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Quantitative genetic study of the adaptive process

RG Shaw! and FH Shaw?

The additive genetic variance with respect to absolute fitness, Va(W), divided by mean absolute fitness, W, sets the rate of
ongoing adaptation. Fisher's key insight yielding this quantitative prediction of adaptive evolution, known as the Fundamental
Theorem of Natural Selection, is well appreciated by evolutionists. Nevertheless, extremely scant information about VA(W) is
available for natural populations. Consequently, the capacity for fitness increase via natural selection is unknown. Particularly in
the current context of rapid environmental change, which is likely to reduce fitness directly and, consequently, the size and
persistence of populations, the urgency of advancing understanding of immediate adaptive capacity is extreme. We here explore
reasons for the dearth of empirical information about Va(W), despite its theoretical renown and critical evolutionary role.

Of these reasons, we suggest that expectations that Va(W) is negligible, in general, together with severe statistical challenges
of estimating it, may largely account for the limited empirical emphasis on it. To develop insight into the dynamics of Va(W)

in a changing environment, we have conducted individual-based genetically explicit simulations. We show that, as optimizing
selection on a trait changes steadily over generations, Va(W) can grow considerably, supporting more rapid adaptation than
would the Va(W) of the base population. We call for direct evaluation of Va(W) and W in support of prediction of rates adaptive
evolution, and we advocate for the use of aster modeling as a rigorous basis for achieving this goal.
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‘the question was never really, How much genetic variation is
there...? but rather, What is the nature of genetic variation for
fitness in a population?” RC Lewontin, 1974.

INTRODUCTION

Adaptation proceeds through the differential genetic contributions
among individuals. This idea is formalized in the Fundamental
Theorem of Natural Selection (FTNS), which quantitatively predicts
the increase in a population’s mean fitness as the simple ratio of its
additive genetic variance in absolute fitness, VA(W), to its mean
absolute fitness, W (Fisher, 1930; Biirger, 2000, Section 6.5 and
Ewens, 2004, Section 7.4.5 explain the breadth of applicability of the
FTINS). This ratio, thus, indicates a population’s capacity to adapt to
current conditions, given its present genetic composition. Potential
for adaptation over an extended period must also take into account
eventual contributions of new mutations to V,(W), but the initial
rarity of new mutations makes their role in immediate adaptation
negligible.

The FINS has served as an important conceptual foundation of
evolutionary biology. However, although it has also motivated some
empirical research, its full predictive power has yet to be realized
because it has rarely been applied quantitatively to predict a
population’s adaptive capacity. The effort required to obtain full
fitness records for many individuals in a pedigreed population makes
estimation of the key parameters for applying the FTNS, V4(W) and
W, a daunting challenge. Yet even more influential reasons that the
FINS has not been applied empirically may be the expectation that
Va(W) is negligible in many populations, as well as statistical

challenges to rigorous estimation of V,(W). Here, we examine the
grounds for expecting negligible V4(W) and show that change in
selection regime can lead to considerable increase in Vj(W). We
underscore that the magnitude of V,(W) is an empirical question
and that insight into the capacity for adaptive evolution in response
to changing environment requires estimation of Vi(W), which
recently developed aster modeling renders tractable.

CONCEPTUAL IMPEDIMENTS TO DIRECT STUDY OF THE
ADAPTIVE PROCESS

In formulating the theory of evolution by natural selection, Darwin
(1859) emphasized his view of adaptation as an extremely slow
process, spanning many generations, a view that discourages direct
study of ongoing adaptation. As the theory of population and
quantitative genetics has developed, it has implicitly reinforced this
perspective by focusing on solutions at evolutionary equilibrium
under static conditions (Charlesworth, 1987). It is now clear that
various processes, including mutation, migration and spatial or
temporal variation in selection, can maintain V(W) at equilibrium;
nevertheless, for parameter values considered realistic, the general
conclusion has been that Vy(W) is expected to be slight at
equilibrium (reviewed in Charlesworth, 1987). Yet environments in
nature change, and populations occupying them may rarely be subject
to conditions that are sufficiently stable (that is, either static or
changing with regularity) for attainment of evolutionary equilibrium.
Thus, although, following Darwin, some early evolutionists consid-
ered rates of adaptation too slow, relative to human lifetime, for direct
study (and many cases are), others forged ahead (for example, the
classic studies of selection favoring melanic morphs of Biston betularia
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in areas of Britain subject to heavy industrial pollution (Kettlewell,
1955, 1956)).

Now a large and growing body of evidence documents adaptation
over tens of generations (Antonovics and Bradshaw, 1970; Hairston
et al., 1999) or fewer (Franks et al, 2007). Many are cases of
evolutionary response to abrupt, drastic environmental alteration.
They confirm that adaptation is often quite rapid and that the process
of adaptation is, in many cases, amenable to direct study. Major
environmental changes under way have prompted questions about
the capacity of the biota to adapt to them: both what rates of
adaptation can be expected (Shaw and Etterson, 2012) and the
likelihood of evolutionary rescue, that is, adaptation via natural
selection of an isolated population from negative to positive popula-
tion growth rate (Gomulkiewicz et al., 2010). It is often assumed that
differences among populations in the amount of their molecular
variation reflect their differences in adaptive capacity. However, Reed
and Frankham (2001) showed that the correlation between molecular
genetic variation and genetic variation with respect to quantitative
traits is slight. Thus, the goal of addressing questions about adaptive
capacity necessitates direct study of the adaptive process, and this
entails evaluation of populations’ additive genetic variance for
absolute fitness, V4(W), and their mean absolute fitness, W, under
conditions currently prevailing and conditions expected in the
immediate future.

As a central concept in evolutionary biology, fitness is well
understood, yet its precise definition is elusive (Beatty, 1994; Keller,
1994; Paul, 1994). A convenient definition of an individual’s fitness is
the number of offspring it leaves to the next generation. This
definition simultaneously captures an individual’s demographic con-
tribution to its population and its genetic representation, via its
descendants. Overlap of generations complicates the definition of
fitness (Charlesworth, 1980), but here, we set this complexity aside
and consider fitness as the expected number of offspring over a
defined period of time.

USING A CLASSIC QUANTITATIVE GENETIC MODEL TO STUDY
Va(W) AND ITS DYNAMICS

Tachida and Cockerham (1988) derived expressions for the genetic
components of variance for fitness for the classic model of optimizing
(quadratic) selection on a quantitative trait. Their results, although
informative, are not directly amenable to use in empirical research;
the complicated expressions cannot be evaluated without knowledge
of the distribution of effects of individual alleles at all loci that
contribute to variation in the traits under consideration, including
fourth moments. Turelli and Barton (1994) have since shown that,
even under strong selection (including truncation and disruptive
selection), the distribution of breeding values for the trait is very
well approximated by the normal distribution. This justifies a
simpler approach to investigate the distribution of genetic effects
on fitness, one in which we can treat in aggregate the contributions
of the many loci throughout the genome to variation in the trait
and fitness.

Fitness under Gaussian selection

For simplicity, we here take the trait values as arising from strictly
additive gene action, together with environmental effects, z=a+e,
where the additive genetic effects, a, are normally distributed with
mean, i, and variance, O’ﬁ, and the environmental effects are
normally distributed with mean zero and variance, ¢2. Under these
assumptions, we seek the distribution of the genotypic effects on
absolute fitness, E(W|a), under optimizing selection on a trait, z,
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using a Gaussian function for the relationship between absolute
fitness and the trait,

W(Z) _ e—zz/(sz)7

(1)
with the width of the fitness function given by w?, which is inversely
related to the strength of selection. This function, ranging from 0 to 1,
is routinely used to model Gaussian selection on a quantitative trait
(for example, Turelli and Barton, 1994).

We have derived expressions for the probability density functions
for the genotypic fitness effects in the appendix. As illustrated in
Figure 1, the genotypic distribution for fitness is concentrated toward
high values when the trait mean coincides with the optimum,
reflecting the generally high-degree of adaptation. However, for
populations that are less well-adapted, with the trait mean deviating
from the optimum, the distribution can be approximately symmetric,
with mode well below the maximum expressed fitness values. If the
additive genetic variance for the trait, aﬁ, is similar in magnitude to
the width of the fitness function, w?, and the trait mean is far from
the optimum, the distribution can be bimodal with modes toward
opposite extremes of the range. The inclusion in the model of
environmental variance as a contributor to variation in the trait
causes the genotypic distribution for fitness to be shifted toward
intermediate values. In that case, no genotype has an expected fitness
that coincides with the maximal fitness, and genotypes with low-
fitness values in the absence of environmental variance have higher
expected fitness when it is included (Figure 1).

Although the distributions of genotypic effects on fitness provide
insight into the nature of selection at the genotypic level, in a sexual
population, the response to natural selection, in terms of the rate of
change in fitness, depends on the distribution of the additive genetic
effects on fitness (that is, fitness breeding values). In principle, the
nonlinearity of the fitness function induces nonadditive genetic effects
on fitness, even when the trait under selection is subject to strictly
additive genetic effects (Wright, 1935). Consequently, the additive
genetic variance for fitness, V4(W), can be substantially less than the
variance of the genotypic fitness distribution (for example, those
shown in Figure 1). Nevertheless, unless o2 approaches ®? in
magnitude, the genotypic variance of fitness, V5(W), is largely
attributable to V,(W) over a wide range of difference of the trait
mean from the optimum, as Figure 2 illustrates. V(W) is maximized
when ft, is close to the value of , where the fitness function is
steepest, and this is also true for V4(W), at least for modest values of
the trait variance.

Dynamics of fitness variation in a changing environment

To gain insight into the evolutionary dynamics of adaptive capacity,
we examine the dynamics of genetic variance for fitness for a
population subjected to Gaussian selection, with the fitness optimum
changing over generations (Pease et al., 1989). Biirger and Lynch
(1995) used this model as the basis for examining persistence of
populations in the face of environmental change. They presented the
dynamics of genetic variation for the selected trait, along with
expected time of extinction for populations subject to changing
environment such that the trait optimum changes over time. Our
independent simulation study presents the dynamics of both Vg(W)
and V(W) while replicating their findings for the dynamics of the
trait mean and its variance.

The simulation approach has been previously described in detail
(Ronce et al., 2009). In brief, each individual’s genotypic trait value is
the sum of allelic effects over L unlinked loci. An independent
environmental effect also contributes to the phenotypic value. During
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Figure 1 Probability density functions for fitness AW) (Equation 3) when fitness is a Gaussian function of trait value with width w =3 and z is normally
distributed with mean y, and s.d. o, In both panels, u,=0 thick lines; u,=3 medium lines; u,=4.5 thin lines. Continuous lines, h%=1; corresponding

dashed lines, #2=0.5, that is, when 2 = 2.
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Figure 2 Variance of i), denoted V(W) as a function of u, for ¢,=0.5
(curve through open circles), o,=1 (curve through open triangles); g,=2
(curve through filled circles). Points denote means over 100 REML
estimates of Va(W), the additive genetic variance for fitness, for simulated
data sets having the given y, and o, and ag =1. Througout, w = 3.

gametogenesis, mutations are generated at a rate U per diploid
genome. For a mutation occurring in a particular allele, its effect is
modeled as that of the original allele, plus a deviation drawn from a
normal distribution with zero mean and variance ¢2,. The genetic
variance of the trait is thus free to evolve. At the fertilization stage, the
total number of juveniles generated is taken as a Poisson random
variable, with mean equal to f times the number of reproducing
individuals. Genetic variation in fitness is expressed through variation
in survival only, imposed via a Gaussian fitness function with trait

optimum 0 and strength of selection ®?, as above. If the population

remains above its carrying capacity K after this selection, then it is
reduced to size K by elimination of individuals at random. Here, we
set L=50, ¢2=1, U=0.01, ¢% =0.01, f=5, =3 and K=400,
with exceptions noted below. At the outset, the population was
allowed to evolve for 1000 generations to reach mutation-selection-
drift balance (that is, we detected no change in the genetic variance
averaged over replicates after generation 500; not shown). At this
point, a steady, directional change in the fitness function was imposed
via a change in the trait optimum, 0, at a constant rate (0 = kt, where
k is the rate and ¢ is in generations). We chose values of k and f for
which the population persists; at higher rates of change in the trait
optimum, extinction is common (Pease et al., 1989; Birger and
Lynch, 1995).

Under this regime, the population evolves such that the trait mean
follows the optimum, with some lag. In Figure 3, the additive genetic
variance of the trait, 0'2, and the genotypic variance of absolute fitness,
VG(W), are shown for two different rates of change in the optimum,
0. When selection begins to change, V(W) increases rapidly, with
increase in o2 following. The genetic variances eventually stabilize at
values substantially higher than when selection is constant; for the
chosen parameters, it takes over 50 generations for these variances to
be reached. For the slower rate of change, k=0.06=0.02c» per
generation, the lag of the trait mean behind the optimum, 0, settles
down to 1.03 (s.d. 0.032 over 50 replicate runs) after 150 generations.
For the larger rate of change, k=0.2=0.067w, the lag is at 3.74 (s.d.
0.14), close to the value of . Consequently, 1, is close to the point on
the fitness surface that yields maximal V5(W). Concordant with the
analytical results (Appendix and Figure 1), the distribution of genetic
effects on fitness changes with the offset or lag of the trait mean from
the optimum. This agreement is found, even though the analytical
treatment assumes a Gaussian distribution for both the phenotypic
and breeding values for the trait, whereas the simulation need not
satisfy this assumption. In further agreement with the analytical
results, the simulations show a sharply skewed distribution of the
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Figure 3 Time series for genetic variance of trait and fitness as trait
optimum, 0, changes, for two rates of change (0.1 per generation, thin
lines; 0.2 per generation, thick lines). The optimum begins to move at
generation 10. Trait (additive) genetic variance (with scale on left); fitness
genetic variance, V(W) (dashed, with scale on right). Points and confidence
regions give results of 50 estimates of Va(W) plus and minus 1 s.d. for
generations 1, 21, 31, 81, 181 and 281.

a b
8_
0.35 N —
0.30 s
1 6
0.254
N
2 0.20 1 2
7] o 4
o NN c
[ M [0
© 0.15 o
WNN
0.10+ 11 K 5 |
é N
0.05+ - s‘?§§<
N
NN N
000_ FIJV NN 0_4@ b—gk
[ R e — T T T T 1
420 2 4 6 0.0 0.2 0.4 0.6 0.8 1.0
opt-trait fitness

Figure 4 Histograms of phenotypic values for trait and fitness when the trait
optimum, 6 changes at the rate of 0.2 per generation. (a) 0 —p,, generation
1 (unshaded) and generation 181 (shaded). (b) Phenotypic fitness values
before selection, generation 1 (unshaded) and generation 181 (shaded).

breeding values for fitness when the trait mean is near the optimum,
and broad distribution when the trait mean is lagging approximately
o units behind the optimum (Figure 4).

We evaluated the accuracy, within the simulation, of the prediction
from the FINS (Figure 5), estimating V(W) as follows. From the
individuals remaining after selection and producing progeny for the
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Figure 5 Scatterplot of change in fitness versus predicted change in fitness
(Va(W)/W), lines y=x, y=0. Points are from 20 replicate runs, every 10th
generation, for 350 generations after optimum movement of 0.2 per
generation begins. Values for change in fitness are calculated as the
difference between the fitness of the population before selection in
generation k and that at generation k+ 1 using the optimum for generation
k (open) or k+ 1 (solid). Values for V(W) estimated using REML from data
generated from the simulations (see text).

next generation, a subset was chosen at random to produce a separate
set of 1200 progeny, via a mating scheme of full sibs nested within
half sibs, with inheritance as described above to obtain trait values
and corresponding fitness measures. Despite considerable sampling
variance, the change in mean fitness is accurately predicted by
Va(W)/W, with V4(W) estimated by REML (Patterson and
Thompson, 1971) (Figure 5). When the population is evaluated in
the environment in which the parental generation underwent selec-
tion, the observed change in mean fitness is similar to the predicted
increase. The strong, linear relationship between observed and
predicted change in mean fitness with slope=1 demonstrates the
accuracy of the prediction, despite expected scatter (Figure 5). When
the population is evaluated in the current environment, the slope of
this relationship between observed and predicted adaptation is the
same. However, in this case, the fitness increment is reduced by a
constant amount due to the direct effect of change in environment on
mean fitness, the Red Queen effect (Van Valen, 1973).

EMPIRICAL STUDY OF THE QUANTITATIVE GENETICS OF
FITNESS AND ATTENDANT CHALLENGES

These simulations show that, when the selection regime begins to
change, V4(W) can increase steadily over an extended period and,
with continued change in selection, stabilize at values considerably
greater than at the equilibrium under constant selection. Zhang
(2012) has obtained expressions for equilibrium levels of V(W) for
several scenarios of change in optimizing selection, showing the
conditions under which it can be greatly increased relative to its value
in a stable environment. Because V(W) bears directly on the rate of
ongoing adaptation, estimates of V4(W)/W indicate the immediate
adaptive capacity of populations, as the simulations illustrate
(Figure 5). Although individual fitness is readily modeled



mathematically, it is a challenging organismal property to measure,
particularly for long-lived species. Nevertheless, it is clear that an
individual’s fitness, its contribution to the next generation, depends
on traits of the life history, including longevity and components of
reproduction.

Estimates of genetic variance and heritability (h?) for life-history
traits have long been available for numerous populations (Mousseau
and Roff, 1987; Roff and Mousseau, 1987; Burt, 1995). They have
tended to show relatively little genetic variation for the individual
components of fitness, compared with morphological traits, and this
has reinforced the expectation that genetic variance for fitness itself is
slight. However, genetic variances of components of fitness, many
estimated in lab studies, are often found to be sizable in absolute
terms, with h? averaging 0.26 in the survey by Mousseau and Roff
(1987). Even so, as these authors and others have noted, genetically
based tradeoffs among fitness components could constrain V(W) to
a negligible magnitude, despite substantial h*> of the components of
fitness (see also, Charlesworth, 1987). Conversely, though it is less
often suggested, V(W) could be considerably larger than that of its
components in cases where genetic differences in fitness expressed
early in life are compounded over the life span.

Thus, estimates of genetic variance for fitness components do not
resolve the question of whether genetic variance of fitness itself is
typically negligible. Recently, substantial efforts have been devoted to
evaluating quantitative genetic variation in lifetime fitness and its
components for wild vertebrate populations whose pedigrees were
partially known from long-term observations and were otherwise
inferred from behavior or molecular markers (for example, Kruuk
et al., 2000; Merila and Sheldon, 2000; Kruuk, 2004; McCleery et al.,
2004; Morrissey and Ferguson, 2010). In several of these studies, Vj in
the measure of lifetime fitness has not been detectable (Kruuk et al.,
2000; McCleery et al., 2004), despite significant V, for components of
fitness. For example, from observations of nearly 4000 individuals of
Parus major from 1960 to 1998, genetic variation was not detected for
lifetime reproductive success, although genetic variation was
substantial for traits deemed likely to bear on fitness, such as clutch
size (McCleery et al., 2004). However, in a population of Ficedula
albicollis, records of ~3000 birds monitored over 17 years
(1980-1997) vyielded a sizable estimate of narrow-sense heritability
(h*=0.2, CV,=29; P<0.01) for lifetime reproductive success of
females (Merila and Sheldon, 2000). Although they are few, these
studies demonstrate the possibility of assessing adaptive capacity in
natural populations. Nevertheless, such strictly observational studies
are subject to two important concerns. First, despite advances in
estimating quantitative genetic parameters with relationships inferred
from marker data (Thomas and Hill, 2000; Thomas et al., 2000),
uncertainties in the inferred relationships erode the precision and
accuracy of quantitative genetic estimation (Thomas and Hill, 2000).
Second, inferences about the genetic variance for any trait may be
biased because the resemblances between relatives, from which these
estimates are obtained, can result from shared environmental effects,
as well as gene sharing. Individual-based statistical modeling of
quantitative traits (the ‘animal model’) can account for known shared
environments, such as nest boxes or territories. However, this does
not eliminate biases due to shared environment primarily because the
recorded indicators of environment may not fully account for
environment-sharing relevant to expression of the trait. This issue
has famously plagued research on quantitative traits of humans for
many decades (Lewontin, 1975; Keller, 2010). On the other hand, if
genetic and environmental effects covary, techniques to account for
effects of environment may ‘overcorrect’ and produce underestimates
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of genetic variance. Consequently, it is problematic to predict
evolutionary capacity from heritability estimates obtained in observa-
tional studies (see for example, Stopher et al., 2012).

In contrast to study of variation in fitness itself, the form and
magnitude of selection on traits in natural populations has been
much more extensively evaluated, stimulated by two influential works
(Lande and Arnold, 1983; Endler, 1986). These studies have largely
documented phenotypic relationships between traits and components
of fitness, but studies to determine the genetic relationship between
them, and hence to evaluate genetic selection, have also appeared,
especially since Rausher (1992). They have also suggested temporal
and spatial variation in selection on specific traits (for example,
Kalisz, 1986; Siepielski et al., 2009; but see Morrissey and Hadfield,
2012). Few clear generalizations about the form and strength of
selection have emerged from consideration of these studies collectively
(Kingsolver et al., 2001; Hereford, 2009; Kingsolver and Diamond,
2011). In view of the heterogeneity of traits, taxa, measures of fitness
and, presumably, conditions in which the studied populations were
undergoing selection, it would, perhaps, have been surprising if strong
commonalities in selection had been evident.

When it has been possible to identify traits that are strongly
associated with fitness (for example, bill depth in Geospiza fortis,
Grant and Grant, 1995; stigma exsertion in Ipomopsis aggregata,
Campbell, 1991; Campbell et al., 1994), this approach has informed
understanding of natural selection on those traits. Yet it can mislead,
for example, when differential mortality with respect to focal traits
occurs before the traits are expressed (Bennington and McGraw, 1995;
Mojica and Kelly, 2010) or when variation in inbreeding has not been
taken into account (Willis, 1996). Moreover, statistical power to
identify the traits under selection may be inadequate, even in studies
of substantial scale (Shaw and Geyer, 2010). Beyond this, analysis of
selection on traits does not reveal the overall extent of selection
(whether phenotypic or genotypic). Lande and Arnold (1983) noted,
Mitchell-Olds and Shaw (1987) emphasized and many authors have
since acknowledged that phenotypic selection analysis can evaluate
selection only on the traits that are included in the analysis. A related
limitation that is not often explicitly recognized is that no empirically
manageable set of traits can be expected to account fully (or even
nearly) for the overall variation in fitness. Thus, there may be far
more genetic variation in fitness, and hence, capacity for adaptation,
than is manifested by selection on the traits under consideration in a
given study. Fortunately, it is not necessary to know or discover which
traits are under selection in order to study adaptation.

DIRECT STUDY OF Wx(W)

In view of the central importance of the genetic variation with respect
to fitness, V4(W), in a population’s adaptive potential (Fisher, 1930;
Biirger, 2000; Ewens, 2004), the scarcity of evidence about the
magnitude of V,(W) compromises prediction of the capacity of
natural populations for ongoing adaptation and the rates at which
adaptation could proceed. As for any quantitative trait, V(W) is
subject to direct evaluation via experimental approaches, but this has
rarely been accomplished. Gardner et al. (2005) have demonstrated
considerable V(W) in the Dahomey strain of Drosophila melanogaster
by following the dynamics of non-recombining balancer chromo-
somes in replicate population cages over 300 days (see also Fowler
et al, 1997). The authors argue convincingly against laboratory
artifacts inflating the fitness variation. Fry (2008) has pointed out
that the few observed cases of transient changes in frequency are more
likely due to evolution of modifiers mitigating the deleterious effects
of the balancers than G x E interaction, as suggested by the original
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authors, but this does not undermine the conclusion that, even for a
population maintained in a relatively stable laboratory environment
for 30 years, V(W) was found to be sizable and persistent. Long et al.
(2009) have also documented substantial V(W) for lifetime fitness of
female D. melanogaster.

These laboratory studies of quantitative genetics of fitness reveal
the capacity of a population to adapt to conditions imposed by
the experimentalist. However, given the sensitivity of fitness to
environmental conditions (Antonovics et al, 1988), it would be
presumptuous to extrapolate from lab-based estimates of V(W) to
the adaptive capacity of natural populations to conditions that
impinge on them in nature. Accurate prediction of rates of adaptation
in nature will require quantitative genetic experiments on wild
populations under natural conditions. Such studies offer the realism
of fitness expression in quasi-natural conditions for populations
evolving under the vagaries of environmental change, while avoiding
the problems of observational studies of confounded environmental
effects and uncertainty of pedigrees. Unfortunately, although there are
examples of this approach (for example, Mitchell-Olds, 1986; Schmitt
and Antonovics, 1986; Shaw, 1986; Schwaegerle and Levin, 1991;
Campbell 1996), this body of work remains relatively small, and
estimates of V(W) in nature are few.

Two recent experimental studies in nature evaluated quantitative
genetics of lifetime fitness. In an investigation of an annual plant
Dicerandra linearifolia (Lamiaceae), Winn (2004) used a paternal
halfsib crossing design and planted seedling progeny into the field site
from which the parents had been sampled. For two key components
of the life history, survival and number of flowers, very low estimates
of h% (<0.01, ns) were obtained. Etterson (2004) likewise carried out
a paternal halfsib crossing design within three populations of the
annual legume Chamaecrista fasciculata and planted the resulting
seedling progeny into sites near to each of the source sites, employing
the reciprocal transplant approach. In this case, additive genetic
variation for overall fitness, assessed as total number of seeds per
individual, was reported as significant for one population (from
Oklahoma, USA) in all three sites, with h? ranging from 0.1 to 0.27.
For this population in its home site, the estimate of (W) was 0.22,
indicating considerable further capacity for adaptation to local
conditions. The other two populations showed significant (or
marginally so) Vy(W) in at least one site, with h*(W) about 0.08,
evidencing the populations’ capacity for ongoing adaptation.

ASTER MODELING TO SUPPORT STUDY OF V(W)

A long-standing and vexing impediment to the study of lifetime
fitness has been that the complexity of fitness expression throughout
the life cycle, which contrasts with the simplicity of its representation
in mathematical models, results in an empirical distribution that is
not well approximated by any conventional statistical distribution.
Lifetime fitness is the composite of survival over successive intervals
and multiple components of reproduction, within reproductive
episodes, as well as over possibly many episodes in a lifetime.
Accordingly, fitness has a compound distribution that is far from
Gaussian or any other standard sampling distribution (see for
example, Figure 4 in Wagenius et al., 2010). Consequently, assump-
tions of standard methods, such as linear models, are routinely
violated, necessitating caveats about statistical inferences and their
implications (for example, Shaw, 1986) and sometimes multiple
approaches to analysing the data at hand (Antonovics and
Ellstrand, 1984). The unconventional phenotypic distribution of
fitness is especially problematic when interest focuses on estimating
a population’s additive genetic variance for fitness, as required for

Heredity

evolutionary prediction. Statistical inference for random effects
models, which are the basis of variance partitioning, relies heavily
on the Normal distribution (Fisher, 1918).

Aster modeling has been developed to fill this methodological gap
(Geyer et al., 2007; Shaw et al., 2008). Using a likelihood framework,
aster explicitly models the components of fitness, including the
dependence of later expressed components on earlier ones, for
example, the number of offspring produced in a particular year on
survival up to that year, on reproductive status and on the number of
mates. For each component, it employs a suitable sampling distribu-
tion, for example, Bernoulli for survival and reproductive status, and
Poisson for number of mates. Given these specifications and an
appropriate definition of lifetime fitness, for example, the total
number of offspring produced over a specified period of time, aster
analysis yields inferences of interest, including comparisons of mean
fitness and estimates of the form of the fitness function (see examples
in Shaw et al., 2008; Shaw and Geyer, 2010).

Aster has now been extended to accommodate random effects
(Geyer et al., 2012). This development allows estimation of compo-
nents of variance for fitness, while explicitly accounting for the
compound nature of fitness expression and for its resulting distribu-
tion. Application of random effects models in aster to reanalyze the
data of Etterson (2004) revealed significant variance in fitness among
paternal halfsib groups (with fitness defined as expected number of
fruits produced per individual) in all three populations grown in the
Kansas and Oklahoma locations. This result implies the availability of
Va(W) that would support further adaptation of the local population,
as well as the foreign ones, to those two sites.

Further analysis gave no indication of substantial deviation from a
Gaussian distribution of breeding values for fitness (Geyer et al., 2012,
Section 8.5). We caution against overinterpretation of this finding. As
others have noted (Hadfield et al, 2010), extreme uncertainty in
individual estimates of breeding values renders problematic inference
from estimates of breeding values per se. Nevertheless, it is intriguing
that the inferred distributions of the breeding values are approxi-
mately symmetric, rather than negatively skewed as expected in a
population subjected to consistent selection over a long period
(Figure 4b, unshaded).

CONCLUSIONS

Theoretical arguments have led to an expectation that natural
selection rapidly exhausts additive genetic variance for fitness,
VA(W), as adaptation proceeds, and, therefore, that populations are
likely to harbor little V4(W). In conjunction with the considerable
logistical and statistical challenges of evaluating Vx(W), this view has
tended to discourage direct study of it, particularly in nature. For
components of fitness, genetic variance has often been found to be
appreciable; such findings have been reconciled with the expectation
of negligible V,(W) by invoking tradeoffs among fitness components,
which have in some cases been demonstrated (for example, Rose and
Charlesoworth, 1981a, b). More recently, however, evidence of genetic
variance in lifetime fitness has begun to accumulate, and this
demands reconsideration of the view that standing additive genetic
variation for fitness is generally slight.

Our simulations show that V(W) can rise over tens of generations
at the outset of a period of change in selection regime. The initial
increase in VA(W) results from the change in the fitness function
alone, and thus, begins before the increase in genetic variance for the
trait under selection shown by Biirger and Lynch (1995). Thereafter,
changes in allele frequencies also contribute to the increase in Vy(W).
Both the increase in V(W) and the decline in mean fitness, W, due



to the direct effects of the changed environment jointly imply
augmentation of the population’s adaptive capacity, as represented
by the ratio of Vj4(W) to W. Nevertheless, the adaptation that
proceeds from one generation to the next due to Vi(W) may be
entirely counteracted by further change in the direct environmental
effects on fitness, such that W remains the same or, in fact, declines,
as Fisher (1930) and many since have noted and as shown in Figure 5
(filled circles).

The rise in V4(W) can continue over dozens of generations, given
our choice of parameters, before V,(W) reaches a new steady-state
considerably greater than in the constant environment. These findings
about the dynamics of V(W) as selection begins to change comple-
ment the results of Zhang (2012), showing that equilibrium levels of
V(W) under various scenarios of environmental change can be far
greater than the values expected in a constant environment. In
addition to addressing the case of a linearly changing optimum,
Zhang (2012) also considered randomly varying change in optimum,
as well as autocorrelated change, finding that V(W) may attain
dramatically higher values than in a constant environment, depending
on the nature of the change in the trait optimum and number of traits
under selection.

Environmental conditions always vary over generations to some
degree, yet it is unclear to what extent and on what time scale selective
environment, in the sense of Antonovics et al. (1988), has changed in
nature. To evaluate this empirically would require experiments in
which replicate genetic populations are grown at different times; we
are unaware of such experiments in natural populations. If change in
selective environment has frequently accompanied typical environ-
mental change over recent past generations, then it may be that
populations currently harbor substantial V4(W), as in the steady-
states of the cases considered by Zhang (2012). However, to the extent
that current temporal change in selective environment is a novel
consequence of the newly dramatic and rapid changes in environ-
ment, then our simulations suggest that populations may be expres-
sing somewhat greater V(W) in conjunction with recent change in
conditions, but they may remain well below their potential adaptive
capacity for several dozens of generations.

In the context of rapid change in environmental conditions
globally, the urgent practical need to assess the immediate adaptive
capacity of the biota augments the importance of calibrating this
property as the essential basis for evolutionary explanation of rates of
ongoing adaptation. These considerations argue for renewal of efforts
to evaluate the additive genetic variance for absolute fitness, VA(W),
and mean absolute fitness, W, so that per generation change in mean
absolute fitness can be predicted for natural populations under
realistic conditions. The long established experimental methodology
of quantitative genetics is indispensable in achieving this goal, and it
is reinforced by the new statistical methodology of aster modeling for
fitness. Conducting quantitative genetic experiments in nature will
always be an arduous task, especially when the objective is evaluation
of additive genetic variance in lifetime fitness. Nevertheless, the
motivations for assessing rates of ongoing adaptation increasingly
demand it.
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APPENDIX

We begin our derivation of expressions for the distribution of additive
genetic effects on fitness by assuming that there is no environmental
variance so that W(a)=e~*/2*")_ We will later include environ-
mental variation. To find the cumulative distribution function for the
genotypic fitness effects, we must calculate, for each We(0,1), the
probability that W(a) < W. Solving this inequalty for a yields a®>< —2
@?In(W) so that, for —v —20*InW < a < v —2w? In W we have
W(a) > W. Integrating the probability density function for a between
these two limits and subtracting the result from one gives the
probability that W(a) <W. Thus, we find the cumulative distribution
function for the genotypic fitness effects to be
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and its probability density function to be
e(\/iuz -2V —w’ln W)z/lwg + e(\/fu: +V —wln W)z/lwg
20,WV —tln W

filw) = %F(W)w{

©)
The shape of this probability density function depends on the mean
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additive genetic variance for the trait, and the strength of stabilizing
selection on it, w. We take the mean of the trait to be identical to the
mean of the breeding values, p,. To introduce environmental effects
on the trait, we now consider each breeding value a as the mean of a
normal distribution with variance ¢2. We find the distribution of the
fitness effects for a particular a. By analogy to Equation 3, this is

d (V22 -2V =0T W)? /40 + eV2a+2vV =0T W)’ /402
fe(W)=——F(W)=w
dw 20,WV —nln W

(4)
The mean of this distribution, for the breeding value a, is
—a?/2V;
we
W,(a)= 5
(a) oA (5)

where V; = ®? + 2. We note that W,(a) = W(a) when V,=w?, that
is, when there is no environmental variance. Substituting W,(a) for
Wi(a) in the derivation of f,(W) yields
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