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Abstract
Narratives of human evolution have focused on cortical expansion and increases in brain size
relative to body size, but considered that changes in life history, such as in age at sexual
maturity and thus the extent of childhood and maternal dependence, or maximal longevity,
are evolved features that appeared as consequences of selection for increased brain size, or
increased cognitive abilities that decrease mortality rates, or due to selection for grandmotherly contribution to feeding the young. Here I build on my recent finding that slower life
histories universally accompany increased numbers of cortical neurons across warm-blooded
species to propose a simpler framework for human evolution: that slower development to
sexual maturity and increased post-maturity longevity are features that do not require selection, but rather inevitably and immediately accompany evolutionary increases in numbers of
cortical neurons, thus fostering human social interactions and cultural and technological
evolution as generational overlap increases.
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1 Introduction
Humans stand out from other animals in how quickly their brain expanded in
evolution, then developed the abilities that over a few thousand years led to planetchanging cultural and technological growth. Whether the human brain became so
remarkable while still conforming to the most fundamental ways in which all other
mammalian brains are built, or differs from all other species in key features that set
it apart, has been a lingering debate ever since Darwin proposed, in The Descent of
Man, that “there is no fundamental difference between man and the higher mammals
in their mental faculties” (Darwin, 1871, vol. 1, p. 35). Like man, Darwin argued,
other animals “manifestly feel pleasure and pain, happiness and misery” (Darwin,
1871, vol. 1, p. 39), play together, display maternal care and complex emotions like
jealousy, imitate behaviors, show the preferential allocation of cognitive resources
that characterizes attention, have memory and “a taste for the beautiful,” use tools,
display “some power of reasoning,” “progressive improvement” and even “retain
their mental individuality” (Darwin, 1871). Recognizing these similarities was
important to Darwin because, as stated in the Introduction to his book, its sole object
was “to consider, firstly, whether man, like every other species, is descended from
some pre-existing form (…)” (Darwin, 1871, vol. 1, p. 2). If the human mind and his
mental faculties were continuous with those of other mammals, and those of other
primates in particular, then it followed that the human brain must also be continuous
with other brains, and made in the image of other primate brains.
It is interesting that while Darwin’s much larger and more profound view of evolution caught on with the generations of scientists that succeeded him, the particular
point of human’s mental continuity with other species went a different way, especially in the most recent decades, with an ever keener interest in finding that something that sets the human brain apart from all others. Almost 150 years later, we have
today a large body of works that examine how humans differ from other species in
language, culture, tool use, sociality, morality, and also lipid composition, physiology, gene expression, brain development, neurobiology, life history and, most obviously, gross anatomy (Cáceres et al., 2003; Charrier et al., 2012; Cotney et al., 2013;
Fedrigo et al., 2011; Fu et al., 2011; Gagneux and Varki, 2001; Gazzaniga, 2008;
Jerison, 1973; Konopka et al., 2009; Leigh and Park, 1998; Li et al., 2017; Liu
et al., 2012; Mantini et al., 2013; Miller et al., 2012; Oberheim et al., 2009;
Peeters et al., 2009; Petanjec et al., 2011; Peters et al., 2014; Raghanti et al.,
2008; Schoenemann et al., 2005; Sherwood et al., 2008; Somel et al., 2011;
Stephan and Andy, 1969; Tocheri et al., 2008; Varki, 2001; Xu et al., 2018;
Zhang and Long, 2014). These topics will not be the subject of this review.
That differences in many of these features are bound to exist across human and
non-human species is obvious to any person who has no difficulty picking humans
apart from every other species on the planet. The very definition of species depends
on features—morphological, genetic or behavioral—that can be differentiated by an
observer. Answering Darwin’s original question of whether the human brain can be
understood as resulting from quantitative derivation from an ancestral primate brain
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along a continuum, or from qualitative step changes that single out our species,
requires more than just focusing on the differences that set humans apart from other
species: it requires determining first whether there is such a continuum across nonhuman species, and second, determining whether, despite all human-specific
features, the human species still conforms to that continuum.
In this review, I will examine the validity of using body mass as a normalizer in
the comparison between human and other mammalian brains, the single feature upon
which the morphological exceptionality of the human brain has been based (Part I);
revisit the evidence that we and others have gathered in recent years that not one, but
multiple quantitative continuums apply to the brains and especially cerebral cortices
of a wide range of species, clustered in clade-specific ways, and that the human brain
is in every single respect not an outlier on those continuums (Part II); examine new
data showing that a slowing down of life history accompanies the evolution of larger
numbers of cortical neurons in any warm-blooded brain (Part III); offer a new framework for understanding human brain evolution in which the expansion of the number
of cortical neurons in human brain evolution was simultaneously accompanied with a
slowing down of life history, with direct and immediate consequences for social
interactions, technological development, and cultural transmission of knowledge
(Part IV); and finally, propose that this framework reconciles both sides of the question: that, as Darwin proposed, the human brain is, in most if not all respects, made in
the image of a generic primate brain; and that while there are, quite naturally, humanspecific features in our genome (as is to be expected for any evolving species),
including those related to expansion of numbers of cortical neurons, those changes
never stopped humans from being another primate species—and are probably
not even required to account for some apparently exclusive human disorders and diseases (Part V).

2 Part I. Is the human brain special—And should body size be
taken into consideration?
Asking whether and how the human brain is special is a very common and colloquial
phrasing of a question that is better formulated as: “Is the human brain different in
any significant manner from what could be expected from a generic primate brain
that became scaled-up in evolution?” Many recent studies have focused on generating still-growing lists of genes, regulatory sequences and methylation state that differ
between humans and other primate and non-primate species (Aghajanirefah et al.,
2016; de Freitas et al., 2016; Dong et al., 2016; Fiddes et al., 2018; Florio et al.,
2015, 2016, 2017, 2018; Han et al., 2013; Hayakawa et al., 2005; He et al., 2017;
Kamm et al., 2013; Konopka et al., 2012; Li et al., 2010; Mendizabal et al., 2016;
Meyer et al., 2017; O’Bleness et al., 2012; Pervaiz and Abbasi, 2016; Pollard
et al., 2006; Prabhakar et al., 2006; Qiu et al., 2016; Sassa, 2013; Schneider et al.,
2012, 2014; Schwartz et al., 2016; Shi et al., 2013, 2014, 2017; Silver, 2016;
Suzuki et al., 2018; Wang et al., 2012, 2016; Yu et al., 2006; Zeng et al., 2012;
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Zhang et al., 2011). While each of them adds to the roster of evolutionary changes
that came to define us, evaluating their contribution to humaneness requires first understanding what that generically scaled-up primate brain equivalent to ours would
be, and how it would have evolved.
The most easily quantifiable variable that describes the human brain is its mass
(or volume; given the density of brain tissue, these are essentially interchangeable
variables), and that of its parts. The vast majority of the comparative literature is thus
predictably based on comparisons of brain structure size across human and nonhuman animals. Brain mass varies by a factor of 10,000 across mammals alone, from
those under 1 g to those nearing 10 kg—and the human brain, averaging about 1.5 kg,
is not particularly remarkable, although it appears on the upper side of the range.
Importantly, there is some order to so much variation in brain size. It has long
been understood that larger brains tend to come in larger bodies (von Bonin,
1937). Whether that occurs naturally as every single organ in the body increases
in size (and body mass increases as the inevitable consequence) or because larger
bodies maybe require larger brains to run them, there is an obvious relationship
between mammalian body mass and brain mass that allows one to be predicted from
the other (Fig. 1A). It was in this regard that the human brain was first suggested to be
an outlier to the rules of evolution—for, compared to mammals as a whole, the
human brain is not the largest or the most folded, but it appears to be about seven
times larger than expected for our body mass (Jerison, 1973), as seen even in our
restricted dataset in Fig. 1A. With a brain too large for its body, and with the largest
deviation from expected brain size across all species to boot, the human species was
thus considered to be exceptional in how encephalized it is—and the story of human
evolution became the story of increasing encephalization (De Sousa and Woods,
2007; Jerison, 1973; Montgomery et al., 2010).
An evolutionary narrative centered on encephalization depends, however, on
whether there is a necessary relationship between body size and brain size or number
of neurons, and whether that relationship applies universally across all mammals.
There is growing evidence that neither is the case (Herculano-Houzel, 2017;
Herculano-Houzel et al., 2015; Ngwenya et al., 2016; Watson et al., 2012). Importantly, the relationship between body size and number of brain neurons, now that
those data are available, is even more varied across clades than the relationship
between body and brain size (Fig. 1B), and particularly variable when only those
neurons in the non-cerebral, non-cerebellar structures, which are more directly
related to operating the body, are considered (Fig. 1C). Mammalian species of a
similar body mass—1 kg, for instance—can vary by as much as 50-fold in how many
neurons operate their bodies (Fig. 1C). If there is not a single way to put a brain in a
body, then the deviation of one species to the whole ensemble of mammalian species
is not particularly informative or significant. In any case, the relevant comparison is
between human and other primate species—and here, we have found that humans are
not outliers when compared to most other primate species (Azevedo et al., 2009;
Herculano-Houzel, 2009; Herculano-Houzel and Kaas, 2011). As shown in
Fig. 1D, the human cerebral cortex has the expected number of neurons for a generic,

FIG. 1
See figure legend on opposite page.
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non-great ape primate of 70 kg or so (Azevedo et al., 2009). That is about twice the
number of cortical neurons estimated in the brain of gorillas and orangutans
(Herculano-Houzel and Kaas, 2011), animals that can have much larger bodies than
humans. In narratives that include these largest great apes with other primates and so
make humans appear to be exceedingly encephalized (Jerison, 1973), the human
cerebral cortex could be said to have an exceptionally large number of neurons
for the body mass of the species. But an alternative narrative includes humans with
other primates, in which case it is great apes that appear to be lacking in cortical
neurons for their body mass (Herculano-Houzel and Kaas, 2011). Yet another
possibility is that the relationship between body mass and number of cortical neurons
is not deterministic; rather, quite some variation is acceptable (Burish et al., 2010),
depending on other factors that may be actually instructive or maybe restrictive, such
as energetic requirement. We have shown previously that due to the high energetic
cost of the brain (see below), the typical primate diet would make it very difficult, if
not impossible, for the largest great apes to have both a large body and a matching

FIG. 1—Cont’d
Humans appear to be outliers only when their brain mass is compared to the predicted from
an indiscriminate ensemble of mammalian species; when clades are considered separately,
humans fit the predictions for primates. (A) Brain mass (excluding olfactory bulbs) increases
across all 54 non-human mammalian species in our dataset as a power function of body mass
with exponent 0.710  0.029 (r2 ¼ 0.918, P < 0.0001); humans, as well as several other
primate species, fall above the 95% confidence interval, that is, have brains that are larger
than predicted for their body mass. (B) Number of brain neurons (excluding olfactory bulbs)
scales with body mass raised to an exponent of 0.531  0.023 across non-primate
mammalian species in our dataset (r2 ¼ 0.929, P < 0.0001), but more steeply across
non-human primates, with an exponent of 0.665  0.104 (r2 ¼ 0.836, P ¼ 0.0002). Notice
that while the human data point is a clear outlier in comparison to non-primate species, it falls
within the 95% confidence interval for non-human primate species. (C) Number of brain
neurons not in cerebral cortex or cerebellum, that is, neurons found in hindbrain, midbrain,
diencephalon, subpallium and hypothalamus. Power functions are clade-specific (see Dos
Santos et al., 2017; Jardim-Messeder et al., 2017) and are not plotted for clarity. Notice
that while the human data point appears to be a clear outlier compared to non-primate species,
it continues the primate trend. (D) Number of neurons in the mammalian cerebral cortex, or
bird telencephalon (most of which are pallial) scales with body mass in clade-specific
relationships. Notice that the human cerebral cortex deviates markedly from the non-primate
trend, but conforms to the primate relationship. See Dos Santos et al. (2017), Jardim-Messeder
et al. (2017), and Olkowicz et al. (2016) for clade-specific exponents. Each data point
represents one species of one of eight clades identified according to the color code in
(A) (including one species of Scandentia, in salmon). (D) Bird species in black (songbirds and
psittaciformes in filled circles; emu, barn owl, pigeon and red junglefowl in unfilled circles).
Data from Olkowicz, S., Kocourek, M., Lucan, R.K., Portes, M., Fitch, W.T., Herculano-Houzel, S., Nemec, P.,
2016. Birds have primate-like numbers of neurons in the telencephalon. Proc. Natl. Acad. Sci. U. S. A.
113, 7255–7260.
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large number of cortical neurons (Fonseca-Azevedo and Herculano-Houzel, 2012).
The seeming metabolic limitation to larger numbers of cortical neurons argues in
favor of the interpretation that great apes evolved large bodies but were constrained
to maintaining about as many cortical neurons as the common ancestor shared with
humans already had (Fonseca-Azevedo and Herculano-Houzel, 2012). Humans, on
the other hand, maintained the same proportionality between body and brain size
(and number of cortical neurons) that applies to all extant primates not constrained
by extreme energetic needs (Fig. 1D), and therefore presumably has applied to all
primate ancestors, including the common ancestor to humans and great apes of
ca. 23 million years ago (Grabowski and Jungers, 2017). The conformity of the human brain to all scaling rules that apply universally to primates, and even some that
apply across mammals or even warm-blooded animals as a whole, will be examined
in Part II.
Two other prominent candidate human-specific features that possibly appeared
exclusively in human evolution also turn out to depend crucially on the normalization to body size. These are directly related to life history: the age when sexual
maturity is reached (and therefore the duration of childhood), and the maximal
longevity after maturity is reached (Fig. 2). In both cases, humans can only be considered to have extended childhood and overall longevity than predicted, especially
compared to orangutans and gorillas, if body mass is indeed a reliable predictor of
those life history variables across species (see below).

3 Part II. The human brain as a scaled-up primate brain
Our systematic analysis of the numbers of neurons and non-neuronal cells that compose mammalian brains revealed that there is no single way to build a mammalian
cortex. Previous comparative studies that examined a variety of mammalian species,
some of them highly influential (for instance, Finlay and Darlington, 1995; Haug,
1987; Prothero, 1997a,b; Rockel et al., 1980; Zhang and Sejnowski, 2000), assumed
that diverse species would all populate one single continuum of multivariate relationships such that larger cortices were built with more and larger neurons (therefore with
decreasing neuronal densities) that however maintained a constant number per
columnar unit under the cortical surface (that is, with cortical thickness varying
inversely with neuronal density across species), such that cortical expansion was
synonymous with an expanding neuronal population (Rakic, 1988), and was always
accompanied by increased cortical folding (Zilles et al., 2013).
In contrast, we have found that there are two relationships between cortical mass
and number of cortical neurons, one that applies to primates (in which more neurons
are not much larger neurons) and another that applies to non-primate mammals (in
which more neurons very rapidly become larger neurons; Fig. 3A), but how that
volume is distributed into a combination of surface area and thickness is a relationship that is particular to each clade (Fig. 3B; reviewed in Herculano-Houzel, 2016b).
Consequently, the number of neurons per surface area is not constant across
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FIG. 2
Humans appear to be outliers in age at puberty and longevity post-sexual maturity when compared to an indiscriminate ensemble of mammalian species.
(A) Age at female maturity increases across 855 non-human mammalian species as a power function of body mass with exponent 0.215  0.007
(r2 ¼ 0.490, P < 0.0001). (B) Maximal longevity after reaching female maturity scales across with 698 non-human mammalian species as a power
function of body mass with exponent of 0.161  0.006 (r2 ¼ 0.517, P < 0.0001), with an exponent of 0.665  0.104 (r2 ¼ 0.836, P ¼ 0.0002). (C) Age at
female maturity increases with decreasing specific metabolic rate across 343 non-human mammalian species (power function exponent,
0.578  0.041, r2 ¼ 0.372, P < 0.0001). (D) Maximal longevity after reaching female maturity increases with decreasing across 298 non-human
mammalian species (power function exponent, 0.620  0.032, r2 ¼ 0.462, P < 0.0001). Each data point represents one species of birds (in gray) or
mammals (in black; human in red). Dotted lines indicate 95% confidence intervals for individual values in each function. Notice that birds, like humans,
are systematically longer-lived than most mammalian species of similar body mass or metabolic rate.
Data from De Magalhães, J.P., Costa, J., 2009. A database of vertebrate longevity records and their relation to other life-history traits. J. Evol. Biol. 22, 1770–1774.
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FIG. 3
The human cerebral cortex conforms to predictions for a generic primate cortex with its
number of neurons. (A) Mass of cerebral cortex (including gray and white matter);
(B) relationship between cortical surface area and average cortical thickness; (C) average
number of neurons per mm2 of cortical surface; (D) total cortical surface area; (E) average
cortical thickness; (F) folding index of the cerebral cortex as a whole. Each data point
represents one species. The human data point is indicated. Clades: afrotherians (blue),
primates (red), artiodactyls (lavender), carnivorans (light brown), rodents (green), marsupials
(dark brown), birds (black). All values refer to one hemisphere.
Data from Dos Santos, S.E., Porfirio, J., DaCunha, F.B., Manger, P.R., Tavares, W., Pessoa, L., Raghanti, M.A.,
Sherwood, C.C., Herculano-Houzel, S., 2017. Cellular scaling rules for the brain of marsupials: not as “primitive”
as expected. Brain Behav. Evol. 89, 48–63; Jardim-Messeder, D., Lambert, K., Noctor, S., Marques Pestana, F.,
DeCastro Leal, M.E., Bertelsen, M.F., Alagaili, A.N., Mohammad, O.B., Manger, P.R., Herculano-Houzel, S.,
2017. Dogs have the most neurons, though not the largest brain: trade-off between body mass and number of
neurons in the cerebral cortex of large carnivoran species. Front Neuroanat. 11, 118; Mota, B.,
Herculano-Houzel, S., 2015. Cortical folding scales universally with surface area and thickness, not number of
neurons. Science 349, 74–77.
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mammalian species (Fig. 3C), as a similar number of cortical neurons can be found in
cortices of different surface areas (Fig. 3D) and average thickness (Fig. 3E).
Similarly, the degree of folding of a cerebral cortex is not a universal function of
its number of neurons, and a more highly folded cortex does not necessarily have
more neurons than a less folded one (Fig. 3F; Mota and Herculano-Houzel,
2015). Importantly, in every single case, the human cerebral cortex matches the prediction for a generic primate of its cortical mass or number of neurons—whereas
compared individually to most non-primate species, it would indeed appear to be
extraordinary in its size or composition (Fig. 3).
The human cerebral cortex also has the volumes of white and gray matter that can
be expected for a generic primate cortex with its number of neurons, even when
separated into prefrontal, occipital and intermediate regions (Fig. 4; Gabi et al.,
2016). Indeed, we found that in humans as in most other primate species examined,
including the small-brained marmoset, the prefrontal region of the cortex contains a
similar 8% of all cortical neurons (Gabi et al., 2016). Likewise, the human cerebral
cortex has the volume and number of neurons in the gray matter of the prefrontal region
that could be expected for a generic primate cortex with its number of non-prefrontal
neurons (Fig. 4A), and also the predicted volume and number of non-neuronal cells in
the prefrontal white matter for the numbers in the non-prefrontal white matter
(Fig. 4B). These similarities contradict the earlier (and widespread) notion that human
evolution would have entailed preferential expansion of the prefrontal region above
and beyond what could be expected for an enlarged primate cortex (Schoenemann
et al., 2005; Semendeferi et al., 2002; Smaers et al., 2017), and corroborate later
reanalyses of those earlier studies that also concluded that the human prefrontal cortex
was not extraordinarily expanded in evolution (Barton and Venditti, 2013; Miller et al.,
2019). Importantly, the distinction between cortical regions in our study was based on
purely anatomical criteria (all cortex anterior to the genu of the corpus callosum, the
posterior 30% of the cortex, the intermediate zones); while we propose that neurons are
distributed in a similar (though not homogeneous) manner across the cerebral cortex in
human and non-human primate species, the possibility remains that functional areas
are mapped differently onto the cortical tissue in the different species. Examining that
possibility awaits the determination of reliable functional maps that are useful for
cortical parcellation across a wider variety of species than just human, chimpanzee
and monkey (Donahue et al., 2018).
Our systematic analyses have also revealed that some properties of the cerebral
cortex are universally shared across mammalian species—and, again, humans are no
different from other species, primate or otherwise. This is the case for the relationship between total cortical surface area, AT (including the cortical surface buried in
sulci) and the surface area exposed in cortical gyral crowns, AE, which defines the
folding index of a cerebral cortex (AT/AE). We found that the degree of cortical
folding of any mammalian species is 99.8% predicted by the combination of its total
surface area and average cortical thickness (T), according to the equation AT.
, regardless of the number of neurons that compose that cortex
T1/2 ¼ k.A1.305
E
(Fig. 5A; Mota and Herculano-Houzel, 2015). This is the equation that describes
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FIG. 4
The prefrontal region of the human cerebral cortex conforms to predictions for a
generic primate cortex. (A) Number of neurons in prefrontal region of the cerebral cortex
(anterior to the genu of the corpus callosum) scales as a power function of the number of
neurons in all remaining cortical areas across non-human primates (exponent indicated in
graph). (B) Number of non-neuronal (other) cells in the white matter of the prefrontal
region scales with the number of non-neuronal cells in the remainder of the white matter
across non-human primates (exponent indicated). Species are color-coded according to
the key in (A).
Data from Gabi, M., Neves, K., Masseron, C., Ribeiro, P.F., Ventura-Antunes, L., Torres, L., Mota, B.,
Kaas, J.H., Herculano-Houzel, S., 2016. No relative expansion of the number of prefrontal neurons in primate
and human evolution. Proc. Natl. Acad. Sci. U. S. A. 113, 9617–9622.
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FIG. 5
The degree of folding of a species’ cerebral cortex and the ratio of gray and white matter are
highly predictable from its cortical surface area and thickness. (A) The relationship between
total cortical surface area (AT) and exposed surface area (AE) is predictable by a power
function that describes the conformation of least effective free energy of a surface area of a
given average thickness, that is, the most stable conformation for that cortex. Exponent,
1.302  0.014 (r2 ¼ 0.996, P < 0.0001; n ¼ 38 species). (B) The same physical process by
which the cortex settles into the most stable conformation also defines the volume of the white
matter, and thus the ratio between the volume of the gray matter (VG) and total cortical volume
(VT). Exponent, 0.128  0.006 (r2 ¼ 0.919, P < 0.0001; n ¼ 38 species). Species are colorcoded according to the key in (A).
Data from Dos Santos, S.E., Porfirio, J., DaCunha, F.B., Manger, P.R., Tavares, W., Pessoa, L., Raghanti, M.A.,
Sherwood, C.C., Herculano-Houzel, S., 2017. Cellular scaling rules for the brain of marsupials: not as “primitive”
as expected. Brain Behav. Evol. 89, 48–63; Jardim-Messeder, D., Lambert, K., Noctor, S., Marques Pestana, F.,
DeCastro Leal, M.E., Bertelsen, M.F., Alagaili, A.N., Mohammad, O.B., Manger, P.R., Herculano-Houzel, S.,
2017. Dogs have the most neurons, though not the largest brain: trade-off between body mass and number
of neurons in the cerebral cortex of large carnivoran species. Front Neuroanat. 11, 118; Mota, B.,
Herculano-Houzel, S., 2015. Cortical folding scales universally with surface area and thickness,
not number of neurons. Science 349, 74–77.
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the conformation of least effective free energy, that is, the most stable conformation,
of a volume with self-avoiding surfaces (like the pia-ensheathed cerebral cortex) that
grows in development subjected to unevenly distributed forces (Mota and
Herculano-Houzel, 2015). The degree of folding of a cerebral cortex is thus fully
predicted by the physics of a volume of a certain surface area and thickness at
any moment in time, regardless of its composition, like crumpled sheets of
paper—and the human cortex is no different. Incidentally, the same mechanism that
describes the degree of folding of a cortex also describes its particular combination of
white and gray matter volumes, as well as the ratio between the two, whatever the
number of neurons in that cortex (Fig. 5B)—another fundamental property of brain
tissue that seems to be determined by physics, and not the biology of the tissue (Mota
et al., 2019).
Another universally shared feature of the mammalian cerebral cortex is the
average density of non-neuronal cells, and with it the relationship between the
volume of a cerebral cortex and the number of non-neuronal cells found in it
(Fig. 6A, grey), such that any two cortices of similar volume (or mass) will be found
to contain similar numbers of non-neuronal cells, whatever the number of neurons
that compose them. Because the average density of neurons in a cortex is highly variable across species, depending on its number of neurons and the clade it belongs to,
but the density of non-neuronal cells is comparatively constant (Fig. 6A), the number
of non-neuronal cells per neuron (a proxy for the number of glial cells per neuron,
assuming that vascular-associated cells are a small minority) varies universally
across species with the inverse of neuronal density (Fig. 6B). That is, the larger
the average size of neuronal cells that compose a tissue, the more non-neuronal cells
that will accompany each neuron (Mota and Herculano-Houzel, 2014). Again, the
human data point is indistinguishable from all others. In these aspects, then, the
evolutionarily expanded human cortex is not only a scaled-up primate cortex; it is
made like any other mammalian cerebral cortex.
Because neurons are the information-processing units of the cerebral cortex, and
because of the status of the cerebral cortex as a set of associative circuits in the brain
that contributes flexibility, adaptability and complexity to the functions carried out
by the hindbrain, it can be predicted that the larger the number of neurons that compose a cortex, the more cognitively capable it will be (Herculano-Houzel, 2017). The
body of data that allow direct comparisons of cognitive performance across species is
slowly growing (Bensom-Amran et al., 2018; Deaner et al., 2007; Kabadayi et al.,
2016; MacLean et al., 2014) but it already becomes apparent that absolute number
of cortical (pallial) neurons is a better predictor of cognitive performance across nonhuman animals than encephalization or absolute brain size (Herculano-Houzel,
2017). As the largest-brained primate, modern humans have the largest number of
neurons in the cerebral cortex of any species (Fig. 7; see also Fig. 1D)—even though
ours is not the largest cortex among mammals.
While great attention has been devoted to the expected cognitive consequences of
growing larger cortical networks, evolutionary changes in the neuronal make-up of a
cerebral cortex also come with highly relevant consequences in another domain that
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FIG. 6
Neuronal density in the cerebral cortex is highly variable across species, while non-neuronal cell
density is not; as a consequence, the ratio of non-neuronal cells per neuron scales uniformly
with decreasing neuronal density. (A) The relationship between number of neurons in the
cerebral cortex and neuronal density in the cortex (color-coded by clade) differs clearly between
primate and non-primate species. In contrast, densities of non-neuronal cells in the same
cortices (gray) are much less variable and remain fairly similar across species. (B) The ratio of
non-neuronal (other) cells per neuron increases uniformly with decreasing neuronal density,
that is, with larger neurons across all mammalian species. Exponent, 0.866  0.037
(r2 ¼ 0.909, P < 0.0001; n ¼ 56 species). Species are color-coded according to the key in (A).
Data from Dos Santos, S.E., Porfirio, J., DaCunha, F.B., Manger, P.R., Tavares, W., Pessoa, L., Raghanti, M.A.,
Sherwood, C.C., Herculano-Houzel, S., 2017. Cellular scaling rules for the brain of marsupials: not as “primitive” as
expected. Brain Behav. Evol. 89, 48–63; Herculano-Houzel, S., Catania, K., Manger, P.R., Kaas, J.H., 2015.
Mammalian brains are made of these: a dataset on the numbers and densities of neuronal and non-neuronal
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FIG. 7
Numbers of cortical (or pallial) neurons in select mammalian and bird species. Mammalian
species with over 1 billion cortical neurons are either very large animals or else are primates,
but birds with similarly large numbers of neurons, such as corvid and parrot species, are
still small animals with small brains. Original data found in Dos Santos et al. (2017),
Herculano-Houzel et al. (2015), and Jardim-Messeder et al. (2017).

is neither spatial nor cognitive: the time domain. Time is a highly limiting variable to
mammalian biology, and one that is too often forgotten in comparative studies, as the
usual practice has been to write off differences in life history times once they have
been accounted for by variation in body size, which has been largely supposed to be a
universal predictor of life history variables as well as other variables (Barton and
Capellini, 2011; Hofman, 1983; West, 2018). Focusing on residuals is problematic
because regardless of whether the amount of time an animal is awake per day
(and thus capable of ingesting calories) is fully predictable or not from its body size,
it is still highly consequential if that number is 2 or 20 h: the former can sustain a
shrew-sized creature, but only the latter can allow an elephant to exist (du Toit
and Yetman, 2005; Estes, 1991). Similarly, whether or not the maximal lifespan
of a species is predictable by its body mass or any other variable, the scope of possible achievements of an individual only grows with its lifetime; humans could not
achieve their mastery of different subjects in the lifetime of a mouse.
However the daily number of hours that a mammal sleeps per day is determined
or regulated, it varies together with the number of cortical neurons in a highly predictable manner across species. As indicated in Fig. 8A, the more the neurons in a
non-primate cortex, the fewer the total hours spent asleep per day (HerculanoHouzel, 2015)—and thus the more time awake, and the more the time that can be
spent eating. However mammals come to have more cortical neurons in evolution,
then, we can predict that more cortical neurons came accompanied by more time
awake, and thus the possibility to eat more and afford a larger body that requires more
energy (Fig. 8B). Because a larger body also comes with a larger mouth and gastrointestinal tract that can ingest and process more food per unit time, a larger body leads
the way to making even more neurons affordable (Fonseca-Azevedo and HerculanoHouzel, 2012). On the other hand, growing a larger body also adds to the costs of brain
size increases in evolution (Isler and van Schaik, 2006). It makes intuitive sense that
more neurons should cost an animal more energy, but the data indicate that the
increase in energetic cost is even steeper than initially surmised: rather than the
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FIG. 8
Increased numbers of cortical neurons are predicted to occur with decreased daily sleep need that facilitates body growth, energy intake per hour, and
thus further increases in numbers of cortical neurons. (A) Calculated ratio of neuronal density per cortical surface area (DN/A) in different mammalian species
as numbers of cortical neurons increase in primate (red) or non-primate mammalian species (all other colors), and the correspondence between DN/A
and predicted number of sleep hours per day (insets). (B) Predicted virtuous circle where evolutionary increases in numbers of cortical neurons facilitate
further increases in numbers of cortical neurons in non-primate species through the increase in body mass affordable thanks to the decreased daily
hours of sleep that accompany the steeply decreased DN/A ratio that occurs with more neurons in the cerebral cortex. (C) Rate of glucose use by the brain
increases linearly with more brain neurons across rodent (filled) and primate species (unfilled).
Adapted from Herculano-Houzel, S., 2016. The evolution of sleep. In: Kaas, J.H. (Ed.), Evolution of the Nervous System, second ed., vol. II (Herculano-Houzel, S. (Ed.)). London, Elsevier.
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energetic use of a brain increasing slowly (sublinearly) with increasing brain mass
(Karbowski, 2007, 2011), it turns out that it increases linearly with increasing numbers of brain or cortical neurons—and, again, the human brain is no outlier (Fig. 8C;
Herculano-Houzel, 2011). Increasing numbers of cortical neurons thus cost more energy, but also come with an increase in time awake that makes both a larger body and
an even larger number of cortical neurons possible (Fig. 8B). This association can
provide a simple mechanistic explanation for how come the largest mammalian brains
became so much larger so fast in evolution (Herculano-Houzel, 2015). Of course,
more time awake expands not only the caloric possibilities of an animal, but also
its opportunities for exploring the environment, assimilating information and learning, and thus its opportunities for cognitive development, putting those just-gained
extra cortical neurons to use.
The number of hours a primate spends asleep or awake is also highly predictable
from its number of cortical neurons, even if that relationship is different from what
applies to other mammalian clades (Fig. 8A)—and the difference can be explained
by how cortical neurons are added differently to primate and non-primate brains,
with progressively lower densities in the latter, but hardly changing densities in
the former (Herculano-Houzel et al., 2014). Importantly, given the primary, universal correlation between total sleep duration per day and the ratio of neuronal density
per surface area, primates are much more limited in their waking experience of the
world than other mammals with similar numbers of cortical neurons (Fig. 8A), a limitation that we have demonstrated that constrains the maximal amount of energy a
primate can ingest per day, and thus both the maximal body size and maximal number of brain neurons a primate can sustain (Fonseca-Azevedo and Herculano-Houzel,
2012). In practice, non-human primates seem to be restricted to no more than about
8.5 h spent looking for food and ingesting food per day, which makes the calculated
9.5 h required to sustain a human body and brain unviable, and thus the evolutionary
expansion of the brain in the human lineage impossible if our ancestors still ate like
other primates (Fonseca-Azevedo and Herculano-Houzel, 2012; Organ et al., 2011).
By now we know, however, that our ancestors did not; as of 3–4 million years ago,
the first hominins could already make tools out of stone that served not only to hunt
and kill, but also to pound, crush and cut food (Susman, 1998), making it more easily
digestible and thus nutritious in the process (Zink and Lieberman, 2016), and effectively decreasing the amount of time that had to be dedicated to amassing enough
calories per day. Stone tools may be considered the first technology developed by
our ancestors (Herculano-Houzel, 2016a): like modern technologies, they are
objects, processes or systems that facilitate solving certain problems, and thus make
free time available—time that can be used, for instance, to find and tackle new,
more interesting and ever more complicated and time-consuming problems that will
make new technologies beneficial.
None of that would be of much consequence if all mammals were restricted to
living short lives, like modern small mammals do, and like the ancestral mammals
presumably lived, out of parsimony and similarity more than any other reason.
However, with the larger bodies that became possible with longer waking hours that
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would have accompanied more cortical neurons, the pace of life would presumably
slow down, giving those larger mammals more time to assimilate information from
their environment as they took longer to develop. That is according to the long-held
view that life history scales with body mass (Calder, 1996; Hofman, 1983), possibly
as a consequence of the slowing down of metabolism (Calder, 1996; Speakman,
2005; West, 2018; West et al., 1997). As it turns out, systematic comparative analyses made possible by having estimates of numbers of cortical neurons available
showed otherwise: the slowing down of the pace of life accompanies directly not
the increase in body mass or the ensuing decrease in metabolic rate, but simply
the increase in numbers of cortical neurons (Herculano-Houzel, under review).

4 Part III. Life slows down with more neurons in the cerebral
cortex: Implications for human evolution
The notion that larger warm-blooded animals live longer as their metabolic rate
decreases and the biochemical pace of life slows down is backed up by common
sense, a lot of expectations on how the rate of cellular damage accumulation must
accompany metabolic rate (Speakman, 2005; West, 2018; West et al., 1997), and
the significant correlations between body mass, metabolic rate and maximal longevity (Fig. 2). However, that logical framework rests on the supposition that the correlation, however weak, is universal. That this is not the case had already been
pointed out by several authors who observed that birds and bats are longer lived than
other mammals, and among the latter, primates are longer lived than non-primate
species (Fig. 9A; Austad and Fischer, 1991; De Magalhães et al., 2007; MunshiSouth and Wilkinson, 2010). Clade-specific, metabolic or habitat-related explanations for how so many exceptions made sense were attempted (Davies et al.,
2014; Pride et al., 2015; Shattuck and Williams, 2010), and some authors even cast
doubt on the validity of a fundamental relationship between body mass and longevity
(Clutton-Brock and Harvey, 1980; Cutler, 1976; De Magalhães et al., 2007; Hofman,
1983, 1993; Sacher, 1978)—but body mass kept being used as a predictor of life history by influential authors (West, 2018). As reviewed in Part I, that notion is particularly relevant for understanding human evolution since it is because of the
normalization to body size that humans are to this day considered evolutionary outliers in age at sexual maturity (and thus the duration of childhood) and post-maturity
longevity (Bogin, 1997; Hawkes et al., 1998; Laird, 1967; Leigh and Park, 1998).
However, the pattern of longer-lived birds than primates than most other mammals of similar body masses (Fig. 9A) is strikingly reminiscent of another pattern
uncovered by our systematic comparative analyses of brain composition in a wide
range of warm-blooded species: that for similar body masses, birds have more neurons in their pallium than do primates, which in turn is more neurons than in any other
mammalian cortex (Fig. 1D). Multivariate regression and principle component
analyses showed that there is a much stronger correlation between maximal longevity and estimated numbers of cortical neurons across all warm-blooded species

FIG. 9
See figure legend on opposite page.
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examined (which at this point excludes bats; Herculano-Houzel, under review). Importantly, this correlation is indeed universal, making no distinction between birds,
primates, and other mammals. Variations in the number of neurons in the cortex or
bird pallium account for 74% of the variation in maximal longevity across species,
while variations in body mass account for only 40% of variation in longevity in the
same sample (Herculano-Houzel, under review). Crucially, accounting for body
mass or metabolic rate leaves much of the variation in maximal longevity to be
explained by variation in numbers of cortical neurons; in contrast, accounting for
numbers of neurons leaves residual variation that has no significant correlation with
body mass or metabolic rate across warm-blooded species (Herculano-Houzel, under
review). Thus, neither body mass nor metabolic rate are necessary variables to explain variation in maximal longevity across birds and mammals; rather, they can be
accounted for through clade-specific relationships between numbers of cortical neurons and body mass and metabolic rate (Fig. 10; Herculano-Houzel, under review;
Herculano-Houzel et al., 2014) in the presence of a truly universal relationship between numbers of cortical neurons and the main life history variables: age at sexual
FIG. 9—Cont’d
Human life history conforms to age at sexual maturity and maximal longevity post-maturity
predicted from the number of neurons in the human cerebral cortex. (A, B) Correlations with
body mass, like in Fig. 2A and 2B, but color-coded by clade. Although a single power function
can be fitted to all 1466 warm-blooded species in the ANAGE dataset (A), female birds
systematically take longer to reach maturity than female primates, which in turn are older at
sexual maturity than females of other mammalian species. Similar results are found for males
(Herculano-Houzel, under review). Similarly, a single power function can be fitted to all 1956
species for which data on maximal longevity are available (B), but birds again are
systematically longer-lived than primates of same body mass, and primates are longer-lived
than other mammals. Humans are older when they reach sexual maturity (A) and have the
capacity to live longer (B) than predicted for a warm-blooded vertebrate species of similar
body mass (95% confidence interval indicated). (C, D) Life-history variables are much better
and universally correlated with the estimated number of cortical neurons in each species, with
no systematic differences across clades. Age at female sexual maturity (C) and maximal
longevity after sexual maturity (D) are reached in warm-blooded vertebrate species as
significant and also universal power functions of number of cortical neurons estimated from
brain mass according to clade-specific scaling rules (Herculano-Houzel, under review). Each
data point represents one species. Humans take as long to reach sexual maturity, and live as
long thereafter, as predicted for a warm-blooded vertebrate with their number of cortical
neurons. Values of r2 and P apply to the functions calculated to the entire dataset of warmblooded animals. Clades: afrotherians (blue), primates (red), artiodactyls (lavender),
carnivorans (light brown), rodents (green), marsupials (dark brown), birds (black).
Data from De Magalhães, J.P., Costa, J., 2009. A database of vertebrate longevity records and their relation to
other life-history traits. J. Evol. Biol. 22, 1770–1774; Herculano-Houzel, S., under review. Longevity and sexual
maturity vary across species with number of cortical neurons, and humans are no exception. J. Comp. Neurol.
527, 1689–1705.
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FIG. 10
Correlations between absolute numbers of neurons in the cerebral cortex and both age at
sexual maturity and maximal longevity are universal across warm-blooded species (black
arrows). In contrast, because correlations between absolute numbers of cortical neurons and
body mass or metabolic rate are clade-specific (clades indicated by the colored arrows of
different sizes), it follows that the two life-history traits appear to be correlated with body mass
and metabolic rate, but also in clade-specific ways.
Based on Herculano-Houzel, S., under review. Longevity and sexual maturity vary across species with number of
cortical neurons, and humans are no exception. J. Comp. Neurol. 527, 1689–1705.

maturity and maximal longevity, or post-maturity longevity (Fig. 9). And crucially,
the human species is no outlier in any of these relationships (Fig. 9; HerculanoHouzel, under review).
It is still too early after this new realization to tell whether numbers of cortical
neurons are causative of a slowing down in life history, or just an excellent proxy
for whatever factor is really determinant of it—although new hypotheses can already
be put forth and addressed (Herculano-Houzel, under review). Whatever the mechanism is discovered to be, the new finding remains: that our species takes just as long
to reach sexual maturity, and lives just as long once reaching reproductive age, as
could be expected for any warm-blooded animal with its number of cortical neurons
(Herculano-Houzel, under review).

5 Part IV. A new framework for understanding human brain
evolution
The fossil record indicates that as brain size increased from early hominids to Homo
erectus to the early sapiens, presumably as the brain gained neurons and cortical neurons in particular, age at sexual maturity did also increase (Feibel et al., 1989;
Tompkins, 1996; Walker and Leakey, 1993). Several authors have argued that a
slower life history is required to develop a larger brain (Barton and Capellini,
2011; Charnov and Berrigan, 1993; Gonzales-Lagos et al., 2010). It is interesting that
this argument remains unchallenged when it is obvious to farmers and zookeepers
that many animals, such as ungulates, can grow to become much larger than humans
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in as little as 1 year, which demonstrates that it does not necessarily take longer to
develop a larger body or brain. Even though the brain is a quite expensive organ, its
energy requirement alone is several times smaller than that of the rest of the body
(Elia, 1992), so a longer developmental time is not justified simply because of a
larger brain. Still, Barton and Capellini (2011) proceeded to argue that the evolution
of larger brains generated a requirement for an extended period of development under
maternal investment, with a slower overall life history and a longer lifespan as a
by-product, uncorrelated with adult brain size once the duration of maternal investment is accounted for (Barton and Capellini, 2011; Fig. 11A). Other authors propose
that, to the contrary, it was selection for increased post-maturity longevity that resulted
in delayed maturation and increased body size in humans, through the contribution of
grandmothers to the nutrition of just-weaned juveniles (Hawkes et al., 1998; Fig. 11B),
or through the associated selection for increased cognitive ability and late productivity
in niches with high-quality but difficult-to-access food (Kaplan and Robson, 2002;
Kaplan et al., 2000; Fig. 11C). Disentangling these variables is a difficult endeavor
due to the many correlations across brain size, life history and environmental variables,
and coevolution cannot be discarded (Navarrete et al., 2016).
However the order of the driving factors, larger brain size (and thus more cortical
neurons) in primates does evolve together with extended life history, sociality, technical and cultural intelligence (Navarrete et al., 2016; Street et al., 2017; van Schaik
et al., 2003; Whiten et al., 1999). A longer lifespan and period of juvenile dependence facilitate the acquisition, exploitation, and social transmission of life skills
(Boyd and Richerson, 1985; Kaplan et al., 2000; Laland, 2017), that is, generation
and growth of cultural knowledge, which in turn enhances survival, especially
in challenging conditions, and promotes long lives (Reader and Laland, 2002; van
Schaik and Burkart, 2011; Whiten and van Schaik, 2007). Larger social groups also
foster cultural knowledge and transmission (Derex et al., 2013; Kline and Boyd,
2010), and rapid techno-cultural advances emerge together with the ability for joint
intentional behavior (Angus and Newton, 2015). A slower life history, however it
happens, will compound those effects with increased generational overlap that facilitates cultural transmission.
The large unresolved issue is thus what begets what in human evolution. In line
with Barton and Capellini’s (2011) finding that brain size does not correlate with
longevity once maternal investment is accounted for, Street et al. (2017) find that
while social learning increases with reproductive lifespan, brain volume itself does
not predict social learning when included alongside longevity. That study proposed
that increased brain volume may be only indirectly associated with increased social
learning, mediated by increased longevity. Intriguingly, culturally acquired knowledge is also seen as an adaptive factor that might itself promote extended lifespans
through social learning-mediated behavioral adaptation to challenging environments
(Reader and Laland, 2002; van Schaik and Burkart, 2011; Whiten and Van Schaik,
2007). This view is in agreement with Life History Theory that considers increased
longevity a consequence of decreased mortality due to extrinsic factors or selective
pressure (Kaplan and Robson, 2002).

5 Part IV. A new framework for understanding human brain evolution

FIG. 11
Alternative scenarios to account for evolutionary increases in brain size accompanied with
increased age at sexual maturity (extended development) and maximal longevity (longer
lifespan). (A) Extended life history as a by-product of selection for increased brain mass,
according to Barton and Capellini (2011). (B) Increased brain mass as a consequence of
extended development, which is itself the product of selection for extended post-menopausal
longevity, according to Hawkes et al. (1998). (C) Associated selection for both increased brain
mass and post-menopausal longevity when food is hard to get, according to Kaplan et al. (2000).
(D) The scenario proposed here, in which spontaneous variations in numbers of cortical neurons
lead to diversification of life and possible niches through the immediate association with
extended life history, whether this is caused directly by increased numbers of cortical neurons or
indirectly, by distal factors that also lead to increased numbers of cortical neurons, according to
Herculano-Houzel (under review). (E) Fictive simulation of the effect of extended life history
accompanying increased numbers of cortical neurons in hominin species on the increased
generational overlap across individuals of the same species. Each survival line applies to one
species with a certain number of cortical neurons (predicted from cranial capacity according to
De Sousa and Woods, 2007; see Herculano-Houzel and Kaas, 2011). The shaded area
indicates the gain in human individuals of different ages that coexist thanks to the extended life
history that accompanies increased numbers of cortical neurons compared to Sahelanthropus.
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The new finding that the true correlate of maximal longevity is not brain or body
size but simply, and universally, the number of cortical neurons calls for a reevaluation of the framework underlying changes in brain size and life history in human
evolution. Whatever the mechanism connecting increased numbers of cortical neurons to age at sexual maturity, maximal longevity and post-maturity longevity, the
finding that these relationships are universal across all warm-blooded species examined casts serious doubt on any of these life history-related variables being a result of
selection or adaptation. Given the vast diversity of life forms, lifestyles, habitats and
niches occupied by the over 700 species examined, it is unlikely that any feature
that is environment-adapted would scale so consistently with the number of cortical
neurons unless that relationship reflected unless it reflected intrinsic, biological
properties of life.
Instead, I propose that life slows down immediately and systematically as more
neurons are added to the cerebral cortex in evolution (Fig. 11D): whether or not
the increased numbers of neurons are a causative factor, a cortex with more neurons
takes longer to develop, increasing the duration of the maternal investment period;
that animal reaches sexual maturity at an older age, having had an increased amount
of opportunities to learn from peers and parents, and to form a larger social group; and
lives a longer life thereafter, possibly thanks to the beneficial effects of having a larger
population of non-replaceable cortical neurons to keep adaptive bodily regulation
(Herculano-Houzel, under review), with increased opportunities to accumulate
knowledge and pass it on to the group and its descendants (Muthukrishna et al.,
2018). This proposal is in line with a previous finding from the fossil record that maximum life span potential (MLP) generally increased during mammalian evolution
(Cutler, 1979), and at an extremely fast rate in hominid evolution (Hofman, 1984;
Robson and Wood, 2008), which can be accounted for by relatively few temporal
and quantitative alterations in gene expression that directly altered hominid longevity
(Cutler, 1979). While selection is naturally expected to play a role where environmental factors pose challenges or increased numbers of neurons become too costly, no
tentative stories or suppositions are required to reconstruct life history changes in this
evolutionary scenario beyond those predicted to occur immediately together with the
newly changed number of cortical neurons in a warm-blooded species.
A mammal-wide version of this framework considers that mammalian life started
very small, in accordance with the fossil record (Rowe et al., 2011). From that starting point, any spontaneous modifications that generated brains with increased numbers of cortical neurons would also lead to brains that were capable of staying awake
for increasingly longer times, as outlined above, and therefore would instantaneously
allow for increased feeding times that made a range of larger body sizes around that
larger brain affordable. Simultaneously, the new animal also took longer to develop
and reach sexual maturity, and so gained time to learn from its environment and
circumstances, and to interact with other animals; and had an extended maximal lifespan (Fig. 11D). The novel animal was, in principle, neither more nor less adapted
than the previously existing or remaining species; it occupied a new spatial-temporal
niche by virtue of its new brain configuration and life history. In this manner,
mammalian life becomes increasingly diverse, whether or not increasingly adapted.

6 Part V. Human-exclusive features that may not be

Extending this framework to primates, one sees an uncoupling from increasing
numbers of cortical neurons and increasing average neuronal cell size at the emergence of this clade (Herculano-Houzel et al., 2014), with the consequence that daily
sleep requirement decreases only slowly with increasing numbers of neurons in the
new lineage. This is initially not a severe constraint for the first primate species,
given their small body size that is affordable with just a few hours of feeding, but
later becomes a constraint in those species whose numbers of cortical neurons exceed
some 10 billion in bodies of over 20 kg or so (Fonseca-Azevedo and HerculanoHouzel, 2012). Those species that continue to consume a diet of unmodified foods
remain bounded to a trade-off between the energetic costs incurred by increased body
mass (gorillas and orangutans) or increased numbers of cortical neurons (hominins),
but not both.
Bipedal, with a cerebral cortex of already over 10 billion neurons (HerculanoHouzel and Kaas, 2011), and with well articulated hands capable of crafting tools
out of stone, the first Homo would break away from that energetic limitation as soon
as it started habitually using tools to modify its food (Plummer, 2004). By increasing
the number of calories that could be ingested per unit time, that first of a long series of
technological innovations—stone tools—would have made further increases in numbers of cortical neurons no longer a liability, but rather an advantage to those who
could afford the immediate costs of longer dependence on maternal investment and
postponed sexual maturity, besides the increased direct metabolic cost. For with
these costs presumably came increased information processing capacity, ability to
identify and solve new problems, acquire and organize knowledge; and, with the ensuing increase in longevity, increased generational overlap that would also foster
intergenerational transfer of knowledge as well as social interactions (Fig. 12). Later,
the development of agriculture and animal husbandry allowed much larger societies
to form, intensifying the push for intergenerational transfer of know-what and knowhow (Herculano-Houzel, 2016a,b,c; Vigne, 2011). I thus propose that human evolution is characterized not only by rapid cortical expansion, once the energetic constraint was lifted thanks to food modification technologies, but also by
undissociable life-history changes that accompany more cortical neurons, in a manner that is entirely predictable for any warm-blooded vertebrate, strongly favoring
sociality, culturally transmitted behaviors, technological development, and ultimately a large body of accumulated knowledge and technology that, along with
human-specific biology, make us human. While this non-biological side of humanity
cannot be measured or captured in our genes, it lives on as long as it gets communicated across generations through cultural transfer and education.

6 Part V. Human-exclusive features that may not be
The framework proposed above provides a satisfying account for the remarkable
cognitive, tangible and intangible achievements of the human species in the last
1–2 million years without assuming or requiring that the human species has acquired
any extraordinary features, in the sense of modifications that single it out in evolution
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FIG. 12
Proposed framework for human evolution in the absence of any human-specific extraordinary
features. In this view, spontaneous increases in numbers of neurons in the cerebral cortex
offer increased cognitive capabilities, but once the limit of what a typical raw food primate diet
can sustain, further increases are only possible once developed cognitive abilities lead to
technological innovations that facilitate obtaining more calories in less time (FonsecaAzevedo and Herculano-Houzel, 2012). Simultaneously, the newly afforded increased
numbers of cortical neurons come with extended childhood and maximal longevity, which
favor knowledge accumulation and technological innovations through increased
opportunities for learning and generational transfer; the naturally extended life history also
promotes increased social group size, which facilitates growth of know-what (knowledge)
and know-how (technology) through social transfer. Furthered technological innovations in
turn can make social exchanges even faster, boosting energy procurement (and thus
number of cortical neurons affordable), time available to solve problems and innovate (and
thus even more knowledge and technological innovations), and powering collaborations
among ever more individuals. This feedforward process has the potential to rapidly snowball
into population growth, the splitting of human societies into communities with increasing
division of labor, and technological growth, taking the species very far from its biological
starting point as a generic primate with an increased number of cortical neurons.

or biology. This framework reflects Darwin’s original suspicion, corroborated by
a growing body of evidence, that humans have no major morphological or physiological brain feature that stands out as an outlier among mammals, or among primates
in particular. As reviewed here, our brain has the expected cellular composition for a
generic primate brain of its mass, the expected folding index, the expected number of
cerebellar neuron for its number of cerebral cortical neurons (and vice-versa), the
expected distribution of cortical neurons across prefrontal and non-prefrontal
regions, the expected energetic cost. Our species takes just as long to reach sexual
maturity and has the potential to live a life that is just as long as predicted for a
warm-blooded vertebrate; no special modifications are required to account for that.
Human brain structures and cortical areas are even connected in a manner that is
similar to the network circuitry found in other mammals and even the pigeon
(Shanahan et al., 2013), and the rapidly improving connectome maps based on systematic analysis of neuroanatomical data (Bota et al., 2015; Leergaard et al., 2012;
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Sporns et al., 2005) will soon provide detailed comparisons between the connectomes of humans and other species (for a review, see Bullmore and Sporns,
2012). So far, the layout of every mammalian cortex has been found to be similar;
any deviations in cortical scaling in the human cortex compared to other species such
as a larger number of functional cortical areas (Glasser et al., 2016), and possibly the
relative expansion of some functional areas over others (Donahue et al., 2018), can a
priori be explained as either natural allometric consequences of the expansion of the
cortical surface and/or its number of neurons, or mosaic evolution that is known to
generate diversity across species and clades (Barton and Harvey, 2000).
I thus propose that, after several decades of looking for sources of human
exceptionality, neuroscience could now experiment with a more parsimonious
framework that considers that humans are simply the species that lies at the intersection of two evolutionary inventions, neither of which is exclusive to our
species: one, the dissociation between the mechanisms that regulate neuronal cell
numbers and those that regulate neuronal cell size, which characterizes primates
(Herculano-Houzel et al., 2014); and second, any of multiple spontaneous evolutionary changes that can lead to increased numbers of neurons in a mammalian
cortex, generating any combination of species-specific gene sequences and regulatory sequences depending on what species are compared (Herculano-Houzel,
under review; Fig. 13). In this scenario, the search for human-specific genes
through pairwise comparisons across species, or even human versus non-human
primate species, will reveal an ever-growing number of genes and regulatory sequences that can only be conceptualized as more than a parts list through the understanding that they are simply one subset of multiple possible combinations of
evolutionary changes in the developmental sequence that lead to larger cortices in
mammalian evolution.
Interestingly, acknowledging that extended life histories are undissociable from
increased numbers of cortical neurons in human evolution may also account for
what appears as the downsides of becoming human: disorders, diseases and other
ailments that are often considered to be exclusive to our species, such as age-related
dementia, degenerative diseases and obesity. Given that aging is the number one risk
factor to both of the former, humans would automatically become the prime candidates to age-related dementia and degenerative diseases by virtue of their increased
numbers of cortical neurons and associated extended life history. Similarly, but indirectly, other variations that are considered disorders in the modern world—autism,
schizophrenia, attention deficit disorder—might not necessarily be human-specific
conditions, but rather variations that become more and more problematic only as
the system is pushed towards complexity, especially given more time and thus information to sort through and deal with over an extended lifetime. Very short-lived
animals, such as mice and many invertebrates, might be too simple in the cognitive
demands encountered in their lifetimes for cognitive disorders to ever pose a problem, or too short-lived for enough damage to accumulate (Herculano-Houzel, under
review). Consistently with this possibility, thorough examination recently revealed
that chimpanzee brains also carry pathological hallmarks of Alzheimer’s disease
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FIG. 13
Proposed framework for understanding the evolution of species-characteristic features
associated with brain (or cerebral cortical) size through scaling according to clade-shared
properties. In this view (A), the species within each clade (each ellipse) share a few genetic
characteristics that define the clade (such as the particular relationship between numbers of
neurons, average volume of neuronal cells, and the relationship between surface area and
thickness of that volume). On the other hand, the number of cortical neurons in each particular
species is determined according to the individual coding and regulatory genetic sequences
that evolved in that species. The scheme in (B) illustrates how the species-specific combination
of coding and regulatory gene sequences that affect the number of cortical neurons generated
during development will subsequently give rise to some neuroanatomical properties in a
manner that is shared by all species in a clade (such as the relationships between number of
cortical neurons, average neuronal cell size, volume of the cortical gray matter, total surface
area and average cortical thickness) and other properties in a universal manner according to the
laws of physics (such as the degree of folding and the proportion between gray and white matter
volumes, depending on cortical surface area and thickness, and hemispheric shape,
depending on the exposed surface area for that cortical volume).
Diagram in (B) adapted from Mota, B., Dos Santos, S.E., Ventura-Antunes, L., Jardim-Messeder, D., Neves, K.,
Siqueira, R., Noctor, S., Lambert, K., Bertelsen, M.F., Manger, P.R., Sherwood, C., Kaas, J.H., Herculano-Houzel,
S., 2019. White matter volume and white/gray matter ratio in different mammalian species as a consequence of the
universal scaling of cortical folding. Proc. Natl. Acad. Sci. U. S. A. https://doi.org/10.1073/pnas.1716956116.
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(Edler et al., 2017); more systematic analysis of other neuron-rich, long-lived animals, such as elephants, cetaceans, gorillas and orangutans, as well as parrots and
corvids, should indicate whether similar hallmarks only appear once species have
lived a certain amount of time.
This new framework also offers a new understanding of obesity, which is becoming so common as to constitute a modern epidemic, as a product not of humanspecific genetic modifications but of the combination of increased technologies that
make more calories available, increased numbers of waking hours per day in mammalian evolution, and the extended hours accumulated through a longer lifetime that
can be spent consuming easily procurable calories, all thanks to numbers of cortical
neurons increased through no particular mechanism other than the conjunction of
primate biology, developmental mechanisms that make cortical expansion a consequence of changes in any of multiple single genes, anatomical changes to feet, hands
and posture, and tool use (Herculano-Houzel, 2016a). As reviewed recently, while
not obtaining enough food is the bane of the existence of most animals, the same
inventions that solved that particular problem for humans now make them prey to
the deleterious consequences of too much food availability, including impaired
cognition (Mattson, 2019).
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