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Conditions within maize (Zea mays L.) fields can cause plant-to-plant variability  

(PPV) because of emergence, spacing, and mid-season growth non-uniformities.  PPV 

has been associated with yield reductions in maize. Maize growers can influence field 

conditions and maize yields through management practices such as rotation and tillage. 

The objectives of this research were to determine the effect that tillage and crop rotation 

systems have on maize growth and PPV, and whether PPV is a mechanism for yield 

differences observed among management systems. Field experiments were conducted at 

the Elora Research Station in Ontario, Canada in 2010 and 2011, where maize was grown 

under various tillage and rotation treatments. Plant-level measurements were taken 

throughout the season. Diverse crop rotations and conventional tillage (CT) increased 

grain yields. Maize grown in no-tillage (NT) treatments had later seedling emergence, 

lower leaf numbers throughout the season, shorter plants at silking, later anthesis and 

silking, and lower plant grain yields compared to CT treatments.  Rotations that 

incorporated alfalfa or cover crops had earlier silking dates and fewer plants that were 

developmentally delayed compared to mono-crop rotations. PPV was characterized using 

variance (s
2
) and the coefficient of variation (CV), but the two approaches did not 

drastically change the outcome of the study. Tillage more consistently altered PPV than 

rotation treatments. NT had higher variability in emergence, leaf number, silking date, 

plant spacing, anthesis-silking interval, and harvest index than CT. Higher variability in 

emergence, early-season leaf number, dry matter at silking,and harvest index were found 

to be mechanisms for lower yields in NT treatments. This research suggests that 

producers should take measures to limit variability in these parameters due to their 

associations with yield reductions, especially when growing maize in NT systems. 
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Chapter 1: Introduction 

Maize is one of the most productive annual row crops in the world and its 

production has vast economic and social implications.  The readily available starches in 

maize allow the crop to be widely used in livestock feeds, foods for human consumption, 

and industrial applications such as alcohols, pharmaceuticals, and bio-fuels (GFO, 2012).  

Worldwide, approximately 865 million tonnes of maize are produced annually, with 

Canada contributing approximately 10.7 million tonnes (USDA, 2012). Approximately 

96% of maize grown in Canada is grown in Ontario and Quebec (Howatt, 2006).  Maize 

production contributes approximately $1 billion in GDP to the Ontario economy annually 

(Vyn and Marchand, 2005).  Approximately 70% of growers in Ontario produce maize 

every year, constituting 800,000 hectares of land area (Vyn and Marchand, 2005; McGee, 

2010).   

Producers employ cultural practices that are specific to their farming system to 

maximize maize yields. A cultural practice is any management practice used by a grower 

to establish and produce a crop. Basic cultural practices include crop rotation and tillage 

practices. Crop rotation can be defined as the interchanging of crop species year by year 

on the same area of land and/or using cover crops during fallow seasons.  

Tillage involves the mechanical manipulation of soil to promote more favourable 

seedbed conditions for crop establishment (Yoder, 1938).  Conventional tillage consists 

of the use of primary tillage (moldboard plow or a disc implement) in the fall, followed 

by secondary tillage in the spring for seedbed preparation using a cultivator.  

Conservation tillage is any tillage/planting system that leaves at least 30% of the field 



2 
 

covered with crop residue after planting has been completed (Raoufat and Mahmoodieh, 

2005), whereas no-tillage is the complete avoidance of soil disturbance prior to crop 

seeding. The use of conservation and no-tillage has increased considerably over the past 

few decades due to increased concerns about soil erosion, decreasing organic matter, and 

increasingly high fossil-fuel prices in conventional farming systems (Raoufat and 

Mahmoodieh, 2005).  From 1991 to 2006, the use of conventional tillage in Ontario 

decreased by approximately 44%, while conservation and no-tillage has increased by 

approximately 40% and 700%, respectively over the same time frame (Statistics Canada, 

2009).  The use of rotations increased by approximately 3% from 2001 to 2006 and the 

use of cover crops in rotations rose by 56% from 2001 to 2006.  Even with this increase, 

only 15% of producers used winter cover crops in 2006 (Statistics Canada, 2007).    

Commercial maize grain yields have risen seven-fold from the 1930’s to the end of 

the 1990’s, and continue to rise today (Duvick, 2005).  These yield improvements have 

largely been attributed to a combination of genetic improvement, superior agronomic-

management practices, and an increased ability of maize plants to handle stresses 

(Tollenaar and Lee, 2002). A stress in a crop canopy can be any factor that reduces 

resource capture or resource utilization (Tollenaar and Lee, 2002).  Although modern 

hybrids are more stress-tolerant, stresses that occur throughout maize development can 

cause stunted growth in certain plants within the canopy, resulting in higher plant-to-plant 

variability (PPV) (Cerrudo, 2010).  PPV is a measure of non-uniformity characterized by 

plant differences among their neighbours in rate of growth (Pagano et al., 2007), stage of 

development (Liu et al., 2004a), spacing (Glen and Daynard, 1974), and/or final plant 

grain yield.  At first glance, a stand of commercially grown maize may look uniform, but 
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upon closer inspection it becomes apparent that within-row plant non-uniformities and 

hierarchies exist (Liu et al., 2004a).  

PPV can be caused by several factors including variability in: (i) time of emergence 

(ii) genetics (iii) stresses in microenvironments (iv) seed size (v) effects of herbivores, 

parasites, and pathogens (vi) post-emergent competition (Wu, 1998)  (vii) plant spacing 

(Liu et al., 2004a) and/or  (viii) plant density (Vyn, 1978). Size differences early on in the 

season have been shown to manifest themselves in later stages of plant development 

(Landie and Crosbie, 1982) when competition for resources intensifies (Maddonni and 

Otegui, 2004).  

PPV within the canopy of multiple morpho-physiological parameters of maize 

growth has been related negatively to grain yield (Pendleton and Seif, 1962; Glenn and 

Daynard, 1974; Edmeades and Daynard, 1979; Ford and Hicks 1992; Wu, 1998; Nielson, 

2001; Liu et al., 2004 a,b; Tokatlidis and Koutroubas, 2004; Andrade and Abbate, 2005; 

Maddoni and Otegui, 2007; Boomsma et al., 2010), whereas other studies have found 

PPV within a canopy, but with no direct negative impacts on yield (Erbach et al., 1972; 

Muldoon and Daynard, 1981; Daynard and Muldoon, 1983; Lauer and Rankin, 2004; Liu 

et al., 2004c; Martin et al., 2005; Cerrudo, 2010; Kovacs et al., 2011).  It is possible that 

the ability of maize plants to compensate for certain non-uniformities among their 

neighbours within the canopy is a cause for these contrasting findings (Pommel and 

Bonhomme, 1997, Tollenaar et al., 2006; Coulter et al., 2011).      

It is widely accepted that there is a positive yield response when maize is grown in 

rotation with other crops rather than growing maize year after year (Mannering and 
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Griffith, 1981; Dick et al., 1986; Higgs et al., 1990; Raimbault and Vyn, 1991). Crop 

rotation is believed to increase yields because of i) increased available plant nutrients 

(Baldock and Musgrove, 1980; Vyn et al., 2000) ii) improved soil structure (Baldock and 

Kay, 1983); iii) decreased residue-borne pathogens (Norstadt and McCalla, 1968); and iv) 

an increased incidence of beneficial rhizosphere microorganism communities (Turco et 

al., 1990). Tillage is also believed to positively influence maize yields due to enhanced 

nutrient mineralization, soil aeration, and soil warming and drying (Dalal and Mayer, 

1986; Balesdent et al., 1990; Cambardella and Elliot, 1993), however, these benefits are 

believed to be more variable depending on soil type, drainage, and crop rotation (Dick et 

al., 1991; Vyn and Raimbault, 1993).   

No-tillage can exhibit more cultural (i.e. non-uniform planting depth, variable 

emergence, seed spacing, residue distribution) (Liu et al., 2004c; Boomsma et al., 2010) 

and biological  (i.e. pest pressure) (Mock and Erbach, 1977; Dodd and White, 1999; 

Broders et al., 2007) sources of PPV than conventional tillage.  Continuous maize 

systems have also been found to possess higher levels of variability in plant growth, 

indicating the potential role of crop rotation on PPV (Boomsma et al., 2010).  However, 

the role of rotation and tillage management on maize growth uniformity and its 

subsequent effect on grain yield is understudied.   

The present study aims to further investigate the role that cultural practices such as 

tillage and rotation play in determining non-uniformities in maize plant growth in the 

canopy. A second objective of this is study is to determine whether PPV is a mechanism 

to explain apparent yield differences between rotation and tillage systems.         
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Chapter 2. Literature Review  

2.1 Determining Yield  

Yield of maize plants is determined primarily through kernel number (KN), where a 

yield reduction is a result of decreased KN (Andrade, 1999; Cerrudo, 2010). The success 

of a maize plant largely depends on environmental conditions bracketing silking 

(Tollenaar and Daynard, 1978; Fischer and Palmer, 1984; Kiniry and Ritchie, 1985;  

Aluko and Fischer, 1988; Cirilo and Andrade, 1994).  There are a number of 

environmental and growth factors on which KN depends.  The amount of light 

intercepted by the canopy (Andrade et al., 1993; Kiniry and Knieval, 1995; Otegui and 

Bonhomme, 1998) determines plant photosynthesis (Edmeades and Daynard, 1979), 

which consequently dictates biomass production, (Hawkins and Cooper, 1981; Tollenaar 

et al., 1992) and KN.  The growth rate of the maize plant is the product of these factors 

particularly during a critical period of 7 days prior to and 21 days after silking (Tollenaar 

et al., 1992).  In general, there is a positive relationship between KN and an intermediate 

to high plant growth rate around silking  (Andrade et al., 1999; Vega et al., 2001b; 

Tollenaar et al., 1992; Ritchie and Wei, 2000).  A high rate of leaf appearance has also 

been associated with increased grain yields (Liu, 2008; Cerrudo et al., 2012) and may be 

associated with high plant growth rates.  

The interval between anthesis and silking (ASI) of maize plants has also been 

suggested to be a physiological process underlying reproductive success in maize 

(Edmeades et al., 2000). Asynchrony in anthesis and silking (i.e. a wider ASI) has been 

related to lower ear growth rates and KN (Jacobs and Pearson, 1991; Pagano et al., 2007).  
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Stresses that occur at the onset of reproductive growth can slow ear development and silk 

emergence, widening the ASI (Campos et al., 2004), and decreasing KN because of the 

lack of available pollen (Pagano et al., 2007). Increases in ear growth rate, harvest index, 

grain yield, and light and nutrient deficiency tolerance have also been associated with a 

decreased ASI (Edmeades et al., 2000).  

2.2 Causes of plant-to-plant variability (PPV) 

PPV is a measure of non-uniformity characterized by plant differences among their 

neighbours in rate of growth (Pagano et al., 2007), stage of development, (Liu et al., 

2004a) and/or final plant grain yield (Martin et al., 2005).  Differences in plant size and 

growth rate within a canopy may develop for one or a combination of reasons including 

variability in: (i) time of emergence, (ii) genetic differences, (iii) conditions in 

microenvironments, (iv) seed size; (v) various effects of herbivores, parasites, and 

pathogens, (vi) post-emergent competition, (Wu, 1998)  (vii) plant spacing (Glen and 

Daynard, 1974; Liu et al., 2004a), or  (viii) plant density (Vyn, 1978).  A majority of PPV 

results from cultural practices like plant density, nutrient application, (Pagano and 

Maddonni, 2007) and tillage operations (Boomsma et al., 2010) that affect plant 

emergence, competition, and biological phenomena, rather than genetic variation (Glenn 

and Daynard, 1974; Daynard and Muldoon, 1983).  Seed size has not been found to have 

any effect on corn emergence, height, or grain yield (Hunter and Kannenberg, 1972; 

Hicks et al., 1976).  For these reasons, this manuscript will focus on the cause and effect 

relationship between management practices, time of crop emergence, mid-season crop 

competition, plant spacing uniformity, and any biological interactions that may result 
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therein.  These most common sources of PPV each have specific causes, and will be 

discussed in more detail.   

2.3 Planting Density 

 Planting density (population) determines the degree to which plants compete 

within a canopy, which can lead to PPV (Vyn, 1978).  There are several possible 

scenarios in which plant density can affect PPV and yield, but this depends on the cause 

of the crowding stress.  In general, crowding stress will result in a reduction of resource 

capture and utilization of nutrients if crowding leads to enhanced mutual shading 

(Tollenaar et al., 2006), which could lead to yield loss.  If crowding is a result of plant 

spacing non-uniformities, those plants that experience reduced crowding stress may be 

able to offset the reduced resource capture of those under crowded conditions (Pommel 

and Bonhomme, 1998; Tollenaar et al., 2006).   More in depth discussions on yield 

compensation and plant competition will be found in subsequent sections.  

Increasing population per se decreases yield on an individual plant basis, but not 

necessarily at the crop (community) level (Jacobs and Pearson, 1991; Nafziger, 2006).  

By increasing plant population from 37,000 plants ha
-1

 to 100,000 plants ha
-1

 Nafziger 

(2006) found decreased kernel number and weight per plant, but an increase in overall 

yield on a per-hectare basis.  A roughly parabolic relationship exists between plant 

density and per-unit-area grain yield (Tokatlidis and Koutroubas, 2004), suggesting a 

specific plant density exists for each production system that maximizes resource use and 

capture (Boomsma et al., 2009).   In the event that supra-optimal planting densities 

decreased overall yield, morphological responses such as reductions in plant 
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photosynthesis, shoot, and ear growth around silking (Andrade et al., 1999; Echarte and 

Tollenaar, 2006), delays in time to anthesis and silking, declines in above ground biomass 

and harvest index, increased barrenness, and higher variability in plant height, 

reproductive processes, kernel weight and number, and plant grain yield have been 

observed (Duncan et al., 1972; Glen and Daynard, 1974; Edmeades and Daynard, 1979; 

Bunce, 1990; Otegui, 1997; Andrade et al., 1999; Toklatlidis and Koutroubas, 2004; 

Andrade and Abbate, 2005; Hashemi et al., 2005; Maddonni and Otegui, 2006;  Borras et 

al., 2007).  

Even so, yield improvements in maize over the past several decades have been 

associated with the ability of maize plants to tolerate crowding stress, but this tolerance 

may be genetically-dependent (Tollenaar and Lee, 2002).  It is possible that partitioning 

of assimilates to reproductive organs is resilient across various planting densities 

(Tolleenaar et al., 2006).  This suggests that as long as a harvest index of 50% is 

maintained, yield may also be maintained.  However, when the prominence of barrenness 

increases, which is highly associated with a decrease in harvest index, plant density 

increases may begin to result in yield loss (Sangoi and Salvador, 1998; Tollenaar et al., 

2006).  

2.4 Plant Spacing 

 Planting density and plant spacing are closely related concepts because non-

uniformities in plant spacing can cause localized crowding stress. Within a maize field 

there may be combinations of crowded plants and long and short gaps, the incidence of 

which are often related to planting speed (Liu et al., 2004c), the ability of the planter to 
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singulate seeds, and to uniformly transfer them down into the seed furrow (Liu et al., 

2004a).  Even with today’s level of mechanization, these non-uniformities still exist 

(Vyn, 1978).  The impact of within-row plant spacing variability on grain yield is unclear  

(Lui et al., 2004a, 2004b, 2004c).  On one hand, Krall et al.,  (1977) and Nielson (2001) 

found decreases of 84 kg ha
-1

 and 62 kg ha
-1

, respectively, for each centimeter increase in 

SD of plant spacing, while others have found that spacing variability will not reduce grain 

yield if the plant population is adequate as seen in many commercial fields (Erbach et al., 

1972; Edmeades and Daynard, 1979; Muldoon and Daynard, 1981; Daynard and 

Muldoon, 1983; Lauer and Rankin, 2004; Liu et al., 2004 a, 2004b; Kovacs et al., 2011).  

Still others suggest that, although yield may be affected where there is an unusually large 

fluctuation in within-row spacing (Coulter, 2011), aesthetic appearance may be the 

primary reason for the interest in plant spacing uniformity (Vyn, 1978). Still others 

contend that genotypic differences may explain the contrasting response of maize grain 

yield to spatial variability (Tollenaar et al., 1992; Tollenaar and Wu, 1999; Echarte et al., 

2000; Tollenaar and Lee, 2002; Sangoi et al., 2002; Luque et al., 2006; Pagano and 

Maddonni, 2007).  

2.5 Uniformity of Emergence 

PPV can be established well before the critical period of seed set (Maddonni and 

Otegui, 2004), as early as planting.  Considerable attention has been given to the non-

uniformity of plant emergence as a cause of PPV, because it most consistently results in 

yield loss (Carter and Nafziger, 1989; Nafziger et al., 1991; Ford and Hicks, 1992; 

Nielson, 2001; Liu et al., 2004a, 2004b, 2004c; Andrade and Abbate, 2005, Tollenaar et 

al., 2006).  The causes of emergence delays may be numerous. They may include: 
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variable planting depths, wheel compaction, location of seed within the furrow, surface 

crusting, random soil clods, soil texture differences, variable seed spacing, variable seed 

germination, compaction around the seed, insect damage, marginal moisture availability, 

variable surface residue, and variable seed furrow closure (Martin et al., 2005).   

Delays in emergence will often give rise to differences in plant height and 

development during the growing season (Vyn, 1978; Pommel and Fleury, 1989). Uniform 

plant height, which is indicative of uniform emergence, is required for higher yields 

(Pendleton and Seif, 1962; Glenn and Daynard, 1974, Daynard and Muldoon, 1983; Liu 

et al., 2004a). Uniform emergence of maize is therefore critical.  However, the degree to 

which variation in emergence date affects overall yield depends on the magnitude of 

initial leaf area differences and resource competition within the canopy (Vyn, 1978).  It 

has been reported that delayed emergence of some plants within a stand can reduce grain 

yield on a per-hectare basis from 6 to 22% (Nafziger et al., 1991).  Furthermore, yield 

decreases of 292.8 kg ha
-1

 d
-1

 have been found whenever the time to 50% emergence is 

delayed by more than three days within the stand (Liu et al 2004b, 2004c).  Earlier 

studies have found that maize yield on a per plant basis declines by 5% for every day in 

emergence delay after the mean emergence date of the canopy or plant stand (Nishikawa 

and Kudo, 1973).   

PPV has been observed to impair the ability of corn to partition resources towards 

the economically important parts of the plant, (Vega and Sadras, 2003) resulting in yield 

loss (Glenn and Daynard, 1974).  This yield loss may be a product of competition within 

a crop canopy that had late-emerging plants.  The younger plants will be required to 

compete for solar radiation, moisture, and nutrients with taller, more dominant early-
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emerging plants that have more developed root systems (Liu et al., 2004a).  Late-

emerging plants dominated by taller adjacent plants will have a lower capacity to capture 

resources (Maddonni and Otegui, 2004). In some conditions, these weak plants may not 

contribute to grain yield, and may reduce the yield of adjacent plants, similar to the effect 

of weeds on crop yields (Liu et al., 2004a).  

2.6 Post-Emergent Plant-to-Plant Competition 

The establishment of mid-season PPV has been reported in maize stands that had 

evenly distributed early-season stands and uniform emergence (Maddonni and Otegui, 

2004; Pagano and Maddonni, 2007).  This suggests that the development of PPV may be 

a consequence of post-emergent intra-specific competition (Ritchie et al., 1993; 

Maddonni and Otegui, 2004; Pagano and Maddonni, 2007; Caviglia and Melchiori, 

2011).   

Competition occurs when the supply of a resource is insufficient for the combined 

needs of two or more plants (Donald, 1963).  Competition can be resource dependant or 

resource independent (Harper, 1977).   For example, competition that reduces the supply 

of critical resources such as light, water and nutrients can cause yield reductions 

(resource dependent) (Tollenaar et al., 1994; Evans et al., 2003), or it can be caused by 

the mere presence of other plants, where seedling development can change before 

resources even become limited (Ballare et al., 1987; Girardin and Tollenaar, 1994; 

Maddonni et al., 2002; Rajcan et al., 2004; Liu et al., 2009).   Early signaling facilitates 

the detection of neighbouring plants (Page et al., 2010). This can trigger morphological 

changes that include increasing the rate of inter-node elongation and adjusting leaf area, 
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both of which are processes that direct resource allocation away from the developing ear.  

(Ballare et al.,1994; Aphalo and Ballare, 1995).  Even small differences in plant size 

within a maize canopy can amplify these responses (Maddonni and Otegui, 2004). 

Therefore, minimizing either early-season PPV or competition for critical resources 

within a maize canopy will limit competition and corresponding morphological changes 

that lead to yield loss.  

2.7 Barren Plants 

Plants that are experiencing low growth rates around silking, may fall below the 

critical threshold for kernel set and run the risk of being barren; producing no grain 

(Tetio-Kangho and Gardener, 1988; Vega et al., 2001; Maddoni and Otegui, 2004).  Any 

stresses leading up to silking that cause competition, PPV and low growth rates in maize 

development play a negative role in final yield (Cakir, 2004; Rajcan and Swanton, 2001; 

Subedi and Ma, 2005; Sidhu and Duiker, 2006; Gaultney et al., 1982) by reducing dry 

matter accumulation early in development, delaying the plant from developing 

phenologically, and affecting the morphology of the plant (Doorenbos and Kassam, 1979; 

Evans et al., 2003; Page et al, 2010). These morphological changes include alterations in 

plant height and leaf area (Page et al., 2010).  These changes cause a loss in yield because 

of a decrease in harvest index.  PPV manifests itself within a canopy by increasing the 

number of plants below the critical threshold of plant dry matter accumulation required to 

set kernels, thus reducing grain yield and harvest index (HI) (Cerrudo, 2010).  

There are mixed findings on the impact of barren plants on the overall yield of a 

maize crop.  Nielson (2001) suggested that a two-leaf difference or greater between two 
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plants will almost always result in the younger plant of the two being barren.  Nielson 

(2001) traces the unproductive fate of these plants to delayed emergence, which caused 

them to be unable to compete with older, more established plants for water, nutrients, and 

light.  However, other research suggests that a maize canopy has the ability to 

compensate for these barren plants.  

2.8 Yield Compensation 

Compensatory yield by neighbouring plants in a stand that has missing plants, 

barren, or non-uniform plant staging has been found to occur because of an increase in 

leaf surface radiation absorption of the neighbouring dominant plants (Pommel and 

Bonhomme, 1997).  Effective yield compensation can occur as long as leaf area index 

(LAI) and plant density remain adequate (Lauer and Rankin, 2004; Tollenaar et al., 

2006), which results in an increase in per-plant yield and aboveground biomass yield 

(Coulter et al., 2011).  This may be the mechanism behind several studies that have found 

no yield loss due to PPV described above.  Coulter et al. (2011) found maize yield 

reductions of only 4% after a 16.7% stand reduction at various stages of maize growth 

(V5, V8, and V11). In the same study, a stand loss of 50% at the V11 and V15 stages of 

maize growth had individual plant yields that were 45% higher than a control treatment 

with no stand loss.    However, other studies suggested this extra source activity is 

insufficient to compensate for the yield foregone by missing or dominated barren plants 

in a maize canopy (Pendleton and Seif, 1962; Carter and Nafziger, 1989; Nafziger et al., 

1991; Ford and Hicks, 1992; Pommel and Bonhomme, 1997, Wu, 1998; Liu et al., 2004a, 

2004b).  Some suggest that the determinate nature of maize is a possible explanation for 
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its relatively limited ability to adjust reproductive growth to an increase in resource 

availability (Bonaparte and Brawn, 1975).  

The effectiveness of yield compensation also depends on the cause of PPV. For 

example, grain yield compensation if PPV is a result of plant spacing variability was 

found to be 63%, while only 34% if PPV was a result of late emerging plants (Tollenaar 

et al., 2006).  Yield decreases also depend on how extreme the causes of PPV are.  Liu et 

al. (2004b) found that yield compensation occurs within a canopy as long as plant-

spacing standard deviation (SD) remained below 17 cm, beyond which a yield decrease is 

more likely to occur, while Muldoon and Daynard (1981) found gaps as large as 102-cm 

to have no effect on grain yield.   

2.9 Crop Rotation and Tillage effects on Maize Yield and Growth 

A cultural practice is any action employed by a grower to ensure the optimal 

establishment and production of a crop.  Basic cultural practices include crop 

rotations/sequences, tillage, and nutrient fertilization (Boomsma et al., 2010).  Most 

cultural practices involved in maize production affect grain yield by modifying plant 

growth rates at the critical time of kernel set (Pagano and Maddonni, 2007).  However, 

early-season conditions are also functions of cultural practices and are responsible for 

variable growth rates around this critical time (Liu et al. 2004a; Tollenaar et al., 2006) 

Population density is also considered a cultural practice, but because of its more direct 

impact on PPV, it was considered in a previous section.  

The effect of crop rotation on maize yield per se is well documented.  It is widely 

accepted that there is a positive yield response when maize is grown in rotation with other 
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crops rather than growing maize year after year (Mannering and Griffith, 1981; Dick et 

al., 1986; Higgs et al., 1990; Raimbault and Vyn, 1991).   For example, studies have 

suggested that maize yields are higher when the preceding crop is soybean (Erbach, 1982; 

Kladivko et al., 1986; Vyn 1988; Dick et al., 1991) with a 6.5 to 30.6% increase in maize 

yield found when rotated in this fashion (Welch, 1985).  Adding forage crops to a rotation 

also enhances yield.   An 11.2% increase in maize yield has been found when rotated 

with two years of an alfalfa crop using minimum tillage (Raimbault and Vyn, 1991).   

The addition of cover crops such as red clover to a rotation can also increase yields of 

subsequent maize crops (Riedell et al., 1998; Singer and Cox, 1998; Vyn et al, 2000) 

because of an increased availability of plant nutrients (Vyn et al., 2000).   More recent 

data also suggests that the inclusion of a cereal such as wheat in a rotation has the 

potential to significantly increase maize yields by approximately 22% compared to 

growing maize continuously (Hooker, 2012).   

Crop rotation is believed to increase yields because of:  i) increased available plant 

nutrients (Baldock and Musgrove, 1980; Vyn et al., 2000), ii) improved soil structure 

(Baldock and Kay, 1983; Angers and Mehuys, 1988; Raimbault and Vyn, 1991), iii) 

decreased residue-borne pathogens (Norstadt and McCalla, 1968), and iv) an increased 

incidence of beneficial rhizosphere microorganism communities (Turco et al., 1990).  

Over a multi-year study Raimbault and Vyn (1991) found increasing yield gains over 

time in rotated corn over continuous corn.  Their study found a 1.5% yield advantage in 

the first year, which increased to 5.5, 6.8, and 8.9% in subsequent years.  This increasing 

yield advantage from crop rotation over a mono-crop system in each year of the study 

suggests that there could be deteriorating soil structure, pest buildup, or allelopathic 
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effects occurring in the continuous corn rotation that become more pronounced over time 

(Raimbault and Vyn, 1991).  Aggregate size distribution, which is considered a measure 

of soil tilth, was found to be greater under a rotation that incorporated red clover, rather 

than growing corn continuously (Angers and Mehuys, 1988; Raimbault and Vyn, 1991).   

Wet aggregate stability, a soil quality parameter important for minimizing soil erosion 

and crusting, maximizing air and water entry into the soil, and facilitating seedling 

emergence, has been found to decrease over time under a continuous corn rotation 

(Buldock and Kay, 1987), while incorporating legumes such as alfalfa and red clover into 

a rotation has positive effects on wet aggregate stability (Webber, 1965; Raimbault and 

Vyn, 1991).  

The effectiveness of a rotation at increasing maize yield cannot be accurately 

measured without taking into account the accompanying tillage management systems 

(Meyer-Aurich et al., 2006). Yield response in corn when rotated with other crops is more 

pronounced under no-till systems (Griffith et al., 1988; Raimbault and Vyn, 1991; 

Wilhelm and Wortmann, 2004).  For example, a 3.9 and 7.9% increase in maize yield 

was found for conventional and minimum tillage respectively when grown in rotation 

with other crops (Raimbault and Vyn, 1991).  

Other than effective seedbed preparation, conventional tillage is widely used 

because it can enhance mineralization, improve soil aeration, accelerate soil warming and 

drying, enhance the availability of carbon for decomposition and nitrogen to plants by 

incorporating crop residues and surface applied fertilizers (Balesdent et al.,1990; 

Cambardella and Elliott,1993; Dalal and Mayer, 1986), alleviate soil compaction 

(Voorhees, 1983), and control weeds (OMAFRA, 2009). On the other hand, conservation 
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tillage and no-tillage systems are attractive cultural practices because they are associated 

with lower machinery costs, reduced labour requirements, and decreased risk of soil 

erosion (Uri et al., 1999; Weersink et al, 1992).   However, trials frequently observe a 

yield loss in no-till systems compared to conventional systems for maize grown on 

poorly-drained, fine-textured soils (Dick et al., 1991; Vyn and Raimbault, 1993) 

primarily because of cool, wet seedbeds that delay planting and hinder seedling 

establishment (Dodd and White, 1999).   Vyn and Raimbault (1993) conducted a study 

where they compared corn yields over five different tillage operations and found a yield 

disadvantage averaging 14% in no-till practices compared to fall plow and spring 

plow/secondary tillage operations.   In contrast, a 25-yr tillage experiment conducted in 

Ohio found an initial yield lag under no-till in a poorly drained, fine textured soil, but 

similar yields in the later years (Dick et al., 1991).  The same study also found 

consistently higher yields using no till over moldboard plow in well-drained soils.  

Tillage effects on maize yield are highly dependent upon other parameters including i) 

soil type; ii) drainage; and iii) and rotation (Dick et al., 1991; Vyn and Raimbault, 1993) 

and may explain these contrasting results.  Seasonal differences are also significant 

factors, where no-till has been found to have a more pronounced yield advantage in dry 

years than those with normal precipitation (Al-Darby and Lowery, 1986).   

The literature also supports evidence of growth differences in maize development 

that are functions of cultural practices.  In the same study where Raimbault and Vyn 

(1991) found yield advantages in certain rotations and tillage practices in a well-drained 

soil, they also found corresponding growth differences at the plant level.  Early in the 

season, for example, the continuous maize rotation had a significantly lower leaf number 
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than the maize-soybean-wheat (red clover) rotation and a significantly lower plant height 

than the maize-alfalfa rotation around silking.  A clear difference was also found when 

comparing no-till to conventional tillage practices.  Leaf number, plant height, LAI, and 

days to 50% silk emergence were all significantly lower under no-till practices compared 

to conventional practices. These results are inconsistent, however, with a study conducted 

at Cornell University that found higher early-season mean leaf counts, higher LAI, and 

higher biomass production in no-till practices over moldboard plow practices, but with 

insignificant yield differences (Karunatilake et al., 2000).   These results were taken at a 

dry period in the growing season and may be evidence that no-till allows for more 

efficient water use by crops in dry years (Griffith et al., 1986).  

2.10 Rotation, Tillage, and Plant-to-Plant Variability 

Given the primary causes of PPV and the specific growing conditions brought 

about by cultural practices outlined in previous sections, it is possible to discern how 

cultural practices might impose certain conditions that cause non-uniformities in plant 

growth.  However, the link between maize management and PPV has predominately been 

indirect in the literature. This PPV could be a direct function of the cultural practice or a 

result of biological phenomena that i) resulted from that cultural practice, or ii)  is beyond 

the control of the producer (i.e. soil type) (Glenn and Daynard, 1974; Daynard and 

Muldoon, 1983).  This aside, there is considerable overlap between the cultural and 

biological causes of PPV.  For example, attention has been given to no-till management 

because it typically exhibits a greater number of cultural and biological sources of PPV 

(Swan et al., 1994).  No-till has been associated with more emergence delays than 

conventional tillage (Mock and Erbach, 1977; Vyn, 1978; Vyn and Raimbault, 1993; Vyn 
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and Hooker, 2002). Both delayed and variable emergence has been observed to cause 

yield loss in maize (Ford and Hicks, 1992; Nielson, 2001; Liu et al., 2004a), but the direct 

connection between tillage systems with emergence variability and a corresponding yield 

difference has not been made in the literature.  

 Tillage operations enhance soil warming and drying (Cambardella and Elliot, 

1993), the absence of which results in cool and wet soil conditions that can delay seed 

germination and seedling emergence (Carter and Barnett, 1987; Boomsma et al., 2010).  

Swan et al. (1987) found lower in-row soil temperatures by increasing corn residue cover 

from 8 to 87% and found a corresponding decrease in early season seedling growth and 

vigour and yield at harvest.  This lengthened time to emergence can increase the duration 

that seedlings are exposed to blights and insect pressure (Dodd and White, 1999) and 

further manifest into yield loss because of emergence variability (Ford and Hicks, 1992; 

Liu et al., 2004 a,b) and lower plant populations (Mock and Erbach, 1977; Vyn and 

Raimbault, 1993; Swan et al., 1994; Hussain et al., 1999).    

The heavy residue cover associated with no-till operations, specifically in a 

continuous maize rotation, poses a physical obstacle to crop establishment as well.  

Residue cover has been associated with an increased incidence of planter malfunctions 

where they are unable to singulate seeds into the furrow, causing variability in seed 

spacing (Vyn, 1978; Liu et al., 2004c) and depth placement (Mock and Erbach, 1977), 

which are causes of emergence and spacing PPV (Wu, 1998).  

A more recent study by Boomsma et al. (2010) identified potential effects of crop 

rotation and tillage on plant-level growth differences and PPV (using standard deviation 
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to quantify PPV).  The study compared no-till and conventional till with a continuous 

maize and maize-soybean rotation in their combinations and used the conventional tilled, 

maize-soybean treatment as a control.  Yields and variability in plant measures in all 

other treatments were described relative to this control treatment. In general, the results 

showed lower relative yields in the continuous maize, no-till system in 10 out of the 14 

years of the study with yield decreases of as much as 50% in some years.  However, the 

processes behind the yield decreases were unclear.  For example, although the 

continuous-maize, no-till treatment consistently had significantly lower plant populations, 

the years with the most pronounced yield decreases, were not necessarily years with the 

lowest populations.  However, this treatment combination did show plant heights at 4-

weeks after emergence were significantly lower in 11 out of the 14 years, suggesting that 

reduced plant height could be an accurate indicator of low yields in this cultural practice 

(Vetsch and Randall, 2002).  Conversely, a 10% increase in 4-week plant height in 

various treatments was associated with yield improvements.  

Assessing PPV per se, Boomsma et al., (2010) rarely found an association with 

increased SD of plant height at various stages of maize growth with the yield loss found 

in any of the other treatment combinations except for continuous maize, no-till.  A 10% 

increase in 4-week plant height variability led to a 1.5% decrease in relative yield using 

this system.  However, the role that PPV played in the overall outcome of this study was 

less than expected.  
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2.11 Research Opportunities 

The causes of PPV are well established.  Convincing evidence of the 

physiological mechanisms involved in grain yield loss in plants that are experiencing 

stress within the maize canopy is also prevalent in the literature.  Research on the impact 

of PPV in various plant morphological characteristics (i.e. plant spacing, emergence, 

plant height, plant biomass) on grain yield has also been conducted in recent years. The 

impact of variability in various plant measures on yield of a maize community (i.e. the 

field level) is less consistent in the literature due to potential yield compensation of 

dominant plants within the maize canopy. Past work has also demonstrated yield 

differences between management practices such as rotation and tillage, but the 

mechanisms behind these yield differences are not fully understood.  Research has begun 

to uncover the relationship between management practice and maize growth at the plant 

and canopy level. Although several recent studies have quantified growth at the plant-

level under different cultural practices like rotation and tillage (Raimbault and Vyn, 1991; 

Hussain et al., 1999; Karunatilake et al., 2000; Boomsma et al., 2010), they failed to 

capture the concept of PPV on a within-row basis and across several different cultural 

practices. Yield differences between cultural practices may be more than just differences 

in mean plant measures.  

  Boomsma et al. (2010), most closely capture this relationship by identifying that 

conditions brought about by cultural practices will affect plant growth relative to their 

neighbours.  However, they attained their data by taking eight randomly selected plants 

from each treatment. This does not take into consideration any within-row interactions 

that plants may have and fails to account for any yield-reducing plant-to-plant 
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competition or compensatory yield relationships. The study also has a narrow scope of 

plant measures being investigated (plant height only), the variability in which they 

hypothesized may be altering maize yield.  Since plant height is indicative of timing of 

seedling emergence, it is reasonable to suggest that emergence variability may be causal 

for the yield loss as a result of PPV in this study, not necessarily plant height per se.  

 Incorporating more plant morphological measurements of maize development 

such as silking and anthesis date, ASI, growth rate around silking, and harvest index can 

increase the number of possible inferences from such research. Establishing if variability 

in maize growth later in the season is caused by early-season variability (i.e. emergence 

variability) and/or a certain management system is understudied, may be valuable for 

maize growers, and will contribute to the current literature. Expanding the number of 

crop rotations beyond continuous maize and soybean-maize rotations will also allow for 

broader practical application of this research. 

2.12  Hypotheses and Objectives 

Given the literature, the hypotheses of this research are: i) rotation and tillage 

management influence maize yield and  the mean growth of maize plant parameters; ii) 

rotation and tillage management influence variability in plant parameters; iii) PPV is a 

mechanism to explain yield differences between tillage and rotation systems; and  iv) 

yield differences across rotation and tillage management are correlated with differences 

in development at the individual plant level (i.e. leaf development).  The objectives of the 

present study are therefore: i) to establish that rotation and tillage practices influence 

overall grain yield and mean emergence, plant spacing, and plant-level growth 
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characteristics; ii) to determine whether rotation and tillage practices influence 

emergence, plant spacing, and plant-level growth variability; and iii) to determine if 

emergence, plant spacing, and subsequent plant growth variability are mechanisms for 

yield differences between rotation and tillage systems. 
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Chapter 3. Materials and Methods 

3.1 Site Description and Methodology 

 

Field experiments were conducted in 2010 and 2011 at the University of Guelph, 

Elora Research Station located in Elora, Ontario, Canada (4338’N, 8025’W, 380-m 

above sea level). Experiments were conducted within an existing long-term experiment 

known as the Elora Long-Term Rotation-Tillage trial (ER). The area is rated as receiving 

2680 Ontario Corn Heat Units (OCHU) (Brown and Bootsma, 1993) and the soil type is a 

well-drained (and systematically tile-drained) Woolwich silt loam (medium, mixed, 

weakly to moderately calcareous Typic Hapludalf) with approximately 3.8 – 4.0% 

organic matter.  

Pioneer 38B14 (2700 OCHU, glyphosate tolerant) was planted in both years in 

0.76-m wide rows with a population density of approximately 78,000 seeds ha
-1 

in both 

years.  Weeds were controlled with Callisto (0.3 L ha
-1

) and Primextra II Magnum (3.5 L 

ha
-1

) in both years. Planting dates were 7 May and 11 May in 2010 and 2011, 

respectively. In both years, a starter fertilizer formulation of 6-24-6 was applied in-furrow 

and 5-20-20 was applied in a 5x5-cm band at planting at rates of 57 kg ha
-1

 and 157 kg 

ha
-1

, respectively.  In both years there was also approximately 150 kg N ha
-1 

side-dress 

applied mid-row in the form of 28% nitrogen at 42 days after planting (DAP) in 2010 and 

35 DAP in 2011.  In 2011 there was an additional application of 6-24-6 and 10-34-0 

applied in a 5x2 band at approximately 54 kg ha
-1

 at planting. Tillage practices were 

treatment-specific and will be discussed in later sections of this manuscript.    
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Plots consisted of eight 15-m long rows with the outer two rows on either side 

representing border rows.  For data collection, rows three and six were flagged, marking 

the rows containing sampling plots.  In 2010, a 2-m section (sampling plot) of row was 

measured in row three in select treatments and marked with wooden stakes. This was 

carried out after seedling emergence due to time constraints.   The sample plots contained 

the plants to be measured throughout the season to observe treatment effects on PPV.  

The sampling plots consisted of 10-14 plants.  In 2011, the sampling plots were 

established pre-emergence in order to attain emergence data.  Due to concerns about 

sample size from the previous year, an additional sampling plot in row 6 of plots was 

initiated at the onset of the growing season in 2011 and data was collected from both 

lengths throughout the season. In both years, the yields of sampling plots were highly 

correlated with total plot yield (r= 0.8085; P < 0.0001 (2010); r= 0.9390; P < 0.0001 

(2011)).  A total of 1,478 plants (498 (2010) + 980 (2011)) were measured over the two 

growing seasons.   

Both of the experimental years received more precipitation than normal.  The 30-

year normal average precipitation for Elora between April and September was 490-mm. 

The accumulated precipitation was 520 and 568-mm in 2010 and 2011, respectively.  

August of 2010 was particularly dry and May of 2011 received higher precipitation than 

normal. July of 2011 was also drier than normal (Figure 1).   Average monthly 

temperatures were similar to the 30-year average except for the month of June, where 

temperatures were slightly below average in 2010 and 2011 (Figure 2).   Total solar 

radiation received at the Elora Research Station from April to September was very similar 

in 2010 and 2011 at 2896 and 2849 MJ m
-2

, respectively (Table 1).  
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Table 1.  Monthly and total solar radiation (MJ m
-2

) for 2010 and 2011 at 

the Elora Research Station, Elora, ON, Canada.  

 

 

 

  

 

 

 

 

 

 

 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

April May June July August September 

R
a

in
fa

ll
 (

m
m

) 

2010 

2011 

30 Year Average 

Month 2010 2011 

May 646 471 

June 589 646 

July 700 748 

Aug 586 592 

Sept 375 392 

Total 2896 2849 

Figure 1.  Monthly precipitation (mm) for 2010 and 2011 and the 30-year 

average for the Elora Research Station in Elora ON, Canada.   
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3.2 Experimental Design 

 ER is an on-going trial that was initiated in 1980.  The trial was designed as a 

completely randomized split-plot design with four replications.  Plots consisted of eight 

15-m long rows with the outer two rows on either side representing border rows. Whole 

plot (main plot) treatments consisted of fourteen rotations, five of which were used in this 

experiment.  The rotations used included i) continuous maize (MMMM), ii) soybean-

soybean-maize-maize (SSMM), iii) soybean-winter wheat-maize-maize (SWMM), iv) 

soybean-winter wheat (red clover cover crop)-maize-maize (SW(rc)MM, and v) alfalfa-

alfalfa-maize-maize (AAMM). The rotation treatments have two consecutive years of 

maize production. This was a common management practice in maize production due to 

herbicide constraints in1980 when this trial was initiated. The split-plot treatments 

consisted of two tillage practices (conventional tillage (CT) and no-tillage (NT), resulting 
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Figure 2.  Mean monthly air temperature (C) for 2010 and 2011 and the 

30-year average at the Elora Research Station in Elora, Ontation, Canada.  

Temperatures are averaged between maximum (day) and minimum (night) 

values by month.  
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in a total of ten treatment combinations per replication. CT treatments were established 

using moldboard plow tillage in the fall with secondary tillage with a cultivator and 

packing using a crow-foot packer for seed-bed preparation in the spring.  Treatments 

were left uncultivated to establish the NT treatments. The planter was equipped with 

coulters and trash-whippers for within-row residue removal for the NT plots.  Maize was 

planted using a JD 1750 planter.   

 

3.3 Field Measurements  

3.3.1 Non-Destructive Measurements 

 In 2010 and 2011, non-destructive plant-level measurements were made 

throughout the growing season on the individual plants within the sampling plots.  In 

2011, when there were two sampling plots, the plants in the third row received more in-

depth plant measurements than those in row six and were considered primary sampling 

plots.  Plant emergence was recorded in 2011, but not 2010 due to time constraints.  Plant 

emergence was recorded in both sampling plots in 2011 by placing a different coloured 

stake by newly emerged plants daily until no more plants emerged.  The plant was 

considered emerged when the coleoptile was visible out of the soil surface.  Due to a 

technical error, emergence and LN at the 3-5 LT stage data were not collected in the 

SWMM-CT and SWMM-NT treatments in 2011.   

 Plant spacing was recorded in 2010 and 2011 within all sampling plots in order to 

calculate the amount of space occupied by individual plants.  The distance from each 

plant to its neighbouring plant was recorded relative to the front of the sampling plot.  



29 
 

The distance to adjacent plants on either side of the sampling plot was measured as well.  

Distance between plants was calculated by:  

Space Difference= (plant space)
n 

– (plant space)
n-1

 

 The area each plant occupied (SO), that is, the distance to the mid-point between either 

neighbouring plants, was calculated by:   

SO= [(space difference)
n 

+ (space difference) 
n-1

]/2 

In 2010, the distance to the adjacent plants at the front of the sampling plot was not taken 

so it was calculated by:  (plant 1) – (average subplot space distance).  Once this value was 

obtained, the same method as above was used to calculate SO.   

On each plant in 2010 and in primary sampling plots (row 3) in 2011, leaf number 

was recorded using the leaf tip (LT) method.  In 2010, leaf measurements began at the 4-

6 LT and continued approximately bi-weekly until early July, and were taken again after 

silking. In 2011, leaf counts began at the 3-5 LT and were continued approximately bi-

weekly until after silking. To account for leaf senescence, the 6
th

 and 8
th

 leaves were 

lightly sprayed with orange paint in order to identify leaves for future leaf counts.   

In 2010, height and stem diameter was recorded for individual plants 

approximately two weeks before and after anthesis to estimate dry matter and growth 

rate.  In 2011, height and stem diameters were taken one week before and after anthesis 

for plants in both rows.  An additional plant height measurement was taken at the end of 

June in both rows in 2011 but with no accompanying stem diameters.  
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Plant height (length from the soil surface to the ligule of the youngest fully 

expanded leaf) and stem diameter (measured at the soil surface using digital calipers) 

were used to estimate dry matter before and after anthesis using the methodology 

described by Vega et al. (2001) and Cerrudo (2010).  A linear relationship between stem 

diameter x height (stem volume) and actual dry matter was created by destructively 

sampling five additional plants from border rows in each replication in 2010 and 2011 at 

each time point.  Therefore 20 (5 plants x 4 replications) sampled plants at each time 

point were measured individually for stem diameter and height, cut-off at the soil surface, 

individually bagged, and dried to a constant weight at 80C.  These dried plants and their 

corresponding stem volumes were used to establish allometric relationships with the 

plants within the sampling plots that were being followed throughout the season. By 

fitting a regression relationship between stem volume and plant dry matter (PDM) for the 

20 destructive samples, a non-destructive estimation of the plants remaining in the 

sampling plots was made.  In all cases, the relationships between the PDM of the 

destructively harvested plants and their corresponding stem diameter x height values were 

strong and significant (Appendix I).  PDM was used to calculate plant growth rate (GR) 

by:  

GR= (PDM post-anth. – PDM pre-anth.)/ (days between PDM measurements) 

In 2010, number of days to silking for each plant was recorded in all plots.  In 

2011, number of days to silking and anthesis was collected in all rows as well.   A plant 

was considered to have silked if at least one extruded silk in the ear was visible; and 

anthesed if at least one anther releasing pollen was visible in the tassel according to 
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methods described by Bolanos and Edmeades (1996).  The anthesis-silking interval (ASI) 

was also calculated for each plant in 2011 by: 

ASI= (Anthesis Date) – (Silking Date). 

3.3.2 Destructive Measurements 

 At physiological maturity all plants were hand-harvested, bagged individually, 

and dried at 80C until a constant weight was reached. Cobs were shelled individually to 

determine final plant dry matter, grain yield, and harvest index. Harvest index was 

calculated for each plant by:  

  HI (%) = (grain weight/ actual above ground DM) X 100 

 In 2010, the harvest of sampling plots was carried out on 19 October.  In 2011, 

harvest of sampling plots was completed on 27 October. In 2010 and 2011, whole plots 

were mechanically harvested using a four-row GleanerR42 rotary combine equipped with 

a Grain-Gage for determining plot grain weight, moisture, and test weight. Plots were 

mechanically harvested on 20 October and 2 November in 2010 and 2011, respectively.  

 

3.4 Data Analyses 

3.4.1 Means Model 

 A Means Model was used to conduct analysis of variance (ANOVA) to determine 

treatment effects on mean values of each plant measurement, plant population, the 

incidence of barren plants, and whole plot yield using PROC MIXED 9.2 (SAS Institute, 
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Cary, NC).  The plant measurements analyzed included: emergence date (Em), LN at the 

3-5 LT stage (3-5 LT), LN at the 5-7 LT stage (5-7 LT), LN at the 7-11 LT stage  (7-11 

LT), LN after silking (LNS), plant height after silking (PHS), plant growth rate at silking 

(GR), anthesis-silking interval (ASI), anthesis date (Anth), silking date (Silk), space 

occupied (SO), dry matter before silking (DM1), dry matter after silking (DM2), plant dry 

matter at harvest (DMP), plant grain weight at harvest (GWP), and harvest index (HI).  In 

each case, fixed effects were year, rotation, tillage, rotation by tillage, rotation by year, 

tillage by year, and rotation by tillage by year, and random effects were year and rotation 

nested within block.  Least square means and standard errors were created for ANOVA 

for each plant measure. Pair-wise comparisons of means were made using a Tukey’s 

multiple means comparisons test (P < 0.05) (Appendix II).  

ANOVA assumptions were verified using residual analyses to assess the 

assumption of normality of residuals, independence among residuals, equal variances 

among treatments and for the detection of outliers. The residual analyses included 

standardized residual plots, residual normality plots, and test statistics that examine the 

normality distribution of the residuals using PROC PLOT.  PROC UNIVARIATE was 

also used to test for normality of the data sets using the Shapiro-Wilk statistic.  A log 

transformation was applied to response variables that did not fulfill the assumptions.  The 

resulting residual analyses indicated a log transformation was appropriate.  

3.4.2 Variability Model 

To quantify PPV at different stages of plant growth a Variability Model was 

defined by finding the variance (s
2
) of each plant measurement (same as above) in each 
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sampling plot using PROC SUMMARY in SAS 9.2 (SAS Institute, Cary, NC).  Variance 

has been described as an appropriate measure of variation or spread about a mean 

(Edmeades, 1976). ANOVA was then conducted on s
2   

values of each plant measurement 

to find treatment effects on PPV using PROC MIXED. Fixed effects were year, rotation, 

tillage, rotation by tillage, rotation by year, tillage by year, and rotation by tillage by year 

and random effects were year and rotation nested within block.  Least square means and 

standard errors were created for ANOVA for each plant measure. Pair-wise means 

comparisons were made using a Tukey’s multiple means comparisons test (P < 0.05) 

(Appendix III). ANOVA assumptions were verified using the same methods as the Means 

Model above.  

ANOVA was also conducted on variability of plant measures using the coefficient 

of variation (CV) as an indicator of variability (CV Model). CV can be a useful indicator 

of PPV when means of treatments or populations differ significantly (Edmeades, 1976) 

and has been used to measure PPV in several recent studies (Andrade and Abbate, 2005; 

Martin et al., 2005; Boomsma et al. 2009; Cerrudo, 2010; Mayer et al., 2012). Similar to 

the initial Variance Model, the CV of each plant measure was calculated by plot using 

PROC SUMMARY. ANOVA was then conducted for each CV value using PROC 

MIXED using the same fixed and random effects as described above.   

In the Means and Variability Models, the data were analyzed across years 

whenever possible in order to increase the amount of possible inferences (Bowley, 2008), 

excluding plant measurements that were taken in 2011 only (i.e. emergence date, leaf 

number at the 3-5 LT stage, anthesis date, anthesis-silking interval). Since leaf numbers 

(LN) were taken at different times in 2010 and 2011, the leaf number data was matched 
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to the closest leaf stage in each year and analyzed together. Residual analyses used in 

assumption testing described above suggested that residuals of errors for LN were 

homogenous across years.  The initial LN measurement taken in 2011 was earlier than the 

first LN taken in 2010 and therefore analyzed separately.  This stage was termed LN 3-5 

leaf tip (LT).  LN data on 4 June and 14 June in 2010 and 2011, respectively, were 

analyzed together and termed LN 5-7 LT.  LN data taken on 30 June and 28 June in 2010 

and 2011, respectively, were analyzed together and termed LN 7-11 LT.  Leaf number at 

time of silking was also combined and termed LNS.  

3.4.3 Covariate Model 

To fulfill the objective of using PPV to explain overall yield differences between 

treatments, ANOVA of whole plot yield was conducted using PROC MIXED and 

included the s
2 

or CV values of all plant measurements as covariates (Appendix IV).  

Covariate modeling is useful in identifying additional sources of variation that have not 

been accounted for by the experimental design and has been used in other agronomic 

studies (i.e. Vyn and Hooker, 2002).  This allows for the estimation of treatment effects 

adjusted for the covariates by incorporating a linear regression adjustment.  These effects 

consist of observations that are assumed to be independent of the variable under study 

(plot yield) and other treatments in the model (Bowley, 2008).  Therefore, a relationship 

between the independent variable (plot yield) and the covariate would indicate an 

external source of variation on plot yield.  This analysis was also run to test the presence 

of a quadratic relationship between the covariate and plot yield, but no significant 

relationships were found (P < 0.05).  
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There are several possible scenarios of how treatments are associated with s
2 

and 

CV of plant parameters (Figure 3).  These associations are important in the proper 

interpretation of covariate effects on total plot yield.  For example, it is possible that 

treatment-induced changes in PPV may alter maize yield.  PPV, however, may also be 

due to factors other than tillage.  Likewise, tillage may be altering maize yield by various 

other mechanisms independent of PPV.  The challenge of this analysis is to isolate the 

treatment effect on PPV from the effects of treatment and other causes of PPV on maize 

yield. If treatment influences the s
2
 or CV of a plant parameter, the effect of the plant 

parameter on plot grain yield as a covariate may be masked when treatments are also in 

the model. This would also violate the assumption of independence between the covariate 

and the independent variable.  To test for this, s
2
 or CV of plant measures that were 

influenced by a treatment (as per the variance model) would replace that fixed effect in 

the covariate model and the model would be run again. This was done in an effort to 

isolate covariate effects on plot grain yield from fixed effects in the model. Conducting 

this secondary analysis also allows for the inferential connection of: Treatmeant  PPV 

 Grain Yield.  More detailed discussion of these scenarios will be presented in 

subsequent sections.  

3.4.4 Distribution Model 

To analyze growth physiology at the plant level, a Chi-Square Goodness-of-Fit 

test was conducted to determine the distribution of plants that were developmentally 

delayed across treatments using PROC FREQ (Appendix V). Plants at the 10-11 LT stage 

were used in 2011 and the 8-9 LT stage in 2010 as indicators of PPV.  These leaf stages 

were chosen based on past research that suggests that i) plant growth parameters taken at  
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Figure 3:  Four possible scenarios of how treatments (i.e. tillage) and the covariate (s
2
 of plant measure) 

under question can interact to influence total plot yield. One box represents the total amount of variance on 

plot yield. Scenario A results when there is no treatment effect on the covariate, and the covariate is either 

significant or non- in the covariate analysis. Scenarios B, C, and D can result when there is a treatment 

affect on the covariate. Scenario B results if the covariate is significant without replacing the treatment in 

the model; the overlap between the two sources is not large enough to mask significant results. Scenario C is 

occurring if replacing the covariate with the treatment in the model results in the covariate becoming 

significant; the overlap between the two sources was large enough to hide its effect on plot yield. Scenario D 

is occurring if replacing the treatments with the covariate did not make the covariate significant.  
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8-weeks after planting are better indicators than measurements at 4 weeks after planting 

(Boomsma et al., 2009); and ii.)  the rate of leaf appearance in maize plants is associated 

with yield (Liu, 2008; Cerrudo et al., 2012).  The leaf stages used presently are 

approximately 6 and 7 weeks after planting in 2010 and 2011, respectively.   The plants 

were tested categorically by leaf number (i.e, LT 8, 9, 10, etc.) and expressed as 

percentages of the total plant population in each treatment to account for different sample 

sizes in 2010 and 2011 and population differences between treatments. The data could 

not be pooled across years according to the heterogeneity, Goodness-of-Fit Test.   The 

analysis was conducted by rotation, tillage, and rotation by tillage treatment 

combinations.  The most frequent LN among all treatments was 9 LT in 2010 and 11 LT 

in 2011.  For the purposes of reporting results, these were considering the ‘standard’ LN 

in each year. For example, a plant with LN 8 in 2010 was considering one leaf behind 

(LT -1) and a plant with LN 7 (LT -2) was considering two leaves behind. This same 

concept was also applied to LN in 2011, but using plants at 11 LT as the standard.  

For each goodness-of-fit test, the H0 was that LN would distribute in even ratios 

across all treatments. The H0 for the Chi-Square test for rotation treatments (five 

rotations) was that LN’s will distribute evenly across each rotation treatment in a 

20:20:20:20:20 ratio. Similarly, the H0 for tillage treatments (two treatments) was that 

they would distribute evenly in a 50:50 ratio, while rotation-tillage treatment 

combinations will distribute in a 10:10:10:10:10:10:10:10:10:10 ratio (ten treatment 

combinations.  
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3.4.5 Other Analyses  

A total of 40 plants (4 replications x 5 plants per replication across two time-

points) in 2010, and 40 plants (4 replications x 5 plants per replication across two time-

points) in 2011 were harvested to establish the stem diameter x PDM relationship for 

each sampling date.  Analyses of these relationships were carried out using PROC REG 

in SAS 9.2  (SAS Institute, Cary, NC).  Negative estimates of DM were set to 0 to be 

used in subsequent analyses.  PROC REG was also used to demonstrate relationships 

between sampling plot yield and total plot yield in 2010 and 2011 as well as finding 

relationships between LN at each leaf stage (distribution model) and total plot yield.  

Correlations carried out in this manuscript were conducted using PROC CORR.  
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Chapter 4. Results and Discussion 

4.1 Crop Rotation and Tillage Effects on Yield and Mean Crop Measures 

 

The hypothesis that rotation and tillage management influence over-all maize 

grain yield and mean crop measures can be accepted (Table 2).  Tillage treatments, 

however, had a more consistent effect on mean plant measures than rotation and rotation-

tillage combination treatments.  

There was a significant rotation x tillage x year interaction on total plot yield (P < 

0.05) (Table 2). Maize generally had higher yields in 2010 than 2011 except in the 

AAMM and MMMM rotations.  In 2010 and 2011, CT plots generally had higher yields 

than NT plots in each rotation in both years with the exception of AAMM-NT, which 

yielded approximately 6% more than AAMM-CT in 2010 (Figure 4), but this was not 

significant (P < 0.05). The role crop rotation plays on maize yield can clearly be seen in 

2010, but less so in 2011.  Improved maize yields when grown in rotation are consistent 

with similar studies in the literature  (Mannering and Griffith, 1981; Erbach, 1982; 

Welch, 1985; Dick et al., 1986; Kladivko et al., 1986; Vyn, 1988; Higgs et al., 1990; 

Dick et al., 1991; Raimbault and Vyn, 1991; Riedell et al., 1998; Singer and Cox,1998; 

Vyn et al., 2000; Hooker, 2012).  In 2010, rotated maize consistently had higher yields 

than MMMM under both tillage systems. Under NT, AAMM, SW(rc)MM, and SWMM 

rotations yielded significantly higher than MMMM (P <0.05) in 2010. This pattern was 

similar under CT in 2010, but no significant differences were found (P < 0.05) (Figure 4).  

These results are in congruence with Raimbault and Vyn (1991) who found an 11% 

increase in maize yield over continuous maize when incorporating alfalfa into a rotation  
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* significant at the 0.1 probability level                                                                                    

** significant at the 0.05 probability level                                                                                                                                                                                                    
† NS,  not significant at the 0.1 probability level.

Source of 

Variation Em 

3-5 

LT 

5-7 

LT 

7-11 

LT LNS PHS GR ASI Anth Silk SO DMP GWP HI 

Plot 

Yield Barren Population 

Rotation NS† NS NS * NS NS NS NS * ** NS ** NS NS ** NS NS 

Tillage ** ** ** ** ** ** * NS ** ** NS ** ** NS ** NS NS 

Year . . ** ** ** ** NS . . ** ** ** ** * NS NS NS 

R x T NS NS * NS NS NS NS NS NS NS * ** NS NS NS NS * 

R x Y . . NS NS * NS * . . NS NS ** * NS ** NS NS 

T x Y . . ** NS NS NS NS . . * ** NS NS NS ** NS * 

R x T x Y . . NS NS NS * NS . . NS NS NS NS NS ** NS NS 

Table 2: Analysis of variance (ANOVA) significance levels for treatment effects on various plant and whole plot measures in 

2010 and 2011 in the long-term rotation-tillage trial in Elora, ON, Canada.  Plant-level variables include emergence (Em); leaf 

number at the 3-5 leaf-tip stage (3-5 LT); leaf number at the 5-7 leaf-tip stage (5-7 LT); leaf number at the 7-11 leaf-tip stage 

(7-11 LT); leaf number after silking (LNS); plant height after silking (PHS); growth rate (GR); anthesis-silking interval (ASI); 

Anthesis Date (Anth); Silking Date (Silk); space occupied (SO); total plant weight (DMP); plant grain weight (GWP); and 

harvest index (HI).  Variables at the Plot level are plot yield; frequency of barren plants (barren); and plant population 

(population).  
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Figure 4: Mean maize yield (kg ha
-1

) of various treatments in the long-term rotation-tillage 

(ER) trial in 2010 and 2011 at the Elora Research Station, Guelph, ON, Canada.  Graph 

consists of five rotation treatments each with a sub-factor tillage treatment.  Across means, 

values with different letters differ significantly within years (P < 0.05).  A=alfalfa; M=maize; 

S=soybeans; W=winter wheat; rc= red clover. CT and NT refer to conventional and no-tillage, 

respectively. Values are means of four replications +/- standard errors (se).  
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under minimal tillage.  Across rotation-tillage treatment combinations, all treatments are 

significantly higher yielding than MMMM-NT (P < 0.05), excluding MMMM-CT and 

SSMM-NT in 2010 (Figure 4).  

There were no significant mean yield differences between rotations within tillage 

systems in 2011 (P < 0.05).  However, AAMM-CT yield was significantly higher than 

the yield of SSMM-NT and SWMM-NT treatments.  This interaction between rotation 

and tillage is consistent with the literature, which suggests that rotation yield effects are 

often influenced by the accompanying tillage system (Meyer-Aurich et al., 2006), where 

rotated maize often has a more pronounced yield advantage in NT than CT (Griffith et al., 

1988; Raimbault and Vyn, 1991; Wilhelm and Wortmann, 2004).  The present study is 

consistent with these findings in 2010, but less so in 2011. A possible explanation for 

fewer significant and less pronounced treatment yield responses between years is that 

2011 was a second consecutive year of maize seeding in all treatments. Due to herbicide 

constraints, this was a common management practice in maize production in 1980 when 

this trial was initiated.  

Tillage treatments affected mean number of days to seedling emergence (Em), 

leaf number (LN) at the 3-5 LT, 7-11 LT stage, and after silking, (LNS) anthesis date 

(Anth), silking date, plant height after silking (PHS) and individual plant grain weight 

(GWP) (Table 2) (P < 0.05).  Tillage also influenced maize growth rate at silking (GR) (P 

< 0.1).  

Mean seedling emergence (measured in days after planting (DAP)) was 1.2 days 

later in NT than CT (Table 3) (P < 0.05).  These results are consistent with studies by
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†  within mean columns for each plant parameter,  means with different letters are significantly different at P < 0.05.  

 

  Em (DAP)   3-5 LT   7-11 LT   LNS (LT)   PHS (cm)   
Anth (Days after 

July 1st)   

Silking (Days 

after July 1st)   GWP (g) 

Tillage Mean se   Mean se   Mean se   Mean se   Mean se   Mean se   Mean se   Mean se 

CT 13.3 b † 0.08  3.9 a 0.05  9.5 a 0.07  18.2 a 0.06  216.2 a 1.88  24.2 b 0.20  24.1 b 0.15  113.8 a 1.68 

NT 14.5 a 0.09   3.5 b 0.05   9.2 b 0.08   17.7 b 0.06   211.6 b 1.88   25.1 a 0.19   24.6 a 0.15   107.9 b 1.70 

Table 3: Means and standard errors (se) of plant parameters collected in 2010 and 2011 by tillage treatments from the long-term rotation-tillage 

trial in Elora, ON, Canada. Tillage treatments were conventional till (CT) and no-till (NT). Plant parameters include emergence (Em, days after 

planting); leaf number at 3-5 leaf-tip (3-5 LT); leaf number at 7-11 leaf-tip stage; leaf number after silking (LNS); days to anthesis (Anth) and 

silking as measured by number of days after July 1st; plant height after silking (PHS); grain weight (GWP).  Means and se are based on four 

replications. 
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Mock and Erbach (1977) and Vyn and Raimbault (1993) who found delays in rate of 

emergence in NT systems.  Al-darby and Lowery (1984) and Vyn et al. (1979), however, 

did not find any significant differences in maize seedling emergence between no-tillage 

and conventional tillage in their respective studies.  No-till environments are more likely 

to exhibit delayed early season emergence, growth, and vigour (Vyn and Hooker, 2002) 

because of cooler, wetter soils and more residue cover (Swan et el., 1987) that increase 

the time that seedlings are exposed to blights and insect pressure. (Dodd and White, 

1999). These factors can collectively increase maize stand establishment problems 

(Broders et al., 2007) and may be causes for the mean difference in days to emergence 

seen in the present study.   

Mean LN was significantly lower in NT than CT in three out of four measurement 

times (3-5 LT, 7-11 LT, and LNS) (Table 3) (P < 0.05).  The remaining LN (5-7 LT) 

displayed a significant tillage x year interaction (P < 0.05) (Table 2) and was significantly 

lower in NT than CT in 2011, but not in 2010 (Figure 5).  These results are also 

consistent with studies by Mock and Erbach (1977) and Raimbault and Vyn (1991) who 

found lower leaf numbers in NT treatments compared to CT, moldboard plow treatments. 

Later-season LN in the present study coincide with delays seen in emergence and early 

season LN caused by NT conditions. This suggests that maize stands that are 

developmentally delayed at the on-set of the growing season can remain delayed through 

to maturity (Landi and Crosbie, 1982; Pommel and Fleury, 1989).    

Differences in timing of LN data collection by year may explain year effects at 

the 7-11 LT stage and tillage x year effects at the 5-7 LT stage (Table 2). Means by year 

for the 7-11 LT stage are presented in Table 4. Significant differences (P < 0.05) in LNS  
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between years  (Table 4) may be an outcome of more favourable growing conditions in 

2010. Drought stress in 2011 around the time of silking and the fact that 2011 is a second 

consecutive year of maize production may have been responsible for the lower LNS in 

2011.  

 Crop rotation effects on mean LN were less pronounced than tillage effects (P < 

0.1)(Table 2).   A rotation x tillage interaction at the 5-7 LT stage showed a significant 

difference in LN between MMMM-CT and SWMM-CT treatments only (P < 0.1) (data 

not shown).  Rotation per se influenced LN at the 7-11 LT stage (P < 0.1) (Table 2). At 

this leaf stage, MMMM generally had a lower LN than all other rotations, but only 

differed significantly from the AAMM rotation (P < 0.1).  Furthermore, a rotation x year 

interaction on LNS indicated that LN’s were generally higher in more diverse rotations, 

but theses means did not differ within years (P < 0.1) (data not shown).  These results are 
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Figure 5: Mean leaf number (LN) at the 5-7 leaf-tip (LT) stage by tillage 

(NT: no-tillage; CT: conventional tillage) and year (2010 and 2011) in 

the long-term rotation-tillage trial in Elora, ON, Canada.  Means with 

different letters differ significantly at P < 0.05.  Values are means of four 

replications +/- standard errors (se).    
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in congruence with a study by Raimbault and Vyn (1991), which found that more diverse 

rotations had higher LN than continuous maize systems.   

PHS was not significantly affected by rotation treatments (P < 0.05).  This result is 

contrary to the Raimbault and Vyn (1991) study, which found higher plant heights around 

silking in a maize-alfalfa rotation versus continuous maize.  Tillage, however, had a 

significant effect on PHS (P < 0.05) (Table 2). NT treatments resulted in plants that were 

approximately 5-cm shorter at silking (PHS) than CT treatments (Table 3).  These results 

are similar to Raimbault and Vyn (1991), who found lower plant heights in NT than CT 

at maturity; and Boomsma et al. (2010), who also found significantly lower plant heights 

in NT than CT in maize plants 8-weeks after planting. Hussain et al. (1999) however, 

found higher mid-season plant heights under NT conditions than CT, which they 

attributed to a higher level of plant-available water measured in the NT system.  

The significant year effect on PHS  (Table 2) may be representative of differences 

in growing environments between years and is reflected by higher mean PHS in 2010 than 

2011 (Table 4).  Drought stress at the time of silking in 2011 and the fact that 2011 was a 

second consecutive year of maize production may be explanations for the by year 

differences in this plant measure.  

A rotation x tillage x year interaction on PHS showed no significant differences 

between treatments in 2011 (P < 0.1), but a general trend of shorter plants in NT 

treatments. In 2010, PHS did not differ among rotations within tillage treatments, but 

across all treatments AAMM-CT and SW(rc)MM-CT had higher PHS than MMMM-NT 

(P < 0.1).   
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 7-11 LT   LNS (LT)   PHS (cm)   

Silking (Days 

after July 1st)   GWP (g)   SO (cm) 

 Year Mean se   Mean se   Mean se   Mean se   Mean se   Mean se 

2010 8.3 b † 0.08  18.3 a 0.06  234.6 a 2.31  23.2 b 0.16  114.8 a 2.06  15.9 b 0.20 

2011 10.4 a 0.08   17.6 b 0.06   193.1 b 2.15   25.6 a  0.15   106.9 b 1.64   16.5 a 0.16 

Table 4: Means and standard errors (se) of significant plant parameters by year (2010 and 2011) in the long-term 

rotation-tillage trial in Elora, ON, Canada. Plant parameters include leaf number at 7-11 leaf-tip stage; leaf number at 

maturity (LNS); plant height after silking (PHS: cm); days to silking as measured by number of days after July 1st; 

grain weight (GW: grams); harvest index (HI) and space occupied (SO; centimeters). Means and se are based on four 

replications. 

 

 

  within means columns for each plant parameter,  means with different letters are significantly different at P=0.05 

 

  within means columns for each plant parameter,  means with different letters are significantly different at P=0.05 

 

  within means columns for each plant parameter,  means with different letters are significantly different at P=0.05 

†  within mean columns for each plant parameter,  means with different letters are significantly different at P < 0.05.  
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  Tillage affected silking and anthesis dates but not the ASI. (Table 2) (P < 0.05).  

For both silking and anthesis plant parameters, days to silking/anthesis (measured by days 

after July 1
st
) were significantly higher in NT than CT (P < 0.05) (Table 3). These results 

are consistent with a study by Mock and Erbach (1977), which found a significant 2-day 

delay to 50% silk emergence under NT practices versus CT.   These means are also 

consistent with the trends in emergence, LN, and PH discussed earlier, and suggests that a 

developmental delay in maize plants in NT is initiated early in the season and continues 

into reproductive stages of maize development.  Tillage x year effects on silking shows 

that silking was later in NT than CT in 2011, but not 2010 (P < 0.1).  The tillage x year 

and simple effect of year on silking date (Table 2) may be explained by silking occurring 

earlier in 2010 than 2011 (Table 4) because of earlier planting in 2010 and differing 

growing conditions between the two years as described above. Tillage treatments also 

affected GR; GR was 4.55 and 4.28 g day
-1

 in CT and NT treatments, respectively (P < 

0.1).  

A rotation effect on silking date (P< 0.05) (Table 2) uncovered that the AAMM 

treatment extruded viable silk approximately 1.3 days earlier than MMMM (Figure 6), 

whereas the remaining rotations, although having silked notably earlier than MMMM, did 

not differ in their means (P < 0.05).  Days to anthesis mirrored these differences between 

treatments (P < 0.1).  Similar to the trends in silking date, AAMM extruded pollen 1.2 

days earlier than MMMM.  

 Rotation x tillage effects on final plant dry matter (DMP) (Table 2) show trends in 

mean DMP similar to that of whole plot yield for the tillage x rotation interaction (Figure 

7). Within rotations, CT has higher DMP than NT treatments, however the means only  
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Figure 6: Mean days to silking (days after July 1
st
) by rotation treatment in 

the rotation-tillage trial in Elora, ON, Canada. Means were obtained from 

two years of data collection (2010 and 2011).  A=alfalfa; M=maize; 

S=soybeans; W=winter wheat; rc= red clover for 2010 and 2011 growing 

seasons Means with different letters differ significantly at P < 0.05.  

Values are means of four replications +/- standard errors (se).  

 

Figure 7: Mean final plant dry matter by rotation (main) and tillage (sub) 

treatment combinations in the rotation-tillage trial in Elora, ON, Canada. 

Means were obtained based on two years of data collection (2010 and 

2011).  A=alfalfa; M=maize; S=soybeans; W=winter wheat; rc= red clover. 

For the tillage sub-factor treatment, CT= conventional tillage and NT=no-

tillage. Means with different letters differ significantly at P < 0.05. Values 

are means of four replications +/- standard errors (se).  
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differ significantly for the SW(rc)MM rotation (P < 0.05) (Figure 7). DMP is highest in 

SW(rc)MM and AAMM rotations and lowest for MMM and SSMM rotations under CT, 

but these differences do not show statistical significance. No significant differences were 

found between rotation treatments for mean DMP under NT (Figure 7).  Across rotation-

tillage combinations, SW(rc)MM-CT and AAMM-CT have significantly higher DMP 

than MMMM-NT.  

Mean DMP differed across rotation treatments depending on the year (Table 2) (P 

< 0.05).  In 2010, mean DMP was 218.5, 193.4, 221.7, 220.9, and 224.4 grams in 

AAMM, MMMM, SSMM, SW(rc)MM, SWMM rotations, respectively but did not differ 

(P < 0.05).  Mean DMP values in 2011 were 215.8, 195.1, 188.2, 198.3, and 189.7 grams 

in AAMM, MMMM, SSMM, SW(rc)MM, SWMM rotations, respectively with AAMM 

and SSMM treatments differing significantly (P < 0.05).  Although DMP treatment means 

in 2010 did not differ, they followed the pattern of more diverse rotations having higher 

yields than mono-crop systems (Figure 4) than DMP in 2011.  By year differences in DMP 

may be explained by the same factors as above for LN and PH measures.         

 Plant grain weight (GWP) was significantly affected by tillage, year, (P < 0.05) 

and rotation x tillage (P < 0.1) sources of variation (Table 2).  Mean GWP was higher in 

CT than NT by 5% (Table 3) and 7% higher in 2010 than 2011 (Table 4).  Rotation 

interacted with year on GWP (P < 0.1).  Treatment effects on GWP were similar to that of 

DMP, where i) the rotation effect on MMMM is less pronounced in 2011 than 2010, and 

ii) less diverse rotation treatments in 2011 show a significant decrease in GWP relative to 

the AAMM rotation.  These results are consistent with other year effects on LN at 7-11 

LT, LNS, PHS and DMP plant parameters as described above. Lower GWP means in NT 
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are also consistent with later emerging seedlings, lower LN throughout the season, lower 

PHS and later silking and anthesis dates seen in NT (Table 3).   

 Crop rotation is believed to increase maize yields because of i) increased available 

plant nutrients (Baldock and Musgrove, 1980; Vyn et al., 2000), ii) improved soil 

structure (tilth) (Baldock and Kay, 1983), iii) decreased residue-borne pathogens 

(Norstadt and McCalla, 1968), and iv) an increased incidence of beneficial rhizosphere 

microorganism communities (Turco et al., 1990).  The impacts of tillage are also believed 

to influence yields due to enhanced nutrient mineralization, soil aeration, relieving 

compaction and soil warming and drying (Dalal and Mayer, 1986; Balesdent et al., 1990; 

Cambardella and Elliot, 1993). However, these benefits are believed to be more variable 

depending on soil type, drainage, and crop rotation (Dick et al., 1991; Vyn and 

Raimbault, 1993).  

In the present study, tillage influenced mean plant measures more consistently 

than rotation treatments.  This suggests that conditions tillage methods impose on growth 

environments may be more integral to maize development and growth vigour than those 

imposed by rotation. The literature suggests that cold and wet conditions caused by 

residue cover and the inability for the soil surface to warm and dry, as is often evident in 

NT systems, will delay the emergence and early-establishment of maize seedlings (Mock 

and Erbach, 1977; Swan et al., 1987; Dodd and White, 1999; Vyn and Hooker, 2002), 

and is a possible explanation for the consistent differences between CT and NT 

treatments seen in the present study. Still, the plethora of literature supporting yield 

advantages in maize when grown in rotation, and the yield advantages seen in Figure 2, 

suggest beneficial ecologies to maize growth due to such a management practice as well 
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(Mannering and Griffith, 1981; Erbach, 1982; Welch, 1985; Dick et al., 1986; Kladivko 

et al.,1986; Vyn 1988;  Higgs et al.,1990; Dick et al.,1991;  Raimbault and Vyn, 1991; 

Riedell et al., 1998; Singer and Cox,1998; Vyn et al., 2000; Hooker, 2012).  

Mean space occupied (SO) by plants showed a significant (P < 0.05) tillage x year 

interaction (Table 2), with means of 16.3 and 15.5-cm in CT and NT, respectively in 

2010 and means of 16.2 and 16.8-cm of space occupied in CT and NT, respectively in 

2011.  Within years, however, these means did not differ (P < 0.05).  These means are 

consistent with a tillage x year effect on plant population  (P < 0.1) (Table 2), but with 

means, similarly, not differing within years between tillage treatments. A similar trend is 

seen in SO and plant population in the rotation-tillage combination treatments (P < 0.1) 

(Table 2), but with no significant mean population differences observed between 

treatments for either plant measurement. This suggests that mean SO is a function of 

plant population, but tillage treatments within years are not significantly altering plant 

population, nor is crop rotation x tillage significantly changing plant population to alter 

SO.  Maize having been planted into maize residue from the previous year in the NT 

treatments may also be playing a role in by year variability in SO.  Residue may be 

preventing the planter from uniformly singulating the seeds into the seed furrow (Mock 

and Erbach, 1977; Liu et al., 2004a) and causing differences in plant spacing and SO. 

These results are similar to Boomsma et al. (2010) who found reductions in plant density 

in their study as a result of tillage and rotation-tillage treatment combinations but only in 

two years of a fourteen-year study.  Similarly, Hussain et al. (1999) also found reduced 

plant populations in NT versus CT, but only in two years of a ten-year experiment.  
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Crop rotation and tillage can alter maize yield and plant measures. NT had lower 

grain yields, LN at various stages of growth, PHS, GR, DMP, and GWP than CT and so the 

hypothesis that NT would result in lower mean values of plant measures was accepted.  

Rotation had a less pronounced effect on plant parameters, but affected maize grain yield, 

silking date, and DMP. The effect on these plant measures favoured more diverse 

rotations and those that incorporated perennial legumes.  Other than these effects, 

however, the role of rotation was small compared to that of tillage.  

 

4.2 Rotation and Tillage Influences on Plant Leaf Development  

 A high rate of maize leaf appearance has been associated with higher maize yields 

(Liu, 2008; Cerrudo et al., 2012).  To build on the previous section, observing differences 

in the distribution of LN across treatments at the plant level may be useful to explain 

yield differences across rotation and tillage treatments. This approach may also give an 

indication of how PPV is manifesting itself at the plant-level.  

The distribution ratios of LN across rotations differed at the -1 and 0 LT stages in 

2010 and at the -1 LT stage in 2011 according to the Chi-Square, goodness-of-fit test 

(Table 5) (P < 0.05). This does not allow the H0 that each rotation has an equal 

distribution of plants at these leaf stages to be supported.  LN distribution was also 

significant at the -3 LT stage in 2011, but the low number of subjects under this category 

reduces the robustness of the Chi-Square test.  Distributions of LN among rotations were 

significant for the +1 LT stage in 2010 and 2011 (P < 0.1).    
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Table 5:  The observed distribution ratios and Pearson Chi-Square, goodness-of-fit test statistics for various leaf numbers (LN) within 

the canopy measured using the leaf-tip (LT) method by rotation treatments in the long-term rotation-tillage trial in Elora, ON, Canada. 

The test was determined using PROC FREQ (SAS Institute, 2004).  For rotations, A=alfalfa, M=maize, s= soybean, rc = red clover 

cover crop, and W=winter wheat. The standard LN’s were 9 and 11 in 2010 and 2011, respectively. All other leaf stages are displayed 

relative to the standard number within years and are displayed in brackets. Going down columns, values add up to 100. Values are 

means across four replications. 

 

 

 

LN Distribution Ratio 2010   LN Distribution Ratio 2011 

Rotation 6 LT (-3) 7 LT (-2) 8 LT (-1) 9 LT (0) 10 LT (+1)  Rotation 8 LT (-3) 9 LT (-2) 10 LT (-1) 11 LT (0)  12 LT (+1) 

AAMM 5.4 13.3 17.9 23.9 30.1  AAMM 11.6 18.3 13.3 24.9 31.9 

MMMM 30.5 22.3 31.9 10.5 0.0  MMMM 23.7 11.9 24.9 19.5 3.0 

SSMM 28.8 11.1 14.1 25.1 34.4  SSMM 19.9 18.6 26.4 14.1 26.2 

SW(rc)MM 19.3 25.8 18.1 20.0 21.2  SW(rc)MM 44.7 18.0 15.6 21.0 26.2 

SWMM 16.1 27.5 18.1 20.5 14.3  SWMM 0.0 33.1 19.9 20.5 12.6 

Chi Square 4.1 6.5 17.1 14.1 8.6  Chi Square 10.8 5.0 11.9 6.6 8.9 

df 4 4 4 4 4  df 4 4 4 4 4 

Pr > ChiSq. 0.3964 † 0.1650 0.0019 0.0070 0.0718   Pr > ChiSq. 0.0290 † 0.2908 0.0180 0.1569 0.0633 

† Chi-Square may not be valid due to low number of subjects. 
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 Approximately 60% of plants in MMMM were one leaf behind in 2010 (Table 6).  

Consequently, MMMM also had the lowest percentage of plants at the 0 LT stage in 2010 

(Table 6).  Approximately 54% of plants in the SSMM rotation were at the 0 LT stage, 

with AAMM, SW(rc)MM, and SWMM rotations possessing 51.5, 43.1, and 44.3% of 

plants at the 0 LT stage, respectively (Table 6).  The SSMM rotation also had the highest 

percentage of plants at the +1 LT stage and continuous maize had no plants at the +1 

stage in 2010 (Table 6).   

Less diverse rotations (MMMM and SSMM) possessed higher observed ratios 

and percentages of plants that are one leaf behind (-1 LT) in 2011 (Table 5 & 6) than 

more diverse rotations.  In contrast, the more diverse rotations in 2011 had lower ratio 

and percentage values at the -1 LT stage.  These results translate into higher ratio values 

and percentages for the more diverse rotations at 0 LT stage (Table 5 & 6).   However, 

the differences in distribution among rotations at this LT stage did not differ (P < 0.1).  

Similar to 2010, the distribution of LN differed among rotations for the +1 LT stage in 

2011 (Table 5 & 6) (P < 0.1).  AAMM had the highest percentage of plants at this stage, 

while MMMM had the lowest (Table 6).   

Regression analyses indicated a relationship between the percentage of plants at 

the 0 LT (R
2
= 0.72; P= 0.0020) and -1 LT (R

2
= 0.72; P=0.0018) stages and plot yield 

when combined across years. These regressions suggest a grain yield increase of 

approximately 38 kg ha
-1

 may occur for every percent increase in the incidence of plants 

at the 0 LT stage. Consequently, a negative slope of 36 kg ha
-1

 of grain yield was found 

for every percent increase in the incidence of plants that are one leaf behind the standard 

LN of the community.  
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Table 6:  Frequency (%) and Pearson Chi-Square, goodness-of-fit test statistics of various leaf number (LN) stages within the canopy 

measured using the leaf-tip (LT) method by rotation treatments in the long-term rotation-tillage trial in Elora, ON, Canada.  The test 

was determined using PROC FREQ (SAS Institute, 2004) For rotations, A=alfalfa, M=maize, S= soybean, rc = red clover cover crop, 

and W=winter wheat. The standard LN’s were 9 and 11 in 2010 and 2011, respectively. All other leaf stages are displayed relative to 

the standard number within years and are displayed in brackets.  Going across treatment rows, values add up to 100. Values in table 

refer to the percentage of plants at the given leaf stage relative to the total number of plants in that treatment averaged across four 

replications.  

Frequency (%) of LN 2010  Frequency (%) of LN 2011 

Rotation 6 LT (-3) 7 LT (-2) 8 LT (-1) 9 LT (0) 10 LT (+1)   Rotation 8 LT (-3) 9 LT (-2) 10 LT (-1) 11 LT (0)  12 LT (+1) 

AAMM 1.0 7.8 32.7 51.5 7.0  AAMM 2.3 7.4 24.4 55.8 10.1 

MMMM 5.9 13.1 58.2 22.7 0.0  MMMM 4.7 4.8 45.7 43.8 1.0 

SSMM 5.6 6.5 25.8 54.1 8.0  SSMM 3.9 7.5 48.6 31.8 8.3 

SW(rc)MM 3.8 15.5 33.0 43.1 4.9  SW(rc)MM 8.8 7.2 28.6 47.0 8.3 

SWMM 3.1 16.2 33.0 44.3 3.3   SWMM 0.00 13.4 36.6 46.1 4.0 

Chi Square 4.1 6.5 17.1 14.1 8.6  Chi Square 10.8 5.0 11.9 6.6 8.9 

DF 4 4 4 4 4  DF 4 4 4 4 4 

Pr > ChiSq. 0.3964 † 0.1650 0.0019 0.0070 0.0718   Pr > ChiSq. 0.0290 † 0.2908 0.0180 0.1569 0.0633 

† Chi-Square may not be valid due to low number of subjects 
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The distribution ratios of LN differed by tillage treatments at the 12 LT (+1) at in 

2011 (P< 0.05) (Table 7). Distribution of LN by tillage treatments differed from 50:50 at 

the -2 LT stage in 2010 and at the -1 and 0 LT stages in 2011 (P < 0.1) (Table 7).  In 

general, NT had higher ratios and percentages of LN at delayed leaf stages and lower 

ratios and percentages at higher leaf stages than the CT treatment in both years (Table 7 

& 8). The +1 LT stage in 2010 was an exception to this, where the CT:NT LN ratio was 

31.6:68.5 (Table 7) and the frequencies of LN were 2.9 and 6.3% in CT and NT, 

respectively (Table 8).  The distribution differences by tillage treatment at this leaf stage, 

however, were not significant (P < 0.1).  

Combining rotation and tillage treatments resulted in a greater number of 

significant Chi-Square, goodness-of-fit tests (Table 9). Distribution of LN across 

rotation-tillage treatment combinations were different at the 0, -1, and -2 LT stages in 

2010 and at the +1, 0, -1, and -2 LT stages in 2011 (P < 0.05) (Table 9).  

In 2010, all rotations had a higher frequency of plants at the -1 LT stage under NT 

than CT, with the exception of MMMM and AAMM rotations (Table 10).  MMMM-CT 

and MMMM-NT treatments had 65 and 34%, respectively, higher frequencies of plants 

than the next highest treatment (SW(rc)MM-NT) at the -1 LT stage (Table 10).   At the 0 

LT stage, all rotations had lower plant frequencies under NT than CT, excluding 

MMMM. MMMM had approximately 16 and 29% of plants at the 0 LT stage in CT and 

NT, respectively (Table 10).  The four highest percentages of plants at the 0 LT stage in 

2010 were 61.7, 58.3, 56.9, and 55.0 in SWMM-CT, SW(rc)MM-CT, SSMM-CT, and 

AAMM-CT treatments, respectively. Differences in percentage of plants at the 0 LT 

stage between CT and NT treatments for each rotation were 6.9, -13.4, 6.5, 30.5, and 34.9 
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Table 7: Observed ratios and Pearson Chi-Square, goodness-of-fit test statistics of various leaf numbers (LN) within the canopy 

measured using the leaf-tip (LT) method by tillage treatments in the long-term rotation-tillage trial in Elora, ON, Canada. The ratios 

were determined using as determined by PROC FREQ (SAS Institute, 2004). Tillage treatments were: CT= conventional tillage; NT= 

no-tillage. The standard LN’s were 9 and 11 in 2010 and 2011, respectively. All other leaf stages are displayed relative to the standard 

number within years and are displayed in brackets.  Going down columns, values add up to 100.  Values are means across four 

replications. 

 

LN Distribution Ratio 2010   LN Distribution Ratio 2011 

Tillage 6 LT (-3) 7 LT (-2) 8 LT (-1) 9 LT (0) 10 LT (+1)  Tillage 8 LT (-3) 9 LT (-2) 10 LT (-1) 11 LT (0)  12 LT (+1) 

CT 47.0 31.9 48.2 58.1 31.6  CT 33.5 30.2 38.7 59.0 87.1 

NT 53.0 68.1 50.8 41.9 68.5  NT 66.5 69.8 61.3 41.0 12.2 

Chi Square 0.03 3.2 0.02 2.23 1.3  Chi Square 0.9 2.5 3.7 2.9 7.0 

df 1 1 1 1 1  df 1 1 1 1 1 

Pr > ChiSq. 0.8674 † 0.0752 0.8877 0.1354 0.2634 †   Pr > ChiSq. 0.3532 † 0.1125 0.0528 0.0885 0.0081 

† Chi-Square may not be valid due to low number of subjects 
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Table 8:  Frequency (%) and Pearson Chi-Square, goodness-of-fit test statistics of various leaf number (LN) stages within the canopy 

measured using the leaf-tip (LT) method by tillage treatments in the long-term rotation-tillage trial in Elora, ON, Canada. The 

frequencies were determined using PROC FREQ (SAS Institute, 2004).  Tillage treatments were: CT= conventional tillage; NT= no-

tillage. The standard LN’s were 9 and 11 in 2010 and 2011, respectively. All other leaf stages are displayed relative to the standard 

number within years and are displayed in brackets. Across treatment rows, values add up to 100 and refer to the percentage of plants at 

the given leaf stage relative to the total number of plants in that treatment averaged across four replications.   

 

 

 

 

 

 

 

 

Frequency (%) of LN 2010   Frequency (%) of LN 2011 

Tillage 6 LT (-3) 7 LT (-2) 8 LT (-1) 9 LT (0) 10 LT (+1)  Tillage 8 LT (-3) 9 LT (-2) 10 LT (-1) 11 LT (0)  12 LT (+1) 

CT 3.6 7.7 36.2 49.6 2.9  CT 2.6 4.9 28.4 53.0 11.1 

NT 4.1 16.4 37.4 35.8 6.3  NT 5.2 11.2 45.0 36.8 1.6 

Chi Square 0.03 3.2 0.02 2.2 1.3  Chi Square 0.9 2.5 3.7 2.9 7.0 

DF 1 1 1 1 1  DF 1 1 1 1 1 

Pr > ChiSq. 0.8674 † 0.0752 0.8877 0.1354 0.2634 †   Pr > ChiSq. 0.3532 † 0.1125 0.0528 0.0885 0.0081 

† Chi-Square may not be valid due to low number of subjects 
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LN Distribution Ratio 2010   LN Distribution Ratio 2011 

Treatment 6 LT (-3) 7 LT (-2) 8 LT (-1) 9 LT (0) 10 LT (+1)  Treatment 8 LT (-3) 9 LT (-2) 10 LT (-1) 11 LT (0)  12 LT (+1) 

AAMM - CT 0.0 8.4 9.6 12.8 0.0  AAMM - CT 0.0 4.8 5.2 13.6 25.3 

AAMM - NT 5.5 4.8 8.3 11.2 29.6  AAMM - NT 11.6 13.6 8.1 11.3 6.6 

MMMM- CT 15.6 11.6 17.6 3.7 0.0  MMMM - CT 9.1 0.0 9.9 13.0 3.0 

MMMM - NT 15.6 10.5 14.3 6.8 0.0  MMMM- NT 14.6 11.9 15.0 6.6 0.0 

SSMM - CT 21.0 3.37 6.9 13.2 12.3  SSMM - CT 14.6 9.6 11.0 6.6 26.2 

SSMM - NT 6.3 8.4 7.2 11.7 23.2  SSMM - NT 5.3 9.1 15.4 7.6 0.0 

SW(rc)MM - CT 5.5 7.0 7.4 13.6 8.9  SW(rc)MM - CT 9.8 8.0 6.1 11.1 23.0 

SW(rc)MM - NT 14.2 18.6 10.7 6.5 12.0  SW(rc)MM - NT 35.0 10.1 9.4 9.2 3.3 

SWMM - CT 5.5 1.9 8.0 14.3 9.7  SWMM - CT 0.0 7.89 6.5 14.2 9.6 

SWMM - NT 10.9 25.4 10.0 6.2 4.4  SWMM - NT 0.0 25.3 13.4 6.4 3.0 

Chi Square 14.4 55.3 39.1 55.8 42.4  Chi Square 39.1 31.1 44.4 38.9 64.8 

df 9 9 9 9 9  df 9 9 9 9 9 

Pr > ChiSq. 0.1081† < .0001 < .0001 < .0001 < .0001 †   Pr > ChiSq. < .0001 † 0.0003 < .0001 < .0001 < .0001 

Table 9: Observed ratios and Pearson Chi-Square, goodness-of-fit test statistics of various leaf numbers (LN) within the canopy measured using 

the leaf-tip (LT) method by rotation and tillage treatment combinations in the long-term rotation-tillage trial in Elora, ON, Canada. The analysis 

was determined using PROC FREQ.  For rotations (main), A=alfalfa, M=maize, S= soybean, rc = red clover cover crop, and W=winter wheat. 

Tillage (sub) treatments included conventional tillage (CT) and no-tillage (NT). The standard LN’s were 9 and 11 in 2010 and 2011, 

respectively. All other leaf stages are displayed relative to the standard number within years and are displayed in brackets.  Going down 

columns, values add up to 100. Values are means across four replications.  

 

† Chi-Square may not be valid due to low number of subjects. 
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Frequency (%) of LN 2010   Frequency (%) of LN 2011 

Treatment 6 LT (-3) 7 LT (-2) 8 LT (-1) 9 LT (0) 10 LT (+1)  Treatment 8 LT (-3) 9 LT (-2) 10 LT (-1) 11 LT (0)  12 LT (+1) 

AAMM - CT 0.0 10.0 35.0 55.0 0.0  AAMM - CT 0.0 3.9 19.1 61.0 16.1 

AAMM - NT 2.1 5.7 30.3 48.1 13.9  AAMM - NT 4.6 10.9 29.6 50.7 4.2 

MMMM - CT 5.9 13.8 64.3 16.0 0.0  MMMM - CT 3.6 0.0 36.4 58.2 1.9 

MMMM - NT 5.9 12.5 52.1 29.5 0.0  MMMM - NT 5.8 9.6 55.3 29.5 0.0 

SSMM - CT 8.0 4.0 25.3 56.9 5.8  SSMM - CT 5.8 7.7 40.2 29.7 16.7 

SSMM - NT 2.4 9.9 26.4 50.4 10.9  SSMM - NT 2.1 7.3 56.6 34.0 0.0 

SW(rc)MM - CT 2.1 8.3 27.1 58.3 4.2  SW(rc)MM - CT 3.8 6.5 22.5 52.6 14.6 

SW(rc)MM - NT 5.4 22.1 38.9 27.9 5.7  SW(rc)MM - NT 13.8 8.0 34.6 41.5 2.1 

SWMM - CT 2.1 2.3 29.4 61.7 4.6  SWMM - CT 0.0 6.4 24.0 63.6 6.1 

SWMM - NT 4.2 30.2 36.7 26.9 2.1  SWMM - NT 0.0 20.4 49.2 28.5 1.9 

Chi Square 14.4 55.3 39.1 55.8 42.4  Chi Square 39.1 31.1 44.4 38.8 64.8 

df 9 9 9 9 9  df 9 9 9 9 9 

Pr > ChiSq. 0.1081† < .0001 < .0001 < .0001 < .0001†   Pr > ChiSq. < .0001† 0.0003 < .0001 < .0001 < .0001 

Table 10: Frequency (%) and Pearson Chi-Square, goodness-of-fit test statistics of various leaf numbers (LN) within the canopy measured using 

the leaf-tip (LT) method by rotation and tillage treatment combinations in the long-term rotation-tillage trial in Elora, ON, Canada. For rotations 

(main), A=alfalfa, M=maize, S= soybean, rc = red clover cover crop, and W=winter wheat. Tillage (sub) treatments included conventional tillage 

(CT) and no-tillage (NT). The standard LN’s were 9 and 11 in 2010 and 2011, respectively. All other leaf stages are displayed relative to the 

standard number within years and are displayed in brackets. Values in table refer to the percentage of plants at the given leaf stage relative to the 

total number of plants in that treatment averaged across four replications.  Across rows, frequency values add up to 100.  

 

† Chi-Square may not be valid due to low number of subjects. 
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for AAMM, MMMM, SSMM, SW(rc)MM, and SWMM, respectively.  SWMM-NT and 

SW(rc)MM-NT treatments had notably higher frequencies (22.1 and 30.2%, respectively) 

of plants at the -2 LT stage in 2010 (Table 10).   

Percentage distributions suggest that rotation played an important role in plant 

growth in the canopy in 2010.  MMMM had the highest percentage of plants that were 

one leaf behind under both tillage treatments.  This trend was a reflection of MMMM 

having the lowest percentage of plants at 0 LT under CT and the third lowest percentage 

under NT. SW(rc)MM-NT and SWMM-NT had lower percentages of plants at 0 LT than 

MMMM-NT, and may be a result of these two treatments having the two highest 

percentages of plants at -2 LT (Table 10).      

In the second year of this study, NT had a higher percentage of plants one leaf 

behind than CT in every rotation (Table 10). The developmental delay of maize plants 

become more pronounced in mono and dual crop rotations in 2011. MMMM-NT and 

SSMM-NT treatments had the two highest percentages of plants that were one leaf 

behind (Figure 10).  Across NT sub-treatments, percentage of plants at -1 LT were 29.6, 

55.3, 56.6, 34.62, and 49.2 in AAMM, MMMM, SSMM, SW(rc)MM, and SWMM, 

respectively (Table 10). Conversely, the percentage of plants at -1 LT stage under CT 

tillage were 19.1, 36.4, 40.2, 22.5, and 24.0 in AAMM, MMMM, SSMM, SW(rc)MM, 

and SWMM, respectively (Table 10).  In both cases (i.e. ignoring tillage), MMMM and 

SSMM had the highest frequency of plants that were one leaf behind.   

At the 0 LT stage in 2011, all rotations had higher frequencies of plants under CT 

than NT, with the exception of SSMM.  In this case, however, SSMM-CT had a 
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considerably higher percentage of plants at LT +1 (16.7%) than SSMM-NT (Table 10), 

which may account for the lower percentages at LT 0.   Still, the considerably higher 

percentage of plants at LT -1 in SSMM-NT than SSMM-CT implies a slower rate of 

development of plants in the SSMM-NT rotation. Apart from SSMM-CT, rotations under 

CT tended to have high percentages of plants at LT 0 in 2011 than NT, including 

MMMM. Under NT, percentage of plants at LT 0 were 50.7, 29.5, 34.0, 41.5, and 28.5% 

in AAMM, MMMM, SSMM, SW(rc)MM, and SWMM, respectively (Table 10). Under 

CT, percentage of plants at LT 0 were 61.0, 58.2, 29.7, 52.6, 63.6% in AAMM, MMMM, 

SSMM, SW(rc)MM, and SWMM, respectively (Table 10). Differences in percentage of 

plants at LT 0 between CT and NT treatments were 10.3, 28.7, -4.4, 11.1, 35.1% in 

AAMM, MMMM, SSMM, SW(rc)MM, and SWMM, respectively. The disparity 

between CT and NT was the largest under SWMM and MMMM rotations and 

approximately equal between AAMM and SW(rc)MM rotations. SSMM-CT appeared to 

be more variable in 2011, which may account for tillage not impacting the percentage of 

LN at 0 LT.  

The percentage of plants at -1 and 0 LT stage indicated that tillage was a more 

important factor in plant development (as defined by LN) than rotation in 2011, with the 

exception of the SSMM rotation.  MMMM-CT, for example, had LN distributions very 

similar to those of AAMM-CT, SW(rc)MM-CT, and SWMM-CT treatments. However, 

under NT, MMMM and SWMM were the treatments with the largest decreases from CT 

in percentages of plants at 0 LT.  SWMM-NT had the highest percentage of plants at LT -

2, which may be a reason why percentages at higher LT stages are lower for that 

treatment in 2011.  
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Rotations that incorporated perennial legume crops and cover crops (AAMM and 

SW(rc)MM) were the least sensitive to conditions that NT imposed on growing 

conditions at the 0 LT stage (10.3 and 11.1% differences between CT and NT, 

respectively). These two rotations also had two of the highest percentages of plants at +1 

LT stage under CT (Table 10).  These results are a reflection of the more suitable 

growing conditions that diverse rotations create for maize plant growth. Tillage played a 

more important role in the incidence of plants at 0 LT in 2011 for rotations that did not 

incorporate perennial legumes or legume cover crops.  

Regression analyses suggested a significant relationship between the percent of 

plants at -1 LT and total plot yield in both years (Figure 8 & 9) (P < 0.05).  These 

analyses indicate a yield reduction of approximately 33 and 35 kg ha
-1

 per percent 

increase in plants that are one leaf behind in 2010 and 2011, respectively (Figure 8 & 9).  

A significant relationship was also found between the percentage of plants at the 0 LT 

stage and total plot yield in 2011 but not in 2010 (Figure 10 & 11) (P < 0.05). The slope 

in the 2011 analysis suggests that maize grain yield may increase by 31 kg ha
-1

 per 

percent increase in plants that are at the standard leaf number of a given area (Figure 11).  

Significant regression relationships between LN at the stages used in the 

distribution analysis and earlier growth stages of maize plant development were found in 

this study.  There was a significant relationship between LN at the 7-9 LT and LN at the 

4-6 LT stage (P < 0.0001) in 2010. In 2011, a significant relationship (P < 0.0001) existed 

between LN at the 9-12 LT stage and emergence date. Results presented above suggest 

that grain yield at the plot level can be predicted by the LN distribution within the canopy 

at the 7-12 LT stage of maize development. The fact that a relationship exists between  
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these same leaf stages of maize development and earlier stages of plant development 

suggests that the potential yield of a plant community could be tied to plant emergence 

and early leaf stage development. The R
2
 of the relationship between LN at the 9-12 LT 

stage in 2011 and plant emergence was low (ca. 0.12), suggesting there are more factors 

than just timing of emergence influencing the LN at that stage.  

Plant-level distribution of LN at the 7-12 LT stage of maize development, and its 

direct effect on plot grain yield, indicates the importance leaf development for maize 

yield. The relationship of maize development at this stage with earlier LN stages and  
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Figure 8: Relationship between percent (%) of plant population that is one 

leaf behind (LT -1) the standard leaf (LT 0) number at the 7-10 leaf-tip 

(LT) stage in 2010 by treatment; and plot yield (kg ha
-1

) in the long-term 

rotation-tillage trial in Elora, ON, Canada. Rotations (main) consist of five 

rotations: A=alfalfa, M=Maize, S= Soybeans, W=winter wheat, rc= red 

clover cover crop. Tillage systems (sub) include conventional tillage (CT) 

and no-tillage (NT). The most dominant LN across all treatments was 9 (0) 

LT in 2010. All other LN’s were expressed relative to this standard LN. 

Percentages of plants at LN -1 (one leaf behind) are means of four 

replications.   
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seedling emergence also demonstrates the importance of emergence timing and early-

season leaf appearance on maize yield. The mechanism for yield loss seen in less diverse 

rotations and minimal tillage systems could be a general physiological delay in maize 

plant development.  Plants with low rates of leaf development and dry matter 

accumulation have lower KN and grain yields (Madonni and Otegui, 2004; Andrade and 

Abbate, 2005; Liu, 2008; Cerrudo et al., 2012). Having a higher incidence of plants that 

show these characteristics may be a mechanism for yield loss under certain management 

systems.   
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Figure 9: Relationship between percent (%) of plant population one leaf 

behind (LT -1) the standard leaf (LT 0) number at the 9-12 leaf-tip (LT) 

stage in 2011 by treatment; and plot yield (kg ha
-1

) in the long-term 

rotation-tillage trial in Elora, ON, Canada. Rotations (main) consist of 

five rotations: A=alfalfa, M=Maize, S= Soybeans, W=winter wheat, rc= 

red clover cover crop. Tillage systems (sub) include conventional tillage 

(CT) and no-tillage (NT). The most dominant LN across all treatments 

was 11 (0) LT in 2011. All other LN’s were expressed relative to this 

standard LN. Percentages of plants at LN -1 (one leaf behind) are means 

of four replications. 
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Less diverse rotations and NT managed communities exhibit a higher frequency 

of plants that are developmentally delayed. This analysis does not directly assess the 

impact of PPV on grain yields. It does suggest that in most cases, as is evident in the 

frequency of plants under each leaf stage category in the various treatments (Tables 6, 8, 

& 10), a shift to the left or right of the LN spectrum is often observed. Treatments with a 

higher incidence of plants that are developmentally delayed result in lower grain yields at 

the plot level. The hypothesis that plant growth differences at the plat level are indicative 

of yield differences at the community level can therefore be accepted (Figure 8 & 9).  

There are several exceptions where LN distribution is not simply shifted; SW(rc)MM- 
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Figure 10: Relationship between percent (%) of plant population that is at 

the standard leaf number (LT 0) at the 7-10 leaf-tip (LT) stage in 2010 by 

treatment; and plot yield (kg ha
-1

) in the long-term rotation-tillage trial in 

Elora, ON, Canada. Rotations (main) consist of five rotations: A=alfalfa, 

M=Maize, S= Soybeans, W=winter wheat, rc= red clover cover crop. 

Tillage systems (sub) include conventional tillage (CT) and no-tillage 

(NT). The most dominant LN across all treatments was 9 (0) LT in 2010. 

All other LN’s were expressed relative to this standard LN. Percentages of 

plants at LN (0) (standard LN)) are means of four replications. 
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NT, and SWMM-NT treatments in 2010 and SWMM-NT treatments in 2011 (Table 10).  

In these cases it is possible that PPV may be higher.  Results in subsequent sections may 

allow for more interpretation on how actual PPV is being influenced by rotation and 

tillage and its corresponding effect, if any, on plot grain yield.  

It has been demonstrated that tillage alters maize yield and plant measures. NT 

had lower plot grain yield, later emergence, lower LN at various stages of growth, PHS, 

DMP, and GWP, than CT.  Rotation had a less pronounced effect on plant parameters, but 

affected maize grain yield, silking date, and DMP (Section 3.1).  The rotation effect on 

these plant measures favoured more diverse rotations and those that incorporated 
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Figure 11. Relationship between percent (%) of plant population one leaf 

behind (LT -1) the standard leaf (LT 0) number at the 9-12 leaf-tip (LT) 

stage in 2011 by treatment; and plot yield (kg ha
-1

) in the long-term 

rotation-tillage trial in Elora, ON, Canada. Rotations (main) consist of five 

rotations: A=alfalfa, M=Maize, S= Soybeans, W=winter wheat, rc= red 

clover cover crop. Tillage systems (sub) include conventional tillage (CT) 

and no-tillage (NT). The most dominant LN across all treatments was 11 

(0) LT in 2011. All other LN’s were expressed relative to this standard LN. 

Percentages of plants at LN -1 (one leaf behind) are means of four 

replications.  
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perennial legumes.  These results are at the community (plot) level.  At the individual 

plant level, it has been demonstrated that plant LN development differs across rotation, 

tillage, and rotation-tillage treatment combinations and that leaf stage has a close 

relationship with yield at the community level (Section 3.2).  There was a low frequency 

of developmentally delayed plants and a correspondingly higher frequency of plants at 

LT 0 in i) rotations that incorporated a more dynamic sequence of crops and/or include a 

perennial legume; ii) CT management; and iii) under management that combined CT with 

diverse crop rotations, rather than mono- and dual crop rotations and NT management.  A 

higher frequency of developmentally delayed plants under certain management systems 

(Section 3.2), and differing mean plant measures at the community level, (Section 3.1) 

may be mechanisms for their differing yields.  

 

4.3 Crop Rotation and Tillage Effects on Variability in Crop Measures 

4.3.1 Variance Model 

When PPV was quantified using variance, ANOVA indicated the hypothesis that 

tillage influences the variance in various crop measures can be accepted (Table 11). 

Tillage treatments had a more consistent effect on the variance
 
of plant parameters than 

rotation treatments. Rotation was only significant at P < 0.1 when interacting with either 

tillage or year. Rotation per se did not affect variance of plant parameters and so the 

hypothesis that rotation influences PPV was not supported as strongly.  

 Tillage treatments affected variance of Em, 3-5 LT, LNS, silking, ASI, and HI 

plant parameters (P < 0.05).  Tillage also affected variance of anthesis and SO plant 
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Source of 

Variation Em 

3-5 

LT 

5-7 

LT 

7-11 

LT LNS PH1 PHS GR Silk Anth ASI DM1 DM2 SO DMP GWP HI 

Rotation NS †  NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS 

Tillage ** ** NS NS ** NS NS NS ** * ** NS NS * NS NS ** 

Year . . ** NS NS ** NS ** ** . . ** ** NS ** ** NS 

R x T NS NS NS * NS * * NS NS NS NS * * NS NS NS * 

R x Y . . NS NS NS NS NS NS NS . . NS NS * NS NS NS 

T x Y . . NS NS NS NS NS NS NS . . NS NS ** NS NS NS 

R x T x Y . . NS NS * NS NS NS NS . . NS * NS NS NS NS 

Table 11:  Analysis of variance and significance levels of variance (s
2
) of plant measurements for fixed effects 

across 2010 and 2011 in the long-term rotation-tillage trial in Elora, ON, Canada. The analysis was determined 

using PROC MIXED (SAS Institute, 2004). Variables include variance of emergence (Em); leaf number at the 3-

5 leaf-tip stage (3-5 LT); leaf number at the 5-7 leaf-tip stage (5-7 LT); leaf number at the 7-11 leaf-tip stage (7-

11 LT); plant height before silkng (PH1); leaf number after silking (LNS); plant height after silking (PHS); growth 

rate (GR); silk date; anthesis date (anth); anthesis-silking interval (ASI); plant dry matter before silking (DM1); 

plant dry matter after silking (DM2); space occupied by plant (SO); total plant weight (DMP); grain weight 

(GWP); and harvest index (HI). Em, Anth, and ASI data was collected in 2011 only.  All other data was collected 

in both 2010 and 2011 

 

* significant at the 0.1 probability level.                                        

** significant at the 0.05 probability level.                  
† NS,  not significant at the 0.1 probability level. 
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parameters (P < 0.1) (Table 11).  Year affected the variance of 5-7 LT, PH1, GR, silking, 

DM1, DM2, DMP, and GWP  (P < 0.05) (Table 11). Rotation x tillage interacted on 

variance of 7-11 LT, PH1, PHS, DM1, DM2, and HI (P < 0.1), while both rotation x year 

(P < 0.1) and tillage x year interactions affected the variance of SO (P < 0.05).  There was 

also a three-way interaction of fixed effects for LNS and DM2 (P < 0.1) (Table 11).   

NT had 62% higher seedling emergence variance than CT (P < 0.05) (Table 12).  

Emergence variability can be caused by several factors including: variable planting 

depths, wheel compaction, location of seed within the furrow, surface crusting, random 

soil clods, soil texture differences, variable seed spacing, variable seed germination, 

compaction around the seed, insect damage, marginal moisture availability, variable seed 

furrow closure, variable surface residue (Martin et al., 2005), and poor seed-to-soil 

contact (Liu et al., 2004a). Emergence variability has been frequently linked with yield 

loss at the plant level (Nafziger et al., 1991; Ford and Hicks, 1992; Nielson, 2001; Liu et 

al., 2004a; Tollenaar et al., 2006). Because NT management often exhibits more cultural 

(i.e. non-uniform planting depth, seed spacing, residue distribution) (Boomsma et al., 

2010) and biological  (i.e. pest pressures) (Mock and Erbach, 1977; Dodd and White, 

1999; Broders et al., 2007) sources of PPV, it is reasonable to link such a management 

approach to emergence variability seen in this study. 

 Variance in LN
 
at the 3-5 LT, 5-7 LT, 7-11 LT, and LNS stages were 450%, 3%, 

25%, and 67% higher in NT than in CT, respectively (Table 12), but only differed at the 

3-5 LT and LNS stages of development (P < 0.05). Plant stage differences later in maize 

development are often indicative of emergence uniformity (Glen and Daynard, 1974; 

Pommel and Fleury, 1989) because developmental differences early on in the season 
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  Em (Days2)   3-5 (LT2)   5-7 (LT2)    7-11 (LT2)   LNS (LT2)   

Silking 

(Days2)   ASI(Days2)   HI 

Tillage Mean se   Mean se   Mean se   Mean se   Mean se   Mean se   Mean se  Mean se 

CT 0.66 b † 0.09  0.06 b 0.04  1.25 a 0.03  0.49 a 0.05  0.42 b 0.04  5.38 b 0.41  1.55 b 0.19  0.015 b 0.002 

NT 1.07 a 0.14   0.27 a 0.04   1.29 a 0.03   0.61 a 0.06   0.70 a 0.07   7.41 a 0.41   2.21 a 0.27   0.021 a 0.002 

Table 12:  Means and standard error (se) of variance (s
2
) of plant parameters taken in 2010 and 2011 by tillage treatments (CT: conventional; 

NT: no-till) in the long-term rotation-tillage trial in Elora, ON, Canada.  Parameters include emergence (Em); leaf number at the 3-5 leaf-tip 

stage (3-5 LT); leaf number at the 5-7 leaf-tip stage (5-7 LT); leaf number at the 7-11 leaf-tip stage (7-11 LT) leaf number after silking (LNS); 

silking; anthesis; anthesis-silking interval (ASI); and harvest index (HI).  Data for Em, 3-5 LT, and ASI plant parameters was collected in 2011 

only. The remaining parameters were collected in 2010 and 2011.  Means and se are based on four replications.  

                                                      

†  within mean columns for each plant parameter,  means with different letters are significantly different at P < 0.05.     
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often persist through later stages of plant development (Landi and Crosbie, 1982).  

This was also demonstrated in earlier sections of this manuscript. This may explain why 

NT is consistently more variable than CT in LN development throughout the growing 

season after having significantly less uniform seedling emergence.   

The apparent variability in maize growth under NT treatments extended to 

reproductive stages of maize growth as well.  Variance was 38, 43, and 40% higher in NT 

than CT in silking, ASI, and HI plant parameters, respectively (Table 12) (P < 0.05).   

These results are consistent with previous emergence and LN variability differences 

between NT and CT treatments.    

HI was also influenced by a rotation x tillage interaction (Table 11) (P < 0.1). 

Means showed a significant difference in variance
 
between SW(rc)MM-NT and 

SW(rc)MM-CT treatments, while all other treatments did not differ significantly (P < 

0.1).  The means for the two treatments were 0.007 and 0.032-%
2
 for SW(rc)MM-CT and 

SW(rc)MM-NT, respectively.  The mean incidence of barren plants for the rotation x 

tillage interaction, although not different (P<0.1), (Table 2) were the highest and lowest 

in the SW(rc)MM-NT and SW(rc)MM-CT treatments, respectively. A higher incidence 

of plants with low HI (characteristic of barren plants), in turn may result in higher 

variance in HI.    

By year differences in mean variance of plant measures are presented in Table 13.  

Means variance was higher in 2010 for most plant parameters (5-7 LT PH1, DM2, GR, 

GWP, and DMP).  In 2011, DM1 and silking had higher variance
 
means.  Silking may 

have had higher variance in 2011 due to more extensive collection of silking data in that 
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  5-7 (LT2)   PH1(cm2)   DM1(g
2)   DM2(g

2)   GR(g/day2)   Silking(Days2)   GWP(g2)   DMP(g2) 

Year Mean se   Mean se   Mean se   Mean se   Mean se   Mean se   Mean se   Mean se 

2010 0.27 a† 0.02  34.11 a 4.28  30.070 b 3.07  4242.89 a 375.36  2.12 a 0.15  4.66 b 0.41  1830.90 a 138.57  5717.09 a 388.19 

2011 0.20 b 0.02   8.890 b 1.05   289.69 a 28.14   1215.61 b 104.81   1.69 b 0.14   8.13 a 0.41   1375.66 b 136.83   3913.81 b 383.30 

† within mean columns for each plant parameter,  means with different letters are significantly different at P < 0.05.  

Table 13: Means and standard errors (se) of variance (s
2
) of plant parameters by year (2010 and 2011) in the long-term rotation-tillage trial in 

Elora, ON, Canada. Plant parameters include leaf number at 5-7 leaf tip stage (5-7 LT); mid-season plant height (PH1); dry matter before silking 

(DM1); dry matter after silking (DM2); growth rate (GR); silking date; plant grain weight (GWP); and total plant dry matter (DMP).  Means and se 

values are means of four replications 
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year (i.e. data was collected over a 12 day period in 2011, but only a six day period in 

2010). This may allow for a higher probability for data points to vary from the mean in 

2011.  

Variance of SO was 72% higher in NT than CT in 2011, but no difference 

between tillage treatments was observed in 2010 (P < 0.05) (Figure 12). These results are 

similar to a study by Liu et al. (2004c), who found a higher standard deviation in plant 

spacing under NT conditions with two of out three types of planters used in the study. NT 

treatments may have higher variability in SO due to the inability of the planter to 

singulate and transfer seeds uniformly into the seed furrow (Liu et al., 2004a). This may 

be because of higher amounts of residue in NT systems that can cause physical 

obstruction to seed placement (Liu et al., 2004b). SO was also influenced by a rotation x 

year interaction of fixed effects (Table 3), but with no significant differences between 

rotations within years (data not shown) (P < 0.1).   

It should be noted that although variance of SO is not an equivalent measure of 

variability to the standard deviation (SD) of plant spacing that has been commonly used 

(Krall et al., 1977; Liu et al., 2004 a,b,c), it is still giving an accurate indication of plant 

spacing differences. SO differs from simple plant spacing measures because it takes into 

account the distance to neighboring plants on both sides of the plants in question, taking 

into account mutual shading from these neighbours. SO is a mean of the distances to 

neighbouring adjacent plants (i.e. the distance to the mid-point of neighbouring plants on 

either side), and so still gives an accurate indication of variability in plant spacing. SO, 

however, expresses spacing variability in terms of the plant, rather than the actual 

distance between neighbouring plants.  
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Rotation x tillage interactions on variance of LN at 7-11 LT, PH1, PHS, and DM1 

plant parameters showed no difference between means of treatments for each plant 

measure (P < 0.1) (data not shown).  Similarly, a rotation x tillage x year interaction was 

detected for LNS and DM2 plant parameters (Table 11), but with no significant 

differences between means of treatments (data not shown) (P < 0.1).     

4.3.2 CV Model 

 When PPV was quantified using CV (Table 14), the hypothesis that tillage 

influences variability in plant growth was accepted. Rotation per se did not influence the 

CV of plant parameters and so the hypothesis that rotation influences PPV was not 

supported.  Rotation interacted with tillage as well as tillage x year fixed effects in some 

instances (P < 0.1).  The general trend of tillage having a more pronounced effect on CV 
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Figure 12:  Mean variance (s
2
) of plant space occupied (SO) by tillage 

treatments (NT: no-tillage; CT: conventional tillage) and year (2010 and 

2011) in the long-term rotation-tillage trial in Elora, ON, Canada. Means 

with different letters differ significantly at P < 0.05.  Values are means of 

four replications +/- standard errors (se).   
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of plant measurements than rotation is consistent with previous analyses using variance
 
as 

an indicator in the previous section (Table 11).   

 Tillage and year interacted to influence the CV of PH1 (P < 0.05) and SO (P < 

0.1) (Table 14).  A rotation x tillage x year interaction was found for CV of GR and DM2 

plant parameters (P < 0.1) (Table 14). Tillage affected the CV of LN at the 7-11 LT stage, 

GR, DM2, SO, DMP, and HI (Table 14) (P < 0.1).  Year effects were significant (P < 

0.05) for the CV of LN at the 5-7 LT stage, the 7-11 LT stage, silking, DM2, and HI 

(Table 14). Tillage per se significantly affected the CV of Em, LN at the 3-5 LT stage, 

LNS, PHS, silking, DM1, and GWP plant parameters (P < 0.05) (Table 14).  The 

significance of tillage effects on CV of Em, LN at the 3-5 LT, LNS, and silking are 

consistent with using variance as an indicator of PPV. The two approaches differ, 

however, in the significance of PHS, DM1, and GWP under the CV model as well as the 

significance of ASI and HI under the variance model (Table 11). This inconsistency may 

be a consequence of the differing nature of the two test statistics. Rotation and tillage 

interacted to influence CV of DM2, DMP, GWP, and HI (P < 0.1) (Table 14).   

NT treatments had 36% higher mean CV than CT for emergence date (Table 15) 

(P < 0.05). These results are consistent with the previous analysis that uses s
2 

to quantify 

PPV. These results are also consistent with the literature, which suggests that NT systems 

often exhibit more cultural (i.e. non-uniform planting depth, seed spacing, residue 

distribution) (Boomsma et al., 2010) and biological  (i.e. pest pressure) (Mock and 

Erbach, 1977; Dodd and White, 1999; Broders et al., 2007) sources of PPV.  
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Source of 

Variation Em 

3-5 

LT 

5-7 

LT 

7-11 

LT LNS PH1 PHS GR Silk Anth ASI DM1 DM2 SO DMP GWP HI 

Rotation NS
 
† NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS 

Tillage ** ** NS * ** NS ** * ** NS NS ** * * * ** * 

Year  . . ** ** NS NS NS * ** . . NS ** NS NS NS ** 

R * T NS NS NS NS NS NS NS NS NS NS NS NS * NS * * * 

R * Y . . NS NS NS NS NS NS NS . . NS NS NS NS NS NS 

T * Y . . NS NS NS ** NS NS NS . . NS NS * NS NS NS 

R * T * Y . . NS NS NS NS NS * NS . . NS * NS NS NS NS 

Table 14: Analysis of variance and significance levels for fixed effects of coefficient of variation (CV) values of 

plant measurements in the long-term rotaton-tillage trial in Elora, ON, Canada.  The analysis was determined using 

PROC MIXED (SAS Institute, 2004). Variables include variance of emergence (Em); leaf number at the 3-5 leaf-

tip stage (3-5 LT); leaf number at the 5-7 leaf-tip stage (5-7 LT); leaf number at the 7-11 leaf-tip stage (7-11 LT); 

plant height before silking (PH1); leaf number; at maturity (LNS); plant height at maturity (PHS); growth rate (GR); 

silking; anthesis; anthesis-silking interval (ASI); plant dry matter before silking (DM1); plant dry matter after 

silking (DM2); space occupied by plant (SO); total plant weight (DMP); grain weight (GWP); and harvest index 

(HI). Em, LN at 3-5 LT, Anth, and ASI data was collected in 2011 only.  All other data was collected in both 2010 

and 2011 

 

* significant at the 0.1 probability level                       

** significant at the 0.05 probability level   
 

† NS,  not significant at the 0.1 probability level. 
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  Em   3-5 LT   LNS   Silk   DM1   GWP 

Tillage Mean se   Mean se   Mean se   Mean se   Mean se   Mean se 

CT 7.43 b† 0.66  4.25 b 1.14  3.71 b 0.25  9.22 b 0.33  24.56 b 1.11  32.37 b 1.68 

NT 10.13 a 0.66   14.38 a 1.14   5.05 a 0.25   10.66 a 0.33   28.79 a 1.67   37.73 a 1.70 

Table 15: Mean CV (%) and standard errors (se) of plant parameters by tillage treatments (CT: conventional till; NT: 

no-till) from the long-term tillage/rotation trial in Elora, ON, Canada. Plant parameters include emergence (Em); leaf 

number at 3-5 leaf-tip (3-5 LT); leaf number after silking (LNS); silking; plant dry matter before silking (DM1); and 

grain weight (GWP).  All data was collected in 2010 and 2011, excluding emergence, and 3-5 LT parameters, which 

were collected in 2011 only. Means and se are based on four replications 

                                                           

† within mean columns for each plant parameter,  means with different letters are significantly different at P < 0.05.   

 



80 
 

Tillage effects on LN variability in the CV model were also similar to that of the variance 

model.  NT had significantly higher mean CV’s at the 3-5 LT stage and LNS (Table 15) 

(P < 0.05).  NT also had 16, 17, and 17% higher CV values in DM1, silking and GWP 

plant parameters than CT treatments (Table 15) (P < 0.05).  Plant stage differences later 

in maize development are often indicative of emergence uniformity (Glen and Daynard, 

1974; Pommel and Fleury, 1989). This may explain why NT remains more variable in 

leaf stage throughout the growing season after having significantly less uniform seedling 

emergence earlier in the season. However, the fact that intermediate LN stages did not 

differ (P < 0.05) in mean CV suggests that there are more factors involved in plant 

growth variability than emergence non-uniformity per se. CV values at the intermediate 

leaf stage of 7-11 LT were approximately 8.0 and 9.1% in CT and NT treatments, 

respectively (P <0.1).  These results also indicate that non-uniformities remain in the 

maize canopy throughout the season.  

 Year had a significant effect on CV of LN at the 5-7 and 7-11 LT stage, and 

silking date (Table 14) (P < 0.05).  At the 5-7 LT stage, CV means were 9.94 and 6.80% 

in 2010 and 2011, respectively. At the 7-11 LT stage, CV means were 8.97 and 7.48%, in 

2010 and 2011, respectively. The reason for these differences are likely similar to those 

in the variance model described above.  

 Observing means of the tillage x year effect on CV of PH1 (Table 14) indicated no 

differences between tillage treatments within years (P < 0.05). The rotation x tillage x 

year interaction for CV of GR and DM2 parameters showed differences in mean CV 

between only two treatments in both cases.  For mean CV’s of GR and DM2, SW(rc)MM-

NT and SW(rc)MM-CT treatments differed in 2010 (P < 0.1). The same pattern was 
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found between the same treatments when observing mean CV across rotation x tillage 

interactions for DMP, GWP, and HI.  For each of these plant measures, mean CV of 

SW(rc)MM-NT and SW(rc)MM-CT treatments differed from each other, but no other 

treatments differed (P < 0.1).  In each case, SW(rc)MM-CT had a lower mean CV than 

SW(rc)MM-NT.  The consistent differences between these treatments may have been a 

result of increased levels of red clover residue that caused seedling predation and early-

season stress in the NT treatment.  Because the SW(rc)MM is one of the most productive 

rotations in this study, it is also possible that especially high levels of maize residue from 

2010 caused higher variability in plant growth in the following growing season. The 

benefits of red clover cover crops may not be fully utilized in a cropping system unless 

they are incorporated into the soil. The NT treatment of this rotation would therefore not 

have the same soil properties as its CT counterpart and could lead to higher PPV in the 

observed plant measures.  

CV of SO was higher in NT than CT treatment in 2011, but not in 2010 (P < 0.1).  

In 2010, mean CV for SO was 20.79 and 21.08% in CT and NT, respectively.  In 2011, 

CV of SO was 19.46 and 24.72% in CT and NT, respectively.  The fact that maize was 

planted into maize residue from the previous year in the NT treatments in 2011, but not in 

2010 may be a cause for the significant difference between treatments in only one of the 

two years.  The significant difference between NT and CT treatments in 2011 is similar to 

a study by Liu et al. (2004c), who found a higher standard deviation in plant spacing 

under NT conditions.  Higher levels of maize residue in NT systems may be a cause for 

the increased SO variability (Liu et al., 2004a).   
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4.3.3 Variance
 
and CV as Measures of Variability  

PPV of several plant parameters in the maize canopy was affected by tillage. NT 

management resulted in higher variance in seedling emergence, plant LN at 3-5 LT and 

LNS, silking, ASI, anthesis, HI, and SO plant parameters than CT.  These results support 

the hypothesis that NT would have higher levels of PPV than CT.  They also suggest that 

early-season non-uniformities in plant growth can extend into later stages of maize 

development.  Rotation did not have an effect on the s
2
 of any plant parameters.  

Results were partially similar when PPV was quantified using CV.  Analysis 

indicated higher CV values in NT management in seedling emergence, LN at 3-5 LT and 

LNS, silking, DM1, DM2, and GWP and SO than CT management. Rotation did not have 

an effect on the CV of plant parameters.  The effect that the apparent variability in maize 

development (caused by tillage management) has on overall grain yield remains to be 

seen and will be explored in the following section.   

CV has been used in several recent studies to quantify PPV (Andrade and Abbate, 

2005; Martin et al., 2005; Boomsma et al. 2009; Cerrudo, 2010; Mayer et al., 2012).  

However, earlier literature has suggested to use caution in the interpretation of CV. CV is 

a ratio of two values (standard deviation/mean), each with their own distributions, 

depending on treatments and plant growth stage, which may cause problems in 

interpretation (Edmeades, 1976).  Statistically, the nature of CV as a ratio may cause 

problems because it can result in multiple regions that will satisfy the requirements of 

creating confidence intervals and subsequent p-values (Johnson and Kotz, 1970).   This 

may cause artificial significance in statistical analyses. It has been suggested that CV may 
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be more appropriate in comparing populations whose means differ significantly and/or in 

their magnitudes (i.e. when comparing variability in elephant tails vs. mouse tails) 

(Edmeades, 1976; Sokal and Rohlf, 1987).  For these reasons, using variance as a 

measure of PPV may be more robust than CV as a measure of PPV.   

 

4.4 Relationships Between PPV and Maize Yield 

4.4.1 Concerning the Use of Covariate Modeling 

In the previous section it was demonstrated that tillage can influence various 

measures of maize PPV as quantified by either variance or CV (Table 11 & 14).  These 

tillage-induced changes in PPV may alter maize yield.  PPV, however, may also be due to 

factors other than tillage.  Likewise, tillage may be altering maize yield by various other 

mechanisms independent of PPV.  The challenge of the analysis in this section is 

therefore to isolate the tillage effect on PPV from the effects of tillage and other causes of 

PPV on maize yield.   

The concern with the covariate model described in Section 2.4.3 is that the effect 

of treatments on PPV (as estimated by variance or CV) would violate the assumption of 

independence between the covariate and treatment effects on plot yield (Bowley, 2008).  

Consequently, the relationship between tillage and PPV may also have masked the effect 

that the covariate (PPV) had on total plot yield.  To prevent this from occurring, plant 

measures whose variance and/or CV values were influenced by a treatment (Table 11 & 

14) (tillage in each case) were entered into the SAS covariate model in place of that fixed 
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effect. This was done to ensure that PPV effects on plot grain yield were isolated from 

tillage in the model (Hooker, 2000).   

There are several possible scenarios of how treatments are associated with 

variance
 
and CV of plant parameters (Figure 3).  Scenario A indicates complete 

independence between tillage and the covariate. This situation can result when there is no 

tillage effect on the covariate. The covariate can be either significant or non-significant in 

the covariate analysis.  Scenarios B, C, and D can result when there is a treatment effect 

on the covariate (Table 11 & 14).  Scenario B occurs if the covariate is significant 

without replacing the treatment with the covariate in the model; the overlap between the 

two sources is not large enough to mask significant results.  Replacing the fixed effects 

with the covariate in the model may result in an improved p-value, but the original ability 

of the analysis to find significance was not compromised.  Scenario C can be identified if 

replacing the treatment with the covariate in the model results in the covariate becoming 

significant; the overlap between the two sources was large enough to hide the initial 

covariate effect on plot yield. Scenario C is important to identify because it creates 

significance that would have otherwise been undetected and changes subsequent 

interpretation. Because of the high degree of overlap between the two sources of variation 

in Scenario C, it also allows for the inferential connection of: 

treatment  plant measure s
2 
 plot grain yield. 

Scenario D is occurring if replacing the treatments with the covariate did not 

make the covariate significant (covariate was initially insignificant); the covariate does 

not have a large enough effect on plot yield to be significant.  
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4.4.2 Variance Model  

Covariate regression analyses using variance indicated that we can accept the 

hypothesis that PPV in Em, LN at 3-5 LT, and HI are possible mechanisms for yield 

differences between tillage systems. However, this hypothesis was not supported for the 

remaining plant parameters (Table 16).  The hypothesis that high yields are associated 

with low levels of variability for these plant measures can also be accepted.  

Covariate analyses indicated that plot grain yield was associated with variance in 

GWP and DMP (Table 16). These plant parameters are examples of Scenario A because 

they were not affected by tillage (Table 11), but were significant in the initial covariate 

analysis (P < 0.05). Variance in GWP and DMP were therefore not considered 

mechanisms for yield differences between tillage systems.   

A negative association was found between total plot yield and GWP variance and 

suggests that high maize yields require low variability in per plant yield. In contrast, a 

positive relationship was found with DMP variance and plot grain yield (Table 16). The 

fact that DMP had a positive relationship with plot yield is inconsistent with a study done 

by Andrade and Abbate (2005) who found a 0.68 g reduction in average yield per plant 

for every unit increase of percentage coefficient of variation (CV) in plant vegetative 

biomass. However, the results in the study by Andrade and Abbate observed these 

differences based on vegetative biomass only, not total aboveground plant weight (i.e. 

including grain weight).  The use of CV as an indicator for variability in this case may 

also be a source of the differing results.   
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Table 16: Regression covariate significance levels and slopes of significant covariates for 

the relationships between whole plot yield and the variance (s
2
) of various plant measures 

in the rotation-tillage trial in Elora, ON, Canada.  Plant measures included as covariates 

were variance (s
2
) in emergence (Em); leaf number at the 3-5 leaf tip stage (3-5 LT); leaf 

number at the 5-7 leaf tip stage (5-7 LT); leaf number at the 7-11 leaf tip stage (7-11 LT); 

leaf number after silking (LNS); plant dry matter before silking (DM1); plant dry matter 

after silking (DM2); anthesis-silking interval (ASI); anthesis date (anthesis); silking date 

(silking); growth rate (GR); space occupied (SO); plant height before silking (PH1); plant 

height after silking (PHS); plant grain weight (GWP); total plant dry matter (DMP); 

harvest index (HI); and mean plant population. P-Value2 and Slope2 columns refer to 

secondary analysis that replaced tillage effects with covariates in the model. This was 

conducted because of the effect that tillage has on the s
2
 of these plant parameters (See 

Figure 3). All covariates are a compilation of data from 2010 and 2011, excluding Em, 3-

5 LT, ASI, and Anthesis, which were collected in 2011 only.          

Regression 

Covariates 

Covariate 

P-Value1 Slope1 

Covariate 

P-Value2 Slope2 

s2 Em 0.9880 NS 0.0098 negative 

s2 LN 3-5 LT 0.3343 NS 0.0261 negative 

s2 LN 5-7 LT 0.4198 NS . . 

s2 LN 7-11 LT 0.7068 NS . . 

s2 LNS 0.2317 NS 0.7844 NS 

s2 DM1 0.3085 NS . . 

s2 DM2 0.8728 NS . . 

s2 ASI 0.8373 NS 0.1164 NS 

s2 Anthesis 0.9713 NS 0.9165 NS 

s2 Silking 0.2299 NS 0.4487 NS 

s2 GR 0.8983 NS . . 

s2 SO 0.1809 NS 0.6565 NS 

s2 PH1 0.7306 NS . . 

s2 PHS 0.9920 NS . . 

s2 GWP 0.0130 negative . . 

s2 DMP 0.0118 positive . . 

s2 HI 0.7295 NS 0.0956 negative 

Population 0.6351 NS . . 
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Covariate modeling indicated that variance in seedling emergence imposed yield 

reductions at the canopy level (Table 16) (Figure 13). This plant parameter is an example 

of Scenario C described above, indicating that tillage affects grain yield by altering s
2
 in 

seedling emergence.  These results are consistent with several studies in the literature that 

have found grain yield reductions as a result of delayed and variable maize seedling 

emergence (Carter and Nafziger, 1989; Nafziger et al., 1991; Ford and Hicks, 1992; 

Nielson, 2001; Liu et al., 2004a; Andrade and Abbate, 2005, Tollenaar et al., 2006).  

Most of these studies observed yield loss from delayed or variable emergence on a plant 

basis, rather than on the yield of a larger plant population (i.e. whole plot yield).  This 

analysis supports that tillage-induced variable emergence variability tends to be 

associated with lower maize yields at the canopy level.   It also suggests that because NT 

has higher mean emergence variance than CT (Table 12), variability in emergence may 

be a mechanism to explain yield differences between NT and CT management (Figure 4).   

Variance of early-season leaf number (3-5 LT) was found to be negatively 

associated with plot grain yield (Figure 14) (Table 16) (P < 0.05) and is also an example 

of Scenario C.  Earlier sections of this study have demonstrated that early-season plant 

development uniformity is indicative of uniform emergence. The significant correlation 

between variance of emergence and variance of LN at 3-5 LT (P < 0.05; r= 0.38) affirm 

this relationship.  

 The relationship between variance in ASI and plot grain yield was weak (P= .12). 

This is an example of Scenario D.  A short ASI is important for optimal maize yield 

(Edmeades et al., 2000; Campos et al., 2004; Pagano et al., 2007).  Because NT has a 

significantly higher variance of ASI than CT, (Table 12), it is possible that higher  
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variance in ASI may be involved in yield differences between tillage treatments. 

However, the results of the covariate analysis (Table 16) are not sufficiently compelling 

to make this interpretation.  

 Similarly, the effect of variance in HI on whole plot yield was significant at (P= 

0.0956) (Table 16) and is another example of Scenario C.  Increasing variance in HI is 

negatively associated with grain yield (Table 16).  Because of the effect of tillage on 

variance of HI (Table 14), these results suggest a potential link between tillage 

management with variability in HI, and yield responses at the plot level.  

Tillage impacts on SO variance did not affect maize yield (P < 0.05). The 

insignificance of variance of SO (Scenario D) on plot yield is consistent with the  
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Figure 13: Relationship between variance (s
2
) in maize seedling 

emergence (days after planting
2
) and plot yield (kg ha

-1
) in 2011 across 

four rotation (main) treatments and two tillage (sub)  treatments (eight 

treatment combinations) in the long-term rotation-tillage trial in Elora, 

ON, Canada. Tillage treatments include conventional tillage (CT) and no-

tillage (NT).  Data points are displayed by tillage treatments only and 

represent any of the four rotation treatments. Data points are means of 

four replications.    

 



89 
 

 

 

 

 

majority of past research observing plant spacing variability effects on grain yield 

(Erbach et al., 1972; Edmeades and Daynard, 1979; Muldoon and Daynard, 1981; 

Daynard and Muldoon, 1983; Lauer and Rankin, 2004; Liu et al., 2004 a,b; Kovacs et al., 

2011), but contradicts results of other research (Krall et al., 1977; Vanderlip et al., 1988; 

Nielson, 2001).  As long as variability in plant spacing avoids extreme deviations from 

uniformity (ie. SD > 17-cm), the canopy is able to compensate for the variability 

(Muldoon and Daynard, 1981; Liu et al., 2004b).  In the present study, variance of SO 

varied significantly by tillage treatments (Figure 12), but there was no effect of variance 

in SO on grain yield. (P < 0.05) (Table 16).   
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Figure 14: Relationship between variance (s
2
) in maize leaf number (LN) 

at approximately the 3-5 leaf tip (LT) stage and plot yield (kg ha
-1

) in 2011 

across four rotation (main) treatments and two tillage (sub)  treatments 

(eight treatment combinations) in the long-term rotation-tillage trial in 

Elora, ON, Canada. Tillage treatments include conventional tillage (CT) 

and no-tillage (NT).  Data points are displayed by tillage treatments only 

and represent any of the four rotation treatments. Data points are means of 

four replications.    
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Studies have found evidence of compensatory yield of neighbouring plants with 

larger PH and SO occurring within a maize canopy because of the ability of dominant 

plants within the canopy to increase leaf surface radiation absorption, and KN.  (Pommel 

and Bonhomme, 1997; Pagano and Moddoni, 2007; Boomsma et al., 2009; Coulter et al., 

2011). In this study, although grain yield loss may have resulted from variability in space 

occupied at the plant level, it is possible that neighbouring plants made up for this yield 

loss.  As a result of this compensation it is less likely that variability in space occupied 

would impact yield at the canopy level.  Successful yield compensation is contingent on 

there being adequate LAI and plant density within a canopy (Lauer and Rankin, 2004; 

Tollenaar et al., 2006) and is a possible explanation for the compensatory yield in spacing 

variance found in the present study. 

In contrast, however, other studies suggest this compensatory yield is insufficient 

for the yield foregone by other sources of PPV such as late-emerging, shorter, or 

dominated plants within the canopy (Pendleton and Seif, 1962; Carter and Nafziger, 

1989; Nafziger et al., 1991; Ford and Hicks, 1992; Pommel and Bonhomme, 1997, Wu, 

1998; Liu et al., 2004a, 2004b).  It is equally likely that the maize canopy is unable to 

compensate for the hierarchies created by the uneven emergence and early-season LN 

seen in this study.   

Uniform PH within a maize canopy has been associated with higher yields (Glen 

and Daynard, 1974; Muldoon and Daynard, 1981; Boomsma et al., 2010).  Inter-node 

elongation of a maize plant is a morphological response to the detection of competition 

within the canopy, which directs photosynthates to sinks other than the developing ear 

and kernels (Ballare et al., 1994; Aphalo and Ballare, 1995).  Small differences in maize 
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plant height have been found to amplify these responses (Maddonni and Otegui, 2004).  

In the present study, rotation, tillage and rotation-tillage treatment combinations did not 

influence variance of PH (Table 11) (P < 0.05). PH1 and PHS variance (Scenario A) did 

not alter plot grain yield (Table 16) and is contradictory to the studies discussed above.  

There was no direct effect of variance in DM1 and DM2 (Scenario A) on grain 

yield in this study.  The results seen here suggest that variance in these plant parameters, 

similar to mid and late season LN, may not be accurate indicators of yield potential. This 

does not suggest that variability in these plant parameters is of no concern. Rather, this 

study demonstrates significant tillage effects on variance of some of these plant measures, 

which may be consequences of variance in early-season growth and emergence.  

Early silking and anthesis (Scenario D) has been widely accepted to be associated 

with higher yields because it lengthens the opportunity for maize plants to set and fill 

kernels.  The synchrony of silking and anthesis (ASI) is also important for higher yields 

(Edmeades, et al., 1993; Otegui et al., 1995; Chapman and Edmeades, 1999; Carcova et 

al., 2000; Pagano et al., 2007).  This study demonstrates that rotation and tillage can 

influence the variance in days to silking and anthesis, but the impact this tillage-induced 

variability has on total yield is unclear (Table 16). This indicates that PPV in anthesis and 

silking may not be direct indicators of the yield potential of a plant community.  Still, the 

fact that variability in silking and anthesis may be a result of early-season variability 

(Section 3.3), reiterates the importance of early-season stand uniformity.  
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4.4.3 CV Model 

 Covariate regression analyses suggest that CV of various plant measures can 

influence plot grain yield. An association with plot yield was found with CV of Em, LN 

at 3-5 LT, and DM2 (all examples of Scenario C) (Table 17).   

 A negative relationship was found between CV of seedling emergence and plot 

yield (P < 0.05) (Table 17). These results are consistent with results in the variance model 

described above and a number of past studies (Carter and Nafziger, 1989; Nafziger et al., 

1991; Ford and Hicks, 1992; Nielson, 2001; Liu et al., 2004a; Andrade and Abbate, 2005, 

Tollenaar et al., 2006).  CV of LN at the 3-5 LT stage had a negative relationship (P < 

0.05) with whole plot yield and is also consistent with the previous model.   

 CV of DM2 was also found to be negatively associated with plot yield (P < 0.1) 

(Table 17), and suggests that variability in plant dry matter accumulation after silking 

may be an accurate indicator of yield potential.  The role of CV of PH on plot yield was 

not significant in this study and is inconsistent with similar research that found yield 

losses due to PPV in PH (Glen and Daynard, 1974; Boomsma et al., 2010).   The negative 

impact of CV of emergence, LN at the 3-5 LT stage, and DM2 in this study support the 

hypothesis that PPV in plant measures are mechanisms for yield differences between 

tillage systems. The fact that DMP and GWP were not found to be associated with plot 

yield in this model, however, may be due to the contrasting methods of quantifying PPV.  

The relationship between CV of SO and plot grain yield was not significant in this 

model (P< 0.05). This result is consistent with the variance model described in the 

previous section.  These results are also similar to earlier studies (Erbach et al., 1972;  
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Table 17: Regression covariate significance levels and slopes of significant covariates for 

the relationships between whole plot yield and the coefficient of variation (CV) of 

various plant measures in the rotation-tillage trial in Elora, ON, Canada.  Plant measures 

include CV in emergence (Em); leaf number at the 3-5 leaf tip stage (3-5 LT); leaf 

number at the 5-7 leaf tip stage (5-7 LT); leaf number at the 7-11 leaf tip stage (7-11 LT); 

leaf number at silking (LNS); plant dry matter before silking (DM1); plant dry matter after 

silking (DM2); anthesis-silking interval (ASI); anthesis date (anthesis); silking date 

(silking); growth rate (GR); space occupied (SO); plant height before silking (PH1); plant 

height at silking (PHS); plant grain weight (GWP); total plant dry matter (DMP); and 

harvest index (HI). P-Value2 and Slope2 columns refer to secondary analysis that replaced 

tillage effects with covariates in the model. This was conducted because of the effect that 

tillage has on the CV of these plant parameters. All covariates are a compilation of data 

from 2010 and 2011, excluding Em, 3-5 LT, ASI, and Anthesis, which were collected in 

2011 only.           

 

Regression 

Covariates 

Covariate 

P-value1 Slope1 

Covariate 

P-value2 Slope2 

CV Em 0.7222 NS 0.0139 negative 

CV 3-5 LT 0.2578 NS 0.0103 negative 

CV 5-7 LT 0.3171 NS . . 

CV 7-11 LT 0.5677 NS 0.9598 NS 

CV LNS 0.4679 NS 0.4909 NS 

CV DM1 0.7601 NS 0.2666 NS 

CV DM2 0.7211 NS 0.0633 negative 

CV ASI 0.4281 NS . . 

CV Anthesis 0.8178 NS . . 

CV Silking 0.8055 NS 0.3856 NS 

CV GR 0.7222 NS 0.1147 NS 

CV SO 0.3582 NS 0.3582 NS 

CV PH1 0.2299 NS . . 

CV PHS 0.9367 NS 0.9504 NS 

CV GWP 0.2554 NS 0.2554 NS 

CV DMP 0.6882 NS 0.3460 NS 

CV HI 0.4904 NS 0.1786 NS 
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Edmeades and Daynard, 1979; Muldoon and Daynard, 1981; Daynard and Muldoon, 

1983; Lauer and Rankin, 2004; Liu et al., 2004 a,b; Kovacs et al., 2011). Although some 

have suggested that plant spacing PPV does significantly hinder maize yield (Krall et al., 

1977; Vanderlip et al., 1988; Nielson, 2001).  The majority of these studies observe yield 

responses to plant spacing at the plant level, rather than the canopy community. It is 

apparent that minor deviations in plant space uniformity do not consistently hinder maize 

yield at both the individual and community levels of organization.   

 

4.5 Quantifying PPV: Variance (s
2
) or Coefficient of Variation (CV)? 

 It is evident that the statistical metric used to quantify PPV will affect results of 

the analysis and subsequent interpretation. Selection of the appropriate metric is therefore 

critical.  CV has been used to quantify PPV in several recent studies (Andrade and 

Abbate, 2005; Martin et al., 2005; Boomsma et al. 2009; Cerrudo, 2010; Mayer et al., 

2012). Other studies have utilized standard deviation (square root of variance) as an 

indicator of PPV (Erbach et al., 1972; Glen and Daynard, 1974; Krall et al., 1977; 

Muldoon and Dayndard, 1981; Nielson, 2001; Liu et al., 2004 a,b,c; Boomsma et al, 

2010; Kovacs et al., 2011). Edmeades (1976) suggests that CV can be useful when 

comparing populations with drastically differing means, whereas variance is effective in 

finding variation of a population around the mean. CV may be useful when comparing 

variability between two populations with different magnitudes in their means (i.e. tail 

length of elephants vs. tail length of mice) (Sokal and Rohlf, 1987).  The present study 

does not compare populations that differ in magnitude, which suggests that variance is an 



95 
 

appropriate measure of PPV.  In cases where means do differ, significant differences in 

CV may only be due to mean differences between treatments and not differences in 

variation per se. Edmeades (1976) also explains that because CV is a ratio of two 

quantities, one or both of which may vary in their distributions under different treatments 

or plant growth stages, problems with interpretation can arise with its use. The nature of 

CV as a ratio can also result in multiple regions that will satisfy the requirements of 

creating confidence intervals and subsequent p-values (Johnson and Kotz, 1970). This 

may result in misleading results and data interpretation.  For these reasons, variance (s
2
) 

was used as the primary indicator of variability in this manuscript.  

 In the present study, both CV and variation
 
were consistent in detecting 

differences in variability between tillage treatments and years on a number of plant 

parameters (Table 11  & 14) when subjected to ANOVA. The two models were also 

consistent in that neither detected significant rotation treatment effects on PPV. The CV 

model uncovered some additional significant tillage effects on some plant parameters 

(GWP, DM1, and DM2) that the variance model did not. These additional parameters may 

have been a result of differing means among treatments that may have altered the CV 

values and confidence intervals. It is possible that treatment means of various plant 

parameters did not differ by the magnitude that would have drastically altered the plot 

CV.  The use of CV in covariate analyses (Table 17) also differed from the variance 

model in certain plant parameters. However, both models demonstrated significant 

negative impacts of seedling emergence and early-season LN variability on grain yield.  

Still, the statistical problems underlying CV warrant caution with its use.   
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The statistic used to quantify PPV may be the reason why CV of GWP and DMP 

were not significantly associated with plot grain yield (Table 17), but were associated 

when quantified using variance
  
(Table 16) (Section 3.4.2).  Absolute variability within a 

plant population is believed to increase as plant size (dry matter accumulation) increases 

(Hughes and Freeman, 1969).  Increasing standard deviation has also been observed for 

increases in plant height with a simultaneous decline in CV of plant height (Glen and 

Daynard, 1974), which may be attributed to the fact that mean plant height increases 

faster than its standard deviation (Glen and Daynard, 1974).  

It is widely accepted that higher dry matter production and plant height in maize 

lead to higher grain yields.  In this study, mean DMP across all treatment combinations 

and years is positively correlated with total plot yield (r=0.67; P= .0014).  Given this 

relationship, it is also plausible that variance of DMP was positively associated with plot 

grain yield (Table 16). The fact that variance in GWP was negatively associated with plot 

grain yield (Table 16) may suggest that a threshold might exist in plant development (or a 

degree of magnitude) under which absolute variability nullifies any effect of increased 

size development. This may indicate that either variance or CV may be more appropriate 

to use over the other in some stages of plant development, but not others.  

 

4.6 Conclusions 

 Crop rotation and tillage influenced grain yields.  In first year corn, significant 

grain plot yield differences occurred between rotations under NT management. Rotations 

that incorporated more than three crops and/or a perennial legume yielded significantly 
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higher under NT. These yield differences were less pronounced under CT.  Across all 

rotation-tillage combinations, all treatments yielded higher than MMMM-NT except for 

MMMM-CT and SSMM-NT.  In second year corn, rotation effects on grain yield were 

less pronounced and differences between CT and NT became more so.  In 2011, AAMM-

CT yielded significantly higher than SSMM-NT and SWMM-NT treatments.  

 Tillage consistently altered average plant measures. NT resulted in later seedling 

emergence, lower LN at the 3-5 LT, 5-7 LT, and 7-11 LT stages and at silking, later 

silking and anthesis dates, and lower PHS, GR, DMP, and GWP than CT.   

Rotation influenced mean plant measures but its effect was less consistent than 

tillage. Rotation influenced LN at the 7-11 LT stage, anthesis and silking date and 

interacted with tillage and year to influence DMP and GWP.  Rotations that incorporated 

alfalfa had significantly higher LN at the 7-11 LT stage, higher DMP, and earlier silking 

and anthesis than continuous maize rotations.  

The rate of maize plant leaf appearance differed across rotation, tillage, and 

rotation-tillage treatment combinations. Rotations that incorporated a more complex 

sequence of crops and/or included a perennial legume had a lower frequency of plants 

that were developmentally delayed. CT management and maize management that 

combined CT with diverse crop rotations showed very similar trends.  Higher frequencies 

of developmentally delayed plants were highly associated with yield losses and partially 

explained mechanisms underlying yield differences between different maize management 

systems.  
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  Tillage had a consistent effect on PPV but crop rotation did not.  NT had 

significantly higher variance in emergence, LN at the 3-5 LT stage, LNS, silking and 

anthesis date, ASI, SO, and HI than CT.  When PPV was quantified using CV, NT had 

significantly higher variability in emergence, LN at 3-5 LT, LNS, PHS, silking, DM1, and 

GWP than CT.   

Tillage-induced variance in seedling emergence, LN at the 3-5 LT stage, and HI 

were possible mechanisms for yield differences between tillage management systems.  

For each of these plant growth indicators, high maize yields required low levels of 

variance.  Variance in DMP and GWP, although significantly influenced maize plot yield, 

could not be attributed to a specific tillage or rotation system.  High variance in DMP was 

found to result in higher maize yields, which may be a consequence of the fact that 

variance inherently increases as plants grow.   

Variance in other plant measures such as mid and late season LN, PH, DM 

accumulation, and reproductive processes, although may be caused by early-season 

variance, did not appear to be indicators of yield differences between rotation and tillage 

treatments. Space occupied by plants did not influence plot yield.  The lack of influence 

of SO on grain yield is likely due to the ability of maize plants to compensate for spatial 

non-uniformities in the canopy.    

Using CV to quantify PPV instead of variance resulted in different effects of PPV 

on plot yield.  CV of seedling emergence, LN at the 3-5 LT stage, and dry matter 

accumulation after silking, were negatively associated with grain yield and were 

considered mechanisms for yield differences between tillage systems.  The two 
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approaches were similar in that they both indicated that variability in plant emergence 

and early-season LN have negative impacts on yield, but differed in other plant measures 

as indicators of yield loss (DMP and GWP).  These contrasting results with the variance 

model, in the context of the statistical complexities and uncertainties with CV, raised 

questions about the suitability of CV as an indicator of PPV.  However, the fact that one 

model indicated a relationship between DMP and GWP and plot grain yield, but not the 

other, did not drastically change the outcome of this study.  There were no clear 

connections between variance of DMP or GWP with a specific treatment; that is, they 

could not be used as mechanisms for yield loss between management systems. Also, 

despite treatment effects on CV of DMP, and GWP, there was no distinct connection 

between CV of DMP and GWP on plot yield.  
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Chapter 5. General Discussion 

5.1 Research Contributions 

 Understanding the causes of plant-to-plant variability (PPV) in various plant 

morphological measures, and the degree to which they impact grain yield, are important 

steps towards maximizing maize production under basic management systems.  The 

hypotheses of this study were to test whether tillage and rotation management influence 

mean maize growth characteristics, overall yield, rate of leaf appearance, and variability 

in maize plant growth; and whether the variability in these plant measures are 

mechanisms to explain yield differences between the management systems.  

It is evident that crop rotation and tillage influence grain yields, mean plant 

growth characteristics, the rate of plant leaf appearance, and variability in plant measures.  

This study demonstrates that higher maize yields and more vigorous plant growth occur 

in more diverse rotations and conventionally tilled maize management systems.  These 

management systems also result in a lower number of plants that are developmentally 

delayed, which would otherwise lead to yield losses.  No-tillage caused higher levels of 

variance in a number plant measures. Higher variance in seedling emergence and early-

season leaf number can be connected to grain yield losses and are mechanisms for yield 

losses in no-till.  The role of crop rotation on these effects, however, was minimal.  

 CV has been used commonly in past research despite interpretation difficulties 

that can arise with its use. Results differed slightly depending if PPV was quantified 

using variance or CV, but these differences did not drastically change the outcome of this 

study. The use of the proper statistic can be very important if means of treatments differ 
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drastically.  Variance and CV may also have different applications when studying plant 

growth biology depending on the stage of plant growth.  

The results of this study may allow maize producers to gain an understanding of 

the yield potential of their maize crop based on early-season leaf number and emergence 

uniformity and possibly aid in potential re-plant decisions.  The significant influence of 

emergence and early-season leaf number variability on plot grain yield indicates the 

importance for maize growers to establish a uniform maize stand early in the season 

under any management practice.  No-till management is becoming more wide spread in 

crop production in Ontario due to increased environmental concerns and fuel costs.  

Growers that use no-tillage in maize should take extra measures to ensure uniform 

emergence and seedling establishment.     

 

5.2 Research Limitations 

The Elora long-term rotation-tillage trial was initiated in 1980 when growing two 

years of continuous maize within a rotation was common practice.  Data collection in the 

second year of this study was therefore taken from a second year of maize production and 

may have been a hindrance to the rotation effect on PPV in the results. Furthermore, 

emergence, leaf number at the 3-5 LT stage, anthesis, and anthesis-silking interval were 

plant measures collected in only one year of this study.  Having data in both years for 

these plant measures may have allowed for a higher level of confidence in the present 

results.  
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Modern maize hybirds have been reported as having various levels of tolerance to 

stresses (environmental or otherwise) than old hybrids.  Even within modern maize 

hybrids, some maize hybrid may be more sensitive to non-uniformities in the canopy than 

others. Maize hybrid therefore may have a role in the yield effect of PPV in plant 

measures in this study.  

 

5.3 Future Research  

 This study suggests that emergence and early-season LN variability has a negative 

impact on final yield. This variability can also be considered a mechanism for yield loss 

under no-tillage. Variability in anthesis and ASI were influenced by tillage, but their 

effects on plot yield were less clear.  However, conclusions for these plant measures were 

made from one year of field research.  Data collection of these plant measures over 

multiple years may provide more confidence in these relationships. More years of data 

collection may also be valuable in understanding the relationship between the variance of 

plant dry matter and grain weight and their effect on plot grain yield, as well as the role of 

variability in plant height and later-season leaf number on yield.   

   Conducting this research in a long-term rotation-tillage trial in more years when 

the rotation has first-year maize production may be valuable in ensuring consistency in 

the results.  The role that maize hybrids play in the response of plot yield to PPV in the 

canopy may also be an area of future research. This may allow for the identification of 

hybrids that are more sensitive to PPV than others.  
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 Maize yield responses to NT have been found to differ across soil types.  

Conducting similar research under various soil types may uncover if maize communities 

have different levels of PPV under NT, and if PPV is a mechanism for yield differences 

between tillage systems under differing soil conditions.    

 This research demonstrates that uniformity in maize seedling emergence and 

early-season plant leaf stage is important to minimize potential yield losses in NT 

systems.  With the use of NT becoming more widespread, further research on the 

mechanisms of variable seedling establishment and emergence under NT may be valuable 

in understanding how to maximize maize yields under this system.  Possible mechanisms 

to be explored include the role of NT systems on seed depth uniformity, the specific role 

of soil temperature in seedling establishment in NT, and the impact of pathogenic 

communities that might exist in NT systems.  

Understanding the effectiveness of commonly used planter accessories (i.e. 

coulters, trash-whippers, etc.) on minimizing variable seedling emergence may be 

valuable in assessing whether new methods of maize seeding in NT systems need to be 

explored.  Extending this research to emerging strip-tilled planting and precision planting 

systems would allow for the evaluation of seedling establishment in a system that 

combines NT practices with the seed-bed preparation characteristics of CT systems.  
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Appendices 

 

Appendix I 

 

 

Year Stage   Statistics   

2010 Pre- Anthesis y= .0274x- 0.1185; R
2
= .7023; P < 0.0001 

 Post- Anthesis  y= 0.0761x - 127.64; R
2
= .6142; P < 0.0001 

     

2011 Pre- Anthesis y= 0.0315x - 1.6165; R
2
=.5047; P = 0.0004 

  Post- Anthesis  y= 0.0536x - 51.096; R
2
=.8206; P <0.0001 

 

Appendix I:  Relationships between plant dry matter (y) and morphometric   

variables (x) and test statistics for individual plants of maize, at two stages of 

development. Experiments were conducted in 2010 and 2011 at the long-

term tillage-rotation trail in Elora, ON, Canada. The x variable represents 

height times width of the stem at the base of the plant. These regression 

equations were used to estimate plant dry matter at each time point.  
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Appendix II  
 

 

Means Model: Analysis of variance on mean plant measures. This example shows 

ANOVA for GW. GW was replaced with each other plant measure to run ANOVA.  
 

libname ab 'C:\Bos\Data'; 

*(calling up data from both years) 

data d1; set ab.data_2010v2; 

gw=gw; 

keep year wplot rotate splot till plant gw; 

run; 

data d2; set ab.data_2011v2; 

gw=gw; 

keep year wplot rotate splot till plant gw; 

run; 

data d3; set d1 d2; 

proc sort; by wplot rotate splot till plant; 

run; 

*(sorting data into percentiles) 

proc univariate data=d3;  

var emerge;  

output out=pcts pctlpre=pct pctlpts=1 to 100 by 1; 

run; 

data d4; set d3;  

if gw gt 0; 

lgw=log(gw); 

*the following use if chance of values being negative*; 

*if emerge lt 0 then emerge=0;  

*run; 

ODS SELECT ALL;  

*(Analysis of Variance) 

proc mixed data=d4 noitprint noclprint; 

class wplot rotate till splot ; 

model gw= rotate till rotate*till  / ddfm=satterth outp=resid3 residual; 

random wplot(year rotate) splot*wplot(year rotate) ; 

lsmeans rotate*till / pdiff adjust=tukey; 

ods output lsmeans=lsmeans diffs=diffs; 

run; 

*(Assumption Testing) 

data p1; set resid3; 

proc sort; by year rotate till; 

run; 

proc plot data=p1; plot studentresid*(year rotate till); 

run; 

proc univariate data=p1 normal ; var studentresid; 

run; 

proc rank out=rpred normal=blom data=p1; 

var studentresid; ranks rankr; 

proc sort; by rankr; 

proc plot ; plot studentresid*rankr; 

run; 
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Appendix III 

Variability Model: Analysis of variance and assumption testing for each plant 

parameter. First variance was found, then analysis run on variance values. This example 

shows ANOVA for PW. PW was replaced with each other plant measure to run 

subsequent ANOVA.  

 
*(calling data from both years) 

data d1; set ab.data_2010v2; 

pw=pw; 

keep year wplot rotate splot till plant pw; 

proc sort; by year rotate wplot splot till; 

proc summary; var pw; by year rotate wplot splot till; output out=o1 var=s2; 

run; 

data d2; set ab.data_2011v2; 

pw=pw; 

keep year wplot rotate splot till plant pw; 

proc sort; by year rotate wplot splot till; 

*(calculating variance by plot) 

proc summary; var pw; by year rotate wplot splot till; output out=o2 var=s2; 

run; 

data d3; set o1 o2; 

drop _type_ _freq_; 

ls2=log(s2); 

if gr lt 0 then gr=0; 

run; 

proc sort; by year wplot rotate splot till ; 

run; 

*(Analysis of variance) 

proc mixed data=d3 noitprint noclprint; 

class  year wplot rotate till splot ; 

model s2= rotate till year rotate*till rotate*year till*year rotate*till*year  / ddfm=satterth outp=resid3 

residual; 

random wplot(year rotate) ; 

lsmeans rotate*till*year  / pdiff adjust=tukey; 

 ods output diffs=ppp lsmeans=mmm; 

 ods listing exclude diffs lsmeans; 

run;  

%include 'c:\sasmacros\pdmix800(2).sas'; 

%pdmix800 (ppp,mmm,alpha=.05, sort=no); 

run; 

*(Assumption Testing) 

data p1; set resid3; 

proc sort; by year rotate till; 

run; 

proc plot data=p1; plot studentresid*(year rotate till); 

run; 

proc univariate data=p1 normal ; var studentresid; 

run; 

proc rank out=rpred normal=blom data=p1; 

var studentresid; ranks rankr; 

proc sort; by rankr; 

proc plot ; plot studentresid*rankr; 

run; 
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Appendix IV 

Covariate Model: Initially is very similar to the variance model. It then adds in harvest 

data by plot and the variance or CV for each plant measurement is substituted in the 

model statement and related to plot grain yield. Subsequent analysis was conducted by 

replacing certain plant measures with ‘till’ in the model because of the effect till had on 

those plant measures. This was done to ensure the covariate was not being masked by the 

tillage effect in the model.  

data d1; set ab.data_2010v2; 

ln_1=ln_jn4; ln_2=ln_jn16; ln_3=ln_jn30; ln_4=ln_au5; 

dm1=dm_jn30; dm2=dm_au17; silk=silking_date; gr=grw_rate; fph=ph_au17; 

keep year wplot rotate splot till plant ln_1-ln_4 fph silk dm1 dm2 spc_occ silk gr pw gw hi ; 

if dm1 lt 0 then dm1=0; 

if dm2 lt 0 then dm2=0; 

if gr lt 0 then gr=0; 

run; 

proc sort; by year rotate wplot splot till; 

proc summary; var gw; output out=o1 sum=sumgw; by year rotate wplot splot till;  

*(Calculating variance by plot for 2010) 

proc summary data=d1; var ln_1 ln_2 ln_3 ln_4 dm1 dm2 spc_occ fph silk gr gw pw hi; output out=o1b 

var=vf1 vf2 vf3 vf4 vdm1 vdm2 vso vfph vsilk vgr vgw vpw vhi; by year rotate wplot splot till; 

run; 

data d2; set ab.data_2011v2; 

ln_1=ln_jn1; ln_2=ln_jn14; ln_3=ln_jn28; ln_4=ln_au4; 

dm1=dm_jl18; dm2=dm_au5; silk=silking_date; gr=grw_rate; fph=ph_au4; 

keep year wplot rotate splot till plant ln_1-ln_4 fph silk dm1 dm2 spc_occ silk gr pw gw hi ; 

if dm1 lt 0 then dm1=0; 

if dm2 lt 0 then dm2=0; 

if gr lt 0 then gr=0; 

run; 

proc sort; by year rotate wplot splot till; 

proc summary; var gw; output out=o2 sum=sumgw; by year rotate wplot splot till;  

*(calculating variance by plot for 2011) 

proc summary data=d2; var ln_1 ln_2 ln_3 ln_4 dm1 dm2 spc_occ fph silk gr gw pw hi; output out=o2b 

var= vf1 vf2 vf3 vf4 vdm1 vdm2 vso vfph vsilk vgr vgw vpw vhi; by year rotate wplot splot till; 

run; 

data d3; set o1 o2; drop _type_ _freq_; 

proc sort; by year rotate wplot splot till; 

run; 

data d4; set o1b o2b; drop _type_ _freq_; 

proc sort; by year rotate wplot splot till; 

run; 

data d5; merge d3 d4; by year rotate wplot splot till; 

run; 

*(Calling up harvest data) 

data d6; set ab.harvest_data;  

proc sort; by year rotate wplot splot till; 

run; 

data d7; merge d5 d6; by year rotate wplot splot till; 

run; 

*(Analysis of variance with covariate) 

proc mixed data=d7 noitprint noclprint; 

class  year wplot rotate till splot ; 
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model total_HV= year rotate till rotate*till year*till rotate*year year*rotate*till vf1   / ddfm=satterth 

solution outp=resid ; 

random wplot(year rotate); 

run;   

/** as a check for colinearity **/ 

proc glm data=d7; 

class  year wplot rotate till splot ;  

model total_HV= year rotate till rotate*till year*till rotate*year year*rotate*till vf1    /  tolerance; 

*model sumgw = vf1 vf2 vf3 vf4 / tolerance; 

run; 

data p1; set resid; 

proc sort; by year rotate till; 

run; 

proc plot data=p1; plot studentresid*(year rotate till); 

run; 

proc univariate data=p1 normal ; var studentresid; 

run; 

proc rank out=rpred normal=blom data=p1; 

var studentresid; ranks rankr; 

proc sort; by rankr; 

proc plot ; plot studentresid*rankr; 

run; 
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Appendix V 

Distribution Model: SAS coding first counted and categorized plants by leaf and plot. 

Plants at each leaf stage were expressed as a percentage of total number of plants at that 

given leaf stage (to account for differences in population). Chi-square was applied to 

percentage at each leaf number to determine distribution differences between treatments. 

This coding shows chi-square test by rotation-till interactions, but was also run on 

rotation and till treatments only as well.   

libname ab 'F:\Bos\Data\ER'; 

data d1; set ab.data_2010v2; 

ln=ln_jn16-9; 

run; 

data d2; set ab.data_2011v2; 

LN=ln_jn28-11; 

run; 

data d3; 

set d1 d2; 

run; 

proc sql noprint; 

/*Count Total plants per subplot*/ 

Create Table d3a as 

Select year, SubPlot, wplot, rotate, splot, till, plant, gw, hi, LN, 

Count(LN) as TotalPlants 

from d3 

group by year, subplot; 

/*Create frequency table*/ 

Create table Freq1 as 

Select Year, Subplot, Rotate, Till, TotalPlants, ln, 

avg(LN) as AverageLN, 

count(LN) as Count, 

avg(gw) as AverageGW 

from d3a 

Group by Year, SubPlot, LN, Rotate, Till, TotalPlants; 

/*Include Count 0 for Treatment/LN categories with no counts*/ 

/*Identify distinct relative leaf stage*/ 

create table DistinctLN as 

select distinct ln, 

1 as merge 

from Freq1 

where ln is not null; 

/*Identify distinct year/Treatments*/ 

Create table DistinctSubPlots as 

Select distinct year, SubPlot, Rotate, Till, TotalPlants, 

Compress(Rotate)||"-"||Compress(Till) as  Rot_Till, 

1 as merge 

from Freq1 

where Rotate is not null and Till is not null; 

/*Make plot by distinct leaf stage table*/ 

Create table SubPlotTrtLN as 

select a.ln, B.year, B.SubPlot, B.Rotate, B.Till, B.Rot_Till, B.TotalPlants 

from DistinctLN as a left outer join DistinctSubPlots as b 

on a.merge=b.merge; 

/*Create frequency table that includes 0 counts*/ 
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Create table Freq2 as 

select A.LN, A.Year, A.Subplot, A.Rotate, A.Till, A.Rot_Till, 

A.TotalPlants, 

B.AverageLN, 

B.Count, 

B.AverageGW 

from SubPlotTrtLN as a left outer join Freq1 as b 

on A.Year=B.Year and 

A.Subplot=B.Subplot and 

A.LN=B.LN; 

/*Calculate frequency counts as percent of subplot total count*/ 

Alter table Freq2 add Percent dec(4); 

Update freq2 set Count=0, Percent=0 where Count is null; 

Update Freq2 set Percent=100*Count/TotalPlants; 

/*Create final Frequency table*/ 

Create table Freq as 

select distinct LN, Year, Rotate, Till, Rot_Till, 

sum(TotalPlants) as TotalPlants, 

Avg(AverageLN) as AverageLN, 

Sum(Count) as Count, 

Avg(Percent) as Percent, 

Avg(AverageGW) as AverageGW 

from Freq2 

Group by Year, LN, Rotate, Till 

Order by Year, LN, Rotate, Till; 

quit; 

 

proc export data=Freq2 

outfile='Summary of Frequencies.csv' dbms=csv replace; 

run; 

 

proc export data=Freq 

outfile='Summary of final Frequencies.csv' dbms=csv replace; 

run; 

/* chi-square test */ 

proc freq data=freq order=data; 

by Year ln; 

weight percent/zeros; 

tables Rot_Till/testp=(10 10 10 10 10 10 10 10 10 10) chisq; 

run; 


