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ABSTRACT – This paper presents a method to study 
stability and adaptability of varieties, based on 
sequential adjustment of several segmented regression 
models. The simple linear regression model is also fitted. 
The objective is to identify which model properly 
describes varietal performance in different environments. 
Each population is characterized as having one or two 
linear responses to environmental variations. For 
illustration, data of pol yield (t/ha) of twenty sugar cane 
(Sacharum spp.) clones, in four experiments, were 

considered. These trails were conducted in four 
locations in the sugar cane region of the State of 
Alagoas, Brazil. Each combination of local and cut was 
considered a different environment. The procedure 
requires more analyses than other methods, but permits 
a detailed description of relative performance of 
varieties, favoring the planning of their allocation. 
Analyses showed that the described procedure gives at 
least the same results as proposed methods, based on 
simple linear regression or bi-segmented regression. 

INDEX TERMS: Genotype-by-environment interaction, linear regression, bi-segmented regression, stability, adapta-
bility. 

 
ANÁLISE DE ESTABILIDADE E ADAPTABILIDADE POR MEIO DE 

DIFERENTES MODELOS DE REGRESSÃO LINEAR 
 

RESUMO – Este trabalho apresenta um método para 
análise de estabilidade e adaptabilidade de variedades, 
baseando-se no ajuste seqüencial de modelos de 
regressão segmentada. O modelo de regressão linear 
simples é também ajustado. O objetivo é identificar qual 
modelo descreve apropriadamente o comportamento de 
cada variedade em diferentes ambientes. Cada variedade 
é caracterizada como tendo uma ou duas respostas 
lineares às alterações no amb iente. Com o propósito de 
ilustrar o procedimento, foram considerados os dados de 
produção de pol (t/ha) de 20 clones de cana-de-açúcar 
(Sacharum spp.), obtidos em quatro experimentos. Esses 

ensaios de competição foram conduzidos em quatro 
locais na região canavieira do Estado de Alagoas, Brasil. 
As combinações de local e corte foram consideradas 
como diferentes ambientes. Embora haja necessidade de 
um maior número de análises, comparativamente a 
outros métodos, o uso do procedimento conduz a uma 
descrição detalhada do comportamento relativo das 
variedades, favorecendo o planejamento do manejo 
dessas. Pelas análises apresentadas, evidencia-se que a 
estratégia proposta produz, no mínimo, os mesmos 
resultados de métodos já propostos, que também usam 
regressão linear simples ou regressão bissegmentada. 

TERMOS PARA INDEXAÇÃO: Interação genótipo x ambiente, regressão linear, regressão bissegmentada, estabili-
dade, adaptabilidade. 

 
INTRODUCTION 

Analysis of stability is a biometrical method with 
great potential for characterization of the relative perfor-
mance of a group of populations (varieties, hybrids, li-
nes, clones, etc.) under different environmental conditi-
ons.  With  this  methodology it is possible to de- 

sign the allocation of populations obtained in plant bre-
eding programs. The most commonly used methods are 
based on regression analysis. Information about con-
cepts of stability and statistical aspects, usefulness and 
limitations of such methodologies can be found in pa-
pers of Lin et al. (1986) and Silva (1995a). 

 
1. Engenheiro Agrônomo, D.Sc.,  Departamento  de  Biologia Geral, Universidade Federal de Viçosa, 36571-000, 

Viçosa, MG. Send correspondence to J.M.S.V.
 

All methods for stability and adaptability 
analysis based on regression involve fitting of a single 
model for each population (Finlay & Wilkinson, 1963; 

Eberhart & Russell, 1966; Cruz et al., 1989; Silva, 1995a, 
b). Also, the method proposed by Verma et al. (1978) and 
those that use segmented regression (Silva & Barreto, 
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1986; Cruz et al., 1989) assume an alteration in linear 
response of each population to changes in 
environmental conditions only when environmental 
index is positive. The performance of a population is 
characterized in two dis tinct types of environment: 
unfavorable, with an environmental index less than or 
equal to zero, and favorable. However, a population can 
alter its linear response to environmental variation in the 
range of environments with negative or positive index, 
which is expected to be specific for each population. 
This problem was also investigated by Silva (1998). The 
author presents a complex procedure for estimation of 
the common point of the segmented regression, 
considered as an additional parameter of adaptation. The 
model, however, has the same limitation of that of Silva 
and Barreto: linear responses of each population in the 
ranges of favorable and unfavorable environments are 
correlated (Cruz et al., 1989). 

The objective of this paper is to present a 
procedure for stability and adaptability analysis based 
on sequential adjustment of several segmented 
regression models, for a detailed characterization of the 
response of each population to environmental changes. 
This method is compared to three commonly used 
models. 

 
METHODOLOGY 

The mathematical model of the proposed 
approach is  

Y X T Xij i i j i j ij= + + +β β β δ0 1 2 ( )  

Yij is the observed mean of i-th population (i = 1, ..., v) in 
j-th environment (j = 1, ..., n, n ≥ 4). Xj is the index of j-th 
environment, defined by 
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T(Xj) is a function of the environmental index, defined 

by 

T(Xj) = 0, if Xj ≤ Bi or T(Xj) = X Xj − , if Xj > Bi 

The term δij is the average error associated to the 
Yij observation or the deviation from regression of i-th 
population in j-th environment, which includes the effect 
that corresponds to the mean experimental error. 
Assumptions underlying regression analysis, about 
experimental errors and deviations from regression, are 

normal distribution, independence and homogeneity of 
variances (δij ~ N(0, σ2/r), independent). 

Parameter Bi is a measure of quality of 
unfavorable environments for i-th population. The 
determination of B value for a population aims to define 
two groups of environments: (i) those in which its linear 
response is β1 and (ii) those in which its linear response 
is β1 + β2. The Bi value varies with sequential 
adjustments of the defined model. In the first 
adjustment, the value of Bi should be equal to the 
second lower environmental index. In the second 
adjustment, Bi is taken as equal to the third lower 
environmental index and so on. At the last adjustment, 
the value of Bi is the third greatest environmental index. 
Thus, at least two environments are in the range of same 

linear response of each population. The value X  is the 
average of environmental indexes that are greater than Bi 
and, therefore, also dependent on the adjustments. 
Thus, whatever the value of Bi, 

T X j
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Therefore, for each population there are n - 3 
segmented regression models fitted. However, as a 
population may have same linear response in all 
environments, it is also necessary to fit the model 
Y Xij i i j ij= + +β β δ0 1 , proposed by Eberhart & 

Russell (1966). 
For each population, the segmented regression 

model with largest coefficient of determination should be 
compared with the simple linear regression model. If 
hypothesis H0: β2i = 0 is rejected, at a defined level of 
significance, the first should be considered as the model 
that describes the population performance under 
different environmental conditions. If hypothesis H0: β2i 
= 0 is accepted, the simple linear regression model 
should be adopted. In the first case, the population is 
considered to have a linear response equal to β1 in one 
range of environments and a different response (β1 + β2) 
in the second range. 

Parameter estimators for the segmented 
regression model presented are those described by Cruz 
et al. (1989): 
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, the mean of i-th population; 
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the change in the linear response of i-th population in 
the second class of environments. 

Estimator of linear response of i-th population 

in the second environmental range is  
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Estimators of variances and covariances of the 

estimators of β0i, β1i, β2i and β1i + β2i, are given by 
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Cov Cov Covi i i i i i i$ ($ , $ ) $ ($ , $ ) $ ($ , $ $ )β β β β β β β0 1 0 2 0 1 2 0= = + =  

Cov Vi i i$ ( $ , $ ) $ ( $ )β β β1 2 1= −  

Cov i i i$ ( $ , $ $ )β β β1 1 2 0+ =  

Cov V Vi i i i i$ ( $ , $ $ ) $ ( $ ) $ ( $ )β β β β β2 1 2 2 1+ = −  

where: 

$σ 2 is the error mean square of joint analysis; 

r is the number of replications. 

An important characteristic of the presented 
model is that the linear responses of each population, in 
the two environmental ranges, are not correlated 
(independent, under normality assumption) (Cruz et al., 
1989). 

The sums of squares associated with each fitted 
model of segmented regression are 
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with 2 degrees of freedom;  
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with n - 1 degrees of freedom; and 
 
 
 

When model of i-th population has been defined, 
it is possible to infer about its phenotypic stability, con-
sidering the lack of fit test (Draper & Smith, 1981). The 
statistic for this test is  
 
 
 
 

iPopulation|gressionReSSSSTotaliPopulation|nsSSDeviatio −=  

2ˆ

|

σ

iPopulationSquareMeanDeviations
F =



 

Under hypothesis of no systematic effects affect-
ing response of the population to changes in environ-
ment, besides those described by the model, this statis-
tic has central F-Snedecor distribution with n - 3 and ne 
degrees of freedom, where ne is the number of degrees of 

freedom associated to $σ 2
.  

Non-significant result of the test indicates that 
the fitted model is adequate to describe population per-
formance under different environmental conditions, and, 
therefore, that it is stable or predictable, compared to the 
others. If F value is statistically greater than one, such 
null hypothesis is rejected and the fitted model is inade-
quate. One probable reason is the presence of effects 
not included in the model, affecting population response 
to changes in environment. In such case, the population 
is said to have unstable or unpredictable behavior, com-
pared to the others being studied. 

When a segmented regression model is fitted, it 
is difficult to characterize the relative population pattern 
of adaptability, because it has different linear responses 
to variation in environmental conditions, in two envi-
ronment ranges. In this case, the pattern of adaptability 
should be defined analyzing, simultaneously, population 

mean (Yi.), linear response in the first range of envi-

ronments (β1i), and linear response in the second range 
(β1i + β2i). 

If there is evidence, based on significance tests 
or confidence intervals, that β1i < 1 and (β1i + β2i) < 1, it 
can be considered that the population is adapted to less 
favorable environments, because its performance should 
be relatively better than the others in these environ-
ments. If β1i < 1 and (β1i + β2i) = 1, the population may be 
considered of general adaptability or adapted to less fa-
vorable environments, depending on the range of envi-
ronments where its linear response to environment 
changes. In the case of β1i < 1 and (β1i + β2i) > 1, the po-
pulation can be characterized as specifically adapted to 
more favorable environments, as its performance should 
be superior than those of other varieties only in excellent 
environments. 

When β1i = 1 and (β1i + β2i) < 1, the population 
may have specific adaptability to less favorable envi-
ronments or general adaptability, depending on the ran-
ge of environments where the alteration in its linear res-
ponse takes place. If β1i = 1 and (β1i + β2i) = 1, the popu-
lation has general adaptability because its performance 
should be good under any environmental condition. On 
the other hand, a population with β1i = 1 and (β1i + β2i) > 

1 may be considered adapted to favorable environments, 
since its behavior in those conditions will be superior. 

If β1i > 1 and (β1i + β2i) < 1, the population may 
have specific adaptability to poor or good environments, 
depending on the range of environments in which its li-
near response changes. A population with β1i > 1 and 
(β1i + β2i) = 1 is of general adaptability. If β1i > 1 and (β1i + 
β2i) > 1, the population is adapted to favorable environ-
ments, as it is expected to have an outstanding perfor-
mance in excellent environments, but inferior performan-
ce in unfavorable ones. 

Obviously, population means in environments 
(Yij) should always be taken into account in defining 
their adaptability patterns. Considering three classes of 
varietal means, bellow, equal and above general mean, 27 
different adaptability patterns can be defined. Following 
Silva (1995a), the terms poorly adapted and with perfor-
mance above or under general mean can be useful to 
discriminate varieties with same pattern of response, in 
the two ranges of environment. If fitted model includes a 
single regression coefficient, inferences about adaptabi-
lity pattern of the population should follow Finlay & 
Wilkinson (1963) and Eberhart & Russell (1966) propo-
sals. 

The procedure will be illustrated considering data 
of pol yield (t/ha) of twenty sugar cane clones, obtained 
in four experiments. Clone competition trials were con-
ducted in sugar cane region of Alagoas State, Brazil, as 
part of the breeding program of Regional Cooperative of 
Sugar and Alcohol Producers of Alagoas. Experimental 
design consisted of randomized complete blocks, with 
three replications. Aiming to increase the number of po-
ints for regression analyses, each comb ination of cut 
and location was considered a different environment. 
Correlation between observations measured in the same 
plot and the cut effect, which is confounding with local 
effect, were not considered in analyses. 

 
RESULTS AND DISCUSSION 

Estimates of environmental indexes show rele-
vant variation in environmental conditions (Table 1). The 
range is of, approximately, 18.3 t/ha and there are six ne-
gative and six positive values. The variation can also be 
evaluated by F test for environments (F = 170.28; proba-
bility of 5.4 x 10-20). These results are desirable in studies 
of this nature. Table 2 shows estimates of stability and 
adaptability parameters obtained according to the des-
cribed procedure, and the adjusted determination coeffi-
cients from models of Eberhart & Russell (1966), Silva & 
Barreto (1986) and Cruz et al. (1989). 



 

TABLE 1 – Environment means ( Y j. ), environmental indexes (Xj) and functions of environmental indexes (T(Xj))
1/, 

calculated from means of pol yield (t/ha) of 20 sugar cane clones. 
 

. j. jYY  Xj T(Xj)1 T(Xj)2 T(Xj)3 T(Xj)4 T(Xj)5 T(Xj)6 T(Xj)7 T(Xj)8 T(Xj)9 

7.632 -9.031 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

9.759 -6.904 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

14.226 -2.437 -4.030 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

15.136 -1.527 -3.120 -3.568 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

15.487 -1.176 -2.769 -3.217 -3.663 0.000 0.000 0.000 0.000 0.000 0.000 

15.651 -1.012 -2.605 -3.053 -3.499 -4.022 0.000 0.000 0.000 0.000 0.000 

16.861 0.198 -1.395 -1.843 -2.289 -2.812 -3.483 0.000 0.000 0.000 0.000 

17.044 0.381 -1.212 -1.660 -2.106 -2.629 -3.300 -3.996 0.000 0.000 0.000 

18.799 2.136 0.543 0.095 -0.351 -0.874 -1.545 -2.241 -3.240 0.000 0.000 

19.931 3.268 1.675 1.227 0.781 0.258 -0.413 -1.109 -2.108 -3.188 0.000 

23.504 6.841 5.248 4.800 4.354 3.831 3.160 2.464 1.465 0.385 -1.209 

25.923 9.263 7.665 7.219 6.773 6.248 5.581 4.882 3.883 2.803 1.209 
1/T(Xj)k (k = 1, ..., 9) is the function of the index of j-th environment in k-th adjustment. 

 
It is very important to note that the proposed 

segmented regression model was adequate to describe 
relative performance of thirteen clones (65%). These ha-
ve different linear responses in the two classes of envi-
ronments. Their behaviors cannot be described by Ebe-
rhart and Russell model. Besides, the models of Silva & 
Barreto (1986) and of Cruz et al. (1989) were not conside-
red the best to describe relative performance of these 
clones because, for each one, the change in the linear 
response do not occur when the environment index is 
zero. In relation to ten of them modification in the linear 
response occurs when environmental index is positive. 
Clones SP70-3370, Co997 and NA56-79 change their li-
near response in unfavorable environments (with nega-
tive index). For the other clones the fitted model is that 
of Eberhart & Russell (1966). 

Only five clones, SP71-3149, SP71-4161, SP71-
5574, CB45-3 and Co331, were unstable or unpredictable, 
at the level of 5% of significance, in relation to their be-
havior under different environmental conditions, descri-
bed by linear regression models. Nevertheless, determi-
nation coefficients are superior to 85%, evidencing that 
the fitted linear regression model properly describes 
their performances. Two clones serve as example of su-
periority of the proposed method in describing varietal 

behavior relative to models of Eberhart & Russell (1966), 
Silva & Barreto (1986) and Cruz et al. (1989). Considering 
the estimates of linear responses (Table 3), clone SP70-
3370 would be classified as having good adaptation to 
favorable environments according Eberhart & Russell 
(1966) method. Fitting Silva & Barreto (1986) and Cruz et 
al. (1989) models provide the following additional infor-
mation: linear response of this clone is greater in favora-
ble environments (with positive index). On the other si-
de, based on adjustment of the model presented here it 
was verified that clone SP70-3370 change its linear res-
ponse in inferior environments. In practical terms this 
means that when soil quality and climatic conditions are 
inferior it can be cultivated in place of clones specifically 
adapted to unfavorable environments or with good ge-
neral adaptation. 

Based on Eberhart & Russell (1966) model, analy-
sis for clone CB45-3 reveals that it has good general a-
daptation. Fitting Silva & Barreto (1986) and Cruz et 
al.(1989) models do not provide new information about 
its behavior: its linear response is the same in both clas-
ses of environments. Nevertheless, adjustment of the 
previously described model reveals that in outstanding 
environments this clone presents linear response supe-
rior to that for environments of inferior quality. In practi-
cal terms this means that in environments of high tech-
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nological level and excellent soil and climatic conditions 
CB45-3 can be superior relative to clones with specific 
adaptation. 

The following inferences can still be established 
based on analysis according the proposed method (Ta-
ble 2). Comparatively to the others, clone CP51-22 varied 
less in performance in the range of unfavorable envi-
ronments. In the range of more favorable environments 
behavior of this clone is invariant. Although it can be 
characterized as specifically adapted to unfavorable en-
vironments, its use is limited due to low sugar producti-

on, even in unfavorable environments. As SP70-1423 
changes its linear response only in the range of more fa-
vorable environments, it may be described as having a-
daptation to unfavorable environments. However, due to 
its low sugar production (means not presented) it should 
not be allocated to these environments. Clone Co997 
modifies its linear response in the range of unfavorable 
environments, and may be characterized as of general 
adaptability. However, its sugar production is consisten-
tly inferior, compared with clones of same pattern, limi-
ting its use. 

 
TABLE 2 – Estimates of stability and adaptability parameters of 20 sugar cane clones, for pol yield (t/ha). 
 

Clone Mean MSD1/ C.I.(ββ 1i)
2/ C.I.(ββ 1i+ββ 2i)

3/ Bi 
4/ R2 5/ R2 6/ R2 7/ R2 8/ 

NA56-79 19.12 a 5.38 ++ 1.08 ± 0.17 0.71 ± 0.23 -1.527 93.1 90.2 91.6 90.1 

CB45-3 18.69 ab 10.95 ** 1.01 ± 0.14 2.42 ± 1.36 3.268 88.3 87.6 87.1 86.3 

SP71-3149 18.47 ab 7.92 * 1.09 ± 0.14 - - 92.1 92.1 91.3 92.9 

SP70-1284 18.30 ab 3.33 ++ 1.15 ± 0.14 - - 96.9 96.9 96.6 97.2 

SP71-1406 17.97 ab 3.67 ++ 1.04 ± 0.14 - - 95.8 95.8 95.4 95.4 

SP70-1143 17.61 ab 4.14 ++ 1.09 ± 0.14 3.04 ± 1.36 3.268 96.0 93.2 92.4 92.5 

SP71-4161 17.35 ab 11.29 ** 0.93 ± 0.14 - - 85.6 85.6 84.3 85.0 

SP70-3370 17.12 ab 5.73 ++ 0.94 ± 0.19 1.59 ± 0.20 -6.904 95.7 89.4 95.1 90.5 

SP71-6163 16.98 ab 4.03 ++ 0.95 ± 0.14 - - 94.5 94.5 94.2 95.1 

SP71-799 16.81 ab 6.08 ++ 1.02 ± 0.14 -1.15 ± 1.36 3.268 93.0 89.0 87.8 88.0 

SP71-6113 16.81 ab 5.20 ++ 0.92 ± 0.14 - - 92.8 92.8 92.4 91.9 

SP71-4156 16.71 ab 7.18 + 1.03 ± 0.14 1.64 ± 0.55 2.136 92.6 91.3 90.9 92.2 

RB70-194 16.28 ab 5.68 ++ 1.02 ± 0.14 1.76 ± 0.55 2.136 94.1 91.9 91.0 91.7 

Co331 16.17 ab 9.21 * 0.94 ± 0.14 3.47 ± 1.36 3.268 89.3 83.9 82.2 83.1 

SP70-1005 15.97 ab 5.19 ++ 1.07 ± 0.14 - - 94.5 94.5 94.1 95.7 

Co997 15.67 ab 6.90 ++ 0.79 ± 0.17 1.13 ± 0.23 -1.527 90.5 88.4 88.1 87.1 

SP71-5574 14.97 ab 10.49 ** 1.03 ± 0.14 -0.28 ± 0.55 2.136 87.9 79.0 76.8 76.8 

SP71-345 14.87 ab 7.06 + 1.00 ± 0.14 -0.84 ± 1.36 3.268 91.7 89.0 87.8 88.3 

SP70-1423 14.33 ab 4.07 ++ 0.82 ± 0.14 1.40 ± 0.55 2.136 93.5 91.5 90.6 90.7 

CP51-22 13.04 b 7.41 + 0.79 ± 0.14 -0.01 ± 0.41 0.381 85.2 75.5 80.0 76.4 

mean 16.66         
1/Deviations mean square. ++: P > 0.10. +: 0.05 < P < 0.10. *: 0.01 < P < 0.05. **: P < 0.01. 
2/95% confidence interval for ββ 1i . 
3/95% confidence interval for ββ 1i + ββ 2i .

 

4/Environmental index above which linear response of the clone is (ββ 1i + ββ 2i). 
5/Corrected determination coefficient of the fitted model. 
6/Adjusted determination coefficient of Eberhart & Russell (1966) model. 
7/Adjusted determination coefficient of Silva & Barreto (1986) model. 
8/Adjusted determination coefficient of Cruz et al. (1989) model. 
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TABLE 3 – Estimates of stability and adaptability parameters of clones SP70-3370 and CB45-3, relative to pol yield 
(t/ha), considering the models of Eberhart & Russell (1966), Silva & Barreto (1986) and Cruz et al. (1989). 
 

Estimate SP70-3370 CB45-3 

 Eberhart and 
Russell 

Silva and 
Barreto 

Cruz et al. 
Eberhart and 

Russell 
Silva and 
Barreto 

Cruz et al. 

0β̂  17.12 15.38 17.12 18.69 19.19 18.69 

1β̂  1.24 0.76 1.15 1.03 1.17 1.04 

21
ˆˆ β+β  - 1.70 1.57 - 0.89 0.98 

MSD1/ 14.20** 6.53++ 12.73** 11.57** 12.07** 12.80** 
1/Deviations mean square. 
++: P > 0.10. **: P < 0.01. 

 
Clones SP71-345 and SP71-799 behave similarly 

and may be described as adapted to all environments. 
However, preference should be given to SP71-799 be-
cause it is systematically more productive. It is interes-
ting to note that the two clones do not change their per-
formance in the range of more favorable environments. 
Clone NA56-79 has general adaptability, with excellent 
performance in less favorable environments, justifying 
its widespread use, as well as CB45-3, as commercial 
clone in Alagoas State. 

Clones SP70-1143, SP70-1284, SP70-3370, SP71-
4156 and RB70-194 can be considered adapted to favor-
able environments because they show good sugar pro-
duction under better environmental conditions. SP70-
1143 and SP70-1284 have good production even in unfa-
vorable environments. SP70-3370 and SP71-4156 have 
reduced production in less favorable environments. 
RB70-194 has limited use relative to the other clones due 
to its inferior production in favorable environments. 
Clones SP70-1005, SP71-1406, SP71-6113 and SP71-6163 
may be described as having general adaptability. The 
use of the former is limited due to its inferior sugar pro-
duction (relative to general mean). 

 

CONCLUSIONS 

a) characterization of relative adaptability pattern 
of the assessed varieties is more detailed and complex, 
comparatively to methodologies of Finlay & Wilkinson 
(1963) and Eberhart & Russell (1966); but, this is a com-

mon feature of all methods based on segmented regres-
sion; 

b) as verified by Cruz et al. (1989) and Silva 
(1995a), this method will be superior to methodologies of 
Finlay & Wilkinson (1963) and Eberhart & Russell (1966) 
in relation to varieties which do not have same pattern of 
linear response in all environments; 

c) this method will be superior to methodologies 
of Silva & Barreto (1986) and Cruz et al. (1989) in relation 
to those varieties which change their linear response in 
an environment with negative or positive index;  

d) the presented procedure gives at least the sa-
me results as proposed methods, based on simple linear 
regression or bi-segmented regression. 
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