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Table 1. Classification of adaptation of genotypes on the basis of stability indices
from piecewise linear regression in poor and favorable environments

Categoty

Stability index®
bp bl

Adaptation

Poor environments Favorable environments

<1.0

>1.0

HNEgd s<=2 58~

<1.0
=1.0
>1.0

<1.0
=1.0
>1.0
<1.0
=10
>1.0

high stability
high stability
high stability
average stability
average stability
average stability
high sensitivity
high sensitivity
high sensitivity

high stability
average stability
high sensitivity
high stability
average stability
high sensitivity
high stability
average stability
high sensitivity

* by,b 1 Stability indices in poor environmen
piecewise linear regression.

ts and favorable environments respectively, from
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sponses of genotypes to the poor and favorable
ean yield and environmental indices used as hypothetical
mulation experiments

Table 2. True values of linear re
environments, m
models in the si

Maize model (g=474)"

Rice model (g=392)

Real ;inear response M'eiaél Et(aivir Real }inear response Melaél Ei:iw‘r
o sepsiyve oty index of Eenstyve oy
Category* B B Category B £

I 0.2 0.5 3100 —1200 I 0.3 0.3 6100 —1300
I 0.2 1.0 2700 —-1000 I 0.3 1.0 6400 —=1000
m 0.2 1.5 2900 —800 m 0.3 1.7 6700 —T700
I 0.6 0.5 2600 —600 I 0.6 0.3 6000 —400
I 0.6 1.0 2800 —400 I 0.6 1.0 6800 —100
m 0.6 1.5 3100 —200 m 0.6 1.7 6300 200
\'f 1.0 0.5 2800 0 v 0.9 0.3 6000 500
v 1.0 1.0 3200 200 v 0.9 1.0 6300 800
i 1.0 1.5 3500 400 i 0.9 1.7 6500 1100
VI 14 0.5 2700 600 Vi 1.2 0.3 5700 1400

Vi 14 1.0 2500 800 i 12 1.0 6300

X 1.4 1.5 3300 1000 X 1.2 1.7 5900

1200 i 15 0.3 5400

i1 15 1.0 6200

X 1.5 1.7 6600

¥a : Square root of variance of the hypothetical model.

*Bo* Bt : True values of re

respectively.

¥ Number of genotypes or environments given in parenthesis.

*See Table 1.

VBB R AR

gression coefficients in poor environments and favorable environments,

BERAIEERNRBHMNF » FE10ERRES T £ 25 TR AR K SR > i Ly
et al.® LBERRR B HHFRRSRO RN BA I (FYES 6208 kg ha™ » ¥
#£R392) » %E&%EE%*&%’FZ&E‘E%&\%ﬂﬁzzliiﬁﬁﬂﬁﬁiﬁfﬁ%ﬁﬁﬂmi 20
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Table 3. Comparison between stability analysis using conventional regression and
piecewise linear regression obtained by fitting simulated data

Mean yield™ Real linear responses* aﬁﬁﬁ%ﬂt& Piecewise linear regression®
Line H m  Rbias Category 5 B b b b
% Mean Var, Mean Var. Mean Var.
Maize model
1 3100 3197 31 I 0.2 0.5 040 0.008 027 0.050 052 0.040
2 2700 2955 94 I 0.2 1.0 0.68 0.007 0.28 0.054 1.03 0.042
3 2900 3319 14.5 m 0.2 1.5 097 0009 032 0.052 156 0.040
4 2600 2572 -—1.1 I 0.6 0.5 061 0010 074 0.052 049 0.037
5 2800 2934 4.8 I 0.6 1.0 0.89 0.011 0.76  0.037 1.02 0.037
6 3100 3387 9.3 m 0.6 1.5 117 0009 078 0.045 153 ' 0.031
7 2800 2641 —5.7 v 1.0 0.5 0.83 0.010 122 0.051 0.48  0.040
8 3200 3197 -—0.1 v 1.0 1.0 111 0.008 125 0.048 099 0.038
9 3500 3661 4.6 Vi 1.0 1.5 139  0.010 1.25 0.058 1.52 0.048
10 2700 2410 -10.7 Vi 14 0.5 1.03 0.011 1.66 0.051 0.47 0.037
1 2500 2375 —5.0 I 14 1.0 132 0009 170 0.049 099 0.039
12 3300 3343 1.3 X 1.4 1.5 158 0.010 179 0.048 140 0.038
Rice model

1 6100 6114 0.2 I 0.3 0.3 032 0.005 032 0028 031 0.025
2 6400 6695 4.6 It 0.3 1.0 070 0.005 037 0.030 1.02 0.025
3 6700 7271 8.5 m 0.3 1.7 109 0.006 041 0029 175 0.027
4 6000 5911 —1.5 I 0.6 0.3 046 0.005 065 0.033 0.28 0.027
5 6800 6995 2.9 II 0.6 1.0 085 0006 069 0.0290 1.00 0.026
6 6300 6774 7.5 m 0.6 17 124  0.005 072 0029 173 0025
7 6000 5807 —3.2 v 0.9 0.3 061 0.006 096 0.027 027 0.032
8 6300 6379 1.3 A 0.9 1.0 1.00 0.004 1.00 0.028 1.00 0.030
9 6500 6869 5.7 i 0.9 1.7 139  0.005 1.04 0.027 173  0.027
10 5700 5397 —5.3 VI 1.2 0.3 076 0.005 129 0.026 0.26 0.023
1 6300 6280 —0.3 VI 1.2 1.0 114 0.006 131 0.031 098 0.029
12 5900 6161 4.4 X 1.2 1.7 1.54 0.006 1.36 0.028 171 0.027
13 5400 4994 -75 VI 1.5 0.3 090 0.006 158 0.031 025 0.025
14 6200 6078 —2.0 Vi 1.5 1.0 - 120 0.005 163 0.026 0.98 0.023
15 6600 6772 2.6 X 1.5 217 - L70 0.005 167 0.026 173  0.026

¥ u#,m, Rbias% : Real value, mean of estimated value and relative bias (%) of the mean yield for
each genotype, respectively ; where relative bias%) =100 (m—p) /.

* Category see Table 1; £ * & . True values of regression coefficients in poor environments and favor-
able environments, respectively.

¥ Mean and variance of the estimated stability indices (b) with all environments from conventional
linear regression.

* Mean and variance of the estimated stability indices (by * bs) with poor environments and favorable
environments, respectively, from piecewise linear regression.
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Table 4. The relative bias in estimating the stability indices of genotypes using
conventional regression and piecewise linear regression

Relative bias (%)

Real linear responses®

Poor environments Favorable environments
Category™
B B b* be* b be
I 0.2 0.5 100.11 30.81 —19.96 4.38
0.3 0.3 7.01 11.26 7.01 2.72
0.6 0.3 _ —23.81 7.94 52.38 —8.15
0.6 0.5 3.01 22.09 23.61 2.30
I 0.2 1.0 236.83 4758 3263 1.25
0.3 1.0 135.43 24.46 —29.37 2.06
0.6 1.0 45.05 19.98 —12.97 1.06
m 0.2 15 379.20 50.74 —36.11 3.38
0.3 1.7 264.34 36.29 =35.71 2.44
0.6 15 96.50 30.53 —21.40 2.36
0.6 17 106.60 20.88 —27.08 1.59
v 0.9 0.3 =32.00 7.10 103.99 —7.45
1.0 0.5 =17.38 20.15 65.24 —-2.31
v 0.9 1.0 12.05 12.91 0.85 0.14
1.0 1.0 10.60 20.77 10.60 1.43
Vi 0.9 1.7 54.66 16.54 —18.12 1.02
1.0 1.5 38.70 26.26 —7.54 —0.01
i 1.2 0.3 —37.17 5.65 151.33 —11.05
14 0.5 —25.52 20.19 108.55 —6.44
1.5 0.3 —39.85 6.67 200.76 —19.57
v 1.2 1.0 —4.24 10.06 14.92 —1.32
14 1.0 —5.92 22.48 31.72 =3.91
15 1.0 —14.03 7.18 28.96 —1.15
X 1.2 1.7 28.01 12.19 —9.64 1.00
14 1.5 13.99 27.35 6.39 —4.70
1;5 1.7 12,97 11.59 -0.32 0.83
¥ See Table 1.

*¥% See Table 3.
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Table 5. The relative root MSE in estimating the stability indices of genotypes using
conventional regressing and piecewise linear regression
Relative root MSE (%)
Real responses®
Poor environments Favorable environments
Category™
B B b* be b b
I 0.2 0.5 112.46 114.49 28.61 42.62
0.3 0.3 28.69 61.78 28.69 59.70
0.6 0.3 27.16 31.90 58.53 61.03
0.6 0.5 17.52 46.01 3141 44.08
i 0.2 1.0 241.87 125.52 34.08 20.92
0.3 1.0 137.62 61.30 30.27 16.56
0.6 1.0 47.37 39.43 15.84 18.68
m 0.2 15 382.50 128.62 36.72 14.70
0.3 1.7 265.62 69.46 36.00 10.11
0.6 1.5 98.22 49.07 22.62 14.11
0.6 1.7 107.30 35.74 27.43 10.11
v 0.9 0.3 32.99 20.56 106.74 54.01
1.0 0.5 20.07 30.95 68.26 43.22
v 0.9 1.0 14.39 23.26 7.13 17.59
1.0 1.0 14.62 32.20 14.62 22.72
VI 0.9 1.7 55.27 25.49 18.63 9.31
1.0 1.5 40.11 35.51 10.30 14.09
Vi 1.2 0.3 37.69 16.10 153.41 60.61
14 0.5 26.59 26.74 110.54 46.05
1.5 0.3 40.20 13.94 202.51 56.01
v 1.2 1.0 7.00 18.22 16.35 16.20
14 1.0 9.53 28.48 33.40 23.99
15 1.0 14.91 13.10 29.94 16.66
X 1.2 1.7 28.76 18.73 10.68 9.27
14 15 15.48 32.04 8.90 14.63
15 1.7 13.93 16.48 4.48 9.37

"x¥E See as Table 4.
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Table 6. Comparison between stability analysis using conventional regression and piecewise linear

regression in regional trial data of five maize composites under six environments

Mean yield Regression with all environments

Piecewise linear regression
Variety
(kg ha™') F-test R? b S F-test R? bs b S%
PC8 2743 * & 0.97 1.10 41879 * % 0.98 141 0.81 432023
PC7 2589 * % 0.93 1.1 96429 * 0.93 1.32 0.93 123393
PCC 2014 * %k 0.86 0.81 107299 * 0.91 1.44 0.26 93438
PUC 2369 * % 0.92 0.81 92001 * 0.93 0.19 1.36 73961
CK* 2696 * & 0.91 1.17 136976 * 0.93 0.65 1.64 147577
Grand mean 2482
Bartlett’'s ns ns
x* test

* Tainan sel No. 10.
F-test : Significant test of F values for regression model,
R?: Coefficient of determination,
S%a : Mean squares of deviation from regression.
b : Estimated stability indices with all environments from conventional linear regression,
be.b: : Estimated stability indices with poor environments and favorable environments
respectively, from piecewise linear regression.
*4* ! Significant at 5% and 1% level, respectively.
ns . Non-significant.
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Fig. 1. The relationship among stability index with poor environments (b;), stability index
with favorable environments (b:) and mean yield for each maize genotype.
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Appendix 1. The SAS program for piecewise linear regression for stability analysis

DATA PLRSTAB ;
INFILE ‘“plrstab, dat” ;
K=5;
N=6,
L=4;
DO LINE=1TOK ; /*A two-way table with K lines X N environments X L replicates*/
DO ENV=1TON ;
DO REP=1TOL;
INPUT YIELD @@ ;
OUTPUT ;
END;
END ;
END ;
TITLE * -- Combined Analysis of Variance -- ’;
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(mpeR 1.)

PROC ANOVA OUTSTAT=STAT; /*Performing Combined ANOVA*/
CLASS REP ENV LINE ;
MODEL YIELD=REP(ENV) ENV LINE LINE*ENYV ;
TEST H=ENV E=REP(ENV) ;
PROC MEANS MEAN NOPRINT DATA=PLRSTAB ; /*Calculation of line mean*/
VAR YIELD ;
BY LINE ;
OUTPUT OUT=L MEAN=LM ;
PROC MEANS MEAN NOPRINT DATA=PLRSTAB ; [*Calculation of grand mean*/
VAR YIELD ;
OUTPUT OUT=L MEAN=GM ;
PROC MEANS MEAN NOPRINT DATA=PLRSTAB ; [*Calculation of replicate mean*/
VAR YIELD ;
BY LINE ENV ;
OUTPUT OUT=LE MEAN=LEM ;
PROC PRINT NOOBS ;
TITLE ’-- Line means in each environment (LEM) --';
VAR LINE ENV LEM ;
PROC SORT DATA=LE;
BY ENV ;
PROC MEANS MEAN NOPRINT ; [*Estimation of environmental index*/
BY ENV ;
VAR LEM ;
OUTPUT OUT=E MEAN=EM ;
DATA ENVIND ; [*Partition of environmental index*/
IF_N_=1THEN SET M ;
SETE;
EI=EM-GM ;
IF EI<=0 THEN INDEX=0 ; /*Defining the indicator variable*/
IF EI>0 THEN INDEX=1 ;
EI2=EI*INDEX ;
TITLE * -- Environmental index -
PROC PRINT NOOBS LABEL ;
LABEL EI="ENV. INDEX';
VAR ENV EI ;
DATA COMBINE ;
MERGE LE ENVIND ;
BY ENV ;
DROP _TYPE_ _FREQ_ ;
PROC SORT OUT=COMBINE ;
BY LINE ;
TITLE ’ -- Piecewise regression analysis of each line --;
PROC REG OQUTEST=EST ; *Piecewise regression of yield on environmental index*/
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BY LINE ;
MODEL LEM=EI EI2 ;
DATA ESTB,;
SET EST ;
KEEP LINE EI EI2 ;
DATA OUTLIST ;
MERGE ESTB L ;
BY LINE ;
DROP _TYPE_ _ FREQ_ ;
EP=EIl; [*Estimation of two stability indices*/
EF=EI+EI2;
TITLE ’ -- Summary of mean yield and stability index --;
PROC PRINT NOOBS LABEL ; [*List of mean yield and stability indices*/
LABEL LINE='LINE’
LM="YIELD MEAN’
EP="b in poor environments’
EF='b in favorable environments’ ;
VAR LINE LM EP EF;
RUN;
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Comparative Study of a Piecewise Linear Regression
Model with the Conventional Regression Model for
Assessing Nonlinear Environmental Responses of Crops®

Hsiu-Ying Lu?®

Summary

A high adaptable crop variety would be the one with relatively low sensitivity in the
poor environments and high sensitivity in the favorable environments. That is, an ideal
genotype should have nonlinear responses to environment. The conventional linear regres-
sion for stability analysis cannot detect such varieties, and an unstable variety might be
wrongly regarded as stable, because the computation of the linear regression over all the
environments has the masking effect on the detection of ideal genotypes, if they exist in the
population. The purpose of this study was to compare the validity of the piecewise linear
regression model proposed by Verma and Chahal (1978) and the conventional regression
model in stability analysis. Based on hypothetical models of maize and rice, two hundred
sets of simulated data generated from each hypothetical model were analyzed by each of the
conventional regression and piecewise linear regression. The result showed the piecewise
linear regression is useful to measure the separate responses of varieties to the defferent
ranges of environments, and reduce the risk of wrongly identification. A SAS program for
the piecewise linear regression analysis of stability was presented. This program runs on
personal computers. The procedure was illustrated through an example of maize regional
trial data in Taiwan. It is useful to agricultural researchers in application of piecewise linear
regression for stability analysis. The relationship among stability in poor environments,
stability in favorable environments and mean performance for each genotype was shown by
a three-dimensional graph. This graph provides a direct and easy method of screening
genotypes with the performance above the mean and high adaptability.

Key words : Stability, Piecewise linear regression, Nonlinear responses, Simulation
experiment, Hypothetical model, SAS program.
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