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Abstract
Maximal longevity of endotherms has long been considered to increase with decreasing specific

metabolic rate, and thus with increasing body mass. Using a dataset of over 700 species, here I

show that maximal longevity, age at sexual maturity, and postmaturity longevity across bird and

mammalian species instead correlate primarily, and universally, with the number of cortical brain

neurons. Correlations with metabolic rate and body mass are entirely explained by clade-specific

relationships between these variables and numbers of cortical neurons across species. Impor-

tantly, humans reach sexual maturity and subsequently live just as long as expected for their

number of cortical neurons, which eliminates the basis for earlier theories of protracted child-

hood and prolonged post-menopause longevity as derived human characteristics. Longevity

might increase together with numbers of cortical neurons through their impact on three main

factors: delay of sexual maturity, which postpones the onset of aging; lengthening of the period

of viable physiological integration and adaptation, which increases postmaturity longevity; and

improved cognitive capabilities that benefit survival of the self and of longer-lived progeny, and

are conducive to prolonged learning and cultural transmission through increased generational

overlap. Importantly, the findings indicate that theories of aging and neurodegenerative diseases

should take absolute time lived besides relative “age” into consideration.
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1 | INTRODUCTION

Maximal longevity in endotherm species varies by two orders of magni-

tude, from as little as 2 to as many as 211 years (de Magalhães & Costa,

2009). It has been proposed that the main determinant of longevity is

specific metabolic rate (i.e., rate of energy use per gram of tissue per

unit time), which is inversely related to body size (Kleiber, 1932), such

that larger animals, with lower specific metabolic rates, tend to live lon-

ger than smaller animals due to slower aging (reviewed in Hofman,

1983). This appealing notion is based on the supposition that death is

ultimately caused by accumulating cellular misfortunes including mis-

folded proteins, corrupted DNA, and inevitable structural damage

attributable to by-products of metabolism, which together characterize

aging (reviewed in Nikoletopoulou, Kyriakakis, & Tavernarakis, 2014).

Those processes are currently believed to occur at different rates in

different species according to “metabolic time,” such that, for instance,

at 2 years of life, small animals with high metabolic rates are already

old, but large animals with low metabolic rates are still young.

Whatever its rate and molecular bases natural death that curtails

longevity ensues in the context of an aging process, whereby body

functions progressively decline (including cognition; Salthouse, 2009)

and adaptability to stressors is gradually lost in species as diverse as

humans (Baftis & Sargent II, 1977) and the model worm Caenorhabditis

elegans (Huang, Xiong, & Kornfeld, 2004). Intriguingly, physiological

aging is associated with molecular changes that start around the time

of sexual maturity, not at birth (Labbadia & Morimoto, 2015). Accord-

ingly, time to reach sexual maturity is the best predictor of longevity

so far identified across species (de Magalhães, Costa, & Church,

2007). However, this new scenario of progressive decrepitude after

sexual maturity merely splits the question of longevity's determinants
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into two questions: first, what regulates when sexual maturity is

achieved (and thus when aging begins), which varies between 24 days

and 22 years across warm-blooded vertebrate species (de Magalhães &

Costa, 2009); and second, how come different species live beyond the

age of sexual reproduction by periods spanning two orders of magni-

tude, from a few months to over a century, rather than all dying after

some similar amount of time after reaching maturity?

The simplest model of scaling of longevity posits that it is a conse-

quence of metabolic scaling with increasing body size ultimately due

to a network constraint to the total number of capillaries with body

mass raised to an exponent of 3/4. This sublinear scaling of number of

capillaries would constrain metabolic rate to scale similarly across

warm-blooded species with body mass3/4, causing the specific meta-

bolic rate and thus the rate of accumulation of cell damages to scale

across these species with body mass−1/4 (assuming that body mass

increases linearly with number of body cells) and thereby causing lon-

gevity to scale with body mass1/4 (West, Brown, & Enquist, 1997).

Although the metabolic hypothesis of longevity is intuitively appeal-

ing, key discrepancies across clades have led some authors to reject it

altogether (de Magalhães et al., 2007). Notable among these discrep-

ancies is that many birds, which have higher body temperatures than

mammals, are known to live longer than mammalian species of similar

body mass, rather than the shorter lives that would be expected for

the higher metabolic rates of birds (de Magalhães et al., 2007). For

example, cockatoos and lab rats share similar body masses of around

300 g, but the former can live for as long as nearly 50 years whereas

the latter live only about 3 years.

Amongst mammalian species, primates are distinct outliers in that

they are longer-lived than other mammals of similar body mass

(de Magalhães et al., 2007): compared to the rat, for instance, lemurs of

similar body size can live up to 20 years (de Magalhães & Costa, 2009).

Foremost among long-lived primates are humans: based on our body

mass, we take an unusually long period of time to reach sexual maturity

(which has led to claims that extended human childhood is an evolution-

ary peculiarity; Laird, 1967; Bogin, 1997) and we tend to live much lon-

ger than expected. The measuring stick here is the great apes: although

gorillas have bodies up to 2–3 times heavier than ours, their maximal

recorded longevity is only about half that of our species (55 vs.

122 years; de Magalhães & Costa, 2009). Similarly, orangutans and

gorillas, whose body masses equal or exceed 60 kg, reach sexual matu-

rity around 8 years of age, but in us humans, with body masses averaging

70 kg, sexual maturity seems to be postponed until the age of about

13 years (de Magalhães & Costa, 2009). This seemingly delayed matura-

tion when contrasted with body size-based expectations is one of the

main reasons why childhood has been considered a derived evolutionary

feature resulting from prolongation of human postnatal development

(Bogin, 1997; Leigh & Park, 1998). It has been proposed that such a delay

in human sexual maturity compared to the expectations for our body

mass is a consequence of extended longevity, which in turn would result

from positive selection due to the evolutionary advantages offered by

grandmothering (Hawkes, O'Connell, Blurton Jones, Alvarez, & Charnov,

1998), although the circularity in that argument is hard to resolve.

An important clue to reconciling these puzzling differences in longev-

ity across species comes from systematic comparisons of warm-blooded

vertebrates. The pattern of birds being generally longer-lived than mam-

mals, and primates living longer than other mammals of similar body

mass, is reminiscent of our recent findings that numbers of neurons in

the pallium or cerebral cortex (whether or not organized laminarly; here-

tofore, “cortex”) are larger in passerine birds and parrots than in primates

and larger in these than in other mammals of similar body mass or even

brain mass, given the clade-specific scaling of numbers of brain and body

mass with the number of cortical neurons across endotherm species

(Herculano-Houzel, 2017; Herculano-Houzel, Catania, Manger, & Kaas,

2015; Olkowicz et al., 2016). We have also found that humans share with

great apes and other primates the same relationship between number of

cortical neurons and cortical mass, regardless of body mass (Azevedo

et al., 2009; Herculano-Houzel & Kaas, 2011). The dissociation between

body mass and number of cortical neurons in the brain of warm-blooded

vertebrates makes it unlikely that the number of neurons in the cerebral

cortex of a mammal or bird species is directly determined by body mass

(Herculano-Houzel, 2017). On the other hand, the complex connectivity

of adult brains (which appears to be similar in functional layout across

bird and mammalian cortices; Shanahan, Bingman, Shimizu, Wild, &

Güntürkün, 2013) might be achieved over longer postnatal develop-

mental times when there are increasing numbers of cortical neurons,

regardless of body size. In turn, once mature, such brains with increas-

ing numbers of cortical neurons might have more flexible and redun-

dant pathways that foster flexible and complex cognition which is

presumably conducive to longer lifespans (as proposed by the cognitive

buffer hypothesis for the evolution of large brains; Allman, McLaugh-

lin, & Hakeem, 1993; Deaner, Barton, & Schaik, 2003; Sol, 2009).

Here I set out to examine whether differences in maximal longev-

ity and time to reach sexual maturity across bird and mammalian spe-

cies are better explained by variations in the number of cortical

neurons than by body mass and metabolic rate. I use data on maximal

longevity, time to reach sexual maturity, body mass, and metabolic

rate compiled by de Magalhães and Costa (2009) in the AnAge data-

base; brain mass for the same species compiled from the literature

(Boddy et al., 2012; Iwakiuk & Hurd, 2005; Iwaniuk, Dean, & Nelson,

2004); and I cross those data either with direct estimates of numbers

of neurons in different brain structures of each species from our own

group and collaborators (Dos Santos et al., 2017; Herculano-Houzel

et al., 2015; Jardim-Messeder et al., 2017; Olkowicz et al., 2016) or

with numbers of neurons predicted from brain mass in each species

according to the clade-specific relationships that we have found to

apply separately to primates, glires, cetartiodactyls, afrotherians, mar-

supials, and carnivorans (Dos Santos et al., 2017; Herculano-Houzel

et al., 2015; Jardim-Messeder et al., 2017), and to songbirds (including

corvids) and parrots (Olkowicz et al., 2016).

2 | MATERIALS AND METHODS

Data on maximal longevity (years), time to reach sexual maturity from

birth (days) in males and females, body mass (g) and metabolic rate

(W) for mammalian and bird species were obtained from the carefully

curated AnAge database compiled by de Magalhães and Costa (2009).

Species belonging to the following 17 orders or superorders (“clades”)

were analyzed, chosen as the scaling relationship between brain mass
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and number of cerebral cortical neurons that apply to at least five

species in the respective clades are known (Dos Santos et al.,

2017; Herculano-Houzel et al., 2015; Jardim-Messeder et al.,

2017; Olkowicz et al., 2016): Afrosoricida (n = 7 in the AnAge data-

base), Artiodactyla (n = 172), Carnivora (n = 205), Cetacea (n = 45),

Dasyuromorphia (n = 38), Didelphimorphia (n = 20), Diprodontia

(n = 72), Erinaceomorpha (n = 10), Hyracoidea (n = 3), Lagomorpha

(n = 20), Macroscelidea (n = 9), Passeriformes (n = 417), Primata

(n = 174), Proboscidea (n = 2), Psittaciformes (n = 169), Rodentia

(n = 357) and Soricomorpha (n = 33), in a total of 1,753 species

(1,167 mammals and 586 birds). We thus did not examine the order

Chiroptera, which is known to include extraordinarily long-lived

species for their small body size, simply because data on numbers

of neurons in the brain of these animals are not yet available. Post-

maturity longevity was calculated for each species as (maximal lon-

gevity–time to female sexual maturity), expressed in years. Specific

metabolic rate for these species was calculated by dividing

reported basal metabolic rate (W) per body mass (g). Brain mass

(g) for each of these species was obtained, where available, from

Boddy et al. (2012); Iwaniuk et al. (2004); and Iwakiuk and Hurd

(2005). The equations in Table 1 were then used to estimate the

average number of cortical neurons in each species from their brain

mass. The compiled table of all data analyzed here is available in

Supporting Information Table S1. Not all data were available for all

1,753 species (analyzed in Figures 1 and 2). The breakdown of spe-

cies with data available for each variable was as indicated in

Table 2.

Numbers of neurons in the cerebral cortex (both hemispheres),

cerebellum (both hemispheres) and rest of brain (all other brain struc-

tures minus the olfactory bulbs) were estimated directly with the iso-

tropic fractionator in a total of 89 mammalian and bird species in our

dataset (Dos Santos et al., 2017; Herculano-Houzel et al., 2015;

Jardim-Messeder et al., 2017; Olkowicz et al., 2016). Maximal longev-

ity estimates were found in the AnAGE database for 67 of those spe-

cies. That is the dataset analyzed in Figure 3.

All scaling relationships were fit with power regressions using

JMP 12.0 (SAS, NC). Only raw data were used, without any sort of

correction for phylogenetic relationships, for three main reasons.

First, and most importantly, if there is a true, fundamental correla-

tion between longevity and any variable related to body or brain

structure or physiology, it should be detectable in the raw data,

without any sort of transformation or correction. It is those direct,

uncorrected correlations that might point to the physiological

mechanisms underlying longevity across species. Second, correct-

ing the exponent of mathematical relationships for phylogenetic

relatedness relies on evolutionary trees that, no matter how cur-

rent, may not be considered correct for long, and thus introduces

noise in the analysis. Finally, we have found that while species

within mammalian or bird orders and superorders typically share

scaling relationships, these relationships are often clade-specific,

that is, they differ across orders and superorders, and corrections

for phylogenetic relatedness across the entire dataset without a

separate analysis per clade fail to capture completely different scal-

ing relationships across clades.

3 | RESULTS

3.1 | Birds live longer than primates, which live
longer than other mammals of similar size

Previous analyses of the correlation between maximal longevity or

age at sexual maturity and body mass or specific metabolic rate typi-

cally lumped all species together, without separating them into clades

(Hofman, 1983; Kleiber, 1932; Speakman, 2005). In the present sam-

ple of endotherm species, variations in body mass or specific meta-

bolic rate only account for 44.8 or 24.6%, respectively, of the

variation in maximal longevity (Figure 1). However, our earlier findings

that warm-blooded vertebrates of similar body mass (or even brain

mass) may comprise vastly different numbers of neurons in the brain

indicates that quantitative analyses separated by clade (and not

merely corrected for phylogenetic relationships) are mandatory when-

ever brain-related variables are involved. Simple color-coding of dif-

ferent clades (Figure 1a) shows that parrots and songbirds, including

corvids, live systematically longer than primates of similar body mass,

which in turn live longer than non-primate mammals of similar body

mass (all clade-specific power laws are listed in Table 3). A similar

clade-specific pattern is found for age at sexual maturity (Figure 1b)

and maximal longevity postmaturity (Figure 1c) in females (findings for

males are similar; Table 3). Likewise, for similar specific basal meta-

bolic rates, parrots and songbirds live longer, take longer to reach sex-

ual maturity and live longer thereafter than many mammalian species,

especially non-primates (Figures 1d–f ). These patterns are reminis-

cent of the larger numbers of cortical neurons found in birds than in

primates, and in primates than non-primates of similar body mass

(Dos Santos et al., 2017; Herculano-Houzel et al., 2015; Jardim-

Messeder et al., 2017; Olkowicz et al., 2016). In contrast, and in con-

formity with previous reports on overall longevity (de Magalhães

et al., 2007), maximal postmaturity longevity and age at female sexual

maturity are strongly and universally correlated across bird and the

mammalian species analyzed here (Figure 2a), which is consistent with

TABLE 1 Equations used to predict numbers of cortical neurons from

brain mass in Supporting Information Table S1. Equations were
calculated for each mammalian or bird order or superorder according
to the relationships observed between numbers of cortical neurons
and brain mass in (Dos Santos et al., 2017; Herculano-Houzel et al.,
2015; Jardim-Messeder et al., 2017; Olkowicz et al., 2016)

Order/superorder Equation

Carnivora NCX = e16.573 x MBR
0.756

Marsupialia NCX = e16.624 x MBR
0.778 (orders Didelphia,

Diprodontia, Dasyuromorphia)

Glires NCX = e16.829 x MBR
0.613 (orders Rodentia,

Lagomorpha)

Primata NCX = e17.125 x MBR
0.933

Eulipotyphla NCX = e16.892 x MBR
0.508 (orders

Soricomorpha, Erinaceomorpha)

Afrotheria NCX = e16.965 x MBR
0.651 (orders Afrosoricida,

Hyracoidea, Macroscelidea, Proboscidea)

Cetartiodactyla NCX = e17.052 x MBR
0.600 (orders Artiodactyla,

Cetacea)

Passeriformes NCX = e18.626 x MBR
0.910

Psittaciformes NCX = e18.701 x MBR
0.967

HERCULANO-HOUZEL 3



either a single factor that regulates both variables, or determination of

longevity by the age at which sexual maturity is reached.

3.2 | Longevity is similar across birds, primates, and
other mammals of similar numbers of cortical neurons

Our dataset of numbers of neurons determined directly in the cerebral

cortex, cerebellum and rest of brain of 61 mammalian and 28 bird spe-

cies allows testing the hypothesis that longevity and time to sexual

maturity are best explained by variation in numbers of brain neurons,

particularly in the cerebral cortex, and not by body mass or metabolic

rate. Figure 3 shows that numbers of cortical neurons account for

70–80% of the variation in longevity (Figure 3a), age at sexual matu-

rity (Figure 3b) and longevity postmaturity (Figure 3c) with exponents

that are statistically undistinguishable across bird and mammalian spe-

cies, such that a given number of cortical neurons predicts similar

maximal longevity or time to reach sexual maturity in bird and mam-

malian species alike (see Table 4). As a consequence, longevity, time

to female sexual maturity and longevity postmaturity vary uniformly

across the ensemble of bird and mammalian species as power func-

tions of the number of cortical neurons, with similar exponents of

0.444 � 0.031 (r2 = .738, p < .0001), 0.499 � 0.045 (r2 = .669,

p < .0001) and 0.433 � 0.037 (r2 = .711, p < 0.0001), respectively. In

contrast, numbers of neurons in other brain structures, or in the brain

as a whole, only predict longevity or age at sexual maturity with smal-

ler values of r2 across bird and mammalian species together, due to

the often different exponents for each (Figure 3d–l, Table 4). Further,

across birds, the number of neurons in the diencephalon (which

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIGURE 1 Maximal longevity, age at female sexual maturity, and longevity postmaturity across bird and mammalian species (including humans)

are best predicted by the estimated numbers of neurons in the cerebral cortex. Each circle represents values for one species (black, songbirds and
psittacine birds; red, primates; pink, artiodactyls; light green, cetaceans; blue, afrotherians; brown, marsupials; ochre, carnivorans; dark green,
glires; kaki, eulipotyphlans), obtained either from the AnAge database (de Magalhães & Costa, 2009); numbers of cortical neurons were estimated
from brain mass according to the equations in Supporting Information Table S1. Insets indicate exponent of the power law fitted to all species,
and r2 value of the fit; dotted lines indicate the 95% confidence interval for individual values (h = humans). (a–c) Maximal longevity, age at female
maturity and postmaturity longevity are significantly correlated with adult body mass across species, but birds systematically weigh less than
similarly long-lived primates, and live more than similarly small rodents. (d–f ) The inverse pattern of correlation is seen for the aging-related
variables as a function of specific metabolic rate: Birds have systematically higher metabolic rates than similarly long-lived primates, and live
longer than rodents of a similarly high specific metabolic rates. (g–i) In contrast to the clade-specific patterns in a–f, birds and mammals of similar
numbers of cortical neurons have similar maximal longevity (g), age at female sexual maturity (h), and live for similar periods once they reach
sexual maturity (i). Marsupials are older than glires at female sexual maturity, partly due to very early birth. Power laws for each clade are listed in
Table 3 [Color figure can be viewed at wileyonlinelibrary.com]
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contains the hypothalamus) is a worse predictor of longevity than the

number of cortical neurons (r2 = .382 and .478, respectively). Across

mammalian species, for which the number of neurons in the dienceph-

alon is pooled with the subpallium, that number is also a worse predic-

tor of longevity than the number of cortical neurons (r2 = .849 and

.872, respectively). These findings indicate that longevity increases

uniformly across warm-blooded species, whether bird or mammal,

together with the absolute number of neurons in the cerebral cortex,

but not in the cerebellum, rest of brain or the brain as a whole.

To test the hypothesis that number of cortical neurons, rather

than metabolic rate or body mass, is the main predictor of maximal

longevity across species, I determined whether the predicted number

of cortical neurons correlates universally with maximal longevity

across a much larger number of species. I used the clade-specific rela-

tionships between brain mass and number of cortical neurons derived

from our dataset of 89 species (Table 1, Figure 4a) to predict numbers

of cerebral cortical neurons from published brain mass in 1,753 spe-

cies of birds and mammals in the AnAge database (Supporting Infor-

mation Table S1). If maximal longevity were not similarly related to

numbers of cortical neurons across species in all clades, introducing

these different equations to translate brain mass into number of corti-

cal neurons for species in each clade should only make longevity less

predictable by numbers of cortical neurons than by brain mass, body

mass or specific metabolic rate. Does the striking clade-specific corre-

lation between longevity and directly estimated numbers of cortical

neurons generalize to the predicted numbers of cortical neurons

across a much larger number of species?

The answer is yes: maximal longevity, age at sexual maturity and lon-

gevity postmaturity all scale universally as power functions of the number

of cortical neurons predicted for brain mass across bird and mammalian

species together, with no obvious clade-specific patterns, with exponents

of 0.402 � 0.009 (r2 = .740), 0.471 � 0.014 (r2 = .652) and

0.397 � 0.011 (r2 = .724), respectively (p < .0001; Figure 1g–i). The r2

values indicate that over 70% of variation in total or postmaturity lon-

gevity can be explained by variations in the number of cortical neurons

across species as diverse as small songbirds, medium-sized carnivorans

and large ungulates, and with very good overlap across clades, a much

stronger explanatory power than brain mass, for which most birds are

longer-lived than rodents (Figure 4C,D). Numbers of cortical neurons

are also much better and universal predictors of time to reach sexual

maturity than body mass or metabolic rate (Figure 1, center column).

Importantly, human maximal longevity, age at sexual maturity and post-

maturity longevity are also well predicted from the number of cortical

neurons in the human brain, at 91.8, 10.2, and 106.0 years, compared

with the observed values of 122.5, 13.5, and 109.0 years (de Magal-

hães & Costa, 2009). These are far better matches than the predictions

of 10.7, 0.8, and 9.1 years from body mass, or of 28.4, 2.1, and

26.1 years from metabolic rate, given the relationships in Figure 1.

3.3 | Body size and metabolic rate are not universal
predictors of maximal longevity or time to sexual
maturity

Body mass, number of cortical neurons, specific metabolic rate, maxi-

mal longevity and time to reach sexual maturity are all highly interre-

lated variables (Figures 1–2), so methods such as principal component

(a)

(b)

FIGURE 2 Universal correlations between maximal longevity post-

sexual maturity and age at female sexual maturity (a), and absolute
metabolic rate and adult body mass (b) across mammalian and bird
species. Each circle represents values for one species (black, songbirds
and psittacine birds; red, primates; pink, artiodactyls; light green,
cetaceans; blue, afrotherians; brown, marsupials; ochre, carnivorans;
dark green, glires; kaki, eulipotyphlans), obtained from the AnAge
database (de Magalhães & Costa, 2009). Insets indicate exponent of
the power law fitted to all species, and r2 value of the fit; dotted lines,
95% confidence interval for individual values. h = humans [Color
figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Number of warm-blooded vertebrate species for which

data are available in Supporting Information Table S1

Adult body mass (g) 1,713 species

Maximal longevity (yrs) 1,425 species

Age at female sexual maturity (days) 1,078 species

Brain mass (g) 825 species

Number of neurons in pallium
(estimated from brain mass)

825 species

Age at male sexual maturity (days) 799 species

Metabolic rate (W) 457 species

Specific metabolic rate (W/g) 457 species

NCX = estimated number of cortical neurons (both hemispheres); MBR =
brain mass in grams (whole brain, excluding olfactory bulbs). These equa-
tions are plotted in Figure 4a
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analysis or partial regressions are required to identify which are the

underlying, primary correlations and which are resulting, derived cor-

relations. A two-factor analysis shows that of these five variables,

maximal longevity clusters with time to reach sexual maturity and with

number of cortical neurons in the first factor (factor loading, 0.856,

0.928, and 0.800, respectively), while body mass clusters with metabolic

rate in the second factor (factor loading, 0.996 and 0.615, respectively).

Together, both factors account for 77.5% of variance in the dataset (lon-

gevity, age at maturity, and number of cortical neurons, 46.9%; body

mass and metabolic rate, another 30.6%). Longevity-related attributes of

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

FIGURE 3 Maximal longevity, age at female sexual maturity, and longevity postmaturity across the ensemble of bird and mammalian species

(including humans) are best predicted by the number of neurons in the cerebral cortex than by numbers of neurons in other brain structures or in
the whole brain. Each circle represents values for one species (black, birds; red, primates; pink, artiodactyls; blue, afrotherians; brown, marsupials;
ochre, carnivorans; dark green, glires; kaki, eulipotyphlans) from the AnAge database (de Magalhães & Costa, 2009) or obtained with the isotropic
fractionator (Dos Santos et al., 2017; Herculano-Houzel et al., 2015; Jardim-Messeder et al., 2017; Olkowicz et al., 2016), for the entire cerebral
cortex (a–c), cerebellum (d–f ), rest of brain (brainstem, diencephalon [including the hypothalamus], striatum; g–i), and whole brain (j–l). Values of
r2 indicated in each graph apply to the power function fitted to all bird and mammalian species together (listed in Table 4). The exponents of the
power laws fitted to mammalian species alone (in blue) or bird species alone (in black), and the r2 value of the fit, are also listed in Table 4. Dotted
lines indicate the 95% confidence interval for individual values. h = humans. The best predictor of longevity and longevity postmaturity across
bird and mammalian species together is the number of neurons in the cerebral cortex (a and c). Note that while time to sexual maturity is better
accounted for by total number of brain neurons (k), it is numbers of cortical neurons that are related to time to sexual maturity with nearly
identical exponents in birds and mammals (Table 4) [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 3 Power laws relating maximal longevity, age at sexual maturity, and longevity postmaturity to body mass, specific metabolic rate, or

estimated number of cortical neurons across or within each clade

Group Dependent variable Independent variable Power law r2 p-value n

All spp L MBD L = e1.767 � 0.030 MBD
0.142 � 0.004 0.448 <0.0001 1,394

All spp L W/g L = e0.680 � 0.156 (W/g)−0.322 � 0.029 0.246 <0.0001 391

All spp L W L = e2.363 � 0.027 W0.223 � 0.014 0.384 <0.0001 390

All spp L NCX L = e−4.939 � 0.171 NCX
0.402 � 0.009 0.740 <0.0001 705

All spp SFEM MBD SFEM = e4.971 � 0.047 MBD
0.157 � 0.006 0.366 <0.0001 1,075

All spp SFEM W/g SFEM = e3.706 � 0.218 (W/g)–0.353 � 0.040 0.169 <0.0001 387

All spp SFEM W SFEM = e5.544 � 0.039 W0.249 � 0.020 0.277 <0.0001 387

All spp SFEM NCX SFEM = e−2.858 � 0.270 NCX
0.471 � 0.014 0.652 <0.0001 580

All spp SM MBD SM = e5.091 � 0.048 MBD
0.156 � 0.006 0.420 <0.0001 797

All spp SM W/g SM = e3.911 � 0.229 (W/g)–0.343 � 0.042 0.304 <0.0001 305

All spp SM W SM = e5.666 � 0.042 W0.243 � 0.021 0.181 <0.0001 305

All spp SM NCX SM = e−3.565 � 0.299 NCX
0.511 � 0.016 0.706 <0.0001 440

All spp LPM MBD LPM = e1.589 � 0.034 MBD
0.145 � 0.004 0.530 <0.0001 913

All spp LPM W/g LPM = e0.509 � 0.165 (W/g)–0.339 � 0.030 0.274 <0.0001 341

All spp LPM W LPM = e2.279 � 0.029 W0.223 � 0.015 0.394 <0.0001 341

All spp LPM NCX LPM = e−4.935 � 0.208 NCX
0.397 � 0.011 0.724 <0.0001 499

All spp L MBD L = e1.767 � 0.030 MBD
0.142 � 0.004 0.448 <0.0001 1,394

Artiodactyla L MBD L = e1.454 � 0.140 MBD
0.144 � 0.012 0.489 <0.0001 141

Carnivora L MBD L = e1.601 � 0.114 MBD
0.156 � 0.013 0.485 <0.0001 159

Cetacea L MBD L = e1.495 � 0.321 MBD
0.171 � 0.022 0.678 <0.0001 36

Glires L MBD L = e1.116 � 0.083 MBD
0.186 � 0.015 0.409 <0.0001 229

Marsupialia L MBD L = e1.807 � 0.232 MBD
0.108 � 0.028 0.231 0.0003 52

Passeriformes L MBD L = e1.598 � 0.064 MBD
0.235 � 0.019 0.279 <0.0001 397

Primata L MBD L = e1.920 � 0.180 MBD
0.182 � 0.013 0.554 <0.0001 152

Psittaciformes L MBD L = e1.251 � 0.142 MBD
0.363 � 0.027 0.568 <0.0001 138

Mammals (no primates) L MBD L = e1.078 � 0.038 MBD
0.191 � 0.004 0.732 <0.0001 694

Mammals (with primates) L MBD L = e1.214 � 0.044 MBD
0.192 � 0.005 0.613 <0.0001 846

Birds L MBD L = e1.337 � 0.048 MBD
0.327 � 0.012 0.573 <0.0001 535

All spp L W/g L = e0.680 � 0.156 (W/g)–0.322 � 0.029 0.246 <0.0001 391

Artiodactyla L W/g L = e1.300 � 0.842 (W/g)–0.256 � 0.122 0.205 0.0513 19

Carnivora L W/g L = e1.769 � 0.332 (W/g)–0.195 � 0.052 0.226 0.0004 51

Cetacea L W/g 1

Glires L W/g L = e−0.347 � 0.289 (W/g)–0.450 � 0.054 0.379 <0.0001 115

Marsupialia L W/g L = e0.665 � 0.509 (W/g)–0.332 � 0.080 0.500 0.0007 19

Passeriformes L W/g L = e0.018 � 0.482 (W/g)–0.579 � 0.114 0.218 <0.0001 95

Primata L W/g L = e0.535 � 0.915 (W/g)–0.441 � 0.150 0.283 0.0075 24

Psittaciformes L W/g 5

Mammals (no primates) L W/g L = e−0.784 � 0.183 (W/g)–0.539 � 0.032 0.532 <0.0001 256

Mammals (with primates) L W/g L = e−0.852 � 0.193 (W/g)–0.561 � 0.033 0.508 <0.0001 280

Birds L W/g L = e−0.410 � 0.409 (W/g)–0.683 � 0.095 0.345 <0.0001 100

All spp L W L = e2.363 � 0.027 W0.223 � 0.014 0.384 <0.0001 390

Artiodactyla L W L = e2.315 � 0.222 W0.177 � 0.051 0.416 0.0029 19

Carnivora L W L = e2.690 � 0.076 W0.146 � 0.030 0.330 <0.0001 51

Cetacea L W 1

Glires L W L = e2.121 � 0.045 W0.219 � 0.035 0.260 <0.0001 115

Marsupialia L W L = e2.315 � 0.222 W0.177 � 0.051 0.416 0.0029 19

Passeriformes L W L = e2.783 � 0.060 W0.309 � 0.047 0.316 <0.0001 95

Primata L W L = e2.976 � 0.058 W0.270 � 0.034 0.738 <0.0001 24

Psittaciformes L W L = e3.420 � 0.119 W0.472 � 0.142 0.786 0.0451 5

Mammals (no primates) L W L = e2.139 � 0.031 W0.263 � 0.015 0.549 <0.0001 256

(Continues)

HERCULANO-HOUZEL 7



TABLE 3 (Continued)

Group Dependent variable Independent variable Power law r2 p-value n

Mammals (with primates) L W L = e2.208 � 0.032 W0.269 � 0.016 0.509 <0.0001 280

Birds L W L = e2.865 � 0.059 W0.361 � 0.047 0.378 <0.0001 100

All spp L NCX L = e−4.939 � 0.171 NCX
0.402 � 0.009 0.740 <0.0001 705

Artiodactyla L NCX L = e−5.108 � 1.627 NCX
0.410 � 0.080 0.480 <0.0001 30

Carnivora L NCX L = e−3.297 � 0.677 NCX
0.327 � 0.034 0.639 <0.0001 54

Cetacea L NCX L = e−18.347 � 4.933 NCX
1.025 � 0.227 0.649 0.0009 13

Glires L NCX L = e−5.531 � 0.826 NCX
0.439 � 0.048 0.412 <0.0001 123

Marsupialia L NCX L = e−1.650 � 1.062 NCX
0.231 � 0.057 0.265 0.0002 48

Passeriformes L NCX L = e−4.201 � 0.729 NCX
0.358 � 0.039 0.316 <0.0001 182

Primata L NCX L = e−2.028 � 0.433 NCX
0.264 � 0.021 0.666 <0.0001 82

Psittaciformes L NCX L = e−7.324 � 0.891 NCX
0.517 � 0.044 0.556 <0.0001 112

Mammals (no primates) L NCX L = e−5.172 � 0.248 NCX
0.416 � 0.013 0.748 <0.0001 324

Mammals (with primates) L NCX L = e−4.912 � 0.193 NCX
0.403 � 0.010 0.794 <0.0001 406

Birds L NCX L = e−5.419 � 0.383 NCX
0.423 � 0.020 0.607 <0.0001 294

All spp SFEM MBD SFEM = e4.971 � 0.047 MBD
0.157 � 0.006 0.366 <0.0001 1,075

Artiodactyla SFEM MBD SFEM = e3.819 � 0.294 MBD
0.222 � 0.026 0.354 <0.0001 132

Carnivora SFEM MBD SFEM = e4.229 � 0.176 MBD
0.234 � 0.018 0.532 <0.0001 145

Cetacea SFEM MBD SFEM = e7.174 � 0.336 MBD
0.052 � 0.024 0.118 0.0346 38

Glires SFEM MBD SFEM = e3.517 � 0.152 MBD
0.291 � 0.027 0.351 <0.0001 210

Marsupialia SFEM MBD SFEM = e5.228 � 0.102 MBD
0.099 � 0.015 0.322 <0.0001 94

Passeriformesa SFEM MBD SFEM = e5.600 � 0.042 MBD
0.100 � 0.013 0.174 <0.0001 293

Primata SFEM MBD SFEM = e3.993 � 0.170 MBD
0.368 � 0.021 0.732 <0.0001 113

Psittaciformes SFEM MBD SFEM = e2.940 � 0.824 MBD
0.704 � 0.156 0.804 0.0063 7

Mammals (no primates) SFEM MBD SFEM = e4.077 � 0.065 MBD
0.229 � 0.007 0.587 <0.0001 662

All mammals (with primates) SFEM MBD SFEM = e4.189 � 0.068 MBD
0.234 � 0.008 0.523 <0.0001 775

Birdsa SFEM MBD SFEM = e5.459 � 0.050 MBD
0.148 � 0.015 0.250 <0.0001 300

All spp SFEM W/g SFEM = e3.706 � 0.218 (W/g)–0.353 � 0.040 0.169 <0.0001 387

Artiodactyla SFEM W/g SFEM = e2.042 � 1.164 (W/g)–0.605 � 0.169 0.416 0.0021 20

Carnivora SFEM W/g SFEM = e3.580 � 0.626 (W/g)–0.415 � 0.097 0.275 <0.0001 50

Cetacea SFEM W/g 1

Glires SFEM W/g SFEM = e1.114 � 0.477 (W/g)–0.729 � 0.090 0.337 <0.0001 132

Marsupialia SFEM W/g SFEM = e4.051 � 0.406 (W/g)–0.286 � 0.069 0.275 0.0002 47

Passeriformesa SFEM W/g SFEM = e4.521 � 0.258 (W/g)–0.330 � 0.060 0.276 <0.0001 80

Primata SFEM W/g SFEM = e2.901 � 1.363 (W/g)–0.591 � 0.223 0.241 0.0149 24

Psittaciformes SFEM W/g 2

Mammals (no primates) SFEM W/g SFEM = e1.993 � 0.259 (W/g)–0.610 � 0.045 0.393 <0.0001 281

All mammals (with primates) SFEM W/g SFEM = e1.910 � 0.261 (W/g)–0.636 � 0.045 0.392 <0.0001 305

Birdsa SFEM W/g SFEM = e4.498 � 0.285 (W/g)–0.334 � 0.067 0.239 <0.0001 82

All spp SFEM W SFEM = e5.544 � 0.039 W0.249 � 0.020 0.277 <0.0001 387

Artiodactyla SFEM W SFEM = e4.941 � 0.343 W0.295 � 0.077 0.447 0.0013 20

Carnivora SFEM W SFEM = e5.687 � 0.154 W0.238 � 0.059 0.253 0.0002 50

Cetacea SFEM W 1

Glires SFEM W SFEM = e5.076 � 0.070 W0.425 � 0.054 0.320 <0.0001 132

Marsupialia SFEM W SFEM = e5.702 � 0.056 W0.138 � 0.033 0.280 0.0001 47

Passeriformesa SFEM W SFEM = e6.095 � 0.032 W0.164 � 0.025 0.349 <0.0001 80

Primata SFEM W SFEM = e6.067 � 0.064 W0.452 � 0.038 0.865 <0.0001 24

Psittaciformes SFEM W 2

Mammals (no primates) SFEM W SFEM = e5.264 � 0.046 W0.310 � 0.022 0.416 <0.0001 281

All mammals (with primates) SFEM W SFEM = e5.330 � 0.045 W0.323 � 0.022 0.414 <0.0001 305

Birdsa SFEM W SFEM = e6.106 � 0.038 W0.172 � 0.030 0.298 <0.0001 82

All spp SFEM NCX SFEM = e−2.858 � 0.270 NCX
0.471 � 0.014 0.652 <0.0001 580

(Continues)
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TABLE 3 (Continued)

Group Dependent variable Independent variable Power law r2 p-value n

Artiodactyla SFEM NCX SFEM = e−13.697 � 2.156 NCX
0.988 � 0.106 0.755 <0.0001 30

Carnivora SFEM NCX SFEM = e−3.603 � 1.025 NCX
0.511 � 0.051 0.592 <0.0001 72

Cetacea SFEM NCX SFEM = e3.021 � 5.273 NCX
0.220 � 0.243 0.069 0.3859 13

Glires SFEM NCX SFEM = e−7.430 � 1.416 NCX
0.733 � 0.082 0.394 <0.0001 126

Marsupialia SFEM NCX SFEM = e2.332 � 0.523 NCX
0.198 � 0.029 0.365 <0.0001 82

Passeriformesa SFEM NCX SFEM = e2.204 � 0.527 NCX
0.200 � 0.028 0.252 <0.0001 149

Primata SFEM NCX SFEM = e−2.929 � 0.558 NCX
0.477 � 0.027 0.817 <0.0001 72

Psittaciformes SFEM NCX SFEM = e−16.289 � 4.931 NCX
1.137 � 0.246 0.877 0.0109 5

Mammals (no primates) SFEM NCX SFEM = e−2.968 � 0.384 NCX
0.476 � 0.021 0.600 <0.0001 354

All mammals (with primates) SFEM NCX SFEM = e−3.068 � 0.310 NCX
0.482 � 0.016 0.670 <0.0001 426

Birdsa SFEM NCX SFEM = e0.609 � 0.608 NCX
0.286 � 0.033 0.336 <0.0001 154

All spp SM MBD SM = e5.091 � 0.048 MBD
0.156 � 0.006 0.420 <0.0001 797

Artiodactyla SM MBD SM = e3.391 � 0.344 MBD
0.273 � 0.031 0.485 <0.0001 86

Carnivora SM MBD SM = e3.710 � 0.184 MBD
0.290 � 0.019 0.688 <0.0001 112

Cetacea SM MBD SM = e7.053 � 0.430 MBD
0.063 � 0.030 0.134 0.0427 31

Glires SM MBD SM = e3.645 � 0.187 MBD
0.270 � 0.033 0.356 <0.0001 121

Marsupialia SM MBD SM = e4.913 � 0.143 MBD
0.155 � 0.020 0.547 <0.0001 53

Passeriformesa SM MBD SM = e5.550 � 0.044 MBD
0.122 � 0.013 0.223 <0.0001 290

Primata SM MBD SM = e3.888 � 0.211 MBD
0.385 � 0.037 0.760 <0.0001 68

Psittaciformes SM MBD SM = e3.481 � 0.876 MBD
0.579 � 0.166 0.710 0.0173 7

Mammals (no primates) SM MBD SM = e3.973 � 0.076 MBD
0.249 � 0.008 0.673 <0.0001 432

All mammals (with primates) SM MBD SM = e4.114 � 0.081 MBD
0.248 � 0.009 0.602 <0.0001 500

Birdsa SM MBD SM = e5.450 � 0.048 MBD
0.155 � 0.014 0.283 <0.0001 297

All spp SM W/g SM = e3.911 � 0.229 (W/g)–0.343 � 0.042 0.304 <0.0001 305

Artiodactyla SM W/g SM = e2.393 � 1.523 (W/g)–0.584 � 0.223 0.300 0.0185 18

Carnivora SM W/g SM = e4.087 � 0.780 (W/g)–0.335 � 0.122 0.154 0.0093 43

Cetacea SM W/g 1

Glires SM W/g SM = e1.453 � 0.546 (W/g)–0.668 � 0.102 0.351 <0.0001 82

Marsupialia SM W/g SM = e3.496 � 0.492 (W/g)−0.397 � 0.082 0.405 <0.0001 36

Passeriformesa SM W/g SM = e4.272 � 0.261 (W/g)–0.391 � 0.061 0.342 <0.0001 80

Primata SM W/g SM = e2.847 � 1.620 (W/g)–0.620 � 0.265 0.223 0.0306 21

Psittaciformes SM W/g 2

Mammals (no primates) SM W/g SM = e1.894 � 0.298 (W/g)–0.644 � 0.051 0.441 <0.0001 202

No mammals (with primates) SM W/g SM = e1.827 � 0.306 (W/g)−0.669 � 0.052 0.424 <0.0001 223

Birdsa SM W/g SM = e4.274 � 0.288 (W/g)–0.389 � 0.067 0.294 <0.0001 82

All spp SM W SM = e5.666 � 0.042 W0.243 � 0.021 0.181 <0.0001 305

Artiodactyla SM W SM = e4.980 � 0.379 W0.334 � 0.088 0.476 0.0015 18

Carnivora SM W SM = e5.447 � 0.141 W0.313 � 0.051 0.479 <0.0001 43

Cetacea SM W 1

Glires SM W SM = e5.082 � 0.085 W0.438 � 0.068 0.343 <0.0001 82

Marsupialia SM W SM = e5.799 � 0.069 W0.189 � 0.041 0.385 <0.0001 36

Passeriformesa SM W SM = e6.124 � 0.034 W0.184 � 0.026 0.386 <0.0001 80

Primata SM W SM = e6.101 � 0.080 W0.498 � 0.045 0.867 <0.0001 21

Psittaciformes SM W 2

Mammals (no primates) SM W SM = e5.322 � 0.053 W0.318 � 0.024 0.476 <0.0001 202

No mammals (with primates) SM W SM = e5.402 � 0.053 W0.331 � 0.024 0.461 <0.0001 223

Birdsa SM W SM = e6.130 � 0.038 W0.191 � 0.030 0.334 <0.0001 82

All spp SM NCX SM = e−3.565 � 0.299 NCX
0.511 � 0.016 0.706 <0.0001 440

Artiodactyla SM NCX SM = e−13.855 � 2.410 NCX
1.002 � 0.119 0.772 <0.0001 23

Carnivora SM NCX SM = e−6.204 � 1.062 NCX
0.642 � 0.052 0.709 <0.0001 64

Cetacea SM NCX SM = e−0.729 � 7.151 NCX
0.400 � 0.329 0.141 0.2542 11
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TABLE 3 (Continued)

Group Dependent variable Independent variable Power law r2 p-value n

Glires SM NCX SM = e−7.964 � 1.703 NCX
0.746 � 0.098 0.439 <0.0001 76

Marsupialia SM NCX SM = e0.566 � 0.672 NCX
0.301 � 0.037 0.588 <0.0001 48

Passeriformesa SM NCX SM = e1.919 � 0.502 NCX
0.216 � 0.027 0.309 <0.0001 145

Primata SM NCX SM = e−4.082 � 0.695 NCX
0.536 � 0.034 0.850 <0.0001 47

Psittaciformes SM NCX SM = e−13.136 � 4.784 NCX
0.973 � 0.238 0.848 0.0265 5

Mammals (no primates) SM NCX SM = e−3.968 � 0.435 NCX
0.532 � 0.023 0.688 <0.0001 243

All mammals (with primates) SM NCX SM = e−3.930 � 0.364 NCX
0.530 � 0.019 0.730 <0.0001 290

Birdsa SM NCX SM = e0.804 � 0.552 NCX
0.276 � 0.030 0.370 <0.0001 150

All spp LPM MBD LPM = e1.589 � 0.034 MBD
0.145 � 0.004 0.530 <0.0001 913

Artiodactyla LPM MBD LPM = e1.471 � 0.170 MBD
0.137 � 0.015 0.407 <0.0001 121

Carnivora LPM MBD LPM = e1.646 � 0.123 MBD
0.144 � 0.013 0.494 <0.0001 119

Cetacea LPM MBD LPM = e1.115 � 0.347 MBD
0.188 � 0.024 0.684 <0.0001 31

Glires LPM MBD LPM = e1.140 � 0.104 MBD
0.158 � 0.018 0.336 <0.0001 149

Marsupialia LPM MBD LPM = e0.838 � 0.160 MBD
0.194 � 0.023 0.519 <0.0001 70

Passeriformesa LPM MBD LPM = e1.464 � 0.082 MBD
0.247 � 0.025 0.261 <0.0001 283

Primata LPM MBD LPM = e1.925 � 0.132 MBD
0.170 � 0.016 0.516 <0.0001 105

Psittaciformes LPM MBD LPM = e1.644 � 0.758 MBD
0.273 � 0.138 0.493 0.1197 6

Mammals (no primates) LPM MBD LPM = e0.992 � 0.044 MBD
0.190 � 0.005 0.738 <0.0001 519

All mammals (with primates) LPM MBD LPM = e1.151 � 0.052 MBD
0.187 � 0.006 0.617 <0.0001 624

Birdsa LPM MBD LPM = e1.422 � 0.078 MBD
0.262 � 0.023 0.308 <0.0001 289

All spp LPM W/g LPM = e0.509 � 0.165 (W/g)–0.339 � 0.030 0.274 <0.0001 341

Artiodactyla LPM W/g LPM = e1.379 � 0.869 (W/g)–0.235 � 0.126 0.169 0.0805 19

Carnivora LPM W/g LPM = e1.779 � 0.342 (W/g)–0.183 � 0.053 0.200 0.0013 49

Cetacea LPM W/g 1

Glires LPM W/g LPM = e−0.447 � 0.294 (W/g)–0.459 � 0.055 0.417 <0.0001 100

Marsupialia LPM W/g LPM = e−1.235 � 0.597 (W/g)–0.554 � 0.101 0.424 <0.0001 43

Passeriformesa LPM W/g LPM = e−0.162 � 0.566 (W/g)–0.601 � 0.133 0.210 <0.0001 79

Primata LPM W/g LPM = e0.660 � 0.919 (W/g)–0.409 � 0.150 0.262 0.0125 23

Psittaciformes LPM W/g 2

Mammals (no primates) LPM W/g LPM = e−0.876 � 0.193 (W/g)–0.544 � 0.033 0.535 <0.0001 237

All mammals (with primates) LPM W/g LPM = e−0.929 � 0.201 (W/g)–0.564 � 0.034 0.510 <0.0001 260

Birdsa LPM W/g LPM = e−0.265 � 0.541 (W/g)–0.627 � 0.127 0.237 <0.0001 81

All spp LPM W LPM = e2.279 � 0.029 W0.223 � 0.015 0.394 <0.0001 341

Artiodactyla LPM W LPM = e2.270 � 0.230 W0.170 � 0.053 0.381 0.0049 19

Carnivora LPM W LPM = e2.631 � 0.079 W0.140 � 0.031 0.306 <0.0001 49

Cetacea LPM W 1

Glires LPM W LPM = e2.045 � 0.048 W0.214 � 0.036 0.268 <0.0001 100

Marsupialia LPM W LPM = e1.982 � 0.086 W0.232 � 0.051 0.337 <0.0001 43

Passeriformesa LPM W LPM = e2.744 � 0.069 W0.340 � 0.053 0.345 <0.0001 79

Primata LPM W LPM = e2.909 � 0.065 W0.256 � 0.038 0.686 <0.0001 23

Psittaciformes LPM W 2

Mammals (no primates) LPM W LPM = e2.066 � 0.033 W0.262 � 0.015 0.552 <0.0001 237

All mammals (with primates) LPM W LPM = e2.136 � 0.035 W0.267 � 0.016 0.510 <0.0001 260

Birdsa LPM W LPM = e2.761 � 0.070 W0.342 � 0.054 0.333 <0.0001 81

All spp LPM NCX LPM = e−4.935 � 0.208 NCX
0.397 � 0.011 0.724 <0.0001 499

Artiodactyla LPM NCX LPM = e−5.218 � 2.172 NCX
0.411 � 0.107 0.362 0.0007 28

Carnivora LPM NCX LPM = e−2.678 � 0.705 NCX
0.292 � 0.035 0.576 <0.0001 52

Cetacea LPM NCX LPM = e−21.108 � 5.311 NCX
1.145 � 0.244 0.687 0.0009 12

Glires LPM NCX LPM = e−4.550 � 0.876 NCX
0.377 � 0.050 0.361 <0.0001 101

Marsupialia LPM NCX LPM = e−4.794 � 0.706 NCX
0.388 � 0.039 0.611 <0.0001 64

Passeriformesa LPM NCX LPM = e−4.623 � 0.870 NCX
0.376 � 0.047 0.308 <0.0001 147
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the different warm-blooded species are thus best explained directly

by variations in the number of cortical neurons in each species;

because these are related to body mass in a clade-specific manner

(Figure 4b), and metabolic rate is closely associated with body mass

(Figure 2b), it thus follows that the apparent relationship between

longevity (or other related variables) and body mass and metabolic

rate are mathematical consequences of a fundamental relationship

between longevity and the number of cortical neurons. In support of

this conclusion is the absence of significant correlations between

residual longevity and either body mass or metabolic rate after

accounting for numbers of cortical neurons (Figure 5a,b). In contrast,

residual longevity after accounting for body mass or metabolic rate

is still significantly correlated with the number of cortical neurons

across species (Figure 5c,d).

Partial regression analysis of log-transformed values confirms

these findings. The single best predictor of maximal longevity L

across species is number of cortical neurons NCX such that log10L =

−2.145 + 0.314 (1.280 log10NCX), accounting for 74.0% of total vari-

ance; adding body mass to the partial regression analysis adds almost

nothing to that total variance estimate, which then totals 74.8%. In

contrast, time to female sexual maturity alone explains 61.0% of var-

iation in maximal longevity; but if combined with number of cortical

neurons, predictability of maximal longevity increases to 77.5%, such

that log10L = −1.864 + 0.3214 (0.968 log10NPAL+ 0.570 log10SFEM),

which is still a small increase from the 76.1% of variation in longevity

that are explained by number of cortical neurons alone. Time to

reach sexual maturity in females has itself 65.2% of its variation

explained by number of cortical neurons. Thus, the number of corti-

cal neurons is the single best predictor of time to reach sexual matu-

rity, postmaturity longevity and overall maximal longevity across

warm-blooded vertebrate species.

4 | DISCUSSION

4.1 | A new framework for research on aging and
longevity

The intuitively appealing, apparent correlation between longevity and

metabolic rate turns out to be spurious: the regression analyses

reported here show that the apparent correlation is explained by a

universal correlation between longevity and numbers of cortical neu-

rons in the context of a fairly uniform scaling of metabolic rate with

body mass but clade-specific scaling of body mass with number of

cortical neurons. Crucially, the finding that no correlation between

maximal longevity and metabolic rate remains after accounting for

variation in numbers of cortical neurons argues strongly against

the common notion that damages accumulate at rates that scale

across species depending on metabolism (West et al., 1997). A

plausible alternative is that debilitating damages that ultimately

lead to physiological breakdown and death of the organism accu-

mulate with aging at a similar rate across warm-blooded species

irrespective of metabolic rates, such that the absolute number of

affected cells increases over time. As a result, the percentage of

compromised cells will also increase over time, but more rapidly in

those organs composed of fewer cells than in organs composed of

more cells. While this new possibility has yet to be investigated, it

leads to one clear prediction: those species with the largest num-

ber of cells in the relevant organ(s) will live longer before suc-

cumbing to physiological breakdown and disintegration and,

consequently, death.

There is direct evidence that damage to cells in biological tissue

indeed accumulates over time in homeotherms. For instance, increas-

ingly older baboons have exponentially increasing percentages of skin

fibroblast cell nuclei that express activated p53 binding protein, a

marker of double strand DNA breakage (DSB), as well as percentages

of nuclei exhibiting telomere dysfunction-induced foci (Herbig, Fer-

reira, Condel, Carey, & Sedivy, 2006). In that study the animals were

adults of the same species, so increasing percentages of cells with

DSB presumably translate into larger absolute numbers of cells with

DSB over time. If the absolute number of damaged cells increases sim-

ilarly over time across species regardless of their metabolic rate, then

species differences in susceptibility to increasing damage that result in

lifespans that vary over two orders of magnitude are likely to be due

to differences in starting absolute numbers of the relevant healthy

cells in the body. Indeed, young adults of longer-lived species have

more dsDNA-binding activity per μg of nuclear protein isolated from

their fibroblasts than young adults of shorter-lived species (which

have thus lived for less time; Lorenzini et al., 2009), which is compati-

ble with an accumulation of cell damage over time that happens at

similar rates across species.

Importantly, because cell metabolism is remarkably slower at

colder temperatures, heterotherm species that live most of the time

significantly below 37 �C are expected to accumulate damage more

slowly and thus live longer than homeotherm species as a whole.

TABLE 3 (Continued)

Group Dependent variable Independent variable Power law r2 p-value n

Primata LPM NCX LPM = e−1.578 � 0.488 NCX
0.238 � 0.024 0.595 <0.0001 71

Psittaciformes LPM NCX 4

Mammals (no primates) LPM NCX LPM = e−5.162 � 0.266 NCX
0.411 � 0.014 0.749 <0.0001 277

All mammals (with primates) LPM NCX LPM = e−4.871 � 0.215 NCX
0.396 � 0.011 0.779 <0.0001 348

Birdsa LPM NCX LPM = e−4.648 � 0.795 NCX
0.376 � 0.043 0.345 <0.0001 151

NCX = number of cortical neurons, estimated from brain mass according to the equations in Table 1; MBD = body mass in grams; L = maximum longevity in
years; LPM = maximal longevity postmaturity, in years; SM = age at male sexual maturity in days; SFEM = age at female sexual maturity in days; W = basal
metabolic rate in W; W/g = specific metabolic rate in Watts/gram of body mass; r2 and p-value = the exponent of the power law; n = number of species
in regression. The r2 values in bold apply to scaling of life history variables with number of cortical neurons.
aAge at sexual maturity for multiple passeriform species registered with low resolution, in multiples of 365 days.
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Although heterotherms such as fish and reptiles are indeed known to

often be long-lived (de Magalhães & Costa, 2009), there are at present

not enough data available on numbers of cortical neurons, metabolic

rates, or longevity at comparable environmental temperatures to test

whether the present findings for homeotherms also apply to hetero-

therm vertebrates. The same applies to temperate bats, which are

unexpectedly long-lived for their small body mass (de Magalhães &

Costa, 2009): although they could not be included in the present

study as their numbers of brain neurons have not yet been reported,

they are likely to have quite few cortical neurons but still live long due

to low body temperatures and hibernation.

The finding that body mass is not a universal predictor of maximal

longevity across homeotherm species indicates strongly that organs

that scale in mass isometrically with body mass, such as heart and

lungs (Calder, 1996), or with a universally shared allometry across spe-

cies, are not limiting in determining longevity. Rather, the nervous sys-

tem, composed predominantly of postmitotic cells that are not

replaced as a population during the lifetime of an individual, is likely to

be the most vulnerable to accumulating cell damage. The correlations

uncovered here are no evidence of direct causation, and it remains

possible that the actual cause of increased longevity is another, yet to

be uncovered factor that also leads to proportionally more neurons in

TABLE 4 Power laws relating maximal longevity, age at sexual maturity, and longevity postmaturity to numbers of neurons determined directly

with the isotropic fractionator in the cerebral cortex, cerebellum, rest of brain or whole brain across or within clades

Group Dependent variable Independent variable Power law r2 p-value n

All spp L NCX L = e−5.626 � 0.608 NCX
0.444 � 0.031 0.738 <0.0001 73

Mammals L NCX L = e−5.994 � 0.662 NCX
0.460 � 0.034 0.796 <0.0001 48

Birds L NCX L = e−3.341 � 1.394 NCX
0.333 � 0.071 0.491 <0.0001 25

All spp L NCB L = e−3.221 � 0.819 NCB
0.306 � 0.040 0.442 <0.0001 75

Mammals L NCB L = e−5.739 � 0.704 NCB
0.415 � 0.034 0.759 <0.0001 50

Birds L NCB L = e−5.366 � 2.068 NCB
0.445 � 0.107 0.428 0.0004 25

All spp L NRoB L = e−7.852 � 1.292 NRoB
0.620 � 0.074 0.497 <0.0001 73

Mammals L NRoB L = e−9.032 � 1.202 NRoB
0.676 � 0.068 0.680 <0.0001 48

Birds L NRoB L = e−7.810 � 4.161 NRoB
0.640 � 0.241 0.234 0.0143 25

All spp L NTot L = e−5.135 � 0.839 NTot
0.391 � 0.040 0.572 <0.0001 72

Mammals L NTot L = e−6.314 � 0.772 NTot
0.437 � 0.037 0.758 <0.0001 47

Birds L NTot L = e−5.141 � 1.704 NTot
0.412 � 0.084 0.511 <0.0001 25

All spp SFEM NCX SFEM = e−3.441 � 0.868 NCX
0.499 � 0.045 0.669 <0.0001 62

Mammals SFEM NCX SFEM = e−3.446 � 0.892 NCX
0.504 � 0.047 0.717 <0.0001 48

Birds SFEM NCX SFEM = e−4.112 � 2.765 NCX
0.518 � 0.143 0.522 0.0035 14

All spp SFEM NCB SFEM = e−3.099 � 0.793 NCB
0.456 � 0.039 0.689 <0.0001 64

Mammals SFEM NCB SFEM = e−3.748 � 0.846 NCB
0.483 � 0.041 0.745 <0.0001 50

Birds SFEM NCB SFEM = e−6.482 � 3.895 NCB
0.649 � 0.204 0.457 0.0080 14

All spp SFEM NRoB SFEM = e−7.335 � 1.374 NRoB
0.772 � 0.079 0.615 <0.0001 62

Mammals SFEM NRoB SFEM = e−6.987 � 1.463 NRoB
0.753 � 0.084 0.638 <0.0001 48

Birds SFEM NRoB SFEM = e−12.620 � 5.764 NRoB
1.076 � 0.335 0.462 0.0075 14

All spp SFEM NTot SFEM = e−4.116 � 0.871 NTot
0.496 � 0.042 0.701 <0.0001 61

Mammals SFEM NTot SFEM = e−4.145 � 0.938 NTot
0.496 � 0.045 0.730 <0.0001 47

Birds SFEM NTot SFEM = e−6.477 � 3.450 NTot
0.619 � 0.173 0.517 0.0038 14

All spp LPM NCX LPM = e−5.512 � 0.713 NCX
0.433 � 0.037 0.711 <0.0001 58

Mammals LPM NCX LPM = e−5.789 � 0.728 NCX
0.445 � 0.038 0.768 <0.0001 44

Birds LPM NCX LPM = e−3.356 � 2.341 NCX
0.329 � 0.121 0.380 0.0190 14

All spp LPM NCB LPM = e−3.618 � 0.806 NCB
0.317 � 0.039 0.529 <0.0001 60

Mammals LPM NCB LPM = e−5.459 � 0.755 NCB
0.397 � 0.036 0.734 <0.0001 46

Birds LPM NCB LPM = e−6.848 � 2.716 NCB
0.516 � 0.142 0.522 0.0035 14

All spp LPM NRoB LPM = e−7.776 � 1.284 NRoB
0.606 � 0.073 0.550 <0.0001 58

Mammals LPM NRoB LPM = e−8.553 � 1.281 NRoB
0.644 � 0.073 0.652 <0.0001 44

Birds LPM NRoB LPM = e−6.882 � 5.102 NRoB
0.573 � 0.296 0.238 0.0771 14

All spp LPM NTot LPM = e−4.932 � 0.874 NTot
0.374 � 0.042 0.590 <0.0001 57

Mammals LPM NTot LPM = e−6.040 � 0.836 NTot
0.420 � 0.040 0.732 <0.0001 43

Birds LPM NTot LPM = e−5.762 � 2.692 NTot
0.438 � 0.135 0.468 0.0070 14

NCX = number of cerebral cortical neurons; NCB = number of cerebellar neurons; NROB = number of neurons in the rest of brain (brainstem, diencephalon,
and striatum); L = maximum longevity in years; LPM = maximal longevity postmaturity, in years; SFEM = age at female sexual maturity in days; r2 and
p-value = the exponent of the power law; n = number of species in regression. The r2 values in bold apply to scaling of life history variables with number
of cortical neurons.
aAge at sexual maturity for multiple passeriform species registered with low resolution, in multiples of 365 days.
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the cerebral cortex. The present results, however, indicate the need

for new hypotheses to account for the scaling of longevity, and those

should include how numbers of neurons in the cerebral cortex, specifi-

cally, might be critically relevant to the continued viability of warm-

blooded vertebrates.

Although traditionally identified with cognitive functions, corti-

cal neurons contribute to other crucial life-support functions includ-

ing adaptive regulation of body physiology through direct

projections to the hypothalamus, amygdala, and brainstem (Beissner,

Meissner, Bär, & Napadow, 2013). Our previous work has found that

numbers of cortical neurons (as in other brain structures) decline by

as much as 30% with aging in the rat, beginning in early adulthood

(Morterá & Herculano-Houzel, 2012). Thus it is likely that accumula-

tion of neurons bearing damages that progressively impairs cortical

function (whether or not with neuronal cell death) increasingly com-

promises cortically mediated, integrated control of bodily functions.

In this scenario, life remains possible as long as enough numbers of

cortical neurons remain sufficiently functional to support integration

and regulation of bodily functions. (Incidentally, in C. elegans worms,

which live ca. 22 days, neurons start to show signs of dysfunction

beginning at 4 days, with sexual maturity [Toth et al., 2012], and

death ensues 2–3 days after body movements and pharyngeal con-

tractions cease, which are suggestive of loss of nervous function

[Huang et al., 2004]). Thus, across species where an organized cere-

bral cortex regulates and maintains physiological integrity, the more

the neurons that form that cerebral cortex, the longer it should take

that species to accumulate damages and thus lose enough functional

neurons to reach the critical point where physiological integration

and adaptability are no longer sufficient to support life. Besides flexi-

ble, complex cognitive function, the cerebral cortex may thus also

play the crucial role of supporting and promoting life through the

lasting integration and regulation of bodily functions.

Physiological integration through the cerebral cortex includes

control of the hypothalamus, a structure involved in all aspects of

body physiology and also found to be responsible for triggering both

puberty (Plant, 2005) and systemic aging (Zhang et al., 2013). Progeni-

tor cells gradually decrease in numbers in the mouse hypothalamus

with aging, becoming entirely lost in the oldest animals (22 months

and older); their experimental ablation in young mice induces acceler-

ated aging; and conversely, implanting hypothalamic progenitor cells

in mid-aged mice, which presumably replenishes hypothalamic neu-

rons in the medialbasal region that is crucial for neuroendocrine

(a) (b)

(c) (d)

FIGURE 4 Clade-specific relationships between adult brain or body mass and number of cortical neurons given a universal relationship between

number of cortical neurons and longevity account for the clade-specific scaling of longevity with brain or body mass. Black, songbirds and
psittacine birds; red, primates; pink, artiodactyls; light green, cetaceans; blue, afrotherians; brown, marsupials; ochre, carnivorans; dark green,
glires; kaki, eulipotyphlans. (a) Numbers of cortical neurons predicted from adult brain mass differ depending on clade (equations listed in Table 1).
(b) Predicted numbers of cortical neurons in each species show different relationships with body mass across clades. (c) Maximal longevity varies
universally across warm-blooded vertebrate species as a power function of the predicted number of cortical neurons per species (as in Figure 1).
(d) Because of the clade-specific relationships between adult brain mass and number of cortical neurons, maximal longevity, which is universally
correlated with number of cortical neurons, also correlates with adult brain mass, but in a clade-specific manner [Color figure can be viewed at
wileyonlinelibrary.com]
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regulation of physiological homeostasis, retards aging and extends

lifespan (Zhang et al., 2017). It is plausible, but unlikely, that larger

numbers of cortical neurons are themselves inconsequential for lon-

gevity, and rather only a proxy for larger numbers of progenitor cells

in the hypothalamus that would indeed prolong longevity by postpon-

ing the physiological extinction of relevant cell populations that main-

tain homeostasis. Plausibility comes from the recognition that the

hypothalamus is a forebrain derivative of the two rostralmost neuro-

meres, the second of which also gives rise to the cortex, in both birds

and mammals (Puelles, Harrison, Paxinos, & Watson, 2013). However,

in those species where numbers of neurons have been determined in

the morphological diencephalon or ensemble of striatum and dien-

cephalon, which include the hypothalamus (like the rest of brain;

Figure 3), the number of neurons in the cortex is still a better predictor

of longevity. Eliminating a directly hypothalamic origin of the scaling

of longevity is however a laborious endeavor that will require compar-

ing numbers of hypothalamic progenitor cells over the lifetime in a

number of short-, mid- and long-lived species.

4.2 | Implications for the evolution of cognition

Whatever the primary cause of increased longevity across species,

longer lifespans come uniformly as numbers of cortical neurons

increase across warm-blooded species, and thus presumably with

increased cognitive capacity, given that neurons are the information-

processing units of the brain (Herculano-Houzel, 2016). It is fitting,

and possibly necessary, that those longer-lived warm-blooded species

with more cortical neurons are capable of dealing with the increasing

amount of information that will be presented over a lifetime compared

to shorter-lived species. In this case, the very feature that extends lon-

gevity by allowing the aging body to benefit from a longer period of

physiological unity might also provide the cognitive capacity that

makes extended longevity feasible.

Moreover, those species with larger numbers of cortical neurons

also take longer to reach sexual maturity, when various mechanisms

associated with aging seem to be triggered (Labbadia & Morimoto,

2015). It may seem intuitive that self-organizing systems such as the

forebrain necessarily take longer to mature as they become composed

of increasing numbers of neuronal elements, but what mechanism

could account for such delay? Larger numbers of cortical neurons

might delay sexual maturity through increased inhibitory control over

the hypothalamic circuits that trigger puberty (Mitsushima, Hei, &

Terasawa, 1994), such that more inhibitory input requires more time

to be overcome. Another speculative possibility is a link between

numbers of neurons and sleep development. Puberty onset is linked

(a) (b)

(c) (d)

FIGURE 5 Accounting for number of cortical neurons leaves no residual correlation of longevity with adult body mass or metabolic rate.

Black, songbirds and psittacine birds; red, primates; pink, artiodactyls; light green, cetaceans; blue, afrotherians; brown, marsupials;

ochre, carnivorans; dark green, glires; kaki, eulipotyphlans. (a, b) Residual maximal longevity after accounting for numbers of cortical
neurons (Figure 1g) exhibit no significant spearman correlation with either body mass (a) or metabolic rate (b) after Bonferroni correction
(n = 941, n = 341, respectively). (c,d) Conversely, residual maximal longevity after accounting for body mass (c) or metabolic rate (d) are
still positively correlated with predicted numbers of cortical neurons (insets, spearman correlation rho coefficient and p-value) [Color
figure can be viewed at wileyonlinelibrary.com]
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to changes in sleep (Plant, 2005), and sleep changes in development

coincide with changes in the distribution of cortical neurons whose

timing might depend on the initial number of cortical neurons

(Herculano-Houzel, 2015). It is thus conceivable that the time to

reach puberty across species is dependent on the number of corti-

cal neurons via regulation of sleep ontogenesis, if not directly

through hypothalamic inhibition by a larger number of neurons in

the cerebral cortex. In any case, I propose that whatever the evolu-

tionary source of increased numbers of cortical neurons, those

species with larger numbers of cortical neurons (a) take increas-

ingly longer to reach sexual maturity, (b) maintain physiological

viability for longer periods after the onset of aging, and (c) benefit

from presumably increased cognitive capabilities, in a biological

triple-whammy that improves the chances of survival of a progeny

that, by virtue of inheriting the larger numbers of cortical neurons

of their parents and whatever other biological features come along

with them, will require a longer time to reach sexual maturity and

cognitive independence, and thus benefits from the prolonged par-

enting both caused and afforded by larger numbers of cortical

neurons.

4.3 | Implications for human biology, health, and
evolution

We have previously shown that humans, compared to other pri-

mate species, are not outliers in their number of brain neurons

given their brain mass or in the volume of cortical matter given

their number of cortical neurons (Azevedo et al., 2009), in the

amount of energy required by the brain given its number of neu-

rons (Herculano-Houzel, 2011), or in the absolute or relative num-

bers of cortical neurons found in the prefrontal region (Gabi et al.,

2016). I now show that maximal longevity and time to reach sexual

maturity in the human species also conform to predictions based

on their average 16 billion cerebral cortical neurons (Azevedo

et al., 2009). This conformity indicates that humans are not only

like primates, but also like other warm-blooded vertebrate species

in these aspects: we do not have an overly extended childhood,

nor do we live extraordinarily long lives. Specifically, given the pos-

itive exponents of 0.4 and about 0.5 that relate postmaturity lon-

gevity and time to sexual maturity to the number of cortical

neurons in a species, it is only expected that the more cortical

neurons a species has—and humans have the most (Herculano-

Houzel, 2016)—the longer it will take to reach sexual maturity, and

the longer it will live once it has reached sexual maturity. The pre-

sent findings thus eliminate the basis for earlier theories of pro-

tracted childhood (Bogin, 1997; Laird, 1967) and prolonged

postmenopause longevity (Hawkes et al., 1998) as derived charac-

teristics, particular to humans, as those theories relied on the non-

conformity of the human species to the assumed uniform scaling of

longevity with body mass. Rather, I suggest a different, simpler sce-

nario, based on biological contingencies rather than on assump-

tions of adaptive value or selective pressure: that as the human

lineage evolved with increasingly more cortical neurons and larger

brains (once more cortical neurons became affordable through

increased energetic intake; Herculano-Houzel, 2016), so must have

increased the time to reach sexual maturity (and therefore the

learning period that precedes independence) and maximal longev-

ity (and thus the length of time during which mothers can provide

for their children and grandchildren, as well as the overlap between

generations, allowing for cultural transfer of knowledge). Human

menopause and long childhood are thus not evolutionary riddles,

but possibly just natural, biological consequences of the makeup of

the human brain as the primate brain with the most cortical

neurons.

Importantly, the finding that longevity scales uniformly with

numbers of cortical neurons across a large sample of warm-

blooded vertebrates, humans included, means that age-related

diseases such as cancer might be side-effects of the extended lon-

gevity that comes with more cortical neurons, and thus an

extended amount of time accumulating and surviving damages.

Similarly, degenerative disorders such as Alzheimer's dementia

that have previously been considered unique to humans might be

simply dependent on having enough cortical neurons and thus

living long enough to accumulate time-dependent physiological

disruptions and manifest those disorders. Indeed, signs of Alzhei-

mer's disease were recently identified in chimpanzees (Edler et al.,

2017), which have been estimated to have about seven billion cor-

tical neurons (Collins et al., 2016); it remains to be determined

whether this disease also affects other species endowed with

large numbers of cortical neurons, and thus long-lived enough,

such as gorillas and orangutans (8–9 billion cortical neurons) and

the African elephant (5.6 billion neurons (Herculano-Houzel et al.,

2015). The field of aging research should thus reconsider the

value of absolute time, rather than “metabolic time” or “relative

age,” as a key parameter in studies of aging as well as cross-

species comparisons. Similarly, while short-lived species such as

the laboratory mouse can provide invaluable information on uni-

versal mechanisms of aging, their value as model organisms for

any time-dependent process is necessarily questionable, even if

mutations that accelerate the effects of aging can be introduced,

unless they effectively simulate compressed time.

Still, the present findings suggest a new simple formula to calcu-

late equivalent ages across species, given the number of neurons in

the cortex of two species: Age1 = Age2. (Ncx1/Ncx2)
0.4, where sub-

scripts 1 and 2 refer to two species in the comparison. Thus, taking

humans as reference (species 2), with roughly 16 billion neurons in

the adult cerebral cortex, a young adult, 20-year-old human would

correspond to a warm-blooded vertebrate with 1 billion cortical neu-

rons (such as a macaque) of [20 × (1/16)2/5] = 6.6 years of age; a

warm-blooded species with 500 million cortical neurons (such as a

dog) of 5 years of age; and another with 30 million cortical neurons

(such as the lab rat) of 1.6 years of age. Obviously, the amount of

information that a 20-year-old human has assimilated cannot be com-

pared to what a 19-month-old rat has learned, even though they are

at comparable stages in their life histories.

Finally, the finding that longevity scales directly with numbers of

cortical neurons regardless of specific metabolic rate should lead to

new approaches to healthy aging that, rather than focusing on meta-

bolic pathways, start concentrating on promoting cortical function,

particularly in regard to efforts to monitor and promote the brain's
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ability to maintain physiological homeostasis and adaptability through-

out one's lifetime.
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