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Life History Theory and Evolutionary Anthropology

KIM HILL

Life-history theory has been developed in biclogy to explain the variation in timing
of fertility, growth, developmental rates, and death of living organisms, as well as
events directly tied to these parameters. The theory is useful in explaining variations
in age-specific human fertility and mortality patterns, as well as understanding how
the human life course evolved fo patterns so divergent from those that characterize
our close primate relatives. Surprisingly, this same theory can alsc be used to
explain why people often ignore the long-term consequences of behaviors that

produce shorl-term gain.

WHY STUDY LIFE HISTORIES?

Medical professionals and public
health officials are waging a losing
battle to convince Americans to do
what is best for them. Indeed, recent
news reports suggest that doctors do
not even heed their own advice about
diet, exercise, work patterns, and a va-
riety of other topics. The reason is sim-
ple. People are not designed to
maximize their life span or to place
their own longevity above all else
when they must make decisions. In-
stead, we, like all other organisms
with separate somatic and germ-cell
lines, are designed by natural selection
to die. In biological terms, people
should be quite willing to sacrifice sur-
vival for important reproductive gains
because we, like all other organisms,
face tradeoffs between fertility, mor-
tality, and the mortality of our off-
spring. Particular solutions to these
tradeoffs will result in a higher contri-
bution to the gene pool through time.
Thus, the human biological machin-
ery assigns priorities in a way that
does not emphasize maximum longev-
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ity, a fact that has not been appreci-
ated by the human biologists, public

- health specialists, social scientists,

and members of the medical estab-
lishment who are in the business of
telling us what is best for us. Instead,
these specialists have concentrated
ever more closely on the molecular
and physiological mechanisms that
lead to death and on environmental
conditions that constitute hazards.
These emphases have been based on
the belief that documenting the fac-
tors that decrease longevity will be suf-
ficient to motivate people to avoid
them, thereby decreasing mortality

rates. The problem with this logic is .

that people expose themselves to mor-
tality and morbidity hazards every day
in the course of doing what they are
designed to do—propagate their
genes. Identifying health hazards
alone, without studying the priorities
that govern human decisions, will not
affect the mortality rate of individuals
who willingly and knowingly incur
such risks.

Imagine giving advice to parents
faced with the decision of whether or
not to enter a burning building to save
their own children. Even though sav-
ing their children would entail the risk
of death, the parents would be likely
to take that risk, ignoring the advice of
anyone who told them to think only of
their own survival. In an analogous
situation, public health officials confi-
dently advise Americans to change
their diets and lifestyles, armed only
with the knowledge that particular be-

haviors are associated with shorter
life spans. These same health officials
are at a complete loss to understand .
why the public so often ignores their

_advice. Whether there are short-term

benefits associated with high salt and
lipid diets, low fiber intake,; smoking
and drug use, unsafe sex, or type A
personalities and lifestyles, etc., that
are sufficient to outweigh the long
term cost of such behaviors to indi-
viduals who adopt them has appar-
ently never been considered by the
public health establishment let alone
been measured and evaluated care-
fully We know that people with type A
personalities who work hard generally
receive economic benefit despite the
fact that they may die young. Smokers
claim that they perform better under
stress; coffee drinkers believe they
have more pep at the beginning and
end of the day. High-salt diets may
turn out to improve physical or men-
tal performance. Recent data suggest
that cholesterol may help combat de-
pression.! The realization that people
may ignore health advice because they
are willing to sacrifice long-term .
health in order to gain short-term ad-
vantage has led to the search for a the-
ory about such tradeoffs. Such a
theory now exists. It comes from ob-
servations about life cycles of living
organisms and their variation.
Among different species, the timing
of life-course events such as giving
birth and dying can seem curious and
strange, almost arbitrary. This is both-
ersome to biologists, who recognize
that phenotypic traits generally have
specific functions and that life-course
events such as survival and reproduc-
tion, being direct components of fit-
ness, should be subject to strong
natural selection. Comparisons both
across and within species seem puz-
zling. Consider our own nearest phy-
logenetic relative, the chimpanzee.
Generally, human hunter-gatherers
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are only slightly larger than wild chim-
panzees, yet have an adult lifespan
from maturity to death that is almost
four times as long. For example, the
average adult lifespan beyond sexual
maturity for Ache hunter-gatherers is
about 42 years, as compared to about
14 years for Pan troglodytes ** Because
survival should be strongly favored by
natural selection and body size is gen-
erally associated with longevity, why
do humans have such a long lifespan
compared to other mammals of their
size? Even more strangely, despite the
fact that humans live longer, human
females in natural fertility popula-
tions reproduce at a much faster rate
than wild chimpanzees do. The aver-
" age interbirth interval between surviv-
ing offspring among hunter-gatherers
ranges from about 30 to 45 months,
considerably less than the 60-month
interbirth interval of wild chimpan-
zees.

Other comparisons with our closest
phylogenetic relative are also puz-
zling. Chimpanzees and traditional
humans grow at almost exactly the
same rates during childhood, but
chimpanzees stop growing and start
reproducing about four years earlier
than humans. As a result, they are
slightly smaller as adults. Human fe-
males spend about half their adult
lives in a post-reproductive phase,
whereas chimpanzees and other pri-
mates generally reproduce through-
out their entire lives, with, perhaps, a

short period of secondary sterility dur-

ing advanced old age. How could such
an enormous divergence of life cycle
take place during the short evolution-
ary period that has separated the two
genera and, more importantly, what
are the ultimate causes of these differ-
ences?

Comparisons within the human
species across populations are equally
intriguing. Recent improvements in
nutrition in developed countries have
led to changes in timing of the life
course. Girls in well-nourished popu-
lations grow faster and reach sexual
maturity at an earlier age, but also
achieve a larger adult body size than
do girls raised under poor nutritional
conditions. In the same populations,
however, there is little evidence, if any,
of a change in the age of menopause.
Although medical advances, along

with improvements in nutrition and
sanitation, have drastically reduced
infant, child, and adult mortality rates
in modern societies, the absolute
lifespan has not significantly in-
creased. In the past, some individuals

lived to be a hundred years old; today,’

few people survive much beyond a
century.

Important differences in life-course
trajectory can be seen within single so-
cieties such as our own. In the United

...the human biological
machinery assigns
priorities in a way that
does not emphasize
maximum longevity, a
fact that has not been
appreciated by the
human biologists,
public health
specidalists, social
scientists, and members
of the medical
establishment who are
in the business of telling
us what is best for us.

States, women living in i)oor areas, in-
ner city neighborhoods, rural coun-
ties, and Native American reservations
generally begin reproduction in their
mid-teen years. Women in the upper-
middle class reach menarche at an
early age, but choose to delay child-
birth, often until they are well into
their third decade, after more than
half of their reproductive span has
passed, .

All these observations may seem un-
related. After all, what can the matu-
ration rate of apes and other primates
tell us about why modern college-edu-
cated women are using birth control
to delay their reproduction for two
decades after they have reached sexual
maturation? What can the maturatior.
rates tell us about why Americans con-
tinue to eat high-salt, high-fat diets
against the advice of their doctors?

What unites these and many other ap-
parently unrelated observations is
that all have to do with the timing of
important biological events. Thus,
they fall within the range of a new, rap-
idly developing, and comprehensive
biological theory about the timing and
significance of life-course events. This
theory attempts to explain why, de-
spite initially puzzling variations, cer-
tain patterns or sets of traits can be
seen as evolving in systematic and pre-
dictable ways within and between spe-
cies. These evolved life histories may
ultimately provide the key to under-
standing why humans often fail to
avoid behaviors that can have long-
term negative consequences.

LIFE HISTORY THEORY

A developmental biologist, J.T. Bon-
ner* noted that the ultimate descrip-
tion of an organism is not just a
description of its adult phase, but that
of its life cycle. Life history consists of
age-specific schedules of mortality
and fecundity, as well as traits that are
either directly the result of these
schedules (such aslife span and age at
first reproduction) or that are directly
connected to them (such as growth,
body size, and developmental trajec-
tory). Thus, the life history of an or-

ganism can be thought of as a

complete description of that organ-
ism. The study of life-history evolu-
tion is the analysis of the evolution of
fitness components. With such a
grand view, it is not surprising that

- life-history theory is complex and still

underdeveloped as compared to areas
of evolutionary biology such as forag-
ing theory or sex allocation theory.
Nevertheless, a considerable amount
is known about the way that life-his-
tory traits correlate with each other
and are constrained into possible sets
of relationships that are repeatedly
observed regardless of an organism'’s
phylogenetic affiliation. The condi-
tions that lead to the tremendous di-
versity of observed life histories have
been investigated in increasing detail
during the past ten to fifteen years.>”

The basic tenet of life-history the-
orv, which logicallv flows from the
laws of thermodyvnamics, is the prin-
ciple of allocation, which states that
energy used for one purpose cannot be
used for another. As organisms pro-
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ceed through their life cycle, they har-
vest energy from the environment and
invest it in various life functions. De-
cisions about how to invest energy are
made at the molecular, physiological,
and behavioral levels. In general, we
should expect natural selection to re-
sult in optimal allocation patterns,
given relevant constraints. These pat-
terns result in the life history of an or-
ganism. Natural selection can be
expected to result in genetically
evolved life histories that, subject to
‘genetic and ontogenetic constraints,
lead to higher fitness than would other
feasible alternatives. Selection can
also result in the ability to adjust life
history traits facultatively in ways that
are adaptive to a wide variety of cir-
cumstances. Both types of life-history
predictions have been extensively ex-
amined in organisms ranging from
plants and invertebrates to mammals.

Energy harvested during the life cy-
cle can be used for maintenance and
repair of the soma, growth, storage, or
reproduction. Because energy used
for one purpose cannot be used for an-
other purpose, living organisms face a
series of tradeoffs through time. The
two most fundamental tradeoffs,
which are at the center of all life-his-
tory theory, are those between current
and future reproduction and between
the number and fitness of offspring.
Tradeoffs in life-history traits may be
the result of facultative decisions or
may have a strong genetic basis. In-
deed, gene expression can result in a
structure that takes energy not only to
build, but also to maintain, and may
preclude the efficient expression of
other structural or behavioral traits
later in life. Often, organisms pay high
energy costs in order to escape the
constraints of this “genetically ex-
pressed pleiotropy” through the evolu-
tion of complex life cycles that include
one or more metamorphic events.? In
those events, structures are resorbed,
after which they no longer require en-
ergv and constrain developmental ex-
pression. In theory, most, if not all,
genetic tradeoffs could be avoided if
the benefits of somatic reorganiza-
tien, including organic resorption and
resyvnthesis, outweighed the costs. In
practice, however, genetic tradeoffs
are likely tobe common and may often
result in a series of detrimental life-

history traits later in life.

The tradeoff between current and
future reproduction generally has
been referred to as the cost of repro-
duction.? Experimental manipulation
and genetic studies have shown a re-
duction in survival or fertility follow-
ing higher reproductive effort among
many animals.3¢ Such costs are virtu-

The basic tenet of
life-history theotry,
which logically flows
from the laws of
thermodynamics, is the
principle of allocation,
according to which
energy used for one
purpose cannot be
used for another.

ally impossible to measure using natu-
ral variation in a population because
of phenotypic correlations. Such cor-
relations are expected because indi-
viduals who are in better condition
will often show both higher early re-
productive rates and higher sub-
sequent survival or fertility through
time. This means that good measures
of the cost of reproduction require so-
phisticated experimental or genetic
manipulation,'° -

A good estimate of the reproductive
cost function is critical for modeling
optimal life-history trajectories for
any organism under any set of condi-
tions. This raises serious problems for
human biologists. The cost of human
reproduction is difficult to assess be-
cause of the inability to breed selec-
tively for particular traits or to carry
out experimental manipulations of re-
productive effort. Nevertheless, some
natural experiments can provide use-
fu} information when subjects do not
self-select into high and low reproduc-
tive effort groups. Sophisticated mul-
tivariate analvses may also allow us to
use comparative samples and partial
out the effects of phenotypic correla-
tion in order to obtain estimates of the
cost of reproduction.

A useful tool to investigate life-his-
tory traits is the concept of reproduc-

tive value developed by Fisher.!! The
reproductive value of an individual of
age x is its expected number of future
offspring, measured in units of cur-
rently existing offspring. In a growing
population, delaying reproduction re-
duces fitness because each delayed fu-
ture offspring will represent a smaller
proportion of the future population
{Box 1). Thus, each future offspring in
a growing population represents a
smaller proportional contribution to
the gene pool as compared to each
currently existing offspring. Even in a
stationary population, delaying repro-
duction is not advantageous if there is
a large probability that the individual
will not survive to reproduce at a later
age. Thus, it seems that natural selec-
tion should never favor delayed repro-
duction. However, energy not spent in
reproduction at a given age can be
used to increase future reproductive

potential (for example, by growth) or

to increase the likelihood of survival
for subsequent reproduction (e.g., by
storing extrafat). Aslong asthe energy
saved by not reproducing at age x in-
creases future reproductive value by
more than the loss in current fecun-
dity, it pays to delay reproduction
(Box 1). .

The second tradeoff implied by the
principle of allocation is that between
the number and fitness of offspring
produced. With the same reproduc-
tive effort, an individual can produce
many cheap offspring who have a low
chance of surviving and finding a
mate or can produce fewer but higher-
quality offspring having a higher
probability of surviving and higher
potential fertility. This tradeoff, first
explored by Lack,'* was quantitatively
described by Smith and Fretwell.!3 I
extend Smith and Fretwells logic to
include the effects of parental fertility
on the reproductive value, as well as
survivorship of offspring. We can sim-
plify the fertility decision by assuming
that all investment in one reproduc-
tive event is terminated before invest-
ing in the next. If we assume that an
individual is committed to a particu-
lar level of reproductive investrnent
(1) at time x and expends i units of
investment per offspring, then age-
specific fertility (m,) is equal to the to-
tal investment allocated 1o
reproduction divided by investment
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Box 1

The discrete-time definition of reproductive value gener-
ally employed in studies with real data is:

= 1
= 2 iz- 4+ my .
y=x
where V, is reproductive value at age x, m, is fertility at age
X, 1, is survival to age x, and r is the |nstantaneous growth
rate of the population. Offspring born at some future year y
rather than at time x are subject to two forms of discounting.
First, the parent has only probability 1,/1, of surviving from
age x to age J, thus, the expected contribution at time x of
each offspring actually born at time yis correspondingly less
than that for each offspnng born at time x. Second, if r > 0,
the total population size at time y will be greater than that at
time x by the factor e, thereby diiuting a parent's repro-
ductive contribution by that amount relative to producing the
same number of offspring at time x. The exponent also in-
cludes a +1 term so that reproductive value will match the
counting convention of the Leslie Matrix'2 and the Lotka
equation'? in which the sum starts at the flrst age class, and
VU = 1
The right-hand side of the first equation (1) can be broken
down into two components representing present and future

e~ry-x+1) )

V,=m, -’+Z—- m,-ery-x+) )
y= x+l

It is readily apparent that if increasing current tertility (m,)
entails a decrease in survival {1,/1,) or future fertility (m,),
then the optimal value of m, depends on the exact quantita-
tive relationship between current fertility and other compo-
nents in (2). For instance, if r = 0 (a stationary populaticn),
then a decision between increasing m, by an absolute
amount g and decreasing m,1,/1, by an absolute amount ¢
should depend on whether (g—¢) is positive (decide to in-
crease current reproduction) or negative (decide to delay
reproduction to age y).

When r > 0, the costs to future reproduction are devalued
relative to the gains to current reproduction by the same de-
gree that future offspring are devalued relative to offspring
produced now. Thus, in the previous example, if the popula-
tion size at time y was twice that at time x, a decision to delay
reproduction to time y would require the more stringent con-
dition that g — (¢/2) < 0. Thus, natural selection may favor
investment in immediate fitness gains (e.g., early reproduc-
tion) at the expense of later reproductive success either be-
cause mortality rates are high or because population growth

reproduction?:

rates are high.

per offspring, or I¥/i. In a population
that is not growing, fitness obtained
with I units of reproductive invest-
ment will be equal to the product of
the number of offspring produced
times their survival to adulthood
times their reproductive value at
adulthood. For any given level of re-
productive investment, the more off-
spring produced, the lower their
quality must be. Because low-quality
offspring tend to survive less well and
to have lower fertility, each contrib-
utes less to the parent’s long-term ge-
netic representation than would
high-quality offspring. Hence, the
product of these terms, which is the
parent’s expected genetic contribu-
tion, usually is maximized by produc-
ing offspring of intermediate quality
(Box 2). It is important to note that the
optimal investment per offspring does
not depend on the parent's level of re-
productive investment although, of
course, the number of offspring actu-
allv produced does (see Box 2).
Animal experiments have shown
that this tradeoff does, in fact, charac-
terize parental investment deci-
sions.3® However, natural variation in
parental investment per offspring (off-
spring size, clutch size, and interbirth

interval) cannot be used for direct es-
timation of the relationship between
investment and offspring fitness. Par-
ents who have more available re-
sources are likely to produce both
more and higher-quality offspring si-
multaneously, giving rise, again, to the
problem of phenotypic correlations.
However, when parental quality has
been carefully controlled through ma-
nipulation of existing brood size or
controlled feeding, the tradeoff be-
tween offspring number and fitness
has easily been demonstrated. t¢

Thus, in summary, two important
tradeoffs exist in the lifecourse: that
between current reproductive effort
versus future reproduction and that
between the quantity and quality of
offspring. The disaggregated form of
the reproductive value equation
(equation 2) directly shows the cost of
reproduction tradeoff (m, vs. I, and
m,) and includes the offspring number
versus fitness tradeoff embedded in it
as the optimal fertility solution
m?(:m‘*

Time Preference (or
Cost-benefit Discounting)

The first tradeoff in life-history the-
ory, that between current and future

reproduction, leads to an interesting
set of biological problems that in
many ways are analogous to discount-
ing in the economics of interest rate
theory.!” Should an organism take a
small gain now or wait for a larger
gain in the future? Should an organ-
ism take a small cost now to avoid pay-
ing a larger cost later? Intuitively, we
know that this depends on how much
greater the benefit or cost would be at
alater time and on the probability that
the benefit or cost will be realized.

In life-history theory, tradeoffs be-
tween current and future gain are cen-
tral to understanding all aspects of
phenotypic variation. The principle of
allocation implies that all current in-

‘vestment in reproduction will entail a

future cost in survival or fertility.
However, the true impact of future
costs is determined by the extrinsic
mortality curve and the growth rate of
a population. When survival is low, fu-
ture costs are unlikely to be paid by
most individuals, and thus should be
discounted accordingly (Box 1). When
population growth is rapid, future re-
production will contribute a lower
proportion to the gene pool, whereas
currently produced offspring will
themselves contribute to the growing
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Box 2

If total reproductive investment at time x, k is fixed, then
m, = |/i, where | is the investment per individual offspring.
When survival to maturation, S,, and reproductive value at
maturation, Vo, are functions of i, then the optimal fecundity
atage x, m*x = ,/i*, where i*, the optimal offspring investment,
is found by solving (eqn. 4):

d [{ - 84i) - vn(i)]

di 0 )

subject to the condition that the second derivative of this

equationis negative. The solution to equation 4 is (eqn. 5):
_ Sali) - Vall) 5)
Su(l!) ° Va'(i) + S’a.(i) . Va.(l)

i*

Note that the optimal investment per offspring is inde-
pendent of how much parents have to invest (since t does
not enter into the solution for solving i*. If 1,/i* is not an integer
{as real numbers of offspring must be}, the parent may either
produce a slightly larger clutch of slightly sub-optimat size
offspring, or a slightly smaller clutch of optimally sized off-
spring and store the extra energy for later survival or
reproduction. Which option is taken depends on the time-dis-
counting of present versus future reproduction (see Box 1).

gene pool. Thus, current reproduction is
generally worth more in fitness units
than is future reproduction (Box 1).
Most social scientists have not fully
appreciated the importance of this
point with regard to human behavior
outside the economic arena. Its impli-
. cations for medicine, public health,
and public policy are enormous, yet
have barely begun to be explored.!™18
People may be quite willing to engage
in behaviors that provide small imme-
diate benefits even if they are likely to
impose high costs later in their lives
(smoking, drinking, high-salt or high-
fat diets, crime, etc.). Similarly they
may not be willing to incur small costs
in the present in order to avoid much
higher costs later (exercise, educa-
tional investment, conservation of re-
sources, saving, etc.). As biologists, we
can expect natural selection to design
a central nervous system that makes
such decisions. The public policy im-
plications may be depressing, but
should be taken into account. Life-his-
tory theory and the principle of time
preferénce can often make sense of
what seem to be irrational decisions
that involve linked costs and benefits
spread over long periods.

Senescence and the Maximum -
Life Span

Senescence is a progressive in-
crease in age specific mortality even
when conditions for survival are ideal.
Why organisms senesce is an impor-
tant biological question. Recent explo-
ration of this question using
life-history theory has emphasized
that the molecular mechanisms of ag-
ing are part of the question ratherthan

the answer to it.!%2¢ Rates of senes-
cence among mammals vary consider-
ably. Among humans, for example, the
adult mortality rate doubles every
eight years, whereas among mice it
doubles every 120 days.? I previously
suggested that large costs may be in-
curred late in life in exchange for small
fitness gains early in life. This, in es-
sence, is one likely explanation of why
organisms grow old and deteriorate
near the end of the normal adult life
span.2! With a constant mortality rate,
fewer and fewer individuals will live to
a particular age. Deleterious effects
that become manifest at ages when
few individuals are likely to be alive
simply are not under strong negative
selection.?? If the same gene that pro-
duces a small gain in early fitness
leads to the complete collapse of ama-
jor organ system late in life it still may
be favored by selection. Thus antago-

© nistic pleiotropy may lead to physi-

ological deterioration and senescence.

One particularly interesting form of
the “antagonistic pleiotropy” theory of
senescence is called the disposable
soma theory.2? The proponents of the
disposable soma theory point out that
a certain amount of energy must be
dedicated to somatic maintenance
and repair in order for an organism to
survive indefinitely. Without sufficient
repair, molecular and physiological
systems will deteriorate and ulti-
mately become nonfunctional. Kirk-
wood and Rose have developed a
mathematical model of the tradeoff of
energy between maintenance and re-
production.?? They conclude that un-
der conditions common to living
organisms, natural selection will favor

allocating less energy to maintenance
than is necessary for indefinite sur-
vival.2 Thus, many organisms can be
expected to “reproduce themselves to
death” through low somatic mainte-
nance.

These theories suggest that rates of

~ senescence are directly related to the

extrinsic adult mortality rate, or the
rate of death from causes that cannot
be avoided by behavioral or physi-
ological counter-strategies. This
means that organisms having too high
rates of mortality resulting from pre-
dation, accidents, or unavoidable en-
vironmental  factors  should
experience rapid physiological senes-
cence. This prediction is supported by
one recent study on opossums living
on islands (without predators) and on
the mainland in the southeastern
United States.?* o
Current theories of senescence also
invoke a tradeoff between reproduc-
tion and life span as the major reason
why life spans are not infinite. Energy
that could be used to extend the life
span is instead used in reproduction.
This notion, which is consistent with
the cost-of-reproduction tradeoff dis-
cussed earlier, is also supported by
studies showing that selection for lon-
gevity leads to decreased reproductive
function.252¢ In addition, numerous
studies have shown that selection for
increased fertility results in a reduced
life span.!® Indeed, there are cases in
which the act of mating is itself suffi-
cient to decrease survival even when
no offspring are produced.?” It is par-
ticularly interesting to note that ster-
ilized individuals from species as
diverse as fruit flies,?® to cats, and hu-
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mans2%3! have longer life spans than
do animals with intact reproductive
function. Thus, the data support the
view that in order to propagate our
genes at maximal rates we essentially
are designed to die as a result of our
insufficient investment in mecha-
nisms to increase longevity.

Age at Maturity and Adult
Body Size

Models of optimal age at sexual ma-
turity have been among the most suc-
cessful life history models for
predicting actual observed values of a
trait in natural populations.32-37 An
elegant but simple model is that of
Charnov,*> who assumed zero popula-
tion growth and simplified reproduc-
tive wvalue at birth in (wo
components—the probability of sur-
viving to age of first reproduction and
reproductive value at the age of [irst
reproduction—the product of which
defines lifetime reproductive success.
If reproductive value at the age of the
first reproduction increases with age,
an organism is faced with a trade-off
between beginning reproduction at a
lower reproductive value but higher
probability of survival, or waiting un-
til the probability of survival will be
lower but the reproductive value will
be higher.

Thus, organisms face a trade-off be-
tween reproductive value and survi-
vorship and should be selected to
begin reproduction at an age that will
maximize the product of juvenile sur-
vivorship times their reproductive
value at maturity. The optima! age of
maturity is when the proportional
change in reproductive value (which
increases with age) exactly equals the
proportional change in juvenile survi-
vorship {(which decreases with age). If
reproductive value is proportional to
body mass and the minimum (adult)
mortality rate is reached prior to ma-
turity,>¢ this condition is the same as
saying that the weight gain per unit
time divided by body mass at maturity
should be equal to the adult morality
rate. Using allometric relationships
between growth rate and and body
mass, Charnov”3* shows that age at
maturity and other related traits such
as adult life span and fecundinv can be
predicted accurately across mam-
mals. More complicated models that

measure fitness as the intrinsic
growth rate (r) as a function of age at
maturity, and that use the empirical
relationship between body size and re-
productive value have also success-
fully predicted age of maturity in a
variety of plants and animals.5¢
Although all organisms have a
maximum body size that is deter-
mined by the metabolic expenditure
and the energy-harvest functions of
body size, the theory. predicts that
many organisms should stop growth
well before their theoretical asymp-
tote. Moreover, the growth halt may be
quite abrupt if the growth rate is steep
at sexual maturity. Knowing the time
of first reproduction and the growth
function with respect to time also al-
lows prediction of observed adult
body size. Thus, a single model not
only explains age at maturity, but also
mean adult body size, if feeding niche
and growth rates are taken as givens,
There is strong empirical support

for the idea that age at maturity repre-

sents the optimal solution to a tradeol{
between increasing reproducltive
value and decreasing survival. Tempo-
rarily increased mortality rates
around the age of maturity have been
shown Lo lead 1o earlier sexual matur-
ity in organisms ranging from inverte-
brates to .mammals.33? Most
interestingly, several experimental
studies show that animals can react to
indirect cues indicating hazards to
adult mortality by accelerating their
maturation rates.*® For many aquatic
animals, the mere presence of chemi-
cal substances associated with preda-
tors or predatory action is enough to
produce earlier sexual maturity.*
These findings have obvious implica-
tions for the interpretation of data
suggesting that human females mayv
reach sexual maturity at younger ages
under a variety of stressful condi-
tions.*? The theory can also be used to
predict facultative shifts toward early
and late reproduction in modern so-
cieties under conditions of varying
adult mortality. Interestingly, some so-
ciologists** have used this sams logic
(but not based in life-historv theor)
to explain high rates of teenage preg-
nancy in American inner-citv neigh-
borhoods.

The models for age at maturity can
also be used to examine the secular

trend in age at menarche for modern
human populations. This phenome-
non clearly represents phenotypic
plasticity to a variable environment.
We can determine the extent to which
the observed trend can be understood
as an adaptive “reaction norm”, One
study using the assumption that better
nutrition leads to both higher growth
rates and higher juvenile survivorship
correctly predicted both the character
of the observed secular trend (i.e., that
well-nourished women reach
menarche earlier, but at a larger body
size than women who are poorly nour-
ished) and the actual ages and body
sizes of women at menarche in Euro-
pean societies of the nineteenth and
twentieth centuries.

It should be emphasized that any
parameter that affects reproductive
value through time can be substituted
for the growth function in order to
predict optimal time of first reproduc-
tion. In humans, for example, much
energy is stored extra-somatically.
Factors such as education, which in-
fluence income throughout the life
span may affect V() and may be more
appropriate than body size for pre-
dicting the optimal age at the com-
mencement of reproduction. Indeed,
this life history framework easily ac-
commodates many American
women’s use of contraception to delay
first reproduction so that they can
pursue educational opportunities that
will increase their adult income. Such
a model is consistent with women’s
own statements aboul delaying repro-
duction in order to finish their educa-
tion and, presumably, attain a higher
income level. Body size, however,
may be a good indicator of propor-
tional increases in reproductive value
in many traditional societies. In fact,
a model that uses the empirically ob-
served relationship between body size
and fertility can accurately predict the
age at first reproduction for the Ache
foragers of Paraguay.?

Optimal Llitter Size, and
Inter-bitth Interval

Lack'? was the first biologist who
explicitly modeled the tradeoff be-
tween the number and fitness of off-
spring. There is a tendency, often
referred to by evolutionary biologists
as the Lack effect, for selection to fa-
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vor an intermediate litter size because
it leads to the highest number of sur-
viving offspring. With a given energy
budget for reproduction through time,
parents are forced to partition re-
sources in ways that affect the survival
and future fertility of their offspring.
This tradeoff has also been studied by
modeling optimal offspring size,!s
which defines the optimal litter size
when reproductive effort during a sin-
gle bout of reproduction is controlled.
Animal studies have provided strong
confirmation that a tradeoff between
the quality and quantity of offspring
exists when total parental effort is
carefully controlled.5¢ Subsequent
theoretical exploration suggests that
this tradeoff is often complicated by
parent-offspring conflict,*s which can
lead to a litter size far from the pre-
dicted parental optimum. Optimal lit-
ter size is also likely to be affected by
the cost of the litter to parent’s remain-
ing reproductive potential,* as well as
the effects of stochastic variation on
litter size and the fitness gain curve.#
Thus, there are many reasons not to
expect an exact fit between the pre-
dicted optimum litter size (or inter-
birth interval) and the observed values
in real populations when models are
based only on the tradeoff between lit-
ter size and offspring survival.

Despite these complications of the
theory, one human study has reported
support for the simple version of the
Lack tradeoff between offspring num-
ber and fitness. Blurton Jones*® meas-
ured success rates at raising children
to adulthood for different interbirth
intervals among the !Kung. He re-
ported that the interbirth interval that
led to the highest number of surviving
offspring for !Kung parents was also
the most common interbirth interval
in the population, approximately 48
months. This study, the first to apply
evolutionary logic and an optimiza-
tion approach to human fertility, thus
makes an important theoretical con-
tribution. The results must be evalu-
ated cautiously, however, for several
reasons.

First, there is no a priori reason to
expect that !Kung women who had
modal interbirth intervals should have
the highest fitness. The likelihood of
phenotypic correlation in this siru-
ation instead suggests that women

with the shortest inter-birth intervals
should have the highest fitness.*® Sim-
ply put, if there were variation in the
condition of 'Kung females, those in
better condition would be likely to
have slightly higher fertility than oth-
ers and equal or higher offspring sur-
vival rates. Second, there is a series of
methodological problems with the
study, including the fact that the suc-
cess rate of pairs of children who span
an interbirth interval, was measured,
not the child mortality rate. Children
who survived were counted as having
failed if their prior or following sibling
died before adulthood, whereas two
deaths were not necessarily counted
when both siblings died. Third, inter-
birth intervals were not directly ob-
served, but were estimated by a variety
of techniques by an observer who may
have been biased by a belief that dead
infants should have been born after
shorter interbirth intervals.3® Finally,

the raw data on the interbirth interval -

success rate do not support the Lack
model. Instead, the mortality data
were statistically fitted to a “backload
model” and the expected mortality
from that model was then used to sup-
port the Lack interpretation. Although
such a procedure is theoretically satis-
fying, it can lead to flawed estimates
of mortality if the model is incorrect,
If the raw data are taken at face value,
the interbirth interval that maximizes
the rate of producing surviving off-
spring is 72 months, with 84 months
being the second best interbirth inter-
val. This is far from the most com-
monly observed interval.

Parental condition undoubtedly
varies significantly among most hu-
man groups. The problems of pheno-
typic correlation lead us to realize that
natural variation in interbirth interval
should not provide an accurate assess-
ment of the costs of shorter interbirth
intervals in any population. Only
those parents who make a strategic er-
ror (in evolutionary terms) should
have higher mortality associated with
shorterinterbirth intervals. Studies on
birds suggest that it should often not
be possible to measure a Lack effect
without experimentally manipulating
brood size.!® Thus, we should care-
fully examine any study that claims to
show either a positive relationship be-

tween interbirth interval and survival

in natural populations or a relation-
ship strong enough to suggest higher
fitness for women with modal inter-
birth intervals. Many studies have
failed to find such an effect 2.53-55

_ Menopause

The fact that human women cease
to reproduce when they still have a
high probability of surviving for many
years is a rare pattern among mam-
mals and ane that probably is absent
among all cther primates.5¢-57 Among
the Ache hunter-gatherers, for exam-
ple, menopausal women who are 45
years old can expect, on average, to
live another 21 years. The fact that 45-
year-old women have virtually no re-
maining reproductive function
presents an interesting challenge to
life-history theory. Several evolution-
ary biologists have suggested that this
pattern could be favored by kin selec-
tion if older females were able to use
energy more efficiently to increase the
reproductive success of their close
relatives than they could by attempt-
ing to produce additional offspring of
their own 2!:58-62 A theoretical explora-
tion suggests that menopause could
indeed evolve by kin selection under
certain conditions.®> However, a re-
cent empirical test of this hypothesis5é
failed to find evidence that meno-
pause could be maintained through
kin selection in one group of hunter-
gatherers. Current evidence does not
provide good support for the idea that
kin selection explains the mainte-
nance of menopause in current hu-
man populations. (Whether or not it
explains the origin of menopause is
another issue.) Instead, a tradeoff be-
tween early and late reproductive
function seems more likely to explain
why human and some other mammal-
jian females lose reproductive func-
tion long before the end of their life
span. Specifically, Peter Ellison (per-
sonal communication) has proposed
that the human female trait of produc-
ing all viable cocytes before birth and
storing them in arrested metaphase
throughout the life span (semelgame-
togenesis) may be a mechanism to re-
duce the mutational accumulation
that takes place with cell division. This
same mechanism, however, leads to
the ultimate depletion of viable oo-
cytes. Presumably, the gains in fitness
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early in life outweigh the later pleio-
tropic costs of reproductive senes-
cence.

Interestingly, baleen whales and ele-
phants appear to be the only mam-
mals that reproduce at ages greater
than 50 years, and both are large
enough to contain, at birth, ovaries
with a higher number of viable oo-
cytes. Some species of whales, but not
elephants, also have lifespans similar
to that of humans. Whether or not all
mammalian females are charac-
terized by semelgametogenesis is un-
known. But because humans have an
exceptionally long life span relative to
their body size, it would not be sur-
prising if human females are one of
only a few species that literally run out
of oocytes during adulthood. On the
other hand, good data also suggest
that fernale toothed whales of several
species undergo reproductive senes-
cence at about the age of 40 years even

though, having a normal life span of

more than 80 years, their mortality
hazard is still low when fertility termi-
nates.5 Thus, a coherent evolutionary
model of menopause remains a serious
challenge for life-history theory.

Reproductive Value and Biased
Kin Investment

Parental investment theory sug-
gests that parents should invest in off-
spring according to the likely fitness
returns of such investment. This reali-
zation is the basis of modern sex ratio
theory¢ but also forms the basis for
understanding a variety of other phe-
nomena related to parental invest-
ment patterns. If offspring are at risk
of death, parents should take action
proportional to the reproductive value
of those offspring if they survive the
immediate risk. Thus, when individu-
als can expend energy to affect the
well-being of alternative offspring or
other relatives, kin will be given prior-
ity according to their reproductive
value (devalued by their genetic coef-
ficient of relatedness).¢” This rule of
investment should be applied to pa-
rental care decisions and in patterns
of altruistic behavior between close
kin. Moreover, it introduces an impor-
tant modification to Hamilton's Rule
of kin selection.t?

In many societies, small children
who face high mortality rates before

adulthood and the first possibility of
reproduction will have low reproduc-
tive value. Parents should devalue
such children relative to older chil-
dren or children in societies charac-
terized by higher survivorship.
Infanticide, child homicide, and child

...human females,
despite the fact that
they have longer
reproductive spans,
generally reproduce at
higher rates than
chimpanzee females.
Because reproduction
takes considerable
energy above
metabolic demands,
this either means that
human females are
more efficient at |
harvesting energy than
are chimpanzee
females or that human
females acquire extra
energy from other
sources...

neglect patterns should all reflect
these differences. Available data on
human societies ranging from hunter-
gatherers to modern Americans in-
deed suggest that children are most
often the victims of homicide, particu-
larly when the killing is done by a rela-
tive.2%® Similarly, elderly people who
produce no resources and are unlikely
or unable to reproduce may be of rela-
tively low value to close kin (and them-
selves). The tendency for elderly
individuals to be killed, selectively al-
lowed todie, oreven'to terminate their
owT lives, also makes sense in light of
Fisher’s reproductive value equation
and the expenditure of resources to
promote genetic contribution. The
connection between reproductive
value and biological worth has even

led some evolutionary anthropolo-
gists to suggest that across societies,
different patterns of mourning for in-
dividuals who die at different ages can
be partly explained by age-specific re-
productive value.6%.70

Humans, Chimpanzees, and
Hominids

Anthropologists have long realized
that the life-history trajectory of hu-
mans is very different from those of
our nearest phylogenetic relatives.
Humans live longer, are larger, de-
velop more slowly during childhood,
and begin reproduction at later ages
than chimpanzees. Many of these

" traits can probably be best understood

as the consequences of radically dif-
ferent adult mortality rates. Other
traits, however, are more complicated
and are undoubtedly related to differ-
ences in parental investment patterns
that keep human juveniles dependent
on adults for their survival almost un-
til they reach sexual maturity. Life-his-
tory theory can be used to examine
these patterns and to make informed
guesses about when hominid life his-
tories began to diverge from those of
pongids. Some of these predictions
undoubtedly can be tested by examin-
ing patterns of dental eruption and
skeleta! maturation in fossil homi-
nids. Work in this area has already
suggested that the life histories of
some early hominids may have been
much more similar to that of chim-
panzees than that of modern hu-
mans.’l.7?

Human adults have exceptionally
low mortality rates compared to our
nearest primate relatives, as well as
marnmals of our body size. A simple
regression model of log survivorship
by weight suggests early adult mortal-
ity rates on the order of 0.14 to 0.2 per
year for mammals of human body
size.”? Chimpanzee data’ allow a
crude estimate of early adult mortality
at around 0.07 to 0.1 per year. On the
other hand, current data on human
hunter-gatherers and technologicallv
primitive groups suggest that human
early adult mortalitv during recent
evolutionary historv has been around
0.01 10 0.015 per vear.>¥ 775 The fact
that humans have a five to ten-fold de-
crease in adult mortality rate as com-
pared to chimpanzees has important
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ramifications for understanding
hominid life-history divergence. First,
humans and chimpanzees grow at
about the same rate throughout child-
hood.7¢77 Thus, using the models for
the optimal age at first reproduction, it
is readily apparent that chimpanzees
should begin reproduction at earlier
ages than humans and, thus, at smaller
sizes. This should change the entire de-
velopmental trajectory to ensure that ju-
venile development is complete before
the optimal age of maturity.

One might also predict that chim-
panzees would have higher fertility
rates than humans throughout the life
span. This is not the case. Instead, hu-
man females, despite the fact that they
have longer reproductive spans, gen-
erally reproduce at higher rates than
chimpanzee females. Because repro-

duction takes considerable energy

above metabolic demands, this either
means that human females are more
efficient at harvesting energy than are
chimpanzee females or that human fe-
males acquire extra energy from other
sources (i.e., human males). Given

 their higher fertility and longer repro-
ductive spans, one might also expect
that humans would have higher juve-
nile mortality rates than chimpanzees
(indeed, this would have to be true if
both populations were stationary).
But recent studies of hunter-gatherers
indicate that this is not the case, and
thus lead to the guestion of how hu-
man populations maintained zero
growth rates during their first 90,000
years of history. Either currently avail-
able data do not represent typical
demographic patterns of our species
through history or frequent popula-
tion crashes have been an important
feature of that history. Humans also
have exceptionally long perieds of ju-
venile dependence that are partially
subsidized by male economic contribu-
tions. This allows offspring to develop
stowly and remain relatively helpless al-
most until they have reached full adult
size. Again, one might expect this to
slow human reproductive rates relative
to those of chimpanzees, but the oppo-
site has been observed.

This brief comparison suggests that
events associated with a reduction in
hominid adult mortality rates and the
origin of male provisioning patterns
are critical to understanding most dif-

ferences between the life-histories of
humans and chimpanzees. Because
the only good data on adult mortality
among chimpanzees in the wild come
from a site without human or other
predators we are not sure exactly why
chimpanzee mortality rates are so
high. It is likely that, during the past
several million years, chimpanzee
populations have faced significant
predation from carnivores and homi-
nids. (If it were otherwise, they should
senesce at slower rates.) One might

-speculate that predation rates became

lower among hominids than chimpan-
zees as soon as hominids began to for-
age socially, especially given the fact
that female chimpanzees spend much
of their time in sclitary foraging. It is
also possible that predation on homi-
nids further decreased when they be-
gan to use weapons. Male
provisioning of females and adoles-
cents seems closely tied to the transi-
tion of hominids from frugivores to
carnivores and omnivores. Thus, so-
cial foraging, the use of weapons, and
male provisioning may have been key
points in hominid evolution that led to
the currently observed divergence be-
tween the life-histories of humans and

apes. If these points can be defined in -

the archeological record, it may be
possible to test life-history predictions
using fossil hominid remains.

A GENERAL MODEL OF
LIFE-HISTORY

A small but growing consensus is
beginning to emerge among life-his-
tory theorists that extrinsic adult mor-
tality rates may be the most important
initial variable in limiting the feasible
set of life-history parameters that
maximize the fitness of an organ-
ism.”*? Extrinsic adult mortality
rates are the result of predation, envi-
ronmental hazards, and other factors
not related to the reproductive effort
of the organism. Within stationary
populations and among organisms for
which reproductive value is a function
of body size, the adult mortality rate
and the growth law will allow predic-
tion of optimal age and size at matur-
ity. This, in combination with rates of
energy harvest and expenditure as
functions of body size, will predict op-
timal reproductive effort. The off-
spring fitness parental investment

function can be used to predict the
body size of offspring at birth and the
fertility rates that maximize fitness
with a given reproductive expendi-
ture. In populations that are not grow-
ing, birth and death rates must
balance. Consequently, juvenile mor-
tality rates are determined by the dif-
ference between fertility and the adult
mortality function. Thus, the adult
mortality hazard, in combination
with growth rates and a series of func-
tions that relate investment patterns -
to fitness, can, in theory, be used to
predict most life-history parameters
for any organism. This is shown sche-
matically as a relatively simple causal
chain in Figure 1.

If we drastically simplify life-history
for organisms having a reproductive
value at maturity that is proportional to .
their body size at maturity, we need only
investigate the growth law and the opti-
mal parental investment patterns to ar-
rive at a rough prediction of age-specific
fertility and mortality schedules from
the adult mortality function. The ex-
pected fitness of offspring as a function
of parental investment, which should be
influenced by a variety of socio-environ-
mental factors, is difficult to predict
theoretically. However, it can be meas-
ured through appropriate experimental
manipulation of parental investment.

Not all major life-history issues
have been resolved. First, the scheme
in Figure 1 does not easily address the
tradeoff between current reproduc-
tion and future survival. Indeed, ac-
cording to the model I have described,
energy allocated to reproductive effort
is assumed to be determined by the dif-
ference between energy harvest rates
and metabolic costs at the optimal adult
body size. The model thus assumes that
the estimation of optimal metabolic
costs is straightforward. In reality how-
ever, metabolic costs are not fixed, but
vary as a function of investment in
maintenance and repair: Hence, the en-
ergy expended on current reproduction
is excess energy that is available, giver a
particular allowed senescence rate. The
optimal partitioning of excess energv
into current reproduction, storage, so-
matic repair, or maintenance is there-
fore a complicated process, the
outcome of which should be partiallv
determined by the extrinsic adult mor-
tality rate. 23
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Figure 1. A causal chain of life history variables among female mammals (adapted from Harvey
and Nee’? after Charnov’8). .
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Figure 2. The relationaship between age at mcturity and odutt lifespan for various phylogenetic
groups {adapted form Charnov and Berigan8). Note that humans fit close 1o the bird curve
whereas chimpanzees lock like other mammals

This scheme also does not fully ex-
plain phylogenetic regularities in life-
history patterns, including a large
number of strong correlations be-
tween life-history traits after the ef-
fects of body size are removed.”® For
example, a plot of 1/M (M is the adult
mortality hazard) by o ( the age at first
reproduction) leads to constant slopes
within birds, mammals, reptiles, and
fish (Fig. 2), but the slope varies be-
tween these groups from 2.7 in birds
to .45 in fish.®8! The mammalian
slope of 1.3 is predictable with a few
simple assumptions, including a
measure of the size-dependent growth
exponent and the relative size at
weaning versus adult body size .82 Nev-
ertheless, other phylogenetic groups
have very different Mo values and
must, therefore, be characterized by
different functions relating reproduc-
tive value to age at maturity. It is im-

_portant to note that humans do not Fit

anywhere near the predicted mam-
malian values for relationships be-
tween many life-history traits but,
instead, look much more like birds
(Fig. 2). This is true despite the fact
that chimpanzees do fit close to the
mammal curve. The bird-like life-his-
tory pattern of humans may be, in
part, the result of extremely high lev-
els .of parental care, delayed juvenile
independence (like birds), and excep-
tionally low adult mortality rates (also
like birds). In any case, the investiga-
tion of these yet-to-be-discovered
principles of symmetry in life-history
traits®? within and across phyloge-
netic groups is a major challenge for
the future. Applying life-history to the
demographic patterns of our species
should allow us to explain such pat-
terns rather than simply redescribe
them with mathematical models.
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