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The human lifespan has traversed a long evolutionary and historical
path, from short-lived primate ancestors to contemporary Japan,
Sweden, and other longevity frontrunners. Analyzing this trajectory
is crucial for understanding biological and sociocultural processes
that determine the span of life. Here we reveal a fundamental reg-
ularity. Two straight lines describe the joint rise of life expectancy
and lifespan equality: one for primates and the second one over the
full range of human experience from average lifespans as low as 2y
during mortality crises to more than 87 y for Japanese women to-
day. Across the primate order and across human populations, the
lives of females tend to be longer and less variable than the lives of
males, suggesting deep evolutionary roots to the male disadvan-
tage. Our findings cast fresh light on primate evolution and human
history, opening directions for research on inequality, sociality,
and aging.

biodemography | equality | lifespan | pace and shape | senescence

ongevous populations have two characteristics: The average

length of life is long and relative variation in lifespans is low.
For example, life tables for contemporary Sweden and Japan
indicate that most deaths occur at ages between the late 70s and
early 90s. Our primate relatives, in contrast, have lifespans that
are highly variable in length but short on average and rarely
longer than 30 y (Fig. 1). An association between the average
length of life and its variability has been found for industrialized
societies (1, 2). However, detailed knowledge is lacking about
whether and how this association varies across species separated
by millions of years of primate evolution or whether it has
changed over the past several centuries of unprecedented social
progress in human populations. Fuller comprehension of the
relationship between rising lifespans and reduced lifespan vari-
ability across evolution and history holds potential insights that
might illuminate past, current, and future longevity.

We pose three related questions aimed at filling this knowl-
edge gap: How long and variable are lifespans for humans
compared with nonhuman primates, for humans today compared
with the past, and for males compared with females? We provide
answers to these questions by applying a powerful framework
that simultaneously examines changes in both the average length
of life in a population or species—the “pace” of life—and rela-
tive variation in the length of life, i.e., the “shape” of the dis-
tribution of ages at death (3-5). Studying variation in lifespan
links to increasing interest in social, economic, and health in-
equalities and to key sociological findings that relate social fac-
tors—including high social status and social integration—to
longer, healthier lifespans in human and animal societies (6—10).

Estimating the average length of life (here measured by life
expectancy, the mean age at death) and variation in lifespans
relative to the average (measured here as “lifespan equality”;

www.pnas.org/cgi/doi/10.1073/pnas.1612191113

Box 1) requires data on the ages at death of individuals. We
examined lifespan distributions for six nonhuman primate pop-
ulations representing species that span the primate order and for
six populations of humans that represent the full range of human
experience. The nonhuman primate data, collected with sus-
tained effort and extraordinary dedication from wild populations
that have been under continuous observation for between 31 y
and 52y (11, 12), include one Indriid (a lemur-like Madagascan
primate), two New World monkeys, one Old World monkey, and
two great apes (Table 1). These wild populations all experience
natural dispersal patterns; hence, we extended Bayesian methods
to estimate age-specific mortality trajectories for males and fe-
males from censored and truncated data while accounting for
out-migration from the study area (13, 14) (Materials and Methods).
Human hunter-gatherer data were drawn from published
information on two populations, the Hadza and Ache (15, 16),

Significance

Public interest in social and economic equality is burgeoning.
We examine a related phenomenon, lifespan equality, using
data from charismatic primate populations and diverse human
populations. Our study reveals three key findings. First, life-
span equality rises in lockstep with life expectancy, across
primate species separated by millions of years of evolution and
over hundreds of years of human social progress. Second, in-
dustrial humans differ more from nonindustrial humans in
these measures than nonindustrial humans do from other pri-
mates. Third, in spite of the astonishing progress humans have
made in lengthening the lifespan, a male disadvantage in
lifespan measures has remained substantial—a result that will
resonate with enduring public interest in male-female differ-
ences in many facets of life.
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Fig. 1. Lifespan distributions for males and females.
Each panel presents the proportion of individuals
dying by age for females (red) and males (blue). In-
fant mortality (before age 1y) is reported in Inset pie
charts. The solid vertical lines mark life expectancies

for each sex. The dashed vertical lines indicate the
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average number of years of life expectancy lost due
to death. Keyfitz's entropy is given by this value di-
vided by life expectancy (Box 1). For the muriqui,
capuchin, and female gorillas, the curves are ex-
trapolated beyond maximum estimated lifespans

Age (years)

that were studied carefully over many years. We also included
mortality data from a human population with serviceable records
and an extraordinarily low life expectancy of 2 y, namely the
population of freed US slaves that emigrated to Liberia from
1820 to 1843 (17, 18). Finally, we extracted life tables from the
Human Mortality Database (19) for Sweden in 1751-1759, Swe-
den in 2000-2009, and Japan in 2012 (see Table 3).

Our data reveal key common features shared by all 12 of these
populations (Fig. 1). After a mortality hump in infancy (barely
evident in 21st-century Japan and Sweden), the proportion dying
declines with age and then generally rises again in an old-age
mortality hump. The intensity of mortality before age 1y, how-
ever, varies greatly across populations and species, from more
than 80% for Liberia in 1820-1843 and 50% for the sifaka
population to less than 1% for the 21st-century Swedes and
Japanese (pie-chart Insets, Fig. 1 and Fig. S1). The two 21st-
century human populations enjoy an extended period of low
mortality up to old ages, when most deaths occur. Females tend
to live longer than males: For most of the populations female life
expectancy is higher than the male value and the oldest indi-
viduals tend to be females.

Measures of Length of Life and Lifespan Equality
The diverse mortality patterns in Fig. 1 can be summarized by
population measures of (i) the length of life (pace) and (ii)
relative variation in the length of life (shape).

The length of life can be captured by life expectancy, remaining
life expectancy at maturity, the age that only 5% of individuals

Table 1.
individuals for each sex for each study population

)
40 60 80 100 within the dataset, as indicated by dotted curves and

diagonal shading (Materials and Methods).

reach, and other measures (4) (Materials and Methods and Table
S1). These measures are highly correlated with each other in the
12 populations we studied (Figs. 2 and 3 and Table 2), indicating
that they cluster similarly along the slow—fast life-history contin-
uum that has been described for mammals, birds, and some other
taxa (20). Hence we chose life expectancy—the most common and
theoretically most desirable measure for the pace—shape frame-
work (4)—for further analysis.

Relative variation in the length of life can be captured by
measuring the proportion that survive to maturity and by life
expectancy as a proportion of the age that only 5% attain. More
sophisticated statistics can be based on the coefficient of varia-
tion, the Gini coefficient, or Keyfitz’s entropy (Box 1, Materials
and Methods, Figs. 2 and 3, and Table S2), all of which are
measures of how spread out a death distribution is compared
with its average value: They are dimensionless measures of the
shape of the distribution of lifespans. Based on a study of the
properties of shape measures (5) we chose to work with a
measure we call lifespan equality, which is related to Keyfitz’s
entropy, a measure that has proved useful in demographic
analyses (21) (Box 1). Note that we do not use equality in the
normative sense of fairness or justice. Although ages at death are
partially shaped by social and economic inequalities, we simply
use lifespan equality as a descriptive measure of the shape of the
distribution of lifespans. Various measures of shape (relative
lifespan variation), like the measures of pace (length of life), are
highly correlated with each other, providing cogent evidence that
in addition to the fast/slow continuum of the pace of life, there is

Nonhuman primate species included in the study, showing ages at sexual maturity for each sex and the numbers of

Age at
adulthood, y Sample size by sex
Common name Species Family Country Female Male Female Male Unknown
Sifaka Propithecus verreauxi Indriidae Madagascar 6.5 5.5 266 342 385
Northern muriqui Brachyteles hypoxanthus Atelidae Brazil 8.5 6.5 263 263 5
Capuchin Cebus capucinus Cebidae Costa Rica 6.5 6.5 113 158 16
Yellow baboon Papio cynocephalus Cercopithecidae Kenya 5.5 7.5 618 706 0
Chimpanzee Pan troglodytes Hominidae Tanzania 14.5 14.5 155 133 17
Gorilla Gorilla beringei Hominidae Rwanda 9.5 15.5 151 151 19

For more detailed information on each study see refs. 11 and 12.
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Fig. 2. Ranking of four measures of length of life and five measures of
variation in lifespan, for females and males in the 12 focal populations. The
rank ordering of the populations for each measure is shown in increasing
order (lowest to the left, highest to the right).

a continuum from inequality to equality in lifespans, at least for
primates (Figs. 2 and 3 and Table 2).

Relationship of Life Expectancy to Lifespan Equality

All our measures of the length of life (pace) show strong cor-
relations with our measures of lifespan variation (shape); as
lifespan increases, the relative variation in lifespan decreases
(Fig. 2 and 3 and Table 2). Thus, the fast/slow and inequality/
equality continua combine, for primates, into a single lifespan
continuum. Notably, other taxa can show different patterns.
For example, environmental and genetic manipulations can
substantially alter the life expectancy of the nematode worm
Caenorhabditis elegans, but the shape of the distribution of lifespans
remains unaffected. These interventions rescale time to produce an
extension or contraction of survival patterns, but when time is
standardized, the shape of the distributions remains the same (22).
In addition, although studies of lifespans from birth of animals in
the wild are unusual, we found serviceable data for 15 species of
wild nonhuman mammals. For these mammals the correlation be-
tween life expectancy and lifespan equality is not significant (Table
S3). Similarly, 46 diverse species across the tree of life show no
correlation between a measure of the length of life and a measure
of relative variation in lifespans (23). In contrast, Baudisch et al.
(24) reported a weakly positive but nonlinear relationship between
their measures of the length of life and variation in lifespan in
plants. The relationship between measures of pace and shape
is not trivial and awaits further exploration.

To more deeply examine the relationship between life expec-
tancy and lifespan equality, we supplemented data on our 6
human populations with information from 16 additional human
populations (Table S4). We chose these additional populations
based on the length of the time series and the quality of the
available data, but we have confirmed that including data from
additional populations does not significantly alter our findings.
Examining pace—shape space by plotting life expectancy against

Colchero et al.

lifespan equality reveals regularities across primates and over
human experience (Fig. 44).

For humans the linear relationship in Fig. 44 holds for both
males and females, for populations in the 21st century and his-
torically, for vastly different levels of life expectancy and vastly
different societies. Consider the difference between life expec-
tancies in two different populations and the corresponding dif-
ference between lifespan equalities. The regression line (Fig. 44)
implies that the first difference is about 28 times the second
difference, regardless of whether the comparison is between
(i) males vs. females in Russia in 2013, (ii) Swedish females in
1950-1959 vs. 1751-1759, (iii) Japanese females in 2013 vs.
Liberian males in 18201843, or (iv) US vs. Nigerian males in 2013.

For industrialized human societies it is known that increases in
life expectancy tend to be associated with greater lifespan equality:
This is sometimes referred to as the compression of mortality or
the rectangularization of survival curves (1, 2, 25). Here we
demonstrate that lifespan equality tightly tracks life expectancy
(Fig. 4 A and B) not just for long-lived industrialized populations
but across the full range of human experience (Fig. 4 A-C) and
for both males and females. In addition, we demonstrate that
human and nonhuman primate populations fall into two separate
lines (respectively gray and yellow in Fig. 44) and that the pri-
mate and human lines intersect with preindustrial humans.

Fig. 4B, which summarizes more than 8,000 human life tables
from a reliable database (19), shows, for various levels of life
expectancy, the low variation in lifespan equality at all these
various levels. The relationship is approximately linear. In the
future, however, this trend may change to a logarithmic pattern.
As survival improvements for infants, children, and younger
adults result in an increasingly exponential rise in mortality with
age, we observe a convergence of the trend with the blue curve
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Fig. 3. Scatterplots showing relationships among selected measures of the
length of life and lifespan equality for the 12 datasets analyzed. A-C show
scatterplots between measures of length of life, D-F show comparisons be-
tween measures of lifespan equality, and G-/ show scatterplots between length
of life and measures of lifespan equality. For display purposes, the values of the
Gini coefficient and the coefficient of variation were transformed by subtract-
ing each population’s value from the maximum in the dataset.
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Table 2. Spearman'’s (open cells) and Pearson’s (shaded cells)
correlation coefficients between the measures of length of life
and of lifespan equality for females and males of the 12 main
populations

Measure eg e, Qo Q, g9 l. €/ 9o o

Females
= 1.00 094 094 083 094 092 0.87 -0.92 -0.92
e, 0.97 1.00 099 094 087 0.83 0.82 -0.83 -0.83
Qo 091 0.97 1.00 095 083 0383 0.77 -0.82 -0.82
Q, 0.84 093 096 1.00 0.73 0.70 0.64 -0.70 -0.70
&0 0.96 0.87 0.77 065 1.00 091 0.96 -0.95 -0.95
Iy 0.90 083 0.77 0.59 096 1.00 0.88 -0.98 —0.98
eo/Qo 095 0.89 081 068 099 098 1.00 -0.93 -0.93
Jo -0.91 -0.83 -0.75 -0.59 -0.98 -0.99 -0.98 1.00 1.00
Vo -0.74 -0.65 -0.63 -0.39 -0.84 -0.95 -0.87 0.93 1.00

Males
= 1.00 085 091 080 094 096 0.95 -0.92 -0.93
e, 0.97 1.00 0.97 098 0.74 0.78 0.75 -0.71 -0.71
Qo 090 096 1.00 096 0.79 082 0.80 -0.76 -0.76
Q, 0.83 093 095 1.00 0.68 0.71 0.69 -0.63 -0.64
&0 095 085 0.75 061 100 092 0.99 -0.98 -0.97
I, 091 084 082 0.64 095 1.00 0.93 -0.94 -0.95

e/ 094 085 0.78 063 0.99 097 1.00 -0.97 —0.98
9o -0.90 -0.8 -0.74 -0.56 —0.98 -0.98 -0.99 1.00 0.99
o -0.70 -0.58 -0.61 —0.34 -0.83 -0.90 -0.85 0.92 1.00

The row and column heads correspond to the following: e, life expectancy;
e,, adult life expectancy; Qo, exceptional age; Q,, exceptional age for adults; &,
lifespan equality; go, Gini coefficient; cvo, coefficient of variation; /,, proportion
surviving to maturity; eg/Qy, life expectancy as a proportion of exceptional age
(see Box 1 and Materials and Methods for a full description of the measures).

(Fig. 4B), which marks the theoretical pace—shape relationship
for an exponentially rising adult mortality trajectory (see Box 1
for further discussion).

In crises when humans suffer low levels of life expectancy
similar to that of nonhuman primates, variation in lifespans among
humans is comparatively greater than the variation among non-
human primates at the same level of life expectancy. Even un-
der extreme conditions in which most humans die very young,
life tables include some humans at ages above 70 y, an age
never approached by any nonhuman primate (Fig. 1). Hence
human lifespan equality at low life expectancies is lower than in
nonhuman primate species. Consider, for example, female ba-
boons compared with women in the Ukraine in 1933, two pop-
ulations with roughly equal life expectancies (9.34 y and 10.85 y,
respectively) but very different values of lifespan equality. For
the baboons, the maximum observed lifespan was just under 28 y.
In the life table for the Ukrainian women, in contrast, 1% would
survive past age 66 y.

Consistent with previous research (26-28), Fig. 4 4 and B does
not indicate that humans are approaching a looming limit to life
expectancy. As noted above, it is possible that further increases
in lifespan equality may be more difficult to achieve, in which
case increases in life expectancy would largely come about by
shifting the hump of deaths at older ages (Fig. 1) to even older
ages, rather than by reducing the spread of this hump. In this case,
lifespan equality would increase with the log of life expectancy
(29). The postponement of old-age mortality has been ongoing
in long-lived populations for more than half a century and may
continue (28-30).

We analyzed how exceptionally high mortality and rapid changes
in conditions would affect the relationship between pace and
shape, using three short-term crisis populations when mortality
sharply rose and then sharply declined from year to year: famine
and a smallpox epidemic in Sweden (19) in 1773, a measles ep-
idemic in Iceland (19) in 1882, and famine produced by forced
efforts to collectivize farming in the Ukraine (31) in 1932-1934.

E7684 | www.pnas.org/cgi/doi/10.1073/pnas.1612191113

Both life expectancy and lifespan equality fell and rose simul-
taneously and proportionally for both males and females (Fig.
4C) and did not diverge from the overall human line. This and
other analyses of changes in life expectancy and lifespan equality
over time (not reported here) suggest that the pace of life and
the shape of the distribution of lifespans are so tightly bound
together that they determine each other in a regular fashion that
is not broken by exceptional circumstances. This result may spur
innovative research on age patterns of mortality.

The yellow line in Fig. 44 was fitted to the data for our six
nonhuman primate species plus a single point for humans that is
a simple average of the points for six populations (the three
hunter-gatherer datasets, Swedish populations in 1751-1759 and
1800-1809, and English parishes over the period 1600-1725)
(Materials and Methods). These preindustrial human populations
lie at the endpoint of the primate continuum and seem to de-
scribe a baseline human experience that prevailed until the
industrial revolution.

Sex Differences in Lifespan

Among most of our 12 focal populations, females have both an
absolute and a relative advantage at birth in life expectancy and
lifespan equality. None of the sex differences within populations
are statistically significant except for the 18th-century Swedish and
the 21st-century populations, which show female advantages (Fig.
5). However, pooled mean and median values are significantly
larger than 0 (one-sided #-test P values <0.001, all four panels of
Fig. 5). Furthermore, the larger landscape shown in Fig. 44 illus-
trates that males are generally disadvantaged relative to females in
both life expectancy and lifespan equality, across the primate order
and at all levels of human life expectancy. This suggests that the
general male disadvantage may be an evolutionarily conserved trait
among primates (see refs. 32 and 33 for evolutionary hypotheses
about the male disadvantage). For species and populations with
shorter life expectancies, this male disadvantage tends to be small.
The populations in which males have substantially lower life ex-
pectancy than females are generally populations in which a greater
proportion of males die relatively young (Fig. 1). This lowers life-
span equality as well as life expectancy.

Although industrial humans are astoundingly different from
nonindustrial humans and from nonhuman primates in life ex-
pectancy and lifespan equality, they are similar to other primate
and human populations in the sex difference in life expectancy
and lifespan equality (Fig. 5). The relative difference in life ex-
pectancy between men and women in industrial societies falls in
the middle of the general primate distribution, although the
relative difference in lifespan equality is greater than for any
other primate species or human population (Fig. 5). Indeed,
against the general trend toward more equal lifespans (Fig. 4),
the absolute disparity in lifespans between human males and
females has tended to widen as life expectancy has increased—
although relative disparities have remained more constant. This
finding may lead to deeper understanding of the male disad-
vantage in life expectancy.

Outlook

The conquest of early death through collective human efforts to
avert mortality from disease and accidents has yielded lifespans
that are both longer and more equal in modern industrial humans
than at any other time or in any other species in the primate order
(26, 27, 34). Indeed, 21st-century high-income countries occupy
different positions in pace—shape space than our recent ances-
tors, having benefitted from dramatic increases in both life ex-
pectancy and lifespan equality. Millions of years of evolution,
which molded the lifespan continuum of the nonhuman primates
and nonindustrial humans, were followed by an astonishingly
short spurt of recent human history, from the mid-19th century
until today, during which social, economic, and public health ad-
vances allowed modern industrial humans to distance themselves
farther from nonindustrial humans than those humans were from
other primates.
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The extraordinary sociality of humans may both contribute to
and be enhanced by the parallel rise of life expectancy and
lifespan equality. A plausible hypothesis to be further explored is
that highly social societies with prolonged, overlapping lifetimes
and a substantial subpopulation with many years of accrued
knowledge may be engines for reducing early deaths, propelling
the increase of both life expectancy and lifespan equality. Not all
individuals in these societies, however, benefit equally from these
mutually reinforcing processes; considerable inequality in life-
spans still exists in industrial human populations, in part because
of disparities among socio-economic groups (35-42).

Inequality is generally more pronounced among men than
among women. Further, our data show that lifespan equality for
men lags behind that for women over historical time and during
mortality crises. This male—female difference raises questions
about the nature and extent of sex differences in how individuals
survive hardship and illness and respond to socially mediated
resources, opportunities, and risks, questions that remain largely
unanswered (6, 7, 41, 42).

The emergence of longevous populations in which most indi-
viduals experience long lives is an extraordinary success of modern
civilization. Describing the pace-shape space of life expectancy
and lifespan equality enabled us to reveal the link between these
two central components of the emergence of long-lived human
populations. Why their relationship is roughly linear across pri-
mates and extraordinarily tight over human experience remains
to be understood. The greater scatter around the nonhuman pri-
mate regression may be partially due to small sample sizes; accu-
mulating data from additional natural populations of these and
other primate species has the potential to shed considerable light
on the relationship between pace and shape.

For humans, a positive association of life expectancy and
lifespan equality is not surprising (1, 2). When life expectancy is
low, some individuals nonetheless survive to old age, resulting in
low lifespan equality. Increases in life expectancy are largely due
to saving lives at ages younger than life expectancy, leading to an
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80 160 each population are indicated by a point with a
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increase in lifespan equality (2). As life expectancy rises, the
exceptional age that only 1% of newborns reach also rises but not
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Fig. 5. Absolute and relative male-female differences in life expectancy
and lifespan equality. Absolute differences between the male and female
values are shown in the Top two panels; relative differences are shown in
the Bottom two panels, expressed as the percentage of difference of males
from females. Dark red dashed lines represent the median of each set of
values; all medians lie in the direction of a female advantage.
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proportionally (at least up until now). For instance, life expec-
tancy and exceptional age for women were 2.2 y and 59 y for the
Liberian population, 38 y and 91 y for Sweden in 1851-1859, and
87 y and 104 y for Japan in 2013. The narrowing of the ratio of
exceptional age to life expectancy, from 27 to 2.4-1.2 for these
three populations, increases lifespan equality. This trend does
not imply that life expectancy is approaching a limit, although
perhaps it is (25, 27-30).

The linearity of the relationship for humans between life expec-
tancy and lifespan equality may prove useful but is not the central
finding of our analysis. Use of measures based on the Gini co-
efficient or the coefficient of variation would produce other curves
(Fig. 3), and moreover the curves in Fig. 4, especially Fig. 4B, are
linear only to a first approximation. More important is that the
environmental trend for humans is distinct from the evolutionary
trend for primates, which has never been described before (Fig. 44),
and that the trend we identify for humans is not what would be
predicted if death rates rose exponentially with age (Fig. 4B).

We find that the relationship between life expectancy and life-
span equality is, for both males and females, strong over primate
evolution and extraordinarily strong across the range of human
experience. We hypothesize that for humans this link is governed
by fundamental features of human biology, including our excep-
tional sociality. Our results illustrate the power of biodemography,

a nascent, transformational discipline that combines concepts,
methods, questions, and theories from demography (43, 44) with
related ideas from public health and from population biology
and its sister disciplines of evolutionary biology, ecology, and
life-history analysis, adding hybrid vigor to the Aristotelian and
Darwinian roots of biology (27, 34, 45-51). This analytical strategy
will yield further insights when applied to other clades across
the tree of life. In particular, application of the pace-shape
framework (3) to other species, as well as topics other than
age at death (e.g., age at childbearing, marriage, or dementia),
may lead to new results.

Materials and Methods

Data and Analyses for Human Populations. The data for the hunter-gatherer
populations were obtained from published data on two populations, the
Hadza and Ache (15, 16) (see Table 3 for summary information). Life tables
for preindustrial 18th-century Sweden (1751-1759), modern Sweden (2000-
2009), and modern Japan (2012) were drawn from the “Human Mortality
Database” (HMD) (19). For these three datasets we extracted death counts
by age (0-109 y), calendar year, and sex and corresponding exposure (Table
3). An additional 15 life tables for females and 15 life tables for males were
obtained for Fig. 4A from the HMD for Sweden in different periods, Ukraine
(1933), and Iceland (1882); from the “World Health Organization” (WHO)
(54) for Nigeria, India, Russia, China, and the United States all for the year
2013; and from published sources for Liberian migrants (1820-1843) (17, 18),

Box 1. Demographic distributions and measures

Researchers who study survival and longevity construct life tables to reveal the implications of mortality regimes with age-specific
risks of death fixed at prevailing levels. All of the measures used in this article are calculated from a life table and hence capture
the intrinsic implications of a pattern of death rates. The measures do not pertain to a cohort of individuals aging together over
time or to a population with an age structure shaped by previous mortality, fertility, and migration.

In life tables the distribution (probability density function) of ages at death in a population, i.e., the distribution of lifespans,
denoted by d(x) where x is age, is a fundamental function of the most profound interest (Fig. 1). Although populations are finite,
most populations studied by demographers are large enough that d(x) can be treated as continuous, permitting the elegant analysis
of calculus. When populations are small, the data can be smoothed to produce a continuous d(x).

The cumulative value of d(x) after age a gives the proportion surviving (still living) at age a, [(a) = [ d(x)dx, because death
comes to all. Note /(0) = 1. The ratio d(x)/I(x) equals p(x), the force of mortality, i.e., hazard of death, at age x.

Life expectancy, the average age at death, is given by eg = [;°x d(x)dx or, equivalently, by eg = [;° /(x)dx. Remaining life ex-
pectancy at age a is e, = [\~ [(x)dx/l(a).

The shape of the distribution of lifespans can be measured in various ways, including the coefficient of variation, the Gini
coefficient, and Keyfitz’s entropy (2, 3, 5) (Materials and Methods). The Keyfitz measure is related to but not the same as the
entropy used in physics and information science. Keyfitz’s entropy is given by the ratio ef /ey (Fig. 1), where e’ measures life
expectancy lost due to death: e” = [[° exd(x)dx. Keyfitz’s entropy is an indicator of lifespan inequality; its inverse is an indicator of
lifespan equality as is the log of the inverse, the measure we used. On the vertical axis of Fig. 44 values of Keyfitz’s entropy are
given in parentheses. The values in parentheses above 1 imply that remaining life expectancy is higher, on average, after birth than
at birth. This can occur when infant death rates are much higher than death rates at later ages. On the other hand, a value below 1
indicates that most people die at ages when remaining life expectancy is short. A value of 0.22, for example, indicates that on
average when an individual dies, remaining life expectancy at the age of death is only 22% of life expectancy at birth.

Gompertz hypothesized that the force of mortality increased exponentially with age (52). This has not been true for any human
population because infant, childhood, and early adult mortalities are substantial (53). In populations with long life expectancy,
however, the Gompertz ideal is being approached. The blue curve in Fig. 4B describes the relationship between life expectancy and
lifespan equality if the Gompertz curve holds with a relative rate of increase of 0.14/y, a value suggested by theoretical consid-
erations (27). If life expectancy is high enough, then lifespan equality increases with the log of life expectancy (29).

In addition to life expectancy, ey, and lifespan equality, &y, we extended our analysis to other relevant measures of the pace and
shape of life. We denote age at maturity by a, so e, is the expected length of adult life. Exceptional age, £, the age that only 5% of
newborns reach, is defined by /(Qq) = 0.05. Similarly, the age that 5% of adults attain is defined by I(Q)/I(a) = 0.05.

Variation in the length of life can be assessed by the coefficient of variation (CV), i.e., the ratio of the SD of lifespans to the
average lifespan. This measure of relative dispersion, often used by statisticians, is given by

Cv= /oo(x—eo)zd(x)dx/eo.
\ Jo

Variation in the length of life can also be measured by the Gini coefficient, a measure used by economists to study income
inequality. It can be calculated as half of the average of the absolute differences between the lifespans of all pairs of individuals in a
population—relative to average lifespan. Its formula can be written as 1 — [/ (x)*dx, an expression that clearly indicates that it is a
measure of the rectangularity of the survival curve [(x).

Two additional simple measures of variation in lifespans are the proportion of newborns that reach maturity, /(«), and the ratio
eo/Qp (see Tables S1 and S2 for resulting values).
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Trinidad slaves (1813-1816) (55), and England (1600-1725) (56). Additionally,
we obtained Siler mortality parameters estimated by ref. 57 for acculturated
hunter-gatherers for both sexes combined. For Fig. 4B, we obtained 8,198
yearly period life tables from the HMD for 44 countries.

For the six main human populations we carried out a bootstrap analysis to
estimate all our pace-shape measures. For most life tables except Liberia, we
assume that the observed number of deaths was the outcome of a random
Poisson process in a population with given exposures N(x) and the given age-
specific death rate, u(x), as the “true” signal. For each jth bootstrap step, we
randomly drew a new set of number of deaths for age x, Di(x), from a Poisson
distribution with parameter A, = u(x) N(x). From the D/(x)s we estimated the
resulting life table, using standard methods (43) and the subsequent pace and
shape measures. We ran 20,000 bootstrap steps, which allowed us to calculate
mean, SEs, and confidence intervals for each measure. In the case of Liberia, we
assumed that the observed number of deaths was the outcome of a random
binomial process with parameters g(x) for the probability of death and the
number of individuals entering the interval [x, x + Ax], namely P(x). We then
drew D/(x) values from a binomial distribution with parameters q(x) and P(x).
The next steps were equivalent to those for the Poisson bootstrap.

The values of life expectancy and lifespan equality plotted for other populations
in Fig. 4 A and B were calculated from data from various sources, as indicated in
Table S4. In some cases data were available for 5-y age categories: We estimated
values for a single year of age by linear interpolation. When life tables were
available for single years of time but we needed tables for multiyear periods of
time, we then took simple averages over the period of the single-year values of
life expectancy and lifespan equality. We applied these same methods to all other
life tables in Fig. 4, except for the acculturated hunter-gatherers for which we used
the estimated Siler mortality parameters provided by Gurven and Kaplan (57).

Smoothing of Life-Table Data for Fig. 1. To display the densities in Fig. 1 we
smoothed the death rates for the hunter-gatherer populations using
P-splines, because of small sample sizes in these populations, following the
proposal of Eilers and Marx (58). We used the implementation by Camarda
(59, 60) in R, which has been tailored for smoothing mortality in a Poisson
framework. We also smoothed the data for historic Sweden (1751-1759).
The reason was not insufficient data, as was the case for the hunter-gatherer
population: Our dataset for historic Sweden included ~8 million person
years for each sex when pooling data across years (Table 3). Instead, the data
for Sweden from that period suffer from strong age heaping (19, 61). We
suppressed those artificial fluctuations over age by having a strong penalty
term 1 for the P-spline smoothing. Death rates at ages below 80 y for con-
temporary Sweden (2000-2009) and Japan (2012) were not modified or
smoothed in any way. Mortality at ages 80 y and above for historic (1751-
1799) and contemporary (2000-2009) Sweden as well as for the population

Table 3. Descriptive statistics of human populations of hunter-
gatherers (Ache and Hadza) and populations from Liberia,
Sweden, and Japan

Population Sex Person years Deaths
Ache Women 6,738 151
Men 9,368 202
Total 16,106 353
Hadza Women 6,218 182
Men 6,100 227
Total 12,318 409
Liberia, 1820-1843 Women 1,973 1,135
Men 2,318 967
Total 4,291 2,195
Sweden, 1751-1759 Women 8,736,291 232,161
Men 7,808,644 225,428
Total 16,544,934 457,589
Sweden, 2000-2009 Women 45,582,428 475,035
Men 44,832,800 446,825
Total 90,415,228 921,860
Japan, 2012 Women 64,657,932 600,833
Men 61,362,195 655,526
Total 126,020,126 1,256,359

Person years are a combined measure of the number of individuals and
the number of years they contributed to the study.

Colchero et al.

of contemporary Japan (2012) was estimated using a logistic mortality
model given by

aebx
A(x) ST (e 1) [l
which expresses the population hazard u(x) as a mixture of Gompertz-dis-
tributed hazards with Gamma-distributed “frailty” among individuals (62).
We used the same parametric model to estimate mortality for historic
Sweden, contemporary Sweden, and Japan at ages 80 y and higher.
We estimated the parameters in a standard Poisson maximum-likelihood
framework, given by

2

In £(a, b, 7IDOONG)) = S DO INa(X) ~ N(X)7(X), 2]
x=80

where D(x) is the number of people dying at age x and corresponding ex-
posure times N(x); and u(x) refers again to the population-level hazard of
Eq. 1.

We then estimated life tables and life expectancy, using standard methods
(43). We obtained the mean survival time at age x of those who die at age x,
typically denoted as a(x), from the HMD for contemporary Japan as well as
for historic and contemporary Sweden. Based on life table information for
the number of survivors at age x, /(x), and the number of person years lived
L(x) available for the Hadza, we used values of a(0) = 0.3, a(1) = 0.4, and a(x) =
0.5 for x > 1 for all hunter-gatherer populations.

Data for Nonhuman Primates. We obtained data for six species of nonhuman
primates from the Primate Life History Database (PLHD) (11), which includes
longitudinal life-history data for known individuals in six study populations
(Table 1). All populations in the PLHD are living in the wild and, with few ex-
ceptions, no provisioning or interventions have occurred in any of these pop-
ulations (11). For all of these primate species one or both sexes undergo natal
dispersal (first dispersal after birth), whereas four (baboons, gorillas, sifakas,
and capuchin monkeys) have secondary or higher-order dispersals (Table S5).

For each of the six primate populations, the study population was de-
fined as the set of social groups in which individuals were continuously
monitored for life-history events. With one exception (muriquis), all study
populations were embedded in larger continuous populations that were
not isolated from the social groups being studied; consequently, individuals
could immigrate into and emigrate from the study population, resulting in
a situation in which some individuals were not observed throughout their
entire lives. In the case of the muriquis, research expanded to encompass all
four social groups in the entire isolated study population in the early 2000s,
about 20y into the research project. Thus, for muriquis subsequent to 2003
individuals could leave the study population but there was no immigration
into the study population. All told, the database included nine different
types of individual records in two broad categories (Fig. S2): (i) natal in-
dividuals, i.e., individuals that were live born in the study population, and
(ii) immigrants, i.e., individuals born in social groups that were not part of
the study population before their appearance in a study group, who em-
igrated from their natal social group and immigrated into a study group.
For all six studies there were a considerable number of individuals with
unknown fate, for both natals and immigrants, because an individual that
belongs to the dispersing sex, has reached dispersal age, and disappears
could have either died or attempted to disperse into a social group outside
the study population.

Two further aspects of the data required estimation procedures. First, most
immigrants had estimated birthdates (i.e., their ages were estimated at
immigration). Individuals also had estimated birthdates if they were present
in the study population at the time monitoring of the study population first
began and they were first individually identified. Second, in most pop-
ulations, some infants died before their sex was ascertained, resulting in
deaths of infants with unknown sex.

Because of these sources of uncertainty, we constructed a Bayesian model
to estimate mortality in these populations. Our model included estimation
procedures for age and sex in cases where these were not known exactly and
incorporated the probability of emigration for both natals and immigrants.

Bayesian Model for Nonhuman Primate Data with Sex-Specific Dispersal. We
used an extension of the Bayesian approach proposed by Barthold et al. (13)
to model age- and sex-specific mortality for species where one or both sexes
undergo natal dispersal. The model builds upon the Bayesian survival trajectory
analysis framework (63, 64) to model sex-specific mortality. We extended the
model to include species for which one or both sexes undergo higher-order

PNAS | Published online November 21, 2016 | E7687

wv
=2
=
a
w
<
=
o

SOCIAL SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1612191113/-/DCSupplemental/pnas.201612191SI.pdf?targetid=nameddest=ST4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1612191113/-/DCSupplemental/pnas.201612191SI.pdf?targetid=nameddest=ST5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1612191113/-/DCSupplemental/pnas.201612191SI.pdf?targetid=nameddest=SF2

L T

/

1\

=y

dispersal as well as the estimation of unknown times of birth (for a full
model description see refs. 13 and 14).

This approach allowed us to estimate the essential latent states of sex, age,
and dispersal state and hence the parameters for mortality and out-migration
from each study population (hereafter termed out-migration). We defined
the random variables X for ages at death, Y for ages at natal out-migration,
and Z for ages at immigrant out-migration. We defined a dispersal state D
that assigns 1 if an individual / out-migrates in its last detection age,
xt =t —bj, and 0 if otherwise. We treated D as a latent variable for all in-
dividuals with unknown fate. We also defined a variable S that assigns 1 if
an individual is female and 0 otherwise.

The mortality function or hazard rate is

()= lim Pr(x <X<x+Ax\X>x).
4x—0 Ax
We assumed that the mortality function in all of the primate species analyzed
was well described by the Siler hazards rate (65) given by

u(x|0) =explag — a1 x] +k +exp[fo +p1X], x>0, [3]

where 0" =[ao, a1, k, By, 1] is @ vector of mortality parameters to be esti-
mated, with ap, fo €(—0, ) and a4, k, #1 > 0. From the hazard rate in Eq. 3
we define the survival function

I(xjo) = Pr(X>x) = exp|-— /Xy(t\e)dt}
» eﬂ"o [4a]
= exp ;(e“’“‘ -1) —KX+ﬁ (1 —e’"")],
the probability density function (PDF) of ages at death
d(x|0)=u(x|0)/(x|0), x>0, [4b]

and the cumulative distribution function (CDF) for ages at death given by
F(x|0) = 1 — I(x]0).

For out-migration, we assumed that the age at natal out-migration was
Y ~Gy(yly) for ages y > 0, where Gy(y) is the Gamma distribution function
with parameter vector y = [y4, y2]. This distribution yields the PDF of ages at
natal out-migration given by

72
71
gv(ylr)=4 I'(r2

0 ify <ya,

—y)2e e Uva) ify>
>(y Yd) 2371 5]

where y, is the minimum age at natal dispersal and y4, y> > 0.

For immigrants in species with higher-order dispersal we assumed that the
age at immigrant out-migration was Z ~ Gz(z|A) for ages z > 0, where A = [1,,
2] is the vector of parameters to be estimated. The PDF of ages at immigrant
out-migration is then

42

;(z—zd)x2_1e"’* (z-z4)  if z>24

9z(z|2) =4 I'(%2) [6]
0 if z<zy,

with 1, 4, > 0 and where z,4 is the minimum age at higher-order dispersal.
Here we assumed that zy4 = yg.
The full Bayesian model is given by

p(du: su, by, 0, 7 Mdk: Sk, b, tF: tL) x p(dk: Sk, by, tF: tL‘du: su, by, 0, 7 A«)

likelihood
x p(d)p(s)p(x)
—_——
priors for states

x p@)p(r)p(A),
e ——

priors for parameters

[71

where d is the vector of dispersal states (i.e., d; = 1 if the individual out-
migrated and 0 otherwise), s is the indicator vector for females (s; = 1 if
female and 0 if male), b is a vector of ages at birth, and t* and t* are the
vectors of times at first and last detection, respectively, where xf =t -b,
and x' = t* — b. Each of these vectors has two subsets represented by the
subscripts u for unknown and k for known.

To estimate the parameters and latent states we used a Markov chain
Monte Carlo (MCMC) algorithm to fit the model in Eq. 7 that uses a Me-
tropolis-within-Gibbs sampling framework (66, 67) (for details of the esti-
mation, see refs. 13 and 14). In addition to the implementation in refs. 13
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and 14, we extended the model to estimate unknown times of birth. The
conditional posterior for unknown times of birth, b;, is

p(bildi, Xt xE, 0, 7, A) xp(di X, xE, 6, 7, Alby) p(b;\b},b}’), 8]

where the first term in Eq. 8 corresponds to the likelihood function and the
second term is a prior for times of birth. These priors are either uniform or
normally distributed, both with upper and lower bounds provided with the
dataset (i.e., b* and bY).

Estimation of Prior Parameters. To estimate the prior parameters for the
mortality and out-migration parameters, we used a combination of published
data, expert information provided by the PLHD coauthors, and an agent-
based model designed to simulate natal and immigrant out-migration. The
model required the parameters for adult mortality provided in Bronikowski
et al. (12). Because these were calculated only for adults, we fixed the prior
parameters that control juvenile mortality in the first exponential term of the
Siler model in Eq. 1 at a;=—2 and "1*=0-3- We then used nonlinear least-
squares estimation to find the remaining three parameters of the Siler model,
using as reference the adult age-specific mortality constructed with the pa-
rameters found in ref. 12. For each species we calculated the sum of squares as

Q<0:|0b> = Z [/4 (Xi‘op*) — pg(Xi —Xm\ab)]z. [9]

where 0: was the vector of prior mortality parameters to be estimated,
ﬂ(x\e*) was the Siler hazards rate constructed with the prior parameters,
Ug(X = Xm | ) = @ exp[b (x — x,,)] with a, b > 0 was the Gompertz mortality
function where 6, = [a, b] was the vector of parameters estimated in ref. 12,
and v"=[xq,X2, ...,X7r] was a sequence of T = 10 equally distanced ages
starting at the age at maturity x; = x,, and with last age x7, such that the
Gompertz survival with parameters 6, was Sy(x7 |6,) = 0.05. We used the R
built-in function nim to find the prior parameters 6, that minimized the sum
of squares in Eq. 9 (see Table S6 for mean values for prior parameters).

To estimate the priors for out-migration parameters y and 4, we imple-
mented an agent-based model. We used published information on dispersal
behavior for each species as well as expert information provided by the
PLHD researchers. Then, for each species we simulated a hypothetical pop-
ulation of dispersing individuals that could disperse between study groups,
represented by set G, or to nonstudy groups, defined by set A, with universal
set S = {G U A} that represented all of the possible groups for each pop-
ulation. The number of groups in G and A varied among the six studies, and
any movement between groups (either study or external groups) is consid-
ered to represent dispersal in the population.

To parameterize the density functions of ages at natal and higher-order
dispersal we used information on minimum, maximum, and average ages at
natal and higher-order dispersal provided in the literature and by the PLHD
researchers. We calculated mean, y, for natal, and y, for higher-order dis-
persal and variances o2 for natal and 63 for higher-order dispersal and esti-
mated the corresponding Gamma parameters as

i Y
@ _E and B _a_jz'
for j = 1,2, where o; and p; are the shape and rate parameters for the natal
and higher-order dispersal (see Table S7 for resulting parameters).

We used an individual-based model to simulate mortality and dispersal,
to find the prior parameters for the distribution function of ages at natal
and immigrant out-migration. The step-by-step algorithm for first dispersal is as
follows: (i) For every individual i simulate age at death (x;) from a Siler mortality
function with parameters 6,; (ii) simulate ages at natal dispersal (y!) by randomly
sampling from a Gamma distribution with parameters {a, g} (iii) individuals
where x; >y} successfully dispersed, and otherwise they died before dispersing for
the first time; (V) all dispersers move with the same probability to any of the groups
within the study population (G) or to one of the areas outside the study population
(A); (v) those individuals that moved to set A have out-migrated and their age at
out-migration y; is stored, and those that moved to set G have remained in the
population; (vi) in species with higher-order dispersal, those in set G disperse again
at a further age (y?) by randomly sampling from a Gamma distribution with pa-
rameters {a,, A5}, (vii) individuals where x; > y,-2 can disperse to any group in G or A,
and otherwise they died before dispersing again; and (viii) repeat steps vi and vii
until all individuals are either dead at age x; or have out-migrated at age y;

All individuals that had out-migrated were assigned the indicator d; = 1
and those that died before migrating were assigned d; = 0. We then took
the results to construct the log-likelihood
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In L(y,ly. x) = Z_ In[g(yily,)] + Z_ In[1-G(xilr,)]. [10]

i

where y,, is a vector of natal out-migration prior parameters to be estimated.
These parameters were then used in the main model as uninformative priors
(with large SEs) for natal out-migration in Eq. 7.

We followed a similar procedure to estimate the prior parameters for
secondary out-migration applied to immigrants in the main model. To do this,
we used all individuals that had out-migrated from the previous results and
assumed that they were moving into the study population. Here is the al-
gorithm for secondary out-migration (which applies only in species that show
secondary out-migration): (i) All immigrants are potential secondary dis-
persers; (i) simulate age at dispersal (y/) by randomly sampling from a
gamma distribution with parameters {ay, p5}; (iii) if x,->yf, allow the indi-
vidual to move to any group in G or in A with same probability; (iv) all
dispersers that moved to A have out-migrated and are assigned an age at
dispersal y;, and those that moved to set G have remained in the study
population; and (v) repeat ii and jii with all individuals that moved to G until
all either are dead at ages x; or have out-migrated at ages y;.

All individuals that had out-migrated were assigned the indicator d; = 1
and those that died before migrating were assigned d; = 0. We then took the
results to construct the log-likelihood for ages at secondary out-migration

In L(Aply, ) = Z In[g(yilAp)] + Z In[1-G(xil4p)], [11]

where 4, is the vector of immigrant out-migration prior parameters to be
estimated. These parameters were then used in the main model as in-
formative priors (with low SEs) for immigrant out-migration in Eq. 7.

Regressions Between Life Expectancy and Lifespan Equality. In Fig. 4A we
depict two regression lines between lifespan equality and life expectancy.
The gray line corresponds to the regression over the 22 human populations.
Because the data included eight time spans for Sweden, we performed the
Durbin-Watson test (68) to determine the level of serial autocorrelation in
the residuals. The test was not significant (D > D, with D = 1.48, upper
critical value D, = 1.174 for alpha level 0.01).

For the primate regression line (i.e., yellow line in Fig. 44) we used all six
nonhuman primate estimates and averaged the estimates for Sweden 1751-
1759 and 1800-1809 and England 1600-1725, as well as the Ache, Hadza, and
acculturated hunter-gatherer estimates. Thus, we had a single pair of values for
each of the seven species, with the values for humans being averaged over six
populations. We then implemented a weighted phylogenetic generalized least-
squares regression model on the female points, with weights given by

1 .
W,:ﬁan, fori=1,...,7,
[

where N; is the total number of datasets for the data point i, and n; is the
sample size for the jth population. The phylogenetic component of this re-
gression model was the variance-covariance (VCV) matrix, which we based
on the phylogenetic relationships (and therefore statistical nonindependence)
of the seven species. To account for phylogenetic signal we transformed this
VCV matrix using Pagel’s lambda (69), which we optimized using maximum
likelihood. We obtained a consensus tree for the seven primates from the
10k Trees website (70), but substituted Brachyteles arachnoides for Brachyteles
hypoxanthus because phylogenetic data for the latter were not available.
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The resulting coefficients of this phylogenetic generalized least-squares
regression were gp;=— 0.18+0.014 ep;, where &, denotes the estimated
lifespan equality for the ith population and ey; life expectancy (slope: t =
3.34, P=0.02, df = 7), with an optimized value of Pagel’s lambda of 1 = 0.861
(i.e., strong phylogenetic signal).

Upper Limit for Density Curves in Fig. 1. As a general rule the ages to plot the
probability density functions in Fig. 1 range from age 1y to the age when I, =
0.01; this is when 1% of the cohort is still alive. The only exceptions are the curves
for the muriqui due to the large amount of censoring in the data and the resulting
uncertainty in the curves. In addition, for the nonhuman primates, we shaded the
polygons and used dashed lines after the maximum estimated age in our pop-
ulations to highlight that after those ages the curves correspond to predicted values.

Data Preparation for Additional Mammal Species and Analysis. We obtained
life tables for females of nine additional mammal species from seven taxo-
nomic families and ranging in body size from the ~50-g tundra vole
(Microtus oeconomus) to the 800-kg gaur (Bos gaurus). These data were
obtained from the DatLife database (www.demogr.mpg.de/en/laboratories/
evolutionary_biodemography_1171/projects/datlife_the_demography_of
aging_across_the_tree_of_life_database_744.htm), and the ultimate sources
are given in Table S3. For each life table we calculated life expectancy at birth
(ep) and lifespan equality (o), using the equations given in Box 1, as for hu-
mans and other primates.

We then implemented a phylogenetic generalized least-squares regression
model on the female points for the six primate species and the nine additional
mammals. The phylogenetic component of this regression model was the VCV
matrix, which we based on the phylogenetic relationships (and therefore
statistical nonindependence) of the 15 species. To account for phylogenetic
signal we transformed this VCV matrix using Pagel’s lambda (69), which we
optimized using maximum likelihood. We obtained a consensus tree for the
15 mammals from ref. 71 hosted at the Evo10 website (https:/www.evoio.
org/wiki/File:Bininda-emonds_2007_mammals.nex). Because the phyloge-
netic data for B. arachnoides and Papio cynocephalus were not available, we
substituted them for B. hypoxanthus and Papio hamadryas, respectively.

The resulting coefficients of this phylogenetic generalized least-squares
regression were gy =— 0.2 + 0.018 eq;,, where &y denotes the estimated
lifespan equality for the ith population and ey; life expectancy (slope: t =
1.99, P = 0.07, df = 13), with an optimized value of Pagel’s lambda of 4 =
0 (i.e., no phylogenetic signal).

All statistical analyses were performed in the open-source free package
R (72).
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