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Introduction

It is well known that the performance d genotypes re-
lative to each other can vary according to the environment,
so that genotypes which are superior in one environment
may not be correspondingly superior elsewhere. This phe-
nomenon has been formulated in the concept o genotype-
environment interaction.

In breeding programmes one needs to ascertain the mag-
nitude and the pattern o interactions, to alow genetic
gain prediction as an aid to decision making. During re-
cent years numerous papers have appeared on genotype-
environment interactions, and many o these papers have
been concerned with the statistical characterisation o the
interactive behaviour of genotypes (e.g., Finray and WiLkin-
soN, 1963; Perkins and Jinks, 1968 a, b; Breesg, 1969; Free-
man and Perxins, 1971; EperHart and RusseLL, 1966; Free-
MaN, 1973; Peperson, 1974; see SheLsourne, 1972). It is well,
though, to examine the circumstances underlying this
emphasis. Much o the work was with crop plants which
were annual or, if perennnial, had to be harvested annual -
ly, so that the growth and yield in any one season must be
considered in its own right. At each location the weather
and cultural treatment in any year effectively produce a
unique environment, and introduce an important element
d random variation among environments. Moreover, with
the crops concerned there were often only a few more or
less stabilised cultivars to be considered.

With forest tree breeding the situation is very different,
and here it is contended that main attention should para-
doxically be given to the role of environments rather than
of genotypes in generating interactions. To some extent
this principle is already implicit in the practice of regio-
nalising tree breeding Programmes, but it is worth taking a
closer look at the basis for the principle. Forest environ-
ments are largely permanent features, since we can do
little to change climate, topography, or many o the soil
properties. The effects of year-to-year climatic fluctuations
tend to be averaged out over the rotation, a factor which
largely removes one element d variation in the crop en-
vironment. Even if initial survival is poor in one year the
effects are damped down by the fact that one year’s plant-
ing is not nonnally a discrete crop with respect to felling
plans. Genotypes, by contrast, are not permanent features
in that new ones can be created the whole time, and we
will eventually need to consider and screen large numbers
d them. Rather than test all these genotypes over a com-

prehensive range of environments, it would be much easier
to evaluate each genotype on just afew environmentswhich
are already characterised so as to permit satisfactory ex-
trapolation d performanceto the remaining environments.

It is debatable whether the emphasis in tree breeding
should be on producing genotypes suitable for specific
environments, on one hand, or genotypes suited to a wide
range d environments, on the other. Yet both these con-
trasting approaches demand the characterisation o envi-
ronments with respect to interaction. With the former, one
needs to delirnit appropriate groups o environments, and
to identify which particular environments within groups
give best resolution o genetic differences. With the latter
approach one needs to recognise a few environments which,
singly or in conjunction, provide effective screening for
genotypes which are widely adapted. In any case one will
generally need to evaluate the expected genetic gains from
the various possible options.

I will first examine the traditional use d anaysis o
variance in studying interactions to illustrate its defi-
ciencies both in a purely statistical sense and in character-
ising the role d environments. | will then introduce the
alternative concept, genetic correlation between environ-
ments, and cover its estimation, some applications, and
somed itsstatistical properties. This analytical approachis
primarily suitable for cases such as exotic speciesin which
there is no obvious framework o geographic adaptation
within the genetic raw material.

Analysis d variance incorporating environments

In analysis of variance involving environments as a main
effect, hereafter denoted conventional analysis o variance,
there is often an immediate problem relating to whether
environments represent a fixed or random effect. Consider,
for example, a genetic experiment, with a random genetic
groups (e.g., half-sib families, full-sib families, clones, or
even provenances or species), replicated on e environments,
with full randomisation o n individuals per group within
each environment. Theformal analysisd varianceis shown
in Table 1. Further discussion will illustrate the case d
genetic groups representing half-sib families. | will aso
assume that gene effects represent additivity plus domi-
nance, so that ¢*c: (total genetic variance) = o2 (additive
genetic variance) T o2, (dominance genetic variance). Hence
o2, estimates /is°a.

Table 1. — Example of formal analysis of variance with environments as a main effect

Source 4.t Expected mean Squares
C
Genetic groups (G) (a—1) oy T (1 —3) nop T neo?,
Environments (E) (c—1) o2, + no%p T nao’y
GXE @a—1 (-1 6%, T no’,p
Individuals within GE subclasses  (n—1) a¢ o’y

168

Silvae Genetica 26, 5-6 (1977)



The coefficient C represents the total number of environ-
ments present. Assuming random sampling of environ-
ments, and that C is infinite so that 1-¢/C = 1, environments
represent a random effect. At the other extreme, with ¢ = C
so that 1-¢/C = 0 environments represent a fixed effect.
The implications of the magnitude of C in the estimation
of 0%, are obvious.

In practice the fixed effect situation is often approached.
Environments can often represent more or less discrete
physiographic entities, geochemical formations, or climatic
regions, for example. A limited number of discrete environ-
ments may also result from a discontinuous distribution of
forests. Moreover, it is normally impracticable to include
more than a very limited number of environments in a
genetic experiment with forest trees, and a common practice
is to plant on sites which are believed to he representative
of particular categories of environments. Hence C is typical-
ly finite without really being determinate.

For the overall analysis of variance to be strictly valid
the residual variation should be reasonably homogeneous
among environments. This is often far from the case (e.g.,
Burpon, 1975), even with transformation of data. Another
feature of this analysis is that differences between en-
vironments in the degree of expression of genetic variation
will generate statistical interaction even if there is no
tendency for group ranking to differ between sites (RoserT-
soN, 1959, p. 478). Variation in expression of genetic dif-
ferences at different environments may or may not be a
scalar effect but, if scalar, it can only be fully overcome as
such if the residual variation shows similar scalar rela-
tionships. Henceforth I will use the term true interactions
for the component of statistical interaction which tends to
alter the ranking of genotypes among environments. Only
the true interactions represent any basis for dividing en-
vironments into entities for separate breeding programmes.

Regarding the role of environments in generating inter-
actions, Wricke (1962) (see MorcensterN and TEeicH, 1969)
developed a procedure for calculating the contribution to
the interaction sum of squares of each environment (or, for
that matter, of any genetic group), its main use being in
identifying particular environments which are anomalous.
The principle of orthogonal contrasts can be applied to
partitioning the interaction sum of squares so as to identify
groups of environments between which the major interac-
tions occur, a refinement of this approach being the use of
distance coefficients combined with cluster analysis (Asou-
eL-Frrroun et al., 1969). But since these methods all belong
within the framework of conventional analysis of variance
they share its limitations.

Expected genetic gains, if environments represent a fully
random effect, appear to be independent of the extent to
which interactions are “true” or not. In this situation the
expected genetic gain (AG) from phenotypic selection of
individuals is given by:

o2 a*A
AG = ioph? = i =i — 1)
op Vol + oPgp + 0%

where: 02, = micro-environmental variance
o®gg = total genotype-environment interaction vari-
ance
= 0%, (additive genetic X environment inter-
action variance) + o%y (genetic dominance X
environment interaction variance)
o%p = total phenotypic variance
h2 = heritability
i = intensity of selection in standard deviations.

The expected gain from selecting parents on the basis of
half-sib progeny test performances (assuming the same
genetic parameters as above) is given by:

2*io%, 2i/40%
AG = = = = = (2)
og V(%i02, + %o, p/e + o2, /nc)
where:
02§ = variance of means of groups (half-sib families) =
0% + o%,/n

‘a’g/a2§= heritability (or repeatability) of group means =
Yas® 51 025
o, = Yo% + o’ t 0%,

As the fixed effect situation is approached however, the
prediction of genetic gain from conventional analysis of
variance can be subject to bias, particularly if the expres-
sion of genetic differences varies between environments.
For example, in selecting parents on the basis of progeny
test performance with environments as a truly fixed effect,
an unbiased gain prediction will be given by:

2i0%,

G=—r——rr——"— 3
V62g + (nglz’n) ( )
c

only if n varies between environments according to the
representation of each environment in the forest estate.

Genetic correlation

Historical Background

Working with a forest tree species, Burbon (Burbon and
Low, 1973; BurpoN, 1975, 1976; see SHELBOURNE, 1972) has
used simple correlations between clonal means at pairs of
sites for roughly evaluating the extent of clone-site inter-
actions and the roles of individual environments. Asou-EL-
Firroun et al. (1969) had used the same procedure in a study
of alternative methods of delimiting testing regions for
cotton cultivars. However, Farconer (1952, 1961) who work-
ed with mice, had earlier propounded the concept of genetic
correlation between environments in connection with de-
fining an environment which gave optimal screening of ge-
notypes; this was based on regarding the performance in
two different environments as two distinct traits.

Genetic correlations have generally been estimated when
both traits have been measured on the same individuals.
Correlations obtained thus will be designated Type A gene-
tic correlations. Where the two traits are measured on dif-
ferent individuals within genetic groups, a special case be-
ing genetic correlation between environments, the corre-
lations will be designated Type B genetic correlations.

RosertsoN (1959) developed some statistical aspects of the
Type B genetic correlation, using the framework of con-
ventional analysis of variance, i.e.,, handling the different
“traits” as a main effect. Dickerson (1962) and Yamapa (1962)
have pursued the development further. Yamapa showed
how the Type B genetic correlation could be derived both
from conventional analysis of variance and from using sep-
arate analysis of variance within each environment. Ya-
maDA also showed how, in conventional analysis of vari-
ance, an adjustment could be made for differences between
environments in the expression of genetic variation, in or-
der to obtain unbiased estimates of genetic correlations.
Notably, the value of a Type B genetic correlation is in-
dependent of whether environments represent a fixed or a

* The coefficients of 2, which will recur later, relates to the fact
that the select parents would be intermated, instead of being
mated with the base population in producing the families.
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random effect. Yamapa did not, however, cover conventional
analysis of variance with block replicates within environ-
ments, or with more than two environments at once with
residual variance differing between environments.

Application of Type B genetic correlations (see e.g.,
ScHEINBERG, 1973) appears to have been mainly in animal
breeding work. Recently, however, Tar (1974) has noted
that the Type B genetic correlation is applicable to the
problems arising with a clonally propagated crop, potatoes,
where successive generations of multiplication show differ-
ing experimental errors and differing expressions of geno-
typic variation.

Calculation of Genetic Correlation

This will be confined to separate analyses of variance
for each environment, which for most purposes is more
general, more flexible, and often simpler to compute than
a single analysis of variance covering all environments. The
estimation of genetic parameters within environments is
not considered here.

The genetic correlation between environments x and y
(ry__)is of the form
Xy
rgxy = Covgxy /((xgx- agy) 4)
where: Covgxy = covariance for groups between the trait
as it is expressed at environments x and y
respectively
and a2gy are variances between groups at en-
X
vironments x and y respectively.
If the groups are half-sib families, Covgxy = 1/4C0vAxy and

2
Og'

r, =T
°xXy Axy

tive genetic covariance and correlation between the envi-
ronments. Cov,__ is estimated directly as the mean cross-
xy

, Covy xyand I'Axybeing respectively the addi-

product between environments of group means, and the es-
timation is independent of experimental layout parameters
in the respective environments. This precedure is analogous
to using the mean cross-products of progeny means on pa-
rental values for estimating o2s. The only expected source
of bias in estimating Covgxywill be the carryover of non-

genetic effects common to members of a group, which arise
prior to planting in different environments.
An alternative formulation of rgxy is:
<y / (hgx' hEy) (5)
= correlation between group means at x and y
— — 2. — i
agx o gy ), where ¢’ 2x and o2gy are vari
ances of group means at x and y respectively.
thx and hzéy are heritabilities of group means at

r, =T
fxy

where: ry,

= CovgXy /(

x and y respectively (cf. Equation 2).

Relating to conventional analysis of variance, if o%; = 0?5

8x gy
then (cf. YamADA, 1962, Formula 22)
rgxy = 2,/(0%y + 0%p)

and Cova = o2z
Xy

For illustration I will use results kindly provided by WiL-
cox. These are from a 5-year-old progeny planting (assum-
ing 0%, = Y o?,) with 40 progenies, planted in 10-tree plots
in five randomised complete blocks at each of three sites.
For Sites 1 and 2 the data could be analysed, with only mi-
nor approximations, as for a fully balanced classification.
At Site 3, however, 25 % of trees were missing, and the im-
balance led to these data being analysed separately. Best
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estimates of progeny means there were obtained by ad-
justing the means for replicate effects using a least-squares
procedure, but it was necessary to ignore interaction (or
plot) effects. Variances at Site 3 were estimated by Hender-
son’s Method I. Sites varied in the amount of experimental
error, and traits varied in heritability and the amount of
genotype-site interaction. Estimates of relevant within-
site parameters are shown in Table 2.

Table 2. — Estimates of genetic parameters within progeny test
sites (units immaterial), from WiLcox et al. (1974)

X Site
Trait ' 5

o~
Height M 3.5%80 74969 501128
>
g= 5,553 9.n208" 8.64367
I e
ne (=0,/03) 0.6339 0.7956 0.3601%
e ~
3
% "G,
h (m e—fi— ) 0.2523 0.1191 0.2025
L) 3
G +T +d°,
B ar W
3
Straightness a 0.2133 0.2607 0.0686
~
3 o] el 2
75 0.32382 0.57705 0.29358
~ o~ ~
> 3,
15 (=55/5%) 0.6587 0.601% 0.233577
~
S
A kN
h” (5 o) 0.2616 0.2893 0.0662
S S S
T +0° G,
s ar w
>
Wood density g 81,3057 67.0243 83.4902
~
b 1 1 2
o 91.6364 79,0664 110.8674%
[5
-~ A
APt P -
n (=02/03) 0.8873 0.8477 0.7551°
~
Y
“ WG
W (= ) 0.7716 0.5833 0.3990
> % >
T~ +9° 447,
& ar w
2 . - . .
G2 = replicates x progenies interaction (or plots) variance

egr

2 2
G”/ = within-plots variance =O'w

w
102 =62 442 2
g =9g *Tge/10 v T, /50

o o
"0‘2 = variance of unweighted family means adjusted for replicates ignoring

interaction
3 Because of -, not an cxact solution

For the example the estimates of genetic correlations be-
tween sites (Eqution 4 or 5) are shown in Table 3, together
with estimates of correlations between the progeny means.
Wood density shows genetic correlations between environ-
ments in the region of unity (sampling errors can lead to
estimates exceeding this value). In comparison, conven-
tional analysis of variance showed significant interaction
(Flg9 312 = 1.74, P = 0.006) between Sites 1 and 2, but this

/N

was very small (é\zg,E = 0.002 6%,). Hence, with density as the
criterion for selection, all sites would fall into a single
breeding or seed collection zone. For height and straight-
ness the estimates of genetic correlations are appreciably
less than unity, and insofar as these departures are not
attributable to sampling error they reflect true interactions.
Conventional analysis of variance showed important pro-
geny-site interactions for these traits over Sites 1 and 2.
For straightness the relatively low genetic correlations be-
tween Site 3 and the others suggest that Site 3 would belong
in a separate breeding zone if straightness was the main
criterion for selection.



Table 3. — Estimates of convariances and correlations between
environments for different traits

Parameter Trait Site pair
1/2 1/3 2/3
Cov Height 3.7385 1.9204 4,0501
ey
Straightness 0.19846 0.06857 0.04688
Vood density 74,0056 92.1113 80.0787
r\'v Height 0,51068%%% 0.2771 XS 0, hh8gx*
Straightness 0.5680%%% 0,2222 NS 0.1407 NS
Wood density 0,8604%%% 0.9138%%% 0.8552%%%
T, (=¥ ) Heignt 0.725 0,578 0.838
xy Xy
Straightness 0,842 0,507 0.351
Wood density 1.002 1.118 1.070
NS = P>0.05; ** = P<0,01; ** = P<0.001

Genetic Gain Prediction

The following paragraphs illustrate some of the uses of
genetic correlation for deriving gain expectations under
alternative procedures.

Gain (AGy.,) at environment y from selecting pheno-
typically in environment x can be predicted from the for-
mula for correlated response to selection (cf. FALCONER,
1961).

AGy .

where: 02Py

=ih ,h r 0% =1ih,oa T
x 'y Axy Py X Ay Axy (6)

= phenotypic variance at environment y

h2, = heritability at environment x.
Where selection of parents is done on the basis of a half-
sib progeny test, h?, and h?, will represent heritabilities
of progeny means (h"’gx and h2§y) and 02Py will represent

the variance of progeny means (02§y). For reasons given

The conditions for indirect selection to be efficient are self-
evident, but they are treated quantitatively by Searce (1965).

Applying Equation 6, Table 4 shows the matrices of ex-
pected gains per unit i for selecting and planting in dif-
ferent combinations of sites. With selecting and planting
at the same site x =y and r; = 1, so the simplification of
the formula is self-evident. For height and straightness
greatest gains are expected when screening is done at the
planting sites, and selections at Site 3 appear to be very
unsuitable for planting elsewhere. Yet despite the poor
genetic correlation with these sites Site 3 has given only
marginally, if at all, the best screening of parents for plant-
ing locally, because of the poor resolution of progeny dif-
ferences. For wood density, however, expected gains are
marginally greatest from screening at Site 1, irrespective
of the planting site, because of the better resolution of
genetic differences at Site 1. The general pattern appears to
hold for selecting parents on the basis of progeny perform-
ance or for phenotypic selection in the field.

One can readily compare the practical value of different
environments for screening, by computing the expected
gains if each individual environment was used for all
screening. The weighted average genetic gain (AG;) from
screening on the basis of half-sib progeny tests at the jth
environment is given by:

k k jk

where: q, denotes the proportion of the total planting to be

done at the kth planting environment, etc.

In the example it is reasonable to assume q, = q, = 0.45,
q; = 0.1. The gains predicted by using each site for all
screening are shown in Table 5. This underlines how Site 3
has been generally unsuitable for progeny testing for height
and straightness because not only are heritabilities of
progeny means lower there, but also it shows poor genetic

Table 5. — Predicted average genetic gains, per unit intensity of
selection, from screening on progeny performance entirely at single

earlier o2 _in Equation 6 must be multiplied by 2 in this sites
case. . Site
The efficiency (AGy . /AG, . ;) of phenotypic selection at Trait 1 2 3
site x for planting at environment y relative to both select-
ing at and planting at y, with the same intensity of selec- Height 295 3.5 2.0
tion at the two sites (i.e., i, = i,) is given by (cf. FaLcONER, Straightness 0.676  0.688  0.217
1961, 19.7). Wood density 16.3 15.9 15.0
AGy . y/AGy .y =ra  hy/hy )
Table 4. — Predicted genetic gains, per unit intensity of selection, from all combinations of screening
and planting sites
A, Sclection of seed parents on progeny performance B. Phenotypic mass selection
Trait Planting site
Selection site Selection site
1 2 3 1 2 3
Height 1 5.01 2.4 1.31 1.80  1.83  0.98
2 3.17 h.88 2,76 1.99  3.67 2,07
3 1.63 2,64 2,18 1.02 1.37 1.59
Straightness 1 0.75 0.65 0,25 0.48 0.2 0.14
2 0.70 0.85 0.17 0.4%  0.55  0.10
b1 0.2% 0.15 0.25 0.15  0.10  0.14
Wood density 1 17.0 16.6 15.6 15.8  13.8  11.4
{Assuming - 1) 2 15.4 15.1 14,2 144 12,5 10.3
3 17.2 16.8 15.6 16.1 14,0 11.5
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correlations with the important planting sites. A good site
for screening must also allow the wherewithal for a suf-
ficient intensity of selection; in phenotypic selection this
would demand adequate trees to select from. Heritability
would probably be critical more in phenotypic selection,
since the heritability of group means in a genetic experi-
ment can be increased by enlarging families.

Correlation and Regression
So far, both the inter-relationships between environments
and gain expectations have been considered in terms of
genetic correlation, but, of course, regression analysis is
also applicable. Both Cov,_ /0%, and Cov, /oﬂg for in-
Xy X Xy X

stance, represent linear regressions. Hence, in selecting
parents on the basis of half-sib progeny performance at
environment x the expected response at environment y
can be written:

AG = 2ibcr§x 9)

b= Covgxy /625

yex

where: I

Valid regression estimates do not depend on the sample
of genotypes being random, and the greater the within-
sample variation the more efficient the regression estimate
should be. Genetic correlation estimates tend to be biased
with non-random genetic samples, but this should not be
important in comparing genetic correlations among dif-
ferent pairs of environments.

Irrespective of whether regression or correlation analysis
is used, the presence of curvilinearity can be important
(Fig. 1). Environment y would give better resolution of the
very best genotypes than environment x, even though it
may not give better resolution of all genotypic differences.
For practical screening, environment y would normally be
preferable.

It is a matter of convention whether a curvilinear com-
ponent of the sort represented in Fig. 1 is regarded as re-
presenting true interaction.

Sampling Errors and Significance Tests

Sampling errors of genetic correldtions are notoriously
difficult to specify, even approximately. The “standard er-
ror” of an estimate of a genetic correlation is strictly valid

only when the correlation is normally distributed, a situa-
tion which is unlikely to be approached unless the ex-
perimental population is very large. Hence estimates of
standard errors must be interpreted with caution, although
they indicate the comparative reliability of different esti-
mates of genetic correlations.

Formulae for standard errors of Type B genetic correla-
tions have been derived by Rosertson (1959) for what cor-
responds to a half-sib progeny test, fully randomised
within environments, but these formulae apply to two
special cases which represent, in effect,

(i) same heritability for both traits and perfect genetic

correlation;

(ii)* same heritability for both traits.

However, RosertsoN’s formulae could readily be applied to
a comparable clonal experiment, for instance. It is clear
from RoserTsoN’s paper, and from the work on Type A
genetic correlations (e.g., TaLus, 1959; Mope and ROBINSON,
1959; Hammonp and Nicuoras, 1972), that any more general-
ised formulations would be very cumbersome, for what they
would be worth. Overall, it appears that the direct study
of standard errors is unrewarding.

Some other approaches to sampling errors with Type B
genetic correlations are simpler and appear to be at least
as informative, although further statistical development is
needed.

The test for whether there is a correlation at all, that is
against the null hypothesis that r, = 0, is provided simply
by the significance of the regression (or correlation) of
group means at one environment on means at the other.

A more relevant test would generally be for departures
from perfect genetic correlation (null hypothesis, r, = 1),
in other words for true interactions. One approach to this,
although not a direct solution, is testing for lack of fit in
the regression (be it linear or curvilinear) of group means
at one environment (y) on means at the other (x). It will
be necessary to allow for the fact that both variables are
subject to measurement error (sampling error), although
estimates for these errors will be available.

Where the regression (or correlation) is linear and posi-
tive, a suggested test is as follows (cf. Freunp, 1971):

Source Dfii::i:f Expected mean square F
() Lack of fit a —2 o, + o (1)/(i)
(ii) Residual sampling error N o2 ,y

£

PERFORMANCE AT ENVIRONMENT (y)

PERFORMANCE AT ENVIRONMENT (x)

Fig. 1. — Hypothetical case of curvilinear relationship between
group means at two environments

* The formula as published (p. 479) is actually incorrect. The
numerator of the second term of the right-hand side should read
2r’g (1-t)* (A. RoOBERTSON, pers. comm.).
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where lack of fit m.s. = error m.s. after fitting regression
of group means

0%, = variance deriving from true departures from the
regression
6%, = component of the variance of group means for the

“dependent” (y) variable which derives purely from
sampling errors in the group means at both envi-
ronments

N = (conservatively) denominator degrees of freedom in
test of group differences at x or y, whichever num-
ber is smaller. The value, however, would normal-
ly be large.

A formula for Uzs’y can be derived (solution — L.A. An-

drew) from Formula 6.17.1 of Snepecor and CocHraN (1967)
after substituting (o2YY—o2E,y) for o%y. The formula is:

2 02? x
%% (10)

_—— (2, — 2y 2y
y @ — o, ) (®yr—0?y: . x) + 0%,



where o2y, = variance of group means at environment x

= og,)
oy = variance of group means at environment y
(=d3)
gy
G2‘x = sampling variance of group means at x
= 2— — 2
(=o ex O gx)
aﬂx = sampling variance of group means at y
= 42— 2
=0 —_—0

o?ys . x» = m.s. of departures from regression of group
means (= ozg (a—1)/(a—2))

the other r2s = 0.5. Figure 2 can be compared with Fig. 1
of Rosertson (1959) which shows the sampling variance of
the Type B genetic correlation for different family sizes
under the same general conditions. Optimal progeny sizes
(reflected in minimum o,/b) are similar to those for esti-
mating the correlations, but the precision of regression esti-
mates is reduced less by sub-optimal progeny size than is
the precision of correlation estimates. In practice this means
that gain predictions appear to be less affected by families
being too small than is the detection of true interactions.

Extension to the Multi-Trait Situation
So far only single metric traits have been considered.

2— 42
Hence 6257 P ‘ Bx ° Ex o253 .2 ( 2 (a -1 + (02_ o2 ) 11
2 E— gy gy 1-r —" 2) gy - gy (11

ng

The power of this test will vary according to which of two
environments is designated x and which y. What is really
being tested is whether screening at x for merit at y is
subject to significant error, and the significance of such
error will depend inter alia on the significance of group
differences at the designated y.

A measure as distinct from a test of the lack of fit would
be the ratio °2L/‘°2gy’ which appears to be essentially in-

dependent of which of two environments is designated x or
y.

Table 6. — Tests for lack of fit in regressions of progeny means at
another, and estimates of the degree of lack of fit

Site poir

rras
frait 1/2 2/1 1/5 /1 2/3 3/
Fin 156 leight 17709 DULRIER 0.005Re 1,415 1,561% 1,194
Straightness  1.456  1,400%  0.510086 1,050 3.563%%% - 1,308
Yood densily  1.015 1,012 0,430 0,430  0.707 0.751
2, o )
‘L/ag, Height 0.513 0.772 0.370
T Straightness 0.551 0,801 1.01

Wood density 0.0035 <0 <0

* P<0.05; ¥ P<0.01; X P <0,00

Table 6 shows results of the above test and estimates of
o2L/02gyfor the example given. For wood density the re-

sults of the tests merit comment. The F ratios of > 1 for
Sites 1 and 2 are not actually consistent with r, <1, but
the discrepancy is small and is readily attributed to minor
approximations in the original analyses. For Sites 2 and 3
the F ratios are significantly (P < 0.01) less than unity,
indicating that r, exceeds unity by more than sampling
error. However, this is not considered important, because Ty
is not much greater than unity, while estimation procedures
for Site 3 were only approximate. In one case 62L/62gy> 1,

even though 1/'; > 0. This reflects F <1 for the regression
mean square versus the mean square for departures from
the regression.

A different approach again is to estimate the standard
error (o,) of the regression (b) of group means at one en-
vironment on means at another. A linear regression is sym-
metrically distributed and its standard error is easily esti-
mated. A useful measure of precision is b/g;, (= Student’s t).

The expected precision of estimating regressions, in re-
lation to progeny size, is shown in Fig. 2 for two special
cases. Both assume half-sib families, h? = 0.2 at both envi-
ronments, and a total of 2000 fully randomised individuals
at each environment, but in one case r?, = 1 is assumed, in

Yet the genetic correlation approach could be extended to
the multi-trait situation by using a selection index which
combines several traits into a single composite trait. This
is because it is possible to formulate a heritability for the
index rating, either at the level of individuals or of group
means (CunniNGHAM, 1972), although it is likely that only
with group means will the estimate of the “heritability”
be high enough to give reliable estimates of the correla-
tion or expected gains at other sites.

03
r2=1
o2
= \ 12 = 05
oo
b
0-1 =
1 1 1 1 J
20 40 60 80 100
NO. OF INDIVIDUALS PER PROGENY
Fig. 2. — Expected precision of estimating regressions of half-sib

family means at one environment on corresponding means at

another environment, for differing family sizes (h? = 0.2 at both

environments, u’P the same at both, 2000 individuals per environ-
ment).

A problem does arise in deciding what index should be
applied. Within each environment a somewhat different
index would be optimal, although the construction of one
index using information from all environments should not
depend on conventional analysis of variance. An empirical
approach is suggested, trying several alternative indices. It
may be appropriate to compare gain from selection in any
one environment using the locally optimal index with gain
from selecting in other environments using indices which
are optimal at the latter (cf. Singu and BeLmany, 1972).

Complex Mating Designs

Where complex mating designs (e.g., North Carolina II,
diallel, half diallel, partial diallel) are used to study the
interaction of non-additive as well as additive gene ef-
fects with environment, the situation is more complicated,
yet the principles still appear to apply. The correlations
and regressions between environments can be calculated
for both the full-sib family means and the half-sib family
(array) means, although the computation of repeatability
for the latter would be more elaborate. Any general dif-
ferences in correlations or regressions between full-sib
and half-sib means would mean that non-additive gene ef-
fects interact with environments in a different way from
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additive effects. Alternatively, one could estimate the spe-
cific combining ability (s.c.a.) effect for each cross, together
with the repeatability at each site of such effects; this would
permit the estimation of s.c.a. correlations between environ-
ments in a manner analogous to that for the estimation of
genetic correlations.

With complex mating designs the conventional analysis
of variance would probably remain the method of choice
for evaluating interactions of s.c.a. with environment. Yet
the genetic correlation approach appears feasible if the
data rendered the overall analysis of variance unsatis-
factory.

Further Applications

Here the Type B genetic correlation has been applied
specifically to where the same trait is expressed in dif-
ferent environments, but the potential application is much
wider. It can clearly be used when one trait is measured
in one environment and another trait in a different envi-
ronment. Even within a single environment it may not be
practicable to measure the same groups of individuals for
each trait; for instance, if one trait must be assessed de-
structively on young trees while the other trait must be
measured on older trees. The Type B genetic correlation
has been applied with animals largely because certain pairs
of traits are necessarily expressed in different sexes and
therefore in different individuals. Where vegetative prop-
agation is practised over several cycles the clonal correla-
tion (of Type B) between repropagation cycles will provide
a check on whether repropagation affects the long-term
validity of initial selection. Still other applications doubt-
less exist.

Advantages of the genetic correlation concept

The concept of genetic correlation between environments
has major advantages in research strategy. It is readily
directed at the question of the role of environments in
generating interactions. As such it can be applied not only
in defining the regions or site categories which warrant
separate breeding programmes, but also in defining which
sites within a particular grouping are optimal for pheno-
typic selection or progeny testing. For predicting genetic
gains it can be more satisfactory than conventional esti-
mates of genotype-environment interaction variance. It also
avoids certain problems posed by the question of whether
environments conform to a fixed or random effect.

In the actual analysis of data there can be some im-
portant advantages. Differences between sites in the amount
of experimental error present no problems in correlation
analysis, although they could bias analysis of variance in-
volving all sites. With correlation analysis it is only neces-
sary to conduct analysis of variance with one site at a time,
which can be an important advantage with very large and
cumbersome experiments. The more complex an experi-
mental design the more troublesome any imbalance of
classification tends to be, so this problem should alsc be
mitigated by analysing sites singly. Where traits have been
scored or measured on different bases at different sites,
the genetic correlation is an attractive method of linking
the information. Provided the same genetic groups are
represented there are no problems in linking information
from different sites where the layout parameters are total-
ly different, yet with conventional analysis of variance
this could be extremely difficult, if not impossible.

This last factor has a very important corollary. When a
genetic experiment is planted at several sites there is no
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need to use the same sort of layout at all sites. Sites can
differ in the pattern and texture of microsite variation so
that widely differing layouts can be appropriate, depending
on the site. One can lay the experiment out according to
the requirements at each site rather than having to com-
promise.

Even where conventional analysis of variance can be used
to detect interactions, genetic correlation analysis could be
a very useful followup for detailed interpretation.

In favourable circumstances the conventional analysis of
variance and estimation of genotype interaction variance
will be the simplest approach, particularly with complex
mating designs. But the situation is often far from ideal,
so it appears overall that genetic correlation is the more
powerful and flexible concept.
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Summary

Variation in the relative performance of genotypes ac-
cording to environment has been traditionally formulated as
genotype-environment interaction, which has normally
been studied quantitatively in analysis of variance with
environments as a main effect.

As a statistical concept, however, genotype-environment
interaction variance can have important disadvantages. Its
application depends largely on the overall analysis of vari-
ance being valid and readily carried out, two conditions
which do not always apply. It also has other limitations for
characterising the role of different environments in in-
fluencing phenotypes.

For forest tree breeding, it is contended that primary
attention should normally be given to the role of environ-
ments rather than of individual genotypes in generating
interactions. This has a bearing on the appropriate method
of analysis.

An alternative concept for dealing with such interaction
derives from regarding performance in each environment
as a distinct trait: the relative performance of genotypes
for growth rate, for instance, at two different environments
can be expressed as a genetic correlation between their
growth rates at the two environments. Such genetic cor-
relations are easily calculated, and their estimation, some
of their statistical properties, and their applications are
presented. Genotype-environment interactions of the type
which could alter rankings of genotypes among environ-
ments are reflected in departures from perfect genetic cor-
relation.

Genetic correlations can be used in various situations
where analysis of variance involving environments is un-
satisfactory, and remove certain constraints in experi-
mental layout. They have advantages in characterising en-
vironments, and in predicting genetic gains as a basis for
decision making, which can help not only in regionalising
breeding programmes, but in deciding which particular
environments give the most efficient screening of geno-
types. The approach is especially useful in the absence of
any obvious framework of geographic adaptation, as could
be the case with exotic species. Overall, genetic correlation
between environments represents a powerful and flexible
statistical concept.

Key words: Genotype-environment interaction, genetic correlation,
gain prediction, progeny testing, regional breeding
programmes.

Zusammenfassung
Als Alternative zur herkémmlichen Schitzung von Geno-
typ X Umwelt — Interaktionen mittels Varianzanalyse wird
ein Konzept vorgestellt, bei dem die relative Merkmals-



priagung von Genotypen unter verschiedenen Umweltein-
fliissen als genetische Korrelation aufgefa3t wird. Im Ver-
gleich zur varianzanalytischen Methode bietet dieses Kon-
zept viele Vorteile: Es ist leichter anwendbar, erfordert
weniger Voraussetzungen und ist vielseitiger verwendbar.
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