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ABSTRACT
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Plant breeders through selection accumulate favorable traits such as density tolerance,
grain yield and grain yield stability. Only traits controlled by additive genetic effects can be
predictably selected and improved upon. We investigated the genetic architecture of two traits:
density tolerance, which has improved via selection, and yield potential, which has not. Using a
North Carolina Design II genetic model, estimates of the magnitude of additive genetic effects
for grain yield under low density (37 000 plants ha-1), commercial density (74 000 plants ha-1)
and high density (148 000 plants ha-1) were calculated for a set of elite inbred lines. Type II
stability statistics (b-values) were also calculated. No link was seen between b-values and
density tolerance. Significant additive genetic variation was observed at each of the three
densities tested, suggesting genetic variation for yield potential and for density tolerance. No
association was observed between yield potential and density tolerance.
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Chapter 1. Introduction and Literature Review

1.0 Yield Progress in Maize Overview
Since the late 1930s, farmers have enjoyed a six-fold increase in maize yield over open
pollinated varieties (Duvick and Cassman, 1999; Tollenaar et al., 2004). Progress has been
steady, averaging between 0.5-1.0% yield gain per year since 1950 (Egli, 2005). Improvement
in grain yield can be attributed to both genetic and agronomic improvements (Cardwell, 1982;
Duvick, 2005). Periodically, estimates have been made to try and determine the maximum
amount of yield possible from maize through modelling and projection (Duvick and Cassman,
1999; Grassini et al., 2009). While there is no consensus on what could be termed a ‘yield
ceiling’ there is spirited debate as to its existence and possible magnitude.
The lowest maize yields were (and still are) found in smallholder systems with few or no
inputs and manual labor performing the tasks of planting, cultivating and harvest (Zingore et al.,
2007; Denning et al., 2009). Increased mechanization allows for larger areas of land to be
cultivated, planted and harvested within a small window of good conditions. Cardwell (1982)
determined that a combination of agronomic improvements including soil drainage, tillage
practices and herbicides increased maize yields by 8% compared to the low-management
systems present in 1930s Minnesota. Increased mechanization also allows for narrower row
widths and higher plant populations since it is no longer necessary to allow enough space for a
horse to go between plants. Again, Cardwell (1982) credits increased plant density for 21% of
yield gain and narrower row widths for 4% of yield gain. Other factors cited for yield increases
include nitrogen use (Cardwell, 1982; Boomsma et al., 2009), seed-applied insecticides (Ma et
al., 2009), improved weed control (Tollenaar et al., 1994) and earlier planting dates
(Kucharic, 2008)
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Agronomic improvements over the past decades have allowed continued yield progress.
The changeover from mechanical to chemical weed control which began in the 1950s avoided
yield loss due to weed competition (Ginaessi and Reigner, 2007), which in some cases can
approach 50% (Page et al., 2010). With plant spacing no longer constrained by the necessity of
inter-row cultivation, row spacing narrowed and plant populations increased (Ginaessi and
Reigner, 2007). Sangoi et al. (2001) found narrowing row widths from 100 to 50 cm improved
grain yield. Higher plant populations also result in lower weed biomass (Tollenaar et al., 1994;
Norsworthy and Olivera, 2004). Though this has yet to be examined in depth, it is likely that
nonselective genetically modified herbicide resistance (glyphosate, gluphosinate, and others)
have also provided a yield boost both by allowing more complete weed control and by largely
avoiding phytotoxicity to the crop common with older, selective herbicides such as dicamba and
sulfonylureas.
Improved germplasm and intense selection have played a major role in crop
improvement. Each time the cropping environment changed, maize breeders developed
germplasm that took advantage of the new conditions. Duvick (2005) states that ‘because
breeding and management interact with each other, neither factor could have raised yields
without concurrent and complimentary changes in the other.’ Both Duvick (2005) and Tollenaar
(1989), working on different hybrid sets, noted that more modern hybrids have both higher yield
and higher optimum density.
As a result of selection and improvement of maize germplasm, modern hybrids exhibit
much different morphology than the landraces from which they were derived. Newer maize
hybrids have a more acute leaf angle, a higher leaf area index and more radiation capture at
higher plant densities compared to older hybrids (Tollenaar and Aguilera, 1992). As well as leaf
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angle change, tassel size and weight has decreased (Duvick, 2005) allowing more photosynthate
to be directed to the female flower. Increased harvest index has been made possible by reduced
lodging (Tollenaar, 1989; Duvick, 2005), possibly due to a reduction in ear height (Duvick,
2005).
Selection pressure has wrought physiological as well as physical changes in the maize
plant. Newer maize hybrids have increased nitrogen uptake and use efficiency (McCollugh et
al., 1994a; McCollough et al., 1994b) and better drought tolerance (Nissanka et al., 1997).
Drought tolerance, especially tolerance during the critical period of silking and anthesis, has
undergone a steady gain (Campos et al., 2006). Delayed senescence or “staygreen” has improved
in newer vs older hybrids allowing a longer grain fill period (Ding et al., 2004; Valentinuz and
Tollenaar, 2004). In short, maize hybrids have become more stress tolerant (Tollenaar and Wu,
1999).

1.1 Density Tolerance
As previously noted, plant population density in maize has increased over time due to a
variety of pressures. Cultural practices and better hybrid stress tolerance have encouraged higher
plant populations (Cardwell, 1982). Though there may be agronomic advantages to higher
density plantings of maize though reduction of weed biomass (Tollenaar et al., 1994; Norsworthy
and Olilvera, 2004) and increased light capture (Borras et al., 2003) the main driver behind
increased plant density has been increased yield. Newer hybrids have better dry matter
accumulation and by proxy grain yield under high populations (Tollenaar and Aguliera, 1992).
With increased plant density the stresses facing the maize plant have changed. Higher
plant density increases stress on the plant and decreases biomass accumulation and seed set at an
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individual plant level (Gonzalo et al., 2006). As plant density increases, the amount of grain per
plant decreases. Increased plant population compensates for the yield loss at the individual level
until the hybrid’s stress tolerance is exceeded (Has et al., 2008). For each maize hybrid, an
optimum density exists where yield is highest per unit area (Tollenaar et al., 1989; Tokatlidis,
2001, Has et al., 2008). Over time, stress tolerance for intra-specific competition has increased
(Tollenaar et al., 1994; Tollenaar et al., 1997; Tollenaar and Lee, 2002; Duvick, 2005) and thus
the density optimum for field-scale yield has also increased (Duvick and Cassman, 1999) and in
order to obtain maximum yield, modern hybrids are grown at higher plant densities than older,
less stress tolerant hybrids (Tollenaar, 1989).
It should be noted that Duvick (2005) in his time-series of maize hybrids found that while
yield under density stress caused by commercial planting densities increased, yield in the
absence of density stress has not shown a trend either increasing or decreasing. It could be
argued therefore that maize breeders have successfully improved stress and density tolerance
without affecting individual plant yield potential.

1.2 Yield and Yield Potential
One can think of yield in two ways. Firstly, there are field-scale yields obtained under
commercial densities and commercial agronomic practices. The goal under this system is to
obtain maximum economic return, which does not necessarily mean the highest possible yield.
Secondly, one can examine yield at the individual plant level. Maximum yield at the individual
plant level requires low density and high inputs. This type of maximum is not measured in fieldscale grain yield, rather in maximum grain weight per plant.
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With yield, one must also discuss yield potential. Evans and Fischer (1999) defined yield
potential as the yield of a cultivar when grown in environments to which it is adapted, with
nutrients and water non-limiting and with pests, diseases, weeds, lodging, and other stresses
effectively controlled. When a sample of temperate maize hybrids spanning 1930 to 2000 were
planted in a non-resource limited environment (10,000 plants ha-1), grain yield only showed a
weak positive correlation with year of release, while under a resource limited environment
(79,000 plants ha-1) a strong positive correlation was found (Duvick, 2005). Interestingly, there
was significant variation between individual hybrids at low density for per-plant yield (Duvick,
1996). Average per-plant yield potential has not increased or decreased over time (Duvick,
1999) however, yield differences at low density observed by Duvick (1996) suggests that
variation exists for per-plant yield potential in modern germplasm. This supports the statements
made by Duvick, (1996; 2005) and Tokatlidis and Koutroubas (2003) that field-scale yield
improvement is largely due to improved stress tolerance; especially tolerance to intraspecific
crowding.

1.3 Yield Stability
Along with field scale yield, yield stability is a desirable characteristic when developing
new hybrids. However, the definition of yield stability depends on what one includes as target
environments (Cleveland, 2001). The seed industry has experienced a decades-long trend of
consolidation (Howard, 2009) and so the focus of seed companies has shifted from locally
adapted hybrids for smaller targeted markets, to widely adapted hybrids with larger markets.
This has allowed seed companies to take advantage of economies of scale; it also follows that
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hybrids selected for release have shifted from locally-adapted “niche” products to more widely
adapted, yield-stable hybrids.
Phenotypic stability, and specifically yield and yield stability are the two most important
considerations for the commercial release of a hybrid (Kang, 1993; Duvick and Cassman, 1999;
Lee et al., 2003). Hybrids that exhibit yield stability are more likely to be sold, since they will
have a larger area on which they can be grown and hence a larger market (Troyer, 1996). Yield
stability is also important to make sure that a hybrid consistently has high yields. Hybrids that
do poorly in some years quickly lose market acceptance and do damage to a seed company’s
reputation (Reeder, 1996).
Tollenaar and Lee (2002) define yield stability as ‘a measure of the ability of a genotype
to maintain relative performance across a wide range of environments’. Lin et al. (1986)
categorize this as type II stability; that is, relative to other genotypes a genotype performs well
(or poorly) over several environments. When Lin et al. (1986) investigated various methods
used for measuring yield stability, they identified three facets of yield stability. Firstly, that yield
response under different environments has a small variance. Secondly, that yield response to
different environments should follow the mean response of all genotypes tested, and thirdly that
the residual mean square from a model regressed on the average environmental yield (sometimes
called an environmental index) is small.
Attempts have been made to measure these properties with stability statistics.
Unfortunately, repeatability of these statistics is poor (Pham and Kang, 1988; Sneller et al.,
1997). The lack of rank correlation in yield stability statistics with yield suggested that selection
for high mean yield and stability of performance was possible and could be done separately.
(Pham and Kang, 1988). Kang et al. (1991) also suggested that if selection was done solely with
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a yield stability statistic higher yielding genotypes would not necessarily be chosen. In this case,
a simpler stability statistic like that described by Eberhart and Russel (1966) in which the yields
of a specific entry from many locations are regressed on the mean yield of all hybrids grown at
the same set of locations might be more appropriate. Entries found to be stable under this
statistic have a regression coefficient close to 1 and small deviations from regression.
It has been proposed that hybrids that are density and stress tolerant will also exhibit
yield stability. Duvick (pers comm, in Tolenaar and Lee, 2002) states that seed companies want
widely adapted germplasm and wide adaptation is thought to lead to stability. The mechanism
behind this theory is easy to follow – i.e. if stress tolerance is high, then there will be lower
variance in stressful environments vs non-stressful environments and rankings will not change
drastically. Little research has been done on this assumption; however several authorities in
maize breeding and physiology have given it weight. Lee et al., (2003) found that “grain yield
stability can be improved through recurrent selection by selecting solely for mean performance
across multiple environments.” Tollenaar and Lee (2006) state that yield stability and general
stress tolerance are highly associated. L.R. Reeder, of Ciba Seeds has said that “improving
tolerance of maize germplasm to heat and drought stress has helped improve the stability of yield
of current hybrids (Reeder, 1997).

1.4 Overview of maize germplasm
Unlike many other crops, maize is grown as a hybrid. Crossing even related inbreds can
result in some level of increased vigor or heterosis, though greater heterosis is achieved when
crossing inbreds from two divergent germplasm pools or heterotic groups (Dudley et al, 1991;
Melchinger et al., 1992).
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The origin of heterotic groups in Corn Belt maize has been the subject of much
investigation. Historically, open pollinated varieties such as Lancaster Sure Crop, Yellow Dent,
Leaming Corn and North-western Dent account for a significant amount of modern germplasm
(Troyer, 1996). Other studies prefer to trace ancestry using influential inbreds released from
public breeding programs such as B73 and Mo17 (Nelson et al., 2008). The broadest
classification would be to group Corn Belt inbred lines into Iowa Stiff Stalk Synthetic and Non
Stiff Stalk Synthetic (Reif et al., 2005). Mikel and Dudley (2006) are more specific, identifying
Iowa Stiff Stalk Synthetic, Non Stiff Stalk and Iodent as three distinct heterotic groups prevalent
in Corn Belt germplasm. This grouping reflects the historical significance of the Iowa Stiff
Stalk Synthetic as a ‘female’ parent for the first single-cross hybrids (Tracy and Chandler, 2006).
Following this pattern of historical and current importance, we have chosen to use the Stiff Stalk
Synthetic and Iodent heterotic groups in our investigation.

1.5 Genetic Models
There is often a need to assess inbreds to determine their contribution to progeny for
various traits such as days to maturity or grain yield. While some information can be gleaned
from crossing inbreds against a standard tester inbred it is often difficult to determine the
contribution of each parent unless the standard tester is very well characterized. To better
understand the contribution of each parent it is often more useful to cross an inbred with several
other inbreds and evaluate the hybrid offspring. To address this deficiency much thought has
gone into appropriate crossing designs.
The least complex and most resource-intensive of these crossing models is the simple
diallel, designated by Griffing (1956A) as a diallel design three or modified diallel. This design
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calls for all inbreds to be used as both male and female, but does not include inbreds per se in the
evaluation. Often inbreds are designed as a male – with good pollen but poor seed set or a
female – with good seed set but poor pollen and as such it may be difficult to get adequate seed
set on all inbreds. The most important reason to perform a modified diallel would be the ability
to screen the progeny for maternal and xenia (paternal) effects. While xenia and maternal effects
have been found to be important for seed size and rate of kernel filling (Seka and Cross, 1995),
Julien and Berger (2009) state that parental influences appear to be confined to the endosperm
and are not present in mature plants.
One could then consider the half-diallel or diallel design 4 (Griffing, 1956A) where each
inbred is used as either a pollen parent or a seed parent but not both. This model is significantly
less resource-intensive. As the name implies, only half of the crossing necessary for a full diallel
is done. A half-diallel still results in all inbreds being mated together regardless of background.
However, as we have shown in the previous section maize inbreds are classified into heterotic
groups. Since heterosis manifests most strongly when crossing is done between heterotic groups
(Dudley et al., 1991; Melchinger, et al., 1992) it is standard practice to cross only between
heterotic groups and not within them when the aim is to produce hybrid maize for grain
production. One then will consider the North Carolina Design II (NC II) model, first described
by Comstock and Robinson (1952) and later by Griffing (1956A). In the NC II parents are
divided into ‘male’ and ‘female’ parents, allowing the use of two heterotic groups, one
designated as ‘male’ and one as ‘female’.
Breeding potential of inbred lines can be investigated through an appropriate genetic
model such as a diallel or NC II. These crosses allow for the partitioning of effects into additive
and non-additive components (Oakey et al., 2007). The additive effects or General Combining
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Ability (GCA) obtained for each line measures the contribution of a line to its progeny and its
potential as a parent inbred (Falconer and Mackay, 1996; Lee et al., 2005). Non-additive effects
are also known as Specific Combining Ability (SCA). Several methods of measuring GCA and
SCA for the purpose of comparing lines have been developed (Beil and Atkins, 1967). The
method used in this paper is by Sprague and Tatum (1942) as described in Lee et al. (2005),
where GCA is the average performance of a line in hybrid combinations, and SCA designates
deviations of certain crosses from expectations, on the basis of the average performance of the
lines involved.
The use of GCA allows the plant breeder to make a prediction as to the expected
contribution of a parental line for the trait of interest. Additive effects are largely heritable and
more easily predicted than non-additive effects (Lee et al., 2005). Non-additive effects, while
significant, are more difficult to exploit since they depend on the specific combination of two
parents for their expression.
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1.6 Objectives and Hypotheses
It is evident that field scale grain yields and density tolerance have improved over time
(Tollenaar et al., 1994; Tollenaar et al., 1997; Duvick and Cassman, 1999; Tollenaar and Lee,
2002; Duvick, 2005). Less clear is the effect that selection for field scale yields has had on
single plant yield potential and yield stability. Looking at Duvick’s (2005) time-series of
hybrids, grain yield under very low density pressure has not shown a trend either increasing or
decreasing over time. Also unclear is the relationship between density tolerance, yield stability
and single plant yield potential. It has been suggested that single plant yield potential can
contribute to yield stability (Tokatlidis and Koutroubas, 2003). Current dogma also suggests that
stress and density tolerance contribute to yield stability (Reeder, 1997; Duvick pers. comm., in
Tolenaar and Lee, 2002; Tollenaar and Lee, 2006). I hope to shed some light on these
relationships by investigating the following hypotheses:
HYPOTHESES
H1. Density tolerance is largely controlled by additive genetic variation.
Objective 1. Determine whether parental effects for density tolerance are significant. If they are
significant, determine whether additive or non-additive effects comprise the majority of genetic
variation for density tolerance.
H2. Single plant yield potential is largely controlled by additive genetic variation.
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Objective 2. Determine whether parental effects for single plant yield potential are significant.
If they are significant, determine whether additive or non-additive effects are comprise the
majority of genetic variation for yield potential.
H3. Density tolerant lines will exhibit type II stability.
Objective 3: Examine whether density tolerant parental lines also exhibit type II yield stability.
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Chapter 2: Genetic Architecture for Yield Potential, Density Tolerance and Yield Stability
in Maize (Zea Mays L.).
Andrew T. Holtrop1
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2.0 Abstract
Grain yields have increased six-fold since the introduction of the first hybrid maize
varieties. The source of this increase has been shared between improved agronomic practices
and genetic improvement. Through the efforts of plant breeders hybrids have been developed
that take advantage of field environments with an ever-increasing level of management, inputs
and planting density. To achieve this genetic improvement, plant breeders through selection
accumulate favorable traits such as density tolerance, grain yield and grain yield stability on
progeny of a cross and ultimately improve inbred lines. Only traits controlled by additive
genetic effects can be predictably selected and improved upon in this manner. In this study, we
investigate the genetic architecture of two traits: density tolerance, which has been improved via
selection, and yield potential, which has not shown evidence of improvement. Using a North
Carolina Design II genetic model, estimates of the magnitude of additive genetic effects for grain
yield under low density (37 000 plants ha-1), commercial density (74 000 plants ha-1) and high
density (148 000 plants ha-1) were calculated for a set of off-PVP and elite University of Guelph
inbred lines from the Stiff Stalk and Iodent heterotic groups. Type II stability statistics (bvalues) were also calculated for all inbred lines under the three different density regimens. No
relationship was seen between b-values and density tolerance, suggesting that type II stability
and density stress tolerance are not linked. Significant additive genetic variation was observed in
the Stiff Stalk heterotic group at each of the three densities tested, suggesting that genetic
variation for yield potential and for density tolerance is present. However, no apparent
association was observed between yield potential and density tolerance, indicating that they are
independent traits.
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2.1 Introduction
Since the late 1930s, there has been a six-fold increase in maize grain yield over open
pollinated varieties (Duvick and Cassman, 1999; Tollenaar et al., 2004;). Egli (2008) showed
steady progress of between 0.1 and 1% improvement in grain yield per year since 1950.
Improvement in grain yield can be attributed to both genetic and agronomic improvements
(Cardwell, 1982; Duvick, 2005;). Agronomic improvements such as weed control (Cardwell,
1982), increased nitrogen use (Boomsma et al., 2009), earlier planting dates (Kucharic, 2008)
interact with genetic improvements such as increased nitrogen uptake and use efficiency,
(McCollough et al., 1994a; McCollough et al., 1994b), delayed senescence or ‘staygreen’ (Ding
et al., 2004; Valentinuz and Tollnaar 2004), improved drought tolerance (Nissanka et al., 1997),
and changes in leaf angle, tassel size and weight allowing for better resource capture under
higher planting densities (Duvick, 2005). Both Duvick (2005) and Tollenaar and Lee (2002)
agree that yield improvement could not have been accomplished by agronomic or genetic
improvements singly; rather it is the interplay between the two which has resulted in grain yield
improvement.
One major factor in grain yield improvement is planting density. Higher plant
populations have agronomic advantages such as a reduction in weed biomass (Tollenaar et al.,
1994; Norsworthy and Olivera, 2004) and increased efficiency of light interception (Borras et al.,
2003), but the main driver for increased plant density has been a gain in grain yield on a per area
basis. Tollenaar and Aguilera (1992) noted that a newer hybrid planted at a higher population
had 33% better dry matter accumulation on a per area basis than an older hybrid; and so a
combination of cultural practices and better hybrid density tolerance have encouraged higher
plant populations.
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As plant density increases, seed set decreases at an individual plant level (Gonzalo et al.,
2006). Increased plant population compensates for the yield loss at the individual level until the
hybrid’s density tolerance is exceeded (Has et al., 2008). Over time, stress tolerance for intraspecific competition has increased (Tollenaar et al., 1994, 1997; Tollenaar and Lee, 2002;
Duvick, 2005) and thus the density optimum for field-scale yield has also increased (Duvick and
Cassman, 1999) and in order to obtain maximum yield, modern hybrids are grown at higher plant
densities than older, less density tolerant hybrids (Tollenaar, 1989). Duvick (2005) also
demonstrated that under commercial density stress there is a strong correlation between year of
release and grain yield per unit area, with more modern hybrids outperforming older hybrids.
This supports statements made by Duvick (1996; 2005) and Tokatlidis and Koutroubas (2003)
that field scale grain yield improvement is largely due to improved stress tolerance, especially
stress tolerance to intraspecific crowding.
Hand in hand with grain yield is the discussion of grain yield potential. Evans and
Fischer (1999) define yield potential as the yield of a cultivar when grown in environments to
which it is adapted, with nutrients and water non-limiting and with pests, diseases, weeds,
lodging and other stresses effectively controlled. Maximum grain yield per plant can be
achieved with high levels of resources (space, nutrients, light) and low levels of competition.
Duvick in his 2005 era series of hybrids found that this type of grain yield potential had not
changed over time. This contrasts with Duvick’s findings that both tolerance to density stress
and grain yield under density stress had significantly improved over the same time period
(Duvick, 2005).
Another important facet of grain yield is yield stability, or what is now being referred to
as resiliency. Phenotypic stability and specifically grain yield and grain yield stability are the
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two most important considerations for the commercial release of a hybrid (Kang, 1993; Duvick
and Cassman, 1999; Lee et al., 2003). Tollenaar and Lee (2002) defined yield stability as ‘a
measure of the ability of a genotype to maintain relative performance across a wide range of
environments’. Lin et al. (1986) categorized this as type II stability. One way to measure this
type of stability is to use a stability statistic where the yields of a specific entry from many
locations are regressed on the mean yield of all hybrids grown at the same set of locations
(Finlay and Wilkinson, 1963; Eberhart and Russell, 1966). Entries found to be stable under this
statistic have a regression coefficient (b-value) close to 1 and small deviations from regression.
It has been proposed that hybrids that are density and stress tolerant will also exhibit yield
stability. Duvick (pers comm, in Tolenaar and Lee, 2002) states that seed companies want
widely adapted germplasm and wide adaptation is thought to lead to stability. The mechanism
behind this theory is easy to follow. If stress tolerance is high, then there will be less variability
in stressful environments vs non-stressful environments and rankings will not change drastically.
Little research has been done on this assumption; however several authorities in maize breeding
and physiology have given it weight. Lee et al. (2003) stated that ‘grain yield stability can be
improved through recurrent selection by selecting solely for mean performance across multiple
environments’. Tollenaar and Lee (2006) stated that yield stability and general stress tolerance
are highly associated. L.R. Reeder, of Ciba Seeds has said that ‘improving tolerance of maize
germplasm to heat and drought stress has helped improve the stability of yield of current
hybrids’ (Reeder, 1997).
In order to gain an understanding of the genetic architecture underlying density tolerance
and yield potential that inbred lines bestow on their hybrid progeny it is necessary to use an
appropriate genetic model. A robust model and one that accommodates heterotic groups is the
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North Carolina Design II (NC II) (Comstock and Robinson, 1952). The NC II allows for the use
of two separate heterotic groups, designated ‘male’ and ‘female’ which ensures that crosses are
only made between heterotic groups and not within. Use of the NC II allows us to partition
effects into additive and non-additive components (Comstock and Robinson, 1952; Oakey et al.,
2007; Lee et al., 2012). The additive effects or general combining ability (GCA) obtained for
each line measures the contribution of a line to its progeny and its potential as a parent inbred
(Falconer and Mackay, 1996; Lee et al., 2005). Non-additive effects are also known as specific
combining ability (SCA). The use of GCA allows the plant breeder to make a prediction as to
the expected contribution of a parental line for the trait of interest. Additive effects are heritable
and are predictable, while non-additive effects are more difficult to exploit since they depend on
the specific combination of two parents for their expression (Falconer and Mackay, 1996).
In this paper, we investigate the genetic effects influencing density tolerance, yield
potential, and yield stability. We hypothesize that in light of progress made in density tolerance,
there is significant additive genetic variation present in the germplasm pool for this trait. We
also hypothesize that since there has been no significant change in grain yield potential as
measured by yield under low density there is not significant additive genetic variation for grain
yield potential present in the germplasm pool. Additionally, we posit that the heterotic groups
will differ for traits that exhibit genetic variation.
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2.2 Materials and Methods
Genetic Materials
Eleven Stiff Stalk and 10 Iodent inbred lines considered representative of the Iodent and
Stiff Stalk heterotic groups were sourced from a combination of commercially successful Pioneer
Hi Bred inbred lines with expired U.S. plant variety protection certificates (hence referred to as
off-PVP lines) and elite public germplasm (hence referred to as CG lines) (Table 2.1). The
derivation and heterotic groups of the off-PVP lines have been taken from Mikel and Dudley
(2006), and the heterotic groups of CG lines were determined via a combination of pedigree data,
evaluating crosses with known heterotic groups and DNA marker association studies. (E.A. Lee,
unpublished data). One-hundred and ten hybrids were generated via a NC II cross (Comstock
and Robinson, 1952). Seed for the hybrids was produced via hand-pollination in 2008, 2009,
and 2010 for yield trials in 2009, 2010, and 2011, respectively. In this study, the ten Iodents
were designated as ‘male’ and the eleven Stiff Stalks as ‘female.’
Experimental Design

The 110 hybrids were grown at three locations (Alma, Elora and Waterloo, ON) for three
years (2009-2011) using a split-plot design with density as the main plot and hybrids being subplots. Populations of 37 000 ha-1 (37 k), 74 000 ha-1 (74 k), and 148 000 ha-1 (148 k) were
planted using an ALMACO 360 Seed Pro planter (Allan Machine Company, Nevada, IA, 50201,
USA). Trials consisted of two replications per location and experimental units were 2-row plots
with 5.79 m rows, 0.76 m between rows, and 0.91 m between ranges. The Alma, Ontario
location is rated as a 2550 Crop Heat Units (CHU) zone and the soil type is silt loam. The Elora,
Ontario location is rated as a 2600 CHU zone and the soil type is silt loam. The Waterloo,
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Ontario location is rated as a 2700 CHU zone and the soil type is sandy loam. Agronomic
practices for fertility, tillage and weed control were those typical of southwestern Ontario. Plots
were harvested in October or November using a New Holland split-plot combine (Allan Machine
Company, Nevada, IA, 50201, USA). Data was recorded for machine-harvestable grain yield,
grain moisture, and bulk density (test weight) via an HM220 Harvest Master™ high capacity
GrainGage™ (Juniper Systems Inc., Logan UT, 84321, USA). Grain yield for each plot was
expressed as Mg ha-1 adjusted to 15.5% moisture content.

Data Analysis
Data were combined across environments and analyzed in SAS ver. 9.3 using PROC
MIXED (SAS Institute Inc, Cary, NC) with genotypes, environments and all interactions being
considered random effects, while density was considered as a fixed effect. For random effects, a
Z-test was used for significance, while for fixed an F-test was used. Genotype variance was
partitioned among Iodent parent, Stiff Stalk parent, and interactions between Iodent and Stiff
Stalk. Environmental variation was partitioned between year and location and interactions
between the two. The expected variation due to Stiff Stalk and Iodent parents in a NC II
corresponds to GCA, and that due to the specific interaction of Iodent x Stiff Stalk parents
corresponds to SCA (Hallauer et al., 2010). Grain yield estimates were generated via a best
linear unbiased predictor (BLUP) using PROC MIXED by density, environment, inbred parent
and hybrid. GCA estimates (gi) for all parental lines were calculated according to Sprague and
Tatum (1942) as previously described in Lee et al. (2005); where the gi estimate is the average
performance of a line in hybrid combinations. Parent yield estimates were generated via BLUP
for the three different densities and were used to calculate gi relative to the mean of the density
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regimen in which they were grown. Tests for significance were taken from Griffing (1956B) as
described in Lee et al. (2003).
The relative importance of additive vs non-additive genetic variation was computed via a
Va/Vna ratio as described in Waldmann (2001) and Crnokrak and Roff (1995). In this case Va is
equal to the variance estimates of the Iodent inbred plus the Stiff Stalk inbred, and Vna is equal to
the variance estimate of the interaction term of Iodent x Stiff Stalk. The smaller the ratio, the
greater proportion of the total genetic variance is attributed to non-additive effects. Kendall’s tau
b correlations (b) were calculated for grain yield estimates between densities for the entire
dataset and for individual inbred lines.
Parental yield estimates were also used also used for a regression analysis similar to that
described by Finlay and Wilkinson (1963) and Linn et al. (1986). However, instead of the yield
estimate of a specific hybrid from many locations being regressed on the mean yield of all
hybrids grown at the same set of locations, the parental yield estimate was used. In this way,
variation in grain yield due to the additive genetic contribution of a parent was used to construct
a stability statistic. This allows the slope of the regression or b-value to be a measure of average
stability given by a specific parent.

2.3 Results and Discussion
Significant effects (p<0.05) were seen on grain yield for environments, accounting for an
estimated 37% of total yield variation (Table 2.2). Yields ranged from a high of 9.45 Mg ha-1 at
the 2010 Alma site to a low of 8.59 Mg ha-1 at the same site in 2009 (Table 2.3). Location and
year sub-partitions were not significant. Genotype was also a significant source of variation (p <
0.01) and accounted for 25% of observed grain yield differences. Genotype x Environment
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interactions (GxE) were significant at p < 0.01, but the magnitude of the effect is small at 3% of
total yield variation.
The density effect was significant (p < 0.05) with yields at 37 k ha-1 of 7.98 Mg ha-1, 9.95
Mg ha-1 at 74 k ha-1 and 9.04 Mg ha-1 under 148 k ha-1 density (Table 2.3). Density by
environment (DxE) interactions were significant (p < 0.01) though the effect seen is much
smaller (10% of total yield variation) than the effect of environments alone (37% of total yield
variation). Genotype x Density (GxD) was also a significant source of variation (p < 0.01) and
had a larger effect (9% of total yield variation) than that of GxE, but still accounted for less than
half of the total genotypic effect. While the Iodent x density sub-partition was not significant,
the Stiff Stalk x density sub-partition was significant and accounted for most (8% of total yield
variation) of the total yield variation seen for genotype.
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Table 2.1. Derivation of inbred lines used to generate F1 hybrids for testing. Data on heterotic
group from Mikel (2006). Derivation information from E. Lee (Unpublished data) and United
States plant variety protection certificates.
Name
CG37
CG38
CG57
CG65
CG79

Origin
Pioneer Hi-Bred
Pioneer Hi-Bred
Pioneer Hi-Bred
Pioneer Hi-Bred
Pioneer Hi-Bred
University of
CG102
Guelph
University of
CG118
Guelph
University of
CG119
Guelph
University of
CG120
Guelph
PHJ40 Pioneer Hi-Bred
PHG71 Pioneer Hi-Bred
PHG42 Pioneer Hi-Bred
PHG29 Pioneer Hi-Bred
PHG50
PHG72
PHG83
PH207
CG44
CG60
CG85
CG108

Pioneer Hi-Bred
Pioneer Hi-Bred
Pioneer Hi-Bred
Pioneer Hi-Bred
Pioneer Hi-Bred
Pioneer Hi-Bred
Pioneer Hi-Bred
Pioneer Hi-Bred

Heterotic Group
Stiff Stalk
Stiff Stalk
Stiff Stalk
Stiff Stalk
Stiff Stalk
Stiff Stalk
Stiff Stalk
Stiff Stalk
Stiff Stalk

Derivation
Selfed Pioneer 3803
Selfed Pioneer 3803
Selfed Pioneer 3803
Selfed Pioneer 3803
Selfed Pioneer 3803
CG Stiff Stalk
(CG65xCG33) x CG102
(CG65xCG33) x CG102

(CG65xCG33) x CG102
PHB09 X PHB36
A632HT X PH207
PH207 X (PH207 X
Iodent
PH806)
PH207 X (PH207 X
Iodent
PH806)
Iodent/Unrelated
PH848 X PH207
Iodent
PH814 X PH207
Iodent/Lancaster/Unrelated PH814 X PH207
Iodent
PH3BD2 X PHG3RZ1
Iodent
PHJ40 x PHG72
Iodent
PHJ40 x PHR25
Iodent
PHJ40 x PHG72
Iodent
PHJ40 x PHR25
Stiff Stalk
Stiff Stalk/Iodent
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Table 2.2. Analysis of Variance (ANOVA) from PROC MIXED of SAS 9.3. Environmental,
density and genotypic factors and interactions for grain yield are shown.
Random Effect
Environment (E)
Year (Y)
Location (L)
DxE
Genotype (G)
Iodent (I)
Stiff Stalk (SS)
IxSS
GxE
GxExD
GxD
IxD
SSxD
IxSSxD

DF
8
2
2
16
109
9
10
90
872
1744
218
18
20
180

Estimate SE
p-value
0.84
0.46 **
0.73
0.82 ns
0.09
0.26 ns
0.22
0.08 ***
0.58
0.1 ***
0.18
0.12 *
0.09
0.1 ns
0.32
0.06 ***
0.06
0.01 ***
0.42
0.03 ***
0.21
0.03 ***
0.02
0.02 ns
0.17
0.06 ***
0
0 ***

Fixed Effect
DF
F-value
Density (D)
2
10.02
*Significance at α = 0.10
**Significance at α = 0.05
***Significance at α = 0.01

**
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Table 2.3. BLUP estimates for grain yield for each year location combination in a low
population density of 37 000 plants ha-1 (37 k ha-1), commercial population density of 74 000
plants ha-1 (74 k ha-1), and a high population density of 148 000 plants ha-1 (148 k ha-1).
Location

Year

Density

2009
2010
2011
148 k ha-1

Yield (Mg ha-1)

Standard Error

8.06
9.62
9.29

0.41
0.41
0.41

9.04

0.66

-1

7.98

0.66

-1

9.95

0.66

8.59
9.45
8.87
9.34
8.71
9.32
8.80
8.97
8.86

0.66
0.66
0.66
0.66
0.66
0.66
0.66
0.66
0.66

37 k ha
74 k ha
Alma
Alma
Alma
Elora
Elora
Elora
Waterloo
Waterloo
Waterloo

2009
2010
2011
2009
2010
2011
2009
2010
2011

Alma

2009

148 k ha-1

8.87

0.74

Alma

2009

37 k ha-1

7.54

0.71

Alma

2009

-1

74 k ha

9.56

0.74

Alma

2010

148 k ha-1

9.36

0.73

Alma

2010

37 k ha-1

8.29

0.73

Alma

2010

-1

74 k ha

10.33

0.72

Alma

2011

148 k ha-1

8.77

0.72

Alma

2011

37 k ha-1

7.93

0.73

2011

-1

10.02

0.73

Alma

74 k ha

-1

Elora

2009

148 k ha

9.38

0.73

Elora

2009

37 k ha-1

8.15

0.72

Elora

2009

74 k ha-1

10.43

0.73
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Elora
Elora

2010
2010

148 k ha-1

8.91

0.73

-1

7.73

0.73

-1

37 k ha

Elora

2010

74 k ha

9.62

0.71

Elora

2011

148 k ha-1

Elora
Elora

2011
2011

Waterloo 2009
Waterloo 2009

9.24

0.72

-1

8.60

0.73

-1

74 k ha

10.14

0.73

148 k ha-1

37 k ha

8.72

0.73

-1

7.94

0.72

-1

37 k ha

Waterloo 2009

74 k ha

9.62

0.73

Waterloo 2010

148 k ha-1

8.99

0.73

Waterloo 2010

37 k ha-1

8.07

0.73

Waterloo 2010

-1

74 k ha

10.08

0.72

Waterloo 2011

148 k ha-1

9.01

0.71

Waterloo 2011

37 k ha-1

7.54

0.73

Waterloo 2011

-1

9.90

0.73

74 k ha
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Table 2.4. Estimates of grain yield expressed as the difference between average yield of all
progeny of a parental line and that of all hybrids grown in an environment, here designated as gi,
in Mg of grain per hectare. gi estimates for significant interactions are shown for Iodent and Stiff
Stalk parental lines in a low population density of 37 000 ha-1 (37 k ha-1), a commercial
population density of 74 000 ha-1 (74 k ha-1), and a high population density of 148 000 ha-1 (148
k ha-1).
gi(Mg ha-1)
37 k ha-1 74 k ha-1

148 k ha-1

8.99
0.72

-0.41
0.33
-0.02
-0.05
-0.10
-0.18
-0.06
0.36
0.37
-0.07
-0.17
7.99
0.24

0.59
0.53
0.32
0.31
0.11
-0.62
-0.90
0.07
0.23
-0.48
-0.17
9.95
0.24

0.79
0.31
0.52
0.80
0.56
-0.72
-1.03
0.26
-0.07
-0.90
-0.51
9.04
0.24

1.04

0.35

0.35

0.35

Inbred
Overall
Iodents
CG108
CG44
CG60
CG85
PHG29
PHG50
PHG72
PHG83
PHK42
PHP207
Stiff Stalks
CG102
CG118
CG119
CG120
CG37
CG38
CG57
CG65
CG79
PHG71
PHJ40
Grand Mean
LSD gi(0.05)
LSD gigj(0.05)

0.37
-0.09
0.01
-0.63
0.23
-0.23
-0.18
0.77
0.06
-0.31
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Significant genetic variation for grain yield in response to plant population densities (i.e.
Genotype x Density; Table 2.2) is consistent with the Va/Vna ratio. This ratio shows that while
only 50% of genetic variation for yield over all environments and densities is additive, 95% of
grain yield response to density can be accounted for via additive genetic effects (Table 2.2). In
contrast to general productivity, where the Iodent germplasm exhibited some modest additive
genetic effects, only the Stiff Stalk germplasm exhibited significant genetic effects for density
response (Table 2.2). The Stiff Stalk germplasm pool sampled in this experiment has examples
of both favorable and unfavorable responses to plant density. The related sister lines CG118,
CG119 and CG120 all have positive responses to density stress, while CG38, CG57 and PHG71
exhibit negative responses. Closely related lines CG37 and CG38 exhibit significantly different
responses to density stress. Line CG102 exhibited a negative contribution to low density, but a
favorable contribution at higher plant densities (Table 2.4). This response of poor yield potential
coupled with good density tolerance suggests that these two traits are independent.
Significant differences in gi values were seen under the highest planting density from the
Stiff Stalk germplasm. These differences in response to density stress were both positive and
negative. Significant differences in gi values were also seen under the lowest planting density,
exhibiting both positive and negative additive genetic variation for yield potential. Additive
genetic variation exists for both density tolerance and yield potential but improvement has only
been seen for density tolerance. This would suggest that current and historical selection criteria
have prioritized field scale yield gain through increased density tolerance over increased yield
potential.
We were also interested in determining if genetic contributions from one density were
related to genetic contributions at other densities. Kendall’s tau b correlations suggest that there
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is a significant relationship between the genetic effects, however the predictive nature of this
relationship varies (Table 2.5). The strongest correlations were observed between the 74 000 ha1

and 148 000 plants ha-1 density, which is not surprising. Singh et al. (2014) and Lee et al.

(2016) found that these higher densities share more in common than they did with the lower
plant population density. The strength of these relationships varied with years (Table 2.4).
Again, this is not surprising as GxE effects impact the density responses (Singh et al., 2014; Lee
et al., 2016). The low correlations between performance at high density and low density suggest
that density tolerance and yield potential are not linked.
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Table 2.5. Kendall’s tau b correlation coefficients calculated between gi estimates for Iodent
and Stiff Stalk parental lines in a low population density of 37 000 ha-1 (37 k ha-1), a commercial
population density of 74 000 ha-1 (74 k ha-1), and a high population density of 148 000 ha-1 (148
k ha-1). gi estimates of grain yield were calculated as the difference between average yield of all
progeny of a parental line in a given environment and the grand mean of that environment.
37k ha-1/74 k ha-1

37k ha-1/148 k ha-1

74 k ha-1/148 k ha-1

Overall

0.31**

0.22**

0.57**

2009
2010
2011

0.25
0.38**
0.37*

0.07
0.36*
0.24

0.59**
0.64**
0.66**

Iodent
Stiff
Stalk

0.32**

0.18

0.56**

0.16*

0.14*

0.55**

*Correlation coefficient significantly different from zero at p = 0.05
**Correlation coefficient significantly different from zero at p = 0.01
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The GxE component, while significant, was a relatively small source of variation
compared to the other components (Table 2.2). However, we chose to explore it with the density
experiments, as stress tolerance is associated with grain yield stability (Tollenaar and Lee, 2006),
and high plant populations induce stress (Boomsma et al., 2009). To examine yield stability, a
regression-based approach was used to determine whether parental lines conferred type II
stability (Table 2.6). Most inbred parents had a b close to 1, which according to Finlay and
Wilkinson (1963) and Linn and Binns (1991) signifies type II stability across environments.
Stiff Stalk CG120 had a b-value of 0.93, and a gi value of 0.8 Mg ha-1 (Table 2.4; Table 2.6). In
this case, yield stability is paired with density tolerance. However, Stiff Stalk line PHG71 also
had a b-value close to one, at 0.98, and had a gi value of -0.9 Mg ha-1 (Table 2.4; Table 2.6).
PHG71 exhibits type II yield stability, but poor density stress tolerance. Examples of both good
and poor density stress tolerance can be seen for type II yield stable parental lines. These
responses suggest that density tolerance and stability are not genetically linked in the Stiff Stalk
germplasm pool sampled and can be improved independently of each other.
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Table 2.6. Regression slopes of parental grain yield vs. environment grain yield for Iodent and
Stiff Stalk parental lines a low population density of 37 000 ha-1 (37 k ha-1), a commercial
population density of 74 000 ha-1 (74 k ha-1), and a high population density of 148 000 ha-1 (148
k ha-1). Values for yield are in Mg ha-1.
Density

37 k ha-1

74 k ha-1

148 k ha-1

Inbred

Slope

SE

Slope

SE

Slope

SE

CG108
CG44
CG60
CG85
PHG29
PHG50
PHG72
PHG83
PHK42
PHP207

1.07
0.82
0.88
0.67*
1.08
1
0.94
1.56*
0.92
1.03

0.12
0.1
0.13
0.11
0.1
0.07
0.06
0.19
0.1
0.11

0.96
0.83**
0.89
0.76
1.15**
0.98
0.96
1.42**
1.07
0.95

0.06
0.05
0.06
0.16
0.04
0.07
0.05
0.1
0.05
0.12

1.12
0.85
0.93
0.77
1.07
1.11
0.89*
1.19
1.05
1.03

0.12
0.18
0.08
0.18
0.08
0.08
0.05
0.14
0.09
0.11

CG102
CG118
CG119
CG120
CG37
CG38
CG57
CG65
CG79
PHG71
PHJ40

0.86
1.15**
0.74**
0.98
1.17
1.09
0.73
1.26*
1.09
1.1
0.81

0.1
0.04
0.07
0.05
0.11
0.08
0.14
0.11
0.06
0.6
0.08

1.07
1.06
0.80*
1
1.13*
0.85
0.83
1.14
0.87
1.19
1.06

0.07
0.08
0.07
0.06
0.05
0.07
0.06
0.06
0.1
0.08
0.06

1.11
1.04
0.95
0.93
1.22
0.85
0.78
0.96
1.03
0.98
1.12

0.14
0.13
0.07
0.07
0.11
0.11
0.14
0.14
0.1
0.12
0.09

*Slope significantly different from 1 at p= 0.05
**Slope significantly different from 1 at p = 0.01

-1
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Fig. 2.1. Mean grain yield of all progeny of the inbred line CG108 over nine environments. The
line represents the mean grain yield of all progeny of the inbred line CG108 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.2. Mean grain yield of all progeny of the inbred line CG44 over nine environments. The
line represents the mean grain yield of all progeny of the inbred line CG44 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.3. Mean grain yield of all progeny of the inbred line CG60 over nine environments. The
line represents the mean grain yield of all progeny of the inbred line CG60 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.

37

-1

37 000 plants ha

-1

74 000 plants ha

-1

148 000 plants ha

Fig. 2.4. Mean grain yield of all progeny of the inbred line CG85 over nine environments. The
line represents the mean grain yield of all progeny of the inbred line CG85 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.5. Mean grain yield of all progeny of the inbred line PHG29 over nine environments. The
line represents the mean grain yield of all progeny of the inbred line PHG29 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.6. Mean grain yield of all progeny of the inbred line PHG50 over nine environments. The
line represents the mean grain yield of all progeny of the inbred line PHG50 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.7. Mean grain yield of all progeny of the inbred line PHG72 over nine environments. The
line represents the mean grain yield of all progeny of the inbred line PHG72 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.8. Mean grain yield of all progeny of the inbred line PHG83 over nine environments. The
line represents the mean grain yield of all progeny of the inbred line PHG83 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.9. Mean grain yield of all progeny of the inbred line PHK42 over nine environments. The
line represents the mean grain yield of all progeny of the inbred line PHK42 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.10. Mean grain yield of all progeny of the inbred line PHP207 over nine environments.
The line represents the mean grain yield of all progeny of the inbred line PHP207 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.11. Mean grain yield of all progeny of the inbred line CG102 over nine environments.
The line represents the mean grain yield of all progeny of the inbred line CG102 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.12. Mean grain yield of all progeny of the inbred line CG118 over nine environments.
The line represents the mean grain yield of all progeny of the inbred line CG118 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.13. Mean grain yield of all progeny of the inbred line CG119 over nine environments.
The line represents the mean grain yield of all progeny of the inbred line CG119 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.14. Mean grain yield of all progeny of the inbred line CG120 over nine environments.
The line represents the mean grain yield of all progeny of the inbred line CG120 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.15. Mean grain yield of all progeny of the inbred line CG37 over nine environments. The
line represents the mean grain yield of all progeny of the inbred line CG37 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.16. Mean grain yield of all progeny of the inbred line CG38 over nine environments. The
line represents the mean grain yield of all progeny of the inbred line CG38 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.17. Mean grain yield of all progeny of the inbred line CG57 over nine environments. The
line represents the mean grain yield of all progeny of the inbred line CG57 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.18. Mean grain yield of all progeny of the inbred line CG65 over nine environments. The
line represents the mean grain yield of all progeny of the inbred line CG65 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.19. Mean grain yield of all progeny of the inbred line CG79 over nine environments. The
line represents the mean grain yield of all progeny of the inbred line CG79 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.20. Mean grain yield of all progeny of the inbred line PHG71 over nine environments.
The line represents the mean grain yield of all progeny of the inbred line PHG71 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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Fig. 2.21. Mean grain yield of all progeny of the inbred line PHJ40 over nine environments.
The line represents the mean grain yield of all progeny of the inbred line PHJ40 over nine
environments. Environmental Mean Yield is the grand mean grain yield in Mg ha-1 of the
experiment in that environment.
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2.4 Conclusion
Significant improvement in grain yield, density tolerance, and grain yield stability has
been observed in commercial maize germplasm. This continued improvement suggests that
additive genetic variation is present for these traits. The objective of this study was to evaluate a
representative sample of elite maize germplasm and determine the presence and relative impact
of additive and non-additive genetic variation in regards to density tolerance, yield potential, and
grain yield stability.
Density tolerance as measured via grain yield under high plant populations and yield
potential as measured via grain yield under low plant populations both showed significant
additive genetic effects. The two heterotic groups used in this study differed in their response to
density, with only the Stiff Stalk heterotic group showing significant density response. The
Iodent heterotic group displayed density-insensitive additive genetic variation for overall grain
productivity, but the level of significance seen was low. Although additive genetic effects are
present for both density tolerance and yield potential, historically improvement has only
occurred for density tolerance. These findings suggest that it is possible to improve grain yields
in maize without increasing planting densities by exploiting the existing variation for yield
potential.
Type II yield stability statistics were calculated for all parental lines, but levels of
significance were low. Most lines had a b-value close to 1, indicating yield stability. No
association was seen between yield stability and density tolerance. This does not support the
idea that selection for density and stress tolerance leads to improved yield stability.
Correlations for grain yield between the three planting densities were low for the Stiff
Stalk heterotic group, which was expected given the differing responses in grain yield to planting
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density seen in the Stiff Stalk germplasm. Higher correlations between the three planting
densities were observed for the Iodent heterotic group, again expected given the low level of
density response. No apparent association was observed between yield potential and density
tolerance, indicating that they are independent traits both genetically and biologically.
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Chapter 3: Future Direction
3.0 Future Direction
This study clearly demonstrates the presence of additive genetic variation for grain yield
potential and grain yield under density stress. Less clear is the relationship between stress
tolerance and yield stability. While some trends in type II stability were seen, most inbred
parents did not deviate sufficiently from b = 1 to make any real conclusions as to the relationship
between stress tolerance and yield stability. Further investigation of this aspect will require more
environments with a sufficient spread of fertility, precipitation and other stress factors to create a
continuum of sites with varying yield potential. It would also be of value to investigate the role
that high-management conditions (Narrower rows, timing of nitrogen and fungicide applications)
may have to play in decreasing stress and capturing more yield potential of the most density
tolerant lines.
Given the low correlations of yield between low and high population densities, it may be
of benefit to characterize the plant architecture and physiology which leads to highest yield under
either low or high density pressure. This may allow us to determine whether there are separate
strategies for yield under the different density regimens.
It would also be worthwhile to investigate the possibility of quantitative trait loci (QTL),
which show a relationship between phenotypic performance in the field and genomic data
available for these lines. Such QTLs may help for selection of density tolerant germplasm and
reduce or eliminate the need for expensive and time-consuming phenotypic testing.
Implications of this study suggest that despite intense selection pressure for grain yield
under ever-increasing intraspecific density stress much additive genetic variation remains to be
exploited for future improvement. Whether or not the ‘yield ceiling’ which has received so
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much discussion over recent years actually exists, this study demonstrates that for now, at least,
there is no danger of grain yields stagnating.

59

Literature Cited:
Beil, G., and R. Atkins. 1967. Estimates of general and specific combining ability in F1 hybrids
for grain yield and its components in grain sorghum: Sorghum vulgare. Paper J-5342 of the
Iowa Agricultural and Home Economics Experiment Station.
Boomsma, C., J. Santini, M. Tollenaar, and T. Vyn. 2009. Maize morphophysiological responses
to intense crowding and low nitrogen availability: An analysis and review. Agron. J. 101: 14261452.
Borras, L., G. Maddonni, and M. Otegui. 2003. Leaf senescence in maize hybrids: Plant
population, row spacing and kernel set effects. Field Crops Res. 82: 13-26.
Campos, H., M. Cooper, G. Edmeades, C. Lofler, J. Schussler, and M. Ibanez. 2006. Changes in
drought tolerance in maize associated with fifty years of breeding for yield in the U.S. corn belt.
Maydica 51:369-381.
Cardwell, V.B. 1982. Fifty years of Minnesota corn production: Sources of yield increase.
Agron. J. 74: 984-990.
Cleveland, D.A. 2001. Is plant breeding science objective truth or social construction? The case
of yield stability. Agr. and Human Values 18: 251-270.
Comstock, R.E., and H.F. Robinson. 1952. Estimation of average dominance of genes. p. 494516. In J.W. Gowen (ed.) Heterosis. Iowa State College Press, Ames.
Crnokrak, P., and D. Roff. 1995. Dominance variance: associations with selection and fitness.
Heredity 75: 530-540.
Denning, G., P. Kabame, P. Sanchez, A. Malike, R. Flor, R. Harawa, P. Nkhoma, C. Zamba, C.
Banda, C. Magombo, M Keating, J. Wanglia, and J. Sachs. 2009. Input subsidies to improve

60

smallholder maize productivity in Malawi: Toward an African Green Revolution. PLOS Biol.
7:1 e1000023. Doi: 10.1371/journal.phbio.1000023
Ding, L., K.J. Wang, J.M. Jiang, M.Z. Liu, S.L Niu, and L.M. Gao. 2004. Post-anthesis changes
in photosynthetic traits of maize hybrids released in different years. Field Crops Res. 93: 108115.
Dudley, J., M. Saghai, and G. Rufener. 1991. Molecular markers and grouping of parents in
maize breeding programs. Crop Sci. 31: 718-723.
Duvick, D. 2005. Genetic progress in yield of United States maize. Maydica 50: 193-20.
Duvick, D. 1996. What is yield? Drought and low N tolerant maize. CIMMYT Symposium
Developing drought and low-N tolerant maize. pp 332-336.
Duvick, D. and K. Cassman. 1999. Post-green revolution trends in yield potential of temperate
maize in the north-central United States. Crop Sci. 39: 1622-1630.
Eberhart, S., and W. Russel. 1996. Stability parameters for comparing varieties. Crop Sci. 6: 3640.
Egli, D. 2008. Comparison of corn and soybean yields in the United States: Historical trends and
future prospects. Agron. J. 100: S79-S88.
Evans, L., and R. Fisher. 1999. Yield potential: its definition, measurement and significance.
Crop Sci. 39: 1544-1551.
Falconer, D., and T. Mackay. 1996. Introduction to quantitative genetics, 4th ed. Longman Group
Ltd.
Finlay, K., and G. Wilkinson. 1963. The analysis of adaptation in a plant-breeding program.
Aust. J. of Agr. Res. 14: 742-754.

61

Gianessi, L., and N. Reigner. 2007. The value of herbicides in U.S. crop production. Weed
Techn. 21: 559-566.
Gonzalo, M., T. Vyn, J. Holland, and L. McIntyre. 2006. Mapping density response in maize: a
direct approach for testing genotype and treatment interactions. Genetics 173: 331-348.
Grassini, P., J. Thorburn, C. Burr, and K. Cassman. 2011. High-yield irrigated maize in the
western U.S. Corn Belt: I. On-farm yield, yield potential and impact of agronomic practices.
Field Crops Res. 120: 142-150.
Griffing, B. 1956A. A generalized treatment of the use of diallel crosses in quantitative
inheritance. Heredity 10: 31–50. doi:10.1038/hdy.1956.2
Griffing, B. 1956B. Concept of general and specific combining ability in relation to dialell
crossing systems. Aust. J. of Biol. Sci. 9: 463–493.
Hallauer, A., J. Miranda Filho, and M. Carena. 2010. Quantitative genetics in maize breeding. 3rd
ed. Iowa State Univ. Press, Ames, IA.
Has, V., I. Tokatlidis, I. Has, and I. Mylonas. 2008. Optimum density and stand uniformity as
determinant parameters of yield potential and productivity in early maize hybrids. Romanian
Agr. Res. 25: 43-46.
Howard, P. 2009. Visualizing Consolidation in the Global Seed Industry: 1996-2008.
Sustainability 1:1266-1287.
Jullien, P. and F. Berger. 2009. Gamete-specific epigenetic mechanisms shape genomic
imprinting. Current Opinion in Plant Biol. 12: 637-642.
Kang, M. 1993. Simultaneous selection for yield and stability in crop performance trials:
Consequences for growers. Agron. J. 85: 754-757.

62

Kang, M., D. Gorman, and H. Pham. 1991. Application of a stability statistic to international
maize yield trials. Theor. Appl. Genetics 81: 162-165.
Kucharic, C. 2008. Contribution of planting date trends to increased maize yields in the central
United States. Agron. J. 100: 328-336.
Lee, E.A., A. Ahmadzadeh, and M. Tollenaar. 2005. Quantitative genetic analysis of the
physiological processes underlying maize grain yield. Crop Sci. 45: 981-987.
Lee, E. A., T. Doerksen, and L. Kannenberg. 2003. Genetic components of yield stability in
maize breeding populations. Crop Sci. 43: 2018-2027.
Lee, E.A., J. Young, J. Regeu-Reid, and B. Good. 2012. Genetic architecture underlying kernel
quality in food-grade maize. Crop Sci. 52: 1561-1571.
Lee, E.A., W. Deen, M. Hooyer, A. Chambers, G. Parkin, R. Gordon, and A. Singh. 2016.
Involvement of year to year variation in thermal time, solar radiation and soil available moisture
in genotype-by-environment effects in maize. Crop Sci. 56: 1-13
Lin, C., and M. Binns. 1991. Genetic properties of four types of stability parameter. Theor. and
Appl. Gen. 82: 505-509.
Lin, C., M. Binns, and L Lefkovitch. 1986. Stability Analysis: Where do we Stand? Crop
Science 26: 894-900.
Ma, B., F. Meloche, and L. Wei. 2009. Agronomic assessment of BT trait and seed or soilapplied insecticides on the control of corn rootworm and yield. Field Crops Res. 111: 189-196.
McCullough, D., P. Girardin, M. Mihajlovic, A. Aguilera, and M. Tollenaar, 1994a. Influence of
N supply on development and dry matter accumulation of an old and a new maize hybrid. Can. J.
of Plant Sci. 74: 471–477.

63

McCullough, D., A. Aguilera, and M. Tollenaar. 1994b. N uptake, N partitioning, and
photosynthetic N-use efficiency of an old and a new maize hybrid. Can. J. of Plant Sci. 74: 479484.
Melchinger, A., J. Boppenmaier, B. Dhillon, W. Pollmer, and R. Herrman. 1992. Genetic
diversity for RFLPS in European maize imbreds. Theor. and Appl. Genetics 84: 672-681.
Mikel M., and J. Dudley. 2006. Evolution of North American dent corn from public to
proprietary germplasm. Crop Sci. 46:1193–1205.
Nelson, P., N. Coles, J. Holland, D. Bubeck, S. Smith, and M. Goodman. 2008. Molecular
characterization of maize inbreds with expired U.S. plant variety protection. Crop Science 48:
1673-1685.
Nissanka, S., M. Dixon, and M. Tollenaar. 1997. Canopy gas exchange response to moisture
stress in an old and new maize hybrid. Crop Sci. 37: 172-181.
Norsworthy, J., and M. Olivera. 2004. Comparison of the critical period for weed control in
wide and narrow-row corn. Weed Sci. 52: 802-807.
Oakey, H., A. Verbyla, B. Cullis, W. Xianming, and W. Pitchford. 2007. Joint modeling of
additive and non-additive (genetic line) effects in multi-environment trials. Theor. App. Gen.
114: 1319-1322.
Page, E., M. Tollenaar, E. A. Lee, L. Lukens, and C. Swanton. 2010. Timing, effect and
recovery from intraspecific competition in maize. Agron. J. 102:1007-1013.
Pham, H., and M. Kang. 1988. Interrelationships among and repeatability of several stability
statistics estimated from international maize trials. Crop Sci. 28: 925-928.
Reeder, L. 1997. Breeding for Yield Stability in a Commercial Program in the USA. In G.O.
Edmeades, M. Banzinger, H. Mickelson and C. Pena-Valvida, (eds). Developing drought and

64

low N tolerant maize. Proceedings of a symposium, March 25-29, 1996, CIMMYT, El Batan,
Mexico. Mexico, D.F.
Reif, J., A. Hallauer, and A. Melchinger. 2005. Heterosis and heterotic patterns in maize.
Maydica 50: 215-223.
Sangoi, L, M. Enger, A. Guidolin, M. Ameida, and P. Herberle. 2001. Influence of row spacing
reduction on maize grain yield in regions with a short summer. Pesqusa Agropecuaria Brasileira
36: vol 6. dx.doi.org/10.1590/S0100-204X2001000600003
SAS Institute. 2015. The SAS system for Windows. Version 9.3. SAS Inst., Cary, NC. USA.
Singh, A., T. Coleman, M. Tollenar, and E.A. Lee. 2011. Nature of genetic variation in an elite
maize breeding cross. Crop Sci. 51: 75-83.
Seka, D., and H. Cross. 1995. Xenia and maternal effects on maize kernel development. Crop
Sci. 35: 80-85.
Sneller, C., L. Kilgore-Norquest, and D. Dombeck. 1997. Repeatability of yield stability
statistics in soybean. Crop Sci. 37: 383-390.
Sprague, G., and L. Tatum. 1942. General vs. specific combining ability in single crosses of
corn. J. of the Amer. Soc. of Agron. 34: 923-932.
Tokatlidis, I. 2001. The effect of improved potential yield per plant on crop yield potential and
optimum plant density in maize hybrids. J. of Agr. Sci. 137: 299-305.
Tokatlidis, I., and S. Koutroubas. 2003. A review of maize hybrids’ dependence on high plant
populations and its implications for crop yield stability. Field Crops Res. 88: 103-114.
Tollenaar, M., 1989. Genetic improvement in grain yield of commercial maize hybrids grown in
Ontario from 1959 to 1988. Crop Sci. 29: 1365-1371.

65

Tollenaar, M., and A. Aguilera. 1992. Radiation use efficiency of an old and a new maize
hybrid. Agron. J. 84: 536-541.
Tollenaar, M., A. Aguilera, and S. Nissanka. 1997. Grain yield is reduced more by weed
interference in an old than in a new maize hybrid. Agron. J. 89: 239–246.
Tollenaar, M., A. Ahmadzadeh, and E.A. Lee. 2004. Physiological basis of heterosis for grain
yield in maize. Crop Sci. 44: 2086-2094.
Tollenaar, M., and E.A. Lee. 2006. Dissection of physiological processes underlying grain yield
in maize by examining genetic improvement and heterosis. Maydica 51: 399-408.
Tollenaar, M., and E.A. Lee. 2002. Yield potential, yield stability and stress tolerance in maize.
Field Crops Res. 75: 161-169.
Tollenaar, M., A. Aguilera, S. Nissanka, C. Swanton, and S. Weise. 1994. Effect of weed
interference and soil nitrogen on four maize hybrids. Agron. J. 86: 596-601.
Tollenaar, M and J. Wu. 1999. Yield improvement in temperate maize is attributable to greater
stress tolerance. Crop Sci. 39: 1597-1604.
Tracy, W., and M. Chandler. 2006. The Historical and Biological Basis of the Concept of
Heterotic Patterns in Corn Belt Dent Maize, in Plant Breeding: The Arnel R. Hallauer
International Symposium (eds. K. R. Lamkey and M. Lee), Blackwell Publishing, Ames, Iowa,
USA. doi: 10.1002/9780470752708.ch16
Troyer, A. 1996. Breeding widely adapted, popular maize hybrids. Euphitica 92: 163-174.
Waldmann, P. 2001. Additive and non-additive genetic architecture of two different-sized
populations of S. canescens. Heredity 86: 648-657.
Valentinuz, O., and M. Tollenaar, 2004. Vertical profile of leaf senescence during the grainfilling period in older and newer maize hybrids. Crop Sci. 44:827-834.

66

Zingore, S., H. Hurwira, R. Delve, and K. Giller. 2007. Influence of nutrient management
strategies on variability of soil fertility, crop yields and nutrient balances on smallholder farms in
Zimbabwe. Agr. Ecosystems and Env. 119: 112-126.

67
Appendix A: Additional Figures and Tables
Table A1. Analysis of variance of environmental, genotypic factors and interactions for grain yield.
Source

DF

Covariance Estimate

Z-value

Pr>Z

Environment
Year
Location
Year*Loc
Rep(Year*loc)
Density*Environment
Density*Year
Density*Location
Density*Loc*Year
Rep*Den(Loc*Year)
Genotype
Iodent
Stiff Stalk
Iodent*Stiff Stalk
Genotype*Environment
Iodent*Env
Stiff Stalk*Env
Iodent*SS*Env
Genotype*Year
Iodent*Year
Stiff Stalk*Year
I*SS*Year
Genotype*Loc
I*Location
SS*Location
I*SS*Loc
Genotype*Loc*Year
I*Loc*Year
SS*Loc*Year
I*SS*Loc*Year
Genotype*Density
Iodent*Density
Stiff Stalk*Density
Iodent*SS*Den

8
2
2
4
4
16
4
4
8
8
109
9
10
90
872
72
80
720
218
18
20
180
218
18
20
180
436
36
40
360
218
18
20
180

0.8417
0.7384
0.09484
0.1690
0.08285
0.2172
0.009161
0.2090
0.03298
0.05841
0.5765
0.1828
0.09165
0.3249
0.06445
0.07604
0.05382
0.000063
0.1542
0.06608
0.04219
0.06387
0.6718
0.2514
0.1675
0.3605
0.07085
0.02793
0.02338
0.08911
0.2086
0.02438
0.1742
0.001074

1.83
0.90
0.37
1.01
1.66
2.72
1.04
1.28
1.11
2.65
5.68
1.50
0.96
0.05
5.11
3.67
3.65
45.54
5.77
1.87
1.82
4.47
10.92
2.68
2.40
9.76
4.73
2.43
2.49
4.86
7.21
1.42
2.86
45.54

**
ns
ns
ns
**
***
ns
ns
ns
***
***
*
ns
***
***
***
***
***
***
**
**
***
***
***
***
***
***
***
***
***
***
*
***
***

Genotype*Density*Env
I*Den*Env
SS*Den*Env
I*SS*Env*Den

1744
144
160
1440

0.4240
0.06528
0.03640
0.06941

14.74
4.95
3.76
3.23

***
***
***
***

0.08104
0.03432
0.01570
0.02961
0.8300
0.2419
0.2911
0.004207
0.08177
0.03946
0.02491
0.03878

4.33
2.20
1.55
1.88
17.29
5.13
5.54
0.32
3.60
3.45
2.65
872

***
**
*
**
***
***
**
ns
***
***
***
**

Genotype*Den*Year
436
I*Den*Year
36
SS*Den*Year
40
I*SS*Den*Year 360
Genotype*Den*Loc
436
I*Den*Loc
36
SS*Den*Loc
40
I*SS*Den*Loc
360
Genotype*Den*Loc*Year 872
I*Den*Loc*Year 72
SS*Den*Loc*Year 80
I*SS*D*L*Y
720
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Source – Fixed Effect

DF

F-value

Density

2

10.02**

* Significance at α = 0.10
** Significance at α = 0.05
*** Significance at α = 0.01
For factors marked with n/a, insufficient variance was available to partition.
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Table A2. BLUP grain yield estimates for testing environments.
Environment Year
Alma
Elora
Waterloo
Alma
Elora
Waterloo
Alma
Elora
Waterloo

2009
2009
2009
2010
2010
2010
2011
2011
2011

Yield
(Mg ha-1)
7.71
8.88
7.71
9.99
9.56
9.25
9.08
9.91
8.83

Standard
Error
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
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Table A3. gi estimates of yield for inbreds under multiple density regimens separated by
environment. gi estimates of grain yield were calculated as the difference between average yield
of all progeny of a parental line in a given environment and the grand mean of that environment.

Alma
2009

Elora
2009

Waterloo Alma
2009
2010

Elora
2010

Waterloo Alma
2010
2011

Elora
2011

Waterloo
2011

Iodents
CG108
CG44
CG60
CG85
PHG29
PHG50
PHG72
PHG83
PHK42
PHP207

0.43
0.13
0.17
-0.47
0.18
-0.17
-0.03
0.06
-0.02
-0.27

0.57
0.17
0.10
-0.62
0.19
-0.12
-0.21
0.16
-0.17
-0.07

0.11
0.26
0.14
-0.03
0.07
-0.28
-0.14
0.23
-0.03
-0.32

0.49
-0.37
-0.08
-1.43
-0.63
-0.03
-0.33
1.22
0.00
-0.11

0.35
-0.29
-0.06
-0.99
0.48
-0.30
-0.35
1.12
0.17
-0.15

0.39
0.00
-0.31
-1.04
0.26
-0.28
-0.15
0.96
0.12
0.05

0.13
-0.42
0.06
-0.20
0.18
-0.25
-0.18
1.01
0.24
-0.57

0.56
-0.06
0.00
-0.27
0.08
-0.29
-0.21
1.02
-0.03
-0.80

0.36
-0.46
-0.34
-1.12
0.21
-0.12
-0.06
1.56
0.48
-0.50

Stiff Stalk
CG102
CG118
CG119
CG120
CG37
CG38
CG57
CG65
CG79
PHG71
PHJ40

0.00
0.29
0.65
0.41
-0.07
-0.59
0.01
0.12
0.17
-0.59
-0.38

0.37
0.27
0.42
0.42
-0.13
-0.67
-0.11
-0.02
0.14
-0.47
-0.21

0.45
0.15
0.31
0.24
-0.25
-0.06
-0.44
-0.25
0.15
-0.24
-0.08

0.32
0.37
0.05
0.15
0.44
-0.58
-1.04
0.07
0.42
-0.29
0.08

0.07
0.08
0.08
0.36
0.33
-0.47
-0.65
0.37
0.24
-0.21
-0.20

-0.11
0.44
-0.07
0.54
0.31
-0.45
-0.65
0.60
0.43
-0.58
-0.45

0.65
0.63
0.29
0.37
0.23
-0.78
-0.86
0.62
-0.10
-0.64
-0.40

0.54
0.66
0.19
0.21
0.25
-0.51
-0.72
0.22
0.01
-0.47
-0.38

0.31
0.54
0.07
0.21
0.51
-0.27
-0.94
0.43
0.05
-0.57
-0.33

7.51

8.85

7.51

6.87

9.65

9.29

9.05

10.03

8.82

0.42

0.42

0.42

0.42

0.42

0.42

0.42

0.42

0.42

0.63

0.63

0.63

0.63

0.63

0.63

0.63

0.63

0.63

Environmental
Index (Mg
ha-1)
LSD gi (0.05)
LSD gi-gj
(0.05)

