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Abstract
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The creation of varieties that can be adapted to a wide range of environments is the crucial goal of plant breeders in wheat 
improvement programs. The primary objective of this study was to identify high-yielding, stable, and adaptive common winter 
wheat genotypes for breeding purposes by applying various statistical analyses. The study was conducted over four growing 
seasons in the experimental field of IPGR-Sadovo, Southern Bulgaria. In the study, 46 common winter wheat cultivars with 
different geographical origins were included. The experiments were arranged in a completely randomized block design with 
three replications on plots of 10 m². Combined analysis of variance (ANOVA) revealed that grain yield was significantly affect-
ed by the sources of variance: genotype (G), environment (E), and the genotype × environment interaction (GEI) (p < 0.001). 
Genotypes G16, G31, G14, G24, and G1 emerged as the most stable according to the parametric stability estimates analysis. 
Genotypes G14, G33, and G19 were considered generally adaptable to each environment according to AMMI1 analysis, while 
G19, G2, G35, G21, G4, and G32 were assessed as the most stable according to AMMI2 analysis. GGE biplot analyses iden-
tified G33, G14, G16, and G9 as the most favorable and adaptable to a wide range of environments that could be included in 
the standard winter wheat breeding programs.
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Introduction

The creation of varieties that can be adapted to a wide 
range of environments is the crucial goal of plant breeders in 
wheat improvement programs (Wardofa and Ararsa, 2020). 
Identifying stable, high-yielding genotypes is significant in the 
current climate change scenario, which is leading to increas-
ingly frequent occurrences of adverse conditions (Mansour et 
al., 2018). Knowledge of the pattern and magnitude of GEI, 
as well as stability analysis, is essential for understanding the 
response of different genotypes to various environments and 
for identifying stable and broadly adapted genotypes, as well 
as unstable but specifically adapted genotypes (Amare et al., 
2020). It can help plant breeders to reduce the cost of extensive 

genotype evaluation by eliminating unnecessary testing sites 
(Wardofa and Ararsa, 2020). Stability in grain yield among 
genotypes can be described as the linear response to environ-
mental yield and the deviation from that response (Sial et al., 
2007). An ideal genotype generally shows low GxE interac-
tion variance, above-average response to environmental yield 
potential, and lower deviations from the expected response 
within a target environment (Arain et al., 2011). Tollenaar and 
Lee (2002) and Altay (2012) noted that the yield stability is 
generally grouped as static or dynamic stability. Static stability 
is defined as the lack of response to environmental variations, 
and it is an absolute value independent of the performance of 
other cultivars in the trials. The dynamic stability is defined 
as the average response. Therefore, the dynamic stability of 
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a cultivar depends on the mean response of all the cultivars. 
Yield experiments conducted in different environments can 
be analyzed to extract more information about the stability, 
adaptability, and efficiency of yield using various statistical 
methods and software (Wardofa and Ararsa, 2020). Several 
statistical methods have been proposed to investigate geno-
type-by-environment interactions, including both paramet-
ric and non-parametric approaches. The most widely used 
parametric stability estimates are: regression coefficient (bi) 
(Finlay and Wilkinson, 1963), deviation from regression (S2

di) 
proposed by Eberhart and Russel (1966), coefficient of deter-
mination (Ri

2) (Pinthus, 1973), coefficient of variance (CVi) 
(Francis and Kannenberg, 1978), Wricke’s ecovalence (Wi

2) 
(Wricke’s, 1962), Shukla’s stability variance (σi

2) (Shukla, 
1972), mean variance component (θi) (Plaisted and Peterson, 
1959), GE variance component (θ(i)) (Plaisted, 1960), stabili-
ty criterion (YSi) by Kang (1988) and AMMI Stability Value 
(ASV) of Purchase (1997). Nonparametric stability methods 
are based on ranking the genotypes in each environment. Gen-
otypes with close ranking across environments are classified as 
stable. The following four nonparametric measures of pheno-
typic stability have been proposed by Huhn (1990) and Nassar 
and Huhn (1987): Si(1), the genotype absolute rank difference 
mean as tested over n environments; Si(2), the between-ranks 
variance over the n environments; Si(3), the sum of the absolute 
deviations of the squares of ranks for each genotype; and Si(6), 
the sum of the squares of ranks for each genotype relative to 
the mean of ranks (Akcura and Kaya, 2008).

Recently, as a method of evaluating stability in multi-lo-
cation varietal trials, many researchers have used the AMMI 
method (Additive Main Effects and Multiplicative Inter-
actions) and the Site Regression Model (SREG), generally 
known as GGE biplot analysis (Genotype Main Effects and 
Genotype × Environment Interaction). The AMMI mod-

el integrates combined analysis of variance (ANOVA) with 
principal component analysis (PCA) of the GE interaction in 
a unified approach. The model is a valuable tool for identi-
fying environments that optimize genotypic performance, 
therefore, making better use of limited available resources in 
breeding programs (Mohammadi et al., 2016; Neisse et al., 
2018; Obsa, 2019; Khan et al., 2020). The GGE biplot is an ef-
fective method based on principal component analysis (PCA) 
for fully exploring multi-location performance evaluation trial 
data (Singh et al., 2018; Tulu and Wondimu, 2019; Khan et al., 
2020). It is helpful for summarizing data from biplots obtained 
by graphing the first two components of the multiplicative part 
(Ram et al., 2020). Yang et al. (2009) reported that a biplot, 
whether based on AMMI, GGE, or any other linear-bilinear 
model, is a proper visualization technique for identifying sim-
ilarity or dissimilarity among genotypes or environments.

The primary objective of this study was to identify 
high-yielding, stable, and adaptive common winter wheat 
genotypes for breeding purposes by employing various sta-
tistical analyses.

Materials and Methods

The field experimental conditions and design 
The study was conducted over four growing seasons, from 

2016-2017 to 2019-2020, in the experimental field of IPGR 
“K. Malkov” in Sadovo, Southern Bulgaria, at the locality 
“Dolusene”, on a meadow-cinnamon resin-like soil type. The 
climate of the area is transitional-continental with weak Med-
iterranean influence. The area is characterised by warm and 
long autumns, mild and often snowy winters. Spring is short 
with an almost abrupt transition to summer temperatures. For 
the conditions of the area, the low temperatures in Decem-
ber and January, which often occur in snowless winters, and 

Fig. 1. Average monthly air temperatures (0C) and average monthly precipitation (l/m2) for the IPGR-Sadovo area
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Table 1. Тhe list of 46 genotypes included in the study
Number of 
genotype

Species Subspecies Name of cultivar Origin

G1 Triticum aestivum L. var.erythrospermum (Koern.) Mansf. Enola BGR
G2 Triticum aestivum L. var.lutescens (Alef.) Mansf. Ines CZE
G3 Triticum aestivum L. var.lutescens (Alef.) Mansf. Bohemia CZE
G4 Triticum aestivum L. var.lutescens (Alef.) Mansf. Baletka CZE
G5 Triticum aestivum L. var.lutescens (Alef.) Mansf. Secese CZE
G6 Triticum aestivum L. var.lutescens (Alef.) Mansf. Seladon CZE
G7 Triticum aestivum L. var.lutescens (Alef.) Mansf. Silueta CZE
G8 Triticum aestivum L. var. erythrospermum (Koern.) Mansf. Coa PRT
G9 Triticum aestivum L. var. erythrospermum (Koern.) Mansf. Jordao PRT
G10 Triticum aestivum L. var. lutescens (Alef.) Mansf. Andalou FRA
G11 Triticum aestivum L. var. lutescens (Alef.) Mansf. Muza POL
G12 Triticum aestivum L. var.lutescens (Alef.) Mansf. Kobra Plus POL
G13 Triticum aestivum L. var. erythrospermum (Koern.) Mansf. Alcione ITA
G14 Triticum aestivum L. var. erythrospermum (Koern.) Mansf. Bilancia ITA
G15 Triticum aestivum L. var. erythrospermum (Koern.) Mansf. Carisma ITA
G16 Triticum aestivum L. var.lutescens (Alef.) Mansf. Delfino (P 204 A) ITA
G17 Triticum aestivum L. var. erythrospermum (Koern.) Mansf. Esperia ITA
G18 Triticum aestivum L. var.lutescens (Alef.) Mansf. Gemini ITA
G19 Triticum aestivum L. var.milturum (Alef.) Mansf. Primoasi ITA
G20 Triticum aestivum L. var. erythrospermum (Koern.) Mansf. Accor FRA
G21 Triticum aestivum L. var.lutescens (Alef.) Mansf. Allister FRA
G22 Triticum aestivum L. var. erythrospermum (Koern.) Mansf. Autan FRA
G23 Triticum aestivum L. var. erythrospermum (Koern.) Mansf. Colfiorito ITA
G24 Triticum aestivum L. var. erythrospermum (Koern.) Mansf. Collerosso ITA
G25 Triticum aestivum L. var. erythrospermum (Koern.) Mansf. Vittorio ITA
G26 Triticum aestivum L. var. lutescens (Alef.) Mansf. Bardotka CZE
G27 Triticum aestivum L. var. lutescens (Alef.) Mansf. Bazilika CZE
G28 Triticum aestivum L. var. lutescens (Alef.) Mansf. Nikol CZE
G29 Triticum aestivum L. var. lutescens (Alef.) Mansf. Bodycek CZE
G30 Triticum aestivum L. var. lutescens (Alef.) Mansf. Elly CZE
G31 Triticum aestivum L. var. erythrospermum (Koern.) Mansf. Jindra CZE
G32 Triticum aestivum L. var. lutescens (Alef.) Mansf. RW Nadal CZE
G33 Triticum aestivum L. var. lutescens (Alef.) Mansf. Matylda CZE
G34 Triticum aestivum L. var. lutescens (Alef.) Mansf. Canadair FRA
G35 Triticum aestivum L. var. ferrugineum (Alef.) Mansf. Oropos GRC
G36 Triticum aestivum L. var. aureum (Link) Mansf. Nestor GRC
G37 Triticum aestivum L. var. lutescens (Alef.) Mansf. Altigo FRA
G38 Triticum aestivum L. var. lutescens (Alef.) Mansf. Aldric FRA
G39 Triticum aestivum L. var. lutescens (Alef.) Mansf. Acienda FRA
G40 Triticum aestivum L. var. erythrospermum (Koern.) Mansf. Saturnus AUT
G41 Triticum aestivum L. var. lutescens (Alef.) Mansf. Mahissa-1 ESP
G42 Triticum aestivum L. var. lutescens (Alef.) Mansf. Dimas ESP
G43 Triticum aestivum L. var. lutescens (Alef.) Mansf. Estrella ESP
G44 Triticum aestivum L. var. lutescens (Alef.) Mansf. Navarro 150 ESP
G45 Triticum aestivum L. var. ferrugineum (Alef.) Mansf. Albimonte ESP
G46 Triticum aestivum L. var. erythrospermum (Koern.) Mansf. Amarok FRA
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the high temperatures in June, combined with dry spells, are 
essential for the overwintering of autumn crops. The average 
monthly temperatures and precipitation during the experimen-
tal periods are shown in Figure 1.

In the study, 46 common winter wheat cultivars with dif-
ferent geographical origins were included (Table 1). Sowing 
was carried out in the optimal period for Southern Bulgaria, 
from 10 to 20 October, following the pea precursor. The ex-
periments were arranged in a completely randomized block 
design with three replications on plots of 10 m². Standard agro-
nomic and plant protection practices were applied during the 
growing seasons to ensure plant development under uniform 
conditions.

Data Analysis
Different statistical software packages were used to ana-

lyze the data of grain yield (t/ha) from the multi-year trial. 
Duncan’s multiple range test was used to explain the signif-
icant differences among means of genotypes, and combined 
analyses of variance were performed using SPSS. Stability-
soft software was used for calculation of following phenotype 
stability parameters: regression coefficient (bi) (Finlay and 
Wilkinson, 1963), deviation from regression (S2

di) proposed 
by Eberhart and Russel (1966), coefficient of determination 
(Ri

2) (Pinthus, 1973), coefficient of variation (CVi) (Francis 
and Kannenberg, 1978), Wricke’s ecovalence (Wi

2) (Wricke’s, 
1962), Shukla’s stability variance (σi

2) (Shukla, 1972), mean 
variance component (θi) (Plaisted and Peterson, 1959), GE 
variance component (θ(i)) (Plaisted, 1960).

The additive main effect and multiplicative interaction 
(AMMI) analysis and GGE biplot analysis were performed 
using PBTools software. AMMI stability value (ASV) and 
Yield stability index (YSI) were calculated using the formulas 
developed by Purchase et al. (2000) and Farshadfar (2008), 
respectively, in Microsoft Excel 2010. The genotype selection 
index (GSI), calculated as the sum of the ASV and yield stabil-
ity index (YSI) ranking positions, was also determined.

Results and Discussion

Combined analysis of variance (ANOVA) revealed that 
grain yield was significantly affected by the sources of vari-
ance: genotype (G), environment (E), and the genotype × en-
vironment interaction (GEI) (p < 0.001). 36.56% of the total 
sum of squares (SS) for grain yield was explained by the 
effect of environment (E), 30.42% by genotype × environ-
ment interaction (GEI), and only 18.52% of the total SS was 
due to the effect of genotype (G) (Table 2). This indicates 
that genotypes exhibited different behaviour in the various 
environments, and that there was a change in the magnitude 
of the responses for GY due to environmental variation. Sim-
ilar results were observed by Melkamu et al. (2015), Baktash 
(2016), Krupal et al. (2018), Singh et al. (2018), Thakur et al. 
(2019), Amare et al. (2020), Kamini et al. (2020), Wardofa 
and Ararsa (2020), Tanin et al. (2022).

Several studies highlight the use of phenotype stabili-
ty parameters to identify widely adapted wheat genotypes 
(van Eeuwijk et al., 2016; Knapp et al., 2017; Hayder et al., 
2018; Cheshkova et al., 2020; Subedi et al., 2021; Kyratzis 
et al., 2022; Pour-Aboughadareh et al., 2022). In this study, 
the results of average grain yield per hectare and yield phe-
notypic stability parameters for 46 common winter wheat 
genotypes studied over four years are presented in Table 3. 
The Duncan’s multiple range test, applied at a 0.05 level of 
probability, showed that the G16 and G21 genotypes differed 
significantly from the others in the study. G16 genotype with 
an average yield of 6.61 tha-1 had the highest average yield, 
while G21 genotype with an average yield of 3.72 tha-1 had 
the lowest mean yield among genotypes.

GE interaction is equivalent to genotypic variation in 
terms of phenotypic plasticity (Tanin et al., 2022). The re-
gression coefficient (bi) best expresses this quality. Accord-
ing to Pour-Aboughadareh et al. (2019), if the value of the 
coefficient is not significantly different from 1, then the gen-
otype is adaptive to all environments. If bi > 1, genotypes 

Table 2. Combined analysis of variance (ANOVA) for yield and the percentage sum of squares (%SS) of the 46 geno-
types tested over a period of four years (2016-2020)
Source Sum of Squares df Mean Square F Sig. %SS
Corrected Model 557.43 183.00 3.05 5.93 0.000  
Intercept 10287.89 1.00 10287.89 20028.00 0.000  
Genotype 120.72 45.00 2.68 5.22 0.000 18.52
Environment 238.36 3.00 79.45 154.67 0.000 36.56
Genotype X Environment Interaction 198.35 135.00 1.47 2.86 0.000 30.42
Error 94.52 184.00 0.51     14.50
Total 10939.83 368.00        
Corrected Total 651.94 367.00        

RSquare = 0.855 (Adjusted RSquar e= 0.711)
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are more sensitive to changing environmental conditions and 
have greater specific adaptability to high-diversity environ-
ments. When bi < 1 genotypes are more stable to environ-
mental changes, they increase their specific adaptability to 
low-yielding environments. In our study, the values of the 
regression coefficient (βi) varied from -0.77 for the G15 gen-
otype to 1.92 for the G3 genotype, indicating that genotypes 
had different responses to environmental changes (Kamini 
et al., 2020). Genotypes G8, G9, and G14 with coefficient 
of regression (bi) values equal to 1.0 and grain yields above 
the mean were the most adaptive to all environmental con-
ditions. In nineteen genotypes, the bi values ranged between 
-0.77 and 0.84. The genotypes with the lowest bi coefficient 
were G15, G17, G11, and G37, and were therefore regard-
ed as more adapted to marginal environments. In contrast, 
genotypes G5, G6, G23, G25, and G41 had regression coef-
ficients significantly greater than one and grain yields above 
the grand mean. They are considered sensitive to environ-
mental changes and would be recommended for growing un-
der suitable conditions. 

Genotypes G2, G7, G30, G31, G16, G12, G24, G14, and 
G42 were relatively stable, as they had small deviations from 
regression values (S2

di) between 0.01 and 0.05 (Table 3).
According to the model of Eberhart and Russell (1966), 

genotypes characterized by regression coefficients (bi) close 
to 1.0 and S2

di equal to zero, in combination with high aver-
age grain yield, exhibit general adaptability. In our case, only 
genotype G14 has general adaptability.

Based on the coefficient of variation stability statistic 
(CVi), G12, G30, G31, G37, and G16 with CVi between 
8.09 and 10.56 were considered to be desirable and stable 
(Table 3). 

According to the mean variance component (θi) of 
Plaisted and Peterson (1959), and the GE component (θ(i)), 
genotypes that show lower values for θi and higher values 
for θ(i) are considered more stable. In our study, the geno-
types G2, G14, G16, and G24 were identified, while G8 
and G15 were found to be the more unstable (Table 3). The 
parameters based on Wricke’s ecovalence (Wi

2) and Shuk-
la’s stability variance (σ2

i) also defined G2, G14, G16, and 

Geno-
type

Yield Wᵢ² σ²ᵢ s²dᵢ bᵢ CVi θ(ᵢ₎ θᵢ

G1 5.44c-h 0.73 0.24 0.07 0.70 14.07 0.74 0.50
G2 4.81a-f 0.10 0.02 0.01 1.14 22.14 0.74 0.39
G3 5.63e-h 1.76 0.60 0.23 1.25 24.36 0.73 0.67
G4 5.97f-h 2.56 0.88 0.34 1.28 24.83 0.73 0.81
G5 6.06f-h 2.32 0.79 0.23 1.52 26.26 0.73 0.77
G6 5.56e-h 2.05 0.70 0.07 1.77 30.51 0.73 0.72
G7 4.99b-g 1.15 0.38 0.01 1.64 30.79 0.74 0.57
G8 5.31b-g 6.75 2.34 0.96 1.05 33.68 0.69 1.52
G9 5.88f-h 3.83 1.32 0.54 1.07 25.56 0.72 1.02
G10 4.93b-g 1.12 0.37 0.16 1.06 23.54 0.74 0.56
G11 5.06b-g 5.07 1.75 0.27 -0.11 15.82 0.71 1.24
G12 5.25b-g 1.27 0.43 0.03 0.36 8.09 0.74 0.59
G13 5.04b-g 1.20 0.40 0.13 0.68 16.73 0.74 0.58
G14 6.12gh 0.31 0.09 0.04 1.05 16.75 0.74 0.43
G15 5.79e-h 9.10 3.16 0.15 -0.77 15.90 0.67 1.92
G16 6.61h 0.41 0.13 0.03 0.70 10.56 0.74 0.44
G17 5.27b-g 6.14 2.12 0.09 -0.46 11.96 0.70 1.42
G18 4.84a-f 1.64 0.56 0.12 0.45 14.07 0.73 0.65
G19 6.01f-h 1.60 0.54 0.21 0.80 17.00 0.73 0.64
G20 5.92f-h 1.21 0.41 0.11 1.42 23.81 0.74 0.58
G21 3.72a 1.25 0.42 0.18 1.02 30.84 0.74 0.58
G22 4.98b-g 3.89 1.34 0.28 1.86 38.35 0.72 1.04
G23 5.49c-h 2.89 0.99 0.13 1.88 33.34 0.72 0.87

Geno-
type

Yield Wᵢ² σ²ᵢ s²dᵢ bᵢ CVi θ(ᵢ₎ θᵢ

G24 5.31b-g 0.52 0.17 0.04 0.70 13.75 0.74 0.46
G25 5.42c-h 2.31 0.79 0.19 1.62 30.32 0.73 0.77
G26 5.23b-g 0.78 0.25 0.06 1.38 25.49 0.74 0.51
G27 4.99b-g 1.70 0.58 0.17 0.56 16.38 0.73 0.66
G28 5.54d-h 2.42 0.83 0.30 1.35 27.24 0.73 0.78
G29 5.83e-h 0.91 0.30 0.12 0.82 15.88 0.74 0.53
G30 5.26b-g 0.95 0.31 0.01 0.43 8.38 0.74 0.53
G31 6.18gh 0.69 0.22 0.01 0.51 8.13 0.74 0.49
G32 4.99b-g 0.61 0.20 0.07 1.19 23.60 0.74 0.48
G33 6.05f-h 1.55 0.52 0.22 1.13 20.89 0.73 0.64
G34 5.04b-g 1.46 0.49 0.20 0.84 20.47 0.73 0.62
G35 5.09b-g 0.90 0.30 0.13 1.01 21.28 0.74 0.53
G36 5.59e-h 2.54 0.87 0.35 0.79 20.71 0.73 0.81
G37 5.02b-g 2.91 1.00 0.09 0.06 8.67 0.72 0.87
G38 4.62a-e 3.24 1.11 0.35 0.44 22.17 0.72 0.92
G39 4.99b-g 2.25 0.77 0.15 1.67 33.86 0.73 0.76
G40 4.24abc 1.43 0.48 0.11 0.50 16.30 0.73 0.62
G41 5.35c-g 1.53 0.52 0.10 1.58 28.77 0.73 0.63
G42 5.24b-g 1.18 0.40 0.05 1.56 28.47 0.74 0.57
G43 4.85a-f 3.00 1.03 0.11 1.92 38.34 0.72 0.88
G44 4.08ab 1.98 0.67 0.23 1.38 36.29 0.73 0.71
G45 4.30a-d 3.42 1.17 0.22 1.85 43.33 0.72 0.95
G46 5.39c-g 1.75 0.59 0.20 1.36 26.68 0.73 0.67

Different letters within the same column indicate significant differences between genotypes (p ≤ 0.05) according to Duncan multiple range test
Wi

2 – Wricke’s ecovalence, σ2
i – Shukla’s stability variance, S2

di – deviation from regression, bi – regression coefficient, CVi – coefficient of variation, θ(i) – 
GE variance component, θi – mean variance component

Table 3. Average grain yield (tha-1) and phenotype stability parameters in 46 common winter wheat genotypes
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G24 as the most stable genotypes, while G15, G8, G17, 
G11, and G9 provided the lowest contribution to total GE 
interaction.

Summarizing the data from the parametric stability as-
sessments, genotypes G16, G31, G14, G24, and G1 were 
identified as the most stable, while genotypes G22, G45, G8, 
and G38 were found to be the most unstable.

ASV is the stability of genotypes considering their dis-
tance from the IPCA1 and IPCA2 axes. The genotype with 
the least ASV score is the most stable (Farshadfar et al., 
2011; Kyratzis et al., 2022). Our result showed that G35 was 
the most stable, followed by G19 and G2. On the other hand, 
the genotype with the smallest YSI is considered the most 
stable and has a high grain yield. Based on YSI, the most sta-
ble genotypes with high grain yields above 6 tha-1 are G19, 

G14, G16, and G5. The Genotype Selection Index (GSI) en-
ables the ranking and creation of clear classifications of the 
breeding value of genotypes. Genotypes with the lowest GSI 
coefficient had the broad adaptation (Jędzura et al., 2023). In 
our study, the genotypes were G19 (GSI = 3), G4 (GSI = 9), 
and G14 (GSI = 9) (Table 4).

Analysis of variance for the AMMI model of grain yield 
showed that the three main components (IPCA) of the gen-
otype-environment interactions accounted for 44.00%, 
31.60%, and 24.40%, respectively. Furthermore, the first 
two components explain 75.60% of the interaction effects, 
indicating that the AMMI model is beneficial for analyzing 
genotype-by-environment interactions (Table 5).

The AMMI1 biplot facilitated the interpretation of inter-
action effects among genotypes and environments, as well 

Gen-
otype

Yield Rank ASV Rank YSI Rank GSI

G1 5.44 17 0.379 14 31 13 27

G2 4.81 36 0.133 3 39 15 18

G3 5.63 12 0.206 6 18 6 12

G4 5.97 7 0.170 5 12 4 9

G5 6.06 4 0.366 13 17 5 18

G6 5.56 14 0.703 35 49 22 57

G7 4.99 31 0.551 25 56 26 51

G8 5.31 21 1.101 43 64 28 71

G9 5.88 9 0.831 38 47 20 58

G10 4.93 33 0.294 11 44 17 28

G11 5.06 29 1.028 42 71 32 74

G12 5.25 24 0.579 28 52 24 52

G13 5.04 30 0.473 19 49 22 41

G14 6.12 3 0.229 7 10 2 9

G15 5.79 11 1.577 45 56 26 71

G16 6.61 1 0.277 10 11 3 13

G17 5.27 22 1.327 44 66 29 73

G18 4.84 35 0.517 24 59 27 51

G19 6.01 6 0.102 2 8 1 3

G20 5.92 8 0.491 22 30 12 34

G21 3.72 41 0.153 4 45 18 22

G22 4.98 32 0.999 41 73 34 75

G23 5.49 16 0.797 37 53 25 62

Gen-
otype

Yield Rank ASV Rank YSI Rank GSI

G24 5.27 22 0.277 10 32 14 24

G25 5.42 18 0.598 30 48 21 51

G26 5.23 27 0.386 16 43 16 32

G27 4.99 31 0.482 21 52 24 45

G28 5.54 15 0.606 31 46 19 50

G29 5.83 10 0.331 12 22 8 20

G30 5.26 23 0.505 23 46 19 42

G31 6.18 2 0.434 17 19 7 24

G32 4.99 31 0.243 8 39 15 23

G33 6.05 5 0.479 20 25 9 29

G34 5.04 30 0.470 18 48 21 39

G35 5.09 28 0.092 1 29 11 12

G36 5.59 13 0.384 15 28 10 25

G37 5.23 26 0.687 33 59 27 60

G38 4.47 37 0.904 39 76 36 75

G39 4.93 33 0.771 36 69 31 67

G40 4.24 39 0.580 29 68 30 59

G41 5.35 20 0.565 26 46 19 45

G42 5.24 25 0.573 27 52 24 51

G43 4.85 34 0.917 40 74 35 75

G44 4.08 40 0.260 9 49 22 31

G45 4.30 38 0.690 34 72 33 67
G46 5.39 19 0.622 32 51 23 55

Table 4. Mean performance of common winter genotypes based on AMMI Stability Value (ASV), Yield stability index 
(YSI) and Genotype Selection Index (GSI)
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as the assessment of genotype adaptability (Temesgen et al., 
2015; Awoke and Sharma, 2016; Amare et al., 2020; Tanin et 
al., 2022; Jędzura et al., 2023). Bishwas et al. (2021) noted 
that vectors of genotypes with PC1 close to the origin (zero) 
have a general adaptive capacity, while vectors with larg-
er PC1 values are specifically adapted to their environment. 
In our study, genotypes G14, G33, and G19 had mean val-
ues greater than the overall mean and near-zero PC1 scores; 
therefore, they were considered generally adaptable to each 
environment (Figure 2). 

According to AMMI2-based analysis, genotypes and 
environments with lower PC1 and PC2 values, which are 
closer to the origin, are considered the most stable (Tanin 
et al., 2022). In our cases, genotypes G19, G2, G35, G21, 
G4 and G32 were assessed as most stable (Figure 3). Sever-
al researchers have utilised the AMMI biplot to distinguish 

between stable and unstable wheat genotypes across various 
environments (Ali et al., 2015; Singh et al., 2018; Singh et 
al., 2019; Amare et al., 2020; Munjal et al., 2020; Poudel et 
al., 2020; Ram et al., 2020; Regmi et al., 2021; Bishwas et 
al., 2021; Adil et al., 2022; Gupta et al., 2022; Tanin et al., 
2022; Gupta et al., 2023; Jędzura et al., 2023).

Roostaei et al. (2014) compared various statistical meth-
ods for ranking 20 winter wheat genotypes based on yield, 
stability, and yield-stability. They found that AMMI analy-
sis and GGE biplot were the most similar in ranking geno-
types for yield. Additionally, they noted that the GGE biplot 
was more comprehensive and versatile, providing a better 
understanding of GGE interaction than other methods. In 
this study, the GGE biplot analysis revealed that the total 
GGE variation for grain yield of the genotypes evaluated at 
four growing seasons was 73.38%, of which 41.2% was ex-
plained by principal component 1 (PC1) and 26.7% by PC2. 
The „Which-won-where” model of GGE biplot polygonal 
view showed the main effect of genotype plus the G × E in-
teraction effect of the 46 studied genotypes in four seasons 
for grain yield. According to the polygon view, the investi-
gated 46 advantage cultivars fall under four sectors, while 
four environments fall under three sectors in the polygon. 
The genotype G15 was recorded as high-yielding and stable 
across environments E1 (growing season 2016-2017) and 
E3 (growing season 2018-2019), while genotypes G16 and 

Table 5. Analysis of variance for AMMI model of grain 
yield
Sources 
of  
variation

df Sum of 
Squares

Mean 
Square

F Sig. percent acum

PC1 47 65.41 1.39 5.99 0.00 44.00 44.00
PC2 45 47.06 1.05 4.50 0.00 31.60 75.60
PC3 43 36.28 0.84 3.61 0.00 24.40 100.00
PC4 41 0.00 0.00 0.00 1.00 0.00 100.00

Fig. 2. The AMMI1 biplot of PC1 against yield  
for 46 genotypes and 4 growing seasons

Fig. 3. The AMMI2 based analysis of 46 genotypes  
and 4 growing seasons for PC1, PC2 and grain yield
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G23, respectively, showed high yields in environments E2 
(growing season 2017-2018) and E4 (growing season 2019-
2020). According to Poudel et al. (2020), these vertex/win-
ning genotypes, being the most responsive, exhibit specific 
adaptation. In addition, genotypes found in the sector with 
no test environment were classified as poorly adapted to all 
environments (Poudel et al., 2020; Regmi et al., 2021). Fur-
thermore, genotype G2, located at the top of the polygon in 
a section of the biplot where no environmental indicator was 
present, exhibited the worst performance in all environments 
tested (Figure 4).

Many breeders use the concept of the ideal genotype as a 
reference in their programs (Mehari et al., 2015; Chimdesa et 
al., 2019; Wardofa et al., 2019; Omrani et al., 2022; Ahakpaz 
et al., 2023; Dabi et al., 2023; Kebede et al., 2023; Moham-
madi et al., 2023). Genotypes that deviate from the ideal gen-
otype can be eliminated in early breeding cycles, while those 
that are closer to it can be further tested. (Wardofa et al., 
2019). In this study, G16 was located closest to the first con-
centric circle in the biplot, therefore, to the ideal genotype, 
followed by the genotypes in the following sequence: G33, 
G14, G9, G5, G20, G31, G4, G29, and G19. At the same 
time, G21 was the most unstable genotype because it was 
located far from the ideal genotypes (Figure 5). The GGE bi-
plot for genotypes also showed the stability of genotypes as 
a function of environments. Productive genotypes are those 

located to the right of the average climate abscissa (AEA) 
vector, and stable genotypes are those located closest to the 
AEA axis. Genotype G16 had the highest average yield, fol-
lowed by G31, G14, and G33, while G21 had the lowest, fol-
lowed by G44 and G45. Genotypes G33, G14, and G9 were 
the most stable genotypes, because they showed the shortest 
distance from the average environment abscissa. Genotypes 
G15 and G11 were less stable, having the longest distance 
from the AEA. However, considering the stability of yield 
about the average yield and the location of the genotypes 
relative to the ideal genotype, genotypes G33, G14, G16, and 
G9 could be considered the most favourable and adaptable to 
a wide range of environments (Figure 5).

Conclusions

Grain yield of 46 common winter cultivars was signifi-
cantly (p < 0.001) affected by the sources of variance: gen-
otype (G), environment (E), and genotype × environment 
interaction (GEI) during four growing seasons in South-
ern Bulgaria. The magnitude of environment and geno-
type-by-environment interaction for grain yield was larger 
than that of the genotype effect. According to the parametric 
stability estimates, genotypes G16, G31, G14, G24, and G1 
were identified as the most stable. The AMMI1 biplot anal-
ysis determined that the G14, G33, and G19 genotypes were 

Fig. 4. GGE biplot of polygon view displaying  
46 genotypes and 4 environments for grain yield

Fig. 5. GGE biplot genotype view for mean yield,  
stability and ideal genotypes 3 assessment
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generally adaptive to each environment. According to the 
AMMI2-based analysis, the genotypes G19, G2, G35, G21, 
G4, and G32 were assessed as the most stable. The GGE bi-
plot analysis revealed that the total GGE variation for grain 
yield of the genotypes evaluated at four growing seasons was 
73.38%, of which 41.2% was explained by principal compo-
nent 1 (PC1) and 26.7% by PC2. GGE biplot genotype view 
analysis for mean yield, stability, and ideal genotypes assess-
ment identified G33, G14, G16, and G9 as the most stable 
and high-yielding genotypes, close to the ideal genotype. 
Therefore, they could be included in breeding programs and 
used as controls when evaluating the performance of other 
genotypes in Southern Bulgaria.

References

Adil, N., Wani, S. H., Rafiqee, S., Mehrajuddin, S. O. F. I., Sofi, 
N. R., Shikari, A. B., Hussain, A., Mohiddin, F., Jehangir, 
I. A., Khan, G. H., Sofi, M. A., Sheikh, F. A., Bhat, M. A., 
Khan, M. N., Dar, Z. A. & Rahimi, M. (2022). Deciphering 
genotype × environment interaction by AMMI and GGE biplot 
analysis among elite wheat (Triticum aestivum L.) genotypes of 
Himalayan region. Ekin Journal of Crop Breeding and Genetic, 
8(1), 41 – 52.

Ahakpaz, F., Majidi, H. E., Roostaei, M., Bihamta, M. R. & 
Mohammadi, S. (2023). Comprehensive stability analysis of 
wheat genotypes through multi-environmental trials. Journal 
of Agricultural Sciences (Tarim Bilimleri Dergisi), 29(1), 317 
– 334. 

Akcura, M. & Kaya, Y. (2008). Nonparametric stability methods 
for interpreting genotype by environment interaction of bread 
wheat genotypes (Triticum aestivum L.). Genetics and Molecu-
lar Biology, 31(4), 906 – 913.

Ali, M. B., El-Sadek, A. N., Sayed, M. A. & Hassaan, M. A. 
(2015). AMMI biplot analysis of genotype × environment inter-
action in wheat in Egypt. Egyptian Journal of Plant Breeding, 
19(6), 1889 – 1901.

Altay, F. (2012). Yield stability of some Turkish winter wheat (Trit-
icum aestivum L.) genotypes in the western transitional zone of 
Turkey. Turkish Journal of Field Crops, 17(2), 129 – 134.

Amare, A., Mekbib, F., Tadesse, W. & Tesfaye, K. (2020). Geno-
type x environment interaction and stability of drought tolerant 
bread wheat (Triticum aestivum L.) genotypes in Ethiopia. In-
ternational Journal of Research Studies in Agricultural Scienc-
es, 6(3), 26 – 35. 

Arain, M. A., Sial, M. A., Rajput, M. A. & Mirbahar, A. A. 
(2011). Yield stability in bread wheat genotypes. Pakistan Jour-
nal of Botany, 43(4), 2071 – 2074.

Awoke, S. & Sharma, M. K. (2016). Parametric and non-paramet-
ric methods to describe genotype by environment interaction 
and grain yield stability of bread wheat. Statistics and Applica-
tions, 14(1&2), 9 – 29.

Baktash, K. (2016). AMMI Analysis of adaptability and yield sta-
bility of promosing lines of bread wheat (Triticum aestavum 
L.). The Iraqi Journal of Agricultural Sciences, 47(Special Is-

sue), 35 – 43.
Bishwas, K. C., Poudel, M. R. & Regmi, D. (2021). AMMI and 

GGE biplot analysis of yield of different elite wheat line under 
terminal heat stress and irrigated environments. Heliyon, 7(6), 
e07206. 

Cheshkova, A. F., Stepochkin, P. I., Aleynikov, A. F., Greben-
nikova, I. G. & Ponomarenko, V. I. (2020). A comparison of 
statistical methods for assessing winter wheat grain yield sta-
bility. Vavilovskyi Journal Genetiki i Selekcii, 24(3), 267 – 275.

Chimdesa, O., Asefa, K., Alemu, S. & Teshome, G. (2019). Eval-
uating agronomic performance and yield stability of improved 
bread wheat varieties across low moisture stress areas of Guji 
Zone, Southern Oromia. International Journal of Research in 
Agriculture and Forestry, 6(5), 1 – 10.

Dabi, A., Alemu, G., Sime, B., Geleta, N., Delessa, A., Solomon, 
T., Zegaye, H., Asnake, D., Asefa, B., Duga, R., Shewaye, Y., 
Getamesay, A., Zewudu, D., Girma, B., Badebo, A. & Abe-
yo, B. (2023) Genotype×environment interaction and stability 
analysis using GGE biplot for grain yield of bread wheat (Trit-
icum aestivum L.) genotypes under low moisture stress areas 
of Ethiopia. International Journal of Bio-resource and Stress 
Management, 14(7), 1089 – 1098. 

Eberhart, S. A. & Russell, W. A. (1966). Stability parameters for 
comparing varieties 1. Crop Science, 6(1), 36 – 40.

Farshadfar, E. (2008). Incorporation of AMMI stability value and 
grain yield in a single non-parametric index (GSI) in bread 
wheat. Pakistan Journal of Biological Science, 11(14), 1791 – 
1796.

Farshadfar, E., Mahmodi, N. & Yaghotipoor, A. (2011). AMMI 
stability value and simultaneous estimation of yield and yield 
stability in bread wheat (Triticum aestivum L.). Australian 
Journal of Crop Science, 5(13), 1837 – 1844.

Finlay, K. W. & Wilkinson, G. N. (1963). The analysis of adapta-
tion in a plant breeding programme. Australian Journal of Ag-
ricultural Research, 14(6), 742 – 754.

Francis, T. R. & Kannenberg, L. W. (1978). Yield stability stud-
ies in short-season maize: I. A descriptive method for grouping 
genotypes. Canadian Journal of Plant Science, 58(4), 1029 – 
1034.

Gupta, V., Kumar, M., Singh, V., Chaudhary, L., Yashveer, S., 
Sheoran, R., Dalal, M.S., Nain, A., Lamba, K., Gangadhara-
iah, N., Sharma, R. & Nagpal, Sh. (2022). Genotype by envi-
ronment interaction analysis for grain yield of wheat (Triticum 
aestivum (L.) em.Thell) genotypes. Agriculture, 12(7), 1002. 

Gupta, V., Mehta, G., Kumar, S., Ramadas, S., Tiwari, R., 
Singh, G. P. & Sharma, P. (2023). AMMI and GGE biplot 
analysis of yield under terminal heat tolerance in wheat. Molec-
ular Biology Reports, 50(4), 3459 – 3467. 

Hayder, F. M. A., Uddin, M. N., Roy, U. K., Uddin, G. M. & 
Siddique, A. B. (2018). Stability analysis of yield performance 
in wheat (Triticum aestivum L.). Plant, Environment Develop-
ment, 7(2), 10 – 15. 

Huhn, M. (1990). Nonparametric measures of phenotypic stability. 
Part 1: Theory. Euphytica 47(3), 189–194.

Jędzura, S., Bocianowski, J. & Matysik, P. (2023). The AMMI 
model application to analyze the genotype–environmental in-
teraction of spring wheat grain yield for the breeding program 



949AMMI and GGE biplot analyses of adaptability and yield stability of advantage varieties of common...

purposes. Cereal Research Communications, 51(1), 197 – 205. 
Kamini, D., Sharma, D. J., Agrawal, A. P. & Pandey, D. (2020). 

Stability analysis in wheat (Triticum aestivum L.). Journal of 
Pharmacognosy and Phytochemistry, 9(5S), 295 – 298.

Kang, M. S. (1988). A rank-sum method for selecting high-yield-
ing, stable corn genotypes. Cereal Research Communication, 
16(1/2), 113 – 115.

Kebede, G., Worku, W., Feyissa, F. & Jifar, H. (2023). Genotype 
by environment interaction and stability analysis for selection 
of superior fodder yield performing oat (Avena sativa L.) gen-
otypes using GGE biplot in Ethiopia. Ecological Genetics and 
Genomics, 28, 100192.

Khan, M. A. U., Mohammad, F., Khan, F. U., Ahmad, S., Raza, 
M. A. & Kamal, T. (2020). Comparison among different sta-
bility models for yield in bread wheat. Sarhad Journal of Agri-
culture, 36(1), 282 – 290.

Knapp, S., Brabant, C., Oberforster, M., Grausgruber, H. & 
Hiltbrunner, J. (2017). Quality traits in winter wheat: Com-
parison of stability parameters and correlations between traits 
regarding their stability. Journal of Cereal Science, 77, 186 – 
193. 

Krupal, S. M., Rathod, S. T. & Kamble, B. G. (2018). Stability 
analysis for yield and quality traits in wheat (Triticum aestivum 
L.). Electronic Journal of Plant Breeding, 9(1), 160 – 168.

Kyratzis, A. C., Pallides, A. & Katsiotis, A. (2022). Investigat-
ing stability parameters for agronomic and quality traits of du-
rum wheat grown under Mediterranean conditions. Agronomy, 
12(8), 1774. 

Mansour, E., Moustafa, E. S. A., El-Naggar, N. Z. A., Abdel-
salam, A. & Igartua, E. (2018). Grain yield stability of 
high-yielding barley genotypes under Egyptian conditions for 
enhancing resilience to climate change. Crop and Pasture Sci-
ence, 69(7), 681 – 690. 

Mehari, M., Tesfay, M., Yirga, H., Mesele, A., Abebe, T., Work-
ineh, A. & Amare, B. (2015). GGE biplot analysis of geno-
type-by-environment interaction and grain yield stability of 
bread wheat genotypes in South Tigray, Ethiopia. Communica-
tions in Biometry and Crop Science, 10(1), 17 – 26.

Melkamu, M. T., Sentayehu, S. A. & Eticha, F. (2015). GGE bi-
plot analysis of genotype by environment interaction and grain 
yield stability of bread wheat genotypes in South East Ethiopia. 
World Journal of Agricultural Sciences, 11(4), 183 – 190. 

Mohammadi, M., Ghojigh, H., Khanzadeh, H., Hosseinpour, T. 
& Armion, M. (2016). Assessment of yield stability of spring 
bread wheat genotypes in multi environment trials under rain-
fed conditions of Iran using the AMMI model. Crop Breeding 
Journal, 6(2), 59 – 66.

Mohammadi, R., Jafarzadeh, J., Poursiahbidi, M. M., Hata-
mzadeh, H. & Amri, A. (2023). Genotype-by-environment 
interaction and stability analysis for grain yield in durum wheat 
using GGE biplot and genotypic and environmental covariates. 
Agricultural Research, 12(4), 364 – 374. 

Munjal, R., Ram, K., Kesh, H., Suresh, N. & Kumari, A. (2020). 
AMMI and GGE biplot analysis for yield stability of wheat 
genotypes under drought and high temperature stress. Interna-
tional Journal of Current Microbiology and Applied Sciences, 
9(5), 377 – 389. 

Nassar, R. & Huhn, M. (1987). Studies on estimation of phenotyp-
ic stability: tests of significance for nonparametric measures of 
phenotypic stability. Biometrics, 43(1), 45 – 53.

Neisse, A. C., Kirch, J. L. & Hongyu, K. (2018). AMMI and GGE 
Biplot for genotype × environment interaction: a medoid–based 
hierarchical cluster analysis approach for high–dimensional 
data. Biometrical Letter, 55(2), 97 – 121. 

Obsa, C. (2019). Evaluating agronomic performance and yield sta-
bility of improved bread wheat varieties across low moisture 
stress areas of Guji Zone, Southern Oromia. Agricultural Re-
search and Technology: Open Access Journal, 22(1), 556183. 

Omrani, A., Omrani, S., Khodarahmi, M., Shojaei, S. H., Illés, 
Á., Bojtor, C., Mousavi, S. M. N. & Nagy, J. (2022). Evalu-
ation of grain yield stability in some selected wheat genotypes 
using AMMI and GGE biplot methods. Agronomy, 12(5), 1130.

Pinthus, M. J. (1973). Estimate of genotypic value: A proposed 
method. Euphytica, 22(1), 121 – 123. 

Plaisted, R. I. & Peterson, L. C. (1959). A technique for evalu-
ating the ability of selection to yield consistently in different 
locations or seasons. American Potato Journal, 36, 381 – 385.

Plaisted, R. L. (1960). A shorter method for evaluating the ability 
of selections to yield consistently over locations. American Po-
tato Journal, 37, 166 – 172.

Poudel, M. R., Ghimire, S., Pandey, M. P., Dhakal, K., Thapa, 
D. B. & Poudel, H. K. (2020). Yield stability analysis of wheat 
genotypes at irrigated, heat stress and drought condition. Jour-
nal of Biology and Today’s World, 9(5), 220. 

Pour-Aboughadareh, A., Yousefian, M., Moradkhani, H., 
Poczai, P. & Siddique, K. H. M. (2019). Stabilitysoft: A new 
online program to calculate parametric and non-parametric 
stability statistics for crop traits. Applied Plant Science, 7(1), 
e01211. 

Pour-Aboughadareh, A., Khalili, M., Poczai, P. & Olivoto, T. 
(2022). Stability indices to deciphering the genotype-by-envi-
ronment interaction (GEI) effect: An applicable review for use 
in plant breeding programs. Plants, 11(3), 414. 

Purchase, J. L. (1997). Parametric analysis to describe genotype 
by environment interaction and yield stability in winter wheat. 
Ph.D. Thesis, Department of Agronomy, Faculty of Agriculture 
of the University of the Free State, Bloemfontein, South Africa.

Purchase, J. L., Hatting, H. & van Deventer, C. S. (2000). Gen-
otype × environment interaction of winter wheat (Triticum aes-
tivum L.) in South Africa: II. Stability analysis of yield perfor-
mance. South African Journal of Plant and Soil, 17(3), 101 – 107.

Ram, K., Munja, R., Kesh, H.,Suresh & Kumari, A. (2020). 
AMMI and GGE biplot analysis for yield stability of wheat 
genotypes under drought and high temperature stress. Interna-
tional Journal of Current Microbiology and Applied Sciences, 
9(5): 377-389 9.

Regmi, D., Poudel, M. R., Bishwas, K. C. & Poudel, P. B. (2021). 
Yield stability of different elite wheat lines under drought and 
irrigated environments using AMMI and GGE biplots. Inter-
national Journal of Applied Science and Biotechnology, 9(2), 
98 – 106. 

Roostaei, M., Mohammadi, R. & Amri, A. (2014). Rank cor-
relation among different statistical models in ranking of winter 
wheat genotypes. The Crop Journal, 2(2-3), 154 – 163.



950 Gergana Nikolova Desheva et al.

Shukla, G. K. (1972). Some statistical aspects of partitioning geno-
type-environmental components of variability. Heredity, 29(2), 
237 – 245.

Sial, M. A., Dahot, M. U., Mangrio, S. M., Mangan, B. N., Ara-
in, M. A., Naqvi, M. H. & Memon, Sh. (2007). Genotype x 
environment interaction for grain yield of wheat genotypes test-
ed under water stress conditions. Science International, 19(2), 
133 – 137.

Singh, C., Srivastava, P., Sharma, A., Kumar, P., Chhuneja, P., 
Sohu, V. S. & Bains, N. S. (2018). Stability analysis for grain 
yield and some quality traits in bread wheat (Triticum aestivum 
L.). Journal of Applied and Natural Science, 10(1), 466 – 474.

Singh, C., Gupta, A., Gupta, V., Kumar, P., Sendhil, R., Tyagi, 
B. S., Singh, G., Chatrath, R. & Singh, G. P. (2019). Geno-
type x environment interaction analysis of multi-environment 
wheat trials in India using AMMI and GGE biplot models. Crop 
Breeding and Applied Biotechnology, 19, 309 – 318. 

Subedi, M., Cárcamo, H. A., Knodel, J. J., Weaver, D. K., 
Cuthbert, R. D., Pozniak, C. J., Nilsen, K. T. & Beres, B. 
L. (2021). Stability analysis of stem solidness, grain yield, and 
grain protein concentration in spring wheat. Canadian Journal 
of Plant Science, 101(4), 456 – 475. 

Tanin, M. J., Sharma, A., Saini, D. K., Singh, S., Kashyap, L., 
Srivastava, P., Mavi, G. S., Kaur, S., Kumar, V., Kumar, V., 
Grover, G., Chhuneja, P. & Sohu, V. S. (2022). Ascertain-
ing yield and grain protein content stability in wheat genotypes 
having the Gpc-B1 gene using univariate, multivariate, and cor-
relation analysis. Frontiers in Genetics, 13, 1001904. 

Temesgen, M., Alamerew, S., Eticha, F. & Mehari, M. (2015). 
Genotype X environment interaction and yield stability of 
bread wheat genotypes in South East Ethiopia. World Journal 

of Agricultural Sciences, 11(3), 121 – 127. 
Thakur, P., Prasad, L. C., Prasad, R., Omprakh, Chandra, K. 

& Rashmi, K. (2019). Stability analysis for yield and related 
traits over four environments in wheat (Triticum aestivum L.). 
Plant Archives, 19(2), 3541 – 3545.

Tollenaar, M. & Lee, E. A. (2002). Yield potential, yield stability 
and stress tolerance in maize. Field Crops Research, 75(2-3), 
161 – 169.

Tulu, L. & Wondimu, A. (2019). Adaptability and yield stabili-
ty of bread wheat (Triticum aestivum) varieties studied us-
ing GGE-biplot analysis in the highland environments of 
South-western Ethiopia. African Journal of Plant Science, 
13(6), 153 – 162.

van Eeuwijk, F. A., Bustos-Korts, D. V. & Malosetti, M. (2016). 
What should students in plant breeding know about the statisti-
cal aspects of genotype × environment interactions? Crop Sci-
ence, 56(5), 2119 – 2140. 

Wardofa, G. A., Asnake, D. & Mohammed, H. (2019). GGE bi-
plot analysis of genotype by environment interaction and grain 
yield stability of bread wheat genotypes in Central Ethiopia. 
Journal of Plant Breeding and Genetic, 7(2), 75 – 85. 

Wardofa, G. A. & Ararsa, A. D. (2020). Evaluation of grain yield 
stability analysis in bread wheat (Triticum aestivum L.) geno-
types using parametric method. American Journal of Life Sci-
ences, 8(6), 189 – 195. 

Wricke, G. (1962). About a method for assessing ecological vari-
ance in field experiments. Journal of Plant Breeding, 47, 92 
– 96 (De).

Yang, R. C., Crossa, J., Cornelius, P. L. & Burgueno, J. (2009). 
Biplot analysis of genotype x environment interaction: proceed 
with caution. Crop Science, 49(5), 1564 – 1576.

Received: December, 17, 2023; Approved: April, 18, 2024; Published: October, 2025


