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ON THE LOW HERITABILITY OF LIFE-HISTORY TRAITS
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Abstract. —Life-history traits such as longevity and fecundity often show low heritability. This is
usually interpreted in terms of Fisher’s fundamental theorem to mean that populations are near
evolutionary equilibrium and genetic variance in total fitness is low. We develop the causal rela-
tionship between metric traits and life-history traits to show that a life-history trait is expected to
have a low heritability whether or not the population is at equilibrium. This is because it is subject
to all the environmental variation in the metric traits that affect it plus additional environmental
variation. There is no simple prediction regarding levels of additive genetic variance in life-history
traits, which may be high at equilibrium. Several other patterns in the inheritance of life-history
traits are readily predicted from the causal model. These include the strength of genetic correlations
between life-history traits, levels of nonadditive genetic variance, and the inevitability of genotype-
environment interaction.

Key words.—Components of fitness, genetic correlation, genotype-by-environment interaction,
heritability, life-history traits, path analysis.

Received October 4, 1989. Accepted December 4, 1990.

Life-history traits—such as longevity and
fecundity—tend to have lower heritabilities
than morphological, physiological, and be-
havioral traits (metric traits; Gustafsson,
1986; Charlesworth, 1987; Mousseau and
Roff, 1987; Roffand Mousseau, 1987; Hartl
and Clark, 1989 Ch. 8; Falconer, 1989 Ch.
10). This finding has been interpreted wide-
ly in terms of Fisher’s fundamental theo-
rem, which predicts that in a population at
evolutionary equilibrium no additive ge-
netic variance in total fitness is present
(Fisher, 1930; Wright, 1930; Price, 1972;
Charlesworth, 1987). Because life-history
traits are more closely connected to fitness
than metric traits, the reasoning has been
that they should have less additive genetic
variance and therefore lower heritability.
The empirical results have consequently
been viewed as support for the theorem and
the proposition that populations are near
equilibrium.

In this paper we show that low heritabil-
ities in life-history traits are theoretically
expected to result from high levels of en-
vironmental variance, whether or not the
population is at equilibrium. Our conclu-
sions stem from the observation that vari-
ation in metric traits underlies variation in

life-history traits (Arnold, 1983; Crespi and
Bookstein, 1989; Falconer, 1989 Ch. 20).
For example, survival of a Darwin’s finch
is influenced by its body size (Boag and
Grant, 1981; Price et al., 1984), lifespan of
a female Drosophila is affected by her fat
and glycogen content (Service, 1987; Luck-
inbill et al., 1989) and fecundity of a neo-
tropical herb is partly determined by its co-
rolla length (Schemske and Horvitz, 1989).
Consequently, the genetic and environmen-
tal components that make up the underlying
traits also indirectly make up the life-history
traits. Any additional environmental vari-
ation affecting a life-history trait enlarges

“only its total environmental component, and

reduces its heritability. By contrast, the tra-
ditional explanation for the low heritability
of life-history traits based on low additive
genetic variance does not appear to have
theoretical justification.

Before developing the theory we illustrate
the reasoning with an explicit example, taken
from studies on a population of Darwin’s
Medium Ground finches living on a small
island in the Galapagos (Boag and Grant,
1981; Price et al., 1984; Schluteretal., 1985).
In this population larger adults often live
longer than smaller individuals because they
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FiG. 1. Causal relationship between a single metric
trait, body size, and a single life-history trait, longevity.
Arrows connect dependent (arrowhead) with indepen-
dent variables. x refers to the additive genetic com-
ponent of the metric trait and e to the environmental
component. The life-history trait is subject to addi-
tional environmental noise () that does not influence
the metric trait, and consequently the life-history trait
has lower heritability. Numbers or letters along arrows
are the regression coeflicients.

more efficiently feed on the large seeds that
at times predominate on the island. Al-
though the relationship between body size
and adult longevity is highly significant,
body size explains only a small proportion
of the variability in survival (Price et al.,
1984) and there are many causes of death
not directly related to size. For example,
finches are eaten by egrets and owls. They
suffer from accidents such as getting stuck
between Opuntia cactus pads, getting caught
in the sticky exudates of Boerhavia erecta,
getting the husk of an Opuntia seed caught
round the beak, and being used as a play-
thing by a young Blue-footed booby (pers.
obs.). Many of the reasons a finch dies are
clearly not heritable (i.e., parents and off-
spring die from dissimilar causes), and the
only identified heritable character affecting
probability of mortality is body size. Thus
genetic and environmental differences
among individuals in adult longevity are at-
tributable to genetic and environmental dif-
ferences in body size, but additional envi-
ronmental noise affects longevity that does
not affect body size. Hence, longevity must
have lower heritability than body size (Fig.
1). Data are not yet available to directly test
this proposition. Other heritable characters
beside body size presumably also affect sur-
vival, but the basic conclusion that addi-
tional environmental variation affects life-
history traits that does not affect metric traits
remains unaltered.

In the following sections we show how
the heritability of a life-history trait can be
computed from the inheritance of the un-
derlying metric variables and additional
random factors. We use the results to con-
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sider the relationships among metric traits,
life-history traits, and total fitness in levels
of environmental and additive genetic vari-
ance. There are no simple predictions about
levels of genetic variance in life-history traits
even when the population is at equilibrium.
Finally, we show how the causal relation-
ship predicts other genetic properties of life-
history traits, including levels of nonaddi-
tive genetic variance, genetic correlations
between life-history traits, and the ubiquity
of genotype-environment interaction.

THEORY

Heritability of a Life-History Trait. —Let
L be the value of the life-history trait and
z be a vector whose elements z,, z,, .. . z,
are the phenotypic values of » underlying
metric traits. We assume that L is causally
and linearly related to z as

L=a+ 3Tz + ¢ )]

where « is a constant, ¢ is a random error
term, and T denotes transpose. The rela-
tionships are diagrammed in Figure 2. The
vector £ is the directional selection gradient
with respect to the life-history trait (Lande
and Arnold, 1983), and its elements are the
partial regression coefficients of L on each
metric trait. 3 is commonly used to indicate
the strength of directional selection acting
directly on metric traits over episodes of the
life history (Price et al., 1984; Kalisz, 1986;
Schluter and Smith, 1986). In reality, the
relationship between metric traits and a life-
history trait may be partly nonlinear (Lande
and Arnold, 1983; Schluter, 1988), in which
case equation (1) should include higher or-
der terms (such as z,2, z,z,, etc., with their
corresponding partial regression coeffi-
cients). We assume for now that nonlinear
terms are absent from the model, and dis-
cuss the consequences of including them in
a later section.

Equation (1) can also be used to model
total fitness (Charnov, 1989), in which case
B represents selection over the whole life
history (Lande, 1979). However, our goal is
to model the genetic properties of fitness
components (life-history traits) and we will
show that these properties are largely dis-
sociated from those of total fitness. Thus,
to avoid confusion we use 8 to represent
selection only in association with individual
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fitness components (e.g., longevity and fe-
cundity).

We assume that each metric trait is itself
determined as the sum of two independent
components:

z=Xx + e.

)

The elements of the vector x are the ad-
ditive genetic values for the n metric traits
and the elements of e are corresponding en-
vironmental values, including nonadditive
genetic effects. Genotype-environment in-
teractions or correlations involving the met-
ric traits are assumed to be absent.

We define the heritability of the life-his-
tory trait as the ratio of the variance in the
additive genetic values to the total pheno-
typic variance (see Charlesworth, 1987).
Using (1) and (2) the heritability of the life-
history trait is derived from the underlying
variables to yield

T
p2=—bG8 3)
B™PB + o2
G and P are, respectively, the additive ge-
netic covariance matrix and the phenotypic
covariance matrix for the »n metric traits,
and ¢ /2 is the additional random error vari-
ance. The numerator in equation (3) is a
weighted sum of the genetic variances and
covariances in the metric traits, where the
weightings are measurements of intensities
of selection on the traits. Similarly, the first
term in the denominator is a weighted sum
of the phenotypic variances and covariances
of the metric traits. It can be shown that in
the absence of the other extraneous influ-
ences on the life history trait (i.e., 62 = 0),
h;? may exceed or fall below the mean her-
itabilities of the » metric traits. It may be
larger, for example, if the metric traits with
the strongest effects on the life history have
relatively low heritability, or if there are
negative environmental covariances among
the underlying metric traits. Thus, the strict
result from the case with one metric trait
(Fig. 1), that the heritability of the life-his-
tory trait is always less than or equal to the
heritability of the underlying metric trait,
does not hold when many metric traits are
influencing the life-history trait. Neverthe-
less, additional environmental variation is
inevitable (¢.2 > 0) and its effect is exactly
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FiG. 2. Causal relationships between n metric traits
and two life-history traits L, and L,. Single headed
arrows connect dependent with independent variables.
X,, €3 and z, refer respectively to the additive genetic,
environmental, and phenotypic values of metric trait
i. ¢, and ¢, are the additional environmental compo-
nents of variation in the two life-history traits. Double
headed arrows indicate possible genetic correlations
between metric traits. For clarity environmental cor-
relations are omitted.

as before: to inflate the overall environ-
mental component of the life-history trait
without altering its genetic component (eq.
3). The magnitude of this extra environ-
mental variance is unknown. It may often
be large in nature because many factors un-
related to an individual’s phenotype influ-
ence fitness components.

Genetic Variation in Life-History Traits. —
Our conclusions regarding relative levels of
environmental variance in metric and life-
history traits are applicable whether or not
the population is at evolutionary equilib-
rium. The alternative explanation for low
heritability of life-history traits is an expla-
nation based on the additive genetic com-
ponent, and assumes equilibrium. Here we

show that, in contrast to levels of environ-

mental variance, there is no simple predic-
tion about expected levels of genetic vari-
ance. Indeed, previous theoretical work has
shown that high levels of additive genetic
variance in life-history traits can be main-
tained at equilibrium (Lande, 1982; Rose,
1982). Here we explore the levels of addi-
tive genetic variance expected for a life-his-
tory trait in equilibrium and nonequilibri-
um situations. To do this we return to the
simplified case in which life-history varia-
tion depends on a single metric trait, such
as body size (Fig. 1).
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Fic. 3. Fecundity and longevity as functions of body
size, with the respective optima, 6, and 6, indicated.
Solid curves indicate phenotypic distributions for body
size in two populations (A and B). Body size is assumed
to be heritable. Case A: the population is at an evo-
lutionary equilibrium and the additive genetic variance
in fitness is near zero. Case B: the population is in a
nonequilibrium state and additive genetic variance in
fitness is present.

We assume that body size affects two life-
history traits, for example, fecundity and
longevity, and that fecundity is maximized
at a different body size than longevity (Fig.
3). This appears to be the case in the Dar-
win’s finch example discussed earlier. Al-
though larger females had higher survival
over the nonbreeding season, smaller fe-
males came into breeding condition at an
earlier age (Price, 1984). For simplicity, we
also assume that all variation in fitness is
accounted for by variation in fecundity and
in longevity. Equilibrium and nonequilib-
rium conditions are contrasted in Figure 3.
In the first case (A), the survival advantage
of a larger size is counterbalanced by the
fecundity advantage of a smaller size, and
mean size in the population is stabilized at
an intermediate value. In case B, all indi-
viduals are below both the fecundity and
longevity optima, and the population is in
the process of evolving to a larger size.

Additive genetic variance in a life-history
trait is given by the numerator in equation
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FiG. 4. A numerical example based on Figure 3,
showing how the heritabilities of fecundity and total
fitness change as a function of body size. The quadratic
fitness functions of Figure 3 are approximated by Gauss-
ian curves (e.g., see Lande, 1981) with width, w? = 100.
The small quantity of genetic variance in the life-his-
tory traits, which arises due to curvature in the fitness
functions (see text), is ignored. Fecundity selection is
assumed to precede viability selection. Calculated us-
ing formulae in Lande (1981) and equation (3) of this
paper. Parameters: 6. = 20, 6, = 40, ¢,> = 10, h,2 =
0.5. The extra environmental variance (s,%) in associ-
ation with fecundity is 5, and in association with total
fitness is 10.

(3). In the case of a single metric trait (body
size) affecting a life-history trait (e.g., lon-
gevity), the additive genetic variance of the
life-history trait (g,?) is obtained from the
numerator of equation (3) as g,2 = (%g,2
where g2 is the additive genetic variance of
the metric trait. Additive genetic variance
in a life-history trait does not simply decline
as a population evolves toward equilibrium.
For example, as body size evolves from a
small mean value (case B in Fig. 3) to the
equilibrium size (case A), the slope of the
function relating fecundity to body size in
the population changes from positive to zero
to negative. Correspondingly, the additive
genetic variance (and the heritability) of fe-
cundity first declines and then rises again as
the population nears equilibrium (Fig. 4).
Levels of additive genetic variance in life-
history traits will often be a poor reflection
of the amount of additive genetic variation
in total fitness. Total fitness would have low
levels of additive genetic variance at equi-
librium (Fig. 4) but additive genetic vari-
ance in the life-history traits may neverthe-
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less be substantial [see Lande (1982) and
Rose (1982) for further discussion]. Con-
versely, a population occurring far away
from equilibrium with its mean value for
the metric trait close to the value that max-
imizes fecundity would exhibit positive
amounts of additive genetic variance in to-
tal fitness, but only low amounts of additive
genetic variance in fecundity (Fig. 4). Hence,
the notion that genetic variance in life-his-
tory traits at equilibrium should be low is
not predicted by theory.

How should levels of additive genetic
variance in life-history traits compare with
those of metric traits? It is difficult to di-
rectly compare the two because they are
measured in different units. Transforma-
tions such as the use of logarithms or coef-
ficients of additive genetic variation have
been suggested (Charlesworth, 1987), but
there is no obvious reason why these mea-
sures appropriately correct for scale (Bryant,
1986). However, if such transformations are
used it is easy to show that the additive
genetic variance of the life-history trait can
be higher (or lower) than that of the under-
lying metric traits. For the example of Fig-
ure 3, additive genetic variance of fecundity
exceeds that of body size whenever the slope
of the fecundity function (B) is steep across
the range of sizes spanned by the population
(specifically, whenever 32 > 1) and this may
occur even at equilibrium. The same prin-
ciple can be demonstrated using coefficients
of additive genetic variance.

Non-linear Selection. —So far we have as-
sumed that selection on the metric char-
acters in association with a particular life-
history trait is linear across the range of
phenotypes in the population. Empirical
studies have often found directional selec-
tion, but this is generally accompanied by
some curvature in the fitness function
(Schluter, 1988). The curvature can be ac-
commodated by including higher order
terms in the regression equation (1). For
example, the complete regression model for
the relationship of a single character subject
to quadratic selection over a life-history ep-
isode, such as that depicted in Figure 3, is

L=oz+ﬂ(z—2)+%(z—2)2+e @)

(Lande and Arnold, 1983). From equations
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(3) and (4) it can be seen that the genetic
variation in L depends on genetic variation
in both the linear and quadratic terms, and
on the regression coefficients of directional
selection, 3 and quadratic selection, 7.

The amount of genetic variance expected
in (z — Z)? has been determined for a variety
of explicit genetic models for z (Wright,
1935a; Tachida and Cockerham, 1988).
Even if all the genetic variance in z is ad-
ditive, substantial nonadditive genetic vari-
ance (epistatic and dominance variance) is
expected in (z — 2)? (Wright, 1935a; Tachi-
da and Cockerham, 1988). Hence, nonlin-
ear selection on metric traits gives rise to
nonadditive genetic variance in life-history
traits. Tachida and Cockerham (1988) show
that the amounts of nonadditive variance
depend on the details of the genetic model
used.

The proportion of nonadditive genetic
variance in life-history traits is often found
to be small (Charlesworth, 1987; Tachida
and Cockerham, 1988) although there are
some exceptions (Falconer, 1989 Ch. 8). This
suggests that the relationship between met-
ric traits and life-history traits is often ap-
proximately linear [an alternative expla-
nation based on nonlinear selection and a
particular model for the determination of
the underlying traits has been discussed by
Tachida and Cockerham (1988)]. The effect
of cubic and higher order terms on levels of
additive and nonadditive genetic variance
is unknown and needs to be investigated.

Genetic Correlations between Life-His-
tory Traits. —Our emphasis has been on lev-
els of environmental and genetic variance
in life-history traits, but at least two other
results follow from the causal model (Figs.
1, 2). The first is that the additive genetic
correlation between any two life-history
traits is derived from the genetics of the
metric traits that jointly affect them, and
from the selection intensities (Fig. 2). From
equations (1) and (2) we calculate the genetic
correlation (r;) as:

L BGB
, =

VB8,"GB,B;"GB.
(see also Schluter and Smith, 1986). 8, and

3, are the selection gradients associated with
the first and second of the two life-history

&)
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traits. That is, when calculating the genetic
correlation between longevity and fecundity
the selection gradients would be obtained
from separate multiple regressions of lon-
gevity and fecundity on the complete suite
of metric characters (Fig. 2). The derivation
assumes that survival and reproduction are
simultaneous, whereas in reality the life-his-
tory episodes are separate to some extent,
such that the genetic correlation itself is
changing within each generation. An esti-
mate of the genetic correlation before any
selection in the generation may be best ob-
tained by weighting the second selection
gradient to account for the changing covari-
ances and variances. The appropriate
weighting procedure has been developed by
Wade and Kalisz (1989).

Many authors have discussed the theo-
retical significance of negative genetic cor-
relations between life-history traits (Lande,
1982; Rose, 1982; Charlesworth, 1990).
Equation (5) shows that negative genetic
correlations between life-history traits arise
in two ways. First, they can result from neg-
ative genetic correlations between the un-
derlying metric traits, even if all the selec-
tion coeflicients are positive. In general, this
would represent a nonequilibrium situation
unless the negative genetic correlations be-
tween the metric traits are sufficiently strong
(Charnov, 1989; Charlesworth, 1990).

Second, negative genetic correlations be-
tween life-history traits may be a conse-
quence of opposing selection pressures on
underlying metric traits. This can be illus-
trated by the simplified example of Figure
3, in which a single metric trait determines
variation in the life-history traits. Consider
the situation where mean body size in the
population falls between the two optima, as
it would at equilibrium (case A). Selection
favors decreased body size in association
with fecundity and increased body size in
association with longevity. The selection
gradients for fecundity and longevity are of
opposite sign, yielding a genetic correlation
of —1.0 between fecundity and longevity.
The negative correlation results because the
evolution of increased longevity requires an
increase in body size, and fecundity would
consequently decline. A population with
body size falling outside the range of both
optima (e.g., case B) would experience a ge-
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netic correlation of +1.0. In reality corre-
lations will often be between —1.0 and +1.0
because more than one metric trait influ-
ences the life-history traits.

Note that if we consider a suite of life-
history traits, then some pairs can be pos-
itively genetically correlated even at equi-
librium (Charlesworth, 1990). For example,
imagine a revised version of Figure 3 in
which the fecundity curve is replaced by two
curves nearly superimposed, one for fecun-
dity early in life and another for fecundity
later in life. At equilibrium the metric trait
will lie above the optima for the two fecun-
dity curves, and early and late fecundity will
be positively genetically correlated.

Genotype-Environment Interaction. —
One other feature of life-history inheritance
is readily predicted from the causal model.
In nature selection pressures vary spatially
and temporally (Endler, 1986; Kalisz, 1986;
Schluter and Smith, 1986; Gibbs and Grant,
1987; Schemske and Horvitz, 1989) and it
follows from equations (3) and (5) that the
heritabilities, additive genetic variances, and
genetic correlations of life-history traits will
also fluctuate (i.e., life-history traits will ex-
hibit genotype-environment interaction).
This will be so even when the genetic pa-
rameters for the underlying metric traits are
constant across environments. The effect can
be illustrated using Figure 3. In this ex-
ample, if the positions of the body size op-
tima for longevity and fecundity were to
fluctuate temporally, then the genetic cor-
relation between longevity and fecundity
would also fluctuate, alternating between the
values of —1.0 and +1.0.

Genetic parameters of life-history traits
are known to be highly dependent on the
environment in which they were measured
(Dingle and Hegmann, 1982; Via, 1984;
Service and Rose, 1985; Mitchell-Olds and
Rutledge, 1986; Dingle et al., 1988). Our
analysis shows that genotype-environment
interaction in life-history traits will be pres-
ent virtually whenever selection pressures
vary with the environment.

DiscussION

In this paper we model variation in life-
history traits from the perspective of direc-
tional selection on the underlying metric
traits. Our chief conclusion is that life-his-
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tory traits have lower heritability than met-
ric traits because they are one step further
down the causal pathway from genes to phe-
notype; additional random factors come into
play at each step. Low heritability of life-
history traits is expected whether or not
populations are at evolutionary equilibri-
um. We suggest that the low heritability of
life-history traits has little to do with Fish-
er’s fundamental theorem, and that the her-
itabilities of single life-history traits cannot
be used to indicate whether or not popu-
lations are close to equilibrium. The only
way to assess the heritability of total fitness
seems to be to directly measure it.

There is no simple prediction regarding
the amount of additive genetic variance ex-
pected in a life-history trait even at equilib-
rium. A substantial amount of additive ge-
netic variance in a life-history trait can be
maintained at equilibrium because the life-
history trait is affected by underlying metric
traits that are themselves heritable. We
present a realistic example in which the
amount of additive genetic variance (and
the heritability) of a life-history trait rises
as a population approaches equilibrium.

The empirical question remains: do life-
history traits have lower heritability than
metric traits because they possess lower lev-
els of additive genetic variance or because
they have higher levels of environmental
variance? This question is difficult to an-
swer because metric and life-history char-
acters are measured in different units. A pre-
liminary test may be gained by comparing
coeflicients of additive genetic variance and
also coeflicients of environmental variance
between metric and life-history traits (al-
though the coefficient of variation may not
fully correct for differences in scale; Bryant,
1986). For example, Gustafsson (1986)
showed that the average heritability of three
life-history traits in female Collared fly-
catchers (lifespan, number of fledged young,
and clutch size) was lower than that for five
metric traits (length of tarsus, tail, wing, beak
and first primary) (setting negative values
equal to zero, 72 = 0.11 and 0.57, respec-
tively, L. Gustafsson, pers. comm.). The dif-
ference seems to be primarily due to differ-
ing levels of environmental variance
(coefficients of environmental variation =
0.38 and 0.01, respectively) rather than to
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differing levels of genetic variation (coeffi-
cients of additive genetic variation = 0.01
and 0.02, respectively).

For simplicity, we have developed a mod-
el in which we assume that heritable vari-
ation in the underlying metric characters is
constant. In fact, the variation is expected
to be affected by selection, mutation, and
other evolutionary processes (e.g., Houle,
1989; Turelli and Barton, 1989). This does
not affect computations of the heritability
of the life-history traits within a single gen-
eration. However, a more complete model
describing the evolution of the variances of
life-history traits should ultimately incor-
porate changes in the variances and covari-
ances among the metric traits in addition
to the evolution of their mean values.

Our conclusions concerning the low her-
itability of life-history traits depend only on
causal relationships among variables. The
conclusions are general to causal pathways,
and not just applicable to the inheritance of
life-history. For example, we have so far
considered all metric traits as a single stage
in the path model, but complex inter-rela-
tionships certainly exist. A life-history trait
(e.g., longevity) may be influenced by a be-
havioral trait (e.g., choice of diet), which in
turn has an underlying morphological basis
(e.g., body size). Since additional environ-
mental variance is added at each step along
the causal chain from morphology to be-
havior to life history, we might expect the
heritability of the behavior to be lower than
that of morphology, and the life-history trait
to have lower heritability than the behav-
ioral trait. Such causal relationships may
explain why behavioral traits appear to have
heritabilities intermediate between mor-
phology and life history (although we should
note that this relationship has not been
demonstrated at conventional levels of sig-
nificance) (Mousseau and Roff, 1987).

The consequences of additional complex-
ity are in need of further empirical and the-
oretical study. In some cases it is known
that the environmental component of a
metric trait also directly affects the life-his-
tory trait. For example, Alatalo et al. (1990)
showed that nutritional state affected body
size and also survival of young flycatchers,
implying a correlation between the envi-
ronmental component affecting body size
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and the environmental component affecting
survival. The simple path diagram of Figure
1 then needs to be modified to include this
correlation. In this case the heritability of
the life-history trait will differ from that de-
rived using equation (3), and in special cases
it may exceed that of the metric trait.

The analysis suggests that the study of
selection on underlying metric traits, itself
of interest for a variety of questions about
adaptation, will provide a complementary
approach to genetic studies of life-history
evolution. This will be especially useful in
nature where environments fluctuate, and
genetic parameters of the life-history traits
are consequently expected to have lower
stability than those of the underlying metric
traits. By measuring selection on the most
important metric traits in the different en-
vironments it should be possible to ask how
the metric traits would evolve under differ-
ent circumstances, and in turn cause the life-
history traits to evolve in a predictable man-
ner (Price and Grant, 1984). This approach
may be practical only when few metric char-
acters lead to most of the heritable variation
in the life-history traits. Such an approach
parallels the theoretical methods of Wright
(1935a, 1935b) who cast the evolution of
fitness (determined by substantial nonad-
ditive variance) in terms of nonlinear se-
lection on an underlying additively deter-
mined character.
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