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The pace-of-life syndrome (POLS) hypothesis specifies that closely related species or populations
experiencing different ecological conditions should differ in a suite of metabolic, hormonal and
immunity traits that have coevolved with the life-history particularities related to these conditions.
Surprisingly, two important dimensions of the POLS concept have been neglected: (i) despite
increasing evidence for numerous connections between behavioural, physiological and life-history
traits, behaviours have rarely been considered in the POLS yet; (ii) the POLS could easily be applied
to the study of covariation among traits between individuals within a population. In this paper, we
propose that consistent behavioural differences among individuals, or personality, covary with life
history and physiological differences at the within-population, interpopulation and interspecific
levels. We discuss how the POLS provides a heuristic framework in which personality studies can
be integrated to address how variation in personality traits is maintained within populations.

Keywords: pace-of-life; personality; life-history strategies; metabolism;
immune system; trait interactions

1. INTRODUCTION

Ecological conditions affect the evolution of life-
history strategies in a population (Roff 1992; Stearns
1992). The pace-of-life syndrome (hereafter POLS)
hypothesis suggests that closely related species should
differ in a suite of physiological (e.g. metabolic, hormo-
nal, immunity) traits that have coevolved with the
life-history particularities of each species (Ricklefs &
Wikelski 2002; Wikelski er al. 2003; Martin et al.
2006). Accordingly, a given set of ecological conditions
that favours a particular life-history strategy could affect
this whole series of traits. The idea of the POLS thus
finds its roots in the classic concept of - and K-selec-
tion (MacArthur & Wilson 1967; Pianka 1970;
Reznick ez al. 2002). It also extends the more recent
concept of a fast—slow life-history continuum (e.g.
Gaillard er al. 1989; Bielby er al. 2007; Jones et al.
2008) by expanding the examination of life-history
differences among species to include physiological
traits (see also Hennemann 1983). POLS has been suc-
cessfully tested at the interspecies level (Tieleman ez al.
2005; Wiersma et al. 2007) and interpopulation levels
(Wikelski er al. 2003). Notably, it has been shown that
tropical bird species or populations are long-lived and
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produce few offspring, develop slowly and mature rela-
tively late in life, and also have a low metabolic rate
(Wikelski ez al. 2003; Wiersma ez al. 2007). Hence, rela-
tive to their temperate zone counterparts, tropical birds
have a slow pace of life along both physiological and
life-history axes of variation.

In this paper, we note that two potentially
important facets of the POLS concept have been
neglected: (i) despite potentially strong links between
metabolism, hormones and behaviour, no clear frame-
work has been developed to incorporate behavioural
traits within the POLS (Careau er al. 2008); (ii) at
the within-population level, one aspect of behaviour
that would be very relevant to the POLS hypothesis
is the fact that individuals show consistent behavioural
differences over time or across situations, in other
words personality differences (Wilson er al. 1994;
Gosling 2001; Sih er al. 2004; Réale er al. 2007).
Recent theoretical studies have emphasized that indi-
vidual behavioural differences should be linked to
life-history differences (Stamps 2007; Wolf er al.
2007). Yet only a few empirical studies have shown a
link between life history and behaviour within a species
(Boon et al. 2007; Biro & Stamps 2008; Réale ez al.
2009), and even fewer have established a clear link
between personality and metabolic rate (Careau ez al.
2008) or immunity (Koolhaas 2008).

Here, we review recent evidence that consistent
individual behavioural differences covary with

This journal is © 2010 The Royal Society
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physiological and life-history traits at the within-
population, interpopulation and interspecific levels,
and describe opportunities and challenges associated
with including personality within the POLS. We
conclude by considering some ecological and evol-
utionary consequences of a POLS integration of
behavioural, physiological and life-history traits.
Recent work on personality has highlighted integrative
aspects of research on the topic (Sih ez al. 2004; Réale
et al. 2007), in particular, how the concepts of person-
ality and behavioural plasticity are tightly linked
(Dingemanse et al. 2010). This paper is in the same
vein, defending the use of a more integrative approach
to the study of behaviour. Whereas theoretical studies
have primarily focused on the evolution of personality
owing to feedback loops with variation in state
(Dingemanse & Wolf 2010; Luttbeg & Sih 2010;
Wolf & Weissing 2010), here we focus, instead, upon
how long-term selection pressures could have led to
the coevolution of suites of behavioural, physiological
and life-history traits. Because we are primarily inter-
ested in the presence of among-individual variance in
the average level of behaviour, we will use the terms
personality and behaviour interchangeably throughout
the paper and will not be considering behavioural
plasticity within individuals here.

2. TRAIT INTERACTIONS CONTRIBUTING

TO THE PACE-OF-LIFE SYNDROME

Individuals in a population vary widely in life-history
strategies and other ecologically important traits
(Roff & Fairbairn 2007). Individual differences in
life-history strategies are mainly attributed to the exist-
ence of evolutionary (i.e. genetic and physiological)
trade-offs between life-history traits (Williams 1966;
Roff & Fairbairn 2007) and age-structured mortality
resulting from predation, parasitism or the hetero-
geneous quality of resources in space and time
(Stearns 1976; Reznick er al. 2002). We thus expect
individuals that differ in their behavioural, physiologi-
cal and life-history characteristics to be affected
differently by changes in density and resource
abundance (Chitty 1967). Correlations between
physiological, behavioural and life-history traits have
been assumed to illustrate potential evolutionary con-
straints related to both pleiotropic genetic effects and
common physiological pathways underlying multiple
traits (Sih ez al. 2004), probably resulting from past
selection pressures on the developmental stability
and homeostasis of an organism. Correlational selec-
tion pressures, associated with differences in fitness
outcomes among the different possible combinations
of phenotypes, could also generate and maintain
such correlations among traits (Cheverud 1982;
Sinervo & Svensson 2002; Sih et al. 2004;
McGlothlin & Ketterson 2008). Correlational selec-
tion is probably a central force acting on the
integration of traits and leading to their coadaptation
(Sinervo & Svensson 2002). In a POLS perspective,
correlational selection should thus play a particularly
important role in the coadaptation of personality,
hormonal, metabolic and life-history traits. For
example, if being aggressive facilitates acquiring and
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monopolizing resources it would potentially have
coevolved with a high growth rate. On the other hand,
aggression may also increase mortality risk, which
should lead to selection for early sexual maturity and
more intense reproductive effort early in life (Wolf ez al.
2007; Biro & Stamps 2008). These correlations
may also reflect possible constraints on their future
independent evolution (Sih ez al. 2004). Other types of
selection can help explain the amount of variance
observed in personality and other traits, but are less
effective in accounting for the links between traits (see
Dingemanse & Réale 2010; Réale & Dingemanse 2010).

Correlations and mechanistic linkages between hor-
mones and personality, personality and metabolism,
and metabolism and life history provide an intriguingly
plausible path of causality that would manifest as
a POLS spanning physiology, behaviour and life
histories (figure 1). Below we describe one such
potential path, before critically re-examining the
assumptions and interpretations involved and
identifying alternative causal pathways and critical
uncertainties.

(a) Within-population studies

The first general finding on personality is that behav-
ioural traits often form a suite of correlated traits.
More specifically, aggressiveness has been shown to be
positively associated with activity, boldness or super-
ficial exploration in a number of species (Koolhaas
et al. 1999; Sih et al. 2004; Groothuis & Carere 2005;
Boon ez al. 2008; Sih & Bell 2008; Réale et al. 2009).
These correlations have been speculated to originate
from common underlying neuroendocrine pathways,
such as the hypothalamic—pituitary—adrenal (HPA)
axis (but see, Coppens et al. 2010), or the sympathetic
and parasympathetic nervous systems. For instance,
Koolhaas ez al. (1999) showed that mice artificially
selected for high aggressiveness are active, superficial
explorers, and produce little corticosterone in response
to a stressful situation (i.e. express low reactivity of the
HPA axis). Highly aggressive mice are also character-
ized by elevated adrenaline production and heart rate
under stress (i.e. high reactivity of the sympathetic
system). High values of these traits generally character-
ize ‘proactive’ individuals whereas low aggressiveness,
low activity, thorough exploration and shyness charac-
terize ‘reactive’ individuals (Koolhaas ez al. 1999).
The existence of correlations between neuroendocrine
and behavioural traits has been found in diverse taxa
including mammals, birds, fish and reptiles (Koolhaas
et al. 1999; Groothuis & Carere 2005; Overli er al.
2007), and suggests that these suites of traits have
been maintained throughout evolution (Qverli er al.
2007).

There is increasing evidence that personality pheno-
types are also linked to specific life-history strategies.
Biro & Stamps (2008), for example, found numerous
links between proactivity (i.e. high boldness, aggres-
siveness and activity) and growth rate and food
intake. By contrast, the links between proactivity and
age and size at maturity, fecundity and longevity
were more equivocal (Biro & Stamps 2008). A recent
review by Smith & Blumstein (2008) emphasized
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pace of life
SIOW - {251

life history
long life «—— short life

delayed reproduction «—— > precocious reproduction
low growth rate «————————— high growth rate

behaviour

philopatry

high dispersal

high level of parental care «+———— > low level of parental care
low aggressiveness «—————— > high aggressiveness
shy «— > bold
thorough exploration «—— > superficial explorer
low activity «———————— high activity
high sociability «————— low sociability

physiology
high HPA axis reactivity «— > low HPA axis reactivity

low sympathetic system reactivity «—————————> high sympathetic system reactivity

high parasympathetic system reactivity «+———— > low parasympathetic system reactivity

low metabolism «——  high metabolism

low sensitivity to oxidative stress +—————————> high sensitivity to oxidative stress

high immune response +——» low immune response

Figure 1. Schematic of the potential integration of different traits along a pace-of-life continuum. Double arrows illustrate pre-
sumed continuous variation in life-history strategies among individuals in a population, and its assumed relationship with

personality and physiological traits.

that boldness is generally related to high reproductive
success but also to lower survival. Docility in bighorn
rams (Owvis canadensis) is associated with both delayed
reproduction and longevity (Réale ez al. 2009),
whereas in females boldness and docility are associated
with an earlier age at first reproduction and weaning
success increases with boldness (Réale er al. 2000).
In red squirrels (Tamiasciurus hudsonicus), females dif-
fering in level of aggressiveness and activity exhibit
contrasting reproductive success depending on the
abundance of food resources (Boon ez al. 2007), and
aggressiveness and activity were correlated with
higher mortality, apparently associated with specific
spatial activity patterns (Boon ez al. 2008). Numerous
other examples from long-term studies have confirmed
that humans with different personalities also differ in
their life histories (Figueredo er al. 2004; reviewed in
Réale & Dingemanse 2010).

In turn, the metabolic machinery required to support
a proactive, fast lifestyle may generate a positive relation-
ship between metabolism and proactive personality traits
(Careau er al. 2008). Resting metabolism should
increase with the relative size of metabolically active
organs (Daan et al. 1990; Brzek et al. 2007; Russell &
Chappell 2007). Because many of these organs are
highly recruited during aggressive interactions, risk-
taking, and aerobic activity in general, proactive
individuals should be characterized by higher rates of
metabolism than reactives, even when at rest (Careau
et al. 2008). Indeed higher resting metabolic rates in
proactive than in reactive individuals have been reported
(Cyprinus carpio, Huntingford et al. 20105 Peromyscus
maniculatus, V. Careau, D. Thomas, F. Pelletier,
L. Turki, F. Landry, D. Garant & D. Réale unpublished).
Viewed from a top-down perspective, correlational
selection could also occur because a large metabolic

Phil. Trans. R. Soc. B (2010)

machinery is presumably necessary for successful (adap-
tive) proactive behaviour (Careau et al. 2010). High rate
of metabolism is also one potential component of a fast
life history that may lead to correlated selection for other
fast traits such as high fecundity and early reproduction.
Caloric restriction has been shown to extend lifespan in a
wide array of organisms. One hypothesis for links
between metabolism and lifespan is the production of
reactive oxygen species (ROS) as by-products of metab-
olism (adenosine triphosphate production), which can
lead to oxidative damage in the absence of compensatory
repair mechanisms and antioxidants (Beckman & Ames
1998; Finkel & Holbrook 2000). High levels of aggres-
siveness and boldness may facilitate access to and
monopolization of the resources necessary for high
growth and early reproduction (Biro & Stamps 2008),
but are also associated with a higher risk of mortality
(Wolf et al. 2007).

Other theoretical and empirical progress offers new
opportunities to uncover potential links between per-
sonality, immunity and disease sensitivity, which could
themselves affect survival and reproductive patterns
(Koolhaas er al. 1999; Koolhaas 2008). These links
can be of two kinds. First, depending on their personal-
ity, individuals may behave in ways that increase their
likelihood of encountering parasites or contracting dis-
eases (Barber & Dingemanse 2010). This has been
shown recently in Siberian chipmunks (Zamuas sibiricus),
where superficial explorers use larger home ranges and
host a larger number of ticks (Boyer et al. 2010).
Second, different coping styles can result in different
immune capacities (Koolhaas 2008; Barber &
Dingemanse 2010). Immunological defence mechan-
isms carry different costs (Sheldon & Verhulst 1996),
traded off along an axis of fast, cheap, non-specific
defence versus slow, costly, specific defence. For
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example, immunity, personality, reproduction and survi-
val are all affected by hormones such as testosterone
(Koolhaas et al. 1999; Kempenaers ez al. 2008).

Finally, other trait associations are well integrated by
the POLS concept. Bold, aggressive individuals show a
higher tendency to disperse (Fairbairn 1978; Fraser
et al. 2001; Dingemanse et al. 2003; Duckworth &
Badyaev 2007; Cote et al. 2010). There is also direct evi-
dence that more aggressive males invest very little in
parental care compared with reactive males (Duckworth
& Badyaev 2007), although in other species aggressive-
ness can be related to higher maternal care (Benus &
Rondig 1996) and maternal performance varies with
maternal aggressiveness depending on the availability of
resources (Boon ez al. 2007). Sociability has been found
to affect dispersal (Cote & Clobert 2007; Blumstein
eral. 2009; Cote er al. 2010), and is suspected to increase
the chance of acquiring and transmitting parasites and
diseases (Barber & Dingemanse 2010).

In this section, we can thus picture the POLS as a
complex of interwoven behaviour, physiological and
life-history traits that are affecting each other. It is
also necessary to understand how ecological factors
such as predation, parasites, and spatio-temporal het-
erogeneity in the resources that affect a population
can reinforce or on the contrary curtail the associations
between these traits.

(b) Potential pace-of-life syndromes at the
interpopulation and interspecies levels

The purpose of the interspecific approach to the study
of POLS should be to identify both the possible evol-
utionary trade-offs and the key ecological and
evolutionary forces driving the coevolution between
component traits. Here, we provide some examples
of studies at the interpopulation and interspecies
levels that show possible associations among traits
according to the model shown in figure 1.

In the Trinidadian guppy (Poecilia reticulata), popu-
lations living upstream under low predation regimes
show a slower pace of life than populations living
downstream and subject to high predation pressures.
In downstream populations guppies exhibit an earlier
age and smaller size at maturity, shorter inter-brood
intervals and high reproductive investment (Reznick
et al. 1996). Interestingly, in a separate study, guppies
from downstream populations were also shown to be
bolder and more tenacious than upstream populations
when being fed in the presence of predator signs
(Fraser & Gilliam 1987). Similar effects of predation
on both life-history characteristics (Walsh & Reznick
2009) and boldness (Fraser & Gilliam 1987) have
been found in another species of this ecosystem,
Hart’s rivulus (Rivulus hartii). Although there are no
data on metabolic rate in these two species, results on
opercular beat rate in another small tropical poeciliid,
Brachyrhaphis episcopi, living under similarly contrasting
predation regimes suggest a higher metabolic rate in
fish found in high predation sites (Brown er al. 2005).
Interestingly, Jennions & Telford (2002) also found
that Brachyrhaphis spp. living in a high predation
environment exhibited faster pace of life than low
predation populations. Although this provides only
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indirect evidence, we can predict that fish from a high
predation regime should exhibit higher standard meta-
bolic rates than fish from lower predation regimes.

Another good example is the Atlantic silverside
(Menidia memidia). In this species, fish from a high-
latitude population (Nova Scotia, Canada) showed a
higher growth rate and food intake, reduced locomo-
tory performance, reduced survival and higher
vulnerability to predators, compared with fish from a
low-latitude population (SC, USA; Billerbeck ez al.
2001; Lankford er al. 2001). Furthermore, high-
latitude fast-growing M. menidia genotypes had a
higher standard metabolic rate and were bolder (i.e.
more willing to feed in presence of a predator) than
low latitude ones (Arnott ez al. 2006; Chiba er al.
2007). This pattern is suggested to be shaped by
shorter growth seasons favouring an aggressive
growth strategy at northern latitudes, while higher pre-
dation pressures favour evasiveness in southern
populations (Billerbeck ez al. 2001; Lankford ez al.
2001). Other documented effects of predation upon
life history (Abrams & Rowe 1996) or behaviour
(Grand 1999; Sih er al. 2003; Urban 2007) suggest
that such a syndrome might exist in more populations.

Interspecies comparative studies, using data from
tests classically performed in personality studies (e.g.
novel object, novel environment and flight initiation dis-
tance (FID) tests) have also looked at the links between
personality and ecological factors (Mettke-Hofmann
et al. 2002, 2005; Tebbich er al. 2009), or life history,
behaviour and/or metabolic rate (Blumstein 2006;
Moller 2009). For example, Lovegrove (2001) has
shown that body-armoured mammal species have
lower basal metabolic rate (BMR) and lower activity
than non-armoured species. Careau ez al. (2009) com-
bined published data on open-field behaviour in
muroid rodents (Wilson ez al. 1976; Webster er al.
1979) with data on life history (Duncan er al. 2007)
and metabolism (Lovegrove 2000; White & Seymour
2003) and showed that inrerspecific variation in explora-
tory behaviour was positively correlated with age at first
reproduction, and that both of these traits were nega-
tively correlated with BMR. This comparative study
suggests that environmental productivity and predict-
ability might play an important role in coordinating
behavioural, physiological and life-history traits with
each other to form the POLS.

In another study, Careau et al. (2010) combined
standardized personality data on dog breeds (Draper
1995) with published estimates of mortality rate
(Bonnett et al. 1997) and energy requirements (cf.
multiple sources). They showed that more trainable
breeds live longer than disobedient breeds and that
aggressive breeds have higher levels of energy expendi-
ture than unaggressive breeds. Because behavioural
differences among dog breeds have a genetic basis
(Saetre et al. 2006) and can be regarded as remnants
from past selection targeted at personality (Svartberg
2006), the genetic component underlying these
correlations is presumably high.

As a whole, the comparative study of the POLS will
help to understand how physiological, life-history and
behavioural traits coevolve to create suites of inter-
linked traits at multiple levels of biological variation.
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3. CAN THE PACE-OF-LIFE SYNDROME BE
GENERALIZED TO ALL POPULATIONS

OR SPECIES?

(a) Evidence contradicting the general model
Although the causal pathway outlined above (and in
figure 1) is plausible and intuitively appealing, there
are many potential exceptions and alternatives to the
correlations and causal relationships we have
suggested, and no general pattern regarding the direc-
tion of the association between many of the traits
seems to emerge yet (see also Biro & Stamps 2008;
Adriaenssens & Johnsson 2009).

First, personality traits are not systematically associ-
ated in a behavioural syndrome (Réale ez al. 2007), and
the link between personality and life history may not
always be as predicted in figure 1. For example, Bell
(2005) and Dingemanse ez al. (2007) have found
that correlations among behavioural traits in three-
spined sticklebacks (Gasterosteus aculearus) differ in
their sign and strength depending on the population.
In both studies, predation was suggested to be an
important factor shaping the correlation among
traits, and partly supported by experimental work
(Bell & Sih 2007). Réale er al. (2009) have found
that contrary to predictions (and to previous results
published on docility) bold bighorn rams survived
longer than shy ones, and suggest that ecological con-
ditions may affect the degree of association between
all these traits. Furthermore, variable patterns of
correlation among physiological, behavioural and life-
history traits have been documented in different
species of insects showing a flight-reproduction or
migratory syndrome (Zera et al. 1997; Dingle 2006;
Roff & Fairbairn 2007), which could represent a case
of POLS. In many insect species, two wing-morphs
coexist in the same population: a long-winged, flight
capable morph (W) and a short-winged, flight incap-
able morph (SW; Dingle 2006; Roff & Fairbairn 2007;
Guerra in press). The evolutionary coexistence of two
morphs and a flight—reproduction syndrome consti-
tuted of a series of life history, morphological and
physiological traits has been explained by an energetic
trade-off between the ability to fly and reproductive
effort, and the costs/benefits associated with each
morph in a heterogeneous environment where
resources can vary in both space and time. The LW
morph is able to disperse, and thus has the advantage
of colonizing new habitats and founding new popu-
lations. This morph is characterized by large body
size, fully developed wings and flight apparatus (e.g.
flight muscles). The SW morph on the other hand is
philopatric, short lived, and devotes a large part of
its energy to competition and reproduction. Indeed,
in several species, SW morphs show very fast histolysis
of their flight muscle, females reproduce faster and
show a high fecundity, and males are highly aggressive
and devote a lot of their time to courting females
(Guerra in press). Most of the traits involved within
a migratory syndrome thus seem to represent coadap-
tations related to the importance of delaying
reproduction after settling down in a new, uncertain
and low density habitat for dispersers (i.e. LW), or of
competing for rare resources in a highly populated
habitat in philopatric (i.e. SW) individuals. However,
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for many species, expected trait associations are not
observed (Dingle 2006; Guerra in press). For example,
high aggressiveness in this case is related to low meta-
bolic rate, probably owing to the energetic constraints
associated with flight, and in contrast to vertebrate
studies (see above) dispersers are not good competi-
tors (Guerra in press).

Second, patterns contradicting the model in
figure 1 can also be observed for the links between be-
haviour, metabolism and physiology. Contradictory
results regarding the endocrine—personality relation-
ships can be caused by the multiple intrinsic and
extrinsic sources of variation and covariation in hor-
mones and behaviour between individuals, that are
not always considered in studies (Kempenaers er al.
2008). Although we suggest that proactive animals
should have higher metabolic rates than reactive
ones, according to an alternative allocation model
described by Careau er al. (2008), proactive animals
may instead have lower BMR, because only then can
they afford the high energetic overheads of a proactive
lifestyle (Careau ez al. 2008). Demonstrating that large
and active organ systems contribute to high metabolic
rates has proved difficult, particularly at intraspecific
scales of comparison. Laboratory experiments with
knockour mice are not supportive of an important
role for ROS and oxidative stress in dictating lifespan,
and even the more fundamental association between
elevated metabolism, ROS, and short lifespan is far
from ubiquitous (Speakman ez al. 2004). In particular,
the ‘uncoupling to survive’ hypothesis predicts positive
correlation between metabolic rate and longevity
(Brand 1990). Correlations between personality and
antioxidant capacity may further complicate the pic-
ture. For example, mice artificially selected for short
attack latency (i.e. the most aggressive, proactive
line) had similar ROS levels but lower serum antioxi-
dant capacity compared with mice selected for long
attack latency (i.e. the reactive line; Costantini 2008).

Some studies at the interspecific level have also pro-
duced low support for a POLS widely applicable to
every species. For example, analysing FID data in
150 species of birds, Blumstein (2006) could not pro-
vide unequivocal evidence for an association between
risk-taking and life-history traits, with age at first
reproduction being the only trait positively related to
FID. At the interspecific level, Moller (2009) showed
that FID in birds was positively (albeit weakly) corre-
lated with BMR, whereas we would predict these
traits to be negatively linked (i.e. risk-taking should
be associated with high metabolism; Careau et al.
2008). That high BMR is associated with long FIDs
is possibly a consequence of reduced predation
pressures on both traits (Meller 2009).

(b) Some cautions about the pace-of-life
syndrome model

As we saw in §3a there are many potential alternative
routes of correlation and causation between physi-
ology, personality and life history beyond those
outlined in figure 1. We thus suggest that future
research avoids the temptation to generalize and sim-
plify a complex reality, in a way that has been
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detrimental to the r- and K-selection model in ecology
in the 1980s (Reznick er al. 2002; Roff 2002). Impor-
tantly, most of the alternatives reviewed above do not
cast doubt on our broader premise that there are sub-
stantial links between physiology, personality and life
history. But they do introduce fundamental uncertain-
ties about the direction and mechanistic basis of such
linkages. A much more detailed examination of those
relationships, in a wide diversity of organisms
experiencing a wide array of natural ecological circum-
stances, is therefore warranted. Identifying and testing
these alternatives will be as challenging as it is impor-
tant. Below we suggest a few ideas to examine when
studying the POLS.

First, we need to consider how the combination of
multiple ecological factors affecting mortality and
reproduction patterns can shape the evolution of
life-history strategies in a population. Different combi-
nations of traits within a population are expected, in
association with specific survival and reproduction
rates that are themselves affected by environmental
stability, predation, resource fluctuation and predict-
ability, diseases, population density, resource
distribution and monopolization (Stearns 1992;
Reznick er al. 2002). The evolution of the direction
of a correlation between traits may be affected by the
fitness outcome of the combination of two trait
values, which may depend on the particular ecological
conditions of the population. For example, dispersal
may be positively associated with high aggressiveness
and boldness when the survival and reproduction of
dispersers depend strongly on their ability to acquire
a territory and survive in an unknown environment
(Duckworth & Badyaev 2007). By contrast, in systems
where resources can be monopolized and overt compe-
tition among individuals is probable, the most
philopatric individuals may also be the most aggressive
and boldest individuals, as shown in some cricket
species (Roff & Fairbairn 2007; Guerra in press). In
this case, slow, long-lived genotypes may have higher
probabilities of colonizing a new, uncertain habitat
and establishing new populations in which compe-
tition will be lower. We thus expect that the type of
competition (i.e. contest versus scramble competition)
among individuals, and the life-stage at which the
competition occurs, will affect the association between
specific traits in a POLS.

Second, we need more information on how changes
in selection pressures in space and time related to fluc-
tuating environmental conditions (i) shape the pattern
of covariation among traits; (ii) favour the mainten-
ance of different life-history strategies within a
population; and (iii) promote the emergence of a
POLS. The maintenance of alternative life-history
strategies, as well as different behavioural and physio-
logical traits, may be related to spatial or temporal
fluctuation in resources driven by factors such as
environmental conditions or density variation (see
Sinervo et al. 2000; Grant & Grant 2002). Such
instability could induce fluctuating selective pressures
on traits and thus favour different life-history pheno-
types or genotypes depending on environmental
conditions. From a pace-of-life perspective, according
to recent studies (Boon ez al. 2007; Stamps 2007;

Phil. Trans. R. Soc. B (2010)

Biro & Stamps 2008) poorer environmental conditions
should potentially favour individuals with suites of traits
which are representative of the slower phenotypes.
Alternatively, increasingly high resource availability
should favour faster phenotypes. However, the link
between resource abundance and fast—slow phenotypes
may not be as simple as indicated here, and other fac-
tors such as the type of competition, the possibility of
monopolizing resources and the costs associated with
resource defence may interact to alter the association
between food availability and POL type.

Third, although in the present paper we have
simplified the situation by focusing on stable inherent
difference in behaviour, physiology and life history,
there is some evidence that developmental effects on
these traits can change the patterns of correlation
among them at the local level (i.e. Stamps & Groothuis
2010a,b). For example, individuals may experience a
range of contrasting environmental conditions
throughout life (Magnhagen & Borcherding 2008;
Sinn ez al. 2010), and these changes may weaken or
even reverse the association between personality and
other traits. Detailed investigation of the developmen-
tal aspects of personality traits, the effects of genotype
by environment interaction, and of genotype/environ-
ment correlation on these traits have recently been
advocated (e.g. Dingemanse et al. 2010; Stamps &
Groothuis 2010a,b), which will help us provide more
rigorous tests of the POLS.

Finally, in a metapopulation context, if environmental
conditions differ among sub-populations, migration and
gene flow between them will potentially disrupt local
coadaptations and the POLS (Guillaume & Whitlock
2007). Furthermore, genetic correlations can change
depending on the environment (Sgro & Hoffmann
2004), and thus studies of the POLS may obtain
different estimates of correlations under variable
environmental conditions. Studies will thus have to con-
sider gene flow and the effect of the environment as
potential explanations for the correlations observed
among the traits studied (see below).

4. CONSEQUENCES FOR THE EVOLUTIONARY
AND ECOLOGICAL STUDY OF POPULATIONS

A POLS perspective can have important conse-
quences for behavioural ecology studies; it
stimulates the integration of behaviour within a
metapopulation context and the inclusion of other
important ecological, demographic and genetic fac-
tors that could affect the links observed among
behavioural traits and between these and other
traits (see above). Such processes have important
consequences for the evolutionary and ecological
study of populations. Here, we describe some of
these consequences and suggest a few perspectives
that could potentially be integrated in future
studies.

(a) Assessing selection on multiple traits

and at multiple levels

Variation in pace of life at the scale of the population
should lead to the assessment of the direction and
strength of selection acting on traits representative of


http://rstb.royalsocietypublishing.org/

Downloaded from rstb.royalsocietypublishing.org on January 9, 2012

Review. Personality and pace of life

D. Réale et al. 4057

each strategy and under different environments. Few
studies have yet considered the consequences of chan-
ging environmental conditions for a large suite of
integrated traits, probably because of the methodo-
logical challenges associated with the multivariate
approach. It is generally assumed that life-history
traits (e.g. age at first reproduction or longevity)
depend on numerous underlying traits (e.g. hormones
or body size; Price & Schluter 1991; Réale ez al. 2007).
Given such a hierarchical organization of traits, should
one consider that selection is acting mainly on the vari-
ation in life-history strategies with top-down effects on
a whole series of traits, or alternatively that selection is
acting mainly on lower level traits with bottom-up
effects on life-history strategies? As such categorization
of the organization of traits might be rather arbitrary in
most cases, all levels should be considered simul-
taneously to get a sense of what ‘type’ of pace-of-life
applies to a group of organisms. The way forward is
thus to assess the strength of selective pressures
acting at each level using either a multivariate selection
perspective (Blows & Hoffmann 2005; Blows 2007) or
path-analysis approach to selection (Scheiner er al.
2000; see Kotiainen et al. 2009 for an example of
this approach on personality). While the great majority
of previous studies of selection have considered only
linear and wunivariate selection (Kingsolver ez al.
2001; Siepielski ez al. 2009), the study of personality
and POLS in particular—and of behaviour in gen-
eral—should consider the multivariate (multi-traits)
selection approach, as is now generally recognized in
evolutionary biology (see Blows 2007). Multivariate
selection models provide a useful framework to address
the relative strength of selection depending on the level
of organization (e.g. Blows & Brooks 2003). Such
approaches thus represent a promising way to dissect
the main underlying drivers of the organization of
traits (given the probable importance of correlational
selection in this context—see §2), despite their primary
challenges and logistical difficulties (Kruuk & Garant
2007). Describing selection on traits related to pace of
life from this multivariate perspective should also help
explain one of the main contradictions in natural
populations: namely that there is maintenance of vari-
ation at the genetic level for traits under relatively
strong selection.

(b) Fluctuation of resources in space and time
and the mosaic of life-history strategies

Spatial and temporal fluctuations in ecological con-
ditions should promote variation in pace of life at the
interpopulation level (Dingemanse & Réale 2010).
The change observed within each population in
terms of life-history characteristics and other related
traits as a result of environmental variability may gen-
erate a mosaic of life-history traits at the
metapopulation level. More specifically, one could
argue that (i) the spatial variation in resource abun-
dance among populations and (ii) the differences in
resource fluctuation regime within each population
could be coupled with (iii) the variation among years
in resource availability at a larger landscape scale, to
explain the variation in strength and type of selective
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pressures observed at a local scale. Furthermore, the
possibility for resource monopolization, the costs
associated with it and the type of competition over
resources (scramble or contest competition) may all
favour different associations between traits such as
activity, risk-taking, aggression and metabolic rate.
Combinations of ecological factors at different
spatial scales could also account for the mixture of
life histories observed at the larger scale of the meta-
population (see Goldwasser et al. 1994). Theoretical
expectations are that any divergence in life-history
characteristics should be magnified by local selection
forces acting within each population and in contrast
be reduced by the homogenizing effects of gene
flow between populations (or even between species
when hybridization occurs; Slatkin 1987; Hendry
et al. 2001; reviewed in Garant et al. 2007). Another
possibility is that dispersal itself could influence the
population at certain sites (typically those with low
carrying capacity), elevating local densities above car-
rying capacity, which will reduce average fitness of
individuals and potentially disrupt local adaptation
(Holt & Gomulkiewicz 1997; Gomulkiewicz et al.
1999; reviewed in Garant ez al. 2007 and in Edelaar
et al. 2008). The very idea of the POLS and the
integration of personality should thus stimulate devel-
opment of the study of the behavioural ecology of
metapopulations. Such studies would benefit from
recognizing that dispersal bias associated with individ-
ual characteristics, such as personality, will impact the
dynamics of the metapopulation (Cote ez al. 2010).
A modelling approach could be useful in generating
testable predictions about the multiple interactions of
behavioural traits, other traits and ecological con-
ditions, and their effects on the associations among
traits in a metapopulation context.

(¢) Predicting the distribution of traits along
ecological gradients or different ecological
conditions

Another advantage of the POLS perspective is to
provide a framework in which we can predict the distri-
bution of behavioural traits and their associations
along different ecological gradients or between popu-
lations subjected to differing ecological conditions.
For example, one could test possible effects of biogeo-
graphy on the POLS. Not only is it interesting to
examine potential differences between populations
along latitudinal (Wikelski ez al. 2003; Tieleman
et al. 2005; Wiersma et al. 2007; see also the case of
M. menidia above) or altitudinal gradients (Bears
et al. 2009; Tieleman 2009), but it is also possible to
analyse how such gradients affect the combinations
of traits within each population. More importantly,
studying these links will provide valuable information
on how changes in ecological conditions along a gradi-
ent can lead to the coupling or decoupling of these
traits in specific areas.

Furthermore, we may expect that pace of life will
influence species invasion and variation along the
colonization gradient (see also Clobert ez al. 2009).
For example, one could predict that populations at
the forefront of a species distribution should be
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characterized by individuals which are on average
more active, more mobile and more aggressive—in
other words more proactive and with a fast pace of
life, whereas populations located closer to the core
area of a species distribution should be characterized
by sedentary and more reactive individuals, with a
slow pace of life. Evidence that frontal populations of
an invasive species are composed of more active indi-
viduals than the core population has been found in
cane toads (Bufo marinus) in Australia (Phillips ez al.
2007).

POLS could also be related to variation between
habitats in the quality of their resources, and to the
trade-off between acquisition and allocation of
resources (van Noordwijk & de Jong 1986; Reznick
et al. 2001). Under the allocation principle, one
could predict that in poor habitats with low food avail-
ability—where the capacity for high acquisition rate is
somewhat less advantageous—‘slow’ individuals will
do better than ‘fast’ ones. However, this association
may be affected by potential interference with local
competition, frequency-dependent selection associ-
ated with local social conditions (potentially linked
to resource abundance itself) and predation, all of
which should also be considered.

Other cases include islands, where there may be
evolution of specific life histories that should affect
the personality and metabolism of insular species
(see, the Glanville fritillary butterfly, Melizaea cinxia,
study system in the Alands Islands in Finland, details
in Hanski 1999). Therefore, we should expect combi-
nations of traits to differ between islands as a result of
personality-biased migration, competitive abilities and
resource acquisition/allocation. In this way, the study
of POLS, with more emphasis on incorporating per-
sonality variation, may have interesting implications
at the biogeographical level.

(d) Pace of life and anthropogenic activities

Anthropogenic activities such as hunting or fishing,
which affect survival and/or reproduction, have been
shown to greatly shape life-history strategies of natural
populations (Coltman ez al. 2003; Hutchings & Fraser
2008). Similarly, domestication can rapidly change a
whole set of traits involved in the POLS (i.e. growth,
boldness, aggressiveness and fast life; Johnsson
1993). Such actions are therefore likely to result in
changes at the behavioural or physiological levels as
well, with potential feedback effects on the sensitivity
of animals to anthropogenic pressures (Biro & Post
2008). As mentioned above, risk-taking behaviour is
typically associated with shorter lifespan and earlier
maturity and reproduction. If hunting or fishing press-
ures select for genotypes that in ‘pristine’ conditions
survive longer (because hunters have a higher chance
of killing large, old individuals), we might expect hunt-
ing to increase risk-taking in the population and
witness evolution towards a more proactive type of
individual. On the other hand, under harsher con-
ditions and at lower prey densities hunters may
manage to select only the bolder individuals, which
should eventually lead to reduced risk-taking in the
population and evolution towards a more reactive
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type of individual. In the same way release of domestic
animals into the wild and introgression with wild
populations may affect the whole POLS of a wild
population with important demographic and ecologi-
cal consequences. For example, fast-growing, bold
domesticated strains of trout were more subjects of
predation than were their wild counterparts (Biro
et al. 2004). Introgression of domestic characteristics
into wild populations may thus change the way indi-
viduals cope with the challenges of predation,
resource fluctuation and habitat selection. Therefore,
the concept of POLS can have important implications
for the conservation of species in human influenced
contexts.

5. CONCLUSION

In this paper, we review the evidence that evolutionary
ecologists can benefit from merging the study of be-
havioural, hormonal, metabolic and immunological
traits and their associations within a general life-history
framework. The POLS perspective at the population
level presented here extends ideas previously devel-
oped in life-history theory (i.e. »- and K-selection,
fast—slow continuum) by proposing personality traits
as a central element in the study of life-history strat-
egies (see also Wolf er al. 2007; Biro & Stamps
2008). It clearly reflects the general trend towards an
increasing interest in individual variation and the use
of a more integrative approach towards the study of
traits of ecological importance (Bolnick er al. 2003;
Sih ez al. 2004; Réale et al. 2007; Careau et al. 2008;
Kempenaers er al. 2008; McGlothlin & Ketterson
2008; Williams 2008). The novelty of the thesis
defended in this paper has two main aspects:
(i) although other authors have previously suggested
a potential association between personality, and
either life history, metabolism or ecology, this paper
is the first attempt to provide a global, holistic frame-
work (i.e. multi-factorial and multi-level) for the
study of personality; (ii) it demonstrates that there is
an obvious lack of predictions concerning the strength
and sign of correlations between traits potentially
involved in a POLS, the interactive effects of different
ecological factors on these correlations, and the vari-
ation in these traits among subpopulations. Our
understanding of how ecological and evolutionary pro-
cesses shape trait associations among and within
populations is still limited, and no clear overall predic-
tion can be made yet regarding the possible
associations between some of the traits considered
here. Furthermore, it is still not clear to what extent
patterns found at one level of analysis (e.g. within-
population correlation) can be used to infer or predict
patterns at other levels (i.e. among-population or
among-species correlations) and vice versa. Neverthe-
less, we would argue that by permitting establishment
of strong links between ecological (e.g. predators,
parasites, resource fluctuations) and demographic fac-
tors (e.g. migration, competition, metapopulation
structure, density- and frequency-dependence) and
the variation in numerous physiological, behavioural
and life-history traits, the POLS provides a heuristic
framework in which personality studies can build
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models, elaborate hypotheses and generate empirical
tests to account for the maintenance of variation in
personality traits in natural animal populations.
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soon to contribute to the writing of this paper, but whose
ideas, influence and encouragement underlie much of what
we present here. We would like to thank Niels
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FQRNT. During the writing of this paper D.R., D.G. and
M.M.H. were individually funded by NSERC discovery
grants. V.C. and P.B. were funded by NSERC fellowships,
and PM. by a FQRNT fellowship, for their Ph.D.
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