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Abstract

Sex differences in life history, physiology, and behavior are nearly ubiquitous across taxa, owing to sex-specific selection that
arises from different reproductive strategies of the sexes. The pace-of-life syndrome (POLS) hypothesis predicts that most
variation in such traits among individuals, populations, and species falls along a slow-fast pace-of-life continuum. As a result
of their different reproductive roles and environment, the sexes also commonly differ in pace-of-life, with important conse-
quences for the evolution of POLS. Here, we outline mechanisms for how males and females can evolve differences in POLS
traits and in how such traits can covary differently despite constraints resulting from a shared genome. We review the current
knowledge of the genetic basis of POLS traits and suggest candidate genes and pathways for future studies. Pleiotropic effects
may govern many of the genetic correlations, but little is still known about the mechanisms involved in trade-offs between current
and future reproduction and their integration with behavioral variation. We highlight the importance of metabolic and hormonal
pathways in mediating sex differences in POLS traits; however, there is still a shortage of studies that test for sex specificity in
molecular effects and their evolutionary causes. Considering whether and how sexual dimorphism evolves in POLS traits
provides a more holistic framework to understand how behavioral variation is integrated with life histories and physiology,
and we call for studies that focus on examining the sex-specific genetic architecture of this integration.

Keywords Sexual conflict - Sexual dimorphism - Genetic architecture - Personality - Life history evolution - Physiology

Communicated by P. T. Niemeld Introduction

This article is a contribution to the Topical Collection Pace-of-life
syndromes: a framework for the adaptive integration of behaviour,
physiology and life-history — Guest Editors: Melanie Dammbhahn, Niels J.
Dingemanse, Petri T. Niemeld, Denis Réale

Sex differences in life history, behavior, and physiology
are nearly ubiquitous in nature (e.g., Lee 2006; Fairbairn
et al. 2007; Restif and Amos 2010; Maklakov and Lummaa
2013; Adler and Bonduriansky 2014). Building on life his-
tory theory (Stearns 1992), the pace-of-life syndrome
(POLS) framework predicts that life history and consistent
behavioral differences (“personalities,” sensu Dall et al.
2004, that differ among individuals creating a behavioral
syndrome, sensu Sih et al. 2004) covary together with
physiology along a fast-slow continuum across individ-
uals, populations, and species as a result of trade-offs be-
tween reproduction and survival or future reproductive rate
(Ricklefs and Wikelski 2002; Réale et al. 2010). This is
because differences in fitness expectations can result in
systematic differences in risk-taking behavior, including
traits like aggressiveness, boldness, and exploration, that
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facilitate the trade-off between current and future repro-
duction: individuals with high future expectations, and
thus much to lose should display risk-adverse behaviors
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while those with low expectations should invest into cur-
rent reproduction through risk-prone behavior (Wolf et al.
2007; Réale et al. 2010). Although sex differences have not
received much focus in the POLS framework, theories on
life history variation, sexual selection, and sexual conflicts
suggest that sex differences in the optimal life history strategy
also commonly lead to predictable variation along the axis of
pace-of-life (Wedell et al. 2006; Maklakov and Lummaa 2013;
Adler and Bonduriansky 2014), and these can covary with behav-
ioral differences (Hamaéldinen et al. 2018, topical collection on
Pace-of-life syndromes). As a consequence, sex differences may
even generate POLS at the population level (Fig. S1).
Sex-specific optima for reproductive investment and life
history scheduling are a result of a difference in the poten-
tial rate of reproduction between the sexes that ultimately
stem from anisogamy (Bateman 1948; Maynard Smith
1982; Wedell et al. 2006; Lehtonen et al. 2016). The sex
with the higher potential reproductive rate (typically
males) (Andersson 1994), and/or a lower expected poten-
tial for future reproduction, is predicted to trade off self-
maintenance against reproduction—including engaging in
more aggressive and risky behaviors, while the slower-
reproducing sex (typically females) with a higher potential
for future reproduction is thought to experience stronger
selection on self-maintenance. Sex differences in the repro-
ductive costs, behavior, and physiology can result in dif-
ferences in mortality risk and aging between males and
females, which themselves provide feedback to sex-
specific selection on life histories (Vinogradov 1998;
Bonduriansky et al. 2008; Adler and Bonduriansky
2014). Sexual dimorphism in pace-of-life has been clearly
demonstrated (e.g., Bonduriansky et al. 2008; Adler and
Bonduriansky 2014), and there is also some evidence of
systematic sex differences in POLS, whereby males were
shown to be the faster sex across traits (e.g., Lovlie et al.
2014; Berger et al. 2014a, b, 2016). It is important to recog-
nize, however, that the ways in which natural and sexual se-
lection operate on each sex depends on the reproductive roles
and mating system, breeding strategy, and environment,
which influence whether selection is concordant or antagonis-
tic between the sexes. Whether, and in which POLS traits, sex
differences evolve is therefore predicted to differ across spe-
cies, and potentially between populations. We discuss these
tenets in our accompanying paper by Haméldinen et al. 2018,
topical collection on Pace-of-life syndromes (see also Tarka
et al. 2018, topical collection on Pace-of-life syndromes).
Most studies on POLS have thus far focused on phenotypic
correlations between traits, and without taking into account the
potential for sex-specific POLS. However, expanding the ap-
proach to consider the genetic basis of POLS in each sex is
necessary for answering several important evolutionary ques-
tions. The concept of POLS—i.e., covariation between behavior-
al syndromes and life history trade-offs—itself begs the question
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of how such a covariation is generated and whether it can evolve.
The answer requires knowledge of the genetic architecture of
POLS in each sex, in addition to understanding how selection
operates on the sexes. Knowledge of the underlying genes also
helps to understand how variation in natural populations is mech-
anistically created, and whether the same genes impact POLS
within and across species. Identifying candidate genes can also
reveal new traits not considered previously that may be important
for POLS evolution through shared mechanistic basis.

Here, we bring together central insights from quantitative
and molecular genetics and genomics to discuss how sexual
dimorphism can evolve in POLS, owing to the sex-specific
genetic architecture that arises from sex differences in gene
expression and sex chromosome linkage. We present exam-
ples of important neuroendocrine pathways underlying animal
personalities and highlight some of their pleiotropic effects on
life history and physiological traits, with the aim to identify
candidate genes and molecular pathways for future studies to
test for the genetic integration underlying POLS. We similarly
review the key mechanisms underlying life history trade-offs
and discuss the roles of sex steroids in vertebrates and juvenile
hormone in insects as regulators of sex differences in POLS.
We also discuss the importance of considering morphology as
an integral part of POLS due to many mechanistic links be-
tween POLS phenotypes and, e.g., body size or color varia-
tion. Although not exhaustive, our review aims at covering a
broad range of potential mechanisms, to spark ideas and create
a foundation for future research directions investigating the
role of sex in the evolution of POLS.

Genetic architecture of sex differences

Evolution of multitrait dimorphism in the face
of a shared genome

How males and females can evolve differences in the POLS
traits is an important theoretical and empirical question.
Evolution of sexual dimorphism is complicated by the fact
that males and females of all species share the same genes,
apart from those residing in the heteromorphic sex chromo-
somes, such as Y and W. Most homologous traits in the sexes
will therefore have a shared genetic basis. Sexually antagonis-
tic selection over optimal expression of a shared locus creates
intra-locus sexual conflict (Parker 1979; Rice and Chippindale
2001; Arnqvist and Rowe 2005; Bonduriansky and
Chenoweth 2009; Connallon and Clark 2014). This conflict
can be resolved or at least mitigated by the evolution of sexual
dimorphism, moving one or both sexes closer to their sex-
specific adaptive optima (Lande 1980; Fairbairn et al. 2007,
Bonduriansky and Chenoweth 2009; Connallon and Clark
2014; Connallon and Clark 2010). The amount of sex-
specific genetic variance and the strength of the genetic
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covariance between the sexes will influence how readily sex-
ual dimorphism can evolve (Lande 1980). Many homologous
(and even non-homologous) traits show a strong positive ge-
netic correlation between males and females suggesting that
genetic constraints preventing phenotypic sexual divergence
in the face of sexually antagonistic selection are common
(Cox and Calsbeek 2009; Poissant et al. 2009).

Before turning to the genomic and molecular underpinnings
of how the sexes may break the genetic correlation, we will
discuss the complexity that necessarily accompanies evolution
of POLS—genetic covariances between traits. Sexual dimor-
phism in POLS traits evolves largely as a result of sex-specific
selection on single traits and/or on their correlations (Wyman
et al. 2013; see Hamildinen et al. 2018, topical collection on
Pace-of-life syndromes for sources of sex-specific selection on
POLS). Trait correlations can be created and altered in strength
and directionality by correlational selection (e.g., Cheverud
1984; Kingsolver and Wiernasz 1987; Brodie 1989, 1992;
Lynch and Walsh 1998; Sinervo et al. 2000; Svensson et al.
2001). Genetic trait correlations can be formed by pleiotropy
or physical linkage, but adaptive combinations of alleles that
would otherwise be broken down by recombination can be
maintained by strong correlational selection even in unlinked
loci. Frequency-dependent correlational selection can act to
maintain variation in multitrait phenotypes (Sinervo and
Svensson 2002) such as POLS. If (correlational) selection on
POLS traits is sex-specific, this can result in sex differences in
within-sex covariances between the traits—in strength and ori-
entation—(Fig. S1), potentially even without a change in the
trait means between the sexes. It may even be possible that
POLS exists only in one sex, or that completely different traits
form the syndrome in each sex due to fundamentally different
trade-offs (Hamalainen et al. 2018, topical collection on Pace-
of-life syndromes). One important consequence of sex differ-
ences in the means along the axes of life history, behavioral, and
physiological traits is that they can form a positive covariation
between these traits across the sexes: sex may be the main cause
for POLS at the population level (Fig. S1, see also Himéldinen
et al. 2018, topical collection on Pace-of-life syndromes).

Recognizing the two different levels at which variation in
POLS traits can occur—within and between the sexes—is im-
portant because they may or may not align (Fig. S1). Consistent
trait covariances between and within the sexes could arise due to
the sexes evolving along the same trajectory as the trait covari-
ances within sexes (for an analogous mechanism proposed at
population level see Sokal 1978; Scheiner and Istock 1991).
This is perhaps the most likely scenario given that sex-specific
covariances can be constrained on multiple levels; by intra-
locus conflict, just like evolution of mean differences, but also
by physiological, developmental, and genetic constraints that
govern trade-offs underlying the patterns of trait covariances,
which may be harder to break by selection on one sex alone.
Indeed, phenotypic traits are not varying as separate units, but

are integrated in trait networks through genetic, developmental,
physiological, and functional interactions (Arnold 1992;
Armbruster et al. 2014), forming the conceptual basis for
POLS theory (Ricklefs and Wikelski 2002; Réale et al. 2010).
Although substantially more intricate, a multivariate view more
closely reflects the true biological complexity of the genetic
architecture and evolution of phenotypes (Walsh and Blows
2009), and also the evolutionary dynamics of multivariate sex-
ual dimorphism (Lande 1980; Wyman et al. 2013). Therefore,
evolution of multitrait phenotypes depends not only on the
amount of additive genetic variance but also on the strength
and directionality of additive genetic covariances between traits
(together called the genetic (co)variance matrix or the G-matrix
(e.g., Lynch and Walsh 1998) and the strength and directionality
of multivariate selection acting on the G-matrix (Lande and
Arnold 1983). The direction of selection will matter, because
there might not be equal amount of additive genetic variance in
all directions of the multivariate character space, restricting the
directions in which traits and trait combinations can respond to
selection, i.e., evolve (Schluter 1996; Hansen and Houle 2008;
for visualization see Fig. 1 in Teplitsky et al. 2014).

Formally, the G-matrix can be broken down into sex-
specific G-matrices (Gpale and Ggemate), €ach consisting of
genetic variances and covariances of traits within each sex,
and the cross-sex genetic trait covariances (called the B-
matrix) (Lande 1980; Reeve and Fairbairn 1996; Gosden
et al. 2012; Wyman et al. 2013). Both the sex-specific G-
matrices and the B-matrix will together influence the speed
and direction of the evolutionary response to multivariate se-
lection in each sex (Lande 1980; Gosden et al. 2012; Wyman
et al. 2013). Strong, positive cross-sex genetic covariances
between traits (i.e., in the B-matrix) will mainly constrain
evolution of mean differences between sexes and strong, pos-
itive trait covariances within sexes (i.e., the Gz and Gepale)
will constrain changes in the trait means within sexes. Recent
studies exemplify these tenets in terms of the evolution POLS
in a seed beetle Callosobruchus maculatus, where sexually
antagonistic selection operates on an integrated phenotype
(metabolic rate, lifespan, behavioral activity and body weight)
favoring a “fast™ life history strategy in males and a “slow” in
females. Artificial male-limited selection on lifespan revealed
an intra-locus sexual conflict due to genetic correlations be-
tween the traits within and between the sexes. In addition to
these constraints, evolutionary response in activity levels in
the direction of male-specific selection (i.e., for higher levels)
was limited by lack of sufficient additive genetic variance with
consequences on sex differences in POLS trait covariance
(Berg and Maklakov 2012; Berger et al. 2014a, b). The
Cross-sex covariances can even cause evolutionary response
in the opposite direction to that of selection: In great reed
warblers (Acrocephalus arundinaceus), for example, wing
length is under sexually antagonistic selection and despite
higher fitness in females with shorter wings, female wing
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Fig. 1 Examples of candidate
genes and molecular pathways
(highlighted with different letters
and colors) that influence multiple
traits associated with POLS, with
evidence for sex specificity in
gene action and/or function. See
Tables 1 and 2 for species,
description of effects, and
references

Life-history
Lifespan/ageing
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Exploration
Anxiety
Activity
Sociability
Parental care

Sexual behavior

length is expected to increase due to a correlated response to
selection in males (Tarka et al. 2014).

Given these constraints, how can sexual dimorphism be so
commonplace and how do we expect it to evolve in POLS?
There are a number of mechanisms that may facilitate the pro-
cess. Tightly integrated traits, as predicted by the POLS frame-
work, can more readily respond to selection as a unit, so that
when selection acts on one trait, a correlated response is obtain-
ed in coadapted traits (Futuyma 2010). However, this alone
does not circumvent the putative constraint from strong genetic
covariances between the sexes (Poissant et al. 2009; Gosden
et al. 2012). It should be noted that constraints are not usually
absolute, and as long as the genetic correlation deviates from
unity and there is sufficient genetic variation for the trait, sexual
dimorphism will evolve, albeit slowly. Another way to circum-
vent constrains from the genetic correlation between sexes is
through sex differences in the amount of additive genetic vari-
ance (e.g., found foraggression and exploration in crickets: Han
and Dingemanse2017). Even when under the same strength
and direction of selection, the sex with more additive ge-
netic variance will evolve faster than the sex with less
additive genetic variance (even if the genetic correlation
is 1), leading to evolution of dimorphism (Lande 1980;
Cheverud 1984; Wyman and Rowe 2014). This suggests
that in addition to sources of sex-specific selection, mech-
anisms that lower the cross-sex covariance and create dif-
ferences in the additive genetic variances are important
for the evolution of sexual dimorphism in POLS.
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Whether the genetic architecture will pose constraints on
evolution also depends on how stable it is over time. The stabil-
ity of the G-matrix in time and space is an ongoing debate, with
some studies supporting conserved matrices between popula-
tions and environments (e.g., Delahaie etal. 2017) and temporal
stability (e.g., Garant et al. 2008), while others show rapid fluc-
tuations over time (e.g., Bjorklund et al. 2013). Variation in the
strength of genetic covariances enables faster independent evo-
lution of traits within or between sexes during the times when
covariances are lowered. The within-sex genetic (co)variance
matrixX (Gaie and Gmare) 18 considered to be more stable over
time than the cross-sex covariance matrix (B), which suggests
that there is more constraint to change POLS trait covariances
within the sexes than it is between them (Barker et al. 2010;
Gosden and Chenoweth 2014). Low stability in the B-matrix
should openup periods of time with possibilities of independent
evolution of the sexes, generating differences in means and
covariance patterns between sexes. Artificial selection experi-
ments have shown that both differences in means (Alicchio and
Palenzona 1971; Bird and Schaffer 1972) and cross-sex genetic
correlations can be quite readily changed (Delph et al. 2011).
Nevertheless, several studies show that the cross-sex genetic
correlation constrains evolution within (Arnqvist and Tuda
2010), and across species (Schluter 1996; Poissant et al.
2009), suggesting that at least some stability in the genetic ar-
chitecture across sexes persists over evolutionary time scales.
Further investigation is therefore clearly needed on the stability
of G and B-matrices.
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These insights suggest that sex differences in POLS may
evolve even in the absence of sex-specific selection, but be-
come especially likely in its presence affecting both trait
means and covariances. However, we are currently lacking
studies of multivariate G- and B-matrix architecture of
POLS traits in both sexes, which are essential in predicting
the evolutionary trajectories of POLS. Experimental evolution
or artificial selection studies can be useful for quantifying to
what extent genetic architectures are constraining contempo-
rary evolution of POLS in the sexes, while studying the G-
and B-matrices in a comparative context would help to under-
stand how species vary in the genetic integration of the differ-
ent POLS traits and to what extent this is sex-dependent and
predictable based on the mating system or other factors that affect
sex-specific selection regimes (Haméldinen et al. 2018, topical
collection on Pace-of-life syndromes). G- and B-matrices can be
estimated using animal models with pedigreed wild populations
or by laboratory breeding designs, including using artificial se-
lection or experimental evolution lines. It is important to note,
however, that reliable estimation of covariance matrices requires
a lot of data because of the typically large sampling variance,
which makes this line of work labor-intensive and subsequently
costly, and perhaps most suitable for species with relatively
shorter generation times and possibility for laboratory breeding.

Genomic location for genes with sex-specific effects

Where in the genome can we predict to find loci encoding sex-
ually dimorphic POLS phenotypes? This question matters be-
cause the genomic location determines in part the genetic archi-
tecture of variation in POLS in each sex. Sex chromosomes are
subject to different dynamics of sex-specific selection because,
unlike autosomes, they are unevenly inherited between males
and females. Because they are the only regions of the genome
thatdiffer between the sexes, much research has been devoted to
understanding what part do sex chromosomes play in accumu-
lating loci with sexually antagonistic effects. Indeed, under
some conditions, sex chromosomes can become hot spots for
sexually antagonistic genes (Rice 1984; Albert and Otto 2005;
Connallon and Clark 2010; Fry 2010). Importantly, this theory
could be expanded to sexual dimorphism, which may evolve
when modifiers to the antagonistic loci arise in their vicinity that
allow sex-specific expression ofthe antagonistic loci,and hence
the development of sexual dimorphism in the phenotype (Rice
1984; but see Connallon and Clark 2010).

The sex chromosomes X and Z may also contribute dispro-
portionately to the within-sex genetic variation in a sexually di-
morphic trait in the heterogametic sex (Reinhold and Engqvist
2013). This idea is based on the logic that genetic variance in the
homogametic sex can be reduced by heterozygosis, whereas in
the heterogametic sex the allelic effects are immediately exposed
(Reinhold and Engqvist 2013). In support of these predictions,
Reinhold and Engqvist (2013) found that genetic variance in body

size is greater in males of X/Y species and in females of Z/W
species. The heterogametic sex could therefore generally show
greater amounts of additive genetic variance in POLS traits asso-
ciated with the X/Z chromosomes than the homogametic sex.
How this contributes to the total amount of additive genetic var-
iance will also depend on dosage compensation and the contribu-
tion of autosomal alleles (Wyman and Rowe 2014).

Sex differences in recombination rate (i.e., heterochiasmy)
is also expected to influence the genomic distribution of loci
under sex-specific selection (Connallon and Clark 2010;
Wyman and Wyman 2013). Heterochiasmy is very common
across taxa and can facilitate coinheritance of beneficial alleles
across loci, such as those influencing correlations between
POLS traits, in a single linkage group in one sex while
allowing their reshuffling in the other (Lenormand 2003).
The genomic locations that show heterochiasmy differ among
species, and while they also occur in autosomes, the chromo-
some with sex-determining locus is the most famous such
location (Ritz et al. 2017). Linkage with this locus is a safe
zone for loci with sexually antagonistic effects because of the
reduced or absent recombination (Wright et al. 2017). Y-
chromosome (which contains the sex-determining locus in
Drosophila) for example influences the expression of many
autosomal and X-linked male-biased genes with roles in male
reproduction and metabolism, despite having only few genes
(Lemos et al. 2008). Y-linked expression modifiers could
therefore indirectly regulate other POLS traits that depend
on metabolic pathways in males (see also below).

Taken together, there are many circumstances where sex
chromosomes are expected to play a disproportionate role in
harboring loci for sexually dimorphic traits, and empirical evi-
dence provides support for this (Mank 2009; Dean and Mank
2014; Mank et al. 2014; but see, e.g., Husby et al. 2013), even
for behavior and brain sexual differentiation (De Vries et al.
2002; Arnold et al. 2004; Gatewood et al. 2006). However,
the exact conditions under which sexual dimorphism evolves
via sex-linked loci are still debated (Rice 1984; Connallon and
Clark 2010; Fry 2010) and autosomes could also be important
(Fry 2010). Future studies that investigate the chromosomal
linkage patterns of POLS traits in both sexes, combined with a
detailed understanding of how trait variation influences fitness
in each sex, will help to elucidate where in the genome POLS
variation is encoded. Narrowing down the candidate genes will
further allow identifying the molecular mechanisms of sexual
dimorphism, such as sex-specific regulation of gene expres-
sion, tissue-specificity of such patterns, and putative pleiotropic
effects on multiple POLS traits.

Sex differences in gene expression underlie sexually
dimorphic phenotypes

At the molecular level, phenotypic differences between the
sexes should arise through differential expression of the
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shared genes, evolved in response to sex-specific selection to
resolve the intra-locus sexual conflict (Ellegren and Parsch
2007; Mank 2017). The evidence for these straightforward
predictions is accumulating but remains anecdotal (Hollis
et al. 2014; Immonen et al. 2014; Harrison et al. 2015;
Cheng and Kirkpatrick 2016; Veltsos et al. 2017).
Expression differences occur in a large proportion of animal
genomes and can be influenced for example by gene duplica-
tion followed by evolution of sex-specific gene expression of
the new paralog (Connallon and Clark 2011), as well as ge-
nomic imprinting (Iwasa and Pomiankowski 2001). Genes
with a higher expression in one sex are generally thought to
play a more important functional role and experience stronger
selection in that sex (e.g., Ellegren and Parsch 2007), and
particularly male-biased genes show elevated rates of both
gene expression and protein sequence divergence between
species (Ellegren and Parsch 2007; Grath and Parsch 2016).
However, the patterns of sex-biased expression can be specific
to each tissue (Grath and Parsch 2016), developmental (Perry
et al. 2014) and reproductive status (Immonen et al. 2017),
and therefore, the sex-bias status of the gene may not always
be a reliable indicator of its fitness consequences (see also
Mank 2017).

In principle, sex-biased expression results from ontogenic
sexual differentiation by sex determination cascades. In genet-
ic sex determination, which is the most common mechanism
in metazoans, the signal that induces sex differentiation via
triggering the development of the gonads is carried by sex
chromosomes (Saccone et al. 2002; Smith and Sinclair
2004; Jazin and Cahill 2010). Subsequent sex differences in
many somatic traits results from sex-specific alternative splic-
ing that regulates sex-biased expression in a tissue- and cell-
specific way (Hartmann et al. 2011).

Although the initial sex differentiation arises from sex-
linked genes independent of hormonal control (Arnold
2009), in vertebrates, sex steroids are regarded as the master
regulators of most sex differences (Zauner et al. 2003;
Ketterson et al. 2005; Mank et al. 2007), including in POLS
(see below). In line with this, a recent study in the brown
anoles lizard (Anolis sagrei) showed how testosterone regu-
lates changes in sex-biased expression in genes involved in
growth and metabolism associated with the development of
sexual size dimorphism (Cox et al. 2017). Testosterone-
mediated changes in sex-biased expression are also likely be-
hind male-limited polymorphism in life history strategies in
the wild turkey (Meleagris gallopavo), in which sexual dimor-
phism in the gene expression correlates with dimorphism in
behavior and plumage (Pointer et al. 2013).

There has been much progress in identifying sex hormone
receptor molecules and their sex-dependent expression pat-
terns (Reinius et al. 2008; Wu and Shah 2011). Estrogen sig-
naling is primarily conveyed by the estrogen receptors alpha
and beta (ERa and ERf3) that bind to specific DNA
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sequences—estrogen-responsive elements (EREs)—resulting
in the transcriptional activation of genes in sex-specific ways
(Jazin and Cahill 2010). ERx and ERf3 are particularly inter-
esting for animal “personalities” through their regulatory ef-
fect on the oxytocin pathway (see Table 1, Fig. 1). Also an-
drogens exert their function by binding to androgen receptors,
which in turn cause the expression of target genes by binding
to different sets of androgen-responsive elements (Jazin and
Cahill 2010). Overall less is known about the downstream
targets of sex hormone receptors and how specific variation
in behaviors are regulated in the sexes. A study in mice (Mus
musculus) suggests that the different features of male sexual
behavior, male aggression, maternal behavior, and female sex-
ual behavior are controlled by many sex-specifically regulated
genes (including Brs3, Cckar, Irs4, Sytl4) with highly specific
effects on components of behaviors, rather than few genes
with broad pleiotropic effects on whole behaviors (Xu et al.
2012). Such architecture may allow selection to fine tune be-
haviors in the sexes more easily without disruption of com-
plete behaviors.

Mechanisms for POLS

Most traits have a highly polygenic basis, and empirical evi-
dence suggests that this may also be true for trait correlations
(Saltz et al. 2017). Both linkage disequilibrium (LD), due to
correlational selection or physical linkage, and pleiotropy can
underlie genetic correlations forming POLS (these are not
mutually exclusive; Saltz et al. 2017). LD solely due to corre-
lational selection on unlinked loci is considered evolutionarily
less stable due to recombination; however, LD formed by
large physical rearrangements such as inversions are a power-
ful (although relatively rare) way of forming trait correlations,
because they can capture multiple genes in a single non-
recombining locus. Gene pleiotropy is however likely to be
most relevant for POLS because of trade-offs that are at the
heart of pace-of-life variation and covariation with behavioral
syndromes (Réale et al. 2010). Trade-offs reflect functional
relationships between traits that compete over finite resources,
and therefore, any variant that influences investment in one
trait must necessarily have pleiotropic consequences on other
traits dependent on the same resource (Houle 1991). It is im-
portant to note, however, that there are many, mutually non-
exclusive ways how to define pleiotropy (Paaby and Rockman
2013). For the purpose of this section (summarized in Fig. 1
and Tables 1 and2), we combine evidence of both “molecular
gene pleiotropy” (i.e., evidence of functional pleiotropy from,
e.g., gene knockout and pharmacological studies) and
“developmental pleiotropy” (evidence of mutations influenc-
ing the phenotype-genotype map and ontogenic relationships
of'traits). Here, our aim is to present some of the most interesting
candidate molecules involved in neural and physiological
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pathways that can and should be studied further to test if genetic
variation and/or covariation between POLS traits maps to any of
the genes involved that could explain for example sex-specific
fitness variation or antagonistic pleiotropy between current and
future reproduction or early and late life.

Below, we summarize the candidate pathways for (I) behav-
ioral syndromes and (II) life history trade-offs that have shared
effects on multiple POLS traits, and discuss evidence for sex
specificity in these effects (Fig. 1, Tables 1 and 2). We specifi-
cally discuss the roles of nutrient sensing pathways (“Nutrient
sensing pathways”) and glucocorticosteroids
(“Glucocorticoids™) in mediating life history trade-offs, as well
as metabolic genes (“Metabolic genes”), with a focus on the
evolutionary consequences of their inheritance patterns, and
male seminal fluid proteins as mediators of life history trade-
offs and behavior in females (“Male seminal fluid proteins affect
female behavior and life-history trade-offs”). We also discuss
the importance of sex steroids and juvenile hormone in mediat-
ing sex-specific effects in POLS (III), and lastly, we argue why
body size should be considered as an integral part of POLS (IV).

References*

with MC3R and MC4R activity, possibly due
to female-biased expression of AGPR.

Male-limited inflammatory response in
Eleonora’s falcon associated with color

behaviors (aggression and exploration)
and MCIR polymorphism.

were observed in prairie voles,
on corticosterone levels between the

melanic coloration demonstrated in
kestrels. Sex differences in adult
sexes. Sex differences in energy

pair-bonding and juvenile social
neurons. No difference in the effect

expenditure and food intake in mice

activation of oxytocin, vasopressin
associated

associated with MC4R activity via

Sex-specific effect

Mechanisms behind behavioral syndromes

In the POLS framework systematic differences in risk-taking
behavior, including traits like aggressiveness, boldness, and
exploration are expected to coevolve with the trade-off be-
tween current and future reproduction (Wolf et al. 2007;
Réale et al. 2010). This implies that the neuroendocrine con-
trol of behaviors may be coupled with life history variation
either indirectly (e.g., through increased mortality due to fight-
ing), or directly, through shared functions, ¢.g., in metabolism,
immunity, and/or reproductive capacity (Fig. 1). How such a
network of effects may have evolved is beyond the scope of
this article, but correlational selection to position the focal
genes under a shared regulatory pathway (see, e.g., the
melanocortin system below) has likely played a role. Gene
pleiotropy is often discussed in the context of genetic con-
straints for future evolution; however, selection for alternative
life history strategies could have favored such architecture as
the most parsimonious way for phenotypic integration.

A growing body of work demonstrates that behavioral syn-
dromes have a genetic basis (van Oers et al. 2005;
Dochtermann 2011; Dochtermann et al. 2015; Han and
Dingemanse 2017) and studies on humans and rodent models
have identified several molecular pathways likely contributing
to the genetic correlations among systematic behaviors.
Whether the same behavioral pathways influence life history,
variation has rarely been studied, but provides a promising
future avenue of research. Sex differences have been found
in most cases where these pathways have been studied; how-
ever, there is a striking bias in studies in favor of using only
males as subjects or not testing sex-specific effects when both
sexes are included (e.g., Dumais and Veenema 2016).

Organism

resistance to stressors (MC2R, MC4R),

grooming, stretching,

and yawning

plasma and basal adrenocortocotropic
Immune function®: mechanisms

metabolic rate, adult adipose
levels,

tissue (MC3R, MC4R)
Stress response®: anxiety, glucocorticoid

of anti-inflammation (MC3R,

thyroid hormone activity,
MC4R, MC5R)

Affected traits

G-coupled melanocortin
receptors include MCIR
and four others (MC2-5R).
Agouti-related protein
(AGPR) is an antagonist at
MC3R and an inverse
agonist and antagonist

at MC4R. ASIP is its
homolog in the skin.
«-MSH also interacts

with oxytocin and
dopamine via MC4R.

Function

*See the supplementary file for references

Table 1 (continued)
Molecule/pathway

@ Springer
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Perhaps the most promising candidate pathway for POLS in
vertebrates is the melanocortin system, which regulates several
behavioral traits (aggressiveness, activity and sexual behavior),
physiology (metabolism, stress response via HPA axis, immunity
and reproductive function) and also morphology (body mass via
regulation of feeding rate and adipose tissue, melanin coloration)
(Fig. 1, Table 1) (Ducrest et al. 2008; Mundy 2005; Roulin and
Ducrest 2013). The melanocortin system is most famous for its
effects on melanin pigmentation, which is often a sexual signal
and under sex-specific selection (e.g., Saino et al. 2013).
Although color variation is not part of the POLS concept, the
melanin polymorphism correlates remarkably well with POLS:
darker individuals across taxa are often more aggressive (e.g.,
Maflietal. 2011), have higher metabolic rate, physical and sexual
activity levels (Ducrest et al. 2008), and show increased explor-
atory behavior (Mateos-Gonzalez and Senar 2012), compatible
with a faster pace-of-life syndrome (but see, e.g., Kittilsen et al.
2009 that shows dark individuals have higher resistance to
stressors). Sex specificity in the effects has rarely been studied,
but melanocortins affect sex hormone production, through which
its effects could be sex-specifically modulated. In kestrels (Falco
tinnunculus), there is a sex-specific genetic correlation between
melanic coloration, immunity, and body mass (Kim et al. 2013)
implying sex differences in the melanocortin pathway. Melanin
variation is also differently associated with life history strategies
in the sexes (Emaresi et al. 2014; Meunier et al. 2010).
Melanocortin system consists of a gene POMC that encodes for
multiple melanocortin hormones that bind to different receptors
with downstream effects on a great variety of traits (Table 1)
(Cone 2005). One of the receptors, MC4R, has been implicated
to affect sexual (pair-bonding), aggressive, and exploratory be-
haviors differently in the sexes in prairie voles (Microtus
ochrogaster), while its effects on corticosterone levels are sexu-
ally monomorphic (Barrett et al. 2014). In laboratory mice, the
receptors MC3R and MC4R affect energy expenditure and for-
aging differently in the sexes, possibly due to female-biased ex-
pression of agouti-related protein (AgRP), which is an antagonist
for both of these receptors (Lensing et al. 2016). Because of the
staggering array of effects relevant to POLS (Cone 2005; Ducrest
et al. 2008) that link both behavioral variation and physiological
traits important for life history trade-offs, the melanocortin sys-
tem is an interesting candidate pathway even in species that lack
melanin polymorphism.

Animal “personality” variation is regulated by neurotrans-
mitters dopamine and serotonin systems, which affect various
behaviors related to risk-taking and activity with some evi-
dence for sex-specific effects (Table 1, Fig. 1). The gene-
encoding Dopamine receptor 4 (DRD4) is polymorphic in
many species, and several studies on birds (Fidler et al.
2007; Korsten et al. 2010; Garamszegi et al. 2014; Mueller
et al. 2014; Riyahi et al. 2015; van Dongen et al. 2015;
Holtmannn et al. 2016; but see Mueller et al. 2013; Edwards
etal. 2015; Rollins et al. 2015), mice (Holmes et al. 2003), and

rhesus macaques (Coyne et al. 2015) have indicated an asso-
ciation with exploration and boldness (Table 1) and in humans
and mice even with lifespan, especially in females (Grady
etal. 2013). Interestingly, both DRD4 and serotonin transport-
er (SERT) have pleiotropic effects also on sexual behaviors
(Table 1). In humans and rats (Rattus norvegicus), DRD4
affects sexual desire, arousal, and function (Ben Zion et al.
2006; Melis et al. 2006). A recent study in dunnocks (Prunella
modularis) shows how a number of single nucleotide poly-
morphisms (SNPs) in both DRD4 and SERT are sex-
specifically associated with mating behavior (whether birds
breed in monogamous pairs or in promiscuous groups), as
well as risk taking (Holtmannn et al. 2016). Dunnocks have
an unusually complicated mating system, combining social
monogamy, polyandry, and polygyny, and the SNP effects
have likely arisen in response to sex-specific selection on dif-
ferent reproductive strategies (Holtmann et al. 2016).
However, fitness consequences of the alleles on each sex still
need to be quantified. A gene monoamine oxidase A (MAOA)
is another candidate gene in the dopaminergic and serotonin
systems and associated with variation in aggression human
and mouse males (Shih and Chen 1999; Raine 2008), as well
as nitric oxidase synthase 1 (NOS1) which has pleiotropic
effects also on sexual function (see Table 1).

Parental care is an important component of POLS frame-
work, in which caring for offspring is predicted to trade off
with investment into fast reproduction and pace-of-life (Réale
etal. 2010; Hamaéldinen et al. 2018, topical collection on Pace-
of-life syndromes). The neurobiology of parental care is sex-
specific and involves neuropeptides, of which vasopressin
(VP) and oxytocin (OXT) are the most potent ones (Bosch
and Neumann 2012; Bales and Saltzman 2016; Dumais and
Veenema2016; Table 1). Both VP and OXT together with their
receptors also affect sexual behaviors such as pairbonding and
preference for monogamous pairing as well as mate guarding,
social bonding and recognition, aggression, stress, and anxi-
ety (Table 1, Fig. 1). VP-encoding gene is implicated in a
recent study to underlie sex-specific differences in parental
care between two closely related species of mice, oldfield mice
(Peromyscus polionotus) and deer mice (P. maniculatus), that
differ markedly in their mating system and level of offspring
care (Bendesky et al. 2017). The species have diverged in 12
genomic regions associated with differences in parental be-
havior, most of which have sex-specific effects. This suggests
that the paternal and maternal care differences between the
species are governed by different mechanisms (Bendesky
et al. 2017), which aligns well with the literature on neuronal
regulatory pathways (Bosch and Neumann 2012; Bales and
Saltzman 2016). Both VP and OXT are thus important candi-
date pathways that may govern not only within-species varia-
tion but also differences between species in behavioral syn-
dromes associated with sex-specific divergence in mating sys-
tems and parental behavior.
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Mechanisms underlying pace-of-life

The mechanisms underlying evolutionary costs of reproduction
form the basis of pace-of-life variation. Current reproduction
may trade off with future reproductive effort or longevity, be-
cause resources are diverted from somatic maintenance, or be-
cause of the damage it inflicts. Studies on model organisms sug-
gest that reproductive trade-offs arise from the links between
resource acquisition, metabolism, reproduction, and lifespan.
All of these components are commonly sexually dimorphic and
thought to evolve due to sex-specific selection on resource allo-
cation and sexual conflicts (e.g., effects of seminal fluid proteins,
see below) (Adler and Bonduriansky 2014; Brooks and Garratt
2017). In line with roles of resource acquisition and allocation
into longevity, dietary restriction (limiting calories, macronutri-
ents or certain amino acids) extends lifespan and delays senes-
cence in a range of organisms from yeasts to humans (Masoro
2005; Fontana et al. 2010; Le Couteur et al. 2016; Brooks and
Garratt 2017). This effect is commonly sex-specific (Magwere
et al. 2004; Tower 2006; Baar et al. 2016; Brooks and Garratt
2017), reflecting differences in dietary resource optimization be-
tween females and males (Maklakov et al. 2008; Brooks and
Garratt 2017). Importantly, what matters for trade-offs is not sim-
ply variation in resource levels such as calories, but the balance of
available nutrients: Reproductive rate and lifespan can be maxi-
mized by different diet components and these effects can be sex-
specific (Brooks and Garratt 2017).

Nutrient sensing pathways

The genetic architecture governing the trade-off between current
and future reproduction is poorly understood; however, the
reproduction-longevity trade-offs has been investigated inten-
sively, and frequently found to show sex differences (e.g., seed
beetles: Fox et al. 2004; Bilde et al. 2009; Immonen et al. 2016a,
Drosophila: Vieiraetal. 2000; Burger and Promislow 2004). The
most important pathways mediating reproductive costs, in terms
oflongevity, include those controlling growth and energy metab-
olism via nutrient sensing pathways, including insulin/insulin-
like growth factor 1 (IGF1), the mechanistic target of rapamycin
(mTOR), and sirtuins (Fontana et al. 2010; Brooks and Garratt
2017). IGF1 and growth hormone (GH) influence mammalian
growth, and plasma levels of IGF 1 correlate with the pace-of-life
across species (Swanson and Dantzer 2014). Reducing the func-
tion of these growth-promoting signals leads to a greater elonga-
tion of lifespan in females than in males, as well as when mTOR
activity is decreased, although the patterns also differ between
species (Brooks and Garratt 2017).

Insulin-like growth factors (and homologs across species,
e.g., CHICO in Drosophila, Clancy et al. 2001) and mTOR
have important pleiotropic effects on other traits through
which they not only regulate the reproduction-longevity
trade-offs but also integration with sexually dimorphic growth
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rate and development time, as well as secondary sexual sig-
naling and attractiveness via cuticular hydrocarbon signaling
(Tatar et al. 2003; Emlen et al. 2012). While these genes have
not been studied in the POLS context, they may also directly
influence behaviors, possibly through involvement in neuro-
endocrine control. For example, rapamycin, which blocks
some of the mTOR functions, is implicated in (pathological)
behaviors of mice (Cleary et al. 2008; Halloran et al. 2012),
and neuroendocrine receptors of insulin-producing cells in
Drosophila brain affect aggressive and courtship behaviors
(Luo et al. 2014). An association of insulin signaling with
juvenile hormone secretion has also been implicated as a
mechanism behind behavioral variation in Drosophila
(Belgacem and Martin 2006), thus linking the expression of
behavior, life history, and physiology.

Glucocorticoids

Glucocorticoids (GC) are an important candidate mediator of
POLS because they orchestrate energy allocation and storage
and allow individuals to respond to the environment adaptively
to maximize fitness through their influence on investment into
reproduction, immunity, and resource acquisition (Sapolsky etal.
2000; Bonier et al. 2009). Glucocorticoids are responsible for
quick mobilization of energy reserves and suppression of non-
essential metabolic processes. Therefore, high GC levels can be
an adaptive response to acute stressors but detrimental over time
(Sapolsky 2005). GCs have also been linked to “coping styles”
under stress (proactive and reactive) that potentially link life his-
tory, physiology, and behavioral traits in predictable ways (Qverli
et al. 2006; Carere et al. 2010; Koolhaas et al. 2010; Silva et al.
2010; Tudorache et al. 2013). A proactive stress-coping involves
using aggression to counteract the stressful stimulus, while reac-
tive coping style is characterized by immobility and avoidance of
aggression, associated with differences in hypothalamus—pitui-
tary—adrenal (HPA) axis (Table 2) responsiveness and brain
monoamine neurochemistry (@Qverli et al. 2007). The sexes com-
monly differ in their behavioral and physiological response to
stress (e.g., Bale and Epperson 2015) as well as in their immune
response, because glucocorticoids interact with sex hormones
(Handa et al. 1994; Silva 1999; Lighthall et al. 2009; Bourke
et al. 2012). Although the patterns are not yet clear, glucocorti-
coid baseline or stress-induced levels tend to be higher in females
(Kudielka and Kirschbaum 2005; Hdmalainen et al. 2015). It is
plausible that sex-specific effects of the environment may be a
result of sex-specific responsiveness to stressors (Killen et al.
2013).

Metabolic genes
The POLS framework hypothesizes a link between energy

metabolism, behavioral, and life history traits due to the sim-
ple reason that limited amounts of energy are needed to fuel all
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competing processes of the body. Individuals and species vary
in how much energy is available to them and how efficiently it
may be converted to different processes. Because of this, a
correlation between metabolic rate and pace-of-life is expect-
ed (Careau et al. 2008, 2010; Biro and Stamps, 2010; Careau
and Garland 2012; Glazier 2014). Also, females and males
often differ in their metabolic requirements (e.g., Rogowitz
and Chappell 2000), and the mechanisms that govern the en-
ergy balance should therefore evolve under sex-specific selec-
tion. In line with this (mass-specific), metabolic rate common-
ly differs between the sexes (e.g., Kolluru et al. 2004; Krasnov
et al. 2004; Berger et al. 2014a, b, 2016; Kurbalija Novicic
et al. 2014; Ronning et al. 2014; but see Krams et al. 2017),
and a recent study on a seed beetle (Acanthoscelides obtectus)
shows how divergence in the pace-of-life is associated with
metabolic rate in a sex-specific way (Arnqvist et al. 2017).
The relationship between metabolic rate and other POLS
traits suggests involvement of metabolic genes with major
pleiotropic effects that may differ in the sexes (Stamps 2007;
Careau et al. 2008; Biro and Stamps 2010). Although the
genetic architecture of metabolic rate is not yet fully under-
stood, it involves epistatic interactions between gene products
from both mitochondrial (mtDNA) and nuclear genomes
(Arnqvist et al. 2010; Immonen et al. 2016b) that together
form the three main energy pathways generating ATP (glycol-
ysis, tricarboxylic acid cycle and oxidative phosphorylation).
This kind of mitonuclear epistasis not only influences life
history traits but importantly also their covariance with sys-
tematic behaviors in a seed beetle C. maculatus, consistent
with POLS (Lovlie et al. 2014). In A. obtectus beetles, differ-
ent mtDNA haplotypes are associated with “slow” and “fast”
pace-of-life and sex-specific mitochondrial bioenergetics
(Dordevic et al. 2017). Indeed, the effects of mtDNA variation
and mitonuclear epistasis are often sex-specific (Dobler et al.
2014; Immonen et al. 2016a). This is predicted because of the
maternal inheritance of mitochondria, which allows mtDNA
to respond to selection only through females, and therefore the
potential for accumulation of male-harming mtDNA muta-
tions (i.e., “mother’s curse,” Gemmell et al. 2004; Innocenti
et al. 2011). As a result, males can show more phenotypic
variation arising from mtDNA variation than females, as dem-
onstrated for aging and fertility in D. melanogaster (Camus
et al. 2012). Selection on males to restore and improve male-
specific mitochondrial function can operate via nuclear genes
(e.g., Gallach and Betran 2011), which should lead to a genet-
ic architecture of metabolism that involves partly different
genes and regulatory patterns in males and females. In a bank
vole M. glareolus, mtDNA haplotype variation influences the
correlation between metabolic rate and proactive behavior de-
pending on the nuclear genetic background, but only in males
(Sichova et al. 2014). In accordance with theory, these patterns
suggest that mitonuclear cross talk has the power to generate
sex-specific patterns in POLS trait correlations that may also

be sub-optimal in males due to the sex difference in the effi-
cacy of selection. More work is however needed to understand
the mechanistic relationship between the metabolic pathways
and “personality” behaviors (see also Krams et al. 2017).

Male seminal fluid proteins affect female behavior and life
history trade-offs

An interesting but less often considered mechanism affecting
exclusively female reproductive investment and trade-offs
with lifespan includes molecular interactions that occur upon
mating with males. Due to the different evolutionary interests
of the sexes over reproductive rates (Parker 1979; Arnqvist
and Rowe 2005), males can be selected to manipulate female
reproductive effort towards current reproductive event via
transferring a cocktail of seminal fluid proteins and peptides
(SFPs) during mating (Poiani 2006). One such molecule, the
sex peptide (SP) of D. melanogaster, influences female fecun-
dity, re-mating rate, feeding, activity patterns, and aggression,
as well as immunity activation (Avila et al. 2011; Sirot et al.
2015; Bath et al. 2016). SP improves male fitness (Fricke et al.
2010), at the expense of female lifespan (Chapman et al.
1995). Such effects can arise at least partly through trade-offs:
males induce fecundity in females, who pay an extra latent
cost of reproduction through accelerated aging. However,
SFPs reduce lifespan of even sterilized females in
D. melanogaster (Bames et al. 2008; see Maures et al. 2014
for similar findings in Caenorhabditis elegans). The mecha-
nisms behind these effects in female Drosophila are not yet
known, but hormonal control via juvenile hormone may play a
role (Moshitzky et al. 1996; Yamamoto et al. 2013). The fact
that molecular interactions can have such profound conse-
quences on key life history and behavioral traits in females
implies that many traits in female POLS may be subject to
both direct genetic effects of the females and indirect genetic
effects that depend on male genotype (Immonen et al. 2016a).
What consequences such a complex genetic control has for the
evolution of POLS is an important question for elucidating the
evolutionary trajectories in each sex.

Sex steroids and juvenile hormone are master regulators
of sex-specific POLS

As discussed earlier, the sex hormones estrogen and testoster-
one are essential for sexually dimorphic behaviors in verte-
brates. Estrogen is responsible for generating the repertoire of
sexual and territorial behaviors in both sexes, while testoster-
one modifies the intensity of these behaviors (Ogawa et al.
2000; Kudwa and Rissman 2003; Kudwa et al. 2006; Raskin
et al. 2009; Wu et al. 2009; Juntti et al. 2010; Wu and Shah
2011). Sex hormones are important mediators of sexual di-
morphism in systematic behaviors, such as those forming an-
imal “personality,” because they influence not only the
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development and modification of sex-specific behaviors in
adults but also behaviors such as aggression and anxiety
(Book et al. 2001). The relative roles for testosterone and
estrogen in aggression differ in females and males (Hau
2007), which can allow decoupling the effects in the sexes
(Cain et al. 2016). Similar sex specificity underlies anxiety:
Studies in rodents discovered that a particular isoform of the
estrogen receptor (ERf3) decreases anxiety in females
(Imwalle et al. 2005; Lund et al. 2005) while increased levels
of circulating testosterone decrease anxiety in both sexes
(Celec et al. 2015) via androgen receptors (Zuloaga et al.
2008). Indeed, both estrogen receptors « and {3 regulate oxy-
tocin levels, through which they influence territorial aggres-
sion, anxiety, parental behaviors, and mate preference
(Table 1). Genetic variation in sex hormone receptors such
as ERo and ERf3 is therefore one putative way to achieve
sex-specific functional variation. In the white-throated spar-
row (Zonotrichia albicollis), plumage coloration and sexually
dimorphic polymorphism in reproductive strategies is deter-
mined by alternative alleles at an inversion-based “supergene”
including ER o (Tuttle et al. 2016). The behavioral differences
in territorial aggression and parental care between males of the
different morphs are mediated by expression differences in
ER«, while behavioral differences in female sparrows have
a different neural mechanism than in males (Horton et al.
2014). ER«x causes similar behavioral differences also in prai-
rie voles: Males showing more promiscuity and less parental
care express ER«x at a higher level in the same brain region as
the white-morph sparrows (Cushing et al. 2008).

Testosterone has received particular interest in evolutionary
biology because of its role in mediating trade-offs between re-
productive allocation and self-preservation via physiological
effects such as lower investment in immune defense
(Muehlenbein and Bribiescas 2005) and between mating and
parental effort (McGlothlin etal. 2007). For example, increased
aggressiveness may benefit a male in terms of acquisition and
defense of resources or mates, but also influence parasite loads
and immunocompetence (Zuk and Stoehr 2002; Muchlenbein
and Bribiescas 2005; Hayward 2013) as well as the expression
of secondary sexual characters (Roberts et al. 2004).
Testosterone has also a negative/reducing effect on longevity,
either directly or through its effects on behavior, while estrogen
levels extend lifespan (Brooks and Garratt 2017). Testosterone
also plays an important role in limiting expression of alternative
male phenotypes (i.e., polymorphism in physiological, behav-
ioral, morphological and life history differences) to males (Hau
2007). The ruff (Philomachus pugnax) is a good example of
such a polymorphic reproductive strategy: Males exhibit three
alternative mating tactics where they differ in aggression, hor-
mone levels, mating behaviors, and morphology (Lank et al.
1995, 2013; Kupper et al. 2016). Females can also express
morph differences if their testosterone levels are artificially in-
creased (Lank et al. 1999).

@ Springer

Although sex steroids play a pivotal part in controlling sex-
biased expression, thereby decreasing the genetic correlation
between the sexes (Cox et al. 2017), they can also be a source
of sexual conflict (Mokkonen et al. 2011; Mills et al. 2012).
Sex-specific and sexually antagonistic selection may help to
explain some of the surprising differences observed between
species (Hau and Goymann 2015) and offer one mechanism
for how commonly observed variation in testosterone levels
among individuals (Williams 2008) can be maintained
(Haméldinen et al. 2018, topical collection on Pace-of-life
syndromes). To improve our understanding of how sex hor-
mones, and particularly testosterone effects on behavior, and
life history trade-offs evolve, we need to start to factor in their
fitness impacts on each sex and to estimate the genetic archi-
tecture of the trait correlations within and across sexes. We
suspect that multitrait phenotypes involving sex steroids may
commonly have sex-specific genetic architecture, as implicat-
ed in masked boobies (Sula dactylatra) (Fargallo et al. 2014).

Juvenile hormone has been raised as a candidate
testosterone-analogue responsible for mediating reproductive
and immune investment in invertebrates (Rantala et al. 2003)
and has potential to influence polymorphisms and
polyphenisms (Nijhout and Wheeler 1982). It has effects on
multiple life history components including, for instance, de-
velopment (Schal et al. 1997), metamorphosis (Flatt et al.
2005), sexual maturation (Schal et al. 1997), (sexual) behavior
(Strambi et al. 1997; Flatt et al. 2005), reproduction, diapause,
stress resistance, aging (Flatt et al. 2005), and gene expression
(reviewed in Jones 1995; Wyatt and Davey 1996). Juvenile
hormone also plays a role in sex-specific signaling by medi-
ating sexual horn dimorphism in horned beetles (Shelby et al.
2007) and possibly in sexual size dimorphism (Stillwell et al.
2010). The hormone is broadly involved in parental care, with
levels during parental care differing in the sexes (Trumbo
2002; Panaitof et al. 2004). Although early evidence sug-
gested that male juvenile hormone titres may be higher than
those of females (Gilbert and Schneiderman 1961), very few
studies have measured juvenile hormone levels or its effects in
both sexes (Stillwell et al. 2010). Thus, broader sex differ-
ences in its activity remain to be resolved.

Sexual dimorphism in body size and integration with POLS

Sexual size dimorphism is widespread and may be directly
associated with sex differences in life history, behavioral,
and physiological traits through differing resource
acquisition-allocation patterns, sex-specific effects of the en-
vironment, and sexual selection (Shine 1989; Magurran and
Garcia 2000; Isaac 2005; Stillwell et al. 2010). Body size has
traditionally been considered a part of the fast-slow continu-
um, where small adult body size was thought to covary with a
fast life history and large body size with a slow one (Reynolds
2003). This categorization is not, however, straightforward
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and is further complicated by taxon-specific sexual size di-
morphism (Abouheif and Fairbairn 1997; Fairbairn 1997).

Nevertheless, body size is an important variable that can in-
fluence suites of traits simultaneously, and subsequently sex-
specific fitness through these associations (see, e.g., Berg and
Maklakov 2012; Berger et al. 2014a, b; Gaillard et al. 2016).
For example, body size scales with the size of the digestive tract,
basal metabolic rate, and to some extent feeding behavior (Perez-
Barberia et al. 2008). When comparing species, allometric scal-
ing of morphology plays an important role in evolutionary tra-
jectories (Gould 1966), and therefore, it is likely that body size
also influences the evolution of POLS. Sex-specific integration
of body size and POLS may be expected for example when size
dimorphism is related to sex differences in resource require-
ments, predation, or pathogen infection risk (Peters 1983), which
can cause sex-specific selection on foraging activity, boldness, or
behavioral activity and immunity, respectively. Body size may
therefore be a central player underlying sex-specific genetic cor-
relations among POLS traits, for example through shared molec-
ular mechanisms influencing growth and variation in pace-of-
life. For example VGLL3 and insulin/IGF1 signaling pathway
both affect body size and development time with sex-specific
effects, with the latter also important for longevity trade-offs
(see above) (Table 2, Fig. 1). Melanocortin system is another
interesting pathway, affecting not only body size via adipose
tissue regulation, immunity, and stress but also systematic varia-
tion in aggressive and sexual behaviors (Table 1, Fig. 1).

The degree of integration (i.e., strength of covariation,
Klingenberg 2008) with body size will affect the potential for
independent evolution of the specific POLS traits, with strong
integration constraining independent evolution of the traits, thus
maintaining the syndrome. However, the level of integration be-
tween body size and different POLS trait categories differs, being
greater with physiology, such as basal metabolic rate
(Konarzewski and Ksiazek 2012), and lower with life history
traits, such as developmental time (e.g., Blanckenhom et al.
2007). The integration of body size and POLS traits also varies
between species, and particularly so in those with high sexual
dimorphism (Fairbairn and Preziosi 1994; Fairbairn 1997). If the
variation in integration with different POLS traits varies also sex-
specifically, there is opportunity for independent trait evolution
and sex-specific covariances between POLS traits. Given that
body size is a common target of sex-specific selection (Fairbaim
et al. 2007), more work should be devoted in understanding co-
evolution of body size and POLS in the sexes coupled with iden-
tifying the molecular underpinnings of the genetic integration.

Conclusions and future prospects

The POLS framework stems from the observation that ani-
mals vary consistently in their behavior, which could both
arise from, as well as be the source of, variation in life history

traits along the pace-of-life continuum, integrated through
physiology. Although behavioral differences between the
sexes are highly prevalent (e.g., Schuett et al. 2010) and their
study has been central to behavioral ecology from the start of
this field, studies examining the evolutionary causes and
mechanisms underlying sex differences in POLS have only
now started to appear. On the other hand, sex differences have
been a focus of much research in life history and physiological
contexts, and particularly in animals that can be reared in the
laboratory. Our aim in this article was to bridge some of this
gap by bringing together key concepts and insights from the
fields of behavior, life history, and reproductive genetics, to
inspire future work to look more closely into how genetic
covariances underlying POLS are generated in each sex.

In particular, we emphasize the need for (quantitative) ge-
netic studies on covariation between life history trade-offs
between current and future reproduction and behavioral syn-
dromes in each sex, which are currently rare. This entails
studying correlations between traits in more than two POLS
categories at a time (e.g., immunity and behavior), which is
currently the dominating approach. Also, given that the POLS
composition is expected to vary between the sexes and species
depending, e.g., on the mating system and environment
(Haméladinen et al. 2018, topical collection on Pace-of-life syn-
dromes), care should be taken to study the most relevant trait
combinations for a given study system. Comparative studies
across species with different mating systems would be particularly
useful in testing the consequence of variation in sex-specific se-
lection on the genetic architecture (i.e., G- and B-matrices) of
POLS in the sexes. Experimental evolution and artificial selection
studies can be used to study these at the micro-evolutionary scale.

Molecular genetics and pharmacological studies suggest
that shared pathways underlie many POLS traits, opening op-
portunities to study genetic variation in these pathways and
the relative roles of gene pleiotropy and linkage in forming
genetic correlations. Although pleiotropy is commonly seen
as a constraint of independent trait evolution, POLS frame-
work can offer a fruitful context in which to study whether
selection may have favored genetic coupling of traits under
shared pathways. Studies of sex-specific genetic and hormon-
al effects on POLS traits have started to emerge and suggest
that sex specificity is common in their effects on both behav-
ioral and life history traits. What we need to understand next is
what consequences such effects have on trait correlations and
what are their fitness impacts in each sex, and thus conse-
quences on the evolutionary dynamics of POLS. Failure to
incorporate the putative sex specificity and the integrated na-
ture of traits in the studies of POLS can risk overlooking
important mechanisms that can only be found in one sex.

Studying POLS in the context of sex differences forces us
also to consider how primary and secondary sexual character-
istics covary with POLS traits. For example, sex-specific se-
lection on melanin pigmentation—due to its role as a sexual
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signal or in immunity—may affect POLS due to the pleiotro-
pic effects of melanocortins. Sexually dimorphic body size
and its role in both reproductive trade-offs and behavioral
syndromes is another example. Although predictions for such
traits are not straightforward in the POLS framework (e.g.,
Réale et al. 2010), incorporating sexual traits would improve
our understanding of how selection operates on integrated
phenotypes as a whole.

It is interesting to note that observing sex differences at the
molecular level may not translate into sex differences at the
phenotypic level: Some sex differences in gene action may have
evolved to enable the sexes to display similar phenotypes, such
as behaviors (De Vries 2004). For example, evolution of mo-
nogamy and convergent reproductive roles from a polygamous
ancestral state may require further sexually dimorphic or sex-
limited changes because of the pre-existing sex differences.
This would suggest that—depending on the evolutionary his-
tory—the genetic architecture of POLS may be sex-specific
even when the phenotype is monomorphic in the sexes.
Comparative studies between species that differ in reproductive
roles, and thus in selection for sexual dimorphism, may be par-
ticularly useful for illuminating the extent to which variation in
the sexual dimorphism in POLS is reflected on dimorphism in
the underlying genetic architecture.

In this article, we have mainly focused on discussing how
sex differences within species arise and what consequences
these may have for POLS at a population level. Given that
differences in reproductive trade-offs between the sexes as
well as species can create a similar gradient of POLS, one
important question is whether there is a conserved genetic
basis underlying this gradient for both individuals of the dif-
ferent sexes as well as species. Many of the genes and path-
ways discussed here are largely conserved (e.g., nutrient
sensing pathways, melanocortins, DRD4, SERT; Tables 1
and 2) opening up this opportunity, and comparative work
would help to test whether “fast” and “slow” strategies indeed
share a genetic basis across sexes and species.

Currently, there is a strong bias in the molecular studies in
favor of model organisms. Several molecular and quantitative
genetic tools are now, however, also available for studying
personality and life history variation in non-model organisms,
allowing answering questions such as what genetic variants
are segregating in natural populations and how the genetic
effects may interact with the natural environment. The study
on New Zealand population of dunnocks is an example of
utilizing a human candidate gene approach to unravel the ge-
netic basis of personality and mating behavior variation in the
wild (Holtmann et al. 2016). Sequencing candidate genes is an
inexpensive alternative to looking for new ones with quanti-
tative trait loci (QTL) mapping or using a genome wide asso-
ciation study (GWAS) technique that utilizes genome-wide
information of single nucleotide polymorphisms (SNPs).
However, with the candidate gene approach, care needs to
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be taken to properly account for population structure by using
several neutral genetic markers. Discovering novel candidate
genes also in non-model organisms is now made possible by
the rapid rise of affordable sequencing technologies, such as
RNA-seq and RAD-seq, that can also be used with species
without previous genetic tools (da Fonseca et al. 2016). RNA-
seq can also be used to study the role of sex-biased gene
expression in regulating sexual dimorphism in POLS.
Functional studies of genes to elucidate putative sex-specific
effects are essential but have only recently started to emerge
(e.g., Dumais and Veenema 2016). These are now made avail-
able also in non-model organisms with CRISPR/Cas9 tech-
nique (Singh et al. 2015).

‘We hope that this review will encourage more endeavors of
studying the mechanistic basis of POLS but also spark general
interest in appreciating what makes males and females unique
and how far-reaching consequences these differences may
have on the evolution of POLS.
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