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Developmental processes can have major impacts on the correlations in behaviour across contexts
(contextual generality) and across time (temporal consistency) that are the hallmarks of animal
personality. Personality can and does change: at any given age or life stage it is contingent upon
a wide range of experiential factors that occurred earlier in life, from prior to conception through
adulthood. We show how developmental reaction norms that describe the effects of prior experience
on a given behaviour can be used to determine whether the effects of a given experience at a given
age will affect contextual generality at a later age, and to illustrate how variation within individuals in
developmental plasticity leads to variation in contextual generality across individuals as a function of
experience. We also show why niche-picking and niche-construction, behavioural processes which
allow individuals to affect their own developmental environment, can affect the contextual general-
ity and the temporal consistency of personality. We conclude by discussing how an appreciation of
developmental processes can alert behavioural ecologists studying animal personality to critical,
untested assumptions that underlie their own research programmes, and outline situations in
which a developmental perspective can improve studies of the functional significance and evolution
of animal personality.
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1. INTRODUCTION AND DEFINITION
OF CONCEPTS
In the past few years, researchers have demonstrated
that personality (individual differences in behaviour
that are consistent both across time and across con-
texts) occurs in a wide range of animal taxa.
Personality is a special case of a more general concept,
behavioural syndrome, which refers to any correlation
across individuals in behaviour, i.e. correlations that
are consistent across time and/or across contexts
(Sih et al. 2004; Sih & Bell 2008). Now that research-
ers have detected personality and behavioural
syndromes in many animal species, attention is turning
to questions about the ecological correlates, functional
significance and evolution of these phenomena, as
evidenced by other articles in this issue.

The general message of this article is that develop-
mental perspectives are essential for framing and
answering questions about the function and evolution
of personality and syndromes. Our more specific mess-
age is that a ‘snapshot’ view of personality, which is
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based on descriptions of behaviour at a single age or
life stage, provides an inadequate foundation for
studies of personality across ecological and evolution-
ary scales of time and space. This is because the
correlations in behaviour across contexts and across
time that are the key criteria for animal personality
depend on experiential factors, where ‘experiential’
here refers to any external stimulus or event that affects
gene expression in an individual, resulting in changes
in its phenotype (see glossary, appendix A, for this
and other definitions). A developmental perspective
that explicitly considers how experiential factors
across the lifetime affect the development of behav-
ioural phenotypes can not only shed light on possible
reasons for variation in animal personality across eco-
logical and evolutionary scales of space and time, but
also help reveal proximate mechanisms that contribute
to that variation.

Because including development adds another level
of complexity to an already confusing topic, we begin
by discussing the terms and concepts required to
understand personality development. We then use
simple graphical models to illustrate why and how
developmental processes can affect the correlations
across individuals across contexts and across time
that are the key components of animal personality.
This journal is # 2010 The Royal Society
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Finally, we identify situations in which ecological and
evolutionary studies of animal personality are most
likely to benefit from a developmental perspective.

Many of the conceptual issues concerning the
development of animal personality have recently
been reviewed elsewhere (Stamps & Groothuis
2010), so here we briefly discuss those most relevant
to questions about its function and evolution. These
concepts are not just relevant to the types of behaviour
(e.g. boldness, aggressiveness) that are currently the
focus of animal personality research (cf. Sih & Bell
2008). They are also relevant to many other behav-
ioural and physiological traits that are correlated
across individuals across contexts and/or across time,
and whose expression depends upon the external
stimuli that surround an individual at the time of
trait expression. Conversely, these concepts were not
required to study the development of individual differ-
ences in morphological traits (e.g. limb length in adult
insects) whose expression is fixed once animals have
reached a given life stage. In addition, animal person-
ality provides a useful framework within which to
discuss recent advances in behavioural development,
some of which may be unfamiliar to researchers who
focus on the adaptive significance or evolution of
behavioural traits.

In order to study personality development, clear
discrimination between variation in behaviour across
contexts and variation in behaviour across time is
essential (Caspi et al. 2005). The word ‘context’
itself has been used in various ways in the animal per-
sonality literature. Early students of animal personality
used context to refer to the environmental conditions
surrounding an animal when it expressed behaviour
(e.g. Wilson 1998). In a subsequent review of behav-
ioural syndromes, Sih et al. (2004) discriminated
between context, which they used to refer to ‘a func-
tional category of behaviour’, and ‘situation’, used to
refer to ‘a given set of conditions at one point in
time’. However, this approach requires researchers to
assign a single function to each of the behaviour pat-
terns expressed by their subjects, a procedure that
may be difficult or impractical (Stamps & Groothuis
2010). Modifications to definitions of context in the
animal personality literature continue to the present
day: Dingemanse et al. (2010) used context to refer
to environmental stimuli that vary across a gradient.
Despite this variation, a common element in these
usages is that they all include stimuli exterior to the
animal at the time it expresses behaviour. Hence,
following traditional use of the term, we have defined
context as all of the external stimuli, including stimuli
from conspecifics and other animals, that impinge on
an individual when it expresses a given behaviour
(Stamps & Groothuis 2010).

Along the same lines, ‘contextual generality’ (and
its inverse, ‘contextual specificity’) refers to the
extent to which scores for behaviour expressed in one
context are correlated across individuals or across gen-
otypes with scores in behaviour expressed in one or
more other contexts, where high contextual generality
indicates that the rank order of scores is maintained
across contexts (Stamps & Groothuis 2010). This defi-
nition is based on the history of the usage of these
Phil. Trans. R. Soc. B (2010)
terms in the literature on animal personality and
behavioural syndromes (e.g. Coleman & Wilson
1998; Sinn et al. 2008). Of course, contextual general-
ity is one of the major criteria for animal personality, as
it applies both within and across personality traits.
That is, the statement that ‘aggressiveness’ is a person-
ality trait implies that scores on one behavioural assay
expressed in one context (e.g. latency to attack an
image in a mirror in a home cage) will not only be cor-
related across individuals with scores on the same
assay at a later time, but also with scores on the
same or a different assay in a different context at the
same time (e.g. number of bites directed at a same-
sex conspecific intruder in a neutral arena). Similarly,
the statement that aggressiveness and boldness are cor-
related with one another implies that scores for one
behavioural assay (e.g. attack latency) expressed in
one context (e.g. proximity to a same-sex, same-size
conspecific) will be correlated across individuals with
scores on another behavioural assay (e.g. latency to
leave a shelter) expressed in a different context (e.g.
presence of odour cues from a predator).

Temporal consistency in behaviour is a second
critical criterion of personality. Fortunately, research-
ers interested in studying temporal change and
stability in animal personality need not ‘reinvent the
wheel’, but can profit from the many years of research
that developmental psychologists have devoted to this
topic. These psychologists have identified at least
four different ways that one can describe temporal
change and stability in personality (e.g. Roberts et al.
2001), two of which, differential consistency and
structural consistency, are most useful for current pur-
poses. ‘Differential consistency’ refers to the extent to
which differences across individuals in a certain behav-
iour measured in a single context are maintained over
time, while ‘structural consistency’ refers to the extent
to which relationships between the behaviour
expressed in different contexts at a given age are simi-
lar to the relationships between those same behaviours
if the same individuals are measured at a different age.
Differential consistency can be estimated a number of
ways, one of which (repeatability as defined by popu-
lation geneticists, Lessells & Boag 1987) is often
used by behavioural ecologists. Differential and struc-
tural consistencies are examples of one category of
behavioural syndromes, since they describe corre-
lations across individuals in behaviour across time
(Sih et al. 2004; Sih & Bell 2008).

In contrast to the surge of studies on the evolution,
ecology and physiology of animal personality, studies
of personality development are still in their infancy
(Stamps & Groothuis 2010). There are several poss-
ible reasons for this neglect. First, one of the criteria
for personality is temporal stability, whereas research-
ers interested in development often focus on changes
in behaviour across different ages and life stages.
However, temporal stability over the short term does
not preclude changes in personality over the long
term. Indeed, recent studies indicate that the differen-
tial consistency of behavioural traits, including
personality traits, tends to decline as a function of dur-
ation of inter-test intervals (Roberts & DelVecchio
2000; Dingemanse et al. 2002; Bell et al. 2009).
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Hence, even though temporal stability is a criterion for
personality, it is still important to describe change and
stability of personality across the lifetime. Second,
there is often a tendency, especially among those
studying birds or mammals, to view development as
a preparation for adulthood. This focus on adult per-
sonality overlooks the importance of ontogenetic
adaptations that enhance the growth and survival of
juveniles, who often experience a very different selec-
tive regime than that of adults in the same
population. Hence, juveniles may have personality
traits, albeit different from those expressed as adults,
in response to their own set of selective pressures
(e.g. Galef 1981).

A third possible reason for the neglect of develop-
ment in the animal personality literature is the
current focus on the effects of genes on personality.
This focus is understandable, given the key roles
played by additive genetic variation (narrow-sense
heritability) and genetic correlations in the evolution
of any phenotypic trait (Falconer & Mackay 1996;
Kruuk et al. 2008; Dochtermann & Roff (2010)),
and the important contributions made by selected
lines to the study of animal personality. However, a
developmental perspective argues that the expression
of phenotypic traits is always affected by experiential
factors, as well as by interactions (G � E) and corre-
lations (rGE) between genes and experiential factors.
In support of this perspective, empirical studies have
demonstrated that the heritability of a variety of traits,
including personality traits, varies as a function of con-
ditions that individuals experienced before those traits
were measured (Charmantier & Garant 2005; Dinge-
manse et al. 2009). Similarly, genetic correlations
between traits also change as a function of variation in
developmental conditions (Sgro & Hoffmann 2004;
Robinson et al. 2009). In addition, there are indications
that rGE may play an important role in the generation
and maintenance of animal personality (Stamps &
Groothuis 2010, see also §§2 and 3b, below). Hence,
detecting relationships between genes and personality
under one set of developmental conditions is but the
first step in predicting how personality will be expressed
in different localities or generations, or how personality
will evolve over time. We discuss this topic in greater
detail in §3, below.
2. EFFECTS OF EXPERIENCE ON
PERSONALITY DEVELOPMENT
Experiential factors with strong effects on personality
development can occur throughout the lifetime. At
one extreme, such factors can occur prior to birth or
hatching, precluding control over them using simple
cross-fostering experimental designs. In mammals,
for instance, proximity to male embryos in utero affects
the aggressiveness, activity rates, exploratory and other
behaviour of both sexes later in life (Ryan &
Vandenbergh 2002). In birds, steroid hormones that
females deposit in their eggs have profound effects
on the aggressiveness, boldness and exploratory behav-
iour of the offspring that hatch from them (Groothuis
et al. 2005). Recent studies indicate that concen-
trations of maternal hormones in eggs differ across
Phil. Trans. R. Soc. B (2010)
lines of great tits (Parus major) artificially selected for
differences in exploratory behaviour, suggesting that
correlations between maternal genotypes and experi-
ential factors (hormone concentrations) provided by
parents that affect offspring behaviour begin very
early in the development of this species (Groothuis
et al. 2008). In fact, this is just one of many situations
in which maternal and paternal effects can encourage
correlations between genotypes and experiential fac-
tors that affect behavioural development (e.g.
Narusyte et al. 2008; Price & Jaffee 2008).

Moreover, experiential factors with pronounced
effects on the personality development of a given indi-
vidual can occur before that individual was even
conceived. For instance, handling mother rats during
a pregnancy changes the maternal behaviour of those
females not only following that pregnancy, but also fol-
lowing subsequent pregnancies. In turn, rat maternal
behaviour has enduring effects on the exploratory
behaviour and physiology of their offspring later in
life (Champagne & Meaney 2006). In zebra finches,
Taeniopygia guttata, a female’s diet prior to egg-laying
affects the within-clutch distribution of maternal yolk
androgens (Sandell et al. 2007), which in other birds
affect the development of personality traits later in
life (e.g. Daisley et al. 2005). Reaching even further
back in time, factors affecting the maternal behaviour
of grandmother mice and rats can, via behavioural epi-
genetic inheritance, affect the exploratory behaviour
and other behavioural traits of their grand-offspring
(Curley et al. 2008; Champagne & Curley 2009).
Finally, there is mounting evidence that events and
experiences that occurred to the individuals in one
generation can, via cellular epigenetic inheritance,
have strong and enduring effects on gene expression
in their descendants (reviewed in Jablonka & Raz
2009). When the effects of experience on behavioural
development reach across generations, experiences
(e.g. food shortages, encounters with predators) that
occurred within the lifetime of an individual’s direct
ancestors may affect the personality of that individual.

At the other extreme, experiences individuals them-
selves have as juveniles or adults may have strong and
lasting effects on their own personality and other
behavioural traits (review in Stamps & Groothuis
2010, see also Alleva & Francia 2009; Dingemanse
et al. 2009). Thus far, most experimental studies of
personality development have manipulated experien-
tial factors at the juvenile stage, and then measured
behaviour later in life. For instance, Carere et al.
(2005) manipulated the amount of food provided to
nestling great tits, and showed that the effects of the
same manipulation on adult exploratory and aggres-
sive behaviour differed for individuals from two
selected lines. To date, relatively few researchers have
looked at the effects of adult experience on adult per-
sonality (but see below). However, this topic has
recently attracted considerable attention from psychol-
ogists, based on abundant evidence that stressful
events in adulthood do have enduring effects on
human personality (Beltran et al. 2009; Jovanovic &
Ressler 2010).

Experiential factors can also affect correlations
between behavioural traits, or between behavioural
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and physiological traits, leading to changes in contex-
tual generality and structural consistency. For
instance, Bell & Sih (2007) exposed juvenile three-
spined stickleback, Gasterosteus aculeatus, to predators
and found that contextual generality for the relation-
ship between aggressiveness and boldness changed
from r ¼ 0.18 prior to exposure to r ¼ 0.46 afterwards
for those individuals that survived exposure to preda-
tors. Similarly, Ruiz-Gomez et al. (2008) found that
relationships between physiological stress responses
and boldness dramatically changed and were thereafter
maintained for at least a year after adult rainbow trout,
Oncorhynchus mykiss, experienced the trauma associ-
ated with transportation to a new laboratory. The
latter example is particularly striking because it was
previously assumed that levels of boldness, and
relationships between physiological stress responses
and boldness, were fixed once animals reached
adulthood (e.g. Overli et al. 2007).
3. GENES, EXPERIENCE AND CONTEXTUAL
GENERALITY
It is a truism that the behaviour of an individual at any
given point in time is the outcome of interactions
between stimuli in the exterior world and that individ-
ual’s physiological and morphological state at that
point in time. In turn, an individual’s state at a given
point in time is the result of its unique developmental
history: a series of complicated, reciprocal interactions
between genes, cellular epigenetic factors, internal
stimuli and external experiential factors that may
have begun prior to conception, and that have
continued up to the present time (Bateson 2001;
West-Eberhardt 2003; Rutter 2007; Jablonka & Raz
2009). The challenge is how to conceptualize and
study these developmental processes at the individual
level, since it is impossible for any individual to have
more than one developmental history.

One way out of this dilemma is to imagine ‘replicate
individuals’ who are identical to one another not only
with respect to their genetic makeup, but also with
respect to the type and the timing of every experiential
factor that might have affected their behavioural devel-
opment up to a given age and time. In that case, we can
conduct an experiment in which we can expose differ-
ent members of each replicate (hereafter, genotype) to
different experiential conditions of interest at one age,
and then measure their behaviour at a later age.

In practice, one can use clones, inbred lines, F1
crosses between inbred lines or (more much approxi-
mately) full-sibs as approximations of genotypes for
this sort of experiment. This is because individuals
with the same genotype not only share genes, but
also share a variety of factors, including cellular and
behavioural epigenetic factors, maternal and paternal
effects and sibling effects, that affect development
before a researcher exposes the experimental subjects
to the experiential conditions of interest (Crews
2008; Champagne & Curley 2009; Stamps &
Groothuis 2010). For instance, if siblings are held in
family groups before being allocated across experimen-
tal treatments, then consistent differences among
genotypes in family size or offspring behaviour can
Phil. Trans. R. Soc. B (2010)
lead to consistent differences across genotypes in the
social environments their members experienced earlier
in life. Here, we use the term ‘prior experiential factor’
(PEF) to refer to any experiential factor that occurs to
an individual prior to a specified age, and that can
affect its phenotype at that age. Of course, PEFs are
not identical for every individual with the same geno-
type, e.g. even in highly inbred strains of mice,
uterine position affects aggressive behaviour later in
life (vom Saal & Bronson 1978). However, to the
extent that PEFs vary more across than within geno-
types, one can use genotypes as approximations of
‘replicate individuals’ for developmental studies.

In contrast, consistent differences among genotypes
in PEFs at a given age make it difficult to determine
how much of the phenotypic variation across geno-
types at that age can be attributed to differences in
their genetic makeup. Hence, if the goal of an exper-
iment is to estimate how genes (G), a specific
experience of interest (E) and interactions and corre-
lations between them (G � E, rGE) affect the
expression of behaviour at a given age, one must also
control for associations between genotypes and the
large array of PEFs that occurred prior to that age
and that can affect the expression of behaviour at
that age. In laboratory studies, these procedures
include the use of paternal-half sib designs to control
for maternal effects, cross-fostering subjects from
birth or hatching to control for effects of maternal
and/or paternal behaviour on offspring development,
raising offspring in mixed-family groups from birth
or hatching, and at the same densities, to control for
sibling and other early social effects on the develop-
ment of behaviour, and using subjects whose
ancestors have been raised for multiple generations
under constant, benign conditions, to reduce the con-
tributions of cellular epigenetic inheritance to variation
in trait expression in the current generation. In field
studies, controlling for potential correlations between
PEFs and genes is even more of a challenge, given
the large array of experiential factors that vary more
across than within related individuals, and that can
inflate estimates of additive genetic variance (e.g.
Kruuk 2004).

In contrast to the ‘permanent environmental effects’
(PE) of classical quantitative genetics, which tradition-
ally refer to experiential factors that occur during a
specific period in life (typically early in life), and that
thereafter have enduring effects on the expression of
a particular phenotypic trait (Nussey et al. 2007;
Brommer et al. 2008), PEFs are defined as experiential
factors that occur prior to a specified age, and that
affect the individual’s phenotype at that age. The
effects of PEFs on phenotypic traits can be ephemeral
as well as enduring, they can occur at any age from
conception to death, and there is no reason why the
effects of PEFs on behaviour at one age can not be
reversed by experiential factors at later ages.
(a) Developmental reaction norms

and contextual generality

Imagine that individuals with the same genotype are
exposed to two or more different sets of experiential
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conditions at one age, and then their behaviour is
measured at a later age. When it is possible to arrange
a set of experiential conditions along a continuum, the
results of such an experiment generate a ‘developmen-
tal reaction norm’. Reaction norm is a general term
that describes the range of phenotypes that can be gen-
erated by individuals with a given genotype (see also
below); developmental reaction norm is a more
specific term that describes how the phenotype of a
given genotype varies as a function of the experiential
factors to which those individuals were exposed earlier
in life (Stamps & Groothuis 2010). Developmental
reaction norms also provide a way to describe and
measure ‘developmental plasticity’, which refers to
the extent to which a genotype’s phenotype at a
given age varies as a function of an experiential
factor to which it was exposed earlier in life.

Developmental reaction norms belong to a family of
reaction norms that can be used to describe how vari-
ables that fall along a gradient affect the expression of
phenotypic traits in individuals or genotypes (Nussey
et al. 2007; Dingemanse et al. 2010; Stamps &
Groothuis 2010). For instance, students of animal
personality sometimes measure behaviour in different
contexts that can be arranged along a gradient (e.g.
activity rate as a function of the presence or absence
of nearby conspecifics, Webster et al. 2007). In this
situation, one can describe a ‘contextual reaction
norm’ for an individual or for a genotype that
describes how levels of a given behaviour (e.g. activity)
change as a function of the current context (e.g.
number of nearby conspecifics) (Stamps & Groothuis
2010). In contrast to developmental reaction norms,
which describe how experience in the past affects the
behaviour expressed in a single test or assay at a
given age, contextual reaction norms describe how
the behaviour expressed at a given age varies as a
function of the current external stimulus situation.
Contextual reaction norms can be viewed as a special
case of ‘behavioural reaction norms’, a term that can
describe the behaviour of an individual as a function
of many different types of gradients, not only variation
in the external stimulus situation, but also variation in
the individual’s internal state or condition, age, time
or prior experiences (Dingemanse et al. 2010).

When genotypes are exposed to a given type of
experience at one age, and then their behaviour is
measured in two or more contexts at a later age, one
can readily see how developmental reaction norms
affect contextual generality. We illustrate this point
here using a hypothetical situation in which a set of
three genotypes are exposed to conditions 1, 2 or 3 at
one age, where conditions 1 to 3 vary along a conti-
nuum. Then, at a later age, their behaviour is
measured in two different contexts (A or B; figure 1).
In this situation, we can construct two developmental
reaction norms, one that describes the effect of con-
ditions 1 to 3 on the behaviour expressed in context
A, while the other describes the effects of those same
conditions on the behaviour expressed in context B
(figure 1a,b). Similarly, since the behaviour expressed
in contexts A and B was measured at the same age for
the same set of genotypes, we can also measure contex-
tual generality at that age for three sets of individuals:
Phil. Trans. R. Soc. B (2010)
those who experienced conditions 1, 2 or 3 earlier in
life (figure 1c,d,e). At that point, we are in a position
to see why and how experiences earlier in life can
affect the contextual generality of personality traits.

We can use contextual generality diagrams, which
show the standardized scores of each genotype on
different behavioural tests, to illustrate the strength of
correlations across contexts in behaviour. In the
example illustrated in figure 1, if genotypes I, II and
III were exposed to condition 2 earlier in life, there
would be a strong correlation across those genotypes
between the behaviour expressed in context A and the
behaviour expressed in context B (indicated by the par-
allel lines in figure 1d). However, this strong correlation
would not be maintained if the same three genotypes
had been exposed to conditions 1 (figure 1c) or 3
(figure 1e) earlier in life. Instead, prior exposure to con-
dition 1 would generate a negative association between
the behaviour expressed in context A and context B,
and after exposure to condition 3 there would be no
association between the behaviour expressed in the
two contexts, because all of the genotypes would
express the same level of behaviour in context B.

Comparison of the developmental reaction norms
for the behaviour expressed in context A (figure 1a)
and the behaviour expressed in context B (figure 1b)
reveals why contextual generality changes so dramati-
cally as a function of developmental conditions for
these genotypes. In particular, contextual generality
is not maintained across these developmental con-
ditions because for some of the genotypes, the
developmental reaction norms for the behaviour
expressed in context A and context B do not have
the same elevation and shape (e.g. compare the two
developmental reaction norms for genotype I for the
behaviour expressed in context A and context B).
Conversely, this graphical model indicates that the
maintenance of similar correlations in behaviour
across contexts following different developmental con-
ditions requires that, for each genotype, the
developmental reaction norm for the behaviour
expressed in one context be similar in elevation and
shape to the developmental reaction norm for the
behaviour expressed in the other context(s).

Of course, in many personality studies, the question
of interest is not simply whether contextual generality
is maintained across developmental conditions, but
also whether the rank-order of the scores of the differ-
ent genotypes is stable across different developmental
conditions. For instance, in addition to asking whether
strong correlations between ‘boldness’ and ‘aggressive-
ness’ across genotypes are maintained when animals
are raised in different social environments, an investi-
gator might also want to know whether genotypes
that are highly bold and aggressive after being raised
in groups are also highly bold and aggressive after
being raised in isolation. The maintenance of both
contextual generality and rank-order stability in the
relative scores of different genotypes when those geno-
types are exposed to different sets of developmental
conditions requires an even more stringent set of con-
ditions, namely that the developmental reaction norms
not only be comparable for each genotype for the
behaviour expressed in different contexts but also
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that the developmental reaction norms of different
genotypes do not cross one another.

Although empirical studies of the effects of devel-
opmental reaction norms on contextual generality are
still quite rare, a recent study of the effects of prior
exposure to predator odour on the subsequent behav-
iour of inbred strains of house mice illustrates the value
of this approach (Cohen et al. 2008). Adult male mice
from six inbred strains were either exposed to the
odour of a cat (Odour-exposed) or were not exposed
to that odour (Naive). One week later they were
given scores on two behavioural assays, an ‘anxiety
score’, based on their movement patterns on an elev-
ated maze, and a ‘startle score’, based on their
responses to brief, loud sounds.

First, we can compare contextual generality for the
two groups with different types of prior experience, by
comparing the scores of each of the six strains on each
of the behavioural assays, using contextual generality
diagrams (figure 2c,d). For naive animals, contextual
Phil. Trans. R. Soc. B (2010)
generality based on the mean scores for each strain
on the anxiety test and on the startle test was very
high, as illustrated by the nearly parallel lines in
figure 2c (Naive: r ¼ 0.97, p , 0.001, n ¼ 6 geno-
types). In contrast, for odour-exposed animals
contextual generality for the same two tests was
extremely low (Odour exposed: r ¼ 20.002, p¼ 0.996,
n¼ 6 genotypes, figure 2d). Comparison of the develop-
mental reaction norms for the two tests reveals the
reason for the dramatic impact of prior experience on
contextual generality: for several of the strains, the
slopes of their developmental reaction norms were differ-
ent for the anxiety test and for the startle test (compare
figure 2a,b). For instance, developmental plasticity was
low for strain BALB/CJ for the anxiety test but signifi-
cantly positive for the startle test; conversely, for strain
129J developmental plasticity was significantly positive
for the anxiety test but non-significantly negative for
the startle test. As a result of this variation in the effects
of the same prior experience (cat odour) on the
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Figure 2. (a,b) Developmental reaction norms and (c,d) contextual generality diagrams for adult male mice from six inbred strains:
symbols indicate the mean value for each strain: filled diamonds, DBA/2J; filled squares, C57BL/6J; filled circles, BALB/CJ;
asterisks, NZB; filled triangles, SJL; open triangles, 129J. Individuals were either not exposed (Naive) or were exposed

(Odour-exposed) to cat odour a week before being tested on assays for ‘anxiety’ and for a ‘startle response’. For several strains,
developmental plasticity (slope of the developmental reaction norm) for the anxiety test was different from developmental plas-
ticity for the startle test (e.g. compare slopes of BALB/CJ in figure 2a,b). As a result of these differences in developmental plasticity
within strains, contextual generality was high for Naive animals (cf. the parallel lines in figure 2c) but low for Odour-exposed
animals (figure 2d). Figure 2a,b redrawn from Cohen et al. (2008), with permission of Cambridge University Press.
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behaviour expressed by the same genotypes in the two
behavioural assays, the strong positive correlation
between scores on the anxiety test and the startle test
observed across the six strains when animals were naive
was nowhere in evidence when animals from the same
strains had been exposed to cat odour earlier in life. In
addition, because of extensive crossing of the develop-
mental reaction norms for the anxiety test, the rank-
order scores on that test were unstable across develop-
mental conditions (rs¼ 20.314). By contrast, less
crossing of the developmental reaction norms for the
startle test resulted in higher rank-order stability across
developmental conditions for that test (rs¼ 0.580)
(figure 2a,b).

This example also helps illustrate the familiar prin-
ciple that ‘genetic’ correlations between phenotypic
traits vary as a function of conditions to which individ-
uals were exposed before those traits were measured.
That is, to the extent that the differences in behaviour
across these inbred strains of mice can be attributed to
genetic differences (as opposed to PEFs that also
varied among those strains), these results imply that
a genetic correlation between ‘anxiety’ and the ‘startle
response’ in mice depends on whether or not they had
been exposed to cat odour after reaching adulthood.

Thus far, we lack comparably detailed studies of the
effects of experiential factors on the development of
behaviour in non-domesticated animals, using behav-
ioural assays that are common in animal personality
research. However, a study by Carere et al. (2005)
using two selected lines of great tits indicates that
Phil. Trans. R. Soc. B (2010)
variation in food regimes for nestlings can affect their
scores on assays of aggressiveness and exploratory
behaviour after independence. More importantly, this
study reports variation within each of the two lines
with respect to the effects of the same food treatments
on the development of aggressiveness versus explora-
tory behaviour, i.e. the sort of pattern that would, if
expressed by a wider range of genotypes, lead to vari-
ation in contextual generality as a function of food
conditions earlier in life.
(b) The effects of niche-picking and

niche-construction on personality development

Developmental reaction norms can also be used to
illustrate two other important principles in person-
ality development, the concepts of niche-picking and
niche-construction. These concepts have received
extensive attention from developmental psychologists,
who noted years ago that humans have considerable
control over the environments in which they develop
(Plomin et al. 1977, see also Narusyte et al. 2008;
Price & Jaffee 2008), and from biologists interested
in how these processes affect patterns of ecology and
evolution (e.g. Laland et al. 1999; Bonduriansky &
Day 2009). Niche-picking occurs when individuals
seek out particular social or physical environments,
leading to non-random associations between an
individual’s phenotype (and potentially, also its geno-
type) and the environment in which it lives and
develops. For instance, variation among dispersers in
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preferences for habitats and social environments will, if
those dispersers have a choice of areas in which to
settle, lead to systematic variation among dispersers
in the conditions they experience for a period of time
after that dispersal event. Several authors have
reported broad-sense heritable variation in preferences
for habitat features (Leibold et al. 1994; Barker &
Starmer 1999), and social group sizes (Brown &
Brown 2000; Serrano & Tella 2007), supporting the
notion that animals with different genotypes and any
PEFs associated with those genotypes may, at a given
age or life stage, prefer different types of environments,
potentially leading to rGE (Plomin et al. 1977).

Similarly, individuals may, by their own behaviour,
modify the social or physical environment in which
they develop (niche-construction). Niche-construction
obviously applies to physical structures built by indi-
viduals, e.g. intraspecific variation in web design in
the common house spider, Achaearanea tepidariorum,
is related to the type of prey they are likely to capture
in the future (Boutry & Blackledge 2008). However,
niche-construction can also occur in many other situ-
ations, notably including social environments that are
generated and maintained as a result of the behaviour
of a focal individual. For instance, when aggressive be-
haviour by territorial animals discourages conspecifics
from returning to the area where they were attacked, a
focal individual who was highly aggressive at the time
of territory establishment would have lower ongoing
rates of social interactions for the rest of that season
than a focal individual who was less aggressive
during that same period (Stamps & Krishnan 2001;
Switzer et al. 2001).

Niche-picking and niche-construction can affect
both the contextual generality and the temporal
stability of animal personality, as compared with
situations in which every genotype is exposed to the
same conditions during a given period of their lives.
The effects of niche-picking and niche-construction
on contextual generality at a given age not only
depend on the developmental reaction norms for
each genotype, but also on the developmental con-
ditions that each genotype chose or created for
themselves prior to that age. For instance, imagine
that instead of forcing individuals to develop under
certain conditions during a particular period of their
lives (as is typical of most experimental studies of
development), we instead allow them some control
over the social or physical conditions in which they
develop. Further imagine that when allowed this
choice, genotype I develops under condition 1, geno-
type II under condition 2 and genotype III under
condition 3. In that situation, contextual generality
across these three genotypes for the behaviour
expressed at a later age in context A and context B
would be high (cf. the parallel lines in figure 1f ).
Conversely, consider what would happen if genotype
I had developed under condition 3, genotype II under
condition 2 and genotype III under condition 1.
In that situation, contextual generality for the same
three genotypes would be low, since they would all
express comparable levels of behaviour in Context
A (figure 1g). Hence, describing the developmental
reaction norms for a group of genotypes is only half
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the story: contextual generality for behaviour expressed
at a given age depends on the developmental conditions
that those genotypes chose or constructed for them-
selves prior to that age.

With respect to the temporal stability of personality,
niche-picking and niche-construction are likely to
increase both differential and structural consistency,
when behaviour is measured at ages or life stages
when animals are able to engage in these processes.
This is because niche-picking and niche-construction
increase the chances that a given individual is able to
maintain itself in the same set of environmental con-
ditions for extended periods of time, and conversely,
increase the chances that different individuals are able
to maintain themselves under different sets of develop-
mental conditions for extended periods of time. Hence,
even if environmental conditions in the field vary widely
across spatial scales that could easily be traversed by
individual animals, niche-picking and niche-construc-
tion may allow individuals to buffer themselves from
variation in environmental and experiential factors
that affect the temporal stability of their behaviour.

It is currently unclear whether niche-picking and
niche-construction themselves vary as a function of
animal personality. In humans, some authors have
suggested that individuals with extremely high or
extremely low scores on certain personality traits
may be more likely to engage in niche-picking or
niche-construction than individuals with intermediate
personality trait scores (Buss & Plomin 1984).
However, even if only a portion of the individuals in
a group or population engage in niche-picking or
niche-construction, these processes would still tend
to increase the contextual generality and differential
and structural consistency for the group as a whole,
as compared with situations in which all of the individ-
uals were either forced to develop or live under the
same set of environmental conditions, or were ran-
domly distributed across the entire range of available
environmental conditions.
4. IMPLICATIONS FOR ECOLOGICAL
AND EVOLUTIONARY STUDIES OF
ANIMAL PERSONALITY
(a) Estimating the functional significance of

personality when personality changes over time

Given evidence that the differential consistency (repeat-
ability) of behavioural traits declines as a function of
inter-test intervals, and that experiences throughout
the lifetime can affect correlations between behavioural
and other traits, we cannot assume that personality
traits are necessarily stable across long periods of time.
If they are not, then empirical studies of the functional
significance and fitness consequences of personality are
more likely to produce valid results if personality traits
and factors associated with them are measured over rela-
tively short periods. Thus, when studying personality
traits associated with natal dispersal (e.g. Dingemanse
et al. 2003; Cote & Clobert 2007; Duckworth 2009;
Cote et al. (2010)), one might reasonably assume that
scores on behavioural assays taken just before dispersers
leave their natal habitat might be stable across the days
to weeks of the dispersal period. In that case, one
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could look for relationships between those scores and
dispersal distance, survival during dispersal, condition
upon arrival or the quality of a new habitat. By
contrast, it would be more dangerous to assume that be-
havioural traits measured once or twice for either
juveniles or adults are necessarily stable across their
entire lives.

This is not to say that we cannot look for corre-
lations between behaviour expressed at one age and
fitness consequences of that behaviour at later ages.
However, such correlations do not imply that the be-
haviour is itself stable across time, because behaviour
expressed at one age or life stage can have strong
effects on components of fitness at later ages or life
stages. Habitat selection by natal dispersers is one
such example: the behaviour expressed by individuals
during the relatively brief period when they are search-
ing or competing for space in a new habitat can, by
affecting their chances of settling in a high-quality
habitat, influence their growth, survival and/or fecund-
ity for the rest of their lives (e.g. Stamps 2006).

Similarly, the assumption that personality is fixed
for life may be convenient for building tractable
theoretical models of the functional significance of
personality, but it might be useful to determine if the
predictions of these models are robust if this assump-
tion is relaxed. Otherwise, these models will only
apply to species in which high differential and struc-
tural consistency of personality across the lifetime
have been documented for free-living animals, or to
species in which social and environmental factors
that might affect personality are constant across the
lifetimes of the subjects.
(b) Variation and stability in personality across

generations and across localities

As was described above, contextual generality (corre-
lations across individuals between the behaviour
expressed in different contexts) is quite likely to vary
as a function of a wide range of conditions that those
individuals experienced prior to testing. By extension,
temporal or spatial variation in conditions affecting
behavioural development could lead to substantial
variation in personality across generations and across
localities, even in the absence of any genetic variation
across time or space. This might help account for
results from dumpling squid, Euprymna tasmanica,
indicating that correlations between ‘boldness’
measured in two different contexts varied across suc-
cessive generations of the same population (e.g. from
r ¼ 20.35 in 1 year to r ¼ 0.09 the following year for
adults at one locality, although the difference between
these two correlation coefficients was not quite statisti-
cally significant after correction for multiple tests, Sinn
et al. 2010). Similarly, variation in developmental con-
ditions across large spatial scales (i.e. distances too far
to be travelled by most dispersers) could also encou-
rage variation in contextual generality across
populations. Currently, researchers may be tempted
to assume that variation in personality across gener-
ations or across localities has a genetic basis; a
developmental perspective argues that this need not
necessarily be the case.
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(c) Effects of niche-picking on the temporal

stability and contextual generality of personality

With respect to the temporal stability of personality,
variation in developmental conditions over relatively
small spatial scales (i.e. distances routinely travelled
by members of a species) may provide different indi-
viduals with the opportunity to maintain themselves
in different sets of environmental conditions for
extended periods of time. As a result, if behaviour is
measured at ages or life stages when animals are able
to engage in niche-picking, this process is likely to
increase the differential and structural consistency of
personality in spatially heterogeneous situations, as
compared with situations in which every individual
lives in the same set of conditions (see §3b). In that
case, when niche-picking is an option, differential
and structural consistency both would be stronger
under spatially heterogeneous than under spatially
homogeneous environmental conditions. Indirect
support for this prediction comes from a recent
meta-analysis, which indicates that the repeatability
of behaviour tends to be higher for field than for
laboratory studies (Bell et al. 2009).

With respect to the contextual generality of person-
ality, variation in habitat heterogeneity during one
period of life can affect the development of corre-
lations in the behaviour expressed in different
contexts later in life. By extension, natural habitats
that are heterogeneous over small spatial scales for
individuals at a given age or life stage may provide a
wider array of microhabitats and social environments,
and hence be more likely to generate higher levels of
contextual generality later in life, than homogeneous
habitats. Thus, niche-picking might encourage higher
levels of contextual generality for populations whose
members develop in heterogeneous than in homo-
geneous habitats, and also, via correlations between
genotypes and the conditions in which they develop,
encourage the maintenance of higher levels of genetic
variation in the former than in the latter. Data from
three-spined stickleback provide indirect support for
these ideas. Heterogeneity in the biotic, abotic and
social microhabitats available for the development of
three-spined stickleback is probably higher in large
than in small bodies of freshwater (e.g. Nosil &
Reimchen 2005; Dingemanse et al. 2007), and across
stickleback populations, both contextual generality
(Dingemanse et al. 2007) and genetic variation in per-
sonality traits (Dingemanse et al. 2009) were higher for
fishes from large ponds or lakes than for fishes from
small ponds.
(d) Robust contextual generality

The concept of robust contextual generality (i.e. con-
textual generality that is maintained across a wide
range of developmental conditions) is relevant to
many topics in the animal personality literature.
These include (i) measuring personality in populations
in which food levels, predation risk, population den-
sity, etc. vary across generations or localities; (ii)
questions about the maintenance of personality follow-
ing range expansions, invasions, translocations or
other situations in which animals from one type of
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habitat live and produce offspring in a different type of
habitat; and (iii) the issue of whether estimates of con-
textual generality based on laboratory-reared animals
are likely to apply to free-living members of the same
population.

As was outlined above, when conditions affecting
personality development substantially change over
space or time, robust contextual generality is
expected only under a rather restricted set of con-
ditions. In particular, robust contextual generality
requires that the patterns of developmental plasticity
across a range of developmental conditions be com-
parable within genotypes for the behaviour that they
express in different contexts. Given the current lack
of empirical information on this point, it seems
inadvisable to design theoretical or empirical studies
whose findings depend on an untested assumption
that contextual generality is necessarily robust
across time or space. In addition, given the many
ways that developmental conditions in the labora-
tory differ from those of any natural habitat, it is
important to validate estimates of contextual gener-
ality based on laboratory-reared animals using
individuals from the same population who devel-
oped in nature.
(e) Developmental plasticity and the heritability

of personality traits

A developmental reaction norm perspective helps show
why genetic variation in developmental plasticity can
lead to situations in which heritability changes as a func-
tion of variation in developmental conditions.
Theoreticians have demonstrated that heritability will
change as a function of developmental conditions if gen-
otypes vary with respect to the slopes or shapes of their
developmental reaction norms (Gavrilets & Scheiner
1993; Hoffmann & Merila 1999). This point can be
readily illustrated using figure 1b, under the simplifying
assumption that for each genotype, variance in behaviour
is comparable across each of the three developmental
conditions. In that case, the broad-sense heritability of
the behaviour expressed in context B would be higher
if individuals with genotypes I, II and III had been
raised under condition 1 than if that same set of individ-
uals had been raised under condition 3 (figure 1b). To
date, there is empirical evidence of significant variation
among genotypes in the developmental plasticity of be-
havioural traits, including personality traits, and of
resulting changes in the heritability of behaviour as a
result of prior experience (e.g. Cohen et al. 2008; Zhou
et al. 2008; Dingemanse et al. 2009). Hence, we
should be cautious in assuming that estimates of herit-
ability for a given species measured in the laboratory or
for a single locality or season in the field necessarily
apply across their entire range, or across multiple
generations.
(f) Correlations between personality,

physiological and life-history traits

A developmental perspective argues that correlations
across individuals between behavioural traits and
physiological traits, including life-history traits such
as growth, fecundity or age at maturity, could easily
Phil. Trans. R. Soc. B (2010)
vary across localities or across cohorts, for the same
reasons that correlations between the behaviour
expressed in different contexts are likely to vary
across space and time (see also Réale et al. (2010)).
By extension, if relationships between behavioural
traits and life-history traits are contingent upon devel-
opmental conditions, then studies of these
relationships should, as much as possible, be con-
ducted using animals exposed to conditions
comparable to those in the field. For instance, we
might expect positive relationships between boldness
in a foraging context and growth rate (cf. Stamps
2007; Biro & Stamps 2008) to be stronger if subjects
had been reared under conditions in which they had
to forage for limited food under perceived predation
risk than if they had been reared with access to food
ad libitum in the absence of cues from predators. In
fact, given the many ways that developmental con-
ditions in the laboratory differ from those of any
natural population, it might be advisable to begin
studies of relationships between behavioural and
physiological traits using experimental subjects that
developed in natural or in semi-natural environments,
as opposed to subjects reared under standard
laboratory conditions.
5. CONCLUSIONS
Although studies of animal personality development
are still rare, they demonstrate that personality is less
temporally stable, and more dependent upon exper-
iential factors, than is often assumed. This article
demonstrates how a developmental perspective can
help behavioural ecologists identify implicit, untested
assumptions about developmental processes that
underlie their own research, and thus avoid designing
studies whose conclusions would be compromised if
those assumptions are invalid. Examples of insights
provided by developmental perspectives include sug-
gestions about appropriate time-frames for studying
the fitness consequences of personality, appreciation
of the conditions required for contextual generality to
be maintained across a wide range of developmental
conditions, caveats in extrapolating results from
laboratory-raised animals to free-living members of
the same population, and understanding why the herit-
ability of personality traits may vary across generations
and localities as a function of variation in developmental
conditions. More generally, the concepts outlined in
this article show how a developmental perspective can
provide a way forward to understanding how genes
and a wide variety of experiential factors interact with
one another across the lifetime to affect the correlations
in behaviour across time and across contexts that form
the basis of animal personality.

However, it should also be apparent that what we
do not know about the development of animal
personality is currently much more imposing than
what we do.

Studies of developmental reaction norms of person-
ality traits are virtually non-existent, and, with a few
notable exceptions, we have no idea how experiential
factors at a given age affect contextual generality
later in life (Stamps & Groothuis 2010). Hence,
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while the current article identifies assumptions
about development that underlie many studies of the
functional significance and evolution of animal
personality, we currently have many more questions
about these assumptions than answers. In addition to
putting studies of the ecology and evolution of
animal personality on a sound developmental footing,
integrating developmental perspectives into the study
of animal personality may prove useful insights to
researchers in other disciplines who are currently
attempting to understand how genetic and a wide
variety of experiential factors in previous as well as the
current generation combine to affect the development
and expression of phenotypic traits that consistently
differ across individuals (e.g. Lande 2009).

We are very grateful to Pete Biro and two anonymous
referees for their comments on an earlier draft of this
article, and to the editors (especially Niels Dingemanse
and Anahita Kazem) for their extensive comments
and suggestions on several previous versions of this
article.
APPENDIX A. GLOSSARY OF TERMS
agent:
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an individual animal, or a group
of individuals with the same
genotype
behavioural reaction
norm1:
the set of behavioural phenotypes
that a single individual produces
in a given set of environments,
where ‘environmental context’
includes any external or internal
stimulus that can vary across a gra-
dient, as well as age, time and prior
experiences
context:
 all of the external stimuli that
impinge on an individual when
it expresses a given behaviour
contextual
generality:
the extent to which scores for be-
haviour expressed in one context
are correlated across agents with
scores for behaviour expressed in
other contexts, when the behav-
iour in each context is
measured at the same age
contextual
plasticity:
the extent to which the behav-
iour of an agent varies across
contexts, relative to the behav-
iour of other agents in those
same contexts, when the behav-
iour in each context is
measured at the same age
contextual reaction
norm2:
a description of how the behaviour
of an agent at a given age varies as a
function of context, for contexts
that can be arranged along a
continuum
developmental
plasticity:
the extent to which the behav-
iour of an agent varies as a
function of conditions experi-
enced by that agent before that
behaviour was expressed
0)
developmental
reaction norm:
a description of the behaviour
expressed by an agent in a given
context at a given age, as a function
of the conditions experienced by
that agent before the behaviour
was expressed, for conditions that
can be arranged along a
continuum.
differential
consistency:
the extent to which scores for a
given behaviour in a given
context at a given time are
correlated across individuals with
scores for the same behaviour in
the same context at a later time.
experiential factors:
 any external stimulus or event
that affects gene expression,
leading to changes in the
phenotype
niche-construction:
 processes by which individuals
create or encourage experiential
factors (including environments)
that affect their own subsequent
development
niche-picking:
 processes by which individuals
choose experiential factors
(including environments) that
affect their own subsequent
development
prior experiential
factors (PEF):
all experiential factors with
effects on the phenotype
at a specific age that occurred
from conception until that age
structural
consistency:
the extent to which correlations
among behaviour patterns
expressed in two or more contexts
at one time are preserved when the
same set of behaviour patterns is
measured in the same set of con-
texts at a different time.
ENDNOTES
1Definition from Dingemanse et al. 2010. Behavioural reaction norm

is a more general term than contextual reaction norm, as the former

can describe variation in behaviour as a function of many variables

besides variation in the current external stimulus situation.
2This definition differs from the one provided in Stamps &

Groothuis (2010) in stressing that it should be possible to arrange

contextual stimuli along a continuum.
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