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ABSTRACT: This study was conducted at the Agricultural Research Station, Cairo University at Giza 
Governorate, Egypt during 2011/2012 and 2012/2013 seasons to assess genotype x environment 
interaction and stability of straw and seed yields of seven flax cultivars, namely Sakha 1, Sakha 2, 
Sakha 3, Sakha 4, Giza 9, Giza 10 and S.46/4 under different nitrogen levels i.e. 20, 35 and 50 kg N/fad. 
The field experiments were laid out in a split-plot design with three replications in both years. The 
obtained results showed that fertilizer rate (50 kg N /fed) was the most suitable environment for straw 
yield. On the other hand the fertilizer rate (35 kg N/fed) was the most suitable environment for seed 
yield. Combined analysis of variance of straw and seed yields of seven cultivars tested at six 
environments showed highly significant (p<0.01) difference between the cultivars, environments and 
GEI, suggesting differential response of cultivars across testing environments and the need for stability 
analysis. Several biometrical methods are available for analysis of G-E interaction and yield stability. The 
models of Eberhart and Russell (1966) and genotype plus GE interaction (GGE) biplot analysis applied 
to study genotype x environment interaction and were compared for their efficiency empirically. The 
results indicated that the environments of evaluation greatly differed. The results indicated that the 
environments of evaluation greatly differed. Both statistical stability models, i. e. Eberhart and Russell 
(1966) as well as (GGE) biplot analysis, indicated that cultivars Sakha 1, Sakha 2 and Giza 9 were the 
most high yielding and stable cultivars for straw yield and only cultivar Sakha 2 for seed yield. Stability 
analysis revealed that some cultivars considered stable for straw yield were found to be unstable for 
seed yield. This result suggests that stability of a complex trait (such as seed yield) may not depend on 
stability of straw yield trait. Different stability parameters explained genotypic performance differently, 
irrespective of straw and seed yield performance. It was accordingly concluded that assessment of G × 
E interaction and yield stability should not be based on a single or a few stability parameters but rather 
on a combination of stability parameters. The GGE-biplot method was a more efficient tool to analyze 
GE interaction, because it can provide the biplots and information on genotype, environment and their 
interaction, while the Eberhart and Russell analysis give information only on genotype evaluation. 
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INTRODUCTION 
 

 Flax (Linum usitatissimum L.) is a member of the genus Linum in the family Linaceae. Flaxseed is one of the 

most important cultivated plants concerning its linen and oil. This species is planted mostly for oil and textile 

industry. Flax is grown in Egypt as a dual purpose crop for its seeds and fibers. In Egypt, the gap between oil 

production and consumption reached about 85 percent (FAO, 2012). 
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In Egypt, flax is cultivated as a dual purpose (seeds for oil and stems for fiber). The cultivated area through the last 
20 years was decreased from 60.000 to 30.000 feddan due to the great competition of other economic winter crops 
resulting in a gap between production and consumption. Therefore, it is necessary to increase flax productivity per 
unit area which could be achieved by using high yielding and stable cultivars for  straw and seed yields. 
Nitrogen fertilization is one of the most important crop management interventions for growing fiber flax. Nitrogen is 
the most important plant nutrient that influences the development of plants and thus the developmental stages of 
the plant as well as the yield and fiber quality of flax fiber. Flax usually has a positive yield response to nitrogen, but 
the overall response is less than in crops such as wheat, barley and canola (Grant et al., 1999; Nuttall and Mahli, 
1991). 
 A large amount of nitrogen increases vegetative flax mass, which causes lodging, increases the stem 
thickness and a the amount of wooden core, the fiber becomes coarser and less strong (Dimmock et al., 2005; 
Butorac et al., 2009).  
Straw and seed yields are quantitative traits. Breeding for increased seed yield is the major objective in any plant 
breeding program. Measuring genotype by environment interaction is very important in order to determine an 
optimum breeding strategy for releasing cultivars with adequate adaptation to target environments (Hristov et al., 
2009) 
 Genotype × environment (GE) interaction is an important issue faced by plant breeders in crop breeding 
programs. GE interactions are said to exist when the responses of two genotypes to different levels of 
environmental stress fail to be parallel (Allard and Bradshaw, 1964). 
Analysis of stability is a biometrical method with great potential for characterization of the relative performance of a 
group of populations (varieties, hybrids, lines, clones, etc.) under different environmental conditions. Several 
statistical methods have been developed for analyzing genotype × environment (GE) interactions in crop breeding 
programs to identify genotypes with high yield and stability performances (Lin et al., 1986; Piepho, 1998). These 
methods can be univariate (based on regression or variance analysis) or multivariate. The most commonly used 
methods are based on regression analysis. 
 Plant breeders have recently been introduced to GGE Biplot, a stability analysis and variety selection tool, and 
have begun to incorporate it into their breeding programs (Yan, 2001). 
Each of the two statistical approaches of GGEbiplot and Eberhart and Russell’s models are well reviewed and 
documented in different crops, but little is known about comparing these two approaches for genotype evaluation in 
MET data. 
 Keeping the importance of production of flax crop in view, the present study was aimed to  i) estimate genotype 
× environment (GE) interaction effects and to determine the stable flax genotypes for  straw and seed yields under 
different nitrogen levels. ii) compare the effectiveness of the GGE-biplot and Eberhart and Russell’s model to 
identify high-yielding and stable cultivars. 
 

MATERIALS AND METHODS 
 
 The present investigation was carried out at the agronomy department, faculty of agriculture, Cairo University, 
Giza (30°N, 31°28′E), Egypt. Seven flax cultivars were evaluated in three different nitrogen fertilization rates. The 
names of cultivars are Sakha 1, Sakha 2, Sakha 3, Sakha 4, Giza 9, Giza 10 and S.46/4 (obtained from Agric. Res. 
Centre at Giza). They were selected based on their agronomic performances and suitability to the growing 
conditions. The six environments ( 3 N rates x 2 years= 6 environments) as follows: three environments in 
2011/2012 at Experiment and Research Station, Faculty of Agriculture, Cairo University, Giza, Egypt (30º 02' N 
latitude and 31º 13' E longitude with an altitude of 22.50 meters above sea level),  with three nitrogen rates (20, 35 
and 50 kg N/fed.) (One feddan = 4200 m2). The nitrogen rates were denoted by the symbols N1, N2 and N3. While 
the other three environments were conducted during 2012/2013 at the same location. Details of the six 
environments are given in Table 1. 
 
Table 1. The environments used in this study. 

Code Growing 
season 

Nitrogen 
fertilizer rate  

Description 

E1 2011/2012 20 kg N /fed E1 is the first fertilizer rate (20 kg N /fed) in the first season. 

E2 2011/2012 35 kg N /fed E2 is the second fertilizer rate (35 kg N /fed) in the first season. 

E3 2011/2012 50 kg N /fed E3 is the third fertilizer rate (50 kg N /fed) in the first season. 

E4 2012/2013 20 kg N /fed E4 is the fourth  fertilizer rate (20 kg N /fed) in the second 
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season. 

E5 2012/2013 35 kg N /fed E5 is the fifth fertilizer rate (35 kg N /fed) in the second season. 

E6 2012/2013 50 kg N /fed E6 is the first fertilizer rate (50 kg N /fed)  in the second season. 

 
Layout and experimental design 
 The experimental design was a split plot design based on Randomized Complete Block Design with three 
replications in both years, according to Gomez and Gomez (1984). Three nitrogen doses (20, 35, and 50 kg N/fed) 
were allocated to the main plots and the seven flax cultivars were planted in sub plots. Each sub plot consisted of 
fifteen rows with 3.0 meters length and 15 cm apart. The net experimental unit (sub plot) area was 6.75 m2.  
Physical and chemical characteristics of the experimental soil before planting were determined according to 
Jackson (1973) and revealed that the soil texture was a clay loam, with an alluvial substratum (pH = 8.07, 45.60% 
clay, 26.34% silt, 24.74% fine sand, 3.29% coarse sand, 2.95% calcium carbonate, nutrients (mg/kg soil, Total N = 
64.2, P = 8.1, K =275.6), and 1.01% organic matter). The previous summer crop was cotton in the first and second 
seasons. Cultivars were sown by a seed drill at the seed rate of 60 kg per feddan and sowing dates were 10th and 
5th of December in the two successive seasons, respectively. 
Phosphorous at a rate of 50 kg P2 O2 in the form of ordinary super phosphate (15.5% P2 O5) was applied to all plots 
pre planting. All cultural practices were applied as recommended, in the region except nitrogen fertilization which is 
used as 20, 35 and 50 kg N/fed. as Urea (46.5%). Quantity of each plot was divided into two equal doses; the first 
dose was added before the first surface irrigation it was 20 days after planting and the second dose was added 20 
days after from the first one before the second irrigation. Irrigations were added during growth by flooding system. 
At harvest the whole plants of each plot was taken to determine straw and seed yields per plot and then converted 
to straw and seed yields ton per feddan.  
 
Statistical analysis and stability models 
 Keeping in view the objectives set out for the study, following statistical tools and methods have been 
deployed. The straw and seed yields of 7 flax cultivars grown in 6 different environments were subjected to 
analysis of the GE interaction. Straw and seed yield data were collected on plot basis and converted to ton/feddan 
and analyzed with appropriate statistical software for stability parameters.  
 Normality distributions in each environment were checked out by the Wilk Shapiro test (Neter et al., 1996). An 
analysis of variance (ANOVA) was done for each experiment separately (Steel et al., 1997). A combined analysis 
of variance was done from the mean data from each environment, to create the means for the different statistical 
analyses methods. Bartlett’s (1947) test was used to determine the validity of the combined analysis of variance. 
Grain yield data permitted the utilization of the stability analysis proposed by Eberhart and Russell (1966). GxE 
interaction was studied by the principal components axis (PCA) model. Data were statistically analyzed using 
ANOVA in the MSTAT-C  software package (Freed et al., 1989), and SPSS (2008) computer software (Release 
17.0.0, SPSS Inc.). Data were analysed for principal components and biplot was constructed using GGEbiplot 
(version 2.2.2.10) software (Yan and Kang, 2003). 
 
The following analyses of the stability models were performed: 
1. Univariate analysis method: Analysis using Eberhart and Russell ’s (1966) model. 
 Eberhart and Russell’s (1966) model. Eberhart and Russell’s model proposed joining linear regression of the 
mean of the genotype on the environmental mean as an independent variable. In this model, it defines stability 
parameters that may be used to estimate the performance of a genotype over different environments. Two stability 
parameters were calculated based on (a) the regression coefficient, a regression performance of each genotype in 

different environments calculating means over all the genotypes, and (b) mean squares of deviations (
2

d is
) from 

linear regression. The performance of each cultivar in each environment was regressed on the means of all 
cultivars in each environment. Cultivars with regression coefficient (b) of unity and variance of regression 
deviations (S2

di) equal to zero will be highly stable. 
 
2. Multivariate analysis method: Genotype and Genotype by Environment  
Interaction GGE-biplot analysis 
 The combined analysis was used to create an analysis of variance (ANOVA) table to determine the presence 
or absence of GE interactions. The percentage of total variation attributed to E, G, or GE interaction was calculated 
using the sums of squares from the ANOVA table. The GGE-biplot method (Yan et al., 2000) was employed to 
analyze the genotype by environment interaction of grain yield. GGE (i.e. G, genotype +GEI, genotype-by 
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environment interaction) biplot methodology, which is composed of 2 concepts, the biplot concept (Gabriel, 1971) 
and the GGE concept (Yan et al., 2000), was used to visually analyze the multi-environment yield trials (MEYTs) 
data.      
 
RESULTS AND DISCUSSION 
Descriptive analysis  
 The average straw and seed yields and their ranks for 7 flax cultivars tested across six environments are 
presented in Table 2.  
 Both the mean of straw and seed yield across the six environments (Table 2) showed substantial changes in 
ranks among the cultivars, reflecting the presence of high G-E interactions (Baker, 1988). This argument reflects 
the importance of understanding the type and magnitude of GE interaction in safflower production and breeding 
programs carried out under Egyptian conditions in order to select a highly performance and genotypically stable 
genotype. 
 Significant differences were observed for straw and seed yield among the cultivars in all environments 
considered in the study (Table 2). This indicated the presence of genetic variability among the cultivars. The mean 
straw yield over six environments ranged from 2.08 ton/fed (S.46/4) to 3.19 ton/fed (Sakha 3) with a grand mean of 
2.83 ton/fed. Four of the cultivars (57%) had above the mean average yields (Table 2). The data of  Table 3 
revealed that under 50 kg nitrogen rate (N3), straw yield was the highest, then significantly decreased under the 
lower nitrogen rates. This implies that application of nitrogen had increased the straw yield (ton/fed). 
 
Table 2. Mean performance and ranks of straw and seed yields for seven flax cultivars and their combined means 
across six environments.  

Cultivars Environments  
Cult. Mean E1 E2 E3 E4 E5 E6 

Straw yield (ton/fed) 

Sakha 1 2.47 (6) 2.67 (6) 2.87 (6) 2.86 (4) 3.04 (4) 3.09 (4) 2.83 

Sakha 2 2.58 (4) 2.77 (5) 2.88 (5) 2.80 (5) 2.90 (5) 3.10 (3) 2.84 

Sakha 3 3.08 (2) 3.17 (2) 3.23 (2) 3.17 (1) 3.28 (1) 3.18 (2) 3.19 

Sakha 4 3.20 (1) 3.30 (1) 3.30 (1) 2.93 (3) 3.07 (3) 2.98 (5) 3.13 

Giza 9 2.59 (3) 2.80 (3) 2.90 (4) 3.01 (2) 3.11 (2) 3.20 (1) 2.94 

Giza 10 2.57 (5) 2.79 (4) 3.03 (3) 2.73 (6) 2.83 (6) 2.87 (6) 2.81 

S.46/4 1.81 (7) 1.90 (7) 1.68 (7) 2.17 (7) 2.40 (7) 2.54 (7) 2.08 

Env. Mean 2.61 2.77 2.84 2.81 2.95 2.99 2.83 

Cultivars Seed yield (ton/fed) 

Sakha 1 0.43 (5) 0.39 (7) 0.38 (7) 0.52 (3) 0.50 (3) 0.50 (3) 0.45 

Sakha 2 0.42 (6) 0.46 (5) 0.45 (3) 0.40 (7) 0.47 (6) 0.43 (6) 0.44 

Sakha 3 0.45 (4) 0.50 (4) 0.43 (4) 0.42 (5) 0.39 (7) 0.39 (7) 0.42 

Sakha 4 0.39 (7) 0.44 (6) 0.42 (5) 0.41 (6) 0.48 (5) 0.45 (5) 0.43 

Giza 9 0.49 (2) 0.53 (2) 0.53 (2) 0.54 (2) 0.56 (2) 0.60 (1) 0.54 

Giza 10 0.46 (3) 0.52 (3) 0.41 (6) 0.44 (4) 0.49 (4) 0.47 (4) 0.46 

S.46/4 0.62 (1) 0.62 (1) 0.60 (1) 0.60 (1) 0.58 (1) 0.52 (2) 0.60 

Env. Mean 0.47 0.49 0.46 0.48 0.50 0.48 0.48 

 
Mean straw yield varied among environments and ranged from 2.61 ton /fed for environment 1 (20 kg N /fed) to 
2.99 ton /fed for environment 6 (50 kg N /fed) (Table 2). Among the environments, E1, E2 and E4 had below the 
mean average yields. Combined analysis over six environments showed, cultivar Sakha 3 ranked the first in mean 
straw yield (3.19 ton/fed), and cultivar Sakha 4 ranked the second (3.13 ton/fed) and Giza 9 came third (2.95 
ton/fed). 
Also, the mean seed yields of the seven cultivars grown in six environments were presented in Table 2. Mean seed 
yields ranged from 0.42 ton/fed for ‘Sakha 3’ to 0.60 ton/fed for ‘S.46/4’as average across six different 
environments, with an overall average of 0.48 ton/fed. Two of the cultivars (28%) had above the mean average 
yields. 
A close view of results in Table 2, the application rate of  35 kg N/fed (E2 and E5) produced the maximum seed 
yield (0.49 and 0.50 ton/fed), followed by 20 kg N/fed (E1 and E4) which produced (0.47 and 0.48 ton/fed) seed 
yield. The minimum seed yield (0.46 ton/fed) was recorded in the application rate of  50 kg N/fed (E3) (Table 2). 
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The data in Table 2 revealed that under 50 kg nitrogen rate (N3), seed yield was the lowest, then significantly 
decreased under the higher nitrogen rates. These findings are similar to the results obtained by Homayouni et al. 
(2013) and Khajani et al. (2012) which revealed that flax varieties were significantly different in seed yield and yield 
components under the different nitrogen fertilizer requirements and environmental conditions. 
 
Combined analysis of variance  
The mean data averaged over replication for cultivars from six environments for straw and seed yield were 
subjected to combined analysis. The analysis of variance for straw and seed yield at six environments and their 
combined analysis over the environments are presented in Table (3 and 4). Combined analysis of variance 
(ANOVA) indicated highly significant (P<0.01) variations among environments and among cultivars, indicating the 
existence of variability among the tested cultivars for straw and seed yields. Genotype by Environment Interaction 
(GEI) was statistically highly significant for both straw and seed yields per feddan, suggesting differential response 
of cultivars across testing environments and the need for stability analysis. It agrees with the finding that yield and 
agronomic traits are influenced by genotypes, environment factors and the interaction between genotype and 
environment (Mostafa and Ashmawy, 1998; Choferie, 2008; Berti et al., 2010). 
 
Table 3. Combined analysis of variance of seed yield (ton/fed) data of seven flax cultivars tested across six 
environments. 

Source df SS % of 
GE+E+G 
SS (%) 

MS P-value 

Genotypes (G) 6 14.12 75.62 2.35 0.00001 

Environments (E) 5 1.91 10.23 0.38 0.0001 

GEI 30 2.64 14.14 0.08 0.00001 

Block (Env.) 12 0.28  0.02 0.00001 

Error 72 0.18  0.002  

Total 125 19.13    

 
Table 4. Combined analysis of variance of straw yield (ton/fed) data of seven flax cultivars tested across six 
environments. 

Source df SS % of 
GE+E+G 
SS (%) 

MS P-value 

Genotypes (G) 6 0.395 69.29 0.066 0.00001 

Environments (E) 5 0.024 4.21 0.005 0.00001 

GEI 30 0.151 26.49 0.005 0.00001 

Block (Env.) 12 0.034  0.003 0.00001 

Error 72 0.019  0.0003  

Total 125 0.623    

 
It is evident that the combined analysis of variance cleared that there were significant genetic background 
variations among flax cultivars and the response of tested traits. Also, significant different changes were displayed 
due to nitrogen fertilizer treatments (environments).  
On the basis of indicated results in the Table (3) proportion of variance captured by environments was 10.23%, 
genotypes 75.62% and GEI 14.14% of the total variation, indicating less effect of environments on straw yield as 
compared to the effect of cultivars. Also, in this study, seed yield followed similar trend of straw yield (Tables 3 and 
4). Ideally, varieties that show low G x E interaction and have high stable yields are desirable for crop breeders and 
farmers, because that indicates that the environments have less effect on the performance of cultivars and their 
yields are largely due to their genetic composition. Similar results have been reported in linseed multi environment 
evaluations in Ethiopia (Adugna and Labuschagne 2003). Since the G x E interactions was found significant for 
both the two characters, the data of characters were subjected to stability analysis. 
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Stability analysis  
Stability analysis by Eberhart and Russell (1966) 
Successful flax cultivars need to be adapted to a range of environments because yield stability is directly linked to 
profitability. The important purpose for breeders is to find genotypes with good and stable not only for end users, 
which could be used for general cultivation but also to provide parents in the future breeding programs.  
Genotype by environment interaction is commonly observed as the differential ranking of genotypes’ performance 
across environments (Mohammadi and Amri 2013). The highly significant differences of the ANOVA indicated the 
sensitivity of cultivars in their responses to environments for the two traits evaluated and confirmed that the testing 
environments were largely different. 
Once the GE-interaction is found significant, Eberhart and Russell's method was used to identify the stable 

cultivars. Estimates of mean performance )(x , regression coefficient (bi) and deviation from regression (S2
di) of 7 

cultivars for straw and seed yields are presented in Table (5 and 6).  
 
Table 5. Estimates of stability and adaptability parameters of straw yield (ton/fed) for 7 flax cultivars across 6 
environments.  

Cultivars Mean Straw 
Yield (ton/fed) 

Rank  (bi) Rank (S2
d) Rank 

Sakha 1 2.38 6 1.10ns 2 0.05ns 1 

Sakha 2 2.84 4 0.99ns 1 0.07ns 2 

Sakha 3 3.19 1 0.44** 4 0.25** 5 

Sakha 4 3.13 2 1.58** 5 0.28** 6 

Giza 9 2.93 3 0.86ns 3 0.08ns 3 

Giza 10 2.81 5 2.24** 7 0.34** 7 

S.46/4 2.08 7 - 0.21** 6 0.22* 4 

Average 2.83  1.00    

Key note for Table 5: **significantly unstable at 0.01 probability level; *significantly unstable at 0.05 probability 
level, ns= Non significant, bi = regression coefficient, S2

di = deviation from regression. 
 
 
Table 6. Estimates of stability and adaptability parameters of seed yield (ton/fed) for 7 flax cultivars across 6 
environments.  

Cultivars Mean Seed 
Yield (ton/fed) 

Rank  (bi) Rank (S2
d) Rank 

Sakha 1 0.45 4 1.70** 6 0.12* 4 

Sakha 2 0.44 5    1.21ns 1    0.04ns 1 

Sakha 3 0.43 6 0.39** 5 0.10* 3 

Sakha 4 0.42 7    -0.55** 3   0.17** 6 

Giza 9 0.54 2 1.58** 4 0.13* 5 

Giza 10 0.46 3    0.72* 2    0.11* 2 

S.46/4 0.60 1 1.95** 7    0.19** 7 

Average 0.48  1.00    

 Key note for Table 6: **significantly unstable at 0.01 probability level; *significantly unstable at 0.05 probability 
level, ns= Non significant, bi = regression coefficient, S2

di = deviation from regression. 
Various breeders suggested that a variety may be stable over different  environments if it shows unit regression 
coefficient (b=1) with low deviation from regression (S2

d=0). With these conditions high mean performance of a 
variety over environments is also a positive criterion to rate the variety as stable. However, b- value is considered 
as measure of sensitivity of the genotype to changes in the environment, whereas, deviation from regression is the 
measure of stability across the environment (Suvarna et al., 2011 and Gazal et al., 2013). 
Statistical analysis of the data revealed that the highest straw yield was obtained from cultivar Sakha 3, while the 
lowest straw yield was obtained from cultivar S.46/4. Four cultivars (Sakha 2, Sakha 3, Sakha 4 and Giza 9) 
provided yields above the average yield. 
 As we can be seen in Figures 1 and 2, shows the cultivar regression coefficients plotted against the means of 
straw and seed yield. In this study, b-values ranged from -0.21 to 2.24 for straw yield and from -0.55 to 1.95 for 
seed yield. The variations in b values proposed that the response of 7 cultivars are differed to the various 
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environments. Variability among environments is a prominent factor and mostly determines the usefulness of  b 
values (Mohammadi et al., 2012). 

 
Fig. 1. The relationship between the regression coefficients and mean straw yield (ton/fed) for 7 flax cultivars. The 
horizontal solid line represents the mean coefficient of regression and the vertical solid line denotes the mean straw 
yield. 

 
Fig. 2. The relationship between the regression coefficients and mean seed yield (ton/fed) for 7 flax cultivars. The 
horizontal solid line represents the mean coefficient of regression and the vertical solid line denotes the mean seed 
yield. 
 
 According to results in Table (5 and  6), simultaneous consideration of the three parameters revealed that, the 
cultivars Sakha 1, Sakha 2 and Giza 9 had high mean performance with unit regression and least deviation from 
regression for straw yield and only cultivar Sakha 2 for seed yield.  These cultivars could be considered widely 
adapted. 
 Khan et al. (2008) analyzed stability analysis of nine flax genotypes for seed yield and revealed that only two 
flax genotypes showed non-significant deviation from regression and their regression coefficient values were close 
to unity classified as stable genotypes. 
In contrast, cultivars (Sakha 4 and Giza 10) for straw yield and Sakha 1, Giza 9 and S.46/4  for seed yield had 
regression coefficients greater than one, and so were regarded as sensitive to environmental changes and can be 
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recommended for cultivation under favorable conditions. On the other hand, cultivars (Sakha 3 and S.46/4) for 
straw yield and Sakha 3, Sakha 4 and Giza 10 for seed yield had significant regression coefficients, but they were 
less than unity (bi =1.0) and had low seed yields. These genotypes are, therefore, insensitive to environmental 
changes and have adapted to the poor environments. A perusal of data ( Tables 5 and 6) revealed that some 
cultivars considered stable for straw yield were found to be unstable for seed yield. This result suggests that 
stability of a complex trait (such as seed yield) may not depend on stability of straw yield trait. A similar result was 
reported by Abo-Kaied (2002), Abo-Kaied et al. (2002), Adugna and Labuschagne (2002 and 2003) and Khan et al. 
(2008) reported similar results in linseed crop. 
 
Genotype plus genotype by environment interaction (GGE) biplot analysis (PCA model): 
 The genotype plus GE interaction (GGE ) Biplot is a graphical analysis tool that produces a two-dimensional 
biplot based upon G and GE information; therefore, only variables that were significant for G or GE at α=0.05 were 
suitable for analysis in GGE Biplot. GGE biplot models are introduced as powerful tools for effective analysis and 
interpretation of MET data in plant breeding programs (Zobel et al., 1988; Yan and Kang 2003).  
Analysis of GGE biplot revealed that the mean vs. stability coordination biplot for straw yield explained 96.4% of the 
total variation with PC1 and PC2 (Figure 3). The partitioning of GGE-biplot analysis showed that PC1 and PC2 were 
significant factors (explaining 90.4% and 7.9% of GGESS, respectively) and they together accounted for 96.4 % of 
GGESS.  
 The GGE biplot graphic analyses of the 7 flax cultivars tested across at six environments are presented on 
Figures 3 and 4. The GGE-biplot analysis based on genotype-focused scaling was depicted in order to detect the 
locations of genotypes. Genotypes that had PC1 scores > 0 were identified as higher yielding and those that had 
PC1 scores < 0 were identified as lower yielding (Figure 3).  

 
Fig. 3. GGE-biplot based on cultivar and environment- focused scaling (PC , G and E stand for principal 
component, cultivars and environments, respectively) 
 It is observed that the positive interaction corresponded to the cultivars, Sakha 1, Sakha 2, Sakha 3 and Giza 9 
under the environmental conditions in E4 , E5 and E6 , while the negative interactions corresponded to S46/4  in E4 , 
E5 and E6 . The cultivars,  Sakha 1, Sakha 2, Sakha 3 and Giza 9 presented a great adaptation to conditions in E4 , 
E5 and E6 , because they are the nearest in the biplot. 
 Figure 3 presents a biplot that possesses four sectors. Genotypes and environments located near the origin 
are more stable, those located far away from the origin are more responsive. Genotypes and environments that fall 
into the same sector interact positively, while those falling into opposite sectors interact negatively. If they fall into 
adjacent sectors the interaction is more complex (Yan and Hunt, 1998). The biplot indicated that the genotypes 
tested did not perform in a similar manner when tested in multiple environments due to the presence of G x E 
interaction. Figure 3 indicates that the environments of evaluation greatly differed. According to this analysis, it can 
be indicated that the cultivars Sakha 1, Sakha 2, Sakha 3 and Giza 9 are the most stable cultivars in this 
experiment. 
 Yield performance and stability of genotypes were evaluated by an average environment coordination (AEC) 
method (Yan, 2001 and Yan and Hunt, 2001 ). In this method, an average environment defined by the average PC 
1 and PC 2 scores of all environments, was represented by a small circle (Figure 4). 
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Fig. 4. Average environment coordination (AEC) views  of  the GGE-biplot based on environment-focused scaling 
for the mean performance and  stability  of cultivars ( PC, G and E stand for principal component, cultivars and 
environments, respectively). 
 
 A line is then drawn to pass through this average environment and the biplot origin; this line is called the 
average environment axis and serves as the abscissa of the AEC. The ordinate of the AEC is the line that passes 
through the origin and is perpendicular to the AEC abscissa (Figure 3). Unlike the AEC abscissa, which has one 
direction, with the arrow pointing to greater genotype main effect, the AEC ordinate is indicated by double arrows, 
and either direction away from the biplot origin indicates greater GEI effect and reduced stability. The AEC ordinate 
separated genotypes with below-average means from those with above-average means. Furthermore, the average 
yield of genotypes is approximated by the projections of their markers to the AEC abscissa. To illustrate, genotypes 
with above-average means were from cultivar Sakha 2 to cultivar Sakha  3, while cultivars below-average means 
were from cultivar Giza 10 to cultivar S46/4. The length of the average environment vector (the distance from biplot 
origin and the average environment marker), relative to the biplot size, is a measure of the relative importance of 
genotype main effect vs. GEI. 
 
 The longer it is, the more important is the cultivar main effect, and the more meaningful is the selection based 
on mean performance. For this study, the length of the average environment vector was sufficient to select 
genotypes based on fiber yield mean performance. Cultivars with above-average means (i.e. from cultivar Sakha 2 
to cultivar Sakha 3) could be selected, whereas the rest were discarded. On the other hand, genotypic stability is 
quite crucial, in addition to genotype yield mean. A longer projection to the AEC ordinate, regardless of the 
direction, represents a greater tendency of the GEI of a cultivar, which means it is more variable and less stable 
across environments or vice versa. For instance, cultivar Sakha 3 was more stable as well as high yielding. 
Conversely, cultivars  Sakha 4 and Giza 10 were more variable, but high yielding. 
 The GGE-biplot was identified cultivars Sakha 3 and Giza 9 as the most desirable cultivars across 
environments followed by Sakha 1 and Sakha 2. The cultivars like S46/4 and Sakha 4 were undesirable in these 
environments. The GGE-biplot methodology was a useful tool for identifying environments that were being best for 
genetic characterization of cultivars with limited resources (Hamayoon et al., 2011; Shojaei et al., 2011; Ullah et al., 
2011).Thus, the GGE-biplot technique may be represented as a toolbox for agronomists, plant breeders, 
geneticists and biometricians to interpret and understand the GEI data in MET. 
The GGE biplot analyses are used in many cultivars x environments interaction studies. The grain yield stability of 
13 Chinese maize hybrids tested across 10 environments was evaluated via the GGE biplot analysis, and identified 
non representative and/or non discriminating locations (Fan et al., 2007). The GGE biplot analysis ranked hybrids 
with above-average yield across years and for stability of performance. The GGE biplots revealed that cv. "Hai" 
had the highest yield in seven and cv. LD10 exhibited the highest yield in 10 environments. 
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 With respect to seed yield (ton/fed), GGE biplot analysis was carried out in which environments were 
designated as combinations of the two years (2011/12 and 2012/13) and three nitrogen levels (20 kg N/fed, 35 kg 
N/fed and 50 kg N/fed) resulting in six test environments. In the GGE biplot analysis, Principal Components 1 and 2 
(PC1 and PC2) together explained 91.9% of variation in seed yield. Thus 91.9% of the variation in seed yield was 
due to genotype and genotype by environment effects (Figure 5). The GGE biplot analyses revealed that the first 
and the second principal component explained 73.7% and 18.2% of the GGESS, respectively. Furthermore, the 
first interaction principal component axis sum of squares was greater than the second indicating the presence of 
differences in seed yield performance of the cultivars as a result of GEI. This finding is in agreement with that 
reported for bread wheat (Hagos and Abay, 2013) and field pea (Tolesa et al., 2013). 

 
Fig. 5. Ranking of cultivars based on mean and stability GGE biplot of seed yield for 7 cultivars under six 
environments. 
 Concerning the ranking of genotypes based on the mean yield and stability GGE biplot (Figure 5), the double 
arrowed vertical (blue) line Average Tester Coordinate (ATC ordinate or y axis) measures stability whiles the 
average yield of a cultivar is approximated by its position on the ATC abscissa or x- axis (the single arrowed 
horizontal red line). The red circle on the ATC abscissa is the average tester yield, thus ‘Giza 9’ and ‘S46/4’ yielded 
above the average tester yield (Figure 5). The stability of a cultivar is measured by their projection onto the ATC 
ordinate, thus the greater the projection of the cultivar the less stable it is (Yan et al., 2007). Finally, in the current 
study, the mean and stability analysis, GGE biplot revealed that, ‘Giza 10’, ‘Sakha 2’ and ‘Sakha 4’ were the most 
stable cultivars since differences in their individual stability and yield were not significant from each other. 
 

CONCLUSIONS 
 
 The obtained results showed significant differences among the tested flax cultivars across the six 
environments for straw and seed yields/fed. In general, it can be concluded that, the evaluated flax cultivars varied 
in response to the diverse environments. The maximum straw yield was recorded with cultivar Sakha 3 and with 
application of 50 kg N/fed. The combined analysis of variance for environment (E), genotype (G) and (GxE) 
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interaction was highly significant for straw and seed yield traits, suggesting differential responses of the genotypes 
and the need to stability analysis. Our results showed that high-yielding cultivars can differ in straw and seed yield 
stability, and suggest that yield stability and high mean straw and seed yields are not mutually exclusive. The GGE 
biplot analysis is an important tool for selecting high yielding, stable cultivars. The study revealed that a GGE biplot 
graphically displays interrelationships between test environments as well as cultivars and facilitates visual 
comparisons. In brief, it was observed that the GGE biplot analysis is more efficient than the Eberhart and Russell 
analysis. Last but not least, the GGE biplot analysis explains a higher proportion of the sum of squares of the GxE 
interaction and is more informative with regard to environments and cultivar performance than the Eberhart and 
Russell analysis. Also, these results emphasize significant G × E effects and the necessity for multiple 
environmental testing through time and space so as to characterize genotypic differences and stabilities. It is 
advisable to test new cultivars in the environments of intended use before release to farmers. It is essential to 
identify cultivars, which manifest relatively low G×E interactions with stable yields in test environments. 
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