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Summary. The response of a randomly mating popula-
tion which is expected to follow selection of phenotypic
units, comprising individuals or groups whose mem-
bers have an arbitrary degree of relatedness, was
formulated using a model which included additive and
dominance competition effects. The derivation involved
three steps. Twenty-two quadratic components were
defined, six describing individual (direct) and neighbor
(associate) effects, and 16 describing direct by as-
sociate interactions for different loci, for single loci
with different alleles, and for identical alleles. Six
covariances between pairs of individual phenotypes
and three of individuals with their offspring were
defined according to whether or not their direct or
associate genotypes are common, and expressed in
terms of the quadratic components. Finally, variances
of selection units of different types and their covariance
with their offspring were expressed as compounds of
these individual covariances. Explicit formulations for
mass, clonal and full-sib selection show that without
constraints on the quadratic components, and hence on
the magnitude and type of competition operative, no
predictions as to the relative efficiencies of these three
methods can be made.

Key words: Inter-plant competition — Covariances of
relatives — Mass selection — Full-sib selection — Clonal
selection

Introduction

Inter-plant competition can have a major influence on
the efficiency of selection procedures when the units
under selection, which may be genotypes, families,
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varieties or other groups, have to be assessed under
different competitive influences from those which pre-
vail in the conditions for which the selected material is
required. An individual selection unit may experience
competition arising both among member plants of the
unit and from neighboring plants belonging to different
units. These two problems are distinct, and the second
has been approached largely through the development
of suitable experimental designs and analyses.

The problem of competition within selection units was
examined in a series of papers by Griffing (1967, 1968a,
1969, 1976a,b, 1977). He used an additive model which
included direct and associate genotype effects to examine the
selection of individuals, of randomly constructed groups, and
ordered groups such as families and clones when response is
evaluated in terms of the performance of their random-bred
offspring. Gallais (1976) also applied an additive genetic
model to the problem of estimation of general combining
ability but included direct by associate interactions between
like and between unlike alleles. In this paper, a similar model
which includes dominance interactions will be used.

Griffing initially developed his analysis in terms of
a single gene model (1967, 1968a) but later (1968b)
generalized it in terms of the covariances of relatives to
accommodate an arbitrary number of genes. Although
the analysis can be modified to deal with other mating
systems, the present investigation, like Griffing’s will
deal specifically with the case of a large randomly out-
crossing population and the necessary covariances
among relatives will be derived using the very direct
and general method of the probability of identity by
descent of alleles (Malecot 1949).

The expectation of selection response

The expected permanent response to selection using a
particular selection unit x can be expressed as

ny =12 ny/(Vx + aez(x)) 172 s



where ag(x) is an error variance whose exact form
depends on the type of selection, C,, is the covariance
of the selected units with their offspring in the system
of culture under which response is measured, V, is
their genotypic variance, and i is the standardized
selection differential. The response required in the
present case is the difference in mean value between
the offspring produced by random mating from the
parental population before and after selection, when
each offspring population is grown as a single mixed
stand. The chief problem in the formulation of re-
sponse is thus the derivation of Cy, and V; in terms of
a model of inter-plant competition-

Models and definitions

The complete description of the phenotype of one
individual growing in competition with a second re-
quires a much larger number of parameters than does
that of an isolated individual. For a two-locus system,
dominance and epistatic as well as additive terms have
to be defined for the genotype of the individual itself
(direct effects) and for that of its competitor (associate
effects) and for direct by associate interactions. Com-
petition takes place at the level of whole phenotypes
rather than individual alleles, and the direct by as-
sociate effects include interactions of alleles at different
loci as well as at the same locus. This complete
specification is very unwieldy and some simplification
1s necessary before any comprehensible formulation
can be achieved, and for this purpose, epistasis will be
ignored.

The value of a member of a large population in random
outcrossing equilibrium carrying alleles notated r and s at
each locus when grown in competition with one other un-
related individual carrying alleles r’ and s’ can then be written
as

er~r’s’ =pu+ ; [dIAr + dIAs + dlDrs tapart aay t a/Dr’s']

+ 2 2 [daarkar T daarcas + daaskar + dajaccas .
7%

+ dajarkpry +dalAs~kDr’s’ + damprs-kar
+ dalDrs~kAs’ + dalDrs-kDr’s’] .

The mean u is the average of all individuals when grown in a
single mixed population, and all other terms are defined with
respect to this population. Direct and associate effects are
denoted by d and a, respectively, while their subscripts refer
respectively to the locus, the type of effect (whether additive
(A) or dominance (D)), and the allele(s) carrying the effect.
Interaction effects are defined in a similar fashion, so that, for
example, the term da;s..«pry iS the interaction of the direct
additive effect of allele r at locus / with an associate domi-
nance interaction of alleles r’ and s’ at locus k (where / may or
may not equal k). Summation is over all loci for direct and
associate effects and, for direct by associate interactions, over
all possible pairs of loci, including each locus with itself.
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The effects are constrained in the usual way such that
Z prdiar= Z Praar= Z PrPsdprs = Z Pr Py &ipyy
= Z Pr Pr dajackar = Z Pr Pr Py dajarkpry
= Z PrPs Pr dajprskar = Z PrPs Pr Py daprs-kpry =0

for summation of subscripts r, ', s or s’ where p, is the
population frequency of the r'h allele. However, it is necessary
to note that the sums of subsets of interactions which involve
identical alleles (homoallelic interactions) are not necessarily
zero. These are interactions caused when alleles or pairs of
alleles at a locus are carried by both direct and associate
genotpyes, and because they can occur with different frequen-
cies in different types of groups, they can lead to difference in
the mean phentoypes of these groups (Gallais 1976). For
future use, the following sum is defined

#% = E(dajar.ar) + E(daariprs) + E(daipesjar)
+ E(da;prs-iprs) -

Quadratic functions of the effects are defined as
2E(dfa) =03, 2E(@@far) =03, 2E(djar2/ar) =04, 0,0
E(dfprs) = 0d,, E(@lors) =05, E(AiDrs 31sDrs) = Gupaps
4E(dafarkar) = 0dayne  2E(dafarkprs) = 6Zayme
2E(dafprskar) = Odapiae>  E(d@fpeskDrs) = 03apini:

The total variance or covariance of direct and associate terms
is obtained by summation over loci, for example,

; (63an) = 03a.

In the case of direct by associate interactions, summation is
used to separate variances due to interactions of effects of the
same or different loci. A dash suffix is applied to the former
and the now unnecessary da suffixes dropped:

Z Z (Urziau,\k) = a}\A

and Z (agauu) = a%\A’-
1 k(i /

Further definitions are necessary to allow different vari-
ances for interactions of additive or dominance effects at a

single locus when common alleles are involved (homoallelic
interactions):

4 Z[ E {[dajar-sar — E(dajarian)l) = 0ar,

2 Z{ E {[da/ar-iprs = E(d2jar-iprs))?} = 0ADs,

2 Z[: E {[daprs-iar = E(daiprsian)]®) = obas,

Z[: E {[da;prs.iprs — E(daprs.mprsy2} = o,
Z;, E {[daprsprs = E(daiprs. iprs)]?} = 0Bpees

and the products:
2 2:, E {dja;[dajariar— E(dajarian)]} = 0da-aas

2 ; E{ajar[dajariar — E(dajariar)l} = Gaa-aas-

It will be seen later that the final pair of covariances is of
importance in the formulation of selection responses, but for
simplicity, similar covariances among dominance effects will
be neglected, as will any possible covariances between homo-
allelic and heteroallelic interactions.
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Covariances of neighbors

In the absence of pairwise or higher-order interactions
among plants with respect to the competitive effects
they jointly exert on others, variances of individuals or
groups will consist of combinations of expressions
involving an individual with each of its neighbors. As a
basic unit for these derivations, the between two
members of a group, each of which have only one
neighbor (Table 1). The coefficients are obtained by
considering the probabilities of identity by descent
(ibd) of individual alleles or pairs chosen from the
eight which constitute the phenotypes of the two
individuals through their own direct genotypes and the
associate genotypes of their neighbors. These alleles
can be regarded as those carried at one locus or two
different loci, according to the type of effect being
considered. The probability of ibd of single alleles
chosen from random members of a group, their co-

ancestry, is defined as 4, and that of a pair of alleles at
a locus as 6. Without inbreeding, as assumed here,
there can be no identity between the pair of alleles at a
locus within a genotype.

Six different covariances can be envisaged, depend-
ing on whether or not the two individuals have a
common genotype for the direct or associate compo-
nents of the phenotype. For the covariance between the
phenotypes of the same individual when grown with
different neighbors, the direct effect is common (Cy),
while for two individuals with a common neighbor, the
associate effect is common (C,). In the case of the
covariance of a phenotype with itself, then both effects
are common (Cgy,). For example, it will be seen later
that only covariances of types C4 and Cg4, can contri-
bute to the variance of individuals since in that case,
the direct effect must always be common. Alternatively,
the direct genotype of one individual may be common
with the associate genotype of the other (Cy), or both

Table 1. Allelic identities and quadratic components contributing to the covariance of two group

a
members, X py and Xpq. g

Quadratic Covariance with allelic identities
component

1s=pq, rs=p’q/, Is=pq rs’=p'q rs=p'q’or Nil

rlsl=plql rlsl=pq rlsl=pq

(Caa) (Caa) (%) (€ (Co) ©
aia 1 20 1 20 26 28
ola 1 20 20 1 20 28
alp 1 d é 1 o é
O3a.an 460 2 40 40 1+280 40
03p-aD 26 2 24 28 1+4 24
oia 1 492 26 26 492 46?
giu o 40%a 20 20 40%y 4024
ohae 7 483 262 262 493 493
¢ip 1 2046 4 20 2646 206
oip Jii 2068 op 208 26048 26068
gAp. 26 46%5 206 462 46%5 4625
oba 1 2046 26 é 2046 26046
oba B 2066 208 op 2088 26468
ohas 280 4026 49? 2646 40%6 4626
obp 1 82 0 ] 52 5?
by r 8r ér or ér 52
obps n 8 on on n o'
O%Du 0 53 62 62 (53 53
Gla. AA» 46 40 40 862 20(1+26) 862
O2a. AA® 40 40 862 40 260(1+26) 862

2 Note: (1) multiple identity requirements are written in a single exgressign:

for example, rs=pq

indicates r=p and s=q or r= q and s = p; (2) in the case of 6%, 04D, Oba, and ohp, allele pairs
rs and pq, and r's’ and p’q’ are assumed to come from different loci, whereas for all other inter-
action components, all eight alleles are at the same locus; (3) a=(1-8), f=(1-20),

IF=(1-46+6),n=2(26-3)



these reciprocal genotypic identities may coexist
(Cyy). (The intuitively apparent reciprocal identity
C, need not be considered, as this is identical to Cy).
The final covariance, C, is that for two members of the
group for which no genotypes are common. The iden-
tity of alleles for direct or associate genotypes which
are not common depends on their probability of
identity by descent and hence on the type of group
considered.

The coefficients for the interaction variance of each type
requires some explanation. The model given above is for an
individual and a neighbor to which it is unrelated. With a
related neighbor, the additive by additive effects would have a
probability # of being homoallelic, the remaining (1 —8)
being heteroallelic. The similar probabilities for additive by
dominance and dominance by additive effects are 26 and
(1-26), and those for dominance by dominance are 4,
2(26—6), and (1 — 40+ §), being the probabilities that an
individual and its neighbor have exactly 2, 1 or no identical
alleles at a locus.

Genotypic variances

Before considering the derivation of formulations of
particular variances, it is important to distinguish
clearly between the neighborhood size, m, which is the
number of plants which are sufficiently close to exert a
competitive influence on the phenotype of any partic-
ular individual, and the total group size, n. The value
of m has to be assumed constant for all n group
members, and so ignores any edge effects which are
likely with field plots. It also assumes that there is a
finite neighborhood whose members all have an equal
opportunity to influence the yield of the central plant,
whereas in practice, their influence will be dependent
on distance. The parameter m must therefore be taken
to represent some effective neighborhood size.

The value of an individual is the average of the
various phenotypes produced when competing with
each of the m neighbors which are random members of
the group, and its variance is the mean of the m? terms
arising from the square of this compound. Of these, m
are the variances of phenotypic values and so have
expectations equal to Cy,, while each of the remaining
mm; (where m;j=m—1i) is the covariance of the
phenotypes of one individual with two different neigh-
bors, equal to Cy4. The variance, excluding error terms,
is therefore

Vi, nm =[Caa+ m; C4)/m,

denoting the variance of individuals grown in groups of
size n with a neighborhood of m, and replacing the
notation Vy used in the response equation above. It is
evident that this variance is dependent on m but not
onn,

Using similar reasoning to that above, the composi-
tion of the variance of groups of size n is the mean of
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(nm)? terms which (provided that n> 0, m > 0) can
be written as

V(n,ﬂ,m) =[Cgat Cgow+m (Cy+Cy+2 Co)
+(nym+2)C)/nm.

This observed variance includes a contribution from
the variance among genotypes within the group, so that

v(ll,n,m) = Vb(n,m) + Vw(n,m)/rl s

where Vy, m) 1s the true group variance.

The variance of individuals measured around the
mean of their group can be obtained from the above
two variances since

Vw(n,m) =n (V(],n,m) - V(n,n,m))/nl
=[n Cga+nym; Cy— Cygy—m(Cy+2Cy)
—(ngm+2)C)/n;m.

This within-group variance is due to the usual
genotypic variance among the members of any group
other than a clone. However, there is an additional
contribution due to the unequal distribution of homo-
allelic interactions to different phenotypes. When an
individual has one allele in common with its neighbor,
the contribution of homoallelic interactions to its
phenotype is 1%, and if it is assumed that

E (daIDrs-lDrs) =2E (dalDrs-lDrs’) s

then the contribution with both alleles common is
2 1. Since the probability of identity for both alleles is
4, for just one is 2(2 6 — J) and for none is (1 — 48 + 9),
then the variance arising from one locus is [45(1 — 48)
+ 2 8] uf % Hence, this term is zero for random groups
as well as for clones. It can be summed over indepen-
dent loci, but its contribution to the variance of

Table 2. Coefficients of direct and associate variances and
covariances in individual and between and within group
variances

Individuals Groups Within groups
1+2n,6
a3 1 (n—‘) (1-26)
l4+n,é
o3p 1 (—n—'—) (1-6)
ol (1+2m,6) (14+2n,86) (n—m) (1-26)
m n n,m
o2 (I1+m,é) (I+m0) (n—m)(1-96)
m n nm
2(1+ -
x40 ( n2n10) 2(2: 1)
1
2(1+n,é 2(6—-1
amap 26 ( - 19) (n )
1




260

Table 3. Coefficients of direct by associate interaction variances and covariances in individual and between and within group

variances ?

Individuals Groups Within groups
OhA (1+2m,0) [1+4m;0+4(mym+1) 6% (1-28)[n+2(mym+1) 9]
AN o (l+2m,6) a[l+4m;8+4 @m,m+1)6% a(1-20)[n;+2(n,m+1)46]
Char 8 (1+2m,0) O[l+4m;8+4(n,m+1) 6% 0(1-26)[ni+2(mym+1) 6]
G'ZAD (l+m15) [1+m](5+20)+2(n2m+1)06] [n1+n1m15—2m19—2(n2m+1)06]
i B (1+m,d) Bll+m(6+28)+2(mym+1)64) Blny+nm;éd—2m;f—2(n;m+1)864]
TAD 260(1+m,;d) 20[1+m(6+26)+2(n;m+1)84] 20[n+nmé—2mf—2(mym+1)89]
oha (1+2m,6) [1+m@+268)+2(n,m+1)835] [+ 2nym8—-mé—2(mym+1)86]
oba B(1+2m,0) Bl+m(d+26)+2(nym+1)84] B+ 2nmf—m;d—2(mym+1)86dj
O as 26(1+2m,6) 201+ m(6+268)+2(mym+1)64) 260 +2nm8—m;é—2(nym+1) 64 J]
obp (1+m,d) C [ +2my6+ (nym+1) 6% (1=6)[n,+ (m,m+1) ]
ohp I' (1+m,6) C1+2m;6+ (nym+1) 6% ra-6in+mm+1)4
obp+ 7 (1+m,4) a[l+2m; 6+ (n;m + 1) 5% z(1—8){n,+ (mym+1) 4]
G'zDDn 6(1+m15) 5[1+2m|5+(n2m+1)52] 5(1—5)[n1+(n2m+1)5]
OdA- AA* 40 8m 6 (1+n,0) 48[n—2m (1+n,6)]
T oA AA* 40(1+2m,0) 8m f(1+ny0) 46(1—-260) (n—2m)
2 ut? [46(1—468)+24] [46 (1—-46)+28) [40 (1—46)+26]
7

? For ease of representation, all individual, group, and within-group variances have been multiplied by m, nm and n; m, respec-
tively. Also, a=(1-0), B=(1—-28), '=(1-40+0), n=2(2608—95)

individuals will be reduced according to the number of
neighbors over which averaging takes place. It enters
the observed variance of group means as a further
source of sampling variance.

The complete expressions in terms-of all quadratic
components for individual and between- and within-
group variances are given in Tables 2 and 3.

Covariances of parent and offspring

The influence of an offspring phenotype extends
throughout the neighborhood in which it grows, and so
response has to be measured in terms of the total value
of this neighborhood. As all members of the neighbor-
hood other than the offspring of interest are supposed
to be random, unrelated genotypes, their direct and
associate effects, as well as all direct by associate inter-
actions, have no covariance with the parental phenotype
and can be omitted. The expected value of any mem-
ber of the neighborhood is the mean of its phenotypes
when in competition in turn with each other member.
After deletion of all zero terms, the value of the entire
neighborhood, including the offspring carrying alleles r
and s at locus /, is therefore

E(Yr)=(m+ 1) g+ 2 [diar+ djas+ diprs
!
+ Aar T Asas + aIDrs] .

For the group of offspring with a common parent from
which they received allele r, allele s is random and

E(Yr)=(m +Du+ Z[ [diar+ asacl-

In addition to the usual covariance of parent and
offspring, it is now necessary to consider covariances of
one group member with the offspring of another. Such
covariances are analogous with the six different types
of covariance established for the parents themselves,
but now only three types need be defined. Using a dash
suffix to denote covariances of parents and offspring,
these are Cj, the covariance of an offspring with its
parental phenotype, C;, the covariance of an offspring
with a neigbor of its parent, and C’, the covariance of
an offspring with a member of the parental group
which is neither the parent nor one of its neighbors.
According to the models for X..¢ and Y,, these three
covariances have the following composition in terms of
quadratic components:

C4 C, C
oda 12 0 )
o2a 6 172 0
Tda-an A+20/2  (1+20/2 20
Tan-Anr 6 ] 262
Gan AA" 0 9 262



Replacing the term C,, with a similar notation to that
used earlier for variances, the covariances of individual
parent and offspring, of a group of parents with their
offspring, and the covariance within groups, are

C(],n,m) = C{j,

Cionm =(Ci+Ci+n,Cy/n, and

Co@m=n [Canm — Cinnml/n
=(n; Cg— Ci—n, C)/y,

respectively.
In terms of their quadratic components, these co-
variances can be expanded as

Canm) =%[O’§A+(1 +20)04paat 2002
+ 20 (04a-aa++ Gan-ans)l,
Ciunm=[(1+2n,0)(63a+204a-aa+ 024)
+40(1 +1n,0)(04a-aa*+ Gan-aas))/2n,

Cuwtmy =(1—26)[n; 0da+ 13 04a.24— 024

+2 n, g(O'dA.AAn + aaA-AA“)]/z n;.

The terms ogs.aa+x and o,4.aa+ always have identical
coefficients in these covariances and can be pooled as
OA-AA* = Oda-aa+ + Gaa.aax. Unlike the parental vari-
ances, the parent-offspring covariances are independent
of the neighborhood size.

The magnitude of response

Exact comparisons of expected selection responses for
different methods are complicated as they depend on
many parameters, including the direct, associate, and
interaction variances and covariances, for both additive
and dominance effects, the error variance both within
and between plots (groups), and n, m, € and J. The
expectations of three important methods, namely mass
(M), full-sib family (F), and clonal (C) selection, are
given in Table 4. These expressions allow some of the
general properties of the different methods to be re-
cognized.

As shown by Griffing (1967), a negative correlation
between additive direct and associate effects reduces
the gain from group selection, but can lead to negative
response from individual selection. Since associate
effects cannot be used by individual selection, large
associate variances, like dominance and error variances,
favor the use of groups. The effect of a negative
dominance correlation between direct and associate
effects is simply to reduce the overall dominance
variance and therefore to favor individual selection.
Interaction is seen to be detrimental to all types of
selection, but has the smaller effect with individual
selection, particularly when a large neighborhood al-
lows adequate sampling of interactions, and this is a
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Table 4. Coefficients of quadratic components in variances
and covariances determining the expected responses to mass,
clonal and full-sib selection

Mass (M) Clonal (C) Full-sib (F)
(0=0,6=0) (8=1/2,6=1) (8=1/4,56=1/4)

Covariance of selection units and offspring (Cy,)

o3 12 172 (n+ 1)/4n

o2a 0 172 (n+1)/4n

Oga-an 172 1 (n+1)2n

Ganne O 172 (n+2)/81n

Variance of selection units (V,)

cia 1 1 (n+1)/2n

cip 1 1 (n+3)/4n

024 1/m 1 (n+1)/2n

olp 1/m 1 (n+3)/4n

Gan-aa 0 2 (n+1/n

Gap-ap O 2 (+3)/2n

oA 1/m 1 [(n+2)m+ 1]/4 nm
X 1/m 172 3[(m+2)m+1]/16 nm
A0 172 [(n+2) m+ 1]/16 nm
gAD 1/m 1 [(n+4) m+ 3}/8 nm
oip 1/m 0 [(n +4) m + 3)/16 nm
oipe 0 1 [(n+4) m + 3)/16 nm
oba 1/m 1 [(n+4) m+ 3]/8nm
oha 1/m 0 [(n+4) m + 3]/16 nm
obar 0 1 [(n+4) m+ 3]/16 nm
ohp 1/m 1 [(n+ 6) m + 9]/16 nm
by 1/m 0 [(n+ 6) m + 9)/64 nm
obpe 0 0 [(n +6) m + 9]/32 nm
ohpe 0 1 [(n+ 6) m + 9]/64 nm
OA-AA* 0 2 (n+2)/2n

Surr 0 0 1/(2 nm)

7

factor which could have a major influence on com-
parisons between the two types of selection.

Although the increased variance associated with
highly related groups is an advantage in the presence
of error variation, the choice of the optimum type of
group is also seen to depend on several other variables.
For large groups characterized by 8 and 4, and ignoring
any distinction between homo- and heteroallelic inter-
actions, so that g%, is written for (c%a+ g%a + 03a+)
and similarly for other interactions, the response can be
written in a form which appears very similar to that
which is appropriate in the absence of competition:

Reus) =126 03/[20 03+ 6 ab +(20)2 63a
+ 20 8(cip + oda) + 62 odp + 0],
where

0i=03a+204aan+ 02a
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and

3_ 2 2
05 =04p+ 2 0¢p-aD + F4D

are the additive and dominance variances of the
summed direct and associate effects. The different
types of interaction variance have coefficients identical
to the analogous epistatic variances in the absence of
competition, those for more highly related groups
being larger as they permit less efficient sampling of
different interactions by the group. All existing theory
concerning the relative efficiencies of commonly used
selection methods in the absence of competition there-
fore applies to this case when the appropriate substitu-
tions are made.

If the homo- and heteroallelic interactions are
distinguished, Tables 3 and 4 show that the less related
groups are favored when the homoallelic effects have
the larger variance and when their correlation with addi-
tive effects is negative. The term >, u%?2 probably has

/

little influence on group selection since n is usually
large, but it could be significant in the case of within-
family selection, particularly in systems of culture with
a small neighborhood size. Further generalizations are
difficult to make, and comparisons among methods can
only be made for specific parameter values, but it is
clear that combinations can exist which would allow all
possible rankings of the expected gains from the three
methods.

Discussion

Selection response always depends on the definition of
the unit or units in which it is evaluated. The present
discussion has been confined to the evaluation of the
response of a single, large, unstructured offspring
population, and the covariance governing response to
selection among groups of any kind shown always to be
a function only of the additive variance and covariance
of direct, associate and interaction effects defined with
respect to such a population. Predictions of selection
response are often made using data from experiments
in which full-sib families belonging to half-sib groups
are grown in separate replicated plots. However, with
competition, estimates of the additive genetic variance
are inflated because Covys =404 + = g4a Where a%a
is the total allelic direct by associate variance. This
covariance would be appropriate for the prediction of
response measured on half-sib progenies of selections
when grown in separate plots, but the direct by asso-
ciate interaction component (63,) is lost when these
progenies are grown in a common mixed stand, as will
usually be the case. This inflation of predicted gain is
clearly analogous with that due to epistasis when re-

sponse is defined for the distant descendants of selec-
tions (Griffing 1960).

Griffing (1968 a) recognized that the direct and associate
effects of a genotype may depend on the type of group in
which they are expressed. He allowed for this possibility by
providing specific definitions of these parameters for different
sizes of groups, although later (1976a,b, 1977), apparently
made no such distinction when comparing genetically dif-
ferent selection units, such as clones and full-sib families. An
analysis of selection methods for groups which are physical
mixtures of a small number of genotypes, and in which the
definition of the genotypic effects depends on the proportions
of intra- and inter-genotypic competition, and hence on the
mixture size, was made by Wright (1983). The present treat-
ment follows that which Gallais (1976) applied to an additive
genetic model.

The effects are defined explicitly for an unstruc-
tured random-bred population, and their modification for
groups of different degrees of relatedness depends on the
distinction between homoallelic and heteroallelic inter-
actions. Whereas the direct effect of an allele expressed
in a random group is d,4,, in a non-random group it is effec-
tively dja,+ 6 (ajar+ dajar.sar)- Negative response can fol-
low selection of individuals when grown in any type of group
due to a negative value of the covariance o44..4, and the
possibility of a negative sum of the covariances 64a.aa+ and
O.a-aa+ Means that positive response to selection of whole
groups is certain only when the groups are of the same kind as
those in which response is measured. These results evidently
differ from those of Griffing (1968a, 1976a, b) who recognized
the possibility of negative response for groups of different
sizes but concluded that high levels of relatedness, such as in
clonal groups, could only be beneficial. The present analysis
shows that, although response is likely to be increased ac-
cording to the degree of group relatedness because of the
consequent increase in variance, the risk of negative response
is also increased. 4

Griffing (1976 b) also considered the use of homozygous
parental material, either as a product of inbreeding or the
doubled haploid technique, but his analysis must be regarded
as incomplete from a genetical viewpoint as it included only
additive effects. The effect of homozygosity in this case was
simply to double the additive variance components and
increase response by a factor of between 2.5 and 2, depending
on the magnitude of a2, exactly as in the absence of competi-
tion. The treatment of selection of inbred parental material for
the improvement of their outcrossed progeny under a more
general genetic model is complex even in the absence of inter-
plant competition because response is a function of the
covariance of self- and half-sibs which depends on the
dominance properties of individual loci (Cockerham and
Matzinger 1985). In the presence of competition, covariances
of this type for direct, associate and interaction effects would
also occur.

The detection and estimation of the 22 components
necessary even for this incomplete description of selec-
tion response in groups with different degrees of
relatedness would require a complex and extensive
experiment even for a single population in one system
of culture. However, such a description is not necessary
in a practical context as operational predictions of
response for any type of selection can be obtained more
simply by direct estimation of the regression of off-
spring on parent in the appropriate group regime. The



chief outcome of the detailed elaboration given here
is to show the complexity of the relationship between
selection and response and that accurate predictions of
the relative efficiencies of the different selection meth-
ods in the presence of inter-plant competition cannot
be made on purely theoretical grounds unsupported by
data.
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