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Abstract. The idea of genetic assimilation, that environmentally induced phenotypes may become genetically fixed
and no longer require the original environmental stimulus, has had varied success through time in evolutionary biology
research. Proposed by Waddington in the 1940s, it became an area of active empirical research mostly thanks to the
efforts of its inventor and his collaborators. It was then attacked as of minor importance during the ‘‘hardening’’ of
the neo-Darwinian synthesis and was relegated to a secondary role for decades. Recently, several papers have appeared,
mostly independently of each other, to explore the likelihood of genetic assimilation as a biological phenomenon and
its potential importance to our understanding of evolution. In this article we briefly trace the history of the concept
and then discuss theoretical models that have newly employed genetic assimilation in a variety of contexts. We propose
a typical scenario of evolution of genetic assimilation via an intermediate stage of phenotypic plasticity and present
potential examples of the same. We also discuss a conceptual map of current and future lines of research aimed at
exploring the actual relevance of genetic assimilation for evolutionary biology.
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The concept of ‘‘genetic assimilation,’’ or the ‘‘Baldwin
effect,’’ has been a minor but persistent part of evolutionary
thinking since Waddington’s classic experiments (Simpson
1953). The concept was first introduced by C. H. Waddington
in the 1940s in the context of reconciling apparent cases of
Lamarckism with the neo-Darwinian framework. In current
database searches (such as the Web of Science) only 22 pa-
pers discuss genetic assimilation during the period from 1997
to 2001. However, these papers range in scope from com-
parative developmental biology to phenotypic plasticity,
from quantitative genetic modeling to group selection, and
from studies of hybrid zones to research on neural networks.
The aim of this review is to briefly examine the basic idea
through its historical unfolding, consider selected examples
of its application to empirical and theoretical research in
evolutionary biology, and assess its vitality as a scientific
research program. In particular, we present a conceptual map
of how to study genetic assimilation that we hope will be
useful to researchers interested in pursuing the subject and,
hopefully, to bring Waddington’s ideas again to the forefront
of evolutionary discussions.

Historical Background: What Is Genetic Assimilation?

Organisms’ phenotypes can change across environments
(phenotypic plasticity) and selection can operate both on the

expression of traits within particular environments and on
the shape of the reaction norm itself (Schlichting and Pig-
liucci 1998). Waddington (1942; 1953) grasped both of these
concepts and proposed that selection can act in such a manner
as to turn an environmentally stimulated phenotype (i.e., plas-
ticity) into a fixed response to prevalent environmental con-
ditions (assimilation). Something similar to this apparent ‘in-
heritance of acquired characters’ from an evolutionary point
of view was described by Baldwin (1896) as early as the end
of the nineteenth century. Waddington (1961, p. 257) ex-
plicitly defined genetic assimilation as ‘‘a process by which
characters which were originally ‘acquired characters’ may
become converted, by a process of selection acting for several
or many generations on the population concerned, into ‘in-
herited characters.’’’ Waddington’s concept of ‘‘acquired
characters’’ is clearly equivalent to what we now consider
phenotypically plastic traits. As an example of genetic as-
similation he used the callosities of the ostrich (related to
the crouching position in adult birds), which form while the
bird is still an embryo. He wrote, ‘‘The callosities were
formed as responses to external friction [what we would now
call plasticity], but during the course of evolution the envi-
ronmental stimulus has been superseded by an internal ge-
netic factor’’ (Waddington 1942, 356).
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Waddington was aware of a concept closely intertwined
with his ideas on assimilation, Goldschmidt’s (1940) notion
of ‘‘phenocopy.’’ Goldschmidt defined phenocopy as the
phenotype produced by an environmental stimulus that may
look like the result of a genetic mutation. In fact, Waddington
(1952; 1953) followed up on Goldschmidt’s phenocopy idea
by using experimental data from two selected lines of Dro-
sophila melanogaster. This Drosophila research yielded
groundbreaking data in support of the idea that environmen-
tally induced (i.e., plastic) characters can become fixed in
populations (Waddington 1942). This now classic study ex-
amined how natural selection could act on phenotypes that
are sensitive to an environmental stimulus, which then would
result in a corresponding genetic change that canalized the
phenotype. Wild-type Drosophila melanogaster were given a
strong temperature shock (408C) after puparium formation
(21–23 h old), and this temperature shock was applied fol-
lowing each generation of selection. Two selection lines were
formed, a crossveinless one and a ‘‘normal’’ line (i.e., se-
lection for the wild-type vein pattern). Crossveinless indi-
viduals occurred in approximately 40% of flies of the original
stock following temperature shock. After five generations,
60% of the flies in the crossveinless selection line had the
crossveinless phenotype, and 35% of the normal selected line
had the crossveinless phenotype. By generation 19 of the
experiment, the crossveinless selection line had 98% cross-
veinless phenotype, whereas the normal selection line had
only 15% crossveinless phenotype. It is especially important
to note that by the 12th generation flies from the crossveinless
selection line without the temperature treatment produced the
crossveinless phenotype. Moreover, in these selected lines,
the crossveinless phenotype was maintained even when raised
under normal culture conditions.

Waddington (1953) noted that the genetic background had
a significant impact on the penetrance of the character, sug-
gesting that this was likely due to the polygenic nature of
the crossveinless character. If the same experiment were to
be repeated starting with a different population of flies, he
proposed that a different genetic background could develop
the same phenotype. These ideas were an early suggestion
of the modern concept of genetic redundancy (Goldstein and
Holsinger 1992; Pickett and Meeks-Wagner 1995; Wagner
1999). Waddington’s experiments demonstrated that selec-
tion can genetically fix a phenotypic change that was initially
triggered by the environment. Genetic assimilation, then, is
a process that turns a plastic response into a genetically in-
variant one through continued selection for stable expression
of the trait under new environmental conditions.

Baldwin’s (1896) classic paper, written in arcane pre-Men-
delian language, was a precursor of similar ideas, outlining
the importance of development and plasticity in the evolution
of phenotypes. Baldwin’s (1896, p. 447) definition of his
‘‘new factor in evolution’’ comes close to a description of
genetic assimilation: ‘‘The most plastic individuals will be
preserved to do the advantageous things for which their var-
iations show them to be the most fit, and in the next gen-
eration will show emphasis of just this direction in its var-
iation.’’ Waddington (1961) tried, rather unsuccessfully in
our opinion, to distinguish his ideas from those of Baldwin,
which later came to be termed ‘‘the Baldwin Effect.’’

During the modern synthesis, Huxley (1942) included ge-
netic assimilation (in the form of the Baldwin Effect) as a
subsidiary theory, but Simpson (1953) concluded that Bald-
win considered ‘‘accommodation’’ (plasticity) to be nonhe-
reditary and suggested that this made the Baldwin effect
weak. Simpson may have misunderstood plasticity as it was
being studied by some of his contemporaries (Bradshaw
1965; Marshall and Jain 1968). Bradshaw, in particular, ex-
plicitly stated that phenotypic responses to different envi-
ronments may be consistent among genotypes or genotypes
may have different plasticities (reaction norms of different
slopes or changes in ranks across environments) (Sultan
1995). Arguably, Bradshaw’s insights may have opened the
way to the modern study of phenotypic plasticity (Pigliucci
2001), but this could not have been anticipated by Simpson
when he wrote his commentary on the Baldwin effect.

We will begin our examination of the modern status of
genetic assimilation by discussing the few existing theoretical
investigations into the phenomenon and then describe several
compelling empirical examples from the recent literature. In
the final section of this paper, we will suggest a number of
avenues for further research, which we consider will be fruit-
ful paths into the study of genetic assimilation within the
contemporary framework of evolutionary biology.

Theoretical Treatments and Implications of
Genetic Assimilation

Williams’ (1966) work is a landmark in evolutionary the-
ory largely because of his sophisticated criticism of several
ideas (such as group selection) that enjoyed common accep-
tance after the neo-Darwinian synthesis (Mayr and Provine
1980). Williams’ criticism of genetic assimilation, however,
may have been a bit premature and has probably contributed
to significantly slowing down progress on the theory of ge-
netic assimilation (it is not mentioned in one of the most
recent textbooks on quantitative genetics, Roff 1997; and it
is given a very brief explanation in another, Falconer and
Mackay 1996). Lately, quite a few authors suggested that
Williams may have discounted several other ideas too quick-
ly, as in the case of group selection itself (Goodnight 1985;
Nunney 1989; Wilson and Dugatkin 1997; Sober and Wilson
1998) or phenotypic plasticity (Schlichting 1986; Sultan
1987; West-Eberhard 1989; Scheiner 1993; Pigliucci 2001).
Williams rejected a role for genetic assimilation in evolu-
tionary theory on the grounds that plasticity preceding as-
similation of the novel phenotype would have to be adaptive,
and therefore the result of natural selection (Eshel and Ma-
tessi 1998). This is a rather simplistic assumption because it
equates advantageous characteristics (which can be present
by chance in a population) with the existence of characters
that are the result of the process of adaptation. The two should
remain conceptually distinct (Gould and Vrba 1982).

Theoretical work in the area of genetic assimilation has
been published over the last couple of decades, despite Wil-
liams’ critique. Most theoretical treatments of genetic assim-
ilation focus on a small number of key concepts, which we
will discuss in some detail. Some models use standard quan-
titative genetic techniques, several rely on classic population
genetic scenarios with few loci and alleles, and most make
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use of a combination of analytical techniques and intensive
computer simulations to tackle the complexity of the topic.

Perhaps the first modern theoretical treatment of pheno-
typic evolution that includes genetic assimilation as an im-
portant component is the one provided by Kirkpatrick (1982)
in the context of his discussion of ‘‘quantum evolution’’ and
punctuated equilibria. Adaptive peak shifts have traditionally
been regarded as the result of environmental change, a com-
bination of genetic drift and fitness epistasis or macromu-
tations, and the mechanisms allowing such shifts in multi-
dimensional adaptive landscapes are under intense investi-
gation (Gavrilets 1997; Gavrilets et al. 1998). Kirkpatrick
maintains that a peak shift can occur as a sudden event re-
sulting from the gradual change in a parameter controlling
the distribution of phenotypes in a population, without the
contribution of drift. In complexity theory, such a change is
referred to as a bifurcation (Kauffman 1993). This sort of
modification can be triggered by an alteration in the envi-
ronment (phenotypic plasticity), or by the developmental or
mutational properties of the character(s) under selection.
Changes in the latter properties are hypothesized to be the
result of genetic assimilation and canalization. Kirkpatrick’s
major insight is that a fitness valley can disappear from an
adaptive landscape as the result of environmental or devel-
opmental changes, if these mechanisms affect the phenotypic
distribution at the population level and result in an increase
of the phenotypic variance. Selection will then have to push
the population toward the highest nearby fitness peak. If these
ideas are correct, then we have a novel solution to Wright’s
(1932; 1967) problem of peak shifts. It is incidentally im-
portant to note that we consider peak shifts broadly to include
any major phenotypic transition a population goes through
that significantly alters the relationship between the pheno-
typic space occupied by the population and its average fitness.
Both our conceptualization and Kirkpatrick’s can be consid-
ered independent of the specific solutions required by the
shifting balance theory as defined by Wright, which has been
subjected recently to much critical scrutiny (Crow 1991;
Wade and Goodnight 1991; Barton 1992; Phillips 1993; Price
et al. 1993; Moore and Tonsor 1994; Goonight 1995; Gav-
rilets 1996; Coyne et al. 1997; Peck et al. 1998).

Hinton and Nowlan (1987) reached a very similar sets of
conclusions in a completely different context. These authors
explored the advantage that learning (which in their model
is functionally equivalent to phenotypic plasticity), can have
when added to an initial process of genetic specialization
(see also Schlichting and Pigliucci 1998, ch. 9). Hinton and
Nowlan (1987) expressly set out to incorporate the Baldwin
effect in their model and found that—as was suggested by
Baldwin himself—the ‘‘evolutionary search space’’ can be
explored much more efficiently by a combination of pro-
cesses, such as selection and learning (see also: Behera 1994).
Selection by itself would not be sufficient because when the
population is close to the adaptive peak the favorite com-
bination of genes can be broken up by recombination, a clas-
sical problem in evolutionary genetics. One of the interesting
prerequisites for the Baldwin effect to work is that the or-
ganism must somehow ‘‘recognize’’ that it is approaching
the adaptive peak. This means that evolution will favor the
appearance of receptors of environmental signals, most es-

pecially of cues that are reliably correlated with (and possibly
anticipating: Schlichting and Pigliucci 1998; Tufto 2000) the
environmental factor of interest. Moreover, according to Hin-
ton and Nowlan, the Baldwin effect works best if the adaptive
landscape is complex (‘‘rugged’’ in complexity theory ter-
minology; Kauffman 1993). This is because standard evo-
lution by genetic specialization is sufficient to locate the po-
sition of a peak in the adaptive landscape. Learning or plas-
ticity become necessary only for the fine tuning operation of
‘‘hill climbing’’ in a complex landscape with many peaks of
similar fitness close to each other.

Gerard et al. (1993) discuss the evolution of phenotypic
plasticity and genetic assimilation as alternative outcomes in
a simple two locus-two allele model. In this scenario, a wild-
type and a novel phenotype are favored in distinct environ-
ments, and the bridge between the two is provided by phe-
notypic plasticity. In general, a directional shift in the en-
vironment ends up favoring canalization of the novel phe-
notype through an intermediate stage of plasticity. In contrast,
environmental fluctuations tend to favor plasticity, unless
there are genetic constraints limiting the range of phenotypic
outcomes.

The relationship between plasticity and genetic assimila-
tion is emphasized also by Behera (1994), who correctly
maintains that it is because development is inherently plastic
that the whole process is possible. In this sense, as argued
by one of us (Pigliucci 2001), we should think of nonplastic
genotypes as the derived state, since homeostasis in the face
of environmental change requires selection of particular com-
binations of genes. Phenotypic plasticity is inherent in the
fact that biomolecules are intrinsically sensitive to at least
some environmental factors, such as temperature or pH. Be-
hera reaches his conclusions on the basis of a simple model
that shows that the number of genotypic combinations re-
quired to be tested by natural selection is greatly reduced if
plasticity is present (under one of the scenarios that he pre-
sents plasticity reduces the number of combinations from 218

to 29). It is reassuring to note that these results are similar
to those emerging from the study by Hinton and Nowlan
(1987) mentioned above.

Behera’s paper also touches on another component of the
problem of evolution by genetic assimilation: the possibility
of costs of plasticity (DeWitt et al. 1998; Dorn et al. 2000).
This issue is explored in more detail by Mayley (1997) who
suggests that costs of plasticity may lead to genetic assimi-
lation even under moderately heterogeneous environmental
conditions. Mayley carried out simulations using Kauffman’s
(1993) N–K models. In this kind of model N is the number
of parts constituting a system, in this case the length of the
genotype, and K is the number of connections among the
parts, here a measure of epistasis. Mayley explored three
scenarios using this modeling framework: cost-free learning
(or plasticity), low cost, and high cost. In the first case the
outcome leads to several genotypes equivalent in fitness be-
cause they could produce the target phenotype as a result of
plasticity. Because of the absence of costs, genetic assimi-
lation is not favored. Interestingly, plasticity performs best
when the number of connections among genes (epistasis) is
higher. The second scenario (low cost of plasticity) mildly
selects for genotypes with low cost, which favors genetic
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assimilation, but only if the correlation between genotypic
and phenotypic space is high (otherwise, plasticity is still
favored, despite the cost). Finally, when the cost of learning
or plasticity is high, selection settles for suboptimal canalized
solutions. Curiously, if the correlation between the genotypic
and phenotypic landscapes is close to zero (a biologically
unlikely occurrence), genetic assimilation does not occur
even if the cost of plasticity is very high.

Eshel and Matessi (1998) used a quantitative genetic model
that predicts the evolution of adaptively canalized systems
that can break down under stress, which allows a wide array
of novel phenotypes to emerge (for a similar proposal based
on empirical data, see Rutherford and Lindquist 1998). The
model also shows that the set of novel phenotypes is likely
to include adaptive ones (in the sense of advantageous under
the novel conditions), out of the variety of phenotypes ac-
cumulated by exposure to past environments and that can be
generated from the release of hidden genetic variance (ac-
crued because of canalization: (Rutherford and Lindquist
1998). In fact, the production of phenotypes is biased in favor
of [pre] adapted ones in this simulation. These results are in
agreement with Wright’s observation (discussed in Eshel and
Matessi 1998) that so-called ‘‘novel’’ environments are in
fact never entirely novel, but are more or less correlated with
the array of environments experienced by the population in
the past. The authors argue that: ‘‘The phenotypes uncovered
by the inactivation of the canalizing system are not expected
to distribute at random. Instead, one expects a strong en-
richment of their distribution in favor of phenotypes which,
even before, have been advantageous at least in some rare
niches of the environment in which they have evolved’’ (Esh-
el and Matessi 1998, p. 2132).

Some of the published models that examine the possibility
of genetic assimilation include a role for epigenetic inheri-
tance systems (Jablonka and Lamb 1989; Jablonka et al.
1998). This concept is similar to the suggestion made by
some philosophers of science that the entire developmental
system is inherited in the course of evolution, not just the
genes coding for proteins (e.g., Griffiths and Gray 1997).
Pal’s (1998) work, for example, incorporates both plasticity
and the ability of organisms to pass nongenetic information
to the next generation (‘‘memory’’ in the author’s terminol-
ogy). Pal reaches conclusions similar to those discussed
above: when a character is far from a local optimum the
generation of novel phenotypic variance is advantageous, but
then selection will reduce phenotypic variance (causing can-
alization) when the population is close to the optimum. The
process therefore goes from the presence of phenotypic plas-
ticity to a genetically assimilated character state. Epigenetic
inheritance systems turn out to be evolutionarily useful under
fluctuating environments, because they make the genotype-
phenotype mapping function (Alberch 1991) fuzzier. This
fuzziness diminishes the necessity for a precise tracking of
environmental changes by the genetic system, a costly and
often impossible result to achieve for natural populations.

In a follow-up study, Pal and Miklos (1999) suggest that
epigenetic inheritance systems (e.g., chromatin marking, as
in the case of DNA methylation) can produce heritable phe-
notypic variation at a much higher rate than the standard
genetic process based on mutation. They link this property

to the rapid production of hybrid inviability or sterility and
swift phenotypic change under shifting environmental con-
ditions. These mechanisms can cause divergence between
populations prior to genetic differentiation, and then can be
reinforced by classical genetic change. Similar to the work
by Kirkpatrick discussed above, Pal and Miklos (1999) an-
alyze a model with two adaptive peaks and conclude that
epigenetic inheritance systems, by increasing phenotypic var-
iance, may allow a population to approach a new peak es-
sentially without abandoning the other one. That is, the in-
termediate adaptive valley is eliminated. Pal and Miklos, like
Kirkpatrick (1982), put the emphasis on population-level
phenomena, suggesting that epigenetic inheritance systems
(or the other mechanisms that increase phenotypic variance
in Kirkpatrick’s model) are likely to yield novel phenotypes
simultaneously in many individuals of the population, not
just in rare mutants as is the case when classical mechanisms
are operating. Pal and Miklos (1999) also conclude—not sur-
prisingly—that the time to peak shift is inversely proportional
to population size and the depth of the intervening valley.
Interestingly, such time is dramatically reduced if epigenetic
inheritance systems are allowed to evolve, regardless of pop-
ulation size and valley depth. Essentially, these systems func-
tion as a sort of ‘‘extra dimensional bypass’’ permitting the
population to move from one peak to another. This idea has
a counterpart in models based on classical allelic substitution
in which the high dimensionality of the adaptive landscape
forms natural ‘‘ridges’’ from one peak to the other (Gavrilets
1997; Gavrilets et al. 1998). The implications for speciation
are obvious: reproductive isolation can arise as a by-product
of changes in the epigenetic inheritance system.

A final work on the theory of assimilation we wish to
mention briefly is the model by Sasaki and Tokoro (1999)
who used neural networks to model evolution enhanced by
‘‘learning’’ (i.e., plasticity). The process of learning in this
model is mathematically equivalent to modeling genetic as-
similation, and the outcome shows that adaptation is reached
very rapidly in a static environment, but that genetic assim-
ilation does not evolve when the environment is heteroge-
neous, in agreement with the results discussed so far for other
models.

All in all, there are some recurring themes that mark the-
oretical discussions of genetic assimilation. These include:
(1) the association with phenotypic plasticity, which has to
be present in the beginning to allow the process to start; (2)
the relationship between plasticity, genetic assimilation, and
the problem of adaptive peaks shifts; (3) the potential role
of epigenetic inheritance systems in the process; (4) the con-
cept of bypassing adaptive valleys; (5) the limits imposed by
costs of plasticity, which may actually favor a more rapid
approach to the final stage of genetic assimilation; (6) the
emphasis on the rapidity of the process when compared with
standard evolution by allelic substitution only; and (7) the
similarity between plasticity and learning from the viewpoint
of their macroevolutionary consequences. It is now time to
consider some empirical studies of the potential role of ge-
netic assimilation in evolution. As we shall see, little has
been done that explicitly incorporates the transitional role of
phenotypic plasticity leading to macroevolution-level bio-
logical change, but suggestive empirical data exist.
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Modern Empirical Evidence Consistent with
Genetic Assimilation

Genetic assimilation has recently experienced something
of a renaissance in the evolutionary literature. A possible
example comes from a study involving selection on mor-
phological plasticity and its implications for speciation in
Anolis lizards from the Caribbean. Throughout the Caribbean
islands Anolis colonize a wide range of habitats following 20
million years of evolution: from terrestrial habitats to branch-
es, trunks, and small twigs of trees. Taxa found in habitats
with broad surfaces have long limbs allowing them to main-
tain maximal sprint speeds, whereas those species that use
narrow perches have relatively short limbs which enable them
to perform delicate movements (Losos et al. 1994). This same
pattern of positive correlation between perch diameter and
leg length was observed for populations of A. sagrei and A.
carolinensis that were established 20 years ago, after which
populations had diversified in their habitat use (Losos et al.
2000). This field experiment, therefore, suggested that phe-
notypic plasticity leading to partial assimilation might play
a role in the evolution of limb size.

To test explicitly if phenotypic plasticity and genetic as-
similation or fixed genetic differentiation among populations
were possible mechanisms of the evolution of limb size, Lo-
sos et al. (2000) grew Anolis sagrei in terraria with perches
of either narrow or broad dowels to examine the influence
of perch size on hind limb length. They found (for both males
and females) that relative hind limb growth was significantly
different between the two treatments, with greater relative
hind limb growth on thicker dowels. Leg length for this par-
ticular species depended on perch size during development.
The authors concluded that phenotypic plasticity may have
played an important role in the evolutionary radiation of An-
olis lizards across habitat types throughout the diverse islands
of the Caribbean. If indeed phenotypic plasticity followed by
genetic assimilation was the mechanism of radiation of these
Anolis lizards, these species would be an excellent example
of the role of genetic assimilation at the macroevolutionary
scale.

Reaction norm-mediated evolution via genetic assimilation
may be quite common in nature (Schlichting and Pigliucci
1993; Pigliucci 2001), and the evolution of aposematic col-
oration in some insects is a likely candidate example. In many
insect taxa, conspicuous warning coloration (aposematism)
deters predators that use visual search strategies. Classic the-
oretical models that describe the evolution of aposematism
are based on allelic substitution where genes for conspicuous
coloration spread through a population that was originally
cryptically colored. However, empirical evidence has accrued
on the density-dependent costs of being conspicuous (Sword
1999; Rowe and Guilford 2000) and traditional models have
fallen short of accounting for such costs. Investigations of
Schistocerca emarginata and S. gregaria grasshoppers, a case
where aposematism is mediated by insect density, have
shown that warning coloration is a plastic trait (Sword 1999).
Sword suggests that by being plastic the initial costs of con-
spicuousness may be circumvented.

Grasshoppers are also interesting because of their predator
avoidance, which is independent of warning coloration.

Grasshopper palatability is mediated by host-plant chemistry.
Both palatable and unpalatable populations of these grass-
hoppers change color depending on density (Sword 2002).
Sword hypothesizes that the plastic aposematic response (via
density dependence) is an intermediate, yet adaptive, stage
to constitutive aposematic phenotypes. He suggests that if
this were true, the palatable and unpalatable populations
would have differing reaction norms, and the differences in
plasticity would account for the associated costs of being
conspicuous. The proportion of change to the warning col-
oration is strikingly higher and is a more consistent color
change in the crowded unpalatable group than in the palatable
group, which is in agreement with Sword’s expectation. Pal-
atable individuals that are reared at high density do not re-
ceive as high a benefit from the warning coloration, and thus
are less conspicuous in their color change at high density.
Sword concludes that the differential plasticity of density
dependent aposematism indicates that the evolution of pred-
ator avoidance is likely to occur through genetic assimilation
(Sword 2002).

A classic example of phenotypic plasticity is demonstrated
in the transplant experiments of Achillea by Clausen et al.
(1960) at different altitudes in the Sierra Nevada. Gurevitch
(Gurevitch 1988, 1992; Gurevitch and Schuepp 1990) revis-
ited their research by examining specific traits which previous
ecophysiological work suggested to be influenced by altitude
in Achillea lanulosa. In this species, leaves are larger and
more highly dissected at lower altitudes and become smaller
and more compact as altitude increases. Gurevitch collected
genets from the Timberline (3050 m) and Mather (1400 m)
populations—sites previously used by Clausen et al. (1948)
and transplanted them into the greenhouse where they were
subjected to two temperature regimes to examine the genetic
components of phenotypic plasticity. Differences in leaf-size
dimensions are not simply the result of scaling: rather, length
increases more than width in warm environments compared
to cold ones. Importantly for our discussion, the genetic dif-
ference between high and low altitude populations parallels
the plastic response to growth in the two different temper-
atures and the differences observed in the field for the two
altitudes remain when plants are grown in a common envi-
ronment. This experiment provides a good example of how
phenotypic plasticity may lead to local adaptation and then
eventually genetic assimilation (which in this case would still
be ongoing), thereby influencing trait evolution across pop-
ulations or locally specialized ecotypes.

Generally, the examples we found in the literature follow
a similar pattern that corroborates the idea of genetic assim-
ilation via phenotypic plasticity as a mechanism of evolu-
tionary change (Fig. 1). The pattern can be summarized as
follows: when a population (A) that descends from one that
was adapted to a different environment (B) is grown under
conditions similar to the ancestral ones (B, and currently
experienced by its close conspecifics or congenerics), it ex-
presses phenotypic plasticity in the ‘‘appropriate’’ direction.
That is to say, the plasticity is in the direction of the adaptive
phenotype expressed by the related populations or species
living in the ancestral environment. For example, this is the
pattern van Tienderen (1990) observed for two populations
of Plantago lanceolata, a hayfield and a pasture population.
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FIG. 1. A scenariogram illustrating a common pattern of differ-
entiation of phenotypic plasticity that may be caused by ongoing
genetic assimilation: the lines represent population or species re-
action norms for an ecologically important character expressed in
response to the variability of a given environmental factor. The
ancestral reaction norm is depicted as a broken line. After speciation
(or separation of the original population) the two taxa evolve an
increasing degree of adaptation to their particular environment,
which at least in some cases (upper reaction norm) is accompanied
by a reduction of the degree of plasticity. See text for a discussion
of some actual examples following this general pattern.

In their home environment, hayfield populations have an erect
growth habit, whereas pasture plants normally have a pros-
trate growth habit. This is consistent with the characteristics
of the habitat, because in the hayfield there is competition
among plants for light, few rosettes are formed, and they
grow erect to compete for light and to reproduce before the
field is mowed. However, in pastures plants have more ro-
settes, an appropriate phenotype in an environment where
trampling and grazing are a common selective pressure.
When grown in the opposite environmental conditions (high
vs. low vegetation associated with hayfield and pasture, re-
spectively), the plants tend towards the phenotype (erect or
prostrate) typically expressed in that environment. van Tien-
deren (1990) suggests that these results imply limits to adap-
tive plasticity, probably because of costs or trade-offs, lead-
ing to specialization through adaptation to local conditions.
However, this pattern is also consistent with the mechanism
of differentiation via genetic assimilation (through a pro-
gressive reduction of plasticity followed by selection for a
specific phenotype in the focal environment), which repre-
sents a nonmutually exclusive hypothesis in respect to van
Tienderen’s conclusions. The appropriate phenotype is pre-
sent in the home environment, yet a suboptimal phenotype
is also expressed in the opposite environment, consistent with
the fact that these specific genotypes have probably never
experienced the alternative environmental conditions.

This kind of appropriate response across environments has
also been observed for closely related species. Day et al.
(1994) raised two species of three-spine stickleback (un-
named species of Gasterosteus called ‘‘benthic’’ and ‘‘lim-

netic’’) on the diets typical of the other species under natural
conditions. The authors found (as for the ecotypes of Plan-
tago) that the natural morphological gap between the two
species was narrowed considerably (although not quite
bridged) by phenotypic plasticity, depending upon the trait
of interest. The species with the more variable diet also
showed the greater magnitude of plasticity. Because Day et
al. (1994) detected plasticity in these species, their work may
be an example of genetic assimilation still in progress.

These empirical studies are similar in the types of exper-
iments that were used, and lend indirect support to the hy-
pothesis of genetic assimilation (through reduction of adap-
tive plasticity) as a common mode of evolution. The ancestral
reaction norm may have been intermediate, or may have been
closer to one of the currently existing descendant populations
(Fig. 1). This is why it is important to study the evolution
of reaction norms using an informed phylogeny (Doughty
1995). Several additional studies on adaptive phenotypic
plasticity across multiple populations or species uncover pat-
terns similar to the one described here, yet authors rarely
discuss genetic assimilation as the mechanism of differen-
tiation (Pigliucci 2001). In the final section of this paper, we
describe several lines of investigation that we think may get
us closer to including genetic assimilation into the main-
stream of evolutionary research.

Toward a Research Program that Incorporates
Genetic Assimilation

Philosopher of science Imre Lakatos (1977) has pointed
out that one of the best ways to decide if a scientific theory
or idea is a good one is not by directly evaluating its truth-
value (which is far from a straightforward problem to tackle),
but to see if it leads to a proliferating research program. Even
ideas that ultimately turn out to be incorrect, such as the
theory of a stationary universe, are useful in science if they
spur scientific research which yields fruits, sometimes in-
dependently of the accuracy of the original theory (e.g., con-
sider the Big Bang theory which emerged from critiques of
the stationary model). In biology, for example, we will prob-
ably have a permanently hung jury on the relevance of grad-
ualism versus punctuated equilibria (Eldredge and Gould
1972; von-Vaupel Klein 1995), but the original idea has
spurred fruitful research in paleontology and evolutionary
biology over the past three decades.

Something similar may hold in the case of genetic assim-
ilation. The first time around, when genetic assimilation was
proposed and passionately pursued by Waddington, few peo-
ple followed up on his research program. The clearly un-
natural environmental treatments of most of Waddington’s
experiments made many people question the importance of
genetic assimilation in natural populations. Yet, the idea re-
mains in the literature, infrequently cited but appearing as a
plausible alternative hypothesis across the decades. A valiant
attempt was made by M. J. West-Eberhard (1989), when she
hypothesized that a shift in the threshold of expression of
environmentally induced changes in morphology could gen-
erate distinct populations very rapidly and result in specia-
tion. For some reason that should be of interest to historians
and sociologists of science, the concept of genetic assimi-
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FIG. 2. A concept map of where we see future research on genetic assimilation. The map can be read starting from any particular box.
Each enclosed area represents a concept or area of research, and the logical links (arrows) are described by the accompanying text. See
the main article for a discussion of some of the details of the map.

lation keeps coming up in the evolutionary literature, but also
keeps failing to appropriately capture the imaginations of
empirical scientists. We argue (again) that the toolbox of
present day evolutionary biologists will allow us to bring this
idea onto the main stage of evolutionary theory. We consider
the recent advances in theoretical and empirical evolutionary
biology, as well as those made in molecular developmental
genetics, as crucial steps that will help us understand genetic
assimilation.

We propose what could be thought of as a ‘‘concept map’’
of potential developments in the field of genetic assimilation
over the next few years (Fig. 2). This outlines our own ideas
and is likely to be incomplete; nevertheless, it may provide
a reasonable starting point for researchers interested in this
type of inquiry. We see several major areas contributing to
the study of genetic assimilation, including organismal bi-
ology and molecular developmental biology.

In terms of organismal biology, we consider phylogenet-
ically informed studies of the intra- and interspecific diver-
gence of reaction norms a main area that will help pinpoint

possible examples of recent genetic assimilation, or even in-
stances of the process in progress. Given the hypothesis that
assimilation can occur within a few generations, it ironically
may be too fast for us to catch, given a common focus on
broad comparative studies. This is why we advocate histor-
ically informed research addressing variation among closely
related populations or very closely related species. However,
most of our phylogenetic studies are carried out at much
higher taxonomic levels, and intraspecific phylogenies are of
course complicated by the possibility of rampant reticulate
evolution, making these data challenging to obtain. The latter
problem is being ameliorated by the development of a variety
of novel methods capable of taking into account reticulation
(Cornillon et al. 2000; Posada and Crandall 2001), together
with the use of combinations of nuclear and mitochondria/
chloroplast DNA data (Wendel et al. 1991; Giebler 1997;
Kenyon 1997).

We also think that a renewed attempt at following directly
upon Waddington’s research will be fruitful. We suggest
however that artificial selection or, better, cage studies sim-
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ulating more natural situations—both in the laboratory, and
whenever possible, in the field—will be more likely to lead
to informative data on the timescale and environmental con-
ditions required for genetic assimilation to occur. These lines
of research would show convincingly that genetic assimila-
tion is, in fact, a viable evolutionary mechanism under re-
alistic conditions, and would provide important insights into
the dynamics that might be involved in its occurrence in
natural populations.

As for molecular and developmental biology, comparative
studies (again, phylogenetically informed) of the evolution
of known environmental sensors (e.g., the phytochrome mol-
ecules sensing different aspects of light in plants: Schmitt et
al. 1999; Smith 2000; Simmons et al. 2001) in very closely
related taxa may uncover situations in which, through time,
plasticity has resulted in a canalized phenotype via assimi-
lation. In such cases, one should be able to demonstrate the
redundancy of the once-useful environmental receptors, or
even find pseudogenes that once coded for active receptors
of environmental information. Similarly, comparative studies
of changes in methylation patterns and other alterations of
gene regulation—put in an ecological perspective—might
help in revealing historical (indirect) traces of past genetic
assimilation. However, the success of this line of attack will
depend crucially on the ability of molecularly inclined evo-
lutionary biologists to make as precise predictions concerning
the expected patterns as possible.

A third area of inquiry within molecular biology should
focus on the role of hormones as mediators between the ex-
ternal and internal environment, a role much underappreci-
ated in the literature on phenotypic plasticity (Pigliucci 2001,
ch. 5). A splendid example comes from the work of Emery
et al. (1994) on two ecotypes of Stellaria longipes. They
compared plants from two environments: an alpine form with
low plasticity for stem elongation and a prairie form with
high plasticity. They found that these plants responded in
opposite directions to the presence of ethylene, a hormone
known to be involved in wind-stimulated elongation respons-
es. It is intriguing that the same molecular machinery, and
in particular the same hormone, can produce radical alter-
ations of the reaction norms as an adaptation to contrasting
ecological situations within the same species. This is one clue
that genetic assimilation and adaptive evolution via pheno-
typic plasticity may play important roles in macroevolution-
ary processes, yet also suggest that in some cases cladeo-
genesis may be a much faster phenomenon than most re-
searchers interested in the micro-/macroevolution gap usually
considered.

There is also a host of related questions that have the
potential of shedding light on the issue at hand, while at the
same time being valuable fields of research of their own.
Some of these further enrich our conceptual map: costs of
plasticity (DeWitt et al. 1998; Van Buskirk 2000; van-Kleu-
nen et al. 2001), developmental plasticity and heterochrony
(Callahan et al. 1997; Gilbert 2001; Weinig and Delph 2001),
phylogenetic studies of the evolution of plasticity (Doughty
1995; Qualls and Shine 1996; Pigliucci et al. 1999), epige-
netic inheritance systems (Jablonka and Lamb 1989, 1998),
the genetic basis of homeostasis (Mitton and Grant 1984;
King et al. 1995; Fenster and Galloway 1997), simulated or

artificial adaptive evolution (Wagner 1995; Mayley 1997),
and theoretical studies of the relationship between phenotypic
variance and adaptive peak shifting (Price et al. 1993; Whit-
lock 1995; Whitlock 1997). There is no space in this review
to examine any of these even briefly, but they are all vigorous
areas of research that are mature for a synthesis, and that
synthesis may gravitate around the concept of genetic assim-
ilation.

We feel that recent advances in quantitative genetics, mo-
lecular biology, and theoretical systematics pave the way for
a more complete understanding of genetic assimilation. Al-
though there has been skepticism as to whether we will be
able to ‘‘catch it in the act,’’ we assert that the areas of
research that we have mentioned above will give us a more
complete understanding of genetic assimilation in nature.

ACKNOWLEDGMENTS

We would like to thank C. Boake, J. Dole, and C. Schlicht-
ing for commenting on previous drafts of this manuscript and
for discussions on genetic assimilation. This work was par-
tially supported by National Science Foundation grant DEB-
0089493.

LITERATURE CITED

Alberch, P. 1991. From genes to phenotypes: dynamical systems
and evolvability. Genetica 84:5–11.

Baldwin, J. M. 1896. A new factor in evolution. Am. Nat. 30:
354–451.

Barton, N. H. 1992. On the spread of new gene combinations in
the third phase of Wright’s shifting-balance. Evolution 46:
551–556.

Behera, N. 1994. Phenotypic plasticity and genetic assimilation in
development and evolution. Bionature 14:1–22.

Bradshaw, A. D. 1965. Evolutionary significance of phenotypic
plasticity in plants. Adv. Genet. 13:115–155.

Callahan, H. S., M. Pigliucci, and C. D. Schlichting. 1997. Devel-
opmental phenotypic plasticity: where ecology and evolution
meet molecular biology. BioEssays 19:519–525.

Clausen, J., and W. M. Hiesey. 1960. The balance between coher-
ence and variation in evolution. Proc. Natl. Acad. Sci. USA 46:
494–506.

Claussen, J., D. D. Keck, and W. M. Hiesey. 1940. Experimental
studies on the nature of species. I. Effect of varied environments
on western North American plants. Carnegie Inst. Wash. Publ.
no. 520.

———. 1948. Experimental studies on the nature of species. III.
Environmental responses of climatic races of Achillea. Carnegie
Inst. Wash. Publ. no. 581.

Cornillon, P.-A., D. Pontier, and M.-J. Rochet. 2000. Autoregres-
sive models for estimating phylogenetic and environmental ef-
fects: accounting for within-species variations. J. Theoret. Biol.
202:247–256.

Coyne, J. A., N. H. Barton, and M. Turelli. 1997. A critique of
Sewall Wright’s shifting balance theory of evolution. Evolution
51:643–671.

Crow, J. F. 1991. Was Wright right? Science 253:973.
Day, T., J. Pritchard, and D. Schluter. 1994. Ecology and genetics

of phenotypic plasticity: a comparison of two sticklebacks. Evo-
lution 48:1723–1734.

DeWitt, T. J., A. Sih, and D. S. Wilson. 1998. Costs and limits of
phenotypic plasticity. Trends Ecol. Evol. 13:77–81.

Dorn, L. A., E. H. Pyle, and J. Schmitt. 2000. Plasticity to light
cues and resources in Arabidopsis thaliana: testing for adaptive
value and costs. Evolution 54:1982–1994.

Doughty, P. 1995. Testing the ecological correlates of phenotypi-
cally plastic traits within a phylogenetic framework. Acta Oecol.
16:519–524.



1463GENETIC ASSIMILATION IN EVOLUTIONARY THEORY

Eldredge, N., and S. J. Gould. 1972. Punctuated equilibria: an al-
ternative to phyletic gradualism. Pp. 82–115 in T. J. M. Schopf,
ed. Models in paleobiology. Freeman, Cooper and Co., San Fran-
cisco, CA.

Emery, R. J. N., D. M. Reid, and C. C. Chinnappa. 1994. Phenotypic
plasticity of stem elongation in two ecotypes of Stellaria lon-
gipes: the role of ethylene and response to wind. Plant Cell
Environ. 17:691–700.

Eshel, I., and C. Matessi. 1998. Canalization, genetic assimilation
and preadaptation: a quantitative genetic model. Genetics 149:
2119–2133.

Falconer, D. S., and T. F. C. Mackay. 1996. Introduction to quan-
titative genetics. Prentice Hall, Harlow, U.K.

Fenster, C. B., and L. F. Galloway. 1997. Developmental homeo-
stasis and floral form: evolutionary consequences and genetic
basis. Int. J. Plant Sci. 158:S121–S130.

Gavrilets, S. 1996. On phase three of the shifting balance. Evolution
50:1034–1041.

———. 1997. Evolution and speciation on holey adaptive land-
scapes. Trends Ecol. Evol. 12:307–312.

Gavrilets, S., H. Li, and M. D. Vose. 1998. Rapid parapatric spe-
ciation on holey adaptive landscapes. Proc. R. Soc. Lond. B 265:
1483–1489.

Gerard, J.-F., M. Vancassel, and B. Laffort. 1993. Spread of phe-
notypic plasticity or genetic assimilation: the possible role of
genetic constraints. J. Theoret. Biol. 164:341–349.

Giebler, S. 1997. Analysis of reticulate relationships within the
Daphnia longispina species complex. Allozyme phenotype and
morphology. J. Evol. Biol. 10:87–106.

Gilbert, S. 2001. Ecological developmental biology: developmental
biology meets the real world. Dev. Biol. 233:1–12.

Goldschmidt, R. 1940. The material basis of evolution. Yale Univ.
Press, New Haven, CT.

Goldstein, D. B., and K. E. Holsinger. 1992. Maintenance of poly-
genic variation in spatially structured populations: roles for local
mating and genetic redundancy. Evolution 46:412–429.

Goodnight, C. J. 1985. The influence of environmental variation on
group and individual selection in a cress. Evolution 39:545–558.

———. 1995. Epistasis and the increase in additive genetic vari-
ance: implications for phase I of Wright’s shifting balance pro-
cess. Evolution 49:502–511.

Gould, S. J., and E. S. Vrba. 1982. Exaptation—a missing term in
the science of form. Paleobiology 8:4–15.

Griffiths, P. E., and R. D. Gray. 1997. Replicator. II. Judgment Day.
Biol. Philos. 12:471–492.

Gurevitch, J. 1988. Variation in leaf dissection and leaf energy
budgets among populations of Achillea from an altitudinal gra-
dient. Am. J. Bot. 75:1298–1306.

———. 1992. Sources of variation in leaf shape among two pop-
ulations of Achellea lanulosa. Genetics 130:385–394.

Gurevitch, J., and P. H. Schuepp. 1990. Boundary layer properties
of highly dissected leaves: an investigation using an electro-
chemical fluid tunnel. Plant Cell Environ. 13:783–792.

Hinton, G. E., and S. J. Nowlan. 1987. How learning can guide
evolution. Complex Syst. 1:495–502.

Huxley, J. S. 1942. Evolution: the modern synthesis. Allen and
Unwin, London.

Jablonka, E., and M. J. Lamb. 1998. Epigenetic inheritance in evo-
lution. J. Evol. Biol. 11:159–184.

Jablonka, E., and M. J. Lamb. 1989. The inheritance of acquired
epigenetic variations. J. Theoret. Biol. 139:69–83.

Jablonka, E., M. J. Lamb, and E. Avital. 1998. ‘‘Lamarckian’’
mechanisms in Darwinian evolution. Trends Ecol. Evol. 13:
206–210.

Kauffman, S. A. 1993. The origins of order. Oxford Univ. Press,
New York.

Kenyon, J. C. 1997. Models of reticulate evolution in the coral
genus Acropora based on chromosome numbers: parallels with
plants. Evolution 51:756–767.

King, J. J., D. P. Stimart, R. H. Fisher, and A. B. Bleecker. 1995.
A mutation altering auxin homeostasis and plant morphology in
Arabidopsis. Plant Cell 7:2023–2037.

Kirkpatrick, M. 1982. Quantum evolution and punctuated equilibria
in continuous genetic characters. Am. Nat. 119:833–848.

Lakatos, I. 1977. The methodology of scientific research pro-
grammes. Cambridge Univ. Press, Cambridge, U.K.

Losos, J. B., D. J. Irschick, and T. W. Schoener. 1994. Adaptation
and constraint in the evolution of specialization of Bahamian
Anolis lizards. Evolution 48:1786–1798.

Losos, J. B., D. A. Creer, D. Glossip, R. Goellner, A. Hampton, G.
Roberts, N. Haskell, P. Taylor, and J. Ettling. 2000. Evolutionary
implications of phenotypic plasticity in the hindlimb of the lizard
Anolis sagrei. Evolution 54:301–305.

Marshall, D. R., and S. K. Jain. 1968. Phenotypic plasticity of Avena
fatua and A. barbata. Am. Nat. 102:457–467.

Mayley, G. 1997. Landscapes, learning costs, and genetic assimi-
lation. Evol. Comp. 4:213–234.

Mayr, E., and W. B. Provine. 1980. The evolutionary synthesis.
Perspectives on the unification of biology. Harvard Univ. Press,
Cambridge, MA.

Mitton, J. B., and M. C. Grant. 1984. Associations among protein
heterozygosity, growth rate, and developmental homeostasis.
Annu. Rev. Ecol. Syst. 15:479–499.

Moore, F. B. G., and S. J. Tonsor. 1994. A simulation of Wright’s
shifting-balance process: migration and the three phases. Evo-
lution 48:69–80.

Nunney, L. 1989. The maintenance of sex by group selection. Evo-
lution 43:245–257.

Pal, C. 1998. Plasticity, memory and the adaptive landscape of the
genotype. Proc. R. Soc. Lond. B 265:1319–1323.

Pal, C., and I. Miklos. 1999. Epigenetic inheritance, genetic assim-
ilation, and speciation. J. Theoret. Biol. 200:19–37.

Peck, S. L., S. P. Ellner, and F. Gould. 1998. A spatially explicit
stochastic model demonstrates the feasibility of Wright’s shift-
ing balance theory. Evolution 52:1834–1839.

Phillips, P. C. 1993. Peak shifts and polymorphism during phase
three of Wright’s shifting balance process. Evolution 47:
1733–1743.

Pickett, F. B., and D. R. Meeks-Wagner. 1995. Seeing double: ap-
preciating genetic redundancy. Plant Cell 7:1347–1356.

Pigliucci, M. 2001. Phenotypic plasticity: beyond nature and nur-
ture. Johns Hopkins Univ. Press, Baltimore, MD.

Pigliucci, M., K. Cammell, and J. Schmitt. 1999. Evolution of phe-
notypic plasticity: a comparative approach in the phylogenetic
neighborhood of Arabidopsis thaliana. J. Evol. Biol. 12:779–791.

Posada, D., and K. A. Crandall. 2001. Intraspecific gene genealo-
gies: trees grafting into networks. Trends Ecol. Evol. 16:37–45.

Price, T., M. Turelli, and M. Slatkin. 1993. Peak shifts produced
by correlated response to selection. Evolution 47:280–290.

Qualls, C. P., and R. Shine. 1996. Reconstructing ancestral reaction
norms: an example using the evolution of reptilian viviparity.
Func. Ecol. 10:688–697.

Roff, D. A. 1997. Evolutionary quantitative genetics. Chapman and
Hall, New York.

Rowe, C., and T. Guilford. 2000. Aposematism: to be red or dead.
Trends Ecology Evol. 15:261–262.

Rutherford, S. L., and S. Lindquist. 1998. Hsp90 as a capacitor for
morphological evolution. Nature 396:336–342.

Sasaki, T., and M. Tokoro. 1999. Evolving learnable neural net-
works under changing environments with various rates of in-
heritance of acquired characters: comparison of Darwinian and
Lamarckian evolution. Artif. Life 5:203–223.

Scheiner, S. M. 1993. Genetics and evolution of phenotypic plas-
ticity. Annu. Rev. Ecol. Syst. 24:35–68.

Schlichting, C. D. 1986. The evolution of phenotypic plasticity in
plants. Annu. Rev. Ecol. Syst. 17:667–693.

Schlichting, C. D., and M. Pigliucci. 1993. Evolution of phenotypic
plasticity via regulatory genes. Am. Nat. 142:366–370.

———. 1998. Phenotypic evolution, a reaction norm perspective.
Sinauer, Sunderland, MA.

Schmitt, J., S. Dudley, and M. Pigliucci. 1999. Manipulative ap-
proaches to testing adaptive plasticity: phytochrome-mediated
shade avoidance responses in plants. Am. Nat. 154:S43–S54.

Simmons, M. P., C. C. Clevinger, V. Savolainen, R. H. Archer, S.
Mathews, and J. J. Doyle. 2001. Phylogeny of the Celstraceae



1464 M. PIGLIUCCI AND C. J. MURREN

inferred from phytochrome B gene sequence and morphology.
Am. J. Bot. 88:313–325.

Simpson, G. G. 1953. The Baldwin effect. Evolution 7:110–117.
Smith, H. 2000. Phytochromes and light signal perception by

plants—an emergent synthesis. Nature 407:585–591.
Sober, E., and D. S. Wilson. 1998. Unto others: the evolution and

psychology of unselfish behavior. Harvard Univ. Press, Cam-
bridge, MA.

Sultan, S. E. 1987. Evolutionary implications of phenotypic plas-
ticity in plants. Evol. Biol. 21:127–178.

———. 1995. Phenotypic plasticity and plant adaptation. Acta Bot.
Neer. 44:363–383.

Sword, G. A. 1999. Denisity dependent warning coloration. Nature
397:217.

———. 2002. A role for phenotypic plasticity in the evolution of
aposematism. Proc. R. Soc. Lond. B Biol. Sci. 269:1639–1644.

Tufto, J. 2000. The evolution of plasticity and nonplastic spatial
and temporal adaptations in the presence of imperfect environ-
mental cues. Am. Nat. 156:121–130.

Van Buskirk, J. 2000. The costs of an inducible defense in anuran
larvae. Ecology 81:2813–2821.

Van Kleunen, M., M. Fischer, and B. Schmid. 2001. Costs of plas-
ticity in foraging characteristics of the clonal plant Ranunculus
reptans. Evolution 55:1947–1955.

Van Tienderen, P. H. 1990. Morphological variation in Plantago
lanceolata: limits of plasticity. Evol. Trends Plants 4:35–43.

Von Vaupel Klein, J. C. 1995. Phyletic gradualism versus punc-
tuated equilibria: why case histories do not suffice. Acta Bioth-
eor. 43:259–278.

Waddington, C. H. 1942. Canalization of development and the in-
heritance of acquired characters. Nature 150:563–565.

———. 1952. Selection of the genetic basis for an acquired char-
acter. Nature 169:278.

———. 1953. Genetic assimilation of an acquired character. Evo-
lution 7:118–126.

———. 1961. Genetic assimilation. Advances in Genetics 10:
257–290.

Wade, M. J., and C. J. Goodnight. 1991. Wright’s shifting balance
theory: an experimental study. Science 253:1015–1018.

Wagner, A. 1999. Redundant gene functions and natural selection.
J. Evol. Biol. 12:1–16.

Wagner, G. P. 1995. Adaptation and the modular design of organ-
isms. Pp. 317–328 in F. Moran, A. Moreno, J. J. Merelo, and
P. Chacon, eds. Advances in artificial life. Springer, Berlin.

Weinig, C., and L. F. Delph. 2001. Phenotypic plasticity early in
life constrains developmental responses later. Evolution 55:
930–936.

Wendel, J. F., J. M. Stewart, and J. H. Rettig. 1991. Molecular
evidence for homoploid reticulate evolution among Australian
species of Gossypium. Evolution 45:694–711.

West-Eberhard, M. J. 1989. Phenotypic plasticity and the origins
of diversity. Annu. Rev. Ecol. Syst. 20:249–278.

Whitlock, M. C. 1995. Variance-induced peak shifts. Evolution 49:
252–259.

———. 1997. Founder effects and peak shifts without genetic drift:
adaptive peak shifts occur easily when environments fluctuate
slightly. Evolution 51:1044–1048.

Williams, G. C. 1966. Adaptation and natural selection: a critique
of some current evolutionary thought. Princeton Univ. Press,
Princeton, NJ.

Wilson, D. S., and L. A. Dugatkin. 1997. Group selection and as-
sortative interactions. Am. Nat. 149:336–351.

Wright, S. 1932. Evolution in mendelian populations. Genetics 16:
97–159.

———. 1967. ‘‘Surfaces’’ of selective value. Proc. Natl. Acad. Sci.
USA 58:165–172.

Corresponding Editor: J. Mitton


