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Abstract

Various methods are available to estimate the interactions between geno-
type and environmental effects. However, the parameters of stability estimated
from these methods frequently fail to evaluate the quadratic responses between
genotypes and environments adequately. In the present study, two estimation
methods were developed for the stability of quantitative characters of a po-
pulation when the response presented in quadratic form under different
environments; (1) mean value of curvature of the curve and (2) Hamiltonian
of the quadratic equation. To demonstrate these two estimated methods,
two lines of Arabidopsis thaliana and their hybrids F, and Fp were used for
analysis. :

Introduction

Various methods are available to estimate the interaction between genotypic
and environmental effects. Finlay and Wilkinson (1963) using barley varietal
traits and measuring the yields on a logarithmic scale, computed a linear
regression coefficient of mean individual yield on the mean yield for each site
and each season. The regression coefficient was then used as a measurement
of the phenotypic stability of a variety. Eberhart and Russell (1966) developed
another method for measuring the stability of populations growing from single
and three-way crosses in maize, also based on the regression technique. The
method was calculated on environmental index for each environmental factor
used for a series of trials as the mean of all varieties at one environment
minus the grand mean of all environments of the trials. Eberhart and Russell
(1966) have pointed out that both regression coefficient and deviation from

.regression of a variety on the environmental indices should be considered as
parameters for measuring the stability of a variety. The regression method
of stability analysis was then applied for plant variety testings (Baker, 1969;
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Breese, 1969; Johnson et al., 1968; Walton, 1968; and others), and for material
sciences (Mandel ef al.,.1969; 1971) elsewhere.

Several modified joint regression analyses were also developed by Perkins
and Jinks (1968), Tai (1971), Hardwick (1972) and Hardwick et al. (1972). Those
methods were successfﬁlly applied to assess the stability of a variety to the
environment, as well as that of wvariety trials to genetical background for
many organisms. But Fripp (1972) -has pointed out that any bias introduced
by the use of environmental indices (non-independent environmental measure)
makes differences either to- the ranking of ‘the genotypes according to the
magnitﬁde of their linear regression coefficients or to the proportion of the
genotype-environmental variation accounted. for by the heterogeneity of these
regressions when compared with the results of analyses of regression against
various independent but biological measures. Bucio Alains etal. (1969) have
been used an independent assessment of the environment and linear regressions
account for all the significant genotype-envirenmental interactions. The regre-
ssion functions provide reliable predictions over both environments and genera-
tions, Okuﬁo et al (1971) and Perkms (1972) has apphed principle components
analysis:to study the genotype-environmental interaction -components of varia-
tions and explained their relationship to the analyses of linear regression,
against a non-independent environmental measure, and the deviation from linear
regression.

However, the parameters of stability of a variety estimated from these
methods frequently fail to evaluate the non-linear responses between genotypes
and environments adequately. In the present study, two methods were there-
fore; develbped to measure the stability parameter of quantitative character
of a population when the response presented in quadratic form under different
environments.

Statistical Method

Two methods were used to estimate the parameter of stability of a
‘population, when the response of the population represented in quadratic form
to an independent environmental measurement.

Assume that the response of a populatmn performance to-various environ-
ments presented in quadrat1c form;

W,‘=aT?+bT;+C ................................. R k. . ( 1 )

~ where W; is an observed value of a population grown at the ith environment
{i=1,2,.00m), T is an independent ith env1ronmenta1 measure, a, b-and ¢ are
the coefficients of ‘the equation which can be estimated from the experimental
data. .
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Method I The curvature of the equation (1) will be represented as a
measure of the parameter of stability. Because, if the curvature approaches
to 0, it is shown that the curve line is nearly presented to linear, and the
response of a population to the various environments is becoming stable. If
the curvature approaches to oo, the response is becoming unstable. The cur-
vature is the reciprocal of the curvatural radius of a curve function, and the
curvatural radius is;

(1+Wrz)er [1—!—(%)2]3/2

s = BW T e (2)
ar:
where;
aw _
W [ (3)
e =2a
dar:

so the curvatural radius becomes;

273/2 |
p=[ “““gj”” e (4)

hence, the curvature is;

_1_J [1+(2aT+0)* ]2
o7t= o

-1

therefore, the stability parameter will be estimated from this equation. But
the value of p~* is changeable according to the value of the environmental
measure T, therefore, the simple mean value of p~' is used for measuring the
parameter of stability of a curve function, i.e., o

Method IT Assume equations (3) represented the dynamic system of the
equation (1) for a population growth performance, p is the growth rate of
this population to the environmental changes, and H(W, p) is the relationship
between W and p, then;

OH _9H dW , 0H dp

5:7:—5W‘*d7+’5§— 77:* ...................................... (6)

if H is constant for different environmental measure 7, then;

o _ dw

op = dT
.................................................. (7)

_O0H _ dp

oW = dT

in this condition, the value of H(W, p) is a Hamiltonian of equation (1), and
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can be interpreted as the total energy of this system in the state (W, p), and
the constancy of H along trajectories is an expression of the conservation of
energy for the system.

14 dp _ aTW
Because W=p, and 7?1%:7’_7‘”2':2“’ so that;
0H dW _
op = dT P ,
GH ap L [ (8)
oW =T = 2@

hence, the solution of equations (8) are;
2
H=L )

H=—2aW+¢'(p)

then the Hamiltonian function of this system will be expressed as;

pz
H(W, p):-—Z-—ZaW ............................................. (10)

According to this equation, we know that if [p|—0, then the H value should
be decreased, where p is a change rate of the response to the various environ-
ments. When |p|->0, the response rate is small and also stable to the environ-
mental measures. So when H value approximate to 0, this population is stable
to the environmental change. On the other hand, when [p|->co, the value of
H should be increased, and the response of this population will become unstable.
Hence, we may calculate the H value of each population to environmental
changes, and discover the stability of the-population even if the group size of
population is variable.

The parameters of H and a of the equation (10) will be estimated by the
following two methods.

Method IIa Assume that;

21 AW
vl () (11)

p=2a

than the equation (10) may be transformed to;

hence, the value of‘)Y and W may be obtained from the observed values of T
and W [see equation (23)], and ¢ is an experimental error, so the equation (12)
presents linear regression model, where H and » are the unknown parameters,
but can be estimated from the least square method, i.e.;



July, 1973 Wu—Methods of Estimating Plant Stability 155

7= nIYW—(IY)(ZW)

nzwz—(zW)z
[2 ][ZW]
Z[nZ'WZ TR oot (13)
and BT e (14)
H=Y—qW
= L[ () -t caow)
{[2 - ][jzv;z_gjw)f) 2W:][ZW]} ............... (15)

) The Variance of iand H can be obtained by the method of maximum
likelihood, i.e.;

N 622W2 1 _“(ZW)
VU = st = (e =Lyt as s Swe J° oo ..(16)
- 1 .. 2 .
V(a):V(*é-'ﬂ B 4 W—ZWFETZTW] ........................... (17)
where the residual mean square ¢° is;
“2_*_,% _ Y)Y [ (nZYW—-IYIW)*
7= [EYE n J nEWi— (SWH* "]}
dW 2?2
L (x() L2(Er) T
T 4(n—2) ar 7
() w222y e ]
ST (ST | (18)
so the significant test of H=0 and =0 can be obtained by -test;
~  H—H
tH)= B e et e 19
V'V(H) 19)
Ha)= /"I;Eg) .................................................. (20)

If the calculated #-value is larger than that of the theoretical with the
degree of freedom, df=n—2, at significant level 5% or 1%, it may be concluded
that the estimated value of H or ¢ is significantly different from the value
of zero.

Method IIb The another method for estimating the stability parameter of
H will simply be obtained after substitute the value of W of equation (1) and
the value of p of equation (3) applied to the equation (10), hence;
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2 —2aW

—12—*(2aT+b)2—2a(aT2+bT+c)
1
2

So, if the coefficients of the equation (1) were obtained, these coefficients
can be used to estimate H value from equation (21). This H value will be
estimated constant, because the values a, b, and ¢ are estimated constant. The
interpretation of the relationship between H value and response stability is the
same as the aforementioned section (Method II).

A Numerical Example

To demonstrate the aforementioned theoretical work, two lines of Arabido-
psis thaliana (A and B) and their hybrids F; and F, were planted at six
different temperatures; 16°, 19°, 22°, 25°, 28°, 31°C, respectively. The dry weight
of the plant was measured on a logarithmic scale, and the data were used to
study the stability of the populations. (Griffing et al., 1963)

The quadratic form was used for fitting the relationship between the mean
value of a populations’ performance in each environment and the independent
environmental measurement (temperature). The coefficients of the theoretical
quadratic equation, @, b, and ¢ were calculated from the data. The results are
shown in the figure 1 and table 1.

X
wt
16
0.8
wid(A) = =5.9978 + 0.6478T - 0.0142T° '\
w“(n) = =5.1461 + 0,5865T = 0.01331° “A
W, (Fy) = ~2.8945 + 0.3561T = 0.00731 B
wia(” = =l 421 + 0.4955T = 0.01061°

% W 22, 25 25 3 ewp.
°c)
Fig. 1. Temperature response of four populations of Arabidopsis thaliana

The linear regression model of Finlay and Wilkinson’s method (1963) was
also used for studying the stability of these populations. The results are
shown in figure 2 and table 1.
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Fig. 2. Linear regression of four populations

The estimated value of curvature (p~) of each population was obtained
by equation (5) using the coefficients of quadratic equation, but simple mean
value of the curvature (p;!) over all of independent environmental measure
of the population was used for comparing the stabilities.

The H value estimation by equation (12) was obtained by the use of
simplicity method as described in the follows, disregarding equations (13) and
(15). Because;

Y i H i € v vt e s (22)
where
oL s 1 dWiNe 1 (Wi =Wy
Yt"" 2 17,-—— 2 (dT;) - 2 ( Ti+1_T—-]_-) ..................... (23)
so, if we analyse the linear regression between W; and 1 (Ml) 2, then
2\ Ti41—Tiy

we can simply obtain the estimated value of H; and Zz;,(:—%—%). Therefore,

the value of V(I?f,) and V(&L) by equations (16) and (17) can be calculated,
and the significance test also can be obtained by equations (19) and (20). In
this case, the degree of freedom of the error is #n'—2=n—4. '

The another He value estimation by equation (21) can be obtained if the
coefficients, @, b, and ¢ of quadratic equation have been known. The calculated
results of these estimating methods are summarized in the table 1.

From the results of table 1, we find that the performance of a population
at each environment against various independent environmental measure (T)
is significantly presented in the quadratic form (Method IIb), and it can be
fitted by the quadratic regression (Fig. 1). The additional linear regression
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Table 1. Estimated value of the parameter of stability (b, 5;,1, Hy, and Hp)
and the vesults of its significant test

Population A B F, Fs

Linear regression model

-~

b 1.28 127 0.56 0.88
v(b) 0.0060 0.0771 0.0400 0.0137
b)) 4.6096%* 16.5523%* 2.8005%* 7.5161%%
Method I
pt 0.0275 0.0258 0.0144 0.0208
Method IIa
i, 0.0468 0.0408 0.0093 0.0294
V() 0.000278 0.000116 .0.000002 0.000232
#F) 2.8077 3.7881% 2.0461 -1.9299
ar -0.0175 -0.0160 -0.0029 -0.0107
Viaz) 0.000057 0.000026 0.000003 0.000042
#Har) -2.3221 -3.1325% -1.6295 <1.6481

Method IIb

a 20,0142 -0.0133 -0.0073 ~0.0106
b 0.6478 0.5865 0.3561 0.4955
¢ -5.9978 -5.1461 -2.8945 -4.4421
Hy 0.0395 0.0351 0.0211 0.0286

F-value (linear) 0.4103%s 1575158 0.4488VS 0.0006%S

F-value (quadratic) 32.7725%* 30.9109** 58.6646%* 41.8576%*

* and **; significant level at 5% and 124, respectively.

analysis also provided the linear relationship between population and environ-
ment, and the regression coefficient can be used for measuring the parameter
of stability. But as Hardchk et al. (1972) pointed out, that a bias arise because
the assumption has to be made in linear regression analysis of which the
independent variable is measured without an error. In this example, the
independent variable is measured with an error (non-independent environmental
index), therefore, the estimated value of the stability parameter accounted by
this method, cannot present the unbias estimator for measuring the stability
of a population’s performance. But we can use this parameter to compare
with the other estimating methods described above (Methods I and II).

From the results of table 1, we find that the parameter of stability of
each population estimated from these four methods, has an identical tendency
among four populations (A, B, F; and F,), and has a good agreement among
each other (Table 2). Therefore, the estimator by the two methods; Methods
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I and II, can also measure independently the stability of a population’s per-
formance. These two methods could have a small error and can be avoided
from bias in the linear regression method, \

Table 2. Correlation of the stability parameter for four populations
between various estimated methods

Method IIa Method Ilb Linear Reg. Method
- Method I 0.9976%* 0.9924** 0.9914%*
Method Ila 0.9897** 0.9810%*
Method IIb 0.9770%*

**: gignificant level at 125.

From the analytical results of this numerical example, we found that the
stability of F, and F,; hybrid populations is more stable than that of their two
parental populations, and the F, hybrid is most stable than the parents and F,.
(Fig. 1, 2 and Table 1), The cause may be due to the heterosis of hybrids
from different genetical backgrounds (Griffing et al., 1963).
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