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Abstract
The pace-of-life syndrome (i.e., POLS) hypothesis posits that behavioral and physiological traits mediate the trade-off between
current and future reproduction. This hypothesis predicts that life history, behavioral, and physiological traits will covary under
clearly defined conditions. Empirical tests are equivocal and suggest that the conditions necessary for the POLS to emerge are not
always met. We nuance and expand the POLS hypothesis to consider alternative relationships among behavior, physiology, and
life history. These relationships will vary with the nature of predation risk, the challenges posed by resource acquisition, and the
energy management strategies of organisms. We also discuss how the plastic response of behavior, physiology, and life history to
changes in ecological conditions and variation in resource acquisition among individuals determine our ability to detect a fast-
slow pace of life in the first place or associations among these traits. Future empirical studies will provide most insights on the
coevolution among behavior, physiology, and life history by investigating these traits both at the genetic and phenotypic levels in
varying types of predation regimes and levels of resource abundance.

Significance statement
We revisit the pace-of-life syndrome hypothesis, suggesting that behaviors involving a risk of death or injury should coevolve with
higher metabolic rates, higher fecundity, faster growth, and heightened mortality rates. Empirical support for this hypothesis is
mixed. We show how relaxing some of the assumptions underlying the pace-of-life syndrome hypothesis allows us to consider
alternative relationships among behavior, physiology, and life history, and why we fail to meet the predictions posed by the pace-
of-life syndrome hypothesis in some populations. Our discussion emphasizes the need to re-integrate the role of the species’ natural
history, ecological conditions, and phenotypic plasticity in shaping relationships among behavior, physiology, and life history.
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Introduction

Organisms must decide how much time or energy to invest in
reproduction relative to maintenance and survival (Stearns
1992). Depending on how they negotiate this trade-off, pop-
ulations or species are positioned along a fast-slow life history
continuum. This continuum ranges from organisms that prior-
itize reproduction over survival (i.e., a fast life history) to
those that prioritize survival over reproduction (i.e., a slow
life history, Stearns 1983, 1989; Promislow and Harvey
1990). Differences in life history strategies among species or
populations are associatedwith differences in physiology such
as metabolic rate or stress reactivity (Wikelski and Ricklefs
2001; Ricklefs and Wikelski 2002).

Behavior might play a functional role in the fast-slow life
history continuum and thus covary predictably with life
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history traits such as fecundity, survival, or growth (the pace-
of-life syndrome hypothesis, POLS thereafter, Stamps 2007;
Biro and Stamps 2008; Réale et al. 2010). The POLS hypoth-
esis predicts that if some behavioral traits such as high bold-
ness, exploration, aggressiveness, or activity increase acquisi-
tion of resources at an expense of survival, then individuals
expressing these traits should also have a faster life history
(Wolf et al. 2007; Réale et al. 2010). Species, populations,
or individuals with a faster pace of life should also invest less
resources in their immunological defenses (Tieleman et al.
2005; Martin et al. 2006). Réale et al. (2010) initially invoked
correlational selection to explain the evolution of such associ-
ations between life history, physiology, and behavior, but
feedbacks between behavior and state could also explain
why we observe these associations at the individual level
(Luttbeg and Sih 2010; Dingemanse and Wolf 2013).

Since the initial publications (Stamps 2007; Biro and
Stamps 2008; Réale et al. 2010), multiple studies have inves-
tigated the relationships between behavior, physiology, and
life history within populations (Dammhahn et al. 2018).
Several of them have examined the relationships between
boldness, exploration, activity, or aggressiveness, and metab-
olism (e.g., Careau et al. 2009, 2011; Timonin et al. 2011;
Gifford et al. 2014; Royauté et al. 2015; Binder et al. 2016;
White et al. 2016) or immunological functions (e.g., Niemelä
et al. 2013; Zylberberg et al. 2014; Dosmann et al. 2015).
Others have tested for and quantified the relationships be-
tween behavioral traits and age at maturity (e.g., Réale et al.
2000; Niemelä et al. 2013; Müller and Müller 2015; Urszán et
al. 2015), fecundity (e.g., Réale et al. 2000; Kontiainen et al.
2009; Brommer et al. 2014; Montiglio et al. 2014; Bridger et
al. 2015), survival (e.g., Réale and Festa-Bianchet 2003; Réale
et al. 2009; Bergeron et al. 2013), and growth (e.g.,
Hoogenboom et al. 2013; Biro et al. 2014; White et al.
2016). Some studies support the initial predictions made by
the POLS hypothesis in its strict sense, but others have failed
to find such support (reviewed in Royauté et al. 2018, topical
collection on Pace-of-life syndromes).

Studies could fail to support the POLS hypothesis because
they characterize boldness, exploration, or activity with too
diverse methodologies (Royauté et al. 2018, topical collection
on Pace-of-life syndromes). These methodologies could vary
in their sensitivity to detect individual differences, or measure
different aspects of an animal’s behavior. Alternatively, as-
sumptions made by Wolf et al. (2007) or Réale et al. (2010)
may be too strict to fit all the possible associations between
behavior, physiology, and life history (we refer to these
models as predicting a POLS sensu stricto). Indeed, any trait
improving resources acquisition and current reproduction, at
the expense of survival or future reproduction, could coevolve
with an organism’s pace of life. Alternatively, traits such as
exploration, aggressiveness, or activity do not automatically
improve resources acquisition.

Ecological conditions might also lead to varying de-
grees of association between behavior, physiology, and
life history depending on the population studied
(Dammhahn et al. 2018, topical collection on Pace-of-
life syndromes). Hence, we might need to reconsider the
strict definition used in the formulation of the POLS hy-
pothesis to account for the role of ecological conditions.
All these points were discussed in the initial papers (e.g.,
Réale et al. 2010) and in others (Adriaenssens and
Johnsson 2009; Mathot and Dingemanse 2015), but we
still lack a clear framework for predicting whether a syn-
drome should emerge and what relationships between be-
havior, life history, and physiology we should observe.

In this paper, we outline elements of such a frame-
work to explain variation in syndromes across systems
and ecological conditions. Our aim is to switch the focus
from testing whether the POLS structure suggested by
Réale et al. (2010) is observed or not to investigating
how ecological conditions (predation risk, resource ac-
quisition) shape relationships between life history, phys-
iology, and behavior at the genetic and phenotypic
levels. We consider several ways in which we can nu-
ance the predictions on the POLS sensu stricto. We ex-
tend the initial logic underlying the POLS hypothesis
(Stamps 2007; Wolf et al. 2007; Biro and Stamps 2008;
Réale et al. 2010) to consider alternative structures of
relationships among behavior, physiology, and life histo-
ry. We first consider how relaxing the assumptions about
the functional role of behavior and physiology (see Table
1) in supporting the life history of organisms along the
fast-slow continuum generates alternative hypotheses and
predictions on the links among behavior, physiology, and
life history. Second, we consider how phenotypic plastic-
ity of behavior, physiology, and life history could shape
POLS.

Behavior and physiology can have different
roles within the pace-of-life syndrome

The POLS hypothesis assumes that particular behaviors
increase the risk of predation and the acquisition of re-
sources such as food, partners, or territories (Stamps
2007; Wolf et al. 2007; Réale et al. 2010). The POLS
hypothesis also assumes that metabolism is the pacemaker
of an organism’s pace of life or life history productivity
(Careau et al. 2008; Biro and Stamps 2010; Réale et al.
2010). Relaxing these assumptions allows us to focus on
predicting which behavioral and physiological adaptions
should be favored by a particular set of environmental
conditions. Below we discuss how the role of behavior
and physiology can vary within a POLS exhibited within
a species or population.
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Behavior

Several behavioral traits can affect resource acquisition and
the risk of predation (Fig. 1), but their relative importance
varies with the type of interaction between an organism and
its predators (Lima and Dill 1990) and with the characteristics
of the resources consumed. As a result, the type of resources
an organism acquires and the foraging behavior of its preda-
tors can affect which behavioral traits most likely support the
pace of life. For example, when an organism’s vulnerability to
predation depends strongly on its ability to avoid encounters
with predators, we expect activity and exploration to covary
with the slow-fast life history continuum (Fig. 1).
Alternatively, when vulnerability to predation depends more
strongly on being detected by predators or increasing chances
of escapes following an attack, then we expect freezing be-
havior or flight initiation distance to covary with the pace of
life (Ydenberg and Dill 1986). Situations where predation risk
can be lowered by increasing the detection of potential pred-
ators by the prey, vigilance, rather than activity or freezing,

should covary with pace of life of organisms (Lima and Dill
1990).

Investigating the relationships between the chances of en-
counter with predators, the probability of being detected by
them, and the probability of detecting predators could also
explain why these traits can be correlated with each other in
some cases and not in others. Furthermore, predators exhibit a
diversity of foraging tactics, from sit-and-wait to active pur-
suit, varying both among individuals and among species
(Schmitz et al. 2004; Pruitt and Ferrari 2011; Miller et al.
2014). Hence, the type of hunting strategy of the predator or
the distribution of food patches in the environment should
affect which behaviors are most likely to be associated with
life history.

The exact constraints placed on resource acquisition can
also affect which behavior covaries with life history.
Activity and exploration are more likely to impact resource
acquisition in organisms foraging on clumped and ephemeral
food sources than in organisms foraging on abundant and
homogeneously distributed resources (Macarthur and Pianka

Table 1 Assumptions at the basis
of the evolution of a pace-of-life
syndrome sensu stricto within
populations and reasons why
these assumptions might not be
met

Assumptions to be tested Reasons why these assumptions may not be met

There is a trade-off between early-life reproduction,
and survival or late-life reproduction.

A large variance in resource acquisition among
individuals can hide the trade-off in the allocation of
resources between early-life and survival or late-life
reproduction.

Plastic responses to environmental changes and
uncontrolled environmental conditions may blur the
detection of the pace-of-life syndrome in a popula-
tion.

A trait associated to the pace of life (i.e., a behavioral
or physiological traita) should play a functional role
for each of the life history traits.

The studied trait does not have any functional role on
either early reproduction or survival.

The studied trait is weakly repeatable, lowering its
association with life history traits or our statistical
power to detect this association.

Strict assumptions about the functional link between
behavior and both survival and reproduction (i.e.,
sensu Wolf et al. 2007; Réale et al. 2010) might not
be met. Relaxing these assumptions (i.e.,
pace-of-life syndrome sensu lato) may permit us to
consider situations in which the direction of the as-
sociation between behavior and life history is con-
trary to what is expected in the POLS hypothesis
sensu stricto.

Although two traits may independently affect
reproduction and survival, they may not be linked
with each other. Therefore, wemay not expect that a
behavioral trait may be systematically linked to
metabolism, even though they both affect survival
and reproduction.

Correlational selection should favor some
combinations of behavioral/physiological and life
history traits.

The correlation between traits provides no fitness
benefit but is rather the results of constraints to their
independent expression.

a Note that these traits need to be repeatable to show consistent links with life history traits. Highly labile traits
cannot be linked to any stable life history strategy. Traits can be repeatable because it is heritable or developmen-
tally plastic (i.e., early life conditions or parental effects)

Behav Ecol Sociobiol (2018) 72: 116 Page 3 of 9 116



1966; Heads 1986; Dixon and Baker 1987; see also Fraser and
Gilliam 1987). Vigilance or freezing behavior is instead more
likely to covary with the pace of life when organisms rely on
food items requiring long bouts of handling (Krebs 1980;
Lima 1988). Alternatively, aggressiveness might covary with
the pace of life when contest/interference competition is asso-
ciated with resource acquisition (Wolf et al. 2007; Bergmüller
and Taborsky 2010; Montiglio et al. 2013).

Defining the role of behavioral traits in mediating life his-
tory trade-offs allows us to nuance our predictions on the
behaviors that are more likely to covary with the pace of life
of an organism. Considering the ecology of predation risk and
foraging of the individuals can change the predictions one
could derive from the POLS hypothesis. Furthermore, it gen-
erates richer and more specific predictions to on the link be-
tween ecology of species and the type of POLS they exhibit.
Of course, it is also possible that behavior does not mediate
any life history trade-off in some systems. Studies simulta-
neously reporting a clear trade-off between current reproduc-
tion and future reproduction or survival, and no relationship
between life history and behavior, are rare. Such studies would
be the strongest and clearest challenges to the POLS
hypothesis.

Physiology

The original POLS hypothesis posits that metabolism is the
pacemaker of life (Ricklefs and Wikelski 2002). Supporting
this view, individuals with a higher resting metabolic rate also

show the highest daily energy expenditure in many endo-
therms (Careau and Garland 2012). At the within-species lev-
el, individuals with a higher metabolic rate could potentially
afford a faster pace of life, because a higher metabolic rate
allows them to mobilize the energy needed to express a high
level of activity, a fast exploration, or high aggressiveness
(Careau et al. 2008; Biro and Stamps 2010; Réale et al. 2010).

Energy allocation, acquisition, and expenses might be
linked in several different ways (Careau et al. 2008; Careau
and Garland 2012; Mathot and Dingemanse 2015). For exam-
ple, daily energy expenditure can be independent of basal
metabolic rate (i.e., the allocation model, Speakman 1997).
In this case, individuals spending a lot of energy on mainte-
nance (expressed as basal metabolic rate) have less energy
available for energetically costly behaviors. Alternatively, a
greater capacity to produce and mobilize energy (reflected
by basal metabolic rate) could lead to a higher daily energy
expenditure (i.e., the performance model, Speakman 1997). In
this case, behaviors that both increase energy gain and energy
expenditure are predicted to scale positively with basal meta-
bolic rate, because individuals with a fast running metabolic
machinery also have to fuel it and must mobilize more energy
for energetically costly behaviors (Mathot and Dingemanse
2015). Finally, daily energy expenditure and basal metabolic
rate could also be unrelated (independent model) and only
behaviors increasing energy gain might scale positively with
basal metabolic rate (Mathot and Dingemanse 2015). Thus,
predicting the direction of among-individual correlations be-
tween metabolic, behavioral, and life history traits requires a

Fig. 1 Behaviors mediate the trade-off between current and future
reproduction through their effects on various components of resources
acquisition and risk of predation. Individuals can increase their survival
by decreasing the rate of encounter with predators, by decreasing their
chances of being detected, by increasing predator detection before an
attack, or by improving the probability of escaping or surviving
following an attack by a predator, respectively (orange boxes). To
acquire resources and fuel their reproduction, individuals must search
for, find, and handle food items. In some systems, resource acquisition
involves scrounging from or defending food items against conspecifics
(green boxes). The behavior most likely to mediate the trade-off between
mortality risk and resource acquisition (black arrows and signs) is
expected to vary across species depending on their different natural

histories and on the relative importance of the various components of
predation risk and resource acquisition. For example, we can expect
that, in species where survival and resource acquisition depend more
strongly on the rate of encounter with a predator and on time spent
searching for resources, respectively, active individuals will trade their
survival for higher current reproduction. In contrast, in species where
survival and resource acquisition depend more strongly on detecting a
predator and handling resources, individuals that invest more in
reproduction rather than in survival will be less vigilant (but not
necessarily more active). Note that some of the behaviors represented
here could affect more than one component of predation risk or
resource acquisition and that several other trade-offs could shape the
evolution of a pace-of-life syndrome
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priori knowledge of the underlying relationships betweenmet-
abolic rate and energy expenditure in a given species (see also
Mathot and Dingemanse 2015).

The relationship between metabolic rate and energy
expenditure could also vary with a species’ natural histo-
ry. For example, endotherms and ectotherms are likely to
show different relationships between metabolic rate and
energy expenditure, given their fundamental differences
in physiology. Several studies on species of fish demon-
strated that proactive individuals have higher standard
metabolic rates, thereby supporting predictions of the per-
formance model (e.g., Cutts et al. 1998; Lahti et al. 2012).
In contrast, studies on birds and mammals tend to provide
support for the allocation model (e.g., Wiersma and
Verhulst 2005; Vaanholt et al. 2007; but see Careau et
al. 2013). Future comparative research should clarify
whether this is indeed a general pattern and whether the
differential metabolic maintenance costs of these very dif-
ferent ways of life can explain such a pattern.

The relationships between metabolism and pace of life
should not only differ among species as a function of their
energy management strategy but should also vary with the
position of the organism in its life cycle. For example,
endothermic animals can exhibit tremendous reductions
in metabolic rate during some phases of their life cycle
(up to 99% reduction in metabolic rate, e.g., Thomas et al.
1990). The main feature of these strategies is to lower the
running costs of the metabolic engine for short (daily
torpor) or long (hibernation) periods of time by controlled
reduction of body temperature (i.e., heterothermy). Thus,
heterothermy is an important adaptation to fluctuating en-
vironmental conditions and has important life history con-
sequences, such as extended longevity and slow life his-
tories (Turbill et al. 2011). Individuals within species dif-
fer in their energy-saving strategies (Vuarin et al. 2013),
and this affects their survival and reproductive success
(Dammhahn et al. 2017). Analyzing such differences
among individuals can surely help us understand the rela-
tionships between physiology and life history (see also
Glazier 2015).

The pace of life can be apparent or hidden

The previous section detailed how different behaviors and
physiological traits can covary with an organism’s pace of life.
Such a view assumes that there is a life history trade-off and
that populations or species exhibit variation in the position of
their individuals along the fast-slow pace-of-life continuum.
However, the actual fast-slow pace-of-life continuum is not
always present in a population or species. In what follows, we
discuss when individuals should or should not vary over a
fast-slow pace-of-life continuum.

Local ecological conditions can drive or hide life
history trade-offs

Survival and reproduction can covary positively, negative-
ly, or not at all, depending on the variation in resources
acquired among individuals (van Noordwijk and de Jong
1986; Roff and Fairbairn 2007). Failure to detect the pre-
dicted link between behavior and life history could thus
be explained by a failure to detect a fast-slow pace-of-life
continuum in the first place. To fully validate or reject the
assumptions underlying the POLS hypothesis, we need to
study the relationships between life history, physiology,
and behavior over gradients of resource abundance or
predation risk (see Table 1). Yet very few studies have
achieved this level of insights. Changing ecological con-
ditions, for example, yearly fluctuations in predation pres-
sure, could change the role played by some behaviors in
the POLS. In other cases, there may be no clear trade-off
between early and late reproduction (Martin and Festa-
Bianchet 2011; Jablonszky et al. 2018 in press, topical
collection on Pace-of-life syndromes), potentially because
of selection eroding the variation in allocation strategies
within population, thereby making it impossible to detect
a link between behavior, physiology, and life history
(Réale et al. 2009).

Fixed or plastic pace-of-life syndromes?

The POLS hypothesis assumes that the plasticity of be-
havior is constrained by metabolic organs (Biro and
Stamps 2010; see Bijleveld et al. 2014 for an empirical
study challenging this assumption). Yet, temporal or spa-
tial variation in environmental conditions can induce a
change in an individual’s morphology, life history, or
behavior (Walther et al. 2002; Réale and Festa-Bianchet
2003; Charmantier et al. 2008; Pfennig et al. 2010;
Montiglio et al. 2014; Niemelä and Dingemanse 2017).
Ecological conditions determine our ability to identify a
life history trade-off at the phenotypic level and thus our
ability to detect a link between behavior, physiology,
and life history (Nicolaus et al. 2012; Montiglio et al.
2014).

When environmental variation occurs within at the
same spatial scale as the dispersal of individuals, indi-
viduals are likely to encounter different types of condi-
tions during their life. Selection should favor reversible
plasticity for the traits involved in the POLS (Sultan and
Spencer 2002). Such short-term reversible plastic chang-
es are not considered to be part of the syndrome
(Dingemanse et al. 2012b), but they can hide or affect
the relationships we observe among the traits. We thus
need to account for reversible plastic changes in behavior
and physiology to detect POLS at the population level.
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When environmental variation is strong and predictable,
selection should favor developmental (i.e., irreversible) phe-
notypic plasticity (Scheiner 1993; West-Eberhard 2003;
Pigliucci 2005; Fitzpatrick 2012). In this case, we should ex-
pect the evolution of an integrated developmental plasticity in
the pace of life of an organism (Nicolaus et al. 2012;
Montiglio et al. 2014). Changes in life history trajectory, be-
havior, and physiology may depend on early life conditions or
parental effects (Ellis et al. 2013). The environmental condi-
tions encountered by an organism early in life could be used to
anticipate future conditions and adjust its development ac-
cordingly (i.e., the predictive adaptive response hypothesis;
Gluckman et al. 2005; Monaghan 2008) or instead constrain
its ability to cope with future conditions (i.e., the silver spoon
effect; Monaghan 2008). Developmental plasticity compli-
cates our task of detecting an association between the life
history of an organism and its behavior or physiology. For
example, differences in behavior and life history between
three populations of Corsican blue tits (Cyanistes caeruleus)
suggest the existence of a POLS in some years but not in
others (Dubuc Messier et al. 2016). This probably occurs be-
cause of plastic adjustments of both life history and behavior
traits that affect the mean position of each population along
the pace-of-life continuum (Dubuc Messier et al. 2016). It is
thus necessary to compare the traits across populations over
several years to be able to detect potential differences in pace
of life between them.

Finally, when the variation in ecological conditions occurs
at larger spatial scales, selection should favor the evolution of
locally adapted traits (Wang and Bradburd 2014) and thus
maintain some genetic polymorphism for traits along the
POLS (Dubuc Messier et al. 2016; GDM et al. unpublished).
The maintenance of some genetic polymorphism in POLS
traits can also be considered through the trade-off between life
history strategies involved in the POLS. The evolution of
plastic POLS traits does not preclude genetic associations be-
tween them (Brommer and Kluen 2012; Fitzpatrick 2012;
Santostefano et al. 2017). The relative importance of fixed
polymorphism and developmental plasticity in generating as-
sociations among traits involved in a syndromewill depend on
the fitness costs of this developmental plasticity, on the
strength of the genetic correlations among traits, and on the
predictability and magnitude of variation in ecological condi-
tions (Scheiner 1993; West-Eberhard 2003; Fitzpatrick 2012).

Conclusion: What should future studies
on the pace-of-life syndrome look like?

We can develop and nuance the initial POLS hypothesis by
considering a wider range of relationships between behavior,
physiology, and life history strategy. These relationships can
also emerge from genetic polymorphism and developmental

plasticity and be obscured by reversible plastic changes in the
traits. While we did not discuss this option extensively, it is
important that we consider the possibility that life history,
physiology, and behavior do not form a syndrome in some
systems. Studying such systems will be useful to illuminate
when we should expect the emergence of a pace-of-life syn-
drome and when we should not.

Future studies on the POLS hypothesis will move for-
ward if they analyze the relationships between life history,
physiology, and behavior over ecological gradients of pre-
dation risk, resource abundance and distribution, or popu-
lation density. This challenging goal will perhaps be
achieved most effectively by long-term studies monitoring
free-ranging individuals over several generations
(Dingemanse et al. 2004; Kontiainen et al. 2009; Réale et
al. 2009; Quinn et al. 2011; Montiglio et al. 2014;
Jablonszky et al. 2018, topical collection on Pace-of-life
syndromes) or by experiments manipulating ecological
conditions (Mathot et al. 2011, 2012; Dingemanse et al.
2012a; Nicolaus et al. 2012a; Guenther and Trillmich
2013). A multivariate quantitative genetic framework and
a reaction norms approach will be key in analyzing such
complex datasets (Robinson et al. 2009; Husby et al. 2010;
Brommer 2013). We are aware that such studies will be
challenging. They will require repeated measurements on
multiple traits across different levels of predation pressure
or resource abundance for several individuals of known
relatedness or pedigree (Nussey et al. 2007; Husby et al.
2010; Brommer 2013). Nevertheless, as data on behavioral
traits in long-term study programs are accumulating, this
type of analysis could be soon within reach for a greater
number of study systems (Niemelä and Dingemanse 2017;
for examples, see Santostefano et al. 2017).
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