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Introduction

This paper presents a theory of brain and lite span evolution and applies it to
both the primate order, in general, and to the hominid line, in particular. To
address the simultaneous ettects of natural selection on the brain and on the life
span, il extends standard life history theory (LHT) in biology, which organizes
research into the evolutionary forces shaping age-schedules of lertility and mor-
tality (Cole 1954; Gadgil and Bossert 1970; Partridge and Harvey 1985). This
extension, the embodied capital theory (Kaplan and Robson 2001 b; Kaplan
1997; Kaplan et al. 2000}, integrates existing models with an cconomic analysis
of capital invesrments and the value of life.

The chapler begins with a brief introduction to embaodied capital theory
and then applies it to understanding major trends in primate evolution and the
specific characteristics of humans. The evolution of brain size, intelligence and
life higlories in the primate order are addressed first. The evolution of human
lite course is then considered, with a specific focus on the relationship between
cognitive development, economic productivity and longevity. It will be argued
that the evolution of the human brain entailed a series of co evolutionary
responses in human development and aging, resulting in a highly structured
specics-typical lile span that can vary within a limited range.

The Embodied Capital Theory of Life History Evolution

According to the theory of evolution by natural selection, the evolution of life is
the result of a process in which variant torms compete to harvest energy {from
the envirenment and convert that energy into replicates of those forms. Those
torms that can capture more ¢nergy than others and can convert the energy
they acquire more efficiently inte replicates than others become more prevalent
through time. This simple issue of harvesting energy and converting energy
into offspring generates many complex problems that are time-dependent.
Two lundamental tradeofts determine the action of natural selection on
reproductive schedules and mortality rates. The first lradeolt is between current
and future reproduction. By growing, an organism can increasce ils cnergy cap-
ture rates in the (uture and thus increase its future fertility. For this reason,
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organisms typically have a juvenile phase in which fertility is zero until they
reach a size at which some allocation lo reproduction increases lifetime litness
more than growth. Similarly, among organisms that engage in repeated bouts of
reproduction (humans included), some energy during the reproductive phase is
diverted away (rom reproduction and allocaled to maintenance so that they can
live to reproduce again. Natural selection is expected to oplimize the allocation
of energy to current reproduction and to future reproduction (via investments
in growth and maintenance) at each point in the life course so that genetic des-
cendents are maximized (Gadgil and Bossert 1970), Variation across taxa and
across condilions in aptimal energy allocalions is shaped by ecological factors,
such as food supply, disease und predation rates.

A second fundamental life history tradeofl is belween offspring number
(quantity) and offspring fitness (quality). This tradeotf occurs hecause parents
have limited resources to invest in offspring and each additional oflspring pro-
duced necessarily reduces average investment per offspring, Most biological
models (Lack 1954; Lloyd 1987; Smith and Fretwell 1974) operationalize this
iradeofl as number vs. survival of olfspring. However, parental inveslment may
affect not only survival to adulthoed but also the adult productivity and fertility
of offspring. This is especially true of humans. Thus, natural selection s
expected to shape investment per otfspring and offspring number so as to max-
imize offspring number limes their average lifetime [ilness.

The embodied capital theory generalizes existing LHT by trealing the pro-
cesses of growth, development and maintenance as investments in stocks of
somatic or embodicd capital. In a physical sense, cmbodied capital is organized
somatic tissuc - muscles, digestive organs, brains, etc. In a functional sense,
embodied capital includes strength, speed, immune function, skill, knowledge
and other abilities. Since such stocks tend to depreciale with time, allocations to
maintenance can also be seen as investments in embodied capital. Thus, the
present-future reproductive trade-off can be understood in terms of optimal
investments in own embodied capital vs. reproduction, and the quantity quality
tradeoff can be understood in terms of investments in the embaodied capital of
olfspring vs. their number.

The Brain as Embodied Capital

The brain is a special form of embodied capital. Neural tissue is involved in
monitoring the organism’s internal and external environment and organizing
physiological and behavioral adjustments to those stimuli (Jerison 1976). Par-
tions (particularly the cerebral cortex) are also involved in transforming pre-
sent expericuces into future performance. Cortical expansion among higher
primates, along with enhanced learning abilities, reflects increased investment
in transforming present experience into future performance (Armstrong and
Falk 1982; Fleagle 1999).

The action of natural selection on neural tissue involved in learning and
memory should depend on costs and benelits realized over the organisnr’s life-
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lime. Three kinds ol costs are likely to be of particular importance. First, there
are the initial energelic costs of growing the brain. Among mammals, those
vosts are largely born by the mother, Second, there are the energetic costs of
maintaining neural lissue. Among infant humans, about 65% of all resting
cnergetic expenditure supporls maintenance and growth of the brain (Holliday
1978}, Third, certain brain capucilies may aclually decrease performance early
in life, Specifically, the ability to learn and increased behavioral flexibility may
entail reductions in “pre-programmed” behavioral routines, The incompelence
with which human infants and children perform many motor tasks is an exam-
ple.

Same allocatioms (o lovestents in brain tssue may provide immediate
benelits (e.g., perceptual abilities, motor coordination). QOther benefits of brain
ussue are only realized as the organism ages. The acquisition of knowledge and
skills has benefils that, at least in part, depend on their impact on [ulure pro
ductivity. Figure 1 illustrales two aliernalive cases, using as an example the dif-
ficully and learning-intensiveness of the organism’s foraging niche. In the easy
feeding niche, where there is Jitlle to learn and liltle information to provess, net
productivity (excess energy above and beyond mainlenance costs of brain and
body) reaches its asymptoele carly in life. There is a relatively smail impact of the
brain on productivity Jate tn Iife (because there is little o learn), but there are
higher costs of the brain early in life. Unless the life span 1s exceptionally long,
natural sclection will favor the smaller brain.

I the difficult food niche, the large-brain creature is slightly worse off than
the small-brain one early in life (because the brain is costly and learning is tak-
ing place), but much better oft later in lile. The effect of natural selection will
depend upon the probabilitics of reaching the older ages. If those probabilities
are sufficiently low, the small brain will be fuvoreds if they are sufficiently high,
the large brain will be favered. Thus, selection on learning-based neural capital
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depends nol only on its imnmediate costs and benefits but also upon mortality
schedules that affect the expected gains in the future.

Selection on Mortality Schedules

In standard LHT modecls, mortality 15 generally divided into two types:
Iy extrinsic mortality {i.e.,, mortality, such as predation or winter, that is
imposed by the environment and is outside the control of the organisms) and
2) intrinsic mortality (hazards of mortality over which the organism can exert
some control over the short run or that are subject to selection over the longer
periods). In most models of growth and development, mortality is treated as
extrinsic {Charnov 19935 Kozlowski und Wicgerl 1986) and therefore as a causal
agent, not subject to selection, Models of aging and senescence (Promislow
1991; Shanley and Kirkwood 2000) rypically focus on aging-related increascs in
intrinsic mortality. Extrinsic mortality, in turn. is thought 1o affect selection on
rates ol aging, with higher mortality vates favoring faster aging.

This distinction between types of mortality is problematic. Organisms can
exert control over virtually all causes of mortality in the short or long run. Sus
ceptibility to predation can be affected by vigilance, choice of foraging zones,
travel patterns and anatomical adaprtations, such as shells, cryptic coloration
and muscles facilitating flight. Each of those behavioral and anatomical adapta-
tions has energetic costs (lost time foraging, investments in building and main-
taining tissue) that reduce energy available for growth and reproduction. Simi
tar obscrvalions can be made regarding disease and temperature. The extrinsic
mortality concept has been convenient becanse it has provided a causal ageni
for examining other life history traits, such as age of first reproduction and
rates of aging. However, this has prevented the examination of how mortality
rales themselves evolve by nataral selection.

Since all mortality is, to some extent, intrinsic or “endogenous”, & more
uscful approach 1s to examne the functional relationship between mortality
and effort allocated to reducing it (see Fig. 2). Exogenous variation can he
thought of in terms of varving “assault” types and varving “assault”™ rates of
mortality hazards, For example, warm, hamid climates favor the evolution of
disease organisms and therefore increase the assault rate and diversity of dis-
eases in organisms living in those climates, Such exogenous variation would
alfect the Tunctional relationship between actual mortality hazards and endoge-
nous effort allocated to reducing it. The outcome mortality rate is neither
eXtringic nor infrinsic.

Kaplon and Robson (2001 a, b) developed formal medels to analyze the
simultancous effects of natural selection on both investments in capital and in
reducing mortality. As a first step, it is useful to think of capital generally (inter
preted as the bundle of functional abilities embodied in the soma), Organisms
generally receive some energy from their parents (e.g., in the torm of energy
stored in eggs) to produce an initial stock of capita. Net energy acquired [rom
the environment at each age grows as a function of the capital stock, with
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diminishing returns te capital (as illustrated in Fig. 3). This energy can be used
in three ways thal are endogenous and subject to selection. It can be reinvested
in increasing the capital stock {e.g., growth of the body or brain}. Some energy
may also be allocated to reducing mortality (for example in the form of
increased immune funclion, as illustrated above in Fig. 2). The probahility of
reaching any age will be a function of mortality rales at cach earlier age. Finally,
energy can alsa be used for reproduction, which is the net excess energy avail-
able after allocations Lo capital investments and mortality reduction. An opti-
mal life history program would oplimize allocations to capital investments,
mortality reduction, and reproduction at each age so as to maximize tolal
encrgy allocations to reproduction over the life course. This, of course, depends
both on reproductive allocations and on survival.

Production = F(K)

Production

Fig, 3. Production as a function of
the capital stock. AL cack point in
tirme, an individual has an embodied
capital stock, K, that produces a

stream ol errergy output, UK The
stock grows during development Capital ()
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The results of the analysis, which are presented and proven formally in
Kaplan and Roebson (2001 a), arc illustrated in Figures 4 a-c, During the capital
investment period, the value of lite, which is equal to fotal expected future net
production, is increasing with age, since productivity is growing with increased
capital. The optimal value of investment in mortality reduction also increases,
since the eftect of a decrease in mortality increases as capital increases (illus-
trated in Fig. 4 a). At some age, a steady state is reached when capital 15 at its
optimum level, and both capital and morlality rales remain constant.

Figures 4 b and 4 ¢ show two important comparative results. In Figure 4 b,
the impact of a change in productiviry is shown. Some environmental change
that increases productivity (helding the marginal value of capital constant) has
two reinforcing effects: it increases the optimal level of hoth capital investment
{and hence the length of the investment period) and efforts to reduce mortality.
Figure 4 ¢ shows the impact of a reduction in maortality rates, again with two
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effects. It both increases the optimal capital slock (because it increases the
expected length ot life and hence the time over which it will yield returns) and
produces a reinforcing increase in effort at reducing mortality, since the impact
of a decrease i mortality is greater as mortality rates decrease.

Finally, the model shows that a shift in productivity from younger to older
ages (for example, an increased reliance on leurning that lowers juvenile energy
production but increases adult production) increases the value ol living to older
ages and therefore the optimal effore at reducing mortality. This has the effect
of increasing cxpected life span. Our theory is that brain size and longevity co-
evalve for the following reasons. Ecological conditions favoring large brains also
select for greater endogenous investments in staying alive. As the stock of
knowledge and functional abilities embodied in the brain grow with age, so too
does the value of the capital invesiment, This favors greater investments in
health and maortality avoidance. In addition, holding the value of the brain con-
stant, ecological condilions (hat lower mortality select for increased investment
in brain capital for similar reasons; an increased probability of reaching older
ages increases the value of investments whose rewards are realived at older ages.
The next section applies this logic to the brain and life span evolution in the pri-
mate order.

Brain and Life Span Evolution among Primates
The Theoretical and Empirical Model

Relative to other mammalian orders, the primale order can be characterized as
slow-growing, slow reproducing, long-lived and large-brained. The radiation of
the order over Lime has involved a series of four directional grade shifts towards
slowed life histories and increased encephalization (i.c., brain size relative to
body size). Even the more “primitive” prosimian primates are relatively long-
lived and delayed in reaching reproductive maturity compared to mammals of
similar body size, which suggests the same of carly primate anceslors. Austad
and Fischer {1991, 1992) relate this evoiutionary trend in the primates to the
safety provided by the arboreal habital and compare primates to hirds and bats,
which are alse slow-developing and long-lived for their body sizes. Thus, the
first major grade shift that separated the primate order from other mammalian
orders was a change o a lowered mortality rate and the subsequent evolution of
slower senescence rates, leading to longer lile spans and slightly larger brains.

The second major grade shift occurred with the evolution of the anthro-
poids {the lineage containing monkeys, apes and humans), beginning abour
35 mya. Its major defining characteristic ts the reorganization of the sensory
system, onc dominaled by binocular, color vision and associated with hand-cye
coordination as opposed to olfaction and hearing. These sensory changes co
occurred with an increased emphasis on plant foods (especially hard sccds and
fruits}, as opposed to insects {Benefit 2000; Fleagte 1999). The grade shift is also
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seen in brain size and life history. Regressions of log brain size on log bady size
(Barton 1999, as well as log maximum life span on body size (Allman et al.
1993), show signiticant differences in intercept between strepsirhine {including
mast prosimians) and haplorhine {including all anthropoids and a few prosimi-
ang) primates. Relative to prosimians, anthropoids also have lower metabolic
rates and fonger gestation times (Marlin 1996},

‘The evolution of monkey and ape dietary adaptations in the Miocene and
Pliocene appears to be based on an early adaptation for both groups (o [eed on
hard seeds and green fruits (Benefit 2000). [n the Late Miocene/Early Pliocene,
cercopithecoids, which had been semi-terrestrial, cursorial, hard seed and
green fruit eaters much like modern vervel monkeys, ¢volved new digestive
adaplations allowing the colobines to digest mature leaves. Cercopithecoids also
began to more directly compete with apes in both terrestrial and arboreal hubi-
tats. Miocene apes were highly diverse and found in many habilats bul were
essentially agile arboreal quadrupeds. By the Late Miocene apes had fully devel-
oped their characteristic shoulder girdle morphology, allowing suspension
below branches that gave special access to ripe fruits for larger bodied animals.
This dietary shift to dependence on ripe {ruits, based on the morphological
adaptation of arm suspension, moved apes into a new grade with an emphasis
on feeding higher in the food pyramid on very nutritious food packets high in
energy but spatially and temporally dispersed in an arboreal habitat, This new
grade reduced direct competition with monkeys, ceded open terrestrial habitat
to them, and greatly reduced the number and diversity of ape species. At the
same lime it put a premium on acquired knowledge about the location of ripe
fruits and for skills for more complex extractive foraging of embedded and pro-
tected, high energy and fatty foods such as nuts, insects and hard-shelled fruits.

This third major grade shift marked the evolution of the hominoid lineage
(leading to apes and humans). This grade shifl entailed [urther encephalization,
as revealed by a yel greater intercept of log brain size regressed on log body size
and superior performance on maost tasks reflecting higher intelligence (Byrne
1995 b; Byrne 1997 b; Parker and McKinney 1999). The divergence of the homi-
nid line, and particularly the evolution of genus Honta, defines the fourth major
grade shift. The brain size and life span of modern humans arc very cxtreme
values among mammals, and even primates. Although the record is incomplete,
it appears that brain enlargement and life history shitts co-occurred. Early
Home ergaster shows both significant brain expansion and a lengthened devel-
opmental period (Smith 1993), but much less to than modern humans. Nean-
derthals display both brain sizes and dental development that are in the same
range as modern humans. Modern humans have a brain size aboul three times
that of female gorillas of similar weight, and about double the maximum life
spa.

The proposal here is that both shifts in mortality risks and in the beuefits
of information storage and processing duc 10 changes in feeding niche underlie
these directional changes in the primate lineage through time. However, in
addition to these large-scale shifts, a great deal ol adaplive variation exists
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among primates, Species of all four grades continue to co-exist, often sympatri-
caliy (especially monkeys, apes and humans). Moereover, not all evolutionary
change has been in the direction of larger brains and longer lives. For example
smaller-brained monkeys appear 1o have replaced apes in some niches at the
end of the Miocene (Benefit 2000k Fleagle 1999). 1f changes in mortality risks
and the learning intensiveness of the feeding niche explain the grade shifis, the
same factors might also explain variation within grades,

Figure 5 illustrates the theory and the empirical model that it generates,
given the available data. On the left, the two rounded boxes represent exogenous
ecological variables.' Some features of the feeding niche that are likely to affect
the pavolfs to information acquisition and processing (and hence, brain size)
arc listed in the lower box. Resource patchiness tends to be associated with
larger home ranges and potentially greater demands on spatial memory. The
number of different species consumed potentially adds to demands for spatial
memory, learned motor patlerns, processing of resource characteristics, and
temporal associations (Jerison 1973). Large, nutrient-dense, packages (such as
big, ripe fruits] tend to be patchily distributed in space and often with very
short windows of availability (Clutton-Brock and larvey 1980; Milton 1981,
1993). Year-to-vear abundance and location of high-quality packages also

Although feeding niche is subject to selection, the suites ol foods eaten are treated as givens i order
to model how selection molds Bfe history traits, brain size and other features ot phenotype in
response o niche conditions.
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appear to vary. Hence, diets with a greater relative importance of large, high.
quality packages are probably associated with increased brain size through sev-
eral routes: by increasing the number of species exploiled, by increasing the size
of the home range, and by increasing the importance of predicting the timing
and location of availability. In addition, some high quality foods, such as hard-
shelled fruits, nuts, insects, and honey, must be extracted from protective cas-
ings and their exploitation often requires learned strategies and tools.

Features of the environmental/behavioral niche of the organism that are
likely to affect mortality rates and the payolfs of investments in mortality reduc-
tion are listed in the upper, left box, Life in or near trees prabably increases
injury risk but decreases predation risk to overall lower mortalily risks, Low-
cred risk of mortality due to predation is expected to increase investment in
combating disease and, hence, decrease disease risks as well {though these have
received little atlention in primate studies to date). Lower mortalily rates
increase the probability of reaching older ages and therefore affect the payetfs
to larger brains, holding feeding niche constant.

The co-evelution of brain size and mortality patterns is shown in the path
diagram (dashed arrows depict effects of unmeasured conceptual or latent vari-
ables). Both features of the feeding niche and mortality risks affect optimal
brain size. Brain size is expected to have both direct and indirect cffects on life
span and age of first reproduction. Larger brains may confer direct survival
advaniages (hrough increased physiological efficiency and through learned
predator avoidance (Allman etal. 19935 Armstrong 1982; Hakeem et al. 1996;
Jerison 1973; Rose and Mueller 1998). In addition, since larger brains are asso-
ciated with grealer relative productivity at older ages, brain size is expect be
associaled with investment in mortality reduction. Similarly, the energetic costs
of the brain reduce energy available for growth, and learning-based feeding
niches may lower productivily during the juvenile period. This would produce
slower growth rates and a later age of tirst reproduction, holding body size con-
stant. The greater allocations to mortalily reduction {e.g., increased immune
tunction, reduced loraging lime) would also slow the growth rates.

The rectangular boxes depict measured variables for which comparative
data are available, and the solid arrows depict associations that can be tested
empirically. The thinner lines represent the first stage in the model, predicting
brain weight. Measures of feeding niche are captured by grade (ape, monkey vs.
prosimian}, range size, and percentage of fruit in the diet. We also include body
and group size in this first stage. In addition to directly alfecling brain size,
body size is likely to be associated with dietary niche. For example, larger home
ranges probably favor larger bodies, because of their greater locomotor effi-
ciency. Larger home ranges may also be associated with larger groups, becausce
holding resource abundance constant, a patchy environment will tend to pro-
duce both larger home ranges and a larger number of individuals feeding at
cach resource palch (Wrangham 1979). Because the social intelligence hypothe-
sis has fgured so prominently in the literature {Barton and Dunbar 1997; Byrne
1995 by Thunbar 1998), the path between group size and brain size 1s also
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included. In addition, il social intelligence takes time to acquire and its benelits
are weighted towards older ages (as may well be the case), embodicd capital
theory does predict that selection on social intelligence will co-evolve willy lun-
gevity and mortalily rates. For example, social intelligence might zllow alpha
males to retain their high status to older ages and it might confer greater bene-
tits to females when they have many descendants {in the case of ranked mateili-
nes). Such effects would also be consistent with the model. The second stage,
shown with bold arrows, examines the effects of brain size and body size on age
ol tirst reproduction and maximum recorded life span, respectively.

A second model will also be tested {see Fig. 6). The logic of the embodied
capilal model suggests that the brain functions that are most involved in trans-
forming present experience into future performance should have the greatest
impact on the payoffs to living longer and allocating effort to mortaliry reduc-
tion, In addition, it has been argued that the associatinn of brain size with life
span in primates, after contrelling for body size, is spurious and due o greater
measurcment error in body size than i bram size [Dunbar 1998; Lconomos
1980, although Allman et al. (1993) have shown that brain size is a better predic-
tor of lite span than the size of other organs]. 1o address these issues, the sive
of the neocortex will be disaggregated from the rest of the brain. The neocortex
should better reflect the learning intensiveness of the feeding niche and social
svstemn than the rest of the brain. In the second model, neocortex weight
replaces brain weight, and the weight of the rest of the brain replaces body
weighl, as an Instrument {sipce measurement error for neocortex and rest of
brain weight, respectively, should be similar),
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The Primate Sample

[Yala arc available on the total adult brain weights (in gramns} for 124 species,
compiled from secondary sources (Barton 1999; llarvey et al. 1987). Trom this
sample, there are 95 species for which data are available on mean adult body
weight (in grams), group size, age at first breeding [or females (in months),
maximum life span (in years), maximum home range (in hectares), and percent
trugivory. Much of the data came from secondary sources (Barton 1996, 1999,
1runbar 1992; Harvey et al. 1987; Ross 1992). These data differ, however, from
previous analyses in a heavier reliance on primary field data for female age at
first breeding, maximum home range, and percent frugivory (sce Kaplan ct al,
2001 for details). They may thus more accuralely represent the selection pres-
sures faced by wild individuals, which are assumed to be living in conditions
much more representative of the context in which these features co-evolved.

Results

A two-stage leasl squares regression analysis was performed to test the models.
For the model in Figure 5, the first stage was conducted hicrarchically. First, the
natural logarithm of brain weight was regressed on the natural logarithms of
body weight, range size, and group size, and on percent age of fruit in the dict.
Then Lo capture other aspects of niche differentiation, grade (ape and monkey,
compared to a prosimian baseline) was added as a fixed effect to determine if it
significantly improved the model, The results are presented in Table L. In the
simple model without grade, body weight, range size and percent age of fruitin
the diet are each positively related to brain weighl, accounting for 94 % of the
rariance. Group size was not signilicant. Grade significantly improved the
model fit (p < .0001), with the model now accounting for 97 % of the variance,
In this madel, percent age of fruit is no longer signilicant, but group size is. The
predicted values of log brain size [rom this full model are then used in the sec-
ond stage of the analysis.”

Part B of Table 1 shows the results of the sccond stage, in which the natural
logarithms of female age al first reproduction and maximum reported life span,
respectively, are regressed on the logs of predicled brain weight and body
weight. [n hoth cases, brain weight explains maost of the variance and the effect
of body weight is now negative. When brain weight is not in the model, the
association between body weight and both life span and age of first reproduc-
tien is, of course, strongly positive. It may be that, after controlling for brain
weight, larger bodied species cat lower quality diets (Aiello and Wheeler 1995;
Milton 1981, 1987, 1988, 1993; Milton and Demment 1988), and this is associ-
ated with a relatively shorter life span and carlier age at first reproduction.

“Since brain size is endogenous, the prablem of simultaneity can be addressed by using predicied
Drain size in this second regression. Similar results are oblained, however, when measured values

are used instead ol predictiad values.
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Table 1. Two-stage model of brain size and like history

AL Stage |, brain weight

R° - 091 N 9

R =047, N =97

Sl Sud.
[araineter B Frror 1 Sig. [} Error t Sig.
Intercept -1.74 0.1k 1122 0.0000 -1.74 016 -1t.22 0.0000
Bady weighl n.n8 0.03 23.01 00000 0.59 0.02 2443 (LID00
Range size .03 0.03 1.95 1L.0530 .05 a2 EE] 0.0130
Group size u.u7 004 1.64 0.1040 0.7 0.04 2.02 0.0408
Percentage fruit n.00 n.on 264 0.0100 0.00 (.00 1.46 0. 1484
Ape - - - - 0.87 0.10 #.73 0.0000)
Moankey - - - - 0.45 0.07 6,42 0,000
Prosimnian n.00 - - -
B. Stage II

Age of first reproduction, R- = .74,
Maximum life span, R - 0.52, N . &0 N—-79

RITIN Std,
Marammeter I Frror 1 Sig. B Frror t Sig.
Intercept A4 0.34 $.32 0.000%) 2.78 0.37 7.58 0.0000
Body weighl -0.24 0.10 ~2.30 L0208 -0.21 011 -1.949 0.0503
Brain weight 0.53 013 4.12 0.0001 (171 0.14 319 0.0000

The results of decomposing brain weight into the neocortex and the rest of
the brain {Fig. 6) are shown in ‘lables 2 and 3. Using the same set of regressors
as in the full model of brain size, the natural logarithms of the weights of rest
of the brain and of the neocortex (shown on the left and right sides of Table 2,
respectively} are each treated as dependent variables. Body weighl and grade
are the only variable that significantly affects the weight of non-neocortical
brain tissue, and the effect of grade is rather small. With respect lo neocorlex

Table 2. Neocorrex and rest of brain weight

Rest of bratn weight (Brain weight-Neocortex weight)

Neocortex weight,

R 094, N - 32 R =058 N =732
S, Std.

Parameter [ Frror { Sig. B FError L Sig.
lntercept -2.03 (130 —-0.00 0.0000 -2.40 (1.25 =908 00000
Body weight 0.55 .05 10.42 0,0000 0.57 0.04 13.02 (.0000
Range size 0.08 0.04 1.74 0.0860 01z (.04 341 (.0020
Group size =-0.03 07 -0.68 1.50110 0.02 (.06 0.28 0.7800
Percentage {ruit 0.00 0.00 042 0.6810 (.00 0.00 077 04470
Ape 0.51 023 225 00330 .89 019 4.6 0.0000
Monkey 0.27 06 173 0.0950 0.71 .13 551 0.0000
Prosinuan 0.00 - - - (.00 - - -
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Table 3. Two slage muodel ol neocortex size and life history

Slage |
Neocorlex size, Y = 0.996, N = 32
St
Parameter B Ertor ; Sig.
Intercept ~0.26 (.05 =503 0.0000
Rest ot brain weight 1.10) .03 31.82 0.0000
Range size 0.01 .02 0.76 0.45356
Greup size 0.06 0.03 2.35 0.0270
Percentage ruit 0.00 100 0.88 0.3871
Ape 0.52 0.09 599 0.0000
Monkey 0.47 .06 §.29 (L0000
Prosimian 0.00 - - -
Stage 1
Maximum life span, R =0.70. N =32
st
Parameler I3 Lirror 1 Sig,
Intercept 2.06 .11 25.21 0.0000
Rest of brain weight 020 0.24 -0.83 (14122
Neocortex weight 0.38 0.19 2.05 0.0500
Age ol first reproduction, R = 0.79, N = 32
Inlercept 219 0.14 17.42 (1L,0000
Rest of brain weight —0.30 0.31 ~0.99 1.3304

Neocorlex welght (L64 0.24 2.09 0.0119

weight, however, both range size and grade have large elfects. Thus, consistent
with the above logic, feeding niche bas a larger effect on neocortex weight than
on the rest of the brain, which appears to be more a function of body weight.

In Table 3, the weight of the rest of the brain is used as an instrument for
body weight in stage 1 of the modcl. 'This model shows that neocortical weight
increases more than propartionally with the rest of the brain (b = 1.1}, and that
both grade and group size have large significant effects. In the second stage,
predicted neocortical weight is positively associated with both age at first repro-
duction and maximum life span, whereas the rest of the brain is not signifi-
cantly associated with the life history variables, This finding is also consistent
with the model. These results should be treated with some caution, however,
because the two measures of brain weight are highly collinear.

The Evolution of Homo: Chimpanzees
and Modern Humans Compared

The same principles may explain the very long lives and the very large brains
characteristic of the genus Homo and particularly of modern Homo sapiens.
Homoe has existed lor about 2 million years. Figure 7 shows that human ances-
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tors experienced a dramatic increase in brain size but a much less marked increase
in body size, especially during the second half of this period. Using Martin’s (Mar-
tin 1981) measure of “Encephalization Quotient {£Q)” (Le., brain weight corrected

(brain wt)
11.22% (body wt.) ™"
age value for a mammal), the large increases in brain size relalive to body size
are shown with the bold line. Australopithecus, the presumed evolutionarv
ancestor of [Tomo, coexisted with early Homo. A. boiset, in particular, had an EQ
of just aver two, which compares to about 3.5 for carly MHomo. Life spans of
exlinct species are not directly observable, of course, but indirect evidence sug-
gests the life span of australopithecines was much less than that of modern
humans and comparable to that of chimpanvees (Smith 1991), with early spe-
cies in the genus flomo having life spans {Smith 1993) that are intermediate
between chimpanzees and modern humans.

Hominids have subsisted on hunting and gathering, perhaps supplemented
by scavenging, for all but the last 10,000 years ol our evelulionary history. Our
proposal (see Kaplan + Robson 2002; Kaplan 1997; Kaplan et al, 2000) is the
hunting and gathering lifestyle is responsible for the evolution of these extreme
values with respect Lo brain size and longevity. Our proposal is that large brains
and long lives are co-evolved responses to an equally extreme commitment to
learning-intensive foraging strategies and a dietary shift towards high-quality,
nutrient-dense, and difficult-to-acquire food resources. The following logic
underlies our proposal. Tirst, high levels of knowledge, skill, coordination and
strenglh are required to expleit the suite of high-quality, difficult-to-acquire
resources humans consume. The attainment of those abilities requires Lime and
a significant commitment to development. This extended learning phase during
which productivily is low s compensated for by higher productivity during the

allometricaliy for body weight, with EQ} -~ s one is the aver-
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adult period, with an intergenerational tlow of food from old to voung. Since
productivity increases with age, the time inveslment in skill acquisition and
krowledge leads to sclection for lowered mortality rates and greater longevity,
beecause the returns on the investments in development occur at older ages.

Second, we believe that the feeding niche specializing on large, valuable
[ood packages, and particularly hunting, promotes cooperation between men
and women and high levels ot male parental investment, because it favors sex-
specific specialization in embodied capital investments and generates a comple-
mentarity between male and female inputs. The economic and reproductive
cooperation hetween men and women [facililales provisioning ol juveniles,
which bolh bankrolls their embodied capital investments and acts to lower
mortality during the juvenile and early adult periods. Cooperation between
males and females also allows women to allocale more lime Lo childcare and
increases nutritional status, increasing both survival and reproductive rates.
Finally, large packages also appear to promote inter-familial food sharing. Food
sharing assists recovery in times of illness and reduces risk of [ood shortfalls
due to both the vagaries of foraging luck and o variance in family size due to
stochaslic mortality and fertility. These bufters against mortality alse favor a
longer juvenile period and higher investment in other mechanisms 1o increase
life span.

I'hus, the proposal is that the long human life span co-evolved with the
lengthening of the juvenile period, increased brain capacities for information
processing and storage, and intergenerational resource flows - all as a result of
an important dictary shift. Humans are specialists i that they only consume
the highest quality plant and animal resources in their local ecology and rely on
creative, skill-intensive techniques to exploit them. Yel, the capacity to develop
new techniques for extractive foraging and hunting allows them to exploit a
wide varicty of different foeds and to colonize all of the Farth’s terrestrial and
coastal ecosystems.

The best available evidence for evaluating this theory is to compare wild liv-
ing chimpanzees, human’s closest living relatives, with contempaorary hunter-
gatherers who still subsist on foraging for subsistence and wha have little or no
access to Western medicine. Both chimpanrzees and contemporary foragers have
been affected by current global trends, such as deforeslation, population move-
ments, and other effects of modern cconomies. They cannot be treated as repli-
cas of the evolutionary past. Nevertheless, the differences in the diets, survival
rates, and age profiles of productivity between chimpanzees and conlemporary
hunter-gatherers are striking and consistent with the theory.
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Diet, Survival and Age Profiles of Productivity among chimpanzees
and contemporary hunter-gatherers

Diet

There are ten foraging sociclies’ and five chimpanzee communities for which
caloric production or time spent feeding were monitored systematically
{(Kaplan et al. 2000). Modern foragers all differ considerably in dietl from chim-
panzees. Measured in calories, the major component of forager dicts is verte-
brate meat, which ranges from about 309 to around 809% of the diet in the
sampled societies, with maost diets consisting of more than 50 % vertebrate meat
{equally weighted mean = 60%), whereas chimpanzees obtain about 2% of
their food energy from hunted foods,

The next most important food category in the forager sample is extracted
resources, such as roots, nuts, seeds, most inverlebrate products, and difficult-
to-extract plant parts, such as palm fiber or growing shoots. They may be
defined as non-maobile resources that are embedded in a protective conlext such
as underground, in hard shells or bearing toxins that must be removed before
they can be consumed. Tn the ten-forager sample, extracted foods accounted for
about 32 % of the diet, as opposed o 3% among chimpanzees.

in contrast to hunted and cxtracted resources, which are ditficult to acquire,
collected resources form the bulk of the chimpanzee diet. Collected resources,
such as truits, leaves, flowers, and other easily accessible plant parts, are simply
gathered and consumed. They account for 95 % of the chimpanzee diet, on aver-
age, and only 8 % of the forager diet.

The data suggest that humans specialize in rare but nutrient-dense resource
packages or patches {meat, roots, nuts) whereas chimpanzees specialize in ripe
[ruit and low-nutrient-density plant parts. These differences in nutrient density
of frods ingested are also reflected in human and chimpanzee gut morphology
and food passage time, with chimpanzees specialized for rapid processing of
large quantities and low nutrient, bulky, fibrous meals (Milton 1999),

The Age Profile of Acquisition for Collected, Extracted, and Hunted Resources

[rr most environments, {ruits are the casiest resources that people acquire. Daily
production data among Ache foragers show that both males and females reach
their peak daily truit production by their mid to late teens. Some [ruils that are
simply picked [rom the ground are collected by two- to three-yvear-olds at 30 %
of the adult maximum rate. Ache children acquire five times as many calories

“The humter-gatherer data come Troun studies on populations during periods when they were alimost
completely dependent on wild toods, with little modern trechnology (and no firearms), no signifi-
cant outside interterence in interpersonal vielence or tertility rates, and no significant access 1o
maodern medicine (see Kaplan etal, 2000 Tor details),
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per day during the fruil season as during other seasons of the vear (Kaplan
1997). Similarly, among the Hadza, teen girls acquired 1650 calories per day
during the wet season, when fruits were available, and only 610 calories per day
during the dry season, when fruils were not. If we weight the wet and dry sca-
son data equally, Hadza teen girls acquire 53 % of their calories from fruits,
compared to 37% and 19% for reproductive-aged and post-reproductive
women, respectively {Hawkes ¢t al. 1989).

In contrasl to fruits, the acquisition rate of extracted resources ofien
increases throngh early adulthood as foragers acquire necessary skills. Data on
Hiwi women show thal root acquisition rates de nol asymplote until about age
35-45 (Kaplan et al. 2000) and the rate of 10-year-old giris is only 15 % of the
adult maximum. Hadza women appear to obtain maximum root digging rates
by early adulthood (Hawkes ct al. 1989). Hiwi honey extraclion rates by males
peak at aboul age 25. Again the extraction rate of 10-year-olds is less than 10 %
of the adult maximum. Experiments done with Ache women and girls clearly
show that young adult girls are not capable of extracting palm products at the
rate obtained by older Ache women (Kaplan et ai. 2000). Ache women do not
reach peak return rates until their early 20s.! Kung (Ju/’hoansi) children crack
maongongo nuts at a much slower rate than adults (Blurton Jones el al. 1994),
and Bock (1995) has shown that nut-cracking rales among the neighboring
lambukushu do not peak until about age 35. Finally, chimpanzee juveniles also
tocus on maore easily acquired resources than adult chimpanzees, Difficult-to-
exlract activities such as termite and ant fishing or nut cracking are practiced
less by chimpanzee juveniles than by adults (Boesch and Boesch 1999; 1liratwa-
Hasegawa 1990; Silk 1978),

Human hunting differs qualitatively from hunting by other animals and is
the most skill-intensive foruging activity, Unlike most animals that either sit
and wait to ambush prey or use sicalth and pursuit techniques, human hunters
use a wealth of information to make context-specific decisions, both during the
scarch phase of hunting and then afler prey are encountered. Specifically, infor-
mation on ecology, seasonality, current weather, expected animal behavior and
fresh animal signs is all integrated to form multivariate mental models of
encounter probabilities (hat guide the search and are continually updated as
conditions change (Leibenberg 1990). Various alternative courses of action are
constantly compared and referenced to spatial and temporal mental maps of
resource availability (ibid), This infermation is collected, memerized and pro-
cessed over much larger spatial areas than chimpanzees ever cover. For exam-
ple, interviews with Ache men show that [ully adult men (aged 35+) had hunted
in an area of nearly 12,000 km*® of tropical forest in their lifetimes, Almost all
foragers surveyed use more than 200 km” in a single year, and many cover more
than 1000 kin® in a year (Kelly 1995; Table 4.1). Male chimpanzees, on the other
hand, cover anly about 10 km® in a lifetime (Wrangham and Smuts 1980; Wran-
gham 1975).

1o addition, humans employ a wide variety of techniques to capture and kil!
prey, using astounding creativity (Kaplan et al. 2000). Those kill technigues are
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tailored to many different prey under a wide variety of conditions. For example,
trom 1980 1o 1996 our sample of weighed prev among the Ache includes a mini-
mum of 78 different mammal species, at least 21 species of reptiles and amphib-
ians, probably over 150 species of birds (more than we have been able (o iden-
tify) and over 14 species of fish. Finalty, human hunters tend to select prey that
is in prime condition from the perspective of human nutritional needs rather
than prey made vulnerable by youth, old age or disease as do so many carnivo-
rous animals (Alvard 1995; Stiner 1991).

The skill-intensive nature of human hunting and the fong learning process
involved are demonstrated dramatically by data on hunting return rates by age.
Hunting return rates among the Hiwi do not peak until age 30-35, with the
acquisition rales of 10-year-old and 20-year-cold hoys reaching only 16 % and
50 % ot the adult maximun, respectively. The hourly return rate for Ache men
peaks in the mid 30s. The return rate ot 10-year-old boys is about 1% of the
adult maximum, and the relurn rate ol 20-year-old juvenile males is still only
259% of the adult maximum. Marlowe (unpublished data) obtained similar
results for the Hadzi. Also, boys switch from easier tasks, such as fruit collec-
tion, shallow tuber extraction and baobab processing, Lo honey extraction and
hunting in their mid to late teens among the Hadza, Achie and Hiwi (Blurton
Jones ct al, 1989, 1997; Kaplan et al. 2000). Even among chimpanzees, hunting is
strictly an adult or subadult activity (Boesch and Boesch 1999; Stanford 1998;
Teleki 1973).

Survival and Net Food Production

Figure & (Kaplan et al. 2000) shows the probabilitics of survival and nel produc-
tion (i.e, food acquired minus food consumed) by age. The chimpanzee nct
production curve shows three distinet phases. The first phase, to about age five,
is the period of complete to partial dependence upon mother’s milk and of neg-
alive net production. The second phase is independent juvenile growth, lasting
until adulthood, during which nel production is zero. The third phase is repro-
ductive, during which females, but niot males, produce a surplus of calories that
they allocate to nursing,.

Humans, in conirast, produce less than they consume for about 20 years.
Net production becomes increasing by negative until about age 14 and then
begins to climb. Net production in adult humans is much higher than in chim-
panzecs and peaks al a much older age, reflecting the payott of long depen-
dency. More precisely, human peak net production is about 1750 calories per
day, rcached al about age 45. Among chimpanzee temales, peak net production
is only about 250 calorics per day and, since fertility decreases with age, net
productivity prohably decreases throughout adulthood.

The survival curves, using lhe scale on the right-hand y-axis, reveal why the
human age protile of productivity requires a long adult lile span. Only about
30% of chimpanzees ever born reach 20, the age when humans produce as
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Fig, 8. Survival and nel tood production: human feragers and chimpanzeos, On the lefl vertical axis
is the probability of survival and an the right is nel production in calories per day. The data on chin-
panzee survival are derived from averaging age-specitic mortality rates from all five study sites where
systematic data on births and deaths are recorded (VG et al, 2001); data on chimpanzee food con
sumption and production are from Gembe (Gaodall 1986}, Human survival vates are averaged fiom
Ache {Hill and Hurtado 1996), Tliwi (Kaplan et al. 2000], and Hadza {(Blurton Jones et al. 2002). Net
production data are from the same groups (details on all sources and estimation procedures fur buth
human amd chimpanzee production and conswmption data ave in Kaplan etal, 2000

much as they consume. Tess than 5% of chimpanzees reach 45, when human
net production peaks, but more than 15 % of hunter-gatherers survive to age 70,
By age 15, chimpanzees have consumed 43% and produced 409 of their
expected lifetime calories, respectively; in contrast, humans have consumed
22% and produced only 4% of their expected lifetime calories!

The relationship hetween survival rates and age profiles of production is
made even clearer in Figure 9. The thin solid line plots net production by age for
foragers (as in Fig. 8}, The bold line shows expected net production for foragers,
which is net production at each age multiplied by the probability of being alive
at each age. The area of the “deficit” period, prior to age 20, is aboul the same
size as the surplus after age 20. The dashed line shows the hypothetical “contrary
to fact™ expected net production profile of a human forager with a chimpanzee
survival function. The area of the deficit is now much larger than the area of the
surplus, since very lew individuals survive to the highly productive ages. This
shows that the human production profile waould not be viable with chimpanzee
survival rates, because expected lifetime net production would be negalive,
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Development and Cognitive Function Among Monkeys,
Apes and Humans

Although human intelligence has long been recognized as our most distinctive
specialization as a specics, I is now becoming increasing clear that our larger
brains and greater intellectual capacities depend upon the elongation or
stretching oul of development at every stage. The production of cortical neu-
rons in mammals is lkmited to carly fetal development and, compared to mon-
keys and apes, human embryos spend an additional 25 days in this phase {Dea-
con 1997; Parker and McKinney 1999). The greater original proliferation of neu-
rons in early fetal development has cascading eflects in greatly extending other
phascs of brain development, ultimately resulting in a larger, more complex and
effective brain. For example, in monkeys, such as macaques, myelination of the
brain begins prenatally and is largely complele in three month, but in humans
conlinues to at least 12 vears of age (Gibson 1986). Dendritic development is
similarly extended (o age 20 or greater in humans.

The timing of cognitive development is extended in chimpanzees relative to
monkeys and in humans relative to apes (Parker and McKinney 1999}, In terms
of Plagetian stages, frequently used by comparative cognitive psychologists,
macaque maonkeys traverse only two sub-periods of cognitive development
regarding physical phenomena by about six months of age and peal in Uieir
logical abilities by about three years ol age; however, they fail to be able 10 rep-
resent objects symbolically, to classity objects hierarchically or o recognize
themselves ina muirror Chimpanzees traverse three to four subperiods of cogni-
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tive development by about eight years ol age.”’ They can recognize themselves in
a mirror and are much better at classification than macaques but are not capa-
ble of constructing reversible hierarchical classes and abstract, logical reasoen-
ing. Human children traverse eight subperiods of cognitive development over
18-20 vears.

T is interesting to note that even though humans take about 2.5 times as
long to complete cognitive development as do chimpanzees, humans actually
learn faster than chimpanzees. In most cognitive spheres, especially language, a
two-vear-old child has the abilities of a four-year-old chimpanzee, even with
intensive training. Humans appear to have much more to learn and their brains
require more environmental input to complete development. Formal abstract
logical reasoning docs not emerge until age 16 to 18. This is the age when pro-
ductivity begins to increase dramatically among modern hunter-gatherers (see
below). The ability to construct abstract scenarios and deduce logical relation-
ships appears to allow for the growth in knowledge that results in peak produc-
tivity in the mid thirties.

Elongated development in huwmans is also associated with slowed aging of
the brain. Macaques exhibit physiological signs of cognitive impairment, as evi-
denced by the appearance of Alzheimer-like neuropathology (senile plaques,
neurocytoskeletal abnormalities) and cerebral atrophy by age 22-25, and chim-
panzees by age 30, in contrast to humans for whom such changes are rare until
age 60 (<0 1%) and only common (> 30 %) by age 805 (Finch 2002).

Mechanisms Underlying Brain-Longevity Co-Evolution

There are several possible pathways by which, at the species level, brain size and
function mighl co-cvolve with life span und the process of aging. One possibil-
ity is simply through the additive phenotypic effects of genes contributing to
the selective environment of other genes. For example, the phenotypic effects ol
genes affecting brain development and lunction increase foraging relurns for
high-quality, nutrienl-dense foods during adulthood. The ensuing diet and age
profile of production then constitute the sclective environment for genes alfect-
ing dietary physiology (e.g., lhe size of the large intestine) and rates of aging
{e.g., accumulation of plaque and tfree radicals). At the same time, those pheno-
typic effects of those latter genes affect the selective environment for genes
alfecting brain tissue and brain development. This could result in a “ratcheting”
process, in which both sets of genes change over time, resulting in nonrandom
associations of brains and longevity at the specics level.

Anolher possibility is that such associations could be due to pleitropy {i.e.,
single genes influencing more than one trait) and/or linkage disequilibrium
{sets of genes joinily assorting during meiosis). Rescarch into brain aging and

“The fourth subperied, such as conservalion of quantities of liguids under container transforma-
tiens, seem Lo require tutelage and symbolic training.
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longevity suggests that some genes may have such pleiotropic eflects. The apolipo-
prolein (apoE) allele system is a good example since this seems to affect neurite
growth and the aging of both the brain and the cardiovascular system. (The discus-
sion here is based on Finch and Sapolsky 1999, which gives the ariginal sources.)
Brain aging, as in the symptoms of Alzheimer’s disease, is common in long-lived
mammals. These signs of brain aging are delayed in humans relative to apes and in
apes relative to monkeys. In humans, apoE has at least three variants (apoF &2, £3
and e4) whereas all nonhuman primales that have been studied have the same vari-
ant, most similar to human apoE e4. Interestingly, this variant is a risk factor for
both Alzheimer’s disease and coronary artery disease, suggesting that the apoF ¢2
and €3 variants may have evolved to slow down both brain and cardiovascular
aging. These other variants also promote neurite growth in cullured neurons, sug-
gesting they also stimulate greater brain development and complexity.

Pleitropic effects of this nature could evolve by a similar ratcheting process.
The sensitivity of one tissue type (¢.g., neurons) to a gene product could alfect
selection on sensitivity of other tissue types {e.g., vascular tissue) to that same
gene product, and vice versa, To the extent thatl associations between brains and
longevity are due to pleitropic effects, this would generate correlations at the
individual level as well as at the species level. Given the growing body of data
suggesting that such individual-level associations cxist among humans, plei-
tropy deserves careful consideration.

Another possible pathway underlying associations at the individual level,
especially among humans, is through adaptive behavioral {lexibility. Human life
histories, including the life span, show evidence of systematic variation in
response to environmental variation. Those effects appear to be the resolt of the
interaction between changes in environmental conditions and human physiol-
ogy und behavior. Perhaps the most dramatic example of that interaction is the
pattern of changes accompanying modernizalion, the secular trend. lncreased
nutrition and decreased disease loads have systematic ettects on human devel-
opmental physiology. Physical growth rates increase and maturation beging ear-
lier, resulting in greater stature, higher body weight and carlicr age of menarche
in girls {(Eveleth 1986; Lancaster 1986; Worthman 1999). This response is very
likely the result of selection on adaptive lexibilily in growth and maturation
due to environmental variation in food supply and discase assault rates experi-
enced during human evolutionary history.

In contrast to this increase in physical developmental rate, aging may be
slowed in response to better nutrition and decreased disease loads. Although it
is possible that humans would also show slowed aging in response to radical
reductions in caloric intake (Shanley and Kirkwood 2000), it is also possible
that under the more common range of variation, rates of aging arc slowed and
life spans are longer when nutrition is better and disease loads are lower {(Fogel
and Costa 1997), and this (oo is adaplive. The changing mortality rates among
older people accompanying modernization and the fact that many chronic dis-
gases occurred at earlier ages in the 19th century U.S. than today {Costa 2000}
are consistent with such a possibility.
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One countervailing force may also be the product of adaptive flexibility to
past environmental variation. Increased risk of heart disease, diabetes and can-
cer due to overweight and lack of exercise may also be the result of evolved
responses. Given the common activity regimes in our past and the variability in
food supply, human appetites and nutritional biochemistey may be designed to
store fat and increase hlood lipid levels when food is abundant. Those adapla-
tions may be acting to shorten the life span in the context of modern activity
regimes and food access.

In addition ta these physiological adaptations, there are also behavioral
responses to modernization. The models outlined in Figures 2-4 are equally
applicable to short-term behavioral varialion as they are to long-term life his-
tory adaptations. Two dramatic cffects of modernization are increased eco-
nomic payolfs 1o educational capital and decreased mortality due to improve-
ments in public health. Those models predict reinforcing endogenous behav-
ioral responses to such changes. Increased payoffs to education should promote
both increased investment in cducational capital and in staying alive. Improve-
ments in public health should alse promote reinforcing increases in capital
investment and staying alive. The fact that income grows more with age with
increasing educalion suggests that there will be similar differentiation across
educalional groups. Thus, individuals with high levels of education and intelli-
gence may expect their economic status to grow as they age, and thercfore
engage in behavior that increases their likelihood of reaching older ages; con-
versely, those whose future prospects seem poor or not likely to improve with
age might be less inclined to invest in health. Similarly, variation in exposure to
risks of mortality (associate with violence, AIDS, or ather hazards) should
allect willingness to invest in education and future earnings.

Discussions and Conclusions

The analyses in this paper have applied embodied capital theory to understand-
ing primate radiations in brain size and longevity and the evolution of the
human lite course. Embodicd capital theory organizes the relationships of ecol-
ogy, brain sizc and longevity among primates, which existing debates about pri-
mate brain size evolution have failed to do. Most studies ot brain evolution have
ignored longevity and fecused either on the benefils or on the costs of brains,
but not both, The liveliest current debate concerns whether the benefit of «
large brain is to salve ecological or social problems {Allman et al. 1993; Burlon
and Dunbar 1997; Byrne and Whiten 1988; Clutton-Brock und IHarvey 19805
Dunbar 1998; Milton 1993). On the cost side, anolher debate concerns, for
example, whether larger brains require smaller guts or lower merabolic rates
{Alello and Wheeler 1995; Barton 1999; loley and Lee 1991; Martin 1996).
Studies examining the relationship between the brain and longevity fail ta
model simultaneous selection. One [ocus has been on whether the relationship
between brain size and longevity is real or a statistical artifact (Allman et al.
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£1993; Barton 1999; iconomos 1980; Foley and Lee 1991; Martin 1996). Another
has been on the metabolic costs of growing large brains {Foley and Lee 19915
Martin 1996) and its indirect relationship to life span through body size. Others
have focused either on the direct impacts ot the brain on lile span or on the
benefits of a longer life span. For example, Sacher (1975) offers two proposals:
1) brains dircclly increasc life span by ensuring more precise homeostasis of
bodily functions; and 2) brains delay maturation and lower the reproductive
rate, therefore requiring an extension ol the life span. Other hypotheses are:
1) larger brains arc beneficial to fonger-lived animals because they are likelier to
experience food shortages when knowledge of the habital would facilitate sar-
vival (Allman et al. 1993); 2} larger brains decrease ccological vulnerability to
environmental risks and select for increased longevity (Rose and Mueller 1598);
and 3) larger brains help maintain tissue ditferentiation and slow the process of
entropy leading to senescence (Hofman 1983).

The embuodied capital theory shows how features of ecology, including both
morlality risks and information processing demands, inferact in delermining
optimal allocations to the brain and survival. It also suggests an alternative
interpretation of primate social intelligence. Co-evolutionary seleclion on
Irrains and longevity due ta the complexity and the navigational demands of the
primate diet may have produced pre-adaptations for the evolution af social
intetligence. Given that primates live long lives with enduring social relation-
ship and given that many species of primates eat foods whose distribution gen-
erates within-group campetition, there would be selection for the application of
existing enhancemenls in memory and information processing abilities to the
management of sockal interaction. Many animals live in social groups, but pri-
mates are notable in terms of the complexity of their social arrangements. Per-
haps social pressures alone are not sufficient 1o select for markedly increased
brain size, but they might select for the extension of existing abilitics to social
problems. This may be why apes display remarkable social inrelligence, even
though group sizc ts not particularly large (Byrne 1995 a, [997 a). Orangutans,
for example, are mostly solitary, but il takes about scven years for a young
orangutan to become independent of its mother (presumably because of the
learning-intensive nature of the diet). If this view is correct, il also suggests that
the assumption of extreme domain specificily in intclligence may be unwar-
ranted.

There is growing interest in the evolution of human life histories, especially
longevity. One model, recently propesed by Hawkes and colleagues (Hawkes
et al. 1998), often referred to as the “Grandmother Hypothesis”, proposes that
humans have a long life span because of the assistance that older, post-
reproductive women contribute to descendant kin through the provisioning of
difficult-to-acquire plant foods. Women, therefore, are selected to invest in
maintaining their bodies longer than chimpanzee females. This model offers no
explanation why men live so long. In contrast to this female-centered view, Mar-
lowe (2000) proposes that reproduction by males late in life selects for the
lengthening of the human life course, with effects on females being incidental,



a4 L5, Kaplaw et al,

The emhodied capital theory explains why both men and women live long lives.
Both men and women exploit high quality, difficult-lo-acquire foods (females
exlracting plant foods and males hunting animal foods), sacrificing early pro-
ductivity for later productivity, with a life history characterized by an extended
juvenile period where growth is slow and much is learned, and a high invest-
ment in mortality reduction to reap the rewards of those imvestments.

The human adaptation is broad and flexible, in one sense, and very narrow
and specialized, in another sense. It is broad in the sense that, as hunter-
gatherers, humans have existed successfully in virtually all of the world’s major
habitats. This has enlailed cating a very wide variety ol [oods, both plant and
animal, and a great deal of flexibility in the contributions of difterent age- and
sex-classes of individuals. The human adaptation is narrow and specialized in
that it is based on extremcly high investments in brain tissue and learning. In
every environment, human foragers consume the largest, highest quality, and
mosl difficult-to-acquire foods, using techniques that often take years to learn.
It is this legacy that modern humans bring to the complex economics cxisting
today, where education-based embodied capital determines income and the
economy is a complex web of specialization and cooperation between spouses,
families and larger social units, We are only beginning to explore the implica-
tions of this legacy for understanding modern behavior.
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