 1 mm sieves were dried and weighed, and 

then wet aggregate stability was calculated by dividing the final sample (representing water 

stable aggregates) by the original mass of the soil aggregates, subtracting the ‘sand’ fraction 

(primary particles over 0.25 mm) from each first since these are not considered part of the 

aggregate mass. This process was repeated with a new 10 g sample, giving two values for WAS, 

which were averaged to produce a final value for each combined plot sample.  

4.2.5.5 Statistical Analysis  

Analysis was conducted using SAS version 9.4 with PROC GLIMMIX. A model was 

used to fit the split-plot design of the experiment with cover crop system as the main factor and 

tillage as the sub factor. For main crop yields, cover crop biomass, percent residue cover and 

soybean populations, a repeated measures analysis was used with the year as the repeated factor 
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and a compound symmetric covariance structure. A similar repeated measures with compound 

symmetric covariance structure was used to analyse soil C and N, however the time factor was 

simply pre (2009) or post (2012) experiment, and samples were taken only from no-till sub-plots, 

so tillage was not a factor. For the analysis of corn yields, soybean yields and soybean 

population, rotations 2 and 3 (C-S and S-C) were recoded to be the same cover crop 

system/rotation, so that a value was present for each yield and population in each year. This 

eliminated the cover crop system/rotation factor from the corn yield analysis and allowed for the 

soybean phase of the C-S rotation to be compared to the other cover crop systems/rotations in 

terms of yield and population in every year. A similar adjustment was made when analysing 

percent residue, where cover crop system/rotations 2 and 3 were recoded to represent C-S in 

either the corn phase or the soybean phase. This enabled comparisons of the surface residue of 

equivalent times in the C-S rotation with the other cover crop system/rotation treatments in this 

experiment. In all cases, multiple means comparisons were conducted and a Tukey’s adjustment 

was used to separate differences at the 0.05 significance level. For fall and spring biomass, 

residue cover, and wet aggregate stability direct contrasts were conducted to detect differences 

between groups of treatments. The contrasts, treatments involved, and p-values are presented in 

Appendix J.  

4.3 Results and Discussion 

  

4.3.1 Agronomic Data  

 
4.3.1.1 Fall Cover Crop Biomass 

 

 Cover crop fall biomass was minimal across the four years of the study.  Cover crop 

system by year interaction (p<.0001; Table K1) and tillage (p=0.0050) effects on cover crop fall 

biomass were significant (Appendix K) and means and mean differences are presented in Table 
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8. Averaged across planting method, AR fall biomass ranged from 0.02-0.32 Mg ha-1 and CR fall 

biomass ranged from 0.05-0.53: both cover crops species were consistently low.  Note that, while 

cover crop biomass data is not available for 2011, fall biomass was also low that year as 

demonstrated in images taken on November 26th, 2011 (Appendix G).  

On average, CR had ~0.06 Mg ha-1 greater biomass than AR (p<.0001), even though 

when inspected visually the AR tended to have more uniform emergence in the broadcast 

treatments. CR, however, tended to emerge more uniformly and accumulate more biomass in the 

drilled treatments based on visual observations (no actual measure of variability was taken). The 

cover crops broadcast pre-soybean leaf drop resulted in ~0.09 Mg ha-1 greater biomass than those 

drilled post-soybean harvest (p<.0001), which may be attributed to planting date, which ranged 

from 27-35 days later than broadcasting (Table J1; Appendix J). In terms of tillage, when broken 

down by year, there was only a biomass advantage seen in conventionally tilled plots over no-till 

in 2009, however overall the effect was deemed significant.  

Cover crop system by year effects on fall cover crop biomass can be attributed to 

differences in weather conditions across years. For example, there was over 90 mm of rainfall in 

October of 2009, whereas 2008 and 2010 had only 68 and 53 mm, respectively. Cooler average 

temperatures were also recorded in October and November of 2008 and 2009 compared to 2010 

and 2011 (Table 6). The different climatic conditions may have been better suited to one 

particular species or planting method compared to another, for example it is known that AR is 

particularly tolerant of wet conditions, and ARpre had the highest biomass in 2009. The dry and 

cool conditions of 2010 prevented much fall cover crop biomass from being accumulated, so 

little that no differences by cover crop treatment were able to be detected. Additionally, a 

different variety of AR was used in 2008 which may have changed how they established and 
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grew in the fall.   Johnson et al. (1998) observed similar variability by year, but the average fall 

biomass of CR in their study was higher at 0.41 Mg ha-1, which could be due to earlier 

interseeding date (mid-August) allowing more time for the cover crop to establish under the 

soybeans.  Hively and Cox (2001) found similar fall biomass of CR (approximately 0.1 Mg ha-1) 

when sown after soybean planting.  

The low cover crop fall biomass observed in the present study can be explained by the 

long-season beans that are typical to Ontario, which are generally harvested in October, when 

days are already short and cool. This limits what growth is possible for the cover crops, and also 

gives some insight as to why the CR tended to have greater biomass than AR, for CR is generally 

more cold hardy and better adapted to germination and growth, even with temperatures as cold as 

4oC (Sarrantonio and Gallandt, 2003; Snapp et al., 2005). It is also intuitive that the cover crops 

broadcast prior to soybean leaf drop (broadcasting dates from September 2nd-14th), since they 

were planted 27-35 days earlier than the drilled treatments. The benefit of this extra growing 

time was compounded by the warmer conditions, for September typically averaged 14-15oC, 

giving the broadcasted treatments more time to establish. Figure 11 shows each of the 4 

treatment in November 2010, depicting the typical condition of the cover crop treatments in the 

late fall. Due to low fall biomass there is likely to be limited SOM contribution from this system 

if cover crops are terminated prior to winter.  If allowed to overwinter over the fall this limited 

fall growth could provide benefit in terms of soil erosion protection (though this was not directly 

measured). It has been cited that as little as 30% ground cover is adequate to prevent soil erosion 

(Hively and Cox, 2001; Wall et al., 1991). 

 

 



91 
 

 

 4.3.1.2 Spring Cover Crop Biomass 

 

 Similar to fall cover crop biomass, cover crop biomass in the spring varied with a 

significant cover crop system by year interaction (p<0.0001; Table K1; Appendix K), however 

there was no tillage effect. Cover crop biomass was measured in mid-May (except in 2010 when 

it was sampled April 29th) and ranged from 0-0.43 Mg ha-1 for AR and 0.03-1.77 Mg ha-1 for CR. 

The full data and mean separations can be found in Table 8.  It should be noted that in 2011 the 

samples were taken on 13 May but the cover crops were not sprayed until 21 May and it was 

observed that considerable growth had occurred after sampling, so the data in Table 8 is likely an 

underrepresentation of final biomass. Similar to results in the fall, Johnson et al. (1998) observed 

greater spring CR biomass, averaging 1.87 Mg ha-1, however in a more recent study Moore et al. 

(2014) observed a mean of 0.57 Mg ha-1 CR when planted after soybeans, closer to the range in 

this experiment. In 2009, the first year of spring growth of the present study, spring biomass was 

lower than the biomass measured the previous fall.  This was due to winterkill observed for both 

AR and CR.  Winterkill of AR was 100%. The second year also experienced limited growth in 

the spring after the fall sampling, likely due to a cool spring and early sampling time rather than 

the winterkill experienced the year before.  In 2011 there was up to a 0.38 Mg ha-1 increase in 

cover crop biomass from the fall to the spring. Spring biomass in 2012 was similar to 2011. Fall 

biomass and spring biomass cover crop biomass were not significantly correlated (Kendall-Tau 

rank correlation p=0.1318). 

  Spring cover crop biomass did not differ by cover crop system or tillage in 2009-2011.  

In 2012, CR spring biomass was substantially greater than AR spring biomass.  Averaged over 

all samples, CR tended to yield 0.34 Mg ha-1 more biomass than AR in the spring, a similar trend 

to the fall with a greater magnitude (p=0.0012; Table J1; Appendix J). Spring cover crop 
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biomass was not consistently affected by either planting method or by tillage treatment 

(p=0.2144; Table J1; Appendix J).  

 Similar to fall, the differences in cover crop system effect for spring biomass by year are 

to be expected due to the climatic and varietal differences. The cover crop varieties planted in 

2008 did not overwinter effectively, which explains why biomass was greater in subsequent 

years when different varieties were used. The spring of 2012 had a particularly cool April, 

averaging only 5oC, which may have emphasized the cold tolerance advantage of CR compared 

to other years. Authors have previously acknowledged the ability of CR to resume growing 

earlier in the spring compared to other cover crop species (McCracken et al., 1994). This ability 

for CR to produce greater biomass in the limited windows afforded by Ontario cropping systems 

perhaps makes it the most suitable cover crop candidate for integration into soybean intensive 

rotations.  Spring CR biomass of 1.1 Mg ha-1 has been reported by other authors when 

broadcasting post soybean harvest, with very low fall biomass (Hively and Cox, 2001), agreeing 

with our conclusion that fall biomass is not a good predictor of spring biomass or associated 

benefits and emphasizing the importance of allowing cover crops to overwinter. Winterkill issues 

limited growth in 2009 and cover crops were terminated quite early (April 29th) in 2010, 

however the final two years of this study show the potential for spring biomass accumulation. 

Termination was successful in all years and soybeans were successfully planted as little as 11 

days later (2009). Determining the ideal date to spray herbicide and terminate the cover crops 

involves a decision based on labour availability and climatic conditions, balancing of 

maximizing benefit from cover crop biomass and ensuring ease of soybean planting and 

emergence.  
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4.3.1.3 Corn Yield 

 Corn was only present as a rotational crop, and with the abovementioned statistical 

adjustment, yields were amalgamated into one treatment (corn-soybean). There was a significant 

year effect (p<0.0001), with yields being lowest at 9.84 Mg ha-1 in 2009, slightly higher at 10.44 

Mg ha-1 in 2010, and highest in 2011 averaging 11.28 Mg ha-1. There was also a difference by 

tillage treatment (p=0.0350), as was expected and has been recorded in the literature, with 

conventional tillage yielding slightly higher at 10.75 Mg ha-1 compared to 10.29 Mg ha-1 in the 

no till plots. The year by tillage interaction was not significant (p=0.4504).  

4.3.1.4 Surface Residue Cover 

 Surface residue was measured in early July in 2009, and early June in both 2010 and 

2011, and the data can be found in Table 9. There was a significant year by cover crop system 

interaction (p=0.0011; Table K2, Appendix K), and a main tillage effect (p<0.0001). The C-S 

treatment in the soybean phase (following a year of corn) consistently had the highest amount of 

residue. When direct contrasts were run between sets of cover crop system/rotation treatments 

(Table J1; Appendix J), it was shown that soybeans with cover crops (treatments 4-7) tended to 

average 3.25% greater residue than continuous soybeans without cover crops (treatment 1) 

(p=0.0284), however when those continuous soybeans were compared to a C-S rotation 

(treatments 2 and 3), the corn-soybean averaged 15% greater cover (p<.0001). By the final year 

of the study, 2011, the treatment that included soybeans with CR drilled postharvest had greater 

residue than all the other treatments except the corn-soybean soybean phase (following corn), 

which was still the highest, or the continuous soybean with AR broadcast pre leaf drop, which 

was lower, but the difference was not deemed significant. Averaged across years, continuous 

soybeans with CR as a cover crop had 4.56% greater residue cover than continuous soybean with 
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an AR cover crop (p=0.0015; Table J1; Appendix J). In all years, the no-till treatments had 

greater % residue than conventionally tilled, on average nearly double, with 40.24% and 22.33% 

cover, respectively. Residue also varied by year. The late sampling in 2009 had the lowest mean 

residue at 24.47% averaged across all cover crop systems, in 2010 when measured earlier the 

average was 32.01%, and finally the earliest in 2011 averaged 37.37%.  

 The patterns in % residue trends by location reveal that the easiest way to quickly ensure 

greater surface residue in a soybean intensive rotation is by growing corn in alternate years. 

Since corn is a high yielding crop with a harvest index of approximately 0.5 (Vanhie et al., 

2015), the stover left in the field provides superior cover, averaging 55% over the 3 years it was 

measured. Though growing cover crops with continuous soybeans did, on average, increase the 

surface residue when compared to continuous soybeans, it was still significantly less than 

soybeans following corn, and therefore would likely not provide sufficient benefit to offset the 

problems associated with monocropping soybeans. As stated previously, it is often cited that 

30% ground cover represents adequate erosion protection (Hively and Cox, 2001). In this study, 

only the C-S (both corn and soybean phase) and the S(CRpost) reached this critical level on 

average over all years of the study, however continuous soybean with AR broadcast pre-soybean 

leaf drop was close, averaging just over 28.5%, and reaching up to 36.25% in 2011. It is intuitive 

that when more cover crop biomass is produced there will be greater residue cover in the 

subsequent crop, as evidenced by the cover crop system treatment differences in 2011. It is also 

important to acknowledge the consistent tillage effect. Conventional tillage incorporates the crop 

and cover crop residues into the soil, and speeds their decomposition. This leads to a persistent 

trend of greater surface residue in no-till plots. Since the cover crop system by year means were 
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averaged over both tillage sub-plots, a conventional farmer would expect to see lower % residue 

than the mean reported value for a given cover crop system.  

4.3.1.5 Soybean Yield 

Cover crop system effect on soybean yield varied by year (Table 10). In the first two 

years there were no differences in yield by cover crop system, and in the final year, 2011, the 

only difference was higher soybean yields in the corn-soybean treatments when compared to 

continuous soybean without cover crops. Soybean yield had no overall year or tillage effect, 

however a three way significant interaction (p=0.0086; Table K3; Appendix K) revealed that in 

2011 there was a difference in soybean yield by tillage (p=0.0005), within the S(ARpre)-

S(ARpre) cover crop system In that specific year and cover crop system, the conventionally 

tilled soybeans yielded 2.90 Mg ha-1, greater than the no till soybeans with only 2.31 Mg ha-1. 

There were also differences in cover crop system/rotation effect 2011 when sliced by tillage 

(means and p values in Table 10). In conventionally tilled treatments, soybean yields were higher 

in the C-S rotation than in the S-S or S(ARpost), but not different from the three other 

continuous soybean treatments with cover crops. Conversely, in the no till treatments in 2011, 

the soybean yields in the C-S treatment were greater than all other treatments except continuous 

soybeans with CR drilled post soybean harvest. In previous literature, within-year or subsequent 

soybean yields were consistently unaffected (positively or negatively) by a CR cover crop 

(Basche et al., 2016; Johnson et al., 1998; Moore et al., 2014; Reddy et al., 2003), however in the 

current experiment, some yield differences were observed. In 2011 conventionally tilled soybean 

yields were higher in S(ARpre) than in the S-S treatment, indicating some within-year yield 

advantage when AR was broadcast pre soybean leaf drop. In the same year conventionally tilled 

soybean yields were not different between S-S and any of the treatments with cover crops, 
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however S(CRpost) was also not different from the C-S yields, which were significantly higher 

than continuous soybeans. This may indicate some potential for yield advantage to be captured 

with the use of high-biomass cover crops.  Analysis of the sliced data showed no significant 

differences in other years, though the overall cover crop system/rotation by year interaction was 

significant (p<0.0001; Table K3; Appendix K), so the means are presented by year and cover 

crop system/rotation in Table 10.  

 Overall, soybean yields were affected by cover crop species. When direct contrasts were 

run between sets of cover crop system treatments (Table K1, Appendix K), it was found that 

soybeans with CR as a cover crop tended to yield on average 0.20 Mg ha-1 greater than soybeans 

with AR as a cover crop (treatment 4 and 5 vs. treatment 6 and 7) (p=0.0143).  

Despite the 0.66 Mg ha-1 difference in 2011, when averaged over all years, soybeans in 

the C-S rotation did not yield significantly greater than S-S when compared overall years 

(p=0.2471; Table J1; Appendix J). However when S-S yields were compared to S-S with cover 

crops (treatment 1 vs. treatments 4-7), there was a difference significant at the 0.10 level 

(p=0.0850; Table J1; Appendix J) which showed that including cover crops in the rotation 

contributed to a 0.15 Mg ha-1 yield advantage in continuous soybeans.  Soybeans grown with 

cover crops were also shown on average to not yield differently than soybeans grown in rotation 

with corn (p=0.7592; Table J1; Appendix J). There was not found to be any correlation between 

fall or spring cover crop biomass and soybean yield.  

Soybean yields were unaffected by planting method of cover crops. A comparison of 

soybeans grown with cover crops (treatments 4-7) to all treatments without cover crops 

(treatment 1 and 2/3 vs treatments 4-7) was also not significant (p=0.2426; Table J1; Appendix 

J). Inspecting the means, there was never an instance where the soybean treatments with 
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broadcast AR or CR pre-leaf drop had a lower yield than continuous soybeans without cover 

crops, indicating that broadcasting cover crops can be done without interfering with soybean 

yield. This makes sense, for broadcasting is done when soybeans are at or near maturity, and 

starting the process of drying down, no longer in great demand for water, light or nutrient 

resources.  

 The fact that there were only cover cropping system yield differences in 2011 after the 

study had been in place for 3 years, may indicate that differences between cover crop 

system/rotations will become more apparent overtime as they are imposed on the same field 

plots. When comparing different levels of diversity and multi-year cover crop system/rotations it 

would make sense that consistent differences may not reveal themselves for several years. This 

also may be an indication that the cover crops, though contributing little biomass each year, may 

have a cumulatively positive effect over time. In the conventionally tilled plots in 2011, there 

was a large soybean yield advantage in the corn-soybean rotation over continuous soybeans with 

no cover crops, however all of the rotations which included cover crops (except AR drilled post-

which had the least biomass in the previous spring) had soybean yields that were either higher 

than continuous soybean or an intermediate value, not different from either continuous soybeans 

or corn-soybean. This indicates that in conventionally tilled systems, the addition of cover crops 

into a soybean intensive rotation may help to mediate yield losses in the medium-long-term. In 

the no till treatments, all treatments including cover crops had similar soybean yields to the S-S, 

lower than the C-S rotation, except for the S(CRpost). That treatment yield was not different 

from either continuous soybeans or corn-soybean, and also had the highest cover crop biomass in 

the previous spring. It would seem that in no-till systems, more cover crop biomass is needed to 



98 
 

have the same yield-mediating effect compared to conventionally tilled systems in the same time 

frame.  

 There is a consistent trend of soybeans yielding higher compared to all other cover crop 

system/rotation treatments when CR is drilled post-harvest, except for corn-soybean in 2011, 

though the differences are not deemed significant. From that and the direct contrast data it seems 

that there is some positive effect on soybean yield when high-biomass yielding cover crops are 

grown in the fall.  

 In all years cover crops were successfully chemically terminated. The lack of a consistent 

tillage effect implies that not incorporating cover crop residues did not have a negative effect on 

the following soybeans growth or development.  

4.3.2 Soil Parameters  

 
 Change in SOC and total soil N were determined using samples from May of 2009 and 

2012 taken from three contrasting treatments: continuous soybean, corn-soybean, continuous 

soybean with CR drilled post soybean harvest.   All samples were taken from the no-till sub 

plots. Samples were separated by depth, 0-15 cm, and 15-30 cm. Neither soil organic C nor total 

soil N were affected by treatment or by year of sampling. Both measures were affected by depth 

(C p<.0001, N p<.0001; Table K4; Appendix K).  Soil organic C was highest near the surface at 

2.5% and lowest at 1.99% in the 15-30 cm depth. Total soil N also only differed across soil 

depth.   The highest N content was in the 0-15 cm depth at 0.21, whereas the 15-30 cm depth had 

0.12.  It is unsurprising that total N was unaffected in this experiment, due to the short duration 

(discussed further later in this section) and the fact that neither cover crop species was a legume.   

Wet aggregate stability was determined from soil samples taken at the termination of the 

experiment from all tillage split plots. There were no significant main effects (cover cropping 
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system p=0.1002; tillage p=0.2827; Table K5; Appendix K) or interaction effects (cover 

cropping system *tillage p=0.2124; Table K5 Appendix K) on WAS   Contrasts between S-S or 

C-S vs. soybeans grown with cover crops were also not significant (p=0.8154 and p=0.3089, 

respectively; Table J1; Appendix J). Cover crop species and planting method also had no impact 

on WAS (p=0.2724 and p=0.5581, respectively; Table J1; Appendix J). After 4 years of 

imposing treatments WAS was unaffected and averaged 64% over the experimental area.  

 The analysis of aggregate size distribution data indicated that there were differences in 

proportions of aggregate sizes by cover cropping system, however the differences only reflect a 

short-term corn effect (Variance Analysis Table K6, Appendix K; Means Table L1, Appendix 

L).   Soil taken from the soybean phase of the C-S rotation had a greater proportion of aggregates 

>4mm in diameter than any of the other cover crop system/rotations, and a greater proportion of 

aggregates >8mm in diameter than soil sampled from the corn phase of the C-S rotation.  

Inclusion of cover crop into the continuous soybean rotation did not affect aggregate size 

distribution.    

 The fact that differences in soil parameters were not detected is not surprising. Three 

years of cropping system adoption is a relatively short time period for impacting of soil 

properties. Authors in previous literature have seen soil improvements with the incorporation of 

cover crops (Mazzoncini et al., 2011; Moore et al., 2014), however these were relatively small 

changes that occurred over periods of five or nine years.  After 10 years of CR after silage corn 

and soybeans Moore et al. (2014) saw improvements in both SOM and potentially mineralizable 

N, indicating that a longer timeline and more detailed soil sampling may be needed to detect soil 

health improvements with winter cover crops in soybean intensive rotations.  Additionally, in the 

present experiment, the biomass achieved by treatments 4-7 was relatively low (especially in the 
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first two seasons), and would limit the impact on SOC accumulation.  Since properties such as 

WAS, aggregates size distribution and total soil N are positively correlated with SOM, it is also 

not surprising that treatment effects on these properties were also not observed.    Villamill et al. 

(2006) similarly observed no differences in total N after 6 years of winter cover crops in the 

corn-soybean rotation, however they did see changes in nitrate dynamics, indicating that though 

total N may be slow to change, improvements may still be present in plant available N with the 

incorporation of cover crops. Villamill et al. (2006) saw an increase in WAS when winter cover 

crops were incorporated (biomass not reported), relating it to increased SOM, however their 

experiment ran for 6 years with a combination of CR and vetch being grown. The additional time 

and mixture of a grass and legume cover crop may be responsible for the observed improvement 

in soil physical properties.  

 Our results indicate that adding AR or CR into a soybean intensive rotation is not a short-

term solution to the issues of soil health decline resulting from simple rotations with frequent 

soybeans. The long-season nature of growing soybeans as a crop, coupled with unpredictable 

seasonal weather conditions limits the opportunity for much biomass to be consistently 

accumulated. The building of SOM and improvements in soil structure are long-term processes, 

and sustained benefits to soil health from cover cropping would need to be measured over a 

longer time-scale. 

4.4 Conclusions 

 
 Soybean intensive rotations present challenges to the effective use of cover crops. Early 

planting and late harvesting of soybeans leaves little time for cover crop growth, consequently 

cover crop biomass potential is low. While neither CR nor AR produce large amounts of 

biomass, CR tended to outperform AR in terms of biomass and surface residue cover.   Greater 
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consistency of stand and residue cover indicates that CR may be a better cover crop option for 

off-season soil erosion protection, a benefit of use of cover crops in soybean intensive rotations 

not measured in the present study.   Short-term (>3years) use of cover crops provides limited 

measurable agronomic or soil benefit, and consequently cannot be considered a short-term 

solution to the problems associated with soybean intensive rotation, although their use may 

provide soil erosion protection.  The present study suggests that agronomic benefits (i.e yield 

benefits) of including cover crops into soybean intensive rotations may be associated with longer 

term, repeated use (3+ years).   
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Table 6. Elora long-term climate averages and weather data for the duration of the experiment. 

Total Precipitation (mm) 

Month Normalz 2008y 2009 2010 2011 2012 

April 74.1 64.6 106.2 47.5 100.7 30.0 

May 86.9 86.1 79.3 99.9 113.3 28.2 

June 83.8 81.6 69.2 184.1 87.0 64.6 

July 89.2 131.3 79.5 89.4 31.9 30.4 

August 96.6 120.7 92.1 12.1 158.6 62.6 

September 93.1 119.3 53.7 117.8 76.1 106.2 

October 77.2 68.4 91.5 52.6 128.9 127.3 

November 93 103.1 37.3 50.8 90.5 40.2 

Average Temperature (oC) 

Month Normal 2008 2009 2010 2011 2012 

April 5.7 7.5 6.1 8.8 5.5 5.3 

May 12.2 9.9 11.5 13.8 12.6 14.7 

June 17.5 17.6 15.8 16.9 16.5 18.3 

July 20 19.1 16.6 20.2 21.4 21.3 

August 19 17.3 17.9 19.4 19.1 18.6 

September 14.9 14.9 14.6 14.1 15.0 13.8 

October 8.3 7.2 6.8 8.5 8.9 8.6 

November 2.1 0.7 4.6 3.0 4.8 1.5 
z “Normal” climate data is from Fergus weather station (11.5 km from field) 
y Weather data from duration of the study from Elora RS weather station (<2km from field) 
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Table 7. Management activities in soybean intensive rotation experiment. 

Relevant 

Treatment/Plot  

Activity 2008 2009 2010 2011 

Corn Planting Date 15 May 13 May 7 May 25 May  

Starter 

Fertilizer 

(solid in 5x5 

band, liquid 

seed placed) 

10-34-0 @ 47 L 

ha-1 

8-32-16 @ 90 kg 

ha-1 

6-24-6 @ 43 L 

ha-1 

5-20-20 @ 157 

kg ha-1 

6-24-6 and 10-

34-0 (5:2 

ratio) @ 40 L 

ha-1 

5-20-20 @157 

kg ha-1 

6-24-6 and 10-

34-0 (5:2 ratio) 

@ 40 L ha-1 

5-20-20 @157 

kg ha-1 

Glyphosate 

Application 

Dates and 

Rates 

24 May 

1350 g ha-1 

24 June 

1890 g ha-1 

22 June  

1620 g ha-1 

29 April  

1620 g ha-1 

11 June 

1620 g ha-1  

21 May 

2460 g ha-1 

29 June 

864 g ha-1 

2 August 

864 g ha-1 

UAN 15 June 159 kg N 

ha-1 

23 June 140 kg 

N ha-1 

18 June 155 

kg N ha-1 

16 June 150 kg 

N ha-1 

Harvest 6 November 10 November 20 October 1 November 

Soybean Planting Date 15 May 22 May 19 May 3 June 

Harvest Date 7 October 8 October 24 September 7 October 

Glyphosate 

Application 

Dates and 

Rates 

24 May 

1350 g ha-1 

24 June 

1890 g ha-1  

22 June 

1620 g ha-1 

29 April  

1620 g ha-1 

11 June  

1620 g ha-1  

21 May 

2160 g ha-1 

29 June  

864 g ha-1 

2 August 

864 g ha-1 

Annual Ryegrass 

and Cereal Rye 

Cover Crop 

Broadcast 

Date 

10 September 11 September  2 September  14 September 

Annual Ryegrass 

Cover Crop 

Broadcast 

Seeding Rate 

18 kg ha-1 30 kg ha-1 45 kg ha-1 45 kg ha-1  

Drilled Date 8 October 16 October 8 October 12 October 

Drilled 

Seeding Rate 

20 kg ha-1 20 kg ha-1 20 kg ha-1 20 kg ha-1 

Broadcast 

Date 

10 September  11 September 2 September  14 September   

Cereal Rye Cover 

Crop 

Broadcast 

Seeding Rate 

125 kg ha-1 200 kg ha-1 200 kg ha-1 197 kg ha-1 

Drilled Date 7 October 16 October 8 October 12 October 

Drilled 

Seeding Rate 

280 seeds m-2  280 seed m-2  70 seed m-1  70 seed m-1  
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Table 8. Fall and Spring cover crop biomass (DM; Mg ha-1) of annual ryegrass (AR) or cereal rye (CR) broadcast pre soybean leaf 

drop (pre) or drilled post soybean harvest (post) as influenced by cover crop or tillage treatment each year. 

  Fall 2008 Spring 2009 Fall 2009 Spring 2010 Fall 2010 Spring 2011 Spring 2012 

Fall 

 All Years 

 (Mean) 

Spring 

 All Years 

 (Mean)  

Cover Crop Treatment  

November 

14th May 8th 

November 

30th April 29th  December 3rd May 13th May 14th  - - 

ARpre 0.15 b1 0 a 0.32 a 0.22 a 0.11 a 0.33 a 0.43 c 0.19 b 0.24 b 

ARpost 0.05 c 0 a 0.17 b 0.13 a 0.02 a 0.12 a 0.27 c 0.08 d 0.13 b 

CRpre 0.53 a 0.04 a 0.11 b 0.21 a 0.05 a 0.17 a 1.07 b 0.23 a 0.37 ab 

CRpost 0.17 b 0.03 a 0.19 b 0.41 a 0.12 a 0.50 a 1.77 a 0.16 c 0.68 a 

p-value  <.0001 0.9958 <.0001 0.5474 0.0340 0.2263 <.0001 <.0001 0.0026 

Tillage Treatment  Fall 2008 Spring 2009 Fall 2009 Spring 2010 Fall 2010 Spring 2011 Spring 2012 

Fall 

 All Years 

 (Mean) 

Spring  

 All Years  

(Mean)  

Spring Conventional 

Till 0.25 a 0.02 a 0.25 a 0.27 a 0.07 a 0.27 a 0.8 a 0.19 a 0.34 a 

No Till  0.20 a 0.02 a 0.15 b 0.21 a 0.08 a 0.29 a 0.97 a 0.14 b 0.37 a 

p-value  0.0922 0.9948 0.0015 0.6753 0.7882 0.8637 0.1809 0.0050 0.3868 

Year  Fall (Mean) 

Spring 

(Mean)                                      

2008 0.22 a -                               

2009 0.20 a 0.02 c                             

2010 0.08 b 0.24 bc                             

2011 -  0.28 b                             

2012 -  0.88 a                             

p-value  <0.0001 <0.0001                             
1 Means within column and main effect followed by the same letter are not statistically different according to the Tukey-Kramer test 

(P=0.05).          
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Table 9. Residue cover (%) in early summer each rotation and tillage treatment over three years. 

  2009 2010 2011 Mean 

Cover Crop/Rotation 

Treatment July 9th  June 1st  June 9th    

S-S 20 b1 28 b 24 c 24 de 

C-S (Corn Phase) 16 b 42 a 34 c 31 bc 

S-C (Soybean Phase)  48 a 52 a 64 a 54 a 

S(ARpre)-S(ARpre) 22 b 28 b 36 bc 29 bcd 

S(ARpost)-S(ARpost) 18 b 22 b 26 c 22 e 

S(CRpre)-S(CRpre) 24 b 24 b 30 c 26 cde 

S(CRpost)-S(CRpost) 24 b 28 b 48 b 33 b 

p-value  <0.0001 <0.0001 <0.0001 <0.0001 

Tillage Treatment  2009 2010 2011 Mean 

Spring Conventional 

Till 15 b 25 b 27 b 22 b 

No Till  34 a 39 a 48 a 40 a 

p-value  <0.0001 <0.0001 <0.0001 <0.0001 
1 Means within column and main effect followed by the same letter are not statistically different according to the 

Tukey-Kramer test (P=0.05). 
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Table 10. Soybean yields in Mg/ha at 13% moisture over rotational and tillage treatments in three years, and averaged over 

experiment duration. 

Rotation Treatment  2009 2010 2011 

2011 

Sliced by Tillage Trt 

1 

Conventional Till 

2011 

Sliced by Tillage 

Trt 2 

No Till 

Mean Across All 

Years 

S-S 2.67 a 2.58 a 2.43 b 2.33 c 2.53 bc 2.65 a 

C-S or S-C (Soybean 

Phase) 
2.79 a 

2.52 a 3.09 a 3.08 a 3.09 a 2.80 a 

S(ARpre)-S(ARpre) 2.78 a 2.68 a 2.61 ab 2.9 ab 2.31 c 2.69 a 

S(ARpost)-S(ARpost) 2.71 a 2.77 a 2.57 ab 2.58 bc 2.57 bc 2.68 a 

S(CRpre)-S(CRpre) 2.53 a 2.62 a 2.47 ab 2.63 abc 2.32 c 2.54 a 

S(CRpost)-S(CRpost) 2.82 a 2.89 a 2.80 ab 2.75 abc 2.85 ab 2.84 a 

p-value  0.2236 0.0573 <.0001 0.0007 <.0001 0.0693 

Tillage Treatment            Mean 

Spring Conventional Till 2.76 a 2.71 a 2.71 a -   -   2.73 a 

No Till  2.67 a 2.65 a 2.61 a -  -  2.64 a 

p-value  0.1588 0.3276 0.1082 - - 0.0816 
1 Soybeans were harvested 8 October, 24 September and 7 October in 2009, 2010, and 2011, 

respectively.             
2 Means within column and main effect followed by the same letter are not statistically different according to the Tukey-Kramer test 

(P=0.05).       
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Figure 11. Cover crops at Elora on November 19th, 2010. Clockwise from top left, AR broadcast pre-soybean leaf drop, CR broadcast 

pre-soybean leaf drop, CR drilled post-soybean harvest, and AR drilled post-soybean harvest. 
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5.0 Final Remarks  

 The preceding two experiments both investigated the incorporation of cover crops, AR, 

RC, and CR, into corn or soybean based crop rotations. As trends of simplified cropping systems 

persist and intensify in Ontario, the threat of soil degradation and yield instability become more 

prominent, and similar research more relevant. The results show that it is feasible to incorporate 

cover crops into corn or soybean crop rotations, however the low and variable biomass in both 

instances brings into question the magnitude of benefits of the technique. Over the course of 

these two experiments, cover crop growth was variable by year, by species, by location and by 

planting method and timing. It was observed that cover crops interseeded into corn or soybeans 

or planted after soybean harvest experienced inconsistent establishment, and low biomass when 

measured in the fall. It is unlikely that soil health benefits or subsequent crop yield benefits 

would be observed if cover crops were terminated in the fall. When cover crops regrew in the 

spring, biomass tended to increase and could reach over 1 Mg ha-1. Though still variable, if 

implemented successfully for several years (compared to our relatively short study period), it is 

possible that cover crops left to regrow in the spring would provide greater benefit to soil quality 

and the resulting impact on crop yields, although care must be taken when managing termination. 

Interseeding using a planter in corn or planting a cover crop mixture that includes grass and 

legume species may increase the probability of a successful cover crop stand, particularly early 

in the season. There are cover crop benefits that are more associated with the presence of the 

living cover (e.g., erosion protection), and less dependent on great biomass contributions (e.g., 

increasing SOM). Weed suppression benefits were observed consistently when cover crops were 

interseeded into corn, and the presence of a cover crop in late fall and early spring may have 

provided protection from soil erosion, though it was not directly measured in this study. A PhD 
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student at Trent University Y. Katanda will be analysing soil data from the experiment in 

Chapter 1.  

 Cover crop benefits, and more generally increased cropping system diversity benefits, are 

generally associated with long-term adoption, and so the short duration of these experiments is a 

limitation. Additional parameters such as below-ground cover crop biomass, measures of 

microbiological activity in the soil, and additional soil health indicators may have provided some 

additional insights to the results. In the experiment in Chapter 1, differences by location 

indicated that context is important when assessing the success of interseeded cover crop, and 

additional locations or replications in time would add to that comprehension.  

In the future, more research must be done to measure and improve the biomass potential 

of cover cropping techniques, either through breeding or management, for them to contribute to 

improving soil health and crop yields. Further understanding is also needed in how cover crop 

biomass is related to quantifiable benefits seen in the system, which may be measured in terms of 

ecosystem service provision, soil health indicators or other similar metrics. Research must be 

conducted to develop agronomic standards over a variety of climatic and edaphic conditions 

present in Ontario, to establish effective management guidelines for producers looking to 

diversify their corn-soybean rotation with cover crops.  

 Preserving and enhancing the complexity of Ontario cropping systems is an important 

goal as agriculture faces future challenges of increased demand and global climate change. 

Diverse systems are resilient systems, and cover crops will play a key role in augmenting 

diversity in Ontario’s farming landscapes. 
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Appendices 

 

Appendix A: Sample Plot Plans of Each Site in Interseeding Experiment  
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Appendix B: Variance analysis for Interseeding Experiment Simplified Analysis (all years and 

locations grouped)  

 

Table B1: Variance analysis of cover crop biomass sampled from silage corn plots at silage 

harvest time and from grain corn plots at grain harvest time.  
Cover Crop Biomass – Silage Harvest Sampling Time 

Covariance parameters Estimate Standard Error   

Block (Location)  0.05874 0.05252   

Residual 0.3057 0.05385   

Fixed Effects Numerator df Denominator df F Value Pr>F 

Location 2 7 3.01 0.1141 

Cover Crop 3 65 21.02 <.0001 

Cover Crop*Location 6 65 4.57 0.0006 

Year 1 65 119.98 <.0001 

Location*Year 2 65 10.21 0.0001 

Cover Crop*Year 3 65 14.17 <.0001 

Cover Crop*Location*Year 6 65 18.24 <.0001 

Cover Crop Biomass – Grain Harvest Sampling Time  

Covariance parameters Estimate Standard Error   

Block (Location)  0.02155 0.03535   

Residual 0.3641 0.06410   

Fixed Effects Numerator df Denominator df F Value Pr>F 

Location 2 7 46.36 <.0001 

Cover Crop 3 65 13.57 <.0001 

Cover Crop*Location 6 65 8.25 <.0001 

Year 1 65 7.11 0.0096 

Location*Year 2 65 45.20 <.0001 

Cover Crop*Year 3 65 41.82 <.0001 

Cover Crop*Location*Year 6 65 10.39 <.0001 
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Table B2: Variance analysis of weed biomass sampled from silage corn plots at silage harvest 

time and from grain corn plots at grain harvest time.  
Weed Biomass – Silage Harvest Sampling Time 

Covariance parameters Estimate Standard Error   

Block (Location)  0.02020 0.02676   

Residual 0.4132 0.06347   

Fixed Effects Numerator df Denominator df F Value Pr>F 

Location 2 7 93.57 <.0001 

Cover Crop 4 83 7.50 <.0001 

Cover Crop*Location 8 83 1.49 0.1750 

Year 1 83 26.92 <.0001 

Location*Year 2 83 2.89 0.0614 

Cover Crop*Year 4 83 3.13 0.0188 

Cover Crop*Location*Year 8 83 1.73 0.1036 

Weed Biomass – Grain Harvest Sampling Time  

Covariance parameters Estimate Standard Error   

Block (Location)  -0.02253 0.004768   

Residual 0.4902 0.07436   

Fixed Effects Numerator df Denominator df F Value Pr>F 

Location 2 7 181.98 <.0001 

Cover Crop 4 82 4.57 0.0022 

Cover Crop*Location 8 82 1.23 0.2936 

Year 1 82 0.68 0.4119 

Location*Year 2 82 1.72 0.1862 

Cover Crop*Year 4 82 4.20 0.0038 

Cover Crop*Location*Year 8 82 0.57 0.7971 
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Table B3: Variance analysis of cover crop biomass sampled from all plots at the end of fall and 

in the spring prior to termination.  
Cover Crop Biomass – End of Fall Sampling Time 

Covariance parameters Estimate Standard Error   

Block (Location)  0.03496 0.03855   

Residual - Elora 0.1022 0.02106   

Residual - Ridgetown 0.5733 0.1323   

Residual – Trent  0.1867 0.03894   

Fixed Effects Numerator df Denominator df F Value Pr>F 

Location 2 7 25.03 0.0006 

Harvest 1 136 319.94 <.0001 

Harvest*Location 2 136 110.82 <.0001 

Cover Crop 3 136 90.96 <.0001 

Cover Crop*Location 6 136 31.87 <.0001 

Cover Crop*Harvest 3 136 0.73 0.5352 

Cover Crop*Harvest*Location 6 136 1.93 0.0800 

Year 1 136 5.06 0.0262 

Location*Year 2 136 143.38 <.0001 

Harvest*Year 1 136 20.13 <.0001 

Harvest*Year*Location  2 136 7.33 0.0010 

Cover Crop*Year 3 136 100.48 <.0001 

Cover Crop*Location*Year 6 136 51.55 <.0001 

Cover Crop*Harvest*Year 3 136 0.67 0.5714 

Cover Crop*Harvest*Year*Location 6 136 0.46 0.8333 

Cover Crop Biomass – Spring Harvest Sampling Time  

Covariance parameters Estimate Standard Error   

Block (Location)  0.01716 0.01634   

Residual – Elora 2015 0.07131 0.02124   

Residual – Elora 2016 0.9913 0.2984   

Residual – Ridgetown 2015 0.8824 0.2589   

Residual – Ridgetown 2016 0.2044 0.05914   

Residual – Trent 2015 0.4009 0.1239   

Residual – Trent 2016 0.1484 0.04415   

Fixed Effects Numerator df Denominator df F Value Pr>F 

Location 2 7 36.92 0.0002 

Harvest 1 137 223.74 <.0001 

Harvest*Location 2 137 47.72 <.0001 

Cover Crop 3 137 32.52 <.0001 

Cover Crop*Location 6 137 10.03 <.0001 

Cover Crop*Harvest 3 137 2.25 0.0852 

Cover Crop*Harvest*Location 6 137 1.97 0.0741 

Year 1 137 0.34 0.5594 

Location*Year 2 137 107.99 <.0001 

Harvest*Year 1 137 25.00 <.0001 

Harvest*Year*Location  2 137 14.61 <.0001 

Cover Crop*Year 3 137 76.25 <.0001 

Cover Crop*Location*Year 6 137 22.07 <.0001 

Cover Crop*Harvest*Year 3 137 6.76 0.0003 

Cover Crop*Harvest*Year*Location 6 137 1.91 0.0840 
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Table B4: Variance analysis of weed biomass sampled from all plots at the end of fall and in the 

spring prior to termination.  
Weed Biomass – End of Fall Sampling Time 

Covariance parameters Estimate Standard Error   

Block (Location)  0.04344 0.05252   

Residual - Elora 0.2466 0.04611   

Residual - Ridgetown 1.1756 0.2371   

Residual – Trent  0.2104 0.03919   

Fixed Effects Numerator df Denominator df F Value Pr>F 

Location 2 7 135.64 <.0001 

Harvest 1 171 46.47 <.0001 

Harvest*Location 2 171 17.00 <.0001 

Cover Crop 4 171 17.92 <.0001 

Cover Crop*Location 8 171 6.69 <.0001 

Cover Crop*Harvest 4 171 2.12 0.0801 

Cover Crop*Harvest*Location 8 171 0.96 0.4730 

Year 1 171 10.15 0.0017 

Location*Year 2 171 48.27 <.0001 

Harvest*Year 1 171 1.99 0.1606 

Harvest*Year*Location  2 171 0.34 0.7115 

Cover Crop*Year 4 171 2.03 0.0918 

Cover Crop*Location*Year 8 171 1.04 0.4075 

Cover Crop*Harvest*Year 4 171 0.81 0.5214 

Cover Crop*Harvest*Year*Location 8 171 0.95 0.4752 

Weed Biomass – Spring Harvest Sampling Time  

Covariance parameters Estimate Standard Error   

Block (Location)  0.01299 0.01943   

Residual – Elora 2015 0.6187 0.1598   

Residual – Elora 2016 0.2237 0.05802   

Residual – Ridgetown 2015 0.8374 0.2176   

Residual – Ridgetown 2016 0.9329 0.2421   

Residual – Trent 2015 2.3559 0.6147   

Residual – Trent 2016 0.2118 0.06012   

Fixed Effects Numerator df Denominator df F Value Pr>F 

Location 2 7 27.90 0.0005 

Harvest 1 172 47.68 <.0001 

Harvest*Location 2 172 11.79 <.0001 

Cover Crop 4 172 25.97 <.0001 

Cover Crop*Location 8 172 2.15 0.0333 

Cover Crop*Harvest 4 172 2.00 0.0960 

Cover Crop*Harvest*Location 8 172 0.67 0.7174 

Year 1 172 236.02 <.0001 

Location*Year 2 172 4.15 0.0173 

Harvest*Year 1 172 0.08 0.7801 

Harvest*Year*Location  2 172 1.37 0.2566 

Cover Crop*Year 4 172 4.83 0.0010 

Cover Crop*Location*Year 8 172 2.95 0.0041 

Cover Crop*Harvest*Year 4 172 1.51 0.2012 

Cover Crop*Harvest*Year*Location 8 172 0.60 0.7747 
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Table B5: Variance analysis of silage dry matter and grain corn yield.  
Silage Dry Matter 

Covariance parameters Estimate Standard Error   

Block (Location)  -34459 308092   

Residual 5344234 849975   

Fixed Effects Numerator df Denominator df F Value Pr>F 

Location 2 7 386.07 <.0001 

Cover Crop 4 83 1.02 0.4032 

Cover Crop*Location 8 83 1.34 0.2339 

Year 1 83 66.85 <.0001 

Location*Year 2 83 3.35 0.0397 

Cover Crop*Year 4 83 3.46 0.0116 

Cover Crop*Location*Year 8 83 0.79 0.6170 

Grain Corn Yield   

Covariance parameters Estimate Standard Error   

Block (Location)  434319 307685   

Residual 1396123 217087   

Fixed Effects Numerator df Denominator df F Value Pr>F 

Location 2 7 92.38 <.0001 

Cover Crop 4 83 0.17 0.9520 

Cover Crop*Location 8 83 0.54 0.8226 

Year 1 83 31.03 <.0001 

Location*Year 2 83 21.95 <.0001 

Cover Crop*Year 4 83 1.50 0.2085 

Cover Crop*Location*Year 8 83 0.58 0.7902 
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Appendix C: Statistical Contrasts for Cover Crop and Weed Biomass in Chapter 1 Interseeding Experiment.  

 

Table C1: Contrasts to detect differences in cover crop biomass by planting method or mixtures vs. singles, and in weed biomass in 

control vs. cover crop treatments 

 Site Elora Ridgetown Trent 

Cover Crop Sampling Time  Silage Grain Fall Spring Silage Grain Fall Spring Silage Grain Fall Spring  

2015             
Planting Method - Cover Crop P>B1 P>B N/S2 N/S P>B N/S N/S N/S N/S N/S N/S N/S 

0.0016 0.0042 0.8654 0.1617 0.0161 0.9883 0.4373 0.0526 0.9430 0.4064 0.0940 0.3247 

Singles vs. Mixes - Cover 

Crop 
N/S N/S M>S3 M>S N/S N/S N/S N/S S>M S>M S>M S>M 

0.6556 0.2346 0.0025 0.0031 0.9014 0.9140 0.6829 0.0500 0.0001 0.0018 0.0010 0.0041 

Control vs. Covers - Weed Ct>Cv4 N/S Ct>Cv Ct>Cv N/S N/S N/S Ct>Cv Ct>Cv N/S Ct>Cv N/S 

0.0178 0.1551 0.0033 <0.0001 0.1562 0.5049 0.0533 0.0407 0.0053 0.0878 0.0223 0.0653 

2016                         

Planting Method – Cover Crop N/S N/S N/S N/S P>B P>B P>B P>B N/S B>P N/S B>P 

0.2449 0.3126 0.0786 0.6061 <0.0001 0.0349 0.0021 0.0103 0.5152 0.0385 0.9642 0.0450 

Singles vs. Mixes – Cover 

Crop 
N/S N/S M>S M>S M>S M>S M>S N/S M>S M>S M>S M>S 

0.4515 0.7249 0.0286 0.0220 0.0277 0.0379 0.0037 0.8927 0.0337 0.0074 <0.0001 0.0025 

Control vs. Covers – Weed N/S Ct>Cv Ct>Cv Ct>Cv N/S N/S Ct>Cv Ct>Cv N/S N/S N/S N/S 

0.1006 0.0122 0.0041 0.0006 0.2544 0.3995 0.0164 0.0006 0.5084 0.0959 0.1004 0.2462 
1 P = interseeding/planting and B= interseeding/broadcasting  
2 N/S = not significant  
3 M = mixtures and S= solo/single crops  
4 Ct = Control and Cv = cover crop 
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Appendix D: Correlational Data from Chapter 1 Interseeding Experiment 

 

Table D1: Kendall-Tau rank correlations between cover crop biomass and specified rainfall periods  

    Rain A Rain B Rain C Rain D Rain E Rain F Rain G Rain H Rain I Rain J 

Combined 

 Treatments  p-value 0.0016 N/S 0.0448 <0.0001 0.0111 0.0229 N/S N/S <0.0001 <0.0001  

r 0.1657  0.1051 0.2319 0.1330 0.1192   0.3881 0.2074  

R2 0.0275  0.0110 0.0538 0.0177 0.0142   0.1506 0.0430 

AR p-value N/S N/S N/S N/S N/S N/S N/S N/S <0.0001 0.0193  

r         0.4166 0.2407  

R2         0.1735 0.0579 

RC p-value 0.0001 0.0272 <0.0001 <0.0001 <0.0001 N/S 0.0002 N/S 0.0017 N/S  

r 0.4126 -0.2374 0.3776 0.5021 0.4554  -0.4009  0.3272   

R2 0.1702 0.0564 0.1426 0.2521 0.2074  0.1607  0.1071  
Planted 

AR+RC p-value N/S N/S N/S 0.0263 N/S N/S N/S N/S <0.0001 0.0054  

r    0.2364     0.4783 0.2859  

R2    0.0559     0.2287 0.0817 

Broadcast  

AR+RC p-value N/S N/S N/S N/S N/S N/S 0.0198 0.045 0.0002 <0.0001  

r       0.2479 0.2133 0.3804 0.4196 

  
R2             0.0615 0.0455 0.1447 0.1761 

Rain A) Establishment Season (April - November) 

Rain B) Cover Crop Duration (Cover crop seeding-November + April- spring sampling date) 

Rain C) Pre & Post Cover Crop Seeding (1 week pre + 2 weeks post cover crop seeding) 

Rain D) Post Cover Crop Seeding (2 weeks post cover crop seeding) 

Rain E) Early Season (May-July) 

Rain F) Late Season (August-October) 

Rain G) Spring Re-Growth (April of following year-cover crop sampling date) 

Rain H) Total Season (A+G) 

Rain I)  Establishment Season After Corn (grain/silage corn harvest date-November) 

Rain J) Total After Corn (I+G) 
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Table D2: Kendall-Tau rank correlations between cover crop biomass and corn silage DM or 

grain yield, including and excluding cover crop control treatment  

Cover Crop 

Sampling Time  

  

Silage DM 

Including Control 

Silage DM 

Excluding 

Control 

Grain Yield 

Including Control 

Grain Yield 

Excluding 

Control 

 

  

Cover Crop 

Biomass  

at Silage Harvest 

p-value N/S N/S 0.0368 0.0025 

r   -0.40584 -0.45455 

R2   0.16471 0.20662 

Cover Crop 

Biomass  

at Grain Harvest 

p-value N/S N/S 0.0129 0.0197 

r   -0.40584 0.51515 

R2   0.16471 0.26538 

Cover Crop 

Biomass  

at End of Fall 

p-value N/S 0.0092 N/S N/S 

r  0.57576   

R2  0.33150   
Cover Crop 

Biomass  

in Spring 

p-value <.0001 0.0002 0.0025 0.0016 

r 0.86667 0.81818 0.58095 0.69697 

R2 0.75112 0.66942 0.33750 0.48577 
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Appendix E: Potassium Deficiency Results In Soybeans Following Corn & Interseeded Cover Crops at Elora 2016 

 

Table E1: Visual rating, soil and tissue K content in soybeans at Elora in 2016 by previous cover crop and harvest treatment and row 

position.  

  

Visual Rating1 Soil (ppm) Tissue2 (%) 

Silage Grain Mean Silage Grain  Mean Silage Grain Mean 

Cover Crop Treatment                    

No cover 3.62 a3 3.50 a 3.56 a 63.68 a 72.87 a 68.28 a 0.69 b 0.74 a 0.71 b 

AR 1.75 c 2.81 a 2.28 b 69.67 a 70.33 a 70 a 0.86 a 0.8 a 0.83 a 

RC 3.88 a 3.00 a 3.44 a 68.24 a 68.15 a 68.2 a 0.71 b 0.83 a 0.77 ab 

Planted AR+RC 2.75 b 2.69 a 2.72 b -  -    -  -  -  

Broadcast AR+RC  2.50 bc 3.06 a 2.78 b -  -    -  -  -  

P-value 0.0001 0.0764 0.0004 0.1951 0.3377 0.6223 0.0284 0.2064 0.0445 

Row Location                    

In previous corn row 2.88 a 2.4 b 2.64 b 65.48 a 68.53 a 67 a 0.77 a 0.86 a 0.81 a 

Between previous corn 

rows 2.93 a 3.63 a 3.28 a 68.92 a 72.37 a 70.65 a 0.74 a 0.71 b 0.73 b 

P-value 0.7399 <.0001 <.0001 0.275 0.2292 0.1227 0.1617 0.0002 0.0004 
1 Visual ratings on a scale of 1 (no deficiency symptoms) to 5 (severe yellowing)  
2 Tissue K levels there was a three way interaction (p=0.0151)  which revealed that row location was only significantly different in the RC treatment in grain corn 

(in prevous row > in between previous row p=0.0001) 
3 Means within column and year followed by the same letter are not statistically different according to the Tukey-Kramer test (P=0.05). 
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Appendix F: Chapter 2 Cover Crops in Soybean Experiment Plot Plan 
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plot length = 60 ft.  Plot width = 10 ft.  Pathway = 40 ft.

total test area = 335 ft x 335 ft = 1 ha = 2.5 acres
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Ontario Great Lakes Program 1 (OGLP 1)

Main Treatments Border

1. No cover crop in continuous soybean S-S Spring Conventional Till (spring tandem 

disk / cultivar both corn and soybeans): 

SCT

7. Cereal rye drilled post-soybean harvest in continuous soybean S(Crpost)-S(Crpost)

4. Ryegrass broadcast pre-soybean leafdrop in continuous soybean S(RGpre)-S(RGpre)

5. Ryegrass drilled post soybean harvest in continuous soybean S(RGpost)-S(RGpost) No-till: NT

6. Cereal rye broadcast pre-soybean leaf dorp in continuous soybean S(CRpre)-S(CRpre) 
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3. No cover crop in soy corn rotation S-C
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Appendix G – Photos from 26 November 2011 (No Cover Crop Biomass Measured)  

 

       
 

             
Figure F1: Clockwise from top left: ARpre, ARpost, CRpost, CRpre, November 26th 2011 

(soybeans harvested October 7th)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



135 
 

Appendix H: Cover Crop Biomass Sampling Protocol Differences By Sampling Period in 

Chapter 2 Cover Crops in Soybean Experiment 

 

Fall 2008 –  

Broadcast pre treatments (4 and 6) took 0.5 m2 

Drilled post treatments (5 and 7) took 2 x 1m row (0.38 m row spacing x 1 m = 0.38 m2) 

 

Spring 2009 –  

AR (4 and 5) winterkilled 

CR (6 and 7) sampled 0.5 m2 

 

Fall 2009 –  

All treatments (4-7) 0.25 m2 from each plot 

 

Spring 2010 –  

All treatments 2 x 0.5m2 quadrants (4 drilled rows per quadrant in treatments 5 and 7) 

 

Fall 2010 – 

Broadcast pre treatments (4 and 6) 0.25 m2 sampled 

Drilled post treatments (5 and 7)  took 1 m row from only one plot (assumed representative of all 

since very little growth and looked similar) 

 

Spring 2011 –  

All treatments (4-7) sampled 2 x 0.5m2 quadrants (4 drilled rows per quadrant) 

 

Fall 2011 –  

Samples not taken 

 

Spring 2012 –  

All treatments (4-7) sampled 0.5 m2 
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Appendix I: Residue Cover Sample Photos from the Photo Comparison Method   

 

 
 

 

(Shelton & Jasa, 1995) 
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Appendix J: Statistical Contrasted for Chapter 2 Cover Crops In Soybeans Experiment  

 

Table J1: Contrasts between cover crop system treatments in cover crop biomass, surface 

residue, soybean yield and WAS  
Variable  Contrast Treatments P-Value  

Fall Biomass AR vs CR 4 and 5 vs 6 and 7 <.0001 

Pre vs Post 4 and 6 vs 5 and 7  <.0001 

Spring Biomass AR vs CR 4 and 5 vs. 6 and 7 0.0012 

Pre vs Post 4 and 6 vs 5 and 7  0.2144 

% Residue S-S vs S(cover crops) 1 vs 4-7 0.0284 

C-S vs S(cover crops) 2 and 3 vs 4-7 <.0001 

AR vs CR 4 and 5 vs 6 and 7 0.0015 

Pre vs Post 4 and 6 vs 5 and 7  0.8663 

Soybean Yield S-S vs S(cover crops) 1 vs 4-7 0.0850 

S-S vs. C-S 1 vs. 2/3 0.2471 

S(covers) vs C-S 2/3 vs 4-7 0.7592 

S(covers) vs S-S and C-S 1 and 2/3 vs 4-7 0.1850 

AR vs CR 4 and 5 vs 6 and 7 0.0143 

Pre vs Post 4 and 6 vs 5 and 7  0.2426 

WAS S-S vs S(cover crops) 1 vs 4-7 0.8154 

C-S vs S(cover crops) 2/3 vs 4-7 0.3089 

AR vs CR 4 and 5 vs 6 and 7 0.2724 

Pre vs Post 4 and 6 vs 5 and 7  0.5581 
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Appendix K: Variance Analysis for Chapter 2 Cover Crops In Soybeans Experiment  
 

Table K1: Varience analysis of fall and spring cover crop biomass   

Fall      

Covariance parameters Estimate Standard Error   

Block 104.20 135.49   

Block*rotation -472.34 307.90   

Block*rotation*tillage -1087.45 783.26   

Variance 

(block*rotation*tillage) 

7581.84 1566.14   

CS (block*rotation*tillage) -30.5329    

Residual 1.0100    

Fixed Effects Numerator df Denominator df F Value Pr>F 

Rotation 3 9 67.99 <.0001 

Tillage 1 12 11.74 0.0050 

Rotation*Tillage 3 12 1.04 0.4111 

Year 2 47 26.23 <.0001 

Rotation*Year 6 47 21.76 <.0001 

Tillage*Year 2 47 2.82 0.0696 

Rotation*Tillage*Year 6 47 0.52 0.7915 

Spring     

Covariance parameters Estimate Standard Error   

Block -125.20 4900.15   

Block*rotation 15321 10258   

Block*rotation*tillage -26259 7921.51   

Variance 

(block*rotation*tillage) 

151774 25296   

CS (block*rotation*tillage) 0    

Residual 1.0000    

Fixed Effects Numerator df Denominator df F Value Pr>F 

Rotation 3 9 10.58 0.0026 

Tillage 1 12 0.81 0.3868 

Rotation*Tillage 3 12 0.51 0.6841 

Year 3 72 28.84 <.0001 

Rotation*Year 9 72 5.09 <.0001 

Tillage*Year 3 72 0.48 0.6990 

Rotation*Tillage*Year 9 72 0.46 0.8973 
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Table K2: Varience analysis of residue cover    

% Residue      

Covariance parameters Estimate Standard Error   

Block 2.0456 2.3811   

Block*rotation -7.1572 4.5046   

Block*rotation*tillage -4.3868 9.3684   

Variance 

(block*rotation*tillage) 

90.8835 14.1766   

CS (block*rotation*tillage) -0.02426    

Residual 0.9893    

Fixed Effects Numerator df Denominator df F Value Pr>F 

Rotation 6 18 80.66 <.0001 

Tillage 1 21 171.33 <.0001 

Rotation*Tillage 6 21 0.55 0.7618 

Year 2 84 25.57 <.0001 

Rotation*Year 12 84 3.12 0.0011 

Tillage*Year 2 84 1.76 0.1787 

Rotation*Tillage*Year 12 84 1.36 0.2042 

 

 

 

Table K3: Varience analysis of soybean yield   

Soybean Yield     

Covariance parameters Estimate Standard Error   

Block 6220.18 8372.17   

Block*rotation 10590 9217.22   

Block*rotation*tillage 13583 2.0326E9    

Variance 

(block*rotation*tillage) 

31205 5215.68   

CS (block*rotation*tillage) -85.3516 2.0326E9   

Residual 0.9966    

Fixed Effects Numerator df Denominator df F Value Pr>F 

Rotation 5 15 2.60 0.0693 

Tillage 1 18 3.40 0.0816 

Rotation*Tillage 5 18 0.94 0.4786 

Year 2 71 1.26 0.2906 

Rotation*Year 10 71 5.92 <.0001 

Tillage*Year 2 71 0.16 0.8524 

Rotation*Tillage*Year 10 71 2.64 0.0086 
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Table K4. Variance analysis of soil nutrient properties.  

Soil Organic Carbon     

Covariance parameters Estimate Standard Error   

Block 0.05450 0.06866   

Block*rotation 0.004642 0.05347   

Variance 

(block*rotation*depth) 

0.06536 0.06536   

CS (block*rotation*depth) 0.1079 0.08237   

Residual 0.1723    

Fixed Effects Numerator df Denominator df F Value Pr>F 

Rotation 2 6 0.21 0.8173 

Depth 2 44 70.54 <.0001 

Rotation*Depth 4 44 0.86 0.4930 

Year 1 44 1.87 0.1780 

Rotation*Year 2 44 0.07 0.9345 

Depth*Year 2 44 1.18 0.3171 

Rotation*Depth*Year 4 44 0.10 0.9819 

Soil Total Nitrogen     

Covariance parameters Estimate Standard Error   

Block 0.000021 0.000027   

Block*rotation 0.000049 0.000035   

Variance 

(block*rotation*depth) 

 (0-15 cm) 

-0.00029 0.000023   

CS (block*rotation*depth)  

(0-15 cm) 

0.000176 0.000111   

Variance 

(block*rotation*depth)  

(15-30 cm) 

0.000556 0.000424   

CS (block*rotation*depth) 

(15-30 cm) 

0.000366 0.000425   

Variance 

(block*rotation*depth) 

(30-60 cm) 

-0.00026 0.000041   

CS (block*rotation*depth) 

(30-60 cm) 

-0.00007 0.000036   

Residual 0.000343    

Fixed Effects Numerator df Denominator df F Value Pr>F 

Rotation 2 6 0.16 0.8536 

Depth 2 45 891.88 <.0001 

Rotation*Depth 4 45 0.38 0.8200 

Year 1 45 0.68 0.4138 

Rotation*Year 2 45 0.26 0.7739 

Depth*Year 2 45 1.29 0.2857 

Rotation*Depth*Year 4 45 0.40 0.8053 
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Table K5. Variance analysis of physical soil parameters measured in 2012 

WAS     

Covariance parameters Estimate Standard Error   

Block 7.1128 7.0011   

Block*rotation 3.8726 3.8756   

Residual 12.4326 3.8782   

Fixed Effects Numerator df Denominator df F Value Pr>F 

Rotation 6 18 2.13 0.1002 

Till  1 20 1.22 0.2827 

Rotation*Till  6 20 1.55 0.2124 

Aggregate Size Distribution      

Covariance parameters Estimate Standard Error   

Block 0.000055 0.000130   

Block*rotation 0.000291 0.000278   

Block*rotation*tillage -0.01235 0.001349   

Residual Ag Size <0.5 0.1277 0.02321   

Residual Ag Size >0.5 0.1519 0.03097   

Residual Ag Size >1 0.1457 0.02897   

Residual Ag Size >2 0.04126 0.004502   

Residual Ag Size >4 0.04967 0.008879   

Residual Ag Size >8 0.09235 0.01310   

Fixed Effects Numerator df Denominator df F Value Pr>F 

Rotation 6 18 1.47 0.2451 

Tillage 1 21 2.53 0.1266 

Rotation*Tillage 6 21 2.92 0.0311 

Ag Size  5 209 248.89 <0.0001 

Rotation*Ag Size 30 209 2.37 0.0002 

Tillage*Ag Size 5 209 1.16 0.3319 

Rotation*Tillage*Ag Size 30 209 0.94 0.5681 
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Appendix L: Aggregate Size Distribution Means Comparisons 

 

Table L1: Means differences of aggreagate size proportion of total sample (in %) by cover crop system  
Cover Crop System 

Treatment >8mm >4mm >2mm >1mm >0.5mm <0.5mm 

S-S 

14.94 ab1 11.88 b 37.28 a 13.81 a 7.62 a 10.77 a 
C-S 

(2011 was soybeans) 13.98 b 12.26 b 36.59 a 15.24 a 8.44 a 11.71 a 
S-C 

(2011 was corn) 22.57 a 17.56 a 31.82 a 11.53 a 5.83 a 8.5 a 
S(ARpre)-S(ARpre) 

15.54 ab 11.15 b 38.24 a 13.34 a 6.54 a 10.31 a 
S(ARpost)-S(ARpost) 

16.51 ab 10.88 b 33.08 a 15.27 a 8.53 a 12.84 a 
S(CRpre)-S(CRpre) 

15.32 ab 11.22 b 33.58 a 14.96 a 8.19 a 12.49 a 
S(CRpost)-S(CRpost) 

21.18 ab 10.51 b 39.08 a 12.82 a 6.32 a 9.91 a 
p-value  

0.0035 <.0001 0.1166 0.6883 0.2266 0.2041 
1 Means within column and year followed by the same letter are not statistically different according to the Tukey-Kramer test (P=0.05). 
 

 


