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THE MEASUREMENT OF SELECTION ON QUANTITATIVE TRAITS:
BIASES DUE TO ENVIRONMENTAL COVARIANCES
BETWEEN TRAITS AND FITNESS

MARK D. RAUSHER
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Abstract. —The use of regression techniques for estimating the direction and magnitude of selection
from measurements on phenotypes has become widespread in field studies. A potential problem
with these techniques is that environmental correlations between fitness and the traits examined
may produce biased estimates of selection gradients. This report demonstrates that the phenotypic
covariance between fitness and a trait, used as an estimate of the selection differential in estimating
selection gradients, has two components: a component induced by selection itself and a component
due to the effect of environmental factors on fitness. The second component is shown to be
responsible for biases in estimates of selection gradients. The use of regressions involving genotypic
and breeding values instead of phenotypic values can yield estimates of selection gradients that
are not biased by environmental covariances. Statistical methods for estimating the coefficients of
such regressions, and for testing for biases in regressions involving phenotypic values, are described.
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The recent development of a theoretical
framework for the evolution of complex
phenotypes (Lande, 1976, 1979, 1980; Tu-
relli, 1984, 1985, 1988; Zeng, 1988) has en-
gendered development of techniques for
quantifying selection on suites of quanti-
tative characters (Lande and Arnold, 1983;
Arnold and Wade, 19844, 1984b; Crespi
and Bookstein, 1989; Wade and Kalisz,
1989, 1990). These techniques, which rely
primarily on regression analysis using phe-
notypic values, have several advantages for
field biologists: they can be applied rela-
tively simply to data from natural popula-
tions, they permit the separation of direct
selection on a character from indirect se-
lection due to selection on correlated char-
acters, and they allow overall selection with-
in a generation to be broken down into
distinct episodes corresponding to different
portions of the life cycle. On the other hand,
potential limitations associated with these
techniques include multicolinearity of traits,
biases introduced by failure to include rel-
evant characters, deviations of data from
multivariate normality assumed for hy-
pothesis testing, and failure to consider en-
vironmental factors affecting both charac-
ters and fitness. Mitchell-Olds and Shaw
(1987) discuss in detail methods of allevi-
ating the first three difficulties and provide
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brief suggestions for dealing with the fourth,
while Price et al. (1988) discuss environ-
mentally-induced biases in estimates of se-
lection on single traits. Here I consider in
more detail how problems caused by such
environmentally-induced correlations be-
tween suites of characters and fitness arise,
provide a method for detecting whether such
correlations may be occurring, and outline
a procedure that can provide estimates of
selection gradients that are not biased by
environmental correlations involving fit-
ness.

THE PROBLEM

The difficulty that arises when environ-
mental factors influence both a character
and fitness can be illustrated by considering
a single trait. Consider, for example, the
concentration of an hypothetical alkaloid in
the foliage of an hypothetical plant species.
Imagine that, for individuals of a given ge-
notype, foliar alkaloid concentration is pro-
portional to soil nitrate concentration.
Imagine also that seed production (fitness)
is enhanced by increased soil nitrate con-
centration. Finally, consider an experiment
in which a number of individuals of each
of several genotypes are planted in random-
ized positions in a field that is heteroge-
neous for soil nitrate content. Some indi-
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viduals of a particular genotype, growing in
patches of high-nitrate soil, will produce
both foliage high in alkaloid content and
large numbers of seeds. Other individuals,
growing in patches of low-nitrate soil, will
produce foliage with low alkaloid content
and few seeds. There will thus be an envi-
ronmentally induced covariance between
alkaloid content and fitness for that geno-
type, as well as for others. However, if al-
kaloid content does not effect fitness caus-
ally, there may be no correlation between a
genotype’s mean alkaloid content and its
mean fitness, despite the positive environ-
mental covariance.

In this situation, there is genetic variation
for alkaloid production and there is a non-
zero selection differential for alkaloid con-
centration, represented by the phenotypic
covariance between fitness and alkaloid
concentration. Consequently, although the
standard equation for response to selection,

R = h2s (1)9

predicts that mean alkaloid concentration
should evolve (here R is the change in the
mean of a character, 42 is its heritability,
and s is the selection differential), such evo-
lution will not occur because genotypes do
not differ in fitness, i.e., there is no additive
genetic covariance between fitness and al-
kaloid concentration. The environmental
covariance between alkaloid concentration
and fitness causes the phenotypic covari-
ance, which provides a distorted picture of
the actual selection pressures acting on ge-
netic variation for alkaloid concentration
(see Price et al., 1988 for a similar example).
This difficulty also arises when attempt-
ing to analyze selection on more than one
character using the standard Lande and Ar-
nold (1983) approach. As shown below, it
occurs because the phenotypic values of one
or more measured traits are correlated with
the error deviations for fitness in the Lande-
Arnold regression model, which can occur
if an unmeasured environmental factor af-
fects the measured traits and also affects fit-
ness directly or through an unmeasured, in-
tervening phenotypic character.
Mitchell-Olds and Shaw (1987) suggest
that this problem may in some cases be dealt
with by including environmental covariates
in a Lande-Arnold type analysis, or by using
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blocked experimental designs. In many sit-
uations, however, the relevant covariates
may be unknown, or the spatial scale and
pattern of environmental variation may be
incompatible with possible blocking de-
signs.

An alternative approach might be the “in-
strumental variables” technique of econo-
metrics (Fomby et al., 1984). In principle,
breeding values are ideal instrumental vari-
ables because they are correlated with their
corresponding phenotypic values but are by
definition uncorrelated with error devia-
tions for fitness as long as there is no genetic
correlation between the measured traits and
the unmeasured, intervening phenotypic
character. However, this technique requires
that both phenotypic and breeding values
be measured on all individuals in an ex-
periment, which will be difficult, if not im-
possible, in many investigations. Neverthe-
less, the instrumental variables approach
suggests it may be possible to circumvent
biases introduced by environmental covari-
ances by measuring selection directly on ad-
ditive genetic variation. In the next sections
I describe how this may be accomplished.

ESTIMATING SELECTION ON
GENETIC VARIATION

Directional Selection

In this section I compare estimates of di-
rectional selection resulting from the Lande-
Arnold analysis and from regression anal-
ysis involving breeding values, show that
these analyses yield equivalent estimates
only when there are not environmentally-
induced covariances between fitness and the
characters, and show that such covariances
bias estimates from the Lande-Arnold anal-
ysis. I assume all genetic variation for traits
is additive, since with non-additive varia-
tion the validity of predicted responses of
quantitative traits to selection under any
model is unclear (Kempthorne, 1969 p. 509).

The expected multivariate response to se-
lection is given by Lande (1979) as

Az = GP's = Gg, 2

where Z is the vector of means of the char-
acters, G is the matrix of additive genetic
variances and covariance, P is the pheno-
typic variance-covariance matrix, s is the
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vector of selection differentials, and 8 = P~!s
is the vector of selection gradients. Each
element 3, of B represents the magnitude of
directional selection acting directly on char-
acter 7, with the effects of selection on other
characters removed. Lande and Arnold
(1983) demonstrated that the elements of 8
can be estimated from the coefficients of a
multiple regression of relative fitness on the
characters.

To derive an analagous expression for re-
gression of breeding values, I begin with the
result, first suggested by Robertson (1966,
1968), that the change in mean phenotypic
value of a character from one generation to
the next is equal to the additive genetic co-
variance between the character and fitness
(for a formal derivation, see Price, 1970,
1972; Crow and Nagylaki, 1976; Uyenoya-
ma et al.,, 1981; Nagalyki, 1989; see also
Appendix 1). The multivariate generaliza-
tion of this relationship is

AZ = € = cov,[w, z],

3

where w is relative fitness (absolute fitness
divided by mean fitness), and the subscript
aindicates that the covariances are between
the genotypic value of fitness and the breed-
ing values of the characters.

Each element ¢; of the vector € represents
the net directional selection on additive ge-
netic variation for character i and hence is
analagous to s in Equation (1). As Lande
and Arnold (1983) did for s, it will often be
useful to partition net selection on a char-
acter into portions due to selection acting
directly on that character and to selection
acting indirectly through genetically corre-
lated characters. This may be achieved by
multiplying the RHS of Equation (3) by the
identity matrix in the form GG™':

Az = GG' € = GB. 4

In this equation, B = G~ ! € is a vector of
directional selection pressures acting di-
rectly on each character, analagous to the
selection gradients, 8, in Lande and Ar-
nold’s analysis. The elements of B may be
interpreted as partial regression coefficients
of a multiple regression of the breeding val-
ue of fitness on the breeding values of the
characters (Kendall and Stuart, 1973 eq.
27.42), just as the elements of 8 are partial
regression coefficients in a regression in-
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volving phenotypic values (Lande and Ar-
nold, 1983). Moreover, the net selection on
trait i, ¢,, can be partitioned into direct and
indirect components:

¢ = 2 b/glj
J=1

where g, is the ij" element of G and b, is
the j** element of B. The term b,g,, represents
the component of selection acting directly
on additive variation for character i, while
the remaining terms represent components
of selection acting indirectly through genet-
ically correlated characters (see Lande and
Arnold, 1983 for a similar partitioning of
s).

Since Equations (2) and (4) both describe
the same evolutionary event, it is clear that
B and B represent the same forces of selec-
tion and that therefore it is necessary that
B = B, i.e., that

GP! cov,[w, z] = cov,[w, z].

©)

This relationship is valid as long as all
relevant characters affecting fitness are mea-
sured. In most empirical investigations,
however, this will not be the case, and em-
pirical estimates of B and 8 may differ. Path
analysis (Wright, 1968; Li, 1975) may be
used to determine the conditions under
which such differences are expected to arise.
Consider the case of two genetically corre-
lated traits portrayed in the path diagram
in Figure 1. This diagram represents the
possible causal influences linking the breed-
ing values (x;), phenotypic values (z,), and
environmental deviations (£,) of the two
traits with relative fitness (w). The pheno-
typic value of trait i is assumed to be de-
termined directly by the traits’ breeding val-
ues (path coefficient 4;) and by its
environmental deviation (path coefficient
¢;). Two environmental factors, F, and F,,
are assumed to determine directly the en-
vironmental deviations of traits 1 and 2,
respectively (without loss of generality, it
may be assumed that the path coefficient
from F; to E;is 1). Fitness is assumed to be
influenced directly by the phenotypic values
of the traits (path coefficients a, and a,).
Fitness may also be influenced by the en-
vironmental factors F, (coefficients a', and
a',; note that these pathways may or may
not involve intervening, unknown charac-



