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1. INTRODUCTION

In animal or plant breeding, three methods may be used for multi-character selec-
tion. These are tandem selection, independent culling levels and index selection
(Fairfield Smith, 1936; Hazel & Lush, 1942; Hazel, 1943; Young & Weiler, 1960).
Briefly tandem selection involves selection for several traits one at a time over a
number of generations, while in the method of independent culling levels simul-
taneous but independent cullings are carried out on different traits. In index
selection, each animal is given a score, which combines several traits, after weighting
them according to their relative importance. Hazel & Lush (loc. cit.) compared the
relative efficiency of these methods, in terms of genetic gain, when the traits under
selection were independent and had equal heritability, economic weight and
variance. They concluded that the index method was most efficient and tandem
selection least, the efficiency of selection by independent culling levels being
intermediate.

All the above methods have different applications in the field. Under some
conditions, a method which is more efficient in terms of genetic gain may not be
more efficient in terms of cost and labour. It is therefore important to know the
amount by which one method is superior to another, in genetic gain, so that an
optimal selection plan can be made. Since production traits in animals or plants are
often correlated and have different values for heritability, variance and economic
weight, it seems desirable to extend the comparisons of Hazel & Lush for more
general conditions and to outline methods of comparing relative efficiency. The
discussion has been confined to efficiency in terms of genetic gain in economic units,
since problems of costs and labour will vary with circumstances.

As the three selection methods differ in principle, the relative efficiency of any
two methods usually cannot be expressed in simple terms, and in the present work
generalization has not always been possible. However, in all cases, numerical
computations have been made to assess the extent to which changes in various
pertinent factors affect relative efficiency. Comparisons involving the independent
culling method, for correlated traits, are limited to the case of two characters, as the
theory has not so far been extended to a greater number.
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2. NOTATION

a; Economic weight of the :th trait.
b; Weighting coefficient for the sth trait in a selection index.

. . . ., Gy
bG,;  Genetic regression coefficient of the jth trait on the +th trait =T¥Q .

i

Cy Elements of the inverse phenotypic variance and covariance matrix.
G, Genetic value of the ith trait.
G; Genetic covariance of the sth and the jth traits (for variance 1 = 7).

4G, Expected genetic change in the ith trait due to selection = Ih%+/(Py).
H, Expected total genetic gain in value by using the independent culling levels
method. Itis written as H, when traits under selection are independent.

H, Expected total genetic gain in value by using tandem selection. When
traits are independent, Hy is used.

Hy Expected total genetic gain in value by using index selection. When traits
are independent, H y is used.

h? Heritability for the sth trait.

hl2 G12/\/(P11P22)'

I Total selection differential in standardized units.

4 Selection differential for the jth trait in standardized units.

n Number of traits under consideration.

[P] Phenotypic variance and covariance matrix.

P, Phenotypic covariance of the ¢th and jth trait (for variance 5 = j).

P The total proportion of animals saved.

g Proportion of animals saved with respect to the ¢th trait.

X, The 2th trait.

z; Measurement of the ¢th trait.

z The ordinate of the standardized normal curve at the point of truncation.

B’ } Constants used in the independent culling levels methods.

7 Total genetic change, in standardized units, in a trait, X, or X,, due to
¢ } simultaneous selection for both X; and X,.
A Relative importance of the ith trait, = a;%%+/(P};).
Phenotypic correlation coefficient.
Pa Genetic correlation coefficient.

3. METHOD OF COMPARISON
(a) Genetic gains by three methods of selection

To compare the efficiency of tandem, independent culling and index selection
methods, the genetic gain expected from each must be calculated. For the present
purpose, the generation length within each class of livestock can be regarded as
constant and the expected genetic gains per generation can be compared. On this
basis, the expected genetic gains by tandem selection are the gains achieved by
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single trait selection, although, for convenience, this will be referred to as gains by
tandem selection in the subsequent discussion.

When using tandem selection, the expected gain per generation (Hy) by selection
of the trait X; can be shown to be

Hy - AG,.(a,.+ Sa, bg,_‘)
j#EL

18 /(P (ac+ 2 a,b6,) “
J#

~—

When X, is independent of other traits the expected genetic gain Hy is
Hyp = a,Ih% /(Py).

When the method of independent culling levels is used, the expected genetic gain
per generation by simultaneous culling of two correlated traits X, and X, is

Hy = {ay0 V/(P11) + 0581 V/(Pas)} by + {ay 0tp v/ (Prg) + @2 B3 /(Pao) } o2

= Vit + Vyi, (Young & Weiler, loc. cit.) (2)
where ¢, and ¢, are the selection differentials of X, and X,, when H is a maximum,
RE— Phlz _ P Phl
G = 1— P xg = 1 P
_ h Ph _ h_ —phyp
B, = 1 _pe By = I
When X,, X, are independent, equation (2) reduces to
Hy = ayhi v/(Pr) by +ag b3 /(Pop) ta, (3)
which is identical to the formula presented by Hazel & Lush (loc. cit.), for in this
case
o = hE, oy = 0,

B =0, B = h%-
Equation (3) can be expanded to n independent traits, and the expected gain due
to selection for n traits is

= 3 a,h3, /(Py), (4)
=1

where 7, may be written as g—i’ where II g; = p the proportion of animals saved, and
) i=1
z; is the ordinate of the normal curve corresponding to g;.
Index selection was first used by Fairfield Smith (loe. eit.) for plants and later by
Hazel (loc. cit.) in animal-breeding. The expected genetic gains by using the

selection index may be written as (Fairfield Smith, loc. cit.; Morley, 1950)

=1 J( biPy+2 3 b,.b,.P,.j). (5)
i=1 i#7
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When the traits under selection are independent the gain by index selection
simplifies to
Hy = IA/(igl bZiPii) (8)

(b) Ratios of relative efficiencies

In comparing the relative efficiency of the selection index and other methods it is
necessary to consider the ratios H,/H,, Hy/H, and Hy/Hp, or, in the case of
independent traits, Hy/Hp, Hy/Hy and Hy[Hp.

To simplify the above ratios, we now consider the relationships between the
different genetic gains. In anindex, when the traits under selection are independent,

Pij = Gij = 0 (?/ #J): so that bi = aih%.
If we write A; = a; b2 +/(P};), then

Hyp = I), (7)
Hy = 3 ik (®)
and Hy=1 J (é]lA%). (9)

Using these relations, the ratio

% ! A/ (éh%) _ A/ (é)‘%), (10)

I, X
which is independent of selection intensity (this is true also for H,/H;). The ratio
, 5 A%.)
H, i
¢ IR
i=1

is dependent on selection intensity and the number of traits under selection as well
as the relative values of A;, as is also the ratio

' % Q’tAz
Ho _ iz (12)
3y~ In

Hence, in comparing the relative efficiency of these selection methods, when the
traits under selection are independent, changes in relative efficiency of selection
methods are functions of selection intensity ( p), number of traits under selection (n)
as well as the relative importance of the traits represented by the various A values.
An interesting point is that, when estimating the relative importance of any trait
X, for a given set of parameters only the value of A; needs to be considered, as the
components of A, (i.e. a;#% and /(P;)) have only the indirect importance of
determining the size of A;.
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When traits under selection are correlated, the relative efficiency is also affected
by the levels of the phenotypic and genetic correlations (p and pg). Therefore, in the
following comparisons attempts have been made to relate changes in relative
efficiency to changes in the five factors », p, A, p and pg.

4. RESULTS

(@) Effect of number of characters under selection and of selection
intensity for equal A-values
The effects of number of traits under selection and selection intensity on the
relative efficiency of selection methods have been investigated by Hazel & Lush
(loc. cit.), and their formulae can be derived simply by the use of the ratios of genetic

gains.
If traits under selection are uncorrelated and have equal A-values,
Hy M+/n
Hy IN+/m 1
H, = win iyn (14)
He _ midy _ mi (15)

Hazel & Lush (loc. cit.) concluded that:

(i) The index is more efficient than tandem selection, the relative efficiency of
the former increasing with =.

(ii) The index is more efficient than independent culling, its superiority rising
with increasing n but falling with increasing selection intensity.

(iii) The independent culling method is more efficient than tandem selection, the
superiority of the former rising both with increasing » and increasing selection
intensity.

(b) Effect of unequal A-values

When traits under selection have different A-values, the ratios of genetic gains for
uncorrelated traits cannot be reduced to simpler forms. To simplify computations,
we now consider situations where n is fixed, since the effects of changes in n on the
relative efficiency of various comparisons have been discussed earlier. It is also
understood that in carrying out tandem selection, the trait with the largest A-value
is selected and the following calculations are based on this condition.

(1) Index and tandem selection

The relative efficiencies of the index and tandem selection for n = 2and n = 3 are
calculated according to (10). The results are shown in Table 1.

The relative efficiency varies with changes in relative importance of the traits.
The superiority of the index method is at a maximum when the traits under selec-
tion have equal values of A. This superiority decreases appreciably when A-values
are different. Thus, when n = 2, the index is 419, more efficient when A, = A;, but
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Table 1. The relative efficiency of tandem and index selection
Jfor uncorrelated traits of unequal importance

Two traits Three traits
— - ~ r N
At Ae Hy/Hpt A A A; Hy/Hp A A As Hy/Hp
1 1 141 1 1 1 1-73 2 2 1 1-50
2 1 1-12 2 1 1 1-22 3 2 1 1-25
3 1 1-05 3 1 1 1-11 3 3 1 1-45
4 1 1-03 4 1 1 1-06 4 3 1 1-28
5 1 1-02 5 1 1 1-04 5 3 1 1-18
6 1 1-01 6 1 1 1-03 6 4 1 1-21

* )\; = relative importance of the ith trait = a;hi+/(Py).
t+ Hy/Hp = relative efficiency of index over tandem selection.

only 5% more efficient when A; = 3A,. The decline in relative superiority of the
index is appreciable from the point A, = A, to A; = 2A,, but with further increase in
the difference between A-values the decline is slow.

The same general pattern occurs when n = 3. It can be seen from Table 1 that if
the A; are not all equal, the index has the greatest superiority when they are nearest
to equality, that is, when their values are 2: 2:1 or 3: 3:1. The overall superiority of
the index method is higher when » = 3 than when » = 2. This is not surprising
because, as has been shown earlier, the relative efficiency of the index over the
tandem method increases with increasing values of n.

(i) Index and independent culling levels

Before (11) can be calculated, it is necessary to estimate the expected genetic
gains by each method. The calculation of H%, the genetic gains by index selection,
isreasonably simple asisindicated by equation (6), but calculation of H, the genetic
gains by using the culling method, involves the maximization of H, for a number of
combinations of p- and A-values. The results of maximization, giving various
g-values for each p at which H is a maximum, for two independent traits under
selection are shown in Table 2. Table 2, which is an extension of a table presented

Table 2. The appropriate proportion saved for two traits of
unequal importance, for maximal genetic gains

p = 0-8% p =05 p =02 p =01 p = 005
Al‘ ’\2 ~ S~ 3 r - ™ r - N r A N r e N
i q: q: q: a0 q: a0 s N 9

0-89 0-89 0-71 071 0-45 045 0-32 0-32 022 0-22
0-81 0-99 0-53 094 0-24 0-82 014 071 009 0-56
0-80 1-00 051 0-99 0-22 091 0-11 0-91 006 0-83
0-80 1-00 0-50 1-00 0-20 1-00 0-10 1-00 0-06 0-91
0-80 1-00 0-50 1-00 0-20 1-00 0-10 1-00 0:05 1-00
0-80 1-00 0-50 1-00 0-20 1-00 0-10 1-00 005 1-00
* X = relative importance of the sth trait = a;hf v/(Py).

1 p = total proportion of animals saved.

1 ¢i = proportion saved from the sth trait.

SO W N =
P bt o el
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by Hazel & Lush (loc. cit.), is not only useful for subsequent discussions here, but
may be of value in practice when A-values of the traits are known.

The expected genetic gains of H; and Hy and the ratios of relative efficiency are
shown in Table 3. The superiority of the index over independent culling levels is

Table 3. T'he relative efficiency of index and independent culling levels
for uncorrelated traits
ip = 0-8 p =05 p =02 p =01 p = 0-05

M* A, Hy/Hpt Hy/Hg Hy/Hg Hy/Hg Hy/Hg
1 1 1-19 118 112 1-10 1-09
2 1 1-11 109 1-08 1-07 1-07
3 1 1-05 105 1-05 1-05 1-05
4 1 1-03 103 1-03 1-03 1-03
5 1 1-02 102 1-02 1-02 1-02
6 1 1-01 101 1-01 1-01 1-01

* X; = the relative importance of the ith trait.
T » = proportion of animals saved.
1 Hy/H; = the relative efficiency of the index and independent culling levels.

again at a maximum when A; = A,, and there is a steady decline in its superiority as
the ratio A,/A, increases. Thus when A, = 4, the difference in relative efficiency is
only small, irrespective of selection intensity. If the A-values are fixed the index
method is more efficient when selection intensity is low; this is consistent with
results shown earlier. An interesting point is that the efficiency of the index
relative to independent culling and to tandem selection is the same when A; = 3A,
(Tables 1 and 3), because, in this situation, H; is a maximum when culling is done
entirely on the more important trait, thus reducing the independent culling method
to that of single character selection. An exception is that when p is small (0-05)
some attention may be paid to the less important trait but the additional genetic
gain through this is negligible.

(iii) Tandem selection and independent culling levels
The ratios of relative efficiency using values of H,, and H calculated earlier are
shown in Table 4. The superiority of independent culling levels over the tandem

Table 4. The relative efficiency of tandem selection and independent
culling levels for uncorrelated traits
tp = 0-8 p = 05 p =02 p =01 p = 0-05

M A, Hg/Hpi He/Hy Hg/Hp HglHp Ho/Hy
1 1 1-20 1-21 1-26 1-28 1-30
2 1 1-00 1-02 1-04 1-04 1-05
3 1 1-00 1-00 1-00 1-01 1-01
4 1 1-00 1-00 1-00 1-00 1-00
5 1 1-00 1-00 1-00 1-00 1-00
6 1 1-00 1-00 1-00 1-00 1-00

* ); = the relative importance of the ith trait.
1t p = proportion of animals saved.
t Hg/Hp = relative efficiency of independent culling levels and tandem selection.
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method is again at & maximum when A, = A, and, as in previous cases, there is a
sudden decrease in relative efficiency of the superior method when A; > A,. When
A; = 3, the two methods have identical efficiency at lower selection intensity; at
very high intensity the independent culling level method is very slightly more
efficient. The overall efficiency of independent culling levels is higher when selection
is more intense, which is consistent with the results shown earlier.

(c) Effect of correlation between traits

The relative efficiency of selection methods can also be affected by the changesin
both phenotypic (p) and genetic correlations (pg) between traits under selection,
since changes in correlations affect genetic gains. In the following consideration the
number of traits under selection is limited to two, as only bivariate distributions
have so far been considered.

(i) Index and tandem selection
Hy _ Iv/(b1Pyy+b3 Py +2b, 5, Py)

H, 4G (ay+aybg, )

Consider a case when Py, = Py, = a; = a, = 1, b} = hZ, so that A; = A,.
It can be shown that

by = ay(Cyy Gyy + C15Gy) +a5(C1; Gra + 012 Gy),
by = a(Cay G1y + Oy Gyy) + @5(Coy Grp + Oz Gas),
where C,; are the elements of the inverse phenotypic variance and covariance matrix

[P]1. Under this condition C); = Cyy, G4 = Gy, 80 that b; = b, independent of
changesin P,, and @,,, the phenotypic and genetic covariances. We have, therefore,

Hy = I/(263+ 20 Py,)
= Ib, v{2(1+Py)}. (16)

Now b, = (Cp; + C1a)(Gy; +Gyp). (Since a; = a, = 1, Gy, = Gyp, Gy = Gy;.) In the
matrix [ P]-! the elements C;; are

C.. = - P22 _, C., = Pll , C.. = —P12 R
1 P11P22_Pf2 2 P]1P22_P%2 12 P11P22—P%2
and b, therefore may be written as
bl — (1 _P)(GII+GZZ) — GII+G12 (Since Pll —_ P22 — l), (17)

1-— p2 1+p
and, from equation (16),

_ I(Gy, +G1s) V(2(1 +p) )
1+p

2

Hy
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Now, under the same condition, the gain by tandem selection

G G G
H, = I|a L g 11 —12)
’ ( YWi(P)  PVI(PL) Gy
= (G +Gy,), sinceay =a, = 1,P; =Py =1, (19)
We have, therefore,
=X _ Jj_= 20
Hyp A/1“*‘P (20)

The relative efficiency of these two methods under this special condition is a function
of the phenotypic correlation, independent of changes in the genetic correlation.
Thus, when p = 0-5 the index is about 15%, more efficient, when p = 0-3 the index
is about 239, more efficient, and when p = — 0-5 the index is 1009, more efficient.
The reason for this is intuitively clear because in the calculation of the expected
gain by single character selection the phenotypic correlation makes no contribution.
When p = 0, then the index is 4/2 times more efficient, as was shown earlier. The
superiority of the index thus increases with decreasing levels of phenotypic
correlation. ‘

Table 5. The relative efficiency of tandem and index selection for two correlated traits
for different values of various parameters, but with one trait twice as important as

the other
Phenotypic Genetic
Case correlation correlation Hxy/Hpt
r 0-5 —0-4 1.02
—0-2 1-00
*(A) 0-2 1-00
ay=ay =1 J 0-4 1-00
V(P1) = V(Pg) = 1 —01 1-01
0-1 1.03
L 0-2 1-04
( 0-5 —04 1-09
—~0-2 1-02
}(B) or (C) 0-2 1-01
a, = 2a, = 2 J 0-4 1-04
hi = hi = 06 03 -02 1-00
V(Py) = V/(Pg) = 1 —0-1 1-01
01 1.04
L 0-2 1-06
* a; = economic weight of the ith trait.
hZ = heritability of the ith trait.

+/(P;;) = standard deviation of the ¢th trait.
t+ Hx/Hrp = relative efficiency of the index method over the method of independent culling
levels.
1 The same results may be obtained by putting

ay=a,=1, hi="hi=06 +(Py)=24y/(Py) =2 (CaseC).

https://doi.org/10.1017/50016672300000598 Published online by Cambridge University Press


https://doi.org/10.1017/S0016672300000598

Selection for genetic gains 115

Equation (20) could no longer hold if there were changes in relevant parameters.
For example, consider the following situations:

(A) @y =a, =P,y =Py, =1, hi =2k =06 sothat A = 22,

(B) a; = 2a, =2, Py, =Py =1, hi="58 =06 and A = 2A,

(C) ay=ay,=1, Py, =4Py, =4, h2 =hi =06 and A = 2),.
The relative efficiencies of index and tandem selection, for various levels of genetic
and phenotypic correlations, are shown in Table 5. From the examples shown in
Table 5, it is seen that the relative efficiency changes with changes in both pheno-
typic and genetic correlations. However, in the situation defined above (i.e.
A; = 2},), the effects of changes in either phenotypic or genetic correlations are
relatively small, except perhaps in one case, where a difference of 99, in relative
efficiency has resulted when a large positive phenotypic correlation is accompanied
by a large negative genetic correlation. The overall superiority of the index in the
present cases, as compared with that when A, = A,, has decreased considerably,
which is consistent with the earlier findings. Results in Table 5 also show that the
effects of changes in levels of genetic correlation vary with the changes in other

parameters, thus generalization on its effect when traits are of unequal importance
does not seem possible.

(i) Index and independent culling levels
Hy I+/(b1Py,+b3Py+2b,b PIZ)
H, Vit + Vyiy
where Vy = {ay0; v/(Pr) + @281 v(Pon)},
= {a; 2 V/(P11) +a3f, \/(Pzz 3

Consider the special case used previously; when Py; = Py, = a, = a, = 1, h% = h so
that A, = A, and b, = b, as has been shown earlier. Then

Vi=o+p,

Vy = ay+ps.
Gie ,

V(P11 Py)

we have hio = Gy,

Since by =

so that oy =Py oay=p and V,=17V,
Also Vi= (ua+h)
_ GutGe
14+p

From equations (17) and (21) we find that, under this special condition,
Vi= V, = b, = by, so that

2y

Hy _Iy{20+p)

He bty (22)
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again independent of genetic correlations. The relative efficiency depends on the
phenotypic correlation and the selection intensity. In cases where V, = V,, the
value of H is a maximum when %, = 4,, thus, when p = 0, equation (22) is reduced
to (14) for n = 2.

Equation (22) could no longer hold if there are changes in relative values of P;
h2, a;, etc. Where all these parameters differ, the expression for H,/H, remains
complex. Some computations were made, however, using a series of values for the
parameters, and the results are presented in Table 6. Four cases were considered:

(A) Pp=Py=1, h}=0=086, a=a,=1 sothat A =],

with varying levels of phenotypic correlation.

(B) Py =Py=1, hi=2h}=06 a =a,=1 sothat A = 2},

with varying levels of phenotypic and genetic correlations.

(C)y Py =Py =1, b =hi=086, a, =2a, =2 sothat A = 2,

(D) P, =4P,, =4, B2 =h =06, a =a,=1 sothat A = 2A,

Table 6. T'he relative efficiency of the index and independent culling
levels methods of selection for two correlated traits

Hx[Hct
Case Phenotypic Genetic p A S
correlation correlation p =01 p =058
*(A) 0-5 any value 1-03 1-05
a; = Ay, = 1 . . A
2= B = 0-6 0-3 any value 1-07 1-09
V{Pn) =4V (Py) =1 -0-5 any value 1-22 143
. 0-5 —04 1-01 1-02
—-0-2 1-00 1-00
(B) 0-2 1-00 1-00
a,=a,=1 0-4 1-00 1-00
P
h} = 2hf = 0-6 0-3 —-0-2 1-00 1-00
V(Py) = V(Py) = 1 ~01 1-01 1-01
0-1 1-03 1-03
L 0-2 1-04 1-04
” 0-5 —0-4 1-09 1-09
—0-2 1-02 1-02
(€)1 or (D) 0-2 1-01 1-01
a, = 2(12 =2 J 0-4 1-02 1-03
R: = R = 06 0-3 —-02 1-00 1-00
V(Pu) = V(Py) = 1 -01 1-01 1-00
) 0-1 1-04 1-04
L 0-2 1-05 1-06
* a; = economic weight of the ith trait.
h: = heritability of the ¢th trait.
4/ (P;;) = standard deviation of the ith trait.
1 Hx/H¢ = relative efficiency of the index method over the method of independent culling

levels.
1 The same results may be obtained by putting

ay=a, =1, B =hE =06 +/(Py)=2y(Pe)=2 (CaseD).
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The superiority of the index increases with decreasing value of phenotypic
correlation when A; = A,. Theindexisalso more efficient when the selection intensity
is low, which is, of course, expected from earlier discussions. The superiority of the
index is only relatively small when A, = 2A,. In this case the effect of the genetic
correlation again changes with changes in other parameters, and generalization of
its effect on relative efficiency does not seem possible. The relative efficiency for
some cases in Table 6 is similar to that shown in Table 5 for the comparison of the
index with tandem selection. This is because the values of V, in all cases are several
times larger than V,. When this is so, H,; is a maximum when only the more
important trait is selected, and the method of independent culling levels becomes
equivalent to single character selection.

(iil) Independent culling levels and tandem selection
From equations (19) and (21), when a, =a, = 1, Py, = Py, = 1, h? = k%, and

iy =1y,

H, 2¢,

Hy ~ I(T+p) (23)
When p = 0, equation (23) is reduced readily to equation (15) for uncorrelated
traits. The relative efficiency in this case is again independent of genetic correla-
tion, but is affected by changes in phenotypic correlation and selection intensity.
Thus when p = 0-1 and p = 0-5 the culling method is 129, more efficient; for the
same p-values, if p = 0-3 the culling method is 169, more efficient, and if p = — 0-5
it is 649, more efficient. Hence, the superiority of the culling method increases with
decreasing values of p. The overall efficiency of the culling method is slightly lower
when there is a reduction in selection intensity. When A; = 2A,, the efficiencies of
the two selection methods are similar, as discussed earlier.

5. DISCUSSION

In estimating the relative efficiency of selection methods the ideal way, of course,
would be to calculate the expected genetic gains by each selection method, following
the steps described earlier. In most cases, however, it is possible to reach some con-
clusion from the results presented above, without carrying out tedious compu-
tations. Thus, for example, when two negatively correlated traits of equal
importance are under selection, the index method is the choice when selection
intensity is low. If the selection intensity is high, then independent culling levels
may be more appropriate because of the relative simplicity of operation. Again, if
one trait is three times more important than another, then tandem selection is
probably the choice and other factors, such as correlations and selection intensity,
have but minor effects on relative efficiency. It follows, therefore, that the question
of relative efficiency is only important when the traits have about equal importance,
and a simple computation of A-values for each trait would often give sufficient
ground for the rejection of more sophisticated methods of selection for genetic
gains.
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In addition to considering maximum gains in economic terms, it is necessary in
animal breeding to estimate the changes in means of various important traits in
future generations, since if traits are correlated genetically any changes in one
might be accompanied by a deterioration of others. Continued application of a
single scheme of selection might, therefore, not be desirable. For example, use of an
index for selecting fleece weight and crimps based on parameters given by Morley
(1955) and economic weights by Dunlop & Young (1960) would lead to an expected
decrease in crimp number in future generations. If long-term decreases in crimps
are undesirable in some circumstances, then it is important to alter the selection
method or to select for fleece weight while at the same time controlling crimp
number.

The method of selecting for one trait while keeping the other trait constant, using
a specially constructed index, has been described by Morley (1955). However, it is
worth noting that independent culling levels can also be applied in this way. From
equations shown by Young & Weiler (loc. cit.), the genetic gains by the culling
method for two correlated traits are

Hy = ayv/(Py)é+a; vV(Pa) 7,

where £ and 7 are the expected genetic changes in traits X; and X, respectively.
If we wish to keep = 0, we have

Biti+Byts = 0,

Ty = —5— 4 (24)
2
For any given proportion of animals saved we can obtain a combination of 7, and i,
which satisfies (24). Again we have a choice of two methods of selection.

On the other hand, if it is desirable to make as much progress on one particular
trait as possible, then a selection index can be used. Thus if X, and X, are two
correlated traits, the aim is to construct an index in order to improve X, while at
the same time using X, for correcting the environmental effects on X,. This par-
ticular application of the index has been suggested by Hazel (loc. cit.) and a special
case has been discussed by Rendel (1954), who found that the phenotypic regression
coefficient of X, on X, might be used to advantage if the genetic correlation between
X, and X, were smaller than the phenotypic correlation. However, in cases where
the estimate of genetic correlation is available, it seems appropriate to apply an
index which can account for the genetic covariance.

Suppose X, Y, Z are three traits in an animal and we wish to maximize the
genetic changes in X. If we take one pair of traits, X, Y, or X, Z, at a time and
denote X by X, and Y or Z by X,, then an index

S=bX,+bX,
can be formed. Now if we put b, = 1 and give no economic weight to X,,

— PnGzl_PmGu.

b, = 25
2 = Py, Gy —Pry Gy (25)
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The expected genetic change in X, by using an index has been shown by Fairfield
Smith (loe. cit.) and Morley (1950) to be

2z bG
AGX—IJ k4

Og

where g is the standard deviation of the selection index. When b, = 1,

G 2Gy,
V(Py1) 5 Pas Py,
A/(1+b e +2b2Pn)

Remembering that the genetic change in X, by single character selection is
G4y
4G = [———
v (P W’

AGy =1 (26)

equation (26) may be written as

AGY = 46 7
A/(1 cogle op, )
Py Py

= 4G . K (say). (27)

The value of K gives information about the additional gain in X, in terms of per-
centages, when such an index is used. For example, a value of 1-20 for K indicates
that 209, more gain can be expected by using such an index. It follows that the
size of K indicates whether the index approach is worthwhile.

If the genetic covariance is zero,

by = — (28)

and 4G% AG'\/(I—pZ)
Since p cannot be greater than unity, 4Gy > 4G (p < 1) and the index is more
efficient when p is large. In these circumstances, the method suggested by Rendel
(loc. cit.) has the same efficiency as the index. Now if the K value obtained by using
Y as environmental correction for X is greater than that when Z is used, then, of
course, Y should be chosen for this purpose. Following the same principle, an index
can also be constructed using both Y and Z as environmental corrections for X,
but the computations become tedious and the additional advantage is probably
small.

Independent culling levels can also be used to this end by putting the economic
weight of Y (or Z) equal to zero. Then we have

4Gy = {V/(Py1) g} iy +{V/(P11) ap} 0y
— T}y + Ty, (say), (29)
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and 4G% can be maximized accordingly. Here two alternative methods for increas-
ing the genetic progress in a single trait, beyond that which may be achieved by
single character selection, are available. The relative merit of these methods for
the present purpose depends on the relative sizes of 4G which may be attained
by each method, and numerical calculation in each case is necessary.

The relative efficiency of selection methods therefore may be affected by some
special applications of these methods, apart from the various factors (n, p, ete.)
discussed earlier. These special applications are often useful in animal-breeding
work, and the two cases outlined above show some of the possibilities. However,
the relative efficiency of any special applications of selection methods can probably
be compared by the same principle used in this work, i.e. by comparing the relative
genetic gains.

However, it seems appropriate to reiterate that the relative efficiency of selection
methods in terms of genetic gains in economic value is but one of the several factors
in determining an optimum method of selection. Factors such as practicability,
costs, and the consequences due to the use of any method could all have significant
bearing in choosing an optimum method.

It should be pointed out that the comparisons discussed in this work have been
limited to linear cases: i.e. all the regressions involved are assumed to be linear.
When this condition is altered, the relative efficiency of selection methods may be
quite different.

SUMMARY

The relative efficiency of three methods of selection (index, independent culling
levels and tandem) is compared in terms of genetic gains in economic units. The
comparison covers cases where variances, heritabilities and economic weights are
unequal, while the case of two correlated characters is also examined. Various
factors may influence the relative efficiency, including selection intensity, the
number of traits under selection, the relative importance of those traits (in terms of
a factor A, which is the product of economic weight, heritability and phenotypic
standard deviation), and the correlations between them.

The conclusions are:

(i) In all circumstances the index is never less efficient than independent culling
levels, though in some cases it is no more efficient. Independent culling is, in turn,
never less, but in some cases no more efficient than tandem selection.

(ii) The superiority of the index over other methods increases with an increasing
number of traits under selection, but decreases with increasing differences in
relative importance, its superiority being at a maximum when the traits are of equal
importance. The superiority of the index over independent culling levels decreases
with increasing selection intensity, but its superiority over tandem selection is
independent of intensity.

(iii) The superiority of independent culling over tandem selection increases with
increasing selection intensity or an increasing number of traits under selection, but
decreases with increasing differences in relative importance.
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(iv) The relative efficiency of the index over other methods is much affected by
the phenotypic correlation between traits when the traits are of equal importance,
the relative efficiency of the index being higher when the phenotypic correlation is
low or negative. The effect of genetic correlation is only apparent when the traits
are of unequal importance and its influence on relative efficiency changes with
changes in other parameters.

(v) The relative efficiency of selection methods may be changed by their use for
special purposes.

Thanks are due to Miss Helen Newton Turner and Dr A. A. Dunlop, both of the Division
of Animal Geneties, C.S.I.R.O., for their helpful comments.
This work was done when the writer was holder of a C.S.1.R.O. studentship.
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