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The distribution of effect sizes of adaptive substitutions has been central to
evolutionary biology since the modern synthesis. Early theory proposed that
because large-effect mutations have negative pleiotropic consequences, only
small-effect mutations contribute to adaptation. More recent theory suggested
instead that large-effect mutations could be favoured when populations are far
from their adaptive peak. Here we suggest that the distributions of effect sizes
are expected to differ among study systems, reflecting the wide variation in
evolutionary forces and ecological conditions experienced in nature. These
include selection, mutation, genetic drift, gene flow, and other factors such
as the degree of pleiotropy, the distance to the phenotypic optimum, whether
the optimum is stable or moving, and whether new mutation or standing
genetic variation provides the source of adaptive alleles. Our goal is to
review how these factors might affect the distribution of effect sizes and
to identify new research directions. Until more theory and empirical work is
available, we feel that it is premature to make broad generalizations about
the effect size distribution of adaptive substitutions important in nature.

1. Introduction

The effect sizes of adaptive substitutions, i.e. the replacement of one mutation (or
allele) by another with greater fitness, has been a major focus of research since
Fisher proposed that adaptation was due exclusively to mutations of small
effect [1-6]. Fisher reasoned that large-effect mutations are unlikely to contribute
to adaptive evolution because of their deleterious pleiotropic effects. This hypoth-
esis was modified by Kimura [2], who predicted that mutations of intermediate
effect size would predominate because adaptive mutations of very small effect
may often be lost because of genetic drift.

The view that adaptation was due mainly to mutations of small or intermedi-
ate effects was widely accepted until Orr [3] hypothesized that the relative effect
sizes of mutations fixed during adaptation will depend upon the initial distance
between the current population and its phenotypic optimum. In contrast with
both Fisher [1] and Kimura [2], Orr’s model [3] considered an entire ‘adaptive
walk’ toward a new phenotypic optimum, and predicted that the distribution
of effect sizes for adaptive substitutions would approach a negative exponential,
with a few mutations of relatively large effect and many of relatively small effect.

This model has been supported by many quantitative trait locus (QTL) map-
ping studies that have identified large-effect loci, including the evolution of floral
traits in the transition from bee to hummingbird pollination in Mimulus [7], the
evolution of light-coloured beach mice from their darker, mainland ancestors [8],
and a host shift in Drosophila sechellia [9] from a D. simulans-like ancestor [10]. A par-
ticularly compelling case involves the repeated loss of lateral plates in stickleback
fish that colonized freshwater from marine habitats (figure 1a). QTL mapping
found that a single major locus explains most of the variation in lateral plate pattern
and number, and a comprehensive study of multiple skeletal traits finds
many small, and some large-effect loci (figure 1b) [12]. Nonetheless, some QTL
studies find little evidence for large-effect loci, e.g. mating system divergence in
monkeyflowers [13] and host shifts in closely related species of noctuid moths [14].
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Figure 1. Adaptation in sticklebacks. (@) Marine (top) and freshwater (bottom) sticklebacks. Red shading indicates lateral plates (modified by D. M. Kingsley from
Cuvier & Valenciennes [11]); (b) effect size distributions for QTL (N = 118) from mapping studies of greater than 100 trophic, armour and skeletal traits in F,
sticklebacks (N = 370) produced from a cross between marine and freshwater morphs (fig. S2 in [12]).

Without further consideration of the genetic and ecologi-
cal details, QTL mapping studies are typically not sufficient
to test alternate theories for the expected distribution of
effect sizes for adaptive substitutions. First, it is widely
acknowledged that large mapping populations are required
to identify most QTL and to accurately estimate effect sizes
[15,16]. Second, QTL studies rarely map the genetic basis of
fitness directly (but see [17]), and instead examine putatively
adaptive traits. The adaptive value of these traits, i.e. the pro-
portion of variation in overall fitness due to trait variation, is
usually unknown. Third, the theory is explicitly about the
probability of fixation of new mutations that differ in the mag-
nitude of their effects on fitness, yet with the exception of
experimental evolution studies [6], the specific mutations
that contribute to adaptation are rarely identified. Instead,
QTL mapping studies identify chromosomal regions that
often contain hundreds of genes, each of which may harbour
multiple mutations [15,18]. Although single genes have been
found to underlie large-effect QTL controlling some adaptive
traits, e.g. armour in sticklebacks [19] and coat colour in mice
[8], there are still few cases where adaptive QTL have been
resolved to individual genes and causal mutations.

Given the paucity of studies where the alleles and
mutations involved in adaptation in natural populations
have been identified, we suggest that it is not yet possible
to reach a general consensus on the subject of the distribution
of effect sizes. Moreover, the theoretical expectations put
forth by Fisher, Kimura and Orr do not adequately capture
the full range of biological scenarios that are relevant to
understanding the distribution of effect sizes [20-22].
Although Orr’s [3] proposal was a paradigm shift for the
field of evolutionary genetics, as he acknowledged, his
model represents a small subset of the possible alternatives.
Here we ask how ecological and evolutionary processes
that are known to vary among natural populations might
influence the expected distribution of effect sizes. Our goal
is to give a broad overview of how the major mechanisms
of evolution, i.e. natural selection, genetic drift, mutation
and migration might influence the distribution of effect
sizes of adaptive substitutions. We hope to motivate further
theoretical and empirical study into the many ways in
which the genetics and ecology of natural populations and
species can influence the effect sizes of adaptive substi-
tutions, and to encourage a consideration of these factors in
future work.

Our review extends the idea expressed by Remington [18]
that there is no ‘one size fits all’ expectation for the distri-
bution of effect sizes, and examines a range of factors that
are expected to influence the distribution of effect sizes for
adaptive substitutions. With few exceptions (e.g. [17]), the
theory and experimental evolution studies on microbes
address effect sizes for fitness itself, while QTL studies
address the effect sizes of individual traits that may or may
not affect fitness. Additionally, recognizing that alleles may
be made up of multiple mutations [18], we reserve the term
‘mutation” for theoretical models and examples where the
causal mutations are known. Our discussion of selection
begins with pleiotropy because of its central role in Fisher’s
geometric model, and then considers the strength and form
of selection, the consequences of a fixed versus moving opti-
mum, and the influence of standing variation versus new
mutation. Our discussion of mutation and genetic drift exam-
ines the interplay between these factors and the source of
adaptive genetic variation, and we end with a discussion of
how gene flow might influence the distribution of effect sizes.

2. Selection
(a) Pleiotropy

Fisher [1] assumed that, because of pleiotropy (when a single
substitution affects multiple traits), mutations with large
effects will move a population farther from the phenotypic
optimum rather than closer to it, and are thus unlikely to con-
tribute to adaptive evolution. Consistent with the notion that
large-effect mutations are more likely to exhibit antagonistic
pleiotropy, empirical evidence finds that the degree of pleio-
tropy in a gene or QTL is positively correlated with its effect
size [23—-25]. Recent theoretical studies support the prediction
that pleiotropy can lead to an increased role of small-effect
mutations when many traits are under selection [5] (the
‘cost of complexity’ [26]).

However, the universality of pleiotropy has recently been
questioned based on empirical results from studies of gene
knockouts [25] and QTL mapping studies [23,24] that suggest
that most genes or loci affect only a fraction (less than 10%)
of the measured traits. Further, the role of pleiotropy in deter-
mining the fixation probability of mutations with different
effect sizes may depend upon the trait in question [27]. Trait
modularity reduces pleiotropy and is thought to be common
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[23,25]. Evidence also suggests a substitution bias towards
mutations in regulatory regions over those in coding regions,
presumably due to their decreased pleiotropic effects [28,29].

Pleiotropy may even facilitate adaptation if a mutation
affects multiple traits in the direction of the optimum pheno-
type [25,30]. A number of putatively adaptive traits map near
the Ectodysplasin (EDA) gene in sticklebacks, and pleiotropy
among lateral plates and the distribution of sensory organs
has been definitively demonstrated [31]. Pleiotropy has also
been implicated in floral divergence across multiple plant
species [32]. An experimental evolution study using bacterio-
phage found that selection on multiple traits commonly led
to the fixation of mutations with synergistically beneficial
effects, rather than constraints on fitness [33].

Large-effect alleles have played a major role in the domes-
tication of plants [34] and animals [35] and are often found to
have major pleiotropic effects (e.g. [36]). For example, it has
been proposed that selection for increased yield in crops inad-
vertently results in reduced herbivore defenses [37]. Under
domestication, the deleterious effects of pleiotropy are abated
by supplying critical resources, thereby potentially reducing
constraints on mutational effect sizes. Some evidence suggests
that mutations underlying domestication traits have larger
effects than those underlying traits subject to natural selection
[29], and we suggest further comparisons may provide
an opportunity to study whether mitigating the deleterious
consequences of pleiotropy allows for the fixation of alleles
with larger effect sizes.

(b) Distance to the optimum

In Orr’s model [3], the population is initially far from its opti-
mum as might be expected following a major environmental
perturbation or after colonization of a new habitat. In the early
stages of the adaptive walk, both large and small effect adaptive
mutations can move the population closer to the optimum, but
as the population approaches the optimum, there is an increased
likelihood that large-effect mutations will reduce fitness
(figure 2). This leads to Orr’s prediction that relative effect
sizes will decline with decreasing distance to the optimum.

This relationship is supported by empirical evidence. Exper-
imental evolution studies in bacteriophage [33], Escherichia coli
[38] and the fungus Aspergillus nidulans [39] found that adap-
tation involved larger effect mutations when populations
were farther from the optimum. This hypothesis was also
tested in natural populations by comparing the phenotypic
effect sizes of QTL underlying body shape and armour
among stickleback populations inhabiting freshwater lakes
where the phenotypic distance between the ancestral marine
form and the local lake forms differed [40]. Consistent with pre-
dictions, larger-effect QTL were found in populations adapted
to more distant optima.

The use of differentially adapted populations or sister
species to study the genetic basis of adaptive traits can
allow the identification of alleles fixed over an entire bout
of adaptation, and thus are most relevant for evaluating
Orr’s model [3,18]. The best empirical examples of large
effect loci underlying adaptive traits come from studies that
examine different populations or closely related species that
display clear evidence of adaptive differentiation [7-9,41].
As noted by Remington [18], genetic studies that do not
find evidence of large-effect alleles often investigate the gen-
etic basis of trait variation within a population. If these
populations are near their optimum, large-effect mutations
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Figure 2. The relationship between distance to the optimum and the poss-
ible effect sizes of mutations fixed during a single bout of adaptation,
following Orr [3]. A Gaussian fitness function is depicted for natural selection
on a single trait with a fixed optimum. The adaptive value of mutations of
different effect sizes is given for three different stages of adaptation, reflected
as the distance to the optimum (far, intermediate and close). The length of
the arrow gives the effect size, solid arrows signify adaptive mutations and
dashed arrows signify maladaptive mutations.

will be deleterious (figure 2), and are thus unlikely to be
maintained at appreciable frequencies.

Human height is a leading example of a trait controlled
mainly by small-effect alleles [15] and it is interesting to con-
sider whether the effect sizes of alleles underlying this trait
are related to the distance to the optimum. In contemporary
European populations, which we might expect are near their
optimum, alleles of small effect predominate [42—45]. By con-
trast, although statistical power was limited, a study that
examined differences among a human pygmy population and
their agricultural neighbours [46] found evidence for a higher
frequency of large-effect alleles. The pygmy form evolved inde-
pendently at least three times following the colonization of
tropical rainforest [44,46,47], suggesting that it might represent
an adaptation to a new environment. This example highlights
the need to evaluate effect size distributions in light of the
evolutionary history of studied populations.

(c) Shape of the fitness function
The geometric model assumes that any phenotypic change in
the direction of the optimum increases fitness unless it greatly
overshoots the optimum [48]. In some adaptive scenarios how-
ever, phenotypic changes of small effect may be selected
against, such as in a multi-peaked fitness function when
intermediate phenotypes have low fitness. One example is
Mullerian mimicry in Heliconius butterflies, which escape
bird predation through distinct wing coloration and pat-
terning. Studies of Heliconius hybrid zones suggest that
intermediate phenotypes have low fitness [49,50]. Consistent
with predictions, large-effect loci contribute to differences in
coloration patterns among species [51,52], and might represent
the initial steps in adaptation to new optima, followed by the
evolution of modifier loci with smaller phenotypic effects [53].
Other examples where adaptation may require one or more
large phenotypic steps is edaphic adaptation, such as observed
in plants growing on serpentine soils or mine tailings, where
there are often abrupt changes in soil type at a microgeographic
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scale and no intermediate habitat. QTL studies of serpentine
adapted Silene vulgaris [54] and copper-tolerant Mimulus
guttatus [55] both find large-effect QTL underlying tolerance
to nickel and copper, respectively. The shape of the fitness
function is likely to be an important contributor to the effect
size distribution of adaptive substitutions, but more theoretical
and empirical studies are needed.

(d) Moving optimum

Adaptation to a new fixed phenotypic optimum can occur
during the colonization of a novel habitat, but other scenarios
may lead to adaptation to a moving optimum, such as evolving
biotic interactions [56,57] or evolutionary responses to gradual
and persistent environmental changes [58]. For a large finite
population initially near an optimum which moves determinis-
tically at different rates [21,59], theory predicts an intermediate
distribution of effect sizes, with few large- or small-effect
mutations. In this scenario, the relative magnitude of effect
sizes depends critically on the rate of environmental change.
If the environment changes rapidly, the distribution is shifted
toward larger-effect mutations [21,59,60]. Additionally,
pleiotropy increases the waiting time for beneficial mutations
[59] which causes the population to lag behind the optimum,
and increases the likelihood of adaptation through the fixa-
tion of large-effect mutations [59]. Therefore, with rapid
environmental change, relatively larger effect sizes of adaptive
mutations are possible under a moving optimum scenario,
particularly with increasing pleiotropy.

There is some empirical support for the dependence of the
distribution of effect sizes of adaptive alleles on the rate of
change in the optimum. In an elegant long-term experimen-
tal evolution study of Chlamydomonas, adaptation to slow
environmental change involved small-effect mutations, while
adaptation to fast environmental change required mutations
of large effect [61], consistent with theoretical predictions. While
experimental evolution studies have usually investigated adap-
tation to a fixed optimum [6], they are a promising avenue
of future research to further explore theoretical predictions
regarding adaptation to a moving optimum.

In reviewing effect sizes for QTL studies of traits likely to be
under either abiotic or biotic selection, Louthan & Kay [56]
found distributions of effect sizes consistent with Orr’s predic-
tion [3] for both types of traits, but there was a shift toward
larger effect sizes for traits under biotic selection. If coevolution
of biotic interactions is more temporally variable than selection
imposed by abiotic factors, these results suggest that adap-
tation to a moving optimum can influence effect sizes. An
interesting extension to current theory would be varying the
initial distance to the optimum and/or having the optimum
move unpredictably, cf. [56].

3. Standing genetic variation

The theory we have reviewed thus far has modelled adaptation
from new mutations. An alternative is adaptation from stand-
ing genetic variation (hereafter SGV) [19,20,22,62-66], which
in principle could be applied to all the selective scenarios
above. The source of SGV in this body of theory is typically
modelled as neutral or deleterious alleles underlying fitness
maintained in mutation-selection—drift equilibrium [20,22,
but see 67]. At some point, the environment changes such
that previously deleterious and/or neutral alleles become

favourable, and provide the raw material for adaptation to [ 4 |

the new phenotypic optimum. Selection on SGV can be more
effective than selection on new mutations because the adaptive
alleles are already present in the population when the environ-
ment changes, and because newly beneficial alleles are at a
higher initial frequency than a new mutation, making them
less likely to be lost by genetic drift [20,63,68]. However, the
equilibrium frequency of SGV depends critically on the popu-
lation size and mutation rate [65,69], which are likely to differ
among species (see below).

Given sufficient mutational input, the likelihood of adap-
tation from SGV is predicted to depend on the selection
coefficients of the alleles before and after the change in the
environment [20,22,65,69]. For previously neutral alleles,
even those with currently small beneficial effects are predicted
to have higher probabilities of fixation relative to new
mutations of equal effect sizes because they have escaped
loss by drift [20]. The larger the disadvantage of alleles prior
to the environmental change, the larger their newly acquired
beneficial effects must be for them to fix [20,65]. Theory com-
bining adaptation from SGV and a moving optimum with a
very high mutational input predicts more alleles of small
effect compared with adaptation from new mutation [22],
particularly with more gradual changes in the environment.

There is little information on the selection coefficients of
adaptive alleles before and after a change in the environment
or the correlation between these effect sizes, but experimental
evolution studies give some insight. In studies of the fitness
effects of 665 new mutations that confer some degree of antibiotic
resistance in Pseudomonas fluorescens, nearly all were deleterious
in the absence of antibiotics (prior environment), with most redu-
cing fitness by at least 10% [70]. In Saccharomyces cerevisiae, several
mutations that had modest beneficial effects in saline conditions
were deleterious, some strongly so, in standard conditions (prior
environment) [71]. While it is unknown if such new mutations
are representative of SGV in natural populations, these studies
do suggest that even strongly deleterious mutations may
become beneficial following a major environmental change.

There are several examples consistent with adaptation
from SGV in natural populations. In stickleback fish, the
allele for low plate number in the EDA gene that character-
izes freshwater populations is also present in the ancestral
marine population [19,63], and a substantial portion of
drug resistance in HIV is thought to be due to SGV (the
remainder coming from new mutation) [64]. Both of these
examples probably represent systems with high mutational
input (large population sizes in sticklebacks, high mutation
rates in HIV). Adaptation from SGV and new mutation are
not mutually exclusive, but the likelihood of adaptation
from SGV (maintained in mutation—selection—drift balance)
depends critically on population size and mutational
parameters, which we discuss in the next section.

4. Mutation and drift

To contribute to adaptation, mutations must enter the popu-
lation at an appreciable rate, be beneficial, and escape
stochastic loss by genetic drift. The mutation rate and the dis-
tribution of effect sizes of mutations determine the initial
genetic variation that is then subject to selection and genetic
drift. Average per-nucleotide, per-generation mutation rates
are of the order of 1078 to 107° [72,73], and experimental

S90£5107 (€8T g 20 'Y 2044 biobuiysigndiianosieforqdss



evidence suggests that many, if not most, new mutations are
somewhat deleterious [74,75, but see 76]. Even in a large popu-
lation, the probability of fixation of most new beneficial
mutations is small, approximately equivalent to twice the selec-
tion coefficient [77]. This small probability of fixation is
reduced further by drift when the effective population size
(Ne) is small [78,79]. Many factors influence N, including
small population size, population bottlenecks and inbreeding;
we direct readers to Charlesworth [80] for details. New ben-
eficial mutations are therefore expected to be rare, and most
are likely to be lost by drift.

The effect size distribution of adaptive substitutions from
new mutations could be influenced by genetic drift. Orr [3]
assumed a large (but finite) population, but with decreasing
effective population size, small and possibly intermediate
effect mutations will be increasingly lost by drift. Thus in
small populations we predict fewer small-effect adaptive sub-
stitutions, though strong selection could override drift [81].
Small-effect alleles are difficult to detect empirically [16],
nevertheless, it has been argued that such alleles underlie
much of adaptation [15,82]. To determine the range of par-
ameter space over
contribute to adaptation, we suggest modelling adaptive
walks for effective population sizes that span the range of
empirical estimates from low to mid N, (see below).

Adaptation from SGV requires that neutral or deleterious
alleles be maintained in the population until the environment
changes, at which point they become beneficial. The mainten-
ance of SGV depends on both N, and the mutation rate (u),
and is modelled as the joint parameter @ (Theta), which
is 2Neu for haploids [20] and 4 N.uw for diploids [22].
Hermisson & Pennings [20] modelled adaptation from SGV
for a population with large N, (25000), and examined a
wide range of @ (0.4, 0.04 and 0.004; u’s of the order of
107° 1077 and 1078, respectively). While their results for
O = 0.4 have been used to support the general importance
of SGV in adaptation [15,65], they also found that the prob-
ability of fixation from SGV is very low for ©@=0.004
(figure 2, [20]). As the mutation rate (1078) for ® =0.004 is
the closest to empirical estimates of mutation rates (see
above), it would seem that adaptation from SGV should be
common only for large population sizes (on the order of
25 000 or more), cf. [69]. Alternatively, the effective mutation
rate could in some cases be greater, e.g. a mutational hotspot

which small-effect mutations can

or a large mutational target size, such that many indivi-
dual mutations might produce the same phenotype [65].
Matuszewski et al. [22] predict the distribution of effect sizes
from SGV for a moving optimum (see above) for very large
values of @ (2.5-10). We suggest that there is a critical need
for theoretical predictions about the distributions of effect
sizes, and even the likelihood of adaptation from SGV versus
new mutation, for the range of values of @ initially considered
(0.4-0.004) by Hermisson & Pennings [20].

Estimates of N, from sequence data range from approxi-
mately 10000 in humans [83], to approximately 120 000
in Arabidopsis thaliana [84], to over 1 million in Drosophila
melanogaster [85,86]. However, caution is needed in interpret-
ing these estimates, because combining samples from
populations that are only weakly connected by gene flow
will inflate estimates of N,. This problem is probably less
important in organisms with broad dispersal capabilities
(e.g. Drosophila), but could be profound in sedentary taxa,
particularly those with selfing mating systems (e.g. A. thaliana).

Local estimates of N,, based on approximately 100 SNP mar-
kers in A. thaliana from Scandinavia, suggest that N, may be
more commonly of the order of 250—2500 [87].

While adaptation from SGV is plausible for species with
moderate to large N, (or with high mutation rates), adap-
tation in species with small N, probably requires new
mutations with effect sizes large enough to escape drift.
The finding that non-synonymous substitutions are predomi-
nantly deleterious in A. thaliana [88] and many other plant
species [84] indicates that genetic drift can constrain adaptive
evolution, as does the recent finding of several locally mal-
adaptive fitness QTL in a population of A. thaliana with a
likely history of population bottlenecks [17]. Generalizations
about the distribution of effect sizes of adaptive substitutions
will therefore require new theory and empirical examples
from organisms that represent the full range of effective
population sizes observed in nature.

5. Gene flow

Gene flow between populations in the presence of divergent
selection is common in nature, and may impact the effect size
distributions of adaptive substitutions. Recent theory has
shown that local adaptation in the face of ongoing gene flow,
a scenario fundamentally different than the single population
model proposed by Orr [3], can favour loci of large effect
[89,90]. Griswold et al. [90] predicted that as gene flow between
locally adapted populations increases, small-effect mutations
become homogenized across populations, thus larger-effect
loci are more likely to be detected in QTL studies. Yeaman &
Whitlock [89] predicted that alleles with larger selection
coefficients have a longer persistence time under gene flow—
selection—drift balance, and thus have a higher probability
of contributing to local adaptation. The effect size of locally
adaptive alleles is therefore predicted to increase over time as
segregating alleles with smaller selection coefficients are
gradually replaced by larger effect alleles [89]. When gene
flow is high, divergent selection is strong and the mutation
rate is low, selection may favour linked clusters of small-
effect mutations that collectively represent a large-effect locus
[89]. Inversion polymorphisms that suppress recombination
between small-effect beneficial mutations are one way in
which beneficial mutations of small effect become linked [91].
Examples of large-effect adaptive inversion polymorphisms
are becoming increasingly common [68,92].

The consequences of gene flow for the distribution of effect
sizes of adaptive substitutions has not been directly investi-
gated in natural populations. Experimental evolution studies
that manipulate gene flow between populations experiencing
divergent selection, and comparative analyses of the effect
size distribution of adaptive substitutions reported in organ-
isms with different dispersal capabilities are two possible
empirical approaches for testing these theoretical predictions.

6. Conclusion

Owing to its broad importance to evolutionary biology, there
is controversy over the expected distribution of effect sizes for
adaptive substitutions. Despite recent suggestions that adap-
tation is due mainly to mutations of small effect [15], there is
also evidence that large-effect mutations often contribute to
adaptation. Given that natural populations exhibit substantial

S90£5107 (€8T g 20 'Y 2044 biobuiysigndiianosieforqdss H



Table 1. Scenarios influencing the distribution of effect sizes for adaptive substitutions. This is not intended to be an exhaustive list, but rather a broad

overview of some of the theories discussed in the text.

scenario

key features/assumptions

adaptive walk to
a fixed
optimum

initially far from a single optimum; new
mutation only; large single population;
weak selection

rhultiple fitness intermediate phendtypes have low fitness
optima

moving optimum similar to [3] except initially close to
moving optimum; new mutation and
standing genetic variation

standing genetic variation maintained in a single population

variation in mutation—selection—drift balance
before a change in environment
small effective small-effect mutations effectively neutral

population size

migration divergent selection in the face of gene flow

variation in ecological and genetic factors that are likely to
influence the effect size distribution of adaptive mutations,
it is not surprising to find substantial variation among taxa
in the relative importance of small- versus large-effect
mutations. Here we discuss how the expected distribution
of effect sizes depends critically on all four evolutionary
forces—mutation, gene flow, drift and selection—as well as
the extent and magnitude of pleiotropy and the source of
adaptive genetic variation. Table 1 provides a summary of
some scenarios that involve these factors with predictions
that we hope will stimulate future research. Considerable
work is needed to develop new theory that reflects the
wide range of evolutionary scenarios expected in natural
populations. Likewise, the gaps in our empirical understand-
ing are vast, due in large part to the difficulty in identifying
adaptive traits and their genetic basis. Given the current
limitations of both the theory and empirical evidence, it is
not yet possible to make general conclusions about the

References

predictions about effect sizes

citation

exponential distribution of effect sizes; a few large- [3]

effect (only while far from the optimum), many
small-effect mutations

at least one large-effect mutation feqﬁired verbal model
[3,22]
distribution has more intermediate effect sizes; faster [21,22,59,60]
moving optimum results in larger effect sizes; slower
moving optimum results in smaller effect sizes
smaller-effect alleles have higher probability of fixation [20,22]
than new mutations of same effect size
srﬁall—effect mutatiohs lost tobdrift; intérmediate effect » >[2]
size mutations have highest probability of fixation
‘ incréaséd rhigration leads tollérger—effect mutations ‘ - [89]‘

and/or linked small-effect mutations

expected effect size distribution in nature. The challenge for
the future is to provide a theoretical framework for predicting
the effect size distribution for a variety of situations (table 1)
and for a variety of adaptive traits, and to carry out robust
empirical tests of the theory.

Authors” contributions. E.L.D. and C.G.O. took the lead in writing the
paper, but significant contributions were made by all authors.

Competing interests. We declare we have no competing interests.

Funding. Research supported by grants from the National Institutes of
Health (5R01GM088805) awarded to H.D. Bradshaw, Jr and D.W.S,,
and the National Science Foundation (DEB 1022202) to D.W.S,,
(DEB 1556262) to D.W.S. and C.G.O., and (DEB 0919452) to J.K.C.
Acknowledgements. We are grateful to Carina Baskett, David Lowry,
Allen Orr, John Willis and two anonymous reviewers for helpful
comments on the manuscript. Thanks also to David Kingsley and
George Perry for insight into their study systems. We also thank
the Evolution Discussion Group at Michigan State University for
interesting discussion on this topic.

Fisher RA. 1930 The genetical theory of natural
selection. Oxford, UK: Oxford University Press.
Kimura M. 1983 The neutral theory of molecular
evolution. Cambridge, UK: Cambridge University
Press.

Orr HA. 1998 The population genetics of adaptation:

the distribution of factors fixed during adaptive
evolution. Evolution 52, 935—949. (doi:10.2307/
2411226)

Orr HA. 2005 The genetic theory of adaptation: a

brief history. Nat. Rev. Genet. 6, 119—127. (doi:10.

1038/nrg1523)
Tenaillon 0. 2014 The utility of Fisher's geometric
model in evolutionary genetics. Annu. Rev. Ecol.

Evol. Syst. 45, 179-201. (doi:10.1146/annurev-
ecolsys-120213-091846)

Barrick JE, Lenski RE. 2013 Genome dynamics
during experimental evolution. Nat. Rev. Genet. 14,
827-839. (doi:10.1038/nrg3564)

Bradshaw HD, Schemske DW. 2003 Allele
substitution at a flower colour locus produces a
pollinator shift in monkeyflowers. Nature 426,
176—178. (doi:10.1038/nature02106)

Hoekstra HE, Hirschmann RJ, Bundey RA, Insel PA,
Crossland JP. 2006 A single amino acid mutation
contributes to adaptive beach mouse color pattern.
Science 313, 101-104. (doi:10.1126/science.
1126121)

10.

.

Jones CD. 2001 The genetic basis of larval resistance
to a host plant toxin in Drosophila sechellia. Genet.
Res. (Camb.) 78, 225-233. (doi:10.1017/
50016672301005298)

Garrigan D, Kingan SB, Geneva AJ, Andolfatto P,
Clark AG, Thornton KR, Presgraves DC. 2012
Genome sequencing reveals complex

speciation in the Drosophila simulans clade.
Genome Res. 22, 1499—1511. (doi:10.1101/gr.
130922.111)

Cuvier G, Valenciennes A. 1829 Histoire naturelle des
poissons. Tome quatrieme. Livre quatriéme. Des
acanthoptérygiens a joue cuirassée, 518 p. Paris,
France: F.G. Levrault.

S90£5107 (€8T g 20 'Y 2044 biobuiysigndiianosieforqdss H


http://dx.doi.org/10.2307/2411226
http://dx.doi.org/10.2307/2411226
http://dx.doi.org/10.1038/nrg1523
http://dx.doi.org/10.1038/nrg1523
http://dx.doi.org/10.1146/annurev-ecolsys-120213-091846
http://dx.doi.org/10.1146/annurev-ecolsys-120213-091846
http://dx.doi.org/10.1038/nrg3564
http://dx.doi.org/10.1038/nature02106
http://dx.doi.org/10.1126/science.1126121
http://dx.doi.org/10.1126/science.1126121
http://dx.doi.org/10.1017/S0016672301005298
http://dx.doi.org/10.1017/S0016672301005298
http://dx.doi.org/10.1101/gr.130922.111
http://dx.doi.org/10.1101/gr.130922.111

20.

21.

22.

23.

24,

25.

26.

Miller CT et al. 2014 Modular skeletal evolution in
sticklebacks is controlled by additive and clustered
quantitative trait loci. Genetics 197, 405—420.
(doi:10.1534/genetics.114.162420)

Fishman L, Kelly AJ, Willis JH. 2002 Minor
quantitative trait loci underlie floral traits associated
with mating system divergence in Mimulus.
Evolution 56, 2138—2155. (doi:10.1111/j.0014-
3820.2002.th00139.x)

Oppenheim SJ, Gould F, Hopper KR. 2012 The
genetic architecture of a complex ecological trait:
host plant use in the specialist moth, Heliothis
subflexa. Evolution 66, 3336—3351. (doi:10.1111/].
1558-5646.2012.01712.x)

Rockman MV. 2011 The QTN program and the
alleles that matter for evolution: all that's gold does
not glitter. Evolution 66, 1—17. (doi:10.1111/j.
1558-5646.2011.01486.x)

Otto SP, Jones (D. 2000 Detecting the undetected:
estimating the total number of loci underlying a
quantitative trait. Genetics 156, 2093 -2107.
Agren J, Oakley CG, McKay JK, Lovell JT, Schemske
DW. 2013 Genetic mapping of adaptation reveals
fitness tradeoffs in Arabidapsis thaliana. Proc. Nat!
Acad. Sci. USA 110, 21077-21082. (doi:10.1073/
pnas.1316773110)

Remington DL. 2015 Alleles versus mutations:
understanding the evolution of genetic architecture
requires a molecular perspective on allelic origins.
Evolution 69, 3025—3038. (doi:10.1111/ev0.12775)
Colosimo PF et al. 2005 Widespread parallel
evolution in sticklebacks by repeated fixation of
ectodysplasin alleles. Science 307, 1928—1933.
(doi:10.1126/science.1107239)

Hermisson J, Pennings PS. 2005 Soft sweeps:
molecular population genetics of adaptation

from standing genetic variation. Genetics 169,
2335-2352. (doi:10.1534/genetics.104.036947)
Kopp M, Hermisson J. 2009 The genetic basis of
phenotypic adaptation II: the distribution of
adaptive substitutions in the moving optimum
model. Genetics 183, 1453 —1476. (doi:10.1534/
genetics.109.106195)

Matuszewski S, Hermisson J, Kopp M. 2015 Catch me
if you can: adaptation from standing genetic variation
to a moving phenotypic optimum. Genetics 200,
1255—1274. (doi:10.1534/genetics.115.178574)
Wagner GP, Kenney-Hunt JP, Pavlicev M, Peck JR,
Waxman D, Cheverud JM. 2008 Pleiotropic scaling
of gene effects and the ‘cost of complexity’. Nature
452, 470—473. (doi:10.1038/nature06756)

Albert AYK, Sawaya S, Vines TH, Knecht AK, Miller CT,
Summers BR, Balabhadra S, Kingsley DM, Schluter D.
2007 The genetics of adaptive shape shift in
stickleback: pleiotropy and effect size. Evolution 62,
76—85. (doi:10.1111/j.1558-5646.2007.00259.)
Wang Z, Liao B-Y, Zhang J. 2010 Genomic patterns
of pleiotropy and the evolution of complexity. Proc.
Nat/ Acad. Sci. USA 107, 18 034—18 039. (doi:10.
1073/pnas.1004666107)

Orr HA. 2000 Adaptation and the cost of complexity.
Evolution 54, 13-20. (doi:10.1111/}.0014-3820.
2000.th00002.x)

2].

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Paaby AB, Rockman MV. 2013 The many faces of
pleiotropy. Trends Genet. 29, 66—73. (doi:10.1016/j.
tig.2012.10.010)

Streisfeld MA, Rausher MD. 2011 Population
genetics, pleiotropy, and the preferential fixation of
mutations during adaptive evolution. Evolution 65,
629—642. (doi:10.1111/.1558-5646.2010.01165.x)
Stern DL, Orgogozo V. 2008 The loci of evolution:
how predictable is genetic evolution? Evolution
62, 2155-2177. (doi:10.1111/}.1558-5646.2008.
00450.x)

MacPherson A, Hohenlohe PA, Nuismer SL. 2015
Trait dimensionality explains widespread variation in
local adaptation. Proc. R. Soc. B 282, 20141570.
(doi:10.1098/rspb.2014.1570)

Mills MG, Greenwood AK, Peichel CL. 2014
Pleiotropic effects of a single gene on skeletal
development and sensory system patterning in
sticklebacks. Evodevo 5, 5. (doi:10.1186/2041-
9139-5-5)

Smith SD. 2016 Pleiotropy and the evolution of
floral integration. New Phytol. 209, 80— 85. (doi:10.
1111/nph.13583)

McGee LW, Sackman AM, Morrison AJ, Pierce J,
Anisman J, Rokyta DR. 2016 Synergistic pleiotropy
overrides the costs of complexity in viral adaptation.
Genetics 202, 285-295. (doi:10.1534/genetics.
115.181628)

Tang H, Sezen U, Paterson AH. 2010 Domestication
and plant genomes. Curr. Opin. Plant Biol. 13,
160—166. (doi:10.1016/j.pbi.2009.10.008)
Andersson L. 2013 Molecular consequences of
animal breeding. Curr. Opin. Genet. Dev. 23,
295-301. (doi:10.1016/j.9de.2013.02.014)

Wright D, Rubin CJ, Martinez Barrio A, Schiitz K,
Kerje S, Brandstrom H, Kindmark A, Jensen P,
Andersson L. 2010 The genetic architecture of
domestication in the chicken: effects of pleiotropy
and linkage. Mol. Ecol. 19, 5140-5156. (doi:10.
1111/j.1365-294X.2010.04882.x)

Rosenthal JP, Dirzo R. 1997 Effects of life history,
domestication and agronomic selection on plant
defense against insects: evidence from maizes and
wild relatives. Evol. Ecol. 11, 337-355. (doi:10.
1023/A:1018420504439)

Sousa A, Magalhdes S, Gordo I. 2012 Cost of
antibiotic resistance and the geometry of
adaptation. Mol. Biol. Evol. 29, 1417 —1428. (doi:10.
1093/molbev/msr302)

Gifford DR, Schoustra SE, Kassen R. 2011 The length
of adaptive walks is insensitive to starting fitness in
Aspergillus nidulans. Evolution 65, 3070—3078.
(doi:10.1111/j.1558-5646.2011.01380.x)

Rogers SM, Tamkee P, Summers B, Balabahadra S,
Marks M, Kingsley DM, Schluter D. 2012 Genetic
signature of adaptive peak shift in threespine
stickleback. Evolution 66, 2439—2450. (doi:10.1111/
j.1558-5646.2012.01622.x)

Colosimo PF, Peichel CL, Nereng K, Blackman BK,
Shapiro MD, Schluter D, Kingsley DM. 2004 The
genetic architecture of parallel armor plate
reduction in threespine sticklebacks. PLoS Biol. 2,
0635—0641. (doi:10.1371/journal.pbio.0020109)

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

Lango Allen H et al. 2010 Hundreds of variants
clustered in genomic loci and biological pathways
affect human height. Nature 467, 832-838.
(doi:10.1038/nature09410)

Yang J et al. 2010 Common SNPs explain a large
proportion of the heritability for human height. Nat.
Genet. 42, 565—569. (doi:10.1038/ng.608)

McEvoy BP, Visscher PM. 2009 Genetics of human
height. Econ. Hum. Biol. 7, 294—306. (doi:10.1016/
j.ehb.2009.09.005)

Weedon MN, Frayling TM. 2008 Reaching new
heights: insights into the genetics of human stature.
Trends Genet. 24, 595—603. (doi:10.1016/j.tig.2008.
09.006)

Perry GH et al. 2014 Adaptive, convergent origins
of the pygmy phenotype in African rainforest
hunter—gatherers. Proc. Nat/ Acad. Sci. USA 111,
E3596—E3603. (doi:10.1073/pnas.1402875111)
Perry GH, Dominy NJ. 2008 Evolution of the human
pygmy phenotype. Trends Ecol. Evol. 24, 218—225.
(doi:10.1016/j.tree.2008.11.008)

Orr HA. 2006 The population genetics of adaptation
on correlated fitness landscapes: the block model.
Evolution 60, 1113—1124. (doi:10.1111/}.0014-
3820.2006.th01191.x)

Mallet J, Barton NH. 1989 Strong natural selection
in a warning-color hybrid zone. Evolution 43,
421-431. (doi:10.2307/2409217)

Jiggins (D, McMillan WO, King P, Mallet J. 1997
The maintenance of species differences across a
Heliconius hybrid zone. Heredity 79, 495-505.
(doi:10.1038/hdy.1997.189)

Papa R, Martin A, Reed RD. 2008 Genomic hotspots
of adaptation in butterfly wing pattern evolution.
Curr. Opin. Genet. Dev. 18, 559—564. (doi:10.1016/
j.de.2008.11.007)

Baxter SW et al. 2010 Genomic hotspots for
adaptation: the population genetics of Miillerian
mimicry in the Heliconius melpomene clade. PloS
Genet. 6, €1000794. (doi:10.1371/journal.pgen.
1000794)

Baxter SW, Johnston SE, Jiggins (D. 2009 Butterfly
speciation and the distribution of gene effect sizes
fixed during adaptation. Heredity 102, 57—65.
(doi:10.1038/hdy.2008.109)

Bratteler M, Lexer C, Widmer A. 2006 Genetic
architecture of traits associated with serpentine
adaptation of Silene vulgaris. Heredity 19,
1149-1156. (doi:10.1111/}.1420-9101.2006.
01090.x)

MacNair MR. 1983 The genetic control of copper
tolerance in the yellow monkey flower Mimulus
guttatus. Heredity 50, 283—293. (doi:10.1038/hdy.
1983.30)

Louthan AM, Kay KM. 2011 Comparing the adaptive
landscape across trait types: larger QTL effect size in
traits under biotic selection. BMC Evol. Biol. 11, 60.
(doi:10.1186/1471-2148-11-60)

Baskett CA, Schemske DW. 2015 Evolution and
genetics of mutualism. In Mutualism (ed. JL
Bronstein). Oxford, UK: Oxford University Press.
Parmesan C. 2006 Ecological and evolutionary
responses to recent climate change. Annu. Rev. Ecol.

G90§S10T €8T g VoS Y oid  biobuiysiigndAianosiedorqdss H


http://dx.doi.org/10.1534/genetics.114.162420
http://dx.doi.org/10.1111/j.0014-3820.2002.tb00139.x
http://dx.doi.org/10.1111/j.0014-3820.2002.tb00139.x
http://dx.doi.org/10.1111/j.1558-5646.2012.01712.x
http://dx.doi.org/10.1111/j.1558-5646.2012.01712.x
http://dx.doi.org/10.1111/j.1558-5646.2011.01486.x
http://dx.doi.org/10.1111/j.1558-5646.2011.01486.x
http://dx.doi.org/10.1073/pnas.1316773110
http://dx.doi.org/10.1073/pnas.1316773110
http://dx.doi.org/10.1111/evo.12775
http://dx.doi.org/10.1126/science.1107239
http://dx.doi.org/10.1534/genetics.104.036947
http://dx.doi.org/10.1534/genetics.109.106195
http://dx.doi.org/10.1534/genetics.109.106195
http://dx.doi.org/10.1534/genetics.115.178574
http://dx.doi.org/10.1038/nature06756
http://dx.doi.org/10.1111/j.1558-5646.2007.00259.x
http://dx.doi.org/10.1073/pnas.1004666107
http://dx.doi.org/10.1073/pnas.1004666107
http://dx.doi.org/10.1111/j.0014-3820.2000.tb00002.x
http://dx.doi.org/10.1111/j.0014-3820.2000.tb00002.x
http://dx.doi.org/10.1016/j.tig.2012.10.010
http://dx.doi.org/10.1016/j.tig.2012.10.010
http://dx.doi.org/10.1111/j.1558-5646.2010.01165.x
http://dx.doi.org/10.1111/j.1558-5646.2008.00450.x
http://dx.doi.org/10.1111/j.1558-5646.2008.00450.x
http://dx.doi.org/10.1098/rspb.2014.1570
http://dx.doi.org/10.1186/2041-9139-5-5
http://dx.doi.org/10.1186/2041-9139-5-5
http://dx.doi.org/10.1111/nph.13583
http://dx.doi.org/10.1111/nph.13583
http://dx.doi.org/10.1534/genetics.115.181628
http://dx.doi.org/10.1534/genetics.115.181628
http://dx.doi.org/10.1016/j.pbi.2009.10.008
http://dx.doi.org/10.1016/j.gde.2013.02.014
http://dx.doi.org/10.1111/j.1365-294X.2010.04882.x
http://dx.doi.org/10.1111/j.1365-294X.2010.04882.x
http://dx.doi.org/10.1023/A:1018420504439
http://dx.doi.org/10.1023/A:1018420504439
http://dx.doi.org/10.1093/molbev/msr302
http://dx.doi.org/10.1093/molbev/msr302
http://dx.doi.org/10.1111/j.1558-5646.2011.01380.x
http://dx.doi.org/10.1111/j.1558-5646.2012.01622.x
http://dx.doi.org/10.1111/j.1558-5646.2012.01622.x
http://dx.doi.org/10.1371/journal.pbio.0020109
http://dx.doi.org/10.1038/nature09410
http://dx.doi.org/10.1038/ng.608
http://dx.doi.org/10.1016/j.ehb.2009.09.005
http://dx.doi.org/10.1016/j.ehb.2009.09.005
http://dx.doi.org/10.1016/j.tig.2008.09.006
http://dx.doi.org/10.1016/j.tig.2008.09.006
http://dx.doi.org/10.1073/pnas.1402875111
http://dx.doi.org/10.1016/j.tree.2008.11.008
http://dx.doi.org/10.1111/j.0014-3820.2006.tb01191.x
http://dx.doi.org/10.1111/j.0014-3820.2006.tb01191.x
http://dx.doi.org/10.2307/2409217
http://dx.doi.org/10.1038/hdy.1997.189
http://dx.doi.org/10.1016/j.gde.2008.11.007
http://dx.doi.org/10.1016/j.gde.2008.11.007
http://dx.doi.org/10.1371/journal.pgen.1000794
http://dx.doi.org/10.1371/journal.pgen.1000794
http://dx.doi.org/10.1038/hdy.2008.109
http://dx.doi.org/10.1111/j.1420-9101.2006.01090.x
http://dx.doi.org/10.1111/j.1420-9101.2006.01090.x
http://dx.doi.org/10.1038/hdy.1983.30
http://dx.doi.org/10.1038/hdy.1983.30
http://dx.doi.org/10.1186/1471-2148-11-60

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Syst. 37, 637—669. (doi:10.1146/annurev.ecolsys.
37.091305.110100)

Matuszewski S, Hermisson J, Kopp M. 2014 Fisher's
geometric model with a moving optimum.
Evolution 68, 2571—2588. (doi:10.1111/ev0.12465)
Kopp M, Hermisson J. 2009 The genetic basis of
phenotypic adaptation I: fixation of beneficial
mutations in the moving optimum model. Genetics
182, 233-249. (doi:10.1534/genetics.108.099820)
Collins S, de Meaux J. 2009 Adaptation to different
rates of environmental change in Chlamydomonas.
Evolution 63, 2952—2965. (doi:10.1111/j.1558-
5646.2009.00770.x)

Orr HA, Betancourt AJ. 2001 Haldane’s sieve and
adaptation from the standing genetic variation.
Genetics 157, 875—884.

Barrett RDH, Schluter D. 2007 Adaptation from
standing genetic variation. Trends Ecol. Evol. 23,
38-44. (doi:10.1016/j.tree.2007.09.008)

Pennings PS. 2012 Standing genetic variation and
the evolution of drug resistance in HIV. PLoS
Comput. Biol. 8, €1002527. (doi:10.1371/journal.
pchi.1002527)

Messer PW, Petrov DA. 2013 Population genomics of
rapid adaptation by soft selective sweeps. Trends Ecol.
Evol. 28, 659—669. (doi:10.1016/j.tree.2013.08.003)
Burke MK. 2012 How does adaptation sweep
through the genome? Insights from long-term
selection experiments. Proc. R. Soc. B 279,
5029-5038. (doi:10.1098/rsph.2012.0799)

Berg JJ, Coop G. 2015 A coalescent model for a
sweep of a unique standing variant. Genetics 201,
707 -725. (doi:10.1534/genetics.115.178962)
Olson-Manning CF, Wagner MR, Mitchell-Olds T.
2012 Adaptive evolution: evaluating empirical
support for theoretical predictions. Nat. Rev. Genet.
13, 867-877. (doi:10.1038/nrg3322)

Jensen JD. 2014 On the unfounded enthusiasm for
soft selective sweeps. Nat. Commun. 5, 5281.
(doi:10.1038/ncomms6281)

Kassen R, Bataillon T. 2006 Distribution of fitness
effects among beneficial mutations before selection
in experimental populations of bacteria. Nat. Genet.
38, 484-488. (doi:10.1038/ng1751)

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Hietpas RT, Bank C, Jensen JD, Bolon DNA. 2013
Shifting fitness landscapes in response to altered
environments. Evolution 67, 3512—3522. (doi:10.
1111/ev0.12207)

Nachman MW, Crowell SL. 2000 Estimate of the
mutation rate per nucleotide in humans. Genetics
156, 297-304.

Schrider DR, Houle D, Lynch M, Hahn MW. 2013
Rates and genomic consequences of spontaneous
mutational events in Drosophila melanogaster.
Genetics 194, 937—-954. (doi:10.1534/genetics.113.
151670)

Eyre-Walker A, Keightley PD. 2007 The distribtuion
of fitness effects of new mutations. Nat. Rev. Genet.
8, 610—618. (doi:10.1038/nrg2146)

Halligan DL, Keightley PD. 2009 Spontaneous
mutation accumulation studies in evolutionary
genetics. Annu. Rev. Ecol. Evol. Syst. 40, 151-172.
(doi:10.1146/annurev.ecolsys.39.110707.173437)
Rutter MT, Roles A, Conner JK, Shaw RG, Shaw FH,
Schneeberger K, Ossowski S, Weigel D, Fenster (B.
2012 Fitness of Arabidapsis thaliana mutation
accumulation lines whose spontaneous mutations
are known. Evolution 66, 2335—2339. (doi:10.1111/
j.1558-5646.2012.01583.x)

Haldane JBS. 1927 A mathematical theory of natural
and artificial selection, part V: selection and
mutation. Math. Proc. Camb. Philos. Soc. 23,
838—834. (doi:10.1017/50305004100015644)
Kimura M. 1962 On the probability of fixation

of mutant genes in a population. Genetics 47,
713-719.

Whitlock MC. 2003 Fixation probability and time in
subdivided populations. Genetics 164, 767 —779.
Charlesworth B. 2009 Effective population size and
patterns of molecular evolution and variation. Nat.
Rev. Genet. 10, 195-205. (doi:10.1038/nrg2526)
Barrett RDH, M'Gonigle LK, Otto SP. 2006 The
distribution of beneficial mutant effects under
strong selection. Genetics 174, 2071-2079. (doi:10.
1534/genetics.106.062406)

Travisano M, Shaw RG. 2012 Lost in the map.
Evolution 67, 305-314. (doi:10.1111/}.1558-5646.
2012.01802.x)

83.

84.

85.

86.

87.

88.

89.

90.

9.

92.

Yu N, Jensen-Seaman MI, Chemnick L, Ryder O,
Li W-H. 2004 Nucleotide diversity in gorillas.
Genetics 166, 1375—1383. (doi:10.1534/genetics.
166.3.1375)

Gossmann TI, Song B-H, Windsor AJ, Mitchell-Olds
T, Dixon {J, Kapralov MV, Filatov DA, Eyre-Walker A.
2010 Genome wide analyses reveal little evidence
for adaptive evolution in many plant species. Mol.
Biol. Evol. 27, 1822—-1832. (doi:10.1093/molbev/
msq079)

Shapiro JA et al. 2007 Adaptive genic evolution in
the Drosophila genomes. Proc. Natl Acad. Sci. USA
104, 2271-2276. (doi:10.1073/pnas.0610385104)
Keightley PD, Ness RW, Halligan DL, Haddrill PR.
2014 Estimation of spontaneous mutation rate per
nucleotide site in a Drosophila melanogaster full-sib
family. Genetics 196, 313—320. (doi:10.1534/
genetics.113.158758)

Lundemo S, Falahati-Anbaran M, Stengien HK. 2009
Seed banks cause elevated generation times and
effective population sizes of Arabidopsis thaliana in
northern Europe. Mol. Ecol. 19, 1754—1754.
(doi:10.1111/}.1365-294X.2010.04570.x)
Bustamante (D, Nielsen R, Sawyers SA, Olsen KM,
Purugganan MD, Hartl DL. 2002 The cost of
inbreeding in Arabidopsis. Nature 416, 531-534.
(doi:10.1038/416531a)

Yeaman S, Whitlock MC. 2011 The genetic
architecture of adaptation under migration—
selection balance. Evolution 65, 1897 —-1911.
(doi:10.1111/}.1558-5646.2011.01269.x)

Griswold CK. 2006 Gene flow’s effect on the genetic
architecture of a local adaptation and its
consequences for QTL analysis. Heredity 96,
445-453. (doi:10.1038/sj.hdy.6800822)

Hoffmann AA, Rieseberg LH. 2008 Revisiting the
impact of inversions in evolution: from population
genetic markers to drivers of adaptive shifts and
speciation? Annu. Rev. Ecol. Fvol. Syst. 39, 21-42.
(doi:10.1146/annurev.ecolsys.39.110707.173532)
Twyford AD, Friedman J. 2015 Adaptive divergence
in the monkey flower Mimulus guttatus is
maintained by a chromosomal inversion. Evolution
69, 1476—1486. (doi:10.1111/ev0.12663)

G90§S10T €8T g VoS Y oid  biobuiysiigndAianosiedorqdss H


http://dx.doi.org/10.1146/annurev.ecolsys.37.091305.110100
http://dx.doi.org/10.1146/annurev.ecolsys.37.091305.110100
http://dx.doi.org/10.1111/evo.12465
http://dx.doi.org/10.1534/genetics.108.099820
http://dx.doi.org/10.1111/j.1558-5646.2009.00770.x
http://dx.doi.org/10.1111/j.1558-5646.2009.00770.x
http://dx.doi.org/10.1016/j.tree.2007.09.008
http://dx.doi.org/10.1371/journal.pcbi.1002527
http://dx.doi.org/10.1371/journal.pcbi.1002527
http://dx.doi.org/10.1016/j.tree.2013.08.003
http://dx.doi.org/10.1098/rspb.2012.0799
http://dx.doi.org/10.1534/genetics.115.178962
http://dx.doi.org/10.1038/nrg3322
http://dx.doi.org/10.1038/ncomms6281
http://dx.doi.org/10.1038/ng1751
http://dx.doi.org/10.1111/evo.12207
http://dx.doi.org/10.1111/evo.12207
http://dx.doi.org/10.1534/genetics.113.151670
http://dx.doi.org/10.1534/genetics.113.151670
http://dx.doi.org/10.1038/nrg2146
http://dx.doi.org/10.1146/annurev.ecolsys.39.110707.173437
http://dx.doi.org/10.1111/j.1558-5646.2012.01583.x
http://dx.doi.org/10.1111/j.1558-5646.2012.01583.x
http://dx.doi.org/10.1017/S0305004100015644
http://dx.doi.org/10.1038/nrg2526
http://dx.doi.org/10.1534/genetics.106.062406
http://dx.doi.org/10.1534/genetics.106.062406
http://dx.doi.org/10.1111/j.1558-5646.2012.01802.x
http://dx.doi.org/10.1111/j.1558-5646.2012.01802.x
http://dx.doi.org/10.1534/genetics.166.3.1375
http://dx.doi.org/10.1534/genetics.166.3.1375
http://dx.doi.org/10.1093/molbev/msq079
http://dx.doi.org/10.1093/molbev/msq079
http://dx.doi.org/10.1073/pnas.0610385104
http://dx.doi.org/10.1534/genetics.113.158758
http://dx.doi.org/10.1534/genetics.113.158758
http://dx.doi.org/10.1111/j.1365-294X.2010.04570.x
http://dx.doi.org/10.1038/416531a
http://dx.doi.org/10.1111/j.1558-5646.2011.01269.x
http://dx.doi.org/10.1038/sj.hdy.6800822
http://dx.doi.org/10.1146/annurev.ecolsys.39.110707.173532
http://dx.doi.org/10.1111/evo.12663

	Factors influencing the effect size distribution of adaptive substitutions
	Introduction
	Selection
	Pleiotropy
	Distance to the optimum
	Shape of the fitness function
	Moving optimum

	Standing genetic variation
	Mutation and drift
	Gene flow
	Conclusion
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


