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Psychometric studies have consistently identified spatial abilities as a broad domain of human cognition. Spatial
abilities are in fact found in species in which engagement with the physical world, as in prey capture or mate
searches, influences survival or reproductive prospects and much is now known about the brain and cognitive
systems that support these activities. Sex differences in spatial abilities are found in species in which one sex or
the other engages the physical world in more complex ways, such as having a larger home range. Sex differences
provide a unique opportunity to study the influence of evolutionary pressures on cognition, because the study of
males and females from the same species controls for many aspects of evolutionary history. When there are
differences in past selection pressures on males and females they are typically related to reproductive demands.
The approach is illustrated here for spatial abilities and provides a blueprint for linking psychometric and
evolutionary approaches to the study of human spatial and other abilities.

1. Introduction
The search for the fundamental domains of human cognition has
been ongoing for well over a century (Spearman, 1904; Thomson, 1916;
Thorndike, 1927; Thurstone & Thurstone, 1941) and continues to this
day (e.g., Kovacs & Conway, 2016). Psychometric studies (below) have
contributed greatly to these endeavors and have produced taxonomies of
human abilities that capture broader (g or general intelligence) to narrower ability domains (e.g., verbal, spatial; Spearman, 1904; Thurstone
& Thurstone, 1941). The evolutionary perspective on human cognition
emerged independently, with the mind often cast as an amalgamation of
cognitive modules that are specialized for dealing with specific recurring
problems, such as detecting cheaters in reciprocal relationships (Cosmides, 1989). Evolutionists have also identified clusters of human
abilities, such as language, that are universal but can be elaborated
depending on social and cultural context. These are typically called folk
domains and are organized around an intuitive folk psychology (systems
for processing and representing social information), folk biology (systems for processing and representing information about other species),
and folk physics (systems for processing and representing information
about the physical world; Geary, 2005; Medin & Atran, 1999; Pinker &
Bloom, 1990; Spelke, Breinlinger, Macomber, & Jacobson, 1992; Wellman & Gelman, 1992).

At one level, the evolutionary approach seems to be antithetical to
some of the most replicated results in the psychometric tradition and
psychology more broadly, including the positive manifold and the
implication of a system of cognitive (e.g., attentional control) and biological mechanisms that span all human abilities (Warne & Burningham,
2019). Scientists in both areas have in fact largely overlooked the
theoretical and empirical findings of those in the other area, but the two
approaches are compatible and will eventually be integrated (Geary,
2005). Here, I illustrate the potential for integration by focusing on the
relation between psychometric and evolutionary research on spatial
abilities, beginning with a brief overview of psychometric studies and
then moving to the evolutionary approach.
2. Psychometric taxonomies
Factor analytic studies of test performance typically identify three or
four ability strata (Caemmerer, Keith, & Reynolds, 2020; Carroll, 1993;
Johnson & Bouchard Jr, 2005; McGrew, 2009; Vernon, 1965). The
broadest is general intelligence or g and most likely represents the
combined effects of multiple cognitive (e.g., attentional control; Kane &
Engle, 2002), brain (e.g., frontal-parietal network; Jung & Haier, 2007),
and cellular (e.g., mitochondrial energy production; Geary, 2018) systems that influence learning and performance across domains.
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Following Thomson (1916) and others, Kovacs and Conway (2016), in
contrast, argued there are no fundamental processes that are common to
all abilities, and that the positive manifold emerges from overlapping
sets of processes across tasks. One task might engage processes A, B, and
C, a second might engage B, D, and E, and a third C, E, and F. The result
would be positive correlations among tasks, even though there is no
single process that is common to all of them.
Whatever is underlying g, most psychometric studies and attendant
theories have identified a second level of ability domain that captures
something common across domain-specific competencies. For instance,
the integration of the influential models of Cattel, Horn, and Carroll
(CHC; Carroll, 1993; Cattell, 1963; Horn, 1968) results in a g factor as
well as multiple broad domains of abilities, including fluid reasoning,
short-term memory, and quantitative knowledge, among others
(McGrew, 2009). If several spatial measures are included in the test
battery, spatial ability emerges as one of these broad domains (Caemmerer et al., 2020; Carroll, 1993; Johnson & Bouchard Jr, 2005;
McGrew, 2009; Vernon, 1965), although some studies suggest these can
decomposed into more distinct spatial abilities (e.g., spatial relations
and visualization; Johnson & Bouchard Jr, 2007; Pellegrino, Alderton, &
Shute, 1984). Research in cognitive and developmental psychology also
reveals a clear spatial domain that can be decomposed into several
subdomains, such as visuospatial working memory and mental rotation
(Hegarty, Montello, Richardson, Ishikawa, & Lovelace, 2006; Linn &
Petersen, 1985; Voyer, Voyer, & Bryden, 1995).
A recent proposal is that spatial abilities can be understood in terms
of the intrinsic-extrinsic and dynamic-static demands of the test (Uttal
et al., 2013), creating four domains of spatial ability. Intrinsic and static
tasks are focused on objects and relations among parts of the object (e.g.,
embedded figures, or mazes tests), whereas intrinsic and dynamic tasks
require the mental manipulation of objects (e.g., mental rotation tasks).
Extrinsic tasks focus on relations among objects, with static tasks
involving judgments based on these relations (e.g., water level task) and
dynamic involving changes in perspective among objects (e.g.,
navigating).

term accomplishment in some STEM fields. The incremental validity
in turn is consistent with the proposal that spatial abilities are a unique
domain of human ability.
3. Evolution and spatial abilities
From an evolutionary perspective, spatial abilities are an aspect of
folk physics that is supported by brain and cognitive systems that enable
organisms to engage with the physical world. At the very least these
include systems for moving in and representing physical space that in
nonhuman species support navigating in the ecology, prey detection and
tracking, prey capture, predator avoidance and other key survivalrelated behaviors (e.g., Barton & Dean, 1993; O'Keefe & Nadel, 1978).
The brain (e.g., hippocampus) and cognitive (e.g., memory) systems that
support ego-centric (self-referenced), and allocentric (“bird's-eye view”)
navigation are well understood, evolutionarily old, and found across
species (e.g., Broglio et al., 2015; Byrne, Becker, & Burgess, 2007). For
instance, the homologue of the hippocampus evolved in vertebrates
more than 500 million years ago and enables the formation of map-like
representations of the physical world that support navigation (Murray,
Wise, & Graham, 2018). The basic structure of this system is conserved
across present-day vertebrates, although it has become differentiated (e.
g., acquired new functions) across many species.
Sex differences in males' and females' engagement with the ecology
(e.g., size of home range) provide a window into how selection pressures
resulted in the evolution of brain and cognitive systems for processing
different aspects of visuospatial information. Examples are provided
below and confirm the psychometric identification of a unique spatial
domain. Before turning to this section, I note that an evolutionary
perspective also provides a clear understanding of the emergence of the
individual differences that ungird psychometric studies more broadly.
These individual differences follow per force from the gene mixing
that occurs with sexual reproduction, which is estimated to have evolved
1.5 billion years ago and perhaps earlier (Havird, Hall, & Dowling,
2015); in this case, gene swapping in early eukaryotic (containing a
nucleus) cells. The eventual evolution of two distinct sexes (one carrying
sperm and the other eggs) and sexual reproduction is well understood
(Beukeboom & Perrin, 2014; Parker, Baker, & Smith, 1972) and favors
the creation of variation in offspring immune systems as a defense
against parasites (Hamilton & Zuk, 1982) or other traits that would, for
instance, reduce competition among siblings for the same ecological
niches (Williams & Mitton, 1973), among other reasons (Muller, 1964).
In other words, the variation that is captured by psychometric studies
can, at least in part, be traced to the evolution of distinct sexes and the
genetics of sexual reproduction–the evolved function of sexual reproduction is to create trait variability or individual differences.

2.1. Spatial abilities and mathematics
Evidence for a distinct spatial domain comes from the relation between spatial abilities and students' mathematics achievement and
adults' long-term accomplishments in science, technology, engineering,
and mathematics (STEM) fields, controlling for intelligence (fluid abilities) or broad measures of general abilities, (Geary, Hoard, Nugent, &
Scofield, 2021; Geary, Scofield, Hoard, & Nugent, 2021; Kell, Lubinski,
Benbow, & Steiger, 2013). For instance, Kell et al. found that spatial
abilities predicted gifted adults' STEM publication and patent records,
controlling for overall SAT scores, but was unrelated to publications in
the arts, humanities, and social sciences.
At the mean, there are small or no sex differences in overall mathematics achievement (Hyde, Fennema, & Lamon, 1990) but there are
consistent differences, favoring boys and men, at the high end of performance (Wai, Hodges, & Makel, 2018) and in certain mathematical
domains, such as on complex word problems (E. S. Johnson, 1984).
Spatial abilities may contribute to sex differences at the high end of
mathematics performance because these abilities appear to contribute to
the ease of learning at least some types of newly introduced mathematics, controlling general intelligence (Geary, Hoard, & Nugent, 2021;
Geary, Scofield, Hoard, & Nugent, 2021; Mix et al., 2016). Many of the
more-specific sex differences, such as for word problems, are fully or
partially mediated by boys' and men's advantages in spatial abilities
(below; Casey, Nuttall, & Pezaris, 1997; Geary, Saults, Liu, & Hoard,
2000).
In all, these types of studies provide evidence for the incremental
validity of psychometric measures of spatial abilities, above and beyond
the contributions of intelligence or fluid reasoning, in predicting
learning and performance in some mathematics domains and for long-

3.1. Sexual selection
The evolution of sexual reproduction and the associated individual
differences results in variation in the competitiveness and desirability of
different individuals. This variation is the foundation for Darwin's
(1871) sexual selection, that is, competition with members of the same
sex for mates or for control of the resources (e.g., nesting sites) that
mates need to reproduce (intrasexual competition) and discriminative
choice of mates (intersexual choice). Sexual selection is firmly established in evolutionary biology and the results of competition and choice
on the evolution and expression of sex differences have been documented in hundreds of species (Andersson, 1994; Janicke, Häderer,
Lajeunesse, & Anthes, 2016; Trivers, 1972), including our own (Geary,
2021).
3.2. Sex differences in spatial abilities in nonhuman species
Scramble competition is one way in which males compete for mates
and illustrates how variation in reproductive outcomes can influence the
2
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evolutionary elaboration of spatial abilities. In these cases, males search
for mates that are dispersed throughout the ecology and this in turn
favors males with enhanced navigational abilities and results in an
evolved sex difference in this component of spatial abilities (Gaulin,
1992). Males of these species expand their range during the breeding
season to search for potential mates, as illustrated by comparisons of the
polygynous meadow vole (Microtus pennsylvanicus) and their monogamous cousins, the prairie (Microtus ochrogaster) and woodland (Microtus
pinetorum) vole: The comparison of related species controls for shared
evolutionary history. Male meadow voles expand their range during the
breeding season to at least five times the area of females' territory,
whereas male and female prairie and woodland voles share overlapping
ranges of about the same size.
Range expansion and the ensuing mate searches favor males with
enhanced spatial and navigational abilities, as illustrated in both laboratory (e.g., maze learning) and field (e.g., navigating from home
burrow to the burrows of various females) studies. These show that male
meadow voles have better spatial learning and memory than female
meadow voles or male prairie and woodland voles (Gaulin & Fitzgerald,
1986). As might be expected, male meadow voles with above average
spatial abilities visit more females and generally have higher reproductive success than their lower-ability peers (Spritzer, Solomon, &
Meikle, 2005). The same pattern of species- and sex-differences in
spatial abilities related to scramble competition has now been demonstrated with other mammals (Jašarević, Williams, Roberts, Geary, &
Rosenfeld, 2012; Perdue, Snyder, Zhihe, Marr, & Maple, 2011), and in at
least one species of fish (Lucon-Xiccato & Bisazza, 2017).
There is also evidence for a female advantage in spatial abilities
when they have larger territories or use these territories in more complex ways than males. One example is the brown-headed cowbird
(Molothrus ater), a brood parasite where females lay their eggs in the
nests of host species and need to remember the location of these nests so
they can deposit eggs at times when the unwitting host will accept them.
Females of this species have a better spatial memory than males when
tested in a large-scale space (Guigueno, Snow, MacDougall-Shackleton,
& Sherry, 2014). Females of this species also have a larger hippocampus
than males, but there is no sex difference in a related cowbird species
(Molothrus rufoaxillaris) in which both sexes search for host nests
(Reboreda, Clayton, & Kacelnik, 1996).

Walker & Bailey, 2013), as in other species with intense competition
among males (Janicke et al., 2016). The competition included the use of
blunt force (e.g., clubs) and projectile weapons (e.g., stones, spears) and
larger travel ranges for men than women. The use of projectile weapons
and larger travel ranges also support men's hunting but male-on-male
aggression almost certainly preceded hunting as a form of male-male
competition. This is because our deep ancestors (Australopithecus) did
not appear to eat much eat (e.g., as indicated by teeth structures and
wear patterns; Sponheimer & Lee-Thorp, 1999), but were very sexually
dimorphic which indicates intense male-male physical competition
(Grabowski et al., 2015).
Across five hunter-gatherer groups, MacDonald and Hewlett (1999)
reported that men traveled roughly 2 to 4 times farther than women
during their typical ranging activities, a sex difference that was also
reported in the ethnographies of six other hunter-gatherer and horticultural groups and is found in modern-day urban environments
(Ecuyer-Dab & Robert, 2004). A recent and extensive study of range use
in another hunter-gatherer group (Hadza, Tanzania) revealed that boys
and men had travel ranges that were about four times larger than those
of same-age girls and women, with the range sizes beginning to diverge
at about 6-years-of-age (Wood et al., 2021). These differences should
select for a male advantage in the use of distal cues and allocentric
representations of the ecology and result in advantages in navigation
and in generating and understanding abstract representations of the
ecology (e.g., map reading). Boys' and men's advantages in these areas
are consistently found in Western samples and in samples of people in
traditional cultures (Coluccia, Iosue, & Brandimonte, 2007; Nazareth,
Huang, Voyer, & Newcombe, 2019; Vashro & Cashdan, 2015).
Hunting and ambushing human competitors should also favor the
elaboration of other spatial abilities, including detection of objects
obscured in a complex visual scene, detecting and tracking the movement of objects (e.g., prey, stones, spears) in physical space, and skill at
behaviorally reacting to these moving objects (Law, Pellegrino, & Hunt,
1993; Peters, 1997). Indeed, boys and men have advantages in detecting
the orientation of objects relative to a background and are better at
seeing individual objects embedded in a complex montage. By adulthood about 7 out of 10 men outperform the average woman in these
areas (Linn & Petersen, 1985; Voyer et al., 1995).
Men also show advantages in the ability to judge the velocity and
trajectory of a moving object, generate visual images of a moving object,
estimate when an object will hit them, and in accuracy at hitting a
moving object with a thrown projectile (Peters, 1997; Schiff & Oldak,
1990). Jardine and Martin (1983) found that about 7 out of 8 adolescent
boys threw more accurately at a non-moving object than did the average
same-age girl, whereas 9 out of 10 of their fathers threw more accurately
than their mothers. The same sex difference is found in the Hadza
(Cashdan, Marlowe, Crittenden, Porter, & Wood, 2012). Peters found
that 3 out of 4 men were more accurate than the average woman at
hitting a close and slow-moving target, but this gap widened as the speed
of the target increased. Other studies indicate that men's accuracy is
related to their better estimation of the velocity of the moving target and
better timing of the release of the thrown object vis-à-vis the velocity of
the target (Crozier, Zhang, Park, & Sternad, 2019). Moreover, Watson
and Kimura (1991) found that about 3 out of 4 men were better at
blocking objects thrown at them than was the average woman, a
competence that is not needed for hunting but is a core defense against
projectiles hurled by other men.
At the same time, the sexual division of labor and women's gathering
provide an opportunity for a female advantage in object location
memory to evolve (Silverman & Eals, 1992). Pacheco-Cobos, Rosetti,
Cuatianquiz and Hudson (2010) confirmed that relative to men, women
in an indigenous (Mexico) community have more efficient foraging
strategies, a better memory for good foraging locations, and more
nuanced knowledge about the species that are likely to be found in these
locations. Studies in Western samples confirm this basic sex difference
(Eals & Silverman, 1994; James & Kimura, 1997), although it does not

3.3. Human sex differences in spatial abilities
The illustrations above are not to say that ancestral men engaged in
some type of scramble competition or that ancestral women were brood
parasites but rather to show how sex differences in activities that have
reproductive consequences will elaborate the traits that support these
activities, spatial abilities in this case. In fact, comparing the sexes of the
same species provides a built-in evolutionary control because most selection pressures related to survival (i.e., natural selection) will be
highly similar across the sexes and thus most biological differences
should be tracible to the different reproductive demands on ancestral
males and females. For instance, larger and more aggressive males than
females, slower male developmental, and shorter male lifespans are all
consistent indicators of an evolutionary history of more intense malemale than female-female competition in primates (e.g., Leigh, 1996;
Plavcan & van Schaik, 1997). These sex differences are evident in
contemporary humans and sex differences in physical size are found in
our ancestors dating back at least four million years (Grabowski, Hatala,
Jungers, & Richmond, 2015; Plavcan, 2012).
These differences do not necessarily indicate there were ancestral sex
differences in spatial abilities, only a consistent evolutionary history of
physical male-male competition. The devil is in the details and the details in this case can be found in the anthropological and historical records (see Geary, 2021). These indicate high-levels of male-on-male
aggression and high male mortality rates and reproductive skew (i.e.,
some males disproportionately reproduce; Betzig, 2012; Chagnon, 1988;
3
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emerge until the onset of puberty (Voyer, Postma, Brake, & ImperatoMcGinley, 2007). At that time and under incidental learning conditions, at least 7 out of 10 adolescent girls and women recall more locations than does the average adolescent boy or man.
In theory, spatial and many other folk abilities have built-in skeletal
perceptual and cognitive biases, but the full development of these
abilities requires engagement in species-typical activities, such as social
and other forms of play. For instance, infants are sensitive to relative
distance and by the time they are regularly walking use distance and
direction cues to locate objects or places they cannot directly see
(Spelke, Lee, & Izard, 2010). In these situations, they know the relative
distance and direction of where they want to go and use visual cues as
they are moving to adjust their search (Newcombe, Huttenlocher,
Drummey, & Wiley, 1998). By 22 months children begin to use external
cues to facilitate their navigation and by 4 years use directional cues in
simple maps to locate hidden objects (Huttenlocher, Newcombe, &
Vasilyeva, 1999). As in other species, the development of cognitive maps
of large-scale space requires active exploration of the environment, such
as their neighborhood, and engagement in other spatial activities, and
develops slowly during the elementary school years and into adolescence (Bullens, Iglói, Berthoz, Postma, & Rondi-Reig, 2010; Levine,
Vasilyeva, Lourenco, Newcombe, & Huttenlocher, 2005; Matthews,
1992; Xiao & Zhang, 2021).
Critically, there are early sex differences in these skeletal spatial
abilities and in the activities that flesh them out during development
(Wilcox, Alexander, Wheeler, & Norvell, 2012). For instance, 5-monthold boys have a better intuitive understanding than girls of what objects
will look like when viewed from different angles, suggesting an early
advantage in some aspects of spatial ability (Moore & Johnson, 2008).
Boys also engage in more of the exploratory behaviors that appear to
facilitate the further development of spatial abilities and require less of
these experiences, relative to same-age girls, for the development of
mental representations of physical space (Munroe, Munroe, & Brasher,
1985; Newcombe, Bandura, & Taylor, 1983). Girls' developing spatial
abilities also benefit from these same experiences (Moè, Jansen, &
Pietsch, 2018), but may require more of them to development the same
level of spatial competencies as boys (Herman & Siegel, 1978).
Overall, men's advantages in most spatial areas are consistent with
the evolutionary elaboration of the perceptual, cognitive, and motor
abilities that would facilitate navigation in large-scale space and the use
of projectile weapons, as well as defenses against projectile weapons.
Women can engage in many of the same activities because these are
dependent on evolutionarily conserved visuospatial systems that are
found across vertebrate species (Murray et al., 2018). The sex differences in reproductive activities result in the elaboration and refinement
of these conserved systems and the well-studied human sex differences
in spatial abilities (for more detail see Geary, 2021). The point here is
that these sex differences help us to understand the evolutionary function of spatial abilities and provide evidence that these evolved independently of other core abilities, such as fluid reasoning, that have
emerged in psychometric studies (Geary, 2005).

differences in spatial abilities will evolve.
The anthropological and historical records clearly show sex differences in human reproductive demands, one of which is intense malemale competition for status and resource control. As described, some
of the associated activities involve spatial abilities that in theory should
have resulted in the evolution of sex differences, although the full
expression of these differences will be dependent on species-typical
developmental experiences. Indeed, sex differences in spatial abilities
are well documented in various cognitive tasks and on psychometric
measures. The next step in integrating these diverse literatures is to map
men's spatial-related activities in natural contexts to the spatial competencies assessed by various spatial measures used in psychometric
studies. Performance on some measures, such as map reading, navigating by dead reckoning, and performance in virtual mazes follow
directly from the spatial systems that support navigation in large-scale
space.
Although less certain, embedded figures tests might reflect an
evolved ability to detect prey or people hiding in foliage, whereas
mental rotation measures may support the mechanical reasoning that
contributes to tool construction (Hegarty, 2004), which is largely a male
activity in traditional contexts (Daly & Wilson, 1983). Whatever the
details, the approach outlined here provides a potentially useful blueprint for thinking about how broad ability domains identified across
more than a century of psychometric studies can be reconciled with an
evolutionary perspective on cognition.
The approach also provides a means to conceptualize how schooldependent, evolutionarily recent abilities, such as reading and writing
and quantitative knowledge (McGrew, 2009), that have been identified
in psychometric studies can be understood from an evolutionary
perspective. These are abilities that are built upon folk domains (Geary,
1995), but only with organized formal instruction. Reading and writing
involve the integration of basic systems for visual processing (Schlaggar
& McCandliss, 2007), with the evolved language (Price, 2000) and
theory of mind (for understanding the motives of characters in stories)
systems to build evolutionarily novel abilities. Similarly, some aspects of
the visual spatial system, an intuitive sense of approximate quantity, and
the ability to reason logically (part of fluid ability) are integrated during
instruction to build a system of quantitative knowledge (Casey & Ganley, 2021; Feigenson, Dehaene, & Spelke, 2004; Geary, Scofield, Hoard,
& Nugent, 2021). These domains are only expected to emerge in
developed nations with modern school systems, whereas a spatial ability
domain is expected to be universal (see Cashdan et al., 2012).
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