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Summary. Efficiency of indirect selection compared with
that of direct selection to increase the mean value of some
trait has been usually studied by considering a single
generation of indirect and direct responses to selection
only. However, under continued selection, genetic vari-
ances and covariances, and therefore expected genetic
responses, change each generation due to linkage disequi-
librium. With directional and truncation selection, genet-
ic parameters asymptote to limiting values after several
generations. The efficiency of indirect selection is exam-
ined in this limiting situation. The ratio of correlated
response to direct response for the trait to improve in the
limit is compared with the ratio after the first generation
of selection. For all initial parameter values for which
indirect selection is more efficient than direct selection,
relative efficiency of indirect selection is smaller in the
limit than in the first generation. For some parameter
values, indirect selection is more efficient than direct se-
lection in the first generation, but less efficient in the limit.
Expressions for minimum values of the initial genetic
correlation and heritability of the alternative trait re-
quired for indirect selection to be preferred in the limit
are derived. These values are higher when limiting re-
sponses are used instead of single generation responses.
The loss in relative efficiency of indirect selection from
changes in genetic parameters due to selection should be
taken into account when applications of indirect selec-
tion are considered.
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Introduction

Indirect selection refers to selection on an alternative trait
when the goal is to change the mean value of another
correlated trait (desired trait). The genetic response in the
desired trait is achieved through its genetic correlation
with the alternative trait. Situations where indirect selec-
tion can be preferable have been discussed by several
authors (e.g. Falconer 1981; Searle 1965). Indirect selec-
tion is often considered when the desired trait is expen-
sive or difficult to measure.

Searle (1965) discussed conditions under which indi-
rect selection might be preferable to direct selection when
mass selection is practised. His conclusions were based
on the conventional prediction equations for direct and
indirect genetic responses (e.g. Falconer 1981). However,
under continued selection these equations overestimate
responses because they do not account for reduction of
genetic (co)variability (Bulmer 1971; Bulmer 1980). As-
suming infinite numbers of loci and population size,
change in population genetic variances and covariances
when selection is practised is due to the generation of
linkage disequilibrium (Bulmer 1980). After a few cycles
of directional selection by truncation, genetic parameters
asymptote to limiting values and an equilibrium is ap-
proached in which the new selection disequilibrium is
offset by recombination. With unlinked loci the equilibri-
um is approached within three to four generations of
selection. Expressions for the limiting values of genetic
parameters are given by Gomez-Raya and Burnside
(1990) and Villanueva and Kennedy (1990 a).

Changes in genetic parameters as a consequence of
generation of linkage disequilibrium induced by selection
were not considered in previous studies of indirect selec-
tion. The purpose of this paper is to examine efficiency of
indirect selection when equilibrium is approached after
repeated cycles of selection.



Efficiency of indirect selection in the first generation
of selection

The model considered is the same as that described in
Villanueva and Kennedy (1990a). Briefly, the assump-
tions were: (1) each trait is controlled by an infinite num-
ber of unlinked loci with small effects acting additively;
(2) environmental deviations are normally distributed;
(3) population is infinitely large; (4) selection is by trunca-
tion on phenotype of the individual for the desired trait
(in direct selection) or the alternative trait (in indirect
selection); (5) selected parents are mated at random; (6)
proportion of individuals selected remains the same for
each generation; (7) generations are discrete.

A simple method of measuring the efficiency of indi-
rect selection is the ratio of correlated to direct genetic
response (Lerner and Cruden 1948). Values greater than
one for this ratio indicate that more rapid genetic pro-
gress would be achieved from selection on the alternative
trait (trait 1) than from direct selection on the desired trait
(trait 2). If selection is based on individual phenotypic
values, the ratio of responses or relative efficiency of indi-
rect selection (RE) in the first generation of selection is
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where subscripts in brackets refer to the generation num-
ber, h? and h3 are heritabilities of traits 1 and 2, r, is the
genetic correlation between both traits, o, is the genetic
variance of the desired trait (trait 2) and i, and i, are the
selection intensities practised. If intensity of selection is
the same in both procedures, expression (1) simplifies to

RE,,, = hio) 2
(1) = Ta) hle, )

This expression was utilized by Searle (1965) to evaluate
indirect selection.

Efficiency of indirect selection in the limit

Expression (2) is valid only for one generation of selec-
tion. Selection produces changes in genetic variances and
covariances. On assuming an infinite population and an
infinite number of loci, continued truncation selection
leads to an equilibrium situation that is approached
rapidly if loci are unlinked.

With a constant selection intensity (i,) across genera-
tions, expected correlated response in trait 2 when selec-
tion is practised on trait 1 in the limit (subscript L) is

CRyqy =11 hyqy raq) *oa,ay

where h,;, is the limit for the square root of heritability
of trait 1, r,, is the limit for the genetic correlation and
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*6 4, is the limit for the genetic standard deviation of
trait 2 when selection is on trait 1. Gomez-Raya and
Burnside (1990) showed the limit for heritability of the
trait under selection is

14 /1+4h3 4,k [1—h})]
2k [1—~h?g]

2
hl(L) =

€)

where k, is equal to i, (i; —X,) and x, is the standardized
deviation of the truncation point from the mean. Vil-
lanueva and Kennedy (1990a) showed limits for the ge-
netic correlation (r,.,) and genetic variance of the trait
under indirect selection (*o% ,) are

TA(0)
Loy = 4
\/1 +h%(L)k1 [1 _1'12;(0)]
and
% .2 TR0
OaL) = (5)
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If a constant selection intensity (i,) is assumed, expect-
ed direct response in the limit when selection is practised
on trait 2 is

Rz(L) = iz hZ(L) O A1)

where h,y, and o,,q, are the limiting values for the
square root of the heritability and the genetic standard
deviation of trait 2, when trait 2 is directly selected. The
limit for the genetic variance of the trait under direct
selection is

G/Zx (0)
2 2
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(Gomez-Raya and Burnside 1990) where k, is 1, (i, —X,)
and x, is the standardized deviation of the truncation
point from the mean and h3,, is heritability in the limit
of the trait under direct selection:

_1+\/1 +4h%(0)k2[1_h§<0)]
2k, [1-h3p]
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Then, the relative efficiency in the limit (RE,,) is

CR
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which reduces to

h%(L)*"'sz (L)
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when selection intensity is the same for both selection
procedures.
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Fig. 1a—c. Efficiency of indirect selection in the first generation
of selection (dotted lines) and in the limit (solid lines) when the
proportion selected (p) is 20%
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It should be noted that *o3 , # 03, and therefore
the terms do not cancel as happens if only the first gener-
ation of selection is considered. Substituting (5) and (6),
eq. {7) becomes

h?;,[1+h2,, k]
RE, = (L) 2(L) 8
© = Fawy \/h%(L) 1+ h%(L) rzzx(L) k] ®)

where k=k, =k,.

Thus RE in the limit depends not only on initial
values of genetic correlation and heritabilities in both
traits but also on selection intensity practised (limiting
values of h?, h% and r, depend on initial values and on
intensity of selection). Intensity of selection, however, ap-
pears to have less influence on the change in heritabilities
and genetic correlation than the initial genetic parame-
ters (Gomez-Raya and Burnside 1990; Villanueva and
Kennedy 1990a).

Figure 1 shows relative efficiency both in the first
generation of selection and in the limit as a function of the
initial heritability of trait 1. Five different values of initial
heritability of trait 2 were considered (0.1, 0.3, 0.5, 0.7 and
0.9). Selection intensity assumed corresponded to a se-
lected proportion of 20%. Three different values of the
genetic correlation in the base population were consid-
ered (0.9,0.7 and 0.5 in Fig. 1a, b, ¢, respectively). Indirect
selection is more efficient than direct selection for herita-
bilities above the horizontal dashed line at the ordinate



value of 1. If hiy,=h3,, then hi,,=h3,, and RE, =
RE 1, =T, as can be derived from eq. (8). When hi is
less than h3,, RE, is greater than RE,,. The reverse
occurs when hi g, is greater than h3,; in this case RE,
is always smaller than RE ;. For all cases in which indi-
rect selection results in a greater response than direct
selection; i.c., RE>1, values of RE, are always smaller
than those of RE,,. Differences between RE;, and RE,,
increase with 1, . For values of RE> 1, these differences
decrease with h,, and increase with hi,,. Also, for some
combinations of genetic parameters indirect selection is
more efficient than direct selection in the first generation,
but less efficient in the limit.

Minimum requirements in initial genetic parameters

Minimum values that initial genetic parameters should
have for indirect selection to be more efficient than direct
selection in the limit will now be considered. As pointed
by Searle (1965) there can be situations where, for eco-
nomic or other reasons, indirect selection is preferred
even though RE is less than one. However, in general,
indirect selection will be preferred when RE is greater
than one;ie. when a greater rate of genetic improvement
is achieved relative to that obtained by direct selection. In
the limit, indirect selection will have a higher rate of
response than direct selection when RE,>1 or

. / hig [l +hipkl
A h72.(L) (1 +h%(L) ri(L) k]

Squaring both sides in this inequality and rearranging
terms,

h2y, [1+h2g, k> b3, [1+h3 g, rig, K]

2
TAw)

and reworking this expression shows that RE, is greater
than 1 when
h3
(L)
h%(L) > 2 (9)

Ta@y

which is the equivalent expression in the limit to that
obtained by Searle (1965) for the first generation of selec-
tion. This expression can be used to show (Appendix) that
the minimum value of h? in the base population for indi-
rect selection to be more efficient than direct selection is

b2 v [1+yKk]
MO 1497k
for
hZ
y= 20 1>y>0.

2 2 2 4
Ta)y— hZ(L) k[1— a0y
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Minimum values of initial heritability of the alterna-
tive trait for several combinations of initial values of
genetic correlation and heritability of the desired trait are
given in Table 1. The minimum value of heritability of the
alternative trait depends not only on the genetic correla-
tion and heritability of the desired trait (as when only
single generation responses are considered), but also on
selection intensity. Two intensities of selection corre-
sponding to selected proportions of 1% and 50% were
considered. The minimum value of h? o, required for indi-
rect selection to be preferred increases with selection in-
tensity. Differences between selection intensities (with re-
spect to minimum value of h3 ) decreases with r, o, and
increases with h3 ). Also, even with the weakest selection
considered (p=50%), minimum values required for hi,
are larger than those obtained by Searle (1965) who con-
sidered only the first generation. Only when selection
intensity and h3 ) are very low and 5, is very high is the
minimum h? o, required in the limit the same as in the first
generation of selection (data not shown). For example,
when the selected proportion is 90%, 1, is 0.8 and h3,
is 0.1, the minimum value of h},, in both the first gener-
ation and in the limit is 0.16.

Also, (9) can be rearranged as

2
TAw) > @
hl(L)
and if the value of ri(L) in (4) is substituted in this inequal-
ity, then the minimum value of r,, required for given

Table 1. Minimum heritability of alternative trait for indirect
selection to be more efficient than direct selection in the limit
when the proportion selected (p) is 1% or 50%

h§(0) p (%) Ta0)

0.4 0.5 0.6 0.7 0.8 0.9

. 2
Minimum hi g,

0.1 1 059 036 024 017 013
50 091 053 033 023 017 013
0.2 1 078 052 036 026
50 071 048 034 026
0.3 1 079 055 040
50 074 053 039
0.4 1 073 053
50 09 070 0.52
0.5 1 090  0.67
50 087 0.65
0.6 1 0.79
50 0.78
0.7 1 0.91
50 0.90
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Table 2. Minimum genetic correlation for indirect selection to
be more efficient than direct selection in the limit when the
proportion selected (p) is 1% or 50%

hg(O) p (%) hf(O)

04 02 03 04 05 06 07 08 09

Minimum 14,

0.1 i £.00 0.75 0.64 0.57 0.53 0.50 0.50 0.44 042
50 1.00 0.74 0.62 0.56 0.51 047 045 042 040

0.2 1 1.00 0.85 0.77 0.71 0.66 0.63 0.59 0.57
50 1.00 0.85 0.75 0.69 0.64 0.60 0.57 0.54
0.3 1 1.00 0.90 0.83 0.77 0.73 0.70 0.66
50 1.00 0.89 0.82 0.76 0.71 0.68 0.64
04 1 1.00 0.92 0.86 0.81 0.77 0.74
50 1.00 0.92 0.85 0.80 0.76 0.72
0.5 1 1.00 0.94 0.88 0.84 0.80
50 1.00°0.93 0.88 0.83 0.79
0.6 1 1.00 0.94 0.90 0.85
50 1.00 0.94 0.89 0.85
0.7 1 1.00 0.95 0.90
50 1.00 0.95 0.90
0.8 1 1.00 0.95
50 1.00 0.95
0.9 1 1.00
50 1.00

values of h},, and h3, is obtained as

o h}q,[1+hig, K]
A© hig, [l +h3q, K

Minimum values required for initial genetic correla-
tion for several values of hi,, and h},, are given in
Table 2. The same selection intensities as in Table 1 were
considered. As expected, minimum r,, required increas-
es with heritability of the desired trait and decreases with
heritability of the alternative trait. Minimum 1,., Te-
quired increases with intensity of selection. Differences in
minimum values of 1, with respect to the two selection
intensities considered are greatest when h3, is low, but
even then differences are very small. The effect of selection
intensity is not very important. The minimum genetic
correlation not only depends on heritability of the desired
trait (as when only the first generation of selection is
considered), but also on heritability of the alternative
trait and on selection intensity. Even with the relatively
weak selection intensity associated with 50% selected
(requirements are smaller than for 1% selected), the
smallest number for a given h}, (that corresponding to
the largest hi,) is greater than the corresponding value
obtained by Searle (1965). For example, if h o, =0.3, the
smaller 1, required is that corresponding to hi,=09.

This value is 0.64 which is greater than the 0.55 obtained
by Searle (1965). Even with selection intensity as slight as
that corresponding to a selected proportion of 90%, the
minimum 1, required for indirect selection to be pre-
ferred in the limit is higher than the minimum value
required when only the first generation of selection is
considered.

Discussion

In general, larger rates of genetic improvement are ex-
pected with indirect selection when heritability of the
alternative trait is substantially higher than heritability of
the desired trait and the genetic correlation between both
traits is high (Searle 1965). However, if heritability of the
alternative trait is larger than heritability of the desired
trait, then relative efficiency of indirect selection in the
limit is always smaller than in the first generation of

-selection. Also, this difference increases with the genetic

correlation and with the heritability of the alternative
trait and decreases with the heritability of the desired
trait. Therefore, in all the cases in which indirect selection
can be expected to be superior to direct selection, the
relative efficiency has been overestimated in previous
studies because the change in genetic parameters due to
linkage disequilibrium generated by selection was ig-
nored.

Wray and Hill (1989) have compared different breed-
ing programmes by using expected responses in the limit.
Although the relative efficiencies of the different schemes
changed in the limit with respect to the first generation,
they concluded that the same selection programme
would be likely to be chosen no matter which kind of
predictions were used. In general, our results agree with
this. However, in some cases, indirect selection would
give a larger rate of response than direct selection in the
first generation, but a smaller rate in the limit (Fig. 1).
Thus, loss in efficiency of indirect selection may even lead
to a change in the ranking of the two selection methods.

Another way to examine reduction in relative efficien-
cy of indirect selection is by looking at the minimum
initial values that heritability of the alternative trait and
the genetic correlation between the two traits should
have for indirect selection to be preferred after repeated
cycles of selection. When expected responses in the limit
are considered, these values are greater than those ob-
tained by Searle (1965), who considered only first genera-
tion responses. Thus, minimum requirements in heritabil-
ity of the alternative trait and genetic correlation between
the traits for preference for indirect selection are greater
after several generations of selection.

The criterion used to evaluate efficiency of indirect
selection was the ratio CR,/R,. This criterion does not
account for economic aspects. In some cases the ratio can



be smaller than one, and still indirect selection can be
preferred to direct selection if the desired trait is very
expensive to measure.

Rate of response for the desired trait can be increased
by combined selection, i.e. combining desired and alter-
native traits in a selection index (Searle 1965; Walkley
and Smith 1980; Woolliams and Smith 1988). However,
this procedure can not be used in many cases where
indirect selection can be applied. An example is selection
for some trait in one environment when improvement of
the same trait in a different environment is desired. The
problem of genotype by environment interaction can be
studied following the approach of Falconer (1952) by
considering performance in different environments as
different correlated traits. This can be considered as a
case of indirect selection that does not allow combined
selection. Another example is when selection is based on
partial lactation records where the true objective is to
increase total yield in dairy cattle. Similar considerations
apply to the selection of young animals at an early age on
the basis of physiological markers of genetic merit for a
performance trait. In all these cases use of traditional
formulae will overestimate indirect response.

Two assumptions in this study were that the popula-
tion is of infinite size and that generations do not overlap.
Relaxations of these assumptions have been discussed by
Wray and Hill (1989). Random fluctuations due to genetic
drift in finite populations will lead to further changes in
genetic parameters. However these changes will be more
important in later generations of selection as inbreeding
accumulates. Changes by linkage disequilibrium consid-
ered in this work occur mostly in the early generations.
On the other hand, discrete generations were assumed for
simplicity. Overlapping generations would reach the
same end. Also, throughout this study initial genetic
parameters have been assumed to be known without
error. In practice, estimation of these parameters is neces-
sary. Some concerns in applying indirect selection in
practice relate to errors in the estimation of parameters
(e.g. Walkley and Smith 1980). Large standard errors in
estimating RE make indirect selection less valuable
(Searle 1965). Also, efficiency of indirect selection can be
seriously reduced when the assumption of a infinite num-
ber of loci is relaxed (Villanueva and Kennedy 1990b). All
of these considerations result in the response to indirect
selection being less efficient than expected from the sim-
ple prediction formulae usually used. Such simple predic-
tions are overly optimistic. These concerns need to be
recognized in deciding whether or not to apply indirect
selection in practical breeding programmes.
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Appendix

By substituting (4) in (9), some algebra shows the following
inequality:

2 2 2 2 2
hl(L) [rA(O) _hZ(L) k(1 _rA(O))] > hZ(L) .

Then,

h2
h?, > 20 if 2, —h3 k[l—r13,]>0
1) 2 2 2 A(0) 2(L) A(0)

Taoy— 5, k[1—Txg)]

and

hZ
2 2L) . 2 2 2
hi <3 if rie—hig k[l —140]<0.

) 3
rA(O)“hz(L) kf1 _rA(O)]

However, the latter case is not possible because both h};, and
hiy, are always non-negative.

2
Let M)

y=5——F5———0— for 1>y>0.
ri(O)_hg(L)k[l_ri(o)]

Then h3;,>y and substituting h?, for its value given in (3),

—1+Vﬂ+4hﬁmkm—hﬁm]>y
2k[1—h2g)]

or

J1+4h2 o k[1—h? 4 ]>27k[1 —h3g]+1.

Squaring both sides in this inequality gives

1 +4hf(0)k [1 -hf(0,]> [2yk[t —hf(o)-l— 11%

and reworking this expression gives

—[1+y? Kl b+ 1292 k+y] hig,—7 [1+7k]>0 (A1)

Solving for h? 4, the two roots of this second degree equation
y[1+yk .
are m and 1. Therefore (A 1) can be rewritten as
Y

y[1+7k]
{hf(oﬁ Tk [1—h3e)l>0

Because [1 —h?q,] is greater than (or equal to) zero, l:hf(o)—
y[1+yk]

»
initial hefitability of the alternative trait for indirect selection to
be more efficient than direct selection in the limit is

has to be positive. Thus, the minimum value of the

. _v+yk]
07k
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