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Abstract 

Identification of Soil Mositure Deficits Influencing Genotype-by-Environment Interactions in 

Maize (Zea Mays L.) 

 

Mathew E. Hooyer Advisor:                

University of Guelph, 2012 Dr. E.A. Lee 

 

Maize grain yield is often highly influenced by the genotype-by-environment (GxE) interactions 

which limit plant breeders’ ability to select for superior performance as variation in line 

performance exists across different environments.  While studies have focused on the genetic 

components underlining GxE interactions, few have investigated the environmental components. 

The focus of this thesis was to investigate the role that soil moisture stress plays in the formation 

of GxE patterns using a unique set of hybrid recombinant inbred lines (RIL) that exhibit minimal 

phenological differences. 

     With the use of environmental groups (EG, environments with similar GxE patterns), the field 

trials demonstrated that different EGs form when relative soil moisture stress is moderate to 

high; however, relative low soil moisture stress did not appear to influence the formation of GxE 

patterns. Seasonal corn heat unit (CHU) accumulation among EGs was the likely cause for EG 

differentiation among the low moisture stress EGs. It appears that CHUs were the primary cause 

of different GxE patterns forming when they did not exceed the recommended CHU for a 

population and when CHU differed greatly from one environment to another. When CHU were 

not limiting different GxE patterns formed based on the relatively moderate to high soil moisture 

stress conditions within the growing season. 
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Chapter 1. Introduction and Literature Reveiw 

 

1.1. Overview of General Genotype by Environment Interaction Overview  

Grain yield improvements for maize (Zea mays L.) in Canada have averaged 80 kg ha
-1

 y
-1

 since 

1939 (Lee and Tollenaar, 2007). This has been a result of improved genetic and agronomic 

practices (Tollenaar and Lee, 2002); however, several recent studies suggest that it is becoming 

more difficult to maintain this rate of genetic improvement (Calderini and Slafer, 1998) and that 

annual gains are coming at greater costs in terms of resources (Duvick, 1984; Frey, 1996). The 

GxE interaction is one factor that complicates continued improvements.  Understanding the GxE 

interaction is of primary importance because variation in line performance across different 

environments causes unpredictable responses hindering breeders from selecting superior lines 

accurately (Dudley and Moll, 1969). Various approaches have been adopted to characterize the 

nature of GxE with the earliest studies, most notably Finlay and Wilkinson (1963) using a simple 

method of linear regression to study GxE in 277 barley varieties. Finlay and Wilkinson (1963) 

concluded that those varieties that exhibit predictable performance and are well adapted to a 

number of environments (i.e. minimal GxE interaction) should exhibit stable yield performance, 

thus allowing breeders to select varieties that allow for greater advancements in yield 

improvement. These type of studies only provided a basic understanding of GxE as they 

primarily looked at phenological differences; however, maize grain yield is highly complex in 

that it involves numerous underlying physiological processes contributing to grain yield that are 

controlled by many genes (Lee et al., 2005). Thus, it is often highly susceptible to the effect of 

the GxE interaction, so that an understanding at the molecular level of which loci participate in 

the GxE interaction would prove to be beneficial for continued yield improvement. 
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1.2. Effect of GxE Interactions on Yield Improvement at the Molecular Level  

At the molecular level the goal of maize breeders is to associate phenotype(s) with each piece of 

molecular data (i.e. phenomics). Quantitative trait locus (QTL) analysis is one method of 

associating genotype (i.e. molecular marker data, genomic region) with phenotype (i.e. trait 

values) enabling for the characterization of important genes and providing improved 

understanding of complex traits such as grain yield. As maize QTLs often exhibit extensive GxE 

(Lee et al. 2005), an understanding of the genes that control grain yield and in what 

environments they are particularly involved with provides an opportunity to elucidate this 

complex trait and possibly reduce GxE on line instability across environments. 

 Previous work in detecting grain yield QTLs has involved several methods in which GxE 

has limited QTL detection. Beavis et al. (1991) examined pooled data across a broad spectrum of 

environments; however, this type of approach only works for detecting large effect QTLs as it 

lacks the statistical resolution to detect small effect QTLs that are associated with complex 

quantitative traits. In addition, GxE may mask the presence of QTLs that exist in an individual 

environment. To address this masking effect studies have approached QTL analysis by analyzing 

an individual environment and comparing common QTLs (Hittalmani et al. 2003; Paterson et al. 

1991; Zhuang 1997). This approach reduces statistical power and thus ability to properly detect 

small effect QTLs. To address lack of statistical power and the masking effect of GxE, Singh et 

al. (2011) grouped multiple environments based on similar performance as determined by a lack 

of GxE within each group. They were able to detect QTLs within environments and compare 

among EGs (EG: environments with similar GxE patterns).  In general, small effect QTLs and 

epistatic interactions are specific to an EG, showing the complex nature of the GxE interaction 



3 
 

with respect to grain yield. This approach provides breeders with the ability to study varying 

GxE patterns and determine which loci operate under different environments.  

To better detect small effect QTLs, various mapping populations based on monosomic 

chromosome substitution experiments initiated by Sears (1953) have been developed to limit the 

proportion of segregating genome. These populations include: i) Chromosome Substitution 

Strains (CSS); ii) Near Isogenic Lines (NILs); and, iii) Stepped Aligned Inbred Recombinant 

Strains (STAIRS).  Singh et al. (2011) used a nearly isogenic recombinant inbred line (RIL) 

population to improve the detection of QTLs and minimize major phenological differences 

among lines. This is vital for examining GxE patterns from a molecular standpoint as 

phenological factors that may bias grain yield detection toward certain underlying factors (i.e. 

flowering time; Kandemir et al. 2000) are reduced. By minimizing these differences in the 

mapping population, other factors affecting grain yield (environmental) may be more sensitively 

examined, allowing for better characterization of the environments in which the QTLs are 

operating. Singh et al. (2012) recently concluded that differences in flowering time are not 

significantly different in a subset of Singh et al. (2011) original RIL population. This approach 

maintains statistical power and reduces the effects of GxE masking small effect QTLs as 

phenological differences are minimal and provides an opportunity to assess those EGs in which 

the QTLs are operating. While mapping populations are important to understanding GxE, 

multiple years of field studies are required to model and analyze the GxE patterns. 

 

1.3. Methods of Analyzing the GxE Interaction 

The primary goal of understanding GxE is to improve stability of lines across a multitude of 

environments; thus, multi-location evaluation involving multiple years is necessary to create a 
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number of environments to expose hybrids to varying environmental conditions. Phenotypic 

measurements are taken to provide a source component (i.e. grain yield) that can eventually be 

broken down into the interaction though statistical analyses. The phenotype (P) is assumed to 

represent the sum of the genotypic (G) effects, environmental effects (E) plus the interaction 

between them (GxE), most often denoted as P = G + E + G x E + error. With numerous 

environments and phenological data an Additive Main-effects Multiplicative Interaction 

(AMMI) model is often useful for visualizing these complex GxE patterns and uncovering EGs 

as methods of linear regression (Finlay and Wilkinson, 1963) lack the ability to statistically 

analyze the robust data of today. The model first utilizes analysis of variance (ANOVA) as 

described by Fisher (1918) to partition overall phenotypic variance into variance due to 

genotypic, environmental, and GxE effects. The AMMI model then uses singular value 

decomposition, as first introduced by Pearson (1901), to partition GxE effects into principal 

components. The first principal component captures the most GxE variation and each subsequent 

principal component captures a lesser degree until all variation due to GxE effects has been 

accounted for.  The primary principal components (i.e. the first three) can then be plotted to view 

the GxE effects for each environment in relation to one another, thus creating a three-way 

AMMI.  ANOVA can then be used to determine if similar GxE effects are present within a group 

of environments as suggested to behave similarly by AMMI analysis. 

 A similar method to AMMI, based on the same concept of singular-value decomposition 

using principal component analysis, is Genotype main-effects plus Genotype by Environment 

interaction or “GGE” (Yan, 2002). In a GGE analysis, singular value decomposition is applied to 

the overall data minus the environment means (i.e. genotype effects and GxE effects combined). 

As a result GGE model equivalent to AMMI requires four principal components; making, it 



5 
 

more difficult to visualize over a 3-way AMMI model.  Consequently, Singh et al. (2011) used 

an AMMI model to analyze the GxE patterns into EGs. 

 Further to this, substantial noise usually exists in yield datasets.  To combat this, Best 

Linear Unbiased Predictor (BLUP) is commonly used, as originally proposed by Henderson 

(1975).  In a typical yield trial, genotypic effects are considered fixed, but when the number of 

genotypic entries is sufficiently large it may be preferable to model their effects as random 

(Piepho, 1994). In this situation a mixed model is used with environmental effects considered 

fixed and GxE interaction random. The result is a substantial reduction of variation due to non-

genetic factors in the dataset. This is an especially useful tool when entries are unbalanced across 

trials (Stroup and Mulitze, 1991). Upadyayula et al. (2006) utilized BLUPs to estimate line 

performance across environments when mapping QTLs related to tassel architecture traits in 

maize. Also, Hill and Rosenberger (1985) found BLUP to be the best predictor of genotype mean 

yields in a long term evaluation of 150 alfalfa lines across 14 trials from 1975 to 1982. 

Singh et al. (2011)  used  the AMMI approach coupled with BLUP to study GxE in which 

multiple environments were grouped based upon similar performance and a lack of GxE effects 

(i.e. similar GxE patterns) within each group.   Using 23 environments, 8 EGs were obtained 

with each EG consisting of environments with similar GxE patterns over four years (2004-2007). 

Results showed that EGs were primarily based on a single year (Singh et al. 2001), thus 

presenting a unique opportunity to study meteorological parameters in relation to GxE groups as 

weather conditions can vary considerably from year to year (Timlin et al., 2001). To date this is 

the only study known to use this approach to study GxE interactions. 
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1.4. Methods of Assessing Environmental Parameters in Relation to the GxE Interaction 

Genotype-by-environment interactions are highly influenced by meteorological conditions (i.e. 

rainfall, temperature and humidity) that create different environments. Thus, it is imperative that 

focus be placed on understanding the influence that these variables have on determining GxE 

patterns. This is especially crucial as mounting evidence continues to show how sensitive 

agriculture is to our changing climates (Almaraz et al., 2008). Additionally, studies have 

observed that it may be difficult to maintain the current rate of genetic improvement in maize 

(Calderini and Slafer, 1998) An understanding of which loci operate in different environments 

(meteorological differences) presents plant breeders with the opportunity to be able to reduce the 

impact that GxE is having on continued progress through line stability.  

Studies examining meteorological variables for several years (i.e. < 10 years) within-

season as opposed to the overall season have concluded and confirmed that maize yield is highly 

correlated to meteorological conditions (Smith,1903; Smith, 1914; Thompson, 1969). Since these 

studies are short-term (< 10 years ) they may present bias to certain time periods.  As time has 

progressed the years of available meteorological data have increased; thus, long-term studies 

(Almaraz et al., 2008 ; Buyanovsky et al., 2002; Goldbum, 2009)  have reduce the influence of 

short-term bias. Buyanovsky et al. (2002) also observed that the effects of weather on maize 

yield can only be explained by within season varations in rainfall and temperature and cannot be 

distinguished by average growing season conditions. This result confirms that earlier studies’ 

assumptions on within-season variables as opposed to overall season variables influence yield 

more highly. Studies have also analyzed meteorological conditions in relation to key 

developmental stages in maize with the earliest records involving Smith (1903 and 1914). The 

basic conclusions indicated that grain yield is particularly sensitive to rainfall shortly before 
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anthesis and to maximum temperature during anthesis. Buyanovsky et al. (2002) concluded that 

high yields are characterized by less rainfall and warmer temperature in the planting periods, a 

rapid increase in rainfall and warmer temperatures during germination and emergence followed 

by more rainfall and cooler than average temperatures during anthesis and kernel filling periods, 

followed by less rainfall and warmer temperatures during the September and early October 

ripening period. Opposite variations in rainfall and temperature in the growing season 

correspond to low yield years (Buyanovsky et al.,2002).   

In relation to GxE numerous studies have incorporated enviromental (not limited to 

meteorological conditions) data into the model to explain the GxE effect (see reveiw by Van 

Eeuwijk et al., 1996). Most of these studies have included a wide range of genotypes (different 

hybrids) resulting in GxE being primarily attibuted to differences in phenology across genotypes, 

thus limiting the ability of breeders to study those environmental aspects (i.e. meteorological 

parameters) that may be highly influential on grain yield (C epinat-Le Signor et. al, 2001; Kang 

and Gorman, 1989; Van Eeuwijk and Elgersma, 1993; Van Oosterom, 1996).  Interestingly, 

several of these studies have concluded that year appears to have the most influential on GxE 

(Elgersema, 1990b; Singh et al., 2011; Yan and Hunt, 2001) indicating that yearly 

meteorological parameters may help to clarify the GxE interaction. 

Elgersema (1990a, 1990b) was one study with ryegrass that was unable to relate 

environmental parameters to the GxE interaction, thus he incorporated meteorological data 

(precipitation and rainfall) as explanatory variables to help explain the interaction (Van Eeuwijk 

and Elgersema, 1993). Meteorological data was expressed in relation to key developmental 

stages in ryegrass known to contribute significantly to seed yield. Van Eeuwijk and Elgersema 

(1993) concluded that meteorological variables did help to explain the interaction; however, the 
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major component of the interaction was identified as a contrast between early and late cultivars. 

The use of a RIL population (Singh et al., 2011) provides a unique opportunity to relate 

meteorological variables to the interaction as phenological presumed causes of GxE are minimal 

and the EGs are based primarily on year (Singh et al., 2011). 

Although precipitation and temperature provide insight into crop development and grain 

yield, Dilley (1992) suggested that a holistic approach combining these individual variables into 

a daily value is a better approach in understanding the response of maize to the environment.  

Soil moisture is one such parameter that integrates several meteorological values into a single 

parameter, which has been shown to provide a better estimate of crop yield than maximum or 

minimum temperature or preciptiation (Baier and Robertson, 1968). Several key critical 

developmental  periods are often studied in which soil moisture stress has varying effects on 

final yield and include: i) early vegetative (EV); ii) late vegetative (LV); iii) tasseling-silking-

pollination (TSP); and, iv) grain filling period (GFP) (Cakir, 2004; Timlin et al., 2001). 

 In addition, the use of key development crop stages can provide a better understanding of 

when and to what extent these meteorological parameters influence GxE. 

 

1.5. Developmental Periods in Maize and Their Contribution to Grain Yield.  

Plant height, ear height, number of ears, ear length, ear diameter, kernel row-number, kernel 

weight, kernel depth and cob diameter may be associated with grain yield, but they do not 

represent processes that underlie grain yield (Lee and Tollenaar, 2007). Grain yield is the product 

of dry matter accumulation (DMA) at maturity and the proportion of dry matter that is allocated 

to the grain, that is, harvest index (Lee and Tollenaar, 2007).  The processes influencing dry 

matter accumulation are commonly referred to as the source components, where as the processes 
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influencing allocation of dry matter to the grain are referred to as the “sink” components. (Lee 

and Tollenaar, 2007). Since seasonal DMA is a function of duration of the life cycle and the 

interception and utilization of incident solar radiation throughout the life cycle, it must be taken 

into consideration that all development periods are likely important as they cumatively contribute 

to overall grain yield. 

 The EV period begins maize plant development and is defined as the period from 

planting to tassel initiation. This period has not been a primary focus in grain yield studies as 

focus has been placed on those periods bracketing silking (LV and TSP) due to yield being more 

highly influenced by SMS around silking (Cakir, 2004; Classen and Shaw, 1970; Frey, 1984). 

Several important plant structures are formed during EV including: i) the nodal root system, 

which determines the plant’s ability to take up water and nutrients (Wenzel et al., 1989); ii) leaf 

and ear shoots are initiated determining ear density; and, iii) the tassel is initiated at the end of 

this period (Irish and Nelson, 1991).  Field research has shown that soil moisture stress (SMS- 

lack of  plant available water causing plant stress) during this period has little effect on the 

timing of emergence, but reduces the rate of leaf appearance and delays tassel initiation which 

causes a silking delay by up to 4 days (Abrecht and Carberry, 1993). The effect of SMS during 

the EV developmental period appears not to highly influence grain yield when available water is 

returned to levels which meet plant demand in the LV period (Abrecht and Carberry, 1993); 

however, since seasonal DMA is a function of the duration of the lifecycle a delay in 

development reduces the duration of season. This delay results in less time spent on processes 

more highly involved in yield determination (i.e. length of GFP), thus the importance of EV 

should not be excluded in addressing the effect that GxE has on development. 
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The importance of EV has also been shown through changes in planting dates. Planting 

dates have pushed earlier leading to yield improvements in Minnesota from 1930 to 1980 being 

positively associated with planting dates (Cardwell, 1982). The relationship of earlier planting 

dates and yield increases supports that the EV period is a contributing factor to final grain yield.  

Cardwell (1982) also stated that herbicide use contributed to yield improvements during the EV 

period; however, Page et al. (2009) observed that yield was unaffected by weed stress during EV, 

but rate of leaf appearance and biomass accumulation was significantly altered. Both the change 

in herbicide use and planting date stress the importance that this period has on  maize 

development which be linked back to the overall yield determinant which is fin DMA at 

maturity. Although, studies have only begun to understand the effects of crop stress during the 

EV period it is apparent that stress during this period plays a vital role towards yield 

improvements. 

The LV period following EV is defined as the period from flower differentiation to 

silking. During LV overall demand for water in maize [transpiration rates= 4.57 to 8.38 mm day
-

1
] (Rhoades and Bennett, 1990) is higher than during the EV period in order to meet the needs of 

an increased growth rate.  Ear size, a key yield component is being determined and is a result of 

kernel rows and potential kernels per row (Tollenaar et al., 1992; Echarte et al., 2004). Cakir 

(2004) observed that grain yield per ear is reduced when irrigation is limited during this period 

and kernel number is not significantly reduced; however, this is under limited irrigation and not 

complete drought stress. Interestingly, the genetic improvement in grain yield is highly 

associated with increased kernel number during this period, rather than kernel size or kernel 

weight (Tollenaar et al., 1992). Since the potential number of kernels is being set during this 

period any biotic or abiotic stress has the potential to reduce kernel number per ear. The effect of 
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stress on kernel development was recently showed by Page et al. (2010). From planting up to the 

10
th

 leaf tip, weedy conditions in maize produced on average 11% less leaf area, 12% less leaf 

biomass, and 10% less total biomass than the weed-free treatment. This effect is cumulative on 

later development stages as leaf and ear biomass during silking are reduced in the weedy 

treatment by 6% and 29%, respectively, and total plant biomass is reduced by 11% at silking.  At 

maturity, plants in the weedy treatment have fewer kernels per ear than do plants in the weed-

free treatment; however, yield is not significantly different.  This study demonstrates the 

importance of yield determination during the LV period as stress during this period results in 

reduced kernel numbers.  

The TSP period which is defined here as 2 weeks before silking and 2 weeks after silking 

has often been observed as the most critical period in determination of overall grain yield (Frey, 

1982). The greatest potential yield reduction likely occurs as a result of moisture stress during 

the silking process (Cakir, 2004; Classen and Shaw, 1970), thereby affecting key physiological 

processes.  Two weeks before silking the number of ovules are set (kernels per row), whereas 

two weeks after silking number of kernels fertilized are set and kernel fill begins (Tollenaar, 

1977). Cakir (2004) observed a 20% decrease in kernel number when irrigation is omitted during 

this period, and a 30% increase when irrigation is also omitted during cob formation. Classen 

and Shaw observed that at 75% silking, drought stress causes up to 53% yield reduction and 

consistently reduces yield by 30% when moisture stress was induced during the 3 week period 

following silking.  Improvements in yield during this period have not been primarily attributed to 

an increase in DMA during the silking period (Tollenaar et al., 1994). Instead, improvements in 

kernel number per plant have been attributed to a greater kernel set per unit plant growth rate 

during the period bracketing silking (Echarte and Tollenaar, 2006). This is a substantial 
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improvement in plant efficiency that has led to increases in yield and likely reduces the effect of 

GxE as maize is able to set kernels even when plant growth rate is reduced because of stress; 

however, GxE interactions are still very prevalent across years (Singh et al., 2011). 

Finally, the GFP period occurs from silking to 50 to 60 days after silking (black layer).  

Soil moisture stress at R1 to R2 during the grain filling period has been shown to cause higher 

yield reductions than at the later stages of R5 to R6 (Cakir, 2004; Classen and Shaw, 1970). Soil 

moisture stress during this period increases leaf senescence, shortens the grain filling period, 

increases lodging and reduces kernel weight (Eck, 1986). Improvements in grain yield have been 

attributed to physiological improvements during the GFP over the last 70 years.  Approximately 

90 % of the differences in DMA between older and recent hybrids are due to physiological 

changes in the post silking period (Tollenaar, 1999). This has been primarily due to: (i) 

improvements in reduced functional leaf senescence (increased stay-green), and (ii) earlier 

silking due to a faster rate of leaf appearance (Tollenaar and Lee, 2005).  This increase in 

maximum leaf photosynthesis per unit green leaf area during the GFP has been termed as 

functional leaf senescence (Valentinuz and Tollenaar, 2004).  Approximately 70% of this 

increase in DMA has been attributed to increased functional leaf senescence (Tollenaar and Lee, 

2005). Grain yield increases are also a result of earlier silking due to an increased leaf 

appearance rate, which has led to the duration of the GFP increasing in recent hybrids. (Tollenaar 

et al., 2004).  

Each of these four periods contributes to final grain yield. Research has shown the effect 

that environment has on the physiological processes that are occurring during these periods, yet 

our understanding of how the GxE effect influences these key processes is still not fully 

understood. Singh et al. (2011) found GxE interactions across numerous years, even though  
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phenological differences are minimal. This more easily allows for the focus to be on 

environmental variables (primarily meteorological) that are contributing to the GxE interaction. 

As discussed earlier SMS provides a better measure of how the environment is influencing GxE 

as it reflects the ability of the plant to access water and the amount of stress that is occurring 

throughout the season.   

1.6. Methods to Estimate Soil Moisture Values. 

Soil moisture data is not always readily available. Soil moisture simulation models are therefore 

a commonly used tool to estimate soil moisture throughout the growing season and allow for a 

reasonably accurate estimates of  soil water content. (De Faria et al., 1994; and Van Schaik et al., 

1976).   Dejong (1981) listed a total of 43 different soil-water models alone in his investigation; 

therefore, selection of the model should depend on the objective of the study as each model 

provides varying amounts of output, as well as requires certain information that may not be 

available.  Several categories exist for soil-water models which include i) budget-based, ii) 

combination, and iii) physically-based (Dejong, 1981). Budget models normally require a limited 

amount of information which includes field capacity (FC), permanent wilting point (PWP), 

empirical crop characteristics and daily weather data. Combination models are between those of 

physical and budget models, while physically based models require detailed soil and crop 

information, which can include soil-water characteristics, hydraulic conductivity functions and 

plant properties (Dejong, 1981). The benefit of physically-based and combination models is that 

they can be easily adapted to a wide range of soil, climate and crop conditions (Dejong, 1981). 

An example of a widely used combination model is the Hydrus 1-D model (Simunek et al., 2009) 

which simulates the daily volumetric soil moisture content (VSWC or the percentage of the soil 
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that is comprised of water). This model was used to estimate VSMC in this study as the 

information provided could then be easily used to quantify SMS in relation to crop development. 

 

1.7. Quantification of Soil Moisture Stress In Relation To Crop Development. 

Quantification of soil moisture stress in relation to crop development is often related to the 

relative evapotranspiration (ET) deficits (Timlin et al., 2001) and used to study variations in 

maize yield.  Timlin et al. (2001) used a stress index in which daily stress is calculated from the  

ratio of actual daily transpiration to potential daily transpiration. Other methods addressed stress 

through the concept of calculating stress based on time spent below a known critical plant 

available water (AW), defined as the water level below which plant development is affected 

negatively (Bach, 2003). The 50% AW level was previously suggested for studying plant water 

stress as this is the value below which the growth of most plants is limited and yield is reduced 

(Dejong et al., 1991; Dejong and Bootsma, 1988; Lake and Brougton, 1968).  Studies have 

shown that the 25% AW level is associated with severe crop damage  in wheat and soybeans as 

this is the point after which water use declines (Green and Meyer, 1981). The summation of daily 

deficits and use of prescribed deficit thresholds ( i.e. 25% and 50%) creates an index that allows 

for variation between GxE patterns to be more pronounced as compared to using ET rates. 

Minimal if any work has been completed in analyzing GxE patterns using this type of stress 

index in relation to crop development and creates a unique opportunity to anlalyze differences 

between EGs.  The use of the RIL population used in the previous study (Singh et al., 2011) 

allows for the environment to be analyzed in depth as the EGs are primarily based on year with 

location and density playing less of a roll in the formation of these groups. 
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1.8. Hypotheses and Objectives 

Singh et al. (2011) grouped multiple environments based on lack of GxE (EGs), thereby 

providing the basis for studying GxE from the E side of the interaction as phenological 

differences are minimalized (i.e. flowering date, dry matter at silking) (Singh et al., 2012) in this 

RIL population. Twenty-four trials were resolved into eight unique EGs that were primarily 

based on year with only the conventional and high densities grouping together (not low), and 

location appeared not to be a primary influence. The ability to minimize phenological differences  

in this manner is extremely important to plant breeders as few studies have been successful in 

determining the influence that environmental variables (E) have on GxE as phenological 

differences have been shown to be the primary cause of GxE (C epinat-Le Signor et. al, 2001; 

Kang and Gorman, 1989; Van Eeuwijk and Elgersma, 1993; Van Oosterom, 1996). In addition, 

the observation that year was a primary determinant in formation of EGs enables focus on  

environmental variables (primary meterological) that vary considerably from year to year (Singh 

et al. 2011). The present study uses the approach of Singh et al. (2011) to further characterize the 

various EGs and understand the meteorological differences that lead to the formation of different 

EGs. This to our knowledge is the only study taking this approach to characterize GxE from an 

environmental perspective.  

To better understand how the environment influences EGs this study uses daily SMS to 

determine how and when SMS is contributing to the formation of different EGs across a number 

of years from data obtained by Singh et al. (2011) and from 2008 and 2009 data. Crop 

development data were also incorporated to help gauge SMS at various stages and understand the 

influence of SMS during select development periods. 
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Hypothesis 1. 

Incorporation of additional  data (2008 and 2009) to previous research (Singh et al., 2011) results 

in the formation of different year-specific EGs.  

Objective 1.  

The GxE interaction is an obstacle limiting breeders from continued progress in grain yield as 

maize lines tend to vary considerably in performance when placed in different environments (i.e. 

weather conditions, soil type etc). Here, patterns of GxE were grouped based on lack of GxE. 

Eightteen new environments were added from 2008 and 2009 to obtain more EGs that are based 

on year.  These EGs were then used to determine the role of soil moisture in the formation of 

these groups. 

Hypothesis 2. 

Soil moisture stress is an important determinant in formation of different EGs. 

Objective 2. 

Soil moisture stress highly influences final grain yield, but its effect on GxE formation is not 

highly understood due to the linkage between GxE and phenological differences. Here, daily 

precipitation and temperature values were built into the Hydrus- 1-D model to simulate moisture 

stress in the 18 environments (2004- 2009). Environmental groups were analzyed to determine 

the effect of SMS on the formation of EGs. 

 

 

 



17 
 

Hypothesis 3. 

The TSP period is the most sensitive period contributing to the formation of different EGs as a 

result of SMS in.  

Objective 3. 

Several developmental periods that contribute to final grain yield have been previously 

highlighted. To understand when SMS has the greatest effect on formation of EGs, four separate 

periods were investigated, including EV, LV, TSP and GFP.  Maize grain yield is a very 

complex trait and an understanding of when GxE is most influential during the life-cycle of 

maize from an environmental aspect is important in helping breeders to focus on the selection of 

high-performing hybrids in future. 
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 2.1 Abstract 

Genotype-by-environment (GxE) interactions in maize (Zea mays L.) often limit and reduce 

progress from selection for grain yield. This study uses a novel approach to examine GxE.  GxE 

patterns arising from a hybrid RIL QTL mapping study were used to group environments.  As 

the RIL population exhibited minimal phenological differences, the GxE patterns could not be 

ascribed to phenological differences.  Agricultural meterological data including daily minimum 

and maximum temperature, daily rainfall, as well as soil texture, and duration of the growing 

season were used to characterize each environment. A more integrative characterization of the 

environment was attempted by modelling soil moisture stress (SMS), both across the life-cycle 

and during four critical developmental time periods. Similar to plant growth, SMS during the 

season and across environments is dynamic.  The GxE patterns observed in the hybrid RILs 

appear to be influenced by two factors: insufficient corn heat unit (CHU) accumulation; and 

water availability when CHUs are not limiting.  
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2.2 Introduction 

Substantial increases in maize (Zea mays L.) grain yield have been obtained throughout the 

hybrid era (1939 to present) with annual increases in Canada of 80 kg ha
-1

 y
-1

 (Lee and 

Tollenaar, 2007).  Although these gains are impressive this progress is often hindered by a 

reduction in heritability caused by variation in line performance across different environments 

known as the genotype by environment (GxE) interaction. An understanding of the causes 

underlining GxE would prove beneficial as it would help breeders to establish breeding 

objectives that address these underlining factors which are limiting continued progress. Currently 

breeders use multi-location evaluation consisting of several years to model and understand the 

nature of the GxE interactions. The phenotype (P) is assumed to represent the sum of the 

genotypic (G) effects, environmental effects (E) plus the interaction between them (GxE), most 

often denoted as P = G + E + GxE + error. This method of examining GxE patterns is not only 

time consuming and costly, but the utility that this approach has for uncovering these key 

components influencing GxE is somewhat limited.  Ideally, an understanding of the components 

of GxE would allow breeders to test under conditions which influence GxE thereby improving 

selection efficiency.  

Previous attempts at understanding the nature of GxE interaction have studied several 

years and locations to create a substantial range of environments based on maturity to exploit 

GxE interactions (C epinat-Le Signor et. al, 2001; Kang and Gorman, 1989).  These studies have 

also used a number of genotypes varying substantially in their phenology.   This has resulted in 

the GxE interaction being primarily attributed to differences in phenology across genotypes, 

limiting the ability of breeders to study those environmental (i.e. meteorological parameters) 

aspects that may be highly influential on grain yield (C epinat-Le Signor et. al, 2001; Kang and 
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Gorman, 1989; Van Eeuwijk and Elgersma, 1993; Van Oosterom, 1995).  Interestingly, several 

of these studies have concluded that year appears to have the most influential effect in relation to 

GxE interactions (Elgersema, 1990b; Yan and Hunt, 2001), indicating that yearly meteorological 

parameters may help to clarify the GxE interaction. 

Elgersema (1990a, 1990b), working with ryegrass, was unable to relate environmental 

parameters to the GxE interaction; thus, meteorological data (temperature and rainfall) was 

incorporated as variables to help explain the interaction (Van Eeuwijk and Elgersema, 1993). 

Meteorological data was expressed in relation to key developmental stages in ryegrass known to 

contribute significantly to seed yield. While meteorological variables did help to explain the 

interaction, the major component of the interaction was identified as a contrast between early and 

late cultivars (i.e. phenological differences). To date differences in phenology have prevented a 

range of studies from relating environmental information to the GxE. 

Recently, Singh et al. (2011) using a hybrid RIL (recombinant inbred line)  population 

observed substantial GxE despite the fact that this novel population did not exhibit differences in 

flowering time, leaf area at silking, or dry matter at silking (Singh et al., 2012) which are 

generally presumed to be causes of GxE. Additive main effects and multiplicative interaction 

analysis resolved the 24 trials into eight unique environmental groups (EGs: environments with 

similar GxE patterns). In summary, GxE effects were changes in rank of genotypes from one EG 

to another with single-effect QTLs (quantitative trait locus) and epistatic interactions being 

primarily specific to an individual EG accounting for minimal phenotypic variation, thus 

showing the influence of GxE on single-effect QTLs and epistatic interactions. The magnitude of 

genetic variance (VG) estimates also varied across EGs. In general, smaller VG estimates were 

associated with the EGs with more individual yield trials, which may represent more frequently 
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observed patterns of GxE.  What was most noticeable was that environments which grouped 

together (i.e. similar GxE pattern) were primarily from an individual year as opposed to multiple 

years grouping together, and that this year effect was more influential than physical location or 

plant population densities, leading to the conclusion that year is the primary driver in the 

formation of these GxE patterns.  The RIL population of Singh et al. (2011) represents a unique 

opportunity to relate meteorological variables to the interaction presuming the absence of major 

phenological differences.  

Including key developmental stages is another aspect that may provide a better 

understanding of when and to what extent meteorological parameters are influencing GxE. 

Several key developmental stages in maize influencing grain yield to varying degrees have been 

identified. In general, these stages involve (i) early vegetative (EV), (ii) late vegetative (LV), (iii) 

tasseling-silking-pollination (TSP), and iv) grain filling period (GFP) (Timlin et al., 2001; Cakir, 

2004). During EV development (planting to flower differentiation) the nodal root system is being 

established and leaf and ear initials are formed (Irish and Nelson, 1991).  During the LV stage 

ear size, a key yield component is being determined and is a result of kernel rows and potential 

kernels per row (Tollenaar et al., 1992; Echarte et al., 2004).  Cakir (2004) observed that grain 

yield per ear was reduced when irrigation was limited during the LV period, but kernel number 

was not significantly reduced; however, genetic improvement in grain yield has been shown to 

be highly associated with increased kernel number during this period (Tollenaar et al., 1992).  

During the TSP period, the number of ovules are determined during the two weeks before silking 

(kernels per row), while two weeks after silking the number of kernels fertilized are determined 

and kernel fill begins (Tollenaar, 1977). Finally, the GFP period occurs from silking to 50 to 60 

days after silking. Actual kernel number is being finalized and kernel weight is being determined 
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(Eck, 1986).  All of these stages play a key role in final grain yield and are highly influenced by 

meteorological stresses (Timlin et al., 2001; Cakir, 2004). 

Meteorological parameters influencing final grain yield have focused on within-season 

variation in precipitation and temperature (Thompson, 1969; Almaraz et al., 2008; Goldbum, 

2009), as average growing-season conditions provide minimal insight into grain yield expression 

(Buyanovsky et al., 2002).  Early studies have concentrated on short-term records (< 10 years); 

however, an individual year can present a substantial bias and thus conflicting reports have been 

obtained (Smith, 1903; Smith, 1912; Coelho and Dale, 1980).  More comprehensive studies have 

had access to numerous years ( >30 years) of weather data, not only removing bias of short-term 

weather fluctuations, but also accounting for differences in technology and management 

practices (Buyanovsky et al., 2002;  Almaraz et al., 2008) . These two parameters have provided 

great insight into the effects of weather on crop development and yield (Smith, 1903; Smith, 

1912; Coelho and Dale, 1980; Buyanovsky et al., 2002;  Almaraz et al., 2008); however, Dilley 

(1992) has suggested that using a holistic approach (combining meteorological variables into a 

daily value) reflects the fact that growing maize responds to the totality of each day’s weather, 

not to the levels of discrete variables.  

Soil available water  is one such parameter that integrates meteorological values into a 

single vaule, which has been shown to provide a better estimate of crop yield than maximum or 

minimum temperatures or preciptiation values (Baier and Robertson, 1968). Available water is 

the amount of water readily available to the plant for use. Further studies have built on this and 

shown that much of the variability of a crops response is related to soil properties that affect 

water availability (Boyer et al., 1990) and topsoil depth (assumed to be A horizon material) is 

highly correlated to maize yield (Gantzer and McCarty, 1987). Soil moisture and grain yield 
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relationships are also more pronounced during dry years as opposed to wet years (Swan et al., 

1987) and at low values of soil moisture stress, sources of variation other than soil moisture 

become important in determining yield, but SMS remains the primary indicator of potential grain 

yield. Soil moisture stress is defined as the value at which the growth of most plant is limited and 

yield is reduced and has been shown to be around 50% available water (AW) in several crops. 

(Lake and Brougton, 1968; Dejong and Bootsma, 1988; and Dejong et al., 1991). 

In this paper, a different approach was taken to understand those environmental aspects 

contributing to the GxE interaction in maize. With the use of a phenologically uniform set of 

RILs  (Singh et al., 2011) the primary presumed causes of GxE were eliminated.  Then using 

both discrete environmental characters and the integrative approach of modelling SMS, an 

attempt was made to disect the underlying cause from the environmental side of the GxE 

interactions observed in the hybrid RILs.  The objectives of this study were to: i) identify 

additional EGs based on GxE patterns in 2008 and 2009 yield trial performance; ii) determine if 

SMS is a key indicator for differentiating EGs; and, iii) determine the most sensitive times 

during the maize life-cycle for the environment to influence grain yield expression based on how 

the development periods influenced the EGs.  
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2.3 Materials and Methods 

2.3.1. Additional Yield Trial Data 

2.3.1.1. Genetic materials and yield trial methodology 

One-hundred thirty hybrids involving the Stiff Stalk inbred line CG102 and 128 recombinant 

inbred lines (RILs) (Singh et al., 2011) plus the two parental inbred lines (CG60 and CG108) 

from the iodent heterotic pattern were grown at three plant population densities (37,000; 74,000; 

and 112,000 plants ha
-1

), at three southwestern Ontario locations (Alma, Elora, and Orangeville), 

for two years (2008-09).  Hybrid seed for the yield trials was produced in isolation at the Elora 

Research Station in 2006 using CG102 as the male parent. Plots were planted in early to mid-

May with an ALMACO cone-planter (Allan Machine Company, Nevada, IA, 50201, USA) using 

a randomized complete block design with the nearest-neighbour option in Agrobase IV 

(Agromix Software Inc., Winnepeg, MB, Canada) in 2008 and Prism 10.5 (Central Software 

Solutions, Vermillion, SD, USA) in 2009.  Trials consisted of two replications per location and 

experimental units were 2-row plots with 5.79 m rows, 0.76 m between rows, and 0.91 m 

between ranges. Each plot was over-planted and uniformly thinned by hand to the desired plant 

density around the six-leaf stage. Weeds were controlled as necessary with conventional 

herbicides. Plots were harvested in October or November using a New Holland split-plot 

combine (Allan Machine Company, Nevada, IA, 50201, USA). Machine-harvestable grain yield 

was measured during harvest with an HM2200 HarvestMaster™ high capacity dual 

GrainGage™ (Juniper Systems Inc., Logan, UT, 84321, USA). Data were also recorded for grain 

moisture and test weight for both years, while the percentage of broken stalks below the ear was 

recorded in 2009 only.  The Alma, Ontario location is rated as a 2550 Corn Heat Units (CHU) 

zone and the soil type is Listowel loam. Fertilizer was applied at a rate of 170, 90, 80 kg ha
-1

 (N, 
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P2O5, and K2O, respectively) in 2008, and 186, 76, 58 kg ha
-1

 in 2009. The Elora, Ontario 

location is rated as a 2600 CHU zone and the soil type is silt loam. Fertilizer was applied at a rate 

of 124, 60, 43 kg ha
-1  in 2008, and 134, 36, 78 kg ha

-1
 in 2009.  The Orangeville, Ontario 

location is rated as a 2450 CHU zone and the soil type is sandy loam. Fertilizer was applied at a 

rate of 124, 90, 98 kg ha
-1

 in 2008, and 120, 66, 58 kg ha
-1

 in 2009. 

 

2.3.1.2. Data analysis 

Grain yield for each plot was adjusted to Mg ha
-1

 at 15.5% moisture content. Coefficients of 

variation (CV) were calculated for each trial. The Alma 2008 112,000 plants ha
-1

 trial was 

discarded from further analysis due to a high CV (23.15%). The remaining 17 trials of yield data 

were added to the 23 trials of data from Singh et al. (2011) for a total of 40 trials of yield data 

involving the 130 hybrids.  The Singh et al. (2011) trial data spanning the years 2004-07, 

involved the same genotypes, the same three locations and plant population densities except 

2004 and 2005 which only involved the 74,000 plants ha
-1

 plant population density. Using an 

additive main-effects multiplicative interaction model (AMMI) (Zobel et al., 1988) as a guide, 

yield trials exhibiting similar patterns of GxE were identified as described in Singh et al. (2011).  

In brief, EGs were defined by the lack of significant GxE among the individual environments 

(Singh et al., 2011). Within each environmental group a best linear unbiased predictor (BLUP) 

adjustment was carried out on the mean of each genotypic entry using PROC MIXED in SAS 9.2 

(SAS Institute Inc., Cary, NC). 
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2.3.2. Analysis of Environmental Parameters Influencing Environmental Groups 

2.3.2.1. Environmental data 

Soil samples from all fields used in this study (2004-09, Alma, Elora and Orangeville) were 

collected in November of 2009 as no soil data had been previously collected at all 18 sites. At 

each site five random soil cores were extracted down to a depth of 30 cm with a 2 cm diameter 

soil auger. The five samples were bulked and mixed to acquire an average sample of the field 

texture.  Samples were stored in Ziploc bags at 4 Celsius until analysis.  Prior to analysis 

individual samples were air dried and sieved (2 mm sieve).  Soil texture composition testing (i.e. 

% of sand, clay, and silt) was determined using the hydrometer method as revised from Day 

(1965) and found in Kroetsch and Wang (2008). Daily temperature and rainfall data were 

collected at each location-year using Watchdog model 200 data loggers (Spectrum Technologies 

Inc., East-Plainfield, Illinois, 60585, USA) at all locations. The temperature sensors and rain 

gauges were placed at a height of 2 m and in full sun. Missing meteorological data was obtained 

from nearby Environment Canada and Ontario Soils and Crop Improvement Association (Alma 

only) weather stations. 

2.3.2.2. Crop development data 

Since developmental data were not recorded for the trial years 2004-07 in Singh et al. (2011), nor 

was it recorded in 2008, key phenological stages for those years were inferred by averaging the 

CHUs required to reach these stages during the 2009 and 2010 growing seasons (Daynard et al., 

1972).  More complex equations have been used, but have not been substantially more precise 

than using CHUs (Tollenaar et al., 1979) These observations were made at each location on only 

one parental genotype CG60xCG102 as the population is fairly uniform (Singh et. al, 2012).  By 

inferring these dates, the exact date may or may not be reflected, but will be relatively close to 
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the development stage predicted.  Information for 2010 was gathered for CG60xCG102 from 

another field study being conducted at the Elora Research Station in Ontario.  Additional 

phenological data for CG60xCG102 were obtained for the 2007-09 growing seasons from 

another study at the Elora location (Li, 2012).  Leaf-tip stage was defined as the number of 

visible leaf tips (LT) emerged from the whorl (Tollenaar, 1979); silking was defined as the date 

when at least 50% of the silks had emerged in a plot.  Daily CHUs were calculated from the date 

of planting at each site (2004-2010) until September 30 using the following equation [2.1] as 

defined in Bootsma and Brown (1997): 

    

                                   
[    (        )      (         )       (         ) ]

 
                        [2.1] 

  

where Tmin (
o
C) is the daily minimum temperature and Tmax (

o
C) is the daily maximum 

temperature.  Average CHUs obtained for seven crop developmental stages (7, 9, 11, 13, 14, and 

15 leaf-tips, and silking) were then projected backwards onto each location for years 2004-2008. 

2.3.2.3. Volumetric soil water content (VSWC) estimates 

Volumetric soil water content (VSWC) estimates for each location-year were obtained using the 

HYDRUS model (Simunek et al., 2009) [HYDRUS 1-D (version 4.14) with a modified project 

file 5SEASON.h1d (http://www.pc progress.com/en/Default.aspx?HYDRUS-1D)] (Table 2.1).  

Initial parameters specific to southwestern Ontario growing conditions included a start date of 

April 1 at field capacity (-100 cm) (Baier and Robertson, 1968; Gallichand et al., 1991).  

Simulations were stopped on October 31 well past the average season end date for Guelph of 

September 30 (Bootsma and Brown, 1997).  A 30 cm soil profile (0-30 cm depth) was selected 

as: (i) grain yield has been associated primarily with the top soil layer (20-30 cm at Elora) in 

relation to soil moisture (Gantzer and McCarty, 1987); and (ii.) the majority of the root mass for 
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this genetic background is located within the top 30 cm for the duration of the season (Dwyer et 

al., 1995).  An atmospheric boundary condition with surface run-off was imposed in which 

excess water at the surface is immediately removed. It was assumed that the lower boundary 

condition consited of free drainage as the water table lies far below this depth (Simunek et al., 

2009).  
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Table 2.1. Definition, values and sources for the parameters used in modelling volumetric soil 

water content (VSWC) in the HYDRUS 1-D model. 

 

Parameter Definition Value 

Number of soil layers 1 

Thickness of soil zone 30 cm 

Number of fixed nodes  101 

Time step Daily (214 days) 

Initial pressure head -100 cm 

Soil hydraulic properties Rosetta DLL & HYDRUS 1-D Code 

Input: Sand%, Clay% and Silt%. 

Hydraulic model Van Genuchten (1980) and Mualem 

(1976) 

Hysteresis No 

Upper boundary Atmospheric, surface run-off 

Bottom boundary Free drainage 

Root water uptake model Feddes (1978) 

Root water uptake parameters † Wesseling (1991)  

Geographical 43
o
N 

Rainfall Interception Constant 0.75 mm 

LAI (Leaf Area Index) Calculated from SCF 

Maximum root depth 30cm 

Albedo 0.23, Constant 

† Source: Root water uptake parameters for maize are built into the Hydrus 1-D 

model. 
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Surface cover fraction (SCF) is a function of canopy coverage, and canopy closure in 

maize is exponential (Maddonni and Otegue, 1996); however, in the HYDRUS model SCF is 

linear (Simunek et al., 2009). To improve the accuracy of the VSWC estimates, light interception 

(LI) measurements were used to estimate SCF over the duration of the season for years 2004 to 

2009.  Using the CG60xCG102 genotype at all locations and two densities (37,000 pl ha
-1 

and 

74,000 pl ha
-1

) in 2010, LI was calculated as described by Gallo and Daughtry (1986) across a 

range of phenological stages.  A quantum point sensor model Q4858 (LI-COR Biosciences Inc., 

Lincoln, NE, USA)  and a LI-250A data logger (LI-COR Biosciences Inc., Lincoln, NE, USA) 

were used to take initial photosynthetic photon flux density (PPFD) readings above the crop 

canopy. A line sensor (model LQA261, LI-COR Biosciences Inc., Lincoln, NE, USA) 1 m in 

length placed at the soil surface on a diagonal between the rows was used to record the amount 

of light penetrating the canopy. Five readings were taken randomly across the length of the plot 

and averaged.  All measurements were taken within 2 h of solar noon, weekly beginning around 

the six leaf-tip stage until approximately 1 week after silking. Light interception percentages 

were averaged for each density with leaf-tip data recorded in 2010 being used to derive the 

percent light interception at specific developmental stages (7, 9,11,13,14, and 15 leaf-tips, silking 

and one week after silking). Surface fraction cover values were then held constant from one 

week after silking until 85% of the average CHU (average CHU equals 2600) had been reached 

and then decreased linearly to 0.55 SCF on September 30
th 

(DeJong and MacDonald, 2001). 

Similar to how the phenological stages were handled, the SCF values were projected backwards 

onto each year-location combination. 
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2.3.2.4 Soil water stress index (SWSI)  

To empirically describe the growing environment for each location-year combination, the 

number of days below a specified available water (SAW) level was calculated and referred to as 

the soil water stress index (SWSI) (Bach, 2003) [2.2]: 

                                                             

 



n

i

iS VS A WS W S I
0

                                                [2.2]

 

where n equals the number of days less than the SAW and SVi is the daily VSWC estimate from 

the HYDRUS model.  For each of the 18 sites the VSWC for field capacity (FC) and permanent 

wilting point (PWP) were calculated manually based on a pressure head of -0.33 bar for FC and -

8 bar for PWP (Wesseling et al., 1991) using the Van Genuchten (1980) and Mualem (1976) 

equations. The FC and PWP for all sites were subsequently used to determine the VSWC at 50% 

SAW and 25% SAW.  Daily SWSI for each of the 18 sites were calculated for three depths (10, 

20, and 30 cm) and two SAW (25% and 50%). Soil water stress index values were then 

calculated for five phenological periods at each depth and SAW: (i) the entire growing season 

(May 1 to September 30), (ii) planting to seventh leaf tip (P to 7 LT), (iii) seventh leaf tip to 

silking (7LT to S), (iv) two weeks before silking to two weeks after silking (2 Wk PPS), and (v) 

silking to six weeks after silking (6 WKAS). Each day was given a value based on being below 

the SAW; however, if the SVi was equal to the SAW or higher a value of zero was given as 

stress above those levels is assumed not to be as severe. 
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2.3.2.5. Data analysis 

Analyses of variance (ANOVA) were performed on seasonal precipitation (April 1 to October 

31), seasonal CHU (planting to 30 year average season end date), duration of season (planting to 

-2 C), and soil texture (% sand, % clay and % silt) using PROC GLM in SAS 9.2 (SAS 

Institute, Cary, NC)  with years as random effects and locations as fixed effects. SWSI values for 

the five phenological periods at three soil depths (10, 20 and 30 cm) and at two SAW levels (25 

and 50%) were analyzed using PROC MIXED in SAS 9.2 (SAS Institute, Cary, NC).  

Assumptions of normality and constant variance were tested using the analysis of residuals.  

Outliers were removed using the critical values of internal studentized residuals (Lund, 1975). 

Tukey’s multiple means comparisons and regressions were done using SAS statistical software 

version 9.2 (SAS Institute, Cary, NC).  Principal component analysis (PCA) were performed 

using PROC PRINCOMP in SAS 9.2 (SAS Institute, Cary, NC) for the eight environmental 

groups using five variables: SWSI values at the 25% SAW level and 30 cm at four phenological 

periods and seasonal CHU. The number of axes retained for analysis was based on having an 

eigenvalue of greater than one (Kaiser, 1960).  Eigenvector loadings were analyzed using cut-off 

values of 0.25 (Chatfield and Collins, 1980).  
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2.4 Results and Discussion 

2.4.1. Grain Yield GxE Dataset 

2.4.1.1. Yield data 

Inclusion of the 2008 and 2009 grain yield data in the data set of Singh et al. (2011) 

resulted in 40 environments of data (year x location x density) exhibiting a 3-fold range in grain 

yield (Table 2.2).  Mean grain yield ranged from a high of 12.40 ± 1.01 Mg ha
-1

 in the 2006 

Alma high density (112,000 plants ha
-1

) trial, to a low of 4.14 ± 0.57 Mg ha
-1

 in the 2009 

Orangeville low density (37,000 plants ha
-1

) trial.  The AMMI analysis, based on 40 

environments of data (year x location x density combinations), explained 34.4% of the total GXE 

variation using the first three principal components (Fig. 2.1). Further refining and confirming 

the AMMI groupings using ANOVA resulted in 19 unique EGs (Table 2.2).  Ten additional 

patterns of GxE (i.e. EGs) were added to those already identified in Singh et al. (2011).  Only 

one GxE pattern identified in Singh et al. (2011), denoted as EG H, was found in the 2008 and 

2009 yield trial data.  In general, the 19 EGs do not represent multiple years; the low density 

trials tend to represent different GxE patterns than the conventional and high density trials, and 

physical location is the least informative factor for defining the EGs.  Of the 19 GxE patterns 

represented in the dataset only 8 EGs were used for subsequent analysis of the environmental 

parameters underlying the GxE patterns.  These EGs were chosen for two reasons: (i) multiple 

trials of data, were available with the exception of EG B, which represented the highest yielding 

EG, thereby eliminating EGs E, J, L, M, N, O, R, and S from the analysis; and (ii) low density 

trials were not the exclusive source, as data grouped across multiple years (Table 2.3) indicating 

less environmental influence than the other trials, resulting in the elimination EGs D, G, and H 

from further analysis. The remainder of this paper will focus on only the remaining 
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Table 2.2.  Environmental Groups based on unique environments defined by year, location, and 

plant density effects. Environmental Groups (EGs) were obtained through ANOVA and defined 

by a lack of significant GxE effects among environments tested (i.e. p> 0.05). 

 

EG Environment † Yr Location Density 

(Plants/ha
-1

) 

Mean Grain 

Yield (Mg 

ha
-1

) 

SE+/- 

(Mg ha
-1

) 

A 1 2004 Alma 74000 7.78 0.92 

A 2 2004 Elora 74000 8.46 0.85 

A 3 2004 Orangeville 74000 6.84 0.89 

B 4 2005 Alma 74000 10.19 1.04 

C 5 2005 Elora 74000 10.41 0.78 

C 6 2005 Orangeville 74000 9.73 0.72 

D 7 2006 Alma 37000 7.58 0.64 

D 8 2006 Elora 37000 8.23 0.76 

E 9 2006 Orangeville 37000 7.76 0.70 

F 10 2006 Alma 74000 11.43 0.74 

F 11 2006 Elora 74000 9.36 0.83 

F 12 2006 Orangeville 74000 10.70 0.65 

F 13 2006 Alma 112000 12.40 1.01 

F 14 2006 Elora 112000 12.26 1.00 

F 15 2006 Orangeville 112000 11.37 0.77 

G 16 2007 Alma 37000 8.34 0.88 

G 17 2007 Elora 37000 8.04 0.92 

H 18 2007 Orangeville 37000 6.22 0.77 

H 25 2008 Alma 37000 7.35 0.66 

H 26 2008 Elora 37000 6.22 0.60 
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I 19 2007 Alma 74000 10.86 0.77 

I 20 2007 Elora 74000 9.68 0.73 

I 22 2007 Alma 112000 11.02 0.93 

I 23 2007 Elora 112000 9.79 1.01 

I 24 2007 Orangeville 112000 8.25 0.93 

J 27 2008 Orangeville 37000 6.65 0.65 

K 28 2008 Alma 74000 9.89 0.82 

K 29 2008 Elora 74000 8.35 0.83 

K 30 2008 Orangeville 74000 8.79 0.62 

K 33 2008 Orangeville 112000 9.06 0.82 

L 32 2008 Elora 112000 7.49 0.93 

M 34 2009 Alma 37000 5.90 0.61 

N 35 2009 Elora 37000 7.31 0.78 

O 36 2009 Orangeville 37000 4.14 0.57 

P 37 2009 Alma 74000 8.11 0.62 

P 38 2009 Elora 74000 9.53 0.67 

Q 39 2009 Orangeville 74000 6.54 0.76 

Q 42 2009 Orangeville 112000 5.16 0.86 

R 40 2009 Alma 112000 8.12 1.04 

S 41 2009 Elora 112000 9.84 1.54 

† Orangeville 2007 (74,000 pl ha
-1

) and Alma 2008 (112,000 pl/ha
-1

) were discarded from 

further analysis due to a high CV.  
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Figure 2.1. Additive Main-effects Multiplicative Interaction (AMMI-3) analysis of unique trial 

environments (1-42) excluding environments 21, 31, and 41. Environmental Groups were 

defined by ANOVA. The 37,000 pl ha
-1

 groups are indicated by yellow dots as this density 

tended to group in the same region. 
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Table 2.3. Environmental Groups as defined by ANOVA for the 37,000 pl ha
-1

 population across 

multiple years. Environmental Groups were defined by a lack of significant GxE effects among 

environments tested (i.e. p > 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2006, 2007 and 2008 (37,000 pl ha
-1

) environments † 

genotype 127 115.5 0.9 2.8 <.0001 

env 2 315.2 157.6 485.6 <.0001 

block(env) 3 21.0 7.0 21.6 <.0001 

genotype*env 226 88.0 0.4 1.2 0.06 

† 2006, 2007, and 2008 are respectively environments 9, 18, and 26 
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8 EGs (Fig. 2.2, Table 2.4).  Within each EG genotypes were a significant source of variation; 

environment was also generally a significant source of variation, but the GxE was not a 

significant source of variation (Table 2.4). Best-linear unbiased predictors (BLUPs) were used 

within the EGs to reduce dataset “noise”, resulting in grain yields being distributed between a 

minimum of 4.07 Mg ha
-1

 and a grand maximum of 12.01 Mg ha
-1

 across the series of EGs 

(Table 2.5). Environmental group F was the highest yielding group at 11.18 Mg ha
-1

, where as 

EG Q was the lowest yielding at 5.26 Mg ha
-1

.  
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Figure 2.2. Additive Main-effects Multiplicative Interaction (AMMI-3) analysis of the eight 

Environmental Groups selected for analysis of environmental parameters. Environmental Groups 

were defined by ANOVA and are demonstrated here by environments with the same coloured 

point. 

 

 

 

 

 

 

 



41 
 

Table 2.4.  ANOVA results for Environmental Groupings as suggested by AMMI analysis.  

Environmental Groups were defined by a lack of significant GxE effects among environments 

tested (i.e. p > 0.05). 

Source DF Type III SS Mean Square F- Value Pr > F 

EG A      

genotype 125 343.35 2.75 8.92 <.0001 

env 2 286.60 143.30 465.26 <.0001 

block(env) 3 32.93 10.98 35.64 <.0001 

genotype*env 240 66.99 0.28 0.91 0.79 

EG B      

genotype 125 199.95 1.60 3.01 <.0001 

Env 0 n/a n/a n/a n/a 

block(env) 1 4.81 4.81 9.05 0.003 

genotype*env 0 n/a n/a n/a n/a 

EG C      

genotype 125 129.46 1.04 2.87 <.0001 

Env 1 57.94 57.94 160.62 <.0001 

block(env) 2 14.27 7.14 19.78 <.0001 

genotype*env 125 49.75 0.40 1.1 0.26 

EG F      

genotype 127 262.87 2.07 3.92 <.0001 

Env 5 1365.53 273.11 517.72 <.0001 

block(env) 6 26.32 4.39 8.32 <.0001 

genotype*env 563 314.20 0.56 1.06 0.24 

      



42 
 

EG I 

genotype 127 259.53 2.04 3.43 <.0001 

Env 4 1261.19 315.30 529.64 <.0001 

block(env) 5 39.06 7.81 13.12 <.0001 

genotype*env 508 311.84 0.61 1.03 0.36 

EG K      

genotype 127 222.16 1.75 4.68 <.0001 

Env 3 319.01 106.34 284.73 <.0001 

block(env) 4 34.49 8.62 23.09 <.0001 

genotype*env 381 160.39 0.42 1.13 0.11 

EG P      

genotype 127 97.36 0.77 2.97 <.0001 

Env 1 255.40 255.40 990.13 <.0001 

block(env) 2 12.42 6.21 24.08 <.0001 

genotype*env 127 34.84 0.27 1.06 0.34 

EG Q      

genotype 127 152.14 1.20 2.69 <.0001 

Env 1 244.03 244.03 547.06 <.0001 

block(env) 2 2.91 1.46 3.27 0.04 

genotype*env 127 68.56 0.54 1.21 0.10 

 

 

 

 



43 
 

Table 2.5.   Range and distribution of best linear un-biased predictor (BLUP) grain yield data 

(Mg ha
-1

) within Environmental Groups (EGs). Also presented are parental line data.  

 EG 

A B C F I K P Q 

Minimum 4.07† 8.51 8.69 9.97 7.14 7.37 8.65 4.57 

Mean 6.50 10.33 9.55 11.18 8.18 8.88 9.73 5.26 

±S.E. 0.056

± 

0.053 ± 0.028 ± 0.028 ± 0.028 ± 0.032 ± 0.025 ± 0.027± 

Maximum 8.58 11.52 10.41 12.01 8.92 10.07 10.72 6.18 

CG60 6.55 10.38 9.19 11.07 8.19 9.13 9.96 5.41 

CG108 8.58‡ 11.38 10.41‡ 11.42 8.85 10.07‡ 10.72‡ 5.46 

† All lines are tested in hybrid combination with a Stiff Stalk tester (CG102).  

‡ Parental lines representing data extremes. 
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2.4.2. Genotype-by-Environment Groups in Relation to Environmental Parameters 

2.4.2.1. Seasonal variation 

The climatic conditions exhibited considerable variability across the six years and eighteen 

locations, with seasonal ranges in precipitation of 313-694 mm, CHUs of 2359-2975, and 

duration of the season of 131-179 days. Year was a significant source of variation for both 

precipitation and CHU, while physical location was only a significant source of variation for 

precipitation (Table 2.6).  Duration of the season was not affected by either year or location.  

This is consistent with the observations from AMMI which suggest that the main factor 

underlying the EGs was year, rather than location. As EGs are primarily based on year, CHUs 

then should theoretically be able to explain a considerable amount of the variation between EGs.  

Seasonal CHU means across three locations varied by approximately 600 CHU (Table 2.7), yet 

years with statistically similar (α=0.05) CHUs (i.e. 2005 and 2007) exhibit different GxE 

patterns. Differences in precipitation were also unsuccessful in explaining different EGs (Table 

2.7). Thus, using seasonal means of individual environmental parameters (i.e. precipitation and 

temperature) does not appear to adequately explain the GxE patterns. The inability of seasonal 

values to explain differences in grain yield has been previously reported by Buyanovsky and Hu 

(2003) who observed that grain yield could only be explained by within season variations in 

rainfall and temperature at several key developmental periods and not by average growing 

season conditions. As individual parameters lack the ability to reflect how the environment is 

affecting maize throughout development, Dilley (1992) suggested that integrating a host of 

environmental parameters better reflects the relationship between maize development and grain 

yield with meteorological variables.  
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Table 2.6. ANOVA for year and location with respect to seasonal Crop Heat Units (CHU), 

seasonal precipitation (mm) and duration of season (days) as represented by p-values. 

Source df Precipitation 

(mm) 

CHU Duration of Season 

(days) 

Location 2 * ns† ns 

Year 5 *** *** ns 

* Significant at the 0.01 probability level. 

***Significant at the 0.001 probability level. 

† non-significant at the 0.05 probability level. 
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Table 2.7. Yearly seasonal CHU and seasonal precipitation means across three locations (Alma, 

Elora, and Orangeville) as tested with an LSD multiple means comparison test in PROC GLM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Year CHU Means † Precipitation (mm) 

2004 2479 C 596 A 

2005 2956 A 475 B 

2006 2840 A 641 A 

2007 2943 A  347 C 

2008 2651 B 649 A 

2009 2547 BC 576 AB 

†means followed by the same letter are not 

significantly different according to LSD (0.05) 
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2.4.2.2. Soil texture variation 

Soil textural values (i.e. % sand, clay, and silt) varied considerably among locations, as well as 

among years (i.e. Elora 2005 = 41.7% sand and Elora 2006 = 24.1% sand) (Table 2.8). Not 

surprisingly location was a significant source of variation for all three soil textures (Table 2.9).  

However, it appears that there can be a considerable range in soil textures with soil texture 

differences not being a major factor influencing GxE, as EGs appear to be primarily based on 

year. The Alma location exhibited nearly identical soil textural composition in each year of the 

study (data not shown), yet it did not share a similar GxE pattern across years (Table 2.2). If soil 

texture differences were primarily influencing the formation of GxE patterns it would be 

expected that locations with similar soil textures group together. Machado et al. (2002) observed 

that variation in soil texture explains 49% of grain yield variation in a drought year; however, 

during a wet year Machado et al. (2002) observed minimal amounts of grain yield variation are 

explained by texture variation.  

Volumetric soil water content curves for each of the year-location combinations were obtained 

from the Hyrdrus 1-D model (Fig. 2.3). These curves model the percent of water within the soil 

profile at 30 cm based on the meteorological and soil texture parameters. The 2007 year was 

noted previously as a drought stress year (Singh et. al., 2011).  Visually, of all the EGs group I 

(Fig. 2.3, [2007]) was close to the permanent wilting point (PWP [not indicated in Fig. 2.3]) for a 

majority of the growing season, showing that this EG had substantial stress due to lack of 

available water throughout the season. This EG also had extreme variation in soil texture 

composition across its three environments as expressed across the texture composition ranges 

(Table 2.8). Even in a high stress environment with highly variable soil texture across 
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environments, similar GxE patterns were found further suggesting that soil type plays less of a 

significant role in the formation of GxE patterns in this data set. 
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Fig. 2.3 a.                                          Fig. 2.3 b.                                       Fig. 2.3 c.                                         Fig. 2.3 d. 

 
             Fig. 2.3 e.                                  Fig. 2.3 f.                                  Fig. 2.3 g.                               Fig. 2.3 h.                

Figure 2.3.  Daily volumetric soil moisture water content curves (% volume) at 30 cm depth for the eight Environmental Groups 

(EGs) generated from the HYDRUS model. Contained within each graph are the environments that have a similar GxE patterns.  

VSWC curves are all taken at a 30 cm depth and span from May 1 (DOY 121) to September 30 (DOY 273).  Years in which the 

Environmental Groups occurred are indicated
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Table 2.8. Yearly ranges for soil textural values (% Sand, % Clay, and % Silt) at all three 

locations (Alma, Elora, and Orangeville). 

 Sand (%) Clay (%) Silt (%) 

Year Range      Difference Range        Difference Range         Difference 

2004 21.3- 62 40.7† 7 - 17.8 10.8 31-60.9 29.9 

2005 21.6- 41.7 20.1 15.2 - 17.7 2.5 43.1 -60.7 17.6 

2006 21.3- 40.1 18.8 8.9 - 19 10.1 51.1 - 60.9 9.8 

2007 23.8 -52.4 28.6 7.6- 15.2 7.6 40- 61.0 21 

2008 23.1 - 57.9 34.8 7.6- 17.7 10.1 34.5 - 61.7 27.2 

2009 22.9- 40.1 17.2 8.9 - 19.0 10.1 51.1 -61.9 10.8 

† Ranges within a year were highly variable as Orangeville tended to be comprised of a higher 

percentage of sand. 
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Table 2.9.  ANOVA for location with respect to all three soil textures (Sand, Clay and Silt). 

Location was shown to be a significant source of variation. Locations included Alma, Elora, and 

Orangeville. Data log transformed. 

Source of 

variation 

DF Type III SS Mean Square F Value Pr > F † 

 Sand % 

Location 2 0.333 0.167 30.58 <0.0001 

 Clay % 

Location 2 0.275 0.138 16.06 0.0002 

 Silt % 

Location 2 0.091 0.046 13.85 0.0004 

† Level of significance: α=0.05 
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2.4.2.3. Seasonal soil available water variation 

The VSWC curves generated in the Hydrus 1-D model show the predicted percentage of water 

within a 30 cm depth within each of the environments within an EG across the entire season.   In 

general, VSWC curves from within EG exhibited similar profiles, while VSWC curves from 

different EGs tended to exhibit different responses (Fig. 2.3).  The VSWC curves at 10 and 20 

cm were similar to the 30 cm soil moisture curves and only minor differences were observed 

(data not shown). Seasonal daily SWSI values were summed (May 1 to September 30th) for each 

EG at three soil depths (10, 20 and 30 cm) and at two soil SAW thresholds, 25% and 50%.   

Similar to the other environmental attributes examined, the SWSI values exhibited a substantial 

range at both the 25% SAW (72-518) and 50% SAW (297-1247) thresholds across the EGs 

(Table 2.10).  While both the 50% and 25% SAW thresholds indicate a water deficit, the indices 

based on the 25% SAW estimate result in less overlap between EGs based on a Tukeys multiple 

means comparison (Table 2.10). This may indicate that different GxE patterns tend to occur 

when moisture stress is higher as a result of the time spent below lower SAW levels; however, 

due to a low number of environments in some EGs this needs to be verified by further study.   

Across the three soil depths, EGs appeared to separate themselves into three main relative 

water stress levels based on being significantly different from one another.  Using the differences 

at the 25% SAW threshold, relative stress levels of “low”, “moderate” and “high” were assigned 

as a means of making comparisons between the EGs.   Relative to one another, EGs A, Q, and K 

are “low stress environments”, EGs P, F, and B are “moderate stress environments”, and EG I is 
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Table 2.10. Seasonal soil water stress index (SWSI) mean values at 30, 20 and 10 cm soil depth for 25% available water (SAW) levels 

and 50% SAW levels. Seasonal values were calculated from May 1 to September 30. 

 Mean SWSI Values  

E

G 

25% AW 

and 30 

cm 

S.E. ± 

 

50% 

AW and 

30 cm 

S.E ± 

25% 

AW and 

20 cm 

S.E. ± 

50% 

AW and 

20 cm 

S.E. ± 

25% AW 

and 10 

cm 

S.E. ± 

50% AW 

and 10 

cm 

S.E. ± 

             

A 179.8  

cd  

20.9  550.8  

cd 

60.5  161.3  

cd 

18.3  520.2  

bc 

65.2  145.8  

cd 

19.7  490.3  

bc 

79.7   

B 335.2  

b 

36.2  943.6 

abc 

104.8  329.6  

b 

31.8  931.3  

ab 

112.9 317.4 

ab 

34.2  916.1 

ab 

138   

C 256.7 

bc 

25.6  621.3 

bcd 

74.1  230.5 

bc 

22.5  580.8 

bc 

79.8  164.4 

cd 

24.2  506.5 

bc 

97.6   

F 291.2 

b 

14.8 798.7  

bc 

42.8  253.5 

 b 

13  752.9  

b 

46.1  219.1  

bc 

14  701  

b 

56.3   

I 518.8  

a 

18.1  1247.4  

a 

52.4  494.5  

a 

15.9  1222.6 

a 

56.4  444.9  

a 

17.1  1172.8 

a 

69   

K 121.7  

d 

18.1  405.7  

d 

52.4  95.2  

d 

15.9  361.3  

c 

56.4  72.3 

d 

17.1  297.4  

c 

69   

P 307.6  

b 

25.6  885.9  

b 

74.1  260.3  

bc 

22.5  829.8 

b 

79.8  218.5 

 bc 

24.2  721.1  

b 

97.6   

Q 157.7  

cd 

25.6  532 

bcd 

74.1  153.2 

cd 

22.5  518.6 

bc 

79.8  151.2 

cd 

24.2  532.6 

bc 

97.6   

† Means followed with the same letter are not significantly different according to Tukeys mean multiple comparisons test (α=0.05). 
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a “high stress environment” (Table 2.10; Figure 2.4).  In short, the seasonal SWSI values at the 

25% SAW appear to be useful for separating EGs into main stress categories, but are not 

sufficient to further refine EGs with similar seasonal stress levels (Figure 2.4).  As the EGs are 

based on grain yield, these results are consistent with other studies which have shown that 

seasonal meteorological values are a poor indicator of grain yield (Buyanovsky and Hu, 2003). 
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Figure 2.4. Environmental Groups (EGs) relative to one another in relation to developmental 

time periods (including seasonal– top bar) and soil moisture stress (SWSI) at three depths and 

25% available water (SWSI). High, moderate, and low stress EGs are significantly different from 

one another according to Tukeys mean multiple comparisons test (0.05). High/Mod groups are 

statistically similar to high and moderate groups, but not low stress groups. Mod/Low groups are 

statistically similar to moderate and low groups, but not high stress groups. Six week after 

silking only had two significant different stresses, thus high and low are significantly different 

from one another while moderate is statistically similar to high and low. 

 

 

 

 

 

A 

B 

C 

F 

I 

K 

P 

Q 

Planting to 7LT            7LT to Silking     2 Weeks Pre & Post Silk    6 Weeks Post 

Silk                      

Legend: Relative Stress   

High High/Mod Moderate Mod/Low Low 
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2.4.2.4. Soil available water variation during key phenological periods.  

As seasonal values failed to fully capture the impact that soil available water has on crop growth 

seasonal SWSI values were sub-divided into four key phenological periods that have been shown 

to play key roles in the crops development: (i) planting to seventh leaf tip (P to 7LT); (ii) seventh 

leaf tip to silking (7LT to S); (iii) two weeks before silking to two weeks after silking (2 Wk 

PPS); and, (iv) silking to six weeks after silking (6 WKAS). Like the approach which was used 

for the full season, EGs were assessed for significant differences between each other at three soil 

depths (10, 20 and 30 cm), but at only the 25% SAW threshold. Results showed that significant 

variation was observed in all four phenological periods across all three depths and an SAW 

threshold of 25% (Table 2.11a, 2.11b, 2.11c).  The SWSI values again exhibited substantial 

ranges of 0 to 45.6 (P to LT), 13.2 to 165.5 (7LT to S), 9.17 to 121.07 (2 Wk PPS) and 47.4 to 

180.40 (6 WKAS) (Table 2.11a, 2.11b, 2.11c).  As with the seasonal SWSI values relative values 

of stress were assigned based on groups being significantly different (α=0.05) from one another 

for each phenological period (Table 2.11a, 2.11b, 2.11c). As stress within a phenological period 

is relative to that period it cannot be compared to other periods as factors vary between 

developmental periods (i.e. length of period, crop developmental stage during period, and timing 

of year) (Fig. 2.4).  Some minor statistical variations were observed in terms of EGs being 

significantly different from one another for SMS from one depth (i.e. 10 cm) to another (i.e. 30 

cm). Thus determination of whether an EG was significantly different from the others was based 

on where that EG placed most consistently in relation to the other EGs across the three depths 

(Fig. 2.4).   

Unlike the seasonal analysis, dividing the season into different developmental periods 

results in a more dynamic picture of water stress throughout the plants life cycle.  For example,  
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Table 2.11.  Tukeys mean multiple comparison tests following one-way ANOVA for the soil 

water  stress index (SWSI) in relation to Environmental Groups (EGs). Tests below are for 

individual developmental time periods (planting to 7
th

 leaf-tip, 7
th

  leaf-tip to silking, two weeks 

pre and post silking and,  six weeks post silking). SWSI values are taken from the 10 (a) 20 (b) 

and 30 cm (c) depth and calculated using the 25% available water thresholds with outliers 

removed as warranted. 

2.11 a. 

  Planting to 7
th

 LT 7
th

 LT to Silking 2 Weeks Pre and 

Post Silk 

6 Weeks Post 

Silking 

EG 
SWSI 

Mean 
S.E. ± 

SWSI 

Mean 
S.E. ± 

SWSI 

Mean 
S.E. ± 

SWSI 

Mean 
S.E. ± 

A 2.3 c 2.3 21.8 c 8.6 7.4 cd 7.6 78.5 bc 8.5 

B 45.6 a 4 103.5 b 15 49.8 abc 10.7 80.5 bc 12.1 

C 0.3 c 2.9 44.6 bc 10.6 57.4 b 7.5 82.6 bc 8.5 

F 2.7 c 1.6 85.1 b 6.1 31.5 bcd 4.3 98.3 b 4.9 

I 24.8 b 2 165.2 a 7.5 89.6 a 4.7 143.6 a 6 

K 5.1 c 2 15 c 7.5 7.9 d 5.4 47.4 c 6 

P 3.4 c 2.9 76.5 b 10.6 61.4 ab 7.5 78.7 bc 8.5 

Q 0.2 c 2.9 52.7 bc 10.6 12.4 cd 7.5 86.4 b 8.5 

† Means followed with the same letter within a column are not significantly different according 

to Tukeys mean multiple comparisons test (0.05). 

10 cm depth. 

 

2.11 b. 

  Planting to 7
th

 LT 7
th

 LT to Silking 2 Weeks Pre and 

Post Silk 

6 Weeks Post 

Silking 

EG 
SWSI 

Mean 
S.E. ± 

SWSI 

Mean 
S.E. ± 

SWSI 

Mean 
S.E. ± 

SWSI 

Mean 
S.E. ± 

A 0.1 c 0.8 19.1 c 8.2 12.4 cd 8 83.4 b 12.9 

B 25.3 a 1.3 94.9 b 14.2 51.6 bcd 11.3 82.5 ab 22.4 

C 0 c 0.9 44.9 bc 10.1 77.6 ab 8 101 ab 15.9 

F 0.6 c 0.5 79.6 b 5.8 43.5 c 4.6 115.2 b 9.2 

I 12.4 b 0.7 162.5 a 7.1 109.8 a 5 165.3a 10 

K 1.6 c 0.7 13.2 c 7.1 22.1 cd 5.6 73.7 b 11.2 

P 0.3 c 0.9 83.8 b 10.1 81.1 ab 8 101.5 ab 15.9 

Q 0 c 0.9 48.7 bc 10.1 10.3 d 8 86.4 b 15.9 

† Means followed with the same letter within a column are not significantly different according 

to Tukeys mean multiple comparisons test (0.05). 

20 cm depth 
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2.11 c. 

 Planting to 7
th

 LT 7
th

 LT to Silking 2 Weeks Pre and Post 

Silk 

6 Weeks Post Silking 

EG SWSI 

Mean  

S.E. ± SWSI 

Mean  

S.E. ± SWSI 

Mean 

S.E. ± SWSI Mean S.E. ± 

A 0.017 c† 1.34 20.55 c 9.51  14.89 d  12.26 97.93 b 18.94 

B 20.29 a 2.33 97.03ab 16.46  56.05abcd   17.34 85.11 ab 32.80 

C 0 c 1.65 42.38 bc 11.64  82.82 abc 12.26 115.28 ab 23.19 

F 0.51 c 0.95 83.03 b 6.72  56.70 bcd 7.08 128.91 ab 13.40 

I 7.92 b 1.04 158.11a 8.23  121.07 a 7.76 180.40 a  14.67 

K  1.06 c 1.16 17.02 c 8.23  35.76 cd 8.67 85.83 b  16.40 

P 0.10 c 1.65 92.03 b 11.64  99.90 ab 12.26 130.27 ab 23.19 

Q 0 c 1.65 49.09 bc 11.64  9.17 d 12.26 85.68  b 23.19 

† Means followed with the same letter within a column are not significantly different according 

to Tukeys mean multiple comparisons test (0.05).  

30 cm depth 
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EG B experienced a moderate seasonal stress from planting to 7-LT yet experienced decreased 

stress as the season progressed (Fig 2.4.). Interestingly, EG C fell into the low seasonal stress 

category, but experienced relative increasing stress towards moderate-high levels throughout the 

season (Fig. 2.4). It is important to note that groups B and C are EGs that were derived from the 

same year (2005), yet SMS across the season is completely different from one to another, 

indicating that spatial variation in SMS occurred across a short distance within the same year. 

This same phenomenon occurred in 2009 with EGs P and Q; however, these groups did not 

exhibit different moisture stress over the season. Instead, they differed at a single time period (2 

Wk PPS), indicating that different EGs are highly influenced by even a single time period. The 

remainder of the EGs maintained similar stress levels over the duration of the season. 

Environmental groups A, K, and Q maintained low relative stress levels across the four periods 

whereas group I was opposite to these groups and maintained high stress levels for the duration 

of the season. Group F observed moderate stress for the duration of the season. The analysis was 

able to determine where differences occurred between EGs with moderate to high stress (B, C, F, 

I, P) with the exception of EG C and P; however, no significant differences were observed for 

low stress EGs A and Q with K only being different than EG A for one test (data not shown).  

Timlin et al. (2001) observed that correlations between his SMS index and grain yield were 

strong when water stress was most severe which had previously been confirmed by Saxton and 

Bluhm (1982). At higher stress index values it appears that available water is the primary source 

of variation which is contributing to the unique GxE patterns forming.  Shaw et al. (1972) 

observed that at low values of SMS, sources of variation other than soil moisture become 

important in determining yield.  Due to the accessibility of water for the three low stress EGs (A, 

K and Q) as indicated by lower SWSI values (2.11a, 2.11b, and 2.11c) other environmental 
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parameters (i.e. heat units and solar radiation) may have had more of an effect on the 

determination of these three individual EGs.  As each phenological period is unique they will be 

discussed in relation to the EGs.  

 

2.4.2.5. Planting to seventh leaf-tip   

Results of soil moisture stress during EV development showed that six out of the eight groups 

had similar low stress (Fig. 2.4). Environmental group B is relatively the highest stressed group 

at this stage with EG I experiencing moderate stress (Fig. 2.4).  Stress values for this time period 

were relatively low compared to other time periods and in six out of the eight groups nearly non-

existent at the 30 cm depth (Table 2.11a, 2.11b, and 2.11c). This is to be expected as soil 

moisture is relatively high due to spring water reserves and atmospheric as well as crop water 

demand being relatively minimal. Stress near the surface (10 cm) is higher as SWSI values for 

EG B and EG I increased from 20.29 (30cm) to 45.57 (10cm) and from 8 to 20 SWSI 

respectively while the remaining groups increased negligibly. 

 For stressed EGs, available water may present a problem as the root system is becoming 

established, thus access to water may be limited as the root system is not able to obtain water 

from a large area due to the root system not being fully developed.  Extremely low soil moisture 

would warrant concern for developmental delays as early season moisture stress has been shown 

to reduce plant size, but will have little effect on final yield if good crop production conditions 

prevail during the TSP and GFP developmental periods (Cakir, 2004) as was the case with group 

B (Fig. 2.4). Current research during this period with respect to shade avoidance response in 

response to early season weed competition in maize has determined that under weed stress plant 

height increases and the rate of leaf appearance decreases (Page, 2009). Although, that study 
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confirmed that differences during early season development had little effect on grain yield, it was 

concluded that shade avoidance response early in development due to weed stress may constrain 

subsequent responses (Page, 2009).  With increased SMS it can be assumed that plant structure is 

affected differently between low stress EGs versus high stress EGs; thus, minimal differences 

may contribute to differences between lines. Stress that occurs during this period may present an 

additive effect with respect to the rest of the season which would contribute to the formation of 

different EGs. Group B is indicative of the role that early season stress plays in EG formation as 

moisture stress during later development (i.e. silking and grain filling period) is reduced (Fig. 

2.4), similar to the low stress EGs (A,Q,K), yet EG B has a unique GxE pattern.  No significant 

linear relationship was observed between mean yield and mean SWSI for EGs during this time 

period. 

 

2.4.2.6. Seventh leaf-tip to silking 

 Soil moisture stress during the LV period is increasing due to plant water demand increasing, 

atmospheric demand increasing (Rhoades and Bennett, 1990), and spring soil moisture reserves 

depleted.  Results of soil moisture stress analysis showed that EGs A and K are experiencing 

relatively low stress levels while EGs B, F, and P are under moderate stress, EGs C and Q 

overlap with both the low and moderate stress groups, and EG I is highly stressed (Fig. 2.4). Soil 

moisture stress variation during this period is evident from the SWSI group means with EG K 

and I having a range of 17.02 ± 8.23 to 158.11 ± 8.23 respectively at the 30 cm depth (Table 

2.11c), yet yields are fairly similar (Table 2.5) showing that lower or higher stress during a single 

phenological period is not indicative of overall crop performance.  Interestingly the three EGs 

with moderate relative stress levels (B,F, and P) were the three highest yielding EGs (Table 2.5) 
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indicating that moderate stress during this time period did not adversely affect yield potential.  

Due to high stress during this period ear formation and the number of potential kernels was likely 

reduced due to limited soil moisture resulting in reduced yields for EG I; however, it appears that 

EGs that are under moderate stress during this period did not result in yield loss.  Nesmith and 

Ritchie et al. (1992) observed that under water deficit during this period plant extension growth 

declined rapidly. Short-term effects included delayed leaf tip emergence and decreased 

production of leaf area. Yield losses of 15 to 25% were also observed and attributed to fewer 

well developed kernels (Nesmith and Ritchie, 1992).  

Soil moisture values for EGs during this period that occurred in the same year (EG B,C 

(2005) and  EG P,Q (2009)) were similar to each other (Table 2.11a, 2.11b, 2.11c) showing that 

this time period was not the main contributing factor in creating different GxE patterns within a 

year and that it was likely during a different crop growth stage that differences in SWSI caused 

these different EGs. In addition, no significant linear relationships between mean EG yield and 

mean EG SWSI existed for this time period; however, as there is increased variation compared to 

the previous period it appears that this period plays a more substantial role in influencing the 

formation of EGs as compared to the EV period. 

 

2.4.2.7. Two weeks before and after silking   

Results indicated that EGs A, Q, and K remained relatively low stressed during this period while 

EGs F and B remained moderately stressed and EG I was highly stressed (Fig 2.4.). In relation to 

the previous developmental period (7 LT to S) EGs C and P experienced increased moisture 

stress (Fig 2.4.) while it appears EG Q experienced reduced stress, observing the lowest SWSI 

mean (Table 2.11a 2.11b and 2.11c). Environmental groups P and Q were significantly different 
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from one another (Table 2.11) which shows the ability of the soil moisture approach to 

discriminate between years as well within a year. Formation of EGs are likely the result of three 

relative different stress levels at 25% SAW during this stage which were derived from the 

combined results of all tests during this period and include low (0-15 SWSI), moderate (around 

50 SWSI), and high (100 + SWSI) (Table 2.11a 2.11b and 2.11c). Since this period represents 

two separate developmental stages in yield determination which include kernel potential (number 

of ovules) and total fertilized kernels (Tollenaar, 1977), the two week period before silking was 

analyzed separately from the two week period after silking.   

After separating the period into two different stages and analyzing them separately, EG B 

was the only group where stress changed significantly between the two shorter periods. In the 

two weeks before silking EG B had relative moderate to high stress (Fig. 2.4), but during two 

weeks post silking stress declined to low-moderate stress. Soil moisture stress during the two 

week period after silking may have been the main contributor in forming different GxE patterns 

between EG C and B (environments from 2005).  Due to EG B only consisting of one 

environment observation for each group likely caused no significant differences to be observed.  

Environmental group B also had the second highest mean yield (Table 2.5) indicating that 

moderate stress during the pre-silking period had a minimal effect on reducing ear growth and 

the number of ovules; however, Eck (1986) reported that kernel numbers were reduced by 29% 

during the two week pre-silking period under water-limited conditions (non-irrigated) showing 

that this period is sensitive to even minimal water stress.  Environmental group F observed 

moderate stress during both periods yet had the highest mean yield (Table 2.5) suggesting that 

moderate stress (50 SWSI) across both periods did not negatively affect ear growth, 

determination of number of ovules, number of kernels fertilized, and kernel fill. As with the 
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previous period a wide range of soil moisture variation (Table 2.11) was observed between the 

EGs. This variation along with the developmental processes occurring during tassel-silking-

pollination (TSP) seems to have played a major role in formation of these eight EGs.  

 The relationship between final grain yield and water stress during this period was not 

linear, rather the relationship between mean EG yield (Mg ha
-1

) and mean EG SWSI fits a 

second order polynominial curve (Fig. 2.5). The equation [2.3] explained 93% of yield variation 

with respect to soil moisture, where “x” is the SWSI stress value.                

                                                                                                    [2.3] 

This relationship was rather unexpected as grain yield increases with increasing levels of 

stress (i.e. SWSI of between 50 to 70) and then exhibits the expected decrease in grain yield with 

increasing levels of water stress (Fig. 2.5). This is contradictory to previous research which has 

indicated that yields are highest when VSWC is closest to field capacity (Kara and Biber, 2008). 

During this time period VSWC was closest to field capacity for EGs A and Q; however, these are 

the two lowest yielding EGs. One likely explanation for this unexpected relationship is the 

influence that seasonal CHUs are having upon grain yield in EGs A and Q. The mean seasonal 

(planting to September 30) CHU for EGs A and Q were 2479 and 2417 CHU respectively (Table 

2.12).  The RIL population will likely perform best in a 2600 CHU environment as this is the 

environment that this hybrid was bred and established in; therefore, the lower yields exhibited by 

EGs A and Q are likely due to insufficient CHU accumulation.  This observation suggests that 

seasonal CHU accumulation, when insufficient, is important in the formation of GxE patterns.  

Group K was similar to EGs A and Q for nearly all soil moistures but had an average CHU of 

2651. Since CHUs were not limiting for this group is it assumed that this difference is the 

primary factor contributing to K forming a different GxE pattern from A and Q.  
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Figure 2.5. Second order polynomial curve between the eight Environmental Groups (EGs) 

mean yield and mean Soil Water Stress Index value (SWSI) at 25% SAW and 30 cm during TSP 

(tasseling-silking-pollination).  The relationship between mean yield Mg ha
-1

 and mean SWSI 

was yield = -0.0012*SWI
2
 + 0.1816*SWI+ 3.9783 (p = 0.0013, r

2 
= 0.93). Error bars indicate 

standard error. 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

C 

F 

 I 

K 

P 

Q 

y = -0.0012x2 + 0.1813x + 3.9783 

R² = 0.9291 

5

6

7

8

9

10

11

0 50 100

Y
ie

ld
 (

M
g
 h

a
-1

) 

Soil Water Index 

Yield (Mg ha-1) Poly. (Yield (Mg ha-1))



66 
 

Table 2.12.  Tukeys mean multiple comparisons test results following one-way ANOVA for 

seasonal CHU in relation to Environmental Groups (EGs).  Ontario crop heat units were 

calculated from planting date until the 30 year average seasonal end date for maize (September 

30
th

) in the area where trials were conducted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EG Seasonal CHU Mean S.E. ± 

A 2479 de† 27.70 

B 2946 ab 47.98 

C 2961 ab 33.93 

F 2839 b 19.59 

I 2940 a 21.46 

K 2650 c 24.0 

P 2612 cd 33.93 

Q 2417 e 33.93 

† Means followed with the same letter are not significantly 

different according to Tukeys mean multiple comparisons test 

(0.05). 
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Environmental groups A and Q were subsequently removed from the regression as these 

groups were influenced more by lack of CHU. Environmental group K was also removed as the 

effect of soil moisture on yield has been shown to be not as predominant in low stress groups 

(Timlin et al., 2001). When these EGs were removed, the relationship between grain yield and 

water stress fit a linear equation [2.4] which explained 83% of the yield variation with respect to 

SWSI during this time period:  

                                                                                                                  [2.4] 

where “x” is the SWSI stress value for this period. As expected, with increasing SWSI values 

grain yield decreased (Fig. 2.6).  Timlin et al. (2001) using a different technique to model water 

stress observed the same relationship during years with increased stress; however, no 

relationship was found between yield and stress during low stress years, thus the low stress year 

was removed from their analysis.  The TSP period was the only period to observe a significant 

regression between EG mean SWSI and grain yield suggesting that this period is very influential 

in the formation of GxE patterns.  
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Figure 2.6.  Linear relationship between the five high stressed Environmental Groups (EGs) 

mean yield and mean Soil Water Index (SWSI ) at 25% SAW and 30 cm during TSP period. The 

relationship between yield Mg ha
-1

 and SWSI was yield = -0.036*SWI + 12.79 (p = 0.03, r
2 

= 

0.83). Error bars indicate standard error. 
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2.4.2.8. Six weeks post silking 

Environmental group K experienced the least amount of water stress during this period and was 

ranked as a low stress environment. EG I was categorized as a high relative water stress 

environment. The remaining EGs were similar to all EGs for the most part with minor 

differences across the three different depths (Table 2.11). Observations of the SWSI mean values 

(Table 2.11) of the EGs during this period suggest that minimal water stress (i.e. values less than 

20 SWSI) is rare and that the majority of EGs appear to have a similar SWSI. This period is 

similar to the P to 7LT developmental period as variation is reduced indicating that this period 

may have played less of a role in the formation of EGs. Minimal differences in relative stress 

were observed (Fig. 2.4), with only EGs K and I being consistently significantly different from 

one another at three separate depths. With exposure to similar stress levels the effect on kernel 

weight, length of the GFP, leaf drying, and kernel abortion would be similar. Thus if this period 

was predominantly involved in the formation of a GxE patterns it would be expected that most of 

these EGs would have similar GxE patterns. Reduced variation during the GFP period would 

suggest that this period did not substantially contribute to the formation of different G x E 

patterns with the exception of EG I. The influence on Group I during the GFP was likely more of 

an additive effect of relative increased moisture stress from the seventh leaf tip stage until the 

end of the GFP (Fig. 2.4). Moisture stress for group I during the GFP likely caused the GFP 

length to be reduced with a reduction in kernel weight and possibly kernel abortion during the 

first weeks of this period in comparison to EG K. 
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2.4.2.9. The Effect of CHU on GxE patterns 

Previous observations from the period around silking suggested that insufficient seasonal CHUs 

were primarily responsible for a reduction in grain yield (Mg ha
-1

) in EGs A and Q rather than 

water stress levels. It was examined if differences in seasonal CHUs could also help resolve EGs 

which shared similar SMS levels (Table 2.12). Interestingly, EGs P and C which had similar 

SMS over the season (no significant differences) observed significantly different seasonal CHU 

(Table 2.12) suggesting that seasonal CHUs were the primary factor influencing these two EGs. 

Secondly, similar low stress soil moisture stress groups A, Q, and K showed that the CHUs 

accumulated in EG K CHU were significantly different (0.05) than the CHUs accumulated in A 

and Q (Table 2.12).  A secondary test conducted with outliers removed (Orangeville 2004, group 

A) revealed that all three groups were significantly different (0.05) from each other; however, 

removal of the outlier was not warranted. This indicates that differences in CHU help to explain 

those groups which had similar soil moisture stress over the season.  In addition P and Q also had 

significantly different (p-value: 0.0145) CHU yet significant differences (p-value: 0.0134) were 

observed between soil moisture values during the TSP period indicating that a combination of 

soil moisture differences during TSP and seasonal CHU differences created these two separate 

GxE patterns.  Almaraz et al. (2008) observed that a substantial amount of yield variation (38%) 

in maize was explained by mean daily July temperatures (approximately the TSP period) and that 

for every 1
0
C decrease in mean temp below optimum temperatures yield decreased by 377 kg ha

-

1
. Although temperature is not equivalent to CHU it confirms that a reduction in temperature 

related properties (i.e. CHU) will substantially reduce yield and thus highly influence the 

formation of EGs especially during the TSP period.  The CHU analysis helped to explain those 
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Egs which were not made clear by soil moisture stress analysis. Soil moisture stress still remains 

a key component of GxE pattern formation as CHUs were for the most part unable to explain 

differences between EGs with higher CHU (B,C,F, I). It appears that different EGs form around 

the recommended heat units (2600 CHU) for this population, as well as when differences in 

seasonal heat units is greater than 200 CHU between EGs (Table 2.12).   

 

2.4.2.10. Principal component analysis   

To confirm these interpretations, PCA of the eight EGs was conducted using five variables 

which included SWSI values for each of the four phenological periods at a 30 cm depth and 

seasonal CHU. The first two principal components explained 88% of the total variation (PC1 and 

PC2 accounted for 64% and 24%, respectively) (Fig. 2.7). Loadings (eigenvectors) were 

significant for all variables for principal component 1 (PC1) and contributed positively, while the 

P to 7LT and seasonal CHU had positive significant loadings for principal component two 

(PC2). This confirms the interpretation of the importance which all five variables play in the 

formation of the EGs as each variable contributed positively and was significant.  The bi-plot of 

PC1 and PC2 grouped the EGs into several distinct clusters, which included the previously 

determined low stress environments (A, Q, K), moderate stress environments (C, F, P) and high 

stress environment (I). However, there was no clear separation among all EGs. Principal 

component analysis of only the low stress cluster explained 100% of the variation, PC1 and PC2 

accounting for 72% and 28%, respectively (Fig. 2.8).  Loadings (eigenvectors) were significant 

and contributed positively for the P to 7LT, 2Wk PPS periods, and seasonal CHU for principal 

component one with the 6WKAS period being significant for principal component two. 

 

 



72 
 

 

Figure 2.7. Principal component analysis for the eight Environmental Groups using five 

variables (four developmental periods [P to 7LT, 7LT to S, 2Wk PPS and 6WKAS] and seasonal 

Corn Heat Units).  
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Figure 2.8. Principal component analysis for the low moisture stress Environmental Groups 

using five variables (four developmental periods [P to 7LT, 7LT to S, 2Wk PPS and 6WKAS] 

and seasonal Ontario crop heat units). 
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Figure 2.9. Principal component analysis for moderate moisture stress Environmental Groups 

using five variables (four developmental periods [P to 7LT, 7LT to S, 2Wk PPS and 6WKAS] 

and seasonal Ontario crop heat units).  

 

 

 

 

 

 

 

 

 

 

 

C 

F 

P 

-1.5

-1

-0.5

0

0.5

1

1.5

2

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5

P
ri

n
 2

 

Prin 1 

Environmental Group



75 
 

Formation of these EGs was previously concluded to be primarily due to differences in seasonal 

CHU, but PCA also suggests that SMS during different phenological periods is still involved. 

Finally, principal components one and two for the moderate stress cluster explained 60% and 

40% of the total variation, respectively (Fig. 2.9).  Loadings (eigenvectors) were significant for 

the P to 7LT, 7LT to S, and 6WKAS periods for principal component one with the P to 7LT and 

seasonal CHU being significant for principal component two. Principal component analysis 

suggested that soil moisture stress from the four distinct phenological periods as well as seasonal 

CHU were key components in the formation of these eight EGs.  Overall, PCA illustrates that 

environmental differences involved in the GxE interactions can be explained when seasonal 

CHUs, and soil moisture stress across a series of key developmental periods are considered.   

 

2.5 CONCLUSION 

The RIL population provided a unique tool to study the environmental parameters 

contributing to the GxE. Environments that generate the same pattern of GxE were primarily 

from an individual year as opposed to multiple years grouping together and that this year effect 

was more influential than physical location or plant population densities (Table 2.2). This 

suggested that the environmental parameters play a more significant role in the formation of 

these EGs ; however, the 37,000 pl ha
-1

 density environments proved not to be influenced 

primarily by year and instead grouped across years (Table 2.3), providing evidence that the lower 

densities are less influenced by environmental factors (i.e. meteorological and soil parameters).  

A total of 19 environmental groups (EGs) were obtained from 40 individual grain yield trials 

with eight EGs being used for soil moisture stress analysis. In keeping with the hypotheses of 

this study, it was determined that soil moisture stress is an important determinant in the 
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formation of EGs and secondly the most sensitive period to different EGs forming as a result of 

SMS is the TSP period. Results showed that available water at 25% is the primary source of 

variation contributing to the formation of EGs at relative moderate to high stress levels; however, 

at low stress other sources of variation are likely contributing to EG formation, which has been 

observed in previous studies with respect to grain yield (Saxton and Bluhm, 1982; Timlin et al. 

2001). Late vegetative (LV) and tasseling-silking-pollination (TSP) periods were the two periods 

with a substantial amount of soil moisture variation, indicating that formation of EGs is highly 

influenced by the environment during these two time periods with the TSP period being the only 

phenological period to observe a linear relationship between mean EG SWSI and mean EG grain 

yield (Fig. 2.6). This is not surprising as yield losses during this period are the highest and have 

been estimated to be around a max of 8% per day under soil moisture stress in maize (Rhoades 

and Bennett, 1990).  The results also showed that severe deficits influence GxE formation more 

heavily as the 25% SAW level was able to account differences between EGs better than the 50% 

SAW level (Table 2.10). In addition, seasonal CHUs explained differences between low stress 

EGs and indicated that when CHUs are extremely low (below recommended values) or when 

they differ substantially different GxE patterns will likely form.  This approach provides breeders 

with a novel method to study the environment in relation to GxE and provides key evidence that 

seasonal CHU and SMS across key developmental periods are the two main components 

influencing the formation of GxE patterns. Soil water stress is a factor that affects all crop and 

thus this approach can also be applied to other crops to help elucidate the complex nature of the 

GxE interaction. 
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Chapter 3. Conclusions and Future Directions 

 

3.1. Summary and main conclusions 

The GxE interaction continues to present a problem due to unpredictable yield responses 

across environments which limit the ability of breeders to select for improved genetics. 

Understanding the environmental variables that affect the interaction helps breeders to combat 

this problem by selecting lines which reduce the influence of environmental variables on grain 

yield.  With the addition of 2008 and 2009 grain yield data using the unique RIL population it 

was again shown that environments which grouped together (i.e. similar GxE pattern) were 

primarily from an individual year as opposed to multiple years grouping together and that this 

year effect was more influential than physical location or plant population densities (Table 2.2), 

suggesting that the year was a major driver in the formation of these EGs.   

A total of 19 environmental groups (EGs) were obtained from 40 individual grain yield 

trials with 8 EGs being used for soil moisture stress analysis. In keeping with the hypotheses of 

this study the analysis of 2008 and 2009 grain yield data resulted in EGs that were specific to an 

individual year confirming that the year is the main influencer in creation of these EGs. The 

hypothesis that soil moisture stress is an important determinant in the formation of EGs was also 

concluded to be true; however, the results showed that CHU accumulation also played a major 

factor in EGs forming.  When CHU accumulation was below 2600 CHU or differed greatly 

(more than 200 CHU) between EGs, it was observed to be the primary driver of different GxE 

patterns forming.  Interestingly, those different EGs that could not be explained by CHU 

variation across years were shown to differ as a result of relative moderate to high soil moisture 

stress which is analogous to the hypothesis. The final hypothesis was that the most sensitive 
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period to different EGs forming would be the TSP period as a result of SMS. Results indicated 

that late vegetative and TSP periods were the two developmental periods with a substantial 

amount of soil moisture variation through which EGs were separated.  This indicated that grain 

yield is most likely sensitive to the environment during these two time periods with the TSP 

period showing the greatest influence on yield. The results also indicated that the 25% AW level 

estimate resulted in less overlap between EGs based on a Tukeys multiple means comparisons 

(Table 2.10), indicating that different EGs tend to occur when moisture stress is more severe as a 

result of time spent at lower available water thresholds; however, due to a low number of 

environments in some EGs this needs to be verified by further study.   

Studies such as this only scratch the surface in providing answers to improving grain 

yield in maize for the next 70 years as compared to the previous 70 years. This study is another 

step towards characterizing the environments in which the certain genes are operating, and 

through linking these genes with different environmental aspects breeders will be better able to 

select for hybrids that will reduce the negative influence of GxE on final grain yield.  

3.2 Future Directions 

To clarify these findings future studies using the methods implemented in this study 

should include numerous locations to increase the amount of observations within EGs, thus 

increasing precision as a number of EGs only had a few environments in this study. Locations 

should have similar soil textures because of scaling problems due to available water in sand 

versus clay which tended to skew the results slightly in this study with the Orangeville location. 

As soil moisture models are based on a number of estimates it would be advisable to validate the 

HYDRUS 1-D soil moisture model or other models with field measured soil water content to 
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ensure accuracy of the model. Furthermore, to ensure that soil moisture is properly reflected it 

may be a good idea to obtain extensive soil property data which should be taken within the year 

of study and include soil organic matter values as these values may vary greatly from soil to soil. 

Small effect QTLs and epistatic interactions for grain yield were detected within the 2004 

to 2007 Environmental Groups. By analyzing the 2008 and 2009 data more intensely, small 

effect QTLs along with epistatic interactions will likely be found with possible overlapping 

QTLs between EGs.  Soil moisture and seasonal CHU data could then be used to characterize 

those QTLs in relation to these environmental parameters to gain a better understanding of the 

relationship between these QTLs and the environment. 

Implications of this study suggest that selection of superior lines (stable across 

environments) should be based on those lines which consistently perform well across a range of 

seasonal CHU environments with additional attention being concentrated on how these lines 

performed in those environments with CHU below the recommend amounts for the hybrid. 

Hybrids that perform well when CHU is limiting will reduce the risk of attaining lower yields. 

Secondly, soil moisture stress should be monitored to determine which hybrids performed well 

under moderate to highly stressed conditions. By growing hybrids within a host of different 

seasonal CHU environments and at different soil moisture stresses, superior varieties will be 

detected more easily which resist the GxE effect.  
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APPENDIX A. VOLUMETRIC SOIL MOISTURE CONTENT CURVES. 

Volumetric Soil Moisture Content (VSMC) Graphs for the 18 sites which included three locations 
(Alma, Elora and Orangeville) and six years (2004-2009).  Four levels of VSMC are incorporated 
into each graph which includes field capacity (FC), 50 percent available water (50%), 25 percent 
available water (25%) and permanent wilting point (PWP).  

 

Figure A.1. Volumetric soil water content (VSWC) curves for Alma 2004 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled.  
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Figure A.2. Volumetric soil water content (VSWC) curves for Elora 2004 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled.  

 

 

Figure A.3. Volumetric soil water content (VSWC) curves for Orangeville 2004 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled.  
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Figure A.4. Volumetric soil water content (VSWC) curves for Alma 2005 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled.  

 

Figure A.5. Volumetric soil water content (VSWC) curves for Elora 2005 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled.  
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Figure A.6. Volumetric soil water content (VSWC) curves for Orangeville 2005 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled.  

 

Figure A.7. Volumetric soil water content (VSWC) curves for Alma 2006 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled.  
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Figure A.8. Volumetric soil water content (VSWC) curves for Elora 2006 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled.  

 

Figure A.9. Volumetric soil water content (VSWC) curves for Orangeville 2006 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled.  
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Figure A.10. Volumetric soil water content (VSWC) curves for Alma 2007 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled.  

 

Figure A.11. Volumetric soil water content (VSWC) curves for Elora 2007 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled.  
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Figure A.12. Volumetric soil water content (VSWC) curves for Orangeville 2007 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled. 

 

Figure A.13. Volumetric soil water content (VSWC) curves for Alma 2008 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled. 
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Figure A.14. Volumetric soil water content (VSWC) curves for Elora 2008 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled. 

 

Figure A.15. Volumetric soil water content (VSWC) curves for Orangeville 2008 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled. 
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Figure A.16. Volumetric soil water content (VSWC) curves for Alma 2009 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled. 

 

Figure A.17. Volumetric soil water content (VSWC) curves for Elora 2009 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled. 
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Figure A.18. Volumetric soil water content (VSWC) curves for Orangeville 2009 generated in 

HYDRUS 1-D model at 10, 20, and 30 cm from May 1 (DOY 122) to September 30 (DOY 274). 

Date of planting (P), seventh leaf-tip (7LT), silking (S), and six weeks after silking (6WKAS) are 

labelled. 
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APPENDIX B.METEOROLOGICAL AND DEVELOPMENT DATA. 

Table B.1.  Ontario crop heat units required to reach a development stage as calculated from the 

CG60xCG102 hybrid from values obtained from 2007-2010.  The estimated light interception 

(LI) at a development stage was based off of the 74,000 pl ha
-1 

population density 

(CG60xCG102 hybrid) and was derived from the photon flux density measurements (PPFD) µ 

mol s
-1

m
-2

 taken in 2010.  

 CHU to development stage  LI %† LAI‡ 

P 0 0 0.00 

7 leaf-tip (LT 547.5 6 0.13 

9 LT 717.57 10 0.23 

11 LT 832.23 31 0.80 

13 LT 984.92 43 1.21 

14 LT 1080.29 51 1.54 

15 LT 1204.1 67 2.39 

Silking 1420.38 88 4.58 

(+) 1 wk silking  91 5.20 

85% AVCHU¶ 2210 95 6.47 

Sept 30 #  55 1.73 

 

 

 

 

 

 

 

 

 

 



101 
 

Table B.2. Seasonal environmental parameters across all years ( 2004-2009) and all locations 

(Alma, Elora, Orangeville). 

Env. Location Yr. Total Precip. Ontario CHU† Duration of growing 

season‡ 

   (Apr 1 to Oct 31) (Plant to Sept 30) (Plant to -2 Celcius) 

1 Elora 04 509.9 2516 131 

2 Elora 05 397.1 2975 169 

3 Elora 06 576.7 2876 168 

4 Elora 07 340.6 2959 179 

5 Elora 08 636.6 2644 163 

6 Elora 09 552 2653 160 

7 Alma 04 625.6 2562 172 

8 Alma 05 517.5 2946 173 

9 Alma 06 694.7 2859 163 

10 Alma 07 386.3 2913 174 

11 Alma 08 662.2 2663 163 

12 Alma 09 600.6 2571 163 

13 Orangeville 04 621.6 2359 142 

14 Orangeville 05 510.2 2947 171 

15 Orangeville 06 650.57 2782 160 

16 Orangeville 07 313.4 2957 178 

17 Orangeville 08 588.6 2647 156 

18 Orangeville 09 684.9 2417 170 

†Ontario crop heat units were calculated from planting until 30 year average season end day 

(September 30
th

) 

‡Duration of season was number of days from planting until first frost (-2 degrees Celcius) 
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Table B.3. Mean seasonal Ontario crop heat units (CHU) versus yield (Mg ha
-1

) for eight 

Environmental Groups used in soil moisture analysis. CHU for two environmental groups were 

below the recommended CHU for this population. 

 CHU Yield (Mg/ha-1) 

A 2479 6.5 

B 2946 10.33 

C 2961 9.55 

F 2840 11.18 

I 2943 8.18 

K 2651 8.88 

P 2612 9.73 

Q 2417 5.26 

   

† Ontario crop heat units (CHU) were 

calculated from planting until 30 year 

average seasonal end date (September 30
th

). 
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APPENDIX C. SOIL DATA AND PARAMETERS. 

Table C.1. Soil textural values for all locations and years as calculated using the hydrometer 

method in November of 2009. 

Year  Location Sand % Clay % Silt% 

2004 Alma 21.3 17.8 60.9 

2004 Elora 31.0 15.2 53.9 

2004† Orangeville  62 7 31 

2005 Alma 21.6 17.7 60.7 

2005 Elora 41.7 15.2 43.1 

2005 Orangeville 39.2 17.7 43.1 

2006 Alma 21.3 17.8 60.9 

2006 Elora 24.1 19.0 56.9 

2006 Orangeville 40.1 8.9 51.1 

2007 Alma 23.8 15.2 61.0 

2007 Elora 31.0 15.2 53.9 

2007 Orangeville 52.4 7.6 40.0 

2008 Alma 23.1 15.2 61.7 

2008 Elora 31.3 17.7 51.0 

2008 Orangeville 57.9 7.6 34.5 

2009 Alma 22.9 15.3 61.9 

2009 Elora 24.1 19.0 56.9 

2009 Orangeville 40.1 8.9 51.1 

     

† Orangeville 2004 sample tested at Agri-Food 

Laboratories Guelph, ON, Canada. 
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Pressure head values were entered into Hydrus for maize which were based on other studies in 

maize (Wesseling, Elbers, Kabat, and Van den Broek, 1991) , (Taylor and Ashcroft, 1972)  and 

these same values have also been used in other simulations including SWAP 3.2 (Kroes, Van 

Dam, Groenenkijk, Hendriks, and Jacobs, 2008). The input values can be viewed in table C.2. 

Table  C.2.  Pressure head values for maize as input into the HYDRUS model to be used in the 

Feddes  water stress response function.  

Parameter Pressure 

Head (cm)  

Description 

PO -15 Value of the pressure head below which roots start to extract 

water from the soil. 

POpt -30 Value of the pressure head below which roots extract water at 

the maximum possible rate. 

P2H -325 Value of the limiting pressure head, below which roots cannot 

longer extract water at the maximum rate (assuming a potential 

transpiration rate of r2H). 

P2L -600 As above, but for a potential transpiration rate of r2L. 

P3 -8000 Value of the pressure head, below which root water uptake 

ceases (usually taken at the wilting point). 

R2H 0.5 Potential transpiration rate [LT
-1

] (currently set at 0.5 cm/day). 

R2L 0.1 Potential transpiration rate [LT
-1

] (currently set at 0.1 cm/day). 

   

† Pressure head values were based on other studies in maize (Wesseling et al., 1991; Taylor and 

Ashcroft, 1972; Kroes et al., 2008) as suggested in the HYDRUS model. 
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APPENDIX D: SOIL WATER STRESS INDEX SUMMARIES FOR INDIVIDUAL 

ENVIRONMENTAL GROUPS. 

Tables D.1 to D.8: 

Within this appendix results for the one-way ANOVA with Tukeys multiple means comparison 

test are summarized for each of the Environmental Groups at each combination of depth (10, 20, 

and 30 cm) and available water level (25% and 50%).  

Table D.9: 

An ANOVA for year and location with respect to SWSI was conducted with Orangeville 

removed to show that Orangeville was the primary cause of location being a significant source of 

variation due to soil moisture values which were poorly reflected as a result of high sand 

percentages in a few of the Orangeville locations. 
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Table D.1: Summary of one-way ANOVA and Tukeys multiple means comparison tests for 

eight Environmental Groups with respect to soil water index (SWI) values. Tests were conducted 

for each combination of soil depth (10, 20, and 30cm) and available water level (25% and 50%) 

and are shown for Environmental Group A in relation to the other seven Environmental Groups. 

 Different at 

50% Available 

Water† 

Similar at 50% 

Available Water 

Different at 

25% Available 

Water† 

Similar at 50% 

Available Water 

 Depth  Groups Depth  Groups Depth Groups Depth Groups 

Seasonal 30cm P,I 30cm F,K,C,Q,B, 30cm F,B,P,I 30cm K,Q,C, 

20cm I 20cm F,K,C,Q,B,P 20cm F,B,I 20cm K,Q,C,P 

10cm I 10cm F,K,C,Q,B,P 10cm B,I, 10cm K,Q,C,P,F 

P to 7 LT 30cm -- 30cm ALL 30cm B,I 30cm C,F,K,P,Q 

20cm -- 20cm ALL 20cm B,I 20cm C,F,K,P,Q 

10cm -- 10cm ALL 10cm B,I 10cm C,F,K,P,Q 

7 LT to 

Silking 

30cm I 30cm K,C,Q,B,P,F 30cm F,I 30cm K,C,Q,B,P 

20cm I 20cm K,C,Q,B,P,F 20cm F,P,B,,I 20cm K,C,Q 

10cm I 10cm K,C,Q,B,P,F 10cm F,P,B,I 10cm K,C,Q 

2 Wk PPS 30cm I 30cm K,C,Q,B,P,F 30cm I 30cm K,C,Q,B,P,F 

20cm F,I,C,P 20cm K,Q,B, 20cm I,C,P 20cm K,Q,B,P, 

10cm I,P, 10cm K,Q,F,B,C 10cm I,C,P 10cm K,Q,B,P, 

2 Wk Pre 

Silking 

30cm I 30cm K,C,Q,B,P,F 30cm I,B,P 30cm C,F,Q,K 

20cm I,P 20cm K,C,Q,B,F 20cm I,B,F,C 20cm K,Q,F, 

10cm I 10cm K,C,Q,B,P,F 10cm I,B,C 10cm K,Q,F,P 

2 Wk Post 

Silking 

30cm -- 30cm ALL 30cm -- 30cm ALL 

20cm -- 20cm ALL 20cm -- 20cm ALL 

10cm IP 10cm K,Q,B,F,C 10cm -- 10cm ALL 

6 Wk Post 

Silking 

30cm I 30cm K,C,Q,B,P,F 30cm I 30cm K,C,Q,B,P,F 

20cm I 20cm K,C,Q,B,P,F 20cm I 20cm K,C,Q,B,P,F 

10cm I,K 10cm K,C,Q,B,P,F 10cm I, 10cm C,Q,B,P,F 

† Environmental Groups were significantly different from group A according to Tukeys 

mean multiple comparisons test (0.05). 



107 
 

Table D.2: Summary of one-way ANOVA and Tukeys multiple means comparison tests for 

eight Environmental Groups with respect to soil water index (SWI) values. Tests were conducted 

for each combination of soil depth (10, 20, and 30cm) and available water level (25% and 50%) 

and are shown for Environmental Group B in relation to the other seven Environmental Groups. 

 Different at 

50% Available 

Water† 

Similar at 50% 

Available Water 

Different at 

25% Available 

Water† 

Similar at 50% 

Available Water 

 Depth  Groups Depth  Groups Depth Groups Depth Groups 

Seasonal 30cm K 30cm A,C,F,I,P,Q 30cm A,Q,K,I 30cm F,P,C 

20cm K,Q,C, 20cm A,F,I,P, 20cm A,Q,K,I 20cm F,P,C 

10cm K 10cm A,C,F,I,P,Q 10cm A,Q,K,C 10cm F,P,I 

P to 7 LT 30cm -- 30cm ALL 30cm ALL 30cm -- 

20cm -- 20cm ALL 20cm ALL 20cm -- 

10cm -- 10cm ALL 10cm ALL 10cm -- 

7 LT to 

Silking 

30cm -- 30cm ALL 30cm A,K 30cm C,F,I,P,Q 

20cm -- 20cm ALL 20cm I 20cm A,C,F,K,P,Q 

10cm -- 10cm ALL 10cm I,A,K 10cm C,F,P,Q 

2 Wk PPS 30cm -- 30cm ALL 30cm -- 30cm ALL 

20cm I 20cm A,C,F,P,K,Q 20cm I 20cm A,C,F,P,K,Q 

10cm I 10cm A,C,F,P,K,Q 10cm K 10cm A,C,F,I,P,Q 

2 Wk Pre 

Silking 

30cm -- 30cm ALL 30cm A,K,Q 30cm F,C,P,I 

20cm -- 20cm ALL 20cm A,K,Q 20cm F,C,P,I 

10cm -- 10cm ALL 10cm A,K,Q 10cm F,C,P,I 

2 Wk Post 

Silking 

30cm I 30cm A,C,F,P,K,Q 30cm -- 30cm ALL 

20cm -- 20cm ALL 20cm -- 20cm ALL 

10cm I,P 10cm A,C,F,K,Q 10cm -- 10cm ALL 

6 Wk Post 

Silking 

30cm -- 30cm ALL 30cm -- 30cm ALL 

20cm -- 20cm ALL 20cm -- 20cm ALL 

10cm I 10cm A,C,F,P,K,Q 10cm I 10cm A,C,F,P,K,Q 

† Environmental Groups were significantly different from group B according to Tukeys 

mean multiple comparisons test (0.05). 
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Table D.3: Summary of one-way ANOVA and Tukeys multiple means comparison tests for 

eight Environmental Groups with respect to soil water index (SWI) values. Tests were conducted 

for each combination of soil depth (10, 20, and 30cm) and available water level (25% and 50%) 

and are shown for Environmental Group C in relation to the other seven Environmental Groups. 

 Different at 

50% Available 

Water† 

Similar at 50% 

Available Water 

Different at 

25% Available 

Water† 

Similar at 50% 

Available Water 

 Depth  Groups Depth  Groups Depth Groups Depth Groups 

Seasonal 30cm I 30cm A,B,F,K,P,Q 30cm K,I 30cm A,B,F,P,Q 

20cm BI 20cm A,F,K,P,Q 20cm K,I 20cm A,B,F,P,Q 

10cm I 10cm A,B,F,K,P,Q 10cm I,B 10cm A,F,K,P,Q 

P to 7 LT 30cm -- 30cm ALL 30cm I,B 30cm A,F,K,P,Q 

20cm -- 20cm ALL 20cm I,B 20cm A,F,K,P,Q 

10cm -- 10cm ALL 10cm I,B 10cm A,F,K,P,Q 

7 LT to 

Silking 

30cm I 30cm A,B,F,K,P,Q 30cm I 30cm A,B,F,K,P,Q 

20cm I 20cm A,B,F,K,P,Q 20cm I 20cm A,B,F,K,P,Q 

10cm I 10cm A,B,F,K,P,Q 10cm I 10cm A,B,F,K,P,Q 

2 Wk PPS 30cm -- 30cm ALL 30cm -- 30cm ALL 

20cm Q,K,A 20cm B,P,I,F 20cm Q,F,A,K 20cm B,P,I 

10cm K 10cm B,P,I,F,A,Q 10cm Q,A,K 10cm B,P,I,F 

2 Wk Pre 

Silking 

30cm -- 30cm ALL 30cm -- 30cm ALL 

20cm -- 20cm ALL 20cm AK 20cm I,P,B,F,Q 

10cm -- 10cm ALL 10cm AK 10cm I,P,B,F,Q 

2 Wk Post 

Silking 

30cm -- 30cm ALL 30cm -- 30cm ALL 

20cm -- 20cm ALL 20cm -- 20cm ALL 

10cm K 10cm A,B,F,I,P,Q 10cm -- 10cm ALL 

6 Wk Post 

Silking 

30cm I 30cm A,B,F,K,P,Q 30cm -- 30cm ALL 

20cm I 20cm A,B,F,K,P,Q 20cm -- 20cm ALL 

10cm IK 10cm A,B,F,P,Q 10cm I 10cm A,B,F,K,P,Q 

† Environmental Groups were significantly different from group C according to Tukeys 

mean multiple comparisons test (0.05). 
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Table D.4: Summary of one-way ANOVA and Tukeys multiple means comparison tests for 

eight Environmental Groups with respect to soil water index (SWI) values. Tests were conducted 

for each combination of soil depth (10, 20, and 30cm) and available water level (25% and 50%) 

and are shown for Environmental Group F in relation to the other seven Environmental Groups. 

 Different at 

50% Available 

Water† 

Similar at 50% 

Available Water 

Different at 

25% Available 

Water† 

Similar at 50% 

Available Water 

 Depth  Groups Depth  Groups Depth Groups Depth Groups 

Seasonal 30cm K,I 30cm A,B,C,P,Q 30cm K,I,A,Q 30cm B,C,P 

20cm K,Q,I 20cm A,B,C,P 20cm K,I,A,Q 20cm B,C,P 

10cm K,I 10cm A,B,C,P,Q 10cm K,I 10cm A,B,C,P,Q 

P to 7 LT 30cm -- 30cm ALL 30cm I,B 30cm A,C,K,P,Q 

20cm -- 20cm ALL 20cm I,B 20cm A,C,K,P,Q 

10cm -- 10cm ALL 10cm I,B 10cm A,C,K,P,Q 

7 LT to 

Silking 

30cm -- 30cm ALL 30cm K,A,I 30cm B,C,P,Q 

20cm K 20cm A,B,C,I,P,Q 20cm K,A,I 20cm B,C,P,Q 

10cm K 10cm A,B,C,I,P,Q 10cm K,A,I 10cm B,C,P,Q 

2 Wk PPS 30cm I 30cm A,B,C,K,P,Q 30cm I 30cm A,B,C,K,P,Q 

20cm Q,K,A,I 20cm B,C,P 20cm I,C,P,Q 20cm A,B,K 

10cm K,I 10cm A,B,C,P,Q 10cm I 10cm A,B,C,K,P,Q 

2 Wk Pre 

Silking 

30cm I 30cm A,B,C,K,P,Q 30cm I 30cm A,B,C,K,P,Q 

20cm I 20cm A,B,C,K,P,Q 20cm I 20cm A,B,C,K,P,Q 

10cm I 10cm A,B,C,K,P,Q 10cm I 10cm A,B,C,K,P,Q 

2 Wk Post 

Silking 

30cm -- 30cm ALL 30cm -- 30cm ALL 

20cm -- 20cm ALL 20cm -- 20cm ALL 

10cm K,I 10cm A,B,C,P,Q 10cm I 10cm A,B,C,K,P,Q 

6 Wk Post 

Silking 

30cm K 30cm A,B,C,I,P,Q 30cm -- 30cm ALL 

20cm K 20cm A,B,C,I,P,Q 20cm I 20cm A,B,C,P,Q 

10cm KI 10cm A,B,C,P,Q 10cm K,I, 10cm A,B,C,P,Q 

† Environmental Groups were significantly different from group F according to Tukeys 

mean multiple comparisons test (0.05). 
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Table D.5: Summary of one-way ANOVA and Tukeys multiple means comparison tests for 

eight Environmental Groups with respect to soil water index (SWI) values. Tests were conducted 

for each combination of soil depth (10, 20, and 30cm) and available water level (25% and 50%) 

and are shown for Environmental Group I in relation to the other seven Environmental Groups. 

 Different at 50% 

Available Water† 

Similar at 50% 

Available 

Water 

Different at 25% 

Available Water† 

Similar at 50% 

Available Water 

 Depth  Groups Depth  Groups Depth Groups Depth Groups 

Seasonal 30cm A,C,F,K,P,Q 30cm B 30cm ALL 30cm -- 

20cm ALL 20cm -- 20cm ALL 20cm -- 

10cm A,C,F,K,P,Q 10cm B 10cm A,C,F,K,P,Q 10cm B 

P to 7 

LT 

30cm -- 30cm ALL 30cm ALL 30cm -- 

20cm -- 20cm ALL 20cm ALL 20cm -- 

10cm -- 10cm ALL 10cm ALL 10cm -- 

7 LT to 

Silking 

30cm K,A,C 30cm P,B,F,Q 30cm A,C,F,K,P,Q 30cm B 

20cm K,A,C 20cm P,B,F,Q 20cm ALL 20cm -- 

10cm K,A,C 10cm P,B,F,Q 10cm ALL 10cm -- 

2 Wk 

PPS 

30cm Q,A,K,F 30cm P,B,C 30cm Q,A,K,F 30cm P,B,C, 

20cm Q,A,K,F,B 20cm P,C, 20cm Q,A,K,F,B 20cm C,P 

10cm Q,A,K,F,B 10cm P,C 10cm Q,A,K,F,C 10cm P,B, 

2 Wk 

Pre 

Silking 

30cm A,K,Q,F 30cm B,C,P 30cm A,K,Q,F 30cm B,C,P 

20cm A,K,Q,F 20cm B,C,P 20cm A,K,Q,F 20cm B,C,P 

10cm A,K,Q,F 10cm B,C,P 10cm A,K,Q,F 10cm B,C,P 

2 Wk 

Post 

Silking 

30cm B,Q 30cm A,C,F,K,P 30cm Q 30cm A,B,C,F,K,P 

20cm K,Q 20cm A,B,C,F,P 20cm Q 20cm A,B,C,F,K,P 

10cm K,Q,A,B,F 10cm P,C 10cm F,K 10cm A,B,C,P,Q 

6 Wk 

Post 

Silking 

30cm K,A,C,Q, 30cm F,B,P 30cm A,K,Q 30cm B,C,F,P 

20cm K,A,C,Q, 20cm F,B,P 20cm A,K,Q,F 20cm B,C,P 

10cm ALL 10cm -- 10cm ALL 10cm -- 

† Environmental Groups were significantly different from group I according to Tukeys 

mean multiple comparisons test (0.05). 
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Table D.6. Summary of one-way ANOVA and Tukeys multiple means comparison tests for 

eight Environmental Groups with respect to soil water index (SWI) values. Tests were conducted 

for each combination of soil depth (10, 20, and 30cm) and available water level (25% and 50%) 

and are shown for Environmental Group K in relation to the other seven Environmental Groups. 

 Different at 50% 

Available Water† 

Similar at 50% 

Available Water 

Different at 

25% Available 

Water† 

Similar at 50% 

Available Water 

 Dept

h 

 Groups Depth  Groups Depth Groups Depth Groups 

Seasonal 30cm F,P,B,I 30cm Q,A,K,C 30cm F,B,P,I,C 30cm Q,A,K 

20cm F,P,B,I,A 20cm Q,K,C 20cm F,B,P,I,C 20cm Q,A,K 

10cm F,P,B,I 10cm Q,A,K,C 10cm F,B,P,I 10cm Q,A,K,C 

P to 7 LT 30cm -- 30cm ALL 30cm I,B 30cm A,C,F,P,Q 

20cm -- 20cm ALL 20cm I,B 20cm A,C,F,P,Q 

10cm -- 10cm ALL 10cm I,B 10cm A,C,F,P,Q 

7 LT to 

Silking 

30cm I,P 30cm A,C,B,F,Q 30cm F,P,B,I 30cm A,C,Q 

20cm I,F,P 20cm A,C,B,Q 20cm F,P,B,I 20cm A,C,Q 

10cm I,F,P 10cm A,C,B,Q 10cm F,P,B,I 10cm A,C,Q 

2 Wk PPS 30cm I,P 30cm A,B,C,F,Q 30cm I 30cm A,B,C,P,Q,F 

20cm I,C,F,P 20cm Q,A,B 20cm I,C,P 20cm A,B,F,Q 

10cm I,C,F,P 10cm Q,A,B 10cm I,C,P,B 10cm A,F,Q 

2 Wk Pre 

Silking 

30cm I,P 30cm A,B,C,F,Q 30cm I,B,P 30cm A,C,F,Q 

20cm I,P 20cm A,B,C,F,Q 20cm I,B,P,C 20cm A,F,Q 

10cm I,P 10cm A,B,C,F,Q 10cm I,B,P,C 10cm A,F,Q 

2 Wk Post 

Silking 

30cm -- 30cm ALL 30cm -- 30cm ALL 

20cm I 20cm A,B,C,F,P,Q 20cm -- 20cm ALL 

10cm I,P,F,C 10cm A,B,Q 10cm I 10cm A,B,C,F,P,Q 

6 Wk Post 

Silking 

30cm I,F 30cm A,B,C,P,Q 30cm I 30cm A,B,C,P,Q,F 

20cm I,F 20cm A,B,C,P,Q 20cm I, 20cm A,B,C,P,Q,F 

10cm A,C,P,F,Q,I 10cm B 10cm F,Q,I 10cm A,B,C,P 

† Environmental Groups were significantly different from group K according to Tukeys 

mean multiple comparisons test (0.05). 
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Table D.7. Summary of one-way ANOVA and Tukeys multiple means comparison tests for 

eight Environmental Groups with respect to soil water index (SWI) values. Tests were conducted 

for each combination of soil depth (10, 20, and 30cm) and available water level (25% and 50%) 

and are shown for Environmental Group P in relation to the other seven Environmental Groups. 

 Different at 50% 

Available 

Water† 

Similar at 50% 

Available Water 

Different at 

25% Available 

Water† 

Similar at 50% 

Available Water 

 Depth  Groups Depth  Groups Depth Groups Depth Groups 

Seasonal 30cm K,A,I 30cm B,C,F,Q 30cm K,A,Q,I 30cm F,B,C 

20cm K,Q,I 20cm A,B,C,F 20cm K,I 20cm A,B,C,F,Q 

10cm K,I 10cm A,B,C,F,Q 10cm K,I 10cm A,B,C,F,Q 

P to 7 LT 30cm -- 30cm ALL 30cm B,I 30cm A,C,F,K,Q 

20cm -- 20cm ALL 20cm B,I 20cm A,C,F,K,Q 

10cm -- 10cm ALL 10cm B,I 10cm A,C,F,K,Q 

7 LT to 

Silking 

30cm K 30cm A,B,C,F,I,Q 30cm A,K,I 30cm B,C,F,Q 

20cm K 20cm A,B,C,F,I,Q 20cm A,K,I 20cm B,C,F,Q 

10cm K 10cm A,B,C,F,I,Q 10cm A,K,I 10cm B,C,F,Q 

2 Wk PPS 30cm K,Q 30cm A,B,C,F,I 30cm Q 30cm A,F,K,B,C,I 

20cm Q,K,A 20cm B,C,F,I 20cm A,K,Q,F 20cm I,C,B 

10cm Q,K,A 10cm B,C,F,I 10cm K,Q,A 10cm F,I,C,B 

2 Wk Pre 

Silking 

30cm A,K,Q 30cm B,C,F,I 30cm A,K,Q 30cm B,C,F,I 

20cm A.K. 20cm B,C,F,I,Q 20cm A,K,Q 20cm B,C,F,I, 

10cm K 10cm A,B,C,F,I,Q 10cm K 10cm A,B,C,F,I,Q 

2 Wk Post 

Silking 

30cm -- 30cm ALL 30cm -- 30cm ALL 

20cm -- 20cm ALL 20cm -- 20cm ALL 

10cm K,Q,A,B 10cm I,F,C 10cm -- 10cm ALL 

6 Wk Post 

Silking 

30cm -- 30cm ALL 30cm -- 30cm ALL 

20cm -- 20cm ALL 20cm -- 20cm ALL 

10cm I 10cm A,B,C,F,K,Q 10cm I 10cm A,B,C,F,K,Q 

† Environmental Groups were significantly different from group P according to Tukeys 

mean multiple comparisons test (0.05). 
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Table D.8. Summary of one-way ANOVA and Tukeys multiple means comparison tests for 

eight Environmental Groups with respect to soil water index (SWI) values. Tests were conducted 

for each combination of soil depth (10, 20, and 30cm) and available water level (25% and 50%) 

and are shown for Environmental Group Q in relation to the other seven Environmental Groups. 

 Different at 

50% Available 

Water† 

Similar at 50% 

Available Water 

Different at 

25% Available 

Water† 

Similar at 50% 

Available Water 

 Depth  Groups Depth  Groups Depth Groups Depth Groups 

Seasonal 30cm I 30cm K,P,A,F,C,B 30cm F,B,P,I 30cm K,A,C 

20cm F,B,P,I 20cm A,C,K 20cm F,B,I 20cm K,A,C,P 

10cm I 10cm K,P,A,F,C,B 10cm I,B 10cm K,A,C,F,P 

P to 7 LT 30cm -- 30cm ALL 30cm I,B 30cm A,C,F,K,Q 

20cm -- 20cm ALL 20cm I,B 20cm A,C,F,K,Q 

10cm -- 10cm ALL 10cm I,B 10cm A,C,F,K,Q 

7 LT to 

Silking 

30cm -- 30cm ALL 30cm I 30cm A,B,C,F,K,P 

20cm -- 20cm ALL 20cm I 20cm A,B,C,F,K,P 

10cm -- 10cm ALL 10cm I 10cm A,B,C,F,K,P 

2 Wk PPS 30cm I,P 30cm A,B,C,F,K 30cm I,P 30cm A,B,C,F,K 

20cm I,C,P,F 20cm A,K,B 20cm I,C,P,F 20cm A,K,B 

10cm I,P 10cm A,B,C,F,K 10cm I,C,P 10cm A,B,C,F,K 

2 Wk Pre 

Silking 

30cm I,P 30cm A,B,C,F,K 30cm I,B,P 30cm A,C,F,K 

20cm I 20cm A,B,C,F,K,P 20cm I,B,P 20cm A,C,F,K 

10cm I 10cm A,B,C,F,K,P 10cm I,B 10cm A,C,F,K,P 

2 Wk Post 

Silking 

30cm I 30cm A,B,C,F,K,P 30cm I 30cm A,B,C,F,K,P 

20cm I 20cm A,B,C,F,K,P 20cm I 20cm A,B,C,F,K,P 

10cm I,P 10cm A,B,C,F,K 10cm -- 10cm ALL 

6 Wk Post 

Silking 

30cm I 30cm A,B,C,F,K,P 30cm I 30cm A,B,C,F,K,P 

20cm I 20cm A,B,C,F,K,P 20cm I 20cm A,B,C,F,K,P 

10cm I,K 10cm A,B,C,F,P 10cm I,K 10cm A,B,C,F,P 

† Environmental Groups were significantly different from group Q according to Tukeys mean 

multiple comparisons test (0.05). 
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Table D.9. ANOVA for year and location with respect to seasonal soil moisture stress values 

(SWSI). The Orangeville location was removed to show that location is not a significant source 

of variation. Scaling issues with soil moisture stress for Orangeville caused location to be a 

significant source of variation at the 50 % available water level (AW). 

 

 

 

 

 

 

 

 

 

 

 

 

 

SOV† DF Type III SS Mean Square F Value Pr > F 

Seasonal 25% AW (SWI) at 30 cm depth. 

year‡ 5 208314 41663 30.38 0.001 

location§ 1 15.629 15.629 0.01 0.9191 

Seasonal 50% AW (SWI) at 30 cm depth. 

year 5 663565 132713 10.47 0.0111 

location 1 1948.7 1948.7 0.15 0.7111 

† Sources of variation were significant at α=0.05 

‡ Years include 2004 to 2009. 

§ Locations include Alma and Elora. 


