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Summary

For purposes of comparison of analytical methods the yield data on pearl millet hybrids and varieties for five
years from ‘locations in India and Pakistan have been analysed using a regression analysis and a mean-
standard deviation analysis. The results of the mean-standard deviation analysis and the regression analysis
were similar whether carried out on all environments, or on the highest- and lowest-yielding sets of
envirc This was sub iated by the remarkable correlation between the slopes from the regression
analysis and the standard deviations whatever envirc | set was considered. The validity of using a
single year's across location data with the mean-standard deviation analysis, if choice-theoretic criteria are
used, was ined. Itis luded that, although further confirmation is required, single-year data seem to
suffice. The relative merits of the mean-standard deviation analysis and a regression analysis are discussed;
the choice-theoretic framework of the mean-standard deviation analysis is advantageous and comple-

mentary to the regression analysis.

Introduction

Over five years and across many locations in India
and Pakistan. open-pollinated varieties and hy-
brids have been tested in the International Pear!
Millet Adaptation Trial (IPMAT) coordinated by
ICRISAT and run by many cooperators. Yield data
have been used to examine two contrasting ap-
proaches to the analysis of stability.

Several statistical techniques have been devel-
oped to analyse the interaction of genotypes with
environments (G x E) and regression analyses
have been extensively used. The first proposal of a
regression analysis to study G X E interactions was
by Yates & Cochran (1938). Modifications of this
method have been used by Finlay & Wilkinson

(1963), Eberhart & Russell (1966), and Perkins &
Jinks (1968). In all these methods the mean squares
for the major components of variation are identical
or closely related.

In Finlay & Wilkinson (1963) the average yield
across all the genotypes in an environment is used
as an of that envi . In other
analyses the overall mean yield is subtracted from
the individual envi mean, but wh
method is followed the end result of the analysis is
the same. This biological assessment of the envi-
ronment is generally termed an environmental in-
dex. The individual yield data of the genotypes are

4 d on the envirc lindices, giving esti-
mates of three main parameters that describe the
performance of each genotype: (i) The mean yield
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of the genotype over all environments. (ii) The
regression cocfficient of the genotype, and (iii) The
remainder mean square (RMS). Genotypes with a
slope above one are considered to be less stable,
and those with a slope less than one more stable by
Finlay & Wilkinson (1963), whilst Eberhart & Rus-
sell (1966) define a stable genotype as having a
slope of one and a RMS of zero. The RMS indicates
how the yield data meet the lincar model. Eberhart
& Russcll (1966) subtract a constant, which is a
measure of inexplicable residual variation. from
the RMS. The value thus obtained, termed §°.
obviously bears a simple relationship to the RMS.

Regression analyses have particular imitations
when economic criteria, such as the trade off be-
tween yield and yield stability, are considered and
Binswanger & Barah (1980) prefer a mean-stan-
dard deviation analysis. The method examines to-
tal variation in the context of decision theory by
trading off improvement in mean yiceld against in-
creased variation as measured by the standard de-
viation. Variation of 4 genotype across years mea-
sures stability over time, which is the only compo-
nent of variation or risk which is relevant for a
farmer contemplating adoption of a variety in any
given location. Variation of a genotype across loca-
tions is a measure of adaptability. Stability and
adaptability were defined in this w
al. (1978) and have been employed in this paper
when discussing the mean-standard deviation anal-
ysis. The term stability when used for the regres-
sion analysis is as defined by Eberhart & Russell
(1966).

The analyses of the results of IPMAT are com-

by Evenson et

Table 1. Summary of trials analysed

pared using regression and mean-standard devia-
tion analysis. Since there are both hybrids and
open-pollinated varieties in these trials. the stabil-
ity of these have also been compared.

Materials and methods

The entries in the trial of pearl millet, Pennisetum
americanum (L..) Lecke, are primarily 1CRISAT
products. The entries, which apart from a few con-
trols change each year, are hybrids and open-polli-
nated varieties. The trial has been run by cooper-
ators in locations in India and Pakistan (Table 1). It
is planted at all locations m a randomized block
design with three replications. It is grown in the
rainy scason with added fertitizer. and irngation
when required. Data are recorded for several char-
acters.

Only grain-vield data were analysed. The regres-
sion analysis was done according to the method of
Eberhart & Russell (1966). This employs the mod-
cl:

Y= u B4 D,

where Y, is the variety mean of the ith variety at the
jth environment. g, 1s the mean of the ith variety
over pll environments, B, is the regression cocetfi-
cient that measures the response of the ith variety
1o varying environments, 9, 1s the deviation from
the regression of the ith variety at the jth envi-
ronment. and 1 is the environmental index ob-
tained as the mean of all varieties at the jth envi-

Year' Number of Number of Number of locations analy
entnes unulysed
Hybnds Varietics High-vielding Low-viclding
1979 19 7 12 7 7
1980 19 8 11 10 9
1981 IR 7 1 ¥ 7
1983 21 7 14 9 8
984 2 9 14 9 9

'Trial not held in 1982,



ronment minus the grand mean.

The mean-standard deviation analysis of Rin-
swanger & Barah (1980) was done using their mod-
el for a single vear's multilocational testing. Their
model is:

Y= o+ b+ 1,
where . is the genotype effect (as it is genotvpe
vield ina specific vear the vear effect and the geno-
type X vear interaction is also included in this
term). Ay is the sum of the focation effect and the
location x genotype interaction. and 1,18 the foca-
tion X genotype X vear interaction. In applving
their model to a single year's data of genotypes
across locations, the vear by location interaction
contributes to the variation observed for Y, and
this interaction can be assessed given o further
vear's data. Because &, and 1, cannot be estimated
separately the standard deviations (s.d.'s) which
are obtained from a single year's data overestimate
stability and thus exaggerate the nskiness of the
genotypes (Binswanger & Barah. 1980). There-
fore. these s.d.'s are termed vanability-relevant
s.d.’s and are neither estimates of stability nor of
adaptability and are larger than cither of them
individually. They are simply derived by caleulat-
ing the across location s.d. for each genotype. For
the method of caleulation of the adaptability-rele-
vants.d. and the stability-relevant s.d. see Barah et
al.. 1981

Using data given in Barah et al. (1981) for sor-
ghum trials in India. the correlation of s.d.'s for
vanability (from single-year data across locations)
with s.d.’s for stability over vears was determined

Results and discussion

Regression analvsis. The hybrids were on average
marginally higher-vielding than the varieties. They
differed little from the varieties in their regression
coefficients but had consistently higher 87 values
(Table 2).

Since the varieties had lower 87 values than the
hybrids the importance of the deviations from the
regressions needs o be considered. Therefore. the
amount of genotypic variation in the experiments

was related to the amount of variation between
environments (Table 3). The environments had by
far the Lrgest mean square. the interactions of the
genotypes with the environment the next larges
and the genotypes the smallest. For Gox E interae-
tion, the mean square due to regression coefficients
was invariably much smaller than that due to devia-
tions from the regressions. Sinee the varieties were
superior to hybrids for the deviations from the
regressions (S, values) it is possible that by using
varieties crop vield variation is reduced. However,
a regression analysis does not provide a decision-
theoretic eriterion for trading off a higher mean
vield against reduced stability, particularly as cach
genotype has two parameters for stability-slope
and 87

Mean-standard deviation analysis. The analysis of
Binswanger & Barah (19%0) provides a way in
which the benefits of reduced variability are mea-
sured against loss in yield. The variability-relevant
s.ls (as in this case the s.d.'s are for across Joca-
tions within years) are plotted against mean yields
using the same scale for both axes (Fig. 1). Entries

Table 2. Mean gruin vields (kg ha '), mean 87, values, and mean regression coefficients for the hybrids and varieties.

Yeur Mean gramn vield Mean §, Mean slope

Hybrids Varicties Hybrids Varicties Hybnds Vareties
1979 2300 2237 163,533 61,222 1.m 0.98
1980 2096 1974 62,791 33,085 1.0 0.99
1981 2236 2262 117,970 33,189 1.04 097
1983 2068 2109 157,951 50.96% 097 1.0
1984 2028 1773 62,228 40,166 L07 0.96
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Fig. 1. Mean yield and standard deviation of the entries in 19K3
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of equal utility lic on a line which is called an
iso-utility curve. The slope of the line is 2.0 for
representative, risk-averse farmers (Binswanger &
Barah, 1980). Later studies in Southeast Asia and
Central Asia, using a similar experimental ap-
proach have confirmed that the value of 2.0 for the
slope of the iso-utility curve is appropriate in as-
sing the trade off between vield and s.d. (Bin-
swanger & Sillers, [983).

In cach year a line is drawn connecting entries
that are risk efficient because for a given level of
yield performance, they have the lowest s.d. That
line maps a risk efficient frontier which is also
indicated in Fig. 1. The best entry must lie on this
frontier, and it is chosen with regard to the iso-
utility curve. In no year was an entry chosen other

Table 3. Genetic vanation relative to environmental vaniation
stundardised to 100 from the mean squares of a regression
analysis.'
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vanctes

than the one that was highest vielding over all
environments. Thus. in no case did reduced van-
ability compensate for fower vield

Correlanon of varahility, stabiliry and adaprabdiry
s.d.’s. Barah ctal. (1981) examined sorghum trials
data across tour vears and cighteen focations. Cor-
relations between the s.d.s (for vanability, stabil-
ity and adaptability) presented in this paper were
calculated (Table 4). In three of four years var-
tability s.d.'s correlated well with adaptability and
stability s.d."s. indicating the appropriateness of
single-vear data tor use ina choice-theoretic frame-
work.

Table 4. Correlanon coefficients' between s d s for variability .
stability and adaptability from data for sorghum presented in
Burah et al (1981)

Source of variation Year

Stabilny s.d Adaptability s d.

1979 1980 1981 1983 1984

Environment (linear) 00100 100 100 100
Genotype (= mean values) 22 1S 41 2B 66
G x E (lincar = b values) 6 10 25 L1 1Y

G x E (deviation = §° values) 14.9 128 163 197 190

! Using the model of Eberhart & Russell (1960)

Variability s.d. 1971 093 079
Varnuability s.d. 1972 0.69 0.56
Vanability s d. 1973 073 0.74
Variability s.d. 1974 0.36 034
Mean vanability s.d 0.98 0.8
r> .58 at p= 05 r>.71 significant at P= .01:

r>.82 significant at P = .001. Sample size in all vears = 11.



Comparison of the two analyses. The two methods
of analysis were tested over a range of environ-
ments to see if a comparison of the methods is
environment dependent. In all years the lowest-
vielding set of environments. the highest-vielding
set. and all environments were analysed separate-
ly.

Selection of the best entry was then made using
the results from both methods of analysis in all
vears. and in the three sets of environments (Table
5). In all years the first choice was the same in the
two methods (Table 5). In the regression analysis

1S
there is no choice-theoretic framework: the high-
est-vielding entry was invariably chosen. without
regard to slope or RMS, because in no case was the
highest-yielding entry exceptionally unstable for
cither of these parameters. In the mean-standard
deviation analysis. the top-yielding entry was al-
ways chosen because it was always the highest in a
preference-based ranking as well.

For each year for all three sets of environments
the correlation between the slopes and 87 values of
the regression analysis and the s.d.'s of the mean-
standard deviation analysis was determined (Table

Table 5. Entries selected on the basis of the two methads of analysis over five years

Year Entry number of entry selected on band X Entry number of entry selected on sd and x
All locavons  High-yield Low-yield All locations High-yield locations Low-yield locations
locations locations
Istchoice  2ndchoice st choice  2ndchoiee  Ist choice  2nd choice
1979 3 3 12 3 Sor 12 3 Sorl3 12 3
1980 L} 7 2 R 1 7 L 2 dor ¥
1981 6 6 o 6 > 6 5 6 b
1983 10 10 2 10 27 11} ? 2 15
1984 n A} 2 pal 20 2 20 2 3
*"indicates several possibiliies for 2nd choiee
Table 6. Correlation between various statistical parameters of the two analyses.
Year Environments Correlation coefficients' between parameters:”
sd.b sd.8 b.S%y bk sk
1979 all 073 0.40 -0.14 0.54 0.34
high 0.51 0.66 -0.17 = 0.9 =0.19
low 0.83 0.50 o.n 0.31 0.52
1980 all 0.96 0.02 =017 0.64 0.63
high 0.81 0.22 -023 0.60 0.38
low 0.78 0.22 ~0.35 0.42 0.52
1981 all 0.80 0.37 ~0.13 0.65 0
high 0.72 0.33 -0.36 0.32 0.51
low 0.69 0.46 0.23 0.29 0.28
1983 all 0.86 0.44 0.01 0.43 0.47
high 0.74 0.76 0.3y =013 =0.06
Jow 0.91 0.68 0.48 0.42 0.60
1984 all 0.90 0.35 =0.08 0.63 0.49
high 0.70 0.50 -0.20 -0.01 0.16
low 0.87 0.53 0.10 0.24 0.47

'r> .44 significant at P = .05; r>.56 significant a1 P = .01; r>.68 significant at P = .001

“sd = standard deviation; b = i §t=

from regressions (. % = mean across locations.
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6). The relationship between the slopes and the
s.d.’s was highly significant (at P= 0.001) in all
years and all environmental sets (except for the
high-yiclding set of environments in 1979). An ex-
ample of this relationship is plotted for 1983 for all
environments (Fig. 2). Morcover, the s.d.’s were
also sometimes significantly correlated with the §°
values. even though the slope was not at all related
to the 8§, values.

General discussion

Limitations of an environmenal index. Although
regression analyses have been extensively used.
they have himitations, some of which have been
pointed out by Knight (1970), Witcombe & Whit-
tington (1971), and Binswanger & Barah (1980)

One major disadvantage of the regression analy-
sis is not found with mean-standard deviation anal-
vsis. This disadvantage is the invalidity of the RMS
statistic as o measure of stability in certain circum-
stances. (Note that the deviations from the regres-
sions were found to be the Targest component of
variation involving the genotype in the regression
analysis). For example, as found by Pleiffer &
Braun (1985), a disease-resistant entry in a trial
where all other entries are susceptible will deviate
greatly from the performance of the other entries
and hence from its regression line in environments
where the discase is present. 1t the d ¢ IS pre-
sentin only a few locations then this superiority will
increase its 87, and render it unstable according to
the analysis, even though it is superior in stability.
In contrast, in a mean-standard deviation analysis a
resistant entry may tend to have a lower s.d.

The disadvantage in & regression analysis of de-
scribing the response of genotypes relative to a
biologically determined environmental index (the
mean of the trial entries) has been discussed by
Witcombe & Whittington (1971). Essentially. re-
gression techniques to characterise genotype re-
sponses (o the environment are an oversimplifica-
tion. Interactions are still occurring which are not
identified because biological indices do not give
information on the physical nature of the envi-
ronment. Knight (1970) has also discussed the dis-

advantage of a biologically determined environ-
mental index.

A chaice-theoretic framework. The regression anal-
ysis cannot provide an answer to the questions as to
how the superior stability of genotypes assessed by
slope and $°, translates into real cconomic benefit
for the farmer. In a specific location. how does a
low §°, reduce the variation from vear to vear (the
temporal variation). as compared 10 4 low regres-
sion cocfficient? How large a reduction in mean
yield ¢an be accepted to select an entry with a lower
§*, or lower slope? How should the relative impor-
tance of slope and S, be assessed?

Binswanger & Barah (1980) have recognized
these difficulties and pointed out that regression
analyses are not suitable for studies on sk mea-
surement. instead they have used a mean-standard
deviation analysis where improved stability (re-
duced variation across years). or improved adapt-
ability (reduced variation across locations) can be
traded off against reduced vield. The analysis of
Binswanger & Barah (1980) differs fundamently
from the regression approach: it does not attempt
to predict how a genotype will behave across loca-
tions. nor does it attempt to separate location and
ceffects from G x E interactions. Instead. ana-
vses of vaniance of cach genotype are used. For the
stability parameter location effects are removed
r effects remain, and for the adaptability
parameter year effects are removed and location
effects remain.

Use of single-year data to assess risk. A major disad-
vantage of Binswanger & Barah's analysis for its
universal application is that the choice-theoretic
framework relies on the stability parameter which
requires across vear. across location data. Such
data is expensive to obtain, and in most plant
breeding programmes the composition of the set of
entries in a multilocational trial changes each year.
as poor viclding entries are discarded and new en-
tries are promoted to the trial. The data analysed in
this paper are therefore typical - the vield data is
for locations within years and not across vears. The
assumption has, therefore, been made that tempo-
ral and spatial variation are related. and that adapt-




ability s.d.’s are related to stability s.d.’s.

Evenson et al. (1978) reported that for rice trials
in India adaptability and stability were related.
Barah et al. (1981) have also shown for sorghum in
India that stability and adaptability were closely
related. Moreover, a further examination of their
data revealed that the variability s.d.’s within indi-
vidual years correlated well in three out of four
years with stability and adaptability s.d.’s (Table
4). Poor fits between these parameters in certain
vears are not unexpected, because estimates of
s.d.’s are less precise in a single year than across
vears. (Estimates of slopes from the regression
analysis are expected to behave in the same way
with the precision of the estimates being higher
across more than one year). When the variability
s.d.'s were averaged over the years then these aver-
ages correlated more with stability than adaptabil-
ity. These data indicate that single-year data are
relevant to a choice-theoretic framework, but more
data are required from other crops and other trials
The choice-theoretic framework is unaffected by
the larger absolute values of the variability s.d.'s
since the method is comparative. 1t is not the size of
the variability s.d.’s but their relationship to stabil-
ity s.d."s which is important.

Whether the relationship found in the sorghum
data is true for any set of trials is clearly dependent
on how well the environmental variability between
locations matches changes in the environment
across vears.

Conclusions. It is an inescapable conclusion that an
analysis other than regression analysis is required
1o obtain an overall picture of how stabili
mean yield arc to be traded off. The mea
deviation analysis has shown for these, and other
data, that in all years no entry was selected other
than on the basis of its high mean yield. The results
of the mean-standard deviation analysis were little
changed relative to a regression analysis if the low-
est- and highest-yielding environments were con-
sidered. so the comparison is not environment de-
pendent. A lack of marked change between the
environmental sets, and the invariable selection of
the highest-yielding entry when a choice-theoretic
framework is used, indicates that the breeder’s pro-
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cedure of selecting among the highest-vielding en-
tries across environments i sfactory.

Whatis even more remarkable, from the IPMAT
data. is the similarity between the regression coeffi-
cients and the s.d.’s (and to a lesser extent, that
hetween the $%, values and the s.d.'s). The s.d.. a
simple statistic, predicted well one of the major
parameters of stability of a regression analysis. The
s.d. is a simpler statistic that can be used in a
choice-theoretic framework. and the mean-stan-
dard deviation analysis does not suffer from the
disadvantages of a regression analysis which em-
ploys an environmental index. However, with re-
spect to the mean-standard deviation analysis more
data are required from more multilocational trials
to determine the relationships between stability,
adaptability, and estimates from single-year data.

A regression analysis requires many entries to be
included in the analysis as the environmental index
is more accurately assessed with a larger number of
entries. No such restriction exists within the mean-
standard deviation analysis. It can be carried out on
only two or three entries. Thus, before a decision
on release is made only the few highest-yielding
entries need to be considered, and often these en-
tries will have been retained in the trial for several
years so that a true stability-relevant s.d. can be
calculated.

The mean-standard deviation analysis is superior
in some respects to the regression analysis, and
should be used more extensively in the analysis of
multilocational trials. Nevertheless, both methods
complement cach other, since the mean-standard
deviation analysis provides a choice-theoretic
framework whilst the regression analysis enables
prediction of performance across environments.
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