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Behavioural processes affecting development: Tinbergen’s fourth
question comes of age
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Interest in relationships between behaviour and development has been spurred by research on related
topics, including phenotypic plasticity, parental effects, extragenetic inheritance, individual differences
and trait syndromes. Here, I consider several emerging areas of research in the interface between
behaviour and development, with a focus on behavioural processes that are likely to affect the
development and maintenance of interindividual variation in a wide array of morphological, physio-
logical and behavioural traits. Using a norm of reaction approach, I introduce and illustrate the
complexities of phenotypic development. Next, I consider the implications of environmental selection
and niche construction for phenotypic development, and consider why these behavioural processes are
likely to encourage the development and maintenance of repeatable, stable individual differences and
trait syndromes. Parental effects involving behaviour also affect the development of a wide array of
phenotypic traits; differential allocation is a currently underappreciated type of parental effect, by which
males can affect the development of their offspring via nongenetic means, even if those males have no
contact with their young. Behavioural parental effects also contribute to extragenetic inheritance, and
recent studies suggest that this phenomenon may be more widespread than previously suspected. The
effects of behavioural processes on phenotypic development have interesting implications for problems
in related disciplines (e.g. ecology, evolution and conservation biology), providing additional impetus for
future research on the effects of behavioural mechanisms on the development of behavioural and other
traits.
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In the middle of the last century, Tinbergen (1963) was
sufficiently interested in development to add this topic to
his list of the ‘four questions’ of animal behaviour,
having borrowed his other three questions (on immediate
causation, survival value and evolution, respectively)
from J. S. Huxley. Subsequently, research on developmen-
tal topics was temporarily eclipsed by the growth of
sociobiology (Wilson 1975), behavioural ecology (Krebs
& Davies 1997) and evolutionary psychology (Buss 1999),
but the last few years have seen a resurgence of interest
in relationships between behaviour and development
(Bateson 2001a; Oyama et al. 2001; Johnston & Edwards
2002). In this essay, I suggest that we are poised for a
surge in research on topics involving behaviour and
development, impelled in part by the salience of these
topics for related disciplines, including behavioural
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ecology, ecology and evolutionary biology. In particular,
I suggest that behavioural processes may play a larger
role than previously suspected in the development and
maintenance of interindividual variation in a wide
array of phenotypic traits, including morphological and
physiological as well as behavioural traits.

Interest in behavioural processes affecting development
has been encouraged by a renewed focus on developmen-
tal issues by ecologists and evolutionary biologists. One
example is the literature on phenotypic plasticity and
reaction norms, which considers the effects of experien-
tial factors on the development of morphological and
physiological traits (reviews in West-Eberhard 1989;
Schlichting & Pigliucci 1998). For instance, fish that eat
hard prey items (e.g. snails) as juveniles develop much
larger jaw muscles than otherwise equivalent juveniles
provided with softer prey items (Mittelbach et al. 1999);
similarly striking effects of early diet on the development
of trophic structures have been reported for primates
r Ltd on behalf of The Association for the Study of Animal Behaviour.
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(Corruccini & Beecher 1984), insects (Bernays 1986) and
birds (Piersma et al. 1999). These and other recent studies
of phenotypic plasticity have helped lay to rest the
assumption that behavioural traits are necessarily more
plastic than morphological traits, and have encouraged
research on the ways that experiential factors influence
the development of a wide range of morphological,
physiological and behavioural traits (reviews in Gilbert
2001; Oyama et al. 2001).

Interest in relationships between behaviour and devel-
opment has also been encouraged by the recent spate of
studies on parental effects (also known as maternal
effects), which consider situations in which phenotypic
traits in parents affect patterns of development in their
offspring (Mousseau & Fox 1998; McAdam et al. 2002;
Sheldon 2002). Of course, many parental effects explicitly
involve behavioural processes. In addition, parental
effects can contribute to ‘extragenetic inheritance’: the
transmission of phenotypic traits across generations via
mechanisms that do not involve the transmission of
genetic material (Jablonka 2001; Fleming et al. 2002).

Finally, interest in developmental processes that gener-
ate individual variation has been encouraged by a grow-
ing appreciation among behavioural and evolutionary
biologists that selection often favours phenotypic diver-
sity, rather than favouring a single phenotype that is
optimal for every individual in a given population. It is
easy to see that selection might favour the development
of phenotypic polymorphisms when members of the
same species live in different types of habitats, where they
are subjected to different types of selective pressures
(Hedrick 1986; Gillespie & Turelli 1989). For example,
spiders that vigorously attack prey and conspecifics grow
more rapidly than timid spiders in arid habitats with low
prey availability, but timid spiders have the advantage in
nearby riparian habitats, where bolder individuals suffer
higher predation rates (Riechert & Hall 2000). However,
selection can also favour phenotypic diversity even if
every individual in the population lives in the same
environment. For instance, animal behaviourists are fam-
iliar with the notion that alternative phenotypes can
evolve as a result of negative frequency-dependent selec-
tion, which occurs when rare phenotypes are favoured by
selection (Ayala & Campbell 1974; Maynard Smith 1982;
Dugatkin & Reeve 1998). Thus, Sinervo & Lively (1996)
suggested that three alternative reproductive morphs of
lizards might be maintained by frequency-dependent
selection, because individuals of each type perform best
when the other morphs are more common. In addition,
selection can favour the development and maintenance
of phenotypic diversity when there are strong trade-offs
among traits related to fitness, such that individuals with
high values of particular fitness traits necessarily have
lower values on other fitness traits (Whitlock 1996;
Orzack & Tuljapurkar 2001). For instance, trade-offs
between growth and mortality rates can produce situ-
ations in which individuals growing at a wide range of
different rates end up with virtually the same fitness
(Mangel & Stamps 2001).

This literature suggests that, from an evolutionary per-
spective, one should not necessarily expect natural or
sexual selection to favour a single developmental trajec-
tory, which generates a single ‘typical’, ‘normal’, or
‘optimal’ phenotype that is best for every individual
in the population. Instead, this literature suggests that
we should be actively looking for behavioural processes
that encourage the development and maintenance of
interindividual differences in behavioural, physio-
logical and morphological traits. As we will see below,
certain types of behavioural processes are prime candi-
dates for the development of predictable patterns of
phenotypic diversity among the individuals in a given
population.

Although the current essay focuses on the role of
behavioural processes in the development of variation in
phenotypic traits, a modest amount of ‘background’
material is required before we reach this point. I begin
with definitions of some of the key terms in the paper,
with an emphasis on topics (e.g. behavioural trait
syndromes) that may be unfamiliar to some readers.
Then, I use a norm of reaction approach to introduce and
illustrate some of the complexities of interactions
between genes and experiential factors on the develop-
ment of behavioural and other traits. At that point, we
can consider three behavioural processes with major
potential effects on development: (1) environmental
selection and modification, (2) parental effects (including
differential allocation) and (3) extragenetic inheritance
via behavioural processes. Finally, the last section con-
siders some of the implications of these behavioural
processes for problems in related disciplines, including
ecology and evolution.
DEFINITIONS

To consider processes that affect development, we first
need to consider the products of development (i.e. the
morphological, physiological or behavioural traits that
are generated via developmental processes). Here, ‘trait’
refers to any variable that can be measured for a given
individual at a given point in time. Traits can be morpho-
logical (e.g. wing length), physiological (concentration of
testosterone in the bloodstream) or behavioural (rate of
production of an aggressive display). In this essay, I focus
on behavioural traits that vary between individuals but
are consistent (repeatable) within individuals over an
appreciable period of their lifetimes; hereafter, I use the
term ‘individual differences’ to refer to this situation (e.g.
Wilson 1998).

When behavioural biologists measure different traits in
the same individuals, they often observe correlations
among different traits across individuals (Koolhaas et al.
1997; Wilson 1998; Gosling 2001; A. Sih, A. Bell, J. C.
Johnson & R. E. Ziemba, unpublished data). In this essay,
the term ‘trait syndrome’ refers to correlations among
different traits across individuals in the same population;
and recent studies indicate that behavioural trait syn-
dromes are common in animals (Sih et al., unpublished
data). One example is ‘sociability’ in primates, a trait
syndrome that reflects positive correlations across indi-
viduals between different behavioural measures related to
social interactions with conspecifics (e.g. see Capitanio
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1999; Gosling 2001). In spiders, individuals that are quick
to attack intruders (competitive behaviour) also have a
shorter latency to emerge after a simulated predator
attack (antipredator behaviour) and are more likely to
engage in wasteful killing of prey (foraging behaviour)
(Riechert & Hedrick 1993; Maupin & Riechert 2001). In
great tits, Parus major (Verbeek et al. 1996), individuals
that quickly (but superficially) explore novel environ-
ments attack conspecifics more quickly, are more likely to
win aggressive interactions with opponents, are less likely
to respond to changes in familiar environments and are
more likely to follow a previously learned ‘routine’ when
faced with environmental change than individuals that
slowly and thoroughly explore novel environments.
These differences in exploratory style and the traits cor-
related with them are consistent (repeatable) across time,
and juvenile great tits have exploratory scores similar to
those of their parents (Dingemanse et al., in press). As we
will see, the existence of trait syndromes raises important
questions about the processes that are responsible for
generating and maintaining correlations among different
traits across individuals.

With respect to behavioural development, we rely on
Tinbergen’s original definition of ontogeny: a change in
behaviour machinery during development. This defi-
nition emphasizes the physiological and morphological
systems that are responsible for producing behavioural
traits at any given point of time. Note that this definition
is silent with respect to the duration or reversibility of
changes in behaviour or behavioural machinery, reflect-
ing an early appreciation among behaviourists that dis-
tinctions between long- versus short-term changes, or
more versus less reversible changes in behaviour are
arbitrary (see also Hinde 1970, page 5). Also, note that
this definition is more general than ‘maturation’, or the
achieving of ‘adult’ function. Changes in the machinery
affecting behaviour do not cease when an animal
matures, as evidenced by studies indicating that neural
plasticity is characteristic of adults as well as juveniles
(Stiles 2000). Nor do phenotypic traits expressed in
juveniles simply reflect preparation or practice for adult
function. Instead, they are shaped by selective forces that
affect juveniles during the periods when those traits
are expressed. For instance, Galef (1981) discusses the
many specialized traits that young mammals use to
extract resources from their mothers, and suggests that
mammalian offspring might be more properly viewed as
highly adapted parasites than as incompletely formed
adults. Conversely, if a trait has the same form in
juveniles and adults, there is no a priori reason to
assume that the trait must have been shaped by selec-
tion acting on adults. Thus, water snakes, Neroidia
sipedon, show colour polymorphisms that are expressed
in neonates and continued into adulthood (King 1993).
Field studies indicate that natural selection is currently
operating on the distribution of colour patterns in
neonates and juveniles, but not in adults, results that
are consistent with the hypothesis that differential pre-
dation by visual predators on juveniles is responsible for
the distribution of colour patterns in this species (King
1993).
GENES, EXPERIENCE AND THE DEVELOPMENT
OF PHENOTYPIC DIVERSITY

To consider how behavioural processes contribute to the
development and maintenance of phenotypic variation,
we first need to consider how any experiential factor (not
just those related to behaviour) affects the development
of behavioural and other traits. One of the easiest ways to
appreciate the complex ways that experiential factors
interact with genetic factors to affect development is via
reaction norms. The term ‘reaction norm’ refers to the set
of phenotypes that can produced by an individual geno-
type that is exposed to a range of different environmental
conditions (Schlichting & Pigliucci 1998; Falk 2001). In
turn, the term ‘genotype’ refers to all of the genes in a
given individual, not just to a particular gene of interest.
This is because the effects of a particular gene on devel-
opment often vary as a function of other genes in that
same individual, such that individuals with the same
alleles at a given genetic locus, but with a different
genetic background, develop differently under the same
environmental conditions (e.g. Greenspan 2001).

Unfortunately, the perfect norm of reaction exper-
iment is achievable only in science fiction: a series of
‘parallel universes’ in which the same individual experi-
ences different sets of environmental conditions during
its development. Given the impracticability of this exper-
imental design, empirical studies of reaction norms
typically rely on model systems in which the subjects
destined to be raised in different environments are as
genetically similar as possible (e.g. clones, partheno-
genetically generated individuals, hybrid crosses of
inbred strains, or very closely related individuals, such as
full siblings). In this way, it is possible to raise differ-
ent individuals with comparable genotypes in different
environments at the same time.

Graphical depictions of reaction norms plot trait values
against a range of environmental conditions for a number
of different genotypes, each of which is represented by a
different line.

A highly idealized set of reaction norms for three
genotypes (individuals) from the same population is illus-
trated in Fig. 1. Assume that each of three genotypes is
maintained from the time of conception to the time
of measurement in several different environments, and
that a behavioural trait (or an individual’s score on a
trait syndrome) is measured at the end of this period.
Depending on the study, ‘environment’ might refer to a
single experiential factor of interest (e.g. temperature,
Imasheva et al. 1997), or it might refer to localities that
differ from one another in a number of respects, only
some of which are apparent to the experimenter (e.g.
‘common garden’ experiments, cf. Clausen et al. 1948).
Similarly, ‘phenotype’ can refer to a single behavioural
trait, or to a composite variable reflecting a cluster of
correlated traits (e.g. an individual’s score from a factor
analysis).

Several general points can be illustrated using this
idealized set of reaction norms. First, reaction norms span
the entire range of environmental conditions in which
the members of a population might be able to live and
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Figure 1. An idealized set of reaction norms for three different
genotypes (I, II and III), which develop under a range of environ-
mental conditions (A through D). Each individual’s phenotype at a
specified point in time results from interactions involving all of its
genes (genotype) and the environmental conditions it experienced
prior to that point in time. Variation among genotypes with respect
to the intercept, slope and shape of their reaction norms makes it
difficult to assign phenotypic variation to genetic or environmental
influences.
reproduce, not just those in which they currently live
(Schlichting & Pigliucci 1998). For instance, imagine that
most members of a population currently live in one of
two environments indicated by points B and C. Not
unnaturally, a reaction norm study might focus on devel-
opment in these two environments. However, in the past,
the ancestors of this population lived in other types of
environments (e.g. A), and as a result of global warming,
members of this population will soon find themselves in
a new type of environment, indicated by D. Hence, a
reaction norm that considers experiential conditions
beyond those currently experienced by the members of a
population may uncover phenotypes that used to be
common in their ancestors, and provide insights into
new phenotypes that might be expressed by members of
that population in the future.

Reaction norm diagrams also illustrate why it is so
difficult to partition phenotypic variation into genetic
and environmental components (Lewontin 1974; Gupta
& Lewontin 1982; Bateson 2001b; Falk 2001). Reaction
norms typically do not form a neat set of parallel straight
lines. Instead, genotypes often vary with respect to the
shape, intercept and slope of their reaction norms, so that
all of these factors need to be specified when comparing
reaction norms for different genotypes (Via et al. 1995;
Schlichting & Pigliucci 1998). One consequence of inter-
individual variation in the shape and position of reaction
norms is that the proportion of phenotypic variance that
can be attributed to genotype and to environment varies
as a function of both the genotypes and the environ-
ments that are included in a given study. For instance, if
genotypes I and III were raised in the environments
indicated by points B and C, most of the observed
variance in the phenotypic trait would be attributable to
variation between genotypes. In contrast, if genotypes I
and II were raised in the environments at points A and D,
most of the phenotypic variation in the same trait would
be attributable to differences between environments A
and D.

As a practical matter, variation among genotypes in the
shape and position of their reaction norms greatly com-
plicates efforts to identify genes that affect the develop-
ment of behavioural and other traits. For example,
behavioural geneticists using house mice, Mus domesticus,
as a model system have crossed standard inbred lines to
produce different genotypes, each of which has a stable
genetic composition, making it possible to raise and
test the same genotype under a range of environmental
conditions (Wahlsten 2001). However, complicated inter-
actions between genotype and environment are com-
mon, such that some genotypes respond more than
others to particular features of the environments in
which they are raised or tested. Thus, in an attempt to
identify quantitative trait loci (QTLs) related to loco-
motion in mice, Flint et al. (1995) used an F2 hybrid cross
from two strains (C57BL/6J�BALB/cJ) and tested their
subjects in a circular, white, open field measuring 60 cm
in diameter; these investigators reported QTLs for loco-
motor activity on chromosomes 1, 4, 12 and 15. In
another study on the same question, Gershenfeld et al.
(1997) used the F2 hybrid cross of C57BL/6J�A/J, tested
them in a square, clear, open field measuring 42�42 cm,
and reported QTLs for locomotor activity on chromo-
somes 1, 10 and 19. At this point, it is not clear whether
the differences in the genetic loci associated with loco-
motor behaviour were a result of rearing mice in differ-
ent laboratory environments, differences in the test
apparatus, genetic differences between the crosses, or
interactions between these factors (Wahlsten 2001).

Because this degree of variation in results is unaccept-
able for biologists interested in specifying the effects of
genes on behavioural development, investigators typi-
cally handle the problem by concentrating on one (or a
few) genotypes, which are maintained under rigidly con-
trolled, standardized conditions in the laboratory (e.g.
Gilbert & Jorgensen 1998; Schaffner 1998; Wahlsten
2001). In effect, such studies reduce the effects of
environment and of genotype–environment interactions
on development by focusing on a single genotype in a
single environment (e.g. genotype I in condition C, Fig.
1). The difficulty, of course, is that even the most com-
plete description of the genes involved in behavioural
development for this individual in this environment
might not tell us much about the genes related to the
development of the same trait in other individuals in that
same population, or about other genes that would have
influenced the development of this trait, had the same
individual been raised under a different set of conditions.

Even as an idealized diagram, Fig. 1 is still a gross
oversimplification because it assumes that genotypes are
maintained in the same environments from the time of
conception. There are at least two problems with this
scenario. First, investigators virtually always initiate
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experimental treatments well after the point of concep-
tion, after a variety of factors in the egg, the uterus, or the
postnatal environment have had an opportunity to affect
the developmental trajectories of the experimental sub-
jects. Many of these factors are produced by the indi-
vidual’s parents (see parental effects, below), so at the
very least, investigators must control for parental effects
when studying the reaction norms of different genotypes
raised in different environments (e.g. Holtmeier 2001;
Laurila et al. 2002). Second, from a conceptual point of
view, Fig. 1 glosses over the fact that the effects of
experience on development often depend on the state
of the individuals when that experience occurs, and, in
turn, that an individual’s state at any point in develop-
ment is affected by interactions between its genotype and
experiences prior to that point in time (Gottlieb 1992;
McNamara & Houston 1996; Schlichting & Pigliucci
1998; Oyama et al. 2001). Indeed, even introductory
students of animal behaviour are taught that the effects of
experience on development depend on the period during
development when the organism receives that experi-
ence, as reflected in the familiar concept of ‘sensitive
periods’ (e.g. Alcock 1998).

The temporal contingencies that affect behavioural
development are difficult to capture in a simple diagram,
but Fig. 2 may provide a useful starting point for thinking
about them. Assume that individuals are placed into the
environments of interest at a convenient point in early
development (e.g. at hatching), and that each indi-
vidual’s state at hatching is determined by its genes,
factors its mother placed into its egg, and all of the other
environmental factors that impinge on an individual
from conception to hatching. For simplicity, assume that
there are only two sets of conditions that individuals
experience prior to hatching (� or �), and that we are
interested in the reaction norms for two genotypes (I and
II). After hatching, individuals with different genotypes
and early experience are reared in a range of environ-
ments, after which their phenotypes are measured, as in
Fig. 1. In this graph, a two-way interaction between early
experience and later experience on the development of
the phenotypic trait is indicated by the fact that for each
genotype, the effect of the second environment (e.g. B
versus C) on the development of the phenotype varies as
a function of previous experience (� or �). A three-way
interaction between genotype, early experience and later
experience on development is indicated by the fact that
the interaction between early experience and later experi-
ence varies as a function of genotype: in genotype II, early
experience has a much stronger effect on the relationship
between later experience and phenotypic development
than is the case for genotype I. Although still highly
oversimplified, Fig. 2 illustrates why it is so important
to keep an individual’s prior history in mind when
designing and interpreting studies of the development of
behavioural and other traits.

In summary, diagrams of reaction norms can be quite
useful for illustrating some of the complexities of devel-
opment that have been obvious to animal behaviourists
for many years (e.g. see Lehrman 1953), but are some-
times difficult to grasp when presented in a descriptive
format. In addition, a norm of reaction approach pro-
vides a useful point of departure for a discussion of
behavioural processes that are likely to influence the
production and maintenance of phenotypic variation
within populations, a topic I explore in greater depth
below.
DEVELOPMENT AND MAINTENANCE OF
INDIVIDUAL DIFFERENCES AND TRAIT
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Figure 2. An idealized set of reaction norms illustrating the ways that
early experience (α or β), later experience (environments A through
D) and genotype can interact to influence the development of
phenotypic traits. The shape and position of these curves illustrates
a three-way interaction between the effects of genotype, early
experience and later experience on development: for genotype II,
early experience has a strong impact on phenotypic development in
environment C, but a weaker effect on development in environment
B, whereas for genotype I, early experience has a weak effect on
development in both environments B and C.
Selection and Modification of the Environment

The classic norm of reaction approach implicitly
assumes that experience affects the individual but that
the reverse is not the case: the individual does not
influence its own experience. However, any animal
behaviourist is aware that animals are not merely passive
organisms at the mercy of external environmental forces.
Instead, animals frequently select their own environ-
ments, or modify their environments through their own
actions (Waddington 1959; Lewontin 1983; Bateson
1988; Olding-Smee 1988; Laland et al. 2001). Of course,
environmental selection and environmental modifi-
cation are both explicitly behavioural processes. As we
will see below, both of these processes can profoundly
affect the patterns of phenotypic variation that we
observe in natural populations.

Over the years, behavioural ecologists have docu-
mented many situations in which individuals select the
environments that they will experience in the future.
Thus, dispersers in heterogeneous landscapes select the
habitats in which they will spend their lives (Stamps
2001), and within those habitats, individuals choose
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particular microhabitats in which to conduct particular
activities, including foraging, mating and raising off-
spring. An example are cryptic species in which indi-
viduals improve their degree of crypsis by selecting
microhabitats based on their visual characteristics
(Broadman et al. 1974; Gillis 1982; Steen et al. 1992).

In many animals, the social environment is at least as
important as the physical environment: the group, mate
or neighbourhood with which an individual lives will
affect its social behaviour over extended periods. Indi-
viduals in nature often have a choice of social situ-
ations available to them, as a result of which, the social
environment experienced by a particular individual can
be at least partially determined by choices made by that
individual. In socially monogamous birds, animals select
the partner with whom they will interact for subsequent
months to years (Gowaty & Mock 1985; Black 1996), and
in group-living animals, natal dispersers select a new
group in which they are likely to remain for the rest of
their lives (Brown & Brown 1996; Kunkele & Von Holst
1996). Even in territorial species, dispersers often have a
choice of neighbourhoods that differ with respect to the
density or type of residents living within them (Stamps
2001; Doligez et al. 2002).

Selection of an environment is not the only process by
which individuals can affect the environment in which
they develop: animals can also modify the environ-
ment(s) in which they will live. Traditional studies of
niche construction have focused on modifications of the
physical environment; examples include beaver dams,
termite mounds, or spider webs (review in Laland et al.
2001). Less widely appreciated is the extent to which
animals control their social environment through their
own behaviour, a situation we might term ‘social con-
struction’. Social construction occurs when an individual
affects its future social environment, by initiating particu-
lar types of social interactions with conspecifics with
whom it might interact in the future.

For instance, consider a situation in which an individ-
ual remains in a particular area, and vigorously attacks
conspecifics whenever it encounters them. If the mem-
bers of this species tend to avoid areas where they have
been attacked (i.e. ‘punished’), then an individual who
attacks conspecifics will eventually construct a social
environment that features low spatial overlap and low
encounter rates with those conspecifics. In other words,
using aggressive behaviour, the individual has con-
structed a territory (Stamps & Krishnan 1999, 2001;
Switzer et al. 2001). Other examples of social construc-
tion include the use of aggressive behaviour to affect the
rates and types of subsequent agonistic interactions with
group members, through the establishment of domi-
nance relationships (Drews 1993; Pagel & Dawkins
1997), or the use of affiliative behaviour to increase the
likelihood of engaging in a range of positive interactions
with particular individuals in the future (Capitanio
1999).

The ability of animals to select or modify their environ-
ments has implications for the development and main-
tenance of phenotypic diversity in natural populations.
Returning to Fig. 1, imagine that genotype I prefers
environment C, while genotype II prefers environment B.
In that case, most individuals would express one of two
alternative phenotypes: one a result of the combination
of genotype I and environment C, and the other a result
of the combination of genotype II and environment B.
Note that this bimodal distribution of phenotypes
requires that individuals be able to select their own
environments; it would not develop if those same geno-
types were randomly assigned to environments (as is
typically the case in norm of reaction experiments).

Indeed, variation among genotypes in environmental
selection or construction is not required, behavioural
processes alone could encourage the development and
maintenance of alternative phenotypes within the same
population. The development of stable individual differ-
ences and trait syndromes is expected whenever the
following conditions are satisfied: (1) a population lives
in a heterogeneous environment, (2) each individual
selects an environment that it can use for an extended
period, (3) experience in a particular type of environment
affects development in a way that improves subsequent
performance in that type of environment, and (4) indi-
viduals prefer to remain in or return to environments in
which they perform at relatively high levels. If these four
conditions are satisfied, an initial choice of environment
(perhaps made on a purely random basis) will encourage
the development and maintenance of adaptive trait syn-
dromes involving a suite of behavioural, physiological
and morphological traits.

I am unaware of any empirical study that directly bears
on this point, but juvenile fish might be suitable candi-
dates for such a study. Many fish live in habitats that are
heterogeneous at the spatial scale of a home range or
territory. For instance, juvenile brook charr, Salvelinus
fontinalis, can spend their time in fast- or in slow-moving
water, and fish living in these two types of microenviron-
ments within the same stream significantly differ with
respect to a number of traits, including site fidelity,
aggressive rates, foraging styles, diet, body shape and
caudal fin height (Grant & Noakes 1988; McLaughlin &
Grant 1994). Current evidence suggests that the differ-
ences between the juveniles inhabiting fast- and slow-
flowing water could be a result of phenotypic plasticity
(e.g. significant differences in caudal fin heights can be
generated by raising randomly selected charr in different
flow regimes; Imre et al., in press), and in other fish,
foraging on a particular type of prey has been shown to
improve subsequent performance with that type of prey,
for example, because particular diets induce changes in
musculature or skeletal components of the feeding appar-
atus (Wainwright et al. 1991; Day & McPhail 1996), or
because the ability of individuals to recognize, attack and
handle particular types of prey improves as a function of
previous experience with that type of prey (Kieffer &
Colgan 1991; Skulason et al. 1993). Hence, current evi-
dence implies that even if two young brook charr
were identical when they first selected a location in
which to live, behavioural processes would encourage the
development of predictable clusters of correlated traits
for individuals that selected fast- versus slow-moving
water.
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Parental Effects and the Development of
Individual Differences and Trait Syndromes

Every animal develops in an environment that is influ-
enced, in one way or the other, by its parents (Rossiter
1996). Social learning is obviously one process by which
the behaviour of parents affects the development of traits
in their offspring, but there are many others. For instance,
a mother lizard’s choice of incubation temperature for her
eggs can affect the antipredator behaviour of her hatch-
lings (Downes & Shine 1999), or the amount of food
dung beetle parents provide to their offspring can affect
the body size of their offspring (Hunt & Simmons 2000).

Even in species with extensive amounts of parental
care, important parental effects may occur via behav-
ioural mechanisms that do not involve social learning. A
particularly salient example is provided by Meaney
(2001) and his colleagues, who studied how variation in
‘maternal style’ in rats affects the development of a
cluster of correlated behavioural and physiological traits
in their pups. Some mothers lick and groom offspring at
high rates, and adopt a nursing posture that allows pups
easy access to the nipples, and other mothers lick and
groom at lower rates, and adopt a more restrictive posture
while nursing. In turn, maternal behaviour has profound
effects on the development of a suite of correlated traits
in their young, effects that appear to be mediated by
changes in the development of corticotropin-releasing
factor (CRF) systems. For instance, cross-fostering studies
indicate that pups reared by high-licking mothers are less
fearful and less responsive to stress at adulthood, and
have reduced resistance to certain pathogens, than pups
reared by low-licking mothers. Hence, in this case, differ-
ences in maternal behaviour during the first week after
birth contribute to the development of central CRF sys-
tems that affect a suite of behavioural and physiological
traits throughout life.

Differential allocation is another parental effect with
the potential to affect the development of an impressive
list of phenotypic traits. Differential allocation occurs
when the allocation of resources to offspring by one
parent varies as a function of phenotypic traits in
the mate (Burley 1986). Thus, differential allocation
explicitly involves behavioural processes, in that stimuli
from one parent influences parental effects mediated by
the other parent. Burley (1988) provided the first evi-
dence for this hypothesis, by experimentally manipulat-
ing the attractiveness of male and female zebra finches,
Taeniopygia guttata, using coloured leg-bands, and show-
ing that the mates of individuals with attractive bands
invested more time caring for their offspring than did the
mates of individuals with unattractive bands. Subsequent
studies have shown that female zebra finches sequentially
mated to males with attractive and unattractive bands
alter the amount of testosterone in their eggs, as a
function of male band colour (Gil et al. 1999; but see
Petrie et al. 2001). In turn, exposure to testoster-
one deposited in avian eggs affects the begging rates,
aggression and growth rates of the nestlings that hatch
from those eggs (Schwabl 1993, 1996; Eising et al. 2001;
C. M. Eising & T. G. Groothuis, unpublished data). Taken
together, this literature suggests that stimuli from a male
bird could influence the development of a suite of behav-
ioural and physiological traits in his offspring, via the
effects of those stimuli on hormones placed into the eggs
by his mate.

In recent years, differential allocation has been
reported in a wide range of taxa, suggesting that this
phenomenon may be quite common in animals (review
in Sheldon 2000; see also Kolm 2002; Nilsson et al. 2002;
Saino et al. 2002). This indicates that a hitherto unsus-
pected behavioural process may provide yet another way
that traits in parents can influence the development of
their offspring. In particular, differential allocation pro-
vides a nongenetic route by which phenotypic traits in
fathers can influence the development of their offspring,
even in species in which fathers have no contact with
those offspring.
Extragenetic Inheritance and the Development of
Individual Differences and Trait Syndromes

Any discussion of parental effects leads directly
to a closely related topic: extragenetic inheritance.
Extragenetic inheritance occurs when there is a corre-
lation between phenotypic traits in parents and offspring
for reasons other than the transmission of genetic
material between parents and their offspring. The fact
that extragenetic inheritance is defined in negative terms
reflects the prevalent assumption that the inheritance of
phenotypic traits is virtually always due to the inherit-
ance of genetic material (Jablonka 2001). This emphasis
on genes as the primary, if not the only, mode of
inheritance has broadened over the years to encompass
other processes affecting development. For instance,
parental effects can be subsumed within the genetic-
primary paradigm by including genes that affect traits in
the parents (Rossiter 1996; Mousseau & Fox 1998; Wolf
2000); genes are still assumed to govern inheritance, but
now we consider two sets of genes, those in parents, and
those in offspring, and estimate the effects of the former
on the latter (Kirkpatrick & Lande 1989; Oklejewicz et al.
2001). Reaction norms can also be accommodated under
the same paradigm, by assuming that reaction norms,
and the plasticity they generate, have a genetic basis
(Schlichting & Smith 2002).

Over the years, animal behaviourists have provided
several clear counterexamples of extragenetic inheritance
in animals. Familiar cases include the cultural trans-
mission of songs in birds (e.g. Grant & Grant 1996;
MacDougall-Shackleton & MacDougall-Shackleton 2001),
or the transmission of food preferences from mothers to
their offspring (Galef & Whiskin 1997). Even so, many
biologists still seem to view examples of extragenetic
inheritance via behavioural processes as interesting
curiosities, exceptions to the general rule that modes of
inheritance are almost always genetic.

One possible reason for the widespread dismissal of
behavioural extragenetic inheritance is the equally wide-
spread assumption that social learning is the mechanism
responsible for most, if not all, extragenetic inheritance
in animals (Cavalli-Sforza & Feldman 1981; Boyd &
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Richerson 1985, 1996; Takahasi 1999; Jablonka 2001).
However, only a limited number of species and situations
satisfy the conditions required for the transmission of
behavioural traits via social learning (Caro & Hauser
1992; Brooks 1998; Galef 2001), and empirical support
for cultural inheritance in animals is sparse (Boyd &
Richerson 1996; Sterelny 2001).

Recently, however, it has become apparent that social
learning is only one of several behavioural processes that
can encourage correlations between traits in parents and
their offspring. Generally speaking, two components are
required for any type of extragenetic inheritance. First,
extragenetic inheritance requires parental effects: some
physiological, behavioural or morphological trait X in
parents that directly affects the development of trait Y in
their offspring. Second, mechanisms must exist in the
offspring that increase the likelihood that individuals
that develop trait Y early in life will express trait X later in
life, when they themselves mature and become parents.
This second mechanism is required to ensure that the
parental trait(s) that shape offspring developmental
trajectories reliably reappear in successive generations.

Cultural transmission provides a simplified version of
this scenario, because in this situation, X and Y are the
same trait. The same is true when parents directly pass
substances to their young during the period of parental
care (e.g. when the transfer of odours in maternal milk
affects the food odours preferred by young after they
begin to forage on their own; Galef & Sherry 1973;
Provenza & Balf 1987). In these situations, the critical
question is why individuals that learned motor patterns
or preferences for particular stimuli from their parents
early in life would continue to express these same behav-
iour patterns much later in life, when they have offspring
of their own. One possible answer to this question is that
the behaviour X learned from its parents will be main-
tained into adulthood when the rewards that are contin-
gent upon the production of behaviour X as an adult are
higher than the rewards that are contingent upon the
production of alternative forms of behaviour (Galef 1996;
Galef & Whiskin 1997).

Recently, a small but growing group of investigators
has begun to investigate examples of extragenetic inherit-
ance that do not rely on social learning. One particularly
interesting example follows from the studies discussed
earlier of the effects of maternal behaviour (licking, nurs-
ing posture) on the development of a trait syndrome
involving stress reactivity of young rodents. An import-
ant addition to this story is that the behaviour of mothers
affects the development of maternal behaviour in their
daughters (Meaney 2001; Fleming et al. 2002). Cross-
fostering studies show that females raised by high-licking
mothers develop into high-licking mothers themselves,
and vice versa (i.e. the maternal behaviour of a female is
similar to that of her foster mother, not to that of her
biological mother). In this case, a trait syndrome is
maternally inherited by nongenetic means: high-licking,
low-reactivity mothers produce low-reactivity offspring
of both sexes, and their low-reactivity daughters lick their
own offspring at high rates after they mature, producing
grandchildren with low reactivity.
Although thus far, most studies of extragenetic inherit-
ance of maternal behaviour have focused on rodents and
primates (Berman 1990; Fairbanks 1996; Maestripieri
1999; Fleming et al. 2002), researchers working with
other taxa are also beginning to study this phenomenon.
For instance, in dung beetles, maternal provisioning
behaviour (amount of dung in the brood mass) affects the
growth trajectories and final sizes of both male and
female offspring, and, in turn, large adult females pro-
duce large brood masses for their offspring. As a result,
females that provision their young with large brood
masses produce daughters that are also likely to provision
their offspring with large brood masses (Hunt & Simmons
2002).

Even if behavioural modes of extragenetic inheritance
turn out to be common in mammals, birds and other
species with extensive parental care, this would leave the
genetic-primary paradigm intact for biologists studying
taxa in which neither parent cares for the offspring.
Unless mechanisms for extragenetic inheritance exist in
species lacking parental care, extragenetic inheritance is
likely to remain a curiosity, of little relevance to the
inheritance of phenotypic traits for most of the animals
on earth.

However, virtually all animals engage in one type of
parental behaviour that has the potential to profoundly
affect the development of phenotypic traits in their
offspring: females select a location for their eggs. By
selecting a natal habitat for their eggs, females provide
their offspring with a broad range of environmental
conditions that affect embryos during the period between
laying and hatching. In addition, in many species, off-
spring remain near their natal location for an extended
period after hatching; in this situation, maternal choice
of oviposition site determines the environment that will
be experienced by offspring over an extended period of
juvenile development (West & King 1987).

Because the burgeoning literature on parental effects
clearly shows that a mother’s choice of a natal habitat can
greatly impact the development of her offspring, the
critical question is whether extragenetic mechanisms
exist that encourage a correlation between the habitat
preferences of parents and their offspring. This question
has a long and illustrious history. In 1864, Walsh pro-
posed that insects become conditioned to the host in
which they develop, a process that would encourage adult
females to deposit her eggs on the same host that was
selected by her mother. In the entomological literature,
this idea evolved into the Hopkins’ host-selection prin-
ciple, which, in its broadest sense, predicts that insects
will develop a preference for the host species on which
they developed (Jaenike 1983). At the same time, biol-
ogists working with vertebrates became interested in a
similar phenomenon they termed ‘habitat imprinting’, in
which an individual’s experience with a particular type of
habitat early in life increases that individual’s level of
preference for the same type of habitat later in life
(Hilden 1965; Klopfer & Ganzhorn 1985). Currently,
these and related phenomenon are subsumed under the
general term of ‘preference induction’, which refers to
situations in which experience (not necessarily restricted
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to learning) in a natal habitat encourages an individual to
select the same type of habitat for reproduction later in
life (J. N. Davis, J. A. Stamps & T. P. Coombes-Hahn,
unpublished data).

To date, empirical support for preference induction has
been obtained for animals from a wide range of taxa,
including mammals (Wecker 1963), birds (Teuschl et al.
1998), fish (Arvedlund & Nielsen 1996), amphibians
(Hepper & Waldman 1992) and insects (Anderson &
Hilker 1995; Djieto-Lordon & Dejean 1999; Barron 2001).
In addition, interest in this phenomenon is growing, in
part because of the obvious relevance of preference induc-
tion to problems in population and conservation biology
(Stamps 2001; Davis et al., unpublished data). At this
point, the available evidence suggests that preference
induction is likely to contribute to extragenetic inherit-
ance in many animals, including many species in which
neither parent provides any care to their young after the
eggs are laid. Given the potential importance of prefer-
ence induction for the extragenetic inheritance of a wide
range of traits, this phenomenon clearly warrants
additional attention from animal behavourists.
IMPLICATIONS FOR PROBLEMS IN ECOLOGY
AND EVOLUTIONARY BIOLOGY

A norm of reaction approach implies that any dramatic
change in environmental factors during development is
likely to generate equally dramatic changes in behav-
ioural traits and trait syndromes, and that these changes
can be expressed within a very short period (as little as a
single generation). In turn, if animals are exposed to
novel conditions during development, they may display
‘behavioural neophenotypes’: behavioural traits or
trait syndromes never before observed for the members
of their species (Kuo 1976; Gottlieb 1992, 2002).
Behavioural neophenotypes are expected when individ-
uals find themselves in a new habitat that differs in a
number of respects from other habitats used by that
species, and that is suitable for at least modest levels of
survival and reproduction. Most captive environments
satisfy these criteria, and behavioural neophenotypes
are routinely generated in the laboratory (e.g. see West
et al. 1994). In nature, behavioural neophenotypes are
expected in any situation in which the members of a
population find themselves in a new habitat that differs
in a number of respects from their previous habitats. For
instance, invasion biology considers situations in which
the members of a species establish themselves in new
localities, where they experience a different set of selec-
tive pressures than those experienced by their ancestors
in the habitat of origin (Vermeij 1996; Kolar & Lodge
2001). A norm of reaction approach suggests that novel
behavioural phenotypes, or novel clusters of traits
involving behaviour could emerge within a generation
or two after the invaders arrived at the new habitat.
Thus, new behaviour observed in animals colonizing
new habitats (e.g. Holway & Suarez 1999) need not
necessarily reflect genetic changes as a consequence of
founder effects or strong directional selection in those
new habitats.
Similarly, many applied biologists, including conser-
vation biologists and integrated pest managers, seek to
establish populations in new habitats using individuals
raised in captivity or in other types of natural habitats. A
norm of reaction approach argues that if animals develop
for extended periods in one type of environment and are
then transferred to another type of environment, they
may have difficulty making the transition, because so
much of their morphology, physiology and behaviour
has already been shaped by factors experienced in their
previous environment. Conservation biologists are
already aware of this problem (e.g. as evidenced by
attempts to ‘train’ captive-raised animals to recognize
predators before releasing them in their new habitats;
Griffin et al. 2000). However, a norm of reaction
approach suggests that instead of trying to change the
behavioural phenotypes of subadults or adults prior to
release, it might be more practical to provide them with
protection, food and other forms of support in the new
habitat (i.e. soft release; Letty et al. 2000). Assuming that
these individuals are able to survive and reproduce in the
new habitat, their offspring would be exposed through-
out ontogeny to experiential factors that are likely to
encourage the development of phenotypes appropriate to
the new habitat. Captive–release programmes for golden
lion tamarins, Leontopithecus rosalia, illustrate the utility
of this approach: efforts to provide ‘training’ to captive-
raised animals prior to release had no appreciable effect
on success rates, but the wild offspring born to captive-
raised individuals were far more efficient than their
parents at surviving and reproducing in their new
habitats (Beck et al., in press).

Behavioural processes can also encourage the develop-
ment and maintenance of stable, predictable patterns
of individual differences in behaviour, and stable, pre-
dictable clusters of correlated traits. Thus, variation in
maternal styles among rodents generates a trait syndrome
featuring a variety of correlated behavioural and physio-
logical traits in their offspring, and selection of a foraging
habitat may encourage the development of a complex
syndrome involving behavioural and morphological
traits in brook charr. These and related studies suggest
that biologists should not assume that stable, repeatable
individual differences in phenotypic traits, or predictable
correlations among phenotypic traits, are necessarily the
product of underlying genetic variation between those
individuals.

Biologists should also be cautious when extrapolating
from developmental patterns in the laboratory to devel-
opmental patterns in nature, because the subjects of most
laboratory studies are severely restricted with respect to
their ability to select or modify their physical or social
environments. If the development and maintenance of
individual differences and trait syndromes requires that
individuals be able to select or modify the environments
that will shape their own development, then phenotypes
in the laboratory will diverge rather dramatically from
those in the field. This may help to explain situations in
which trait syndromes reliably appear under natural con-
ditions, but disappear when animals are confined. For
instance, in pumpkinseed sunfish, Lepomis gibbosus,
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stable individual differences in behavioural traits reflect-
ing ‘shyness’ and ‘boldness’ were observed when individ-
uals were living in seminatural enclosures, but these
differences gradually disappeared when those individuals
were transferred to the laboratory (Wilson et al. 1993).
Hence, predictable patterns of phenotypic diversity
and stable behavioural polymorphisms may be more
common in nature than in captivity, because their
development requires a degree of free choice and free
expression that is typically denied to animals housed in
captive environments.

Differential allocation is another behavioural process
with important implications for evolutionary biology.
Currently, most scientists assume that in species lacking
male parental care, correlations between the phenotypes
of fathers and the phenotypes of their offspring must be
the result of the transfer of genetic material from fathers
to offspring. Differential allocation provides an alternate,
extragenetic route by which fathers can influence
the development of traits in their offspring. As we
have seen, differential allocation is a type of indirect
parental effect, by which sensory stimuli from fathers
influence the development of their offspring via the
effects of these stimuli on maternal traits affecting off-
spring development.

The emerging literature on differential allocation sug-
gests that this phenomenon may be widespread in
nature. If this is the case, then research programmes and
paradigms that ignore this phenomenon may need to be
revised. For instance, standard techniques for estimating
heritability using a paternal half-sibling design are based
on the assumption that correlations between phenotypic
traits in fathers and offspring can be attributed to genes
transferred from fathers to offspring (Falconer & Mackay
1996). However, if differential allocation is occurring, this
technique will produce inflated estimates of the contri-
butions of genes to inheritance. Similarly, in species that
lack male parental care, a positive correlation between
attractive traits in fathers and viability traits in their
offspring is usually construed as supporting the hypoth-
esis that the attractive male traits are correlated with
‘good genes’ (Sheldon 2000). However, in any species in
which a female receives sensory stimuli from her mate
before investing in her young, differential allocation by
mothers may also encourage positive correlations
between attractive traits in fathers and viability traits in
their offspring. The implications of differential allocation
for genetics, evolutionary biology and behavioural ecol-
ogy are just beginning to be appreciated. This is clearly
one behavioural process with the potential to affect the
ways that scientists in related disciplines conduct their
research.

Finally, the recent literature suggests that extragenetic
inheritance via behavioural processes may be more com-
mon, and may involve a much wider range of phenotypic
traits, than previously suspected. As we have seen, social
learning is only one of several behavioural mechanisms
that may contribute to the extragenetic inheritance of
morphological, physiological and behavioural traits. One
general way that females can affect the development of
many traits in their young is by selecting a site for their
eggs, and there is growing evidence in a wide range of
taxa for preference induction, the inheritance of habitat
preferences by extragenetic means. In retrospect, it seems
surprising that animal behaviourists have not devoted
more attention to processes that are likely to encourage
the extragenetic inheritance of habitat preferences, given
the potential importance of such processes for the devel-
opment and evolution of such a wide array of other
phenotypic traits.

In conclusion, studies of behavioural processes that
affect development are not only interesting in their own
right, but this line of inquiry may shed light on questions
and issues of concern to scientists working in related
disciplines. At this point, animal behaviourists have just
begun to study several behavioural processes with large
potential effects on the development of individual differ-
ences and trait syndromes. Hence, if the recent past is any
indication, Tinbergen’s fourth question should attract
attention from animal behaviourists for many years to
come.
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