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ABSTRACT

ASPECTS OF INTERSPECIFIC COMPETITION
IN MAIZE (ZEA MAYS L.)

Eric R. Page,
University of Guelph, 2009

Advisor:
Dr. C.J. Swanton

Interspecific competition is comprised of both resource dependant and resource
independent processes. While many studies have focused on the role that resource
dependant competition plays in reducing crop yields, few have investigated whether
resource independent effects, such as light or hormonal signaling, may contribute to these
yield losses. The focus of this thesis was to investigate the role of the shade avoidance
response in determining the onset and outcome of crop-weed competition in maize (Zea
mays L.).
The results of greenhouse and field trials demonstrate that shade avoidance in maize
can be induced shortly after seedling emergence and that the effects of this early response
can be detected throughout the entire life cycle of the crop. Seedlings exposed to a
weedy or low red to far-red light (R/FR) environment at emergence displayed an initial
increase in plant height and a reduction in the root-to-shoot ratio. These effects were
followed by a reduction in the rate of leaf appearance (RLA) and a linear decline in
biomass and leaf area (LA) as the duration of time spent in a weedy environment
increased. Conversely, seedlings emerging in a weed-free or ambient R/FR environment
were unaffected regardless the duration of time spent in the weedy environment.
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These effects of early crop-weed competition are distinct from those of plant
population density (i.e., intraspecific competition). Results of a field trial demonstrated
that intraspecific competition at a conventional density of 8 plants m-2 did not negatively
impact RLA or biomass accumulation until well after the defined critical period for weed
control. Moreover, intraspecific competition at 16 plants m-2 was not detected until the
12th leaf tip stage, suggesting that the effects of crop density are more closely associated
with canopy closure than an early shade avoidance response.
At maturity, seedlings that expressed shade avoidance at early stages of development
set fewer kernels and partitioned less biomass to the developing ear. Shade avoidance
also doubled the plant-to-plant variability in yield parameters without affecting the mean
or frequency distribution of shoot biomass at maturity. When taken together, the results
of these studies indicate that shade avoidance destabilizes stand productivity by
increasing plant-to-plant variability in reproductive effort prior to intra- or interspecific
competition for resources.
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Chapter 1: Literature review
An introduction to crop-weed competition
Weed competition in crops is a major challenge to agricultural production worldwide.
Excluding environmental variables, yield losses in maize (Zea mays L.) are caused
primarily by competition from weeds (Rajcan & Swanton, 2001; Subedi & Ma, 2009). It
is well established that weeds need to be removed shortly after crop emergence in order
to avoid unacceptable yield losses (Nieto et al., 1968; O’Donovan et al., 1985; Kropff &
Spitters, 1991). Indeed, studies that have determined weed density thresholds or the
critical period for weed control have made invaluable contributions to our understanding
of the timing and effect of crop-weed competition (Hall et al., 1992; Van Acker et al.,
1993; Bosnic & Swanton, 1997; Swanton et al., 1999; Evans et al., 2003). For example,
Bosnic & Swanton (1997) reported that the emergence of barnyard grass seedlings
(Echinochloa crus-galli (L.) Beauv.) prior to the third leaf stage of maize reduced yields
by 26 to 35%, whereas yield losses were only 6% if a similar density of seedlings
emerged after the four-leaf stage. Studies such as this serve to highlight two fundamental
realities of crop-weed competition: (1) it typically begins shortly after crop emergence,
with the most severe yield losses occurring when weeds emerge with the crop (e.g.,
O’Donovan et al., 1985), and (2) yield potential lost during this time is never regained, in
spite of weed control measures that ensure the crop is weed-free for the majority of its
remaining development. Moreover, these yield losses occur regardless of good
agronomic practices (e.g., seedbed preparation, fertilization, planting depth, etc) that
should ensure that crop seedlings have access to critical resources for the duration of their
development.
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The traditional view of crop-weed competition has been based on the premise that
weeds directly compete for resources, such as light, water and nutrients, thereby reducing
crop growth and productivity (Rajcan & Swanton, 2001). Alternatively, crop-weed
competition can be viewed as a series of interrelated events involving both resource
dependent and resource independent processes (Harper, 1977). While there is no doubt
that resource limitation is a major factor driving yield losses from weed competition,
resource independent effects, including light and hormonal signaling, may also play
important roles in determining the onset and outcome of resource dependant competition
(Casal et al., 1987; Pierik et al., 2004a, b; Baldwin et al., 2007; Page et al., 2009).
To date, only a few studies have examined the potential impact that these resource
independent variables may have on crop growth and development (Kasperbauer & Karlen
1994; Rajcan et al. 2004; Liu et al. 2009; Markham & Stoltenberg, 2009). Rajcan et al.
(2004) and Liu et al. (2009) demonstrated that light signals reflected from weedy
competitors during the early stage of maize development were sufficient to induce
changes in biomass partitioning, leaf area development and leaf orientation. Neither of
these studies was carried through to physiological maturity. Recently, a study by
Markham & Stoltenberg (2009) attempted to extend the results of Rajcan et al. (2004) by
determining whether light signaling from weeds alone was sufficient to reduce maize
grain yield at maturity. In this study, the authors used a high and low maize density,
planted in an equidistant pattern, to simulate weedy and weed-free conditions,
respectively. At the time of canopy closure the high density was thinned to the lower
density, thus simulating weed removal. At maturity, there was no difference in shoot
biomass, grain yield or harvest index between these two treatments. Although these

2

results appeared to suggest that light signaling does not play a role in yield losses from
weed competition, there were several notable problems with the experimental design,
some of which were discussed by the authors. Issues that may have clouded the results of
this study were: (1) the lack of a consistent phenotypic response to the high density
treatment, (2) the fact that, following thinning, maize seedlings in both treatments were
growing at approximately half of conventional planting density, and (3) the absence of a
grain yield component analysis (i.e., kernel number per ear and kernel weight), either
through an analysis of variance or through a population structure analysis (e.g., frequency
distributions). Further research is needed in order to better understand how resource
dependant and independent effects interact to influence the development of individual
seedlings and the crop stand as a whole. This information is critical to our
comprehension of the basic mechanisms underlying crop-weed competition and may also
help us appreciate the role of the many small, but cumulative processes that are
responsible for yield losses in production agriculture.
Light perception in plants
As sessile, photoautotrophic organisms, plants cannot choose their environment and
thus, the ability to sense and adjust to shifting environmental conditions is an important
component contributing to survival and reproduction. Monitoring changes in the light
environment is particularity important for optimizing the rate and direction of plant
growth to ensure access to the light energy needed to drive photosynthesis. Light itself is
a complex environmental variable composed of two components: light quality and
quantity. For plants, light quantity refers to the number of photons incident on a surface
falling within the 400 to 700 nm spectral range, which is also known as photosynthetic
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photon flux density or PPFD (Campbell & Norman, 1998). Light quality refers to the
spectral distribution of incident light. The ratio of red (630-690 nm) to far-red light (710760 nm) is frequently used in scientific research as an indicator of the light quality
environment (Holmes & Smith, 1977a). On a typical, cloudless, mid-summer day in
Guelph, Ontario (43°39' N, 80°25' W and 375 m above sea level), PPFD will approach
2000 μmol m2s-1 with an ambient R:FR ratio of 1.15-1.2 (E. Page, personal observation).
Leaves of green plants absorb photons of light between about 400 and 700 nm
(Holmes and Smith 1977b; Kasperbauer 1987). Approximately 90% of light in the violet
through red regions of the visible light spectrum is absorbed by green leaves, while 30%
of the green and 90% of the far-red light is transmitted or reflected (Kasperbauer, 1971;
Kasperbauer 1987). As a result, light reflected from or passing through leaves is enriched
in far-red wavelengths (710 and 760 nm). Plants emerging beneath an established plant
canopy environment or in the presence of neighboring competitors will therefore
experience strong light quality gradients that are characterized primarily by a low R/FR.
Plants have developed at least three photoreceptor systems to monitor changes in
several regions of the light spectrum, including shifts in R/FR, blue (B) / UV-A and UVB light (Gyula et al., 2003). The primary R/FR photoreceptors, phytochromes, are the
most extensively studied plant photoreceptors (Quail, 2002). Phytochromes are
composed of a light-sensing linear tetrapyrrole chromophore, phytochromobilin,
covalently attached to the phytochrome apoprotein (Terry et al., 1993). Phytochrome is
synthesized in the dark in its physiologically inactive form (Pr) and reversibly changes to
a physiologically active form (Pfr) when the chromophore absorbs red light. The
phytochrome equilibrium is the ratio of phytochrome in the Pfr form to the total
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phytochrome (i.e., Pfr/P; Holmes & Smith, 1977a; Smith & Holmes, 1977). In daylight,
most phytochrome exists in the Pfr form, resulting in a phytochrome equilibrium of
approximately 0.54 (Smith & Holmes, 1977a). However, due to the shape of the
phytochrome photoequilibirum response, small decreases in R/FR between 1.61 and 0.02
can cause a large decrease in the phytochrome equilibrium (i.e., from 0.65 to 0.09). The
sensitivity of the photoequilibrium to small changes in R/FR over the range of values
normally experienced by terrestrial plants (0.05-1.15) is due to the fact that the Pr form of
phytochrome absorbs light between 600 to 700 nm, while Pfr absorbs light between 600
to 800 nm (Smith, 2000). Thus, red light (620 and 700 nm) can be absorbed by both Pr
and Pfr, which results in the unequal distribution of the phytochrome forms in natural
light and prevents the phytochrome photoequilibrium from reaching 1.
Much of the research exploring the links between the photoconversion of
phytochrome and plant phenotypic responses have been carried out in the model species
Arabidopsis thaliana (L.). Eudicots, including Arabidopsis, have five phytochrome
encoding gene homologues (phyA-E) (Sharock & Quail, 1989; Clack et al., 1994). These
phytochromes can be grouped based on their behavior in light: those that experience high
turnover in light (i.e., light labile, PHYA) and those that are light stable (PHYB-E)
(Møeller et al., 2002). Using Arabidopsis mutants and over-expressing transgenic plants,
researchers have been able to uncover the specific, but sometimes redundant, roles that
phytochromes play during plant development. PHYA is primarily responsible for sensing
prolonged periods of far-red light and seedlings deficient in PHYA display impaired
cotyledon expansion and prolonged hypocotyl extension (Ballaré et al., 1997; Whitelam,
1993). PHYB appears to be important in sensing red light and plays an important role in
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processes associated with plant development including seedling de-etiolation, stem
elongation and flowering time (Reed et al., 1993). The remaining phytochromes (phyCE) are generally believed to have roles redundant to those played by phyA and phyB
(reviewed by Franklin, 2008), however, additional research is needed to better determine
how their actions might modify or contribute to responses observed for phyA and phyB.
Phytochromes are found in most plant tissues, although the distribution of the
individual phytochromes changes over the course of development (Sharrock & Mathews
2006). At a cellular level, phytochrome was initially found in the cytosol (Smith, 2000).
This observation lead to the hypothesis that the effects of phytochrome on the phenotype
were mediated through the actions of a signal transduction pathway. This view of
phytochrome signalling prevailed until recently when it was demonstrated that Pfr can
actually translocate to the nucleus and directly interact with transcription factors
regulating gene expression (Ni et al, 1998; Ni et al., 1999; Nagatani, 2004). Since this
discovery there has been a great deal of research directed at characterizing the
phytochrome interacting factors (PIF) and the PIF-like factors (Duek & Frankhauser
2005; Vandenbussche et al., 2005). PIFs are a family of basic-helix-loop-helix (bHLH)
transcription factors that can induce changes in target gene expression. It has been
suggested recently that the biochemical mechanism of phytochrome signalling involves
the phosphorylation and subsequent degradation of these bHLH transcription factors (AlSady et al., 2006). The targeted degradation of these transcription factors is thought to be
accomplished by an E3 ubiquitin ligase, which is a part of the ubiquitin/26S proteaosome
pathway.
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The ubiquitin/26S proteaosome ligase pathway is one of the methods through which
plants can regulate the level and activity of their intra-cellular proteins (Vierstra, 2003;
Smalle & Vierstra 2004). This pathway has been shown to play a role in many plant
processes, including photomorphogenesis, circadian rhythms and hormonal signaling. In
fact, the ubiquitin/26S proteaosome pathway may represent a point of convergence
between light signaling and plant hormonal pathways. For example, blue light activated
cryptochrome binds COP1 (a RING-protein with ubiquitin ligase activity) and HY5 (a
bZIP transcription factor) and prevents proteaosome-mediated degradation of this
transcription factor (Holm et al., 2002). Coincidentally, phyA can also directly bind to
COP1, however this interaction is thought to lead to the degradation of activated phyA
and thus, serves to attenuate the light signal (Seo et al., 2004). This duplicity of action
makes the ubiquitin/26S proteaosome pathway an ideal regulatory point in plant signaling
pathways.
Plant hormonal pathways also make use of the targeted degradation function of
ubiquitin ligases to control gene expression. The plant hormone indole-3-acetic acid
(also known as auxin) can induce changes in the expression of hundreds of gene in the
Arabidopsis genome (Pufky et al., 2003). It acts by directly binding to a transcription
repressor (Aux/IAA), promoting its degradation and allowing for the up regulation of
gene expression (Leyser, 2006). Once again this degradation is accomplished by an E3
ubiquitin ligase. It is important to note the similarity between the mechanisms used in the
light- and hormonal-signalling pathways. For instance, the current model of the E3 ligase
requires the action of the COP9 signalosome (CSN) for efficient activity. COP9 and the
aforementioned COP1 are members of the same gene family that was identified in
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Arabidopsis mutant screens that displayed a constituitively photomorphogenic, deetiolated phenotype (Deng & Quail, 1992). Furthermore, a recent study has demonstrated
that the transcription factor HY5 (discussed above) promotes the expression of a negative
auxin signalling factor (Cluis et al., 2004). These and other results have prompted
speculation about the existence of one more direct interaction between the light and
hormonal signalling pathways and their regulation of the plant phenotype (see
Schwechheimer & Schwager, 2004; Vandenbussche et al, 2005; Nozue & Maloof, 2006;
Franklin, 2008).

Shade avoidance, competition and plant fitness
Plants do not follow predetermined growth trajectories, but adjust morphologically and
physiologically to fluctuating levels of competition and resource availability (Ballaré et
al., 1990; Weiner & Thomas 1992). These types of adjustments are commonly cited as
evidence of phenotypic plasticity, which is defined traditionally as any flexible strategy
that allows a genotype to give rise to different phenotypes in response to variations in the
abiotic and biotic components of the environment (Bradshaw, 1965; Sultan, 1987). The
most frequently used example of phenotypic plasticity is the shade avoidance response,
which is triggered by the light quality environment surrounding a developing seedling
(Holmes & Smith 1977b; c; Smith, 1982; Smith et al., 1990). The photo-reversible
molecule phytochrome plays a central role in sensing changes in the light quality
environment and initiating the suite of morphological adjustments known as the shade
avoidance response. The most prominent characteristics of this response include stem
elongation, apical dominance and altered leaf area distribution (Ballaré et al., 1990;
1994). As an adaptive, plastic response, shade avoidance is expected to convey a
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substantial fitness benefit by pre-empting future limiting resources and increasing the
probability of successful reproduction (Sultan 1987; Schmitt & Wulff, 1993; Schmitt
1997; Weinig & Delph 2001).
In production agriculture, it is well established that crop seedlings detect and
respond to the presence of neighbours through the phytochrome-mediated shade
avoidance response (Smith, 1982; Kasperbauer & Karlen, 1994; Maddonni et al., 2002;
Rajcan et al., 2004; Liu et al., 2009). In fact, shade avoidance in maize seedlings can be
induced by the presence of either an intra- or interspecific competitor (i.e, crop or weeds
seedlings, respectively). For example, maize seedlings re-orient their leave away from
intraspecific competitors within the row or interspecific competitors between rows in
order to minimize shading and to pre-empt future areas of high light (Girardin &
Tollenaar, 1994; Maddonni et al., 2002; Rajcan et al., 2004). The fact that this response
is common to both intra- and interspecific competition has led to the suggestion that
declines in crop yield associated with weed competition and high plant density may have
a common origin in the shade avoidance response (Smith, 1992; Ballaré et al., 1997).
Numerous studies have explored the prevalence and potential costs of shade
avoidance in both natural and agricultural systems (Kasperbauer & Karlen, 1994; Schmitt
et al., 1995; Dudley & Schmitt, 1996; Ballaré & Scopel, 1997; Weijschedé et al. 2006).
In some of the earliest agricultural work, Kasperbauer & Karlen (1994) demonstrated that
maize (Zea mays L.) seedlings did display phenotypic characteristics consistent with the
shade avoidance response and that there was a trend toward a more pronounced response
as plant density was increased. The notion that shade avoidance played a prominent role
in regulating the response of crop seedlings to higher planting densities also sparked
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several studies aimed at assessing the potential for the use of phytochrome mutants in
agricultural systems. For example, transgenic lines of tobacco (Nicotiana tabacum L.)
were developed that overexpressed an oat PHYA cDNA with the goal of partially
suppressing the shade avoidance response (McCormac et al., 1992). The results of this
work initiated several other studies with agricultural implications (Robson et al., 1996,
Schmitt et al., 1995, Garg et al., 2006), as well as an entire field dedicated to
understanding the role of all phytochromes present in the model species Arabidopsis
thaliana L. (reviewed by Franlkin and Whitelam 2005).
Lines of Arabidopsis with mutations in one or more phytochromes have been used to
explore the influence of shade avoidance on individual survival and reproduction, as well
as its role in shaping plant community structure. Ecological theory predicts that shade
avoidance will convey a substantial fitness benefit to individuals in a competitive high
density environment (Schmitt & Wulff, 1993; Schmitt et al., 2003; Franklin & Whitelam,
2005). Shade avoidance is also predicted to have a beneficial, stabilizing effect at the
plant population level, as it is a rank dependant process whose expression is more marked
among smaller individuals (Apahlo et al., 1999; Ballaré et al., 1994). This serves to
prevent or delay the formation of hierarchies in plant size, which can lead to asymmetric
intraspecific competition and reduced stand productivity (Weiner, 1990; Vega et al.,
2003; Maddonni & Otegui, 2004). Thus, in a crop monoculture it is essential that shade
avoidance be triggered uniformly, such that the rank-dependency can correct any
developing size hierarchies. This point has been highlighted in several studies of mutant
lines with impaired shade avoidance response. In these studies, the constitutive
expression or repression of shade avoidance response resulted in the unimpeded
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development of size hierarchies and declining stand productivity (Ballaré et al., 1994;
Ballaré & Scopel, 1997). Interestingly, plants that constitutively expressed a shade
avoidance phenotype produced less fruit than the wild-type at both low and high density.
This result serves to demonstrate the duality of the shade avoidance response: at low
density, the inappropriate expression of shade avoidance results in a fitness penalty,
whereas at high density, shade avoidance is only beneficial if it is a dynamic process that
can correct developing hierarchies. Thus, the benefits associated with the expression of
shade avoidance are dependent on the context in which the response is expressed.
Determining whether shade avoidance is beneficial in production agriculture systems
is a complicated endeavor. Based on the results of Ballaré & Scopel, (1997), it could be
suggested that the expression of shade avoidance in a pure crop monoculture should be
beneficial to stand productivity. However, rarely does a crop seedling complete its
normal course of growth and development without experiencing some duration of weed
competition. This raises the question of whether shade avoidance is still beneficial to
stand productivity if it is induced by the presence of a weedy competitor rather than in
response to developing size hierarchies among crop seedlings? Moreover, how do
seedlings that initially express shade avoidance in response to a high density environment
(i.e., weed competition) perform when confronted with subsequent shifts in the density of
individuals within their vicinity?
It is likely that the presence of weedy competitors at early stages of crop development
deliver a signal of impending crop/weed competition. In this instance, the detection of
neighbours is misleading as the use of chemical weed control measures will preclude
competition at later developmental stages. Consequently, the reallocation of resources
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and the alteration of plant morphology accompanying shade avoidance may no longer be
beneficial in the context of an early season, low density, crop stand. It is also possible
that plants expressing an early shade avoidance response may be constrained in their
response to subsequent increases in the intensity of intraspecific competition. For
example, research by Weinig & Delph (2001) on velvetleaf (Abutilon theophrasti Medic.)
suggests that once shade avoidance is expressed the ability of the plant to utilize this
same response at a later stage of development is greatly reduced. Although these results
hint at the potential importance of the shade avoidance response in agricultural systems,
the role that shade avoidance plays in shaping the productivity of an individual maize
seedling and the crop stand as a whole has not been thoroughly examined.

Research objectives
This research will examine the role of the shade avoidance response in determining the
onset and outcome of competition in maize. The first objective will be to characterize the
response of maize seedlings to low R/FR signals in the context of an addition/removal
series in order to determine whether the shade avoidance response contributes to the
critical period for weed control in maize. The second objective will also use an
addition/removal approach; however, the goal will be to determine whether the timing
and effect of intraspecific competition at high crop density is similar to interspecific
competition. The last objective of this research will be to isolate the effects of
phytochrome-mediated shade avoidance on maize biomass partitioning and grain yield
from those of resource dependant crop-weed competition. This will clarify the role that
the shade avoidance response plays in determine the magnitude of crop yield losses from
weed competition. Together, these three objectives will provide insight into the
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mechanisms underlying intra- and interspecific competition in maize and will further our
understanding of the function of the shade avoidance response in the context of
production agriculture.
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Chapter 2: Does the shade avoidance response contribute to the critical period for
weed control in maize (Zea mays L.)?
Abstract
The effect of early weed emergence on crop seedling development has not been analyzed
within the context of a critical period study. Experiments were conducted to quantify the
influence of a low light quality environment (i.e., low R/FR) on maize seedling growth
and development under non-limiting resource conditions. Weed addition and removal
series were constructed, such that the effects of R/FR on seedling growth and
development were isolated from those of direct competition. Maize seedlings responded
to the presence of weeds within 24 hours of addition by increasing plant height, which
was followed by a subsequent reduction in the rate of leaf appearance. Seedling biomass
and leaf area decreased linearly in the weed removal series with increasing duration of
weed presence. Conversely, seedlings in the weed addition series were unaffected.
These results demonstrate that early exposure to weeds reduced the rate of seedling
growth and development and that this effect was most pronounced if it was initiated upon
emergence. This suggests the existence of a period of developmental sensitivity to R/FR
that precedes the defined critical period for weed control in maize. These early
physiological changes triggered by the R/FR ratio may contribute to the onset of the
critical time of weed removal.

Weed Research 49, 563-571
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Introduction
The critical period for weed control is a key component of an integrated weed
management strategy that provides growers with knowledge of when to control weeds
that are most detrimental to crop yield (Swanton & Weise, 1991). It has been utilized in
many economically important crops, under numerous cropping systems, and across a
range of locations and environments (Weaver & Tan, 1983; Hall et al., 1992; Van Acker
et al., 1993; Halford et al., 2001; Martin et al., 2001). A critical period for weed control
is defined as the minimum period of time that a crop must be maintained weed-free in
order to prevent unacceptable yield losses (Nieto et al., 1968). It is formed by the
overlap of two separate components: (1) the critical timing of weed removal, or the
maximum length of time weeds can remain in crop before yield losses become
unacceptable, and (2) the critical weed-free period or the minimum length of time that the
crop must be maintained weed-free to prevent yield losses (Nieto et al., 1968; Knezevic
et al., 2002). Clearly, the onset and duration of these two components depends primarily
on the time of weed emergence relative to the crop (Kropff & Spitters, 1991). The effect
of this early weed emergence on crop seedling development had not been analyzed within
the context of a critical period study. Indeed, it has yet to be determined whether the
critical period defines a point in time where crop-weed competition is most intense or
rather a developmental stage at which the crop is most sensitive to the presence of weeds.
The critical period for weed control in most crops often begins within a few days or
weeks of emergence during the early phases of vegetative development (Weaver & Tan,
1983; Hall et al., 1992; Van Acker et al., 1993; Halford et al., 2001; Martin et al., 2001).
For example, the critical period in soybean (Glycine max, (L.) Merr.) can begin as early
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as 9 days after emergence at the V2 stage of development (Van Acker et al., 1993).
Similarly, the critical period in maize (Zea mays L.) typically begins 21-28 days after
emergence at the 3-4 leaf tip stage of development (Hall et al., 1992; Evans et al., 2003;
Cox et al., 2006). While these and other critical period studies highlight the early onset
of crop-weed interactions, none have explained how these interactions influence crop
seedlings growth and development. Competition theory suggests that crop-weed
competition for essential resources should explain the observed yield losses. However,
good agronomic practices (e.g., seedbed preparation, fertilization, planting depth, etc)
should ensure that crop seedlings have access to abundant resources for the duration of
early seedling development. How then, if resources are plentiful, do early season cropweed interactions impact crop seedling growth and development?
Rajcan & Swanton (2001) suggested that the early detection of weedy competitors
through the shifts in the light quality environment (i.e., the ratio of reflected red to far-red
light, or R/FR) surrounding the crop seedling may help explain the onset and outcome of
crop-weed competition. The perception of neighbouring competitors and the subsequent
induction of a shade-avoidance response (i.e., stem elongation, apical dominance and
altered leaf area distribution) has been primarily attributed to a shift in light quality
(Ballaré et al., 1990; Smith & Whitelam, 1997), but recent evidence indicates that
volatile organic compound may also play a role in mediating this response (Pierik et al.,
2004a and b). Several studies have demonstrated that maize seedlings detect and respond
to signals reflected from weedy competitors, as well as from neighboring maize seedlings
(Maddonni et al., 2002; Rajcan et al., 2004). While these studies have demonstrated the
potential for significant changes in plant growth and development resulting from a shade
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avoidance response, it has yet to be determined whether these changes could potentially
underlie the critical period for weed control.
The objective of this research was to quantify the influence of a low light quality
environment (i.e., low R/FR) on maize seedling growth and development under otherwise
non-limiting resource conditions. A study involving an addition and removal series was
initiated under controlled environment conditions to simulate the two component curves
that define the critical period. Additionally, sequential samples of seedling biomass over
time allowed for the documentation of the temporal changes in seedling growth and
development induced by the presence of weedy competitors. The combination of these
two approaches enabled us to assess the potential role of early plant-to-plant signaling in
determining the onset of the critical period for weed control in maize.
Materials and Methods
A greenhouse experiment was established in 2007 to evaluate the phenotypic response of
a University of Guelph maize hybrid (CG108 x CG102, see Lee et al., 2000; 2001) to the
presence of simulated weed competition. This experiment was designed to replicate a
field critical-period study in the greenhouse and as such, comprised both a weed addition
and weed removal series (e.g., Nieto et al., 1968; Knezevic et al., 2002). To create these
series, maize seedlings were grown in two light quality environments: (1) in isolation
(high R/FR), representing weed free conditions and (2) in close proximity to a weedy
competitor (low R/FR), representing weedy conditions. Seedlings were grown in a 14 cm
diameter, 4.4-L pots centered within a 25-cm diameter, 13.6-L pot. A single maize
seedling was planted within the central pot. The area surrounding the central maize pot
was filled with either a baked clay media (Turface MVP®, Profile Products LLC Buffalo
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Grove, IL, USA) or with Lolium perenne L. (perennial ryegrass) turf, which served as the
surrogate weedy competitor. This design isolated the root zones of the maize and
ryegrass and eliminated root interference and allelopathy. Furthermore, maize and
ryegrass seedlings were fertigated separately by a drip irrigation system, ensuring that
there was no direct competition for water or nutrients. Maize seedlings were irrigated 6
times per day, totaling 0.6 L per pot d-1, using a nutrient solution described by Tollenaar
(1989). Throughout the experiment the ryegrass turf was maintained below the level of
the maize canopy to minimize shading. While we consider the shift in R/FR to be the
primary effect of our weedy treatment, we do acknowledge that our experimental design
does not account for concurrent increases in volatile organic signals, such as ethylene
(Pierik et al., 2004a; b), that are possibly present in the weedy treatment. In spite of this
fact, we contend that shifts in both R/FR and volatile organic compounds are likely to
occur under weedy conditions in field situation, and thus, our treatments are accurate
representations of weedy and weed-free field conditions, respectively.
Throughout the duration of the experiment the greenhouse was maintained with a
thermoperiod of 25/20ºC and a photoperiod of 16/8h. The lighting system was comprised
of metal halide and high pressure sodium bulbs that delivered a minimum photon flux
density (PPFD) of 700 µmol m-2 s-1 at the surface of the bench. The PPFD was measured
using a point quantum sensor (LI-190SA, LI-COR Biosciences Lincoln, NE, USA). The
R/FR of the light reflected up from the area bordering the maize seedling was measured
at the start of each experimental repetition, 10 cm above the surface of either the Turface
(R/FR± S.E.; 2.57 ± 0.04) or ryegrass (0.60 ± 0.02), using a R/FR sensor (SKR 110,
660nm / 730nm, Skye Instruments Ltd. Llandrindod Wells, Powys, UK).
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A split-block design was employed to ensure that there was no contamination among
light quality treatments. Greenhouse benches used in the experiment were split in two by
a white, opaque divider that stretched from the bench surface to 5 cm above the height of
the perennial ryegrass. Treatments consisted of weed additions and removals at timings
of 3, 6, 9, and 12 days after emergence (DAE), as well as control treatments of
continuously weedy or weed-free treatment for a duration of 15 DAE. Destructive
biomass harvests, including above and below ground components, were also conducted at
each these timings. Weed additions and removals were accomplished by transferring a
maize seedling for a given DAE to the opposing treatment on each of the three
greenhouse benches. At the time of transfer, plant height (distance from the soil surface
to the youngest visible collar) was recorded and 24 h post-transfer in order to assess the
initial influence of weed addition or removal on the rate of stem elongation. In addition
at the time of transfer, the plants selected for destructive harvest (i.e., 2 seedlings per
bench) were first measured for plant height and the number of visible leaf tips was
recorded. Leaf area was determined using a LI-3000 Area meter (LI-COR Biosciences
Inc.). Roots were then separated from the Turface and washed. Leaves, roots and stem
were bagged separately and dried to a constant weight after three days at 80ºC. At the
completion of the experiment 15 DAE, all seedlings that were transferred between
treatments (i.e., 10 seedlings per bench) were harvested as described above.
Statistical Analysis
This experiment was repeated three times using three greenhouse benches in each
repetition. Seedlings from continuously weedy or weed-free conditions, harvested at 3, 6,
9, 12 and 15 DAE, were analyzed as a split-block design with the three greenhouse
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benches serving as blocks. These blocks and their interaction with the light quality
treatments were modelled as random effects that were nested within each repetition of the
experiment. The degrees of freedom for all tests of fixed effects were calculated using
the Satterthwaite approximation (Satterthwaite, 1946). Statistical analyses were
conducted using SAS (SAS Institute, Cary, NC, USA) with a Type I error rate (α) of
0.05. All physiological parameters (i.e., root, stem, leaf and total dry weight; leaf area,
specific leaf area, final height and the root to shoot ratio) were log transformed to correct
for heterogeneity of error variance prior to conducting an analysis of variance using a
mixed model (Proc Mixed). Pre-planned contrasts were used to compare the effect of the
light quality environments within a sampling time. The rate of leaf appearance was
determined via a linear regression (Proc Reg) of leaf tip appearance over time.
The seedlings from the five weed addition and –removal timings were analyzed as
separate series (Cousens, 1991). These series were regressed against the number of days
spent in weed-free or weedy environments, respectively (See Figure 1). All of the
measured physiological parameters were regressed separately for each series using Proc
Reg. The slopes of the regression equations for the weed addition and –removal series
were compared using paired t-tests. The initial effect of weed addition or removal on
plant height was determined by subtracting the pre-transfer height from the height
measured 24 h post-transfer. This change in height was standardized as a percent of the
pre-transfer height and analyzed as a randomized complete block design with two light
quality environments and four transfer times. Pre-planned contrasts were used to
determine significance within a time interval.
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Results
Sequential biomass harvests
Maize seedlings responded to the presence of a weedy competitor by initiating a classic
shade avoidance response. The most immediate consequence of this was a transitory
increase in plant height, documented at 3 and 6 DAE (Fig 2.1A, Table 2.1). An increase
in plant height in response to competitors is one of the most common features of the
shade avoidance response (Ballaré et al., 1990; Smith & Whitelam, 1997). The initial
increase in the height of seedlings in the weedy treatment was followed by a reduction in
the number of visible leaf tips, beginning 9 DAE. The disparity in leaf tips between
treatments continued to widen until the final harvest at 15 DAE, at which point, plants in
the weed-free treatment had on average 0.98 leaf tips more than those in the weedy
treatment. As a result, the rate of leaf appearance (RLA) over the course of the
experiment (defined as the slope of the regression of leaf tip appearance over time) was
reduced from 0.57 tips d-1 in the weed-free treatment to 0.49 tips d-1 in the weedy
treatment (P < 0.05) (Fig 2.1B). It is important to note that maize seedlings in the present
study developed under higher air temperatures than those encountered in field trials. The
phenotypic changes in plant height and RLA documented in the present work occurred at
similar developmental stages as those documented in field trials and, consequently, rate
of leaf appearance was higher in this study (Tollenaar et al., 1979; Liu et al., 2009; E.
Page unpublished data).
Seedling biomass partitioning, accumulation and leaf area formation were influenced
by the presence of a weedy competitor (Table 2.1; Fig 2.2). Initially, maize seedlings in
the weedy treatment had a lower root to shoot ratio 3 DAE when compared to the weed-
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free treatment. This shift in biomass partitioning, however, was not observed at any the
subsequent harvests, nor was there any effect on the specific leaf area (i.e., cm2 per gram
of leaf tissue or SLA) of the developing seedlings (Table 2.1). In contrast, maize
seedlings in the weedy treatment accumulated less stem, leaf and root biomass and
formed less leaf area than those in the weed-free treatment (Table 2.1). These reductions
began 12 DAE, with the exception of stem biomass which was not affected until 15 DAE.
At the time of final harvest (15 DAE), seedlings in the weedy treatment had accumulated
36% less total biomass than seedlings in the weed-free treatment (Fig 2.2B).

Final biomass harvest (15 DAE): addition and removal series
Maize seedlings responded within 24h of weed addition events with an increase in plant
height (Fig 2.3). The impact of weed additions on height was greatest shortly after
emergence and decreased with the advance of seedling development. For example, plant
height increased by 54 and 28% following weed addition at 3 and 6 DAE, respectively.
Conversely, the 13 and 6% increases in plant height that were observed following weed
additions at 9 and 12 DAE were not different than the values observed for weed removal
at the same points in time. These results indicate that maize seedlings were most
responsive to weed addition from emergence to the 4th leaf tip stage of development (i.e.,
6 DAE), after which point, seedlings were either less sensitive to low R/FR or the
difference in canopy height between crop and weed was large enough that a rapid
increase in height was no longer beneficial to the crop seedling.
Increasing durations of weed presence (i.e., low R/FR) reduced the number of visible
leaf tips 15 DAE in both the weed addition and removal series (Table 2.2, Fig 2.4A; B).
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These responses were described by linear regression, whereby a direct comparison of the
slope of the line using a paired t-test indicated a difference between weed addition and –
removal series (Table 2.2). In the case of visible leaf tips at 15 DAE, the slopes of the
regressions equations for the weed addition and removal series were different (P < 0.01),
although we do not attribute this result to a differential response of weed addition vs. –
removal, but rather to the direction of the slopes (i.e., +/-). When the absolute value of
the slopes were compared, they did not differ between series (P > 0.05), indicating that
the response of leaf tips to increasing duration of low R/FR was similar, regardless of
whether weeds were being added or removed.
In the weed removal series, leaf area and biomass accumulation (stem, leaf, root and
total biomass) were reduced progressively as the duration of time spent in a weedy
environment increased (Table 2.2, Fig 2.4C and D). Conversely, seedlings in the weed
addition series were unaffected regardless the duration of time spent in the weedy
environment. The root to shoot ratio 15 DAE was not influenced by either the weed
addition or removal series, while the specific leaf area progressively increased in the
weed removal series (Table 2.2). The divergent nature of the biomass and leaf area
responses is illustrated by the difference in the slope parameters estimates and the
contrasting R2 values reported for each series in Table 2.2. For example, the slope of the
regression equations for total biomass indicated that seedlings in the weed removal series
accumulated 0.264g plant-1 less total biomass for each day that they remained in a weedy
environment (Table 2.2, Fig 2.4D). In contrast, the slope of the line for the weed addition
series indicated a seedling biomass accumulation rate of 0.007 g plant-1, which was not
different from zero (Data not shown). The resulting R2 value of 0.02 indicates a lack of
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correspondence between weed additions events and the observed biomass response
(Table 2.2, Fig 2.4C). Therefore, despite spending similar durations of time in weedy or
low R/FR conditions, seedlings that emerged into a weed-free environment did not
display the same reductions in biomass accumulation and leaf area growth 15 DAE as
those that emerged into a weedy environment.

Discussion
Maize seedlings responded to the presence of weedy competitors soon after emergence
by initiating a classic shade avoidance response. From this study it is apparent that the
rate of maize seedlings development was altered by the presence of weeds in a non
competitive environment. This response consisted of transient changes in plant height
and biomass partitioning, followed by a suite of changes in the rate of biomass
accumulation and leaf area growth. Changes in plant height and RLA in response to the
presence of neighbours have been reported previously in several studies (Kasperbauer &
Karlen, 1994; Maddonni et al., 2002; Rajcan et al., 2004; Liu et al., 2009). For example,
Liu et al., (2009) found that maize seedling grown in the presence of Amaranthus
retroflexus L.(Redroot pigweed) displayed a transient increase in plant height from the 6th
to the 9th leaf tip stage, followed by a decrease in RLA from 23 to 38 days after planting
(~9th -15th leaf tips stage of development). To the best of our knowledge, reductions in
the RLA of maize have not been documented in field based critical-period studies,
however, circumstantial evidence, such as delays in the time to flowering (i.e. silking),
suggested that this effect was also present during the early stages of direct crop-weed
competition (Tollenaar et al., 1997; Cox et al., 2006). In fact, the silking delays observed
in these field trials were likely the result of an initial reduction in RLA in response to low
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R/FR conditions, which was further exaggerated as the competition for limiting resources
intensifies with crop growth and development.
Changes in biomass partitioning and reductions in growth and development are
frequently associated with shade avoidance, although these responses do vary among and
within species (Kasperbauer & Karlen, 1994; Kasperbauer & Hunt, 1998; Smith
&Whitelam, 1997). In maize, only a few studies have described the effects of low R/FR
conditions on seedling growth and development (Kasperbauer & Karlen, 1994; Rajcan et
al., 2004; Liu et al., 2009). Of these studies, Liu et al. (2009) reported a reduction in
biomass with no change in leaf area, whereas Rajcan et al. (2004) reported an increase
leaf area with no change in biomass. These conflicting reports are likely the result of
several factors including genetic variation for the shade avoidance response, differences
in experimental methodology, and perhaps, even to difference in the sensitivity of the
phenological stages when the low R/FR signal was introduced (see Rajcan et al., 2004).
It is interesting to note, however, that both Liu et al. (2009) and Rajcan et al. (2004)
reported a reduction in the root to shoot ratio of maize seedling following exposure to a
low R/FR signal. Moreover, the transient root to shoot response observed by Liu et al.
(2009) occurred shortly after emergence and was accompanied by a concomitant increase
in plant height. Based on these results and those of the present study, we suggest that the
early changes in plant height and the root to shoot ratio can be viewed as constant
characteristics of the shade avoidance response. However, the subsequent reductions in
biomass accumulation and leaf area development may ultimately depend on the stage of
seedling development during which the shade avoidance response is induced.

25

Shade avoidance in maize may be more common at early stages of seedlings
development. Our results demonstrate that seedlings responded to the presence of a
weedy competitor shortly after emergence with an initial shift in biomass partitioning,
followed by a linear decline in biomass and leaf area accumulation as the duration of time
spent in a weedy environment increased. These reductions appear to be permanent for
seedlings emerging into a weedy environment, while seedlings emerging in a weed-free
environment were minimally impacted by subsequent weed additions. Interestingly, the
later seedlings did appear to respond to weed addition events, as evidenced by the initial
increase in plant height and the reduction in RLA; however, they did not display the same
reductions in biomass and leaf area that typified the response of seedlings in the weed
removal series. It is possible that, given a slight time of emergence advantage, maize
seedlings may not respond to the presence of smaller competitors in the same manner as
they would if a more equivalent competitor was added instead. Sensitivity to low R/FR
signals in dicots has been ascribed to the internodal regions of developing seedlings
(Ballaré et al., 1990; Ballaré et al., 1991). In maize, however, the internodes remain
below ground and do not begin to elongate until seedlings transition from vegetative to
reproductive growth at around the 8th leaf tip stage of development (Kiesselbach, 1949,
Lejeune & Bernier, 1996). In monocots the elongating leaf blades may be the most
sensitive tissue to low R/FR signals (Skinner & Simmonds, 1993). Thus, reflected R/FR
signals may have progressively less influence on seedling phenology because the
youngest, most sensitive tissue, moves away from the source of the signal as the seedling
elongates.
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It is well established that the relative time of weed emergence is one of the major
factors determining the extent of crop yield losses (O’Donovan et al., 1985; Kropff &
Spitters, 1991). In fact, critical-period studies have often documented a relationship
between weeds present at or near the time of crop emergence and the early onset of the
critical time of weed removal (Hall et al., 1992; Evans et al., 2003). For the most part
these studies have not attempted to explain the mechanisms underlying these early season
yield losses; although several have suggested that moisture or nutrient limitations may
play a role. Rajcan & Swanton (2001) suggested that the early season yield losses
described by the critical period for weed control could be attributed, in part, to the
induction of the shade avoidance response. The results of our study support this
hypothesis by demonstrating that shade avoidance negatively impacts crop growth and
development during the critical period for weed control. We cannot, however, conclude
that these effects come at a cost to crop yield. We do contend that this reduction in plant
growth rate could come at a cost to grain yield if this effect is maintained through to the
reproductive stages of development. In maize, grain yield at maturity is closely
associated with the number of kernels per ear, which is primarily determined by the plant
growth rate during a period of a few weeks bracketing silking (Tollenaar et al., 1992;
Otegui, 1997; Echarte & Tollenaar, 2006). Moreover, Evans et al. (2003) demonstrated
that yield loss associated with the critical period for weed control in maize is driven by
reductions in kernel number per plant. Thus, we speculate that the expression of an early
shade avoidance response may contribute to weed-induced yield loses by depressing the
plant growth rate and reducing kernel number per plant.
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In summary, the results of this research demonstrated that early exposure to weeds
reduced the rate of seedling growth and development. This effect was most pronounced
if the response was initiated upon seedling emergence, suggesting the existence of a
period of developmental sensitivity to the R/FR ratio. This period of seedling sensitivity
precedes the defined critical-period for weed control in maize. Results indicate that these
early physiological changes triggered by the R/FR ratio contribute to the onset of the
critical time of weed removal.
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Tables and Figures
Table 2.1 Analysis of variance and pre-planned contrasts for the sequential harvests of maize seedlings grown
under continuously weedy (W) and weed-free (WF) conditions.
Source of Variation

df

Treatment (trt)
main-plot error
Time
trt*time
residual error

1
4
4

Leaf
Tips

Height

Leaf
Area

Stem
Leaf
Total
Specific
Root/shoot
biomass
biomass
biomass
leaf area
ratio
________________________________________________________
________________________________________________________
P-value
0.0068
0.0078
0.0131
0.0363
0.1357
0.0262
0.0241
0.3757
0.8646
(14.7)a
(18.6)
(92)
(14.9)
(92)
(15.6)
(15)
(14.5)
(92)
<0.0001 <0.0001 <0.0001 <0.0001
<0.0001
<0.0001
<0.0001 <0.0001
<0.0001
0.3443 <0.0001
0.0697
0.3429
0.0598
0.0512
0.1486
0.5285
0.1002
(78.1)
(79.3)
(92)
(78.3)
(92)
(78.7)
(78.3)
(77.9)
(92)

Pre-planned contrasts
3 DAE, W vs. WF
1
0.9192 <0.0001
0.1811
6 DAE, W vs. WF
1
0.1012
0.0343
0.0986
9 DAE, W vs. WF
1
0.0442
0.7686
0.3877
12 DAE, W vs. WF
1
0.0311
0.2933
0.0268
15 DAE, W vs. WF
1
0.0038
0.5082
0.0071
a
Satterthwaite approximation of error degrees of freedom.

Root
biomass

0.8113
0.6328
0.3192
0.0489
0.0045

29

0.1124
0.3405
0.8420
0.0799
0.0096

0.1711
0.1626
0.2713
0.0224
0.0043

0.6406
0.3125
0.3511
0.0221
0.0024

0.5823
0.7727
0.3131
0.3543
0.1274

0.0193
0.1884
0.8709
0.5155
0.7106

Table 2.2 Linear regression parameters for weed addition and removal series. Seedlings growth components were regressed against
the number of days spent in weed-free or weedy conditions, respectively (e.g., Figure 2.1 and 2.2).The slopes of the regression
equations were compared using paired t-tests.
Regression
Parameter

Leaf Tips

Leaf Area

Root
biomass

Stem
Leaf
Total
Specific Root/shoot
biomass biomass biomass leaf area
ratio
___________________________________________
__________________________________________
Weed addition
Intercept
9
948.91
3.86
2.87
4.64
11.26
213.91
0.53
Slopea
0.072a
0.423a
-0.001a
-0.004a
-0.004a
0.007a
0.179a
0a
2
R
0.80
0.01
0.12
0.05
0.01
0.02
0.25
0
___________________________________________
Weed removal___________________________________________
Intercept
10.22
1063.28
4.41
3.05
5.15
12.55
207.88
0.53
Slope
-0.082b
-19.773b
-0.092b -0.065b
-0.118b -0.264b
1.586b
0.002a
2
R
0.94
0.97
0.92
0.96
0.99
0.99
0.60
0.12
a
Slope parameters within a column followed by the same letter are not significantly
different at P < 0.05 level.
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Figure 2.1 Plant height (A) and the number of visible leaf tips (B) of maize seedlings that
developed from emergence to the 10th leaf tip stage under continuously weedy or weedfree conditions. The slope of the regression of leaf tips over time differed between
treatments (P< 0.05) [Weedy (Leaf tips = 1.46 +0.49(DAE)) Weed-free (Leaf tips = 1.28
+0.57(DAE))]. ***P < 0.001; ** P < 0.01; * P < 0.05.
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Figure 2.2 Biomass components of seedlings grown under continuously weedy or weedfree conditions at (A) 3 DAE and (B) 15 DAE. Refer to Table 2.1 for associated P values.

32

Change in height
(% of pre-transfer height)

Weed addition
Weed removal
***

60

40

**

20

0
0

2

4

6

8

10

12

14

Duration of weedy or
weed-free period (days)
Figure 2.3 Change in plant height over a 24h period expressed as a percentage of height
prior to weed addition or removal. *** P < 0.001; ** P < 0.01; * P < 0.05.

33

Figure 2.4 Number of visible leaf tips (A, B) and total biomass (C, D) of seedling
harvested 15 days after emergence from the weed addition (A, C) and removal (B, D)
series. The equations of the regression lines for leaf tips were: Weed-free (Leaf tips = 9 +
0.072 (Days weed-free)), Weedy (Leaf tips = 10.22 - 0.082 (Days weedy)). The
equations of the regression lines for total biomass were: Weed-free (Total biomass =
11.26 + 0.007 (Days weed-free)), Weedy (Total biomass = 12.55 - 0.264 (Days weedy)).
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Chapter 3: Stage of crop development distinguishes intra- and interspecific
competitions in maize (Zea mays L.)
Abstract
In production agriculture, it is not uncommon for a crop to experience both intra- and
interspecific competition during the normal course of development. Although the
competition between crop plants (i.e., intraspecifc) is often considered independently of
crop-weed competition (i.e., interspecific), the mechanisms through which yields are
reduced may be common to both. The objective of this study was to use the experimental
structure of a critical period for weed control to examine the timing and effect of
intraspecific competition on maize biomass accumulation and phenological development.
A field trial was conducted in which maize stands were thinned from a higher to a lower
density at six stages of development encompassing the critical period for weed control
(CPWC). Results indicated that intraspecific competition at densities of 8 and 16 plants
m-2 did not have a lasting impact on maize biomass accumulation until the 14th and 12th
leaf tip stages, respectively. Changes in specific leaf area and the rate of leaf appearance
documented just prior to these stages suggest that the reductions in the rate of biomass
and leaf area accumulation were associated with the onset of intraspecific competition for
light quantity. Based on these results, it can be concluded that inter- and intraspecific
competition are distinguished primarily by the stage of development at which they occur;
interspecific competition occurring as defined by the CPWC and intraspecific
competition occurring in the stages just prior to and including canopy closure.
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Introduction
In production agriculture, it is not uncommon for a crop to experience both intra- and
interspecific competition during the normal course of growth and development. In fact,
many of the most common cultural practices (i.e., tillage, seedbed preparation,
fertilization) are designed to preclude or reduce the impact of competition on crop yields.
Although the competition between crop plants (i.e., intraspecifc) is often considered
independently of crop-weed competition (i.e., interspecific), the mechanisms through
which yields are reduced may be common to both. In general, competition can be viewed
as a series of interrelated events involving both resource dependant and resource
independent processes (Harper, 1977). For example, it is well established that
competition can reduce yields by restricting the supply of critical resources, including
light, water and nutrients, which are needed for crop development (Tollenaar et al., 1994;
Evans et al., 2003). However, it has also been demonstrated that the mere presence of
competitors can also influence seedling development prior to resource limitation (Ballaré
et al., 1987; Girardin & Tollenaar, 1994; Maddonni et al., 2002; Rajcan et al., 2004).
The ability of a maize seedling to re-orient its leaves away from intra- or interspecific
competitors prior to direct shading is cited frequently as an example of a pre-emptive
shift in plant architecture (Girardin & Tollenaar, 1994; Kasperbauer & Karlen, 1994;
Maddonni et al., 2002; Rajcan et al., 2004). Thus, it is likely that both intra- and
interspecific competition consist of a series of pre-emptive adjustments to biomass
partitioning and architecture, followed by a direct reduction in the rate of biomass
accumulation and seedling development as resources become limiting.
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It is possible that the major distinction between intra- and interspecific competition is
the stage of crop development during which these competitive interactions take place. In
most cases, the beginning of intraspecific competition has been defined as the stage of
development where a significant difference in biomass accumulation can be detected
across a range of crop densities (Tetio-Kagho & Gardner, 1988; Maddonni et al., 2001;
Pagano & Maddonni, 2007). For example, Tetio-Kagho & Gardner (1988) detected
differences in biomass accumulation of maize plants 49 days after planting (ca. 2 weeks
before silking) when comparing crop densities of 1.9 and 6.5 plants m-2. Conversely,
Pagano & Maddonni (2007) detected differences in biomass accumulation much earlier,
at the V7-8 stage of development, when comparing maize stands of 6 and 12 plants m-2.
Clearly, as the density of the crop is increased, the onset of intraspecific competition is
also accelerated. This results in a longer duration of intraspecific competition and
notable decreases in the rate of biomass accumulation and grain yield per plant
(Edmeades & Daynard 1979; Tetio-Kagho & Gardner, 1988; Echarte et al., 2000).
Fundamentally, as crop density is increased, the intensity of intraspecific competition also
increases.
Over the past seven decades, the tolerance of maize hybrids to intraspecific
competition has increased progressively (Tollenaar et al., 1992; Tollenaar & Wu, 1999;
Tollenaar & Lee 2002). During this time, the planting density of maize in the U.S. has
increased from approximately 3 to 8 plants m-2 (Duvick 2005; Paszkiewicz & Butzen,
2007) and differences in grain yield between older and newer hybrids are most evident at
high densities (Duvick, 2004). Although the mechanisms that confer enhanced tolerance
in newer hybrids are not known, several studies have demonstrated that newer maize
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hybrids are less affected by stresses, such as drought, low N, low air temperature and
even, weed competition (McCullough et al., 1994 a; b; Nissanka et al., 1997; Tollenaar et
al, 1997; Ying et al., 2000; 2002). Tollenaar et al. (1997) demonstrated that yield losses
from weeds emerging after the 3 to 4 leaf tip stage of maize (i.e., weed free prior to this
point) was 21% greater in an older than in a newer hybrid. While this result suggests that
there may be some commonality in the tolerance of newer maize hybrids to intra- and
interspecific competition, it is important to note that the timing of weed emergence in this
study may have pushed back the onset of interspecific competition such that it coincided
with intraspecific competition. Hybrid tolerance to intra- and interspecific competition
may be two different phenomenon; the role and impact of each type of competition being
dependent upon stage of crop development.
It is well established that yield losses from interspecific competition are most severe
when weeds emerge at or near the time of crop emergence (O’Donovan et al., 1985;
Kropff & Spitters, 1991; Bosnic & Swanton, 1997). For example, Bosnic & Swanton
(1997) reported that seedlings of barnyard grass (Echinochloa crus-galli (L.) Beauv.)
emerging prior to the third leaf tips stage of maize reduced yields by 26 to 35%, whereas
yield losses were only 6% if a similar density of seedlings emerged after the fourth leaf
tip stage. The effects of interspecific competition in maize have been conceptually
described by the critical period for weed control (CPWC), which begins between the 3rd
and 6th leaf tip stage and can last up to 13th leaf tip (Hall et al., 1992; Halford et al.,
2001). The CPWC is formed by the overlap of two independent components: (1) the
critical timing of weed removal, or the maximum length of time weeds can remain in
crop before yield losses become unacceptable (i.e., >5% yield loss), and (2) the critical
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weed-free period or the minimum length of time that the crop must be maintained weedfree to prevent yield losses (Nieto et al., 1968; Knezevic et al., 2002). While this
experimental framework has been used widely to describe the timing of interspecific
competition in numerous crops species (Weaver & Tan, 1983; Hall et al., 1992; Van
Acker et al., 1993; Halford et al., 2001; Martin et al., 2001), it has never been used to
assess the timing of intraspecific competition in a range of crop densities.
The objective of this study was to use the experimental structure of a CPWC to
determine the timing and effect of intraspecific competition on maize biomass
accumulation and phenological development. To address this objective maize seedling
phenology and leaf area development was documented from emergence to silking by
sequentially harvesting plants from three densities (4, 8 and 16 plants m-2) representing
0.5, 1 and 2 times conventional planting density. Maize stands were thinned from a high
to a low crop density at 6 stages of development encompassing the CPWC and harvested
at the time of full leaf area expansion. The combination of continuous maize densities
and the thinning of these densities enabled us to characterize the timing and effect of
intraspecific competition.
Materials and Methods
Cultural practices and treatments
Field experiments were conducted at the Elora Research Station, Elora, ON (43º38'N,
80º25'W, 380 m above sea level). The soil type was a London loam soil (Aquic
Hapluddaf, USDA) with tile drainage and soil organic matter content of 3.8 to 4.0%. A
University of Guelph maize hybrid (CG102 x CG108, Lee et al., 2000; 2001) was planted
in 0.76 m rows on 9 May 2007 and on 16 May 2008. Nitrogen, P and K were applied
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before planting at rates of 147, 50 and 50 kg/ha, respectively. Weed control was obtained
using a preplant tank mix of S-metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2methoxy-1-methylethyl]-,(S)], atrazine [6-chloro-N-ethyl-N′-(1-methylethyl)-1,3,5triazine-2,4-diamine] and mesotrione [2-[4-(methylsulfonyl)-2-nitrobenzoyl]-1,3cyclohexanedione] at rates of 1.6, 1.28 and 0.14 kg ai/ha, respectively. Plots were also
hand-weeded as needed. Commercial seed treatments were applied prior to planting in
order to reduce insect and disease pressure.
The experimental layout was a split-plot randomized complete block design with four
replications. Crop density was the main plot factor and the time of thinning was the
subplot factor. Subplot size was 2.28m (three 0.76m rows) x 3.34m. Maize was planted
by hand on May 9th 2006 and May 16th 2007 and thinned shortly after emergence to
ensure uniform stands of the desired densities (i.e., 4, 8 and 16 plants m-2). The subplot
factor (i.e., time of thinning) was established within the 8 and 16 plants m-2 main plots by
thinning subplots from the initial planting density to 4 and 8 plants m-2, respectively.
This thinning within the subplots occurred at the 4th, 6th, 8th, 10th, 12th and 14th leaf tip
stage of development (Tollenaar et al., 1979). In addition, two control subplots were
included in the 8 and 16 plants m-2 main plots; one of which remained at the initial
planting density (i.e., high density control) while the other was thinned shortly after
emergence to the lower, final density (i.e., low density control).
Subplots planted at 8 and 16 plants m-2were thinned by cutting alternate plants within
a row at ground level and removing the aboveground biomass from the plot area. From
these plants, a sample of 8 plants were selected from the center row of each subplot and
bagged individually in order to document leaf area per plant and stage of development at
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each time of thinning. Subplots planted at 4 plants m-2 were not thinned to a lower
density; rather, 4 plants per subplot were destructively harvested in order to provide
parallel measurements of leaf area per plant and stage of development. The time of
thinning was based on the stage of development observed in the 4 plants m-2 subplots (see
Fig 3.1B).
Measured traits and harvest procedures
At each time of thinning, the number of visible leaf tips was recorded for the plants
harvested from the density main plots. Leaf area per plant was then determined using a
LICOR 3100 leaf area meter (LI-COR Biosciences Inc., Lincoln, NE, USA). After the 14
leaf-tip stage, all subplots were monitored to determine the time to 50% silk emergence.
Shortly after silking, a 1 m2 area was harvested from the center row of each subplot in the
8 and 16 plants m-2 main plots to document biomass accumulation at silking, the final leaf
area (i.e., full leaf area expansion) and final leaf number. In order to determine final leaf
number, the 8th leaf of all plants in the center row of a subplot had been marked earlier in
the season with spray paint. This was done to account for any leaves that had senesced
and/or deteriorated prior to harvest. Harvested plants were then separated into stem and
leaves, and leaf area was determined. These biomass components were then dried at 80ºC
to a constant weight.
Statistical analysis
A mixed model (Proc Mixed) was used to conduct a repeated measures analysis on the
sequential harvests taken from 4, 8 and 16 plant m-2 subplots. The number of leaf tips
and the leaf area per plant were log transformed to correct for non-constancy of error
variance prior to analysis. Analyses were conducted separately for each year and pooled
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together afterwards. The effects of year, block within year, and block by density within
year were included as random effects and the relationship between sampling times was
modeled using the autoregressive covariance structure. The Satterthwaite approximation
was used to calculate the error degrees of freedom for all tests of fixed effects
(Satterthwaite, 1946). Pre-planned contrasts were used to compare the effect of plant
density on maize seedling phenology and leaf area within a sampling time.
The final harvest at silking was analyzed as a split plot. The variables included in this
analysis were the date of 50% silking, final leaf number, leaf area, specific leaf area, and
stem, leaf and total aboveground biomass. Heterogeneity of error variance was corrected
by log transformation where appropriate (See Table 3.4). Once again the effects of year,
block within year, and block by density within year were modeled as random effects.
Pre-planned contrasts were used to compare the effects of the six thinning treatments and
the high density control to the low density control within each density by thinning series,
respectively (see Fig 2).
Results and Discussion
Sequential harvests of continuous stands of 4, 8 and 16 plants m-2
As plant density increased, the rate of leaf tip appearance (RLA) and the rate of leaf area
(LA) accumulation decreased (Table 3.1; Fig 3.1a). Interestingly, there were no
differences among densities in RLA up to the 8th leaf tip stage of development (ca. 36
days after planting or DAP), after which point RLA was reduced for maize seedlings
growing at 16 plants m-2 (Fig 3.1a). Seedling LA accumulation was also unaffected by
density up to the 10th leaf tip stage of development (ca. 44 DAP; Fig 3.1b). However,
from this point onward plants at 16 plants m-2 had consistently less leaf area than those at
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4 and 8 plants m-2 (Table 3.1, Fig 3.1b). By the 14th leaf tip stage (ca. 51 DAP), the LA
at 4 and 8 plants m-2 was on average 49% and 37% greater than that at 16 plants m-2.
Previous studies of intra- and interspecific competition in maize have also documented
delays in development and reductions in leaf area accumulation that increased with the
severity of the competitive environment (Tollenaar, 1992; Tollenaar et al., 1994;
Maddonni et al., 2001; Cox et al., 2006).
The delay in RLA observed in continuous stands of 16 plants m-2 persisted until
silking, such that 50% silking in these stands was reached 1.8d and 4.6d later when
compared to stands of 8 and 4 plants m-2, respectively (i.e., (73+74.1)/2 – 71.3 = 1.8d and
75.9-71.3 = 4.6d; Table 3.2). Similarly, the final LA (i.e., the fully expanded leaf area
per plant) at 4 and 8 plants m-2 exceeded that at 16 plants m-2 by 43% and 28%,
respectively (Fig 3.2a). The reduction in final LA was not due to a decrease in final leaf
number at 16 plants m-2 (Table 3.3). Previous studies of crop density and weed
competition in maize have also documented reduction in the final LA at silking
(Tollenaar, 1992; Tollenaar et al., 1994; Evans et al., 2003; Cox et al., 2006). For
example at a density of 18 plants m-2 , Tollenaar (1992) reported that the final LA per
plant was reduced by 37% and 27% when compared to those at 4 and 8 plants m-2,
respectively.
Weed competition, however, may have a greater impact on final LA than high crop
density. Cox et al. (2006) reported a 50% decline in final LA per plant following season
long weed competition at a similar maize planting density of 8.8 plants m-2. It is also
interesting to note that if maize is kept weed-free up to the 4th leaf tip stage of
development, with no control of later emerging weeds, the decline in final LA is only 15
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to 22% (Tollenaar et al., 1994; Bosnic & Swanton 1997). Based on the 28% decline in
final LA observed in the present study, it is apparent that simply doubling crop density
from 8 to 16 plants m-2 does not accurately simulate the effects of season long weed
competition. Rather, it appears that the competitive interactions in a high density stand of
maize (i.e., 16 plants m-2) may be more similar to those occurring at conventional maize
densities (i.e., 8 plants m-2) with a high density of later emerging weeds.
Final harvest at silking: does thinning simulate weed removal events?
Studies of the CPWC have established that the effects of weed competition on maize
growth and development persist long after the time of weed removal (Nieto et al., 1968;
Hall et al, 1992; Halford et al., 2001; Evans et al., 2003). In the present study, maize
stands were thinning from a higher density (16 or 8 plants m-2) to a lower density (8 or 4
plants m-2) at six stages of maize development that spanned the CPWC. Results indicate
that durations of high crop density early in the growing season had little permanent effect
on phenological development (i.e., RLA, final leaf number and time to 50% silking) if the
stand was thinned at any of the six stages of development (Table 3.2; 3.3; 3.4). Indeed, it
is clear from Table 3.2 and 3.3 that delays in the time to 50% silking and reductions in
final leaf number were primarily driven by the high density control plots, which remained
at a constant density throughout the growing season. For example, there was no
difference in the time to 50% silking between the low density control and plots that were
thinned from high to low density; only the high density control plot was delayed by 1.7d
relative to the low density control. Interestingly, this delay is smaller than the 2-3d delay
in the time to silking reported previously for weed removal treatments occurring between
the 7th and 10th leaf tip stage of maize development (i.e., V3-4 and V5-6; Cox et al., 2006).
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At silking, the leaf area of a maize plant is fully expanded and most, if not all, of the
dry matter assimilated in the grain can be attributed to light interception after this point
(Cliqet et al., 1990; Tollenaar & Lee, 2002). In this experiment, the aboveground
biomass and leaf area per plant were influenced by the crop density, the time of thinning
and the interaction of these factors (Table 3.4). When a stand of maize was thinned from
8 to 4 plants m-2, the plants attained the same aboveground biomass and final LA as
continuous stands of 4 plants m-2 (i.e., Low density control; Fig 3.2a; b). When stands
were thinned from 16 to 8 plants m-2, final LA was unaffected unless thinning was
delayed until the 14th leaf tip stage. In this instance, final LA was only reduced by 10%
relative to the low density control. The responses of stem, leaf and total aboveground
biomass at silking were similar and thus, for brevity, only the results for total
aboveground biomass are presented (Fig 3.2b). These results closely followed those of
final LA and indicated that aboveground biomass was not affected by high crop density
unless thinning was delayed until the 12th leaf tip stage (Fig 3.2b). When compared to the
low density control, biomass accumulation at silking was reduced by 19% and 23% if
thinning was delayed until the 12th or 14th leaf tip stage, respectively. If plots were not
thinned at all (i.e., High density control), the relative reduction in biomass accumulation
was 48%. This suggests that much of the effect of high density on the rate of crop dry
matter accumulation occurs after the 14th leaf tip stage. For comparison, Cox et al.
(2006) reported biomass reductions of 39, 55 and 61% for weed competition lasting from
emergence to the 7th leaf tip, 9th leaf tip, and silking, respectively. While the 48%
reduction in biomass documented in the high density control (i.e., 16 plants m-2) is similar
to the 61% reduction reported by Cox et al. (2006), it is clear from the two earlier weed
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removal events that weed competition reduces the crop growth rate at an earlier stage of
development than does high density.
When LA and leaf biomass at silking were examined in terms of specific leaf area
(i.e., cm2 of leaf area per g of leaf tissue or SLA), it was clear that as the time of thinning
was delayed the SLA increased for both density series (Table 3.4; Fig 3.3). Plants
thinned from 8 to 4 plants m-2 had an average SLA of 140 cm2 g-1 while those thinned
from 16 to 8 plants m-2 had an average SLA of 166 cm2 g-1. Although the response of
SLA followed a similar pattern in both density series, the increase in SLA that
accompanied a delay in thinning began 2 leaf tips stages earlier for 16 than for 8 plants m2

. Increases in SLA are predicted to accompany reductions in the absorption of

photosynthetic photon flux density (PPFD) per leaf that occur as a result of direct
competition for light (Evans & Poorter, 2001). Thus, these results suggest that
intraspecific competition for light began just prior to the 12th leaf tip stage at 16 plants m2

and the 14th leaf tip stage at 8 plants m-2 (Fig 3.3).

Contrasting intra- and interspecific competition
The results of this experiment indicate that high crop density (i.e., 16 plants m-2) did
not affect maize growth and development until well after the onset of the critical period
for weed control (Hall et al., 1992; Halford et al., 2001). Furthermore, our attempt to
simulate weed removal events by thinning from 16 to 8 plants m-2 demonstrated that high
density did not have a lasting impact on maize biomass accumulation and final LA until
the 12th to 14th leaf tip stage of development. These results also indicate that, prior to this
stage of development; seedling growth at high crop density was not resource limited.
Indeed, the timing of intraspecific competition observed in this study and its effect on
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RLA and SLA suggests that light quantity may be the initial factor restricting maize
growth at high densities (Evans & Poorter, 2001). This may be an important distinction
between intra- and interspecific competition. Weedy competitors often emerge shortly
after the crop and at densities far greater than the crop densities used in this study
(Roberts & Potter, 1980; Roberts 1984; Page et al., 2006). As a result, the most intense
interspecific competition may occur much earlier than a comparable level of intraspecific
competition.
It is also possible that high crop density does not present the same light quality
environment (i.e., low red-to-far red ratio light or R/FR) as early emerging weeds do
during the first weeks following crop emergence (see Rajcan & Swanton, 2001). For
example, in a recent study Markham & Stoltenberg (2009) attempted to simulate the early
R/FR signals reflected from weedy competitors by thinning a stand of maize from 10.8 to
5.4 plants m-2 at the 9th leaf tip stage of development (i.e., V7). Changes in R/FR were
documented in the simulated crop-weed stand, as well as in several nearby maize-weed
stands with varying levels of weed pressure. The results of this study indicated that,
during the early stage of seedling development (i.e., VE to V3-4), there was little
difference in the R/FR in stands of 5.4 or 10.8 plants m-2 (R/FR ~ 1.1). Conversely, R/FR
values in the maize-weed stands ranged from approximately 0.75 with high weed
pressure (542 weeds m-2) to 0.88 in the medium weed pressure (65 weeds m-2) at the V3
stage of maize development. It is evident from these results that high crop densities do
not simulate the early low R/FR signals present during crop-weed competition.
Moreover, when we consider these R/FR results in concert with the results of the present
study, it is not surprising that there were no differences in grain yield or harvest index
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between the simulated crop-weed stand (10.8 to 5.4 plants m-2) and the weed-free control
(5.4 plants m-2) as reported by Markham & Stoltenberg (2009).
Although we did not determine the effect of density and thinning treatments on grain
yield at maturity in the present study, it is likely that yield losses would only have
occurred in those treatments where reductions in LA and biomass at silking were
documented (See Fig 3.2b). This contention is supported by the work of Markham &
Stoltenberg (2009), as discussed above, as well by a similar study of maize density in
which thinning from 12 to 6 plants m-2 at the V5-V7 stage of maize development (i.e., 7-9
leaf tips) had little effect on grain yield at maturity (Hashemi et al., 2005). Furthermore,
data collected as a part of the University of Guelph maize breeding program indicates that
the yield of the hybrid used in our study (CG 108 x CG 102) declines from 12.6 to 12.3
Mg ha-1 when planting density is increased from 7.5 to 15 plants m-2 (E.A. Lee,
unpublished data). This represented a 51% decline in grain yield per plant, which is
comparable to the 48% decline in biomass at silking that was observed in the present
study at similar maize densities (i.e., 8 vs. 16 plants m-2). This suggests that reductions in
biomass at silking may be a reasonable indicator of grain yield at maturity (Lee &
Tollenaar 2007).
In summary, the results of the present study indicate that intraspecific competition at
densities of 8 and 16 plants m-2did not have a lasting impact on maize biomass
accumulation and final LA until the 14th and 12th leaf tip stage of development,
respectively. The associated changes in RLA and SLA suggest that the observed
reductions in the rate of biomass and leaf area accumulation were linked to the onset of
intraspecific competition for PPFD. Therefore, this means that prior to the 14th and 12th
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leaf tip stages, maize seedling growth was not resource limited at these densities. The
reductions in leaf area and biomass accumulation observed at 16 plants m-2 occurred well
after the onset of the defined CPWC and were less than those reported previously in
maize-weed competition studies. Based on these results, it can be concluded that interand intraspecific competition in maize are distinguished primarily by the stage of crop
development at which they occur; interspecific competition occurring as defined by the
CPWC and intraspecific competition occurring in the stages just prior to and including
canopy closure.
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Tables and Figures
Table 3.1 Repeated measures ANOVA for the effects of density and time of thinning on
the number of visible leaf tips and leaf area from emergence to the 14th leaf tip stage of
development.
Source of Variation

df

Leaf tips† Leaf area†
P-value_________
<0.0001
0.1076
(14)‡
(13.8)
<0.0001
<0.0001
<0.0001
0.0017
(57.7)
(48)

__________

Density

2
main-plot error
Time of thinning
5
Density*Thinning
10
residual error
† Log10 transformed
‡ Satterthwaite approximation of error degrees of freedom

51

Table 3.2 Effect of plant density and time of thinning on the number of days to 50%
silking.
Growth stage at the
time of thinning
Low density control†
4 tips
6 tips
8 tips
10 tips
12 tips
14 tips

Thinned Thinned from
from 8 to 4
16 to 8
Mean
-2
-2
plants m
plants m
__________
Days after planting__________
71.3
74.1
72.7a‡
70.8
72.0
72.5
72.5
72.3
71.3

73.1
73.9
73.8
73.8
74.0
74.1

71.9a
72.9a
73.1a
73.1a
73.1a
72.7a

High density control†
73.0
75.9
74.4b
Mean
71.3a‡
74.1b
† Low and High density controls in each thinning series refer
to continuous stands of 4 and 8 plants m-2 or 8 and
16 plants m-2, respectively.
‡ Means within a row or a column followed by the same letter
are not significantly different at P > 0.05.
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Table 3.3 Effect of plant density and time of thinning on final leaf number at silking.
Growth stage at the
time of thinning
Low density control†
4 tips
6 tips
8 tips
10 tips
12 tips
14 tips

Thinned
Thinned from
from 8 to 4
16 to 8
Mean
plants m-2
plants m-2
____________
Final leaf number____________
16.1
16.3
16.2
16.4
16.5
16.3
16.1
16.4
16.2

16.1
16.2
16.1
16.0
16.0
16.1

16.2
16.3
16.2
16.1
16.2
16.1

High density control†
16.4
15.9
16.1
Mean
16.3a‡
16.1b
† Low and High density controls in each thinning series refer
to continuous stands of 4 and 8 plants m-2 or 8 and
16 plants m-2, respectively.
‡ Means within a row or a column followed by the same letter
are not significantly different at P > 0.05.
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Table 3.4 Split plot ANOVA for the effects of plant density and time of thinning on maize growth parameters at silking.
Source of Variation

df Final leaf
number

Leaf
Area†

Stem
Leaf
Total
biomass† biomass† biomass†

___________________________________________

Density

SLA†

Time to
50%
silking

p-value_________________________________________
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001
(7)
(7)
(7)
(7)
(7)
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001
0.0223
0.005
0.0166
0.9049
0.1677
(98)
(98)
(98)
(98)
(98)

1
0.0373
<0.0001
main-plot error
(7)‡
(7)
Time of thinning
8
0.2603
<0.0001
Density*Thinning
7
0.1278
0.0025
residual error
(98)
(98)
† Log10 transformed.
‡ Satterthwaite approximation of error degrees of freedom.
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Days after planting
Figure 3.1 Mean leaf area per plant (A) and leaf tips (B) of maize seedlings (± SE),
planted at three plant population densities, from emergence to the 14th leaf tips stage of
maize .* indicates where one or more significant differences (P < 0.05) were detected
among the densities.
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Figure 3.2 Mean leaf area per plant (A) and above ground biomass (B) at silking (± SE)
from the two density by thinning series. Low and High density controls in each thinning
series refer to continuous stands of 4 and 8 plants m-2 or 8 and 16 plants m-2, respectively.
* indicates a significant difference (P < 0.05) from the low density control within a
series.
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Figure 3.3 Mean specific leaf area (SLA) of maize plants at silking (± SE) from the two
density by thinning series. Low and High density controls in each thinning series refer to
continuous stands of 4 and 8 plants m-2 or 8 and 16 plants m-2, respectively. * indicates a
significant difference (P < 0.05) from the low density control within a series.
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Chapter 4: Shade avoidance: an integral component of crop-weed competition

Abstract
Crop-weed competition is comprised of both resource dependant and resource
independent processes. While many studies have focused on the role that resource
dependant competition plays in reducing crop yields, few have investigated whether
resource independent effects may contribute to these losses. In this study, we identify the
red-to-far red ratio as a variable contributing to resource independent competition and
tested the hypothesis that the expression of shade avoidance in response to weeds reduces
maize fitness (i.e., kernel number) in the absence of resource dependant competition.
Seedlings were grown in a field fertigation system under two light quality environments:
an ambient and a low red-to-far-red ratio environment, which were designed to simulate
weed-free and weedy conditions, respectively. Plants that expressed classic shade
avoidance characteristics set fewer kernels per plant and partitioned less biomass to the
developing ear. Shade avoidance also doubled the plant-to-plant variability in these yield
parameters (i.e., kernel number and harvest index) without affecting the mean or
frequency distribution of shoot biomass at maturity. We propose that shade avoidance
should be viewed as an integral component of the process of competition. This resource
independent response precedes and conditions the crop seedling for the onset of resource
dependent competition.

Weed Research (in press)
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Introduction
Weed competition in crops is a major challenge to agricultural production worldwide.
Excluding environmental variables, yield losses in maize (Zea mays L.) are caused
primarily by competition from weeds (Rajcan & Swanton, 2001; Subedi & Ma, 2009). It
is well established that weeds need to be removed shortly after crop emergence in order
to avoid unacceptable yield losses (Nieto et al., 1968; O’Donovan et al., 1985; Kropff &
Spitters, 1991). To this end, studies that have determined weed density thresholds or the
critical period for weed control have made invaluable contributions to our understanding
of the timing and effect of crop-weed competition (Hall et al., 1992; Van Acker et al.,
1993; Swanton et al., 1999; Evans et al., 2003). However, few of these studies attempted
to explain why weed competition occurs when it does, nor the mechanism through which
yield is lost.
Competition is traditionally viewed as a series of interrelated events involving both
resource dependant and resource independent processes (Harper, 1977). Resource
dependant processes, such as direct competition for light water and nutrients, have been
the focus of the majority of competition studies. While there is no doubt that resource
limitation is a major factor influencing yield losses from weed competition, several
authors have also suggested that resource independent effects, including hormonal and
light signalling, may play important roles in determining the onset and outcome of
resource dependant competition (Ballaré et al., 1990; Aphalo et al., 1999; Baldwin et al.,
2007; Page et al., 2009).
Within the context of crop-weed competition, we consider light signalling
(specifically the ratio of red to far-red light or R/FR; Smith, 1982) to be the initial signal
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of impending competition, triggering a series of physiological changes within the plant.
These changes, which can be mediated by volatile organic compounds, result in the
development of classic shade avoidance characteristics including increased stem
elongation, apical dominance and altered leaf area distribution (Casal et al., 1987; Ballaré
et al., 1990; Pierik et al., 2004a, b).
This shade avoidance response has been viewed traditionally as a pre-emptive
response to impending competition (Ballaré et al., 1987; 1990), suggesting that it occurs
prior to the onset of resource dependent competition. In addition, ecological theory
predicts that the shade avoidance response will convey a substantial fitness benefit to
individuals in competitive high density environments (Schmitt & Wulff, 1993; Schmitt et
al., 2003; Franklin & Whitelam, 2005). The benefits associated with the expression of
shade avoidance, however, are dependent on the context in which the response is
expressed. For example, in competitive natural environments the expression of shade
avoidance can enhance fitness by ensuring survival and reproduction. Conversely,
studies have also demonstrated that shade avoidance may come at a cost to fitness if it is
expressed inappropriately in a low density, non-competitive environment (Schmitt et al.,
1995; Dudley & Schmitt, 1996; Ballaré & Scopel, 1997; Weijschedé et al. 2006).
In production agriculture, management practices, such as seedbed preparation,
fertilization and herbicide application, are designed to minimize crop-weed interactions
and ensure crop survival and reproduction. The presence of early emerging weeds,
however, has been shown to trigger the expression of the shade avoidance response
within a crop (Rajcan et al., 2004; Liu et al., 2009; Page et al., 2009). When these same
weeds are subsequently removed by the application of selective herbicides, the phenotype
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expressed by the crop seedlings may now be inappropriate for the new environment.
Thus, the expression of shade avoidance in response to the presence of early season weed
competition may come at a cost to crop fitness.
Understanding how the early detection of weedy neighbours influences the
development of individuals and the crop stand as a whole is critical to our comprehension
of the basic mechanisms underlying crop-weed competition. In the following
experiment, we tested the hypothesis that the expression of shade avoidance in response
to weedy competitors reduces maize fitness (i.e., kernel number per plant) in the absence
of resource dependant competition.
Materials and Methods
Plant material and growth conditions
Using a model experimental system, we tested the hypothesis that exposure to early weed
presence reduces maize fitness in the absence of resource dependant competition. The
experiment was conducted over two growing seasons (2007, 2008) at the Arkell Research
Station (43º53'N, 80º18'W and 325 m above sea level) near Guelph, Ontario, Canada. A
University of Guelph maize hybrid (cv. CG108 x CG102, Lee et al., 2000; 2001) was
selected for the experiment and perennial ryegrass (Lolium perenne L.) was used as a
surrogate weedy competitor. Experimental units consisted of two maize seedlings
planted in 28-cm diameter, 22-L plastic pails that were filled with a baked clay medium
(Turface MVP, Profile Products LLC). These units formed part of a field fertigation
system that has been used for over two decades to enable maize growth to maturity in the
field under controlled water and nutrient conditions (see Liu & Tollenaar, 2009). Maize
plants were irrigated two to four times per day using a nutrient solution described by
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Tollenaar (1989). The duration and frequency of irrigation were adjusted throughout the
growing season to allow sufficient nutrient and water supply. Two light quality
treatments were established by filling the area surrounding the maize seedlings in each
experimental unit with Turface (Weed-free treatment, R/FR = 0.76 ± 0.02) or with
perennial ryegrass turf (Weedy treatment, R/FR = 0.3 ± 0.02). Prior to the imposition of
these treatments, all pails were covered with a clear plastic sheet, laid horizontally across
the top of the pail, in order to isolate the root system of the ryegrass from that of the
maize seedlings. A 15 by 10 cm hole was cut in the centre facilitated maize seedling
emergence. Maize seedlings and turf grass were fed by separate fertigation lines,
ensuring no water movement between root systems. Thus, at the time of seedling
emergence, the sole difference between Weedy and Weed-free experimental units was the
composition of the area
Light quality treatments were isolated from one another in 8 rows of 25 pails with
1.42m between rows, for a plant density of 40,000 plants ha-1. This experiment was
initial set up as a randomized complete block design, with two adjacent rows serving as a
block. Treatments within this experimental design were maintained from planting to the
10th leaf tip stage of maize development. Previous research indicated that by the 10th leaf
tip stage of development, the difference in leaf tip number between treatments was largest
(Liu et al., 2009; Page et al. 2009). During this time, the ryegrass turf was maintained by
manual clipping to prevent direct shading of maize seedlings. The light quality
environment provided by the two treatments was characterized from emergence to the
10th leaf tip stage of maize development. At each measurement, the ratio of red to far-red
light reflected 10 cm above the ring of ryegrass or Turface bordering the maize seedlings
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centered within the pail was measured using an SKR 110 660/730 (Skye Instruments Ltd.
Llandrindod Wells, Powys, UK). These measurements were recorded on sunny,
cloudless days at midday. Changes in plant height and stage of development during this
period were monitored repeatedly in 10 experimental units per row.
At the 10th leaf tip stage, ryegrass was removed from the weedy treatment and the
plastic sheets covering the pails were removed from both treatments. At this time, twelve
experimental units per treatment (N = 24 per year) were harvested for above and
belowground dry matter. Height and leaf tip stage were recorded prior to harvest and leaf
area was determined using a LI-COR 3100 Leaf Area Meter (LI-COR Inc., Lincoln,
Nebraska, USA). Dry weight of leaves, roots and stem were determined following 72h at
80ºC.
Following harvest at the 10th leaf tip stage, the experimental units were re-arranged
into a latin square design to test the effect of the early light quality treatments on maize
biomass partitioning and yield components. An 8 row, 22 column matrix was established
with 0.5 m between rows for a resulting density of approximately 80,000 plants ha-1. The
entire block was bordered by 2 rows/columns of weed-free experimental units on all
sides. The date of silk emergence was recorded for all individuals. Once silks had
emerged from all plants, 12 experimental units per treatment (N = 24 per year) were
harvested, separated into above and belowground component parts and dried as described
for the harvest at the 10th leaf tip stage. These experimental units were taken from the
ends of each row, so as not to create gaps in the center of the latin square. Border plants
were then shifted inward to fill the space created by the harvest. At maturity, the
aboveground biomass of all remaining experimental units (N = 80 per year) were
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harvested, separated into ears and stover (i.e., stem and leaves), and dried at 80ºC for 72h
at 80ºC. Ears were then shelled and kernel number and kernel dry weight were
determined.
Statistical analysis
Early measurements of plant height and number of visible leaf tips were analyzed as
repeated measures. An autoregressive covariance structure was selected and pre-planned
contrasts were used at each time interval to compare plant height and the number of
visible leaf tips between treatments.
The destructive harvest at the 10th leaf tip stage was analyzed as a randomized
complete block design, as described above. Three experimental units per treatment were
sampled randomly from each of the 4 blocks. The effect of year and block nested within
year were treated as random variables. Heterogeneity of error variance was corrected by
transformation for this harvest and all subsequent harvests where appropriate (See Table
1). Because each experimental unit contained 2 maize seedlings, all aboveground
parameters were averaged and the combined root biomass was halved prior to analysis.
Experimental units harvested at silking and maturity were treated in a similar fashion
prior to analysis, although the resulting data were analyzed as a latin square design. The
effects of year and row and column nested within year were treated as random variables.
For the final analysis at maturity, the outside row and column of experimental units (i.e.,
those adjacent to the border rows) were excluded from the data set such that only those
experimental units that were bordered on all sides by the opposite treatment were
included. Furthermore, any individuals with ears that were damaged prior to harvest
were also excluded from the analysis. The population frequency distributions for silking
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date, biomass and yield components at maturity were compared using the non-parametric
Kolmogorov-Smirnov two-sample test (Massey, 1951; Young, 1977).
Results
The classical effects of shade avoidance were expressed under the conditions of our field
experiment. Among the effects documented during early seedling development was an
increase in plant height in the weedy treatment. The difference between treatments was
largest shortly after emergence and decreased as the seedlings developed (Fig. 4.1a). We
also observed a reduction in the number of visible leaf tips beginning 12 days after
emergence (DAE; Fig 4.1b). By the time the treatments were removed (30 DAE) the
weed-free treatment had on average 1.1 leaves more than the weedy treatment (Fig 4.1b).
At this point, plants in the weedy treatment had accumulated 11% less leaf area (LA),
12% less leaf biomass and 10% less total biomass when compared with plants in the
weed-free treatment.
At silking, many of the effects of shade avoidance on plant development and biomass
accumulation were still evident. For example, the mean and distribution of silking dates
in the weedy treatment were different from that in the weed-free treatment, such that
weedy plants reached silking on average 1.2 day later than weed-free plants (P<0.001;
Fig 4.2). Total plant biomass in the weedy treatment was reduced by 11%, which was
similar to that previously documented at the 10th leaf tip stage (Table 4.1). Leaf and ear
biomass were also reduced in weedy treatment by 6 and 29%, respectively. Interestingly,
there were no differences in final leaf number, LA or stem biomass at silking.
At maturity, plants in the weedy treatment had fewer kernels per ear than did plants in
the weed-free treatment (Table 4.1). In addition, the frequency distribution of kernel
number per plant (KNP) also differed between treatments (P = 0.001). The doubling of
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the coefficient of variation in the weedy treatment (CV, Weedy = 17; Weed-free = 8; see
Fig. 4.3) and the notable reduction in kurtosis indicated greater plant-to-plant variability
in KNP when compared to the weed-free treatment. These effects, however, did not
result in significant yield loss (Table 4.1). This result can be partially attributed to our
experimental system, which ensured favourable nutrient and water conditions throughout
the growing season, and did not allow direct competition for these resources between the
crop and weedy competitor. When grain yield was expressed in terms of the harvest
index (i.e., HI = grain /shoot biomass), it was evident that plants in the weedy treatment
had allocated less of their total biomass to grain than had plants in the weed-free
treatment (Table 4.1, Fig. 4.4). The reduction in the mean HI in the weedy treatment was
also accompanied by an increase in plant-to-plant variability (CV, Weedy = 13; Weedfree = 5). Despite the apparent differences in KNP and HI, no difference were found
between treatments in the means or distributions of shoot biomass at maturity (P = 0.82),
nor was there any evidence of greater plant-to-plant variability in shoot biomass (CV,
Weedy = 16; Weed-free = 16; see Fig. 4.4).
Discussion
The expression of shade avoidance in response to early season weed competition
increased plant-to-plant variability in reproductive effort and reduced individual plant
fitness (i.e., KNP and HI), without affecting the mean or distribution of plant size at
maturity. These results confirm and build upon previous results by Page et al. (2009)
in which it was demonstrated that the expression of shade avoidance reduced the rate of
maize growth and development during the seedling stages. In this current study, we
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explored how these phenotypic adjustments persisted throughout the life cycle of maize
and resulted in a reduction in fitness at maturity.
In pure monoculture stands, shade avoidance is predicted to be beneficial, as it is a
rank dependant process whose expression is more marked among smaller individuals
(Ballaré et al., 1994). This serves to prevent or delay the formation of hierarchies in plant
size, which can lead to asymmetric intraspecific competition and reduced stand
productivity (Weiner, 1990; Vega et al., 2003; Maddonni & Otegui, 2004). Our results,
however, indicate that the benefits associated with shade avoidance may be partly
determined by the stage of crop development at which the response is triggered. It is
possible that triggering the shade avoidance response early in development may constrain
subsequent responses to low R/FR signals from intraspecific competition. Research by
Weinig & Delph (2001) on velvetleaf (Abutilon theophrasti Medic.) suggests that once
shade avoidance is expressed the ability of the plant to utilize this same response at a later
stage of development may be reduced. Evidence for the importance of a timely shade
avoidance response also comes from studies using mutants with altered sensitivity to
R/FR signals. For example, the constitutive expression and repression of the shade
avoidance phenotype are both maladaptive at high density (Ballaré et al., 1994; Ballaré &
Scopel, 1997; Aphalo et al., 1999). Thus, we contend that the results of the present study
further demonstrate that individual fitness and stand productivity in agriculture are
dependent on the timing and uniformity with which the shade avoidance response is
induced within the crop stand (see Ballaré et al., 1997; Weiner, 2003).
From a crop production perspective, it was surprising that KNP could be reduced by
7% in the weedy treatment without a similar decline grain yield. Indeed, KNP is widely

67

viewed as the primary determinant of grain yield in maize and reductions in KNP closely
follow the pattern and extent of yield losses from crop-weed competition (Tollenaar et
al., 1992; Otegui, 1997; Andrade et al., 1999; Evans et al., 2003; Cox et al., 2006). It
was clear from our results, however, that the reduction in KNP was offset by a
compensatory increase in kernel weight (KW), such that the mean decline of 4% in grain
yield was not statistically significant. When grain yield was expressed in terms of the HI,
it was evident that biomass partitioning to the developing ear was reduced in the weedy
treatment. Disruptions in HI are often cited as evidence of an imbalance in the
relationship between processes of photoassimilate production in the leaves (source) and
storage in the ear (sink) (Lee & Tollenaar, 2007). Our treatments attained the same
maximum LA at silking (source potential) thus, the mechanism underlying the reduction
in HI may lie in the capacity of the plant to mobilize or store the photoassimilate supply.
We theorize that it was the observed reduction in KNP in the weedy treatment that
reduced sink strength and altered HI. Furthermore, we suggest that the compensatory
increase in KW, and the subsequent buffering of yield losses in the weedy treatment,
were attributable directly to this imbalance in the source:sink relationship.
The reduction in KNP could have occurred during two critical periods for ear
development: 1) the floral transitions stage (tassel initiation), which occurs around the 8th
leaf-tip stage of development (Lejeune & Bernier, 1996; Padilla & Otegui, 2005), and 2)
the pollination stage, which occurs over a period of several weeks bracketing silking
(Tollenaar, 1977). The impact of stresses on the frequency of kernel abortion during this
later period has been demonstrated in numerous studies (Echarte & Tollenaar, 2006; Liu
& Tollenaar, 2009); yet comparatively little is known of the factors that influence the
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early stages of kernel or spikelet initiation. Given the favourable growing conditions in
our fertigation system and the similarity of final LA at silking, it is unlikely that the
observed reduction in KNP can be attributed to abiotic stresses or to reductions in the
relative growth rate during the period bracketing silking. Rather, we suggest that the
shade avoidance response influenced the pattern of ear development during the period
following floral transition.
In maize, the primary ear develops from the top-most axillary meristem, which is
initiated shortly after the floral transition (Lejeune & Bernier, 1996). Prior to this point,
the rate of axillary meristem initiation is linearly related to rate of leaf appearance. Since
the shade avoidance response reduced the rate of leaf tip appearance in our weedy
treatment, the timing of the floral transition may also have been delayed. Stresses, such
as high plant population density, can also reduce the rate of leaf appearance, delay the
floral transition and create variability in floral differentiation within an ear (Edmeades &
Daynard, 1979; Otegui, 1997). Interestingly, a delay in floral transition does not appear
to influence the number of spikelet formed per ear at silking (Otegui, 1997). Rather, it
may delay the pollination of underdeveloped, apical spikelets, such that, following
fertilization, the intra-ear distribution of assimilate supply leads to the abortion of the
later developing kernels. Although we have no direct evidence for this effect in the
present study, we theorize that this delay in development may be the mechanism through
which early shade avoidance influences ear development and affect sink strength
independently of the photoassimilate supply available during the grain filling period.
We propose that shade avoidance should be viewed as an integral component of the
process of competition. This resource independent response precedes and conditions the
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crop seedling for the onset of resource dependent competition. Although shade
avoidance is often viewed as a stabilizing force within crop monocultures (see Aphalo et
al., 1999), we suggest that shade avoidance in the context of crop-weed competition
destabilizes stand productivity. Within a crop stand, emerging weeds deliver signals of
impending competition, creating spatial and temporal variability in the induction of the
shade avoidance response. However, following timely weed removal, this initial adaptive
strategy may no longer position the plant competitively within the crop stand. The cost
for individuals expressing an early shade avoidance response lies in the creation of
hierarchies in plant development, resulting in the alteration of source:sink relationships
and the reduction of KNP.
Under favourable growing conditions, reductions in KNP can be compensated for by
increases in KW, such that yield losses are minimized (E.g. Cox et al., 2006). However,
if resource availability is limited or the crop experiences subsequent stresses (e.g.
drought, nutrient limitations, etc), yield losses may reflect the cumulative effects
triggered by shade avoidance and subsequent abiotic stresses. We suggest that it is for
this reason that weeds emerging with the crop are more competitive than later emerging
weeds. Furthermore, the accumulation of these interactions may contribute to the
variability in yield loss observed from site-to-site and year-to-year.
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Tables and Figures
Table 4.1.Influence of low R/FR on maize biomass accumulation,
partitioning and grain yield.
Response variable

Treatment
Weed-freec
Weedy

P-value
At 10 leaf-tips
Leaf-tips
11.2 (0.11)
10.1 (0.07)
<0.001
Leaf area (cm2 plant-1)
1439.5 (45.5)
1285.5 (32.81)
0.004
-1 a
Root biomass (g plant )
7.0 (0.35)
6.3 (0.41)
0.074
Stem biomass (g plant-1)
6.6 (0.3)
6.0 (0.24)
0.096
Leaf biomass (g plant-1)
6.7 (0.26)
5.9 (0.20)
0.012
-1
Total biomass (g plant )
20.4 (0.85)
18.3 (0.74)
0.043
error df
39
At Silking
Final leaf numberb
15.8 (0.07)
15.7 (0.05)
0.818
2
-1
Leaf area (cm plant )
4306.4 (94.15)
4180.1 (107.8)
0.161
Root biomass (g plant-1)
34.7 (1.92)
30.6 (1.96)
0.055
-1
Stem biomass (g plant )
78.2 (2.50)
72.3 (3.19)
0.108
Leaf biomass (g plant-1)
33.9 (0.81)
31.8 (0.87)
0.027
Ear biomass (g plant-1)
19.0 (1.38)
13.5 (1.26)
0.009
-1
Total biomass (g plant )
165.9 (5.06)
148.0 (6.06)
0.013
error df
31
At Maturity
Grain yield (g plant-1)
127.2 (2.44)
122.8 (2.47)
0.201
b
Kernel number per plant
518.7 (4.74)
483.2 (9.01)
0.001
Kernel weight (g/103)
245.1 (4.05)
252.2 (5.14)
0.242
-1
Shoot biomass (g plant )
252.1 (4.66)
250.3 (4.46)
0.757
Harvest index (g/g)b
0.50 (0.003)
0.48 (0.007)
0.001
error df
122
Values in treatment columns represent the mean, followed by 1 standard error
in parentheses. P-values represent ANOVA results for comparison between
treatments.
a
Transformed as Y´=log10(Y).
b
Transformed as Y´=(Y)2.
c
Weed-free = ambient R/FR; Weedy = low R/FR.

71

35

(a)
***

Plant height (cm)

30
25
***

20
***

15
***

10
***

5
0
12

(b)
***

Leaf tips (#)

10

***
***

8
***

6
4
2

Weedy
Weed-free

0
0

10

20

30

Days after emergence (DAE)
Figure 4.1 Repeated measures of (a) plant height (± SE) and (b) the number of visible
leaf tips (± SE) from emergence to the 10th leaf tip stage of development. ANOVA for
both plant height and leaf tips indicated significant treatment*time interactions
(P<0.0001, df = 471). ***, P < 0.001.
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Figure 4.2 Maize silking date as influenced by weed-free (a) and weedy (b) conditions.
Treatments differed in the mean silking date (ANOVA, P < 0.001), as well as in the
frequency distribution of the individuals in the treatments populations (KromologovSmirnov, P < 0.001).The mean (M), median (m), coefficient of variation (CV), skewness
(S) and kurtosis (K) of the frequency distributions are also presented.
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Figure 4.3 Maize grain yield and kernel number per plant (KNP) as influenced by weedfree (a) and weedy (b) conditions. Treatments differed in the mean KNP (ANOVA, P =
0.001), as well as in the frequency distribution of the individuals in the treatments
populations (Kromologov-Smirnov, P = 0.001). The mean (M), median (m), coefficient
of variation (CV), skewness (S) and kurtosis (K) of the frequency distributions are also
presented.
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Figure 4.4 Aboveground biomass at maturity and harvest index (HI) as influenced by
weed-free (a) and weedy (b) conditions. Mean HI was reduced (ANOVA, P = 0.001) in
the weedy relative to the weed-free treatment, while the frequency distributions did not
differ among treatments (Kromologov-Smirnov, P = 0.82). The mean (M), median (m),
coefficient of variation (CV), skewness (S) and kurtosis (K) of the frequency distributions
are also presented.
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Chapter 5: Conclusions
Summary and research contributions
Reports of crop yield losses due to weed competition have been prevalent throughout
agricultural literature for the past 80 years (E.g., Pavlychenko, 1937; Nieto et al., 1968;
Hall et al., 1992). Yet, in spite these early accounts and subsequent academic studies, our
understanding of the mechanisms by which weeds reduce crop yields has not progressed
much past the presumption that weeds simply compete for resources, such as light, water
and nutrients. In the past 10 to 20 years, a growing body of literature has provided the
first pieces of evidence indicating that resource independent competition (e.g., light and
hormonal signaling) precedes and greatly influence the onset and outcome of resource
dependant competition (Ballaré et al., 1997). For example, the ability of a plant to
reposition its leaf area during the seedling stage, from zones with a low potential PPFD to
zones with a higher potential, is an example of a resource independent adjustment that
precedes and directly determines the ability of an individual to compete for a future
limiting resource (Girardin & Tollenaar, 1992; Rajcan et al., 2004).
The notion that plant-to-plant signaling could influence seedling growth and
development prior to or in the absence of resource competition arose primarily from the
works of Holmes & Smith (1977a; b; c) and C.L. Ballaré and J.J. Casal (Casal et al.,
1987; Ballaré et al., 1987 etc.). Throughout their careers Ballaré and colleagues have
convincingly demonstrated that plants respond to the presence of a neighbouring
competitor by adjusting their phenotype in order to pre-empt future limiting resources
(primarily PPFD). While the implications of this shade avoidance response have been
widely debated in terms of community and evolutionary ecology (Bradshaw, 1965;
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Sultan, 1987; Schmitt & Wulff, 1993; Dudley & Schmitt 1996; Schmitt et al., 1995;
Schmitt 1997; Schmitt et al., 2003), the importance of this response in production
agriculture has only recently been explored (Smith 1992; Ballaré & Casal, 2000; Rajcan
& Swanton, 2001; Rajcan et al., 2004).
In the preceding chapters, I have examined the role that phytochrome-mediated shade
avoidance plays in determining the onset and outcome of maize-weed competition.
Shade avoidance in maize is comprised of a sequence of physiological changes that can
be observed at different intervals following the initial exposure to a low R/FR signal.
The first quantifiable and most widely reported response is an increase in plant height,
which can be observed within 24 hours. This transient increase can last for several
developmental stages, at which point a reduction in the rate of leaf appearance (RLA) is
often detected. The sequence of these two responses was common to all greenhouse
experiments, field trials and hybrids examined (see Appendix C) during the course of this
thesis, and thus, I consider them to be the initial hallmarks of a shade avoidance response
in maize. The expression of subsequent physiological adjustments is, however,
dependent on the stage of seedling development during which the shade avoidance
response is induced.
Seedlings exposed to a weedy or low R/FR environment at emergence displayed an
initial reduction in the root-to-shoot ratio, followed by a linear decline in biomass and
leaf area accumulation as the duration of time spent in a weedy environment increased.
Conversely, seedlings emerging in a weed-free or ambient R/FR environment were
minimally affected by subsequent weed additions. It is interesting to note that the later
seedlings did appear to respond to weed addition events, as evidenced by an initial
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increase in plant height and a reduction in RLA; however, this was not accompanied by
reductions in biomass accumulation or leaf area growth. It could be concluded from
these results that low R/FR signals present at the time of emergence have a greater impact
on seedling growth and development than do signals occurring later on. This may
explain why weeds present at or near the time of crop emergence are often considered to
be more competitive than later emerging weeds (see O’Donovan et al., 1985; Kropff &
Spitters, 1991; Bosnic & Swanton, 1997). It is also possible, however, that given a slight
time of emergence advantage, maize seedlings may not respond to the presence of
smaller competitors, such as trimmed turfgrass, in the same manner as they would if a
more equivalent competitor was added instead.
In the context of production agriculture, it is unlikely that a maize seedling would be
abruptly confronted by an equivalently sized competitor without having previously
expressed shade avoidance in response to the proximity of this competitor. In this
respect, it makes sense that a shade avoidance response expressed shortly after emergence
would be more pronounced, as this is the only point in development where there can be
an influx of equivalently sized competitors. It is also likely that any competitor present
of at the time of seedling emergence, be them intra- or interspecific, should elicit the
same shade avoidance response. Thus, to explore and contrast the effects of interspecific
vs. intraspecific competition, a weed-removal series was simulated in the field by
thinning from high crop density (16 plant m-2) to a conventional density (8 plants m-2) at
six stages of maize development. Based on the results of the greenhouse critical period
trial (discussed above and in Chapter 2), I expected that doubling the conventional maize
planting density would mimic the initial low R/FR signal reflected from weedy
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competitors and result in a shade avoidance responses similar to that previously
documented. While the results did follow these expectations in general, the timing of the
physiological adjustments to higher crop density was notably later than predicted. In fact,
high crop density did not affect the RLA until approximately 40 days after planting
(DAP) and leaf area and biomass at silking were not permanently affected by early
season high density unless thinning was delayed until the 12th leaf tip stage (44 DAP).
Reductions in crop growth at high density were more likely linked to the process of
canopy closure rather than to an early season shade avoidance response. This does not
mean, however, that maize seedlings do not express shade avoidance in response to the
light environment in a high density stand. Reduction in light quality (i.e., R/FR) and light
quantity (i.e., PPFD) can both elicit a shade avoidance response (Mahoney, 2006). While
early season weed competition acts primarily on the light quality environment
surrounding a seedling, the effects of crop density are more closely associated with an
increase in the leaf area index (LAI) of the canopy and the subsequent reductions in the
light quantity available to individuals. The relationship between LAI and canopy
interceptance is exponential, with little increase in light interceptance when the canopy
intercepts ≥ 95% of incident light (Westgate et al., 1997). As a result, the LAI that
provides 95% interceptance is often considered to be the point of canopy closure.
Previous research indicates that maize LAIs between 2.6 and 3.5 are required in order to
achieve canopy closure (Tetio-Kagho & Gardner,1988; Westgate et al., 1997) In the
present study, the LAIs at the onset of intraspecific competition were only 2 and 1.75 in
stands of 8 and 16 plants m-2, respectively (Figure A.1). This suggests that maize
seedling were experiencing competition for light quantity and, perhaps, other critical
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resources prior to the point of canopy closure. Although classic shade avoidance
characteristics, such as increased internode elongation and shifts in the root-to-shoot ratio
were not documented in this study, the reduction in RLA followed by the increase in SLA
(documented at the onset of intraspecific competition, see Chapter 3) suggests that a
shade avoidance response was induced by the progressive reduction of light quantity
leading up to canopy closure. It is likely that a shade avoidance response expressed at
this point in crop development would be beneficial to stand productivity, as it should
reduce the size inequalities among individuals (Weiner, 1990; Ballaré et al., 1997;
Aphalo et al., 1999). This will decrease the frequency of asymmetric competition for
light quantity and result in fewer barren plants in the crop stand.
In Chapter 3, the plant-to-plant variability (as measured by the coefficient of variation
or CV) for leaf area per plant varied little among maize stands of 4, 8 and 16 plants m-2
from emergence to the 14th leaf tip stage (Fig A.2). Unfortunately, parallel shoot biomass
measurements and the plant-to-plant variability of this parameter were not documented in
this study. However, in a similar study of maize densities ranging from 5 to 20 plants m2

, differences in the plant-to-plant variability of shoot biomass were not detected until 65

DAP (ca. 3 weeks before silking; Edmeades (1979). Interestingly, these differences in
the plant-to-plant variability were driven by the reductions in the mean shoot biomass at
high plant density rather than changes in the standard deviation. This suggests that
differences in CV across densities were primarily driven by uniform reductions in the rate
of biomass accumulation at high plant densities, which likely resulted from increased
intraspecific competition for PPFD. At 65 DAP, the LAIs at 5, 10, 15 and 20 plants m-2
were 1.32, 2.58, 3.16 and 4.17 respectively. Clearly, the LAIs at 15 and 20 plants m-2
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suggest the canopy in these stand were close to closure or had already reached closure. In
fact, it is somewhat surprising that difference in shoot biomass were not detected earlier,
as the LAI of 4.17 suggests that canopy closure had already occurred at 20 plants m-2.
This may partly explain the apparent delay in the onset of intraspecific competition at 20
plants m-2 when compared to that reported for 16 plants m-2 (i.e., 65 DAP vs. 44 DAP).
Nevertheless, it is apparent that intraspecific competition in a high density stand of maize
uniformly reduces the rate of leaf area and biomass accumulation beginning
approximately 3-4 weeks before silking. Once again, this is much later than the typical
onset of interspecific competition in maize. This temporal distinction between intra- and
interspecific competition greatly influences the relative importance of the resource
dependent and independent components of competition, as the stage of crop development
during which these components are encountered will dictate how they influence the
development of individuals and the stand as a whole.
It is well established that interspecific competition is most severe when weeds emerge
at or near the time of crop emergence (O’Donovan et al., 1985; Kropff & Spitters, 1991;
Bosnic & Swanton, 1997). Weeds often emerge at densities ranging from tens to
hundreds of plants per square meter, which is far greater than the range of crop densities
used in Chapter 3 (Roberts & Potter, 1980; Roberts, 1984; Page et al., 2006). I contend
that, at early stages of crop development, interspecific competition is comprised primarily
of resource independent effect rather than resource dependent effects. In spite of the
potential for high densities of weed seedlings to emerge shortly after the crop, farming
practices, such as fertilization and planting depth, should ensure that crop seedling are in
a position to control and pre-empt the access to the critical resources needed for growth
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and development. Moreover, the autotrophic phase of maize development lasts for
approximately 10 days after emergence (Deleens et al., 1984) and seedlings can survive
on seed reserves alone for up to 20 days after emergence (i.e., the 4th leaf tip stage of
development ; Seltmann, 1955). Thus, the primary effect of weed seedlings emerging
with the crop may not be on resources availability, but rather on the light quality
environment surrounding a developing crop seedling.
In a recent study, Markham and Stoltenberg (2009) demonstrated that the R/FR of the
light in a stand of maize, common lambsquarter (Chenopdium album L.) and green foxtail
(Setaria fberi Herrm.) was 22% lower than that of weed-free stand at the V4 stage of
seedling development (i.e., Weed-free R/FR =~1.0, Weedy R/FR~ 0.78; Weed density =
542 plants m-2). Interestingly, even when the weed density was much lower (i.e., 65
plants m-2), the R/FR ratio in the crop–weed stand was still 12% lower than that in the
weed-free stand (i.e., Weed-free R/FR =~1.0, Weedy R/FR~ 0.88), which suggest that
there is a non-linear relationship between weed density and the R/FR ratio in a crop-weed
stand. A study investigating the reflectance of crop and weed seedlings under controlled
conditions has also been undertaken at the University of Guelph. Preliminary results
from this study support those of Markham and Stoltenberg (2009) and indicated that the
light reflected from the leaves of 14 day old pigweed seedlings (Amaranthus powelli S.
Wats.); Weed density = 625 plants m-2) had the potential to reduce the R/FR ratio of the
light environment around a maize seedling by 25% (i.e., Ambient R/FR =1.38, reflected
R/FR= 1.03; S. Cressman & C. Swanton, unpublished data). For comparison, the R/FR
reflectance of maize seedlings at various crop densities was also examined using the same
methodologies. To simulate the distance between crop seedlings at 8 and 16 plants m-2, a
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R/FR sensor was positioned 16.4cm and 8.2cm away from a focal maize seedling and
R/FR reflectance measurements were taken for 14d after emergence. While the R/FR did
decrease as density and stage of development increase, the average R/FR reflected from
maize seedlings over the 14d period was only 1.34 and 1.26 for densities of 8 and 16
plants m-2. Although preliminary, these results suggest that weeds present at or near the
time of crop emergence have a notably greater effect on the R/FR environment around
crop seedlings than do their nearest crop siblings.
The importance of early R/FR signals as a component of crop-weed competition has
been suggested by several authors (Rajcan & Swanton, 2001; Rajcan et al., 2004; Liu et
al., 2009); yet none of these studies have demonstrated how the shade avoidance response
induced by these signals could affect crop yields at maturity. In Chapter 4 of this thesis, I
tested the hypothesis that the expression of shade avoidance in response to weedy
competitors reduces maize fitness (i.e., kernel number per plant) in the absence of
resource dependant competition. Results of this study indicated that the expression of
shade avoidance led to reductions in kernels per plant and harvest index at maturity.
Moreover, shade avoidance doubled the plant-to-plant variability in these yield
parameters without affecting the mean or frequency distribution of shoot biomass at
maturity. It was interesting to observe that KNP could be reduced by 7% in the weedy
treatment without a similar decline in grain yield; however, the reduction in KNP was
offset by a compensatory increase in kernel weight (KW), such that the mean decline of
4% in grain yield was not statistically significant. This result highlights one of the
primary difficulties with conducting reductionist science; the true value of one
component of a complex trait, such as yield at maturity, can rarely be determined in the
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absence of other notable interacting factors. While the results presented in Chapter 4 are
the first to demonstrate the physiological mechanisms through which early R/FR signals
reduce crop yield potential (i.e., increased plant-to-plant variability in KNP and HI), they
also demonstrate that these signals alone are not capable of reducing crop yields without
a secondary stress.
Under field conditions, the difference between the realized grain yield at maturity and
the genetic yield potential of the crop at the time of planting is the summation of all biotic
and abiotic stresses that were experienced over the course of the growing season. Intraand interspecific competition are two of the more important stresses as they can be
readily influenced by the choice of crop management practices. Therefore, understanding
the timing, effect and interaction of intra- and interspecific competition is essential to
minimizing the disparity between yield potential and realized yield. In this thesis, I have
demonstrated that these two forms of competition are distinguished primarily by the stage
of crop development at which they occur; interspecific competition occurring as defined
by the CPWC and intraspecific competition occurring in the stages just prior to and
including canopy closure. Both forms of competition are comprised of resource
independent and dependent components. However, the relative importance of these
components to the outcome of intra- and interspecific competition is shaped by the stage
of crop development during which they are expressed. For example, resource
independent processes, such as the shade avoidance response, may be more important in
interspecific competition because this form of competition occurs during the very early
stage of crop seedling development when the relative growth rate is not initially resource
limited. Moreover, these resource independent processes reduce stand uniformity, which
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may exacerbate the crop yield losses from subsequent resource dependent competition.
Conversely, the resource independent processes associated with intraspecific competition
may play an important role in mitigating yield losses that will result from the onset of
resource dependent competition, which occurs just prior to crop canopy closure. It is
likely that the sequential interaction of the resource independent processes of interspecific
competition and the resource dependent processes of intraspecific competition may
explain why early season weed competition causes yield losses at maturity, in spite of
timely weed control measures that ensure the crop is weed-free for majority of its
development.
Research limitations
It is somewhat ironic that crop-weed competition was the focus of this thesis, and yet,
none of the research involved direct competition between crop and weed seedlings. In
hindsight, the omission of such studies is regrettable, as they would have provided the
appropriate context in which to evaluate the role of the shade avoidance response as a
part of the overall process of crop-weed competition. Nevertheless, there are ample data
in the primary literature documenting the effects of crop-weed competition and the results
presented herein compliment this body of work by documenting the impact of shade
avoidance in isolation. The interaction of the shade avoidance response with subsequent
resource dependant competition should be a primary focus of future research in this area.
Throughout much of this thesis, perennial ryegrass sod was used to simulate the effect
of weed seedlings growing in close proximity to a maize seedling. There were numerous
advantages and disadvantages to this system. It was primarily designed such that there
was no contact between the rooting zone of the maize seedling and the ryegrass turf, and
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that excess fertigation did not flow between these zones. Ryegrass turf also grew well in
shallow or restricted rooting zone and was tolerant of frequent trimming. In the
greenhouse experiment (Chapter 2), the ryegrass turf was 9cm away from the central
maize seedling and provided a reflected R/FR of 0.6 (measured 10cm above the turf),
whereas the weed-free treatment had a reflected R/FR of 2.57. Interestingly, the low
R/FR provided by the ryegrass turf still induced a shade avoidance response in spite of
the unusually high background R/FR created by the metal halide and high pressure
sodium light fixtures. In the field trial (Chapter 4), the ryegrass turf was slightly closer to
the maize seedlings (~5-8cm) and provided an average reflected R/FR ratio of 0.3. In this
case the weed-free treatment provided a reflected R/FR of 0.76 and the ambient R/FR
was1.15. What remains unclear is whether the R/FR ratios created by the ryegrass turf
are in fact representative of the light quality environment created by the presence of weed
seedlings. I contend that the R/FR ratio provided by the ryegrass turf was initially lower
that what would be expected of small weed seedlings present at the time of crop
emergence (see Summary and research contributions). This comparison, however, is
complicated by the fact that the density and species of weeds present at the time of crop
emergence can vary widely within and across fields. Thus, for the purpose of conducting
controlled experiments, the consistency of the R/FR signal provided by the ryegrass was
preferable to the more variable signal that would have accompanied field studies with
natural weed populations.
In order to isolate the light quality component of crop-weed competition from the
light quantity component, the ryegrass turf was maintained below the level of maize
seedling canopy. While trimming the ryegrass prevented any shading of the maize
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seedlings, it also precluded the vertical progression of the light quality signal that would
normally accompany weed seedling growth. As a result, maize seedling may have been
able to grow past the zone of low light quality provided by the ryegrass much quicker
than if weed seedling had been used instead. In Chapter 2, it was also suggested that the
movement of the youngest leaf tissue away from the zone of low R/FR may help to
explain the apparent lack of a response to weed-addition events. Indeed, it is likely that
maize seedlings do not express shade avoidance in response to later emerging weed
seedlings in the field. Simply put, there is likely no benefit in responding to competitors
that will never be able to catch up and compete for access to PPFD. This suggest that,
while shade avoidance may have little to do with the critical weed-free period, it probably
plays a role in the critical time for weed removal and, perhaps, in the response to plant
density.
In Chapter 4, crop density was used to simulate the conditions created by early season
weed competition. While the results of this study did provide some insight into the role
of shade avoidance in the response to crop density, it was evident that a maize density of
16 plants m-2 did not adequately simulate the effect of early season weed competition. In
some respects, it is not at all surprising that a crop density of 16 plants m-2 did not
provide the same competitive environment as weed densities of fifty to several hundred
plants m-2. If a subsequent study were to increase the planting density of the crop, it is
likely that a point could be reached where the onset of intra- and interspecific coincided.
However, in my opinion, such a study would be redundant as the results presented herein
already indicate that the main difference between intra- and interspecific competition is
the stage of crop development during which they have their effects.
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Future research
The results presented in this thesis have demonstrated that the shade avoidance
response plays an integral role in the process of crop-weed competition. Maize plants
expressing a shade avoidance phenotype produced fewer kernels per plant and had a
lower harvest index than did seedlings in the control group. However, this reduction in
kernel number per plant did not result in a significant loss in grain yield. It was
hypothesized in Chapter 4 that seedlings expressing a shade avoidance phenotype may
also be more susceptible to subsequent resource limitations, which may be caused by
abiotic stresses or direct crop-weed competition. Exploring the interactions between the
shade avoidance response and subsequent resource limitations may help to explain why
weeds emerging with the crop are more competitive than later emerging weeds and why
yield loss can vary from site-to-site and year-to-year, with no apparent link to the timing
of weed control measures. Results from a preliminary study indicate that reductions in
nodal root formation accompanying an early shade avoidance response conditions maize
seedling for greater susceptibility to subsequent drought stresses (Page, Liu and Swanton,
unpublished data). This suggests that exploring the interactions between weed
competition and stresses may be critical to our understanding of the many small but
cumulative process that determine crop yield at maturity. Specifically, future research
should investigate whether the timing of secondary stresses influences the magnitude of
the crop yield loss from early low R/FR signals and whether seedlings exposed to these
signals after emergence (i.e., weed additions) are similarly susceptible to secondary
stresses.
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Another promising avenue of future research may involve the expansion of the
greenhouse screen presented in Appendix C. Although this screen did not uncover
statistically significant difference among maize hybrids in their response to low R/FR
conditions, the results of subsequent studies suggests that the right trait(s) may not have
been examined. For instance, it would be interesting to run a similarly structured hybrid
screen, but focus exclusively on root traits, including nodal root formation, rooting depth,
branching, etc. If the susceptibility to subsequent stresses is in fact the mechanism
through which early season weedy competitors reduce crop yields, then it would be
important to screen for hybrids that show less variation in the pattern and rate of root
development.
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Figure A.1 Changes in leaf area index over time in three maize densities.
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Figure A.2 Change in the coefficient of variation (CV) of leaf area per plant over time in
three maize densities.
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Figure A.3 Change in the coefficient of variation (CV) of visible leaf tips per plant over
time in three maize densities.
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Figure A.5 Frequency distribution of maize shoot biomass at silking in continuous stands
of 4, 8 and 16 plants m-2.

112

30

4 plants m

-2

25

Frequency

8 plant m

M = 206.3
m = 226
CV = 25
K = 2.09
S = -1.56

20

-2

16 plants m

M = 133.1
m = 132
CV = 27
K = -0.11
S = 0.006

-2

M=
70
m=
67
CV = 31
K = -0.12
S = 0.24

15
10
5
0
0

50

100

150

200

250

0

50

100

150

200

250

Shoot biomass at silking (g plant-1)

113

0

50

100

150

200

250

300

Figure A.6 Frequency distribution of maize shoot biomass at silking in stands thinned
from 8 to 4 plants m-2 at six stages of development.
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Figure A.7 Frequency distribution of maize shoot biomass at silking in stands thinned
from 16 to 8 plants m-2 at six stages of development.
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Figure A.8 The relationship between fully expanded leaf area per plant and shoot
biomass at silking in continuous stand of 4, 8 and 16 plants m-2 (A) and in stands thinned
from 8 to 4 and 16 to 8 plants m-2 at six stages of maize development (B). The rectangular
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Figure A.9 Monthly mean air temperature (A) and precipitation (B) in 2007 and 2008 at
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Appendix B: Supplementary Data for Chapter 4.
Table B.1 Cob height at silking, measured from the soil surface to the point of cob
attachment to the stem.
Treatment
Weedy
Weed-free
P-value

Cob height (cm)
128.6
120.1
<0.0001

Standard error
0.93
0.87

120

CV
8
8

60

(a)

M = 120.1
m = 120
CV =
8
K = 0.15
S = 0.06

(b)

M=
m=
CV =
K=
S=

50
40
30
20

Frequency

10
0
50

128.6
128.5
8
0.85
-0.29

40
30
20
10
0

90

100

110

120

130

140

150

160

Cob height (cm)

Figure B.1 Cob height at maturity as influenced by weed-free (a) and weedy (b)
conditions. Mean height was reduced (ANOVA, P < 0.0001) in the weed-free relative to
the weedy treatment and the frequency distributions also differ among treatments
(Kromologov-Smirnov, P < 0.0001). The mean (M), median (m), coefficient of variation
(CV), skewness (S) and kurtosis (K) of the frequency distributions are also presented
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Figure B.2 Hourly temperature fluctuations at the Arkell research station in 2007 and
2008. A HOBO data logger (Onset computer corporation) with temperature probes was
used to monitor the temperature of the turface in weedy and weed-free buckets (see
Chapter 4, Materials and Methods), as well as the air temperature 30 cm above the soil
surface, near the buckets. Temperature probes within the buckets were positioned below
the plastic barrier, at a depth representative of seed placement at the time of planting.
The probe measuring air temperature was shielded from direct solar radiation by way of
an aluminum foil cone.
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Figure B.3 Thermal time calculated from hourly temperature data collected at the Arkell research station in (A) 2007 and (B) 2008. A
base temperature of 6ºC was used to calculate thermal time (Tollenaar et al., 1979). Arrows indicate the dates when Weedy and
Weed-free treatments were removed from the experimental units used in Chapter 4.
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Appendix C: Characterizing phenotypic variation for the shade avoidance response
in Zea mays L.
Introduction
The goal of this experiment was to characterize variation in the shade avoidance
phenotype expressed in response to simulated weed competition across 20 maize hybrids.
Materials and Methods
A greenhouse was established in 2007 to evaluate the phenotypic response of selected
maize germplasm to the presence of simulated weed competition. Seedlings of 20 maize
hybrids were grown in two light quality environments: (1) in isolation (High PPFD, High
R:FR), representing weed free conditions and (2) in close proximity to a weedy
competitor (High PPFD, Low R:FR), representing weedy conditions. Seedlings were
grown in a 14 cm diameter, 4.4-L pots centered within a 25-cm diameter, 13.6-L pot.
The area surrounding the central maize pot was either filled with a baked clay media
(Turface MVP®, Profile Products LLC Buffalo Grove, IL, USA) or with Lolium perenne
L. (perennial ryegrass) turf, which served as the surrogate weedy competitor. This design
isolated the root zones of the maize and ryegrass and eliminated root interference and
allelopathy. Furthermore, maize and ryegrass seedlings were fertigated separately by a
drip irrigation system, ensuring that there was no direct competition for water or
nutrients. During this time the ryegrass turf was maintained below the level of the maize
canopy to minimize shading.
Throughout the duration of the experiment the greenhouse was maintained with a
thermoperiod of 25/20ºC and a photoperiod of 16/8h. The lighting system was comprised
of metal halide and high pressure sodium bulbs that delivered a minimum photon flux
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density (PPFD) of 700 μmol m-2 s-1 at the surface of the bench. The PPFD was measured
using a point quantum sensor (LI-190SA, LI-COR Biosciences Lincoln, NE, USA). The
R/FR of the light reflected up from the area bordering the maize seedling was measured
at the start of each experimental repetition, 10 cm above the surface of either the Turface
(R/FR ± S.E., 2.57 ± 0.04) or ryegrass (0.60 ± 0.02), using a R/FR sensor (SKR 110,
660/730nm, Skye Instruments Ltd. Llandrindod Wells, Powys, UK).
A split-block design was employed to ensure that there was no contamination among
light quality treatments. Greenhouse benches used in the experiment were split in two by
a white, opaque divider that stretched from the bench surface to 5 cm above the height of
the perennial ryegrass. All 20 hybrids were present on each of three greenhouse benches,
in both weedy and weed-free conditions. Repeated measures of plant height and the
number of visible leaf tips were recorded every two days from emergence until the final
harvest, fifteen days after emergence (DAE). At this time, leaf area was determined
using a LI-3000 Area meter (LI-COR Biosciences Inc.). Roots were then separated from
the Turface and washed. Leaves, roots and stem were bagged separately and dried to a
constant weight after three days at 80ºC.
Statistical Analysis
This experiment was repeated three times using three greenhouse benches in each
repetition. Statistical analyses were conducted using SAS (SAS Institute, Cary, NC,
USA) with a Type I error rate (α) of 0.05. Early measurements of plant height and
number of visible leaf tips were analyzed as repeated measures using an autoregressive
covariance structure. The rate of leaf appearance was determined for each hybrid via a
linear regression (Proc Reg) of leaf tip appearance over time.
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The final harvest at 15 DAE was analyzed as a split block design using a mixed
model (Proc Mixed). The effect of repetition, bench nested within repetition and
bench*treatment nested within repetition were treated as random variables. The degrees
of freedom for all tests of fixed effects were calculated using the Satterthwaite
approximation (Satterthwaite 1946).

Results
All maize hybrids responded to the presence of a weedy competitor by initiating a classic
shade avoidance response. Among the effects documented during early seedling
development were an increase in plant height (Fig C.1) and a reduction in the rate of leaf
appearance in the weedy treatment (Fig C.2). This delay in leaf appearance was observed
shortly after emergence, and by 15 DAE, the weed-free treatment had on average 1.1
leaves more than the weedy treatment.
Plant height and biomass components at the time of final harvest (15 DAE) were
influenced by our light quality treatments (Table C.1). Maize seedling developing in a
weedy or low R/FR environment were taller, but accumulated less leaf area and above
and below ground biomass than did seedling developing in a weed-free environment.
Although there was a wide range in the degree of shade avoidance responses expressed
by the 20 maize hybrids (Table C.2; C.3), there was no hybrid by treatment interaction,
which indicates that all hybrids responded in a statistically similar manner (Table C.1).
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Tables and Figures

Table C.1 ANOVA for the effects of weedy and weed-free treatments on the biomass
components of 20 maize hybrids 15 DAE.
Source of
Variation

df

Height

Leaf Area

Root

________________________________________

Stem

Leaf

Total
biomass

p-value______________________________________
Treatment (trt) 1
<0.0001
0.0005
<0.0001
0.0045
<0.0001
<0.0001
Hybrid
19
<0.0001
0.0004
<0.0001
<0.0001
<0.0001
<0.0001
trt*hybrid
19
0.4195
0.8017
0.4143
0.7763
0.8876
0.7276
residual error
(117)
(117)
(116)
(116)
(116)
(116)
a
Satterthwaite approximation of error degrees of freedom.

128

Table C.2 Growth parameters of 20 maize hybrids 15 DAE from continuously weedy conditions.
Hybrid
NK2555
N22T8
CG44*LH295
CG44*CG102
CG44*MBS1236
CG44*LH162
CG85*LH295
CG85*CG102
CG85*MBS1236
CG85*LH162
CG104*TR2040
Pride 5
Pioneer 3902
S02 IA509
S02 IA656
DKC3551
CG60*CG102
CG60*MBS1236
CG108*CG102
SYT-H
Minimum
Maximum
Mean

LA [cm2]
461.8± 60.79
383.7 ± 56.72
332.4 ± 51.3
420.6 ± 71.37
420.8 ± 56.07
537 ± 64.16
426.5 ± 50.76
451.2 ± 78.38
451 ± 62.91
405.2 ± 115.14
547.6 ± 72.28
559.3 ± 95.51
528.9 ± 62.03
430.4 ± 45.8
499.9 ± 58.2
524 ± 66.22
517.7 ± 69.57
447.8 ± 53.74
552.4 ± 71.68
369.3 ± 57.41
332.4 ± 45.8
559.3 ± 115.14
463.4 ± 66

Root
biomass[g]
1.8 ± 0.28
1.5 ± 0.28
1.3 ± 0.22
1.6 ± 0.25
2 ± 0.29
2.1 ± 0.34
1.6 ± 0.21
2.1 ± 0.34
1.9 ± 0.29
1.7 ± 0.38
2.1 ± 0.34
1.9 ± 0.29
1.9 ± 0.27
1.8 ± 0.3
1.8 ± 0.26
1.9 ± 0.24
2.4 ± 0.41
2 ± 0.26
2.2 ± 0.38
1.4 ± 0.25
1.3 ± 0.21
2.4 ± 0.41
1.9 ± 0.29

Stem
biomass[g]
2.2 ± 0.4
2 ± 0.4
1.5 ± 0.25
2.1 ± 0.41
2.4 ± 0.37
2.5 ± 0.47
1.9 ± 0.25
2.4 ± 0.44
2.2 ± 0.4
2 ± 0.55
2.6 ± 0.44
2.7 ± 0.39
2.2 ± 0.34
2.1 ± 0.32
2.4 ± 0.33
2.5 ± 0.38
2.6 ± 0.41
2.4 ± 0.38
2.9 ± 0.42
1.8 ± 0.35
1.5 ± 0.25
2.9 ± 0.55
2.3 ± 0.38

Leaf
biomass[g]
2.1 ± 0.31
1.6 ± 0.26
1.3 ± 0.24
1.8 ± 0.31
2.0 ± 0.33
2.5 ± 0.44
1.9 ± 0.2
2.3 ± 0.4
2 ± 0.31
2.1 ± 0.6
2.3 ± 0.36
2.4 ± 0.39
2.2 ± 0.35
1.8 ± 0.23
2.0 ± 0.26
2.3 ± 0.39
2.5 ± 0.37
2.3 ± 0.32
2.5 ± 0.33
1.6 ± 0.3
1.4 ± 0.2
2.5 ± 0.6
2.1 ± 0.33
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Total
biomass[g]
6.1 ± 0.98
5.1 ± 0.94
4.1 ± 0.07
5.6 ± 0.95
6.4 ± 0.96
7.1 ± 1.23
5.4 ± 0.62
6.8 ± 1.18
6 ± 0.96
5.8 ± 1.52
7 ± 1.12
7 ± 1.03
6.4 ± 0.94
5.7 ± 0.82
6.3 ± 0.83
6.8 ± 0.96
7.5 ± 1.16
6.7 ± 0.93
7.6 ± 1.11
4.8 ± 0.88
4.1 ± 0.62
7.6 ± 1.52
6.2 ± 0.99

RLA
[tips d-1]
0.43
0.43
0.4
0.44
0.48
0.47
0.44
0.45
0.48
0.44
0.48
0.48
0.49
0.47
0.47
0.54
0.49
0.51
0.48
0.47
0.4
0.54
0.47

Table C.3 Growth parameters of 20 maize hybrids 15 DAE from continuously weed-free conditions.
Hybrid
NK2555
N22T8
CG44*LH295
CG44*CG102
CG44*MBS1236
CG44*LH162
CG85*LH295
CG85*CG102
CG85*MBS1236
CG85*LH162
CG104*TR2040
PRIDE5
PIONEER 3902
S02 IA509
S02 IA656
DKC3551
CG60*CG102
CG60*MBS1236
CG108*CG102
SYT-H
Minimum
Maximum
Mean

LA [cm2]
603 ± 50.94
454.1 ± 44.42
385.6 ± 47.22
531.3 ± 47.22
483.4 ± 35.09
601.8 ± 71.64
529.2 ± 46.96
567.1 ± 64.58
461.7 ± 36.9
506.4 ± 86.75
547.1 ± 36.03
522.8 ± 57.88
484.8 ± 61.22
545.9 ± 44.35
572.8 ± 60.69
554.7 ± 67.42
537.7 ± 30.41
460.7 ± 33.33
607.4 ± 50.66
475.3 ± 50.24
385.6 ± 30.41
607.4 ± 86.75
521.6 ± 51.2

Root
biomass[g]
2.8 ± 0.33
1.7 ± 0.2
1.4 ± 0.24
2.3 ± 0.27
2.3 ± 0.21
2.4 ± 0.35
1.8 ± 0.25
2.4 ± 0.3
2 ± 0.3
1.7 ± 0.28
2.7 ± 0.39
2.3 ± 0.54
1.7 ± 0.3
2 ± 0.4
2.3 ± 0.43
2.4 ± 0.41
2.3 ± 0.27
1.8 ± 0.16
2.5 ± 0.3
2.1 ± 0.28
1.4 ± 0.16
2.8 ± 0.54
2.1 ± 0.31

Stem
biomass[g]
3.1 ± 0.36
2.1 ± 0.33
1.7 ± 0.25
2.7 ± 0.32
2.5 ± 0.22
2.5 ± 0.34
2.2 ± 0.29
2.5 ± 0.33
2.2 ± 0.23
1.9 ± 0.33
2.4 ± 0.22
2.9 ± 0.53
2.1 ± 0.36
2.6 ± 0.3
2.9 ± 0.47
2.7 ± 0.39
2.7 ± 0.31
2.2 ± 0.2
3.2 ± 0.37
2.4 ± 0.35
1.7 ± 0.2
3.2 ± 0.53
2.5 ± 0.32

Leaf
biomass[g]
2.9 ± 0.28
2 ± 0.22
1.6 ± 0.21
2.5 ± 0.28
2.3 ± 0.17
2.9 ± 0.37
2.3 ± 0.27
2.7 ± 0.34
2.2 ± 0.24
2.5 ± 0.45
2.4 ± 0.24
2.5 ± 0.33
2.1 ± 0.32
2.3 ± 0.22
2.6 ± 0.38
2.5 ± 0.34
2.6 ± 0.19
2.3 ± 0.18
2.9 ± 0.27
2.2 ± 0.27
1.6 ± 0.17
2.9 ± 0.45
2.4 ± 0.28
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Total
biomass[g]
8.8 ± 0.95
5.8 ± 0.73
4.7 ± 0.68
7.5 ± 0.86
7 ± 0.56
7.7 ± 1.02
6.3 ± 0.75
7.7 ± 0.93
6.4 ± 0.74
6.1 ± 1.03
7.5 ± 0.75
7.7 ± 1.37
5.9 ± 0.96
6.9 ± 0.89
7.8 ± 1.26
7.6 ± 1.11
7.6 ± 0.7
6.3 ± 0.51
8.7 ± 0.93
6.7 ± 0.87
4.7 ± 0.51
8.8 ± 1.37
7 ± 0.88

RLA
[tips d-1]
0.53
0.53
0.5
0.52
0.53
0.51
0.52
0.58
0.55
0.53
0.58
0.53
0.54
0.54
0.54
0.6
0.57
0.54
0.55
0.58
0.5
0.6
0.54
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Figure C.1 Mean effect of weedy and weed-free treatments on the seedling height of 20
maize hybrids over time.
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Figure C.2 Mean effect of weedy and weed-free treatments on the number of visible leaf
tips of 20 maize hybrids over time.
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Appendix D: Examining changes in gene expression associated with the shade
avoidance response in Zea mays L.
Introduction
The goal of this experiment was to characterize changes in global gene expression that
underlie the phytochrome-mediated shade avoidance response in maize.

Materials and Methods
The experiment was conducted over two growing seasons (2006, 2007) at the Arkell
Research Station (43º53'N, 80º18'W and 325 m above sea level) near Guelph, Ontario,
Canada. A University of Guelph maize hybrid (cv. CG108 x CG102, Lee et al., 2000;
2001) was selected for the experiment and perennial ryegrass (Lolium perenne L.) was
used as a surrogate weedy competitor. Experimental units consisted of a maize seedlings
planted in 28-cm diameter, 22-L plastic pails that were filled with a baked clay medium
(Turface MVP, Profile Products LLC). These units formed part of a field fertigation
system that has been used for over two decades to enable maize growth to maturity in the
field under controlled water and nutrient conditions (see Liu et al., 2009). Maize plants
were irrigated two to four times per day using a nutrient solution described by Tollenaar
(1989). The duration and frequency of irrigation were adjusted throughout the growing
season to allow sufficient nutrient and water supply. The area surrounding the maize
seedlings in each experimental unit was either filled with Turface (Weed-free treatment,
R/FR = 0.76 ± 0.02) or with perennial ryegrass turf (Weedy treatment, R/FR = 0.3 ±
0.02). Prior to the imposition of our treatments, each pail was covered with a plastic
sheet in order to isolate the root system of the maize seedlings from that of the ryegrass.
A 15 by 10 cm hole was cut in the centre facilitated maize seedling emergence. Maize
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seedlings and turf grass were fed by separate fertigation lines, ensuring no water
movement between root systems.
Light quality treatments were isolated from one another in six rows of 25 pails with
1.42m between rows. This experiment was a completely randomized design with three
replicates. Treatments were maintained from planting to the 10th leaf tip stage of maize
development. During this time, the ryegrass turf was maintained by manual clipping to
prevent shading of maize seedlings. The light quality environment provided by the two
treatments was characterized by measuring the ratio of red to far-red light reflected 10 cm
above the ring of ryegrass or Turface using an SKR 110 660/730 (Skye Instruments Ltd.
Llandrindod Wells, Powys, UK). These measurements were recorded at midday.
Leaf tissue samples were harvested from high and low R/FR treatments at three stages
of maize development (3-4, 5-6 and 8-9 leaf tips). At each sampling time, the two
youngest visible leaves were harvest from eight seedlings in each of the three replicates
(i.e., four seedlings per treatment). The four seedlings harvested per treatment were
considered subsamples of the experimental unit (i.e., a row). Leaf tissue from
subsamples was immediately flash frozen in separate Eppendorf microfuge tubes using
liquid nitrogen and stored at -80ºC. The height and stage of seedling development of
seedlings were also recorded at the time of sampling.
RNA was extracted from leaf tissue using the Qiagen RNEasy mini kit (Qiagen Inc.,
Mississauga, ON, Canada). Leaf tissue tissues were ground in liquid nitrogen using a
mortar and pestle prior to RNA extraction following the recommended Qiagen protocol.
Following extraction, the concentration, purity and integrity of the RNA was determined
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by spectrophotometer and gel electrophoresis. Extracted RNA was stored in RNAse-free
water at -80ºC.
Results
The specifics of these results cannot be discussed herein as they are subject to an
intellectual property agreement between Syngenta and the University of Guelph.
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Tables and Figures
Table D.1 ANOVA for seedling height and the number of visible leaf tips at the time of
tissue sampling in 2006 and 2007.
Source of Variation

Leaf tips
Height
P-value________
<0.0001
0.0005
<0.0001
0.0003
0.0811
0.1236
(6)
(6)
<0.0001
<0.0001
0.4468
0.8227
0.0319
0.0152
0.7933
0.0794
(16)
(16)

________

Year
Treatment (Trt)
Year*Trt
whole plot error df
Time
Year*Time
Trt*Time
Year*Trt*Time
split plot error df
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Figure D.1 Maize seedling height and the number of visible leaf tips at the time of tissue
sampling in 2006 and 2007.
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Figure D.2 Monthly mean air temperature (A) and precipitation (B) in 2007 and 2008 at
the Arkell research station. Thirty year averages are based on meterological data collected
from 1961-1990 at the Environment Canada weather station located at the Guelph
Arboretum.
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