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A Theory of Human Life History Evolution:
Diet, Intelligence, and Longevity

HILLARD KAPLAN, KM HILL, JANE LANCASTER, A. MAGDALENA HURTADO

Human life histaries, as compared tc those of othar primates and mammals,
nave at least four distinctive characteristics; an exceptionally long iifespan, an
axtended period of juvenile dependence, support of reproduction by older post-
reproductive individuals, and male support of repreduction through the provision-
ing of females and their offspring. Another distinctive featura of our species is a
large brain, with its associated psychological attricutes: increased capacities for
learning, cognition, and insight. In this paper, we propose a thaary that unites and
organizes these observations and generates many theoretical and empirical pre-
dictions. We present some tests of those predictions and outline new predictions
that can be tested in future research by comparative biclogists, archeclogists,
paleantclogists, biological anthropologists, demographers, geneticists, and cul-

tural anthropologists.
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Qur theorv is that those four life
history characteristics and extreme
intelligence are co-evolved responses
to a dietary shift toward high-quality,
putrient-dense, and difficult-to-ac-
quire food resources.

The following logic underlies our
proposal. First, high levels of knowl-
edge, skill, coordination, and strength
are required to exploit the suite of high-
quality, difficult-to-acquire resources
humans consume. The attainment of
those abilities requires time and a sig-
nificant commitment to development.
This exiended learning phase, during
which productivity is low, is compen-
sated for by higher productivity during
the adult period and an intergenera-
tonal flow of food from old to young.
Because productivity increases with
age, the investment of ime in acquining
skill and knowledge leads 1o selection
for lowered mortality rates and greater
longevity. The returns on investments
in development occur at older ages.
This, in turn, favors a longer juvenile
period if there are important gains in
productive ability with bady size and
srowth ceases at sexual maturity.

Second, we believe that the feeding

niche that involves specializing on
large, valuable food packages pro-
motes food sharing, provisioning of
juveniles, and increased arouping, all
of which act to lower maormality during
the juvenile and early adult periods.
Food sharing and provisioning assist
recovery in times of illness and reduce
risk by limiting juvenile time alloca-
tion to foraging. Grouping also lowers
predation risks. These butfers against
mortality also favor a longer juvenile
period and higher investment in other
mechanisms to increase the life span.

Thus, we propose that the long hu-
man life span co-evolved with lengthen-
ing of the juvenile period, increased
brain capacities for information pro-
cessing and storage, and intergenera-
tional resource flows, all as a result of
an important dietary shift. Humans are
specialists in that they consume only
the highest-quality plant and animal re-
sources in their local ecology and rely
on creative, skill-intensive techniques to
exploit them. Yet the capacity to de-
velop new techniques for extractive for-
aging and hunting allows them 1o ex-
ploit a wide variety of different foods
and to colonize all of carth’s terrestrial
and coastal ecosvstems.

We hegin with an overview of the
data on which the theory is based: a
comparative examination of hunter-
gatherer and chimpanzee life-history
traits and age profiles of energy acqui-
sition and consumption. The data
show that hunter-gatherers have a
longer juvenile period, a longer adult
lifespan, and higher fertility than
chimpanzees do. Hunter-gatherer chil-
dren are energetically dependent on
older individuals until thev reach sex-
ual maturity. Energy acquisition rates
increase dramatically, especially for
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Survival of Hunter-Gatherers and Chimpanzees . A
| compares a variety of life-history
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Figura 1. Survival curves for forager populaticns were derived from scurces listad in notes for
tabla 1. Chimpanzae morfality is fram a synthetic life toble comoirirg ail mortality data from

Bossou, Gombe, Kioale, Manhale ona Tai?

males, until mid-adulthood and stay
high until late in life.

We then present both theoretical and
empirical tests of our theory. For the
theorv ta be correct, a model of nafural
selection must show that mortality
rates, the length of the juvenile periad,
and investments in learning co-evolve
in the ways predicted by the theory.
Building on existing models of life-his-
tory evolution,'* we develop such a
moadel. The results of our analysis con-
firm the theary’s predictions. Those the-
oretical tests are followed by empirical
1ests. In order for our theory to be cor-
rect, we must demenstrate that: Hu-
mans do, in fact, consume more skill-
intensive, difficult-to-acquire, high-
quality foods than do chimpanzees and
other nonhuman primates; Difficulty of
acquisition explains the age profile of
production for both humans and chim-
panzees; Men play a large role in sup-
porting human reproduction; The for-
aging niche occupied by humans
jowers mortality rates among juveniles
and adults relative to corresponding
rates among chimpanzees and other
nonhuman primates. We present strong
evidence in support of the first three
propositions and suggestive evidence in
support of the fourth.

We then examine the evolution of
the primate order to deterrnine whether
the same principles invoked in our
theory of hominid evolution explain
the major primaie radiations. We then
consider the fundamental differences
between our theory and the “grand-
mother hypothesis” recently pro-
posed by Hawkes, Blurton Jopes and
O'Connell.s? We conclude with a list-
ing of the new and unique predictions

‘derived from our theory.

Our theory is not the first to propose
that high-quality foods, extractive for-
aging, and hunting are fundamental to
human evolution. However, it is the
first to do so with a specific model of
natural selection that unifies the evolu-
tion of life history. brain and inteili-
gence, diet, and age profiles of food pro-
duction and consumption. As a result, it
organizes existing data in a new way
and leads 1o a novel set of predictions.

DIFFERENCES BETWEEN THE
LIFE-HISTORY TRAITS OF
HUNTER-GATHERERS AND

CHIMPANZEES

Mortality, Fertility, and Growth

Figure 1 shows the differences be-
tween the life spans of traditional hu-

nology and no firearms, 0o significant
sulside interference in interpersonal
violence or fertilitv rates, and no sig-
rificant access to modern medicine.
The chimpanzee data are compiled
from all published and unpublished
sources that we are aware of. Because
of small sample sizes ar individual
sites. mortality data were combined to
create a single synthetic life table and
survival function that combines all
data for wild chimpanzees.3

Despite the fact that the
human juvenile and
adult periods are longer
than those of
chimpanzees and that
human infants are larger
than chimpanzee infants
at birth (about 3 kg
versus 2 kg), hunter-
gatherer women
characteristically have
higher ferility than do
chimpanzee females.

The data suggest that hunter-gath-
erer children have a higher rate of sur-
vival to age 15 (60% versus 35%) and
higher growth rates during the first 5
vears of life (2.6 kefy versus 1.6 kg/yr)
than do juvenile chimpanzees. Chim-
panzees, however, grow faster between
ages 5 and 10, both in absolute weight
gain (2.5 kgryr for chimps versus 21
kefvr for humans) and proportional
weight gain (16% per year for chimps
versus 10% per vear for humans) (Table
1). The early higher weight gain for hu-
mans may be due to an earlier weaning
age (approximately 2.5 years for hunt-
er-gatherers versus 5 years for chim-
panzees) and parental provisioning of
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TABLE 1. LIFE HISTORY PARAMETERS OF HUMAN HUNTER-GATHERERS AND CHIMPANZEES

Expecied Medn Age at Mean Age at
Probability Age of First Last Intergirth Mean Mean
af Survival Death at Reproduction Reproduction®  Interval® Weight Weight
Group lo Age 15 15 (years) (years) (years} ({months) Age 5 (kg) Age 10 (kg)
Humans
Ache female® Q.57 8.3 193 2.1 37.6 13.7 259
Ache male 071 518 15.2 27
Hadza female” 058 347 155 20
—“cdza mcle 2,38 32.4 142 22
Hiwi fernals’ C.58 5.3 208 378 451 8 208
Hiwi male 0.58 51.3 16.4 KGR
IKung female? 0.5 56 5 8.2 37 41.3 14 8.3
Kung male 56 5563 16 22.5
“orager mean® 26C a4.1 19.7 390 41.3 157 249
Chimpanzess

Bossou female” 51
Baossou male
Gomice 0545 32.7 14.1 64.6 10 21

female’
Gombe male 0.43% 28.8 12 24
Kibale ferncile’ 0.805 358 &8
Kibcie maie 0.408 406
Mahcle 14.6 72

femaie*
Manale male
Tai female 0.193 238 14,3 491
Tai maler 04 24
Chimparzee 0.3% 9.7 14.3 7.7 6.7 10 225

maan

< Mean intergirth interval following a surviving infant

Age of last reproduction for chimpanzee females was astimated as fwo yecrs prior 1o the mean adult life expectancy.

The forager mean veiues were calculatad by weighting ecch forager study equally. The chimpanzee mean rmortalty is from a

synthetic life fable using data from all five sites listed.513

Ache: Demographic and weight dara from Hill and Hurtado ©

Hadza: Dermagraphic data frem Bluren Jonas and colleaguas.'s Weight data from Blurton Jones (personcl communication).

* Hiwi: Demographic date from Hil and Hurtado unpublished catabase collected on the Hiwi foragers frem reproductive-history
interviews conducted between 1952 and 1991 using fhe same methodology published in Hill and Hurrade.'®

98 |Kung: Demagraphic and weight data from Howell.52

n Bossou: Data from Sugiyama.'*

i Gombe: Dara on mortality from Hil and cowcrkers, and Pussy and Wiliams {personal communication). Gombe datra on ferility
from Pusey, '# Tufin, 14" and Wallis. 42 Weights from Pusey.’ 4

I Kibale: Al data from Wrangham (personal communication). Mortality dafa in Hill and coworkers.?

= Mahale: Data from Nishida, Takosaki. anc Takahcta, 4

' Tai; Data from Boesch and Boescn.®

0o
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highly processed foods. Among hu-
mans. the slow growth during middle
childhood is intriguing. According to
the allometric growth law, mammalian
grawth can be described by the equa-
tion dw/dr = Aw"7’% {where change in
weight per unit of time is expressed asa
function of a growth constant, 4, and
weight, w, to the 0.75 power). Most
mammals show a yearly growth con-
stant of about 1, whereas the mean pri-
mate value for A is about 0.4.% Hunter-
gatherer children between the ages of 5
ta 10 vears are characterized by ex-

remelv slow growth, with A being ap-
proximarely 0.2.

Chimpanzees spend less time as ju-
veniles than humans do: Female
chimpanzees give birth for the first
time about 5 vears earlier than do
hunter-gatherer women. In natural
habitats, chimpanzees also have a
much shorter adult life span than hu-
mans do. At age 15, chimpanzee life
expectancy is an additional 15 years,
as compared to 39 more years for hu-
man foragers. Importantly, women
spend more than a third of their adult

life in a postreproductive phase,
whereas very few chimpanzee females
survive to the postreproductive phase.
The differences in overall survival and
life span are striking (Fig. 1). Less
than 10% of chimpanzees survive to
age 40, but more than 15% of hunter-
patherers survive to age 70. These nat-
uralistic observations are also consis-
tent with data on maximum life spans.
The maximum life span of humans is
between 100 and 120 years, depend-
ing upon how it is calculated, which is
ahout two times longer than the max-
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Figure 2. Daily energy acquisiticn data cre recorded by indvigual among the Acne and
Hiwi. Thus, the age and sex of 2ach coguirer is known for avery day sampled. Mean
production for & or 1C-year oge intervals {y valug) was colculared from raw dato by
summing cil calories produced over the sample pefiod by individuds in Thar age-sex class
and dividing by the total sample of person days menitorsd for individucts in thar category
This was pletted of the mean age of perscn days sampled (x vaiue) in the category
analyzed. Hadza production levels are given for various juvenie oge caregories, for il
adultmen comiined (no age oreakdown). cnd for Cil reproductive women and all wemen
of postreproductive age combined (NC cge breakcdown). All values are calculated as
dascribed in the notes for Tables 2 and 3.

imum adult chimpanzee life span (ap-
proximately 60 vears for captive pop-
ulations).

Despite the fact that the human ju-

venile and adult perieds are longer
than those of chimpanzees and that
Fuman infants are larger than chim-
panzee infants at birth (about 3 kg

ARTICLE
— voersus 2 kg), hunter-gaterer women
‘ Men's Daily Energy Production '! characteristically have higher fertility
10000 1 ‘han do chimpanres females. The
000 - ' mean interbirth interval between olf-
? | spring when the frst survives o the
1 birth of the second is more than £.5

simes longer among wild chimpan-
sces than among modern hunter-
gatherer populanions. These numbers
lead to an interesting paradox. Life
rabies from modern human foragers
always imply positive growth (see Hill
and Hurtado.1® chapter 14). whereas
the chimpanzee numbers presented
here imply slightly negative popula-
fion growth rates. Chimpanzee nega-
tive population growth may be a real

Adult men acquire
much more foad than
do those in any other
age-sex category.
Although the patterns for
men seem consistent for
all three societies,
Hadza children and
postreproductive
women appear fo
acquire substantially
more food than do their
Ache and Hiwi
counterparts,

feature of recent habitat destruction
and other human intrusion, or “nat-
ral” mortality rates may have been
overestimated due 1o the inclusion of
deaths from viral epidemics such as
ebola and polio (see Hill and cowork-
ers® for a discussion}.

To summarize, hunter-gatherers
have a juvenile period that is 1.4 times
longer than that of chimpanzees and a
mean adult life span that is 2.3 times
longer than that of chimpanzees. They
show higher survival at all ages after
weaning, but lower growth rates dur-
ing middle childhood. Despite a
longer juvenile period, slower growth,
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and a longer life span, hunter-gath-
erer women achieve higher fertility
rates than do chimpanzee females.

The Age and Sex Profite of
Energy Acquisition

Data on food acquisition by age and
cex category exist for only three mod-
ern foraging populations. Ache and
Hiwi food production was directly
monitored by weighing all food pro-
duced by those in different age and
sex calegories throughout mast
months of various vears. {See Hill and
cowarkers*? and Hurtado and Hill!?
for definitions, methodology, and
sampling plan}. Badza women's and
children’s plant-food acquisition was
estimated indirectly from samples of
ip-patch return rates for different fruit
and root resources over various age or
sex classes during part of the wel sea-
son and part of the dry season of var-
jous years. (For details, see Hawkes
and coworkers,§ and Blurton Jones,
Hawkes, and O'Connell!31"). These
data were combined with sample esti-
mates of time spent foraging and fre-
quency across days 1o estimate daily
food acquisition. '3 Hadza men's
food acquisition from hunting was
measured directly by weighing all
large game brought o camp.'”

Although there is some cross-cul-
tural variation, all three societies
show similar patterns. Hunier-gath-
ever children produce little food com-
pared to adults (Fig. 2). In the late
juvenile period, daily food acquisition
rates rise dramatically, especially for
males. These rates continue to in-
crease until mid-adulthood for males
in all three groups and even longer for
Hadza and Hiwi females. Adult men
acquire much more food than do
those in any other age-sex calegory.
Although the patterns for men seem
consistent for all three societies,
Hadza children and postreproductive
women appear 10 acguire substan-
taily more food than do their Ache
and Hiwi counterparts. But 1otal food-
consumption estimaies for the Hadza
may be unrealistically high, since the
data suggest per capila consumption
of about 3,200 calories per dav {Tables
2 3). That is 126% of the mean daily
caloric consumption of the Ache, de-
spite the fact that 10-vear-old Hadzz
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children weigh only 73% of the welght
of 10-vear-old Ache childaren. and
aduit Hadza women weight only 39%
of the weight of Ache women. Those
estimares arc derived by assuming an
age-struciure consisient with  the
Hadza life-table.'® If the dependency
ratio in the camps studied by the
Hadza researchers was greater than
expected bv the life table, as Blurton
Jones (personal communication) be-
lieves this to be the case, the per-cap-
ita consumption estimates would be
reduced accordingly and would be
more realistic.

Figure 3 shows the mean daily en-
ergyv consumption and acquisition
rates for all three hunter-gatherer so-
cieties as compared to the rates for
chimpanzees of the same age and sex.
The food-consumption rates of for-
ager children and adults is estimated
from hody weight and total group pro-
duction.!” Chimpanzee energy acqui-
sition, while not measured directy,
can be estimated from body size and
caloric requirements, since very little
food is trapsferred between age-sex
categories after weaning. Daily food
acquisition and consumption are vir-
tually the same for chimpanzees from
the juvenile pericd onward. The hu-
man consumption-acquisition profile
is strikingly different from that of
chimpanzees, with chimpanzee juve-
niles acquiring considerably more en-
ergy than forager children do until
about the age of sexual maturity. Na
children in any forager society pro-
duced as much as they consumed un-
til they reached their mid- to late
teens. Thus, human juveniles, unlike
chimpanzee juveniles, have an evolu-
tionary history of dependency on
adults to provide their daily energy
needs. This can be appreciated by re-
alizing that by age 15 the children in
our forager sample had consumed
aver 25% of their expected life-time
energy consunption but had acquired
less than 5% of their life-time energy
acquisition.

The area in Figure 3 where food
acquisition is greater than consump-
tion (where the solid line for each
species is above the dotted line) rep-
resents surplus energy provided dur-
ing the later part of the life span.
These averaged data imply that
hunter-gatherer men provide most

ol the eneray surplus that is used 10
subsidize juveniles and reproduc-
tve-aged women. Altnough hased an
averaging onlv three socicties. this
trend can be confirmed by compar-
ing the food-acquisition rates of
adult males and females from a sam-
ple of ten hunter-gathersr societies
in which food acquisition has been
measured with a svstematic sample
{Tabie 2).

Our proposal is that the
shift to calorie-dense,
large-package, skill-
intensive food resources
is responsible for the
unigue evolutionary
trajectory of the genus
Homo. The key element
in our theory is that this
shift produced co-
evolutionary selection
pressures, which, in turn,
operated to produce
the extreme
intelligence, long
developmental period,
three-generational
system of resource
flows, and exceplionally
long adult life
characteristic of our
species.

A THEORETICAL TEST: WOULD
NATURAL SELECTION ACTUALLY
PRODUCE THE CO-
EVOLUTIONARY EFFECTS
PROPOSED BY THE THEORY?

Our proposal is that the shift to cal-
arie-dense, large-package, skill-inten-
sive food resources (Fig. 4) is respon-
sible for the unique evolutionary
trajectory of the genus Homo. The key

clement in our theory is that this shift
produced co-evolutionary selection
pressures, which, i wim. nperated to
aroduce the extreme intelligence. long
developmental period, thres-zenera-
tional svstem of resource flows, and
excepiionally long adult life charac-
teristic of our species. We cnvision
two important effects of the change in
feeding niche.

First, a long developmental period,
parental provisioning, and a large
brain are necessary foundations of the
skill-intensive feeding niche, and
therefore are products of selection as
a result of entrv into that niche. Our
view is that human childhood is elon-
gated by including a period of very
slow physical growth, during which
the brain is growing, learning is rapid,
and little work is done. This is fol-
lowed by adolescence, during which
growth is accelerated so that the brain
and body can Function together in the
food quest. Early adulthoed is a time
for vigorous work during which re-
source acquisition rates increase
through on-the-job training. Thus, in-
vestment in this life history involves
three important cosis: low productiv-
itv early in life, delayed reproduction,
and a very expensive brain to grow
and maintain. The return from those
investments is delayed, with ex
tremely high productivity occurring in
the middle and latter portions of the
adult period. That return increases
with lengthening of the adult life span
because the return is realized over a
greater period of time. Second, we
propose that the shift in the human
feeding niche operated direcily to
lower mortality rates because it in-
creased food package size, which, in
turn, favored food sharing, provision-
ing, and larger group size. Another in-
direct effect was that the added intel-
ligence and use of tools associated
with the feeding niche also lowered
predation rates.

Underlving our theory is the hv-
pothesis that these two effects pro-
duce co-evolutionary processes of
large magnitude. Holding all else con-
stant, ecological changes that increase
the benefits of a long developmental
period and a concomitant increase in
later adult productivity not only pro-
duce selection pressures to delay the
onset of reproduction, but also pro-
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TABLE 2. PRODUCTION OF ENERGY BY MEN AND WOMEN IN FORAGING SOCIETIES

Daily Adutt Praduction in Calories®

Mean Daily % Total Adult % Tatal Adult
Maat Roots Fruits Other Total Colories Protein
Onge” mMen Q19 Q 0 81 4200 797 Q4.6
women 9] Q68 1 £2 Herd 203 52
Anbara® menr 266% 8] 1} 79 2742 7C.0 7.8
women ac 337 157 379 1174 30.0 28.1
Arnnern® men 4570 6] o ) 4578 A28 S3.0
wormen 0 1724 37 25 202 305 7.2
Ache® men 4947 o} 6 636 53520 84.1 7.1
womean 3z 9 L7 Q74 1055 1£.9 29
Nuxak' mnen 3056 c D 1500 4586 60.4 3?86
women 8] o] 2988 0 2988 398 1.4
Hiwi= men 3211 2 121 156 3489 7972 03.4
womean 38 712 83 a2 Qs 20.8 6.6
IKung mnan 2247 974 3221 455 AA7
wOMEn 0 348 348 3069 3864 54.5 55.3
(Kurg™" men 64039 6405 50
women
Gwi’ mean 1612 800 0 g 2412 430 787
wOMmen 0] 0 0 3200 3200 57.0 21.3
Haodza* men 7248 g 0 541 8089 654.8 4.1
women 0 3093 1304 0 4397 352 59

(¢}

o

3]

L]

Ecibie porticr and caloric values were taker from individual studies when availaple, Otherwise we assumed vertebrate meat
at 85% edible, the Ache measured average for animats, and used the following cenventions for calories/ 100 g edible: mammats
180; roots 150; frults 70; fish 120. When not specified. protein was assumed ot 20% by weignt for meaf and 2% for roots and fruits.
Onge: Dara come from Bose '+ We assurned tha* all food is produced Dy adutts and that men and women make up egual
percentages of the reported popuation. Caloric values (0. 15¢) ond edibie portions are taken from Meehan 145 We assumed
that males got all pigs, turties, fisn, and honay, whereas femaies acquired all crabs, Divalves, and plant products, Tetal caloric
infake seems very low, but the Onge are the smallest foragers in this sample and had very low fertility.

Anbarra Datg come from Meehan'#s, diet is found in Tables 29-32. s assurnad that women collected 85% of sheitfish {(p. 125)
and that men obtcined only bircds, fish, mammals, and some shelifish (p. 149). Total person gays of consumption are in each
tabie, Women's aroguction days come from Table 27. We assumed an eguad) number of production days for rmen.

Armher: Arnhem iand dato are from McAhure (op. 127-128 ond p. 138). It is assumed that aduits acguired ol food, thar men
obtained only vertabrate meat and honay, and that women ocqJred alt other resources.

Ache Dato come from all observed foraging trips between 1980 and 1996 an which KH, HK. and/or MH were present. Data prior
o 1954 were published in Hil ond cowarkers. ! Supsequent deta come from forast frips between 3 and 15 days long when nearly
all foods consumed were acouired srom the forest, All foods ware weighed on site and the edible portion was calculated from
refuse samples collected atter consumption. Calolic vaiues were determined as previously published. Total production of fruits
was esiimated by multiplying measured coliection rates for differen’ age caregories Hmes the time spent callecting by sach
individual. We have made two impectant modifications o 1984 darc because of new field measures. 1) We now estimate the
edinie portion of wild honeycomg 10 pe only 35% by weight: 2 The edibie portion of palm starch is estimated ct anly 6% Dy
weight, with the colonc value of the edinle potion being 3920 calfkg. These corrections and new production daia have
lowered previously pubiished astimates of daily calorc infake

" Gwi Meat production per hunter dey s averaged from Silperpauer’s'< ong-year obsarvations of ¢ band including 2C men and

Tanaka s 180-cay observations (. 111y of 10 men We estimate Silberasauer's bend 1o contain 20 men and 24 women
because there were 80 individuale. 25.5% of whom were male and 559 were addlf (r. 286, 2873, Faor live weight meat, we assume
85% odible wsignt confaining 1.500 caifkg. Plont production for adutt women is estimatec ot the obssrved per-capita
consamprion, 800 g/consdmer day fimee 80724 (the ratic of the Tofa pcpulztion fo adJ't women) times 1,500 cal/kg raw ciant,
tirmes 80% collected oy women'< (p 70). Men are assumed to have producsd 20% of the plant calories. Meat consumption per
capita 1§ the average from Tancka'’ (o. 70) ang Siberoousr' (0. 446), We assurmed thar Tanoko's raw weights are 85% edible;
we aiso assurme 1,500 cal/kg edibe meat for botn stugies Plant consumption is repored to be 800 g/person in botr studies'?
(. 7034 (p 199). We assume that this is eaualy spli- between roots ond msicns, witk a meer caloric vaue of 1,500 caifkg raw
weignt. Man doys hunfing are reporad for both studies, but caculations of the sample size of wornen's production and
mer-capta consumption are noi specified It &ither stuChy.

Hiwt' Dofc core ‘rom a sample of days bemween 1085 and 1988 whar KH cnd M- resided with ihe Hiwl and weaighed all focd
proc.cec by asampls of camp memoers, Details af calculations of edible porton anc tond value are published in Hurtado and
Hili = ¥

T lKurg - Al caio on adult proouction an per-capfta consumplion cre from Less (PE. 230-271). Women's plant producticr

{NDr-MoNgongo) WO assUMmec TG be evenly spiit botweaen roote and fruits.

©iKung- Data are from velier gs calcutarad in Hile (0p. 182-183) Ediple porfior ana calone value are *he same as in Lee &

Oniv ndnting data are recordec. 0 arder to estimare pe-capifa corsamotion, adul Mmen and women are assumed 1o comprise
egJo: percentages of the Bond mempers. 112 percentagE o ~hie dief from mect s caculching assuming iotal consumption of
2 155 ~giones DT Derson oy, 0s per Lee s
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i nukake Dara come from Poitis s (chapTer 1), We assure that
uC ecLG! percertages of the pooulcticr. Edibe portiors and

TABLE 2. (CONTINUED)

~aloric vaues for teo

~il ‘cod was producad by adults anc thar men ord wenren make
s coMre o smiar AChg 1esaurcas. Fruits

srow editle porons varying Tom 2154 for Tuits Brought In and weighed with the stell to d0% for Fuits without fhe stalk coliected
n baskets. Calone valuss of Truifs ranged from 00 cal/kg for swest pulpy fets 1o 1,430 calikg for ol pCIm fruits. Cther rescurces
were squvalent o common Ache ang Hiw' resgurces.

< Hagza Dota on e daily caonc crocuctian of chilcren arg frem

glurton Jores, ~awkes, and o'Connall, # We assurred That A1%

of the cglorias produced come from “ruit and ire remcindar from rcaots, as far veLrgest girls.= Daily progucton OF wormen ~aken

ion £ Sy anc weT season,
rnel, crd Blurcr Jores.* o a9

from Hawkes, 2" Conrell, and Blurton wonas S We ruftipied r-parcr rafes oy "ime forcgirg tor zach season (toth in Teole 1) and
the propofion of fime in pacn (40% roof. 56% berry) (Hawkes
Jones.: p. 350), ecuaily weigchfing procuc?
comrunication) and 880 cal/kg eaible (Hawkes, O'Co
kave a calonic value of 2.50C zal/kg edioles? (Po. 481, 48
{over age &) and assumed «c have a calofic voiue o
oroguction was assumed *o be 0.78 kg/nan-cay for malss over cge
Ache). All feod preducticn by age and sex cctegory was weighted oy
then divided by the total of alf surviva

personal communication GNG Lawkes, O Correll. anc Blurton
<. Clowa rocts are calculeted as 88% edble (Howkes, personcl
1. Fruis cre assumed to be 0% edible and
4 *or grewic so. parries), Meat accLisiion is 4,89 kg/day for aclult men
f1.500 calfkg with the discounting for the edibie pgorfior.” Honey
1815 {p. B&). with 35% sdible and 3.06C cal/kg {os “or the
the prebability of survival 1o *hat cge for the Hedza.'s
| probabiities to obtain the expscted par-capita consumption. Tne astimate of ofal

per-capita consumptian is vary high, oroatly in part tecduss actucily sampled comps contgined maore juvenile consurners
tran fhe life table implies (Hawkes. personc! commurication). However, we canrot correct the estimate of caily consumpfion

without ¢ cocmplete age-sex preakdown of the sampled
" Cnimparzee diet We use the Gombe diet from Goodall™ (Fig.
and Riss.22 Kibale plant asercenfages are
wrangham ard coworkers.' 2 The Mahae
calculated from Uehare, '8 cssuming aduit prey at 13 &
was taken from Stanford. 'S+ For Tai forest cnimMpanzees,

and Boescnz (Tabe 7.4).

~amps. which currently 's ot availadle.
0.1, Tre atsolure amount of meat in the diet is from Wrangham

som Wrangham, Corklin-Beiftain, and Lunts7 Tre Kibale medt percentage is from
diet is taken from Hiraiwa-Hasegawa 2s The cbsolute amaunt of meatin the ciet was

g and juvenie prey at é kg,
e absclure amount of med

on avarage, the percentage of adult prey
f in the diet wos calculared from Boesch

duce selection pressures fo invest
more in survival during both the juve-
nile and adult periods. At the same
time, ecological changes that lower
mortality rates during the juvenile
and adult periods also produce selec-
tion pressures that favor a longer ju-
venile period if it results in higher
adult productivity. If both types of
change occur {increased payoffs for
time spent in development and lower
mortality rates), great changes in both
mortality rates and time spent in de-
velopment may result. Furthermore, if
those changes are accompanied by
large increases in productivity after
adulthood is reached, we expect addi-
tional increases in time spent in devel-
opment and in survival rates. Our pro-
posal is that the skill-intensive fesding
niche, coupled with a large brain, is
associated with a significant amount
of learning during the adult period.
To test this hypothesis, we devel-
oped a model to determine whether ar
not natural selection would actually
vesult in co-evolution of the develop-
mental period and the life span. This
model builds on two bodies of theory,
life-history theory in biology and hu-
man-capital theory in eCoONOMIcS.
Life-history theory is based on the
premise that orgamisms face trade-
offs in the allocation of their time and
effort. Gadgil and Bossert? offered the

first explicit treatment of allecations
irade-offs with respect to reproduc-
tion and longevity. They postulated
that during the life course selection
acts on the allocation of energy to

.. .we developed a
model to determine
whether or not natural
selection would actually
result in co-evolution of
the developmental
period and the life span.
This model builds on fwo
bodies of theory, life-
history theory in biology
and human-capital
theory in economics.

each of three competing functions: re-
production, maintenance, and growth.
Energy allocated to reproduction will
necessarily reduce the quantity avail-
able for maintenance and growth.

Maintenance and growth may be seen
as investments in future reproduction,
for they affect both the probability
that an arganism will survive to repro-
duce in the future and the amount of
epergy it will be able o harvest and
transform into reproduction. Thus,
one fundamental trade-off is between
current and future reproduction.

Human-capital theory in econom-
ics18.19 is designed to analyze invest-
ments in education and training
through the course of life. Central to
this theory is the notion of foregone
earnings: Time spent in education and
training reduces current earnings in
rewurn for increased earnings in the
future. The economic trade-off be-
tween current and future earnings is
directly analogous to the trade-off be-
tween current and future reproduc-
tion in biclogy.

Charnov,! % building on earlier work
on optimal age at first reproduction,
developed a mathematical model of
the trade-off between growth and re-
production for mammals. His model
is designed to capture determinate
growth, in which an organism has two
life-historv phases after attaining in-
dependence from its parents. These
are a prereproductive growth phase in
which all excess energy, remaining af-
ter maintenance regquirements have
been met, is allocated to grawth and 2

4
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Food type

Nutrient Density  Skib Requirement

Chimparzees &
Other Nortwman

Small, Urripe
Frats

Primates
Large, Ripe Fruits
sacts
Extractad Foods
Humans—>,

Smal Game

Large (Game

Low

Low

Low

Medium

Meadium

High

+ ‘L High

Fgure 4 The fesaing ecology of NUMaNg and other primates

reproductive phase in which all excess
energv is allocated to reproduction.
By growing, an orgarism increases
its energv capture rale, and thus
increases reproductive rate. During
adulthood the fundamental trade-off
is between the expected length of the
reproductive span (which is shorter
swith each additional vear spent grow-
ing, because of the increased proba-
bility of dving before reproducing)
and the adult reproductive rate (which
is higher with every vear spent grow-
ing because of increased energy
siored in the form of adult bodv
mass). The model predicts the amount
of time mammals will grow before
switching to the reproductive phase
by selecting the time that maximizes
expected energy for reproduction over
the life course.

Here we extend Charnov’'s model in
three wavs. First, we broaden the con-
cepr of growth from bady size alone to
include all investments in develop-
ment. Development can be seen as a
process in which individuals and their
parents invest in 2 stock of embodied
capital, a term that generalizes the
concep: of human capital to all organ-
isms. In a physical sense. embodied
capital is oreanized somatic tissue. In
2 functional sense, embodied capital
includes strength, immune function,
cocrdination  skill, knowledge, and
social networks, all of which affect the
profitability ol allocating time and
other resources to alternative activi-
lies such as resource acguisition, de-
fense from predators and parasiles.
mating competition. pareniing, and
social dominance. Because such stocks
tend 1o depreciate with tme due 1w

physical entropic forces and direct as-
saults bv parasites, predators, and
conspecifics, allocations to mainte-
nance efforts, such as feeding, cell re-
pair, and vigilance, can also be seen as
investments in embodied capital. In
our model, the energy capture rate in-
creases with embodied capital (that is,
time spent in development).

Second, in Charnov's model, organ-
jsms have no control over mortality
rates, which are exogenously deter-
mined: the only variable of choice for
+he organism is age 2t first reproduc-
tion. or time spent in development. In
our model, the organism can exercise
control over mortality rates by allocat-
ing energy to mortality reduction. We
include this second choice varizble to
determine if time invested in develop-
ment and energy allocated to maortal-
ity reduction co-evolve. Qur theory
predicts that increased investment of
time in development due 1o the exploi-
tation of difficult-to-acquire, high-
quality resources selects for increased
Jongevity or jower mortality rates.
Third, our model allows learning to
continue after physical growth has
ceased o analvse the effects on the
increase in relurn rates from foraging
during the adult period (see Figs. 2
and 3} as a conseguence of “on-the-
job” training.

Thus, the model has two choice
variables upon which selection can
act: age a1 first reproduciion, a prox
{or time spent in devclopment and
phvsicul growth, and aliocation of co-
ergy 10 lowering mortality. 1t also has
three ecological parameters: faciors
affccting the pav-offs 10 investments
in development, factors affectmg mor-

tality rate, and the growth in produc-
tivity after adulthood due to learning.
The formal model is presented 1n
Box 1.

The six main results of the mathe-
matical model confirm the co-evolu-
tionary selection pressures predicted
by the theory. Ecological factors in-
creasing the productivity of invest-
ments in developmental embaodied
capital (in the context of the present
theory, a skill-intensive foraging niche)
increase both time spent as a juvenile
and investments in mortality reduc-
tion. Ecological factors that lower
mortality rates increase both time
spent in development and investment
in mortality reduction. Finally, the
creater the growth rate in production
during the adult period, due to large
brains and “on-the-job” training, the
more it pavs to invest in development
and mortality reduction. These results
all show that investments in develop-
ment and investments in mortality re-
duction and longevity co-evolve.

EMPIRICAL TESTS OF
THE THEORY

Composition of the Diet

Figure 4 illusirates our proposal
about the differences between the di-
ets of nonhuman primates and hu-
mans. While the diets of nonhuman
primates vary considerably by species
and by loca! ecology, the inverted tri-
angle in Figure 4 represents the
creater importance of lower quality,
easier-to-acquire foods in the diets of
most nonhuman primates {excluding
insectivores). The upward-pointing
triangle in Figure 4 represents the
greater importance of large-package-
size, nutrient-dense, difficult-to-ac-
quire foods in human diets.

Table 3 presents data on the diets of
ten faraging societies and four chim-
panzee communities for which caloric
production ar time spent feeding were
monitored svstematically. As far as we
are aware, this is a complete sample of
the available data. The diet is subdi-
vided imo vertebrates, roots, nuts and
weeds, other plant parts (such as
leaves, flowers, and pith) and inverte-
brate resources. The diets of all mod-
ern {oragers differ considerably from
that of chimpanzees. Measured in cal-
ories, the major component of forager

=
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Box 1. A Formai Model of Natural Seiection on Age at First Reproduction and
investments in Mortality Reduction

The mace treats two phases of the life course. the juverile and
acult pericds. The juvenile periog negins after “he high mortality
phase associated with infancy and weaning, s dedicatad 1o
growth and develgpment, and 'asts a variable amourt of fdme. &
upen which selection acts. During this time, ail energy is invested
in either embodied capital ({grewth and iearning) affecting future
energy procucticn, P, or i reducing mortaiity rate, . The twe
choice variables during the iuvenite period are its length. ¢, and the
proportion of energy irvested in mortaity reduction, X (melying
that {1 — A} is the proportion allocated to growth and learning).
The aduft production of energy at +he end of the juvenile period,
P, is determined by r, A, and the combined scological sffects of
the epvironment and the technology of production, captured by
the vector, ¢, which is assumed 1o increase energy production
lie., oPy /e = Q). We can think of this as composed of two
functicns, M, £), which captures the growth in producticn due 10
learning, growth, and development, and W(n), which represents
the proportianal 1oss in production dug to investments in mortality
recuction during the juvenile period. Thus, we have P, = pit,
g) = [, e)F).

The second pericd is reproductive. During this period, growth in
body size ceases and all excess energy is allocated to reproduc-
tion. Production grows at some canstant rate, g. due to the effects
of learring. Thus, production at some age, x, after aduithood, Py,
is PeTt

During both phases, the instantanecus mortality rate, u, re-
mains constant, at a level determined by the amount of energy
praduction diverted to mertality reducticn, A, and by ecology
factars affecting mortality {such as density of predators and dis-
eases), A, which is assumed te increase mortality rates (l.e., af
38 > O, Thus, = i, 6. The net energy available for repro-
duction at age x during the adult period, P, . will be equal te total
energy producticn times the proporticn allocated to reproduction,
P, = (1 — NPe".

The basic logic of the modsl is that an organism will maximize
fitness by maximizing its lifetime snergy allocated to reproduction.
By increasing the length of the growth and development phase, ¢,
the adult rate of energy capture increases, but the expected length
of the reproductive period, F. decreases. This decrease results
from the fact no energy is allocated 1o repreduction during the
growth and development phase, though ihe organism is stll ex-
posed to mortality. Allocations to mortality reduction aisc have
opposing effects. Allocations to grawth during the juvenile period
and to reproduction during the adult period are reduced by alle-
cations to mortality reduction. Yet lowered mortality increases the
length of the reproductive period by increasing the probability of
reaching reproductive age and by increasing the expected time
from reproductive age to death. Thus, R is determined by both &
and a. If we consider only individuals wheo survive infancy. A is
equal to expectaticn of adult reproductive years lived, given the
probability of dying at each age, X. Thus, the expected numper of
aduit years during which energy i allocated to reproduction is R =
rt, win, B) = Jio & — fue~*dx = 1/ue *, where 1/u is the
expected acult life span conditicnal on reaching agetand & - #lig
the probability of reaching age 1. conditional on having survived
infancy. The expected energy production during the adult pericd is
e~ #1 — NP, [i- pa—wHs—fx which is equal to e M1 -
NP — g) 'lorp > giwhicnwe assume ta hoid true, because
expected lifetime income ctherwise would be infinite).

Selection is expectsd to optimize ¢ and A sc a5 1O maximize
iifetime energy alocated to reprocuction. Thus, we have ke foi-
iowing maximization probism:

Max W =@ < (1 - AR A sraia i —gl T T

b

Partiaily differentiating the Stness function, W, with respect to t
and A, respectively, the following first-order ccnditions for an
optimum are abtained:

o \
0 =e 3]
and
i‘“: — -0 = _a {]P -1 r y 1
an TR XTI -) R e aliery P+ =0) 3)

Equatien 2 for optimal t, taking i as given, replicates Char-
nov's” rasult. Optimal t accurs at the age when the proporiicnal
increase in adult production due to a small increase in time
spent in develcpment (the left hand side of equation 2} is equal
to the proportional {oss in the probability of reaching adulthoed
{the right-hand side). The benegfits and cosis are measured in
terms of proportions because fitness is a product of the prob-
ability of reaching adulthood and the production rate as an
adult.

Equation 3 concerns optimal allecations to mortality reduction,
given time spent in development. The left-hand side of the equa-
tion is the bensfit of a small increase in investment in mortality
reduction. It is the proportional increase in reaching adulthocd,
plus the proporticnal increase in the adult lifespan, adjusted for
the growth in income due ta learning, g. The right-hand side is the
cost, the proportional 1oss in production cue to increased invest-
ment in martality reduction. This proportional cost is two-fold
because allocations durnng the juvenile period reduce the growth
rate and therefore reduce P, (the first term), while aliocations to
mortality reduction during the adult period reduce the propar-
tion of adult produgtion allocated to reproduction (the second
term).

Differentiating equations 2 and 3 with respect to the ecological
parameters, £, §, and g, we gerive our six main analytical results,
contirming the co-avolutionary effects predicted by our theory. at/as
and aN/de are both positive. This means that ecological facters in-
creasing the productivity of investments in developmental embodied
capital, as indexed by e, not enly increase time spent in development
but also increase investments in mortality reduction. &t/38 and ox/08
are both negative, meaning that exogenous ar extrinsic increases in
monality, as indexed by 6, reduce both time spent in develcpment
and invesiments in mortality reduction. Conversely, ecclogical fac-
tors that lower mortaiity rates increase poth time spent in develop-
ment and investment in mortality reduction). Finally, 3t/ag and ax/ag
ars both positive, showing that the grester the growth rate in pro-
duction during the adult pericd due to “on-the-job” training, as in-
dexed by g, the more it pays 10 invest in development and mortality
reduction. (A farmal proof of the six results was developed by Arihur
Robson and is availabie from the authors). These results all snow that
investments in development and investments in martality reduction/
longevity co-evolve.
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kg/persen doy™

meat

OOt

seacls, nuUts

fruits

other plants

invertebrate

calorios/person doy

meauf

roots

saecls, nuls
fruils

other plomt
invettobrale
Totol

Hen foroged

TABLE 3. DIEY OF MODERN HUNTER-GATHERERS AND CHIMPANZEES®

Dietory percentoge of foraged foods

mect

ronis

seords, nuts
fruits

othar plont
invertebrate
colected
exiracted
huntad

Hunter-Gatherers Chimpanzees
Onge Anbana  Amhem  Ache Nukak Hiwl  'Kung' Kung? Gwi Hadza Gombe Kibale Mahale Tal
1266 3654 276 J6as 941\ a756 866 928 ? i Sompla®
kg/person day”
059 0.58 1.34 136 062 097 026 0.59 0.30 1.10 meat 0.03 oo 0.04
0.2y 007 043 000 0.00 044 0.15 0.407 1.62 rocls
000 0.00 0.00 000 000 000 021 0.00 0.00 seeds, nuts
oL 015 0.01 061 086 029 0.5 0.407 0.54 fruits
000 000 Qoo gos Q.00 004 000 0.00 0.00 olher plants
0ot 1o 0.0v 0.1y 035 Qo2 000 0.0a 0.24 invertsbrote
oBn 822 1821 2126 764 1350 690 1602 a7 1940
242 M A66 0 0 268 150 6007 1214
0 0 0 ] 0 0 1365 0 0
0 44 10 22 747 82 150 6007 621
Q 0 3 256 0 36 0 0 0
20 127 7 308 370 57 0 0 255
1243 1085 2357 2712 1886 1793 2355 16177 4030
0 1116 0 trace 378 o206 trace frace 0 trace
Feeding
fime
percentage Gombae Kibale Mahale Lope
7% 75 77 78 41 75 29 87 267 48 meat 15 0.9 25 2.1
19 8 19 0 0 15 6 377 30 roots 0.0 0.1 0 1.4
0 0 n 0 0 0 58 0 0 seads, Nuts a1 0 0 7
1] 4 0 i A0 5 ) 377 15 fruits 60.2 78.5 57.7 67.6
0 0 ] Q 0 2 0 0 0 other plant 203 213 334 15.5
? 17 3 i1 20 3 0 0 s} invertetrate 39 0 &4 5.6
on 4.0 0.é 0.8 207 4.6 49 7 37 15 collected 94.2 9.1 911 923
219 20.3 301 742 a07 216 634 7 e 36 extracted 38 0 6.4 5.6
780 0.7 69.4 AR a0 73.7 Nz 68.0 26.0 48 hunted 2 09 25 2.1

O For infarmation on methods of calcuiation and data sources. see footnotes, Table 2.

P Person days scmpled. including alt
< This is the weight of the edible portion for med
A ntake of nonforaged foods in calories/person

men women and children s equal cansumers.
t and field weight far alt other resources.

dery when measured or reported.
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diets s verlebrate meat. This canges
from aboul 30%% o 30%% of the dietin
the sampled societics, with most Jdiets
consisting of more than 30% verte
brace meat {equally weighted mean =
c0¢ . The emphasis on veriebrate
meat would be even more clear it anv
high-latitude Foraging societies were
included in the sample. In conuast,
chimpanzees spend only about 2% of
their ‘eeding time canng meat. Unfor-
tunatelv, the diet of wild primates is
not usuallv expressed in calories, as is
that of human foragers. Field warkers
studving nonhuman primates use
{ime spent feeding on specific toods as
the closest approximation of energy
acquired and rarely either measure in-
gestion rate or calculate calorie in-
Take. The absolute intake of meat per
day also varies tremendously: Chim-
panzee per capita meat intake is esti-
mated at about 10 10 40 g per dav,
while human meat intake ranges from
aboutr 270 to 1,400 g per person per
dav. Although it is true that chimpan-
zee males eat much more meat than
do fernales and juveniles,20-7* we con-
clude that, in general, members of for-
aging societies eat more than ten
times as much meat as do chimpan-
zees.

The next most important food cate-
gory in our forager sample is roots.
which make up an average of about
139 of the energy in the diet and were
important in about half the societies
in our sample. In contrast, the chim-
panzee diet is primarily composed of
ripe fruit, which accounts for over
50% of feeding time. Only two forag-
ing socizties ate large amounts of ripe
fruit, the Gwi San of the Kalahari
desert, who consume melons for wa-
ter and nutrients during much of the
vear, and the Nukak of Colombia, who
extensively exploit tropical  palm
friits, which, however, are difficult 1o
acquire. Other plant products are an
important secondary food for chim-
panzees, making up about 25% of ob-
served feeding time. This category is
unimportant for the foragers in our
sample.

The data suggest that humans spe-
cialize in rare but nutrient-dense re-
source packages or patches (meat,
roots, and nuts), whereas chimpan-
sees specialize in ripe fruit and plant
parts with low nutrient density. These

Jifferences in the nutrient density il
foods ingesied are also retlected 1n hu-
man and chimpanzee gut morphology
and tood passage ime. The chimpan-
reos gul is :;peciakized tor raptd pro-
cessing of large quanuities and low-
mutrienit.  bulky,  {brous meais
However, a sironger contriast is appar-
ont when we consider how the re-
sources are obiained. We have catego-
cized all foods into thres ivpes.
Collected foads are those that can ke

The absolute intake of
meat per day also
varies tremendously:
Chimpanzee per capita
meat intake is estimated
at about 10 to 40 g per
day, while human meat
intake ranges from
about 270 to 1,400 g per
person per day.
Although it is true that
chimpanzee males eat
much more meat than
do females and
juveniles, we conclude
that, in general,
members of foraging
societies eat more than
ten fimes as much meat
as do chimpanzees.

obtained and eaten simplv by gather-
ing them from the environment. Ex-
tracted foods are non mobile but are
embedded in a protective contexl
from which thev must be removed.
Such foods mav be underground, in
hard shells or associated with toxins.
Hunted toods include mobile re-
sources thal must also be extracted
and processed before consumption.
Collected resources include fruits,
leaves, flowers, and other easily acces-

sible plunt parts. Extracted vesources
include roots. nuis and seeds, most
invertehrate products, and plant parts
that are diffcult to extract, such as
palm Hber or zrowing shoots. Hunted
resources include all vertebrates and
some mobile invertebrates.

Tuble 3 shows a breakdown of for-
ager and chimpanzee focds according
‘o our three acguisition categories.
Chimpanzees obtain an average of
about 95¢; of their diet from collected
loods, whereas the foragers in our
sample obtain an average of 8% uof
their food cnergy rom cotlected re-
sources. On the other hand, toragers
obtain about 60% of their food energy
from hunted respurces and about 32%
from extracted resources. whereas
chimpanzees oblain about 2% of their
food energy from hunted ‘oods and
about 3% from extracted resources.
While these categories may be some-
what rough, it is clear that humans
are much more dependent on Te-
sources that can be obtained only by
complicated techniques. Thus, the di-
etary data are consistent with our the-
aretical model. Humans appear to be
more dependent on resources that re-
quire skill and learning to acquire.

The Age Profile of Acquisition
for Collected and Extracted
ResoUrces

The proposition that difficulty of ac-
quisition predicts the age profile of
food production can be tested in two
ways, by looking at the dailv amount
of different resource types produced
by individuals of ditferent age and bv
observational and experimental mea-
sures of #ourfy rates of acquisition of
different resource tvpes by individuals
of different ages. The dailv data are
determined by both time allocation
and rates of return per unit of time
spent on a rESOUFCE whereas the
hourly data are based exclusively on
rates of return. Both sources of data
support the proposition that juveniles
cannot easily obtain extracted and
hunted foods.

Beginning with the daily data, Fig-
ures 5 and 6 show, respectively, the
daily caloric contribution of various
food types acquired by Ache and Hiwi
males and females as a function of
age. The upper panels represent the
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caloricallv less impartant foods {those
for which daily production is less than
200 kcal/dav); the lower panels repre-
sent the more important foods (=200
kealiday). Amaong voung Ache, both
males and females acquire only fruits.
Both sexes reach their peak rates of
daily fruit acquisition in their mid- 1o
late teens. Extracting palm hearts re-
guires strength and some skill (about
‘hree minutes of chopping in the right
spot); daily palm beart acquisition 1s
asvmptetic for both sexes bv the age
of 20 vears. More skill and learning
are required to exiract honey or paim
starch (knowing how 10 open a “win-
dow” 10 the resource and then extract
i1}, The dailv acquisition of these re-
sources does not peak until individu-
als are in their late 20s. Daily returmns
from huniing do not peak until indi-
viduals are about 35 vears old.

Hiwi foragers show similar produc-
tion patterns with age. except that
dailv fruit acguisition hecomes as-

ymptotic at later ages. Hiwi fruit col-
lection is more complicated because
many trips entail walking through the
night to distant groves, followed by a
return trip of 10 to 20 km with a heavy
joad of fruit. Daily honey extraction
rate alsa reaches its peak level when
these foragers are in their early 30s
(these are verv small nests of native
bees). Fernale root-production rates

increase four-fold from age 20 to age -

40, but men’s meat production does
not peak until they are about age 35.

The fact that forager children, like
chimpanzees, primarily acquire ripe
fruits is supported by additional data.
Among the Ache, children acquire five
times as many calories per day during
the fruit season as they deo during
other seasons of the vear? Among
the Hadza. adolescent girls acquire
1.650 calories per dav during the wet
senson. when fruits were available.
and oniy &10 calories per day auring
the dry season, when fruits are not

available. If we weight the data for the
wet and drv season equally, teenage
Hadze girls acquire 53% of their cal-
ories from fruits, compared to 37%
and 199, respectively, for reproduc-
tive-aged women and postreproduc-
tive women (all calculated from
Hawkes and coworkers.®) Hadza boys,
like Ache and Hiwi bovs, switch from
easier tasks, such as fruit collection,
challow tuber extraction, and baobab
processing 1o honey extraction and
hunting in their mid- to late teens. 1214
Chimpanzee juveniles also focus on
maore easilv acquired resources than
do adult chimpanzees. Juvenile chim-
panzees practice difficult extraction
activities such as collecting termites,
fishing for ants, or nut cracking less
than adults do.292s Hunting is strictly
an adult or subadult actvity 202427
Hourly return rates provide further
evidence that impertant human food
resources reguire long periods of
Jearning and skill development. Ob-
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servations of Ache [ruit collection
show that foragers generally acquire
the maximum observed rate by about
age 20 (Fig. 7). Some fruits (for exam-
ple, pretylla) that are simply picked
from the ground are collected by chil-
dren as voung as one-and-a-half to
three years at 30% of the adult maxi-
mum rate. For fruits such as vijulla,
which must be picked off branches.
children do not reach 50% of the adult
maximum rate until age 13 (Fig. 7). As
mentioned earlier, fruit collection by
the Hiwi {Fig. 8), unlike that done oth-
ers, is labor-intensive and requires
travel to distant food sites. Both males
and females reach maximum rsium
rates by about age 25,

Hadza data also show competent
fruit collection by children. The
Kongore berry collection rate of
voung married girls 1s equal to the
adult women's rate.® Baobab collect-
ing and processing seems 10 reach
509 of the adult rate by about age
12.14 Baobabs are an interesting
food resource because they are both
collected and extracted. While they
can easily be picked off the ground,
much more food energy is obtained
when the pith is extracted with pound-

plotiec df the mecn age far 2ach class anatyzed.

ing and water. Young children do not
practice these activities, whereas older
children do.!*

In contrast to the hourly acquisition
rate of fruits, that of extracted re-
sources often increases through early
adulthuod as foragers acquire neces-
sary skills. Data on Hiwi women show
that their root-acquisition rates do not
become asymptotic until the women
are about age 35 to 435 vears {Fig. &)
The root-acquisition rate of 10-year-
old girls is only 15% of the adult max-
imum. For Hiwi males, the honey-ex-
raction rates peak at about age 25.
Again, the extraction rate of 10-year-
olds is less than 10% of the adult max-
imum. Fxperiments done with Ache
women and girls clearly show that the
voung adults are not capable of ex-
rracting palm products at the rate ob-
tained by older Ache women (Fig. 9).
Girls take longer than women to cut
palms because they lack strength and
because they cannot judge whether a
palm will fail to the ground or get
stuck in nearby tree branches. Girls
take longer than women to extract the
growing shoot from the palm after it
is on the ground because this task re-
quires strength and knowing where to

Hourly retum rates
provide further evidence
that important human
food resources require
long periods of leamning
and skill development.
Observations of Ache
fruit collection show that
foragers generally
acquire the maximum
observed rate by about
age 20.

13. Hadza women, however, appear io
abtain maximum root-digging rates
by early adulthood,® perhaps because
they obtain a good deal of practice
throughout childhood!** and thus
require only adult strength in order to
produce at adult rates.

Casual ethnographic observation
supports the generalization that fruit
collection is easily learned, extraction
skills require more time 10 develop.
and hunting i1s the most difficult for-
aging behavior. Anthropologists work-
ing with modern foragers often partic-
ipate in fruit collection and can
rapidly achieve aboriginal return rates.
Some types of extraction can also be
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mastered with practice. One of us
(KH) chops down palms as fast as
Ache women do and can extracl the
heart at o slightly slower rate. How-
ever. despite some practice, KH has
not achieved the rate of palm-hiber ex-
wraction of Ache wornen. We know ol
no ecthnographers who successfully
dig roots or crack nuls at the rate of
members of their study populations.

Indeed, the same patterns are seen
among captive animals released Inio
the wild. Animals that have grown (o
adulthood in captivity can be success-
fully relcased into the wild if their
feeding niche is simple (for example,
if thev are herbivores). However, the
cuccess rate for carnivores and apes
with camplex feeding suratefies 1%
much lower.

Hunting and the Role of Men
in Human Reproduction

Male behavior plavs a distinctive
role in human life histories in two
ways. First, hunting the primary
subsistence activity of adult men, is
the most learning-intensive foraging
strategy praciiced by humans. Sec-
ond, unlike most higher primates,
men play a major role in the energet-
ics of human reproduction.

We know of no
ethnographers who
successfully dig roots or
crack nuts at the rate of
members of their study
populations. Indeed, the
same patterns are seen
among captive animails
released into the wild.
Animals that have
grown to adulthood in
captivity can be
successfully reieased
into the wild if their
feeding niche is simple
(for example, If they aré
herbivores). However,
the success rate for
carnivores and apes
with complex feeding
strategies is much lower.

Although a detailed guantitative
analvsis of the learning process in-
volved in human hunting has not vet
heen conducied, it is clear that human
hunting  differs qualitatively  from
hunting by other animals. Unlike
most animals, which either sit and
wail 1o ambush prev or use stealth
and pursuit techniques, human hunt-
ers use a wealth of information 1o
make context-specific decisions, both
during the search phase of hunting
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Differences between age caregores may

ba due ic differences in encourter ratas with

gJarme or success N pursLits of garme affer gncounter.

and then after prev is encountered.
Specifically, information on ecalogy,
seasonality. current weather, expected
animal behavior, and fresh animal
signs are all integrated 10 form multi-
variate mental models of encounter
probabilities that guide the search
and are continually updated as condi-
tions change.?® Various alternative
courses of action are constantly com-
pared and referenced to spatial and
temporal mental maps of resource
availability.3® This information is col-
lected. memorized. and processed
over much larger spatial areas than
chimpanzees ever cover. For zxample,
interviews with Ache men show that
fullv adult men (those over the age of 33
vears) had hunted in nearly 12.000 krn®
of tropical forest during their lives. Al-
most all foragers surveyed use more
than 200 km? in a single year, and many
cover more than 1,000 km® in a vear
(Table 4.1 in Kelly?!). Male chimpan-
zees, on the other hand, cover only
about 10 km? in a litetime 32

After potential prev are encourn-
tered. humans employ a wide variety
of techniques to obtain them, using
astounding creativity. Here are just

some examples that Hill, Hurtado and
Kaplan have seen among the Ache,
Hiwi, Machiguenga, and Yora: Arbo-
real animals have been shot with ar-
rows from the ground or a iree, driven
bv climbing, shaken down from
branches, frightened into jumping to
the ground, brought down by felling a
ree with an axe, lured by imitated
calls, lured bv making captured in-
fants emit distress calls, captured by
the spreading of sticky resin on
branches to trap them, and captured
bv scaffolding constructed from tree
wranches and vines. Ground-dwelling
prey are shot with arrows, driven to
other hunters or capture devices, run
down upon encounter, slammed to
death againsi the ground, strangled at
the neck, or suffocated by stepping on
them while they are trapped in a tight
spot. Burrowing prey are dug out,
chopped out of tree trunks, stabbed
through the ground with speurs,
frightened to the poini at which they
bolt from the burrow, smcked out.
and captured by introducing a lasso
through a small hole. Aquatic prey are
shot on the surface or below it, driven
into traps. poisoned, discovered on

muddy  hotioms by svstematicaily
poking the bottom of a pond, and
speared  underwater by random
‘hrusts in drving lakes. The widely
varied kill techniques are tailored to a
wide variety of prev under a wide va-
Mety of conditons,  Although  all
groups probably specialize in the
most abundant and vulnerable previn
their area, the total arvav of species
taken is impressive, and probably is
much larger than that ol most. if not
all, ather vertebrate predators. Forex-
ample, from 1980 to 19296 our sample
of weighed prey taken by the Ache

.. .itis clear that human
hunting differs
qualitatively from
hunting by other
animals. Unlike most
animals, which either sit
and wait to ambush
prey or use stealth ond
pursuit techniques,
human hunters use d
wealth of information to
make context-specific
decisions, both during
the search phase of
hunting and then after
prey is encountered.

included a minimum of 73 different
mammal species, at least 21 species of
reptiles and amphibians, probably
more than 130 species of birds (more
than we have been able o identifv)
and more than 14 species of fish.
Moreover, human huniers tend to se-
lect prey that is in prime condition
from the perspective of human nutri-
tional needs rather than prey made
vulnerable by vouth, old age, or dis-
case. as do many carnivorous ani-
mals 3+33

The skill-intensive nature of human
hunting and the long learning process
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jnvolved are demonstrated dramati-
cally by data on hunting return rates
by age. Hunting return rates among
the Hiwi do not peak until the men
reach the age of 30 to 35 (Fig. 8). The
acguisition. rates of 10-vear-old and
20-vear-old hovys reach, respectively,
only 16% and 50% of the adult maxi-
mum. In the 1980s, the hourly return
rate for Ache men peaked when they
were in their mid-30s (Fig. 9} The re-
wurn tate of i0-vear-ald boys is now
about 1% of the adult maximum, and
that of 20-vear-oids is still only 25% of
the adult maximum.

It is not surprising that no ethnog-
rapher has ever described being able
1o hunt 2t 2 rate equivalent to that of
study subjects. Indeed, most who hunt
rake kills only after being led to the
game animal by & competent hunter,
and then geperally with a firearm (as
is the case with recreational big-game
hunters). These patterns also mirror
the effects of acculturation in most
groups. Foragers who grow up in set-
iled communities can often collect
fruits and other plant resources at
rates equivalent to those obtained by
older individuals who grew up in the
bush (see. for example, Blurton Jones
and colleagues?® on the IKung). But
most voung Ache men who have
grown Up on reservation settlements
cannot hunt using traditional technol-
ogyv nearlv as successfully as older
men who grew up in the farest (un-
published data].

Chimpanzees too, appear to require
many vears to learn successful hunt-
ing technigues. Older males are more
likely than yvounger adult males to am-
bush prev during a group hunt and
perform more complicated maneu-
vers during the hunt.2® {But see Stan-
ford.2")

Althouch the learning process is
long, invesiments in hunting ability by
human males aliow them to be highly
produchive as adults. The comparative
analvsiz ol diets and productivity
among loragers shows that men play a
major role in the energetics of human
reproduction. For example, among
the Ache the total expected net caloric
production  {feod produced  minus
food cunsumed) Trom age 18 1o death
ie =21 .63£.000 calories for males and
—624.000 calories for females The
corresponding figures for the Hiwi ure

+11,151,000 for males and —3,096,000
for females. Even among the Hadza.
where women plav a much greater
role in subsistence production. males
provide as least as much support for
reproduction as females do, if not
more. While the esiimates may re-
quire revision when researchers com-
plete their analvsis of age-specific pro-
duction among the Hadza, our initial
approximation, based on published
data, is that over the entire expected
life course (including the probability
of survival to each age), net produc-
tion for Hadza males is +16,671,000
calories, while that of fernales is only
+3,252,000 calories. Table 2 shows

Although the leaming
process is long,
investments in hunting
ability by human males
aliow them to be highly
productive as adults.
The comparative
analysis of diets and
productivity among
foragers shows that men
play a major role in the
energetics of human
reproduction.

that men provide more food energy

per day than women do in all but one
or two of the ten foraging societies for
which there is quantitaiive data. Men
also provide the vast majority of pro-
tein in the diet. This is critical, since
higher daily protein intake increases
weight gain ¢ immune function re-
sponse,** and survival.3==¢

The faci that men produce more
food than womert Go In most low-lat-
itude foraging societies is not comven-
tional wisdom. This is & resuli of the
influence of Richard Lee's?! < po-
neering study of the Thung (Ju’ho-
ansi) which showed that women pro-
vide more {ood than men do. There

has been a tendency 1o zeneralize
those results to all foraging societies.
Table 2 shows that those results are
not general; it is also shows the possi-
bilitv that weaknesses in Lee’s study
have been misleading for the !Kung as
well. Lee’s sample covered onlv 28
davs of one month of 1964, and on
two of those davs he 100k women out
collecting mongongo nuts in his vehi-
cle. thus inflating the collected por-
ton of the diet and fernale return
rates. During much of the vear, mon-
gango nuis are not abundant, nor are
they as abundant at other !Kung study
sites as at the Dobe site. Another siudy
of 'Kung food production shows
much higher hunting success than
Lee reported. Yellen® provided data
showing that !'Kung men acquired
twice as much meat per day when
they were in bush camps than they did
in the permanent dry-season water-
hole settlement where Herero raised
cattle, which probably had a depres-
sive effect on game densities. Yellen's
sample of person consumption days
was larger than Le€’s and covered all
months of the vear. The daily meat
consumption in Yellen's sample was
about 1,600 calories per capita, which
would represent 68% of all calories if
total food consumption was the same
as Lee reported. In addition, both Lee
and Draper (p. 262 in Leed?) found
that !Kung men spent more hours per
week on food acquisition than did
TKung wormen.

The fact that humans were success-
ful in colonizing high-latitude ecolo-
gies where plant foods are not abun-
dant and are available only for short
periods also demonstrates the impor-
tant role that men play in the energet-
ics of repraduction. It is also interest-
ing that many Neanderthal and early
Homo sapiens are found at high lati-
iudes where plant consurmnption Was
minimal and, in some cases, where
even fuel and residential construction
were provided by animal products
(see Hoffecker= for a review of east
European sites). Moreover, some ar-
cheological sites beginning with Hamo
crpaster (for cxampie. Boxgrove, En-
sland<¥) contain super-abundant ani-
mal remains and evidence of spears
and other huniing tools. but no evi-
dence of plant consumption. More re-
cent low-latitude archeclogical  as-
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sembiages also often ave extremely
dense bone scatter, which suggests
high mear consumption. At Kutikina,
Tasmania, for example. bone frag-
ments comprise nearly 20% of the
weight per cubic meter of some arche-
ological sirata® On the other hand.
complete assessment of plant pollen
at some assemblages, among them
Tamar Hat on the north coast of Afri-
¢a#7 suggests no edible plant species.
despire dense faunal scatters, Such ev-
idence suggests that adult males have
often been the main, and sometimes
the only fond providers in foraging
societies.

In another vein, the Hadza research
teamn!s % has argued that men do
not play a major role in the energetics
of human reproduction because the
vagaries of hunting luck render meal
an unreliable and indefensible re-
source. Two separate issues must be
distinguished in evaluating this argu-
ment. The first concerns the sources
of the caloric and nutritional subsidi-
zation of human reproduction. The
second issue is whether or not the pro-
ceeds from hunting preferentially sup-
port the spouse and children of the
hunter.

With respect to the first issue, the
data we present clearly demonstrate
that hunted foods provide a substan-
tial proportion of the energy and es-
sential nutrients caonsumed by women
and children. The fact that humans in
some places depend on hunting for
almost 100% of their energv needs
suggests that this can be a reliable
means of subsistence because thev
have developed cultural solutions to
the variability problem. The main so-
lutions are food sharing and. 1o a
lesser extent, food storage. The second
issue is more complex and, as vet, un-
resolved. Hawkes and associates®’
ciaim that prev items are not con-
trolled or owned because they are im-
possible to defend. Thus, males do not
provision their families, but simply
provide equally for everyone in a band
bv hunting. There are, however. no
data to support this interpretation,
other than the observation of sharing
{1gelf. In Fact, there is considerable ev-
idence that carcasses can be detended
when conditions do not faver food
sharing. The Ache of Paraguay, who
supplied the initial data for the inde-

“ensibility view of sharing share zame
cesourses widaty when on long torag-
ing rreks, ve withhole oven Large
game, snarng mainly with preferred
sartners when on reservailon settle-
ments. s Thus, the same resources are
shared ditferently in the forest and in
the reservarion. The sarme s e in
Africa, where the large game items
taken by the Hadza are rreated as pri-
vate property by other ethnic groups
who trade or sell them in the bush
meat market.

In our view, human pair
bonding and male
parental investment is
the result of
complementarity
between males and
females. The
commitment to caring
for and carrying
vulnerable young,
common o primate
females in general,
together with the long
period required to leam
human hunting
strategies, renders
hunting unprofitable for
women.

The indefensibility hypothesis also
asserts that shares given up by suc-
cessful hunters are never repaid in any
useful currency (meat, other goods,
or services) and that shares are given
o evervone equally, regardiess of
whether they have done or will do
anything to pay them back. However.
recent research shows that contingent
giving is typical in all societies where
il has been examined. Ache and Hiwi
foragers share more with those who
share with them and, when they are
sick or injured, receive help from
those with whom they have shared

and in relation to how generously they
have shared.™* Yanomamao gﬁrden—
2rs work mare hours in the gardens of
non-kin who work more hours in their
anrdens.’? We believe that this twpe
of reciprocity, often in different cur-
rencies. is the basis for all human
economies, divisions of laber, and
specialization, and that its critical de-
velopment in the hominid line distin-
guishes us from our ape relatives.

Tuken together, currently available
evidence suggests that men generally
provide a considerable portion of the
energy consumed by juveniles and re-
productive-aged women. This does
not mean that men contribuie more
to societv or reproduction than do
women. Women process {ood [part of
providing nutrients), care for vulnera-
ble children, and do a variety of ather
importani tasks in ail societies. It is
the partnership of men and women
that allows long-term juvenile depen-
dence and learning and high rates of
survival. Indeed. analvses show that
among both the Ache and the Hiwi,
individual women produce less food if
their husband is a high producer.s?
Divorce or paternal death leads to
higher child mortality among the
Ache,19.5* the Hiwi.*® and the !Kung,>®
but not the Hadza.57

[n our view, human pair bonding
and male parental investment is the
result of complementarity between
males and females. The commitment
to caring for and carrying vulnerable
young, common to primate femalesin
general, together with the long period
required to learn human hunting
strategies, renders hunting unprofit-
able for women. The fact that human
males can acquire very large packages
of nutrient-dense food means that
thev can make a great difference to
female reproductive success. That is
not true of most other primates (the
exception being callithricid males,
who provide other necessary assis-
tance). This difference creates 1s a ma-
jor discontinuity between humans
and apes, and results ina partnership
between men and women. That part-
nership is ecologically variable, in that
the roles of men, women, and children
vary with the availability of food re-
sources in the environment and the
risks posed to children.28.33.58-80

When plants are abundant and
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game is scarce (as in the Gwi environ-
ment), men specialize in providing the
rarest nulrients in the environment,
protein and lipid, because these nutri-
ents are critical for growth and good
health el €2 while women provide
more food energy. When plant foods
are scarce, men’s hunting provides the
bulk of enersy and women concen-
trate on the processing of food and
other raw materials, and on child
care. There is much to be learned
about the determinants of male and
{emnale Toles 10 foraging societies. but
the primary activity of adult males is
hupting to provide nutrientis for oth-
ers.

1o sum. hunting is the human activ-
i that reguires the longest period
before maximum Telurn rales are
achieved, but it alsa pravides the high-
es1 overall melun rate Once Maximum
skill levele are reached. As a result,
hunting provides Lhe greatest energy

component of human diets in many
foraging societies (Table 3) and is a
fundamental feature of the human
life-history adaptation. Resolution of
the debate about whether hunting is
primarily direct parental investment,
as we contend, or mating effort, as
propased by Hawkes and cowork-
ers,®3 awaits further data and sophis-
licated lests, Nevertheless, the nuiri-
tional support of reproduction by
human males is a fundamental fea-
wre of our species.

Reduction in Juvenile and
Earty Adult Moriality Rates

Human foragers have longer maxi-
mum life spans than chimpanzees do.
sugeesting that they may have Jower
mortality rates over much of the lile
span.o o Both groups experience
minimum mortality raies 10 the lae
juvenile and carh adull perioc, a pat-

tern tvpical of many living organ-
isms.58 However, the minimum mor-
tality rate of foragers is about 1% per
vear, whereas the minimum rate for
chimpanzees is about 3.5% per vear
(Fig. 10}. We propose that the charac-
ter of food resources taken by humans
witimately lowers the mortality rate of
suveniles and young adults in three
wavs, First, the hunted and extracted
foods taken by humans generally
come in large packages. Large, valu-
able packages [avor food sharing,
which reduces fluctuations in daily
food intake, allows sick and injured

.. hunting is the human
activity that requires the
longest period before
maxinrnum return rates
are achieved, but it also
provides the highest
overall retumn rate once
maximum skill levels are
reached. As a result,
hunting provides the
greatest energy
component of human
diets in many foraging
societies and is
fundamental feature of
the human life-history
adaptation.

individuals to recover at higher rates,
and facilitates provisioning of chil-
dren. Second, the food types taken
tavor larger foraging parties and resi-
dential groups, which offer protec-
tion, particularly for juveniles who as-
sociaie closely with adults. Third, the
food niche has led to the development
of 1ools and an understanding of ani-
mal behavior, which can be used ef-
fectively to repel predators.

Laree package size has been. posi-
tivelv associated with the probability
of food transiers or the degree of food
ansfer in virtually every study ip

t.
{
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which it has been examined. ™
Among the Ache and Hiwi. the per-
centage of {oods not eaten v the ac-
quircr's nuclear familv (s directiy re-
lated to the mean package size of
different ‘ood categories™ or package
size within food categories.? Dailv
variability in the acquisition of ditfer-
ent food categories also positively cor-
relates with the percent shared in both
societies. [mportantly, meal comes .0
larger packages and is more variable
than extracted resources, which, in
urn, come in larger, move variable
packages than do fruits. Meat is trans-
forred most hetwesn non-kin, tol-
lowed bv extracted products, then
fruits.?2 Chimpanzees also share meat
more than they do any other food re-
source.” ™ Thus, we propose that as
humans moved into a hunting-extrac-
tion feeding niche, levels of food shar-
ing increased dramatically over that
seen among chimpanzees.

Among the Ache, individuals who
are sick or injured are frequently fed
by other individuals. often ones who
are not kin. Those who share a greater
percentage of their production are
provisioned by more individuals when
they are sick or injured.®! Illness and
injury are common among those in
foraging societies, as we might imag-
ine, given their frequent exposure to
dangers, parasites, and pathogens,
and the lack of modern medical care.
A systematic health survey in one res-
ervation Ache community in 1997
showed that adults required care at
the community clinic on 6% of all per-
son davs, whereas children required
care on 3.5% of all person days. Sug-
ivama and Chacon”™ have calculated
that Yora men of Peru were unable to
hunt on about 10% of all person davs
monitored. Bailey? reported that Efe
men came to ask for medical treat-
ment on 21% of all man days and ol-
ten had problems that precluded for-
aging. Most relevant to our hypothesis
is how often men, women, or children
are sick or injured for many days in 2
way that would preclude food acqui-
sition. No data are vet available on
this topic. However, we have seen a
variety of serious medical problems
including snakebites, injuries sus-
tained in piranha and jaguar attacks,
broken bones, large punctures, and
animal bites, as well as, arrow

wounds, massive infections, and oce-
sional illness that have kept people
from foraging for more than a wesk at
a tme. Indesd, we rescarchers have
alk axperienced medical problems that
lasted Tor a weck or morg amd pre-
vented us from working in the feld. I
people wers nof food-sunsidized dur-
ing such periods. mortality  rates
would undoubtedly be higher.

Large, widely dispersed food patcnes
Mav Promore grouping among ani-
mals. 303 Human women and chil-
dren generally spend the day in par-
ties that contain many individuals of
the foraging band, whereas chimpan-
zee females and juveniles are often
dispersed into parties of one or two
individuals.”s#> This appears Lo have
two important consequences. First,

Large package size has
been positively
associated with the
probability of food
transfers or the degree
of food transfer in
virtually every study in
which it has been
examined.

human males experience higher mor-
talitv from predators than do females.
Eight of the nine Ache who died from
jaguar attacks in the twentieth cen-
tury were men, as were 14 of the 18
who died from snakebite.’® Second,
human juveniles are rarely killed by
predators. In recent memory and his-
torical mythology, no Ache child has
been killed by a jaguar. The onlv
'Kung reportedly killed by a predator
in Howell's?* demographic study was
an older man. Nevertheless, there is
goad evidence that chimpanzee juve-
niles are killed by predators®7¢ and
that adult females are probably killed
more often than adult males.

Human 1ool use probably provides
a goad deal of protection from preda-
tors. Fire appears to frighten many

predators and may provide a good
deni of nocturnal proteciion. Hunting
rools can inilict sertous  injury or
Jeath on predators. thus providing
protection for women and children,
sarticularly when multiple males are
present. The knowledge and analvsis
ol animal behavior, fundamental 10
human huniing, can also be emploved
wo fend off predators. Ache often know
when the group is being stalked by a
jaguar by analyzing its fmotprints and
movement patterns. When thev be-
come aware of a predatory jaguar,
they build brush walls around the
camp and take turns acting as senti-
nels through the night.

These quantitative and qualitative
data about food sharing. tools, and
knowledge provide suggestive evi-
dence that the shift to large-package,
high-quality foods indirectly acted to
lower mortality rates. Research on
causes of death and risks of predation
and illness among both humans and
chimpanzees is necessary to deter-
mine the factors responsible for the
more than three-fold ditferences in ju-
venile and adult mortality rates.

DISCUSSION
Primate Life-History Evolution

The life-history traits and large
brains of fully modern Homo sapiens
may be seen as the exireme manifes-
tation of a process that defines the
primate order as a whole. Qur theory
organizes the major evolutionary
events in the primate order and the
specific changes that occurred in the
hominid line.

The early evolution of the primate
order (60 mya to 35 mya) was charac-
terized by small increases in enceph-
alization. Relatively little is known
about early life-historv evolution ex-
cept that it appears that even the more
“primitive” prosimian primates were
long-lived and delaved in reaching re-
productive maturity as compared to
mammals of similar body size. Austad
and Fischers+#2 have related this evo-
lutionary trend in the primates 10 the
satetv provided by the arboreal habi-
tat. They compare primates to birds
and bats, which are also slow in devel-
oping and long-lived for their body
sizes. Thus, the first major grade shift
that separated the primate order from
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other mammalian orders was a
change 10 a lowered mortality rate
and the subseguent evolution of
slower senescence rates.

The second major grade shift oc-
curred with the evolution of the an-
thropoids, the lineage containing
monkevs. apes, and humans, begin-
ning about 35 mvya. This was charac-
terized by an increasing emphasis on
plant foods as oppused 10 insects, and
bv more rapid increases in brain size
relative 10 body size.®¢ The major de-
fining characteristic of the evolution
of the anthropeids was reorganization
of the sensorv svstem from one in
which olfaction and hearing were rel-
atively dominant 10 one completely
dorminated by binocular color vi-
sion.#9 This grade shift is almost cer-
tainly tied to a dietary shift toward a
diverse arrav of plant parts, particu-
laxly fruits and leaves.

The diet of the anthropoids has
been characterized as both “broad
and selective.’32&7 The diet is broad
precisely because it is so selective. An-
thropeid primates tend (o select foods
on the basis of the ripeness, fiber con-
tent, nurrients, and toxicity of foods
consumed early in the day.3%-°¢ This
selectivity requires the allocation of
increased brain tissue Lo visual pro-
cessing 5192 It also requires that many
different species of plants and animals
be included in the diet, increasing the
demands for memory and learn-
ing.gl.g-‘v

This grade shift is reflected in brain
size. Regressions of log brain size on
log body size show thal the intercept
is significantly lower for strepsirhinc
primates (including most prasimians)
than for the haplorhine primates (in-
cluding all anthropoids and a few pro-
simians).

The third major grade shift in pri-
mates occurred with the evolution of
the hominoid lineage, the branch
leading (o apes and humans. This shift
included further encephalization. The
intercept in a regression of log brain
size on log body size is significantly
higher for apes than monkevs, and
apes clearly perform better on most
tasks reflecting higher intelligence. ™"
Evidence on teeth and tooth wear
among early hominoids suggest= a
diet composed mainly of soft, vipe
fruits e The Lrugivorous emphasis of

the hominoid lineage is evident in
jater hominoid species as well.?®
Wrangham and colleagues®™#* also
show that the chimpanzee diet is
hased on a much greater percentage
of ripe fruits than is the diet of other
sympalric primate frugiveres. (This is
probably true of vrangutans as well).
The cognitive demands of a diet that
emphasizes ripe fruits are likely to be
much greater than simple frugivory.
For one thing, there are grealer per-
ceptual demands in detecting the state
of fruit from visual cues against a
background.”’ For another, the lower
abundance of ripe fruits and the short

Although, as compared
to humans,
chimpanzees engage in
relatively little extractive
foraging and hunting,
they do much more
than monkeys. In this
sense, their superior
intelligence and greater
encephalization than
occurs in monkeys
illustrates the same
evolutionary forces that
separate humans from
apes.

time in which they are available (ripe,
but not vel eaten by competitors) is
likelv to impose greater demands with
respect Lo monitoring the environ-
ment, remembering the state of indi-
vidual trees, and predicting when the
fruits will become ripe on the basis of
their current state.

In addition to eating ripe fruits,
chimpanzees and  gorillas also use
complex techniques for extraciing
foods from protecied subsurates. such
as nut-cracking, termite and am fish-
ing. and removal of bark 1o gel at
pith.#* Gibson® % identifiec extrac-
tive loragimg in prirmates as an impor-

tant selective force in primate intelli-
gence and presented evidence in
support of this idea. Furthermore,
these behaviors vary between groups
a5 social traditions. In a comprehen-
sive review of chimpanzee cultures us-
ing 151 years of chimpanzee observa-
tions from seven long-term studies, 39
behavior patterns were found to be
customnary or habitual in some com-
munities but absent from others
where ecological explanations could
be discounted.'®? Of these, 19 were
patterns of extractive foraging. An ad-
ditional 14 extractive foraging behav-
jors were identified but failed to
achieve habitual status in any one
community. Furthermore, chimpan-
see Tnales are avid hunters. Boesch
and Boesch2¢ present data indicating
that older chimpanzee males are ca-
pable of predicting escape patterns of
their prev and of predicting how prey
will respond 1o the behaviors of other
chimpanzees. This appears to require
even greater levels of cognitive pro-
cessing than are required for extrac-
tive foraging. Although, as compared
to humans, chimpanzees engage in
relatively littie extractive foraging and
hunting, thev do much more than
monkevs. In this sense, their superior
intelligence and greater encephaliza-
tion than occurs in monkeys illus-
traies the same evolutionary forces
that separaie humans from apes. (Se=
Lancasier and associates!®? for a re-
view of chimpanzee behavior and cog-
nition.)

There is some debate, however,
about the relative importance of diet
versus group living in the evolution of
primate intelligence and brain size.
According to one view, the increase in
brain size was largelv driven by the
complexities of the primate diet, Jeri-
son’03104 suagested thal brain tissue
evolves in response to two kinds of
demands: One depends on body size,
hased on menitoring and supporting
an animal's body tissue and particu-
Jarly its surface area; the other 1s the
ability to assimilate, integrate, and re-
member emironmental informatiorn.
He therefore predicted that differ-
ences in brain size, after controlling
for body mass, would be associated
with an animal’s ecological niche and
itx demands for information process-
ing. Jerison'® hvpothesized that the
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need to process information in acom-
plex three-dimensional cnvironmen:
was the cause of the larze brain of
primates velative 10 the brains of other
mammais.

Clutton-Brock and Harvev!os tested
a version of this hypothesis with inter-
genera comparisons within families of
primates. They reasoned that trugi-
vores need to assimilale and retain
more environmental information than
folivores do because fruits are mors
scarcely disiributed than leaves. ve-
quiring more specific locational mem-
orv. They found that, after controlling
for body size, both dietary emphasis
{leaves versus fruits and insects) and
the size of the home range predicted
brain size. Milton?*#91% extended
their work, focusing on gut specializa-
Hon and brain size as alternative
routes to energetic efficiency. Leaves,
while abundant, tend to contain high
amounts of fiber and ofien Loxins as
well. The abilitv to extract nutrients
from leaves depends on the size of the
gut and other specializations designed
to facilitate fermentation for nutrient
extraction. Fruits. on the other hand,
are ephemeral resources, patchily dis-
tributed but offering a higher density
of easily processed energy. Milton
showed in paired interspecific com-
parisons that gut size and brain size
were inversely correlated, correspond-
ing to the dietary emphasis on fruits
versus leaves.

Another view is that brain-size avo-
lution was driven primariy by the
complexities of social life in primate
aroups.'07-108 Many species of pri-
mates exhibit complex dominance hi-
erarchies that are mediated by politi-
cal alliances and relations among
relatives in genetic lineages.'9%-112 Tt
is not clear why higher primates have
such complex social relations, but it
appears that group living 1s at least
partially a response to predation that
significantly lowers predation. Among
species that tend to eat higher-quality
foods that are easy to monopolize, so-
cial relationships also mediate access
o foods within groups.!'?

The most recently published analy-
ses with the largest samples show that
both group living and diet are assaci-
ated with brain size and the size of the
neocortex in primates.®!?? In a sepa-
rate set of analvses, Allman and col-

Ceaguesee nave shown that zrovp Ny
inu and diet are positively associnied
with maximum like span in primates
after controlling Tor bodvy size. Thev
Also nave shown a high positive corre-
lation between Srain size and life
span. again controlling tor bady size,
Srith!'!* showed thar after controlling
for body size, brain size in prmates s
positively associated with the age of
frst molar eruption, an indicator of
the age at which individuals begin 1o
consume adult diets, as well as with
age of [irst reproduction and longev-
ity. The reladonship is strongsst tor

It seems likely that the
cognitive ability
associated with foraging
in a complex three-
dimensional
environment is an
important pre-
adaptation for social
intelligence and
complex social
relations. Of particular
interest here are the
specializations inherent
in the primate visual
system ...

age of first molar eruption. probably
because brain growth and postcranial
morphological developmeni compete.' -3

Kaplan and colleagues!''® have re-
cently conducted multivariate analy-
ses specifically designed 1o test the
present theory. They found that when
brain size is regressed on body size,
age at first reproduction, maximum
life span. percent of fruit in the diet,
range size, and group size in a multi-
variate model, all but group size were
significant predictors of brain size. In
addition, the Frugivory and range size
variables, meant to capture the cogni-
iive demands of the diet, also predict
the life-history variables (age ot first

vc‘pmuuclton and maximum lifespan)
after controlling for hody weighi,

Regardless of the impertance of
oroup size in determining brain size
in monkevs, the grade shift in brain
size berween monkevs and apes is al-
most surely related to diet and not to
group size.>® Apes show distary spe-
cialization, but do not live in particu-
Jarty large groups. [n fact. gibbons,
orangutans, and lo a lesser extent, go-
riflas, live in relatively small groups
while chimpanzzes and banebos form
aroups of the same size as do baboons
and vervets.

It seems likely that the cognitive
ability associated with foraging in a
complex three-dimensional environ-
ment is an important pre-adaptation
for social intelligence and complex so-
cial relations. Of particular interest
here are the specializations inherent
in the primate visual system, includ-
ing binocular vision, high visual acu-
itv, and associated increases in the
size of the lateral geniculate nucle-
us.6+65.91 Barton®! has shown that the
size of the parvocellular svstem in-
volved in the processing of visual stim-
1l increases with increasing group size
among nonhuman primates. Thus, it
mayv be that selection favoring social
intelligence increases once the neces-
sary cognitive pre-adaptations exist.
This may be one reason why primates
exhibit such high levels of secial com-
plexity relative 1o other group-living
mammals, such as many herbivores.
Adept social manipulation that leads
to a higher position in a dominance
hierarchy may be favored by natural
selection, for dominance has corre-
lated positively with measures of fit-
ness in a multitude of primate stud-
jes. 102113117 Yet this would probably
be true for other social mammals as
well, Many of the same abilities to
store and analvze information may be
emploved to solve dietary and social
problems.** Once social intelligence
and social complexity evolve. the cog-
nitive adapiations may be maintained
even when dietary complexity is seC-
ondarily reduced in some species, as
is the case with the derived simplicity
of the diet of colobine monkeys.'%
Apes show remarkably sophisticated
social  intellipence®+ 112118112 and
stand out in comparison to monkeys.
Although this cannot be a result of
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greater group size per se, it is again
possible that selection on social appli-
cations of intelligence increased when
the cognitive adaptations to feeding
acted as a pre-adapiation.

11 is useful to think of primale evo-
Jution as both a branching and a di-
rectional process. 1t is branching in
{he sense tnat ecological variation. in-
traniche competition, and segregation
generate variable selection pressures
that lead 10 the evolution of multiple
species with different traits. Some are
selecied 10 relv on more easily ac-
quired foods and travel less, to invest
more in gut physiology and less in
brains, and to mature more rapidly
and live shorter lives. Others are se-
Jected 1o rely on more complex feed-
ing strategies and exhibit their respec-
tive, correlated life histories. It is a
directional process in the sense that
cognitive and life-history adaptations
thal evolved previously act as pre-ad-
aptations for further selection in the
same direction in response to niche
competition and ecological change.
Howno sapiens is an extreme in one of
those directions.

The Hominid Line

The fourth major grade shift in pri-
mate evolution occurred with diver-
gence of the hominid line, particularly
the evolution of genus Homo. The
brain and life span of modern humans
are clearlv “putliers” compared to
those of other maminals, and even as
compared to the relatively large-
brained, slow-living primates. The
evolution of these extreme adapta-
tions in the hominid line is built on 2
hominoid base that alreacdy showed a
significant tendency toward large
brains. long lives, and exploitation of
high-guality foods. Available evidence
on Australopithecines suggesls that
bipedalism preceded changes in brain
size and life histary,1431%

Although the recorc is still incom-
plete, it appeavs that brain enlarge-
ment and life-historv shifs co-o¢-
curred. Earlv Homo ergasier shows
both significant brain expansion and
an elongated developmental period, '
but much less so than modon
humans. Neanderthals display both
brain sizes and dental development
that are in the same range as those of
moderr humans. Bipedalism can be

thought of as a pre-adaptation that
evolved to facilitate terrestrial loco-
motion, allowing for long day ranges
through energetic efficiency.12! Ache
men walk an average of 15 km per
dav, about three times the distance
covered by chimpanzec males 3233
even though both inhabit tropical for-
ests. Bipedality alse had the second-
ary effect of freeing the hands for spe-
cialization in manipulative activities.
Environmenial conditions in the earlv
Pleistocene interacted with bipedality
10 fFavor an increased emphasis on &x-
\ractive foraging, hunting, learming,
prolonged development, and long
lives for at least one line of the homi-
nid familv. It may be that this unique
suite of conditions is responsible for
the extreme differences between hu-
mans and other primates in intelli-
gence, development, longevity, and re-
eource flows across generations. The

Although the record is
still incomplete, it
appears that brain
enlargement and life-
history shifts
co-occurred.

complexities of a highly variable cli-
mate also would have favored a trend
toward cognitive solutions that led to
new foraging opportunities. Homin-
ids with such solutions were probably
betler able to withstand rapid climate
and habitat change than those who
were more inflexible. 122

The shift toward a high-guality diet
based on learned foraging technigues
also implies another co-evolutionary
process. Just as the juvenile period
and the life span co-evolved, so 100 did
brain and gut sizes co-evolve with life-
historv traits and with each oth-
er.2342%  Many  other physiological
truits are probably related 10 this
evolved complex. For example, it 1§
likeh that hidden estrus among hu-
mens is related 1o the male energ
cubsidization of adult femaie repro-
duction £ and that the postrepraduc-

tive life span of both sexes is related to
high foed production by older individ-
uals. Almost certainly, the reason that
human females have shorter inter-
birth intervals than apes do?? {and
probably different physiological sensi-
tivity to nursing stimulation] is because
reproductive-aged human wornen are
ahle 10 decrease rather than increase
their food production during lactation
due to subsidies by other age and sex
classes.’0z This commitment to food
sharing is evident in human phvsiol-
ogy and behavior. Women obtain
more of the extra energy required for
pregnancy and lactation by increases
in energy intake'?® and reductions in
energy expenditure!#23° rather than
by an increase in fat mobilization or
metabolic economy.12% Reductions in
basal metabolic rate during early
pregnancy’®’ are not sufficient to
make up for the increased energy re-
quirements. 1t is likely that this re-
sponse evolved in the context of pro-
visioning.

Figure 11 illustrates our historical
hvpothesis regarding the hominid diet
and its impact on both pay-offs 10
Jearning and development and on
mortality rates. The figure begins with
two important ex0genous changes.
The first is a change in the distribu-
tion of foods with the emergence of
African savannas in the Pleistocene,
which increased the abundance of
high-quality but protected plant foods
(nuts and tubers, in particular) and
animal foods. The second change is
the pre-adaptation of bipedality,
emerging in the Australopithecines as
2 locomotor adapiation. This adapta-
lion. frees the hands for tool use,
which allows more efficient extraction
and hunting and frees the hands for
caryving large packages of food suit-
able for sharing.12812¢ It also results in
efficient terrestrial Jocomotion and
higher daily mobility that would in-
crease the daily encounter rate with
rare but energetically rich resources.
These changes led to an increased em-
phasis on large, high-quality, but dif-
ficuli-to-acquire foods. Qur hypothe-
«is it that this feeding niche had
muitiple elfects: 1t increased the pre-
mium on learning and intelligence,
delaving growth and maturation: in-
creased muritional status and de-
creased mortalitv rates through food
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sharing (predicted by the provisioning
of young sick or injured individuals);
and released selection against larger
group size, which lowers pradation
mortality.

The Grandmother Hypothesis

The present theory shares some fea-
tures with a mode! of menopause and
human life history recently proposed
by Hawkes and coileagues,3? often re-
ferred to as the grandmother hypoth-
esis. This hvpothesis proposes that
humans have a long life span relative
16 that of the other primates because
of the assistance that older postrepro-
ductive women contribute to descen-
dant kin through the provision of dif-
feuli-to-acquire plant foods. Women,
therefore, are selected to invest in
maintaining their bodies longer than
chimpanzee females do. Thus. both
thecries focus on the exceptionally
long human life span. Rather than re-
garding the cessation of reproduction
in the fifth decade af life as the critical
adaptation (a feature shared with
apes), both theories attempt to ex-
plain the extension of the human life
span bevond menopause.2+13® This
implies that some fertility earlier in
life is given up in order to prolong the
adult life span.2* The thearies differ in
important ways, however.

First, the grandmother theory fo-
cuses on the productivity of older
women, but not on investments in

learning and development The
present theory specifically links high
productivity later in life to invest-
ments in a large brain and to the
unique features of growth in human
children. The grandmother hypothe-
sis ig silent about the expansion of the
costly human brain. It also offers no
explanation of why human children
grow so slowly and take so long to
mature, except for the fact that adult
mortality rates are low. In fact,
Hawkes and colleagues'*® suggest
that learning is a secondary effect ofa
long juvenile period {determined by
the long lifespan) rather than the
cause of the long juvenile period. Sec-
ond. the grandmother theory fails to
account far why men live to about the
same age as women. If the benefits of
living longer derive, for women, from
provisioning descendant kin and, for
men from direct reproduction, there
is no reason why their life spans
should be so similar. Third, the grand-
mother model fails to capture the im-
portant role that human males play in
supporting women's reproduction. It
also fails to explain the age profile of
production among males and why
men take so long to reach their pro-
ductive peaks.

The evidentiary basis of the grand-
moather hvpothesis is also very weak.
There is no direct evidence that post-
reproductive women are the major
food providers in any sociely. While
Hadza data do suggest that older

Hadza women produce more food
than vounger women do. postrepro-
ductive women produce less than
Hadza men {Fig. 23, Furthermore, itis
unlikelv that the Hadza pattern of
high foed procuction by postrepro-
ductive women is commoen among
other foragers. Ache and Hiwi pos-
treproductive women do not acquire
oven half the dailv food energy ac-
guired by adult men. !kung data also
suggest that older women produce
verv litile, even leading the Hadza re-
search weam to ask “Why don't elderly
'Kung women work harder to feed
their grandchildren?” (Blurton Jones

The present theory
specifically links high
productivity later in life
to investments in a large
brain and fo the unique
features of growth in
human children. The
grandmother hypothesis
is silent about the
expansion of the costly
human brain. It aiso
offers no explanation of
why human children
grow so slowly and take
so long to mature. ..

and coworkers,'? p. 388). And cer-
tainly none of the high-meat-consum-
ing societies of Table 4 nor any of the
societies in human historv dweiling at
high latitudes could have been mostly
dependent on the food production of
pastreproductive women. While we
agree that the age profile of produc-
ton is shifted toward older ages
among women as well as men. and
that postreproductive women provide
many important services in foraging
societies, among them child care, tool
making, food processing, and camp
maintenance, there is no evidence to
support the hypothesis that they have
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been the “breadwinners” in most soci-
eties during human history.

The present theorv organizes all of
these facts. Both males and females
exploit  high-quality, difficuli-to-ac-
guire foods (females extracting plant
foods and males hunting animal
foods), sacrificing early productivity
for later productivity, with a life-his-
torv composed of an extended juvenile
period in which growth is slow, a
Jarge brain is programmed. and a high
imvestment is made in mortality re-
duction and maintenance o reap the
rewards of those investments.

PREDICTIONS OF THE THEORY
TO BE TESTED IN FUTURE
RESEARCH

Comparative Biology

The co-evolutionary selection pres-
sures posited by our theory and sup-
ported by the quantitative theoretical
model should be generally applicable.
Holding pay-offs to time spent as a
juvenile constant, increased survival
rates during the juvenile period should
select for delaved reproduction, as
predicted by the models of Kozlowski
and Weigert® and Charnov.'# Holding
constant extrinsic mortality hazards
and the pav-offs 1o investments in
mortalitv reduction, increased pay-
offs io time spent in development as a
juvenile should select for increased al-
locations io sunvival and lower mor-
talitv rates. The latier is 2 novel pre-
diction of our theory. The testing of
our predictions will require careful
comparative research within taxo-
nomic groups at different levels af
analvsis (for example, among birds,
memmals. and reptiles, and among
orders and genera within those higher
taxonomic levels). Tt will be necessary
to distinguish pav-off functions and
mortalinv hazards from the actual lev-
els achieved, civen the observed allo-
cations. For example, it will be neces-
sarv 1o distinguish the risk of dving
from difterent couses, such as preda-
Lion and infectious disease, from ob-
served moralitv raies due 1o those
causes. hecause the ohserved mortal-
itv rate will be aflecied by allocations
i predator avoidance and feeding.
and by allocations to immune func-
LIOTL.

A prindipal innovation of the pre-
posed theory is the incorporation ol

co-evolutionary selection among life-
history traits without requiring any
trait to be treated as exuinsic. This
is more realistic than previous ap-
proaches, but makes for increasingly
demanding empirical analvsis. There
are manv possible pav-offs to time
spent in development. The most gen-
eral benefit of increased time spent in
development is increased body size
and its effects on energetic turnover,
cuival, and mating success. The co-
evolutionary selection rmeasures pos-
ited here should apply to those effects,
but of primary interest in our theorv
are the benefits associated with learn-

ing and intormation siorage. Varia-

A principal innovation of
the proposed theory is
the incorporation of co-
evolutionary selection
among life-history fraits
without requiring any
frait to be treated as
extrinsic. This is more
realistic than previous
approaches, but makes
for increasingly
demanding empirical
analysis.

tion within birds, carnivores, pinni-
peds, and primates should be
particularhy fertile ground for testing
predictions generated by the theory
with respect to learning. brain size,
and life-history  traits. The oeneral
prediction is that within those taxo-
nomic groups, species that relv on
more  learning-intensive, complex
feeding strategies will have longer de-
life
spans  and larger brains relative 10

velopmenal - periods, longer
body size. With respect 1o brain size,
ihe correlazions of brain sive with life-
[eeding
stratesies should be refiected 10 those

hisior™ characleristics and

parts of the brain assoctated with

Jearning and informatior siorage, and

not with raw perceptual prucessing.
such as sonar and visual acuity (un-
less., of course, those functions are
more developed in organisms that
learn and store information). Sugges-
tive evidence in support of the theery
s available for birds'?' and pri-
mates,! s but rigorous testing of those
predictions awaits further research
and analvsis.

Hominid Evolution

Following this line of reasoning, the
firsl major increases in brain size in
+he hominid line should be accompa-
nied by extensions of the juvenile
period, increased longevity, and in-
creased complexity of learned forag-
ing strategies. Smith’s analvses of
ooth eruption among early Homo er-
gaster provide suggestive evidence of
extension of the juvenile period be-
vond that of chimpanzees and Austra-
lopithecines, but 1o a lesser extent
than that of fully modern humans. So
far, the record is silent with respect 1o
longevity and mortality rates. Qur
ability to test the prediction that lon-
gevity increases with brain size during
hominid evalution may await new de-
velopments such as advances in the
extraction of DNA from fossil remains
and in understanding the genetics of
aging. Nevertheless, this extension of
the expected life span with increased
emphasis on learning in development
and brain size is a firm prediction of
our theory.

Although the early evolution of the
genus Homo could have been accom-
panied by increased complexity of for-
aging strategies with respect 1o either
hunting or gathering, we strongly
suspect that future research will
demonsirate increases in both the
importance of hunted [foods and
complex extractive technologies for
galhering.u"ll‘lzs-”" 132.133 Recenth‘.
OConnell and associates®® have re-
jected hunting as being important in
garlv  hominid evolution on  two
erounds. First, some archealogical as-
semblages that include large accumu-
lations of animal bone, thought 1o 1i-
ustrate the huming life-style. have
now been reinterpreted as possibly re-
sulting from natural processes. Sec-
ond. recent data show that chimpan-
Lees hunt considerably more than was
previoushy thought. Therefore, hunt-

ine cunnot be the cause of the changes



ARTICLE

Buclutiorary Arthrapalogy 181

in hominid lite histories and social
SVETeMmMS.

With respect 10 the frst point, it s
premature 1o reject the “hunting hv-
pothesis” simply secause the causes v
bone accumulation at hominid sites
are not weil understood and are open
to various interpretations. [t has never
been demonstrated that carly homin-
ids did not relv heavilv on hunted
foods. Tt is also the case that too much
emphasis has been placed on hunting
large zame (Jones presents suggestive
evidence that bone accumulations at
Olduvai reflect reliance on small gume
hunting'**). Chimpanzees hunt small
game, as do manv modern hunter
satherers. For example, the Ache rely
heavily on small game: About 30% of
the animal food in the Ache diet is
small game acguired using hand-
hunting techniques (no projectile
weapons). In fact, it may be that the
learning demands of a diet based on
small game mayv be greatest because it
can require killing many different spe-
cies at regular intervals. Thus, much
encounter-specific and species-spe-
cific knowledge and crealivity may
also be required.

With respect to the second point,
Tables 1 and 2 show that humans and
chimpanzees exploit very different
food niches. While chimpanzees do
hunt, the most successful chimpanzes
hunters obtain less than 10% of the
daily per capita energy intake from
meat reported for any human forag-
ing group. To claim that humans and
chimpanzees both must have the
same lile history and social system be-
cause thev bath hunt is equivalent to
asserting that chimpanzees must have
the same social systemn as black and
white colobus monkevs because they
both eat some ripe fruit. We predict
that early hominids will show a major
increase  in the consumption  of
hunted foods. Analyses of vitamins
and minerals in hominid bone re-
mains may provide new avenues for
testing that hypathesis, in addition to
archeological evidence.'??

It is clear that the process of homi-
nizaton occurred over a long time.
Qur theorv is silent about the dates of
important events and evolutionary
changes in the hominid line. Whether
the process will look ratchet-like, in
that small increases in longevity will
precede small increases in brain size.
which, in turn, lead to further in-

crecses i lenzevity s also an open
cuestion. Whether the process s zrad-
nal o sunciuatec. nur theo predicts
that changes in brain stze, the dietary
importance of muat and other Jdith-
suli-ro-acquire “oods, g size. and lite
span will be seen to co-evelve in the
archeolosical  and  paleontologica
record. [t 15 ImMpPOrLant 1o recognize
‘hat many of those changes may be
quantitative as well as qualitative. For
exariple, although chimpanzees hunt
monkevs, they only pursue them in a
very small proportion of their encoun-
ters with them, presumably because
most of those encournters do Not occur
under conditions likely to result in a

To claim that humans
and chimpanzees both
must have the same life
history and social
system because they
both hunt is equivalent
to asserting that
chimpanzees must have
the same social system
as black and white
colobus monkeys
because they both eat
some ripe fruit.

suceessful kill. Ache foragers only
rarely ignore an encounter with mon-
kevs, even when they hear them at a
areat distance, because most such en-
counters do result in successtul kills,
presumably because of the Ache’s skull
and effective weaponrv. The quantita-
tive changes in brain size and life-
history traits during hominid evolu-
tinn should be accompanied by
guantitative changes in diet and skilk-
intensive foraging techniques.

Modern Humans Versus
Chimponzees

There are at least two major ave-
nues of future research with extant

nunter-gatherers  and  chimpanzees
{or testing the prediciions of our the-
orv, First, we huve provided onlv sug-
westive avidence that food sharine an}_l
provisioning lower bath jn enile and
adult morality rates in humans and
that this 15 a major cause of the differ-
ence hetween human and chimpanzee
age-specibic survival probabilites. We
need to know a great deal more about
the frequency of illness in both species
and the relationship between morbid-
itv and mortality. What is the relation-
ship between illness and food intake
rates in both species? What is the re-
lationship between reduced food in-
take and mortality? Qur theory pre-
dicts that weight loss accompanying
illness will be more frequent and se-
vers, and that illness will more fre-
quently result in mortality among
chimpanzees than humans. Qur the-
ory also predicts that chimpanzee ju-
veniles will spend more time than hu-
man juveniles in contexts that expose
them to predation, and that this dif-
ference will ke due to both group size
and time spent in the food quest. OQur
theerv also predicts absolutely greater
frequency of predation on chimpan-
zees than on humans.

A second avenue of research is on
the components of foraging success. A
principal difference between our the-
ory and the grandmother hvpothesis
is that we propose that the human life
course and large brain are the results
of a long learning process that is nec-
essarv for successlul foraging, and
that both males and females engage in
this process. Recently, on the basis of
some experiments among Hadza juve-
niles, Blurton Jones and Mariowe!36
have suggested that human foraging is
not verv difficult to learn. We propose
that hunting, as practiced bv humans,
but not necessarilv by other preda-
tars. is exceedinglv difficult to learn
and requires manv vears of experi-
ence. Our cbservations ot hunters in
six different groups suggests to us that
it is not marksmanship, but the knowi-
edge of prev behavior and remote
signs of that behavior such as tracks
and vocalizations that are the most
difficult features ot human hunting.*®

This impression is testable. We
should find that marksmanship is ac-
quired relatively early in the learning
process and that naive individuals
such as anthropology graduate stu-
dents could be trained to be effective
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marksmen with relatively little prac-
tice. In contrast, we should find that
knowledge of animal behavior and
signs of behavior are learned only
gradually over many vears. ‘We should
also find that encounter rales with
prey are much more strongly age-de-
pendent than are kill rates upon en-
counter. It should also be the case that
kills that relv on marksmanship are
less age-dependent than kills that relv
on finesse and skill, such as luring an-
imals out of holes. In addition, it
should be much more difficult to train
naive individuals to find prey than to
shoot projectile weapons accurately.
Simnilarly, we should find that age ef-
fects on chimpanzee hunting should
be a result of differences in knowledee
of prey behavior. Boesch and Boesch?®
provide suggestive evidence of such
effects, but more research is necessary
for a definitive test. An analogous set
of predictions also could be tested
with extractive gathering technigues
and the specific knowledge required
for each (Bock?9-137 presents a series
of experiments with grain processing
as a model of how such research could
be conducted.

CONCLUSIONS

The human adaptation is broad and
flexible in one sense, but narrow and
specialized in another sense. It is
broad in the sense that, as hunter-
gatherers, humans have existed suc-
cessfully in virtually all of the world’s
major habitats. This has entailed eat-
ing a very wide variety of foods, both
plant and animal, both within and
among environments. It also has en-
tailed a great deal of flexibility in the
contributions of individuals of differ-
ent ages and sex. The relative contri-
butions of men and women to food
production appear 1o vary from group
o group. Even the contributions of
children and teens 1o food production
varv predictadly with the abundance
of casv-1o-acquire toods.

Our adapiation is narrow and spe-
cialized in that it is based on a dict
composed ol large, nuirient-dense,
difficuli-to-ncquire packages anc a lile
history with a long. slow develop-
ment, 2 large commitment to learning
and intelligence, and an age profile of
production shified toward older indi-
viduals. We do not expect 1o find any
humar population that subsists on

leaves or other low-quality foods. In-
deed, we expect humans to remain at
the verv top of the food hierarchv in
every environment thev live in (for ex-
ample, humans otien exterminate all
other top predators in their habitat}.
Humans ingest foods that are already
high in quality and do not require
much digestive work or detoxification.
And if a food contains ioxins, they are
generally remaved prior 1o ingestion
by processing technigues. This dietary
commitment is reflected in the ex-
tremely reduced size of the human

Finally, the effect of the
commitment to food
sharing is evident in the
reproductive physiology
of human women.
Provisioning permits
human women, in
contrast to other female
primates, to reduce
rather than increcase
their rate of energy
production during their
reproductive years,
when they have both
infant and juvenile
nutritional dependents
and a greatly reduced
spacing between birihs.

hindgut.2> Humans use their great in-
telligence 1o extract and hunt those
foods. In order 1o achieve this diet,
humans alsc engage in extensive food
sharing both within and among age
and sex classes of individuals, Finally.
the effect of the commitment io food
sharing is evident in the repraductive
phyvsiology of human women. Provi-
sioning permits human women, n
contrast Lo other {female primates, Lo
reduce rather than increase their raic
of energv production during their re-
productive vears. when thev have both
infant and fuvenile maritonal depen-

dents and a greatly reduced spacing
between bhirths.

The model and the data we have
presented suggest that the human life
course is based on a complex set of
interconnected, 1ime-dependent pro-
cesses and the co-evolution of physi-
ology, psvchology, and behavior.
There appears to be a tight linkage
among the ordering of major psvcho-
logical milestones (language learning,
understandine and mastering  the
phvsical, biological, and social envi-
ronment); the timing of brain growth;
growth rates during childhood and
adolescence; developmental changes
in survivorship; behavioral, psycho-
logical, and physialogical changes
with the transition to adulthood; pro-
files of risk with age; and rates of se-
nescence and aging. Tt is very likely
that a species-typical life course
evolved in response to the demands of
a hunting and gathering lifestvle that
was broad and flexible enough 10 al-
low successful exploitation of the
world's environments, but specialized
ioward the acquisition of learned
skills and knowledge to obtain very
high rates of productivity later in life.
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