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SUMMARY

Mutation is modelled in two quantitative characters under separate
genetic control in a large population. A bivariate pattern of selection
acts to correlate the characters and, without pleiotropy, their genetic
correlation is due entirely to linkage disequilibrium. Data on spontaneous
mutation, the effective number of genes, and the intensity of natural
selection on quantitative characters are used to evaluate the models. I t
is concluded that, even when selection favors a high correlation between
the characters, with random mating and no linkage between loci influ-
encing different traits the genetic correlation between characters is likely
to be small in magnitude. A genetic correlation of large magnitude can
be maintained only if the loci influencing different characters are tightly
linked, or there is a high level of inbreeding in the population created by
frequent mating between closely related individuals.

1. INTRODUCTION

Genetic correlations between quantitative (polygenic) characters are one of the
major determinants of the rate and direction of evolution of the average phenotype
in a population in response to multivariate patterns of natural selection. Denoting
the characters of the population z1,...,znin the form of a column vector, z, and
assuming that the distribution of phenotypes in the population is multivariate
normal in each generation before selection, the change in the mean phenotypes
produced by one generation of selection is Az" = G/?. The additive genetic
variance-covariance matrix of the characters, G, can be estimated from the
phenotypic correlations between the characters in related individuals, or from
artificial selection experiments (Falconer, 1981). The selection gradient, /?, is a
vector of forces of directional selection acting directly on the characters (Lande,
1979; Lande & Arnold, 1983). Evolution of the vector of mean phenotypes, x, does
not generally occur in the direction of the selection gradient, but is modified by
the pattern of additive genetic variances and correlations of the characters. It is
therefore of interest to model deterministic mechanisms maintaining genetic
correlations between characters within a large population.

Two deterministic mechanisms contributing to genetic correlations between
characters are pleiotropic (manifold) effects of genes and linkage disequilibrium
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(nonrandom associations of alleles) between loci affecting different characters
(Falconer, 1981). Lande (1980a) derived a model for the evolution of G, but only
analysed genetic correlations between characters maintained by pleiotropic
mutations. The present paper investigates the genetic correlation between
characters which can be maintained in the absence of pleiotropy by linkage
disequilibrium alone, due to selection, linkage and inbreeding in a large population.

Multilocus theory indicates that when selection is weak and linkage is not very
tight, linkage disequilibrium should be negligible in a large population with
approximately random mating (Wright, 1969, ch. 4). Substantial correlations
between alleles at functionally related (epistatically selected) gene loci can be
maintained without pleiotropy by tight linkage or high levels of inbreeding
(Lewontin, 1974; Holden, 1982). Here we consider inbreeding in a large (effectively
infinite) population produced by mating between related individuals, rather than
inbreeding caused by finite population size.

To analyse the potential role of linkage disequilibrium in creating genetic
correlations between quantitative (polygenic) characters, models are formulated
here of two characters under separate genetic control, but which through a
functional relationship are selected to be correlated. It is confirmed that without
linkage or pleiotropy the genetic correlation maintained between functionally
related characters is small in a random mating population under weak selection.
An approximate formula is also derived for the maximum genetic correlation due
to linkage disequilibrium which can be maintained by selection with tight linkage
or a high level of inbreeding.

2. MODELS

The models concern two quantitative traits which are separately under stabilizing
selection, but are also selected to covary. The characters, y and z, are assumed to
follow a bivariate normal distribution, and the fitness of individuals with phenotype
(y, z) is described by a Gaussian function with the optimal values (6y, dz),

W(y,z) = exp{-^y-ey,z-dz)Vf-l{y-dy,z-et)
T) (1)

in which the superscript T indicates matrix transposition. Under weak selection
the fitness function is approximately quadratic around the optimum phenotype,
and when the mean phenotype of the population is near the optimum the diagonal
entries in the symmetric matrix — W"1 approximate the strength of stabilizing
selection acting directly on each character, whereas the offdiagonal entries
approximate the strength of selection acting to correlate the characters (Lande &
Arnold, 1983).

Both characters are influenced by a number of mutable loci, labelled 1, . . . , n
for trait y and n +1, . . . , m for trait z, and all of their genetic variance and
covariance is assumed to be additive. At the ith locus mutation occurs to a wide
range of possible allelic effects on the character it influences, such that each allele
produces the same distribution of mutational changes, and there is a constant
input, ut, of genetic variance each generation (Kimura, 1965; Lande, 1975). To
account for high total mutation rates observed in quantitative characters, in excess
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of 10~2 per gamete per generation for morphological traits in maize (Sprague,
Russell & Penny, 1960; Russell, Sprague & Penny, 1963) and mice (Hoi-Sen, 1972),
high per locus mutation rates are assumed to occur at a moderate number of gene
loci (including the effects of transposable elements and unequal recombination
between tandem duplications). Further supposing that selection on the characters
is weak, the distribution of allelic effects on the characters in gametes can be
approximated as multivariate normal (cf. Fleming, 1979; Turelli, 1984).

The covariance of allelic effects at loci i and j within gametes is written as Cy.
In a large population with inbreeding due to mating between relatives there is an
average correlation between the effects of genes on any character in uniting
gametes denoted as / (Wright, 1969, ch. 7), and more generally the covariance
between the effects of alleles from different gametes within zygotes at loci i and
j is /(7y (Lande, 1977). The total genetic variances, Gyy and Gzz, and the total
genetic covariance, Gyz, of the characters can be expressed as

Gyy = 2 £ Ciy where Cty = (1 +/) £ Cfj

m m

Gzz = 2 S Ciz where Ciz = (l+f) £ Ctj (2)
i-n+l j-n+i

and

yz ( 9 ( ,
i-n+l i-1

The recombination rate between loci i and j is signified by ry, with ru = 0.
Environmental effects on the characters are also incorporated, with no genotype-
environment interaction or correlation, so that the phenotypic variance-covariance
matrix, P, is a sum of the genetic and environmental variance-covariance matrices,

The dynamical equations describing the evolution of the genetic variances and
covariances of allelic effects can be derived by considering the multiple regressions
of the effects of alleles at each locus on both of the characters (Lande, 1977, 1980a),

ACi} = -(Ciy Ciz)(W+P)-i(Cjy C y r - ( l - / ) r y C y + «V 4 , (3)

where Si} = 1 if i =j and zero otherwise. Assuming that selection on the genetic
variance of any linear combination of the characters is weak, W + P is nearly equal
to W = W + E (Lande, 1980a).

For simplicity, certain symmetry assumptions are now introduced so that the
two characters are equally variable and equally heritable, and each locus contributes
the same amount of genetic variance to the character it influences. Specifically,
let

so that W can be written in the same symmetrical form as W but with

aP = u>2 + (rl and /?= (pw2 + ecr|)/(w2-|-o-|). (46)

These parameters describe the shape of the fitness surface acting on the genotypic
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(or breeding) values of the characters, which is of the same form as in equation (1)
but with W in place of W and breeding values instead of phenotypes (Lande,
1979, 1980 a). Note that an environmental correlation between the characters
(e 4= 0) produces selection for the breeding values to be correlated (p =t= 0) even in
the absence of selection acting to correlate the phenotypes (p = 0).

It is also assumed that both characters are influenced by the same number
of equally mutable loci, so that m = 2n and u( = u for all i. If the pattern of
recombination and the system of mating also promote an equal contribution of
genetic variance from each locus, we can set

Ciy = C}z = c and Ciy = Cu = b (4c)

for i = {1,.. .,n} and j = {n+1,.. .,2n}, so that

Gyy = Gzz = 2™, ®yz = 2nb (4d)

and the genetic correlation between the characters is y = b/c.
The assumption of weak selection on the breeding values of any linear combination

of the characters entails that the eigenvalues of the matrix GW"1 must be much
less than unity (Lande, 1980a). Under the symmetry assumptions above, G and
W have the same eigenvectors (with slopes +1 and —1), hence the eigenvalues
of G W " 1 are equal to those of G each divided by the eigenvalue of W corresponding
to the same eigenvector. The conditions for weak selection are thus found to be

(l-y)2nc
<§ 1 and — =r-=-<^l, (5)

(l-/5)w2

which together imply 2nc ^ (P. In the present models with no pleiotropy it can
be anticipated (and it is confirmed below) that the genetic correlation between the
characters will always have a magnitude smaller than the 'correlation' in the
fitness surface acting on the genotypic values of the characters, \y\ < \p\.

The genetic correlation between the characters maintained in different situations
consistent with the above symmetry conditions can be examined using the
equilibrium equations

w 2 } - ( l - / ) r y C y + <Jy« = 0 (6a)

for loci i and j affecting the same character, and

p ^ ) ^ } - ( l - / ) r y C M = 0 (66)

for loci i and j affecting different characters.
The following cases postulate certain patterns of recombination between loci

influencing different characters, but in each case loci influencing the same character
are allowed to have any positive recombination rates. Comparing the diagonal
equations (with i = j) and the offdiagonal equations (with i 4= j) in (6a) it can be
seen that

C w = - u / ( l - / ) r y (7 a)
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for loci i and j influencing the same character. Then from (2) and (4c) the variance
of allelic effects at each locus is

/ c u * 1 .
S - for i= l , . . . ,n

'** (76)

Using the diagonal equation in (6 a) to substitute for c2 + 62 in (66) yields

-/)ryC1y = 0 (8)

for loci i and j influencing different characters. We now proceed to examine
different cases which produce the minimum and maximum genetic correlation
between the characters.

In the absence of pleiotropy, the genetic correlation between the characters is
due entirely to linkage disequilibrium created by epistatic selection acting to
correlate the characters. From (4), (6) and (7) it can be seen that the equilibrium
genetic variances and covariance of the characters do not depend on the recom-
bination rates between loci influencing the same trait. However, it will be shown
that when selection favors a high genetic correlation between the characters
(|/9|-»-l) the equilibrium genetic covariance depends strongly on the inbreeding
coefficient of the population and the recombination rates between loci influencing
different characters. The minimum genetic correlation between the characters
should occur when there is no linkage between genes influencing different traits,
and no inbreeding in the population (/ = 0). The maximum genetic correlation
between characters should occur with tight linkage between loci influencing
different characters and/or a high level of inbreeding in the population.

Minimum genetic correlation. Suppose that there is free recombination between
loci affecting different traits, and that the inbreeding coefficient of the population
is low, so that ri} = \ and/ <̂  1 in equation (8). Then because each locus contributes
equally to the total genetic variance of a character, 6 = (l+f)nCtj for all loci i
and j influencing different characters. Substituting for Cfj in terms of 6 in (8),
and employing the assumption of weak selection (2nc <̂  w2) produces the
approxi mation

b = 2nup(l+f)/(l-f). (9a)

The diagonal equation of (6a) is then quadratic in c and has the solution

(96)
Thus with loose linkage between loci influencing different traits, and a low
inbreeding coefficient in the population, the genetic correlation between the
characters, y = 6/c, depends not only on the ' correlation' in the fitness surface
acting on the genotypic values of the characters (p), but also on the general
intensity of stabilizing selection (aP) and the number and mutability of the genes
influencing the characters.
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For a numerical example, choosing parameters of the model to be representative
of data from observations and experiments on quantitative traits, let the effective
number of loci for each character be n = 10 (Wright, 1968, ch. 15; Falconer, 1981,
ch. 12; Lande, 1981), and let u = 5 x 10~8 <T\ SO that in units of the environmental
variance the total mutability of each character is 2nu/(rl = 10~3 (Lande, 1975;
Hill, 1982). Setting o)i/<r\ = 100 and supposing that there is selection for the
characters to be highly correlated, p = 09, implies that b = 9 x 10~4 and
c = 3-16 x 10~2. Thus, using (4d), the heritability of each of the characters (the
proportion of the total phenotypic variance due to additive gene effects) is
h2 = 039, and their genetic correlation is y = 0-028. These parameters satisfy the
conditions for weak selection in (5) and are consistent with apparent selective
mortalities of a few percent from observations on single characters (Haldane, 1954;
Johnson, 1976, ch. 7).

Maximum genetic correlation due to linkage. Suppose that pairs of loci influencing
different characters are completely linked, but that loci influencing the same
character are not linked, and the average inbreeding coefficient in the population
is low, so that rin+i = 0 for all i and rt} is near 1/2 for all other pairs of loci. Then
from (8) with j = n + i

b = p<Pu/2c (10a)
and substituting this in the diagonal equation in (6 a) yields a quartic equation

f ° r °' c4 - tfuc2 + J/SWtt2 = 0

which has the solution

c = V[(l + V(l-/»*)) <3V2]. (106)

This is the only feasible solution corresponding to a positive definite genetic
variance-covariance matrix for the characters (with positive variances and a
genetic correlation between + 1 and — 1),

r = /37(i + V(i-/52)). (ioc)

From (8) it can also be seen in this case that because r^ Cy = rkl Ckl for loci i
andj (and k and I) influencing different traits, the only pairs of loci contributing
to the correlation between the characters are the tightly linked pairs i and n + i,

Cin+j = 0 for j + i (lla)

and hence

& for t = {l,. . . ,n}. (116)

Thus the correlation between the effects of alleles within gametes at a tightly linked
pair of loci influencing different characters, which are isolated on the linkage map
from other such pairs of loci, may be almost as large as the genetic correlation
between the characters.

In this model the only linkage disequilibrium for genes in different linkage groups
occurs between effects of alleles at loci influencing the same character, which does
not alter the equilibrium genetic variances or the covariance of the characters. This
observation suggests that in a random mating population the impact of tight
linkage on the genetic correlations between characters can be analysed using
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models of pleiotropic mutations (Lande, 1980a). When loci influencing a set of
characters are organized into tightly linked groups between which there is free
recombination, this is nearly equivalent to a lesser number of loci with pleiotropic
effects. Let Ut be the net variance-covariance matrix of mutational changes in the
effects on the characters of alleles at all loci in the ith linkage group, and let W
denote the matrix describing the shape of the Gaussian fitness function acting on
the breeding values in the population. The variance-covariance matrix of effects
on the characters by combinations of alleles in the ith linkage group maintained
by mutation in a randomly mating population is approximately

Cu = W* V(W-lU« W-t) W* (12)
(which was misprinted in formula (21c) of Lande, 1980a). The matrix square roots
in (12) are taken to be positive definite.

If there are n linkage groups which each contribute an equal mutational input,
u, to the variance of each character, but nothing to their covariance, then Vt = u\
for all i (where I is the identity matrix), and the total genetic variance-covariance
matrix of the characters can be simply approximated as G = 2nuityi, ignoring
linkage disequilibrium between the linkage groups. In the case of two characters,
with W as specified by (4a) and (46), the genetic variance of each trait is found

p)] (13a)

and their genetic covariance is

p)l (136)

Squaring the bracketed quantity in (13a) and taking its square root confirms (106).
The product be computed from these formulae agrees with (10a).

Maximum genetic correlation due to inbreeding. Suppose that in a large population
there is a high probability of mating between closely related individuals producing
an average inbreeding coefficient near unity ( /< 1 with mutation), or that all of
the loci are tightly clustered on the linkage map, f-*-\ or ry->0 for all i =£j. Then
from (8) and (6 a) the solutions are identical to the previous case of tight linkage
between pairs of loci (eqs. 10a, 6, c). With high inbreeding or tight linkage the
genetic correlation between the characters maintained at equilibrium depends only
on the 'correlation' in the fitness surface acting on genotypic values (p).

When all of the genes are tightly linked, all n2 pairs of loci influencing different
traits contribute subequally to the genetic correlation between characters, and
their average correlation is smaller in magnitude than y/n. In this case, if the
characters are polygenic (n >̂ 1) allelic effects at each pair of loci influencing
different characters are only weakly correlated although the genetic correlation
between the characters may be large. It can also be shown that because the
correlations between allelic effects at loci influencing the same character are all
negative, their average magnitude of correlation must be less than l/(n— 1) if their
correlation matrix is to be positive definite (Lande, 1975). Therefore, clustering
of genes influencing polygenic characters which are selected to be correlated can
produce large genetic correlations between the characters, although it can not
create large correlations between the effects of alleles at different loci.
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For a numerical example to compare with the minimum genetic correlation
achieved under free recombination and random mating, the maximum genetic
correlation under tight linkage or high inbreeding with p = 0-9 is y = 0-627, which
is much greater than the minimum genetic correlation calculated above. With the
same values of the other parameters as above, the heritability of each of the
characters is h2 — 055, which is somewhat larger than that maintained under
random mating with free recombination between loci influencing different traits.
Again these parameters satisfy the conditions for weak selection in (5).

Mean fitness in the population. Under random mating, or a regular system of
inbreeding (Wright, 1969, ch. 7), such as where every individual mates with a
sibling, the mean fitness can be calculated by assuming the characters follow a
multivariate normal distribution. With a Gaussian fitness function as in equation
(1), the mean fitness is

(Lande, 1979). When the mean phenotypes are at equilibrium this gives the

proportionality JFoc 1/VflI + GW-1!). (146)

Making use of the simplifying assumptions above for G and W, these matrices have
the same eigenvectors (with slopes +1 and — 1), and the determinant of I + GW"1

is the product of the eigenvalues,

2nc / l+y \ , 2m;/I — y\
1H—^̂ - I - — - \ and 1H—— I-— - ) .

OF \l+pj W2 \l-pj

Under weak selection as in (5) both of these eigenvalues are close to unity and the
mean fitness is proportional to approximately

(15)

Evidently, an increase in the genetic correlation between the characters increases
the mean fitness in the population. In view of formulae (9) and (10) high inbreeding
or tight linkage produces not only an increase in the magnitude of the genetic
correlation between the characters, but also to a lesser extent increases the genetic
variance maintained in each character. Therefore it appears that when there is
selection for the characters to be highly correlated a high level of inbreeding or
tight linkage between loci influencing different traits can substantially decrease the
equilibrium selective load on the population, L = 1 — W.

Inbreeding depression and heterosis under stabilizing selection. In a large population
with a heterogeneous system of inbreeding, such as a plant species with mixed
self-fertilization and random mating, the phenotype distribution of the characters
can be approximated as multivariate normal within each subset of the population
in which all individuals have the same inbreeding coefficient. When self-fertilization
evolves polygenically, by small steps, the critical parameter controlling the
direction of selection on the selfing rate is not the change in equilibrium mean
fitness in the entire population, but the relative fitnesses of selfed versus outcrossed
individuals in any given generation (Lloyd, 1979; Lande & Schemske, 1984).
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The genetic variance-covariance matrices of the characters within the subpopu-
lations of selfed and outcrossed individuals are written respectively as Gx and Go,
with the corresponding mean fitnesses W1 and Wo. Since all of the genetic variances
and covariance of the characters are assumed to be additive each of these
subpopulations has the same mean phenotype before selection, and when the mean
phenotypes are at their optima, the ratio of the mean fitnesses of individuals
produced by selfing and outcrossing is

Under weak selection this becomes approximately

However, with mixed selfing and random mating, G1 — Go = G/2 where G is the
additive genetic variance-covariance matrix of the characters in the entire
population (Wright, 1969, ch. 7; Lande & Schemske, 1984). The proportional
decrease in the mean fitness of selfed individuals in comparison to outcrossed
individuals is a measure of inbreeding depression, which can then be approximated
as in formulae (146) and (15),

»!/«5 (£5 (£
Although all of the genetic variance in the characters is assumed to be additive,
stabilizing selection creates dominance and epistatic variance in fitness (Wright,
1969, ch. 16). In this model, inbreeding depression in fitness results from the greater
genetic variance in the characters among inbred individuals in comparison to
outbred individuals, causing the inbred individuals to deviate from the joint
optimum phenotype by a greater amount on average than do the outbred
individuals.

Equation (16) shows that increasing the genetic correlation between the
characters decreases the inbreeding depression (or heterosis) in the population as
measured by S. In view of equations (9) and (10), when there is selection for the
characters to be highly correlated, the inbreeding depression upon selfing in a
predominantly outcrossing population may greatly exceed the heterosis upon
outcrossing in a predominantly selfing population. This contrasts with the
situation in which there is no selection for the characters to be correlated (p = 0),
for which these quantities are equal.

3. DISCUSSION

For quantitative characters in a population under multivariate stabilizing
selection, both the genetic and environmental components of phenotypic variation
and correlation of the characters are selected to conform to the shape of the fitness
surface acting on them (Schmalhausen, 1949; Waddington, 1957, 1960; Olson &
Miller, 1958). Studies of variation in character complexes (other than major fitness
components) usually involve sets of characters for which the genetic, environmental
and phenotypic correlations tend to be similar (Bailey, 1956; Hashiguchi &
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Morishima, 1969; Hegmann & DeFries, 1970; Leamy, 1977; Falconer, 1981, ch. 19).
Comparative studies of variation have shown that functionally related characters,
and homologous and contiguous traits, tend to be highly correlated (Darwin,
1876, pp. 346-347; Kurten, 1953; Olson & Miller, 1958; Berg, 1960; Bader & Hall,
1960;Cheverud, 1982).

Changing regimes of selection caused by new functional constraints can alter
the genetic correlation between characters either by changing the pattern of
polymorphism at loci with pleiotropic effects, or by changing linkage disequilibrium
between tightly linked loci. But for genes influencing quantitative characters,
which usually have small effects, it is not generally possible to distinguish
pleiotropy from linkage disequilibrium between tightly linked loci. Homologous
and adjacent characters are genetically (and environmentally) correlated in part
because they are influenced by similar processes in development, i.e. pleiotropic
effects of genes.

In the absence of any selective constraint on the characters, and if there is no
assortative mating involving them, a stable genetic correlation can only be
attributed to pleiotropy. Homologous and contiguous characters often are func-
tionally related, so that it is usually difficult to determine whether pleiotropic
mutations are primarily responsible for the genetic correlation between traits.
There are some characters with a high genetic correlation for which no special
functional constraint can be postulated. For example, the high genetic correlation
between homologous morphological characters in males and females of dioecious
species is apparently due to pleiotropic expression of virtually the same genes
influencing these traits in the two sexes (Lande, 19806). Similarly, the high
phenotypic correlation between the lengths of homologous bones in the wing and
foot of bats, compared to that of non-homologous bones (Bader & Hall, 1960), is
likely to be caused in large part by pleiotropic effects of genes in addition to an
environmental correlation.

Even for homologous and contiguous characters, functional constraints are often
important in maintaining high genetic and phenotypic correlations, as indicated
by differences in correlation patterns among species which differ in functional
relations between characters. This is especially evident in the increase in relative
variability and decrease in correlation with homologous and adjacent structures
shown by highly reduced characters, such as vestigial teeth (Kurten, 1953) and
reduced bones in the wing of modern bats (Bader & Hall, 1960).

In the present models genetic variability in each of the characters is maintained
by mutation at multiple loci, with a wide range of possible allelic effects at each
locus such that there is a constant input of new genetic variance in each character
every generation. Using a polygenic mutation model of this type for a single
character under stabilizing selection Lande (1977) showed that at equilibrium the
genetic variance of the character is independent of the linkage map of the loci and
the mating system of the population. With two characters under separate genetic
control, this property appears in the present models in a more limited way: the
total genetic variance and covariance of the characters do not depend on the
recombination rates between loci influencing the same trait. However, when
selection favors a high correlation between the characters, the genetic correlation
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maintained is sensitive to the recombination rates between loci influencing
different characters, and to the average inbreeding coefficient in the population.

The models demonstrate that if two characters under separate genetic control
are selected to be highly correlated, in a large randomly mating population with
no linkage between loci influencing different characters the genetic correlation
maintained is small in magnitude. This supports the conclusion of Wright (1969,
ch. 4). But tight linkage or a large average inbreeding coefficient maintains enough
linkage disequilibrium to produce a large magnitude of genetic correlation between
the characters, when this is favored by selection. The tighter the linkage between
genes influencing different characters, and the larger the average inbreeding
coefficient in the population, the more closely the genetic pattern of variation and
correlation of the characters conforms to the shape of the fitness surface acting
on the genotypes.

I thank J. Felsenstein, M. Turelli, and an anonymous reviewer for criticisms of the manuscript.
This work was supported by U.S. Public Health Service grant number GM27120.

4. REFERENCES

BADER, R. S. & HALL, J. S. (1960). Osteometric variation and function in bats. Evolution 14,
8-17.

BAILEY, D. W. (1956). A comparison of genetic and environmental principal components of
morphogenesis in mice. Growth 20, 63-74.

BERG, R. L. (1960). The ecological significance of correlation pleiades. Evolution 14, 171-180.
CHEVERUD, J. M. (1982). Phenotypic, genetic, and environmental morphological integration in

the cranium. Evolution 36, 499-516.
DARWIN, CH. (1876). The Variation of Animals and Plants under Domestication, vol. 2, 2nd edn.

New York: D. Appleton.
FALCONER, D. S. (1981). Introduction to Quantitative Genetics, 2nd ed. London: Longman.
FLEMING, W. G. (1979). Equilibrium distributions of continuous polygenic traits. S.I.A.M.

J. Appl. Math. 36, 148-168.
HALDANE, J. B. S. (1954). The measurement of natural selection. Proc. IX Intl. Cong. Genet. 1,

480-487.
HASHIGUCHI, S. & MORISHIMA, H. (1969). Estimation of genetic contribution of principal

components to individual variates concerned. Biometrics 25, 9-15.
HEGMANN, J. P. & DEFRIES, J. C. (1970). Are genetic and environmental correlations correlated ?

Nature 226, 284-285.
HILL, W. G. (1982). Predictions of response to artificial selection from new mutations. Genetical

Research 40, 255-278.
HOLDEN, L. R. (1982). New properties of the two-locus partial selfing model with selection.

Genetics 93, 217-236.
HOI-SEN, Y. (1972). Is sub-line differentiation a continuing process in inbred strains of mice?

Genetical Research 19, 53-59.
JOHNSON, C. (1976). Introduction to Natural Selection. Baltimore: University Park Press.
KIMURA, M. (1965). A stochastic model concerning the maintenance of genetic variability in

quantitative characters. Proc. Natl. Acad. Sci. U.S.A. 54, 731-736.
KURTEN, B. (1953). On the variation and population dynamics of fossil and recent mammal

populations. Ada Zool. Fennica 76, 1-122.
LANDE, R. (1975). The maintenance of genetic variability by mutation in a polygenic character

with linked loci. Genetical Research 26, 221-235.
LANDE, R. (1977). The influence of the mating system on the maintenance of genetic variability

in polygenic characters. Genetics 86, 485-498.
LANDE, R. (1979). Quantitative genetic analysis of multivariate evolution, applied to brain:

body size allometry. Evolution 33, 402-416.

https://doi.org/10.1017/S0016672300026549 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300026549


320 R. LANDE

LANDE, R. (1980a). The genetic covariance between characters maintained by pleiotropic
mutations. Genetics 94, 203-215.

LANDE, R. (19806). Sexual dimorphism, sexual selection and adaptation in polygenic characters.
Evolution 34, 292-305.

LANDE, R. (1981). The minimum number of genes contributing to quantitative variation
between and within populations. Genetics 99, 541-553.

LANDE, R. & ARNOLD, S. J. (1983). The measurement of selection on correlated characters.
Evolution 37, 1210-1226.

LANDE, R. & SCHEMSKE, D. W. (1984). The evolution of self-fertilization and inbreeding
depression in plants. I. Genetic models. Evolution. (In the Press.)

LEAMY, L. (1977). Genetic and environmental correlations of morphometric traits in randombred
house mice. Evolution 31, 357-369.

LEWONTIN, R. C. (1974). The Genetic Basis of Evolutionary Change. New York: Columbia
University Press.

LLOYD, D. G. (1979). Some reproductive factors affecting the selection of self-fertilization in
plants. Amer. Natur. 113, 67-97.

OLSON, E. C. & MILLER, R. L. (1958). Morphological Integration. Chicago: University of Chicago
Press.

RUSSELL, W. A., SPRAGUE, G. F. & PENNY, L. H. (1963). Mutations affecting quantitative
characters in long-time inbred lines of maize. Crop Sci. 3, 175-178.

SCHMALHAUSEN, I. I. (1949). Factors of Evolution, the Theory ofStabilizing Selection. Philadelphia:
Blakiston.

SPRAGUE, G. F., RUSSELL, W. A. & PENNY, L. H. (1960). Mutations affecting quantitative traits
in the selfed progeny of doubled monoploid maize stocks. Genetics 45, 855-866.

TURELLI, M. (1984). Heritable genetic variation via mutation-selection balance: Lerch's zeta
meets the abdominal bristle. Theoretical Population Biology 25, 138—193.

WADDINGTON, C. H. (1957). The Strategy of the Genes. London: Allen and Unwin.
WADDINGTON, C. H. (1960). Experiments on canalizing selection. Genetical Research 1, 140-150.
WRIGHT, S. (1968). Evolution and the Genetics of Populations, vol. 1. Genetic and Biometric

Foundations. Chicago: University of Chicago Press.
WRIGHT, S. (1969). Evolution and the Genetics of Populations, vol. 2. The Theory of Gene

Frequencies. Chicago: University of Chicago Press.

https://doi.org/10.1017/S0016672300026549 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300026549

