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In recent years, ethologists and psychologists have become increasingly interested in the evo
lution of the ability to learn and in the relationship between innate and learned behavior. However,
recent discussions of behavioral evolution have not adequately incorporated contemporary
knowledge of nervous system development and structure. Most discussions are based on the fol
lowing assumptions: (1) That innate behaviors are programmed by specific genes; (2) that learn
ing requires a larger, more flexible nervous system than does innate behavior; and (3) that the
ability to learn is phylogenetically more recent than innate behavior. This paper reviews infor
mation about nervous system development and the neurobiology of plasticity and learning that
questions the validity of these assumptions. It is hypothesized that behavioral flexibility is phylo
genetically primitive and that learned behavioral adaptations may commonly precede innate forms
of the same behaviors. The role of genetic assimilation in behavioral evolution is discussed.

Since the emergence of ethology in the 1930s, biolo
gists have taken a keen interest in the evolutionary aspects
of behavior. As a result, an extensive literature now ex
ists describing how species-specific behaviors adapt
animals to their environments. More recently, biologists
and psychologists have realized that the ability to learn
is also an evolutionary adaptation that allows many
animals to make short-term adjustments to changing en
vironments. This realization has generated a number of
theoretical discussions on the evolutionary relationship be
tween innate behavior, learning, and adaptation (Alcock,
1979; Gould & Marler, 1984; Johnston, 1982; Mayr,
1974; Plotkin & Odling-Smee, 1979; Rozin & Schull,
in press). Basically, these discussions have addressed the
problem of why natural selection sometimes favors learn
ing, a complex, perhaps costly adaptation, over innate be
havior, a simpler and more common form of adaptation.

Although ideas about the evolution of behavior have
developed rapidly in recent years, they have not incor
porated contemporary knowledge of genes, nervous sys
tem development, and the neurophysiology of plasticity
and learning. Animal behaviorists still base their theories
on traditional, and now obsolete, beliefs about how genes
and nervous systems operate. These beliefs, or "conven
tional wisdom," are outlined in the following section.

The evolution of innate behavior, for example, is in
tuitively rather easy to understand if one adopts the com
mon assumption that particular innate behaviors are
programmed by particular genes. In this view, certain
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genes construct the discrete neural structures that under
lie species-specific behaviors. Such behaviors can be al
tered by mutations of their genetic blueprint, and as a
result behavioral evolution may occur. The evolution of
learning, on the other hand, is intuitively problematic.
What sorts of genes and how many are required to con
struct neural circuits that are capable of many behaviors?
Such considerations have led some authors to conclude
that learning requires a more elaborate genetic base than
does innate behavior:

There are things that have to be learned, such as the in
dividual characteristics of a particular mate or the location
of a nest site. All elements that can be innate, however,
will be innate. Instinct costs less than learned behavior, in
the currency of genetic information (Williams, 1966, p. 83).

Johnston (1982) also speculates that learning may be ge
netically expensive relative to innate behavior. These
views contribute to a common belief that learning is in
general a more complex and evolutionarily advanced
adaptation than is innate behavior.

This paper discusses the biological basis of behavior
and learning from two angles. One angle concerns how
genes program the development of the nervous system
and, in tum, program behaviors. I describe several well
documented phenomena in nervous system development
which illustrate the very indirect relationship that exists
between genes and behaviors. Thus, the ideas about be
havioral evolution cited above are based on the notion that
specific genes directly program behaviors, a notion that,
I will argue, is incorrect. The second angle concerns the
neurophysiology of learning. I describe several examples
of neuronal plasticity which are ubiquitous in nervous sys
tems and which in some cases appear to be important in
learning. The implication here is that learning may be a
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very basic property of nervous systems, not an unusual
and costly evolutionary adaptation. The final section'
presents an evolutionary model that differs from tradi
tional ideas, but is consistent with the information
presented in this paper. In particular I discuss the possi
bility, alluded to by Haldane (1959), that learned be
haviors may commonly precede innate forms of the same
behaviors and that genetic assimilation may play an im
portant role in behavioral evolution.

I assume that no actual dichotomy exists between in
nate, or "instinctive," behavior and learning, but that they
operate together to produce many behaviors. The concept
of instinct and the classification of behavior into two dis
tinct categories-instincts and learning-have been repeat
edly and justly criticized (Hinde, 1970; Lehrman, 1953)
and are no longer used by most ethologists. Current defi
nitions often emphasize the idea that behavior varies con
tinuously from being independent of learning to being
highly dependent on learning (Alcock, 1979). Staddon
(1983) refers to innate behaviors as "canalized." This
term can express the idea that behaviors may be more or
less affected by learning. Thus, a behavior may be
strongly canalized (i.e., courtship song recognition in
brood parasitic cowbirds; King & West, 1977) or weakly
canalized (i.e., the begging response of gull chicks; Hail
man, 1967). The term "canalization" is also useful be
cause it avoids the instinct-learning dichotomy connoted
by the terms "innate" and "instinctive." I have conse
quently adopted it in this paper: canalized behaviors are
those that are apparently unlearned and which are rela
tively unarnenable to modification by learning. For present
purposes, learning may be defined broadly and simply as
a modification of behavior that involves the nervous sys
tem and that results from practice or a specific experience
with an external event.

Conventional Wisdom
There exists a set of traditional ideas common to biol

ogists and psychologists who study behavior and learn
ing as biological adaptations. Although compelling evi
dence for these notions has never been available, that they
are true is implicit in the writings of many scientists. I
will express these ideas explicitly so they may easily be
contrasted with the alternative notions presented below.
The conventional wisdom goes something like this:

Canalized, stereotyped behaviors are associated with
simple nervous systems. Learning requires more neu
rons and is associated with large complex nervous
systems. Therefore, invertebrates show mainly canal
ized, rigid behaviors, whereas vertebrates, particu
larly birds and mammals, are capable of flexible
learning. Canalized behaviors are genetically
programmed and evolve by natural selection in a
manner identical to the evolution of morphological
characteristics. The ability to learn is phylogeneti
cally more recent than canalized behavior and
emerged gradually with the evolution of large, com
plex brains.

Certain of these traditional notions deserve further com
ment. First, the idea that invertebrates rely on canalized
behavior or on very simple, highly programmed learn
ing is presently being replaced with evidence demonstrat
ing unequivocal association learning in such animals as
molluscs (Alkon, 1980; Kandel & Schwartz, 1982; Sah
ley, Rudy, & Gelperin, 1981), blowflies (McGuire &
Hirsch, 1977), and honeybees (Couvillon & Bitterman,
1980). Learning in birds and mammals, on the other hand,
has proven in many cases to be far from completely flex
ible. Examples of genetic constraints on learning include
bird song learning (Marler & Mundinger, 1971), imprint
ing (Bateson, 1971), and cue-to-consequence specificity
in taste aversion learning (Garcia & Koelling, 1966).
Thus, new concepts of invertebrate and vertebrate learn
ing are rapidly replacing the traditional notions outlined
above. However, a related piece of conventional
wisdom-that learning requires a larger, more complex
CNS than does canalized behavior-persists unchallenged.
Recent statements of this "fact" can be found in Mayr
(1974, p. 657), Barash (1977, p. 42), Alcock (1979,
p. 98), and Johnston (1982, p. 86).

The idea that canalized behaviors are genetically
programmed and evolve in the same manner as structural
traits was emphasized by the classical ethologists and re
mains a cornerstone of behavioral biology. Most biolo
gists also believe that the ability to learn is a genetically
programmed trait (Alcock, 1979). Whether viewed as a
general ability or as a set of specialized abilities (John
ston, 1981; Rozin, 1976), learning is invariably regarded
as an "advanced" characteristic, evolved relatively re
cently from canalized behavior. An explicit illustration
of this assumption is shown in Shepherd (1983, p. 546).
It is implicit in other evolutionarily oriented discussions
oflearning. Mayr (1974, p. 652), for instance, comments
on how rarely "genetically fixed behavior patterns have
been replaced by the capacity for the storage of individual
acquired information."

Alternative Hypotheses
Here I suggest a set of hypotheses that diverge from

the traditional ideas outlined above:

Neural plasticity, and consequently learning, is a
basic property of all central nervous systems and does
not require more neurons or more DNA than strongly
canalized behavior. The relationship between genes
and behavior is too tenuous and indirect for us to think
usefully of genes as programming behaviors. Be
havioral evolution may commonly rely on evolution
ary processes such as genetic assimilation and con
sequently occur more rapidly than morphological
evolution. Behavioral flexibility is phylogenetically
primitive; canalized behaviors may be derived from
the plasticity inherent in all nervous systems.

Clearly, I am treating learning as a very general process
indeed. This view does not deny the existence of con
straints on many kinds oflearning, but argues that it was
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the constraints that evolved, not the ability to learn. Also,
the statement that learning does not require more neurons
than canalized behavior does not imply that complex be
havior may not use more neurons than simple behavior.
Rather, it states that, in terms of neuron numbers, it
doesn't matter whether a given complex behavior is closed
or open to modification.

Genes, Neurons, and Behavior
Implicitin many discussions concerning the geneticcon

trol of behavior is the notion that somewhere in the ge
nome there exists a specific segment of DNA (or set of
DNA segments) that specifies the neural circuitry respon
sible for a given behavior. According to Hall and Green
span (1979, p. 129), "the single gene approach to be
havioral genetics and neurogenetics starts out with the
knowledge that genes blatantly specify the assembly of
the nervous system and the components that underlie the
function of the cells in that system. Our 'only' questions,
then, revolve around trying to find out how specific genes
control neurobiological phenomena." Rozin (1976,
p. 260) comments, "There are two ways in which [be
havior program] X is represented in such an organism:
first, as a genetic blueprint and, second, as a set of cir
cuits in the brain. "

In this section, I will argue that the idea of genes con
taining "blueprints" for behaviors is probably false. I will
emphasize, instead (as have others; Bateson, 1984; Par
tridge, 1983; Stent, 1981), the concept of nervous sys
tem development as an epigenetic phenomenon in which,
once set into motion by the entire genome, one event sim
ply leads to another. A functional nervous system depends
on the astonishing ability of developing neurons to select
among thousands of candidate targets precisely the cor
rect cell with which to establish a connection. But this
precision is best viewed as a developmental consequence
of the two cells' being in a particular place at a particular
time rather than of genes' specifying the formation of neu
ral circuitry. In this section, I briefly describe three
phenomenathat illustrate the importance of epigeneticfac
tors in nervous system development. The purpose of these
examples is not to suggest that the genotype has no in
fluence on behavior. Rather, they attempt to show that
this influence, indubitably important in all species, does
not work the way animal behaviorists usually assume.

Epigenetic Phenomena in Nervous
System Development

Isogenic animals. If the development of neural con
nections is under absolute genetic control, one would ex
pect nervous system structure to be identical in geneti
cally identical animals raised under uniform environmental
conditions. This is not the case. Studies of isogenic
animals have revealed that although neuron number and
gross anatomical structure are constant, significant vari
ability occurs in the number and location of synaptic con
tacts between cells. For example, in the crustacean Daph
nia magna, receptor cells in the eye show differences over

distances of several micrometers in shape, location, and
branching patterns of nerve fiber terminals (Macagno,
Lopresti, & C. Levinthal, 1973). F. Levinthal, Macagno,
and C. Levinthal (1975) have also observed variability
in dendritic branching patterns in Mauthner and Muller
cells in members of a single clone of the fish Poecilis for
mosa. Similar findings have been reported in studies of
isogenic grasshoppers (Goodman, 1979) and isogenic
nematodes (Ward, Thomson, White, & Brenner, 1975).
F. Levinthal et al. (1975, p. 327) conclude: "There are
factors as yet unknown that control complexity in all or
part of the nervous system of an individual animal and
which are not associated with any genetic variability be
tween animals."

Abnormal connections. During normal development,
nerve cells move in precise and orderly ways to form
highly stereotyped patterns of connectivity. However,
should normal development be disrupted by injury or en
vironmental or genetic perturbation, neurons show
remarkable flexibility in where they send their axons and
on what target cells they will synapse (Jacobson, 1978).

The Siamese cat provides an interesting example of a
genetic perturbation producing abnormal neural connec
tions in the developing visual system. A mutation in the
gene-encoding tyrosinase (an enzyme necessary for mela
nin synthesis) causes an absence of pigment in the
epithelium underlying the retina (Guillery, 1974). The
resulting retinal disturbance causes certain optic fibers to
be misrouted across the optic chiasm to the wrong side
of the brain (Hubel & Wiesel, 1971). These fibers form
abnormal connections in the lateral geniculate nucleus,
which in tum sends inappropriate fibers to the visual cor
tex. In normal cats, input from corresponding parts of the
visual field of each eye is projected to the opposite side
of the visual cortex, in a manner allowing binocular vi
sion. But in the Siamese cat, the abnormal incoming fibers
reorganize the cortex so that parts of it receive monocu
lar input from only one eye. The result is a basically func
tional visual system in a cross-eyed cat.

In this example, the only direct effect of the tyrosinase
mutation is to alter the course taken by certain nerve
fibers. The rest of the nervous system is apparently nor
mal. If the behavior of groups of neurons were directed
by specific genes, one would expect the lateral genicu
late nucleus and the visual cortex to reject foreign con
tacts and, blindly carrying out prespecified genetic instruc
tions, fail to organize abnormal inputs. Instead, these
structures respond flexibly to the arrival of unexpected
axons. Following the sequence of intercellular interactions
characteristic of normal development-not fixed informa
tion from "their own" genes-they create an orderly
representation of highly abnormal inputs.

Innate behaviors are generally conceived of as stereo
typed patterns of neural circuitry in the brain. The Siamese
cat example illustrates that specific genes are not avail
able to direct the development of the neural connections
that produce normal vision, a very basic sensory ability.
It consequently seems unreasonable to invoke countless
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specific genes to program the neural circuitry responsi
ble for species-specific behaviors.

Neuronal death. In vertebrate and invertebrate nervous
systems, the initial number of neurons generated greatly
exceeds the number that ultimately survive (Hamburger
& Oppenheim, 1982; Truman, 1984). In vertebrate neu
ral centers, where accurate counts of developing neurons
are available, cell loss has been found to range from 40%
to 75% (Cowan, 1979). The notion that some cells are
defective or predestined to die has been proven false. All
neurons in a given population send out normal axons that
reach the target field. Here they evidently compete for
synaptic sites, and those that form effective connections
survive at the expense of the unsuccessful neurons. Ex
periments have shown that altering the size of the synap
tic field proportionally alters the magnitude of neuron
death. Thus, if target tissue is removed, more cells die
(Cowan, 1973); if target tissue is added-by transplant
ing a limb, for example-more cells survive (Hollyday
& Hamburger, 1976). These experiments indicate that
which and how many neurons survive is regulated epige
netically rather than genetically.

A phenomenon related to neuronal death is synapse
elimination. In many cases, axons, upon reaching their
target cells, produce an excessive number of connections.
Later, many of the synaptic terminals are eliminated (Co
wan, 1979; Harris, 1981). Changeux and Danchin (1976)
have proposed that, during development, the pattern of
spontaneous or evoked activity across connections speci
fies which synapses survive and which are eliminated, and
thus specifies the final connectivity of the nervous sys
tem. Harris (1981) describes studies in which electrical
activity across neuromuscular connections was blocked
pharmacologically. In such cases, no synapse elimination
occurred, indicating that activity does, indeed, playa role
in regulating synapse number.

Behavior genetics. The key point in the above section
is that specific genes do not control specific events in nor
mal nervous system development. There are not one-to
one correspondences between genes and neural structures,
but rather many-to-many relationships, with each develop
mental stage guided by epigenetic information (Jacobson,
1978). It follows from this realization that, since specific
genes do not specify neural circuitry, specific genes do
not encode behaviors.

The prevalence of the concept that certain genes pro
gram or provide a blueprint for behaviors can in part be
attributed to a misinterpretation of information generated
by behavior geneticists. There now exists an extensive
list of single-gene mutations that affect the behavior of
organisms from Drosophila to humans (Ehrman & Par
sons, 1981). However, the significance of these "be
havioral mutants" is sometimes misrepresented. Consider
this series of statements made in a discussion of single
gene mutations in fruit flies (Ehrman & Parsons, 1981,
p. 166):

Many diverse behaviors are controlled by single genes situ
ated at loci scattered throughout the fly's chromosomes ....
Benzer and collaborators have studied ... three single-gene
mutations altering the normal circadian (about 24 hours)
rhythm exhibited by D. melanogaster ... Compelling evi
dence for the genetic control of this biological clock is
presented by flies with the arrhythmic mutant, which eclose
ad lib all day long; flies with the short-period mutant, which
display a consistent 19- (not 24-) hour cycle; and flies with
the long period mutant, which have a 28-hour cycle.

These statements may suggest that the wild-type alleles
of the identified mutations control the normal behavior
in question. The authors certainly imply that because a
mutation can alter a behavior, the altered behavior is
necessarily genetically programmed. Both interpretations
are false. The wild-type allele of a mutant gene is almost
certainly not solely responsible for the normal adaptive
behavioral trait and, in most cases, probably has nothing
whatsoever to do with the construction of the adaptive be
havior. Also, mutations that alter behavior are not in and
of themselves "compelling evidence" that a given be
havior is canalized, since the performance of learned be
haviors can also be disrupted by mutations. It should be
emphasized that all identified single-gene behavioral mu
tations are deleterious-they disrupt the development of
the nervous system in complex and sometimes obscure
ways. There is no unequivocal evidence that single genes
can program adaptive, canalized behavior.

These points can be illustrated by the Siamese cat ex
ample described above. In this case, the single-gene mu
tation is apparently nonneural, but instead causes defec
tive melanin synthesis. Clearly, the wild-type allele has
nothing to do with the construction of a normal cat visual
system. Stent (1981, p. 316) has expressed this point well:

The case of the Siamese cat reveals the conceptual poverty
of the notion that genes specify the neural circuits that un
derlie behavior. All that the gene mutated in the Siamese
cat can usefully be said to 'specify' is the amino acid se
quence of an enzyme that takes part in melanin synthesis,
presumably in the retinal epithelial cells ... the absence of
the polypeptide chain it specifies sets off a cascade of dys
functional, albeit specific, aberrations, which eventually lead
to a specific reorganization of the feline brain. But despite
these specific cerebral aberrations there is, in this paradig
matic case, no trace of genetic specification of neural cir
cuitry.

Feature detectors and innate releasing mechanisms.
Ifgenes do not directly specify behaviors, then what form
is the relationship between genes and behaviors likely to
take? Below, I suggest that canalized behaviors may com
monly be preceded evolutionarily by leamed forms of the
behaviors. An adaptive and persistent learned behavior
may acquire a genetic base through the selection of mu
tations or the genetic assimilation of latent genetic vari
ability which enhances the probability that the behavior
will occur in an appropriate fashion. An important point
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to note here is that the cumulative genetic changes that
"fix" learnedbehaviors may involve genes that have noth
ing to do with constructing the neural centers responsi
ble for the learned behaviors. For example, one means
by which learned behaviors may become genetically con
strained is through the evolution of feature detectors. Fea
ture detectors are identified sensory neurons that respond
optimally to particular environmental features of adap
tive importance to the animal. Frogs, for instance, have
ganglion cells in their visual system that respond max
imally to small, dark, erratically moving objects and that
allow frogs to perceive flying insects (Maturana, Lettvin,
McCulloch, & Pitts, 1960). The presence of feature de
tectors may guide learned behaviors along species-specific
channels, making them appear stereotyped and strongly
canalized.

A comparison of feature detectors with the early etho
logical conceptof innate releasing mechanisms may clarify
the indirect relationship between genes and behaviors pro
posed in this paper. Lorenz and Tinbergen suggested that
animals possess inherited perceptual mechanisms which
recognize highly configural stimuli and which trigger
specific behavioral responses (fixed action patterns).
These perceptual mechanisms, called innate releasing
mechanisms,were assumed to have a specificgeneticbasis
and to be associated with discrete neural structures. Con
sequently, they generated the belief in behavioral genes
which precisely programmed the development of neural
structures responsible for complex behaviors. The con
cept of feature detectors, on the other hand, depends only
on the belief that genes can directly or indirectly influence
how perceptual systems function. Clearly, the cumula
tive genetic changes that create feature detectors need not
involve hypothetical genes which program CNS circuitry.
As the Siamese cat example illustrates, mutations in any
part of the genome can set in motion a chain of epigenetic
events that may eventually affect the nervous system in
minor or major ways. Such mutated genes may be be
haviorally important within the context of an adaptive
learned behavior, but in and of themselves need have no
intrinsic behavioral meaning. Thus, the relationship be
tween genes and behaviors is likely to be highly obscure
and, as stated in Alternative Hypotheses, too tenuous and
indirect for us to view genes as programming behaviors.

Plasticity in Adult Nervous Systems
It appears to be a common belief among students of be

havioral evolution that the nervous systems of most adult
animals are static and immutable. Animals that have
evolved the ability to learn are assumed to possess special
ized, flexible neural centers that are remarkable excep
tions to the hardwired nature of most animal brains. The
purpose of this section is to point out that physiological
and anatomicalplasticity are basic and necessary features
of all nervous systems. Studies show that neural connec
tions are modified or replaced in response to injury, dis
ease, malnutrition, altered environments, hormonal in
fluences, use and disuse, and general wear and tear. The

neural mechanisms underlying these ubiquitous nonlearn
ing responses are in some cases similar to the identified
neural changes underlying learning. Because nervous sys
tems are generally dynamic and adaptable, the ability to
alter behavior (i.e., learn) quantitatively, if not always
qualitatively, is logically expected to be the rule and com
plete behavioral rigidity, the exception.

To support the statement that nervous systems are dy
namic and adaptable, I will briefly describe two general
mechanisms of neural plasticity. The first, synaptic
renewal, is an example of anatomical plasticity; the sec
ond, synaptic potentiation, is an example of physiologi
cal plasticity.

Synaptic renewal. Synaptic renewal has been most ex
tensively studied as a response to partial denervation of
neurons or muscle fibers. If a lesion deprives neurons or
muscles of some of their synapse, intact nerve fibers
respond by sprouting new endings that form synapses to
replace those lost as a consequence of the injury. This
phenomenon occurs in both the peripheral and the cen
tral nervous systems of vertebrates and invertebrates (Cot
man, Nieto-Sampedro, & Harris, 1981; Cowan, 1979;
Tsukahara, 1981). Damage to nerve endings may even
cause synapse sprouting in areas of the nervous system
well removed from the denervated area. Particularly in
teresting are cases in cats and primates, in which pertur
bation of peripheral neural structures causes synaptic
growth and remodeling in the brain (Cotman & Nieto
Sampedro, 1982). A similar situation occurs in the cricket
CNS, where removal of sensory structures causes the as
sociated central neurons to acquire innervation from other
cells (Palka & Edwards, 1974). These examples indicate
that considerable flexibilityexists in the central neural con
nections of adult animals.

Significant for present purposes is the evidence
presented by Cotman and Nieto-Sampedro (1982, 1984)
that synapse loss and renewal occur in the adult nervous
system in the absence oflesions. These authors argue that
synapse renewal in response to injury is just an extension
of the spontaneous synapse turnover that occurs continu
ously throughout the normal mature nervous system. Syn
apse turnover appears to be involved in the neural changes
that occur in response to environmental factors. Many ex
periments have demonstrated that animals placed in "en
riched" environments (large cages, other animals present)
show increased neuroanatomical complexity-such as
larger dendrites with more branches and spines-relative
to animals placed in "impoverished" environments (small
cages, no companions) (Greenough, 1984; Thompson,
Berger, & Madden, 1983).

Thompson et al. (1983) believe that the neural changes
observed in these enriched/impoverished environment
studies are similar to those that occur in the mammalian
brain during learning. They point out that such changes
are responses to peripheral stimulation and that the CS
UCS information presented during conditioning likewise
simply represents specific combinations of peripheral
stimulation. In support of this idea, many studies have
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demonstrated increased neuroanatomical complexity in
response to behavioral conditioning (Thompson et al.,
1983). The increased complexity generally involves in
creases in dendrite branching and synapse numbers,
phenomena undoubtedly coincident with synapse turnover.
Thus, synaptic renewal, a basic process that occurs in all
neural connections, may underlie at least some forms of
learning.

Synaptic potentiation. Most nerve cells transmit in
formation across chemical synapses. An action potential
in one neuron sets off another action potential by releas
ing packets of transmitter that depolarize the membrane
of a connected cell, causing a second action potential.
Potentiation in this context refers to the fact that a high
rate of activity across a chemical synapse can facilitate
subsequent activity across this synapse. Many types of
potentiation have been described, some of which are
caused by an increased amount of Ca'" present within the
presynaptic ending. The amount of intracellular Ca++
an ion that briefly flows into cells during action
potentials-directly determines how much transmitter is
released, which in turn can determine how effectively the
postsynaptic cell is excited.

For example, a series of rapid action potentials will
saturate a presynaptic nerve terminal with Ca'", leaving
an extra, residual amount of Ca'" that enhances subse
quent synaptic transmission for many minutes. Kandel
(1981, p. 88) remarks:

Here then is the simplest case of memory! This neuron
remembers that it has generated a train of impulses by in
creasing the intracellular concentration of Ca" in its ter
minals, and now ... produces more transmitter release than
before.

The potentiation described by Kandel usually lasts for
minutes, but can last for more than an hour. Another type
of potentiation, called long-term potentiation, produces
increases in synaptic efficacy that can persist for months.
Many mechanisms have been proposed to explain how
repetitive action potentials produce long-term potentia
tion (Swanson, Teyler, & Thompson, 1982). In some
cases, it may be produced presynaptically, for example
by increased transmitter release (Skrede & Malthe
Sorenssen, 1981); in other cases, changes to the post
synaptic membrane may enhance transmission (Lynch &
Baudry, 1984).

Clearly, the occurrence of potentiation at chemical syn
apses is potentially relevant to learning and memory. Neu
robiologists have shown that this mechanism does indeed
operate to produce learning in molluscs (Alkon, 1980,
1984; Hawkins, Abrams, Carew, & Kandel, 1983; Kan
del & Schwartz, 1982), mammals (Lynch & Baudry,
1984), and fish (Shashoua, 1982, 1985). However, it
should be emphasized that potentiation is a general and
widespread process, certainly not limited to animals cap
able of extensive learning. The process is an automatic
consequence of the basic chemical and physiological way
that nerve cells operate. Thus, the mechanism described

above or similar mechanisms can be found wherever Ca"
modulated chemical transmission occurs-and that means
in most parts of all known nervous systems.

The Evolution of Canalized Behavior
and Learning

The alternative hypotheses presented at the start of this
paper may now be considered in greater detail. I have at
tempted to demonstrate two main points: that behaviors
are not encoded in genes, and that plasticity and learning
are basic, primitive properties of nervous systems. It fol
lows from these points that, first, there need be no
differential genetic cost associated with canalized or
learned behaviors. Rozin and Schull (in press) are con
cerned that we "have no way of measuring the genetic
space occupied by a behavioral program, " but speculate
anyway about the genetic cost of various behaviors. Such
concerns and speculations are fruitless, because behaviors
simply don't occupy pieces of DNA. Second, there is no
differential neural cost associated with canalized or
learned behaviors. The belief that learning requires more
neurons or different kinds of neurons than canalized be
havior is denied by the realization that neural features al
lowing learning are intrinsic to most neurons.

The above information suggests that there is no a pri
ori reason to assume that canalized behaviors phyloge
netically predate learning, and indeed it is reasonable to
suppose that in many instances the reverse is true. When
this is the case, behavioral evolution may occur in a man
ner rather different from the way structural traits evolve.
New structural traits emerge when random mutations or
new genetic recombinations arise and become established
in a population by natural selection. Behavior can evolve
in a similar way. In this situation, which may be termed
"passive" behavioral evolution, behaviorchanges depend
on the natural selection of random mutations and some
times lead, sometimes follow, the evolution of related
morphological structures. Certainly, much essential be
havioral evolution is expected to occur in this manner.
Thus, basic behaviors, such as reproducing sexually and
giving parental care, presumably evolve passively and are
phylogenetically primitive.

However, behavioral change is not always constrained
by genetic change, since the ability to learn allows in
dividual animals to adaptively change their behavior in
response to environmental challenges. Biologists recog
nize that behavior can consequently play an active evolu
tionary role, allowing animals to alter or select their
habitat, and so change the selective pressures to which
they are exposed (Mayr, 1963). The essence of this "ac
tive" view of behavior is that animals can make nonran
dom (adaptive), nongenetic (not dependent on the occur
rence and selection of fortuitous mutations in the style of
passive behavioral evolution) responses to changes or op
portunities in their environments. Animals are intrinsi
cally active beings. If they can behave at all, they can per
ceive certain positive and negative aspects of their
environment and adjust their behavior accordingly, at-
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tempting to acquire the first and avoid the latter. Conse
quently, learned behavioral solutions to environmental
challenges are probably common evolutionary phenomena
(Piaget, 1978).

Flexible learning potentially leading to active behavioral
evolution may even occur in animals traditionally viewed
as having limited and rigidly programmed learning abili
ties. Honeybees, for example, learn to avoid alfalfa after
once experiencing a punch from the spring-loaded anther
borne by these flowers. However, when bees are placed
in the middle of acres of solid alfalfa-an evolutionarily
novel experience-they soon deal adaptively with the
flowers. Either they learn to recognize sprung from un
sprung flowers and visit only the former or they learn to
avoid unsprung anthers by taking nectar from a hole they
chew through the side of the flower (Reinhardt, 1952,
cited by Gould, 1982). Adaptive learned behaviors such
as these may spread widely through a population and per
sist across many generations, with animals in each gener
ation discovering the behavior by trial and error learning
or imitation. Genetic changes that predispose animals to
perform the behavior or enhance some component of it
would presumably be adaptive and are expected to evolve.
Genetic assimilation offers a potentially powerful mecha
nism for the rapid evolution of such genetic enhancement
of learned behaviors.

Genetic assimilation of behavior. Waddington (1953,
1961) coined the term "genetic assimilation" to refer to
a process by which morphological traits, acquired in
response to a severe environmental perturbation, are con
verted by selection into inherited traits. The original ex
pression of a new trait and its subsequent conversion to
an inherited trait depend not on new mutations, but on
latent genetic variation already present in the population.
This variation is usually suppressed by the inherent ten
dency of a developing system to resist modification by
genetic or environmental agents. A severely abnormal en
vironment causes this tendency to break down, increas
ing the variability of development. Also, Waddington
found that a specific environmental stress produced a
specific morphological response; for instance, heat ap
plied to Drosophila melanogaster pupae produced "cross
veinless" flies (Waddington, 1953) and "bithorax" was
caused by exposing eggs to ether (Waddington, 1956).
This specificity, combined with the general disruption of
development, allowed an abnormal condition to appear
in a few animals which possessed the strongest genetic
tendency for it. Subsequent selection of such animals in
creased the concentration ofalleles causing the abnormal
phenotype. Genetic assimilation occurred when these al
leles became so numerous in certain individuals that the
abnormal phenotype was produced genetically, with no
further need for the original environmental stimulus. Be
cause genetic assimilation depends on alleles already
present in a population, Waddington suggested that the
process could give rise to very rapid evolutionary changes.

If learned behaviors are, indeed, transformed to canal
ized behaviors by genetic assimilation, what exactly is as-

similated? This depends on what sort of genetic variabil
ity is available in the population. But, as emphasized
above, the process doesn't necessarily require the exis
tence of genes directly associated with particular parts of
central neural circuitry. Instead, components of learned
behaviors may be enhanced by genetic changes that af
fect perceptual systems and create feature detectors. Hail
man's study of pecking behavior in gull chicks offers an
example of how this may occur. Hailman (1967, 1969)
demonstrated that the pecking response ofgull chicks, in
which chicks peck at the tip of their parent's beak to cause
the adult to regurgitate food, is not initially as stereotyped
as previously reported (Tinbergen & Perdeck, 1950). In
stead, newly hatched chicks at first show a lack of coor
dination in pecking behavior and will peck at almost any
sort of model. With practice, they learn to be much more
accurate and selective in where they aim their pecks,
responding only to models very similar to a gull's head.
Despite the importance of learning, chicks do have in
herent preferences to peck at certain simple things, for
instance long vertical shapes and moving, rather than sta
tionary, objects.

Tinbergen believed that the pecking response involved
an innate releasing mechanism and fixed action pattern,
in which chicks possessed inherited information on the
configuration of a adult gull head and an innate, stereo
typed response to this stimulus. However, the simplicity
of the stimuli that initially elicit pecking suggests, instead,
that gull chicks simply have feature detectors-neurons
in the visual system highly responsive to moving vertical
bars, for example. Feature detectors, and the similar ex
periences that confront chicks, cause the pecking response
to become stereotyped and species typical and to conse
quently appear strongly canalized. The present model
hypothesizes that pecking behavior emerged as an oper
andy conditioned learned response. Active chicks proba
bly attract more parental attention than do quiescent
chicks, and consequently undirected pecking could have
caused food regurgitation to be enhanced and pecking to
be reinforced. The feature detectors that adaptively canal
ize the behavior subsequently evolved through the assimi
lation of genes altering visual perception in gull chicks.

Hailman's work highlighted the possibility that many
canalized behaviors may develop along species-typical
channels guided by a few simple innate factors (feature
detectors) and the similar conditions that confront con
specifics, rather than by precise, detailed genetic instruc
tions. Gould (1982) has suggested that feature detectors
are, indeed, the basis ofclassical innate releasing mechan
isms and cites this realization as a cornerstone of modem
ethology. That many canalized behaviors are under sim
ple, rather than highly complex, specific genetic control
is what one would expect if, as suggested here, many are
preceded by learned forms of the same behavior. Other
things being equal, natural selection will favor individuals
possessing genes that directly or indirectly enhance an
adaptive learned behavior. However, it is unlikely that
a population will perchance possess sufficient and ap-
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propriate genetic variability to allow rapid genetic assimi
lation ofan entire complex behavior. Consequently, many
canalized behaviors may be viewed as learned behaviors
equipped in random ways with a few or many genetic
guideposts. I reemphasize that genes marshaled by natural
selection to guide learned behaviors are not truly "be
havioral genes." Simply, they are genes that affect the
nervous system, perhaps very indirectly, and that achieve
behavioral significance only within the context of a learned
behavior.

Rozin and Schull (in press) have also suggested that
learned behaviors may be replaced by canalized forms of
the same behavior, perhaps by a process called "organic
selection. " This process, conceived of simultaneously by
Baldwin (1896), Morgan (1896), and Osborn (1896), pro
poses that individual animals may adapt to new environ
ments by nongenetic means. The acquired adaptations al
low the population to persist until random mutation
produces alleles which fix the new traits genetically. This
process is certainly possible, but, because it depends upon
the occurrence of suitable mutations, it would in theory
operate less efficiently than genetic assimilation. In either
process, the genome is viewed as tracking active be
havioral adaptations via the natural selection of latent
genetic variability or new mutations. Behaviors are con
strained or refined genetically and, if ample time is avail
able, canalized behaviors are forged from learned adap
tations.

The hypothesis described above was developed in an
attempt to provide an evolutionary theory ofcanalized and
learned behavior consistent with contemporary knowledge
of neurogenetics and neurophysiology. It may now be
asked which theory, that based on traditional ideas or the
present hypothesis, can best explain specific learning
phenomena. Both theories suggest that environmental
change is, in most cases, the key to understanding the evo
lution of learning versus canalized behavior: stable,
predictable environments produce canalized behavior, and
rapidly changing, unpredictable environments favor learn
ing. According to the traditional theory, learning evolved
as a complex, costly adaptation to cope with environmen
tal change. In the alternative model, learned behaviors
change too rapidly in response to changing environments
to be converted by selection to canalized behaviors. Be
cause both theories predict similar ends, though by quite
different means, both can account for many of the same
general phenomena.

Assessing the value and generality of the present
hypothesis versus the traditional theory will require a
rigorous consideration of many learning phenomena in
terms of both theories, a treatment that must await another
paper. However, I will conclude by suggesting that the
present theory may better explain certain types of learn
ing, such as bird song learning and imprinting, that are
not well understood in terms of the traditional theory.
These types of learning are problematic because they oc
cur in some species, whereas other species perform similar
tasks without learning. In the case of bird song learning,
biologists have expended considerable theoretical effort

in attempting to account for the evolution of this behavior
(Kroodsma, 1982; Marler & Mundinger, 1971; Notte
bohm, 1972; Slater, 1983). But it is probably fair to say
that no one has provided a truly convincing explanation
for why some orders of birds learn songs, while many
possess canalized repertories. Also puzzling are differ
ences among species of song birds in the type and amount
of learning required for the production of a normal
species-specific song. Generally, birds reared in acous
tic isolation fail to develop completely normal songs, con
firming the importance ofauditory experience in song bird
vocal development. However, although in some species
the song of isolates is highly abnormal (i.e., white
crowned sparrows; Marler, 1970), in others the song is
basically similar to that of wild birds, for example, cardi
nals (Dittus & Lemon, 1969) and wood thrushes (Lanyon,
1979). Given some sort of auditory experience, there is
also great variability in what can be learned. In some spe
cies, song learning is strongly canalized, such that only
species-typical songs are learned, whereas in other spe
cies canalization is weak and a few or a great many het
erospecific sounds can be copied (Kroodsma, 1982;
Slater, 1983). Patterns of vocal ontogeny have been cor
related to life history parameters in a few species (Catch
pole, 1982; Slater, 1983). However, the suggested corre
lations are not widely applicable across species, and in
most cases the adaptive value of song learning remains
enigmatic. Roper (1983, p. 207) comments, "At present
we have little idea why natural selection has left the song
learning process so heavily constrained in some species
and so flexible in others."

The present lack of generally applicable explanations
may well reflect the fact that many differences between
weakly and strongly canalized song development have no
adaptive significance. If this is true, a traditional view of
learning cannot satisfactorily account for the existence of
song learning. If learning is a complex, biologicallyex
pensive adaptation, it presumably requires steady and
compelling selective pressure to evolve; it would not be
expected to pop up randomly and persist in situations
where an alternative innate behavior could perform the
task equally well. On the other hand, random differences
in degrees of learning are readily understood in terms of
the present theory. The genetic fixation of adaptive learn
ing abilities depends not only on the direction and inten
sity of selection, but also on the availability of appropri
ate genetic variation in the population, and this is a random
factor. Consequently, canalized behaviors evolve from
learned behavior at different rates and from the assimila
tion of different genes, giving rise to random differences
in degrees and kinds of learning at particular evolution
ary times.
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