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Abstract

Objectives Sexual selection typically centers on bodily and psychological traits. Non-
bodily traits ranging from housing and vehicles through art to social media can,
however, influence sexual selection even in absence of the phenotype proper. The
theoretical framework of human sexual selection is updated in this article by unifying
four theoretical approaches and conceptualizing non-bodily traits as extended pheno-
typic traits.
Methods Existing research is synthesized with extended phenotype theory, life history
theory, and behavioral ecology. To test population-level hypotheses arising from the
review, ecological and demographic data on 122 countries are analyzed with multiple
linear regression modelling.
Results A four-factor model of intelligence, adolescent fertility, population density, and
atmospheric cold demands predicts 64% of global variation in economic complexity in
1995 and 72% of the variation in 2016.
Conclusions The evolutionary pathways of extended phenotypes frequently undergo a
categorical broadening from providing functional benefits to carrying signalling value.
Extended phenotypes require investments in skills and bioenergetic resources, but they
can improve survival in high latitudes, facilitate the extraction of resources from the
environment, and substantially influence sexual selection outcomes. Bioenergetic in-
vestments in extended phenotypes create individual- and population-level tradeoffs
with competing life history processes, exemplified here as a global tradeoff between
adolescent fertility and economic complexity. The merits of the present model include a
more systematic classification of sexual traits, a clearer articulation of their
evolutionary-developmental hierarchy, and an analysis of ecological, genetic, and
psychological mechanisms that modulate the flow of energy into extended phenotypes
and cultural innovations.
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Introduction

Data gathered through observation and experimentation provide clues about the
structure and function of the natural world, and theory organizes existing data and
new ideas into a cohesive conceptual framework to both explain existing obser-
vations and make novel predictions. Theory reduces the apparent complexity of
the natural world, because it captures essential features of a system, provides
abstracted characterizations, and makes predictions for as-yet unobserved phe-
nomena (Marquet et al. 2014).

A thought experiment: confiscate Shakespeare’s quill pens; eradicate the written
record of his works—“bury it certain fathoms in the earth”. Dispossess Jimi Hendrix
of his guitars and obliterate his extant musical recordings. Wipe out Hugh Hefner’s
magazine oeuvre, dismantle the mansion, send the Bunnies home. Through these
actions, each man’s pathway to global fame would have been thwarted. Lacking
these culturally hallowed or notorious artefacts, each man’s capacity to signal his
creativity and neurocognitive prowess would have been limited to bodily and
behavioral traits. As such, each man would either have had to invent an alternative
solution to the problem of signalling his creative and genetic quality (which are
partially overlapping categories), or be resigned to cultural and/or reproductive
anonymity.

Yet by using their instruments, creative tools, and surrounding social organizations
in novel ways, each man has succeeded in creating artefacts that amplified his
signalling capacity by orders of magnitude. Each man interacted with the external
world in so successful a way that the artefacts he produced have infiltrated the minds of
millions of people. This feat has been accomplished with remarkably little contact
between the artefact creators and their audiences. These artefacts—from The Tempest
(as cited above) through “All Along the Watchtower” to the first issue of Playboy
featuring Marilyn Monroe—have enabled each man to make a luxurious living (e.g.
Archer 2011a; Green 2017; Lawrence 2006), but they also bear inherent signalling
value which informs others of the genetic and phenotypic quality of the individuals
who produced them.

Following theory from evolutionary biology (Bailey 2012), such artefacts and non-
bodily ornaments can be conceptualized as extended phenotypes—as parts of the
phenotype expressed beyond the body boundary (Dawkins 1982). Extended pheno-
types in humans have myriad predecessors in the animal kingdom (Schaedelin and
Taborsky 2009). In this article, I highlight some of the many ways in which extended
phenotypic “action at a distance” is of increasing relevance to contemporary sexual
selection in humans, and is the missing link in a coherent theoretical framework for
sexual traits.

Sexual selection comprises any variation in direct fitness among different pheno-
types caused by their ability to gain sexual partners, produce fertilized eggs, and
generate offspring (Cornwallis and Uller 2010). Sexual selection can occur via various
mechanisms (Kordsmeyer et al. 2018; Puts 2016; Winegard et al. 2018), mate choice
being among the most important in modern humans (Antfolk et al. 2015; Conroy-Beam
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2018, and references therein). Effective mate choice consists of an evaluation of
multiple sexual traits over a prolonged period of time (Barelds and Barelds-Dijkstra
2007; Candolin 2003; Groyecka et al. 2017; Harrison and Shortall 2011; Jonason et al.
2015; Miller and Todd 1998; Schaedelin and Taborsky 2009).

Sexual traits have been analyzed at several different levels in humans. In ascending
order of abstraction, sexual traits can firstly be divided into specific observable cues,
such as secondary sexual signals, material possessions, and acts of kindness (Miller and
Todd 1998). Secondly, cues inform more abstract perceptions such as overall physical
attractiveness, intelligence, and status (Csajbók and Berkics 2017; Miller and Todd
1998; Winegard et al. 2018). Thirdly, perceptions are proxies of evolutionarily relevant
qualities which have an ultimate fitness impact (Miller and Todd 1998). A typical
categorization at this level sequesters good genes, good provisioning ability, and good
parental ability into different categories (Lu et al. 2015; Lu et al. 2017). These qualities
can be associated with specific traits, which then influence perceptions about overall
mate quality.

On the first level of observable cues, it is common to define sexual traits as falling
roughly into three categories: physical, behavioral, and a third category which most
notably consists of wealth, resources, and other status cues (Conroy-Beam et al. 2015;
Conroy-Beam and Buss 2016; Sugiyama 2015; Winegard et al. 2018). The role of traits
in this third non-bodily category has been extensively studied (e.g. Hughes and Aung
2017; Kruger and Kruger 2018), but it currently lacks a coherent theoretical framework
to organize a range of disparate traits. Following theory from evolutionary biology, the
current review conceptualizes this category as extended phenotypic traits (Dawkins
1982; Head et al. 2017; Schaedelin and Taborsky 2009).

The merits of the present model include a recognition of the evolutionary
continuity and theoretical linkage between extended phenotypes in human and
nonhuman animals; acknowledging that most extended phenotypes are not merely
costly signals but that their signalling characteristics can evolve from a direct
function; synthesizing extended phenotype theory with life history theory and
behavioral ecology, thus illustrating how different environments shape selection
pressures on extended phenotypes; a clearer articulation of the developmental
hierarchy of sexual traits than currently exists in the literature; an empirical
analysis of population differences in extended phenotypic trait expression based
on global variation in economic complexity, including ecological and life history
constraints; and an explicit emphasis given to the genetic underpinnings of
extended phenotypic trait expression in humans.

These facets provide a number of theoretical and empirical advances on the current
framework which conceptualizes wealth displays and cultural products merely as costly
status signals (e.g. Kruger and Kruger 2018; Winegard et al. 2018), short-term mating
aids (Sundie et al. 2011), and/or as indications of resources and provisioning capacity
(e.g. Cloud and Taylor 2018; Hughes and Aung 2017). The extended phenotype
approach also provides a novel theoretical framework for online dating behaviors and
creative displays more generally, thus advancing synthesis between existing theory and
empirical findings. To the best of my knowledge, this is the first article that integrates
extended phenotype theory with life history theory—the most influential theory in
ecology (Marquet et al. 2014) that has also presented its applied value in a range of
other fields (Hurst and Kavanagh 2017; Krams et al. 2017a, 2017b, 2017c, 2019; Luoto
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et al. 2019; Maner et al. 2017; Sng et al. 2018; Wells et al. 2017; Woodley of Menie
et al. 2017; Worthman and Trang 2018).

Extended phenotype is a concept that is relatively widely used in sexual selection
research in nonhuman animals (Bailey 2012; Head et al. 2017; Jordan et al. 2016;
Schaedelin and Taborsky 2009). An organism’s construction behaviors, for example,
may sometimes modify the environment in fitness-enhancing (or fitness-damaging)
ways. This creates a category of non-bodily traits—beaver dams, termite mounds, bird
nests, spider webs, online dating profiles—that phenotypic or behavioral traits alone do
not capture. Extended phenotypes (Dawkins 1982, 2004) result from the effects of an
allele upon the world that influence that allele’s survival and/or proliferation. This
includes any feature of the abiotic or biotic environment that is the result of manipu-
lative action or construction behavior of an organism, but excludes any result of such
manipulative behavior that does not affect the organism’s fitness negatively or posi-
tively (Dawkins 1982; Schaedelin and Taborsky 2009). This definition therefore
includes the dam that a beaver builds, but not the footprints it makes when building
it, because only the dam influences the fitness of the beaver (Dawkins 1982, p. 315).

The concept of extended phenotype has lately stimulated substantial research
activity in nonhuman animal research as the tools of genomics and proteomics provide
new evidence of its importance (Blamires et al. 2017, 2018; Geffre et al. 2017; Hoover
et al. 2011; Hunter 2009, 2018). The main argument of the current article is that this
theoretical framework should also be applied to research on human sexual selection and
cultural evolution. Richard Dawkins did not originally apply the concept of extended
phenotype to human sexual selection, and prior research on human sexual selection has
almost completely overlooked its utility as an analytical tool. Geoffrey Miller’s work
has benefited from conceptualizing certain sexual traits as extended phenotypes, but
Miller (1999, 2000, 2001) only considered inanimate features of the external world as
extended phenotypes and omitted the consideration of other organisms as such. As
Miller (2000, p. 276) notes: “To explain our aesthetic preferences, we should be able to
use the same sexual selection theories that biologists use to explain mating prefer-
ences.” This view is expanded in the current article to also evaluate the functional
aspects of extended phenotypes, which informs analyses about the evolutionary path-
ways from direct functional utility to signalling.

Extended phenotypes are key functional traits (cf. Meunier et al. 2017). They can
affect an individual’s fitness either functionally (Dawkins 1982), as a signal, or as a cue
(Schaedelin and Taborsky 2009; see Glossary for full definitions of terms used in this
article). For example, in addition to a nest’s function as a safe environment for rearing
offspring, nests provide information about the constructor and have a sexual selection
component in many bird species. Their original utilitarian function is complemented
with signalling value. Potential mates assess these traits external to, or even in tempo-
rary absence of, the phenotype proper (Schaedelin and Taborsky 2009).

It is an evolutionary trend for extended phenotypes to undergo a gradual broadening
from a purely utilitarian function to also carrying signalling value (Schaedelin and
Taborsky 2009; cf. Winegard et al. 2018). Extended phenotypes with novel signalling
value can therefore be classified as exaptations. An exaptation is a feature that enhances
fitness in a way that differs from its “original” evolutionarily selected role (Buss et al.
1998; Gould 1991; Gould and Vrba 1982). In other words, an exaptation is a trait that
currently has a positive fitness effect without being an adaptation specifically for that
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effect, having acquired a novel function in the course of evolution (Gangestad 2008;
see also Maex et al. 2018 for a recent proximate-level discussion). This novel function
may be further enhanced by secondary adaptations, i.e. features that improve a trait’s
exapted rather than original function. Thus, any complex trait will be likely to include a
sequential mixture of adaptations, exaptations, and secondary adaptations (Gould and
Vrba 1982).

Another analytical dimension recognizes that extended phenotypes can impact an
organism’s fitness either through viability selection (by improving survival, thus
indirectly enhancing reproductive fitness) (Blamires et al. 2017, 2018; Hoover et al.
2011) and/or through sexual selection (Rubalcaba et al. 2016; Head et al. 2017; Miller
2001; Schaedelin and Taborsky 2009). It is important to recognize viability selection
and sexual selection as different processes that generate different selection pressures on
organisms to invest in extended phenotypes (Fig. 1) (cf. Jordan et al. 2016; Winegard
et al. 2018).

Extreme trait elaboration in nonhuman animals has emerged via the mutually
reinforcing synergism that takes place between viability selection and sexual selection,
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Learning 
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Fig. 1 Viability selection, sexual selection, and (to a lesser extent) kin selection impose different selection
pressures on organisms to invest bioenergetic resources in the development of phenotypic, behavioral, and
extended phenotypic traits. The bidirectional arrows between ultimate causes, proximate mechanisms, and
phenotypic outcomes (Luoto and Rantala 2017; Rantala et al. 2018) indicate reciprocal causation—the idea
that developmental processes and phenotypic outcomes can influence evolutionary change (Bateson and
Gluckman 2011; Dickins and Barton 2013; Laland et al. 2011). Thus, proximate mechanisms, phenotypic
plasticity, phenotypic variability, and behavioral variability can all feed back into shaping ultimate-level
selection pressures. Phenotypic plasticity, for instance, can cause evolutionary innovations by inducing
morphological novelty (Levis et al. 2018), while human cultural practices can precipitate complex evolution-
ary feedback loops between the three levels of analysis (Gienapp et al. 2008; Hoberg and Brooks 2015; Luoto
et al. 2019; Reinisch et al. 2017).

52 Adaptive Human Behavior and Physiology (2019) 5:48–102



as well as the synergism that occurs between direct functionality and signalling.
Examples of these synergistically evolved traits include 1) the powerful electric
discharge of electric fishes: a behavioral trait used in predation and signalling, and 2)
nest construction: a functional extended phenotype which also acts as a sexually
selected signal in some bird and fish species (Head et al. 2017; Schaedelin and
Taborsky 2009; West-Eberhard 2014, and references therein). The next section outlines
how mutually reinforcing synergism between viability selection and sexual selection
also exists in humans, and is particularly conspicuous with extended phenotypes.

Extended Phenotypes in Human Sexual Selection

Inanimate Extended Phenotypes

To exemplify the categorical broadening that some extended phenotypes have under-
gone from functional to signalling value, it is illustrative that the original function of
human housing was to provide shelter, not to convey information. Paleolithic hunter-
gatherers made constructions ranging from residential to special-purpose camps, which
provided shelter and a stable locale for routines such as tool and clothing manufacture
(Delson 2000, p. 636). These camps originally had a clear utility: to enhance the
survival of the humans who inhabited them (e.g. Hoffecker and Hoffecker 2017b).

While housing has retained its viability selection component, it has also taken on a
signalling function. To use the novel Pride and Prejudice as a historical example, the
heroine’s resistance to a prominent male’s courtship undergoes a gradual transformation
from initial resistance to finally accepting him as a mate when she is exposed to the
grandeur and style of the territory that he occupies. Like a female bower bird, Elizabeth
inspects the “nest” of a potential mate, Mr. Darcy, and at that very moment feels “that to
be mistress of [that territory] might be something!” (Austen 2007/1813, p. 207).
Likewise, a contemporary man presented in a luxury apartment is rated by women as
significantly more attractive than when presented in an average apartment (Dunn and
Hill 2014). Experimental research (Dunn and Hill 2014) on human housing as “aug-
mented extended phenotypes” has equivalents in corresponding experimental interven-
tions in fish, in which an augmented extended phenotype can lead to higher mating
success in males (Jordan et al. 2016).

Cars provide another example of how extended phenotypes that were originally
construed as functional innovations have taken on signalling characteristics. While
seated in a Silver Bentley Continental GT, men were rated significantly more attractive
by women than when seated in a Red Ford Fiesta ST (Dunn and Searle 2010). This
finding has been replicated with various car models in other studies (Shuler and
McCord 2010; Sundie et al. 2011), while still other car models were used in a study
which found a positive correlation between the price of males’ cars and the likelihood
of receiving phone numbers of young women in France (Guéguen and Lamy 2012).

Clothing provides yet another example of how functional extended phenotypes have
been exapted for signalling. While the main function of clothing from the point of view
of cultural evolution is to make humans adapted to different climates (d’Errico et al.
2018; Gilligan 2007, 2010), clothing also contains substantial signalling value in
humans (Nelissen and Meijers 2011). Where women’s phenotypic features such as
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facial attractiveness (Roberts et al. 2004) and bodily scents (Singh and Bronstad 2001;
Thornhill et al. 2003) have been found to undergo minor changes during ovulation,
hypothetically to communicate fertility, evidence suggests that clothing functions as an
additional extended phenotypic cue of ovulation (Durante et al. 2008; Eisenbruch et al.
2015; Haselton et al. 2007) and of courtship motivation (Grammer et al. 2004). Women
tend to prefer clothing that is more revealing and more appealing to men close to the
onset of ovulation (Durante et al. 2008; Eisenbruch et al. 2015; but see Blake et al.
2017 for mixed results and Arslan et al. 2018 for null findings). Clothing can therefore
function as a malleable non-bodily ornament that signals its displayer’s mating motives
(Elliot et al. 2013). Clothing can also augment evolved phenotypic features in humans,
such as the use of high-heeled footwear which modifies women’s lumbar curvature and
gait to be more appealing to men (Lewis et al. 2017b; Morris et al. 2013), while also
exerting an effect on men’s prosocial behaviors towards women (Guéguen 2015).

Apartments, vehicles, and clothing are typical examples of extended phenotypes that
have become cues of wealth, status, reproductive motivation, and reproductive value.
Thus, they add cumulative fitness value above and beyond their functionality. Classi-
fying their signalling value as an exaptation (Gould and Vrba 1982; Gould 1991) is
consistent with evolutionary theory, since the original function of apartments, vehicles,
and clothing has been “exapted” to convey information, thus taking on a new signalling
role in human sexual selection. Whatever modifications they may have undergone for
the novel signalling component to be enhanced can be seen to constitute secondary
adaptations (cf. Gould and Vrba 1982).

Creativity is another important trait in mate choice: it was ranked as the 6th most
desirable trait by women and 7th by men in a cross-cultural study on mate preferences
(Buss et al. 1990; cf. Zietsch et al. 2012). Li and colleagues (Li et al. 2002) found that
creativity is an important factor in mate choice once a baseline level of other traits had
been satisfied. In an experiment that demonstrated the importance of extended pheno-
typic traits for assessing mate quality and creativity, an attractive male confederate
solicited phone numbers from young women walking on the street in France (Guéguen
et al. 2014). This act was performed under two experimental conditions and a control
condition: the male was carrying either a large sports bag, a guitar case, or nothing at
all. In the control condition, 14% of the young women provided the male with their
phone numbers, compared with 9% in the sports bag condition and 31% in the guitar
case condition (Guéguen et al. 2014). The guitar case seemed to have been a cue of the
male’s personal qualities, yielding a significantly more positive courtship outcome.
Notably, carrying the guitar case was a cue powerful enough to have an effect on his
desirability, with no creative behavior as such needed to produce the desired effect.
This highlights the difference between owning artefacts (a business magnate with an
ostentatious Lamborghini) and creating them (an artist devoting immense effort and
skill into their cultural oeuvre). Both outcomes may require different kinds of cognitive
and personality traits, and may be differentially selected for by prospective mates (cf.
de Manzano and Ullén 2018; Kruger and Kruger 2018; Nave et al. 2018; Sundie et al.
2011; Winegard et al. 2018).

Creativity can take several different forms, which are not all rated equally desirable
by the opposite sex (Kaufman et al. 2014). Sculptures, paintings, musical recordings,
and literature potentially constitute extended phenotypes that have a beneficial impact
on the reproduction of the individual who produced (Clegg et al. 2011; Madison et al.
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2018; Miller 2001; Winegard et al. 2018) or reproduced them. Written records of men’s
compliments to women, for example, increase a man’s attractiveness when those
compliments are creative rather than trite (Gao et al. 2017a). Indeed, artistic artefacts
can even have an intergenerational effect (Boyd 2009) by acting as a cue of genetic
quality which can improve the fitness of the descendants of a great artist. The
intergenerational functional value of extended phenotypes has been noted by Lehmann
(2008) and described as ecological inheritance by niche construction theorists (Laland
et al. 2017; Odling-Smee et al. 2003). What I highlight is that extended phenotypes can
also have signalling value in sexual selection across generations by communicating
genetic rather than phenotypic quality. This can occur, for example, when an artist’s
descendants continue to reap benefits from the enduring prestige of their progenitor’s
art (Boyd 2009, p. 112; Winegard et al. 2018).

As a final example of inanimate extended phenotypes in human sexual selection, a
central development in contemporary humans has been the emergence of online dating
culture (Rosenfeld and Thomas 2012; Sumter et al. 2017). Where the beaver’s dam
provides an enlarged catchment area to harvest energy from the environment (Dawkins
1982), a well-crafted profile on a dating site can provide vastly improved reproductive
prospects to individuals who invest in such phenotypic extensions that can proliferate
online without inducing a major cost for the signaller (cf. Shapiro et al. 2017; Sumter
et al. 2017; Timmermans and Courtois 2018, though a rigorous empirical study
comparing the mating success of users and non-users of online dating remains to be
done).

Importantly, together with many other extended phenotypic traits in humans, online
dating profiles share many of the potential advantages identified by Schaedelin and
Taborsky (2009) as typical for extended phenotypic signals in nonhuman animals.
These advantages are listed in Table 1. Despite potential advantages, however, a salient
feature of online dating profiles as extended phenotypic cues is the ease with which
they can be produced and modified; thus, they may occasionally be dishonest cues of
underlying phenotypic and/or genetic quality (Donath 1998; Toma and Hancock 2010;
Guadagno et al. 2012). This may be an advantage for the signaller but a disadvantage
for the recipient.

Table 1 Potential advantages of extended phenotypic traits (adapted from Schaedelin and Taborsky 2009)

(a) unlike phenotypic and behavioral traits, extended phenotypes (e.g. online dating profiles) persist in the
absence of a signaller

(b) unlike behavioral traits, they persist for prolonged periods

(c) they potentially contain a broader array of information than phenotypic or behavioral traits (e.g. on social
networks, personality, personal achievements, preferences, dreams, taste in art, desire for children; though
see Tskhay et al. 2017)

(d) they can be more flexible than phenotypic or behavioral traits because they are not limited to physical body
boundaries nor to the biochemical components of a human body

(e) they can be abandoned easily if the need arises (cf. some phenotypic/morphological cues which cannot be
discarded so easily!)

(f) they are apt to convey cognitive ability

(g) they can exploit sensory biases more effectively (e.g. by using personal photos that include a pet; see below
for a discussion on pets as extended phenotypes).
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Genetic Architecture and Extended Phenotypic Plasticity

Besides the importance of cultural evolution and social learning (Blake et al. 2018;
Creanza et al. 2017), it is reasonable to postulate the existence of a genetic basis in
variation in extended phenotypes (cf. de Manzano and Ullén 2018). Dawkins (2004)
elaborated on it as follows. Variations in replicators (i.e. alleles) need to be causally
linked with variations in extended phenotypes so that, over generations, alleles associ-
ated with good extended phenotypes survive in the replicator pool at the expense of
rival alleles associated with poorer extended phenotypes (Dawkins 2004, p. 379).
Evidence for a genetic basis of an extended phenotype is not necessary to establish a
feature of the external world as an extended phenotype, although in many instances
there are strong grounds to believe that there is an important genetic component
involved (Dawkins 2004; cf. de Manzano and Ullén 2018). In some cases, this genetic
component has been identified (Hoover et al. 2011). In others, the ‘replicator-to-
extended phenotype’ link may be more strained, but it is also challenging to delineate
when there is no genetic component involved in between-individual variation in
extended phenotypic trait expression.

Analyzing some of the examples of extended phenotypes given in the previous
section through Dawkins’s (2004) strict allelocentric definition might suggest that an
allele codes for, say, luxury car ownership and another allele in the same locus codes for
more modest automotive display (likewise for any other example of extended pheno-
types). This is not the intended meaning of the present argument, nor that of Dawkins.
Instead, luxury car ownership, like any other complex trait, arises from a composite of
polygenic traits (Charney 2012; Dawkins 1982) together with complex interactions
with the animate and inanimate environment.

To exemplify this position, consider the following. Learning mechanisms are
evolved adaptations to cope with changing environmental conditions (Ardiel and
Rankin 2010; Dennett 1975; Muthukrishna and Henrich 2016); technical skills and
constructive behaviors are adaptive behaviors that facilitate innovations and the colo-
nization of harsh environments (Barton and Venditti 2014; Hoffecker and Hoffecker
2017b; Lane 2016; Sol et al. 2016). They are all polygenic traits (Barbot et al. 2013;
Charney 2012; Davies et al. 2011; Hill et al. 2018a, 2018b; Reuter et al. 2006; Sniekers
et al. 2017) that can lead to variation in functional and signalling extended phenotypes.
Arriving at the genetic basis of variation in extended phenotypes may not be straight-
forward. That does not invalidate the hypothesis that there are genetic designs that
produce better extended phenotypes (cf. Barbot et al. 2013; Dawkins 2004; de
Manzano and Ullén 2018; Mosing et al. 2015). What it may require, however, is
analyses extending to polygenic traits such as general learning capacity, intelligence,
creativity, technical skills, and constructive predispositions (or their interactive effects)
that underlie heritable variation in extended phenotypic trait expression.

Models of sexual selection which assume a direct relationship between genes and
phenotypes have been rightly critiqued (Cornwallis and Uller 2010). Seeing phenotypic
plasticity merely as a condition-dependent expression of sexual traits ignores the multi-
dimensional nature of plasticity, which can also constitute an adaptive reaction to
changing environmental conditions (Bateson and Gluckman 2011; Cornwallis and
Uller 2010; Luoto et al. 2019). The resulting question therefore is: why should
extended phenotypes be interpreted only as the effect of genes/alleles upon the world,
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when in fact conventional phenotypes are seen as the result of the interaction between
genes and the environment?

Phenotypic plasticity refers to the ability of a single genotype to produce multiple
phenotypes when exposed to different environments (Pigliucci 2005). The problem of
coping with a cold environment, for example, can be solved a) phenotypically (e.g. by
evolving subcutaneous adipose stores, which is an evolutionarily ancient solution: Ball
et al. 2017; Speakman 2018; Steegmann et al. 2002; Wells 2012), b) behaviorally (e.g.
by birds migrating ahead of cold spells: Briedis et al. 2017; Somveille et al. 2018), or c)
by an efficient use of extended phenotypes (e.g. clothing and shelter in humans: Chu
2009; Gilligan 2007, 2010; Hoffecker and Hoffecker 2017b; MacDonald 2018; cf.
burrow and shelter use in other mammals: Kowalczyk and Zalewski 2011; Reichman
and Smith 1990).

Phenotypic plasticity has been so extensively documented that non-plastic pheno-
types are an anomaly which almost requires more explanation than phenotypic plas-
ticity itself (Cornwallis and Uller 2010, and references therein). For this reason, whilst
investigations that identify the genetic component of extended phenotypes are valuable
(e.g. Hoover et al. 2011), future research would greatly benefit from recognizing the
inherent plasticity in the expression of extended phenotypes (cf. Blamires 2010;
Blamires et al. 2017, 2018; Geffre et al. 2017). This approach empirically expands
Dawkins’s original formulation of the extended phenotype theory and links it more
explicitly with life history theory and behavioral ecology. That environmental influ-
ences are underdeveloped in Dawkins’s (1982, 2004) foundational work on extended
phenotypes does not mean that the theory has to be abandoned—it means that it needs
to be integrated with behavioral ecology and life history theory.

For the purposes of theoretical modelling, it is irrelevant whether an extended
phenotype is an evolved adaptation that has arisen as a result of selection on the
extended phenotype itself, or a byproduct of selection on some other general trait (such
as intelligence or creativity)—provided that it shows heritable variation (Bailey 2012).
Therefore, understanding the precise genetic mechanisms underlying extended pheno-
typic traits is not a prerequisite for meaningfully modelling the effects of those traits on
sexual selection and/or viability selection. Just as behavioral plasticity and extended
phenotypic plasticity can create novel traits for natural selection to act on, they may
also generate novel interactions between various existing traits (Moczek et al. 2011)
and their biological substrates. This idea is further explored in the next section by
synthesizing the extended phenotype theory with life history theory and behavioral
ecology.

Extended Phenotypes and Life History Evolution

Life history theory can be applied to the study of extended phenotypes both at the level
of individuals (next section) and at the level of populations (see section “Integration
with Behavioral Ecology”, below). Life history theory and extended phenotype theory
have several fundamental points of contact, which provides a strong rationale for
synthesizing them. Theory unification (Marquet et al. 2014) between sexual selection,
extended phenotype theory, life history theory, and behavioral ecology is one of the
major contributions of this article.
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Widely used in evolutionary biology and increasingly in evolutionary psychology,
life history (LH) theory is a mid-level theory derived from general evolutionary theory.
The focus of LH theory is on how the entire life cycle of an organism is designed by
natural selection to optimize reproductive success despite environmental challenges
such as mortality and resource scarcity (Ellison 2017; Stearns et al. 2008). This design
is set within a framework of constraints and tradeoffs that are shaped by past evolu-
tionary pressures and current environmental contingencies (Krams et al. 2016, 2017a,
2017b, 2019; Meunier et al. 2017). Life history evolution works on the materials out of
which organisms are built, as well as the developmental, physiological, and psycho-
logical traits that organisms have inherited from their ancestors and that are specifically
calibrated to their environments (Bateson and Gluckman 2011; Ellison 2017; Figueredo
et al. 2004, 2006; Flatt and Heyland 2011; Immonen et al. 2018; Krams et al. 2016;
Luoto et al. 2019; Snell-Rood et al. 2015; Stearns et al. 2008).

LH theory presents a broad biobehavioral framework for understanding how organ-
isms allocate bioenergetic resources between somatic effort and reproductive effort
(Black et al. 2017; Worthman and Trang 2018) and how those allocations affect the
developmental sequencing of human motivation (Kenrick et al. 2010). Extended
phenotypic traits can (to varying degrees) be considered core life history traits: because
LH theory is a theory about resource allocation, and because extended phenotypes are
often energetically expensive, LH theory can and should be used to analyze the
dynamic investments that organisms make between phenotypic, behavioral, and ex-
tended phenotypic traits. LH theory recognizes that because the time, energy, and
resources at any organism’s disposal are finite (Ellison 2017; Kecko et al. 2017),
bioenergetic investment in one type of LH trait is typically traded off with neglect of
another trait (Krams et al. 2017c; Snell-Rood et al. 2015).

Extended Phenotypes in Individual-Level Life History Development

LH theory can be especially relevant to the recognition of a logical sequence underlying
the development of phenotypic traits, behavioral traits, and extended phenotypic traits.
Fetal growth and early childhood are characterized by high somatic investment as an
embryo develops into adulthood. Organisms in early stages of development seldom
make serious, protracted investments into producing extended phenotypes (the
protective cases built by caddisfly larvae may be one counterexample; Dawkins
1982, p. 301). This is simply because an adequately developed phenotype—
including perceptual, motor, cognitive, and brain development—is a prerequisite for
the emergence of more elaborate behavioral traits. In a similar hierarchical sequence, it
is almost impossible for an organism to produce or acquire extended phenotypes in
absence of any behaviors.1 In the majority of cases, behaviors are needed for an
effective manipulation or acquisition of extended phenotypes. This is no trivial point,
because it influences when in individual development extended phenotypic traits are
likely to receive more bioenergetic investment from organisms.

For a developing organism, a unit of bioenergetic investment made into somatic
traits pays higher dividends earlier in ontogeny (especially prenatally) than investment

1 Inherited wealth may be an exception. In a limited number of cases, the causal succession from a phenotype
to behavior to extended phenotypes can potentially skip the intermediate step behavior.
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in behavioral or extended phenotypic traits (cf. Murphy et al. 2006). In childhood,
allocation of bioenergetic resources to growth of somatic tissue is high and investment
in reproductive tissue is very low or zero; in adolescence, there is simultaneous
allocation to growth of somatic and reproductive tissue; in adulthood, somatic growth
is mainly allocated into reproductive tissue (Ellison 2017; Gonzalez-Forero et al.
2017).2 Age at maturity (Fig. 2) marks a central life history transition because energy
previously allocated to somatic growth is then allocated into reproduction and other
functions (Ellison 2017; Kuzawa 2007).

Gradually, as the organism becomes more developed, investments made into behav-
ioral traits start yielding higher benefits because the organism’s interactions with the
environment grow in frequency and importance (e.g. Hulteen et al. 2018; Stodden et al.
2008). That is when it will start having a variety of effects on its environment (Fig. 2).
Earlier in ontogeny, these effects are unlikely to bear great fitness rewards. Instead,
childhood play is a mechanism by which an organism prepares for future life scenarios
with higher fitness payoffs (Boyd 2009; Nielsen 2012).Many childhood experiences hone
not only an individual’s behavioral skills (Gonzalez-Forero et al. 2017), but they also lay a
basis for an individual’s future capacity to manipulate the environment in fitness-
enhancing ways (cf. Nielsen 2012; Remigereau et al. 2016; Ward and Kolomyts 2010).

Brain development occurring later in phylogeny (Barton and Venditti 2014; Iriki and
Taoka 2012; Navarrete et al. 2016; Putt et al. 2017; Winegard et al. 2018) and later in
ontogeny (Casey et al. 2008; Dickerson et al. 2018; Geary 1995) is likely a prerequisite
for the behavioral skills, prolonged attention, and self-control needed for increasing
sophistication in extended phenotypic trait expression (cf. Beck et al. 2012; Bukowski
& Rudnicki, 2018; Chappell et al. 2013; Jordan 2015; Remigereau et al. 2016; Vaesen
2012). To act as efficient signals/cues in sexual selection, manipulations of the external
world need to be skilful and elaborate enough to communicate the quality of the
underlying neural architecture and/or mechanical skills of the individual who produced
the extended phenotypes.

The impulse control and delay of gratification required for sustained goal-directed
behavior is still only developing in childhood and adolescence (Casey et al. 2008;
Steinberg et al. 2009, 2017), meaning that adolescents are unlikely to produce or
acquire as elaborate extended phenotypes as adults are. What is more, formal education
typically lasts until about 18 years of age in modern Western societies. Only gradually
after that do individuals start accumulating the monetary resources needed, say, to
owning a house. This marks an important LH transition (comparable in several
nonhuman animal species: e.g. Head et al. 2017; Schaedelin and Taborsky 2009)
because in most modern societies, house ownership typically signifies that an individ-
ual possesses adequate financial independence to produce viable offspring. The devel-
opmental time and bioenergetic resources needed for the full expression of one’s
extended phenotypic repertoire may take decades of skill acquisition and resource
accumulation (cf. Fig. 2). For this reason, humans are more likely to start displaying
full-fledged elaboration and variation in extended phenotypes in their late twenties and
beyond. Inherited wealth or fame, however, may advantage some people over others
already in adolescence (Essock-Vitale 1984; Mace 1998; Pepper and Nettle 2017a).

2 A possible exception may be fat tissue metabolized via excessive energy intake or muscle tissue growth
stimulated by adaptations to physical work or exercise (Camera et al. 2016; Wells 2006).
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Population-Level Life History Variation in Extended Phenotypic Trait Expression:
Integration with Behavioral Ecology

An ecological analysis of extended phenotypes at the level of populations is likely
to produce cross-culturally interesting results. In the course of an individual’s
development, genes produce different phenotypic, behavioral, and extended phe-
notypic outcomes depending on informational inputs from the local ecology
(Bateson and Gluckman 2011; Blamires 2010; Cornwallis and Uller 2010; Lewis
et al. 2017a; Schaller 2015). Any effects that an individual might have on the
environment can partly influence those informational inputs by creating a feed-
back loop between organismal behavior and environmental effects. Thus, pheno-
typic and behavioral traits influence the environment, which in turn influences
phenotypic and behavioral traits (cf. González et al. 2017; Saltz and Foley 2011;
Scott-Phillips et al. 2014; Varnum and Grossmann 2017). Mechanisms that yield
greater functional benefits within that ecology become more fully developed,
while less immediately relevant mechanisms may be developmentally neglected
(Cornwallis and Uller 2010; Ellis et al. 2017; Schaller 2015).

As humans colonized locations farther and farther away from the equator, techno-
logical innovations were increasingly needed to provide shelter from the cold climate
and to ensure subsistence regardless of within-year variation in temperature (Ash and
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Fig. 2 Diversity of sexual trait expression as a function of individual development. Category-specific
examples are given in the right-hand panel. The lowest triangle (gray) represents phenotypic traits (e.g.
physical attractiveness, secondary sexual signals, intelligence, and extraversion). The second triangle (blue)
represents behavioral traits that arise from phenotypic traits (e.g. artistic behaviors, logodaedaly, research,
construction, and working behaviors). The third triangle (purple) represents extended phenotypic traits (e.g.
artistic products, scientific outputs, online dating profiles, apartments, and pets). These examples are not
exhaustive. The trait categories overlap vertically because each successive stage starts developing before the
earlier stage ceases to develop. The horizontal overlap between the triangles is imperfect because not all
phenotypic traits lead to behavioral traits. Likewise, not all behavioral traits lead to extended phenotypic traits.
Each successive trait category occupies wider space on the x-axis because diversity of expression (quantity of
sexual traits) grows disproportionately with each successive stage. In other words, extended phenotypic traits
are hypothetically broader in diversity than behavioral traits, which are more diverse than phenotypic traits.
Behavioral stasis marks a point when an individual acquires or displays no novel behavioral traits. Neverthe-
less, the individual’s existing behavioral repertoire can still produce a wider array of extended phenotypic
traits. An author, for instance, need not change their behavioral traits (writing) in order to produce novelty in
extended phenotypic trait expression (books, poems, articles)
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Gallup 2007; Creanza and Feldman 2016; Hoffecker and Hoffecker 2017b; Jordan
2015; MacDonald 2018; cf. Fristoe et al. 2017). Do increased viability selection
pressures on extended phenotypes translate also to greater emphasis given to extended
phenotypic traits in sexual selection in human populations in high latitudes?

It is possible that innovative propensity has co-evolved with certain life history
strategies in lineages exposed to environments with higher within-year variation in
temperature. This co-evolution has hypothetically taken place through correlated se-
lection and/or shared genetic/physiological mechanisms (Ash and Gallup 2007; Putt
et al. 2017; Sol et al. 2016). Innovative propensity is likely magnified in areas with high
population density owing to greater competition for resources (Bailey and Geary 2009;
Flinn et al. 2005; Muthukrishna and Henrich 2016; Pianka 1970; Sng et al. 2017) and/
or other historical factors (Carneiro 1970; Maloney and Valencia Caicedo 2016;
Murray 2003, p. 376). Life history traits tend to evolve together, forming meaningful
functional composites that are designated with the fast–slow continuum (Cain and
Ketterson 2012; Figueredo et al. 2004, 2005; Luoto et al. 2019). The life history
strategies of different species and different individuals within species can be arranged
on a continuum from “fast” (early maturation and reproduction, short lifespan, and high
investment in offspring quantity) to “slow” (late maturation and reproduction, long
lifespan, and high investment in offspring quality) (Luoto et al. 2019; Sng et al. 2018;
Woodley of Menie et al. 2017). Different life history strategies create adaptive variation
between individuals and populations (Krams et al. 2019; Luoto et al. 2019; Sng et al.
2018; Wright et al. 2018), which is why LH theory is directly relevant to the evaluation
of hypotheses on extended phenotypic trait expression not only at the developmental
level of individuals but also at the ecological and cross-cultural level of populations.

Population-Level Hypotheses on Extended Phenotypic Trait Expression

The fast–slow continuum of LH variation could predictably correlate with traits
underlying innovations (Sol et al. 2016) so that individuals with “slow” life histories
are more likely to produce innovations in the domain of extended phenotypes than
individuals with “fast” life histories. Ecological selection pressures generate further
differences in the need to collect, assess, retain, and use environmental information,
which can impact selection pressures for organismal longevity, intelligence, and future
orientation (i.e. a preference for larger rewards in later time horizons over smaller
rewards closer to the present time) (Baumard 2018; Lu et al. 2017; Minkov and Bond
2015; Minkov et al. 2016; Pepper and Nettle 2017a; Sih and Del Giudice 2012; Sol
et al. 2016; Templer and Arikawa 2006; Van de Vliert and Murray 2018). Fundamental
tradeoffs in energy allocations are likely to orchestrate these differences (Baumard
2018; Ellison 2017; Krams et al. 2019).

According to the cognitive buffer hypothesis (Sol 2009), plasticity in behavioral and
extended phenotypic responses to challenging environments might directly affect the
evolution of life histories by enhancing adult survival (Sol et al. 2016). Comparative
research in primates further suggests that periods of environmental change have
stimulated innovations (reviewed in Fogarty et al. 2015), a finding replicated in humans
(De Dreu and van Dijk 2018). On the other hand, people inhabiting areas with high
population density often need to compete for resources (Pianka 1970) and therefore
may need to invest more heavily in individual development, future rewards, and slow

Adaptive Human Behavior and Physiology (2019) 5:48–102 61



LH strategies instead of early reproduction (Sng et al. 2017; Wright et al. 2018).
Indeed, population density predicts variation in a range of LH measures such as
sociosexuality, future orientation, and life expectancy so that high population density
is likely to lead to LH strategies at the slow end of the spectrum (Sng et al. 2017;
Wright et al. 2018). Population density may have also contributed to the evolution of
greater hominid cranial capacity via social competition (Bailey and Geary 2009; Flinn
et al. 2005). As we will see, this individual-level evolutionary finding bears relevance
to population-level extended phenotype hypotheses.

Leveraging these theoretical and empirical foundations from LH theory to testable
hypotheses on extended phenotypic trait expression, it can be hypothesized that human
populations inhabiting climates with greater within-year variation in temperature have
(Hypothesis 1) higher future time orientation (Burke et al. 2017; Orosz et al. 2017; Van
Lange et al. 2017) because of a recurring need to prepare for and survive cold seasons;
(H2) higher innovative outputs because of adaptive responses to exogenous threats and
selection pressures (De Dreu and van Dijk 2018; Fogarty 2018; Van de Vliert and
Murray 2018); (H3a) greater and/or more diverse production of inanimate extended
phenotypes (traded off against early reproduction) because they are essential for
survival in such climatic conditions; and (H4) higher relative emphasis on inanimate
extended phenotypic traits in sexual selection because of greater overall investment in
cultural and technological innovations. (See Fig. 3 for a visualization of these hypoth-
eses and Table 10 for a summary of existing evidence.) These effects are expected (H5)
to become intensified in populations with higher population density because of greater
competition for resources (Burger et al. 2017; Keeley 1988; Kline and Boyd 2010;
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Fig. 3 Together with genetic differences, species-typical plastic responses to environmental cues (including
social cues from conspecifics) can lead to cross-cultural differences in human psychology. Model based on
existing theory and empirical findings (Azam 2017; Bukowski & Rudnicki, 2018; De Dreu and van Dijk
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2018; Van Lange et al. 2017; Wei et al. 2017; Wright et al. 2018; figure adapted from Lewis et al. 2017a)
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Kokko and Rankin 2006; Munro et al. 2014; Sng et al. 2017; Tallavaara et al. 2018;
Wright et al. 2018).

There is existing empirical evidence to support some of these hypotheses. It has been
argued that an increase in patience and future orientation increases research in humans
(Romer 1990) and innovation in nonhuman animals (Sol et al. 2016). The genetic
factors underlying time orientation and LH strategy are increasingly well understood,
with polymorphisms in an androgen receptor gene, dopamine receptor gene, and
serotonin transporter gene being associated with life history strategies and time orien-
tation (reviewed in Minkov and Bond 2015; see also Gettler et al. 2017; Luoto et al.
2019; Pine et al. 2010). Minkov and Bond (2015) provided evidence that a national
index of these three genetic loci predicts future time orientation and life history strategy
at the national level.

The data collected by Minkov and Bond (2015) and by Wang et al. (2016) suggest
that people from nations with colder climates have a higher future time orientation and
slower LH strategies, although that is a research question that neither study directly
addressed. These data are concordant with a study on 31 countries, which found that
warmer countries located near the equator had a more present-oriented “pace of life”
than countries with colder climates (Levine and Norenzayan 1999). Other studies have
reported preliminary evidence on self-control being positively correlated with distance
from the equator, so that populations farther from the equator have higher levels of self-
control than populations closer to the equator (Botchkavar et al. 2015; see also
IJzerman et al. 2017; Van Lange et al. 2017).

Sternberg (2017) has suggested that it is intelligence that underlies climatic
population-level variation in LH strategies, future time orientation, aggression, and
self-control. Preliminary evidence lends some support to that argument: people from
colder climates show higher intelligence than people from hotter climates (Kanazawa
2008; Lynn and Vanhanen 2002). As Sternberg (2017) suggested, extreme heat may in
fact be a proximate mechanism that lowers intelligence as a state (rather than as a trait),
which then precipitates to other cognitive mechanisms that underlie LH strategy, time
orientation, self-control, and aggression (cf. Minkov and Bond 2015; Minkov et al.
2016). Recent empirical findings on the effects of heat on cognitive function provide
some support for this hypothesis (Cedeño Laurent et al. 2018). Additional (though
relatively circumstantial) evidence is provided by the association between temperature,
crime events (Schinasi and Hamra 2017), and intimate partner violence (Sanz-Barbero
et al. 2018) as well as between temperature and conflicts in Classic Maya (Carleton
et al. 2017).

Future orientation, life history speed, and intelligence have an impact on a country’s
level of innovation. Wang and colleagues (Wang et al. 2016) investigated whether a
country’s innovation capacity (derived from the Global Competitive Report 2008–
2009) can be predicted by the future time orientation of its citizens. Even after
controlling for a country’s level of wealth, the population’s future time orientation still
significantly predicted a country’s innovation factor (Wang et al. 2016). Bukowski and
Rudnicki’s (2018) multiple regression analyses between eight independent variables
showed that future orientation was the most powerful predictor of country-level differ-
ences in innovation (intelligence was not included in the analyses). A country’s innovation
factor is, furthermore, strongly predicted by its absolute latitude (r = .61, N = 142
countries: Rindermann et al. 2015, using data from the Global Innovation Index, 2013,
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available in Dutta and Lanvin 2013).3 Similar results have been reported for creativity,
with cold temperatures promoting creativity especially in richer populations (Van de Vliert
and Murray 2018). Using the Economic Complexity Index (ECI), Azam (2017) showed
that intelligence is an important predictor (r = .76) of innovation at the level of nations.
ECI ranks countries (Fig. 4) according to the level of diversification and complexity of
their export baskets, thus reflecting the existing productive knowledge and industrial
composition of a society (Azam 2017; Hartmann et al. 2017; Hausmann et al. 2014).
Based on these findings, it is reasonable to hypothesize (H6) that intelligence mediates the
influence of climate on innovation and economic complexity.

In addition to the evidence cited above, Hypothesis 2 (human populations inhabiting
climates with greater within-year variation in temperature have higher innovative
outputs) is also supported by findings on hunter-gatherer technological complexity.
Latitude (positively) and effective temperature (negatively) predict the complexity of
food-getting technology used by hunter-gatherer societies (Collard et al. 2005;
Hoffecker and Hoffecker 2017a, 2017b; Torrence 1983, 2000). An analysis of hominid
cranial capacity further suggests that variation in temperature has had a substantial
effect on brain expansion (Bailey and Geary 2009), with hominid cranial volume
growing as distance from the equator increases (Ash and Gallup 2007; Meisenberg
and Woodley 2013).4 These converging lines of evidence give preliminary empirical
support to the hypotheses derived above on population-level extended phenotypic trait
expression using LH theory and behavioral ecology.

Testing Population-Level Hypotheses with the Economic Complexity Index: Materials

The Economic Complexity Index (ECI) was selected as a dependent variable with which
to test the above hypotheses. A holistic measure of the knowledge, industrial

3 Equatorial distance is a proxy of climate: it correlates significantly (r = .90) with daily minimum temperature
(IJzerman et al. 2017) and cold demands (r = .88, as described below).
4 See Roth and Pravosudov (2009), Vincze (2016), and especially Fristoe et al. (2017), for similar results in
bird species, as well as a discussion on direction of causality, which suggests that, in birds, it was brain
expansion that led to the colonization of variable habitats rather than colonization of variable habitats leading
to brain expansion.

Fig. 4 Map of the World color-coded with the Economic Complexity Index ranking 2016 from 1 (highest) to
122 (lowest). Countries with missing values shown in white

64 Adaptive Human Behavior and Physiology (2019) 5:48–102



composition, and production characteristics of a country, ECI is used here as a
population-level proxy for the expression of inanimate extended phenotypes. Data on
ECI were collected for two time periods, 2016 and 1995, to control for effects of time.
Country-level data on adolescent fertility rates (births per 1000women ages 15–19) were
used as one of the independent variables in the analyses to more explicitly study the
interrelationships between economic complexity, sexual selection, and life history var-
iability. Sources for all data are shown in Table 2. Because of high skew, data on
adolescent fertility rates, population density, population size, distance from Brussels,
and GDP per capita were natural logarithm transformed.

Results

Hypothesis 2 (that “human populations inhabiting climateswith higher within-year variation
in temperature have higher innovative outputs”) is supported by an analysis of a country’s
EconomicComplexity Index and distance from the equator. The farther a country is from the
equator, the higher is its ECI (r= .68, p< .00001, N = 122 nations). Similarly, atmospheric
cold demands is another significant predictor of ECI (r= .58, p< .00001, N = 122). The
more severe the cold demands, the more diverse is a country’s industrial composition

Table 2 Materials and sources

Variable N countries Year Reference

Economic Complexity Index 122 2016 The Atlas of Economic Complexity 2017

Economic Complexity Index 117 1995 The Atlas of Economic Complexity 2017

Distance from the equator 122 2017 Socrata 2017

Parasite stressa 122 2002 Fincher and Thornhill 2012

Atmospheric cold demandsb 122 1960–1990 Van de Vliert 2013

Coldest monthc 117 1993–1995 Climate Change Knowledge Portal 2018

Adolescent fertility rates 122 2014 UN Statistics Division 2017

Adolescent fertility rates 117 1995 UN Population Division 2018

Distance from Brussels 122 2017 European Commission 2018

Population density 117; 122 1995; 2016 World Bank statistics

GDP per capita 117; 122 1995; 2016 World Bank statistics; CIA factbook

Population size 117; 122 1995; 2016 World Bank statistics

Intelligenced 122 N/A Lynn 2012; Lynn and Vanhanen 2002

a Parasite stress data were collected from Fincher and Thornhill (2012), who used the World Health Organi-
zation (WHO) variable Infectious Disease DALY for the year 2002 to collate a variable called combined
parasite stress
bAtmospheric cold demands are coded as the sum of the absolute downward deviations from 22 °C for the
average lowest temperature in the coldest month, the average highest temperature in the coldest month, the
average lowest temperature in the hottest month, and the average highest temperature in the hottest month
(Van de Vliert 2013)
c Calculated as the average of coldest mean month for each year 1993–1995
d Data on intelligence were collected from two sources that do not specify the relevant timeframe of the data.
As no major changes are to be expected within the studied period, the same data for intelligence were used to
study ECI in both 2016 and 1995
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(Fig. 5). These data also support Hypothesis 3a, that “human populations inhabiting climates
with higher within-year variation have greater and/or more diverse production of inanimate
extended phenotypes (traded off against early reproduction)”.

Crucially, the life history tradeoff between early reproduction and bioenergetic invest-
ment in extended phenotypes becomes apparent when comparing global adolescent fertility
rates with global variation in economic complexity (Fig. 6). The significant negative
correlation between adolescent fertility and ECI (r =−.75, p < .00001, N = 122) suggests
that there is a fundamental population-level LH tradeoff between the flow of energy into
early reproduction and extended phenotypic trait expression.

Existing findings in hunter-gatherer societies (Keeley 1988) support Hypothesis 5: that
population density increases economic complexity. A linear regression analysis between
population density (loge) and ECI was performed to test whether population density
increases economic complexity also in modern societies. The results show a small but
significant correlation in the hypothesized direction (r= .27, p = 0.0026, N = 122 nations).

The finding that parasite stress predicts a country’s economic complexity (r= −.70,
p < .00001, N = 122 nations; Table 3) is in line with general predictions arising from
behavioral ecology (Gurven 2018). Countries with a higher parasite stress have a less
diverse economic composition. One explanation for this finding is that high parasite stress
ties bioenergetic and immunological resources, creating an immunological LH tradeoff at
the level of individuals and populations (Krams et al. 2017a, 2017b, 2019; Said-Mohamed
et al. 2018). Thus, populations with high parasite stress may be unable to invest equally high
amounts of bioenergetic resources in innovation and technology as populations with lower
parasite stress. Another explanation takes into account the high correlation between

Fig. 5 Severity of atmospheric cold demands predicts global variation in economic complexity (r = .58,
p < .00001, N = 122 nations)
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adolescent fertility and parasite stress (r= .77, p< .00001, N = 122 nations; Table 3), which
indicates that ecological conditions with high pathogen prevalence favor fast LH strategies.
One outcome of these selection pressures could thus be low investment in innovation and
economic development.

Multiple Linear Regression Results, Control Analyses, and Discussion

Correlations between all variables are shown in Tables 3 and 4 (ECI values for 2016
and 1995). Multiple linear regression analyses were performed to analyze the relation-
ships between these variables in detail. They revealed redundancy between predictor
variables. Distance from the equator and atmospheric cold demands were highly
correlated (r = .88) and showed multicollinearity (VIF = 3.78). This was also the case
with parasite stress and cold demands (r = −.67, VIF = 4.71). Thus, the multiple
regression model with the best fit excluded parasite stress and distance from the equator
and included four variables (R2 = .72, F(4,117) = 76.82, p < .0001), which all
significantly and independently predicted ECI. These remaining four variables were
intelligence, adolescent fertility rate (loge), population density (loge), and cold
demands. This four-factor model accounted for 72% of the variation in global eco-
nomic complexity in 2016 (Table 5).

Fig. 6 Adolescent fertility rate (births per 1000 women ages 15–19, log-transformed) predicts global variation
in economic complexity (r = −.75, p < .00001, N = 122 nations)
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To eliminate possible confounds, a further analysis was conducted controlling for
other factors. Since the global economic centre has roughly hovered around Europe
during the past century (Dobbs et al. 2012, p. 17), it could be that trade distance from
Europe has driven global country-level differences in ECI so that countries farther away

Table 5 A stepwise multiple regression analysis

Regression Model 1 2 3 4

Standardized Coefficient β β β β

Intelligence .79** .54** .55** .47**

Adolescent fertility (loge) −.34** −.30** −.28**

Population density (loge) .18** .22**

Atmospheric cold demands .15*

ΔR2 .63** .05** .03** .01*

R2 .63** .68** .71** .72**

Effects of four predictor variables on ECI 2016. Variables entered in order of predictive power (ΔR2 )

Table 6 A stepwise multiple regression analysis

Regression Model 1 2 3 4

Standardized Coefficient β β β β

Intelligence .73** .44** .29* .26*

Adolescent fertility (loge) −.37** −.37** −.32**

Atmospheric cold demands .23* .28**

Population density (loge) .16*

ΔR2 .53** .06** .03* .02*

R2 .53** .59** .61** .64**

Effects of four predictor variables on ECI. Data on ECI, adolescent fertility, and population density are from
1995. Variables entered in order of predictive power (ΔR2 )

N = 117. * p < .05; ** p < .01

Table 7 A multiple regression model showing the effects of four predictor variables on ECI 2016 when
controlling for distance from Central Europe, population size, and GDP per capita

Estimate Std. error t p

(Intercept) −6.84 1.04 −6.59 .0001**

Intelligence 0.025 0.009 2.866 .005**

Adolescent fertility (loge) −0.057 0.079 −0.724 .47

Population density (loge) 0.184 0.041 4.446 .0001**

Atmospheric cold demands 0.008 0.002 3.033 .003**

N = 122. * p < .05; ** p < .01
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from Europe are less able to develop their economic complexity. Thus, the distance
between each of the countries’ capital and Brussels was measured using the European
Commission’s (2018) distance calculator.5 It is also possible that population size
confounds the results reported above (cf. Fogarty and Creanza 2017), which is why
population size was added as a second control variable. GDP per capita was added as a third
control variable to control for the influence of wealth on economic complexity (cf. Baumard
2018; Murray 2003, pp. 349–351). As values for all three of these control variables were
highly skewed, they were log-transformed prior to fitting them in the model.

After introducing these three control variables, the results were still highly signifi-
cant for all four predictor variables except for adolescent fertility rate. The high
correlation between adolescent fertility rate and per capita GDP (r = −.74, p < .00001)
rendered adolescent fertility non-significant when the three control variables were
introduced. No major multicollinearity was detected between adolescent fertility rate
and the other six variables (all VIFs <3.6). The final model with four predictor variables
and three control variables is shown in Table 7.

An additional possibility is that these results may have arisen as a chance occurrence
for economic complexity in the year 2016 alone. Thus, additional analyses were
performed with ECI values from 1995. Data on predictor variables and control
variables were also collected from 1995 to analyze correlations between the variables
for the appropriate time period. These control analyses largely confirmed the findings
reported above on ECI in 2016. A stepwise multiple linear regression analysis showed
that the same four variables that predicted 72% of the variation in global economic
complexity in 2016 predicted 64% of the variation in 1995 (Table 6). The correlation
matrix in Table 4 shows significant correlations between the variables in 1995, further
indicating that the findings for 2016 did not arise by chance. Finally, a multiple
regression analysis on the same variables as for 2016 showed that the effects of
population density and cold demands on ECI remained significant after the three
control variables were introduced (Table 8). However, the effects of intelligence and
adolescent fertility were no longer significant, indicating that their influence on ECI
was significantly mediated by the control variables in 1995 (Table 8). No major

5 Brussels was chosen as a proxy for Europe’s central point for the present purposes since it is located between
Europe’s geographical centre (Suchowola, Poland) and financial centre (London, UK) and constitutes the
administrative centre of the European Union.

Table 8 A multiple regression model showing the effects of four predictor variables on ECI 1995 when
controlling for distance from Central Europe, population size, and GDP per capita

Estimate Std. error t p

(Intercept) −4.82 1.066 −4.521 .0001**

Intelligence 0.004 0.009 0.518 .60

Adolescent fertility (loge) −0.026 0.087 0.302 .76

Population density (loge) 0.138 0.04 3.432 .0008**

Atmospheric cold demands 0.013 0.003 4.83 .0001**

Data on ECI, adolescent fertility, and population density are from 1995

N = 117. * p < .05; ** p < .01
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multicollinearity was detected between adolescent fertility rate, intelligence, and the
other five variables (all VIFs <3.4).

Since the data on cold demands were extracted from a relatively long time period of
1960–1990 (Van de Vliert, personal communication), they may not adequately repre-
sent climatic conditions for the study years of 1995 and 2016. Therefore, to check the
validity of cold demands (Van de Vliert 2013) as a measure of climate that reliably
predicts ECI, additional climate data were collected from Climate Change Knowledge
Portal (2018). A variable coldest month was calculated for each country as the average
of the mean temperature (in Celsius degrees) of the coldest month for each year 1993–
1995, which were then averaged across the 3 years. Linear regression analyses between
coldest month (1993–1995) and cold demands (1960–1990) showed a high correlation (r=
−.87). Further bivariate correlational analyses between the new variable coldest month, ECI
1995 (rs = −.68, p < .00001), and ECI 2016 (rs =−.59, p< .00001) showed equally good
predictive power as the variable cold demands.6 The latter was used in the overall analyses
because it is based on data from 1960 to 1990, thus reflecting a longer period that will have,
in part, influenced the complex causal process between climate and ECI.

The mediating effect of intelligence on the relationship between atmospheric cold
demands and ECI was explored to test Hypothesis 6 (Table 10). Intelligence was not entered
as a control variable in the multiple regression analyses because atmospheric cold demands
are hypothesized to be among the main driving forces behind increases in intelligence
(Kanazawa 2008; Templer and Arikawa 2006), innovation (De Dreu and van Dijk 2018;
Van de Vliert and Murray 2018), GDP per capita (Rindermann and Becker 2018), and thus
behind the development of economic complexity. Amediation analysis with 5,000 bootstrap
sampleswas conducted in SPSS version 25 using PROCESSmacro 3.2. The results showed
significant correlations between cold demands and intelligence as well as between intelli-
gence and ECI (Fig. 7). The bivariate correlation between cold demands and intelligence
was exactly the same (r = .66; Table 3) as reported by Templer andArikawa (2006) between
mean low temperature in winter and intelligence. The residual predictive power of cold
demands on economic complexity (c’ path) was not significant when the influence of
intelligence was factored into the model (Fig. 7 and Table 9). The change from the direct
c path (b = .023, t(120) = 7.72, p < .001) to the mediated c’ path (b = .003, t(119) = 1.15, p =
.25) was significant (Δb = .020, BootSE = .003, 95%BootCIs [.015, .025], Sobel’s z = 6.87,

6 Spearman’s rank correlation coefficient was used because of non-normal distribution of data for the variable
coldest month.

Table 9 A multiple regression model testing for statistical mediation shows the effects of two predictor
variables on ECI 2016

Estimate Std. error t p

(Intercept) −6.86 0.60 −11.49 .0001**

Atmospheric cold demands 0.003 0.003 1.155 .25

Intelligence 0.077 0.008 9.969 .0001**

The effect of cold demands on ECI is significantly mediated by intelligence. No control variables were
introduced in this model

N = 122. * p < .05; ** p < .01
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p < .01). The percentage of variance accounted for (%VAF) between c path and c’ path by
introducing intelligence as a mediator was 85.22% (VAF = indirect effect / total effect * 100
= .0196 / .023 * 100 = 85.22). With VAF > 80% and c’ path being non-significant, these
results show that the effect of cold demands on economic complexity is fully mediated by
intelligence. This finding supports the hypothesis that cold ecological conditions select for
certain phenotypic traits (higher intelligence) which in various ways enable organisms to
produce cultural innovations (here: ECI) that improve their fitness.

To control for non-independence of data (e.g. Pollet et al. 2014), correlations were
analyzed by dividing the global data into six world regions. The predictive power of
intelligence, adolescent fertility, population density, and cold demands on ECI gener-
ally held within these six world regions: 22/24 correlations were in the expected
direction. Population density in North America (r = −.62, p = .14, n = 7 nations) and
in Africa (r = 0, n = 29 nations) were two exceptions. Though reduced sample sizes
meant that p-values were less significant than in the global analyses, nine out of 24
within-region correlations were statistically significant (Figs. 8, 9, 10 and 11).

These analyses do not address all possible confounding factors. They do, however,
further strengthen the hypothesis that cold temperatures and slow LH strategies—
driven here by low adolescent fertility, high intelligence, and high population density
(cf. Meisenberg and Woodley 2013; Minkov et al. 2016; Sng et al. 2017)—are
important predictors of population-level innovative output and extended phenotypic
trait expression as indexed by ECI.

The next section extends the current theoretical synthesis to analysing sex differ-
ences in sexual selection, with a particular focus on extended phenotypic traits. This is
an important conceptual extension to the current theoretical synthesis because of the
wealth of research conducted on sex differences in mate choice.

Sex Differences in the Importance of Extended Phenotypic Traits

Extended phenotypes are expected to be better indicators of male rather than female
genetic quality and/or parental ability (Head et al. 2017) for logical biological reasons:
females tend to make higher somatic investments in reproduction than males (Clutton-
Brock 2007, 2017; Jasienska et al. 2017), which is typically (though not always)

.255*** .077*** 

.023*** (.003ns)
Cold demands

Economic 
complexity

Intelligence

Fig. 7 Mediation analysis linking atmospheric cold demands to ECI 2016 via intelligence (N = 122 countries).
Unstandardized regression coefficients shown for each relationship. The mediated effect (c’ path) is shown in
parentheses. ***p < 0.001, ns = non-significant
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reciprocated by resource provisioning inputs from males (Bribiescas et al. 2012;
Stanyon and Bigoni 2014; Wang et al. 2018). Just as ancestral women who displayed
attractive secondary sexual signals (e.g. breasts, gluteofemoral fat deposits) were
favored by sexual selection because they gained direct male-delivered material benefits
(Thornhill and Gangestad 2008), male-delivered material benefits had a signalling
value in and of themselves due to their value for offspring development.

Features associated with high mate value in men differ from those associated with high
mate value in women (Conroy-Beam et al. 2015; Sugiyama 2015). One of themost robust
findings in sexual selection research pertains to sex differences in mate preferences, as
originally reported by Buss (1989) and replicated in countless studies. Although men and
women agree on the importance of several traits (a fact that tends to be sometimes
forgotten when research findings on sexual selection are oversimplified), men place
consistently more value on physical attractiveness than women do, while women value
wealth, resources, and status more than men (Buss 1989; Hughes and Aung 2017; Oda
2001; Schwarz and Hassebrauck 2012; Shackelford et al. 2005; Souza et al. 2016; Wang
et al. 2018). This results in significant sexual dimorphism in human mate preferences,
yielding a multivariate effect size (Mahalanobis D) of 2.41 (Conroy-Beam et al. 2015).

Sex differences in mate preferences have been replicated in studies in which subjects
rate the attractiveness of potential mates when presented with an extended phenotypic
cue. As discussed above, males seated in a luxury car were rated as significantly more
attractive by women than men seated in a standard car, yet the luxury car manipulation

Fig. 8 Correlation between intelligence and ECI value in six world regions. North America (r = .73, p = .06,
n = 7 nations); South America (r = .31, p = .26, n = 15 nations); West Eurasia (r = .85, p < .00001, n = 49
nations)***; Africa (r = .48, p < .009, n = 29 nations)**; East Eurasia (r = .69, p = .003, n = 16 nations)**;
Insular Pacific (r = .36, p = .48, n = 6 nations). * p < .05. ** p < .01. *** p < .001
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had no effect on how attractive men rated women to be (Dunn and Searle 2010). This
finding has been replicated by Sundie and colleagues (Sundie et al. 2011) using a verbal
description, rather than a photograph, of a potential mate and their car. Therefore,
despite noticeable increases in female ownership of luxury cars (Dunn and Searle
2010), the signalling function that cars provide in sexual selection is negligible when
displayed by women. Likewise, men are rated more attractive when presented in a
luxury apartment, but women’s attractiveness ratings remain unchanged regardless of
residential context (Dunn and Hill 2014).

In another line of research, a correlational study found that men’s artistic success
with visual art was a significant predictor of the number of their mating partners—a
pattern not found in female artists (Clegg et al. 2011). Similar results have been
recorded with literary art and other creative products; the ‘art as sexual display’
hypothesis is supported by the finding that men are overwhelmingly in the majority
when it comes to the quantity of creative products produced for public consumption
(Kanazawa 2000; Lange and Euler 2014; Miller 1999). Men also report being more
motivated to write books than women (Lange 2011) whilst women are more avid
readers of fiction than men and consume more high-brow culture in general than men
(reviewed in Christin 2012). These findings support the hypothesis of male supply and
female evaluation of creative products that arises from sexual selection theory
(Crocchiola 2014; Gao et al. 2017b; Lange and Euler 2014; see also Winegard et al.
2018 for an alternative hypothesis: the status competition model).

Fig. 9 Correlation between adolescent fertility (loge) and ECI value in six world regions. North America (r =
−.59, p = .16, n = 7 nations); South America (r = −.52, p = .047, n = 15 nations)*; West Eurasia (r = −.63,
p < .00001, n = 49 nations)***; Africa (r = −.50, p < .006, n = 29 nations)**; East Eurasia (r = −.78, p < .0004,
n = 16 nations)***; Insular Pacific (r = −.48, p = .34, n = 6 nations). * p < .05. ** p < .01. *** p < .001
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Animate Extended Phenotypes

Interestingly, heterospecifics can also constitute extended phenotypic cues. Pet owner-
ship, for instance, increases a male’s attractiveness to a woman (Tifferet et al. 2013). In
a simple but clever experimental set-up, a highly attractive male confederate set about
soliciting phone numbers from young women on the street (Guéguen and Ciccotti
2008). In the experimental condition, the confederate had a dog with him (kept on a
lead) when he was asking for women’s phone numbers, whereas in the control
condition the dog was absent. In the control condition, 9.2% of the women complied
with the confederate’s request to receive the woman’s phone number; when the dog was
present, 28.3% of the women provided their phone numbers (Guéguen and Ciccotti
2008). The dog therefore may have acted as an extended phenotypic cue of the man’s
underlying qualities, leading to a significantly more positive courtship outcome be-
cause of the woman’s inferences of what dog ownership communicates about the man.
Alternatively, the dog could have become a direct motivational incentive (Toates 2009)
to the women, arousing their attention irrespective of any inferences that the dog’s
presence can elicit about the man’s qualities.

Pet ownership provides another example of how men and women differ in atten-
tional bias between phenotypic and extended phenotypic traits. Significantly more men
(21.6% of 476 pet owners) than women (6.3% of 727 pet owners) confessed to having
used a pet to attract a mate (Gray et al. 2015). Gray and colleagues (2015) also found

Fig. 10 Correlation between population density (loge) and ECI value in six world regions. North America (r =
−.62, p = .14, n = 7 nations); South America (r = .24, p = .39, n = 15 nations); West Eurasia (r = .22, p = .13,
n = 49 nations); Africa (r = 0, n = 29 nations); East Eurasia (r = .28, p = .29, n = 16 nations); Insular Pacific
(r = .38, p = .46, n = 6 nations). * p < .05. ** p < .01. *** p < .001
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that significantly more women than men reported greater opposite-sex attraction caused
by pet ownership of a potential partner. This effect was particularly noticeable for
women in their 20s. Older women were less likely to report being attracted to men’s pet
ownership. Men who reported increased attraction caused by women’s pet ownership
were significantly outnumbered in all age categories by men who did not report greater
attraction caused by women’s pet ownership (Gray et al. 2015). Notably, all the subjects
studied by Gray et al. (2015) were pet owners themselves. The irrelevance of women’s
pet ownership to men might be even more pronounced in the population at large, given
the general male emphasis on reproductive rather than parenting effort (Bribiescas et al.
2012), and assuming that pet-keeping is an alternative to, or a distraction from,
parenting effort (Archer 2011b).

In the aggregate, these findings highlight the centrality of somatic traits when men
evaluate women’s mate value and the relative importance of extended phenotypic traits
in women’s assessments of men’s mate value (Fig. 12).

What Causes Sex Differences in Preferences for Extended Phenotypic Traits?

Physical attractiveness is the most honest signal of women’s reproductive value
(Andrews et al. 2017; Thornhill and Gangestad 2008). Just as men have evolved to
fixate on women’s physical attractiveness (Maner et al. 2007), women have evolved a
preference to assess a male’s reproductive value not only through phenotypic and

Fig. 11 Correlation between atmospheric cold demands and ECI value in six world regions. North America
(r = .72, p = .07, n = 7 nations); South America (r = .05, p = .86, n = 15 nations); West Eurasia (r = .53,
p < .0001, n = 49 nations)***; Africa (r = .61, p < .0005, n = 29 nations)***; East Eurasia (r = .04, p = .88,
n = 16 nations); Insular Pacific (r = .14, p = .79, n = 6 nations). * p < .05. ** p < .01. *** p < .001
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behavioral traits but also by the extended phenotypic traits that men exhibit (Austen
2007/1813; Dunn and Hill 2014; Guéguen and Lamy 2012; Hughes and Aung 2017;
Sundie et al. 2011; Fig. 12). Any bioenergetic and material investments made in
existing offspring compromise men’s ability to invest in extended phenotypes, such
as luxury apartments, vehicles, or art. This underlines a tangible LH tradeoff between
mating effort and parental effort (Figueredo et al. 2006).

One of the most important constituents of mate value is residual reproductive
value—an individual’s future reproductive potential or total expected reproductive
success from the present time forward (Fisher 1930; Williams 1966). Just as the
phenotypic ornaments that function to display women’s quality also reflect their
age-based and parity-based residual reproductive value (Thornhill and Gangestad
2008), for males, existing resources and/or a capacity to acquire them are major constit-
uents of reproductive value. Between-sex interaction in sex-specific markers of reproduc-
tive value is exemplified by the finding that the greater the physical attractiveness a woman
had, the greater financial and occupational status she demanded from potential mates.
Similarly, the more resources men had, the greater were their demands for women’s

10 years 20 30 40 50 60 70

Sexual trait 
development 
(both sexes 
averaged)

Female trait 
salience for 
men

Male trait 
salience for 
women
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medium

high

low

medium

high

low

medium

Extended phenotypic traits

Behavioral traits

Phenotypic traits

Figure legend

Age:

Fig. 12 Typical trajectories of sexual trait development and preferences in men and women partitioned into
phenotypic, behavioral, and extended phenotypic traits. This model provides a schematic approximation
(based on e.g. Dunn and Hill 2014; Dunn and Searle 2010; Gregor 1985; Hughes and Aung 2017; Israel
and Strassberg 2009; Jones et al. 1995; Madison et al. 2018; Marcinkowska et al. 2017; Motta-Mena and Puts
2017; Munro et al. 2014; Schwarz and Hassebrauck 2012; Thornhill and Gangestad 2008; Wells 2007).
Development of extended phenotypic traits (bottom panel) lags behind female preferences for those traits (top
panel), which may partially contribute to women’s well-documented preference for older men (Antfolk et al.
2015; Schwarz and Hassebrauck 2012). Individual variation within sexes in trait development and preferences
may, however, result in considerable individual-level deviations from these patterns (Widemo and Sæther
1999). Trait preferences also fluctuate across the ovulatory cycle and/or according to long-term or short-term
relationship contexts (e.g. Confer et al. 2010; Havlíček et al. 2015; Motta-Mena and Puts 2017). Cross-cultural
variation is largely absent from the model as it is mainly based on research conducted in Western, educated,
industrialized, rich and democratic (WEIRD) societies
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physical attractiveness (Bereczkei et al. 1997). A small-scale study in American, Chinese,
and European populations found that annual income had between 4.3 times (Chinese) to
7.5 times (American) higher impact on men’s attractiveness to women than vice versa
(Wang et al. 2018). These findings highlight the different contributions that phenotypic
traits and extended phenotypic traits have on reproductive value in men and women (yet
see Buston and Emlen 2003 for a more refined set of findings supporting assortative
mating).

Reproductive value signalled by extended phenotypic traits can have fitness conse-
quences either materially, bioenergetically, or genetically. A man who occupies desir-
able territory will provide a propitious developmental niche for offspring (cf. Krams
et al. 2019; Stotz 2017). This has both direct benefits and indirect benefits to offspring,
if one makes the assumption that the male’s capacity to win over that territory has a
heritable component. In modern humans, the existence of this heritable component is
suggested by studies reporting that genetic differences account for variation in income,
educational attainment, and intelligence (Hill et al. 2016, 2018a, 2018b; Lee et al. 2018;
Minkov et al. 2016; Okbay et al. 2016; Sniekers et al. 2017). Women’s sexual
ornaments and extended sexuality (i.e. the desire to mate despite fertility being at or
near zero e.g. outside the fertile phase of the menstrual cycle or during pregnancy)
evolved partly because they enhanced acquisition of male-delivered material benefits
and services (Thornhill and Gangestad 2008; see also Cloud and Taylor 2018). Much
like the beaver that constructs a dam to have an enlarged catchment area to harvest
energy from the environment (Dawkins 1982), women select males not only to provide
good genes for their offspring but also to act as “an enlarged catchment aid” that
harvests energy from the environment to the benefit of the woman’s offspring. In some
cases, however, it might be in the man’s benefit to invest those bioenergetic resources in
the production of new offspring.

It is in this sense that males who provide material benefits to women and their
offspring act as functional extended phenotypes that boost the fitness of those other
genotypes. In a large German sample, most men (75.3%) could imagine marrying
someone who does not have regular employment, while relatively few women (28.0%)
were interested in such a partner (Schwarz and Hassebrauck 2012). In the Tsimane of
Bolivia, successful male hunters have more attractive wives, higher levels of fertility,
and are rated as more influential than those who are unsuccessful (Gurven et al. 2009;
cf. similar results in an Amazonian society: Escasa et al. 2010). Interestingly, following
predictions from assortative mating in Western societies (Buston and Emlen 2003;
Robinson et al. 2017), productive Tsimane men are paired with productive women,
with these pairs having higher in-pair fertility and their children showing higher
survivorship than children in other families (Gurven et al. 2009). The view that a male
provides the sole functional extended phenotype for the offspring, however, is mis-
leading in a number of ways (e.g. Bribiescas et al. 2012). Both parents typically act as
functional extended phenotypes for offspring in humans (the obvious exception being
single parenthood). What is important to note is the diverging fitness landscapes of
each individual—those of the father, those of the mother, those of each offspring—and
how each individual manipulates one another in an attempt to maximize one’s own
fitness (Liu et al. 2017; Said-Mohamed et al. 2018; Schlomer et al. 2011).
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Theoretical Considerations

Niche Construction

Because applying the extended phenotype concept in research on human sexual selec-
tion has not received substantive attention, it is necessary to predict some of the most
obvious criticisms that may be levelled against it. Since the publication of The Extended
Phenotype in 1982, a theory significantly overlapping with Dawkins’s theory has been
proposed under the name of niche construction (Odling-Smee et al. 2003). Dawkins
(2004) has subsequently criticized the emergence of niche construction, concluding that
it “is a phrase that should be abandoned forthwith”, though others have pointed out that
the niche construction approach is not in conflict with the extended phenotype approach
(Hunter 2009). Recent critical discussions of niche construction and the extended
phenotype theory (Hunter 2009; Scott-Phillips et al. 2014; Wells 2015) surpass the
scope of the present article.

It is more logical from the point of view of sexual selection research to use the
extended phenotype theory rather than niche construction. This is because the central
focus of the extended phenotype theory is on particular end-products of an individual’s
manipulative and construction behaviors, whilst niche construction is more concerned
with macroevolutionary processes (see e.g. Laland and O’Brien 2011; Scott-Phillips
et al. 2014). Furthermore, niche construction has given substantially more attention to
viability selection than sexual selection (Odling-Smee et al. 2003). A recent review on
niche construction, for example, makes only a passing reference to sexual selection
(Laland et al. 2017), while research on sexual selection (in nonhuman animals)
frequently utilizes the extended phenotype approach (Head et al. 2017; Jordan et al.
2016; Rubalcaba et al. 2016; Schaedelin and Taborsky 2009).

Initial Hypotheses and Future Research

I have found that the viewpoint represented by the label ‘extended phenotype’ has
made me see animals and their behaviour differently, and I think I understand
them better for it. The extended phenotype may not constitute a testable hypoth-
esis in itself, but it so far changes the way we see animals and plants that it may
cause us to think of testable hypotheses that we would otherwise never have
dreamed of. (Dawkins 1982, p. 2).

Evolutionary explanations are sometimes criticized for not generating testable predic-
tions and hypotheses (Boutwell et al. 2015). Owing to the scope of the present
theoretical framework (cf. Dawkins 1982, pp. 1–4), there is a range of hypotheses
and predictions that can be derived from it. Some of these (H1–H6) have already been
discussed and tested above. Others are summarized in Table 10, though the list is by no
means exhaustive.
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Table 10 Hypotheses to direct future research on extended phenotypic trait expression

Population-level hypotheses Evidence

Hypothesis 1: Human populations inhabiting climates
with greater within-year variation in temperature
have higher future time orientation

Preliminary evidence supports this hypothesis, as
reviewed in Burke et al. 2017; Orosz et al. 2017;
Van Lange et al. 2017.

Hypothesis 2: Human populations inhabiting climates
with higher within-year variation in temperature
have higher innovative outputs

Previously untested hypothesis. Preliminary evidence
supports this hypothesis, as summarized in the
results sections and further visualized in Fig. 5.

Hypothesis 3a: Human populations inhabiting
climates with higher within-year variation in tem-
perature have greater and/or more diverse pro-
duction of inanimate extended phenotypes (traded
off against early reproduction)

Hypothesis 3b: This effect is expected to be
significantly smaller in nonhuman animals because
unlike in humans, phenotypic and behavioral
adaptations have enabled colonization of cold
environments in nonhuman animals

3a: Previously untested hypothesis. Preliminary
evidence supports this hypothesis, as summarized
in the results sections and further visualized in
Figs. 5 and 6.

3b: Untested hypothesis

Hypothesis 4: Human populations inhabiting climates
with higher within-year variation in temperature
place more emphasis on inanimate extended phe-
notypes in sexual selection

Untested hypothesis. Economic Complexity Index
correlates positively with winter harshness (Fig. 5).
Whether this effect is driven by sexual selection is
unknown. Whether it affects sexual selection is also
unknown.

Hypothesis 5: Population density is expected to
magnify the effects listed in H1, H2, H3a, and H4

Burger et al. 2017; Keeley 1988; Kline and Boyd 2010;
Kokko andRankin 2006;Munro et al. 2014; Sng et al.
2017; Tallavaara et al. 2018; further evidence
presented in the results sections above.

Hypothesis 6: The effect of cold climate on innovation
is mediated by intelligence

Bivariate correlations between cold climate and
innovation (Rindermann et al. 2015; Van de Vliert
and Murray 2018) and between intelligence and
innovation (Azam 2017) have been found before
and replicated here (Fig. 7). A mediation analysis
(Table 9) showed that intelligence significantly
mediates the effect of cold demands on ECI.

Individual-level hypotheses Evidence

Hypothesis 7:Mate preferences for extended phenotypic
traits develop later than preferences for phenotypic
traits

Preliminary evidence supports this hypothesis
(Hughes and Aung 2017).

Hypothesis 8: Energetic investment in extended
phenotypic signalling is traded off against early
reproduction. That is, individuals who invest heavily in
extended phenotypic trait expression are less likely to
reproduce early than individuals who do not invest
heavily in extended phenotypic trait expression

Untested hypothesis

Hypothesis 9: Individuals with greater physical
attractiveness are more likely to reproduce younger
and less likely to invest in extended phenotypic
signalling

Untested hypothesis
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Limitations

The present review has sketched a broad argument that unites several theoretical ap-
proaches, coupled with an analysis of cross-cultural biodemographic, ecological, and
economic data. Within the scope of this article, it is impossible to provide a detailed
discussion of all hypothesized covariates and proximate mechanisms underlying these
large-scale patterns of human behavioral ecology. Thus, the current article is not exempt
from the axiomatic tradeoff between breadth of appeal and specificity of prediction (Bailey
2012; Pepper and Nettle 2017b) despite the concentrated attempt to spell out specific
hypotheses in the previous sections. Nor is it always unproblematic to extrapolate

Table 10 (continued)

Hypothesis 10: Food gifts during courtship have
higher incentive value for individuals who live in
resource scarcity or who have experienced
pre-natal or post-natal nutritional scarcity

Untested hypothesis

Sex difference hypotheses Evidence

Hypothesis 11: Inanimate extended phenotypic traits are
more important in women’s than in men’s mate choice

Confirmedwith cars (Dunn and Searle 2010; Sundie et al.
2011) and apartments (Dunn and Hill 2014). Guéguen
(2015) and Lewis et al. (2017b) found that high-heeled
footwear enhances women’s attractiveness, but since a
comparative study between sexes has not been done,
more research is needed on the sex-specific effects of
clothing on attractiveness (cf. Kramer and Mulgrew
2018).

Hypothesis 12: Men invest more bioenergetic
resources into the production of inanimate
extended phenotypic traits than women

Evidence supports this with literature (Lange and Euler
2014), jazz albums, paintings (Miller 1999), and sci-
entific outputs (Kanazawa 2000). More research is
needed on sex differences in signalling via clothing.

Hypothesis 13: Animate extended phenotypic traits are
more important in women’s than in men’s mate choice

Evidence supports this with pet-keeping (Gray et al.
2015) and with mate choice copying (Luoto and
Spriggs 2018, and references therein).

Hypothesis 14: Attractive phenotypic traits can
compensate for lack of extended phenotypic trait
development in men in certain ecological contexts
(resource abundance) but not as much in others
(resource scarcity) (Sng et al. 2018 have proposed
a similar hypothesis)

Untested hypothesis (but see Walasek and Brown
2015 and Walasek et al. 2017, who found that
status goods are more sought for in US states with
higher inequality)

Hypothesis 15: Attractive extended phenotypic traits
seldom compensate for lack of attractive
phenotypic traits in women, but may do so in men

Preliminary evidence supports this with cars (Dunn and
Searle 2010; Sundie et al. 2011); apartments (Dunn and
Hill 2014); and pets (Gray et al. 2015).More research is
encouraged on clothing and food gifts.

Hypothesis 16: Food gifts during courtship have
higher incentive value for women than for men

Untested hypothesis in Western populations. According
to anthropological evidence, Siriono men in Bolivia
use meat to obtain extramarital sex (Holmberg 1969),
Mehinaku women in the Amazon use their sexuality
to secure food from men (Gregor 1985, pp. 36–37),
and the Kulina in South America have a ritual practice
wherein women have sex with successful hunters
(Pollock 2002, p. 53).
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individual-level hypotheses to population-level data: thus, caution is recommended when
interpreting population-level findings without complementary longitudinal or individual-
level studies (Minkov et al. 2016; Pollet et al. 2014).

The current findings on economic complexity describe global trends: the strong
negative correlation (Figs. 6 and 9) between ECI and adolescent fertility, for
example, indicates a substantial tradeoff between economic complexity and repro-
ductive timing that is of significant interest to life history theorists. Nevertheless,
despite the inclusion of adolescent fertility as an independent variable, the relation-
ship between economic complexity and sexual rather than viability selection re-
mains to be explored in greater detail in future research (cf. Hypothesis 4). It is also
noteworthy that ECI measures economic activity rather than cultural activity, which
has been studied elsewhere using other measures (Murray 2003; Van de Vliert and
Murray 2018; Winegard et al. 2018). Though the ECI data span 122 countries
across the globe, the examples of extended phenotypes reviewed in the “Inanimate
Extended Phenotypes” section are mainly from modern Western cultures: it would
thus be valuable to explore the role of extended phenotypic traits in non-Western
and traditional cultures. The present framework is therefore intended to encourage
inputs from a range of scholars to further test its utility.

Discussion

This article has fostered theory unification by synthesizing the four approaches named in
the title: extended phenotype theory, life history theory, behavioral ecology, and human
sexual selection. What the framework sets out to do is to initiate a systematizing of
bodies of research that could otherwise seem disjointed, but are in fact unified by
operationalizing evolutionary theory in the interactions that organisms have with their
environments. The formalization of extended phenotypic traits as a component in human
sexual selection is the missing link in a larger conceptualization which divides sexual
traits into three categories: phenotypic, behavioral, and extended phenotypic traits.
Extended phenotypic traits include not only ostentatious displays of wealth (Dunn and
Hill 2014; Miller 2010; Sundie et al. 2011), but a myriad of other artefacts and social
cues that can convey the cultural competencies, neurocognitive qualities, or provision-
ing abilities of their producer or displayer (Gao et al. 2017a, 2017b; Hughes and
Aung 2017; Lange and Euler 2014; Luoto and Spriggs 2018; Miller 2001; Miller
and Todd 1998; Miller 2000; Rosenfeld and Thomas 2012; Winegard et al. 2018).

The conceptual overlap between the extended phenotypes produced and/or manip-
ulated by humans and nonhuman animals is substantial (Table 1). This fundamental
realization can set in motion research programmes on the evolutionary continuity and/
or divergences between extended phenotypic traits in humans and nonhuman animals.
Another fundamental realization—that the signalling value of many human-made
extended phenotypes is an exaptation (Gould and Vrba 1982) of their original func-
tional value, as in nonhuman animals (Schaedelin and Taborsky 2009)—can further
augment the depth and impact of research on extended phenotypes and sexual selec-
tion. A third central point is a consideration of the genetic basis that creates individual
differences in extended phenotypic trait expression, a point that is too often neglected in
research on non-bodily traits in human sexual selection.
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Human life histories comprise behaviors that transfer energy from the environment into
phenotypes and further into extended phenotypes. A life history perspective recognizes that
extended phenotypic traits can constitute core LH traits: they impose substantial bioenergetic
costs but have profound fitness implications for humans. Bioenergetic resources invested in
extended phenotypes are traded off against other LH traits. As shown in Figs. 6 and 9, for
example, adolescent fertility negatively correlates with economic complexity. This suggests
that there is a population-level LH tradeoff between early reproduction and investment in
extended phenotypes.

Adopting a life history perspective to analysing sexual traits does not ipso facto
mean that viability selection and sexual selection need to be treated as antagonistic
processes (Fig. 1). Granted, sometimes there are grounds to do so (Jordan et al. 2016),
but sometimes a unit of investment into functional extended phenotypes can also pay
dividends as extended phenotypic cues that can influence sexual selection (e.g.
Rubalcaba et al. 2016). That way, extended phenotypic cues can demonstrate the
synergistic relationship between viability selection and sexual selection (Rubalcaba
et al. 2016; Schaedelin and Taborsky 2009)—as several phenotypic signals do (Lassek
and Gaulin 2008; Sell et al. 2017; Thornhill and Gangestad 2008)—while occasionally
drawing attention to tradeoffs between viability and sexual selection.

LH theory further predicts that there are different fitness benefits that organisms are likely
to receive for any unit of bioenergetic investment made into sexual traits in each of the three
categories at any given point in organismal development (Fig. 12; cf. Ellison 2017). Traits in
these categories have a hierarchical onset of development (Fig. 2). It is important to note that
not only the biochemical constitution of the phenotype per se is the target of selection.
Viability selection and sexual selection also exert selection pressures (Fig. 1) on the way in
which organisms channel energy flows from phenotypes into extended phenotypes (e.g.
Blamires et al. 2018; González et al. 2017; Luhring et al. 2017; Meunier et al. 2017). A
possible evolutionary outcome of these selection pressures may be the high correlation
between atmospheric cold demands and economic complexity (Fig. 5), which suggests that
greater rates of innovation and reliance on extended phenotypic traits are required for human
thriving in ecological conditions that impose greater cold demands on survival (cf. De Dreu
and vanDijk 2018). These ecological conditions may also select for slower LH strategies, as
suggested by the strong negative correlation between cold demands and adolescent fertility
(r= −.51 in 1995 and r= −.56 in 2016: Tables 3 and 4).

That sex-specific mate preferences also follow the predictions that arise from the
current theoretical framework constitutes important psychobehavioral evidence for the
utility of the framework. These biodemographic and psychobehavioral findings reflect
the basic tenet of life history evolution: that the essence of life can be defined as variant
forms competing to harvest energy from the environment in the service of reproduction
(Del Giudice et al. 2015; Ellison 2017; Snell-Rood et al. 2015). The production and
manipulation of extended phenotypes can be a proximate mechanism underlying that
ultimate function (Fig. 1), which provides an additional rationale for synthesizing
extended phenotype theory with life history theory.

A high quality phenotype runs the risk of being evolutionarily futile if its quality is
not effectively signalled to the opposite sex. Extended phenotypic traits amplify the
scope of organismal signalling vastly beyond the limitations of phenotypic and behav-
ioral traits by utilizing many aspects of the innovative capacity that biological evolution
has endowed humans with (Lane 2016; Schaedelin and Taborsky 2009). During the
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past decades, sexual traits that are independent of the body have risen in importance
due to increasing globalization and the advent of the Internet (Oishi 2010; Rosenfeld
and Thomas 2012; Sumter et al. 2017; Timmermans and De Caluwé 2017), providing
magnified opportunities and payoffs for extended phenotypic signalling. Insight into
the evolutionary dynamics between each of the trait categories—phenotypic, behavior-
al, extended phenotypic—is crucial for enhancing our understanding of the complexity
of human sexual selection at the level of individuals, cultures, and populations (cf.
Wilson et al. 2017). This is a particularly salient research question in the rapidly
changing modern world in which technological innovations and globalization (Blake
et al. 2018; Lane 2016; Oishi 2010; Rosenfeld and Thomas 2012) revolutionize the
ways in which people harvest energy from the environment, interact with one another,
and fall—or don’t fall—in love.

Conclusion

Evolution causes biological diversity through adaptation to environmental conditions.
Human cultural evolution has enabled the near-global spread of our species, unprece-
dented population growth, and an order-of-magnitude increase in cultural innovations.
All of these outcomes shape the way in which viability selection and sexual selection
operate in modern humans.

Yet not all populations are equally innovative, not all economies equally complex. With
a dataset comprising 122 nations, I explored theways inwhich ecological and demographic
variables predict global variation in economic complexity. The results of these analyses are
in line with predictions arising from evolutionary theory: economic complexity is higher in
countries with colder winters, an effect significantly mediated by country-level differences
in intelligence (Tables 5 and 6; Fig. 7). Because of a significant heritable component in
intelligence and creativity (deManzano andUllén 2018; Hill et al. 2016, 2018a, 2018b; Lee
et al. 2018;Minkov et al. 2016; Okbay et al. 2016; Sniekers et al. 2017), this result suggests
the existence of genetic population-level underpinnings in extended phenotypic trait
expression as originally postulated at the level of individuals by Dawkins (1982; cf.
Hoover et al., 2011). Economic complexity is also significantly constrained by
population-level adolescent fertility rates (Fig. 6), showing the expected life history tradeoff
between early reproduction, innovation, and economic development. These results shed
light on the ways in which evolutionary processes shape human adaptation to local
environments. The results further suggest that these adaptive processes occur both at the
level of psychological traits (intelligence, innovative capacity) and de facto behaviors,
indexed by global variation in reproductive timing, innovation, and economic complexity.

Echoing the influential work of Gould and Vrba (1982), whether this is a trivial article
on terminology or a deeply meaningful statement about evolution and human develop-
ment ultimately hinges upon the importance of extended phenotypes to human behavior
and sexual selection. Adopting the synergistic viewpoint offered by behavioral ecology,
life history theory, sexual selection, and extended phenotype theory is beneficial only to
the extent that a multilevel, evolutionary analysis contributes to an improved understand-
ing of human behavior (cf. Luoto et al. 2019; Rantala et al. 2018). I argue that it does, since
the present theory unification offers an explicitly articulated synthetic approach to organize
research on sexual selection, life history theory, behavioral ecology, and cultural evolution.
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The absence of this synthesis has restricted the range and theoretical cohesion of existing
evolutionary research in hitherto unrecognized ways.
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Glossary

Allele each of two or more alternative forms of a gene found in the
same genetic locus.

Atmospheric cold
demands

a climatic variable that is coded as the sum of the absolute
downward deviations from 22 °C for the average lowest
temperature in the coldest month, the average highest
temperature in the coldest month, the average lowest
temperature in the hottest month, and the average highest
temperature in the hottest month (Van de Vliert 2013).

Behavioral ecology studies the evolutionary basis for behavior shaped by
ecological pressures such as climate, habitat characteristics,
and conspecific interactions.

Cognitive buffer
hypothesis

suggests that the primary adaptive function of a large brain is
to buffer individuals against environmental challenges by
facilitating the construction of behavioral responses (Sol
2009).

Conspecifics are members of the same species; heterospecifics are
members of a different species.

Cues can provide information to other organisms, but they were
not evolutionarily selected for the specific purpose of
conveying information. Many signals have nevertheless
evolved from cues through the evolutionary process of
signaller precursor route: signals can evolve from
behaviors or structures that originally were informative
aspects of the signaller and then became specialized over
evolutionary time to convey information more effectively
(Laidre and Johnstone 2013). It can be challenging to estab-
lish what is a cue and what is a signal (Sugiyama 2015)
especially in contemporary human sexual selection on ex-
tended phenotypic traits. This is why the current work
(mostly) refrains from discussing extended phenotypic traits
as signals and instead refers to them simply as cues or traits.

Ecological inheritance refers to ecological legacies passed on to future generations
that are generated by niche construction activities of past
generations.
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Economic Complexity
Index (ECI)

a holistic measure of the knowledge, industrial composition,
and production characteristics of a country.

Exaptation a feature that enhances fitness in a way that differs from its
“original” evolutionarily selected role; i.e. it is a trait that
currently has a positive fitness effect without being an
adaptation specifically for that effect (Buss et al. 1998; Gould
and Vrba 1982).

Extended phenotypes are a part of the phenotype expressed beyond the body. In
simplified terms, and not taking into account the polygenic
architecture underlying the creation or manipulation of
extended phenotypes, they result from the effects of an allele
upon the world that have a bearing on that allele’s survival or
proliferation (Dawkins 2004). This includes any feature of
the abiotic or biotic environment that is the result of manip-
ulative action or construction behavior of an individual, but
excludes any result of such manipulative behavior that does
not affect the organism’s fitness negatively or positively
(Dawkins 1982; Schaedelin and Taborsky 2009). This defi-
nition therefore includes the dam that a beaver builds, but not
the footprints it makes when building it (Dawkins 1982, p.
315). Both result from the action of an organism upon the
world, but only the dam has a fitness implication to the
beaver. Extended phenotypes can be divided into inanimate
and animate ones.

Extended phenotypic
plasticity

refers to the process of extended phenotypes adapting to the
demands of the environment, interacting with it, and gaining
feedback from it, thereby creating phenotype–environment
interactions and extended phenotype–environment interac-
tions that flow through generations (Blamires 2010;
Lehmann 2008).

Functional traits are the morphological, physiological, phenological, and
behavioral characteristics of an organism that have an
influence on performance or fitness (Meunier et al. 2017).

Kin selection refers to any variation in indirect fitness among different
phenotypes caused by their ability to influence the
reproductive success and survival of genetically similar
individuals.

Natural selection is the sum total of viability selection, sexual selection, and kin
selection (Cornwallis and Uller 2010).

Niche construction is a theoretical framework that studies the ways in which
organisms choose and modify components of their local
environments.

Phenotype is the composite of an organism’s observable physical or
biochemical features (as determined by genetic makeup and
environmental influences) (Bolondi et al. 2017). Cognitive
traits such as intelligence are classified as phenotypic traits in
this article. Thus, phenotypic traits can be further divided into
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somatic (physical) and cognitive (psychological) traits (e.g.
Miller and Todd 1998). Much literature exists on behavioral
phenotypes; for reasons of theoretical accuracy and empirical
distinction, however, behavioral traits are here distinguished
from phenotypic traits. Likewise, though extended pheno-
typic traits could be seen as a subcategory of phenotypic
traits, they are treated as a separate category because they do
not fulfil the orthodox definition of a phenotype.

Phenotypic plasticity refers to the ability of a single genotype to produce multiple
phenotypes when exposed to different environments.

Secondary adaptations (sometimes called post-adaptations) are adaptive changes that
an exaptation undergoes to become better suited to its
evolutionarily novel function.

Secondary sexual
signals

are sexually selected traits that give an organism an
advantage over its rivals in mate choice without being
directly involved in reproduction. Examples in humans
include enlarged breasts and muscles.

Sexual selection is defined as any variation in direct fitness among different
phenotypes caused by their ability to gain sexual partners,
produce fertilized eggs, and generate offspring.

Signals are traits that were evolutionarily selected for because they
conveyed information about the signaller, affecting the
behavior of other organisms and ultimately impacting the
fitness of both the signaller and the recipient (Laidre and
Johnstone 2013).

Trait-based ecology provides a functional approach to understanding ecological
interactions by focusing on the expression of functional traits
under distinct environmental conditions (Meunier et al.
2017).

Viability selection refers to any variation in direct fitness among different
phenotypes caused by their ability to survive.
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