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The hunting and gathering lifestyle adopted by human ancestors around 2 Ma
required a large increase in aerobic activity. High levels of physical activity
altered the shape of the human body, enabling access to new food resources
(e.g. animal protein) in a changing environment. Recent experimental work
provides strong evidence that both acute bouts of exercise and long-term exer-
cise training increase the size of brain components and improve cognitive
performance in humans and other taxa. However, to date, researchers have
not explored the possibility that the increases in aerobic capacity and physical
activity that occurred during human evolution directly influenced the human
brain. Here, we hypothesize that proximate mechanisms linking physical
activity and neurobiology in living species may help to explain changes in
brain size and cognitive function during human evolution. We review evi-
dence that selection acting on endurance increased baseline neurotrophin
and growth factor signalling (compounds responsible for both brain growth
and for metabolic regulation during exercise) in some mammals, which in
turn led to increased overall brain growth and development. This hypothesis
suggests that a significant portion of human neurobiology evolved due to
selection acting on features unrelated to cognitive performance.

1. Introduction

A wealth of recent studies detail connections between physical activity and neu-
robiology [1,2]. In particular, aerobic physical activity (APA) generates, and
protects new neurons, increases the volume of brain structures and improves
cognition in humans and other mammals [2—8]. These neurobiological effects
accrue during an individual’s lifetime, and a great deal of research has begun
to explore the implications of APA for cognitive health [5]. However, recent
data also suggest that there is an evolutionary relationship between APA and
the brain, including a positive correlation between aerobic capacity and brain
size across a wide range of mammals [6]. Here, we review this growing body
of evidence suggesting that the relationship between APA and neurobiology
exists across evolutionary timescales, and that selection acting on endurance
capacity in mammals may have had important effects on the evolution of
brain size in these taxa.

In addition to neurobiological effects on mammals in general, this recent
work has profound implications for human brain evolution. The human
brain is approximately three times larger than expected for our body size,
due to increases in several brain components, including the frontal lobe, tem-
poral lobe and cerebellum [9,10]. This major increase in both absolute brain
size and brain size relative to body mass occurred during the early evolution
of the genus Homo, becoming especially pronounced during the evolution of
Homo erectus [9,11-13] (figure 1). Because brain size changes in human evol-
ution are often interpreted in the context of cognition [11], previous
hypotheses for increased brain size in hominins have focused on greater
social complexity [14] or enhanced ecological demands on cognition [15,16].
However, at the same time as brain size began to increase in the human lineage,
aerobic activity levels appear to have changed dramatically [17-20]. Our ances-
tors, beginning with H. erectus, shifted to a hunting and gathering lifestyle that
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Figure 1. Absolute and relative brain sizes of hominins. (a) Endocranial
volumes of hominin skulls from Holloway et al. [12]. (b) Encephalization
quotients (EQs) through time for hominin taxa (from Lieberman [9]). EQs are
a measure of the difference between actual and expected endocranial
volumes. Grey area denotes australopithecine EQs; red area denotes Homo
EQs. Ma is millions of years before present.

required higher levels of aerobic activity [21-24], with mor-
phological evidence showing adaptations for increased
long-distance trekking and the adoption of endurance run-
ning (ER; aerobic running for distances of more than 5 km)
as a new hunting method [17,18]. Thus, in addition to review-
ing patterns of brain evolution in non-human mammals,
we propose the novel hypothesis that selection acting
on human locomotor endurance had a measurable effect on
the evolution of human brain structure and cognition.

To explore hypotheses linking physical activity and brain
evolution, we begin by reviewing proximate mechanisms that
allow APA to alter the adult mammalian brain. We then
examine intra- and interspecific studies (as well as artificial
selection experiments) that suggest selection acting to
improve endurance capacity alters these proximate mechan-
isms and, in the end, affects neurobiological evolution in
mammals that have an evolutionary history of endurance
activity (athletic species). Finally, we explore correlations
between APA and neurobiology across evolutionary time-
scales in the human lineage. The purpose of this review is
not to suggest that aerobic activity alone is responsible for
all aspects of human brain size or cognitive evolution. How-
ever, our review suggests that aerobic activity represents a
previously unrecognized factor in mammalian neurobiologi-
cal evolution, and highlights the possibility that non-
cognitive selection pressures may have played an important
role in the development of the human brain.

2. Effects of aerobic physical activity on the

brain: proximate mechanisms

Many studies suggest that APA leads to the formation of new
neurons (neurogenesis) in some portions of the adult brain
[2—-4,7,25-27]. In rodents, voluntary wheel-running produces
a three- to fourfold increase in neurons in the dentate gyrus of
the hippocampus [2,8]. There is also some limited evidence
that neurobiological changes associated with APA occur in
other brain regions [2]. For example, there is a trend towards
increased neurogenesis, and evidence of gliogenesis (gener-
ation of new glia that support neuronal activity) with APA
in the frontal cortex of rats [28,29], and neurogenerative
activity induced by APA was found in superficial cortical
layers and in the motor cortex of rodents [29].
Activity-induced neurogenesis has a major impact on cogni-
tive function and on the size of brain components. For example,
performance in memory and spatial learning tasks improves
following APA in non-human taxa such as monkeys [30] and
rodents [8,31,32]. In humans, aerobic fitness is positively corre-
lated with hippocampal and basal ganglia volume in children
and older adults [25,33,34], with grey matter density in the
insula of young adults [35], as well as with the amount of
grey and white matter in the frontal lobe and other brain
areas of older adults [27]. These structural changes across
many brain regions appear to have significant functional effects.
In school-aged children, fitness levels and participation in
higher amounts of physical activity are correlated with
improved cognitive function [5,26,36]. In healthy young
adults (approx. 22 years of age), both acute and long-term
APA improves performance on memory tasks, suggesting
enhanced hippocampal function [37]. Finally, several studies
have linked APA with either improved cognitive performance
(especially executive functions and spatial memory) or a
reduction in cognitive decline in older populations [3,38,39].

(a) Neurotrophins and growth factors
Aerobic physical activity (APA) appears to lead to neurogen-
esis, neuroprotection and cognitive improvements in adults
primarily through the upregulation of neurotrophins and
growth factors [40]. Neurotrophins are a family of proteins
that play a major role in the development and maintenance
of new neurons, and regulate neuronal structure and activity
[1,2,4,8,32,41]. Brain-derived neurotrophic factor (BDNF) is
among the more important neurotrophins involved in APA-
induced neurogenesis [1]. Voluntary and forced running in
rodents and humans results in a significant upregulation of
BDNEF, which improves neuronal survival [40,42,43], and
APA-induced neurogenesis is diminished when BDNF sig-
nalling is blocked using antibodies to its receptor (TrkB) [1].
In addition to BDNF, concentrations of two growth
factors—insulin-like growth factor I (IGF-1) and vascular
endothelial growth factor (VEGF)—increase with physical
activity, and both are known to play a role in neurogenesis
[4/44]. For example, infusion of IGF-1 in the periphery leads
to increased hippocampal neurogenesis [45], while hippocam-
pal gene transfer of VEGF also enhances neurogenesis [46].
The role of VEGF and IGF-1 in neurogenesis was confirmed
in a set of experiments showing that blocking peripheral
VEGF and IGF-1 significantly inhibited APA-induced neuro-
genesis [4,7]. Long-term endurance training increases
circulating levels of IGF-1 and VEGF in humans at rest
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[47 48], indicating that the neuroprotective effects of APA may
also be enhanced by increased physical activity over time.

In addition to neurobiological functions, BDNF, IGF-1
and VEGEF all have important effects on metabolic pathways,
suggesting selection for APA performance may have had
pleiotropic effects. First, increases in IGF-1 and VEGF occur
peripherally in response to activity to stimulate tissue and
vascular system growth and repair, which improves oxygen
delivery to muscles and increases aerobic performance
[49,50]. For example, VEGF signalling regulates muscle capil-
lary density, which is a major determinant of maximal
aerobic capacity across mammals [51,52]. Second, BDNF
and IGF-1 facilitate lipid oxidation in muscles [53] and glu-
cose metabolism [1], which are essential for energy
regulation during submaximal activity [54]. Peripheral pro-
duction of neurotrophins and growth factors can lead to
effects on the central nervous system (CNS) because they all
cross the blood-brain barrier, resulting in correlated periph-
eral and CNS concentrations [55]. It is possible that growth
factors are upregulated in the periphery for their beneficial
effects on metabolic and vascular systems, and then cross
the blood-brain barrier, triggering neurogenic actions.
Because athletic individuals have high resting levels of both
IGF-1 and VEGF [47,48], baseline levels of these neurotro-
phins are important indicators of aerobic performance.

Based on the effects of APA on neurotrophins and growth
factors, researchers have suggested two hypotheses for
activity-induced adult neurogenesis [56,57]. First, neurotrophins
and growth factors may be upregulated in the periphery to sup-
port endurance activity (metabolism, vascular growth), with
ancillary effects on the brain [56]. Second, links between activity
and neurogenesis may create a neurogenic reserve during fora-
ging in novel or complex environments to enhance cognitive
engagement during locomotor bouts [56,57]. Indeed, cognitive
engagement following APA has an additive effect on neurogen-
esis in response to physical activity [57], supporting this
hypothesis. While these functional hypotheses may explain
why APA-induced neurobiological effects accrue during an
individual’s lifetime, recent evidence suggests that selection
acting on neurotrophin and growth factor signalling may have
had broader impacts on the evolution of the brain [6]. Below,
we detail an evolutionary model that links these proximate
mechanisms acting on adults to brain growth and development,
and suggests that the evolution of high levels of aerobic activity
had an important effect on brain evolution in athletic taxa.

(b) Physical activity and the evolution of brain growth:
a model

The proximate mechanisms described above generally affect
regional changes in brain structure following physical activity
in adults. Here, we propose an evolutionary model where selec-
tion in athletic taxa leads to the upregulation of circulating
neurotrophins and growth factors, but has pleiotropic effects
on brain growth. Research in both humans and animal
models supports a strong role for neurotrophins and growth
factors in brain development. Experimental work in rodents
has shown that deficiencies in neurotrophins and growth factors
during development in utero and post-natally lead to smaller
overall adult brain sizes [45,58-60], whereas overexpression
of IGF-1 leads to significantly larger brain sizes at adulthood
[61]. For example, in mice with homozygous inactivation of
VEGEF, brain size is significantly smaller than controls [62].

selection for improved
aerobic activity
performance

increased baseline
neurotrophin and GF
signalling

improved tissue and
vascular system
repair/growth; improved
regulation of metabolism

increased neurotrophin
and GF signalling during
ontogeny

higher level of
aerobic
activity performance

larger adult brain size
and/or increased
cognition

Figure 2. Evolutionary model linking APA and brain size in humans. Solid
arrows denote downstream effects of selection for APA performance. Dashed
arrow indicates a possible adaptive link between neurobiology and exercise
performance. See text for a detailed explanation of this model.

Additionally, mice with lower levels of BDNF owing to genetic
manipulation grew significantly smaller brains during develop-
ment [59]. Human data generally support experimental studies
in animal models; however, we should interpret these results
with some caution because sample sizes are often smaller and
studies are observational in nature. In humans, naturally low
levels of circulating IGF-1 leads to reduced brain size in off-
spring [63], and pre-term infants show a strong correlation
between circulating IGF-1 concentrations and brain volume
measured by MRI [64]. Pre-term human infants also have
lower levels of BDNF, which correlates with negative
neurodevelopmental outcomes [65].

Based on the proximate mechanisms linking energy regu-
lation and vascular growth during APA with neurotrophins,
growth factors and neurogenesis, we propose a model where
selection acting to improve APA performance through enhanced
metabolic regulation and oxygen transport alters baseline neuro-
trophin and growth factor signalling (figure 2), as is found in
highly athletic subjects [47,48]. This evolutionary change in base-
line signalling would lead to increased brain growth during
ontogeny in species adapted for endurance activities, effectively
linking selection for increased locomotor performance to brain
size in some taxa. This is not the only possible way to explain
evolutionary links between APA and neurobiology (see §5);
however, we believe this model provides an important avenue
for generating predictions and testing the overall hypothesis
that there is an evolutionary relationship between APA and the
brain. Below, we present a wide array of evidence in support of
this model, including intraspecific data, interspecific data from
a broad sample of mammals and data from evolution exper-
iments that clearly show neurobiological changes when
mammals undergo selection for APA performance.

3. Evolutionary links between aerobic physical
activity and neurobiology

Intraspecific evidence suggests that population and individual
variations in neurotrophins and brain size are strongly
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correlated with APA performance. First, in rats, variation in the
distance run voluntarily on running wheels in different strains
is correlated with variation in brain BDNF levels at rest, but
not after activity [66]. Importantly, BDNF levels were measured
in rats that were not given access to running wheels, suggesting
the differences in BDNF levels are not simply plastic responses
to physical activity during their lifetimes, but rather reflect
differences between strains accumulated over multiple gener-
ations [66]. Second, in adult gerbils without prior exercise
training, total brain size was positively correlated with maxi-
mum aerobic capacity (VOpmay) during voluntary wheel
running, a good measure of endurance capacity [67]. Finally,
a polymorphism in the human VEGF gene is correlated with
higher VO, max prior to exercise training, as well as with a
greater response in VO, .y to exercise training [68], showing
that heritable changes in the human genome link APA perform-
ance to growth factors. Combined, these studies suggest that if
selection were to act on APA performance, it is likely that a
change in circulating neurotrophins, growth factors and brain
size would occur.

A recent interspecific study supports this evolutio-
nary hypothesis in a wider range of mammalian taxa.
Raichlen & Gordon [6] showed, using conventional and phylo-
genetically controlled analyses, that VO, .« is significantly
correlated with brain size across non-human mammals, includ-
ing rodents, ungulates, canids and felids. In this dataset,
animals were not trained over long periods of time, providing
further evidence that correlations between aerobic capacity and
neurobiology are inherited traits. The relationship between
VO, max and brain size across mammals is likely to be related
to differences in VEGF expression in more athletic taxa [6],
because VO, max is positively correlated with the volume of
muscle capillary networks across mammals, driven by the
need to deliver oxygen during APA [52]. Because skeletal
muscle capillarity is regulated by VEGF [51,69], the increased
volume of the capillary network found in mammals with
high aerobic capacities may be due to evolutionarily altered
VEGEF signalling.

Thus, both intra- and interspecific data show that
variables associated with endurance are correlated with
increased neurotrophin and growth factor expression and
larger brain size. However, because these analyses are
correlational in nature, they do not clearly demonstrate evol-
utionary mechanisms. To do that, we explore data from
artificial selection experiments that show how changes in
neurobiology are associated with the evolution of increased
exercise capacity in two rodent species.

(a) Artificial selection experiments
Two artificial selection experiments help show exactly how
intraspecific variation in neurotrophins can be altered by
selection for improved APA performance, and in the end,
how these evolutionary events impact neurobiology. In one
experiment, researchers selected for high and low VOj .
in rats, and in a second experiment, researchers selected for
high amounts of voluntary wheel running in mice. It is
important to note that in both evolution experiments, the
target of selection was APA rather than the cognitive
demands associated with activity.

In rats, selection for high levels of aerobic capacity is
associated with evolutionary effects on both VEGF and
IGF-1, as predicted by our model. High-aerobic-capacity

rats have significantly higher muscle capillary density than [ 4 |

low-aerobic-capacity rats, suggesting an evolutionary effect
on the VEGF pathway [70]. High-aerobic-capacity rats also
have significantly higher baseline levels of IGF-1 compared
with low-aerobic-capacity rats [71]. The evolution of high
aerobic capacity in rats also affects cognition. High-aerobic-
capacity rats perform better on cognitive tasks (e.g. spatial
memory) and learn faster than low-aerobic-capacity rats,
while performance on motor learning tasks does not differ
significantly [72]. In these experiments, VEGF, IGF-1 and cog-
nition were measured in subjects that did not undergo
exercise training during their lifetimes, showing that differ-
ences between rat groups are not due to plastic changes,
but are due to an evolutionary change in each lineage [70,72].

In another artificial selection experiment, mice were selec-
tively bred for high amounts of voluntary wheel-running
[73]. Four lines of selected mice voluntarily ran about three
times further per day than control lines [73], and this type
of selection also increases VO, ;,ax in these mice [74]. Selected
mice had higher BDNF levels following several days of
voluntary wheel-running compared with control lines [75],
and selected mice showed significantly greater cell genesis
in the hippocampus when allowed to run, compared with
control mice [76]. In addition, two of the selected mouse
lines have significantly higher baseline VEGF levels than con-
trol mice, which was correlated with higher muscle capillary
density (the other two lines showed a strong trend towards
higher VEGF levels than controls, but the difference fell just
outside statistical significance; p = 0.055) [77]. Just as in the
rat evolution experiment, the evolution of ER in mice leads
to increased circulating levels of compounds essential for
both brain growth and increased aerobic capacity.

Finally, this research group has begun investigating
changes in brain architecture and size associated with the
evolution of high levels of voluntary wheel-running.
Kolb [78,79] and Rhodes et al. [76] found significant dif-
ferences in the size of brain components in selected mice
compared with control mice. Specifically selected mice had
significantly larger mid-brain and dentate gyrus volumes
compared with control mice [76,78,79], and selected mice
had significantly increased non-cerebellar brain masses
compared with controls [78,79].

These studies clearly demonstrate how selection for high
aerobic capacity and APA frequency can lead to increases in
the size of brain structures. Importantly, these studies con-
firm two essential components of our model, and help
demonstrate evolutionary mechanisms suggested by inter-
and intraspecific studies detailed above. First, selection
acting on either APA frequency or aerobic capacity leads to
altered neurotrophin and growth factor signalling. Increased
VEGF and IGF-1 at baseline was found in selected groups,
and increased BDNF signalling followed APA in selected
mice. Second, and most importantly, these evolutionary
changes in APA performance are associated with changes
in brain size and cognition, showing that selection specifically
targeting athletic ability, rather than cognitive performance,
can have significant effects on the brain.

4. Human evolution

Through intraspecific data, interspecific comparisons and
evolution experiments, we have shown how selection acting
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Table 1. Brain size, limb length and semicircular canal radii in hominids. Relative hindlimb lengths (RHLs) from Pontzer [83]. EQ from Lieberman [9] calculated [}

as EQ = brain mass/0.59 x body mass™’® following Martin [84] (EQ for Ardipithecus ramidus calculated from data of Suwa et al. [85], EQ for P. paniscus from
species means of Isler et al. [86]). Anterior and posterior semicircular canal radii (ASC and PSC, respectively) from Spoor et al. [82] (ASC and PSC for
H. neanderthalensis from Spoor et al. [88]). Body masses for extinct taxa from Lieberman [9] and for extant taxa from Spoor et al. [87].

species RHL EQ

Ardipithecus ramidus

Australopithecus afarensis

Australopithecus africanus

staloithecs rousts e e
Homo habilis . . . .

Homo erectus

Homo neanderthalensis . . . .

Homo hefdélburgensis

Homo floresiensis . .

Homo sapiens

Porgopgmans 0516

Pan paniscus
 Pan troglodytes

Gorilla gorilla -

on APA performance can affect the mammalian brain. As
described earlier, recent work suggests humans may have
undergone such selection for increased APA performance
[17-20], implying the same evolutionary patterns at work
in the brains of athletic mammals may explain some portion
of human neurobiological evolution. However, testing this
hypothesis is made difficult by the fact that humans have
an evolutionary history tied to the primate lineage. Primates
are not generally considered endurance athletes, and do not
usually engage in high levels of sustained aerobic activity
[17]. Thus, human endurance athleticism arose from an evol-
utionary starting point very different from the athletic
abilities of most quadrupedal cursorial mammals. As with
other studies of brain size [80], humans, and primates more
generally, must be examined in their appropriate phyloge-
netic context, and not in comparisons with a wide array of
non-primate mammals [6]. Unfortunately, physiological
measures of athletic performance are not available for other
primates, and are unknown for our fossil ancestors. There-
fore, we must examine other variables that are related to
endurance capacity for evidence of correlated neurobiological
and APA evolution in the human lineage.

Bramble & Lieberman [17] suggest several morphological
traits that highlight selection acting to increase endurance
capacity in general, and specifically ER performance,
during human evolution. We compiled data for the two
traits with available samples in great apes, humans and
hominin taxa: hindlimb length and semicircular canal dimen-
sions. These traits allow us to begin testing the hypothesis
that increased brain size during human evolution is, in
part, related to a shift to higher levels of aerobic activity.
Increased hindlimb length is often considered a hallmark
trait for selection acting to generate endurance or cursorial
behaviours in mammals [17]. In extant humans, long hind-
limbs increase stride length (approx. 1m longer than a
similarly sized quadruped), allowing for high ER speeds

ASC (mm) PSC (mm) body mass (kg)
........ L

2,60 270 36.00

290 280 39.00

3.20 30 61.00

- e e

3.20 30 5831

- i Bt

2.60 250 39.10

Ep— e i

290 300 12095

and also reduced energy costs of walking and running,
important for either long-distance trekking or ER [17]. The
semicircular canal system is also a suggested target of selec-
tion for ER capabilities in humans [17] because it senses
angular rotations of the head, coordinating head, eye and
body movements essential to maintaining stability during
ER [19,81,82]. The diameter of the canals is tuned to the fre-
quency spectrum of head movements experienced by a
particular taxon, with relatively larger canal dimensions
strongly associated with animals that engage in faster, more
agile locomotor behaviours that cause higher angular accel-
erations of the head [82]. Spoor et al. [82] showed that
humans and H. erectus have increased anterior and posterior
semicircular canal radii compared with earlier hominins
(australopithecines) and great apes, with larger canals
attributed to selection for running and other agile behaviours.

To test the hypothesis that there is an evolutionary associ-
ation between APA and neurobiology in humans and our
ancestors, we explored correlations between size-corrected
ER variables (hindlimb length and semicircular canal radii)
and encephalization quotients (EQs) in great apes, humans
and fossil hominins. EQs quantify the difference between
observed brain size and brain size expected for a mammal
of similar body mass, and thus provide an important
measure of brain size evolution [9]. After controlling for
body mass, we found significant positive correlations
between EQ and hindlimb length (r =0.93), anterior (r=
0.77) and posterior semicircular canal radii (r=0.66) in
great apes, fossil hominins and humans (table 1 and
figure 3). Importantly, these measures of ER capabilities
index different parts of human athletic performance
(speed/energy costs versus stability), supporting the idea
that athletic ability in general is tied to neurobiological evol-
ution. Although more work is clearly needed to test our
hypothesis, this analysis of fossil data serves as important
preliminary support for the idea that human aerobic activity
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Figure 3. Relationship between encephalization quotient (EQ) and
morphology in hominids (extant humans, great apes and fossil hominins).
(a) EQs are positively correlated with size-corrected limb length (hindlimb
length/body mass”>; r = 0.93; p < 0.0001). (b) Residuals of semicircular
canal radii from body mass are significantly correlated with EQ in hominids
(anterior semicircular canal, ASC in red circles, dashed line: r = 0.77,

p = 0.005; posterior semicircular canal, PSC in grey circles, solid line:
r=10.66, p = 0.02).

capabilities are correlated with the evolutionary increase in
brain size seen in fossil hominins.

5. Conclusions

This review addressed the novel hypothesis linking the evol-
ution of APA to a change in some portion of mammalian
neurobiology. Evidence for this evolutionary relationship
includes: (i) intraspecific data linking aerobic capacity, brain
size, neurotrophins and growth factors; (ii) interspecific
data showing a relationship between aerobic capacity and
brain size; and (iii) evolution experiments detailing how
selection for aerobic performance alone can affect neurobiol-
ogy. Based on this body of evidence for mammals, we
proposed the novel hypothesis that human neurobiology
was influenced by our evolutionary history as endurance ath-
letes. As early as 1.8 Ma, our ancestors began walking and
running longer distances than previous hominin taxa
[17,19], and morphological adaptations for increased aerobic
activity levels during human evolution are correlated with
increases in brain size relative to body size across great
apes and fossil hominins. This hypothesis is not meant to
suggest that other factors were unimportant in the evolution

of mammalian brains in general, nor in human brain evol-
ution specifically. Social and ecological selection pressures
played an essential role in human neurobiological evolution
[10,14,15,89].
humans, fossil hominins, rodents and other mammals
suggests that the evolution of increased aerobic capacity

However, our review of evidence from

had a significant effect on brain evolution in athletic mam-
mals, including humans. In conjunction with other social
and ecological selection pressures, this review suggests that
human brain evolution was influenced, in part, by the
evolution of our active lifestyle.

In exploring these relationships, we presented a model
that attempts to explain how selection for aerobic athletic per-
formance can impact the evolution of the mammalian brain;
however, this model remains untested. There is much work
to be done fleshing out the model described above and in
devising experiments to test specific parts of the model.
Studies in molecular and developmental biology can test
the ontogenetic model described above, while greater empha-
sis on selection experiments across a wider array of mammals
will continue to test our overall model for how selection
acting on APA ultimately affects neurobiology. Finally, an
increased emphasis on exercise testing in non-human pri-
mates can generate a comparative dataset to help examine
correlated changes in neurobiology and aerobic capacity in
the appropriate phylogenetic context. An expanded compara-
tive dataset is also necessary to quantify the contribution of
physical activity to brain evolution, allowing researchers to
effectively determine the relative weights of APA and cogni-
tive selection pressures on the human brain. We hope that
this review stimulates new areas of research that will also
examine alternative hypotheses for evolutionary mechanisms
that link the brain and body across a wide array of mammals,
including humans.

One area we have not discussed is whether these links
are adaptive (i.e. dashed arrow in figure 2). Our hypothesis
does not require an adaptive explanation, but we see two
possible reasons why neurobiology may be affected by selec-
tion for physical activity. In both cases, the true target of
selection was likely to be improved foraging performance,
which would lead to increased reproductive success through
greater access to food energy. First, it is certainly possible that
selection acted on these links to establish cognitive capacities
capable of increased foraging demands during endurance
travel [56]. For example, improved spatial relational
memory and planning abilities could aid humans and other
mammals during long-distance foraging. This possibility
would be supported if more athletic taxa with higher baseline
neurotrophin and growth factor levels have greater neurogen-
esis following a given amount of activity compared with non-
athletic taxa. However, the selection experiments described
above suggest that the evolution of aerobic activity can
affect the brain without cognition being a target of selection.
Additionally, an association between aerobic capacity and
brain size is present among mammalian taxa that differ
widely in their foraging patterns and home ranges, implying
any adaptive link between APA and cognition must be gen-
eral and not specific to a given foraging strategy. While
future research may confirm this hypothesis, a more parsimo-
nious explanation, and one best supported by current
experimental and comparative data, is that selection
improved aerobic capacity by altering the signalling systems
responsible for metabolism and oxygen transport (i.e. VEGF,
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IGF-1 and BDNF). In the end, these altered neurotrophin and
growth factor systems led to increased brain size during
growth and development. This intriguing possibility implies
that some portion of human neurobiology simply evolved as
a by-product of the evolution of increased aerobic capacity.
Such a suggestion certainly requires more careful testing;
however, to our knowledge, this is the first time evidence
suggests that a portion of human brain size may have
evolved for reasons that have little to do with sensory or
cognitive selection pressures.

Thus, this review suggests that humans’ evolutionary story
may ultimately be more complex than the traditional view of
brains over brawn. If our hypothesis is supported by more
extensive data, then the evolution of the human mind and
cognitive capacity may be the result of multiple selection

pressures, some of which act on cognition specifically
(e.g. social systems, group size, language or technology), and
some of which act on the body and generate cognitive changes
as a by-product of improved athletic performance. A complete
understanding of the evolution of the human brain in our
distant past and in more recent times requires an acknowl-
edgement of both selection and correlated responses, as well
as research into each line of evolutionary change.
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