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Selection for improved yield in inter-specific mixtures or intercrops
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Summary. A simple recurrent selection scheme using
randomly constructed intercrop or mixture treatments
for the mutual improvement of two or more species is
described. Several possible selection criteria are avail-
able for each species, including its own yield, those of
each of its associates, and combinations of these. Sta-
tistical expressions are developed to describe the ex-
pected gain in economic yield in each species given
selection for one or more species on the basis of any
commen criterion, and it is shown that the gains from
all responding species and applied selection criteria are
additive. Negative correlations between the direct and
associate effects of genotypes favour the selection of
whole mixtures. Selection indices of several species
yields can be applied either on an individual species
basis or to whole mixtures, but only in the latter case
can the statistics required for the calculation of the
optimum index be estimated from the data provided
by the trial. Some general properties and possible long
term effects of different selection methods are dis-
cussed.
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1 Introduction

In spite of the widespread use of multiple cropping and
other mixed culture systems throughout the world,
research in this area is far less advanced than compara-
ble work in pure crop culture. This is due in part to the
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wide use of pure cultures in the developed world, in
part to the relative lack of resources in the developing
world, but not least to the complexity of problems in-
volved. Interactions between species add another
dimension to the agronomic problems of optimisation
of culture and management techniques. Not surprising-
ly, relatively little work has been done on the design of
breeding systems for the production of varieties for use
in specific multiple cropping situations, still less to test
or routinely use such systems (Francis 1981). There is
accumulating evidence in many species that the higher
yielding genotypes in sole crop culture do not give the
highest yields when intercropped (see Francis 1981 for
a review), and that selection in the two regimes has
different results (Eagles 1983). It can be predicted that
the efficiency of utilisation of common environmental
resources in an intercrop can only be optimised by a
system of breeding designed to achieve a high degree
of mutual adaptation of the component species. In
those systems -involving intimate association of the
components and consequent inter-specific competition
for resources, breeding methods appropriate for the
development of components must therefore be based
on the assessment and selection of potential material
under intercrop conditions. This paper suggests a
simple scheme answering these requirements, and
examines its properties.

2 The selection system

A simple system for the mutual improvement of an
arbitrary number of species for use in a single inter-
crop would involve the random choice of one member
from the available population of units of each species
to make up a single mixture or intercrop, as many such
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Fig. 1. A diagrammatic representation of the selection scheme

mixtures being constructed as are allowed by the popu-
lations and the experimental resources available, and
grown in an appropriate replicated trial. Some units
from each species would then be selected either on the
basis of the yield of the whole mixture in which they
occur, their own individual yield, or some other crite-
rion. Selected units from each species would be inter-
crossed to produce a new set of units for assessment in
a new cycle. Each unit would therefore typically be a
family, the precise type of family being chosen for
genetic or logistic reasons, or may be prescribed by the
mating system of the species. So, although the selection
system could be used to choose intercrop components
from a range of available varieties in a single cycle, it
1s essentially conceived for recurrent application over
the long term. The alternation of phases of selection
and recombination parallel those in systems of breed-
ing for pure culture, and so involve no greater expen-
diture of time or other resources. This system is sum-
marised in Fig. 1.

This system, at least for two species, is analogous to
the method of full-sib reciprocal recurrent selection
used for the improvement of a hybrid between popula-
tions of a single species, in which the genetic value of
each member of one population is assessed by means
of a full-sib family produced by crossing it with a
random member of the other (Hallauer 1967). One im-
portant difference is that whereas a single family has to
serve as a means of assessment for both its parents, the
species in an intercrop can often be separately mea-
sured, thus allowing a choice among several selection
criteria. This facility will be particularly useful when
the products of the species, loosely referred to here as
yield, are of a different order of magnitude, or even of
a different type with different economic value. This
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will not be the case with more intimately grown
mixtures, such as grass swards, whose total production
has to be measured.

The following analysis deals first with systems of
two species, as these are both simpler and likely to be
of greater importance in practice than the more general
systems which follow. It is assumed throughout that
sowing rates and all other cultural and management
procedures are equivalent to those to be applied in the
conditions of use for which the improved mixture or
intercrop is intended.

3 Systems of two species
(a) Statistical models

Because different intercrop components may give prod-
ucts which differ in their economic value, analysis is
based on their economic yield, defined as the observed
yield multiplied by a coefficient representing the eco-
nomic value of a unit of yield. For intercrops or mix-
tures whose components give products of equal eco-
nomic value which can be simply added to give the
total production, then no weighting is necessary. The
economic yield of any selection unit of species 1, say
the r th, when grown in association with a randomly
chosen unit from species 2, the s th, can be described
by the model

Xlrzul+vlr+a25+(va)lr25+elra (1)

where v, is the mean of all units of species 1 grown, v,
is the direct effect of the r th unit of 1 in mixture with
species 2, a, is the associate effect of the s th unit of 2
on species 1, and (va);;» is their interaction. These
parameters are functions of both the inter- and intra-
specific competition effects experienced by plants in
the particular system of culture. The term e, represents
an error in the estimation of x,, which might be
achieved as the mean of several replicate plots. Simi-
larly

Xas = Uy + Vag + a1 + (V@) 351, + €35

while the total economic yield of the mixture can be
written as

Yeis = Up2 + gir + £2s + dlr2s + €5, (2)

where u;; =u; + u, is the mean of all mixture totals,
g =V +a; is the general mixture effect of r and
dyros = dosi; = (va);os + (va) g1, Is the interaction of r
and s in total mixture yields.

For model (1), the parameters have the usual
properties:

ZVu:Zau:Zst: ZaZS'__ Z(Va)erS': Z (va)i;2=0,
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and E (v})) = ¢*v,, E (a},) = 6%a,, E (v}) = a?v,,

E (a%) = 0%, E ((va)fa) = 0?vay,, E ((va)iy) = 0%vay,
E (ef,) = 0%y, E (e%) = o%¢,, E (viray) = oviay,

E (vya) = avady, E ((va) a5 (Va)xs1r) = ovajpvay,

and E (e e,) = ge, e,

all other cross products having zero expectations.
Hence each species is characterised by two variances

and a covariance, as is the species pair.
For model (2) similarly,

Zg1r= Zg25= Zdlrls= Zd251r= 0,
r S r S

E (g%r) = ngl’ E (g%s) = azgz, and E (d%rZS) = 02d12-

(b) Population statistics

The expectations of various estimable statistics charac-
terising the population of mixtures can now be written.
The variance of economic yields of species 1 and 2 are

varx, = 6>v, + a’a, + o*va;, + o’e, = var(g) x; + o’¢,
varx, = 62v, + ¢2a; + 62va,, + oe; = var () X, + e,
and their covariance is

COVX|Xp=o0Via; + gVvia;+ ovappvay + geje;

=cov(g)X X, + gere;.

It may be noted that the first two terms in the expecta-
tion of cov x;x; are likely to be negative, whereas the
error covariance ce e, will normally be positive. The
suffix (g) is used to denote a variance or covariance of
true, error-free, values. The covariance of each species
with the mixture totals can then be found as cov x;y
=varx, + covx;X,, and the variance of the mixture
totals is

vary =covx,y + covx,y = o2v; + 20v,a; + 622,
+ 6%V, + 20vaa; + 02ay + ¢iva, + 2ovapvay
+ a’vay + o’e

which can be written more easily in terms of model (2) as
vary = a°g, + ¢°g; + 0°d, + a’e

since O'Zgl = O'ZVl + 2av1a] + olal, O'2g2= O'2V2 + 20’V23.2
+d%ay, 6°d;y=o%va; + 2ovasvay + o2va,y,, and ole
= gle, +20¢€,e, + g2e,.

(c) Selection

Three simple selection criteria are available for each
species in an intercrop in which they can be separately
harvested, namely x;, X, and y. The expected gain in
each case can be expressed by expanding the usual
formula for linear change in a normally distributed
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population under truncation selection in the form
G (R;S; C)=ic cov(R; S; C)/(var C)!"2

(Falconer 1960), where ic is the intensity of selection
applied to the selection criterion C, var C is the vari-
ance of C and cov (R;S;C) is a covariance which
depends on the species on which selection is practised
(S), the species in which response is measured (R), and
the selection criterion. The expectations of var C for
each case have already been given in the previous
section, and can always be estimated directly from
the available data. The properties of the covariance
cov (R; S; C) will now be examined in more detail for
specific types of selection.

(i) Selection for either or both species on the basis
of their own economic yields (i.e. using x; as criterion
for species 1 and x, for species 2). Selection for spe-
cies 1 can operate only on those terms in the selection
criterion x; which are specific properties of species I,
namely v, effects. For the effect of this selection on the
yield obtained from species 1, we have

cov (15 1; 1) = cov v x; = ¢*v,
and the effect on species 2 is
cov(2;1;1)=covv;x,=0vja,.

The total gain in the systemn following this selection in
species 1 can be derived from a covariance in which
the element R is written as the list 1, 2, so that

cov(l,2;1;1)=cov(l;1;1)+cov(2;1;1), and
G2, D=G(; ; D+G2;1; D)

=—L (cov (1;1; 1) + cov (2 1: 1)
oXy

- (o?vi+ ovia)) .
aX)
The gain from selection in species 2 can be derived
similarly. When selection is carried out simultaneously
in both species, then the total gain can be subdivided
into separate responses from each species, separate
selection effects of both species, or into the four com-
ponents due to the effect of each selection on each
species. So the total gain in yield of species 1 is

G(1;1;1)+G(1;2;2)=——1—1——02v1+ 2 ovaa,,
gX, gXp

and that for species 2 is

G211 +G(2:2:2) =— gvya; + —> a2v, .
ax, Xz

(ii) Selection for either or both species on the basis
of the yield of the associate (i.e. using Xx; as a criterion
for species 1 and x; for species 2). Selection in either
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case can now operate only on the associate (a) effects, so
cov(l;1;2)=cova;x;=0v,a; and
cov (2;1;2) =cov a;x, = o4,

follows selection in species 1.
The total gains in the two species following simul-
taneous selection for both are then

G(L:1;2)+ G (1;2; 1) =—2 gv,a, + —— ¢%a, and
GX> agX,

G(2;1;2)+G(2;2;1)=i0231+ oVoas
gXs

Xy
respectively.

(iii) Selection for both species on the basis of the
yields of one, say x, irrespective of that of the second,
X;. A new principle is introduced in this case, because
selection can now pick out specific pairs in mixture
and operate on terms which are either a specific
property of one component or a joint property of both.
So, for the selected list 1, 2:

cov (15 1,2; ) =cov (v, + a, + (va)12) X; = ¢?v, + o2a,
+ g®va,, = var (g) x;

cov(2;1,2; 1) =cov (vi +ay + (va);n) x,
=ovia;+ovya+ovapvay
= cov (g) X %5

and the total gain is

G(,2:1,2; )= o (var(g)x1+cov(g)x1x2)

1
=—cov (2 x1y.
X

Here the use of a common selection criterion for both
species allows the utilisation of the variance due to
their interaction, whereas with separate criteria these
interactions are lost. Note that, as before, the covari-
ance has been defined for the effect of each selection
criterion (now only one) on each responding species.

(iv) Selection of both species can be carried out on
the basis of total mixture yields (y). Again a common
criterion allows interaction terms to be selected for, so
that all terms which are properties of either or both
species in y contribute, and for species 1 the covariance
1s that between x; and the true values of y, so

cov(1;1,2;1,2) = cov(g) X,y =var(g) X, + cov(g) X, X,
and for species 2

cov(2;1,2;1,2) = cov(g) X,y = cov (g) X; X, + var (g) X,,
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so that the total gain is

G(1,21,21,2)=G (151,22 1,2)+ G (2;1,2; 1,2)

i
=—"var(g)y.
ay

The gain in species ! is less than that in (iii) because
the new contribution from cov (g) x,x;, is likely to be
negative whereas the gain in species 2 is increased by
the addition of var (g) x,.

4 General systems of m species

(a) Statistical models

For systems of m species, where m > 2, each species contrib-
utes an associate effect to more than one other species. Each
such effect is characteristic of the two species involved and so
has to be defined as a;;; for the average effect of the s th mem-
ber of the j th species on all members of the i th, with (va);;
remaining as the specific effect on the r th member. The yield
of the r th unit of species | when grown with randomly chosen
units of all other species (notated here for simplicity as the
s th throughout) can be written as

_u1+vlr+ zaljs+ Z (Va)lrj5+ell’ (3)
j*i j#i

with summation over all m species. It should be noted that all
the parameters are specific to culture in mixtures with the
specific species involved, and so those with species I, say,
need bear no relationship with those for species 1 in formula
(1). All other things being equal, the proportion of the total
competition experienced by any plant which is inter-specific
increases with m, and with random mixing it is (m —1)/m.
The a;; parameters may also differ considerably for different i,
as they are a property of the economic yields of these different
species. The model deals only with interactions up to the first
order, whereas interactions up to the {m — 1) th order are pos-
sible. Some influences of higher order effects will be discussed
later. A model for mixture totals is now

Zu,+2g,,+21,§,l digjs + €. )
Where g, =v; + ; aji; and  digjs = (va)iys + (va)jq,. For
model (3) the pararjnelters are constrained so that Z Vip = Z ajjs
= Z (va)is = Z (va)is=0, with E(v2)=0?v;, E (aus) =
Uzau, E (ajjsa )5) = aauakj, E(vi;ay,) = ovja;;, E ((Va)lrJS =
a? vay;, E((va)i,) = a? vaj;, and E((va)ms(va)Js,,) = gvavaj;,

each deﬁned or any values of 1 and j. For model (4) similarly,
E(g”) =o¢¥gand E(d% ) =0 d for all values of i and j.

irjs

(b) Population statistics

The variance of yields of species i now has the expectation

varx;=o%v;+ Y. o?a;;+ 2, ovay; + a’e;
j*i j#i

and the covariance of yields of species i and j 1s

Z oajxa t+ ov;a; + ovja;; + ovagva; + o€ €
k=*ij

cov XiX;=
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The covariance of yields of species i with mixture totals is

COVXy =Varx;+ ), coVXiX;= GV, + 2, o%a;;

iTi i

+2, 2 oagap+ Z oviaj+ Z ovjaj
jF1 k#1,j

+ ; atva; + Z ova;vay; + ole; + ; oee;
3T J%1

so that the variance of mixture totals can be written as

vary = Zcovx,y Za v,+z Z ala; + Z 2 2. oaaj

i j#i k+1,j
+22 > av; aJ,+Z Z a va,J+2 Z ava;;va;;
ioj*i ioj*i
+Zaze +2 2 08 e)
i
or much more simply in terms of model (4) as
vary = Za gi+2 2 o*d+a%e
ioj>i
since  o?g;=a?v;+2 ) oviai+ 2, oA+ Y, D, oapay,
j*i jFi PFi k¥

szijzﬂ' vai}-+2ovagvaj, + g?vay;

Z Z ae;¢;.

ioji

ole =
. and e= Zaeﬁ-

(c) Selection

The possible systems of selection for mixtures or intercrops of
more than two species are more numerous and potentially
more complex. However, certain of the principles developed
for that simple case apply in general and can be used to guide
the development of more general formulae. It was shown that
the important covariance cov (R; S; C) is a function of three
parameters; the species in which gain is measured (R), the
species under selection (S), and the species included in the
criterion used for assessment and selection (C). It was also seen
that the total gain in the system is always the sum of the gains
of the individual species. Similarly, the gains from the appli-
cation of separate selection criteria are also independent and
additive provided that each species is selected only on the
basis of one criterion, even if this criterion is based on the
yields of more than one species. Thus it is necessary only to
develop a formulation sufficiently general to express the
covariance appropriate to the response of a single species fol-
lowing the selection of an arbitrary number of species on the
basis of a single common criterion. In the notation of such a
covariance it is therefore necessary to introduce a list only
with respect to the second parameter, S.

The selection criterion can in general be the weighted sum
of the yields of several species, as would be the case for a
selection index. In this case, selection is based on the weighted
effects

C=Zbixizzbivi+zbi§. aij+Zbi§ (va),-j.
i i i j*i i j*i

The individual coefficients b; applied to each x; may take any
value, including zero. It has been noted that selection can
operate on effects which are individual or joint properties of
the species under selection. The above expression can be con-
verted into the effective selection criterion by the inclusion of
an indicator function ¢; which takes the value 1 when
species | is under selection and 0 otherwise. The criterion is
then

SC=2 bigivi+ 2 big; g a;+ 2 big; ; i (va); .
i i i*i 1 ¥
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Response is to be measured in species k, so

xk—zév +Zt9a,3+28 Z (va);,

j#i

where 0; takes the value 1 when k =1, but 0 otherwise. The
covariance of the selection criterion with x, can now be ex-
panded as

wv=2bi§9;9i02v;+2big@i(lw
+ij0i; gjoay + 2, bi(1-

i j#=i i
+ Z bJ ‘(ﬁ:(oiﬁiaviaﬁ + Z bi(”igi ; (ﬂjO'ZVaij

) 1=} 1 j*t

+ Z biwi ; (pj 6j avaijvaji . (5)
i ji

8) aviay

8) 2 o085
Jj¥i

This expression includes only the terms up to the first
order of interaction that were included in model (3). Con-
tributions from second order terms include variances of
associate x associate interactions ((aa); ;) of the j th and 1 th
species onto the i th, variances of direct x associate x associate
interactions (e.g. (vaa);;) and several covariances among these
parameter sets. With higher order interactions the situation
rapidly becomes very complex, with a large number of statis-
tics with coefficients written in terms of the indicator func-
tions already defined.

Particular types of selection can be derived from formula
(5) by the omission of redundant indicator functions when
these are all unity, or by taking only terms whose indicator
products are non-zero otherwise. The following general prop-
erties can be recognised.

{i) When selection is carried out on a single species (the
ith) on the basis of a selection criterion of one species yields,
then the possible covariances are cov (i; i; 1) = a?v;, cov (j; 1;1)
=cov (i;};j) = ov;a;;, cov(j;i;j) =o%a; and cov (ki i;j) =
aa;;ay; , according to the identities of the selected, responding
and criteria species.

(ii) When selection is applied to all species simultaneously
on the basis of the yields of one, then

cov(i;1...m;i)=var(g)x;, and
cov (i;1...m;j)=cov(j1...m;i)=cov(g)x;x,

according to whether the responding and criterion species are
identical or not. It is only in this case that the covariance
reduces to a simple statistic which can be readily estimated
from the available data, although the omission of higher order
terms from the formulae means. that this has not been explicit-
ly shown.

In either of the above cases, the covariance due to includ-
ing several species (say 1...1) in the selection criterion is ob-
tained simply by summing individual covariances over these
species, irrespective of the single species or group on which
response is measured (R) and of the single species or group
under selection (S), so that

1
cov(R;S;1...t)=2 cov(R;S;i).
1
Similarly covariances for all r responding species can be
summed so that
r
cov(l...r;$;C0) =Y cov (i; S5 0).

1
The covariances for separate selection criteria cannot be
summed in this way, as the gain from each depends on its
standard deviation and selection intensity, and any summation
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must therefore be carried out at the level of the gains
themselves:

GR;1..50 =X GR;1;0).

5 Some specific properties of selection methods

Consider for simplicity a two species system in which
yield is controlled only by direct effects. The gain from
direct selection expected in species 1 is then i62v;/
(62v, + o%¢))'? whereas that resulting from selection
among whole mixtures is i 62v,/(c?v; + a*v, + a%e)!/%
Thus direct selection is the more efficient provided
that the error variance o’e is not markedly smaller
than ¢ e, which is unlikely. The inferiority of mixture
selection is due to the necessity of selecting a randomly
associated pair of species candidates as a single unit,
and would therefore be even more marked in systems
with more than two species. When both direct and
associate effects are present, then provided that these
are only weakly correlated, selection for either direct or
associate effects may still be more effective than
mixture selection. However, negative correlations be-
tween direct and associate effects can be expected to be
rule rather than the exception, particularly for crops in
which yield is itself a major determinant of aggressive-
ness, such as the forages. The gain in yield in each
species under direct selection now consists of a positive
term due to its increased yield potential following its
own selection (i, o°v,/a x, for species 1) and a negative
term due to increased competition following similar
selection in its associate (i, 6v,a,/0 X5). This reduction
in gain from individual species selection results from
the presence of negative covariances in the numerators
of the response formulae which are not present in the
denominators (gX;, or ¢X,), and is therefore more
severe than in the case of whole mixture selection for
which both the numerator and denominator (¢y) are
affected. Negative correlations between direct and
associate effects therefore favour the use of whole
mixture selection. It is worth emphasising at this point
that the absence of interactions, as assumed here, does
not indicate that monoculture or any other form of
testing need be an efficient substitute for assessment in
mixture or intercrop. Intercrop and monoculture per-
formance remain two distinct attributes whose correla-
tion can only be determined empirically.

In spite of the above arguments, the presence of
important interactions between direct and associate
effects is likely to be the most compelling reason for
the preference of mixture selection. Although the
higher order interactions possible in systems of several
species have not been treated in any detail here, the
principles governing two species systems can be gener-
alised to some extent. Simultaneous selection of a set of
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species on the basis of a common criterion will allow
utilisation of multiple interactions involving all of
them, but this grouping of selection units will reduce
the gain from all lower order effects and interactions.
There is therefore little purpose in the joint selection of
groups larger than that of the highest level of inter-
action present. In practice, interactions of more than
two species may be relatively unimportant, so that
pairwise groupings would be adequate. However, even
in a three species system, conflicts would arise if
species A interacts with B and with C but other inter-
actions are absent.

6 Selection indices

A selection index is a selection criterion derived as a
weighted sum of a series of available measurements
relating to the units under selection. In the case of
intercrop assessment, each of the m species provides a
yield variate which can be included in such an index.
The use of characters other than yield will not be con-
sidered here, although it can be treated in exactly the
same way. The coefficients to be applied to each
variate in the case of an index designed to give maxi-
mum total gain are found by solution of the system of
equations described in matrix form as

b=P'Ga (Smith 1936)

Here P is the (m x m) variance-covariance matrix of
the yield variates, with its ijth element equal to
cov x;X;. The (m x 1) vector a is used to apply differen-
tial economic values to the yields of each species, but
since it has been assumed that all yields used have
already been measured in economically standardised
units, then its elements may be set to unity. Alterna-
tively, indices may be calculated from untransformed
yields and the elements of the vector used to represent
the relative economic values of unit yields in each
species.

The elements of the (m x m) matrix G are members
of the cov(R:S:C) family already discussed, and
depend in each case on the species on which the index
is to be used, as follows.

(a) Separate indices for each species

Selection for each species may be based on its own
index. For the k th species, the appropriate G matrix
has as its k th row

2
OVgagl, ... OVgAgk—1)>» O Vk» OVkAgk+1)s - O Vk km

while any other row, the i th say, is
P 2
0 Ay k|, --- O Ak(i—1)> T Ak »

T Ak Ak(i+1)» --- T Aj Akm +
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The use of such individual indices for one species is
expected to maximise the utilisation of the species v
and a effects. Simultaneous applications of specific
indices to each species will make good use of all v and
a effects, but because each index is calculated indepen-
dently of the others and yet employs the same yield
variates, it is doubtful if they jointly possess any
property of maximisation of gain. They can make
fortuitous use of interactions only when indices for dif-
ferent species happen to result in the selection of units
from the same intercrop. With large populations this is
unlikely, particularly for small values of m. The most
serious problem facing the user of such indices how-
ever is the difficulty of estimation of the elements of
the matrix G, as these cannot be achieved from the
data provided by the trial itself.

(b) Common index for all species

A common index to be applied to all species, and
therefore resulting in the choice or rejection of all com-
ponents .in a particular treatment, is calculated in the
same way as those above, but using a G matrix whose
ij th element is cov (i; 1... m; j), or simply cov (g) X; x;.
There is therefore little problem in estimating the
elements of G from a replicated trial. The index will be
expected to make good use of interaction effects, but
be less efficient than separate indices with respect to
direct and associate effects. It may be that an index or
set of indices for all species exists which has an overall
optimal property, but this must remain an unsolved
problem for the present.

(c) A specific use of a-selection index

A situation which might commonly occur in practice is
the mixed cropping of two species of which one is very
sensitive to the competition exerted by the other, as
when species 1 is much smaller in stature and grows in
the shade of species 2. A possible selection system
would be to select both species on the basis of the yield
of the weaker, so that the whole of the selective effort
would be aimed at increasing yields of species 1, both
through its own yield potential and through reduced
competition from species 2. With negative correlations
of direct and associate effects for either species, this
system would necessarily be expected to reduce yields
of species 2 however, and this would be unacceptable if
its produce was of importance. This would also be the
expected result if a fixed representative of species 2
was used in the testing of species 1 units as is some-
times the practice (Willey 1979). A compromise which
could be made would be the use of a selection index
designed to hold the yield of species 2 constant while
improving species 1. A common index for the two
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species would then have the form

I=x;+bx;, where b=—cov(g)x,x,/var(g)x,.

But this index would not necessarily have the property
of maximising gain in species . A unique pair of
indices, one for each species, must exist with the joint
properties of giving the maximum gain in species 1
while holding that of species 2 constant, but this has
yet to be solved.

7 Discussion

It has been shown that no predictions of the absolute or
relative gains to be expected from selection based on
any criterion other than whole intercrop yields can be
derived from data provided by a trial involving ran-
domly constituted intercrops. Estimates of the vari-
ances and covariances of direct, associate and inter-
action effects of all species which are necessary for the
choice of individual selection criteria or calculation of
indices can be obtained only from an experimental
design in which each species unit is tested in associa-
tion with at least two units from each other species,
and preferably more. The most comprehensive design
would include all possible combinations of selection
units from the different species.

Such a system was suggested for the selection of intercrop
treatments of two species by Hamblin, Rowell and Redden
(1976). However, since this design generates n™ treatments
from n units for each of m species, it could only be applied to

a sample of the available breeding material as a preliminary
to the selection scheme.

The gains predicted by the above methods are the
genotypic gains resulting from the selection phase, and
the proportion transmitted through the sexual phase
which follows depends on the inheritance of the vari-
ous effects. Strictly speaking, all the statistics used in
prediction formulae should be replaced by their addi-
tive genetic counterparts, the exact form of these
depending on the families used as selection units and
the mating system of the species to which they apply.
Any differences in heritability of the direct and various
associate effects of any species (i.e. v; and all a;; effects
for the i th species) will therefore reduce the accuracy
of predictions based only on information about geno-
typic and phenotypic performance. In principle, addi-
tive genetic parameters for outpollinating species could
be estimating from an experiment in which the units
are full-sib families which belong to defined half-sib
groups, and if the half-sib groups of different species
coincided in mixtures this also allow the estimation of
the additive genetic fraction of interaction variances
and covariances. For inbreeding systems, segregating
families in a pedigree system or homozygotes following
single seed would be used. Differences in breeding
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systems between the species involved would certainly
cause problems, both for the estimation of parameters
and the efficiency of selection, because varying levels
of inbreeding are likely to influence the relative vigour
of components.

In comparison with pure culture testing, with which
it is directly comparable in terms of experimental
resource utilisation, the system of intercrop or mixture
selection proposed here has both advantages and dis-
advantages. First, it makes a direct assessment of mix-
ture effects, whereas pure culture selection relies on the
correlation of pure and mixture values. Estimates of
this important statistic vary among intercropping sys-
tems (Francis 1981), although the correlation would be
expected to be lower for randomly sown mixtures than
for intercrops grown in rows. Second, only mixture
selection can make use of component interactions,
although the importance of these remains unknown.
Third, the major disadvantage of the mixture selection
scheme is that the random allocation of the compo-
nents to mixtures reduces the gain due to their main
effects by a factor of about m!'? for systems of m
species in comparison with pure culture selection. It
was this factor which earlier led to the conclusion that
in many circumstances pure culture selection would be
more efficient than random mixtures for the improve-
ment of inter-genotypic mixture yield (Wright 1983).

However, these arguments are all derived from the
formula for gain which can only make predictions with
respect to single selection cycles. The concept of recur-
rent application embodies the assumption that be-
haviour over the long term involves phenomena which
cannot be predicted in the short term, and so the ulti-
mate potentials of pure culture and different types of
mixed culture selection can only be guessed at. This is
because, unlike the reciprocal recurrent selection
method to which analogy has been made and which is
underpinned by genetic laws (Comstock et al. 1949),
there is no underlying causative model on which to
base any predictions.

Interactions among components provide one mech-
anism by which the long term behaviour of different
selection methods can differ. When selection is carried
out for just one component species, then the formulae
given earlier are exact, but when two or more are
simultaneously selected there is an additional second
order effect due to the fact that the population with
which each species associates after selection differs
from that against which it was tested prior to selection.
Consider for simplicity a two species system in which
selection for each is based on its own yields. When only
one species is selected, the array of interaction terms
> > dy is reduced in only one dimension, and its
r S

expected value (zero) is not changed. When selection is
carried out on both species however, then this array is
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restricted in both dimensions, and its mean value need
no longer be zero. This potential contribution to selec-
tion gain by interaction terms is distinct from that of
the variances o°va,, or 6>d;, and can occur even when
selection in the two species is based on independent
criteria. In fact it is due to a correlated response of the
d,, terms to joint changes in v; and v,, and depends on
the complex cross product Y > vy, Vaed .

This type of phenomenon was earlier examined for
the case of within population selection of single plants
(Wright 1977). Analysis of diallel sets of binary mix-
tures suggested that the interactions in groups of plants
with high individual forage yields are negative and so
retard selection gains. One effect this pattern of inter-
actions has is to induce a curvature into the regression
of associate onto direct effects so that it steepens as
selection proceeds. When the gradient falls to — 1, then
the increased yield potential of selected plants is exact-
ly balanced by their increased mutual aggression, no
gain results and a selection plateau is reached. Whether
similar patterns of interaction are to be expected in
intercrop combinations is unknown. The question also
arises as to whether cross products of the form
> > ajasdi arising from selection based on asso-
ciate yields are of the same magnitude and sign as
those from direct selection shown above, or indeed
parallel effects following pure culture assessment. Any
difference would be a basis for a difference in long
term potential for the methods due to the selection of
quite different plant types. In any case, any possibility
of this deleterious drift of interactions is best counter-
acted by the use of whole mixture selection which
actively promotes favourable interactions, whether or
not it is predicted to give the best rate of gain in the
short term.

It has been assumed that all cultural and manage-
ment practices applied to intercrops in the selection
programme are identical to those in the agricultural
context for which they are intended. Clearly this is a
difficult requirement to fulfill, particularly since opti-
mal sowing dates and densities and fertiliser and pesti-
cide treatment are themselves likely to depend on
season and location (Willey 1979; Francis 1981). Inter-
actions of genotypes with managements, locations and
seasons are also likely and will reduce the effectiveness
of a programme conducted in one location and with
one type of management. It is also recognised that the
transformation of the measured yields of the intercrop
components simply by weighting them according to
some assumed economic value is a simplification of a
complex problem discussed at greater length elsewhere
(Willey 1979, Mead and Riley 1981), as this can
depend on whether the crop products are required for
subsistence or cash, and on fluctuations in market
demand.
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