Human mortality improvement in evolutionary context
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Life expectancy is increasing in most countries and has exceeded 80
in several, as low-mortality nations continue to make progress in
averting deaths. The health and economic implications of mortality
reduction have been given substantial attention, but the observed
malleability of human mortality has not been placed in a broad
evolutionary context. We quantify the rate and amount of mortality
reduction by comparing a variety of human populations to the
evolved human mortality profile, here estimated as the average
mortality pattern for ethnographically observed hunter-gatherers.
We show that human mortality has decreased so substantially that
the difference between hunter-gatherers and today’s lowest mor-
tality populations is greater than the difference between hunter-
gatherers and wild chimpanzees. The bulk of this mortality reduction
has occurred since 1900 and has been experienced by only about 4 of
the roughly 8,000 human generations that have ever lived. More-
over, mortality improvement in humans is on par with or greater
than the reductions in mortality in other species achieved by labo-
ratory selection experiments and endocrine pathway mutations.
This observed plasticity in age-specific risk of death is at odds with
conventional theories of aging.
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he role of comparative biodemography is to elucidate fun-

damental demographic patterns and develop evolutionary
explanations for their variation (1, 2). Identifying any funda-
mental pattern requires the appropriate metrics; understanding
the evolutionary context for variation in human mortality pat-
terns requires an evolutionarily relevant comparative baseline.
Ideally, this baseline should approximate the average age-spe-
cific levels of mortality experienced through most of human
existence and should not be limited to a specific calendar year or
country (e.g., Sweden in 1751). Because of the hard work of field
anthropologists, such a baseline exists, as the average mortality
profile of ethnographically observed hunter-gatherers (3). Using
this baseline as the standard for comparison provides the nec-
essary means of gauging the rate and timing of mortality im-
provement in a broad evolutionary context.

Many studies have demonstrated the remarkable ability of hu-
mans to prolong the length of life. Oeppen and Vaupel (4) show
that the best-case national life expectancy at birth has improved in
a stunningly linear pattern between about 1840 and the present
such that in the longest-lived national populations life expectancy
has increased by about 3 mo per year. Similarly, Tuljapurkar et al.
(5) show that the extensions in longevity are occurring because of
rapid and steady progress in lowering mortality at all ages, and that
the limits of these reductions are difficult to predict.

The social, economic, and health implications of the reductions
in mortality have been discussed extensively (6-8). An element of
the discussion that has been largely missing is the implication of
mortality change for evolutionary theories of aging and, more
generally, for biological understanding of plasticity of the mortality
profile. This omission is odd given that age-specific mortality pat-
terns are an essential driving force in the evolution of life histories
(9). To better understand the evolutionary significance of the great
changes in human mortality profiles and to more accurately de-
scribe the rate and magnitude of mortality reduction, we make
a number of basic comparisons between the evolved human
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mortality profile and those of human populations from the present
and recent historical contexts. We also make comparisons of the
life expectancy extension achieved by humans with those achieved
in the laboratory via experiments on model organisms. Such
comparisons serve to frame human mortality improvement in
a broad comparative light. We use this coarse-grained comparative
approach to answer three basic questions about changes in human
mortality profiles: (i) How can we place the observed human
mortality improvement in a broader evolutionary framework? (ii)
How much has mortality changed compared with the “typical”
human mortality profile (where “typical” refers to the average
mortality profile experienced during human evolution)? (iii) How
does human mortality change compare with that observed in
other species?

Results

Comparing low-mortality human populations to the hunter-gath-
erer profile reveals dramatic reductions in the probability of death
at all ages (4, 5) (Fig. 14). The percentage improvements have
been greatest at younger ages, but the absolute improvements are
larger at older ages when death rates are high. For instance, the
expected annual probability of death for a 65-y-old hunter-gatherer
is about 5.3%; in contrast, for 65-y-olds in Japan today, the chance
of death is only about 0.8%. Although mortality drops at all ages,
the age at lowest mortality changes very little and the shape of the
mortality profile has not changed much despite the huge reduc-
tions in its actual values.

The variation between the highest and lowest mortality pop-
ulations is remarkably large (Fig. 1B). The lowest age-specific
death rates are enjoyed by the current populations of countries
such as Japan and Sweden. The worst-case mortality for humans is
approximated by 19th century slaves on Trinidad, who suffered
death rates at all ages that were higher than those for hunter-
gatherers. Acculturated hunter-gatherers experience lower mor-
tality than hunter-gatherers due to modest access to Western
medicines and food subsidies (3). The mortality trajectories of the
populations of Sweden in 1800 and 1900, and Japan in 1947 are
roughly similar to the trajectory estimated for acculturated hunter-
gatherers, implying that this amount of mortality improvement is
fairly widespread, especially in nonindustrial contexts, and can be
achieved without the large improvements of infrastructure and
medicine that came later.

The most striking finding is that the mortality profile of hunter-
gatherers is closer to that of wild chimpanzees than it is to the
recent profiles for Japan and Sweden. This result is implied by
visual inspection of Fig. 1B and is consistent with life expectancies
for each population, but can be more clearly seen by calculating
ratios of age-specific chances of death (Fig. 1C). Up until age 15 or
so, hunter-gatherers experience death rates >100-fold higher than
in today’s Japan and Sweden, and hunter-gatherer mortality
remains >10-fold higher for the entire life span (Fig. 1C). In
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Fig. 1.

(A) Annual probability of death for hunter-gatherers compared with today’s longest living nation, Japan, at 10-y intervals through time. (B) Annual

probability of death for a variety of human populations, along with wild and captive chimpanzees. The difference between present-day Japan and the
Trinidadian slaves frames nearly all of the known variation in mortality across human populations. The hunter-gatherer curve approximates the typical human
mortality profile over evolutionary time. (C) Ratio of mortality risks. Each curve gives the ratio of annual probabilities of death by age; hunter-gatherers to
Sweden 1900, 1950, and 2010 in blue; hunter-gatherers to Japan 2010 in red; and wild chimps to hunter-gatherers in black. The magnitude of improvement of
Japan 2010 and Sweden 2010 over the evolutionarily typical pattern for hunter-gatherers is much greater than the gap between hunter-gatherers and
chimpanzees. (D) Ages of equivalent mortality. Each of the populations in B is compared with hunter-gatherers in terms of equivalent age. For each of the
populations, the x-axis is hunter-gatherer age and the y-axis is the age at which each population has the probability of death equivalent to that of hunter-
gatherers. Lines above the diagonal are for populations with lower mortality than hunter-gatherers. Lines below the diagonal are for populations with higher
mortality than hunter-gatherers. Examples are indicated with ages and black dashes. For instance, reading upward from the middle of the x-axis to the top of
the plot, we see that a hunter-gatherer at age 60 has the same probability of death as an individual in Japan at age 80. All curves are based on raw data
except the Trinidad population and Sweden 1800, which were smoothed with a loess function for plotting purposes only. Data sources are as follows: Japan
(17, 39); Sweden (17); Trinidad (37); hunter-gatherers, acculturated hunter-gatherers, wild and captive chimps are based on Siler functions from Gurven and

Kaplan (3). In all cases, mortality is for the total population, both sexes combined. Note logarithmic increments on the y-axis in A-C.

contrast, the ratio of death rates for wild chimpanzees to hunter-
gatherers is <10 at all ages and is greater at older ages than at
younger ages. Remarkably, the mortality ratio of hunter-gatherers
to Sweden in 1900 is smaller, <5 at all ages. That is, Swedes in
1900 had mortality profiles closer to hunter-gatherers than to the
Swedes of today. This relative difference between Swedes recently
and those 100 y ago has emerged in a rapid revolutionary leap, as
this distance is far greater than that between hunter-gatherers and
chimps (Fig. 1C). The recent jumps in mortality reduction are
remarkable in the context of mammal diversity because age-spe-
cific death rates for hunter-gatherers are already exceptionally
low, probably among the lowest of any nonhuman primate or
terrestrial mammal (especially if body size is controlled for), and
lower than even captive chimpanzees at all ages (Fig. 1B) (10).
The human mortality profile, however, is so plastic that over the
past century the populations doing best managed to achieve very
large reductions in death rates that were already low compared
with those of other species.
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Differences in mortality between populations or species can be
further illuminated with the concept of ages of equivalent mor-
tality (11-13). With hunter-gatherer mortality as the evolutionary
baseline, a population’s equivalent age is the age at which it has
the same probability of death as the average hunter-gatherer at
some specified age (Fig. 1D). For example, hunter-gatherers at
age 30 have the same probability of death as present-day Japanese
at the age of 72: hence the age of a person in Japan that is
equivalent to a 30-y-old hunter-gatherer is 72. In other words,
compared with the evolutionary pattern, 72 is the new 30. Fur-
thermore, the annual probability of death for a 15-y-old wild
chimp (about 4.7%) is experienced by an average hunter-gatherer
at the much later age of 63. In contrast, the annual probability of
death for a 15-y-old hunter-gatherer is 1.3%; Swedes reach this
probability of death at age 69.

Comparing the lowest annual probabilities of death reveals
variation in the best age experienced by a population with respect
to mortality, and tracking it through time reveals how recent the
major reductions in death rate occurred (Fig. 2). Progress in mor-
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Fig. 2. Probability of death at the age when this probability is lowest. For
humans, this generally occurs at ages from about 9 to 15, but note that
mortality tends to change fairly little from about 10 to 30 or 35. For chim-
panzees, the minimum mortality here is at age 9. France, Sweden, and Japan
show similar trajectories. France and Sweden begin to achieve major
reductions in the lowest level of mortality at roughly the same time, just
before 1900. The solid black line is for the average hunter-gatherer and is
bracketed by a pair of dotted lines representing uncertainty around the
minimum probability of death, which we estimate as the highest individual
value (the Hiwi) and the lowest (the Agta) from the populations represented
in the average curve.

tality reduction below the evolutionary norm began to accelerate
about 1900. Until the late 1800s, the world’s lowest mortality
populations were not far below the observed range of variation for
hunter-gatherers around the prime of life (when mortality is low-
est), yet a greater than species-level jump in mortality reduction has
been made since. Overall, the bulk of this larger gap in mortality
between the longest-living populations and hunter-gatherers oc-
curred during the past century. The smaller gap between the
evolved human mortality profile and chimpanzees developed over
the vastly longer period of about 6.6 million years (14), since the
split from a common ancestor with chimpanzees. In gross com-
parative terms, this means that during evolution from a chimp-like
ancestor to anatomically modern humans, mortality levels once
typical of prime-of-life individuals were pushed back to later ages at
the rate of a decade every 1.3 millions years, but the mortality levels
typical of a 15-y-old in 1900 became typical of individuals a decade
older about every 30 y since 1900.

Reductions in age-specific human mortality over the past few
generations can be compared, albeit cautiously, with experimental
reductions in laboratory species. Although longevity can be defined
by various metrics, we compare humans to laboratory organisms
using percentage increase in mean life expectancy at birth (or from
eclosion in the case of insects) simply because this is most readily
attainable from the literature on laboratory organisms.

Fruit fly selection experiments achieve significant extensions in
life span by rearing successive generations from eggs laid by old
individuals. In one classic example, mean life span increased by
about 30% in 15 generations (15), for a rate of change of almost
2% per generation, and in another by about 100% in 13 gen-
erations (16), or just over 5% per generation. For human hunter-
gatherers, mean life span at birth is about 31 [ranging from 21 to
37 in several populations (3)]. For Swedes, it was about 32 in
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1800, 52 in 1900, and is 82 today (17). So life expectancy in-
creased by about 165% from hunter-gatherers to modern Swedes
and at a rate of about 12% per generation since 1800.

Some of the most promising directions for understanding the
physiological mechanisms of aging come from experiments with
mutations that affect the endocrine pathway (18, 19). These im-
pressive experiments have extended mean life span in nematode
worms by >100% (19, 20), fruit flies by ~85% (21), and laboratory
mice by ~50% (22). Dietary restriction, which involves sup-
pressing caloric intake of an organism, has extended life span in
nematodes by 100-200%), fruit flies by ~100%, and mice by ~50%
(23). Hence recent human mortality improvement is often greater
than that achieved by manipulated strains of model organisms
relative to the wild type, especially when single mutations or
physiological pathways are manipulated. However, experiments
that simultaneously manipulate multiple pathways in organisms
such as yeast and nematode worms can achieve much greater life
span extensions (23, 24). The majority of laboratory studies where
mammals are the model organism have been done on mice and
yield percentage life span increases less than those gained by
humans (23).

Discussion

Examining variation in mortality profiles from a large-scale com-
parative perspective provides insight into the general phenomena of
aging and the shapes of age-specific mortality patterns. From these
basic comparisons, we emphasize three findings. First, we find that
mortality improvement has been very rapid and very recent, expe-
rienced by only the last four generations of humans that have ever
lived (and primarily by those living in wealthy industrialized
nations). Before the late 1800s, even humans in the lowest-mortality
nations were not experiencing mortality much lower than was typ-
ical during most of human evolution. Second, today’s lowest-mor-
tality nations are further from the human pattern of hunter-
gatherers than hunter-gatherers are from chimpanzees. That we
observe more variation among human populations than we see
between species is particularly surprising given how much better
hunter-gatherers survive than even captive chimpanzees (10). Third,
we find that human progress in lowering mortality is on par with or
exceeds that made in the laboratory via various selection and dietary
restriction experiments and endocrine pathway mutations.

Life span improvement in laboratory organisms and humans
has been achieved via entirely different channels. Laboratory
experiments on model organisms often manipulate mutations
that affect specific physiological pathways that are relatively well
understood (18, 25). Generally, these life-extending pathways
derive from adaptations that divert energy from growth to
maintenance at the cellular level (19). Mutations on these path-
ways can lead to dramatic increases in life span (23). In contrast,
the dramatic rise in life span for humans is more complicated and
less well understood, but was perhaps almost entirely due to en-
vironmental improvements (26); the increase in Sweden from
1900 to today was almost certainly not due to genetic change.
Some experiments increase model organism life span by caloric
restriction, which is a type of environmental change, but the hu-
man gains are generally greater than those achieved by such
experiments. It might be hypothesized that some fraction of hu-
man mortality extension comes from selection for late breeders
successively mating together because resource-rich environments
correlate with later age at first birth and longer life span (27).
However, given the speed of the recent mortality revolution and
the fact that it is similar in widely separate nations (e.g., Fig. 2), it
seems highly unlikely that genetic change has played more than
a minor role.

In short, many of the manipulations that make round worms
and fruit flies live longer serve to build a more shock-resistant, or
“better,” organism. Human mortality increase has been largely
achieved by removing environmental shocks, by making injuries
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and illnesses less fatal with medical technology, and by enhanc-
ing health at older ages by improving nutrition and reducing
disease at younger ages, rather than by shifting the distribution of
genotypes or changing fundamental physiological processes to
make the organism more resistant to difficult circumstances.
Reductions in human mortality come from many external sour-
ces, including improved standards of living, education, public
health, sanitation, medicine, housing, and nutrition (28, 29).
These can be thought of as building better environments.

The reductions in human mortality over the past century are
biologically unique. In particular, the rate of mortality reduction,
its occurrence at all ages, and its progressive continued reduction
with time are features that probably only human populations in
wealthy countries have experienced. Certainly the reductions in
mortality are closely linked to the phenomenal rises in access to
resources also typical of low-mortality nations (27). However,
although no other organism has likely experienced the type or
magnitude of environmental improvement that humans have,
there is no a priori reason to suspect that other species are not
capable of similar or greater levels of plasticity. Although the
human life history has many unique features (30), our underlying
biological potential for plasticity in mortality is likely to be shared
with other taxa. That said, there are likely taxonomic differences
in the shapes of mortality profiles (31), the age at lowest mortality,
and the lowest mortality level (if any) that a species can achieve.
Research is needed on identifying what those taxonomic sig-
natures may be.

The environmentally driven plasticity documented here raises
questions about evolutionary theories of aging. Theory suggests
that fitness is most sensitive to change in mortality around the
age of sexual maturity (32). At this age, selection pressure is
highest and should have pushed mortality at maturity to its
lowest possible level. When transfers of resources between kin
are an important factor, as in humans (33), the force of selection
against individuals at the onset of reproduction should be par-
ticularly strong (34, 35). However, the lowest mortality level
achieved by evolution, as revealed by the experience of hunter-
gatherers, was magnitudes above the >200-fold lower levels re-
cently achieved in Japan, Sweden, and other postindustrial so-
cieties. Evolutionary theories of aging posit that the human
genome carries a burden of mutations that are deleterious at
older ages and neutral or perhaps beneficial at younger ages (32,
36). In fact, the lowest mortality achieved in the evolutionarily
typical human experience is now experienced by people in their
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70s and the annual chance of death of a 70-y-old Swede today is
less than a 10th of the chance for hunter-gatherers.

The prediction that late-life mortality is determined by delete-
rious mutations that progressively accumulate as the force of se-
lection declines with age is difficult to reconcile with the finding of
exceptional environmentally driven malleability in mortality at all
ages. What is the underlying explanation for this extraordinary
plasticity? Why does the human genome give humans a license to
drastically reduce mortality by nongenetic change? Are other
species capable of comparable levels of plasticity? For how long
will life expectancy continue to rise and by what means? Placing
the record of human mortality reduction in broad evolutionary
context reveals that we have much to learn about the evolution of
mortality profiles and the processes of aging. Furthermore, fun-
damental research on the determinants of age-specific mortality
patterns and on the malleability of these patterns by environ-
mental as well as genetic change is needed, not only for humans
but also for other primates and for species across the tree of life to
put human mortality patterns into biological perspective.

Materials and Methods

The national data for Sweden, France, and Japan come from the Human
Mortality Database (17). The estimates for hunter-gatherer, acculturated
hunter-gatherer, wild chimpanzee, and captive chimpanzee populations are
from Gurven and Kaplan (3): they fit Siler functions to ethnographically
observed mortality data. We use these Siler fits to generate estimates of the
force of mortality at various ages. We convert the age-specific force of
mortality p(x) to the age-specific probability of death q(x) by g(x) = 1 — exp
(—p(x + 0.5)). The hunter-gatherer and acculturated hunter-gatherer curves
are each aggregations of multiple groups. The hunter-gatherer groups in-
cluded in the Siler fit are the Hadza, Ache Forest, Hiwi, IKung, and Agta. The
acculturated hunter-gatherer groups are the 'Kung from 1963 to 1974, the
Reservation Ache, Northern Territory Aborigines, Hiwi post-1960, Agta tran-
sitional, and Agta peasant (see ref. 3 for details). The demographic data on
Trinidadian slaves are from John (37) and were also analyzed by Levitis and
Lackey (38).

Equivalent age was calculated using the “approx” function in R with the
syntax: approx([hunter-gatherer gx],[vector of ages for interpolation], [gx
data for reference population]), where gx is the annual probability of death
for the population.
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