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Abstract

KARIMIZADEH, Rahmatollah and Mohtasham MOHAMMADI, 2010. AMMI adjustment for rainfed lentil
yield trials in Iran. Bulg. J. Agric. Sci., 16: 66-73

Genotype x environment interaction plays an important role in identifying genotypes for high and stable yield.
Multiplicative methods used the AMMI model and Principal Components Analysis (PCA) are singular value
decomposition (SVD) based statistical analyses often applied to yield trial data. The goal of this research was to
provide biologically meaningful interpretation of GE interactions and determine stable genotypes by using AMMI
and AMMI adjusted. This study was carried out to determine the yield performances of ten lentil genotypes
across five environments in Iran for two years in 2003-2004 growing season. The experimental layout was a
randomized complete block design with four replications. FGH1 and FGH2 tests calculated for better control of
Type-1 error rates. AMMI ANOVA showed that environments, genotypes and GE interactions were highly
significant (P<0.01) and they accounted for 89%, 2% and 8.6% of the treatment combinations sum of square
respectively. F-test of Gollob used to measure significant of this components at the 0.01 probability level recom-
mended inclusion of the first three interactions PCA axes in the model. FGH1 and FGH2 indicated only first two
IPCA axes of AMMI model were significant at the 0.05 probability level and reminded in the model.
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Introduction

Lentil is an annual self-pollination diploid (2n = 2x
= 14 chromosomes) species and highly valued food
legume grown extensively in the Middle East since
time immemorial. Legumes and especially lentil are
the most important food crops in developing coun-
tries. Lentil seed is a rich source of good protein (up
to 28%) in human diets in arid and semiarid areas of
west Asia (Sarker et al., 2003). The major constraints
are non-availability of improved varieties for early-
spring or winter planting, high weed pressure, poor
agronomy management, and lack of quality seed. To

date, the only variety released in Iran for early-spring
sowing is ‘Gachsaran’ (ILL 6212), which originated
from ICARDA material (Sarker et al., 2003). Iranian
farmers currently use landraces (e.g., Kermanshah)
and pure lines (e.g., Gachsaran Cultivar), which have
good seed size and are adapted to local rainfed con-
ditions. The yield performance of landraces is very
low (typically about 475 kg.ha-1) compared with the
highest global yields (1306 kg ha-1, produced in
Canada; FAO, 2001). Iran has had an important len-
til-breeding program in recent years, supported by
the International Center for Agricultural Research in
Dry Areas (ICARDA). Increasing the genetic poten-
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tial of yield is an important objective of lentil breeding
programs in Iran and other countries. The improved
lentil genotypes are evaluated in Multi-environment
Trials (METs) to test their performance across differ-
ent environments and to select the best genotypes in
specific environments. In most cases, GE interaction
is observed, complicating selection for improved yield.
Ten years ago lentil breeder in Iran introduce
Gachsaran cultivar from ICARDA materials that has
appropriate features such as large seed size, early
maturing (136 days), acceptable height (52 cm) and
good grain yield (1185 kg ha-1).

Multi-environment Trials (METs) are conducted
for all major crops throughout the world. In a MET, a
number of cultivars are tested in a number of environ-
ments. The development of cultivars that are adapted
to a wide range of diversified environments is a major
goal of plant breeders in an improvement program. A
cultivar or genotype is considered to be more adap-
tive or stable if it has a high mean yield but a low
degree of fluctuation in yielding ability when grown in
diverse environments (Arshad et al., 2003). Geno-
type (G) x environment (E) interactions (GEI) have
been studied regarding cultivar stability (Wricke,
1962; Finlay and Wilkinson, 1963; Eberhart and
Russell, 1966; Baker, 1990; Lin and Binns, 1988;
Kang, 1993; Annicchiarico, 1997; Yan, 2001) and
environment groupings (Gauch and Zobel, 1996; Atlin
et al., 2000; Trethowanet al., 2003; Yang et al., 2005).

 The three main purposes of multivariate analysis
are: (i) to eliminate noise from the data pattern, (ii) to
summarize the data and, (iii) to reveal a structure in
the data. (Crossa et al., 1990). Through multivariate
analysis, genotypes with similar responses can be clus-
tered, hypotheses generated and later tested, the data
can be summarized and analysed more easily (Gauch,
1982; Crossa, 1990; Hohls, 1995).

The additive main effects multiplicative interaction
model is frequently used in the analysis of multiplica-
tion trials. AMMI analysis has been shown to be ef-
fective because it captures a large portion of the GE
sum of squares, it cleanly separates main and interac-
tion effects that present agricultural researchers with
different kinds of opportunities, and the model often

provides agronomically meaningful interpretation of the
data (Gauch, 1992). Additionally, results from AMMI
are useful for performing mega-environment analysis
in which a crop’s growing region is subdivided into
homogenous subregions that have similar interaction
patterns and cultivar rankings, simplifying cultivar rec-
ommendations (Zobel and Gauch, 1988).

The additive main effects and multiplicative inter-
action method use the standard ANOVA procedure,
where after the AMMI model separates the additive
variance from the multiplicative variance (interaction),
and then applies PCA to the interaction (residual)
portion from the ANOVA analysis to extract a new
set of coordinate axes which account more effectively
for the interaction patterns (Shaffi et al., 1992). The
AMMI method is used for three main purposes. The
first is model diagnosis. AMMI is more appropriate
in the initial statistical analysis of yield trials, because it
provides an analytical tool for diagnosing other mod-
els as sub cases when these are better for a particular
data set. The second use of AMMI is to clarify G x E
interactions. AMMI summarizes patterns and relation-
ships of genotypes and environments. The third use is
to improve the accuracy of yield estimates that are
equivalent to increasing the number of replicates by a
factor of two to five.

Cornelius (1993) has shown that the degree of
freedom and F-tests calculated as in the AMMI table
is incorrect.  FGH1 and FGH2 tests have been devel-
oped that allow a better control of Type-1 error rates
(Cornelius, 1993). FGH1 and FGH2 tests require values
for the expectation and standard deviation (u1 and u2,
say) of the largest eigenvalue of a central Wishart matrix
of the specific dimension and df (for calculation of
this parameters see Mandel, 1971 and Cornelius,
1980).

The objective of this research was (i) to provide
biologically meaningful interpretation of genotype by
environment interactions associated with LAYT
project using AMMI, (ii) to compare cultivar recom-
mendations based on AMMI adjusted and unadjusted,
and (iii) to determine genotypes with high yields, de-
pending on the differential genotypic responses to
environments.
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Materials and Methods

Data Source: This research data set involves 10
lentil genotypes tested in 12 environments (year–lo-
cation combinations during 2002–2003), extracted
from the Iran lentil performance trial programs. Of 10
lentil genotypes used, nine were from the ICARDA
lentil improvement program and one was local check
cultivars typically grown by Iranian farmers (Table 1).
Four locations were used for yield trials: Kermanshah
in western Iran; Gorgan and Shirvan in northeastern
Iran; and Gachsaran in southern Iran. In all test loca-
tions, yield trials were performed for 2 years.  At each
location, a completely randomized block design with
four replicates was used. The experiments were
planted according to local practice with planting rate
of about 50 seeds m-2. Plots were 4 m2 with four rows
each 4 m long and 25 cm between rows. Grain yield
measured by harvesting entire each plot. Mean grain
yield was estimated for each genotype at each loca-
tion (environment).

AMMI Analysis: AMMI analysis of LAYT per-
formance data was performed by Genstat (9th Ver-
sion). The data must be organized in a two-way lay-
out such as genotypes and environments. Accordingly,
the format used for analysis of LAYT data (a three-
way table involving genotype, location, and year) was

analyzed by AMMI by combining data location and
year to form environments (location-year combina-
tions). Consider yield data Yger for G genotypes in E
environments with R replications (where R may equal
1).  Each genotype and environment combination, or
more generically each row and column combination,
is termed a treatment, and its average over replica-
tions is denoted by Yge.  In other words, the experi-
ment has a twoway factorial design, with each treat-
ment specified by a genotype and environment com-
bination.  The AMMI model equation is:

Yger = μ + αg + βe + ∑nλnγgnδen + ρge + εger
Where Yger is the yield of genotype g in environ-

ment e for replicate r, μ is the grand mean, αg is the
genotype g mean deviation (genotype mean minus
grand mean), βe is the environment e mean deviation,
λn is the singular value for IPCA axis n, γgn is the
genotype g eigenvector value for IPCA axis n, δen is
the environment e eigenvector value for IPCA axis n,
ρge is the residual, and εger is the error.

Note that ∑αg = ∑βe = 0.  The eigenvector val-
ues for each interaction PCA (IPCA) axis are scaled

to unit vectors so that 022 ∑ =∑ =
eg

δγ .  The eigen-
value for a given IPCA axis is the sum of squares (SS)
accounted for by that axis, and it equals λ2 or the
square of the singular value λ. A convenient scaling
for tabulating the multiplicative part of the AMMI model
results from expressing genotype scores as λ0.5γg
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Code Location Altitude, 
m

Longtitude 
latitude 

Soil 
texture

Rainfall, 
mm

Yield, 
kg.ha-1

1 Gonbad 45     55ْ  12َ  E    
37ْ  16َ  N

Silty Clay Loam 367 767

2 Kermanshah 1351    47ْ  19َ  E    
34ْ  20َ  N Clay Loam 455 1923

3 Ilam 975   46ْ  36َ  E   
33ْ  47َ  N Clay Loam 350 805

4 Gachsaran 710     50ْ  50َ  E    
30ْ  20َ  N Silty Clay Loam 460 1747

5 Shirvan 1131    58ْ  07َ  E    
37ْ  19َ  N Loam 267 384

Table 1 
Geographical parameters and mean grain yield for environments



and environment scores as λ0.5δe.  Then multiplica-
tion of a genotype score by an environment score gives
the estimated interaction directly, without need of a
further multiplication by λ.  The units for μ, α, β, λ,
and ρ are exactly the same units of yield as for the
data Y, but γ and δ are dimensionless. Therefore, the
genotype scores λ0.5γg and environment scores
λ0.5δe are in the units of the square root of yield, and
hence the product of a genotype score times an envi-
ronment score is in the units of yield as required
(Gauch, 1992).

The AMMI Stability Value (ASV) as described
by Purchase (1997). The AMMI model does not make
provision for a quantitative stability measure, such a
measure is essential in order to quantify and rank geno-
types according their yield stability, the following mea-
sure was proposed by Purchase (1997):

2)2(2)1(
2
1 IPCAIPCA

SSIPCA
SSIPCAASV +=

In effect the ASV is distance from zero in a two
dimensional scatter gram of IPCA1 scores against
IPCA2 scores.

Results

Analysis of Variance: Results of analysis of vari-
ance for the yearly data showed that genotype effect
and GE interaction was significant in 1% probability
level (Tables do not show). A combined analysis of
variance showed high magnitude of GE interaction.
The AMMI analysis showed that environments, geno-
types and GE interactions were highly significant
(P<0.01) and they accounted for 89%, 2% and 8.6%
of the treatment combinations sum of square respec-
tively. The significances among the environments indi-
cate that these locations can be used as testing sta-
tions for different environments while significant dif-
ferences among genotypes reveals the differential re-
sponse of genotypes to different environments. The
GE interaction is composed of nine components
(IPCA) along with their contribution of sum of square
(SS) with decreasing importance. F-tests used to
measure significant of this components at the 0.01

probability level recommended inclusion of the first
three interactions PCA axes in the model (Table 2).
However, the proportion of variance explained by the
first two IPCA axes was about 82% with the third
axis contributing not more than 10%, and only eigen-
values for the first two axes are greater than the mean
of all eigenvalues.

AMMI Adjustment: Since FGH1 and FGH2 tests
are almost identical, calculates are shown for the eas-
ily computed these tests shortly (Table 3). FGH1 and
FGH2 indicated only first two IPCA axes of AMMI
model were significant at the 0.01 probability level
and reminded in the model, also we used IPCA1 and
IPCA2 for interpreting of GE interactions in each en-
vironment.

Analysis of Stability Value: the genotypes
showed significant differences in grain yield. Taking
mean yield as a first parameter for evaluating the geno-
types, G9, G8, G1 and G5 gave the best mean yields
while G3, G4 and G10 had the lowest mean yields
across environments (Table 4). The IPCA scores of
genotype in AMMI are indicators of the stability of a
genotype over environment (Purchase, 1997). The
lowest IPCA1 was observed genotypes G9 followed
by G8 and G10 (Table 4). According to IPCA1 G9
(ILL 6199) was the highest stable genotype with the
mean yield (1267 kg ha-1) higher than grand mean
(1124.9 kg ha-1). The highest IPCA1 was belonging
to G8 followed by G10 and G4 that only G8 had
higher mean yield than grand mean. AMMI stability
value (ASVi) confirms the results of IPCA1 and 2
scores. However, ASVi selected the genotype G9
(ILL 6199) with lowest ASVi as the most stable geno-
type. Corresponding to ASVi, G5 and G2 were in-
stable genotypes although had the higher yield than
grand mean (1173 and 1150 respectively).

In each environment AMMI selected best geno-
types that suitable and adaptable for that location. In
this research indicated first four AMMI selections per
environment (Table 5). Environment mean yield and
score show in this table. AMMI adjusted selected two
IPCA also in this research score is mean of IPCA1
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and IPCA2. Genotype G5 selected AMMI1 in four
environments (Gonbad and Ilam in 2 yrs) but in three
of four environments mean grain yield was lower than
grand mean, also in Ilam score of IPCAs was high. In
three environment genotype G9 was selected by
AMMI1 and scores of two locations were lowest
score in this research (Gachsaran for 2 yrs. and Shirvan
2003). Mean yield of Gachsaran was higher than
grand mean (1852 and 1641 kg ha-1) but in Shirvan,

mean yield lower than grand mean. By attention to
selection of G9 in eight environments by AMMI1, 2,
3 and 4 we proposed this genotype for as a most
stable genotype in this research.

Discussion

The primary objective of multi-location trials in
breeding programs is to estimate genotypic yields for
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Total 399 1930.311 483787 -
Treatments 99 1755.928 1773665 34.7***
Genotypes 9 34.35644 381738 7.47*** 13.39
Environments 9 1570.265 17447390 143.8*** 0.29
Block 30 36.39042 121301 2.37**
G x E Interactions 81 151.3066 186798 3.65** 27.36
       IPCA1 17 103.3764 608096 11.9**
       IPCA2 15 21.10233 140682 2.75**
       IPCA3 13 15.19134 116856 2.29**
       IPCA4 11 8.112183 73747 1.44ns

Residuals 25 3.524362 14097 0.28 (2.32)B

Error 270 137.9921 51108 -

Sum of square, 
*10-5 F

Table 2

A Percent noise calculated at [(df × MSE) ÷ SS] × 100
B Residual SS represents 2.32% of GE interaction SS.

NoiseAMean 
square

Analysis of variance and Gollob tests of interaction PCs in AMMI model

***, ** and * Indicates significance at P=0.001, 0.01 and 0.05.

Source Degree 
of freedom

Components U1
A U2 V1

 B V2 FGH1 FGH2

IPCA1 30.1 5.97 8960 11354 6.876** 6.894**
IPCA2 25.4 5.7 7751 10091 1.588* 1.593*
IPCA3 22.7 5.4 6577 8848 1.376ns 1.380ns
IPCA4 19 5.07 5441 7614 0.851ns 0.853ns

A u1 and u2 are computed by approximations given by Cornelius (1980)

Computation of FGH1 and FGH2 tests of interaction principal components 
in AMMI for lentil lines  

Table 3 



identifying promising genotypes with stable yield. One
obvious obstacle in this exercise is the presence of
noise and error in the field data resulted from GE in-
teractions and random errors. AMMI model is now
an instrumental in identifying such components and
making adjustments for yield estimates.

As Guach (1988, 2006a) explained, main feature
of multivariate models, which also include AMMI,
pattern (variability) in their first few components, with
subsequent dimensions accounting for a diminishing

Code Genotype Mean yield IPCA1 IPCA2 IPCA3 IPCA4 ASV

G1 FLIP 97-1L 1202 -13.12 2.80 -2.28 -3.16 31.87
G2 FLIP 82-1L 1150 17.74 1.25 -6.74 -2.99 43.08
G3 FLIP 92-15L 989 10.65 -11.96 2.21 6.03 25.87
G4 FLIP 96-9L 997 9.46 -6.42 -3.88 10.84 22.96
G5 FLIP 92-12L 1173 -24.29 -7.85 -8.88 -3.41 59.00
G6 FLIP 96-4L 1153 11.42 -6.58 0.82 -14.97 27.74
G7 ILL 7946 1113 -11.04 1.74 0.03 5.38 26.80
G8 ILL 6037 1203 4.68 14.67 6.09 -1.60 11.38
G9 ILL6199 1267 1.64 14.34 -6.89 3.12 3.98
G10 Gachsaran 1002 -7.13 -1.98 19.53 0.74 17.32

Table 4
Pedigree, mean yield and first four IPCA for lentil genotypes

percentage of pattern and an increasing percentage
of noise. In this particular paper predictive models
were not fitted due to shortage of replicates and deci-
sions regarding the number of components to take
were based on other standard approaches. For the
LAYT data set the error mean square was 51108
(Table 2). Accordingly, statistical theory suggested
(Gauch, 1992, p. 147) that the interaction contains
approximately 27.36% noise (Table 2). The geno-
type and environment main effect contains only 13.39
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1 2 3 4
Gonbad 2003 476 -3.24 G5 G1 G9 G8
Gonbad 2004 1134 -4.99 G5 G1 G7 G9
Sararood 2003 1753 11.65 G8 G6 G9 G2
Sararood 2004 2093 13.88 G2 G6 G9 G8
Ilam 2003 742 -7.43 G5 G1 G6 G7
Ilam 2004 792 -10.5 G5 G1 G7 G9
Gachsaran 2003 1852 0.59 G9 G1 G5 G8
Gachsaran 2004 1641 5.95 G9 G8 G1 G7
Shirvan 2003 487 -2.17 G9 G2 G6 G5
Shirvan 2004 280 -3.74 G6 G3 G2 G4
a Mean of IPCA1 and IPCA2 for each environment.

First four AMMI selections

Table 5

Environment Mean Scorea

First four AMMI selections per environment



and 0.29% noise, respectively. The interaction con-
tains most of df (and therefore noise), and noise in-
creases the apparent complexity of yield trials (Ebdon
and Gauch, 2002). Cornelius (1993) has shown that
the degrees of freedom and F-tests calculated as in
the AMMI table is incorrect. FGH1 and FGH2 tests gave
Type-1 error rates close to (but generally less than)
the intend á level if terms preceding the term under
test were all large, but they became quit conservative
if one or more preceding terms had a small, albeit
nonzero, λ value.

Conclusion

According to results no genotype has superior
performance in all environments. High yielding, high
yield adaptability and stability, early maturity, high thou-
sand seed weight, suit agronomic characteristics and
score, good plant height and resistance of genotype
9(ILL 6199) to Fusarium and other diseases were
characteristics that play to selection of ILL 6199 line
also Genotype 9 is good candidature genotype for
cultivar introduction and in next year this genotype
enters in on-farm project in 15 location of semi-arid
area of Iran.

Adjusted AMMI analysis should provide (i) an
enhanced understanding of GEIs in METs, (ii) increas-
ingly accurate yield estimates using means for multi-
plicative interaction effects, and (iii) the increased
probability of identifying the next royalty-paying geno-
type. The interaction of the 10 genotypes with ten
environments was best predicted by the first 3 princi-
pal components of genotypes and environments.
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