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ABSTRACT 
 
 Development of varieties with high yield potential coupled with wide adaptability is an important plant 
breedingobjective. The presence of genotype by environment interaction plays a crucial role in determining 
theperformance of genetic materials, tested at different locations and in different years. This study was 
undertaken toassess yield performance, stability and adaptability of twelve durum wheat genotypes evaluated 
over five environments. There was highly significant genotype-environment interaction. The use of the additive 
model as well as the joint regression proved to be inefficient in the interpretation of results compared to AMMI 
analysis of variance which explained90.80% of the sum of square of the interaction. This analysis indicated that 
cultivar Waha exhibited a wide adaptation across all test-sites, while the GGE biplot analysis indicated that the 
five test-locations represented 3sub-regions where Mrb3, Boussalem and Badre were the winners. Selection for 
specific adaptation allowed 10.51% genetic gain over selection for large adaptation. Grain yield stability was 
approached using the genotypic superiority index, the across locations variance, the AMMI stability variance 
and the genotypes rank on both mean and stability, using the GGE biplot analysis. Rank correlation coefficients 
among stability parameters indicated their dissimilar. Pi indexcombinesyield performance and stabilityclassified 
Boussalem and Mrb3 were high yielding and stable.Similar conclusion was reached using the genotype rank 
method of the GGE biplot analysis. 
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Introduction  
 
 In the Nord Africa and West Asia region,durum 
wheat grain yield is severely limited by biotic and 
abiotic stresses with a strong effect of rainfall 
amount and distribution pattern [8]. This resulted in 
grain yield variation, ranging from crop failureto 4.0 
t ha-1at different sites,and cropping seasons[4, 13]. 
Low yields resulted from the combined effects of 
winter low temperatures, spring frost hazards, 
terminal high temperatures and water shortage [2, 20, 
17]. Franciaet al.,[14] noted that grain yield response 
to environmental changes wasrelated to the allelic 
variation of the Vrn-H1, Ppd-H2 and Eam6genes 
which control growth habit. Even though genotype x 
environments interaction, when large enough, 
hinders selection progress, it can be properly 

exploited through appropriate selection strategies[2]. 
In fact, the objective of durum wheat breeding 
program is to develop new cultivars showing either 
wide adaptation to overall growing area or specific 
adaptation to sub regions[2, 24].The adaptation 
pattern of each tested cultivar is described by its 
response across a range of environments 
representative of the target production area [2, 17, 3, 
21]. In this context the joint regression and the 
additive main effect and multiplicative interaction 
(AMMI) models help understanding the magnitude 
of the interaction to be able to exploit it[12, 29, 
11].Yan et al.,[26]developed the GGE biplot analysis 
which combines the genotype (G) effect and the 
interaction (GE) to address the issue of cultivar 
recommendation in multi-location trials. The 
GGEbiplot analysis identifies which genotype won in 
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which environments, facilitatingsub-regions 
identification. Grain yield stability is a desirable 
characteristic when selecting genotypes for wide 
adaptation while reliability allowscombining 
performance and stability into a unique index 
representing the genotype merit [1]. Several 
biometrical methods have been developed to assess 
stability [6]. The deviation from linear regression is 
widely adopted by breedersdue to its simplicity, but 
it is unrelated to genotypic grain yield performances 
[13, 17].AMMI stability value (ASV) statistic, based 
on the first two principal components scores,ranks 
the genotypes according to their yield stability[23]. 
The objective of this study was to assess the 
magnitude of the genotype x locations interaction for 
grain yield and to identify stable durum wheat 
(Triticum durumDesf.) varieties within a set of 
twelveadvanced breeding lines evaluated across five 
diverse locationsduring the 2009/2010 cropping 
season. 
 
Materials and methods   
 

Sites, genotypes and experimental design: 
 
 Field trials were carried out during the 2009-10 
cropping season at five locations, namely Harrouch, 
Khroub, Setif, Sidi Bel Abbes and Saïda (Algeria, 
Table 1). The experiment was conducted under 
rainfed conditions. Twelve durum wheat genotypes 
were tested, including Algerian commercial varieties 
and advanced breeding lines from the national and 
Cimmyt- Icarda durum wheat breeding programs 
(Table 2). Plant material was sown in a randomised 
complete block design with four replications. Sowing 
was done in November with an experimental drill in 
plots 1.2 m wide x 5 m long, at a seeding rate of 300 
seeds m-2. Nutrient deficiencies were prevented with 
fertilization at sowing, by an application of 100 kg 
ha-1 of super phosphate 46% and at jointing, by an 
application of 75 kg ha-1 of urea 46%. Weeds were 
controlled chemically with GranStar [Methyl 
Tribenuron] at 12 g ha-1 rate. Grain yield was 
determined by mechanical harvesting all 6 rows per 
plot. Accumulated rainfall during the course of the 
crop cycle at the five locations is given in Table 1. 

 
Table 1: Characteristics of the experimental locations. 

Ordre Site name Abrev. Latitude (°) longitude (°) Altitude (m) Rain(mm) 
1 Harrouch HA 37°09’N 8°67’E 132 674.0 
2 Khroub KH 36°55’N 6°65’E 640 520.0 
3 Setif SE 36°12’N 5°24’E 1081 417.0 
4 Sidi Bel Abbes SB 35°02’N 0°3’W 554 418.1 
5 Saïda SA 34°03’N 0°8’W 1013 467.8 

 
Table 2: Pedigree of the durum wheat breeding lines and cultivars evaluated at the five experimental sites during  the 2009/2010. 

Genotype Pedigree Cross origin 
Badre Boussalem/Ofanto ITGC (Setif) 

Boussalem Heider/Martes//Huevos de Oro Cimmyt-Icarda 
Essalem Ofanto/*2Waha ITGC- Setif 

Gaviota durum Crane/4/Polonicum185309//T. glutinosumenano/2*Teh60/3/Grulla Cimmyt-Icarda 
Korifla DS15/Gieger Cimmyt-Icarda 
MBB Genealogical selection from a landrace population ITGC (Setif) 
Mrb3 JoriC69/Haurani Cimmyt-Icarda 
Mrb5 JoriC69/Haurani Cimmyt-Icarda 

Ofanto Appulo/Valnova IAO (Italy) 
Setifis Ofanto/Waha//MBB. ITGC (Setif) 
Vitron Turkey77/3/Jori/Anhinga//Flamingo Cimmyt-Icarda 
Waha Pelicano/Ruffino//Gaviota/Rolette Cimmyt-Icarda 

 
Data analysis: 
 
 Single analysis of variance of grain yield was 
performed per site to test the genotypic effect. 
Homogeneity of the residuals was tested and was 
found not significant. The combined analysis of 
variance was, then, performed according to the 
following model:  
 
Yijk =µ + Gi + Lj + (G x L)ij + eijk,  

 
where Yijkis the yield of the ithgenotype in the 
jthlocation and kth block, μis the grand mean, Giis the 
main effect of the ith genotype, ljis the main effect of 
the jthlocation, (G x L)ij is the interaction term of the  
ith genotype in the jthlocation, and eijk is the error 
term[15]. 

 To describe the genotype x locations interaction 
of grain yield and to identify stable genotypes, joint 
regression and additive main effects and 
multiplicative interaction (AMMI) analyses were 
performed on the (G x L)ij term. The joint regression 
analysis was performed according to Finlay and 
Wilkinson [12] where the (G x L)ij effect was 
partitioned into components biLj and dij, which 
accounted for the linear regression of the ith genotype 
on the jth location yield index and the deviation from 
regression, respectively. Slope value (b) was 
determined for each genotype, as well as the 
genotype contribution to the G X L interaction and 
deviation from regression. The (G x L)ij effect was 
also partitioned according to the AMMI model 
proposed by Gauch[15] as:  
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(G x L)ij = ∑ιnｕniｖnj+rij,   

 
where ∑ is the sum of the n =1, 2… n PC axes 
included in the model, ιn is the eigenvalue of the nth 
PC axis, uni is the scaled eigenvector of the ith 
genotype for the nth axis, vnj is the scaled eigenvector 
of the jth location for the nth axis, and rijis the residual 
of the G x L interaction. Analyses were performed 
with thecropstat software 7.2.3 [9], using "cross-site 
analysis"subroutine which simultaneously gives the 
results of AMMI andthe joint regression analyses. 
The deviation from regression and residual AMMI 
were tested against the pooled error, whereas the 
heterogeneity of the regression and the mean squared 
of CPI1 and CPI2 were tested against their respective 
residual. Location main effect was tested against 
replications nested within site (rep/S), and genotype 
main effect was tested against G x L interaction 
mean square. GxL interaction was tested against the 
pooled error [1]. The GGE-biplot software 
[26,www.ggebiplot.com] was used to generate 
graphs showing the “which-won-where” pattern, 
andto rank cultivars on the basis of yield and 
stability. Stability was also approached using the 
genotypic superiority index (Pi) proposed byLin and 
Binns[19], the AMMI stability variance (ASV) 
proposed by Purchase et al., [23] and the among sites 
variance proposed by Lin et al., [18]. The Spearman 
rank correlation coefficients (rs) between stability 
parameters were calculated with Past software 
package [16]. 
 
Results: 
 
Grain yield performances within and between sites: 
 
 Development of durum wheat varieties with high 
yield potential coupled with wide adaptability is an 
important plant breeding objective.Grain yield 
analysis of variance, performed per site, indicating a 
significant genotype effect at each one of the five 
locations, suggesting the existence of potentially 
useful genetic variabilityamong the twelve genotypes 
to be exploited through selection (Table 3). The 
average grain yield of individual site ranged from 
1.23 to 4.71 t ha -1, respectively at Harrouch (HA) 
and Khroub (KH) (Table 4). These values indicate 
the diversity of environments encountered by the 
durum wheat production in Algeria. The yield 
extremes expressed per the combination genotype x 
site are more important, varying from 1.00 to 5.65 t 
ha-1 (Table 4).Apart from the local check, the variety 
MBB (Mohammed Ben Bachir), which rankedthe 
last at all sites,the other genotypes ranked among the 
best top yielding in at least one site. Boussalem 
and Mrb3 ranked among the top yielding genotypes 
at four out of five sites, while Waha ranked among 
the top yielding at three sites (Table 4). The low 
grain yield performances of MBB at all the test-site 
indicated the genetic progress achieved by the 

newlyselected varieties as reported by Nouar et 
al., [22].The fact that each site identified a specific 
set of top yielding genotypes is suggestive of the 
presence of genotype x locations interaction (G x L) 
which was confirmed by the combined analysis of 
grain yield of all locations (Table 5). The location 
was the most important source of variation, 
accounting for 88.6% of the treatment sum of 
squares, while the G x L interaction explained 8.0% 
of the total sum squares accounted for by location, 
genotype and genotype x locations interaction (Table 
5). The genotype effect was not significant, which 
contrasted with the conclusions of the single site 
analyses which indicated the presence of genotypic 
variability (Table 3). 
 In the presence of significant genotype x sites 
interaction, the additive model of the analysis of 
variance suggested that each site must be treated 
separately due to its specificity. Generalizing the 
results, to more than one site, is not possible although 
it is ofgreat interest to the breeder [27, 2, 17]. The 
use of joint regression tomodel the adaptive pattern 
of the different genotypes over the test sites, as 
suggested by Finlay and Wilkinson [12], was not 
efficient in the case of the present study, since the 
heterogeneity of regressionterm of the model was not 
significant (Table 5). All the regression coefficients, 
tested against their respective standard error, were 
significantly different from zero but not significantly 
different from unity (data not shown). Yau[28] 
mentioned that the joint regression analysis is an 
effective technique to study the genotype x 
environments interaction only when the 
heterogeneity of regressions shows significance and 
explainsa sizeableportion of the interaction sum 
square. The contribution to the interaction means 
squares (MSGxE) and the deviations from regression 
means squares (MSdev), tested against the pooled 
error,were only significant for Badre and Setifis 
breeding lines (data not shown). These results 
corroborated the criticism made by Ebdon and 
Gauch[10] that the regression technique confuses 
interaction and main effects. Compared with the non-
significant effect of the joint regression, the first two 
AMMI interaction principal components were 
significant and explained90.80% of the G x S 
interaction sum square, leaving a non-significant 
residual of small magnitude(Table 5). Compared 
with the non-significant 17.90% of the G x L 
interaction explained by the regression model, these 
results demonstrated the efficiency of the AMMI 
analysis, in extracting a large part of the G x L 
interaction. Based on grain yield main effect, 
Mrb3 and Essalem represented the highest and the 
lowest yielding genotypesacross environments, 
respectively (Table 4). In the absence of cross over 
interaction, means across environments are good 
indicators of genotypic performance. When the G x L 
interaction is significant, distances fromthe originare 
indicative of the amount of interaction that is 
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exhibited by either genotype overenvironments or 
environment over genotypes.KH, SA, and SE 
locations showed a highlyinteractive behavior, 
compared to SB location which exhibited low 

interaction. The nearly additivebehavior of SB 
location indicated that genotypic yields in that 
environment are correlated with theoverall genotypic 
means across environments (Table 4, Figure 1). 

 
Table 3: Mean square of single site analysis of varianceof grain yield (t ha-1). 

Source df ST KR HR SB SD 
Replication 03 0.145ns 0.046ns 0.085ns 0.056ns 0.043ns 
Genotype 11 1.450** 1.463** 0.108** 0.417** 0.571** 
Residual 33 0.246 0.078 0.023 0.047 0.168 

Coefficient of variation (%) -- 13.9 6.1 12.5 9.1 11.0 
ns, **: not significant and significant effects at 1%, respectively. 
 
Table 4: Means grain yield of the twelve genotypes evaluated at five sites during the 2009/10 cropping season. 

Genotype SE KH HA SB SA Yi. 
Badre 2.80 5.65a 1.00 2.60 4.11a 3.23 

Boussalem 4.37a 5.01 1.47a 2.71a 3.68a 3.45 
Essalem 2.86 4.11 0.92 1.99 3.83a 2.74 

Gaviota durum 3.55 4.26 1.33a 2.29 4.10a 3.10 
Korifla 3.97a 5.13 1.23 2.31 3.33 3.19 
MBB 3.94 3.90 1.18 2.24 3.44 2.94 
Mrb3 4.61a 4.98 1.32a 2.97a 3.78a 3.53 
Mrb5 3.19 4.11 1.28a 2.43 4.11 3.02 

Ofanto 2.84 4.15 1.37a 2.06 3.42 2.77 
Setifis 3.69 5.59a 1.05 2.50 2.96 3.16 
Vitron 3.22 4.53 1.37a 1.95 4.16a 3.05 
Waha 3.82 5.04 1.25a 2.78a 3.76a 3.33 

Y.j 3.57 4.71 1.23 2.40 3.72 3.13 
LSD5% 0.71 0.40 0.22 0.31 0.59  

a = top yielding genotypes, whose means are not significantly different at the 5% according to the LSD test.SE=Setif, KH= Khroub, HA= 
Harrouch, SB= Sidi Bel Abbes, SA= Saïda 
 
Table 5: Joint regression and AMMI analysis of variance for genotype grain yield.  

Source of variation df SS MS Fobs test F R²(%) 
Treatement 59 388.20 6.58 -- -- -- 

Site (S) 4 344.08 86.02 1146.93 ** 88.6 
Reps /S 15 1.13 0.075 0.68 ns --- 

Genotype (G) 11 13.08 1.19 1.68 ns 3.36 
G x S 44 31.04 0.71 6.45 ** 8.0 

Regression 11 5.56 0.50 0.64 ns 17.9 
Deviationsfromregression 33 25.68 0.78 7.09 ** ---- 

IPCA1 14 15.76 0.41 2.56 ** 50.8 
IPCA2 12 12.40 1.01 6.31 ** 40.0 

AMMI residual 18 2.88 0.16 1.45 ns --- 
Poolederror 165 18.65 0.11   -- 

df = degrees of freedom, SS = sum of squares, MS = means square , R ² (%) =% SS explained, ICPA1, ICPA2 = first and second 
principal components of the interaction  

 
 The IPCA scoreof a genotype is indicator of 
stability across environments. Greater IPCA scores, 
eithernegative or positive, indicate specificadaptation 
to environments near which the genotype is 
positioned on the biplot. Waha, an improved check 
variety, lay on theleft-hand side, not far from the 
origin when compared with Badre, Setifis, Mrb3, 
MBB, Mrb5 and Vitronwhich represented the vertices 
genotypes that exhibited larger interactions. From 
their relative position,Badre, Essalem, Vitron, 
Ofanto, Mrb5, Gaviota and MBB are grouped 
together, which suggests that these genotypes 
exhibited similaradaptive patterns to HA and SA 
locations. On the opposite side of the IPCA1 axis, 
Setifis, Korifla, Boussalem and Mrb3 formed a 
second group with similar adaptive patters to KH and 
SE locations, while Waha behaved as a stable 
cultivar across the five locations, due to its position 
near the origin (Figure 1). A rough linear relationship 

between interaction scores and main effects for 
genotypes appeared in the AMMI biplot, indicating 
that genotypes characterized by extreme main effects 
(belonging to first and second groups) had opposite 
interaction scores. The former had positive 
interaction scores while the second had negative 
scores; consequently, they are adapted to different 
environments.A further examination of the AMMI2 

biplot reveals that the second multiplicative term 
distinguished between genotypes adapted to each 
location. These results indicated that breeders had the 
choice to select Waha due to its large adaptation and 
above average grain yield against the alternative to 
recommend this genotype to the sub region 
represented by SB location and to select Setifis 
specifically for KH location,Mrb3for SE, Mrb5for SA 
and Gaviota for HA location. The expected grain 
yield improvement offered by this alternative and 
estimated as: Yi. + Y.j – Y..+ (genotype IPCA1 x 
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location IPCA1 scores)[29], provided a genetic gain 
of 10.51% (Figure 1, Table 6).The polygon view of 
the GGE biplot indicated that the five location-tests 
were representative of three durum wheat growing 
sub-regions (Figure 2). Badre was the winner in the 
sub-region represented by SA and KH locations; Mr3 
was the winner in the sub-region represented by SE 
and SB locations while Boussalem was the winner in 
the sub-region represented by HA. Ofantolying on 
the vertex did not respond at any of the locations 
(Figure 2).  
 
Stability of performancesacross locations: 
 
 The search for a high yield potential is 
interesting in the case where performances are linked 
to stability in space and time. The index of genotypic 
superiority Pi is a measure of both of these 
characteristics [6]. Low values of this index are 
indicative of both high performance and stability. In 
the present study, values of this index were 
negatively correlated with the yield main effects, 
suggesting that genotypes with low Pi values 

performed well at all sites and were the most stable. 
Both Boussalem and Mrb3 and to a lesser extend 
Waha meet these requirements (Figure 3, Tables 7 
and 8). Ofanto had high Pi value and low marginal 
grain yield, this genotype had also the lowestacross 
sites variance of 1.20 compared to Badre which 
exhibited the highest across sites variance of 3.04 
(Table 7). The across sites variancewas positively 
correlated with the marginal yields of the different 
genotypes, suggesting that stable genotypes were the 
least performing (Tables 7 and 8). The AMMI 
stability value (ASV) indicated that MBB and Ofanto 
were stable, this stability parameter showedno 
relationshipwith genotypic performances (Tables 7, 
8).This clearly indicated that genotypes found to be 
stable on the basis of one method are not necessarily 
stable on the basis of another method. The rank of 
the genotypes on the basis of yield and stability, 
using GGE biplot analysis, indicated that Mrb3 was 
stable and high yielding followed by Boussalem and 
Waha. Badre was the least stable (Figure 4). 
 

 
Table 6: Yields and yield gains expected from selection for wide adaptation and specific adaptation. 
Site    Genotype        Grain yield index Genotype        Yield index 
                         Wide Adaptation    Specific Adaptation  
HA  Waha 3.26  Gaviota 3.25 
KH  Waha 3.46  Setifis 4.13  
SA  Waha 3.14  Mrb5 3.55 
SB  Waha 3.35  Waha 3.35 

SE  Waha 3.44  Mrb3 4.12 
  Mean 3.33 100.00 Mean 3.68 110.51% 

 

 
 

Fig. 1: Biplot of the AMMI analysis for grain yield of the twelve genotypes evaluated at five sites (HA = 
Harrouch, KH = Khroub, SA = Saïda, SB= Sidi Bel Abbes, SE = Setif). 
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Fig. 2: Polygon view of the GGE biplot indicating which won-where and the three sub-regions represented by 

the five location-tests. 
 

 
Fig. 3: Relation between the Pi values �and genotypic grain yield main effect. 
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Fig. 4: Rankingdurum wheat genotypes on both mean and stability 
 
Table 7: Index values of the superiority genotypic variance between sites and AMMI stability of 12 genotypes. 

Genotype Pi σ²j ASV Genotype Pi σ²j ASV 
Badre 0.331 3.04 0.96 Mrb3 0.06 2.13 0.63 

Boussalem 0.069 1.96 0.51 Mrb5 0.442 1.45 0.67 
Essalem 0.582 1.74 0.56 Ofanto 0.593 1.20 0.39 
Gaviota 0.307 1.58 0.52 Setifis 0.235 2.77 1.04 
Korifle 0.139 2.26 0.58 Vitron 0.319 1.87 0.56 
MBB 0.407 1.44 0.64 Waha 0.115 2.00 0.25 

 
Table 8: Spearman correlation coefficients (rs) betweenthe different traits measuring the stabilityand yield main effect (Yi.) of the 

12 genotypes evaluated at 5 sites. 
Parameters Yi. Pi σ²i ASV 

Yi.  0.0000 0.0092 0.9828 
Pi -0.9171  0.0332 0.7617 
σ²i 0.7133 -0.6154  0.2207 

ASV -0.0070 0.0981 0.3818 0 
Coefficient values are below the diagonal and their corresponding probabilities are above diagonal 

 
Discussion: 
 
 Multi-location trials provide useful information 
on genotypic performances and stability. Durum 
wheat yield and agronomic traits varied considerably 
asa result of genotype, environment and their 
interaction [5].The genotype x environments 
interaction estimates help plant breeders to decide to 
breed for specific or general adaptation.Selection of 
varieties with wideadaptation is desirable, but it is 
difficult to achieve in the presence of cross over 
interaction [7, 2, 17]. To overcome this difficulty, 
breeders select for specific adaptation to use more 
efficientlythe specificity of the different growing 
sub-regions[25, 2, 6]. The results of this study 
confirmed the presence of the interaction of grain 
yield which variedfrom 1.00 to 5.65t ha -1depending 

on site and genotype. This wide variation reflected 
the diversity of environments encountered by durum 
wheat cultivation in Algeria. Site effect absorbed 
88.6% of the treatment sum of squares leaving only 
8.0% for the interaction.These results corroborate 
those of Kadi et al., [17]for barley. Joint regression 
modelingof genotypesresponse to the different sites 
was inefficient while the first twoAMMI principal 
componentsexplain 90.80% of the interaction sum 
square. Fourlocations out of five wereanimportant 
source of interaction. Waha exhibited a wide 
adaptation to all sites while the remaining lines 
exhibited a specific adaptation to the different test 
sites. Selection for specific adaptation provided a 
genetic gain of 10.51% compared to selection for 
wide adaptation. Among the three stability indices 
used, only the Pi index showed that Boussalem and 
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Mrb3were high performing and stable.The across 
sites variance suggested that Ofanto was stable and 
low performing.The AMMI stability variance was 
not associated to yield performance, and indicated 
that MBB and Ofanto were the most stable. 
 
Conclusions: 
 
 The results of this study show that, 
undersemiarid conditions of the 2009/2010 growth 
season, durum wheat grain yield varied across 
locations and genotypes.The AMMI analysis 
provided a better description and explained a large 
part of the G x S interaction than joint regression 
analysis. AMMI analysisclearly discriminated 
between genotypes with wide adaptation and those 
showing a specific adaptation. The selection for 
specific adaptation results in a genetic gain of 
10.51%. Among the stability parameters studied Pi 
index and the genotype rank method of the GGE 
biplot analysis indicated that both Mrb3 and 
Boussalem combinedhigh yield performance and 
stability. 
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