Reducing bias in

the measurement of selection
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volutionary ecologists have

long been interested in

describing and quantifying

the action of selection in
natural populations. Although
examples of the measurement of
natural selection date to the turn
of the century!?, Lande and
Arnold’s? paper in 1983 launched a
renewed interest in the measure-
ment of selection in field popu-
lations of both animals and plants.
This landmark paper appeared at
a time when a rigorous theoretical
framework for the study of the
evolution of complex phenotypes
was being developed?>.

Lande and Arnold’s method
allowed field biologists to obtain
quantitative estimates of the form
and magnitude of selection acting
directly on each of a set of poss-
ibly correlated traits by simply

Selection on quantitative characters is
commonly measured in natural
populations using regression techniques
based on phenotypic covariances between
traits and fitness. However, such methods
do not give an accurate view of the causal
relationship between the phenotype and
fitness if environmental factors also
contribute to covariances between traits
and fitness. A recently developed method
for estimating selection eliminates
the problem of bias resulting
from environmental covariances.

This underappreciated method
represents a significant addition to the
toolbox of the evolutionary ecologist.
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population of a species of plant
that exhibits genetic variation for
the mean size of its flowers, but in
which genetically based differ-
ences in flower size have no effect
on fitness. Flower size is, however,
affected by an environmental fac-
tor, soil water content, with the
result that plants produce small
flowers when grown in dry soil
and large flowers when grown in
wet soil. Because water is a limit-
ing resource in this population,
plants growing in relatively wet
soil also tend to have higher fit-
ness than plants growing in drier
soil.

If we were to examine these
plants in an area heterogeneous
for soil water content, we would
find a positive relationship
between the mean flower size of a
plant and its fitness (Fig. 2). Since

measuring phenotypic values of

standard measurements of selec-

the traits and fitness for the mem-
bers of a population, and then per-
forming a multiple regression of relative fitness on the trait
values (Box 1). Using this method, selection could be char-
acterized using data collected within a single generation. In
addition, one could quantitatively predict the evolutionary
response of the population to selection by combining these
estimates of selection with estimates of the genetic vari-
ation and covariation of the traits obtained separately34
(Box 1). Since 1983, other advances have been made in the
measurement of natural selection, most notably the use of
nonparametric analyses and graphical representations of
selection5-8 (see Ref. 9 for a recent and thorough review).
Although these techniques have proved extremely use-
ful, several authors!%-16 have pointed out the following po-
tentially severe limitation: phenotypic correlations between
trait values and fitness (which these techniques rely on to
characterize selection) do not give an accurate view of the
causal relationship between the phenotype and fitness when
environmental factors also contribute to covariances be-
tween trait values and fitness (Box 2). Here, we describe
how environmentally induced covariances can result in se-
verely biased estimates of selection from standard pheno-
typic methods. We then describe methods for dealing with
this problem, focusing on a ‘genetic’ method for estimating
selection (recently developed by Rausher!%) which can elimi-
nate bias from environmental covariances, even if the en-
vironmental factors responsible for the bias are unknown.

The problem of environmental covariances
Environmental covariances between traits and fitness
can arise whenever environmental factors that influence trait
values also affect fitness, either directly or through an un-
measured trait (Fig. 1). For example, consider a hypothetical

tion are based on the relationship
between phenotypic values of fit-
ness and traits, we would conclude that directional selection
is acting to favor a larger flower size. Since there is genetic
variation for flower size, we would also predict an increase
in flower size in the next generation (Box 1). However, the
positive relationship between flower size and fitness is due
entirely to differences in the soil water available to individ-
ual plants, rather than any causal effect of flower size on fit-
ness. Essentially, water availability is affecting fitness and
flower size is simply a marker for soil water content.

An evolutionary response to selection requires that there
be additive genetic covariance between the character and
fitness!819, Since flower size does not affect fitness, geno-
types that differ in flower size should not differ in fitness,
and there can be no genetic covariance between flower size
and fitness. Therefore, flower size will not respond to selec-
tion. The environmental covariance between flower size and
fitness gives a false appearance of selection, resulting in
false predictions of evolutionary change.

When natural selection is actually acting on the trait of
interest, environmental covariances can result in a distorted
view of the form and magnitude of selection. For example,
consider a hypothetical study designed to measure selec-
tion on adult cuticle pigmentation in a species of beetle
whose larvae feed on two different species of host plant
(species A and B). The two host plant species differ in nutri-
tional quality, such that beetles that feed mainly on species
A as larvae tend to have higher fitness as adults than beetles
that feed mainly on plant species B. In addition to being of
higher nutritional quality, host plant species A contains a
higher concentration of a chemical that adult beatles need
for pigment production, so that, in addition to having higher
fitness, beetles that eat a higher proportion of host plant
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Box 1. Lande-Arnold method for measuring
natural selection

Lande and Arnold® showed that the direction and magnitude of directional selec-
tion acting on each of a set of potentially correlated characters can be estimated
by measuring phenotypic values of the traits and fitness, and then performing a
multiple linear regression of relative fitness (absolute fitness divided by the mean
fitness of the population) on the characters, Each resulting partial regression co-
efficient, termed a directional selection gradient, or §,, estimates the magnitude
of directional selection on character i, with the effects of selection on all of the
other measured characters removed. Similarly, the force of stabilizing or disruptive
selection acting on each character can be estimated by the second-order coeffi-
cients from a quadratic multiple regression of phenotypic values of relative fitness
on the character values. The B, (measured using data from a single generation)
can also be used to predict the effect of directional selection on the mean value
of each trait in the population in the next generation (the response to selection),
using the following equation34:

Az=Gp

where Az is a vector of predicted changes in the population means of characters
(z,,2,... Z,) between the observed and the next generation, G is a matrix of the ad-
ditive genetic variances and covariances between the characters, and B is a vector

of the selection gradients, B,

species A tend to be darker as adults. Differences in the
composition of the larval diet may thus induce a positive
environmental covariance between cuticle pigmentation and
fitness.

Such environmental covariance may bias estimates of
selection from the Lande-Arnold method. For example, con-
sider a situation in which darker beetles tend to be more vis-
ible to predators, and thus less likely to survive to repro-
duce than lighter beetles. Natural selection, as mediated
through the behavior of predators, would then result in a
negative relationship between cuticle pigmentation and fit-
ness. The overall phenotypic covariance between cuticle
pigmentation and fitness would thus be the sum of a nega-
tive covariance reflecting the action of natural selection, and
a positive environmental covariance resulting from differ-
ences in the composition of the larval diet. Depending on the
relative magnitudes of these two covariances, a researcher
measuring selection based on the phenotypic covariance
between cuticle pigmentation and fitness might conclude
that selection favored darker pigmentation, lighter pigmen-
tation, or did not act on cuticle pigmentation at all.

Although the preceding examples are hypothetical, en-
vironmentally induced covariances between a trait and fit-
ness may be common in nature, especially for traits that
(like fitness) vary depending on the ‘condition’ of the organ-
ism. For example, environmental covariances caused by ef-
fects of nutritional state on both traits and fitness have been
proposed to mask the pattern of selection on several traits
in birds, including breeding date!!, clutch size!? and tarsus
length!3, Recent studies of phenotypic selection on plant

Box 2. Limitations and assumptions
of multiple regression methods

Both statistical and biological caveats exist for the use of multiple regression meth-
ods in the measurement of selection3 (see Ref. 10 for a thorough review). First,
multiple regression methods require the user to make several statistical assump-
tions that may not be met by typical datasets. For example, in order to perform hy-
pothesis testing, errors are assumed to be drawn from a common (usually normal}
distribution and must be identically and independently distributed. Second, the
measurement of many intercorrelated traits can lead to computational difficuities
(multicollinearity), resuiting in wildly variable parameter estimates. Third, failure to
include relevant traits can result in biased estimates of selection on measured
traits. Finally, measures of selection will be biased if covariances between fitness
and trait values are the result of non-causal factors, such as environmental fac-
torsi0-16 gr the level of inbreeding?’.
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characters that vary with environmental conditions (e.g. flo-
ral traits?, flowering time?! and physiological traits2), may
also be subject to bias from environmental covariances
between traits and fitness.

Solutions

A number of methods may be used to reduce bias from
environmental covariances. For some traits, environmental
covariances between trait values and fitness can be removed
by experimental manipulation!423, For example, by physi-
cally manipulating tail length in male swallows (Hirundo rus-
tica), Mgller was able to remove positive effects of nutrition
on both tail length and fitness components, and thus un-
cover the actual pattern of selection on this trait!4.24-26,

When measuring selection on naturally occurring pheno-
typic variation, several techniques may be used to remove
environmental covariances statistically. If the factors respon-
sible for an environmental covariance between trait values
and fitness are known, it may be possible to avoid bias by
measuring the level of each environmental factor experi-
enced by each individual, and then including these environ-
mental factors as covariates in a standard Lande-Arnold
type analysis!0,

Environmental factors often may not affect fitness di-
rectly, but instead affect characters that in turn affect fit-
ness. In such cases, bias from environmental covariances
can be considered to result from the failure to include all rel-
evant characters ip the analysis (Box 2), and can be avoided
by identifying and including these intervening characters.
When known, the confounding effects of environmental fac-
tors or intervening characters may also be removed using
path-analytical techniques?’.

Frequently, however, numerous environmental factors
may contribute to environmental covariances in subtle and
complex ways, and identifying and including all relevant
environmental factors and/or correlated characters may be
extremely difficult, if not impossible. Such cases require a
method for obtaining estimates of selection that are free from
bias due to environmental covariances, even if the environ-
mental factors responsible for these covariances remain un-
known. Two such methods have been developed!415, The first
method, proposed by Schluter et al.}4, involves performing a
linear regression of the trait values of members of the popu-
lation of interest on the trait values of relatives (e.g.
parent-offspring regression), and then including the resid-
uals as an independent variable in a standard Lande-Arnold
analysis. The second method, developed by Rausher!5,
involves the use of breeding values in the regression analy-
sis, and will serve as the focus of the rest of this review.

A ‘genetic’ method for measuring selection
Rausher’s!5 ‘genetic’ method is identical to the multi-
variate regression method proposed by Lande and Arnold?
(the ‘phenotypic method’; Box 1) except that estimates of
additive genetic (or ‘breeding’) values are used in place of
phenotypic values. Directional selection gradients are esti-
mated as the partial regression coefficients from a linear
multiple regression of breeding values for relative fitness on
breeding values of the characters, and non-linear selection
gradients are estimated as the partial regression coefficients
associated with the second-order coefficients from a quad-
ratic multiple regression using breeding values. The esti-
mation of breeding values requires that members of the popu-
lation fall into known family groups {e.g. paternal half-sib
families). Breeding values can be calculated from such family-
structured data using techniques developed in plant and
animal breeding?3-30, Alternatively, family means may be
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used to approximate breeding values, given certain

assumptions!S. @ g o OPE © g
Rausher?’ provides a formal mathematical demon-
stration that the use of breeding values in place of
phenotypic values eliminates bias due to environmen-
tal covariances. Intuitively, one can think of the calcu- Z W Z W 7 W

lation of family means or breeding values as averag-
ing out the effects of environmental factors, with the
result that any correlation between the means of fit-
ness and trait values should reflect causal relation-
ships only.

Comparison of the genetic and phenotypic
methods

By obscuring the actual causal relationship
between phenotype and fitness, environmental
covariances can greatly bias estimates of selection

Fig. 1. Possible sources contributing to the covariance between phenotypic values of a trait
(2), and fitness (W), in the presence of environmental factors (E). Under the scenarios shown
in (a) the environmental factors influence either the trait or fitness, but not both. In this case.
any covariance between the phenotypic value of the trait and fitness will reflect only the
causal relationship between the trait and fitness, and selection gradients estimated from phe-
notypic regression should not be biased. In scenarios (b) and (c), environmental factors influ-
ence values of both the trait and fitness, resulting in an environmentally induced covariance
between the trait and fitness. The overall phenotypic covariance between the trait and fitness
will reflect both the underlying causal relationship between the trait and fitness and this con-
founding environmental covariance, resulting in biased estimates of selection.

from standard phenotypic methods. Thus, when
environmental covariances are strong, some method of
reducing bias is needed to characterize selection accurately
and to predict evolutionary change. The genetic method
can eliminate bias from environmental covariances, but
may not be practical under some circumstances. Because
data consist of family means or breeding values rather than
of individual phenotypic values, the use of the genetic
method reduces the effective number of observations for a
given size of experiment and therefore reduces statistical
power. This reduction in sample size may be especially
problematic when trying to detect curvature in the relation-
ship between trait values and fitness, which can require
many observations3®. Also, error in the estimation of breed-
ing values may make the form of selection more difficult to
detect.

In addition to requiring a larger number of individuals to
estimate selection, obtaining accurate estimates of breeding
values generally requires crosses to be performed; this may
not be practical in some species or in non-experimental
populations. Not infrequently, however, researchers meas-
ure genetic variances and covariances in the same popu-
lation in which they measure selection. In such cases, it
should be possible to estimate breeding values and meas-
ure selection using the genetic method.

Finally, the genetic method requires that the traits of in-
terest be genetically variable, while the phenotypic method
can provide estimates of selection even in the absence of
genetic variation. That the genetic method involves the
measurement of selection using genetic rather than pheno-
typic variation may seem counterintuitive given the com-
mon view that natural selection acts directly on the pheno-
type and only indirectly on the genotype (although many
evolutionary biologists explicitly define selection as differ-
ential reproductive success of genotypes®-33). However, the
genetic and phenotypic methods give identical estimates of
selection gradients, provided that environmental covari-
ances are absent!®. Estimates of selection from the two meth-
ods will only differ when environmental covariances have
caused bias in estimates from the phenotypic method.

An additional advantage of the genetic method over the
standard phenotypic method is that estimates of selection
gradients are less likely to be biased by the failure to iden-
tify and measure important characters. With the phenotypic
method, the omission of any character that is both pheno-
typically correlated with the measured characters and sub-
ject to selection can result in biased estimates of the forces of
selection on the measured characters. In contrast, with the
genetic method, bias will not result through the omission of
phenotypically correlated traits that are neither genetically
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variable nor genetically correlated with the measured traits.
However, both phenotypic and genetic analyses will be bi-
ased by the omission of traits that are genetically correlated
with the measured traits and that experience selection; these
analyses are subject to several other assumptions and limi-
tations common to regression methods for measuring se-
lection (Box 2).

Under what circumstances are environmental covari-
ances likely to be strong enough to significantly bias esti-
mates of selection from standard Lande~Arnold analyses? In
general, traits that vary with the condition of the organism
(such as flower size in the example given earlier) should be
more likely to be subject to environmental covariances with
fitness than traits that are fixed early in development (e.g.
vertebrae number in garter snakes34). Spatial heterogeneity
in environmental conditions may also be more likely to
result in strong environmental covariances in sessile or-
ganisms, such as plants, than in organisms that are mobile,
such as many animals. However, there are likely to be many
exceptions to these general rules.
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Fig. 2. The relationship between flower size and relative fitness (w)
Plants growing in dry soil (black squares) tend to have low fitness
because of lack of water. Plants growing in wet soil (white squares)
tend to have high fitness because water is beneficial. Within each of
these groups, there is no significant relationship between flower size
and relative fitness, reflecting a lack of any causal effect of flower size
on fitness. However, because flower size depends on water content of
the soil, there appears to be a significant positive relationship between
relative fitness and flower size. Thus, the environmental covariance
between flower size and fitness vields a false appearance of selection.
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A straightforward way to determine definitively whether
the phenotypic method provides an accurate view of the
forces of selection is to perform both the genetic and pheno-
typic analyses on the same data, and then to compare the
results. Rausher’s provides a statistical technique for de-
termining whether selection gradients calculated using the
phenotypic and genetic methods are significantly different.
If estimates of selection from the two techniques are suf-
ficiently similar, the phenotypic method can be used with
confidence.

Despite its limitations, the Lande-Arnold method repre-
sents a powerful tool for studying natural selection. Along
with nonparametric and graphical analyses, the genetic
method of estimating selection is yet another tool that evolu-
tionary biologists can apply to describe the action of selec-
tion in nature. Combined with experimental manipulations,
descriptions of selection from these methods can yield
powerful inferences about the operation of selection in natu-
ral populations!0.35,
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