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Summary. Spaced plants of  a segregating soybean 
hybrid population in the F 6 generation were scored for 
fourteen quantitative traits related to yield, foliage de- 
velopment and growth duration. Full-sib relationships 
were used to estimate the genetic additive components 
of  variation and covariation. All genetic correlations 
between traits, as well as phenotypic and environmental 
correlations, were estimated separately. A principal 
component analysis was further performed in all three 
cases. Genetic correlations identified four different 
groups of  traits comprised of: (I) seed number  per pod; 
(II) mean seed weight; (III) dry weight and chlorophyll 
content per unit leaf area; (IV) all the other characters, 
including seed yield and total plant weight at maturity. 
Among these traits, stem diameter at ground level ap- 
peared to be a good indicator of  yield. This distribu- 
tion remained about the same for the environmental 
correlations, except that growth duration traits and 
foliage development traits became independent of  
yield. The implications of  these results are discussed in 
relation to soybean breeding for climatic adaptation. 
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Introduction 

Correlations between characters to be improved in a 
segregating plant population is a matter of  concern to 
breeders in several respects. The progress achieved for 
a given trait frequently entails an undesirable response 
in another trait. For example, Hartwig and Hinson 
(1972) demonstrated a negative association between 
seed yield and protein content in soybeans (Glycine 
m a x  Merr.), though Brim and Burton (1977) reported a 
few cases where these two parameters could be increas- 
ed simultaneously. Because yield is usually character- 
ized by low heritability, it is more advantageous to 
base selection on physiological criteria correlated with 
yield (Cooper 1976). 

In both cases the correlations involved are genetic correla- 
tions. It is important to differentiate the genetic correlations 
from the environmental correlations (Falconer 1964; Cahaner 
and Hillel 1980), although what is commonly observed is a 
combination of both. Such a distinction is still too often 
neglected, especially in studies dealing with plants. Recently, 
Gardner (1977) urged quantitative geneticists to conduct in- 
vestigations on simultaneous selection for several traits. 

The basic nature of the genetic correlations is complex: 
pleiotropy, linkage disequilibrium and change in gene fre- 
quencies upon selection may contribute (Rutledge et al. 1973). 
Measurable traits are likely to be correlated if they share at 
least a proportion of the genes that are involved in their ex- 
pression. Falconer, as early as 1952, suggested that a trait 
measured in two different environments should be considered 
not as one but as two traits associated by a genetic correlation. 

In soybeans, the heritability of  a number  of  quanti- 
tative and physiological parameters controlling yield- 
ing capacity were recently investigated (Ecochard et al. 
1979). Interesting phenotypic correlations between two 
traits in the same segregating populations were also 
assessed and discussed (Paul et al. 1979). 

The aim of  the present study was to estimate sepa- 
rately the genetic, environmental and phenotypic cor- 
relations between fourteen traits. The corresponding 
correlation matrices were analysed separately, using 
the principal components method (Seal 1964) in order 
to elucidate the mode of  association of  the fourteen 
traits. 

Full-sib rather than parent-offspring relationships 
were used as resemblance between relatives (Definitions) 
for the development of  the genetic model. All deter- 
minations were thus carried out using the same genera- 
tion under the same environmental conditions during 
the same year. This procedure provided a good control 
of the non-genetic causes of  variation. 

Materials and Methods 

1) Plant materiak The soybean population used in this study 
was kindly provided by H. Voldeng (Ottawa, Canada) under 
the code number X 514. It came from a complex hybridization 
program involving six strains belonging to maturity groups 00 
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to Ilk these strains were characterized by different growth 
types and protein contents. The broadly segregating popula- 
tion derived from this hybrid population was initiated from a 
single F1 individual, and was bred as single seed descent (Defi- 
nitions) throughout five generations before the onset of the ex- 
periments. 

2) Experimental procedure." The trial was performed in 
1979 in the INRA experimental farm at Toulouse-Auzeville in 
a deep loamy soil with unlimited water supply due to irriga- 
tion. Two replicate series of plants were established side by 
side. Each series comprised 64 individuals of the population 
X 514 so that full-sib comparisons could be made between rep- 
licates. A 50 cm distance between plants eliminated competi- 
tion effects. Each replicate contained eight plants of each of 
the following control varieties: 'Altona', 'Swift', 'Hodgson' and 
"Amsoy 71 '. 

3) Data: Eleven traits previously described elsewhere 
(Paul et aL 1979; Ecochard et al. 1979) as well as three addi- 
tional traits were characterized in this study. These traits were: 

VPD: vegetative phase duration, from emergence to be- 
ginning of seed setting, expressed as "Heat Units" (see Defini- 
tions below); TCD: total cycle duration to maturity, also in 
Heat Units; MLA: mean leaf area; TNL: total number of 
leaves; LAP: leaf area per plant (= MLA x TNL); HTP: plant 
height; NPP: number of pods per plant; SPP: number of seeds 
per pod; MWS: mean weight of seeds; TPW: total plant weight 
at maturity, before threshing; TWS: total weight of seeds 
(= yield); CAC: chlorophyll "'A" content per unit leaf area 
(determined in fully developed leaflets at the top of the fo- 
liage); SLW: specific leaf weight (oven-dry weight per unit 
leaf area in the same leaves as CAC); SDG: stem diameter at 
ground level. 

The foliar parameters were determined at the beginning 
of seed set, at the end of the vegetative phase; the foliage 
build-up was then considered to be complete. The other traits 
were measured after harvest. 

14x(14-1) 
4) Data analysis: The correlation coefficients 

2 
between traits were calculated using the model detailed below. 
A principal component analysis was then carried out for each 
correlation matrix with a C.I.I. - IRIS 80 computer. Principal 
component matrices were generated and the variances corre- 
sponding to the various components were computed. The pro- 
jection of the fourteen trait vectors into the plane defined by 
the plot of the principal components provided the diagrams of 
the various kinds of correlations. 

Definitions 

Heritability: ratio of additive genetic variance to phenotype 
variance (Falconer 1964). 

Genetic correlation: correlation calculated from the genetic 
component of covariances and variances (Falconer 1964). 

Resemblance between relatives: covariance between pairs of 
related individuals (offspring and one parent, full-sibs, etc.). 
Both genetic and environmental causes contribute to the co- 
variance of relatives. The degree of resemblance may also be ex- 
pressed by regression or correlation coefficients, dividing the 
covariance by the appropriate variances (Falconer 1964). 

Single seed descent: procedure used in self-fertilizing crops, 
such as soybeans, for advancing generations to the desired level 
of inbreeding, without selection. In the F 2 and succeeding 
generations, only one seed from each plant in the population is 
used (Brim 1966). For genetic experiments, it is of interest to 
trace individually each progeny throughout the procedure. 

Heat Unit: unit of growth based on the actual growth of 
corn and of soybean, as a function of temperature. For a given 
photoperiodism, the summation of the daily heat units is a 
more reproducible expression of the duration of a develop- 
mental phase than the mere number of days. Among the vario- 
us heat units reported in the literature, those of Brown and 
Chapman (1972) were selected: 

HU = 0.9 [Too mi,,--4.51 
+ 1.67 [Tc o max -- 10]- 0.042 (Tco max - 10] 2 . 

Model  

l Full-sib Re&tionships 

As in the present experiment there is a biallelism with 
an equal distribution of the alleles, if epistasis is 
assumed to be negligible, the covariance between two 
relatives in an inbred progeny (Chevalet and Gillois 
1977; 1978) approximates to its additive component  
throughout successive generations of inbreeding: 

COVAiAj/A[A ~ ~ 2 ~ i / i  V A  (1) 

where rpi/i is the probabili ty that i - i'. 
In the present case, these two individuals are full- 

l+f ,_~ 
sibs, then r - -  where f is the coefficient of in- 

2 
breeding. 

After six generations of selfing the covariance be- 
comes: 

COVFs = 2VA. (2) 

Equat ion (1) also represents the genotypic variance 
of the individuals in the population, if AiAj = Ai, Aj,. 

1 +fn 
Then r = - - ~  and, in the present case: 

V G = 2V A. (3) 

2 Esthnated Correlations Between Traits 

The observed phenotypic variance of a character X at 
the generation considered can be derived from Eq. (3): 

Vp~x , = 2 VA, x, + VE,• (4) 

Similarly the observed covariance between two 
traits X and Y is: 

Covp, x~, = 2 COVA~x~, + COVE,x~,. (5) 

2.1 Phenotypic Correlations 

In the experiments reported here, the phenotypic vari- 
ances and covariances of the segregating populat ion 
were estimated as the residual variances and covari- 
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ances o f  the data  in repl icates  1 and 2, n a m e l y  total  

var ia t ion or  covar ia t ion  minus  the rep l ica te  effect  wi th  

degrees o f  f r e edom = 126. Thus,  the p h e n o t y p i c  corre-  

lation be tween X and Y, af ter  s impl i f i ca t ion ,  can be 

est imated as: 

COV{x1,yo q- COV(x2.yz ) 

rp~xv' = ]/V(x,) + V(x2) ' VV(u + V(yz) 

2.2 Gene t i c  Corre la t ions  

Equat ion  (2) gives the cova r i ance  o f  ful l-sibs for a 

character  X, when the con t r ibu t ion  o f  d o m i n a n c e  can 

be neglected: 

COV(Xl, X2 ) = 2V~x ~ 

Similarly,  the covar iance  be tween  the va lue  o f  X in 

a plant and the va lue  o f  Y in its ful l -s ib  ( "c ross -covar i -  
ance",  Fa l cone r  1964), using Eq. (2), is: 

Cov(x~,y~ = 2 COVA~x~, 

and: 

COV(xz, y, ) --'~ 2 COVA,xy ) . 

The best es t imate  o f  the add i t ive  cova r i ance  be-  

tween X and Y is thus: 

1 
COVAt• = ~ -  [COV(Xl, Y2 ) -t- COV(x2,y,)] 

In the case o f  covar iances ,  the a r i t hme t i c  m e a n  

would  be prefer red  to the g e o m e t r i c  m e a n  used by 

Cahane r  and Hil/el  (1980). F r o m  the  a b o v e  equa t ions ,  

the genetic  addi t ive  cor re la t ion  b e t w e e n  X and Y can 

be est imated as: 

= -~ [Cov(x,,y~) + Cov(x~,u 

rA .... C] f~(X,X2)  . Cl/Cl/Cl/Cl/Cl/Cl/~(y1yz) 

2.3 Environmenta l  Cor re la t ions  

Envi ronmenta l  corre la t ions  are  de r ived  

phenotypic  and genet ic  corre la t ions:  

VE~x~ = VI,~• - V~x ~ 

Vl-~, , = Vp~y~- VA~v~ 

COVE~x,, = Covp~x,, - COVA~• 

Therefore:  

COVBxy~- COVA{• ~ 

rGx,. , = V ~ P , x , -  VAlxl " gYp,  v, - VA,v, 

f rom the 

The envi ronmenta l  var iances  and cova r i ances  can 

also be es t imated direct ly  f rom the control  var ie t ies .  

They are residual var iances  and covar iances ,  n a m e l y  

total var iance or  covar iance  minus  rep l ica te  effects,  

minus variety effects, minus  rep l ica te  x var ie ty  in ter-  

actions, with degrees  o f  f r e e d o m  = 56. Sub t r ac t ing  this 

envi ronmenta l  c o m p o n e n t  f rom the  obse rved  var iances  

or  covar iances  o f  the p o p u l a t i o n  X 514, p rov ides  the  

genetic  component .  Equa t ions  (2) and (3) in the i r  m o r e  

general form ( f 4  1) would  then  a l low two unknowns ,  

the addi t ive  and d o m i n a n c e  componen t s ,  to be  calcu-  

lated. Such calculat ions  led to a n u m b e r  o f  nonsens ica l  

results, such as nega t ive  var iances ,  sugges t ing  that  the 

control variet ies cons idered  are  poor ly  r ep re sen ta t ive  

o f  the range o f  segregat ing geno types  for mos t  traits. 

Nevertheless ,  the da ta  de r ived  f rom these  cont ro l  

variet ies p rov ide  an a l te rna t ive  es t imate  o f  the  env i ron-  

mental  corre la t ion be tween  two traits, i n d e p e n d e n t l y  

from the popula t ion  X 514. 
The  principal  c o m p o n e n t  analysis  car r ied  ou t  using 

the envi ronmenta l  cor re la t ion  mat r ices  co r r e spond ing  

to both plant popula t ions  leads to c o m p a r a b l e  conclu-  

sions, as substant ia ted below. 

Table 1. Correlations between different traits in segregating soybean plants. Traits coded as in the text. Top: phenotypic corre- 
lations; bottom: genetic correlations 

VPD TDC MLA TNL LAP HTP NPP SPP MWS TPW TWS CAC SLW SOG 

VPD 0.545 0.361 0.679 0.660 0.615 0.640 0.156 -0.156 0.565 0.54t -0.115 -0.443 0.450 
TCD 0.867 0.314 0.345 0.416 0.522 0.354 0.037 - 0.026 0.389 0.307 - 0.214 - 0.263 0.426 
MLA 0.524 0.560 0.286 0.737 0.356 0.354 0.258 0.085 0.501 0.418 0.016 - 0.274 0.500 
TNL 0.863 0.624 0.444 0.809 0.456 0.671 0.170 -0.125 0.565 0.582 -0.086 -0.414 0.432 
LAP 0.877 0.684 0.770 0.894 0.519 0.651 0,215 -0.019 0.675 0.628 -0.078 -0.419 0.569 
HTP 0.796 0.961 0.647 0.645 0.776 0.627 0.197 - 0.136 0.622 0.546 - 0.085 - 0.246 0.620 
NPP 0.833 0.846 0.478 0.830 0.861 0.754 0.225 -0.003 0.908 0.946 - 0.049 -0.399 0.696 
SPP 0.133 0.069 0.274 0.116 0.082 0.351 0.230 - 0.258 0.258 0.295 - 0.042 - 0.139 0.288 
MWS -0.126 0.167 0.127 -0.093 0.021 -0.138 -0.004 -0.328 0.206 0.240 -0.061 -0.078 0.165 
TPW 0.783 0.899 0.667 0.712 0.879 0.769 0.939 0.257 0.242 0.939 - 0.024 - 0.388 0.801 
TWS 0.730 0.841 0.520 0.735 0.825 0.688 0.952 0.243 0.255 0.939 - 0.055 - 0.385 0.744 
CAC - 0.221 - 0.184 - 0.036 - 0.233 - 0.155 - 0.205 - 0.258 - 0.256 - 0.100 - 0.223 - 0.304 0.263 - 0.066 
SLW - 0.710 - 0.544 - 0.540 - 0.630 - 0.689 - 0.423 - 0.698 - 0.063 - 0.139 - 0.708 - 0.691 0.400 - 0.337 
SDG 0.711 0,943 0.862 0.608 0.856 0.725 0.772 0.513 0.183 0.891 0.847 - 0.044 - 0.544 
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Fig. 1-4. 1 Principal component analysis of the Phenotypic correlations, graphically represented as described in the text�9 2 Princi- 
pal component analysis of the Genetic correlations. 3 Principal component analysis of the Environmental correlations (a). 4 Prin- 
cipal component analysis of the Environmental correlations (b) 

Results 

Correlation matrices between the fourteen characters 
in all possible combinations were tabulated in four sets 
as follows: 

(1) phenotypic correlations, as directly observed in 
the segregating population (Table 1, top); (2) genetic 
additive correlations calculated from that population as 

explained in 2.2 (Table 1, bottom); (3) environmental 
correlations (a) deduced as shown in 2.3 (Table 2, top); 
(4) environmental correlations (b) derived from intra- 
class variations and covariations of the control varieties 
(Table 2, bottom)�9 

The principal components analysis of the four dif- 
ferent correlation sets provided the contribution (%) of 
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Table 2. Correlations between different traits in space soybean plants. Traits coded as in the text. Top: environmental correlations 
(a) derived from the segregating population; bottom: environmental correlations (b) derived from the control varieties 

VPD TCD MLA TNL LAP HTP NPP SPP MWS TPW TWS CAC SLW SDG 

0.238 0 .205  0.329 0.312 0.123 0.242 0.196 -0.228 0 .098  0.110 0.010 -0.141 -0.065 
0.161 0.086 0 .195  0.003 - 0.148 0.014 - 0.126 - 0.150 - 0.207 - 0.223 - 0.076 - 0.080 

0.039 0.137 0.729 - 0.010 0.244 0.249 0.043 0.354 0.336 0.052 - 0.089 0.143 
-0.200 -0.028 0.686 0.005 0.378 0.243 -0.195 0 .321  0 .321  0.073 -0.187 0.120 
-0.157 0.308 0.733 0.006 0.323 0.272 -0.091 0.347 0.340 -0.005 -0.161 0.134 

0.368 0.062 - 0.099 - 0.047 0.308 - 0.058 - 0.130 0.220 0.225 0.137 - 0.001 0.376 
0.231 0.057 0.242 0.317 0.221 0.228 0.000 0.844 0.938 0.198 -0.058 0.520 
0.058 0.048 - 0.050 0.027 - 0.095 0.071 - 0.170 0.256 0.367 0.132 - 0.203 0.005 

-0.159 0.006 0.170 0 .121  0.094 -0.065 -0.114 0.120 0.213 -0.015 -0.001 0.126 
0.198 0 .101  0.298 0.443 0 .231  0.952 0.060 0.029 0.859 0.223 0.006 0.624 
0.189 0.058 0.239 0.329 0.327 0.925 0 .185  0.160 0.928 0.217 -0.059 0.564 

-0.072 -0.031 -0.048 -0.148 -0.075 0.014 -0.071 -0.185 -0.086 -0.114 0.162 -0.091 
0.283 -0.081 -0.099 -0.093 0.206 0.186 -0.112 -0.197 0.146 0.100 -0.045 -0.112 
0.288 0.056 0 .161  0.184 0.279 0.570 0.050 0.259 0.596 0.627 - 0.041 0.028 

VPD 
TCD - 0.030 
MLA 0.158 
TNL 0.253 
LAP 0.355 
HTP -0.175 
NPP 0.119 
SPP - 0.087 
MWS 0.047 
TPW 0.000 
TWS -0.115 
CAC - 0.048 
SLW -0.262 
SDG 0.033 

Table 3. Principal component analysis of the correlation matrices: contribution (%) of the first four 
components to the total variance 

Comp. 1 Comp. 2 Comp. 3 Comp. 4 

(1) Phenotypic correlations 46.50% 10.11% 8.96% 7.23% 
(2) Genetic correlations 61.56% 10.43 % 8.55 % 8.01% 
(3) Environmental correlations (a) 29.40% 15.44 % 9.45 % 9.22 % 
(4) Environmental correlations (b) 27.66% 15.96% 9.08% 8.56% 

the first four components  to the total variance,  as listed 
in Table 3. 

Figures 1 to 4 illustrate the pr incipal  component  
analysis of  the various types of  correlations: the plot  of  
principal component  1 versus pr incipal  component  2 
corresponds to the projection of  the trait  vectors into 
the plane thus defined, plane (1 : 2). 

Because the distr ibut ions of  da tum points in planes 
(1 : 3), (I : 4), and (2 : 3) are nearly the same as in plane 
(1 : 2), the discussion below concerns only the (1 : 2) 
projection. 

D i s c u s s i o n  

The diagrams of  the phenotypic,  genetic and environ- 
mental correlations (Figs. 1 - 4 )  show a d is t r ibut ion  o f  
traits into 4 groups: yield and related traits (I); chloro-  
phyll content and specific leaf  weight (II); number  of  
seeds per pod (III); and the mean weight per  seed (IV). 

These results show that the seed yield is closely 
related to a number  of  characters,  including those of  
NPP, TPW, SDG,  etc. The contr ibut ion of  the seeds to 
the total dry matter  synthesized was close to fifty 
percent in the experiments  repor ted here, the same as 
in those mentioned previously (Ecochard et al. 1979). 
These results also corroborate  the f inding that seed 

yield markedly depends on the number  of  pods per  
plant (Kaw and Menon 1972). Interestingly, whereas 
the mean weight of  the seeds is negatively associated 
with their number  per pod, the product  of  these two 
traits, SPP x MWS, is independent  from the number  o f  
pods per plant, genetically as well as environmental ly .  
Therefore, the search for a higher  number  of  heavier  
pods might thus lead to an increase in yield. Also, the 
diameter  of  the stem at ground level in spaced plants is 
a good predictor of  yield. This trait  can be measured  
very easily prior  to harvesting. Unexpectedly ,  the 
chlorophyll "A" content per  unit leaf  area is negat ively 
correlated with yield, genetically as well as environ- 
mentally. Although it is only a component  of  the total 
leaf chlorophyll,  the CAC x LAP product  can provide  
some information on the ass imila t ion capaci ty  at the 
plant level. 

Yield has been shown to be posi t ively corre la ted 
with the total leaf  area in spaced plants (Paul et al. 
1979). But in the presence of  interplant  compet i t ion  for 
light, as in a normal crop density planting,  physiologi-  
cal l imitations will prevent a s imultaneous increase in 
foliage development  and ass imila t ion rate per  unit leaf  
area. An association between chlorophyll  content and 
specific leaf weight can also be observed: CO2-ex- 
change rate is known to be related to the former  (But- 
tery and Buzzell 1977), as well to the lat ter  trait  (Dorn-  
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hoff and Shibles 1976). Finally, the stem diameter  and 
the number of  pods per plant are closely correlated 
with the seed weight and the total plant weight. This 
could be a consequence of  the anatomical  features of  
the plant: more pods can be formed, and more  dry 
matter can be synthesized when larger or more numer-  
ous vascular bundles are present. 

In the environmental  correlations traits which were 
highly correlated with yield in the phenotypic  and 
genetic analysis appear  to be markedly less associated 
with yield. These characters include plant height, total 
cycle duration, vegetative phase duration, as well as 
foliar parameters (Tables 1,2). 

In spaced plants, these structural characteristics, al- 
though they are partly determined by the same genes 
as yield capacity, undergo different influences from the 
environment. These influences are not the same in the 
segregating population X514 as among the varieties 
chosen as a standard. For example,  leaf development  is 
acting on seed weight in one case, and on the number  
of seeds in the other case. This may explain why the 
control varieties could not be used directly for develop- 
ing the genetic model (i.e. they were not representa- 
tive). Leaf development might have a beneficial effect 
on the weight of seeds per pod (i. e. SPP x MWS). This 
point deserves further physiological investigation. 

Environmentally as well as genetically the total leaf 
area is positively correlated with each of its compo-  
nents, namely the number  of  leaves and their average 
area. As already mentioned elsewhere (Paul et al. 
1979), the former component  prevails. 

Furthermore, in spaced plants as well as in normal  
density planting (Paul et al. 1979; Ecochard et al. 
1979), the foliage area markedly depends on the dura- 
tion of the vegetative phase. This dependency is the 
result of genetical rather than environmental  factors 
(Tables I and 2). 

The genetic and phenotypic correlations investigat- 
ed above are not basically different. Because the in- 
fluence of the environment was purposely minimized 
by the experimental procedure selected, the genetic 
correlations are adequately accounted for by the 
phenotypic correlations observed in the segregating 
population. Perhaps the situation would have been dif- 
ferent had some agronomic parameter  such as popula-  
tion density or water supply been included. The nature 
of correlations found between traits is not always clear, 
especially when different growth conditions and variet- 
ies are involved. A partitioning of covariances as well 
as of  variances before calculating correlations is the 
most reliable approach. Using this method,  interesting 
genotype x environment interactions can be brought  
out. 

With respect to the genetic model,  the fact that the 
selfed progeny analysed were derived from a single F I 

plant substantiates the assumption of a biallelism with 
an equal distribution of the alleles. Furthermore,  epis- 
tasis and dominance were assumed to be negligible. 
More general models have been developed to account 
for the former (Gallais 1970), as well as for the latter 
(Chevalet and Gillois 1977, 1978). After six generation 
of selfing, the dominance component  has decreased 
dramatically. However, for sampling reasons, an un- 
selected segregating population derived from hybrid- 
ization is then an attractive alternative to a varietal 
assortment. 

In conclusion, an evaluation of the genetic correla- 
tions, restricted to their additive component  when 
necessary, is a prerequisite allowing the matters raised 
in the introduction to be met. Genet ic  correlations, 
together with heritabilities, allow the prediction of the 
favourable or unfavourable response of a trait to the 
selection of another trait. Productivity can thus be 
improved by applying selection to some morphological  
or physiological criteria. 

Also, when the selection conditions, e.g. spaced 
plants, or plants grown in a growth chamber ,  are 
remote from the field conditions where its effects will be 
finally assessed, the expression of a given trait in two 
different environmental situations is to be considered 
as two different traits related by a genetic correlation 
(Falconer 1964). 
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