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tained directional change in the optimum phenotype, a small
amount of additive genetic variance always greatly reduces
the total genetic load on the population. In contrast, with a
cyclically fluctuating optimum, additive genetic variance sig-
nificantly enhances population mean fitness only when the
period of the oscillation is long and the amplitude is large.
The situation is similar for positively autocorrelated fluctu-
ations in the optimum: additive genetic variance is most ef-
fective in reducing the total load when the fluctuations exhibit
a long autocorrelation time and high variance.

If one or more types of predictable environmental change
occur simultaneously, additive genetic variance is more likely
to diminish the total genetic load. Therefore, unless a pop-
ulation can remain in an environment to which it is prea-
dapted by shifting its geographic distribution, for example,
through habitat selection behavior (Pease et al. 1989), ad-
ditive genetic variance and adaptive evolution can be critical
for long-term population survival. With increasing habitat
fragmentation and geographic isolation of populations caused
by human activities, the maintenance of normal levels of
additive genetic variance will become increasingly important
as a mechanism of adaptation and population persistence in
a changing environment.
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Recent advances in the statistical machinery available to
analyze selection have resulted in a wealth of empirical stud-
ies seeking to understand and demonstrate the strength, mode,
and importance of selection, both natural and sexual, in wild

populations. One of the primary limitations of data collected
from natural populations is the inability to measure true life-
time fitness of multiple individuals (e.g., see Endler 1986).
As the next best thing, researchers necessarily use some fit-
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ness component as an indicator of total fitness. Although
there are situations in which these variables are continuous,
such as number of progeny (e.g., Kalisz 1986; Johnston 1991)
or growth rate (e.g., Arnold 1988), often the fitness indicators
are categorical measures such as alive/dead or mated/un-
mated, or ordinal measures such as number of years survived
or number of mates. Such discrete measures are then assigned
individual fitness values for statistical analysis to reveal the
action of selection on the traits in question. Previous studies
have investigated the statistical consequences of using dis-
crete measures of fitness to estimate expected fitness func-
tions (Lande and Arnold 1983; Mitchell-Olds and Shaw
1987). Herein, we examine how the specific numerical values
assigned to individual fitnesses affect selection analyses.

Some of the most popular analytical techniques for de-
tecting selection are based on regression, in which the char-
acters of interest are used to predict fitness. Selection coef-
ficients or surfaces are then estimable as functions relating
the characters to fitness. It should be obvious that the nu-
merical values of absolute fitness may affect the picture of
selection obtained from the analysis. In particular, linear re-
gression techniques including quadratic regression (Lande
and Arnold 1983) and path analysis (Crespi and Bookstein
1989; Crespi 1990; Kingsolver and Schemske 1991) use par-
tial regression coefficients as quantitative estimates of selec-
tion. Assignment of fitness values to categories of individuals
is most likely to have an effect on such quantitative measures
of selection, either inflating or deflating the interpreted
strength of selection. The qualitative form of selection, in
terms of direction, dips, and modes (though possibly not their
exact position and certainly not their relative extremity)
should still be accurately predicted by nonparametric re-
gression (Schluter 1988; Schluter and Nychka 1994) and by
quadratic regression when the surface truly is quadratic (but
see Phillips and Arnold 1989; path analysis reveals only lin-
ear forms of selection in any case, Kingsolver and Schemske
1991).

The choice of numerical values for different individual
fitness categories can be troublesome. It is certainly easy to
justify the assignment of an absolute fitness of 0 to any in-
dividual dead or unmated during a study, but why assign
those alive or mated an absolute fitness of 1, as opposed to
some other number, say 10? Even more complicated cate-
gories may be sampled, for instance, survival to different
ages (e.g., Scheiner 1989; Endler 1986). Biological intuition
suggests assigning individuals that live longer a higher fitness
because they have had more opportunities to reproduce, but
exactly what values should be assigned? In studies of mating
biology, the number of mates is typically used as a discrete
measure of fitness (e.g., Arnold and Wade 1984a,b; Conner
1988; Hews 1990; Moore 1990; Anholt 1991; Madsen and
Shine 1992, 1993), but is the true fitness difference between
3 and 4 mates equivalent to the difference between 0 and 1
(see e.g., Bateman 1948)? These are biological questions that
only can be answered empirically for each system under
study. Our purpose here is to investigate the effect of discrete
measures of individual fitness on the estimation of several
commonly reported selection coefficients to (1) reveal the
conditions under which such calculations are robust to the
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values chosen and (2) illustrate the need for strong biological
reasoning in assigning numbers to fitness categories.

The Validity of Analyzing Discrete Categories of Fitness
with Linear Regression

Linear regression techniques can be used to fit a curve to
any type of dependent variable (Kendall and Stuart 1967;
Lande and Arnold 1983), though this property is often mis-
understood. Most of the commonly quoted assumptions of
regression analysis, such as independent and normally dis-
tributed errors, pertain to significance testing, not to curve
fitting (Lande and Arnold 1983; Mitchell-Olds and Shaw
1987). When the measure of fitness is discrete, alternatives
to parametric significance testing must be used to evaluate
the statistical significance of the selection coefficients ob-
tained, but the numerical estimates and curve fits themselves
will be valid. This issue has been dealt with in detail else-
where (Lande and Arnold 1983; Mitchell-Olds and Shaw
1987). We will not address this topic except to note that a
variety of options are available, including randomization and
resampling techniques (e.g., Jayne and Bennett 1990; Mitch-
ell-Olds and Shaw 1987; Brodie 1992), and generalized linear
models, such as logistic or probit regression, to estimate the
significance of models and terms (e.g., Smith 1990; Brodie
1992). We wish to stress that the use of linear regression
techniques to analyze selection is not precluded when fitness
is discrete or even binary. Coefficients from a least-squares
linear regression analysis accurately describe the relationship
between dependent (fitness) and independent (traits) vari-
ables (Kendall and Stuart 1967, ch. 18, 26). Although other
forms of regression (i.e., generalized linear models) may pro-
vide better tests of significance for discrete dependent data
(McCullagh and Nelder 1984), they do not yield coefficients
of selection that plug directly into equations for phenotypic
evolution (as does quadratic regression, Lande and Arnold
1983), nor do they provide path coefficients for evaluating
causal pathways (as does path analysis, Kingsolver and
Schemske 1991).

Coefficients of Selection

The most commonly reported coefficients of selection in-
clude the opportunity for selection, selection differentials,
selection gradients, and path coefficients. Each of these differ
in their biological and statistical interpretation (see Lande
and Arnold 1983; Arnold and Wade 1984a; Phillips and Ar-
nold 1989; Kingsolver and Schemske 1991). We will concern
ourselves primarily with the calculation of these coefficients
and how assigned values of absolute fitness affect each of
them.

The opportunity for selection, I, describes the upper limit
of the force of selection that can act on any trait (also referred
to as ‘‘intensity of selection’ and ‘“‘index of total selection’’;
Crow 1958; Arnold and Wade 1984a). This parameter is mea-
sured as the variance in relative fitness

2w — w)?
I=— 1
n
where w = relative fitness (see below), and n = number of
individuals in the population.
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The directional selection differential, s, measures the total
selection acting on a trait, both direct and indirect, as the
covariance between individual relative fitness and the trait, z,

S - Dw — W)

n

s = 2)
Likewise, the stabilizing/disruptive and correlational selec-
tion differentials measure the total selection acting to change
the variance of a trait or covariance between two traits. The
covariance between relative fitness and the quadratic devi-
ations of the character from its mean are used to measure
these quadratic selection differentials (Lande and Arnold
1983; Phillips and Arnold 1989).

Selection gradients are measures of direct selection on a
trait or combination of traits, independent of selection acting
on measured correlated traits (Lande and Arnold 1983;
Mitchell-Olds and Shaw 1987; Phillips and Arnold 1989).
As partial regression coefficients, directional selection gra-
dients, B, are related to selection differentials by factoring
in the matrix of phenotypic correlations, P (Lande and Arnold
1983):

B =P-ls. 3)

Path coefficients can describe the causal pathways of selec-
tion by considering an a priori hypothesis, the “path dia-
gram’ (Kingsolver and Schemske 1991). Both kinds of co-
efficients are obtained from linear regression analyses. The
directional (B;), stabilizing/disruptive (vy;;), and correlational
selection (y;) gradients are easily calculated as the partial
regression coefficients from a quadratic regression of indi-
vidual relative fitness on the traits z; and z;

1 1
w=oa+ Bz + Bz + 5%’112 + E‘ijljz + vz e, (4
where an individual’s trait is expressed as a deviation from
the mean, z = z — Z (Lande and Arnold 1983). Path coeffi-
cients are similarly obtained as coefficients from a series of
multiple regressions in which the character data are stan-
dardized to a mean of 0 and standard deviation of 1 (Crespi
and Bookstein 1989; Kingsolver and Schemske 1991).

Although these coefficients of selection differ in what as-
pect of selection they measure, each is some function of
individual relative fitness. Therefore, to determine how as-
signment of absolute fitness values might affect the esti-
mation of selection coefficients, we simply need to examine
the relationship between discrete measures of absolute fitness
and relative fitness. For any case in which relative fitness is
independent of the values assigned to absolute fitness, all
selection coefficients will be robust. In all other cases, chang-
ing the values assigned to absolute fitness will change the
estimates of selection opportunity, differentials, gradients,
and path coefficients.

The Case of Two Fitness Categories

An individual’s relative fitness is simply its absolute fit-
ness, W, divided by the mean absolute fitness of the popu-
lation,

(&)
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|
=
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Assume that for a population studied, there are two categories
of fitness (e.g., live and dead or mated and unmated). The
frequency of individuals in the first category is p, and they
are assigned an absolute fitness Wy = A, whereas the fre-
quency of the second category is g, and they are assigned an
absolute fitness Wz = B. The mean absolute fitness of the
population is then

W = pA + ¢B; 6)

and the relative fitness of each category can be expressed as
A B

=— =— 7A, B

wa PA + gB "B pA + gB ( )

It is readily apparent that whenever one of the two categories
is assigned an absolute fitness value of 0, relative fitness is
independent of the absolute fitness of either class: the relative
fitness of the O class is 0, and relative fitness of the second
class becomes the inverse of the frequency of that class (for
A = 0):

Thus, any function derived from a regression analysis of
individual relative fitness on any set of traits (i.e., gradients
and path coefficients) will be unaffected by the specific values
chosen for the second fitness category (as noted by Endler
1986, p. 186).

The variance of relative fitness, I, can be expressed (noting
that the mean relative fitness is 1)

Sw— 1)2
[==— "

n

(8A)

Assigning the above values to absolute fitness and simpli-
fying, the opportunity for selection becomes

_ pA? + gB?

(pA + gB)?

Under these conditions, the opportunity for selection will also
be independent of the value of absolute fitness for the second

category, and will be a function of the frequency of that
category:

-1 (8B)
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Similar substitution into equation (2) yields the familiar
form of the directional selection differential (e.g., Arnold and
Wade 1984a)

s =2y — % (9)
expressed as the difference between the phenotypic mean
before and after selection (where Zp is the mean after selec-
tion). In the case of two fitness categories, the mean of the
non-zero class may be considered mean after selection.

These simplifications are true only when one of the two
classes is assigned an absolute fitness of 0, as is common in
mark-recapture studies of survivorship (e.g., Jayne and Ben-
nett 1990; Smith 1990; Anholt 1991; Brodie 1992; Janzen
1993; King 1993), and mating success within a single episode
(e.g., Arngvist 1992). If one of the two fitness values is not
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