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Summary. The concept of the genetic correlation for 
one trait across environments was extended to two 
environmental factors B and C. Three additive genetic 
correlations for the same trait were defined: rG, across 
both environmental factors; rG(B), across C and within 
B; and rG(C), across B and within C. As genotype • 
environment variances increase, the genetic correlations 
across environments decrease. These three genetic cor- 
relations are biased downward in the presence of 
heterogeneity of genetic variances within environments 
when they are calculated from the usual analysis of 
variance (r~, * * rG(B~, rG(C)). Correction factors were 
derived to remove the bias. The two-way genotype by 
environment interaction variances can be biased up- 
ward or downward by the heterogeneity, but the three- 
way interaction variance is always biased upward. Cor- 
rection factors for the interaction variances were also 
derived. Four additive genetic correlations between 
two traits (X and Y) were derived: rG=, across both B 
and C; rG(B)~ and rG(C)x,, across one environmental 
factor and within the other; and rG(BC)~, within both B 
and C. These concepts were extended to genetic corre- 
lations for dominance and maternal effects. Paternal 
half-sib and factorial mating designs were used to 
obtain the various genetic correlations. An example of 
a paternal half-sib design with beef cattle was used to 
illustrate the methodology. 
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Introduction 

The concept of genotype by environment interaction 
may be stated very simply. If a particular genotype is 
superior in one environment but fails to be superior in 
a second environment, then genotype by environment 
interaction is said to be present. Falconer (1952) 
formalized this idea in terms of a genetic correlation 
by assuming that a character measured in two environ- 
ments represents two distinct traits. On this basis the 
genetic correlation between the trait measured in the 
two environments indicates whether or not genotype by 
environment interaction is present. A genetic correlation 
of very nearly one implies that genotype by environ- 
ment variance is negligible. In contrast, a genetic cor- 
relation that is less than one means that genotype by 
environment variance may be biologically important. 

The genotypex environment variance component 
can be partitioned into two parts, one associated with 
the genetic correlation and one associated with hetero- 
geneity of genetic variances measured in each environ- 
ment (Robertson 1959; Dickerson 1962; Yamada 1962; 
Eisen et al. 1963). Correcting for heterogeneity of vari- 
ances provides unbiased genetic correlations for use in 
predicting correlated response to selection in one en- 
vironment or for index selection in two or more en- 
vironments. Heterogeneity does not affect the ranking 
of individuals in the various environments. In this 
sense, the genotype • environment interaction variance 
component from the analysis of variance is biased 
upward by the heterogeneity of variances. This causes 
the genetic correlation to be biased downward when 
calculated as an intraclass correlation. Robertson 
(1959) first showed how to correct for this bias for the 
case of one environmental factor. Dickerson (1962) 
presented a detailed discussion of the application of 
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these concepts to animal breeding strategies. Other 
approaches to interpreting the importance of genotype 
x environment interactions have been given by Freeman 
(1973), Moav et al. (1975), Wright (1976) and Moll et 
al. (1978). 

One objective of the present paper is to extend the 
interpretation of genotypex enviroment interaction 
and the genetic correlation between a quantitative 
character measured at two or more levels of a single 
environmental factor to the case of two environmental 
factors, including the necessary adjustments for hetero- 
geneity of genetic variances. The first section of the 
theory develops the genetic model. Following this, we 
discuss application of the theory to a typical paternal 
half-sib experiment. While only additive direct genetic 
effects have been considered for the most part in the 
literature on genotype x environment interaction, other 
interactions may be present. Maternal genetic effects 
are known to play a significant role in growth traits of 
mammals (Cundiff 1972) and dominance effects may 
exist for fitness traits associated with life histories of 
species (Rose and Charlesworth 1981; Dingle and 
Hegmann 1982). Therefore, the third section of theory 
adapts a factorial experiment to estimate genotype x 
enviroment variances which include both maternal and 
dominance genetic effects. The fourth section develops 
a natural extension of the theory to the genetic correla- 
tion between two traits measured in the same or in 
different environments, as suggested by Krause et al. 
(1965). An example from a subset of a beef cattle 
experiment is then used to illustrate the theory. 

Theory 

Genetic model 

The model presented by Willham (1963) to account for 
direct and maternal autosomal diploid effects was ex- 
tended to include genotype • environment interactions. 
The assumptions are that individuals are sampled 
randomly from a random mating population that is in 
linkage and Hardy-Weinberg equilibrium. 

Let Pxwkl represent the phenotypic value of individ- 
ual x with dam w measured in the kth level of environ- 
mental factor B and lth level of environmental factor C. 
The model is 

Pxwkl = Ax + Dx + Am w + Dmw + Emw + Bk + CI + (AB)xk 

+ (DB)xk + (AmB)wk + (Dm B)wk + (EraB)wk 

+ (AC)x, + (DC)x, + (AmC)wl + (Dm C)w, 

+ (EmC)wl + (ABC)xkl + (DBC)xkl + (Am BC)wkl 

+ (DmBC)wkl + (Em BC)wkl + (BC)kl + Exwkl 

where Ax and Dx are additive direct and dominance 
direct effects of individual x; Am~, Draw and Emw are 

additive maternal, dominance maternal and maternal 
environmental effects of individual w; Bk and Cl are 
the kth and lth level of the respective environmental 
factors; (AB)x k . . . . .  (DmBC)wki are respective genotype 
x environment interactions; (EmB)wk . . . . .  (BC)kl are 
environment x environment interactions; and Exwkl is 
a specific environmental deviation for individual x. 
The respective causal variance (V) and covariance (C) 
components are defined as VA, VD, VAin, VD m, CAAm, 
CDDm, VE m, VB, go, gAB, VDB, VAmB, VDmB, VEmB, 
C(AB)(AmB), C(DB)(DmB), VAC, VDC, VAmC, VDmC, VEmC, 
C(AC)(AmC), C(DC)(DmC), VABC, VIbBC, VAmBC, VDmBC, 
C(ABC)(AmBC), C(DBC)(DmBC), VEmBC , VBC and V E. If we 
now choose a second individual y with dam z, the 
covariance between Pxwkl and Pyzk'r will depend on 
the magnitude of these variances and covariances in 
addition to the relationship between x and y, w and 
z, x and z, and y and w, and whether the individuals 
are measured in the same or different environments. 
The possible covariances are summarized in Table I. 
Two additional terms given in Table 1 must be defined. 
The coefficient of coancestry (rxy, rwz, rxz and ryw) is 
the probability that one gene at a locus in say x is 
identical by descent with one gene at that locus in say 
y. The coefficient Uxy is the probability that the two 
genes at a locus in x are identical by descent with the 
two genes at that locus in y, and similarly for Uwz , Uxz 
and Uyw. 

From the covariances summarized in Table I, it is 
clear that the covariance between individuals grown in 
the same environment include environment and geno- 
typexenvironment variances. On the other hand, the 
covariance between individuals reared in completely 
different environments is free of these variances. 
Cockerham (1963) and Comstock and Moll (1963) 
discussed these concepts but did not consider hetero- 
geneity of genetic variances with multiple environ- 
mental classes. 

Paternal half-sib design 

A frequent method of estimating genetic parameters in 
nonlitter-bearing species is to mate randomly a sire to 
several dams where each mating produces one off- 
spring (Becker 1975). In the present design, n progeny 
from each sire are allocated at random to each of the 
bc environmental subgroups. The assumptions are that 
the sires and dams are not inbred and are mutually 
unrelated. Relaxation of either of these assumptions 
can be incorporated into the analysis if necessary 
(Hinkelmann 1969, 1971; Van Vleck and Hudson 1981). 
The statistical model describing this design is 

Yiklq = ,u + S i + bk + cl + (sb)ik + (sc)il (bC)kl 

+ (sbC)ikl + eiklq 
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Table 1. Covariance among relatives when genotype by environment variances are present b 

77 

Cov (PxwkL Pyzk'r) 2 rxy Uxy 2 rwz Uwz 

Ct: x & y rel., k = k', 1 = 1', VA + gAB + Vmc V D + VDB + VDC VAin q'- VAin B 21- VAin C VDm -{- VDm B "{- VDm C -~- VDmBC 
--}- gAB C -1- VDB C + VAmBC 

C2:x&yrel.,k=k',14:]' VA+VAB VD+VDB VA +VA~ B VD +VDm B 

C3: x & y rel., k 4: k', 1 = 1' Vn + VAC VD -[- VDC VAin + VAin C VD -[- VDm C 

C4: x & y rel., k 4: k', 1 4: 1' V A VD VA~ VD~ 

Csto C8: x & y unrel. 0 0 0 0 

2 (rxz + ryw) Uxz + u~  6" 

CI CAAm + C(AB)(AmB) + C(AC)(AmC) CDD~ + C(DB)(DmB) + C(DC)(D.C) VE~ + VEmB + VE~C + VEmBC 
+ C(ABC)(AmBC) + C(DBC)(D~BC) 

C2 CAAm + C(AB)(A~B) CDD m + C(DB) (DraB) VEm + gEm B 

C3 CAAm + C(AC)(AmC) CDD~ + C(DC)(DmC) VEto + VEmC 

64 CAA m COD m MUm 

C 5 to C8 0 0 0 

f la  ~)a f l y a  /~a 

C1 & C5: k = k', 1 = 1' V B g c VBC g E 

C 2 • C6 :  k = k', 1 4: 1' VB Vc VBC V E 

C 3 & C7 :  k 4= k', 1 = 1' g B V C VBC V E 

C4 & Cs : k 4= k', 1 4: 1' V B V c VBC V E 

a ~ = ~ i f w = z ~ 6 = ~ i f w * z ; ~ = ~ i f k = k ~ = ~ i f k 4 = k ~ ; ~ = ~ i f ~ = ~ y = ~ i f ~ * ~ ' ; e = ~ i f x 4 : y ~ t h e r w i s e e = ~  
b Column headings are coefficients of the variances and covariances in the body of the table 

where Yiklq is an observat ion of  the trait  in indiv idual  q 
born to sire i and measured in the kth level of  environ- 
mental factor B and the lth level of  environmental  
factor C (i = 1 . . . . .  s; k = 1 . . . . .  b; 1 = 1 . . . . .  c; q = 1 . . . . .  n), 
/~ is the overall mean, si is a random sire effect, bk and 
Cl are environmental  effects, (sb)ik, (sc)il, (bC)kl and 
(sbC)ik! are respective interact ion effects and  eiklq is a 
random error term. The effects of  par t icular  interest 
are the sire effect and the three interact ion effects 
involving sires, and their  defini t ion depends  on the 
assumption regarding the environmental  factors B and 
C. If B and C are random then the respective variances 
are Vs, g s b ,  Vsc  and V s b c ;  if  B and C are fixed then the 
variances are V'~, V'sb, Vsc and V'sbr if  B is random and 
C fixed then the variances are V'~', V'sg, V~ and V'sg~; 
and if B is fixed and C random then the variances are 
V's", V'~g', V'sc' and V'~g'r In all cases eijk is N I D  with 
mean zero and variance Ve. 

The expected mean squares based on each o f  the 
four assumptions are presented in Table 2. Observa-  
tional components of  variance are obta ined  by equat-  
ing observed with expected mean squares and solving 
for the unknowns (Satter thwaite 1946). Approx ima te  
standard errors of  the variance components  can be 
found by applying the methods given by Searle (1971). 

Expected mean squares for the three mixed models  
are based on an extension of  the two-way mixed model  
given by Scheff6 (1959) and labeled Model  I by 
Hocking (1978). Hocking (1978) argued convincingly 
that definit ion of  expected mean squares should be 
based on the biological  meaning of  the assumptions  in 
the statistical model  and presented his two-way mixed 
Model II which has expected mean squares essentially 
identical to the random model. This result can be used 
to explain how Yamada  (1962) obtained the same 
estimate of  genetic correlat ion for the same trait  in 
different environments for both the mixed and random 
models. We argue, as impl ied  by Yamada  (1962), that  
the variance components with biological  meaning are 
those estimated from the random model. Thus, further  
discussion will be based on observat ional  variance 
components obtained from the random model.  To 
obtain meaningful parameters  from the mixed models,  
the following equivalences from Table 2 are used: 

- -  t t t  _ _  t i p  

g s b  c - -  Vsb  c = g s b  c - -  V s b  c , 

1 1 
g s b  = VPsb - -  - -  Vtsbc = grsg - _ _  glsgc  = V s g  , 

c c 

b 1 ,,, Vsc = V 'sc-  V'sbc = v's~ = vs~ . . . .  ~ -  vsbc,  
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Table 2. Analysis of variance and relevant expected mean squares for the paternal half-sib design with two environmental factors 

Expected mean squares 

Source df MS Random model B and C fixed 

Env. B b - l M b 
Env. C c -  1 M~ 
B x C (b - 1) (c - 1) Mbc 
Sires (S) (s - 1) M s 
SxB ( s -  1 ) (b -  1) Msb 
SxC ( s -  1) (c-  1) M~c 
S x B x C (s - 1) (b - 1) (c - 1 ) Msb c 
Error s b c(n - 1) M e 

Ve + nVsbc + n CVsb + n bVs~ + n b cVs Ve+ nbcV~ 
v.  + nV~bc + n CVsb V. + n CV~b 
V~ + n gsb c q- n b V~ V~ + n b V~c 
V e + nVsbc Ve + nV'sb c 
v.  Ve 

B random and C fixed B fixed and C random 

Env. B 
Env. C 
BxC 
Sires (S) 
SxB 
SxC 
S x B x C  
Error 

Ve + n cV~g + n b c V's' Ve + n bV~' + n b cV~" 
V e + n c V'sg V e + n V'sg c + n c V~b' 
V e + n V'~g c + n b V~ V e + n b Vg' 
V e + nV~gc Ve + n V'sg'~ 
V. V~ 

Vs = v', - ~ V'sb - l c  V',c + V'.~ 

1 
= v',' - ! v'~; = W ' -  ~ v ' ,~ .  

C 

The genetic interpretation of the observational vari- 
ance components can be derived by applying the 
covariances in Table 1 to the paternal half-sib experi- 
ment as follows: 

C 1 = V s q.- V b q- V c q- Vbc q- Vsb q- Vsc + Vsbc 

= / (V A _{._ VA B + VA c --k VABC) -+- V B -'k V c -'[- VBC , 

i (VA + VAB) + VB, C 2 = v  s - ~ - v  bq- V s b = ~ -  

I (V A q_ VAC) _}_ VC ' C3 = Vs + Vc + Vsc = 
I 

C 4 = V s = ~ VA,  

and solving for the causal components gives 

VA = 4C4 = 4Vs, 

VAB = 4(C2 -- C4 - C6) = 4Vsb, 

VAC = 4(C3 -- C4 - C7) = 4Vsc, 

V ~ c  = 4(C1 - C2 - C3 - C5 + Ca + C6 Jr- C7) -m- 4Vsbc �9 

The genetic correlation for the same trait averaged 
over both environmental classes B and C is 

r~ = VA/(VA + VAB + VAC + VABC) �9 (1) 

In contrast, the genetic correlation for the same trait 
within environmental class B averaged over C is 

r~,(m = (V A -}- VAB)/(V A -~- gAB -~- VAC -~- VABC) (2) 

and the genetic correlation within environmental  class 

C averaged over B is 

r~(o = (VA + VAC)/(VA q- gAB + VAC ~t_ VABC) . (3) 

As for the case of one environmental  factor, the 
numerators of these intraclass correlations are unbiased 
but the denominators are biased upward by hetero- 
geneity of genetic variances among the environments. It 
will now be shown that the correction for heterogeneity 
is different for the three intraclass genetic correlations. 
This will be done by comparing the intraclass correla- 
tions to the interclass correlations, which are not 
affected by heterogeneity, obtained from analyses 
among and within environments. 

Consider the four types of one-way analyses of 
variance and covariance among and within the envi- 
ronmental subclasses presented in Table 3. The co- 
variance within sires across any environmental  level 
has zero expectation since under the model the specific 
environmental errors for different individuals are un- 
correlated. It is possible by chance for the data to be 
arranged in such a manner  as to induce an apparent  
error covariance, Ce. In this case terms of the form 

Cs + 1 Ce should be used, i.e., the covariance among 
n 

sire means. Following the development of Yamada 
(1962) we wish to put the sums of squares, or equiv- 
alently the mean squares, in the random model analysis 
of variance (Table 2) in terms of the components 
defined in Table 3. For  example, the sum of squares 
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Table 3. One-way analyses of variance (ANOVA) within environmental subclasses and analyses of covariance (ANOCOVA) 
between environmental subclasses for the paternal half-sib design 

Type of analysis Source d f Sum of squares (cross products) EMS (CP) 

1 ~ Y2kL Vekl + nVskl ANOVA within B and C Sires s - 1 - -  ~ Y2kL -- 
n i ns 

Error s (n - 1) ~ Z Y2klq - L ~ yi2kl. Vekl 
i q n i 

1 ~  1 
ANOCOVA across B within Sires s - 1 Yikl. Yik'l. -- - -  Y.kl. Y.k'l. 
C (k 4= k') n i n s n Cskk,ll 

Error s (n - 1 ) 

1 1 
ANOCOVA across C within Sires s -- 1 - -  Z Yikl. Yikl'. -- - -  Y.kl. Y.kl'. n Cskkl I, 
B(1 4= 1') n i ns 

Error s (n - 1) 

Sires s -- I n Cskk,ll, 

Error s (n - 1) 

ANOCOVA across B and across C 
(k 4= k', l 4: 1') 

l Z 1 
Yikl. Yik'l'. - - -  Y.kl. Y.k'l'. 

n i a s  

due to sires is 

1 1 
SS (S) =--.--7-- }-'~ y 2 . . .  _ _  y2 .. . .  

n b c  -7 �9 n b c s  
1 

- n b c  ~ ( Y i l l ' +  Yil2' + " "  + Yikl '+ '"+Yibe')2 
1 

1 
- -  (Y.ll. + - - .  + Y.bc.) 2 
n b c s  

1 
- - - -  1~' [~k ~1 Y ? k l ' + Z  Z Y i k l Y i k l " n b c  k 14:1' 

+ Z Z Yikl. Yik'l. + Z Z Yikl. YikT.] 
k4:k' 1 k4:k' 14:1' 

1 [ ~  Z Y.2kL + Z Z Y.k,. Y.k,'. 
n b c s  1 k I . r  

+ E Z Y.k,.Y.k',.+ Z Y'~ Y.kl.Y.k','.], 
k*k' 1 k*k' 14:1' 

and by comparing this to the expressions for sums of  
squares in Table 3, it can be seen that the expectat ion 
of  mean squares due to sires is 

1 Z EMS(S) = ~ c  [ k ~ (Vekl+ nVskl) 

+ n (c - l) E E Cs~,., 
k 14:1' 

+ n ( b - 1 )  ~ ~ C~kk'~l 
k4:k' 1 

+ n ( b - 1 ) ( c - l )  k.~k, l .~l, Cskk,ll,]. 

Doing similar algebraic manipulat ions for the other 
sources of  variance of interest in Table 2 yields 

1 
E M S ( S x B )  = ' ~ c  [~k "~1 (Vekl+ nVskl) 

+ n (c - 1) Z 2 Cskkll'- Z Z n Cskk,ll 
k 14:1' k4:k' 1 

- n ( c -  1) ~'~ ~ Cskk'll'], 
k4:k'14:l' 

1 
EMS S • c )  (v=k, + nVsk,) 

+ n (b - 1) Z ~ Cskk'l,- ~'~ Z n C~kkn' 
k4:k' 1 k 14:1' 

- n ( b - 1 )  ~ ~ C~kk'lV] 
k4:k'l*l'  

and 
1 

E M S ( S x B x C ) = - ~ c [ ~ I  (Vekl+nVskl) 

- Z Z n Csk~a,'- Z Z n Cskk,ll 
k 14:1' k*k' 1 

+ Z ~'~ n Cskk,ll, ] " 
k4:k' 14:1' 

After defining 

V~ = ~ ~ V~k~/b c, 
k 1 

Csk(1) = ~ ~ Cskk'll/b C (b  - 1), 
k#k' I 

(~-~s(k)l = E Z Cskklv/b C(C -- 1) 
k 14:1' 
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and 

t~skl = ~ ~ Cskk ' l r /bc(b-  1 ) ( c -  1), 
k*k'14:l' 

it is an easy matter to show that 

Vsbc : "Vskl -- Cs(k)l -- Csk(I) + Cskl, 

Vsb = Cs (k ) l -  Cskl, 

Vsc = Csk(l) -- Cskl 

and 

Vs ~ Cskl �9 

Multiplying each of the among sire components of 
variance or covariance in Table 3 by four yields a 
function of an additive genetic or an additive genetic x 
environmental component�9 Thus the numerator of the 
genetic correlation for the same trait averaged over 
both environmental classes B and C, obtained from the 
one-way analyses, is 4Csk 1 -----CAkl = 4 V s =  VA, which is 
free of heterogeneity. The denominator of this genetic 
correlation from the one-way analyses is ~ 

k*k' 14=1' 
vVv~IVAk,v/b c ( b -  1 ) ( c - 1 ) ,  which is also unbiased 
by heterogeneity. Therefore unbiased genetic correla- 
tions derived from the one-way analyses of variance 
and covariance for the same trait are 

ro = Z Z CA..',,/Z Z V VA., V..<.,.. 
k*k' 14:1' k4:k' l:bl' 

ro(B  = E Z Z V v k,. 
k I*1' k 14=1' 

and 

rG(C)= Z Z CAkk"l / Z Z VVAk, VAk'l �9 
k4:k' I k@k' I 

( 4 a )  

(5a) 

(6a) 

The correction for heterogeneity in r~ is the dif- 
ference between the denominators of ro and r~. Thus 
the correction across levels of environments B and C 
for additive effects is 

KABC = VA + VAB + VAC + VABC -- Z Z V VAkl VAkT / 
k*k' l:~l' 

b c ( b - 1 ) ( c - 1 )  = VAkl-- ~ ~ VVAklVAkT / 
k•k' 1.1' 

1 
b c ( b -  1 ) ( c -  1 ) -  [ ( b -  1 ) ( c -  1) 

b c ( b -  1 ) ( c -  1) 

�9 E Z Z E 1/v , 
k 1 k~k' 14:1' 

1 
= b c ( b -  1 ) ( c -  1) k,k' ~ l*l' ~" ( V~/V~I - V1/V~'l')Z/2" 

Similar reasoning gives the corrections for hetero- 
geneity within B across C as 

1 
KA(B)C-- b C(C- 1) Zk ,*,'Z ( Vl/~l - V1/~r) 2/2 

and within C across B as 

1 
NAB(C) = b c(b- l) k,k,Z ( - 

Thus the intraclass genetic correlations for the same 
trait corrected for heterogeneity are 

rG = VA/[(V A -1- VAB -t- VAC n t` VABC) -- NABC] 

= VA/[VA + (V~B + V~c + V~BC)], (4b) 

rG(B) = (VA+ VAB)/[(VA + VAB+ VAC+ VAaC) -- KA (B)C] 

= (VA+ VAB)/[(VA+ VAB) + (V),c + VkBC)I (5b) 

and 

rG (O = (VA + VAC)/[(VA + VAB + VAC + VABC) -- KAB (C)] 

= (VA+ VAC)/[(VA+ VAC) + (V2B+ VkBC)], (6 b) 

which respectively are equivalent to formulas (4a), 
(5a) and (6a). As the final form of these expressions 
indicate, the correlations can be viewed as a numerator 
variance divided by the numerator variance plus vari- 
ance terms which must be corrected for heterogeneity. 
The prime on the variance components indicates that 
they have been corrected. 

Solving a system of three equations gives the cor- 
rected variance components as 

V~B = VAB -- KABC + NA(B)C, 

VAC = VAC -- NABC + NAB(C) 

and 

V~BC = VABC -- KA(B)C -- KAB(C) + KABC. 

The KABC, KA(B)C and NAB(C) are all positive, being 
variances of standard deviations. However, their rela- 
tive magnitudes are such that it is possible for the two- 
way interaction variance components to be biased 
downwards or upwards by heterogeneous variances�9 
The VABC term is always biased upwards. 

Factorial mating design 

The concepts introduced in the previous section are 
now extended to a more complex genetic design with 
two environmental classes. The factorial mating design 
was described by Comstock and Robinson (1948). Sires 
and dams are randomly chosen for mating in a factorial 
arrangement. A sample of n full-sib progeny from each 
mating are assigned randomly to each of the b c 
environmental subgroups. The statistical model is 

Yijklq ----/t + s i -~- dj + bk + Cl + (s d)ij + (s b)i k + (s c)il 

+ (d b)jk + (d C)jl + (b C)kl + (s d b)ijk + (S d c)ijl 

+(s b C)ikl + ( d b  C)jkt +(S d b c)iN + eijklq �9 
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The term dj is a random dam effect, (s d)ij is the inter- 
action of sire i with dam j and the additional terms 
involving dam effects, (d b)jk . . . . .  (s d b C)ijkl, are geno- 
type x env i ronmen t  interact ions.  All o the r  effects were  
def ined in the paternal  half-s ib  model .  

Fo r  brevity,  the expec ted  m e a n  squares  are  pres- 

ented only for the r a n d o m  mode l  and the m i x e d  m o d e l  

where both  env i ronmenta l  factors are  f ixed (Tab le  4). 

As in the previous  section, the r a n d o m  m o d e l  will be  

used as a f rame of  reference.  The  equ iva lences  o f  the 
var iance  componen t s  are 

1 
gsdbc = V~sdbc, Vsdb = g~sdb -- -- Vsdbc , 

C 
1 

_ ! t _ t r 
Vsd c -- Vsd c -- ~-- Vsdbc, Vsbc -- Vsb c , Vdbc = Vdb c , 

1 , 
Vs b = Vs b _  L V,sbc, Vd b = V~tb __ _ _  Vdbc ' 

C C 

+ 1 
- -  V ~ Vs~ = V'~c- V'sbr Vdr d~-- -b-- V~b~, 

1 i_ 1 
Vsd = V;d -- ~ V/sdb --  Vrsdc 4- C ~ C  V;dbc ' 

b - V' c 
l 1 

V s = V'  s - V'sb 4- c ~ V'~bc, 

and 

1 , 1 1 
V d = V~t - -~- Vdb -- __ V~t c 4- "7"-  V~tbc - 

C OC 

The factorial  des ign p roduces  paternal  and ma te r -  

nal half-sibs and full-sibs g rown in the  s a m e  or  dif-  

ferent  env i ronmenta l  levels o f  B and C. Us ing  the  

covar iances  in Tab le  I and omi t t i ng  i n t e rmed ia t e  steps, 
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the causal variance components are 

VA = 4 Vs, VAn 4- CAAm 4- VD m 4- VEm = Vd -- V s ,  

VD = 4 Vsd, 

VAB = 4 Vsb, VAmB 4- C(AB)(AraB) 4- VDmB 4- VEmB 

= Vdb -- Vsb, VDB = 4 Vsdb, 

VAC = 4 Vsc, VAmC 4- C(AC)(AmC) 4- VDmC 4- VEmC 

= Vdc -- V~c, VDC = 4 Vsd c , 

VABC = 4 Vsbc, VA~BC + C (ABC)(A~BC) + VD~BC + VEmBC 

= Vdb~- V~bc and VDBC = 4 Vsdbc. 

Assuming that  VE~, VD~ and all in te rac t ion  va r i ance  

components  involv ing  E m and Dm are zero, the fol low- 
ing maternal  componen t s  are def ined:  

V M = VAin 4- CAAra , VMB = VAin B 4- C(AB)(A=B) , 

VMC = VAin C 4- C(AC)(AmC) 

and 

VMB c = VAmBC 4- C(ABC)(AraBC). 

Any of  these four  componen t s  can have  a nega t ive  ex- 

pectat ion if  the covar iance  part  is nega t ive  and larger  
in absolute value  than the var iance  part. 

Addi t ive  genet ic  intraclass corre la t ions  for the s a m e  

trait  across envi ronments ,  b iased by he te rogene i ty ,  are  

obta ined  f rom formulas  (1), (2) and (3). Ana logous ly  

biased intraclass genet ic  corre la t ions  are de f ined  for  
dominance  effects as 

r~ = V D / ( V  D 4- VDB 4- VDC 4- VDBC) , (7) 

rD(B) -- (VD 4- VDB)/(VD 4- VDB 4- VDC 4- VDBC) (8) 

Table 4. Analysis of variance and relevant expected mean squares for the factorial mating design with two environmental factors 

Expected mean squares 

Source d f MS Random model B and C fixed 

Env. B b -  1 M b 
Env. C c -  1 M c 
B x C (b - 1) (c - 1) Mbc 
Sires (S) s - 1 M s 

Dams(D) d - 1  M d 

S x D (s - 1) (d - 1) Msd 
S x B  ( s -  1 ) ( b -  1) Msb 
D x  B ( d -  1 ) ( b -  1) Mdb 
S x C (s - 1) (c - 1) Msc 
D x C (d - 1) (c - 1 ) Mdc 
S x B x C  ( s -  1 ) ( b -  1 ) ( c -  1) Msb c 
D x B x C  ( d -  1 ) ( b -  1 ) ( c -  1) Mdb c 
S x D x B (s - 1) (d - 1) (b - 1) Msd b 
S x D x C  (s - l) (d - 1 )  (c - 1 )  Msd c 
S x D x B x C  (s - 1 )  (d - 1 )  (b - 1 )  (c - 1 )  Msdbc 
Error s d b c (n - 1) M e 

V e + nVsdbc + n CVsd b + n bV~dc + n dVsb c 
+ n b CVsd + n d CVsb + n d bVsc + n d b cVs 

V e + nVsdbe + n CVsd b Jr- n bVsd c + n SVdb c 
+ n b CVsd + n s CVdb + ns  bVdc + ns  b CVd 

V e + nVsdbc + n CVsd b + n bVsdc + n b CVsd 
V e + nVsdbc + n CVsd b + n dgsb c q- n d CVsb 
V e + n Vsdbc + n CVsd b + n SVdb c + n s CVdb 
V e + n Vsdbc + n d Vsbc + n b Vsd c + n d b Vsc 
Ve + nVsdbc + n bVsdc + n SVdb c + n s bVd~ 
Ve + nVsdbc + n dVsb c 
V e + nVsdbc -t- n SVdb ~ 
Ve + nVsdbc + n cVsa b 
V e q- nVsdbc -}- n bVsd c 
Ve + n Vsdbc 
ve 

Ve+nhcV~d+ndbcV~ 

Ve+nbcV~d + nsbcV~ 

Ve+nbcV~d 
Ve+ n c  V'sdb+ n d  CV~b 
Ve + ncV~ab + n s  cV~tb 
Ve+nb V'sdc+ nd b V~c 
Ve+nbV;dc+ ns bV~c 
Ve + nV~dbc + n d  V~bc 
re+  n V'sabc +nsVhb~ 
Ve+nCV~db 
Ve+nbV'sdc 
Ve + n g~dbc 
Ve 



82 E.J. Eisen and A. M. Saxton: Genotype by environment interactions 

and 

rD(C) -- (V D + VDC)/(V D -[- VDB + VDC --I- VDBC) , (9) 

and for maternal  effects as 

r~  = VM/(V M -1- VMB + VMC -t- VMBC) , (10) 

rM(m* -- (VM + VMO/(VM + VMB + VMC + VMBC) (1 1) 

and 

rM(C)* = (V M q-- VMC)/(V M q- VMB --[- VMC + VMBC) . (12) 

To develop corrections for he terogenei ty  for for- 
mulas  (7) to (12) requires extension of  Tab le  3 to the 
two-way analyses of  var iance  wi th in  env i ronm en ta l  
subclasses and analyses of  covar iance  be tween  env i ron-  
mental  subclasses for the effects of  sire, d a m  and  sire x 
dam interact ion (Table  5). De le t ing  the i n t e rmed ia t e  

steps, def ine "Vskl, Csk(l),  Cs(k)l and  Cskl a s  before and  
addi t ional ly  

Vdk I = ~ ~ Vdkl/b C, 
k I 

Cdk(l) = Z Z Cdkk'll/b C (b - 1 ) ,  
k=Ck ' 1 

Cd(k)l = Z Z Cdkkll ' / b  C (C -- 1), 
k l*l '  

Cdk l=  Z Z C d k k ' l l ' / b c ( b - -  1 ) ( C - -  1 ) ,  
k*k' 1#1' 

Vsdkl = ~ ~ Vsdkl/b C, 
k 1 

C-~sdk(l) = Z Z Csdkk'll/b C (b - 1 ) ,  
k#k' 1 

{~sd(k)l "~- Z Z Csdkkll ' / b  C (C -- 1) 
k l#l '  

and 

Csdkl = ~ ~ Csdkk'.'/b C (b - 1) (c - 1). 
k=l=k ' 1.1' 

Now parameters  in Table  4 can be def ined  in terms of  
parameters  from Tab le  5 as 

Vdbc = ~r -- Cd(k)l -- Cdk(l) + Cdkl , 

Vdb = Cd(k) l -- Cdkl, Vdc = Cdk(l ) -- Cdkl, Vd = Cdkl, 

Vsdbc = Vsdkl-  Csd(k) l -  (~sdk(l) + Csdkl, 

Vsdb = Csd(k)l -- Csdkl , Vsdc = Csdk(l) -- Csdkl 

and 

gsd ~--- Csdkl �9 

Noting  that all terms con ta in ing  the sire x d a m  
component  or sire x d a m  x e n v i r o n m e n t  componen t s  
are functions of  one- four th  of  a d o m i n a n c e  componen t ,  
we can write 4 Csdkl = CDkl = 4 Vsd = VD as the unb i -  
ased numera to r  of  the d o m i n a n c e  genet ic  corre la t ion  
for the same trait  averaged over both  env i ronmen ta l  
factors. The unb iased  d e n o m i n a t o r  is 

Z Z VVDkl VDkT/b C (b - 1)(c - 1). 
k#k' I#l' 

Therefore, d o m i n a n c e  genet ic  correla t ions  for the same 
trait  across one or two env i ronments ,  unb ia sed  by 
heterogeneity,  are 

rD = E Z CDkk ' , r /E  E VVDk, VDk'V , 
k*k' I#l' k4=k' I=M ' 

rD(B) = E E CDkkn ' /Z  E V VDkl gDk" 
k 1.1' k I#1' 

(13a)  

(14a)  

Table 5. Analyses of variance (ANOVA) within environmental subclasses and analyses of covariance (ANOCOVA) between 
environmental subclasses for the factorial design 

Type of analysis Source d f EMS (CP) 

ANOVA within B and C Sires (S) s - 1 
Dams (D) d - 1 
S x D  ( s - 1 ) ( d - l )  
Error s d (n - 1) 

ANOCOVA across B within C (k ~ k') Sires (S) s - 1 
Dams (D) d - 1 
S x D  ( s - 1 ) ( d - 1 )  
Error s d (n - 1) 

ANOCOVA across C within B (l # 1') Sires (S) s - 1 
Dams (D) d - 1 
S x D  ( s -  1 ) ( d -  l) 
Error s d (n - l) 

ANOCOVA across B and across C Sires (S) s - 1 
(k 4= k', l 4= l') Dams (D) d - 1 

S x D  ( s - 1 ) ( d -  1) 
Error s d (n - 1) 

Vek I + n Vs0kl + n d Vskl 
Vek ~ + n Vsdkl + n s Vdkl 
Vek I + n Vsdkl 
Vekl 

n Csdkk,ll + n dCskk'll 
n Csdkk,ll + n s Cdkk, ll 
n Csdkk,ll 

n Csdkkll, + n d Cskkl 1, 
n Csdkkll, + n s Cdkkl I, 
n Csdkkll, 

n Csdkk, W + n d Cskk,ll, 
n Csdkk,ll, + n s Cdkkq 1, 
n Csdkk,ll, 
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and 

ro(c) = ~ ZCDkk,It/Z s . (15a) 
k4`k' I k*k' l 

Similar reasoning leads to maternal components, 
e.g., Cdkl- Cskl = CMkl = Vd -- Vs = VM, and unbiased 
maternal correlations for the same trait across one or 
both environments are 

rM = ~'~ ~ CMkk'll'/ Z Z VVMkl VMkT, (16 a) 
k4`k' 14-I' k4`k' 14̀ 1' 

rM(B) = ~'~ ~'~ CMkkn'/~'~ ~ VVMkl VMkl ' (17a) 
k 14̀ 1' k 14`1' 

and 

rM(C) = Z Z CMkk'U/ Z L VVMkl VMk'l " (18a) 
k4`k' I k4`k' 1 

Formulas (13a) to (18a) also can be expressed in 
terms of the variance components from the factorial 
analysis of variance in Table 4: 

rD = VD/(V D + VDB + VDC + VDB C -- KDSC) , (13 b) 

rD(B) = (VD + VDB)/(VD + VDB + VDC + VDB C -- KD(B)C) , 

(14b) 

rD(C) = (VD + VDC)/(VD + VDB + VDC + VDB C -- KDB(C)) , 

(15b) 

rM = VM/(VM + VMB + VMC + VMBC -- KMBC), (16 b) 

rM(B) = (V M + VMB)/(VM + VMB + VMC + VMB C -- KM(B)C) 

and (17 b) 

rM(C) = (V M + VMC)/(V M + VMB + VMC + VMB C -- KMB(C)) 

(18b) 
where 

1 
KDBC= b c ( b - 1 ) ( c -  1) k4̀ k'Z I*I'Z ( V]/V~Dk~ - - ~ )  2/2 , 

1 
KD(B)C b c (c - 1) Zk 14 l̀'Z ( v]/r~DkI -- ~ )  2/2 , 

1 
KDB(C) b c (b - 1) k4`k' s ZI ( ~  -- VVV~Dkq)z/2' 

1 
K~mc= b c ( b - 1 ) ( c - 1 )  k4`k'Z 14=1' s ( V ] ~ M k l - - ~ ) 2 / 2  ' 

1 
KM(mC b c (c - 1) Zk 14̀1'Z ( vV~I~I -- ~ )  2/2 

Genetic correlation between two traits 

The genetic correlation between two traits X and Y is 
the correlation of breeding values for direct effects 
(Falconer 1981). Genetic correlations between traits 
averaged over environments or within environments 
were found by extending the concepts of the previous 
two sections. Analyses of variance across environments 
(Tables 2 and 4) and analyses of covariance between 
environmental subclasses (Tables 3 and 5) for the same 
trait were extended to analyses of covariance between 
two traits. The expected mean crossproducts were ob- 
tained in an identical manner. The additive genetic co- 
variance component averaged across environmental 
factors B and C is 

CA~Ay = 4 Csxs, = 4 (Csxklsyk'l' + Cs~k'l%kl)/2 

= (Cg~klAykT + CAxkTg#l)/2. 

Similarly, additive genetic x environment covariance 
terms can be defined. Using these terms and analogous 
ones, the additive genetic correlation between two 
traits averaged over both environments is 

CA~Ay 
(19a) rG~, = ~AAx gAy 

Z Z (CAxklA#T + CAxkTAykl)/2 
k4`k' 14=1' 

[(k4̀ k'Z 14̀1'Z CA~kk'll')(k~k, I4̀ I'Z CAykk'll') 1 l/2/j (19b) 

while the additive genetic correlations between two 
traits within B averaged over C, within C averaged 
over B, and with B and C are, respectively: 

rG(Bh~ = (CAxAy + CAB~ABy)/[(VA~ + VABx) (gAy "1- VABy)] 1/2 

(20a) 

Z (CA~klA~kl' + CAxkl'Aykl)/2 
k 14=1' 

= [(~k 1~1, CAxkkll,) (~k 1~1CAykkll,) ] 1/2 , (20b) 

rG(C)~ = (CA~Ay -Jr- CACxACr)/[(VA~ + VAC=) (gAy + VACr)] 1/2 

(21 a) 

Z Z (CA.klAyk'l + CA,k'lAykl)/2 
k#k' 1 

= [(k~k' ~[ CA'kk'll)(k~k' ~l CAykk'l')] 1/2 ' (21 b) 

CAxAy q-- CAB~ABy --}- CAC~AC, + CABC~ABCy 
rG(BCh" = [(VAx -{- gAB " + VAC x + VABC~ ) (VA, -Jr VABy + VACy + VABC,)] 1/2 (22 a) 

and 

KMB(C) 
1 

b c (b - 1) k*k'Z ~ ( V]/V~Mki -- vV-V-~Mk'I)2/2 �9 

Z Z CAxklAykl 
k l  

[ / z  z vA.//z z VA.)] ''2 
\k 1 / \k  1 

(22b) 
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Equations (20a) to (22b) show that genetic corre- 
lations between two traits within environments are in- 
fluenced by the magni tude of  addi t ive  genetic by 
environment covariances and variances. The genetic 
correlation between two traits averaged over environ- 
ments does not contain these effects (equations 19a 
and 19b). The genetic correlations between two traits 
are not affected by heterogeneity of  genetic variances 
because the intraclass correlations (equations 19a to 
22a) are equivalent to the interclass correlations (equa- 
tions 19b to 22b), which are defined relative to the ap- 
propriate  variances. 

The genetic correlations due to dominance  devia-  
tions and maternal deviat ions averaged across environ- 
mental classes B and C are easily der ived from the 

relationships CDxDy = 4 Csdxsdy and 

CM~My = CAmxAmy "b CAxAmy-~- CAyAm x = Cd~dr- Csxsr. 

Therefore, 

CDxDy 
rD~,-- ~ ,  (23a) 

k#k' I#1' 

and 

CMxMy (24 a) 
rM~ -- V]/~M ~ VMy 

Z Z (CMxkIMykT q- CM• 
k#k' I*l' 

[(k*t ' ,*, '  ~ ~ CMxkk"")(k*~k',*r CM'kk"")]~ ,/2 (24b) 

Dominance and maternal genetic correlations between 
two traits within environment B and(or)  C follow 
directly as analogues of  formulas (20a) to (22b). 

Numerical example 

A genotype by environment interaction study with beef cattle 
was conducted in North Carolina (Ahlschwede et al. 1969). 
Growth and body composition of yearling Hereford steers 
from different sires were studied using three fixed locations 
(B) and two fixed rations (C). The locations represented the 
Coastal plain (b0, Mountain (b2) and Piedmont (b3) regions 
of North Carolina. At each location, individuals were fed 
either a corn-soybean ration in drylot (c0 or were grazed on 
pasture (c2). Progeny from each of 18 sires were randomly 
allocated to one of the location-ration subclasses. 

A subsample of the data for final body weight and carcass 
fat content is used as an illustration of the paternal half-sib 
design. Two individuals were sampled from each sire-loca- 
tion-ration subclass to provide a balanced data set. Data were 
not adjusted for years, days on test or other environmental 
variables. Although not calculated, sampling variances of esti- 
mates are expected to be large because of the relatively small 
subsample of data. The example cannot be used to draw con- 
clusions about the magnitude of genotype by environment 
interactions, the primary aim being to illustrate the method- 
ology with actual data. 

The analyses of variance and covariance based on the 
random model (Table 2) provided estimates of observational 
components which were multiplied by four to give causal 
components of variance and covariance for additive genetic 
and additive genetic by environment interaction effects 
(Table 6). One-way analyses of covariance (Table 3) yielded 
functions of additive components of covariance between 
environmental subclasses (Table 7). 

Genetic correlations for the same trait (Table 8) were 
estimated by substituting the variance components from 
Table 6 into formulas (1) to (3). These genetic correlations are 
biased downward in absolute value by heterogeneity of 
genetic variances. Corrections for heterogeneity were found 
(Table 8) by substituting the appropriate covariances from 
Table 7 into the formulas for KABC, KA(B) C and KAB(C ). Cor- 
rected estimates of the genetic correlations were obtained 
from formulas (4a) to (6a) and (4b) to (6b); these were 
numerically identical, as expected. The unbiased genetic cor- 
relations across locations and rations (rG) and across locations 
within rations (rG(C)) were similar for final weight, and also 
for carcass fat. If these genetic correlations are real they would 
be indicative of sizeable genotype by location interactions. 

Table 6. Estimates of causal variance and covariance components for final weight and carcass fat 
content based on the analysis for the random model in the paternal half-sib design 

Trait 

Variance Final wt (X) Carcass fat (Y) Covariance X, Y 
component component 

VA 1099.67 1.0924 CAxAy -- 102.37 
V~(V),B) a 2558.14 (2321.19) 13.6788 (16.1096) CABx~, 232.24 
VAC (V),c) 551.59 (203.24) -2.9880 (0.4064) CACxACr -- 25.94 
VABc(V~Bc) - 347.69 (--444.32) 14.4576 (4.2188) CABCxABCr -- 11.43 

Mean 413.55 kg 28.33% 
V e 1617.19 14.09 

a Interaction variance components in parentheses are adjusted for heterogeneity of genetic 
variances 
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Table 7. Estimates of causal components of variance and covariance between environmental  subclasses for the paternal half-sib 
design 

Final wt(X) C A x ~ , l l , ; k , k  ' =  1 , 2 , 3 ; 1 , 1 ' =  1,2 

11 12 21 22 31 32 

11 8154.92 4573.72 6813.68 3588.24 - 843.28 - 589.72 
12 3819.52 3035.00 2717.72 182.05 390.76 
21 3953.36 3350.92 - 54.52 760.48 
22 475.03 - 378.00 883.20 
31 4147.25 3048.84 
32 2620.22 

Carcass fat(Y) CAykk'll'; k, k ' =  1 ,2 ,3 ;1 ,1 '=  1,2 

11 12 21 22 31 32 

l l  11.6244 13.4048 7.2088 20.1556 - 23.4036 
12 10.4672 12.2896 22.4488 3.9456 
21 2.4072 11.8928 3.6244 
22 41.4688 - 17.6156 
31 72.3984 
32 

X /Y  CAxklA~k'l'; k, k ' =  1 ,2 ,3 ;1 ,1 '=  1,2 

11 12 21 22 31 32 

- 22.5992 
- 4.8072 

10.3792 
- 16.4432 

19.0016 
19.0824 

11 226.93 205.78 212.53 135.55 - 296.91 - 229.14 
12 255.15 8.00 111.81 - 14.69 - 57.96 - 88.44 
21 - 64.11 - 76.45 - 44.23 - 78.46 - 63.99 - 91.49 
22 354.62 142.38 284.94 - 116.38 - 290.93 - 163.63 
31 - 325.31 - 165.47 - 325.49 - 249.97 526.29 14.69 
32 - 460.29 - 378.59 - 208.70 - 173.11 97.14 - 45.61 

Table 8. Genetic correlation estimates for the same trait and 
for different traits across and within environments 

Genetic Final wt Carcass fat (Y) Genetic X, Y 
correlation (X) correlation 

r~ (rG) a 0.28(0.51) 0.04(0.05) rGx ' -- 2.95 
r~(B)(rG(B) ) 0.95(1.07) 0.56(0.76) rG(B)x, 0.56 
r~(c) (re(c)) 0.43 (0.47) -- 0.07 (-- 0.10) ro(c)x, b 

rG(~Ch, 0.29 

Corrections for heterogeneity 

KABC 681.94 4.4136 
KA(B) c 445.74 6.8444 
K~(c)  333.58 7.8080 

a Genetic correlations in parentheses are corrected for hetero- 
geneity of genetic variances 
b Not estimable because of negative covariance component  in 
the denominator 

However the genetic correlation across rations within locations 
(rctB)) were larger for both traits. This indicates that  genotype 
• location interactions were larger than genotype x ration 
interactions as noted in Table 6. The genetic correlation be- 
tween final weight and carcass fat content, calculated from 
formulas (19a) to (22b), varied widely depending on whether  
it was calculated within or across locations and rations. 

D i s c u s s i o n  

In  the  p r e s e n t  s t u d y  we h a v e  d e r i v e d  the  gene t i c  cor-  

r e l a t i on  for  o n e  t ra i t  across  two e n v i r o n m e n t a l  fac tors  

and  across one  a n d  w i t h i n  the  o t h e r  e n v i r o n m e n t a l  

factor.  C o r r e c t i o n  fac tors  were  d e v e l o p e d  to y ie ld  

genet ic  cor re la t ions  a n d  g e n o t y p e  by  e n v i r o n m e n t  va r i -  

ance  c o m p o n e n t s  t h a t  are  u n b i a s e d  by  h e t e r o g e n e i t y  o f  

gene t ic  va r i ances  across  e n v i r o n m e n t s .  E x p e c t a t i o n s  o f  

add i t i ve  gene t ic  co r re l a t ions  b e t w e e n  two t ra i t s  across  

and  wi th in  two e n v i r o n m e n t a l  fac tors  were  d e r i v e d  a n d  

s h o w n  not  to be  b i a sed  by  h e t e r o g e n e i t y  o f  gene t i c  

var iances .  T h e  ex tens ion  o f  the  m e t h o d s  f r o m  two to 

mu l t i p l e  e n v i r o n m e n t a l  classes is s t r a i g h t f o r w a r d ,  

un l ike  the  case o f  go ing  f r o m  one  to two e n v i r o n m e n t a l  

classes. W h i l e  we h a v e  no t  c o n s i d e r e d  t he  s a m p l i n g  

var iances  o f  the  gene t i c  cor re la t ions ,  p r e v i o u s  s tud ie s  

ind ica te  t ha t  large  e x p e r i m e n t s  will b e  r e q u i r e d  to 

o b t a i n  re l i ab le  e s t ima te s  (Van  Vleck a n d  H e n d e r s o n  

1961; Kle in  et  al. 1973). 

We  have  d e f i n e d  b o t h  d o m i n a n c e  a n d  m a t e r n a l  

gene t ic  cor re la t ions  and  h a v e  s h o w n  h o w  to e s t i m a t e  

t h e m  f rom the  fac tor ia l  des ign.  A m o r e  p rac t i ca l  d e s i g n  

for  an ima l s  is the  nes ted  des ign  w h e r e  d a m s  are  n e s t e d  
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within sires. In this case, it is well known that the dam 
component is a pooled value of  the dam and sire • dam 
component of  the factorial design. In traits which are 
primari ly additive, the dam component  in the nested 
design can be used to estimate the maternal  genetic 
correlations. 

Reviews of  genotype x environment  interact ion 
studies with animals generally suggest that the inter- 
actions are not large (Chapman 1968; Warwick  1972; 
Bowman 1972; Pani and Lasley 1972). Genotype  x 
environment interactions may  be impor tant  where 
there are environmental  extremes which induce stress 
conditions. These studies fail to reveal what  can be- 
come apparent  under the dynamics of  selection. That  
is, apparent  selection for an economic product ion trait  
may involve strong selection for genotypes per forming 
well under the stress of  exposure to disease or environ- 
mental extremes such as high tempera ture  (Frisch 
1981; Gavora  et al. 1980). 

Barlow (1981) has recently reviewed the evidence 
for interaction between heterosis and environment  in 
plant and animal species and concluded that  these 
interactions are the rule rather than the exception, 
particularly in stressful environments. One possible ex- 
planation is dominance by environment interactions. 
These inferactions may more likely be present for traits 
associated with fitness. Genet ic  correlations due to 
dominance effects for the same trait  across environ- 
ments can be est imated from the factorial design. 
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