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ABSTRACT 

 

IMPACT OF LEGUME COVER CROPS ON NITROGEN DYNAMICS AND YIELD IN 

COMMERCIAL CORN SYSTEMS IN SOUTHERN ONTARIO 

 

Claire Coombs                 Advisory Committee: 

University of Guelph, 2015      Laura L. Van Eerd 

John Lauzon 

Bill Deen 

   

          

Nitrogen contribution of a legume cover crop (cc) to subsequent field corn (Zea mays L.) may 

reduce nitrogen (N) inputs. Since best management options are largely unknown, a study was 

conducted in 2012-2013 and 2013-2014 to assess N dynamics and yield in cc-corn rotations, 

under different management regimes, compared to no-cc plots. In October soil mineral N (SMN) 

was 10 kg N ha
-1

 lower for the cc treatments compared to no-cc. In May, in spring-terminated 

plots, plant available N (PAN) was 20 kg N ha
-1 

lower in no-cc compared to alfalfa and red 

clover plots. At corn harvest, PAN and yield were significantly higher in the 13.5 kg ha
-1

 cc 

seeded plots compared to the 3.4 kg ha
-1

 seeded plots. Planting of red clover or alfalfa at a 6.7 kg 

ha
-1

 seeding rate, combined with spring termination is recommended to maximize N availability 

in corn cropping systems.  
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Chapter 1: Introduction and Literature Review 

A cover crop is a type of crop planted during usual fallow periods Cover crops have 

demonstrated several advantages including, but not limited to, improved soil stability (Dapaah 

and Vyn, 1998), reduced weeds (Fisk et al., 2001; Sarrantonio and Gallandt, 2008; O’Reilly et 

al., 2011), and increased overall soil nitrogen content following incorporation (Burkett et al., 

1997; Vyn et al., 2000; O’Reilly et al., 2012). Currently, the main deterrents for using cover 

crops in a field or vegetable cropping system are the indirect and direct costs of management and 

potential economic losses (Snapp et al., 2005). Two meta-analyses of cover crop usage (Miguez 

and Bollero, 2005; Sarrantonio and Gallandt, 2008) concluded that the number of advantages of 

using cover crops is greater than potential disadvantages. In addition, when used prior to corn, 

there was either a neutral or positive effect on  yield (Miguez and Bollero, 2005). Cover crops 

can alter the nitrogen dynamics of a cropping system (Vyn et al., 2000; Snapp et al., 2005; 

McCartney et al., 2010; O’Reilly et al., 2012), therefore an understanding of the nitrogen (N) 

cycle is important to fully analyze how cover crops can alter various processes in the cycle.  

1.1 The Nitrogen Cycle 

Cover crops can alter the nitrogen (N) content of the soil at different points within the N 

cycle (Burket et al., 1997; Vyn et al., 2000).  Figure 1 provides an illustration of the nitrogen 

cycle within an agricultural system. Inputs to the system can be attributed to crop residue, 

fixation by legumes, application of fertilizer and atmospheric deposition. Leaching, volatilization 

and denitrification are potential losses from the system.  Available nitrogen, or plant available N 

(PAN) refers to nitrogen that is in the plant or soil in a form that is readily taken up by plants, 
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ammonium (NH4
+
) and nitrate (NO3

-
). Soil mineral nitrogen (SMN) refers to inorganic N in one 

of these two forms that is present in the soil.  

 

Figure 1: The nitrogen cycle in a typical agriculture system (Johnson et al., 2005). 

1.1.1 Biological Fixation 

All plants require N for growth and survival, and most obtain N, by taking up mineral N 

from the soil. However, some plants have a symbiotic relationship with rhizobium. Rhizobium 

are bacteria that have the ability to fix nitrogen gas (N2) from the atmosphere. Legumes act as a 

host for rhizobium and use the N fixed by these bacteria to grow. Cover crops that are legumes 

include vetches, clovers, and alfalfa. Legumes are often used in a system as the rhizobium are 

able to fix N from the atmosphere and use that to help in growth, consequently there is the 
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potential to reduce the amount of N being added to the system through fertilizer or manure. 

When a legume crop is incorporated into the soil, the N in the biomass becomes available as 

SMN during decomposition through a process called mineralization and adds to the overall 

inorganic nitrogen content of the system (Brady and Weil, 1999).  

1.1.2 Addition of nitrogen to the system 

 As discussed above, some plants, via rhizobia, are capable of fixing N from the 

atmosphere to provide some of the necessary amount of N for growth. However, most plants are 

unable to fix N from the atmosphere, and there is may not be enough N in the soil for proper 

growth and development. N can be added to the system through the process of deposition, 

whereby nitrogen oxides can be deposited into the system. The amount of nitrogen oxides in the 

atmosphere have increased due to fossil fuel combustion and agricultural fertilizer use (Dignon 

and Hameed, 1989). N is often added to the system by farmers through fertilizer and/or manure. 

Cover crops and manure are alternative methods of adding N to the system. The following 

sections discuss how N in fertilizer, manure and other crop inputs becomes available to crops as 

well as susceptible to potential losses.  

1.1.3 Immobilization and Mineralization 

When plant material is left on the surface, or incorporated into soil, it will decompose as 

a result of microbial processes. The rate at which plant material decomposes will depend, in part 

on the C:N ratio of the material, but will also be affected by the nature of the organic material 

and if it can be quickly broken down. Other factors that will affect decomposition include 

temperature and moisture content of the soil (Brady and Weil, 1999). Material such as straw or 

corn stalks have a high C:N ratio (above 25) and do not contain sufficient nitrogen to support the 
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microbes responsible for decomposition. Microbes can take up mineral N from the soil to meet 

their Nitrogen requirement and in doing so there will be less N in the soil for use by a plant. The 

process, of converting mineral N to be used by microbes in decomposition is known as 

immobilization (Johnson et al., 2005). If plant material with a high C:N ratio is incorporated into 

the field prior to planting, there is the potential for a deficiency in SMN and this could cause N 

deficiencies in the plant (Brady and Weil, 1999). On the other hand, legumes, such as clover and 

alfalfa, often have lower C:N ratios (below 25) and therefore there is N in excess of soil life 

requirement abd some of the N is released into the soil asNH3, thus increased N that is available 

for plant uptake (Brady and Weil, 1999). The process by which N becomes available through 

decomposition is known as mineralization. Microbes decompose the plant material and release N 

in the form of ammonium into soil that is quickly nitrified and can be taken up by plants. By 

using cover crops with a low C:N ratio, mineralization will occur shortly after plant biomass 

begins to decompose and there will be an increase in SMN which could be used by the following 

crop (Brady and Weil, 1999). The timing of mineralization and  immobilization is important as it 

can affect the amount of nitrogen available in the system for plant uptake.  

1.1.4 Plant Uptake 

Inorganic N that is available in the system will be taken up by plants for the purpose of 

growth and reproduction. Soil microorganisms convert organic compounds to mineral nitrogen in 

the form of ammonium, which is then converted to nitrite, and finally nitrate, the form generally 

taken up by plants. Without the necessary amount of nitrogen, crops will have stunted growth 

and be yellow in colour (Addiscott et al., 1991). Though plants will take up NO3
-
 from the soil, 

they may not use all available nitrogen in the soil and excess nitrogen (in the NO3
-
  form)  may 
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remain in the soil. Though enough nitrogen must be available to ensure healthy plants, SMN is 

also susceptible to loss through processes such as leaching (see section 1.1.9).   

During the usual fallow periods in Ontario, there is increased precipitation and decreased 

evapotranspiration. Consequently, there is the potential for increased water availability in the soil 

during the fall, winter and early spring. As a result, there is potential loss of available nitrogen 

through the groundwater because no plants are using the nitrogen (Addiscott et al., 1991). Cover 

crops can be a valuable tool for the uptake of SMN, especially during fallow periods as the cover 

crops can sequester mineral N from the soil.  

Cover crops, interseeded in another crop or planted after harvest, have been shown to 

reduce losses of nitrogen from fallow fields through uptake in plant tissue (O’Reilly et al., 2012; 

Allison et al., 1998). The nitrogen taken up by cover crops can subsequently be mineralized to 

the field crop in the following year (O’Reilly et al., 2012;  Dabney et al., 2001; Frye and Blevins, 

1989; Allison et al., 1998). Depending on the cover crop species, the amount of N taken up from 

the soil will vary; however, both non-legume and legume cover crops have been reported to 

decrease N in the soil in both the fall and spring (Vyn et al., 2000)  

1.1.5 Volatilization 

Volatilization is the process by which ammonium is converted to ammonia gas. A 

common nitrogen fertilizer used for corn systems in Ontario is urea (OMAFRA, 2009) and while 

there are advantages to using nitrogen in the urea form, there is increased risk for volatilization 

to occur as N in urea is hydrolyzed to form ammonium. Volatilization occurs on the soil surface 

of a field, and is dependent on soil pH. Though pH will influence if volatilization occurs, the pH 

can change within a field and can be different where urea granules are found. Where urea 
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granules are placed, the pH can be higher from that measured over the entire soil, and 

consequently ammonium may be released as nitrate. The differences in pH across the field and at 

the granular level will have an effect on NH4
+
 and N03

-
 present in the field. Warm and wet 

environmental conditions can increase the potential for volatilization, especially when urea 

fertilizer is not fully mixed into the soil during application (Mckague et al., 2005). Though 

studies do not report cover crops reducing volatilization (Sarrantonio and Gallandt, 2008), 

legume cover crops have been reported to increase nitrogen content of soil (Decker et al., 1994, 

Vyn et al., 2000), and consequently less fertilizer can be used.  

1.1.6 Nitrification 

Ammonium is converted to nitrate by microorganisms for the purpose of obtaining 

energy, this process is called nitrification. Plants cannot take up nitrogen when it is in its organic 

form. However, microbes are able to convert urea to an inorganic form, NH4
+
, which can be 

taken up by plants. Further transformation continues as NH4
+
 is generally rapidly converted to 

NO3
-
. This process, nitrification, can be both advantageous and detrimental to a cropping system. 

By converting ammonium to nitrate, nitrogen is in a form that is the easiest for plants to take up, 

however it is a form, nitrate, which can be easily lost to the environment through leaching and 

denitrification. Extra nitrate in the soil can be leached into surrounding groundwater (see below) 

or immobilized by microbes, unless crops are able to uptake the nitrate. Cover crops planted as 

part of the production can take up nitrate in the system resulting from nitrification and therefore 

reduce the amount of nitrate in the soil that could be lost to the surrounding environment.  
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1.1.7 Denitrification 

Denitrification is the process of converting nitrate to nitrogen gas. The equation below 

outlines the conversion of nitrate to nitrite (NO2
-
), nitric oxide (NO), nitrous oxide (N2O) and 

finally nitrogen gas (Johnson et al., 2005).   

𝑁𝑂3
− → 𝑁𝑂2

− → 𝑁𝑂 → 𝑁2𝑂 → 𝑁2 

Though microbes can convert N to available forms for plants through mineralization and 

nitrification, they may also be reducing the overall nitrogen availability in the soil if nitrate is 

converted to nitrogen gas, in the atmosphere (Addiscott et al., 1991). This conversion of nitrate 

to nitrogen gas can happen in poorly aerated,  low oxygen content soil. There is the potential for 

cover crops to reduce the amount of denitrification in soil, as cover crops can take up  nitrate 

from the soil and store it in plant tissue, reduce soil moisture through transpiration and increase 

oxygen content of soil by increasing water infiltration and transpiration (Allison et al., 1998). 

1.1.8 Nitrate Leaching 

Leaching is the process by which nitrate moves away from the root zones of plants and 

into surrounding groundwater, thus increasing the amount of found in water sources and decrease 

available nitrogen to plants (Addiscott et al., 1991). The potential for nitrate leaching is 

dependent on the amount of water in the soil and the ability of plants to take up nitrate (Brady 

and Weil, 1999).  Leaching is especially prevalent during fallow periods and when there is 

excessive precipitation (Addiscott et al., 1991). Furthermore, during the usual fallow period for 

Ontario (late fall to early spring), there is decreased evapotranspiration but similar precipitation 

levels compared to the summer months. Consequently, there is increased water availability in the 

system which can lead to loss of N with water leaving the system. Cover crops can reduce excess 
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water in the system through plant uptake and reduce N available for loss by immobilizing nitrate 

and thus reduce leaching during usual fallow periods. Cover crops can increase nitrate levels in 

soil after winter as compared to no cover, thus suggesting an ability to reduce the loss of nitrate 

over the winter from various processes, such as leaching or mineralization of crop residues 

(O’Reilley et al., 2012; Isse et al., 1996).  

1.1.9 Nitrogen Dynamics in Cover Crop Systems 

Cover crops can have multiple effects on the N cycling within a cropping system and if 

managed properly they can immobilize and mineralize nitrogen at key times during the 

subsequent crop growing season. Specifically, in a study done at the Ridgetown Campus, it was 

observed that cover crops, compared to no cover can effectively conserve N throughout the usual 

fallow periods (fall to spring) when losses are typically high in Southern Ontario(O’Reilly et al., 

2012). During the following corn season, the N immobilized by cover crops can become 

available for uptake by the following crop by corn (Frye and Blevins, 1989; Snapp et al., 2005; 

Henry et al., 2010). There are several key points of loss and input in the N cycle and by adding 

cover crops into a cropping system, these losses and gains can be altered to improve overall N 

use efficiency (Brady and Weil, 1999).  

1.2 Cover Crop Options 

Cover crops can play an integral role in altering the cycling of N in a system. Studies 

(Delgado et al., 2010; Delgado et al., 2004) have shown that N cycling is improved through 

cover crop use. Uptake of N by the following crop is higher when a cover crop is used as an N 

source compared to traditional N fertilizer. Cover crops, specifically legume cover crops, are an 

excellent option for a grower wanting to improve N use efficiency; however, there are several 
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options available and picking the correct cover crop species for a system can be a difficult task. 

The impact of a cover crop will be altered by climatic variability, soil type, as well as the species 

chosen (Sarrantonio and Gallandt, 2008; Vaughan et al., 2008).  There are several options 

available to farmers when deciding on a cover crop and tools such as the Midwest Cover Crop 

Council Selector Tool or the Eastern Canada Cover Crops Selector Tool can help in this 

decision. Using these tools, a grower can identify needs and select an appropriate choice. For the 

purpose of this study, legume cover crops will be analyzed. Though both non-legumes and 

legumes can reduce N available for loss (O’Reilly et al., 2012), legumes have been reported to 

increase N availability to the following crop and provide an N credit (Vyn et al., 2000; Snapp et 

al., 2005; Sarrantonio and Gallandt, 2008). When comparing legume and non-legume cover 

crops for N availability and N credit, non-legumes do not release N in synchronicity with corn 

requirements and therefore do not provide an N credit to corn (Vyn et al., 2000; O’Reilly et al., 

2012). On the other hand, legume cover crops can provide an N credit to the following corn crop. 

Consequently, for this study, only legume cover crops will be considered. Specific aspects of the 

cover crops such as the ease of establishment and cost will be important considerations. Finally, 

the timing of N immobilization and mineralization will be considered as a legume cover crop can 

alter the N dynamics of a production system (Isse et al., 1996).  

1.2.2 Legume cover crops 

The variety of cover crop species is vast; however, ultimately, the choice is between a 

legume and a non-legume cover crop species and overall, legume cover crops are more effective 

than non-legumes at increasing N availability to a following crop (Miguez and Borello 2005).  

Legume cover crops have the ability to increase the nitrogen content of a system. Frye and 
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Blevnins (1989) and McVay et al. (1989) indicated that legume cover crops could provide the 

equivalent of 50-123 kg ha
-1

 of fertilizer N to a subsequent crop in conditions similar to Southern 

Ontario. Finally, if the goal of planting the cover crop is to reduce nitrogen fertilizer application 

rates, a legume cover crop is necessary to decrease potential negative impact on corn yield due to 

N deficiency (Decker et al., 1994; Burket et al., 1997). Legume cover crops are the optimal 

choice when examining potential nitrogen credit (Vyn et al., 2000; Snapp et al., 2005; Guadin et 

al., 2013) and consequently three legume cover crop options will be discussed and analyzed in 

this project. Legume species include clovers, alfalfa and vetches, and while each species has 

advantages and disadvantages this study will examine three species, red clover (Trifolium 

pretense L.), crimson clover (Trifolium incarnatum L.) and alfalfa (Medicago sativa  L.). 

1.2.1.1 Red Clover (Trifolium pretense L.) 

 

Red clover is a commonly used cover crop in both Ontario and the Midwestern United 

States (SAN, 1998; Verhallen, 2012) and studies in these regions have reported positive effects 

on corn yields (Meyer-Aurich et al., 2006; Henry et al., 2010; Dapaah and Vyn, 1998; Vyn et al., 

1999; Queen et al., 2009). Red clover has been shown to increase crop yields and improve soil 

quality when used in a season prior to growing corn. When companion seeded with oats or 

wheat, red clover can reduce available nitrogen in the fall and release it in a timely manner to the 

following crop (Stute and Posner, 1995; Vyn et al., 2000; Snapp et al., 2005). In Ontario 

recommendations, red clover provides an N credit to a following corn crop of 80 kg N ha
-1

 

(OMAFRA, 2009). Furthermore, soil benefits from establishing red clover in a wheat-corn 

rotationinclude erosion control (Henry et al., 2010) and improved aggregate stability  (Dapaah 
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and Vyn, 1998). A recent study in Ontario demonstrated the positive influences of including red 

clover as part of a rotation and suggested that N application rates can be reduced to maximize 

economic returns (Gaudin et al., 2014).  This study, as well as a 2013 review of red clover use 

(Gaudin et al., 2013), indicate several on-farm benefits of using red clover, and  encourages a 

system-based approach to introducing it. Based on the current knowledge of red clover, and its 

ability to provide an N credit, it can be used as a guideline for comparing the effectiveness of 

other winter legume cover crops. Furthermore, the quantification of available nitrogen and effect 

on corn yield should continue to be studied to develop a better understanding of its potential on 

Ontario farms.    

1.2.1.2 Crimson Clover (Trifolium incarnatum L.) 

 

Though also a member of the clover family, there are notable differences between red 

clover and crimson clover. Firstly, the crimson clover roots and shoots biomass have been 

reported as larger than that of red clover (Isse et al., 1996).  Results of using crimson clover as a 

cover crop in a season preceding corn have been mixed. Studies in the Southern United States 

saw an increase in N availability (Wilson and Hargrove, 1986; Wagger, 1989a) as well as an 

increase in corn yield (Torbert et al. 1996). However other studies reported no increase in corn 

yield and the use of crimson clover did not reduce the need for nitrogen fertilizer (Frye et al., 

1989). This study reported that the N was not released to correspond with the following corn 

crop, and therefore research is needed to understand the N dynamics in systems with crimson 

clover. As with red clover, other benefits from using crimson clover have been observed, such as 

suppression of weed growth (Dyck and Liebman, 1994). The studies described above are not 
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representative of climatic or growing conditions in Ontario and therefore the use of crimson 

clover as compared to red clover, as well as other legume cover crops, should be studied in a 

side-by-side analysis to determine the differences between the two species, and if crimson clover 

could be used as an alternative for red clover. There has been increasing interest in crimson 

clover from farmers in Ontario. Many southern Ontario growers attend cover crop conferences 

(i.e. Midwest Cover Crop Council) in the United States and several researchers in the United 

States have reported favourable results when using crimson clover in rotation. Consequently, 

farmer interest in crimson clover influenced our decision to study it in comparison to red clover.  

1.2.1.3 Alfalfa (Medicago sativa L.) 

Alfalfa is a commonly used forage crop in Ontario and the Midwestern United States, and 

is the most prevalent forage legume in the Northern United States (Entz et al., 2002). Alfalfa has 

deep roots, which can scavenge N from the soil that would otherwise be subject to leaching or 

other processes in the N cycle (Karlen et al., 1994). With alfalfa as a forage crop, studies have 

reported a decline in N requirements for the following crop (Hoeppner et al., 2006) and increased 

N pools by up to 121 kg N ha
-1

 in Manitoba (Kelner and Vessey 1995). In a long term rotation 

study in Ontario corn yield variability was greatest when two years of alfalfa was included in the 

rotation and the corn yield following alfalfa was between 8.2 and 8.4 Mg ha
-1

, depending on type 

of tillage (Meyer-Aurich et al., 2006), which was 0.05-0.9 Mg ha-1 higher yields compared to a 

corn-corn-soy-soy rotation or a continuous corn rotation, respectively. The use of alfalfa as a 

winter cover crop has shown promising results and its effectiveness prior to a corn crop should 

be studied and compared to other legume species, such as those mentioned above.  
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1.2.3 Termination 

Termination of cover crops can be done chemically or mechanically in the fall or spring. 

In some cases, the cover crops cannot survive winter temperatures below freezing and are 

terminated by frost. Mechanical termination using tillage, will incorporate crops into the soil, and 

promote decomposition of plant biomass. On the other hand, spray-termination does not 

incorporate the plants into the soil, but instead residue is left on top.  The timing and type of 

termination will have an effect on the timing of decomposition of cover crops and the resulting 

timing of mineralization in that system. Wilson and Hargrove (1986) found that mineralization 

was fastest when incorporated by tillage. It was also seen that after spring-termination, the nitrate 

levels in soil were higher with tillage as compared to herbicide termination of a cover crop at the 

same time point (Mohr et al., 1999). There are limited studies comparing spring versus fall 

termination; however, in a study comparing timing of spring termination, it was determined that 

the earlier the cover crop is terminated the faster it will decompose, but there will be less N 

available to a following crop as compared to delaying the termination timing (Wagger, 1989b). 

Vyn and colleagues (2000) compared autumn termination by tillage with two spray termination 

time points (autumn vs spring) for red clover and found that there was no significant difference 

in corn yield between the fall and spring spray termination. However, when the cover crop was 

not terminated in the fall, N content of red clover was 43-134 kg N ha
-1

 in the spring as 

compared to 44-98 kg N ha
-1

 in the fall, due to higher biomass values in the spring.  Ultimately, 

this decision will change between each farm, depending on their resources and timing. 

Furthermore, soil type, weather and crop rotation may also affect amount and timing of N 

mineralization and immobilization. Consequently, the differences in nitrogen credits to a 
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subsequent corn crop should be compared between the two tillage timing options of spring 

versus fall.  

1.3 Assessing Nitrogen in a Production System 

1.3.1 Estimating Plant Available Nitrogen 

To develop a full understanding of the nitrogen cycling within a production system, it is 

important to measure the total plant available nitrogen (PAN). This consists of the soil mineral 

nitrogen (SMN) as well as the nitrogen in the plant biomass. Commonly, this is done through 

field experiments where soil and plant samples are analyzed in a laboratory to determine the 

amount of N in the soil and plant biomass at given points in the growing season. Other ways to 

analyze the nitrogen cycling of a system include using labeled-nitrogen in field experiments or 

incubation experiments in a controlled setting. Both incubation studies, and labeled-nitrogen, 

have limitations. Using 
15

-N labeled N is expensive, and incubation studies do not take into 

account climatic conditions. As a result of the limitations with 
15

-N labeled and incubation 

studies, this experiment will use in-field measurements of soil N and plant biomass N to 

determine PAN and analyze the availability of N throughout the growing season.  

1.3.1.1 Field Experiments 

In-field cover crop experiments are done to determine N cycling, cover crop growth and 

corn yield through biomass and soil sampling (Reeves et al., 1993; Fageria et al., 2005; O’Reilly 

et al., 2011). Through the successive sampling of a field, an understanding of the amount of 

nitrogen available over a period of time can be determined (Addiscott et al., 1991). Field 

experiments in Ridgetown have demonstrated that non-legume cover crops can effectively 

conserve N compared to bare fallow; however, no N credit was provided to a following corn 
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crop (O’Reilly et al., 2012). Several studies in Ontario (Vyn et al., 1999; Vyn et al., 2000; 

Gaudin et al., 2014) have suggested that legume cover crops, specifically red clover, can have a 

positive influence on N availability and cash crop yield. Further studies in Ohio (Henry et al., 

2010) are consistent with the Ontario findings, indicating that red clover can increase PAN and 

positively influence subsequent corn yield.  Based on these field experiments from Ontario and 

Northern United States, further field work can evaluate different cover crops for their ability to 

provide an N credit to corn. Field experiments can provide valuable information regarding the 

cycling of N in a system; however, it can be difficult to accurately track the N from cover crops 

in a system and accurately attribute changes in soil available nitrogen to the use of cover crops. 

Consequently, further research is needed to demonstrate the positive benefits of cover crops and 

provide an accurate estimate of available N.  

1.3.2 Quantifying Cover Crop Biomass 

Previous studies (Fribourg and Johnson, 1955), found that the dry matter yield of cover 

crop above ground biomass is correlated with total N yield. Therefore, by developing a tool to 

estimate the biomass of a cover crop, the amount of nitrogen available to the following crop can 

be estimated. Previous studies have analyzed biomass through assessing canopy height of crop 

(Brandsæter and Netland, 1999), weight of representative samples or percent ground cover of 

representative samples (Queen et al., 2009). All of these methods provide an estimation of 

biomass and therefore do not necessarily provide a precise measure of nitrogen available to a 

system. Another drawback of relying on biomass estimations to understand the nitrogen 

dynamics of a system is that it is unknown what effect stand uniformity has on the N dynamics in 

a production system (Gaudin et al., 2013). There is the potential for cover crop biomass to differ 
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within a field, and consequently the potential N credit might differ within a field depending on 

growth and establishment of a cover crop. Work is continuing to assess reasons for uneven stand 

and potential remediation techniques, with soil moisture and light penetration as potential causes. 

Soil moisture was found to have a significant impact on red clover biomass and consequently the 

N availability could change depending on soil moisture levels in a particular field (Queen et al., 

2009). 

Unless the total above ground biomass of an entire field can be measured and analyzed, it 

is difficult to estimate PAN. However, by collecting biomass from small sections of a field, a 

measure of N content of cover crop biomass can be determined and an estimate of PAN can be 

made based on the understanding of cover crop decomposition and mineralization. With further 

research on N cycling in cover crop systems, a more accurate estimate of PAN can be 

determined and recommendations may be more confidently applied to fields. 

1.4 Corn Growth and Production in Ontario 

Nitrogen is a nutrient required by corn throughout its growth period; however, careful 

consideration must be taken to the amount fertilized applied at the beginning or during the 

season, since excessive application may be costly and result in losses such as nitrate leaching. 

During the initial growth stage, a rapid increase in the amount of required N is observable 

through the 12-leaf stage, and will continue to increase until the end of the vegetative stage of 

growth (Girma et al., 2010). Other studies have reported a more linear relationship with 

continuous N accumulation through the reproductive stages as well (Cox et al., 1993; Licht and 

Al-Kaisi, 2005; Grima et al., 2010). It is recommended that fertilizer be applied pre-planting, at 

the pre-emergence stage or by side-dressing during the vegetative growth period of the corn 
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(OMAFRA, 2009). In the fall, the application of fertilizer N is not recommended to avoid losses 

of N into groundwater or via other mechanisms (see section on the N cycle). The N requirements 

of corn are generally fulfilled through uptake of N from the soil, supplemented by the application 

of a fertilizer containing organic nitrogen; however, the appropriate use of cover crops could be 

used to supply nitrogen to a succeeding crop such as corn (Decker et al., 1994; Gaudin et al., 

2013). If cover crops can supply sufficient nitrogen to maintain the nitrogen requirements of a 

corn crop throughout the growing season, the need for N fertilizer could be greatly reduced. 

Further studies on the use of cover crops preceding corn are needed in Southern Ontario to 

confidently provide growers with fertilizer recommendations in systems with legume cover 

crops.    

A meta-analysis of 30 studies in North America showed that corn yield was 24% higher 

when preceded by a legume cover crop versus bare fallow without N fertilizer application 

(Miguez and Bollero, 2005). Legumes provide N to subsequent corn crops (Henry et al., 2010; 

Gaudin et al., 2013) but the amount of N  is not adequate to maintain yields obtained under 

recommended N fertilizer application rates (OMAFRA, 2009). However, Lichtenberg et al. 

(1994) and Fry et al. (1988), caution against assuming the increase in corn yield is the result of a 

nitrogen credit, as it could be the result of improved soil quality due to the other benefits of using 

a cover crop. Regardless, studies in Ontario and the Midwestern United States have reported 

yield increases as well as N credits from using a legume cover crop prior to corn (Vyn et al., 

2000; Henry et al., 2010; Gentry et al., 2013; Gaudin et al., 2013; Gaudin et al., 2014) 

Based on the current knowledge of legume cover crops in Ontario, as well as corn 

production in Ontario, it is important to consider the effects of using cover crops on the nitrogen 

dynamics in a cereal/cover crop-corn rotation system.  
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1.5 Hypothesis 

It was hypothesized that inclusion of legume cover crops will increase PAN as compared 

to no cover crops in commercial corn production systems in Ontario. It was further hypothesized 

that red clover would result in the highest increase in PAN, while crimson clover and alfalfa 

would increase PAN compared to no cover, but less than red clover. Finally, the increase in PAN 

will be positively correlated with cover crop seeding rate and will be higher with spring 

termination as compared to fall.  

1.6 Project Objectives 

The purpose of this project was to compare the effect of three legume cover crops (red clover, 

crimson clover and alfalfa) to a no cover crop, unfertilized control on PAN and commercial corn 

yields in Southern Ontario. The objectives were as follows: 

1) determine the effect of termination timing of legume cover crops on cover crop biomass 

and PAN, 

2) determine the effect of cover crop seeding rate on cover crop biomass and PAN, 

3) measure PAN throughout corn growing season and compare between cover crops and no-

cover controls with three different N fertilizer rates, and 

4)  compare commercial corn yields after three different cover crops and a no cover  control, 

at three different N fertilizer rates.  
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Chapter 2: Materials and Methods 

2.1 Experimental Design 

Field trials were conducted at the University of Guelph Ridgetown Campus in 

Ridgetown, ON in 2012-2013 and 2013-2014 at two different locations. Site R18 (lat. 42°46’N, 

long. 81°88’W) was a Brookston clay loam soil, and site L (L2/L1) (lat. 42°46’N, long. 

81°89’W) was a Brookston sandy loam (Anonymous, 1936) (Table 1). The experiments were set 

out as split-split plots arranged in a randomized complete block design with four replications. 

Each split-split plot was 4.6 m (six corn rows) by 5.0 m. In 2013 at L1 the split-split plot was 6.1 

m (eight corn rows) in width by 5.0 m to better accommodate the space available. The main plot 

factor was cover crop species and consisted of double cut red clover, alfalfa and crimson clover 

and a no cover crop control (no-cc). The split plot factor was cover crop seeding rate (3.36, 6.73, 

and 13.45 kg ha
-1

) and the split-split plot factor was termination timing (autumn and spring). The 

split plot factor in the no-cc plots was N fertilizer rate applied to corn at 0, 112, and 224 kg N ha
-

1
.  The three seeding rates were chosen to encompass the current red clover recommendations of 

11 kg ha
-1

. The seeds were sourced from Speare Seeds (Harriston, ON). The number of seeds per 

kg varied between the three species, with red clover having the most seeds per kg (600000 seeds 

kg
-1

) and crimson clover had the fewest (264000 seeds kg
-1

). Alfalfa had 441000 seeds per kg. 

The no fertilizer rate was chosen to allow comparison between the cover crops (with no 

additional fertilizer) and no cover crop. The 112.1 and 224 kg N ha
-1

 rates were chosen to 

represent a half rate and a full rate of N fertilizer as commonly used in corn in Ontario 

(OMAFRA, 2014). 



 

20 

 

The two fields, R18 and L in 2012 were planted with soybeans (Glycine max L.), prior to 

the commencement of the project. Due to the timing of the grant, in July 2012, soybeans in both 

R18 and L2 were terminated early and stock chopped, and cover crop seed was precision planted 

(Table 2). In 2013, cover crops and oats were hand seeded by broadcasting in the spring. The 

oats were harvested in August 2013 and the cover crops grew until termination. Termination 

timing was determined by temperature and frost events. In 2012 and 2013, cover crops were 

terminated in late fall (Table 2), with glyphosate [isopropylamine salt of N-(phosphono-

methyl)glycine] at 97.6 g a.i. ha
-1

, 
 
and the field was tilled with a chisel plow with 10.6 cm 

twisted shovels to a depth of  12.7 cm. The following spring all fields were disked and cultivated 

once. Corn hybrids, Pioneer PO216HR and PO216AM were planted as indicated in Table 2 at a 

rate of 74 100 seeds ha
-1

 with an in-row spacing of 15cm and row width of 76 cm. Planting date 

was determined based on weather conditions, as adequate temperature and moisture was needed 

to ensure successful establishment and growth. In 2013 calcium ammonium nitrate (27-0-0) was 

hand broadcast in June when corn was at the V6 stage (Table 2). Due to the cool wet weather 

conditions in spring 2014 (Table 3), planting was delayed and fertilizer was applied with a light 

incorporation at the time of corn planting. P and K fertilizer was added to the fields as needed 

based on soil test (Table 1) values in accordance with OMAFRA guidelines (OMAFRA, 2009). 

In 2013 and 2014 corn grain was mechanically harvested from the middle two rows of each split-

split plot (Table 2).  

2.2 Soil and crop sampling 

Prior to initiation of each field trial, at least 20, 1.8-cm-diameter cores to a depth of 15 

cm were taken and sent to Agrifood Laboratories (Guelph, ON) to determine soil characteristics 
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and chemical properties. Soil mineral N (SMN) content from each split-split plot was determined 

on a composite soil samples taken from an average of six 1.8-cm-diameter cores at depths of 0-

15, 15-30 and 30-60 cm. Soil samples were taken from random locations in the plot during the 

cover crop season, and from between corn rows during the corn growing season. In the field, soil 

was homogenized by depth, sealed in plastic bags and immediately stored in a freezer (-4°C).  

Samples were collected from each split-split plot at cover crop termination in autumn and spring, 

at one, two and three months after corn planting, and at corn harvest (Table 2). Soil samples were 

taken (Table 2) following corn planting from the highest cover crop seeding rate (13.45 kg ha
-1

) 

and from the no-cc plots receiving the three fertilizer rates. All samples were analyzed for SMN 

via a 2M KCl extraction, as described by Maynard et al. (2008) and using an autoanalyzer 

(Technicon Auto Analyzer II; Tarrytown; New York, NY) with cadmium reduction method and 

phenate method for NO3
-
-N and NH4

+
-N, respectively. SMN content (kg N ha

-1
) was calculated 

based on SMN concentration (ppm), soil moisture content and typical bulk density for the 

specific soil type of the field being 1.4 cm
3
 for clay loam and 1.6 cm

3
 for sandy loam 

(OMAFRA, 2009). For statistical analysis, SMN content in the 0-15 cm and 15-30 cm depths 

were summed to allow for comparison between two values (0-30 cm and 30-60 cm), each 30 cm 

in depth. The total 0-60 cm SMN was used to calculate PAN. 

Cover crop plant samples were collected prior to cover crop autumn and spring 

termination. Two ¼-m
2
 areas were sampled in each split-split plot and all above-ground biomass 

that was inside the quadrat was collected. At two and three months after planting, three corn 

plant samples were collected from rows two and five (two and seven in L1 in 2014) of the 

highest cover crop seeding rate plots and the no-cc plots. At corn harvest, a five plant sample 

from rows two and five (two and seven in L1 in 2014) were collected from every split-split plot. 
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Using values determined from these samples for N content and biomass, total N for each plot 

was determined by adjusting for area occupied by number of plants samples. Corn grain samples 

were collected at harvest from a composite sample of the middle two rows (entire length) of each 

split-split plot and yield was determined in field from combine measurement. All cover crop and 

corn plant samples were weighed fresh, dried to a constant weight at 60°C , and weighed dry. All 

cover crop, corn grain and biomass samples were ground to pass through a 2-mm screen using a 

Wiley mill. Plant tissue N and C content was determined by combustion of a 0.1g sample 

(Rutherford et al. 2008) using a LECO CN analyzer (Leco Corporation, St Joseph, MI).  

Plant available nitrogen (PAN) was determined by summing total nitrogen in above-

ground plant and SMN from 0-60 cm depth. In the cover crop calculations, PAN in the no-cover 

plots is equal to the SMN in the 0-60 cm depth as no-cc plant biomass was present for these 

plots.  

For each experimental unit in each replicate, three delta yield values were determined for 

each fertilizer rate applied to the no-cc plots (0, 112, and 224 kg ha
-1

).  Likewise, for each 

experimental unit in each replicate, delta PAN in the system at corn harvest was calculated as the 

difference between PAN in the no-cc plots with no N fertilizer (control) and the PAN in the 

cover crop plots (treated ).  

2.3 Weather Data 

The monthly temperature and total precipitation for the three years of the study, as well 

as the 30-year mean was collected via an Environment Canada weather station at Ridgetown 

Campus (Table 3). Lower than average temperatures, and higher precipitation in May 2014 

delayed cover crop termination and corn planting (Table 3).  
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2.4 Statistical Analysis 

All data were subjected to ANOVA using the MIXED procedure of SAS version 9.4 

(SAS Institute Inc., Carey, NC). Normality of data was assessed using the Shapiro-Wilk test of 

residuals. Heterogeneity was confirmed by examining the plot of residuals for all data. Log 

transformations of data were done when necessary to meet assumptions of variance. For all cover 

crop data analysis, cover crop species, seeding rate, month of sampling and termination timing 

were fixed effects. Year and location were analyzed first as fixed effects to assess interactions 

with the aforementioned fixed effects. Year and location were kept as fixed effects if there were 

significant interactions with aforementioned fixed effects. If there were no significant 

interactions then year and/or location was set as a random effect and datum was analyzed. 

Repetition was a random factor in all analyses. Mean separations were done using LSD treatment 

contrasts with a critical value of 0.05. In plots where there was minimal cc biomass growth and 

none was collected from the sample areas, the above-ground cc biomass value was recorded as 

zero. In some cases, cc biomass was collected, however the sample was too small to be analyzed 

for N and therefore a missing value was indicated using a dot (.) for the plot.  

To analyze cover crop seeding rate, data were subjected to PROC CORR in SAS version 

9.4. Correlations of the three cover crop seeding rates to above-ground biomass, N content, PAN 

and SMN were determined for each cover crop species individually as well as the three species 

combined. 
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Table 1. Selected soil characteristics of experimental 

sites in Ridgetown, ON 

 

Field 

Characteristic
z,y

 R18 L 

pH 7.4 6.2 

Soil texture Loam Sandy Loam 

Sand:silt:clay (%) 47:44:09 76:17:07 

Organic matter (%) 5.1 3.3 

Cation exchange capacity 

(Meq 100 g
-1

) 26 6.8 

Preplant nutrients (mg kg
-1

) 

  Phosphorus 
x
 36 32 

Potassium
w
 59 107 

Calcium  4634 872 

Magnesium  169 119 
z
 Soil samples were analyzed by SGS Agrifood Laboratories (Guelph, ON) to determine soil 

characteristics 
y 
Soil samples were taken from a depth of 15 cm at cc planting 

x
 Determined using the sodium bicarbonate phosphorus soil test 

w 
Determined using the ammonium acetate potassium soil test 
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Table 2. Chronology of field operations and sampling at all field sites from 2012-2014   

Activity 2012-2013 2013-2014 

R18 L2 R18 L1 

Cover crop 

planting 

13 July 2012 17 July 2012 3 June 2013 17 May 2013 

Fall sampling of 

cover crops 

1 Oct 2012 9 Oct 2012 22 Oct 2013 21 Oct 2013 

Cover crop fall 

termination 

9 Nov 2012 9 Nov 2012 29 Oct 2013 29 Oct 2013 

Spring sampling 

of cover crops 

13 May 2013 13 May 2013 29 May 2014 13 May 2014 

Cover crop 

spring 

termination 

13 May 2013 15 May 2013 29 May 2014 13 May 2014 

Corn planting 15 May 2013 15 May 2013 2 June 2014 28 May 2014 

N application 23 June 2013 23 June 2013 2 June 2014 28 May 2014 

Corn sampling 20 June 2013 

24 July 2013 

19 Aug 2013 

25 June 2013 

25 July 2013 

20 Aug 2013 

27 June 2014 

29 July 2014 

26 Aug 2014 

24 June 2014 

24 July 2014 

25 Aug 2014 

 24 Oct 2013 25 Oct 2013 20 Oct 2014 17 Oct 2014 

Corn harvest 

(mechanical) 

8 Nov 2013 1 Nov 2013 7 Nov 2014 10 Nov 2014 
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Table 3. Weather data from 2012-2014 and 30-year mean at Ridgetown, ON 

Mean Temperature
z
 (°C)   Total Precipitation

z
 (mm) 

Month 2012 2013 2014 30-yr mean 

 

2012 2013 2014 30-yr mean 

January -1.8 -2.6 -8.7 -3.7 

 

55.3 71.5 53.9 61 

February -0.3 -4.0 -9.1 -2.4 

 

32.4 68.2 57.9 54 

March 7.7 0.3 -3.9 2.0 

 

51.8 25.9 26.9 60 

April 7.0 6.2 6.6 8.3 

 

31.8 102 66.1 77 

May 15.5 15.1 13.8 14.8 

 

34.0 63.9 97.0 75 

June 22.6 18.6 19.9 20.2 

 

45.0 102 48.0 83 

July 22.1 21.2 19.1 22.5 

 

156 78.3 130 86 

August 19.8 19.3 19.4 21.4 

 

73.4 53.2 35.8 86 

September 15.5 16.1 15.7 17.6 

 

67.4 89.1 159 93 

October 10.2 11.6 10.5 11.2 

 

102.8 92.5 54.9 69 

November 3.4 2.4 1.8 4.8 

 

20.6 29.5 54.0 73 

December 1.3 -3.6 0.4 -1.2 

 

54.7 64.7 24.2 52 
z
Data were obtained from the Environment Canada weather station located at Ridgetown, ON  
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Chapter 3: Results 

3.1 Cover Crop Season 

3.1.1 Plant parameters 

Cover crop above ground biomass increased significantly with increasing seeding rate 

(p<.0001) and the two parameters were positively correlated (r=0.19, p=0.0237, Table 4). On the 

other hand, there were no significant seeding rate interactions with termination timing or cover 

crop species. Furthermore, cover crop seeding rate did not significantly affect cover crop N 

concentration (%)  or N uptake (kg N ha
-1

) (Appendix 1, Table 1). Though the cover crop 

seeding rate was positively correlated with the cover crop above-ground biomass, there was no 

significant increase in N content (table 4).  

The cover crop biomass was significantly different between the two years and locations of 

the study. Consequently the data were analyzed with both location and year as fixed variables. 

There was a significant year by crop by rate by location interaction for N content (p=0.041) and 

concentration (p=0.0270) in above ground biomass averaged across the two sampling time points 

(October and May). This interaction was most likely significant due to the differences seen 

between fields R18 and L, where field R18 had consistently higher values as compared to L. A 

discussion of the differences between locations and N dynamics within each can be found in 

section 4.1. Furthermore, this interaction does not allow for a comparison between the two 

sampling time points. The three-way interaction which will be discussed in the next section, 

provides a more thorough understanding of how nitrogen dynamics differ between sampling time 

points and cover crop treatment.   
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For all four parameters of cover crop analysis (above-ground biomass, N content, %N and 

C:N) (Table 5) there was a significant year by sampling month by crop interaction when the 

parameters were compared between October and May sampling times(Appendix 1, Table 1). 

There was large variability in the above-ground biomass dry weight data, however crimson 

clover biomass was significantly lower compared to red clover and alfalfa in May 2013, October 

2013 and May 2014. Red clover and alfalfa were similar in terms of growth and this is indicative 

of other similarities seen for these two species.  

The reduction in 2014 crimson clover biomass from the October 2013 to May 2014 

sampling date was likely related to the colder winter in 2014 and the relatively poorer ability of 

crimson clovers to over winter. (Table 5).Though crimson clover did not over-winter well, there 

was visible growth in the spring and therefore analysis on the crimson clover plots was 

performed. During the study, temperature was consistent with the 30-year mean except for 2014. 

Every month in 2014 was colder compared to the 30-year mean. Crimson clover is considered a 

warm-season cover crop (A. Verhallen, pers. Comm.) and may not be an ideal crop to plant with 

temperatures similar to those recorded in 2014 (Table 3). Due to the limited crimson clover 

growth in May 2014, means were not calculated for nitrogen content, C:N or N concentration. 

As mentioned above, crimson clover growth had low biomass in May 2014, consequently N 

content of the crimson clover above-ground biomass was not measured. There is a significant 

correlation (r= .70, p< .0001) between above-ground biomass and N content, and consequently it 

could be inferred that with lower biomass values in May 2014 as compared to October 2013, the 

estimated N content in May 2014 would be lower than the measured value of 8.14 kg N ha
-1 

in 

October 2013.  
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Red clover had 3140 kg ha
-1

 and 85.9 kg N ha
-1

of above-ground biomass and N content, 

respectively in October 2013. Red clover biomass in October 2013 was significantly higher than 

any other cover crop in either fall 2013 or spring 2014. Furthermore it had significantly higher N 

content than any other cover crop in either year except for red clover and alfalfa in May 2014. 

Crimson clover had a C:N ratio of 13.5 and 14.2 in May and October 2013, respectively. This 

value was significantly higher compared to any other crop in either year. Further crimson clover 

had significantly lower N concentration (%) as compared to all other treatments with values of 

2.95% and 2.67% in May and October 2013, respectively. The C:N ratio for all other treatments 

was variable. May 2014 alfalfa was the lowest measured value at 8.90. May 2014 alfalfa also had 

significantly higher N concentration of 4.43% as compared to other treatments with the 

exception of May 2013 alfalfa, May 2014 red clover, May 2013 red clover and October 2012 

alfalfa.  

3.1.2 Cover Crop SMN and PAN 

Statistical analyses of SMN and PAN were first conducted with year and location as fixed 

variables. There was no significant effect of year or location on SMN or PAN in either May or 

October and therefore the data were re-analyzed with both year and location as random variables. 

Cover crop seeding rate had no effect on SMN or PAN at either termination time point 

(Appendix 1, Table 2 and 3). Furthermore cover crop seeding rate was not significantly 

correlated with either SMN or PAN (Table 4). 

 In October the SMN was significantly affected by the presence of a cover crop species 

(p<.0001 Table A2). SMN in the no-cc treatment was at least 9.8 kg N ha
-1

 (Table 6) higher than 

the three cover crop treatments. This is indicative of cover crop nitrogen uptake from the soil for 
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plant growth. The SMN in the soil top 30 cm, averaged over all treatments was 3.3 kg N ha
-1

 

higher than the subsequent 30 cm (p=0.01).  

Cover crop species had a significant effect (p<.0001 Appendix 1, Table 2) on PAN in 

October (Table 6). The PAN, as calculated using N in above-ground biomass and SMN in the top 

60 cm of the soil, in the no-cc plots was 41.4 and 60.9 kg N ha
-1 

lower than alfalfa and red 

clover, respectively.  The SMN values, as reported above, in no-cc plots was higher as compared 

to cover crop plots, however the higher PAN in the cover crop plots compared to the no-cc 

demonstrates that there is increased N in the system when a cover crop is included in rotation, 

however the N is in the plant material, not the soil. The cover crops are capable of immobilizing 

N, thereby reducing available N in the soil to be lost via leaching and denitrification. Moreover, 

the legume cover crops were able to fix N2, thus increasing the N content of the system.  

In May SMN was not significantly affected by cover crop species (p=0.5423) or soil 

sampling depth (p=0.6182) (Appendix 1, Table 3). There were: no crop by termination date (p= 

0.4664), crop by depth (p= 0.7260), termination by depth (p= 0.2954) or crop by termination by 

depth (p= 0.1850) interactions. The timing of termination was the only factor that had a 

significant effect on SMN in May (p< .0001). Fall-terminated treatments, including the no cover 

plots, had 15 kg N ha
-1

 higher SMN compared to spring-terminated plots (Figure 2).  

Though SMN was not significantly different between cover crop species, PAN in May had a 

significant crop by termination timing interaction (p< .0001) (Appendix 1, Table 3).  In May, 

PAN was 118 kg N ha
-1

 in spring-terminated red clover and alfalfa (Figure 2), and was 

significantly higher compared to crimson clover, no-cc and all autumn-terminated plots except 

for fall-terminated no cover. The lack of significant difference in PAN between spring-

terminated and fall-terminated crimson clover can be attributed to the low biomass growth 
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(Table 5) in May.  The continued plant growth in spring-terminated plots, as compared to fall 

terminated cover crop plots allows for a longer period of N fixation and soil N uptake, while 

reducing SMN. By May, the SMN in the no-cc was 42.6 kg N ha
-1

 higher with fall-termination 

versus spring-termination (p=0.0469). The higher SMN in May in no-cc plots indicates 

mineralization between the October and May sampling resulting from the autumn tillage in the 

terminated plots. In May in no-cc plots, after fall termination, there was 98.4 kg N ha
-1

 in the top 

60 cm of the soil. This is in comparison to red clover and alfalfa where there was 80.7 kg N ha
-1

.  
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Table 4. Correlation of seeding rate of three different cover crops on measured plant and soil parameters in 2012/13 and 

2013/14 

Parameter Anova P 

Correlation 

All three cover crops Alfalfa Crimson clover Red clover 

r* p* r p r p r p 

Above-ground 

biomass dry 

weight  

<.0001  0.19 0.0237 0.20 0.0433 0.18 0.0764 0.20 0.0515 

N content – 

above ground  

0.1096  0.15 0.0686 -0.01 0.9254 0.14 0.1787 0.20 0.0534 

Soil mineral 

nitrogen – 

October  

0.2079  -0.10 0.2081 -0.08 0.5944 -0.14 0.3443 -0.25 0.0868 

Soil mineral 

nitrogen - May  

0.9553  0.02 0.7210 0.07 0.5112 0.11 0.3038 -0.08 0.4240 

 

Plant available 

nitrogen - 

October  

0.6695  0.08 0.2827 -0.12 0.4014 0.06 0.6974 0.09 0.5222 

Plant available 

nitrogen - May  

0.1101  0.06 0.2665 0.15 0.1422 0.11 0.2693 6.0x10
-4

 0.9954 

 

* r represents the correlation coefficient, and p indicates the significance level. A value <0.05 was considered significant 
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Table 5. Effect of year, month and cover crop species on plant growth and nitrogen content of three legume cover 

crops* 

Year Month Crop Above ground biomass (kg ha
-1

) N concentration (%) N content (kg N ha
-1

)** C:N 

2012 Oct alfalfa 814 bcd 3.96 ab 29.5 cd 9.80 de 

  

crimson 1190 bcd 3.39 bc 38.4 bcd 11.0 bc 

  

red 734 cd 3.68 b 24.2 d 10.6 cd 

2013 May alfalfa 1530 b 4.29 a 52.8 ab 9.60 ef 

  

crimson 496 de 2.95 d 11.1 e 13.5 a 

  

red 1520 b 3.94 ab 44.6 bc 10.5 cd 

2013 Oct alfalfa 1260 b 3.74 b 45.0 bc 10.1 de 

  

crimson 617 cd 2.67 d 8.14 e 14.2 a 

  

red 3140 a 3.00 cd 85.9 a 11.7 b 

2014 May alfalfa 1210 bcd 4.43 a 57.0 ab 8.90 f 

  

crimson 22.6 e . . . 

  

red 1570 b 4.26 a 60.0 ab 9.40 ef 

se 116.6  *** *** 

a-e Means in each column followed by the same letter were not significantly different based on the Tukey adjustment (p<0.05) 

.Means were not estimated due to limited plant growth in these plots 

*Means were from two fields and three cover crop seeding rates (n=24) 

** Plant N content (kg N ha-1) was determined using the N concentration as measured and the total above-ground biomass 

*** Data was transformed using a log base 10 transformation to meet the assumptions of variance. Presented means are 

backtransformed data and se values could not be computed 
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Table 6. Comparison of soil mineral nitrogen (SMN) and 

plant available nitrogen (PAN) in late October for cover 

crop species and control 

Crop SMN (kg N ha
-1

) PAN(kg N ha
-1

) 

no cover 24.1 a 26.3 c 

alfalfa 13.1 b 65.5 ab 

crimson clover 13.8 b 49.3 bc 

red clover 14.3 b 85.0 a 

Se 2.35 ** 

a-c: Means in each column followed by the same letter were 

not significantly different based on the Tukey adjustment 

(p<0.05) (n=48) 

** Data was transformed using a log base 10 transformation 

to meet the assumptions of variance. Presented means are 

back transformed data and se values could not be computed. 
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Figure 2. Cover crop plant available nitrogen (PAN) (kg N ha
-1

) and soil mineral nitrogen (SMN) 

in May with spring and fall termination (p=.0039). Bars with the same letter, and capitalization, 

were not significantly different based on the Tukey adjustment (p<0.05). There was no 

significant difference between SMN values in May. Data were transformed using a log base 10 

transformation to meet the assumptions of variance, and back transformed for presentation. 
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3.2 Corn Season  

3.2.1 N dynamics 

During the corn growing season, there was a significant year and location effect for SMN 

and PAN (Appendix 1, Table 4 and 5), therefore year and location were set as fixed effects. Soil 

mineral and plant N were measured in May (pre-plant), June, July, August and October to 

determine the change in total PAN in the system. In-season analysis was done by comparing the 

cover crop plots with the highest seeding rate (13.5 kg N ha
-1

) to the non-fertilized control plots. 

There were significant year by month (p<.0001), location by month by crop (p=0.0045) and year 

by month by termination timing (p=0.0387) interactions (Appendix 1, Table 4) for PAN. These 

interactions all indicate that there is significant difference in PAN between months when total 

PAN is averaged across locations, years or crops. As shown in Figure 3 the total PAN in the 

system fluctuates between months, however within each month there is no difference between 

year (Figures 3a and 3c), crop, location (Figure 3b) or termination timing (Figure 3c). In season 

PAN also had a significant year by location by crop (p=0.0003) interaction. There was a 

significant difference in PAN between the two years and two locations; however, within each 

location and year, there was no significant difference between the cover crop treatments (Figure 

4). Finally, there was a significant crop by termination timing (p=0.0141) interaction for PAN. 

Spring termination of alfalfa and red clover had significantly higher PAN as compared to no-cc 

plots by at least 41 kg N ha
-1 

(Figure 5). There was no significant difference between the two 

termination time points for any of the three cover crop treatments. In the no-cc plots, there was 

46 kg N ha
-1

 lower PAN in spring terminated cc plots versus fall terminated cc plots (Figure 5), 
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resulting from the tillage of the autumn terminated plots as compared to no tillage in the spring 

plots.  

 Analysis of N dynamics over the corn growing season was done by analyzing the SMN 

from May (pre-plant) to October in the no-cc plots and cover crop plots with the 13.5 kg ha
-1

 

cover crop seeding rate. There were significant year by location by month (p<0.0001) and 

location by month by crop (p=0.0073) and interactions for SMN (Appendix 1, Table 5). Similar 

to the analysis of PAN, there were significant differences between months, however within 

months there was no significant differences between termination timing (Figure 6a), cover crop 

treatment and field (Figure 6b) or field and year (Figure 6c). 2013 and 2014 had similar values 

for SMN, except in June where both fields in 2013 had higher SMN values by at least 100 kg N 

ha
-1

 as compared to 2014 fields. Both PAN and SMN had a significant year by location by crop 

interaction. Figure 4 shows the total PAN in the system as well as SMN and while there are 

significant differences between years and locations for PAN, there was no significant difference 

between cover crop treatments within each year and location. Furthermore, there was no 

significant difference between SMN in any of the plots except for between the 2013 no-cc plots 

in the two different fields.  

At harvest, year and location had a significant effect on PAN. Consequently, the data 

were analyzed with both location and year as fixed variables. PAN had significant year by crop 

(p=0.0028) and location by crop (p=0.0094) interactions (Appendix 1, Table 6). As there was 

also a significant rate effect (Appendix 1, Table 6), the three cover crops and the no-cc plots 

could not be compared. First, comparison between the three cover crops species was performed. 

Similar to the in-season analysis, 2013 had higher PAN at harvest as compared to 2014 (Figure 
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7a). Alfalfa in 2013 had the highest PAN at 200 kg N ha
-1

. The PAN in 2013 alfalfa plots was 

not significantly different to crimson clover or red clover in 2013 which had 184 kg N ha
-1

 and 

182 kg N ha
-1

, respectively. The PAN at harvest in alfalfa plots in 2013 was significantly higher 

than any plot in 2014 by at least 18 kg N ha
-1

. 2014 PAN values in alfalfa and red clover plots 

were not significantly different from red clover or crimson clover in 2013; crimson clover plots 

in 2014 had only 91 kg N ha
-1

, a value significantly lower than any of the cover crop treated 

plots, in both years. When comparing the two locations, alfalfa had 201 kg N ha
-1

 in field L, 

which was 61 kg N ha
-1

 higher than in field R18. Red clover and crimson clover PAN were not 

significantly different between locations (Figure 7b).  

Cover crop seeding rate and termination timing had a significant effect on PAN at harvest 

(Appendix 1, Table 6). Averaged across all cover crops there was a 14 kg N ha
-1

 greater PAN for 

the spring termination over fall termination (Table 7). Across all cover crops the 13.45 kg ha
-1

 

cover crop seeding rate had 167 kg N ha
-1

 while the 3.36 kg N ha
-1

 seeding rate had a PAN value 

146 kg N ha
-1

. The 6.73 kg ha
-1

 seeding rate was not significantly different from either the 

highest or lowest rate (Table 7).  

Since cover crop seeding rate had a significant effect on PAN, a comparison between the 

three cover crops, at all three seeding rates, and the three fertilizer rates (0, 112 and 224 kg N ha
-

1
) in the no-cc plots, could not be performed. Consequently, comparison of the three cover crops 

with the no-cc plots was done using only the 13.45 kg ha
-1

 cover crop seeding rate. When the 

highest seeding rate of all cover crops was compared with the three differently fertilized controls, 

there was a significant year by location by crop interaction (p=0.0011) (Appendix 1, Table 7). In 

both years and fields the no-cc plots with 224 kg N ha
-1

 of fertilizer had the highest PAN by at 
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least 153 kg N ha
-1

(Figure 8). Field R18 in the 2013 had the highest PAN value of all plots at 

426 kg N ha
-1

. In all fields and years, there was an observable decrease in PAN of the fertilized 

plots from the highest fertilizer rate to the lowest. PAN was not significantly different in the 

cover crop plots as compared to the unfertilized no-cc plots. On the other hand, the PAN in all 

three cover crop plots was significantly lower than the 224 kg N ha
-1

 fertilized no-cc plots. In 

field L in 2013, alfalfa and crimson clover had PAN values of 252 kg N ha
-1

 and 273 kg N ha
-1

, 

respectively. These values were not significantly different from the 112 kg N ha
-1

 N-fertilized 

no-cc plot with a PAN value of 272 kg N ha
-1

. On the other hand, red clover was significantly 

lower than these three plots with 194 kg N ha
-1

.  In field R18 in 2013 and both fields in 2014, 

crimson clover PAN was significantly lower than the 112 kg N ha
-1

 fertilized no-cc plots and the 

other two cover crop species (Figure 8). Finally, red clover and alfalfa were not significantly 

different from one another in R18 in 2013 or in either field in 2014.  

Further analysis of N availability at harvest was done by comparing SMN in the plots at 

October corn harvest. Similar to PAN there was a significant year by field by crop interaction 

(Appendix 1, Table 8). The no-cc plots with the highest fertilizer rate (224 kg N ha
-1

) within each 

year and location had significantly higher SMN values as compared to any other of the no-cc 

plots (the unfertilized control and the 112 kg ha
-1

 fertilized no-cc plot) or cover crop plots 

(Figure 9). The only exception was seen in field R18 in 2014. The SMN value of the highest 

fertilized no-cc plot was 14 kg N ha
-1

, which was not significantly different from the other plots 

in field R18 in 2014.  Within each field and year there was no significant difference between the 

cover crop plots, or the 122 kg N ha
-1

 fertilized no-cc plot and the 0 kg N ha
-1

 fertilized no-cc 

plot. There was a significant field by depth by crop (p=0.0020) interaction for SMN at harvest. In 
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field L, averaged over both years, the highest fertilized no-cc plots had significantly higher SMN 

at both the 0-30 cm and 30-60 cm depth than any other treatment (Figure 10). In field R18 the 

highest fertilized no-cc plots had significantly higher SMN at the 30 cm depth than any other plot 

by at least 29 kg N ha
-1

. At the 30-60 cm depth in field R18 the highest fertilized control had 

higher SMN than any other plot except the 112 kg N ha
-1

 fertilized plot. Within each field and 

depth there was no significant difference between any of the cover crop plots. 

Finally, an analysis of delta PAN was performed to determine if there was a gain in N in 

the system as compared to the no-cc unfertilized plots. There was a significant year by location 

by termination timing interaction (Appendix 1, Table 9). Field R18 in 2013 had negative delta 

PAN values with both fall and spring termination timing, while in 2014 had positive delta PAN 

values for both fall and spring termination timing. Field L had positive delta PAN values except 

for fall termination in 2014 (Table 8). Based on year by location by termination timing 

interaction, 5 of 8 sites had a positive delta PAN with a mean of 40.1 kg N ha
-1

 but the mean in 

the other 3 sites was -55.2 kg N ha
-1

. Thus, there can be a gain or loss of N in the system at corn 

harvest, when all cover crops were considered. However, there was a cover crop by year 

interaction for delta PAN (p=0.0414; Appendix 1, Table 9). In both 2013 and 2014, alfalfa had a 

positive delta yield of 7.5 kg N ha
-1

 and 22.7 kg N ha
-1

 respectively. Red clover had a high delta 

PAN in 2014 of 31.3 kg N h ha
-1

, however in 2013 had a negative delta PAN of 3.2 kg N ha
-1

 

(Table 8). For all crops in both years, except crimson clover in 2014, the delta PAN was not 

significantly different from 0, indicating that there was not a loss of N from the system with 

cover crops in the rotation. Comparing delta PAN to the 112 kg ha
-1

 fertilized plots, saw no year 

by location by termination timing interaction (p=0.2215; Appendix 1, Table 9) or year by crop 

interaction (p=0.1173; Appendix 1, Table 9). Furthermore, the delta PAN values were 
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significantly different from 0 for all three cover crops in both years, indicating there is a loss of 

N from the system when comparing the use of cover crops with an N fertilizer rate of 112 kg N 

ha
-1

.  

3.2.2 Corn Yield 

Corn was mechanically harvested from the middle two rows of each split-split plot and 

corn yield was calculated. Delta yield was calculated for the three cover crop species. Three 

values were calculated for each species to account for the three different N fertilizer rates in the 

no-cc plots. This calculation took into account the two termination time points and the value for 

each split-split plot was determined using either fall or spring terminated control plots, 

depending on the treatment within the split-split plot. Raw yield values were also calculated for 

all plots. For both delta yield and raw yield analyses, year and location had a significant effect on 

results and therefore data were analyzed with year and location as fixed effects.  

Delta yield had a significant year by crop interaction for all three delta yield values 

(Appendix 1, Table 10, 11 and 12). Red clover and alfalfa in 2014 had a positive effect on yield 

when the non-fertilized no-cc plots were used in the delta yield calculation. For both the 112 and 

224 kg N ha
-1

 fertilized no-cc plots, all three cover crops resulted in a negative delta yield (Table 

9). When averaged across all three cover crops, fall termination of cover crops, compared to fall 

termination of the unfertilized no-cc resulted in a 0.5 Mg ha
-1

 reduction in yield. On the contrary, 

spring termination of cover crops, compared to spring tillage of the unfertilized no-cc plots 

resulted in a 0.73 Mg ha
-1

 increase in yield. Further analysis on the delta yield demonstrated a 

significant year by location interaction for all three delta yield values (Appendix 1, Table 10, 11, 

and 12). When averaged across all three cover crops and seeding rates and compared to the non-
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fertilized no-cc plots, field L had a positive delta yield in 2013 (2.3 Mg ha
-1

) and a negative delta 

yield in 2014 (-1.05 Mg ha
-1

). R18 had the opposite results with a negative delta yield in 2013 (-

2.57 Mg ha
-1

) and a positive delta yield in 2014 (1.7 Mg ha
-1

) (Table 10).  

Corn yield in the no-cc plots with three different fertilizer rates were compared and the 

112 kg N ha
-1

 and 224 kg N ha
-1

 plots had significantly higher yields as compared to the non-

fertilized plots (Table 11). There was also a significant year by location effect (p<.0001) on corn 

yields in no-cc plots (Appendix 1, Table 13). Averaged across the three fertilizer rates, corn yield 

in field R18 in 2014 was lower than any other field or location by 5.07 Mg ha
-1

 (Table 11). The 

yields in the no-cc plots had no year by crop interaction; however, when comparing the raw yield 

between the three cover crops there was a significant year by crop (p<0.0001) interaction 

(Appendix 1, Table 14). 2013 corn yields after cover crops were at least 1.9 Mg ha
-1

 higher than 

2014. In 2014, alfalfa and red clover had 2.6 Mg ha
-1

 and 3.4 Mg ha
-1

 higher yields than crimson 

clover, respectively. Finally, red clover treatment corn yields were not significantly different 

between years (Table 12). There was also a significant cc seeding rate effect (p=0.0126) on corn 

yield in the cover crop plots, when averaged across the three cc species. The lowest seeding rate 

(3.36 kg ha
-1

) had 1 Mg ha
-1

 lower yields than the highest seeding rate (13.45 kg ha
-1

), while the 

6.73 kg ha
-1

 seeding rate was not significantly different from either the highest or lowest rate. 

Since cover crop seeding rate had a significant effect on corn yield, the three rates could not be 

pooled for a comparison with the three fertilizer rates in the no-cc plots. A comparison of corn 

yield in the highest cover crop seeding rate plots was done with the three differently fertilized 

no-cc plots.  There was a significant year by crop by location (p=0.0014) interaction (Appendix 

1, Table 15). Similar to the results seen in the N dynamics section, there was a lot of variability 
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between fields and years as well as within each field and year (Figure 11). In 2013, in field L 

there was no significant difference between yields except the non-fertilized no-cc plots had at 

least 2.0 Mg ha
-1

 lower yields than the highest fertilized plot. In field R18 in 2013 crimson clover 

and red clover had 5.6 Mg ha
-1

 and 4.9 Mg ha
-1

 lower yields than the highest fertilized no-cc 

plots, respectively. In 2014, in field L, the only plot with significantly lower yields was the 

crimson clover plots with at least 2.5 Mg ha
-1

 lower yield than any other plot. The highest 

fertilized control plot in field R18 in 2014 had 5.0 Mg ha
-1

, 6.2 Mg ha
-1

 and 6.4 Mg ha
-1

 higher 

yields than alfalfa, the non-fertilized no-cc and crimson clover. There was no significant 

difference between the highest fertilizer rate, the mid-rate and red clover.   

  



 

44 

 

 

 

 

Figure 3. Plant available nitrogen (PAN) means as measured each month during corn season as 

affected by a) year (n=64) b) crop and location (n=16) and c) year and cover crop termination 

timing (n=32). All data were subject to a log base 10 transformation to meet the assumptions of 

variance, and back transformed for presentation. 

0

50

100

150

200

250

300

350

400

May June July Aug Sept Oct

P
A

N
 (

k
g

 N
 h

a
-1

) 

Month 

2013

2014

a 

0

50

100

150

200

250

300

350

400

P
A

N
 (

k
g

 N
 h

a
-1

) 

Month 

control

alfalfa

crimson

red

control

alfalfa

crimson

red

L 

R18 

b 

0

50

100

150

200

250

300

350

400

May June July Aug Sept Oct

P
A

N
 (

k
g

 N
 h

a
-1

) 

Month 

spring
fall
spring
fall

2013 

2014 

c 



 

45 

 

 

Figure 4. During the corn season (May-Oct), the effect of previous cover crop, field (R18, L) and 

year on mean plant available nitrogen (PAN) and soil mineral nitrogen (SMN) in the 13.45 kg 

ha
-1

 seeded cover crop plots and the non-N-fertilized control plots. Patterned bars on bottom part 

represent the SMN N values, while the solid portion represents PAN N values. If present, 

different letters, with same capitalization, indicate significant differences between treatments 

(p<0.05) (n=20) based on Tukey-Kramer means separation. All data were subject to a log base 

10 transformation to meet the assumptions of variance, and back transformed for presentation. 
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Figure 5. Impact of termination timing, and previous crop treatment (cover crop at 13.5 kg ha
-1 

seeding rate or no cover (no-cc)) on mean plant available nitrogen (PAN). Letters indicate 

significant differences between treatments (p<0.05) (n=80) based on Tukey-Kramer means 

separation. All data were subject to a log base 10 transformation to meet the assumptions of 

variance, and back transformed for presentation. 
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Figure 6. Soil mineral nitrogen (SMN) in the top 60 cm of soil as affected by a) cover crop 

termination timing (n= 128) b) crop and location (n=64) and c) year and location (n=64). All data 

were subject to a log base 10 transformation to meet the assumptions of variance and back 

transformed for presentation purposes.  
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Figure 7. At corn harvest, the effect of previous cover crop on mean plant available nitrogen 

(PAN) in each year (top) and each field (bottom). Letters indicate significant differences between 

treatments (p<0.05) (n=48) based on Tukey-Kramer means separation. Means were calculated 

over three seeding rates and two termination time points. 
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Table 7. At corn harvest, the effect of termination timing and 

cover crop seeding rate on plant available nitrogen (PAN) in plots 

with a previous legume cover crop 

termination timing PAN (kg N ha
-1

)±se* 

fall 151±8.80b 

spring 165±8.87a 

cover crop seeding rate (kg ha
-1

) 

 3.36 146±9.85b 

6.73 160±9.77ab 

13.45 167±10.15a 

 p-value 

termination timing 0.0409 

seeding rate 0.0479 

termination timing * seeding rate 0.9614 

a-b: For each effect, means followed by the same letter were not significantly different (P<0.05) 

based on Tukey-Kramer means separations 

*Means were calculated over two years, two locations and three different cover crops (n=48) 
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Figure 8. At corn harvest, effect of cover crops, sown at 13.45 kg ha
-1

, and no cover crop with N 

fertilizer at 0, 112 and 224 kg N ha
-1

, on plant available nitrogen (PAN). Letters indicate 

significant differences between treatments (p<0.05) (n=8) based on Tukey-Kramer means 

separation. Means were calculated over two termination time points. 
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Figure 9. At corn harvest, effect of cover crops, sown at 13.45 kg ha
-1

, and no cover crop with N 

fertilizer at 0, 112 and 224 kg N ha
-1

, on soil mineral nitrogen (SMN). Letters indicate significant 

differences between treatments (p<0.05) (n=16) based on Tukey-Kramer means separation. 

Means were calculated over two termination time points and two depths. Data were transformed 

using a log base 10 transformation to meet the assumptions of variance, and back transformed for 

presentation. 
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Figure 10. At corn harvest, effect of cover crops, sown at 13.45 kg ha
-1

, and no cover crop with 

N fertilizer at 0, 112 and 224 kg N ha
-1

, on soil mineral nitrogen (SMN) at the 0-30 and 30-60 cm 

sampling depths. The bottom parts of the bars (patterned) represent the SMN in the top 0-30 cm 

and the solid shaded bars represent the SMN in the 30-60 cm profile of the soil. Letters indicate 

significant differences between treatments (p<0.05) based on Tukey-Kramer means separation. 

Capital letters are used to represent differences among the 30-60 cm depths and lowercase letters 

represent differences among the 30-60 cm depths. Means were calculated over two termination 

time points and two years (n=16). Data were transformed using a log base 10 transformation to 

meet the assumptions of variance, and back transformed for presentation.   
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Table 8. At corn harvest, effect of year, location and termination timing on delta plant 

available nitrogen (PAN) in plots with a previous legume cover crop  

year location 

termination 

timing 

Delta PAN  

(kg N ha
-1

)±se*
,
** 

Delta PAN  

(kg N ha
-1

)±se*
,
** 

2013 
L  

fall 51.1±26.87 a -88.0±16.69 

spring 41.2±27.03 a -16.7±17.11 

R18 

fall  -56.2±27.63 c -185±22.26 

spring -39.6±27.68 bc -93.1±18.48 

2014 
L  

fall  -69.7±26.70 c -136±16.26 

spring 35.6±26.70 ab -56.7±16.69 

R18 

fall 23.8±28.00 a -64.6±18.90 

spring 48.8±26.94 a 21.4±19.57 

Year 
Crop 

Delta PAN  

(kg N ha
-1

)±se*
,
** 

Delta PAN  

(kg N ha
-1

)±se*
,
** 

2013 

Alfalfa 7.5±20.2 ab -97.3±14.98  

Crimson clover -6.9±20.6 ab -95.8±17.02  

Red clover -3.2±20.0 ab -93.8±14.73 

2014 

Alfalfa 22.8±20.0 a -52.4±14.81 

Crimson clover -25.2±19.9 b -104±14.29 

Red clover 31.3±20.2 a -53.0±15.12 

a-c: For each effect, means followed by the same letter were not significantly different (P<0.05) 

based on Tukey-Kramer means separations 

*A negative value indicates PAN with a cover crop was lower than corresponding cover crop 

plot 

**Means were calculated over two termination time points, two years, and two locations (n=36) 
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Table 9. At corn harvest, effect of cover crop and year, and termination timing on Delta 

yield (Mg ha
-1

) of commercial corn as compared to three different N fertilizer rates 

Year Cover crop** 

Delta yield* (Mg ha
-1

)  

N fertilizer rate applied to no cover plots (kg N ha
-1

) 

0 112 224 

2013 Alfalfa 0.32bc -2.5ab -3.3a 

Crimson clover -0.21bc -3.02ab -3.74a 

Red clover -0.47cd -3.27b -4.00a 

2014 Alfalfa 0.94ab -2.58ab -3.90a 

Crimson clover -1.67d -5.18c -6.50b 

Red clover 1.73a -1.79a -3.11a 

se 0.840 0.100 0.970 

termination timing***   

fall -0.52b -3.31 -4.53b 

spring 0.73a -2.81 -3.65a 

se 0.739 0.914 0.895 

  p values 

year 0.1575 0.5360 0.0304 

crop <0.0001 0.0012 0.0007 

year*crop 0.0011 0.0017 0.0005 

termination timing 0.0019 0.2284 0.0207 

a-d: For each effect, means followed by the same letter were not significantly different (P<0.05) 

based on Tukey-Kramer means separations 

*A negative value indicates corn yield with a cover crop was lower than yield in the 

corresponding fertilized plot 

**Means for the year by cover crop interaction were calculated over two termination time points, 

three seeding rates, and two locations (n=48) 

***Means for termination timing were calculated over three cover crops, three seeding rates, two 

years and two locations (n=144) 
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Table 10. At corn harvest, effect of year and location on Delta yield (Mg ha
-1

) of 

commercial corn as compared to three different N fertilizer rates 

Year location 

Delta yield (Mg ha
-1

)*
,
** 

N fertilizer rate applied to no cover plots (kg N ha
-1

) 

0  112 224 

2013 R18 -2.57c -5.13bc -5.43b 

L 2.31a -0.75a -1.95a 

2014 R18 1.71ab -2.78b -4.52b 

L -1.05bc -3.59b -4.48b 

se 1.070 0.477 0.452 

 
  p value 

year 0.1575 0.5360 0.0304 

location 0.4992 0.0167 0.0164 

year*location <.0001 <.0001 <.0001 

a-c: For each effect, means followed by the same letter were not significantly different (P<0.05) 

based on Tukey-Kramer means separations 

* A negative value indicates corn yield with a cover crop was lower than yield in the 

corresponding fertilized plot 

** Means were calculated over three cover crops, three seeding rates and two termination time 

points (n=72) 
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Table 11: At harvest, corn yield in control plots with 

three different nitrogen fertilizer rates and over two years 

N fertilizer rate (kg N ha
-1

)* yield (Mg ha
-1

) 

0 9.00b 

112 12.16a 

224 13.18a 

se 1.222 

Year** Location   

2013 L 12.8a 

 
R18 13.2a 

2014 L 12.4a 

 R18 7.3b 

se 0.662 

  p value 

N fertilizer rate <.0001 

Year <.0001 

location 0.0315 

N fertilizer rate*year 0.4630 

Year*location <.0001 

a-b: For each effect, means followed by the same letter were not significantly different (P<0.05) 

based on Tukey-Kramer means separations 

* Means were calculated over two years, two locations and two termination time points (n=32) 

** Means were calculated over three fertilizer rates and two termination time points (n=24) 

 

  



 

57 

 

Table 12. At harvest, commercial corn yield over two years after 

three different cover crops and three different seeding rates 

Year Cover crop* yield (Mg ha
-1

) 

2013 Alfalfa 11.14a 

Crimson clover 10.71a 

Red clover 10.45ab 

2014 Alfalfa 8.03c 

Crimson clover 5.42d 

Red clover 8.82bc 

se 0.593 

cover crop seeding rate (kg ha
-1

)** yield (Mg ha
-1

) 

3.36 8.55b 

6.73 9.22ab 

13.45 9.52a 

se 0.541 

    p-value 

crop <.0001 

Year <.0001 

Year*crop <.0001 

seeding rate 0.0169 

crop*seeding rate 0.09301 

a-d: For each effect, means followed by the same letter were not significantly different (P<0.05) 

based on Tukey-Kramer means separations 

* Means were calculated over two locations, two termination time points and three seeding rates 

(n=48) 

** Means were calculated over three two locations, two years, two termination time points and 

three cover crop species (n=96) 
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Figure 11. Effect of cover crops, sown at 13.45 kg ha
-1

, and no cover with N fertilizer at 0, 112 

and 224 kg N ha
-1

, on corn yield. Letters indicate significant differences between treatments 

(p<0.05) based on Tukey-Kramer means separation. Means were calculated over two termination 

time points (n=8). 
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Chapter 4: Discussion 

4.1 Cover Crop Growing Season 

Cover crop growth was variable across species and years. The significantly higher 

crimson clover biomass in fall 2012 as compared to 2013 could be due to the differences in 

planting method (drill 2012 vs. broadcast seeding with oats 2013). Drilling may provide better 

seed to soil contact aiding in the establishment of the crop. Furthermore, in 2012, cover crops 

were not companion seeded and therefore there was no competition for resources, as in 2013 

when seeded with oats. Finally, timing of crimson clover planting was likely a contributing 

factor to lower biomass in fall 2013 than 2012. Crimson clover being a warmer-season cover 

crop (A.Verhallen, pers. comm.), may explain the poor establishment in May, compared to when 

planted in the summer (i.e. July 2012).  

The low biomass of crimson clover in both May 2013 (496 kg ha
-1

) and 2014 (22.6 kg ha
-

1
), indicates that crimson clover does not overwinter well with the temperatures, below freezing, 

in Southern Ontario. The temperatures in the winter months of both years of the study were 

below average (Table 3), however still higher than in other areas of the province and if crimson 

clover was unable to survive the winter in Southern Ontario, the survival rate in other areas of 

the province would also be expected to be extremely low. Furthermore, dead crimson clover 

plants observed in May of both years, demonstrate lack of survival. As noted above, there was 

some crimson clover growth in May of both years, and consequently minimal survival and 

growth should be expected; however, the biomass will likely be significantly lower than other 

legume cover crops.  



 

60 

 

Red clover and alfalfa established well both years when broadcasted in May or drilled in 

July. Furthermore both these species survived the winter and had spring biomass values similar 

to those recorded in the previous fall. Average biomass values of red clover (1741 kg ha
-1

) from 

the four sampling times, were lower than the 3 Mg ha
-1

 seen in fall sampling in the Midwestern 

United States (Snapp et al., 2005) and 2173.9 kg ha
-1

 seen in Ontario fall sampling (Gaudin et al., 

2014). Conversely, the fall biomass of red clover and alfalfa in a study by Isse et al. (1999), 

conducted in Quebec, reported red clover biomass values of 33-317 kg ha
-1

 and crimson clover 

biomass values between 141-1041 kg ha
-1

. In the study by Isse et al (1999), crimson clover was 

seeded at a rate of 22 kg ha
-1

, higher than the highest rate (13.5 mg ha
-1

) used in our study. 

Furthermore, a seeding rate of 17-22 kg ha
-1

 was recommended for crimson clover (McCartney 

et al., 2010), which may explain the low biomass observed in our study. There was a significant 

correlation between cover crop seeding rate and above ground biomass (Table 4) and by using a 

higher seeding rate as suggested by McCartney et al. (2010), there could have been increased 

crimson clover biomass.  

Visual differences were observed when comparing red clover and alfalfa with crimson 

clover. In fall 2012, there were similar stands between all three cover crops and as mentioned 

this could be in part due to the planting method used in 2012. The following spring (May 2013), 

the crimson clover stands were visibly different from those of red clover and alfalfa, at all 

seeding rates. This also was noticeable in fall 2013 and spring 2014. In all three cases, the 

crimson clover plants did not provide the same cover as alfalfa and red clover.  

In the fall, all three cover crops had significantly lower SMN values as compared to the 

control plot, indicating an ability of legume cover crops to reduce amount of N available for loss 

over the winter. Reduced SMN in cover crop plots compared to no-cc plots in the fall when 
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cover crops are in the rotation has been seen with non-legume crops (Rasse et al., 2000; 

Kladivko et al., 2004; Ball Coelho et al., 2005; O’Reilly et al., 2012), as well as red clover (Vyn 

et al., 2000). Our research provides further supports that cover crops can reduce SMN and the 

amount of N available to loss in the fall. Red clover and alfalfa, had significantly higher PAN 

values in October as compared to the no cover plots, indicating that although SMN was reduced, 

red clover and alfalfa are capable of increasing total N in the system through fixation and uptake. 

The presence of the cover crops could have reduced the amount of N that had already been lost 

in the control treatment and thus increased overall PAN in the system.  

With spring termination, both red clover and alfalfa had higher PAN prior to corn 

planting over fall-terminated cover crops and spring-terminated no-cc plots by at least 19.6 kg N 

ha
-1

. The PAN in fall-tilled no cover plots was not significantly different than the spring-

terminated red clover and alfalfa plots, indicating that after fall-tillage, even in the no-cc control, 

mineralization occurs between the October and May sampling. Increased mineralization could 

result in increased loss of N from the system, however little N appears to be lost from the system 

as N values are higher in the spring as compared to the previous fall. In a previous Ontario study, 

fall tillage in no cover plots had higher SMN values in the spring as compared to no cover plots 

that had not been tilled the previous fall (Vyn et al., 2000). It should be noted however, that the 

PAN in the fall-tilled control plots was all SMN, and thus available for loss. In contrast, the PAN 

in the red clover and alfalfa plots was in both the soil and plant. The N in the plant tissue will not 

be available for uptake by the plant until after the biomass has begun to decompose and 

mineralized from the plant tissue. It has been demonstrated that cover crops can release N to a 

following crop (Dabney et al., 2001), however the issue of N synchrony was a concern 

depending in part on the C:N ratio of the cover crop, as well as rate of mineralization and 



 

62 

 

immobilization (Dabney et al., 2001; Crews and Peoples, 2005).  Furthermore, high soil 

temperatures and saturated soils will increased the rate of mineralization and therefore C:N ratio  

Release of N in synchronicity with corn growth can depend on the C:N ratio of the cover 

crops as well as other processes that affect microbial activity (Brady and Weil, 1999; Sarrantonio 

and Gallandt, 2008). Generally, legume cover crops have a C:N ratio lower than 20 and therefore 

will not cause net immobilization. The three cover crops in this study had C:N ratios between 9.6 

and 14.2, and therefore it was expected that decomposition of the material would result in net 

mineralization of N. When mineralization occurs in the system the total SMN increases and this 

available N can be used by the following corn crop.  

The C:N ratio is affected by the N content within the crop at time of termination, and if 

the N content in our crops was different than expected, it could affect the amount of N 

mineralized. The N content of red clover in this study, 24-85 kg N ha
-1

 for fall terminated red 

clover and 44-60 kg N ha
-1

 for spring terminated clover, was within previously recorded ranges 

seen in Ontario studies (Vyn et al., 2000; Gaudin et al., 2013). A study in Saskatchewan, with 

fall terminated red clover and alfalfa saw no difference between these two legume cover crops in 

terms of N content, both having 25 kg N ha
-1

 (Bowren et al., 1969) in the fall. The value reported 

in this Saskatchewan study is within the range seen in our study for red clover (24-85 kg N ha
-1

) 

and slightly below for alfalfa (29-45 kg N ha
-1

). The values for N content recorded in this study 

are within range of other studies and consequently N availability is expected to be similar 

between this study and previous cover crop studies. 

As previously mentioned, there are limited studies on crimson clover use in Ontario. In a 

study done in the coastal plains area of the United States crimson clover N content was between 

92-170 kg N ha
-1

 (Decker et al., 1994), much higher than the highest value recorded in our study 
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(88.4 kg N ha
-1

). It should be noted however, that the study by Decker et al (1994) was in a 

warmer climate than Southern Ontario, with warmer winter temperatures and the biomass growth 

of crimson clover was much higher than seen in our study. Additionally, the crimson clover was 

able to overwinter in this study as compared to in Southern Ontario. For both alfalfa and red 

clover, the N content of the cover crops, as well as the C:N ratios fall within expected ranges, 

thus suggesting that red clover and alfalfa should decompose and mineralize N similarly to 

results reported in previous studies. Nitrogen from the three cover crops used in the study was 

tracked throughout the growing season to determine if increased N at cover crop termination will 

result in increased availability to corn or increased corn yields. 

4.2 Corn Growing Season 

During the corn growing season, SMN and PAN followed the expected pattern as 

outlined in Brady and Weil (1999). From planting to harvest, SMN generally decreases as 

available N in the soil was taken up by the plant. Furthermore, the total PAN in the system 

should increase during the season as mineralization occurs. As seen in Figure 3, there were 

significant differences between years and locations; however there were no significant 

differences between cover crop species (within the same year and location) or months, except for 

August. As mentioned previously, the total PAN in the system was expected to increase as N is 

mineralized from the cover crop biomass. The increase in PAN in 2013 could also be attributed 

to N fertilization in June 2013. An increase in PAN throughout the growing season would be 

expected as cover crop biomass decays and N is mineralized. The decaying cover crops, 

combined with the additional N in the system from fertilization would result in increased SMN 

during the corn growing season, and this was observed in both years and plots in June (Figure 6). 
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The increase in SMN is also expected to result in an increase in PAN, as the total amount of 

nitrogen in the system is increasing. PAN in the system did increase in both years and fields, 

however a peak was not observed until August. Furthermore, there was a significant decrease in 

PAN from August to October, indicating that N was lost from the system. Though some N could 

be expected to be lost due to weather and soil properties potentially increasing N losses (high 

September rain fall), the decrease in total N in the system was larger than expected.  

 At harvest, there was little difference in PAN between cover crop species within years or 

locations. Differences between alfalfa and red clover were not expected as prior to corn planting 

there was no significant differences in PAN between these two crops (Fig. 2). Fall and spring 

terminated crimson clover PAN was significantly lower prior to corn planting and in 2014 PAN 

at corn harvest was significantly lower than alfalfa and red clover. The lower  PAN value was 

not observed in 2013, most likely due to higher crimson clover biomass in spring 2013 as 

compared to spring 2014 (Table 5). The significant difference in PAN between the two 

termination times was also expected as red clover and alfalfa had significantly higher PAN in the 

spring prior to corn planting when the cover crop was spring terminated. Spring termination 

resulted in higher PAN at harvest, but spring termination did not result in significantly higher 

PAN during the growing season (Table 7), and at some sampling time points had numerically 

lower values than fall termination. Increased SMN during the corn growing season, after red 

clover, was observed by Henry et al. (2010), where pre-sidedressed nitrate levels were higher 

than no cover plots. In this study, no difference in SMN content (kg N ha
-1

) was observed 

between no-cc and cover crops in any of the months during the corn growing season. The non-

fertilized control, as well as the 112 kg N ha
-1 

fertilized control, were not significantly different 

in PAN or SMN as compared to the three cover crop species at the highest cover crop seeding 
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rate for field L in 2013 and field R18 in 2014 (Figure 8). Furthermore, the 224 kg N ha
-1

 

fertilized control was significantly higher than the cover crops both in terms of PAN and SMN.  

Overall, alfalfa had a significant positive impact on corn yield in both 2013 and 2014. 

Delta yield was positive for both years as compared to the unfertilized no-cc plot. Red clover had 

a positive delta yield in 2014; however, in 2013 the delta yield was negative in comparison to the 

unfertilized no-cc plot. The difference in climatic conditions between 2013 and 2014 (Table 3), 

could have resulted in the significant difference in years seen in all yield analyses. In 2014 corn 

yield was lower likely due to the late planting (Table 2), and lower than average mean monthly 

temperatures throughout the entire growing season. Termination timing and seeding rate also had 

an effect on corn yield. When comparing termination timing of the three cover crops to the 

unfertilized no-cc control spring termination resulted in a positive delta yield, as compared to fall 

termination which had a negative delta yield. Furthermore, when comparing seeding rates, the 

highest rate (13.45 kg ha
-1

) had the highest yield across the three cover crop species at 9.52 Mg 

ha
-1

, which was higher than the yield in the unfertilized no-cc plots at 9.00 Mg ha
-1

. 

When averaged across the three cover crops and compared to the unfertilized no-cc plot, 

spring termination resulted in a positive delta yield, as compared to the negative delta yield seen 

with fall termination (Table 8). Prior to corn planting, the spring-terminated red clover and 

alfalfa had higher PAN in the system compared to fall-terminated plots, which resulted in higher 

PAN at harvest, compared to fall-terminated plots, and could be indicative of the ability of 

spring-terminated cover crops to provide N throughout the growing season to corn and provide a 

yield increase over fall-termination. In 2013, the N content of both red clover and alfalfa was 

significantly higher in the spring compared to the previous fall (Table 5). The increase in N in 

spring terminated cover crops, as compared to fall-terminated cover crops, could be indicative of 
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the increased PAN at corn planting and harvest. The higher PAN in spring terminated plots 

versus fall-terminated plots was not observed in 2014, as there was no significant difference in 

spring versus fall terminated cover crops.  The increase in PAN in spring-terminated plots as 

compared to fall-terminated plots, at corn planting and harvest, could be attributed to higher N 

content of the cover crop biomass, or could result from N lost from the system after fall-

termination as compared to spring-termination. Previous studies comparing fall and spring 

termination of red clover have found that with spray-termination of cover crops there was no 

significant difference in corn yield between the two termination time points and corn yield 

ranged from 7 to 8.4 Mg ha
-1

 (Vyn et al., 2000).  Furthermore this study saw a decrease in SMN 

in both the fall and spring when a cover crop is used in rotation as compared to no-cc. With red 

clover spring termination in Michigan corn yields ranged from 7.1 to 7.2 kg ha
-1

 (Gentry et al., 

2013), while fall termination of red clover in Ohio reported corn yields of 6.1 Mg ha
-1

 (Henry et 

al., 2010).  

The 13.45 kg ha
-1

 cover crop seeding rate resulted in the highest corn yield, significantly 

higher than the lowest rate, a trend that was also observed in PAN values at harvest. 

Furthermore, as seen in Table 4, cover crop biomass was significantly correlated with cover crop 

seeding rate and therefore the higher seeding rate produced more biomass, which could have 

positively affected corn yield. Studies comparing different cover crop seeding rates are lacking, 

and this research demonstrated that cover crops seeded at a rate above 6.7 kg ha
-1

 will provide 

the same results and benefits as a higher rate. Other studies reported positive effects on corn 

yield with alfalfa seeded at a rate of 15 kg ha
-1

 (Vyn et al., 2000; Meyers-Aurich et al., 2006), a 

value also recommended for red clover by Gaudin et al (2013). On the other hand, the study by 

Meyers-Aurich et al, (2006) seeded red clover at a slightly lower rate of 13 kg ha
-1

 and still 



 

67 

 

reported positive effects from red clover to the following corn crop. Lower red clover seeding 

rates of 7.5-12.5 kg ha
-1

 have also demonstrated positive results in Ontario systems (Queen et al., 

2009). In the United States, where crimson clover is more common, a seeding rate of 17-20 kg 

ha
-1

 is recommended for drilling and 25-34 kg ha
-1

 is recommended for broadcast seeding (U.S. 

Department of Agriculture, 1998). The rate of crimson clover seeding in the United States is 

higher than we used in our study and a higher rate may be needed to see results similar to alfalfa 

and red clover.  

Though this experiment does not allow for a calculation of N credit from corn, the delta 

yield calculations as discussed above provide some insight into the positive effects of cover 

crops. Furthermore through a comparison of the highest seeding rate in all cover crop plots with 

the controls demonstrates that for all three cover crops the yield was not significantly different 

from the unfertilized no-cc plots. Though no N credit can be calculated or concluded from this 

analysis, it is clear that the legume cover crops did not have a negative impact on subsequent 

corn yield. It should be noted that corn yields after all three cover crops were significantly lower 

as compared to the highest fertilized plots and N fertilizer would be required to achieve optimal 

yields.  

An N credit was expected from red clover as other Ontario studies have demonstrated red 

clover increased corn yield compared to no-cc and provided an N credit to the corn system 

(Henry et al.,2010; Dapaah and Vyn, 1998; Vyn et al., 1999; Meyer-Aurich et al., 2006; Gentry 

et al., 2013). Though, our study did not consistently show a significant increase in corn yield as 

compared to the non-fertilized plots, use of cover crops over a longer period of time (i.e. 

continuously in the system for more than one year) could potentially allow equilibrium in SOM 

dynamics and thus an effect would be noticeable after a longer period of time (Cassman et al., 
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1996; Snapp et al., 2005).  Positive delta yields reported with alfalfa in both years and red clover 

in 2014 demonstrate the potential for these two cover crop species to provide a slight yield 

increase.  

Chapter 5: Conclusions and Future Research 

Overall, there was the potential for cover crops to increase N availability to corn 

throughout the growing season and at harvest; however this was significantly affected by 

climatic conditions and soil type. Red clover and alfalfa produced high biomass in both years, 

thus contributing to higher PAN values prior to corn planting, when these two crops were spring 

terminated. Though, an increase in corn yield was not observed after either red clover or alfalfa, 

there was an increase in PAN after spring termination of cover crops. When averaged across the 

three cover crop species, there was a significant increase in corn yield with spring termination 

compared to the no-cc plots. Furthermore, the highest cover crop seeding rate of 13.45 kg ha
-1

 

resulted in higher PAN and corn yields when averaged across the three cover crop species as 

compared to the no-cc plots.  

 From this study it was evident that there is the potential for cover crops to be beneficial 

when used in rotation with commercial corn in Southern Ontario. In the fall, cover crops have the 

ability to reduce SMN, and thus reduce the potential for N loss. With spring termination, red 

clover and alfalfa can increase total PAN in the system prior to corn planting. With a seeding rate 

of at least 6.7 kg ha
-1

, and spring termination, legume cover crops have the ability to increase 

PAN at harvest and increase yield over lower seeding rates or fall termination. Finally, at the 

highest seeding rate all three cover crops resulted in similar yields to the 100 kg N ha
-1

 fertilized 
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control plots and have the potential to provide a portion of required N to the corn crop in place of 

N fertilizer.  

 Future research can be categorized into three areas; crimson clover establishment and 

growth, N dynamics throughout the corn growing season, and N credit from legume cover crops. 

Crimson clover had variable growth between the two years. From this study, it is evident that 

there is the potential for crimson clover to establish in Southern Ontario, and decrease potential 

N loss from soil, however more research is needed on planting methods and establishment to 

determine if adequate stands of crimson clover can be attained in Southern Ontario. Furthermore, 

if crimson clover can successfully establish, research should be undertaken to determine if there 

are differences in N dynamics between it and other clover varieties (i.e. red clover), as this study 

did not allow for adequate comparison, due to insufficient growth in the fall of 2013 and spring 

of 2014. Crimson clover, being a legume, would be expected to provide similar N benefits as 

alfalfa and red clover; however without successful establishment of the crop, these 

recommendations cannot be made in Southern Ontario. The understanding of how red clover 

impacts N cycling and availability is well known in Ontario and has been studied in long term 

experiments (Congreves et al., 2015) . However, similar studies involving alfalfa are not as 

common, nor are studies with comparisons between different legume cover crops. Long-term 

studies comparing the effect of different legume cover crops on N dynamics are needed for a 

greater understanding of how various cover crops affect N dynamics and whether all legumes 

alter N cycling in a similar manner. Future research should also allow for N credits to be 

calculated determining what management practices will result in high N credits. Understanding 

how consistent cover crop usage can improve N cycling, availability and uptake in corn systems 

is needed to demonstrate the positive effects of legume cover crops. Further proof of the positive 
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effects of cover crops on a system, including increased N availability, will encourage continued 

and increased use of cover crops in Southern Ontario, thereby increasing soil health in the 

province. 
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Appendix 1  1 

Table 1. Comparison of p values for biomass data analysis for all fixed 

effects 

Fixed Effect 

p-value 

above-

ground 

dry 

weight 

biomass 

N content 

of 

biomass 

C:N %N 

location 0.0004 0.0006 0.8724 0.4602 

year 0.0002 0.4733 0.7131 0.0727 

month 0.0006 0.8994 <.0001 <.0001 

crop <.0001 <.0001 <.0001 <.0001 

rate <.0001 0.1096 0.2269 0.4602 

year*location*crop*rate 0.3852 0.0041 0.0665 0.027 

crop*rate 0.8984 0.9674 0.722 0.7156 

month*crop <.0001 0.0009 0.0599 0.0148 

month*rate 0.8384 0.9024 0.0623 0.7262 

month*crop*rate 0.3894 0.9261 0.5573 0.942 

year*location 0.2633 0.2673 <.0001 <.0001 

month*location <.0001 0.0011 0.1033 0.14 

location*crop 0.0027 0.6629 <.0001 <.0001 

location*rate 0.9516 0.8542 0.0977 0.1815 

location*crop*rate 0.2345 0.4933 0.6565 0.3615 

month*location*crop 0.4195 0.167 0.1663 0.5822 

month*location*rate 0.6276 0.4929 0.9836 0.3976 

month*location*crop*rate 0.2893 0.6745 0.3714 0.1154 

year*month <.0001 0.8743 <.0001 <.0001 

year*crop <.0001 <.0001 0.5757 0.4535 

year*rate 0.6551 0.8608 0.7323 0.6183 

year*crop*rate 0.3469 0.242 0.8212 0.8208 

year*month*crop <.0001 0.0002 <.0001 0.0121 

year*month*rate 0.9963 0.9226 0.7945 0.8527 

year*month*crop*rate 0.8672 0.9546 0.3791 0.5943 

 2 

  3 
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Table 2. Comparison of p values for October 

SMN and PAN fixed effects 

Fixed Effect 

p value 

SMN PAN 

crop <.0001 <.0001 

depth 0.001 

 crop*depth 0.5467   

 1 

Table 3. Comparison of p values for May SMN 

and PAN fixed effects 

Fixed Effect 

p value 

SMN PAN 

crop 0.5423 0.0196 

tillage <.0001 0.663 

depth 0.6182 

 crop*tillage 0.4644 0.0039 

crop*depth 0.726 

 tillage*depth 0.2954 

 crop*tillage*depth 0.185   

 2 

  3 
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Table 4.: ANOVA table for PAN in season for 

commercial corn from May-October over two 

years and two locations 

Effect Pr > F 

year <.0001 

location 0.0287 

year*location 0.4795 

month <.0001 

year*month <.0001 

location*month <.0001 

year*location*month 0.1372 

crop <.0001 

year*crop 0.0025 

location*crop 0.0348 

year*location*crop 0.0003 

month*crop 0.8854 

year*month*crop 0.8303 

location*month*crop 0.0045 

year*loca*month*crop 0.3756 

term 0.1518 

year*term 0.8206 

location*term 0.8612 

year*location*term 0.3378 

month*term 0.365 

year*month*term 0.0387 

location*month*term 0.1245 

year*loca*month*term 0.3689 

crop*term 0.0141 

year*crop*term 0.112 

location*crop*term 0.9869 

year*locat*crop*term 0.9988 

month*crop*term 0.1043 

year*month*crop*term 0.9357 

loca*month*crop*term 0.9621 

yea*loc*mon*cro*term 0.758 

 1 

  2 
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 1 

Table 5: ANOVA table for SMN in season for commercial 

corn from May-October over two years and two locations 

Effect Pr > F 

year 0.292 

location 0.4164 

year*location 0.993 

month <.0001 

year*month <.0001 

location*month 0.3295 

year*location*month <.0001 

crop 0.6614 

year*crop 0.6908 

location*crop 0.0471 

year*location*crop 0.0136 

month*crop 0.6368 

year*month*crop 0.3626 

location*month*crop 0.0073 

year*loca*month*crop 0.3891 

term 0.2336 

year*term 0.2623 

location*term 0.4837 

year*location*term 0.1219 

month*term <.0001 

year*month*term 0.1883 

location*month*term 0.5947 

year*loca*month*term 0.6288 

crop*term 0.8911 

year*crop*term 0.5531 

location*crop*term 0.6934 

year*locat*crop*term 0.7574 

month*crop*term 0.9752 

year*month*crop*term 0.7423 

loca*month*crop*term 0.8754 

yea*loc*mon*cro*term 0.9474 

 2 

  3 
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Table 6: ANOVA table for PAN in October over two 

years and two locations with three different cover crops 

Effect Pr > F 

year <.0001 

location 0.0433 

year*location 0.0003 

crop 0.0005 

year*crop 0.0028 

location*crop 0.0094 

year*location*crop 0.1382 

rate 0.0479 

year*rate 0.8232 

location*rate 0.3425 

year*location*rate 0.3227 

crop*rate 0.7044 

year*crop*rate 0.9009 

location*crop*rate 0.4318 

year*locat*crop*rate 0.392 

term 0.0409 

year*term 0.8977 

location*term 0.8408 

year*location*term 0.9057 

crop*term 0.411 

year*crop*term 0.1321 

location*crop*term 0.8478 

year*locat*crop*term 0.4353 

rate*term 0.9614 

year*rate*term 0.8766 

location*rate*term 0.1234 

year*locat*rate*term 0.6893 

crop*rate*term 0.7399 

year*crop*rate*term 0.4814 

locat*crop*rate*term 0.7036 

yea*loc*cro*rat*term 0.2695 

 1 

  2 
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Table 7: ANOVA table for PAN in October over two years 

with Location and Year as fixed - Ran with 13.36 kg ha
-1

 

seeding rate and 3 N fertilizer rates 

Effect Pr > F 

year <.0001 

location 0.0243 

year*location 0.2831 

crop <.0001 

year*crop 0.0641 

location*crop 0.2467 

year*location*crop 0.0011 

term 0.7291 

year*term 0.8359 

location*term 0.3409 

year*location*term 0.5589 

crop*term 0.0985 

year*crop*term 0.4541 

location*crop*term 0.8989 

year*locat*crop*term 0.6933 

 1 

  2 
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Table 8: ANOVA table for SMN at corn harvest with 

year and location as fixed for three cover crops and 

three N fertilizer rates 

Effect Pr > F 

year 0.1103 

location 0.4837 

year*location <.0001 

crop <.0001 

year*crop <.0001 

location*crop <.0001 

year*location*crop <.0001 

term 0.6529 

year*term 0.2441 

location*term 0.3241 

year*location*term 0.7948 

crop*term 0.6814 

year*crop*term 0.9635 

location*crop*term 0.4813 

year*locat*crop*term 0.7866 

depth <.0001 

year*depth 0.0004 

location*depth 0.3904 

year*location*depth <.0001 

crop*depth 0.7261 

year*crop*depth 0.098 

location*crop*depth 0.002 

year*loca*crop*depth 0.2784 

term*depth 0.6473 

year*term*depth 0.8327 

location*term*depth 0.7778 

year*loca*term*depth 0.8328 

crop*term*depth 0.8969 

year*crop*term*depth 0.9932 

loca*crop*term*depth 0.8513 

yea*loc*cro*ter*dept 0.8577 

 1 

 2 

 3 

 4 
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Table 9: ANOVA table for Delta PAN for 0 N fertilizer 

rate and 112 kg N ha
-1

 over two years and two locations 

with three cover crops 

 Pr>F 

Effect 

0 kg N 

ha
-1

 

112 kg 

N ha
-1

 

year 0.2198 0.0241 

crop 0.0042 0.1137 

year*crop 0.0414 0.1173 

rate 0.1356 0.0625 

year*rate 0.8944 0.4499 

crop*rate 0.8571 0.8360 

year*crop*rate 0.9041 0.8866 

term <.0001 <0.001 

year*term 0.0005 0.3795 

crop*term 0.3744 0.2861 

year*crop*term 0.2143 0.3139 

rate*term 0.972 0.9452 

year*rate*term 0.8712 0.8705 

crop*rate*term 0.9152 0.9990 

year*crop*rate*term 0.8122 0.8666 

location 0.5874 0.3599 

year*location <.0001 <0.001 

location*crop 0.0171 0.0900 

year*location*crop 0.1538 0.1694 

location*rate 0.4784 0.8627 

year*location*rate 0.523 0.6407 

location*crop*rate 0.6174 0.8594 

year*locat*crop*rate 0.4655 0.9250 

location*term 0.1163 0.7288 

year*location*term 0.0024 0.2215 

location*crop*term 0.6758 0.5603 

year*locat*crop*term 0.6622 0.7213 

location*rate*term 0.3139 0.6953 

year*locat*rate*term 0.8243 0.6789 

locat*crop*rate*term 0.8968 0.9786 

yea*loc*cro*rat*term 0.4691 0.7587 

 1 

 2 

 3 

 4 

 5 
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Table 10: ANOVA table for Delta yield for 0 N 

fertilizer rate over two years and two locations with 

three cover crops 

Effect Pr > F 

  location 0.4992 

year 0.1575 

term 0.0001 

crop <.0001 

rate 0.0465 

year*locat*crop*rate 0.9224 

crop*rate 0.952 

crop*term 0.2545 

rate*term 0.9178 

crop*rate*term 0.9994 

year*location <.0001 

location*term 0.2655 

location*crop 0.1174 

location*rate 0.6509 

location*crop*rate 0.9384 

location*crop*term 0.5051 

location*rate*term 0.9271 

locat*crop*rate*term 0.9853 

year*term 0.1891 

year*crop <.0001 

year*rate 0.6406 

year*crop*rate 0.9028 

year*crop*term 0.8988 

year*rate*term 0.9734 

year*crop*rate*term 0.9995 

 1 

  2 
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Table 11: ANOVA table for Delta yield for 112 N 

fertilizer rate over two years and two locations with 

three cover crops 

Effect Pr > F 

location 0.0167 

year 0.536 

term 0.1972 

crop 0.0012 

rate 0.1197 

year*locat*crop*rate 0.974 

crop*rate 0.9751 

crop*term 0.39 

rate*term 0.944 

crop*rate*term 0.9997 

year*location <.0001 

location*term 0.4192 

location*crop 0.2288 

location*rate 0.7435 

location*crop*rate 0.9679 

location*crop*term 0.6268 

location*rate*term 0.9499 

locat*crop*rate*term 0.9925 

year*term 0.0863 

year*crop 0.0009 

year*rate 0.738 

year*crop*rate 0.9491 

year*crop*term 0.9305 

year*rate*term 0.9809 

year*crop*rate*term 0.9997 

 1 

  2 
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Table 12: ANOVA table for Delta yield for 224 

N fertilizer rate over two years and two locations 

with three cover crops 

Effect Pr > F 

location 0.0164 

year 0.0304 

term 0.0188 

crop 0.0007 

rate 0.0992 

year*locat*crop*rate 0.9741 

crop*rate 0.9784 

crop*term 0.3362 

rate*term 0.9051 

crop*rate*term 0.9995 

year*location <.0001 

location*term 0.7902 

location*crop 0.1801 

location*rate 0.7304 

location*crop*rate 0.97 

location*crop*term 0.551 

location*rate*term 0.9268 

locat*crop*rate*term 0.9953 

year*term 0.6039 

year*crop 0.0004 

year*rate 0.6673 

year*crop*rate 0.9294 

year*crop*term 0.891 

year*rate*term 0.9901 

year*crop*rate*term 0.9998 

 1 

  2 
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Table 13: ANOVA table for yield of three 

differently fertilized control plots over two years 

and two locations 

Effect Pr > F 

year <.0001 

location 0.0315 

year*location <.0001 

Nrate <.0001 

year*Nrate 0.463 

location*Nrate 0.7416 

year*location*Nrate 0.1336 

term 0.0658 

year*term 0.1915 

location*term 0.5525 

year*location*term 0.3331 

Nrate*term 0.7698 

year*Nrate*term 0.7076 

location*Nrate*term 0.8026 

year*loca*Nrate*term 0.1581 

 1 

  2 
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Table 14: ANOVA table for yield of three 

different cover crop plots over two years and two 

locations 

Effect Pr > F 

location 0.0085 

year <.0001 

year*location 0.9177 

term 0.7413 

location*term 0.4083 

year*term 0.3536 

year*location*term 0.1862 

crop <.0001 

location*crop 0.053 

year*crop <.0001 

year*location*crop 0.1746 

crop*term 0.1533 

location*crop*term 0.3757 

year*crop*term 0.8437 

year*locat*crop*term 0.9178 

rate 0.0169 

location*rate 0.5681 

year*rate 0.5215 

year*location*rate 0.8585 

rate*term 0.8677 

location*rate*term 0.8912 

year*rate*term 0.9747 

year*locat*rate*term 0.9858 

crop*rate 0.9301 

location*crop*rate 0.9085 

year*crop*rate 0.8343 

year*locat*crop*rate 0.9934 

crop*rate*term 0.9989 

locat*crop*rate*term 0.9809 

year*crop*rate*term 0.9993 

yea*loc*cro*rat*term 0.9014 

 1 

  2 
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Table 15: ANOVA table for yield of highest seeded 

cover crop plots and three different fertilized control 

plots over two years and two locations 

Effect Pr > F 

year <.0001 

location 0.0093 

year*location <.0001 

crop <.0001 

year*crop 0.0087 

location*crop 0.043 

year*location*crop 0.0014 

term 0.2641 

year*term 0.16 

location*term 0.5378 

year*location*term 0.8822 

crop*term 0.6039 

year*crop*term 0.9609 

location*crop*term 0.8748 

year*locat*crop*term 0.4494 

 1 


