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Abstract

A family of simultaneous selection indices is proposed
here, which can be used for selecting genotypes
simultaneously for high yield and stability under
incomplete genotype x environment situations. Three
indices are proposed by assigning different weights to
yield (w 1) and stability (w 2) as w1=0.8, w2 =0.2 (I1); w1=0.7,
w2 =0.3 (I2); w 1=0.6, w2 =0.4 (I3). These indices are tested
for their performance based on Pearsonian correlations
between yield based ranks and index based ranks, stability
based ranks and index based ranks on groundnut data. It
was found that the performance of I 1 index is best for
selecting high yielders as well as stable performers to the
extent of 0%–10% of incompleteness in genotype x
environment data. Among the top 4 out of 15 varieties
selected based on I 1, it is found that 2 – 3 are high yielders
and high stable performers for 0%–10% of incompleteness.

Key Words : Genotype x environment interaction,
stability, Incomplete data, Simultaneous
selection for yield and stability

Introduction

Genotype x Environment Interaction (GEI) continues to
be a challenging issue among plant breeders,
geneticists and production agronomists who test the
performance of genotypes across diverse environments.
Whenever an interaction is significant, the use of overall
genotype means across environments become
questionable. Stability of performance is considered as
an important aspect of yield trials. However, the stability
measure alone is of limited use.  To be of practical utility
in a breeding or cultivar testing programme, both stability
and yield of genotypes should be taken into account.
Hence, integration of stability of performance with yield
through suitable measures will reduce the effect of GEI
and will help in selecting cultivars in a more useful
manner.

Quite often, it is noticed that a large number of
entries in the genotype x environmental table are
missing.  Incomplete data are primarily the result of a
few genotypes having been not tested in all the
environments due to various constraints like insufficient
seed, non-germination and pest and disease attack. It
may also be possible that the entries under test for each
environment may change over a period of time and in
that new entries continuously replace the adequately
tested entries or genotypes.  Statistical techniques
appropriate to complete data do not directly apply to
incomplete GEI data.

Several methods of simultaneous selection for
yield and stability and relationships among them were
discussed by Kang [1-3] and Kang and Pham [4]. Kang
[5] discussed the reasons for emphasizing stability in
the selection process and developed a Yield-Stability
statistic (YSi) that has enabled incorporation of stability
in the selection process. Bajpai and Prabhakaran [6]
observed that Kang’s rank-sum method has an inherent
weakness that it is weighing heavily towards yield
performance. Accordingly they proposed three new
indices, which were found to be superior to Kang
indices. Rao and Prabhakaran [7] proposed a new family
of simultaneous selection indices based on AMMI model
and showed the superiority of their indices over the
indices developed by Bajpai and Prabhakaran [6].
However, the above mentioned indices are useful only
when genotype x environment data is complete.

In this study, we propose a new family of indices
that takes care of both high yield and stability while
selecting genotypes under incomplete data situations.
The new family of indices is also tested for performance
on groundnut data.

*Corresponding author’s e-mail: arrao@iasri.res.in
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Materials and methods

For statistical analysis of multi-location trial data, it is
common to assume the following model:

( ) ( 1,..., ; 1,..., )
ij i j ij ij

y g e ge i t j sµ ε= + + + + = =

(1)

where ij
y is the mean yield of genotype i in environment

j, 

µ

is the grand mean (fixed), 

ij
g

is the effect of

enotype i (fixed),

j
e

is the effect of environment j

(random), 

( )
ij

ge

is the interaction effect of genotype i

with environment j (random) and 

ij
ε

 is the mean error

of genotype i in environment  j (random). The effects

, ( )
j ij

e ge

 and 

ij
ε

 are independently normally

distributed with means zero and variances

2
( ) ,

j e
Var e σ=

 
' 2

( ) ,
ij i

Var ge σ=  
2

�
( ) ,

ij
Var ε σ=

respectively. The assumption of homogeneous error
variances is reasonable since the test design is the
same for all environments. In accordance with the
concept of stability given by Shukla [8], genotype-
environment interaction variance is allowed to differ
among genotypes. Maximum stability of a genotype is

attained if the interaction variance  ' 2

�
0.σ =  The larger

' 2

�
,σ

the less stable is the corresponding genotype. In

the model for means 

ij
y

one cannot distinguish

interaction from error. It is solely possible to estimate

( )
ij ij ij

τ αβ ε= +

and hence to estimate the variance

2
( )

i ij
Varσ τ=

of genotype i. It can be further noted

that 2 '2 2

�i i
σ σ σ= + .

In the unbalanced data, 

2

i
σ

 can be obtained by

the Minimum Norm Quadratic Unbiased Estimation
(MINQUE) principle of estimation [9]. It is noted that for

balanced data Shukla’s estimator is a MINQUE of 

2

i
σ

[8].  Rao [9] provides a computational procedure for

MINQUE in the general case, which can be used in data

sets with empty cells.

The model in Eq. (1) can also be written in matrix
notation as

Y = Xb + 

τ

(2)

where Y is the vector of observations, b is the parameter
vector of main effects, 

τ

 is a vector of 

τ

-effects and X
is the design matrix. Denote by n the number of filled
cells, by M = {mpq} (p, q = 1, ..., n) the projection matrix
I – X (X’X)_X’, by t vector of squares of the residuals (I

– X (X’X)_X’)Y, and by 

θ

 vector of variances 

2

p
θ

.  (X’X)_

stands for a g-inverse of (X’X). Here, the dimension of

θ

 is equal to n, the number of filled cells. For a cell p,

2 2

p i
θ σ=

, where i is the subscript of the genotype in

that cell. Defining 
2{ }
pq

F m=  and considering the

equations given by Fθ τ= , without loss of generality,

let the first n1 variances of 

θ

 be equal to 

2

�
σ

the second

n2 to 

2

2
σ

, ... . By adding up the first n1 equations of

Fθ τ=

 one can get the first equation in 

2

�
σ

, 

2

2
σ

, ... .

Similarly, adding up the next n2 equations the second

equation in 

2

�
σ

, 

2

2
σ

, ... can be obtained. Denoting the

reduced equations by 

Gσ ω=

, where 

σ

 is the vector

of different variances 2

�
σ  (assumed different), and using

results obtained by Rao [9] the MINQUE of 

2

�
σ

, ..., 

2

2
σ

,

can be obtained from the equation 

Gσ ω=

 provided

G is non-singular.

For the incomplete data, we propose simultaneous
selection indices belong to the family

�

�

2

� 2

2

1

1 1
� �

Di �i

�

D

i �i

Y
� � �

Y

�

σ

σ

 
� �� �

� �
 
� �� �

∑

(3)

where 2

Mt
σ  is the stability variance of the ith variety

obtained  by  MINQUE method, 

DiY

 is the adjusted

yield  of  the  ith   variety  obtained  from  the  incom-
plete  data using  modified  regression  analysis  [10],

DY

 

1

( (1/ ) )
t

��

�

t Y

=

= ∑

is the mean adjusted yield, w1
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and w2 are the weights given to yield and stability
components in the index such that w1 + w2 = 1.

A higher value of 
DiY  is always desirable. If a

genotype performs better than the average it will
contribute a value > 1 to the Index. In contrast a higher
value of 

2

Mt
σ

 (indicating lesser stability) is not desirable
and that is why the inverse ratio of this parameter has
been used in the index. The values of w1 and w2 are
decided by the breeder depending on the importance
he would want to attach to the stability component in
the light of his requirement. At the moment we are not
in a position to suggest any objective criterion for
deciding w1 and w2. By assigning different values of
weights w1=0.8, w2 =0.2; w1=0.7, w2 =0.3; w1=0.6, w2

=0.4, a new family of indices consisting of three indices
I1, I2 and I3 are proposed. Under the proposed method,
the cultivars showing higher index values are selected.
The potential of the selected cultivars for general/specific
adaptation is decided on the basis of high yield and low

2

Mt
σ

The index given by Bajpai and Prabhakaran [6] will
become a particular case of the proposed index when
the data is complete.

For comparing the performance of the proposed
simultaneous selection indices, the yield data of multi-
location varietal trials of released and pre-released
varieties of groundnut conducted in different locations
(RARS-Tirupati, ARS-Utukur, ARS-Darsi, RARS-
Nandyal, ARS-Seethampet, RARS-Palem, ARS-Kadiri,
RARS-Jagitial, ARS-Ananthapur, ARS-Peddipalli, ARS-
Peddapuram, RARS-Yellamanchili, ARS-Ragolu, ARS-
Vizayanagaram) of Andhra Pradesh over years 1990 &
1991 [11] is used. The data consists of pod yield (kg/
ha) of 15 groundnut varieties raised over 20
environments (location-year combinations). The
experiments were laid in Randomized Complete Block
Design (RCBD) with 3 replications.  Incompleteness in
the above data has been created by randomly deleting
the observations, to the extent of 1%, 5% and 10% of
the total sample size (300).

Results and discussion

The analysis of variance with GEI is done on the
complete data obtained from the groundnut varietal trials
and it is found that genotype, environment and genotype
x environment interactions are highly significant (Table
1).  Various selection measures for complete data i.e.
yield, stability, and indices (I1, I2 and I3) are worked out.
The indices I1, I2 and I3 are worked out for three
incomplete data sets (with 1%, 5% and 10% missing
observations) by computing the adjusted mean yield
(

DiY

) and MINQUE estimates of stability variance
(

2

Mt
σ

) of different varieties. The estimates of mean yield,
stability variance and values of all the three indices along
with the ranks of different varieties under 0%-10%
missing observations are obtained to work out the
correlations between index rank and yield rank as well
as stability ranks and are presented in Table 2.

Top 4 varieties selected out of 15 varieties on the
basis of Index values, i.e. 25% of the total varieties, are
arranged from rank 1 to rank 4 and are shown in Table
2.  The superscripts and subscripts of each selected
variety indicate yield rank and stability rank respectively.
Rank one indicates the variety with highest yield / low
stability variance / high simultaneous selection index
value. The correlations between yield based ranks and
index based ranks, stability based ranks and index
based ranks were tested by t-test with t–2 degrees of
freedom and found to be significant at 5% level of
significance.  Further, it was observed that the index
based ranks are highly correlated with yield ranks and
stability ranks thereby indicating the performance of
index for selecting genotypes simultaneously for yield
and stability.  The correlations between Index rank and
stability rank are of same order for all the three indices
whereas the correlation between index rank and yield
rank is higher in I1 followed by I2 and I3 respectively.
The performance of I1 and I2 are comparable for
selecting stable performers. The proportion of selected
stable performers in I3 is slightly higher as compared to
I1 and I2.   This is true even when the observations are

Table 1. Analysis of variance for G x E Interaction on groundnut pod yield (kg/ha)

Source d.f. Sum of squares Mean sum of square F-ratio

Genotypes 14 3565604.00 254686.00 12.63**

Environments 19 107622796.00 5664357.70 280.86**

G x E interaction 266 25408293.00 95519.90 4.74**

Average error 560 11294080.00 20168.00

** - (P<0.01)
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missing to the extent of 10 per cent of the total sample
size.

The proportion of high yielders and most stable
performers out of top 4 varieties selected on the basis
of index values are presented in Table 3. It is observed
that among the top 4 varieties selected based on the
proposed indices, around 2 - 3 are high yielders and
high stable performers. It is evident from the results that

Table 2. Correlations between index rank and yield, stability ranks and top four varieties selected on the basis selection
index values along with their yield and stability ranks at different levels of missing observations

Index Index rank

0% missing 1% missing 5% missing 10% missing

I1 Yield rank 0.64** 0.60** 0.65** 0.63**
Stability rank 0.94** 0.95** 0.93** 0.94**

Selected varieties#

6 4

� �

� �

� 6

14 , 7 ,

� , 1

v v

v v

 
� �
� �

6 4

� �

� ��

� �

14 , 7 ,

� , 1

v v

v v

 
� �
� �

1 4

� �

� �

1 �

6 , 7 ,

� � , �

v v

v v

 
� �
� �

6 4

� �

� �

� 4

14 , 7 ,

� , 11

v v

v v

 
� �
� �

I2 Yield rank 0.55** 0.55** 0.56** 0.50**
Stability rank 0.96** 0.96** 0.96** 0.98**

Selected varieties#

6 4

� �

� ��

� �

14 , 7 ,

� , �

v v

v v

 
� �
� �

6 4

� �

� ��

� �

14 , 7 ,

� , �

v v

v v

 
� �
� �

4 1

� �

� 1�

1 �

7 , 6 ,

�� , �

v v

v v

 
� �
� �

6 4

� �

� ��

� �

14 , 7 ,

� , �

v v

v v

 
� �
� �

I3 Yield rank 0.51** 0.51** 0.54** 0.50**
Stability rank 0.97** 0.97** 0.98** 0.98**

Selected varieties#

6 4

� �

�� �

� 4

14 , 7 ,

� , 11

v v

v v

 
� �
� �

6 4

� �

�� �

� �

14 , 7 ,

� , �

v v

v v

 
� �
� �

4 6

� �

� ��

� �

7 , 14 ,

� , �

v v

v v

 
� �
� �

6 4

� �

� ��

� �

14 , 7 ,

� , �

v v

v v

 
� �
� �

** - (P<0.01); * - (P<0.05); Source of data: Raju (2002)
#  -  subscripts indicating stability rank and superscript indicating yield rank

among the 3 indices, the indices I1 and I2 are almost
robust against missing observations for selecting high
yielders and stable performers. In case of I3, the
proportion of high yielders selected increases and the
proportion of high stable performers selected decreases
under missing observations.

Since, the proposed index I1 show significant
correlations with both high yield and high stability as

Table 3. Number of high yielders (HY) and high stable performers (HSP) present out of top 4 genotypes selected on the
basis of proposed indices

Index Index rank

0 % missing 1% missing 5 % missing 10% missing

I1 HY 3 2 3 2

HSP 2 3 2 3

I2 HY 2 2 2 2

HSP 3 3 3 3

I3 HY 1 2 2 2

HSP 4 3 3 3
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well as selects large proportion of high yielders and
stable performers, this index can be used by the
breeders and production agronomists for selecting
genotypes simultaneously for high yield and stability,
even when the data are incomplete up to the extent of
10% of total observations.
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