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Two different, but related, evolutionary theories pertaining to phenotypic plasticity were proposed by James Mark Baldwin and

Conrad Hal Waddington. Unfortunately, these theories are often confused with one another. Baldwin’s notion of organic selection

posits that plasticity influences whether an individual will survive in a new environment, thus dictating the course of future

evolution. Heritable variations can then be selected upon to direct phenotypic evolution (i.e., “orthoplasy”). The combination

of these two processes (organic selection and orthoplasy) is now commonly referred to as the “Baldwin effect.” Alternately,

Waddington’s genetic assimilation is a process whereby an environmentally induced phenotype, or “acquired character,” becomes

canalized through selection acting upon the developmental system. Genetic accommodation is a modern term used to describe

the process of heritable changes that occur in response to a novel induction. Genetic accommodation is a key component of the

Baldwin effect, and genetic assimilation is a type of genetic accommodation. I here define both the Baldwin effect and genetic

assimilation in terms of genetic accommodation, describe cases in which either should occur in nature, and propose that each could

play a role in evolutionary diversification.
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Genes and environment are inextricably linked in the production

of phenotype. Recent attention has been paid to the potential im-

portance of developmental or phenotypic plasticity in promoting

variability and evolutionary diversification (e.g., West-Eberhard

1989, 2003, 2005; Pigliucci and Murren 2003; Price et al. 2003;

Schlichting 2004; Pigliucci et al. 2006; Ghalambor et al. 2007).

The extent to which plasticity promotes evolution however, is

still wrapped in contention (West-Eberhard 2003; de Jong 2005;

Pigliucci et al. 2006). Furthermore, the concepts of the “Bald-

win effect,” proposed by James Mark Baldwin (Baldwin 1896,

1902; Simpson 1953; Robinson and Dukas 1999), and “genetic

assimilation,” proposed by Conrad Hal Waddington (Waddington

1953a,b,c,d, 1957, 1961) are often central to debates on plastic-

ity and evolution; yet their definitions are often misconstrued,

and they are often confused with one another (reviewed in West-

Eberhard 2003). New terms, “phenotypic accommodation” and

“genetic accommodation” (West-Eberhard 2003, 2005), have been

introduced, but may lead to further confusion.

I here provide a detailed review of Baldwin’s and Wadding-

ton’s original work, and synthesize historical concepts within the

framework of modern research. My main objective is to provide

clear, definitive interpretations of the meanings of the Baldwin

effect and genetic assimilation, so that these terms can be used

to effectively convey ideas in evolutionary biology. Although
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similar theories were postulated by Morgan (1896), Osborn

(1896), Gause (1947), and Schmalhausen (1949), I here focus on

the works of Baldwin and Waddington because these have been the

most highly cited (e.g., see West-Eberhard 2003). Furthermore, I

define the term “genetic accommodation” (West-Eberhard 2003)

as it relates to both the Baldwin effect and genetic assimilation,

discuss when each of these processes should occur in nature, and

highlight instances in which plasticity should increase or decrease

adaptive evolution.

Baldwin, Phenotypic
Accommodation, and Genetic
Accommodation
AN INTRODUCTION TO THE BALDWIN EFFECT

James Mark Baldwin (1861–1934) was an American psychologist

who devised two concepts, “organic selection” and “orthoplasy,”

now commonly known as the “Baldwin effect” (term coined by

Simpson 1953). Baldwin’s theory is based on the principle that

individuals are plastic and able to adapt to their environment within

a generation. This plasticity dictates which individuals will survive

and produce offspring and thus dictates the course of evolution. By

no means, however, did he believe that acquired phenotypes could

be inherited. On the contrary, he believed that natural selection acts

on “variations in the direction of the plasticity. . .” (Baldwin 1902,

p. 37). He thus proposed that plasticity would be a positive driving

force of evolution, setting the stage for further neo-Darwinian

evolution by increasing the survival of those who display a plastic

response. Over time, standing genetic variation can be selected

upon so that evolution can proceed in the direction of the induced

plastic response. He referred to the ability of plasticity to increase

survival as “organic selection,” and the directional influence of

organic selection on evolution as “orthoplasy” (Baldwin 1896,

1902). Because Baldwin was a psychologist, he focused heavily

on the role of plasticity in behavior and learning, that is labile

traits, yet also recognized that plasticity occurs in other aspects of

the phenotype as well. His theories can be broadly applied, and

can include developmentally plastic, nonlabile traits.

PHENOTYPIC ACCOMMODATION

Baldwin often spoke of “accommodation” in reference to non-

heritable phenotypic changes that occur in response to the en-

vironment and increase the survival of the organism in the par-

ticular environment in which the phenotype is induced (Baldwin

1896, 1902). The term “accommodation” is still used for simi-

lar effects today, although we now divide accommodation into

genetic and phenotypic components (West-Eberhard 2003, 2005;

Braendle and Flatt 2006). “Phenotypic accommodation” (West-

Eberhard 2003, 2005) is the modern-day equivalent of Baldwin’s

“accommodation,” except that the modern term incorporates re-

sponses to both genetic innovations and environmentally induced

changes, whereas Baldwin used the term to only refer to the lat-

ter. “Genetic accommodation” (West-Eberhard 2003) is a similar

concept related to adaptive genetic changes and will be discussed

below. West-Eberhard (2005) defines phenotypic accommodation

as “adaptive mutual adjustment, without genetic change, among

variable aspects of the phenotype, following a novel or unusual

input [genetic or environmental] during development.” Another

difference between Baldwin’s and West-Eberhard’s definitions is

that Baldwin’s may also include labile (i.e., nondevelopmental)

plastic changes. An example of phenotypic accommodation is

the “two-legged goat effect,” detailed in West-Eberhard (2003,

2005). A mutant goat was born in the early 1900s, without func-

tional forelimbs (Slijper 1942a,b; West-Eberhard 2003, 2005). We

can here think of the absence of functional forelimbs as an envi-

ronment to which the goat must subsequently respond. Through

development, this goat was able to adopt bipedal locomotion via

enlargement of the hind legs and changes to the spine and pelvis

(i.e., a plastic response). Similar phenomena were observed in

baboons (Papio ursinus; reviewed by West-Eberhard 2003) and

Japanese macaques (Macaca fuscata; Hirasaki et al. 2004).

GENETIC ACCOMMODATION

Baldwin noted that heritable variation can occur in the same di-

rection as the plastic response (which he termed “coincident vari-

ations”), and thus phenotypes that are originally environmentally

induced can be selected upon and inherited (Baldwin 1902). Cur-

rently, this phenomenon is considered a type of “genetic accom-

modation” and empirical examples have been documented (see

examples below). In her definition of genetic accommodation,

West-Eberhard (2003, p. 142) includes “gene-frequency change

due to selection on the regulation, form, or side effects of a novel

trait.” Although Baldwin emphasized that evolution would occur

in response to an environmentally induced novel trait, “genetic

accommodation” is now commonly used to refer to evolution in

response to both genetically based and environmentally induced

novel traits (Table 1).

Another type of genetic accommodation is “genetic compen-

sation” (Grether 2005). Here, the environmentally induced phe-

notype is maladaptive, and selection favors genetic variation that

occurs in a different direction than the plastic response (i.e., coun-

tergradient variation; Conover and Schultz 1995), so that a ge-

netic change compensates for the plastic change. The end result

may be an increase or decrease in plasticity, or no change in the

level of plasticity. Because maladaptive plasticity was not consid-

ered in Baldwin’s theory, I will not discuss genetic compensation

in detail.

Baldwin maintained that both neo-Darwinism and neo-

Lamarckism were inherently deficient in explaining evolution. His
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Table 1. Mechanisms of evolutionary change mediated by phenotypic plasticity, and characteristics inherent to each mechanism.

Term Basis for trait inducing the Increase or decrease in the Mean phenotypic value in
evolutionary response level of plasticity the inducing environment

Baldwin effect environmental neither or increase1 changes
genetic assimilation environmental decrease stays the same
genetic accommodation environmental or genetic neither or either changes or stays the same2

1In certain cases, could also include a decrease in plasticity (see text).
2Inducing environment could include either the extrinsic environment or the genetic environment.

two criticisms of neo-Darwinism were (1) small genetic variations

in the “lines of progress” were not substantial enough to adapt an

organism to its environmental conditions, and (2) when structure

and function of complex traits were only partially correlated, as

in the early evolution of these traits, their utility would be of little

advantage (Baldwin 1902). Baldwin posited that environmental

induction, or accommodation, could enhance such variation or

correlations. He did note, however, that neo-Darwinian natural

selection is a requirement for evolution to occur after a plastic

response to a novel environmental stimulus (Baldwin 1902). He

criticized neo-Lamarckism more severely, stating that little or no

evidence for the inheritance of acquired characters exists, and that

the theory is purely speculative.

Examples of Baldwin’s organic selection can be observed in

nature. Yeh and Price (2004) examined dark-eyed juncos (Junco

hyemalis) from California. In the early 1980s, individuals from an

ancestral mountain population colonized and established a coastal

population. The coastal environment is milder, with less seasonal

variation. Yeh and Price found that the newly colonized coastal

population had a breeding season (a highly plastic trait) that was

nearly twice as long, and noted that this increase in breeding time

was adaptive. They speculate that plasticity facilitated coloniza-

tion and establishment of the new population. An example of

both organic selection and orthoplasy comes from Arctic charr

(Salvelinus alpinus) populations from a Scottish lake (Adams and

Huntingford 2004). Three different morphs occur sympatrically:

a benthivorous morph that feeds on macro-invertebrates, a plank-

tivorous morph, and a piscivorous morph. The head anatomy of

these morphs differs to reflect their preferred prey type. Juveniles

of the benthivorous and planktivorous morphs were raised in the

laboratory in a common-garden environment, and measurements

of head size and shape were made on both wild-caught adults

and mature laboratory-raised fish. Both genetic and environmen-

tal components of morph divergence were observed, suggesting

that phenotypic plasticity may have permitted diversification of

morphs into their respective niches, hence setting the stage for

further genetic diversification.

We can suppose that Baldwin’s orthoplasy would be favored

if plasticity is limited. In certain cases, a plastic response to a new

environment may be adaptive, yet a more extreme phenotypic

value would be required to attain maximum fitness. We can imag-

ine a fitness landscape in which an environmentally induced trait

pushes an individual up a new fitness peak, but does not allow it

to reach the fitness maxima (figure 1 in Price et al. 2003; figure 2

in Ghalambor et al. 2007). In this scenario, positive se-

lection would occur on heritable variation in the direction

of the plastic response. Baldwin makes this apparent when

he writes,

[m]any functions may be passably performed through ac-
commodation, supplementing congenital [heritable] charac-
ters, which would be better performed were the congenital
characters strengthened [i.e., if further phenotypic change oc-
curred]. Congenital variation would in these cases by seizing
upon this additional utility [plasticity], carry evolution on far-
ther than it had gone before [i.e., result in heritable changes in
form]. . . this would give the gradual shifting of the congeni-
tal mean toward the full endowment [phenotypic optimum]. . .
(Baldwin 1902, pp. 209–210)

Other such limits identified by DeWitt et al. (1998) include unre-

liable environmental cues and lag time between sensing an envi-

ronmental cue and production of the appropriate phenotype. An

empirical example of shifts in the mean phenotypic value with-

out a change in the level of plasticity is documented in a cich-

lid fish (Pseudocrenilabrus multicolor) from low-oxygen swamps

and well-oxygenated rivers and lakes in Uganda. Chapman et al.

(2000, L. Chapman et al., unpubl. ms.) found that aspects of gill

size were greater in swamp fish than in lake fish, and similar

patterns were observed when fish were raised under high or low

oxygen treatments in the laboratory. Further analyses revealed

that levels of plasticity were not significantly different among

populations, although populations differed in their mean gill size

when raised under common conditions (L. Chapman et al., un-

publ. ms.). These results indicate that since the time of population

divergence, genetic accommodation has resulted in mean differ-

ences in gill size among populations, even though the ability of

the gills to respond to environmental cues has remained constant.

Similar results were found by Van Buskirk and Arioli (2005) in

tadpoles (Rana temporaria) raised with or without predators. Tad-

poles exhibited plasticity in predator avoidance behavior, as well
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as behavioral differences among populations, yet behavioral plas-

ticity did not differ among populations. These results suggest that

phenotypic values across environments can evolve independently

of the level of plasticity.

Baldwin (1902, pp. 36–37) also proposed that plasticity it-

self could be adaptive and selected for, thus increasing plasticity

in a population. Recent interest in this theory has resulted in em-

pirical support confirming Baldwin’s intuition (e.g., Gianoli and

González-Teuber 2005; Nussey et al. 2005; Richter-Boix et al.

2006). It is intuitive that plasticity should often increase under

selection, if the most plastic individuals are the most capable of

colonizing a novel environment or persisting in a fluctuating envi-

ronment. In these instances, the individuals with the highest levels

of plasticity would be under positive selection. Via (1993a,b) ar-

gues that plasticity itself would not be selected upon, but rather

subject to indirect selection via selection on the most extreme

trait values representing the upper limits of the plastic response.

Scheiner and Lyman (1989) and Schlichting and Pigliucci (1993)

on the other hand, propose that selection can occur directly on

plasticity, if plasticity increases the matching between the envi-

ronmental conditions and the corresponding optimal phenotype.

Although these two views of selection on plasticity differ, the

outcome of both cases is identical: plasticity will increase due

to selection, regardless of whether selection acts on the level of

plasticity or on the induced traits/trait values. Indeed, Richard

Wolterek (1909), inventor of the term “reaktionsnorm” (i.e., reac-

tion norm), proposed that the reaction norm, rather than the trait

value, is inherited because nearly all traits are plastic under at least

some environmental conditions (reviewed by Sarkar 2004).

Several empirical examples indicate that plasticity increases

after selection under new environmental conditions. For exam-

ple, Parsons and Robinson (2006) found that the body shape of

pumpkinseed sunfish (Lepomis gibbosus) was more plastic in the

derived open-water ecomorph than in the ancestral inshore eco-

morph, even though the habitat of the latter is more heterogeneous.

Similarly, Aubret et al. (2004) found that the head and jaw length

of tiger snakes (Notechis scutatus) were plastic in island popu-

lations that feed on large prey, but were not plastic in mainland

populations that feed on small prey. Presumably, island popula-

tions were colonized from the mainland, and plasticity allowed

snakes to exploit the new prey source. Even Waddington (1959)

found that plasticity can increase after episodes of directional se-

lection (discussed below).

In summary, the Baldwin effect allows for adaptive evolution

through adaptive phenotypic plasticity, which improves fitness,

thus dictating the course of future neo-Darwinian evolution. West-

Eberhard (2003, p. 153) states that the Baldwin effect is a type of

genetic accommodation in which only changes in the regulation

of a trait (i.e., decreased genetic control, or rather increased plas-

ticity) occur. However, Baldwin clearly indicated that not only

the regulation, but also the form of a trait could change as an evo-

lutionary response to a new environmental stimulus (see above).

Genetic assimilation is another type of genetic accommodation

also relying upon environmental induction, but this mechanism

relies only on evolutionary change in the regulation of a novel

trait and on its frequency of occurrence in a population (Hall

2001; West-Eberhard 2003, 2005).

Waddington, Genetic Assimilation,
and Canalization
AN INTRODUCTION TO WADDINGTON’S THEORY

Conrad Hal Waddington (1905–1975) proposed that development

would evolve to become canalized against environmental pertur-

bations, via selection acting on the developmental system, a pro-

cess he referred to as “genetic assimilation” (1953a,b,c,d, 1957,

1961). Specifically, he defined genetic assimilation as a process

“by which a phenotypic character, which initially is produced only

in response to some environmental influence, becomes, through a

process of selection, taken over by the genotype, so that it is formed

even in the absence of the environmental influence which had at

first been necessary” (Waddington 1961). Although this idea may

initially seem conceptually similar to the Baldwin effect, there

are fundamental differences between the two. Waddington con-

ceptualized an “epigenetic landscape” (Waddington 1953b, 1957),

where the rolling of a ball across a landscape symbolized develop-

ment through time. Environmental perturbations could push the

ball from one developmental pathway to another, and genetic as-

similation acted as an evolutionary process to heighten the ridges

of the landscape, so that, over time, increasingly greater pertur-

bations were needed to shift the ball from one developmental

trajectory to another (reviewed by Rollo 1994, West-Eberhard

2003). His theory posits that the environment induces phenotypes

that are adaptive, and then selection on the developmental sys-

tem acts to reduce responsiveness to the environment (i.e., re-

duce plasticity), so that the induced phenotype becomes “inher-

ited” (i.e., canalized) after a number of generations of exposure

to the environmental stimulus (Waddington 1942, 1953b,c, 1957,

1961). A similar idea was independently proposed by Schmal-

hausen (1949), who used the term “stabilizing selection” to refer

to selection acting against both mutations and environmentally

induced change, which push the phenotype from the local op-

tima. A primary difference between the theories is that Wadding-

ton proposed that environmental perturbations would initially be

adaptive, whereas Schmalhausen proposed that they would be

predominantly (but not always) maladaptive. Schlichting and

Pigliucci (1998) also note the striking similarities between

Schmalhausen’s and Waddington’s theories, but highlight that

Waddington was more radical in that he argued for revision of

the Modern Synthesis (p. 43). West-Eberhard (2005) notes that
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genetic assimilation is a particular case of genetic accommoda-

tion in which the frequency of a trait in the population is altered

due to evolutionary change in the threshold of expression for that

particular trait.

Waddington’s motive for hypothesizing an environmentally

triggered mechanism of evolution was similar to that of Baldwin’s,

in that neither the neo-Lamarckian nor the neo-Darwinian mech-

anisms seemed sufficient in explaining adaptive evolution. On

the Lamarckian mechanism of the heritability of acquired charac-

ters, he wrote, “it has been so widely rejected by. . . the scientific

world that it is hardly considered to be worthy of discussion in

most of the important recent works on evolution” (Waddington

1953c). Although Waddington did not completely denounce neo-

Darwinism, he highlighted the deficiencies in the theory, namely

that random mutation is unlikely to produce all the variants se-

lected upon in nature, and that the importance of environmental

induction in evolution should not be ignored (Waddington 1942,

1953b,c, 1961). Waddington criticized Baldwin’s theory, stating

that the accumulation of genetic mutations influencing an induced

trait is unlikely (Waddington 1953a, 1961). Yet, both theories rest

on the assumption that natural selection acts upon favorable mu-

tations, and are thus both fully compatible with, and in fact rely

upon, neo-Darwinian evolution.

WADDINGTON’S EXPERIMENTS

Waddington noted that strains of Drosophila differed in their ca-

pacity to produce mutant phenotypes after environmental per-

turbations (Waddington 1953d). He heat-shocked the larvae of

one strain and observed that although a proportion developed into

adults with “cross-veinless” wings, that is disruption of the poste-

rior cross-vein on the wing, none of the non-heat-shocked larvae

developed this phenotype (Waddington 1952a, 1953b,d, 1957).

He then established two artificially selected lines, selecting flies

with the cross-veinless phenotype for one line, and flies with the

normal wing phenotype for the other line. He continued heat-

shocking larvae and performed selection for 23 generations, and

examined the flies that developed from a few non-heat-shocked

larvae at each generation. From generation 14 onward, he ob-

served that the cross-veinless phenotype was present in a few

non-heat-shocked individuals, indicating that the inducing envi-

ronment (i.e., the heat-shock) was no longer necessary to produce

the induced phenotype (i.e., cross-veinless), and the frequency

of these individuals tended to increase over successive genera-

tions. He termed this the “genetic assimilation” of an “acquired”

character; “acquired” because it was initially induced by the envi-

ronment, and “genetic assimilation” because of increased genetic

control of the phenotype (Waddington 1952b, 1953b,d).

Modern research has discovered that heat-shock chaperone

proteins (Hsp) act as buffers against environmental shock. When

Hsp90 function is compromised in Drosophila and Arabidopsis,

due to mutations or following the application of inhibitory drugs,

mutant phenotypes are manifest. Following several generations

of artificial selection of mutant phenotypes, they may persist in

the lineage even after Hsp90 function is restored (Rutherford and

Lindquist 1998; Queitsch et al. 2002; Wong and Houry 2006). As

noted by Waddington (1953d), different strains tend to produce

different phenotypic mutants, indicating an underlying genetic

basis for the development of environmentally induced phenotypic

variation, the expression of which is buffered by Hsp90 (Ruther-

ford and Lindquist 1998; Queitsch et al. 2002). Results have

indicated that epigenes are involved in the inheritance of these

environmentally induced mutant phenotypes, including those in-

volved in chromatin remodeling (Drosophila melanogaster, Sol-

lars et al. 2003; Saccharomyces cerevisiae, Zhao et al. 2005; Wong

and Houry 2006). It is thus plausible that the production and in-

heritance of the cross-veinless phenotype in Waddington’s exper-

iment (1953d) were due to compromised Hsp90 functioning in his

stock flies, perhaps accompanied by the acquisition of heritable

epigenes after heat shock. In this sense, we can imagine that the

Hsp90 acts as a canalizing factor, inhibiting environmental pertur-

bations by the environment. Positive or negative selection could

act on chaperone proteins, depending on the adaptive advantage

or disadvantage of underlying cryptic genetic variation. Modern

research on heat-shock proteins thus provides empirical evidence

for a mechanism of genetic assimilation.

In another of Waddington’s experiments (Waddington 1956),

he subjected fly larvae to ether vapor and noted that some produced

a “bithorax-like” phenotype, in which the meta-thoracic disc gives

rise to structures that normally characterize the mesothorax. He

created two artificially selected lines, one in which flies showed

the bithorax phenotype and one using wild-type flies. As in the

heat-shock experiment above, at each generation he raised flies

from the bithorax line without exposure to ether to see if the abnor-

mal phenotype had been “assimilated.” After generation 29, flies

were produced with meta-thoracic bud material that is character-

istic of the thorax (i.e., the bithorax phenotype). He mated flies

exhibiting this phenotype to produce lines with a high frequency

of the abnormal bithorax phenotype. Gibson and Hogness (1996)

have since shown that variation in the bithorax phenotype (ex-

hibited after treatment with ether vapor) is attributed to the poly-

morphism of the Ultrabithorax (ubx) regulatory gene, and that

the loss of ubx expression in the third thoracic imaginal disc may

result in increased ether sensitivity. In accordance with Wadding-

ton’s hypothesis of genetic assimilation, selection may act on ubx

to reduce polymorphism and thus canalize development within

a population (Waddington 1953b, 1957). Modern research thus

provides evidence that selection may act on regulatory networks

to buffer against environmental perturbation, providing evidence

for another mechanism for Waddington’s genetic assimilation (re-

views: Gibson and Dworkin 2004; Badyaev 2005; Flatt 2005).
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Figure 1. Relationship between the phenotype and the environment (i.e., plasticity) before (solid lines, gray bars) and after (dashed

lines, white bars) genetic accommodation. A and B represent the Baldwin effect and C represents genetic assimilation. (i) Reaction norms

for continuous phenotypic variation along an environmental gradient, and (ii) polyphenisms in discrete environments (the height of the

bars represent either the magnitude of the induced phenotype, or the frequency of the polyphenism in the population).

Disentangling the Baldwin Effect
and Genetic Assimilation
In modern studies, how can we disentangle the Baldwin effect

from genetic assimilation? In both cases, traits would initially be

plastic, and neo-Darwinian selection would act upon the reaction

norm. The end result of selection however, differs between the

two processes. In the Baldwin effect, selection may act to change

mean trait values without changing the level of plasticity in the

population (Fig. 1A; Table 1), or alternately, selection acting on

the phenotype can result in increases in the level of plasticity

(because the most plastic individuals possess the most extreme

phenotype and are thus positively selected; Fig. 1B; Table 1). The

key to the Baldwin effect is that the initial plasticity allows for the

survival in a novel environment, and neo-Darwinian evolution can

proceed from there. Genetic assimilation, conversely, should act

to decrease plasticity (i.e., increase canalization) in a population

within a given range of environmental conditions (Fig. 1C; Table

1), if an increase in canalization is adaptive. Both the Baldwin

effect and genetic assimilation may occur simultaneously for a

trait within a population (Fig. 2).

Another of Waddington’s experiments on “genetic assimila-

tion of acquired characters” (Waddington 1959) illustrates why the

Baldwin effect may easily be confused with genetic assimilation.

Waddington raised larvae of three strains of D. melanogaster in a

salt medium that resulted in at least 60% mortality. He raised flies

for 21 generations and increased the salt concentration each gen-

eration to maintain a constant mortality rate. After 21 generations,

he raised larvae from the selected lines and from the original stock

flies on media with differing levels of salt. He noted that although

the unselected stock tended to have higher survival at lower salt

concentrations, the selected lines had higher survival at higher salt

concentrations. In all cases, the survivors in the selected lines had

greater areas of the anal papillae (involved in osmoregulation),

and anal papillae area increased with increasing salt concentra-

tion. He speculated that the increased area of the anal papillae in

the selected lines is evidence for genetic assimilation, but this is

clearly a contradiction of his own definition. He defined genetic
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Figure 2. Both the Baldwin effect and genetic assimilation can occur simultaneously for a trait in a population. See Figure 1 for legend.

assimilation as a process leading to “canalization,” or rather in-

creased genetic control of a phenotype. In this case, however, the

phenotype that was manifest in higher salt concentrations is clearly

not canalized in the selected lines, as evidenced by the reaction

norm. Indeed, it appears that the salt-selected larvae had an even

steeper slope of the reaction norm, indicating that plasticity had

increased (Waddington 1959, 1961). Could the individuals with

the largest anal papillae have been the ones to survive, thus provid-

ing variation for large papillae in subsequent generations? Perhaps

the most plastic individuals were the ones capable of survival, and

thus Waddington inadvertently selected for plasticity. Wadding-

ton’s study (1959) therefore does not conclusively demonstrate

genetic assimilation, but rather appears to demonstrate the Bald-

win effect. Considering these conclusions, it is understandable

that modern-day confusion occurs surrounding the terms “genetic

assimilation” and the “Baldwin effect.” I propose that the best

way to deal with this issue is to assume that Waddington misinter-

preted his results, and to adhere to his strict definition of genetic

assimilation, that is, increased genetic control of a trait that was

once environmentally induced.

EVOLUTIONARY CHANGE IN PLASTICITY

Although Baldwin’s theory revolves primarily around the evolu-

tion of trait means (i.e., the elevation of reaction norms), Wadding-

ton’s theory is based on the assumption that plasticity itself (i.e.,

the slopes of reaction norms) will evolve. To document evolvabil-

ity of a slope of a reaction norm, a genotype-by-environment (G ×
E) interaction must be present (Via and Lande 1985; Scheiner and

Lyman 1989; Scheiner 1993). Several empirical studies have doc-

umented G × E interactions, indicating the potential for plasticity

to evolve (e.g., papers reviewed by Windig et al. 2004; Danielson-

François et al. 2006; Gutteling et al. 2007). Using a different ap-

proach, Nussey et al. (2005) documented significant heritability

in the slope of the reaction norm for breeding date in relation

to spring temperature in great tits (Parus major), indicating that

plasticity in breeding date can evolve in these birds.

Both the Baldwin effect and genetic assimilation could ap-

ply to different traits within a lineage, or even to a specific trait

in different lineages. Indeed, Suzuki and Nijhout (2006) found

evidence for genetic accommodation in two selected lineages of

tobacco hornworms (Manduca sexta), one in which the plastic re-

sponse decreased (genetic assimilation), and the other in which the

plastic response increased after selection. M. sexta consist of two

color morphs exhibiting either green (wild-type) or black (mutant)

larvae. Heat-shocking the mutant larvae results in the production

of a variety of different color morphs, ranging from pure green

to pure black. Suzuki and Nijhout created two selected lines from

the heat-shocked black mutant strain, one line selected for green

and the other for black larval coloration. They also established

an unselected control line, in which larvae were heat-shocked but

were not subjected to artificial selection. Reaction norms of lar-

val coloration were observed after 13 generations of selection,

using developmental temperatures ranging from 20◦C to 42◦C.

The reaction norms of the control and green-selected lines fol-

lowed sigmoidal curves (see figure in Suzuki and Nijhout 2006).

The control line consisted of mostly black phenotypes, but the

green coloration increased at an inflection point around 32.7◦C.

Whereas the green-selected line was mostly black at low tem-

peratures, at high temperatures, it was completely green, with an

inflection point around 28.5oC; that is, both the slope and ele-

vation of the reaction norm increased relative to the control line

(figure 2B in Suzuki and Nijhout 2006). The black-selected line

remained black at all temperatures; that is, both the slope and

elevation of the reaction norm decreased relative to the control

line (figure 2B in Suzuki and Nijhout 2006). What do these re-

sults tell us in terms of the Baldwin effect and genetic assimi-

lation? First, the environmental switch point, the temperature at

which green phenotypes are manifest, is lower, and the elevation

of the reaction norm is higher in the green-selected line than in

the control line. This is evidence for the Baldwin effect (i.e., plas-

ticity allows for survival via artificial selection, followed by heri-

table change in the reaction norm). Second, in the black-selected

line, green coloration could no longer be induced after 13 gener-

ations, even with temperatures as high as 42◦C. This is evidence

for genetic assimilation, that is, canalization of development of

larval coloration. Suzuki and Nijhout (2006) thus successfully
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demonstrated that both the Baldwin effect and genetic assimila-

tion can occur for the same trait in different lineages.

Extricating the Baldwin effect from genetic assimilation may

prove difficult, perhaps one reason why their definitions are eas-

ily confused. One example that demonstrates this difficulty is the

monophyletic group of four genera of spadefoot toads and pars-

ley frogs (Gomez-Mestre and Buchholz 2006). The tadpoles of

Old World genera, Pelobates and Pelodytes, live in long-lasting

or permanent ponds, whereas tadpoles of North American genera,

Spea and Scaphiopus, live in shorter-lived ephemeral ponds. The

former have longer larval periods than the latter. Reaction norms

for larval period in relation to the duration of the larval environ-

ment showed no overlap in larval period between Old World and

North American genera. In addition, the North American genera

had shallower slopes, indicating a lesser degree of plasticity. Phy-

logenetic analysis revealed that the longer and more plastic larval

period is in the ancestral state, thus shorter and less plastic larval

periods must have evolved after colonization of North American

ponds. This indicates that plasticity in larval period may have al-

lowed for colonization of North American ponds (i.e., Baldwin’s

“organic selection”), followed by genetic changes that shifted the

elevation of the reaction norms (i.e., Baldwin’s “orthoplasy”). At

first glance, it would appear that genetic assimilation might be

occurring because the slope of the reaction norm has decreased in

the most recent lineages relative to the ancestral lineages. How-

ever, it remains possible that decreased plasticity in larval period

is not adaptive, but rather occurs due to constraints imposed by a

minimum larval period required for normal development.

CONDITIONS FAVORING THE BALDWIN EFFECT

AND GENETIC ASSIMILATION

Under which natural conditions would each process, the Baldwin

effect and genetic assimilation, be favored? The Baldwin effect

should be favored if plasticity is beneficial, and in situations in

which maintenance of the ability to respond to environmental cues

is not costly (see DeWitt et al. 1998). Plasticity may be beneficial

to organisms in heterogeneous environments (e.g., Day et al. 1994;

Gianoli and González-Teuber 2005; Richter-Boix et al. 2006), or

it may be beneficial in lineages with high gene flow among popu-

lations in divergent environments (e.g., Sultan and Spencer 2002).

An increase in plasticity, or shift in trait means without changes in

plasticity, would be favored if limits to plasticity occurred follow-

ing an adaptive plastic response to a novel environmental condi-

tion. That is, if an environmental change induces a new peak on a

fitness landscape, the plastic response may push the population up

the new peak, but to reach the fitness maxima further phenotypic

changes, via genetic accommodation, would be necessary (Price

et al. 2003; Ghalambor et al. 2007).

Genetic assimilation, on the other hand, would tend to occur

when plasticity is costly to maintain or if it is maladaptive. Several

costs to plasticity have been identified, including, but not limited

to (1) energetic costs associated with the maintenance of sensory

and regulatory mechanisms, (2) costs associated with the produc-

tion of the phenotype, for example trade-offs, (3) developmental

instability, and (4) genetic costs, for example linkage with disad-

vantageous genes, or disadvantageous pleiotropy or epistasis (De-

Witt et al. 1998). Relyea (2002) examined potential fitness costs of

morphological plasticity in wood frog (Rana sylvatica) tadpoles

in response to predatory insects. In the presence of the predator,

increased plasticity in several aspects of body shape had negative

effects on growth and development, but survival increased with

increasing plasticity in body depth. In the absence of the preda-

tor, however, survival tended to decrease with increasing plas-

ticity in muscle depth and width. Thus, in stable environments,

selection may act to canalize development of body and muscle

shape in tadpoles. Steinger et al. (2003) showed that in the plant

Sinapis arvensis, plants that had greater plasticity in leaf area in

response to light levels produced fewer seeds. In the snail Physa

heterostropha (DeWitt 1998), growth rate was negatively corre-

lated with plasticity in shell shape in response to fish predation.

Thus fitness costs to plasticity do occur in nature, and genetic

assimilation could be favored if plasticity is not beneficial. For

example, Buckley et al. (2007) examined growth in western fence

lizards (Sceloporus occidentalis), the eggs of which had been incu-

bated under two thermal treatments (24◦C and 30◦C). Hatchlings

were then maintained at common temperatures, and aspects of

growth were monitored for seven weeks posthatching. At hatch-

ing, hind-limb length, inter-limb length, and body mass differed

between the treatments, but by week seven no significant differ-

ences were observed between the groups. This may be an example

of genetic assimilation that has occurred to canalize development

following environmentally induced changes that occurred during

the incubation period.

THE BALDWIN EFFECT, GENETIC ASSIMILATION,

AND EVOLUTIONARY DIVERSIFICATION

Recently, attention has been paid to whether the Baldwin effect,

genetic assimilation, and phenotypic plasticity in general can pro-

mote evolutionary diversification in nature. Price et al. (2003)

modeled how phenotypic plasticity can allow for diversification

by allowing for individuals to move among peaks on a fitness

landscape. Pigliucci and Murren (2003) and Pigliucci et al. (2006)

propose that plasticity could allow expansion into novel environ-

ments (i.e., Baldwin’s “organic selection”), and that genetic as-

similation could then result in adaptive genetic divergence among

populations (see Fig. 2); although Baldwin’s orthoplasy could ulti-

mately have a similar effect. de Jong’s (2005) quantitative genetic

model showed no evidence that phenotypic plasticity and genetic

assimilation could provide a means for ecotype divergence. Yet

Pigliucci et al. (2006) criticize de Jong on several accounts: (1)
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she fails to consider that plasticity can facilitate survival in novel

environments, (2) her model is limited because it focuses only

on adaptive plasticity, cannot infer causal mechanisms or pre-

dict future outcomes, and does not take into account limits to

plasticity that would warrant further evolution, (3) she ignores

evidence for genetic assimilation and the ability of plasticity to

positively influence diversification in empirical studies (see exam-

ples above), (4) she views the hypothesis that plasticity influences

evolutionary diversification as a threat to the Modern Synthesis,

but Pigliucci et al. (2006) note that this hypothesis is compati-

ble with the Synthesis (note above, that neo-Darwinian evolution

is a key component to the Baldwin effect and genetic assimila-

tion). Genetic assimilation could also allow for the accumulation

of cryptic genetic variation, which could later become expressed

after removal of the canalizing factor, or “de-canalization,” thus

promoting evolvability (Rutherford and Lindquist 1998, Gibson

and Dworkin 2004; Flatt 2005). Theoretical predictions and em-

pirical evidence thus point toward the possibility that the Baldwin

effect and genetic assimilation could play important roles in the

evolution of diversification.

Summary
The Baldwin effect increases the survival of individuals in envi-

ronments in which they would otherwise be maladapted or have

reduced fitness. Through the neo-Darwinian process of genetic

accommodation, populations can adapt genetically to these envi-

ronments, leading to new evolutionary trajectories. The Baldwin

effect couples phenotypic accommodation with genetic accom-

modation to result in adaptive evolution. Genetic assimilation,

on the other hand, can either prevent induction of a maladap-

tive phenotype, or eliminate costs associated with the sensory and

regulatory mechanisms needed to elicit a plastic response. The

Baldwin effect may tend to increase plasticity or have no effect

on the level of plasticity, whereas genetic assimilation decreases

plasticity within a range of environmental variables. Whereas the

Baldwin effect may promote evolutionary diversification, genetic

assimilation has a stabilizing effect in populations, or enhances

evolvability by allowing for the accumulation of mutations. It is

unclear which mechanism occurs more commonly in nature, and

it is conceivable that both mechanisms may act simultaneously in

a population, each on different traits, or even on the same trait.

Although the term “genetic assimilation” has been used to

refer to both a loss of plasticity (i.e., canalization; Waddington

1953a,b,c,d, 1961) and shifts in the phenotype without decreases

in plasticity (Waddington 1959; Chapman et al. 2000; Price et al.

2003), I propose that we restrict the use of the term to refer to

adaptive decreases in plasticity (i.e., Waddington’s original inter-

pretation of genetic assimilation). A more appropriate alternate

term, that is genetic accommodation (as used by West-Eberhard

2003 and Braendle and Flatt 2006), should be used to refer to any

type of shift in the reaction norm (shift in the elevation or slope)

after exposure to a novel environmental stimulus. Through the

refinement of these definitions, we will provide ourselves with

more effective tools to convey ideas about the implications of

phenotypic plasticity in evolutionary biology.
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Gianoli, E., and M. González-Teuber. 2005. Environmental heterogeneity and
population differentiation in plasticity to drought in Convolvulus chilen-
sis (Convolvulaceae). Evol. Ecol. 19:603–613.

Gomez-Mestre, I., and D. R. Buchholz. 2006. Developmental plasticity mirrors
differences among taxa in spadefoot toads linking plasticity and diversity.
Proc. Nat. Acad. Sci. USA 104:19021–19026.

Grether, G. F. 2005. Environmental change, phenotypic plasticity, and genetic
compensation. Am. Nat. 166:E115–E123.

Gutteling, E. W., J. A. G. Riksen, J. Bakker, and J. E. Kammenga. 2007.
Mapping phenotypic plasticity and genotype-environment interactions
affecting life-history traits in Caenorhabditis elegans. Heredity 98:28–
37.

Hall, B. K. 2001. Organic selection: proximate environmental effects on the
evolution of morphology and behaviour. Biol. Philos. 16:215–237.

Hirasaki, E., N. Ogihara, Y. Hamada, H. Kumakura, and M. Nakatsukasa.
2004. Do highly trained monkeys walk like humans? A kinematic study
of bipedal locomotion in bipedally trained Japanese macaques. J. Hum.
Evol. 46:739–750.

Morgan, C. L. 1896. On modification and variation. Science 4:733–740.
Nussey, D. H., E. Postma, P. Gienapp, and M. E. Visser. 2005. Selection

on heritable phenotypic plasticity in a wild bird population. Science
310:304–306.

Osborn, H. F. 1896. A mode of evolution requiring neither natural selection nor
the inheritance of acquired characters. Trans. N.Y. Acad. Sci. 15:141–
142,148.

Parsons, K. J., and B. W. Robinson. 2006. Replicated evolution of integrated
plastic responses during early adaptive divergence. Evolution 60:801–
813.

Pigliucci, M., and C. J. Murren. 2003. Genetic assimilation and a possible
evolutionary paradox: can macroevolution sometimes be so fast as to
pass us by? Evolution 57:1455–1464.

Pigliucci, M., C. J. Murren, and C. D. Schlichting. 2006. Phenotypic plas-
ticity and evolution by genetic assimilation. J. Exp. Biol. 209:2362–
2367.

Price, T. D., A. Qvarnström, and D. E. Irwin. 2003. The role of phenotypic
plasticity in driving genetic evolution. Proc. R. Soc. Lond. B 270:1433–
1440.

Queitsch, C., T. A. Sangster, and S. Lindquist. 2002. Hsp90 as a capacitor of
phenotypic variation. Nature 417:618–624.

Relyea, R. A. 2002. Costs of phenotypic plasticity. Am. Nat. 159:272–282.
Richter-Boix, A., G. A. Llorente, and A. Montori. 2006. A comparative anal-

ysis of the adaptive developmental plasticity hypothesis in six Mediter-
ranean anuran species along a pond permanency gradient. Evol. Ecol.
Res. 8:1139–1154.

Robinson, B. W., and R. Dukas. 1999. The influence of phenotypic modifica-
tions on evolution: the Baldwin effect and modern perspectives. Oikos
85:582–589.

Rollo, C. D. 1994. Phenotypes. Their epigenetics, ecology and evolution.
Chapman & Hall, Lond.

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

Sarkar, S. 2004. From the Reaktionsnorm to the evolution of adaptive plasticity:
a historical sketch, 1909–1999. Pp. 10–30 in T. J. DeWitt and S. M.
Scheiner, eds. Phenotypic plasticity. Oxford Univ. Press, Oxford, U.K.

Scheiner, S. M. 1993. Genetics and evolution of phenotypic plasticity. Ann.
Rev. Ecol. Syst. 24:35–68.

Scheiner, S. M, and R. F. Lyman. 1989. The genetics of phenotypic plasticity
I. Heritability. J. Evol. Biol. 2:95–107.

Schlichting, C. D. 2004. The role of phenotypic plasticity in diversification. Pp.
191–200 in T. J. DeWitt and S. M. Scheiner, eds. Phenotypic plasticity.
Oxford Univ. Press, Oxford, U.K.

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

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

Schmalhausen, I. I. 1949. Factors of evolution. Blakiston. Philadelphia, PA.
Simpson, G. G. 1953. The Baldwin effect. Evolution 7:110–117.
Slijper, E. J. 1942a. Biologic-anatomical investigations on the bipedal gait and

upright posture in mammals, with special reference to a little goat, born
without forelegs. I. Proc. Koninklijke Nederlandse Akademie Weten-
schappen 45:288–295.

———. 1942b. Biologic-anatomical investigations on the bipedal gait and
upright posture in mammals, with special reference to a little goat, born
without forelegs. II. Proc. Koninklijke Nederlandse Akademie Weten-
schappen 45:407–415.

Sollars, V., X. Lu, L. Xiao, X. Wang, M. D. Garfinkel, and D. M. Ruden.
2003. Evidence for an epigenetic mechanism by which Hsp90 acts
as a capacitor for morphological evolution. Nature Genet. 33:70–
74.

Steinger, T., B. A. Roy, and M. L. Stanton. 2003. Evolution in stress-
ful environments II: adaptive value and costs of plasticity in re-
sponse to low light in Sinapis arvensis. J. Evol. Biol. 16:313–
323.

Sultan, S. E., and H. G. Spencer. 2002. Metapopulation structure favors plas-
ticity over local adaptation. Am. Nat. 160:271–283.

Suzuki, Y., and H. F. Nijhout. 2006. Evolution of a polyphenism by genetic
accommodation. Science 311:650–652.

Van Buskirk, J., and M. Arioli. 2005. Habitat specialization and adaptive
phenotypic divergence of anuran populations. J. Evol. Biol. 18:596–
608.

Via, S. 1993a. Adaptive phenotypic plasticity: target or by-product of selection
in a variable environment? Am. Nat. 142:352–365.

———. 1993b. Regulatory genes and reaction norms. Am. Nat. 142:374–378.
Via, S., and R. Lande. 1985. Genotype-environment interaction and the evo-

lution of phenotypic plasticity. Evolution 39:505–522.
Waddington, C. H. 1942. Canalization of development and the inheritance of

acquired characters. Nature 150:563–565.
———. 1952a. Selection of the genetic basis for an acquired character. Nature

169:278.
———. 1952b. Selection of the genetic basis for an acquired character: reply

to Begg. Nature 169:625–626.
———. 1953a. The “Baldwin effect,” “genetic assimilation” and “homeosta-

sis”. Evolution 7:386–387.
———. 1953b. Epigenetics and evolution. Symp. Soc. Exp. Biol. 7:186–199.
———. 1953c. The evolution of adaptations. Endeavour 12:134–139.
———. 1953d. Genetic assimilation of an acquired character. Evolution

7:118–126.
———. 1956. Genetic assimilation of the bithorix phenotype. Evolution 10:1–

13.
———. 1957. The strategy of the genes. George Allen & Unwin Ltd., Lond.
———. 1959. Canalization of development and genetic assimilation of ac-

quired characters. Nature 183:1654–1655.
———. 1961. Genetic assimilation. Adv. Genet. 10:257–290.
West-Eberhard, M. J. 1989. Phenotypic plasticity and the origins of diversity.

Annu. Rev. Ecol. Syst. 20:249–278.
———. 2003. Developmental plasticity and evolution. Oxford Univ. Press,

Oxford, U.K.
———. 2005. Phenotypic accommodation: adaptive innovation due to devel-

opmental plasticity. J. Exp. Zool. (Mol. Dev. Evol.) 304B:610–618.

2478 EVOLUTION NOVEMBER 2007



PERSPECTIVE

Windig, J. J., C. G. F. de Kovel, and D. de Jong. 2004. Genetics and me-
chanics of plasticity. Pp. 31–49 in T. J. DeWitt and S. M. Scheiner, eds.
Phenotypic plasticity. Oxford Univ. Press, Oxford, U.K.

Wolterek, R. 1909. Weitere experimentelle untersüchungen über
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