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ABSTRACT: Through his empirical and theoretical work, Gottlieb advanced a
sophisticated and integrated view of development, which he saw as a probabilistic
process of construction involving bidirectional interactions between structures and
functions, and the phenotypic accommodation of the organism to changing
environmental conditions. Gottlieb developed these ideas within a broad framework
that went beyond the lifecycle of the individual. From his perspective as a
developmental psychologist, he contributed to a way of thinking about evolutionary
processes that stresses the importance and primacy of the modifications that occur
during development. Through their long-term effects on physiology and behavior,
environmentally induced, developmental modifications may contribute to the
reconstruction of an animal’s developmental and ecological niches, and therefore
affect the conditions in which it and its offspring are selected. Gottlieb stressed
in particular the effects of prenatal and early postnatal conditions on the
development of behavior, and their long-term effects on the individual and its
descendants. In this essay, I consider how the development-oriented focus that
was central to Gottlieb’s perspective affects evolutionary theorizing, and, more
specifically, I discuss the special status of behaviorally driven evolution. � 2007
Wiley Periodicals, Inc. Dev Psychobiol 49: 808–817, 2007.
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INTRODUCTION

The development-oriented approach to heredity and

evolution that was advocated by Gilbert Gottlieb is not

easy to characterize, because it is essentially a point of

view, a perspective from which one studies biological

problems, rather than a theory. An enquiry starts with the

assumption that the organismal and developmental

continuity between generations is important, and centers

on the various inputs, nongenetic as well as genetic, that

contribute to development and heredity. This way of

approaching biological questions highlights those aspects

of development that lead to phenotypic adjustment when

an environment changes. Hence it puts emphasis on the

processes that decouple genetic and phenotypic varia-

tions. The focus for development-oriented biologists is on

phenotypic plasticity and canalization, which are pro-

perties of the developmental systems rather than of the

component-parts that construct these systems.

Plasticity has been defined by West-Eberhard as ‘‘the

ability of an organism to react to an internal or external

environmental input with a change in form, state,

movement, or rate of activity’’ (West-Eberhard, 2003,

p. 33). The term is usually used to refer to an organism’s

ability to produce several different, alternative responses;

in other words, it is used for the ability of a single genotype

to produce alternative physiological, morphological, or

behavioral phenotypes. For example, an individual that

behaves in different ways in different environments

(moves to a sunny spot when it is cool, and moves away

and seeks shade when it gets very hot) can be said to have

plastic (behavioral) responses. However, plasticity can

also be seen in those processes that underlie the ability of

organisms to actively compensate for multiple ‘‘noisy’’

inputs and produce a single adaptive state. Taking the

previous example, an animal can retain a constant,

favorable body temperature by moving away from sources

of extreme heat or cold: stability at one level (body

temperature) is made possible by plasticity at a different
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level (behavior). Another example is acclimatization to

high altitudes: part of the human adaptive response to

the reduced partial pressure of oxygen is to produce more

red blood cells, so that enough oxygen reaches the tissues.

This is a plastic physiological response if one looks at

the level of red blood cells, but it is a canalized response

if one looks at the level of oxygen delivery to the

tissues. Canalization, the processes underlying the ability

of organisms to produce a stable and uniform end-

result despite genetic and environmental noise, therefore

depends on plasticity.

Gottlieb was interested in behavior, and behavior is one

of the most plastic and complex aspects of the phenotype,

involving interactions at multiple levels of biological and

ecological organization. As Gottlieb showed, although

some early behaviors, such as a duckling’s recognition

and preference for the maternal call, may seem to be

invariant, stable and immutable, such behaviors are in fact

modifiable in many, often surprising, ways (e.g., Gottlieb,

1971, 1993). However, it is not immediately obvious

why this focus on development and plasticity should

have evolutionary implications that are different from an

approach that focuses on the gene as the unit of selection

and evolution (e.g., the view propounded by Dawkins,

1982).

At first glance it seems that there is no basic difference

between the developmental system (DS) view of Gottlieb

and a sophisticated gene-selectionist (GS) view. The

sophisticated GS view is not based on a deterministic view

of development. No modern biologist, whatever his or her

particular approach to heredity and evolution, would

deny that the process of development is extraordinarily

complex, that all components of the organism and its

environment interact, that the interactions are multidirec-

tional, and that function and structure are locked into a

mutually constructing relation. The probabilistic nature

of development is also accepted by all professional

biologists: because of the multiplicity of the factors

and interactions involved, and because of the dynamic,

history-dependent nature of their own construction, no

factor is rigidly determining, and there is no single path

that the development of a type of organismmust follow. In

most cases, under natural conditions, a component of

the system facilitates rather than determines a particular

developmental trajectory. It is only under highly struc-

tured and controlled (usually experimental) conditions

that a single component or a single interaction can be

said to be determining. The developmental manifold—

Gottlieb’s apt term for the developmental system of

interactions, which includes interactions with the external

environment—and his probabilistic epigenetic frame-

work are, I believe, generally accepted, in biology

in general and in psychobiology in particular. Even

Dawkins, the most prominent advocate of a GS view,

accepts that as far as development is concerned genes have

no primacy as causal agents (Dawkins, 1982, pp. 98–99).

Similarly, Tooby, Cosmides, and Barrett (2003), evolu-

tionary psychologists whose focus is on gene selection

during evolution, embrace rather than deny the complex-

ity of development. Gottlieb’s lifework has influenced and

helped to make the probabilistic nature of development

recognized by biologists of all persuasions, although the

full implications of this viewpoint are usually not worked

out, and his terms are not often used. It is very unfortunate

that a gene-centered tradition of thought is still reflected

in many discussions of behavior, and that vulgar and

deterministic versions of the GS view abound in the

popular press. This is not helped by the fact that even

the most sophisticated promoters of a GS view rarely

discuss epigenetics and epigenetic inheritance, and that

metaphors such as ‘‘genetic program,’’ ‘‘innate cognitive

modules,’’ ‘‘genetically based behavior,’’ etc., which

reflect a naı̈ve gene-centric attitude, are still abundantly

and generally used.

The main questions about the significance of plasticity

arise, however, more in relation to heredity and evolution

than in relation to development. What difference, if any,

can DS views make to 21st-century ideas about heredity

and evolution? I believe that they are already having a

marked effect, and will continue to do so. To illustrate this,

I will try to show in what follows how a DS-oriented view

leads (i) to a focus on the heritably varying trait rather

than the variant single gene as a unit of evolution; (ii) to

a research program in evolutionary psychology that is

not committed to domain-specific psychological mecha-

nisms; (iii) to a view that emphasizes the central and

initiating role of behavior in evolution, with novel

adaptive behavior arising during individual ontogeny,

and with genes being followers rather than leaders of

evolutionary changes (Gottlieb, 1992; West-Eberhard,

2003).

INPUTS INTO DEVELOPMENT AND
HEREDITY, AND THE UNITS OF EVOLUTION

One of the interesting properties of developmental

networks of interactions is their robustness. Their function

remains fundamentally intact in spite of variations in the

interactants. This does not mean that individual inter-

actants are functionally unimportant—it means only

that the interactions among them are usually nonadditive

and that variations in a single interactant (such as a

particular allele) usually make no functional difference.

The evidence for this comes from the finding that most

variations in a single gene are selectively neutral, and that

in many cases even knockout mutations do not lead to any

loss or change of function; the developmental/genetic
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network is dynamically constructed in ways that com-

pensate for such variations and losses (Morange, 2001).

Because there are many possible interactions in which a

single interactant may take part, a variation in it is unlikely

to have a consistent positive or negative effect; its effect

depends on the other interactants, and as there are

many realizable combinations, when averaged across

the different systems of which it is part, a variation is likely

to be selectively neutral. This means that although single

genes are important units of heritable variation, single

gene variations usually do not have variant functional

effects; they are therefore not units of heritable variation in

function, and cannot be considered as units of evolution.

As I have argued previously (Jablonka, 2004), the units of

evolution are heritably variant traits. These traits can be

seen as developmental modules that are underlain by

heritably variant developmental networks.

Once the developmental manifold and the probabilistic

nature of epigenetic processes and outcomes are recogniz-

ed, and the notion of the gene as a unit of selection and

evolution is rejected, the trans-generational recurrence of

alternative developing phenotypes becomes the focus of

attention. This means that one has to identify and study the

various types of inputs that allow the reoccurrence of a

particular variant phenotype generation after generation.

Transgenerational heritably varying phenotypes can

occur at different levels of biological organization (cell,

tissue, organ, motor behavior, and so on), and it is the

evolutionary question that is asked that specifies the

level of organization that is chosen for study. The types of

inputs involved in a trait’s inheritance and development

include:

(1) Genetic inputs based on the replication of genes with

variations in their DNA base sequence.

(2) Epigenetic inputs that are based on four broad types

of cellular epigenetic inheritance systems (EISs)

(Jablonka & Lamb, 1995, 2005, 2007a). These

include (i) Self-sustaining metabolic loops, which

are dynamic regulatory circuits that maintain cellular

patterns of activity of genes and their products. The

transmission of the components of the circuit

(proteins, RNAs, and metabolites) to daughter cells

leads to the same patterns of gene activity being

reconstructed in them (Ferrell, 2002; Malagnac &

Silar, 2003). (ii) Structural inheritance, in which

preexisting cellular structures act as templates for

the production of similar structures, which become

components of daughter cells. Examples include

prion-based inheritance in fungi (Shorter & Lind-

quist, 2005), the inheritance of cortical structures

in ciliates (Grimes & Aufderheide, 1991), and the

reconstruction of cellular membranes (Cavalier-

Smith, 2004). (iii) Chromatin marking, in which

variant, modifiable, histone and nonhistone proteins

that are noncovalently bound to DNA, and small

chemical groups (such as methyls) that are covalently

bound directly to DNA, are transmitted to daughter

cells along with the DNA with which they are

associated (Henikoff, Furuyama, & Ahmad, 2004).

(iv) Heritable RNA-mediated variation in gene

expression, in which transcriptionally silent states

are maintained through repressive interactions

between small RNA molecules and the mRNAs or

DNA to which they are partially complementary

(Meister & Tuschl, 2004). The state of gene

expression is maintained in daughter cells that inherit

the small RNA molecules.

(3) Early developmental (prenatal and early postnatal)

inputs that depend on physiological feedback

loops that regenerate previous developmental (e.g.,

hormonal and neural) conditions. One example is

the persistence of a male-biased sex-ratio in some

Mongolian gerbil lineages, which is the result of

interactions between testosterone concentrations in

utero, maternal behavior, and offspring development,

which recreates in pregnant female offspring the

hormonal conditions that they themselves experi-

enced in the uterus (Clark & Galef, 1995). Another

example is the stress-sensitive phenotype in rats

that is induced by altered maternal care (reduced

licking and grooming) during a sensitive period. This

phenotype is perpetuated in the lineage because when

the daughters become mothers they reproduce the

early maternal care style of their mothers (Meaney,

2001; Weaver et al., 2004). Gluckman, Hanson, and

Beedle (2007) have argued that the new obesity

epidemic in human populations, which is driven by a

change in diet, is affected by events that happened

in the parental generation (and possibly in earlier

generations as well).

(4) Inputs from the external environment that depend

on the activities of the organism and, to a large

extent, are the result of such activities. Transgenera-

tional ecological niche-construction belongs to this

category (Odling-Smee, Laland, & Feldman Odling-

Smee, 2003).

(5) Socially learnt inputs, which reconstruct social

niches. Through social learning, certain behaviors

can persist in a group of animals for many generations

and form traditions (Avital & Jablonka, 2000). In

humans this occurs mainly through symbolically

encoded communication and learning (Jablonka &

Lamb, 2005; Richerson & Boyd, 2005).

In addition to these inputs, which depend on various

types of autocatalytic biological mechanisms, there are

environmental inputs that are independent of the activities
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of the organism. Such persistent inputs affect develop-

ment for as many generations as they last. For example, a

climate change, such as an increase in temperature, may

persist for many generations and repeatedly induce a

particular variant phenotype. Sometimes the effects of

these environmental inputs are discovered only when they

are changed, either naturally or experimentally. Because it

is difficult to recognize the role that persistent environ-

mental or developmental inputs play in ontogeny, their

effects are usually attributed to genetic inputs, and

development is seen as less dependent on experience than

it actually is.

As Gottlieb stressed many times, changes in the

environment and in behavior are associated with modi-

fications at all levels of organization, including the

molecular level (see, e.g., Gottlieb, 2001, Table 4.1,

which is a compilation of experiments showing the

effects of environmental and behavioral influences on

gene expression). This is both inevitable and self-evident,

but recently it has been found that a behavioral change can

lead to a gene expression change that is itself transmitted

between generations through epigenetic inheritance

mechanisms. It happens when persisting changes in the

epigenome of somatic cells lead to the reconstruction of

the uterine developmental niche, as is the case with the

transmission of maternal-care style in rats (Weaver

et al., 2004). In this case, the transmission route by-

passes the germ line, but epigenetic variations can also be

transmitted directly through the germ line. For example,

they can be initiated by a change in a mother’s diet that

leads to altered patterns of chromatin marks in both

somatic and germ line cells, which are then inherited by

the descendants, even if the new dietary regime is stopped

(Cropley, Suter, Beckman, & Martin, 2006). Remarkably,

ingestion of some toxic substance, such as the fungicide

vinclozolin, an endocrine disruptor, can lead not only to

epigenetic transmission of the physiological effects of the

ingested toxin (Anway, Cupp, Uzumcu, & Skinner, 2005),

but also to altered mate choice. Females that are three

generations removed from exposure to vinclozolin prefer

males who do not have a history of exposure (Crews et al.,

2007). The fitness of such males is therefore reduced not

only because they have been adversely affected by the

chemical physiologically, but also because they

are less attractive to females. In this case, the animals

were exposed to the chemical by the experimenter, but

since this fungicide is used to spray vines and other crops,

this human cultural practice might have similar effects on

animals living in sprayed areas, including humans. These

remarkable findings will clearly have to be followed up,

but what is already clear from these recent studies is

that environmental and behavioral inputs not only have

molecular correlates, but these correlates can themselves

be direct inputs into heredity, in that they sometimes lead

to epigenetic inheritance of the relevant patterns of gene

expression.

The general picture emerging from both old and

new studies in psychobiology and behavioral ecology,

and from recent studies in epigenetics, is that most

biological features are influenced by one or more

developmentally responsive epigenetic, behavioral, or

symbol-based mechanisms of inheritance. Because the

inheritance of traits depends on interactions among

several inputs, it follows that so too must their evolution.

But what component mechanisms go into the construction

of a trait? How are units of behavioral development

constructed? And how are the dynamics of evolution,

including genetic evolution, affected by the interactions

among the inputs?

THE UNITS OF BEHAVIORAL DEVELOPMENT

Animal behavior is based on neural maturation and

learning processes. Both maturation and learning are

plastic, experience-dependent processes that are not

always easy to delimit. However learning involves not

only a new and usually adaptive response to an input

during ontogeny, but also requires that the effects of the

input leave some persistent physiological traces that

enable the response to develop more readily when

the same input reoccurs at various other times. Both

maturation and learning involve exploration and selective

stabilization processes that construct functionally new

developmental trajectories (Changeux, Courrege, &

Danchin, 1973; Edelman, 1987). Selective stabilization

mechanisms are based on the generation of a large set

of local variations from which only a small subset is

eventually stabilized. Any particular stabilized response is

the product of local inputs and developmental biases,

which lead to the reorganization of behavior around an

‘‘attractor’’ state (the state towards which the system tends

to proceed, regardless of the conditions from which it

started). Therefore, the development routes to most

behaviors, whether the result of neural maturation or

learning, are more or less open-ended: many routes can

lead to the same attractor (a certain body temperature, a

state of satiation, and so on). The range and shape of this

open-ended plasticity is a fundamental issue in psycho-

biology, and it was central to Gottlieb’s research.

A view of development that recognizes multiple

inherited and environmental inputs and their interactions,

and highlights open-ended plasticity, is not committed to

a priori assumptions about the evolved specificity of

patterns of behavior. A particular pattern of behavior may

be based on domain-general psychological mechanisms

(such as general associative learning), with its stability,

specificity and developmental modularity being the
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outcome of interactions among a persistent set of heritable

developmental inputs. Alternatively, a particular pattern

of behavior may arise because of more specific genetic

inputs that were selected in the past for this very psycho-

logical mechanism (Barkow, Cosmides, & Tooby, 1992;

Pinker, 2002). The relative importance of genetic inputs

resulting from past selection may differ from trait to trait,

so the two alternatives can be seen as the extremes of a

graded spectrum. However, because a view that is focused

on behavioral plasticity does not emphasize selected

genetic inputs, it leads to research programs that look for

other persistent or recurring inputs, and are therefore

likely to uncover domain-general mechanisms. Gottlieb’s

studies on the response of ducklings to maternal vocaliza-

tions are a good illustration of this.

Gottlieb showed that early experience—hearing its

own vocalizations while still in the egg—is an important

input for the development of a mallard duckling’s

preference for the maternal call of its own species, a

preference which is of obvious adaptive importance.

Ducklings that were devocalized while still in the egg

showed no preference for the mallard’s maternal call over

that of the chicken (Gottlieb, 1971). Through this

work Gottlieb therefore discovered not only another case

in which early functional neural activity shapes later

behavior, but also another type of input (a very consistent

one) that is important for the development of the

preference for the maternal call. A natural question to

ask is how these findings can be interpreted within an

evolutionary framework. Is the priming of the nervous

system by this early experience of their own vocalization a

specifically evolved mechanism, one that has evolved for

making ducklings more responsive to their mother’s call?

I believe that this is doubtful. First, many other factors

are involved in the development of the preference for the

maternal call (e.g., exposure to maternal vocalizations

while still in the egg and exposure to sib vocalizations),

so it is not clear how important this priming is relative

to other factors. It may well be that its specific contribution

to maternal call recognition in natural conditions is

negligible. Second, it seems reasonable to assume that

auditory priming is important for the development

of general auditory capacity, and hence that it is a

fundamental requirement for auditory learning. The

preference for their own species’ maternal calls is

probably a function of the proximity of the young to their

mother and sibs, together with the usually invariant

features of their embryonic development, during which

the maturation of neural structures depends on function-

ing triggered by auditory experience. Genetic differences

between species do exist, of course, and the duckling

genes that are involved in hearing are likely to be different

from the chicks’ genes, but it is doubtful that the variations

in these genes were selected specifically for this maternal

call preference. The combination of several inputs (which

include genetic inputs that are specific in that they are

duck genes, but nonspecific in that the genes are not

specifically ‘‘for’’ maternal-call-discrimination), which

occur regularly and consistently in the development of

each generation, seems to be sufficient to generate the

adaptive, normal preference for the maternal call. Of

course, the behavior needs to be investigated further, and it

may turn out that, in fact, specific genetic inputs are

particularly important in this particular domain, and that

there is good reason for assuming that this is a domain-

specific module that was selected as such. However, as

it stands at present, this is only a possibility; it is not a

biological or theoretical necessity.

Another case that Gottlieb studied is the auditory

plasticity of ducklings. He found that tactile stimulation

enhances plasticity. Mallard ducklings that get tactile

stimulation from their sibs, and are exposed exclusively to

chicken rather than mallard maternal calls while in the egg

and shortly after hatching, learn to respond to the chicken

call. Ducklings that are deprived of tactile contact cannot

learn the chicken call when developing in otherwise

identical conditions (Gottlieb, 1993). How can this result

be interpreted in evolutionary terms? Does the behavior

stem from a specifically evolved response, or is it another

example of behavior underlain by a general mechanism

of behavioral maturation? It can be argued that since

ducklings deprived of tactile stimulation are extremely

stressed (they emit more distress call than ducklings that

have tactile stimulation), it is a selective advantage for

them to have narrower discrimination in these conditions,

and to prefer the call of their natural mother, because only

the mother can give them the assistance they need; a

response to any other call might aggravate their stress and

impair their chances of surviving. Alternatively, it might

be that stressed ducklings, deprived of tactile comforting

stimulation and highly aroused, have a generally impaired

ability to learn novel stimuli, and therefore tend to respond

to the natural stimulus, the mother’s call, for which they

were primed earlier. According to the latter interpretation,

tactile stimulation is seen as a general input into learning-

facilitation, rather than as part of a specifically evolved

module.

Avital and Jablonka (2000, pp. 182–190) suggested

several alternative interpretations of patterns of behavior

that are usually explained in terms of domain-specific

mental modules that were selected as such. Squabbles

between parents and offspring, in which the offspring

demand food and attention, and the parents deny it or give

a lot less than the offspring demand, are very common,

and appear during the period before the young become

self-sufficient. These squabbles are usually explained in

terms of evolutionary conflict: the young are assumed to

try and extort as much as they can from the parents, while
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the parents attempt to look after their own inclusive fitness

interests, which depend on the survival and reproduction

of all their present and future offspring, as well as their

own survival. Avital and Jablonka suggested that these

weaning squabbles could be seen instead as an inevitable

consequence of a maturation process in which the parents

guide the offspring towards maturity by denying assis-

tance and promoting self-sufficiency, often against the

immediate and short-term interests of the offspring. When

denied parental feeding, the hungry offspring must

find satisfaction and relieve their nagging hunger through

individual and/or social learning. This negative rein-

forcement is obviously necessary for the young to become

independent, especially when they have to mature before

the season changes, and since negative reinforcement is,

by definition, unpleasant, parental denial is likely to lead

to protest. Nevertheless, learning to be self-sufficient is

in the (inclusive fitness) interest of both parents and

offspring. According to this interpretation, the behavior

patterns associated with weaning squabbles are not a

reflection of a specifically evolved mental squabble-

module, but rather are the inevitable developmental effect

of learning in a changing family situation.

Additional or alternatives explanations for patterns

of behavior that are commonly interpreted in terms

of evolved, domain-specific, mental modules are also

apparent when the importance of inputs that stem from

learning in environments that are socially and ecolo-

gically constructed by the animal is recognized. For

example, inputs from early experience and social learning

may be important for the development of the helping and

adopting behavior that is common in some species of

birds and mammals; the patterns of relationship between

monogamous mates in birds may be affected by learning

about and with the mate; and social learning may play

a large part in the construction and maintenance of

social groups (Avital & Jablonka, 2000). Deciding

between alternative explanations is not easy. If, in a

better future world, literacy becomes universal in all

human societies, could it not easily be mistaken for a

behavior resulting from an evolved mental module,

rather than a culturally constructed one (Jablonka &

Lamb, 2005)?

The point that I want to make is that the specificity,

recurrence and reliability of a behavior’s development

may be more dependent on general learning mechanisms

(and sometimes also on cultural evolution) operating in

particular stably constructed, developmental, ecological

and social niches, than on genetic variations that were

selected to generate the observed set of behaviors. I am

not suggesting that domain-specific evolved modules with

specifically selected genetic inputs do not exist or are

unimportant. In fact, I do not agree with Macphail’s

(1987) proposal that, with the exception of humans, all

mammals employ the same general associative learning

mechanisms and the differences between them can

be accounted for if one takes into consideration their

differences in sensory biases, motor constraints, and

motivations. As I argue in the next section, it is likely that

genetic accommodation has led to more than changes

in sensory biases, motor adaptations, and motivations:

it has also led to alterations in neural organization,

including more complex maturational processes, which

have formed new building blocks for behavioral develop-

ment and for different ways of learning and memorizing.

The level of domain-specificity of these neural adapta-

tions is open to investigation, and it is likely that different

degrees of specificity will be found for different cases. In

all cases, however, the whole range of developmental

inputs needs to be considered when trying to account for

the observed stability of the behavior patterns. Genes are

only one such input, not only in development, but in

heredity and evolution as well.

BEHAVIOR-DRIVEN EVOLUTION:
GENES AS FOLLOWERS

If several different types of heritable inputs influence

development and heredity, how does it affect the way we

think about adaptive evolution and speciation? Since a

genetic change is only one of the types of changed input

that can generate a variant inherited phenotype, there is no

need to assume that a genetic change is needed to initiate

an evolutionary change. In fact, in view of the importance

and range of behavioral innovations in an individual

animal’s ontogeny, and given the potential for patterns

of behavior to be transmitted across generations, it is far

more likely that evolutionary innovations will be initiated

by behavioral changes. As West-Eberhard (2003) pointed

out, since environmental induction can be very persistent

and can affect all, or most, members of a population,

induced changes are unlikely to be eliminated as readily as

the effects of most (rare) gene mutations, even if the

induced changes are not initially beneficial. However,

behavioral modifications, especially learnt ones, which

are tried and adjusted by the individual animal, are more

likely than gene mutations to be beneficial. Moreover,

since newly induced behavior can develop in many

individuals simultaneously, and these individuals will

have different genotypes, some of which are likely to have

properties that enhance the induced behavior’s beneficial

effects or ameliorate its detrimental side effects, popula-

tions can adjust quite rapidly. The chance that a newly

induced behavioral modification can be positively

selected is therefore substantially greater than that of a

rare, mutationally induced phenotypic modification that

occurs in a single individual.

Developmental Psychobiology. DOI 10.1002/dev Developmental Construction of Heredity 813



The view that behavior drives animal evolution, and

that genes follow in the tracks made by behavioral

innovations initiated by environmental or social changes,

has been put forward repeatedly. Recently Bateson (2005)

suggested that adaptive behavioral plasticity in general,

and learning in particular, guides animal evolution, and

called this guidance ‘‘the adaptability driver.’’ The basic

idea he builds on has a long history. Gottlieb (1992,

Chapters 11 and 14) reviewed the historical origins of the

idea in the 19th century and its episodic revivals during the

20th century, and explained how he thought behavior

drives adaptive evolution and speciation (e.g., Gottlieb,

1992, 2002). He believed that genes follow behavior

because of a process that Waddington called ‘‘genetic

assimilation,’’ although he was careful to avoid

Waddington’s focus on the selection of genetic variants,

and was rather vague about the causal role of genes in the

process. Waddington showed that the developmental

induction of new phenotypes uncovers cryptic genetic

variation, and directional selection of the combinations of

alleles underlying an inducible phenotype eventually

constructs new genetic networks that lead to an inborn

response that simulates that that was previously induced

(see Waddington, 1957 for an extended discussion of the

idea). West-Eberhard (2003) suggested a more general

framework for an evolutionary process driven by develop-

mental changes: she suggested that the genetic system can

accommodate any variation in morphology, physiology

or behavior that contributes to the effectiveness of an

adaptive ontogenetic response, and called this process

‘‘genetic accommodation.’’

Behavior may initiate not only local microevolutionary

adaptations, it may also be the driving force behind

adaptive radiations (Hardy, 1965; West-Eberhard, 2003;

Wyles, Kunkel, & Wilson, 1983). Hardy (1965) believed

that the dramatic radiations of reptiles, mammals and

birds were driven by new learning strategies involving

greater inquisitiveness and exploration, which lead to the

invasion of new niches and thus to new selection regimes.

Ginsburg and Jablonka (in press) suggest that the great

adaptive radiation that gave rise to almost all modern

animal phyla, the Cambrian explosion, which occurred

about 540 million years ago and coincided with the

appearance of animals with a central nervous system, was

also driven by the evolution of learning. They suggest

that flexible associative learning (through classical

and instrumental conditioning), which is observed in all

animals with a central nervous system, evolved during

this period and fueled the divergence and speciation that

occurred in the Cambrian. Animals that can learn by

association can adapt ontogenetically to a large variety of

new environments. They can discover new ways of finding

and handling food, seeking mates, avoiding predators, and

so on. The explosion of new behaviors that were generated

by a newly evolved ability to learn associatively led

to congruent new morphologies, and new, underlying,

genetic combinations. This, in turn, led to speciation and

to the formation of new taxonomic groups.

Incorporating epigenetic, behavioral, and symbolic

developmental inputs into evolutionary theorizing obviously

alters the focus of evolutionary research and sometimes

generates complementary and alternative interpretations of

evolutionary processes (Jablonka & Lamb, 2007b). In partic-

ular, recognizing the role of behavioral inputs means that:

(1) The evolutionary origin of the nervous system and of

learning mechanisms becomes much more signi-

ficant. Jablonka and Lamb (2006) argued that non-

genetic mechanisms of inheritance have played a

central role in all of the eight major evolutionary

transitions that Maynard Smith and Szathmáry (1995)

identified, but, in addition, they maintained that

the evolution of animals with a nervous system from

nonneural animals must also be seen as a major

transition. It was this (additional) transition that

introduced the new evolutionary possibilities that

initiated the types of adaptive divergence that set

animal taxa apart.

(2) The level at which selection and adaptive evolution

occur needs to be correctly identified. The possibility

that the robust and complex adaptive behaviors found

in populations may be the product of cultural rather

than genetic evolution has to be taken seriously. Avital

and Jablonka (2000) have given many examples

of animal traditions that are constructed though

social learning, including some complex behavioral

sequences that require cumulative selection. They

suggested, for example, that the different types

of bower-building found in different populations of

the same species of bowerbird could be the result

of cumulative cultural evolution. Since behavioral

variants are induced when environmental conditions

change, and many individuals in the population

may acquire similar modifications at the same time,

adaptation through the inheritance of newly induc-

ed nongenetic variations may be very rapid. The

behaviors may be further stabilized if, at the

molecular level, they are based on heritable epige-

netic variations transmitted through the soma and/or

through the germ line.

(3) Heritable nongenetic variations may initiate popula-

tion divergence and lead to speciation. Gottlieb

(2002) interpreted the well-known case of sympatric

speciation in apple maggots (Rhagoletis pomonella)

in these terms. He suggested that as a result of some

change in local conditions, flies that normally lived

and fed in areas where hawthorn, the preferred food

source of their larvae, was common, shifted to
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neighboring areas where apple trees had been

introduced. Some, though not all, larvae could

accept the new food source (apple), and this led to

altered timing of development, to altered patterns of

dispersal, and to altered mating sites; eventually,

these developmental changes were (partially) geneti-

cally accommodated. Avital and Jablonka (2000)

suggested several similar explanations for species

divergence, which they believe could result from

factors such as environmentally induced changes

in patterns of dispersal, altered host imprinting in

parasitic birds, and altered song imprinting in new

ecological/social conditions. Correlated epigenetic

and genetic variations could enhance this type of

process and stabilize the newly formed group tradi-

tions (Jablonka & Lamb, 2005). As argued earlier, the

evolution of learning mechanisms may have led to

major adaptive radiations, including the Cambrian

explosion.

(4) The stability of behavioral inheritance, which can

range from very stable to relatively ephemeral, has to

be considered. How lifestyles that endure for many

generations are constructed is an important research

question (Avital & Jablonka, 2000). Even when

nongenetic adaptations are not as stable as genetic

alleles in inheritance, they may enable a population

to survive long enough for a process of genetic

accommodation to occur (Jablonka & Lamb, 1995,

2005; Pál, 1998; Sangster, Lindquist, & Queitsch,

2004; Siegal & Bergman, 2006).

(5) Genetic accommodation, which leads to the stabiliza-

tion of behaviors that were previously socially learnt,

may also open up new adaptive possibilities. Avital

and Jablonka (2000) suggested how it might lead

to the evolution of long sequences of behavior,

to modality changes, and to various types of

categorization.

(6) The importance of individual and social learning in

birds and mammals suggests alternative explanations

for some of the interactions seen in families and social

groups. For example, Avital and Jablonka (2000)

suggested that the preferential expression of maternal

(imprinted) genes in the cortex of mammals during

postnatal development may be the outcome of

selection for compatibility between mother and off-

spring, rather than being the result of mother–offspring

conflict, because the young have to be maximally

attuned to the mother during the critical period of early

learning. A more general argument in the same spirit

has been put forward by Hager and Wolf (2006),

who suggested (and supported their arguments with a

simple model) that during mammalian development in

utero, selection for coadapted maternal and offspring

traits may drive the evolution of genomic imprinting.

(7) Extreme, stressful, environmental or social changes

may lead to correlated changes in the epigenetic

control of physiology and behavior. Selection for

tame behavior in silver foxes, which was started in the

late 1950s by Belyaev and his group in Russia,

resulted in domesticated foxes with doglike behavior,

but some also had skeletal modifications, decreased

sexual dimorphism, hormonal changes, spotting,

altered tail and ear posture, and an increase in the

incidence of small, supernumerary chromosomes.

These modifications are heritable, but their mode of

inheritance does not conform to genetic patterns

of inheritance (Trut, Plyusnina, & Oskina, 2004).

They were interpreted by Belyaev (1979) in terms of

the selection of epialleles of genes that were

reactivated by the stress of domestication. In the case

of domestication, therefore, it looks as if stress leads

to changes in all aspects of the developmental

manifold.

(8) Behavioral variations initiated by ecological and

social stresses may affect the generation of genetic

changes because the resulting cellular epigenetic

changes may bias rates of point mutation, trans-

position, recombination, and other genomic reorgan-

ization processes (Jablonka & Lamb, 1995, 2005).

(9) It may sometimes be appropriate to think about

alternative transmissible behaviors (e.g., aggressive

versus relaxed) as components of a single adaptive

strategy. In other words, alternative heritable be-

haviors may be regarded as the manifestations of

plasticity extended in time, a possibility that is

amenable to evolutionary analysis (Jablonka & Lamb,

2005; Lachmann & Jablonka, 1996; Tooby et al.,

2003).

CONCLUSIONS

In 1992, Gottlieb suggested that although our under-

standing of development is still incomplete, the facts that

we do have at our disposal necessitate a change in our view

of evolution. He put forward a view which, in today’s

terms, can be called developmental-evolutionary psychol-

ogy. Fifteen years later, with the explosion of knowledge

about the mechanisms of epigenetic inheritance, we can

give more weight to his proposal. We now understand in

much greater molecular and physiological detail how

environmentally induced changes can affect different

levels of biological organization, and how these can

lead to the transgenerational inheritance of induced or

learnt (acquired) traits. In Gottlieb’s vocabulary, we better

understand how the developmental manifold, and varia-

tions in this manifold, are constructed and reconstructed

across generations. We realize that although genes are
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important inputs into heredity, they should not be

considered as units of evolution. Rather, it is heritably

varying traits, to which all persistent inputs contribute

through complex, multi-level interactions, that should

be seen as units of evolutionary change. Because the

specific nature of a heritably varying trait is the result of

interactions among several types of input, domain-general

psychological mechanisms, through their interaction with

persistent developmental factors and developmentally

constructed environments, can lead to the construction of

persistent, repeatable, species-specific behaviors. Finally,

behavioral plasticity, which is the hallmark of animals,

and is of fundamental importance in their ontogeny, can

initiate and guide both micro- and macroevolution.

NOTES

I am grateful to Marion Lamb for her constructive comments on

an earlier draft of this essay, and for the useful comments of the

referees of this paper.
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