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CHAPTER 1 
General introduction 

 

Maize (Zea mays L.), also known as corn, is one of the world’s leading cereal crops along 

with rice (Oryza sativa L.) and wheat (Triticum aestivum L.). Data from the United Nations 

(UN) Food and Agriculture Organization (FAO) showed that in 2010 world maize production 

was over 840 million metric ton, with the United States and China as the leading producers. 

The world maize area during 2010 was 161 million hectares of which Africa’s share was 

about 31 million ha, comprising 19.3% of the world’s maize area. However, the production 

share of Africa was 64 million metric ton or about 7% of the world production (FAOSTAT, 

2010). The low average yield per unit area is the main reason why Africa’s share of global 

maize production is so small (Heisey and Edmeades, 1999; Pingali and Pandey, 2001). 

According to the study by the International Maize and Wheat Improvement Centre 

(CIMMYT), the demand for maize in developing countries will exceed that of wheat and rice 

by the year 2020. Furthermore, between the periods 1995 and 2020 global and sub-Saharan 

Africa (SSA) maize consumption is projected to increase by 50% and 93% respectively 

(CIMMYT, 2001), indicating the importance of the crop both in Africa and the world.  

 
Maize’s attractiveness as a staple crop is largely due to its diverse role as a food source for 

both humans and animals. Kernels can be consumed off the cob, parched, boiled, fried, 

roasted, ground and fermented for use in bread, porridges, gruels, cakes and alcoholic 

beverages. Further processing leads to its use as food thickeners, sweeteners, oils and non-

consumables (Inglett, 1970; Gardner and Inglett, 1971; Alexander, 1987). Maize, a dietary 

staple for more than 200 million people, is providing an estimated 15% of the world’s protein 

and 20% of the world’s calories (Brown et al., 1988; NRC, 1988). This number can be 

expected to grow as the world’s population approaches 8 billion in 2025 (Lutz et al., 2001; 

USDA, 2009; Emily and Sherry, 2010), indicating maize’s status as an important crop in 

global nutrition. 

 

Maize is also the most important cereal food crop in SSA, particularly in eastern and southern 

Africa (ESA)  where it accounts for 53% of the total cereal area (FAOSTAT, 2010) and 30-

70% of total caloric consumption (Langyintuo et al., 2010). Consumption of maize is high 

throughout most of the region, reflecting its role as the primary food staple (Hassan et al., 

2001; Diallo et al., 2004; Bänziger and Diallo, 2004; Smalberger and du Toit, 2004). The 



 

2 
 

annual per capita consumption of maize is high in southern African countries compared to the 

rest of the continent. It ranges from 138 kg in Swaziland to 195 kg in South Africa 

(CIMMYT, 1999). In eastern Africa, per capita annual consumption ranges from 40 kg in 

Burundi to 105 kg in Kenya (Hassan et al., 2001). Maize in Africa is grown by small and 

medium-scale farmers who cultivate 10 ha or less (DeVries and Toenniessen, 2001) under 

extremely low-input systems where average maize yields are 1.3 ton per ha (Bänziger and 

Diallo, 2004). In SSA countries there is a wide gap between maize consumption and 

production. The mismatch of demand and supply is mitigated by importation of about three 

million ton of maize annually (Pingali and Pandey, 2001; FAOSTAT, 2008). Use of 

improved varieties and good management practices can increase maize yields and reduce 

imports in these countries (Heisey and Edmeades, 1999; Reeves et al., 1999; Pingali and 

Pandey, 2001).  

 

Unlike in the developed world where maize is produced mainly for animal feed, human 

consumption of maize in SSA is estimated to be around 70% (Aquino et al., 2001). Research 

indicates that 20% of global food calories and 15% of all food-crop protein is provided by 

maize (Brown et al., 1988; NRC, 1988). However, the protein quality of normal maize and 

most cereals is poor as it lacks the essential amino acids, lysine and tryptophan (Bhatia and 

Rabson, 1987). The deficiency of the essential amino acids in normal maize causes serious 

protein malnutrition and associated problems for people with high protein requirements, e.g., 

young children, pregnant or lactating women, and the ill in communities where maize is a 

dietary staple and often a major source of protein (Pixley and Bjarnason, 2002). In SSA 

where maize farming system is dominant, the malnutrition rate particularly for pre-school 

children is reported to be high. Hyman et al. (2008) reported that the prevalence of stunting is 

over 40% in areas where maize is a dominant diet. In addition, the proportion of poor people 

(who live on USD 2 per day or less) in the maize farming communities of SSA is about 65% 

(Wood et al., 2010) which implies that protein sources like meat, milk and eggs are 

unaffordable.  

 

The study to improve the nutritional quality of normal maize begun almost a century ago 

(Osborne and Mendel, 1914). The protein of a matured maize kernel is principally stored in 

the endosperm and the germ. However, the protein in the germ is superior in both quality and 

quantity as compared to the endosperm protein which is not only low in quantity but also it is 

of poor quality. The relative amounts of protein contributed by the endosperm and germ vary 
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and are dependent on the type of maize, genotype, texture and size. In most field maize, the 

endosperm accounts for 80 to 85%, while the embryo accounts for about 8 to 10% of the total 

kernel dry weight (Zuber and Darrah, 1987). The endosperm contains a high proportion of 

prolamine fraction (zein in maize) which is low in lysine, containing only 0.1g 100g-1 of 

protein and the other amino acids. Tryptophan is also low in zein. The high proportion of the 

zein fraction is the principal cause of poor protein quality in maize. Hence, reducing the zein 

fraction will result in a proportional increase of other non-zein fractions which are higher in 

lysine and tryptophan (Vasal, 2001).  

 

The discovery of mutant alleles in maize in the mid 1960’s by researchers of the Purdue 

University was the major breakthrough in enhancing the nutritional quality of maize. The 

biochemical effects of these mutant alleles, the first discovered was opaque-2 (o2) (Mertz et 

al., 1964) followed by floury-2 (fl2) (Nelson et al., 1965), were found to cause changes in the 

amino acid profile and composition of maize endosperm protein and resulted in twofold 

increase in the levels of lysine and tryptophan compared to normal maize. The biological 

value of normal maize is about 40% that of milk (Bressani, 1991). However, the increase in 

lysine content in the endosperm protein had doubled the biological value of the o2 maize 

protein and this increase in protein quality was due to increase in the ratio of non-zein to zein 

proteins (Gibbon and Larkins, 2005). The reduction of the zein fraction in o2 maize further 

reduced the leucine content of the endosperm which was found to be beneficial as it caused 

the leucine-isoleucine ratio to be more balanced and helped in liberating more tryptophan for 

niacin biosynthesis (Bjarnason and Vasal, 1992).  

 

Although the discovery of mutant alleles in maize improved the nutritional quality of maize 

and excited many researchers, the undesirable agronomic characters associated with the o2 

maize hindered progress. The pleiotropic effects of the o2 gene manifested in the form of soft 

endosperm, low kernel weight, increased susceptibility to insect-pests and fungal diseases, 

inferior food processing and most importantly reduction in grain yield, discouraged its 

acceptance (Bjarnason and Vasal, 1992). However, scientists at CIMMYT used various 

breeding techniques to convert several maize populations to o2 and subsequently to modify 

the undesirable traits associated with the mutation (NRC, 1988; Bjarnason and Vasal, 1992; 

Villegas et al., 1992). The continued work at CIMMYT in the 1970’s and 80’s resulted in the 

identification of maize cultivars with superior protein quality, similar to o2 maize, but 

resembling normal-endosperm maize both phenotypically and agronomically. Hence, 
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CIMMYT scientists named this maize Quality Protein Maize (QPM) (CIMMYT, 1972; Vasal 

et al., 1980). 

 

In most cases farmers in SSA, grow maize under conditions that differ in input application 

and crop husbandry from researcher managed plots. Several biotic and abiotic factors limit 

maize production and productivity across countries in SSA (Badu-Apraku et al., 2003). Biotic 

factors limiting maize production in the region include insect pests, diseases, and parasitic 

weeds. The major abiotic factors limiting maize production in ESA are low soil fertility and 

drought, and these are among the most important  challenges of maize production, food 

security and economic growth in ESA (CIMMYT, 2003; Bänziger and Diallo, 2004). 

Bänziger and Lafitte (1997) reported low level of nitrogen (N) in soils as a major yield 

limiting factor often found in farmers’ fields in the tropics where fertilizer is not commonly 

used and organic matter is rapidly mineralised. The majority of farmers in the tropics produce 

maize under rain-fed conditions and are vulnerable to drought. Although drought at any stage 

of crop growth and development affects production, the greatest impact occurs around 

flowering (Edmeades et al., 1992). The incidence of moisture stress in maize farming is 

predicted to increase partly due to climate change and displacement of maize to marginal 

environments by high value crops (Bänziger et al., 2000). The adoption of cultivars that 

utilise N more efficiently as well as tolerate the recurrent droughts facing the region will 

mitigate the challenges of abiotic stresses in maize (Diallo et al., 2003). 

 

Plant breeders have been striving to develop genotypes with superior grain yield, quality and 

other desirable characteristics over a wide range of different environmental conditions. 

Genotype x Environment (G x E) interaction complicates the testing and selection of 

genotypes for broad adaptation in breeding programmes. The phenotype of an organism is 

determined by the combined effect of the environment and the genotype which interact with 

one another. Several studies have shown that a proper understanding of the environmental 

and genetic factors causing the interaction as well as an assessment of their importance in the 

relevant G x E system could have a large impact on plant breeding (Magari and Kang, 1993; 

Basford and Cooper, 1998). G x E interaction occurs most often when genotypes are 

evaluated across environments (Becker and Leon, 1988; Magari, 1989; Kang, 1990) and 

complicates the selection of superior genotypes across environments due to changes in ranks. 

Magari and Kang (1993) found that the contribution of different environmental factors to the 

yield stability of maize in multi-location trials, had a significant impact on the heterogeneity 
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of the results. The effects of G x E are more apparent in multi environment trials (METs) that 

have three main objectives: a) to precisely estimate and forecast yield levels based on 

experimental data; b) to determine yield stability and adaptation of genotypes across 

environments; and c) to provide reliable guidance for selecting the best genotypes or 

agronomic treatments for planting in future years at new sites (Crossa, 1990). 

 

The current focus of QPM research in SSA is on the development and deployment of high 

yielding hybrids and open pollinated varieties (OPVs) for communities with a high 

malnutrition rate and where maize is a dietary staple. However, the diverse environmental 

conditions in SSA make the development of widely adapted, high yielding and stable QPM 

cultivars a challenging activity. Stability in common usage denotes consistency in 

performance that would mean minimum variation among environments for a particular 

genotype (Chahal and Gosal, 2002). The presence of high G x E interaction necessitates the 

systematic grouping of the maize growing environments of SSA into useful mega-

environments. The grouping of mega- environments will facilitate germplasm exchange and 

help to predict cultivar performance in similar mega-environments.          

 

The evaluation of QPM cultivars under diverse environments (drought, low N stress and 

optimum) for grain yield and other agronomic traits will improve the adaptation of QPM 

varieties in SSA. Unlike normal maize where such studies are many, the information on the 

grain yield performance of QPM cultivars of both hybrids and OPVs under stress and non 

stress conditions in SSA is limited. Since the target environments of breeding programmes in 

SSA include low input and marginal farming environments, QPM germplasm developed for 

these environments should have a better or comparable yield than normal maize for wider 

adoption by farmers. Therefore, identification of competitive QPM cultivars will enhance the 

adoption of QPM in SSA and contribute reduction of malnutrition. The maize growing 

environments of SSA are very diverse and the classification of these environments into 

similar mega-environments will facilitate germplasm exchange among environments and 

predict performance of cultivars for wider environments, which is an effective approach to 

reduce cost of METs. However, studies on the grouping of mega-environments based on 

grain yield performance of QPM in SSA are limited thus hindering wide adoption of QPM.  

 

In this study, the grain yield performance and stability of newly developed early maturing 

QPM hybrids were investigated based on parametric and non-parametric stability measures. 
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The QPM hybrids were also evaluated for their adaptation pattern and G x E interaction 

based on multivariate analysis. In addition, mega-environments were identified for future 

germplasm testing. Furthermore, early maturing QPM OPVs were evaluated in eastern and 

central Africa (ECA) for grain yield performance and days to anthesis which helped to 

identify widely adapted QPM cultivars for the region. This study also addressed the level of 

grain yield reduction of QPM OPVs due to seed recycling. Specific objectives of this study 

were to: 

 

(i) evaluate the grain yield performance and stability of newly developed early maturing 

QPM hybrids under stress and non stress environments of ESA based on various 

stability measures,  

(ii)  analyse mega-environments of SSA based on the primary and secondary traits of QPM,  

(iii)  assess the adaptation pattern of QPM in SSA based on multivariate analysis techniques, 

(iv) identify and recommend best performing and widely adapted early maturing QPM 

OPVs  for large scale production in the region, 

(v) enhance the role of QPM in combating protein energy malnutrition and attendant 

diseases in SSA.  
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CHAPTER 2 

Literature review 

 
 
2.1 Maize production and uses  

             
Globally, maize (Zea mays L.) is among the leading cereals in production along with rice and 

wheat. World’s maize production exceeds 840 million metric ton from an area of 161 million 

ha with the United States and China being the top producers. Based on the data from the UN-

FAO, Africa’s share for world’s maize area was about 31 million ha during 2010 

(FAOSTAT, 2010). The low contribution of Africa to world’s maize production is mainly 

due to the low average yield per unit area (Heisey and Edmeades, 1999; Pingali and Pandey, 

2001). Based on a study by CIMMYT, maize’s worldwide demand is forecasted to increase 

by 50% and in SSA it will increase by 93% by the year 2020 from its base year 1995. The 

forecasted increase for SSA is mainly for human consumption (CIMMYT, 2001). 

 

The diverse uses of maize in food and feed as well as its industrial products allow the crop to 

be utilised extensively for both human and animal consumption (Inglett, 1970; Whistler, 

1970; Gardner and Inglett, 1971; Alexander, 1987). Maize, providing an estimated 15% of 

the world’s protein and 20% of the world’s calories (Brown et al., 1988; NRC, 1988), is a 

dietary staple for more than 200 million people. This number can be expected to grow as the 

world’s population approaches 8 billion in 2025 (Lutz et al., 2001; USDA, 2009; Emily and 

Sherry, 2010), indicating maize’s status as an important crop in the context of global 

nutrition. 

 

Based on the FAO data, maize accounts for 53% of the total cereal area in ESA (FAOSTAT, 

2010) and 30-70% of total caloric consumption (Langyintuo et al., 2010). Maize is the 

primary food staple in most parts of SSA with the highest annual per capita consumption in 

southern Africa followed by eastern Africa (Hassan et al., 2001; Diallo et al., 2004; Bänziger 

and Diallo, 2004; Smalberger and du Toit, 2004). The annual per capita consumption of 

maize in southern Africa ranges from 138 kg in Swaziland to 195 kg in South Africa 

(CIMMYT, 1999), while in eastern Africa it ranges from 40 kg in Burundi to 105 kg in 

Kenya (Hassan et al., 2001). Maize in Africa is grown by small- and medium-scale farmers 

who cultivate 10 ha or less (DeVries and Toenniessen, 2001) under extremely low-input 
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systems with average maize yields at 1.3 t ha-1 (Bänziger and Diallo, 2004). SSA countries do 

not produce enough maize to meet their needs and must therefore import approximately three 

million tons of maize annually (Pingali and Pandey, 2001; FAOSTAT, 2008). South Africa 

leads the continent’s maize production followed by Nigeria (Table 2.1). The productivity of 

maize in Africa is less than the global average which is currently 5.2 t ha-1. The exception is 

Egypt where the farming system is supported by irrigation (FAOSTAT, 2010). Use of 

improved cultivars and management practices should help increase maize productivity and 

reduce imports in Africa (Heisey and Edmeades, 1999; Reeves et al., 1999; Pingali and 

Pandey, 2001).  

 

Table 2.1: The top 10 producers of maize in Africa (FAOSTAT, 2010) 

Rank Country Production 
(t) 

Area 
(ha) 

Yield 
(t ha-1) 

1 South Africa 12815000 2 742,000 4.67 

2 Nigeria 7305530 3 335,860 2.19 

3 Egypt 7041100 968,519 7.27 

4 Tanzania 4475420 3 100 000 1.44 

5 Ethiopia 4400000 1 772 250 2.48 

6 Malawi 3800000 1 655 000 2.30 

7 Kenya 3222000 2 008 350 1.60 

8 Zambia 2795480 1 080 560 2.59 

9 Mozambique 1878000 1 573 000 1.19 

10 Ghana 1871700 991 669 1.89 

 

Although maize is estimated to be a source of about 20% of world food calories and 15% of 

crop protein (Brown et al., 1988; NRC, 1988), the protein quality of normal maize is poor due 

to the deficiency of the essential amino acids, mainly lysine and tryptophan (Bhatia and 

Rabson, 1987). The high consumption of maize in SSA as food, which is estimated to be 

around 70% of the total maize production (Aquino et al., 2001), is causing severe protein 

energy malnutrition in some parts of SSA. The rate of stunting is reported to be over 40% in 

areas where maize is the only source of protein (Hyman et al., 2008). In addition, 65% of the 

population in the maize farming system of SSA is reported to live on USD 2 or less per day 

(Wood et al., 2010) implying the difficulty of affording  animal sources of protein. 
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Normal maize protein in comparison to milk has a biological value of 40% (Bressani, 1991) 

and therefore needs to be consumed with complementary protein sources such as legumes or 

animal products. The need to improve the nutritional value of maize has been recognized for 

a long time (Osborne and Mendel, 1914) and decades long research have resulted in the 

development of nutritionally enhanced maize germplasm. 

 

2.2 Development of high quality protein maize   

 

Cereals are the source of more than half of the dietary protein of human beings. However,  

the protein of most cereals is of poor quality as the most abundant storage protein of cereals, 

prolamin, is deficient in several amino acids essential for monogastric animals, lysine being 

the most limiting (Bhan et al., 2003). Most cereal grains contain 1.5–2% lysine of the 

required 5% for optimal human nutrition (Young et al., 1998). Most of the protein in a mature 

maize kernel is stored in the endosperm and the germ. The endosperm protein is of low 

quality whereas the germ protein is of better quality. However, the endosperm accounts for 

about 80% of the total kernel protein (Zuber and Helm, 1972). Thus, any major 

improvements in the quality of kernel protein should target the endosperm. 

 

Several mutants have been identified over the past 50 years that can favourably modify 

characteristics of the maize endosperm protein by elevating levels of two deficient amino 

acids, namely lysine and tryptophan. The value, use and inheritance of characteristics of such 

genes, however, vary tremendously (Vasal, 2001). The first high lysine mutant discovered 

was opaque-2 (o2) (Mertz et al., 1964), and shortly after, the biochemical effects of floury-2 

(fl2) were discovered (Nelson et al., 1965). The discovery of the biochemical effects of these 

mutant alleles o2 and floury-2 (fl2) by the Purdue University researchers opened an exciting 

opportunity for improving the quality of maize endosperm protein. These mutants were found 

to cause changes in the amino acid profile and composition of maize endosperm protein and 

resulted in twofold increase in the levels of lysine and tryptophan compared to normal maize. 

The lysine in maize is the most and tryptophan the second most limiting amino acids. In 

addition, the mutants also cause some amino acids such as histidine, argentine, aspartic acid 

and glycine to increase and other amino acids like glutamic acid, alanine, and leucine to 

decrease compared to those of normal maize. A most notable decrease occurs in leucine. This 

is desirable because it makes the leucine-isoleucine ratio more favourable, which in turn 
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helps to liberate more tryptophan for niacin biosynthesis (Vasal et al., 1984a; Mertz, 1992; 

Villegas et al., 1992; Vasal, 2001). 

 

During the initial stages, breeders were using both o2 and fl2 genes either separately or in 

combination. However, in the later stage the use of fl2 discontinued due to its undesirable 

effects (Bjarnason and Vasal, 1992; Vasal, 2000). The o2 mutants are the most widely used in 

most breeding programmes (NRC, 1988; Glover, 1992; Villegas et al., 1992). Maize, which 

is homogenous for the recessive o2 allele (with two copies of the mutation) has significantly 

higher lysine (+69%) in grain endosperm compared to normal maize (Mertz et al., 1964). It 

was further determined that o2 mutants also showed an increase in tryptophan content and 

that the increased concentration of these two essential amino acids (normally deficient in the 

maize endosperm) effectively doubled the biological value of maize protein (Bressani, 1992).  

 

After the discovery of the nutritional advantages of the o2 gene, many breeding programmes 

around the world tried to convert normal endosperm populations and inbred lines to o2 

through a direct backcross approach (Gevers, 1995; Prasanna et al., 2001). However, the 

early excitement over the direct use of the o2 mutation in the breeding programmes soon 

subsided due to the negative secondary (pleiotropic) effects of this mutation (Bjarnason and 

Vasal, 1992; Prasanna et al., 2001). The pleiotropic effects of the mutants resulted in reduced 

grain yield (as compared to normal maize), low kernel density, soft and chalky kernel 

phenotype, greater vulnerability to ear rot, greater moisture content during dry-down of 

kernels following physiological maturity, lower rate of germination and greater kernel 

breakage (Lambert et al., 1969; Sreeramulu and Baumann, 1970; Wessel-Beaver and 

Lambert., 1982; Vasal et al., 1984a; Bjarnason and Vasal, 1992; Villegas et al., 1992; Glover, 

1992; Moro et al., 1995; Lin et al., 1997; Vasal, 2001; Prasanna et al., 2001). The soft and 

chalky endosperm texture was not acceptable to many in the developing world who were 

used to harder kernel types (Krivanek et al., 2007). The negative agronomic characters 

severely limited practical use of the mutants in the field.  

 

In order to overcome the negative effects of o2 mutants, breeders shifted their breeding goals 

towards incorporating the gene into normal hard endosperm maize types and looking for 

modified kernels. CIMMYT took the initiative in this breeding effort by converting a range 

of sub-tropical and tropical lowland adapted, normal endosperm populations to o2 versions 

through a backcross-cum-recurrent selection procedure, with a focus on selecting for the hard 
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endosperm phenotype, maintaining protein quality and increasing yield and resistance to ear 

rot (NRC, 1988; Villegas et al., 1992; Bjarnason and Vasal, 1992; Vasal, 2001; Prasanna et 

al., 2001). Scientists are not sure of the number of genes involved in modifying the o2 

endosperm to translucent and similar to that of normal maize. However,  what is known so far 

is the complex inheritance of the genes (Bjarnason and Vasal, 1992; Lopes and Larkins, 

1996).  

 

The continued breeding efforts at CIMMYT eventually resulted in the development of maize 

genotypes with high lysine and tryptophan content relative to normal maize but without the 

negative pleiotropic effects of the o2 mutants. Scientists at CIMMYT termed this maize 

Quality Protein Maize (QPM) (Vasal et al., 1984b; Bjarnason and Vasal, 1992). The term 

QPM now refers to maize homozygous for the o2 allele, with increased lysine and tryptophan 

content but without the negative secondary effects of soft endosperm (Vasal, 2001). QPM 

looks, tastes and performs like normal maize and it can only be differentiated by laboratory 

tests (Villegas et al., 1992). QPM germplasm was developed through conventional breeding 

techniques and is not the result of genetic engineering (Pixley and Bjarnason, 1993).   

 

In addition to CIMMYT, the University of Kwazulu-Natal (previously University of Natal), 

South Africa and the Crow’s Hybrid Seed Company at Milford, Illinois, USA, were the 

pioneers that continued the research vigorously and persistently to improve the protein 

quality of normal maize (Vasal, 2000; Prasanna et al., 2001). The South African breeding 

programme has developed soft and hard endosperm, white and yellow kernel, high-lysine 

maize inbred lines, hybrids and OPVs with good agronomic characteristics (Gevers and Lake, 

1992; Hohls et al., 1996; Bhatnagar et al., 2004). Crow’s Hybrid Seed Company developed 

an o2 hybrid with good yield characteristics and a thick protective husk for animal feed 

(Mertz, 1995). In the USA, Texas A&M has also maintained a breeding programme to 

develop QPM germplasm adapted to the southern part of the USA (Betran et al., 2003a; 

2003b; 2003c). As a result of these efforts, today QPM cultivars (hybrids and OPVs) suitable 

for temperate, tropical highlands and for subtropical and tropical lowland growing conditions 

are available. 

 

Development of QPM hybrids has been given emphasis within CIMMYT since the mid 80’s 

because of the growing interest in hybrids among national programmes, especially in 

developing countries (Bjarnason and Vasal, 1992; Vasal et al., 1993b; Vasal, 2001). Various 
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benefits were advocated for QPM hybrids over OPVs including  i) better yield due to 

heterosis; ii) facilitating maintenance of the seed purity of inbred progenitors with respect to 

agronomic traits, the genetic modifiers and the protein quality; iii) less laboratory work 

needed to check the protein quality as long as  the lines are fixed and not adulterated; iv) 

uniformity in field performance and; v) good business for seed companies (Gevers and Lake, 

1992; Pixley and Bjarnason, 1993; Vasal et al., 1993a; 1993b; CIMMYT, 2000; Vasal, 2001). 

QPM germplasm development efforts have been strengthened at CIMMYT and national 

breeding programmes and QPM inbreds and hybrids have been evaluated for combining 

ability and yield stability  (Vasal, 2001; Prasanna et al., 2001; Bhatnagar et al., 2004; Hadji, 

2004; Xingming et al., 2004; Gissa, 2008).   

 
2.3 Biosynthesis and genetic basis of storage proteins in maize  

 

The maize genome is richly endowed with a whole array of endosperm mutants that can 

modify protein, starch and oil characteristics of the mature corn kernel, particularly the 

endosperm (Vasal, 2001). The variants already known to affect endosperm characteristics are 

numerous. The mutants worth mentioning are opaque-7 (o7) (McWhirter, 1971; Misra et al., 

1975), opaque-6 (o6), floury-3 (fl3) (Ma and Nelson, 1975), mucronate (Mc) (Salamini et al., 

1983) and defective endosperm (De-B30) (Salamini et al., 1979). However, of particular 

interest in this section is the o2 mutant that affects protein quality.   

 

Cereal proteins are classified into the following four groups based on their solubility (Singh, 

2005): (1) albumins (water soluble); (2) globulins (salt soluble); (3) prolamines (relatively 

highly alcohol soluble); (4) glutelins (dilute alkalin soluble). Cereals can be divided into three 

groups on the basis of their prolamine content. Rice and oats have the lowest prolamine 

content (5 - 15%) and an excellent balance of amino acids in their proteins. Barley and wheat 

form the second group with 30 – 40% prolamines, while maize and sorghum have the highest 

prolamine content (50 - 60%) (Singh, 2005). In normal maize endosperm, the proportions of 

various protein fractions on average are albumins 3%, globulins 3%, prolamines (zein) 60% 

and glutelin 34% (Schnieder, 1955). Prolamines are poor in basic amino acids, including 

lysine (Singh, 2005) and therefore, they have very poor nutritional value (Glover, 1992; 

Villegas et al., 1992). In each genus, the major seed storage protein is named on the basis of 

the genus name; thus, the major seed storage proteins in maize are called the zeins for the 

genus Zea and belong to the prolamine class of proteins (Darrigues et al., 2006).  
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The proportion of the zein fraction in maize endosperm determines the amino acid 

composition of the kernels (Larkins et al., 1993; Singh, 2005). Osborne and Clapp (1908) 

were the first to describe the amino acid profile of the zein proteins and reported the lack of 

the two essential amino acids, lysine and tryptophan. Zeins contain 0.1 g 100 g-1 lysine while 

glutelins are considerably richer in lysine with 2 g 100 g-1 or more (Misra et al., 1975; Lin et 

al., 1997). Darrigues (2006) showed that in the amino acid balance of maize, lysine and 

tryptophan are the most deficient; histidine and leucine are surplus amino acids compared to 

the egg protein which is a nearly balanced source of protein.  

 

The introduction of high QPM mutants altered the relative amounts of four major protein 

fractions present in maize (Mertz et al., 1964; Lopes et al., 1995; Darrigues et al., 2006). 

Kernels carrying the homozygous o2 mutant have elevated levels of lysine and tryptophan by 

suppressing or reducing the synthesis of the lysine-deficient zein fraction (Mertz et al., 1964; 

Habben et al., 1993). Since fractions other than zein are higher in lysine and tryptophan, zein 

reduction causes proportional elevation of other fractions which are rich in lysine, hence, the 

overall amino acid profile shows an increase in lysine. It may, however, be remembered that 

no new proteins are formed and that the composition of various protein fractions remains 

unaffected. An increase in protein quality requires reduction of the zein fraction (Mertz et al., 

1964; Habben et al., 1993; Vasal, 2001). 

 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) reveals that zein 

of normal maize contains six separable components, Z1, Z2, Z3, Z4, Z5 and Z6.  Z1 and Z2 are 

the two predominant types with molecular weights of 21 800 and 19 000 daltons and are rich 

in glutamic acid, leucine, and proline, but low in lysine. Of the four minor bands, Z3, Z4, Z5 

and Z6, the latter two exist in only trace amounts. The non-allelic high quality mutants 

suppress one or more of these polypeptide bands. The opaque-2 particularly suppresses 

synthesis of Z1 whereas the floury-2 suppresses the major polypeptide components, Z1 and Z2. 

The opaque-7 strongly suppresses the synthesis of Z3 and Z4 while strongly reducing Z2. The 

defective endosperm De-B30 affects only Z1 subunits (Salamini et al., 1979). 

 

The specific chromosome and position on the chromosome is known for some of the mutants. 

The o2 mutant is located on chromosome 7 (position 16), fl2 on chromosome 4 (position 63), 

opaque -7 on chromosome 10 (position 87), floury-3 on chromosome 8 (long arm) and De-

B30 on chromosome 7 (short arm). The mutants o2, o6, o7 and 011 are completely recessive 
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and manifest their biochemical effects on zein synthesis only when present in homozygous 

recessive condition. The two floury mutants, fl2 and fl3, are semi-dominant and exhibit 

variable expression for kernel opacity and protein quality, depending on the presence of one 

or more recessives in the triploid endosperm. The mutant De-B30 behaves like a dominant 

allele in respect of dosage effects on kernel opacity and zein content (Soave et al., 1981). The 

Mc allele is dominant in reducing zein content and is specific to the zein subunits (Soave et 

al., 1982). Except for opaque-6, considered as a structural gene, the others are regulatory 

genes. All these mutants have several common features, including low prolamine protein 

fraction, soft chalky endosperm, and a deficiency in the amount of dry matter produced.       

   

2.4 QPM breeding approaches and germplasm  

 

The discovery of the biochemical effects of the high QPM mutants spurred enthusiasm and 

led to a worldwide effort of converting elite inbreds and open pollinated cultivars to opaque-2 

and floury-2. Efforts were initially concentrated at Purdue University, but as donor stocks 

carrying these genes were made available, concerted conversion programmes were 

undertaken by most maize breeders in many countries (Prasanna et al., 2001). The breeding 

of QPM involves the manipulation of three distinct genetic systems (Krivanek et al., 2007). 

The recessive mutant allele of the o2 gene is an important component of the QPM breeding 

(Villegas et al., 1992; Vasal, 2001).  

 

The second genetic system in QPM breeding is the involvement of modifier genes which alter 

the soft/opaque mutant endosperm to a hard/vitreous endosperm without compromising the 

protein quality (Hohls et al., 1996; Vasal, 2002). Paez and co-workers (1969) were the first to 

report on endosperm modification in o2 kernels (50% translucent and 50% opaque). 

Subsequently, modified o2 kernels with varying proportions of translucent and opaque 

fractions have been observed and studied by a number of scientists (Annapurna and Reddy, 

1971; Bjarnason et al., 1976; Lodha et al., 1976). These endosperm modifiers along with the 

o2 mutant allele can be utilised as a fast and inexpensive method of selection of QPM 

germplasm (Hohls et al., 1996), using light that is projected through the vitreous grains but 

blocked by the opaque ones (Vasal et al., 1980; Vasal, 2001; Krivanek et al., 2007). Kernel 

modification is rated on a 1-5 scale where 1 indicates a completely hard/vitreous grain and 5 

a soft/opaque endosperm (Vasal et al., 1980; Lopes et al., 1995; Hohls et al., 1996; Vasal et 
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al., 1997a). Grains with a score of 2 - 5 can be considered as homozygous for the o2 allele, 

while grains with a score 2 - 3 are adequately modified and are the ones selected as QPM 

(Krivanek et al., 2007). Hohls et al. (1996) reported that screening of QPM kernels based on 

visual scores makes the hard task of measuring kernel density and kernel hardness 

unnecessary.   

 

The third genetic system distinct to a QPM breeding programme involves a unique set of 

amino acid modifier genes which changes the relative levels of lysine and tryptophan in the 

grain endosperm (Mertz et al., 1964; Villegas et al., 1992; Krivanek et al., 2007). A study on 

the level of lysine and tryptophan in whole maize grain flour indicated that lysine levels 

average about 2% in normal maize while about 4% in QPM, similarly tryptophan averages 

0.4% in normal maize and 0.8% in QPM, which shows a doubling of the essential amino 

acids in QPM (Moro et al., 1996). However, lysine ranges across genetic backgrounds from 

1.6 - 2.6% in normal maize and 2.7 - 4.5% in their o2 converted counterparts, while 

tryptophan ranges from 0.2 - 0.5% in normal maize and 0.5 - 1.1% in QPM counterparts 

(Villegas et al., 1992; Moro et al., 1996; Vasal, 2001; CIMMYT, 2002). Biochemical studies 

showed a high correlation between lysine and tryptophan levels (Hernandez and Bates, 1969). 

Hence, an assay for either amino acid can be adopted for analysing protein quality, although 

in practice tryptophan is most often chosen due to relatively cheaper laboratory costs 

(Krivanek et al., 2007). Multigenes have been identified as controlling the amino acid content 

(Wang et al., 2001; Wu et al., 2002). As a result, the simple genetic nature of o2 maize has 

been transferred into a classic polygenic trait in reference to QPM and must be manipulated 

as such in breeding programmes. Krivanek et al. (2007) also recommended the need to 

continuously monitor lysine and tryptophan levels so as not to lose the additional gain in 

protein quality, although the o2o2 genotype is maintained. 

 

CIMMYT has the largest collection of modified opaque-2 germplasm (Tables 2.2 and 2.3). 

The materials developed at CIMMYT include several QPM populations and pools. These 

breeding populations possess different ecological adaptation, maturity, grain colour, and 

texture traits. Crow’s Hybrid Seed Company in the USA has perhaps the most extensive 

programme to develop QPM germplasm. They have used CIMMYT QPM populations and 

Russian lines in developing this type of germplasm. Purdue University, Texas A&M, and the 

University of Illinois have also used CIMMYT QPM germplasm in developing source 

breeding populations and lines adapted to US conditions. Good modified opaque-2 
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germplasm has also been developed in South Africa, in addition to two good source 

populations POWS1 (Modified White Opaque) and DOYS (Yellow modified opaque) 

developed for the purpose of producing modified opaque-2 hybrids (Vasal, 2001). The 

availability and the continued development of QPM germplasm in the different parts of the 

world show the prospect of QPM to be widely cultivated.  

 

Table 2.2 QPM populations and their characteristics (Vasal, 2001) 

 

 

 

 

 

 

 

 

 

 

Population 

Number 

Name Adaptation Maturity Seed 

Colour 

Seed  

texture 

61 Early Yellow Flint QPM  Tropical Early Yellow Flint 

62 White Flint QPM Tropical Late White Flint-Semi flint 

63 Blanco Dentado-1 QPM Tropical Late White Dent  

64 Blanco Dentado-2 QPM Tropical Late White Dent 

65 Yellow Flint QPM Tropical Late White Flint 

66 Yellow Dent QPM Tropical Late Yellow Dent 

67 Templado Blanco Cristalino QPM Subtropical Intermediate White Flint 

68 Templado Blanco Dentado QPM Subtropical Intermediate White Dent 

69 Templado Amarillo QPM Subtropical Intermediate Yellow Flint 

70 Templado Amarillo Dent QPM Subtropical Intermediate Yellow Dent 
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Table 2.3 QPM gene pools and their characteristics (Vasal, 2001) 

 

Currently, there are QPM research activities in SSA led by CIMMYT and the International 

Institute of Tropical Agriculture (IITA) in collaboration with National Agricultural Research 

Systems (NARS). In the region, activities are highly integrated and coordinated enabling joint 

development, exchange and broad testing of promising genotypes for all agro-ecological 

niches (CIMMYT, 2005). The long-term goals of all breeding programmes are focused on 

broadening the genetic base of adapted QPM germplasm to suite their particular biotic and 

abiotic constraints (Krivanek et al., 2007). So far, a large number of elite QPM inbred lines 

adapted to the SSA region have been developed and the suitability of these inbreds in hybrid 

combination and in OPVs needs to be extensively evaluated.  

 

2.5 Nutritional and economic benefits 

 

Quality protein maize offers significant benefits in the nutrition of monogastric animals 

including humans; because the essential amino acids (lysine and tryptophan) cannot be 

synthesized through metabolism of these groups of animals. The nutritional and biological 

superiority of QPM to normal maize has been amply demonstrated in rats (Bressani et al., 

QPM pool 

number 

Adaptation Maturity Seed Colour Seed 

Texture 

Pool 15 QPM  Tropical Early White Flint-Dent 

Pool 17 QPM Tropical Early Yellow Flint 

Pool 18 QPM Tropical Early Yellow Dent  

Pool 23 QPM Tropical Late White Flint 

Pool 24 QPM Tropical Late White Dent 

Pool 25 QPM Tropical Late Yellow Flint 

Pool 26 QPM Tropical Late Yellow Dent 

Pool 27 QPM Subtropical Early White Flint-Dent 

Pool 29 QPM Subtropical Early Yellow Flint-Dent 

Pool 31 QPM Subtropical Intermediate White Flint 

Pool 32 QPM Subtropical Intermediate White Dent 

Pool 33 QPM Subtropical Intermediate Yellow Flint 

Pool 34 QPM Subtropical Intermediate Yellow Dent 
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1969; Gupta et al., 1970), pigs (Lopez-Pereira, 1992; Osei et al., 1994a), infants and small 

children (Bressani, 1995), adults (Clark et al., 1977; Bressani, 1991; 1992), broiler chickens 

(Osei et al., 1994b; 1994c) and dairy cattle (Glover, 1992). 

 

QPM has superior biological value (the amount of  N that is retained in the body) due to the 

60 to 100% increase in concentrations of lysine and tryptophan, increased digestibility and 

increased N uptake which causes QPM to have a biological value of 80% compared to about 

40% of normal maize (Bressani, 1992). Bressani (1995) reported that protein quality of o2 

maize is 43% higher than that of normal maize and 95% of the value of casein. QPM is 50% 

more effective than normal maize at fostering growth and in recovering malnourished 

children (Graham et al., 1980; NRC, 1988). Protein quality of o2 maize is 90% of the value 

of milk (Bressani, 1992; 1995).  

 

Osei et al. (1994a) reported that pigs fed on QPM grew 2.3 times faster than pigs of the same 

age fed on the same quantity of normal maize. A QPM based diet is regarded as sufficient in 

fulfilling the energy and protein requirements of infants and children (Graham et al., 1980; 

Graham et al., 1990). The health of children suffering from Kwashiorkor (a severe protein 

deficiency disease) was restored on a diet containing only o2 maize as a protein source (Clark 

et al., 1977). Recovering malnourished children fed on QPM further showed similar growth 

as those fed modified cow milk formula (Graham et al., 1990). QPM has been seen both as a 

preventer of deficiency diseases such as kwashiorkor and as a remedy for serious cases of 

malnutrition (Bressani, 1992). QPM has a potential impact on disadvantaged populations 

whose maize consumption is high and access to complementary sources of protein are limited 

(Rahmanfer and Hamaker, 1999). Recent studies in China and Pakistan demonstrated that 

lysine fortification of cereal-based diets (wheat) improved growth in children and various 

health indicators for children and adults, confirming that lysine enrichment of cereal-based 

diets remains beneficial to improve problems associated with malnutrition (Hussain et al., 

2004; Pellet and Gosh, 2004; Zhao et al., 2004).  

 

Gupta et al. (1970) found modified o2 maize to be nutritionally superior to normal maize in 

rat (Rattus norvegicus) feeding experiments. According to Glover (1992), US farmers who 

fed o2 maize silage to dairy cattle benefited from increased milk production of their dairy 

cows. QPM silage may hold distinct nutritional and economic advantages in the feeding of 

dairy animals (Gevers, 1995). Substituting normal maize with high-lysine maize on an equal 
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weight basis for piglets and cows can reduce the use of artificial lysine in animal feeds to 

maintain a proper amino acid balance (Asche et al., 1985; Burgoon et al., 1992; Knabe et al., 

1992). In the USA feed industry, doubling lysine content in maize alone can add an estimated 

annual gross value of $360 million per year and can reach $480 million per year if protein is 

also increased (Johnson et al., 2001). These findings indicate that QPM has an added 

advantage of being superior in protein quality and higher in food and feed efficiency. 

 

2.6  Effects of low N and drought stress on maize production  

 

The rapid growth of the human population coupled with increasing scarcity of water and 

fertile land resources are major constraints to food production in semi arid tropics (Beck et 

al., 1997). Poor soil fertility, particularly low N deficiency and recurrent droughts are 

widespread in SSA. Consequently, crop yields are low which affect food security (Kamara et 

al., 2004).  

 

Edmeades et al. (2006) estimated a 50% potential yield loss due to abiotic constraints. Their 

study also suggested that good agronomic practices and stress tolerant cultivars may reduce 

this yield gap by 20-30% and the remaining balance will depend on additional inputs such as 

water and N. Improved maize varieties that tolerate drought, heat and low soil fertility will 

help maize farmers in stress-prone areas to obtain better harvests under stress conditions 

(Zaidi et al., 2003; CIMMYT, 2007). The effects of low N and drought on maize production 

make stress tolerant cultivars more desirable (Betran et al., 2003d). Zaidi et al. (2003) also 

suggested that utilisation of drought-tolerant and N-efficient cultivars in maize production of 

the tropics could lead to better stability of grain yield across the environments. Breeding 

maize for tolerance to drought and low N conditions has been ongoing at CIMMYT since the 

1980’s, and germplasm with tolerance to both stresses has been developed (Edmeades et al., 

1992; Bolaños et al., 1993; Bolaños and Edmeades, 1993a; Lafitte and Edmeades, 1994a; 

1994b; 1994c; Bänziger and Lafitte, 1997; Bänziger et al., 1999a; Bänziger and Diallo, 2004; 

Bänziger et al., 2006).  

 

Several researchers have reported genetic variability in maize grain yield under drought and 

low N conditions (Bolaños and Edmeades, 1993b; Lafitte and Edmeades, 1994c; Vasal et al., 

1997b; Link et al., 1999; Betran et al., 1999; Bänziger et al., 2000; Dencic et al., 2000; Diallo 

et al., 2004). Modern maize hybrids have increased stress tolerance rather than a higher yield 
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potential (Duvick and Cassman, 1999). Increased yield and yield stability of some recent 

tropical and temperate maize genotypes have been attributed to increased abiotic stress 

tolerance (Byrne et al., 1995; Tollenaar and Wu, 1999). Betran et al. (2003e) observed 

hybrids performing well across stress levels and suggested the possibility of combining stress 

tolerance and yield potential in tropical maize hybrids. One approach to reducing the impact 

of N deficiency and water stress on maize production may be to select cultivars that are 

superior in their capacity to take up N and water from the soil and utilise them efficiently 

(Kamara et al., 2004). Tolerance of maize to stress from low N and drought is partly related 

to the development of the root system, which in turn influences water and nutrient uptake by 

crop plants (Moll et al., 1982; Kamara et al., 2004). In general, however, the amount of grain 

yield recorded from maize genotypes fall with the severity of low N and moisture stress 

(Betran et al., 2003e). As recommended by Edmeades et al. (2006), it is more efficient to 

select for improved yield under stress when stressed yields are less than 50 to 60% of the 

potential. 

 

Bänziger et al. (1997) have identified secondary traits which can be used for selecting maize 

under drought and low N. Improvement in drought tolerance of maize for better anthesis-

silking interval (ASI) was found to be associated with improved N use efficiency (Bänziger et 

al., 1999c; Muza et al., 2004). The highest grain yielding genotypes under low N and drought 

tend to show lower ASI, delayed senescence, and a higher number of ears per plant (Jacobs 

and Pearson, 1991; Bolaños and Edmeades, 1993b; Moll et al., 1994; Bänziger et al., 1997; 

Bänziger et al., 1999b; Diallo et al., 2004). An increase in ASI in maize indicates that pollen 

shed is essentially over by the time silks emerge (Bänziger and Lafitte, 1997; Edmeades et 

al., 2006). Edmeades et al. (1993) found that delayed silking is related to less assimilate being 

partitioned to growing ears around anthesis, which results in lower ear growth rates, 

increased ear abortion, and more barren plants.  

 

CIMMYT (2003a) reported the negative effects of drought and low N stress on endosperm 

modification of QPM germplasm. Severe drought stress can significantly increase the 

frequency of soft or poorly modified grains relative to the same genotypes under optimal 

moisture growing conditions (Ngaboyisonga et al., 2006). Protein concentration and 

trypthophan are lower under low N compared to optimum N conditions (CIMMYT, 2003b). 

However, the tryptophan level of QPM under both low N and optimum conditions is higher 

than the tryptophan level of normal maize under optimum conditions (CIMMYT, 2003b; 
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Mosisa, 2005). Similary, Pixley and Bjarnason (2002) reported that protein quality is very 

stable, whereas protein content and endosperm modification of QPM varieties are less stable 

across environments. Feil et al. (2005) evaluated the effect of pre-anthesis drought and 

different rates of N fertilization on mineral composition of grains of tropical maize varieties. 

The results showed that N, P, K, Mg, Ca, Mn, Zn, and Cu are fairly stable across the levels of 

N and pre-anthesis water supply.  

 

2.6.1 Low nitrogen stress 

 

Studies have identified low N as the second most important constraint of maize production in 

the tropics after drought (Lafitte, 2000). Maize is a very responsive crop to high or low N 

levels. Low N in maize hinders photosynthesis by reducing leaf area development and 

accelerating leaf senescence. At the beginning of the season the N supply usually exceeds the 

demand by the crop; however, as the season progresses and the crop grows, N is utilised, 

leading to N depletion in the soil. Consequently N becomes scarce and the crop starts to show 

the signs of N stress (Bänziger and Lafitte, 1997).  

 

N is the most essential nutrient required in large amounts by maize, thus efficient N uptake 

and use by maize is of fundamental importance to maize production systems in Africa (Muza 

et al., 2004). Ma and Dwyer (1998) identified N fertiliser as the most energy-consuming 

component of maize grain production. N is the most limiting nutrient as it is the most mobile 

in the soil (Laegreid et al., 1999). As the economic and environmental costs of N use 

increase, there is a need to develop and select varieties with good N use efficiency (Ma and 

Dwyer, 1998). In low-input agriculture, N efficient varieties (varieties with better grain yield 

under low N conditions) are recommended as one of the key elements for sustainable 

agriculture (Sattelmacher et al., 1994). 

 

Most of commercial maize hybrids and varieties are not N-use efficient as they were 

developed under optimum conditions and therefore do not perform well under small holder 

conditions which lacks inputs (Muza et al., 2004). Inorganic fertiliser use in SSA is 

constrained by high cost, inaccessibility and lack of credit faced by small holders farmers 

even in high yield potential areas (Kamara et al., 2004; Diallo et al., 2004; Bänziger and 

Diallo, 2004; Bänziger et al., 2006). In addition, poor weed management which normally 
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increases the N stress level are among the challenges that result in low N being a common 

feature of maize-growing environments in the tropics (Bänziger and Lafitte, 1997). 

 

The time and rate of N application has a direct effect on the growth and development of a 

maize plant (McCullough et al., 1994). The beginning of grain filling is a key phase of N 

supply (Christensen et al., 1981) and as a result of grain filling, transport of carbohydrates to 

the roots is reduced and N uptake decreases (Monneveux et al., 2005). N affects 

photosynthetic rate, leaf area, size of the sink and yield (Dass et al., 1997). In low N 

conditions leaves become the main source of mobilised N to the ear (Below, 1997), this will 

result in reduction of chlorophyll concentration that causes yellowing of leaves, which are 

clear signs of N deficiency (Dwyer et al., 1995). The stay green character (physiological 

maturity/drying of ears while leaves are still green) can reflect N balance in cereals during 

grain filling (Borrell et al., 2001); however greenness can also be cosmetic rather than 

functional (Thomas and Howarth, 2000). Lack of N enhances kernel abortion (Pearson and 

Jacob, 1987) and reduces final grain number and weight (Lemcoff and Loomis, 1986; Uhart 

and Andrade, 1995) and grain yield (Monneveux et al., 2005). Reduction of grain weight 

under low N conditions is more attributable to reduction in grain filling period than in growth 

rate (Monneveux et al., 2005).  

 

Cultivars yield differently in different N environments due to genetic differences (Smalberger 

and du Toit, 2004). Relative grain yield reduction due to N stress also depends on the type of 

progeny and N stress intensity (Bänziger and Lafitte, 1997). Smalberger and du Toit (2004) 

recorded a grain yield ranging from 0.65 - 3.85 t ha-1 under low N and 4.17 - 6.93 t ha-1 under 

optimum N for South African cultivars. They observed that the cultivar that yielded the best 

(6.93 t ha-1) under optimum N also yielded as low as 0.98 t ha-1 under low N.  Betran et al. 

(2003e) compared maize hybrid yield under low and high N environments and found that 

grain yield for hybrids in the low N environment was 33% of grain yield in the high N 

environment. This indicates the need for developing cultivars that will yield well under both 

optimum and low N conditions.  

 

Diallo et al. (2004) evaluated 63 single cross hybrids along with seven local checks under low 

N and optimal conditions and reported grain yields ranging from 1.2 - 3.5 t ha-1 under low N 

and 3.1 - 7.4 t ha-1 under optimal conditions. Bänziger et al. (1997) observed a relative grain 

yield reduction of 37 to 78% in different experiments conducted under low N in tropical 
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maize. In other experiments, Bänziger and Lafitte (1997), and Bänziger et al. (1999b) 

reported relative grain yield reductions ranging from 37 to 89% and 20 to 50%, respectively. 

Monneveux et al. (2005) found an average yield reduction of 67.4% for maize hybrids under 

low N compared to optimum conditions. Experiments under low N, yielding on average 25 – 

35% (1.5 – 3.5 t ha-1) of the yields expected under favourable conditions (6 – 9 t ha-1) is 

regarded as optimal for expressing N stress tolerance in tropical maize (Bänziger et al., 

1997). 

 

2.6.2 Drought stress 

 

The major causes of drought stress in the tropical environments includes poor rainfall 

distribution, poor water holding capacity of soil, shallow effective root depths, high surface 

runoff and evapotranspiration (Lal et al., 1982). Drought stress can affect the performance of 

maize plants from crop establishment up to grain filling. Although the ultimate grain yield 

could be affected by drought stress at almost all growth stages, flowering period is the most 

sensitive (Bänziger et al., 2000). Therefore, selection under managed drought stress at 

flowering is suggested as an effective means of increasing tolerance to a number of stresses 

occurring during flowering (Chapman et al., 1997). Drought stress delays silking relative to 

anthesis period which, in turn, prolongs the anthesis-silking interval (ASI). Unlike silks 

where their elongation is based on water status and which are very sensitive to drought, 

anthers are little affected by drought stress (Westgate and Boyer, 1986; Bolaños and 

Edmeades, 1993a). The most drought sensitive period during flowering is -2 to 22 days after 

silking, with the peak at seven days. Maize plants will be severely affected and complete 

yield loss can be expected, if drought stress occurs just before tassel emergence to the onset 

of grain filling (Grant et al., 1989). 

 

Drought stress caused by uneven distribution and rate of rainfall is one of the most important 

constraints to maize production in Africa. It has been reported that 50% of the losses in maize 

grain yield in the developing world are caused by pre-anthesis drought stress (Edmeades et 

al., 1994). The reduction in grain yield due to drought stress during the vegetative, silking 

and ear stages are 25%, 50%, and 21%, respectively (Denmead and Shaw, 1960). A dry spell 

of a day or two at pollination has the potential of reducing grain yield by up to 22% (Fischer 

et al., 1983). 
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Elite tropical maize germplasm contains considerable genetic variability for drought 

tolerance. Manda and Mwambula (1999) screened 96 maize genotypes for drought tolerance 

and observed significant genotypic differences for grain yield, with a range of 0.5 - 5.7 t ha-1. 

By managing drought stress levels, it is possible to observe genetic variation in grain yield 

and drought adaptive secondary traits which can be exploited (Manda and Mwambula, 1999). 

Commercial hybrids developed using multi-location testing that supposedly included results 

from random drought stress sites, showed inferior performance to those selected under 

managed drought stress (Bänziger et al., 1999c). Commercial hybrids yielded 23% higher 

than drought tolerant test-crosses under optimal conditions but 27% less under severe drought 

stress. Diallo et al. (2004) reported that an average grain yield of the hybrids under drought 

was 45% of the average grain yield under optimal conditions.  

  

2.6.3 Managed stress environments  

 

Maize production in the tropics is highly affected by drought and N stress conditions 

(Simmonds, 1991; Bänziger et al., 1997; Bänziger and Cooper, 2001). However, most of the 

maize breeding activities are conducted under optimum growing conditions and do not take 

into account the conditions of the smallholder farmers (Bolaños et al., 1993; Bänziger and 

Diallo, 2004; Muza et al., 2004). Therefore, for maximum breeding progress, testing should 

be done in the environments that represent the target production environments (Allen et al., 

1978). Thus, the unpredictable nature of climate-related stresses and the limited number of 

testing sites have necessitated the development and use of managed stress sites  (Edmeades et 

al., 2006).  

 

Managed stress environments (MSEs) are selection environments targeted to simulate abiotic 

stress conditions (Bänziger and Cooper, 2001). Edmeades et al. (2006) described MSEs as 

specialised testing sites that allow strict control of the nature, timing and intensity of stresses 

applied to the target crop. The use of MSEs permits controlled and quantifiable consideration 

of the factors that affect breeding progress (Rosielle and Hamblin, 1981; Bänziger and 

Cooper, 2001). Managed drought stress trials are usually conducted in rain-free natural 

environments equipped with irrigation facilities while managed N stress trials are conducted 

under spatially uniform N depleted fields (Edmeades et al., 2006).  
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CIMMYT and national programmes in SSA have prioritised the major stresses found in 

farmers’ fields (drought, low soil fertility, insect pests, acid soils) and have established stress 

screening sites at several breeding stations (Bänziger and Cooper, 2001; Bänziger et al., 

2006). Furthermore, to develop low N and drought tolerant genotypes for the region, 

selection is done using three types of environments: (i) recommended agronomic 

management/high rainfall conditions, (ii) low N stress, and (iii) managed drought (Bänziger 

et al., 2006). 

 

Statistical analysis of grain yield from stress environments often shows non-significant 

differences or higher coefficients of variation than experiments conducted under optimum 

conditions (Bänziger and Cooper, 2001). This suggests that the error variance of grain yield 

does not decrease as much as the genetic variance when moving from high to low yielding 

environments (Bänziger et al., 1997). To improve genetic gains from selection, careful 

management of MSEs is very important to reduce environmental variance and increase 

heritability for stress tolerance plant attributes (Bänziger et al., 2006).  

 

2.7 G x E interaction, grain yield stability, AMMI and GGE biplots 
 

2.7.1 G x E interaction  

 

The performance of a cultivar depends on the genetic structure and the environment where it 

grows (Cooper and Byth, 1996). Environmental factors have a larger effect on quantitative 

traits than on qualitative traits, therefore performance tests of potential cultivars are 

conducted in multiple years and locations (Bernardo, 2002). In addition to genotype and 

environment main effects, performance of cultivars is determined by the G x E interactions, 

which is the differential response of cultivars to environmental changes (Hallauer et al., 1988; 

Crossa et al., 1990; Vargas et al., 1999). G x E interaction can occur due to various biotic and 

abiotic stresses. Different factors such as temperature, season rainfall, season length, within-

season drought, sub-soil pH and socio-economic factors that result in sub-optimal input 

application are among the major causes of G x E interaction in the African maize growing 

environment (Bänziger et al., 2006). Conducting multi-environment trials (METs) is an 

efficient approach to select stable varieties across the different environments. It is also 
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important to note that G x E interactions are complex and when poorly understood, they 

represent a significant impediment to genetic improvement (Basford and Cooper, 1998).  

 

The relative magnitude of G x E provides information regarding the likely area of adaptation 

of a given genotype. It is also useful in determining efficient methods of using time and 

resources in a breeding programme (Ceccarelli, 1989; Kang, 1998). Development of 

genotypes resistant/tolerant to various stresses to which they would likely be exposed might 

minimise G x E interaction (Kang, 1998).  Mid-season drought tolerant genotypes that perform 

well under variable moisture regimes (Chapman et al., 1997; Bogale et al., 2008) and N 

levels (Bänziger et al., 1999b) are expected to give a better yield with increased stability 

across variable growing conditions compared to conventionally developed genotypes.  

 

Large G x E interaction is expected when genotypes are grown under a wide range of 

environments and outside their normal zone of adaptation (Beck et al., 1991). Selection of 

multi-environment sites to sample stresses adequately, where G x E and genotype-by-year 

interaction are major sources of variation, is a crucial step in a successful breeding 

programme (Edmeades et al., 2006). The extent of performance testing depends on the 

magnitude of G x E, which occurs when genotypes differ in their relative performance across 

environments (Bernardo, 2002). Yield trials frequently have both significant main effects and 

significant G x E interaction (Zobel et al., 1988). The existence of G x E interaction 

necessitates breeders to evaluate genotypes in more than one environment to obtain 

repeatable rankings of genotypes (Hallauer et al., 1988). G x E interaction becomes of 

practical significance only when crossover interactions occur (Baker, 1988; Crossa and 

Cornelius, 1997). Crossover interactions occur in evaluation trials when ranks of cultivars 

change across environments (Russel et al., 2003). Trials conducted under stress environments 

usually produce rankings that differ significantly from one trial to another due to the presence 

of G x E interaction and this makes it difficult to choose the best performing genotype 

(Bänziger et al., 2000). 

 

Under varying environments, genotypes that provide high average yields with minimum G x 

E interaction have been gaining importance over increased yields (Ceccarelli, 1989; Gauch 

and Zobel, 1997; Kang, 1998). The analysis of G x E interaction is closely linked with the 

quantitative estimation of phenotypic stability of genotypes over environments (Kang, 1996). 

When significant G x E interactions are present, the effects of genotypes and environments 
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are statistically non-additive, which means that the differences between genotypes depend on 

the environment. Existing G x E interactions may, but will not necessarily lead to different 

rank orders of genotypes in different environments.  

 

Various methods have been used to investigate and better understand the causes and effects 

of G x E interactions (Van Eeuwijk et al., 1996). These methods can be divided into two 

broad categories. The first category involves factorial regression analysis of the G x E matrix 

(i.e. the yield matrix after the environment and genotype main effects are removed) against 

environmental factors, genotypic traits, or combinations thereof (Baril et al., 1995). The 

second category involves the correlation or regression analysis, which relates the genotypic 

and environmental scores, derived from principal component analysis (PCA) of the G x E 

interaction matrix to genotypic and environmental covariates. 

 

2.7.2 Stability analysis  

 

The presence of G x E interaction in METs leads to the need for the analysis of genotype 

stability. Stability has been described in many different ways over the years and there have 

also been different concepts of stability (Lin et al., 1986). Researchers use the terms 

adaptation, phenotypic stability and yield stability in different ways (Becker and Leon, 1988). 

Stability indicates consistency in performance that would mean minimum variation among 

environments for a particular genotype (Chahal and Gosal, 2002). The stability with which a 

plant breeder is concerned implies stability in those aspects of phenotype which are important 

economically, such as grain yield and quality. Such stability may depend on holding some 

aspects of morphology and physiology in a steady state but allowing traits to vary. In this 

way, the desirable varieties will show low G x E interaction for agriculturally important 

characters, especially grain yield, but not necessarily for other characteristics. Two basic 

concepts of phenotypic stability are distinguished: i) the biological concept, and ii) the 

dynamic concept. The biological concept of stability refers to the consistency of performance 

of a genotype over a wide range of environments. This idea of stability is in agreement with 

the concept of homeostasis widely used in genetics. According to Becker and Léon (1988) 

static stability genotypes possess unchanged performance regardless of variation of the 

environments, thus implying that its variance among environments is zero. This type is 

seldom a desired feature of crop cultivars, since no response to improved growing conditions 

would be expected.  
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On the other hand, dynamic stability, also termed as the agronomical concept of stability, 

implies that a stable genotype should always give high yield expected at the level of 

productivity of the respective environments, i.e., a variety with G x E interaction as small as 

possible (Becker, 1981; Dabholkar, 1999). With quantitative traits, the majority of genotypes 

often react similarly to favourable or unfavourable environmental conditions. Becker and 

Léon (1988) stated that all stability procedures based on quantifying G x E interaction effects 

belong to the dynamic stability concept. This includes the procedures for partitioning the G x 

E interactions of Wricke’s (1962) ecovalence and Shukla’s (1972) stability of variance 

procedures which use the regression approach such as those proposed by Finlay and 

Wilkinson (1963), Eberhart and Russel (1966) and Perkins and Jinks (1968), as well as non-

parametric stability statistics. 

 

The statistics, which can be used to identify stable genotypes, are classified into parametric 

and non-parametric approaches. Parametric (empirical and statistical) approach is more 

common and involves relating observed genotypic responses, in terms of yield, to a sample of 

environmental conditions. It is useful when the data are continuous. The non-parametric 

(analytical clustering) approach defines environments and phenotypes in terms of biotic and 

abiotic factors and is useful when the data are discontinuous. Non-parametric data analysis 

has the potential to reduce complex data into intuitive measures of stability. However, the use 

of some elements of both approaches is common in most breeding programmes (Becker and 

Leon, 1988; Ramagosa and Fox, 1993). 

 

Lin et al. (1986) described eight parametric stability statistics: (1) the variance of a genotype 

across environments (Si
2); (2) coefficient of variability (CVi); (3) Plaisted and Peterson’s 

mean variance component of pairwise G x E interaction ( iθ ); (4) Plaisted’s variance 

component for G x E interaction (θ(i));  (5) Wricke’s ecovalence (Wi) ; (6) Shukla’s stability 

variance (σ2
i); (7) Finlay and Wilkinson’s regression coefficient (bi); (8) Eberhart and 

Russell’s deviation parameters (S2
di) (Plaisted and Peterson, 1959; Plaisted, 1960; Wricke, 

1962; Finlay and Wilkinson, 1963; Eberhart and Russel, 1966; Shukla, 1972; Lin et al., 

1986). 

 

According to Becker and Léon (1988) the parametric approach described above gives only 

the individual aspects of the stability but cannot provide an overall picture of the response. 
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The basic reason for this apparent difficulty is that a genotype’s response to environment is 

multivariate yet the multivariate approach tries to transform it into an univariate problem, via 

a stability index. To avoid this problem, a different line of thought has emerged, namely to 

cluster genotypes according to their response structure (i.e. non-parametric method). 

Although the parametric approach to stability is relatively simple, it does not provide 

information for the resolution of any conflicting type I and type II inferences. Under these 

circumstances, quantitative mathematical characterisation should be considered as well as 

qualitative descriptions of genotype, as like or unlike genotypes; i.e. to adopt a non-

parametric clustering procedure (Lin et al., 1986). 

  

2.7.2.1 Description of parametric approaches for stability analysis 

 

A general summary of the response patterns of genotypes to different environments is given 

by the stability analysis. The main type of stability analysis, namely joint linear regression 

(JLR), was first proposed by Yates and Cochran (1938) and then widely used and described 

by many authors (Yates and Cochran, 1938; Finlay and Wilkinson, 1963; Eberhart and 

Russel, 1966; Perkins and Jinks, 1968; Shukla, 1972; Becker and Leon, 1988; Baker, 1988; 

Crossa, 1990). Linear regression models combine additive and multiplicative components and 

thus analyse main effects and their interaction (Zobel et al., 1988). Joint regression analysis 

provides a method of testing a genotype for characteristic linear response to changes in 

environments. This process is done by regression of the genotypic means on an 

environmental index. 

 

2.7.2.1.1 Regression coefficient (bi) and deviation mean square (S2di)    

 

According to Ramagosa and Fox (1993) simple linear regression provides a conceptual model 

for genotypic stability and is the most widely used statistical technique in plant breeding. 

This model is also called the Finlay and Wilkinson (1963) approach. The regression of each 

genotype’s mean yield against the mean yields of an environment is determined and the 

stability range is determined by the main effects multiplied by the regression coefficients of 

genotypes.  

 

The G x E interaction is divided into two segments i) a component due to linear regression 

(bi) of the ith genotype on the environment mean and ii) a deviation (dij) : 
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GEij= biEj + dij    

                           therefore,   Yij= µ + Gi + Ej + (biEj + dij) + eij  

The marginal means of the environments is used as independent variables in the regression 

analysis and the interaction is restricted to multiplicative form. The G x E from analysis of 

variance (ANOVA) is partitioned into heterogeneity of regression and deviations from 

regressions (Becker and Leon, 1988). Different authors used different bi values to define 

genotype stability. Finlay and Wilkinson (1963) defined a genotype with bi = 0 as stable 

(static concept) and Eberhart and Russel (1966) defined a genotype with bi = 1 as stable 

(dynamic concept). Becker and Léon (1988) suggested that ecovalence rather be used, since it 

combines bi and S2di as a stability parameter. Many scientists consider bi as a response 

parameter and S2di as a stability parameter, since additional information on the average 

response of a genotype to favourable environments is given by bi, this is schematically 

presented in Figure 2.1.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1.   Interpretation of the parameters bi and S2di of the regression approach 
                     (Becker and Léon, 1988). 
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Finlay and Wilkinson (1963) determined the regression coefficient by regressing the mean of 

all genotypes on the environmental mean and plotting the obtained genotype regression 

coefficients against the genotype mean yields. The pattern of genotype stability when 

genotype regression coefficient is plotted against genotype mean yield, is illustrated in Figure 
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2.2.  According to Finlay and Wilkinson (1963), a genotype with a bi value less than 1.0 has 

above average stability and is especially adaptable to low-performing environments and if it 

is greater than 1.0 the genotype has below average stability and is especially adaptable to 

high performing environments. Whereas, a genotype with bi value equals to 1.0 is adapted to 

the widest range of environments or an indication of its average stability. When this value is 

associated with high mean yield it indicates a genotype’s good general adaptability; and when 

it is associated with low mean yield it shows the genotype’s poor adaptability to all 

environments (Fig. 2.2). Hence, in most cases the deviation from regression (S2
di) is taken as 

a parameter for stability rather than bi which is more about responsiveness of genotypes 

(Eberhart and Russell, 1966; Becker and Léon, 1988).  

 

 
Figure 2.2  A generalised interpretation of the genotypic pattern obtained from genotypic 

regression coefficients plotted against genotypic mean, adapted from Finlay 

and Wilkinson (1963). 

 
The deviation sums of squares are the sums of variance due to deviation from regression 

divided by (S-2) and subtracting pooled error mean square, where S stands for the number of 

locations for each variety (Eberhart and Russel, 1966). Therefore, varieties which have a less 

predictable response for a given set of environments, have a probability of a F value close to 

zero and will deviate significantly from linearity. 



 

37 
 

 

 [ ]2222 ...)()1(...)(
2

1
XXEbXXXXE

S
dS jjijiijji −−−+−−

−
=  

Although many authors and breeders used the regression approach, simultaneous studies 

emphasised the limitations, biologically and statistically (Freeman and Perkins, 1971; 

Westcott, 1986). There are statistical limitations: firstly the genotype’s mean and marginal 

means of the environments are not independent from one another. This problem may be 

overcome if a large number of genotypes are used (Freeman and Perkins, 1971). Secondly, 

errors associated with the slopes of the genotypes are not statistically independent (Crossa, 

1990) and thirdly, this method assumes a linear relationship between interaction and 

environmental means, which is not always the case and results may be misleading (Westcott, 

1986).  

 

Biologically the limitation seems to be in the case where only a few low or high yielding sites 

are included in the analysis and the genotype’s position in the range is mostly determined by 

its performance in a few extreme environments (Westcott, 1986; Crossa, 1990). 

 

2.7.2.1.2 Ecovalence (Wi) 

 

Wricke (1962) proposed using the contribution of each genotype to the G x E interaction sum 

of squares as a stability measure and defined this concept of statistics as ecovalence (Wi). 

Ecovalence is simple to calculate and it is expressed as: 

 

  Wi = 2
..... ...)( YYYYr jiij

j
+−−Σ  

 

where, Yij is the mean performance of genotype i in the j th environment and Yi. and Y.j. are 

the genotype and environment mean deviations respectively, and Y ... is the overall mean. 

For this reason, genotypes with a low Wi value have smaller deviations from the overall mean 

across environments and are thus more stable (Wricke, 1962). According to Becker and Léon 

(1988) ecovalence measures the contribution of a genotype to the G x E interaction; a 

genotype with zero ecovalence is regarded as stable. According to the meaning of the 

ecovalence, this stable genotype possesses a high ecovalence (low values of Wi = high 

ecovalence).  
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Becker and Léon (1988) illustrated (Fig. 2.3) ecovalence by using a numerical example of 

plot yields of genotypes i in various environments against the respective mean of 

environments.  
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  Figure 2.3.  Graphical representation of G x E interactions:  the stability 

statistics ecovalence (Wi) is the sum of squares of deviations  
from the upper straight line (Becker and Léon,1988). 
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The lower straight line estimates the average yield of all genotypes simply using information 

about the general mean (µ) and the environmental effects (Ej), while the upper line takes into 

account the genotype effect (Gi) and therefore estimates the yield of genotypes i. Deviations 

of yield from the upper straight line are the G x E interaction effects of genotype i and are 

summed and squared across environments and constitutes ecovalence.  

 

2.7.2.1.3  Shukla’s stability variance parameter (σ2) 

 
According to Shukla (1972), stability variance of genotype i is its variance across 

environments after the main effects of environmental means have been removed. Since the 

genotype main effect is constant, the stability variance is thus based on the residual (GEij+ e ij) 
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matrix in a two way classification. Shukla (1972) termed this stability statistic as “stability 

variance” (σ2) and is calculated as follows: 

      
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where Yij is the mean yield of the ith genotype in the jth environment, jY. is the mean of all 

genotypes in jth environments and ..Y  is the mean of all genotypes in all environments. For a 

genotype to be classified as stable, its stability variance (σ2) should be equal to the 

environmental variance 2
eσ which means that 02 =iσ . Larger value of )( 2

iσ will thus indicate 

greater instability of genotype i. As the stability variance is the difference between two sums 

of squares, it can be negative, but negative estimates of variance are not uncommon in 

variance component analysis. Negative estimates of  )( 2
iσ may be equated to zero as usual 

(Shukla, 1972). Homogeneity of variance estimates can be tested using Shukla’s (1972) 

approximate test (Lin et al., 1986). The stability variance is a linear combination of the 

ecovalence, and therefore both Wi and )( 2
iσ are equivalent for ranking purposes (Wricke and 

Weber, 1980).   

 

2.7.2.1.4 Cultivar performance measure   

 

Lin and Binns (1988) defined the superiority measure (Pi) of the i th genotype as the mean 

square of distance between the i th genotype and the genotype with the maximum response as: 
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where Yij is the average response of the i th genotype in the jth environment, Yi. is the mean 

deviation of genotype i, Mj is the genotype with maximum response among all the genotypes 

in the jth locations, and n is the number of locations. The smaller the value of Pi, the less its 

distance to the genotype with maximum yield and a better the genotype (Lin and Binns, 

1988). A pairwise G x E interaction mean square between the maximum and each genotype is 

also calculated and it is similar to the method used by Plaisted and Peterson (1959), except 

that a) the stability statistics are based on both the average genotypic effects and G x E 
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interaction effects and b) each genotype is compared only with the one maximum response at 

each environment (Crossa, 1990). 

 

2.7.2.2 Cross over interactions and non-parametric techniques for stability analysis 

 

Lin and his colleagues (1986) explained this approach as the grouping of genotypes 

according to their similarity of response to a range of environments. These interactions may 

(not necessarily), result in different rank orders of genotypes in different environments. 

Crossover or qualitative interactions are more important in agricultural production than non-

crossover or quantitative interactions (Baker, 1988; Crossa, 1990). 

 

If a breeder is only interested in the existence of rank order differences over different 

environments, the non-parametric statistics for G x E interactions based on ranks provide a 

useful alternative to parametric statistics approaches currently used, which are based on 

absolute data. In these cases, the relative characteristics and comparisons of the genotypes are 

more important than absolute characterisation and comparisons. Other advantages are that the 

non-parametric measures are expected to be less sensitive to errors of measurement than 

parametric estimates and the addition or deletion of one or a few observations is not likely to 

cause great variation in the estimate as would be expected for parametric stability statistics 

(Nassar and Huehn, 1987). Huehn (1990) also indicated as advantages of non-parametric over 

the parametric statistics, the reduction or avoidance of the bias caused by outliers, and the 

fact that assumptions are not needed on the distribution of the phenotypic values and for 

many applications (e.g. selection in plant breeding and testing programme) the rank orders of 

the genotypes are the most essential information. It was therefore concluded that this method 

appeared to be the most relevant measure. However, the use of any of the stability parameters 

(parametric or non-parametric), understanding of the relationship and differences underlying 

the different stability parameters, the consistent relationships among the parameters and their 

repeatability are important for the efficient use of the methods in practical situations (Huehn, 

1990).     

 

According to Ramagosa and Fox (1993), analysis of ranks (stratified ranking) evaluates the 

proportion of sites where any genotype ranks in the top, middle or bottom third of the entries. 

A genotype found in the top third of the entries across sites may be considered as relatively 

well adapted. A genotype ‘i’  is stable over environments if its ranks are the same over 



 

41 
 

environments. These measures of stability define it in the sense of homeostasis or ability of 

genotype to stabilise itself in different environments (Huehn, 1990). The similarity of two 

rankings in any two environments can be estimated by Spearman’s rank correlation 

coefficient. Any two environments in which ranking of tested genotypes remains the same 

can be used for selection purposes, even if their overall yield levels are substantially different. 

 

 
2.7.3 Additive main effects and multiplicative interactive method (AMMI) 

 

Zobel et al. (1988) explained the limitations of the classical stability models. Accordingly, 

ANOVA falls short to detect a significant interaction component. Under PCA the significant 

genotype and environment main effects are not identified and linear regression models 

account for only a small portion of the interaction sum of squares. However, AMMI analysis 

reveals a highly significant interaction component that has a clear agronomic meaning and it 

has no specific design requirements, except for a two-way data structure.  

 

The AMMI method is used for three main purposes. The first is model diagnoses. AMMI is 

more appropriate in the initial statistical analysis of yield trials, because it provides an 

analytical tool for diagnosing other models as sub cases when these are better for particular 

data sets (Gauch, 1988). Secondly, AMMI clarifies the G x E interaction and it summarises 

patterns and relationships of genotypes and environments (Zobel et al., 1988; Crossa et al., 

1990). The third use is for improving the accuracy of yield estimates. Gains have been 

obtained in the accuracy of yield estimates that are equivalent to increasing the number of 

replicates by a factor of two to five (Zobel et al., 1988; Crossa, 1990). Such gains may be 

used to reduce testing cost by reducing the number of replications, to include more treatments 

in the experiments or to improve efficiency in selecting the best genotypes. 

 

The AMMI model combines the ANOVA for the genotype and environment main effects 

with PCA of the G x E interaction. It has proven useful for understanding complex G x E 

interactions. The results can be graphed in a useful biplot that shows both main and 

interaction effects for genotypes and environments. AMMI combines ANOVA into a single 

model with additive and multiplicative parameters. The model equation is: 



 

42 
 

            ∑
=

++++=
n

k
ijjkikkjiij eEGY

1

γαλµ  

where Yij is the yield of the ith genotype in the jth environment; µ is the grand mean; Gi and Ei 

are the genotype and environment deviations from the grand mean, respectively; λk is the 

eigenvalue of the PCA axis k;  αik and γjk are the genotype and environment principal 

component scores for axis k; n is the number of principal components retained in the model 

and eij is the error term. 

 

In the ANOVA, the total variation is partitioned into three sources, namely genotypes, 

environment and G x E interactions. In this regard, a review of Purchase (1997) revealed that, 

in most yield trials, the proportion of sum of squares due to differences among sites ranged 

from 80 to 90% and the variation due to G x E interactions is often larger than that of the 

genotypes. Hence, AMMI model can produce biplot graphs, which display the variability of 

genotypes and G x E interactions. 

 

Regarding agricultural problems due to G x E interactions, there exist two basic options, one 

aimed at the genotypes and the other at the environments (Ceccarelli, 1989; Simmonds, 1991; 

Zavala-Garcia et al., 1992). The first option is to select a high yielding, widely adapted 

genotype that is outstanding throughout the growing region of interest. The second option 

which is particularly relevant when the first fails, is to sub-divide the growing region into 

several relatively homogeneous macro-environments (with little interaction within each 

macro-environment) and then breed and recommend varieties for each.  

 

The advantages of the AMMI model or its variants are that they use overall fitting, impose no 

restrictions on the multiplicative terms and result in least square fit (Freeman, 1990). Within 

limits, any model may be expected to fit the data from which it was derived. However, the 

AMMI model has a good chance of being able to predict the performance of cultivars in 

similar sites and future years (Gauch, 1988).  

 

The PCA of AMMI partitions G x E interactions into several orthogonal axes, the interaction 

principal component analyses (IPCA). Gauch and Zobel (1996) showed that AMMI 1 with 

IPCA 1 and AMMI 2 with IPCA 1 and IPCA 2 are usually selected and the graphical 

representation of axes, either as IPCA 1 or IPCA 2 against main effects or IPCA 1 against 
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IPCA 2 is generally informative. When AMMI 3 and higher models are presented for 

agricultural data, the third and higher IPCA axes are dominated by noise and have no 

predictive value (Van Eeuwijk, 1995).  

 

Since AMMI has the biplot feature, genotypes and environments are plotted on the same 

diagram, facilitating inference about specific interactions of individual genotypes and 

environments by using the sign and magnitude of PCA 1 values. Any genotype with a PCA 1 

value close to zero shows general adaptation to the tested environment. A large genotypic 

PCA 1 scores reflects more specific adaptation to environments with PCA 1 score of the 

same sign. AMMI provides a better biological explanation of G x E than the regression model 

and it has been found useful when applied to across years analyses with a higher element of 

unpredictability (Crossa et al., 1990; Yau, 1995; Gauch and Zobel, 1996; Annicchiarico, 

1997). 

 

The combination of ANOVA and PCA in the AMMI model, along with prediction 

assessment, is a valuable approach for understanding G x E interaction and obtaining better 

yield estimates. The interaction is explained in the form of a biplot display where PCA scores 

are plotted against each other and it provides visual inspection and interpretation of the G x E 

interaction components. Integrating biplot display and genotypic stability statistics allows 

genotypes to be grouped based on similarity of performance across diverse environments 

(Tsige, 2002).  

 

Like every other model, AMMI has its weaknesses. The nature of the residuals after fitting 

the additive main effects inevitably produces the appearance of multiplicative effects. 

Consequently the sum of square for fitting the multiplicative term, which may be read 

directly from the latent root proportions of explained variation, will tend to be much larger 

than the expected value. Therefore, it is not possible to recommend a single model to be used 

at all times, because these models, depending on the type of data and research purposes, can 

be complimentary rather than being competitive to each other. However, various studies 

indicate that, depending on the quality of the data, the different methods applied to an 

experiment will lead to similar conclusions (Baril et al., 1995).  

 

Maideni et al. (2004) characterised maize testing environments in the Southern African 

Development Community (SADC) region and identified six groups based on consistent G x E 
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interactions across years and trials. They reported that drought and low N managed 

environments were each located in different categories. Long term climatic conditions and 

crop management affect site similarity but not national boundaries, demonstrating a scientific 

rationale for regional development and deployment of maize varieties. Mosisa and Habtamu 

(2008) studied the G x E interaction and stability of 20 genotypes at nine locations in 

Ethiopia for two years and identified cultivars with stable and specific adaptation. Bogale et 

al (2008) analysed G x E interaction of 28 drought tolerant maize hybrids along with two 

standard checks across 12 drought stressed and non-stressed environments. Based on specific 

adaptation, they successfully categorised the hybrids into four groups using the AMMI 

model.  

 

Vasal et al. (1993a) evaluated diallel crosses of 10 QPM populations across locations and 

reported highly significant G x E interaction for grain yield, time to silk, plant height, and 

endosperm hardness. Pixley and Bjarnason (2002) evaluated stability of grain yield, 

endosperm modification and protein quality of hybrid and open pollinated QPM cultivars and 

reported high stability of open pollinated cultivars followed by double crosses, three-way- 

and single cross progeny, successively. They observed the reverse trend for endosperm 

modification score and suggested that more homogenous cultivars have greater stability for 

this trait. Glover et al. (2005) evaluated diallel crosses among Chinese and US germplasm 

and observed significant G x E interaction effects for grain yield, stalk lodging, ear height 

and days to silking. 

 

2.7.4 GGE biplot and mega-environment analysis    

 
Phenotypic expression of an organism is a function of its genotype (G), the surrounding 

environment (E) and the interaction between the two (G x E). The presence of significant G x 

E interactions challenges the process of selecting genotypes with higher performance. As a 

result, METs are broadly used to assess the suitability of genotypes for target environments 

(DeLacy et al., 1996). Numerous methods have been developed to reveal patterns of G x E 

interaction as discussed in the previous sections. Genotype plus Genotype x Environment 

(GGE) biplot analysis was developed to allow the use of some of the functions of these 

methods jointly. In total phenotypic variation, environment explains most of the variation and 

genotype and the interaction GE are usually small (Yan, 2002). However, only the G and G x 
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E interaction are relevant to cultivar evaluation, particularly when G x E interaction is 

identified as repeatable (Hammer and Cooper, 1996). 

 

The term "GGE biplot" was first used by Yan and co-workers (Yan et al., 2000). It refers to a 

biplot as developed by Gabriel (1971) that displays the G plus GE of genotype-by-

environment data. The key property of a GGE biplot is that it is based on environment-

centred data, with the environment (tester) main effects (E) removed, and the genotype main 

effect (G) and the genotype by environment interaction (GE) retained and combined. 

Therefore, a biplot based on environment-centred data contains only G+GE, shortened as 

GGE (Yan et al., 2000; Yan, 2001).  

 

GGE biplot is a data visualisation tool, which graphically shows a G x E interaction in a two 

way table (Yan et al., 2000). The analysis of GGE biplots is useful for: 1) mega-environment 

identification (e.g. “which-won-where” pattern), that facilitates the identification of specific 

genotypes for their mega-environment 2) evaluation of genotype performance and 3) 

environmental evaluation (the power to discriminate among genotypes in target 

environments) (Yan and Kang, 2003; Yan and Tinker, 2006). The construction of a GGE-

biplot is based on the first two principal components (PC1 and PC2, also referred to as 

primary and secondary effects, respectively) derived from subjecting environment-centred 

yield data, i.e. the yield variation due to GGE, to singular value decomposition. It is used to 

identify some of the least discriminating locations and representative test locations (Yan et 

al., 2007).  

 

The difference between this method and AMMI analysis is that GGE biplot analysis is based 

on environment-centred PCA, whereas AMMI analysis is referred to as double centred PCA. 

The GGE model allows more functions and visualisation than AMMI and removes the impact 

of the environment main effect (E), allowing the breeder to focus on G and G x E, as only G 

and G x E interaction are very relevant to cultivar evaluation (Ding et al., 2007). The two 

sources of variation in the sites regression model (SREG) analysis of GGE are G and G x E. 

Samonte et al. (2005) considered the AMMI model best for: 1) estimating the magnitude and 

significance of the effects of G x E interaction and its principal components relative to G and 

E; 2) estimating the stability and adaptability of specific genotypes by plotting yield versus 

environment; 3) identifying mega-environments (environments with overlapping highest 
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yielding genotypes); and 4) identifying appropriate check genotypes for all locations as well 

as for specific locations. On the other hand the GGE biplot SREG analysis is best for:  

1) illustrating the relative yield performance of genotypes at specific environments; 2) 

comparing performance of a genotype at different environments; 3) identifying the highest 

yielding genotypes at the different mega-environments; and 4) identifying ideal genotypes 

and test locations (Samonte et al., 2005). 

 

The presence of biophysical and socioeconomic factors has an influence on the priority 

objectives of agricultural research. Agricultural production environments vary in terms of 

climate, soil, input use and consumer and producer preferences, among others. Hence, 

effective agricultural intervention programmes – like input supply, agronomic practices– 

should consider the importance of these factors. Development and deployment of cultivars 

for different mega-environments is the ultimate purpose of G x E interaction analysis (Yan et 

al., 2007). A mega-environment is defined as a group of locations that consistently share the 

same best cultivar(s) (Yan and Rajcan, 2002). This definition involves several essential 

elements: 

 

1)   mega-environments are defined by different winning cultivars, noting that different 

genotypes can be equally adapted to the same mega-environment and that a mega-

environment may need different types of genotypes to stabilise the overall 

production; 

2)    mega-environment is a concept of geographical locations; and 

3)    cultivar x location interaction pattern should be repeatable across years. 

 

All three aspects are essential for the classification of environments into different mega-

environments. According to CIMMYT, a mega-environment is "a broad, not necessarily 

contiguous area, occurring in more than one country and frequently transcontinental, 

characterised by similar biotic and abiotic stresses, cropping systems, consumer preferences 

and for convenience, by volume of production" (Hartkamp et al., 2000). 

 

The idea of mega-environments was originally proposed to help crop breeders utilise the 

presence of significant G x E interaction in the recommendation of varieties to specific 

environments. In the late 1980s and early 1990s, mega-environment analysis was an 

important condition in strategic planning, resource allocation and conduct of collaborative 
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research world-wide (CIMMYT, 1989). Since then, the concept has also been applied to the 

design and testing of new crop management practices (Sayre and Ramos, 1997) and other 

products of research. Mega-environment analysis also facilitates germplasm exchange among 

breeders, depending on the similarity of the target environments (Setimela et al., 2005; 2007). 

 

Hartkamp et al. (2000) summarised the advantages of characterising global maize growing 

mega-environments as 1) priority setting and resource allocation by research managers; 2) 

directing efforts of scientists to relevant products; i.e., those most urgently needed for the 

most important mega-environments; 3) testing of the right type of germplasm in the 

appropriate environments which also helps to reduce the number of testing sites; 4) 

enhancing germplasm exchange among national research programmes and other partners 

based on their needs for target environments. Fig. 2.4 shows the classification of maize 

growing mega-environments of SSA based on the agro-climatic conditions of the countries. 

The dark and light green areas in each country are considered to be high potential 

environments for maize production. 
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 Figure 2.4 Maize mega-environments map of SSA (Setimela et al., 2005)
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CHAPTER 3 

 
Parametric and non-parametric approaches for the assessment of G x E interaction and 

grain yield stability of QPM single cross hybrids under stress and non-stress 

environments 

 
 

3. 1 Abstract  
 

Quality protein maize (QPM) is nutritionally enhanced maize which helps to curb protein 
malnutrition and infant mortality in communities where maize is a dietary staple. Improved 
QPM genotypes have to perform better or comparable in yield and be relatively stable across 
environments to be adopted by farmers. The objective of this study was to evaluate the extent 
of G x E interaction and grain yield stability of the QPM single cross hybrids across stress 
and non-stress environments and to compare the level of association among the different 
stability parameters in identifying stable genotypes. Ninety six QPM hybrids, including a 
normal endosperm maize check, were evaluated in 8 x 12 alpha-lattice design with two 
replicates in 15 stress and non-stress environments of eastern and southern Africa (ESA) 
during the 2010 and 2011 growing seasons. Nine parametric and non-parametric stability 
models were used to analyse stability. The ANOVA for the single and combined environments 
showed a highly significant (P < 0.001) variation among the genotypes. From the combined 
ANOVA, environments contributed the highest percentage of the total sum of squares mainly 
due to the inclusion of extreme (stress) environments in the analysis. The mean grain yield 
under optimum conditions was 5.24 t ha-1 and genotypes under low nitrogen (N) stress 
yielded an average of 35% and under drought 38% of grain yields obtained under optimum 
conditions. Mean yield and Linn and Binn’s cultivar superiority measures were found to be 
highly significantly correlated. However the two methods were non-significantly and poorly 
correlated with all the other parameters. Spearman’s rank correlation matrix revealed highly 
significant correlation among Eberhart and Russell’s deviation from regression, Wricke’s 
ecovalence, Shukla’s stability variance with no covariates, Shukla’s stability variance with 
covariates, Nassar and Hühn’s absolute rank difference and variance of ranks and 
Purchase’s AMMI stability value (ASV). Results of the individual location analysis showed 
that entry 52 gave the highest yield (9.12 t ha-1) in 2010 and entry 40 the highest (8.84 t ha-1) 
in 2011 under optimum environments in Zimbabwe and Kenya respectively. Entry 40 ranked 
first based on across environment means (4.57 t ha-1) and entry 80 (3.39 t ha-1) was identified 
as a relatively stable hybrid by the majority of the parameters. This study further established 
the importance of multivariate analysis techniques in a situation where diverse environments 
are included in the analysis of G x E interaction and grain yield stability. 
 

Key words: QPM, G x E interaction, grain yield stability and stability parameters  
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3.2 Introduction 
 

Africa contributes about 20% of the 161 million ha of the maize area and about 8% of maize 

production of the world. Maize in SSA is a dietary staple for millions of small holder farmers 

and accounts for about 53% of the total land allocated to all cereals (FAOSTAT, 2010). By 

the year 2020 the demand for maize consumption in SSA is expected to increase by 93% 

from its level in 1995 while in the world it is projected to increase by 50% (CIMMYT, 2001). 

Although maize is one of the widely cultivated crops in Africa, its share of the global maize 

production is very low, mainly due to low average yield per unit area (Heisey and Edmeades, 

1999; Pingali and Pandey, 2001). 

 

Developing high yielding varieties adapted to more diverse environments is a major objective 

of breeders. However, environmental conditions affect the yield performance of a genotype. 

Hence, genotype performance is a function of the genotype and the nature of the production 

environments (Cooper and Byth, 1996). In addition, performance of a genotype is also 

determined by the G x E interactions, which is a differential response of genotypes to changes 

in environment (Hallauer et al., 1988; Crossa et al., 1990; Vargas et al., 1999). The maize 

growing environment of Africa is characterised by high G x E interaction caused by differing 

temperatures, seasonal rainfalls, soil types, within-season drought and socio-economic factors 

that result in sub-optimal input application (Bänziger et al., 2006). 

     

The presence of G x E interaction and its magnitude in METs provides valuable information 

regarding the adaptation area of a given genotype and helps to determine effective time and 

resource management in a breeding programme (Ceccarelli, 1989; Kang, 1998). Various 

studies indicated that high G x E interaction is expected when genotypes are grown under 

diverse environments and when evaluated outside their normal zone of adaptation (Beck et 

al., 1991). Selection of varieties in diverse environments generally targets genotypes that 

provide relatively high yields with minimum expression of G x E interaction (Ceccarelli, 

1989; Gauch and Zobel, 1997; Kang, 1998). In other words, breeders are interested in 

cultivars with high average yield and which give positive response to improved environments 

(Hallauer et al., 1988). 

 

Various parametric and non-parametric methods have been developed to evaluate the effect 

of G x E interaction and to select stable genotypes from METs. Yates and Cochran (1938) 
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were the first to develop the linear regression model based on the G x E interaction expressed 

as the linear regression coefficient of the genotype on the site mean. This was later used by 

Finlay and Wilkinson (1963) and modified by Eberhart and Russell (1966), who incorporated 

the deviation from regression as a stability parameter.  

 

According to the joint regression model, a stable variety is the one with a high mean yield, 

regression coefficient of one (bi=1) and deviation from regression of zero (S2
di=0) (Eberhart 

and Russel, 1966). In most cases, S2
di is considered as a stability parameter rather than bi 

(Eberhart and Russel, 1966; Becker and Leon, 1988). Wricke (1962) developed a stability 

concept based on the contribution of each genotype to the G x E interaction which is termed 

as ecovalence (Wi). Genotypes with low Wi are considered to be more stable as their deviation 

from the overall mean is small. A genotype with zero ecovalence is regarded as the most 

stable. In another study Shukla (1972) defined the stability variance of genotype i as its 

variance across environments after the main effects of environmental means have been 

removed. According to Shukla (1972) a genotype is considered stable if its stability variance 

(σ2) is equal to the environmental variance 2
eσ  which means that 02 =iσ . A relatively large 

value of 2
iσ  will thus indicate greater instability of genotype.  

 

The AMMI model, which combines the standard ANOVA with PCA (Zobel et al., 1988), was 

used to investigate the agronomic nature of G x E interaction. In order to rank genotypes in 

terms of stability, Purchase (1997) proposed the AMMI stability value (ASV) as follows:  

 

ASV=
22 ]2[)]1(

2
1

[ scoreIPCAscoreIPCA
esSumofSquarIPCA

esSumofSquarIPCA +  

 

AMMI stability value is the distance from zero in a two dimensional scattergram of IPCA1 

(Interaction Principal Component Axis 1) score against IPCA2 scores. Since the IPCA1 score 

contributes more G x E sum of squares, it has to be weighted by the proportional difference 

between IPCA1 and IPCA2 scores to compensate for the relative contribution of IPCA1 and 

IPCA2 to total G x E sum of squares. According to Purchase (1997) genotypes with lower 

values of ASV are considered to be more stable. 
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Besides the numerous parametric methods available, non-parametric methods also provide 

useful information for comparing rank order differences across different environments. 

Several advantages of non-parametric approaches were indicated by Nassar and Huehn 

(1987) who listed, among others, the model as less sensitive to errors such as measurements 

because the method only uses ranks rather than absolute values as in the case of parametric 

methods. Analysis of ranks (stratified ranking) evaluates the proportion of sites where any 

genotype ranks in the top, middle or bottom third of the entries (Ramagosa and Fox, 1993). A 

genotype found in the top third of the entries across sites can be considered relatively well 

adapted. A genotype ‘i’  is stable over environments if it ranks the same over environments.   

 

However, Huehn (1990) suggested that for an efficient use of stability estimation techniques 

in practical applications, knowledge of the following aspects is essential: relations between 

different statistical measures of phenotypic stability (parametric and non-parametric); 

consistency of relationships among stability parameters; and repeatability of stability 

parameters.  

 

Several researchers have reported significant G x E interaction and stability of QPM 

genotypes (Vasal et al., 1993a; 1993b; Pixley and Bjarnason, 1993; 2002; Glover et al., 2005; 

Gissa, 2008). However, no information is available on the G x E interaction and grain yield 

stability patterns of the hybrids included in this study. Hence, the objectives of this study 

were to evaluate the extent of G x E interaction and grain yield stability of the QPM single 

cross hybrids across stress and non-stress environments and to compare the level of 

association among the different stability parameters in identifying stable genotypes. 

 

3.3 Materials and methods 

 

Germplasm    

Fourteen advanced CIMMYT QPM inbred lines with tropical adaptation, early to medium 

maturity and white grain colour, were crossed using the diallel mating design at the Kenyan 

agricultural research institute (KARI) and CIMMYT maize drought stress screening site in 

Kiboko - Kenya. The nursery was planted in July 2009. Ninety one cross combinations were 

made and the seeds of the reciprocal crosses were bulked. Four QPM and normal endosperm 

maize hybrids were included as checks making the total number of entries 96. The QPM 

parents were derived from a drought tolerant QPM source population using the pedigree 
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breeding method. The parental lines showed good combining ability and agronomic 

performance under drought environments of ESA. Generally, the plant materials were 

adapted to tropical environments and had a high level of tryptophan in the endosperm. The 

characteristics and pedigrees of the parents are presented in Table 3.1. 

 

Description of the trial sites and field management  

 

The 96 QPM hybrids and checks were evaluated in a total of 15 environments during the 

2010 and 2011 cropping seasons. In Ethiopia the trials were conducted at Bako, Melkassa and 

Awassa. At Bako the QPM hybrids were tested under low N stress coded as BAKLN and 

under optimum management coded as BAKOP. At Melkassa and Awassa the trials were 

evaluated under optimum management and are coded as MLKOP and AWAOP, respectively. 

In Kenya, the trials were conducted in two optimum management fields at Embu (EMBOP) 

and Kakamega (KAKOP) and in a managed drought stress field at Kiboko (KBODT). In 

Zimbabwe the trials were conducted at research stations of Harare-CIMMYT and Ratray-

Arnold, and at Chiredzi and Chisumbanje experimental sites. The trials at Harare were 

conducted under low-N stress in 2010 (HRELN1) and 2011 (HRELN2). Two trials were also 

conducted (HREOP1 and HREOP2) under optimum conditions in 2010 and 2011, 

respectively. Another trial was also conducted at the Rattray-Arnold research station 

(RATOP) under optimum conditions. At Chiredzi and Chisumbanje all the trials were 

evaluated under managed drought stress environments and coded as CHIDT1 and CHIDT2 

(Chiredzi trials during 2010 and 2011 respectively) and CHSDT (Chisumbanje).  

 

The optimum trials at Awassa, Bako and Kakamega as well as the low N trials at Harare had 

single row plots while the other trials had two row plots per entry. All the managed drought 

trials were grown in the dry season, allowing the control of drought stress intensity by 

withdrawing or delaying irrigation for varying lengths of time during the flowering and grain 

filling stages of the maize plants (Edmeades et al., 1999). At Chiredzi and Chisumbanje, 

drought stress was achieved by applying a total of 220 mm irrigation water during the first 50 

days from planting. This regime caused severe drought stress at flowering and grain filling. 

The trials at Kiboko were irrigated from planting until two weeks before anthesis after which 

watering was withheld until 15 days after anthesis when additional irrigation was applied to 

prevent zero-yield (Bänziger et al., 2000). All essential measures were taken to make 
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irrigation water and stress level uniform and blocks were protected from irrigation water from 

neighbouring blocks, leaking pipes or wind drift.  

 

The low N stress was achieved by continuously cropping maize for a minimum of five years 

without applying N. Optimum N conditions were maintained by applying the recommended 

N rate for the respective locations, followed by crop rotation and residue incorporation. All 

agronomic practices followed the recommendations for the trial sites. Details on the 

description of the experimental environments is presented in Table 3.2 and illustrated in 

Figure 3.1. 
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Table 3.1 List of the parental QPM inbred lines and their major characteristics   

Parent Pedigree Origin and characteristics  
      

1 CML205/CML144//CML159//POOL15QPMSR-B-68-B-B-B-B-B KB09A-0A69-1, good combiner,  DT-tolerant 

2 CML212/CML144//CML159//POOL15QPMSR-B-41-B-B-B-B-B KB09A-0A69-2, good combiner,  DT-tolerant 

3 CML312/CML144//CML159//POOL15QPMSR-B-59-B-8-B-B-B KB09A-0A69-4, good combiner,  DT-tolerant 

4 CML445/CML144//CML159//POOL15QPMSR-B-1-B-B-B-B-B KB09A-0A69-6, good combiner,  DT-tolerant 

5 CML445/CML144//CML159//POOL15QPMSR-B-30-B-B-B-B-B KB09A-0A69-7, good combiner, DT-tolerant  

6 CML445/CML144//CML159//POOL15QPMSR-B-5-B-B-B-B-B KB09A-0A69-8, good combiner,  DT-tolerant 

7 ECA-EE-DLN-PL1 - 1/PL15QPMC7SRC1F2//POOL15QPMSR-B-18-B-B-B-B-B KB09A-0A69-9, good combiner,  DT-tolerant 

8 ECA-MOROSR(BC1)F2-4-ECAVEE4/PL15QPMC7SRC1F2//POOL15QPMSR-B-115-B-3-B-B-B KB09A-0A69-10, good combiner,  DT-tolerant 

9 ECA-MOROSR(BC1)F2-7-ECAVEE7/PL15QPMC7SRC1F2//POOL15QPMSR-B-35-B-B-B-B-B KB09A-0A69-11, good combiner,  DT-tolerant 

10 ECA-MOROSR(BC1)F2-5-ECAVEE5/PL15QPMC7SRC1F2//POOL15QPMSR-B-58-B-B-B-B-B KB09A-0A69-12,  early maturing, MSV- resistant 

11 LLSYNTH1/PL15QPMC7SRC1F2//POOL15QPMSR-B-17-B-B-B-B-B KB09A-0A69-14, medium maturing, MSV- resistant 

12 Pool15QPMFS756-B-4-B-#-B-B-B-B-B-B KB09A-0A69-15, drought tolerant, good combiner 

13 Pool15QPMFS440-B-4-B-#-B-B-B-B-B-B KB09A-0A69-16,  drought tolerant  

14 Pool15QPMFS309-B-1-B-B-B-B-B-B-B KB09A-0A69-17 , drought tolerant 
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Table 3.2 Description of the environments used for the evaluation of the QPM hybrids   
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Location Country Year Latitude Longitude Altitude 
Rain fall 
(mm) 

Type of 
Environment 

Code 
Plot size 
(m x m) 

Density 
(plants  ha-1) 

Awassa Ethiopia 2011 70 08’N 38048’E 1700 1100 Optimum AWAOP 5.0 x 0.75 53,333 

Bako Ethiopia 2010 9006’N 37009’E 1650 1245 Optimum BAKOP 4.8 x 0.75 44,444 

Bako Ethiopia 2010 9006’N 37009’E 1650 1245 Low-N BAKLN 4.8 x 1.50 44,444 

Melkassa Ethiopia 2011 80 24’N 39021’E 1550 680 Optimum MLKOP 4.0 x 1.50 53,333 

Embu Kenya 2011 00 30’S 37027’E 1502 1200 Optimum EMBOP 5.0 x 1.50 53,333 

Kakamega Kenya 2011 00 17’N 34045’E 1585 1850 Optimum KAKOP 5.0 x 0.75 53,333 

Kiboko Kenya 2011 20 10’N 37040’E 975 680 Drought  KBODT 4.0 x 1.50 53,333 

Harare Zimbabwe 2010 170 49’S 310 1’E 1489 890 Optimum HREOP1 4.0 x 1.50 53,333 

Harare Zimbabwe 2010 170 49’S 310 1’E 1489 890 Low-N HRELN1 4.0 x 0.75 53,333 

Harare Zimbabwe 2011 170 49’S 310 1’E 1489 890 Optimum HREOP2 4.0 x 1.50 53,333 

Harare Zimbabwe 2011 170 49’S 310 1’E 1489 890 Low-N HRELN2 4.0 x 1.50 53,333 

RARS Zimbabwe 2010 170 16’S 310 03’E 1341 865 Optimum RATOP 4.0 x 1.50 53,333 

Chiredzi Zimbabwe 2010 210 02’S 310 58’E 433 450 Drought CHIDT1 4.0 x 1.50 53,333 

Chiredzi  Zimbabwe  2011 210 02’S 310 58’E 433 450 Drought CHIDT2 4.0 x 1.50 53,333 

Chisumbaje Zimbabwe 2011 200 48’S 320 14’E 415 420 Drought CHSDT 4.0 x 1.50 53,333 
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Figure 3.1 Experimental sites of the study in ESA 



 

79 
 

Experimental design and statistical analysis 

 

The 96 hybrids (91 F1s and five checks) were planted in a 8 x 12 alpha-lattice design 

(Patterson and Williams, 1976) with two replicates at each test site. Analysis of variance for 

grain yield of each environment was conducted with the PROC MIXED procedure in SAS 

(2003). The effects of the genotypes, locations and years as well as their first and second 

order interactions were determined from the ANOVA. Genotypes were assumed to be fixed, 

while year and location effects, replications and blocks within replications were considered as 

random. The following analyses were performed to test the significance level of grain yield 

of the genotypes, locations and their interactions: 

• Separate trial analysis for each location and year was done for the 15 separate trials 

planted across the different maize growing environments for the years 2010-2011. 

• Separate analysis for the different environments viz. drought stress, low N stress and 

optimum management.   

• The combined analyses of the trials (across years and locations) were done in order to 

determine differences between genotypes across environments and also to examine 

differences among the different environments. 

 

Where G x E interaction means squares were significant, the QPM hybrids were evaluated for 

their grain yield stability across the different environments. The stability analyses were 

conducted using Agrobase Generation II SQL (Agronomix, 2011). The following models 

were used to analyse stability:  

• Lin and Binns cultivar superiority measure (Pi), (Lin and Binns, 1988) 

• Joint linear regression model (bi and S2di) (Finlay and Wilkinson, 1963; Eberhart 

and Russel, 1966) 

• Wricke’s ecovalence (Wi), (Wricke, 1962) 

• Shukla’s stability variance (σ2) (Shukla, 1972) 

• Nassar and Huehn’s non-parametric measure (Nassar and Huehn, 1987) 

• The AMMI stability value (ASV) (Purchase, 1997)  

 

Spearman’s coefficient of rank correlation (rs) was employed (Steel and Torrie, 1980) to 

compare the stability procedures. The correlation assumption is that n genotypes are arranged 

in the same chronological order to two stability parameters, Xi indicates the ranking order (or 
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ranking number) of the ith genotype for the first parameter, Yi , indicates the ranking number 

of the ith genotype of the second parameter, then di = Xi  - Yi  (i= 1,2,...n) and Spearman’s rank 

correlation coefficient (rs) described as: 

)1(

6
2

2

−
= ∑

nn

d
r i

s     

The correlation of the parameters and the significance levels were determined by using NCSS 

software (Hintze, 2001).   

 

3.4 Results and discussion   
 

3.4.1 Individual environment analysis  
 

Trial season 2010 
 

The analysis of variance of the trials conducted under stress and non-stress (optimum) 

environments in Ethiopia and Zimbabwe showed highly significant (P≤ 0.01) mean squares 

for entries across the environments. The percentage contribution of the entries sum of squares 

to the total variation was above 50% in most of the environments. However, the contribution 

of the entries to the total variation was 18.21% at HREOP1 and 48.49% at CHIDT1 which 

was an indication of the effect of environmental factors on the trials. BAKOP was among the 

sites where entries contributed the highest percentage (72%) to the total variation (Table 3.3).   

 

In Table 3.4 results of grain yield performance of the top 25 of the 96 QPM hybrids is 

presented, including a non-QPM check (entry 96) tested across different environments during 

2010. The complete results are presented in Appendix 1. Under optimum environments, 

entries 96, 52 and 46 were the highest yielders at BKOPT, HREOP and RATOP, yielding 

9.28 t ha-1, 9.12 t ha-1 and 6.10 t ha-1 respectively. Entries 15, 23 and 40 out yielded the rest in 

the stress environments by yielding 4. 93 t ha-1, 4.77 t ha-1 and 2.32 t ha-1 at BKOLN, 

CHIDT1 and HRELN1 respectively. At HRELN1, entries 16 and 96 were among the top 

yielders performing similarly with entry 40. During this season, the highest yields were 

recorded at BKOPT under the non-stress environments and at BKOLN under the stress 

environments. However, the general mean performance for the 96 entries was better at 

HREOP1 (6.45 t ha-1) for the non-stress and at BKOLN (3.18 t ha-1) for the stress 

environments (Table 3.4).  
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Trial season 2011 

 

Results of trials conducted in 2011 in nine environments (four stress and five optimum) in 

Ethiopia, Kenya and Zimbabwe showed that the variation among the entries was highly 

significant (P≤ 0.01) across the environments except for CHIDT2 that was significant (Table 

3.5). The percentage contribution of the entries to the total sums of squares was highest at 

HREOP2 and KAKOP followed by MLKOP and KBODT. However, the percentage sum of 

squares for the entries was lowest at CHSDT which could be an indication of the influence of 

environmental factors that contributed to the variability apart from the entries. The block 

effects were high at CHSDT and AWAOP and low or insignificant at HREOP2. Generally 

the coefficients of variation (CV) for the stress environments were relatively high compared 

to the optimum environments. The trial at AWAOP had a higher CV compared to the other 

optimum environments probably due to the erratic nature of rainfall during the season (Table 

3.5).  

      

Entry 37 was the highest yielding QPM hybrid under the optimum environments at HREOP2 

and AWAOP and was ranked second at EMBOP, yielding 8.68 t ha-1, 7.62 t ha-1 and 8.32 t 

ha-1 respectively (Table 3.6). The highest QPM yield in the optimum environments was 

recorded at EMBOP for entry 40 with an average yield of 8.84 t ha-1. Entries 41 and 42 were 

also the best performing QPM hybrids at MLKOP and KAKOP with an average grain yield 

of 7.06 t ha-1 and 6.64 t ha-1 respectively. Under the stress environments neither of the 

hybrids showed repeatable performance across the environments except entry 22 which was 

the highest yielding at KBODT and number three at HRELN2 yielding 4.66 t ha-1 and 1.82 t 

ha-1 respectively. Entries 31, 51 and 94 were the highest yielders at CHSDT, HRELN2 and 

CHIDT2 with an average grain yield of 2.44 t ha-1, 2.16 t ha-1 and 2.02 t ha-1 respectively. 

The performance of the entries was high at HREOP2 (6.12 t ha-1) and low at AWAOP (4.30 t 

ha-1) under the optimum environments. However, the general performance of the 96 entries in 

the stress environments was high at KBODT (4.42 t ha-1) and it was low at HRELN2 (0.97 t 

ha-1). Generally the performance of the entries under the optimum environments was better 

than the previous season. However, the entries performed poorer under the stress 

environments when compared to the previous year. The results of the grain yield performance 

of the top 25 entries across the different environments during 2011 are presented in Table 3.6 

while the complete results are presented in Appendix 2. 
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Table 3.3  Mean squares from analysis of variance and percentage contribution of variance components for grain yield of 96 QPM hybrids 

plus the normal check tested across the different growing environments of ESA, in 2010 

 
 

 
*P ≤ 0.01 
 
 
 
 
 
 
 

 
 
 
Environments  

Sources of variation  

Entry Block Replications  Error Total  
 

LSD 

 
 

CV% 
 

DF 
 

MS 
 

%SS 
 

DF 
 

MS 
 

%SS 
 

DF 
 

MS 
 

%SS 
 

DF 
 

MS 
 

%SS 
 

DF 
 

%SS 

HREOP1 95 2.31** 18.21 23 2.18** 0.32 1 0.87** 79.76 72 0.06 1.71 191 100 0.56 9 

HRELN1 95 0.47** 60.52 23 0.76** 23.51 1 0.09   0.12 72 0.16 15.85 191 100 0.81 29.85 

RATOP 95 1.04** 61.31 23 0.91 13.03 1 1.58   0.98 72 0.55 24.68 191 100 1.47 16.64 

CHIDT1 95 0.71** 48.49 23 1.71** 28.30 1 22.67** 16.31 72 0.13   6.90 191 100 0.73 12.79 

BAKLN 95 1.01** 62.30 23 2.12** 31.74 1 1.99**   1.30 72 0.10   4.66 191 100 0.63 9.93 

BAKOP 95 2.12** 72.03 23 1.72** 14.16 1 7.25**   2.60 72 0.43 11.21 191 100 1.31 12.03 
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Table 3.4  Grain yield performance (t ha-1) of the top 25 QPM hybrids tested across six environments in ESA, during 2010 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Rank 

Environments 
HREOP1 RATOP BKOPT HRELN1 BKOLN CHIDT1 

Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield 

1 52 9.12 46 6.10 96 9.28 40 2.32 15 4.93 23 4.77 
2 4 8.87 96 5.75 40 8.03 16 2.32 22 4.74 73 4.50 
3 43 8.71 82 5.68 45 7.83 96 2.32 29 4.70 29 4.04 
4 37 8.59 92 5.60 59 7.45 87 2.28 64 4.65 16 3.90 
5 6 8.28 47 5.56 15 7.28 55 2.26 48 4.51 22 3.90 
6 45 8.21 76 5.54 55 7.13 26 2.24 37 4.38 27 3.80 
7 46 8.19 52 5.47 49 7.00 79 2.20 55 4.35 58 3.73 
8 10 8.10 10 5.47 4 6.92 85 2.12 75 4.29 60 3.71 
9 87 7.89 33 5.46 48 6.85 67 2.12 4 4.20 61 3.69 
10 40 7.88 60 5.42 60 6.67 93 2.10 35 4.17 40 3.67 
11 12 7.84 15 5.36 37 6.37 73 2.09 92 4.14 8 3.66 
12 8 7.83 64 5.35 70 6.37 88 1.95 56 4.14 67 3.65 
13 54 7.80 12 5.31 12 6.28 17 1.93 45 4.03 12 3.65 
14 53 7.79 84 5.28 17 6.27 86 1.91 49 3.99 92 3.61 
15 48 7.63 37 5.18 16 6.27 12 1.91 96 3.98 33 3.60 
16 7 7.55 43 5.08 69 6.25 39 1.91 54 3.93 11 3.58 
17 82 7.52 91 5.08 63 6.23 54 1.90 91 3.93 86 3.53 
18 1 7.50 7 5.04 54 6.20 18 1.84 51 3.86 19 3.53 
19 42 7.46 4 5.02 52 6.19 51 1.84 73 3.83 94 3.49 
20 55 7.35 49 5.01 38 6.18 47 1.82 69 3.82 59 3.48 
21 51 7.27 13 5.01 91 6.18 61 1.69 40 3.80 14 3.48 
22 49 7.24 57 5.01 67 6.16 22 1.68 47 3.70 79 3.45 
23 73 7.20 54 5.01 29 6.15 46 1.66 12 3.62 13 3.41 
24 39 7.17 5 4.98 51 6.12 52 1.66 60 3.62 10 3.38 
25 16 7.16 2 4.97 5 6.10 23 1.65 14 3.61 88 3.38 

Mean 6.45 4.46 5.48 1.36 3.18 2.94 
      Max 9.12 6.10 9.28 2.32 4.93 4.77 
      Min 4.63 2.66 2.96 0.49 1.80 1.71 
LSD 0.05 0.56 1.47 1.31 0.81 0.63 0.73 
CV %  4.29 16.64 12.03 29.85 9.93 12.79 
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Table 3.5  Mean squares of the analysis of variance and percentage contribution of variance components for grain yield (t ha-1) of 96 QPM 

hybrids including the normal endosperm check tested across the different growing environments of ESA, during 2011 

 
*P ≤ 0.05, **  P ≤ 0.01 

 

 

 
 
 
Environments  

Sources of variation  

Entry Block Replications  Error Total  
LSD 

 
CV% DF MS %SS DF MS %SS DF MS %SS DF MS %SS DF %SS 

HREOP2 95 2.72** 85.69 23 0.40 2.95 1 0.41 0.14 72 0.46 11.22 191 100 1.36 11.12 

HRELN2 95 0.32** 57.32 23 0.50** 21.97 1 0.03 0.06 72 0.15 20.65 191 100 0.77 40.07 

CHIDT2 95 0.36* 48.56 23 0.42* 12.89 1 9.97** 14.00 72 0.24 24.55 191 100 0.65 37.22 

CHSDT 95 0.32** 43.15 23 0.83** 26.82 1 9.46** 13.28 72 0.16 16.75 191 100 0.81 31.52 

KBODT 95 1.26** 67.35 23 0.94* 12.15 1 0.15 0.08 72 0.50 20.42 191 100 1.41 29.05 

KAKOP 95 1.76** 82.18 23 0.88** 9.88 1 1.79** 0.88 72 0.20 7.06 191 100 0.89 10.11 

EMBOP 95 1.48** 60.34 23 1.82 17.87 1 18.49** 7.91 72 0.45 13.88 191 100 1.34 11.19 

AWAOP 95 3.34 ** 54.86 23 6.36** 25.30 1 13.57** 2.35 72 1.40 17.49 191 100 2.36 27.57 

MLKOP 95 2.25** 67.55 23 2.59** 18.05 1 1.13 0.35 72 0.61 14.05 191 100 1.56 16.54 
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 Table 3.6  Grain yield performance (t ha-1) of the top 25 QPM hybrids selected across nine environments in ESA, 2011 

 
 
Rank 

Environments 
HRELN2 HREOP2 CHIDT2 CHSDT EMBOP KAKOP KBODT MLKOP AWAOP 

Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield 
1 51 2.16 37 8.68 94 2.02 31 2.44 40 8.84 42 6.64 22 4.66 41 7.06 37 7.62 
2 54 1.90 43 8.24 52 1.98 84 2.13 37 8.32 95 6.26 10 4.33 92 6.82 55 7.62 
3 22 1.82 12 8.06 68 1.91 33 2.04 41 7.98 96 6.10 25 4.31 60 6.76 54 6.73 
4 53 1.69 3 8.05 18 1.91 4 2.00 54 7.65 45 5.97 73 4.22 63 6.64 46 6.60 
5 55 1.69 10 7.85 33 1.90 66 1.98 96 7.40 9 5.95 63 4.16 58 6.55 15 6.48 
6 67 1.68 52 7.79 64 1.87 7 1.90 48 7.40 10 5.91 78 4.07 38 6.48 61 6.35 
7 89 1.57 40 7.73 73 1.87 24 1.88 51 7.33 51 5.86 43 3.92 8 6.41 3 6.35 
8 84 1.55 92 7.73 92 1.86 46 1.87 45 7.31 15 5.82 88 3.77 57 6.36 91 6.35 
9 82 1.55 82 7.71 60 1.84 56 1.84 4 7.05 4 5.80 60 3.62 76 6.25 95 6.35 
10 68 1.54 54 7.69 56 1.84 73 1.81 27 6.96 38 5.78 82 3.55 49 6.18 96 6.22 
11 25 1.52 6 7.67 23 1.82 65 1.77 13 6.88 3 5.57 86 3.53 56 6.14 40 6.10 
12 46 1.46 84 7.40 90 1.80 14 1.75 18 6.87 21 5.54 8 3.46 94 6.13 26 5.97 
13 75 1.43 4 7.33 70 1.80 38 1.73 50 6.83 32 5.48 52 3.36 64 6.13 53 5.97 
14 49 1.41 8 7.31 40 1.80 89 1.71 29 6.68 1 5.47 87 3.30 55 6.00 52 5.59 
15 48 1.40 45 7.29 57 1.77 26 1.69 5 6.67 24 5.45 62 3.26 50 5.96 38 5.46 
16 44 1.40 62 7.28 7 1.76 63 1.69 82 6.64 39 5.45 15 3.26 15 5.91 60 5.46 
17 83 1.38 2 7.22 65 1.76 34 1.66 25 6.64 50 5.37 30 3.15 44 5.80 79 5.46 
18 24 1.38 39 7.22 67 1.74 28 1.64 91 6.60 40 5.33 20 3.02 10 5.72 2 5.33 
19 52 1.33 1 7.11 44 1.71 90 1.62 76 6.59 55 5.30 21 2.93 21 5.70 25 5.21 
20 16 1.30 7 7.09 71 1.71 43 1.61 42 6.57 46 5.30 96 2.93 62 5.59 84 5.08 
21 93 1.27 66 7.08 48 1.70 69 1.60 9 6.55 48 5.27 67 2.91 47 5.56 33 5.08 
22 10 1.25 51 7.07 74 1.70 76 1.58 38 6.55 37 5.25 42 2.90 12 5.56 50 5.08 
23 90 1.25 41 7.00 22 1.70 11 1.57 1 6.49 54 5.22 38 2.90 72 5.53 87 5.08 
24 88 1.22 22 6.99 61 1.69 55 1.56 31 6.46 47 5.18 51 2.88 40 5.51 76 5.08 
25 66 1.21 32 6.98 41 1.69 44 1.56 63 6.46 56 5.17 28 2.87 5 5.45 63 5.08 

Mean 0.97 6.12 1.31 1.29 5.99 4.42 2.44 4.72 4.30 
      Max 2.16 8.68 2.02 2.44 8.84 6.64 4.66 7.06 7.62 
      Min 0.13 3.47 0.16 0.32 3.66 2.12 0.82 2.00 1.27 
LSD 0.05 0.77 1.36 0.65 0.81 1.34 0.89 1.41 1.56 2.36 
CV % 40.07 11.12 37.22 31.52 11.19 10.11 29.05 16.54 27.57 
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3.4.2 Combined analysis of variance 

 

Results of the combined ANOVA for grain yield in 2010 showed that entries, environments 

and the entry x environment interactions were highly significant (Table 3.7). The percentage 

sum of squares for the environments was the largest source of variation followed by entry by 

environment interaction. Similar results were observed for the year 2011 with the variation in 

grain yield among entries and environments being highly significant. The percentage sum of 

squares for the interaction between entry and environments was the second largest contributor 

to variation. The combined ANOVA for grain yield across years and environments showed 

the existence of high variation among entries and test environments. Entry by year interaction 

was the second largest contributor to the variation indicating that variation across years was 

highly significant (Table 3.7 and Table 3.8). 

 

In Table 3.9 is presented the grain yield of the top 25 entries evaluated across 15 

environments in 2010 and 2011. Entry 40 was the highest yielder in 2010 with an average 

grain yield of 5.09 t ha-1 followed by entry 4 (4.84 t ha-1) and entry 15 (4.82 t ha-1). However 

the rank order for 2011 was different from that of 2010 as entry 40 ranked fourth with an 

average grain yield of 4.22 t ha-1. Entries 10, 37 and 55 were the top three entries yielding 

4.30 t ha-1, 4.25 t ha-1 and 4.23 t ha-1 respectively. Results of the ANOVA combined across 

years showed the QPM entries 40 (4.57 t ha-1), 37 and 55 (4.42 t ha-1) and 10 (4.38 t ha-1) as 

the top yielding entries. The normal endosperm maize commercial check hybrid (entry 96) 

ranked fifth with an average grain yield of 4.34 t ha-1. The complete results are presented in 

Appendix 3. Grain yield during the first season was higher than that of the second season. 

Table 3.9 showed lack of consistency in performance among the different entries indicating 

the presence of significant genotype by environment interaction. This necessitated the 

selection of entries based on their yield stability which will is addressed in the next section.  

 

The combined ANOVA was also done for stress and non-stress environments which included 

eight optimum, four drought stress and three low N stress environments. Entries 55, 73 and 

37 were the top yielding QPM hybrids under low N, drought and optimum environments 

respectively, with an average yield of 2.77 t ha-1, 3.10 t ha-1 and 6.82 t ha-1 respectively 

(Table 3.10). The low N environment yielded on average 35% of the yield recorded under 

optimum environments. This result corroborated the findings of other researchers (Bänziger 
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et al., 1997). Similarly, drought stress environments yielded about 38% of what was obtained 

under optimum environments.  
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Table 3.7 Combined analyses of variance for grain yield of 96 QPM single cross hybrids tested across the different growing 

environments of ESA, in 2010 and 2011 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

            
**p ≤0.01 

Years Sources DF MS %SS 

2010 

Entry 95 2.48**    5.39 
Environments (Env)  5 658.07** 75.24 
Replication 1 6.13**    0.14 
Block 23 1.40**    0.74 
Rep(Env) 5 5.66**    0.65 
Block (Rep x Env) 109 1.37**    3.42 
Entry x Env 475 1.04** 11.25 
Error 438 0.32    3.17 
R-square (%)                       97    
Mean yield (t ha-1)             3.98    
LSD                                   0.45    
CV %                              14.15    

2011 

Entry 95 2.87**    3.25 
Environments (Env) 8 797.75**  76.07 
Replication 1 0.42    0.01 
Block 23 2.43**    0.66 
Rep(Env) 8 6.82**    0.65 
Block (Rep x Env) 175 1.82**    3.81 
Entry x Env 760 1.37**  12.41 
Error 657 0.40    3.14 
R-square (%)                       97    
Mean yield (t ha-1)             3.51    
LSD                                   0.41    
CV %                              18.04    
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Table 3.8  Mean squares of the combined analyses of variance and percentage of the variance components for grain yield of 96 QPM single 

cross hybrids tested across growing environments of ESA, 2010-2011 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

**p ≤0.01 

Years Sources DF MS %SS 

2010-2011 

Entry 95 4.49**    3.30 

Environments (Env) 14 701.71**  76.07 

Year 1 151.55**    1.17 

Replication 1 1.13**    0.01 

Block 23 2.41**    0.43 

Rep (Env) 14 6.31**    1.30 

Block (Rep x Env) 307 1.63**    3.88 

Entry x Env 1330 1.21**    0.63 

Entry x year 95 0.86**  12.51 

Error  999 0.37    1.30 

R-square(%)                         99    

Mean yield (t ha-1)             3.70    

LSD                                   0.21    
CV %                                11.11    
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Table 3.9  Grain yield performance (t ha-1) of the selected top 25 QPM hybrids tested across 15 environments in ESA, 2010-2011 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 
 
Rank 

Trial years 
2010 2011 2010-2011 

Entry Yield Entry Yield Entry Yield 
1 40 5.09 10 4.30 40 4.57 
2 4 4.84 37 4.25 37 4.42 
3 15 4.82 55 4.23 55 4.42 
4 96 4.78 40 4.22 10 4.38 
5 12 4.77 41 4.19 15 4.37 
6 48 4.76 63 4.18 52 4.34 
7 52 4.72 43 4.17 96 4.34 
8 55 4.69 60 4.12 60 4.27 
9 45 4.69 52 4.09 54 4.27 
10 37 4.66 54 4.08 48 4.26 
11 49 4.56 15 4.07 45 4.23 
12 54 4.54 96 4.04 43 4.18 
13 92 4.52 84 3.98 63 4.13 
14 73 4.51 62 3.98 41 4.13 
15 16 4.50 50 3.97 12 4.12 
16 10 4.50 38 3.95 51 4.09 
17 60 4.49 45 3.93 4 4.09 
18 51 4.46 48 3.92 22 4.08 
19 67 4.46 42 3.90 92 4.06 
20 22 4.43 3 3.89 46 4.06 
21 29 4.41 46 3.88 49 4.03 
22 87 4.38 22 3.86 50 4.02 
23 64 4.38 51 3.84 73 3.99 
24 46 4.32 24 3.80 84 3.99 
25 8 4.25 91 3.77 87 3.94 

Mean 3.98 3.51 3.70 
      Max 5.09 4.30 4.57 
      Min 2.84 2.62 2.71 
LSD 0.05 0.45 0.41 0.21 
CV % 14.15 18.04 11.11 
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Table 3.10  Grain yield performance (t ha-1) of the selected top 25 QPM hybrids tested under different growing environments and the 

percentage yield levels of stress environment compared to the optimum, 2010-2011  

 
 
Rank 

Environments  % yield levels compared to 
optimum environment 

Low N Stress Drought Stress  optimum Low N 
Stress 

Drought  
stress Entry Yield Entry Yield Entry Yield 

1 55 2.77 73 3.10 37 6.82 40.55 45.41 
2 22 2.75 23 2.73 40 6.78 40.53 40.21 
3 51 2.62 22 2.67 96 6.38 41.08 41.87 
4 54 2.58 63 2.63 55 6.36 40.49 41.32 
5 48 2.45 60 2.60 54 6.34 38.70 40.95 
6 67 2.45 78 2.58 45 6.32 38.84 40.87 
7 15 2.44 10 2.56 10 6.23 39.25 41.02 
8 40 2.39 33 2.52 52 6.21 38.41 40.63 
9 96 2.38 25 2.46 41 6.14 38.79 39.96 
10 37 2.35 67 2.45 15 6.11 38.51 40.17 
11 16 2.35 43 2.44 3 6.10 38.44 39.91 
12 29 2.33 52 2.43 46 6.06 38.41 40.03 
13 64 2.29 8 2.41 4 6.04 37.91 39.82 
14 49 2.27 88 2.39 60 6.04 37.63 39.60 
15 73 2.26 82 2.35 43 6.01 37.62 39.05 
16 92 2.22 15 2.33 48 5.96 37.29 39.14 
17 12 2.20 86 2.32 12 5.90 37.23 39.34 
18 75 2.16 56 2.31 42 5.88 36.77 39.33 
19 53 2.13 94 2.30 50 5.86 36.29 39.25 
20 66 2.10 58 2.25 49 5.86 35.92 38.48 
21 4 2.10 76 2.22 38 5.82 36.09 38.04 
22 85 2.10 79 2.22 84 5.77 36.36 38.41 
23 56 2.09 48 2.21 63 5.72 36.46 38.68 
24 23 2.08 70 2.21 92 5.70 36.51 38.79 
25 88 2.08 87 2.20 51 5.69 36.51 38.61 

Mean 1.83 2.00 5.24 34.92 38.15 
LSD 0.05 0.43 0.59 0.36   
CV %  20.81 30.40 10.00   
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3. 4. 3 Assessments of grain yield stability based on parametric and non-parametric 

stability measurements 

 
 
 

Lin and Binns cultivar superiority measure (Pi) 
 
According to Lin and Binns (1988), cultivar superiority measure (Pi) is calculated by the 

square of differences between a genotype’s and the maximum genotype mean at location, 

summed and divided by twice the number of locations. Entries with the lowest (Pi) values are 

considered as the most stable (Table 3.11).  
 

Table 3.11 Lin and Binns’ cultivar superiority measure and mean grain yield (t ha-1) of 96 
QPM hybrids tested across 15 environments in ESA, 2010-2011 

Entry Pi Pi 
rank 

Mean  
yield 

Mean  
yield 
rank 

Entry Pi Pi 
rank 

Mean  
Yield 

Mean 
yield 
rank 

40 0.964 1 4.57 1 85 2.758 49 3.66 53 
45 1.405 2 4.23 11 8 2.767 50 3.79 38 
10 1.408 3 4.38 4 32 2.768 51 3.52 66 
15 1.412 4 4.37 5 7 2.774 52 3.77 40 
52 1.422 5 4.34 7 21 2.780 53 3.69 48 
55 1.433 6 4.42 2 16 2.787 54 3.67 52 
54 1.470 7 4.27 9 53 2.799 55 3.70 45 
37 1.475 8 4.42 3 30 2.890 56 3.59 58 
60 1.491 9 4.27 8 33 2.914 57 3.70 46 
96 1.502 10 4.34 6 25 2.951 58 3.65 55 
48 1.550 11 4.26 10 64 2.980 59 3.80 36 
63 1.774 12 4.13 13 58 2.986 60 3.58 60 
43 1.821 13 4.18 12 77 3.008 61 3.53 64 
41 1.854 14 4.13 14 72 3.070 62 3.52 65 
49 1.925 15 4.03 21 35 3.080 63 3.50 68 
12 1.945 16 4.12 15 59 3.082 64 3.44 73 
50 1.949 17 4.02 22 19 3.122 65 3.46 80 
4 2.002 18 4.09 17 56 3.189 66 3.68 50 
51 2.004 19 4.09 16 9 3.310 67 3.49 69 
46 2.047 20 4.06 20 94 3.315 68 3.55 62 
84 2.083 21 3.99 23 66 3.401 69 3.54 63 
24 2.084 22 3.90 29 80 3.404 70 3.39 74 
38 2.108 23 3.89 30 88 3.476 71 3.56 61 
3 2.109 24 3.84 34 57 3.507 72 3.51 67 
62 2.126 25 3.91 27 18 3.517 73 3.46 71 
87 2.130 26 3.94 25 20 3.565 74 3.37 76 
91 2.133 27 3.90 28 89 3.666 75 3.29 79 
42 2.165 28 3.87 32 61 3.672 76 3.39 75 
1 2.229 29 3.78 39 81 3.685 77 3.26 81 
76 2.232 30 3.93 26 78 3.868 78 3.44 72 
22 2.259 31 4.08 18 11 4.027 79 3.18 86 
5 2.283 32 3.76 44 93 4.038 80 3.28 80 
92 2.296 33 4.06 19 65 4.185 81 3.24 83 
73 2.328 34 3.99 24 79 4.223 82 3.26 82 
44 2.369 35 3.80 37 68 4.258 83 3.22 85 
6 2.405 36 3.82 35 86 4.279 84 3.30 78 
29 2.472 37 3.76 42 83 4.312 85 3.13 89 
75 2.582 38 3.68 49 28 4.351 86 3.10 91 
82 2.593 39 3.85 33 31 4.385 87 3.14 88 
39 2.597 40 3.69 47 23 4.405 88 3.31 77 
67 2.607 41 3.87 31 17 4.475 89 3.16 87 
2 2.621 42 3.66 54 71 4.541 90 3.03 95 
47 2.627 43 3.76 41 74 4.556 91 3.04 94 
13 2.641 44 3.76 43 95 4.585 92 3.22 84 
26 2.692 45 3.64 56 34 4.672 93 3.05 93 
69 2.712 46 3.61 57 14 4.762 94 3.10 92 
70 2.723 47 3.67 51 90 4.966 95 3.12 90 
27 2.725 48 3.59 59 36 5.780 96 2.71 96 
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The results of the cultivar superiority measure indicated that the most stable entries were 

entry 40 followed by entry 45 and entry 10. The ranks of the Pi are similar to the ranks based 

on the mean performance. This shows that Pi is more an indication of performance of an entry 

than stability. Similarly, the most unstable entries identified by this measure were entries 36, 

90 and 14. 

 

Joint linear regression model 

 

The joint regression model was developed based on the idea of G x E interaction expressed as 

the linear regression coefficient of a genotype over the site mean (Yates and Cochran, 1938). 

The model was further improved by Finlay and Wilkinson (1963) and modified by Eberhart 

and Russel (1966). According to this model a stable genotype should have high mean yield, 

regression coefficient of one (bi=1) and deviation from regression of zero (S2
di=0). Generally 

the bi value is more an indication of the adaptation environment of a genotype. According to 

Finlay and Wilkinson (1963), a genotype with a bi value less than 1.0 has above average 

stability and is adaptable particularly to low-performing environments and if it is greater than 

1.0 the genotype has below average stability and is adapted to high performing environments. 

A genotype with a bi value of 1.0 is adapted to the widest range of environments or an 

indication of its average stability. Hence, in most cases the deviation from regression (S2
di) is 

taken as a parameter for stability rather than bi which is more about responsiveness of 

genotypes (Eberhart and Russell, 1966; Becker and Léon, 1988).  
 

The ANOVA for the regression model is presented in Table 3.12. The sum of squares due to 

environments and G x E interaction are partitioned into environments (linear), G x E (linear) 

and the pooled deviations from the regression model. Based on this model, the genotypes 

showed significant variation for the stability parameter; similarly G x E interaction was 

highly significant. In addition, the value for the G x E (linear) sum of squares was not a large 

portion of the G x E interaction compared with the environment E (linear) sum of squares and 

the residual indicating that the environment was the main source of variation (Table 3.12). 
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Table 3.12  Analysis of variance for stability analysis according to the joint regression 

model (Eberhart and Russell, 1966)  

Sources DF SS MS F-value Pr>F 
Total 2879 5925    
Genotypes 95 213.92 2.52 4.44 0.0000 
Env. + in Gen. x Env. 1344 5711.08 4.25   
Env. In linear 1 4915.63    
Gen. x  Env.(linear) 95 163.07 1.72 3.39 0.0000 
Pooled deviation 1248 632.38 0.51   
Residual 1440 469.30 0.33   

Grand Mean= 3.70                           R-Squared= 0.89 
 
 

Table 3.13 shows that mean grain yield ranged from 2.71 – 4.57 t ha-1, bi ranged from 0.581 – 

1.505, absolute values of S2
di ranged from -0.215 to 1.680. A stable variety is defined as the 

one with highest mean performance, bi = 1.0 and S2di = 0 (Eberhart and Russel, 1966). When 

bi > 1 the hybrid is adapted to high yielding environments and when bi < 1 it is an indication 

of hybrid’s adaptation to low yielding environments. The three top yielding QPM hybrids, 

entries 40, 37 and 55 were among the stable varieties identified by this parameter because of 

their high mean grain yield (4.57, 4.42, 4.42 t ha-1 respectively), bi value of 1.423, 1.505 and 

1.138 respectively and deviation (S2
di) values of 0.283, 0.702 and 0.563, respectively. The bi 

values for the three top hybrids which are significantly (P ≤ 0.01 for entries 37 and 55 and P 

≤ 0.05 for entry 40) different from unity, indicate the predictability of good performance of 

the QPM hybrids in the high potential areas. In addition entries 30, 81 and 89 were the top 

three QPM hybrids selected by this parameter as stable based on their deviation from 

regression values of 0.002, 0.005 and 0.005 respectively. The bi values for these hybrids are 

shown as not significantly different from unity which is an indication of a wider range of 

adaptation for the hybrids. However, all three hybrids ranked low based on their mean grain 

yields. This can be attributed to the inclusion of both high yielding and low yielding 

environments in the analysis. The limitation of this parameter is worth mentioning here as it 

assumes a linear relationship between interaction and environmental means, which is not 

always the case and inclusion of extreme environments like low N, drought and optimum will 

also bias the regression slopes which make selection of stable varieties difficult (Westcott, 

1986; Lin et al., 1986; Crossa, 1990; Flores, 1993). 
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Table 3.13 Mean grain yield (t ha-1) and stability parameters of 96 QPM hybrids tested 
across the different environments in ESA, 2010-2011 

Ent. Pr. > F bi S2
di Rank Mean Rank Ent. Pr. > F bi S2

di Rank Mean Rank 

1 0.570 1.195 -0.038 15 3.78 39 49 0.236 1.183 0.082 29 4.03 21 

2 0.326 1.152 0.043 19 3.66 53 50 0.916 1.114 -0.157 51 4.02 22 

3 0.020 1.329 0.316 75 3.84 34 51 0.039 1.101 0.259 66 4.09 16 

4 0.010 1.322 0.371 81 4.09 16 52 0.099 1.228 0.174 54 4.34 6 

5 0.983 1.180 -0.211 58 3.76 41 53 0.005 0.926 0.431 85 3.70 46 

6 0.138 1.151 0.140 43 3.82 35 54 0.025 1.292 0.296 73 4.27 8 

7 0.167 1.078 0.120 39 3.77 40 55 0.001 1.138 0.563 89 4.42 2 

8 0.000 1.158 0.764 94 3.79 38 56 0.017 0.812 0.329 77 3.68 49 

9 0.017 1.113 0.329 78 3.49 69 57 0.000 1.095 0.676 92 3.51 67 

10 0.246 1.174 0.077 28 4.38 4 58 0.040 1.031 0.256 65 3.58 60 

11 0.419 0.808 0.010 5 3.18 86 59 0.006 1.067 0.416 83 3.44 72 

12 0.125 1.178 0.150 50 4.12 15 60 0.516 1.091 -0.022 6 4.27 8 

13 0.384 0.996 0.022 6 3.76 41 61 0.001 0.795 0.535 87 3.39 74 

14 0.001 0.803 0.517 86 3.10 91 62 0.332 1.096 0.041 17 3.91 27 

15 0.021 1.060 0.313 74 4.37 5 63 0.329 1.007 0.042 18 4.13 13 

16 0.067 0.924 0.210 57 3.67 51 64 0.028 0.976 0.288 70 3.80 36 

17 0.035 0.676 0.267 67 3.16 87 65 0.538 0.741 -0.028 11 3.24 83 

18 0.001 0.854 0.596 91 3.46 70 66 0.089 0.896 0.183 55 3.54 63 

19 0.720 0.901 -0.083 30 3.46 70 67 0.671 0.853 -0.068 25 3.87 31 

20 0.060 0.902 0.221 60 3.37 76 68 0.750 0.682 -0.093 32 3.22 84 

21 0.135 1.044 0.142 45 3.69 48 69 0.348 1.032 0.035 14 3.61 57 

22 0.010 0.906 0.373 82 4.08 18 70 0.382 0.933 0.022 6 3.67 51 

23 0.027 0.581 0.291 71 3.31 77 71 0.203 0.853 0.099 34 3.03 95 

24 0.965 0.998 -0.191 56 3.90 28 72 0.826 1.038 -0.119 37 3.52 65 

25 0.013 0.815 0.352 80 3.65 55 73 0.146 0.859 0.134 41 3.99 23 

26 0.142 0.957 0.137 42 3.64 56 74 0.824 0.835 -0.118 36 3.04 94 

27 0.262 1.050 0.070 26 3.59 58 75 0.885 1.037 -0.143 45 3.68 50 

28 0.367 0.856 0.028 11 3.10 91 76 0.551 0.980 -0.032 13 3.93 26 

29 0.169 0.997 0.119 37 3.76 41 77 0.831 1.060 -0.121 40 3.53 64 

30 0.442 1.039 0.002 1 3.59 58 78 0.019 0.775 0.318 76 3.44 72 

31 0.026 0.770 0.295 72 3.14 88 79 0.044 0.644 0.248 64 3.26 81 

32 0.470 1.171 -0.007 4 3.52 65 80 0.986 0.914 -0.215 59 3.39 74 

33 0.127 0.907 0.149 48 3.70 45 81 0.434 0.928 0.005 2 3.26 81 

34 0.569 0.801 -0.038 15 3.05 93 82 0.001 1.091 0.560 88 3.85 33 

35 0.110 0.991 0.163 52 3.50 68 83 0.676 0.768 -0.070 27 3.13 89 

36 0.370 0.710 0.027 10 2.71 96 84 0.622 1.091 -0.053 21 3.99 23 

37 0.000 1.505 0.702 93 4.42 2 85 0.899 0.925 -0.149 48 3.66 53 

38 0.029 1.165 0.284 69 3.89 30 86 0.211 0.705 0.095 33 3.30 78 

39 0.268 1.119 0.067 24 3.69 47 87 0.378 1.029 0.024 9 3.94 25 

40 0.029 1.423 0.283 68 4.57 1 88 0.271 0.801 0.066 23 3.56 61 

41 0.129 1.241 0.147 47 4.13 13 89 0.434 0.854 0.005 2 3.29 79 

42 0.052 1.215 0.233 62 3.87 31 90 0.102 0.673 0.170 53 3.12 90 

43 0.014 1.210 0.345 79 4.18 12 91 0.046 1.045 0.245 63 3.90 28 

44 0.878 1.028 -0.140 43 3.80 36 92 0.005 1.085 0.425 84 4.06 19 

45 0.184 1.363 0.110 35 4.23 11 93 0.601 0.798 -0.047 20 3.28 80 

46 0.001 1.138 0.592 90 4.06 19 94 0.059 0.823 0.222 61 3.55 62 

47 0.279 1.013 0.063 22 3.76 41 95 0.000 0.970 1.680 96 3.22 84 

48 0.734 1.170 -0.088 31 4.26 10 96 0.000 1.198 1.222 95 4.34 6 
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Wricke’s ecovalence analysis (Wi) 
 

Wricke’s (1962) ecovalance stability concept is based on the contribution of each genotype to 

the G x E interaction sum of squares. Entries with a minimum Wi value have smaller 

deviations from the overall mean across environments and are considered to be stable. 

According to this parameter a genotype with zero ecovalence is regarded as stable. Wricke’s 

ecovalence was calculated for each of the 96 maize genotypes evaluated across the stress and 

non-stress environments of ESA during the years 2010 and 2011 (Table 3.14). Based on this 

model the most stable entries were 24, 80 and 75. However these entries ranked 28th, 74th and 

50th based on their mean grain yields (Table 3.13). The high yielding entries were considered 

as least stable by this parameter because of their high ecovalence value which is an indication 

of their large deviation from the mean yield across environments. Similar to the Eberhart and 

Russel (1966) stability parameter, this method is also unable to pick the high yielding entries 

as stable ones. This is mainly because of the inclusion of data from diverse or extreme 

environments. 
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Table 3.14 Ecovalance values and their ranks for 96 maize genotypes tested in 15 

environments of ESA, 2010-2011 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Entry Ecovalence Rank Entry Ecovalence Rank 
24 1.758 1 6 7.221 49 
80 1.818 2 16 7.260 50 
75 2.449 3 65 7.303 51 
44 2.460 4 91 7.523 52 
85 2.587 5 20 7.603 53 
72 2.767 6 58 7.619 54 
50 2.850 7 12 7.812 55 
77 2.852 8 64 8.011 56 
5 3.149 9 51 8.116 57 
19 3.651 10 68 8.194 58 
76 3.840 11 15 8.497 59 
84 3.969 12 94 8.724 60 
74 4.097 13 36 8.900 61 
30 4.341 14 41 9.120 62 
60 4.383 15 52 9.152 63 
67 4.462 16 9 9.168 64 
13 4.522 17 38 9.328 65 
81 4.568 18 22 9.546 66 
48 4.572 19 42 9.637 67 
87 4.593 20 59 9.876 68 
69 4.742 21 86 9.915 69 
70 4.757 22 53 10.126 70 
63 4.785 23 92 10.140 71 
47 5.058 24 56 10.328 72 
62 5.236 25 25 10.562 73 
27 5.273 26 31 10.779 74 
89 5.386 27 78 10.978 75 
32 5.644 28 43 10.979 76 
28 5.668 29 90 11.921 77 
1 5.687 30 82 11.944 78 
93 5.709 31 45 12.406 79 
34 5.774 32 54 12.454 80 
29 5.789 33 55 12.522 81 
39 5.838 34 46 12.906 82 
2 5.987 35 14 12.945 83 
83 6.087 36 18 13.072 84 
7 6.112 37 17 13.087 85 
26 6.118 38 61 13.349 86 
21 6.187 39 57 13.481 87 
11 6.259 40 3 13.882 88 
35 6.362 41 79 13.965 89 
33 6.613 42 4 14.387 90 
71 6.627 43 8 15.446 91 
10 6.793 44 23 17.003 92 
73 7.004 45 40 17.080 93 
49 7.012 46 96 22.127 94 
88 7.133 47 95 26.121 95 
66 7.177 48 37 26.436 96 
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Shukla’s stability variance (σ2) 
 

Shukla’s (1972) stability variance is basically a modification of Wricke’s ecovalence in order 

to give an unbiased estimate of the G x E variance for every genotype. A genotype is 

described as stable if its stability variance (σ
2) is equal to the environmental variance 

)( 2
eσ which means that 02 =iσ . A relatively large value of 2

iσ  will thus indicate greater 

instability of genotype i. Shukla (1972) also proposed criteria for testing the significance of 

the stability variance of each genotype and extended the model to allow the removal of the 

linear effects due to covariates. 

 
Similar to Wricke’s (1962) ecovalence the parameter of Shukla (1972) also identified similar 

entries as most stable regardless of their yield level. Entries 24, 80 and 75 were considered s 

stable, while the highest yielding entries were categorised as the least stable (Table 3.15). 

From the results of this analysis it can be seen that the stability estimates by Wricke (1962) 

and Shukla (1972) are almost identical. However, Shukla’s (1972) model differs in the 

ranking of the genotypes from Wricke (1962) when covariates (locations means) were 

considered (Table 3.16). The rank order of the entries slightly differs when the parameter 

considered the covariates. Accordingly the most stable entries were 80, 5 and 24. In addition, 

the highest yielding entry (40) was ranked 68th but was ranked 93rd by the parameter when 

covariates were not considered. Similar rank changes can be seen when the Shukla (1972) 

parameter considered the covariates (Table 3.16). 
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Table 3.15 Shukla’s stability variance and ranks for 96 maize genotypes tested in 15 

environments of ESA, 2010-2011 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Entry 2
iσ  Rank Entry 2

iσ  Rank 

24 0.244 1 6 1.041 49 
80 0.253 2 16 1.047 50 
75 0.345 3 65 1.053 51 
44 0.346 4 91 1.085 52 
85 0.365 5 20 1.097 53 
72 0.391 6 58 1.099 54 
50 0.403 7 12 1.127 55 
77 0.403 8 64 1.156 56 
5 0.447 9 51 1.171 57 
19 0.520 10 68 1.183 58 
76 0.548 11 15 1.227 59 
84 0.566 12 94 1.260 60 
74 0.585 13 36 1.286 61 
30 0.621 14 41 1.318 62 
60 0.627 15 52 1.323 63 
67 0.638 16 9 1.325 64 
13 0.647 17 38 1.348 65 
48 0.654 18 22 1.380 66 
81 0.654 19 42 1.393 67 
87 0.657 20 59 1.428 68 
69 0.679 21 86 1.434 69 
70 0.681 22 53 1.465 70 
63 0.685 23 92 1.467 71 
47 0.725 24 56 1.494 72 
62 0.751 25 25 1.528 73 
27 0.757 26 31 1.560 74 
89 0.773 27 43 1.589 75 
32 0.811 28 78 1.589 76 
28 0.814 29 90 1.726 77 
1 0.817 30 82 1.730 78 
93 0.820 31 45 1.797 79 
34 0.830 32 54 1.804 80 
29 0.832 33 55 1.814 81 
39 0.839 34 46 1.870 82 
2 0.861 35 14 1.876 83 
83 0.875 36 18 1.894 84 
7 0.879 37 17 1.897 85 
26 0.880 38 61 1.935 86 
21 0.890 39 57 1.954 87 
11 0.900 40 3 2.013 88 
35 0.915 41 79 2.025 89 
33 0.952 42 4 2.086 90 
71 0.954 43 8 2.241 91 
10 0.978 44 23 2.468 92 
73 1.009 45 40 2.479 93 
49 1.010 46 96 3.216 94 
88 1.028 47 95 3.798 95 
66 1.034 48 37 3.844 96 
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Table 3.16 Shukla’s stability variance with locations means as covariate and ranks for 96 

maize genotypes tested in 15 environments of ESA, 2010-2011 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

 

Entry 2
iS  Rank Entry 2

iS  Rank 

80 0.216 1 26 0.935 49 
5 0.224 2 6 0.940 50 
24 0.265 3 21 0.946 51 
50 0.333 4 41 0.954 52 
85 0.351 5 33 0.958 53 
75 0.363 6 12 0.961 54 
44 0.369 7 35 0.988 55 
77 0.408 8 90 1.003 56 
72 0.412 9 52 1.010 57 
74 0.413 10 66 1.029 58 
68 0.465 11 16 1.083 59 
48 0.475 12 20 1.106 60 
19 0.485 13 94 1.108 61 
83 0.512 14 42 1.131 62 
67 0.515 15 91 1.154 63 
84 0.546 16 79 1.161 64 
93 0.558 17 58 1.179 65 
1 0.577 18 51 1.183 66 
34 0.578 19 17 1.201 67 
76 0.589 20 40 1.234 68 
65 0.597 21 38 1.236 69 
60 0.611 22 64 1.243 70 
32 0.641 23 23 1.249 71 
30 0.659 24 31 1.258 72 
89 0.664 25 54 1.260 73 
81 0.665 26 15 1.295 74 
11 0.674 27 3 1.299 75 
13 0.700 28 78 1.305 76 
70 0.700 29 9 1.327 77 
87 0.704 30 56 1.327 78 
36 0.710 31 43 1.359 79 
28 0.712 32 25 1.374 80 
69 0.726 33 4 1.414 81 
62 0.738 34 22 1.417 82 
63 0.741 35 59 1.505 83 
2 0.743 36 92 1.524 84 
47 0.783 37 53 1.536 85 
88 0.790 38 14 1.711 86 
39 0.793 39 61 1.747 87 
27 0.797 40 82 1.799 88 
10 0.813 41 55 1.804 89 
49 0.822 42 46 1.865 90 
86 0.849 43 18 1.871 91 
71 0.857 44 57 2.035 92 
45 0.880 45 37 2.088 93 
29 0.899 46 8 2.215 94 
7 0.900 47 96 3.150 95 
73 0.929 48 95 4.086 96 
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Non-parametric measures of stability  
 

The stability parameters described in the previous section are based on the absolute yield data 

of the entries across the different environments indicating that the methods are parametric. 

However, stability can also be measured by non-parametric approaches which are based on 

rank differences rather than absolute values. In this approach a genotype can be considered 

stable if its ranking is relatively constant across the different environments. The apparent 

advantages of this method are that there is no need to make assumptions about the 

distribution of the phenotypic data and the application and the interpretation of ranks are easy 

and not sensitive to errors of measurement as compared to the parametric methods. 

Furthermore, addition or deletion of one or a few observations will not create a big variation 

as opposed to parametric stability measures (Nassar and Hühn, 1987). They expressed two 

rank stability measures as S1 and S2. According to their procedure, S1 measures the mean 

absolute rank difference of a genotype over environments and it estimates all possible pair 

wise rank differences across locations for each genotype. S2 gives the variance among the 

ranks over environments. Accordingly, S1 = 0 indicates a genotype’s maximum stability and 

for variance of ranks (S2) smaller estimates indicate relative stability and zero variance is an 

indication of maximum stability of a genotype. Approximate tests of significance Z1 and Z2 

were developed based on the chi-squared distribution for these two non-parametric measures 

(Nassar and Hühn, 1987). For S1, genotypes may be tested as significantly less stable or more 

stable than the average stability/instability. For several reasons, S1 against the S2 parameter 

is preferred, because S1 is easily computed and allows a clear and relevant interpretation 

(mean absolute rank difference between the environments). Furthermore, an efficient test of 

significance is available (Huehn, 1990). 

 

Based on this procedure the most stable hybrid was entry 80 and hybrids with high mean 

yield were found to be less stable by this stability parameter. Entry 80 was also among the 

most stable hybrids selected by the methods of Wricke and Shukla, which is an indication of 

a positive correlation. The two overall chi-square calculated stabilities (Z1=163.90 and 

Z2=159.52) were greater than the tabulated chi-square values ( 14.131962
,01.0 =χ ) which is an 

indication of the existence of significant differences in stability among the hybrids. The ranks 

for the selected top 25 QPM hybrids from the parameters are presented in Table 3.17. 
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Table 3.17  Mean absolute rank difference (S1) and variance of ranks (S2) for grain yield of the selected top 25 QPM hybrids tested across 15 

environments of ESA, 2010-2011 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Overall Chi-square for stability 163.90, 96 df. Individual Z (1) distributed as single df Chi-squares. Overall Chi-square for stability = 159.52, 96 
df. Individual Z (2) distributed as single df Chi-squares  

No Entry S(1) Rank Z(1) Entry S(2) Rank Z(2) 

1 80 17.505 1 11.968** 80 213.022 1 8.309** 
2 48 18.419 2 10.505** 48 233.529 2 7.706** 
3 74 19.429 3 9.001** 74 299.182 3 5.929** 
4 50 21.352 4 6.456** 44 328.516 4 5.210** 
5 36 21.695 5 6.047** 50 335.582 5 5.044** 
6 44 22.019 6 5.673** 24 336.622 6 5.020** 
7 63 22.343 7 5.311** 63 340.596 7 4.928** 
8 24 22.381 8 5.269** 72 361.316 8 4.461** 
9 34 22.457 9 5.186** 34 367.182 9 4.334** 
10 71 23.010 10 4.603** 77 379.982 10 4.061** 
11 75 23.200 11 4.410** 75 383.716 11 3.983** 
12 72 23.238 12 4.371** 71 386.516 12 3.926** 
13 77 23.676 13 3.945** 85 388.640 13 3.882** 
14 85 23.848 14 3.784** 10 395.929 14 3.734** 
15 10 24.019 15 3.627** 76 405.529 15 3.544** 
16 76 24.324 16 3.355** 36 414.249 16 3.375** 
17 60 24.876 17 2.889** 15 427.227 17 3.132** 
18 52 24.971 18 2.812** 60 436.907 18 2.957** 
19 15 25.124 19 2.692** 5 438.773 19 2.924** 
20 6 25.162 20 2.662** 6 446.382 20 2.790** 
21 28 25.238 21 2.603** 52 451.893 21 2.695** 
22 5 25.390 22 2.487** 70 463.396 22 2.502** 
23 70 26.152 23 1.946** 87 467.840 23 2.430** 
24 19 26.381 24 1.797** 19 475.796 24 2.303** 
25 87 26.495 25 1.725** 81 480.222 25 2.234** 
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The AMMI Stability Value (ASV) 
 
 

The ASV as described by Purchase (1997) was calculated for each hybrid. According to this 

method, entries with lower ASV values were considered more stable than entries with higher 

ASV. Table 3.18 shows the ASV for the 96 entries compared with mean grain yield. 
 

Table 3.18 AMMI Stability Value, mean grain yield and ranks for 96 maize genotypes tested 

in 15 environments of ESA, 2010-2011 

 

According to the ASV parameter the most stable hybrids were entries 47, 60 and 35. 

However, these hybrids were not the top hybrids for their mean grain yield. One of the top 

Entry ASV Rank Mean yield  
(t ha-1) 

Rank Entry ASV Rank Mean yield  
(t ha-1) 

Rank 

47 0.054 1 3.760 44 39 0.539 49 3.690 48 
60 0.070 2 4.270 11 11 0.552 50 3.180 86 
35 0.109 3 3.500 68 83 0.555 51 3.130 89 
87 0.125 4 3.940 25 32 0.557 52 3.520 65 
75 0.148 5 3.680 50 2 0.562 53 3.660 53 
63 0.151 6 4.130 14 28 0.564 54 3.100 92 
13 0.151 7 3.760 42 73 0.569 55 3.990 23 
44 0.153 8 3.800 36 53 0.574 56 3.700 46 
24 0.161 9 3.900 28 1 0.585 57 3.780 39 
66 0.189 10 3.540 63 94 0.588 58 3.550 62 
89 0.198 11 3.290 79 41 0.589 59 4.130 13 
85 0.199 12 3.660 54 6 0.597 60 3.820 35 
27 0.207 13 3.590 58 25 0.599 61 3.650 55 
76 0.214 14 3.930 26 12 0.613 62 4.120 15 
77 0.222 15 3.530 64 52 0.623 63 4.340 6 
69 0.222 16 3.610 57 26 0.626 64 3.640 56 
81 0.245 17 3.260 82 92 0.627 65 4.060 20 
72 0.258 18 3.520 66 64 0.638 66 3.800 37 
80 0.264 19 3.390 75 14 0.659 67 3.100 91 
16 0.282 20 3.670 51 18 0.670 68 3.460 70 
29 0.282 21 3.760 43 31 0.692 69 3.140 88 
62 0.291 22 3.910 27 56 0.722 70 3.680 49 
20 0.306 23 3.370 76 43 0.724 71 4.180 12 
33 0.324 24 3.700 45 42 0.735 72 3.870 31 
58 0.351 25 3.580 60 68 0.751 73 3.220 84 
7 0.357 26 3.770 40 65 0.764 74 3.240 83 
70 0.362 27 3.670 52 88 0.768 75 3.560 61 
59 0.377 28 3.440 72 82 0.789 76 3.850 33 
19 0.391 29 3.460 71 36 0.833 77 2.710 96 
48 0.391 30 4.260 10 46 0.844 78 4.060 19 
84 0.396 31 3.990 24 78 0.876 79 3.440 73 
93 0.402 32 3.280 80 61 0.902 80 3.390 74 
30 0.427 33 3.590 59 96 0.907 81 4.340 7 
22 0.443 34 4.080 18 57 0.915 82 3.510 65 
49 0.450 35 4.030 21 86 0.943 83 3.300 78 
5 0.450 36 3.760 41 4 0.946 84 4.090 16 
50 0.458 37 4.020 22 79 0.950 85 3.260 81 
34 0.473 38 3.050 93 45 0.983 86 4.230 11 
74 0.479 39 3.040 94 8 1.017 87 3.790 38 
10 0.487 40 4.380 4 17 1.022 88 3.160 87 
38 0.495 41 3.890 30 55 1.079 89 4.420 3 
21 0.501 42 3.690 47 95 1.116 90 3.220 85 
9 0.512 43 3.490 69 40 1.125 91 4.570 1 
71 0.515 44 3.030 95 90 1.133 92 3.120 90 
51 0.521 45 4.090 17 54 1.177 93 4.270 8 
67 0.521 46 3.870 32 3 1.206 94 3.840 34 
15 0.531 47 4.370 5 23 1.374 95 3.310 77 
91 0.533 48 3.900 29 37 1.789 96 4.420 2 
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entries for grain yield (entry 37) was identified as the least stable hybrid by this parameter. 

This method shows similarity with Wricke’s (1962) ecovalence and Shukla’s (1972) stability 

variance in identifying the least stable hybrids across the different environments.   

 

3.4.4 Comparison of the different stability measures    

 

The ranking of the 96 maize genotypes based on the different parametric and non-parametric 

stability measures is presented in Table 3.19. According to Lin and Binns’ (1988), cultivar 

superiority measure and mean grain yield value, the most stable entry was 40 and the least 

stable was entry 36. Since both parameters focus on the average yield across the different 

environments, their ranking order is highly correlated. However, these entries were not 

identified by the other parameters as stable. Entry 80 was among the most stable entries 

identified by Wricke’s (1962) ecovalence, Shukla’s (1972) stability variance and by both 

non-parametric measures. Similarly entries 37, 96, and 95 were the least stable entries 

identified by all the stability parameters except by Lin and Binns’s (1988) cultivar superiority 

measure and mean yield. The AMMI stability value identified entries 47, 60 and 35 as the 

most stable entries (Table 3.19).  

 

The different stability parameters showed variability in ranking of the most stable entries. 

Apart from the inconsistency in performance of the QPM hybrids across the diverse 

environments, the nature of the parameters in defining stability also contributed to the 

disparity in order of ranking the stable entries. Hence, to further understand the relationship 

between the different parameters, a correlation analysis was performed.   

 

Table 3.20 shows the pair wise comparison of the nine stability parameters based on 

Spearman’s coefficient of rank correlation (Steel and Torie, 1980). The correlation between 

mean yield and Pi were found to be very high (P ≤ 0.001) in the ranking of the entries (r = 

0.97**). However, both were generally quite poorly correlated with the rest of the 

parameters. Mean yield was found to be negatively correlated with all the other stability 

parameters used in this study. This indicates that selecting a variety from METs based on 

average yield will not guarantee its stability. The parameter Pi was non-significantly and 

negatively correlated with S2
di and Shukla’s 2

iS  and non-significantly and positively 

correlated with the other parameters.    
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Highly significant correlation (P ≤0.001) was observed between Eberhart and Russell’s 

(1966) deviation from regression, Wricke’s (1962) ecovalence, Shukla’s (1972) stability 

variance, Shukla’s (1972) stability variance with covariates, Nassar and Huehn’s (1987) 

absolute rank difference and variance of ranks S(1) and S(2) and ASV. This indicates that the 

ranking order of the entries by these parameters is significantly correlated. However, 

parameters with very high correlation values (r) ranked the entries very similarly. Wricke’s 

procedure of stability statistic showed the highest significant positive correlation (P < 0.01) 

with Shukla (no covariates, r=1.00** ), Shukla (with covariates, r=0.90** ) and ASV (r=0.83** ). 

The perfect correlation between Wricke’s and Shukla’s methods indicates that the two 

procedures are equivalent for ranking purposes. This result is further supported by the fact 

that Shukla’s stability variance is a linear combination of the ecovalence and therefore, both 

Wi and 2
iσ  are equivalent for ranking (Wricke and Weber, 1980). The perfect correlation 

among Wricke and Shukla (with no covariate) is also consistent with other reports (Purchase, 

1997; Tsige, 2002; Alberts, 2004; Issa, 2009). However, the inclusion of covariates in the 

analysis of Shukla did not show a perfect correlation with that of Wricke, although there 

exists a highly significant correlation (r=0.90** ) (Table 3.20). 

 

The rank order of the entries by the non-parametric measures S(1) and S(2) showed highly 

significant (P ≤ 0.001) positive correlation with most of the parametric measures except for Pi 

and mean yield, which showed non-significant positive correlation with Pi and negative 

correlation with mean yield (Table 3.20). The very high correlation (r=0.98**) between S(1) 

and S(2) indicates that the stability estimates by the two methods are nearly identical. The 

significant correlation of the non-parametric measures with the parametric estimates suggests 

their importance as an alternative option for identifying stable genotypes from METs (Yue et 

al., 1997), although they do not supply information about genotype adaptation. 
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Table 3.19 The ranking order of the 96 QPM hybrids according to the different stability 

parameters (shaded cells shows the rank of the most stable entries)    

 
 

No Entry yield Pi S2
di W i  

 

 
 

S(1) S(2) ASV 
1 40 1 1 68 93 93 68 36 83 91 
2 45 11 2 35 79 79 45 80 76 86 
3 10 4 3 28 44 44 41 15 14 40 
4 15 5 4 74 59 59 74 19 17 47 
5 52 7 5 54 63 63 57 18 21 63 
6 55 2 6 89 81 81 89 41 52 89 
7 54 9 7 73 80 80 73 89 94 93 
8 37 3 8 93 96 96 93 95 96 96 
9 60 8 9 6 15 15 22 17 18 2 
10 96 6 10 95 94 94 95 92 93 81 
11 48 10 11 31 19 18 12 2 2 30 
12 63 13 12 18 23 23 35 7 7 6 
13 43 12 13 79 76 75 79 37 31 71 
14 41 14 14 47 62 62 52 43 43 59 
15 49 21 15 29 46 46 42 57 50 35 
16 12 15 16 50 55 55 54 56 58 62 
17 50 22 17 51 7 7 4 4 5 37 
18 4 17 18 81 90 90 81 93 92 84 
19 51 16 19 66 57 57 66 49 54 45 
20 46 20 20 90 82 82 90 87 87 78 
21 84 23 21 21 12 12 16 29 28 31 
22 24 29 22 56 1 1 3 8 6 9 
23 38 30 23 69 65 65 69 94 91 41 
24 3 34 24 75 88 88 75 91 89 94 
25 62 27 25 17 25 25 34 32 29 22 
26 87 25 26 9 20 20 30 25 23 4 
27 91 28 27 63 52 52 63 34 30 48 
28 42 32 28 62 67 67 62 82 85 72 
29 1 39 29 15 30 30 18 40 41 57 
30 76 26 30 13 11 11 20 16 15 14 
31 22 18 31 82 66 66 82 83 82 34 
32 5 44 32 58 9 9 2 22 19 36 
33 92 19 33 84 71 71 84 64 65 65 
34 73 24 34 41 45 45 48 51 46 55 
35 44 37 35 43 4 4 7 6 4 8 
36 6 35 36 43 49 49 50 20 20 60 
37 29 42 37 37 33 33 46 68 67 21 
38 75 49 38 45 3 3 6 11 11 5 
39 82 33 39 88 78 78 88 79 81 76 
40 39 47 40 24 34 34 39 54 53 49 
41 67 31 41 25 16 16 15 33 35 46 
42 2 54 42 19 35 35 36 55 49 53 
43 47 41 43 22 24 24 37 53 48 1 
44 13 43 44 6 17 17 28 46 44 7 
45 26 56 45 42 38 38 49 39 39 64 
46 69 57 46 14 21 21 33 42 38 16 

2
iσ 2

iS
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Table 3.19 continued…. (shaded cells show the rank of most stable entries) 

No Entry  yield Pi S2
di W i  

 

 
 

S(1) S(2) ASV 
47 70 51 47 6 22 22 29 23 22 27 
48 27 59 48 26 26 26 40 35 37 13 
49 85 53 49 48 5 5 5 14 13 12 
50 8 38 50 94 91 91 94 90 88 87 
51 32 66 51 4 28 28 23 50 51 52 
52 7 40 52 39 37 37 47 63 57 26 
53 21 48 53 45 39 39 51 38 33 42 
54 16 52 54 57 50 50 59 70 69 20 
55 53 45 55 85 70 70 85 67 63 56 
56 30 58 56 1 14 14 24 47 42 33 
57 33 46 57 48 42 42 53 84 80 24 
58 25 55 58 80 73 73 80 81 73 61 
59 64 36 59 70 56 56 70 62 60 66 
60 58 60 60 65 54 54 65 60 61 25 
61 77 64 61 76 8 8 8 13 10 15 
62 72 65 62 37 6 6 9 12 8 18 
63 35 68 63 52 41 41 55 45 40 3 
64 59 73 64 83 68 68 83 44 55 28 
65 19 80 65 30 10 10 13 24 24 29 
66 56 50 66 77 72 72 78 69 68 70 
67 9 69 67 78 64 64 77 66 64 43 
68 94 62 68 61 60 60 61 75 72 58 
69 66 63 69 55 48 48 58 61 56 10 
70 80 74 70 59 2 2 1 1 1 19 
71 88 61 71 23 47 47 38 52 45 75 
72 57 67 72 92 87 87 92 74 71 82 
73 18 71 73 91 84 84 91 76 74 68 
74 20 76 74 60 53 53 60 27 26 23 
75 89 79 75 2 27 27 25 58 59 11 
76 61 75 76 87 86 86 87 85 86 80 
77 81 81 77 2 18 19 26 26 25 17 
78 78 72 78 76 75 76 76 48 47 79 
79 11 86 79 5 40 40 27 28 32 50 
80 93 80 80 20 31 31 17 30 36 32 
81 65 83 81 11 51 51 21 59 66 74 
82 79 82 82 64 89 89 64 86 84 85 
83 68 85 83 32 58 58 11 77 79 73 
84 86 78 84 33 69 69 43 72 77 83 
85 83 89 85 27 36 36 14 31 34 51 
86 28 91 86 11 29 29 32 21 27 54 
87 31 88 87 72 74 74 72 73 75 69 
88 23 77 88 71 92 92 71 96 95 95 
89 17 87 89 67 85 85 67 71 70 88 
90 71 95 90 34 43 43 44 10 12 44 
91 74 94 91 36 13 13 10 3 3 39 
92 95 84 92 96 95 95 96 88 90 90 
93 34 93 93 15 32 32 19 9 9 38 
94 14 92 94 86 83 83 86 78 78 67 
95 90 90 95 53 77 77 56 65 62 92 
96 36 96 96 10 61 61 31 5 16 77 

2
iσ 2

iS
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Table 3. 20  Spearman rank correlation between parametric and non-parametric stability measures for 96 maize genotypes evaluated across 

ESA (2010-2011). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
** P ≤ 0.01 

 
Note: Pi= Linn and Binns’s (1988) cultivar superiority performance; S2di= Eberhart and Russell’s (1966) deviation from regression parameter; Wi 
= Wricke’s(1962)  ecovalence; 2iσ = Shukla’s (1972) stability variance with no covariates; 2

iS  Shukla’s (1972) stability variance with covariates; 

S(1) and S(2) Nassar and Hühn’s (1987) absolute rank difference and variance of ranks respectively; ASV = AMMI stability value. 
 

 Mean yield Pi   S2
di   Wi    S(1) S(2) ASV 

Mean yield 

Pi  0.968**               

S2
di -0.171 -0.079             

Wi -0.065 0.039   0.714**           
 

-0.063 0.041 0.713** 1.000**         
 

-0.177 -0.058 0.787** 0.899** 0.899**       

S(1) -0.019 0.073 0.541** 0.766** 0.766** 0.728**     

S(2) -0.031 0.057 0.551** 0.811** 0.812** 0.741** 0.976**   

ASV -0.003 0.071 0.512** 0.831** 0.831** 0.607** 0.586** 0.642** 

2
iσ 2

iS

2
iσ

2
iS
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3.5 Conclusions 
 
From the individual environment analysis the variation among the 96 entries was highly 

significant, which is an indication of the existence of variability within the genotypes and the 

potential for further selection. In most of the individual environments the contribution of 

entries to the total variation was high, except at a few locations where the variation caused by 

replication and block was important. Under the optimum environments, entries contributed 

more to the variation (except HREOP1) compared to replication and blocks. Under the stress 

environments replications and blocks contributed significantly to variation (Tables 3.3 and 

3.5).  

      

The grain yield performance of the QPM hybrids was better than the normal commercial 

check hybrid across all the environments except under the optimum environment at Bako in 

2010 (BKOPT) where the normal maize (entry 96) ranked first with a yield of 9.28 t ha-1. The 

QPM entries 52 and 46 were also the top yielding QPM hybrids in 2010 with a yield of 9.12 t 

ha-1 and 6.10 t ha-1 at HREOP1 and RATOP, respectively. In 2010 the entries showed better 

performance at BKOPT under the non-stress environments and at BKOLN under the stress 

environments. Results of the combined ANOVA showed that the variation among entries, 

environments and their interactions were highly significant. Environmental sum of squares 

were high in both years, mainly because of the inclusion of extreme (stress) environments in 

the analysis. The minimum and maximum yield of the entries from the combined analysis in 

2010 ranged from 2.84 to 5.09 t ha-1 and in 2011 from 2.62 to 4.30 t ha-1, respectively. As 

expected, the entries performed better under the optimum compared to the stress 

environments. The trials under N-stress environments yielded about 35% and drought stress 

38% of the yield obtained under the optimum environments (Tables 3.7 - 3.10).   

 

Nine different stability measurements were compared in order to identify stable genotypes 

across environments. Most of the parameters ranked the entries differently mainly due to the 

inclusion of extreme (stress) environments in the analysis. However, there was a highly 

significant association among the major stability parameters based on the results of the 

Spearman rank correlation analysis. Significant and positive correlations were observed 

among Eberhart and Russel (1966) deviation from regression parameter, Wricke’s (1962) 

ecovalence ( Wi ), Shukla’s (1972) stability variance with no covariates ( 2
iσ ), Shukla’s 

(1972) stability variance with covariates (2
iS ), Nassar and Huehn’s (1987) absolute rank 
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difference and variance of ranks (S(1) and S(2)) and  Purchase’s (1997) ASV. There was a 

perfect correlation between Wricke’s (1962) ecovalence and Shukla’s (1972) stability 

variance with no covariates (2iσ ) which indicates the similarity of the parameters in ranking 

the stable genotypes. Entry 80 was the most stable hybrid and was identified by Nassar and 

Hühn’s (1987) absolute rank difference and variance of ranks [(S (1) and S(2)], as well as the 

parameters of Wricke’s (1962) ecovalence (Wi) and Shukla’s (1972) stability variance with 

no covariates ( 2
iσ ). Based on mean grain yield and Linn and Binns’s (1988) cultivar 

superiority measures the most stable entry was 40. However, superior entries in grain yield 

were found to be the least stable hybrids. This is mainly because of the sensitivity of single 

cross QPM hybrids to diverse environments which was also reported by Pixley and Bjarnason 

(2002) and the inclusion of diverse environments in the analysis.  

 

Finally, the use of the different univariate stability models to identify stable genotypes from 

diverse environments was inadequate for a reliable prediction on the potential of entries as 

the models gave inconsistent ranking. Furthermore, to choose the best informative stability 

parameter that meets the interest of breeders (repeatable high yield) from the linear regression 

models will be complex if extreme environments are considered in the analysis. The findings 

of Crossa (1990) also suggested that when linearity of response fails in the classical linear 

regression models, multivariate analysis methods are useful to better exploit the information 

contained in the data. In a situation where diverse environments are included, multivariate 

analysis such as AMMI and cluster analysis will be more appropriate to identify stable entries 

and their specific adaptation environment which is the subject of the next chapter. 
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CHAPTER 4 

 

Evaluation of grain yield stability and adaptation pattern of QPM hybrids under stress 

and optimal growing conditions in ESA based on the models of AMMI and GGE 

 

4. 1 Abstract  

 

The application of multivariate analysis techniques is important when a non-linear genotypic 
response across environments is expected. A total of 96 maize hybrids (95 QPM and one 
normal hybrid) were evaluated for grain yield stability and adaptation under 15 stress and 
optimal growing conditions in Ethiopia, Kenya and Zimbabwe during 2010 and 2011.  The 
ANOVA of the AMMI model showed highly significant variances for environments, genotypes 
and G x E interaction. The F-test was highly significant (P < 0.001) for all five IPCA axes 
which explained 100% of the variation due to G x E interaction. The first two IPCA axes 
(AMMI2) explained about 60% of the variation. Among the entries, the QPM hybrid entry 40 
was identified as the best genotype across environments. Another high yielding QPM entry 37 
was among the most responsive entries specifically adapted to the optimum environment of 
Awassa, Ethiopia (AWAOP). The first two principal components of the GGE analysis were 
able to capture about 50% of the total variability due to the G x E interaction. Among the 
environments HREOP2, the optimum environment at Harare-Zimbabwe, was found to be the 
most discriminating and representative environment while entry 40 was identified as the best 
performing and stable entry due to its proximity to the ideal genotype in the GGE biplot. 
GGE biplot grouped the environments into four major mega-environments each having more 
than one site except Chisumbanje (CHSDT) which was categorised as a separate mega-
environment. The comparison of the two models based on this study showed that AMMI2 
(60%) was better than GGE2 (50%) which was better than the AMMI1 (35.73%) model in 
explaining the variability due to G x E interaction. However, the various and useful biplot 
display options by GGE makes it preferable for easy visualisation of the complex multi-
environment data. This study also emphasized the importance of additional statistical tests 
including ANOVA for a critical evaluation and selection of genotypes from the G x E data.     
         
 
Key words: AMMI, GGE, multivariate analysis, biplots, QPM  
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4.2 Introduction 

 

The development of high yielding and stable genotypes and identification of suitable growing 

environments are the primary goals of a successful breeding programme. To ensure 

continuous cultivation of a genotype, it should have good performance and wide adaptation. 

Hence, evaluation of genotypes across environments and thorough analysis of G x E 

interactions help to identify those with stable performance as well as to delineate 

environments based on genotypic response. Various univariate and multivariate methods 

have been developed to analyse G x E interaction and to identify stable genotypes from 

METs. In a situation where the G x E interaction is highly significant due to the inclusion of 

diverse environments the use of multivariate techniques and data visualisation methods are 

more appropriate than the conventional linear regression models. 

 

Zobel et al. (1988) pointed out the limitations of the classical linear stability models. 

Accordingly, ANOVA falls short in detecting significant interaction components. Significant 

genotype and environment main effects are not required using PCA and linear regression 

models since they account for only a small portion of the interaction sum of squares. 

However, the AMMI model effectively reveals interaction components that have a clear 

agronomic meaning. The AMMI model is easy to use as it has no specific design 

requirements, except for a two-way data structure.  

 

The AMMI model combines the ANOVA for the genotype and environment main effects 

with principal components analysis of the G x E interaction. It has proved useful for 

understanding of complex G x E interactions. The results can be graphed in a useful biplot 

that shows both main and interaction effects for genotypes and environments. Gauch and 

Zobel (1996) showed that AMMI1 with IPCA1 and AMMI2 with IPCA1 and IPCA2 are 

usually selected and the graphical representation of axes, either as IPCA1 or IPCA2 against 

main effects or IPCA1 against IPCA2 is generally informative. When AMMI3 and higher 

models are presented for agricultural data, the third and higher IPCA axes are dominated by 

noise and have no predictive value (Van Eeuwijk, 1995).  

 

Since AMMI has the biplot feature, genotypes and environments are plotted on the same 

diagram, facilitating inference about specific interactions of individual genotypes and 

environments by using the sign and magnitude of PCA1 values. Any genotype with a PCA1 
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value close to zero shows general adaptation to the tested environments. A large genotypic 

PCA1 score reflects more specific adaptation to environments with PCA1 scores of the same 

sign. AMMI provides a more adequate biological explanation of G x E than the regression 

models and it has been found useful when applied to across year analyses with a higher 

element of unpredictability (Crossa et al., 1990; Yau, 1995; Gauch and Zobel, 1996; 

Annicchiarico, 1997). 

 

The GGE biplot method was developed by using some of the functions of the classical joint 

regression, the AMMI and the genetic correlation models (Ding et al., 2007). In total 

phenotypic variation, environment (E) explains most of the variation and genotype (G) and 

the G x E interaction are usually small (Yan, 2002). However, only the G and G x E 

interaction are relevant to cultivar evaluation, particularly when G x E interaction is identified 

as repeatable (Hammer and Cooper, 1996). The term "GGE biplot" was first coined by Yan et 

al. (2000) and refers to a biplot as developed by Gabriel (1971) that displays the G and GE of 

a genotype-by-environment data. The key property of a GGE biplot is that it is based on 

environment-centred data, whereby the environment (tester) main effects (E) are removed, 

and the genotype main effect (G) and the genotype by GE are retained and combined. 

Therefore, a biplot based on environment-centred data contains only G+GE effects, abridged 

as GGE (Yan, 2001; Yan et al., 2000). The GGE biplot helps to visualise, among others, the 

relationship among the genotypes, which genotype-won-where, the discriminating power and 

representativeness of the test-environments and the different groups of mega-environments.  

 

Several workers have reported the usefulness of the GGE model for different purposes 

including, but not limited to, mega-environment analysis (Yan and Rajcan, 2002; Casanoves 

et al., 2005; Samonte et al., 2005; Yan and Tinker, 2005; Dardanellia et al., 2006), genotype 

evaluation (Bhan et al., 2005; Voltas et al., 2005; Kang et al., 2006; Setimela et al., 2007; 

Fatma et al., 2011), test-environment evaluation (Yan and Rajcan, 2002; Xing-Ming et al., 

2007; Weikai and James, 2010), and heterotic pattern analysis (Narro et al., 2003; Andio et 

al., 2004; Bertoia et al., 2006).  

 

There are similarities and differences between AMMI and GGE models. The AMMI analysis 

partitions the overall variation into genotype main effects (G), environment main effects (E) 

and G x E interaction. The GGE biplot gives similar results as the AMMI except that the 

environment main effects (E) are excluded; instead GGE biplot focuses on capturing more G 
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and GE effects. The exclusion of the environment main effects by the GGE biplot is based on 

the insignificance of environment per se for cultivar selection and test-environment 

evaluation. The inclusion of environment main effects in the AMMI model is supported by 

interdisciplinary teams in agricultural research such as soil scientists and others. The merits 

and demerits of the two models have been extensively reviewed. Various authors gave 

different reasons for the preference of one model over the other (Yan et al., 2000; Yan and 

Kang, 2003; Gauch, 2006; Yan et al., 2007; Gauch et al., 2008). However, the two models are 

currently the best choices for the analysis of yield data from METs and the preference of 

either of the models will depend mainly on the type of research and the information required. 

Hence, the objectives of this research were to analyse the grain yield stability and adaptation 

pattern of the QPM hybrids included in this study, based on AMMI and GGE models and to 

highlight the benefits and limitations of the two models based on the results of this study.  

 

4.3 Materials and methods 

 

Germplasm    

The details of the germplasm used in the study are presented under Section 3.3. However, for 

the construction of biplots by AMMI and GGE the top 25 hybrids were selected to avoid 

genotypes congestion in the biplots. The list of the top 25 hybrids and their IPCA scores from 

the AMMI analysis is presented in Table 4.1. 
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Table 4.1  IPCA1, IPCA2 scores and mean grain yield (t ha-1) of the top 25 genotypes 

evaluated across 15 environments in ESA, during 2010 and 2011 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Description of the environments and field management  

The field management and description of trial sites are presented in detail under Section 3.3. 

The list of the test environments and their corresponding IPCA values based on the AMMI 

analysis are presented in Table 4.2. While the description of the environmental codes used in 

the different biplots is presented in Table 4.3.    

 
 

 

No Entry  No IPCA 1 scores IPCA 2 scores Mean yield 

1 40 -0.7909 -0.0601 4.57 

2 37 -1.2431 -0.2929 4.42 
3 96 -0.5362 -0.4931 4.42 
4 10 -0.2457   0.3394 4.38 
5 55 -0.6067 -0.6496 4.37 
6 15 -0.1949 -0.4530 4.34 
7 52 -0.4251   0.1522 4.34 
8 54 -0.7981 -0.3167 4.27 
9 45 -0.6884   0.0997 4.27 
10 48 -0.2025   0.2649 4.26 
11 43 -0.3159   0.5679 4.23 
12 60 -0.0477 -0.0164 4.18 
13 12 -0.2824   0.4630 4.13 
14 4 -0.5531   0.5276 4.13 
15 51 -0.1183   0.4930 4.12 
16 63  0.1059   0.0089 4.09 
17 41 -0.3457   0.3252 4.09 
18 46 -0.5606 -0.2797 4.08 
19 92   0.0178   0.6269 4.06 
20 22   0.2971   0.1356 4.06 
21 49 -0.2889   0.1854 4.03 
22 73   0.3996   0.0463 4.02 
23 84 -0.2749   0.0641 3.99 
24 24 -0.1080  -0.0479 3.99 
25 50 -0.3141  -0.1043 3.94 
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Table 4.2  IPCA1, IPCA2 scores and mean grain yield (t ha-1) of the 15 test environments 

in ESA used for the evaluation of the QPM hybrids 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No Environments IPCA 1 scores IPCA 2 scores Mean yield 

1 AWAOP -1.3377 -2.6841 
 

4.30 
 

2 BAKOP -0.7082 
 

-0.1821 
 

5.49 
 

3 BAKLN 0.3547 
 

-0.1735 
 

3.18 
 

4 MLKOP 0.0052 
 

1.0463 
 

4.72 
 

5 EMBOP -0.7928 
 

0.0147 
 

6.00 
 

6 KAKOP -0.9101 
 

0.0274 
 

4.42 
 

7 KBODT 1.3819 
 

0.4837 
 

2.44 
 

8 HREOP1 -1.1348 
 

0.9521 
 

6.44 

9 HRELN1 0.6469 
 

-0.4101 
 

1.36 

10 HREOP2 -1.4403 
 

1.4441 
 

6.12 
 

11 HRELN2 0.6046 
 

-0.2767 
 

0.97 

12 RATOP -0.2217 
 

0.2836 
 

4.46 
 

13 CHIDT1 1.4148 -0.2245 2.94 
 

14 CHIDT2 1.1933 -0.1510 1.31 
 

15 CHSDT 0.9442 
 

-0.1502 1.29 
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Table 4.3 Description of environmental codes used in the AMMI and GGE biplots 

 

Experimental design and statistical analysis 

 

The description of experimental designs is presented under Section 3.3. The AMMI analysis 

including the combined ANOVA was conducted using Agrobase Generation II® SQL 

(Agronomix, 2011), statistical software. The biplots of the AMMI1 model based on IPCA 1 

scores versus genotype means and IPCA 1 scores versus environmental means for the 96 

hybrids were constructed using GenStat® 15th edition (GenStat, 2012) as this programme 

gives a better visual for the graphs. The biplots for the best 25 hybrids and the 15 test 

environments as well as the combination of the two were constructed based on the first two 

principal components of the AMMI model using Biplot v1.1 

(http://www.stat.vt.edu/facstaff/epsmith.html), a Windows application that functions with MS 

Excel to illustrate the relationships among genotypes, environments and between genotypes 

No Environmental codes Country Location Trial Season Environment type 

1 AWAOP Ethiopia Awassa 2011 Optimum 

2 BAKOP Ethiopia Bako 2010 Optimum 

3 BAKLN Ethiopia Bako 2010 Low-N 

4 MLKOP Ethiopia Melkassa 2011 Optimum 

5 EMBOP Kenya Embu 2011 Optimum 

6 KAKOP Kenya Kakamega 2011 Optimum 

7 KBODT Kenya Kiboko 2011 Managed drought 

8 HREOP1 Zimbabwe Harare 2010 Optimum 

9 HRELN1 Zimbabwe Harare 2010 Low-N 

10 HREOP2 Zimbabwe Harare 2011 Optimum 

11 HRELN2 Zimbabwe Harare 2011 Low-N 

12 RATOP Zimbabwe Rattray Arnold 2010 Optimum 

13 CHIDT1 Zimbabwe Chiredzi 2010 Managed drought 

14 CHIDT2 Zimbabwe Chiredzi 2011 Managed drought 

15 CHSDT Zimbabwe Chisumbanje 2011 Managed drought 
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and environments. Environments and genotypes are shown as vectors and points on the 

AMMI biplot. Genotypes and environments that are close together tend to be similar. The 

angle between two vectors indicates the degree of association or correlation either among the 

genotypes or the environments. An angle of less than 900 or larger than 2700 between a 

genotypic vector and an environmental vector indicates that the genotype has a positive 

response to that environment. If the angle is between 900 and 2700 it indicates a negative 

response of a genotype to that environment. Similarly the cosine of the angle between two 

environments or genotypes gives an indication of the phenotypic correlation between the two 

genotypes (or environments). Hence, an angle of 00 indicates a correlation of r = 1 (100% 

positively correlated), an angle of 900 (-900) shows a correlation of r = 0 meaning that the 

testers are independent and an angle of 1800 means a correlation of r = -1 (100% negatively 

correlated) (Gower and Hand, 1996; Yang et al., 2009).  

 

The GGE biplot was constructed for the 96 genotypes as well as for the top 25 hybrids. The 

GGE biplot model based on the two principal components (PC1 and PC2) helps to explain 

the variation due to G+GE unlike the total variation which is caused by environment, 

genotype and G x E interaction (Yan, 2001). The GGE biplot further shows the performance 

of the genotypes across environments, relationship among the genotypes and environments, 

and the grouping of mega-environments. A genotype(s) plotted closer to an environment(s) 

indicates that it is adapted to that environment(s). Environments that are closely plotted in the 

biplot indicate their similarity as test environments. A solid line with an arrow passing 

through the biplot origin helps either to see the performance of different genotypes at a 

specific environment (in this case it is called the tester axis) or to identify the relative 

adaptation of a given genotype in different environments which is referred to as the entry 

axis. The biplot also has another solid line that passes through the centre of the biplot and 

perpendicular to either of the axis named the perpendicular line. The perpendicular line 

differentiates above or below average performance of either the genotype(s) or the 

environment(s). Another feature of the GGE biplot is the identification of which genotype 

wins where or which is best for what. It is illustrated by a convex-hull (polygon) and each 

vertex or corner of the polygon connects the genotypes that are furthest from the origin of the 

biplot and keeps the remaining genotypes within the polygon. The perpendicular lines from 

the centre of the biplot intersect the sides of the convex-hull creating several sectors which 

cause the environments to fall into one of these sectors. Hence, a corner or vertex genotype is 

the best or winner genotype in one or more of the environments included in that sector. 
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Similarly, vertex genotypes with no environment in the sector indicates the genotype’s poor 

performance at all environments or not the best at any of the environments (Yan, 2001). The 

oval or the concentric circles allow the comparison of genotype(s) or environment(s). Mega-

environments are shown as independent or intersecting circles (spheres) in the biplot. 

Environments that fall in the same sphere are considered to be similar mega-environments 

and the total number of spheres in the biplot shows the number of mega-environments.  

 

Finally, cluster analysis of genotypes and environments based on AMMI adjusted means was 

also performed using the NCSS 2004 Software (Hintze, 2001). For the purpose of 

classification, cluster analysis with the unweighted pair group method with arithmetic 

average (UPGMA) clustering method was employed and Euclidean distance matrix was 

computed. 

 

 
4.4 Results and discussion  
 
 
4.4.1 AMMI analysis 
 
The combined ANOVA for the 96 hybrids evaluated across 15 environments based on the 

AMMI model is presented in Table 4.4. The ANOVA indicated highly significant differences 

(P ≤ 0.001) for environments, genotypes and G x E interaction. The IPCA axes are ordered 

according to decreasing contribution to variation. The F-test was highly significant (P ≤ 

0.001) for all the IPCA axes. The environments explained 76.88% of the total yield variation 

followed by the G x E interaction (12.44%). Genotypes contributed only 3.35% which 

indicates that in the METs genotypes contribute the least to the total variation. Environment 

was the major factor that influences yield performance of maize in most parts of ESA. The 

first five IPCA axes were highly significant and explained 100% of the G x E interaction. The 

first IPCA captured 35.73% of the total interaction sum of squares in 8.12% of the G x E 

interaction degrees of freedom. The second IPCA also explained 25.22% of the interaction 

sum of squares in 7.6% of the interaction degrees of freedom (Table 4.4). 
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Table 4.4  Analysis of variance (ANOVA) based on the AMMI model for grain yield (t 

ha-1) for 96 maize hybrids evaluated across 15 environments in ESA (2010-

2011) 

Sources Df SS MS Total 
variation 
explained 

(%) 

G x E 
explained 

(%) 

Cumulative 
(%) 

Total 2879 12788.60     
Environments 14 9831.25 702.23** 76.88   

Reps within Env. 15 31.73 2.11    
Genotype 95 427.84 4.50**   3.35   

Genotype x Env. 1330 1590.91 1.11** 12.44   
IPCA1 108 408.74 3.78**  35.73 35.73 
IPCA2 106 288.48 2.72**  25.22 60.95 
IPCA3 104 192.48 1.85**  16.83 77.77 
IPCA4 102 138.94 1.36**  12.15 89.92 
IPCA5 100 115.36 1.15**  10.08 100 

IPCA residual  810 446.90  0.55    
Residual 1425 906.87  0.64    

Grand mean = 3.69  R-squared=0.93  CV = 21.58% 

** P < 0.001; IPCA= Interaction principal component axis 

 

The AMMI1 model biplot based on IPCA1 and the genotype means for the 96 hybrids was 

constructed to show the performance and association of the genotypes (Fig. 4.1) and the 15 

environments was shown based on IPCA1 values of the environments plotted against the 

environmental means (Fig. 4.2). Another biplot was constructed based on IPCA1 values of 

the genotypes and environments plotted against the mean values of the genotypes and the 

environments to show the G x E interaction biplot (Fig. 4.3). From Fig. 4.1 it can be seen that 

entry 40 (G40) was the highest yielding followed by entry 55 (G55) and entry 37 (G37). The 

lowest yielding among the 96 genotypes was entry 36 (G36) located at the top left corner of 

the biplot. Entry 60 (G60) was the most stable as it is the closest to the IPCA1 axis (the green 

dotted line as the x-axis) and can be considered as adaptable to all the environments. On the 

other hand entry 37(G37) was the least stable as it is far from the IPCA1 axis, however, due 

to its high mean grain yield it can be considered as a responsive entry for a specific 

environment. Among the 15 environments HREOP1 was the most responsive for the 

evaluation of the genotypes, RATOP was a relatively stable environment unlike AWAOP. 

The AMMI1 model grouped all the optimum environments together. In contrast, the stress 

environments which produced below average grain yield were grouped in the left upper 
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quadrant of the biplot (Fig. 4.2). From the G x E interaction biplot (Fig. 4.3) it can be seen 

that entry 37(G37) was responsive to environment AWAOP and entry 40 and 54 to KAKOP. 

Because of the congestion of the genotypes, a separate biplot was constructed for the top 

performing 25 hybrids using the AMMI2 model based on IPCA1 and IPCA2 values. The first 

two principal components explained more than 60% of the G x E interaction thus making the 

AMMI2 model a better fit than AMMI1. To use AMMI3, another model family of AMMI, 

which is a component of IPCA2 and IPCA3, could be more accurate than AMM1 and 

AMMI2, however, Gauch et al. (2008) recommended AMMI2 for its practicality, less noise 

and more informativeness than the other AMMI model families.    

 

The IPCA scores of a genotype in the AMMI analysis indicate the stability of a genotype 

over environments. The greater the IPCA scores, either positive or negative, as it is a relative 

value, the more specifically adapted a genotype is to certain environments. The more IPCA 

scores approach zero, the more stable the genotypes over all environments. Fig. 4.4 shows the 

biplot constructed based on the first two IPCA scores of the top performing 25 genotypes. 

According to the model, entry 60 was the most stable genotype as it is the closest to the 

origin of the biplot. Hence, entry 60 can be considered as a widely adapted genotype although 

it was ranked 12th based on grain yield. On the other hand entry 37 was identified as less 

stable as it is located far from the origin of the biplot. However, this also shows the 

genotype’s adaptation to a specific environment. Genotypes that are grouped in the same 

quadrant of the biplot are closely associated while those grouped in the opposite directions of 

the quadrant have no association.  

 

The different environments were also plotted based on the first two IPCA values to show the 

relationship among the environments (Fig. 4.5). AWAOP was the most discriminating 

environment for the genotypes as indicated by its longest distance from the origin of the 

biplot. However, AWAOP may not be a representative environment due to its high IPCA 

scores. The AMMI2 biplot also grouped the environments according to their responsiveness. 

Stress environments were grouped together at the top left corner of the biplot and the 

optimum environments at the bottom right of the biplot. Environments plotted next to each 

other show the closer association or similarity of the environments for the evaluation of the 

genotypes. Hence, evaluation of genotypes in the closely associated environments is expected 

to produce fairly similar results. If environments show a repeatable association, then these 

environments can be delineated under a similar mega-environment. Grouping locations under 



 

126 
 

similar mega-environments will help to develop and recommend similar genotypes or 

agronomic practices to several locations under the same mega-environment. The small vector 

angle among the managed drought environments shows the closer association among them. 

However, there is a closer similarity between CHIDT1 and CHIDT2 than CHSDT, the other 

managed drought environment in the same country, Zimbabwe. Similarly the N-stress 

environments showed closer similarity between HRELN1 and HRELN2 than BAKLN. The 

close association between the optimum environments, EMBOP and KAKOP is an indication 

of the similarity of the environments used for the evaluation of the genotypes. RATOP and 

BAKOP may be classified as relatively stable optimum environments and BAKLN in the 

low-N environments based on their proximity to the origin of the biplot. The biplot also 

divided the environments based on the mean performance and accordingly the eight optimum 

environments clustered in the similar direction and have above average performance and the 

seven stress environments grouped together and show below average performance (Fig. 4.5).           

 

Figure 4.6 shows the association of the 25 genotypes in the different environments. Entries 

54, 46, 96, and 55 clustered close to BAKOP indicating their better performance in this 

optimum environment. Entries 73, 22 and 63 were more adapted to the stress environments 

with entry 73 closer to the managed drought environment of KBODT. Entries 92, 40 and 37 

were specifically adapted to MLKOP, EMBOP and AWAOP respectively based on their 

proximity to these environments. Most of the genotypes clustered around the relatively stable 

optimum environment of RATOP and indicating their superior performance in this 

environment. Generally, the graphs from AMMI2 biplots helped to visualise the relationship 

among the genotypes and environments. However, a detailed and convenient display is 

addressed by the use of GGE biplot in Section 4.4.2.  
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Figure 4.1  AMMI1 biplot of grain yield of 96 maize genotypes based on IPCA1 and          

genotype means. 
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Figure 4.2  AMMI 1 biplot of the 15 environments based on IPCA1 values of the 

environments plotted against environmental means.  
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Figure 4.3  AMMI 1 biplot of the G x E interaction of 96 maize genotypes tested 

across 15 environments of ESA based on IPCA1 scores of the 

genotypes and the environments.  
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Figure 4.4  AMMI 2 biplot of grain yield of 25 selected QPM hybrids (including a normal check) evaluated under stress and non-stress 

growing environments of ESA. Entries with closer association are grouped under the same quadrant and indicated with similar 

colours. Entry 60 was the most stable hybrid and is highlighted in yellow. Entries in the opposite quadrant have no association 

among them.     
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Figure 4.5  AMMI 2 biplot showing the association of the 15 stress and non-stress growing environments in ESA. Optimum 

environments are shaded in green, low-N stress in yellow and drought stress in orange. AWAOP was the most 

discriminating environment followed by HEROP2. 
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Figure 4.6  AMMI 2 biplot showing the association between the top 25 QPM hybrids (numbers) (including a normal check) and the 

15 stress and non-stress growing environments (texts) in ESA.
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4.4.2 GGE biplot analysis 
 

Performance of genotypes and environments  

 

The GGE biplots based on the performance of 96 maize genotypes evaluated under 15 stress 

and non-stress environments were constructed based on the values of the first two principal 

components (PC1 and PC2) which explained almost 50% of the grain yield variation due to 

genotype and G x E interaction (Fig. 4.7). From Fig. 4.7 it can be seen that the QPM entries 

37 and 40 were the highest yielding entries among the 96 genotypes. Among the 

environments HREOP2, HREOP1 and AWAOP were the most responsive. 
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Figure 4.7  GGE biplot based on 96 QPM hybrids (including a normal check) evaluated 

under 15 stress and non-stress environments of ESA.   
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Figure 4.8 GGE biplot based on 96 QPM hybrids (including a normal check) 

evaluated under 15 stress and non-stress environments of ESA. The 

vectors and the rug plot display the association/relation among the 

different environments. 

 

Figure 4.8 shows the association or relationship between the different environments. 

AWAOP was the most discriminating environment due to its longest distance from the origin 

of the biplot. Environments with small vector angles tend to have closer similarity and those 

with wide vector angles show minimum association. Similarly the rug plot also displays the 

proximity among the different environments based on the angle variation of the vectors. All 

the managed drought environments were displayed close to each other as their deviation from 

each other was small. However, the wider angle between AWAOP and CHSDT and other 
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managed drought environments indicated the absence of association among the 

environments.     

 

Which-won-where  

 

An important feature of a GGE biplot is its ability to display top performing cultivars in a 

specific environment as well as the low yielding cultivars across environments. Figure 4.9 

illustrates the association of the 96 entries within the 15 test environments. There are seven 

sectors in the biplot created by the perpendicular line that starts from the origin of the biplot 

and runs perpendicular to the side of the polygon. Out of the seven sectors four have 

environments included within them and three sectors have no environments within them. 

Hence entry(ies) that fall in sectors where environment(s) are included indicate the 

association of the entry(ies) with that specific environment(s). The hybrids at the different 

vertices of the polygon are expected to be responsive as they are the furthest from the origin. 

However, the responsive vertex hybrids can be either the best performing or the poorest at 

one or additional environments (Yan and Rajcan, 2002). Entries 37, 40, 52 and those included 

in the sector were the most suitable entries at AWAOP, EMBOP, KAKOP, BAKOP, 

HREOP1, RATOP, HRELN1, HRELN2 and BAKLN. Entries 8, 92, 57 and others fell in the 

sector that contained the managed drought environments, MLKOP, KBODT and CHIDT1. 

Entries 90, 86, 28 and a few more were found to be outstanding in performance at CHSDT 

and CHIDT2. All entries included under the sectors where entries 95 and 36 were located 

showed poor performance in all the environments. Similarly no entry performed well at 

HREOP2. However, the small angle between the sectors of HREOP1 and HREOP2 indicates 

the close similarity of the two environments. Hence, entries selected for HREOP1 were 

expected to show similar performance at HREOP2. To avoid congestion of genotypes a 

separate biplot was constructed for the 25 top performing entries based on their average grain 

yield (Fig. 4.10). As a result the biplot was divided into eight sectors and seven of the sectors 

included one or more of the test environments. Entries 37, 40, 54, 45, 46 were found to be 

associated with the environments, EMBOP, KAKOP and RATOP. Among the genotypes 

entry 37 was the winner in these environments based on the average grain yield. Entries 96, 

15, 55, 49 and 50 showed close association with the environments BAKOP, AWAOP, 

BAKLN and HRELN1 while entries 15 and 96 were the best performing in these 

environments. Entries 63 and 60 were the best performing at MLKOP and CHIDT2.The 

position of entry 60 on the sector line indicates its good adaptation to other environments as 



 

135 
 

well. Although the environment KBODT has no vertex entry in its exact sector, the proximity 

of entry 22 to this sector indicates the suitability of the entry both at KBODT and CHIDT2. 

Entries 73 and 92 were grouped with the environment of CHIDT2 while entries 43, 51, 12, 10 

and 84 were found to be associated with the environments of CHSDT and HRELN2 

(Fig.4.10).  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 

 

 

 

Figure 4.9  Which-won-where patter of the GGE biplot based on 96 QPM hybrids 

(including a normal check) evaluated in 15 stress and non-stress environments 

of ESA. 
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Figure 4.10  Which-won-where pattern of the GGE biplot based on selected 25 QPM 

hybrids (including a normal check) evaluated in 15 stress and non-stress maize 

growing environments of ESA.  
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Discriminating ability and representativeness of the environments 

 

In a biplot analysis the vector length of an environment indicates its discriminating power; 

the longer the vector from the plot origin to the marker of an environment, the more 

discriminating the environment. The absolute length of the projection from the marker of an 

environment onto the tester axis or the average tester y-axis (ATC y-axis) indicates its 

representativeness; the longer the projection, the less representative the environment. 

Similarly genotypes projected further from the ATC y-axis are considered to be less stable. 

The centre of the concentric circle in a biplot is where an ideal genotype should be. An ideal 

genotype is considered to be one with the highest yield across test environments and one 

which is absolutely stable in performance. The ideal genotype projection on the ATC x-axis 

is designed to be equal to the longest vector of all the genotypes and its projection on the 

ATC y-axis should be zero, indicating its stability. Hence, the smaller the distance of a 

genotype to this ideal/virtual genotype the more ideal the genotype (Yan and Kang, 2003). 

This also applies for the ideal environment. Further details on this topic can be read from the 

GGE website, www.ggebiplot.com.  

 

The GGE biplot in Fig. 4.11 was constructed based on environment-centred singular value 

partitioning (SVP) which helps to visualise the ideal environment/tester. A genotype-centred 

singular value partitioning also gives a biplot that can identify the ideal genotype/entry. 

However, the conclusion from both types of biplots remains the same; the only difference is 

the slight shape variation among the biplots. To avoid redundancy, only the environment-

focused GGE biplot (Fig. 4.11) was used for the interpretation in this study. According to 

Fig. 4.11, HREOP2 was the most representative environment as it had relatively small 

projection from the ATC y-axis and was also highly discriminating because of its large 

projection on the ATC x-axis. AWAOP was also a discriminating environment because of its 

large projection from the origin; however, it is not a representative environment because of 

its large distance from the ATC y-axis. The managed drought environments of Chiredzi 

(CHIDT1, CHIDT2) and Chisumbanje (CHSDT) in Zimbabwe were the least representative 

environments as they were far from the average environment coordinate (AEC). The 

optimum environments of Embu (EMBOP), Kakamega (KAKOP) both from Kenya and 

Bako (BAKOP) from Ethiopia were positioned similarly following the ideal environment 

from Zimbabwe (HREOP). This indicates the close similarity of the environments for the 

evaluation of genotypes in the three countries. The genotype closest to the ideal was entry 40 
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followed by entry 37, however, entry 40 showed a better stability than entry 37 because of its 

relative position on the ATC y-axis. Entry 36 was the poorest performing genotype due to its 

furthest position on the ATC-axis. Entries 95, 61, 90 and 57 were the least stable in addition 

to their below average performances (Fig.4.11).  

 

90

60

65

24

12

68
44

25

45

27

46

28

11

72

1030

9

31

8

3247

74

48

76

7
20

82

33

83 66
49

17 50

16

51

35

84

37

52

GGE biplot for representativeness and discriminating ability(Total - 49.95%)

6

13

5
39

53

40

64

42

63

43

54

23

85

26
55

71

86 2256

73

87

77

57

67
4

34

336 2

38

58

79

1
80

59

69
62

29

96

75

88

18

95

14
94

41

61

7093 19

92

21

1581
89

78

91

MLKOP

KAKOP

CHIDT2

KBODT

CHSDT

EMBOP
BAKLN

HRELN1

CHIDT1

AWAOP

BAKOP

RATOP

HRELN2

HREOP1

HREOP2

0.2

 0.6 

0.3

 -0.1  0.1 

-0.4

 0.3 

-0.3

 0.5 

-0.2

 0.4  -0.2  0.2 

-0.1

0.0

0.1

 -0.0 

PC1 - 35.35%

P
C
2 

- 
14

.6
0%

AEC

Key

Environments

Genotypes

 
 

Figure 4.11  GGE biplot showing representativeness and discriminating power 

based on the grain yield of 96 maize genotypes evaluated in 15 stress 

and non-stress environments of ESA. 
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Grouping of mega-environments  

 
The main purpose of GxE interaction analysis is to identify target environments for the 

deployment of suitable genotypes. Environments that consistently share the same best 

cultivar are considered to be mega-environments. Hence, this mega-environment concept, 

which is about geographical location, necessitates the continued winning of similar  

genotype(s)  which are equally adapted to other similar mega-environments, in addition the 

genotype by location interaction should be repeatable across years in order to assign a 

permanent grouping of mega-environments (Yan and Rajcan, 2002; Yan et al., 2007).  

 

Figure 4.12 illustrates the biplot for the classification of the different mega-environments. It 

is constructed based on the mean grain yield of the 96 maize genotypes. The data was 

partitioned based on environment-centred values (eigenvectors) and it was normalised to get 

meaningful mega-environments. As a result, the 15 environments were classified into four 

broader groups with almost all the optimum environments grouped in the same mega-

environment. The environments of AWAOP, EMBOP, KAKOP, HREOP1, HREOP2, 

BAKOP and RATOP (yellow oval) were placed in the same mega-environment which 

indicates that those genotypes which performed well in one of these locations can be tested in 

the others and similar performance can be expected. The managed drought sites of CHIDT1, 

CHIDT2 and KBODT which are clustered closely can form another mega-environment 

together with MLKOP and BAKLN (BKOLN) (white oval) which share similarity with the 

other managed drought locations as indicated by the intersection of the spheres. MLKOP, 

which was a managed optimum site, was closer to the drought sites than the other optimum 

sites. The low-N stress environments of HRELN1 and HRELN2 were grouped together, and 

may be considered as another mega-environment for evaluation of genotypes for low-N 

stress. The fourth category of the mega-environment was Chisumbanje (CHSDT) (brown 

circle) located in Zimbabwe. Though this site was considered to be similar to the other 

managed drought sites, this study confirmed the site as another mega-environment. Hence, 

genotypes that performed well at CHSDT are not expected to show similar performance in 

the other managed drought sites and vice versa.  

 

These mega-environment groupings appear consistent with the current germplasm 

characterisation system at CIMMYT by which MLKOP, KBODT, CHIDT are among the 

sites identified for the development of drought tolerant maize genotypes for the mid altitude 
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dry areas of Ethiopia, Kenya and Zimbabwe, respectively. Similarly, the optimum sites in 

Ethiopia (BAKOP, AWAOP), Kenya (EMBOP, KAKOP) and Zimbabwe (HREOP1, 

HREOP2 and RATOP) are among the sites identified  for the evaluation and characterisations 

of CIMMYT’s  maize germplasm for the mid-altitude moist ecologies of ESA (Magorokosho 

et al., 2009; 2010; Makumbi, 2011; Setimela et al., 2012) which are also grouped together in 

this study. The grouping of CHSDT indicates the site’s dissimilarity with the other sites that 

are grouped under the mid altitude dry ecologies. Hence, there is a need or revision of the 

mega-environments by CIMMYT in order to place CHSDT in a different/unique mega-

environment.  

 

In Fig. 4.12 the green lines connecting the genotype scores shows the distance of the 

genotypes onto the ATC-x axis. The longer the projection from the ATC-x axis, the lower the 

stability of the genotype. The presence of high projection of the genotypes also indicates the 

presence of enormous G x E interaction. The genotype scores also help to construct the 

convex-hull (polygon) to see the which-won-where pattern of the GGE biplot.  

 

Cluster analysis   

 

Finally, cluster analysis was used to classify the environments or genotypes into 

homogeneous groups based on the performance of the best 25 genotypes. The analysis 

operates on a matrix of dissimilarity (or similarity) indices for all possible pairs of genotypes 

or pairs of environments, depending on what is being clustered. The dendrograms (Fig. 4.13 

and 4.14) were constructed with the Unweighted Pair Group Method with Arithmetic Mean 

(UPGMA) clustering technique. The dendrogram for the genotypes was constructed for the 

top 25 entries based on the AMMI adjusted mean yields. The environmental means from 

AMMI were also used for the construction of dendrograms for the 15 stress and non-stress 

environments.   

 

Clustering of genotypes at a cut-off value of 1.0 produced six clusters (Fig 4.13). Cluster one 

is separated from the others by the highest yielding entry 40. Cluster two consisted of five 

entries (54, 15, 55, 96 and 37) which are among the top yielders and were grouped similarly 

by the AMMI2 biplot (Fig. 4.4.). The third cluster contained five entries (48, 60, 45, 52 and 

10) while the fourth group had six entries (41, 92, 51, 4, 12 and 43) which are projected in a 

similar direction in the AMMI 2 biplot (Fig.4.6.). The fifth group consisted of two entries (46 
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and 63) which are in opposite position in the AMMI2 biplot showing the difference between 

the AMMI2 biplot and the cluster analysis. The last group consisted of entries 50, 24, 84, 73, 

49 and 22 which are grouped closely to the origin of the AMMI2 biplot (Fig. 4.6). Entries 50 

and 24 were similar in grain yield performance based on the AMMI adjusted mean yield (Fig. 

4.13).  

 

Cluster analysis of environments at cut-off point 1.0 produced two broad clusters which are 

clearly separated based on the nature of the environments (Fig.4.14). The eight optimum 

environments were grouped into one cluster while the stress environments constituted the 

second cluster. However, the cluster analysis at the cut-off point of 0.5 grouped the 

environments into four. The first group comprised BAKOP, EMBOP, HREOP1 and 

HREOP2 which are among the mid altitude moist agro ecologies in Ethiopia, Kenya and 

Zimbabwe. The environments under the first cluster were the top yielding according to the 

AMMI adjusted environmental mean yield (Table 4.2). The second cluster consisted of 

KAKOP, AWAOP, MLKOP and RATOP which were among the optimum environments and 

yielded less than the first cluster. The third cluster grouped CHIDT1, KBODT and BAKLN 

as the stress environments which were categorized under mid altitude dry agro ecologies in 

Zimbabwe, Kenya and Ethiopia respectively. The fourth cluster consisted of CHIDT2, 

CHSDT, HRELN1 and HRELN2 which had environmental mean yield that was lower than 

that of the third cluster (Fig.4.14).   

 

The clustering technique helps to visualize on the relationship either between the genotypes 

or the environments based on their performance. However, the method does not facilitate 

better understanding of the genotype’s performance across environments, or help in 

identifying stable and high ranking genotypes. The method is also less useful for visualising 

the genotype interaction with the environments as compared to AMMI and GGE biplot.        
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Figure 4.12  GGE biplot showing the different mega-environments (the different 

circles) based on the grain yield performance of 96 maize genotypes 

evaluated in 15 stress and non-stress environments of ESA. 
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Figure 4.13  Dendrogram showing the clustering of 25 top performing maize genotypes 

based on AMMI2 adjusted mean grain yield evaluated in 15 stress and non-

stress environments of ESA. 
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Figure 4.14 Dendrogram showing the clustering of 15 stress and non-stress 

environments in ESA based on AMMI2 adjusted environmental 

means. 
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4.4.3 Comparison of AMMI with GGE Biplot 

 

Among the different statistical procedures, AMMI and GGE are the two foremost techniques 

available at present for analysis of data from METs. The main focus of this section is to 

highlight the main differences as well as the advantages and disadvantages of the two models 

based on the data used in this study. The arguments from the critics and/or supporters of the 

models were discussed to substantiate or negate some of the findings of this chapter. 

However, detailed explanations and in depth analysis of the models is considered beyond the 

scope of this section. 

 

The main difference between AMMI and GGE is based on the procedures of PCA of the 

original data. The GGE biplot model, also referred to as environment centred PCA, applies 

singular value decomposition (SVD), a lengthy mathematical procedure, to the original data 

and subtracts the environment means which also removes the grand mean from the analysis 

(equation 1). The AMMI model uses the same procedure but subtracts both the genotype and 

environment means from the PCA and adds back the grand mean (equation 2) (Gauch, 2006). 

The mathematical equations of the models are presented below to support the above 

explanation. Hence, GGE biplot focuses on genotype main effect and genotype by 

environment interaction effect (G+GE) while AMMI focuses on genotype and environment 

main effects and the G x E interaction effects (G + E+ GE). The main reason for excluding 

environment effect from the GGE biplot model is based on the fact that contribution of 

environment per se is not an important component in evaluating the performance of 

genotypes (Yan et al., 2007). In addition, in multi-environment yield trials, environment is 

often the main contributor for the variation, hence removing this effect will give enough 

room to analyse the genotype and G x E interaction main effects, which is the main interest of 

a crop breeder in evaluating the potential of his/her germplasm. However, the inclusion of 

environmental effect in the AMMI analysis received support because of the interdisciplinary 

approach of the crop improvement research which can include soil scientists and others who 

are interested on the effect of environment (Gauch et al., 2008). Based on this assumption the 

ANOVA part of AMMI separates genotype and environment main effects and the G x E 

interaction effects whereas in the case of GGE it is only G and G x E interaction effects. The 

differences on the model equations for GGE and AMMI are presented below for comparison 

purposes.  
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The model equation for GGE is: 

 

gergeengnn negerY ερδγλβ ++=− ∑ …………………………….1 

 

where,  gerY  is the yield for genotype g in environment e for replicate r, eβ  is the mean for 

environment e, nλ  is the singular value for principal component n, gnγ  is the eigenvector 

score for genotype g and environment n, enδ  is the eigenvector score for environment e and 

component  n, geρ  is the residual for genotype g and environment e, and gerε is the error for 

genotype g and environment e and replicate r.   

 

The model equation for AMMI can be written as:  
 

∑ ++=+−−
n gergeengnneggerY ερδγλµβα …………………………….2 

 

where gα  is the mean of the genotype g and µ is the grand mean. The other variables are 

similar to those of GGE. 

 

There are various opinions on whether the AMMI is superior to GGE biplot or vice versa in 

the analysis of METs (Yan, 2001; 2002; Gauch, 2006; Yan et al., 2007; Gauch et al., 2008). 

GGE’s prime advantage seems to be  the visualisation options of the biplot by which the 

which-won-where pattern and discriminating power and representativeness of test 

environments can be clearly sketched by GGE which is not the case with AMMI though it is 

not entirely impossible (Yan et al., 2007). Proponents of AMMI claim that the capturing 

ability of AMMI2 of the variability caused by G and GE is better than GGE2 and they 

outlined the general trend as AMMI1< GGE2 < AMMI2 (Gauch et al., 2008). The assertion 

by the AMMI group was also supported by the present study. In this study where there was 

high G x E interaction due to the inclusion of extreme environments, AMMI1 captures 

35.73% , AMMI2 captures 61% of the total variability due to G x E interaction whereas 

GGE2 captures about 50% (Fig. 4.6 and Fig. 4.7). The delineation of meaningful mega-

environments and its visualisation on the biplot is more convenient and easier on GGE than 

the AMMI biplot. The GGE biplot gives an option on data scaling, transformation and 
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singular value partitioning (SVP) options (Fig. 4.11) to visualise and interpret the biplot 

which is not the case with AMMI, at least by the currently available statistical software. 

 

Apart from the argument within AMMI and GGE, critics have also shared their concern on 

the limitations of the biplot techniques in general. According to Yang et al. (2009) the use of 

biplot beyond its simple visualisation tool needs further caution. To understand whether the 

which-won-where pattern is always realistic or not, whether the biplots are capable to 

indicate the nature and causes of the G x E interactions amongst others needs further scrutiny 

and should stand the test of various statistical procedures. They also suggested the application 

of the bootstrap statistical method to the multi-environment data by which the data needs to 

be resampled with a certain confidence limit for genotype and environment scores in biplots 

to reach critical decision on genotype selection or recommendation (Yang et al., 2009). 

However, the idea of bootstrapping procedure was rejected by Yan et al. (2010) who claim 

resampling of multi-environment data will destroy the very essence of G x E interaction 

pattern, an important aspect of biplot analysis. Meanwhile, the idea of Yang et al. (2009) to 

test biplots with additional statistics looks sound and is supported by this study. In the GGE 

biplot analysis, the which-won-where pattern (Fig. 4.9) listed entries 90, 86, 28, 23 and 83 as 

the best for the environment of CHSDT, whereas these entries were not among the top 

yielders according to the ANOVA results presented in Table 3.6 and Appendix 2. 

    

In conclusion, the critical evaluation of biplot techniques in general and AMMI and GGE in 

particular in recent years will open windows of opportunity for further improvement of the 

dark-side of the models. However, the general consensus among scientists is that for the 

foreseeable future, AMMI and GGE biplot will be the only available good options to extract 

valuable information from complex multi-environment data. The application of either of the 

models should take into account the purpose of the research and the inclusion of other 

statistical test for critical genotype selection. Further research on biplots will not only 

harmonize some of the existing disagreements but also enhance the usefulness of the 

techniques in a wider perspective. 
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4.5 Conclusions  

 

The yield stability and adaptation pattern of 96 maize genotypes evaluated in 15 stress and 

non-stress environments of ESA was assessed based on the two most important multivariate 

analyses procedures, AMMI and GGE. The ANOVA of the AMMI model showed highly 

significant differences (P < 0.001) for environments, genotypes and G x E interaction. The F-

test was highly significant (P < 0.001) for all the five IPCA axes that explained 100% of the 

variation due to G x E interaction. The environment main effect explained 76.88% of the total 

yield variation followed by the G x E interaction (12.44%). The genotypes explained only 

3.35% of the variation which is a common occurrence, particularly when trials are conducted 

in very diverse environments.   

 

The AMMI analysis identified entry 40 (G40) as the top yielder among the 96 genotypes 

evaluated across all the environments and entry 36 (G36) was the lowest yielder. The most 

stable entry identified by this model was entry 60 (G60) while entry 37 was categorized 

among the least stable entries due to its furthest position on the IPCA1 axis. However due to 

its high mean grain yield it can be considered as responsive entry for a specific environment. 

Among the 15 environments HREOP1 was the most responsive environment for the 

evaluation of the genotypes while RATOP was a relatively stable environment unlike 

AWAOP which was identified as the least stable environment.  

 

The AMMI2 biplot identified entry 37(G37) as the most responsive to the optimum 

environment of Awassa, Ethiopia (AWAOP) and entry 40 and 54 to the optimum 

environment of Kakamega, Kenya (KAKOP). Among the environments, AWAOP was found 

to be the most discriminating due to its long distance from the origin of the AMMI2 biplot. 

AMMI2 biplot grouped environments based on the mean performance; as a result all the 

optimum environments were grouped similarly in the bottom right quadrant of the biplot and 

all the stress environments in top left quadrant. The AMMI2 biplot for the top 25 genotypes 

showed that entries 54, 46, 96, and 55 were closer to BAKOP indicating their better 

performance in this optimum environment of Ethiopia. Entries 73, 22 and 63 were more 

adapted to the stress environments and more specifically entry 73 was closer to the managed 

drought environment of Kiboko-Kenya (KBODT). Entries 92, 40 and 37 were adapted to 

MLKOP, EMBOP and AWAOP. 
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The two principal components of the GGE biplot captured about 50% of the total G x E 

variation. Entries 37 and 40 were ranked the top performing genotypes by the GGE analysis 

and among the environments HREOP2, HREOP1 and AWAOP were the most responsive 

environments during the evaluation of the 96 hybrids across all the environments. In the 

which-won-where analysis, the GGE biplot was divided into seven sectors and the 

environments distributed in the four sectors. Entries included under the sector where one or 

more environments grouped were considered to be the best entries for that particular 

environment(s). Entries grouped in a sector with no environment(s) were considered to be 

poorly performing entries or that the entries did not win at any of the environment(s). Entries 

37, 40, 52 and others in the same sector were the most suitable entries in the environments of 

AWAOP, EMBOP, KAKOP, BAKOP, HREOP1, RATOP, HRELN1,HRELN2 and BAKLN 

(Fig. 4.9).   

 

To identify ideal genotypes and ideal test environments, a GGE biplot was constructed to 

analyse the discriminating ability and representativeness of the environments.  Among the 

environments HREOP2 was the most representative environment as it had relatively small 

projection from the ATC y-axis; it was also highly discriminating because of its large 

projection onto the ATC x-axis. AWAOP was also a discriminating environment because of 

its large projection from the origin. However, it is not a representative environment because 

of its large distance from the ATC y-axis (Fig. 4.11). The closest entry to the ideal genotype 

was entry 40 followed by entry 37. However, entry 40 showed a better stability than entry 37 

because of its relative position on the ATC y-axis. Entry 36 was the poorest performing 

genotype due to its furthest position on the ATC x-axis. 

 

In the delineation of mega-environments, the GGE analysis created four broader groups from 

the 15 environments. The environments of AWAOP, EMBOP, KAKOP, HREOP1, HREOP2, 

BAKOP and RATOP were classified under the same mega-environment which indicates 

those genotype performed well in one of these locations can be deployed to the others with an 

expected similar performance. Most of the drought stress environments viz. CHIDT1, 

CHIDT2, KBODT MLKOP and BAKLN (BKOLN) were grouped in to the same mega-

environment. Furthermore, the optimum environment of MLKOP and the low-N stress site of 

BAKLN (BKOLN) also fell in this group. The low-N stress environments of HRELN1 and 

HRELN2 were grouped together to form another mega-environment for the screening of 

genotypes for low-N stress. The fourth mega-environment identified was Chisumbanje 
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(CHSDT) a drought stress screening site located in Zimbabwe. This site was isolated from 

the other drought stress sites because of the below average performance of the genotypes. 

Hence, CHSDT needs to be considered as a separate mega-environment for screening 

drought tolerant genotypes (Fig. 4.12). 

 

Cluster analysis of genotypes at a cut-off value of 1.0 produced six clusters while the 

environments were grouped into two broad clusters. However, the cluster analysis at the cut-

off point of 0.5 classified the environments into four groups. The first group comprised 

BAKOP, EMBOP, HREOP1 and HREOP2 which are among the mid altitude moist agro 

ecologies in Ethiopia, Kenya and Zimbabwe. The second cluster consisted of KAKOP, 

AWAOP, MLKOP and RATOP, the third cluster contained CHIDT1, KBODT and BAKLN 

which were among the stress environments in the mid altitude dry agro ecologies in 

Zimbabwe, Kenya and Ethiopia respectively. The fourth cluster which consisted of CHIDT2, 

CHSDT, HRELN1 and HRELN2 were among the drought and low-N stress environments. 

 

The comparison of AMMI and GGE biplot revealed the merits and drawbacks of the two 

models. AMMI2 was found to capture more of the variability due to G x E interaction than 

GGE2. The GGE2 biplot offers an easy visualization and understanding of the complex 

multi-environment data than the different model family of AMMI. Critics of biplot 

techniques in general argue about the over use and abuse of the method and recommended 

the application of other statistical procedures in order to make critical decisions on genotype 

evaluation or selection. However, the application of AMMI and GGE biplot will remain 

important for the foreseeable future and further research is expected not only to harmonize 

the existing differences but also to enhance the better use of biplot techniques in general.  
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CHAPTER 5 

 
Evaluation of early maturing open pollinated QPM varieties for grain yield and days to 

anthesis under the diverse mega-environments of ECA 

 
 

5. 1 Abstract  

 
According to the global hunger index, countries in ECA are currently categorised as having 
either “serious” or “alarming” levels of hunger because of low agricultural productivity and 
prevalence of abject poverty, among others. The development and deployment of high 
performing early maturing OPVs of quality protein maize (QPM) will benefit resource poor 
and marginal communities to attain food and nutritional security at household and country 
levels. A total of 38 (37 QPM and a normal check) early maturing OPVs were evaluated in 
two sets in a total of 37 environments for grain yield and 35 environments for days to 
anthesis in the diverse environments of ECA during 2006-2008. Mean squares for entries and 
the test environments as well as the interaction between entries and environments were 
highly significant (P ≤ 0.01) both for grain yield and days to anthesis for the two sets of 
trials. From the first set of trials, entry 19 showed a 40%, and from the second set entry 31 
showed a 44% grain yield advantage over the normal check variety (Katumani). The average 
days to anthesis of the candidates from both sets were 65 and for the check was 58 days. The 
AMMI model identified entry 7 as the most stable variety and Kiboko (Kenya) (KIB3) as the 
most responsive environment, and entry 20(Katumani) as the least stable and low yielding, 
and Kakamega (Kenya) and Gandajika (DR Congo) as the least responsive environments for 
grain yield. Similarly entries 12, 15 and 18 were the most stable entries and Melkassa 
(Ethiopia) and Kiboko (Kib2) were the most stable environments for days to anthesis for the 
first set of trials. The GGE biplot grouped the test environments into five mega-environments 
based on grain yield and four mega-environments based on days to anthesis of the second set 
of trials. Out of the five groups, the environment Weruweru (Tanzania) was identified as a 
separate mega-environment and Mosso (Burundi) and Elgon Downs (Kenya) were grouped 
under similar mega-environments. Based on days to anthesis, the environment Mparambo 
(Burundi) and Rahd and Wad Madani (Sudan) were distinguished as different mega-
environments. The GGE biplot also identified entry 31 and Embu (Kenya) as an ideal 
genotype and environment, respectively. Recycling of QPM OPVs after the third generation 
showed a 39% and the normal maize (Katumani) a 32% yield loss which indicated the 
threshold year for the maintenance of OPVs. This study will contribute significantly to the 
release of widely adapted QPM varieties in the region, facilitate germplasm exchange among 
environments and will enhance the livelihood of maize based communities in the region and 
beyond.  
 
 

Key words:  QPM; Mega-environments; AMMI; GGE; tropical open pollinated maize; 

grain yield; days to anthesis.  
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5.2 Introduction  
 
According to the global hunger index for the year 2012, most of the countries in SSA are 

categorised under “serious” and some countries as “alarming” for levels of hunger, South 

Africa being the only exception where it is categorised under ”moderate”  (von Grebmer et 

al., 2012). Although the level of hunger and malnutrition in SSA is in a declining trend from 

its level in 1990, the situation in some countries worsened and millions of people in the 

region are still in a state of malnutrition. Twenty three percent of sub-Saharan children are 

under weight and countries like Burkina Faso, Chad, Democratic Republic of Congo, Mali, 

Sierra Leone, and Somalia have the highest under age five child mortality rate in the world 

(IFPRI, 2012). According to the IFPRI (2012) report, in two ECA countries (Burundi and 

Eritrea) more than 50% of the population is undernourished. Although various factors 

contributed to the severe food security situation in SSA, the base of the problem relates to 

low agricultural productivity.  

 

Maize is the most important cereal food crop in SSA, particularly in ESA where it accounts 

for 53% of the total cereal area (FAOSTAT, 2010) and 30-70% of total caloric consumption 

(Langyintuo et al., 2010). Maize covers about 25 million ha in SSA (Smale et al., 2011) and 

is produced largely in smallholder systems, primarily for food (Hassan et al., 2001; Diallo et 

al., 2004; Bänziger and Diallo, 2004; Smalberger and du Toit, 2004; Smale et al., 2011)  

 

Maize is cultivated on about 10 million ha in eastern (7.79 M ha) and central (2.31 M ha) 

Africa and it is increasing by 2% annually (based on 1961-2008 estimates). Based on the 

2005-2008 estimates, the average maize yield for eastern Africa is about 1.5 t ha-1 and for 

central Africa about 1.10 t ha-1 (Smale et al., 2011). The average per capita consumption of 

maize in ECA is lower than in southern Africa. In eastern Africa, per capita annual 

consumption ranges from 40 kg in Burundi to 105 kg in Kenya (Hassan et al., 2001). Based 

on the 2003-2005 estimates of the World Bank, however, the average per capita consumption 

of maize for eastern Africa is 27 kg-1cap-1year-1 and for central Africa it is 25 kg-1cap-1year-1 

which is less than in southern Africa (82 kg-1cap-1year-1). However, the annual maize 

production growth for ECA is about 3% compared to 1.3% for southern Africa (Smale et al., 

2011). 

 

Although maize is a dominant food crop in ECA, its nutritional quality is poor due to the low 

levels of lysine and tryptophan content in normal maize, which dominates the region and 
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Africa at large. QPM has superior protein quality because it has twice the level of these 

essential amino acids compared to normal maize and has proved to mitigate protein energy 

malnutrition and hunger in communities where maize is a dietary staple. Many researchers 

indicated the competitiveness of QPM for grain yield with the best normal maize counterparts 

(Bjarnason and Vasal, 1992; Pixley and Bjarnason, 1993; Cordova and Pandey, 1999; 

Vergara et al., 2000). This confirms the advantages of QPM both in nutrition and grain yield, 

particularly in SSA where animal sources of protein are not affordable for many people. 

 

The majority of the maize area in SSA is planted with either local varieties, improved OPVs 

or recycled hybrids, although hybrid maize production started almost five decades ago 

(Hassan et al., 2001). Among the reasons for the slow pace of hybrid adoption in SSA are the 

requirements of technical knowledge and capital for the production of hybrid seeds (Pixley 

and Bänziger, 2001). Furthermore, the seed industry in SSA is not well developed, as a result 

the bulk of maize seed planted in the region comes from the informal seed sector 

(MacRobert, 2009). The hybrid seed market targets only better off farmers who can afford the 

seed. However, many people in ECA live below the poverty line and are categorised under 

“low human development index” with a high percentage of severe poverty (UNDP, 2011) and 

cannot afford the high price of hybrid seeds and associated inputs. Hence, under resource-

poor farmer conditions, in areas where the seed system is underdeveloped, with the current 

high input costs together with the low purchasing power of farmers, particularly in rural 

areas, improved OPVs are the only viable option. The main reason for OPVs remaining a 

viable option for marginal farmers is the ease of OPV seed production which results in low 

unit price of seed and the recycling of OPV seeds for more than one season. Therefore, 

development and deployment of improved and superior QPM OPVs in ECA will be an 

effective strategy to alleviate both food and nutritional insecurity which will, in turn, help to 

attain economic growth. Grain yield advantage and its stability across the diverse 

environments of ECA are the key solutions to fast-track the adoption of QPM cultivars in 

ECA as well as SSA.     

   

Besides improving the primary trait (yield) of QPMs, it is also important to develop climate 

resilient cultivars that can adapt to the heterogeneous maize growing conditions of ECA and 

SSA. Secondary traits like days to anthesis, days to silking, anthesis-silking interval among 

others, greatly affect the ultimate yield of a cultivar. Similar to yield, secondary traits in 

maize are also affected by growing environments. Among the secondary traits, male 
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flowering is more important than silking, as the latter is more influenced by abiotic stress and 

tasseling is more stable in adverse environmental conditions (Koester et al., 1993). 

 

Temperature and photoperiod are the two most important factors that influence the time of 

flowering (an important secondary trait) in tropical maize cultivars. Temperature is a major 

determinant of the rate of plant development and with the global climate change; warmer 

temperatures that shorten development stages of determinate crops will most probably reduce 

the yield of a given variety (Craufurd and Wheeler, 2009). Earlier studies on wheat show that 

a 1°C rise in mean seasonal temperature caused yield reduction of up to 10% and accelerated 

days to anthesis and grain maturity (Mitchell et al., 1993; Wheeler et al., 1996). Photoperiod 

(the relative length of the light and dark periods) is an equally important environmental factor 

that induces flower formation and together with temperature they determine the timing of 

flowering within a season (Roberts and Summerfield, 1987; Wallace and Yan, 1998; Kikuchi 

and Handa, 2009; Xu et al., 2012). 

 

In general, the ideal estimation of the time between planting and days to anthesis (when 50% 

of the plants start shedding of pollen) in maize is important to adjust planting dates, to 

exchange germplasm among environments, to adapt to both abiotic (for example temperature 

and water) and biotic (pest and disease) stress. Other uses of days to anthesis include mega-

environment analysis and advancing genetic gains through conventional and molecular 

breeding, including introgression with exotic gene pools.    

 

Among the different multivariate analysis, the AMMI and the GGE biplot are the current best 

options to identify and group stable genotypes and environments. The models also help to 

visualise large G x E data sets from METs in an informative biplot. The AMMI model 

combines the ANOVA for the genotype and environment main effects with PCA of the G x E 

interaction. It has proven useful for understanding of complex G x E interaction. Gauch and 

Zobel (1996) showed that AMMI 1 with IPCA 1 and AMMI 2 with IPCA 1 and IPCA 2 are 

usually selected and the graphical representation of axes, either as IPCA 1 or IPCA 2 against 

main effects or IPCA 1 against IPCA 2 is generally informative. GGE biplot helps to 

visualise, among others, the relationship among the genotypes, which genotype-won-where, 

the discriminating power and representativeness of the test-environments and the different 

groups of mega-environments (Yan et al., 2000; Yan, 2001). 
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A study by Erenstein et al. (2011) indicated that improved OPVs are the major cultivars in 

the maize growing areas of Ethiopia and Uganda. The study also showed that farmers in 

eastern Africa recycle local varieties for an average of 8.4 years in Tanzania and 4.6 years in 

Ethiopia. The recycling rate of improved OPVs in Ethiopia and Tanzania was 2.3 and 3.5 

years respectively. Among the reasons for the non-continuous use of improved varieties 

include; lack of knowledge, shortage of money and absence of suitable varieties (Erenstein et 

al., 2011). Compared to hybrids, the yield loss due to recycling is much less with OPVs due 

to their broad genetic base. Pixley and Bänziger (2001) reported a yield loss of 32% for elite 

conventional hybrids and 16% for top cross hybrids by recycling seeds from the first 

generation of plants and only 5% for OPVs by recycling seeds from the second generation of 

plants. This indicates the advantage of OPVs over hybrids for small-holder marginal farmers. 

However, a continued use of recycled OPVs will result in significant yield loss, hence, it is 

important to determine when to obtain fresh OPV seed, particularly for QPMs where such 

information is seriously lacking. Therefore, the objectives of this study were to: 

 

1.  evaluate early maturing tropical open pollinated QPM varieties for grain yield and 

days to anthesis in ECA  

2. analyse the association of the candidate QPM OPVs and to identify responsive 

genotypes and environments based on grain yield and days to anthesis using the 

AMMI model 

3. sub-divide the maize growing environments of ECA into different mega-

environments based on the genotype response to grain yield and days to anthesis 

using GGE biplot 

4. determine the threshold year for replacing QPM OPVs with fresh seed 

The output of this study will contribute to enhanced food and nutritional security, and foster 

sustainable and equitable economic growth in the region and beyond.  
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5.3 Materials and methods  
 
Germplasm    

Nineteen early maturing QPM OPV’s were included in the first set of trials (set A) which was 

conducted during 2006 and 2007. The 19 QPM varieties were compared with a normal 

endosperm OPV - Katumani which is an extra early maturing white, semi-dent variety, 

developed at Katumani, Kenya and widely grown in drought prone areas of eastern Africa 

(Mugo et al., 1998) and an additional local check which made the total number of entries in 

the trials 21. The QPM cultivars were developed for their earliness in maturity, high 

tryptophan level and protein quality. The materials were selected for adaptation to the low 

and mid altitude agro ecologies of the diverse tropical environments.  

 

The second set of trials (set B) which were conducted from 2007-2008 consisted of 37 early 

maturing QPM varieties, one non QPM commercial variety (Katumani) and a local check that 

made the total number of entries 39. Of the 37 QPM cultivars, 19 were included in the first 

set of trials and the other 18 had basically the same genetic background as the first 19 

cultivars except that their advancement to OPV was achieved through successive bulking of 

selected ears. Seed production for the trials was done by plant-to-plant (full-sib) manual 

pollination ensuring the seed stock was protected from external pollen sources or adulteration 

from other varieties. 

 

The development of the QPM varieties was through backcross breeding by which selected F2 

parents were recurrently backcrossed to the QPM donor so as to increase the allele frequency 

of the modifier genes (Vivek et al., 2008). Samples of each entry were sent to CIMMYT 

Maize Nutrition Quality and Plant Tissue Analysis Laboratory for the determination of 

tryptophan (TRP) and total N content following the procedures described by Villegas (1975). 

Percentage of protein concentration of the samples was determined by the formula of Nkonge 

and Balance (1982):   

% Protein = % N x 6.25 

 

where N is the value of nitrogen and 6.25 is a conversion factor for maize. The protein 

quality index (QI) was calculated as follows:  

 

Quality Index (QI) = 100
%

%
x

protein

tryptophan
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Seed production for the trials was done at Kiboko, Kenya, one of the drought tolerant maize 

screening stations of CIMMYT. In Table 5.1 the pedigrees of the germplasm are presented 

with their entry code, tryptophan (TRP) and N levels of the materials included in the 2006-

2007 trials. Table 5.2 shows the pedigrees of the 39 QPM-OPVs and the checks included in 

the 2007-2008 trials. Each year the seed was produced by manual self pollination at Kiboko 

nursery as indicated by the codes of the stock identification (ID). The stock ID explains the 

place, year, season and blocks of the seed production and it served as a reference for tracing 

the seed in the store. Table 5.3 shows the description of the test environments and Fig.5.1 

shows the geographical location of the countries included in this study. 

 

Table 5.1 Pedigree and description of 21 early maturing open pollinated maize varieties 

evaluated in ECA during 2006-2007  

 

 

 

 

 

No. 

 

Pedigree 

 

Stock ID 

 

Code 

TRP 

(%) 

N 

(%) 

Protein 

(%) 

Quality 

index 

1 EEQPMOPV-1-EA-# KB05B-0B17-1 V1 0.075 1.23 7.72 0.97 

2 EEQPM-HT -# KB05B-0B17-2 V2 0.071 1.39 8.66 0.82 

3 EEQPM-6-EA -# KB05B-0B17-3 V3 0.068 1.33 8.34 0.81 

4 EEQPM-9-EA-# KB05B-0B17-4 V4 0.069 1.43 8.91 0.77 

5 EEQPM-8-EA-# KB05B-0B17-5 V5 0.069 1.26 7.85 0.88 

6 EEQPM-13-EA-# KB05B-0B17-6 V6 0.072 1.42 8.90 0.80 

7 EEQPM-16-EA-# KB05B-0B17-7 V7 0.075 1.45 9.05 0.83 

8 EEQPM-18-EA-# KB05B-0B17-8 V8 0.075 1.35 8.41 0.89 

9 EEQPM-29-EA-# KB05B-0B17-9 V9 0.078 1.48 9.25 0.84 

10 EEQPM-34-EA-# KB05B-0B17-10 V10 0.076 1.49 9.34 0.82 

11 EEQPM-36-EA-# KB05B-0B17-11 V11 0.078 1.41 8.83 0.88 

12 EEQPM-38-EA -# KB05B-0B17-12 V12 0.064 1.42 8.87 0.72 

13 EEQPM-45-EA -# KB05B-0B17-13 V13 0.068 1.44 9.01 0.75 

14 EEQPM-49-EA-# KB05B-0B17-14 V14 0.065 1.29 8.04 0.81 

15 EEQPM-21-EA-# KB05B-0B17-15 V15 0.071 1.34 8.37 0.85 

16 EEQPM-33-EA-# KB05B-0B17-16 V16 0.071 1.30 8.12 0.87 

17 EEQPM-42-EA-# KB05B-0B17-17 V17 0.077 1.39 8.68 0.88 

18 EEQPMS2-#-GEASP - 1-# KB05B-0B17-18 V18 0.073 1.33 8.30 0.88 

19 POOL15QPM-SR-#-# KB05A-0A36-13 V19 0.084 1.68 10.51 0.80 

20 Katumani (Normal Maize) COMMERCIAL V20 0.045 1.37 8.57 0.53 

21 Local check (Normal Maize) LOCAL CHECK V21 - - - - 
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Table 5.2 List and pedigree of 39 early maturing open pollinated maize varieties evaluated in 

ECA during 2007-2008  

 

 

 

 

No. 

 

                                  2007 

 

                                       2008 

 

 

 

Code 

 

Stock ID 

 

Pedigree 

 

Stock ID 

 

Pedigree 

1 KB06B-0B13-1 EEQPMOPV-1-EA-B-B-#-# KB07A-0A15-1 EEQPMOPV-1-EA-B-B-#-#-# OPV1 
2 KB06B-0B13-2 EEQPMOPV--HT-B-B-#-# KB07A-0A15-2 EEQPMOPV--HT-B-B-#-#-# OPV2 
3 KB06B-0B13-3 EEQPMOPV--6-EA-B-B-#-# KB07A-0A15-3 EEQPMOPV--6-EA-B-B-#-#-# OPV3 
4 KB06B-0B13-4 EEQPMOPV--9-EA-B-B-#-# KB07A-0A15-4 EEQPMOPV--9-EA-B-B-#-#-# OPV4 
5 KB06B-0B13-5 EEQPMOPV-8-EA-B-B-#-# KB07A-0A15-5 EEQPMOPV-8-EA-B-B-#-#-# OPV5 
6 KB06B-0B13-6 EEQPMOPV--13EA-B-B-#-# KB07A-0A15-6 EEQPMOPV--13EA-B-B-#-#-# OPV6 
7 KB06B-0B13-7 EEQPMOPV--16-EA-B-B-#-# KB07A-0A15-7 EEQPMOPV--16-EA-B-B-#-#-# OPV7 
8 KB06B-0B13-8 EEQPMOPV--18-EA-B-B-#-# KB07A-0A15-8 EEQPMOPV--18-EA-B-B-#-#-# OPV8 
9 KB06B-0B13-9 EEQPMOPV--29-EA-B-B-#-# KB07A-0A15-9 EEQPMOPV--29-EA-B-B-#-#-# OPV9 
10 KB06B-0B13-10 EEQPMOPV--34-EA-B-B-#-# KB07A-0A15-10 EEQPMOPV--34-EA-B-B-#-#-# OPV10 
11 KB06B-0B13-11 EEQPMOPV--36-EA-B-B-#-# KB07A-0A15-11 EEQPMOPV--36-EA-B-B-#-#-# OPV11 
12 KB06B-0B13-12 EEQPMOPV--38-EA-B-B-#-# KB07A-0A15-12 EEQPMOPV--38-EA-B-B-#-#-# OPV12 
13 KB06B-0B13-13 EEQPMOPV--45-EA-B-B-#-# KB07A-0A15-13 EEQPMOPV--45-EA-B-B-#-#-# OPV13 
14 KB06B-0B13-14 EEQPMOPV--49-EA-B-B-#-# KB07A-0A15-14 EEQPMOPV--49-EA-B-B-#-#-# OPV14 
15 KB06B-0B13-15 EEQPMOPV--21-EA-B-B-#-# KB07A-0A15-15 EEQPMOPV--21-EA-B-B-#-#-# OPV15 
16 KB06B-0B13-16 EEQPMOPV--33-EA-B-B-#-# KB07A-0A15-16 EEQPMOPV--33-EA-B-B-#-#-# OPV16 
17 KB06B-0B13-17 EEQPMOPV--42-EA-B-B-#-# KB07A-0A15-17 EEQPMOPV--42-EA-B-B-#-#-# OPV17 
18 KB06B-0B13-18 EEQPMOPV--#-GEASP-1-B-B-#-# KB07A-0A15-18 EEQPMOPV--#-GEASP-1-B-B-#-#-# OPV18 
19 KB06B-0B13-19 EEQPMOPV-1-EA-#-# KB07A-0A15-19 EEQPMOPV-1-EA-#-#-# OPV19 
20 KB06B-0B13-20 EEQPM-HT -#-# KB07A-0A15-20 EEQPM-HT -#-#-# OPV20 
21 KB06B-0B13-21 EEQPM-6-EA -#-# KB07A-0A15-21 EEQPM-6-EA -#-#-# OPV21 
22 KB06B-0B13-22 EEQPM-9-EA-#-# KB07A-0A15-22 EEQPM-9-EA-#-#-# OPV22 
23 KB06B-0B13-23 EEQPM-8-EA-#-# KB07A-0A15-23 EEQPM-8-EA-#-#-# OPV23 
24 KB06B-0B13-24 EEQPM-13-EA-#-# KB07A-0A15-24 EEQPM-13-EA-#-#-# OPV24 
25 KB06B-0B13-25 EEQPM-16-EA-#-# KB07A-0A15-25 EEQPM-16-EA-#-#-# OPV25 
26 KB06B-0B13-26 EEQPM-18-EA-#-# KB07A-0A15-26 EEQPM-18-EA-#-#-# OPV26 
27 KB06B-0B13-27 EEQPM-29-EA-#-# KB07A-0A15-27 EEQPM-29-EA-#-#-# OPV27 
28 KB06B-0B13-28 EEQPM-34-EA-#-# KB07A-0A15-28 EEQPM-34-EA-#-#-# OPV28 
29 KB06B-0B13-29 EEQPM-36-EA-#-# KB07A-0A15-29 EEQPM-36-EA-#-#-# OPV29 
30 KB06B-0B13-30 EEQPM-38-EA -#-# KB07A-0A15-30 EEQPM-38-EA -#-#-# OPV30 
31 KB06B-0B13-31 EEQPM-45-EA -#-# KB07A-0A15-31 EEQPM-45-EA -#-#-# OPV31 
32 KB06B-0B13-32 EEQPM-49-EA-#-# KB07A-0A15-32 EEQPM-49-EA-#-#-# OPV32 
33 KB06B-0B13-33 EEQPM-21-EA-#-# KB07A-0A15-33 EEQPM-21-EA-#-#-# OPV33 
34 KB06B-0B13-34 EEQPM-33-EA-#-# KB07A-0A15-34 EEQPM-33-EA-#-#-# OPV34 
35 KB06B-0B13-35 EEQPM-42-EA-#-# KB07A-0A15-35 EEQPM-42-EA-#-#-# OPV35 
36 KB06B-0B13-36 EEQPMS2-#-GEASP - 1-#-# KB07A-0A15-36 EEQPMS2-#-GEASP - 1-#-#-# OPV36 
37 KB06B-0B30-1 POOL15QC7-SRC1-F2-#-#-# KB07A-0A15-37 POOL15QC7-SRC1-F2-#-#-#-# OPV37 
38 COMMERCIAL KATUMANI COMMERCIAL KATUMANI OPV38 

 39 LOCAL CHECK LOCAL CHECK LOCAL CHECK LOCAL CHECK OPV39 
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Table 5.3 Description of the test environments in ECA 

Country Location Latitude Longitude Altitude 
(m) 

Plot area 
(m2) 

Code 

D.R. Congo Gandajika 6045' S 23057' E 780 8.25 GAN 

Ethiopia Melkassa 8024' N 39017' E 1552 7.875 MEL 

Kenya Bungoma 0032' N 34033' E 1388 7.3125 BUN 

Kenya Embu 0030' S 37027' E 1502 7.875 EMB 

Kenya Kiboko 2012' S 37043' E 925 6.30 KIB 

Kenya Kakamega 0016' N 34045' E 1585 7.50 KAK 

Rwanda Rubona 2029' S 29039' E 1650 7.875 RUB 

Rwanda Nyagatare 1017' S 30018' E 1415 7.875 NYA 

Uganda Namulonge 0031' N 32037' E 1133 7.95 NAM 

Kenya E.Downs 1003' N 34051' E 1900 7.875 EDO 

Kenya Siaya 0002' N 34018' E 1330 7.875 SIA 

Kenya Alupe 0029' N 34007' E 1170 2.875 ALU 

Kenya Thika 1003' S 36058' E 1564 7.875 THI 

Kenya Kimaeti 0036' N 34025' E 1300 7.875 KIM 

Kenya Kitale 1003' N 34056' E 1850 9.00 KIT 

Burundi Mosso NA NA NA 8.25 MOS 

Burundi Mparambo NA NA AN 8.25 MPA 

Sudan Wad Madani 140 23' N 33029' E 411 8.40 WAD 

Sudan Rahad  130 56' N 34003' E 422 8.40 RAH 

Tanzania SARI 3022' S 36037'E 1387 7.875 SAR 

Tanzania Arusha 3018'S 36038'E 1525 7.875 ARU 

Tanzania Selian 3022' S 36036'E 1300 7.875 SEL 

Tanzania Mbulumbulu 4024' S 360 10'E 1210 7.875 MBU 

Tanzania Weruweru 3019' S 37015'E 929 7.875 WER 
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Figure 5.1 ECA countries included in the evaluation of early maturing QPM varieties during 2006-2008.
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Experimental design and statistical analysis 

 

All the trials were planted in an α (0,1) lattice experimental design (Patterson and Williams, 

1976) with three replications and two row plots at all locations in 2006 and 2007. In the other 

set of trials (set B) that was conducted during 2007 and 2008, the number of replications and 

rows were two across all the locations. ANOVA for grain yield for each environment was 

conducted with the PROC MIXED procedure in SAS (2003). Local checks were included in 

the analysis of individual locations, but were excluded in the analysis of combined 

environments as local checks differed from location to location and country to country. The 

effects of the genotypes, locations and years as well as their interactions were determined 

from the PROC GLM procedure in SAS (2003). Genotypes were assumed to be fixed, while 

year and location effects, replications and blocks within replications were considered as 

random. Statistical analyses were performed to test the significance level of grain yield and 

days to anthesis of the genotypes for each location and year as well as the combined analysis 

of variance across locations and years.   

 

Biplot analysis was performed to visualise the relationships among the genotypes and 

environments using GenStat® 15thedition (GenStat, 2012). AMMI and GGE biplot analyses 

were done to identify stable genotypes and to classify the different locations into different 

mega-environments based on the grain yield performance and days to anthesis of the QPM 

OPVs. Detailed procedures and interpretation of AMMI and GGE biplots are presented under 

the materials and methods section of Chapter 4.   

 
5.4 Results and discussion  
 

5.4.1 Evaluation of genotypes for grain yield and days to anthesis   

 
Trial set A (2006-2007) 
 
The results of the ANOVA for individual locations for grain yield and days to anthesis for the 

year 2006 are presented in Table 5.4 and Table 5.5 respectively. Entries showed significant 

and highly significant (P ≤ 0.05 and P ≤ 0.01) mean squares for grain yield and days to 

anthesis across all environments. The percentage sum of squares for grain yield (Table 5.4) 

and days to anthesis (Table 5.5) show that entries were the major contributors to the total 

variation in all the environments. Kakamega and Kiboko1 were the locations where entry 
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contribution to variation was most high (72.38% and 70.47% respectively) for grain yield 

(Table 5.4) while entries at Kiboko1 and Melkassa contributed 87.97% and 80.11 % variation 

for days to anthesis respectively (Table 5.5). Environmental (blocks, reps and errors) 

contributions were high at Rubona and Namulonge for grain yield and at Selian for days to 

anthesis (Table 5.4 and Table 5.5). 

 

During 2007, the entries showed significant and highly significant (P ≤ 0.05 and P ≤ 0.01) 

variation for grain yield (Table 5.6) and days to anthesis (Table 5.7) at all locations except at 

Wad Madani where days to anthesis within the entries was not significant. In spite of this, the 

number of days for male flowering at Wad Madani was quite low compared to other locations 

(see later Table 5.11). However, the data from Wad Madani was not included in the across 

locations analysis.  

 

Table 5.8 and 5.9 present results of grain yield performance while Tables 5.10 and 5.11 

present days to anthesis for the 21 varieties tested across ECA. The shaded cells in the tables 

show the grain yield of top performing varieties and the variety with the least days to anthesis 

among the 21 hybrids across locations. The local check variety (V21) out yielded the 

candidates at five locations in 2006 and two locations in 2007.The candidate varieties were 

the best at six locations in 2006 and four locations in 2007 (Tables 5.8 and 5.9). However, the 

candidate varieties were superior in grain yield in almost all the locations compared to the 

commercial check variety, Katumani (V20) in grain yield. The inclusion of local checks 

which varied from location to location was used to monitor the advantage of the candidate 

varieties at the specific area and were excluded from the across environment analysis. The 

commercial check variety V20 (Katumani) was the earliest maturing at all the locations 

during 2006 and 2007 except at Kiboko1 (2006) and Arusha (2007) where the local check 

(V21) was the earliest (Tables 5.10 and 5.11). 
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Table 5.4 Mean squares from analysis of variance and percentage of variance components for grain yield of 21 OPVs tested across 11 

environments of ECA, in 2006 

 

*P ≤ 0.05, ** P ≤ 0.01, DF= Degrees of freedom, MS=mean square, %SS=percent sum of squares, LSD=Least Significant Difference, CV= Coefficient of Variation 

 
 
 

Country 

 
 
 
Location 

Sources of variations 
Entry Block Replications Error Total 

 
DF 

 
MS 

 
%SS 

 
DF 

 
MS 

 
%SS 

 
DF 

 
MS 

 
%SS 

 
DF 

 
MS 

 
%SS 

 
DF 

 
LSD 

 
CV% 

D.R. Congo Gandajika 20 0.75** 58.86 18 0.49** 31.49 2 0.72** 5.18 22 0.12 9.47 62 0.58 16.96 

Ethiopia Melkassa 20 1.83** 69.16 18 0.33 11.28 2 1.60* 6.06 22 0.32 13.50 62 0.96 9.15 

Kenya Bungoma 20 0.49** 50.10 18 0.28 25.74 2 0.62 6.31 22 0.16 17.85 62 0.68 11.15 

Kenya Embu 20 1.08** 66.81 18 0.29 16.41 2 0.08 0.51 22 0.24 16.27 62 0.83 11.51 

Kenya Kiboko1 20 3.50** 70.47 18 0.80** 14.59 2 4.84** 9.75 22 0.23 5.19 62 0.82 8.47 

Kenya Kiboko2 20  0.52* 52.92 18 0.24 21.62 2 0.25 2.62 22 0.20 22.84 62 0.76 7.88 

Kenya Kakamega 20 0.36** 72.38 18 0.06 10.02 2 0.07 1.35 22 0.07 16.25 62 0.46 37.47 

Rwanda Rubona 20   1.17* 42.46 18 0.74 24.14 2 3.97** 14.37 22 0.48 19.03 62 1.17 17.01 

Rwanda Nyagatare 20 0.94* 52.14 18 0.51 25.51 2 0.24 1.31 22 0.35 21.04 62 0.99 11.62 

Tanzania Arusha 20 0.79** 66.95 18 0.26 19.67 2 0.12 1.00 22 0.13 12.37 62 0.62 13.42 

Uganda Namulonge 20 1.19** 44.61  18 0.47 15.68 2 
    

7.25** 27.08 22 0.31 12.63 62 0.94 12.50 
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Table 5.5 Mean squares from analysis of variance and percentage of variance components for days to anthesis of 21 OPVs tested across 11 

environments of ECA, in 2006 

 

*P ≤ 0.05, ** P ≤ 0.01, DF= Degrees of freedom, MS=mean square, %SS=percent sum of squares, LSD=Least Significant Difference, CV= Coefficient of Variation 

 

 
 
 

Country 

 
 
 
Location 

Sources of variations 

Entry Block Replications Error Total 
 

DF 
 

MS 
 

%SS 
 

DF 
 

MS 
 

%SS 
 

DF 
 

MS 
 

%SS 
 

DF 
 

MS 
 

%SS 
 

DF 
 

LSD 
 

CV% 

D.R.Congo Gandajika 20 9.82** 74.47 18 1.24* 8.49 2 16.00** 12.13 22 0.59 4.91 62 1.30 1.40 

Ethiopia Melkassa 20 16.25** 80.11 18 2.61* 11.56 2 4.33* 2.14 22 1.14 6.18 62 1.81 1.64 

Kenya Bungoma 20 23.94** 74.41 18 4.86 13.60 2 10.11* 3.14 22 2.59 8.44 62 2.72 2.53 

Kenya Embu 20 16.31** 64.02 18 5.12* 18.10 2 18.78** 7.37 22 2.43 10.51 62 2.64 2.49 

Kenya Kakamega 20 33.55** 73.07 18 5.21 10.21 2 4.63 1.01 22 6.56 15.71 62 4.34 3.78 

Kenya Kiboko1 20 12.92** 87.97 18 0.83 5.11 2 1.44 0.98 22 0.79 5.94 62 1.51 1.43 

Kenya Kiboko2 20 21.69** 60.94 18 9.26 23.43 2 4.11 1.15 22 4.68 14..47 62 3.66 3.60 

Rwanda Nyagatare 20 19.52** 67.19 18 4.80 14.89 2 24.21** 8.33 22 2.53 9.59 62 2.70 2.28 

Tanzania Arusha 20 49.72** 73.02 18 14.09** 18.62 2 7.19 1.05 22 4.52 7.29 62 3.60 2.60 

Tanzania Selian 20 24.57** 49.27 18 17.89* 32.28 2 5.54 1.11 22 7.86 17.33 62 4.75 3.31 

Uganda Namulonge 20 17.35* 52.39 18 7.16 19.45 2 2.59 0.78 22 8.24 27.37 62 4.86 5.20 
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Table 5.6 Mean squares from analysis of variance and percentage of variance components for grain yield of 21 OPVs tested across six 

environments of eastern Africa, in 2007 

 
*P ≤ 0.05, ** P ≤ 0.01, DF= Degrees of freedom, MS=mean square, %SS=percent sum of squares, LSD=Least Significant Difference, CV= Coefficient of Variation 

 
 
 

 
 
 
 
 

Country 

 
 
 
 
 
Location 

 
Sources of variation 

Entry Block Replications Error Total 

 
DF 

 
MS 

 
%SS 

 
DF 

 
MS 

 
%SS 

 
DF 

 
MS 

 
%SS 

 
DF 

 
MS 

 
%SS 

 
DF 

 
LSD 

 
CV% 

Kenya E.Downs  20 0.43** 41.38 18 0.19 17.23 2 2.64** 25.59 22 0.15 17.35 62 0.65 16.83 

Kenya Embu 20 5.26** 63.03 18 1.39 14.95 2 13.26** 15.75 22 0.48 6.27 62 1.17 8.35 

Kenya Kiboko 20 2.85** 69.26 18 0.65* 14.16 2 3.92** 9.53 22 0.26 7.05 62 0.87 5.91 

Kenya Siaya 20 0.98** 61.04 18 0.48** 27.05 2 0.42 2.60 22 0.14 9.31 62 0.67 15.88 

Sudan W.Madani 20 0.41* 40.58 18 0.35* 31.14 2 1.11** 11.07 22 0.16 17.21 62 0.67 13.89 

Tanzania Arusha 20 1.13** 41.43 18 0.97** 32.16 2 3.48** 12.79 22 0.34 13.61 62 0.98 17.91 
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Table 5.7 Mean squares from analysis of variance and percentage of variance components for days to anthesis of 21 OPVs tested across five 

environments of eastern Africa, in 2007 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
*P ≤ 0.05, ** P ≤ 0.01, ns= non-significant, DF= Degrees of freedom, MS=mean square, %SS=percent sum of squares, LSD=Least Significant Difference, CV= 

Coefficient of Variation  

 
 
 
 
 

 
 
 
 

Country 

 
 
 
 
Location 

Sources of variation 

Entry 
 

Block Replications Error Total 

DF MS %SS DF MS %SS DF MS %SS DF MS %SS DF LSD CV% 

Kenya E. Downs  20 49.81** 75.76 18 6.06 8.30 2 68.83** 10.47 22 3.27 5.47 62 3.06 2.23 

Kenya Embu 20 20.48** 83.89 18 1.89 6.96 2 12.25** 5.02 22 0.92 4.13 62 1.62 1.45 

Kenya Kiboko 20 10.25** 58.62 18   4.50** 23.25 2 21.25** 12.16 22 0.96 6.07 62 1.66 1.77 

Sudan W. Madani 20 2.31
ns

 38.66 18 1.12 16.91 2 6.78* 11.34 22 1.80 30.08 62 2.27 2.70 

Tanzania Arusha 20 18.25** 88.66 18 1.26 5.53 2 1.33 0.65 22 0.96 5.16 62 1.66 1.42 



 

170 
 

Table 5.8 Grain yield  performance (t ha-1) of 21 OPVs tested across 11 environments of eastern Africa, in 2006 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variety 
Environments  

Mean Gan Mel Bun Emb Kib1 Kib2 Kak Rub Nya Aru Nam 
V1 1.41 5.85 3.66 4.48 5.31 5.20 0.97 3.73 4.77 2.40 4.57 3.85 
V2 1.87 5.87 3.17 4.49 6.44 6.40 0.46 3.01 4.44 2.94 4.43 3.96 
V3 2.45 6.73 3.53 4.01 5.39 5.55 0.55 3.87 4.64 2.19 4.48 3.94 
V4 1.64 5.95 3.75 4.02 6.79 5.64 0.67 3.75 5.71 2.43 4.19 4.05 
V5 1.85 5.69 3.69 3.62 5.34 6.23 0.69 3.72 4.91 2.61 4.33 3.88 
V6 2.02 6.55 3.68 3.61 5.99 6.49 0.74 4.27 5.01 2.99 5.14 4.23 
V7 2.84 6.18 3.20 4.72 5.88 5.56 0.66 3.65 5.36 3.63 4.46 4.19 
V8 1.63 5.83 4.19 4.85 5.30 5.88 0.49 4.08 4.71 2.71 4.55 4.02 
V9 1.82 6.00 2.82 4.60 5.56 5.98 0.33 4.20 5.14 3.07 4.85 4.03 
V10 2.11 6.96 3.57 4.09 6.74 5.13 0.71 4.41 5.61 2.35 4.82 4.23 
V11 1.67 5.95 3.39 4.36 6.85 5.95 0.98 4.56 4.91 2.55 4.00 4.11 
V12 2.14 5.46 3.15 4.08 7.06 6.04 0.76 3.61 5.64 2.50 4.58 4.09 
V13 2.15 6.80 3.87 4.54 5.79 6.23 0.59 5.38 5.28 2.66 4.55 4.35 
V14 2.72 6.49 3.30 4.06 5.54 5.83 0.63 3.99 4.65 2.38 4.64 4.02 
V15 2.57 6.67 4.43 4.21 5.77 5.50 1.00 4.76 5.07 3.02 4.57 4.32 
V16 2.21 6.42 3.48 4.22 5.50 5.53 0.84 3.98 4.48 2.71 5.21 4.05 
V17 2.30 5.85 3.43 3.79 5.83 5.56 0.55 4.35 5.03 3.04 4.60 4.03 
V18 1.97 6.23 4.01 4.98 5.59 5.41 0.61 3.85 5.51 2.62 4.11 4.08 
V19 2.80 6.58 3.80 5.25 7.14 5.54 0.76 3.79 5.28 3.13 4.54 4.42 
V20 0.72 4.24 3.04 2.47 3.42 4.87 0.28 2.91 3.73 1.39 1.99 2.64 
V21 1.91 8.44 4.14 4.85 2.66 5.73 2.00 5.39 6.37 3.85 4.61 4.54 

Mean 2.04 6.22 3.58 4.25 5.71 5.73 0.73 4.06 5.06 2.72 4.44 4.05 
     Max 2.84 8.44 4.43 5.25 7.14 6.49 2.00 5.39 6.37 3.85 5.21 4.84 
      Min 0.72     4.24 2.82 2.47 2.66 4.87 0.28 2.91 3.73 1.39 1.99 2.93 
LSD 0.05 0.58 0.96 0.68 0.83 0.82 0.76 0.46 1.17 0.99 0.62 0.94 0.80 
CV % 16.96 9.15 11.15 11.51 8.47 7.88 37.47 17.01 11.62 13.42 12.49 14.28 
R2 0.91 0.86 0.82 0.84 0.95 0.77 0.84 0.81 0.79 0.88 0.87 0.85 
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Table 5.9 Grain yield  performance (t ha-1) of 21 OPVs tested across six environments of eastern Africa, in 2007 

Variety 
Environments   

Mean Edo Emb Kib Wad Sia Aru 
V1 2.24 8.11 7.53 2.59 2.27 2.37 4.19 
V2 2.44 8.77 8.94 3.16 3.12 3.70 5.02 
V3 2.19 7.23 9.17 2.32 2.15 3.38 4.41 
V4 2.78 7.90 8.24 2.69 2.57 2.48 4.44 
V5 2.32 8.30 8.24 3.11 1.90 3.09 4.49 
V6 2.36 8.45 7.71 2.84 2.38 2.98 4.45 
V7 2.02 8.05 8.04 3.17 1.80 3.47 4.42 
V8 2.68 8.95 9.28 3.68 2.86 4.27 5.29 
V9 2.62 9.13 9.23 2.74 1.86 4.24 4.97 
V10 1.76 6.83 9.05 3.08 1.88 2.49 4.18 
V11 2.26 8.33 9.30 3.28 3.73 3.09 5.00 
V12 2.15 6.93 9.37 2.88 1.77 2.57 4.28 
V13 3.16 8.63 7.90 2.85 2.22 3.13 4.65 
V14 1.92 8.51 9.04 2.90 2.45 3.66 4.75 
V15 2.75 8.65 9.07 2.42 3.46 3.63 5.00 
V16 1.76 7.56 9.56 2.30 2.15 3.33 4.44 
V17 1.93 7.82 9.16 2.96 2.74 3.09 4.62 
V18 2.18 7.63 8.97 2.16 2.23 3.10 4.38 
V19 2.16 8.87 9.94 3.20 2.23 3.30 4.95 
V20 1.74 6.06 5.53 2.65 1.37 2.27 3.27 
V21 2.57 12.93 9.37 2.87 2.64 4.41 5.80 

Mean 2.29 8.27 8.70 2.85 2.37 3.24 4.62 
      Max 3.16 12.93 9.94 3.68 3.73 4.41 6.31 
      Min 1.74 6.06 5.53 2.16 1.37 2.27 3.19 
LSD 0.05 0.65 1.17 0.87 0.67 0.67 0.98 0.84 
CV % 16.83 8.35 5.91 13.89 15.88 17.91 13.13 
R2 0.84 0.94 0.93 0.83 0.91 0.86 0.89 
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Table 5.10 Mean days to anthesis of 21 OPVs tested across 11 maize growing environments of ECA, in 2006  

 
 
 

Variety 
Environments 

Gan Mel Bun Emb Kib1 Kib2 Kak Nya Aru Sel Nam Mean 
V1 54.00 63.33 60.00 59.00 62.00 59.67 65.00 68.67 79.33 82.67 51.33 64.09 
V2 57.00 65.33 66.67 62.67 62.33 60.00 69.00 68.33 80.33 85.67 55.33 66.61 
V3 56.00 66.00 64.67 64.67 63.00 55.33 67.67 72.33 84.33 86.67 57.67 67.12 
V4 55.00 66.00 65.00 63.67 62.67 59.67 69.33 69.67 81.33 85.33 56.33 66.73 
V5 54.67 64.67 62.67 60.00 61.67 61.33 66.00 70.00 85.00 85.33 52.67 65.82 
V6 52.67 64.67 61.67 62.67 62.00 62.33 63.33 68.67 76.67 86.33 52.00 64.82 
V7 53.67 66.00 64.33 64.00 62.00 58.67 67.00 70.00 83.67 84.67 58.00 66.55 
V8 56.33 65.33 63.67 63.33 62.67 59.33 69.67 70.00 80.00 86.00 55.33 66.52 
V9 57.00 66.33 65.67 63.33 62.33 60.67 69.00 68.67 84.00 87.33 56.00 67.30 
V10 56.33 64.67 63.00 62.33 62.67 62.33 67.33 71.33 83.67 86.67 55.00 66.85 
V11 56.00 67.00 67.33 63.33 62.67 60.00 66.33 70.67 80.33 86.33 56.67 66.97 
V12 55.00 64.67 64.67 61.67 62.00 60.00 67.67 68.00 82.00 85.67 53.00 65.85 
V13 55.67 64.00 60.67 63.33 62.33 60.00 68.67 70.00 84.33 84.67 56.67 66.39 
V14 53.67 64.67 66.00 63.67 63.00 61.00 68.33 69.67 81.33 86.33 57.67 66.85 
V15 55.00 66.33 64.67 62.00 62.33 60.00 70.00 69.67 84.00 79.00 54.00 66.09 
V16 53.33 64.00 63.67 62.33 62.67 63.00 67.00 69.33 81.33 84.00 53.33 65.82 
V17 56.00 65.33 65.00 63.33 62.67 61.67 69.33 70.67 79.33 86.33 56.67 66.94 
V18 54.67 65.33 65.00 62.33 62.67 59.67 69.33 69.67 85.00 85.33 53.00 66.55 
V19 57.67 68.00 66.00 64.67 64.33 65.00 69.67 73.67 85.67 81.67 59.67 68.73 
V20 50.33 57.33 56.33 54.33 62.00 51.67 57.33 60.33 68.33 75.33 51.33 58.61 
V21 58.00 70.00 58.00 64.67 53.33 60.00 75.33 72.33 88.00 84.33 57.67 67.42 

Mean 55.14 65.19 63.56 62.44 62.06 60.06 67.73 69.60 81.81 84.56 55.21 66.12 
    Max 58.00 70.00 67.33 64.67 64.33 65.00 75.33 73.67 88.00 87.33 59.67 70.30 
     Min 50.33 57.33 56.33 54.33 53.33 51.67 57.33 60.33 68.33 75.33 51.33 57.82 
LSD0.05 1.13 1.81 2.72 2.64 1.51 3.66 4.34 2.70 3.60 4.75 4.86 3.07 
CV % 1.40 1.64 2.53 2.49 1.43 3.60 3.78 2.28 2.60 3.31 5.20 2.75 
R2 0.95 0.94 0.91 0.89 0.94 0.86 0.84 0.90 0.93 0.83 0.73 0.88 
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Table 5.11 Mean days to anthesis of 21 OPVs tested across five environments of eastern Africa, in 2007  

 
Variety 

Environments  
Mean E.Downs Embu Kiboko Wad Madani Arusha 

V1 79.33 64.00 53.67 48.33 72.33 63.53 
V2 84.33 65.33 55.00 50.33 72.00 65.40 
V3 82.33 68.33 56.33 48.00 71.67 65.33 
V4 82.33 66.67 55.67 49.33 70.67 64.93 
V5 82.67 63.67 54.67 50.33 70.67 64.40 
V6 77.33 63.33 54.00 49.00 70.67 62.87 
V7 84.67 66.67 57.00 50.00 70.33 65.73 
V8 84.00 66.33 55.33 49.33 70.33 65.07 
V9 83.67 67.67 57.33 48.33 70.00 65.40 
V10 85.00 67.00 56.67 50.33 70.00 65.80 
V11 81.67 66.67 56.33 50.33 69.67 64.93 
V12 77.00 66.00 53.67 49.00 69.67 63.07 
V13 80.67 65.33 54.67 50.00 69.67 64.07 
V14 81.67 65.33 53.67 50.33 69.33 64.07 
V15 83.33 66.00 54.67 50.67 68.33 64.60 
V16 82.00 65.33 55.00 50.33 68.00 64.13 
V17 80.67 66.67 55.67 49.33 67.67 64.00 
V18 83.33 67.33 56.00 49.00 67.67 64.67 
V19 86.33 69.33 60.67 50.67 66.67 66.73 
V20 68.33 57.00 51.33 48.00 66.67 58.27 
V21 75.00 69.67 54.33 49.67 61.00 61.93 

Mean 81.22 65.89 55.32 49.56 69.19 64.23 
      Max 86.33 69.67 60.67 50.67 72.33 67.94 
      Min 68.33 57.00 51.33 48.00 61.00 57.13 
LSD 0.05 3.06 1.62 1.66 2.27 1.66 2.05 
CV % 2.23 1.45 1.77 2.70 1.42 1.91 
R2 0.95 0.96 0.94 0.67 0.95 0.89 
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Trial set B (2007-2008) 
 

The results of the ANOVA for individual locations for grain yield and days to anthesis for 

2007 are presented in Tables 5.12 and 5.13. Entries showed significant mean squares for 

grain yield (Table 5.12) and days to anthesis (Table 5.13) across environments. Furthermore 

entries accounted for the major proportion of the total variation in sum of squares of the 

environments. At Thika and Embu entries contributed 78.77% and 76.44% of the total sum of 

squares for grain yield, respectively (Table 5.12) while at Embu and E.Downs entries 

contributed 91.40% and 85.41% respectively to the variation in days to anthesis (Table 5.13).  
 

 

 

 

In 2008, the entries showed significant variation in grain yield (Table 5.14) and days to 

anthesis (Table 5.15) at all locations except at Kimaeti, Rahad and Wad Madani where days 

to anthesis among the entries were not significant. Although entries at these three locations 

did not differ in days to anthesis results have been presented here for comparison reasons 

with those of other locations. Entries contributed highly to the variation at Kitale and Elgon 

Downs for grain yield and days to anthesis respectively (87.44% for grain yield and 91.97% 

for days to anthesis) (Table 5.14 and Table 5.15). Table 5.16 and Table 5.17 present results of 

grain yield performance and Table 5.18 and Table 5.19 present days to anthesis for the 39 

varieties tested in 2007 and 2008 across ECA. Shaded cells in the tables show the top 

varieties for grain yield and the variety with earliest days to anthesis among the 39 varieties 

across the different locations. Candidate varieties out yielded the local check variety 

(OPV39) in nine out of the ten locations during 2007 (Table 5.16) while during 2008 the 

candidates were better than the local check variety (OPV39) only at four out of the ten 

locations for grain yield. This might be an indication of the start of the declining of yield 

levels of the QPM OPVs at the fourth generation (2006, 2007(two seasons) and 2008). The 

commercial check variety (OPV38) was the earliest variety almost at all locations during 

2007 (Table 5.18)  except at Kakamega (Kak) and Mbulumbulu (Mbu) where the candidate 

QPM variety (OPV19) was the earliest with similar days to anthesis (61 days) at both 

locations. In 2008 the candidate variety OPV19 was early only at Rahad (Rah) and in the 

other locations the commercial variety (OPV38) followed by the local check (OPV39, at Mpa 

and Kim) were the earliest in maturity (Table 5.19). 
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Table 5.12 Mean squares from analysis of variance and percentage of variance components for grain yield of 39 OPVs tested across ten 

environments of eastern Africa, in 2007  

 
*P ≤ 0.05, ** P ≤ 0.01, DF= Degrees of freedom, MS=mean square, %SS=percent sum of squares, LSD=Least Significant Difference, CV= Coefficient of Variation 

 
 
 

 
 
 

 
 
Country 

 
 
 
 
 
Location 

Sources of variations 

Entry Block Replications Error Total 

 
DF 

 
MS 

 
%SS 

 
DF 

 
MS 

 
%SS 

 
DF 

 
MS 

 
%SS 

 
DF 

 
MS 

 
%SS 

 
DF 

 
LSD 

 
CV% 

Kenya Alupe 38 10.48** 54.36 24 12.00** 39.28 1 2.97 0.40 14 3.12 5.96 77 3.79 26.71 

Kenya Bungoma 38 0.45* 60.60 24 0.31 27.54 1 0.58 2.09 14 0.19 9.77 77 0.94 15.31 

Kenya E.Downs 1 38 0.47* 55.92 24 0.45* 34.12 1 0.65 2.04 14 0.18 7.91 77 0.91 18.24 

Kenya E.Downs 2 38 0.40** 65.57 24 0.26* 26.42 1 0.47* 2.02 14 0.10 5.98 77 0.68 13.41 

Kenya Embu 38 2.74** 76.44 24 0.94 16.57 1 3.60* 2.64 14 0.42 4.35 77 1.39 7.42 

Kenya Kakamega 38 0.61** 63.92 24 0.42 27.95 1 0.02 0.06 14 0.19 8.06 77 0.87 18.83 

Kenya Thika 38 1.58** 78.77 24 0.45 14.31 1 0.56 0.73 14 0.34 6.18 77 1.25 12.66 

Tanzania Arusha 38 0.71** 58.63 24 0.61* 31.95 1 1.73** 3.75 14 0.19 5.67 77 0.93 11.80 

Tanzania Mbulumbulu 38 2.52** 57.09 24 2.58** 36.88 1 0.18 0.11 14 0.71 5.91 77 1.80 20.10 

Tanzania Selian 38 0.87* 69.88 24 0.43 21.56 1 0.16 0.34 14 0.28 8.22 77 1.13 9.42 
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Table 5.13 Mean squares from analysis of variance and percentage of variance components for days to anthesis of 39 OPVs  tested across nine 

environments of eastern Africa, in 2007 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*P ≤ 0.05, ** P ≤ 0.01, DF= Degrees of freedom, MS=mean square, %SS=percent sum of squares, LSD=Least Significant Difference, CV= Coefficient of Variation 

 
 
 
 

Country 

 
 
 
 
Location 

Sources of variations 

Entry Block Replications Error Total 
 

DF 
 

MS 
 

%SS 
 

DF 
 

MS 
 

%SS 
 

DF 
 

MS 
 

%SS 
 

DF 
 

MS 
 

%SS 
 

DF 
 

LSD 
 

CV% 

Kenya Alupe 38 13.49** 77.36 24 5.24 18.97 1 0.21 0.03 14 1.72 3.63 77 2.81 2.14 

Kenya Bungoma 38 7.52** 80.90 24 1.47 10.00 1 19.50** 5.52 14 0.90 3.58 77 2.04 1.47 

Kenya E.Downs  38 22.10** 85.41 24 4.40 10.75 1 0.32 0.03 14 2.67 3.81 77 3.51 2.06 

Kenya Embu 38 12.73** 91.40 24 1.48 6.72 1 0.63 0.12 14 0.66 1.75 77 1.75 1.30 

Kenya Kakamega 38 1.57* 65.27 24 0.91 24.02 1 1.45 1.59 14 0.55 9.12 77 1.50 1.18 

Kenya Thika 38 15.34** 79.15 24 3.90 12.70 1 13.96 1.90 14 3.28 6.25 77 3.89 2.24 

Tanzania Arusha 38 15.51** 74.81 24 5.53 16.85 1 19.50* 2.47 14 3.30 5.87 77 3.90 2.43 

Tanzania Mbulumbulu 38 14.70** 73.21 24 6.44* 20.23 1 17.55* 2.30 14 2.32 4.26 77 3.27 2.37 

Tanzania Selian 38 15.29* 73.32 24 5.04 15.26 1 15.70 1.98 14 5.34 9.44 77 4.96 3.79 
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Table 5.14 Mean squares from analysis of variance and percentage of variance components for grain yield of 39 OPVs tested across ten 

environments of ECA, in 2008  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

*P ≤ 0.05, ** P ≤ 0.01, DF= Degrees of freedom, MS=mean square, %SS=percent sum of squares, LSD=Least Significant Difference, CV= Coefficient of Variation  

 

 
 
 

 
Country 

 
 
 
 
Location 

Sources of variations 

Entry Block Replications Error Total 

 
DF 

 
MS 

 
%SS 

 
DF 

 
MS 

 
%SS 

 
DF 

 
MS 

 
%SS 

 
DF 

 
MS 

 
%SS 

 
DF 

 
LSD 

 
CV% 

Burundi Mosso 38 1.07** 71.29 24 0.48 20.15 1 1.91** 3.35 14 0.86 5.21 77 0.99 12.53 

Burundi Mparambo 38 0.92** 79.27 24 0.21 11.53 1 0.24 0.55 14 0.27 8.65 77 1.12 14.92 

Ethiopia Melkassa 38 2.13** 27.41 24 3.19** 25.85 1 135.74** 45.87 14 0.18 0.86 77 0.92 11.13 

Kenya Kimaeti 38 0.36* 51.31 24 0.19 17.40 1 6.37** 24.06 14 0.14 7.22 77 0.79 16.32 

Kenya Kitale 38 1.45** 87.44 24 0.19 9.21 1 0.01 0.02 14 0.12 3.33 77 0.74 18.18 

Sudan Rahad  38 0.64* 45.23 24 1.08** 48.52 1 0.59 1.10 14 0.19 5.15 77 0.95 18.63 

Sudan W. Madani 38 0.52** 65.55 24 0.31* 24.46 1 1.42** 4.67 14 0.12 5.32 77 0.73 15.97 

Tanzania SARI 38 0.60* 40.98 24 0.68* 29.58 1 13.55** 24.38 14 0.20 5.05 77 0.96 16.40 

Tanzania Weruweru 38 0.69** 46.17 24 1.12** 46.99 1 1.52** 2.67 14 0.17 4.17 77 0.88 11.92 
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     Table 5.15  Mean squares from analysis of variance and percentage of variance components for days to anthesis of 39 OPVs tested across 11 environments 

of ECA, in 2008 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*P ≤ 0.05, ** P ≤ 0.01, DF= Degrees of freedom, MS=mean square, %SS=percent sum of squares, LSD=Least Significant Difference, CV= Coefficient of Variation

 
Country 

 
 
Location 

Sources of variations 

Entry Block Replications Error Total 

DF MS %SS DF MS %SS DF MS %SS DF MS %SS DF LSD CV% 

Burundi Mosso 38 21.55** 91.05 24 2.50* 6.68 1 6.78* 0.75 14 0.97 1.52 77 2.12 1.67 

Burundi Mparambo 38 6.72** 82.67 24 1.27 9.85 1 12.32** 4.00 14 0.77 3.49 77 1.88 1.73 

Ethiopia Melkassa 38 7.10** 46.37 24 5.93* 24.47 1 144.05** 24.76 14 1.83 4.39 77 2.90 1.97 

Kenya E. Downs 38 14.31** 91.97 24 21.10 3.57 1 1.04 0.18 14 1.81 4.29 77 2.89 1.87 

Kenya Kakamega 38 16.38** 90.54 24 2.22* 7.76 1 2.51 0.37 14 0.65 1.33 77 1.73 1.15 

Kenya Kimaeti 38 4.06 43.53 24 3.87 26.16 1 64.63** 18.20 14 3.07 12.11 77 3.76 2.85 

Kenya Kitale 38 14.17** 86.09 24 2.63 10.07 1 0.46 0.07 14 1.68 3.76 77 2.78 1.85 

Sudan Rahad  38 4.24 50.26 24 3.93 29.44 1 21.55* 6.72 14 3.11 13.57 77 3.78 3.07 

Sudan W. Madani 38 5.89 54.08 24 4.24 24.59 1 46.15** 11.15 14 3.00 10.17 77 3.72 3.16 

Tanzania SARI 38 16.57** 78.64 24 5.00* 14.97 1 22.62** 2.82 14 2.04 3.57 77 3.06 2.11 
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Table 5.16  Grain yield  performance (t ha-1) of 39 OPVs tested across ten environments 

of ECA, in 2007 

 
 

Variety 
Environments  

Mean Alu Bun Edo1 Edo2 Emb Kak Thi Aru Mbu Sel 
OPV1 4.97 3.32 2.11 1.97 7.99 2.51 5.93 4.22 2.72 4.96 4.07 
OPV2 6.91 2.56 3.30 2.89 9.42 2.04 5.39 4.40 5.50 5.40 4.78 
OPV3 8.44 2.59 1.85 2.24 8.48 2.00 4.07 3.58 4.07 6.02 4.33 
OPV4 8.84 3.24 2.25 2.64 8.81 3.29 4.36 3.41 4.40 4.74 4.60 
OPV5 9.17 3.36 2.20 2.09 6.88 1.81 4.23 3.31 2.59 5.50 4.11 
OPV6 3.24 2.73 1.92 1.78 8.57 2.66 3.57 3.76 3.29 5.08 3.66 
OPV7 6.32 2.80 2.75 2.51 9.89 2.28 6.01 3.75 4.25 6.11 4.67 
OPV8 8.55 2.97 3.67 3.41 9.52 2.34 3.62 3.45 5.03 4.98 4.75 
OPV9 3.54 2.08 2.25 1.32 8.01 1.84 4.00 3.95 3.00 4.79 3.48 
OPV10 4.59 2.29 1.69 1.97 8.99 2.47 4.96 4.64 4.95 5.04 4.16 
OPV11 7.05 2.24 2.84 2.54 9.88 2.30 5.98 3.52 4.58 5.57 4.65 
OPV12 7.32 3.23 1.89 2.28 8.75 2.70 5.73 2.89 4.12 5.40 4.43 
OPV13 7.21 3.22 2.34 2.43 9.32 2.42 5.23 3.83 3.25 6.03 4.53 
OPV14 5.39 2.31 2.22 2.23 9.57 2.37 4.89 3.85 5.73 6.03 4.46 
OPV15 3.87 2.99 3.07 2.73 9.80 2.64 4.39 4.52 3.26 6.71 4.40 
OPV16 3.76 2.49 2.05 2.99 8.29 2.03 5.15 3.98 4.66 6.21 4.16 
OPV17 7.42 3.11 1.93 2.42 7.89 2.68 5.23 4.30 4.25 5.97 4.52 
OPV18 5.28 2.39 2.19 1.87 8.83 2.13 4.51 4.09 3.73 6.10 4.11 
OPV19 7.22 3.07 1.94 2.34 8.50 2.03 4.57 3.86 4.56 6.26 4.43 
OPV20 2.49 2.81 2.08 2.64 8.32 2.46 5.46 4.23 3.30 5.82 3.96 
OPV21 3.71 3.45 2.09 1.75 8.82 2.23 3.62 3.21 4.43 5.95 3.93 
OPV22 6.45 3.04 1.76 2.54 9.28 3.30 4.63 3.73 2.52 5.12 4.24 
OPV23 7.43 3.28 2.46 2.90 7.81 3.19 3.55 3.66 3.70 6.40 4.44 
OPV24 5.82 2.39 1.83 2.08 9.11 2.27 4.34 4.04 3.73 5.73 4.13 
OPV25 3.96 2.35 3.30 2.21 9.09 3.06 3.81 2.94 3.41 5.77 3.99 
OPV26 11.98 3.73 2.83 2.99 9.36 2.31 3.99 3.89 5.65 5.58 5.23 
OPV27 9.22 3.08 2.75 2.17 8.93 2.18 4.07 4.05 2.28 5.78 4.45 
OPV28 7.29 2.76 1.98 2.03 8.34 2.73 4.91 3.80 7.07 5.21 4.61 
OPV29 6.08 3.73 2.73 2.28 8.37 2.16 5.58 3.13 6.03 5.75 4.58 
OPV30 9.64 3.03 1.82 2.63 8.71 2.13 5.05 3.88 5.11 6.07 4.81 
OPV31 11.11 3.66 1.78 3.05 9.10 2.83 5.26 3.81 5.48 5.37 5.14 
OPV32 5.88 2.25 2.17 2.17 7.96 1.97 3.76 3.15 4.70 5.97 4.00 
OPV33 4.24 3.50 2.37 2.30 9.38 2.78 4.21 2.83 4.94 5.67 4.22 
OPV34 6.98 2.93 1.97 2.54 8.56 2.94 3.81 4.04 4.86 5.76 4.44 
OPV35 6.53 1.99 2.22 1.74 9.02 2.04 3.49 3.47 4.35 5.83 4.07 
OPV36 5.87 2.59 2.59 2.14 8.66 2.37 3.95 3.70 3.98 6.26 4.21 
OPV37 9.61 2.65 2.41 2.48 9.01 2.35 6.19 2.87 4.88 6.35 4.88 
OPV38 4.55 2.43 2.01 1.52 4.28 1.82 2.10 1.28 1.75 4.39 2.61 
OPV39 10.11 3.05 2.96 2.88 12.88 NA 5.38 3.82 3.38 3.09 5.28 
Mean 6.62 2.86 2.32 2.35 8.78 2.35 4.59 3.66 4.19 5.61 4.33 
      Max 11.98 3.73 3.67 3.41 12.88 3.30 6.19 4.64 7.07 6.71 6.36 
      Min 2.49 1.99 1.69 1.32 4.28 1.81 2.10 1.28 1.75 3.09 2.18 
LSD 0.05 3.79 0.94 0.91 0.68 1.39 0.87 1.25 0.93 1.80 1.13 1.37 
CV % 26.71 15.31 18.24 13.41 7.42 18.83 12.66 11.80 20.10 9.42 15.39 
R2 0.94 0.90 0.92 0.94 0.97 0.92 0.94 0.94 0.94 0.92 0.93 



 

180 
 

Table 5.17  Grain yield  performance (t ha-1) of 39 OPVs  tested across ten environments 

of ECA, in 2008 

 
 

Variety 
Environments 

Mean Mos Mpa Mel Kak Kim Kit Rah Wad SARI Wer 
OPV1 3.45 3.67 3.42 1.03 2.31 2.39 2.55 2.43 2.20 3.14  2.55 
OPV2 3.71 3.74 3.19 0.83 2.75 2.32 3.31 2.40 3.04 3.84 2.99 
OPV3 3.34 3.57 4.27 0.68 2.46 1.41 2.55 1.45 2.15 2.09 2.43 
OPV4 3.45 3.20 2.67 0.83 1.87 1.73 2.60 3.46 3.14 3.33 2.74 
OPV5 3.29 2.77 2.33 1.14 2.78 2.44 2.88 1.86 3.50 3.23 2.71 
OPV6 3.62 3.83 3.46 1.08 2.13 1.94 2.38 2.50 3.15 2.93 2.70 
OPV7 3.13 2.95 3.96 0.83 1.73 2.24 2.10 2.21 2.56 3.51 2.51 
OPV8 4.21 3.81 4.13 1.18 1.94 1.97 2.33 1.97 2.64 3.55 2.66 
OPV9 2.13 3.29 3.92 0.32 2.09 1.19 2.81 2.09 2.19 3.55 2.23 
OPV10 2.94 3.09 2.87 0.99 2.07 1.38 1.60 2.68 3.36 3.11 2.40 
OPV11 4.12 4.48 2.94 1.22 2.38 1.68 2.98 2.08 3.21 4.10 2.93 
OPV12 2.68 3.05 4.44 0.49 2.15 0.89 1.49 2.41 2.50 4.37 2.42 
OPV13 4.00 4.55 2.98 1.52 3.37 2.42 1.81 1.96 2.04 4.12 2.92 
OPV14 3.55 4.09 4.28 1.03 2.20 2.19 2.90 1.98 2.94 3.25 2.89 
OPV15 4.11 3.68 4.17 1.00 1.98 1.35 2.38 2.28 2.35 3.50 2.77 
OPV16 3.34 2.87 3.41 0.90 1.67 2.42 1.54 2.22 2.86 3.69 2.50 
OPV17 4.54 3.65 4.27 0.91 2.07 1.74 2.86 1.84 2.35 2.65 2.67 
OPV18 4.12 3.76 3.87 1.01 1.75 1.24 2.18 2.44 2.35 3.93 2.73 
OPV19 3.71 4.12 3.48 1.00 3.31 2.21 2.17 2.31 3.11 3.54 3.01 
OPV20 2.42 3.47 2.74 0.82 2.23 1.45 2.73 2.43 3.04 4.00 2.57 
OPV21 3.44 3.62 3.87 0.40 2.36 1.40 1.62 2.71 2.45 4.27 2.57 
OPV22 3.39 2.93 3.42 1.31 2.73 2.33 1.86 1.93 3.04 2.74 2.73 
OPV23 3.52 2.98 3.47 1.33 1.89 2.93 2.83 1.71 3.77 2.82 2.62 
OPV24 3.59 2.89 3.12 0.76 1.67 1.93 2.10 2.47 2.70 4.19 2.78 
OPV25 4.43 4.28 2.86 0.92 2.17 2.57 2.94 2.35 3.43 4.14 3.11 
OPV26 3.41 2.33 3.68 1.09 1.99 2.28 2.88 1.86 2.76 3.34 2.69 
OPV27 3.28 3.07 4.63 0.77 1.96 1.67 2.10 1.48 2.65 4.08 2.64 
OPV28 3.48 3.36 4.14 0.62 1.86 1.54 3.40 1.86 3.83 3.60 2.78 
OPV29 3.01 3.79 3.18 1.51 2.84 1.39 2.21 1.77 2.26 4.18 2.60 
OPV30 3.53 3.16 2.98 0.99 2.14 1.30 2.19 2.32 2.65 2.54 2.35 
OPV31 4.45 3.55 3.29 0.92 2.58 1.59 2.64 2.22 2.23 3.99 2.86 
OPV32 3.33 3.03 3.41 0.64 2.22 1.50 3.24 2.05 2.79 4.03 2.95 
OPV33 4.23 4.10 4.56 1.44 2.37 1.39 2.05 1.84 2.56 2.80 2.69 
OPV34 3.53 3.47 3.63 0.55 2.07 2.18 2.38 1.67 2.39 3.04 2.62 
OPV35 3.47 2.67 3.96 0.83 2.24 1.15 2.30 2.18 2.91 3.25 2.54 
OPV36 3.12 3.17 2.89 0.71 2.39 1.30 2.95 2.20 1.83 3.73 2.37 
OPV37 3.21 3.87 3.72 0.63 2.33 1.93 1.52 1.93 1.57 3.59 2.54 
OPV38 2.52 2.20 1.18 1.07 2.44 1.44 0.90 0.74 2.10 3.02 1.84 
OPV39 6.65 6.23 5.27 2.93 2.84 5.48 2.64 2.98 3.90 2.15 4.16 

Mean 3.58 3.50 3.54 0.98 2.26 1.89 2.38 2.14 2.73 3.46 2.69 
      Max 6.65 6.23 5.27 2.93 3.41 5.48 3.40 3.46 3.90 4.37 4.65 
      Min 2.13 2.20 1.75 0.32 1.56 0.89 0.90 0.74 1.57 2.09 1.43 
LSD 0.05 0.99 1.12 1.02 0.63 0.79 0.74 0.95 0.73 0.90 0.88 0.87 
CV % 12.53 14.90 11.13 29.95 16.32 18.18 18.63 15.97 16.00 11.92 16.55 
R2 0.95 0.91 0.99 0.93 0.93 0.97 0.95 0.95 0.95 0.96 0.95 
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Table 5.18  Mean days to anthesis of 39 OPVs tested across nine environments of ECA, 

in 2007 
 

 

Variety 
Environments 

Mean Alu Bun Edo 1 Emb Kak Thi Aru Mbu Sel 
OPV1 58.50 61.50 74.00 60.50 62.00 75.50 71.50 63.50 57.50 64.94 
OPV2 61.00 64.50 80.00 63.50 62.50 82.00 79.00 63.50 60.00 68.44 
OPV3 60.50 65.50 81.00 64.00 64.00 84.50 76.50 67.00 64.50 69.72 
OPV4 60.50 67.00 81.50 63.00 64.00 83.00 75.00 61.50 64.50 68.89 
OPV5 59.50 61.50 78.00 62.00 63.00 79.50 74.00 62.50 59.50 66.61 
OPV6 59.50 64.00 75.50 57.50 61.00 76.00 72.00 62.00 57.00 64.94 
OPV7 60.50 64.00 78.50 62.00 63.00 79.50 74.50 63.00 58.50 67.06 
OPV8 61.50 67.50 79.00 63.50 64.00 84.00 77.50 67.00 65.00 69.89 
OPV9 64.50 66.00 80.50 66.00 63.50 84.00 79.00 68.00 66.50 70.89 
OPV10 63.50 65.50 82.50 63.50 62.00 81.50 78.00 65.00 63.50 69.44 
OPV11 62.00 68.00 84.00 63.50 64.00 82.50 78.00 66.00 60.50 69.83 
OPV12 61.00 65.00 81.50 63.50 64.00 83.50 77.00 65.00 61.50 69.11 
OPV13 60.00 65.00 82.50 63.50 63.50 82.50 78.00 64.50 59.50 68.78 
OPV14 63.50 65.50 80.00 63.00 62.00 81.00 74.00 63.50 60.00 68.06 
OPV15 65.00 65.50 81.00 63.50 64.00 81.50 74.50 66.50 59.50 69.00 
OPV16 63.50 65.50 79.50 63.50 64.00 83.50 74.50 63.00 61.50 68.72 
OPV17 61.50 65.00 81.00 63.50 64.00 84.00 74.50 65.00 63.00 69.06 
OPV18 63.00 66.00 81.00 64.00 63.50 83.00 80.00 65.50 64.50 70.06 
OPV19 59.00 62.50 76.50 59.00 61.00 77.50 72.00 61.00 57.50 65.11 
OPV20 64.50 64.50 81.00 61.50 62.50 80.50 74.50 65.00 61.50 68.39 
OPV21 64.50 63.00 83.00 62.00 64.00 83.50 76.50 63.00 61.50 69.00 
OPV22 61.00 65.00 82.00 62.00 63.00 82.00 74.50 66.50 64.50 68.94 
OPV23 59.00 63.00 78.00 62.00 63.00 79.50 72.50 62.50 58.50 66.44 
OPV24 58.00 62.50 79.00 60.00 63.00 77.50 71.00 61.50 60.00 65.83 
OPV25 63.00 64.00 80.00 62.00 63.00 82.00 73.50 63.50 60.00 67.89 
OPV26 58.50 64.00 80.00 63.00 62.50 81.50 74.00 62.00 64.00 67.72 
OPV27 61.00 65.50 80.50 65.50 63.50 82.50 77.50 67.50 62.50 69.56 
OPV28 61.50 65.00 82.00 63.50 64.00 82.00 79.00 61.50 60.00 68.72 
OPV29 61.00 65.50 79.00 63.50 64.00 81.50 74.00 63.50 61.50 68.17 
OPV30 57.50 62.50 77.50 61.50 61.67 79.50 73.50 62.00 57.00 65.85 
OPV31 58.50 64.00 81.00 61.00 64.00 77.50 72.50 62.00 59.50 66.67 
OPV32 61.00 65.50 78.00 62.00 63.00 77.00 72.00 63.00 58.50 66.67 
OPV33 61.00 64.50 80.50 62.50 63.00 81.00 75.00 64.00 60.50 68.00 
OPV34 60.00 63.00 80.00 63.00 62.50 82.50 74.00 63.50 59.00 67.50 
OPV35 60.50 64.50 78.50 60.50 63.50 81.00 72.50 62.00 59.00 66.89 
OPV36 60.50 64.00 79.00 62.50 63.00 80.50 74.00 64.00 61.50 67.67 
OPV37 63.00 67.00 83.00 65.00 64.00 85.50 79.00 66.50 66.50 71.06 
OPV38 55.00 57.00 64.50 52.00 62.00 74.00 66.50 62.00 54.50 60.83 
OPV39 70.00 65.50 74.50 68.00 63.50 76.00 75.00 76.00 62.50 70.11 
Mean 61.21 64.47 79.45 62.45 63.12 80.91 74.88 64.22 60.94 67.96 
      Max 70.00 68.00 84.00 68.00 64.00 85.50 80.00 76.00 66.50 73.56 
      Min 55.00 57.00 64.00 52.00 61.00 74.00 66.50 61.00 54.50 60.56 
LSD 0.05 2.81 2.04 3.51 1.75 1.50 3.89 3.90 3.27 4.96 3.07 
CV %  2.14 1.47 2.06 1.30 1.18 2.24 2.43 2.37 3.79 2.11 
R2 0.96 0.96 0.96 0.98 0.91 0.94 0.94 0.96 0.91 0.95 
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Table 5.19  Mean days to anthesis of 39 OPVs tested across 11 environments of ECA, in 

2008  

 

 
 
 

Variety 
Environments  

Mean Mos Mpa Mel Edo Kak Kim Kit Rah Wad Sar Wer 
OPV1 56.50 59.50 67.50 68.00 68.50 61.00 69.00 55.00 51.50 65.00 55.50 61.55 
OPV2 58.50 54.00 67.00 71.50 69.00 61.50 69.00 57.50 54.50 65.00 58.00 62.32 
OPV3 62.00 51.50 71.50 73.00 69.00 60.50 69.50 58.50 59.00 68.50 60.00 63.91 
OPV4 59.50 51.50 69.50 74.50 73.00 64.00 71.00 58.00 54.50 67.50 60.00 63.91 
OPV5 59.00 51.50 68.00 71.50 70.00 61.50 69.50 58.50 55.50 66.50 57.50 62.64 
OPV6 53.00 51.50 67.00 70.50 69.00 58.50 70.00 58.50 55.50 66.00 56.50 61.45 
OPV7 59.50 51.50 68.00 73.00 70.50 62.50 70.00 58.00 57.00 67.00 56.00 63.00 
OPV8 60.00 51.50 70.00 75.00 73.00 61.50 71.00 58.50 58.50 70.00 58.50 64.32 
OPV9 62.50 51.00 73.50 76.00 73.00 64.00 72.50 59.50 54.50 70.50 61.00 65.27 
OPV10 58.00 51.00 65.00 72.00 70.00 60.50 71.00 56.50 54.50 65.00 60.00 62.14 
OPV11 62.50 51.00 72.50 74.00 69.00 62.50 73.00 57.50 57.00 69.50 58.50 64.27 
OPV12 62.50 51.00 69.50 75.00 74.50 62.00 73.00 58.50 53.50 69.50 59.00 64.36 
OPV13 59.50 50.50 70.00 74.00 69.00 61.50 70.50 56.50 54.50 68.50 58.50 63.00 
OPV14 58.00 50.50 69.00 73.00 71.00 61.00 70.50 59.00 55.00 70.50 59.00 63.32 
OPV15 58.00 50.50 69.50 74.50 71.00 61.00 71.50 58.50 55.00 67.00 61.00 63.41 
OPV16 58.50 50.50 67.50 73.50 71.00 63.00 70.00 55.50 53.00 67.50 58.00 62.55 
OPV17 61.50 50.50 71.50 73.50 72.00 62.50 70.00 59.00 54.50 68.00 58.50 63.77 
OPV18 62.00 50.50 69.00 72.50 72.00 61.00 70.50 58.00 56.00 69.00 58.50 63.55 
OPV19 57.00 50.50 66.50 70.50 69.00 60.00 68.50 54.50 53.00 66.00 55.00 60.95 
OPV20 60.00 50.50 69.00 71.50 69.00 63.00 69.50 59.50 55.50 67.00 55.00 62.68 
OPV21 60.50 50.50 71.50 74.00 71.00 62.50 69.50 58.50 55.00 70.00 57.50 63.68 
OPV22 58.50 50.00 68.50 73.00 72.00 62.00 70.00 57.50 54.50 68.00 61.00 63.18 
OPV23 58.00 50.00 68.00 70.50 69.00 62.50 69.50 54.50 52.50 64.50 56.50 61.41 
OPV24 57.00 50.00 67.50 69.00 66.50 60.00 69.00 59.50 54.50 65.00 55.00 61.18 
OPV25 58.00 50.00 68.50 72.50 71.00 61.00 70.00 56.00 55.50 66.00 56.00 62.23 
OPV26 61.50 50.00 68.50 73.00 73.00 61.50 69.50 58.00 56.00 69.50 61.00 63.77 
OPV27 62.00 50.00 69.50 75.00 72.00 61.50 73.00 58.00 55.50 70.00 60.00 64.23 
OPV28 57.00 50.00 68.00 73.50 72.00 61.50 70.00 56.00 55.50 64.50 58.50 62.41 
OPV29 61.00 50.00 70.00 74.00 71.00 63.00 69.50 56.50 56.50 69.50 59.00 63.64 
OPV30 57.50 50.00 68.00 69.00 69.00 61.50 69.00 56.50 55.50 67.00 57.50 61.86 
OPV31 57.00 50.00 69.50 70.50 72.00 62.50 69.00 57.00 55.50 68.50 56.00 62.50 
OPV32 58.00 50.00 68.00 72.50 72.00 61.50 69.00 56.00 53.50 64.50 59.00 62.18 
OPV33 58.50 50.00 69.50 71.50 69.00 61.00 70.00 57.00 54.00 68.50 61.00 62.73 
OPV34 57.50 49.50 66.00 71.50 70.00 61.00 69.00 57.50 57.00 68.00 58.00 62.27 
OPV35 57.50 49.50 67.00 72.00 69.00 61.50 69.00 57.50 55.00 67.00 58.00 62.09 
OPV36 60.00 49.00 69.50 71.50 71.00 59.50 70.00 57.00 56.50 69.00 57.00 62.73 
OPV37 62.00 49.00 69.00 75.00 72.00 63.00 73.00 60.00 56.00 71.00 61.00 64.64 
OPV38 49.00 49.00 64.00 61.50 57.50 58.00 59.50 55.00 51.00 58.50 50.00 55.73 
OPV39 71.00 46.50 68.50 67.00 76.50 57.50 80.00 55.50 51.50 77.50 67.00 65.32 
Mean 59.22 50.60 68.72 72.14 70.46 61.42 70.18 57.40 54.95 67.69 58.28 62.82 
      Max 71.00 59.50 73.50 76.00 74.50 64.00 80.00 60.00 59.00 77.50 67.00 69.27 
      Min 49.00 46.50 64.00 61.50 57.50 57.50 59.00 54.50 51.00 58.50 50.00 55.36 
LSD 0.05 2.12 1.88 2.90 2.89 1.73 3.76 2.78 3.78 3.72 3.06 2.42 2.82 
CV %  1.67 1.73 1.97 1.87 1.15 2.85 1.85 3.07 3.16 2.11 1.94 2.12 
R2 0.98 0.97 0.96 0.96 0.99 0.88 0.96 0.86 0.89 0.96 0.98 0.94 
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Combined analysis for trial set A (2006-2007) 
 
The results of the combined ANOVA for the individual years 2006 and 2007 show that 

entries and the test environments as well as the interaction between the two were highly 

significant (P ≤ 0.01) for both grain yield and days to anthesis. The contribution of the 

environment to variation in both characteristics was high during the two years (Tables 5.20 

and 5.21).   

 

The combined ANOVA across years and locations for entries and the test environments were 

highly significant (P ≤ 0.01) for both grain yield (Table 5.22) and days to anthesis (Table 

5.23). However, the effect of years on days to anthesis was not significant while the effect on 

grain yield was highly significant (P ≤ 0.01). The entry x year and entry x environment 

interactions were significant for grain yield but entry x year interaction was not significant for 

days to anthesis (Table 5.23).    

 

In Tables 5. 24 and 5. 25 are presented the yield performance and rankings of 20 varieties as 

well as the days to anthesis across locations during 2006-2007. Candidate variety (V19) was 

the number one variety in terms of grain yield (4.61 t ha-1) followed by V15 (4.56 t ha-1) and 

V8 (4.47 t ha-1). The candidate varieties were superior in grain yield than the commercial 

check variety Katumani (V20) in all the environments which yielded 2.75 t ha-1 which is 

40.34% less  than that of the candidate V19 (Table 5. 24). 

 

The commercial variety Katumani (V20) was the earliest variety among the entries, with 57 

days to anthesis. The candidate variety V19 was the latest flowering with 68 days to anthesis. 

The result of this study confirmed the earliness of the commercial variety, Katumani (V20) 

for its male flowering as well as maturity as compared to all the candidate varieties and the 

local checks in the 20 environments of ECA during 2006-2007. 
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Table 5.20  Combined analyses of variance for grain yield of 20 OPVs tested across the different environments of ECA, in 2006 and 2007 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
** P ≤ 0.01 

        
 

Years Sources DF MS %SS 

2006 

Entry 19 4.26**    3.86 
Environments (Env)  10 174.40** 83.24 
Replication 2 0.41    0.04 
Block 18 0.51**    0.44 
Rep(Env) 20 1.76**    1.68 
Block (Rep x Env) 180 0.60**    5.12 
Entry x Env 190 0.36**    3.24 
Error 220 0.23    2.38 
R-square (%)                       98    
Mean yield (t ha-1)             4.03    
LSD                                   0.23    
CV %                              11.83    

2007 

Entry 19 4.29** 2.76 
Environments (Env) 5 520.49** 88.27 
Replication 2 4.50** 0.31 
Block 18 0.92** 0.56 
Rep(Env) 10 4.66** 1.58 
Block (Rep x Env) 90 1.01** 3.06 
Entry x Env 95 0.70** 2.25 
Error 657 0.30 1.22 
R-square (%)                       99    
Mean yield (t ha-1)             4.54    
LSD                                   0.36    
CV %                              12.05    



 

185 
 

Table 5.21 Combined analyses of variance for days to anthesis of 20 OPVs tested across the different maize growing environments of  
ECA, in 2006 and 2007 

 
 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  ** P ≤ 0.01 

Years Sources DF MS %SS 

2006 

Entry 19 109.06**   0.79 
Environments (Env)  10 25660.66** 97.93 
Replication 2 0.61    0.01 
Block 18 7.36**    0.05 
Rep(Env) 20 10.06**    0.08 
Block (Rep x Env) 180 6.82**    0.47 
Entry x Env 190 6.19**    0.45 
Error 220 2.73    0.23 
R-square (%)                      100    
Mean AD (Days)             58.37    
LSD                                   0.80    
CV %                              2.83    

2007 

Entry 19 75.08** 6.13 
Environments (Env) 3 6973.97** 89.86 
Replication 2 2.11 0.02 
Block 18 4.55** 0.35 
Rep (Env) 6 35.49** 0.91 
Block (Rep x Env) 54 4.80** 1.11 
Entry x Env 57 4.00** 0.98 
Error 80 1.86 0.64 
R-square (%)                       99    
Mean AD (Days)             67.91    
LSD                                   1.11    
CV %                                 2.00    
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Table 5.22 Combined analyses of variance for grain yield of 20 OPVs tested across 17 environments of ECA, during 2006-2007 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

** P ≤ 0.01 

 
 
 

Years Sources DF MS %SS 

2006-2007 

Entry 19 7.33**    2.73 

Environments (Env) 16 271.65** 85.14 

Year 1 61.81**    1.21 

Replication 2 1.91**    0.08 

Block 18 0.66**    0.23 

Rep (Env) 32 2.75**    1.72 

Block (Rep x Env) 288 0.77**    4.35 

Entry x Env 304 1.21**    2.63 

Entry x year 19 0.62**    0.23 

Error  320 0.27    1.68 

R-square(%)                         98    

Mean yield (t ha-1)            4.21    

LSD                                   0.20    

CV %                               11.94    
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Table 5.23 Combined analyses of variance for days to anthesis of 20 OPVs tested across 15 environments of ECA, during 2006-2007 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

** P ≤ 0.01 
  

 

Years Sources DF MS %SS 

2006-2007 

Entry 19 181.17**    4.49 

Environments (Env) 14 4917.03**  89.71 

Year 1 0.20    0.00 

Replication 2 0.39    0.00 

Block 18 6.87**    0.16 

Rep (Env) 28 15.50**    0.57 

Block (Rep x Env) 252 6.37**    2.10 

Entry x Env 266 5.40**    1.87 

Entry x year 19 3.04    0.07 

Error  280 2.81    1.03 

R-square(%)                         99    

Mean AD (Days)            64.22    

LSD                                   0.67    

CV %                                2.52    
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Table 5.24 Grain yield  performance (t ha-1) and the rankings of 20 OPVs tested across the different environments of ECA during 2006-2007 

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Rank 

Trial years 
2006 2007 2006-2007 

Entry Yield Entry Yield Entry Yield 
1 19 4.42 8 5.29 19 4.61 
2 13 4.35 11 5.00 15 4.56 
3 15 4.32 15 5.00 8 4.47 
4 6 4.23 9 4.97 13 4.45 
5 10 4.23 2 4.96 11 4.42 
6 7 4.19 19 4.95 9 4.37 
7 11 4.11 14 4.75 2 4.31 
8 12 4.09 13 4.65 6 4.31 
9 18 4.08 17 4.62 14 4.28 
10 16 4.05 5 4.49 7 4.28 
11 4 4.05 6 4.45 17 4.24 
12 9 4.03 16 4.44 10 4.21 
13 17 4.03 4 4.44 16 4.19 
14 8 4.02 7 4.42 4 4.19 
15 14 4.02 3 4.41 18 4.19 
16 2 3.96 18 4.38 12 4.16 
17 3 3.94 12 4.28 3 4.11 
18 5 3.88 1 4.19 5 4.10 
19 1 3.85 10 4.18 1 3.97 
20 20 2.64 20 2.94 20 2.75 

Mean 4.02 4.54                          4.21 
      Max 4.42 5.29                          4.61 
      Min 2.64 2.94                           2.75 
LSD 0.05 0.23 0.36                          0.20 
CV %  11.83 12.05                         11.94 
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Table 5.25 Mean days to anthesis and the rankings of 20 OPVs tested across the different environments of ECA during 2006 and 2007 

 

 
 
Rank 

Trial years 
2006 2007 2006-2007 

Entry AD Entry AD Entry AD 
1 19 61.30 19 72.08 19 67.56 
2 9 59.36 10 70.17 9 65.49 
3 3 59.24 9 70.25 10 65.31 
4 11 59.12 18 69.25 3 65.16 
5 17 59.09 7 69.00 7 64.89 
6 14 59.00 3 69.42 11 64.87 
7 4 58.97 8 69.00 4 64.84 
8 10 58.97 15 68.42 18 64.84 
9 15 58.91 4 68.67 17 64.84 
10 7 58.85 17 68.33 15 64.82 
11 2 58.82 11 68.08 8 64.73 
12 18 58.79 2 67.92 2 64.60 
13 8 58.70 16 67.92 14 64.44 
14 13 58.70 5 67.75 13 64.33 
15 16 58.18 13 67.33 16 64.13 
16 12 58.06 14 66.83 5 64.00 
17 5 58.06 12 66.58 12 63.60 
18 6 56.97 1 66.08 6 62.58 
19 1 56.58 6 65.75 1 62.33 
20 20 51.76 20 59.42 20 57.00 

Mean 58.37 67.91 64.22 
      Max 61.30 72.08 67.56 
      Min 51.76 59.42 57.00 
LSD 0.05 0.80 1.11 0.67 
CV % 2.83 2.00 2.50 
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Combined analysis for trial set B (2007-2008) 
 
The results of the combined ANOVA across years and locations showed that entries and the 

test environments as well as their interactions were highly significant (P ≤ 0.01) both for 

grain yield and days to anthesis. The contribution of the environment to the total sum of 

squares was high for both grain yield and days to anthesis (Tables 5.26 and 5.27).   

 

The combined ANOVA across years and localities showed that entries and the test 

environments were highly significant (P ≤ 0.01) for both grain yield (Table 5.28) and days to 

anthesis (Table 5.29). The entry x year and entry x environment interactions were significant 

for both grain yield and days to anthesis. The percentage contribution of the sum of squares 

of total variation for grain yield during 2007-2008 was high for environment (71.28%) 

followed by block (rep x env) interaction (12.96%) (Table 5.28). The environment 

contribution to variation in days to anthesis was highest with 85.05% followed by entries 

with 5.32% (Table 5.29). The significant value of year and its interaction with environments 

was an indication of the year to year fluctuation of the weather and the variable response of 

the entries for the year and its interaction effect.   

 

Table 5. 30 and Table 5. 31 list the performance and ranking of 38 varieties for their grain 

yield and days to anthesis tested across locations during 2007-2008. Candidate variety 

(OPV31) was the number one variety for its grain yield of 4.00 t ha-1 followed by OPV26 

(3.96 t ha-1) and OPV2 (3.89 t ha-1). All the candidate varieties were better than the 

commercial check variety Katumani (OPV38) for grain yield which yielded 2.23 t ha-1, a 

44.25% lower yield than OPV31 (Table 5.30). 

 

The commercial variety Katumani (OPV38) was the earliest variety among all the entries for 

its days to anthesis with 58.47 days. The candidate varieties OPV1 and OPV 6 ranked second 

and third with male flowering periods of 63.74 and 63.85 respectively, a five days gap in 

maturity with Katumani. The candidate varieties OPV 37 and OPV 9 were late in male 

flowering with 69.06 and 69.29 days to anthesis (Table 5.31). 
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Table 5.26 Combined analyses of variance for grain yield of 38 OPVs tested across the different environments of ECA, during 2007 and 2008 

 

                      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 *P ≤ 0.05, ** P ≤ 0.01 

 

Years Sources DF MS %SS 

2007 

Entry 37 4.30**    3.78 
Environments (Env)  9 337.52** 72.15 
Replication 1 5.20**    0.12 
Block 24 3.33**    1.90 
Rep(Env) 9 1.21*    0.26 
Block (Rep x Env) 216 2.42**    12.42 
Entry x Env 333 0.99**    7.74 
Error 131 0.52    1.63 
R-square (%)                       98    
Mean yield (t ha-1)             4.32    
LSD                                   0.54    
CV %                              16.77    

2008 

Entry 37 1.15** 3.60 
Environments (Env) 9 65.35** 49.52 
Replication 1 14.58** 1.23 
Block 24 1.34** 2.70 
Rep(Env) 9 16.22** 12.92 
Block (Rep x Env) 216 1.13** 20.50 
Entry x Env 333 0.29** 8.24 
Error 130 0.18 1.93 
R-square (%)                       99    
Mean yield (t ha-1)             2.65    
LSD                                   0.26    
CV %                              15.85    
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Table 5.27 Combined analyses of variance for days to anthesis of 38 OPVs tested across the different environments of ECA, during 2007 and 

2008 

 
 *P ≤ 0.05, ** P ≤ 0.01 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*P ≤ 0.05, ** P ≤ 0.01 
 

Years Sources DF MS %SS 

2007 

Entry 37 69.22**    5.58 
Environments (Env)  8 5105.80**  89.06 
Replication 1 1.41    0.003 
Block 24 3.63*    0.19 
Rep(Env) 8 11.20**    0.20 
Block (Rep x Env) 192 5.93**    2.48 
Entry x Env 296 3.05**    1.97 
Error 118 2.00    0.52 
R-square (%)                       99    
Mean AD (days)              67.89    
LSD                                   1.12    
CV %                              2.08    

2008 

Entry 37 60.27** 6.16 
Environments (Env) 7 4587.36** 88.85 
Replication 1 53.88** 0.15 
Block 24 4.91** 0.33 
Rep(Env) 7 30.22** 0.58 
Block (Rep x Env) 168 4.04** 1.87 
Entry x Env 259 2.50** 1.79 
Error 104 1.30 0.37 
R-square (%)                       99    
Mean AD (days)              64.50    
LSD                                   0.80    
CV %                                 1.76    



 

193 
 

Table 5.28 Combined analyses of variance for grain yield of 38 OPVs tested across 20 environments of ECA, during 2007 and 2008  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

** P ≤ 0.01 
 
 
 

Years Sources DF MS %SS 

2007-2008 

Entry 37 3.79**    2.17 

Environments (Env) 19 242.38**  71.28 

Year 1 84.65**    1.31 

Replication 1 1.16    0.02 

Block 24 2.98**    1.11 

Rep (Env) 19 9.21**    2.71 

Block (Rep x Env) 456 1.84**    12.96 

Entry x Env 703 0.60**    6.56 

Entry x year 37 0.85**    0.49 

Error  223 0.41    1.41 

R-square(%)                         98    

Mean yield (t ha-1)            3.48    

LSD                                   0.40    

CV %                               17.00    



 

194 
 

 

Table 5.29 Combined analyses of variance for days to anthesis of 38 OPVs tested across 17 environments of ECA, during 2007 and 2008 

  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

** P ≤ 0.01

Years Sources DF MS %SS 

2007-2008 

Entry 37 123.39**    5.32 

Environments (Env) 16 4558.85**  85.05 

Year 1 3715.93**    4.33 

Replication 1 17.29**    0.02 

Block 24 3.70**    0.10 

Rep (Env) 16 21.19**    0.40 

Block (Rep x Env) 384 5.25**    2.35 

Entry x Env 592 2.62**    1.82 

Entry x year 37 4.09**    0.18 

Error  184 2.02    0.43 

R-square(%)                         99    

Mean AD (days)              66.30    

LSD                                   1.02    

CV %                                 1.95    
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Table 5.30  Grain yield performance and the rankings of 38 OPVs tested across the 

environments of ECA during 2007 and 2008 

 

Rank 

Trial seasons  
2007 2008 2007-2008 

Entry GW Entry GW Entry GW 
1 26 5.23 25 3.10 31 4.00 
2 31 5.14 19 3.01 26 3.96 
3 37 4.88 2 2.99 2 3.89 
4 2 4.78 32 2.95 11 3.79 
5 8 4.75 11 2.93 19 3.72 
6 30 4.68 13 2.91 13 3.72 
7 7 4.67 14 2.88 37 3.71 
8 11 4.65 31 2.85 8 3.71 
9 28 4.61 28 2.77 28 3.70 
10 4 4.60 24 2.77 14 3.67 
11 29 4.58 15 2.77 4 3.67 
12 13 4.53 4 2.73 17 3.60 
13 17 4.52 22 2.72 29 3.59 
14 14 4.46 18 2.72 7 3.59 
15 27 4.45 5 2.70 15 3.58 
16 34 4.44 6 2.69 25 3.55 
17 23 4.44 26 2.69 30 3.54 
18 19 4.43 33 2.68 27 3.54 
19 12 4.43 17 2.67 34 3.53 
20 15 4.40 8 2.66 23 3.53 
21 3 4.33 27 2.63 22 3.48 
22 22 4.24 23 2.61 32 3.47 
23 33 4.22 34 2.61 24 3.45 
24 36 4.21 29 2.59 33 3.45 
25 16 4.16 21 2.57 12 3.42 
26 10 4.16 20 2.57 18 3.42 
27 24 4.13 1 2.55 5 3.41 
28 5 4.11 37 2.54 3 3.38 
29 18 4.11 35 2.53 16 3.33 
30 1 4.07 7 2.51 1 3.31 
31 35 4.07 16 2.50 35 3.30 
32 32 4.00 3 2.42 36 3.29 
33 25 3.99 12 2.41 10 3.28 
34 20 3.96 10 2.39 20 3.27 
35 21 3.93 36 2.36 21 3.25 
36 6 3.66 30 2.35 6 3.18 
37 9 3.48 9 2.23 9 2.86 
38 38 2.61 38 1.83 38 2.23 

Mean                       4.32                         2.65                         3.48 
      Max                       5.23                         3.10                         4.00 
      Min                       2.61                         1.83                          2.23 
LSD 0.05                       0.54                         0.26                          0.39 

   CV %                     16.77                        15.85                         17.00 
R2                       0.98                          0.98                          0.98 
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Table 5.31  Mean days to anthesis and the rankings of 38 OPVs tested across the different 

environments of ECA, 2007 and 2008 

 

Rank 

Trial seasons  
2007 2008 2007-2008 

Entry AD Entry AD Entry AD 
1 38 60.83 38 55.81 38 58.47 
2 6 64.94 24 62.38 1 63.74 
3 1 64.94 1 62.38 6 63.85 
4 19 65.11 6 62.63 19 63.97 
5 30 65.63 19 62.69 24 64.21 
6 24 65.83 30 63.31 30 64.57 
7 23 66.44 23 63.31 23 64.97 
8 5 66.61 2 63.56 5 65.38 
9 31 66.67 34 63.75 35 65.41 
10 32 66.67 35 63.75 32 65.47 
11 35 66.89 20 63.88 31 65.53 
12 7 67.06 10 64.00 7 65.74 
13 34 67.50 25 64.00 34 65.74 
14 36 67.67 5 64.00 25 66.06 
15 26 67.72 32 64.13 2 66.15 
16 25 67.89 28 64.19 20 66.26 
17 33 68.00 7 64.25 36 66.29 
18 14 68.06 31 64.25 33 66.50 
19 29 68.17 16 64.50 28 66.59 
20 20 68.39 36 64.75 16 66.74 
21 2 68.44 33 64.81 26 66.82 
22 16 68.72 13 65.06 10 66.88 
23 28 68.72 22 65.13 14 66.91 
24 13 68.78 15 65.38 29 66.91 
25 4 68.89 3 65.38 13 67.03 
26 22 68.94 18 65.50 22 67.15 
27 21 69.00 29 65.50 15 67.29 
28 15 69.00 21 65.56 21 67.38 
29 17 69.06 14 65.63 4 67.44 
30 12 69.11 17 65.75 17 67.50 
31 10 69.44 26 65.81 3 67.68 
32 27 69.56 4 65.81 18 67.91 
33 3 69.72 8 66.06 12 68.03 
34 11 69.83 11 66.31 8 68.09 
35 8 69.89 27 66.63 11 68.18 
36 18 70.06 12 66.81 27 68.18 
37 9 70.89 37 66.81 37 69.06 
38 37 71.06 9 67.50 9 69.29 

Mean                         67.89                           64.50                          66.30 
      Max                         71.06                           67.50                          69.29 
      Min                         60.83                           55.81                          58.47 
LSD 0.05                           1.12                             0.80                            1.02 
CV %                            2.08                             1.76                             1.95 
R2                          0.99                             0.99                             0.99 



 

197 
 

5.4.2 Evaluation of grain yield stability and days to anthesis based on the AMMI model  

 
The AMMI model was used to examine grain yield stability and days to anthesis of 20 QPM 

OPVs included in trial set A (excluding local checks) conducted during 2006 and 2007 in 17 

environments for grain yield and 15 environments for days to anthesis in ECA countries. The 

combined ANOVA from the AMMI model for grain yield and days to anthesis showed that 

mean squares for grain yield were highly significant (P ≤ 0.001) for environments, genotypes 

and G x E interactions (Tables 5.32 and 5.33). The F-test was highly significant (P ≤0.001) 

for all the IPCA axes. The environments explained 86.35% of the total grain yield variation 

followed by the G x E interaction (4.36%). The contribution of genotype to the total variation 

was low (2.72%). The first five IPCAs were highly significant and explained 78.03% of the G 

x E interaction. The first IPCA captured 27.35% of the total interaction sum of squares in 

11.20% of the G x E interaction degrees of freedom. The second IPCA also explained 

19.28% of the interaction sum of squares in 10.53% of the interaction degrees of freedom 

(Table 5.32). 

 

Table 5.32  Analysis of variance based on the AMMI model for grain yield (t ha-1) of 20 
OPVs (19 QPM and a normal check) evaluated across 17 environments in 
ECA during 2006 and 2007 

 
Sources DF SS MS Total 

variation 
explained 

(%) 

G x E 
explained 

(%) 

Cumulative 
(%) 

Total 1019 5105 5.01    
Treatments 339 4770 14.07    
Environments  16 4408 275.52** 86.35   
Genotypes  19 139 7.33**   2.72   
Blocks in Env. 34 92 2.71    
Genotype x Env. 304 223 0.73**   4.36   
IPCA1 34 61 1.8**  27.35 27.35 
IPCA2 32 43 1.36**  19.28 46.64 
IPCA3 30 26 0.87**  11.67 58.30 
IPCA4 28 24 0.84**  10.76 69.06 
IPCA5 26 20 0.76**  8.97 78.03 
IPCA residual  154 49 0.32    
Residual 646 243 0.38    
 ** P < 0.01; IPCA= Interaction principal component axis  
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The ANOVA for the days to anthesis showed highly significant mean squares (P ≤ 0.001) for 

environments, genotypes and G x E interactions. The F-test was highly significant (P≤ 0.001) 

for the first four IPCA. The environments were the major source of variation for days to 

anthesis among the 20 genotypes and explained 89.71% of the total variation followed by the 

genotypes (4.48%) and the interaction between the two (2.57%). The first four IPCA were 

significant and explained 76.23% of the G x E interaction. The first IPCA captured 40.04% of 

the total interaction sum of squares in 12.03% of the G x E interaction degrees of freedom. 

The second IPCA also explained 17.13% of the interaction sum of squares in 11.28% of the 

interaction degrees of freedom (Table 5.33). 

 

Table 5.33  Analysis of variance based on the AMMI model for days to anthesis of 20 

OPVs (19 QPM and a normal check) evaluated across 17 environments in 

ECA during 2006 and 2007 

 
Sources DF SS MS Total 

variation 
explained 

(%) 

G x E 
explained 

(%) 

Cumulative 
(%) 

Total 899 76730 85.4    
Treatments 299 74253 248.3    
Environments  14 68838 4917** 89.71   
Genotypes  19 3442 181.2**   4.48   
Blocks in Env. 30 440 14.7    
Genotype x Env. 266 1973 7.4**   2.57   
IPCA1 32 790 24.7**  40.04 40.04 
IPCA2 30 338 11.3**  17.13 57.17 
IPCA3 28 219 7.8**  11.67 68.27 
IPCA4 26 157 6.1*  7.95 76.23 
IPCA5 24 119 4.9  6.03 82.26 
IPCA residual  126 349 2.8    
Residual 570 2037 3.6    
** P < 0.01; * P < 0.05; IPCA= Interaction principal component axis 
 

The AMMI biplot based on the values of IPCA2 scores for the genotypes and the value of the 

genotype means for the grain yield of 20 open pollinated QPM varieties was constructed to 

show the performance and association of the genotypes (Fig. 5.2). From the biplot it can be 

seen that the open pollinated QPM genotype 19(G19) was the highest yielder followed by the 

QPM genotypes G15 and G8. The non QPM commercial check G20 (Katumani) ranked last 

indicating the potential of the candidate QPM varieties for possible commercial release based 

on their grain yield advantage over the check.  
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Figure 5.2  AMMI biplot based on environmental means versus IPCA2 scores for grain 

yield of 20 open pollinated (19 QPM and a normal check) varieties evaluated 

in 17 environments of ECA. 

 

Furthermore, Fig. 5.2 shows that most of the genotypes were clustered around the centre of 

the biplot an indication of superior grain yield stability of OPVs compared to hybrids. This 

finding is in agreement with the results of  Pixley and Bjarnason (2002) who reported open 

pollinated cultivars to be the most stable followed by double-cross, three-way and finally 

single cross hybrids following the evaluation of the different QPM cultivars at 13 locations in 

four continents.  

 

AMMI Stability Value (ASV) (Purchase, 1997) was calculated to identify the most stable 

entries across environments. Detailed description of ASV is presented in Chapter 3. The most 

stable genotypes across the environments were G7 followed by G17. Although the two 
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entries ranked 10th and 11th in terms of mean grain yield, the entries showed above average 

grain yield performance (Table 5.34). 

 

Table 5.34  AMMI Stability Value (ASV), mean grain yield and ranks of 20 OPVs tested 

in 17 environments of ECA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 shows the two dimensional graph based on the data of ASV (Y-axis) and mean 

grain yield (X-axis) of the 20 OPVs. The X-axis and Y-axis data were transformed into their 

log (base 10) and antilog (base 10) values, respectively for better visualisation using 

GenStat® 15th edition (GenStat, 2012) statistical software. Genotype seven (G7) had the 

smallest ASV value an indication of better stability, followed by G17. Entry 19 (G19) had the 

highest mean grain yield but was less stable across environments due to its high ASV. 

However, G19 was a responsive entry an indication of adaptation to high yielding 

environments. The least stable and lowest yielding entry was G20 (Katumani) due to its high 

ASV and low mean grain yield. The graph also shows that most of the QPM OPVs were 

closely plotted and their ASV was below 1.00 indicating closer similarity among the entries 

in their grain yield stability.  

Entry ASV Rank Mean yield  
(t ha-1) 

Rank 

G7 0.035 1 4.275 10 
G17 0.171 2 4.238 11 
G18 0.197 3 4.185 15 
G3 0.199 4 4.106 17 
G11 0.205 5 4.421 5 
G15 0.269 6 4.562 2 
G6 0.382 7 4.307 8 
G1 0.410 8 3.967 19 
G5 0.430 9 4.095 18 
G4 0.437 10 4.188 14 
G14 0.479 11 4.277 9 
G16 0.510 12 4.191 13 
G13 0.558 13 4.454 4 
G2 0.712 14 4.309 7 
G8 0.799 15 4.469 3 
G9 0.944 16 4.365 6 
G12 0.954 17 4.158 16 
G10 1.028 18 4.210 12 
G19 1.057 19 4.608 1 
G20 2.463 20 2.748 20 
Grand 
Mean 0.612 4.206  
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Figure 5.3  Two dimensional (2D) graph for AMMI stability value and mean grain yield 

of 20 OPVs (19 QPM and a normal check) evaluated in 17 environments of 

ECA. Data transformed based on antilog (base 10) and log (base 10) values of 

X-axis and Y-axis respectively for better visualisation. 

 

The AMMI biplot was constructed based on IPCA2 values of the environments plotted 

against the environmental means of grain yield (Fig. 5.4). Description of the test 

environments, the environmental mean grain yield and the environment codes are presented 

in Table 5.35.  
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Table 5.35  Description of the test environments and their environment code for grain 

yield AMMI biplot 

 

The AMMI biplot for the test environments (Fig. 5.4) identified KIB3 as the highest yielding 

environment followed by EMB2 and MEL. The high yielding environments were not the 

most stable as they were further from the centre of the biplot. However, these environments 

were highly responsive as genotypes displayed good performance. The least stable and lowest 

yielding environment was Kakamega - Kenya (KAK) an indication of the unsuitability of this 

test environment for these early maturing QPM OPVs. EMB2 and KIB2 were also identified 

as responsive for specific genotypes as they are far from the origin of the biplot. It can be 

concluded that the second season planting at Kiboko was less stable than the first season 

(KIB1) which is relatively closer to the origin of the biplot. Similarly RUB, EMB1 and NAM 

No Country Site name Trial year/ 

Season 

Environment 

code 

Mean grain 

yield (t ha-1) 

1 Tanzania Arusha 2006 ARU1 2.67 

2 Tanzania Arusha 2007 ARU2 3.18 

3 Kenya Bungoma 2006 BUN 3.56 

4 Kenya Elgon Downs 2007 EDO 2.24 

5 Kenya Embu 2006 EMB1 4.22 

6 Kenya Embu 2007 EMB2 7.95 

7 DR Congo Gandijika 2006 GAN 2.05 

8 Kenya Kakamega 2006 KAK 0.66 

9 Kenya Kiboko 2006 (Nov./1st 
season planting) 

KIB1 5.73 

10 Kenya Kiboko 2006 (June/2nd 
season planting) 

KIB2 5.86 

11 Kenya Kiboko 2007 (Oct./1st 
season planting) 

KIB3 8.66 

12 Ethiopia Melkassa 2006 MEL 6.11 

13 Uganda Namlonge 2006 NAM 4.43 

14 Rwanda Nyagatare 2006 NYA 4.99 

15 Rwanda Rubona 2006 RUB 4.00 

16 Kenya Siaya 2007 SIA 2.36 

17 Sudan Wad Madani 2007 WAD 2.85 
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were close to the centre of the biplot indicating the relative stability of the environments as 

well as the similarity of the environments for testing of genotypes (Fig. 5.4).        
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Figure 5.4  AMMI biplot based on genotype means versus IPCA 2 scores for grain yield 

of 20 open pollinated (19 QPM and a normal check)  varieties evaluated in 17 

environments of ECA. 

 

To demonstrate the association and relationship among genotypes and the test environments 

another AMMI biplot was constructed based on IPCA1 and IPCA2 scores (Fig. 5.5). Based 

on this, Emb2 and Kib3 were the most discriminating environments followed by Kib2 as 

shown by the longest arm directed to the positive IPCA scores from the centre of the biplot. 

G19 was close to the highest yielding environment of Kib3 indicating its responsiveness to 

that environment while G9 was found to be more responsive to the Emb2 environment. The 
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environments Kib1 and Kib2 were in the opposite direction of the biplot indicating the 

existence of within season variation at Kiboko. However, the short arm of Kib1 from the 

centre of the biplot could mean that there was little variation. The commercial normal 

endosperm open pollinated check variety (G20) was low yielding and not closely associated 

with any of the test environments in this study. Hence, the candidate varieties proved to be a 

better option for maize farmers in ECA than the widely grown normal endosperm OPV 

(Katumani) for both grain yield and nutritional advantage. Based on their small vector angle 

and their similar direction on the biplot, Aru1 (2006) and Aru2 (2007) may be considered as 

similar environments for testing the genotypes. Two genotypes, G15 and G8, showed a close 

association with Aru1 and Aru2, respectively. Most of the high yielding genotypes were 

clustered in the bottom right quadrant of the biplot and G7 was identified as stable due to its 

closeness to the centre of the biplot as well as its lowest ASV (Fig. 5.5). 

 
             IPCA1 

 

 

 

Figure 5.5 AMMI biplot based on IPCA1 versus IPCA 2 score for grain yield of 20 open 

pollinated varieties evaluated in 17 environments of ECA. 
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Among the secondary traits, days to anthesis is more important than silking as the latter is 

more influenced by abiotic stress and tasseling is more stable in adverse environmental 

conditions (Koester et al., 1993). Hence, prediction of the time of flowering will facilitate the 

exchange of germplasm among national research systems and recommendation of varieties to 

similar mega-environments. The ANOVA for days to anthesis for the 20 OPVs evaluated in 

15 environments of ECA indicated that days to anthesis were highly and significantly 

influenced by environments (Table 5.23).  

 

Figure 5.6 and Fig. 5.7 show the association among the genotypes based on their days to 

anthesis and the relationship among environments based on mean performance respectively. 

Most of the genotypes clustered around the genotype mean axis, which indicates the stable 

performance of the genotypes for days to anthesis and the similarity of the genotypes in 

maturity across the environments (Fig. 5.6). The highest number of days to anthesis was 

recorded for genotype G19 (67.56) and the lowest for G20 (Katumani) with 57.00 days while 

the average days to anthesis for the 20 genotypes was 64.22 indicating the earliness of the 

materials. Although the use of the term “earliness” may vary from place to place, CIMMYT 

classified germplasm that flowers between 55 and 60 days as early maturing and those 

flowering up to 70 days as intermediate. This classification is adopted for the regional trials 

in SSA (Vivek and Pswarayi, 2008; Magorokosho et al., 2009; 2010; Makumbi, 2011).  Out 

of the 20 genotypes six flowered below the average 64.22 days viz. G1, G6, G5, G16, G12 

and G20. The days to anthesis for 12 entries were in the range of 64 days. In addition, G12, 

G15 and G18 were more stable in their days to anthesis than the other genotypes while G3 

was the least stable. Early entries showed below average grain yield performance. The 

average maximum difference in days to anthesis was ten and this was between G19 and G20; 

however the yield advantage of G19 was about 40% over G20. Similarly, the flowering gap 

between G20 and the mean days to anthesis was just a week; however, there was a 35% grain 

yield gap between G20 and the mean yield of the 20 genotypes. Hence, this study further 

corroborated the effect of variation in maturity on the ultimate grain yield of early maturing 

tropical maize genotypes.     
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Figure 5.6  AMMI biplot based on the genotypes means and IPCA2 scores for days to 

anthesis of 20 open pollinated (19 QPM and a normal check) varieties 

evaluated in 15 environments of ECA. 

 

Unlike the genotypes, the test environments showed greater variability in response to days to 

anthesis (Fig. 5.7). In the biplot the environment Selian was excluded as the data on days to 

anthesis was far above average and not repeatable. Wad Madani (Wad) was considered to 

visualise its interaction with other environments of ECA and to identify genotypes adapted to 

this tropical lowland environment. Aru1 (Arusha, Tanzania-2006) and Edo (Elgon Downs, 

Kenya) were the two most extreme environments and recorded the highest days to anthesis 

record of more than 80 days. The lowest days to anthesis of about 50 days was recorded at 

Wad (Wad Madani, Sudan). The lowest elevation (411m above sea level) and the annual 

average minimum and maximum temperatures (20-370C) at Wad Madani were the most 

important environmental factors that may have contributed to the earliness in days to 

anthesis. Mel (Melkassa, Ethiopia) and Kib2 (Kiboko, Kenya-2nd season planting) were close 
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in the biplot and were among the stable environments based on days to anthesis of the 

genotypes and their proximity to the centre of the biplot. The closeness of the two 

environments is an indication of their similarity suggesting that the two environments may be 

used for testing germplasm and that the results from one of the environments can help to 

predict performance in the other. If these two environments correlate consistently over years, 

one of them may considered as redundant and be dropped to minimise evaluation cost. 

Similarly environments Bun (Bungoma, Kenya), Emb1 (Embu, Kenya) showed close 

relationship on the biplot indicating their similarity in the days to flowering the genotypes. 

The year-to-year fluctuations in weather patterns were reflected at Aru1 (Arusha, 2006) and 

Aru2 (Arusha, 2007) where the days to anthesis was inconsistent for the two years. However, 

the two environments were in similar direction of the biplot indicating the presence of 

association. In general, Fig. 5.7 explains how environments affect the flowering time of 

maize as well as the heterogeneity of tropical environments. Table 5.36 describes the test 

environments, the IPCA scores and the mean performance of the genotypes based on days to 

anthesis.  

 
 

Table 5.36  Description of the test environments and graph ID based on mean days to 

anthesis (DA) of the AMMI model  

Country Environment Graph ID Mean DA IPCA1 IPCA2 

Tanzania Arusha-2006 Aru1 81.50 2.18395 -0.03742 

Tanzania Arusha-2007 Aru2 69.07 0.48265 -0.27681 

Kenya Bungoma Bun 63.83 -0.17399 0.73279 

Kenya Elgon Downs Edo 81.52 1.82904 -0.2899 

Kenya Embu-2006 Emb1 62.33 -0.14189 0.64506 

Kenya Embu-2007 Emb2 65.70 0.41106 0.5703 

DRC Gandajika Gan 55.00 -0.60014 0.11468 

Kenya Kakamega Kak 67.35 0.74577 0.4120 

Kenya Kiboko-2006 (1st planting) Kib1 60.07 -0.19724 -2.44158 

Kenya Kiboko-2006 (2nd planting) Kib2 62.50 -1.71893 -0.24848 

Kenya Kiboko-2007 (1st planting) Kib3 55.37 -0.61833 0.06334 

Ethiopia Melkassa Mel 64.95 -0.07777 0.11678 

Uganda Namlonge Nam 55.08 -0.96299 1.53383 

Rwanda Nyagatare  Nya 69.47 0.35872 -0.13381 
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Plot of Environment IPCA 2 scores versus means
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Figure 5.7  AMMI biplot based on the environment means and IPCA2 scores of days to 

anthesis of 20 open pollinated (19 QPM and a normal check)  varieties 

evaluated in 15 environments of ECA. 

 

In Figure 5.8 is presented the AMMI biplot based on the values of IPCA1 and IPCA2 of the 

genotypes and the environments. The majority of the genotypes were close to each other and 

clustered towards the centre of the biplot. This indicates the close similarity among the 

genotypes for days to anthesis and the minimum deviation from the mean value. Figure 5.9 

shows the association of grain yield with mean days to anthesis of the environments based on 

IPCA1 scores. G20 (Katumani) was more adapted to the environments Kib2, Wad, Gan, Kib3 

and Nam. The high yielding G19 was close to Kak where the mean days to anthesis at Kak 

were similar with that of G19. Most of the genotypes were clustered around Mel (Melkassa, 

Ethiopia) where its mean days to anthesis were about 65. This shows that for good grain yield 

performance of the genotypes, an ideal environment would be where male flowering is 

expected to be around 65 days. No genotypes were near to Aru1 and Edo indicating the 

unsuitability of these environments for grain production (Fig. 5.9).   
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Figure 5.8  AMMI biplot based on IPCA1 and IPCA2 scores of genotypes and 

environments for days to anthesis of 20 open pollinated varieties evaluated in 

15 environments of ECA. 

 

 

Figure 5.9  AMMI biplot based on IPCA1 scores of grain yield of genotypes and 

environments mean days to anthesis.  
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5.4.3 Evaluation of grain yield stability and days to anthesis based on the GGE biplot 

 
This section presents the results of the GGE biplot analysis of 38 OPVs evaluated in ECA 

countries for grain yield and days to anthesis during 2007 and 2008. The list of the entries is 

presented in Table 5.2. The ANOVAs were reported in Section 5.4.1. In the GGE biplots 

genotypes are indicated by numbers and the environments by text codes. All the data used in 

the GGE biplots were standardised to facilitate visualisation of the genotypes and 

environments. Table 5.37 presents the list of environments and the environment codes.     

 

Table 5.37  List of the test environments and graph code used in the GGE biplots based on 

the grain yield performance and days to anthesis of 38 OPVs (37 QPM and a 

normal check) evaluated in ECA countries during 2007-2008  
 

No. Country Environment Code  

1 Burundi Mosso Mo/Mos 

2 Burundi Mparambo Mp/Mpa 

3 Ethiopia Melkassa Me/Mel 

4 Kenya Alupe Al/Alu 

5 Kenya Bungoma Bu/Bun 

6 Kenya Elgon Downs Ed/Edo 

7 Kenya Embu Em/Emb 

8 Kenya Kakamega Ka/Kak 

9 Kenya Kimaeti Ki/Kim 

10 Kenya Kitale Kt/Kit 

11 Kenya Thika Th/Thi 

12 Sudan Rahad Ra/Rah 

13 Sudan Wad Madani Wa/Wad 

14 Tanzania  Arusha Ar/Aru 

15 Tanzania  Mbulumbulu Mb/Mbu 

16 Tanzania  SARI Sa/Sar 

17 Tanzania Selian Se/Sel 

18 Tanzania Weruweru We/Wer 
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Yield stability and ranking of genotypes and environments  
 

The yield-stability statistic (YSi) (Kang, 1993) and the GGE distance (i.e. the distance from 

the markers of individual genotypes to the ideal genotype) (Yan, 2001; Yan and Kang, 2003; 

Yan and Tinker, 2006) help to select for high yield and stability. Stability is measured from 

Kang’s yield stability statistic (YSi) which involves cultivar rankings based on Shukla’s 

stability value (σi
2) (Shukla, 1972). The GGE biplot jointly uses some of the functions of 

linear joint regression (Finlay and Wilkinson, 1963; Eberhart and Russel, 1966; Perkins and 

Jinks, 1968), the AMMI model (Gauch and Zobel, 1996) and type B genetic correlation 

(Yamada, 1962). The various interpretations of GGE biplot analysis is presented in Chapter 

4.  
 

Figures 5.10 and 5.11 show the rankings of the genotypes and environments based on grain 

yield and days to anthesis, respectively. The high yielding and most stable genotype based on 

proximity to the Average Environment Coordinate (AEC) was genotype 31 followed by 2 

and 11. The least stable and low yielding entries were 38 followed by 9 and 5 which are very 

far from the AEC. This shows the presence of maximum G x E interaction (Fig. 5.10). From 

Fig. 5.10 the ranking of the environments can be visualised. The highest yielding 

environment was Embu (Em) followed by Elgon Downs (Ed) and Mosso (Mo) while the 

lowest yielding environments were Kimaeti (Km) and Weruweru (We). The most unstable 

environment was Kakamega (Ka) while the most stable environment was Rahad (Ra). 

 
 

Based on the days to anthesis the late flowering genotypes were ranked first and close to the 

AEC while the early flowering genotypes were far from the AEC (Fig. 5.11). Entries 37 and 

9 were the late flowering genotypes while entries 38 and 1 were the early flowering entries. 

Unlike yield performance of the unstable genotypes, the days to anthesis was closer to the 

Average Tester Axis (ATA) (Yan, 2001) an indication of relative stability. Genotypes that 

were less stable for days to anthesis were 38, 1 and 2 which are far from the ATA. The 

environment Elgon Downs (Edo) was ranked first as the genotypes took many days to reach 

anthesis followed by Arusha (Aru), Thika (Thi) and Mosso (Mos). The lowest ranking 

environment was Mparambo (Mpa) indicating that genotypes flowered early at this 

environment. The environments Wad, Rah, Kim and Mpa were below the AEC meaning that 

flowering was below average, an indication of early flowering. In contrast, flowering was 

average at Kak, Mbu and Mel (Fig. 5.11). 
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Figure 5.10 GGE biplot ranking of 38 OPVs (37 QPM and a normal check) based on grain yield evaluated at 18 environments of ECA during 

2007-2008. Numbers indicate genotypes, texts show environments and yellow circle shows the AEC. Graph key also in the biplot.  
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Figure 5.11 GGE biplot ranking of 38 OPVs (37 QPM and a normal check) based on days to anthesis evaluated at 18 environments of ECA 

during 2007 - 2008.  
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Association between test environments  

 

Fig. 5.12 shows the relationship among the test environments. The vectors connect the biplot 

origin with the markers of the test environments. The angle between the two vectors indicates 

the correlation between two environments. The cosine of the angle between the vectors of 

two environments approximates the correlation coefficient between them (Kroonenberg, 

1995; Yan, 2002). Acute angles indicate a positive correlation, obtuse angles a negative 

correlation and right angles no correlation (Yan and Kang, 2003). A short vector may indicate 

that the test environment is not related to other environments. Test environments that are 

consistently non-discriminating (non-informative) provide little information on the genotypes 

and, therefore should not be used as test environments (Yan and Tinker, 2006). 

 

Based on the vector angle between the two environments, there was a close association 

between Mosso-Burundi (Mo) and Elgon Downs-Kenya (Ed) based on the grain yield 

performance of the 38 genotypes. Similarly Kitale (Kt) and Bungoma (Bu) both in Kenya; 

Mparambo (Mp) and Mbulumbulu-Tanzania were closely associated. Embu (Em) was the 

most discriminating environment for having a long vector followed by Elgon Downs and 

Kakamega. The distance between two environments measures their dissimilarity in 

discriminating ability of the genotypes (Yan and Tinker, 2006). As a result Embu 

discriminated the genotypes based on yield performance; on the contrary Kakamega was 

considered discriminating due to the below average grain yield performance of the genotypes 

in this environment. SARI (Sa) was the least discriminating environment due to its short 

vector which is also a less informative environment regarding the grain yield performance of 

the QPM OPVs. There was a negative correlation, an indication of strong crossover G x E 

interaction, between the environments of Weruweru (We) and Kimaeti (Km) and the 

relatively short vector also indicates the non-informativeness of the environments. The rug 

plot also portrays the association of the different environments based on the angle of the 

vectors (Fig. 5.12). 
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Figure 5.12  Association of the 18 test environments (texts) of ECA based on the grain yield of 38 OPVs (37 QPM and a normal 

check) evaluated during 2007-2008. The vectors and the rug plot display the association/relation of the different 

environments. 
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Which-won-where or which was the best for what? 
 

An important feature of a GGE biplot is its ability to graphically display the presence of 

crossover G x E interaction, mega-environment differentiation and indication on the specific 

adaptation of genotypes. In a which-won-where pattern, a polygon is first drawn on 

genotypes that are furthest from the biplot origin so that all the other genotypes are contained 

within the polygon. Then perpendicular lines to each side of the polygon are drawn, starting 

from the biplot origin (Yan and Tinker, 2006). More details on this pattern are presented in 

Chapter 4.  
 

In Figures 5.13 and 5.14 are presented the which-won-where pattern based on the grain yield 

performance and days to anthesis of the 38 OPVs, respectively. In Figure 5.13, five sectors of 

the polygon contained all 18 environments suitable for the different vertex genotypes based 

on the grain yield performance. Genotype 23 was the best genotype for the environments of 

Kimaeti (Km), Alupe (Al), Bungoma (Bu), Kitale (Kt) and Kakamega (Ka), all in Kenya. 

Genotype 31 was best for Mosso (Mo)-Burundi, Elgon Downs (Ed)- Kenya and SARI(Sa)-

Tanzania. Genotype 2 was the best entry for Rahad (Ra)-Sudan, Mparambo (Mp)-Burundi 

and Mbulumbulu (Mb)-Tanzania followed by entry 11 within the same environment. 

However, genotype 15 excelled in many of the environments viz. Wad Madani (Wa), 

Melkassa (Mel), Arusha (Ar), Embu (Em), Selian (Se) and Thika (Th). Genotype 18 was 

closer to Weruweru (We) than genotype 9. The commercial OPV check (Katumani) was not 

the best in any of the environments (Figure 5.13).  

 

Figure 5.14 shows the which-won-where pattern based on days to anthesis. Since the 

genotypes were in the early maturity group, the best genotypes were identified based on the 

highest days to anthesis (late flowering) in the assigned environments. Hence, entry 3 was the 

latest flowering at Wad Madani (Wad), entry 37 was late at Rahad (Ra), Mbulumbulu (Mb), 

Selian (Se) and SARI (Sa). Entry 1 was late in days to anthesis at Mparambao (Mp) while 

entry 9 was late maturing in the rest of the environments. However, Katumani (38) was not 

late maturing in any of the environments indicating that the variety was the best in terms of 

early maturity in the range of environments of ECA. The relatively late flowering entries 

were not high yielding, rather they were winners for being late in flowering than for grain 

yield (Fig. 5.14).      



 

217 
 

17

28

23
5

18

6
37

7
35

8

Which-won-where pattern of the GGE biplot

9

32
10

30

1127

12

25

13

2

14

4

1536
16

33

24

29
1

19

38

31
26

3
34

20
21

22

Mp

BuKt

Me

Km

Sa

Ka

Mo

Wa
Em

MbSe Th

We

Ra

Ed
Al

Ar

PC1 - 22.12%

P
C

2 
- 

13
.4

6%

Al
1 Genotype scores

Environment scores
Convex hull
Sectors of convex hull

 

 
Figure 5.13 Which-won-where pattern of the GGE biplot based on the grain yield 

performance of 38 OPVs evaluated in 18 environments of ECA during 2007-

2008. 
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Figure 5.14 Which-won-where pattern of the GGE biplot based on days to anthesis of 38 

OPVs (37 QPM and a normal check) evaluated in 18 environments of ECA 

during 2007-2008. 
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Mega-environment analysis based on grain yield and days to anthesis 
 

The environments were examined in order to delineate them into mega-environments. 

However, multi-year data will be required to confirm that groupings are repeatable across 

years. Figures 5.15 and 5.16 show the mega-environments identified based on grain yield 

performance and days to anthesis, respectively. The 18 test environments of ECA were 

grouped into five interlinked mega-environments based on the grain yield performance of the 

38 OPVs (Fig. 5.15). The environments Sa, Km, Al, Kt, Bu and Ka were grouped into a 

similar mega-environment. The second mega-environment comprised Kenya (Embu-Em), 

Tanzania (Arusha-Ar), Ethiopia (Melkassa-Me) and Sudan (Wad Madani-Wa). Embu, 

Arusha and Melkassa are geographically similar as they are located within the 1500m 

elevation zone. However, the inclusion of Wad Madani, which is at 411m elevation, in this 

group needs to be confirmed. The main reason for the inclusion of Wad Madani in the second 

mega-environment seems to be the poor performance of the OPVs during the 2008 season 

resulting in the deviation of the environments from the overall mean minimum. The small 

deviation from the overall mean indicates similar performance of genotypes in the 

environments during the season. The third mega-environment consisted of Selian (Se), Thika 

(Th), Mparambo (Mp), Mbulubulu (Mb) and Rahad (Ra). The fourth and fifth mega-

environments contained of fewer environments with Mosso (Mo) and Elgon Downs (Ed) 

constituting the fourth mega-environment while Weruweru (We) was the only in the fifth 

mega-environment (Fig.5.15).   

 

Figure 5.16 presents the grouping of the 18 environments based on the response to days to 

anthesis of the 38 genotypes. The environments were grouped into four categories. 

Mparambo (Mp) in Burundi and Rahad (Ra) and Wad Madani (Wa) in Sudan constituted the 

first two mega-environments. The third group was made up of environments in Kenya viz. 

Kimaeti (Km), Kakamega (Ka), Kitale (Kt) and Embu (Em). The fourth group comprised the 

remaining 11environments (Al, Ar, We, Bu, Mo, Ed, Mel, Th, Mb, Se, Sa). From the 

grouping of the mega-environments it may be concluded that the environments, Mp, Ra and 

Wa are best for evaluating genotypes with days to anthesis ranging between 50 and 58 days. 

Therefore, these environments are ideal for testing early to extra early maize germplasm. The 

remaining environments would be suitable for testing germplasm with days to anthesis of 

between 60 and 67 days. However, the environments, Arusha (Ar), Elgon Downs (Ed) and 

Thika (Th) need to be evaluated further as the days to anthesis was above the over all mean of 
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66 days. The average days to anthesis at Thika was 81 days, Elgon Downs 79 and 72 days 

(for 2007 and 2008) and Arusha, 75 days. These environments would be more appropriate for 

the evaluation of genotypes with more than 70 days to anthesis (Fig. 5.16).  
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Figure 5.15  Grouping of mega-environments based on the grain yield performance of 38 

OPVs evaluated in 18 environments of ECA during 2007-2008.   
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Figure 5.16 Grouping of mega-environments based on days to anthesis of 38 OPVs 

evaluated in 18 environments of ECA during 2007-2008.  

 

Discriminating ability and representativeness of test environments  

 

Figure 5.17 and 5.18 show the discriminating power and representativeness of the test 

environments based on grain yield and days to anthesis, respectively. The concentric circles 

on the biplot of the environment vectors, which are proportional to the standard deviation 

within the respective environments, are the measures of the discriminating ability of the test 

environments (Yan and Tinker, 2006). The small circle on the average environment axis 

(AEA) is defined by the average principal component 1(PC1) and principal component 2 

(PC2) scores across all test environments or it has the average coordinates of all the 

environments. The average tester sign helps, among others, to visualise the mean 

performance of the entries across testers and to identify the ideal tester (Yan, 2001; Yan and 
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Tinker, 2006). Accordingly, the most discriminating environments based on grain yield 

performance were Embu (Emb), Mosso (Mos) and Elgon Downs (Edo) because of their large 

projection. The least discriminating environments were Weruweru (Wer) and Kimaeti (Kim). 

The representative environment is the one close to the average environment axis. Hence, Rah 

(Rahad) and Sar (SARI) were more representative environments. Kim, Wer, Wad and Kak 

were less representative. Test environments that are both discriminating and representative 

are desirable for selecting widely adapted genotypes (Yan and Tinker, 2006). Hence, Rah and 

Sar were not discriminating, as a result they were not good environments to select generally 

adapted environments. Discriminating but non-representative environments (e.g Emb, Mos 

and Edo) are useful for recommending specifically adapted genotypes provided the target 

environments can be divided into mega-environments (Fig 5.17). Non-discriminating test 

environments are less useful because they provide little information on the genotypes. 

 

The ideal test environment is the one most representative and most discriminating and it is 

the centre of the concentric circles. The ideal environment is a point on the AEA in the 

positive direction (most representative) with a distance to the biplot origin equal to the 

longest vector of all environments (most informative) (Yan and Tinker, 2006). Mosso (Mos) 

was the closest to the centre of the concentric circle and it was the best environment, whereas 

Wer and Kim were the poorest environments for selecting cultivars for wider adaptation (Fig. 

5.17). Yan and Tinker, 2006 recommended that experiments should be repeated in order to 

confirm a specific test location as an “ideal” environment.   
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Figure 5.17 Discriminativeness vs. representativeness of test environments based on the 

grain yield performance of 38 OPVs (37 QPM and a normal check) evaluated in 18 

environments of ECA during 2007-2008.   

 
Similarly, the test environments were evaluated for their discriminating ability and 

representativeness based on the days to anthesis of the 38 genotypes (Fig. 5.18). Unlike the 

grain yield, the environments showed closer performance for days to anthesis. This is an 

indication of the relatively stable performance of the genotypes based on their days to 

anthesis across the diverse environments. Accordingly, the environments, Mp, Wa, Ra and 

Km were the most discriminating. However, Mel and Mo were right in the centre of the 

concentric circle, much closer on to the AEA than the other genotypes; hence, they are more 

representative (Fig. 5.18).  
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Figure 5.18 Discriminitiveness vs. representativeness of test environments based on the days 

to anthesis of 38 OPVs (37 QPM and a normal check) evaluated in 18 

environments of ECA during 2007-2008.   

 

From Fig.5.18 it can be further concluded that the environments, Mp, Ra and Wa, may be 

used for the evaluation of genotypes with earliness in their days to anthesis. The other 

environments may be used for testing genotypes with average days to anthesis between 60-67 

days. However, additional seasons might be required to establish these recommendations. 
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Comparison of genotypes relative to the ideal genotype based on grain yield 
 

An ideal genotype is one with high mean performance and high stability across environments. 

It is at the centre of the concentric circles and a point on the AEA (“absolute stability”) in the 

positive direction and has a vector length equal to the longest vectors of the genotypes on the 

positive side of the AEA (“highest mean performance”). Genotypes located close to the ‘ideal 

genotype’ are more desirable than others (Yan and Tinker, 2006).  

 

Figure 5.19 shows the ranking of the genotypes relative to the ideal genotype. Entry 31 was 

the closest to the ideal genotype hence it was the most preferred genotype followed by entries 

2 and 11. Entries 17 and 8 were also close to the ideal genotype. Entries 6, 3, 30 and 17 were 

considered as stable due their minimum projection onto the AEA. Entry 38 (Katumani) was 

identified as poor performing and highly unstable followed by entry 9 and entry 5 (Fig. 5.19). 
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Figure 5.19 Ranking of genotypes relative to the ideal genotype based on the grain yield of 

38 OPVs (37 QPM and a normal check) evaluated in 18 environments of ECA 

during 2007-2008.   



 

226 
 

Comparison between two genotypes 
 
The GGE biplot also provides an option for visually comparing any two genotypes. This can 

be done by connecting two genotypes with a straight line, followed by drawing of a 

perpendicular line that passes through the biplot origin. According to Yan and Tinker (2006) 

this perpendicular line is the “equality line” of the two genotypes. That is, the two genotypes 

to be compared should be equal in all environments that are located on this line. A genotype 

has superior value in environments that are located on its side of the equality line.    
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Figure 5.20 Comparison between two genotypes (entry 9 and 26) based on grain yield 

performance in individual environments.   
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A comparison between a high ranking and low ranking open pollinated QPM variety entry 9 

and entry 26 was made, based on their grain yield performance to visualise the entries’ 

favourable environments (Fig.5.20). Entry 9 had better yield at We, Wa and Me. However, 

entry 26 was higher yielding in the other environments indicating the presence of crossover G 

x E interaction. In addition the difference between the two genotypes was relatively high at 

Ka and We but very small at Ar which is very close to the equality line (Fig.5.20). The 

differences between two genotypes vary with the environment, and it is proportional to the 

distance of the environment to the equality line (Yan and Tinker, 2006). 

 
Genotypes and environments centred comparison  
 
Comparison of specific genotypes or environments will help to understand in detail the 

performance of the genotypes or environments. Genotype-centred data will help to visualise 

the response of specific genotypes across the test environments. In genotype-centred data 

analysis the singular value is entirely partitioned into the genotypes eigenvectors, i.e., 

alpha=1, beta=0. This singular value partitioning is mainly required for comparisons between 

genotypes. In the environment-centred data analysis, the singular value is entirely partitioned 

into environment eigenvectors, i.e., alpha = 0, beta = 1 and this facilitates comparisons of test 

environments (Yan and Tinker, 2006; www.ggebiplot.com).  

 
Figure 5.21 presents the comparison of two environments (Melkassa and Embu) based on 

grain yield performance. Melkassa represents an average yielding environment (3.54 t ha-1) 

while Embu represents a high yielding environment (8.78 t ha-1). When comparing two 

genotypes or environments, the biplot will change to a mono-plot as it will have only entries 

or environments. The diagonal line is the equality line and genotypes or environments on this 

line are expected to have similar performance in the two environments (genotype-centred) or 

on the two genotypes (environment-centred). Entries above the equality line are better for the 

environment Embu and others below the equality line are better for Melkassa. Thus, entries 8, 

2, 31 and those above the equality line were better for Embu while entries 11, 13, 25, 9 and 

others below the equality line are superior in Melkassa. The performance of entries 35 and 36 

were similar at Melkassa and Embu. The check variety, Katumani was better at Embu than 

Melkassa in terms of grain yield (Fig.5.21). It is important to evaluate the genotypes over 

years to determine their repeatability in performance in the specific environments.       
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Figure 5.21 Comparison of genotypes based on the performance at Melkassa and Embu for 

grain yield based on environment-centred data. 

 
Figure 5.22 shows the comparison of Katumani (entry 38) and the candidate variety (entry, 

37) based on days to anthesis. Katumani was the earliest normal endosperm OPV in terms of 

days to anthesis; however, the QPM entry 37 was late flowering based on the average records 

of the 38 genotypes included in the study. Katumani was quite early and no QPM OPV was 

earlier than it in any of the environments. The environment Mparambo in Burundi, which is 

on the equality line, was the only environment where entry 37 was similar to Katumani in 

days to anthesis. Hence, it may be concluded that Katumani was the earliest open pollinated 
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variety evaluated in the 18 environments of ECA during 2007 and 2008. On the other hand 

entry 37 was a high ranking genotype for its lateness in days to anthesis in almost all the 

environments. It was the latest maturing at Ra, Se, Th, Sa and Kt (Fig. 5.22).  
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Figure 5.22 Comparison of environments based on the days to anthesis of entry 37 (QPM- 

OPV) and Katumani using the genotype-centred data. 
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5.4.4 The effect of recycling of QPM OPVs on grain yield   
 
 

One of the advantages of OPVs over hybrids is the recycling of OPV seeds for subsequent 

season plantings without much difference in grain yield. This is mainly due to the higher 

number of maize genotypes included in the formation of OPVs compared to the limited 

number of inbred lines involved in hybrids. Recycling of hybrid seeds will result in an 

immediate noticeable yield reduction in the first and second generations. Although, the 

amount of yield reduction depends on the type of hybrid used, higher yield loss is expected in 

single cross or other conventional hybrids than non conventional hybrids during recycling. 

Pixley and Bänziger (2001) reported a yield loss of 32% for elite conventional hybrids and 16 

% for top cross hybrids by recycling seeds from the first generation of plants and 5% for 

OPVs by recycling seeds from the second generation of plants. Similar conclusion was 

reached by Morris et al. (1999) in their report on genetic change in farmer-recycled maize 

seed. Although some research has been reported on the performance of open pollinated QPM 

varieties from METs (Pixley and Bjarnason, 2002), the effect of recycling of QPM OPVs on 

grain yield is not well documented.  

 

Table 5.38 shows the yield loss that occurred at the fourth generation of the OPVs. Based on 

the continuity of the genotypes in the successive trials seasons (2006-2008), the grain yield 

data of 19 QPM OPVs and the commercial check Katumani were compared for yield 

reduction. Each season the seed was produced by plant-to-plant (full-sib) hand pollination 

within the individual varieties to protect them from external pollen contamination. As a 

result, an average of 38% yield loss from the average of the three generation was recorded for 

the 20 OPVs at the fourth generation. The average yield loss for the 19 QPM-OPVs was 39% 

and for Katumani it was 32%. The maximum yield loss (46.5%) was recorded for entry 19 

(POOL15QPM-SR-#-#) and the minimum yield loss (26%) for entry 7 (EEQPM-16-EA-#). 

Table 5.38 also indicates that the yield loss between the first generation and the fourth 

generation was almost 35%, a smaller variation than the combined results from the 27 sites 

obtained after three times of recycling (38%). This shows that recycling of OPVs for at least 

three generations, regardless of the number of environments, will give similar results (Table 

5.38).  
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Table 5.38 Comparison of QPM OPVs and Katumani across generations for the assessment of yield loss due to recycling of OPV seed 

 
 
 
 
Pedigree 

Mean grain yield (t ha-1) 
for trial set A 

Mean grain yield (t ha-1) 
for trial set B 

 
Mean grain 
yield (t ha-1) 

years 1-3 
(27 sites) 

Yield loss between 
the 4th generation 

and the mean yield 
at the 3rd generation 

(%) 

Yield loss after the 4th 
recycle of OPV seeds 
(i.e. between year one 

and year four) 
(%) 

 
Entry 

number 

Year 1 
2006 

(11 sites) 

Year 2 
2007A 
(6 sites) 

Year 3 
2007B 

(10 sites) 

Year 4 
2008 

(10 sites) 

EEQPMOPV-1-EA-# 1 3.85 4.19 4.43 3.01 4.16 27.59 21.82 
EEQPM-HT -# 2 3.96 4.96 3.96 2.57 4.29 40.14 35.10 
EEQPM-6-EA -# 3 3.94 4.41 3.93 2.57 4.09 37.21 34.77 
EEQPM-9-EA-# 4 4.05 4.44 4.24 2.72 4.24 35.90 32.84 
EEQPM-8-EA-# 5 3.88 4.49 4.44 2.61 4.27 38.88 32.73 
EEQPM-13-EA-# 6 4.23 4.45 4.13 2.77 4.27 35.13 34.52 
EEQPM-16-EA-# 7 4.19 4.42 3.99 3.10 4.20 26.19 26.01 
EEQPM-18-EA-# 8 4.02 5.29 5.23 2.69 4.85 44.50 33.08 
EEQPM-29-EA-# 9 4.03 4.97 4.45 2.63 4.48 41.34 34.74 
EEQPM-34-EA-# 10 4.23 4.18 4.61 2.77 4.34 36.18 34.52 
EEQPM-36-EA-# 11 4.11 5.00 4.58 2.59 4.56 43.24 36.98 
EEQPM-38-EA -# 12 4.09 4.28 4.68 2.35 4.35 45.98 42.54 
EEQPM-45-EA -# 13 4.35 4.65 5.14 2.85 4.71 39.53 34.48 
EEQPM-49-EA-# 14 4.02 4.75 4.00 2.95 4.26 30.70 26.62 
EEQPM-21-EA-# 15 4.32 5.00 4.22 2.68 4.51 40.62 37.96 
EEQPM-33-EA-# 16 4.05 4.44 4.44 2.61 4.31 39.44 35.56 
EEQPM-42-EA-# 17 4.03 4.62 4.07 2.53 4.24 40.33 37.22 
EEQPMS2-#-GEASP - 1-# 18 4.08 4.38 4.21 2.36 4.22 44.12 42.16 
POOL15QPM-SR-#-# 19 4.42 4.95 4.88 2.54 4.75 46.53 42.53 
Katumani (normal maize) 20 2.64 2.94 2.61 1.83 2.73 32.97 30.68 

    Mean  4.02 4.54 4.31 2.64 4.29 38.33 34.49 
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Although yield is the sum total effects of many biotic (pests and diseases) and abiotic (for 

example rain, temperature and soil) factors, recycling of OPV seeds was confirmed to cause 

significant yield reduction in the subsequent generations. Hence, it is advisable to maintain 

and refresh the seed stock of OPVs at least every three years to benefit from the genetic gain. 

Figure 5.23 graphically displays the yield performance of the 20 OPVs. Each line on the band 

shows the yield level of individual genotypes in each year. The mean yield reduction is 

shown at the fourth year where the band/rug plot shows a below 3.5 t ha-1 average yield level 

(Fig.5.23).  
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Figure 5.23 A graph (rug plot) showing the effect of recycling of OPV seeds on grain yield 

based on 20 OPVs (19 QPM and a normal check) evaluated for four seasons in 

ECA. The band show the yield level for each variety and the bottom log of the 

band shows the yield of the normal check (Katumani). The band at the fourth 

recycle indicated significant yield reduction.  
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5.5 Conclusions  
 
Open pollinated varieties of QPM developed at CIMMYT Kenya were evaluated for their 

grain yield performance and days to anthesis under the diverse environments of ECA for four 

years. The evaluation was done in two sets of trials. The first set (set A) consisted of 21 

varieties (19 QPM and two normal checks) and it was conducted during 2006 and 2007. The 

second set of trials (set B) was conducted during 2007 and 2008 and consisted of 39 varieties 

(37 QPM and two normal endosperm checks). The 19 QPM entries from the set A trials were 

also included in the set B trial and the remaining 18 QPM entries in the set B trial had a 

similar background to entries of set A except that they were developed through successive 

bulking of selected ears during the OPV formation.  

 

Analysis of variance indicated significant and highly significant (P ≤ 0.05 and P ≤ 0.01) 

variability for grain yield and days to anthesis across all environments in 2006 and 2007. In 

all the environments the contribution of entries to the total variation was high for both grain 

yield and days to anthesis. However the percent contribution of entries to total variation was 

higher for days to anthesis than grain yield indicating that the influence of environmental 

factors was more pronounced on grain yield than days to anthesis.  

 

The candidate QPM varieties out yielded the local checks in ten environments. In the 

remaining seven environments the various local checks out yielded the QPM candidates as 

well as the commercial standard check, Katumani (Table 5.8 and Table 5.9). The candidate 

QPM varieties out-yielded Katumani across the environments. Among the QPM candidates, 

V19 (POOL15QPM-SR-#-#) was best in more than one environment (at Embu in 2007 and at 

Kiboko in 2006 and 2007) with an average grain yield of 4.42 t ha-1 in 2006 and 4.95 t ha-1 in 

2007. This indicates the potential for across environment suitability of the variety. Based on 

individual environments mean yield, the three highest yielding environments were: Kiboko-

Kenya (8.70 t ha-1), Embu-Kenya (8.27 t ha-1) and Melkassa-Ethiopia (6.22 t ha-1). Similarly 

the three lowest yielding environments were: Kakamega-Kenya (0.73 t ha-1), Gandajika-DRC 

(2.04 t ha-1) and Elgon Downs-Kenya (2.29 t ha -1) (Tables 5.8 and 5.9). The yield differences 

among environments are a clear indication of the presence of significant cross over G x E 

interaction.  
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The commercial check variety, Katumani proved to be the earliest in male flowering in all the 

environments except at Kiboko in 2006 and Arusha in 2007 where local checks flowered 

earlier than Katumani. The mean days to anthesis for the 21 varieties in 2006 were 66.12 and 

for Katumani 58.61 and the mean days to anthesis for 2007 was 64.23 and for Katumani it 

was 58.27. Based on the mean days to anthesis of the 21 entries, the three earliest 

environments were: Wad Madani-Sudan (49.56 days), Gandajika-DRC (55.14 days) and 

Kiboko-Kenya (55.32 days). Similarly the environments with the most days to anthesis were: 

Selian-Tanzania (84.56 days), Arusha-Tanzania (81.81 days) and Elgon Downs-Kenya (81.22 

days). This shows the extent of environmental influence (temperature and photoperiod) on 

the flowering time of the genotypes (Table 5.10 and Table 5.11).   

          

Results of trial set B showed significant and highly significant (P ≤ 0.05 and P ≤ 0.01) 

variability for grain yield and days to anthesis across environments. The candidate QPM 

OPVs were superior in grain yield in nine environments out of ten during 2007. However the 

candidates were best in only four out of ten environments during 2008, probably an 

indication of declining grain yield of the QPM OPVs at the fourth generation of recycling. 

Yield reduction due to recycling may not be similar for the local checks as they differ from 

location to location and not similar in their genetic makeup as well (Tables 5.12 -5.17). The 

genotype contribution to total variation declined in 2008 as compared to the previous years 

and other environmental factors contributed more than 50% of the total sum of squares in 

four of the ten environments. The commercial check variety was the earliest flowering in all 

the environments except at Kakamega-Kenya and Mbulumblu-Tanzania where the QPM 

candidate varieties were earlier than Katumani during 2007. In 2008 Katumani was the 

earliest in eight out of 11 environments. The least days to anthesis was recorded at 

Mparambo-Burundi with a mean of 50.60 during 2008 while the maximum days to anthesis 

was recorded at Thika-Kenya (80.91 days) during 2007 (Tables 5.12 - 5.19). 

 

The combined ANOVA of the two trial sets showed that the major contributor to the total 

variation was the environment (localities) for both grain yield and days to anthesis. From trial 

set A entry 19 (POOL15QPM-SR-#-#) was the highest yielder with an average of 4.61 t ha-1 

while in trial Set B, entry 31 (EEQPM-45-EA -#-#) was the best with an average yield of 4.00 

t ha-1
. The mean grain yield for trial set A was 4. 21 t ha-1 while that of trial set B was 3.48 t 

ha-1. Based on the combined ANOVA for days to anthesis, Katumani was the earliest variety 

in both sets of trial with mean days to anthesis of 57 days in trial set A and 58.47 days in trial 
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set B. The latest flowering entry in trial set A was entry 19 (POOL15QPM-SR-#-#) with 

mean days to anthesis of 67.56 while in the trial set B it was entry 9 (EEQPMOPV--29-EA-

B-B-#-#) with mean anthesis days of 69.2.  The mean days to anthesis for trial set A was 

64.22 days and for the trial set B, it was 66.30 days (Tables 5.21 - 5.31). Although the 

candidate varieties were classified as early maturing, there was a minimum of a week 

difference in male flowering with Katumani.  

 

AMMI analysis of trial set A showed that environments explained 86.35% of the total grain 

yield variation followed by the G x E interaction (4.36%). The contribution of genotypes to 

the total variation was low (2.72%) as expected from METs. The first five IPCA axes were 

highly significant and explained 78.03% of the G x E interaction sum of squares for grain 

yield. For days to anthesis, environments explained 89.71% of the total variation followed by 

the genotypes (4.48%) and the interaction between the two (2.57%). The first four IPCA axes 

were significant and explained 76.23% of the G x E interaction. 

 

Based on the AMMI model, the highest yielder was entry 19 (POOL15QPM-SR-#-#) 

followed by entry 15 (EEQPM-21-EA-#). Using the AMMI stability value (ASV) entry 7 

(EEQPM-16-EA-#) was identified as the most stable with the smallest ASV followed by 

entry 17 (EEQPM-42-EA-#). The highest yield of entry 19 was an indication of its 

responsiveness to high yielding environments. The least stable and least responsive was entry 

20 (Katumani) and this was clearly shown in the AMMI biplot (Fig.5.3). Similarly, the most 

responsive environments were KIB3 (Kiboko 1st season planting, 2007) followed by EMB2 

(Embu-2007). These two environments were the most discriminating. The least responsive 

and least stable environment was KAK (Kakamega) and it was placed far from the centre of 

the biplot. Entry 19 was placed close to the highest yielding environment, Kib3 indicating its 

adaptation to that environment and entry 9 was found to be more responsive to Emb2. The 

environments Kib1 (Kiboko 1st season planting, 2006) and Kib2 (Kiboko 2nd season planting, 

2006) were placed in the opposite direction of the biplot suggesting the existence of within 

season variation in the environment. The association among genotypes and environments and 

between genotypes and environments is elaborated in the various biplots (Fig.5.3 - 5.5).  

 

Additive main effects and multiplicative interactive (AMMI) model analysis showed that 

entries 12, 15 and 18 were more stable in terms of days to anthesis than the other genotypes 

while entry 3 was the least stable. Entries with less days to anthesis showed below average 
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performance for grain yield. The average maximum difference in days to anthesis was ten 

days between entry 19 and entry 20, however the yield advantage of entry 19 was about 40%. 

Similarly, the gap between entry 20 and the mean days to anthesis was about a week; 

however, there was a 35% grain yield gap between entry 20 and the mean yield of the 20 

genotypes. This shows the importance of variation in days to maturity on the final grain yield 

of early maturing tropical maize genotypes.  The environments, Mel (Melkassa, Ethiopia) and 

Kib2 (Kiboko, Kenya-2nd season planting) were placed very close to each other and close to 

the origin of the biplot indicating their similarity and the relative stability of the environments 

in terms of days to anthesis. The close similarity between Melkassa and Kiboko further 

suggests that the two environments can serve equally for testing and exchange of germplasm 

and that result from one of the environments can be extrapolated to the other. The 

environments, Aru1 (Arusha, 2006) and Elgon Downs were the most discriminating due to 

the high mean days to anthesis and the fact that most of the genotypes showed no association 

with these environments. On the other hand, most of the genotypes showed closer association 

with Melkassa where mean days to anthesis was around 65 days. The association among 

genotypes and environments and between genotypes and environments regarding to days to 

anthesis is discussed in depth and also presented in the different biplots (Fig.5.6 - 5.9).  

 

The genotypes and environments were also evaluated for stability and mega-environment 

analysis was conducted using the GGE model. The evaluation was done for grain yield and 

days to anthesis of the 38 genotypes included in trial set B (2007-2008). The high yielding 

and stable genotype based on proximity to the AEC was entry 31 followed by entries 2 and 

11. The least stable and low yielding entry was 38 followed by entries 9 and 5 which were 

placed far from the AEC. Based on the days to anthesis, the late flowering genotypes were 

ranked as first and close to the AEC while the early flowering genotypes were far from the 

AEC (Fig. 5.11). Entries 37 and 9 were the late flowering genotypes while entries 38 

(Katumani) and 1 were early flowering. The environment, Elgon Downs (Edo) was ranked 

first as genotypes took the most days to reach anthesis followed by Arusha (Aru), Thika (Thi) 

and Mosso (Mos). The lowest ranking environment was Mparambo (Mpa) where male 

flowering was early. The environments, Wad Madani (Wad), Rahad (Rah), Kimaeti (Kim) 

and Mparambo (Mpa) were ranked below the AEC meaning that days to flowering was below 

average an indication of early flowering. In contrast, days to flowering were average at 

Kakamega (Kak), Mbulumbulu (Mbu) and Melkassa (Mel) (Fig. 5.11).  
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The GGE biplot analysis for environmental association showed a close association between 

the environments, Mosso-Burundi (Mo) and Elgon Downs-Kenya (Ed) based on the grain 

yield performance of the 38 genotypes. Embu and Kakamega were considered as 

discriminating environments as Embu discriminated genotypes based on high yield and 

Kakakmega on low yield. SARI (Sa) was the least discriminating environment due to its short 

vector arm and was also a less informative environment based on grain yield performance of 

the QPM OPVs. There was a negative correlation between the environments of Weruweru 

(We) and Kimaeti (Km) an indication of strong crossover G x E interaction. The relatively 

short vector also indicates the non-informativeness of the environments as compared to others 

(Fig. 5.12).    

 

The which-won-where pattern of the GGE biplot placed the 18 test environments in five 

sectors of the polygon. The highest yielding entry 31 was best for Mosso(Mo)-Burundi, 

Elgon Downs (Ed)- Kenya and SARI (Sa)-Tanzania. However, Entry 15 was identified as the 

best as it won in six environments for its superior grain yield performance (Fig. 5.13). The 

“which was the best for what?” pattern was indicated for days to anthesis. Entry 3 won at 

Wad Madani (Wad) for its highest days to anthesis (for being late in days to anthesis). 

Similarly, entry 37 won at Rahad (Ra), Mbulumbulu (Mb), Selian (Se) and SARI(Sa) for its 

long days to anthesis. Entry 1 was late in days to anthesis at Mparambao (Mp) while entry 9 

was late in the rest of the environments (Fig. 5.14).   

 

Based on the grain yield performance of the 38 genotypes evaluated under 18 environments 

of ECA during 2007 and 2008, the GGE biplot identified five interlinked mega-

environments. Based on days to anthesis, the test environments were grouped into four mega-

environments. The mega-environment grouping based on grain yield was different from that 

based on days to anthesis. This is mainly because yield of a genotype is affected by many 

environmental factors other than flowering. The lower number of mega-environment groups 

based on days to anthesis also showed the similarity of the majority of the genotypes based 

on their response to flowering. The different mega-environments are discussed and depicted 

in the GGE biplots (Fig.5.15 and 5.16). 

 

The GGE biplot identified the test environments of Embu, Mosso and Elgon Downs as the 

most discriminating because of the long projections from the biplot origin. Rahad and SARI 

were the most representative environments due to the small projection the from average 
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environment axis (AEA). However, these two environments were not discriminating, and as a 

result were not suitable for selecting genotypes with wider adaptation. Discriminating 

environments are good for selecting genotypes adapted to specific environments. Based on 

days to anthesis, the environments Mp, Wa, Ra and Km were the most discriminating in 

decreasing order. The rest of the environments generally showed their representativeness due 

to their overlapping proximity on to the AEA.    

 

The GGE biplot also facilitates the identification of deal genotype and genotypes that are 

closer to the ideal genotype. Accordingly, entry 31 was the closest to the ideal genotype 

followed by entries 2 and 11. Comparison was also made between two specific genotypes to 

further identify environments that were suitable for individual genotypes. Furthermore, 

mono-plots were constructed based on environment and genotype centred data to examine in 

detail the performance of specific genotypes (environment-centred) and specific 

environments (genotype-centred) (Fig.5.17 - 5.22).   

 

The yield of 20 OPVs (19 QPM and a normal check-Katumani) was analysed for the possible 

yield reduction at the fourth generation [during the years 2006, 2007(two seasons) and 

2008)].  As a result, an average of 38% yield loss from the average of the three generation 

was recorded for the 20 OPVs at the fourth generation. The average yield loss for the 19 

QPM-OPVs was 39% and for Katumani it was 32%. The maximum yield reduction (46.53%) 

was recorded for entry 19 (POOL15QPM-SR-#-#) and the minimum yield loss (26%) for 

entry 7 (EEQPM-16-EA-#). Although reduction in yield can be caused by many biotic and 

abiotic stresses, this study indicated the continued use of OPVs seeds more than three 

generation will cause significant yield reduction. Hence it is generally recommended to 

maintain the seeds of QPM-OPVs for a possible replacement after three recycling (Table 5.38 

and Fig.5.23).    

   

Generally, this study has confirmed the availability of superior QPM OPVs which are more 

appropriate than hybrids for resource-poor and farmers of marginal areas in ECA. The 

significant yield advantage of the candidate QPM varieties over the commercial check in 

nearly all environments of ECA will enhance adoption of the varieties in the region. The 

AMMI and GGE multivariate models identified superior genotypes and environments based 

on grain yield and days to anthesis. The models helped to identify stable genotypes for the 

traits in question and grouped the maize growing environments of ECA into mega-
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environments based on grain yield performance and days to anthesis. This study also 

indicated the possibility of recycling QPM OPVs until the third generation without significant 

yield loss and recommends maintenance of varieties as well as use of fresh seeds after the 

third recycling. This study also stresses the importance of a functional maize seed system in 

ECA to enhance access and availability of QPM seeds particularly to small holder and 

resource poor farmers and the paramount need of stakeholders’ collaboration to alleviate the 

deplorable trend of food and nutritional insecurity in the region and beyond.   
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CHAPTER 6 

 
General conclusions and recommendations 

 
Maize is among the leading cereal crops of the world together with rice and wheat 

(FAOSTAT, 2011). The global demand for maize is forecasted to be more than 50% and the 

demand for maize in SSA is projected to increase by 93% by the year 2020 from the base 

year of 1995 (CIMMYT, 2001). It is the primary food crop in SSA and it accounts for 53% of 

the total cereal area and 30-70% of total caloric consumption in ESA (Hassan et al., 2001; 

Diallo et al., 2004; Bänziger and Diallo, 2004; Smalberger and du Toit, 2004; FAOSTAT, 

2010; Langyintuo et al., 2010). In ECA maize production is growing at a rate of 3% every 

year (Smale et al., 2011). Although maize is a dietary staple for millions of people in SSA, 

nutritionally it is deficient in two essential amino acids, lysine and tryptophan which cause 

malnutrition and attendant diseases in many parts of SSA. 

 

Quality Protein Maize (QPM) is a result of several years of maize research which has led to 

an increased level of lysine and tryptophan and is believed to have the potential to alleviate 

the food and nutritional insecurity in SSA. However, the adoption of QPM in SSA depends 

on the competitiveness of QPM cultivars in grain yield and other agronomic traits with 

normal maize counterparts. Studies have demonstrated the superior performance of QPM 

compared to the best normal maize in many parts of the world. However, the effort in the 

development of high yielding and stable QPM varieties (hybrids and OPVs) adapted to the 

diverse environments (drought, low N and optimum) of SSA is the major bottleneck for the 

expansion of QPM in the region. Hence, this study was initiated to achieve the following 

objectives: (i) to evaluate the grain yield performance and stability of newly developed early 

maturing QPM hybrids under stress and non-stress environments of ESA (ii) to analyse 

mega-environments of SSA based on the primary and secondary traits of QPM (iii) to assess 

the adaptation pattern of QPM in SSA based on multivariate analysis techniques (iv) to 

identify and recommend best performing and widely adapted early maturing open pollinated 

QPM varieties for large scale production in the region and (v) to enhance the role of QPM in 

combating protein energy malnutrition and related diseases in SSA.  

 

In this study 96 maize genotypes (95 QPM and one normal check) developed in CIMMYT 

Kenya were evaluated in 15 environments in ESA for grain yield during 2010 and 2011. The 
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combined ANOVA of grain yield across years and environments indicated that all the QPM 

entries out yielded the normal check hybrid (entry 96). Entry 40 was the most outstanding 

across all environments with an average grain yield of 4.57 t ha-1 followed by entry 37 (4.42 t 

ha-1). The results of the combined ANOVA for specific environments which included eight 

optimum, four drought stress and three low N stress environments revealed that entry 55, 

entry 73 and entry 37 were the top yielding QPM hybrids under low N, drought and optimum 

environments with an average yield of 2.77 t ha-1, 3.10 t ha-1 and 6.82 t ha-1 respectively. The 

superior performance of the QPM varieties suggests the need for their release and large scale 

production in the region.    

 

The yield stability based on nine different parametric and non-parametric measures ranked 

the entries differently mainly due to the inclusion of extreme (stress) environments. 

Spearman’s rank correlation coefficient identified significant and positive correlation among 

Eberhart and Russel (1966) deviation from regression, Wricke’s (1962) ecovalence (Wi), 

Shukla’s (1972) stability variance with no covariates, Shukla’s (1972) stability variance with 

covariates, Nassar and Huehn’s (1987) absolute rank difference and variance of ranks (S(1) 

and S(2)) and Purchase’s (1997) AMMI stability value (ASV). There was a perfect 

correlation between Wricke’s (1962) ecovalence and Shukla’s (1972) stability variance with 

no covariates which indicates the similarity of the parameters in ranking the genotypes. Entry 

80 was the most stable hybrid identified by Nassar and Hühn’s (1987) absolute rank 

difference and variance of ranks [S (1) and S(2)] and by the parameters of Wricke’s (1962) 

ecovalence ( Wi ) and Shukla’s (1972) stability variance with no covariates. Based on mean 

grain yield and Linn and Binns’s (1988) cultivar superiority measures, the most stable entry 

was entry 40. The difference in performance of the entries across the different environments 

indicated the need for the hybrids to be released for specific environments.   

 

Multivariate analysis (AMMI and GGE) was used to examine the adaptation patterns of the 

96 genotypes in 15 environments. The ANOVA of the AMMI model showed highly 

significant effects (P ≤ 0.001) for environments, genotypes and G x E interaction. The 

environments main effect explained 76.88% of the total yield variation followed by the G x E 

interaction (12.44%). The genotypes explained only 3.35% of the variation, which is common 

expected when trials are conducted in very diverse environments. The most stable entry based 

on the AMMI model was entry 60 (G60) and the least stable was entry 37. However entry 37 

was the highest yielding, indicating its responsiveness to favourable environments. Among 
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the 15 environments HREOP2 and HREOP1 (Harare-Zimbabwe, optimum environment) 

were the most responsive and discriminating environments and RATOP (Rattray-Arnold-

Zimbabwe, optimum environment) was the most stable environment while AWAOP 

(Awassa-Ethiopia, optimum environment) was the most discriminating and the least 

representative environment.  

  

The GGE biplot captured about 50% of the total variation of entries based on G x E 

interaction. In the delineation of mega-environments, the GGE biplot identified four broader 

groups within the 15 environments. The environments AWAOP, EMBOP, KAKOP, 

HREOP1, HREOP2, BAKOP and RATOP were classified under the same mega-environment 

indicating that genotypes which performed well in any of these locations is expected to do 

well in the others. 

 

The comparison of AMMI and GGE biplot models revealed the merits and demerits of the 

two methods. AMMI2 was found to capture more of the variability due to G x E interaction 

than GGE2. The GGE2 biplot gives several options for easy visualisation and understanding 

of the complex multi-environment data sets than the different models of AMMI. Critics of 

biplot techniques in general warned against the over use and abuse of the method and 

recommended the application of other statistical procedures in taking decisions on genotype 

evaluation or selection. However, the application of AMMI and GGE biplot will remain 

useful for the foreseeable future. 

 

Open pollinated QPM varieties are advantageous for resource poor farmers who can’t afford 

purchasing hybrid seeds every year. In this study a total of 39 OPVs (37 QPM and two 

normal) were evaluated for grain yield and days to anthesis in two sets of trials under the 

optimum environments of ECA during 2006-2008. The results of the combined ANOVA for 

the trial set A that was evaluated in 17 optimum environments in ECA during 2006-2007 

showed that entry 19 (POOL15QPM-SR-#-#) was the most outstanding with an average yield 

of 4.61 t ha-1. In trial Set B, evaluated in 20 environments during 2007-2008, entry 31 

(EEQPM-45-EA -#-#) was the most outstanding with an average yield of 4.00 t ha-1. All the 

QPM OPVs out yielded the commercial non-QPM variety, Katumani in all 37 environments 

which is an indication of possible variety release in the region. Based on ANOVA of 

individual environments, the three highest yielding environments were: Kiboko-Kenya (8.70 t 

ha-1), Embu-Kenya (8.27 t ha-1) and Melkassa-Ethiopia (6.22 t ha-1). On the other hand the 
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three lowest yielding environments were: Kakamega-Kenya (0.73 t ha-1), Gandajika-DRC 

(2.04 t ha-1) and Elgon Downs-Kenya (2.29 t ha -1). These yield differences is an indication of 

high cross over G x E interaction. 

 

Katumani was the earliest variety in terms of male flowering in all the environments with 

average days to anthesis of 57 in the first set of trials (2006-2007) and 58.5 in the second set 

(2007-2008). The earliest variety among the QPM candidates was entry 1 with average days 

to anthesis of 62.33 in the first set (2006-2007) and 63.70 in the second set (2007-2008). 

These results revealed the earliness of the candidate entries in maturity an indication of the 

importance of the trait for mitigating effects of climate change resulting in reduced rain fall 

and occurrence of drought in many parts of SSA. This study indicated that the entries possess 

better stability for days to anthesis than grain yield.  

 

Yield stability, adaptation and mega-environment analysis were done using AMMI and GGE 

biplots. The results indicated that the QPM OPVs were more stable compared to the hybrids. 

This is in agreement with the results of Pixley and Bjarnason (2002) who reported that open 

pollinated cultivars are most stable followed by double-cross, three-way and single cross 

hybrids based on results of evaluation of different QPM cultivars in 13 locations in four 

continents. The most stable entries close to the average environment coordinate of the GGE 

biplot were entry 31 followed by entry 2 and entry 11. The GGE biplots also showed 

association among environments and genotypes and classified the environments into different 

mega-environments based on grain yield and days to anthesis of the entries. The results of 

this study also revealed that recycling of QPM OPVs will result in a significant yield 

reduction after the third generation. Hence, renewal of seed of QPM OPVs by farmers after 

three generations of recycling is strongly recommended.     

 

Based on the results of this study, it is recommended that the best performing QPM hybrids 

and OPVs should be released in different countries of SSA for large scale production. The 

seeds of promising QPM hybrids and OPVs need to be increased in CIMMYT for distribution 

to national programmes for further testing and validation in specific ecologies in the 

respective countries. The AMMI and GGE biplots were found to be effective in identifying 

potential cultivars from the multi environment data set. The evaluation of germplasm in stress 

environments (drought, low-N) will help to develop QPM cultivars with wider adaptation. 

The best performing early maturing QPM OPVs from this study will contribute to the effort 
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of developing climate resilient varieties which in turn mitigate the effect of climate change. 

The existence of functional systems in the development and deployment of improved QPM 

varieties in SSA will facilitate access and availability of seeds particularly among resource 

poor farmers and help to curb the deplorable trend of food and nutritional insecurity.   
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SUMMARY 

 

Quality protein maize (QPM) which is nutritionally enhanced, has the potential to alleviate 

malnutrition and related diseases in communities where maize is a dietary staple and often the 

only source of proteins. The wide dissemination and utilisation of QPM in Africa depends on 

the competitiveness of cultivars for grain yield and other agronomic traits compared to 

normal maize. This study was conducted to (i) evaluate the grain yield performance and 

stability of newly developed early maturing QPM hybrids under stress and non-stress 

environments of ESA (ii) analyse mega-environments of SSA based on the primary and 

secondary traits of QPM (iii) asses the adaptation pattern of QPM in SSA based on 

multivariate analysis techniques (iv) identify and recommend best performing and widely 

adapted early maturing open pollinated QPM varieties for large scale production in the region 

and (v) enhance the role of QPM in combating protein energy malnutrition and attendant 

diseases in SSA.  

 

The result of the evaluation of 96 single cross hybrids (95 QPM and one normal maize) for 

grain yield and stability showed that the candidate varieties out yielded the normal check 

based on combined ANOVA across 15 environments. Nine parametric and non-parametric 

measures were used to analyse grain yield stability. The parameters ranked the entries 

differently mainly due to the inclusion of extreme (stress) environments in the analysis and 

the less stable nature of single cross hybrids. Most of the stability parameters were 

significantly and positively correlated.    

 

AMMI and GGE biplots were effective for the analysis of the multi environment data set. 

The models were used to identify stable genotypes, discriminating environments and 

adaptation patterns of the entries in ESA. Entries 40 and 37 were the highest yielding while 

entry 60 was the most stable. The optimum environments in Harare, Zimbabwe were the most 

discriminating and representative. Mega-environment analysis using the GGE biplot grouped 

the environments into four groups, with each having more than one site except Chisumbanje,  

Zimbabwe which was identified as a separate mega-environment. AMMI2 explained 60% of 

the G x E interaction which was higher than the GGE2 (50%) which in turn was higher than 

the AMMI1 (35.73%) model. The GGE biplot options allow better visualisation of the 

complex multi-environment data than the AMMI model. 
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Candidate QPM OPVs out yielded the normal maize commercial variety, Katumani in 37 

environments of ECA based on two sets of trials conducted during 2006-2008. However, 

Katumani was earliest maturing in all the environments. The environments were grouped into 

different mega-environments based on grain yield and days to anthesis. The classification of 

environments into similar mega-environments will facilitate germplasm exchange among 

environments and will assist the large scale production of QPM in similar environments. It 

was found that recycling of QPM OPVs for more than three years or seasons will result in 

significant yield reduction. Hence, seeds should be renewed after three generations of 

recycling.  

 

Although this study should significantly contribute to the role of QPM in reducing 

malnutrition and related diseases in SSA through best performing genotypes, the fast-track 

deployment of QPM in the region, however, depends upon the presence of a functional maize 

seed system. A viable maize seed system will improve access and availability of QPM seeds, 

particularly OPV seeds, to resource poor farmers who are the most vulnerable to food and 

nutritional insecurity. Future research can also deal with the effect of diverse growing 

conditions of SSA on the nutritional quality of QPM and how farmers can maintain the seed 

and protein quality of OPVs.       

 

 

Key words:  QPM, grain yield, stability analysis, AMMI and GGE, G x E interaction, 

mega-environment analysis and sub-Saharan Africa.  
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OPSOMMING 

 

Kwaliteit proteïen mielies (QPM) wat verhoogde voedingswaarde het, het die potensiaal om 

wanvoeding en verwante siektes in gemeenskappe uit te wis waar mielies die stapel voedsel 

en dikwels die enigse bron van proteïen is. Die wye verspreiding en gebruik van QPM in 

Afrika hang af van hoe kompeterend QPM is in terme van opbrengs en ander agronomiese 

eienskappe teenoor gewone mielies. Hierdie studie is gedoen om (i) graanopbrengs en 

stabiliteit van nuut ontwikkelde vroeg ryp QPM basters onder stremmings en optimale 

toestande in oostelike en suidelike Afrika te bepaal (ii) om mega-omgewings van SSA te 

bepaal vanaf primêre en sekondêre eienskappe van QPM (iii) om die aanpassingspatrone van 

QPM in sub Sahara Afrika (SSA) te bepaal volgens multivariaat analise tegnieke (iv) om die 

bes produserende en aangepaste oop bestuifde QPM variëteite te identifiseer vir grootskaalse 

produksie in die area en (v) om die rol van QPM in die stryd teen proteïen wanvoeding en 

verwante siektes in SSA te vergroot.  

 

Die evaluasie van 96 enkelkruis basters (95 QPM en een normale baster) vir graanopbrengs 

het getoon dat die kandidaat variëteite hoër opbrengs as die normale baster gehad het in die 

ANOVA van 15 omgewings. Nege parametriese en nie-parametriese stabiliteitsmetings is 

gebruik om stabiliteit te bepaal. Die parameters het die inskrywings in verskillende volgordes 

geplaas hoofsaaklike a.g.v. die insluiting van ekstreme (stres) omgewings in die analise en 

die onstabiele karakter van enkelkruis basters. Meeste van die stabiliteitsparameters was 

betekenisvol positief gekorreleer.    

 

AMMI en GGE modelle was effektief vir die analise van die multi-omgewing datastel. Die 

modelle is gebruik om stabiele genotipes, diskriminerende omgewings en aanpassingspatrone 

van die inskrywings in oostelike en suidelike Afrika te bepaal. Inskrywings 40 en 37 het die 

hoogste opbrengs gegee, en inskrywing 60 was die mees stabiel. Die optimum omgewings by 

Harare-Zimbabwe was die mees diskriminerend en verteenwoordigend. Mega-omgewing 

analise met die GGE model het die omgewings in vier verdeel, elk met meer as een lokaliteit, 

behalwe Chisumbanje, Zimbabwe wat as ‘n aparte mega-omgewing gekategoriseer is. 

AMMI2 het 60% van die G x E interaksie verklaar wat hoër was as GGE2 (50%) wat weer 

hoër was as die AMMI1 (35.73%) model. Die GGE biplot opsie laat beter visualisering van 

komplekse multi-omgewing data toe as die AMMI model. 
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Kandidaat QPM OPVs het hoër opbrengste gehad as die gewone kommersiële mielie 

variëteit, Katumani in 37 omgewings in oostelike en sentraal Afrika, gebasseer op twee stelle 

proewe wat uitgevoer is in 2006-2008. Katumani was egter die vroegste ryp in al die 

omgewings. Die omgewings is gegroepeer in verskillende mega-omgewings gebasseer op 

graanopbrengs en dae tot blom. Die klassifikasie van omgewings in soortgelyke mega-

omgewings sal kiemplasma uitruiling tussen omgewings fasiliteer en sal bydra tot 

grootskaalse produksie van QPM in soortgelyke omgewings. Daar is gevind dat die 

hersirkulering van QPM OPVs vir meer as drie jaar of seisoene betekenisvolle afname in 

opbrengs sal veroorsaak. Daarom moet saad met vars saad vervang word teen die vierde 

generasie.  

 

Alhoewel hierdie studie betekenisvol behoort by te dra tot die rol van QPM om verminderde 

wanvoeding en verwante siektes in SSA te weeg te bring deur beter presterende QPM 

genotipes vry te stel, sal die vinnige verspreiding van QPM in die streek afhang van ‘n 

funksionele mieliesaad sisteem. ‘n Lewensvatbare saadsisteem sal toegang en beskikbaarheid 

van QPM saad, veral OPV saad, vir hulpbronarm boere verhoog wat die mees sensitief is vir 

voedsel en voedings insekuriteit. Die verbetering van die sisteem waar verbeterde QPM 

variëteite miljoene boere in SSA kan bereik, is noodsaaklik. Toekomstige navorsing kan ook 

kyk na die effek van diverse produksietoestande in SSA op voedingswaarde van QPM en hoe 

boere saad en proteïen kwaliteit van OPVs kan onderhou.       

 

 

Sleutelwoordes: QPM, graanopbrengs, stabiliteitsanalise, AMMI en GGE, G x E interaksie, 

mega-omgewing analise en sub-Sahara Afrika. 
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Appendix 1 Grain yield performance (t ha-1) of 96 QPM hybrids tested across six environments in ESA, 2010 
 

 
 
Rank 

Environments 
HREOP1 RATOP BKOPT HRELN1 BKOLN CHIDT1 

Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield 

1 52 9.12 46 6.10 96 9.28 40 2.32 15 4.93 23 4.77 
2 4 8.87 96 5.75 40 8.03 16 2.32 22 4.74 73 4.50 
3 43 8.71 82 5.68 45 7.83 96 2.32 29 4.70 29 4.04 
4 37 8.59 92 5.60 59 7.45 87 2.28 64 4.65 16 3.90 
5 6 8.28 47 5.56 15 7.28 55 2.26 48 4.51 22 3.90 
6 45 8.21 76 5.54 55 7.13 26 2.24 37 4.38 27 3.80 
7 46 8.19 52 5.47 49 7.00 79 2.20 55 4.35 58 3.73 
8 10 8.10 10 5.47 4 6.92 85 2.12 75 4.29 60 3.71 
9 87 7.89 33 5.46 48 6.85 67 2.12 4 4.20 61 3.69 
10 40 7.88 60 5.42 60 6.67 93 2.10 35 4.17 40 3.67 
11 12 7.84 15 5.36 37 6.37 73 2.09 92 4.14 8 3.66 
12 8 7.83 64 5.35 70 6.37 88 1.95 56 4.14 67 3.65 
13 54 7.80 12 5.31 12 6.28 17 1.93 45 4.03 12 3.65 
14 53 7.79 84 5.28 17 6.27 86 1.91 49 3.99 92 3.61 
15 48 7.63 37 5.18 16 6.27 12 1.91 96 3.98 33 3.60 
16 7 7.55 43 5.08 69 6.25 39 1.91 54 3.93 11 3.58 
17 82 7.52 91 5.08 63 6.23 54 1.90 91 3.93 86 3.53 
18 1 7.50 7 5.04 54 6.20 18 1.84 51 3.86 19 3.53 
19 42 7.46 4 5.02 52 6.19 51 1.84 73 3.83 94 3.49 
20 55 7.35 49 5.01 38 6.18 47 1.82 69 3.82 59 3.48 
21 51 7.27 13 5.01 91 6.18 61 1.69 40 3.80 14 3.48 
22 49 7.24 57 5.01 67 6.16 22 1.68 47 3.70 79 3.45 
23 73 7.20 54 5.01 29 6.15 46 1.66 12 3.62 13 3.41 
24 39 7.17 5 4.98 51 6.12 52 1.66 60 3.62 10 3.38 
25 16 7.16 2 4.97 5 6.10 23 1.65 14 3.61 88 3.38 
26 77 7.15 48 4.90 17 3.34 66 1.65 77 7.15 17 3.34 
27 3 7.13 45 4.88 36 3.31 24 1.62 3 7.13 36 3.31 
28 41 7.13 30 4.88 2 3.30 6 1.62 41 7.13 2 3.30 
29 44 7.07 62 4.87 15 3.23 21 1.60 44 7.07 15 3.23 
30 72 7.06 9 4.86 68 3.23 41 1.60 72 7.06 68 3.23 
31 84 7.03 40 4.82 48 3.22 76 1.60 84 7.03 48 3.22 
32 22 6.88 93 4.82 87 3.21 37 1.58 22 6.88 87 3.21 



 

257 
 

 
Appendix 1 Continued…. 

 
 
Rank 

Environments 
HREOP1 RATOP BKOPT HRELN1 BKOLN CHIDT1 

Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield 

33 2 6.80 78 4.82 20 5.90 29 1.57 38 3.44 18 3.20 
34  64 6.76 26 4.79 26 5.86 82 1.55 76 3.44 76 3.16 
35 24 6.75 70 4.76 1 5.80 64 1.52 19 3.44 52 3.15 
36 50 6.75 32 4.76 62 5.80 42 1.52 13 3.42 78 3.14 
37 69 6.73 1 4.75 3 5.80 15 1.51 16 3.42 69 3.13 
38 92 6.64 24 4.70 27 5.78 13 1.51 2 3.41 51 3.07 
39 67 6.63 55 4.68 8 5.77 31 1.49 27 3.33 63 3.07 
40 15 6.63 41 4.68 57 5.76 92 1.46 61 3.31 53 3.03 
41 75 6.63 25 4.68 41 5.71 69 1.46 70 3.29 70 3.03 
42 60 6.58 67 4.64 30 5.70 11 1.46 50 3.27 66 3.02 
43 14 6.52 51 4.61 6 5.69 35 1.46 85 3.26 82 3.01 
44 13 6.49 3 4.60 92 5.69 48 1.46 71 3.25 25 2.99 
45 33 6.48 39 4.59 24 5.66 49 1.41 95 3.20 28 2.98 
46 57 6.44 53 4.55 10 5.64 4 1.40 62 3.15 85 2.94 
47 21 6.44 44 4.54 44 5.48 90 1.40 17 3.13 50 2.93 
48 30 6.43 77 4.53 28 5.46 89 1.40 8 3.12 75 2.93 
49 38 6.38 95 4.53 76 5.43 7 1.38 10 3.10 65 2.93 
50 9 6.38 90 4.50 46 5.37 25 1.32 72 3.09 64 2.91 
51 5 6.37 63 4.50 77 5.36 10 1.30 86 3.07 56 2.90 
52 78 6.35 88 4.50 80 5.35 95 1.30 88 3.06 39 2.89 
53 76 6.32 73 4.44 22 5.32 50 1.30 24 3.04 93 2.88 
54 70 6.26 87 4.44 53 5.29 56 1.25 84 3.01 80 2.84 
55 95 6.22 56 4.40 42 5.29 78 1.24 9 2.99 5 2.79 
56 18 6.14 6 4.38 18 5.28 53 1.24 5 2.97 91 2.78 
57 94 6.09 81 4.34 84 5.25 43 1.19 21 2.97 90 2.74 
58 26 6.08 85 4.32 81 5.23 34 1.18 33 2.95 47 2.72 
59 63 6.08 8 4.31 56 5.21 20 1.18 34 2.85 72 2.71 
60 89 6.02 58 4.30 21 5.18 62 1.16 44 2.84 49 2.71 
61 11 5.97 29 4.29 58 5.12 27 1.15 1 2.84 77 2.69 
62 66 5.95 11 4.24 23 5.11 5 1.15 65 2.83 84 2.69 
63 20 5.82 79 4.20 64 5.11 44 1.13 43 2.82 89 2.69 
64 88 5.75 42 4.16 31 5.08 33 1.13 59 2.79 71 2.68 
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Appendix 1 Continued…. 
 

 
 
Rank 

Environments 
HREOP1 RATOP BKOPT HRELN1 BKOLN CHIDT1 

Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield 
65 32 5.74 83 4.14 73 5.01 71 1.10 20 2.79 7 2.67 
66 27 5.74 50 4.13 2 4.99 94 1.08 77 2.78 43 2.67 
67 29 5.74 14 4.13 71 4.96 59 1.05 80 2.78 1 2.66 
68 86 5.74 65 4.11 85 4.91 14 1.00 18 2.78 4 2.65 
69 74 5.73 21 4.08 72 4.91 91 0.97 90 2.72 26 2.62 
70 91 5.67 80 4.06 68 4.90 63 0.93 6 2.71 41 2.62 
71 59 5.65 34 4.04 11 4.89 60 0.93 52 2.70 44 2.59 
72 58 5.56 22 4.03 39 4.86 3 0.91 26 2.68 45 2.59 
73 85 5.51 16 3.95 7 4.80 70 0.91 7 2.62 74 2.57 
74 83 5.48 94 3.89 61 4.75 57 0.89 94 2.58 62 2.55 
75 28 5.47 66 3.88 43 4.73 38 0.88 87 2.54 24 2.55 
76 96 5.45 75 3.87 66 4.69 32 0.85 31 2.54 83 2.48 
77 47 5.43 59 3.84 93 4.66 8 0.83 83 2.53 42 2.45 
78 80 5.41 19 3.84 25 4.65 2 0.83 78 2.52 54 2.43 
79 34 5.40 72 3.82 82 4.60 9 0.83 32 2.51 55 2.38 
80 56 5.37 38 3.79 89 4.59 68 0.82 57 2.49 3 2.38 
81 62 5.35 86 3.77 79 4.48 72 0.78 41 2.48 30 2.34 
82 19 5.30 68 3.76 94 4.35 65 0.77 28 2.48 46 2.30 
83 90 5.29 74 3.74 88 4.33 77 0.77 74 2.42 81 2.22 
84 25 5.25 17 3.67 83 4.32 80 0.77 39 2.42 9 2.20 
85 79 5.07 35 3.58 13 4.29 75 0.77 79 2.42 32 2.17 
86 93 5.01 69 3.54 65 4.27 36 0.75 93 2.40 34 2.12 
87 81 5.00 71 3.49 78 4.22 84 0.75 36 2.32 31 2.12 
88 61 4.98 31 3.29 33 4.22 28 0.75 46 2.30 38 2.10 
89 71 4.96 61 3.27 90 4.14 74 0.74 81 2.18 57 2.09 
90 65 4.96 27 3.15 34 4.14 81 0.71 25 2.16 21 2.09 
91 23 4.89 89 3.08 74 4.00 30 0.69 58 2.14 20 2.05 
92 35 4.86 36 3.06 86 3.98 58 0.66 42 2.12 6 2.04 
93 68 4.76 23 3.02 9 3.72 19 0.64 82 2.02 96 1.91 
94 17 4.66 20 2.99 14 3.50 45 0.58 89 1.94 37 1.88 
95 36 4.63 28 2.94 95 3.42 83 0.55 11 1.86 95 1.82 
96 31 4.63 18 2.66 36 2.96 1 0.49 3 1.80 35 1.71 

Mean 6.45 
9.12 
4.63 
0.56 
4.29 

4.46 
6.10 
2.66 
1.47 
16.64 

5.48 
9.28 
2.96 
1.31 
12.03 

1.36 
2.32 
0.49 
0.81 
29.85 

3.18 
4.93 
1.80 
0.63 
9.93 

2.94 
4.77 
1.71 
0.73 
12.79 

Max 
Min 

LSD 0.05 
CV % 
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Appendix 2 Grain yield performance (t ha-1) of 96 QPM hybrids tested across nine environments in ESA, 2011 
 

 
 
Rank 

Environments 
HRELN2 HREOP2 CHIDT2 CHSDT EMBOP KAKOP KBODT MLKOP AWAOP 

Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield 
1 51 2.16 37 8.68 94 2.02 31 2.44 40 8.84 42 6.64 22 4.66 41 7.06 37 7.62 
2 54 1.90 43 8.24 52 1.98 84 2.13 37 8.32 95 6.26 10 4.33 92 6.82 55 7.62 
3 22 1.82 12 8.06 68 1.91 33 2.04 41 7.98 96 6.10 25 4.31 60 6.76 54 6.73 
4 53 1.69 3 8.05 18 1.91 4 2.00 54 7.65 45 5.97 73 4.22 63 6.64 46 6.60 
5 55 1.69 10 7.85 33 1.90 66 1.98 96 7.40 9 5.95 63 4.16 58 6.55 15 6.48 
6 67 1.68 52 7.79 64 1.87 7 1.90 48 7.40 10 5.91 78 4.07 38 6.48 61 6.35 
7 89 1.57 40 7.73 73 1.87 24 1.88 51 7.33 51 5.86 43 3.92 8 6.41 3 6.35 
8 84 1.55 92 7.73 92 1.86 46 1.87 45 7.31 15 5.82 88 3.77 57 6.36 91 6.35 
9 82 1.55 82 7.71 60 1.84 56 1.84 4 7.05 4 5.80 60 3.62 76 6.25 95 6.35 
10 68 1.54 54 7.69 56 1.84 73 1.81 27 6.96 38 5.78 82 3.55 49 6.18 96 6.22 
11 25 1.52 6 7.67 23 1.82 65 1.77 13 6.88 3 5.57 86 3.53 56 6.14 40 6.10 
12 46 1.46 84 7.40 90 1.80 14 1.75 18 6.87 21 5.54 8 3.46 94 6.13 26 5.97 
13 75 1.43 4 7.33 70 1.80 38 1.73 50 6.83 32 5.48 52 3.36 64 6.13 53 5.97 
14 49 1.41 8 7.31 40 1.80 89 1.71 29 6.68 1 5.47 87 3.30 55 6.00 52 5.59 
15 48 1.40 45 7.29 57 1.77 26 1.69 5 6.67 24 5.45 62 3.26 50 5.96 38 5.46 
16 44 1.40 62 7.28 7 1.76 63 1.69 82 6.64 39 5.45 15 3.26 15 5.91 60 5.46 
17 83 1.38 2 7.22 65 1.76 34 1.66 25 6.64 50 5.37 30 3.15 44 5.80 79 5.46 
18 24 1.38 39 7.22 67 1.74 28 1.64 91 6.60 40 5.33 20 3.02 10 5.72 2 5.33 
19 52 1.33 1 7.11 44 1.71 90 1.62 76 6.59 55 5.30 21 2.93 21 5.70 25 5.21 
20 16 1.30 7 7.09 71 1.71 43 1.61 42 6.57 46 5.30 96 2.93 62 5.59 84 5.08 
21 93 1.27 66 7.08 48 1.70 69 1.60 9 6.55 48 5.27 67 2.91 47 5.56 33 5.08 
22 10 1.25 51 7.07 74 1.70 76 1.58 38 6.55 37 5.25 42 2.90 12 5.56 50 5.08 
23 90 1.25 41 7.00 22 1.70 11 1.57 1 6.49 54 5.22 38 2.90 72 5.53 87 5.08 
24 88 1.22 22 6.99 61 1.69 55 1.56 31 6.46 47 5.18 51 2.88 40 5.51 76 5.08 
25 66 1.21 32 6.98 41 1.69 44 1.56 63 6.46 56 5.17 28 2.87 5 5.45 63 5.08 
26 63 1.19 69 6.90 77 1.68 8 1.56 62 6.45 41 5.16 24 2.83 77 5.31 94 5.08 
27 1 1.16 42 6.85 82 1.66 50 1.56 85 6.41 43 5.13 76 2.81 30 5.28 70 5.08 
28 23 1.15 5 6.85 78 1.62 68 1.55 35 6.39 84 5.08 91 2.81 84 5.26 62 5.08 
29 79 1.13 46 6.83 53 1.60 70 1.55 49 6.39 20 4.94 48 2.77 43 5.25 65 4.95 
30 86 1.13 48 6.82 63 1.59 23 1.55 58 6.38 66 4.90 23 2.77 42 5.25 45 4.95 
31 50 1.11 60 6.80 81 1.56 67 1.51 7 6.36 16 4.88 85 2.76 85 5.23 18 4.95 
32 42 1.11 49 6.78 80 1.56 72 1.50 43 6.35 12 4.84 94 2.73 13 5.20 44 4.83 
33 37 1.10 91 6.75 31 1.55 78 1.50 10 6.31 83 4.80 80 2.70 70 5.13 13 4.83 
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Appendix 2 Continued… 

 
Rank 

Environments 
HRELN2 HREOP2 CHIDT2 CHSDT EMBOP KAKOP KBODT MLKOP AWAOP 

Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield 
34 62 1.08 50 6.70 69 1.55 12 1.47 52 6.30 62 4.72 83 2.69 3 5.06 24 4.83 
35 92 1.07 55 6.68 13 1.55 13 1.47 71 6.30 7 4.66 79 2.69 48 5.01 10 4.83 
36 12 1.05 21 6.59 43 1.55 91 1.46 3 6.28 52 4.64 57 2.69 87 4.99 42 4.83 
37 40 1.04 27 6.56 30 1.51 15 1.44 57 6.26 94 4.62 58 2.68 6 4.93 27 4.70 
38 6 1.04 89 6.51 47 1.51 83 1.44 20 6.23 18 4.61 6 2.67 88 4.92 81 4.57 
39 78 1.02 9 6.49 79 1.50 6 1.39 32 6.20 53 4.61 1 2.66 20 4.91 43 4.57 
40 21 0.99 73 6.48 17 1.47 1 1.39 14 6.17 60 4.60 56 2.66 78 4.86 59 4.57 
41 87 0.99 63 6.46 10 1.46 39 1.39 55 6.13 25 4.60 33 2.56 35 4.85 73 4.44 
42 26 0.99 88 6.42 62 1.45 19 1.38 21 6.13 92 4.55 29 2.48 65 4.82 41 4.44 
43 95 0.97 57 6.42 20 1.44 45 1.37 56 6.13 22 4.48 41 2.48 22 4.80 5 4.44 
44 81 0.96 87 6.38 58 1.43 17 1.36 95 6.09 2 4.45 45 2.48 67 4.77 39 4.44 
45 39 0.94 64 6.38 15 1.40 75 1.34 47 6.07 93 4.45 70 2.46 9 4.76 49 4.44 
46 14 0.94 59 6.34 50 1.40 41 1.34 77 6.02 26 4.42 64 2.44 24 4.69 85 4.44 
47 43 0.93 96 6.32 35 1.37 49 1.32 8 6.00 85 4.42 90 2.41 61 4.68 89 4.44 
48 34 0.93 75 6.31 19 1.36 88 1.31 75 6.00 67 4.41 31 2.37 52 4.60 19 4.32 
49 85 0.91 24 6.24 55 1.36 77 1.31 60 6.00 44 4.40 11 2.33 18 4.59 35 4.32 
50 94 0.91 35 6.24 96 1.35 86 1.29 34 6.00 11 4.38 84 2.32 39 4.59 75 4.32 
51 15 0.89 72 6.18 72 1.33 25 1.27 33 5.95 75 4.37 17 2.31 37 4.58 1 4.32 
52 18 0.89 30 6.16 76 1.32 79 1.23 2 5.91 64 4.33 92 2.27 29 4.56 22 4.19 
53 27 0.88 80 6.15 16 1.31 35 1.22 81 5.91 87 4.32 65 2.24 90 4.55 29 4.19 
54 73 0.86 67 6.11 87 1.30 60 1.22 16 5.89 63 4.32 19 2.17 46 4.54 31 4.06 
55 17 0.86 44 6.02 91 1.28 52 1.21 44 5.88 13 4.28 72 2.13 96 4.53 6 3.94 
56 91 0.86 33 5.98 25 1.25 36 1.21 24 5.86 30 4.26 7 2.12 81 4.50 16 3.81 
57 56 0.86 47 5.95 45 1.23 21 1.19 6 5.84 5 4.20 89 2.10 32 4.47 48 3.81 
58 74 0.86 58 5.95 84 1.22 58 1.17 39 5.84 82 4.19 18 2.00 74 4.44 36 3.81 
59 9 0.85 38 5.95 6 1.22 82 1.16 66 5.83 72 4.09 69 1.99 51 4.44 80 3.81 
60 96 0.85 29 5.91 93 1.21 51 1.16 59 5.76 80 4.08 36 1.96 54 4.44 58 3.81 
61 11 0.83 85 5.88 34 1.21 20 1.16 69 5.76 68 4.02 16 1.94 80 4.35 71 3.81 
62 3 0.82 26 5.86 29 1.15 48 1.15 84 5.76 19 4.00 49 1.90 91 4.32 47 3.81 
63 19 0.82 28 5.86 75 1.14 61 1.13 74 5.70 59 3.97 66 1.89 27 4.32 12 3.68 
64 60 0.80 13 5.82 83 1.14 53 1.10 15 5.66 73 3.96 14 1.86 82 4.29 72 3.68 
65 7 0.78 15 5.75 11 1.13 81 1.09 26 5.65 89 3.95 81 1.85 86 4.21 7 3.68 
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Appendix 2 Continued 
 

                   
 
 
Rank 

 
Environments 

HRELN2 HREOP2 CHIDT2 CHSDT EMBOP KAKOP KBODT MLKOP AWAOP 
Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield 

66 70 0.78 77 5.62 66 1.11 80 1.09 22 5.64 35 3.94 35 1.85 19 4.20 32 3.56 
67 5 0.77 19 5.55 28 1.11 9 1.06 12 5.62 33 3.87 75 1.82 4 4.19 74 3.56 
68 76 0.77 86 5.50 88 1.10 10 1.05 46 5.56 6 3.87 9 1.82 31 4.18 78 3.56 
69 2 0.75 76 5.45 12 1.09 64 1.04 87 5.51 86 3.85 2 1.79 69 4.17 69 3.56 
70 29 0.72 78 5.44 27 1.06 27 1.01 72 5.50 77 3.82 27 1.79 45 4.10 77 3.56 
71 45 0.71 93 5.33 24 1.04 3 0.99 93 5.41 57 3.81 93 1.79 7 4.09 93 3.56 
72 64 0.71 68 5.25 5 1.04 94 0.97 61 5.40 49 3.80 74 1.77 79 4.04 68 3.56 
73 4 0.71 81 5.11 89 1.01 87 0.97 92 5.40 14 3.77 44 1.77 23 4.03 11 3.43 
74 80 0.69 70 5.11 21 1.01 74 0.92 19 5.33 23 3.75 68 1.77 75 3.96 4 3.18 
75 20 0.69 90 4.98 46 0.99 95 0.92 30 5.33 58 3.72 53 1.77 25 3.95 66 3.18 
76 32 0.67 79 4.94 8 0.96 62 0.90 88 5.27 34 3.69 50 1.76 73 3.95 92 3.18 
77 33 0.63 25 4.91 86 0.93 85 0.90 70 5.24 76 3.64 61 1.76 17 3.90 30 3.18 
78 77 0.63 83 4.89 51 0.91 71 0.89 73 5.23 27 3.62 77 1.75 53 3.85 9 3.18 
79 47 0.61 71 4.82 59 0.89 2 0.89 64 5.22 81 3.60 26 1.75 28 3.75 67 3.18 
80 28 0.60 34 4.78 32 0.89 16 0.89 78 5.17 17 3.58 46 1.75 83 3.73 88 3.05 
81 35 0.58 11 4.69 1 0.85 47 0.88 80 5.16 29 3.54 32 1.75 33 3.69 20 3.05 
82 13 0.55 65 4.68 37 0.83 5 0.88 53 5.16 91 3.52 5 1.74 68 3.62 83 3.05 
83 41 0.53 56 4.52 85 0.83 30 0.86 11 5.10 61 3.51 12 1.74 2 3.60 21 2.92 
84 58 0.53 36 4.49 49 0.82 57 0.85 23 5.07 88 3.38 55 1.74 93 3.54 56 2.79 
85 59 0.49 16 4.48 26 0.75 92 0.82 89 5.06 70 3.35 13 1.74 16 3.52 51 2.79 
86 30 0.49 14 4.39 4 0.73 37 0.82 67 5.04 28 3.32 59 1.73 34 3.48 82 2.67 
87 65 0.47 20 4.38 14 0.71 93 0.77 36 4.97 8 3.31 34 1.72 89 3.34 34 2.54 
88 72 0.45 94 4.38 9 0.67 54 0.77 94 4.93 69 3.31 71 1.71 36 3.32 86 2.54 
89 8 0.45 31 4.36 2 0.67 59 0.75 17 4.85 74 3.26 54 1.71 26 3.30 64 2.54 
90 71 0.44 53 4.33 54 0.63 32 0.70 90 4.84 90 3.23 3 1.63 66 3.23 28 2.54 
91 57 0.42 61 4.31 38 0.60 96 0.69 65 4.80 65 3.21 47 1.58 71 3.21 17 2.54 
92 69 0.35 95 4.29 36 0.59 29 0.67 28 4.77 36 2.90 40 1.34 1 3.19 23 2.54 
93 36 0.33 74 4.27 39 0.50 18 0.64 86 4.47 79 2.47 4 1.30 59 2.80 14 2.29 
94 61 0.25 23 4.07 42 0.33 42 0.64 83 4.37 31 2.28 39 1.22 14 2.45 8 1.91 
95 31 0.19 17 3.51 3 0.31 22 0.42 68 4.16 71 2.18 37 1.07 11 2.22 57 1.40 
96 38 0.13 18 3.47 95 0.16 40 0.32 79 3.66 78 2.12 95 0.82 95 2.00 90 1.27 

Mean 0.97 
2.16 
0.13 
0.77 
40.07 

6.12 
8.68 
3.47 
1.36 
11.12 

1.31 
2.02 
0.16 
0.65 
37.22 

1.29 
2.44 
0.32 
0.81 
31.52 

5.99 
8.84 
3.66 
1.34 
11.19 

4.42 
6.64 
2.12 
0.89 
10.11 

2.44 
4.66 
0.82 
1.41 
29.05 

4.72 
7.06 
2.00 
1.56 
16.54 

4.30 
7.62 
1.27 
2.36 
27.57 

      Max 
      Min 
LSD 0.05 
CV % 
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Appendix 3 Grain yield performance (t ha-1) of 96 QPM hybrids tested across 15 environments in ESA, 2010-2011 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Rank 

Trial years 
2010 2011 2010-2011 

Entry Yield Entry Yield Entry Yield 
1 40 5.09 10 4.30 40 4.57 
2 4 4.84 37 4.25 37 4.42 
3 15 4.82 55 4.23 55 4.42 
4 96 4.78 40 4.22 10 4.38 
5 12 4.77 41 4.19 15 4.37 
6 48 4.76 63 4.18 52 4.34 
7 52 4.72 43 4.17 96 4.34 
8 55 4.69 60 4.12 60 4.27 
9 45 4.69 52 4.09 54 4.27 
10 37 4.66 54 4.08 48 4.26 
11 49 4.56 15 4.07 45 4.23 
12 54 4.54 96 4.04 43 4.18 
13 92 4.52 84 3.98 63 4.13 
14 73 4.51 62 3.98 41 4.13 
15 16 4.50 50 3.97 12 4.12 
16 10 4.50 38 3.95 51 4.09 
17 60 4.49 45 3.93 4 4.09 
18 51 4.46 48 3.92 22 4.08 
19 67 4.46 42 3.90 92 4.06 
20 22 4.43 3 3.89 46 4.06 
21 29 4.41 46 3.88 49 4.03 
22 87 4.38 22 3.86 50 4.02 
23 64 4.38 51 3.84 73 3.99 
24 46 4.32 24 3.80 84 3.99 
25 8 4.25 91 3.77 87 3.94 
26 76 4.25 92 3.74 76 3.93 
27 53 4.22 25 3.74 62 3.91 
28 47 4.21 76 3.72 91 3.90 
29 43 4.20 82 3.71 24 3.90 
30 69 4.16 44 3.71 38 3.89 
31 6 4.12 12 3.68 42 3.87 
32 70 4.10 49 3.67 67 3.87 
33 91 4.10 21 3.67 82 3.85 
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Appendix 3 continued… 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
 
Rank 

Trial years 
2010 2011 2010-2011 

Entry Yield Entry Yield Entry Yield 
34 50 4.08 87 3.65 3 3.84 
35 75 4.08 73 3.65 6 3.82 
36 82 4.06 1 3.63 44 3.80 
37 5 4.06 6 3.62 64 3.80 
38 63 4.06 7 3.61 8 3.79 
39 24 4.05 13 3.59 1 3.78 
40 2 4.05 4 3.59 7 3.77 
41 26 4.05 58 3.58 13 3.76 
42 59 4.04 5 3.56 47 3.76 
43 41 4.04 56 3.55 5 3.76 
44 13 4.02 85 3.53 29 3.76 
45 7 4.01 94 3.53 33 3.70 
46 1 4.00 33 3.52 53 3.70 
47 84 4.00 39 3.51 39 3.69 
48 33 3.97 8 3.49 21 3.69 
49 39 3.97 67 3.48 56 3.68 
50 44 3.94 9 3.48 75 3.68 
51 30 3.93 47 3.46 70 3.67 
52 77 3.88 27 3.43 16 3.67 
53 56 3.88 35 3.42 2 3.66 
54 85 3.84 75 3.41 85 3.66 
55 17 3.83 32 3.41 25 3.65 
56 42 3.83 64 3.41 26 3.64 
57 88 3.83 2 3.40 69 3.61 
58 27 3.83 70 3.39 27 3.59 
59 23 3.82 88 3.38 30 3.59 
60 62 3.81 66 3.38 58 3.58 
61 38 3.80 72 3.38 88 3.56 
62 19 3.79 26 3.38 94 3.55 
63 57 3.78 30 3.36 66 3.54 
64 66 3.77 53 3.34 77 3.53 
65 3 3.77 57 3.33 72 3.52 
66 72 3.73 18 3.33 32 3.52 
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Appendix 3 continued… 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Rank 

Trial years 
2010 2011 2010-2011 

Entry Yield Entry Yield Entry Yield 
67 21 3.73 29 3.32 57 3.51 
68 78 3.71 20 3.31 35 3.50 
69 14 3.71 89 3.30 9 3.49 
70 32 3.68 77 3.30 19 3.46 
71 86 3.67 80 3.29 18 3.46 
72 11 3.67 78 3.26 78 3.44 
73 18 3.65 69 3.24 59 3.44 
74 93 3.65 81 3.24 80 3.39 
75 79 3.63 19 3.24 61 3.39 
76 35 3.63 61 3.23 20 3.37 
77 61 3.61 65 3.19 23 3.31 
78 58 3.59 16 3.11 86 3.30 
79 94 3.58 31 3.10 89 3.29 
80 80 3.54 95 3.10 93 3.28 
81 25 3.51 83 3.05 79 3.26 
82 9 3.50 86 3.05 81 3.26 
83 68 3.48 68 3.04 65 3.24 
84 90 3.46 93 3.04 95 3.22 
85 20 3.45 59 3.03 68 3.22 
86 95 3.41 79 3.01 11 3.18 
87 71 3.41 23 2.97 17 3.16 
88 28 3.35 74 2.94 31 3.14 
89 65 3.31 28 2.94 83 3.13 
90 34 3.29 34 2.89 90 3.12 
91 89 3.29 90 2.89 14 3.10 
92 81 3.28 11 2.85 28 3.10 
93 83 3.25 71 2.78 34 3.05 
94 74 3.20 17 2.71 74 3.04 
95 31 3.19 14 2.70 71 3.03 
96 36 2.84 36 2.62 36 2.71 

Mean 3.98 
5.09 
2.84 
0.45 
14.15 

3.51 
4.30 
2.62 
0.41 
18.04 

3.70 
4.57 
2.71 
0.21 
11.11 

      Max 
      Min 
LSD 0.05 

CV % 


