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1. INTRODUCTION

A FREQUENTLY recurring problem of animal breeders is that of carrying
out selection in the presence of interactions between genotype and
environment. At one time it was widely believed that the only solu-
tion was to select different strains in every environment, so as to evolve
one strain adapted to each (see, for example, Wright, 1939). However,
Hammond (1947) suggested that animals should be selected for
production ‘‘ under environmental conditions which favour its fullest
expression ”’, provided that the interactions were not of very great
magnitude.

It was later shown by Falconer (1952) that there is no general
solution to the problem, and that each case must be treated individually.
Falconer treated the problem quantitatively by treating performances
in two environments as genetically correlated characters, and using
techniques already devised to deal with such characters. This concept
has proved of great value in the interpretation of many experimental
studies since reported and reviewed by McBride (1958).

It is the object of this paper to develop further some statistical
aspects of the problem by extending Falconer’s (1952) treatment to
the case where genetic gain in both environments is desired, though the
two environments may differ in importance. Such situations will arise
particularly when only one or a few highly improved strains are to be
used in a wide range of environments.

2. DERIVATIONS
Briefly, the approach initiated by Falconer is as follows. If p4 and
B are the potential phenotypes of an individual if placed in environ-
ments 4 and B respectively, we write

pa=gatea
pB=gnt¢B

where g is the breeding value and ¢ the environmental effect. We then
impose the restriction that the covariances of all terms on the right
hand sides of these equations are zero, except that

E(gags) = 140, ,0,,

where the o,’s are the genetic standard deviations. It is then readily
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seen that if 44¢4 and 4dpg4 are the respective gains in g4 obtained by
selection for p4 and ps, then we have

AAgA = ThAO'gA
dpga = Trchso,,

where 7 is the selection differential in standard deviations and
k%, k% are the heritabilities in the two environments. It is then clear
that if 4pg4 >4.4g4 we must have r¢hp>ha. There are similar results
for gy and 44gs, the meanings of which terms are obvious.

The question now arises as to how selection should be made if
performance in neither environment is irrelevant. This is simply
dealt with in the normal manner by letting a gain in g4 have w times
the value of an equal gain in gs. If then 4d,g is the overall genetic
gain by selection for p4 we have at once

448 = wdagat+Adags
and Adpg = wdpga+ Adsgs.

Writing o, , /0, as H for convenience, we have from above

dpg ks [1 +erG:|

Z;g - E wH-+tre

This is conveniently rewritten as

dsg ks 1—1%
Tae a[’@+r—a+wy
for comparison with A4pgs/d4gs. It can be seen that Falconer’s

result corresponds to the special case when w = o. A point of interest
here is that when wH = 1 the equation reduces to

4 B hs
dag  ha
and in this case the extent of the interaction between genotype and
environment is irrelevant.
So far it has been assumed that only one environment is to be used,
but it is possible to select two strains, one in each environment, and
denoting the overall gain from this procedure as 4¢g, we have

dg = wdga+ Adrgs.
From this it is easily shown that

ha

I—re—

dag_ s
dg 1+wH}E
ha

assuming that the intensity of selection is the same in both populations.
It then follows that 44¢ >4g if and only if rchs >hs, which result
is of course as expected.
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There is yet another approach, which gives rise to a different prob-
lem. The breeder may wish to test one strain in each of two environ-
ments so that it is adapted to both, and select on an index combining
performances in both environments. An individual cannot usually
be itself tested in both environments, but such procedures as progeny
testing provide a suitable method. For instance, in progeny testing
to improve egg production in the domestic fowl, groups of daughters
from each tested cockerel may be divided, some being tested on farms
with an endemic disease, others on farms where this disease is absent.
Then the two ‘‘ phenotypes > of a cockerel are the means of his progeny
groups.

The selection index is taken to be of the form

I=kpatps

and the problem is to find the value of £ which maximises overall
genetic gain as previously defined. The general method of solution
is well known, e.g. Smith (1936) and Hazel (1943). The special
conditions associated with the present problem provide a particular
solution, and this turns out to be

u;l_};j (I—Té)—{—?‘c(l——hg)(rc—l—u%{) -
Bl (1—rd)+re(1—h2) (re+wH)

It should be remembered that in the application to a case such as
outlined above the parameters in this equation are those associated
with progeny groups. These are well-known (Lerner, 1958) and need
not be discussed here.

The expression for £ is rather formidable and some special cases are
S . hi
now given in illustration. When r¢ = o we have k = wﬁ, the general

B
result for uncorrelated characters. When r¢ =1 we have k& =

Ho} [o% , and when wH = 1 we have
ko= wﬁ I""?‘Gh}% .
hﬁ I-—?’chf
This last value will usually be very close to that for uncorrelated

characters.
When w = o we can find that

ha rcha 1—hj
Hhy hs 1—(rcha)?¥

k:

k =

In the case where 44g3 = 4gs we have rcha = hp and the equation
becomes

ha oy,
Hhs o,

PB

k=
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If index selection is to be preferred its greater operational difficulty
must be repaid by considerable increases in genetic gain. If then
4ig is the overall gain by index selection, we must compare this with
Apg and 4g as previously defined. The general expression for 4ig
is extremely complicated and the general comparisons have not been
made. However, when wH = 1 the comparisons become much simpler
and we may use this case as a guide to the general situation. Com-
paring then 4;g with 4 gg, it turns out that we have

dsg _ 1—rZh2h:
dig h2+hE—arch2h?

Now, assuming that hf—#2 is small compared with k% we can write

this approximately as
dsg _ [14716hE
Y| 174 2 )

It is thus unlikely that 4zg will be more than about 8o per cent.
as great as 4;¢ so that index selection has a very considerable advantage.

It may be noted also that this is the approximate result obtained
for w = o and 7¢h4 = ks approximately.

Once more taking wH = 1 we have

4:g I—{—Tc\/h}—}-hﬁ—QMh}hﬁ

4g  haths 1—r2h2hE

and using the same approximation as before we find that this reduces to

dic \/ (1+476)%

Ao\ 2(Hrehl

2(Hrehl)

From this it follows that index selection will usually be more efficient
provided that 7¢ >0-7 approximately.

TABLE 1
Values of %ﬁzr specified values of 1g and wH for h? = o-57, hg = 0°51

wH
e
% 2/3 1 13 2

‘0 1°114 1°114 1°114 1°114 1°114
025 1'326 1238 1'133 1-039 0'973
0'50 1'570 1-379 1-160 0987 0861
0'75 1-915 1'572 1'200 0'g17 0754
10 2°533 1'g00 1267 0844 0:633

This would apply with progeny groups of size 20 with individual heritabilities of 0-25
and 0-20.
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As a further illustration of the equation for £, tables 1 and 2 give
the values of £ for some particular situations. In these tables it can be
seen that over the range of r¢ from zero to one k changes approximately
linearly. Since it has been shown by Robertson (1959) that sampling
errors in the estimation of r¢ are likely to be large, and all other para-
meters are also subject to errors of estimation, there may be little value

TABLE 2
Values qfv—l:-far specified tg and wH with h = o-25, hg = 020

wH
e
3 2/3 1 3/2 2

00 1°25 125 125 1°25 1'25
025 161 145 127 111 1:00
05 1'94 1:63 129 1'01 085
075 2°29 1-81 1'31 0'94 075
1'0 2:67 2°00 1-33 0-89 067

This would apply for progeny groups of size 20 and individual heritabilities of 0066
and 0-050.

in extreme accuracy in the calculation of £ from these parameter
estimates. It is therefore suggested that a satisfactory estimate of &

. . . . h3 z
may be obtained by linear interpolation between wh—‘;- and H&g at the

B Oed
estimated value of 7.

It may be worth pointing out that these results apply to correlated
characters in general, provided these correlations are genetic only.
This may be compared with the method of Rendel (1954) to deal with
characters environmentally correlated.

Exactly the same method may be applied to selection in more than
two environments, but there seem to be no useful simplifications such
as arise in the case of two environments. It is simple to write out the
equations requiring solution.

3. DISCUSSION

In recent years there has been a tendency for the means of genetic
improvement of domestic animals to be concentrated in the hands of a
few large breeders. This has been particularly marked in the poultry
industry. Under such conditions, the ability of a breeder’s stock to
produce well over a wide range of environments becomes extremely
important, and what has here been called overall genetic gain will be
the object of selection programmes.

The simplest approach is of course to ignore genotype-environment
interactions, and if this is done selection should be carried out in the

K2
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environment giving greater overall gain. For two environments this
has been shown to depend on 42, b2, H, w and 7¢. Table 3 gives values
of 2Z/h% which must be exceeded for given values of 74 and wH if p»
is to be selected for in preference to pa.

Over what seems likely to be the most important part of the range
[2/3<wH<g/2: 07<re<1] it can be seen that if one heritability
is about 1-15 times as large as the other, this will be a sufficient increase
to determine which environment should be used. For instance, if
wH = 2[3, r¢ = 07, h} = 0-25, then if A} is less than 0-217 selection
should be for p,. However, the differences in gains are small unless
k% is much less than o-217, and in practice the final decision would

TABLE 3

h2 h2
Values of ;Bé Sor which Agg = Aug if }—l!;> tabulated value, Apg>A,g
A A

wH
¢
3 2/3 1 3/2 2

o 0-250 0°444 I 2°250 4°000
o2 0:404. 0-585 1 I'711 2°468
0'4 0562 0:709 I 1411 1:777
06 o'gxﬁ o-819 I 1221 1397
08 0-863 0:916 I 1'092 1-160
1'0 1000 1000 I 1-000 1000

usually be based on the operational convenience of the two environ-
ments.

It may often be desirable to avoid difficulties involved in the main-
tenance, testing and selection of two separate strains, especially when
there are chances that the purchaser will use one strain in an environ-
ment different from that for which it was developed. Under these
conditions it would seem best to develop a strain adapted to both
environments, and the results given above suggest that a selection index
will be the most efficient method of developing such a strain. How-
ever, the comparison given above of overall gains from index selection
with those from separate selection will usually be biased in favour of
the index. This follows from the assumptions that selection intensity
is the same in both strains, and that population size is the same for
each strain. These objections appear to be important only if w deviates
considerably from one, so the bias may not be very great in many
cases.

It might appear that use of the index would necessitate the doubling
of testing facilities, but this is by no means always correct. For instance,
if poultry are tested on outside farms, it involves a splitting of these
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farms into two groups and extra work in data processing, which does
not double the operational problems.

One interesting result of the experiments of Falconer and Latys-
zewski (1952) and Fowler and Ensminger (1957) has been that selec-
tion in *‘ optimal ” (A) conditions has been less efficient than selection
in ““ sub-optimal ” (B) conditions. In such situations it seems in general
that 42 >42 and H<1. We here consider a hypothetical case of this
type. We take h2 = o-25, A} =020, H= 107, w =1, 7¢ = 0°4.
Then we have %ﬁ = 1-04. Substitution of these values in the index

48
equation gives the result £ = 1-523. The use of the suggested linear
interpolation would yield £ = 1-512. It is noteworthy that in this
example the phenotype which is less efficient alone is given the greater
weight in the index. Such a result is by no means intuitively obvious.

When the actual comparison is made we find %g = 0-7526. Using
18

the approximate formula given earlier we would obtain %ﬂg = 0'734.
g

This example shows how the suggested approximations work in a
particular case.

It should be noted that the present formulation differs from Fal-
coner’s (1952) in two respects. His path diagram may be written as

pa = gatestla
P = gpt+ertin

where the ¢’s are effects associated with specific environments, while the
¢'s are random variables within these environments. In the present
model these have been amalgamated. A more important difference
is the present assumption that E(esen) = o which is not made by
Falconer. This does not affect the results except in the derivation of
the index. However, in the situation discussed, where * phenotypes
are means of related groups, this assumption is simply that commonly
made of no environmental correlations between relatives. For com-
pleteness we may include the equation for £ when rp % rehahe. It is

re I hz
k_whx‘ie (I+_wH) (—wH+TG)7Ph—A '
Y
b (I—I—era)—(wH—{—ra)rp%f
A

which clearly reduces to that given earlier when E(e4¢s) = o.

It is very doubtful whether the simple model presented here would
give accurate predictions over an extended period. However, it seems
probable that the index method may be of considerable value over a
few generations, after which the selection procedure would need to be
revised in the light of results.
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4. SUMMARY
1. The *“ overall gain > through selection is defined when animals
are to be used in two environments,.
2. Three selection procedures are considered:

(i) Selection in one environment ;
(ii) Separate selection in both environments of two strains ;
(iii) Selection on an index combining performance in both
environments.

3. Expected overall gain is worked out for each procedure, and
the optimum index is derived.

4. Comparison of gains is made to give a basis for choosing the
form selection should take. Over a range of conditions index selection
is most efficient, producing greater overall gain than even separate
selection.

5. The implications of these results are discussed.
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