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Abstract 
Tef [Eragrostis tef (Zucc.)Trotter]) is one of the most important cereal crops 
grown in Ethiopia. Tef production has been partly constrained by low yield 
and less stability of the genotypes under cultivation. Field experiments were 
carried out in Halaba, Loka Abaya, Bensa and Areka, South Ethiopia, from 
August to November, during 2016 and 2017 main cropping seasons, in order 
to estimate yield stability and the association between AMMI analysis and 
other stability parameters. Experiments were laid out in randomized com-
plete block design with three replications using fourteen improved tef geno-
types. Mean yield for Halaba, Loka Abaya2016, Loka Abaya2017, Bensa, Are-
ka2016 and Areka2017 was 0.99, 0.45, 0.48, 1.50, 1.62 and 0.77 tons/ha, re-
spectively. Genotypes Amarach, Boset, Simada, and Tseday exhibited high 
mean yield of 1.09, 1.10, 1.07 and 1.07 tons/ha, respectively. AMMI stability 
value (ASV) ranged from 0.17 (genotype Lakech) to 1.40 (Amarach); yield sta-
bility index (YSI) from 7 (Lakech) to 25 (Quncho); and superiority measure (Pi) 
from 0.015 (Boset) to 0.145 (Dega Tef). Rank correlation of yield with Pi (r = 
0.97, p < 0.01), ASV with Wi and 2

iδ  (r = 0.85, p < 0.01) and that between Wi 

and 2
iδ  (r = 1.00, p < 0.01) was high. Rank correlation of YSI with yield (r = 

0.57, p < 0.05), ASV (r = 0.75, p < 0.01), Pi (r = 0.68, p < 0.01) and Wi and 2
iδ  

(r = 0.67, p < 0.01) was positive. The present study showed that genotypes Et-
sub, Simada and Tseday would be recommended for high yield and wide adap-
tation, and ASV would be used alone or jointly with YSI, Wi and 2

iδ  for 
ranking of genotypes. 
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1. Introduction 

Tef [Eragrostis tef (Zucc.)Trotter]) is one of the most important cereal crops 
grown in Ethiopia. It occupies about three million ha of land (29.51% of area al-
located to cereals) with the total annual production of about five million tons of 
grain (19.78% of cereals production) per year. In South region alone, tef occu-
pies about 246,099 ha of land (27.80% of area allocated to cereals) producing 
about 341,255 tons of grain (15.97% of cereal production) per year. The low na-
tional (1.66 tons/ha) as well as regional (1.39 tons/ha) yield of tef [1] could be 
partly attributed to low yield and less stability of genotypes under cultivation.  

Yield is a complex quantitative trait often affected by genotype, environment 
and genotype by environment interaction (GEI). The differential responses of 
genotypes across environments occur because of differences in expression of 
different sets or the same set of genes in different environments [2]. GEI com-
plicates selection of any superior genotype across environments because it re-
duces the association between phenotypic and genotypic values [3].  

Yield stability usually refers to a genotype’s ability to produce high or low yield 
consistently across a wide range of environments [4]. Among several statistical 
techniques used to study yield stability, ecovalence [5] and stability variance [6] 
refer to the contribution of a genotype to the GEI sum of squares so that a geno-
type with minimum value is considered to be most stable. On the other hand, a 
genotype having minimum superiority measure (Pi), defined as the mean square of 
distance between a genotype and the maximum responses, is considered the most 
desirable because it has less distance from the maximum responses [7].  

The ordinary analysis of variance partitions the treatment sum of squares into 
additive main effects of genotypes and environments and non-additive genotype 
by environment interaction effect [8]. Additive main effects and multiplicative 
interaction (AMMI) model on the other hand combines analysis of variance for 
additive effects and principal component analysis for multiplicative, non-additive 
effect. It discards not only the residual or noise variation from the GEI but also 
generates principal component axes which retain the variation in GEI in decreas-
ing pattern so that the first axis captures most of the variation. In addition, AMMI 
biplot provides graphical presentation of multi-environment data and identifica-
tion of genotypes with wide and specific adaptations [9] [10] [11] [12].  

Selection of stable genotypes which react less with the changes in environ-
ments requires the use of more than one stability measures because a single me-
thod may not adequately explain the performance of genotypes across a range of 
environments [13]. The present study therefore was carried out in order to esti-
mate yield stability and the association between AMMI analysis and other stabil-
ity parameters for tef. 

2. Materials and Methods  

Field experiments were carried out on-station in Halaba, Loka Abaya, Bensa and 
Areka, South Ethiopia, from August to November, during 2016 main cropping 
season. The experiments in Loka Abaya and Areka were also repeated during 
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2017 main cropping season. Halaba is located at 07˚18'45''N, 37˚06'49''E and 
1765 m above sea level with annual average rainfall of about 857 mm and tem-
perature of 22.22˚C. Loka Abaya is located at 06˚29'60''N, 37˚52'60''E and 1835 
m above sea level with annual average rainfall and temperature of about 938 mm 
and 20.9˚C, respectively. Bensa is located at 06˚48'61''N, 38˚77'66''E and 1992 m 
above sea level. It has annual average rainfall and temperature of about 1096 mm 
and 18.85˚C, respectively. Areka is located at 07˚42'24''N, 37˚41'10''E and 1830 m 
above sea level having annual average rainfall of about 1520 mm and tempera-
ture of 20.0˚C. The soils of Halaba, Loka Abaya, Bensa and Areka are loam, silty 
clay, clay, and clay loam, respectively.  

Fourteen improved tef genotypes obtained from Debre-Zeit Agricultural Re-
search Centre, Debre Zeit, Ethiopia, were planted late August in Halaba (2016) 
and Areka (2016 and 2017), and early September in Bensa (2016) and Loka Ab-
aya (2016 and 2017), during main cropping seasons, in randomized complete 
block design with three replications. Each plot consisted of six rows of 2.5 m 
long with 20 cm between rows, and 1.20 m between replications, and 80 cm be-
tween plots. The seed was drilled using 15 kg/ha seed rate. Plots received 65 
kg/ha N in the form of urea and NPS, and 38 kg/ha P2O5 in the form of NPS ap-
plied at planting. Weeds were controlled with hand weeding throughout the ex-
periment period.  

Stability parameters for yield (tons/ha) were estimated with Xij is the yield of 
ith genotype in the jth environment, n is the number of genotypes, m is the 
number of environments, Xi. is the mean yield of ith genotype across environ-
ments, X.j is the mean yield of jth environment and ..X  is the grand mean.  

Ecovalence (Wi) [5]:  

( )2
. . ..i ij i jW X X X X= − − +∑                   (1) 

Stability variance ( 2
iδ ) [6]: 

( )( )( ) ( ) ( )

( )

22
. . ..

2
. . ..

1 1
1 2 1i ij i j

ij i ji j

n n X X X X
n n m

X X X X

δ = − − − +− − −

− − − + ∑ ∑

∑
     (2) 

Superiority measure (Pi) [7]: 

( ) ( )22
. . . . 2i i ij i jP n X M X X M M n = − + − − +  ∑          (3) 

where Mj is the maximum response in environment j and M. is the average 
maximum response across environments. The first term of this equation 
represents the genotype sum of squares and the second term represents the GEI 
sum of squares. Genotypes with minimum Pi values are considered more stable 
because they have less distance from the maximum responses.  

AMMI model was based on Zobel et al. [9]: 

1
n

ij i j k ik jk ijkX g e eµ λ α γ
=

= + + + +∑  

where Xij is the yield of the ith genotype in the jth environment, µ is the grand 
mean, gi is the genotype mean deviation, ej is the environment mean deviation, 
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kλ  is the eigenvalue of the PCA axis, k, ikα  and jkγ  are the principal com-
ponent scores for PCA axis k of the ith genotype and the jth environment, re-
spectively, n is the number PCA axes retained in the model and eij is the residual.  

Since IPCA1 contributes more to the GEI sum of squares, AMMI stability 
value (ASV) for each genotype and environment was calculated to compensate 
for the relative contribution of IPCA1 and IPCA2 to the total GEI [14] as:  

( ) ( )22ASV [IPCA1ss IPCA2ss IPCA1score ] IPCA2score= +        (4) 

where IPCA1ss and IPCA2ss are sum of squares of IPCA1 and IPCA2, respec-
tively. The small ASV score indicates a more stable genotype as well as less in-
teractive environment. 

Analysis of variance, ecovalence, stability variance, superiority measure and 
rank correlation were analyzed using SAS software version 9.0 [15], and AMMI 
analysis was done using Genstat version 18.1 [16]. 

3. Results  

AMMI analysis (Table 1) showed that the effects of genotype, environment and 
genotype by environment interaction (GEI) were highly significant (p < 0.01), 
and their respective contribution to the treatment sum of squares was 4.37%, 
87.30% and 8.33%. The IPCA1 (56.40%) and IPCA2 (21.00%) together contri-
buted 77.40% of GEI sum of squares.  

Yield (tons/ha) ranged from 0.72 (genotype Dega Tef) to 1.22 (Kora) in E1; 
0.23 (Quncho) to 0.62 (Amarach) in E2; 0.27 (Dega Tef) to 0.78 (Simada) in E3; 
1.02 (Quncho) to 2.01 (Amarach) in E4; 1.11 (Dega Tef) to 1.86 (Genete) in E5; 
and 0.50 (Dega Tef) to 1.01 (Kora) in E6. Mean yield for E1, E2, E3, E4, E5 and 
E6 was 0.99, 0.45, 0.48, 1.50, 1.62 and 0.77 tons/ha, respectively. Environments 
E4 and E6 had high IPCA1 score of −0.74 and 0.42, respectively, whereas the 
IPCA2 score was high for E1 (−0.42) and E5 (0.56). ASV was high for E4 (1.99), 
E5 (1.05) and E6 (1.15) and it was low for E2 (0.33) and E3 (0.53) (Table 2).  

Mean yield (tons/ha) ranged from 0.74 (genotype Dega Tef) to 1.10 (Boset). 
Genotypes Amarach (1.09), Simada (1.07) and Tseday (1.07) also exhibited the 
next high yield. Genotypes Amarach (−0.52), Boset (−0.34), Kora (0.33) and 
Quncho (0.51) had high scores of IPCA1 whereas the IPCA2 scores were high 
for Kora (−0.35) and Simada (0.34). ASV was low for Key Tena (0.25), Lakech 
(0.17), and Zobel (0.25), and it was high for Amarach (1.40) and Quncho (1.38). 
Yield stability index (YSI) was low for Etsub (9), Lakech (7) and Tseday (9). The 
values of Wi and 2

iδ  were high for Amarach, Boset, Kora and Quncho, and 
they were low for Lakech, Mechare and Tseday. The Pi value was high for Dega 
Tef, Key Tena and Quncho whereas it was low for Boset and Tseday (Table 3).  

The rank correlation of yield with Pi (r = 0.97, p < 0.01), ASV with Wi and 2
iδ  

(r = 0.85, p < 0.01) and that between Wi and 2
iδ  (r = 1.00, p < 0.01) was high. 

The rank correlation of yield with YSI (r = 0.57, p < 0.05), ASV (r = 0.75, p < 
0.01), Pi (r = 0.68, p < 0.01), and Wi and 2

iδ  (r = 0.67, p < 0.01) was positive 
(Table 4). 
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Table 1. AMMI analysis of yield(tons/ha) for fourteen tef genotypes grown in six envi-
ronments. 

Source of variation d.f Sum of squares (SS) Mean squares % Treatment SS % GxE 

Total 251 66.78 0.266   

Replications/E 12 0.89 0.074*   

Treatments 83 60.01 0.723**   

Genotypes(G) 13 2.62 0.202** 4.37  

Environments(E) 5 52.39 10.478** 87.30  

G x E 65 5.00 0.077** 8.33  

IPCA1 17 2.82 0.166**  56.40 

IPCA2 15 1.05 0.070*  21.00 

IPCA3 13 0.70 0.054ns  14.00 

IPCA4 11 0.25 0.023ns  5.00 

Residuals 9 0.18 0.020ns  3.60 

Error 156 5.88 0.038   

*, ** significant at 5% and 1% probability level, respectively, ns = not-significant. 
 

Table 2. Yield (tons/ha) of fourteen tef genotypes grown in six environments. 

Genotypes E1 E2 E3 E4 E5 E6 

Amarach 0.91 0.62 0.71 2.01 1.56 0.71 

Boset 1.06 0.47 0.69 1.94 1.79 0.67 

Dega Tef 0.72 0.43 0.27 1.40 1.11 0.50 

Etsub 1.19 0.39 0.51 1.71 1.57 0.85 

Gemechis 0.88 0.55 0.32 1.40 1.71 0.87 

Genete 0.98 0.50 0.46 1.33 1.86 0.79 

Key Tena 0.88 0.49 0.43 1.32 1.28 0.68 

Kora 1.22 0.35 0.32 1.31 1.53 1.01 

Lakech 1.08 0.48 0.52 1.52 1.80 0.69 

Mechare 1.02 0.38 0.41 1.22 1.55 0.72 

Quncho 0.95 0.23 0.43 1.02 1.76 0.91 

Simada 0.86 0.55 0.78 1.64 1.80 0.81 

Tseday 1.01 0.57 0.56 1.71 1.73 0.85 

Zobel 1.16 0.32 0.33 1.49 1.56 0.71 

Mean 0.99 0.45 0.48 1.50 1.62 0.77 

F−ratio * * ** * * * 

CV, % 15.59 26.51 27.40 19.71 15.59 17.95 

LSD0.05 0.26 0.20 0.22 0.50 0.42 0.23 

IPCA1 0.29 −0.12 −0.18 −0.74 0.33 0.42 

IPCA2 −0.42 −0.09 0.21 −0.07 0.56 −0.20 

ASV 0.89 0.33 0.53 1.99 1.05 1.15 

E1 = Halaba, E2 = Loka Abaya2016, E3 = Loka Abaya2017, E4 = Bensa, E5 = Areka2016, E6 = Areka2017; *, 
** significant at 5% and 1% probability level, respectively. 
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Table 3. Mean yield (tons/ha) and stability parameters for fourteen tef genotypes grown 
in six environments. 

Code Genotypes Yield IPCA1 IPCA2 ASV YSI Wi 2
iδ  Pi 

1 Amarach 1.09 −0.52 0.02 1.40 16 0.270** 0.061** 0.023 

2 Boset 1.10 −0.34 0.18 0.94 12 0.173* 0.038* 0.015 

3 Dega Tef 0.74 −0.25 −0.26 0.73 24 0.139 0.030* 0.145* 

4 Etsub 1.04 −0.08 −0.22 0.30 9 0.067 0.014 0.027 

5 Gemechis 0.96 0.14 0.08 0.38 14 0.077 0.016 0.062 

6 Genete 0.99 0.22 0.24 0.63 16 0.091 0.019 0.057 

7 Key Tena 0.85 −0.05 −0.21 0.25 16 0.081 0.017 0.098* 

8 Kora 0.96 0.33 −0.35 0.96 21 0.188* 0.042** 0.074 

9 Lakech 1.02 0.03 0.15 0.17 7 0.038 0.007 0.038 

10 Mechare 0.88 0.20 −0.04 0.53 19 0.053 0.010 0.087 

11 Quncho 0.88 0.51 0.20 1.38 25 0.283** 0.064** 0.112* 

12 Simada 1.07 −0.14 0.34 0.50 10 0.106 0.023 0.026 

13 Tseday 1.07 −0.11 0.06 0.31 9 0.020 0.003 0.019 

14 Zobel 0.93 0.06 −0.18 0.25 12 0.065 0.013 0.062 

 Mean 0.97        

*, ** significant at 5% and 1% probability level, respectively; 5% cutoff point for Pi is 0.082. 
 

Table 4. Rank correlations among yield and five stability parameters for fourteen tef ge-
notypes grown in six environments. 

Traits ASV YSI Wi 2
iδ  Pi 

Yield −0.09 ns 0.57* 0.01 ns 0.01 ns 0.97** 

ASV 
 

0.75** 0.85** 0.85** 0.07 ns 

YSI 
  

0.67** 0.67** 0.68** 

Wi    
1.00** 0.17 ns 

2
iδ  

    
0.17 ns 

*, ** significant at 5% and 1% probability level, respectively, ns = not-significant. 

4. Discussion  

In the present study, the greater contribution of environment (87.30%) relative 
to genotype (4.37%) and GEI (8.33%) to the treatment sum of squares suggests 
the greater diversity in test environments. It has also been reported that envi-
ronment usually explains 80% or more of the total variation in multi environ-
ment yield trials [17] [18]. The significant GEI would also suggest the existence 
of considerable differences among genotypes in their responses to varying envi-
ronments.  

Analysis of variance was verified by using sums of squares (SS) for genotypes 
(G), GEI signal (GEIS) and GEI noise (GEIN) [10] [19]. The GEIN is obtained 
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by multiplying mean squares of error by the GEI degrees of freedom and then 
GEIS is obtained by subtracting GEIN from GEI sum of squares. Accordingly, 
0.038 (error mean square) × 65 (GEI degrees of freedom) = 2.47 noise sum of 
squares (49.40% of GEI) and 5.00 − 2.47 = 2.53 signal sum of squares (50.60%). 
This showed that the AMMI analysis was appropriate because it fulfilled the min-
imum requirement that GEIS must be as large as G for the dataset [19]. On the 
other hand, the low relevant variation (G plus GEIS) of 2.62 + 2.53 = 5.15 or 8.58% 
of the treatment SS was in consistent with previous reports in other studies [10].  

The IPCA1 and IPCA2 captured 77.40% of the GEI SS making them sufficient 
to explain the variability in GEI because they explained more than the minimum 
requirement of 70% of the total variation in GEI [12]. Moreover, nearly similar 
variation in yield explained by genotype (2.62) and IPCA1 (2.82) would suggest 
that both wide and specific adaptations are equally important because genotype 
and GEI effects determine wide and specific adaptations, respectively [10] [18].  

The lack of rank correlation of Pi with ASV, Wi and 2
iδ  would indicate the 

difference between Pi and the later procedures in ranking genotypes as it was 
reported in previous studies [14]. Genotypes Boset (0.015) and Tseday (0.019) 
had low Pi values and considered to have low deviation from the maximum re-
sponse in an environment [7]. Moreover, nearly perfect rank correlation (r = 
0.97, p < 0.01) between yield and Pi suggests that selection for low Pi would lead 
to genotypes performing close to maximum performance in each environment. 
However, Pi is a measure of performance, rather than a stability measure because 
inherently high yielding genotypes would always be close to the maximum 
yielder over the respective environments and also the top yielding genotypes 
may differ from one environment to another [14]. 

Most genotypes except Amarach, Boset, Kora and Quncho were considered 
more stable for their low values in both Wi (0.020 - 0.139) and 2

iδ  (0.003 - 
0.023). Moreover, perfect rank correlation (r = 1.00, p < 0.01) between Wi and 

2
iδ  could be expected because 2

iδ  is a linear combination of ecovalence (Wi) 
[20]. The high rank correlation (r = 0.85, p < 0.01) of ASV with 2

iδ  and Wi 
suggests that one or more of these methods would be used for ranking genotypes. 
However, ASV is more preferable because AMMI analysis recovers not only real 
pattern but also discards irrelevant noise from GEI [10] [21].  

Selection process requires combining high yield and stability because a stable 
genotype is not necessarily high yielding. Yield stability index (YSI) was calcu-
lated as the sum of rank of mean yield and ASV by assigning a rank of 1 for the 
highest yield and for the lowest ASV value so that a genotype with the lowest 
YSI value was considered most stable [22]. Thus, genotypes Etsub, Lakech and 
Tseday were most desirable because they combined both high yield and stabil-
ity. The substantial rank correlation of YSI with Wi and 2

iδ  (r = 0.67, p < 
0.01), and Pi (r = 0.68, p < 0.01) suggests that YSI would be used alone or 
jointly with the later procedures for ranking of genotypes. Moreover, lack of 
rank correlation between yield and ASV suggests that simultaneous improve-
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ment in both yield and stability would be possible even though most high 
yielding genotypes are not always stable [22] [23]. This was observed for the 
high yielding genotype Amarach (1.09 tons/ha) which was not stable with regard 
to IPCA1, ASV, YSI, Wi and 2

iδ . 
In AMMI1 biplot (Figure 1), ordinate shows interaction differences for geno-

types and environments, and abscissa shows the main effects of genotypes and 
environments. It explained 96.37% of the treatment SS by capturing genotype SS 
of 2.62 (4.37%), environment SS of 52.39 (87.30%) and 2.82 (4.70%) of IPCA1 
leaving less than 4% SS of noise. Genotypes and environments with near zero 
IPCA1 scores are less interactive compared to those far from zero. Similarly, ge-
notypes located at the right side of the vertical line (mean yield) have yields 
above mean yield and those at the left side of the vertical line have yields below 
mean yield [9]. Thus, Loka Abaya (E2 and E3) was less interactive and low 
yielding whereas environment E4 (Bensa), E5 (Areka2016) and genotypes G1 
(Amarach) and G2 (Boset) were both high yielding and most interactive. Envi-
ronment E6 (Areka2017), and genotypes G3 (Dega Tef) and G11 (Quncho) ex-
hibited low yield and high interaction while G4 (Etsub), G12 (Simada) and G13 
(Tseday) had high yield and more stable interaction. 

Genotypes and environments with large IPCA1 scores of the same and differ-
ent signs have positive and negative interactions, respectively [9]. Thus, geno-
types G1 (Amarach) and G2 (Boset) were most adapted to Bensa (E4) and geno-
type G8 (Kora) was best adapted to Halaba (E1) and Areka (E5 and E6). Geno-
types and environments that appear almost on a parallel line, relative to the or-
dinate, have similar mean yield and those that fall almost on a horizontal line  
 

 
Figure 1. AMMI1 biplot for main effects and IPCA1 for yield of 
fourteen tef genotypes grown in six environments; refer to Table 
2 for environments and Table 3 for genotypes designations.  
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have similar interaction patterns [10]. Thus, environments E2 and E3 had simi-
lar yield and interaction patterns whereas E5 and E6 were differed in main ef-
fects but had similar interaction. Unlike Areka (E5 and E6), less variability from 
year to year in main effects and interactions in Loka Abaya (E2 and E3) would 
suggest relatively stable ranking of genotypes. The present study showed that 
genotypes Etsub, Simada and Tseday would be recommended for high yield and 
wide adaptation, and ASV would be used alone or jointly with YSI, Wi and 2

iδ  
for ranking of genotypes.  
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