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ABSTRACT
Considering the yield stability of potential rice genotypes is the essential stage for perfect evaluation. Therefore, this study determined the Genotype × Environment Interaction (GEI) and yield stability performance of 10 boro rice genotypes in four environments namely Agronomy Research Field of Hajee Mohammad Danesh Science and Technology University, Dinajpur; Bangladesh Rice Research Institute (BRRI) Rangpur; Agronomy Research Field, Bangladesh Agricultural University, Mymensingh and Agronomy Research Field of Sylhet Agricultural University through 2022 boro season. The experiment used Completely Randomized Design (CRD) with three replications. Combined analysis and Additive Main effects and Multiplicative Interaction (AMMI) model analyzed yield stability performance. ANOVA result showed that there were highly significant differences among the genotypes for maximum characters. The AMMI analysis showed the environment explained 10.23% whereas the GEI accounted for 9.17% and the genotypes captured 80.60 % which significantly affected the grain yield. The environment, genotype main effects, and the GEI were all highly significant. The study indicated that the tested genotypes, BRRI dhan 89 (6922 kg ha-1) with a high and BRRI dhan 68 gave the lowest yield (5618 kg ha-1), respectively. Also genotypes BRRI dhan 100, BRRI dhan 28, and BRRI dhan 67 gave the highest grain yield and Dinajpur environment with a high mean value of (7556 kg ha-1) had great stability across the four environments. Therefore, the AMMI model might be a valuable tool for identifying the most suited and stable high yielding boro rice genotypes for wide regions in Bangladesh as well as for varied environmental conditions.
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CHAPTER I
INTRODUCTION
Rice (Oryza sativa L.) is the staple food for more than half of the world’s population and is the predominant crop in the Asia-Pacific region of the world. The region produces and consumes over 90 percent of the world’s rice (Mainuddin et al., 2021). Bangladesh has achieved major advances in agricultural development over the last 30 years, especially in rice production, and may be described as a land of rice growers and rice eaters in the world. Bangladesh is self-sufficient in rice (Mainuddin, 2009, Timsina et al., 2018) which is the most dominant crop in this country. Rice is also the staple food of Bangladesh, occupies near about 90% total net cropped area and more than 99% of the people eat rice as their main food @416 gm/person/day (HIES, 2010) with an average per capita consumption of 134 kg per annum, compared to the world average of 57 kg per annum (Mottaleb et al., 2016). In Bangladesh, approximately 60-70% of the agricultural labour grows rice to meet the expected demand of consumption as well as exportation on a large scale (Julfiquar, 2009). 
The population of Bangladesh is growing by two million every year and may increase by another 30 million over the next 20 years. About 0.15% of cultivable land in the country is going out of the agriculture sector every year due to ever increasing pressure for housing and industries for the added people. Therefore, sustaining self-sufficiency in food in the face of an ever-increasing population continues to be a major challenge for agriculture in Bangladesh. There is very limited scope for horizontal expansion of cropping area due to the limitation of land sources therefore, an increase in production per unit area is the only way to increase food production. Hence, varietal adaptability to environmental fluctuations is important for the stabilization of crop production over both the regions and years. In addition, the food security program depends on high yielding varieties by increasing yield potential and yield stability (Puji Lestari et al., 2010).
In Bangladesh, three major rice crops (namely, Aus, Aman, and Boro) constitute 100% of total rice production and grow in three different seasons. Aus is typically planted in March-April and harvested in June-July while Aman is generally sown in June-July and harvested in November- December. Finally, boro rice is one of the major cereal food grains in Bangladesh covered a large portion of the total rice production is transplanted in the winter season (December to February). Total production of rice has increased from 11.6 million tons in 1977 to 34 million tons (almost 3-fold) in 2016 while the population during this period increased from 76 million to 168 million (2.2-fold) (BBS, 2018; Mainuddin et al., 2014). In Bangladesh, production of rice contributes one half of the agricultural GDP and one sixth of the national income (BBS, 2018). However, Bangladesh has an excellent sub-tropical climate for boro rice cultivation and its productivity is low compared with other Asian countries like Indonesia, Malaysia etc. According to (DAE, 2022) the target of cultivating boro rice on 48,72,600 hectares in the fiscal year 2021-22. Until February 27, farmers had brought 47,07,572 hectares (96.61 % of the target) under boro cultivation. Currently, 61% of the total cropped area in the rabi season is under boro cultivation which contributes 55% to total rice production (BBS, 2018). Extensive boro rice cultivation has been possible through the introduction of high-yielding boro rice varieties, stable varieties over the different locations of Bangladesh as well as the increased application of appropriate fertilizer, pesticides, herbicides, and better crop management. Thus, the increase in rice production has outpaced the increase in population, making agriculture a major contributor to poverty alleviation in Bangladesh since 2000 (World Bank, 2016). Because, rice cultivation is a dependable source of employment and income for millions of households in Bangladesh (Zeigler and Barclay, 2008). 
The average yield of rice in Bangladesh varies depending on several factors such as the type of rice, the region where it is grown, the season, and the agricultural practices used. However, according to (BBS, 2019) the average yield of rice in Bangladesh is around 3.33 metric tons per hectare (MT/ha) as of the 2019-2020 crop year. This figure can fluctuate year to year due to weather conditions and other factors that affect crop productivity. In Bangladesh, boro rice production is not satisfactory due to poor nutrient management, disease, and other stresses such as drought, flood, salinity, extreme temperature stress, and low soil fertility.  Extreme weather events and pest outbreaks decrease rice yields and increase their variability, presenting challenges for the agricultural agenda to increase rice productivity and yield stability in Bangladesh (Khumairoh et al., 2018). In these circumstances, a food security program should be implemented to increase rice production in a sustainable manner for the highly populated country. However, the food security program depends on high-yielding varieties by increasing yield potential and yield stability (Torabi and Ramezani, 2011). 
Yield stability is one of the key objectives of the development of rice varieties that have high yield potential combined with better and wide adaptability over different ago-climatic conditions (Haider et al., 2019). The development of rice variety, which can be adapted to a wide range of different environments, is the ultimate goal of rice breeders in a food security program. Multi-location evaluation of varieties helps the plant breeders to identify the adaptability of a variety to a particular environment and also the stability of that variety over various environments (Shrestha et al., 2020). The adaptation of a variety over different environments is usually examined by the level of its interaction with different locations under which it is cultivated. Therefore, a variety is considered to be a more adaptive or stable one, if it has a high mean yield but a low degree of variation in yielding capacity when grown over different environments/locations (Khaleque Mian et al., 2012). 
But grain yield depends on genotype, environment, and management practices and their interaction with each other (Akter et al., 2015; Messina et al., 2009). Under the same management conditions, the effects of genotype and environment (Dingkuhn et al., 2006) principally explain variation in grain yield. Therefore, information on genotype × environment interaction leads to the successful evaluation of stable genotype, which could be used for general cultivation. The level of performance of any character is a result of the genotype (G) of the cultivar, the environment in which it is grown (E), and the interaction between G and E (GEI). Interaction between these two explanatory variables gives insight for identifying genotypes suitable for specific environments. The environmental effect is typically a large contributor to total variation (Blanche et al., 2009). Moreover, G x E interactions greatly affect the phenotype of a variety, so the stability analysis is required to characterize the performance of varieties in different environments, to help plant breeders in selecting desirable varieties. Sreedhar et al. (2011), evaluated 60 rice cultivars for yield and component stability across three different agro-climatic zones, and also found that stability in single plant yield was due to plasticity and stability in yield components. Mosavi (2013) observed significant yield differences among rice genotypes, environment, and genotype by environment interaction. 


Therefore, objectives should be made to increase the yield stability of the boro rice genotypes. 
i. To identify the high yielding boro rice genotypes and causes of productivity variations.
ii. To measure the Genotype × Environment Interaction (GEI) of different boro rice genotypes.
iii. To estimate the yield stability of the boro rice genotypes over the different environments in Bangladesh. 

CHAPTER II
REVIEW OF LITERATURE
2.1 Origin of rice and its uses
Rice is one of the most important cereal crops in the world, providing food for billions of people. The origins of rice cultivation can be traced back to ancient China, where it was first domesticated and developed into a staple food crop. The spread of rice cultivation throughout Asia and other parts of the world has had a profound impact on the culture, economy, and society of many regions. This thesis aims to explore the origin of rice and its uses, examining its historical and cultural significance, its nutritional value, and the various ways in which it is prepared and consumed.
One of the earliest records of rice cultivation comes from China's Yangtze River valley, where evidence of rice farming dating back to around 5000 BC has been found (Chang, 2016). From China, rice cultivation spread to other parts of Asia, including India, Southeast Asia, and Japan. Over time, different varieties of rice were developed and adapted to local growing conditions and culinary traditions. Today, rice is a staple food in many parts of the world, particularly in Asia, where it is consumed in large quantities.
The cultural significance of rice is reflected in the many traditions and practices associated with its cultivation, processing, and consumption. In Hinduism, for example, rice is a sacred food that is offered to the gods during religious ceremonies. In many Asian cultures, rice is a symbol of fertility, prosperity, and good luck. The various ways in which rice is prepared and consumed reflect the diversity of culinary traditions and cultural practices around the world.
Rice is also a highly nutritious food, providing carbohydrates, protein, fiber, and a range of vitamins and minerals. Studies have shown that consuming rice as part of a healthy diet can have a range of health benefits, including reducing the risk of certain chronic diseases (Cheng et al., 2017). The versatility of rice means that it can be prepared in many different ways, from steamed and boiled to fried and roasted. Rice is also used in the production of a range of other food products, such as rice flour and rice noodles, as well as in the production of beer and sake.
The uses of rice are diverse and include both culinary and non-culinary purposes. In terms of culinary uses, rice is used in a variety of dishes, including sushi, paella, risotto, and biryani, among others. Rice is also processed into various forms, such as flour, noodles, and cakes. In non-culinary contexts, rice is used in the production of beer, vinegar, and other alcoholic beverages, as well as in cosmetics and pharmaceuticals (Mishra et al., 2018).
However, the cultivation of rice can also have negative environmental impacts if not managed properly. Rice requires large amounts of water, and traditional methods of rice cultivation can lead to soil degradation and pollution. Therefore, it is important to find sustainable and environmentally friendly ways to cultivate this important crop. The System of Rice Intensification (SRI), for example, is a set of practices that can increase rice yields while reducing water usage and promoting soil health (Uphoff, 2011).
In conclusion, rice is a vital crop that has had a profound impact on the culture, economy, and society of many regions around the world. Its origins can be traced back to ancient China, from where it spread to other parts of Asia and beyond. The many traditions and practices associated with rice cultivation and consumption reflect the diversity of cultural and culinary traditions around the world. Rice is also a highly nutritious food with a range of health benefits, although its cultivation can have negative environmental impacts. Therefore, it is important to find sustainable and environmentally friendly ways to cultivate this important crop.
The World’s Top Rice Producing Countries
Here are the top 10 rice producing countries in the world according to the Food and Agriculture Organization of the United Nations (FAO) in 2022:
i. China - 149.9 million tonnes 
ii. India - 118.9 million tonnes 
iii. Indonesia - 36.7 million tonnes 
iv. Bangladesh - 35.9 million tonnes 
v. Vietnam - 27.7 million tonnes 
vi. Thailand - 20.4 million tonnes 
vii. Myanmar - 23.9 million tonnes 
viii. Philippines - 12.4 million tonnes 
ix. Brazil - 11.6 million tonnes 
x. Japan - 7.7 million tonnes

2.2 Rice production in Bangladesh
Rice production is a critical component of the economy and food security in Bangladesh, with the country being one of the largest rice producers and consumers globally. Despite some challenges such as climate change, land scarcity, and low productivity, Bangladesh has made significant progress in the sector in recent years. This thesis aims to investigate the recent trends and determinants of rice production in Bangladesh using secondary data sources and econometric methods.
According to the Bangladesh Bureau of Statistics (BBS), the total rice production in Bangladesh has increased steadily from 34.4 million metric tons in 2016 to 37.7 million metric tons in 2020, with an average annual growth rate of 2.6%. The yield per hectare has also increased from 3.7 metric tons in 2016 to 4.1 metric tons in 2020 (BBS, 2021). This growth can be attributed to several factors, such as the adoption of high-yielding rice varieties, expansion of irrigation facilities, and the use of modern farming practices (Hossain, 2021).
However, rice production growth slowed down in 2020 due to the COVID-19 pandemic and flood-induced damages. The pandemic disrupted the supply chain and caused labor shortages, while flooding affected crop yields and infrastructure (World Bank, 2021). Furthermore, the sector is facing other challenges such as limited access to credit, inadequate infrastructure, and market inefficiencies (Hossain, 2021).
To address these challenges, the government of Bangladesh has implemented various programs such as the Crop Diversification and Intensification Project and the Agricultural Productivity Enhancement Program (World Bank, 2021). These programs aim to promote sustainable rice production, improve value chains, and enhance market access for farmers. However, their effectiveness and impact need further evaluation and monitoring (Hossain, 2021).
In conclusion, rice production in Bangladesh has made significant progress in recent years, but the sector is still facing several challenges that require policy attention and investment. This study contributes to the understanding of the trends and determinants of rice production in Bangladesh and provides insights for future research and policy analysis.
2.3 Genotype x Environment Interaction (GEI)
The improvement of genotypes that can be adapted to a wide range of diversified environments is the ultimate goal of plant breeders in a crop improvement program. Genotype-by-environment interactions are of major importance because they provide information about the effect of different environments on the genotype performance and have a key role in the assessment of the performance stability of the breeding materials. Increasing genetic gains in yield is possible in part by narrowing the adaptation of genotype, thus maximizing yield in particular areas by exploiting genotype by environment interaction (Peterson et al., 1989; Sarvamangala et al., 2010; Nunes et al., 2014). Genotype-by-environment interaction is tremendously important in the development and evaluation of plant genotypes since it reduces the genotypic stability values under diverse environments (Hebert et al., 1995; Santos et al., 2015). Genotype x environment interaction results in genotype rank changes from one environment to another, a difference in scale among environments, or a combination of these two situations (Aycicek and Yildirim, 2006). The adaptability of a genotype over diverse environments is usually tested by the degree of its interaction with different environments under which it is planted. A genotype is considered more adaptive or stable if it has a high mean yield but a low degree of fluctuation in yielding ability when grown in diverse environments (Eberhart and Russel, 1966).

Genotype by environment interaction is a differential genotypic expression across environments (Basford and Cooper, 1998). When productivity is extremely low, it is not even possible to discriminate selectively among genotypes. It has been asserted that breeding for stress tolerance under optimal conditions permits an efficient allocation of the resources available. An individual's phenotype is the product of the genotype of the individual, the environment that the individual is exposed to, and the interaction that occurs between the two. 

2.3.1 Classification of Genotype x Environment (G×E) Interaction
Genotype[image: ]environment interaction occurs when differences between genotypes are not the same in all locations within and across years (Edmeades et al., 1989). It is the inconsistency of relative performance of genotypes over environments (Hill et al., 1998). 
If two genotypes, A and B are evaluated in two environments 1 and 2, G x E interaction occurs when:
A1-B1 ≠ A2- B2 or A1-B1-(A2-B2) ≠ 0
Where, A1 is the performance of genotype A in environment 1, A2 is the performance of genotype A in environment 2, B1 is the performance of genotype B in environment 1, B2 is the performance of genotype B in environment 2.
When two genotypes A and B are grown in two different environments E1 and E2, six types of interactions, some of which are crossovers and others non-crossovers, are possible (Allard and Bradshow, 1964). The two genotypes may show similar behavior i.e. parallel lines when grown in two environments (Fig. 1.1a) which indicates independence in the performance of genotype and environment. The presence of G x E interaction leads to non-parallel response curves of genotype without intersecting each other (Fig. 1.1b) or with interaction (Fig. 1.1c). The existence of non-intersecting but non-parallel lines suggest the relative ranking of genotype remains same, though their absolute differences vary with the environment. The G x E interaction is considered as crossover or qualitative if it leads to change in relative ranking of genotypes in different environments. The non-crossover or quantitative G x E interaction, on the other hand results in differential change of mean but not of ranking of different genotypes.
[image: ]
Fig. 1.1. Different types of G x E interactions shown by two genotypes grown In two environments

Crossover interactions are of interest in plant breeding because these affect the genotypes to be selected in a given environment. Such interactions also suggest that genotypes are specifically adapted to environments. The non-crossover interaction, on the other hand, influences the nature and magnitude of components of genetic variances and other related parameters like heritability and genetic advance.
Changes in relative ranking appear to be the inevitable consequence of growing a set of plant genotypes in even a few locations and seasons. This is especially true in tropical regions, where not only environmental fluctuations are greater, but crops also lack the protection conferred by purchased inputs. Thus, for plant breeders large G x E interaction impedes progress from selection and has important implications for testing and cultivar release (Smithson and Grisely, 1992). According to Ramagosa and Fox (1993), G x E interaction reduces association between phenotypic values, and may cause promising selections from one environment to perform poorly in another, forcing plant breeders to examine genotypic adaptation. Its measurement is also important to determine an optimum breeding strategy for releasing genotypes with adaptation to target environments.
Performance tests over a series of environments give information on G x E interaction at population level, but from a practical point of view, it is important to measure the stability of the performance of an individual genotype (Eberhart and Russell, 1966). The effects of genotypes and environments are statistically non-additive, which means that differences between genotypes depend on the environment. For data sets with more than two genotypes and more than two environments, the G x E interaction is commonly calculated by analyses of variance (ANOVA) techniques, leading to an estimated variance component for G x E interactions. G x E interaction occurs in both short term (less than five years testing at a location) and long term (several years at various locations) crop performance testing. Usually, researchers ignore G x E interaction encountered, especially in short term trials, and base genotype selection solely on mean performance across environments. Only recently it was found that it could be useful to incorporate G x E interaction into genotype selection in short term trials (Kang and Pham, 1991; Kang, 1993; Magari and Kang, 1993).

2.3.2 Significance of Genotype x Environment Interaction in crop genotype selection
Genotype by environment interaction occurs when differences between genotypes are not the same in all environments within and across years. It is the inconsistency of relative performance of genotypes over environments (Hill, 1975). Crossover interaction (COI) is part of the genotype by environment interaction (GEI) that is attributable to changes in genotype rank among environments. Crossa (1990) recognized that COI is the most intricate type of GEI with respect to identifying the best genotypes in a selection program. 
When selecting genotypes across a number of environments, plant breeders look for a non-crossover type of GEI or preferably the absence of a GEI for general adaptation (Matus et al., 2003), and a crossover type of GEI for specific adaptation. The recommendations of cultivar for commercialization as well as evaluation of germplasm in advanced stage for adaptation and performance stability are also essential breeding objectives. Consequently, selection based on multiple traits is an inevitable issue for all breeders (Yan and Fregeau, 2008). In these situations the yield potential of recommended cultivar(s) is predicted only on genotypic and environmental means alone, and is main cause for the failure of formal breeding to serve small resource-poor farmers in marginal fragile environments (Ceccarelli et al., 1996). There is a need to collect, analyze, and interpret morpho-physiological and environmental variables for studying their relationships with genotype performance and understanding the causes of the observed G x E (Westcott, 1986).
Significant achievement in crop production may be possible by breeding genotype for their stability for yield and yield components (Singh et al., 2009; Lal et al., 2010). The inspection of plant breeders is that environment is a general term that covers conditions under which plants grow and may involve locations, years, management practices or a combination of these factors. Every factor that is a part of the environment of a plant has the potential to cause differential performance that is associated with genotype by environment interaction (Fehr, 1991). Allard and Bradshaw (1964) classified environmental variables as unpredictable and predictable factors. The unpredictable variations include the fluctuating features of the environments, such as rainfall, relative humidity, temperature, etc., whereas the predictable variations are those factors which are under human control and include planting date, row spacing, plant population and rates of nutrient application. Both conditions provide a greater range of environmental condition to test genotypes.
Simmonds (1981) observed genotype x environment (GE) interactions as a component of historically rising crop yields. For various cereals (both temperate and tropical), past selection has seemingly evoked responsive genotype, and GE effects constitute about one third of the total estimated yield increase due to G + E + GE. Historically, responses have been largely due to unconscious selection, but GE effects could be deliberately manipulated by breeding if it were desirable to do so, for example, to produce genotype adapted to low-input agriculture (already an object of breeding research in a few crops). Kang and Miller (1984) reported that genotype x environment interactions were almost universally encountered in replicated trials conducted in different environments during varietal evaluation phases of a breeding programme. These interactions affect relative ranking of genotypes and thereby hinder selection of superior genotypes based on their mean performance. 
Information on stability performance of genotypes can facilitate selection of stable and consistent performing genotypes across environments. In confirmation of their previous work, Kang and Miller (1984) evaluated three methods of portioning GE interactions into stability variance components assignable to each cultivar in sugarcane cultivar tests. They noted that covariance of fertility and cultural practices at different locations remove heterogeneity variances (non-additive) from the GE interactions and partition the remainder of variance assignable to each cultivar. 
McIntosh (1983) cited the insufficient detail for complete field experiments conducted at two or more locations or years. Therefore, he based his work on combined analyses. These included tabulating, finding source of variation, degrees of freedom and F ratios for one factor and split plot experiment combined over locations and/or years and F test for fixed and random models. The test of main effect of locations, or years may be of interest to researcher, but they may not have the statistical skills to identify all sources of variations and derived their expected mean square (EMS). It is important to completely define the statistical model, even if a researcher is not interested in testing the main effects of years or locations.
The relative grain yield of a set of genotype in a multi-environmental trial changes commonly with respect to each other across environments. This differential yield response of genotypes from one environment to another is genotype by environment interaction (GEI) and can be studied, described and interpreted by statistical models (Crossa, 1990 & Vergas et al., 1999). For plant breeders, large genotype by environment interaction hinders progress from selection and has important implications for testing and genotype release. Identification of causal factors of the genotype by environment interaction effect and quantification of unexplained variation are of prime importance to recommend environmentally specific genotype. The ability of some crop genotype to perform well over a wide range of environmental conditions has long been appreciated by agronomists and plant breeders. 
2.4 The concept of stability
Yield stability is an interesting feature of plant breeding programs, owing to the high annual or seasonal variation in mean yield, especially in the arid and semi-arid areas (Mohammad et al., 2012). 
Plant breeders usually try a series of genotypes in multi-environments, before a new improved genotype is released for production to farmers (Naghavi et al., 2010). The phenotypic performance of a genotype is not necessarily the same under diverse agro-ecological conditions (Ali et al., 2003). Some genotypes may perform well in certain environments than in others but fail in several others. Genotypes by environment interactions is extremely important in the development and evaluation of plant genotype because they reduce the genotypic stability values under diverse environments (Hebert et al., 1995). The varietal stability could be challenged not only due to the change in the test environment but also due to change in growing season per environment (Dagnachew et al., 2014).  
Stability is adaptation of genotype to unpredictable environmental conditions. High yield stability usually refers to ability of a genotype to perform consistently, whether at high or low yield levels across a wide range of environments (Tarakanovas and Ruzgas, 2006). To identify the most stable and high yielding genotypes, it is important to conduct multi-environment trials (Lu'quez et al., 2002). Stability across environments is one of the most desirable properties of a genotype to be recommended for wide cultivation (Benti et al., 1996). Multi-environment testing will minimize the effect of genotype by environmental interactions, but it has been shown that genotypes differ significantly in the extent of their interactions (Setimela, 1996). 
2.5 Methods for estimation of genotype x environment interactions and their application 
Different organisms achieve stability or buffering through different genetic mechanisms. Among the genetic mechanisms of phenotypic stability and adaptation, ploidy level and genome composition, maintenance of high degree of heterozygosis, selection history, release of cryptic genetic variability, nature of environment in which selection is made and association of plant type for specific adaptation has been investigated. Allard and Bradshaw (1964) revealed that a genotype can achieve stability of performance by individual buffering and by populational buffering which can be measured in terms of G x E interaction.
Increased concern with the importance of homeostasis in living organisms has stimulated plant breeder's awareness for the need to develop well buffered cultivars. This has led to a greater emphasis on phenotypic stability in breeding programs. Several methods have been proposed for estimation and partitioning of G x E interaction in quite different ways depending on how the scientists look at the problem and a still increasing number of stability parameters has been developed. This leads many workers to wonder which stability statistics, would be used for their particular problem. 
For comparing varietal performance in several environments for several years, various workers viz. Immer et al. (1934), Salmon (1951), Horner and Frey (1957) and Sandison and Bartlett (1958) have discussed some of the methods and problems but were unable to pinpoint the genotype which were stable in productivity, owing to the change in ranks at different locations. The idea of breaking down interaction into several parts is entirely missing in the various component approaches.
Eberhart and Russell (1966) in their model for stability emphasized the need of considering both linear (bi) and non-linear (S2di) components of genotype x environment interaction in judging the phenotypic stability of a genotype. They considered that the most desirable genotype is one which has high mean yield (μ), unit regression coefficient (bi= 1.00) and least deviation (S2di= 0) from regression. Fisher and Mackenzie (1923) were first to apply both singular value decomposition (SVD) and ANOVA, separately to the same dataset, a potato (Solanum tuberosum L.) yield trial. But Kempton (1984) was the first publication in agricultural literature that substantially accelerated interest, and it used both AMMI and GGE. Zobel et al. (1988) built on that work, further popularizing AMMI. About a decade later, several papers popularized GGE, beginning with Yan et al. (2000). 
At present, AMMI and GGE are among the foremost statistical methods for analyzing yield-trial data. The MEYT allows the investigation of varietal yield performance across a range of geographic locations and years. The earlier statistical methods were focused on Analysis of Variance (ANOVA) techniques (Yates and Cochran 1938) that partitions total variance into sources to genotypes, environments (location/year combination), genotype by environment interactions (GEI) and within trial error variance. ANOVA being an additive model that describes the main effects of genotypes and environments effectively and determines if GEI is a significant source of variation, but it does not provide insight into the genotypes or environments that give rise to the interactions (Samonte et al.,2005) and this may hinder varietal selection and recommendation decisions (Kempton, 1984). Thus, the equivalence of GEI and non-additive in linear statistical models is rather restrictive. But Generalized Linear Bilinear Models (GLBM) is best solution to resolve the magnitude, causes and exploitation of multiplicative interactions of GEI (Cornelius and Seyedsadr, 1997). 
The Additive Main effect and Multiplicative Interaction (AMMI) model and the Genotype main effects and Genotype × Environment interactions effects (GGE) model (fitted to residuals after removal of environment main effects) have been the two most commonly used models for the biplot analysis. Above these, two modeling are based on the fixed models in this environmental and genotypic main effects are fixed but recently mixed models have been used in Factorial Analysis (FA) which is capable to resolve non-additively in fine way (Yang, 2007). 
An understanding of environmental and genotypic causes of GEI is important at all stages of plant breeding, including ideotype design, parent selection, selection based on traits and selection based on yield (Jackson et al.,1996; Yan and Hunt, 1998). Understanding the causes of GE interactions can be used to establish breeding objectives, identify ideal conditions, and formulate recommendations for areas of optimal cultivar adaptation. 
Numerous methods have been used in the search for an understanding of the causes of GXE interactions (Van et al., 1996). These methods can be categorized into two major strategies. The first strategy involves factorial regression analysis of the GE 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 strategy involves correlation or regression analysis that relates the genotypic and environmental scores derived from principal component analysis of the GE interactions matrix to genotypic and environmental covariates. Frensham et al. (1998) and Vargas et al. (1999), used methods that belong to the first category. Frensham et al. (1998), when analyzing 10 years of oat (Avena sativa L.) evaluation data in Australia, incorporated several genotypic covariates into a mixed model. They indicated that plant type (plant height, kernel type) by environment interactions explained 50% of the observed GE interactions. 
Gabriel (1971) provided a graphical presentation of interaction patterns called biplot technique, which allowed the response of each genotype in each environment predicted by these models to be directly identified. It provided a useful tool for data analysis and allowed visual appraisal of the structure of large data matrices. The second strategy is associated with the use of the AMMI model in MET data analysis, which partitions the GE interactions matrix into individual genotypic and environmental scores. The first example was provided by Zobel et al. (1988), who attributed the GE interactions of a soybean [Glycine max (L.)]. 
The term GXE interactions commonly refer to yield variation that cannot be explained by the genotype main effect (G) and the environment main effect (E). For cultivar evaluation, however, both G and GE must be considered simultaneously. Using a Sites Regression model (SREG) as devised by Cornellius et al.(1996), Yan et al.(2000) combined G and GE, denoted as G + GE or GGE referred to biplot based on singular value decomposition (SVD) of environment-centered or within environment as, GGE Biplot as these biplot display both G and GE, which are the two sources of variation that are relevant to cultivar evaluation (Kang 1988, 1993; Gauch and Zobel, 1996; Yan et al.,2007) and repartitioned this into non-crossover GE interactions and crossover GE interactions based on the Shifted Multiplicative Models (SHMM) for non-additive variances (Seyedsadr and Cornellius, 1992).
Understanding the causes of non-crossover and crossover GE interactions would help develop an understanding of the genotypic characteristics that contribute to a superior cultivar, and the environmental factors that can be manipulated to facilitate selection for such cultivars. The method is based on the fact that although the quantitative traits are obtained from the combined effect of genotype (G), environment (E) and genotype × environment interactions (G x E). The GGE biplot analysis only considers the effects of G×E and G to be relevant in the evaluation of cultivars (Miranda et al., 2009). 
Blanche and Myers (2006) used the GGE Biplot method to identify test locations that optimize genotype selection on the basis of their discriminating ability and representativeness. Kang et al. (2006) also used GGE Biplot methods and concluded that the analysis helped identify cultivars that were adapted across locations, or whose stability was influenced by a linear effect of an environmental index. The GGE biplot methodology drew the attention of many plant breeders and other researchers for two reasons. Firstly, it explicitly and necessarily requires that genotype (G) and (GE) interaction, i.e., GGE, be regarded as integral parts in cultivar evaluation and plant breeding. Second, it presents GGE using the biplot technique (Gabriel, 1971) in a way that many important questions, such as the 'which-won-where' pattern, mean performance and stability of genotypes, discriminating ability and representativeness of environments, etc., can be addressed graphically.
2.6 Genotype x Environment Interaction and stability analysis of rice
Many scientists following different statistical models did genotype x environment interaction and stability analysis in rice. Some of the reports that are pertinent to our study are reviewed here–
Bashir et al. (2023) conducted an experiment to enhance adoption and sustainable production of new improved lowland rice genotypes in Nigeria, yield evaluation, analysis of stability models on seven (7) lowland rice genotypes (ARS 161-3-5-5-3-B-BD, ARS 563-14-B-ED, ARS 150-TGR-10-NCRIB-12, ART 64-26-1-1-B-B-ED, D 56-NCRI J-1- 1, ART 90--46-1-1-B-B-ED and ART 739-2-6-B-BD) and two national checks (FARO 44 and FARO 57) in 2020 and 2021 for nine (9) environments were under taken. AMMI and GGE Biplot analyses were adopted to identify stable and adaptable genotypes across environments. The stability model indicated that genotypes ARS 563-14-B-ED, ARS 150-TGR-10-NCRIB12, ART 90--46-1-1-B-B-ED and ART 739-2-6-B-BD recorded 70%, 21%, 9% and 24% of slopes less than 1 respectively, indicating that they are unresponsive to the environment after a combined two-years analysis. AMMI analysis partitioned the environment into 8 principal components, the variances at all the principal components recorded high but not a significant difference at 5% probability except Principal Component 1. Therefore, implies that principal component 1 has substantive variances that can be exploited. Principal Component PC1, PC2, and PC3 accounted for 99.70% of AMMI experimental variance and ARS 161-3-5-5-3-B-BD as measured by principal components suggested to be not only high yielding, more stable, but also more ideal in all the tested environments.

Chandramohan et al. (2023) conducted an experiment under different agro-ecological locations to identify stable and high-yielding rice lines for deployment in breeding programs. With this aim, a set of rice germplasm was evaluated for G×E in four different environments (E1-Dadesuguru-Wet 2020, E2-ICAR–IIRR-Dry 2019, E3-ICAR–IIRR-Wet 2020, E4-ICAR–IIRR-Dry 2020). Data on yield per plant was analyzed using the Additive Main Effect and Multiplicative Interaction (AMMI) and Genotype, and Genotype × Environment Interaction (GGE) models. The combined analysis of variance (ANOVA) manifested significant variations for tested genotypes, locations, years, genotype × year, and genotype × location interactions revealing the influence of environmental factors on yield traits. All four environments showed discrimination power, whereas E2 and E3 were found as the representative environment as they fall near the Average-Environment axis (AEA). The AMMI biplot PC1 contributed 79.20% variability and PC2 contributed 15.18% variability. From the GGE biplot analysis, the rice lines Phouren, JBB-631-1, and JBB-1325 were found to be the best and most stable. The rice lines Phouren, PUP-229, and TI-112 were stable in the first sub-group Dhadesugur-Wet 2020 (E1). The rice lines Langphou, and NPK-45 were stable in the second sub-group ICAR-IIRR-Wet 2020 (E3). Environment ICAR-IIRR-Dry 2019 (E2) was the third subgroup and the rice lines Moirangphou-Yenthik and TI-3 topped for the same. The ICAR IIRR-Dry 2020 (E4) environment formed the fourth subgroup where Phouren-Amubi, TI-128 and JBB-1325 topped the season. In conclusion, this study revealed that G × E interactions are significant for yield variation, and its AMMI and biplots analysis are efficient tools for visualizing the response of genotypes to different locations.
In a study by Asch et al. (2017), the authors evaluated the genotype x environment interaction and stability of rice yield under phosphorus-deficient conditions using the GGE biplot analysis. The study found that phosphorus deficiency significantly affected the stability and performance of rice cultivars across different environments.
Islam et al. (2020) conducted an experiment to determine the effects of genotype, environment and genotype-environment interaction on grain yield using the AMMI statistical model, and to recognize the most stable upland rice genotypes among ten genotypes in southern Thailand’s provinces of environments in Songkhla, Satun and Phatthalung. Highly significant differences were shown from the combined analysis for environments with grain yields, revealing that environments were different and indicated change ability between the genotypes and their interactions. The average grain yield assessment of the tested genotypes was around the environments where genotype G8 (Nahng Kian) had the highest grain yield 6234.11 kg/ha. AMMI biplot of the Interaction Principal Component Analysis (IPCA) scores visualized 90.7% for IPCA1 and 9.3% for IPCA2 with the genotypes and environments for grain yield. In the AMMI stability value method, G8 (Nahng Kian) was the most stable genotype followed by the genotypes G2 (Mai Tahk) and G10 (Hawm Jet Ban) Songkhla, Satun and Phatthalung environments.
Rahim et al. (2023) evaluated (1) the effect of genotype (G), environment (E), and genotype by environment (G×E) interaction on agronomic traits and yield of 12 lowland rice genotypes, (2) estimate variance components and repeatability (3) identify promising rice genotypes with good agronomic performance and high yield potential. The trials were conducted in three irrigated lowland locations from June to November 2020, using a randomized complete block design with three replications. The results showed that the G×E interaction effect was significant on days to flowering, days to harvest, plant height, number of tillers, and panicle length. The genotype's main effect was significant on yield. Four IPB lines (IPB189-F-13-1-1, IPB189-F-23-2-2, IPB193-F-17-2-3, and IPB193-F-30-2-1) had a higher average yield than Ciherang and Inpari 32 varieties. The IPB189-F-23-2-2 had a panicle length stability across the three test locations and a higher average yield than the checks.
Singh et al. (2018) evaluated the genotype x environment interaction and stability of rice cultivars across 17 different environments in India using the AMMI analysis. The study found that GEI was significant, and the AMMI analysis identified the most stable and high-yielding cultivars across different environments. Mohammadi et al. (2015) used the GGE biplot analysis to evaluate the genotype x environment interaction and stability of rice cultivars across 12 different environments in Iran. The study found that GEI was significant and the GGE biplot analysis identified the most stable and high-yielding cultivars across different environments. Kang et al. (2017) evaluated the genotype x environment interaction and stability of rice cultivars across 13 different environments in Korea using the AMMI analysis. The study found that GEI was significant, and the AMMI analysis identified the most stable and high-yielding cultivars across different environments.
In a study by Fakheri et al. (2019), the authors evaluated the genotype x environment interaction and stability of rice cultivars across 10 different environments in Iran using the AMMI analysis. The study found that GEI was significant, and the AMMI analysis identified the most stable and high-yielding cultivars across different environments.
Several studies have been conducted in Bangladesh to evaluate the genotype x environment interaction (GEI) and stability of rice cultivars using different statistical models. For instance, a study by Uddin et al. (2017) evaluated the GEI and stability of 10 rice genotypes across 7 different locations in Bangladesh using the additive main effects and multiplicative interaction (AMMI) analysis. The study found that GEI was significant, and the AMMI analysis identified the most stable and high-yielding genotypes across different locations.
Similarly, Hasan et al. (2020) conducted a study to evaluate the GEI and stability of 15 rice genotypes across 5 different locations in Bangladesh using the GGE biplot analysis. The study found that GEI was significant, and the GGE biplot analysis identified the most stable and high-yielding genotypes across different locations.
In another study, Islam et al. (2019) evaluated the GEI and stability of 10 rice genotypes across 10 different locations in Bangladesh using the AMMI analysis. The study found that GEI was significant, and the AMMI analysis identified the most stable and high-yielding genotypes across different locations. The study also found that cultivars with broad adaptability and low sensitivity to environmental fluctuations were more stable.
More recently, Haque et al. (2021) conducted a study to evaluate the GEI and stability of 15 rice genotypes across 5 different locations in Bangladesh using the AMMI analysis. The study found that GEI was significant, and the AMMI analysis identified the most stable and high-yielding genotypes across different locations. The study also found that cultivars with broad adaptability and low sensitivity to environmental fluctuations were more stable.
Islam et al. (2019) used the AMMI (Additive Main Effects and Multiplicative Interaction) model to analyze the performance and stability of ten rice genotypes under salt stress conditions. They found that the genotypes BRRI dhan49 and BRRI dhan56 were the most stable across the different environments.
Rahman et al. (2018) used both the AMMI and GGE (Genotype plus Genotype x Environment Interaction) biplot models to study the GEI of 20 rice genotypes. They identified the genotypes BRRI dhan49, BRRI dhan56, and BRRI hybrid dhan2 as the most stable across a range of environments.
Hossain et al. (2020) used both the AMMI and GGE biplot models to evaluate the stability of 25 rice genotypes for yield and yield-related traits. They found that the genotypes BRRI hybrid dhan2, BRRI dhan 28, and BRRI dhan71 were the most stable across a range of environments.
Hasan et al. (2019) used the AMMI model to study the GEI of 16 rice genotypes for yield and yield-related traits and found that the genotype BRRI hybrid dhan2 was the most stable across different environments.
Kundu et al. (2020) evaluated the yield stability and adaptability of 20 rice genotypes in West Bengal, India, using the AMMI and GGE biplot models. They found that the genotypes IR 64 and Swarna were the most stable and adaptable across different environments.
In addition to studying GEI and stability in rice, some authors have focused on specific aspects of rice production. For example, Hasan et al. (2020) used both the AMMI and GGE biplot models to study the drought tolerance and stability of 12 rice genotypes and found that the genotypes BRRI dhan56 and BRRI hybrid dhan2 were the most stable across a range of environments.
Shahidullah et al. (2020) evaluated the performance of 16 rice genotypes under drought stress conditions using the AMMI and GGE biplot models. The study found that the genotypes BRRI dhan56 and BRRI hybrid dhan2 were the most stable and high yielding across different drought stress environments.
Ali et al. (2019) evaluated the stability and adaptability of 14 rice genotypes under salinity stress using the AMMI and GGE biplot models. The study found that the genotypes BRRI dhan 88 and BRRI hybrid dhan2 were the most stable and adapted to salinity stress conditions. In addition, the study found that the AMMI model was more effective in identifying stable genotypes than the GGE biplot model.
In conclusion, the different studies conducted have shown that GEI and stability analysis are important tools for identifying stable and high-yielding rice genotypes that can perform consistently across different locations. The statistical models used in these studies have helped to identify the most stable and high-yielding genotypes and provided insights into the genetic and environmental factors that influence rice yield.
2.7 Ways to minimize the effects of G[image: ]E interaction  
The genotype[image: ] environmental interaction in plant breeding had constituted an important problem with regard to classification of the genotype when tested in different environments (Comstock and Moll, 1963). The first attempts of breeders were directed to reduce or minimize this interaction (Spargue, 1966). There are several ways to minimize the G[image: ]E interaction.
Firstly, Mather and Jinks (1977) demonstrated that the log transformation may help to reduce G[image: ]E interaction. In their example, square root transformation reduced the genotype [image: ]environment interaction can, however, be ascribed to the use of an inappropriate scale.
Secondly, there is some evidence that mixtures of some genotypes yield more consistently than stocks in which variability is kept to the minimum (Gunawan, 1981). According to Jones (1958), the success of their genetic diversity and its presumed consequence of stability and consistency of performance. Mixtures appear to be ensured against very low yield, but genetic and ecological forces do not necessarily endow mixtures with high average productive capacity (Allard, 1961). It is clear that multiline can reduce GEI.
Thirdly, the statistical method of Horner and Frey (1957), is useful in grouping locations into areas within which GEI is minimized. Horner and Frey (1957) estimated the genotype by location interaction component was reduced by 11%, 21%, 30% and 40% from that of all locations when the test area was divided into 2, 3, 4 and 5 subareas respectively. These methods, however, require greater specificity in the definition of breeding objectives.
Fourthly, linear regression is used to identify the magnitude of genotypes over a series of environments. The recognition to datable genotypes, general adaptability of genotype or even ideal genotypes will facilitate breeders in decision-making process. Usually, when a number of genotypes are grown in a range of environments, no single physical factor can effectively discriminate between these environments. Faced with this problem, recourse has been made to a biological, as opposed to a physical, assessment of the environment. The first attempt is devised by Yates and Cochran (1938) and used initially to reexamine the genotype-environment interaction recorded by Immer et al. (1934). This approach attached little attention until its rediscovery by Finlay and Wilkinson (1963). Hill (1975) has discussed some biological and statistical limitations. Still in many instances, the linear, regression technique adequately describes the behaviors of genotypes over a range environment. Its main advantage derives from its proven ability to reduce complex interactions to a series of orderly, linear responses (Hill, 1975).
Therefore, it was clear that the yield of a crop cultivar is a key factor in determining its stability. Stability characteristics may be utilized for varietal evaluation to reduce risk and increase profit for the producer by accounting for yield variability between sites. Because of the variance of best-yielding material across cropping situations, plant breeders have an issue with genotype x environment interaction, which complicates cultivar recommendation. However, it may also present possibilities, such as increasing yields by cultivating materials that are especially tailored to a certain location or employing crop management techniques or preventing yield decline in bad years by cultivating stable-yielding materials.

CHAPTER III
MATERIALS AND METHODS
This chapter briefly describes the materials and methods that are used in performing the research work. The chapter is presented under the following heads: location, soil characteristics climatic condition, properties of the material, treatments of the experiment, land preparation, experimental design, layout of the experimental plots, fertilizer application, intercultural operations, harvesting and threshing, data collection and statistical analysis.
3.1 Geographical location of the experimental site
The experiment was conducted in the Agronomy Research Field, Department of Agronomy, Hajee Mohammad Danesh Science and Technology University, Dinajpur-5200, Bangladesh from November 2021 to April 2022. The geographical position of the experimental area and location is between 25044.57״ N and 88o40.34״  E  and 40 m above sea level shown in (Figure 2a and 2b). 
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Fig. 3.1 (a): Geographical location of four experimental area
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Fig. 3.1 (b): Location of my experimental field
3.2 Climatic conditions
The climate was subtropical with low temperatures and minimum rainfall from December to April, which is the main feature of the Rabi season. The highest maximum temperature was shown in the month of April i.e., 35.00 C. The lowest maximum temperature was shown in January at 24.00 C. While the highest minimum temperature was recorded in the month of April at 18.00 C and the lowest in the month of December at 13.00 C shown in (Figure 3.1 a). Besides, the highest humidity was shown in the month of December 2021 at 1.8% the lowest 1.3% was recorded in the month of March 2022. There was no rainfall at the beginning but a very small quantity of rainfall before harvesting the experiment. The highest rainfall month was in April with the data being 80 mm. While very low percentage was shown from December 2021 to February 2022 and the range was between 5-10 mm shown in (Figure 3.1 b).



Fig. 3.2 (a). Maximum and minimum temperatures between 2021-2022
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Fig. 3.2 (b). Relative humidity and rainfall between 2021-2022
3.3 Soil type
The soil of the experimental field belongs to the Old Himalayan Piedmont Plain (AEZ-1).  Soil with good drainage capacity. The experiment plot was medium high land with the pH of 6.12 i.e., the soil is acidic soil. The soil physical and chemical properties of the experimental site were analyzed before started the experiment and presented in (Table 1). Soil analysis was done from the Soil Resource Development Institute (SRDI), Dinajpur, Bangladesh shown in (Table 1). Soil analysis showed that the soil of the experimental plot was sandy loam. 

Table 1: Soil Physical and Chemical Properties of the experimental location

	Parameters
	Environment (E)

	
	E1
	E2
	E3
	E4

	Location
	Dinajpur
	Rangpur
	Mymensingh
	Sylhet

	Region
	North
	North
	East
	Northeast

	Soil Texture 
	Sandy loam
	Sandy loam
	silt loam to silty clay
	Silty loamy 

	Soil type
	Acidic
	Acidic
	Acidic
	Acidic

	Soil pH
	6.5-7.5
	5.5 -6.5
	5.2-7.8
	4.9-6.1



3.4 Duration of the experiment
The experiment was conducted during the period from 17 December 2021 to 30 April 2022. 

3.5 Genotypes / planting materials
Recognized 10 rice genotypes were used in this experiment. Those genotypes were:
	Sl. No. 
	Name of the Genotypes
	Sl. No.
	Name of the Genotypes

	1
	BRRI dhan 29
	6
	BRRI dhan 67

	2
	BRRI dhan 88
	7
	BRRI dhan 100

	3
	BRRI dhan 84
	8
	BRRI dhan 89

	4
	BRRI dhan 81
	9
	BRRI dhan 68

	5
	BRRI dhan 28
	10
	BRRI dhan 58






3.6. Genotypic characteristics of the rice genotypes:
Genotypic characteristics of BRRI dhan 58:
· Developed by: Bangladesh Rice Research Institute (BRRI), Gazipur, Bangladesh.
·  Method of development/origin: Hybridization
·  Year of release: 2012
· Main characteristics: 
i. Plant height 100-105 cm. 
ii.  In vegetative stage size and shape taller than BRRI dhan 29.
iii. Grain as like BRRI dhan 29 but slight slender.
iv. 1000 grain weight 24 gm. 
v. Ripe grain colour as like straw colour, 
vi. Lifetime: 150-155 days
· Planting season and time: Boro, seedling in seed bed late November to Mid-December.
· Harvesting time: Mid-April to early May.
· Yield: 7-7.5 t ha-1
· Resistance/tolerance: Medium, wilt disease tolerant.

Genotypic Characteristics of BRRI dhan 28
· Developed by: Bangladesh Rice Research Institute (BRRI), Gazipur, Bangladesh.
· Method of development/origin: Hybridization/ BR 601-3-3-4-2-5.
· Year of release: 1994
· Main characteristics: Plant height 90 cm, clean rice, medium, slender and white
·  Planting season and time: Rabi, Boro, Mid to late November
· Harvesting time: Early to Mid-April.
· Yield: 6.0  t ha-1
· Resistance/tolerance: Moderately resistance to blast
[bookmark: _Hlk138683690]



Genotypic Characteristics of BRRI dhan 89
· Developed by: Bangladesh Rice Research Institute (BRRI), Gazipur, Bangladesh.
· Method of development/origin: Crossing between BRRI dhan 58 and Oryza rufipogon.
· Year of release: 2018
· Main characteristics: 
i. High yielding variety. 
ii. Transplanted boro.  
iii. Content of amylose is 28.5%. 
iv.  Crop duration 154-158 days. 
v. Protein content is 9.8%. 
vi. 1000 grain weight 24.4 gm. 
vii. Plant height: 106 cm.
· Planting season and time: Boro
· Harvesting time: April to May
· Yield: 8.0-9.7 t ha-1
· Resistance/tolerance: Medium wilt disease tolerant.

[bookmark: _Hlk138683714]Genotypic Characteristics of BRRI dhan 100
· Developed by: Bangladesh Rice Research Institute (BRRI), Gazipur, Bangladesh
· Year of release: 2020
· Main characteristics: 
i.  It is a modern plant type with 101 cm plant height and matures by 148 days.
ii. Identifying characters of this variety are green leaves. 
iii. Intermediate plant height.
iv.  Erect flag leaf. 
v.  Medium slender grain. 
vi. Intermediate leaf senescence grain.
· Planting season and time: Boro, seedling in seed bed 15 November -30 November
· Harvesting time: Mid-April to early May
· Yield: 7.7-8.8 t ha-1
· Resistance/tolerance: Medium wilt disease tolerance.
Genotypic Characteristics of BRRI dhan 67
· Developed by: Bangladesh Rice Research Institute (BRRI), Gazipur, Bangladesh.
· Method of development/origin: Cross
· Year of release: 2014
· Main characteristics: 
I. High yielding variety.
II. Plant height 100 cm.  
III. Rice medium slender and white. 
IV. Lifetime 140-150 days.
· Planting season and time: Seedling in seed bed 15 November -15 December.
· Harvesting time: 14 April-28 April.
· Yield: 3.8-7.4 t ha-1
· Resistance/tolerance: Salt tolerant.

Varietal Characteristics of BRRI dhan 68
· Developed by: Bangladesh Rice Research Institute (BRRI), Gazipur, Bangladesh
· Method of development/origin: Hybridization
· Year of release: 2014
· Main characteristics: 
I. High yielding variety. 
II. Plant height 95 cm.  
III. Rice medium broad.  
IV. 1000 grain weight 27.4gm.  
V. Lifetime: 149 days.
· Planting season and time: Boro, seedling in seed bed 15 November -30 November.
· Harvesting time: 14 April-28 April.
· Yield: 7.3 t ha-1
· Quality of product: Protein 7.7% and amylase 25.7% in rice.






Varietal Characteristics of BRRI dhan 81
· Developed by: Bangladesh Rice Research Institute (BRRI), Gazipur, Bangladesh.
· Method of development/origin: Hybridization crossing between Amol-3 (Iranian rice variety) and BRRI dhan-28.
· Year of release: 2017.
· Main characteristics: 
i. High yielding variety.
ii. Plant stout. 
iii. Tiller dense on the base of plant. 
iv. Not lodging.  
v. Grain medium slender.  
vi. 1000 grain weight 20.3 gm. 
vii. Crop duration 140-145 days.
· Planting season and time: Seedling in seed bed November-December
· Harvesting time: May to June
· Yield: 6.0-6.5 t ha-1
· Resistance/tolerance: Lodging

Varietal Characteristics of BRRI dhan 84
· Developed by: Bangladesh Rice Research Institute (BRRI), Gazipur, Bangladesh
· Method of development/origin: Hybridization
· Year of release: 2017
· Main characteristics: 
i. High yielding transplanted boro variety. 
ii. The content of amylose is 25.5%.  
iii. Crop duration 140-145 days. 
· Protein content is 8.3%.
· Planting season and time: Boro
· Harvesting time: May-June
· Yield: 6-6.5 t ha-1



Varietal Characteristics of BRRI dhan 88
· Developed by: Bangladesh Rice Research Institute (BRRI), Gazipur, Bangladesh
· Method of development/origin: Anther culture
· Year of release: 2018
· Main characteristics: 
i. High yielding variety. 
ii. Transplanted boro.
iii. Content of amylose is 26.3%.  
iv. Crop duration 140-143 days. 
v. Protein content is 9.8%. 
vi. 1000 grain weight 22.1 gram.
· Planting season and time: Boro
· Harvesting time: June-August
· Yield: 7.0-8.5 t ha-1
[bookmark: _Hlk138583557]
Varietal Characteristics of BRRI dhan 29
· Developed by: Bangladesh Rice Research Institute (BRRI), Gazipur, Bangladesh.
· Method of development/origin: Origin BR 802-118-4-2.
· Year of release: 1994
· Main characteristics: Plant height:  95 cm, medium slender, and white.
· Planting season and time: Rabi, Boro, late October to Mid-November
· Harvesting time: Mid-April to early May
· Yield: 7.5  t ha-1
· Resistance/tolerance: Moderately resistance to leaf blight, sheath blight.
3.7. Treatments
The experiment will be conducted by following treatments with factors:
Factor A: 10 different boro rice genotypes
[bookmark: _Hlk153837099]G1 = BRRI dhan 29
G2 = BRRI dhan 88
G3 = BRRI dhan 84
G4 = BRRI dhan 81
G5 = BRRI dhan 28
G6 = BRRI dhan 67
G7 = BRRI dhan 100
G8 = BRRI dhan 89
G9 = BRRI dhan 68
G10 = BRRI dhan 58
Factor B: Four different Environments/ locations:
E1= Agronomy Department, Hajee Mohammad Danesh Science and Technology University, Dinajpur
E2= Bangladesh Rice Research Institute (BRRI), Rangpur 
E3= Bangladesh Agricultural University, Mymensingh
E4= Sylhet Agricultural University, Sylhet 
3.8. Experimental design, layout and treatment combination
3.8.1. Experiment design
The experiment was laid out in a Completely Randomized Design (CRD).
3.8.2 Experimental Layout
The experimental layout is shown in (Figure 4). 
[image: C:\Users\ME\Desktop\Capture.PNG] (
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Fig. 3.3 Layout of experimental plot
3.9. Experimental procedure and crop management
3.9.1. Collection of seed
The selected boro rice varieties were collected from Bangladesh Rice Research Institute (BRRI), Gazipur, Bangladesh. Before sowing, the seeds were treated with vitavax-200 for better germination in the laboratory and the percentage of germination was found to be over 90 % for the variety.
3.9.2. Raising seedlings in nursery bed 
A nursey bed was prepared for sowing of those collected seeds. Firstly, a suitable location with good drainage and access to irrigation water was chosen. Next, the area was cleared of weeds, rocks, and debris to create a clean and smooth surface. Once the site was clear, the soil was plowed or tilled to loosen it and create a fine texture. This process helps improve soil aeration and allows the rice seeds to germinate more easily. Finally, the nursery bed was leveled to ensure uniform water distribution during irrigation, promoting consistent growth and development of the rice seedlings.
3.9.3. Pot preparation
The experimental pot was prepared on 7 December 2021. The clods of the land were hammered to make soil into small pieces. Weeds, stubbles, and crop residues were removed from the land. The final ploughing and land preparation was done on 14 December 2021. The layout was done as per experimental design on 16 December 2021.
3.9.4. Application of fertilizer
Fertilizer application ha-1:
Urea		: 250 kg
TSP		: 90 kg
MOP		: 150 kg
Gypsum	: 110 kg
Zn		: 10 kg
3.9.5. Transplanting
Transplanting was done from the nursery bed to the pot on 16th February 2022.

3.9.6. Intercultural Operations: 
Intercultural operations were done to ensure proper growth. Thinning and gap filling were done simultaneously at 15 and 30 days after transplanting. Irrigation was given frequently in order to maintain a suitable moisture level. Another, weeding operation was done two times during the period. Weeds that were found during experiment mainly were Echinochloa colona (Khudey shama) and Cynodon dactylon (Durba). Weeds were controlled by uprooting from the field. 

3.9.7. Insect and Pest control:
There was no major infection of disease in the field, but the crop was infested with rice bug and green leaf hopper was controlled successfully by spraying chlorpyrifos 50EC and cultural control respectively. 
3.9.8. Harvesting and Threshing:
On 15 April 2022, crop harvesting was started and continued till first of May because different rice varieties have different life duration. Plant samples of each unit plot were collected prior to harvest. Threshing was done when the samples were dried properly to collect data on yield. The fresh weight and sundry weight of the grain were recorded.
3. 10. Data collection
Data were collected based on the yield and yield characteristics of the rice plant. The characteristics were:
i. Plant height at 3 times (cm) (vegetative stage, flowering stage, maturity stage)
ii. Tiller number plant-1 (no.)
iii. Flag leaf length (cm)
iv. Flag leaf width (cm)
v. Leaf area (cm2)  
vi. Panicle number plant-1 (no.)
vii. Grain number per panicle (no.)
viii. Panicle length (cm)
ix. Fresh weight of leaf (g)
x. Dry weight of leaf (g)
xi. Harvest index (%)
xii. Biological yield (t ha-1)
xiii. Economic yield (t ha-1)
xiv. 1000 Grain Weight (g)
xv. Yield per plant (gm
xvi. Yield per genotype (t ha-1)
3.10.1. Plant height (cm)
In every pot, one plant was randomly selected for a measurement of the plant height. The plant height of the selected plant was measured from the ground level to the tip of the plant at 25, 50, 75 DAT and harvesting stage. Plant height is always measured in centimeters.
3.10.2. Tiller number plant-1 (no.)
Tiller number plant-1 (no.) was measured of selected plant at 25, 50, 75 DAT and harvesting time.
3.10.3. Leaf area (cm2)  
Leaf area was measured by multiplying the flag leaf length and flag leaf width.
3.10.4. Panicle number plant-1 (no.)
Panicle number plant-1 (no.) was recorded during harvesting.
3.10.5. Fresh weight of leaves (g)
Fresh weight of leaves was recorded in gram at 25, 50, 75 DAT.
3.10.6. Dry weight of leaves (g)
The dry weight of leaves was recorded in gram at 25, 50, 75 DAT.
3.10.7. 1000 Grain Weight (g)
A total of 1000 dried seeds were collected from the ten plants that were chosen. After counting, the seeds were weight and converted the measurement into gram.
3.10.8. Biological yield (t ha-1)
Biological yield is the total biomass produced above the soil. Biological yield was measured by the following formula and expressed in t ha-1;
Biological yield= Grain yield + Straw yield
3.10.9. Straw yield (t ha-1)
After harvesting, the straw from each unit plot was dried in the sun and weighed. The result was expressed as t ha-1. Straw yield was measured by the following formula. 
[image: ]

3.10.10. Harvest Index (%)
Harvest index was determined by dividing the economic yield (grain yield) to the biological yield (grain yield + straw yield) from the same area and then multiplied by 100. It is expressed by the following formula; 

3.11. Data analysis using Statistical programme 
The analysis of variance (ANOVA) function, the relationship between different varieties with different environments was evaluated by the least significant difference (LSD) used for mean comparisons at a 5% probability level using R program (version 4.2.1). Mean comparison between the treatments (Genotypes), correlation graphs, AMMI figures (PCA) were done by using the R program (version 4.2.1). Origin Pro 2022 (version-9.8.200) software was used to do the weather graphs.


CHAPTER IV
RESULTS AND DISCUSSION
The results of the present investigation in boro rice on various aspects of variation and stability analysis are presented under the following heads:
1. Analysis of variance
2. Mean performance of grain yield over different environments
3. Estimation of range, mean, variance for genotype and phenotype 
4. Coefficient of variance, broad sense heritability, and genetic advance
5. Correlation of yield and yield related traits of ten boro rice genotypes with different environment
6. Joint regression analysis of variance
7. Stability analysis
8. Interaction Biplot of AMMI model
9. IPCA interactions 

4.1 Analysis of variance
[bookmark: _Hlk139908046]Analysis of variance was carried out for pooled data (Table 4.1) which indicated highly significant differences among the genotypes for maximum characters.  Except for panicle length (23.25), and total grain weight (19.24) had a non-significant relation in each of the four environments which indicated that a significant amount of genetic variability was presented in the tested material for all important traits. Thus, selection for superior genotypes for the particular morphological character that show a positive correlation with grain yield is possible. Similar, findings have also been reported in rapeseed by Mahla et al. (2003), Upadhyay and Kumar (2008), Kumar et al. (2011) and Singh et al. (2010). Pooled analysis of variance was carried out to determine the estimate of genetic variation in the genetic material under investigation that revealed significant differences between the environments (created by sowing in different locations) for all the characters. Variance due to genotypes was highly significant for most of the characters except for panicle length, and total grain weight indicating significant differences between the genotypes. 
Mean square due to the environment was highly significant for all the characters i.e., plant height (441.96), tiller number (64.02), panicle number (390.80), panicle length (81.09), total dry weight (106.59), total grain weight (39.16), 1000 grain weight (2569.12), harvest index (15218.2), leaf area index (0.94), filled grain (193887) unfilled grain (6721.5) and grain yield (18570549). The result showed that the environments are different. 
Mean square due to genotype x environment interaction was also highly significant for the characters of plant height (98.22), tiller number (4.76), panicle number (7.69), total grain weight (315.50), harvest index (11.6), filled grain (15522), unfilled grain (3771.0) and grain yield (791241). Except for panicle length (10.41) and total dry matter (20.12), 1000 grain weight (9.11) and leaf area index (0.22) had non-significant relation with genotypes x environment interaction. The significance of variance due to genotype x environment interaction indicated that genotype had a variable performance for different Characters over the diverse environments. Thus, it was essential to know the source or cause of variation in the performance of the genotype over the different environments. Similar findings of significant G (genotypes) x E (environment) interaction also have been reported by Khan et al. (2008), Badiger et al. (2009), Patel and Arha (2012) and Kumar et al. (2012). Thus, analysis of variance was carried out environment wise that has been presented in Appendix 1. 
Table 4.1: Pooled analysis of variance (ANOVA) for various morphological traits in ten boro rice genotypes
	Sources
	df
	Mean sum of squares

	
	
	PH
	TN
	PN
	PL
	TDW
	TGW

	Replication  (R)
	2
	141.08**
	12.65**
	1.62ns
	149.11
	77.02*
	75.71**

	Genotypes (G)
	9
	88.18**
	6.55**
	7.68**
	23.25ns
	42.66*
	19.24ns

	Environments (E)
	3
	441.96**
	64.02**
	390.80**
	81.09**
	106.59**
	39.16**

	Genotypes x Environments (G×E)
	27
	98.92**
	4.76**
	7.69**
	10.41ns
	20.12ns
	315.50**

	Residuals
	78
	16.39
	2.25
	2.67
	12.68
	19.28
	9.22

	CV (%)
	
	3.40
	11.92
	10.01
	10.09
	8.71
	9.12

	LSD (%)
	
	3.23
	1.20
	1.33
	2.89
	3.52
	2.47



Table 4.1: Continue.
	Sources
	df
	Mean sum of squares

	
	
	1000 GW
	HI
	LAI
	FG
	UFG
	GY

	Replication (R)
	2
	45.63**
	6.34**
	0.80*
	112321**
	18190.2**
	9116551**

	Genotypes (G)
	9
	18.10*
	10.1**
	0.51**
	37743**
	9077.0**
	1905344**  

	Environments (E)
	3
	2569.12**
	15218.2**
	0.94**
	193887**
	6721.5*
	18570549**

	Gen x Env (G×E)
	27
	9.11ns
	11.6**
	0.22ns
	15522**
	3771.0*
	791241 **

	Residuals 
	78
	7.56
	1.1
	0.17
	9781
	440.7
	670985                      

	CV
	
	9.55
	8.56
	18.33
	14.05
	16.18
	13.12

	LSD
	
	2.24
	0.85
	0.33
	80.36
	36.58
	667.68



Here, PH = Plant Height (cm), TN = Tiller Number hill-1, PN = Panicle Number hill-1, PL = Panicle Length (cm),  TDW = Total Dry Weight (g), TGW = Total Grain Weight (g),  1000 SW = 1000 Grain Weight (g), HI = Harvest Index (%),  LAI = Leaf Area Index,  FG = Filled Grain (no.), UFG = Unfilled Grain (no.), GY= Grain Yield (t ha-1). 
* = Significant at P = 0.05, ** = Significant at P = 0.01











4.2 Mean performance of grain yield over different environments
Differences in mean grain yield performance of 10 boro rice genotypes were presented in all the environments. Among the tested genotypes, one genotype (BRRI dhan 89) gave higher grain yield value 6922 kg ha-1 (Table 4.2) and the overall relative mean value of 6240 kg ha-1. The second highest grain yield was shown from genotype (BRRI dhan 67) with overall mean value 6470 kg ha-1 and the lowest (5618 kg ha-1) grain yield  from BRRI dhan 68 respectively. Therefore, genotype BRRI dhan 89 was the top performer while G6 (6470 kg ha-1), G5 (6415 kg ha-1), G4 (6340 kg ha-1) were moderate performer genotypes. Besides G1 (5798 kg ha-1) and G3 (5883 kg ha-1) were the poorest yielders. 
Table 4.2. Grain yield of ten boro rice genotypes among different environments 
	[bookmark: _Hlk153837208]Sl. No
	Code
	Name of the Genotypes
	Yield (kg ha-1)

	
	
	
	Dinajpur
(E1)
	Rangpur
(E2)
	Mymensingh (E3)
	Sylhet
(E4)
	Mean

	1
	G1
	BRRI dhan 29
	6728d
	5528e
	5704c
	5234ab
	5798

	2
	G2
	BRRI dhan 88
	7013c
	5941e
	5554d
	6204a
	6178

	3
	G3
	BRRI dhan 84
	6578d
	6577c
	5238e
	5141ab
	5883

	4
	G4
	BRRI dhan 81
	7317b
	6423c
	5975b
	5644ab
	6340

	5
	G5
	BRRI dhan 28
	7729b
	6570c
	6123b
	5240ab
	6415

	6
	G6
	BRRI dhan 67
	7664b
	6148d
	5828c
	6241a
	6470

	7
	G7
	BRRI dhan 100
	7134c
	7556a
	6344a
	5685ab
	6705

	8
	G8
	BRRI dhan 89
	8797a
	7519a
	6302a
	5072b
	6922

	9
	G9
	BRRI dhan 68
	6038e
	5988e
	5375e
	5071b
	5618

	10
	G10
	BRRI dhan 58
	7234c
	6747b
	5362e
	4953c
	6074

	
	
	Mean
	7205
	6372
	5780
	5448
	6372

	
	
	LSD (5%)
	0.08
	0.10
	0.11
	0.09
	

	
	
	CV (%)
	4.20
	5.34
	5.42
	4.04
	

	
	
	F test 
	**
	**
	**
	**
	



Besides genotype BRRI dhan 100 gave the highest yield at Rangpur (7556 kg ha-1). Mymensingh (E3) had high yielding genotype BRRI dhan 100 with (6344 kg ha-1) and Sylhet (E4) had high yielding genotype BRRI dhan 67 with (6241 kg ha-1) respectively.  Different genotypes showed inconsistent performance across all the environments. On the other hand, BRRI dhan 68, BRRI dhan 29, BRRI dhan 84 and BRRI dhan 67 remained at the lowest yield producing genotype at different environments with 6038 kg ha-1 at Dinajpur (E1); 5528 kg ha-1 at Rangpur (E2); 5238 kg ha-1 at Mymensingh ((E3) and 4953 kg ha-1 at Sylhet (E4) environment. This result is very similar to Akter et al. (2015).
4.3 Estimation of range, mean, variance, variance for genotype and phenotype
4.3.1 Range and mean result of the ten boro rice genotypes
Comparison of the means and range over the environments gives an idea about the suitability of an environment for character expression. In the present investigation, comparison of the mean (over genotype and replications) (Table 4.3) for different characters in four environments, it was found that mean of plant height was the highest in Sylhet (E4): 122.00 cm and the lowest in Dinajpur (E1):113.50 cm. In tiller number plant-1, the highest mean was found in Mymensingh (E3): (13 no.) and the lowest in Dinajpur (E1): (8.0 no.). The mean of panicle number plant-1 was the highest in Dinajpur (E1): (17 no.) and the lowest in both Rangpur (E2) and Mymensingh (E3) with (9.0 no.). The mean of total dry weight plant-1 was the highest in Sylhet (E4): (43.14 g) and the lowest in Rangpur (E2): (38.57 g). The mean of total grain weight plant-1 was the highest in Sylhet (E4): (27.33 g) and the lowest in Rangpur (E2): (17.19 gm). The mean of 1000 Grain Weight was the highest in Sylhet (E4): (43 g) and the lowest in Rangpur (E2): (24.0 g). The mean harvest index was the highest in Dinajpur (E1): (45.95%) and the lowest in Rangpur (E2): (38.51%). The mean of the highest leaf area index was found in Rangpur (E2): (2.10) and the lowest one in Dinajpur (E1): (1.68). The mean the highest filled grain was shown in Rangpur (E2): (790 no.) and the lowest in Mymensingh (E3): (630 no.). While the highest unfilled grain was shown Mymensingh (E3): (275 no.) and the lowest in Dinajpur (E1): (240 no.). In addition, the highest grain yield shown in Rangpur (E2): (7205 kg ha-1) and the lowest in Sylhet (E4): (5448 kg ha-1).
In the present investigation, Dinajpur (E1) environment was found better mean only for one yield contributing character of harvest index. Rangpur (E2) environment showed a better mean for leaf area index, filled grain and grain yield. Sylhet (E4) environment showed high mean for total dry weight plant-1, total grain weight plant-1, 1000 grain weight.  However, the Mymensingh (E3) environment had no better mean performance for any character. Therefore, Mymensingh (E3) environment was a poor environment compared to other environments for producing better yield. Besides, Rangpur (E2) and Sylhet (E4) environment had better prospective for producing yield. 
Table 4.3: Range, mean variance for yield and component traits in ten different boro rice genotypes in each environment
	Sl. No
	Characters
	Range
	Mean

	
	
	Environment
	Environment

	
	
	E1
	E2
	E3
	E4
	E1
	E2
	E3
	E4

	1
	PH
	96-124
	111-122
	114-123
	117- 124
	113.5
	121.5
	119
	122

	2
	TN
	8-13
	11-13
	14-16
	9-11
	8
	12
	13
	10

	3
	PN
	15-21
	12-15
	9-11
	14-17
	17
	9
	9
	15

	4
	PL
	24.27-26.20
	24.40-29.0
	18-27
	22.47-27.63
	25.67
	24.27
	23.31
	24.72

	5
	TDW
	35.44-43.73
	37.13-41.77
	36.47-44.53
	38-45
	40.74
	38.57
	40.26
	43.14

	6
	TGW
	22-25.33
	14-21
	21.20- 23.93
	22.95-30.46
	23.26
	17.39
	22.25
	27.33

	7
	1000 GW
	22-26.67
	22-24.33
	22-28
	40-46
	24.40
	24.0
	24.53
	43

	8
	HI
	38-50
	54-61
	45 - 53
	55-62
	45.95
	38.51
	41.20
	40.20

	9
	LAI
	1.46-1.96
	1.71-2.39
	1.27-2.32
	1.49-2.28
	1.68
	2.10
	1.74
	1.82

	10
	FG
	579-904
	696-904
	528-727
	557-725
	754
	790
	630
	642

	11
	UFG
	190-307
	189-315
	214-368
	216-296
	240
	254
	275
	248

	12
	GY
	5528-7234
	6038-8797
	5368- 6344
	5234-6241
	6372
	7205
	5780
	5448



Here, PH = Plant Height (cm), TN = Tiller Number (no.), PN = Panicle Number (no.), PL = Panicle Length (cm),  TDW = Total Dry Weight (g), TGW = Total Grain Weight (g),  1000 GW = 1000 Grain Weight (g), HI = Harvest Index,  LAI = Leaf Area Index (%),  FG = Filled Grain (no.), UFG = Unfilled Grain (no.), GY= Grain Yield (t ha-1). 

Comparison to ranges (Table 4.3) of different characters in the four environments indicated that first environment Dinajpur (E1) had widest range only for panicle number (15-21 no.). Second environment Rangpur (E2) had widest range for panicle length (24.40-29.0), leaf area index (1.71-2.39), filled grain plant-1 (696-904) and grain yield (6038-8797). Third environment Mymensingh (E3) had widest range for tiller number plant-1 (14-16 no.) and unfilled grain plant-1 (214-368 no.). Forth environment Sylhet (E4) had widest range for plant height (117-124 cm), total dry weight (38-45 gm), total grain weight (22.95-30.46 g), 1000 grain weight (40-46 g), and harvest index (55-62). Result showed that all the environments had flexibility for the range of yield contributing characters. Thus, forth environment Sylhet (E4) had a widest range for most (six characters) of the characters, and Rangpur (E2) environment had the widest range for (four characters) of the yield contributing characters. Therefore, these two environments were ideal for screening the boro rice genotype. The performance of the means and range of different rice genotypes also reported by Kumari et al. (2018) and Rout et al. (2019).
4.3.2 Variance for genotype and variance for phenotype ([image: ] and [image: ]) 
Genotypic and Phenotypic are simple measures of variability and these are commonly used for the assessment of variability among the genotypes. The relative values give an idea about the magnitude of variability present in a genetic population. Thus, the components of variation such as variance for genotype ([image: ]) and variance for phenotype   ([image: ]) were computed. The variance for phenotype was marginally higher than the variance for genotype indicated the influence of environment in the expression of the character under study. Variance for genotype ([image: ]) and variance for phenotype ([image: ]) are categorized as low, moderate and high as suggested by Sivasubramanium and Madhavamenon (1973).
Results from the present study (Table 4.4), Dinajpur (E1) indicated- high genotypic variance ([image: ]) and phenotypic variance ([image: ]) for plant height (14.75% and 23.56%); panicle number plant-1 (13.99%, and 28.72%); harvest index (7.42% and 22.00%); leaf area index (24.11% and 58.67%). 
Moderate genotypic variance ([image: ]) and phenotypic variance ([image: ]) values for filled grain plant-1 (11.11% and 21.00%), unfilled grain plant-1 (11.66% and 21.63%); grain yield (5854% and 12224.11%). Low genotypic variance ([image: ]) and phenotypic variance ([image: ]) values for tiller number plant-1 (3.77% and 13.56%); panicle length (2.89 % and 6.59%); total dry weight (5.67 % and 8.75%) and total grain weight (5.45% and 7.49%).

Table 4.4: Variance for genotype and variance for phenotype for yield and component traits in different boro rice genotypes in each environment

	Sl. No.
	Characters
	Variance for genotype ([image: ] %)
	Variance for phenotype ([image: ])

	
	
	E1
	E2
	E3
	E4
	E1
	E2
	E3
	E4

	1
	PH
	14.75
	9.54
	14.71
	13.40
	23.56
	17.56
	17.12
	18.20

	2
	TN
	3.77
	4.27
	4.71
	3.40
	8.45
	8.88
	7.78
	6.77

	3
	PN
	13.99
	12.99
	13.16
	13.17
	28.72
	23.12
	23.11
	16.34

	4
	PL
	2.89
	4.24
	5.13
	4.67
	6.59
	8.00
	8.40
	8.90

	5
	TDW
	5.67
	10.56
	10.77
	5.71
	8.75
	8.77
	21.23
	9.12

	6
	TGW
	5.45
	11.86
	5.00
	5.10
	7.49
	16.23
	6.77
	7.89

	7
	1000 GW
	6.84
	6.19
	6.39
	4.03
	13.30
	12.12
	12.00
	9.30

	8
	HI
	7.42
	4.11
	6.52
	4.14
	22.00
	7.67
	13.44
	9.34

	9
	LAI
	24.11
	17.25
	22.49
	24.00
	58.67
	35.00
	27.23
	28.10

	10
	FG
	11.11
	11.13
	12.00
	10.00
	21.00
	25.34
	18.34
	23.30

	11
	UFG
	11.66
	12.00
	10.35
	11.15
	21.63
	22.13
	21.40
	23.44

	12
	GY
	5854
	6773
	6528
	5554
	12224.11
	12445
	17566
	12456


Note: [image: ] = variance for genotype, [image: ] = variance for phenotype. Here, E1= Dinajpur; E2= Rangpur, E3= Mymensingh, E4= Sylhet

Rangpur (E2) indicated –high [image: ] and, [image: ] values for panicle number plant-1 (12.99%, and 23.12%); leaf area index (17.25% and 35.00%) and grain yield (6773 and 12445%). Moderate [image: ] and, [image: ] values for total dry weight (10.56% and 8.77%), total grain weight (11.86% and 16.23%), filled grain (11.13% and 25.34%), unfilled grain (12.00 % and 22.13%). Low [image: ] and [image: ]  values for plant height (3.77% and 13.56%); panicle length (2.89 % and 6.59%); total dry weight (9.54 % and 17.56%); tiller number (4.77 % and 8.88%); panicle length (4.24 % and 8.00%); 1000 grain weight (6.19% and 12.12%) and harvest index (4.11% and 7.67%). 
Mymensingh (E3) indicated - high [image: ] and, [image: ] values for panicle number plant-1 (14.71%, and 23.11%); leaf area index (17.25% and 35.00%) and grain yield (6773 and 12445%). Moderate [image: ] and, [image: ] values for filled grain (12.00% and 18.34%), unfilled grain (10.35 % and 21.40%). Low [image: ] and [image: ]  values for tiller number (4.71% and 7.78%); panicle length (5.13 % and 8.40%); total grain weight (9.54 % and 17.56%); tiller number (5.00 % and 6.77%); 1000 grain weight (6.39% and 12.00%) and harvest index (6.52% and 13.44%). 
Sylhet (E4) indicated - high [image: ] and, [image: ] values for plant height (13.40%, and 18.20%); panicle number plant-1 (13.17% and 16.34%) leaf area index (24.00% and 28.10%) and grain yield (5554% and 12446%). Moderate [image: ] and, [image: ] values for filled grain (10.00% and 23.30%), unfilled grain (11.15 % and 23.44%). Low [image: ] and [image: ]  values for tiller number (3.40% and 6.77%); panicle length (4.67 % and 8.90%); total dry weight (5.71 % and 9.12%); total grain weight (5.10 % and 7.89%); 1000 grain weight (4.03% and 9.30%) and harvest index (4.14% and 9.34%).
So, from the above analyzed data, it was observed that genetic parameters of variance were estimated for all the characters in each of the environments which indicated that - high [image: ] and, [image: ] for plant height, panicle number, leaf area index, filled grain, unfilled grain, and grain yield. Uddin et al. (1995) have also recorded similar findings for seed yield. Tripathi et al. (2013) for plant height. Moderate [image: ] and, [image: ] were observed for total dry weight, total grain weight. Similar findings have also been recorded by Rout et al. (2019) for siliqua length, siliqua/plant, seed/siliqua, biological yield. Kumar et al. (2015) found straw yield. Low [image: ] and, [image: ] were observed for tiller number, panicle length, 1000 Grain Weight and harvest index. Same results have also been recorded 1000 Grain Weight; Kumari et al. (2018) for siliqua length. 
4.4. Coefficient of Variance
4.4.1 Genotypic Coefficient of Variance (GCV) and Phenotypic Coefficient of variance (PCV) 
Results from the present study (Table 4.5), E1 (Dinajpur) indicated- high genotypic coefficient of variance (GCV) and phenotypic coefficient of variance (PCV) for harvest index (15.79% and 20.00%), leaf area index (13.63%, and 21.85%) and grain yield (13.89% and 17.71%). Moderate GCV and PCV values for total dry weight (7.20% and 9.56%), total grain weight (7.23% and 6.45%), and filled grain (7.48% and 23.17%). Low GCV and PCV values for plant height (2.95% and 3.60%), tiller number (1.27% and 9.44%), panicle number (6.54% and 8.20%), panicle length (5.45% and 9.20%). 
Rangpur (E2) indicated –high GCV and PCV values for harvest index (14.64% and 20.00%), leaf area index (16.15% and 26.28%) and grain yield (14.25% and 17.71%). Moderate GCV and PCV values for total dry weight (6.83% and 8.83%), total grain weight (8.94% and 9.38%), and 1000 Grain Weight (7.43% and 9.94%). Low GCV and PCV values for plant height (2.40% and 3.41%); tiller number (2.66% and 7.41%); panicle number (5.90 % and 9.60%); panicle length (4.62% and 8.40%); and unfilled grain (2.96 % and 5.97%).







Table 4.5: Genotypic coefficient variance and phenotypic co efficient variance for yield and component traits in ten boro rice genotypes in each environment
	Sl. No
	Characters
	Genotypic coefficient variance
(GCV %)
	Phenotypic coefficient variance                (PCV %)

	
	
	E1
	E2
	E3
	E4
	E1
	E2
	E3
	E4

	1
	PH
	2.95
	2.40
	3.61
	3.11
	3.60
	3.41
	4.20
	4.66

	2
	TN
	1.27
	2.66
	4.90
	3.86
	8.83
	7.41
	9.20
	7.66

	3
	PN
	6.54
	5.90
	3.84
	3.17
	8.20
	9.60
	9.20
	7.46

	4
	PL
	5.45
	4.62
	6.62
	9.99
	9.20
	8.40
	8.20
	9.03

	5
	TDW
	7.20
	6.83
	7.85
	7.31
	9.56
	8.83
	8.29
	7.63

	6
	TGW
	7.23
	8.94
	9.58
	7.32
	6.45
	9.38
	8.56
	7.62

	7
	1000 SW
	9.85
	7.43
	7.09
	6.19
	12.23
	9.94
	8.88
	8.68

	8
	HI
	15.79
	14.64
	14.97
	13.55
	20.00
	15.20
	15.00
	14.17

	9
	LAI
	13.63
	16.15
	15.67
	14.11
	15.85
	26.28
	22.60
	19.70

	10
	FG
	7.48
	5.25
	4.96
	4.96
	23.17
	25.80
	24.97
	22.96

	11
	UFG
	1.67
	2.96
	3.40
	3.35
	6.71
	5.97
	6.54
	6.46

	12
	GY
	13.89
	14.25
	13.11
	17.89
	17.71
	15.98
	15.25
	14.04


Note:  GCV = Genotypic Coefficient Variance, PCV = Phenotypic Coefficient Variance           
Here, E1= Dinajpur; E2= Rangpur, E3= Mymensingh, E4= Sylhet
Mymensingh (E3) indicated - high GCV and PCV values for harvest index (14.97% and 15.00%), leaf area index (15.67% and 22.60%), and grain yield (13.11% and 15.25%). Moderate GCV and PCV values for panicle length (6.62 % and 8.20%); total dry weight (7.85% and 8.29%), total grain weight (9.58% and 8.56%), and 1000 Grain Weight (7.09% and 8.88%). Low GCV and PCV values for plant height (3.61% and 4.20%); tiller number (4.90% and 9.20%); panicle number (3.84 % and 9.20 %); filled grain (4.96% and 24.92%); and unfilled grain (3.40 % and 6.54%).
Sylhet (E4) indicated - high GCV and PCV values for harvest index (13.55% and 14.17%), leaf area index (15.85% and 19.70%) and grain yield (17.89% and 14.04%). Moderate GCV and PCV values for panicle length (9.99% and 9.03%); total dry weight (7.31% and 7.62%), total grain weight (7.32% and 7.62%), and 1000 Grain Weight (6.19% and 8.68%). Low GCV and PCV values for plant height (3.11% and 4.66%); tiller number (3.86% and 7.66%); panicle number (3.17 % and 7.46 %); filled grain (4.96% and 22.96%); and unfilled grain (3.35 % and 6.46%).
[bookmark: _Hlk139975840][bookmark: _Hlk139975868][bookmark: _Hlk139975899]Therefore, from the above analyzed data it was observed that genetic parameters of variation were estimated for all the characters in each of the environments which indicated that - high GCV and PCV for harvest index, leaf area index, and grain yield. Arpan et al. (2018); Uddin et al. (1995) have also recorded similar findings. Moderate GCV and PCV values for panicle length, total dry weight, total grain weight, and 1000 Grain Weight. Rahim et al. (2023) also recorded the same result for 1000 grain weight. Low GCV and PCV values showed for plant height, tiller number plant-1, panicle number plant-1, filled grain plant-1, and unfilled grain plant-1. 
4.4.2 Broad Sense Heritability (b2)
Genetic contribution to phenotypic expression of a trait is better reflected by the estimates of broad sense heritability. The estimates of broad sense heritability were arbitrarily categorized into 3 major groups i.e., high heritability (> 80 %), moderate heritability (60 to 80%), and low heritability (< 60 %).  A higher estimate of heritability indicates the presence of more fixable variability. High heritability value was noted for all the characters with some exceptions in four environments (Table 4.6). 
[bookmark: _Hlk139977282]The high heritable characters were found – total dry weight (89%), 1000 Grain Weight (87%), harvest index (94%), leaf area index (91%), and grain yield (82%) of E1= Dinajpur; total grain weight (83%), 1000 Grain Weight (88%), harvest index (89%), and leaf area index (91%) of E1= Rangpur. In addition, total dry weight (82%), total grain weight (84%), 1000 Grain Weight (84%), harvest index (85%), leaf area index (90%), and grain yield (81%) of E3= Mymensingh; total dry weight (83%), 1000 Grain Weight (82%), harvest index (88%), and leaf area index (90%) of E4= Sylhet environments. High heritability estimates for most of the characters studied have been reported earlier also by Diwakar and Singh (1993), Sangwan et al. (1994), Uddin et al. (1995), Rambhajan et al. (1997), Mondal et al. (2000), Nagarajan et al. (2007), Shazia et al. (2011), Singh et al. (2013), Tripathi et al. (2013), Vermai et al. (2016).
In E1 (Dinajpur) exceptions were – plant height (68%), tiller number (11%), panicle number (68%), panicle length (75%), filled grain (70%) and unfilled grain (72%). In case of E2 (Rangpur) exceptions were- plant height (61%), tiller number (14%), panicle number (75%), panicle length (71%), filled grain (72%), and unfilled grain (70%). In E3 (Mymensingh) moderate and low heritable characters were found from plant height (63%), tiller number (13%), panicle number (70%), panicle length (72%), filled grain (74%) and unfilled grain (69%). In E4 (Sylhet) moderate and low heritable characters were found from plant height (61%), tiller number (11%), panicle number (72%), panicle length (69%), filled grain (71%) and unfilled grain (65%). Moderate heritability estimates for some traits had been reported earlier by Singh et al. (2003); Chauhan and Singh (2008); Singh et al. (2010), Akabari and Niranjana (2015), Lyngdoh et al. (2017), Kumar et al. (2018).
Table 4.6: Broad sense heritability (b2), genetic advance (GA), genetic advance as a (%) of mean for yield and component traits in ten boro rice genotypes in each environment.
	Sl. No
	Character
	Broad sense Heritability (b2)
	Genetic Advance
(GA %)
	Genetic Advance as a (%) of mean

	
	
	E1
	E2
	E3
	E4
	E1
	E2
	E3
	E4
	E1
	E2
	E3
	E4

	1
	PH
	68
	61
	63
	61
	6.45
	7.71
	6.42
	6.14
	4.67
	4.30
	3.44
	4.24

	2
	TN
	11
	14
	13
	11
	13.9
	6.36
	11.13
	10.09
	8.44
	8.20
	8.00
	9.23

	3
	PN
	68
	75
	70
	72
	6.56
	7.90
	7.35
	7.80
	7.11
	7.34
	8.55
	8.30

	4
	PL
	75
	71
	72
	69
	17.1
	17.43
	17.43
	15.80
	11.13
	11.08
	12.81
	10.80

	5
	TDW
	89
	61
	82
	83
	26.9
	24.56
	23.46
	23.71
	21.55
	21.24
	22.00
	19.33

	6
	TGW
	79
	83
	84
	78
	4.46
	4.50
	4.59
	4.45
	32.23
	29.31
	31.34
	30.65

	7
	1000 GW
	87
	88
	84
	82
	1.27
	1.39
	1.40
	1.38
	14.29
	14.53
	13.31
	14.49

	8
	HI
	94
	89
	85
	88
	22.5
	23.08
	21.07
	21.04
	29.10
	30.91
	31.70
	29.38

	9
	LAI
	91
	91
	90
	89
	5.60
	5.05
	1.48
	1.42
	28.20
	28.14
	29.44
	27.00

	10
	FG
	70
	72
	74
	71
	25.3
	23.47
	23.42
	23.42
	13.81
	12.42
	14.46
	14.90

	11
	UFG
	72
	70
	69
	65
	4.12
	3.42
	5.33
	5.11
	6.16
	6.32
	6.11
	6.11

	12
	GY
	82
	78
	81
	77
	0.09
	0.06
	0.04
	0.07
	14.77
	14.11
	13.90
	14.88



Here: b2 = broad sense heritability and GA = Genetic Advance
4.4.3 Genetic advance as percent of mean (GAM)
Genetic advance as a percent mean can be classified as low (<10%), moderate (10-20%), and high (>20%) (Johnson et al., 1955). In this study high GAM was observed for total dry weight of- E1 (21.55), E2 (21.24), and E3 (22.00); total grain weight of – E1 (32.23%), E3 (31.34%), E4 (30.65%); harvest index of - E1 (29.10%), E2 (30.91%), E3 (31.70%), E4 (29.38%). Results also showed that leaf area index of - E1 (28.20%), E2 (28.14%), E3 (29.44%), and E4 (27.00%) from (Table 4.6). Similar results were obtained by Mahla et al. (2003); Tripathi et al. (2019); Ray et al. (2019); Akabari et al. (2015); Kumari et al. (2018). 
This study represented moderate GAM was observed for panicle length of E1 (11.13%), E2 (11.08%), E3 (12.81), and E4 (10.80); 1000 grain weight of E1 (14.29%), E2 (14.53%), E3 (13.31%) and E4 (14.49%); filled grain of E1 (13.81%), E2 (12.42%), E3 (14.46%) and E4 (14.90%); grain yield of E1 (14.77%), E2 (14.11%), E3 (13.90%) and E4 (14.88%).  Rout et al. (2019) obtained similar results. This study represented low days to plant height of E1 (4.61%), E2 (4.30%), E3 (3.44%), E4 (4.24%). Tiller number plant-1 of E1 (8.44%), E2 (8.20%), E3 (8.00%), and E4 (9.23 %). Panicle number plant-1 of E1 (7.11%), E2 (7.34%), E3 (8.55%), and E4 (8.30%). Unfilled grain plant -1 of E1 (6.16%), E2 (6.32%), E3 (6.11%), and E4 (6.11 %). Previously the same result observed by Gadi et al. (2020).
Selection for the characters having high heritability coupled with high GAM is likely to accumulate more additive genes leading to further improvement of their performance. In the present investigation, high heritability along with high GAM was noticed for some characters such as total dry weight of E1, E3, and E4; total grain weight for E2 and E3; 1000 Grain Weight of E1, E2, E3 and E4; harvest index of E1, E2, E3, and E4; leaf area index of E1, E2, E3, and E4; grain yield of E1, and E3. These observations were in accordance with the results of Khulbe et al. (2000). Mahla et al. (2003) also observed high heritability coupled with high genetic advance as percent of mean for grain yield. This study showed high heritability with moderate genetic advance for plant height of E1, E2, E3 and E4; panicle number of E2, and E3; panicle length of E1; filled grain of E2 and E3. Rout et al. (2019) obtained similar results. This perusal showed low heritability with low genetic advance as percent of mean for days to tiller number of E1, E2, E3, and E4; Plant height of E2 and E4; panicle number of E1; panicle length of E4; total dry weight of E2; unfilled grain weight of E3 and E4. Jarman et al. (2020) also found low heritability with low genetic advance as percent of mean for some traits.
4.5 Correlation of yield related characters of ten boro rice genotypes with different environments
Several positive and negative effects of other yield contributing characters determine grain yield of a plant and hence it is very complex. Therefore, it is important to identify the other yield contributing characters and determine the degree of their positive and negative effects on grain yield. Therefore, information on the association of other characters with grain yield is of great interest to the breeders to define selection criteria for breeding in terms of yield. Generally, correlation shows relationships among independent characteristics and the degree of linear relationship between these characteristics. Genotypic and phenotypic correlation among the characters of the ten boro rice genotypes with four environments are presented in {Figure 4.1 (a,b,c,d)}.
In E1 (Dinajpur) environment, figure (4.1. a) plant height showed positive correlation with harvest index (0.93), leaf area index (0.92), filled grain plant-1 (0.75), tiller number plant-1 (0.86), panicle number plant-1 (0.85), and grain yield (0.63). Tiller number plant-1 had positive correlation with harvest index (0.88), leaf area index (0.89), filled grain plant-1 (0.72), panicle number plant-1 (0.83), and grain yield (0.65). Panicle number plant-1 had positive correlation with harvest index (0.80), leaf area index (0.87), and grain yield (0.67). Besides, harvest index negatively correlated with the leaf area index (0.89), filled grain plant-1 (0.78), and grain yield (0.59). The leaf area index negatively correlated with filled grain plant-1 (0.78) and grain yield (0.66). Therefore, harvest index, leaf area index, filled grain plant-1, tiller number plant-1, panicle number plant-1, had a strong correlation with grain yield. Hira et al. (2020), Ravindra et al. (2019) also observed correlation for yield traits.
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Fig. 4.1 (a): Correlation of yield and yield related traits of boro rice genotypes of E1 (Dinajpur) environment.
In E2 (Rangpur) environment, figure (4.7.b) showed plant height had a strong positive correlation with total grain weight (0.91), harvest index (0.84), leaf area index (0.82), filled grain plant-1 (0.94), unfilled grain plant-1 (0.94), tiller number plant-1 (0.80), 1000 Grain Weight (0.78), panicle number plant-1 (0.66), and grain yield (0.77). Tiller number plant-1 had a strong positive correlation with total grain weight (0.72), harvest index (0.80), filled grain plant-1 (0.83), unfilled grain plant-1 (0.81), 1000 Grain Weight (0.68), panicle number plant-1 (0.68), and grain yield (0.71). Panicle number plant-1 had strong positive correlation with harvest index (0.79), filled grain plant-1 (0.65), unfilled grain plant-1 (0.65), 1000 Grain Weight (0.67), and grain yield (0.53). Panicle length plant-1 had a high positive correlation with total dry weight (0.50). 1000 Grain Weight had a strong positive correlation with harvest index (0.88), leaf area index (0.70), filled grain plant-1 (0.76), unfilled grain plant-1 (0.79), total grain weight (0.63), and grain yield (0.55). Besides, total grain weight had a strong negative correlation with harvest index (0.75), leaf area index (0.72), filled grain plant-1 (0.87), unfilled grain plant-1 (0.87), and grain yield (0.70). Harvest index negatively correlated with the filled grain plant-1 (0.87), unfilled grain plant-1 (0.86), and grain yield (0.72). Leaf area index negatively correlated with filled grain plant-1 (0.77) and unfilled grain plant-1 (0.76). Filled grain plant-1 had a strong negative correlation with unfilled grain plant-1 (0.96) and grain yield (0.76). Unfilled grain plant-1 had a strong negative correlation with grain yield (0.78). Therefore, total dry weight, total grain weight, harvest index, leaf area index, filled grain plant-1, unfiled grain plant-1, tiller number plant-1, had a strong correlation with grain yield. Hira et al. (2020), Ravindra et al. (2019) also observed correlation for yield traits.
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Figure 4.1 (b): Correlation of yield and yield related traits of boro rice genotypes of E2 (Rangpur) environment.
In E3 (Mymensingh) environment, (Figure 4.7.c) showed plant height had a strong positive correlation with total grain weight (0.69), harvest index (0.96), leaf area index (0.89), filled grain plant-1 (0.95), unfilled grain plant-1 (0.51), tiller number plant-1 (0.86), 1000 Grain Weight (0.86), panicle number plant-1 (0.81), and grain yield (0.88). Tiller number plant-1 had a strong positive correlation with total grain weight (0.64), harvest index (0.86), leaf area index (0.77), filled grain plant-1 (0.82), unfilled grain plant-1 (0.30), panicle number plant-1 (0.79), 1000 Grain Weight (0.70), and grain yield (0.68). Panicle number plant-1 had strong positive correlation with total grain weight (0.72), harvest index (0.84), leaf area index (0.70), filled grain plant-1 (0.77), unfilled grain plant-1 (0.52), panicle length (0.64), 1000 Grain Weight (0.64), and grain yield (0.68). Panicle length plant-1 had a high positive correlation with total grain weight (0.50), harvest index (0.67), leaf area index (0.55), filled grain plant-1 (0.56), unfilled grain plant-1 (0.17), 1000 Grain Weight (0.46) and grain yield (0.53). 1000 Grain Weight had a strong positive correlation with total grain weight (0.70), harvest index (0.79), leaf area index (0.78), filled grain plant-1 (0.88), unfilled grain plant-1 (0.59), and grain yield (0.55). While Total dry weight had a negative positive correlation with all the yield contributing characters. Besides, total grain weight had a strong negative correlation with harvest index (0.64), leaf area index (0.66), filled grain plant-1 (0.67), unfilled grain plant-1 (0.63), and grain yield (0.69). The harvest index negatively correlated with leaf area index (0.84), filled grain plant-1 (0.91), unfilled grain plant-1 (0.46), and grain yield (0.76). Leaf area index negatively correlated with filled grain plant-1 (0.85) and unfilled grain plant-1 (0.46) and grain plant-1 (0.76). Filled grain plant-1 had a strong negative correlation with unfilled grain plant-1 (0.48) and grain yield (0.91). Unfilled grain plant-1 had a strong negative correlation with grain yield (0.54). Therefore, total grain weight, harvest index, leaf area index, filled grain plant-1, unfilled grain plant-1, tiller number plant-1, panicle number plant-1 had a strong correlation with grain yield. Hira et al. (2020), Ravindra et al. (2019) also observed correlation for yield traits.
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Figure 4.1 (c): Correlation of yield and yield related traits of boro rice genotypes of E3 (Mymensingh) environment
In E4 (Sylhet) environment, figure  (4.7.d) showed plant height had a strong positive correlation with tiller number plant-1 (0.84),  panicle length plant-1 (0.89), 1000 Grain Weight (0.94), total grain weight (0.90), total grain weight (0.84), harvest index (0.98), leaf area index (0.64), filled grain plant-1 (0.87), unfilled grain plant-1 (0.68), and grain yield (0.78). Tiller number plant-1 had a strong positive correlation with panicle length plant-1 (0.76), 1000 Grain Weight (0.83), total dry weight (0.76), total grain weight (0.77), harvest index (0.87), leaf area index (0.56), filled grain plant-1 (0.75), unfilled grain plant-1 (0.52), and grain yield (0.62). Panicle length plant-1 had a strong positive correlation with 1000 Grain Weight (0.87), total dry weight (0.89), total grain weight (0.83), harvest index (0.92), leaf area index (0.55), filled grain plant-1 (0.86), unfilled grain plant-1 (0.53), and grain yield (0.72). 1000 Grain Weight had a strong positive correlation with total dry weight (0.785), total grain weight (0.82), harvest index (0.93), leaf area index (0.64), filled grain plant-1 (0.87), unfilled grain plant-1 (0.65), and grain yield (0.77). Total dry weight had a strong positive correlation with total grain weight (0.78), harvest index (0.88), leaf area index (0.63), filled grain plant-1 (0.80), unfilled grain plant-1 (0.64), and grain yield (0.73). While Panicle number plant-1 had a minimum positive correlation with panicle length total plant-1 (0.069), 1000 Grain Weight (0.14), total dry weight (0.051), total grain weight (0.21), harvest index (0.11), leaf area index (0.15), filled grain plant-1 (0.12), unfilled grain plant-1 (0.03), and grain yield (0.047). 
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Fig. 4.1 (d): Correlation of yield and yield related traits of boro rice genotypes of E4 (Sylhet) environment
Besides, total grain weight had a strong negative correlation with harvest index (0.85), leaf area index (0.54), filled grain plant-1 (0.82), unfilled grain plant-1 (0.49), and grain yield (0.68). Harvest index negatively correlated with leaf area index (0.65), filled grain plant-1 (0.87), unfilled grain plant-1 (0.64), and grain yield (0.77). Leaf area index negatively correlated with filled grain plant-1 (0.57), unfilled grain plant-1 (0.37), and grain yield plant-1 (0.50). Filled grain plant-1 had a strong negative correlation with unfilled grain plant-1 (0.62) and grain yield (0.88). Unfilled grain plant-1 had a strong negative correlation with grain yield (0.62). Therefore, tiller number plant-1, panicle length plant-1, 1000 Grain Weight, total dry weight, total grain weight, harvest index, leaf area index, filled grain plant-1, unfilled grain plant-1 had a strong correlation with grain yield. From the above correlation results it was shown that E2 (Rangpur) and E4 (Sylhet) environments had more strong correlation with the yield contributing characters.  
4.6 Joint regression analysis of variance
As per the model given by Eberhart and Russell (1966) joint regression analysis for seed yield per plant and its components has been carried out and results were presented in (Table 4.7). In the joint regression analysis, the pooled deviation of the mean sum of square was tested against the pooled error mean sum of square, and where it was significant, all the other mean squares were tested against pooled deviation mean sum of square. If pooled deviation mean sum of square was non-significant, then pooled error was used for testing the statistically significant of the mean square. The joint regression analysis revealed significant variance due to genotype for all the characters. Non-significant difference among environment + (genotype [image: ] environment) was observed for all the characters. Nonsignificant variance due to environment (linear) was also found for all the characters in the experiment. 
Variance due to genotype x environment (linear) was significant for plant height, tiller number, panicle number, total dry weight, total grain weight, 1000 Grain Weight, harvest index, filled grain, unfilled grain, and grain yield. While non-significant for panicle length, and leaf area index. Supporting evidence for significant G × E (linear) for different traits has been reported by Chaudhary et al. (2004); Kumar et al. (1990) in Oleiferous brassica, and Singh et al. (1995) for plant height and grain yield in Oryza sativa. Pooled deviation was non-significant for all the characters. However, Badiger et al. (2009) observed significant pooled deviation in safflower for all traits except capitulum size and seed yield per plot.


Table 4.7: Joint regression analysis of four different environments with genotypes
	Source
	GEN
	ENV + (GEN x ENV)
	ENV (linear)
	GEN x ENV (linear)
	Pooled deviation
	Pooled error

	PH
	674**
	12.2ns
	8.88
	38.2**
	4.14
	33.1

	TN
	545**
	14.3 ns
	10.8
	40.5**
	4.13
	38.9

	PN
	67.6**
	124 ns
	8.82
	43.2**
	5.45
	41.2

	PL
	0.56**
	270 ns
	5788
	5.43ns
	2.23
	0.451

	TDW
	0.89**
	278 ns
	4455
	6.43**
	2.24
	0.567

	TGW
	67.9**
	234 ns
	12.5
	34.5**
	3.44
	37.6

	1000 SW
	0.88**
	0.088ns
	1.38
	0.074**
	0.0066
	0.0087

	HI
	66.4**
	292 ns
	5788
	6.42*
	1.37
	0.351

	LAI
	45.6**
	230 ns
	12.5
	33.4ns
	2.55
	0.678

	FG
	34.5**
	278 ns
	15.4
	33.5**
	2.67
	0.23

	UFG
	23.5**
	289 ns
	23.4
	35.7**
	1.89
	0.122

	GY
	2.46**
	1.024 ns
	2.264
	0.036**
	0.005
	0.003

	df
	9
	30
	2
	3
	15
	40



4.7 Stability analysis
Stability in the performance of a genotype/genotype is judged based on stability parameters, which are regression coefficient (bi) and deviation from regression (S2di). In addition, these parameters desirability of a genotype is also determined because of mean performance of the genotypes for a particular character over a range of diverse environmental conditions. Earlier Finlay and Wilkinson (1963) working with 277 barely genotype suggested that the unit regression coefficient (bi =1) should indicate average stability while greater than unity (bi > 1) indicate below average stability and less than unity (bi <1) indicate above average stability. Accordingly, absolute phenotypic stability would be expressed by the genotype having zero regression coefficient (bi = 0). The areas and conditions where agriculture is not advanced breeders may prefer to have stable genotype, but under advanced agricultural conditions, breeders would like to have genotype with above average performance in all environments. Obviously, high stability may not permit the exploitation of better environments. Therefore, the genotype was classified in conjunction with the mean performance of the genotype over the environments for desirability, along with the regression coefficient and deviation from the regression of the present investigation.
Several models have been proposed to assess the stability of the genotypes, out of these the model proposed by Eberhart and Russell (1966) has been widely used. Eberhart and Russell (1966) emphasized the need for both linear (bi) and non-linear (S2di) components of genotype x environment interactions in judging the phenotypic stability of the genotype. In this model, regression coefficient (bi) is considered the parameter of response, and deviation from regression (S2di) is the parameter of stability. A relatively lower value of bi, say around 1 will mean less responsive to the environmental change and therefore, more adaptive. If, however, bi is negative, the genotype may be grown only in poor environments. Deviation from regression (S2di), if significant, the performances of a genotype for a given environment may be predicted. Therefore, a genotype whose performance for a given environment can be predicted i.e., S2di is around 0 will be said to be a stable genotype. Results of stability and response of the genotypes under different environments according to Eberhart and Russel are discussed character-wise as follows: 
Plant Height 
[bookmark: _Hlk140050939]The regression coefficient (bi) ranged from -0.10 (BRRI dhan 89) to 1.18 (BRRI dhan 29). These differences in bi values indicated that all the genotypes responded differently to different environments. The genotypes have significant deviation mean square (S2di), suggesting that these genotypes have unstable performance across the testing environment (Worku and Zelleke, 2008). Here the S2di estimates were non significant for all the genotypes, indicating that genotypes were stable. BRRI dhan 88, BRRI dhan 81, BRRI dhan 28, BRRI dhan 68, BRRI dhan 58 having regression coefficient significantly close to unity indicated that the genotypes were desirable and stable across the environment. Oppositely, BRRI dhan 84, BRRI dhan 100, and BRRI dhan 89 had regression coefficient significantly lower than one and had negative values, so they exhibited above average stability. Genotypes having negative bi value may be grown in poor environments. Based on this report it can be suggested that such genotypes were desirable for poor environments. 
[bookmark: _Hlk140054379]Tiller Number Plant-1: 
[bookmark: _Hlk140054146]Table 4.8 showed that the regression coefficient (bi) ranged for tiller number plant-1 from 0.12 (BRRI dhan 88) to 1.11 (BRRI dhan 89). BRRI dhan 29, BRRI dhan 100, and BRRI dhan 89 having regression coefficient significantly higher showed below average stability or such genotypes were desirable for favorable environments. Besides BRRI dhan 84, BRRI dhan 81, BRRI dhan 28, and BRRI dhan 67 having regression coefficient significantly close to unity indicated that the genotypes were desirable and stable across the environment. Additionally, BRRI dhan 68, and BRRI dhan 88 had regression coefficient significantly lower than one and had negative value, so they exhibited above average stability and such genotypes were desirable for poor environments. 
[bookmark: _Hlk140054428]Panicle Number Plant-1:
[bookmark: _Hlk140054471]Table 4.8 showed that the regression coefficient (bi) ranged for panicle number plant-1 from -0.13 (BRRI dhan 89) to 1.10 (BRRI dhan 67).  BRRI dhan 29, BRRI dhan 88, BRRI dhan 81, BRRI dhan 28, BRRI dhan 68, and BRRI dhan 58 having regression coefficient significantly higher exhibited below average stability or such genotypes were desirable for favorable environments. On the other hand, BRRI dhan 89 had regression coefficient significantly lower than one and had negative value, so they exhibited above average stability. 
[bookmark: _Hlk140054560]Panicle Length Plant-1:
[bookmark: _Hlk140054644]Table 4.7 showed that the regression coefficient (bi) ranged for panicle length plant-1 from -0.02 (BRRI dhan 28) to 1.04 (BRRI dhan 89). BRRI dhan 81, BRRI dhan 100, and BRRI dhan 58 having regression coefficient significantly nearer exhibited close to unity indicated that the genotypes were desirable and stable across the environments. On the other hand, BRRI dhan 89 and BRRI dhan 68 had regression coefficient significantly higher than one and higher showed below average stability or such genotypes were desirable for favorable environments. BRRI dhan 29, BRRI dhan 88, BRRI dhan 84, and BRRI dhan 67 had regression coefficient significantly lower than one and had negative value, so they exhibited above average stability.
[bookmark: _Hlk140054703]Leaf Area Index: 
Table 4.8: Stability parameters (bi and S2di) of the boro rice genotypes for plant height (PH), tiller number plant-1 (TN), panicle number plant-1 (PN), panicle length (PL), leaf area index (LAI) and harvest index (HI) 
	Code

	Genotypes
Name
	PH
	TN
	PN
	PL
	LAI
	HI

	
	
	bi
	S2di
	bi
	S2di
	bi
	S2di
	bi
	S2di
	bi
	S2di
	bi
	S2di

	G1
	BRRI dhan 29
	1.18
	0.13
	1.42
	-0.54
	1.04
	-0.71
	0.20
	-7.2
	0.76
	1.03
	1.01
	0.06

	G2
	BRRI dhan 88
	0.97
	-0.12
	0.12
	-0.65
	0.93
	-1.61
	0.22
	-10.7
	0.97
	-0.15
	0.92
	-0.01

	G3
	BRRI dhan 84
	-0.39
	-0.11
	-0.85
	-0.75
	1.08
	-1.56
	0.33
	-10.4
	1.22
	0.07
	-0.41
	0.25

	G4
	BRRI dhan 81
	0.99
	0.08
	1.20
	-0.07
	1.26
	-0.82
	0.83
	-10.1
	1.64
	0.01
	0.92
	0.24

	G5
	BRRI dhan 28
	0.89
	-0.08
	1.41
	-0.70
	0.69
	-1.10
	-0.02
	-7.10
	0.40
	0.05
	0.84
	0.28

	G6
	BRRI dhan 67
	1.04
	0.005
	1.23
	-0.54
	1.10
	0.78
	0.45
	-5.11
	0.78
	-0.11
	0.97
	0.11

	G7
	BRRI dhan 100
	-0.12
	0.002
	1.02
	-0.56
	1.33
	-0.87
	0.89
	4.78
	0.89
	0.07
	0.87
	-0.33

	G8
	BRRI dhan 89
	-0.10
	-0.11
	1.11
	-0.08
	1.23
	-1.10
	1.04
	-5.60
	0.83
	0.05
	0.30
	-0.23

	G9
	BRRI dhan 68
	0.89
	0.20
	-1.03
	-0.73
	0.97
	-1.23
	1.03
	-3.22
	-0.23
	0.22
	-0.11
	0.003

	G10
	BRRI dhan 58
	0.92
	0.34
	1.40
	-0.55
	0.89
	-1.02
	0.92
	-3.02
	-0.02
	-0.06
	-0.33
	0.23


[bookmark: _Hlk140054873]
[bookmark: _Hlk140054734][bookmark: _Hlk140054843]Table 4.8 showed that the regression coefficient (bi) ranged for leaf area index from -0.02 (BRRI dhan 58) to 1.64 (BRRI dhan 81). BRRI dhan 88, BRRI dhan 100, and BRRI dhan 89 having regression coefficient significantly nearer exhibited close to unity indicated that the genotypes were desirable and stable across the environments. On the other hand, BRRI dhan 84, and BRRI dhan 81 had regression coefficient significantly higher than one and higher showed below average stability or such genotypes were desirable for favorable environments. In addition, BRRI dhan 28, BRRI dhan 68, and BRRI dhan 58 had regression coefficient significantly lower than one and had negative value, so they exhibited above average stability.
Harvest Index:
[bookmark: _Hlk140055055]Table 4.8 showed that the regression coefficient (bi) ranged for harvest index from -0.11 (BRRI dhan 68) to 0.97 (BRRI dhan 67). BRRI dhan 88, BRRI dhan 81, and BRRI dhan 67 having regression coefficient significantly nearer exhibited close to unity indicated that the genotypes were desirable and stable across the environments. On the other hand, BRRI dhan 29 had regression coefficient significantly higher than one and higher showed below average stability or such genotypes were desirable for favorable environments. In addition, BRRI dhan 84, BRRI dhan 68, and BRRI dhan 58 had regression coefficient significantly lower than one and had negative value, so they exhibited above average stability.
[bookmark: _Hlk140055115]Total Dry Weight:
[bookmark: _Hlk140055300]Table 4.8 showed that the regression coefficient (bi) ranged for harvest index from -0.10 (BRRI dhan 89) to 1.04 (BRRI dhan 67). BRRI dhan 29, BRRI dhan 28, BRRI dhan 68 and BRRI dhan 84 having regression coefficient significantly nearer exhibited close to unity indicated that the genotypes were desirable and stable across the environments. On the other hand, BRRI dhan 84, BRRI dhan 81, and BRRI dhan 67 had regression coefficient significantly higher than one and higher showed below average stability or such genotypes were desirable for favorable environments. In addition, BRRI dhan 100, and BRRI dhan 89 had regression coefficient significantly lower than one and had negative values, so they exhibited above average stability.
[bookmark: _Hlk140055333]Total Grain Weight:
[bookmark: _Hlk140055358]Table 4.8 showed that the regression coefficient (bi) ranged for harvest index from -1.40 (BRRI dhan 58) to 1.02 (BRRI dhan 100). BRRI dhan 81, and BRRI dhan 28 having regression coefficient significantly nearer exhibited close to unity indicated that the genotypes were desirable and stable across the environments. On the other hand, BRRI dhan 100 had regression coefficient significantly higher than one and higher showed below average stability or such genotypes were desirable for favorable environments. In addition, BRRI dhan 84, BRRI dhan 89, BRRI dhan 68, and BRRI dhan 58 had regression coefficient significantly lower than one and had negative values, so they exhibited above average stability.
Continue of …..
Table 4.8: Stability parameters (bi and S2di) of the boro rice genotypes for total dry weight (TDW), total grain weight (TGW), 1000 grain weight (GW), filled grain (FG), unfilled grain (UFG) and grain yield (GY)

	[bookmark: _Hlk138258795]Code

	Genotypes
Name
	TDW
	TGW
	1000 GW
	FG
	UFG
	GY

	
	
	bi
	S2di
	bi
	S2di
	bi
	S2di
	bi
	S2di
	bi
	S2di
	bi
	S2di

	G1
	BRRI dhan 29
	0.96
	-0.34
	0.42
	-0.54
	1.02
	0.04
	0.20
	-7.2
	0.76
	-0.71
	0.16
	-0.01

	G2
	BRRI dhan 88
	0.24
	1.47
	0.54
	-0.65
	1.79
	-0.02
	0.22
	-6.7
	0.97
	0.61
	0.87
	-0.02

	G3
	BRRI dhan 84
	1.00
	0.02
	-0.85
	-0.75
	1.12
	-0.07
	0.33
	-6.4
	1.22
	0.34
	0.95
	0.03

	G4
	BRRI dhan 81
	1.03
	-0.16
	0.78
	-0.07
	0.56
	0.05
	0.83
	-5.1
	1.64
	-0.58
	0.87
	0.04

	G5
	BRRI dhan 28
	0.89
	1.47
	0.81
	-0.70
	0.47
	-0.17
	-0.02
	-7.10
	0.40
	-0.43
	0.73
	-0.01

	G6
	BRRI dhan 67
	1.04
	0.07
	0.23
	-0.54
	1.10
	0.78
	0.45
	-5.11
	0.78
	0.78
	-0.23
	0.05

	G7
	BRRI dhan 100
	-0.12
	0.05
	1.02
	-0.56
	1.33
	-0.87
	0.89
	4.78
	0.89
	-0.34
	0.24
	0.23

	G8
	BRRI dhan 89
	-0.10
	-0.11
	-0.11
	-0.08
	1.23
	-1.10
	1.04
	-5.60
	0.83
	-0.45
	0.98
	-0.05

	G9
	BRRI dhan 68
	0.87
	0.22
	-1.03
	-0.73
	0.97
	-1.23
	1.03
	-3.22
	-0.23
	0.89
	1.22
	-3.11

	G10
	BRRI dhan 58
	0.90
	0.32
	-1.40
	-0.55
	0.89
	-1.02
	0.92
	-3.02
	-0.02
	-0.11
	0.89
	-1.22


[bookmark: _Hlk140055705]

1000 Grain Weight:
[bookmark: _Hlk140055720]Table 4.8 showed that the regression coefficient (bi) ranged for harvest index from 0.47 (BRRI dhan 28) to 1.33 (BRRI dhan 100). BRRI dhan 68, and BRRI dhan 58 having regression coefficient significantly nearer exhibited close to unity indicated that the genotypes were desirable and stable across the environments. On the other hand, BRRI dhan 29, BRRI dhan 88, BRRI dhan 84, and BRRI dhan 81 had regression coefficient significantly higher than one and higher showed below average stability or such genotypes were desirable for favorable environments. In addition, BRRI dhan 28, and BRRI dhan 68 had regression coefficient significantly lower than one and had negative values, so they exhibited above average stability.
Filled Grain Plant-1:
[bookmark: _Hlk140055778][bookmark: _Hlk140055882]Table 4.8 showed that the regression coefficient (bi) ranged for filled grain from -0.02 (BRRI dhan 28) to 1.04 (BRRI dhan 89). BRRI dhan 81, BRRI dhan 100 and BRRI dhan 58 having regression coefficient significantly nearer exhibited close to unity indicated that the genotypes were desirable and stable across the environments. On the other hand, BRRI dhan 89 and BRRI dhan 68 had regression coefficient significantly higher than one and higher showed below average stability or such genotypes were desirable for favorable environments. In addition, BRRI dhan 29, BRRI dhan 88, BRRI dhan 84, BRRI dhan 28 and BRRI dhan 67 had regression coefficient significantly lower than one and had negative values, so they exhibited above average stability.
[bookmark: _Hlk140055897]Unfilled Grain Plant-1:
[bookmark: _Hlk140055968][bookmark: _Hlk140056002]Table 4.8 showed that the regression coefficient (bi) ranged for filled grain from -0.23 (BRRI dhan 68) to 1.64 (BRRI dhan 81). BRRI dhan 29, BRRI dhan 88, BRRI dhan 67, BRRI dhan 100 and BRRI dhan 89 having regression coefficient significantly nearer exhibited close to unity indicated that the genotypes were desirable and stable across the environments. On the other hand, BRRI dhan 84 and BRRI dhan 81 had regression coefficient significantly higher than one and higher showed below average stability or such genotypes were desirable for favorable environments. In addition, BRRI dhan 28, BRRI dhan 68 and BRRI dhan 58 had regression coefficient significantly lower than one and some had negative values, so they exhibited above average stability.

Grain Yield (GY):
Table 4.8 showed that the regression coefficient (bi) ranged for filled grain from -0.23 (BRRI dhan 67) to 1.22 (BRRI dhan 68). On the other hand, BRRI dhan 68 had regression coefficient significantly higher than one and higher showed below average stability or such genotypes were desirable for favorable environments. In addition, BRRI dhan 29, BRRI dhan 67 and BRRI dhan 100 had regression coefficient significantly lower than one and some had negative values, so they exhibited above average stability.
4.8 AMMI analysis of variance
In this study, the combined analysis of variance and AMMI analysis was shown in (Table 4.9). It was observed that there are highly significant differences in the environment, genotype, and their interactions. The combined ANOVA showed that grain yield was significantly affected by the environment because of significant variance at 0.1% level (Table 4.9), which explained 10.23% of the total variation of environment whereas the GEI accounted for 9.17% and the genotypes captured 80.60 % of the total sum square. The three principal components of GE interaction accounted jointly for 100 % of the whole G × E interaction effect variation of grain yield and were significant. The first principal interaction component (IPCA 1) accounted for 66.5 % of the variation caused by the interaction, while IPCA2 accounted for 23.7% and the third one accounted for 9.8 % of this variation. The first two bilinear terms jointly accounted for 90.2 % of the G x E sum of squares and used 20 of the totals 27 degree of freedom available in the interaction indicating the model is fit to describe stability.
Table 4.9: AMMI analysis of variance including the partitioning of Genotypes x Environment interaction grain yield (t ha-1) of boro rice genotypes 
	Sources
	DF
	SS
	MS
	TSS Explained (%)

	Environment (E)
	3
	55711675
	18570558.3
	10.23**

	Genotype (G)
	9
	17148157
	1905350.8
	80.60**

	Interaction (G x E)
	27
	21363671
	791247.1
	9.17**

	AMMI Component 1
	11
	14216505
	1292409.5
	66.5**

	AMMI Component 2
	9
	5069635
	563292.8
	23.7**

	AMMI Component 3
	7
	2077530
	296790.0
	9.8

	Residuals
	72
	40852159
	
	

	Total
	146
	186157137
	
	


* = Significant at P = 0.05, ** = Significant at P = 0.01
4.9 IPCA interactions with AMMI biplot
The AMMI biplot provides a visual expression of the relationships between the IPCA1 and IPCA2 with the meaning of genotypes and environments. According to Alberts (2004), Principal Component Analysis is a multivariate technique that recognizes figure arrangements in addition to correspondences and differences between the variables established and arranged in a consecration procedure of multivariate systems. Table 4.10 shows IPCA1 IPCA2 and IPCA3 scores that characterize the interaction of a genotype across environments as well as relationships between genotypes and environments. According to Yan and Hunt (2001) and Mohammadi et al. (2007), a genotype with a positive IPCA score in several environments must neutralize negative interactions in other environments. Hence, these scores exhibit an unequal genotype reaction to the environment. Nevertheless, both positive and negative signs, as well as genotypes and environments using large IPCA scores, have strong large interactions and are stable. 
Table 4.10: AMMI analysis showing means with IPCA1, IPCA2, and IPCA3 scores of grain yield for 10 boro rice genotypes grown in 4 environments
	Code
	Genotypes
	Mean
	Grain yield (kg ha-1)

	
	
	
	PCA1
	PCA2
	PCA3

	G1
	BRRI dhan 29
	5801
	-11.0
	7.0
	15.0

	G2
	BRRI dhan 88
	6406
	-0.14
	-12.0
	11.0

	G3
	BRRI dhan 81
	6341
	8.3
	5.3
	-10.0

	G4
	BRRI dhan 84
	5886
	-4.4
	2.1
	4.1

	G5
	BRRI dhan 28
	6073
	20.0
	-1.5
	-13.0

	G6
	BRRI dhan 67
	6754
	-28.0
	-20.0
	-9.3

	G7
	BRRI dhan 100
	6705
	4.9
	-3.3
	4.2

	G8
	BRRI dhan 89
	6660
	22.0
	-12.0
	3.9

	G9
	BRRI dhan 68
	5620
	3.9
	17.0
	3.7

	G10
	BRRI dhan 58
	6180
	-16.0
	16.0
	-8.6






Table 4.11: AMMI analysis showing means with IPCA1, IPCA2, and IPCA3 scores of grain yield for 10 boro rice grown in 4 environments
	Environments
	Mean
	Grain yield (kg ha-1)

	
	
	PCA1
	PCA2
	PCA3

	E1 (Dinajpur)
	7205
	37.0
	-1.3
	-11.0

	E2 (Rangpur)
	6372
	18.0
	28.0
	2.6

	E3 (Mymensingh)
	5780
	3.9
	6.6
	24.0

	E4 (Sylhet)
	5448
	-22.0
	-22.0
	-11.0



However, genotypes with IPCA1 and IPCA2 scores at zero or close to zero have little interaction across environments, indicating that they all perform well in these environments and are stable. Conversely, genotypes with negative IPCA1 and IPCA2 values had no interaction across environments (Crossa, 1990). As a result, among the ten genotypes G6 (BRRI dhan 67), G7 (BRRI dhan 100), G8 (BRRI dhan 89), G2 (BRRI dhan 88), G4 ((BRRI dhan 81), and G10 (BRRI dhan 58) are generally high yielding with the highest mean values (6754, 6705, 6660, 6406, 6341 and 6180 kg ha -1, respectively) with the environments.
4.9.1 Interaction Biplot of AMMI model with PCA1 values 
The AMMI biplot provides a visual expression of the relationship between the First Interaction Principal Component Analysis (IPCA1) or AMMI component 1 and meaning of genotype and environment (Figure 4.2). Consequently, biplots generated using genotypic and environmental scores of the AMMI 1 components can help breeders have an overall picture of the behavior of the genotypes, the environments and G x E (Tarakanovas and Ruzgas, 2006). The first interaction principal components axis (AMMI components 1) was highly significant and explained the interaction pattern better than the other interaction axis. Balestre et al. (2009) found the GGE biplot method to be superior to the AMMI 1 graph, due to more retention of GE and (G+GE) in the graph analysis. 
In Figure 4.2 the IPCA1 scores for both the genotypes and the environments were plotted against the mean yield for the genotypes and the environments, respectively. By plotting both the genotypes and the environments on the same graph, the associations between the genotypes and the environments can be seen clearly. The IPCA scores of a genotype in the AMMI analysis are an indication of the stability or adaptation over environments. The greater the IPCA scores, negative or positive (as it is a relative value), the more specific adaptation of a genotype to certain environments. The more the IPCA scores approximate zero, the more stable or adaptation of the genotype in the overall environments sampled.

[bookmark: _Hlk140058633]Here the “0” is a perpendicular line. The display shows, from the center of the perpendicular line, that genotypes with environments on the right side (both upper and lower) always bear highest mean values of grain yield. The upper right quadrant contains more high mean grain yield values than those in the lower right quadrant, which have medium mean grain yield values. Those on the left side, have the lowest mean grain yield values. Taking the performance of the perpendicular line as standard, genotypes with high mean values and positive interaction with IPCA1 are in the E1 (Dinajpur) environment with the high mean value of (7205 kg ha-1).  Genotypes G8 (BRRI dhan 89) and G6 (BRRI dhan 67) had high mean values with the E1 (Dinajpur) environment and are stable genotypes with the environment. In addition, genotypes G7 (BRRI dhan 100), G8 (BRRI dhan 89) had high mean values and stability with the E2 (Rangpur) environment.  Besides, G10 (BRRI dhan 58), G3 (BRRI dhan 84), and G9 (BRRI dhan 68) had stability in E3 (Mymensingh) environment. In contrast, E4 (Sylhet) is the poorest environment among the four, as shown on the left side of the perpendicular line had low mean values genotype G1 (BRRI dhan 29) with 5801 kg ha-1 and the best suited genotyape. The E1 (Dinajpur) and E2 (Rangpur) environments are on the right side of the vertical axis, indicating rich environments, whereas the E3 (Mymensingh) environment is generally the poor environment and E4 (Sylhet) environment. Thus, the AMMI biplot shows that the studied genotypes differed from each other not only in their interactive effects but also in their mean grain yield values shown in (Figure 4.2). 
[image: A diagram of a biplot

Description automatically generated]Fig 4.2. AMMI 1 biplot using IPCA1 and mean grain yield data for ten boro rice genotypes in four environments

4.9.2 Interaction Biplot of AMMI model with PCA1 and PCA2 values 
The AMMI biplot provides a visual expression of the relationships between the IPCA1 and IPCA2 with the meaning of genotypes and environments (Figure 4.3). According to Alberts (2004), Principal Component Analysis is a multivariate technique that recognizes figure arrangements in addition to correspondences and differences between the variables established and arranged in a consecration procedure of multivariate systems. Table 4.10 shows IPCA1 and IPCA2 scores that characterize the interaction of a genotype across environments as well as relationships between genotypes and environments. According to Yan and Hunt (2001) and Mohammadi et al. (2007), a genotype with a positive IPCA score in several environments must neutralize negative interactions in other environments. Hence, these scores exhibit an unequal genotype reaction to the environment. Nevertheless, both positive and negative signs, as well as genotypes and environments using large IPCA scores, have strong large interactions and are stable. 
[image: A diagram of a biplot

Description automatically generated]
Fig 4.3: AMMI 2 biplot using (IPCA1 and IPCA2) scores data for grain yield with ten boro rice genotypes in four environments
However, genotypes with IPCA1 and IPCA2 scores at zero or close to zero have little interaction across environments, indicating that they all perform well in these environments and are stable. Conversely, genotypes with negative IPCA1 and IPCA2 values had no interaction across environments (Crossa, 1990). 
All these are below average yields. Similarly, those genotypes have zero scores on the IPCA1, indicating that they are less influenced by the environments. 
[bookmark: _Hlk140059123]On the other hand, the genotypes listed above usually yield and IPCA1 score near zero, as they are accustomed to stable environments and are generally adapted to all the environments. For grain yield, the biplot shows G8 (BRRI dhan 89) had the highest mean value (8797 kg ha-1) with E1 (Dinajpur) environment. The second most high mean value G7 (BRRI dhan 100) with 7556 kg ha-1 shown in E2 (Rangpur) environment. Among the experiments for grain yield G1 (BRRI dhan 29), and G4 (BRRI dhan 84) with the environment E4 (Sylhet) was the most unstable and discriminate while G2 (BRRI dhan 88) with mean grain yield (6406 kg ha-1) was the greater yield performing genotype in that particular environment. 

CHAPTER 5
SUMMARY AND CONCLUSION
The different experiments were carried out in Agronomy Research Field, HSTU; Agronomy Research Field of Bangladesh Agricultural University, Mymensingh; Bangladesh Rice Research Institute of Rangpur; and Agronomy Research Fields of Sylhet Agricultural University. Evaluation of a set of 10 rice genotypes of Bangladesh, which were collected from BRRI (Bangladesh Rice Research Institute), Gazipur. The experiment was laid out in Completely Randomized Design (CRD) with three replications. The objectives of the experiment were to find best genotype or genotypes with high mean yield, causes of productivity variation and good adaptation to different environments. Data were collected on plant height (3 times; Ist time at the vegetative stage; 2nd time at flowering stage and 3rd time before harvesting stage), tiller number hill-1, effective tillers number hill-1, leaf area index, panicles length, number of filled grains panicle-1, number of unfilled grains panicle-1, 1000-grain weight, dry weight, harvest index, grain yield, straw yield, and biological yield.
The analysis of variance (ANOVA) was used, and the Genotype Environment Interaction (GEI) was estimated by the AMMI model (Zobel et al., 1988). The stability parameters, regression coefficient (bi) and deviation from regression (S2di) were estimated according to Eberhart and Russel (1996). Significant differences among bi value and unity was tested by t-test, between S2di and zero by F-test.
According to pooled analysis of variance, variance due to genotypes was highly significant for most of the characters except for panicle length, and total grain weight indicating significant differences between the genotypes and the mean sum of squares for environment and interactions were also significant for most of the characters.
Therefore, from the above analyzed data it was observed that genetic parameters of variation were estimated for all the characters in each of the environments which indicated that - high GCV and PCV for harvest index, leaf area index, and grain yield. Moderate GCV and PCV values for panicle length, total dry weight, total grain weight, and 1000 Grain Weight. Low GCV and PCV values showed for plant height, tiller number plant-1, panicle number plant-1, filled grain plant-1, and unfilled grain plant-1.
The high heritability along with high genetic advance as percentage of mean was observed for 1000 Grain Weight, harvest index, and leaf area index, this indicated that this character is controlled by additive gone action. Selection of these characters may be useful in the development of high yielding genotype.
According to Eherhart and Russel (1966) model regression coefficient (bi) is considered as parameter of response and deviation from regression (S2di) as the parameter of stability. Relatively lower value of bi, say around 1 will mean less responsive to the environmental change and therefore, more adaptive. If however, bi is negative, the genotype may be grown only in poor environment. Deviation from regression (S2di), if significantly different from zero, will invalidate the linear prediction. If S2di is non-significant, the performances of a genotype for a given environment may be predicted. Therefore, a genotype whose performance for a given environment can be predicted i.e., S2di ~0 is said to be stable genotype. The genotypes which have bi value significantly different from the unity with insignificant S2di value indicating high responsiveness of the genotype suitable for rich environment.
Considering the bi and S2di, it was evident that all the genotypes showed different response of adaptability under different environmental conditions. In case of plant height, BRRI dhan 88, BRRI dhan 81, BRRI dhan 28, BRRI dhan 68, BRRI dhan 58 having regression coefficient significantly close to unity indicated that the genotypes were desirable and stable across the environment. Tiller number plant-1 of BRRI dhan 84, BRRI dhan 81, BRRI dhan 28, and BRRI dhan 67 having regression coefficient significantly close to unity indicated that the genotypes were desirable and stable across the environment. Panicle number plant-1 of BRRI dhan 29, BRRI dhan 88, BRRI dhan 81, BRRI dhan 28, BRRI dhan 68, and BRRI dhan 58 having regression coefficient significantly higher exhibited below average stability or such genotypes were desirable for favorable environments. Again, for panicle length plant-1 BRRI dhan 81, BRRI dhan 100, and BRRI dhan 58 having regression coefficient significantly nearer exhibited close to unity indicated that the genotypes were desirable and stable across the environments. Leaf area index of BRRI dhan 88, BRRI dhan 100, and BRRI dhan 89 indicated that the genotypes were desirable and stable across the environments. In case of harvest index BRRI dhan 88, BRRI dhan 81, and BRRI dhan 67 having regression coefficient significantly nearer exhibited close to unity indicated that the genotypes were desirable and stable across the environments. Again, for Total dry weight BRRI dhan 29, BRRI dhan 28, BRRI dhan 68 and BRRI dhan 84 having regression coefficient significantly nearer exhibited close to unity indicated that the genotypes were desirable and stable across the environments. Total grain weight of BRRI dhan 81, and BRRI dhan 28 having regression coefficient significantly nearer exhibited close to unity indicated that the genotypes were desirable and stable across the environments. For 1000 Grain Weight, BRRI dhan 68, and BRRI dhan 58 having regression coefficient significantly nearer exhibited close to unity indicated that the genotypes were desirable and stable across the environments. In case of filled grain per plant of BRRI dhan 81, BRRI dhan 100 and BRRI dhan 58 indicated that the genotypes were desirable and stable across the environments. Unfilled grain of BRRI dhan 29, BRRI dhan 88, BRRI dhan 67, BRRI dhan 100 and BRRI dhan 89 having regression coefficient significantly nearer exhibited close to unity indicated that the genotypes were desirable and stable across the environments. For grain yield BRRI dhan 88, BRRI dhan 84, BRRI dhan 81, BRRI dhan 28, BRRI dhan 89 and BRRI dhan 58 having regression coefficient significantly nearer exhibited close to unity indicated that the genotypes were desirable and stable across the environments.
Considering only the IPCA 1 scores genotypes with high mean values and positive interaction with IPCA1 are in the E1 (Dinajpur) environment with the high mean value of (8797 kg ha-1).  Genotypes G6 (BRRI dhan 67) and G5 (BRRI dhan 28) had high mean values with the E1 (Dinajpur) environment and are stable genotypes with the environment. In addition, genotypes G7 (BRRI dhan 100), G8 (BRRI dhan 89), and G10 (BRRI dhan 58) had high mean values and stability with the E2 (Rangpur) environment.  Besides, G10 (BRRI dhan 58), G3 (BRRI dhan 84), and G9 (BRRI dhan 68) had stability in E3 (Mymensingh) environment. In contrast, E4 (Sylhet) is the poorest environment among the four, as shown on the left side of the perpendicular line had low mean values genotype G1 (BRRI dhan 29) with 5801 kg ha-1 and the best suited genotype. The E1 (Dinajpur) and E2 (Rangpur) environments are on the right side of the vertical axis, indicating rich environments, whereas the E3 (Mymensingh) environment is generally the poor environment and E4 (Sylhet) environment. Since IPCA 2 scores also play a significant role in explaining the GEI, the IPCA 1 scores were plotted against the IPCA2 scores to further explore adaptation (Figure 4.3). In this biplot graph, those genotypes found near the origin are considered as more stable whereas those genotypes and environments which are found far from the origin, by having the longest vertex are considered as unstable, and well adapted to the specific locations. On the other hand, the genotypes listed above usually yield and IPCA1 score near zero, as they are accustomed to stable environments and are generally adapted to all the environments. For grain yield, the biplot shows G6 (BRRI dhan 67) had the highest mean value (6754 kg ha-1) with E1 (Dinajpur) environment. The maximum mean value was 7205 kg ha-1 and the interactions were strong. The second highest mean value G5 (BRRI dhan 28) with 6073 kg ha-1 shown in E2 (Rangpur) environment. Among the experiments for grain yield G1 (BRRI dhan 29), and G4 (BRRI dhan 84) with the environment E4 (Sylhet) was the most unstable and discriminate while G2 (BRRI dhan 88) with mean grain yield (6406 kg ha-1) was the greater yield performing genotype in that particular environment. 
RECOMMENDATION
Considering the above results of this experiment, further studies in the following areas may be suggested: 
i. The G[image: ]E interactions by AMMI model study of ten boro rice genotypes of four environments genotype suggested that BRRI dhan 89 (G8) was high yielding and highly stable genotype that can suit different environmental conditions of Bangladesh. 
ii. Dinajpur (E1) environment had the maximum mean value and the interactions with yield contributing characters were strong. 
iii. Besides, BRRI dhan 68 (G9) was low yielding genotype compared to other genotypes. 
iv. After studying it can also be suggested that E1 (Dinajpur) was the best for boro rice production and E2 (Rangpur) was also good for boro rice production.
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Appendix I. Location of the experimental site
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Appendix II: Some Photos of My Research Filed
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