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Summary. A selection index for two traits has been constructed which allows partial restriction for one of the 
traits. The index is used in a situation where correlated response to selection in one sex is compenstated for by 
selection for other traits in the opposite sex. A numerical example is given. 
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I n t r o d u c t i o n  

The t h e o r y  of s e l e c t i o n  i n d e x e s  f o r  o p t i m u m  g e n e t i c  

c h a n g e  in  s e v e r a l  t r a i t s  i s  we l l  d e v e l o p e d .  B a s e d  on  

l i n e a r  r e g r e s s i o n  i t  i n c l u d e s  r e s t r i c t i o n  i n d e x e s  w h e r e  

g e n e t i c  c h a n g e  f o r  one  o r  m o r e  t r a i t s  i s  h e l d  to  z e r o  

w h i l e  g a i n s  in  o t h e r s  a r e  m a x i m i z e d  ( K e m p t h o r n e  and  

N o r d s k o g  1 9 5 9 ) .  M o r e  r e c e n t l y  T a l l i s  ( 1 9 6 2 )  h a s  g i v e n  

an explicit solution for indexes which allow partial res- 

triction in genetic change in some traits, proportional 

to their expected gains under unrestricted index selec- 

tion. Tallis ' formulation of the problem, while amen- 

able to solution by linear algebra, permits an assess- 

ment of expected gains only after the index coefficients 

have been derived thus making it necessary to use trial 

and error if fixed absolute values for the restricted 

gains are to be attained. Thus, if fixed non-zero res- 

trictions on gain are to be used for some traits, linear 

solutions to the problem cannot be found and numerical 

methods as outlined by Cunningham et al. (1970) must 

be employed. 

In the present paper we consider a case of a pre- 

determined partial restriction with an index based on 

two traits for which an explicit solution can be found. 

The problem area is in a breeding project involving a 

White Leghorn flock selected for large egg size over 

I0 generations (Hilfiker 1970). It was then intended 

to begin selection for reduced body weight while holding 

egg size at its high level of improvement. For economy 

of space and feed it was decided to apply mass selec- 

tion for low body weight in males at high intensity and 

at an early age, followed by selection of females on 

egg weight and age at first egg. Because selection of 

small males would result in a predictable loss of egg 

weight, compensatory selection for high egg weight was 

to be applied in females so as to keep the total response 

in that trait near zero while at the same time reducing 

age at first egg and without direct selection on body 

weight of hens. Formally this approach can be consider- 

ed a case of tandem selection applied to the separate 

sexes with adjustment in selection intensities and index 

procedures to maximize genetic gains at low breeding 

costs. 

T h e o r y  

We shall consider an index applied to females, which 

results in fixed genetic change in egg weight (X2) so 

as to exactly compensate for genetic change in that 

trait due to selection on body weight (X4) of males. 

At the same time genetic change in age at first egg 

(XI) is to be effected. The index itself is based only 

on two traits: age at first egg (XI) and egg weight 

(X2) , with selection intensities for males (Tm) as 

well as ~females (Tf) fixed in advance by the breeding 

structure of the flocks. 

We thus have the index: 

I = b l X  1 + b 2 X 2 ,  

0040-5752/78/0051/0277/$1.00 



278 Theor .  Appl .  Genet .  51 (1978) 

with the condition that the expected 

5G 2 = 0 

and minimum AG1, that is, maximum decrease. 

Designating the genetic and phenotypic variances 

of trait X i as Gii and Pii' respectively, and covari- 

ances between traits as Gij and Pij' then using the 

familiar predictions of genetic change from selection 

based on linear regression we have expected genetic 

changes in females due to selection of males: 

T m G4i 

hGim = 2 pV~44 
(1) 

Furthermore the expected genetic changes for females 

on the above index are after setting b I = - I arbitrari- 

ly (thus assuming an intended reductiong in X1) 

Tf (-G11+b2G12) 
for age at first egg: hGlf =~- ~I (2) 

~f (-GI2+b2G22) 
for  egg weight :  hG2f =~-- P ~ I  

2 
where  the index v a r i a n c e  PI = P l l  - 2b2P12 + b2P22" 

We now i m p o s e  the r e s t r i c t i o n  for  egg weight c o m -  

pensa t ion  : 

hG2f + hG2m = 0 

giving Tf(-G12+b2G22) + [mG24 = 0. (3) 

Squar ing  equat ion (3)  and r e a r r a n g i n g  we have 

~2 2 
lmG24 2 
- -  (P 11-2b2P 12+b2P22)- 

P44 
-2 2 2 2 

. -(G12-2b2G12G22§ = 0.  if 

This is a quadratic equation of the form: 

2 
(MPII-FGI2)- 2b2(MPI2-FGI2G22) + 

2 2 
b 2 ( M P 2 2 - F G 2 2 )  = O, (4) 

~2 2 
lmG24 ~2 

where  M - - ~  and F = i f .  
P44 

AG 1 

/ 
~G z 

Fig. 1. Genetic gain in age at first egg (AG~) and egg 
weight (AG2) f r o m  s e l e c t i o n  in f e m a l e s  for  v a r i a b l e  
index coef f ic ien t  b2. C o r r e l a t e d  r e s p o n s e  in egg weight 
(with r e v e r s e d  s ign)  to s e l e c t i o n  for  body weight in 
m a l e s  i s  r e p r e s e n t e d  by v e r t i c a l  l ine  

This equat ion has  two r e a l  so lu t ions  for  b 2 of which 

the pos i t i ve  one is  d e s i r e d  in this  c a s e  p rov ided  that 

f ema le  s e l e c t i o n  ( I f )  i s  s t rong  enough to a l low c o m -  

pensa t ion  for  s e l ec t i on  in m a l e s .  This obvious ly  i m -  

a l im i t i ng  r e l a t i o n  between If and Tin, which is  poses  

obtained by letting the argument of the root in the so- 

lution of equation (4) equal zero. This occurs when 

2 2 
T2m (G12P22+Gz2P 11-2P 12G12G22) P44 

2 2 - 
~ =  (P  11P22-P 12)G24 

(5) 

It  should be noted that  the above  index so lu t ion  of equa-  

t ion (4)  r e q u i r e s  the d e t e r m i n a t i o n  of only the b 2 v a l -  

ue and i s  c o m p l e t e l y  d e t e r m i n e d  by the i mposed  r e s -  

t r i c t i o n .  This point  a s  well  a s  the non l inea r  na tu re  of 

the solution can be demonstrated graphically by plot- 

ting expected gene t ic  gain  for age at first egg (AGIf) 

against that for egg weight (AG2f) from the selection 

of females with variable index coefficient b 2. The re- 

sulting curve is a section of an ellipse for a bivariate 

n o r m a l  d i s t r i bu t i on  of X I and X 2 ( Moav and Hil l  1966).  

The d imens ion  and o r i en t a t i on  depend on the gene t ic  

and phenotypic  p a r a m e t e r s  of the two t r a i t s  a s  well  a s  

the s e l e c t i o n  in tens i ty  (Tf) .  The gene t ic  ga ins  for  the 

d e s i r e d  index a r e  then loca ted  at  the i n t e r s e c t i o n  of 

the s t r a i g h t  l ine  hG2f = - aG2m with the c u r v e ,  as  

shown in F i g .  1. With s t rong  s e l e c t i o n  in m a l e s  and 
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Table 1. Gene t ic  and phenotypic p a r a m e t e r s  fo r  age  at  f i r s t  egg ,  egg 
weight  and body weight in a f lock of ch i ckens .  Genet ic  v a r i a n c e s  and c o -  
v a r i a n c e s  a r e  in the upper  r igh t  half  of the table  and phenotypic v a r i a n c e s  
and c o v a r i a n c e s  in the lower  lef t  

X 1 X 2 X 3 X 4 
Age at f i r s t  Egg  weight Body weight as t  20 Body weight 
egg (days)  ( g r a m s )  weeks (kg) f e m a l e s  ma le s  (kg 

X 1 76.8 16.6 0.102 0.122 
256.0 

X 2 40.0 I0.0 0.184 0.196 
25.0 

X 3 0 .240  0 .375 0 .0135 0 .0216 
0.0225 

X 4 - - 0 .024 
0.040 

r e q u i r e d  compensa t i on ,  the two l ines  may not i n t e r -  

s ec t  thus n e c e s s i t a t i n g  e i the r  an ad jus tment  of e i t he r  

ma le  or  f e m a l e  s e l ec t i on  in tens i ty .  The l imi t ing  r a t i o  

of s e l e c t i o n  in t ens i t i e s  g iven in equat ion (5) is  then 

r e p r e s e n t e d  by the point where  the s t r a igh t  l ine is  

tangent  on the r e s p o n s e  c u r v e .  

The computa t ion  of gene t ic  gains  for combined  s e -  

lec t ion  of m a l e s  and f e m a l e s  fol lows f rom l i nea r  r e -  

g r e s s i o n  and se l ec t i on  d i f f e r en t i a l s  applied in both 

s exes  as fo l lows .  

Genet ic  gain in egg weight (X 2) : 

AG 2 = AG2m + AG2f = O, 

genetic gain in age at first egg (X 1) : 

~m G14 Tf ( - G l l + b 2 G 1 2 )  
AG1 = AGlm + AGlf = ' -~  P~44 +-~" ~ I  

gene t ic  gain in body weight of f e m a l e s  (X 3) : 

AG 3 = hG3m + AG3f = 
T m G34 Tf (-G13+b2G23) 

The inc lus ion  of a th i rd  or  m o r e  v a r i a b l e s  such as body 

weight of f e m a l e  (X 3) in the f e m a l e  index can be handl-  

ed by t r i a l  and e r r o r  using the technique sugges ted  by 

Cunningham et  a l .  (1970) with the f ixed r e s t r i c t i o n  of 

AG2f + AG2m = O. 

A N u m e r i c a l  E x a m p l e  

Genet ic  and phenotypic p a r a m e t e r s  fo r  the populat ion 

in ques t ion  have been g iven  by Hi l f ike r  (1970) and r e -  

p r e s e n t a t i v e  va lues  a r e  g iven in Table 1. Not ice  that 

phenotypic c o v a r i a n c e  of male  body weight (X4) with 

the t r a i t s  of f e m a l e s  do not e x i s t ,  w he rea s  gene t ic  

c o r r e l a t i o n s  can be e s t i m a t e d  f r o m  means  of r e l a t ed  

m a l e s  and f e m a l e s  such as full s ib s .  

Using the above va lue s ,  so lu t ions  to equat ion (4) 

can be computed  for va r i ous  combina t ions  of male  

and f e m a l e  s e l e c t i o n  i n t e n s i t i e s .  Thus fo r  the c a s e  of 

T m = 0 .9  andTf=  0 .6  we obtained a b 2 value of 4.74 

giving a f ema le  index:  

I = - X  1 + 4 . 7 4 X  2. 

With expec ted  ga ins  of 0 .25 days in sexual  ma tu r i t y  

(AG1) '  z e r o  change  in egg weight (AG 2) and a de -  

c r e a s e  of 0 .038  kg in body weight of f e m a l e s  (AG3). 

Accord ing  to equat ion (5) the c r i t i c a l  r a t i o  of male  

to f e m a l e  s e l e c t i o n  in tens i ty  for  this c a s e  tu rns  out 

to be:  

T m / [  f = 2 .04 .  

Conc lus ions  

A selection index designed to effect fixed genetic 

change in egg weight on the basis of traits measured 
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on females was used to compensate for expected gen- 

etic change due to preceding selection on body weight 

of males. Adequate numerical techniques for handling 

such a problem have already been given by Cunning- 

ham et al. (1970). It seemed of interest, neverthe- 

less, to explore a possible application of such an in- 

dex for the simplest possible case of two variables 

with restriction on one of them. In the present case, 

moreover, the amount of restriction required each 

generation depends on the selection intensities em- 

ployed in selecting males and females, respectively, 

thus necessitating new index solutions in adaptation 

to changes in these parameters, even when all pheno- 

typic and genetic variances and covariances remain 

the same. 

In practice the need for compensation by index se- 

lection for unwanted expected genetic changes, may 

arise whenever selection is applied at different stages 

of the life cycle or in both sexes independently. The 

potential for strong early selection of males on growth 

rate arises in many circumstances and may seriously 

prejudice what can be achieved by subsequent selec- 

tion in females. Thus selection in broilers or turkeys 

for rapid growth rate is usually very intensive in 

males and applied at an early marketing age, while 

genetic improvement of reproductive performance is 

practiced in females. Under these conditions an ele- 

vation of correlated responses to strong male selec- 

tion and necessary compensatory selection of hens 

becomes of interest. If critical selection intensity ra- 

tios are exceeded a change in the breeding structure 

of flocks may be advisable towards reduced early se- 

lection of males. 
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