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Despite many investigations genotype by environment interaction remains 

one of the least understood factors in plant improvement. Understanding genotypic 

differences responsible for such interactions could assist in making more informed 

breeding decisions. The components of yield being less complex than grain yield 

per se may be useful for selection to improve adaptation of genotypes and enhance 

grain quality. However, the potential compensatory response among the 

components of yield could compromise their usefulness as selection criteria. 

To evaluate this aspect fifteen cultivars, including Soft White, Hard White 

and Hard Red wheats, were planted at three diverse locations over two growing 

seasons. Genotypes were ranked based on measurements for specific traits in each 

environment. The genotype by environment interaction for grain yield, protein 

concentration and hardness were investigated according to the AMMI model. 

Influence of environmental factors and genotype by environment interactions on 

associations among selected traits were determined. 
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The results of this study showed that genotypic differences in adaptation to 

the Pacific Northwest and resistance to Septoria spp. were responsible for 

interactions for grain yield. However, no consistent patterns of response were found 

among the similar cultivars for quality traits. Those environments that favored 

expression of biomass and grain weight potential provided for enhanced 

performance of the adapted cultivars. The environments with suppressed biomass 

accumulation and grain filling interacted positively with the unadapted cultivars. A 

large compensatory relationship between tillering and apical growth was detected. 

No or low compensation was observed between grains per spike and thousand 

kernel weight. Two different strategies were proposed for improvement of Soft and 

Hard White wheat cultivars under the conditions of the Pacific Northwest. Both 

strategies accentuate importance of increasing biomass while maintaining harvest 

index. When selecting for higher yielding Soft White cultivars, plants with larger 

leaves, stronger stems, larger spikes and heavier grains should be emphasized. For 

Hard Whites - higher number of tillers and grains m-2 is desired, as they provide for 

harder grains with higher protein content. 
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Possible Compensations of the Components of Grain Yield in  
Wheat (Triticum aestivum L.) as Influenced by Genotype by  

Environment Interactions  

1. INTRODUCTION 

Evaluation of genotypic performance in multi-environmental trials is a 

central activity in most plant breeding programs due to ubiquitous nature of 

genotype by environment (GxE) interactions. Such interactions confound 

comparisons among genotypes with the environment of test and complicate the 

breeding objectives. Plant breeders are increasingly aware that much of scientific 

inference is conditional because of GxE interactions. To be successful, it is 

necessary to focus on identification of genotypic and environmental factors 

responsible for GxE interactions, rather than empirical description of genotype 

performance over environments. 

The performance of a crop is largely affected by both genotype and 

environment. A relatively small genetic change may have a fundamental influence 

on performance and hence adaptability of a genotype. The key to crop 

improvement is the recognition of biotic and abiotic stresses or challenges and of 

the adaptive responses. The main purpose of GxE interaction analysis is to derive a 

biological and/or physical resolution of the limitation. This requires considerable 

knowledge of crop development and physiology. 

For wheat, grain yield is the ultimate outcome of all the processes involved 

at all stages in the plant growth and development, any one of which may limit the 
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yield of a particular crop. All these processes are influenced by the environment. 

Genotype by environment interaction for yield in response to environment arise 

from differences among genotypes in efficient use of resource, tolerance/resistance 

to hazards, and differences in the degree of exposure to the hazards. Differential 

response to the environment leads to differential alteration of growth and 

development processes, and eventually results in different morpho-physiological 

characteristics of genotypes. 

Grain yield can be considered as a product of morphological traits that are 

referred as the components of yield. These components are determined sequentially 

during plant growth and development. The levels of their expression reflect the 

conditions that prevail during the development of the plant and differences in 

genotypic responses to the environmental factors. Such components of yield have 

been found to be useful selection criteria as their successful manipulation can 

provide for a more efficient use of environmental resources and increased 

adaptability of genotypes. 

Wheat grain quality, like grain yield is a complex trait that results from an 

interaction of many physiological and biochemical processes controlled by 

numerous genetic factors and is also subject to GxE interactions. Environmental 

conditions are known to have a significant influence on end-use quality 

characteristics of wheat grain. Associations between some parameters of grain 

quality and grain yield have often found to be negative and selection for higher 

grain yield has led to a deterioration of grain quality. Analyses of associations 
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between yield components and end-use quality characteristics can provide for 

identifying traits that can be used for simultaneous improvement of both grain yield 

and quality. 

The objectives of this study were: (i) to investigate the existence of GxE 

interactions of 15 genotypes for grain yield, grain protein content, and hardness, 

when grown at three diverse environments over two growing seasons; (ii) to 

analyze individual yield response of each genotype to the different environments 

and determine if changes in the components of yield are responsible for GxE 

interaction, (iii) to assess changes in associations among the yield components, and 

between grain yield and the yield components as influenced by GxE interactions, 

(iv) to identify genotypic and environmental factors responsible for the interaction, 

and (v) to determine the association between yield and the yield components and 

quality characters. 
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2. LITERATURE REVIEW 

2.1 Genotype by environment interaction 

Crop performance is a function of the genotype and the nature of the 

production environment. The expression of the genotype is not independent of the 

environment. Consequently the relative performance of genotypes may vary in 

different environments, reflecting GxE interaction. Genotype by environment 

interactions are large relative to differences among genotype effects. They are 

commonly present over the target population of environments and are of sufficient 

magnitude to influence inheritance studies and selection decisions (Delacy et al., 

1990). 

Selection among genotypes is based on phenotypic variation but response to 

selection is determined by genetic variability. The prediction of genetic advance 

from selection depends on the proportion of the phenotypic variance, which is due 

to genetic variance, i.e. heritability. Genotype by environment interaction is a part 

of the phenotypic variance and explicitly incorporated into the denominator of the 

equation of heritability thereby reducing selection gain (Fehr, 1987). Genotype by 

environment interaction is the major element in determining many key aspects of a 

breeding program, including (i) the trade-off between multi-environmental testing 

of large numbers of genotypes and subjecting fewer lines to intensive trait-based 

selection, (ii) choice of location of selection, (iii) whether to breed for specific or 

wide adaptation (Fox et al., 1997). 
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The analysis of variance developed for factorial experimentation (Fischer, 

1926) allows estimation of components of variance associated with genotype, 

environment (location, years) and their interaction in multilocational trials 

(Comstock and Moll, 1963). Comparison of the sizes of the variance components 

assesses the magnitude of GxE interactions relative to the other components of 

variation. Many studies have reported the relative size of components of variation 

(e.g. Johnson et al., 1968; Baker, 1969; Campbell and Laferver, 1977; Brennan et 

al., 1981; Yang and Baker, 1991). 

Components of variance provided by analysis of variance were widely used 

as measures to characterize stability of genotypic performance across 

environments. Many measures of genotypic performance stability have been 

developed that are based on individual contributions of genotypes in GxE 

interaction variances. In their study of potato (Solanum tuberosum L.) cultivars, 

Plaisted and Peterson (1959) computed an analysis of variance for every pair of 

genotypes so as to estimate the interaction variance for every combination of two 

genotypes. The mean of the interaction variances obtained for each genotype was 

used as an indicator of the contribution of that genotype to the total GxE 

interaction. Wricke (1962) proposed using the GxE interaction effects for each 

genotype, squared, and summed across all environments, as a stability measure. 

The statistic was termed ecovalense. Shukla (1972) used the variance of a genotype 

across environments as its stability measure. Lin et al. (1986) grouped stability 

measures into four groups depending on whether they were based on the deviations 
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from the average genotype effect or on the GxE term, and whether or not they 

incorporated a regression model. 

As noted by Shorter and Montgomery (1981), the specific patterns of 

performance of the genotypes across environments require more detailed 

investigation than is provided by analysis of variance. Analysis of variance does 

not explore any underlying structure within the observed non-additivity (i.e. GxE 

interaction). The valuable information contained in GxE interaction component 

with (g-1)(e-1) degrees of freedom is practically wasted if no further partitioning is 

done. 

Categorizing the various forms of GxE interaction (change in ranking of 

cultivars) can be a useful step in analysis of GxE interactions (Alard and Bradshaw, 

1964). Haldane (1946) identified 24 different possible patterns of ranking for a 

comparison between two genotypes in two environments (using rank 1 to 4 over 

two environments rather than 1 and 2 in each environment) and indicated that not 

all interaction types are of consequence in plant improvement. Only interaction 

which generates re-ranking of genotypes (crossover interactions) will influence 

which genotype the plant breeder selects (Baker, 1988 b). 

Traditional regression technique partitions the GxE interaction into 

components due to difference among regression slopes and deviations from the 

regression model. Yates and Cochran (1938) used the mean performance of all 

genotypes grown in an environment as a suitable index of their productivity. The 

performance of each genotype was plotted against an index for each environment 
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and the genotypic responses were characterized by regression lines. Finlay and 

Wilkinson (1963), assessing stability of barley cultivars, took both the overall yield 

level of a genotype and its regression slope into account. Genotypes with a slope 

near 1.0 and a high mean yield were regarded as being well adapted to all 

environments. As mean yield decreased, genotypes with high or low slopes were 

regarded as being specifically adapted to favorable and unfavorable environments. 

Eberhart and Russel (1966) extended the approach and regarded deviations from 

regression lines as another important component of varietal stability, a stable 

variety being one with a regression line of slope near to 1.0 with a small sum of 

squared deviations. 

However, the joint linear regression methods have been severely criticized 

(Mungomery et al., 1974; Shorter, 1981; Westcott, 1986), because the predictive 

part (that due to regression) does not explain enough of the GxE interaction 

variance considered to be useful. Delacy et al. (1996) noted that many of the 

proposed stability measures for genotypes were the diagonal terms of similarity 

matrices among genotypes and, as such, exploit only a small proportion of the 

information. 

Williams (1976) recommended pattern analysis for describing GxE 

interactions, defining it as the joint use of classification and ordination methods. 

This method groups genotypes and environments according to either their 

similarity (ordination methods) or dissimilarity (classification methods). Similarity 

measures such as Pearson's coefficient, which are larger for genotypes that are 



8 

more similar for a set of environments and dissimilarity measures such as 

Euclidean distance, which are larger the more the genotypes are different (De lacy 

et al., 1996). However, the pattern analysis methods have been criticized on the 

grounds of their inability to distinguish between real pattern and background noise. 

Principal component analysis was also used to analyze GxE interaction. It 

assumes that the original variables define an Euclidean space in which similarity is 

measured as Euclidean distance. This analysis can effectively reduce the structure 

of a two-way genotype-environment data matrix of G (genotypes) points in E 

(environments) dimensions in a subspace of fewer dimensions. The principal 

component analysis was found to be efficient in describing GxE interaction in rice 

(Oryza sativa L.) (Mahajan et al., 1986). Cruz (1992) showed that the principal 

component analysis was more efficient than regression model when he analyzed a 

set of maize (Zea mays L.) data. On the other hand, Perkins (1972) reported that 

principal component analysis was not useful for studying the adaptation of a group 

of inbred lines of tobacco (Nicotiana tabacum L.). Principal component analysis 

combined with cluster analysis was effective forming subgroups among 29 

populations of faba bean (Vicia faba L.), which differed in mean performance and 

response across environments (Poligano et al., 1989). 

Gollob (1968) and Mandel (1971) proposed partitioning of an interaction 

component into the sum of multiplicative functions. They suggested that additive 

main effects for genotype and environments are first fitted by the analysis of 

variance. Then multiplicative effects for GxE are calculated by principal 
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component analysis. This model was called the additive main effects and 

multiplicative interaction (AMMI) analysis (Zobel et al., 1988, Gauch, 1992). 

Kempton (1984) used AMMI analysis for summarizing the pattern of genotypic 

responses of wheat across environments with different levels of nitrogen. He used 

biplots (Gabriel, 1971) to depict the pattern of GxE interactions plotting both 

genotypes and environments along the first two principal component axes for the 

interaction table of residuals. Zobel et al. (1988), Crossa et al. (1990), Crossa et al. 

(1991) and Nachit et al. (1992) used the same model to analyze a series of soybean 

(Glycine max (L.) Men.), maize, bread wheat and durum wheat trials, respectively. 

Ordination techniques such as principal component analysis may have some 

limitations, e.g., in reducing dimensionality of multivariate data distortions may 

occur. If the percentage of variance accounted for by the first principal components 

axis is small, individuals that are really far apart may be represented by points that 

are close together (Gower, 1984). However, principal component analysis has an 

obvious advantage as compared with the linear regression methods. The regression 

analysis uses only one statistic, the regression coefficient, to describe the pattern of 

response of a genotype across environments, and most of the information is wasted 

in accounting for deviations. Principal component analysis overcomes this 

difficulty by providing the scores on the principal component axes to describe the 

response pattern of a genotype (Crossa, 1990). These scores allow depicting GxE 

interactions in two dimensions (biplot) and identifying the factor responsible for the 

interaction. Romagosa et al. (1993) reported that the principal component axes 
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from the AMMI analysis were strongly associated with the morpho-physiological 

characters. Bidinger et al. (1996) suggested that genotypic traits such as 

physiological characteristics, origin, yield potential, and time of anthesis can be 

regressed on genotype interaction scores obtained by the AMMI model to 

determine the specific genotype characteristics that resulted in the observed GxE 

interactions. 

It was realized from earlier studies that finding explanations for GxE 

interactions would involve the study of the physiological response of genotypes to 

environmental challenges (Allard and Bradshaw, 1964). However, successful 

physiological explanations for observed GxE interactions have been scarce (Delacy 

et al., 1996). Bidinger et al. (1987) emphasized the importance of variation among 

genotypes for phenology and timing events in the study of drought stress in pearl 

millet (Pennisetum americanum L.). Variation among genotypes for phenology can 

have strong impact on the expression of GxE interactions for quantitative 

characters in multi-environmental trials. Cooper et al. (1994 a, b) reported that 

water stress which occurred prior to and during flowering generated large GxE 

interactions in wheat. They hypothesized that the yield differences were due to not 

only differences in phenology, but also physiological processes related to either 

biomass production level or biomass partitioning. 

Bidinger et al. (1996) argued that GxE interaction can be analyzed in terms 

of differences among genotypes in the capture of resources, the efficiency of their 

use, or the pattern of partitioning to economic yield under the conditions of 
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individual environments. Understanding of crop growth, the resource/challenges in 

target environments and adaptive value of plant traits in specific environments is 

important for better analyses of GxE interactions. 

Significant progress has been made in developing simulation models that 

use environmental data to simulate plant growth and development (Ritchey and 

Hanks, 1991). Crop modeling captures the physiological determinants of crop 

growth and development and their response to genetic, environmental, and 

management factors in relatively simple, predictive frameworks (Hammer et al., 

1996). Shorter, et al. (1991) underlined the possible contribution of simulation 

models to the improvement of genotype adaptation. Saulescu and Kronstad (1995) 

combined traditional GxE interaction analysis of multi-locational trials with the 

simulation analysis in a complementary manner to enhance the interpretation of 

GxE interaction. They used a well characterized cultivar and simulation 

parameterized for that cultivar, as a frame of reference for interpreting the response 

of the other genotypes to overcome the constraints associated with limited 

knowledge of adaptability of new genotypes included in trials. 

2.2 Grain yield and yield components 

Although growth of a crop is a continuum, it is frequently defined as a 

sequence of discrete phenological events that are related to the plant's 

morphological appearance. Each of these events is controlled by external factors 

and is closely associated with changes in the morphology and/or function of some 
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organs (Landsberg, 1977). Description of developmental stages can be found in 

Kirby and Appleyard (1984). 

Changes in morphological appearance of plants during the growth are 

primarily related to the formation of yield components. The components of yield 

are determined sequentially and are largely affected by both genetic and 

environment factors (Slafer et al., 1996). Environmental adversity can reduce 

amount of a yield component depending on the time when it occurred. However, 

genotypic response may differ under the conditions of the same environment. There 

are many paths to high yield, not only among crops, but also among different 

varieties of a crop. Austin et al. (1980), Hubbard and Ross (1975) and Gales (1983) 

showed how much each component of yield could vary for any one cultivar under 

conditions of different environments. Rasmusson (1987) suggested that the highest 

yields are often the outcome of extreme values for one component, rather than of 

simultaneous increase in all yield components. 

Because they are determined sequentially, the yield components often 

respond in a compensatory manner. Low values for the first components to be 

determined, such as number of tillers, can result in almost perfect yield 

compensation due to higher values for grains per spike and/ or average grain weight 

(Evans, 1993). Johnson et al. (1966) showed that the highest yielding entry equaled 

or exceeded the lowest yielding entry in 9 of 10 location-years in grain yield. The 

highest yielding cultivar exceeded the lowest yielding in every environment in 
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number of kernels per spikes, but fell below in kernel weight, and in 8 of 10 tests in 

number of spikes per unit area. 

Due to compensatory relationships, the yield components are frequently 

found negatively correlated. Adams (1967) suggested that yield components were 

genetically independent characters and that negative correlations arose primarily 

from competition for growth substances by sequentially developing characters. If 

one structure is favored over the other in amount of nutrient received, a negative 

correlation may arise between them. Adams and Grafius (1971) supposed that 

compensation of yield components was a compromise in use of available resources, 

i.e. a compromise made among components of the genetic system of a crop 

between the needs for immediate fitness versus long-term flexibility. The obvious 

route to higher yields is to break unfavorable association between components of 

yield and identify superior recombinants. Under the compensation model, in 

addition to promoting favorable recombination, the major emphasis should be 

directed to raising by selection the genetic ceilings that dampen the capacity of a 

component to respond when resources are available (Adams and Grafius, 1971). 

Efforts to "break down" yield into its components in wheat began with the 

work of Engledow and Wadham (1923) and others working with many different 

crops. Grafius (1956) introduced a geometrical concept for yield components in 

oats (Avena sativa L.,). He visualized grain yield as the volume of a rectangular 

parallelepiped with three edges corresponding to the three yield components: tiller 

number/area, kernels/spike, and kernel weight. He suggested that to increase total 



14 

yield by selecting for the yield components would be easier than selecting for yield 

per se. 

Plant breeders find difficult to improve wheat based on the direct selection 

for grain yield due to the quantitative nature of inheritance and large influence of 

the environment. A few decades ago, the yield component approach was thought to 

constitute "an effort to more carefully evaluate the several factors contributing to 

final yield" (Mitchel, 1970). Knott and Talukdar (1971) demonstrated success of 

this approach in spring wheat by transferring high kernel weight through 

backcrossing. McNeal et al. (1978) selected for grain yield per plant and the four 

characters spikes/plant, kernel/spike, kernel weight and spikelets/spike for seven 

generations in one spring cross. They then brought all the individual lines together 

with the parents, for a comparison with grain yield per area. Grain yield was 

increased over that of both parents by indirect selection for kernel/spike and for 

kernel weight. Grain yield was decreased below that of both parents when selection 

was for grain yield per plant, or spikes/plant. 

However, the presence of component compensations posed problems in 

breeding for yield components in wheat (Sidwell et al., 1976), oats (Grafius, 1978) 

and barley (Hordeum vulgare L.) (Abdelkader et al., 1984). In these studies, 

increase in one yield component frequently was associated with decrease in 

another, therefore, reducing progress achieved in breeding for higher yield. Hsu and 

Watson (1971), using five spring wheat cultivars in a complete diallel cross, 

obtained a significant positive correlation between tiller number and kernels/spike. 
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However, a significant negative correlation was observed between tiller number 

and kernel weight. 

Although there have been exceptions (Austin et al., 1980; Hucl and Baker, 

1987), most studies comparing major yield components of wheat cultivars released 

at different time reported that increases in grain yield were associated with 

increases in the number of grain per m2. Most reports suggest that new cultivars 

tend to produce considerably more (20-75%%) grains per unit area and that, 

increases of grain per m2 was the main basis for the increased yield of wheat 

(Waddington et al., 1986; Cox et al., 1988; Perry and D'Antuono, 1989; Calderini 

et al., 1995; Sayre et al., 1997). Similar conclusions were drawn from physiological 

studies of limitations in grain yield potential of wheat (Slafer et al., 1994). These 

studies demonstrated that changes in grain yield due to fluctuations in availability 

of resources at the different growth stages, were the result of the number of grain 

per m2. The same studies found that the number of grain per m2 was closely 

associated with grain number per spike (Austin et al., 1980; Waddington et al., 

1986; Cox et al., 1988; Perry and D'Antuono, 1989; Calderini et al., 1995; Sayre et 

al., 1997). Siddique et al. (1989) reported that modern cultivars initiated more floret 

primordia, and had higher survival rate of floret primordia to form fertile florets, 

compared to older cultivars. Slafer et al. (1994) indicated that the modern cultivars 

have a very high grain set percentage, in contrast to older cultivars. 

Most of the studies on wheat improvement reported that the average grain 

weight remained unchanged or even slightly reduced during the last five decades 
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(Cox et al., 1988; Perry and D'Antuono, 1989; Calderini et al., 1995). While the 

genetic improvement in yield was largely brought about as increased grain number 

per m2, with the breeding effort for grain yield being partially impeded by 

compensating decrease in grain weight. Grain number per m2 and average grain 

weight have been frequently found negatively correlated (Perry and D'Antuono, 

1989; Slafer and Andrade, 1993). The most widely accepted hypothesis implies that 

as the number of grains increases a more competitive situation for limited resources 

results with each grain receiving less assimilate. Slafer et al. (1994) suggested that 

increased grain number per spike may lead to greater numbers of grains placed in 

positions of low grain weight potential (i.e. in distal positions within the spikes), 

thus, reducing the average grain weight irrespective of the level of availability of 

assimilates per grain. Some authors reported that the presence of Rht alleles led to a 

higher number of grains per spike and a smaller average grain weight (Pinthus and 

Levy, 1983; McClung et al., 1986). Miralles and Slafer (1995), in their study of 

standard height, semi-dwarf and dwarf cultivars, found that the reduction in 

average grain weight associated with Rht alleles was due to a combination of two 

factors: (i) direct effects of these alleles on the potential size of grain, and (ii) 

indirect effect through an increased proportion of grains from distal positions 

within the spike. This, in turn results in smaller weight potential and thereby reduce 

the average grain weight. No effects were attributed to increased competition for 

assimilates. These effects of dwarfing genes were consistent through the five 

different environments. 
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Dissatisfaction with direct breeding for yield gave rise to the plant ideotype 

approach that was primarily based on the concept of maximizing grain yield per 

unit of dry matter produced (Donald, 1968). This approach provided for a different 

"break down" of yield into components: biomass and harvest index. Biomass 

expresses the accumulation of dry matter by crop per unit ground area. It integrates 

the gains by photosynthesis and root uptake, losses by respiration, compensatory 

effects of leaf area, photosynthetic rate, and the trade-off between the geometric 

effects of crop height, leaf inclination and shape. Harvest index reflects the ability 

of a crop to partition assimilates into economic yield (Evans, 1993). 

The plant ideotype approach implied improving yield by increasing harvest 

index and keeping biomass unchanged, or by increasing both biomass and harvest 

index. Harvest index has been shown to be positively related to grain yield in wheat 

(Singh and Stoskopf, 1971) and effective criterion in identifying high grain 

yielding cultivars (Bhatt, 1977; Nass, 1980). However, not all reports confirmed the 

above-mentioned findings. Sharma and Smith (1986) reported that selection in F3 

for high and low harvest index was effective criterion in identifying F4 lines with 

high and low harvest index, respectively. The high harvest index selection group 

usually produced lower biomass than the low harvest index group. Therefore, the 

lines selected on the basis of high harvest index were not necessarily high in grain 

yield and vise versa. They found significant GxE interaction for harvest index. 

Selection for high harvest index resulted in earliness in heading date and reduced 

plant height when compared with selection for low harvest index. 



18 

Some studies on wheat improvement have shown that the higher yields of 

modern cultivars are related to a higher harvest index with very little change in total 

biomass. In experiments carried out in the U.K., Austin et al. (1980) found that the 

newer, higher yielding cultivars were shorter and reached anthesis earlier than older 

cultivars. The total dry-matter production of the cultivars was similar, with increase 

in grain yield being associated mainly with harvest index. They considered that 

limit to which harvest index can be increased to be approximately 60%. Austin et 

al. (1989) also found that the modern cultivars possessed a higher biomass, 

especially in favorable seasons, but using the average of three growing seasons, all 

groups of cultivars showed practically identical biomass. 

Perry and D'Antuono (1989) detected some increase in aboveground 

biomass when comparing 28 Australian wheat cultivars. However, over 80% of the 

total increase in grain yield was due to increase in harvest index. Siddique et al. 

(1989) confirmed that the grain yield and harvest index were generally higher in 

modern Australian cultivars. They concluded that improvements in grain number 

have come about because the stem competed less strongly than the spike for dry-

matter and proposed harvest index as a selection criterion. Cox et al. (1988) also 

did not find any significant change in biomass yield over time. A strong parallelism 

between genetic gains in both grain yield and harvest index were noted by Slafer 

and Andrade (1991) when the results of several experiments conducted in different 

regions of the world were reviewed. They showed that wheat grain yield has been 

genetically improved during this century and that biomass was modified only 
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slightly. Slafer and Andrade (1993) indicated that modern cultivars attain a higher 

harvest index at anthesis due to higher rate of partitioning of assimilates to spikes 

when stem dry weight is lower. Sayre et al. (1997) indicated that the rate of annual 

progress of the cultivars, released by CYMMIT between 1962 and 1988, was 

strongly correlated kernel number per unit area and harvest index, but not with total 

biomass. Waddington et al. (1986) came up with contradictory results. They 

analyzed cultivars released over the period from 1950 to 1982 in northwest Mexico 

and found that harvest indices for modern genotypes were lower than those of the 

old cultivars with 43% of the cultivars in grain yield was attributable to changes in 

biomass. Also, Hucl and Baker (1986) detected significant increase in biomass in 

modern cultivars when analyzed ancestral and modern Canada spring wheats. 

2.3 Associations between yield components 

Correlation analysis of the yield components has been employed for 

different studies in plant breeding. In combination with path coefficient analysis, it 

is a useful tool for identifying traits that can be used as selection criteria (Kronstad, 

1963; Fonenska and Petterson, 1968; Das, 1972, Sidwell et al., 1976; Brajcich, 

1981). 

Kronstad (1963) determined direct and indirect effects of the five yield 

components on total plant yield in a 10-parent diallel cross in wheat. He found that 

the strong correlation between grain yield and grains per spikelet and spikelet per 

spike was determined almost completely by the direct effect of thousand kernel 
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weight on yield, while only small positive or negative effects were exerted 

indirectly. Large positive direct effect of thousand kernel weight was compensated 

by way of other characters. A positive correlation between plant height and yield 

was primarily due to a positive indirect effect of plant height through kernel 

number, while the direct effect was very small. 

Fonseca and Petterson (1968) found that grains per spike, thousand kernel 

weight and number of spikes had a high direct effect on grain yield, whereas 

earliness and plant height had only small direct effect. However, the direct effect of 

grains per spike was almost cancelled by negative indirect effect by way of number 

of spikes per m2. This effect suggested compensation between grains per spike and 

number of spikes, if a plant develops additional spikes, they would be smaller. 

Based on the path coefficient analysis, Sidwell et al. (1976) reported that at 

the phenotypic level, the indirect effect of tiller number on grain yield was large, 

while the direct effects of thousand grain weight and grains per spike were 

intermediate and low, respectively. For genetic associations, the direct effect of 

each component was intermediate and about equal in magnitude. Tiller number 

made greater contribution toward grain yield, but is more difficult to improve 

through selection in early generations. 

Brajcich (1981) analyzed winter x spring wheat crosses and found that the 

major components influencing yield were tillers per plant, grains per spike and 

thousand kernel weight. These components had a large direct effect on grain yield 

with little or no indirect effects via the other components measured. The other 
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traits, i.e. harvest index, plant height, heading date, maturity date and grain filling 

period showed small or no direct effect on grain yield. They had a slight influence 

on yield through tillers/plant, kernels/spike and thousand kernel weight. 

Analysis of sequential development and compensation among the 

components of yield development was found to be useful for increasing yield 

potential in wheat. Such an approach reveals relationships between the 

development of the apex and formation of yield components, and stages that are 

most important in building yield potential. Slafer et al. (1996) argued that better 

understanding of these relationships can allow wheat breeders to manipulate 

phenological development as a tool for increasing yield potential in wheat. 

Reynolds et al. (1996) stressed the importance of three main development 

stages for wheat, namely: (i) sowing to terminal spikelet (vegetative growth), (ii) 

terminal spikelet to anthesis, and (iii) anthesis to maturity (grain-filling phase). The 

period from spikelet initiation to anthesis, when the number of grains per m2 is 

established, has been largely recognized as being the most critical for yield 

determination (Kirby, 1988; Siddique et al., 1989; Slafer et al., 1996). Savin and 

Slafer (1991) showed that adversity of environment prior to anthesis is frequently 

far more detrimental for yield than post-anthesis, indicating that grain growth is, in 

general, sink limited (Evans, 1993). In other words, the photosynthetic capacity of 

the crop during post anthesis would exceed what is required for filling the grain 

completely (Richards, 1996). 
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It was also suggested that association between individual yield components 

and final grain yield could be used for understanding the cause-effect relationships 

of environmental conditions during phenological stages and the yield components 

(Evans, 1993). Therefore, correlation analysis and path coefficients were used for 

analyzing performance of wheat lines under different environmental conditions. A 

complex pattern of relationships among yield components was revealed under the 

conditions of water-limited environments (Simane et al., 1993). There was large 

compensation between number of tillers per area and number of grains per spike, 

and between tillers per area and average grain weight. Grain-filling period had 

strong influence on grain yield through average grain weight. Limited numbers of 

spikes per m2 were recommended as selection criteria in water-limited 

environments. 

Briceno (1996) analyzed association among yield components in the study 

of 136 wheat cultivars over three different environments: optimum (full irrigation), 

drought (reduced irrigation) and heat (high temperature). In all three environments, 

grain yield was found to be closely associated with changes in biomass, grains per 

2 - 2rri , spikes per m , grain production rate, and biomass production rate. Harvest 

index had some impact on yield under drought and heat stress. Average grain 

weight and grain/spike were important only in drought and heat environments, 

respectively. Path coefficient analysis confirmed that biomass not only had a high 

positive correlation with grain yield, but also showed a strong and indirect effect 

via grains per m2 and spikes per m2. 
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Effects of stripe rust (Pucinnia graminis f.sp. tritici) and cultivar mixtures 

on grain yield in wheat were studied with help of correlation and path coefficient 

analyses (Akandta and Mundt, 1996). The effect of stripe rust on grain yield was 

through the yield components with average grain weight being the component most 

affected by stripe rust. In some cases, yield component compensation was indicated 

by the presence of negative association among the yield components. Path 

coefficient analysis revealed that components with the highest association to grain 

yield also had the largest direct effects on yield. Of the yield components, tillers per 

m2 exerted the strongest influence on grain yield. The direct effects of grain per 

spike and average grain weight were similar, although number of grains per spike 

was more important in the absence of stripe rust than in its presence. The pure 

stands and mixtures differed with respect to correlation coefficients, but were very 

similar for direct effects of the yield components on grain yield. 

2.4 Protein concentration 

In addition to grain yield, plant breeders select for different quality traits 

that are suited to specific industrial requirements. Therefore, grain quality is 

considered as one of the primary objectives of most wheat breeding programs. 

Like grain yield, wheat grain quality is a complex trait that results from an 

interaction of many physiological processes controlled by many genes. Grain 

protein and grain hardness are two important components of the quality of wheat 

grain. However, breeding for quality is complicated by GxE interactions and 
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possible negative association with some of the yield components. Significant GxE 

interactions require intensive multi-environment testing, while negative association 

implies a yield penalty from selection for higher grain protein content. 

Numerous investigations have been made on effect of genotype, 

environment and GxE interaction on grain protein content. The effects of cultivar 

and environment were large, while the effect of GxE interaction was small for hard 

red spring wheat grown in Canada (Fowler and de la Roche, 1975; Baker and 

Kosmolak, 1977; Lukow and McVetty, 1991). Bhatt and Derera (1975) found 

significant GxE interaction for both grain and flour protein concentrations and 

suggested the necessity of large-scale multilocational testing in Australia. 

Baenziger et al. (1985) reported that GxE interactions for protein content were 

mainly due to changes in magnitudes rather than reversal in ranks of genotypes in 

soft red wheat. Basset et al. (1989) reported that the magnitude of GxE interaction 

to be of smaller magnitude then that of genetic factors in soft white wheat. This 

was in agreement with the results of Peterson et al. (1992) who analyzed the 

Nebraska germplasm and the southern Great Plains hard red cultivars together. 

Graybosh et al. (1996) suggested that protein content was the most sensitive 

among other quality traits to environmental fluctuations in their study of hard red 

cultivars of different origin. The magnitude of GxE effect was almost three times 

smaller than that of the genotype effect. Rao et al. (1993) reported that 

commercially grown soft white winter cultivars had no significant influence on 

grain protein content and attributed most of the variation to the climatic factors. 
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Environmental factors are known to have significant influence on end-use 

quality characteristics of wheat (Johnson et al., 1987; Faridi and Finley, 1989). It is 

well established that soil nitrogen availability has a strong impact on grain protein 

concentration. Penny et al. (1978) obtained 1% increases in grain protein content 

with only 46 kg ha-1 of additional nitrogen when grain yield was about 5 t ha-1. 

Kosmolak and Crowle (1980) achieved the same effect by application of 26 ha-1 

nitrogen to a crop yielding about 2.5 t ha-1. However, Miezan et al. (1977) 

demonstrated that not all genotypes responded similarly to variation in soil nitrogen 

in terms of grain protein concentration. 

Some authors considered environmental variables, such as precipitation and 

temperature, as the most important factor influencing wheat quality. Farand (1972) 

found grain protein concentration to increase with early summer rainfall, which 

encouraged mineralization at a time when nitrogen availability has a large impact 

on grain protein concentration. Temperature was found to have an important 

influence on grain protein concentration during the grain filling period (Randal and 

Moss, 1990; Schipper, 1991). Blumenthal et al. (1991) showed that grain nitrogen 

concentration was positively associated with the number of hours above 35°C 

during grain filling in Australian wheat trials. Rao et al (1993) indicated that in the 

Pacific Northwest of the USA, higher temperatures during grain filling generally 

increased grain nitrogen concentration of soft white winter wheat, but the same 

climatic variables did not consistently have the same effects in all locations and 

years. Other studies suggested that distribution of precipitaion (Faridi and Finley, 
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1989), late season frosts (Lookhart and Finney, 1984) and duration of grain filling 

(Johnson and Mattern, 1987) could be significant factors influencing variation in 

protein concentration and quality. 

The negative association between grain yield and protein percent is well 

known in wheat and it is thought to be caused by genetic factors (Baker et al., 

1968). Extensive use of semidwarf cultivars with enhanced harvest index to 

improve yield may have adversely influenced grain protein concentration. McNeal 

et al. (1971) compared three isogenic lines of "Centura" representing tall, 

intermediate and short plant height: the short isoline had lower biological yield, 

higher harvest index and less nitrogen translocated to the grain. McNeal et al. 

(1972) further reported that grain nitrogen concentration was negatively related to 

grain yield and harvest index. They observed that high and low protein lines 

produced the same amount of aboveground plant nitrogen, and each translocated 

the same amount to grain. However, grain nitrogen concentration of the high 

protein composite was significantly higher because of the distribution of a similar 

amount of nitrogen to a smaller amount of grain. That larger sink can cause 

negative association between grain protein concentration and harvest index in 

semidwarf cultivars was suggested by Bhatia (1975). However, McNeal et al. 

(1978) concluded that this inverse relationship could be due to the improvement of 

grain yield via enhanced assimilation and translocation carbohydrates to grains 

without an equivalent improvement in remobilization of nitrogen. Austin et al. 
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(1980) also suggested that nitrogen uptake did not pace up with larger amount of 

carbohydrates in the grain of semidwarf cultivars. 

Changing grain protein concentration and amino acid composition might 

have bioenergetic implications. Because proteins have higher content of calories 

than carbohydrates, selection for higher grain yield involves a penalty when yields 

are measured in terms of dry weight rather than calories (Penning de Vries, et al., 

1974). Bhatia and Rabson (1976) showed that increased inputs of carbon 

assimilates and nitrogen are necessary when increasing protein concentration in 

grains while maintaining high yields. They concluded that only two avenues 

existed for obtaining higher grain protein concentration without additional nitrogen 

fertilizer: (i) the development of root systems that more efficiently utilize available 

soil nitrogen and (ii) increased mobilization of nitrogenous material from leaves. 

However, not all researchers reported significant negative association 

between grain yield and grain protein concentration. Kramer (1979) found that 

within a genotype the association between grain yield and grain protein 

concentration could be close to zero, positive, or negative depending on the fertility 

level. However, this relationship was strongly negative between genotypes. The 

author argued that increased nitrogen levels in the vegetative tissues would enhance 

the protein reservoir available for translocation to the grain. Kibite and Evans 

(1984) reported that phenotypic and environmental correlations between grain yield 

and grain protein concentration were negative and highly significant in only one 

out of seven segregating populations. The authors suggested that the inverse 
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relationships between grain yield and grain protein concentration, although 

phenotypically real, were not caused by genetic factors. They hypothesized that 

environmental factors, source-sink interactions and dilution of protein by 

carbohydrates were the major agents that caused undesirable associations between 

these two important traits. Cox et al. (1985a) also argued that simultaneous 

improvement of grain yield and protein content was possible. 

O'Brien and Ronalds (1987) showed that overemphasis on selection for 

high protein concentration reduced the rate of yield improvement in the following 

generations. However, when considered in conjugation with the estimates of the 

other quality parameters, selection for grain protein concentration did not affect 

adversely the nature of the subsequent yield. 

Studies have shown that in addition to selection for grain protein 

concentration and grain yield per se, selection for grain protein related traits may 

prove effective in enhancing grain yield while maintaining or enhancing grain 

protein concentration. Austin et al. (1980) observed a strong positive association 

between plant nitrogen concentration and dry matter accumulation that supported 

his suggestion to use plant biomass to improve nitrogen uptake. Cox et al. (1985b) 

reported that the amount of vegetative growth was important in determining the 

final accumulation of nitrogen because nitrogen assimilation prior to anthesis 

represented about 82% of the total nitrogen assimilated at maturity. 

Loffler and Bush (1982) argued that nitrogen harvest index could be used as 

a selection criterion to improve grain yield while maintaining grain protein 
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concentration at the same level. They further concluded (Loffler et al., 1985) that 

increases in nitrogen harvest index and total nitrogen at maturity may increase grain 

protein concentration and grain protein yield without reducing grain yield. This 

conclusion was in agreement with Cox et al. (1986) who emphasized the need to 

consider both nitrogen and carbohydrate partitioning while studying the genetic 

basis of high grain protein concentration. They found that the ratio of nitrogen 

harvest index to grain harvest index, which gives rough estimate of the relative 

proportion of nitrogen and carbohydrates in the grain, was positively related to 

grain protein concentration. McKendry et al. (1995) suggested that selection for 

improved yield and quality should be practiced for threshold levels of grain yield or 

grain protein concentration followed by selection for grain protein yield in 

populations constructed from crosses combining high total nitrogen at maturity, 

nitrogen harvest index and harvest index. However, Clarke et al. (1990) did not 

find any genotype differences for nitrogen harvest index. They reported that total 

plant nitrogen was proportional to available water, and was strongly associated 

with dry matter accumulation. There were few cultivar differences in nitrogen 

uptake and any differences observed were related to variations in plant dry matter. 

The efficiency of nitrogen utilization in production of harvest biomass and grain 

was directly proportional to water availability and was greater in the high yielding 

cultivars. There was no evidence that selection for nitrogen uptake, translocation or 

utilization efficiency would be useful in wheat breeding. Some genotypic 

differences in post-anthesis nitrogen assimilation were observed by Cox et al. 
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(1985 b), but no relationships were found between this trait and grain yield, grain 

protein concentration or grain protein yield. 

Costa and Kronstad (1994) found that none of the examined traits were 

sufficiently associated with grain protein concentration to be useful in indirect 

selection. The authors pointed out that a successful wheat breeding program 

focusing on increased grain protein concentration and grain yield should include 

parents with high yield and high biological yield. Higher biomass can be potentially 

increase the amount of nitrogen to be redistributed at maturity and if combined with 

enhanced remobilization efficiency should contribute to a higher grain protein 

concentration. 

Reduced late tillering, glume photosynthetic capacity, head size and grain 

size was suggested by Pena (1996) to be important morphological traits to be 

manipulated for nitrogen uptake improvement. 

Due to the negative association between grain yield and grain protein 

concentration, the dramatic genetic improvement in grain yield in the past 70-80 

years has generated concern that a decline in end-use quality may have resulted 

from these improvements (Cox et al., 1988). Cox et al. (1989) reported that mean 

flour protein was lower for the cultivars released between 1976-1988 than for the 

cultivars released previously. However, regression analysis showed significant 

increase of protein concentration since 1976. This parallel improvement was not a 

contradiction of the general crop breeding axiom that grain yield and grain protein 

concentration are negatively related. But the fact is that breeders selected 
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simultaneously for both traits and both were improved. Furthermore, extensive 

selection pressure has been applied for some traits, for example, disease resistances 

that positively affected both grain yield and quality. 

Ortiz-Monasterio et al. (1997) examined changes in CIMMYT's wheat 

germplasm since 1950 with respect to quality related parameters and assessed these 

parameters when wheat cultivars were grown with different levels of nitrogen. At 

low nitrogen, there was no difference among cultivars in terms of grain protein 

concentration. In contrast at higher nitrogen, there was a linear reduction in grain 

protein concentration with respect to the year of release. 

2.5 Grain hardness 

Genotype is known to have a pronounced influence on grain hardness. Past 

research suggests that grain hardness is simply inherited primarily through the 

effects of one or two genes with secondary effects from additional minor genes 

(Symes, 1965; Sampson et al., 1983). A cultivar is generally classified as having 

either soft or hard grains, but higher level variability exists within these two classes 

and the distribution of cultivar hardness is in fact continuous rather than discrete 

(Slaughter, 1989). 

Measurements of particle size index, near infrared reflectance, grinding 

time and microscopic analyses of broken kernels have been used to show that 

cultivar, environment and their interaction have a significant effect on grain 

hardness. Most of the studies emphasized relatively large effect of genotype as 
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compared to that of environment. The magnitude of GxE interaction was reported 

to be small. (Peterson et al., 1992; Lukow and McVetty, 1991; Baenziger et al., 

1985; Pomerantz et al., 1985; Baker and Kosmolak, 1977; Bhatt and Derera, 1975). 

Basset et al. (1989) found relatively large GxE interaction variance 

components for grain hardness of the soft white winter wheat cultivar in the Pacific 

Northwest and suggested extensive environmental testing. Hazen and Ward (1997) 

reported that genotype, environment, and GxE interaction significantly affected 

grain hardness when they analyzed eleven wheat cultivars grown in 19 

environments of Michigan. Variation for kernel hardness was large and continuous 

among cultivars and environments. However, there were no differences in rank 

stability of the cultivars. The authors did not find any consistent pattern of response 

for similar cultivars, locations and seasons. 

The effect of protein content on wheat hardness has been the subject of 

numerous investigations, with various contradictory results. Some studies found 

very low positive associations between wheat protein content and kernel hardness 

(Trupp, 1976; Symes 1961; Stenvert and Kingswood, 1977). In contrast, Baker et 

al., (1971) reported a significant negative correlation between grain protein content 

and starch damage a trait directly related to hardness. That is, hardness tended to 

decrease as protein increased. Pomeratz et al. (1985) analyzed fifteen winter wheat 

cultivars and selections grown at 11 locations in USA, Europe and Asia and 

concluded that grain protein was not correlated with hardness. Partial correlation 
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coefficients indicated that protein content and kernel weight had no significant 

effect on hardness (Pomerantz and Mattern, 1988). 

The biochemical basis of kernel hardness remains unknown (Sourdelle et al, 

1996). The reasons of association between grain protein content and grain hardness 

remain unknown as well (Delzer et al., 1995). It was suggested that hardness is due 

to a cementing agent between starch and proteins (Simmonds et al., 1973). 

Hardness was also found to involve continuity of the protein matrix and the 

strength with which it physically entrapped starch granules (Stenwert and 

Kingswood, 1977). 

Carver (1994) found that correlative effects of selection for hardness were 

primarily expressed in protein quantity, not in protein quality and selection for 

hardness had no constant and detectable impact on flour yield and physical dough 

properties. O'Brien and Ronalds (1987) suggested that independent culling for 

grain hardness would not affect grain yield distribution in future generations. 

Fischer et al. (1989) confirmed this finding by showing that particle size indices 

were not correlated with grain yield. 
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3. MATERIALS AND METHODS  

3.1 Genotypes 

Seven cultivars and eight advanced selections of the Oregon State 

University Wheat Breeding Program were chosen for this study. They represent 

three major market classes of the winter wheat: Hard Red, Soft White and Hard 

White (See Appendix). These experimental lines were selected based on previous 

knowledge of their responses to various abiotic and biotic factors, and their diverse 

genetic background. 

Hard Red winter wheats included Sturdy, TAM 105 and Fundulea. Sturdy 

was released in Texas in 1966. It was the first short stature cultivar of Hard Red 

winter wheat available to growers. This is an early maturing cultivar with good 

grain quality for commercial bakeries. It was reputed to be susceptible to drought 

stress during the grain filling period (Winter et al., 1988) and its winterhardiness 

was not adequate to be grown successfully in the dryland of Northwest Texas 

(Atkins et al., 1967). TAM 105 had an outstanding yield record when it was 

released in 1979 by the Texas Agricultural Experimental Station. It was remarkably 

winterhardy and was widely used in the drylands of Texas. TAM 105 is 

characterized by relatively low grain protein content that is associated with its 

higher yields (Porter et al., 1980). Fundulea is a high yielding cultivar from 

Romania with 1B.1R translocation. It is noted for its high average kernel weight 

and acceptable milling and baking quality. 
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Soft White winter wheats are represented by ten cultivars and advanced 

selections that were developed for the Pacific Northwest. They have low grain 

protein content and are used for pastry products. Stephens is a widely adapted, mid-

season wheat with good performance across a wide range of environments. It has 

been the most popular cultivar grown in Oregon since its release in 1977. However, 

recent studies (Saulescu et al., 1995) have shown its susceptibility to water stress at 

the seedling stage. The cultivar Gene was released in 1992. It is shorter than 

currently grown cultivars. Gene is less winterhardy than Stephens, but has yielded 

more in several environments. Mac Vicar was also released in 1992 and was noted 

for its low grain protein content. Madsen and Rod were released in Washington in 

1988 and 1992, respectively. Both cultivars are adapted to the Pacific Northwest. 

Selections OR 898120 and OR 880172 are being released in 1999 by the OSU 

Wheat Project under the names Weatherford and Foote, respectively. Weatherford 

is well adapted to the winter wheat growing areas of the Pacific Northwest, 

performing better east of the Cascade Mountains. Foote is superior yielding-wise to 

the existing Soft White wheat cultivars in the Willamette Valley and in areas where 

Septoria tritici and Septoria nodorum are major limiting factors. Selections OR 

908361, OR 939515 and OR 939528 have been included in the advanced nursery of 

the OSU Wheat Breeding Program for the past several years and are noted for 

superior yields in many locations of Oregon. 
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OR 850513 and OR 889176 are Hard White winter wheat selections. They 

are adapted to the wide range of conditions in Oregon from the dryland of Eastern 

Oregon to the humid Willamette Valley. 

3.2 Environments 

The experiments were conducted during two growing seasons, 1996-1997 

and 1997-1998. The following three locations were utilized: Hyslop Crop Science 

Field Laboratory (near Corvallis), Sherman County Agricultural Experimental 

Station (Moro), and the Barnett-Rugg Farm (Northwest of Pendleton). These 

environments represent the target environments for new cultivars developed by the 

Oregon State University Breading Program and represent very diverse 

environments and management practices. 

At the Hyslop Crop Science Field Laboratory (near Corvallis), typical 

weather provides a wet and mild environment through most of the wheat growing 

season. Annual precipitation for the 1996-97 and 1997-98 seasons was 1,585 mm 

and 1,250 mm, respectively with temperature averages 11.7 and 11.8 (°C) for both 

seasons. Maximum and minimum mean temperatures for the first growing season 

were 20.7 °C (August) and 5.2 °C (January). In the second year of the experiment, 

maximum and minimum mean temperatures registered were 20.6 °C (July) and 3.8 

°C (December) (See Appendix). The soil type at this site is a fine silty, mixed mesic 

Aqultic Agrixeroll. 
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The Sherman County Agricultural Experimental Station is on the eastern 

side of the Cascade Mountains (near the town of Moro) and represents the 

"dryland" wheat producing regions of Oregon. Total precipitation was 398 and 310 

mm for the 1996-97 and 1997-98 growing seasons, respectively with average 

temperatures 9.7 and 10.3 (°C), respectively for both seasons. Maximum and 

minimum mean temperatures for the first growing season were 21.5 °C (August) 

and 0.3 °C (January). In the second year of the experiment, maximum and 

minimum mean temperatures registered were 22.6 °C (July) and 1.3 °C (December) 

(See Appendix). Soil type at Moro is a coarse-silty, mixed, mesic, typic 

Haploxeroll. 

The Barnett-Rugg farm (Pendleton) is representative of the primary wheat 

producing region in Oregon. The soil type is a coarse silty, mixed, mesic, typic 

Haploxeroll. This site is characterized by a moderate climate. Annual precipitation 

was 551 and 435 mm for the 1996-97 and 1997-98 growing seasons, respectively 

with temperature averages 10.9 and 11.9 (°C) for both seasons. Maximum and 

minimum mean temperatures for the first growing season were 22.8 °C (August) 

and 0.3 °C (January). In the second year of the experiment, maximum and 

minimum mean temperatures registered were 24.7 °C (July) and 1.6 °C (December) 

(See Appendix). 
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3.3 Management Practices 

For the Hyslop site, the experimental material was planted in the third and 

fourth week of October in 1997 and 1996, respectively. The experimental plots 

followed crimson clover that was used as a cover crop in both growing seasons. 

The seeding rate was 118.2 kg/ha. The plot size was 6.5 m2 (1.5 x 4.3 m). Spacing 

between rows was about 0.18 m. Forty kg ha-1 of nitrogen was incorporated in the 

soil in the form of urea, prior to planting. In early February (Feekes scale stage 6), 

an additional 50 kg/ha of nitrogen was applied also in the form of urea. Additional, 

40 kg ha-1 of nitrogen was applied in late March (Feekes scale stage 8). Herbicides, 

diuron and chlorsulfuron (Finesse), at rates 1.2 kg ha -1 and 0.01 kg ha-1, 

respectively were applied to control weeds. To control Septoria tritici and other 

fungal diseases, propiconazole fungicide (Tilt) was applied twice in early April 

(Feekes scale stage 9), and in late April (Feekes scale stage 10) at rates of 0.25 kg 

ha-1. 

The experimental material was planted at Moro in the last week of 

September. In both seasons, the plots were planted following summer fallow. The 

seeding rate was 80 kg ha-1. The experimental plots were 8.8 m2 (1.5 x 5.9 m). The 

row spacing was about 0.3 m. At planting, 60 kg ha-1 of nitrogen in the form of 

anhydrous ammonia was incorporated into the soil. Forty five kg ha-1 and 25 kg 

ha-1 of nitrogen in the form of urea were applied in early March (Feekes scale stage 

7) and middle April (Feekes scale stage 9), respectively. Propiconazole fungicide 

was applied twice in early April (Feekes scale stage 9) and early May (Feekes scale 
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stage 10) at rate of 0.25 kg ha' in total. Weeds were controlled by spring 

application of bromoxynil (1.41 a.i. ha'). 

For the Pendleton location, the experimental material was planted in the 

second week of October. In both seasons, the experimental plots followed peas 

(Pisum sativum L.). The depth of the seedbed was about 6.0 cm. The seeding rate 

was 100 kg ha-1. The size of the experimental plot was about 6.5 m2 (1.5 x 4.3 m). 

Row spacing was about 0.18 m. Prior to planting, nitrogen in the form of anhydrous 

ammonia and sulfur were incorporated into the soil at rate 80 kg ha-1 of and 15 kg 

ha-1, respectively. A foliar application of nitrogen (45 kg ha-1) was made in late 

March (Feekes scale stage 7) and an additional 25 kg ha-1 provided in late April 

(Feekes scale stage 9) in the form of urea. Bromoxynil (1.41 a.i. ha 1) was applied 

to control weeds in spring. 

3.4 Data Collection 

Phenology data were observed at the Hyslop site. Heading data was 

obtained by recording the date when 50% of the tillers in the plot had spikes 

extended from the boot. Physiological maturity was recorded when the green color 

of the peduncle was completely lost in approximately 50% of the plot (See 

Appendix). 

The following data were collected at all three sites and for both years. Plant 

height was measured in centimeters from the base of the culm to the tip of the 

tallest spike of the plant. A random sample of tillers was obtained at harvest as 
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follows: two one-meter adjacent sections of two middle rows (one section from 

each) with a uniform stand were selected in each plot. All selected productive tillers 

were counted and cut at the base of the culm. The tillers from each plot were 

separately bundled, weighed and threshed. The grain from the samples was taken to 

the Hyslop Field Lab and weighed. The plots were combine-harvested and plot 

grain yields were corrected to account for previous sampling of tillers. To get all 

data on equal basis, measurements of the components of grain yield were 

extrapolated on area unit basis. Plot grain yield was divided by harvest area to 

calculate grain yield in g/m2. Harvest index (%) was computed by dividing sample 

grain weight by sample bundle weight and multiplying by 100. To estimate total 

biomass (g/m2), grain yield (g/m2) was divided by harvest index. To compute 

number of spikes per m2, grain yield (g/m2) was divided by sample grain weight 

and multiplied by sample tiller number. Thousand kernel weight was recorded in 

grams by weighing 400 kernels from the sample and multiplying it by 2.5. To 

estimate number of grains per m2, grain yield (g/m2) was divided by average kernel 

weight (thousand kernel weight divided by 1,000). Number of grains per spike was 

obtained by dividing grain yield (g/m2) by number of spikes per m2. 

Ground wheat samples were used to determine total grain protein content 

using a Technicon 450 Near Infrared Reflectance (NIR) spectrometer. It was 

calibrated using wheat samples whose protein content (percent nitrogen x 5.70) was 

determined by direct measurement of the nitrogen content (the Dumas combustion 

method, A.A.C.C. Approved Methods, 9th edition, 1995). Grain hardness was also 
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determined by NIR and the calibration was performed using hardness data of the 

calibration sample set provided by the United States Federal Grain Inspection 

service. 

3.5 Statistical Analysis 

A completely randomized block design (RCBD) with five replications was 

used at all three locations and for both years. To asses genotypic differences among 

the cultivars, an analysis of variance (ANOVA) for each environment (location by 

year combination) and trait was carried out according to the randomized complete 

block design (Kuehl, 1984). The linear model is represented as y j = µ + ti + f3i + 6,j; 

where yi; is the trait of the ith genotype in the jth block, II is the general mean, t1 is 

the cultivar effect, f3i is the block effect represented by the average deviation of the 

units in block j from the general mean, and cii is the random experimental error. 

Cultivar mean separation was carried out by Fisher Protected Least Significant 

Difference test. Homogeneity of variances for grain yield, grain protein content and 

grain hardness were evaluated employing Levene test (Kuehl, 1994). 

Combined analysis for grain yield, grain protein content and hardness was 

carried out according to the variance model for non-additive data (Gollob, 1968; 

Mandel, 1971), which is known under the name additive main effects and 

multiplicative interaction (A I) model (Crossa, 1990). The model is 

yu = p gi ej +Eitodk + p+ a 
k=1 
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where yii is the yield of the ith genotype in the ith environment,µ is the grand mean, 

gj and ei are the genotype, and environment deviations from the grand mean, 

respectively; kk is the singular value (42 is the eigenvalue) of the principal 

component analysis axis k; yik and ojk are the genotype, and environment principal 

component eigenvectors for axis k; n is the number of principal components 

retained in the model; Pge is a residual if not all principal component analysis 

(PCA) axes are used, and cu is the error. Each combination of a location and a year 

is considered as an individual environment. The AMMI model treats the genotype 

and the environment as the factors organized in a two-way factorial design. The 

genotype-environment combination is termed as "treatment" whereas the genotypes 

and environments individually are called "treatment factors". 

The main effects in the additive part of the model (grand mean II, genotype 

effect gi and environment effect ei) were analyzed using ANOVA. The least-

squares fit to the additive part of the model was obtained in two steps. The first 

partition was between the treatment and the error. The block effect was removed 

from the error term during this fundamental partition. The treatments were then 

partitioned into additive effects of genotype and environment, and non-additive 

residual (i.e. genotype by environment interaction). Analysis of variance showed 

that the non-additive residual was significant. Therefore, it was analyzed with help 

of principal component analysis according to the multiplicative part of the model 

(Ik1c7i1c8jk Pge) 
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Principal component analysis uses a matrix algebra procedure that is called 

singular value decomposition to analyze the non-additive residual. A mathematical 

representation of a complete singular value decomposition of a data matrix is 

Yrc = 
k=1 

where N is the smaller of the number of rows or the number of columns; Xk is the 

singular value (square root of the eigenvalue, which in turn is the sums of squares 

divided by the number of replications) for axis k. yi is the eigenvector for row r in 

axis k. Oke is the eigenvector for column c in axis k (Zobel and Wallace, 1995). The 

eigenvectors are the proportion of the singular value which is due to a given row or 

column: the eigenvectors are scaled such that Ey2kr= E4521ce = 1. Interaction PCA 

(IPCA) scores for genotypes and environments are computed by multiplying the 

eigenvector values times the square root of the singular value (i.e. 24"ykr and 

X058ke, respectively). 

Principal component analysis partitioned GxE interaction into PCA axes 

and residual pge. Residual was left because not all axes were used. If all PCA axes 

were retained, the resulting full model would have as many degrees of freedom as 

the data and would account for the whole variation in residual. However, this 

residual includes not only agriculturally meaningful interaction patterns (non-

random component), but also noise (random component) caused by errors (Crossa, 

1990). The full model accounts not only for interaction pattern but also for noise. 

The usual intent is however, to summarize much of interaction in just a few PCA 

axes (from 1 to maximum 3), resulting in a reduced model that leaves a residual. 
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The goal is to recover the pattern in the model's parameters, while relegating the 

noise to the model's discarded residuals. Only rarely a higher model than with two 

axes (AMMI2) is required to find agriculturally meaningful interpretation for the 

pattern of interaction, so one or two biplots can depict interactions (Gauch, 1992). 

The additive main effects and multiplicative interaction (AMMI) analysis 

was used in this study mainly to provide a graphical representation (biplot) of GxE 

interaction. The biplot summarizes information on main effects and interactions for 

both genotypes and environments simultaneously (Kempton, 1984). Significance of 

PCA axis sum of squares and agricultural meaning of the revealed interaction 

pattern were the major criteria in selecting the number of PCA axis. 

To construct a biplot for the model with one principle component 

(AMMI1), means of genotypes (over all environments) and environments (over all 

genotypes) were plotted along the abscissa. The interaction PCA (IPCA 1) scores 

for both genotypes and environments were plotted along the ordinate. 

Consequently, displacement along the abscissa reflects differences in main effects, 

whereas displacement along the ordinate exhibited differences in interaction 

effects. When a model with two PCA axes was used, an additional biplot was 

constructed by plotting IPCA 2 scores against IPCA 1 scores. In this case, there are 

no additive effects exhibited on the biplot. The ordinate with IPCA2 scores is 

interpreted exactly the same way as the abscissa with IPCA 1 scores. 

The ordination of the genotypes and environments along the interaction 

PCA axes can suggest what factors are responsible for their interaction. Kempton 
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(1984) gives interpretive principles for the IPCA 1 and IPCA 2 biplot graph. 

Basically, points near the origin have little interaction (are fit well by additive 

model), and points near each other have similar interaction patterns, while points 

distant from each other have different interaction patterns. The interaction effect for 

a combination of a genotype and environment is estimated by multiplying their 

interaction scores. Therefore, genotypes and environments that have IPCA scores 

with the same sign interact positively, while genotypes and environments that have 

IPCA scores with different signs interact negatively. 

To determine significance of mean squares for the principal component 

analysis axes with help of F-test, degrees of freedom for these axes were calculated 

by the method of Gollob (1968): df=G+E-1-2n. Additive components of variance 

were estimated by the Statistical Analysis Systems (SAS, 1988; Proc GLM 

procedure). Partitioning of GxE interaction (sum of squares and degrees of freedom 

for interaction principal component analysis axis and residuals), as well as principal 

component scores for cultivars and environments were computed with help of 

Matmodel 2.0 (Crossa et al., 1991; Gauch, 1992). 

The model for combined data was regarded as fixed effects model because 

all inferences pertain to specific genotypes and specific environments, rather than 

to genotypes or environments in general. 

Phenotypic correlation were calculated using CORR procedure of the 

Statistical Analysis Systems (SAS, 1988). Pearson correlation coefficients were 

determined for all possible combination of traits using their plot values for each 
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environment separately. The correlation coefficients were further partitioned into 

direct effects by path coefficient analysis described by Li (1975). Grain yield was 

considered as the response variable. Biomass, number of spikes per area, number of 

grains per spike and thousand kernel weight were chosen as explanatory variables. 

Direct effects of the explanatory variables on grain yield were computed as 

regression coefficients for the standardized variables. To obtain indirect effects on 

grain yield via other yield components, the direct effect on grain yield of each 

explanatory variable was multiplied by its correlation coefficient with the 

corresponding yield component. 
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4. RESULTS 

This section will focus on the performance of 15 genotypes when grown at 

three locations over two years. A combined analysis over environments, 

correlations and direct and indirect associations between selected traits and grain 

yield will be presented. 

4.1 Analysis of variance and separation of mean values 

4.1.1 Hyslop experimental site in 1997 

Observed mean square values from analysis of variance for grain yield and 

seven yield components are presented in Table 1. Coefficients of variation, R2 and 

mean values for each trait are also provided. Differences among cultivars were 

detected at the 0.01 probability level for all measured traits. The coefficients of 

variation were intermediate for grain yield, biomass, spikes per m2 and grain 

number per m2, while low values were found for thousand kernel weight (TKW), 

harvest index, kernels per spike and plant height. 

Fischer Protected Least Significant Difference test was performed and 

differences among cultivars were observed for all eight traits (Tables 2 and 3). The 

highest yielding entry in 1997 at Hyslop site was MacVicar, however, it was not 

significantly different from six other cultivars. When the components of yield are 



Table 1. Observed mean squares, coefficients of variation, R2 and means for grain yield, thousand kernel weight (TKW), grains 
per spike, spikes per m2, grains per m2, harvest index, biomass and plant height of 15 cultivars grown at Hyslop in 1997. 

Source of DF Grain Yield TKW Grains Spikes Grains Harvest Biomass Height 

variation Index 

g/m2 /spike /m2 /m2 g/m2 cm 

Cultivar 14 39,739** 68.16** 88.0** 9,183** 13,844,545** 0.0036** 572,782** 258.7** 

Block 4 51,295** 3.81ns 28.4** 28,532** 26,320,895** 0.0018** 859,930** 38.3** 

Error 56 6,398 2.54 9.1 3,450 3,899,010 0.0003 82,478 8.8 

Total 74 

CV (%) 9.2 1.6 7.3 12.8 10.5 4.9 11.0 3.0 

R2 0.68 0.87 0.73 0.56 0.58 0.80 0.71 0.88 

Mean 869.3 46.4 41.6 457.9 18,804 0.33 2,620 98.2 

** - significant at the 0.01 probability level respectively; ns non-signicant 



Table 2. Mean values for grain yield, thousand kernel weight (TKW), grains per spike and spikes per m2 for 15 cultivars grown 
at Hyslop in 1997. 

Grain yield TKW Grains Spikes
g/m2 / m2 

g /spike 
Cultivar Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group 

Stephens 6 908 a-d* 1 52.8 a 11 41.2 cd 13 423 de 

Madsen 8 880 bcd 13 42.5 gh 3 44.6 abc 6 467 b-e 

MacVicar 1 1000 a 2 51.1 ab 4 44.4 abc 9 443 cde 

Gene 10 848 cd 8 45.3 def 6 43.4 abc 11 433 cde 

Rod 7 902 a-d 9 45.0 fe 2 45.6 ab 8 443 cde 

Fundulea 12 846 cd 3 51.0 ab 12 41.1 cd 15 405 e 

TAM 105 14 689 e 14 42.0 h 15 32.1 e 2 523 ab 

Sturdy 15 682 e 15 41.9 h 14 32.8 e 3 500 abc 

OR 939515 3 946 abc 6 47.3 cd 1 46.6 a 10 433 cde 

OR 939528 2 979 ab 4 50.6 b 10 41.6 cd 5 468 b-e 

OR 908361 13 842 d 11 43.8 fgh 5 43.6 abc 7 444 cde 

OR 898120 9 850 cd 7 46.7 cde 7 42.9 abc 12 431 cde 

OR 880172 11 847 cd 5 48.6 c 8 42.7 be 14 409 e 

OR 850513 4 911 a-d 10 44.4 fg 9 41.9 bcd 4 490 a-d 

OR 889176 5 910 a-d 12 42.6 gh 13 38.7 d 1 555 a 

LSD 101.4 2.02 3.82 74.4 

* - Fischer Protected Least Significant Difference Test; means in the same column having the same letter are not significantly 
different at the 0.05 probability level 



Table 3. Mean values for grain number per m2, harvest index, biomass and plant height of 15 cultivars grown at Hyslop in 1997. 

Grains Harvest index Biomass Plant height
/m2 g /m2 cm  

Cultivar Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group  

Stephens 12 17,191 cd* 1 0.38 a 13 2,383 ef 13 93.0 f  
Madsen 2 20,749 ab 15 0.29 h 1 3,022 a 10 97.2 d-e  

Mac Vicar 6 19,591 abc 10 0.33 de 2 3,021 a 7 101.2 bc  

Gene 9 18,709 bcd 5 0.35 bc 12 2,421 e 15 80.0 h  

Rod 4 20,090 ab 3 0.36 ab 11 2,480 de 8 99.2 cd  

Fundulea 13 16,604 d 9 0.33 de 9 2,570 b-e 11 96.4 def  

TAM 105 14 16,494 d 7 0.34 cd 14 2,027 fg 1 109.2 a  

Sturdy 15 16,290 d 4 0.36 bc 15 1,900 g 9 99.0 cd  

OR 939515 5 20,043 ab 8 0.33 de 4 2,869 abc 4 102.6 bc  

OR 939528 7 19,336 abc 6 0.35 bcd 7 2,807 a-d 5 102.2 bc  

OR 908361 8 19,216 abc 14 0.30 gh 5 2,851 abc 12 94.0 ef  

OR 898120 10 18,343 bcd 13 0.30 fgh 6 2,810 a-d 3 104.0 b  

OR 880172 11 17,487 cd 11 0.32 ef 8 2,698 a-e 2 104.8 b  

OR 850513 3 20,523 ab 12 0.31 efg 3 2,922 ab 6 101.6 bc  

OR 889176 1 21,395 a 2 0.36 ab 10 2,518 cde 14 88.8  g  

LSD 2501.7 0.02 363.9 3.75 

* Fischer Protected Least Significant Difference Test; means in the same column having the same letter are not significantly 
different at the 0.05 probability level 

tit 
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considered, Stephens had the highest thousand kernel weight closely followed by 

Mac Vicar and Fundulea. OR 939515 had the largest number of kernels per spike 

being similar to Rod, Madsen, MacVicar, OR 908361, Gene and OR 898120. For 

spikes per m2, OR 889176, TAM 105, and Sturdy were superior. OR 889176 had 

the largest number of kernels per m2, however, it was not different from seven other 

entries. The three entries with the highest harvest index were Stephens, OR 889176 

and Rod. Madsen had the highest biomass (g/m2) with seven entries being similar. 

The tallest entry was TAM 105 with Gene being the shortest. 

4.1.2 Hyslop experimental site in 1998 

A similar analysis was performed in 1998 for the Hyslop site. In Table 4 

observed mean square values from analysis of variance for grain yield and seven 

yield components, coefficients of variation, R2 and mean values for each trait are 

provided. Differences among cultivars were found at the 0.01 probability level for 

all measured traits. The coefficients of variation were low for thousand kernel 

weight and plant height, being intermediate for grain yield, kernel number per m2, 

harvest index, biomass and kernels per spike. 

The results of mean separation for eight traits are provided in Tables 5 and 

6. The highest yielding entry in 1998 was OR 939528, however, it was not 

significantly different from seven other entries. When the components of yield are 

considered, Fundulea had the highest thousand kernel weight followed by 

Stephens. OR 939515 had the largest number of kernels per spike being similar to 



Table 4. Observed mean squares, coefficients of variation, R2 and means for grain yield, thousand kernel weight (TKW), grains 
per spike, spikes per mz, grains per m2, harvest index, biomass and plant height of 15 cultivars grown at Hyslop in 1998. 

Source of DF Grain Yield TKW Grains Spikes Grains Harvest Biomass Height 

variation Index  
g/m2  

g /spike /m2 /m2 % g/m2 cm 

Cultivar 14 31,506** 107.11** 82,0** 13,752* 22,957,318** 0.0027** 282,461** 253.3** 

Block 4 35,870** 10.75* 14.9' 29,769** 16,415,990** 0.0014' 364,272** 253.5** 

Error 56 2,897 4.21 11.8 5,882 1,423,816 0.0009 58,465 18.9 

Total 74 

CV (%) 10.0 4.7 12.8 16.3 9.6 10.5 12.6 4.0 

R2 0.78 0.87 0.65 0.48 0.82 0.47 0.62 0.81 

Mean 540.6 43.8 26.9 470.4 12,427 0.28 1,925 108.7 

* , ** significant at the 0.05 and 0.01 probability level, respectively; ns non-significant. 



Table 5. Mean values for grain yield, thousand kernel weight (TKW), grains per spike and spikes per m2 of 15 cultivars grown at 
Hyslop in 1998. 

Grain yield TKW Grains Spikes
g/m2 g /spike m2 

Cultivar Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group 

Stephens 11 504 de* 2 47.3 b 8 27.6 cde 15 392 e 

Madsen 3 616 a 13 39.7 hij 2 32.3 ab 7 483 a-e 

Mac Vicar 10 507 cd 5 45.7 bcd 10 25.6 c-g 10 447 b-e 

Gene 14 416 f 14 39.0 y 12 23.1 e-h 8 462 b-e 

Rod 12 485 de 3 46.7 be 14 21.9 gh 5 494 a-d 

Fundulea 5 609 a 1 56.4 a 11 24.5 d-g 11 446 b-e 

TAM 105 15 393 f 6 45.4 b-e 15 19.6 h 9 452 b-e 

Sturdy 13 436 of 15 37.6 j 13 22.2 fgh 2 531 ab 

OR 939515 8 573 abc 8 44.1 def 1 32.6 a 14 402 de 

OR 939528 1 624 a 4 46.0 bcd 7 28.1 bcd 6 484 a-e 

OR 908361 2 620 a 10 41.6 fgh 6 28.6 a-d 3 528 ab 

OR 898120 7 579 ab 9 43.0 efg 3 32.3 ab 13 419 cde 

OR 880172 9 537 bcd 7 44.6 cde 5 28.8 abc 12 425 cde 

OR 850513 6 598 ab 12 40.1 hij 9 26.3 c-f 1 579 a 

OR 889176 4 612 a 11 40.5 ghi 4 29.9 abc 4 511 abc 

LSD 68.2 2.60 4.36 97.2 

* Fischer Protected Least Significant Difference Test; means in the same column having the same letter are not significantly 
different at the 0.05 probability level 



Table 6. Mean values for grain number per m2, harvest index, biomass and plant height of 15 cultivars grown at Hyslop in 1998. 

Grains 
/m2 

Harvest index 
% 

Biomass 
g/m2 

Plant height 
cm 

Cultivar Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group 

Stephens 12 10,673 fg* 3 0.31 abc 13 1,648 efg 12 105.4 e 

Madsen 1 15,576 a 8 0.28 b-e 3 2,204 abc 5 112.2 abc 

Mac Vicar 10 11,167 fg 12 0.26 de 9 1,930 cde 11 106.4 de 

Gene 13 10,621 fg 14 0.25 e 12 1,648 efg 15 93.6 e 

Rod 14 10,391 g 13 0.26 de 10 1,875 def 10 108.6 cde 

Fundulea 11 10,803 fg 6 0.29 bcd 4 2,120 a-d 9 110.2 cde 

TAM 105 15 8,651 h 15 0.25 e 14 1,577 fg 3 115.8 ab 

Sturdy 9 11,597 efg 7 0.29 b-e 15 1,555 g 13 104.8 e 

OR 939515 7 12,971 cde 4 0.29 bcd 8 1,942 b-e 7 111.6 a-d 

OR 939528 5 13,572 be 2 0.31 ab 5 2,019 a-d 2 116.2 ab 

OR 908361 4 14,891 ab 9 0.27 b-e 1 2,289 a 8 111.2 bcd 

OR 898120 6 13,472 bcd 5 0.29 bcd 7 1,986 a-d 1 116.8 a 

OR 880172 8 12,029 def 11 0.27 de 6 2,004 a-d 6 111.8 a-d 

OR 850513 3 14,894 ab 10 0.27 cde 2 2,243 ab 4 112.8 abc 

OR 889176 2 15,106 a 1 0.34 a 11 1,834 d-g 14 93.8 e 

LSD 1511.8 0.038 306.3 5.51 

* Fischer Protected Least Significant Difference Test; means in the same column having the same letter are not significantly 
different at the 0.05 probability level 
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Madsen, OR 898120, OR 889176, OR 880172 and OR 908361. OR 850513 was 

superior for spikes per m2, however, it was not different from six other entries. 

Madsen had the largest number of kernels per m2, being similar to OR 889176, OR 

850513 and OR 908361. The three entries with the highest harvest index were OR 

889176, OR 939528 and Stephens. OR 908361 had the highest biomass (g/m2) 

with six other cultivars being similar. The tallest entry was OR 898120, with six 

other entries being similar. 

4.1.3 Moro experimental site in 1997 

Observed mean square values from analysis of variance for grain yield and 

seven yield components for the Moro site in 1997 are presented in Table 7. 

Coefficients of variation, R2 and mean values for each trait are also presented. 

Significant differences among cultivars were detected at the 0.01 probability level 

for all measured traits. The coefficients of variation were low for thousand kernel 

weight and plant height, while intermediate values were found for grain yield, 

kernel number per m2, harvest index, biomass and kernels per spike. 

Results of mean value separation for eight traits are provided in Tables 8 

and 9. The highest yielding entries in 1997 at this location were OR 889176 and 

Rod. When the components of yield are considered, Stephens had the highest 

thousand kernel weight closely followed by OR 939528, Rod and MacVicar. OR 

889176 had the largest number of kernels per spike being similar to Madsen, Rod, 

Gene and OR 908361. For spikes per m2, Sturdy, TAM 105, OR 889176, 



Table 7. Observed mean squares, coefficients of variation, R2 and means for grain yield, thousand kernel weight (TKW), grains 
per spike, spikes per m , grains per m2, harvest index, biomass and plant height of 15 cultivars grown at Moro in 1997. 

Source of DF Grain Yield TKW Grains Spikes Grains Harvest Biomass Height 

variation Index  
/m2 /m2 g/m2 g /spike % g/m2 cm 

Cultivar 14 11,264** 52.31** 35.7** 13,974** 11,494,540** 0.0048** 65,764** 57.2** 

Block 4 12,760** 7.68' 25.1** 8,22e 7,758,958** 0.0014' 58,175' 15.2' 
Error 56 2,884 3.59 5.7 4,357 1,614,516 0.0010 24,761 13.5 

Total 74 

CV (%) 12.9 4.6 10.3 14.8 12.4 9.4 12.4 4.8 

R2 0.56 0.79 0.65 0.48 0.68 0.57 0.45 0.53 

Mean 417.5 41.2 23.1 446.4 10,208 0.33 1,269 75.9 
* ** - significant at the 0.05 and 0.01 probability level, respectively; ns non-significant. 



Table 8. Mean values for grain yield, thousand kernel weight (TKW), grains per spike and spikes per m2 of 15 cultivars 
observed at Moro in 1997. 

Gram yield TKW Grams Spikes
/ m2 

g/m2 g /spike 
Cultivar Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group 

Stephens 11 390 cde* 1 46.3 a 9 22.6 cde 15 374 d 

Madsen 5 431 cd 11 39.6 def 2 26.0 ab 10 418 cd 

Mac Vicar 14 374 de 4 44.3 ab 13 20.7 e 11 414 cd 

Gene 3 446 be 7 41.9 cd 4 25.7 ab 12 414 cd 

Rod 2 509 ab 3 44.3 ab 3 25.9 ab 6 440 bcd 

Fundulea 4 433 cd 5 43.4 be 6 23.9 bcd 9 418 cd 

TAM 105 8 399 cde 14 37.0 gh 11 21.4 de 2 518 ab 

Sturdy 12 385 cde 15 35.3 h 14 20.6 of 1 537 a 

OR 939515 10 390 cde 6 42.6 be 12 20.8 e 7 439 bcd 

OR 939528 13 385 cde 2 44.6 ab 15 17.6 4 511 ab 

OR 908361 7 429 cde 10 40.1 de 5 25.5 abc 8 421 cd 

OR 898120 9 395 cde 8 41.7 cd 7 23.3 b-e 13 406 d 

OR 880172 15 348 e 9 41.6 cd 10 21.9 de 14 383 d 

OR 850513 6 429 cd 12 37.9 efg 8 23.1 b-e 5 491 abc 

OR 889176 1 520 a 13 37.4 fgh 1 27.3 a 3 512 ab 

LSD 68.0 2.40 3.02 83.6 

* - Fischer Protected Least Significant Difference Test; means in the same column having the same letter are not significantly 
different at the 0.05 probability level 

f 



Table 9. Mean values for grain number per m2, harvest index, biomass and plant height of 15 cultivars observed at Moro in 
1997.  

Grains 
hn2 

Harvest index 
% 

Biomass 
g/m2 

Plant height 
cm 

Cultivar Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group 

Stephens 13 8,444 e* 2 0.36 ab 15 1,075 e 13 71.2 de 

Madsen 5 10,888 bc 10 0.32 c-f 3 1,362 ab 5 77.6 ab 

Mac Vicar 14 8,427 e 14 0.28 f 7 1,323 ab 2 79.6 a 

Gene 8 10,599 bcd 7 0.34 a-d 8 1,307 abc 15 69.8 e 

Rod 2 11,454 b 1 0.38 a 4 1,354 ab 9 76.6 abc 

Fundulea 9 9,973 b-e 5 0.35 abc 11 1,230 b-e 8 76.8 abc 

TAM 105 6 10,887 bc 4 0.36 ab 14 1,103 de 12 72.4 dce 

Sturdy 4 10,916 bc 6 0.34 a-d 13 1,121 cde 14 70.8 de 

OR 939515 11 9,135 de 15 0.28 f 2 1,405 ab 7 77.2 ab 

OR 939528 12 8,628 e 12 0.30 of 6 1,325 ab 3 79.6 a 

OR 908361 7 10,738 bcd 8 0.34 a-d 10 1,266 a-e 11 74.6 bdc 

OR 898120 10 9,449 cde 13 0.30 f 5 1,338 ab 1 80.0 a 

OR 880172 15 8,365 e 11 0.31 def 12 1,121 cde 6 77.4 ab 

OR 850513 3 11,321 b 9 0.34 b-e 9 1,274 a-d 4 78.8 a-b 

OR 889176 1 13,893 a 3 0.36 ab 1 1,433 a 10 75.4 a-d 

LSD 1609.8 0.040 199.4 4.65 

* - Fischer Protected Least Significant Difference Test; means in the same column having the same letter are not significantly 
different at the 0.05 probability level 
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OR 939528 and OR 850513 were superior. OR 889176 had the largest number of 

kernels per m2. The entry with the highest harvest index was Rod, but it was closely 

followed by seven other entries. OR 889176 had the highest biomass (g/m2) with 

nine others being similar. The tallest entry was OR 898120, being similar to nine 

other entries. 

4.1.4 Moro experimental site in 1998 

In Table 10, the observed mean square values from analysis of variance for 

grain yield and seven yield related agronomic traits are presented along with 

coefficients of variation, R2 and overall mean values for each trait. Differences 

among cultivars were noted at the 0.01 probability level for all measured traits. The 

coefficients of variation were low for thousand kernel weight and plant height, 

while intermediate values were found for grain yield, grain number per m2, harvest 

index, biomass, grain number per spike and spikes per m2. 

The results of mean separation for eight traits are provided in Tables 11 and 

12. The highest yielding entry was Gene. When the components of yield are 

considered, Fundulea was superior for thousand kernel weight. Madsen had the 

largest number of grains per spike being similar to Gene, Fundulea and OR 898120. 

For spikes per m2, Sturdy and TAM 105 were superior. Gene had the largest 

number of grains per m2, however, it was not different from four other entries. The 

three entries with the highest harvest index were Gene, Stephens, and OR 889176. 



Table 10. Observed mean squares, coefficients of variation, R2 and means for grain yield, thousand kernel weight (TKW), grains 
per spike, spikes per m2, grains per m2, harvest index, biomass and plant height of 15 cultivars grown at Moro in 1998. 

Source of DF Grain Yield TKW Grains Spikes Grains Harvest Biomass Height 

variation Index  
/m2 /m2 g/m2 g /spike % g/m2 cm 

Cultivar 14 8,956** 186.44** 37.2** 27,189** 4,521,794** 0.0042** 130,703** 52.3** 
7.7nsBlock 4 8,666** 4.80' 2,702ns 2,700,673** 0.0013' 20,358' 28.6* 

Error 56 1,323 2.93 5.9 1,787 521,821 0.0008 20,229 10.5 

Total 74 

CV (%) 8.6 3.3 11.8 10.2 8.6 10.1 9.2 3.7 

R2 0.68 0.94 0.62 0.80 0.72 0.59 0.62 0.59 

Mean 423.5 51.3 20.5 414.4 8,323 0.28 1,540 86.8 

* , ** - significant at the 0.05 and 0.01 probability level, respectively; ns non-significant. 



Table 11. Mean values for grain yield, thousand kernel weight (TKW), grains per spike and spikes per m2 of 15 cultivars 
observed at Moro in 1998. 

Gram yield TKW Grains Spikes
g/m2 g /spike 1 m2 

Cultivar Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group 

Stephens 5 450 b* 2 58.6 b 10 20.3 cde 11 383 cd 

Madsen 8 431 bcd 12 47.2 1 25.2 a 14 364 dg  
MacVicar 7 441 bc 3 58.2 b 9 20.3 cde 13 378 cd  

Gene 1 506 a 7 52.3 de 2 24.6 ab 9 395 cd  

Rod 2 456 b 6 52.4 de 5 21.8 bc 7 399 bcd  

Fundulea 11 396 c-f 1 62.6 a 3 22.4 abc 15 284 e  

TAM 105 13 380 efg 14 43.6 h 15 15.5 g 2 565 a  

Sturdy 12 387 d-g 15 40.2 1 14 16.6 fg 1 581 a  

OR 939515 4 451 b 5 54.4 cd 7 21.3 c 10 394 cd 

OR 939528 3 454 b 4 55.8 c 11 19.5 c-f 5 418 bc 

OR 908361 9 428 bcd 10 49.7 f 6 21.4 c 6 403 bcd 

OR 898120 6 445 b 9 50.5 of 4 22.4 abc 8 396 bcd  

OR 880172 15 348 g 8 52.0 e 13 17.7 efg 12 383 cd  

OR 850513 14 358 fg 13 44.7 h 12 18.0 c-f 3 449 b  

OR 889176 10 416 b-e 11 47.3 8 21.0 cd 4 424 bc g  
LSD 46.1 2.17 3.08  53.6 

* - Fischer Protected Least Significant Difference Test; means in the same column having the same letter are not significantly 
different at the 0.05 probability level 



Table 12. Mean values for grain number per m2, harvest index, biomass and plant height of 15 cultivars observed at Moro in 
1998.  

Grains 
/m2 

Harvest index 
% 

Biomass 
g/m2 

Plant height 
cm 

Cultivar Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group 

Stephens 12 7,697 e* 2 0.32 ab 12 1,385 ef 15 80.8 e 

Madsen 3 9,120 abc 7 0.28 cd 8 1,526 cde 14 81.8 e 

Mac Vicar 13 7,592 ef 13 0.25 ef 1 1,810 a 8 86.8 bcd 

Gene 1 9,669 a 1 0.33 a 7 1,530 cde 11 84.8 cde 

Rod 7 8,657 cd 6 0.28 cd 6 1,615 bcd 5 88.6 abc 

Fundulea 15 6,336 g 10 0.26 def 9 1,525 cde 1 91.6 a 

TAM 105 6 8,726 bcd 5 0.29 bcd 15 1,309 f 13 83.6 de 

Sturdy 2 9,625 ab 4 0.29 bcd 13 1,332 f 2 91.0 a 

OR 939515 9 8,298 cde 12 0.26 def 2 1,793 ab 3 90.6 ab 

OR 939528 10 8,142 de 8 0.28 de 4 1,658 abc 7 88.2 abc 

OR 908361 8 8,649 cd 11 0.26 def 5 1,637 abc 10 86.4 cd 

OR 898120 4 8,805 a-d 9 0.26 def 3 1,694 abc 6 88.4 abc 

OR 880172 14 6,682 fg 15 0.23 f 10 1,516 cde 4 88.6 abc 

OR 850513 11 8,042 de 14 0.25 ef 11 1,454 def 9 86.6 bcd 

OR 889176 5 8,800 a-d 3 0.31 abc 14 1,323 f 12 84.6 cde 

LSD 915.2 0.035 180.2 4.11 

* - Fischer Protected Least Significant Difference Test; means in the same column having the same letter are not significantly 
different at the 0.05 probability level 
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Mac Vicar had the highest biomass (g/m2) with four others being similar. The tallest 

entry was Fundulea closely followed by six other entries. 

4.1.5 Pendleton experimental site in 1997 

Analysis of variance for grain yield and seven yield related agronomic traits 

for the Pendleton site in 1997 are presented in Table 13. Coefficients of variation, 

R2 and means for each trait are also presented. Differences among cultivars were 

noted at the 0.01 probability level for all measured traits except for grain yield and 

biomass, where differences were significant at the 0.05 probability level. The 

coefficients of variation were low for thousand kernel weight, harvest index, and 

plant height, being intermediate for grain yield, kernel number per spike, spikes per 

m2, kernel number per m2 and biomass. 

In Tables 14 and 15, the results of mean separation for eight traits are 

provided. The highest yielding entry in 1997 at Pendleton was OR 939528, 

however, it was not significantly different from eight other entries. When the 

components of yield are considered Stephens had the highest thousand kernel 

weight closely followed by MacVicar and OR 939528. Rod had the largest number 

of kernels per spike being similar to OR 898120, OR 939515 and Gene. For spikes 

per m2, Sturdy was superior. Sturdy also had the largest number of kernels per m2, 

however, it was not different from five other entries. The four entries with the 

highest harvest index were Rod, OR 889176, Stephens and Fundulea. OR 939528 



Table 13. Observed mean squares, coefficients of variation, R2 and means for grain yield, thousand kernel weight (TKW), grains 
per spike, spikes per m2, grains per m2, harvest index, biomass and plant height of 15 cultivars grown at Pendleton in 1997. 

Source of DF Grain Yield TKW Grains Spikes Grains Harvest Biomass Height 

variation Index 

g/m2 g /spike /m2 /m2 % g/m2 cm 

Cultivar 14 15,415* 86.86** 52.6** 53,631** 14,096,852* 0.0018** 137,542* 176.8** 

Block 4 18,544' 20.37** 1.8' 20,446* 21,027,646** 0.0011** 110,27es 8.6' 
Error 56 8,377 2.89 4.8 5,842 5,207,109 0.0003 61,098 17.2 

Total 74 

CV (%) 11.3 4.1 7.2 11.8 11.7 4.3 12.1 4.3 

R2 0.38 0.89 0.73 0.72 0.49 0.64 0.41 0.72 
Mean 801.8 41.8 30.6 648.4 19,521 0.40 2,036 97.5 

* , ** - significant at the 0.05 and 0.01 probability level, respectively. ns non-significant. 



Table 14. Mean values for grain yield, thousand kernel weight (TKW), grains per spike and spikes per m2 of 15 cultivars grown 
at Pendleton in 1997. 

Grain yield TKW Grains Spikes
g/m2 1 m2 

g /spike 
Cultivar Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group 

Stephens 9 799 a-d* 1 48.3 a 13 28.4 f 11 585 efg 

Madsen 6 833 abc 10 40.6 fgh 9 30.7 c-f 5 672 cde 

Mac Vicar 3 848 abc 2 46.7 ab 12 28.7 f 6 635 c-f 
Gene 8 801 a-d 11 39.4 gh 4 32.9 a-d 8 618 c-f 
Rod 2 896 ab 5 44.0 cd 1 35.4 a 12 582 efg 

Fundulea 10 792 bcd 7 42.7 def 6 32.3 bcd 13 576 efg 

TAM 105 15 700 d 14 36.8 i 15 23.5 2 815 bg  
Sturdy 13 755 cd 15 33.3 j 14 24.9 1 917 a g 
OR 939515 4 844 abc 8 42.5 def 3 33.3 abc 9 598 efg 

OR 939528 1 910 a 3 46.3 ab 7 31.6 b-e 7 623 c-f 
OR 908361 14 747 cd 9 41.4 efg 8 30.9 c-f 10 590 efg 

OR 898120 5 837 abc 6 42.9 de 2 34.0 ab 14 575 fg 
OR 880172 12 766 cd 4 45.5 bc 5 32.3 bcd 15 524 fg 
OR 850513 11 791 bcd 12 38.7 hi 11 29.3 of 4 697 cd 
OR 889176 7 807 a-d 13 37.3 i 10 30.2 def 3 719 bc 

LSD 116.0 2.16 2.79 96.8 

* - Fischer Protected Least Significant Difference Test; means in the same column having the same letter are not significantly 
different at the 0.05 probability level 



Table 15. Mean values for grain number per m2, harvest index, biomass and plant height of 15 cultivars grown at Pendleton in 
1997.  

Grains Harvest index Biomass Plant height 
/m2 % g /m2 cm 

Cultivar Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group 

Stephens 15 16,577 e* 3 0.42 ab 13 1,897 bcd 12 92.6 ef 

Madsen 4 20,492 abc 15 0.37 g 2 2,280 a 8 99.8 abc 

Mac Vicar 12 18,211 cde 13 0.38 efg 3 2,234 a 6 100.0 abc 

Gene 6 20,348 abc 8 0.40 c-f 7 2,035 a-d 15 85.0 g 
Rod 5 20,477 abc 1 0.43 a 6 2,058 abc 7 100.0 abc 

Fundulea 11 18,656 cde 4 0.41 abc 12 1,904 bcd 10 96.6 cde 

TAM 105 10 19,062 b-e 6 0.41 bcd 15 1,728 d 9 98.2 bcd 

Sturdy 1 22,813 a 5 0.41 bcd 14 1,845 cd 11 94.4 de 

OR 939515 7 19,912 be 11 0.39 def 5 2,153 abc 2 103.6 a 

OR 939528 8 19,669 bcd 7 0.40 cde 1 2,281 a 3 102.8 ab 

OR 908361 13 18,070 cde 14 0.38 fg 9 2,016 a-d 13 92.0 ef 

OR 898120 9 19,514 bcd 12 0.38 efg 4 2,194 ab 4 102.8 ab 

OR 880172 14 16,873 de 10 0.39 def 10 1,969 a-d 1 104.0 a 

OR 850513 3 20,492 abc 9 0.39 c-f 8 2,024 a-d 5 102.6 ab 

OR 889176 2 21,647 ab 2 0.42 ab 11 1,918 bcd 14 87.8 fg 

LSD 2891.1 0.022 313.2 5.27 

* - Fischer Protected Least Significant Difference Test; means in the same column having the same letter are not significantly 
different at the 0.05 probability level 
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had the highest biomass (g/m2) with nine others being similar. The tallest entry was 

OR 880172, closely followed by seven other entries. 

4.1.6 Pendleton experimental site in 1998 

Analysis of variance for grain yield and seven yield components are 

presented in Table 16. Coefficients of variation, R2 and means for each trait are also 

presented in this table. Differences among cultivars were significant at the 0.01 

probability level for all measured traits. The coefficients of variation were low for 

grain yield, thousand kernel weight, harvest index, biomass, and plant height. 

Intermediate values were found for spikes per m2, grain number per m2 and grain 

number per spike. 

Separations of mean values for eight traits are provided in Tables 17 and 18. 

The highest yielding entry in 1998 at this site was OR 939515, however, it was not 

significantly different from OR 939528 and OR 889176. When the components of 

yield are considered, Fundulea had the highest thousand kernel weight. Gene had 

the largest number of grains per spike being similar to OR 939515 and Rod. For 

number of spikes per m2, Sturdy was superior. OR 889176 had the largest number 

of grains per m2, however, it was not different from Madsen, OR 850513 and OR 

939515. The four entries with the highest harvest index were Gene, OR 889176, 

Rod, and OR 939528. OR 939515 had the highest biomass (g/m2) with four others 

being similar. The tallest entry was OR 880172 closely followed TAM 105. 



Table 16. Observed mean squares, coefficients of variation, R2 and means for grain yield, thousand kernel weight (TKW), grains 
per spike, spikes per m2, grains per m2, harvest index, biomass and plant height of 15 cultivars grown at Pendleton in 1998. 

Source of DF Grain Yield TKW Grains Spikes Grains Harvest Biomass Height 

variation Index 

g/m2 g /spike /m2 /m2 % g/m2 cm 

Cultivar 14 61,928** 206.94** 126.4** 58,417** 26,509,073** 0.0044** 216,397** 195.9** 

Block 4 7,630** 22.73** 8.5' 29,886** 16,365,838** 0.0006' 124,481** 12.9* 

Error 56 2,267 4.28 4.1 2,956 1,859,103 0.0004 14,057 3.5 

Total 74 

CV (%) 6.2 4.5 7.0 9.2 8.1 5.3 6.0 1.8 

R2 0.87 0.93 0.89 0.85 0.81 0.73 0.81 0.93 

Mean 764.1 45.6 29.2 593 16,906 0.38 1,984 106.1 

* , ** - significant at the 0.05 and 0.01 probability level, respectively; ns non-significant. 



Table 17. Mean values for grain yield, thousand kernel weight (TKW), grains per spike and spikes per m2 of 15 cultivars 
observed at Pendleton in 1998. 

Grain yield TKW Grains Spikes
/m2 1 m2 

g g /spike 
Cultivar Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group 

Stephens 6 810 bcd* 2 53.1 b 13 25.8 f 6 596 cde 

Madsen 4 816 bcd 12 41.7 f 4 32.0 bcd 4 613 cd 

MacVicar 7 810 bcd 4 50.1 c 12 28.6 e 9 570 def 

Gene 8 798 cd 10 43.4 ef 1 34.9 a 13 528 ef 

Rod 9 786 cde 6 47.2 d 3 32.4 abc 14 517 f 

Fundulea 13 735 e 1 59.8 a 7 30.9 b-e 15 398 g 
TAM 105 15 471 g 14 36.6 g 15 17.5 g 2 739 b 

Sturdy 14 544 f 15 34.1 g 14 18.4 g 1 880 a 

OR 939515 1 879 a 7 46.5 d 2 33.1 ab 7 575 def 

OR 939528 2 861 ab 3 50.5 be 9 30.8 b-e 11 556 def 

OR 908361 11 772 cde 9 43.5 ef 6 31.3 bcd 8 573 def 

OR 898120 10 778 cde 8 46.0 de 10 30.2 cde 10 561 def 

OR 880172 12 759 de 5 48.1 cd 11 29.9 de 12 530 ef 

OR 850513 5 811 bcd 11 42.2 f 5 31.9 bcd 5 609 cd 

OR 889176 3 831 abc 13 41.5 f 8 30.9 b-e 3 654 c 

LSD 60.3 2.62 2.58 68.9 

* - Fischer Protected Least Significant Difference Test; means in the same column having the same letter are not significantly 
different at the 0.05 probability level 



Table 18. Mean values for grain number per m2, harvest index, biomass and plant height of 15 cultivars observed at Pendleton in 
1998.  

Grams Harvest index Biomass Plant height 
/m2 g /m2 cm 

Cultivar Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group 

Stephens 13 15,263 g* 5 0.40 bc 7 2,052 bcd 13 100.4 g 
Madsen 2 19,614 ab 11 0.38 cd 4 2,153 ab 10 107.4 e 

Mac Vicar 10 16,342 efg 13 0.37 d 2 2,195 ab 8 108.0 de 

Gene 5 18,428 bcd 1 0.43 a 13 1,872 e 15 92.4 h 

Rod 9 16,716 d-g 3 0.41 ab 12 1,897 e 9 107.6 e 

Fundulea 15 12,283 h 10 0.38 cd 11 1,941 de 4 110.2 bcd 

TAM 105 14 12,839 h 15 0.32 e 15 1,488 f 2 112.4 ab 

Sturdy 11 16,005 fg 14 0.34 e 14 1,621 f 12 102.2 fg 
OR 939515 4 18,995 abc 6 0.39 bc 1 2,243 a 3 111.2 bc 

OR 939528 7 17,114 def 4 0.40 abc 3 2,159 ab 7 108.4 de 

OR 908361 6 17,814 cde 7 0.39 bcd 9 1,974 de 11 103.6 f 

OR 898120 8 16,936 d-g 12 0.37 d 5 2,125 abc 6 109.4 cde 

OR 880172 12 15,784 fg 9 0.38 cd 8 1,991 cde 1 113.6 a 

OR 850513 3 19,289 abc 8 0.39 bcd 6 2,082 bcd 5 109.6 cde 

OR 889176 1 20,166 a 2 0.43 a 10 1,958 de 14 94.6 h 

LSD 1727.5 0.026 150.2 2.38 

* - Fischer Protected Least Significant Difference Test; means in the same column having the same letter are not significantly 
different at the 0.05 probability level 
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4.1.7 Grain protein content and grain hardness 

Observed mean square values from the analysis of variance for grain protein 

content and grain hardness are presented in Tables 19 and 20, respectively. 

Coefficients of variation, R2 and mean values are also provided. Differences among 

cultivars for grain protein content were significant at the 0.01 probability level in 

five out of six environments. The exception was the Pendleton site in 1997, where 

differences among cultivars for grain protein content were significant at the 0.05 

probability level. Differences among cultivars were significant at the 0.01 

probability level for grain hardness in all six environments. Coefficients of 

variation for grain protein content ranged from low 5.0 to 13.0%. Coefficients of 

variation for grain hardness were higher. They ranged from 11.6 to 15.8%. 

In Table 21, the results of mean separation for grain protein concentration 

are provided. At the Hyslop site in 1997, Sturdy had the highest grain protein 

content being similar to Gene. While Gene was superior for grain protein content at 

this site in 1998, but it was not significantly different from Sturdy and TAM 105. 

Sturdy, OR 880172 and OR 898120 had the highest grain protein content at Moro 

in 1997. Fundulea was superior for this trait at the same site in 1998. At the 

Pendleton site in 1997, TAM 105 had the highest grain protein content but it was 

not different from eight other entries. Sturdy, OR 908361 and Fundulea were the 

entries with the highest grain protein content at Pendleton in 1998. 



Table 19. Observed mean squares, coefficients of variation, R2 and means for grain protein content of 15 cultivars grown at 
Hyslop, Moro and Pendleton in 1996-1997 and 1997-1998. 

Source of DF Hyslop Hyslop Moro Moro Pendleton Pendleton 

variation 

1997 1998 1997 1998 1997 1998 

Cultivar 14 2.218** 1.931** 1.803** 3.558** 2.222* 1.955** 

Block 4 0.525' 0.139ns 1.124' 6.316' 3.031' 
Error 56 0.208 0.244 0.578 0.609 1.154 0.478 

Total 74 

CV (%) 5.0 5.5 9.2 9.4 13.0 9.2 

R2 0.74 0.67 0.44 0.61 0.47 0.60 

Mean 9.0 8.9 8.2 8.3 8.3 7.5 

* , ** - significant at the 0.05 and 0.01 probability level, respectively; ns - non-significant. 



Table 20. Observed mean squares, coefficients of variation, R2 and means for grain hardness of 15 cultivars grown at Hyslop, 
Moro and Pendleton in 1996-1997 and 1997-1998. 

Source of DF Hyslop Hyslop Moro Moro Pendleton Pendleton 
variation 

1997 1998 1997 1998 1997 1998 

Cultivar 14 2246.08** 2048.61** 2270.44** 2077.76** 1987.35** 1575.33** 
73.53nsBlock 4 93.21' 105.17' 185.89' 614.34' 60.40' 

Error 56 36.06 28.70 52.99 42.33 48.75 31.22 
Total 74 

CV (%) 12.2 11.6 15.8 13.7 13.9 15.3 

R2 0.94 0.95 0.92 0.93 0.92 0.93 

Mean 49.3 46.1 45.9 47.6 50.2 36.6 

* , ** - significant at the 0.05 and 0.01 probability level, respectively; ns non-significant. 



Table 21. Means for grain protein content (%) of 15 cultivars grown at Hyslop, Moro and Pendleton during 1996-1997 and 
1997-1998. 

Hyslop 1997 Hyslop 1998 Moro 1997 Moro 1998 Pendleton 1997 Pendleton 1998 

Cultivar Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group 
Stephens 14 8.34 g* 12 8.58 d-g 10 8.04 b-e 12 7.88 cd 10 8.0 b-e 15 6.8 d 

Madsen 5 9.20 cde 13 8.28 efg 8 8.20 bcd 6 8.38 bcd 6 8.6 a-d 4 7.8 bc 

Mac Vicar 15 8.34 g 10 8.66 def 14 7.64 de 13 7.82 cd 14 7.4 de 13 7.0 cd 

Gene 2 10.06 ab 1 10.24 a 6 8.26 bcd 9 8.00 cd 5 8.6 a-d 9 7.2 cd 

Rod 13 8.38 g 5 9.06 cd 15 7.20 e 11 7.98 cd 15 7.0 e 14 6.9 d 

Fundulea 7 9.06 de 4 9.30 bc 12 7.82 cde 1 10.58 a 3 8.9 abc 3 8.3 ab 

TAM 105 6 9.08 de 3 9.72 ab 4 8.46 bcd 2 9.22 b 1 9.4 a 7 7.4 cd 

Sturdy 1 10.58 a 2 9.76 ab 1 9.74 a 3 8.78 bc 4 8.8 a-d 1 9.0 a 

OR 939515 12 8.44 g 11 8.64 def 5 8.42 bcd 4 8.54 bc 8 8.2 a-e 5 7.5 bcd 

OR 939528 11 8.46 fg 15 7.98 g 9 8.18 bcd 14 7.46 ed 9 8.2 a-e 8 7.2 cd 

OR 908361 9 9.02 def 8 8.82 cde 11 7.88 cde 8 8.16 cd 7 8.5 a-d 2 8.3 ab 

OR 898120 10 8.68 efg 14 8.18 fg 3 8.78 abc 7 8.32 bcd 2 9.1 ab 6 7.5 bcd 

OR 880172 8 9.02 def 7 8.86 cde 2 8.86 ab 5 8.44 bcd 12 7.7 cde 10 7.2 cd 

OR 850513 4 9.42 cd 9 8.74 c-f 7 8.24 bcd 10 8.00 cd 11 8.0 b-e 12 7.1 cd 

OR 889176 3 9.66 be 6 9.00 cd 13 7.74 de 15 6.82 e 13 7.5 cde 11 7.1 cd 

LSD 0.58 0.63 0.96 0.99 1.36 0.88 

* - Fischer Protected Least Significant Difference Test; means in the same column having the same letter are not significantly 
different at the 0.05 probability level 
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The results of mean separation for grain hardness are provided in Table 22. 

At Hyslop in 1997, Fundulea had the hardest grain, closely followed by OR 

889176. In 1998, Sturdy, TAM 105, OR 889176 and Fundulea were superior for 

grain hardness at this same site. TAM 105 and Rod had the hardest grain at Moro in 

1997. At the same site in 1998, Fundulea and Sturdy were superior. At Pendleton in 

1997, TAM 105, Fundulea and Sturdy had the highest grain hardness values. Rod 

had the hardest grain at Pendleton in 1998. 

4.2 Combined analysis 

4.2.1 Grain yield 

Table 23 represents results of the analysis of variance according to the 

Additive Main effects and Multiplicative Interaction (AMMI) model. The effects of 

genotype and environment on grain yield were significant at the 0.01 probability 

level accounting for 6.4% and 78.1% of total variance, respectively. Genotype by 

environment interaction sum of squares was of a similar magnitude as that of 

genotype and accounted for 6.0% of the total variance. This interaction variance 

was partitioned with help of principal component analysis (PCA) into interaction 

PCA axes 1 (IPCA 1) and 2 (IPCA 2). I PCA 1 and IPCA 2 accounted for 54.8% 

and 26.7% of interaction sum of squares, respectively, leaving a residual with 36 

degrees of freedom that was non-significant at the 0.05 probability level. The mean 



Table 22. Mean values for grain hardness of 15 cultivars grown at Hyslop, Moro and Pendleton during 1996-1997 and 1997-
1998. 

Hyslop 1997 Hyslop 1998 Moro 1997 Moro 1998 Pendleton 1997 Pendleton 1998 

Cultivar Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group Rank Mean Group 
Stephens 10 35.1 efg* 7 38.9 c 14 25.3 gh 8 40.1 efg 14 27.8 hi 13 21.5 fgh 
Madsen 9 35.7 ef 12 32.7 cd 13 26.3 fgh 14 28.7 hi 9 42.0 d-g 8 28.5 def 
MacVicar 12 34.3 efg 13 31.9 d 8 35.2 def 9 36.0 fgh 12 35.5 fgh 11 26.6 def 
Gene 14 33.1 fg 15 21.4 e 7 38.4 de 6 46.8 e 13 34.9 gh 14 19.2 gh 
Rod 7 39.6 ef 6 39.4 c 2 81.9 a 7 41.1 ef 10 37.6 efg 12 23.5 efg 

Fundulea 1 88.1 a 4 73.4 a 3 72.3 b 1 87.0 a 2 82.4 a 1 72.7 a 
TAM 105 4 72.0 c 2 77.6 a 1 83.1 a 3 74.7 bc 1 82.8 a 4 54.8 b 

Sturdy 3 77.1 bc 1 79.1 a 12 31.1 e-h 2 79.4 ab 3 77.0 ab 3 60.4 b 

OR 939515 11 34.9 efg 11 34.0 cd 10 33.6 d-h 12 32.2 ghi 8 43.9 def 10 27.5 def 
OR 939528 6 41.7 e 10 34.8 cd 11 31.3 e-h 11 32.6 ghi 7 45.6 de 6 33.5 d 
OR 908361 13 33.8 fg 9 36.1 cd 6 40.7 d 15 27.1 i 11 36.2 fgh 9 27.7 def 
OR 898120 8 38.7 ef 8 37.0 cd 9 34.5 d-g 10 32.9 f-i 6 50.4 d 7 28.9 de 

OR 880172 15 27.7 g 14 24.5 e 5 60.1 c 13 29.3 hi 15 23.2 i 15 16.3 h 

OR 850513 5 63.6 d 5 56.8 b 4 70.7 b 5 59.2 d 5 62.6 c 5 47.7 c 

OR 889176 2 84.5 ab 3 74.0 a 15 24.8 h 4 66.8 cd 4 71.0 bc 2 60.6 b 

LSD 7.61 6.79 9.22 8.24 8.85 7.08 

* - Fischer Protected Least Significant Difference Test; means in the same column having the same letter are not significantly 
different at the 0.05 probability level 



77 

Table 23. Combined analysis of variance for grain yield of 15 genotypes over six 
environments. 

Source 

Total 

Treatments 

Genotype (G) 

Environment (E) 

GxE 

IPCA 1 

IPCA 2 

Residual 

Error 

Block 

Pure Error 

df 
449 

89 

14 

5 

70 

18 

16 

36 

360 

24 

336 

SS 

19,460,024 

17,568,799 

1,235,965 

15,205,487 

1,127,347 

617,417 

300,544 

209,386 

1,891,225 

539,059 

1,352,166 

MS 

197,402 

88,283 

3,041,097 

16,105 

34,301 

18,784 

5,816 

5,253 

22,461 

4,024 

F value Pr> F 

49.05 0.0001 

21.94 0.0001 

755.68 0.0001 

4.00 0.0001 

8.52 0.0001 

4.67 0.0001 

1.45 0.0522 

5.58 0.0001 
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values and IPCA scores of the genotypes and environments were used to construct 

biplots (See Appendix). 

In the biplot AMMI1 Model for grain yield (Figure 1), the genotypes are 

shown with black circles and environments with open circles. The biplot shows the 

main effects of the genotypes (scaled as the genotype means for grain yield) and 

environments (scaled as the environment means for grain yield) on the abscissa. 

From the biplot, Hyslop in 1997 was the highest yielding environment. Its 

projection on the abscissa corresponds to the mean value of this environment 

(869.3 g/m2), being larger than the other five environments. In contrast, the Moro 

sites, representing the dryland wheat production area of the Eastern Oregon, were 

the lowest yielding environments in both 1997 and 1998. From the biplot, it can be 

noted that the Hyslop sites showed considerable variation in additive effects 

between years with the mean grain yield in 1998 being lower (540.6 g/m2) than in 

1997. Such a drastic reduction in grain yield was due to Septoria spp. that heavily 

affected many of the genotypes in 1998. In both 1997 and 1998, yields at the 

Pendleton sites were similar to Hyslop site in 1997. Non-adapted Hard and Red 

cultivars Sturdy and TAM 105 performed poorly at all locations. Their mean values 

for grain yield were considerably lower than that of the other genotypes. The 

adapted Soft and Hard white cultivars with higher mean grain yields form a 

separate group on the right side of the figure. Performance of the European Hard 

Red cultivar Fundulea was more similar to that of the adapted cultivars. 



Figure 1. AMMI1 model for grain yield of 15 cultivars and 6 environments. 
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The biplot AMMI1 Model for grain yield shows interaction PCA1 scores of 

the genotypes and environments on the ordinate. The zero horizontal line divides 

genotypes and environments into two groups. Those genotypes and environments 

that have positive interaction PCA 1 scores are above the zero line. Negative 

interaction PCA 1 scores are found below the zero line. The product of interaction 

PCA scores of a genotype and environment is equal to the effect of the interaction 

for the corresponding genotype and environment. Therefore, the genotypes and 

environments whose interaction PCA scores have the same sign interact positively. 

In contrast, the genotypes and environments, whose interaction PCA scores have 

different signs interact negatively. Those genotype that are placed close to the zero 

line (i.e. have low either positive or negative scores) do not interact with the 

environments. Those genotypes that are placed far from the zero line (i.e. have 

large either positive or negative scores) show higher interaction with the 

environments. Analogously, the environments that are placed close to the zero line 

do not contribute in interaction with the genotypes. Those environments that are 

placed far from the zero show higher interaction with the genotypes. 

It can be determined from the AMMI1 model that both Moro sites 

interacted positively with hard red Sturdy and TAM 105, while their interaction 

with the most of the Soft and Hard White cultivars was negative. In contrast, 

Pendleton in 1998 and Hyslop in 1997 showed negative interaction with Sturdy and 

TAM 105, while their interaction was positive with most of the adapted cultivars. 

The environments, such as Hyslop in 1998 and Pendleton in 1997, and the 
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genotypes Fundulea OR 9088361, OR 898120, OR 889176, Gene, Rod, Madsen 

and Stephens showed no or very low interaction. 

The AMMI1 model separates clearly two groups of cultivars. The first 

group consists of Sturdy and TAM 105 that are characterized by low additive and 

high positive interaction PCA scores. In contrast, the second group unites cultivars 

with high additive effects and relatively low interaction scores. Separation of 

environments along the ordinate also identifies two groups of environments. The 

first group consists of the Moro sites that interact positively with the hard red 

cultivars. The second group unites environments that have no or positive 

interaction with Soft and Hard white cultivars, while their interaction with the Hard 

Red cultivars is negative or close to zero. 

The underlying cause of the interaction can be deduced from the knowledge 

about genetic differences between the cultivars involved and/or the different 

environments involved. Sturdy and TAM 105 represent germplasm developed for 

the semiarid Great Plains. Therefore, their positive interaction with the dryland 

sites of Moro is not surprising. On the other hand, the Soft and Hard White 

cultivars responded yieldwise to the more humid conditions of the Pacific 

Northwest as obtained at the Hyslop and Pendleton sites. This separation of 

genotypes suggests that it is adapted/non adapted group relationships that are 

responsible for the highly significant interaction partitioned on the first PCA axis. 

A different pattern of GxE interaction was identified when interaction PCA 

2 scores were plotted against interaction PCA 1 scores (Figure 2). In the AMMI2 
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model, the abscissa ranks environments and genotypes according to their IPCA1 

scores, while the ordinate ranks them according to their IPCA 2 scores. According 

to the information provided in Figure 2, the Hyslop site in 1998 had the highest 

negative interaction PCA 2 score. The IPCA 2 axis clearly separated the Hyslop 

site in 1998 from the other environments and showed that it contributed to a higher 

interaction with the cultivars, considerably more than the other environments. The 

other five environments are displaced close to the zero line and show no or very 

low interaction with the genotypes. 

In contrast, the IPCA 2 axis doesn't separate any group of genotypes 

(Figure 2). The genotypes are distributed along the ordinate evenly, showing a 

gradual change in sign and magnitude of interaction PCA 2 scores. Cultivars, such 

as Gene, MacVicar, Stephens and Rod had the highest positive IPCA 2 scores, 

while OR 908361, Fundulea, OR 850513, OR 889176, Madsen and OR 880172 had 

the highest negative IPCA 2 scores. According to the biplot interpretation rules 

(Kempton, 1984), the Hyslop site in 1998 had a strong negative interaction with 

Gene, MacVicar, Stephens and Rod, and a strong positive interaction with OR 

908361, Fundulea, OR 850513, OR 889176, Madsen and OR 880172. 

The large negative contribution in interaction of the Hyslop site in 1998 can 

be related to the widespread epidemics of Septoria spp. As it was shown earlier on 

the AMMI 1 model (Figure 1), this resulted in a considerable reduction in average 

yield at this site. Another feature of that trial was that Gene demonstrated low 

resistance to Septoria spp. and had the largest reductions in grain yield. The 
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Figure 2. AMMI2 model for grain yield of 15 cultivars and 6 environments. 
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AMMI2 model demonstrates negative interaction of a large magnitude between 

Gene and the Hyslop site in 1998. Those cultivars that are known to have some 

resistance to Septoria spp. interact positively with the Hyslop site in 1998. The 

correlation coefficient between the genotype IPCA 2 axis scores and their disease 

severity scores is equal to 0.79 (See Appendix). This suggests that differential 

genotype resistance to Septoria spp. could be the major factor responsible for the 

interaction partitioned in the IPCA 2 axis. 

4.2.2 Grain protein content 

Table 24 shows results of combined analyses of variance for grain protein 

content according to the Additive Main effects and Multiplicative Interaction 

model (AMMI). Genotypes and environments had a significant effect on grain 

protein and accounted for 17.9% and 21.6% of total variance, respectively. 

Genotype by environment interaction variance was of a similar magnitude as that 

of cultivar and accounted for 17.9% of the total variance. Genotype by environment 

interaction variance was partitioned using the principal component analysis (PCA) 

into interaction PCA axes 1 (IPCA1) and 2 (IPCA2) with 18 and 16 degrees of 

freedom, respectively being significant at the 0.01 probability level. IPCA 1 and 

IPCA 2 accounted for 46.2% and 27.0% of interaction sum of squares, respectively, 

leaving a residual with 36 degrees of freedom that was non-significant at the 0.05 
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Table 24. Combined analysis of variance for grain protein content of 15 cultivars 
over six environments. 

Source 

Total 

Treatment 

Genotypes (G)  

Environment (E)  

GXE  

IPCA 1 

IPCA 2 

Residual 

Error 

Block 

Pure Error 

df  
449  

89  

14  

5  

70  

18  

16  

36  

360  

24 

336 

SS 

536.20 

307.24 

95.80 

115.63 

95.82 

44.31 

25.86 

25.64 

228.96 

45.75 

183.21 

MS 

3.452 

6.843 

23.125 

1.369 

2.462 

1.617 

0.712 

0.636 

1.906 

0.545 

F value Pr> F 

6.3 0.0001 

12.6 0.0001 

42.4 0.0001 

2.5 0.0001 

4.5 0.0001 

3.0 0.0001 

1.31 0.1189 

3.5 0.0001 
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probability level. The means and IPCA scores were used to construct biplots (See 

Appendix). 

In Figure 3, the genotypes are shown again with black circles and 

environments with open circles. The AMMI1 Model for grain protein content 

illustrates the main effects of the genotype (scaled as the genotype means for grain 

protein content) and environment (scaled as the environment means) on the 

abscissa. From the biplot, the highest grain protein content was observed at the 

Hyslop sites in both 1997 and 1998. Mean grain protein content was the lowest at 

the Pendleton site in 1998. The Moro sites in both 1997 and 1998, and Pendleton in 

1997 were characterized by intermediate values for grain protein content. The Hard 

Red cultivars Sturdy, TAM 105 and Fundulea had higher grain protein contents 

than the Soft and Hard White cultivars. The Hard Red cultivars were closely 

followed by Gene, which tended to have a similar grain protein content. Other Soft 

and Hard White cultivars formed a separate group of genotypes with lower values 

for grain protein content. 

The AMMI1 Model for grain protein content shows the IPCA1 scores of the 

genotype and environment on the ordinate (Figure 3). The genotypes and 

environments that are plotted on the same side from the zero horizontal line have 

the IPCA 1 scores of the same sign and therefore, interact positively. In contrast, 

those genotypes and environments that are placed on the different sides from the 

zero line (having IPCA 1 scores of the different sign) interact negatively. Most of 



Figure 3. AMMI1 model for grain protein concentration of 15 cultivars and 6 environments. 
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the genotypes, as well as the environments, have very low IPCA 1 scores and do 

not show much interaction with the environments. However, some exceptions can 

be found. Fundulea exhibits positive interaction at the Moro site in 1998 and 

interacts negatively with the Hyslop site in both 1997 and 1998. In contrast, Gene 

and OR 889176 interacted positively with the Hyslop site in both 1997 and 1998, 

while they interacted negatively in 1998 with the Moro site. 

Unlike grain yield, the magnitude of GxE interaction for grain protein 

content was not large. The biplot for grain protein content did not reveal a clear 

pattern in genotype or environment grouping that would suggest any single 

genotypic or environmental factor responsible for GxE interaction partitioned out 

in the first axis of PCA. The positive interactions of Fundulea with Moro in 1998 

and Gene with the Hyslop site in both years should be considered as individual 

cases. 

The AMMI2 model did not identify any agriculturally meaningful pattern of 

GxE interaction and therefore, is not presented in the results. 

4.2.3 Grain hardness 

Table 25 represents results of the combined analysis of variance for grain 

hardness according to the Additive Main effects and Multiplicative Interaction 

model. Both genotype and environment terms were significant at the 0.01 

probability level. Unlike grain yield and grain protein content, the genotype was the 
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Table 25. Combined analysis of variance for grain hardness of 15 cultivars over six 
environments. 

Source 

Total 

Treatment 

Genotype (G) 

Environment (E) 

GXE 

IPCA 1 

IPCA 2 

IPCA 3 

Residual 

Error 

Block 

Pure Error 

df 
449 

89 

14 

5 

70 

18 

16 

14 

22 

360 

24 

336 

SS 

205,967.6 

177,107.2 

157,960.6 

8,881.5 

10,265.1 

4,730.7 

1,863.5 

1,699.4 

1,971.4 

28,860.3 

6,194.7 

22,665.6 

MS 

1,989.97 

11,282.90 

1,776.30 

146.64 

262.82 

116.47 

121.39 

89.61 

80.17 

258.11 

67.46 

F value Pr> F 

29.5 0.0001 

167.3 0.0001 

26.3 0.0001 

2.2 0.0001 

3.9 0.00001 

1.7 0.04501 

1.8 0.03734 

1.3 0.16740 

3.8 0.0001 

http:1,776.30
http:11,282.90
http:1,989.97
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major source of variation for grain hardness and accounted for 76.7% of the total 

variance, while environment accounted for only 4.3%. Variance resulted from GxE 

interaction accounted only for 6.0%. Genotype by environment interaction variance 

was partitioned with help of principal component analysis (PCA) into interaction 

PCA axes 1 (IPCA1), 2 (IPCA2) and 3 (IPCA 3) with 18, 16 and 14 degrees of 

freedom, respectively. IPCA 1, IPCA 2 and IPCA 3 axes accounted for 46.1%, 

18.2% and 16.6%, respectively of interaction sum of squares, leaving a residual 

with 22 degrees of freedom that was non-significant at the 0.05 probability level. 

The means and interaction PCA scores (See Appendix) were used to 

construct biplots (Figure 4). Genotypes are shown again with black circles and 

environments with open circles in this bipolt. In Figure 4, the AMMI1 Model for 

grain hardness provides the main effects of the genotype (scaled as the genotype 

means for grain hardness) and environment (scaled as the environment means for 

grain hardness) on the abscissa. Mean grain hardness values were approximately 

the same for all six environments being somewhat lower at Pendleton in 1998. The 

Hard Red cultivars Sturdy, Fundulea and TAM 105 together with the Hard White 

selections were characterized by higher mean values for grain hardness and were 

plotted on the right side of this biplot. The Soft White cultivars, with lower mean 

values for grain hardness, were placed closer to the origin of the abscissa. The 

AMMI1 Model for grain hardness shows the IPCA1 scores of the genotype and 

environment along the ordinate (Figure 4). The genotypes and environments that 



Figure 4. AMMI1 model for grain hardness of 15 cultivars and 6 environments. 
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are plotted on the same side from the zero line have the interaction PCA 1 scores of 

the same sign and therefore, interact positively. In contrast, those genotypes and 

environments that are placed on the different sides from the zero line have the 

interaction PCA 1 scores of the different sign and therefore, interact negatively. 

Like for grain protein content, the AMMI1 model for grain hardness 

demonstrates low interaction between the genotypes and environments. The biplot 

for grain hardness did not reveal a clear pattern in genotype or environment 

grouping that could suggest any single genotypic or environmental factor 

responsible for GxE interaction partitioned out in the first axis of PCA. Gene and 

Stephens showed relatively high positive interaction with Moro in 1998, while they 

interacted negatively with the Pendleton sites. In both years at Hyslop, and at Moro 

in 1997 did not contribute in interaction with the cultivars. Some cultivars, such as 

OR 939528 and Madsen, interacted positively with the Pendleton sites in both 

years. The ranks of other cultivars did not vary much over the experimental sites. 

The AMMI2 and AMMI3 models did not identify any agriculturally 

meaningful pattern of GxE interaction and therefore are not presented in the results. 

4.3 Correlation analysis 

4.3.1 Grain yield vs. yield components 

Phenotypic correlation coefficients between grain yield and the components 

of yield for each environment are presented in Table 26. Grain yield and thousand 



Table 26. Pearson correlation coefficients between grain yield and yield components for the trials at Hyslop, Moro and 
Pendleton in 1997 and 1998. 

Environment TKW Kernels Spikes Kernels Harvest Biomass Height 

index 

g /spike / m2 /m2 g/m2 cm 
Grain yield Hyslop 1997 0.31** 0.38** 0.39** 0.83** -0.12' 0.85** 0.10' 
g/m2Wm Hyslop 1998 0.19' 0.49** 0.37** 0.85** 0.41** 0.76** 0.46** 

Moro 1997 0.02' 0.57** 0.42** 0.88** 0.53** 0.64** 0.25* 
Moro 1998 0.34** 0.63** -0.13' 0.63** 0.57** 0.42** 0.14ns 

Pendleton 1997 0.25* 0.43** 0.19ns 0.68** 0.07' 0.87** 0.47** 
Pendleton 1998 0.42** 0.79** -0.40** 0.66** 0.67** 0.86** -0.06ns 

*,**- significant at the 0.05 and 0.01 probability levels, respectively; ns non-significant. Number of observations for each trait 
is 75. TKW thousand kernel weight. 
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kernel weight showed a positive correlation in four out of six environments. Low 

but significant values were found for the correlation coefficients at Hyslop 1997, 

Moro 1998 and Pendleton in both 1997 and 1998, respectively. No correlation was 

observed between these traits at Hyslop in 1998 or Moro in 1997. 

All correlation coefficients for grain yield and kernels per spike were 

positive and significant at the 0.01 probability level. Correlation between these two 

traits was low at Hyslop in both 1997 and 1998, and at Pendleton in 1997. 

Intermediate values were found for correlation coefficients at Moro in both 1997 

and 1998 , with somewhat higher value for Pendleton in 1998. 

Relationship between grain yield and spikes per m2 was more complex. At 

Hyslop in both 1997 and 1998, and at Moro in 1997, correlation was low positive, 

but significant at the 0.01 probability level. At Pendleton in 1998, a low and 

negative correlation coefficient was found that was also significant at the 0.01 

probability level. No association was observed between grain yield and spikes per 

m2 at Moro in 1998 or Pendleton in 1997. 

Correlation between grain yield and grain number per m2 was positive and 

statistically significant at the 0.01 probability level in all six environments. High 

values for correlation coefficients were found at Hyslop in 1997 and 1998, and 

Moro in 1997. The correlation coefficients were moderate at Moro in 1998, and at 

Pendleton in both 1997 and 1998. 

Grain yield and harvest index showed a positive and significant correlation 

at the 0.01 probability level in four out of six environments. No association was 
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observed at Hyslop in 1997 and Pendleton in 1997. Correlation between these two 

traits was low at Hyslop in 1998. At Pendleton in 1998 and Moro in both 1997 and 

1998 moderate correlation were found between grain yield and harvest index. 

All correlation coefficients between grain yield and biomass were positive 

and significant at the 0.01 probability level in all six environments. High values 

were found at Hyslop, and also at Pendleton in both 1997 and 1998. Correlation 

between biomass and grain yield at Moro was moderate in 1997 and low in 1998. 

Correlation between grain yield and plant height was positive and 

statistically significant only at Hyslop in 1998, Moro in 1997 and Pendleton in 

1997. In other environments, correlation coefficients between grain yield and plant 

height were close to zero. 

4.3.2 Correlation between yield components 

Phenotypic correlation coefficients between yield components for each 

environment are presented in Table 27. Biomass was negatively correlated with 

harvest index in five out of six environments. Significant negative correlations 

between these two yield components were found at Hyslop in 1997 and Moro in 

1997. Lower values were found for the same two traits at Hyslop in 1998, Moro in 

1997 and Pendleton in, while no correlation was observed at Pendleton in 1998. 

Biomass showed a positive correlation with plant height. Intermediate values were 

obtained for correlation coefficients at Hyslop in 1998 and Pendleton in 1997, 

while low correlation coefficients were found for Hyslop in 1997 and Moro in both 
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Table 27. Pearson correlation coefficients between biomass, harvest index, plant 
height, number of spikes per m2, number of kernels per spike, number of 
kernels per m2 and thousand kernel weight (TKW) for 15 cultivars grown at 
Hyslop, Moro and Pendleton during 1996-1997 and 1997-1998. 

Environ Harvest Height Spikes Kernels Kernels TKW 
ment index 

CM / m2 /spike hn2 
g 

Biomass H 97 -0.62** 0.23* 0.30** 0.42** 0.77** 0.15 
g/m2 H 98 -0.26* 0.53** 0.63** 0.10' 0.70** 0.07"s 

M 97 -0.30** 0.45** 0.45** 0.13' 0.51** 0.12' 
M 98 -0.50** 0.28* -0.18"s 0.19"S 0.06' 0.38** 
P 97 -0.42** 0.51** 0.17- 0.31** 0.55** 0.26 
P 98 0.20' 0.20' -0.18' 0.52** 0.57** 0.37** 

Harvest index H 97 1.00 -0.30** 0.03ns -0.24* 0.14ns 
H 98 1.00 -0.08"s -0.30** 0.57** 0.30** 0.16ns 
M 97 1.00 -0.1r 0.05ns 0.53** 0.52** 
M 98 1.00 -0.12ns 0.06" 0.41** 0.55** -0.01' 
P 97 1.00 -0.21ns 0.01ns 0.16" 0.14ns 
P 98 1.00 -0.42** -0.54** 0.78** 0.42** 0.31** 

Height H 97 1.00 0.25* -0.22' 0.09" -0.01" 
cm H 98 1.00 0.18' 0.16ns 0.29** 0.26* 

M 97 1.00 0.14" -0.02" 0.13" 0.20' 
M 98 1.00 0.04" -0.01' 0.05' 0.14ns 
P 97 1.00 0.05' 0.14' 0.19"S 0.26* 
P 98 1.00 -0.07" -0.11' -0.21' 0.16" 

Spikes /inz H 97 1.00 -0.58** 0.66** -0.48** 
H 98 1.00 -0.47** 0.51** M.27* 
M 97 1.00 -0.36** 0.58** -0.41** 
M 98 1.00 -0.67** 0.47** -0.70** 
P 97 1.00 -0.64** 0.70** -0.69** 
P 98 1.00 -0.71** 0.25* -0.78** 

Grain /spike H 97 1.00 0.21" 0.32** 
H 98 1.00 0.51** -0.10" 
M 97 1.00 0.54** -0.10' 
M 98 1.00 0.32** 0.31** 
P 97 1.00 0.08ns 0.37** 
P 98 1.00 0.48** 0.39** 

Gram / m H 97 1.00 -0.27* 
H 98 1.00 -0.35** 
M 97 1.00 -0.46** 
M 98 1.00 -0.50** 
P 97 1.00 -0.54** 
P 98 1.00 -0.39** 

- H, M and P denote Hyslop, Moro and Pendleton, respectively. N=75. 
*,**- significant at the 0.05 and 0.01 probability levels, respectively; ns non-
significant. 
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1997 and 1998. No association was observed between biomass and plant height at 

Pendleton in 1998. Biomass correlated positively with spikes per m2 in three out of 

six environments. Low values for correlation coefficients were found at Hyslop in 

1997 and Moro in 1997. Correlation between these two traits was moderate at 

Hyslop in 1998. No association was observed between biomass and spikes per m2 

in other three environments. Biomass showed a positive association with grains per 

spike that was significant only in three environments. Correlation between these 

two traits was intermediate at Pendleton in 1998 and low at Hyslop in 1997 and 

Pendleton in 1997. Correlations were low at the other three locations. Correlation 

between biomass and grain per m2 was found to be significant in all environments 

except for Moro in 1998. Correlation coefficients were positive and moderate for 

Moro in 1997 and Pendleton in both 1997 and 1998, with somewhat higher values 

observed for Hyslop in 1997 and 1998 seasons. A positive correlation was found 

between biomass and thousand kernel weight but it was significant only in 1998 at 

Moro and Pendleton. 

Harvest index showed a negative correlation with plant height. However, 

this correlation was low and significant coefficients were found only for Hyslop in 

1997 and Pendleton in 1998. Correlation between harvest index and spikes per m2 

was close to zero with exception in 1998 at Hyslop and Pendleton, where these 

traits showed a significant negative correlation. Correlation between harvest index 

and grains per spike was low negative at Hyslop in 1997, while in other 

environments these traits were positively associated. The correlation value was 
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high and significant at Pendleton in 1998. At Hyslop in 1998 and Moro in both 

1997 and 1998, significant intermediate correlation coefficients were found. No 

association was observed between harvest index and grains per spike at Pendleton 

in 1997. Harvest index values were positively associated with grain per m2 at 

Hyslop in 1998 and Moro in 1997, with low values for Hyslop at 1998 and 

Pendleton in 1998. Analysis of data obtained in 1997 at Hyslop and Pendleton 

provided no evidence of an association between harvest index and grain per m2. 

Harvest index showed no correlation with thousand kernel weight except for 

Pendleton in 1998 where low positive but significant correlation coefficient was 

found. 

Plant height showed a small positive correlation with spikes per m2 at 

Hyslop in 1997, with grain per m2 at Hyslop in 1998, and thousand kernel weight at 

Hyslop in and Pendleton in 1997. No associations were observed between plant 

height and these three yield components in the other environments. Plant height 

showed no association with grains per spike at any of the six environments. 

Correlation coefficients between spikes per m2 and grains per spike were 

negative and significant at the 0.01 probability level in all environments. The 

values of the correlation coefficients were intermediate at Hyslop in 1997, Moro in 

1998 and Pendleton in both 1997 and 1998. At Hyslop in 1998 and Moro in 1997 

somewhat lower values were found for correlation coefficients. Spikes per m2 

showed a positive, significant correlation with grains per m2 in all environments. 

Low correlation values were found at Moro in 1998 and Pendleton in 1998, while 
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the correlation coefficients were intermediate at Hyslop in both 1997 and 1998, and 

in 1997 at Moro and Pendleton. Correlation value between spikes per m2 and 

thousand kernel weight was negative and significant in all environments. The 

values of the correlation coefficients ranged from low at Hyslop in both 1997 and 

1998, and at Moro in 1997, to intermediate at Moro in 1998 and at Pendleton in 

both 1997 and 1998. 

Grains per spike showed a positive significant correlation with grain per m2 

at Hyslop in 1997, Moro in both 1997 and 1998 and Pendleton in 1998. No 

association was found between these two traits at Hyslop in 1997 and Pendleton in 

1997. Correlation coefficients between grains per spike and thousand kernel weight 

were low positive at Hyslop in 1997, Moro 1998 and Pendleton in both 1997 and 

1998. Correlations between grains per spike and thousand kernel weight were low 

and negative at Hyslop in 1998 and Moro in 1997. 

Grain per m2 and thousand kernel weight were negatively associated in all 

environments with all correlation coefficients being significant at the 0.01 

probability level. The correlation coefficients were low for Hyslop in both 1997 

and 1998, Moro in 1997 and in 1998 at Pendleton. Moderate negative association 

between these two yield components was found at Moro in 1998 and Pendleton in 

1997. 
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4.3.3 Association between quality traits and yield and yield components 

Correlations between quality traits and yield components are presented in 

Table 28. Grain protein content and grain yield showed a negative correlation in 

four out of six environments. The value of the correlation coefficients were 

intermediate at Hyslop in 1998, low at Hyslop in 1997, Moro in both 1997 and 

1998. No association was observed for grain protein content and grain yield at 

Pendleton in both 1997 and 1998. 

No associations between grain protein content and biomass were observed 

in five out of six environments included in this study. Only at Hyslop in 1998 was a 

low but significant negative correlation coefficient found. 

Correlation between grain protein content and harvest index was negative at 

Hyslop in 1998, Moro in both 1997 and 1998, and Pendleton in 1998. Low but 

significant correlation coefficients were noted under the conditions of these 

environments. Grain protein content was not associated with harvest index in 1997 

at Hyslop or in 1997 at Pendleton. 

Grain protein content showed a small significant negative correlation with 

plant height at Hyslop in both 1997 and 1998, and Moro in 1997. In the other three 

environments (Moro 1987 and Pendleton in both 1997 and 1998), there was no 

association between grain protein content and plant height. 

Correlation coefficients between grain protein content and number of spikes 

per m2 were low positive and significant at Hyslop in 1997, and at Pendleton in 



Table 28. Pearson correlation coefficients between quality traits and grain yield and yield components for 15 cultivars grown at 
Hyslop, Moro and Pendleton during 1996-1997 and 1997-1998. 

Environme Grain Biomass Harvest Height Spikes Kernels Kernels TKW Hardness 

nt yield index 

g /m2 g/m2 cm / m2 /spike /m2 

Protein content H97 -0.26* -0.21' 0.07' -0.28** 0.33** -0.40** 0.01' -0.47** 0.44**  

H98 -0.56** M.25* -0.46** -0.37** 0.10' -0.53** -0.42** -0.18' 0.34**  

M97 M.40** -0.20ns -0.31** M.26* -0.13' -0.13' -0.24* M.28* 0.29**  

M98 M.34** 0.12' -0.44** 0.09" -0.03" -0.17ns M.32** 0.07' 0.46**  

P97 0.14" 0.07' 0.13' 0.00 0.30** 0.04" 0.41** M.41** 0.47**  

P98 -0.19ns -0.01- -0.36** 0.10' 0.46** -0.23* 0.15' M.33** 0.36**  

Grain hardness	 H97 -0.27* -0.31** 0.19ns 0.00"s 0.31** M.53** -0.12 "s -0.25* 1.00  

H98 -0.06' -0.13' 0.12" 0.00" 0.24* -0.35** -0.09' 0.11" 1.00  

M97 0.09ns -0.14' 0.25* -0.22' 0.36** 0.00" 0.33** -0.53** 1.00  

M98 -0.34** -0.44** 0.08' 0.07' 0.31** M.29** -0.04" -0.25* 1.00  

P97 -0.05' -0.19' 0.31* -0.03' 0.59** -0.32** 0.45** -0.65** 1.00  

P98 M.39** -0.34** -0.26* 0.03' 0.27* -0.35** -0.20' -0.14" 1.00  

- H, M and P denote Hyslop, Moro and Pendleton, respectively. N=75. 
* **- significant at the 0.05 and 0.01 probability levels, respectively; ns non-significant. 

http:0.01--0.36
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both 1997 and 1998. Grain protein content was not associated with spikes per m2 at 

Hyslop in 1998, nor at Moro in either 1997 or 1998. 

A moderate negative correlation between grain protein content and number 

of grains per spike was found at Hyslop in both 1997 and 1998. Both coefficients 

were significant at the 0.01 probability level. Correlation between these two traits 

in other four environments was non-significant. 

Association between grain protein content and number of grains per m2 was 

more complex. These two traits showed a small negative significant correlation at 

Hyslop in 1998, and at Moro in both 1997 and 1998. However, the correlation 

coefficient was positive and low at Pendleton in 1997, with values close to zero 

being found for Hyslop in 1997 and in 1998 at Pendleton. 

Thousand kernel weight and grain protein content showed a small negative 

correlation in all environments except for Hyslop and Moro in 1998, where no 

association was detected. The correlation coefficients were low but significant for 

Hyslop and Moro in 1997 and both years at Pendleton. 

Correlation between grain protein content and grain hardness was always 

positive and significant at the 0.01 probability level in all environments. However, 

the coefficients found for these traits were low. 

Grain hardness was negatively associated with grain yield in three out of six 

environments. Low negative but significant values were found at Hyslop in 1997, 

and in 1998 for Moro and Pendleton. The correlation coefficients found for Hyslop 

in 1998, and for Moro and Pendleton in 1997 were close to zero. 
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Correlation between grain hardness and biomass was small and negative in 

all environments. However, association between these traits was significant only at 

the following three sites: at Hyslop in 1997, Moro and Pendleton in 1998. 

A small negative correlation was observed between grain hardness and 

harvest index at Pendleton in 1998. The correlation coefficients found for Moro in 

1997 and Pendleton in 1997 were also small but positive and significant at the 0.05 

probability level. No correlation was detected between hardness and harvest index 

at the Hyslop or Moro sites in 1998. 

No association was noted between grain hardness and plant height in any of 

the environments evaluated. 

Correlation coefficients between grain hardness and number of spikes per 

M2 were positive and significant in all environments. All values were relatively 

small except for Pendleton in 1997, where an intermediate value was found. 

Grain hardness was negatively correlated with grains per spike in all 

environments except for Moro in 1997 where the correlation coefficient was zero. 

Intermediate negative correlation coefficient for these traits were observed at 

Hyslop in 1997 and 1998, Moro in 1998, and Pendleton in both years. 

A positive and significant correlation was observed between grain hardness 

and number of grains per m2 in two out of six environments. The correlation 

coefficients for Moro and Pendleton in 1997 were low, but significant at the 0.01 

probability level. The data from other four environments did not provide any 

evidence of an association between grain hardness and number grains per m2. 
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Thousand kernel weight and grain hardness showed a small negative 

correlation in all environments except for Hyslop and Pendleton in 1998, where no 

association was detected. The correlation coefficients were low but significant for 

Hyslop in 1997 and Moro in 1998, with intermediate negative values for Moro and 

Pendleton in 1997. 

4.3.4 Path coefficient analysis 

Direct and indirect effects of biomass, spikes per m2, grains per spike and 

thousand kernel weight on grain yield are presented in Table 29. Association 

between grain yield and biomass was high, positive and significant in all 

environments. However, the direct effect of biomass on grain yield is relatively low 

except for Pendleton in 1998 where a higher value was observed. The indirect 

effects of biomass on grain yield were all positive in all environments, with 

exception for the indirect effect via spikes per m2. The indirect effect of biomass on 

grain yield via spikes per m2 was positive at Hyslop in both years, Moro and 

Pendleton in 1997. However, a negative value was observed at Moro and Pendleton 

in 1998. This negative value at Moro 1998 contributes in considerable reduction of 

the correlation between biomass and grain yield. At Pendleton in 1998, the larger 

direct effect and indirect effect via grains per spike on grain yield tends to 

compensate the negative value for the indirect effect of biomass on grain yield via 

spikes per m2. 
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Table 29. Direct and indirect effects of four agronomic traits on grain yield of the 
respective 15 cultivars grown in Hyslop, Moro and Pendleton in 1996-1997 and 
1997-1998 crop seasons 

Hyslop Moro Pendleton 
Character 1997 1998 1997 1998 1997 1998 
YIELD vs. BIOMASS 

Direct effect 0.14 -0.01 0.04 0.12 0.25 0.34 

Indirect effect via spikes per m2 0.31 0.63 0.42 -0.23 0.19 -0.12 

Indirect effect via kernels per spike 0.31 0.10 0.13 0.23 0.26 0.47 

Indirect effect via kernel weight 0.08 0.04 0.06 0.30 0.17 0.17 

Correlation 0.85** 0.76** 0.64** 0.42** 0.87** 0.86** 

YIELD vs. SPIKES PER m2 

Direct effect 1.04 0.99 0.94 1.26 1.13 0.67 

Indirect effect via biomass 0.04 0.00 0.02 -0.02 0.04 -0.06 

Indirect effect via kernels per spike -0.44 -0.47 -0.34 -0.81 -0.53 -0.64 

Indirect effect via kernel weight -0.26 -0.14 -0.20 -0.55 -0.46 -0.37 

Correlation 0.39** 0.37** 0.42** -0.13' 0.19' -0.40** 

YIELD vs. KERNELS PER SPIKE 

Direct effect 0.75 1.00 0.95 1.21 0.83 0.91 

Indirect effect via biomass 0.06 0.00 0.00 0.02 0.08 0.17 

Indirect effect via spikes per m2 -0.61 -0.46 -0.34 -0.84 -0.73 -0.48 

Indirect effect via kernel weight 0.18 -0.05 -0.05 0.25 0.24 0.18 

Correlation 0.38** 0.49** 0.57** 0.63** 0.43** 0.79** 

YIELD vs. KERNEL WEIGHT 

Direct effect 0.55 0.55 0.49 0.79 0.66 0.47 

Indirect effect via biomass 0.02 0.00 0.00 0.05 0.06 0.12 

Indirect effect via spikes per m2 -0.50 -0.26 -0.38 -0.88 -0.79 -0.53 

Indirect effect via kernels per spike 0.24 -0.10 -0.10 0.37 0.31 0.36 

Correlation 0.31** 0.19' 0.02' 0.34** 0.25* 0.42** 

R2 0.98 0.96 0.97 0.92 0.95 0.94 
*, ** - Significant at the 0.05 and 0.01 levels of probability; ns non-significant. 
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Correlation between spikes per m2 and grain yield was positive only in three 

out of six environments. However, the direct effect of spikes per m2 on grain yield 

was always large except for Pendleton in 1998. Spikes per m2 had a very low 

indirect effect on grain yield via biomass. But the indirect effects on grain yield via 

grains per spike and kernel weight were always negative and high. They are 

especially elevated at Moro in 1998 and in 1997 at Pendleton. The negative indirect 

effects on grain yield via kernels per spike and kernel weight were also high at 

Pendleton in 1998. 

Association between grain yield and kernels per spike was positive and 

relatively high in all environments. The direct effect of kernels per spike on grain 

yield was also positive and high in all environments. The indirect effect on grain 

yield via biomass was low. Kernels per spike had a large negative indirect effect on 

grain yield via spikes per m2 with somewhat lower values for Hyslop in 1998 and 

Moro in 1997. The negative indirect effect on grain yield via spikes per m2 was 

partly compensated by positive indirect effect of grains per spike via thousand 

kernel weight in some environments, e.g. Hyslop in 1997, Moro in 1998, and 

Pendleton in both years. In contrast, at Hyslop in 1998 and Moro in 1997, this 

indirect effect was negative. However, the correlation coefficient between grain 

yield and grains per spike remains positive due to parallel reduction of the negative 

indirect effect via spikes per m2. 

Grain yield and thousand kernel weight were positively associated in all 

environments. However, this correlation was low and not always significant. 
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Thousand kernel weight had a relatively large positive direct effect on grain yield. 

However, this effect was partly cancelled by the negative indirect effect on grain 

yield via spikes per m2. The indirect effect of thousand kernel weight on grain 

yield via kernels per spike was important for determining correlation between 

thousand kernel weight and grain yield. When this indirect effect was negative (e.g. 

at Hyslop in 1998 and Moro in 1997), the correlation between thousand kernel 

weight and grain yield is no longer significant. 
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5. DISCUSSION  

Common approaches to studying genotype by environment interactions are 

statistical and empirical, and involve describing genotypic responses, usually 

measured in a trait or traits response across a sample of environments. The 

analytical approach characterizes both environments and genotypic responses in 

terms of biotic and abiotic factors. Crop yield in a given environment can be 

explained in terms of the resources available to support crop growth and 

development, and the biotic and abiotic stresses that influence the attainment of the 

potential yield. Differential yield response is a result of genotypic differences in the 

efficient use of resources, and/or the escaping of the hazards present in the 

environment. Genotype by environment interactions can be further understood 

through analyses of different physiological processes and the components of grain 

yield that reflect adaptation of genotypes to the environmental conditions and 

contribute directly and indirectly to variations in grain yield. 

To maximize grain yield, genotypes need to use environmental resources 

efficiently. Differential performance of genotypes may result from the different 

response of genotypes to utilize environmental resources. Grain yield of each 

genotype is expressed through the yield components. The phenology and 

expression of the yield component can help to explain how genotypes utilize 

resources available in the environment and identify reasons of their differential 

performance. If some cultivars are susceptible to stress, while others escape it or 

are resistant, this will be reflected not only in differential grain yield but also in 
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yield components of the genotypes depending on the stage of their development 

when various limiting factors were present. 

Levels expressed by each major component of yield are reflected in yield. 

Earlier developing yield components can influence those expressed later in 

compensatory patterns during development. This may happen when there is a 

shortage of resources or a stress occurs that reduces production of soluble 

carbohydrates and/or their partition to grain yield (Fisher, 1985). Therefore, 

associations between individual yield components and final grain yield reflect 

sequential determination of grain yield in relation to changes in seasonal 

conditions. The levels and nature of associations vary with the developmental 

stages of the plants when stresses and favorable environments occur. Changes in 

the associations of the yield components can suggest which environmental factors 

or genetic differences are responsible for differential performance of genotypes. 

Partition of correlation coefficients into direct and indirect effects by path 

coefficient analyses provides further insight into the interrelationships of the yield 

and the yield components. 

5.1 Genotype by environment interaction 

Differential genotypic response to environmental stress is largely seen as 

the major cause of GxE interaction (Kang, 1998). When a factor is present at a 

level other than optimal, it represents a stress. In the context of a biological 

organism, stress is a physiological response to the effect of an adverse 
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environmental factor. Baker (1988 a) argued that genotype attributes, such as 

efficiency and tolerance can not be identified and investigated without presence of 

stresses. According to him, differences in response of genotypes at suboptimal 

levels would reflect differences in efficiency, while differences at superoptimal 

levels would reflect differences in tolerance. 

5.1.1 Genotype by environment interactions due to differences in adaptation 

The range of cultivars that can be grown in a given area depends in part on 

the length of the growing season. Water supply and temperature, sometimes aided 

by the built-up of pests or diseases, can modify the length of the growing season. 

Often there is a need to avoid early spike initiation because of potential frost injury. 

Under conditions of limited rainfall or late season drought there is a need also to 

avoid late flowering and maturing. In contrast, when moisture is available, cultivars 

with prolonged grain filling period may better utilize available resources. 

Therefore, there is a well-defined optimal date of anthesis and certain duration of 

vegetative and reproductive stages of crop development for each region that allows 

to maximize yield. Plant breeder must recognize this optimal period in developing 

cultivars, which are adapted to a specific region. 

When cultivars are grown outside of their area of adaptation, they are 

exposed to additional stresses. Depending on time when stress occurs, it can 

inflluence different yield components. During vegetative development, temperature 

can cause reduced plant population and tiller abortion. Temperature stress during 
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anthesis can damage pistils, anthers and pollens, and in turn reduce number of 

kernels. Water stress reduces stand establishment and tillering. During reproductive 

development, water stress reduces the number of primordia produced. It can also 

reduce number of kernels produced if it occurs during anthesis (Evans, 1993). 

Selection for grain yield always results in indirect selection for days to 

maturity because the highest yield tends to occur for genotypes that optimize the 

growing season. Selection at the same site over years will eliminate genotypes that 

mature in a shorter or longer time than the shortest and longest season duration at 

the site (Wallace et al., 1993). 

One of the most important differences of the Hard Red cultivars Sturdy and 

TAM 105, when contrasted to the adapted Soft White cultivars in the present study, 

is their early development. Differences between heading dates of Sturdy and the 

more adapted Soft White Stephens were about ten days under the conditions at the 

Hyslop site in both 1997 and 1998. Sturdy also completed its grain filling period 

faster than Stephens with differences between their maturity increasing to almost 

14 days. Even though the heading date of TAM 105 was later than that of Sturdy, it 

took less time to reach physiological maturity. In contrast, the adapted cultivars 

(i.e. Stephens, Rod, Madsen, MacVicar, etc.) completed their grain filling later and 

matched their pattern of development with weather pattern of the Pacific Northwest 

to utilize more environmental resources. 

Besides matching the growth cycle with the growing season and resistance 

to various biotic and abiotic to stresses, superior rates of biomass accumulation, 
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and high harvest index are required for a high yielding cultivar. The longer a crop is 

able to grow the greater its biomass. The increase in biomass with longer duration 

reflects not only the opportunity for more prolonged interception of 

photosynthetically active radiation, but the greater opportunity for the uptake and 

translocation of nitrogen and other nutrients. Thus, it is not surprising that the early 

maturing cultivars, Sturdy and TAM 105, have the lowest values for the 

aboveground biomass in all environments. Short duration of vegetative 

development could also have contributed in the reduced biomass of Sturdy and 

TAM 105 as compared with the adapted cultivars, especially under the conditions 

of Hyslop where differences in phenology were more evident. 

Although Sturdy and TAM had the lowest biomass, they had the highest 

numbers of spikes per m2 in all environments - a trait characteristic of the Great 

Plain germplasm. These cultivars did not seem to undergo any stress that could 

cause reduction in plant population or abortion of tillers during the early stages of 

vegetative development under conditions observed in the Pacific Northwest. 

The other important characteristic of Sturdy and TAM 105 shared with 

other representatives of Hard Red wheats from the Great Plain, is the large number 

of kernels per area unit. This reflects the general breeding strategy for the Great 

Plains area where yield improvement has been achieved via larger number of 

kernels per unit area. Most of the studies conducted on such cultivars in the Great 

Plains research centers, found that modern higher yielding cultivars had higher 

numbers of kernels per unit area, while differences in average grain weight were 
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not significant (Cox et al., 1988). In contrast, cultivars adapted to Pacific Northwest 

tended to produce lower numbers of grain per m2, but a higher number of kernels 

per spike. 

Sturdy and TAM 105 were successful in producing the highest numbers of 

grain per area unit only in some environments in this investigation, such as the 

Moro site. Their responses for this trait in other environments were low in 

comparison to many of the Soft and Hard White cultivars. It has been found that a 

critical phase for yield establishment occurs in of 20-30 days immediately prior to 

anthesis (Slafer et al., 1996). This narrow window of time coincides with mortality 

of tillers and florets and with active stem and spike growth, which appeals to be 

critical in determination of the final number of grains per m2. It is likely that the 

early cultivars undergo this critical phase earlier than adapted cultivars when the 

possibility of various environmental stresses (e.g. low temperature, etc.) are much 

higher. Therefore, their tiller and floral primordia mortality rate was considerably 

higher than that of the adapted cultivars at specific environments. This reduced 

their sink in environments such as Hyslop and Pendleton in both 1997 and 1998. 

Both biotic and abiotic factors can be responsible for this reduction in grain per m2 

as Sturdy and TAM 105 did suffer more from diseases than other cultivars, due to 

their susceptibility to local races of pathogens (e.g. Puccinia recondata fsp. tritici 

at Hyslop in both 1997 and 1998, and at Pendleton in 1998, Cercosporella 

herpotrichoides /Rhizoctonia spp. at Pendleton in 1997). 
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After productive tillers have been established, number of kernels per spike 

becomes the determining factor for the final number of kernels per m2. Most of the 

modern cultivars are characterized by higher primordia survival rate and the 

improvement in number of grains per m2 which is closely associated with larger 

number of kernels per spike (Slafer et al., 1994). The critical period prior and 

during anthesis is equally important for establishing the final number of fertile 

florets. Data in this study showed that the reduction in number of kernels per spike 

was largely responsible for failure of Sturdy and TAM 105 to produce larger 

number of grains per unit area in environments such as Hyslop in 1997 and 

Pendleton in 1998. 

Availability of moisture, which provides for prolonged grain filling period, 

is a characteristic observed in the conditions of Pacific Northwest. Thus, adapted 

cultivars with longer period of development utilize this moisture more completely 

resulting in larger and more grains per spike. 

The environments included in this study differed in terms of weather 

pattern, availability and distribution of moisture, heat units, etc., reducing the yield 

potential of the unadapted cultivars. The dryland conditions observed in the 

Sherman County (Moro) seemed to be more favorable for Sturdy and TAM 105 

and they showed a positive interaction with the Moro sites in both 1997 and 1998. 

At the Moro site, their disadvantage in terms of earliness was reduced due to dry 

conditions experienced in late summer. Sturdy and TAM 105 were able to maintain 

relatively stronger sink (they had higher than average ranks in number of grain per 
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M2) and their inferiority in terms of partitioning of assimilates was reduced as 

compared with other cultivars. As a result, TAM 105 ranked eighth and its yield 

was not significantly different from that of such adapted cultivars as Gene, 

Stephens, MacVicar and Weatherford at Moro in 1997. Although at Moro in 1998, 

its achievement yield-wise was more moderate (ranked 13), TAM 105 still yielded 

higher than OR 880172 and OR 850513. Sturdy was the twelfth at Moro in both 

1997 and 1998, its highest ranking when compared to the other environments. 

The most unfavorable growing conditions for Sturdy and TAM 105 were at 

Pendleton in 1998 and Corvallis in 1997 where they interacted in negatively 

manner with these sites. In contrast, these two environments tended to interact 

positively with majority of the adapted cultivars, providing for the highest yielding 

environments observed in this study. Sturdy and TAM 105 demonstrated lack of 

adaptation to the prolonged grain filling period and low biomass accumulation rates 

under conditions of these environments. Although Sturdy and TAM 105 were the 

first and the second in number of tillers per m2, the difference in grain yield 

between them and the adapted cultivars increased. 

The other Hard Red cultivar Fundulea (developed in Romania, and not 

related to the Great Plain germplasm), seemed to fit the growing season in the 

Pacific Northwest. Fundulea's phenological dates were close to those of the 

adapted cultivars such as Stephens. Fundulea did not demonstrate any interaction 

with the environments. Even though Fundulea was lower than average of other 

cultivars in biomass per m2, and number of productive tillers, it was first in most of 
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the environments in average grain weight. When compared to the other entries, it 

demonstrated an average harvest index in almost all environments, suggesting that 

Fundulea phenologically matched with local growing conditions and took 

advantage of the prolonged grain filling period. 

The Soft and Hard White cultivars were superior yield-wise to Sturdy and 

TAM 105 exhibiting less interaction with the environments. However, there were 

differences between Soft and Hard White cultivars in terms of expression of yield, 

its the components and phenology. The highest yielding Soft White cultivars, such 

as OR 939528 and OR 939515 tended to have high ranking in biomass, grain per 

spike and thousand kernel weight. In contrast, the Hard White cultivars (OR 

850513 and OR 889176), that also had relatively high yield, were noted for their 

number of kernels per m2 and number of tillers per m2. Also the Hard White 

cultivars were relatively early in development when compared to the Soft White 

cultivars. 

5.1.2	 Genotype by environment interactions caused by differential response to 
disease 

Kang (1998) considers disease as a factor that can contribute in GxE 

interaction. A disease can cause different changes in grain yield and the yield 

components depending on the time when it develops (Yang and Zeng, 1989; 

Alexander et. al., 1988; Gaunt, 1980; Hendrix and Fuchs, 1970). The major impact 

of Septoria spp. disease on wheat is a reduction in seed set, impaired seed filling, 
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and shriveled grain which is lost with chaff at harvest (Wiese, 1987). The 

epidemics of Septoria spp. at Hyslop in 1998 was observed following flowering in 

June that was associated with high precipitation in the previous month. However, 

reductions were recorded not only for thousand kernel weight, as would be 

expected if most of the damage occurred only during the grain filling period, but 

large decreases were observed for grains per spike, and consequently in harvest 

index as compared with Hyslop in 1997. These changes indicated that some 

undetected abiotic or biotic stresses occurred close to anthesis as well in 1998. 

Gene, the cultivar that was most susceptible to Septoria spp., dropped in 

rank at Hyslop in 1998 from 5 to 14, 6 to 12, and 8 to 14, for harvest index, grain 

per spike and thousand kernel weight, respectively, as compared with the Hyslop 

site in 1997. As a result, Gene's rank in grain yield dropped from 10 to 14 at 

Hyslop in 1998, even though it produced more spikes per m2. It can be noted that 

Gene in the absence of Septoria spp. was the leading cultivar at Moro, and had 

average yield at Pendleton in both seasons. MacVicar followed generally the same 

pattern as Gene by dropping in rank in thousand kernel weight and grains per spike 

compared to the other cultivars. Unlike Gene, MacVicar also demonstrated the 

lowest ranks in biomass and plant height at Hyslop in 1998. 

5.2 Association between yield and yield components 

It is well documented that improvement of grain yield in Hard Red Winter 

wheat was slightly, if entirely, associated with increase in biomass (Cox et al., 
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1988). Austin et al. (1980) found that total dry-matter accumulation of the cultivars 

released after 1908 in the United Kingdom was similar while the increase of grain 

yield was mainly associated with greater harvest index. Data in the present study 

demonstrates the importance of biomass in grain yield determination for the 

cultivars adapted to the conditions of the Pacific Northwest. Biomass was 

positively associated with grain yield under the conditions found at all six 

environments. Path coefficients showed that biomass had small direct effect on 

grain yield, much of its influence being exerted via yield components such as 

number of grains per spike and thousand kernel weight. Waddington et al. (1986) 

also found a positive association between biomass and grain yield under the 

conditions of Mexico. In contrast to the Pacific Northwest, biomass exerted very 

strong direct effect on grain yield while its indirect effects via the other yield 

components were small (Briceno, 1996). 

In most studies the increase in harvest index is closely related to the 

increase in varietal yield (Slafer and Andrade, 1994). In historical context, the gain 

in grain yield approximately equals the loss in straw weight and the rise in harvest 

index accounts for the most of the rise in yield (Perry and D'Antuono, 1989; 

Siddique et al., 1989). However, the results of this study showed a moderate 

association between harvest index and grain yield in some environments, while no 

association was found in others. The majority of cultivars included in this study are 

Soft Whites, which were selected for the Pacific Northwest. They realize their grain 

yield potential by taking advantage of the prolonged grain filling conditions. When 
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the selection for grain yield is combined with the selection for days to maturity, it 

results in indirect selection for harvest index as it is largely controlled by genetic 

factors for maturity. There appears to be very little opportunities to enhance harvest 

index further for the adapted cultivars. Thus, the role of biomass for improvement 

in grain yield becomes more important (Wallace et al., 1993). Harvest index 

became especially important for wheat improvement with development of 

semidwarf wheats (Slafer et al., 1994). However, harvest index can not be 

increased infinitely and after some limits only increase in biomass can provide for 

further increase in grain yield (Austin et al., 1980). 

Grain yield can be expressed by product of number of kernels per m2 and 

average kernel weight. Slafer et al. (1994) reported that increase in number of 

grains per m2 was the main basis for the increased grain yield potential, while 

individual grain weight remained mostly unchanged or even decreased. In this 

study the data also shows that association between grains per m2 and grain yield is 

always positive and significant. Unlike the findings of Slafer et al. (1994), grain 

yield was associated positively with thousand kernel weight and was significant in 

four out of six environments. This suggests that genotypic differences in grain 

weight potential were important. Thousand kernel weight had a large positive direct 

effect on grain yield, which was partly canceled by its negative indirect effects via 

grains per area unit and grains per spike due to intra-component competition. 

The importance of tillering as a selection index is still unresolved. Some 

authors advocated profuse tillering capacity, especially for semiarid conditions (e.g. 
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Hadjichristodoulou, 1985), while others advocated "uniculm" ideotype 

(Macdonald, 1968; Islam and Sedgley, 1981). However, data from this study found 

that association between grain yield and spikes per m2 can be low or even negative, 

suggesting that number of spikes per m2 can not be considered as a decisive 

advantage for achieving higher yield under the conditions of the Pacific Northwest. 

Sturdy and TAM 105 tended to produce large number of tillers while being inferior 

to the adapted cultivars in terms of grain yield. Spikes per m2 had the largest direct 

effect on grain yield in all environments which was mostly canceled by the 

negative indirect effects through grains per spike and average kernel weight, 

suggesting large compensatory effects between tillering and apical growth. 

Many authors have found that the number of grains per spike is positively 

associated with grain yield (Perry and D'Antuono, 1989; Siddique et al., 1989). In 

this study it was also found that grain number per spike was the most important 

component for yield determination suggesting some limitations in sink. Number of 

grains per spike had a large direct effect on grain yield that is partly compensated 

by negative effect through spikes per m2. In contrast, the indirect effects through 

average kernel weight were positive in four and low negative only in two out of six 

environments included in this study. 

Although some exceptions may be found (e.g. Hucl and Baker, 1987), most 

authors indicate compensatory processes between grain number and average grain 

weight. Association between grain number and thousand kernel weight was always 

negative in all environments in this investigation. Relationship between number of 
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grain per spike and average grain weight was also found to be compensatory (Hucl 

and Baker, 1987; Perry and D'Antuono, 1989; Briceno, 1996). However, in this 

study, association between the latter two yield components was positive in four out 

of six environments, suggesting no or low compensatory relationship under the 

conditions of the Pacific Northwest. Post-anthesis period does not appear to 

increase competition between grains for assimilates. Brajcich (1980) also found no 

or low compensatory relationships between these two yield components under the 

conditions of the Hyslop site in his study of 25 winter by spring wheat crosses. 

When the same crosses were tested under the conditions of Mexico, correlation 

analysis detected strong negative correlation between thousand kernel weight and 

grains per spike. 

No compensatory relationships between average kernel weight and number 

of grains per spike were noted in this investigation, however, strong compensation 

between number of spikes and thousand kernel weight, and between number of 

spikes and grain per spike were detected. These results suggest that there was no 

intra-component competition for photo-assimilates during the grain filling period, 

while most of the compensation occurred between tillering and the apical growth. 

In other words, higher number of grains per spike and thousand kernel weight, 

rather than number of tillers per m2 would result in higher grain yields under the 

conditions of the present study. However, this finding should be considered in 

connection with the positive association between biomass and grain yield, (as well 

as positive indirect effects of biomass on grain yield via number of grains per spike 
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and thousand kernel weight) and negative association between grain yield and the 

number of spikes per m2. The increase in biomass via larger plants (i.e. larger 

leaves, spikes and heavier grains), rather than more tillers would provide for higher 

yields under the conditions of the Pacific Northwest. 

The above mentioned implicates the general trend in the Soft White 

cultivars adapted to the Pacific Northwest is realization of their yield potential 

through producing less spikes per m2 and accumulating higher biomass as 

compared with Hard Red cultivars of the semiarid Great Plain. Higher biomass 

supports larger number of grains per spike and provides for heavier grain under the 

longer grain-filling period in the Pacific Northwest. 

5.3	 Sequential determination of yield components as affected by genotype and 
environment interaction 

Favorable early growing conditions may result in many spikes per m2, but 

whether or not a high yield is realized will depend largely on subsequent 

conditions, and the associations between spikes per m2 and grain yield may be 

modest (Gales, 1983), or even negative as was the situation at some environments 

in this study. In spite of large numbers of spikes per m2, Sturdy and TAM 105 

tended to yield lower than the adapted cultivars. In the environments, where their 

grain yield was very low, the association between number of spikes and grain yield 

per unit area was negative. While at the end of the life cycle, cultivar differences in 

potential kernel weight may be highly significant under conditions favorable for 



123 

prolonged grain growth. This is especially true when these follow earlier adversity, 

but irrelevant when the conditions during the grain filling period are poor. 

Therefore, the environments that provide for full expression of biomass and kernel 

weight potential were the most unfavorable for Stury and TAM 105 and enhanced 

the advantage of the adapted cultivars. In contrast, those environments that do not 

support full expression of biomass and kernel weight potential may reduce this 

advantage of the adapted cultivars. 

Sturdy and TAM 105 interacted negatively with the environment at 

Pendleton in 1998. The negative association between number of spikes per m2 and 

grain yield suggested large compensatory relationships between tillering and apical 

development under the conditions of this environment. In contrast, thousand kernel 

weight was positively associated with grain yield suggesting that the conditions 

during the grain-filling period were favorable. Also, biomass showed a high 

positive association with grain yield and number of grains per spike. It is obvious 

that genotypic differences in biomass and kernel weight potential played major role 

in determining grain yield. It is remarkable that the association between biomass 

and thousand kernel weight was also significant under the conditions of the 

Pendleton site. Negative association between number of spikes per m2 and grain 

yield can be explained by failure of the Hard Red cultivars, with their very large 

numbers of spikes per m2, to achieve yield comparable with that of the adapted 

cultivars. This was especially true when association between thousand kernel 

weight and grains per spike was always positive, suggesting no compensation 
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between these two components during the grain filling period. To produce larger 

biomass, maintain higher number of grains per spike, and produce heavier grain 

was an advantage as compared with larger number of spikes per m2 under the 

conditions of this environment. This can be a main reason of negative interaction 

with the Pendleton site in 1998 of the unadapted cultivars, and positive interaction 

of the adapted cultivars such as OR 939515, OR 939528, and MacVicar. 

In contrast, the Moro environment in 1998 showed a strong positive 

interaction with the non-adapted cultivars. Like Pendleton in the same year, Moro 

had a favorable environment during the grain filling period. This was reflected in a 

positive association between thousand kernel weight and grain yield. However, 

biomass showed a low positive association with grain yield while not being 

associated with number of grains per spike, suggesting that under the conditions 

observed at Moro, biomass accumulation rate was less important for grain yield 

than at Pendleton in 1998. The association between grain yield and spikes per m2 

was not significant at this site. The adapted cultivars did not realize fully their high 

biomass potential due to the unfavorable conditions, and their relative advantage to 

the unadapted cultivars declined at this site. 

Superiority of the adapted cultivars also declined at the Moro site in 1997. 

In contrast to the same site in 1998, no association was found between thousand 

kernel weight and grain yield. This suggested that conditions during the grain 

filling period were not as favorable to support full expression of a high grain 

weight potential. This can be also confirmed by the fact that the mean value for 
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thousand grain weight at Moro in 1997 was the lowest among all environments. 

Although statistically insignificant, negative association between thousand kernel 

weight and grains per spike suggested some compensational relationship between 

these two components that can be result of lack of the assimilates. The negative 

indirect effect of grains per spike on grain yield via thousand kernel weight 

confirmed compensation existed between these components. Translocation of 

assimilates decreases by the end of the growing season as the result of drought or 

heat stress. Therefore, it is very likely that those cultivars will be affected most that 

realize their yield potential through complete use of the prolonged grain growth 

conditions as in the Pacific Northwest. Because Sturdy and TAM 105 completed 

their grain filling period earlier than the adapted cultivars, their disadvantage in 

terms of utilizing environmental resources diminished and they had enhanced their 

ranking in grain yield. 

If non-favorable conditions in post-anthesis are caused by disease 

epidemics, they can promote interactions of environments with genotypes based on 

differential response to the disease. At Hyslop in 1998, Septoria spp. and other 

fungal diseases were responsible for reduction in mean numbers for grains per 

spike, average grain weight, and grains per m2. Similarly to Moro in 1997, no 

association between grain yield and thousand kernel weight indicated unfavorable 

conditions during the grain filling period at this site. Thousand kernel weight and 

grain per spike showed a negative association suggesting compensational 
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relationship between these two components due to suppressed translocation of 

carbohydrates. 

Analysis of correlation coefficients over the environments confirmed that 

higher biomass, grains per spike, and thousand kernel weight potential are 

important in achieving higher yields under the condition of the Pacific Northwest. 

In contrast, the example of Sturdy and TAM 105 suggests that production of high 

number of tillers without accumulating considerable biomass, does not provide for 

higher yield under the conditions of this environment. However, the environmental 

stresses, that suppress development of biomass and grain filling may diminish 

advantage of adapted cultivars. 

5.4 Grain protein content 

The great influence of environment on grain protein content has been 

emphasized by many authors (Peterson et al., 1992; Bassett et al, 1989). When Soft 

White cultivars were grown in different locations of the Pacific Northwest, most of 

the explainable variation in protein content was attributed to climate factors (Rao et 

al., 1993). Influence of GxE interaction was relatively low (Bassett et al., 1989). 

However, when both Hard Red and Soft White wheat cultivars were included in 

this study, the effect of genotype increased substantially. Under the conditions of 

the "low protein environment" of the Pacific Northwest, Hard Red cultivars 

produced grain with higher protein content, while Hard White genotypes tended to 

produce grain with low protein concentration similar to the soft white cultivars. 
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The genotypic factors responsible for GxE interaction in grain protein 

content are numerous and not necessarily related only to nitrogen uptake and use 

efficiency. Genotypes with higher grain protein have higher capacity of nitrogen 

uptake from the soil after anthesis (Austin et al., 1977) and nitrogen harvest index 

(Bhatia 1975). However, the earliness of Hard Red cultivars in comparison to the 

Soft Whites can also contribute to their higher grain protein content. Grain protein 

content can increase without an increase in protein deposition per se. Deposition of 

protein in grains appears to be largely unaffected by elevated temperature, while 

elevated temperature post anthesis may cause premature cessation of starch 

deposition in endosperm (Bhullar and Jenner, 1987). Also deposition of starch is 

more sensitive to water stress than deposition of protein. In the field, protein 

deposition during the grain filling period reachs its peak prior to that of starch 

deposition and declines earlier (Gooding and Davies, 1997). This difference in 

deposition patterns has been used to explain high grain protein percentage under 

environmental conditions that shorten the duration of the grain filling period. 

Austin et al. (1980) suggested that the higher grain yield in modern cultivars 

resulted from increasing harvest index and that nitrogen uptake did not keep up 

with the larger amounts of carbohydrates, resulting in lower grain protein 

percentage. This is in agreement with the findings of this study where grain protein 

percentage was negatively correlated with both grain yield and harvest index in 

most environments. Grain protein content can be further reduced due to enhanced 

partition of carbohydrates, when selection is based solely on grain yield. 
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Deposition of both protein and starch involves a balance between the 

capacity of the plant to produce assimilates (source) and the capacity of the grain 

(sink) to utilize it. However, yield components can differ in their importance in 

variation of grain protein content. It is known that most of the variation in kernel 

weight is ascribable to starch (Jenner et al., 1991). Kernel weight was negatively 

associated with grain protein content in the present study. If wheat is a sink-limited 

crop, any enhancement in its ability to produce larger grain will increase its grain 

yield. However, this increase in grain yield will be mostly due to deposition of 

larger amounts of starch that will reduce grain protein percentage. When the 

environment favors more starch than protein deposition, any parallel improvement 

in grain protein due to stronger sink will be masked by a larger increase in starch 

yield. The same relationship was observed between grain per spike and grain 

protein content. In most of the environments employed in this study no 

compensation was detected during the grain filling period. Cultivars with higher 

number of grains per spike tended to have more starchy grain. 

In contrast, the number of grains per m2 is in compensational relationship 

with kernel weight. Any increase in number of grains per m2 negatively influences 

kernel weight. This results from redistributing photoassimilates to the larger 

number of kernels, while deposition of protein and amino acids in the grain seemed 

to be less affected. No association between grain protein content and grain per m2 

suggests that kernels compete more for carbohydrates rather than for nitrogen. 
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In the present study number of spikes per m2 was positively correlated with 

grain protein content. Its association with grain yield was positive and low in some 

environments, while the number of spikes per m2 was negatively associated with 

average grain weight. Higher number of spikes can increase amount of nitrogen 

available for deposition in grain more than amount of carbohydrates due to 

compensation between tillering and apical growth. Larger number of grains can 

result in compenstional decrease in average grain weight. Smaller grain contains 

higher proportion of bran and therefore, has a higher grain protein content. 

5.5 Grain hardness 

Grain hardness was less dependent on those factors that provide for 

increased yield and enhanced partitioning of carbohydrates. Correlation between 

hardness and grain yield was negative being slightly lower than that between grain 

yield and protein content. Grain hardness showed a very low but positive 

association with harvest index in some environments, suggesting that it is not 

influenced by starch deposition. Shriveled grain is more likely to have higher grain 

protein content rather than increased hardness. On the other hand, impact of starch 

deposition can not be discarded, because variation in kernel weight can account for 

differences in kernel hardness in some environments. In contrast, number of spikes 

per m2 and grain per m2 play important role in increasing grain hardness. The two 

Hard White cultivars adapted to the Pacific Northwest conditions achieve increased 

grain hardness through the same pattern of yield determination as the Hard Red 
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cultivars: more spikes per m2 and grain per m2, as well as early completion of grain 

filing which reduced starch accumulation. 

5.6 Breeding strategy 

To summarize discussion of the results presented in this study, two different 

strategies can be outlined for improving grain yield in Soft and Hard White grain 

cultivars under the conditions of the Pacific Northwest. Both strategies are directed 

to increased biomass as the means of improving yield. Based on previous findings, 

harvest index may not be further improved but should be maintained at the same 

level. However, these strategies suggested focus on manipulating different 

components of yield to achieve the desired objectives. 

For Soft White cultivars, the negative effect of tillering on apical growth 

should be avoided, as it can weaken the sink after anthesis when deposition of 

carbohydrates occurs. In contrast, fewer but larger plants with larger spikes and 

kernels can provide for stronger source and stronger sink under the prolonged grain 

filling period. Enhanced biomass should be obtained without increasing plant 

height as the latter would reduce harvest index, but via selecting for large leaves, 

stronger stems, large spikes and heavier grain. Large spikes should be also selected 

as they express strong apical growth and successful partition of photo-assimilates 

into economic yield. 

Although only two Hard White cultivars were included in the study, the 

results of the correlation analysis between the quality traits and the components of 
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grain yield suggest that increase in biomass of Hard White wheats should be 

obtained via higher number of tillers and number of grains per unit area. Tillering 

provides for stronger sink during the vegetative growth when most of nitrogen is 

accumulated in plants. Higher number of grains per unit area promotes 

compensation with average kernel weight and results in harder grain with higher 

protein concentration. Earliness of Hard White cultivars is also desired, but not at 

expense of biomass accumulation. Being adapted to the local conditions, the Hard 

White cultivars do not suffer from high mortality rate of primordia. It should be 

noted that, profuse tillering and high number of grains per area unit may incur some 

penalty in grain yield under the conditions of the Pacific Northwest if not 

accompanied by increase in biomass. 
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6. SUMMARY AND CONCLUSIONS 

The main objective of this investigation was to assess factors responsible 

for genotype by environment interaction and identify traits that can be used for 

improving crop adaptation and quality under the conditions of the Pacific 

Northwest. To achieve these goals, 15 cultivars, including Soft White, Hard White 

and Hard Red wheats, were planted at three diverse locations during 1996-1997 and 

1997-1998 growing seasons, using the randomized block design with five 

replications. These three locations represent the major wheat producing area of 

Oregon, and are targeted by the OSU Wheat Breeding Program. 

Data were collected for each genotype for grain yield, biomass, harvest 

index, plant height, number of spikes per m2, number of grains per spike, number 

of grains per m2, average grain weight, grain protein concentration, grain hardness, 

heading and physiological maturity dates. Analysis of variance for all traits was 

carried out to assess significance of genotypic differences for each environment. 

Genotypic mean values and ranks for grain yield and each measured trait were 

computed using the Fischer Protected Least Significance Difference Test. The 

patterns of GxE interaction for grain yield, grain protein concentration, and 

hardness were investigated according to the Additive Main and Multiplicative 

Interaction model. The biplots were constructed using the principal component 

analysis interaction scores for both genotypes and environments to assess factors 

responsible for GxE interactions. Correlation and path analysis were carried out for 
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each environment to determine the associations and interrelationships among 

selected traits as influenced by environmental factors and GxE interactions. 

1.	 Significant genotypic differences were observed among the cultivars in grain 

yield and in their expression for the components of yield under the conditions 

of all six environments. The cultivars also differed significantly in their grain 

protein concentration and grain hardness. 

2.	 Analysis of the means of the yield components by Fisher Protected Least 

Significant Difference Test showed that relative importance of the yield 

components for grain yield determination varied among the cultivars 

depending on the environment. 

3.	 Significant GxE interaction influencing relative ranking of the cultivars for 

grain yield was detected. The genotypic differences in adaptation to the Pacific 

Northwest environment, i.e. differences in efficiency of resource use, 

tolerance/resistance to the adverse abioric and biotic factors, and the degree of 

exposure to hazards were responsible for these interactions. These genotypic 

differences were reflected in differential expression of the components of yield. 

4.	 Significant GxE interactions were also detected for grain protein content and 

grain hardness. No consistent patterns of response were found among the 

similar cultivars for quality traits, except for the fact that Hard Red cultivars 

interacted with the environments less than the Soft White cultivars. 

5.	 Higher grain yield was closely associated with higher biomass in all 

environments. Biomass exerted its greatest influence on grain yield indirectly 
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via grains per spike and thousand grain weight. In contrast, association between 

harvest index and grain yield was low or absent, suggesting that it would be 

difficult to increase grain yield without enhancing biomass. 

6.	 Grain yield was also positively associated with number of grains per spike and 

thousand kernel weight in most of the environments. Grains per spike and 

thousand kernel weight exerted most of its positive influence on grain yield 

directly. In contrast, the large effect of spikes per m2 on grain yield was mostly 

canceled by the its compensatory relationships with grains per spike and grain 

weight. 

7.	 Large compensatory relationship between tillering and apical growth was 

suggested by the results of correlation and path coefficients analyses as 

significant negative associations between spikes per m2 and grains per spike, 

and between spikes per m2 and thousand kernel weight were detected. No or 

low compensation was observed between grains per spike and thousand kernel 

weight, suggesting absence of competition for assimilates among grains during 

the grain filling period. 

8.	 Correlation coefficients and path analysis demonstrated that those environments 

that were favorable for full expression of biomass and grain weight potential 

provided for enhanced performance of the adapted cultivars. While the 

unadapted Hard Red cultivars interacted positively with those environments 

that suppressed either biomass accumulation or/and grain filling due to abiotic 

or biotic stresses. 
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9.	 Variation in grain protein concentration and grain hardness were influenced by 

factors related to the nitrogen uptake and use efficiency, including also starch 

deposition during the grain filling period. They were positively associated with 

spikes per m2 and negatively with thousand kernel weight in most of the 

evaluated environments. This suggested that tillering can increase amount of 

nitrogen available for translocation to grain later, while protein can be diluted 

by increasing amounts of starch during the prolonged grain filling period. 

10. Two different strategies were proposed for improvement of Hard and Soft 

wheat cultivars under the conditions of the Pacific Northwest. Both strategies 

accentuate importance of increasing biomass while maintaining harvest index at 

the same level. Increased biomass should be obtained without increasing plant 

height. In case of Soft White wheats, selecting for plants with larger leaves, 

stronger stems, larger spikes and heavier grains should be emphasized. For hard 

whites - selecting for higher number of tillers and grains per m2 is desired, as it 

provides for harder grains with higher protein content. 
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APPENDIX  



1. Description of cultivars used in the study. 

Place of Year of Market Agronomic  
Cultivar Release Release Pedigree Class notes  

Stephens Oregon 1977 NordDeprez/Pullman 101 SWW Widely adapted, mid-season, winterhardy. 
Madsen Washington 1988 VPM/Mos951//2*Hill SWW Resistant to strawbreaker foot rot, partly to 

Septoria tritici. 
Macvicar Oregon 1992 Yamhill/McDermit//T.spelt/3Suwon92/Roedel/4NB SWW Resistant to stripe rust, low grain protein 

68513/Hyslop//Backa content. 
Gene Oregon 1992 Cleo/Pichon/ /Zenzontli SWW Earlier than Stephens, resistant to stripe, leaf 

rust and lodging, poor winterhardness. 
Rod Washington 1992 Luke/Daws//Hill81 SWW Late, resistant to stripe rust and common bunt 
Fundulea_4 Romania 1987 Fund29/2*Lovrin32 HRW Large grain, resistance to many pathogens. 
TAM 105 Texas 1979 Composite bulk (Scoutt 66) HRW Early, winterhardy. 
Sturdy Texas 1967 Sinvalocho/WichitallHope/Cheyenne/3/2*Wichita/4/ HRW Early, non-winterhardy, susceptible to water 

Seu Seun 27 stress during grain filling. 
OR 939515 Madsen/Malcolm SWW Widely adapted, high yielding. 
OR 939528 Madsen/Malcolm SWW Widely adapted, high yielding. 
OR 908361 Spn*2/HH/3/VPM/Mos951//2*Hill SWW Widely adapted, high yielding. 
OR 898120 Oregon 1999 MLC/3/VPM/Mos951//Hill/4/VPM/ Mos951//2*Hill SWW Weatherford. Adapted to East of the Cascade 

mountains.  
OR 880172 Oregon 1999 Him//Kal/BB3//WWP7147, SWW Foote. Resistant to Septoria tritici.  

F1/4/D6301/1-INVERA/3/B  
OR 850513 Oregon RBS/ANZA/3/KVZ/HYS//YMH/TOB/4/BOW S HWW Early, widely adapted, hard grain.  
OR 889176 TJB368-251/BUC HWW Early, widely adapted, hard grain.  

SWW = Soft White Winter, HRW = Hard Red Winter, HWW = Hard White Winter 



2. Summary of meteorological data for Hyslop Crop Science Field Laboratory. 

1996-1997 1997-1998 

Average Temperature (C) Average Temperature (C) 

Month Precipitation Maximum Minimum Mean Precipitation Maximum Minimum Mean 

(mm) (mm) 

September 56 23.0 8.3 15.7 86 24.6 10.6 17.6 

October 135 17.0 5.9 11.4 140 15.8 6.3 11.0 

November 259 11.5 3.6 7.6 132 13.3 4.7 9.1 

December 435 8.7 2.3 5.5 77 7.3 0.3 3.8 

January 231 8.5 1.8 5.2 230 9.7 2.7 6.2 

February 56 10.6 2.0 6.3 196 11.4 2.9 7.2 

March 163 12.8 3.7 8.2 170 13.6 3.4 8.5 

April 91 15.4 4.7 10.1 46 16.0 3.7 9.8 

May 56 22.8 8.3 15.6 147 17.2 7.8 12.5 

June 61 22.4 8.8 15.6 25 22.9 9.1 16.0 

July 10 26.8 11.4 19.1 3 28.7 12.3 20.6 

August 32 29.2 12.2 20.7 0 29.1 11.2 20.2 

Total 1585 1250 

Average 17.4 6.1 11.7 17.5 6.2 11.9 



3. Summary of meteorological data for Sherman County Agricultural Research Station. 

1996-1997 1997-1998 

Average Temperature (C) Average Temperature (C) 
Month Precipitation Maximum Minimum Mean Precipitation Maximum Minimum Mean 

(mm) (mm) 

September 14 22.2 6.7 14.4 12 24.3 9.4 16.9 

October 39 16.3 3.3 9.8 41 16.2 3.3 9.8 

November 67 8.4 -0.9 3.7 17 9.6 0.7 5.1 

December 106 5.3 -3.2 1.1 7 4.9 -2.3 1.3 

January 40 4.3 -3.8 0.3 63 5.6 -3.1 1.3 

February 21 7.2 -1.7 2.8 33 8.5 -0.3 4.1 

March 33 11.6 0.5 6.1 26 11.3 0.7 6.0 
April 32 14.1 2.1 8.1 17 14.3 2.1 8.2 

May 14 21.5 7.2 14.4 80 17.1 6.0 11.6 

June 14 22.7 8.7 15.7 7 22.7 8.9 15.8 

July 3 26.7 11.5 19.1 7 31.1 14.1 22.6 
August 14 29.5 13.4 21.5 2 29.5 11.9 20.7 
Total 398 310 

Average 15.8 3.6 9.7 16.3 4.3 10.3 



4. Summary of meteorological data for Columbia Basin Agricultural Experiment Station. 

1996-1997 1997-1998 

Average Temperature (C) Average Temperature (C) 
Month Precipitation Maximum Minimum Mean Precipitation Maximum Minimum Mean 

(mm) (mm) 

September 17 23.5 8.7 16.1 22 26.1 10.4 18.3 

October 51 16.7 4.5 10.6 34 17.4 4.2 10.8 

November 77 8.8 0.4 4.6 40 10.2 1.6 5.9 

December 107 5.9 -2.2 1.9 76 4.7 -1.5 1.6 

January 70 4.1 -3.4 0.3 72 7.9 -1.3 3.3 

February 41 7.3 0.0 3.7 22 10.8 1.3 6.1 

March 76 12.7 2.2 7.4 36 13.4 1.9 7.7 
April 62 14.9 3.5 9.2 33 16.7 3.6 10.2 

May 12 22.8 8.1 15.4 79 19.2 7.7 13.4 

June 28 24.4 10.1 17.3 13 26.0 11.1 18.6 

July 9 30.2 12.6 21.3 5 35.2 14.1 24.7 
August 1 31.7 14.0 22.8 3 33.2 11.0 22.1 
Total 550 435 

Average 16.9 4.9 10.9 18.4 5.3 11.9 
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5. Julian heading date and physiological maturity for the cultivars grown at Hyslop. 

Cultivar Heading Physiological maturity 

1996-1997 1997-1998 1996-1997 1997-1998 

Stephens 134 181 136 182 

Madsen 135 182 138 184 

Macvicar 135 182 138 183 

Gene 131 179 132 177 

Rod 139 186 141 187 

Fundulea 132 179 134 180 

T 105 132 174 134 175 

Sturdy 122 171 123 171 

OR 939515 135 182 137 183 

OR 939528 134 180 135 181 

OR 908361 137 183 138 183 

OR 898120 137 183 138 183 

OR 880172 133 180 133 179 

OR 850513 126 175 129 176 

OR 889176 126 175 129 177 
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6. Individual values for plant height, thousand kernel weight, harvest index, biomass, grain 
yield per m2, number of spikes per m2, number of grains per m2, number of grains per 
spike, protein content and hardness measured at Hyslop in 1997. 

Line Height TKW Harvest Biomass Yield Spikes Grains Grain Protein Hardness Block 
Index 

cm g g/m` g/m /m2 /m2 / Spike % 
Stephens 88 53.62 0.42 2024 857 332 15990 48.2 8.7 35.4 1 

Madsen 91 43.84 0.31 2372 737 391 16823 43.1 9.3 28.9 1 

Macvicar 97 50.96 0.32 2740 886 414 17388 42.0 8.4 32.4 1 

Gene 78 46.06 0.38 1994 748 410 16244 39.6 9.8 22.8 1 

Rod 98 45.56 0.36 2341 848 423 18621 44.0 8.6 39.0 1 

Fundulea 99 50.80 0.35 2227 779 376 15331 40.7 9.8 81.0 1 

T 105 110 40.84 0.36 2000 714 579 17479 30.2 9.2 64.0 1 

Sturdy 100 41.65 0.35 2015 708 532 17002 31.9 10.9 76.5 1 

OR 939515 104 46.17 0.37 2722 1001 478 21691 45.3 8.2 30.6 1 

OR 939528 100 49.06 0.35 2427 859 401 17502 43.7 8.5 43.6 1 

OR 908361 96 42.51 0.31 2486 774 460 18217 39.6 9.1 33.8 1 

OR 898120 105 43.42 0.32 2715 873 459 20100 43.7 8.5 39.3 1 

OR 880172 104 45.03 0.34 2162 735 393 16314 41.5 8.4 13.8 1 

OR 850513 100 42.46 0.33 2610 863 490 20321 41.4 9.7 51.2 1 

OR 889176 91 43.80 0.39 2200 848 533 19350 36.3 10.5 91.5 1 

Gene 82 44.32 0.36 2537 914 418 20611 49.3 9.9 33.1 2 
OR 889176 90 42.65 0.37 2563 951 626 22294 35.6 10.1 85.9 2 
Sturdy 98 42.16 0.37 1946 716 531 16983 32.0 10.6 87.2 2 
Rod 100 44.69 0.37 2444 914 469 20455 43.6 7.9 33.0 2 
Stephens 94 52.55 0.39 2230 867 496 16499 33.3 8.1 31.6 2 
OR 939528 104 51.66 0.35 2787 988 442 19126 43.3 8.4 48.5 2 
Macvicar 102 48.56 0.34 2905 992 432 20434 47.3 8.3 33.5 2 
OR 898120 105 48.14 0.30 3291 989 526 20534 39.1 9.3 38.4 2 
T 105 113 41.28 0.35 2226 774 633 18757 29.6 9.4 79.7 2 
OR 939515 109 46.63 0.31 2956 925 480 19828 41.3 9.1 38.6 2 
OR 908361 95 45.08 0.29 2720 794 381 17609 46.2 9.2 36.6 2 
Fundulea 96 51.48 0.32 2697 868 388 16853 43.5 9.2 85.4 2 
OR 880172 99 51.11 0.29 2680 778 341 15225 44.6 9.2 33.0 2 
Madsen 99 43.74 0.30 3164 939 513 21460 41.8 9.2 30.8 2 
OR 850513 103 45.92 0.32 3059 968 533 21086 39.5 10.1 71.3 2 
T 105 101 46.20 0.34 1568 535 310 11585 37.4 8.9 84.3 3 

Rod 94 45.84 0.36 1892 686 303 14973 49.5 8.2 40.7 3 
OR 850513 98 45.01 0.34 2457 847 430 18819 43.8 8.8 64.0 3 
Fundulea 95 50.28 0.35 2118 735 357 14627 40.9 8.4 99.2 3 

OR 898120 96 50.68 0.30 1973 591 252 11659 46.3 8.7 42.5 3 

Gene 80 44.34 0.33 2575 849 451 19141 42.4 10.1 33.8 3 

OR 939528 104 50.85 0.33 3133 1027 460 20196 43.9 8.3 32.8 3 

Macvicar 104 53.78 0.30 3337 1017 413 18916 45.8 7.9 28.1 3 

OR 908361 92 44.40 0.29 2927 844 387 18999 49.1 9.0 30.3 3 

OR 889176 87 40.87 0.34 2583 888 582 21719 37.3 9.4 73.6 3 

OR 939515 97 49.26 0.32 2801 893 350 18124 51.8 8.6 40.8 3 
Madsen 99 42.69 0.28 2962 825 442 19333 43.8 9.4 37.4 3 

Sturdy 96 42.19 0.36 1666 603 396 14284 36.1 11.1 73.3 3 
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6. Continued 

Line Height TKW Harvest Biomass Yield Spikes Grains Grain Protein Hardness Block 
Index 

cm g g/m2 g/mz /m2 /ml / Spike % 
Stephens 94 52.25 0.37 2584 955 450 18276 40.6 8.7 39.0 3 
OR 880172 107 46.37 0.30 3366 1019 468 21970 46.9 9.7 32.6 3 
Macvicar 100 51.56 0.36 2828 1008 430 19549 45.5 8.5 39.4 4 
OR 939528 99 51.24 0.37 2578 961 470 18753 39.9 8.7 42.2 4 
OR 939515 99 47.61 0.35 2574 890 385 18693 48.5 8.1 29.7 4 
Sturdy 101 41.78 0.37 1734 635 468 15208 32.5 10.3 75.0 4 
Gene 80 44.90 0.37 2188 799 392 17806 45.4 10.2 31.7 4 
T 105 109 39.86 0.31 1872 578 469 14504 30.9 7.5 59.0 4 
OR 898120 105 46.26 0.30 2641 788 412 17029 41.4 8.0 35.4 4 
OR 880172 104 49.78 0.35 2023 706 343 14174 41.3 8.8 26.3 4 
Stephens 96 51.73 0.37 2457 907 411 17541 42.7 7.8 33.7 4 
OR 850513 100 43.54 0.29 3279 939 507 21570 42.5 9.3 69.2 4 
Madsen 99 41.79 0.28 3319 930 434 22242 51.3 8.8 37.7 4 
Fundulea 95 52.86 0.33 2788 931 429 17616 41.1 8.8 89.9 4 
Rod 100 46.20 0.37 2755 1027 482 22234 46.1 8.2 42.6 4 
OR 889176 87 43.22 0.38 2401 910 500 21049 42.1 8.9 86.5 4 
OR 908361 93 44.02 0.29 3094 899 496 20412 41.2 9.2 38.2 4 
Madsen 98 40.52 0.29 3291 968 553 23887 43.2 9.3 43.8 5 
Stephens 93 54.10 0.36 2622 955 427 17649 41.4 8.4 36.0 5 
OR 939528 104 50.22 0.34 3110 1060 566 21103 37.3 8.4 41.2 5 
Rod 104 42.77 0.35 2969 1034 538 24166 44.9 9.0 42.8 5 
T 105 113 41.90 0.34 2470 844 626 20144 32.2 10.4 72.8 5 
Macvicar 103 50.64 0.33 3297 1097 524 21666 41.4 8.6 37.9 5 
Sturdy 100 41.62 0.35 2140 748 572 17973 31.4 10.0 73.3 5 
OR 889176 89 42.28 0.34 2842 954 536 22563 42.1 9.4 85.2 5 
OR 880172 110 50.49 0.31 3261 997 502 19754 39.3 9.0 32.7 5 
OR 898120 109 45.16 0.29 3429 1011 507 22391 44.2 8.9 37.9 5 
OR 850513 107 45.11 0.29 3205 939 490 20818 42.5 9.2 62.1 5 
OR 908361 94 43.07 0.30 3030 898 498 20843 41.9 8.6 30.2 5 
Gene 80 47.01 0.33 2812 928 493 19745 40.1 10.3 43.9 5 
Fundulea 97 49.27 0.30 3021 916 474 18593 39.3 9.1 85.0 5 
OR 939515 104 46.58 0.31 3292 1019 474 21879 46.2 8.2 34.7 5 
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7. Individual values for plant height, thousand kernel weight, harvest index, biomass, grain 
yield per m2, number of spikes per m2, number of grains per m2, number of grains per 
spike, protein content and hardness measured at Hyslop in 1998. 

Line Height TKW Harvest Biomass Yield Spikes Grains Grain Protein Hardness Block 
Index 

cm g g/m g/m /m /m / Spike % 
Stephens 100 49.33 0.31 1737 541 417 10978 26.3 7.5 31.1 1 

Madsen 110 40.08 0.26 2175 565 476 14110 29.7 7.9 29.1 1 

Macvicar 100 47.38 0.28 1685 466 512 9835 19.2 7.9 31.7 1 

Gene 87 35.80 0.24 1406 335 397 9356 23.6 10.3 15.3 1 

Rod 100 46.05 0.19 2137 416 583 9031 15.5 9.6 45.5 1 

Fundulea 107 57.43 0.30 1965 582 375 10127 27.0 9.2 72.6 1 

T 105 93 43.78 0.27 865 231 232 5266 22.7 10.2 71.5 1 

Sturdy 102 37.05 0.34 1180 398 385 10731 27.9 9.8 77.6 1 

OR 939515 110 45.73 0.28 1779 496 331 10858 32.8 9.2 34.6 1 

OR 939528 117 47.03 0.31 1909 601 458 12775 27.9 7.8 39.3 1 

OR 908361 105 39.95 0.27 2006 545 497 13639 27.4 8.6 34.4 1 

OR 898120 105 42.10 0.27 1584 431 371 10232 27.6 8.6 44.4 1 

OR 880172 103 43.80 0.26 1487 389 298 8888 29.8 9.4 29.4 1 

OR 850513 106 40.40 0.32 1808 573 444 14178 31.9 8.6 47.0 1 

OR 889176 90 40.63 0.34 1603 544 470 13389 28.5 8.5 73.0 1 

Stephens 105 51.70 0.34 1483 512 361 9897 27.4 8.2 31.8 2 
OR 850513 107 37.68 0.23 2173 496 620 13174 21.3 8.8 51.8 2 
Sturdy 102 36.60 0.27 1424 378 485 10326 21.3 9.3 73.4 2 
Gene 92 37.58 0.24 1659 401 468 10679 22.8 10.2 17.4 2 
Macvicar 102 48.38 0.27 1660 446 328 9219 28.1 8.6 31.6 2 
T 105 115 43.73 0.26 1419 365 479 8355 17.4 9.4 75.4 2 
OR 880172 108 43.68 0.24 2052 495 416 11340 27.2 9.0 20.6 2 
Madsen 113 38.33 0.29 2016 594 428 15495 36.2 8.5 31.3 2 
OR 898120 118 43.10 0.29 2024 591 441 13718 31.1 8.3 40.3 2 
OR 908361 108 41.38 0.24 2394 582 522 14060 27.0 9.4 31.1 2 
Fundulea 110 53.65 0.26 2286 588 502 10954 21.8 9.4 72.8 2 
Rod 107 42.30 0.31 1488 459 431 10844 25.2 8.4 36.4 2 
OR 939515 112 40.70 0.27 1795 484 329 11889 36.1 9.2 30.9 2 
OR 939528 115 43.78 0.29 1960 563 503 12861 25.6 7.9 30.8 2 
OR 889176 94 40.60 0.35 1908 668 489 16442 33.6 9.0 67.5 2 
Madsen 110 42.00 0.28 2129 589 451 14030 31.1 7.9 31.1 3 
OR 880172 110 45.68 0.29 1815 518 343 11341 33.0 8.5 20.1 3 
Fundulea 109 58.68 0.30 1988 594 402 10121 25.2 9.1 73.2 3 
T 105 125 44.83 0.23 1988 463 439 10326 23.5 9.4 80.6 3 
OR 850513 118 43.33 0.28 2349 666 570 15383 27.0 8.5 63.5 3 
Macvicar 110 45.90 0.25 2034 516 367 11232 30.6 8.4 36.7 3 
Rod 115 47.88 0.30 1772 538 380 11240 29.6 8.8 38.8 3 
OR 898120 124 43.78 0.31 2127 651 381 14878 39.1 8.2 34.9 3 
OR 939528 120 44.30 0.29 2145 623 530 14071 26.6 8.2 39.8 3 
OR 889176 94 42.55 0.30 2024 613 548 14415 26.3 8.4 76.8 3 
OR 939515 120 45.10 0.31 1881 590 388 13082 33.8 8.4 38.5 3 
OR 908361 118 40.08 0.23 2870 670 685 16711 24.4 9.2 46.0 3 
Stephens 107 43.00 0.24 1971 481 419 11175 26.7 10.0 52.2 3 
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7. Continued 

Line Height TKW Harvest Biomass Yield Spikes Grains Grain Protein Hardness Block 
Index 

cm g g/m2 g/m2 /m2 /m2 / Spike % 
Gene 95 40.63 0.27 1503 410 406 10089 24.9 10.3 30.6 3 

Sturdy 105 39.10 0.27 1502 400 503 10227 20.3 10.3 83.0 3 

OR 889176 93 38.70 0.36 1454 520 405 13444 33.2 9.1 68.1 4 
Stephens 105 48.98 0.36 1407 509 365 10388 28.4 8.3 36.9 4 
Rod 110 50.30 0.27 1863 502 459 9974 21.7 9.2 47.1 4 
OR 908361 115 43.43 0.30 2091 620 476 14273 30.0 8.4 36.8 4 
OR 880172 120 45.85 0.31 2131 669 481 14590 30.3 8.6 29.9 4 
T 105 124 46.05 0.27 1950 524 609 11372 18.7 9.1 77.5 4 
Macvicar 110 44.90 0.27 2014 550 456 12258 26.9 9.5 32.7 4 
OR 939515 115 47.33 0.31 2295 716 486 15122 31.1 7.8 38.4 4 
Gene 97 42.30 0.29 1756 504 518 11908 23.0 9.9 21.9 4 
Sturdy 110 37.90 0.27 2032 551 682 14542 21.3 9.7 78.2 4 
OR 898120 120 43.55 0.28 2191 619 427 14214 33.3 7.8 30.3 4 
Madsen 114 39.50 0.27 2367 642 545 16247 29.8 8.6 32.5 4 
Fundulea 115 57.28 0.30 2347 702 539 12256 22.7 9.2 80.0 4 
OR 939528 117 47.05 0.32 2040 647 445 13761 30.9 8.2 26.6 4 
OR 850513 118 40.23 0.31 2146 660 546 16412 30.1 8.1 63.2 4 
Gene 97 38.63 0.22 1917 428 522 11073 21.2 10.5 21.9 5 

Macvicar 110 41.83 0.25 2259 556 574 13292 23.2 8.9 26.7 5 
Madsen 114 38.40 0.30 2335 691 515 17996 34.9 8.5 39.6 5 

OR 889176 98 39.98 0.33 2181 713 645 17840 27.7 10.0 84.8 5 
OR 939515 101 41.48 0.29 1959 577 477 13904 29.1 8.6 27.6 5 

Sturdy 105 37.35 0.28 1636 454 599 12158 20.3 9.7 83.3 5 
Rod 111 47.13 0.24 2114 512 618 10868 17.6 9.3 29.2 5 

T 105 122 48.43 0.23 1662 384 502 7935 15.8 10.5 83.2 5 
OR 850513 115 38.75 0.22 2738 594 715 15325 21.4 9.7 58.3 5 

Stephens 110 43.60 0.29 1642 477 397 10929 27.5 8.9 42.5 5 

OR 880172 118 43.83 0.24 2533 613 585 13988 23.9 8.8 22.4 5 

OR 908361 110 43.25 0.33 2084 682 462 15772 34.1 8.5 32.0 5 
OR 898120 117 42.20 0.30 2003 604 474 14320 30.2 8.0 35.3 5 

Fundulea 110 54.88 0.29 2013 579 413 10559 25.6 9.6 68.6 5 

OR 939528 112 47.75 0.34 2039 687 485 14392 29.7 7.8 37.7 5 
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8. Individual values for plant height, thousand kernel weight, harvest index, biomass, grain 
yield per m2, number of spikes per m2, number of grains per m2, number of grains per 
spike, protein content and hardness measured at Moro in 1997. 

Line Height TKW Harvest Biomass Yield Spikes Grains Gram Protein Hardness Block 
Index 

cm g g/inz g/mi /m2 /in' / Spike % 
Stephens 72 51.33 0.38 969 370 316 7206 22.8 8.3 24.1 1 

Madsen 83 39.96 0.29 1532 449 416 11249 27.0 8.6 31.6 1 

Macvicar 77 44.90 0.29 1332 381 454 8487 18.7 7.0 10.3 1 

Gene 68 40.70 0.30 1284 391 334 9600 28.7 9.5 56.4 1 

Rod 65 43.08 0.35 907 318 363 7382 20.3 6.6 36.8 1 

Fundulea 75 45.14 0.32 1105 358 327 7935 24.2 7.9 73.8 1 

T 105 70 39.03 0.33 878 293 326 7501 23.0 9.9 78.8 1 

Sturdy 68 33.34 0.35 1081 383 571 11476 20.1 9.0 76.2 1 

OR 939515 75 40.36 0.22 1310 294 415 7272 17.5 9.7 50.8 1 

OR 939528 78 45.40 0.36 998 358 332 7887 23.8 8.3 24.9 1 

OR 908361 80 39.08 0.33 1397 462 452 11819 26.1 7.8 20.6 1 

OR 898120 85 43.63 0.30 1544 465 467 10662 22.8 8.5 33.6 1 

OR 880172 78 41.25 0.29 1111 320 348 7755 22.3 9.3 49.4 1 

OR 850513 77 37.52 0.32 1223 393 519 10482 20.2 8.4 64.0 1 

OR 889176 80 36.90 0.35 1583 561 627 15218 24.3 6.7 70.0 1 

Gene 70 45.90 0.37 1506 561 425 12215 28.7 9.4 34.7 2 
OR 889176 75 40.35 0.38 1607 602 537 14931 27.8 7.9 63.9 2 
Sturdy 76 35.78 0.34 1427 490 665 13692 20.6 7.6 75.7 2 
Rod 81 46.28 0.35 1710 603 491 13032 26.6 7.7 47.0 2 
Stephens 72 46.93 0.36 1320 469 408 9990 24.5 8.0 28.3 2 
OR 939528 79 45.12 0.33 1247 413 539 9155 17.0 7.8 36.3 2 
Macvicar 82 44.54 0.31 1241 380 350 8534 24.4 7.5 29.2 2 
OR 898120 80 40.52 0.25 1339 331 403 8168 20.2 9.4 52.2 2 
T 105 65 37.50 0.35 1149 404 526 10781 20.5 7.9 69.4 2 
OR 939515 74 43.09 0.25 1667 425 454 9852 21.7 9.0 31.2 2 
OR 908361 72 37.28 0.41 1042 426 381 11421 30.0 6.9 58.2 2 
Fundulea 80 42.15 0.32 1286 417 444 9882 22.2 7.6 91.1 2 
OR 880172 79 43.02 0.32 1154 374 395 8704 22.0 9.0 39.1 2 
Madsen 75 40.79 0.35 1369 485 440 11889 27.0 7.9 28.5 2 
OR 850513 82 37.37 0.35 1488 527 615 14110 22.9 7.9 57.8 2 
T 105 78 39.23 0.37 1209 445 652 11345 17.4 7.5 74.7 3 
Rod 82 44.76 0.40 1276 509 480 11365 23.7 7.3 39.6 3 
OR 850513 74 38.49 0.33 1236 404 453 10483 23.1 9.0 79.7 3 
Fundulea 75 43.43 0.33 1373 453 466 10425 22.4 7.8 92.2 3 
OR 898120 77 42.23 0.32 1180 381 399 9033 22.6 8.8 43.3 3 
Gene 69 40.35 0.34 1092 368 427 9131 21.4 7.2 28.2 3 
OR 939528 76 44.44 0.19 1727 331 638 7450 11.7 8.2 38.2 3 
Macvicar 78 42.50 0.25 1364 346 473 8150 17.2 8.1 23.4 3 
OR 908361 67 38.70 0.29 1204 354 392 9146 23.3 8.9 40.1 3 
OR 889176 74 38.22 0.36 1180 423 449 11068 24.7 7.4 66.4 3 
OR 939515 78 43.16 0.30 1307 388 445 8987 20.2 8.0 35.5 3 
Madsen 75 39.51 0.31 1350 418 419 10577 25.2 8.4 25.5 3 
Sturdy 67 34.90 0.34 1047 354 560 10150 18.1 10.3 97.5 3 
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8. Continued 

Line Height TKW Harvest Biomass Yield Spikes Grains Grain Protein Hardness Block 
Index 

cm g g/m g/m /m /m / Spike % 
Stephens 70 47.82 0.37 1104 411 378 8594 22.7 8.4 53.9 3 

OR 880172 77 42.86 0.32 1129 365 392 8525 21.8 8.2 22.4 3 

Macvicar 81 44.64 0.28 1354 374 420 8373 19.9 7.9 46.5 4 
OR 939528 80 46.63 0.31 1349 413 511 8863 17.3 8.3 34.4 4 
OR 939515 81 44.58 0.31 1359 415 419 9301 22.2 7.9 24.0 4 
Sturdy 
Gene 

72 
66 

36.37 
41.68 

0.37 
0.33 

1004 
1319 

376 
434 

518 
428 

10341 
10412 

20.0 
24.4 

10.4 
8.3 

74.3 
43.9 

4 
4 

T 105 75 36.32 0.41 959 396 466 10901 23.4 8.0 74.1 4 
OR 898120 80 41.56 0.31 1294 402 362 9665 26.7 8.3 37.3 4 
OR 880172 74 40.00 0.31 1040 324 370 8103 21.9 9.3 32.9 4 
Stephens 
OR 850513 

70 
79 

43.08 
37.52 

0.33 
0.33 

1000 
1099 

334 
361 

404 
384 

7758 
9626 

19.2 
25.0 

8.4 
8.1 

22.3 
60.7 

4 
4 

Madsen 80 38.80 0.33 1240 410 416 10572 25.4 7.5 19.2 4 
Fundulea 75 43.94 0.39 1102 432 405 9825 24.3 8.0 82.1 4 
Rod 79 44.08 0.38 1461 551 451 12499 27.7 7.0 36.6 4 
OR 889176 73 37.36 0.39 1423 555 468 14849 31.7 8.4 72.6 4 
OR 908361 76 45.85 0.32 1348 437 430 9526 22.1 7.2 25.1 4 
Madsen 75 38.93 0.30 1320 395 400 10152 25.4 8.6 21.7 5 

Stephens 72 42.16 0.37 981 366 362 8672 24.0 7.1 13.6 5 

OR 939528 85 41.72 0.31 1303 408 535 9787 18.3 8.3 34.2 5 

Rod 76 43.37 0.40 1418 564 416 12993 31.2 7.4 31.8 5 

T 105 74 32.84 0.35 1318 457 619 13907 22.5 9.0 64.3 5 

Macvicar 80 45.01 0.29 1324 387 373 8593 23.1 7.7 26.1 5 

Sturdy 71 36.17 0.31 1045 323 370 8919 24.1 11.4 91.7 5 

OR 889176 75 34.09 0.33 1372 457 479 13398 28.0 8.3 80.6 5 
OR 880172 79 40.72 0.30 1173 356 409 8737 21.3 8.5 28.7 5 

OR 898120 78 40.72 0.30 1331 396 401 9716 24.2 8.9 36.9 5 

OR 850513 82 38.68 0.35 1326 460 486 11902 24.5 7.8 54.5 5 

OR 908361 78 39.46 0.35 1338 465 452 11780 26.1 8.6 28.6 5 

Gene 76 40.92 0.36 1334 476 456 11635 25.5 6.9 19.6 5 

Fundulea 79 42.64 0.39 1285 503 449 11796 26.3 7.8 62.3 5 

OR 939515 78 41.94 0.31 1380 430 461 10262 22.3 7.5 26.0 5 



163 

9. Individual values for plant height, thousand kernel weight, harvest index, biomass, grain 
yield per m2, number of spikes per m2, number of grains per m2, number of grains per 
spike, protein content and hardness measured at Moro in 1998. 

Line Height TKW Harvest Biomass Yield Spikes Grains Grain Protein Hardness Block 
Index 

cm g g/m g/m /m /m / Spike % 
Stephens 82 60.45 0.32 1411 457 407 7562 18.6 8.1 36.8 1 

Madsen 80 47.78 0.31 1366 424 323 8865 27.5 7.7 11.9 1 

Macvicar 90 56.70 0.23 1934 443 429 7809 18.2 7.4 14.9 1 

Gene 87 53.83 0.36 1505 544 361 10112 28.0 8.2 31.7 1 

Rod 90 54.25 0.28 1769 492 457 9073 19.8 8.2 42.8 1 

Fundulea 92 62.33 0.25 1730 439 319 7039 22.1 10.8 85.5 1 

T 105 80 44.10 0.30 1383 414 578 9399 16.3 8.8 68.4 1 

Sturdy 92 39.80 0.27 1384 375 605 9433 15.6 10.1 78.6 1 

OR 939515 95 59.83 0.34 1403 480 394 8022 20.4 8.1 22.6 1 

OR 939528 87 56.90 0.25 1854 470 456 8261 18.1 8.4 32.6 1 

OR 908361 90 49.95 0.28 1889 531 409 10629 26.0 8.4 22.3 1 

OR 898120 95 51.48 0.29 1669 492 414 9554 23.1 9.0 30.3 1 

OR 880172 92 51.78 0.21 1637 346 440 6675 15.2 8.4 16.9 1 

OR 850513 87 44.08 0.23 1588 365 537 8293 15.4 8.1 58.4 1 

OR 889176 86 46.63 0.31 1258 396 396 8485 21.4 6.4 56.1 1 

Stephens 75 56.68 0.31 1322 416 421 7343 17.4 8.3 65.8 2 
OR 850513 77 46.75 0.26 1288 337 382 7215 18.9 7.4 56.0 2 
Sturdy 90 40.33 0.28 1225 341 509 8463 16.6 8.6 80.9 2 
Gene 82 51.18 0.32 1393 452 345 8838 25.6 8.0 47.1 2 
Macvicar 86 57.60 0.23 1980 446 441 7750 17.6 8.7 34.2 2 
T 105 82 40.83 0.28 1306 364 603 8925 14.8 10.6 87.0 2 
OR 880172 84 53.65 0.25 1573 392 325 7298 22.4 9.0 32.2 2 
Madsen 77 45.80 0.25 1456 368 369 8027 21.7 9.0 31.2 2 
OR 898120 85 51.03 0.26 1648 431 382 8443 22.1 8.8 24.5 2 
OR 908361 90 53.45 0.21 1583 332 368 6209 16.9 8.7 23.6 2 
Fundulea 90 64.53 0.24 1591 380 281 5887 21.0 11.6 85.1 2 
Rod 92 52.23 0.32 1507 478 347 9150 26.4 7.1 22.7 2 
OR 939515 93 51.93 0.21 2016 432 378 8316 22.0 9.6 48.0 2 
OR 939528 87 54.65 0.28 1474 406 386 7425 19.2 7.3 19.0 2 
OR 889176 83 47.33 0.32 1243 400 493 8455 17.1 5.9 45.7 2 
Madsen 85 46.80 0.29 1672 485 400 10361 25.9 7.7 19.1 3 
OR 880172 90 51.35 0.26 1369 353 387 6877 17.8 7.6 15.3 3 
Fundulea 92 63.30 0.31 1284 402 262 6357 24.2 8.8 63.6 3 
T 105 85 43.83 0.31 1366 429 578 9799 17.0 9.4 79.6 3 
OR 850513 95 43.90 0.27 1505 413 481 9413 19.6 7.2 44.8 3 
Macvicar 86 58.53 0.28 1713 476 343 8140 23.8 7.4 34.5 3 
Rod 88 52.78 0.32 1512 479 408 9085 22.3 7.2 25.6 3 
OR 898120 87 50.58 0.27 1754 471 368 9312 25.3 7.4 36.6 3 
OR 939528 92 54.80 0.26 1861 484 453 8827 19.5 7.7 34.2 3 
OR 889176 86 46.95 0.32 1404 448 416 9542 22.9 7.4 68.8 3 
OR 939515 87 54.90 0.25 1790 455 357 8294 23.3 8.1 28.1 3 
OR 908361 85 48.58 0.26 1595 420 434 8656 20.0 7.8 24.3 3 
Stephens 79 60.03 0.32 1377 446 319 7429 23.3 8.8 63.4 3 
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9. Continued 

Line Height TKW Harvest Biomass Yield Spikes Grains Grain Protein Hardness Block 
Index 

cm g g/niz g/in` /m2 /inz / Spike % 
Gene 83 51.00 0.31 1663 517 414 10142 24.5 8.8 72.8 3 

Sturdy 93 41.53 0.31 1359 426 600 10262 17.1 7.8 88.7 3 

OR 889176 83 45.83 0.31 1255 393 363 8576 23.7 7.5 72.0 4 
Stephens 85 56.63 0.34 1401 475 377 8387 22.2 7.4 41.1 4 
Rod 82 47.50 0.21 1536 323 381 6796 17.9 10.1 82.9 4 
OR 908361 80 47.30 0.26 1382 361 381 7641 20.1 8.1 36.1 4 
OR 880172 87 50.98 0.21 1357 288 320 5656 17.7 8.4 31.8 4 
T 105 86 43.18 0.30 1165 355 491 8214 16.7 8.4 69.9 4 
Macvicar 87 58.58 0.24 1750 426 349 7277 20.9 8.2 52.6 4 
OR 939515 86 52.40 0.21 2045 427 459 8156 17.8 9.1 45.5 4 
Gene 85 52.20 0.31 1589 492 422 9419 22.3 8.1 55.6 4 
Sturdy 88 39.68 0.27 1349 357 637 9010 14.1 9.1 79.8 4 
OR 898120 90 50.15 0.28 1537 436 374 8689 23.2 7.7 36.5 4 
Madsen 83 47.98 0.28 1593 450 341 9373 27.5 8.9 44.7 4 
Fundulea 90 62.85 0.23 1618 370 298 5889 19.8 11.5 93.6 4 
OR 939528 88 56.03 0.30 1539 463 406 8273 20.4 7.0 36.1 4 
OR 850513 90 45.40 0.26 1366 350 446 7717 17.3 7.6 71.5 4 
Gene 87 53.25 0.35 1499 524 435 9834 22.6 6.9 36.9 5 

Macvicar 85 59.53 0.25 1671 416 330 6986 21.2 7.4 48.0 5 

Madsen 84 47.70 0.28 1542 428 385 8974 23.3 8.6 30.7 5 
OR 889176 85 49.55 0.30 1453 443 450 8941 19.9 6.9 75.2 5 

OR 939515 92 52.88 0.27 1713 460 381 8704 22.8 7.8 31.8 5 

Sturdy 92 39.78 0.32 1342 436 556 10959 19.7 8.3 59.0 5 

Rod 91 55.30 0.29 1750 508 403 9181 22.8 7.3 50.5 5 

T 105 85 46.00 0.25 1326 336 575 7294 12.7 8.9 68.4 5 

OR 850513 84 43.23 0.21 1524 327 401 7571 18.9 9.7 88.5 5 

Stephens 83 59.03 0.32 1413 458 392 7766 19.8 6.8 27.6 5 

OR 880172 90 52.28 0.22 1644 361 441 6903 15.6 8.8 30.4 5 

OR 908361 87 49.08 0.29 1737 496 424 10111 23.9 7.8 29.0 5 

OR 898120 85 49.08 0.21 1860 394 443 8026 18.1 8.7 36.8 5 

Fundulea 94 59.90 0.28 1404 390 262 6510 24.9 10.2 91.7 5 

OR 939528 87 56.48 0.29 1564 447 391 7922 20.3 6.9 35.3 5 
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10. Individual values for plant height, thousand kernel weight, harvest index, biomass, 
grain yield per m2, number of spikes per m2, number of grains per m2, number of 
grains per spike, protein content and hardness measured at Pendleton in 1997. 

Line Height TKW Harvest Biomass Yield Spikes Grains Grain Protein Hardness Block 
Index 

Stephens 
cm 
95 

g 
50.08 0.42 

g/m 
1670 

g/m 
709 

/m 
491 

/m 
14155 

/ Spike 
28.8 

% 
7.2 24.5 1 

Madsen 102 40.96 0.33 2504 823 668 20092 30.1 7.4 32.1 1 

Macvicar 98 49.30 0.36 2341 845 575 17143 29.8 6.1 26.5 1 

Gene 82 43.07 0.41 1765 717 501 16659 33.2 6.9 24.4 1 

Rod 90 46.95 0.40 1856 743 456 15834 34.7 5.7 25.1 1 

Fundulea 88 45.96 0.40 1531 619 432 13463 31.1 7.4 69.8 1 

T 105 91 38.07 0.40 1334 537 590 14115 23.9 8.1 70.4 1 

Sturdy 97 32.49 0.41 1969 803 960 24714 25.7 9.9 78.9 1 

OR 939515 105 43.81 0.39 2207 858 576 19580 34.0 8.8 57.2 1 

OR 939528 103 47.15 0.40 2336 933 592 19794 33.4 8.7 46.9 1 

OR 908361 96 43.66 0.33 2292 755 692 17291 25.0 7.2 29.4 1 

OR 898120 107 43.88 0.38 2033 781 549 17805 32.4 7.5 41.4 1 

OR 880172 103 48.99 0.38 1988 759 480 15499 32.3 6.5 22.5 1 

OR 850513 108 39.36 0.37 2111 784 713 19904 27.9 6.5 52.4 1 

OR 889176 92 37.78 0.43 1968 854 756 22608 29.9 7.5 69.8 1 

Gene 89 39.73 0.41 2401 980 675 24666 36.5 9.6 37.2 2 
OR 889176 90 36.74 0.41 2294 935 830 25440 30.7 7.2 70.3 2 
Sturdy 98 35.24 0.38 1797 688 905 19508 21.6 6.5 59.0 2 
Rod 100 44.19 0.43 2056 886 578 20044 34.7 6.7 31.6 2 

Stephens 90 49.10 0.39 1871 723 583 14733 25.3 6.1 8.7 2 
OR 939528 98 47.23 0.39 2163 854 587 18076 30.8 7.1 38.4 2 
Macvicar 99 47.54 0.38 2128 816 572 17174 30.0 6.7 21.1 2 
OR 898120 101 44.16 0.38 2253 857 595 19417 32.7 8.9 39.6 2 
T 105 102 38.70 0.40 1924 766 805 19791 24.6 9.6 69.4 2 
OR 939515 102 42.14 0.41 2076 846 566 20071 35.4 8.6 37.9 2 
OR 908361 91 41.32 0.36 2216 790 588 19112 32.5 8.6 38.3 2 
Fundulea 99 41.68 0.42 2117 886 653 21254 32.6 10.2 81.0 2 
OR 880172 108 45.78 0.37 2202 811 593 17722 29.9 6.5 11.7 2 
Madsen 99 41.93 0.38 2096 804 587 19183 32.7 8.2 36.0 2 
OR 850513 102 39.02 0.41 1987 808 661 20695 31.3 9.2 63.0 2 
T 105 100 35.84 0.40 1892 751 973 20961 21.5 9.8 99.9 3 
Rod 107 43.91 0.42 2404 1017 662 23167 35.0 7.3 44.2 3 
OR 850513 110 37.95 0.38 2480 939 775 24740 31.9 8.8 77.5 3 

Fundulea 102 42.66 0.42 2334 982 625 23016 36.8 10.5 101.3 3 
OR 898120 108 42.24 0.36 2957 1070 741 25320 34.2 9.9 61.7 3 

Gene 85 41.22 0.40 2146 855 629 20744 33.0 7.7 36.6 3 
OR 939528 102 45.11 0.42 2092 888 628 19685 31.4 8.9 51.6 3 
Macvicar 100 44.06 0.37 2376 875 716 19855 27.7 7.7 41.6 3 
OR 908361 90 38.69 0.40 1698 676 567 17469 30.8 9.6 43.8 3 
OR 889176 80 36.71 0.42 1505 626 552 17048 30.9 7.9 68.8 3 

OR 939515 106 45.69 0.40 2246 900 597 19694 33.0 6.9 50.1 3 

Madsen 102 39.50 0.39 2192 855 637 21638 34.0 11.8 54.3 3 

Sturdy 94 32.06 0.39 1894 747 997 23305 23.4 9.1 79.9 3 
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10. Continued 

Line Height TKW Harvest Biomass Yield Spikes Grains Grain Protein Hardness Block 
Index 

cm g g/m2 g/m2 /m1 /m2 / Spike % 
Stephens 88 43.68 0.41 1882 768 645 17594 27.3 9.2 42.9 3 
OR 880172 105 42.81 0.39 2050 791 563 18489 32.9 8.3 24.4 3 

Macvicar 102 47.75 0.39 2075 804 608 16840 27.7 8.4 48.4 4 
OR 939528 101 46.18 0.39 2119 819 556 17733 31.9 7.0 41.8 4 
OR 939515 100 44.54 0.38 2198 842 596 18912 31.7 7.1 34.6 4 
Sturdy 93 34.68 0.42 1673 696 819 20073 24.5 9.1 85.0 4 
Gene 83 37.02 0.38 2010 754 629 20378 32.4 9.4 40.6 4 
T 105 99 34.58 0.40 1729 694 825 20060 24.3 10.6 85.8 4 
OR 898120 98 41.64 0.39 1958 763 507 18326 36.1 9.8 55.0 4 
OR 880172 102 44.71 0.40 1922 767 521 17154 32.9 9.2 28.6 4 
Stephens 93 49.44 0.44 1819 807 534 16323 30.6 8.4 33.2 4 
OR 850513 100 39.08 0.41 1805 739 661 18921 28.6 6.4 54.6 4 
Madsen 96 39.60 0.37 1974 723 640 18263 28.5 6.4 38.2 4 
Fundulea 98 43.36 0.41 1898 781 580 18011 31.1 7.2 80.2 4 
Rod 103 43.48 0.45 2008 906 522 20838 39.9 7.5 45.9 4 
OR 889176 90 36.57 0.42 1887 787 743 21535 29.0 7.0 72.7 4 
OR 908361 92 42.02 0.39 1966 757 569 18021 31.7 7.8 29.8 4 
Madsen 100 41.23 0.36 2633 960 830 23282 28.1 9.3 49.5 5 

Stephens 97 49.24 0.44 2241 989 671 20082 29.9 9.0 29.7 5 
OR 939528 110 45.85 0.39 2694 1057 751 23056 30.7 9.4 49.3 5 

Rod 100 41.34 0.47 1968 930 692 22502 32.5 7.9 41.3 5 

T 105 99 36.91 0.43 1759 752 883 20382 23.1 8.9 88.5 5 

Macvicar 101 44.95 0.40 2248 901 705 20043 28.4 8.3 40.0 5 

Sturdy 90 31.83 0.44 1893 842 904 26465 29.3 9.4 82.1 5 

OR 889176 87 38.46 0.43 1934 831 713 21604 30.3 8.0 73.3 5 

OR 880172 102 45.29 0.42 1681 702 462 15500 33.6 8.2 28.9 5 

OR 898120 100 42.76 0.40 1770 714 483 16702 34.6 9.6 54.1 5 

OR 850513 93 37.76 0.40 1736 687 676 18200 26.9 8.9 65.3 5 

OR 908361 91 41.12 0.40 1907 759 534 18459 34.6 9.1 39.6 5 

Gene 86 36.14 0.38 1853 697 656 19294 29.4 9.5 35.9 5 

Fundulea 96 39.56 0.42 1640 694 591 17538 29.7 9.0 80.2 5 

OR 939515 105 36.30 0.38 2038 773 655 21301 32.5 9.8 39.7 5 
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11. Individual values for plant height, thousand kernel weight, harvest index, biomass, 
grain yield per m2, number of spikes per m2, number of grains per m2, number of 
grains per spike, protein content and hardness measured at Pendleton in 1998. 

Line Height TKW Harvest Biomass Yield Spikes Grains Grain Protein Hardness Block 
Index 

Stephens 
cm 
100 

g 
52.45 0.38 

g/m2 
2173 

g/m 
817 

/m2 
683 

/m2 
15574 

/ Spike 
22.8 

% 
7.0 21.8 1 

Madsen 107 41.73 0.37 2209 818 636 19602 30.8 8.6 31.2 1 

Macvicar 108 48.10 0.37 2254 839 622 17451 28.1 7.8 28.9 1 

Gene 95 41.00 0.43 1952 834 589 20350 34.5 7.8 14.8 1 

Rod 107 49.68 0.41 1837 753 518 15167 29.3 7.0 23.5 1 

Fundulea 112 58.05 0.38 1939 743 399 12799 32.0 8.3 72.4 1 

T 105 118 39.80 0.35 1704 592 776 14863 19.1 6.8 52.7 1 

Sturdy 100 34.48 0.34 1667 569 902 16495 18.3 8.4 53.8 1 

OR 939515 110 46.30 0.39 2177 858 539 18541 34.4 7.2 32.6 1 

OR 939528 108 47.65 0.40 2159 857 586 17993 30.7 7.7 25.8 1 

OR 908361 102 40.40 0.37 2121 791 688 19569 28.4 8.9 20.1 1 

OR 898120 109 44.43 0.35 2275 795 627 17889 28.5 7.7 30.5 1 

OR 880172 112 49.70 0.34 2071 697 572 14025 24.5 7.1 13.3 1 

OR 850513 110 40.23 0.37 2120 794 668 19738 29.6 7.5 46.5 1 

OR 889176 95 39.75 0.41 2096 856 723 21546 29.8 7.4 54.5 1 

Stephens 100 53.43 0.40 2103 835 604 15626 25.9 6.3 14.4 2 
OR 850513 110 42.55 0.39 2077 809 588 19009 32.3 6.4 61.4 2 
Sturdy 103 33.65 0.29 1746 510 968 15170 15.7 10.1 66.9 2 
Gene 93 42.58 0.42 1997 835 580 19608 33.8 7.1 14.7 2 
Macvicar 107 53.55 0.38 2153 827 543 15437 28.4 6.2 29.0 2 
T 105 110 37.15 0.34 1470 497 679 13373 19.7 6.8 52.0 2 
OR 880172 113 47.93 0.37 1971 729 524 15208 29.0 6.8 2.9 2 
Madsen 106 41.28 0.37 2002 744 575 18019 31.3 7.4 26.5 2 
OR 898120 107 45.60 0.38 2027 773 542 16946 31.2 7.8 20.3 2 
OR 908361 103 43.50 0.41 1871 761 521 17500 33.6 8.9 29.4 2 
Fundulea 107 59.33 0.38 1800 682 373 11501 30.9 8.5 75.8 2 
Rod 107 46.15 0.43 1734 753 452 16315 36.1 7.0 22.9 2 
OR 939515 112 47.53 0.39 2306 891 594 18742 31.6 6.9 24.4 2 
OR 939528 110 51.73 0.40 2196 871 593 16831 28.4 7.0 38.1 2 
OR 889176 93 42.73 0.44 1969 860 600 20121 33.5 6.5 75.3 2 
Madsen 105 43.90 0.38 2053 786 530 17907 33.8 7.0 27.0 3 
OR 880172 115 48.68 0.41 1957 810 512 16636 32.5 7.4 27.5 3 

Fundulea 112 60.98 0.41 1834 744 419 12207 29.1 8.1 76.3 3 

T 105 110 34.35 0.26 1318 338 793 9853 12.4 8.3 53.4 3 
OR 850513 109 43.73 0.41 1854 766 558 17515 31.4 7.2 43.2 3 

Macvicar 110 52.80 0.38 2080 800 533 15153 28.4 7.1 27.2 3 
Rod 106 47.15 0.41 1895 776 509 16448 32.3 6.2 27.7 3 

OR 898120 108 47.33 0.35 2013 702 525 14823 28.2 6.7 21.3 3 

OR 939528 105 52.48 0.41 1835 751 447 14305 32.0 6.6 32.4 3 

OR 889176 92 43.93 0.43 1764 763 577 17369 30.1 5.9 52.3 3 

OR 939515 108 49.48 0.42 2012 840 483 16972 35.1 7.0 25.9 3 

OR 908361 101 45.88 0.39 1927 760 538 16567 30.8 7.4 26.1 3 

Stephens 100 53.73 0.41 2019 832 603 15478 25.7 7.0 24.1 3 
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11. Continued 

Line Height TKW Harvest Biomass Yield Spikes Grains Grain Protein Hardness Block 
Index 

cm g g/m2 g/m2 /m2 /m2 / Spike % 
Gene 90 44.93 0.44 1868 821 505 18264 36.2 7.1 23.3 3 

Sturdy 104 33.18 0.36 1612 583 876 17581 20.1 8.8 63.0 3 
OR 889176 94 43.08 0.43 1822 778 588 18065 30.7 6.5 53.6 4 
Stephens 102 51.63 0.41 2007 819 535 15861 29.7 7.0 35.1 4 
Rod 108 48.30 0.40 2037 815 549 16867 30.7 6.0 18.2 4 
OR 908361 105 45.68 0.39 1797 699 478 15311 32.0 7.5 29.5 4 
OR 880172 113 47.33 0.40 1882 753 497 15910 32.0 7.2 12.0 4 
T 105 113 38.00 0.34 1337 454 611 11946 19.5 6.6 54.2 4 
Macvicar 106 55.13 0.34 2274 785 527 14233 27.0 6.3 23.1 4 
OR 939515 112 46.35 0.39 2179 842 557 18173 32.6 7.8 21.0 4 
Gene 93 43.73 0.41 1729 704 480 16107 33.6 7.5 13.4 4 
Sturdy 100 35.90 0.39 1290 498 680 13868 20.4 7.2 55.7 4 
OR 898120 111 44.63 0.40 1976 799 538 17915 33.3 8.5 32.6 4 
Madsen 109 41.65 0.38 2216 848 630 20368 32.3 7.9 27.4 4 
Fundulea 110 60.10 0.38 1995 750 384 12480 32.5 8.0 70.6 4 
OR 939528 110 51.80 0.39 2299 886 571 17097 29.9 6.6 35.0 4 
OR 850513 109 44.70 0.38 2234 857 536 19181 35.8 6.6 46.3 4 
Gene 91 44.70 0.44 1812 796 486 17810 36.6 6.7 29.8 5 

Macvicar 109 41.03 0.36 2216 797 627 19435 31.0 7.8 24.9 5 

Madsen 110 39.95 0.39 2287 886 692 22172 32.0 8.3 30.4 5 

OR 889176 99 37.90 0.42 2140 899 783 23728 30.3 9.3 75.5 5 
OR 939515 114 42.85 0.38 2542 966 704 22546 32.0 8.8 33.7 5 

Sturdy 104 32.98 0.31 1790 558 972 16910 17.4 10.7 62.4 5 

Rod 110 44.38 0.42 1984 834 556 18785 33.8 8.4 25.0 5 

T 105 111 33.60 0.30 1612 476 838 14159 16.9 8.5 61.7 5 

OR 850513 110 39.55 0.39 2125 831 694 21003 30.3 7.9 45.2 5 

Stephens 100 54.13 0.38 1958 746 556 13778 24.8 6.7 15.9 5 

OR 880172 115 46.98 0.39 2072 805 547 17140 31.3 7.4 18.5 5 

OR 908361 107 42.18 0.39 2155 849 639 20125 31.5 9.0 33.4 5 
OR 898120 112 47.93 0.35 2336 820 571 17105 30.0 6.7 41.9 5 

Fundulea 110 60.65 0.35 2138 754 415 12427 30.0 8.8 68.2 5 
OR 939528 109 48.58 0.41 2308 940 584 19345 33.1 8.3 36.0 5 



12. Environmental mean for grain yield, thousand kernel weight (TKW), grains per spike, spikes per square meter, grains per square meter, 
harvest index, biomass, height, grain protein content and hardness. 

Environment	 Grain TKW Grains Spikes Grains Harvest Biomass Height Protein Hardness 
yield Index 

/m2 /m2g/m2 /spike	 g/m2 cm %g 

Hyslop 1997 869.3 46.4 41.6 457.9 18,804 0.33 2,620 98.2 9.05 49.33 

Hyslop 1998 540.6 43.8 26.9 470.4 12,427 0.28 1,925 108.7 8.93 46.11 

Moro 1997 417.5 41.2 23.1 446.4 10,208 0.33 1,269 75.9 8.23 46.82 

Moro 1998 423.5 51.3 20.5 414.4 8,323 0.28 1,540 86.8 8.29 48.01 

Pendleton 1997 801.8 41.8 30.6 648.4 19,521 0.40 2,036 97.5 8.26 50.19 

Pendleton 1998 764.1 45.6 29.2 593 16,906 0.38 1,984 106.1 7.49 36.77 
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13. Mean values, standard deviations and ranges of mean grain yield, thousand kernel 
weight, grain per spike, spikes per m2, grains per m2, harvest index, biomass, height, 
grain protein content and hardness for fifteen genotypes grown at Hyslop in 1997. 

Cultivar Trait 

Stephens Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Madsen Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Macvicar Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Gene Grain yield g/m2 
Thousand kernel weight g 

Mean 

908.2 
52.8 
41.2 

423.2 
17,191.0 
2,383.4 

0.382 
93.0 
8.34 
35.1 

879.8 
42.5 
44.6 

466.6 
20,749.0 

3,021.6 
0.292 

97.2 
9.20 
35.7 

1000.0 
51.1 
44.4 

442.6 
19,590.6 
3,021.4 

0.330 
101.2 
8.34 
34.3 

847.6 
45.3 

Std Dev 

46.64 
0.99 
5.34 

60.21 
926.11 
252.63 
0.0239 

3.00 
0.391 

2.75 

96.43 
1.38 
3.79 

65.19 
2,738.62 

389.50 
0.0130 

3.49 
0.235 

5.97 

75.53 
1.87 
2.57 

46.34 
1,606.77 

276.45 
0.0224 

2.77 
0.270 

4.52 

76.09 
1.19 

Minimum Maximum 

857 955 
52 54 
33 48 

332 496 
15,990 18,276 
2,024 2,622 

0.36	 0.42 
88 96 

7.8	 8.7 
32 39 

737 968 
41 44 
42 51 

391 553 
16,823 23,887 
2,372 3,319 

0.28	 0.31 
91 99 
8.8 9.4 
29 44 

886 1,097 
49 54 
41 47 

413 524 
17,388 21,666 
2,740 3,337 

0.30	 0.36 
97 104 

7.9	 8.6 
28 39 

748 928 
44 47 

http:1,606.77
http:2,738.62
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13. Continued. 

Cultivar Trait Mean Std Dev Minimum Maximum 
Grain per spike 43.4 4.04 40 49 

Gene Number of spikes per m2 432.8 39.87 392 493 
Number of grains per m2 18,709.4 1,715.31 16,244 20,611 
Biomass g/m2 2,421.2 326.60 1,994 2,812 
Harvest index 0.354 0.0230 0.33 0.38 
Plant height cm 80.0 1.41 78 82 
Protein concentration % 10.06 0.207 9.8 10.3 
Hardness 33.1 7.50 23 44 

Rod Grain yield g/m2 901.8 143.84 686 1,034 
Thousand kernel weight g 45.0 1.36 43 46 
Grain per spike 45.6 2.37 44 50 
Number of spikes per m2 443.0 88.35 303 538 
Number of grains per m2 20,089.8 3,524.39 14,973 24,166 
Biomass g/m2 2,480.2 412.65 1,892 2,969 
Harvest index 0.362 0.0084 0.35 0.37 
Plant height cm 99.2 3.63 94 104 
Protein concentration % 8.38 0.427 7.9 9.0 
Hardness 39.6 4.01 33 43 

Fundulea Grain yield g/m2 845.8 85.76 735 931 
Thousand kernel weight g 51.0 1.35 49 53 

Grain per spike 41.1 1.52 39 44 
Number of spikes per m2 404.8 46.83 357 474 
Number of grains per m2 16,604.0 1,625.68 14,627 18,593 
Biomass g/m2 2,570.2 383.73 2,118 3,021 
Harvest index 0.330 0.0212 0.30 0.35 
Plant height cm 96.4 1.67 95 99 
Protein concentration % 9.06 0.518 8.4 9.8 
Hardness 88.1 6.96 81 99 

TAM 105 Grain yield g/m2 689.0 130.30 535 844 
Thousand kernel weight g 42.0 2.45 40 46 
Grain per spike 32.1 3.14 30 37 
Number of spikes per m2 523.4 136.13 310 633 
Number of grains per m2 16,493.8 3,445.01 11,585 20,144 
Biomass g/m2 2,027.2 343.25 1,568 2,470 
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13. Continued. 

Cultivar Trait Mean Std Dev Minimum Maximum 
TAM 105 Harvest index 0.340 0.0187 0.31 0.36 

Plant height cm 109.2 4.92 101 113 

Protein concentration % 9.08 1.047 7.5 10.4 

Hardness 72.0 10.54 59 84 
Sturdy 

Grain yield g/m2 682.0 60.49 603 748 
Thousand kernel weight g 41.9 0.30 42 42 
Grain per spike 32.8 1.90 31 36 
Number of spikes per m2 499.8 68.94 396 572 
Number of grains per m2 16,290.0 1,501.20 14,284 17,973 
Biomass g/m2 1,900.2 197.01 1,666 2,140 
Harvest index 0.360 0.0100 0.35 0.37 
Plant height cm 99.0 2.00 96 101 

Protein concentration % 10.58 0.444 10.0 11.1 

Hardness 77.1 5.82 73 87 

OR 939515 
Grain yield g/m2 945.6 60.70 890 1,019 
Thousand kernel weight g 47.3 1.25 46 49 
Grain per spike 46.6 3.89 41 52 
Number of spikes per m2 433.4 61.46 350 480 
Number of grains per m2 20,043.0 1,705.73 18,124 21,879 
Biomass g/m2 2,869.0 273.75 2,574 3,292 
Harvest index 0.332 0.0268 0.31 0.37 
Plant height cm 102.6 4.72 97 109 
Protein concentration % 8.44 0.416 8.1 9.1 
Hardness 34.9 4.85 30 41 

OR 939528 
Grain yield g/m2 979.0 76.93 859 1,060 
Thousand kernel weight g 50.6 1.00 49 52 
Grain per spike 41.6 2.91 37 44 
Number of spikes per m2 467.8 60.90 401 566 
Number of grains per m2 19,336.0 1,379.26 17,502 21,103 
Biomass g/m2 2,807.0 314.37 2,427 3,133 
Harvest index 0.348 0.0148 0.33 0.37 
Plant height cm 102.2 2.49 99 104 
Protein concentration % 8.46 0.152 8.3 8.7 

Hardness 41.7 5.69 33 49 



173 

13. Continued. 

Cultivar Trait Mean Std Dev Minimum Maximum 

OR 908361 Grain yield g/m2 841.8 57.70 774 899 
Thousand kernel weight g 43.8 1.03 43 45 
Grain per spike 43.6 3.93 40 49 
Number of spikes per m2 444.4 57.21 381 498 
Number of grains per m2 19,216.0 1,387.90 17,609 20,843 
Biomass g/m2 2,851.4 248.62 2,486 3,094 
Harvest index 0.296 0.0089 0.29 0.31 
Plant height cm 94.0 1.58 92 96 
Protein concentration % 9.02 0.249 8.6 9.2 
Hardness 33.8 3.62 30 38 

OR 898120 Grain yield g/m2 850.4 170.80 591 1,011 

Thousand kernel weight g 46.7 2.80 43 51 

Grain per spike 42.9 2.76 39 46 
Number of spikes per m2 431.2 109.53 252 526 
Number of grains per m2 18,342.6 4,203.46 11,659 22,391 
Biomass g/m2 2,809.8 581.52 1,973 3,429 
Harvest index 0.302 0.0110 0.29 0.32 
Plant height cm 104.0 4.80 96 109 
Protein concentration % 8.68 0.482 8.0 9.3 
Hardness 38.7 2.57 35 43 

OR 880172 Grain yield g/m2 847.0 149.39 706 1,019 
Thousand kernel weight g 48.6 2.70 45 51 

Grain per spike 42.7 3.01 39 47 
Number of spikes per m2 409.4 73.08 341 502 
Number of grains per m2 17,487.4 3,267.46 14,174 21,970 
Biomass g/m2 2,698.4 613.69 2,023 3,366 
Harvest index 0.318 0.0259 0.29 0.35 
Plant height cm 104.8 4.09 99 110 
Protein concentration % 9.02 0.482 8.4 9.7 
Hardness 27.7 8.25 14 33 

OR 850513 Grain yield g/m2 911.2 52.95 847 968 
Thousand kernel weight g 44.4 1.37 43 46 
Grain per spike 41.9 1.61 40 44 
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13. Continued. 

Cultivar Trait Mean Std Dev Minimum Maximum 
OR 850513 Number of spikes per in2 490.0 37.87 430 533 

Number of grains per m2 20,522.8 1,054.11 18,819 21,570 
Biomass g/m2 2,922.0 367.38 2,457 3,279 
Harvest index 0.314 0.0230 0.29 0.34 
Plant height cm 101.6 3.51 98 107 
Protein concentration 9.42 0.497 8.8 10.1 

Hardness 63.6 7.86 51 71 

OR 889176 Grain yield g/m2 910.2 44.57 848 954 
Thousand kernel weight g 42.6 1.09 41 44 
Grain per spike 38.7 3.18 36 42 
Number of spikes per m2 555.4 49.09 500 626 
Number of grains per m2 21,395.0 1,282.49 19,350 22,563 
Biomass g/m2 2,517.8 237.72 2,200 2,842 
Harvest index 0.364 0.0230 0.34 0.39 
Plant height cm 88.8 1.79 87 91 

Protein concentration % 9.66 0.635 8.9 10.5 
Hardness 84.5 6.60 74 92 
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14. Values, standard deviations and ranges of mean grain yield, thousand kernel weight, 
grain per spike, spikes per m2, grains per m2, harvest index, biomass, height, grain 
protein content and hardness for fifteen genotypes grown at Hyslop in 1998. 

Cultivar Trait 

Stephens Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Madsen Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Macvicar Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Gene Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 

Mean Std Dev Minimum Maximum 

504.0 26.06 477 541 
47.3 3.82 43 52 
27.3 0.81 26 28 

391.8 27.70 361 419 
10,673.4 522.96 9,897 11,175 
1,648.0 222.26 1,407 1,971 

0.308 0.0466 0.24 0.36 
105.4 3.65 100 110 
8.58 0.936 7.5 10.0 
38.9 8.73 31 52 

616.2 50.29 565 691 
39.7 1.51 38 42 
32.3 3.02 30 36 

483.0 47.34 428 545 
15,575.6 1,647.15 14,030 17,996 
2,204.4 146.24 2,016 2,367 

0.280 0.0158 0.26 0.30 
112.2 2.05 110 114 
8.28 0.349 7.9 8.6 
32.7 4.04 29 40 

506.8 49.33 446 556 
45.7 2.55 42 48 
25.6 4.46 19 31 

447.4 101.24 328 574 
11,167.2 1,679.22 9,219 13,292 
1,930.4 254.48 1,660 2,259 

0.264 0.0134 0.25 0.28 
106.4 4.98 100 110 
8.66 0.594 7.9 9.5 
31.9 3.57 27 37 

415.6 60.64 335 504 
39.0 2.54 36 42 
23.1 1.34 21 25 

462.2 59.44 397 522 
10,621.0 967.90 9,356 11,908 

1,648.2 202.32 1,406 1,917 
0.252 0.0277 0.22 0.29 

93.6 4.22 87 97 
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14. Continued. 

Cultivar Trait Mean Std Dev Minimum Maximum 
Gene Protein concentration % 10.24 0.219 9.9 10.5 

Hardness 21.4 5.88 15 31 

Rod Grain yield g/m2 485.4 48.12 416 538 
Thousand kernel weight g 46.7 2.93 42 50 
Grain per spike 21.9 5.69 16 30 
Number of spikes per m2 494.2 101.84 380 618 
Number of grains per m2 10,391.4 891.21 9,031 11,240 
Biomass g/m2 1,874.8 267.53 1,488 2,137 
Harvest index 0.262 0.0487 0.19 0.31 
Plant height cm 108.6 5.59 100 115 
Protein concentration % 9.06 0.467 8.4 9.6 
Hardness 39.4 7.24 29 47 

Fundulea Grain yield g/m2 609.0 52.31 579 702 
Thousand kernel weight g 56.4 2.04 54 59 
Grain per spike 24.5 2.15 22 27 
Number of spikes per m2 446.2 70.45 375 539 
Number of grains per m2 10,803.4 882.56 10,121 12,256 
Biomass g/m2 2,119.8 181.65 1,965 2,347 
Harvest index 0.290 0.0173 0.26 0.30 
Plant height cm 110.2 2.95 107 115 
Protein concentration % 9.30 0.200 9.1 9.6 
Hardness 73.4 4.11 69 80 

TAM 105 Grain yield g/m2 393.4 110.87 231 524 
Thousand kernel weight g 45.4 1.96 44 48 
Grain per spike 19.6 3.35 16 24 
Number of spikes per m2 452.2 138.25 232 609 
Number of grains per m2 8,650.8 2,359.45 5,266 11,372 
Biomass g/m2 1,576.8 460.21 865 1,988 
Harvest index 0.252 0.0205 0.23 0.27 
Plant height cm 115.8 13.33 93 125 
Protein concentration % 9.72 0.597 9.1 10.5 
Hardness 77.6 4.54 72 83 

Sturdy Grain yield g/m2 436.2 70.09 378 551 
Thousand kernel weight g 37.6 0.95 37 39 
Grain per spike 22.2 3.21 20 28 
Number of spikes per m2 530.8 113.62 385 682 
Number of grains per m2 11,596.8 1,818.66 10,227 14,542 
Biomass g/m2 1,554.8 314.12 1,180 2,032 
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14. Continued. 

Cultivar 
Sturdy 

Trait 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Mean 
0.286 
104.8 
9.76 
79.1 

Std Dev Minimum Maximum 
0.0305 0.27 0.34 

3.27 102 110 
0.358 9.3 10.3 
4.14 73 83 

OR 939515 Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

572.6 
44.1 
32.6 

402.2 
12,971.0 

1,941.8 
0.292 
111.6 
8.64 
34.0 

93.01 
2.83 
2.66 

76.23 
1,669.21 

210.24 
0.0179 

7.02 
0.590 
4.76 

484 
41 
29 

329 
10,858 
1,779 
0.27 

101 
7.8 
28 

716 
47 
36 

486 
15,122 
2,295 
0.31 
120 
9.2 
39 

OR 939528 Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

624.2 
46.0 
28.1 

484.2 
13,572.0 
2,018.6 

0.310 
116.2 
7.98 
34.8 

46.77 
1.82 
2.18 

34.19 
724.20 
89.86 

0.0212 
2.95 

0.205 
5.85 

563 
44 
26 

445 
12,775 
1,909 
0.29 
112 
7.8 
27 

687 
48 
31 

530 
14,392 
2,145 
0.34 
120 
8.2 
40 

OR 908361 Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

619.8 
41.6 
28.6 

528.4 
14,891.0 
2,289.0 

0.274 
111.2 
8.82 
36.1 

57.91 
1.66 
3.67 

90.42 
1,296.97 

357.04 
0.0416 

5.26 
0.449 
5.98 

545 
40 
24 

462 
13,639 
2,006 

0.23 
105 
8.4 
31 

682 
43 
34 

685 
16,711 
2,870 

0.33 
118 
9.4 
46 

OR 898120 Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 

579.2 
43.0 
32.3 

418.8 
13,472.4 

85.81 
0.78 
4.34 

42.78 
1,857.73 

431 
42 
28 

371 
10,232 

651 
44 
39 

474 
14,878 
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Table 14. Continued. 

Cultivar Trait Mean Std Dev Minimum Maximum 
OR 898120 Biomass g/m2 1,985.8 237.30 1,584 2,191 

Harvest index 0.290 0.0158 0.27 0.31 
Plant height cm 116.8 7.12 105 124 
Protein concentration % 8.18 0.303 7.8 8.6 
Hardness 37.0 5.43 30 44 

OR 880172 Grain yield g/m2 536.8 108.66 389 669 
Thousand kernel weight g 44.6 1.12 44 46 
Grain per spike 28.8 3.44 24 33 
Number of spikes per m2 424.6 113.65 298 585 
Number of grains per m2 12,029.4 2,302.73 8,888 14,590 
Biomass g/m2 2,003.6 387.71 1,487 2,533 
Harvest index 0.268 0.0311 0.24 0.31 
Plant height cm 111.8 7.09 103 120 
Protein concentration % 8.86 0.358 8.5 9.4 
Hardness 24.5 4.80 20 30 

OR 850513 Grain yield g/m2 597.8 69.84 496 666 
Thousand kernel weight g 40.1 2.11 38 43 
Grain per spike 26.3 4.88 21 32 
Number of spikes per m2 579.0 99.46 444 715 
Number of grains per m2 14,894.4 1,245.02 13,174 16,412 
Biomass g/m2 2,242.8 339.04 1,808 2,738 
Harvest index 0.272 0.0455 0.22 0.32 
Plant height cm 112.8 5.89 106 118 
Protein concentration % 8.74 0.594 8.1 9.7 
Hardness 56.8 7.23 47 64 

OR 889176 Grain yield g/m2 611.6 81.28 520 713 
Thousand kernel weight g 40.5 1.41 39 43 
Grain per spike 29.9 3.33 26 34 
Number of spikes per m2 511.4 90.45 405 645 
Number of grains per m2 15,106.0 1,965.16 13,389 17,840 
Biomass g/m2 1,834.0 299.89 1,454 2,181 
Harvest index 0.336 0.0230 0.30 0.36 
Plant height cm 93.8 2.86 90 98 
Protein concentration % 9.00 0.636 8.4 10.0 
Hardness 74.0 7.12 68 85 
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15. Values, standard deviations and ranges of mean grain yield, thousand kernel weight, 
grain per spike, spikes per m2, grains per m2, harvest index, biomass, height, grain 
protein content and hardness for fifteen genotypes grown at Moro in 1997. 

Cultivar Trait 

Stephens Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Madsen Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Macvicar Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Gene Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 

Mean 

390.0 
46.3 
22.6 

373.6 
8,444.0 
1,074.8 

0.362 
71.2 
8.04 
28.4 

431.4 
39.6 
26.0 

418.2 
10,887.8 

1,362.2 
0.316 

77.6 
8.20 
25.3 

373.6 
44.3 
20.7 

414.0 
8,427.4 
1,323.0 

0.284 
79.6 
7.64 
27.1 

446.0 
41.9 
25.7 

414.0 
10,598.6 
1,307.0 

0.340 
69.8 

51.95 
3.70 
2.07 

37.35 
1,056.86 

147.11 
0.0192 

1.10 
0.550 
15.21 

35.87 
0.83 
0.92 

14.29 
683.85 
106.94 
0.0241 

3.71 
0.485 

5.00 

16.10 
1.03 
3.01 

52.19 
174.82 
48.60 

0.0219 
2.07 

0.422 
13.02 

76.45 
2.29 
3.09 

46.50 
1,310.80 

147.67 
0.0274 

3.77 

Std Dev Minimum Maximum 

334 469 
42 51 
19 25 

316 408 
7,206 9,990 

969 1,320 
0.33 0.38 

70 72 
7.1 8.4 
14 54 

395 485 
39 41 
25 27 

400 440 
10,152 11,889 
1,240 1,532 
0.29 0.35 

75 83 
7.5 8.6 
19 32 

346 387 
43 45 
17 24 

350 473 
8,150 8,593 
1,241 1,364 
0.25 0.31 

77 82 
7.0 8.1 
10 47 

368 561 
40 46 
21 29 

334 456 
9,131 12,215 
1,092 1,506 
0.30 0.37 

66 76 

http:1,310.80
http:1,056.86


180 

15. Continued. 

Cultivar Trait Mean Std Dev Minimum Maximum 
Gene Protein concentration % 8.26 1.205 6.9 9.5 

Hardness 36.6 14.22 20 56 

Rod Grain yield g/m2 509.0 111.92 318 603 
Thousand kernel weight g 44.3 1.28 43 46 
Grain per spike 25.9 4.12 20 31 
Number of spikes per m2 440.2 52.03 363 491 
Number of grains per m2 11,454.2 2,373.80 7,382 13,032 
Biomass g/m2 1,354.4 295.03 907 1,710 
Harvest index 0.376 0.0251 0.35 0.40 
Plant height cm 76.6 6.88 65 82 
Protein concentration % 7.20 0.418 6.6 7.7 
Hardness 38.4 5.58 32 47 

Fundulea Grain yield g/m2 432.6 52.87 358 503 
Thousand kernel weight g 43.4 1.17 42 45 
Grain per spike 23.9 1.67 22 26 
Number of spikes per m2 418.2 55.66 327 466 
Number of grains per m2 9,972.6 1,388.46 7,935 11,796 
Biomass g/m2 1,230.2 121.06 1,102 1,373 
Harvest index 0.350 0.0367 0.32 0.39 
Plant height cm 76.8 2.49 75 80 
Protein concentration % 7.82 0.148 7.6 8.0 
Hardness 80.3 12.53 62 92 

TAM 105 Grain yield g/m2 399.0 64.71 293 457 
Thousand kernel weight g 37.0 2.61 33 39 
Grain per spike 21.4 2.48 17 23 
Number of spikes per m2 517.8 130.18 326 652 
Number of grains per m2 10,887.0 2,280.71 7,501 13,907 
Biomass g/m2 1,102.6 180.93 878 1,318 
Harvest index 0.362 0.0303 0.33 0.41 
Plant height cm 72.4 5.03 65 78 
Protein concentration % 8.46 0.976 7.5 9.9 
Hardness 72.3 5.56 64 79 

Sturdy Grain yield g/m2 385.2 63.08 323 490 
Thousand kernel weight g 35.3 1.27 33 36 
Grain per spike 20.6 2.19 18 24 
Number of spikes per m2 536.8 107.61 370 665 
Number of grains per m2 10,915.6 1,797.58 8,919 13,692 
Biomass g/m2 1,120.8 173.33 1,004 1,427 
Harvest index 0.342 0.0217 0.31 0.37 
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15. Continued. 

Cultivar 
Sturdy 

Trait 
Plant height cm 
Protein concentration % 
Hardness 

Mean 
70.8 
9.74 
83.1 

Std Dev Minimum Maximum 
3.56 67 76 

1.469 7.6 11.4 
10.74 74 98 

OR 939515 Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

390.4 
42.6 
20.8 

438.8 
9,134.8 
1,404.6 

0.278 
77.2 
8.42 
33.5 

56.28 
1.58 
2.02 

20.74 
1,151.57 

150.01 
0.0409 

2.77 
0.904 
10.67 

294 
40 
18 

415 
7,272 
1,307 
0.22 

74 
7.5 
24 

430 
45 
22 

461 
10,262 

1,667 
0.31 

81 
9.7 
51 

OR 939528 Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

384.6 
44.6 
17.6 

511.0 
8,628.4 
1,324.8 

0.300 
79.6 
8.18 
33.6 

37.89 
1.83 
4.31 

111.28 
950.39 
262.52 
0.0648 

3.36 
0.217 
5.13 

331 
42 
12 

332 
7,450 

998 
0.19 

76 
7.8 
25 

413 
47 
24 

638 
9,787 
1,727 
0.36 

85 
8.3 
38 

OR 908361 Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

428.8 
40.1 
25.5 

421.4 
10,738.4 
1,265.8 

0.340 
74.6 
7.88 
34.5 

44.95 
3.35 
3.06 

33.33 
1,296.56 

144.13 
0.0447 

5.18 
0.864 
15.08 

354 
37 
22 

381 
9,146 
1,042 
0.29 

67 
6.9 
21 

465 
46 
30 

452 
11,819 
1,397 
0.41 

80 
8.9 
58 

OR 898120 Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 

395.0 
41.7 
23.3 

406.4 
9,448.8 
1,337.6 

48.07 
1.26 
2.38 

37.88 
922.41 
131.71 

331 
41 
20 

362 
8,168 
1,180 

465 
44 
27 

467 
10,662 

1,544 
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15. Continued. 

Cultivar Trait Mean Std Dev Minimum Maximum 
OR 898120 Harvest index 0.296 0.0270 0.25 0.32 

Plant height cm 80.0 3.08 77 85 
Protein concentration % 8.78 0.421 8.3 9.4 
Hardness 40.7 7.34 34 52 

OR 880172 Grain yield g/m2 347.8 24.44 320 374 
Thousand kernel weight g 41.6 1.34 40 43 
Grain per spike 21.9 0.36 21 22 
Number of spikes per m2 382.8 23.95 348 409 
Number of grains per m2 8,364.8 424.16 7,755 8,737 
Biomass g/m2 1,121.4 51.28 1,040 1,173 
Harvest index 0.308 0.0130 0.29 0.32 
Plant height cm 77.4 2.07 74 79 
Protein concentration % 8.86 0.493 8.2 9.3 
Hardness 34.5 10.32 22 49 

OR 850513 Grain yield g/m2 429.0 65.40 361 527 
Thousand kernel weight g 37.9 0.63 37 39 
Grain per spike 23.1 1.87 20 25 
Number of spikes per m2 491.4 85.26 384 615 
Number of grains per m2 11,320.6 1,760.35 9,626 14,110 
Biomass g/m2 1,274.4 144.20 1,099 1,488 
Harvest index 0.336 0.0134 0.32 0.35 
Plant height cm 78.8 3.42 74 82 
Protein concentration % 8.24 0.483 7.8 9.0 
Hardness 63.3 9.80 55 80 

OR 889176 Grain yield g/m2 519.6 75.84 423 602 
Thousand kernel weight g 37.4 2.25 34 40 
Grain per spike 27.3 2.99 24 32 
Number of spikes per m2 512.0 72.19 449 627 
Number of grains per m2 13,892.8 1,730.08 11,068 15,218 
Biomass g/m2 1,433.0 173.64 1,180 1,607 
Harvest index 0.362 0.0239 0.33 0.39 
Plant height cm 75.4 2.70 73 80 
Protein concentration % 7.74 0.702 6.7 8.4 
Hardness 70.7 6.46 64 81 
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16. Values, standard deviations and ranges of mean grain yield, thousand kernel weight, 
grain per spike, spikes per m2, grains per m2, harvest index, biomass, height, grain 
protein content and hardness for fifteen genotypes grown at Moro in 1998. 

Cultivar Trait 

Stephens Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Madsen Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Macvicar Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Gene Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 

Mean 

450.4 
58.6 
20.3 

383.2 
7,697.4 
1,384.8 

0.322 
80.8 
7.88 
46.9 

431.0 
47.2 
25.2 

363.6 
9,120.0 
1,525.8 

0.282 
81.8 
8.38 
27.5 

441.4 
58.2 
20.3 

378.4 
7,592.4 
1,809.6 

0.246 
86.8 
7.82 
36.8 

505.8 
52.3 
24.6 

395.4 
9,669.0 
1,529.8 

0.330 
84.8 

Std Dev Minimum Maximum 

21.85 
1.83 
2.46 

39.47 
417.20 

37.91 
0.0110 

3.90 
0.785 
16.86 

42.73 
0.92 
2.59 

31.51 
849.28 
118.91 
0.0217 

3.27 
0.638 
12.59 

22.93 
1.07 
2.51 

52.30 
457.93 
138.39 
0.0207 

1.92 
0.602 
14.72 

35.36 
1.24 
2.34 

39.83 
547.78 
101.89 
0.0235 

2.28 

416 475 
57 61 
17 23 

319 421 
7,343 8,387 
1,322 1,413 
0.31 0.34 

75 85 
6.8 8.8 
28 66 

368 485 
46 48 
22 28 

323 400 
8,027 10,361 
1,366 1,672 
0.25 0.31 

77 85 
7.7 9.0 
12 45 

416 476 
57 60 
18 24 

330 441 
6,986 8,140 
1,671 1,980 
0.23 0.28 

85 90 
7.4 8.7 
15 53 

452 544 
51 54 
22 28 

345 435 
8,838 10,142 
1,393 1,663 
0.31 0.36 

82 87 
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16. Continued. 

Cultivar Trait Mean Std Dev Minimum Maximum 
Gene Protein concentration % 8.00 0.689 6.9 8.8 

Hardness 48.8 16.27 32 73 

Rod Grain yield g/m2 456.0 75.34 323 508 
Thousand kernel weight g 52.4 3.01 48 55 
Grain per spike 21.8 3.23 18 26 
Number of spikes per m2 399.2 40.28 347 457 
Number of grains per m2 8,657.0 1,041.30 6,796 9,181 
Biomass g/m2 1,614.8 132.72 1,507 1,769 
Harvest index 0.284 0.0451 0.21 0.32 
Plant height cm 88.6 3.97 82 92 
Protein concentration % 7.98 1.264 7.1 10.1 
Hardness 44.9 24.21 23 83 

Fundulea Grain yield g/m2 396.2 26.71 370 439 
Thousand kernel weight g 62.6 1.70 60 65 
Grain per spike 22.4 2.14 20 25 
Number of spikes per m2 284.4 24.48 262 319 
Number of grains per m2 6,336.4 481.23 5,887 7,039 
Biomass g/m2 1,525.4 178.71 1,284 1,730 
Harvest index 0.262 0.0327 0.23 0.31 
Plant height cm 91.6 1.67 90 94 
Protein concentration % 10.58 1.145 8.8 11.6 
Hardness 83.9 11.95 64 94 

TAM 105 Grain yield g/m2 379.6 39.92 336 429 
Thousand kernel weight g 43.6 1.87 41 46 
Grain per spike 15.5 1.78 13 17 
Number of spikes per M2 565.0 42.89 491 603 
Number of grains per m2 8,726.2 994.56 7,294 9,799 
Biomass g/m2 1,309.2 86.25 1,165 1,383 
Harvest index 0.288 0.0239 0.25 0.31 
Plant height cm 83.6 2.51 80 86 
Protein concentration % 9.22 0.850 8.4 10.6 
Hardness 74.7 8.33 68 87 

Sturdy Grain yield g/m2 387.0 42.08 341 436 
Thousand kernel weight g 40.2 0.75 40 42 
Grain per spike 16.6 2.07 14 20 
Number of spikes per m2 581.4 49.70 509 637 
Number of grains per m2 9,625.4 993.81 8,463 10,959 
Biomass g/m2 1,331.8 61.79 1,225 1,384 
Harvest index 0.290 0.0235 0.27 0.32 
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16. Continued. 

Cultivar	 Trait Mean Std Dev Minimum Maximum 
Sturdy	 Plant height cm 91.0 2.00 88 93 

Protein concentration % 8.78 0.876 7.8 10.1 
Hardness 77.4 11.02 59 89 

OR 939515	 Grain yield g/m2 450.8 21.65 427 480 
Thousand kernel weight g 54.4 3.24 52 60 
Grain per spike 21.3 2.22 18 23 
Number of spikes per m2 393.8 38.79 357 459 
Number of grains per m2 8,298.4 255.69 8,022 8,704 
Biomass g/m2 1,793.4 260.64 1,403 2,045 
Harvest index 0.256 0.0537 0.21 0.34 
Plant height cm 90.6 3.91 86 95 
Protein concentration % 8.54 0.770 7.8 9.6 
Hardness 35.2 11.08 23 48 

OR 939528	 Grain yield g/m2 454.0 29.96 406 484 
Thousand kernel weight g 55.8 0.99 55 57 
Grain per spike 19.5 0.94 18 20 
Number of spikes per m2 418.4 33.78 386 456 
Number of grains per m2 8,141.6 515.52 7,425 8,827 
Biomass g/m2 1,658.4 184.71 1,474 1,861 
Harvest index 0.276 0.0207 0.25 0.30 
Plant height cm 88.2 2.17 87 92 
Protein concentration % 7.46 0.611 6.9 8.4 
Hardness 31.4 7.08 19 36 

OR 908361	 Grain yield g/m2 428.0 85.15 332 531 
Thousand kernel weight g 49.7 2.34 47 54 
Grain per spike 21.4 3.58 17 26 
Number of spikes per m2 403.2 28.05 368 434 
Number of grains per m2 8,649.2 1,804.69 6,209 10,629 
Biomass g/m2 1,637.2 189.21 1,382 1,889 
Harvest index 0.260 0.0308 0.21 0.29 
Plant height cm 86.4 4.16 80 90 
Protein concentration % 8.16 0.391 7.8 8.7 
Hardness 27.1 5.65 22 36 

OR 898120	 Grain yield g/m2 444.8 37.96 394 492 
Thousand kernel weight g 50.5 0.91 49 52 
Grain per spike 22.4 2.65 18 25 
Number of spikes per m2 396.2 31.61 368 443 
Number of grains per m2 8,804.8 626.38 8,026 9,554 
Biomass g/m2 1,693.6 120.98 1,537 1,860 

http:1,804.69
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16. Continued. 

Cultivar Trait Mean Std Dev Minimum Maximum 
OR 898120 Harvest index 0.262 0.0311 0.21 0.29 

Plant height cm 88.4 4.22 85 95 
Protein concentration % 8.32 0.719 7.4 9.0 
Hardness 32.9 5.46 25 37 

OR 880172 Grain yield g/m2 348.0 37.86 288 392 
Thousand kernel weight g 52.0 1.05 51 54 
Grain per spike 17.7 2.86 15 22 
Number of spikes per m2 382.6 59.08 320 441 
Number of grains per m2 6,681.8 616.25 5,656 7,298 
Biomass g/m2 1,516.0 142.45 1,357 1,644 
Harvest index 0.230 0.0235 0.21 0.26 
Plant height cm 88.6 3.13 84 92 
Protein concentration % 8.44 0.537 7.6 9.0 
Hardness 25.3 8.46 15 32 

OR 850513 Grain yield g/m2 358.4 33.69 327 413 
Thousand kernel weight g 44.7 1.43 43 47 
Grain per spike 18.0 1.69 15 20 
Number of spikes per m2 449.4 62.39 382 537 
Number of grains per m2 8,041.8 859.37 7,215 9,413 
Biomass g/m2 1,454.2 123.24 1,288 1,588 
Harvest index 0.246 0.0251 0.21 0.27 
Plant height cm 86.6 6.73 77 95 
Protein concentration % 8.00 1.007 7.2 9.7 
Hardness 63.8 16.74 45 89 

OR 889176 Grain yield g/m2 416.0 27.10 393 448 
Thousand kernel weight g 47.3 1.42 46 50 
Grain per spike 21.0 2.62 17 24 
Number of spikes per m2 423.6 50.01 363 493 
Number of grains per m2 8,799.8 457.95 8,455 9,542 
Biomass g/m2 1,322.6 98.37 1,243 1,453 
Harvest index 0.312 0.0084 0.30 0.32 
Plant height cm 84.6 1.52 83 86 
Protein concentration % 6.82 0.676 5.9 7.5 
Hardness 63.6 12.34 46 75 
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17. Values, standard deviations and ranges of mean grain yield, thousand kernel weight, 
grain per spike, spikes per m2, grains per m2, harvest index, biomass, height, grain 
protein content and hardness for fifteen genotypes grown at Pendleton in 1997. 

Cultivar Trait 

Stephens Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Madsen Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Macvicar Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Gene Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 

Mean Std Dev Minimum Maximum 

799.2 112.92 709 989 
48.3 2.60 44 50 
28.4 2.13 25 31 

584.8 74.89 491 671 
16,577.4 2,379.61 14,155 20,082 
1,896.6 210.27 1,670 2,241 

0.420 0.0212 0.39 0.44 
92.6 3.65 88 97 
7.98 1.308 6.1 9.2 
27.8 12.61 9 43 

833.0 86.10 723 960 
40.6 1.05 40 42 
30.7 2.59 28 34 

672.4 92.81 587 830 
20,491.6 1,996.20 18,263 23,282 
2,279.8 278.40 1,974 2,633 

0.366 0.0230 0.33 0.39 
99.8 2.49 96 102 
8.62 2.072 6.4 11.8 
42.0 9.43 32 54 

848.2 40.33 804 901 
46.7 2.12 44 49 
28.7 1.12 28 30 

635.2 70.28 572 716 
18,211.0 1,593.31 16,840 20,043 
2,233.6 130.70 2,075 2,376 

0.380 0.0158 0.36 0.40 
100.0 1.58 98 102 
7.44 1.009 6.1 8.4 
35.5 11.32 21 48 

800.6 117.30 697 980 
39.4 2.90 36 43 
32.9 2.53 29 37 

618.0 68.23 501 675 
20,348.2 2,894.93 16,659 24,666 

2,035.0 251.46 1,765 2,401 
0.396 0.0152 0.38 0.41 
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17. Continued. 

Cultivar Trait Mean Std Dev Minimum Maximum 
Gene Plant height cm 85.0 2.74 82 89 

Protein concentration % 8.62 1.240 6.9 9.6 
Hardness 34.9 6.16 24 41 

Rod Grain yield g/m2 896.4 99.25 743 1,017 
Thousand kernel weight g 44.0 2.04 41 47 
Grain per spike 35.4 2.73 33 40 
Number of spikes per m2 582.0 97.46 456 692 
Number of grains per m2 20,477.0 2,881.49 15,834 23,167 
Biomass g/m2 2,058.4 206.84 1,856 2,404 
Harvest index 0.434 0.0270 0.40 0.47 
Plant height cm 100.0 6.28 90 107 
Protein concentration % 7.02 0.856 5.7 7.9 
Hardness 37.6 8.92 25 46 

Fundulea Grain yield g/m2 792.4 145.42 619 982 
Thousand kernel weight g 42.7 2.34 40 46 
Grain per spike 32.3 2.74 30 37 
Number of spikes per m2 576.2 85.60 432 653 
Number of grains per m2 18,656.4 3,687.56 13,463 23,016 
Biomass g/m2 1,904.0 331.33 1,531 2,334 
Harvest index 0.414 0.0089 0.40 0.42 
Plant height cm 96.6 5.27 88 102 
Protein concentration % 8.86 1.532 7.2 10.5 
Hardness 82.4 11.36 70 101 

TAM 105 Grain yield g/m2 700.0 95.22 537 766 
Thousand kernel weight g 36.8 1.67 35 39 
Grain per spike 23.5 1.24 22 25 
Number of spikes per m2 815.2 141.79 590 973 
Number of grains per m2 19,061.8 2,799.50 14,115 20,961 
Biomass g/m2 1,727.6 235.32 1,334 1,924 
Harvest index 0.406 0.0134 0.40 0.43 
Plant height cm 98.2 4.21 91 102 
Protein concentration % 9.40 0.946 8.1 10.6 
Hardness 82.8 12.92 69 100 

Sturdy Grain yield g/m2 755.2 66.91 688 842 
Thousand kernel weight g 33.3 1.57 32 35 
Grain per spike 24.9 2.89 22 29 
Number of spikes per m2 917.0 67.39 819 997 
Number of grains per m2 22,813.0 2,984.28 19,508 26,465 
Biomass g/m2 1,845.2 113.98 1,673 1,969 
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17. Continued. 

Cultivar Trait Mean Std Dev Minimum Maximum 
Sturdy Harvest index 0.408 0.0239 0.38 0.44 

Plant height cm 94.4 3.21 90 98 
Protein concentration % 8.80 1.327 6.5 9.9 
Hardness 77.0 10.32 59 85 

OR 939515 Grain yield g/m2 843.8 45.77 773 900 
Thousand kernel weight g 42.5 3.69 36 46 
Grain per spike 33.3 1.43 32 35 
Number of spikes per m2 598.0 34.50 566 655 
Number of grains per m2 19,911.6 882.09 18,912 21,301 
Biomass g/m2 2,153.0 90.48 2,038 2,246 
Harvest index 0.392 0.0130 0.38 0.41 
Plant height cm 103.6 2.51 100 106 
Protein concentration % 8.24 1.222 6.9 9.8 
Hardness 43.9 9.43 35 57 

OR 939528 Grain yield g/m2 910.2 92.25 819 1,057 
Thousand kernel weight g 46.3 0.87 45 47 
Grain per spike 31.6 1.10 31 33 
Number of spikes per m2 622.8 76.08 556 751 
Number of grains per m2 19,668.8 2,107.93 17,733 23,056 
Biomass g/m2 2,280.8 249.74 2,092 2,694 
Harvest index 0.398 0.0130 0.39 0.42 
Plant height cm 102.8 4.44 98 110 
Protein concentration % 8.22 1.099 7.0 9.4 
Hardness 45.6 5.42 38 52 

OR 908361 Grain yield g/m2 747.4 42.42 676 790 
Thousand kernel weight g 41.4 1.80 39 44 
Grain per spike 30.9 3.60 25 35 
Number of spikes per m2 590.0 60.24 534 692 
Number of grains per m2 18,070.4 742.89 17,291 19,112 
Biomass g/m2 2,015.8 240.67 1,698 2,292 
Harvest index 0.376 0.0305 0.33 0.40 
Plant height cm 92.0 2.35 90 96 
Protein concentration % 8.46 0.969 7.2 9.6 
Hardness 36.2 6.34 29 44 

OR 898120 Grain yield g/m2 837.0 140.03 714 1,070 
Thousand kernel weight g 42.9 1.10 42 44 
Grain per spike 34.0 1.50 32 36 
Number of spikes per m2 575.0 102.13 483 741 
Number of grains per m2 19,514.0 3,389.63 16,702 25,320 
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17. Continued. 

Cultivar Trait Mean Std Dev Minimum Maximum 
OR 898120 Biomass g/tre 2,194.2 460.17 1,770 2,957 

Harvest index 0.382 0.0148 0.36 0.40 
Plant height cm 102.8 4.44 98 108 
Protein concentration % 9.14 0.996 7.5 9.9 
Hardness 50.4 9.49 40 62 

OR 880172 Grain yield g/m2 766.0 41.22 702 811 
Thousand kernel weight g 45.5 2.25 43 49 
Grain per spike 32.3 1.43 30 34 
Number of spikes per m2 523.8 54.93 462 593 
Number of grains per m2 16,872.8 1,340.17 15,499 18,489 
Biomass g/m2 1,968.6 191.29 1,681 2,202 
Harvest index 0.392 0.0192 0.37 0.42 
Plant height cm 104.0 2.55 102 108 
Protein concentration % 7.74 1.197 6.5 9.2 
Hardness 23.2 7.00 12 29 

OR 850513 Grain yield g/m2 791.4 94.55 687 939 
Thousand kernel weight g 38.7 0.71 38 39 
Grain per spike 29.3 2.18 27 32 
Number of spikes per m2 697.2 48.41 661 775 
Number of grains per m2 20,492.0 2,557.04 18,200 24,740 
Biomass g/m2 2,023.8 294.86 1,736 2,480 
Harvest index 0.394 0.0182 0.37 0.41 
Plant height cm 102.6 6.77 93 110 
Protein concentration % 7.96 1.387 6.4 9.2 
Hardness 62.6 9.97 52 78 

OR 889176 Grain yield g/m2 806.6 114.38 626 935 
Thousand kernel weight g 37.3 0.85 37 39 
Grain per spike 30.2 0.75 29 31 
Number of spikes per m2 718.8 102.70 552 830 
Number of grains per m2 21,647.0 3,019.75 17,048 25,440 
Biomass g/m2 1,917.6 280.92 1,505 2,294 
Harvest index 0.422 0.0084 0.41 0.43 
Plant height cm 87.8 4.71 80 92 
Protein concentration % 7.52 0.432 7.0 8.0 
Hardness 71.0 1.93 69 73 
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18. Values, standard deviations and ranges of mean grain yield, thousand kernel weight, 
grain per spike, spikes per m2, grains per m2, harvest index, biomass, height, grain 
protein content and hardness for fifteen genotypes grown at Pendleton in 1998. 

Cultivar Trait 

Stephens Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Madsen Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Macvicar Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 
Protein concentration % 
Hardness 

Gene Grain yield g/m2 
Thousand kernel weight g 
Grain per spike 
Number of spikes per m2 
Number of grains per m2 
Biomass g/m2 
Harvest index 
Plant height cm 

Mean Std Dev Minimum Maximum 

809.8 36.52 746 835 
53.1 1.01 52 54 
25.8 2.51 23 30 

596.2 57.01 535 683 
15,263.4 842.25 13,778 15,861 
2,052.0 85.43 1,958 2,173 

0.396 0.0152 0.38 0.41 
100.4 0.89 100 102 
6.80 0.308 6.3 7.0 
22.3 8.23 14 35 

816.4 54.80 744 886 
41.7 1.40 40 44 
32.0 1.15 31 34 

612.6 62.03 530 692 
19,613.6 1,772.70 17,907 22,172 
2,153.4 120.27 2,002 2,287 

0.378 0.0084 0.37 0.39 
107.4 2.07 105 110 
7.84 0.650 7.0 8.6 
28.5 2.14 27 31 

809.6 22.49 785 839 
50.1 5.73 41 55 
28.6 1.47 27 31 

570.4 49.75 527 627 
16,341.8 2,090.28 14,233 19,435 
2,195.4 79.30 2,080 2,274 

0.366 0.0167 0.34 0.38 
108.0 1.58 106 110 
7.04 0.777 6.2 7.8 
26.6 2.58 23 29 

798.0 54.85 704 835 
43.4 1.61 41 45 
34.9 1.38 34 37 

528.0 52.49 480 589 
18,427.8 1,649.42 16,107 20,350 
1,871.6 107.34 1,729 1,997 

0.428 0.0130 0.41 0.44 
92.4 1.95 90 95 
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18. Continued. 

Cultivar Trait Mean Std Dev Minimum Maximum 
Gene Protein concentration % 7.24 0.422 6.7 7.8 

Hardness 19.2 7.11 13 30 

Rod Grain yield g/m2 786.2 36.82 753 834 
Thousand kernel weight g 47.2 2.02 44 50 
Grain per spike 32.4 2.65 29 36 
Number of spikes per m2 516.8 41.34 452 556 
Number of grains per m2 16,716.4 1,316.78 15,167 18,785 
Biomass g/m2 1,897.4 119.73 1,734 2,037 
Harvest index 0.414 0.0114 0.40 0.43 
Plant height cm 107.6 1.52 106 110 
Protein concentration % 6.92 0.944 6.0 8.4 
Hardness 23.5 3.48 18 28 

Fundulea Grain yield g/m2 734.6 29.75 682 754 
Thousand kernel weight g 59.8 1.17 58 61 
Grain per spike 30.9 1.40 29 33 
Number of spikes per m2 398.0 19.70 373 419 
Number of grains per m2 12,282.8 485.57 11,501 12,799 
Biomass g/m2 1,941.2 135.15 1,800 2,138 
Harvest index 0.380 0.0212 0.35 0.41 
Plant height cm 110.2 2.05 107 112 
Protein concentration % 8.34 0.321 8.0 8.8 
Hardness 72.7 3.44 68 76 

TAM 105 Grain yield g/m2 471.4 91.27 338 592 
Thousand kernel weight g 36.6 2.57 34 40 
Grain per spike 17.5 3.07 12 20 
Number of spikes per m2 739.4 92.29 611 838 
Number of grains per m2 12,838.8 1,989.84 9,853 14,863 
Biomass g/m2 1,488.2 168.86 1,318 1,704 
Harvest index 0.318 0.0377 0.26 0.35 
Plant height cm 112.4 3.36 110 118 
Protein concentration % 7.40 0.919 6.6 8.5 
Hardness 54.8 3.94 52 62 

Sturdy Grain yield g/m2 543.6 37.46 498 583 
Thousand kernel weight g 34.1 1.18 33 36 
Grain per spike 18.4 1.95 16 20 
Number of spikes per m2 879.6 119.07 680 972 
Number of grains per m2 16,004.8 1,483.82 13,868 17,581 
Biomass g/m2 1,621.0 197.45 1,290 1,790 
Harvest index 0.338 0.0396 0.29 0.39 
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18. Continued. 

Cultivar Trait Mean Std Dev Minimum Maximum 
Sturdy Plant height cm 102.2 2.05 100 104 

Protein concentration % 9.04 1.390 7.2 10.7 
Hardness 60.4 5.45 54 67 

OR 939515 Grain yield g/m2 879.4 52.54 840 966 
Thousand kernel weight g 46.5 2.40 43 50 
Grain per spike 33.1 1.53 32 35 
Number of spikes per m2 575.4 82.29 483 704 
Number of grains per m2 18,994.8 2,100.47 16,972 22,546 
Biomass g/m2 2,243.2 196.97 2,012 2,542 
Harvest index 0.394 0.0152 0.38 0.42 
Plant height cm 111.2 2.28 108 114 
Protein concentration % 7.54 0.786 6.9 8.8 
Hardness 27.5 5.45 21 34 

OR 939528 Grain yield g/m2 861.0 69.07 751 940 
Thousand kernel weight g 50.5 2.15 48 53 
Grain per spike 30.8 1.82 28 33 
Number of spikes per m2 556.2 61.56 447 593 
Number of grains per m2 17,114.2 1,852.08 14,305 19,345 
Biomass g/m2 2,159.4 192.45 1,835 2,308 
Harvest index 0.402 0.0084 0.39 0.41 
Plant height cm 108.4 2.07 105 110 
Protein concentration % 7.24 0.744 6.6 8.3 
Hardness 33.5 4.75 26 38 

OR 908361 Grain yield g/m2 772.0 54.51 699 849 
Thousand kernel weight g 43.5 2.34 40 46 
Grain per spike 31.3 1.90 28 34 
Number of spikes per m2 572.8 87.37 478 688 
Number of grains per m2 17,814.4 2,021.10 15,311 20,125 
Biomass g/m2 1,974.2 156.94 1,797 2,155 
Harvest index 0.390 0.0141 0.37 0.41 
Plant height cm 103.6 2.41 101 107 
Protein concentration % 8.34 0.814 7.4 9.0 
Hardness 27.7 4.97 20 33 

OR 898120 Grain yield g/m2 777.8 45.54 702 820 
Thousand kernel weight g 46.0 1.58 44 48 
Grain per spike 30.2 2.09 28 33 
Number of spikes per m2 560.6 40.75 525 627 
Number of grains per m2 16,935.6 1,260.96 14,823 17,915 
Biomass g/m2 2,125.4 166.86 1,976 2,336 
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18. Continued. 

Cultivar Trait Mean Std Dev Minimum Maximum 
OR 898120 Harvest index 0.366 0.0230 0.35 0.40 

Plant height cm 109.4 2.07 107 112 
Protein concentration % 7.48 0.776 6.7 8.5 
Hardness 29.3 8.89 20 42 

OR 880172 Grain yield g/m2 758.8 48.73 697 810 
Thousand kernel weight g 48.1 1.10 47 50 
Grain per spike 29.9 3.28 25 33 
Number of spikes per m2 530.4 29.59 497 572 
Number of grains per m2 15,783.8 1,225.40 14,025 17,140 
Biomass g/m2 1,990.6 81.24 1,882 2,072 
Harvest index 0.382 0.0277 0.34 0.41 
Plant height cm 113.6 1.34 112 115 
Protein concentration % 7.18 0.249 6.8 7.4 
Hardness 14.8 9.04 3 28 

OR 850513 Grain yield g/m2 811.4 34.76 766 857 
Thousand kernel weight g 42.2 2.20 40 45 
Grain per spike 31.9 2.42 30 36 
Number of spikes per m2 608.8 69.06 536 694 
Number of grains per m2 19,289.2 1,262.59 17,515 21,003 
Biomass g/m2 2,082.0 140.01 1,854 2,234 
Harvest index 0.388 0.0148 0.37 0.41 
Plant height cm 109.6 0.55 109 110 
Protein concentration % 7.12 0.622 6.4 7.9 
Hardness 48.5 7.32 43 61 

OR 889176 Grain yield g/m2 831.2 58.14 763 899 
Thousand kernel weight g 41.5 2.53 38 44 
Grain per spike 30.9 1.50 30 34 
Number of spikes per m2 654.2 93.01 577 783 
Number of grains per m2 20,165.8 2,589.97 17,369 23,728 
Biomass g/m2 1,958.2 164.64 1,764 2,140 
Harvest index 0.426 0.0114 0.41 0.44 
Plant height cm 94.6 2.70 92 99 
Protein concentration % 7.12 1.331 5.9 9.3 
Hardness 62.2 12.04 52 76 
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19. Estimated means and interaction PCA scores of 15 genotypes and 6 environments used 
for constructing the biplots for grain yield. 

Mean IPCA 1 IPCA 2 
g/m2 4g/m2 4g/m2 

Stephens 643.6 -2.3 3.8  

Madsen 668.0 -1.6 -3.0  

Macvicar 663.3 -4.5 5.8  

Gene 635.6 2.7 8.2  

Rod 672.5 3.1 5.0  

Fundulea 635.1 0.7 -5.3  

T 105 505.4 11.6 -0.3  

Sturdy 531.5 9.3 -0.9  

OR 939515 680.4 -5.4 2.0  

OR 939528 702.2 -5.4 0.7  

OR 908361 639.6 -0.2 -5.6  

OR 898120 647.4 -0.3 -1.2  

OR 880172 600.7 -3.3 -1.9  

OR 850513 649.9 -3.9 -3.7  

OR 889176 682.5 -0.5 -3.6  

Hyslop 97 869.3 -7.0 4.1  

Hyslop 98 540.6 -2.2 -13.3  

Moro 97 417.5 10.5 -2.1  

Moro 98 423.2 7.4 5.2  

Pendleton 97 808.5 2.5 3.7  

Pendleton 98 764.1 -11.2 2.4  

Grand mean is 637.18 g/m2. 
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20. Interaction PCA 2 scores and average disease severity scores for 15 cultivars grown at 
Hyslop in 1998. 

Cultivar Disease severity* IPCA 2 score 

Stephens 6 3.8 

Madsen 3 -3 

Macvicar 7 5.8 

Gene 9 8.2 

Rod 6 5 

Fundulea 4 -5.3 

T 105 3 -0.3 

Sturdy 4 -0.9 

OR 939515 5 2 

OR 939528 4 0.7 

OR 908361 3 -5.6 

OR 898120 4 -1.2 

OR 880172 3 -1.9 

OR 850513 4 -3.7 

OR 889176 6 -3.6 

0.79 

* 9 - maximum damage by diseases, 1- minimal damage by disease 
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21. Estimated means and interaction PCA scores of 15 genotypes and 6 environments used 
for constructing the biplot for grain protein content. 

Mean IPCA 1 IPCA 2 

% V% 4% 

Stephens 7.93 0.09 -0.05 

Madsen 8.42 0.17 -0.34 

Macvicar 7.80 0.00 0.23 

Gene 8.73 -0.65 0.47 

Rod 7.77 -0.04 0.71 

Fundulea 9.00 1.05 0.60 

T 105 8.88 0.35 0.18 

Sturdy 9.45 -0.45 -0.26 

OR 939515 8.27 0.32 -0.18 

OR 939528 7.93 -0.01 -0.55 

OR 908361 8.45 0.11 -0.11 

OR 898120 8.43 0.30 -0.74 

OR 880172 8.35 -0.10 -0.07 

OR 850513 8.23 -0.24 -0.03 

OR 889176 7.97 -0.90 0.15 

Hyslop 97 9.05 -0.95 0.13 

Hyslop 98 8.93 -0.52 0.98 

Moro 97 8.23 -0.32 -0.83 

Moro 98 8.29 1.23 0.51 

Pendleton 97 8.26 0.42 -0.53 

Pendleton 98 7.49 0.14 -0.25 

Mean grain protein content is 8.37% 
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22. Estimated means and interaction PCA scores of 15 genotypes and six environments 
used for constructing the biplot for grain hardness. 

Mean IPCA 1 IPCA 2 IPCA 3 

Stephens 33.23 2.22 -0.22 2.33 

Madsen 31.95 -1.98 1.27 0.70 

Macvicar 32.03 0.07 1.12 1.20 

Gene 32.33 2.91 1.73 -1.01 

Rod 37.23 1.36 -0.53 0.22 

Fundulea 80.13 0.32 0.72 0.59 

T 105 72.37 0.05 -0.22 -1.44 

Sturdy 75.68 0.70 -1.81 -1.10 

OR 939515 34.83 -0.67 1.03 -0.53 

OR 939528 36.77 -1.89 0.96 0.32 

OR 908361 32.57 -1.33 -0.79 0.08 

OR 898120 38.17 -1.52 0.41 -1.74 

OR 880172 25.00 0.53 -1.73 -0.69 

OR 850513 59.77 0.67 -0.10 -0.45 

OR 889176 71.00 -1.45 -1.86 1.51 

Hyslop 97 49.33 -0.70 -0.82 1.66 

Hyslop 98 46.11 -0.73 -2.24 0.98 

Moro 97 46.82 0.96 -2.10 2.55 

Moro 98 48.01 4.53 1.59 0.55 

Pendleton 97 50.19 -2.17 2.17 2.28 

Pendleton 98 36.77 -1.89 1.40 1.64 

Grand mean is 46.2 




