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Exceptional insights into the organization of human cognitive abilities and some of the
underlying brain mechanisms have emerged over the past 120 years. More recent studies
have resulted in the identification of potential genetic and very basic brain mechanisms
(e.g., synaptic plasticity) that undergird human cognition. These knowledge gains have
been largely atheoretical, that is, they followed the emergence of new technologies, such
as brain imaging methods and genome-wide association studies. The current proposal
provides a theory-driven, evolutionary framework for studying human cognition using
the frontoparietal and default mode networks as examples. The approach organizes the
study of complex cognition around four dimensions: the pressures that drove the
evolution of these networks, network functional competencies, the underlying biological
mechanisms, and their development. The approach integrates the study of complex
cognitive abilities across multiple dimensions and provides directions for future studies.

1. Introduction

The study of human cognitive abilities has flourished,
albeit not without controversy (Richardson, 2002), since
Spearman’s (1904) seminal finding that performance on
cognitive measures, course grades, and even rating of
“common sense” are positively correlated. Based on these
findings, he concluded “that all branches of intellectual ac-
tivity have in common one fundamental function (or group
of functions)” (Spearman, 1904, p. 285). Ensuing debates
centered on whether human cognition should be best un-
derstood as a unitary set of competencies known as g (gen-
eral intelligence), as argued by Spearman, or a constellation
of relatively unique abilities, as argued by Thomson (1916),
Thurstone and Thurstone (1941), and others. It is now ac-
cepted that human cognition is hierarchically organized
with narrow specific abilities (e.g., arithmetic, geometry)
at the lowest level, broad domain-specific abilities (e.g.,
mathematical) at the next level, and general ability at the
highest level (Carroll, 1993; Cattell, 1963; McGrew, 2009;
McGrew et al., 2023), although debates continue regarding
the specifics of general ability (Kovacs & Conway, 2016).

Our understanding of human cognition, including gen-
eral intelligence, is based on a very productive psychomet-
ric research program spanning more than a century, as well
as decades of research on the underlying cognitive mech-
anisms and processes (e.g., working memory, processing
speed) (Carpenter et al., 1990; Hunt et al., 1975) and more
recently studies of the underlying brain networks (Barbey,
2018; Jung & Haier, 2007; Penke et al., 2012) and associated
genetic correlates (Gargus & Haier, 2025; Loughnan et al.,
2023). The corresponding research has been largely driven

by the methodologies available to study cognition and not
by a broader theoretical perspective. Tinbergen’s (1963)
four questions about the nature of biological traits will pro-
vide such a multidimensional theoretical perspective on
human cognition and in doing so provide avenues for future
empirical studies. Bateson and Laland (2013) summarized
these four questions:

“These problems can be expressed as four questions
about any feature of an organism: what is it for? How
did it develop during the lifetime of the individual?
How did it evolve over the history of the species? And,
how does it work?” (Bateson & Laland, 2013, p. 712).

The questions in effect state that a full understanding
of the trait or traits in question only emerges when these
are answered and when the relations among them are in-
tegrated. Of course, the trait or traits of interest need to
first be identified. I focus on fluid intelligence, or the ability
to adapt and problem solve in novel contexts, and the core
supporting frontoparietal brain network, as well as on the
default mode network that enables the generation of self-
referential mental models that can be used in problem solv-
ing. The focus is on distinct brain networks, because from
this perspective g — brain mechanisms common to all forms
of perception and cognition - is potentially just a summary
variable that captures individual differences at multiple
levels of analysis (e.g., network integrity, synaptic plastic-
ity). If so, then different individuals could achieve similar g
scores with somewhat different constellations of strengths
and weaknesses at the different levels described in Section
2. In any case, some of the basic issues are outlined in Table
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Table 1. Core evolutionary questions about human cognition

How Did Human Cognition Evolve?

Basic Issues

novelty?

What were the survival or reproductive advantages that favored the expansion of brain size and enhanced ability to cope with

a.  What were the key general selection pressures (ecological, social)?

b. What do likely changes in brain anatomy based on comparative studies imply about evolutionary advantages of humans’ enhanced cognitive abilities?

What Is Human Cognition For?

Basic Issues

for their evolution)?

How were these evolving abilities used to achieve survival or reproductive advantage in historical contexts (i.e., contexts that selected

What is the current utility of these abilities?

a. Current utility need not be the same advantages associated with their evolution.

How Does Human Cognition Work?

Basic Issues

What are the cognitive mechanisms?

a.  What cognitive systems support novel problem solving and related domain-general abilities?

b. What are the cognitive systems that support the development and functioning of domain-specific abilities?

c. How does the interaction between domain-general abilities and domain-specific systems create evolutionarily novel abilities (e.g., reading)?

What are the underlying brain mechanisms?

a.  What are the key large-scale brain networks?

b. What aspects of intercellular functioning facilitate efficient network functioning and adaptation?

c.  What intracellular functions support cellular health and intercellular functions?

What are the genetic and environmental influences on the functioning of these mechanisms?

a. Arethere different constellations of genes that influence functioning at different levels of brain mechanism?

b. Are there different environment factors that influence functioning at different levels of brain mechanism?

How Does Human Cognition Develop?

Basic Issues

cognitive abilities?

What are the species-typical nutritional, caloric and related factors needed for the full development of the brain systems that support

cognitive abilities?

What are the species-typical behavioral activities and experiences that contribute to the development and expression of different

How does evolutionarily-novel experiences, like schooling, affect the development of different cognitive abilities?

What is the lifespan trajectory of cognitive abilities?

Do experiences or other factors (e.g., physical health) influence the lifespan trajectory of cognitive abilities?

1. I cannot address all of them here but elaborate on a few
to illustrate the utility of the evolutionary framing.

2. Evolutionary Perspective

2.1. How Did Human Cognition Evolve and What
is Human Cognition For?

Evolution will favor traits that are partially heritable and
enhance survival and reproductive prospects across genera-
tions. The associated selection pressures are often concep-
tualized as ecological or social. Ecological pressures include
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weather patterns that can affect food availability, as well
as the effects of predators, prey, and parasites on survival
prospects. The influence of weather patterns on food avail-
ability and the associated evolutionary change in the size
and structure of the beaks — which influence the types of
foods that can be eaten - of Darwin’s finches on the Gala-
pagos islands have been extensively documented (Grant &
Grant, 2014) and provide solid empirical support for Dar-
win’s (1859) mechanisms of natural selection. Social pres-
sures involve competition among members of the same
species for social influence and for access to and control
of resources that are important in their ecology (Geary,
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2005). Any heritable trait that facilitates this competition
will evolve in the same way that the beaks of Darwin’s
finches evolve (Mayr, 1974; West-Eberhard, 1983). West-
Eberhard referred to these dynamics as social selection,
which often includes cooperation with others to better help
individuals compete for resource control or social influence.
Sexual selection - intrasexual competition for social dom-
inance and intersexual mate choices - is a subset of social
selection and a potent driver of evolutionary change (An-
dersson, 1994; Darwin, 1871; Geary, 2021).

Ecological and social pressures are not mutually exclu-
sive and the relative importance of one or the other likely
varies across evolutionary time. Both classes of selection
pressure have been proposed as influencing the evolution
of human cognitive abilities. The common theme across
proposals is the adaptive advantages of foresight, planning,
and the ability to cope with social and ecological change
and novelty (Alexander, 1989; Ash & Gallup, 2007; Bailey
& Geary, 2009; Flinn et al., 2005; Geary, 2005; Kanazawa,
2004; Kaplan et al., 2000; Potts, 1998). The models thus pri-
marily focus on fluid intelligence rather than g per se. Fig-
ure 1 integrates the core of these models in ways consis-
tent with Cattell’s (1963) original insight that the current
function of fluid intelligence is to cope with novelty. The
straightforward extension here is that the advantages to
coping with social and ecological variability or novelty also
drove the evolution of the supporting brain and cognitive
systems, even if many of the novel conditions today (e.g.,
schooling) are different than those that drove the evolution
of these systems. All this tells us, however, is that indepen-
dently developed evolutionary models and Cattell’s pro-
posal converge on the critical importance of brain and cog-
nitive systems that can cope with novelty and change, but
this does not inform us about the pressures that resulted in
the evolutionary elaboration of these systems.

One way to make inferences about these pressures is to
explore the most likely contributors to the three-fold in-
crease in brain size over the past 4 million years of hominin
evolution and the accelerated pace of enlargement since the
emergence of the genus Homo about 2 million years ago
(Anton et al., 2014). Here, I assume that the moderate cor-
relation between brain size and fluid intelligence in living
humans (Deary et al., 2022) holds during human evolution
(Penaherrera-Aguirre et al., 2023), that is, that fluid abili-
ties supported in part by the frontoparietal network (FPN)
and use of mental models supported by the default mode
network (DMN) increased with gains in overall brain size —
in fact, they disproportionately increased as elaborated in
Section 2.2.

One proposal is that ecological change was the primary
driver of the evolutionary enlargement of hominin brain,
including deforestation and increases in savannah in sub-
Saharan Africa before the emergence of Homo (Vrba, 1995).
The proposal, however, is inconsistent with the finding that
other primates living in these same regions did not show a
comparable change in brain size (Elton et al., 2001). More-
over, Stibel (2025) found no relation between hominin brain
size and glaciation periods during the Pleistocene, except
for changes during the past 100,000 years. The largest of
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these changes — decrease in brain size — occurred with
deglaciation about 17,000 years ago, with more recent cli-
mate fluctuations being unrelated to brain size (Stibel,
2023). Stibel concluded that “climate appears to account
for only a small amount of the variation in brain size evo-
lutionarily” (Stibel, 2023, p. 104). Overall, it appears that
there was something specific to our Australopithecine and
especially Homo ancestors that drove brain expansion. This
specific something was potentially a with-species arms race
whereby improvements in tool technologies and other in-
novations (Foley & Lahr, 1997), such as cooking which in-
creases the calories and nutrients available in food (Aiello
& Wheeler, 1995), resulted in gains in the ability to extract
resources from the ecology and reduce predatory threats.
Alexander (1989) called this ‘ecological dominance’.

“the ecological dominance of evolving humans dimin-
ished the effects of ‘extrinsic’ forces of natural selec-
tion such that within-species competition became the
principle ‘hostile force of nature’ guiding the long-
term evolution of behavioral capacities, traits, and ten-
dencies”

(Alexander, 1989, p. 458).

Increases in food extraction technologies and cooking
would have increased the carrying capacity of the ecology
and thus provided the additional calories needed to expand
brain size. The consistent use of hearths for cooking
emerged about 400,000 years ago and is indeed associated
with gains in brain size (Dunbar, 2025; Roebroeks & Villa,
2011). These gains, however, would not have emerged un-
less the advantages of increased size and associated cogni-
tive gains resulted in survival or reproductive payoffs. In-
creases in carrying capacity are generally associated with
population expansions and eventually heightened social
competition as per capita resource availability decreases
(Mac Arthur & Wilson, 1967). In other words, these docu-
mented gains in technology and innovation in our ances-
tors likely resulted in simultaneous reductions in energetic
constraints on brain expansion and eventual increases in
the intensity of social competition. The result was the per-
fect storm for the eventual emergence of an unprecedented
within-species arms race, as illustrated in the top and right-
most ovals of Figure 1.

Geary (2005) argued that intensifying social competition
modified Darwin and Wallace’s (1858, p. 54) conceptual-
ization of natural selection as a “struggle for existence”
to become in addition a struggle with other human beings
for control of the resources that support life and allow one
to reproduce (p. 60). The eventual result of this struggle
for control of diminishing per capita resources would be a
population crash, as was described by Malthus (1798) for
Europe and parts of Asia and Hamilton and Walker (2018)
for hunter-gatherer populations. The crash in turn would
increase the per capita availability of resources and trig-
ger another cycle of population expansion and later con-
traction. A critical feature of these crashes is that they dis-
proportionately affected lower-status individuals and their
families (Brandstrom, 1997; United Nations, 1985). An ex-
ample is provided by demographic records from 18t cen-
tury Berlin, whereby Schultz (1991) found a strong corre-
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Figure 1. A cyclical within-species arms race is the most plausible account of the evolutionary enlargement of
the human brain and enhancement in fluid intelligence and use of self-referential mental models supported by
the frontoparietal and default mode networks, respectively. Adapted from Mitochondrial functions, cognition, and
the evolution of intelligence: Reply to commentaries and moving forward by Geary, 2020, Journal of Intelligence, 8, p.
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lation (r = .74) between infant and child mortality rates
and family socioeconomic status (SES, based on a combi-
nation of income, education, and occupation). Infant mor-
tality rates were about 10% for aristocrats but more than
40% for laborers and unskilled technicians. “A senior offi-
cial of the welfare authorities (Armenbehirde) observed in
1769 that among the poor weavers of Friedrichstadt 75 out
of every 100 children borne died before they reached [the
age of 12 years]” (Schultz, 1991, p. 243).

Repeating cycles of population expansion and contrac-
tion will accelerate evolutionary selection and favor traits
that provide a competitive advantage over others in terms
of social influence and control of culturally important re-
sources (Geary, 2021). There are probably many such traits
(e.g., healthy immune system), and fluid intelligence was
likely one of them (Geary, 2005). As shown in Figure 1, my
suggestion is that fluid intelligence and related competen-
cies (e.g., for creativity and associated DMN brain systems
described below) facilitated the creation of novel technolo-
gies, social strategies, and patterns of social organization
that resulted in competitive advantage. Gains in fluid and
related abilities then increased the potential of the remain-
ing population (after the crash) to make further technologi-
cal and other gains. We cannot directly study the associated
social dynamics among early species of Homo or early mod-
ern humans, but evidence for this proposal is found in the
historical record.

An example is provided by the development of large-
scale agriculture, which produces a lower-quality diet than
hunting and gathering, but with more food overall that re-
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duces risk of famine and supports the formation of larger
social groups; larger groups have a competitive advantage
over smaller ones (Clark, 2007; Geary, 2021). The additional
calories could be stored as grain reserves or in livestock
that created a source of wealth for the taking (Hirschfeld,
2015; Turchin, 2009). And in many areas of the world, the
wealth was taken through raids by mobile nomadic groups
(i.e., pastoralists). The theft of agricultural communities’
resources created benefits for the formation of larger com-
munities that in turn was countered by smaller nomadic
groups uniting into larger ones that increased their com-
petitiveness.

This type of warfare cycle emerged in many parts of the
world and was associated with incremental advances in so-
cial organization (e.g., larger villages, early cities), mili-
tary strategy and technology (e.g., chariot), and eventually
leading to the formation of empires (Currie et al., 2020;
Hermann et al., 2020; Turchin et al., 2013). The historical
record and the implied intensity of social competition (es-
pecially for men; see Geary, 2021) is supported by numer-
ous population genetic studies showing the replacement
of one human population by another in all parts of the
world (Zeng et al., 2018; Zerjal et al., 2003). In a recent re-
view of ancient DNA patterns and their implications for un-
derstanding prehistorical social dynamics, Liu et al. (2021)
note:

After the [Last Glacial Maximum, about 20,000 years
ago], a warmer and more stable climate emerged, and
human population dynamics from this time are charac-
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terized by a series of rapid expansions, migrations, in-
teractions, and replacements. (p. 481).

These and related studies indicate that population inter-
actions typically resulted in admixture (i.e., cross breeding)
or the replacement of one group by another. The latter of-
ten involved the men of the new group replacing the men of
the original group and reproducing with the women of the
original group (Liu et al., 2021; Speidel et al., 2021). Zeng
et al. (2018), for instance, found evidence for an extreme
contraction of men’s genetic variability 5,000 to 7,000 years
ago from Africa to Europe to East Asia, with little change
in women’s genetic variability. Genetically, the population
size of women was 17 times larger than that of men, in-
dicating violence eliminated much of the male population
during this epoch. These conflicts along with disease and
famine are associated with population boom and bust cy-
cles (Hamilton & Walker, 2018; Malthus, 1798), and consis-
tent with a long-term within-species arms race that would
favor traits that provided social-competitive advantages
(Scheidel, 2017). These advantages would include the func-
tional competencies of the FPN and DMN.

2.1.1. What’s Human Cognition Good For Now?

As noted in Table 1, the evolved functions of the systems
that enable adaptation to novelty and change are also use-
ful for adapting for the evolutionarily novel features of the
modern world. The most important of these include school-
ing and the modern workplace (Geary, 2005; Kanazawa,
2004). These are cultural innovations that require adapting
basic or primary brain and cognitive systems, such as the
language network, for learning secondary or evolutionarily
novel academic competencies, such as reading, that are im-
portant for day-to-day life in the modern world (Geary,
2024). The same basic plasticity and problem-solving abili-
ties that emerged through the evolutionary arms race likely
contribute to the ability to learn these academic skills and
knowledge. Indeed, fluid abilities and supporting cognitive
mechanisms, including executive functions, are the best
predictors of academic learning and work performance
(Hunter & Schmidt, 1996; Kriegbaum et al., 2018; Lubinski,
2000; Walberg, 1984; Wolfram, 2023). In keeping with the
argument that these systems evolved to cope with variation
and novelty, the more complex and novel the academic do-
main or work requirements, the more important these sys-
tems become.

In a broader sense, these cultural innovations and aca-
demic competencies are part of the longer-term trend to-
ward organizing into larger social groups and generating
new strategies to stay competitive relative to other groups.
Indeed, formal academic instruction developed (or at least
increased in frequency) with the emergence of early em-
pires and dates back at least 5,000 years (Eskelson, 2020).
In these contexts, formal education was used to train a
small number of scribes in literacy and numeracy, who in
turn supported the bureaucratic management of these soci-
eties and feted the accomplishments of the society’s elites.
As the complexity of societies increased over time, schools
expanded, albeit fitfully, in the covered academic content
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and in the student populations they served. For instance,
universal education emerged in Europe over the past 400
years and, in keeping with the social competition thesis,
was focused on increasing national unity and military and
economic competitiveness (Goldin, 1999; Ramirez & Boli,
1987). The same is true for many modern workplaces
whereby private companies organize the activities of peo-
ple to better compete against rival companies.

In short, success in modern workplaces as well as in
school and likely in less formal contexts (e.g., learning tool
construction) in premodern societies enhances individuals’
relative status. As described above (Section 2.1), gains in
social status reduced mortality risks in historical contexts
and thus selected for traits that enhanced social mobility,
including functions of the FPN. A group ethos that supports
the education of its population enhances the competitive-
ness of the group vis-a-vie other groups (Gust et al., 2024;
Rindermann, 2018). The latter is important in the context
of the population genetic data showing that the replace-
ment of one group by another was a common feature of hu-
man social dynamics.

2.2. How Does Human Cognition Work?

A core issue concerns the brain and cognitive mecha-
nisms that supported the proposed evolutionary arms race.
One key mechanism is the use of cognitive control networks
to construct mental models that can be used to generate
and explicitly evaluate potential solutions to changing so-
cial dynamics, variation in ecological conditions, or to gen-
erally solve novel problems (Alexander, 1989; Geary, 2005;
Humphrey, 1976). These mental models allow people to
think about things that have not happened and generate
various potential outcomes and solutions to novel prob-
lems. At the cognitive level, these models are supported
by well-known domain-general abilities, such as executive
functions, along with the use of the visuospatial and lan-
guage systems to populate the models with content.

There are multiple brain networks that support engage-
ment with the world and various problem-solving activities
(J. D. Power et al., 2011; Yeo et al., 2011). The six core cog-
nitive control networks identified by Menon and D’Esposito
(2022) are the most relevant to an evolutionary arms race.
An extensive discussion of these networks is not possible
here, but a few examples will illustrate the utility of the
approach, focusing on the DMN and the FPN. These net-
works support internally and externally focused problem
solving, respectively, and both are related to either fluid
problem solving or more general cognitive abilities (i.e.,
performance across cognitive domains) (Bruner, 2024; Jung
& Haier, 2007; Yadav & Purushotham, 2025). If these net-
works have evolved in unique ways during human evolu-
tion, then at least some aspects of these networks should
be relatively enhanced in humans relative to chimpanzees
and monkeys. An understanding of these comparative dif-
ferences in brain networks and the underlying functions
will provide unique insights into the pressures that drove
human brain evolution and another opportunity to test the
social competition model.
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Figure 2. Key brain areas of the default mode network that support the construction of self-referential mental
representations of the world, including potential future states. To the left is the medial (center) view of the brain
and to the right is the lateral (outer side surface) view. The numbers next to the labels are Brodmann (1909) map
coordinates. From Male, female: The evolution of human sex differences by Geary, 2021, p. 263, Washington, DC:

American Psychological Association.

2.2.1. Default mode network

The DMN (Figure 2) is important because many of the
associated functions are consistent with intense social se-
lection pressures and a within-species evolutionary arms
race. Relative to overall brain size, the human DMN is dis-
proportionately larger than that of chimpanzees (Pan
troglodytes), macaque monkeys (genus Macaca), and poten-
tially Neanderthals (Homo neanderthalensis), and genes that
have undergone recent evolutionary selection are dispro-
portionately expressed in several areas that compose this
network (Balzeau et al., 2012; Bruner, 2018; Buckner &
DiNicola, 2019; Wei et al., 2019). These patterns indicate
the DMN is an evolutionary hotspot. The associated
changes include better integration of the anterior and pos-
terior regions of the network that in turn supports the
ability to generate top-down mental models (Garin et al.,
2022), and better integration of current activities (e.g., a
conversation) with self-relevant beliefs (Yeshurun et al.,
2021). For instance, the architecture of this network in evo-
lutionarily distant primate relatives (e.g., lemurs, genus
Lemuroidea) does not include mechanisms that would sup-
port the top-down generation of a human-like mental
model, although chimpanzees may have rudimentary com-
petencies in this area, but this remains to be substantiated.

The DMN is primarily active during relaxed states and,
among other things, results in “a self-centered predictive
model of the world” (Raichle, 2015, p. 443). The precuneus
(Figure 2) is a core part of the DMN and has shown substan-
tive enlargement since the emergence of H. sapiens (Bruner,
2024; Bruner et al., 2017) and is one of the most meta-
bolically demanding regions of the human brain (Gusnard
& Raichle, 2001). The precuneus contributes to feelings of
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agency, self-awareness, episodic (personal) memories, and
thinking about the world in self-referential ways (Cavanna
& Trimble, 2006; Rugg & Vilberg, 2013). The prefrontal
components of the network contribute to top-down self-re-
flection, goal-directed self-evaluations, retrieval of episodic
memories, and thinking about other people (Davey et al.,
2016; Konu et al., 2020; Mancuso et al., 2022; Smallwood
et al., 2021). The content of these models is consistent so-
cial pressures contributing to the evolutionary elaboration
of the DMN.

“The content of self-generated thoughts suggests that
they serve an adaptive purpose by allowing individuals
to prepare for upcoming events, form a sense of self-
identity and continuity across time, and navigate the
social world. On average, adults tend to rate their
thoughts as goal oriented and personally significant,
yet thoughts also commonly involve other people.”
(Andrews-Hanna et al., 2014, p. 32).

Mental time travel is one critical function of the DMN
and includes the ability to self-construct mental models of
current and potential future states and to use problem solv-
ing, with contributions from FPN, to generate and rehearse
strategies that could reduce the difference between these
states (Menon, 2023; @stby et al., 2012; Suddendorf & Cor-
ballis, 2007), which provides a critical advantage in the con-
text of social competition (Alexander, 1989; Geary, 2005).
This perspective aligns nicely with Oeberst and Imhoff’s
(2023) proposal that humans’ most fundamental cognitive
bias is the implicit or sometimes explicit assumption that
their self-referential view of the world is fundamentally
correct and what is correct for them is also correct for oth-
ers. The only added assumption here is that people’s view
of the world is generally aligned with their self-interests,
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including the future states they wish to obtain. The future
that people think about typically involves gains in social
influence and status, as well as enhanced access to cul-
turally important resources (e.g., money) relative to their
current state. The evolutionary advantages were described
in section 2.1, whereby relative (to other people) gains in
status and resource control were associated with enhanced
survival and reproductive prospects in historical contexts
and in many developing nations today. The salience of rel-
ative gains would provide evolutionary advantages to so-
cial-comparative processes (Festinger, 1954) that result in
a focus on relative status and control, not simply the acqui-
sition of sufficient resources for survival and reproduction
(Alexander, 1989; Flinn et al., 2005; Geary, 2005).

The DMN also includes areas of the temporal cortex that
are associated with social cognitions, such as theory of
mind, and semantic and conceptual knowledge. The latter
include knowledge about the self in relation to other peo-
ple (e.g., relative level of extraversion), an understanding
of how other people perceive you, and an understanding
of ones’ internal states (e.g., emotional) (Xia et al., 2025).
These are important components of self-referential mental
models including the ability to simulate how others will re-
act to different arguments or attempts to persuade them or
influence their behavior in other ways. Sensitivity to and
the ability to reflect on emotional states provides advan-
tages in understanding social dynamics, and awareness of
ones’ strengths and weaknesses provides advantages in so-
cial niche construction, that is, focusing on skill develop-
ment in areas in which one has comparative advantages
(Geary & Xu, 2022; Leary & Buttermore, 2003).

These competencies overlap with parts of the controlled
semantic cognition system in the temporal lobe and parts
of the prefrontal cortex (Binder et al., 2009; Lambon Ralph
et al., 2017), such as the inferior frontal gyrus, that are also
integrated with the FPN (Fedorenko et al., 2013; Menon &
D’Esposito, 2022). Many areas of this semantic cognition
network are evolutionary hotspots (Lambon Ralph et al.,
2017) and critically are associated with human’s unique
ability to form abstract generalizable concepts about the
social, biological, and physical worlds, insights that elude
other species including chimpanzees (Penn et al., 2008;
Povinelli, 2000).

The DMN and the semantic cognition system are also
important for visuospatial (e.g., navigation) and visual-
manual (e.g., as related to tool use) behavior and imagery
(Cavanna & Trimble, 2006), as well as forming conceptual
representations of common features of the physical word,
such as its three-dimensional structure, and presumably
the biological world. The fusion of abstract representations
of the world with the ability to generate mental models is
likely a core aspect of the ability to innovate and discover
in science, technology, and the arts (Geary, 2007, 2024;
Gotlieb et al., 2019), and part of the evolutionary model
shown in Figure 1. Indeed, the mind wandering component
of the DMN has been implicated in creative cognition, such
as making associations between remote phenomena (An-
drews-Hanna et al., 2017; Konu et al., 2020; Kiihn et al.,
2014; Marron et al., 2018). The contribution to innovation
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appears to result, in part, from the dynamic interaction be-
tween two sub-systems of the DMN, one that generates im-
ages, word associations, and mental time travel (more pos-
terior areas) and one that involves a top-down control and
evaluation of these thoughts and images (more anterior
areas). This is experienced as internally focused attention
with a somewhat constrained train of images and thoughts
focused on goal achievement. The process is illustrated by
the descriptions of the problem-solving approaches of
some innovators. In response to a query by Hadamard
(1945) as to how he approached scientific questions, Ein-
stein replied:

The words of the language as they are written or spo-
ken, do not seem to play any role in my mechanism of
thought. The psychical entities which seem to serve as
elements in thought are certain signs and more or less
clear images which can be “voluntarily” reproduced
and combined. ... There is, of course, a certain connec-
tion between those elements and relevant logical con-

cepts (Hadamard, 1945, p. 142).

Hadamard (1945, p. 143) also noted that Einstein “refers
to a narrowness of consciousness,” which appears to have
referred to sustained attention and the inhibition of dis-
tracting information, which likely involved the cognitive
control networks that maintain attentional focus (Menon
& D’Esposito, 2022). Einstein’s accomplishments are, of
course, unusual, but his descriptions of how he achieved
some of his insights are of interest. This is because they are
consistent with an attention-driven use of internally gen-
erated mental simulations that involve a top-down engage-
ment of basic visuospatial abilities. Stated differently, it ap-
pears that Einstein intentionally engaged the DMN to form
mental simulations that, in his case, used visuospatial rep-
resentations (e.g., moving images) as part of his problem
solving.

It might then be argued that the evolution of the DMN
was driven by ecological rather than social selection pres-
sures, given the importance of visual imagery and visual-
manual abilities to tool construction and use (Hegarty,
2004). Indeed, gains in technology are a defining feature of
human evolution since the emergence of the genus Homo
and likely contributed to human’s achievement of ecologi-
cal dominance (Foley & Lahr, 1997). As shown in the cen-
ter section of Figure 1, technological advances are at least
in part motivated by and enhanced between-group social
competition. Even in many traditional societies today,
many tools, such as clubs and bows-and-arrows, are con-
structed to facilitate the often deadly between-group male-
on-male competition (Hrn¢if, 2023) which has well-doc-
umented reproductive consequences (Geary, 2021). More
broadly, warfare often contributes to the refinement of ex-
isting technologies or the emergence of new ones, along
with associated social innovations, such as logistics to sup-
port large armies (W. W. E. Lee, 2016), although many of
these innovations are likely driven by DMN and FPN inter-
actions.
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2.2.2. Frontoparietal network

The FPN supports working memory and controlled prob-
lem-solving and is often identified as undergirding fluid
abilities (Barbey, 2018; Fedorenko et al., 2013; Jung &
Haier, 2007; Santarnecchi et al., 2017). Although not a fo-
cus here, it should be noted that the salience network, in-
cluding the anterior insular (AI) and dorsal anterior cin-
gulate cortex (dACC) may be critical to the goal-related
orchestration of cognitive control networks during complex
problem solving (Uddin, 2015), including shifting between
DMN and FPN engagement during problem solving. These
networks are integrated with the cingulo-opercular net-
work that supports a sustained level of alertness and focus,
as described by Einstein, that is often needed for goal
achievement (Coste & Kleinschmidt, 2016). The combina-
tion supports top-down problem solving, often called ex-
ecutive attention (Miyake & Friedman, 2012; Witt et al.,
2021; Yeo et al., 2011).

Comparative studies suggest substantive evolutionary
change in these executive functions and the underlying
brain systems. Behavioral studies of various primate
species indicate strong attentional and problem-solving
competencies, relative to many non-primates, but at about
the level found in preschool and kindergarten children (Be-
ran et al., 2016; Posner, 2023); Penaherrera-Aguirre et al.’s
(2023) analysis suggests that gains in executive functions
emerged gradually during hominin evolution. The core of
the cognitive control networks is more differentiated in
primates than in other mammals and more differentiated
in humans than in other primates (Preuss & Wise, 2022).
Many of the brain areas that support these networks are
disproportionately larger in humans than would be ex-
pected based on overall brain size (Wei et al., 2019). As with
the DMN, there appears to have been evolutionary modifi-
cations of the white matter connectivity between these pre-
frontal regions and the attentional regions in the parietal
cortex (Hecht et al., 2015). The result would be an enhance-
ment of humans’ ability to use cognitive control networks
in a top-down fashion in the service of complex, multi-step
problem solving.

These evolutionary changes include two core compo-
nents of the salience network, the ACC and Al, as well as
components of the FPN. These areas are more highly inte-
grated in humans than in other primates, which would en-
hance the ability to switch between networks during prob-
lem solving (Molnar-Szakacs & Uddin, 2022; Posner &
Rothbart, 2009; Uddin, 2015). The salience network is en-
gaged when goal achievement requires dealing with novelty
or conflict in social or non-social contexts (Burgos-Robles
et al., 2019; Monosov et al., 2020). For people, choice or
conflict situations often result in an attentional shift to the
associated information and activation of the FPN (Botvinick
et al., 2001). Engagement of the latter and other integrated
cognitive control networks, such as the cingulo-opercular
network, enables a longer period of sustained attention rel-
ative to other primates and supports prolonged engage-
ment in explicit step-by-step problem-solving.

Intelligence & Cognitive Abilities

Engagement of these explicit problem-solving networks,
especially the FPN, typically deactivates the DMN. There
is, however, an area of the precuneus that is integrated
with the cognitive control networks, is active with an ex-
ternal focus, and appears to be involved in the integration
of previous knowledge with external demands (Dadario &
Sughrue, 2023). There also appears to be sequential inter-
actions between the DMN and FPN when attempting to
generate novel or creative solutions to current or antici-
pated future problems (Gotlieb et al., 2019). The DMN con-
tributes to internally generating mental models that in-
clude alternative solutions to problems, especially social
ones, and connecting disparate ideas, while the FPN con-
tributes to the implementation and evaluation of potential
solutions. The flexible switching is controlled through the
salience network (Andrews-Hanna et al., 2014; Heinonen et
al., 2016), and the combination is particularly important for
the evaluation of internally generated information (Beaty
et al., 2015). These integrated functions explain the cross-
species differences in the behavioral-attention and prob-
lem-solving studies and again point to evolutionary pres-
sures that were unique to our ancestors.

2.2.3. Global Network Functions

Individual differences in DMN and FPN functioning are
predicted to be associated with the proposed evolved func-
tions of the networks, including variation in traits that con-
tribute to social competitiveness. The functions would in-
clude self-awareness, mental time travel, and aspects of
social cognition for the DMN and explicit step-by-step
problem solving for the FPN. Similarly, injury and disease
that compromise any level of functioning of these networks
are predicted to have the same effects. In other words,
degradations in DMN and FPN functioning provide insights
into the selection pressures and proximate advantages that
contributed to their evolution: Degradation could also
manifest as difficulties in switching between networks in
the service of coping with novel or variable conditions (Fo-
tiadis et al., 2024).

As predicted, disruptions to functional connectivity
among DMN hubs (e.g., due to use of psychedelics) are as-
sociated with a reduced ability to engage in mental time
travel, a diminished sense of self, and poor differentiation
between the self and others (Northoff et al., 2025). Poor
functional connectivity within the DMN or damage to the
network is associated with risk of schizophrenia, a reduced
capacity to think about the future, and difficulties with au-
tobiographical memory (Philippi et al., 2015; Xia et al.,
2025; Ye et al., 2023). These deficits are associated with
social and occupational difficulties and often with down-
ward social mobility (R. A. Power et al., 2013; Wheeler et
al., 1997). Gardner et al. (2022) found that genetic muta-
tion loads related in part to lower fluid intelligence and se-
vere psychiatric disorders (e.g., schizophrenia) were associ-
ated with increased odds of being childless for men and this
appears to have contributed to the evolutionary reduction
in genetic loads that can compromise FPN and likely DMN
functioning.
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At the same time, relatives of individuals with disorders
that can compromise aspects of DMN functioning, such as
schizophrenia and bipolar disorder, are overrepresented in
creative professions (Kyaga et al., 2011; Parnas et al., 2019),
suggesting cost-benefit trade-offs to the expression of the
underlying genes and a mechanism that would maintain
these genes in the population. These patterns are consis-
tent with the proposed relations between the DMN and FPN
functions in the creation of cultural and social innovations
in the context of a within-species arms race (Fig. 1) (Azarias
etal., 2025; Beaty et al., 2016; Luchini et al., 2025; Shofty et
al., 2022); of course, creative cognition can also be used for
other purposes, such as creation of music and art, but these
too have a social-competitive component to them (Geary et
al., 2021; Winegard et al., 2018).

Along with contributions to creative cognition, individ-
ual differences in the integrity and efficiency of the FPN
predict individual differences in fluid intelligence (Barbey,
2018; Jung & Haier, 2007; Qiu et al., 2025; Santarnecchi
et al., 2017) that in turn enhances social competitiveness
(Bratsberg et al., 2025; Geary, 2005; Lubinski, 2025). In
modern contexts this is manifested as individual differ-
ences in educational and occupational status and through
this income (Pesta et al., 2023; Schmidt & Hunter, 1998).
Higher fluid and related abilities are also related to more
general social functioning, such as lower delinquency and
arrest rates (Herrnstein & Murray, 1994; Pesta et al., 2023).
The importance of these relations to the proposed evolu-
tionary model is not fully evident in modern contexts but is
clear in contexts with higher child mortality rates.

As mentioned in Section 2.1, families with higher social
and occupational status have consistently lower child mor-
tality risks in developing nations today and in Western na-
tions historically (Brandstrom, 1997; Khadka et al., 2015;
Reid, 1997; Schultz, 1991; Sonego et al., 2015; Strenze,
2007). The same pattern emerged in Song et al.'s (2015)
analysis of lineage extinction during the Chinese Qing dy-
nasty (1644-1911). The analysis included 20,000 patrilin-
eages and revealed that higher-status men had somewhat
higher reproductive success than lower-status men, but
more critically they had a much lower chance of lineage ex-
tinction over the next six generations. Extinction risk was
independent of the number of children born in each gen-
eration, indicating that lineage continuance was not sim-
ply due to higher-status men having more children. In ad-
dition, these children and their descendants were less likely
to die than those of lower-status men. The cause of the ex-
tinctions was not assessed, but H. Lee (2018) documents
numerous epidemics, famines, internal wars, and invasions
during the Qing dynasty and the preceding Ming dynasty
that are typically associated with population crashes that
disproportionately increase mortality rates among lower-
status families. The point is that there has often been pos-
itive selection for traits, including fluid abilities, that in-
fluence status striving and achievement, in keeping with a
within-species arms race.

From this perspective, disruption of or damage to the
FPN should compromise competitive abilities in modern
contexts (Mah et al., 2004). Although deficits in social de-
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cision making and cognition are typically associated with
damage to the ventromedial prefrontal cortex (Lockwood
et al., 2024; Tranel et al., 2007), damage to the FPN can
disrupt social inference making and self-reflections when
these engage working memory and cognitive control net-
works (Mah et al., 2004). Mild cognitive impairment (MCI)
typically precedes the onset of Alzheimer’s disease and is
associated with changes in functional and structural con-
nectivity within the FPN (and DMN) and between the FPN
and other networks (Yang et al., 2023). These changes and
changes at the cellular level are associated with declines
in working memory, episodic memory, emotion regulation
and other competencies that in turn are associated with
compromises to social and occupational functioning (Bora
& Yener, 2017; Lindbergh et al., 2016). Declines in occupa-
tional functioning are found even for working-aging adults
with early onset MCI, with compromises to executive func-
tions being a core contributing factor (Sakata & Okumura,
2017; Silvaggi et al., 2020).

From an individual differences perspective, lower SES
adults have a hypoactive engagement of FPN and broader
cognitive control networks and hyperactive engagement of
reward networks during problem solving compared to their
higher SES peers (Yaple & Yu, 2020). These differences
would influence social and occupational functioning, but
cause-effect cannot be determined from these types of
studies, that is, whether individuals with this profile are
downwardly mobile, whether growing up in a lower SES en-
vironment contributes to these differences, or bidirectional
influences (Farah, 2017). Whatever case, the overall pat-
tern is consistent with the hypothesis that disruption of the
FPN will compromise social-competitive cognitive abilities
(more on this in Section 2.3).

2.2.4. Cellular and Intracellular Functions

As noted in Table 1, a complete evolutionary analysis re-
quires an understanding of the most basic biological func-
tions that support the brain networks that undergird com-
plex human cognition. The overall functioning of these
large-scale networks will be influenced by structural, white-
matter connectivity between the dispersed brain regions
that compose the network, as well as by mechanisms that
influence efficient within network connectivity, dynamics
within and between individual neurons and supporting
cells, underlying molecular processes, and by the efficiency
of intracellular processes (Alberini, 2025; Luo, 2021; Qiu et
al., 2025). These different mechanisms are coordinated and
maintained in part through experience-driven activation of
these large-scale networks, as elaborated in Section 2.2.5,
and by spontaneous network activity. Network activation
results in grey (e.g., changes in neurons or supporting cells)
and white matter (e.g., enhanced myelinization) changes
that support the functional competencies of the network, as
well as learning, memory, and network plasticity (Zatorre et
al., 2012). These would include episodic memory that is a
central function of the DMN and learned solutions to prob-
lems resulting from engagement of the FPN and other cog-
nitive control networks.
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As an example of the complexity of these systems, con-
sider that there are numerous microcircuits within discrete
areas that compose large scale networks (Luhmann, 2023;
Luo, 2021; J. D. Power et al., 2011). These are small net-
works of adjacent neurons that receive specific inputs and
generate specific outputs from and to other microcircuits
or larger-scale cell ensembles. Moreover, cells within mi-
crocircuits can form bioelectrical patterns (e.g., through
shared ions) that can be modified (e.g., changing cell mem-
brane potentials) in ways that represent a form of shared
memory (Cervera et al., 2023). Whatever the specific mech-
anisms, distributed microcircuits enable efficient process-
ing of distinct pieces of information and massive parallel
processing of related information.

There are many ways in which microcircuits can be con-
figured and interconnected, and this enables the evolution
and development of specialized architectures for specific
functions. This is analogous to basic building blocks that
can be used to construct different subunits that can be
put together in different ways to create different structures
from the same basic materials. These combinations of mi-
crocircuits (or individual neurons) can form dynamically
engaged larger-scale neuronal assemblies that are coacti-
vated during a specific task and with repeated coactivation
potentially modifying patterns of excitatory and inhibitory
connections that in turn reflect learning and memory (Holt-
maat & Caroni, 2016). Qiu et al. (2025) found that distrib-
uted areas of the FPN showed enhanced white matter con-
nectivity consistent with elaborated microcircuits. Hart and
Huk (2020) found that working memory maintenance in
the macaque FPN involved synchronized activity between
frontal and parietal regions, as well as persistent activity of
microcircuits within these areas.

The development and functioning of such microcircuits
and the formation and consolidation of larger-scale neural
assemblies are dependent on multiple lower-level
processes. These include intra- and inter-cellular and mol-
ecular changes that support synaptic plasticity and memory
consolidation through structural (e.g., spine formation on
dendrites) and synaptic changes that define long-term po-
tentiation, that is, experience-driven long-lasting strength-
ening of the efficiency of synaptic transmissions (Csermely
et al., 2020; Goto, 2022). This includes strengthening of
pre-existing synaptic connections (functional synaptic
plasticity), and the formation of new connections and elim-
ination of unused ones (structural plasticity) (Holtmaat &
Caroni, 2016). These changes are associated with intracel-
lular changes, such as upregulation of micro-RNA (ribonu-
cleic acid), that alter patterns of gene expression and cell
functions (Alberini, 2025).

The key point is that the functional capabilities of any
complex brain network, including DMN and FPN, requires
the orchestrated activities at many levels of analysis from
intracellular molecular mechanisms to the development
and integrity of long-range white matter connectivity be-
tween core hubs of the network. To further complicate mat-
ters, the functioning of all these systems is dependent on
intracellular energy availability, which largely comes from
ATP (adenosine triphosphate) production in the electron
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transport chain within mitochondria (Killeen et al., 2016;
Kuzawa et al., 2014; Magistretti & Allaman, 2015; Zhu et
al., 2012). Energy production is a limiting factor on brain
evolution, development, and functioning and influences
trade-offs between performance and energy conservation
(Bullmore & Sporns, 2012); as noted in Section 2.1, cooking
and likely parallel gains in hunting efficiency during human
evolution released energy constraints on brain evolution
and functioning (Aiello & Wheeler, 1995). Mosharov et al.
(2025) mapped mitochondrial density and energy produc-
ing capacity in the human brain and found that these were
enhanced in regions of recently expanded (evolutionarily)
complex brain networks, including FPN. In a small-scale
study (thus in need of replication), Shatalina et al. (2024)
found that individual differences in mitochondrial density
in FPN areas, among others, was correlated with individual
differences on various cognition measures.

Energy disruptions due, for instance, to nutritional
stressors or toxin exposure can compromise the develop-
ment and functioning of many brain mechanisms, but these
should be especially noticeable for the most energy de-
manding systems (Geary, 2017, 2018). Yang et al. (2023)
found that cognitive declines associated with MCI are as-
sociated with disruptions to brain regions with the highest
metabolic demands, which include core areas of the DMN
and the FPN. Shatalina et al. (2025) found that individual
differences in mitochondrial density in dorsolateral pre-
frontal cortex, an important component of FPN, was asso-
ciated with individual differences in healthy adults’ perfor-
mance on an executive functions task. Age-related declines
in mitochondrial energy production would have a broad ef-
fect on the efficiency of all physical systems, especially en-
ergy-dependent ones like the brain (Lane, 2011). Reduced
energy production would compromise brain functioning at
multiple levels and, in theory, result in simultaneous de-
clines across cognitive abilities, with more pronounced de-
clines for higher-energy systems like the FPN and DMN
(Geary, 2018). This provides a simple, mechanistic expla-
nation for age-related cognitive declines across domains
and the relation between declines in health and cognition
(Deary et al., 2010; Geary, 2019; Raz & Daugherty, 2018)

2.2.5. Genetic Mechanisms

Gargus and Haier (2025) provide an excellent review of
genetic mechanisms that are correlated with human cogni-
tion, especially the development and functioning of DMN
and FPN. Thus, there is no need for an extensive review in
this section, but there are a few points that should be high-
lighted. The most basic one is that genetic influences on
complex human cognition are found at multiple levels from
the organization of the DMN and FPN to synaptic and in-
tracellular processes, as detailed by Gargus and Haier. One
implication is that individual differences in g - factors com-
mon to all cognition not just DMN and FPN functions -
will be influenced by multiple genetic and biological sys-
tems that are not completely overlapping. In this situation,
individuals with similarly high levels of g might achieve
this outcome through different patterns of strengths, such
as high network integration in the FPN or high plasticity
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at lower levels, and thus through different constellations
of genetic influences. We might then expect more than
one pattern of genetic influence on g, as recently found by
Woodley of Menie et al. (2025).

Gargus and Haier (2025) note potential genetic and evo-
lutionary influences on DMN and FPN development and
functioning, and a few of these merit elaboration. Genome-
wide association studies (GWAS) have identified genetic
correlates of educational attainment and intelligence and
many of these overlap with human accelerated regions
(HARs) associated with unique features of human brain de-
velopment. These types of studies are important but should
be interpreted with caution because the results are influ-
enced by sample sizes and methods for separating cognitive
from non-cognitive (e.g., conscientiousness) genetic con-
tributions to intelligence-educational attainment are not
fully developed (Hill et al., 2016, 2018).

At this point, the HARs associated with intelligence and
educational outcomes appear to involve expanded neural
proliferation and differentiation (Whalen & Pollard, 2022;
Won et al., 2019), including in regions of the DMN and FPN
(Wei et al., 2019). Recall, comparative studies indicate DMN
and FPN have expanded during hominin evolution, includ-
ing enhanced white matter connectivity between the pre-
frontal and parietal regions of these networks (Buckner &
DiNicola, 2019; Garin et al., 2022; Posner, 2023). Wei et al.
showed that HARs genes are highly expressed the DMN,
FPN, and the ventral attentional network in humans, espe-
cially in the DMN. These genes appear to contribute to the
enhanced development of the DMN in humans relative to
chimpanzees (e.g., more grey matter in humans), and a sub-
set of these genes predicts individual differences in human
adult DMN functioning.

Enhanced white matter connectivity between anterior
and posterior regions of complex brain networks, including
DMN and FPN, is related to human pyramidal cells in cor-
tical layer 3. These cells have exceptionally large dendritic
networks that receive and integrate information from mul-
tiple other cortical regions and are critical to long-range
network connectivity. Driessens et al. (2023) found that
pyramidal cells were more abundant the middle temporal
cortex, part of the DMN and the semantic cognition system
(Lambon Ralph et al., 2017), than in nearby sensory cortex.
The associated gene sets overlap genes correlated with ed-
ucational attainment, intelligence, and HARs, in keeping
with an evolutionary enhancement of humans’ conceptual
learning abilities. Genetic influences on the activity of
pyramidal cells include enhanced synaptic functions that
support synaptic plasticity and the generation of fast and
reliable action potentials. Degradation of these cells and
long-range connectivity is associated with disruption of
network functions and cognitive decline (Hof et al., 1990).

Expanded cortical networks increased the energy de-
mands of the human brain, which consumes about 20% of
adults’ basal energy demands and more than half of this en-
ergy during the years of peak post-natal brain development
(Kuzawa et al., 2014). This places intracellular mitochon-
drial ATP energy production as a central lower level lim-
iting mechanism for the development and functioning of
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complex brain networks and for specific cellular functions
(Geary, 2018; Plomin et al., 1995; Thomas et al., 1998). The
mitochondrial genome, however, includes only 37 genes
and the functions of this energy-producing system are de-
pendent on a combination of mitochondrial and nuclear
genes, different combinations of which are important in
different tissues and in different brain regions (Lane, 2011;
Mosharov et al., 2025). This complexity makes the identi-
fication of genetic contributions to cellular energy produc-
tion more difficult to detect than genetic contributions to
other brain functions, such as synaptic plasticity. There is
nevertheless some evidence for genetic influences on mi-
tochondrial energy production as related to cognition, al-
though much remains to be learned (Kohshour et al., 2023;
Xu et al., 2025).

One way to detect these influences is to examine (post-
mortem) the relation between protein products of mito-
chondrial energy production (related to combinations of
mitochondrial and nuclear genes) and cognitive perfor-
mance. In one such study, Xu et al. (2025) examined gene
expression patterns in prefrontal cortex for individuals who
had been infected with COVID-19 and non-infected con-
trols. The study was motivated by the finding that inflam-
matory and related responses associated with COVID-19
and other infections are often associated with post-infec-
tion cognitive deficits, such as poor executive functions,
that can last months and sometimes longer (Monje &
Iwasaki, 2022). Xu et al. found that individuals who had
COVID-19 had upregulated expression of genes associated
with immune responses, not surprisingly, and downregu-
lated expression of genes (mitochondrial and nuclear) that
influence mitochondrial energy production. Many of the
downregulated genes are important for the functioning of
the electron transport chain that produces ATP. Mastroeni
et al. (2017) found that downregulation of nuclear genes re-
lated to ATP production was common in the hippocampus
of individuals with Alzheimer’s disease. Wingo et al. (2019)
examined gene expression in brain tissue by examining the
corresponding proteins that predicted stable cognitive abil-
ities in older adults as compared to their peers with age-
typical cognitive declines. “The proteome-wide association
study reveals that the proteins with increased abundance in
cognitive stability were involved in mitochondrial activities
and synaptic transmission...” (Wingo et al., 2019, p. 5).

In all, these patterns and those described by Gargus and
Haier (2025) are consistent with studies showing that ho-
minin evolution included enhanced network integration of
DMN and FPN. The associated genetic mechanisms, un-
surprisingly, involve systems at different levels, from en-
hanced pyramidal cells, greater synaptic plasticity, and
gains in mitochondrial energy production. The key take-
away is that these specific mechanistic enhancements are
part of a bigger picture that only makes sense in terms of
the evolutionary benefits associated with enhanced func-
tions of DMN, FPN, and other systems (e.g., semantic cog-
nition system). These benefits have to be substantial given
the energy costs of the human brain and the increased risk
of extinction if the fuels that supply this energy diminish,
such as in a famine (Stibel, 2025).
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2.3. How Does Human Cognition Develop?

The incorporation of developmental issues into an evo-
lutionary framework first involves uncovering how selec-
tion pressures can influence the timing of key develop-
mental events (e.g., age of sexual maturation) or changes
in length of key developmental periods (e.g., gestation
length). Comparative or cross-species differences in key as-
pects of this life history development suggest different se-
lection pressures, such as differences in diet, ecology, or
intensity of social competition (Antén et al., 2014; Shea,
1983). Generally, slower development, larger brains, and
longer lifespans go together in primates and suggest that
slower development results in enhanced opportunities to
learn or refine skills that are needed for survival and repro-
duction in adulthood. Exactly what needs to be learned dur-
ing development varies across species and ranges from the
complexities of finding high-quality foods (e.g., fruits) to
the demands of social competition and learning from oth-
ers (DeCasien et al., 2017; Street et al., 2017).

The second developmental issue concerns (for us) actual
changes in brain development, including their relation to
neural plasticity. At the most basic level, the realization of
evolutionarily enhanced brain areas and networks is depen-
dent on changes (e.g., in number of progenitor brain cells)
during prenatal and postnatal development when the ba-
sic architecture of these networks is formed. As an exam-
ple, Neubauer et al. (2018) examined evolutionary change
in the pattern of brain shape comparing modern and early
archaic humans to H. erectus and Neanderthals. The two
latter species have brain shapes that are elongated, that
is, the front-to-back distance is longer than in modern hu-
mans but the top-to-bottom distance is shorter. Early ar-
chaic humans older than 35,000 years ago had a shape in-
between Neanderthals and modern humans. The current
human shape emerged 10,000 to 35,000 years ago and in-
cludes expansion of parts of the parietal cortex, most likely
including a key area of the DMN, that is, the precuneus. The
current modern human brain shape emerges prenatally, in-
dicating both relatively recent changes in brain evolution
and early developmental processes contributing to these
changes.

Associated developmental processes are driven by in-
trinsic factors (e.g., patterns of gene expression), termed
the protomap hypothesis (Raichle, 2015), and activity-de-
pendent extrinsic factors (Greenough et al., 1987), termed
the protocortex hypothesis (O’Leary et al., 1994). During
prenatal development, some areas of the human brain, in-
cluding parts of the prefrontal cortex, show region-specific
patterns of gene expression and specific genetic influences
on the specialization of these areas, following the pro-
tomap hypothesis, and other regions become specialized
based in part on patterns of input from other brain regions
(e.g., thalamus), following the protocortex hypothesis
(Bhaduri et al., 2021). The key point is that the basic struc-
ture of most mammalian brain regions emerges prenatally
through patterns of region-specific processes and many of
these systems become refined by activity patterns triggered
by other regions (Cadwell et al., 2019). In a comparative
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study of brain development, Gémez-Robles et al. (2024)
showed that aspects of prenatal brain development found
in other primates occur during the early postnatal period
for humans and that key markers of postnatal brain devel-
opment occur at later ages for humans than other primates,
including our ancestors. They suggested that one result is
enhanced human neural plasticity, especially as related to
myelinization and the development of white matter tracks.

More specifically, the DMN and FPN, along with other
complex networks (e.g., salience network), show important
development changes during the second and third trimester
of fetal development and early postnatally as indicated by
diffusion tensor imaging (DTI, for white matter tracks) and
structural and resting state MRIs (Scheinost et al., 2024;
Thomason, 2020). For instance, Turk et al. (2019) found
that the basic architecture of the DMN emerged during the
second and third trimester of fetal development, but with
less integration in the FPN relative to adults. In a rest-
ing state MRI study, Sylvester et al. (2023) found that the
whole brain connectivity patterns of neonates (n = 262)
were highly similar (r = .65) to those of children (8 to 13
years of age) and adults (r = .64), but not as similar as
between children and adults (r = .91). A similar pattern
was found for specific networks, including DMN and FPN.
Developmental change involved increasingly selective con-
nectivity of anterior and posterior regions of the same net-
work, stronger negative or anticorrelations between net-
works (e.g., between FPN and DMN), and pruning of
short-range connections within circumscribed network ar-
eas. In short, the basic architecture of core brain networks
is evident at birth and show adult-like connectivity patterns
by late childhood or earlier, although structural changes
continue through adolescence (e.g., Supekar et al., 2010;
Thomason, 2020).

These functional and structural developmental changes
result in windows of vulnerability to network development
but also opportunities to adjust network dynamics to cur-
rent conditions, in keeping with brain development being
dependent in part on species-typical or experience-expec-
tant exposure to the forms of social and ecological infor-
mation that contributed to brain evolution (Greenough et
al., 1987). Indeed, sensitivity to postnatal experiences is
an important aspect of brain plasticity at multiple levels
(e.g., synaptic connections, integration of brain networks)
and can differ across species and brain regions (Bonfanti
& Charvet, 2021). Plasticity is linked in part to brain mat-
uration such that slower developing brains imply greater
potential for the evolution of modifiable brain systems, al-
though this will be tempered by genetic constraints and
hormonal influences during puberty (Arnatkeviciute et al.,
2021; Bonfanti & Charvet, 2021). The first of two broad
issues is whether developmental experiences, such as de-
privation, can compromise network development and asso-
ciated competencies. The other is whether developmental
experiences result in adaptive changes in network function-
ing and biases.

The first broad issue concerns the species-typical activ-
ities needed to ensure normal development of DMN and
FPN functions, such as self-awareness, executive functions,
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and underlying mechanisms (e.g., synaptogenesis). Social
experiences are an important component of species-expec-
tant development. Social isolation during development is
species atypical for most primates and associated with dis-
rupted brain development at multiple levels, including in
areas of the DMN, and with later social deficits (Bzdok &
Dunbar, 2022; Xiong et al., 2023). A similar situation of-
ten emerges for infants who are institutionalized and spend
part of their childhood in contexts, such as orphanages,
that are associated with low levels of social and general
cognitive stimulation, that is, they have species atypical de-
velopmental experiences. These children often have deficits
in social cognition and behavior, as well as in executive
functions (Julian, 2013).

In adolescence and adulthood, many of these individuals
show grey and white matter deficits, especially in prefrontal
cortex and DMN and FPN parietal areas (Gunnar & Bowen,
2021). Lewis et al. (2024) found that individuals who had
been institutionalized and adopted before age 5 years
showed broader FPN prefrontal and parietal activation dur-
ing an executive functions task in adolescence than did
their peers. Broader engagement, including poor deactiva-
tion of the DMN for early adopted individuals, suggests
compensatory mechanisms, not better general functioning
of these areas. Eluvathingal et al.'s (2006) DTI study sug-
gested white matter deficits in parts of the DMN in children
adopted from orphanages. Less severe forms of deprivation
are associated with lower volume and cortical thickness in
core FPN regions (McLaughlin et al., 2019). In all, these
studies indicate that deviation from species-typical devel-
opmental experiences, including social and cognitive depri-
vation, can compromise the formation of large-scale brain
networks, but much remains to be learned about how these
compromises vary with timing, duration, and intensity of
these atypical experiences.

The effects of less extreme levels of deprivation can be
estimated by comparing children who grow up in lower SES
families to their peers that grow up in higher status fami-
lies. The family differences are thought to result from less
cognitive stimulation and higher levels of stressor exposure
(e.g., related to financial issues) for children in lower status
families. The proposal is that growing up in such conditions
does not allow for the full expression of genetic potential
for cognitive functioning and educational attainment, and
there is some evidence for this proposal (Bates et al., 2013;
Penaherrera-Aguirre et al., 2022; Rowe et al., 1999; Wood-
ley of Menie et al., 2018). For instance, Bates et al. found
lower heritability estimates for adults who grew up in lower
status families and concluded that “high levels of SES am-
plified the effects of genes involved in adult intelligence”
(p. 2114). However, other studies have not found such ef-
fects (Figlio et al., 2017; Isungset et al., 2022). It may be
that there are more specific experiences in lower SES fam-
ilies that influence cognitive development but are not well
captured by broader SES or parental education measures,
but this remains to be determined.

In any case, broad improvements in living conditions
have contributed to the well-known secular increase in per-
formance on cognitive tests in developed nations, that is,
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the Flynn effect (Dickens & Flynn, 2001; Flynn, 1984; Sauce
& Matzel, 2018), although there is evidence for recent (be-
ginning in many cases in the 1990s) cognitive declines in
some developed nations (Flynn & Shayer, 2018; Pietschnig
& Voracek, 2015; Shayer et al., 2007), including declines in
the same family (Bratsberg & Rogeberg, 2018). The reasons
for these gains are debated and likely multifaceted, includ-
ing more years of schooling and better health (Pietschnig &
Voracek, 2015), whereas the more recent losses have been
attributed to declines in environmental complexity, such as
more television (and now smart phone) watching for chil-
dren and for adults a shift from more cognitively demand-
ing blue- and white-collar jobs to less demanding service
jobs (e.g., Flynn & Shayer, 2018; Shayer et al., 2007). The
gains and declines, however, vary by age and cognitive do-
main and thus gains and losses associated with the Flynn
effect are complex and not yet fully understood.

When gains are found they are typically larger for fluid
than other abilities, potentially implicating cross-genera-
tional improvements in FPN functioning. There is also evi-
dence for increases in overall brain volume during the time-
frame with the largest Flynn effects (Woodley of Menie et
al., 2016). Parallel secular increases occurred for height,
which is a strong biomarker of improvements in living con-
ditions especially during the first few years of life when
there are substantive gains in brain network development
(Giofre et al., 2025; Halsey & Geary, 2025; Kuzawa et al.,
2014; Tanner, 1992). Gains in height, in turn, are associated
with reduced disease burden, longer lifespans (Crimmins &
Finch, 2006), and reductions in the rate of cognitive ag-
ing (Gerstorf et al., 2020). The implication is that reduc-
tions in disease burden and nutritional improvements dur-
ing the preschool years, and presumably prenatally, might
have contributed to the Flynn effect, potentially through
the fuller expression of the genetic potential related to
brain network development. The flip side is that poor early
nutrition and disease burden can compromise the typical
development of complex brain networks and associated so-
cial and cognitive competencies.

The second broad issue is based on a life history per-
spective whereby early experiences are predicted to modify
brain networks in ways that better adapt them to current
conditions. In a review of this literature, McLaughlin et al.
(2019) found that the limbic system (e.g., amygdala, medial
prefrontal cortex) of children exposed to physical abuse was
more reactive to threats and structurally differed from that
of children with more benign experiences. These changes
potentially reflect an accelerated development of this sys-
tem and heightened sensitivity to social threats, an adap-
tive response given these children’s experiences.

A related hypothesis is that scarcity generally and during
development increases propensity toward risk taking, short
time horizons, and decision making that can compromise
long-term success in modern contexts (Mullainathan &
Shafir, 2013). On this view, growing up in scarcity contexts
could result in an adaptive bias toward achieving short-
term goals at a cost of long-term goals and social mobility.
This could be why individuals who grew up in lower SES
contexts show (on average) hypoactive engagement of FPN
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and hyperactive engagement of reward networks (Yaple &
Yu, 2020). Indeed, experimental manipulations of people’s
perceptions of scarcity (e.g., reduced time to complete a
task) can result in changes in brain network dynamics, in-
cluding compromises in FPN and executive functioning in
scarcity conditions (Huang et al., 2023; Huijsmans et al.,
2019; Jiang et al., 2021). These types of current-demand dy-
namics are a common feature of the functional plasticity
of brain networks (Menon & D’Esposito, 2022) but are not
the same as a long-term bias toward preferential engage-
ment of the reward system versus FPN in daily life (Farah,
2017). The unresolved issue is whether long-term exposure
to scarcity creates sustained biases in network engagement
as a functional adaptation to developmental conditions,
or whether adults in lower SES contexts are experiencing
downward social mobility because of more inherent biases
in network engagement, including the FPN. The latter is
likely in some cases (Airaksinen et al., 2021), but in other
cases long-term deprivation during childhood does appear
to compromise FPN development (McLaughlin et al., 2019).

3. Future Directions

The thesis here is that the study of complex human cog-
nitive abilities and associated conceptual models would be
enhanced by following the four questions used to organize
the study evolved traits generally (Tinbergen, 1963). The
approach was illustrated using the DMN and the FPN, but
future studies should take the same approach for other net-
works that have likely been elaborated during hominin evo-
lution, including the salience network (Menon & D’Espos-
ito, 2022) and the controlled semantic cognition system
(Lambon Ralph et al., 2017), as well as more domain-spe-
cific networks, such as for language or mechanical reason-
ing (Geary, 2021). These interact with the DMN and FPN
to provide the many unique or enhanced cognitive abilities
of humans, including fluid reasoning, abstract conceptual
learning, mental time travel, and self-awareness, among
others. There are many implications for future studies, and
Lillustrate a few of them here.

One future avenue is to more fully explore evolutionary
and functional relations across the different levels of analy-
sis. For instance, GWAS are very useful, as described by
Gargus and Haier (2025), but might be augmented by evo-
lutionarily informed a priori predictions. These would be
derived from comparative studies of the genetic correlates
of DMN, FPN, and other neural differences across humans
and non-human primates, especially chimpanzees (Buck-
ner & DiNicola, 2019; Garin et al., 2022; Posner, 2023).
These would also include focusing on genes that influence
human DMN and FPN development and functioning and
identifying those that differ across humans and chim-
panzees. For instance, given the importance of human
pyramidal cells for long-range network connectivity, stud-
ies might examine species-level genetic differences - or
factors that influence gene expression (e.g., microRNA) —
associated with the early migration, growth (e.g., dendritic
branching), and maintenance of these cells.

The evolutionary model shown in Figure 1 and associ-
ated research can also be integrated with studies of ancient
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DNA and polygenic scores for educational attainment and
intelligence. The prediction is that wealth and population
expansion will generally weaken the benefits of complex
cognitive abilities, such as fluid reasoning, and associated
polygenic scores will decline, but the importance of these
abilities will increase for populations under stress. This is
because the earlier described relation between parental SES
and child mortality rates is weakened (or reversed) in sta-
ble and growing populations with low child mortality, and
thus the competitive advantage (in terms of number of sur-
viving children) of complex abilities declines (Clark, 2007).
Kong et al. (2017) found such an effect, that is, declines in
polygenic scores for educational attainment, for Icelanders
between 1910 and 1990, and Stibel (2021) found similar ef-
fects for the United Kingdom and United States (see also
Woodley of Menie et al., 2018).

Using ancient DNA, Kuijpers et al. (2022) found that
genes associated with educational attainment and fluid
reasoning increased as our ancestors transitioned from a
hunter-gatherer to agricultural lifestyle and further in-
creased after the transition. The pattern is in keeping with
the cycle of larger-scale conflict accelerating with the ad-
vent of agriculture and the dynamics shown in Figure 1
(Currie et al., 2020; Hermann et al., 2020; Turchin et al.,
2013). Piffer et al. (2023) found a continuing rise in poly-
genic scores for educational attainment through the emer-
gence and peak of the Roman empire and then a decline
after the peak, potentially due to improvements in living
conditions and elites having fewer children (Hopkins,
1965); child mortality remained high (Volk & Atkinson,
2013). Thereafter, there was a general increase in polygenic
scores for educational attainment as societies grew in size
and complexity (Piffer & Kirkegaard, 2024; Woodley of Me-
nie et al., 2017). Identifying the genetic influences on DMN
development and functions could be used to test the hy-
pothesis that parietal cortex and parts of the DMN were less
developed in Neanderthals than in early modern humans
(Balzeau et al., 2012; Bruner, 2018). If confirmed, the impli-
cation would be that humans outcompeted Neanderthals in
part because of differences in the ability to generate inter-
nally focused mental models as part of social strategizing
or related abilities (e.g., tool construction).

Although progress has been made (McLaughlin et al.,
2019), there are many issues that remain to be addressed
regarding the species-typical experiences that promote the
development of the DMN, FPN, and other systems (e.g.,
salience network, language network). These include detail-
ing the minimal necessary social and environmental en-
richment experiences needed for the full development of
these networks, including the timing and duration of these
experiences and whether they differ for different networks.
Most of the associated cognitive and brain imaging research
has focused on social and psychological (e.g., exposure to
abuse, social deprivation) mechanisms (e.g., Gunnar &
Bowen, 2021), and these should be expanded to include
potential nutritional and other-health related factors
(Protzko, 2017). These environmental influences can be ex-
panded to better understand cognitive aging. As noted, the
same generations that experienced gains in height and
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longevity also experienced delays in the onset of cognitive
aging (Crimmins & Finch, 2006; Gerstorf et al., 2020).
These gains, however, can be compromised by life-style fac-
tors, such as obesity, that can contribute to neuroinflam-
mation and compromise mitochondrial energy production
that in turn can accelerate cognitive aging (Bhatti et al.,
2017; Picard & Turnbull, 2013).

The evolutionary, developmental perspective also leads
to the prediction that early experiences might result in
adaptive changes in network organization or biased acti-
vation of one network or another. There is some evidence
for the latter prediction, in keeping with life history theory
(Belsky, 2024; Ellis et al., 2023; Tooley et al., 2021), but
the nature of the associated experiences and the intensity
or duration these experiences are not well understood nor
are potential gene by environment interactions. Even with
adaptive modification of brain systems, the cost-benefit
trade-offs of these adaptations need to be considered. For
instance, the heightened sensitivity of the limbic system
with exposure to abuse (McLaughlin et al., 2019) might re-
flect an adaptive response, especially in contexts in which
adult relationships are often conflicted. In modern contexts
where relationships in adulthood are often more benign
(e.g., in work settings), an enhanced limbic system might
be a mismatch and create social issues in these contexts.

Although not explicitly addressed above, the evolution-
ary approach provides unique insights into sex differences
in cognition (Geary, 2021, 2025), including sex differences
in fluid abilities and variation in these abilities (Geary,
2018; Johnson et al., 2008), as well as in DMN and FPN
organization and functions. There is consistent evidence
for sex differences in structural, rest-stating and functional
connectivity in DMN, FPN and other large-scale networks
(Ryali et al., 2024; Shanmugan et al., 2022; Shi et al., 2023;
Teeuw et al., 2019), some of which are found in infancy
(Fenske et al., 2023). These differences, among others, are
related to patterns of gene expression that begin during
prenatal development and are influenced by sex hormones,
Y-chromosome genes, and X-chromosome genes that es-
cape inactivation (Benoit-Pilven et al., 2025; Oliva et al.,
2020; Wapeesittipan & Joshi, 2023). Overall, boys and men
tend toward a biased engagement of FPN and girls and
women of DMN and show differential engagement of these

networks during some cognitive processes (Shi et al., 2023).
Future studies might explore how biased engagement of
these networks unfolds during complex problem solving
and how it influences cognitive biases; for instance, DMN
engagement should result in a more self-referential cogni-
tive interpretation of social dynamics.

In any event, the approach here is entirely consistent
with more than a century of psychometric studies of intel-
ligence and more recent brain imaging and GWAS studies
of the associated cognitive abilities and can be integrated
with even more basic psychophysical models of perception
and consciousness, such as Integrated Information Theory
(Tononi et al., 2016). The point is that these findings can be
placed in a broader evolutionary framework that includes
consideration of the evolved functions and selection pres-
sures of complex human abilities and that requires their
study at multiple levels, from intracellular genetic mech-
anisms to the integrity of long-range white matter tracks
that integrate discrete brain regions into functional net-
works. The psychometric and related traditions have not
fully considered developmental processes on the emer-
gence of complex human cognitive abilities, but such a con-
sideration is integral to an evolutionary approach.

Acknowledgements

Aspects of sectionf 2.1 were adapted from Geary (2020). I
think Richard Haier, Michael A. Woodley of Menie, and two
anonymous reviewers for comments on an earlier version.

Correspondence

David C. Geary
Department of Psychological Sciences
University of Missouri
Columbia, MO 65211-2500
Phone: 573-882-6268
Email: GearyD@Missouri.edu

Submitted: November 24, 2025 CST. Accepted: December 27,
2025 CST. Published: January 12, 2026 CST.

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License
(CCBY-4.0). View this license’s legal deed at http://creativecommons.org/licenses/by/4.0 and legal code at http://creativecom-

mons.org/licenses/by/4.0/legalcode for more information.

Intelligence & Cognitive Abilities

136


mailto:GearyD@Missouri.edu

Intelligence in Multiple Dimensions

References

Aiello, L. C., & Wheeler, P. (1995). The expensive-tissue
hypothesis: the brain and the digestive system in
human and primate evolution. Current Anthropology,
36(2), 199-221. https://doi.org/10.1086/204350

Airaksinen, J., Aaltonen, M., Tarkiainen, L.,
Martikainen, P., & Latvala, A. (2021). Associations of
neighborhood disadvantage and offender
concentration with criminal behavior: Between-
within analysis in Finnish registry data. Journal of
Criminal Justice, 74, 101813. https://doi.org/10.1016
j.jcrimjus.2021.101813

Alberini, C. M. (2025). Not just neurons: The diverse
cellular landscape of learning and memory. Neuron,
113(11), 1664-1679. https://doi.org/10.1016
j.neuron.2025.05.005

Alexander, R. D. (1989). Evolution of the human psyche.
In P. Mellars & C. Stringer (Eds.), The human
revolution: Behavioural and biological perspectives on
the origins of modern humans (pp. 455-513).
Princeton University Press.

Andersson, M. (1994). Sexual selection. Princeton
University Press. https://doi.org/10.1515
9780691207278

Andrews-Hanna, J. R., Irving, Z. C., Fox, K. C. R.,
Spreng, R. N., & Christoff, K. (2017). The
neuroscience of spontaneous thought: An evolving,
interdisciplinary field. In F. Kieran & C. Kieran (Eds.),
Oxford Handbook of Spontaneous Thought and
Creativity (pp. 1-47). Oxford University Press.

Andrews-Hanna, J. R., Smallwood, J., & Spreng, R. N.
(2014). The default network and self-generated
thought: Component processes, dynamic control, and
clinical relevance. Annals of the New York Academy of
Sciences, 1316(1), 29-52. https://doi.org/10.1111
nyas.12360

Anton, S. C., Potts, R., & Aiello, L. C. (2014). Evolution
of early Homo: An integrated biological perspective.
Science, 345(6192), 1236828. https://doi.org/10.1126,
science.1236828

Arnatkeviciute, A., Fulcher, B. D., Oldham, S., Tiego, J.,
Paquola, C., Gerring, Z., & Fornito, A. (2021). Genetic
influences on hub connectivity of the human
connectome. Nature Communications, 12(1), 4237.
https://doi.org/10.1038/541467-021-24306-2

Ash, J., & Gallup, G. G. (2007). Paleoclimatic variation
and brain expansion during human evolution. Human
Nature, 18, 109-124. https://doi.org/10.1007,
$12110-007-9015-z

Azarias, F. R., Almeida, G. H. D. R., de Melo, L. F., Rici,
R. E. G., & Maria, D. A. (2025). The Journey of the
Default Mode Network: Development, Function, and
Impact on Mental Health. Biology, 14(4), 395. https://
doi.org/10.3390/biology14040395

Bailey, D. H., & Geary, D. C. (2009). Hominid brain
evolution: Testing climatic, ecological, and social
competition models. Human Nature, 20, 67-79.
https://doi.org/10.1007/s12110-008-9054-0

Balzeau, A., Holloway, R. L., & Grimaud-Hervé, D.
(2012). Variations and asymmetries in regional brain
surface in the genus Homo. Journal of Human
Evolution, 62(6), 696—706. https://doi.org/10.1016
j.jhevol.2012.03.007

Barbey, A. K. (2018). Network neuroscience theory of
human intelligence. Trends in Cognitive Sciences,
22(1), 8-20. https://doi.org/10.1016/j.tics.2017.10.001

Bates, T. C., Lewis, G. J., & Weiss, A. (2013). Childhood
socioeconomic status amplifies genetic effects on
adult intelligence. Psychological Science, 24(10),
2111-2116. https://doi.org/10.1177
0956797613488394

Bateson, P., & Laland, K. N. (2013). Tinbergen’s four
questions: An appreciation and an update. Trends in
Ecology & Evolution, 28(12), 712-718. https://doi.org/
10.1016/j.tree.2013.09.013

Beaty, R. E., Benedek, M., Barry Kaufman, S., & Silvia,
P.]. (2015). Default and executive network coupling
supports creative idea production. Scientific Reports,
5(1), 10964. https://doi.org/10.1038/srep10964

Beaty, R. E., Benedek, M., Silvia, P. ]., & Schacter, D. L.
(2016). Creative cognition and brain network
dynamics. Trends in Cognitive Sciences, 20(2), 87-95.
https://doi.org/10.1016/j.tics.2015.10.004

Belsky, J. (2024). The nature of nurture: Darwinian and
mendelian perspectives. Development and
Psychopathology, 36(5), 2197-2206. https://doi.org/
10.1017/S0954579424000166

Benoit-Pilven, C., Asteljoki, J. V., Leinonen, J. T.,
Karjalainen, J., Daly, M. J., & Tukiainen, T. (2025).
Early establishment and life course stability of sex
biases in the human brain transcriptome. Cell
Genomics, 5(7), 100890. https://doi.org/10.1016
j.-xgen.2025.100890

Beran, M. J., Menzel, C. R., Parrish, A. E., Perdue, B. M.,
Sayers, K., Smith, J. D., & Washburn, D. A. (2016).
Primate cognition: Attention, episodic memory,
prospective memory, self-control, and metacognition
as examples of cognitive control in nonhuman
primates. Wiley Interdisciplinary Reviews: Cognitive
Science, 7(5), 294-316. https://doi.org/10.1002
wcs.1397

Bhaduri, A., Sandoval-Espinosa, C., Otero-Garcia, M.,
Oh, L., Yin, R., Eze, U. C., & Kriegstein, A. R. (2021).
An atlas of cortical arealization identifies dynamic
molecular signatures. Nature, 598(7879), 200-204.
https://doi.org/10.1038/s41586-021-03910-8

Bhatti, J. S., Bhatti, G. K., & Reddy, P. H. (2017).
Mitochondrial dysfunction and oxidative stress in
metabolic disorders—A step towards mitochondria
based therapeutic strategies. Biochimica et Biophysica
Acta (BBA)-Molecular Basis of Disease, 1863(5),
1066-1077. https://doi.org/10.1016,
j.bbadis.2016.11.010

Intelligence & Cognitive Abilities 137


https://doi.org/10.1086/204350
https://doi.org/10.1016/j.jcrimjus.2021.101813
https://doi.org/10.1016/j.jcrimjus.2021.101813
https://doi.org/10.1016/j.neuron.2025.05.005
https://doi.org/10.1016/j.neuron.2025.05.005
https://doi.org/10.1515/9780691207278
https://doi.org/10.1515/9780691207278
https://doi.org/10.1111/nyas.12360
https://doi.org/10.1111/nyas.12360
https://doi.org/10.1126/science.1236828
https://doi.org/10.1126/science.1236828
https://doi.org/10.1038/s41467-021-24306-2
https://doi.org/10.1007/s12110-007-9015-z
https://doi.org/10.1007/s12110-007-9015-z
https://doi.org/10.3390/biology14040395
https://doi.org/10.3390/biology14040395
https://doi.org/10.1007/s12110-008-9054-0
https://doi.org/10.1016/j.jhevol.2012.03.007
https://doi.org/10.1016/j.jhevol.2012.03.007
https://doi.org/10.1016/j.tics.2017.10.001
https://doi.org/10.1177/0956797613488394
https://doi.org/10.1177/0956797613488394
https://doi.org/10.1016/j.tree.2013.09.013
https://doi.org/10.1016/j.tree.2013.09.013
https://doi.org/10.1038/srep10964
https://doi.org/10.1016/j.tics.2015.10.004
https://doi.org/10.1017/S0954579424000166
https://doi.org/10.1017/S0954579424000166
https://doi.org/10.1016/j.xgen.2025.100890
https://doi.org/10.1016/j.xgen.2025.100890
https://doi.org/10.1002/wcs.1397
https://doi.org/10.1002/wcs.1397
https://doi.org/10.1038/s41586-021-03910-8
https://doi.org/10.1016/j.bbadis.2016.11.010
https://doi.org/10.1016/j.bbadis.2016.11.010

Intelligence in Multiple Dimensions

Binder, J. R., Desai, R. H., Graves, W. W., & Conant, L. L.
(2009). Where is the semantic system? A critical
review and meta-analysis of 120 functional
neuroimaging studies. Cerebral Cortex, 19(12),
2767-2796. https://doi.org/10.1093/cercor/bhp055

Bonfanti, L., & Charvet, C. J. (2021). Brain plasticity in
humans and model systems: Advances, challenges,
and future directions. International Journal of
Molecular Sciences, 22(17), 9358. https://doi.org/
10.3390/ijms22179358

Bora, E., & Yener, G. G. (2017). Meta-analysis of social
cognition in mild cognitive impairment. Journal of
Geriatric Psychiatry and Neurology, 30(4), 206—213.
https://doi.org/10.1177/0891988717710337

Botvinick, M. M., Braver, T. S., Barch, D. M., Carter, C.
S., & Cohen, ]. D. (2001). Conflict monitoring and
cognitive control. Psychological Review, 108(3),
624-652. https://doi.org/10.1037
0033-295X.108.3.624

Brandstrom, A. (1997). Life histories of lone parents and
illegitimate children in nineteenth-century Sweden.
In C. A. Corsini & P. P. Viazzo (Eds.), The decline of
infant and child mortality (pp. 173-191). Martinus
Nijhoff Publishers.

Bratsberg, B., & Rogeberg, O. (2018). Flynn effect and
its reversal are both environmentally caused.
Proceedings of the National Academy of Sciences,
115(26), 6674-6678. https://doi.org/10.1073
pnas.1718793115

Bratsberg, B., Rogeberg, O., & Tervio, M. (2025).
Steeper at the top: cognitive ability and earnings in
Finland and Norway. European Sociological Review,
41(3), 329-342. https://doi.org/10.1093/esr/jcae020

Brodmann, K. (1909). Vergleichende Lokalisationslehre
der Grosshirnrinde in ihren Prinzipien dargestellt auf
Grund des Zellenbaues. [Comparative localization of the
cerebral cortex based on cell composition.]. Barth.

Bruner, E. (2018). Human paleoneurology and the
evolution of the parietal cortex. Brain Behavior and
Evolution, 91(3), 136-147. https://doi.org/10.1159
000488889

Bruner, E. (2024). Cognitive archaeology, and the
psychological assessment of extinct minds. Journal of
Comparative Neurology, 532(1), e25583. https://
doi.org/10.1002/cne.25583

Bruner, E., Preuss, T. M., Chen, X., & Rilling, J. K.
(2017). Evidence for expansion of the precuneus in
human evolution. Brain Structure and Function,
222(2), 1053-1060. https://doi.org/10.1007
$00429-015-1172-y

Buckner, R. L., & DiNicola, L. M. (2019). The brain’s
default network: Updated anatomy, physiology and
evolving insights. Nature Reviews Neuroscience,
20(10), 593-608. https://doi.org/10.1038
s41583-019-0212-7

Bullmore, E., & Sporns, O. (2012). The economy of
brain network organization. Nature Reviews
Neuroscience, 13, 336—349. https://doi.org/10.1038
nrn3214

Burgos-Robles, A., Gothard, K. M., Monfils, M. H.,
Morozov, A., & Vicentic, A. (2019). Conserved
features of anterior cingulate networks support
observational learning across species. Neuroscience &
Biobehavioral Reviews, 107, 215-228. https://doi.org/
10.1016/j.neubiorev.2019.09.009

Bzdok, D., & Dunbar, R. I. (2022). Social isolation and
the brain in the pandemic era. Nature Human
Behaviour, 6(10), 1333-1343. https://doi.org/10.1038
s41562-022-01453-0

Cadwell, C. R., Bhaduri, A., Mostajo-Radji, M. A., Keefe,
M. G., & Nowakowski, T. J. (2019). Development and
arealization of the cerebral cortex. Neuron, 103(6),
980-1004. https://doi.org/10.1016
j-neuron.2019.07.009

Carpenter, P. A., Just, M. A., & Shell, P. (1990). What
one intelligence test measures: A theoretical account
of the processing in the Raven Progressive Matrices
Test. Psychological Review, 97(3), 404-431. https://
doi.org/10.1037/0033-295X.97.3.404

Carroll, J. B. (1993). Human cognitive abilities: A survey of
factor-analytic studies. Cambridge University Press.
https://doi.org/10.1017/CB0O9780511571312

Cattell, R. B. (1963). Theory of fluid and crystallized
intelligence: A critical experiment. Journal of
Educational Psychology, 54(1), 1-22. https://doi.org/
10.1037/h0046743

Cavanna, A. E., & Trimble, M. R. (2006). The precuneus:
A review of its functional anatomy and behavioural
correlates. Brain, 129(3), 564-583. https://doi.org/
10.1093/brain/awl004

Cervera, J., Levin, M., & Mafe, S. (2023). Bioelectricity
of non-excitable cells and multicellular pattern
memories: Biophysical modeling. Physics Reports,
1004, 1-31. https://doi.org/10.1016
j.physrep.2022.12.003

Clark, G. (2007). A farewell to alms: A brief economic
history of the world. Princeton University Press.
https://doi.org/10.1515/9781400827817

Coste, C. P., & Kleinschmidt, A. (2016). Cingulo-
opercular network activity maintains alertness.
Neuroimage, 128, 264—-272. https://doi.org/10.1016,

j.neuroimage.2016.01.026

Crimmins, E. M., & Finch, C. E. (2006). Infection,
inflammation, height, and longevity. Proceedings of
the National Academy of Sciences, 103(2), 498-503.
https://doi.org/10.1073/pnas.0501470103

Csermely, P., Kunsic, N., Mendik, P., Kerestély, M.,
Faragé, T., Veres, D. V., & Tompa, P. (2020). Learning
of signaling networks: Molecular mechanisms. Trends
in Biochemical Sciences, 45(4), 284-294. https://
doi.org/10.1016/j.tibs.2019.12.005

Currie, T. E., Turchin, P., Turner, E., & Gavrilets, S.
(2020). Duration of agriculture and distance from the
steppe predict the evolution of large-scale human
societies in Afro-Eurasia. Humanities and Social
Sciences Communications, 7, 34. https://doi.org/
10.1057/s41599-020-0516-2

Dadario, N. B., & Sughrue, M. E. (2023). The functional
role of the precuneus. Brain, 146(9), 3598-3607.
https://doi.org/10.1093/brain/awad181

Intelligence & Cognitive Abilities 138


https://doi.org/10.1093/cercor/bhp055
https://doi.org/10.3390/ijms22179358
https://doi.org/10.3390/ijms22179358
https://doi.org/10.1177/0891988717710337
https://doi.org/10.1037/0033-295X.108.3.624
https://doi.org/10.1037/0033-295X.108.3.624
https://doi.org/10.1073/pnas.1718793115
https://doi.org/10.1073/pnas.1718793115
https://doi.org/10.1093/esr/jcae020
https://doi.org/10.1159/000488889
https://doi.org/10.1159/000488889
https://doi.org/10.1002/cne.25583
https://doi.org/10.1002/cne.25583
https://doi.org/10.1007/s00429-015-1172-y
https://doi.org/10.1007/s00429-015-1172-y
https://doi.org/10.1038/s41583-019-0212-7
https://doi.org/10.1038/s41583-019-0212-7
https://doi.org/10.1038/nrn3214
https://doi.org/10.1038/nrn3214
https://doi.org/10.1016/j.neubiorev.2019.09.009
https://doi.org/10.1016/j.neubiorev.2019.09.009
https://doi.org/10.1038/s41562-022-01453-0
https://doi.org/10.1038/s41562-022-01453-0
https://doi.org/10.1016/j.neuron.2019.07.009
https://doi.org/10.1016/j.neuron.2019.07.009
https://doi.org/10.1037/0033-295X.97.3.404
https://doi.org/10.1037/0033-295X.97.3.404
https://doi.org/10.1017/CBO9780511571312
https://doi.org/10.1037/h0046743
https://doi.org/10.1037/h0046743
https://doi.org/10.1093/brain/awl004
https://doi.org/10.1093/brain/awl004
https://doi.org/10.1016/j.physrep.2022.12.003
https://doi.org/10.1016/j.physrep.2022.12.003
https://doi.org/10.1515/9781400827817
https://doi.org/10.1016/j.neuroimage.2016.01.026
https://doi.org/10.1016/j.neuroimage.2016.01.026
https://doi.org/10.1073/pnas.0501470103
https://doi.org/10.1016/j.tibs.2019.12.005
https://doi.org/10.1016/j.tibs.2019.12.005
https://doi.org/10.1057/s41599-020-0516-2
https://doi.org/10.1057/s41599-020-0516-2
https://doi.org/10.1093/brain/awad181

Intelligence in Multiple Dimensions

Darwin, C. (1859). On the origin of species by means of
natural selection. John Murray.

Darwin, C. (1871). The descent of man, and selection in
relation to sex. John Murray.

Darwin, C., & Wallace, A. (1858). On the tendency of
species to form varieties, and on the perpetuation of
varieties and species by natural means of selection.
Journal of the Linnean Society of London, Zoology, 3(9),
45-62. https://doi.org/10.1111
j.1096-3642.1858.tb02500.x

Davey, C. G., Pujol, J., & Harrison, B. J. (2016). Mapping
the self in the brain’s default mode network.
Neurolmage, 132, 390-397. https://doi.org/10.1016
j.neuroimage.2016.02.022

Deary, I. ]., Cox, S. R., & Hill, W. D. (2022). Genetic
variation, brain, and intelligence differences.
Molecular Psychiatry, 27(1), 335-353. https://doi.org/
10.1038/s41380-021-01027-y

Deary, L. ]., Weiss, A., & Batty, G. D. (2010). Intelligence
and personality as predictors of illness and death:
How researchers in differential psychology and
chronic disease epidemiology are collaborating to
understand and address health inequalities.
Psychological Science in the Public Interest, 11, 53-79.
https://doi.org/10.1177/1529100610387081

DeCasien, A. R., Williams, S. A., & Higham, J. P. (2017).
Primate brain size is predicted by diet but not
sociality. Nature Ecology & Evolution, 1, 0112. https://
doi.org/10.1038/s41559-017-0112

Dickens, W. T., & Flynn, J. R. (2001). Heritability
estimates versus large environmental effects: The 1Q
paradox resolved. Psychological Review, 108(2),
346-369. https://doi.org/10.1037
0033-295x.108.2.346

Driessens, S. L., Galakhova, A. A., Heyer, D. B., Pieterse,
I. ., Wilbers, R., Mertens, E. J., ... Goriounova, N. A.
(2023). Genes associated with cognitive ability and
HAR show overlapping expression patterns in human
cortical neuron types. Nature Communications, 14(1),
4188. https://doi.org/10.1038/s41467-023-39946-9

Dunbar, R. I. M. (2025). Thermal constraints on Middle
Pleistocene hominin brain evolution and cognition.
Journal of Archaeological Science, 179, 106226. https://
doi.org/10.1016/j.jas.2025.106226

Ellis, B. J., Abrams, L. S., Masten, A. S., Sternberg, R. J.,
Tottenham, N., & Frankenhuis, W. E. (2023). The
hidden talents framework: Implications for science,
policy, and practice. Cambridge University Press.
https://doi.org/10.1017/9781009350051

Elton, S., Bishop, L. C., & Wood, B. (2001). Comparative
context of Plio-Pleistocene hominin brain evolution.
Journal of Human Evolution, 41(1), 1-27. https://
doi.org/10.1006/jhev.2001.0475

Eluvathingal, T. J., Chugani, H. T., Behen, M. E., Juhdsz,
C., Muzik, O., Magbool, M., & Makki, M. (2006).
Abnormal brain connectivity in children after early
severe socioemotional deprivation: A diffusion tensor
imaging study. Pediatrics, 117(6), 2093-2100. https://
doi.org/10.1542/peds.2005-1727

Eskelson, T. C. (2020). How and why formal education
originated in the emergence of civilization. Journal of
Education and Learning, 9, 29-47. https://doi.org/
10.5539/jel.v9n2p29

Farah, M. J. (2017). The neuroscience of socioeconomic
status: correlates, causes, and consequences. Neuron,
96(1), 56-71. https://doi.org/10.1016
j.neuron.2017.08.034

Fedorenko, E., Duncan, J., & Kanwisher, N. (2013).
Broad domain generality in focal regions of frontal
and parietal cortex. Proceedings of the National
Academy of Sciences of the United States of America,
110(41), 16616-16621. https://doi.org/10.1073
pnas.1315235110

Fenske, S. ]., Liu, J., Chen, H., Diniz, M. A., Stephens, R.
L., Cornea, E., ... Gao, W. (2023). Sex differences in
resting state functional connectivity across the first
two years of life. Developmental Cognitive
Neuroscience, 60, 101235. https://doi.org/10.1016
j.dcn.2023.101235

Festinger, L. (1954). A theory of social comparison
processes. Human Relations, 7(2), 117-140. https://
doi.org/10.1177/001872675400700202

Figlio, D. N., Freese, J., Karbownik, K., & Roth, J. (2017).
Socioeconomic status and genetic influences on
cognitive development. Proceedings of the National
Academy of Sciences, 114(51), 13441-13446. https://
doi.org/10.1073/pnas.1708491114

Flinn, M. V., Geary, D. C., & Ward, C. V. (2005).
Ecological dominance, social competition,and
coalitionary arms races: Why humans evolved
extraordinary intelligence. Evolution and Human
Behavior, 26(1), 10-46. https://doi.org/10.1016,
j-evolhumbehav.2004.08.005

Flynn, J. R. (1984). The mean IQ of Americans: Massive
gains 1932 to 1978. Psychological Bulletin, 95(1),
29-51. https://doi.org/10.1037/0033-2909.95.1.29

Flynn, J. R., & Shayer, M. (2018). IQ decline and Piaget:
Does the rot start at thetop? Intelligence, 66,
112-121. https://doi.org/10.1016/j.intell.2017.11.010

Foley, R., & Lahr, M. M. (1997). Mode 3 technologies
and the evolution of modern humans. Cambridge
Archaeological Journal, 7(1), 3-36. https://doi.org/
10.1017/S0959774300001451

Fotiadis, P., Parkes, L., Davis, K. A., Satterthwaite, T. D.,
Shinohara, R. T., & Bassett, D. S. (2024).
Structure—function coupling in macroscale human
brain networks. Nature Reviews Neuroscience, 25(10),
688-704. https://doi.org/10.1038
$41583-024-00846-6

Gardner, E. J., Neville, M. D., Samocha, K. E., Barclay,
K., Kolk, M., Niemi, M. E., & Hurles, M. E. (2022).
Reduced reproductive success is associated with
selective constraint on human genes. Nature,
603(7903), 858-863. https://doi.org/10.1038
s41586-022-04549-9

Gargus, J. ]., & Haier, R. J. (2025). Toward a molecular
biology of human intelligence: Psychometrics meets
gene Expressions and brain metabolism. Intelligence
and Cognitive Abilities. https://doi.org/10.65550,
001c.146520

Intelligence & Cognitive Abilities 139


https://doi.org/10.1111/j.1096-3642.1858.tb02500.x
https://doi.org/10.1111/j.1096-3642.1858.tb02500.x
https://doi.org/10.1016/j.neuroimage.2016.02.022
https://doi.org/10.1016/j.neuroimage.2016.02.022
https://doi.org/10.1038/s41380-021-01027-y
https://doi.org/10.1038/s41380-021-01027-y
https://doi.org/10.1177/1529100610387081
https://doi.org/10.1038/s41559-017-0112
https://doi.org/10.1038/s41559-017-0112
https://doi.org/10.1037/0033-295x.108.2.346
https://doi.org/10.1037/0033-295x.108.2.346
https://doi.org/10.1038/s41467-023-39946-9
https://doi.org/10.1016/j.jas.2025.106226
https://doi.org/10.1016/j.jas.2025.106226
https://doi.org/10.1017/9781009350051
https://doi.org/10.1006/jhev.2001.0475
https://doi.org/10.1006/jhev.2001.0475
https://doi.org/10.1542/peds.2005-1727
https://doi.org/10.1542/peds.2005-1727
https://doi.org/10.5539/jel.v9n2p29
https://doi.org/10.5539/jel.v9n2p29
https://doi.org/10.1016/j.neuron.2017.08.034
https://doi.org/10.1016/j.neuron.2017.08.034
https://doi.org/10.1073/pnas.1315235110
https://doi.org/10.1073/pnas.1315235110
https://doi.org/10.1016/j.dcn.2023.101235
https://doi.org/10.1016/j.dcn.2023.101235
https://doi.org/10.1177/001872675400700202
https://doi.org/10.1177/001872675400700202
https://doi.org/10.1073/pnas.1708491114
https://doi.org/10.1073/pnas.1708491114
https://doi.org/10.1016/j.evolhumbehav.2004.08.005
https://doi.org/10.1016/j.evolhumbehav.2004.08.005
https://doi.org/10.1037/0033-2909.95.1.29
https://doi.org/10.1016/j.intell.2017.11.010
https://doi.org/10.1017/S0959774300001451
https://doi.org/10.1017/S0959774300001451
https://doi.org/10.1038/s41583-024-00846-6
https://doi.org/10.1038/s41583-024-00846-6
https://doi.org/10.1038/s41586-022-04549-9
https://doi.org/10.1038/s41586-022-04549-9
https://doi.org/10.65550/001c.146520
https://doi.org/10.65550/001c.146520

Intelligence in Multiple Dimensions

Garin, C. M., Hori, Y., Everling, S., Whitlow, C. T.,
Calabro, F. J., Luna, B., & Constantinidis, C. (2022).
An evolutionary gap in primate default mode network
organization. Cell Reports, 39(2), 110669. https://
doi.org/10.1016/j.celrep.2022.110669

Geary, D. C. (2005). The origin of mind: Evolution of
brain, cognition, and generalintelligence. American
Psychological Association.

Geary, D. C. (2007). Educating the evolved mind:
Conceptual foundations for an evolutionary
educational psychology. InJ. S. Carlson & J. R. Levin
(Eds.), Educating the evolved mind (Vol. 2, pp. 1-99).
Information Age.

Geary, D. C. (2017). Evolution of human sex-specific
cognitive vulnerabilities. The Quarterly Review of
Biology, 92, 361-410. https://doi.org/10.1086/694934

Geary, D. C. (2018). Efficiency of mitochondrial
functioning as the fundamental biological
mechanism of general intelligence (g). Psychological
Review, 125(6), 1028-1050. https://doi.org/10.1037
rev0000124

Geary, D. C. (2019). The spark of life and the unification
of intelligence, health, and aging. Current Directions
in Psychological Science, 28(3), 223-228. https://
doi.org/10.1177/0963721419829719

Geary, D. C. (2020). Mitochondrial functions, cognition,
and the evolution of intelligence: Reply
tocommentaries and moving forward. Journal of
Intelligence, 8(4), 42. https://doi.org/10.3390,
jintelligence8040042

Geary, D. C. (2021). Male, female: The evolution of human
sex differences (3rd ed.). American Psychological
Association.

Geary, D. C. (2024). The evolved mind and modern
education: Status of evolutionary educational
psychology. Cambridge University Press. https://
doi.org/10.1017/9781009454858

Geary, D. C. (2025). Sexual selection and sex differences
in brain and cognition. In C. Orsini & L. Cahill (Eds.),
Sex differences (Vol. 2, pp. 570-589). Elsevier. https://
doi.org/10.1016/B978-0-12-820480-1.00032-2

Geary, D. C., & Xu, K. M. (2022). Evolution of self-
awareness and the cultural emergence of academic
and non-academic self-concepts. Educational
Psychology Review, 34, 2323-2349. https://doi.org/
10.1007/s10648-022-09669-2

Gerstorf, D., Hiiliir, G., Drewelies, J., Willis, S. L.,
Schaie, K. W., & Ram, N. (2020). Adult development
and aging in historical context. American Psychologist,
75(4), 525-539. https://doi.org/10.1037/amp0000596

Giofré, D., Geary, D. C., & Halsey, L. (2025). The sexy
and formidable male body: Men’s height and weight
are condition-dependent, sexually selected traits.
Biology Letters, 21, 20240565. https://doi.org/10.1098
rsbl.2024.0565

Goldin, C. (1999). A brief history of education in the
United States. 0898-2937. https://www.nber.org/

papers/h0119

Gomez-Robles, A., Nicolaou, C., Smaers, J. B., &
Sherwood, C. C. (2024). The evolution of human
altriciality and brain development in comparative
context. Nature Ecology & Evolution, 8(1), 133—-146.
https://doi.org/10.1038/s41559-023-02253-z

Gotlieb, R. ]., Hyde, E., Immordino-Yang, M. H., &
Kaufman, S. B. (2019). Imagination is the seed of
creativity. In J. C. Kaufman & R. J. Sternberg (Eds.),
The Cambridge handbook of creativity (2nd ed., pp.
709-731). Cambridge University Press. https://
doi.org/10.1017/9781316979839.036

Goto, A. (2022). Synaptic plasticity during systems
memory consolidation. Neuroscience Research, 183,
1-6. https://doi.org/10.1016/j.neures.2022.05.008

Grant, P. R., & Grant, B. R. (2014). 40 Years of Evolution.
Darwin’s Finches on Daphne Major Island. Princeton
University Press.

Greenough, W. T., Black, J. E., & Wallace, C. S. (1987).
Experience and brain development. Child
Development, 58(3), 539-559. https://doi.org/10.2307
1130197

Gunnar, M. R., & Bowen, M. (2021). What was learned
from studying the effects of early institutional
deprivation. Pharmacology Biochemistry and Behavior,
210, 173272. https://doi.org/10.1016
j.pbb.2021.173272

Gusnard, D. A., & Raichle, M. E. (2001). Searching for a
baseline: functional imaging and the resting human
brain. Nature Reviews Neuroscience, 2(10), 685-694.
https://doi.org/10.1038/35094500

Gust, S., Hanushek, E. A., & Woessmann, L. (2024).
Global universal basic skills: Currentdeficits and
implications for world development. Journal of
Development Economics, 166, 103205. https://doi.org/
10.1016/j.jdeveco0.2023.103205

Hadamard, J. (1945). The mathematician’s mind:
Psychology of invention in the mathematical field. Dover
Publications.

Halsey, L. G., & Geary, D. C. (2025). The Nurture of
nature: Why differences between the sexes are larger
in healthier, wealthier societies. Biology Letters, 21,
20250187. https://doi.org/10.1098/rsbl.2025.0187

Hamilton, M. J., & Walker, R. S. (2018). A stochastic
density-dependent model of long-termpopulation
dynamics in hunter-gatherer populations.
Evolutionary Ecology Research, 19(1), 85-102. https://
doi.org/10.1007/s10816-025-09726-4

Hart, E., & Huk, A. C. (2020). Recurrent circuit
dynamics underlie persistent activity in the macaque
frontoparietal network. Elife, 9, €52460. https://
doi.org/10.7554/eLife.52460.sa2

Hecht, E. E., Gutman, D. A., Bradley, B. A., Preuss, T.
M., & Stout, D. (2015). Virtual dissection and
comparative connectivity of the superior longitudinal
fasciculus in chimpanzees and humans. Neuroimage,
108, 124-137. https://doi.org/10.1016
j.neuroimage.2014.12.039

Hegarty, M. (2004). Mechanical reasoning by mental
simulation. Trends in Cognitive Sciences, 8(6),
280-285. https://doi.org/10.1016/j.tics.2004.04.001

Intelligence & Cognitive Abilities 140


https://doi.org/10.1016/j.celrep.2022.110669
https://doi.org/10.1016/j.celrep.2022.110669
https://doi.org/10.1086/694934
https://doi.org/10.1037/rev0000124
https://doi.org/10.1037/rev0000124
https://doi.org/10.1177/0963721419829719
https://doi.org/10.1177/0963721419829719
https://doi.org/10.3390/jintelligence8040042
https://doi.org/10.3390/jintelligence8040042
https://doi.org/10.1017/9781009454858
https://doi.org/10.1017/9781009454858
https://doi.org/10.1016/B978-0-12-820480-1.00032-2
https://doi.org/10.1016/B978-0-12-820480-1.00032-2
https://doi.org/10.1007/s10648-022-09669-2
https://doi.org/10.1007/s10648-022-09669-2
https://doi.org/10.1037/amp0000596
https://doi.org/10.1098/rsbl.2024.0565
https://doi.org/10.1098/rsbl.2024.0565
https://www.nber.org/papers/h0119
https://www.nber.org/papers/h0119
https://doi.org/10.1038/s41559-023-02253-z
https://doi.org/10.1017/9781316979839.036
https://doi.org/10.1017/9781316979839.036
https://doi.org/10.1016/j.neures.2022.05.008
https://doi.org/10.2307/1130197
https://doi.org/10.2307/1130197
https://doi.org/10.1016/j.pbb.2021.173272
https://doi.org/10.1016/j.pbb.2021.173272
https://doi.org/10.1038/35094500
https://doi.org/10.1016/j.jdeveco.2023.103205
https://doi.org/10.1016/j.jdeveco.2023.103205
https://doi.org/10.1098/rsbl.2025.0187
https://doi.org/10.1007/s10816-025-09726-4
https://doi.org/10.1007/s10816-025-09726-4
https://doi.org/10.7554/eLife.52460.sa2
https://doi.org/10.7554/eLife.52460.sa2
https://doi.org/10.1016/j.neuroimage.2014.12.039
https://doi.org/10.1016/j.neuroimage.2014.12.039
https://doi.org/10.1016/j.tics.2004.04.001

Intelligence in Multiple Dimensions

Heinonen, J., Numminen, J., Hlushchuk, Y., Antell, H.,
Taatila, V., & Suomala, J. (2016). Default mode and
executive networks areas: Association with the serial
order in divergent thinking. PLoS ONE, 11(9),
€0162234. https://doi.org/10.1371
journal.pone.0162234

Hermann, R., Dolfini, A., Crellin, R. J., Wang, Q., &
Uckelmann, M. (2020). Bronze age swordsmanship:
New insights from experiments and wear analysis.
Journal of Archaeological Method and Theory, 27(4),
1040-1083. https://doi.org/10.1007
$10816-020-09451-0

Herrnstein, R. J., & Murray, C. (1994). The bell curve:
Intelligence and class structure in American life. The
Free Press.

Hill, W. D. (2018). Comment on “Large-Scale Cognitive
GWAS Meta-Analysis Reveals Tissue-Specific Neural
Expression and Potential Nootropic Drug Targets” by
Lam et al. Twin Research and Human Genetics, 21(2),
84-88. https://doi.org/10.1017/thg.2018.12

Hill, W. D., Davies, G., Harris, S. E., Hagenaars, S. P.,
Liewald, D. C., Penke, L., & Deary, I. J. (2016).
Molecular genetic aetiology of general cognitive
function is enriched in evolutionarily conserved
regions. Translational Psychiatry, 6(12), €980-e980.
https://doi.org/10.1038/tp.2016.246

Hirschfeld, K. (2015). Gangster states: Organized crime,
kleptocracy and political collapse. Palgrave-MacMillan.
https://doi.org/10.1057/9781137490292

Hof, P. R., Morrison, J. H., & Cox, K. (1990).
Quantitative analysis of a vulnerable subset of
pyramidal neurons in Alzheimer’s disease: I. Superior
frontal and inferior temporal cortex. Journal of
Comparative Neurology, 301(1), 44-54.

Holtmaat, A., & Caroni, P. (2016). Functional and
structural underpinnings of neuronal assembly
formation in learning. Nature Neuroscience, 19(12),
1553-1562. https://doi.org/10.1038/nn.4418

Hopkins, K. (1965). Elite Mobility in the Roman Empire.
Past & Present, 32, 12—-26. https://doi.org/10.1093
past/32.1.12

Hrn¢if, V. (2023). The use of wooden clubs and throwing
sticks among recent foragers: Cross-cultural survey
and implications for research on prehistoric
weaponry. Human Nature, 34(1), 122—152. https://
doi.org/10.1007/s12110-023-09445-3

Huang, L., Li, X., Xu, F., & Li, F. (2023). Consequences
of scarcity: The impact of perceived scarcity on
executive functioning and its neural basis. Frontiers
in Neuroscience, 17, 1158544. https://doi.org/10.3389
fnins.2023.1158544

Huijsmans, I., Ma, I., Micheli, L., Civai, C., Stallen, M.,
& Sanfey, A. G. (2019). A scarcitymindset alters
neural processing underlying consumer decision
making. Proceedings of the National Academy of
Sciences, 116(24), 11699-11704. https://doi.org/
10.1073/pnas.1818572116

Humphrey, N. K. (1976). The social function of intellect.
In P. P. G. Bateson & R. A. Hinde (Eds.), Growing
points in ethology (pp. 303-317). Cambridge
University Press.

Hunt, E., Lunneborg, C., & Lewis, J. (1975). What does
it mean to be high verbal? Cognitive Psychology, 7(2),
194-227. https://doi.org/10.1016
0010-0285(75)90010-9

Hunter, J. E., & Schmidt, F. L. (1996). Intelligence and
job performance: Economic and social implications.
Psychology, Public Policy, and Law, 2(3-4), 447-472.
https://doi.org/10.1037/1076-8971.2.3-4.447

Isungset, M. A., Conley, D., Zachrisson, H. D., Ystrom,
E., Havdahl, A., Njglstad, P. R., & Lyngstad, T. H.
(2022). Social and genetic associations with
educational performance in a Scandinavian welfare
state. Proceedings of the National Academy of Sciences,
119(25), €2201869119. https://doi.org/10.1073
pnas.2201869119

Jiang, X., Zhou, C., Ao, N., Gu, W., Li, J., & Chen, Y.
(2021). Scarcity mindset neuro network decoding
with reward: A tree-based model and functional near-
infrared spectroscopy study. Frontiers in Human
Neuroscience, 15, 736415. https://doi.org/10.3389
fnhum.2021.736415

Johnson, W., Carothers, A., & Deary, I. J. (2008). Sex
differences in variability in general intelligence: A
new look at the old question. Perspectives on
Psychological Science, 3, 518-531. https://doi.org/
10.1111/§.1745-6924.2008.00096.x

Julian, M. M. (2013). Age at adoption from institutional
care as a window into the lasting effects of early
experiences. Clinical Child and Family Psychology
Review, 16(2), 101-145. https://doi.org/10.1007
s10567-013-0130-6

Jung, R. E., & Haier, R. J. (2007). The Parieto-Frontal
Integration Theory (P-FIT) ofintelligence: Converging
neuroimaging evidence. Behavioral and Brain
Sciences, 30(2), 135—-154. https://doi.org/10.1017
S0140525X07001185

Kanazawa, S. (2004). General intelligence as a domain-
specific adaptation. Psychological Review, 111(2),
512-523. https://doi.org/10.1037
0033-295X.111.2.512

Kaplan, H., Hill, K., Lancaster, J., & Hurtado, A. M.
(2000). A theory of human life history evolution:
Diet, intelligence, and longevity. Evolutionary
Anthropology, 9(4), 156—185. https://doi.org/10.1002
1520-6505(2000)9:4

Khadka, K. B., Lieberman, L. S., Giedraitis, V., Bhatta,
L., & Pandey, G. (2015). The socio-economic
determinants of infant mortality in Nepal: Analysis
of Nepal Demographic Health Survey, 2011. BMC
Pediatrics, 15, 152. https://doi.org/10.1186,
$12887-015-0468-7

Killeen, P. R., Russell, V. A., & Tannock, R. (2016).
Neuroenergetics. Current Directions in Psychological
Science, 25, 124—129. https://doi.org/10.1177
0963721416628530

Kohshour, M. O., Schulte, E. C., Heilbronner, U., Budde,
M., Kalman, J. L., Senner, F., & Schulze, T. G. (2023).
Association between mitochondria-related genes and
cognitive performance in the PsyCourse Study.
Journal of Affective Disorders, 325, 1-6. https://
doi.org/10.1016/j.jad.2023.01.013

Intelligence & Cognitive Abilities 141


https://doi.org/10.1371/journal.pone.0162234
https://doi.org/10.1371/journal.pone.0162234
https://doi.org/10.1007/s10816-020-09451-0
https://doi.org/10.1007/s10816-020-09451-0
https://doi.org/10.1017/thg.2018.12
https://doi.org/10.1038/tp.2016.246
https://doi.org/10.1057/9781137490292
https://doi.org/10.1038/nn.4418
https://doi.org/10.1093/past/32.1.12
https://doi.org/10.1093/past/32.1.12
https://doi.org/10.1007/s12110-023-09445-3
https://doi.org/10.1007/s12110-023-09445-3
https://doi.org/10.3389/fnins.2023.1158544
https://doi.org/10.3389/fnins.2023.1158544
https://doi.org/10.1073/pnas.1818572116
https://doi.org/10.1073/pnas.1818572116
https://doi.org/10.1016/0010-0285(75)90010-9
https://doi.org/10.1016/0010-0285(75)90010-9
https://doi.org/10.1037/1076-8971.2.3-4.447
https://doi.org/10.1073/pnas.2201869119
https://doi.org/10.1073/pnas.2201869119
https://doi.org/10.3389/fnhum.2021.736415
https://doi.org/10.3389/fnhum.2021.736415
https://doi.org/10.1111/j.1745-6924.2008.00096.x
https://doi.org/10.1111/j.1745-6924.2008.00096.x
https://doi.org/10.1007/s10567-013-0130-6
https://doi.org/10.1007/s10567-013-0130-6
https://doi.org/10.1017/S0140525X07001185
https://doi.org/10.1017/S0140525X07001185
https://doi.org/10.1037/0033-295X.111.2.512
https://doi.org/10.1037/0033-295X.111.2.512
https://doi.org/10.1002/1520-6505(2000)9:4
https://doi.org/10.1002/1520-6505(2000)9:4
https://doi.org/10.1186/s12887-015-0468-7
https://doi.org/10.1186/s12887-015-0468-7
https://doi.org/10.1177/0963721416628530
https://doi.org/10.1177/0963721416628530
https://doi.org/10.1016/j.jad.2023.01.013
https://doi.org/10.1016/j.jad.2023.01.013

Intelligence in Multiple Dimensions

Kong, A., Frigge, M. L., Thorleifsson, G., Stefansson, H.,
Young, A. ., Zink, F., & Stefansson, K. (2017).
Selection against variants in the genome associated
with educational attainment. Proceedings of the
National Academy of Sciences, 114(5), E727-E732.
https://doi.org/10.1073/pnas.1612113114

Konu, D., Turnbull, A., Karapanagiotidis, T., Wang, H.
T., Brown, L. R., Jefferies, E., & Smallwood, J. (2020).
A role for the ventromedial prefrontal cortex in self-
generated episodic social cognition. Neuroimage, 218,
116977. https://doi.org/10.1016
j.neuroimage.2020.116977

Kovacs, K., & Conway, A. R. (2016). Process overlap
theory: A unified account of the general factor of
intelligence. Psychological Inquiry, 27(3), 151-177.
https://doi.org/10.1080/1047840X.2016.1153946

Kriegbaum, K., Becker, N., & Spinath, B. (2018). The
relative importance of intelligence and motivation as
predictors of school achievement: A meta-analysis.
Educational Research Review, 25, 120-148. https://
doi.org/10.1016/j.edurev.2018.10.001

Kiihn, S., Ritter, S. M., Miiller, B. C., Van Baaren, R. B.,
Brass, M., & Dijksterhuis, A. (2014). The importance
of the default mode network in creativity—A
structural MRI study. The Journal of Creative Behavior,
48(2), 152-163. https://doi.org/10.1002/jocb.45

Kuijpers, Y., Dominguez-Andrés, J., Bakker, O. B.,
Gupta, M. K., Grasshoff, M., Xu, C. ]., ... Li, Y. (2022).
Evolutionary trajectories of complex traits in
European populations of modern humans. Frontiers in
Genetics, 13, 833190. https://doi.org/10.3389
fgene.2022.833190

Kuzawa, C. W., Chugani, H. T., Grossman, L. .,
Lipovich, L., Muzik, O., Hof, P. R., ... Lange, N. (2014).
Metabolic costs and evolutionary implications of
human brain development. Proceedings of the
National Academy of Sciences, 111(36), 13010—13015.
https://doi.org/10.1073/pnas.1323099111

Kyaga, S., Lichtenstein, P., Boman, M., Hultman, C.,
Langstrom, N., & Landen, M. (2011). Creativity and
mental disorder: family study of 300 000 people with
severe mental disorder. The British Journal of
Psychiatry, 199(5), 373-379. https://doi.org/10.1192
bjp.bp.110.085316

Lambon Ralph, M. A. L., Jefferies, E., Patterson, K., &
Rogers, T. T. (2017). The neural and computational
bases of semantic cognition. Nature Reviews
Neuroscience, 18(1), 42—55. https://doi.org/10.1038
nrn.2016.150

Lane, N. (2011). Mitonuclear match: Optimizing fitness
and fertility over generations drives ageing within
generations. BioEssays, 33(11), 860—869. https://
doi.org/10.1002/bies.201100051

Leary, M. R., & Buttermore, N. R. (2003). The evolution
of the human self: Tracing the natural history of self-
awareness. Journal for the Theory of Social Behaviour,
33(4), 365-404. https://doi.org/10.1046
j.1468-5914.2003.00223.x

Lee, H. F. (2018). Internal wars in history: Triggered by
natural disasters or socio-ecological catastrophes?
The Holocene, 28, 1071-1081. https://doi.org/10.1177

0959683618761549

Lee, W. E. (2016). Waging war: Conflict, culture, and
innovation in world history. Oxford University Press.

Lewis, L. R., Lopez, R. A., Hunt, R. H., Hodel, A. S.,
Gunnar, M. R., & Thomas, K. M. (2024). Impacts of
early deprivation on behavioral and neural measures
of executive function in early adolescence. Brain and
Cognition, 179, 106183. https://doi.org/10.1016
j.bandc.2024.106183

Lindbergh, C. A., Dishman, R. K., & Miller, L. S. (2016).
Functional disability in mild cognitiveimpairment: A
systematic review and meta-analysis.
Neuropsychology Review, 26(2), 129-159. https://
doi.org/10.1007/s11065-016-9321-5

Liu, Y., Mao, X., Krause, J., & Fu, Q. (2021). Insights
into human history from the first decade of ancient
human genomics. Science, 373(6562), 1479-1484.

Lockwood, P. L., Cutler, J., Drew, D., Abdurahman, A.,
Jeyaretna, D. S., Apps, M. A., ... Manohar, S. G.
(2024). Human ventromedial prefrontal cortex is
necessary for prosocial motivation. Nature Human
Behaviour, 8(7), 1403-1416. https://doi.org/10.1038
s41562-024-01899-4

Loughnan, R. J., Palmer, C. E., Thompson, W. K., Dale,
A. M., Jernigan, T. L., & Chieh Fan, C. (2023).
Intelligence polygenic score is more predictive of
crystallized measures: Evidence from the adolescent
brain cognitive development (ABCD) study.
Psychological Science, 34(6), 714-725. https://doi.org/
10.1177/09567976231160702

Lubinski, D. (2000). Scientific and social significance of
assessing individual differences: “Sinking shafts at a
few critical points.” Annual Review of Psychology, 51,
405-444. https://doi.org/10.1146
annurev.psych.51.1.405

Lubinski, D. (2025). Education, intelligence, placement,
and selection: A discussion of paradoxes and fairness.
Intelligence, 108, 101881. https://doi.org/10.1016
j.intell.2024.101881

Luchini, S. A., Volle, E., & Beaty, R. E. (2025). The role
of the default mode network in creativity. Current
Opinion in Behavioral Sciences, 65, 101551. https://
doi.org/10.1016/j.cobeha.2025.101551

Luhmann, H. J. (2023). Dynamics of neocortical
networks: connectivity beyond the canonical
microcircuit. Pfliigers Archiv-European Journal of
Physiology, 475(9), 1027-1033. https://doi.org/
10.1007/s00424-023-02830-y

Luo, L. (2021). Architectures of neuronal circuits.
Science, 373(6559), eabg7285. https://doi.org/10.1126
science.abg72850pen_in_new

Mac Arthur, R. H., & Wilson, E. O. (1967). The theory of
island biogeography. Princeton University Press.

Magistretti, P. J., & Allaman, I. (2015). A cellular
perspective on brain energy metabolism and
functional imaging. Neuron, 86(4), 883-901. https://
doi.org/10.1016/j.neuron.2015.03.035

Mah, L., Arnold, M. C., & Grafman, J. (2004).
Impairment of social perception associated with
lesions of the prefrontal cortex. American Journal of

Psychiatry, 161(7), 1247-1255. https://doi.org/
10.1176/appi.ajp.161.7.1247

Intelligence & Cognitive Abilities 142


https://doi.org/10.1073/pnas.1612113114
https://doi.org/10.1016/j.neuroimage.2020.116977
https://doi.org/10.1016/j.neuroimage.2020.116977
https://doi.org/10.1080/1047840X.2016.1153946
https://doi.org/10.1016/j.edurev.2018.10.001
https://doi.org/10.1016/j.edurev.2018.10.001
https://doi.org/10.1002/jocb.45
https://doi.org/10.3389/fgene.2022.833190
https://doi.org/10.3389/fgene.2022.833190
https://doi.org/10.1073/pnas.1323099111
https://doi.org/10.1192/bjp.bp.110.085316
https://doi.org/10.1192/bjp.bp.110.085316
https://doi.org/10.1038/nrn.2016.150
https://doi.org/10.1038/nrn.2016.150
https://doi.org/10.1002/bies.201100051
https://doi.org/10.1002/bies.201100051
https://doi.org/10.1046/j.1468-5914.2003.00223.x
https://doi.org/10.1046/j.1468-5914.2003.00223.x
https://doi.org/10.1177/0959683618761549
https://doi.org/10.1177/0959683618761549
https://doi.org/10.1016/j.bandc.2024.106183
https://doi.org/10.1016/j.bandc.2024.106183
https://doi.org/10.1007/s11065-016-9321-5
https://doi.org/10.1007/s11065-016-9321-5
https://doi.org/10.1038/s41562-024-01899-4
https://doi.org/10.1038/s41562-024-01899-4
https://doi.org/10.1177/09567976231160702
https://doi.org/10.1177/09567976231160702
https://doi.org/10.1146/annurev.psych.51.1.405
https://doi.org/10.1146/annurev.psych.51.1.405
https://doi.org/10.1016/j.intell.2024.101881
https://doi.org/10.1016/j.intell.2024.101881
https://doi.org/10.1016/j.cobeha.2025.101551
https://doi.org/10.1016/j.cobeha.2025.101551
https://doi.org/10.1007/s00424-023-02830-y
https://doi.org/10.1007/s00424-023-02830-y
https://doi.org/10.1126/science.abg7285open_in_new
https://doi.org/10.1126/science.abg7285open_in_new
https://doi.org/10.1016/j.neuron.2015.03.035
https://doi.org/10.1016/j.neuron.2015.03.035
https://doi.org/10.1176/appi.ajp.161.7.1247
https://doi.org/10.1176/appi.ajp.161.7.1247

Intelligence in Multiple Dimensions

Malthus, T. R. (1798). An essay on the principle of
population as it affects the future improvement of
society with remarks on the speculations of Mr. Godwin,
M. Condorcet, and other writers. Printed for J.
Johnson, in St. Paul’s Church-yard.

Mancuso, L., Cavuoti-Cabanillas, S., Liloia, D.,
Manuello, J., Buzi, G., Cauda, F., & Costa, T. (2022).
Tasks activating the default mode network map
multiple functional systems. Brain Structure and
Function, 227(5), 1711-1734. https://doi.org/10.1007
$00429-022-02467-0

Marron, T. R., Lerner, Y., Berant, E., Kinreich, S.,
Shapira-Lichter, I., Hendler, T., & Faust, M. (2018).
Chain free association, creativity, and the default
mode network. Neuropsychologia, 118, 40-58. https://
doi.org/10.1016/j.neuropsychologia.2018.03.018

Mastroeni, D., Khdour, O. M., Delvaux, E., Nolz, J.,
Olsen, G., Berchtold, N., & Coleman, P. D. (2017).
Nuclear but not mitochondrial-encoded oxidative
phosphorylation genes are altered in aging, mild
cognitive impairment, and Alzheimer’s disease.
Alzheimer’s & Dementia, 13(5), 510-519. https://
doi.org/10.1016/j.jalz.2016.09.003

Mayr, E. (1974). Behavior programs and evolutionary
strategies. American Scientist, 62(6), 650—659.

McGrew, K. S. (2009). CHC theory and the human
cognitive abilities project: Standing on the shoulders
of the giants of psychometric intelligence research.
Intelligence, 37(1), 1-10. https://doi.org/10.1016,
j.intell.2008.08.004

McGrew, K. S., Schneider, W. J., Decker, S. L., & Bulut,
0. (2023). A psychometric network analysis of CHC
intelligence measures: Implications for research,
theory, and interpretation of broad CHC scores
“beyond g.” Journal of Intelligence, 11(1), 19. https://
doi.org/10.3390/jintelligence11010019

McLaughlin, K. A., Weissman, D., & Bitran, D. (2019).
Childhood adversity and neural development: A
systematic review. Annual Review of Developmental
Psychology, 1(1), 277-312. https://doi.org/10.1146
annurev-devpsych-121318-084950

Menon, V. (2023). 20 years of the default mode network:
A review and synthesis. Neuron, 111(16), 2469-2487.
https://doi.org/10.1016/j.neuron.2023.04.023

Menon, V., & D’Esposito, M. (2022). The role of PFC
networks in cognitive control and executive function.
Neuropsychopharmacology, 47(1), 90-103. https://
doi.org/10.1038/s41386-021-01152-w

Miyake, A., & Friedman, N. P. (2012). The nature and
organization of individual differences in executive
functions: Four general conclusions. Current
Directions in Psychological Science, 21(1), 8-14. https:/

doi.org/10.1177/0963721411429458

Molnar-Szakacs, I., & Uddin, L. Q. (2022). Anterior
insula as a gatekeeper of executive control.
Neuroscience & Biobehavioral Reviews, 139, 104736.
https://doi.org/10.1016/j.neubiorev.2022.104736

Monje, M., & Iwasaki, A. (2022). The neurobiology of

long COVID. Neuron, 110(21), 3484-3496. https://
doi.org/10.1016/j.neuron.2022.10.006

Monosov, 1. E., Haber, S. N., Leuthardt, E. C., & Jezzini,
A. (2020). Anterior cingulate cortex and the control
of dynamic behavior in primates. Current Biology,
30(23), R1442-R1454. https://doi.org/10.1016
j.cub.2020.10.009

Mosharov, E. V., Rosenberg, A. M., Monzel, A. S., Osto,
C. A, Stiles, L., Rosoklija, G. B., ... Picard, M. (2025).
A human brain map of mitochondrial respiratory
capacity and diversity. Nature, 641, 749-758. https://
doi.org/10.1038/s41586-025-08740-6

Mullainathan, S., & Shafir, E. (2013). Scarcity: Why
having too little means so much. Macmillan.

Neubauer, S., Hublin, J. ]., & Gunz, P. (2018). The
evolution of modern human brain shape. Science
Advances, 4(1), eaao5961. https://doi.org/10.1126,
sciadv.aa05961

Northoff, G., Buccellato, A., & Ventura, B. (2025). The
Default Mode Network and inner time consciousness.
Current Opinion in Behavioral Sciences, 63, 101524.
https://doi.org/10.1016/j.cobeha.2025.101524

Oeberst, A., & Imhoff, R. (2023). Toward parsimony in
bias research: A proposed common framework of
belief-consistent information processing for a set of
biases. Perspectives on Psychological Science, 18(6),
1464-1487. https://doi.org/10.1177
17456916221148147

O’Leary, D. D. M., Schlaggar, B. L., & Tuttle, R. (1994).
Specification of neocortical areas andthalamocortical
connections. Annual Review of Neuroscience, 17,
419-439. https://doi.org/10.1146
annurev.ne.17.030194.002223

Oliva, M., Munoz-Aguirre, M., Kim-Hellmuth, S.,
Wucher, V., Gewirtz, A. D., Cotter, D.]., ... Stranger,
B. E. (2020). The impact of sex on gene expression
across human tissues. Science, 369(6509), eaba3066.
https://doi.org/10.1126/science.aba3066

Ostby, Y., Walhovd, K. B., Tamnes, C. K., Grydeland, H.,
Westlye, L. T., & Fjell, A. M. (2012). Mental time
travel and default-mode network functional
connectivity in the developing brain. Proceedings of
the National Academy of Sciences of the United States of
America, 109(42), 16800-16804. https://doi.org/
10.1073/pnas.1210627109

Parnas, J., Sandsten, K. E., Vestergaard, C. H., &
Nordgaard, J. (2019). Schizophrenia and bipolar
illness in the relatives of university scientists: An
epidemiological report on the creativity-
psychopathology relationship. Frontiers in Psychiatry,
10, 175. https://doi.org/10.3389/fpsyt.2019.00175

Penaherrera-Aguirre, M., Sarraf, M. A., Woodley of
Menie, M. A., & Miller, G. F. (2023). The ten-million-
year explosion: Paleocognitive reconstructions of
domain- general cognitive ability (G) in extant
primates. Intelligence, 101, 101795. https://doi.org/
10.1016/j.intell.2023.101795

Penaherrera-Aguirre, M., Woodley of Menie, M. A.,
Sarraf, M. A., & Beaver, K. M. (2022). Social adversity
reduces polygenic score expressivity for general
cognitive ability, but not height. Twin Research &
Human Genetics, 25(1), 10-23. https://doi.org/
10.1017/thg.2022.3

Intelligence & Cognitive Abilities 143


https://doi.org/10.1007/s00429-022-02467-0
https://doi.org/10.1007/s00429-022-02467-0
https://doi.org/10.1016/j.neuropsychologia.2018.03.018
https://doi.org/10.1016/j.neuropsychologia.2018.03.018
https://doi.org/10.1016/j.jalz.2016.09.003
https://doi.org/10.1016/j.jalz.2016.09.003
https://doi.org/10.1016/j.intell.2008.08.004
https://doi.org/10.1016/j.intell.2008.08.004
https://doi.org/10.3390/jintelligence11010019
https://doi.org/10.3390/jintelligence11010019
https://doi.org/10.1146/annurev-devpsych-121318-084950
https://doi.org/10.1146/annurev-devpsych-121318-084950
https://doi.org/10.1016/j.neuron.2023.04.023
https://doi.org/10.1038/s41386-021-01152-w
https://doi.org/10.1038/s41386-021-01152-w
https://doi.org/10.1177/0963721411429458
https://doi.org/10.1177/0963721411429458
https://doi.org/10.1016/j.neubiorev.2022.104736
https://doi.org/10.1016/j.neuron.2022.10.006
https://doi.org/10.1016/j.neuron.2022.10.006
https://doi.org/10.1016/j.cub.2020.10.009
https://doi.org/10.1016/j.cub.2020.10.009
https://doi.org/10.1038/s41586-025-08740-6
https://doi.org/10.1038/s41586-025-08740-6
https://doi.org/10.1126/sciadv.aao5961
https://doi.org/10.1126/sciadv.aao5961
https://doi.org/10.1016/j.cobeha.2025.101524
https://doi.org/10.1177/17456916221148147
https://doi.org/10.1177/17456916221148147
https://doi.org/10.1146/annurev.ne.17.030194.002223
https://doi.org/10.1146/annurev.ne.17.030194.002223
https://doi.org/10.1126/science.aba3066
https://doi.org/10.1073/pnas.1210627109
https://doi.org/10.1073/pnas.1210627109
https://doi.org/10.3389/fpsyt.2019.00175
https://doi.org/10.1016/j.intell.2023.101795
https://doi.org/10.1016/j.intell.2023.101795
https://doi.org/10.1017/thg.2022.3
https://doi.org/10.1017/thg.2022.3

Intelligence in Multiple Dimensions

Penke, L., Maniega, S. M., Bastin, M. E., Valdés
Hernandez, M. C., Murray, C., Royle, N. A., ... Deary,
I. J. (2012). Brain white matter tract integrity as a
neural foundation for general intelligence. Molecular
Psychiatry, 17, 1026-1030. https://doi.org/10.1038
mp.2012.66

Penn, D. C., Holyoak, K. J., & Povinelli, D. J. (2008).
Darwin’s mistake: Explaining the discontinuity
between human and nonhuman minds. Behavioral
and Brain Sciences, 31(2), 109-130. https://doi.org/
10.1017/S0140525X08003543

Pesta, B. ]., te Nijenhuis, J., Fuerst, J. G., & Shibaev, V.
(2023). Links between ethnicity, socioeconomic
status, and measured cognition in diverse samples of
UK adults. Comparative Sociology, 22(6), 785-823.
https://doi.org/10.1163/15691330-bja10094

Philippi, C. L., Tranel, D., Duff, M., & Rudrauf, D.
(2015). Damage to the default mode network disrupts
autobiographical memory retrieval. Social Cognitive
and Affective Neuroscience, 10(3), 318-326. https://
doi.org/10.1093/scan/nsu070

Picard, M., & Turnbull, D. M. (2013). Linking the
metabolic state and mitochondrial DNA in chronic
disease, health, and aging. Diabetes, 62(3), 672-678.
https://doi.org/10.2337/db12-1203

Pietschnig, J., & Voracek, M. (2015). One century of
global 1Q gains: A formal meta-analysis of the Flynn
effect (1909-2013). Perspectives on Psychological
Science, 10(3), 282-306. https://doi.org/10.1177
1745691615577701

Piffer, D., Dutton, E., & Kirkegaard, E. O. W. (2023).
Intelligence trends in ancient Rome: The rise and fall
of Roman polygenic scores. OpenPsych. https://
doi.org/10.26775/0P.2023.07.21

Piffer, D., & Kirkegaard, E. O. W. (2024). Evolutionary
trends of polygenic scores in European populations
from the Paleolithic to modern times. Twin Research
& Human Genetics, 27(1), 30-49. https://doi.org/
10.1017/thg.2024.8

Plomin, R., McClearn, G. E., Smith, D. L., Skuder, P.,
Vignetti, S., Chorney, M. J., & McGuffin, P. (1995).
Allelic associations between 100 DNA markers and
high versus low 1Q. Intelligence, 21(1), 31-48. https://
doi.org/10.1016/0160-2896(95)90037-3

Posner, M. 1. (2023). The Evolution and future
development of attention networks. Journal of
Intelligence, 11(6), 98. https://doi.org/10.3390
jintelligence11060098

Posner, M. 1., & Rothbart, M. K. (2009). Toward a
physical basis of attention and self-regulation.
Physics of Life Reviews, 6(2), 103-120. https://doi.org/
10.1016/j.plrev.2009.02.001

Potts, R. (1998). Variability selection in hominid
evolution. Evolutionary Anthropology, 7(3), 81-96.
https://doi.org/10.1002/(SICI)1520-6505(1998)7:3

Povinelli, D. J. (2000). Folk physics for apes: The
chimpanzee’s theory of how the world works. Oxford
University Press.

Power, J. D., Cohen, A. L., Nelson, S. M., Wig, G. S.,
Barnes, K. A., Church, J. A., ... Petersen, S. E. (2011).
Functional network organization of the human brain.
Neuron, 72(4), 665-678. https://doi.org/10.1016,
j.neuron.2011.09.006

Power, R. A., Kyaga, S., Uher, R., MacCabe, J. H.,
Langstrom, N., Landen, M., ... Svensson, A. C. (2013).
Fecundity of patients with schizophrenia, autism,
bipolar disorder, depression, anorexia nervosa, or
substance abuse vs their unaffected siblings. JAMA
Psychiatry, 70(1), 22-30. https://doi.org/10.1001
jamapsychiatry.2013.268

Preuss, T. M., & Wise, S. P. (2022). Evolution of
prefrontal cortex. Neuropsychopharmacology, 47(1),
3-19. https://doi.org/10.1038/s41386-021-01076-5

Protzko, J. (2017). Raising IQ among school-aged
children: Five meta-analyses and a review of
randomized controlled trials. Developmental Review,
46, 81-101. https://doi.org/10.1016/j.dr.2017.05.001

Qiu, B., Qian, R., Gu, B., Li, Z., Chen, Z., Xu, X., & Wu,
D. (2025). Neural correlates differ between
crystallized and fluid intelligence in adolescents.
Translational Psychiatry, 15(1), 246. https://doi.org/
10.1038/s41398-025-03467-4

Raichle, M. E. (2015). The brain’s default mode network.
Annual Review of Neuroscience, 38, 433-447. https://
doi.org/10.1146/annurev-neuro-071013-014030

Ramirez, F. O., & Boli, J. (1987). The political
construction of mass schooling: European origins and
worldwide institutionalization. Sociology of Education,
60(1), 2-17. https://doi.org/10.2307/2112615

Raz, N., & Daugherty, A. M. (2018). Pathways to brain
aging and their modifiers: Free-radical-induced
energetic and neural decline in senescence
(FRIENDS) model-A mini-review. Gerontology, 64,
49-57. https://doi.org/10.1159/000479508

Reid, A. (1997). Locality or class? Spatial and social
differentials in infant and child mortality in England
and Wales, 1895-1911. In C. A. Corsini & P. P. Viazzo
(Eds.), The decline of infant and child mortality (pp.
129-154). Martinus Nijhoff Publishers.

Richardson, K. (2002). What IQ tests test. Theory &
Psychology, 12(3), 283-314. https://doi.org/10.1177,
0959354302012003012

Rindermann, H. (2018). Cognitive capitalism: Human
capital and the wellbeing of nations. Cambridge
University Press. https://doi.org/10.1017
9781107279339

Roebroeks, W., & Villa, P. (2011). On the earliest
evidence for habitual use of fire in Europe.
Proceedings of the National Academy of Sciences,
108(13), 5209-5214. https://doi.org/10.1073
pnas.1018116108

Rowe, D. C., Jacobson, K. C., & Van den Oord, E. J.
(1999). Genetic and environmental influences on
vocabulary IQ: Parental education level as moderator.
Child Development, 70(5), 1151-1162. https://doi.org/
10.1111/1467-8624.00084

Rugg, M. D., & Vilberg, K. L. (2013). Brain networks
underlying episodic memory retrieval. Current
Opinion in Neurobiology, 23(2), 255-260. https://
doi.org/10.1016/j.conb.2012.11.005

Intelligence & Cognitive Abilities 144


https://doi.org/10.1038/mp.2012.66
https://doi.org/10.1038/mp.2012.66
https://doi.org/10.1017/S0140525X08003543
https://doi.org/10.1017/S0140525X08003543
https://doi.org/10.1163/15691330-bja10094
https://doi.org/10.1093/scan/nsu070
https://doi.org/10.1093/scan/nsu070
https://doi.org/10.2337/db12-1203
https://doi.org/10.1177/1745691615577701
https://doi.org/10.1177/1745691615577701
https://doi.org/10.26775/OP.2023.07.21
https://doi.org/10.26775/OP.2023.07.21
https://doi.org/10.1017/thg.2024.8
https://doi.org/10.1017/thg.2024.8
https://doi.org/10.1016/0160-2896(95)90037-3
https://doi.org/10.1016/0160-2896(95)90037-3
https://doi.org/10.3390/jintelligence11060098
https://doi.org/10.3390/jintelligence11060098
https://doi.org/10.1016/j.plrev.2009.02.001
https://doi.org/10.1016/j.plrev.2009.02.001
https://doi.org/10.1002/(SICI)1520-6505(1998)7:3
https://doi.org/10.1016/j.neuron.2011.09.006
https://doi.org/10.1016/j.neuron.2011.09.006
https://doi.org/10.1001/jamapsychiatry.2013.268
https://doi.org/10.1001/jamapsychiatry.2013.268
https://doi.org/10.1038/s41386-021-01076-5
https://doi.org/10.1016/j.dr.2017.05.001
https://doi.org/10.1038/s41398-025-03467-4
https://doi.org/10.1038/s41398-025-03467-4
https://doi.org/10.1146/annurev-neuro-071013-014030
https://doi.org/10.1146/annurev-neuro-071013-014030
https://doi.org/10.2307/2112615
https://doi.org/10.1159/000479508
https://doi.org/10.1177/0959354302012003012
https://doi.org/10.1177/0959354302012003012
https://doi.org/10.1017/9781107279339
https://doi.org/10.1017/9781107279339
https://doi.org/10.1073/pnas.1018116108
https://doi.org/10.1073/pnas.1018116108
https://doi.org/10.1111/1467-8624.00084
https://doi.org/10.1111/1467-8624.00084
https://doi.org/10.1016/j.conb.2012.11.005
https://doi.org/10.1016/j.conb.2012.11.005

Intelligence in Multiple Dimensions

Ryali, S., Zhang, Y., de Los Angeles, C., Supekar, K., &
Menon, V. (2024). Deep learning models reveal
replicable, generalizable, and behaviorally relevant
sex differences in human functional brain
organization. Proceedings of the National Academy of
Sciences, 121(9), €2310012121. https://doi.org/
10.1073/pnas.2310012121

Sakata, N., & Okumura, Y. (2017). Job loss after
diagnosis of early-onset dementia: A matched cohort
study. Journal of Alzheimer’s Disease, 60(4),
1231-1235. https://doi.org/10.3233/JAD-170478

Santarnecchi, E., Emmendorfer, A., & Pascual-Leone, A.

(2017). Dissecting the parieto-frontal correlates of
fluid intelligence: A comprehensive ALE meta-
analysis study. Intelligence, 63, 9-28. https://doi.org/
10.1016/j.intell.2017.04.008

Sauce, B., & Matzel, L. D. (2018). The paradox of
intelligence: Heritability and malleability coexist in
hidden gene-environment interplay. Psychological
Bulletin, 144(1), 26—47. https://doi.org/10.1037
bul0000131

Scheidel, W. (2017). The great leveler: Violence and the
history of inequality from the stone age to the twenty-
first century. Princeton University Press. https://
doi.org/10.1515/9781400884605

Scheinost, D., Chang, J., Brennan-Wydra, E., Lacadie,
C., Constable, R. T., Chawarska, K., & Ment, L. R.
(2024). Developmental trajectories of the default
mode, frontoparietal, and salience networks from the
third trimester through the newborn period. Imaging
Neuroscience, 2, 1-16. https://doi.org/10.1162
imag a_00201

Schmidt, F. L., & Hunter, J. E. (1998). The validity and
utility of selection methods in personnel psychology:
Practical and theoretical implications of 85 years of
research findings. Psychological Bulletin, 124(2),
262-274. https://doi.org/10.1037
0033-2909.124.2.262

Schultz, H. (1991). Social differences in mortality in the
eighteenth century: An analysis of Berlin church
registers. International Review of Social History, 36(2),
232-248. https://doi.org/10.1017
S002085900011051X

Shanmugan, S., Seidlitz, J., Cui, Z., Adebimpe, A.,
Bassett, D. S., Bertolero, M. A., ... Satterthwaite, T. D.
(2022). Sex differences in the functional topography
of association networks in youth. Proceedings of the
National Academy of Sciences, 119(33), e2110416119.
https://doi.org/10.1073/pnas.2110416119

Shatalina, E., Whitehurst, T., Onwordi, E. C.,
Whittington, A., Mansur, A., Arumuham, A., &
Howes, O. D. (2025). Mitochondria and Cognition: An
[18F] BCPP-EF Positron Emission Tomography Study
of Mitochondrial Complex I Levels and Brain
Activation During Task Switching. Biological
Psychiatry: Cognitive Neuroscience and Neuroimaging,
10(8), 823-832.

Shatalina, E., Whitehurst, T. S., Onwordi, E. C., Gilbert,
B.]., Rizzo, G., Whittington, A., & Howes, O. D.
(2024). Mitochondrial complex I density is associated
with IQ and cognition in cognitively healthy adults:
an in vivo [18F] BCPP-EF PET study. EJNMMI
Research, 14(1), 41. https://doi.org/10.1186
$13550-024-01099-1

Shayer, M., Ginsburg, D., & Coe, R. (2007). Thirty years
on-a large anti-Flynn effect? The Piagetian test
Volume & Heaviness norms 1975-2003. British
Journal of Educational Psychology, 77(1), 25-41.
https://doi.org/10.1348/000709906X96987

Shea, B. T. (1983). Allometry and heterochrony in the
African apes. American Journal of Physical
Anthropology, 62(3), 275-289. https://doi.org/
10.1002/ajpa.1330620307

Shi, Y., Cui, D., Niu, J., Zhang, X., Sun, F., Liu, H., & Yu,
G. (2023). Sex differences in structural covariance
network based on MRI cortical morphometry: Effects
on episodic memory. Cerebral Cortex, 33(13),
8645-8653. https://doi.org/10.1093/cercor/bhad147

Shofty, B., Gonen, T., Bergmann, E., Mayseless, N.,
Korn, A., Shamay-Tsoory, S., & Ram, Z. (2022). The
default network is causally linked to creative
thinking. Molecular Psychiatry, 27(3), 1848—1854.
https://doi.org/10.1038/s41380-021-01403-8

Silvaggi, F., Leonardi, M., Tiraboschi, P., Muscio, C.,
Toppo, C., & Raggi, A. (2020). Keepingpeople with
dementia or mild cognitive impairment in
employment: a literature review on its determinants.
International Journal of Environmental Research and
Public Health, 17(3), 842. https://doi.org/10.3390
ijerph17030842

Smallwood, J., Bernhardt, B. C., Leech, R., Bzdok, D.,
Jefferies, E., & Margulies, D. S. (2021). The default
mode network in cognition: A topographical
perspective. Nature Reviews Neuroscience, 22(8),
503-513. https://doi.org/10.1038
s41583-021-00474-4

Sonego, M., Pellegrin, M. C., Becker, G., & Lazzerini, M.
(2015). Risk factors for mortality from acute lower
respiratory infections (ALRI) in children under five
years of age in low and middle-income countries: A
systematic review and meta-analysis of observational
studies. PLoS ONE, 10(1), e0116380. https://doi.org/
10.1371/journal.pone.0116380

Song, X., Campbell, C. D., & Lee, J. Z. (2015). Ancestry
matters: Patrilineage growth andextinction. American
Sociological Review, 80, 574—-602. https://doi.org/
10.1177/0003122415576516

Spearman, C. (1904). “General intelligence,” Objectively
determined and measured. The American Journal of
Psychology, 15(2), 201-292. https://doi.org/10.2307
1412107

Speidel, L., Cassidy, L., Davies, R. W., Hellenthal, G.,
Skoglund, P., & Myers, S. R. (2021). Inferring
population histories for ancient genomes using
genome-wide genealogies. Molecular Biology and
Evolution, 38(9), 3497-3511. https://doi.org/10.1093
molbev/msab174

Intelligence & Cognitive Abilities 145


https://doi.org/10.1073/pnas.2310012121
https://doi.org/10.1073/pnas.2310012121
https://doi.org/10.3233/JAD-170478
https://doi.org/10.1016/j.intell.2017.04.008
https://doi.org/10.1016/j.intell.2017.04.008
https://doi.org/10.1037/bul0000131
https://doi.org/10.1037/bul0000131
https://doi.org/10.1515/9781400884605
https://doi.org/10.1515/9781400884605
https://doi.org/10.1162/imag_a_00201
https://doi.org/10.1162/imag_a_00201
https://doi.org/10.1037/0033-2909.124.2.262
https://doi.org/10.1037/0033-2909.124.2.262
https://doi.org/10.1017/S002085900011051X
https://doi.org/10.1017/S002085900011051X
https://doi.org/10.1073/pnas.2110416119
https://doi.org/10.1186/s13550-024-01099-1
https://doi.org/10.1186/s13550-024-01099-1
https://doi.org/10.1348/000709906X96987
https://doi.org/10.1002/ajpa.1330620307
https://doi.org/10.1002/ajpa.1330620307
https://doi.org/10.1093/cercor/bhad147
https://doi.org/10.1038/s41380-021-01403-8
https://doi.org/10.3390/ijerph17030842
https://doi.org/10.3390/ijerph17030842
https://doi.org/10.1038/s41583-021-00474-4
https://doi.org/10.1038/s41583-021-00474-4
https://doi.org/10.1371/journal.pone.0116380
https://doi.org/10.1371/journal.pone.0116380
https://doi.org/10.1177/0003122415576516
https://doi.org/10.1177/0003122415576516
https://doi.org/10.2307/1412107
https://doi.org/10.2307/1412107
https://doi.org/10.1093/molbev/msab174
https://doi.org/10.1093/molbev/msab174

Intelligence in Multiple Dimensions

Stibel, J. M. (2021). Decreases in brain size and
encephalization in anatomically modern humans.
Brain, Behavior and Evolution, 96(2), 64-717. https://
doi.org/10.1159/000519504

Stibel, J. M. (2023). Climate change influences brain size
in humans. Brain Behavior and Evolution, 98(2),
93-106. https://doi.org/10.1159/000528710

Stibel, J. M. (2025). Did increasing brain size place early
humans at risk of extinction? Brain and Cognition,
188, 106336. https://doi.org/10.1016
j.bandc.2025.106336

Street, S. E., Navarrete, A. F., Reader, S. M., & Laland,
K. N. (2017). Coevolution of cultural intelligence,
extended life history, sociality, and brain size in
primates. Proceedings of the National Academy of
Sciences, 114, 7908-7914. https://doi.org/10.1073
pnas.1620734114

Strenze, T. (2007). Intelligence and socioeconomic
success: A meta-analytic review of longitudinal
research. Intelligence, 35(5), 401-426. https://doi.org/
10.1016/j.intell.2006.09.004

Suddendorf, T., & Corballis, M. C. (2007). The evolution
of foresight: What is mental time travel, and is it
unique to humans? Behavioral and Brain Sciences,
30(3), 299-313. https://doi.org/10.1017
S0140525X07001975

Supekar, K., Uddin, L. Q., Prater, K., Amin, H., Greicius,
M. D., & Menon, V. (2010). Development of
functional and structural connectivity within the
default mode network in young children. Neuroimage,
52(1), 290-301. https://doi.org/10.1016
j.neuroimage.2010.04.009

Sylvester, C. M., Kaplan, S., Myers, M. J., Gordon, E. M.,
Schwarzlose, R. F., Alexopoulos, D., & Smyser, C. D.
(2023). Network-specific selectivity of functional
connections in the neonatal brain. Cerebral Cortex,
33(5), 2200-2214. https://doi.org/10.1093/cercor,
bhac202

Tanner, J. M. (1992). Growth as a measure of the
nutritional and hygienic status of a population.
Hormone Research, 38(Suppl. 1), 106—-115. https://
doi.org/10.1159/000182580

Teeuw, J., Brouwer, R. M., Guimaraes, J. P., Brandner, P.,
Koenis, M. M., Swagerman, S. C., & Pol, H. E. H.
(2019). Genetic and environmental influences on
functional connectivity within and between canonical
cortical resting-state networks throughout
adolescent development in boys and girls.
Neurolmage, 202, 116073. https://doi.org/10.1016
j.neuroimage.2019.116073

Thomas, M. G., Miller, K. W. P., & Mascie-Taylor, C. G.
N. (1998). Mitochondrial DNA and IQ in Europe.
Intelligence, 26(2), 167-173. https://doi.org/10.1016
S0160-2896(99)80060-9

Thomason, M. E. (2020). Development of brain
networks in utero: relevance for common neural
disorders. Biological Psychiatry, 88(1), 40-50. https://
doi.org/10.1016/j.biopsych.2020.02.007

Thomson, G. H. (1916). A hierarchy without a general
factor. British Journal of Psychology, 8(3), 271-281.

Thurstone, L. L., & Thurstone, T. G. (1941). Factorial
studies of intelligence. Psychometric Monographs, 2,
94.

Tinbergen, N. (1963). On aims and methods of ethology.
Zeitschrift fiir Tierpsychologie, 20, 410-433. https://
doi.org/10.1111/j.1439-0310.1963.tb01161.x

Tononi, G., Boly, M., Massimini, M., & Koch, C. (2016).
Integrated information theory: From consciousness
to its physical substrate. Nature Reviews Neuroscience,
17(7), 450-461. https://doi.org/10.1038/nrn.2016.44

Tooley, U. A., Bassett, D. S., & Mackey, A. P. (2021).
Environmental influences on the pace of brain
development. Nature Reviews Neuroscience, 22(6),
372-384. https://doi.org/10.1038
s41583-021-00457-5

Tranel, D., Hathaway-Nepple, J., & Anderson, S. W.
(2007). Impaired behavior on real-world tasks
following damage to the ventromedial prefrontal
cortex. Journal of Clinical and Experimental
Neuropsychology, 29(3), 319-332. https://doi.org/
10.1080/13803390600701376

Turchin, P. (2009). A theory for formation of large
empires. Journal of Global History, 4(2), 191-217.
https://doi.org/10.1017/s174002280900312x

Turchin, P., Currie, T. E., Turner, E. A., & Gavrilets, S.
(2013). War, space, and the evolution of Old World
complex societies. Proceedings of the National
Academy of Sciences of the United States of America,
110(41), 16384-16389. https://doi.org/10.1073
pnas.1308825110

Turk, E., Van Den Heuvel, M. 1., Benders, M. J., De Heus,
R., Franx, A., Manning, J. H., & Van Den Heuvel, M.
P. (2019). Functional connectome of the fetal brain.
Journal of Neuroscience, 39(49), 9716-9724. https://
doi.org/10.1523/INEUROSCI.2891-18.2019

Uddin, L. Q. (2015). Salience processing and insular
cortical function and dysfunction. Nature Reviews
Neuroscience, 16(1), 55-61. https://doi.org/10.1038
nrn3857

United Nations. (1985). Socio-economic differentials in
child mortality in developing countries. Author.

Volk, A. A., & Atkinson, J. A. (2013). Infant and child
death in the human environment of evolutionary
adaptation. Evolution and Human Behavior, 34(3),
182-192. https://doi.org/10.1016
j.evolhumbehav.2012.11.007

Vrba, E. S. (1995). The fossil record of African antelopes
(Mammalia, Bovidae) in relation to human evolution
and paleoclimate. In E. S. Vrba, G. H. Denton, T. C.
Partridge, & L. H. Burckle (Eds.), Paleoclimate and
evolution, with emphasis on human origins (pp.
385-424). Yale University Press.

Walberg, H. J. (1984). Improving the productivity of
America’s schools. Educational Leadership, 41(8),
19-27.

Wapeesittipan, P., & Joshi, A. (2023). Integrated
analysis of robust sex-biased gene signatures in
human brain. Biology of Sex Differences, 14(1), 36.
https://doi.org/10.1186/513293-023-00515-w

Intelligence & Cognitive Abilities 146


https://doi.org/10.1159/000519504
https://doi.org/10.1159/000519504
https://doi.org/10.1159/000528710
https://doi.org/10.1016/j.bandc.2025.106336
https://doi.org/10.1016/j.bandc.2025.106336
https://doi.org/10.1073/pnas.1620734114
https://doi.org/10.1073/pnas.1620734114
https://doi.org/10.1016/j.intell.2006.09.004
https://doi.org/10.1016/j.intell.2006.09.004
https://doi.org/10.1017/S0140525X07001975
https://doi.org/10.1017/S0140525X07001975
https://doi.org/10.1016/j.neuroimage.2010.04.009
https://doi.org/10.1016/j.neuroimage.2010.04.009
https://doi.org/10.1093/cercor/bhac202
https://doi.org/10.1093/cercor/bhac202
https://doi.org/10.1159/000182580
https://doi.org/10.1159/000182580
https://doi.org/10.1016/j.neuroimage.2019.116073
https://doi.org/10.1016/j.neuroimage.2019.116073
https://doi.org/10.1016/S0160-2896(99)80060-9
https://doi.org/10.1016/S0160-2896(99)80060-9
https://doi.org/10.1016/j.biopsych.2020.02.007
https://doi.org/10.1016/j.biopsych.2020.02.007
https://doi.org/10.1111/j.1439-0310.1963.tb01161.x
https://doi.org/10.1111/j.1439-0310.1963.tb01161.x
https://doi.org/10.1038/nrn.2016.44
https://doi.org/10.1038/s41583-021-00457-5
https://doi.org/10.1038/s41583-021-00457-5
https://doi.org/10.1080/13803390600701376
https://doi.org/10.1080/13803390600701376
https://doi.org/10.1017/s174002280900312x
https://doi.org/10.1073/pnas.1308825110
https://doi.org/10.1073/pnas.1308825110
https://doi.org/10.1523/JNEUROSCI.2891-18.2019
https://doi.org/10.1523/JNEUROSCI.2891-18.2019
https://doi.org/10.1038/nrn3857
https://doi.org/10.1038/nrn3857
https://doi.org/10.1016/j.evolhumbehav.2012.11.007
https://doi.org/10.1016/j.evolhumbehav.2012.11.007
https://doi.org/10.1186/s13293-023-00515-w

Intelligence in Multiple Dimensions

Wei, Y., de Lange, S. C., Scholtens, L. H., Watanabe, K.,
Ardesch, D. J., Jansen, P. R., & van den Heuvel, M. P.
(2019). Genetic mapping and evolutionary analysis of
human-expanded cognitive networks. Nature
Communications, 10(1), 4839. https://doi.org/10.1038
s41467-019-12764-8

West-Eberhard, M. J. (1983). Sexual selection, social
competition, and speciation. The Quarterly Review of
Biology, 58(2), 155—183. https://doi.org/10.1086,
413215

Whalen, S., & Pollard, K. S. (2022). Enhancer function
and evolutionary roles of human accelerated regions.
Annual Review of Genetics, 56, 423-439. https://
doi.org/10.1146/annurev-genet-071819-103933

Wheeler, M. A., Stuss, D. T., & Tulving, E. (1997).
Toward a theory of episodic memory: The frontal
lobes and autonoetic consciousness. Psychological
Bulletin, 121(3), 331-354. https://doi.org/10.1037
0033-2909.121.3.331

Winegard, B., Winegard, B., & Geary, D. C. (2018). The
status competition model of cultural production.
Evolutionary Behavioral Science, 4, 351-371. https://
doi.org/10.1007/s40806-018-0147-7

Wingo, A. P., Dammer, E. B., Breen, M. S., Logsdon, B.
A., Duong, D. M., Troncosco, J. C., & Wingo, T. S.
(2019). Large-scale proteomic analysis of human
brain identifies proteins associated with cognitive
trajectory in advanced age. Nature Communications,
10(1), 1619. https://doi.org/10.1038
$41467-019-09613-7

Witt, S. T., van Ettinger-Veenstra, H., Salo, T., Riedel,
M. C., & Laird, A. R. (2021). What executive function
network is that? An image-based meta-analysis of
network labels. Brain Topography, 34(5), 598-607.
https://doi.org/10.1007/s10548-021-00847-z

Wolfram, T. (2023). (Not just) Intelligence stratifies the
occupational hierarchy: Ranking 360 professions by
IQ and non-cognitive traits. Intelligence, 98, 101755.
https://doi.org/10.1016/j.intell.2023.101755

Won, H., Huang, ]J., Opland, C. K., Hartl, C. L., &
Geschwind, D. H. (2019). Human evolved regulatory
elements modulate genes involved in cortical
expansion and neurodevelopmental disease
susceptibility. Nature Communications, 10(1), 2396.
https://doi.org/10.1038/541467-019-10248-3

Woodley of Menie, M. A., Pallesen, J., & Sarraf, M. A.
(2018). Evidence for the Scarr-Roweeffect on genetic
expressivity in a large US sample. Twin Research &
Human Genetics, 21(6), 495-501. https://doi.org/
10.1017/thg.2018.63

Woodley of Menie, M. A., Penaherrera, M. A.,
Fernandes, H. B., Becker, D., & Flynn, J. R. (2016). It’s
getting bigger all the time: Estimating the Flynn
effect from secular brain mass increases in Britain
and Germany. Learning and Individual Differences, 45,
95-100. https://doi.org/10.1016/j.1indif.2015.11.004

Woodley of Menie, M. A., Penaherrera-Aguirre, M., &
Fuerst, J. G. R. (2025). Evidence thatphenotypic g is
both formative and reflective from four, large
genetically-informed samples. Twin Research &
Human Genetics, 28(3), 250-264. https://doi.org/
10.1017/thg.2025.17

Woodley of Menie, M. A., Younuskunju, S., Balan, B., &
Piffer, D. (2017). Holocene selection for variants
associated with general cognitive ability: Comparing
ancient and modern genomes. Twin Research &
Human Genetics, 20(4), 271-280. https://doi.org/
10.1017/thg.2017.37

Xia, X., Gao, F., Xu, S., Li, K., Zhu, Q., He, Y., & Yuan,
Z. (2025). The self-awareness brain network:
Construction, characterization, and alterations in
schizophrenia and major depressive disorder.
Neurolmage, 311, 121205. https://doi.org/10.1016
j.-neuroimage.2025.121205

Xiong, Y., Hong, H., Liu, C., & Zhang, Y. Q. (2023).
Social isolation and the brain: Effects and
mechanisms. Molecular Psychiatry, 28(1), 191-201.
https://doi.org/10.1038/s41380-022-01835-w

Xu, W. T., An, X. B, Chen, M. ]., Ma, J., Wang, X. Q.,
Yang, J. N., & Ai, J. (2025). A gene cluster of
mitochondrial complexes contributes to the cognitive
decline of COVID-19 infection. Molecular
Neurobiology, 62(6), 6869-6883. https://doi.org/
10.1007/s12035-024-04471-3

Yadav, A., & Purushotham, A. (2025). Cortical structure
in nodes of the default mode network estimates
general intelligence. Brain and Behavior, 15(5),
e70531. https://doi.org/10.1002/brb3.70531

Yang, X., Wu, H., Song, Y., Chen, S., Ge, H., Yan, Z., ...
Chen, J. (2023). Functional MRI-specific alterations
in frontoparietal network in mild cognitive
impairment: an ALE meta-analysis. Frontiers in Aging
Neuroscience, 15, 1165908. https://doi.org/10.3389
fnagi.2023.1165908

Yaple, Z. A., & Yu, R. (2020). Functional and structural
brain correlates of socioeconomic status. Cerebral
Cortex, 30(1), 181-196. https://doi.org/10.1093
cercor/bhz080

Ye, J. Y., Qin, X. J., Cui, J. F., Shi, H. S., Liu, J. L., Huang,
]., ... Chan, R. C. (2023). Neural correlates of mental
time travel in individuals with high level of
schizotypy. Progress in Neuro-Psychopharmacology
and Biological Psychiatry, 124, 110734. https://doi.org/
10.1016/j.pnpbp.2023.110734

Yeo, B. T., Krienen, F. M., Sepulcre, J., Sabuncu, M. R.,
Lashkari, D., Hollinshead, M., & Buckner, R. L.
(2011). The organization of the human cerebral
cortex estimated by intrinsic functional connectivity.
Journal of Neurophysiology, 106(1), 1125-1165. https:/

doi.org/10.1152/jn.00338.2011

Yeshurun, Y., Nguyen, M., & Hasson, U. (2021). The
default mode network: Where the idiosyncratic self
meets the shared social world. Nature Reviews
Neuroscience, 22(3), 181-192. https://doi.org/10.1038
s41583-020-00420-w

Zatorre, R. J., Fields, R. D., & Johansen-Berg, H. (2012).
Plasticity in gray and white: Neuroimaging changes
in brain structure during learning. Nature
Neuroscience, 15(4), 528-536. https://doi.org/10.1038
nn.3045

Zeng, T. C., Aw, A. ]., & Feldman, M. W. (2018). Cultural
hitchhiking and competition between patrilineal kin
groups explain the post-Neolithic Y-chromosome
bottleneck. Nature Communications, 9, 2077. https://
doi.org/10.1038/s41467-018-04375-6

Intelligence & Cognitive Abilities 147


https://doi.org/10.1038/s41467-019-12764-8
https://doi.org/10.1038/s41467-019-12764-8
https://doi.org/10.1086/413215
https://doi.org/10.1086/413215
https://doi.org/10.1146/annurev-genet-071819-103933
https://doi.org/10.1146/annurev-genet-071819-103933
https://doi.org/10.1037/0033-2909.121.3.331
https://doi.org/10.1037/0033-2909.121.3.331
https://doi.org/10.1007/s40806-018-0147-7
https://doi.org/10.1007/s40806-018-0147-7
https://doi.org/10.1038/s41467-019-09613-z
https://doi.org/10.1038/s41467-019-09613-z
https://doi.org/10.1007/s10548-021-00847-z
https://doi.org/10.1016/j.intell.2023.101755
https://doi.org/10.1038/s41467-019-10248-3
https://doi.org/10.1017/thg.2018.63
https://doi.org/10.1017/thg.2018.63
https://doi.org/10.1016/j.lindif.2015.11.004
https://doi.org/10.1017/thg.2025.17
https://doi.org/10.1017/thg.2025.17
https://doi.org/10.1017/thg.2017.37
https://doi.org/10.1017/thg.2017.37
https://doi.org/10.1016/j.neuroimage.2025.121205
https://doi.org/10.1016/j.neuroimage.2025.121205
https://doi.org/10.1038/s41380-022-01835-w
https://doi.org/10.1007/s12035-024-04471-3
https://doi.org/10.1007/s12035-024-04471-3
https://doi.org/10.1002/brb3.70531
https://doi.org/10.3389/fnagi.2023.1165908
https://doi.org/10.3389/fnagi.2023.1165908
https://doi.org/10.1093/cercor/bhz080
https://doi.org/10.1093/cercor/bhz080
https://doi.org/10.1016/j.pnpbp.2023.110734
https://doi.org/10.1016/j.pnpbp.2023.110734
https://doi.org/10.1152/jn.00338.2011
https://doi.org/10.1152/jn.00338.2011
https://doi.org/10.1038/s41583-020-00420-w
https://doi.org/10.1038/s41583-020-00420-w
https://doi.org/10.1038/nn.3045
https://doi.org/10.1038/nn.3045
https://doi.org/10.1038/s41467-018-04375-6
https://doi.org/10.1038/s41467-018-04375-6

Intelligence in Multiple Dimensions

Zerjal, T., Xue, Y., Bertorelle, G., Wells, R. S., Bao, W., Zhu, X. H., Qiao, H., Du, F., Xiong, Q., Liu, X., Zhang,
Zhu, S., & Tyler-Smith, C. (2003). The genetic legacy X., ... Chen, W. (2012). Quantitative imaging of
of the Mongols. American Journal of Human Genetics, energy expenditure in human brain. NeuroImage, 60,
72(3), 717-721. https://doi.org/10.1086/367774 2107-2117. https://doi.org/10.1016

j.neuroimage.2012.02.013

Intelligence & Cognitive Abilities 148


https://doi.org/10.1086/367774
https://doi.org/10.1016/j.neuroimage.2012.02.013
https://doi.org/10.1016/j.neuroimage.2012.02.013

	Intelligence in Multiple Dimensions: Evolutionary Framework for the Study of Human Cognition
	1. Introduction
	2. Evolutionary Perspective
	2.1. How Did Human Cognition Evolve and What is Human Cognition For?
	2.1.1. What’s Human Cognition Good For Now?

	2.2. How Does Human Cognition Work?
	2.2.1. Default mode network
	2.2.2. Frontoparietal network
	2.2.3. Global Network Functions
	2.2.4. Cellular and Intracellular Functions
	2.2.5. Genetic Mechanisms

	2.3. How Does Human Cognition Develop?

	3. Future Directions
	Acknowledgements
	Correspondence

	References


