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NOTES AND COMMENTARY

Evolutionary Perspectives
on Human Senescence

BRUCE A. CARNES
S. JAY OLSHANSKY

For THE 100,000 YEARS THAT HUMANS have inhabited the earth, intense
mortality selection pressures have produced a consistent long-term pattern of
high unstable death rates that resulted in very high attrition at younger ages.
Historically, only a small but robust subgroup of the human population has been
able to survive into older ages. This persistent pattern of mortality was abruptly
changed early in the twentieth century when marked reductions in infant, child,
and maternal death rates occurred—a product of improved living conditions
and medical technology. More recently, unexpected reductions in middle-age
and old-age mortality have been observed in countries with low death rates.
As a result, survival into older ages has become commonplace in the developed
world'—leading scientists to hypothesize about how much lower death rates can
decline and how much higher life expectancy can increase.

To comprehend the importance of recent trends in human longevity, it is
useful to place them in historical perspective. The dramatic transition in the
pattern of human mortality has occurred only within the last one to two hundred
years—a blink of an eye on the evolutionary time scale. As we began to control
the high unstable death rates present at younger ages, the prevailing forces of
natural selection operating on our species were profoundly altered. The subse-
quent combination of stable low mortality and lagging high fertility led to rapid
population growth, as predicted by Malthus. A less recognized but perhaps more
important demographic change also began at this time—a transformation of the
human age structure from a pyramidal form that existed for at least 100,000
years to a rectilinear form, or old-age structure (Olshansky, Carnes, and Cassel,
1993a). Thus, changes in the demographic profile of our species are already
having a profound impact on many aspects of human society, not the least of
which is the financial stability of age-based entitlement programs.
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In this note we introduce some of the basic elements of evolutionary
theories of senescence in an attempt to familiarize researchers outside the
biological sciences with these important concepts. Indeed, we contend that the
evolutionary model of senescence can provide a theoretical framework for
demographers in their development or evaluation of models of human mortality.

A biodemographic paradigm

The fields of biogerontology and molecular biology are replete with empirical
studies describing the physiological and morphological changes that occur in
living organisms with the passage of time (see Arking, 1991; Shock, 1983).
Evolutionary biologists have proposed theories to address the most basic ques-
tions of why senescence occurs. Most of the information generated by these
disciplines has not been incorporated into basic demographic models of human
mortality and senescence, nor has this information been considered when
demographers forecast mortality. Instead, demographic approaches to modeling
and forecasting mortality typically rely on short-term trends in death statistics,’
assuming that the future will be some variation of recently observed historical
trends (for example, see Bell, Wade, and Goss, 1992; Day, 1992).

The field of demography has been a leader in the development of sophisti-
cated quantitative methods for manipulating mortality data. However, demogra-
phers typically do not receive training in the basic biology of the organism upon
which their mathematical models are applied—humans. We contend that the
study of human senescence and mortality, and in particular the issue of
forecasting longevity, is an exemplar of a scientific endeavor that requires an
interdisciplinary approach. Specifically, we argue in this note that demographic
estimates of future human longevity should be considered within the context of
the basic biology of the organism and the historical forces that have shaped the
evolution (and survival) of our species (Weiss, 1990). Further, scientists involved
in forecasting should recognize that recent trends in human mortality represent a
dramatic departure from the patterns of mortality that must have existed for the
past 100,000 years.

The terminology of evolutionary biology is quite different from that of
demography. For this reason we provide the following definitions.

Natural selection is the primary mechanism through which evolution
occurs. It is characterized by differences in the survival and reproductive success
of individuals with different genetic (heritable) traits.

Fitness is the quantification of an individual’s genetic contribution (repro-
ductive success) to subsequent generations relative to other individuals in the
population.

Pleiotropy is the phenomenon of genes either being involved in more than
one biological process, or having different effects when expressed at different
times in the life cycle.
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Soma are the cells of an organism other than those involved in reproduc-
tion. Somatic cells are distinguished from germ cells (gametes) which include
only sperm, eggs, and their progenitors.

Life history strategy is the collection of physical attributes and behavioral
characteristics that delineates a species’ response to its environment. A life history
strategy for a species is largely fixed and includes such characteristics as fecun-
dity, length of reproductive period, gestation period, rate of development, and
parental care. For example, the life history strategy of humans includes a high
parental investment in raising offspring, a developmental strategy (and support-
ing physiology) that leads to maturation in the second decade of life, and
relatively fixed ages at menarche and menopause.

Reproductive period is a portion of time within the lifespan of a species that
includes reproduction, childrearing, and for some species a time frame during
which parents contribute to the reproductive success of their offspring.

Senescence is the time-dependent accumulation of damage at the molecular
level that begins at fertilization and is eventually expressed as nonspecific
vulnerability, impaired function, disease, and ultimately death. The rate of
senescence is influenced by a combination of stochastic events, genetic makeup,
cell type, personal behaviors, and environment. Senescence may be viewed most
easily as the passage of biological time.

Aging is the passage of chronological time. This definition is included only
to distinguish between chronological aging and senescence (or biological aging).
Henceforth, in referring to the latter concept, we use the term senescence.

Evolutionary theories of senescence

Theories that have addressed the question of why senescence occurs were
formulated by evolutionary biologists in the early part of the twentieth century
and have been empirically tested only within the last quarter-century. Unlike
molecular biology, in which numerous theories about the mechanisms of
senescence have been formulated (Dice, 1993; Hayflick, 1985; Medvedev,
1990), evolutionary biology has one main hypothesis, with variations on a
central theme.” One of the basic concepts—referred to as ‘“‘antagonistic
pleiotropy”” (1930) and Haldane (1941),
formulated more clearly by Medawar (1946, 1952) and Williams (1957), and
empirically tested by Hamilton (1966), Charlesworth (1980), and Rose (1982),
among others. The “disposable soma’” theory of senescence, originally formu-
lated by Kirkwood (1977, 1981) and Kirkwood and Holliday (1979), represents
an extension of antagonistic pleiotropy.

An understanding of the evolutionary model of senescence first requires an
appreciation of the key ingredients of any evolutionary argument. Foremost
among these is the identification of the most basic unit of evolution—the gene.
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Individuals exist for only a short time: the gene is the one irreducible unit of
biologic information that has the capacity to be immortal. Even the unique
arrangement of genes on the chromosome of an individual is not preserved when
gametes (eggs and sperm) are produced.

We can now ask how genes persist through time. For brief periods,
assemblages of genes maintain residence within individual organisms—
individuals with finite lifespans. Only through reproduction are genes able to
escape the limitations imposed by the finite lifespans of individuals. The variety of
potential solutions (strategies) employed by organisms to solve the problem of
reproduction is reflected by the incredible diversity of life on earth. In this note,
however, we restrict our discussion to sexually reproducing organisms.

Species are populations of individuals with the capacity to interbreed and
produce viable offspring. All species, past and present, can be thought of as
experiments in the propagation of genes through time (Dawkins, 1976). Each
species is a unique lifeform with a matrix of adaptive strategies employed by
members of the species to survive long enough in a hostile world to reproduce
successfully. Nature’s penalty for an unsuccessful life history strategy is the
extinction of the species.

Despite the diversity of life on earth, a few common themes emerge when
the life history strategies of species are compared. The critical point in the present
context is that reproduction invariably occurs early in the life cycle of all sexually
reproducing species. Early reproduction is a common strategy because a ubiqui-
tous component of the environment must have been the presence of exogenous
(i.e., nonsenescent) mortality. Apparently, individuals that reached sexual matu-
rity earlier had a greater likelihood of surviving to reproduce than individuals
reaching sexual maturity later. Natural selection must have favored a shift
toward earlier sexual maturity until an evolutionarily stable strategy was reached
between the benefits of early reproduction and the costs associated with acceler-
ated development. At the point of equilibrium the life history of a species is set
and the genetic link between reproduction and senescence is fixed in the
genome. For humans, the point of equilibrium is characterized by a concentra-
tion of fertility in the second and third decades of life. This reproductive strategy
represents a legacy of our response to environmental conditions that must have
existed at the time the human species arose.

The concentration of reproduction early in the life cycle strongly suggests
that extremely high mortality at younger ages has been a common demographic
characteristic among all forms of life. As such, survival into older ages has been
an improbable event limited to a small fraction of the population. The combina-
tion of high attrition at younger ages and a low probability of survival to even
modest ages explains why senescence is such a rare event in nature.

Our progression of logic from the immortality of genes to the evolution of
reproductive strategies was intended to lay the biological foundation for the
following discussion of theories of why senescence arose.
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Antagonistic pleiotropy

Antagonistic pleiotropy is a theory of senescence with roots in evolutionary
theory. This theory depends on the proposition that the intensity of natural
selection declines with age. The logic behind this proposition requires clarifica-
tion.

Evolution, in its simplest form, means changes in the genetic composition
of a population (gene pool) through time. In the collective sense, the ability of a
specific gene to persist in a population through time depends on the reproductive
success of the individuals who possess the gene. In sexually reproducing species,
every individual carries a unique assemblage (genotype) of the available genes in
the population. The gene pool of the population changes through the differential
survival and reproductive success of genetically different individuals. The arbiter
of reproductive success is natural selection. However, from an evolutionary
perspective, the time before the reproductive period ends is the only opportunity
for natural selection to alter gene frequencies. Differential mortality occurring
after the reproductive period can have no effect on the genetic composition of
subsequent generations. Thus, the force (effectiveness) of natural selection is
strongest before reproduction begins, diminishes as the cumulative reproductive
potential of individuals is achieved, and is weak or nonexistent after the
reproductive period ends.

If survival beyond the reproductive ages is required for senescence to be
expressed and if one accepts the role and effectiveness of natural selection in the
process of evolution, then it is hard to imagine how senescence could be an
evolved element of any life history strategy. Instead, it must have arisen as a by-
product of selection operating on something else—such as fertility. According to
Medawar (1952) and Kirkwood and Rose (1991: 16), senescence might have
arisen indirectly through the accumulation of deleterious mutations that act only
later in life (especially after reproduction), when the force of natural selection is
either weak or nonexistent.

Williams (1957) postulated that some genes designed to enhance repro-
ductive success early in life could have deleterious effects later in life if the somatic
environment changes—hence the origin of antagonistic pleiotropy. Since the
force of natural selection must decline once reproduction begins, a gene confer-
ring reproductive advantages early in life could proliferate in the population even
ifit had a deleterious effect after the reproductive period. This apparent contradic-
tion occurs because natural selection alters gene frequencies through differential
reproduction, and must, therefore, be blind to differential mortality occurring
after reproduction has been accomplished. Hence, genes whose deleterious
effects are expressed late in life could accumulate in the gene pool because of their
beneficial effects early in life.

Under this theory, many of the genes involved with growth and develop-
ment early in life could be indirectly responsible for the phenomenon we call



798 HUMAN SENESCENCE

senescence late in life. For example, the genes associated with Huntington’s
Disease and the growing list of genes implicated in cancer (oncogenes) may have
accumulated in the human genome because their deleterious effects only arise
after the reproductive period, when natural selection is weak or nonexistent.
Senescence is probably a multigenic process that is intimately tied to the basic
developmental characteristics of a species, and whose expression arose indirectly
as a by-product of natural selection operating to enhance reproductive fitness. It
is important to emphasize that to observe the deleterious consequences of the
expression of these late-acting genes, survival into older ages is required.

The epidemiologic transition of the twentieth century has created an
opportunity to observe whether the evolutionary theory of senescence applies to
humans. As predicted from evolutionary theory, for survivors beyond the
reproductive period there has been a proliferation of what we now call the fatal
and nonfatal degenerative diseases of senescence. Age-related changes in body
composition, physiological function, disease expression, and ultimately death
may be the inadvertent consequence of the deleterious effects of genes expressed
late in life.* What we call senescence may simply be the inevitable biological
consequence of survival beyond the reproductive period. Other mechanisms
have also been proposed to augment and extend the concept of antagonistic
pleiotropy.

Disposable soma

One such extension, the disposable soma theory, has roots in physiological
ecology. Kirkwood (1992: 1192S) maintains that there is no programmed
senescence, but neither is there an active genetic program for immortality. In
short, organisms have evolved varying physiological defense, maintenance, and
repair mechanisms that work only efficiently enough to ensure evolutionary
fitness. Once reproduction is achieved (possibly including a period of parental
care for some species), the soma is ““disposable.”” Since there is no need for a
perfect mechanism for somatic maintenance, under this theory senescence is
inevitable.

Senescence results from a conflict between the necessary allocation of
energy to maximize reproductive fitness and the energy investment required to
maintain the soma. An investment of resources sufficient to ensure immortality
could only be achieved at the expense of reproductive success and, thus,
evolutionary fitness. Not only would this be difficult to achieve, it is also not
necessary to ensure the continuity of the germ line and thus the survival of the
species. An optimum strategy for allocating energy resources is one that permits
the organism to live only long enough to ensure reproductive success. The push
toward maximizing evolutionary fitness inadvertently results in the progressive
accumulation of unrepaired somatic damage, which translates into what we
observe as senescence (Kirkwood and Rose, 1991: 17). While the nature of the
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differential allocation of energy resources between reproduction and somatic
maintenance is the focus of the disposable soma theory, the actual molecular
mechanisms involved remain poorly understood.

The variety of potential investment strategies for somatic maintenance and
reproduction is reflected in the nearly endless array of mortality patterns
observed for organisms living in the wild. For organisms living in artificial
environments where predation is eliminated and infectious and parasitic diseases
are controlled, mortality patterns associated with senescence reflect the species-
specific reserve capacity for post-reproductive somatic maintenance, repair, and
therefore survival.’ Different species would be expected to have unique lifespans
based on their allocation of resources between somatic maintenance and
reproduction—allocation strategies representing responses to environmental
conditions that prevailed when each species arose. Life history strategies are a
legacy of the evolutionary process itself, moulding the basic biology and pattern
of senescence for every species, including Homo sapiens (Hamilton, 1966).

Gene disregulation

Antagonistic pleiotropy and the disposable soma theory can be linked through
what Cutler and Semsei (1989) called the disdifferentiative hypothesis of
““aging”’—an effort on their part to use gene disregulation as a mechanistic link
between cancer and senescence. A potential relationship between cancer and
senescence is relevant because statistical models have been proposed to examine
how anticipated medical advances against cancer (and other diseases that are
prevalent in older ages) might influence life expectancy (Chiang, 1968). The
hypothesized mechanism for both cancer and senescence is the time-dependent
and stochastically influenced disregulation of genes.

Gene disregulation can also be used to link the antagonistic pleiotropy and
disposable soma theories into a potentially unified concept of disease and
senescence. The logic is as follows. Gene expression is carefully regulated and the
products of gene action are typically involved in multiple, often interacting,
processes (pleiotropy). Further, the normal regulation of gene activity can be
disrupted by the gradual accumulation of random damage that occurs through
the inevitable passage of time. Because of pleiotropy, a cascade of deleterious
consequences may follow when the regulated state of genes is disrupted. The
severity of the consequences will depend on how critical the affected processes
are at the time of disregulation and on the ability of the organism either to
compensate for or to repair the damage.

Under this paradigm, when the damage involves the regulation of cell
growth or differentiation, cancer results. In other cases, the gene product itself
may be unaffected but the appropriate temporal expression of the gene may
become disregulated. For example, a gene whose activity was absolutely essen-
tial early in life may be expressed inappropriately later in life with resulting
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deleterious effects (i.e., antagonistic pleiotropy). Senescence occurs when the
repair and maintenance functions of cells are impaired, leading to a gradual
degradation of physiologic function with time (i.e., disposable soma). The source
of the damage leading to gene disregulation can be either internal (endogenous)
or external (exogenous). For example, endogenous damage could arise when
inadvertent errors occur during the transcription, replication, or translation of
DNA. Potential sources of exogenous damage include chemicals in the environ-
ment (natural or manmade) and natural radiation (solar radiation; radioactivity
in soil).

Radiation-induced damage is relevant because of its potential link to both
cancer and senescence. Radiation has always been a ubiquitous component of
the environment, and when radioactive particles interact with water and other
molecules, destructive compounds known as free radicals are produced. Since 80
percent of living matter is composed of water, free radicals represent a compo-
nent of the cellular environment that has been present since the beginning of life
on earth. The biological importance of these highly reactive compounds that are
produced through many mechanisms (principally normal metabolism) is re-
flected in the fact that virtually all living organisms have evolved the ability to
either scavenge for or repair the damage caused by free radicals. Damage caused
by free radicals has been linked to cancer as well as other disorders associated
with senescence (Harmon, 1981, 1992). The time-dependent loss of gene
regulation, including maintenance and repair, may represent one mechanism by
which the damage produced by free radicals brings forth a cascade of changes in
living organisms that we generally identify as senescence.

A biologically defensible linkage can be made between the time-dependent
accumulation of somatic damage, the deleterious effects of free radicals, molecu-
lar mechanisms for disease, and theories of senescence. The common thread is
the argument that disease and senescence may be the inadvertent results of
deleterious pleiotropic effects caused by gene disregulation. In turn, the dis-
regulation of genes may be the product of an organism'’s sacrifice of somatic
maintenance for investment in reproduction. This tradeoff leads to an inevitable
degradation of maintenance and repair mechanisms that mediate the accumu-
lated damage to genetic information caused by, among other things, free radicals.
It is suggested here that some of the theories of senescence could be combined
such that the damage caused by free radicals is viewed as simply one modality for
gene disregulation, and gene disregulation serves as a mechanism through which
pleiotropic effects cause senescence.

The stochastic (or random) nature of the breakdown in gene regulation
should be clarified. The insults that can lead to genomic damage are neither
directed toward specific gene targets nor restricted to specified periods of the
lifespan. While the insults themselves may be stochastic, recent evidence suggests
that there may be regions of the genome that are inherently unstable and,
therefore, more susceptible to mutation that may lead to the disruption of gene
regulation (Boulikas, 1992; Lindahl, 1993). It also appears that some types of
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damage to segments of DNA (genes) undergoing active transcription are prefer-
entially repaired (Boulikas, 1992). Thus, while the insults may be stochastic, the
cellular response of the organism is anything but random.

If genes currently active are preferentially repaired, this implies that
nonactive genes may accumulate unrepaired genomic changes over time. Alter-
ations to genes not being expressed may be of little importance, while changes to
sequences of DNA that control gene expression (regulatory genes) may be
critical. For example, even the inappropriate temporal expression of a normal
gene through loss of regulation could have severe consequences. It may be no
accident that most oncogenes have been linked to regulatory functions (e.g., cell
growth, differentiation)—processes critical during early growth and develop-
ment (Brugge et al., 1991). The inherent parsimony of DNA repair processes is
consistent with the tradeoff between somatic maintenance and reproduction
predicted by the disposable soma theory.

When accumulated damage occurs in somatic cells, disease or senescence,
or both, may occur. Damage to the germ cells (eggs and sperm) ranges from
causing immediate cell death to leaving viable gametes capable of passing on the
genetic changes to the next generation. The division between somatic and germ
cells is not mutually exclusive, in that propensities toward disease and competen-
cy of somatic maintenance and repair are probably heritable.

Although there may be a biological clock that begins ticking when the
sperm fertilizes the egg, it is likely to be driven by the inevitable passage of time
rather than predetermined by a date of death encoded in the genes. These
observations suggest that it may be only a matter of time before it becomes
possible to manipulate disease processes at the molecular level and intervene to
alter the rate of senescence and thus the average lifespan of a species. Just how far
the average lifespan of a species might be extended by altering the rate of
senescence through genetic intervention (directly through genetic engineering or
indirectly with pharmaceuticals) is the subject of much speculation and debate.
According to the theories presented here, the genetic manipulation of a species to
favor extreme longevity may require altering a substantial portion of the
genome—a genome that evolved to enhance reproductive fitness through
accelerated development, with senescence resulting only as an inadvertent
consequence of extended survival. Because gene effects are often pleiotropic and
gene expression is carefully regulated, manipulating the genome to favor a single
trait such as increased longevity could easily generate adverse secondary conse-
quences. The physiological, morphological, and behavioral ramifications of
manipulating the normal expression of the human genome are currently un-
known.

The evolutionary paradigm applied to humans

If the evolutionary model of senescence is correct, one would predict that natural
selection would have favored somatic maintenance and repair mechanisms in
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humans that remain operative at a high level of efficiency for approximately the
first 3040 years of life (Cutler, 1985). This time frame corresponds to the
probable life expectancy for the majority of our existence as a species, but more
importantly it reflects the biological response to environmental forces that were
present when our species first arose. With reproduction likely to have been
concentrated in the second and third decades of life, 30—40 years also represents a
time frame for humans when our ancestors could have been grandparents (i.e.,
when the reproductive success of offspring would have been determined).
Beyond this age range, the force of natural selection should decline, additional
gains in fitness should be minimal, and the increase in senescent-related
mortality should become evident.®

In fact, despite rapid declines in mortality during the twentieth century, the
death rate for humans has doubled every eight to nine years beginning in the
second decade of life (Finch, 1990: 15).” The presence and intransigence of
mortality rate doubling times (MRDT) has also been observed in other species
(Finch, 1990). While it may be possible through medical technology to modify
the MRDT for subgroups of the population, it is also possible that an unyielding
MRDT represents a fundamental demographic characteristic of our species.®

The evolutionary arguments suggest that senescence is inevitable for any
sexually reproducing species. Dramatic declines in age-specific mortality over the
last century are a tribute to the progress humans have made toward controlling
the extrinsic forces that act on our species. As survival continues to extend
beyond the period of reproduction, however, opportunities for further declines
in mortality should diminish as the intrinsic mortality associated with the
inevitable accumulation of damage to maintenance and repair mechanisms is
revealed. Under this logic, further extensions of survival should, at some point, be
associated with a never-ending and progressively more difficult battle against the
disorders of senescence. This represents a biologically based law of diminishing
returns.

At the population level, when death rates at younger and middle ages have
declined to levels that permit most of the population to survive into older ages (as
is already the case in low-mortality countries), mortality declines and gains in life
expectancy should begin to decelerate—a well-documented phenomenon
known as entropy in the life table (Horiuchi, 1989; Keyfitz, 1985; Lee and Carter,
1992; Olshansky, Carnes, and Cassel, 1990). Under these conditions, the age
structure of a stationary population will become rectilinear for the first time, and
the combined effect of population aging and extended survival into older ages
could result in rapid increases in the prevalence of morbidity and disability—and
possibly even increases in their rate of occurrence (for example, see Crimmins,
Saito, and Ingegneri, 1989; Olshansky et al., 1991; Robine et al., 1991; Ver-
brugge, 1984). These trends may also be accompanied by a simultaneous
increase in the frequency of transitions to improved health status by others who
survive to older ages (Rogers, Rogers, and Belanger, 1990).
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Although an evolved genetic program for senescence and death probably
does not exist, evolutionary theories imply that effective bounds on longevity
exist and are determined by inevitable age-related declines in somatic mainte-
nance and repair. Progress against today’s fatal diseases will probably lead to
further declines in mortality at older ages. However, as each new medical success
or improvement in health status at the population level leads to incremental
increases in survival, evolutionary theory implies that new or infrequently
observed diseases and disorders associated with senescence should replace those
in decline. As long as the fundamental rate of decline in somatic maintenance
remains unaltered, the driving force behind age-related disorders will also
remain unchanged.

Conclusions

The concept of diminishing returns as applied to future life expectancy increases
for humans has been associated with entropy in the life table. Evolutionary
theories of why senescence arose imply that other forces of diminishing returns
might act to limit declines in mortality and gains in life expectancy—the inherent
vulnerability of the genome and the possible accumulation of pleiotropic genes
expressed late in life as lethal and disabling senescent diseases. The legacy of
senescence for every species is determined by the link between reproduction and
senescence that was established by the evolutionary process—a legacy that has
been fixed in the genome. As such, once survival beyond the reproductive period
has been achieved for the majority of the human population, inevitable declines
in physiological mechanisms designed to maintain the soma should result in
diminishing longevity benefits from further modifications to the environment
(such as risk factor modification). Further declines in old-age mortality should
also permit the full expression of the senescent pattern established by the
evolutionary process as a legacy for humans—a legacy that should become more
evident as life expectancy increases.

The evolutionary theories of senescence outlined here do not represent the
full spectrum of thought from this discipline.” We have tried to present key points
of the logic used in these theories for the purpose of introducing these concepts to
scientists outside the field of evolutionary biology. Also missing from this
discussion are the many theories concerning possible mechanisms of senescence
that have arisen from the field of molecular biology. Knowledge at the molecular
level is growing rapidly, but linkages to the predictions made by evolutionary
biologists are few. In subsequent articles we will discuss mechanisms of senes-
cence at the molecular level, examine the demographic implications of evolu-
tionary theories of senescence, and attempt to identify quantitative features of
senescent mortality patterns. The main point here is that theories of why
senescence arose provide demographers and other interested scientists with
what we believe is a useful paradigm both for interpreting historical trends in
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mortality and for predicting mortality and morbidity trends in the future. It is
premature to expect definitive answers to emerge from any single discipline
about the causes or future of human mortality. In fact, we argue that before
reliable quantitative models for predicting human mortality can be developed,
input from several disciplines will be required to characterize the biological
nature of the complex process of dying out.
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1 A majority of the human population
lives in developing countries, where intense
mortality selection pressures still preclude sur-
vival into older ages for most persons. Other
species living in the wild also remain subject to
the intense mortality pressures that have al-
ways been present as a primary force of natu-
ral selection.

2 Because the pattern of human mortal-
ity has not changed much during the 100,000
years that humans have inhabited the earth
(with the exception of about the last 200
years), mortality trends observed during the
past century are considered short-term. How-
ever, most official forecasts of mortality made
by US government agencies have based their
forecasts on trends in mortality observed dur-
ing the 15-20 years preceding the forecasts.

3 Excellent reviews of the evolutionary
theories of senescence have been published by
Kirkwood (1992) and Kirkwood and Rose
(1991).

4 We are not arguing that genes or inap-
propriate gene expression is the sole cause of
disease expression and mortality. Personal be-
haviors and stochastic events throughout the

life cycle can also influence the rate of senes-
cence and therefore disease expression. Un-
answered questions include what the baseline
rate of senescence is and the extent to which
longevity can be influenced by nongenetic
factors once extended survival has been
achieved in a population. It is hypothesized
here that in low-mortality populations where
survival beyond the reproductive period has
been achieved by most persons, the longevity
benefits associated with risk factor modifica-
tion diminish and mortality becomes domi-
nated more by genetic than by environmental
factors.

5 Such underlying cause-of-death pat-
terns may also provide some indication of
what may be expected for humans as we gain
similar control over our environment. In other
mammals raised in controlled environments,
the primary causes of death are cancer and
“cause of death unknown’” (probably multi-
ple organ failure).

6 The age at which the mortality rate
from endogenous causes begins to double for
humans could possibly be extended through
medical technology—a testable hypothesis.
According to evolutionary theories of senes-
cence, however, delaying that age for humans
should become progressively more difficult
with extended survival, eventually reaching a
point of diminishing returns. At that time fur-
ther delays could be achieved only by modify-
ing the genome itself. Identifying the mathe-
matical properties of that age for humans and
its potential modifiability is an example of
how demographers can begin testing evolu-
tionary theories of senescence.

7 The doubling time for endogenous
mortality (MRDT) should be lower than 8-9
years in low-mortality populations. The esti-
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mate of senescent-related MRDTS for humans
is the subject of ongoing research by the au-
thors of this note. Horiuchi (1993) has already
shown that in Japan the MRDT (for all causes
of death) may have remained constant in re-
cent decades at about 6—7 years. Several other
studies have been published on the Gom-
pertzian nature of cause-specific mortality in
humans (Riggs 1990a, 1990b).

8 A recent study of old-age mortality in
low-mortality populations indicates that mor-
tality rates may level off at”very old ages
(Wilmoth, 1993). The MRDT may represent a

805

species-specific mortality signature that ap-
plies only to a heterogeneous population
(Olshansky, Carnes, and Cassel, 1993b). Once
genetic heterogeneity is reduced by earlier
attrition, a different Gompertz (or other) dis-
tribution would be expected to apply to the
remaining survivors. However, declining old-
age mortality could also maintain genetic het-
erogeneity into older ages, thereby extending
the age span for which the MRDT applies.

9 For a list of the theories of aging from
evolutionary and molecular biology see Med-
vedev (1990). Also, see citations in note 3.
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