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Abstract Short-term evolutionary potential depends on

the additive genetic variance in the population. The addi-

tive variance is often measured as heritability, the fraction

of the total phenotypic variance that is additive. Herita-

bility is thus a common measure of evolutionary potential.

An alternative is to measure evolutionary potential as

expected proportional change under a unit strength of

selection. This yields the mean-scaled additive variance as

a measure of evolvability. Houle in Genetics 130:195–204,

(1992) showed that these two ways of scaling additive

variance are often inconsistent and can lead to different

conclusions as to what traits are more evolvable. Here, we

explore this relation in more detail through a literature

review, and through theoretical arguments. We show that

the correlation between heritability and evolvability is

essentially zero, and we argue that this is likely due to

inherent positive correlations between the additive vari-

ance and other components of phenotypic variance. This

means that heritabilities are unsuitable as measures of

evolutionary potential in natural populations. More gener-

ally we argue that scaling always involves non-trivial

assumptions, and that a lack of awareness of these

assumptions constitutes a systemic error in the field of

evolutionary biology.

Keywords Evolvability � Heritability � Genetic variance �
Quantitative genetics � Measurement theory � Scaling

Introduction

A focal question for evolutionary quantitative genetics is

whether, or at what time scales, variation in evolutionary

potential is important in predicting evolutionary change.

One view is that capacities to evolve are typically high

enough to allow populations to closely track adaptive optima

even on time scales as short as tens or hundreds of genera-

tions. In this case we do not expect variation in evolutionary

potential across traits and populations to have much

explanatory value, and macroevolutionary patterns can be

understood mainly in terms of selection dynamics (e.g.

Schluter 2000; Arnold et al. 2001; Estes and Arnold 2007;

Futuyma 2010). The opposite view is that various forms of

variational constraints can influence trait dynamics over

longer macroevolutionary time scales (e.g. Hansen and

Houle 2004; Blows and Hoffmann 2005; Kirkpatrick 2009;

Walsh and Blows 2009). In this case, we predict that evo-

lutionary changes in traits or trait combinations with higher

evolvability may be larger and more frequent. Understand-

ing the dynamics and determinants of evolvability then

becomes essential for understanding macroevolutionary

dynamics and patterns.

To make empirical progress on such questions, it

is instrumental to develop operational measures of
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evolvability. Perhaps symptomatic of a general lack of

attention to measurement issues in biology (Houle et al.

2011), the measurement of evolvability has received little

attention. There is a rich literature on definitions, dynamics

and determinants of evolvability (see e.g. Wagner and

Altenberg 1996; Schlichting and Murren 2004; Hansen

2006; Willi et al. 2006; Hendrikse et al. 2007; Polly 2008;

Brookfield 2009 for review), but there has been little dis-

cussion of how to quantify the concept. The authors of this

paper have struggled for many years in various combina-

tions to develop a measurement theory for evolvability and

related concepts (e.g. Houle 1992, 1998; Hansen et al.

2003a, b; Hereford et al. 2004; Carter et al. 2005; Hansen

and Houle 2008; Houle et al. 2011). We have focused on

short-term measures of evolvability that are meaningful

within the context of ‘‘additive’’ evolutionary quantitative

genetics (e.g. Lande 1976, 1979; Wagner 1989). This is not

because we think short-term evolvability can be naively

extrapolated, but because the study of evolvability

dynamics on longer time scales has to build on a solid

understanding of evolvability on short time scales. Indeed,

there is an increasing understanding of how properties of

the genotype-phenotype map such as pleiotropy and epis-

tasis may influence the evolution of additive effects and

thus evolvability (reviewed in Hansen 2006). We note that

there has been a recent surge of interest in theory-based

measures of evolvability and related concepts such as

modularity and integration (Blows et al. 2004; Mitteroec-

ker and Bookstein 2007, 2009; Wagner et al. 2007; Hansen

and Houle 2008; Stinchcombe et al. 2008; Agrawal

and Stinchcombe 2009; Gomulkiewicz and Houle 2009;

Hallgrimsson et al. 2009; Kirkpatrick 2009; Marroig et al.

2009; Pavlicev et al. 2009; Walsh and Blows 2009).

In this paper we will consider a simple but fundamental

issue of measurement, namely standardization. If evolu-

tionary potential is to be compared across traits and spe-

cies, it needs to be measured in a way that means roughly

the same thing in the different situations. If we define

evolvability as the expected evolutionary response to

selection per strength of selection, we see that the proper

standardization of evolvability follows from how we

measure and standardize the evolutionary response and the

strength of selection (Hansen and Houle 2008). There are,

however, several ways of doing this, and thus several

alternative ways of measuring evolvability. At the core of

evolutionary quantitative genetics sits the simple ‘‘Lande

equation’’, which in the univariate case says that the

expected change in the trait mean per generation is

R = VAb, where VA is the additive genetic variance in the

trait and b is the selection gradient, the change in relative

fitness per change in the trait. In the context of this equa-

tion, the evolvability is measured as e = R/b = VA. The

additive variance, however, has units equal to the square of

the trait units and need be standardized for comparison

across traits. This has commonly been done by dividing the

additive variance with the total phenotypic variance. This

yields the heritability, h2, which is also the standard mea-

sure of evolutionary potential in animal and plant breeding

(Falconer and MacKay 1996), in which it derives its rele-

vance from the breeder’s equation, R = h2S, where S is the

selection differential, the covariance between the trait and

relative fitness. Thus, heritability is a variance-standardized

measure of evolvability as er = R/S = h2.

The heritability has, however, proven to be a problem-

atic measure of evolutionary potential (Fisher 1951; Burton

1952; Houle 1992; Hansen et al. 2003b; Wilson 2008), and

Houle (1992) proposed to use mean scaling rather than

variance scaling for comparing evolvabilities. Following

Hansen and Houle (2008), the mean-scaled evolvability is

el = VA/m2, where m is the trait mean before selection.

Houle (1992) compared variance-scaled and mean-scaled

additive variances, and showed that they may lead to very

different conclusions. For example, while heritabilities

tend to be lower for life-history traits than for morpho-

logical traits (Roff and Mousseau 1987; Mousseau and

Roff 1987), the situation is the reverse for mean-scaled

additive variances. Our interpretation of this is that life-

history traits indeed tend to have high levels of additive

variance, but even higher levels of total variance. Thus, the

heritability fails as a measure of evolvability in this com-

parison, because the standardization with phenotypic var-

iance acts as a rubber scale that get stretched when we

measure something large. This is not the only case in which

we expect different conclusions from mean and variance

scaling. As shown by a plot of Houle’s (1992) data in

Fig. 1, the correlation between the two measures is almost

exactly zero.

In this paper, we further explore this surprising and

dramatic effect of scaling additive variance. We capitalize

on the increased reporting and awareness of mean-scaled

evolvabilities following the publication of Houle (1992).

By surveying all issues of Evolution and Journal of Evo-

lutionary Biology from 1992 to 2009, we collected 1,465

estimates of mean-scaled and variance-scaled genetic

variances. These data confirm a near zero correlation

between heritabilities and mean-scaled additive variances

both in general and within specific studies and trait cate-

gories. We discuss the reasons for and the implications of

this finding. We conclude that the choice of scale generally

can, and often will, have dramatic effects on the conclu-

sions drawn. This is underappreciated in evolutionary

biology. The choice of scale entails strong biological

assumptions, and should be considered an integral part of

model building.
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Theoretical Background

Hansen and Houle (2008) have developed a theoretical

framework for the measurement of multivariate evolv-

ability and associated parameters. We will follow this

framework, but only consider the univariate case. The

starting point is to measure evolvability as the response to

selection per strength of selection. This is only operational

in the context of a specific model of selection and its

evolutionary response. We use the ‘‘Lande equation’’,

which, as explained in the introduction, describes the

expected change in the trait mean from one generation to

the next under linear directional selection. In this frame-

work the evolvability is

e ¼ R=b; ð1Þ

where R is the change in trait mean from generation to

generation, and b is the selection gradient. Since the

response is measured in units of trait change per

generation, and the selection gradient has units equal to

the inverse of the units of the trait per generation, the raw

evolvability has units of the trait squared. From the Lande

equation we can then infer that e = VA, where VA is the

additive genetic variance. The two main alternatives for

standardizing this are

er ¼ VA=VP ¼ h2; ð2Þ

el ¼ VA=m2 ¼ IA; ð3Þ

where VP is the total phenotypic variance, m is the mean of

the trait, and IA is the mean-standardized additive variance.

Note that we will use the notation er and el to denote

standardized evolvabilities defined as responses per

strength of selection, while we will use h2 and IA to denote

standardized additive variances, which can be meaningful

in other ways than as measures of evolvability. Note also

that IA is equal to the square of the coefficient of additive

genetic variance, CVA, which was the measure of evolv-

ability emphasized by Houle (1992). While CVA may be a

more familiar measure of variation, IA, or more precisely

el, is preferable as a measure of evolvability, since its

numerical value has a more direct interpretation as the

expected percent change in a trait under a unit strength of

selection (Hansen et al. 2003b; see also Houle 1992; Sgro

and Hoffmann 1998).

The scaling of evolvability must also be seen in the

context of scaling the other components of the evolutionary

model. The mean-scaled Lande equation is

R=m ¼ VA=m2
� �

bmð Þ ¼ elbl; ð4Þ

where bl = bm is the mean-scaled selection gradient

(Hansen et al. 2003b; Hereford et al. 2004). The mean-

scaled selection gradient measures the proportional change

in fitness with a proportional change in the trait, and is

technically an elasticity (van Tienderen 2000). Note that

bl = 1 means that a 1% change in the trait yields a 1%

change in fitness. This would be the strength of selection on

fitness itself as a trait, which is an invariant in evolutionary

theory. This also yields an interpretation of el as the

expected percent change in the trait mean if the trait was

subject to unit selection (bl = 1).

The variance-scaled Lande equation is

R=
ffiffiffiffiffiffi
VP

p
¼ VA=VPð Þðb

ffiffiffiffiffiffi
VP

p
Þ ¼ erbr; ð5Þ

where br = b
ffiffiffiffiffiffi
VP

p
is the variance-scaled selection

gradient. It measures the proportional change in fitness

with a change of one standard deviation in the trait. Note

that br = i, where i is the selection intensity. We can

obtain the same result by starting from the breeder’s

equation. The variance-standardized breeder’s equation is

R=
ffiffiffiffiffiffi
VP

p
¼ h2ðS=

ffiffiffiffiffiffi
VP

p
Þ ¼ h2i; ð6Þ

which, since b = S/VP, is mathematically equivalent to the

above with er = h2 and br = i.

At this point the reader may wonder why we bother to

spell out several mathematically equivalent formulations in

a variety of forms and symbols. The reasons for this are as

follows: First, it shows how different formulations and

symbols used in the literature relate to each other. Second,

the different formulations entail different implicit

assumptions about what entities are related to each other

Fig. 1 Plot of heritability against evolvability (=mean-scaled addi-

tive genetic variance) for Houle’s (1992) data (excluding non-positive

estimates). The correlation is -0.03 ± 0.04 for positive values (and

0.01 ± 0.04 if non-positive estimates are included). The correlation

between heritability and additive variance on log10-scale, as shown, is

0.06 ± 0.03
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and can be grouped together as quasi-autonomous con-

ceptual units. For example, the breeder’s equation entails

the assumption that the selection differential and the heri-

tability are quasi-independent units in the sense that we

expect the response to selection to be proportional to their

values taken in isolation. As we will argue in the discus-

sion, this assumption is problematic since both the selec-

tion differential and the heritability depend on the

environmental variance, which causes a negative correla-

tion between them. This implies that a large selection

differential or intensity, or a high heritability will not

necessarily lead to a large evolutionary response. Third, the

different formulations entail different assumptions about

what combinations of mathematical symbols map to verbal

concepts such as evolutionary potential and strength of

selection. While the selection gradient is a measure of the

steepness of the fitness landscape, the mean-scaled gradient

bl measures this in units of the trait mean, while the var-

iance-scaled br measures it in units of the trait standard

deviation. The former assumes that doubling of a trait will

have a comparable effect on fitness regardless of the size of

the trait, while the latter assumes that a standard deviation

change of the trait will have a comparable effect on fitness

regardless of the level of variation in the trait. Clearly,

these are different biological assumptions. How we cut our

conceptual cake can have profound consequences for our

perspective on the process we seek to model, and the

empirical consequences of these choices can be dramatic.

Methods

We surveyed all issues of Evolution and Journal of Evo-

lutionary Biology from 1992 to 2009 for studies that report

sufficient statistics to calculate mean-scaled additive

genetic variances and heritabilities for traits on comparable

scales. As our main goal was to study the relation between

these measures as used in the field, we tried to include

everthing the authors presented as measures of heritability

or additive variance and we did not try to judge or exclude

data based on the quality of the methods or data except

when there were obvious major errors of reporting. Even

with this relaxed standard, the majority of quantitative

genetic studies in these journals could not be used either

because they did not report necessary statistics or due to

ambiguities in the methods with regard to scale or scale

type of the measurements. For similar reasons, many

individual estimates were excluded from studies that we

did use.

A fair comparison of the two measures puts constraints

on the scale type of the data we can use. Scaling with the

mean is meaningful only for data on a ratio or log-interval

scale, and scaling with the variance is meaningful only for

data on a ratio, interval or difference scale (Houle et al.

2011). For this reason we included only traits on a ratio

scale and also traits on a log-interval scale when it was

clear that these were treated as ratio scales within the study.

A log-interval scale is a scale that allows changes of both

units and dimension (through power transformations), and

may include traits such as size, which can be measured

either linearly, as area or as volume. The variance of an

area and a volume are not directly comparable, but as long

as we are comparing heritabilities and evolvabilities on

data on the same scale, we can regard this as a difference

similar to the difference between qualitatively different

traits, which we do compare.

Traits are also often log transformed, which maps ratio

and log-interval scales to difference and interval scales.

Mean-scaled evolvabilities are thus meaningless on a log

scale. We can, however, use such data since the variance of

the log-transformed data is to a first approximation equal

to the mean-scaled variance on the original scale. If I[x] =

Var[x]/E[x]2 � 1, then

Var[Log[x]] � I[x]: ð7Þ

Therefore we can use the additive variance of the log of a

trait as an estimate of IA for the trait on the original scale.

Indeed, the additive variance on log scale may be regarded

as an alternative measure of evolvability on a scale of

proportional change. Note, however, that this can only be

compared to a heritability on the original scale, and not to a

heritability computed on the log scale. Some studies could

not be used for this reason.

We included studies using many different designs.

Additive genetic variance components are usually com-

puted from the resemblance of relatives in some breeding

design. Most studies used half-sib designs, but we also

included studies based on parent-offspring regressions,

diallels, and more complex designs with different types of

relatives. After about year 2000, quantitative genetic mixed

models (Lynch and Walsh 1998) start to be used, and are

quite common in later studies. We also included a few

realized heritabilities from artificial-selection experiments.

When proper additive variances and narrow-sense herita-

bilities were not available, we included estimates from full-

sib studies and also broad-sense heritabilities and total

mean-scaled genetic variances. We did this because our

main focus was to compare mean and variance scaling,

which may have similar effects on all genetic variance

components (but see discussion). We include a supple-

mentary file that compares results for some specific

designs. When a study reported estimates from alternative

methods for the same trait, we used the estimate we

deemed to be the most reliable. When estimates for the

same trait were available for many replicate populations,

we used an average of these. We did, however, include

Evol Biol (2011) 38:258–277 261
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estimates from males and females and from any clearly

distinct populations as separate observations.

We classified each estimate into different trait categories.

The category of size includes all morphological measure-

ments that could be expected to scale monotonically with

size for purely mechanical reasons. This was further divided

into linear, area, volume, weight, and count measures.

Morphological measurements that involved ratios, angles or

other non-monotonic functions of size where classified as

shape traits, and measurements on colors or other body

patterns were classified as pattern traits. Life-history traits

include measurements of fertility, timing of development,

survival, and other fitness components. Measurements of

size change per developmental time were classified as

growth traits. A variety of measurements of physiological

and biochemical processes were classified as physiological

traits and a variety of behavioral measures were classified as

behavioral traits. Fluctuating asymmetry and related mea-

sures were classified as developmental-stability traits.

Some studies report heritabilities but not genetic vari-

ance components. We used these studies if some estimate of

phenotypic variance was available that allowed us to

compute additive genetic variance from the heritability. We

could often compute phenotypic variances from reported

standard deviations, and in a few cases from reported

standard errors of the mean when sample sizes were

available. We did not use variances based on estimates that

were reported with only a single significant digit.

Since we were interested in how well heritabilities and

evolvabilities can predict each other, we focused on the

squared Pearson correlation coefficient, R2, between mean-

and variance-scaled estimates. This tells us how much

variance in one variable is explained by the other in a linear

regression forced through zero. Because biological mean-

ing resides on the original scale, we compute our statistics

on the original scales and not on the log10-scales used for

plotting (correlations tended to be slightly larger with

evolvabilities on the log10 scale). Unless otherwise indi-

cated we excluded zero and negative evolvabilities when

we computed the correlations. Hence, our R2 pertains to

how well positive heritabilities and evolvabilities can

predict each other. We assessed sampling uncertainty by

nonparametric bootstrapping (10,000 replicates) on the

level of individual data points and report these as esti-

mates ± standard error.

Results

Our survey yielded 1,465 estimates of mean-scaled and

variance-scaled genetic variances from a total of 157

studies. The studies are listed in Appendix, and the data we

used are given in supplementary appendix S1. A list of

quantitative genetic studies that we considered but did not

include is given in supplementary appendix S2. Figure 2

confirms the finding from Houle’s (1992) data that the

correlation between mean- and variance-scaled genetic

variances is very small with R2 = 1.3 ± 0.6%, as com-

pared to R2 = 0.0 ± 0.003% in Houle’s (1992) data.

Despite the lack of overall correlation, both Figs. 1 and 2

indicate a weak positive relationship when heritabilities are

small, and this is also seen in the slightly higher correlation

on log scale where the effects of small estimates are

enhanced. This is not unexpected, since the correlation

between additive variance and total variance is presumably

lower when the additive variance is a smaller component of

the latter, and a zero or negative heritability implies a zero

or negative evolvability.

It is possible that the absence of an overall correlation is

due to the heterogeneity of traits and methods in the dif-

ferent studies, and that stronger relationship may exist in

narrower context of specific trait categories or across traits

within specific populations. In Figs. 3 and 4 we investigate

this possibility. In Fig. 3 we plot the relationships within

different trait categories. The most striking observation is

that the observed correlation is almost exactly zero for

linear size measures (R2 = 0.1 ± 0.3%). This is probably

the trait category most likely to be comparable across

organisms, and is also based on a large sample size. The

results are similar for all size traits combined (R2 \ 1%),

and for weight-based size measures (R2 = 3 ± 4%). There

Fig. 2 Plot of heritability against evolvability (=mean-scaled addi-

tive genetic variance) for the entire data set (excluding non-positive

estimates). The correlation is 0.11 ± 0.02 for positive values (and

0.13 ± 0.02 if non-positive estimates are included). The correlation

between heritability and evolvability on log10-scale, as shown, is

0.26 ± 0.03

262 Evol Biol (2011) 38:258–277
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are higher correlations for size on other scales (R2 =

36 ± 15%, and 10 ± 8% for area and count, respectively),

but these involve much smaller sample sizes. For life-his-

tory and behavioral traits, as well as morphological shapes

and patterns, the result is the same with R2 around 1%. But

for physiological and growth traits there is a signal. For

physiological traits, with a decent sample size, the R2 is

22 ± 5%, although this is still much too small to allow

prediction with reasonable accuracy. The only category for

which we found a strong correlation was developmen-

tal stability traits, i.e. fluctuating asymmetry, with R2 =

84 ± 21%. This is due to many heritabilities in the vicinity

of zero.

In Fig. 4 we plot the relationship between heritability

and mean-scaled genetic variances for some selected

studies and organisms. In Fig. 4a we show the results for

Cheverud’s (1996) study of cranial measurements in two

species of Tamarins. This is probably the one study in our

dataset best suited to generate a relationship. It is based on

large samples of traits and individuals, traits are strictly

comparable, and the methods of measurement and analysis

are exemplary. Although there is a clear relationship

with R2 = 38 ± 8%, a prediction of evolvability from

heritability or vice versa would be crude even in this case.

A less strong relation was found in our own two studies of

floral variation in Dalechampia shown in Fig. 4b. Here

there is a moderately positive correlation (R2 = 34 ± 8%),

but much of this is driven by negative estimates of additive

genetic variance for fluctuating asymmetries (R2 = 14 ±

9% for positive estimates only). A different result is shown

in Fig. 4c from several studies of life-history and size-

related traits in big-horn and domestic sheep. These are

methodologically strong studies based on sophisticated

mixed-model analyses of pedigrees, but the traits are more

different, and the correlation between heritability and

evolvability is in fact negative. A similar weak negative

correlation was found for linear size measures in

Drosophila as illustrated in Fig. 4d.

In Table 1 we report median heritabilities and evolv-

abilities for the various trait categories in our study; there is

no tendency for groups of traits with high evolvabilities

to have high heritabilities. We confirm Houle’s (1992)

observation that life-history traits tend to have high

evolvabilities and low heritabilities while the situation is

reversed for morphological traits (Size and Shape in our

classification). The median evolvability for life-history

Fig. 3 Plots of heritability against evolvability for specific trait

categories: a Linear size measurements (correlation = -0.03 ±

0.05). b Life-history traits (correlation = 0.09 ± 0.05). c Behav-

ioral traits (correlation = 0.06 ± 0.12). d Physiological traits

(correlation = 0.47 ± 0.05). e Shape (circles) and Pattern (triangles)

traits (correlation = 0.13 ± 0.08). f Growth traits (correlation =

0.25 ± 0.22). Correlations are for positive estimates only

Evol Biol (2011) 38:258–277 263
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traits is about 1%, while for linear size traits it is about 0.1%,

but the heritabilities of the linear size traits are twice those of

the life-history traits. If size is measured as weight, however,

we found much higher evolvabilities around 1%. This is

not surprising, because mean-scaled variances depend on

dimension. The general relationship of mean-scaled vari-

ances to dimension is complicated and depends on both the

distribution and correlation of the dimensions, but two spe-

cial-case low-variance approximations are illuminating. If

the dimensions are perfectly correlated, then mean-scaled

variances scale approximately with the square of the

dimension making us expect weights and volumes to have

nine times higher evolvabilities than linear measurements.

The other extreme is when the dimensions are independent,

then mean-scaled variances scale with dimension, making

weights and volumes have three times the value of linear

measurements. In our data the relation between weights and

linear measurements is close to the former situation sug-

gesting strongly correlated dimensions. Our sample size for

area measures is too sparse to add to this discussion.

Fig. 4 Plots of heritability against evolvability for specific studies

and organisms: a Linear skull measurements from two species of

tamarins (Saguinus oedipus (circles) and S. fusicollis (triangles))

from Cheverud (1996). Here the correlation is 0.62 ± 0.07. b Floral

measurements from a greenhouse population of Dalechampia scan-
dens. The circles are morphological traits from Hansen et al. (2003b),

and the triangles are fluctuating asymmetries from Pélabon et al.

(2004), six negative additive genetic variances from the latter study

were not included in the plot. The correlation is 0.43 ± 0.12 (and

0.58 ± 0.08 if the negative estimates are included). c Measures of

various life-history and size-related traits in big-horn sheep (Ovis
canadensis; based on Reale and Festa-Bianchet 2000; Coltman et al.

2005) and domestic sheep (O. aries; based on Milner et al. 2000;

Coltman et al. 2001; Beraldi et al. 2007). Correlation for Big horn was

-0.22 ± 0.16, and for domestic sheep it was -0.35 ± 0.18. d Mea-

sures of linear size measures from the genus Drosophila (based on

many studies). The correlation is -0.10 ± 0.06

264 Evol Biol (2011) 38:258–277
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Supplementary figures 1–4 show that our results are not

qualitatively dependent on including full-sib and broad-

sense estimates of ‘‘heritability’’. The R2 between mean-

scaled and variance-scaled additive variances based on

narrow-sense estimates alone was 0.7 ± 0.3%, slightly less

than in the full data set. Within full-sib and broad-sense

estimates alone the R2 were slightly higher at 5 ± 2% and

2 ± 2%, respectively.

Finally, Fig. 5 shows that evolvabilities range over

several orders of magnitude.

Why are Heritability and Evolvability Not Correlated?

Since both heritability and evolvability are measures of

additive genetic variation, the absence of a correlation may

seem surprising. We need to understand why this is so. Our

working hypothesis is that there exist strong functional and

statistical relations between the additive genetic variance

and other variance components. These relations produce

positive correlations (across populations and traits) between

the variance components that tend to cancel the expected

positive relation between additive variance and heritability.

Dominance and epistasis are traditionally conceptual-

ized as independent of additive effects, but this is mis-

leading. Consider simple additive-by-additive epistasis

resulting from interactions of pairs of alleles at different

loci. In a model with additive and additive-by-additive

epistatic variance, the heritability is

h2 ¼ VA

VA þ VAA þ VE

; ð8Þ

where VAA is the additive-by-additive epistatic variance,

and VE is environmental or residual variance. Clearly, a

correlation between VA and VAA could obscure an

otherwise positive relation between VA and h2, and

Table 1 Median evolvabilities and heritabilities for different trait categories. Size 1, 2, 3 and # refers to size measurement on linear, quadratic,

cubic and count scales, respectively

Trait Additive Whole data set

el = IA h2 n el = IA h2 n

Total 0.26 ± 0.03% 0.29 ± 0.01 960 0.36 ± 0.03% 0.30 ± 0.01 1,465

Size (1) 0.09 ± 0.01% 0.35 ± 0.02 394 0.12 ± 0.01% 0.35 ± 0.01 542

Size (2) 0.05 ± 0.21% 0.15 ± 0.06 12 0.72 ± 0.35% 0.20 ± 0.03 27

Size (3) 0.94 ± 0.18% 0.27 ± 0.02 125 1.23 ± 0.26% 0.28 ± 0.02 159

Size (#) 0.21 ± 0.11% 0.40 ± 0.07 50 0.39 ± 0.13% 0.44 ± 0.04 64

Life hist. 0.95 ± 0.15% 0.16 ± 0.04 149 1.04 ± 0.17% 0.20 ± 0.02 230

Physio. 0.49 ± 0.14% 0.12 ± 0.05 89 0.66 ± 0.24% 0.20 ± 0.04 129

Growth 1.81 ± 2.19% 0.32 ± 0.20 6 0.42 ± 0.30% 0.16 ± 0.02 30

Behavior 1.93 ± 0.46% 0.26 ± 0.07 44 1.56 ± 0.39% 0.23 ± 0.06 53

Shape 0.37 ± 0.17% 0.29 ± 0.05 42 0.42 ± 0.15% 0.27 ± 0.03 80

Pattern 1.68 ± 1.11% 0.47 ± 0.09 13 1.22 ± 0.32% 0.53 ± 0.03 103

Dev. st. 0.05 ± 0.21% 0.03 ± 0.02 28 0.38 ± 0.26% 0.03 ± 0.01 34

Houle92 0.25 ± 0.02% 0.33 ± 0.01 842 – – –

The cubic scale subset contains weight measurements with a small number of volume measurements. The ‘‘additive’’ columns contain estimates

of additive variance that has some level of control for dominance and epistatic variance, as well as realized heritabilities, and thus gives the most

appropriate measures of evolvability. The Houle92 row gives the corresponding statistics from the data of Houle (1992), who only included

narrow-sense estimates of additive variance

Fig. 5 Histogram of evolvabilities: Mean-scaled additive genetic

variances plotted on a log10 scale. The leftmost bin include negative

and zero estimates. The median is 0.26 ± 0.03%. This plot is

restricted to ‘‘narrow sense’’ and realized evolvabilities, and does not

include estimates based on full-sib or clonal variance
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indeed there are strong theoretical reasons to expect such a

correlation. In fact, using the multilinear model of gene

interactions, Hansen and Wagner (2001) showed that there

exists a scaling relationship of the following form

VAA ¼ e2
eV2

A=2; ð9Þ

where ee
2 is an average of squared pairwise epistasis

coefficients. A pairwise epistasis coefficient in the

multilinear model determines how much a gene

substitution on one locus will change the effect of a gene

substitution at another locus. If the genotype-phenotype

map (the phenotypic effects of changes in the genotype)

stays constant, but the additive variance is changed (by

changing allele frequencies) this equation predicts that the

additive-by-additive epistatic variance will increase with

the square of the additive variance. In other words, the

heritability is

h2 ¼ VA

VA þ e2
eV2

A=2þ VE

; ð10Þ

which turns into a decreasing function of additive variance

when the additive variance becomes sufficiently large

(Fig. 6). Hansen and Wagner (2001) further showed that a

k-order epistatic variance component will scale with the

k’th power of the additive variance. This should not be

surprising if we think of additive and epistatic effects as

first- and higher-order approximations of the genotype-

phenotype map. When there is little variation, the first-

order approximation is good, and almost all the genetic

variance is additive, but as we increase allelic variation,

second- and higher-order terms become relatively more

important such that the fraction of variance described by

the first-order effects eventually goes down even when the

absolute amount of variance goes up. An added compli-

cation is that most estimates of VA also include some

contribution from VAA, which will further complicate the

relationship between h2 and VA.

There are similar, albeit more erratic, relations between

additive and dominance variance. We can illustrate this

with a single diallelic locus. Here,

VA ¼ 2pq aþ d q� pð Þð Þ2; ð11aÞ

VD ¼ 2pqdð Þ2; ð11bÞ

where the trait values of the two homozygotes and the

heterozygote are -a, a, and d, respectively, and the two

alleles have frequencies p and q. In Fig. 7a we show the

complex relation between VA and VD for three levels of

dominance. In the absence of other sources of variance, this

makes the relation between heritability and additive vari-

ance strongly nonlinear and with little predictive value as

illustrated in Fig. 7b.

For many researchers the intuition behind variance scal-

ing may rest on the assumption that environmental variance

is independent of the genetic variances. This assumption,

embedded in theoretical population genetics, where envi-

ronmental variance is routinely treated as an invariant

parameter, and where predictions about additive variance

and heritability are not distinguished, is, however, highly

problematic. There are many biological reasons why genetic

and environmental variation should be correlated. The most

fundamental is perhaps that they are both expected to depend

on the complexity of the character. A character with many

interrelated parts or complex development has many

potential targets where both genetic and environmental

perturbation can act (Houle 1992, 1998, 2001), and a char-

acter with a sensitive development will be similarly vul-

nerable to both genetic and environmental perturbations. We

also note that theoretical models tend to predict that genetic

and environmental canalization may happen under similar

circumstances, and the major driver of genetic canalization

may in fact be its link with environmental canalization

(Wagner et al. 1997; de Visser et al. 2003). Finally, stabi-

lizing selection can not distinguish between components of

variance and will reduce them all proportionally within a

generation. Hence, regardless of genetic architecture, stabi-

lizing selection will act directly to reduce additive variance,

but leave heritability unaffected.

In Fig. 8 we plot mean-scaled additive variances against

mean-scaled residual variances computed as IE = IA(1 - h2)/

h2. This IE contains both environmental variation and

non-additive components of genetic variation, but we

choose to use this rather than a direct estimate of envi-

ronmental variation, as rather few studies achieve a good

separation of residual genetic and environmental variance.
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Fig. 6 Relationship between heritability and additive genetic vari-

ance in the multilinear epistatic model: On the x-axis is additive

genetic variance in units of environmental variance. The parameter e2

is a measure of the strength of pairwise epistasis (Hansen and Wagner

2001; also called h2 in Carter et al. 2005). In the absence of epistasis

(e2 = 0), heritability is a concave function of additive variance. In the

presence of epistasis, the heritability will reach a maximum and then

decline as additive variance is increased
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In any case, the data in Fig. 8 support a positive relation-

ship between additive variance and the residual variance

with an R2 = 60 ± 2% for log10-transformed data. This

relationship is similar within all trait categories (e.g.

R2 = 59 ± 4% for linear size), with the single exception

of developmental-stability traits where the R2 is a mere

6 ± 19%. Stirling et al. (2002) also found a correlation

between log10 coefficients of additive variance and residual

variance for behavioral traits. We note that correlations

between non-log-transformed IA and Ie are much weaker

(R2 = 6 ± 5%), because they are dominated by poorly

correlated large values. Restricting the ranges to between 0

and 2% gives R2 = 28 ± 4%. Heritabilities are negatively

correlated with Ie (correlation = -0.17 ± 0.02 on Ie and

-0.37 ± 0.02 on log10[Ie]).

Finally, we must consider the effect of scaling relations

between the mean and variance. Indeed, eliminating such

relations is the usual motivation for mean scaling or log

transformation. This is not the reason for mean scaling

advocated here; instead we base our approach on a model

of evolvability as proportional change, and this is logically,

although perhaps not practically, independent of the scaling

relation between mean and variance. Still, it is important to

know this relation, and an ‘‘allometric’’ scaling relation

between mean (squared) and variance may be one mech-

anism weakening the correlation between mean-scaled and

variance-scaled entities. In our data the correlation of IA

with the mean was -0.13 ± 0.04 with both variables on

log scale (and -0.004 ± 0.005 on original scale). Similar

weak correlations were found for specific trait categories.

These results, and similar results on the relation between

CVA and the mean in Houle (1992), show that evolvabil-

ities are not numerically dependent on the mean, and that

mean dependency can not explain the lack of a relation

between evolvabilities and heritabilities (correlations

between heritabilities and means are also close to zero).

Discussion

Standardization is done to eliminate numerical differences

that are due to uninteresting variation in scale, size, and

dimension. Scaling additive genetic variance with pheno-

typic variance is a natural and effective way of doing this,

since we do expect all the genetic and environmental

variance components to be similarly affected by scale, size,

and dimension. Using the phenotypic variance as a mea-

suring stick for additive variance, however, entails the

Fig. 7 Relationship between additive and dominance variance in a

one-locus two-allele model: a The relationship between additive

variance and dominance variance. b The relationship between

additive variance and heritability. The three graphs in each figure

are parametric plots for allele frequencies ranging from 0 to 1 based

on equations in main text with a = 1. The solid line is for complete

dominance (d = 1), the densely dashed line is for intermediate

dominance (d = 0.5), and the less densely dashed line is for

overdominance (d = 1.5)

Fig. 8 Relationship between mean-scaled residual variance (com-

puted as Ie = IA(1 - h2)/h2) and mean-scaled additive variance for

the entire data set. The correlation is 0.77 ± 0.01 (on the shown log10

scale). Pairs with nonpositive values for either variable excluded
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additional assumption that the other variance components do

not vary systematically in relation to the additive variance for

other reasons. If they do, then scaling additive variance with

phenotypic variance becomes akin to a rubber scale that gets

stretched when measuring something large. We have put

forward a number of theoretical and empirical reasons to

expect correlations of additive variance with dominance,

epistatic and environmental variance components.

The consequence of these correlations is that evolvability

and heritability are almost completely uncorrelated. This is

true both in general and within most specific trait categories.

It is particularly striking that the correlation is almost exactly

zero even within linear morphological measurements. These

results, and those of Houle (1992), imply that heritabilities

and evolvabilities should not be used interchangably because

there is almost no predictive power from one to the other. The

only exception is that large heritability can usually be taken

to imply non-zero evolvability.

Seemingly in contradiction to our results, Stirling et al.

(2002) reported that heritabilities and additive genetic

coefficients of variation were statistically significantly

related for a large sample of behavioral traits. Statistical

significance does not imply high predictive value, however,

and Stirling et al. (2002) did not report whether there was a

high R2 between the two measures.

The empirical finding of no correlation between herita-

bility and evolvability does not by itself provide any basis

for choice between the two measures. In our view, how-

ever, heritability is not suitable as a stand-alone measure of

evolutionary potential in natural populations. Heritability is

useful as a predictor of evolutionary response to artificial

selection when the selection differential can be controlled

by the investigator, but not as a general predictor of

response to natural selection that is not specifically mea-

sured in the same population. One reason for this is that the

heritability is expected to be negatively correlated with its

corresponding measures of selection (either selection dif-

ferential or selection intensity) due to variation in levels of

environmental variation (Hereford et al. 2004). Environ-

mental variance has little effect on the response to direc-

tional selection, but as the heritability scales negatively and

the selection differential scales positively with environ-

mental variance, we expect a negative correlation between

the two. Since levels of environmental variance are extre-

mely variable across traits and populations, this could

generate a strong negative correlation even with the rela-

tively weak negative correlation between heritability and

residual variation we found in our data. Another reason

why heritabilities are dubious predictors of evolutionary

potential emerges from the theoretically and empirically

based expectation of strong correlation between the addi-

tive variance and the other variance components. This

would cause a poor correlation between heritability and

additive variance. Hence, we recommend that heritabilities

not be used as measures of evolutionary potential in the

context of natural selection.

This is far from current practice in the field of evolu-

tionary biology, in which most researchers act as if they are

unaware that scaling involves assumptions. Dividing trait

values by their standard deviation before analysis is so

routine that this practice seldom receives more than a brief

mention in the methods. In many cases authors merely state

that traits were standardized without specifying how. When

they are aware of alternatives such as mean standardiza-

tion, the most common approach is simply to report both

alternatives, and it is rare to see a discussion of what the

differences might mean. Within evolutionary quantitative

genetics, it was particularly unfortunate that the founda-

tional paper by Lande and Arnold (1983) recommended

scaling traits with their standard deviation without dis-

cussing what assumptions this entails. The combined result

is that most variance-scaled selection gradients and vari-

ance components reported in the literature are incompletely

interpreted (see Hereford et al. 2004; Stinchcombe et al.

2008; Wilson 2008; Houle et al. 2011 for further criticism).

The unreflective use of variance scaling in general, and

heritabilities in particular, has lead to some unwarranted

generalizations and doubtless to many dubious spe-

cific conclusions. The striking example is the idea that

life-history traits in general, and fitness components in

particular, have little additive genetic variance and low

evolutionary potential. Although such traits do tend to have

low heritabilities, Houle’s (1992) and our data show that

they also tend to have high evolvabilities, which on a

variance-standardized scale gets masked by the very high

levels of environmental (or possibly non-additive genetic)

variation in such traits (see also Price and Schluter 1991).

Merilä and Sheldon (1999) argued that the low heritabili-

ties of fitness traits were due to high levels of dominance

and epistatic variance and not to low levels of additive

variance, and Meffert et al. (2002) made a similar argument

for behavioral traits. In our data however, as well as those

of Houle et al. (1996), there is no indication that broad-

sense estimates are much higher than narrow-sense esti-

mates for these trait categories. Regardless of the exact role

of non-additive variance, our data support the hypothesis that

life-history traits and complex behavioral traits really do tend

to have a high potential for rapid evolution, and this is most

likely due to them being functions of many components

through which many genes can induce variation.

In theoretical population genetics the environmental

variance is almost always modeled as a single invariant

parameter. Predictions about additive genetic variance are

often phrased as predictions about heritabilities. For

example, the ‘‘Lande—Turelli’’ debate on the maintenance

of additive genetic variance was usually phrased in terms
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of explaining observed heritabilities (e.g. Lande 1976;

Turelli 1984; see Barton and Turelli 1989; Bürger 2000;

Johnson and Barton 2005 for review). The technical aspect

of this work is impeccable, but the assumption of a con-

stant environmental variance unrelated to the additive

variance is empirically unjustified. The robust result of this

work is that additive genetic variances should increase with

mutation rate and mutational target size, and decrease with

strength of stabilizing selection, but none of these predic-

tions are justified for heritabilities.

More generally, there appears to be no theoretical or

empirical reason for rates of evolution or species diver-

gence to depend on the level of heritability as long as the

latter is positive. This may possibly explain why we still

lack a robust body of tests of the hypothesis that character

evolution is influenced by genetic constraints. The few

studies that have found a relationship have been based on

comparing very similar characters and/or used mean-scaled

evolvabilities (e.g., Blows and Higgie 2003; Hansen et al.

2003b; Marroig and Cheverud 2005; McGuigan et al. 2005;

Hunt 2007; Hansen and Houle 2008; Chenoweth et al.

2010; Grabowski et al. 2011).

Even if it is clear that heritabilities are often inappro-

priate measures of evolutionary potential, mean scaling

also entails assumptions, and mean-scaled additive genetic

variances should not be uncritically accepted as measures

of evolvability. One important limitation is that mean

scaling should not be used for traits on nominal, ordinal or

interval scale types. Interval scales where there is no nat-

ural zero point are particularly important to note, since they

are not uncommon for quantitative characters and since

heritabilities are meaningful on these scales. We note,

however, that some traits that seem to be on interval scales

are really on what Houle et al. (2011) termed signed ratio

scales. These include traits such as residuals from a

regression and signed asymmetries. In these cases mean

scaling can be based on average absolute values or on the

mean of the trait they are derived from (as indeed was done

in some of the studies in our data base). There are, how-

ever, genuine interval scales, such as time of year measured

in calendar date, where no form of mean scaling is possi-

ble. We see no obvious general way to compare the

evolvabilities of these with other traits. Proportions and

fractions provide another difficulty. This is discussed in

detail by Stinchcombe (2005), who notes that mean-scaling

has the undesirable property that proportions that are

inverses of each other will usually be assigned different

evolvabilities. Evolvability of proportions is perhaps best

studied on an unstandardized scale, but in some situations

one could also compute their evolvability on an assumed

underlying ratio scale. A final issue with mean-standard-

ized variances is that they are not invariant to dimension

(Lande 1977; Houle 1992). As explained above, the effect

of dimension depends on what statistical dependencies

hold among the dimensional axes. If one is willing to

assume that the dimensional axes are independent, for

example, one could easily correct for dimension by

dividing the evolvabilities with the dimension of the trait

(in which case they would all be expressed as evolvabilities

on a one-dimensional scale). We do suggest, however, that

the higher evolvability of higher-dimensional traits could

be seen as a real biological phenomenon. There simply are

more ways to change a higher-dimensional trait.

More generally we can say that mean-scaled evolvabili-

ties measure the potential for proportional change, and are

meaningful whenever proportional changes are meaningful.

Situations in which proportional changes may be less

meaningful include tiny or rudimentary traits and traits with

extremely skewed distributions. Apart from the statistical

concern that means in such situations may have large relative

errors, one can easily get large evolvabilities because it is

easy to make large proportional changes, but this does not

mean that the trait is highly evolvable in absolute size.

Fundamentally, standardization should only be used

when the point is to compare qualitatively different traits.

If the goal is to assess the evolvability of a single trait on its

own terms, this should always be done on the original

scale; i.e. on a scale that derives its meaning from the

properties of the trait, the question, and the context.

Our purpose with this article has been to study the

relationship between evolvability and heritability, and not

to study evolvabilities per se. Still, we note that our results

support the notion that quantitative traits are often highly

evolvable when taken in isolation over short time spans. An

evolvability of 0.1%, which is about the median for linear

morphological traits in our database, may sound small. It

predicts a tenth of a percent change per generation for traits

under unit selection (Hansen et al. 2003b). Changes of this

size may be hard to detect over a single generation, but can

generate large changes over a few hundreds of generations.

To a first approximation, the percent change over t gen-

erations with an evolvability of el and strength of selection

bl is (1 ? elbl)t, and with el = 0.001 and bl = 1 this will

make a 10% change in slightly less than 100 generations,

and a doubling of the trait in about 700 generations. With

bl = 0.3, the median bias-corrected estimate of multivar-

iate gradients from the meta analysis of Hereford et al.

(2004), those figures would be 317 and 2,311 generations,

respectively. Thus, a large majority of our estimates indi-

cate that the typical strong directional selection observed in

nature is perfectly capable of generating large ‘‘qualita-

tive’’ changes in the traits on less than a geological time

scale. This seems to indicate that a lack of evolvability

would rarely be a constraint on macroevolution.

This conclusion may, however, be premature (Hansen and

Houle 2004; Blows and Hoffmann 2005; Blows 2007; Blows
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and Walsh 2009; Kirkpatrick 2009; Walsh and Blows 2009).

First, 7% of all our el estimates were zero or negative, and

this may be an underestimate as Palmer (2000) has docu-

mented a publication bias against negative and ‘‘nonsignif-

icant’’ heritabilities. Second, about 9% of our 1,358 non-

negative estimates were less than el = 0.001%, which

means that it would take more than 70,000 generations to

double the trait under unit selection. We can therefore not

rule out that direct genetic constraints are important for a

substantial minority of traits. Measures of developmental

stability would be one category in which direct genetic

constraints could be common. We caution, however, that

small evolvability estimates also have large relative errors,

and it is therefore difficult to conclusively demonstrate

genetic constraints. Third, univariate evolvabilities do not

include the effects of genetic correlations and pleiotropic

constraints. Such constraints can be formalized as condi-

tional evolvabilities, the evolvability of a trait that is left

when other traits remain fixed under stabilizing selection

(Hansen 2003; Hansen et al. 2003a, b; Hansen and Houle

2008; Walsh and Blows 2009; see also Kirkpatrick 2009).

Studies of conditional evolvabilities show that constraints

generated by even a few other traits can reduce evolvabilities

dramatically (Hansen et al. 2003a, b; Jensen et al. 2003;

Parker and Garant 2004; Rolff et al. 2005; Rønning et al.

2007; Hansen and Houle 2008; Kirkpatrick 2009; McGuigan

and Blows 2010; Grabowski et al. 2011). Considering that

the genes affecting any focal trait may be subject to a large

number of selective constraints, the hypothesis that many

traits have very low conditional evolvability deserves serious

attention (e.g. Walsh and Blows 2009). A final factor to

consider is that evolvabilities are evolvable. There are two

aspects to this. The first is that additive genetic variance will

change during a response to selection due to allele-frequency

changes, and that this eventually leads to an exhaustion of

evolvability. Mutational evolvability, the mean-scaled

mutational variance generated per generation, may therefore

be a more relevant measure of long-term evolutionary

potential (Houle et al. 1996; Hansen and Houle 2004). The

second aspect is that the allelic effects themselves may

change due to epistatic interactions with the evolving genetic

background (Hansen and Wagner 2001). If there is a sys-

tematic tendency for allele substitutions in the direction of

selection to reduce the effect of other such allele substitu-

tions, then we would see a rapid reduction of both standing

and mutational evolvability as a side effect of selection on

the trait (Carter et al. 2005; Hansen et al. 2006). Hansen and

Houle (2004) called this an epistatic constraint.

Heritabilities are not only used as measures of evolu-

tionary potential. Our criticisms have been concerned with

this use and do not necessarily imply that heritabilities are

not useful for other purposes. We note, however, that the

perils of using a rubber scale may also show in other

contexts. The concept of heritability is commonly used in

human genetics, and estimates from highly standardized

sub-population samples are sometimes naively extrapolated

to the population at large, or even to argue that differences

between social, ethnic or temporal groups are genetically

based. Such extrapolations have been criticized (e.g.

Layzer 1974; Feldman and Lewontin 1975; Gould 1981;

Jacoby and Glauberman 1995). Here, we just note that a

failure (or unwillingness) to consider scale as a dynamic

entity may be one reason why such extrapolations are not

immediately recognized as problematic. The within-popu-

lation heritability is relative to within-population variance,

and if a high proportion of this is genetic it does not mean a

high proportion of the variance in a larger population or

between groups would also be genetic. Furthermore,

observing a high heritability does not imply a high level of

genetic determination, or that the trait is insensitive to

environmental factors. It could simply mean that the

environment in which the heritability was measured was

relatively stable. A variance scale is population and envi-

ronment specific and not a fixed entity. More generally we

note that all the concepts we have discussed here, herita-

bilities, evolvabilities, variance components, and means are

population variables that describe the properties of popu-

lations. They are not applicable to individuals, and not

transferable from one population or environment to

another.

Our main conclusion is that heritabilities should not be

used as measures of evolutionary potential in natural

populations. Beyond this, our findings illustrate how the

choice of scale is a fundamental and extremely important

methodological decision in evolutionary studies. Naive

standardizations and the general absence of scale consid-

erations in the interpretation and discussion of results is a

serious problem in evolutionary biology and related fields

(Houle et al. 2011). Scaling is simply a missing element of

the methodological foundation in these fields, and until it

becomes an integral part of model building and argumen-

tation, this methodological omission will continue to

generate serious systemic errors.
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