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ABSTRACT 
Fourteen field pea genotypes were evaluated at 16 environments in Ethiopia during 2007 and/or 2008 main cropping seasons. The 
objective of the study was to determine the magnitude of genotype × environment interaction and performance stability in the field pea 
genotypes. The study was conducted using a randomized complete block design with 4 replications. Genotype × environment interaction 
and yield stability were estimated using the additive main effects and multiplicative interaction and site regression genotype plus genotype 
× environment interaction biplot. Pooled analysis of variance for grain yield showed significant (p<0.01) differences among the genotypes, 
environments and the genotype × environment interaction effects. This indicated that the genotypes differentially responded to the 
changes in the test environments or the test environments differentially discriminated the genotypes or both. Environment accounted for 
74.3% of the total yield variation, genotype for 4.2% and genotype × environment for 16.4%, indicating the need for spatial and temporal 
replication of variety trials. The first five bilinear terms of AMMI were found to be significant. The first two multiplicative component 
terms sum of squares, with their cumulative degrees of freedom of 52, explained 69.1% of the interaction sum of squares. No single 
variety showed a superior performance in all the environments but genotype EH02-036-2, followed by Coll.026/01-4, demonstrated top 
ranking at five of the sixteen environments. The application of AMMI and GGE biplots facilitated the visual comparison and identifica-
tion of superior genotypes, thereby supporting decisions on variety selection and recommendation in different environments. 
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INTRODUCTION 
 
Crop genotypes grown in different environments would fre-
quently encounter significant fluctuations in yield perfor-
mance, particularly when the growing environments are 
distinctly different, the test genotypes differentially respond 
to changes in the growing environments or both. The fluc-
tuation of crop performance with changing environments, 
technically termed as genotype × environment (G × E) 
interaction, potentially presents limitations on selection and 
recommendation of varieties for target set of environments, 
particularly when it is a “crossover” type or when rank 
order changes among the genotypes are involved (Navabi et 
al. 2006). Genotype × environment interaction, by mini-
mizing the association between phenotypic and genotypic 
values (van Oosterom et al. 1993), also reduces the genetic 
progress expected from plant breeding. Better understan-
ding of the level of G × E interaction and performance 
stability in crops serves as a decision tool, particularly at the 
final stage of variety development process, to generate 
essential information on pattern of adaptation in breeding 
lines, new varieties for release, and to determine the recom-
mendation domains for released varieties (Yan 2011). 

Genotype × environment interaction, defined in this 
case as the differential phenotypic response of genotypes to 
environmental changes (Vargas et al. 2001), can be quanti-
fied using several procedures, all of which are based on 
evaluation of genotypes under multiple environments. Such 
tests enable quantification of not only the average perfor-
mances of crop genotypes across environments (e.g. 
locations and years) but also to assess the magnitude and 
pattern of cultivar performance fluctuation/consistency 
across a range of environments. The differential phenotypic 
response of genotypes to environmental changes cannot be 

explained by the genotype and the environment main effect, 
unless and otherwise it is considered along with G × E 
interaction effects (Reza et al. 2007). 

Understanding the extent and pattern of G × E inter-
action effect can also help to effectively design appropriate 
breeding strategies, optimize varietal selection vis-à-vis the 
target production environments, and to define suitable areas 
of recommendation domain, where a given cultivar can be 
better adapted (Yan and Hunt 2001). In other words, 
knowledge of the extent and pattern of G × E interaction 
can help plant breeders to reduce the cost of genotype eval-
uation by eliminating unnecessary spatial and temporal 
replication of yield trials (Basford and Cooper 1998). 
Conversely, when the testing environments as compared to 
the target production environments are underrepresented, 
knowledge of G × E interaction may also necessitate the 
establishment of additional testing environments (Piepho 
1996). Based on the magnitude and pattern of G × E inter-
action effects, breeders must either decide whether to 
exploit specific adaptation by selecting superior genotype 
for the target environments or to minimize the interaction 
effects by selecting stable genotypes widely adapted to a 
wide range of environments (Ceccarelli 1989). 

The practical use of different statistical methods to 
explain G × E interaction, thereby facilitate variety release 
decision, have been extensively reviewed by different 
authorities (Zobel et al. 1988; Crossa 1990; Flores et al. 
1998; Hussein et al. 2000; Ferreira et al. 2006). However, 
not all methods are equally effective enough in analyzing 
the multi-environment data structure in breeding programs 
(Zobel et al. 1988; Navobi et al. 2006). The two most 
widely used methods of statistical analyses include the ad-
ditive main effects and multiplicative interaction (AMMI), 
and the site regression (SREG) genotype plus genotype × 
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environment interaction (GGE) biplot models, as they are 
relatively powerful for effective analysis and interpretation 
of multi-environment data structure (Zobel et al. 1988; Yan 
et al. 2000; Samonte et al. 2005; Ezatollah et al. 2013). 

AMMI is a statistical model combining the additive 
main effect and the multiplicative interaction principal com-
ponents (IPC) of two-way data structure (Reza et al. 2007) 
that clearly distinguishes between the main and the inter-
action effects (Gauch 1992). Similarly, the site regression 
(SREG) GGE model is a multiplicative model that com-
bines two important factors in variety selection i.e., the 
main effects of genotypes (G) plus the G × E interaction 
(GE), commonly abbreviated as G+GE or GGE (Yan et al. 
2000; Yan and Tinker 2006). 

Ethiopia is a center of diversity of field pea (Vavlov 
1950). Field pea is the second most important food legume 
crops grown in the high- and mid-altitude areas (1800-3000 
meters above sea level) in Ethiopia. According to (CSA 
2009) field pea constitutes close to 15% of the area covered 
with pulses and 14% of the total annual national production 
in the country. The inception of field pea breeding in 
Ethiopia dates back to the 1960’s (Mussa et al. 2006) with 
the main objective of improving productivity through gene-
ration of productive cultivars tolerant/resistant to different 
production constraints and suitable under different agro-
ecologies of the country. 

A study on the extent and pattern of genetic diversity in 
Ethiopian field pea landraces revealed the existence of high 
genetic diversity (Gemechu et al. 2005). Highest genetic 
variation for field pea traits such as biological and grain 
yields, number of seeds and harvest index, number of pri-
mary branches, and seed size; intermediate genetic variation 
for number of pods plant-1 and plant height, while the low-
est for phenological traits were reported in (Tezera 2000). 
Great impact of environment on the performance of field 
pea genotypes were reported elsewhere (Ceyhan et al. 
2012) and in Ethiopia (Girma et al. 2000; Tezera 2000; 
Mulusew et al. 2009; Mulusew et al. 2010). 

Among the most outstanding features of the Ethiopian 
environmental conditions is the variation experienced both 
from season to season and from place to place within a 
shorter distance (EMA 1988). Where environmental dif-
ferences are greater, it may be expected that G × E inter-
action effects would also be greater (Falconer 1996). As a 
result, it is not only the average performance of genotypes 
that is important but also the magnitude and pattern of the G 
× E interaction effects. Two varieties may show similar 
average performance but one may show much more fluctua-
tion across environments than the other. 

Even though past field pea breeding efforts have resul-
ted in a release of a number of improved varieties, beyond 
the use of simple joint regression models to assess field pea 
yield stability in a limited cases (Tezera 2000; Mulusew et 
al. 2009; Mulusew et al. 2010), and AMMI to study the 
effect of G × E interaction for specific environments (Girma 
et al. 2000), the application of linear-bilinear statistical 
models as a tool for the determination of the extent and 
pattern of G × E interaction effects from the context of wide 
adaptation is limited. In this study, we attempted to apply 
AMMI and SREG GGE biplot statistical models for deter-
mination of the magnitude and pattern of G × E interaction 
effects and performance stability of grain yield in selected 
field pea genotypes. 

 
MATERIALS AND METHODS 
 
Fourteen contrasting field pea genotypes acquired through hybridi-
zation, local collection and introduction from exotic sources were 
grown during 2007 and/or 2008 main cropping seasons (June-
November) in ten representative field pea producing areas of 
Ethiopia (Fig. 1). Each year at each location was considered as a 
separate environment, making a total of sixteen test environments 
for this study. Description of the ten test locations and the fourteen 
evaluated genotypes are indicated in Table 1 and Table 2, respec-
tively. 

The genotypes were evaluated using a randomized complete 
block design with 4 replications. The seeds were planted in a plot 
size of 3.2 m2 with a spacing of 20 cm between rows and 5 cm 
between plants. Fertilizer was applied at the rate of 18 kg N and 46 
kg P2O5 ha-1 in the form of DAP (diammonium phosphate). Other 
crop management and protection practices were applied following 
the recommendation at each location. Grain yield harvested from 
each plot was converted into kg ha-1 at 10% standard grain mois-
ture content. 

The grain yield data were subjected to analysis by the General 
Linear Model (PROC GLM) of the SAS Procedure using version 
9.0 of the software (SAS Institute Inc. 2002). Pooled analysis of 
variance was computed to partition the total variation into com-
ponents due to genotypes, environments and G × E interaction 
effects. AMMI analysis was done using the G × E interaction com-
ponent of SAS which was developed by Hussein et al. (2000). 
Separation of the additive main effect was done using Duncan’s 
Multiple Range Test (DMRT). The proportion of the multiplicative 
interaction terms containing the real structure of G × E interaction 
sum of squares was examined by estimating the amount of noise 
present in the interaction from the pooled error and, then, by com-
paring it with the sum of squares retained in consecutive AMMI 
models according to Voltas et al. (2002). AMMI2 GE and SREG 
GGE biplots were produced using the SAS program following the 
procedures of Hernandez and Crossa (2000) as modified by Bur-
gueno et al. (2001). Pearson correlation coefficients were gene-
rated to describe the association between test environments. 
Scatter diagrams based on AMMI1 graph to measure the pattern of 
adaptation and performance stability, and GGE biplot for ranking 
of genotypes in relation with the test environments were used. 

The following AMMI and SREG linear-bilinear models were 
used for analyses of G × E interaction and performance stability:  

 
 
and 
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Fig. 1 A map showing geographical areas of the ten test locations used 
to evaluate the field pea genotypes. 
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of the deviations from the additive (linear) part of the model. In 
the AMMI model, only the G × E interaction term was absorbed in 
the bilinear terms, whereas in the SREG model, the main effects of 
genotypes (G) plus the G × E interaction were absorbed into the 
bilinear terms. 
 
RESULTS AND DISCUSSION 
 
AMMI analysis of variance for grain yield (kg ha-1) of the 
14 field pea genotypes tested in 16 environments showed 
that the genotypes, environments and G × E interaction 
effects were significantly different (p<0.01). This result also 
indicated that the environments, which accounted for 74.3% 
of the total yield variation, significantly influenced the 
yielding ability of the field pea genotypes. Similarly, too 
much sensitivity of yield of field pea genotypes to different 
environments was reported in (Ceyhan et al. 2012). Geno-
types and G × E interaction effects explained only about 
4.2% and 16.4% of the total variation, respectively (Table 
3). The G × E interaction effect was almost four times 
higher than the genotype effect. This may indicate the exis-
tence of a considerable amount of deferential response 

among the genotypes to changes in growing environments 
and the differential discriminating ability of the test envi-
ronments. 

A large yield variation explained by environments also 
indicated the existence of diverse mega environments, i.e. a 
group of environments which share the same cultivar(s) that 
consistently performed the best with large differences 
among environmental means, causing most of the variation 
in grain yield (Yan and Rajcan 2002). The average environ-
mental grain yield across genotypes ranged from the lowest 
of 829.1 kg ha-1 at Kulumsa 2007 to the highest of 4579.5 
kg ha-1 at Kofale 2008, with a grand mean of 3154.5 kg ha-1 
(Table 4). 

The genotypes average grain yield across environments 
ranged from the lowest of 2662.3 kg ha-1 for COLL.92/00-
8-1 to the highest of 3569.5 kg ha-1 for EH 02-036-2 (Table 
4). Genotype EH 02-036-2 ranked the first at five of the 
sixteen environments (Holeta 2007, Adadi 2007, Adet 2007, 
Holeta 2008 and Adet 2008). Similarly, other three better-
performing genotypes include WAPEA-2147-2 (Kofale 
2007 and 2008), COLL.026/01-4 (Bekoji 2007 and Asassa 
2008) and the standard check, ‘Megeri’ (Harmaya 2007 and 
Sinana 2007), each ranked the first at two of the sixteen 
environments. WAPEA-2147-2 recorded the best yield of 
5408.7 kg ha-1 at the highest-yielding environment, Kofale 
2008, whereas COLL.217/99-5 yielded the best of 1341.9 
kg ha-1 at the lowest-yielding environment, Kulumsa 2007 
(Table 4). This differential yield ranking of genotypes 
across the environments revealed that the G × E interaction 
effect was a crossover type (Yan and Hunt 2001; Matus-
Cadiz et al. 2003; Kaya et al. 2006). 

The application of AMMI model for partitioning the G 
× E interaction effect revealed that the first five terms of 
AMMI were significant based on Gollob’s F-test Gollob 
(1968). The Gollob’s F-test is usually known to retain 
multiplicative axis with a low proportion of explained G × 
E interaction (Voltas et al. 2002). In this study, the propor-
tion of multiplicative component sum of squares of the first 
interaction principal component axis (IPCA1 = 53.86%) 
was far greater than the second multiplicative interaction 
principal component (IPCA2 = 15.27%) (Table 3). This 

Table 1 Description of the 10 locations used for evaluation of field pea genotypes. 
Geographical position Temperature (°C) Locations 

Latitude Longitude 
Altitude 
(m.a.s.l) 

Average 
rainfall (mm) Min Max 

Agro-ecologies 

Asassa 07006’12”N 39011’32”E 2300 620 5.8 23.6 Tepid Humid Mid Highland 
Kulumsa 08001’00”N 39009’32”E 2200 820 10.5 22.8 Tepid Sub-moist Mid Highland 
Bekoji 07031’22”N 39014’46”E 2780 1010 7.9 16.6 Cool Humid Mid Highland 
Holetta 09004’12”N 38029’45”E 2400 1044 6.05 22.4 Tepid Moist Mid Highland 
Koffale 07004’27”N 38046’45”E 2660 1211 7.1 18 Cool Humid Mid Highland 
Jeldu 09022’40”N 37056’38”E 2800 1200 2.06 16.9 Tepid Arid Mid Highland 
Adadi 08035’08”N 38037’15”E 2050 900 NA NA Tepid Moist Mid Highland 
Sinana 07005’00”N 40012’00”E 2400 791 7.9 24.3 Cool Sub-humid Mid Highland 
Adet 11015’41”N 37029’17”E 2240 860 9.27 25.7 Tepid Moist Mid Highland 
Haramaya 09022’49”N 42000’59”E 1980 870 9.27 25.7 Tepid Sub-moist Mid Highland 
 

Table 2 Description of the 14 field pea genotypes evaluated in 16 environ-
ments during 2007 and 2008 cropping season. 
No Genotype Pedigree 
1 EH 02-036-2 IFPI-5243/1290474 x Holetta-90 
2 EH 02-081-14 Hursa x 061K-2P-14/711 
3 EH 02-082-5 061K-2P-14/711 x Hursa 
4 COLL.217/99-5 Landrace Collection 
5 COLL.11/00-2 Landrace Collection 
6 COLL.92/00-8-1 Landrace Collection 
7 COLL.101/00-5-1 Landrace Collection 
8 COLL.103/00-2-1 Landrace Collection 
9 EH 99-002-1 G22763-2C x KFPD-11 
10 WAPEA-2147-2 Landrace Collection 
11 WAPEA-2147-3 Landrace Collection 
12 COLL.026/01-4 Landrace Collection 
13 MEGERI Helina 
14 Local Check Farmers Local Cultivar 
 

Table 3 AMMI analysis of variance for grain yield (kg ha-1) of 14 field pea genotypes grown at 16 environments. 
Source of variation DF SS MS F- value Explained % of GEI SS 
Total  223 1366882861.20 6129519.56   
Environments (E) 15 1070275439.65 71351695.98 201.043** (74.29) 
Genotypes (G) 13 61029065.66 4694543.51 13.227** (4.26) 
GEI 195 235578356.03 1208094.13 3.404** (16.35) 

AMMI 1 27 126888805.38 4699585.38 13.242** 53.86 
AMMI 2 25 35960020.31 1438400.81 4.053** 15.27 
AMMI 3 23 19796160.92 860702.65 2.425** 8.40 
AMMI 4 21 17997813.29 857038.73 2.415** 7.64 
AMMI 5 19 11254458.28 592339.91   1.669* 4.78 

Residual 81 23681097.84 292359.23   0.824ns 10.05 
Pooled error 
CV (%) =18.89 

624 
R2=0.87 

 221462824.00 354908.37   

**,* Significant at 0.01 and 0.05 probability level respectively; ns = non significant; DF = degree of freedom; SS = sum of squares; MS = mean sum of squares; CV = 
coefficient of variation, R2 = coefficient of determination. Values in brackets indicate part of the E, G and GEI SS to the total yield variation. 
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indicated that there was a differential yield performance 
among the field pea genotypes across the testing environ-
ments due to the presence of significant G × E interaction 
effects. Therefore, in order to identify genotypes with spe-
cific or relatively broader adaptation, studies on the magni-
tude and patterns of G × E interaction effects of specific 
sets of genotypes should be an integral part of field pea 
varietal development processes in Ethiopia. 

Different sources of variation explained various 
amounts of the total G × E interaction sum of squares. The 
pattern sum of square with 70.62% accounted for the largest 
part of the total variation due to the G × E interaction 
effects. The noise sum of square also accounted for 29.38% 
of the pooled error mean square in the G × E interaction 
sum of square. This indicated that the magnitude of the 
pattern sum of square in the G × E interaction was larger 
than that retained by the first two AMMI multiplicative 
components, which cumulatively accounted for 69.13% of 
the G × E interaction sum of squares. A similar result was 
reported by Ezatollah et al. (2013) where the first two 
multiplicative interaction components were accounted for 
68% of the G × E interaction sum of squares in chick pea. 

The first two multiplicative components showed sum of 
squares greater than that of the genotypes and the post-
dictive evaluation using an F-test (p<0.01), which indicated 
that the first two principal components of the interaction 
term were significant. Besides, the prediction assessment 
also indicated that AMMI with only the first two multi-
plicative component axes was adequate for cross-validation 
of the variation explained by the G × E interaction (Zobel et 
al. 1988; Gauch and Zobel 1996). Thus, the ballpark figure 
of factual interaction pattern of the 14 field pea genotypes 

with the 16 environments scattered over the first two AMMI 
multiplicative components of genotypes and environments 
visualized the pattern of affinity between the genotypes and 
the environments. 

 
AMMI biplot analysis 
 
The first AMMI biplot accounted for 92.05% of the treat-
ment sum of square of which 78.30% was due to the envi-
ronments and only 4.46% was due to the genotypes. The 
sum of square due to the first multiplicative interaction 
principal component (IPC1) accounted for 9.28%, the 
remaining multiplicative interaction principal component 
accounted only for 7.95% of the treatment sum of squares. 
This clearly depicted that the proportion of variation con-
tributed by the genotypes, as reflected in the total sum of 
squares, was far less than that contributed by the environ-
mental and genotype × environment interaction effects. 

The AMMI biplot based on the relative magnitude of 
the position and direction of genotypes on the plane of 
stability parameter (i.e., interaction principal component) 
regressed on environmental mean yields (main effect) is 
considered an important measure of not only the pattern of 
adaptation (wide vis-à-vis specific adaptation) but also that 
of performance stability (Zobel et al. 1988). Accordingly, 
genotypes with IPC1 scores close to zero showed better 
general adaptation than specific adaptation and vice versa 
(Ebdon and Gauch 2002). For instance, Coll.026/01-4 and 
EH 02-082-5, with IPC1 scores closer to zero, showed 
lesser differential response to the changes in the growing 
environments as compared to the other genotypes. On the 
other hand, genotypes like WAPEA-2147-2, WAPEA-2147-

Table 4 Mean grain yield (kg ha-1) of the 14 field pea genotypes across 16 environments during (2007-2008) main cropping season. 
Genotypes Environmentsa 
Name E1 E2 E3 E4 E5 E6 E7 E8 E9 
1 EH 02-036-2 681.1 4639.3 4208.4 4000 2481.4 5021.1 2833.6 2454.3 4169.5 
2 EH 02-081-14 1151.7 4024.9 3136.5 3539.7 1426.8 4244.2 2120.3 1313.2 3495.3 
3 EH 02-082-5 838.9 3731.1 3223.6 4349.5 1448.6 3585.5 1685.9 2918.1 3615.6 
4 COLL.217/99-5 1341.9 3591.8 3872.2 4039.1 1382.9 4179.6 2383.6 3091.8 4187.5 
5 COLL.11/00-2 1113.6 4412.2 3568.8 3830.7 1422.8 3752.7 2414.1 2707.9 3899.2 
6 COLL.92/00-8-1 449.9 3287.9 2752.8 3321.7 1556.7 3088.5 1552.3 656 3217.2 
7 COLL.101/00-5-1 348.4 4136.5 3449 3058.9 1448.1 3413.4 1535.2 1416.3 2610.9 
8 COLL.103/00-2-1 346.3 4113 3763.1 3474.4 1451.5 3789.8 1667.2 1944.1 3285.9 
9 EH 99-002-1 816.9 3374.7 5103.7 3357.6 1977.8 4306 2370.3 1274.9 3264.8 
10 WAPEA-2147-2 954.3 4122.8 4221.9 4868.8 1086.3 2922.3 2110.2 3011.2 5111.7 
11 WAPEA-2147-3 973.7 4128 4164.4 4322.6 1121.2 3572.2 2214.1 3594.4 5303.9 
12 COLL.026/01-4 1000.3 4728.7 3722.4 4328.9 1309 4550.9 2424.2 2543 3906.3 
13 Megeri 1117.4 4692 4679.4 3922.4 1406.4 2592.2 2203.9 3702.6 5542.2 
14 Local Check 472.7 4564 4025.4 3304.6 1155.8 2758.4 1936.7 2706.3 3710.2 

  Mean 829.1 k 4110.5 bc 3849.4 def 3837.1 ef 1476.8 j 3698.3 f 2103.7 i 2381.0 h 3951.5 cde
 
Table 4 (cont) 
Genotypes Environmentsa  
Name E10 E11 E12 E13 E15 E15 E16 Mean 
1 EH 02-036-2 2592.5 4263.5 3942.3 4638.3 3575.2 4925.4 2685.2 3569.5 a 
2 EH 02-081-14 2402.8 3291.1 3465.5 4008.1 2519.8 3805 2492.2 2902.3 fg 
3 EH 02-082-5 2119.9 3861.3 4322.5 4525.1 2431 4441.8 1927.3 3064.1 def 
4 COLL.217/99-5 2614.8 4410.5 5037.2 4669.1 2926.9 3057.6 2763.3 3346.8 abc 
5 COLL.11/00-2 2227.1 4353 4920.2 4941.5 2390.3 3216.1 2515.3 3230.3 cde 
6 COLL.92/00-8-1 1796.8 4358.2 2969.7 3995.3 3336.5 4400.5 1856.3 2662.3 h 
7 COLL.101/00-5-1 1901 4027.9 2880.7 3900.6 3051.8 4943.4 1921.1 2752.7 gh 
8 COLL.103/00-2-1 2019.3 4740.3 3274.2 4749.5 2698.8 4186.8 1680.5 2949.0 fg 
9 EH 99-002-1 2326.3 4298.3 4985.5 4441.5 3381.9 3845.2 2405.5 3220.7 cde 
10 WAPEA-2147-2 2578.2 3700.1 5480.1 5408.7 2116.7 3625.1 2296.9 3350.9 abc 
11 WAPEA-2147-3 2862.7 2763.1 5130.7 4727.4 1523.1 3357.7 2554.7 3269.6 cd 
12 COLL.026/01-4 2844.2 4757.6 5540.7 4743.9 2777.5 4298.5 2701.9 3511.1 ab 
13 Megeri 2484.4 3264.8 4562.2 4708.3 2246.1 3580.4 2148.4 3303.3 bc 
14 Local Check 2015.3 4842.3 3227.1 4656 2866.5 4087.1 2157.8 3030.4 ef 
 Mean 2341.8 h 4066.6 bcd 4267.0 b 4579.5 a 2703.0 g 3983.6 cde 2293.3 hi 3154.513 

 [a Abbreviations: E1= Kulumsa 2007; E2= Bekoji 2007; E3= Asassa 2007; E4= Kofale 2007; E5= Holetta 2007; E6= Adadi 2007; E7= Adet 2007; E8= Haramaya 2007; 
E9= Sinana 2007; E10= Kulumsa 2008; E11= Bekoji 2008; E12= Asassa 2008; E13= Kofale 2008; E14= Holetta 2008; E15= Jeldu 2008; E16 = Adet 2008. Means followed 
by similar letters are not significantly different at 0.05 probability level based on Duncan’s multiple range test (DMRT); underlined values are highest yields at each test 
environment. 
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3 and Megeri, with larger positive IPC1 scores, showed 
better specific performance at certain environments like 
Haramaya 2007, Sinana 2007 and Asassa 2008. In contrast, 
COLL.92/00-8-1 and COLL.101/00-5-1, with larger nega-
tive IPC1 scores, showed better performance at Holetta 
2008 (Fig. 2). Some genotypes also showed higher mean 
yields with relatively better performance stability across a 
range of environments. For example, genotype Coll.026/01-
4 showed the lowest IPC1 score value with the second 
higher mean yield of 3511.1 kgha-1 (Fig. 2; Table 4). 

Plant breeders usually opt for a variety with a high 
mean yield and better stability across different sets of grow-
ing environments. However, the concept of performance 
stability is relative when it comes to practice as varieties 
developed under potential conditions may fail to succeed 
under marginal conditions and vice versa (Ceccarelli 1989; 
Reijntjes et al. 1992; Ceccarelli and Grando 1996). This is 
because it may be practically impossible to collect together 
genes responsible for superior performance in all environ-
ments into a single genotype (Annicchiarico 2002). Among 
the locations employed in the present study, Kulumsa and 
Adet showed relatively lower variation in terms of IPC1 
score over years while, in contrast, Bekoji and Asassa 
showed higher variation (Fig. 2). This indicated that perfor-
mance consistency of the genotypes over seasons were 
better at Kulumsa and Adet than it was at Bekoji and Asassa. 
Therefore, the latter two locations were characterized by 
larger main and interaction effects, making them less 
predictable for field pea variety evaluation. 

The pattern of G × E interaction was cross-validated 
from the distribution of the 14 field pea genotypes over the 
16 environments on the plane of the first two AMMI multi-
plicative components (AMMI2) as suggested by Gauch 
(1992) and Hernández and Crossa (2000). Based on the 
AMMI2 biplot, the test environments were regrouped into 
five mega-environments, according to the signs of the geno-
typic and environmental IPC scores (Fig. 3). Environments 
within the same sector are assumed to share the same 
(winner) genotypes. In this study, COLL.217/99-5, 
COLL.92/00-8-1, COLL.101/00-5-1, EH 99-002-1, 
WAPEA-2147-3, ‘Megeri’ and the local check showed 
either high positive or high negative G × E interaction 
effects. 

The orthogonal projections of the genotypes on the 
environmental vector showed clear genotype-environment 
affinity. For instance, the best genotypes with respect to the 
environment Asassa 2008 were COLL.217/99-5 and 
WAPEA-2147-3. Megeri best performed at Haramaya 2007 
and Sinana 2007. Similarly, genotype COLL.101/00-5-1 
was the best for environment Jeldu 2008, while genotype 
COLL.92/00-8-1 was the best for Holetta 2008 and Adadi 
2007 (Fig. 3). On the other hand, genotype EH 02-082-5 
demonstrated lower fluctuations to both spatial and tem-
poral changes in the growing environments. 

 Environments Haramaya 2007 and Sinana 2007 were 
highly associated with their higher positive IPC1 values, 
indicating their higher discriminative ability. Environments 
Bekoji 2008, Holetta 2008 and Jeldu 2008, characterized by 
larger negative IPC1 values, were completely the opposite 
in their ability to discriminate the genotypes. Based on their 
proximity to the origin, Kulumsa 2007 and 2008 and Asassa 
2007 exhibited lesser genotypic discriminative ability and 
proved to be more representative of the average environ-
ment. Environments Asassa 2008, Haramaya 2007, Jeldu 
2008, Holetta 2008 and Adadi 2007, on the other hand, 
demonstrated higher genotypic discriminating ability and 
found to be less representative of the average environment, 
as indicated by the longest distance between their markers 
and the biplot origin (Fig. 3). Environments Kulumsa, 
Holetta and Adet, regardless of change in years, separately 
clustered into a single sector, indicating the consistency in 
performance of genotypes at these locations. These loca-
tions could be considered as a separate mega-environment 
for field pea variety evaluation. 

 

SREG GGE biplot analysis 
 
Environment interaction principal component scores (IPC1 
and IPC2) of GGE had both negative and positive values in 
the present data set (Fig. 4). This indicated that there were 
rank order changes with changes in environments for yield 
performance among the field pea genotypes, leading to a 
crossover type of G × E interaction. This result differed 
from previous reports in which only environment IPC1 
Zerihun (2011) and IPC2 scores (Yan et al. 2000; Yan and 
Hunt 2001) demonstrated a GEI with crossing over type. 
Some studies showed that the GGE biplot best fitted for 
which-won-where pattern analysis (Yan et al. 2007) and, 
that the assessment of ideal genotypes and test locations in 
multi-environment data, provided existence of a high 
correlation between IPC1 and G main effects (Yan et al. 
2000; Yan and Hunt 2001; Crossa et al. 2002; Yan 2002; 
Yan and Rajcan 2002). However, the requirement for a 
“near-perfect correlation” (r = 0.95) between genotype IPC1 
scores and genotype main effects, which commonly occurs 
when genotype is 40% or more of GGE (Yan et al. 2001), 
was not attained in the present study where r = 0.76 and 
genotype = 25.91% of GGE. In the AMMI analysis, the 
requirements for a “near-perfect correlation” between geno-
type IPC1 scores and genotype main effects is not rigid as 
AMMI captures genotype, environment, and G × E effects 
separately in every datasets (Gauch 2006). In this study, the 
GGE biplots of SREG analysis clearly showed the relation-
ship between the testing environments based on the angles 
between the vectors of the environments (Fig. 4), and the 

Fig. 2 AMMI1 biplot showing the mean (main effect) vs. stability 
(IPC1) view of both genotypes and environments on grain yield. 
Abbreviations of environments are as given in Table 4. 

Fig. 3 AMMI biplot analysis showing the mega-environments and 
their respective high yielding genotypes. Abbreviations of environments 
are as given in Table 4. 
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possibility for ranking of genotypes relative to highest yiel-
ding environment (Fig. 5). 
 
The cosine-correlation based relationships among 
test environments 
 
Eight of the 16 environments, namely Adet (2007 and 2008), 
Assasa (2007 and 2008), Kulumsa (2007 and 2008) and 
Kofele (2007 and 2008), were found to be related to each 
other as they were grouped into the same quadrant (quad-
rant I) regardless of year effects. They were positively cor-
related with each other based on the angles between them 
which were less than 900 (i.e., acute angle). Similarly, three 
environments, namely Bekoji 2008, Haramaya 2007 and 
Sinana 2007 were grouped into quadrant II, whereas five 
other environments including Jeldu 2008, Holetta 2007 and 
2008, Bekoji 2008 and Adadi 2007 were grouped into quad-
rant IV (Fig. 4). In addition, Adet 2007 and 2008 in quad-
rant I were related to Holetta 2007 and Adadi 2007 were 
grouped into quadrant IV. This grouping of the test environ-
ments is based on the theory that the cosine of an angle 
between the vectors of two environments approximates the 

genetic correlation between them (Kroonenberg 1995; Yan 
2002, 2011) and allows visualization of similarity and 
dissimilarity between environments in ranking genotypes 
(Yan 2011). The vector view of GGE from SREG for the 
sixteen test environments is shown in (Fig. 4). According to 
the theory, acute angles indicate a positive correlation, 
obtuse angles a negative correlation and right angles exis-
tence of no correlation (Yan and Kang 2003; Yan and Tinker 
2006; Kandus et al. 2010). 

Both (Fig. 4) the correlation coefficients between grain 
yield performances of the 16 field pea test environments 
(Table 5) confirmed the existence of close positive relation-
ships between Sinana 2007 and Haramaya 2007 (r = 0.827), 
Kofele 2007 and 2008 (r = 0.735); Kulumasa 2007 and 
2008 (r = 0.708); Adet 2007 and 2008 (r = 0.892) and 
between Holetta 2008 and Bekoji 2008 (r = 0.666) (Table 
5). A presence of close positive associations between testing 
environments is an indication that similar information could 
be obtained about the genotypes from a fewer test environ-
ments and that is considered as an opportunity to reduce 
costs of germplasm evaluation when resources are scanty 
(Kaya et al. 2006; Yan and Tinker 2006). On the other hand, 

Table 5 Pearson correlation coefficients among 16 field pea testing environments of Ethiopia during (2007-2008) main cropping seasons. 
  E1 E2 E3 E4 E5 E6 E7 E8 

E2 0.067        
E3 0.201 0.222       
E4 0.569* 0.219 0.171      
E5 -0.181 -0.071 0.216 -0.246     
E6 0.203 -0.01 0.029 0.056 0.629*    
E7 0.604* 0.385 0.542* 0.397 0.425 0.589*   
E8 0.515 0.509 0.409 0.696** -0.352 -0.216 0.384  
E9 0.574* 0.388 0.481 0.721** -0.269 -0.267 0.459 0.827** 
E10 0.708** 0.352 0.456 0.717** -0.039 0.401 0.760** 0.601* 
E11 -0.409 0.008 -0.111 -0.335 0.211 0.221 -0.033 -0.328 
E12 0.735** 0.117 0.497 0.778** -0.168 0.198 0.625* 0.601* 
E13 0.349 0.385 0.477 0.735** -0.254 -0.114 0.432 0.714** 
E14 -0.431 -0.239 -0.05 -0.560* 0.726** 0.415 0.06 -0.654* 
E15 -0.742** 0.1 -0.282 -0.332 0.471 0.182 -0.317 -0.482 
E16 0.723** 0.245 0.313 0.419 0.168 0.585* 0.892** 0.341 

 
 
Table 5 (cont.)  

  E9 E10 E11 E12 E13 E15 E16  
E10 0.703**        
E11 -0.569* -0.378       
E12 0.627* 0.799** -0.202      
E13 0.667** 0.502 0.035 0.699**     
E14 -0.654* -0.4 0.666** -0.427 -0.458    
E15 -0.554* -0.421 0.304 -0.590* -0.473 0.575*   
E16 0.39 0.813** -0.115 0.649* 0.286 -0.049 -0.414  

Correlation (r) at probability **p<0.01 and *p<0.05, Abbreviations of environments are as given in Table 4. 
 

Fig. 4 Vector view of GGE from SREG for sixteen test environments. 
Abbreviations of environments are as given in Table 4. 

Fig. 5 GGE from SREG for ranking of all genotypes relative to the 
test environment with highest yielding performance (in this case: 
Koffale 2008). Abbreviations of environments are as given in Table 4. 
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Bekoji 2007 showed either positively or negatively weak 
correlation with all other environments (Table 5), whereas, 
the presence of wide obtuse angles (angle >900) and strong 
negative correlation coefficients as observed between Jeldu 
2008 with Kulumsa 2007 and Asassa 2008, Sinana 2007 
with Bekoji 2008, Holetta 2008 and Jeldu 2008, and 
between Holetta 2008 with Kofele 2007, Haramaya 2007 
and Sinana 2007 (Fig. 4; Table 5) indicated existence of a 
crossover genotype × environment interaction (Yan and 
Tinker 2006). 

Inconsistencies were observed between relationships 
based on the cosine of an angle between the vectors of two 
environments (Fig. 4) and Pearson correlation coefficients 
of the environments (Table 5). For instance, Fig. 4 shows 
the existence of very close association between Bekoji 2007 
with Sinana 2007 and Haramaya 2007, and between 
Kulumsa 2007 with Asassa 2007 environments, but the 
actual correlation was found to be non significant (Table 5). 
This inconsistency may be attributed to the lack of near 
perfect correlation between genotype IPC1 scores and geno-
type main effects. 

 
Ranking of genotypes relative to highest yielding 
environment 
 
A line that passes through the biplot origin and the highest 
yielding environment was drawn to help ranking the geno-
types based on their performance in an environment, and 
this line is called the highest yielding environment axis 
(Yan and Tinker 2006). Fig. 5 illustrates the graphic com-
parison of the relative performance of all field pea geno-
types relative to the highest yielding environment, Koffale 
2008. Genotypes located on the right hand side of the per-
pendicular line to Kofale 2008-axis, namely COLL.11/00-2, 
COLL.026/01-4, COLL.217/99-5, ‘Megeri’, WAPEA-2147-
2 and WAPEA-2147-3 showed higher than average yield. 
Those genotypes located on the left hand side of the perpen-
dicular line to the Kofale 2008-axis such as COLL.92/00-8-
1, COLL.101/00-5-1, EH 02-081-14 and EH 99-002-1 
showed lower than average yield, while genotypes EH 02-
036-2 and EH 02-082-5 showed nearly an average yield in 
Koffale 2008. However, genotypes COLL.103/00-2-1 and 
the local check demonstrated above average yield perfor-
mance in this environment (Table 4) but ranked in the 
below average side of the biplot (Fig. 5), revealing that the 
SREG GGE was not 100% efficient in exhibiting the exis-
ting G × E interaction in the present field pea dataset. 
 
CONCLUSION 
 
The present study revealed that field pea yields were liable 
to a significant fluctuation with changes in the growing 
environments, the G × E interaction effect being almost four 
times higher than that of the genotype effect. This study 
also clearly demonstrated that AMMI and SREG GGE 
models were found to be effective for determining the mag-
nitude and pattern of genotype × environment interaction 
effect in the field pea genotypes. 

Even though no variety showed a universally superior 
performance across all the test environments, some geno-
types with consistently better mean performance were iden-
tified. Genotype EH02-036-2, for instance, stood the first at 
five of the sixteen environments, followed by WAPEA-
2147-2, COLL.026/01-4 and ‘Megeri’, which ranked the 
first at two of the sixteen environments. EH 02-036-2 was 
released as “Letu” for wider cultivation as a commercial 
variety. Vertex genotypes including COLL.217/99-5, 
COLL.92/00-8-1, COLL.101/00-5-1, EH 99-002-1, 
WAPEA-2147-3, Megeri and the local check were iden-
tified as winner genotypes for different mega-environments. 
These genotypes either positively or negatively expressed a 
highly interactive behavior, contributing more to the G × E 
interaction effect. Other genotypes such as Coll.026/01-4 
and EH 02-082-5 with IPC1 scores close to zero exhibited 
relatively better general adaptation and lesser response to 

interaction. 
Six of the 16 test environments including Assasa 2008, 

Haramaya 2007, Sinana 2007, Jeldu 2008, Holetta 2008 and 
Adet 2007 were among the test environments that most dis-
criminated the test genotypes. Three environments, namely 
Kulumsa 2007 and 2008, and Assasa 2007 exhibited additive 
behaviors (low interactive action) over the test genotypes, 
i.e. average response to all genotypes. Some test environ-
ments showed the presence of close associations between 
each other, suggesting that indirect selection for better grain 
yield on any of these environments may be effective to 
identify better performing genotypes on the other. 
 
ACKNOWLEDGEMENTS 
 
The authors would like to thank staff members of the Breeding 
and Genetics Research Units of Kulumsa, Holetta, Sinana and 
Adet Agricultural Research Centers and Haramaya University for 
their unreserved efforts in trail management and data collection. 
The authors would like to acknowledge Mr. Nesibu Yahya for his 
help in locating the test locations on the map. 
 
REFERENCES 
 
Annicchiarico P (2002) Genotype x Environment Interaction: Challenges and 

Opportunities for Plant Breeding and Cultivar Recommendation, FAO Plant 
Production and Protection (Paper No. 174), Food and Agriculture Organiza-
tion, Rome 

Basford KE, Cooper M (1998) Genotype-environmental interactions and some 
considerations of their implications for wheat breeding in Australia. Austral-
ian Journal of Agricultural Research 49, 154-174 

Burgueno J, Crossa J, Vargas M (2001) SAS Programs for graphing GE and 
GGE biplots. CIMMYT, INT. Mexico. Available online: 

 http://www.cimmyt.org/biometrics/biplots.exe 
Ceccarelli S (1989) Wide adaptation: How wide? Euphytica 40, 197-205 
Ceccarelli S, Grando S (1996) Importance of specific adaptation in breeding 

for marginal conditions. In: Hailu G, Van Leur J (Eds) Barley Research in 
Ethiopia: Past Work and Future Prospects, Proceedings of the 1st Barley Res-
earch Review Workshop, 16-19 October 2003, Addis Ababa: IAT/ICARDA. 
Addis Ababa, Ethiopia, pp 34-58 

Ceyhan E, Kahraman A, Ates MK, Karadas S (2012) Stability analysis on 
seed yield and its components in peas. Bulgarian Journal of Agricultural Sci-
ences 18, 905-911 

Crossa J (1990) Statistical analysis of multi-location trials. Advances in Agron-
omy 44, 55-85 

Crossa J, Cornelius PL, Yan W (2002) Biplots linear-bilinear model for study-
ing cross over genotype x environment interaction. Crop Science 42, 619-633 

CSA (Central Statistical Authority) (2009) Agricultural sample survey report 
on area and production for major crops. Statistical bulletin 446 (Volume VII), 
Central statistical authority, Addis Ababa Ethiopia 

Ebdon JS, Gauch HG (2002) Additive main effect and multiplicative inter-
action analysis of national turfgrass performance trials: I. Interpretation of 
genotype x environment interaction. Crop Science 42, 489-496 

EMA (1988) National Atlas of Ethiopia. Ethiopian Mapping Authority (EMA), 
Addis Ababa 

Ezatollah F, Mahnaz R, Mohammad MJ, Hassan Z (2013) GGE Biplot anal-
ysis of genotypes x environment interaction in chick pea genotypes. Euro-
pean Journal of Experimental Biology 3 (1), 417-423 

Falconer RD, Trudy FC, Mackay (1996) Introduction to Quantitative Gene-
tics (4th Edn), Longman Group Ltd., Malaysia, 646 pp 

Ferreira DF, Demetrio CGB, Manly BFJ, Machado AA, Vencovsky R 
(2006) Statistical model in agriculture: biometrical methods for evaluating 
phenotypic stability in plant breeding. Cerne (Lavras) 12 (4), 373-388 

Flores F, Moreno MT, Cubero JJ (1998) A comparison of univariate and 
multivariate methods to analyze G × E interaction. Field Crops Research 56, 
271-286 

Gauch HG (1992) Statistical Analysis of Regional Yield Trials: AMMI Analysis 
of Factorial Designs, Elsevier, Amsterdam 

Gauch GH, Zobel RW (1996) AMMI analysis of yield trials. In: Kang MS, 
Gauch HG (Eds) Genotype by Environment Interaction, CRC Press, Boca 
Raton, FL, pp 85-122 

Gauch HG (2006) Statistical analysis of yield trials by AMMI and GGE. Crop 
Science 46, 1488-1500 

Gemechu K, Mussa J, Tezera W, Getnet D (2005) Extent and pattern of 
genetic diversity of morpho-agronomic traits in Ethiopian highland pulse 
landraces I: Field pea (Pisum sativum L.). Genetic Resources and Crop 
Evolution 52, 539-549 

Girma T, Getachew T, Geletu B (2000) AMMI adjustment for yield estimate 
and classification of genotypes and environments in field pea (Pisum sativum 
L.). Journal of Genetics and Breeding 54 (3), 183-191 

Gollob HF (1968) A statistical model that combines features of factor analysis 

122



International Journal of Plant Breeding 7 (2), 116-123 ©2013 Global Science Books 

 

and analysis of variance techniques. Psycrometrika 33, 73-115 
Hernandez MV, Crossa J (2000) The AMMI analysis and graphing the biplot. 

CIMMYT, INT. Mexico. Available online: 
 http://www.cimmyt.org/biometrics/biplots.exe 

Hussein MA, Bjornstad A, Aastveit AH (2000) SAS G × E STAB: A SAS 
program for computing genotype x environment stability statistics. Agronomy 
Journal 92 (3), 454-459 

Kandus M, Almorza D, Ronceros RB, Salerno JC (2010) Statistical models 
for evaluating the genotype-environment interaction in maize (Zea mays L.). 
International Journal of Experimental Botany 79, 39-46 

Kaya Y, Akcura M, Taner S (2006) GGE-Biplot analysis of multi-environment 
yield trials in bread wheat. Turkish Journal of Agriculture 30, 325-337 

Kroonenberg PM (1995) Introduction to biplots for G×E tables. Department of 
Mathematics, Research Report #51, University of Queensland, 22 pp 

Matus-Cadiz MA, Hucl P, Perron CE, Tyler RT (2003) Genotype × environ-
ment interaction for grain color in hard white spring wheat. Crop Science 43, 
219-226 

Mulusew F, Edossa F, Tadele T, Teshome L (2009) Parametric stability analy-
sis in field pea (Pisum sativum L.) under South Eastern Ethiopian condition. 
World Journal of Agricultural Sciences 5 (2), 146-151 

Mulusew F, Tadele T, Setegn G, Bekele H (2010) Agronomic performances, 
disease reaction and yield stability of field pea (Pisum sativum L.) genotypes 
in Bale Highlands, Ethiopia. Australian Journal of Crop Science 4 (4), 238-
246 

Mussa J, Tezera W, Gemechu K (2006) Review of field pea (Pisum sativum 
L.) genetics and breeding research in Ethiopia: A review. In: Kemal A, Geme-
chu K, Seid A, Malhotra R, Beniwal S, Makkouk K, Halila MH (Eds) Food 
and Forage Legumes of Ethiopia: Progress and Prospects. Proceedings of a 
Workshop on Food and Forage Legumes, 22-26 Sept. 2003, Addis Ababa, 
Ethiopia, ICARDA, Aleppo, Syria, pp 67-79 

Navabi A, Yang RC, Helm J, Spawer DM (2006) Can spring wheat growing 
mega-environments in the Northern Great Plain be dissected for representa-
tive locations or niche-adapted genotypes? Crop Science 46, 1107-1116 

Piepho HP (1998) Methods for comparing the yield stability of cropping sys-
tems - a review. Journal of Agronomy and Crop Science 180, 193-213 

Reijntjes C, Haverkort B, Waters-Bayer A (1992) Farming for the Future: 
An Introduction to Low-External-Input and Sustainable Agriculture, MacMil-
lan, London 

Reza M, Armon M, Shabani A, Daryaei A (2007) Identification of stability 
and adaptability in advanced durum genotypes using AMMI analysis. Asian 
Journal of Plant Science 6 (8), 1261-1268 

Samonte SOPB, Wilson LT, McClung AM, Medley JC (2005) Targeting cul-
tivars onto rice growing environments using AMMI and SREG GGE biplot 

analysis. Crop Science 45, 2414-2424 
SAS (2002) System Analysis Software. Version 9.0. SAS Institute Inc., Cary, 

North Carolina, USA 
Tezera W (2000) Genotype × environment interaction in field pea (Pisum sati-

vum L.) for yield and other traits across central and southern Ethiopia. MSc 
thesis, Haramaya University of Agriculture, 121 pp 

Vargas M, Crossa J, van Eeuwijk F, Sayre KD, Reynolds MP (2001) Inter-
preting treatment × environment interaction in agronomy trials. Agronomy 
Journal 93, 949-960 

Van Oosterom EJ, Ceccarelli S (1993) Indirect selection for grain yield of bar-
ley in harsh Mediterranean environments. Crop Science 33, 1127-1131 

Vavilov NI (1950) The origin, variation, immunity and breeding of cultivated 
plants. Chronica Botanica 13, 1-366 

Voltas J, Van E F, Igartua E, García del Moral LF, Molina-Cano JL, Roma-
gosa I (2002) Genotype by environment interaction and adaptation in barley 
breeding: Basic concepts and methods of analysis. In: Slafer GA, Molina-
Cano JL, Savin R, Araus JL, Romagosa I (Eds) Barley Science: Recent 
Advances from Molecular Biology to Agronomy of Yield and Quality, The 
Haworth Press Inc., New York, pp 205-241 

Yan W (2002) Singular value partitioning in biplot analysis of multi-environ-
ment trial data. Agronomy Journal 94, 990-996 

Yan W (2011) GGE Biplot vs. AMMI graphs for genotype-by-environment data 
analysis. Indian Society of Agricultural Statistics 65 (2), 181-193 

Yan W, Cornelius PL, Crossa J, Hunt LA (2001) Two types of GGE Biplots 
for analyzing multi-environment trail data. Crop Science 41, 656-663 

Yan W, Hunt LA (2001) Interpretation of genotype × environment interaction 
for winter wheat yield in Ontario. Crop Science 41, 19-25 

Yan W, Hunt LA, Sheng Q, Szlavnics Z (2000) Cultivar evaluation and mega-
environment investigation based on GGE biplot. Crop Science 40, 597-605 

Yan W, Kang MS (2003) GGE Biplot Analysis: A Graphical Tool for Breeders, 
Geneticists and Agronomists (1st Edn), CRC Press LLC., Boca Raton, Florida, 
271 pp 

Yan W, Kang MS, Ma B, Wood S, Cornelius PL (2007) GGE biplot vs. 
AMMI analysis of genotype-by-environment data. Crop Science 47, 643-655 

Yan W, Rajcan I (2002) Biplots analysis of the test sites and trait relations of 
soybean in Ontario. Crop Science 42, 11-20 

Yan W, Tinker NA (2006) Biplot analysis of multi-environment trial data: Prin-
ciples and applications. Canadian Journal of Plant Science 86, 623-645 

Zerihun J (2011) GGE-biplot analysis of multi-environment yield trials of 
barley (Hordium vulgare L.) genotypes in Southeastern Ethiopia Highlands. 
International Journal of Plant Breeding and Genetics 5 (1), 59-75 

Zobel RW, Wright MS, Gauch HG (1988) Statistical analysis of a yield trial. 
Agronomy Journal 80, 388-393 

 
 

123


