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Abstract

Large brain sizes in humans have important metabolic consequences as humans expend a relatively larger proportion
of their resting energy budget on brain metabolism than other primates or non-primate mammals. The high costs of large
human brains are supported, in part, by diets that are relatively rich in energy and other nutrients. Among living
primates, the relative proportion of metabolic energy allocated to the brain is positively correlated with dietary quality.
Humans fall at the positive end of this relationship, having both a very high quality diet and a large brain size. Greater
encephalization also appears to have consequences for aspects of body composition. Comparative primate data indicate
that humans are ‘under-muscled’, having relatively lower levels of skeletal muscle than other primate species of similar
size. Conversely, levels of body fatness are relatively high in humans, particularly in infancy. These greater levels of
body fatness and reduced levels of muscle mass allow human infants to accommodate the growth of their large brains
in two important ways(1) by having a ready supply of stored energy to ‘feed the brain’, when intake is limited and
(2) by reducing the total energy costs of the rest of the body. Paleontological evidence indicates that the rapid brain
evolution observed with the emergence émo erectus at approximately 1.8 million years ago was likely associated
with important changes in diet and body composition.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction brains per body weight than other terrestrial mam-
mals, the total(resting energy demands for the
From the perspective of comparative physiology ~ human body are no more than for any other
and nutrition, what is extraordinary about the large mammal of the same siZ¢éeonard and Robertson,
brains of humans is their high metabolic cost. 1992, 1994. The consequence of this paradox is
Brain tissue has very high energy demands per that humans allocate a much larger share of their
unit weight, roughly 16 times greater than those  daily energy budget to ‘feed their brains’. Brain
of muscle tissuéKety, 1957; Holliday, 198 Yet, metabolism accounts for~20-25% of resting
despite the fact that humans have much larger energy demands in an adult human body. This is
T This | . _ . N far more than the 8—10% observed in other primate
is paper is part of a collection of inter-disciplinary, . .
peer-reviewed articles under the Theme: “Origin and Diversity ~ SPecies, and still more than the 3—5% allocated to

of Human Physiological Adaptability” invited by K.H. the brain by othefnon-primate mammals(Leon-

M):burgh and ctjhe late I:W Holc.hachka. i ard and Robertson, 1994

8473%3‘3‘;3‘ ing author. Tel.:+1-8474914839; fax:+1- The question that remains from all of this is
E-mail address: w-leonard1@northwestern.edu how humans have evolved to support the very

(W.R. Leonard. high nutritional needs of our large brains. To
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address this question, we will use comparative
analyses to examine two major domains through
which hominids have adapted to the metabolic
demands of greater encephalizatig@) improve-
ments in dietary quality, an€2) changes in body
composition. Dietary quality refers to the energetic
and/or nutrient density of a diet. Increases in diet
quality may result from changes in diet composi-
tion (i.e. what you eator the ways in which foods
are modified (processing, cooking, or genetic
manipulation (see Leonard and Robertson, 1994;
Wragham et al., 1999 In terms of body compo-
sition, we will specifically consider how changes
in the relative proportions of adipose and muscle
tissue may help accommodate the metabolic
demands of larger brains. We will also consider
the developmental aspects of these patterns of
body composition. These analyses provide a con-
text for understanding the major selective forces
that were likely necessary to support the evolution
of large hominid brains.

2. Sample and methods

2.1. Primate data: brain size, body size, metabolic
rate and diet

Table 1 presents data on body mélsg), resting
metabolic rate(RMR; kcal/day), brain mass(g)
and dietary quality for 41 species of primates,
including humans. Data on metabolic rates and
associated body masses were derived from Leonard
and Robertso1994), McNab and Wrigh(1987),
Thompson et al.(1994 and Kappeler(1996).
Data on brain weights and body masses were
obtained from Bauchot and Stef&h969), Stephan
et al. (1981 and Jerison(1973. Information on
dietary quality was obtained from data presented
by Leonard and Robertso(1994), Sailer et al.
(1985, Richard (1985 and Rowe(1996). The
human data point is an average based on dietary
data from 5 human foraging populations: the
IKung, Ache, Hiwi, Ituri Pygmies and Inuitfrom
Leonard and Robertson, 199Diet quality (DQ)
was assessed using an index developed by Sailer
et al. (1985 that considers the relative energy and
nutrient density of dietary items. The DQ index is
a weighted average of the proportions of foliage,
reproductive plant material, and animal material.
DQ is calculated as:

DQ=s+2(r)+3.5a)

where s=percent of diet derived from structural
plant parts(e.g. leaves, stems, and bark-=
percent of diet derived from reproductive plant
parts (e.g. fruits, flowers, nectar, and regiand
a=percent of diet derived from animal parts
(including both vertebrates and invertebratéhe
DQ ranges from a minimum of 10@.00% foliage

to a maximum of 350100% animal material

2.2. Comparative body composition: skeletal mus-
cle mass, infant body fatness

Table 2 presents information on skeletal muscle
mass and body weight compiled for 15 primates
(including humans The non-human primate data
were derived from Grand1977) and Zihlman
(1984). The human data were obtained from Wang
et al. (2001). In addition, limited data on percent
body fatness at birth for 15 mammalian species
(including humans were derived from Kuzawa
(1999 (see Fig. 6.

2.3. Fossil hominid data

Table 3 presents data on geological agesl-
lions of years agh brain size(cm?®), estimated
male and female body weigh€kg), and posterior
tooth surface areasnn¥) for selected fossil hom-
inid species. All data presented in Table 3 were
derived from McHenry and Coffing2000 other
than the information orHomo erectus. For early
H. erectus brain size was calculated from data
presented by McHenry1994b for the African
specimens, Anton and Swish€2001) for Indo-
nesian specimens, and Gabunia e{2000, 200}
for Georgian(Dmanis) remains. All data for late
H. erectus were taken from McHenry19949.

3. Reaults

3.1. Variation in brain size, body size and diet
quality in modern primates

Among primates, as in other mammals, RMR
scales to body mass with an exponent of less than
1. As shown in Fig. 1, the relationship between
RMR and body mass among primate species is
similar to the Kleiber relationship for mammals in
general(Kleiber, 1961.

RMR=55Wt#! (r=0.97)
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Table 1
Metabolic rate(RMR; kcal/day), body masgkg), brain masgg) and diet quality(DQ) for 41 primate species
Species Metabolic data Brain data

RMR (kcal/d) Body mass(kg) Brain mass(g) Body mass(kg) DQ
Suborder strepsirhini
Arctocebus calabarensis 15.2 0.206 7.2 0.323 327.5
Cheirogaleus medius 22.7 0.300 3.1 0.177
Eulemur fulvus 42.0 2.397 25.2 2.397 129
Euoticus elegantulus 25.1 0.260 7.2 0.274 230
Galago moholi 13.9 0.155
Galago senegalensis 18.1 0.215 4.8 0.186 278
Galagoides demidoff 6.3 0.058 3.4 0.081 305
Lemur catta 45.1 2.678 25.6 2.678 166
Lepilemur ruficaudatus 27.6 0.682 7.6 0.682 149
Loris tardigradus 14.8 0.284 6.6 0.322 327.5
Microcebus murinus 4.9 0.054 1.8 0.054
Nycticebus coucang 324 1.380 12.5 0.800
Otolemur crassicaudatus 47.6 0.950 10.3 0.850 195
Otolemur garnettii 47.8 1.028 275
Perodicticus potto 41.3 1.000 14 1.150 190
Propithecus verreauxi 86.8 3.080 26.7 3.480 200
Varecia variegata 69.9 3.512 34.2 3.512
Suborder haplorhini
Alouatta palliata 231.9 4.670 51 6.400 136
Aotus trivirgatus 524 1.020 16 0.850 177.5
Callithrix geoffroyi 27.0 0.225 7.6 0.280 235
Callithrix jacchus 22.8 0.356 7.6 0.280 235
Cebuella pygmaea 10.1 0.105 4.5 0.140 249.5
Cercopithecus mitis 407.7 8.500 76 6.500 201.5
Cercocebus torquatus 196.2 4.000 104 7.900 234
Colobus guereza 357.9 10.450 73 7.000 126
Erythrocebus patas 186.9 3.000 118 8.000
Homo sapiens 1400.0 53.500 1295 53.500 263
Hylobates lar 123.4 1.900 102 6.000 181
Leontopithecus rosalia 51.1 0.718
Macaca fascicularis 400.9 7.100 74 5.500 200
Macaca fuscata 485.4 9.580 84 5.900 223
Macaca mulatta 231.9 5.380 110 8.000 159
Pan troglodytes 581.9 18.300 420 46.000 178
Papio anubis 342.9 9.500 205 26.000 207
Papio cynacephalus 668.9 14.300 195 19.000 184
Papio papio 297.3 6.230 190 18.000
Papio ursinus 589.3 16.620 190 18.000 189.5
Pongo pygmaeus 569.1 16.200 370 55.000 172.5
Saguinus geoffroyi 50.5 0.500 10 3.800 263
Saimiri sciureus 68.8 0.850 22 6.800 323
Tarsius syrichta 8.9 0.113 350

Sources: Bauchot and Stefaf1969, Stephan et al(1981), Jerison(1973), Richard(1985), Sailer et al(1985), McNab and Wright
(1987, Leonard and Robertsoii994), Thompson et al(1994), Kappeler(1996) and Rowe(1996).

The consequence of this scaling relationship is  moset(Cebuella pygmaea)), constrained by very
that small primates have low total energy needs high mass-specific energy costs, meet their dietary
but very high energy demands per unit mass. needs by consuming foods that are limited in
Conversely, large primates have high total energy  abundance but high in qualitfinsects, saps,
needs, but low mass-specific costs. These different gums. In contrast, the main constraint for large
metabolic constraints dictate different feeding primates is getting enough total energy; hence,
strategies. Small primatee.g. the pygmy mar- large bodied species such as the gorizorilla
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Table 2
Body mass(kg) and skeletal muscle magkg) of 15 primate
species

Species Body mass Muscle mass
(kg) (kg)
Alouatta caraya 6.08 1.68
Aotus trivirgatus 0.63 0.19
Ateles sp 7.60 3.48
Cebus sp 3.80 1.73
Galago senegalensis 0.25 0.09
Galago crassicaudatus 0.88 0.31
Homo sapiens M 80.50 33.40
F 67.30 20.70
Macaca mulatta 6.04 2.50
Macaca nemestrina 14.50 7.12
Macaca nigra 9.40 3.46
Mandrillus leucophaeus 25.26 11.16
Nycticebus coucang 1.16 0.30
Pan paniscus 29.50 13.51
Pan troglodytes 31.50 11.03

Perodicticus potto 0.99 0.25

Sources: Grand (1977), Zihiman (1984 and Wang et al.
(200D.

gorilla) and orangutan(Pongo pygmaeus) are
large volume feeders, eating foods that are widely
available, but low in nutritional densityleaves,
bark and low quality plant foods

This inverse relationship between diet quality
and body size is evident in Fig. 2. Across all
primates, there is a significant negative correlation
between diet quality and body maés= —0.66;
P<0.00D. Humans, however, have substantially
higher quality diets than expected for a primate of
our size. Note that the average diets of the five
modern human foraging populations fall substan-
tially above the regression line. Overall, the staple

Table 3

3.5
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Fig. 1. Log—log plot of resting metabolic ratBMR; kcal/day)

vs. body weight(kg) of 41 primate species. The allometric
relationship is: RMR=55W®8! (r=0.97). The scaling coef-
ficient of less than 1 implies that smaller primates have higher
mass-specific energy costs larger primates.

foods for all human societies are much more
nutritionally dense than those of other large-bodied
primates. This ‘higher quality’ diet for humans
relative to other large-bodied primates means that
we need to eat less volume of food to get the
energy and nutrients we require.

The significance of this higher quality diet is
explored in Fig. 3, which shows the relationship
between relative brain size and relative dietary
quality among living primate species. There is a
strong positive relationshigr=0.63; P<0.001

Geological agegmillions of years agh brain size(cm®), estimated male and female body weighitg), and posterior tooth surface

areas(mn¥) for selected fossil hominid species

Species

Geological ag€mya) Brain size(cm®) Body weight

Posterior tooth surface aréenm?)

Male (kg) Female(kg)

Australopithecus afarensis 3.9-3.0 438
A. africanus 3.0-2.4 452
A. boisei 2.3-1.4 521
A. robustus 1.9-14 530
Homo habilis (sensu strictu) 1.9-1.6 612
H. erectus (early) 1.8-1.5 863
H. erectus (late) 0.5-0.3 980
H. sapiens 0.4-0.0 1350

45 29 460
41 30 516
49 34 756
40 32 588
37 32 478
66 54 377
60 55 390
58 49 334

All data from McHenry and Coffind2000), except forH. erectus. Early H. erectus brain size is the average of African specimens
as presented in McHenr§1994b), Indonesian specimens from Anton and Swist®001) and Georgian specimens from Gabunia et

al. (2000, 200). Data for lateH. erectus are from McHenry(199439.
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Fig. 2. Plot of Diet Quality(DQ) Index (from Sailer et al.
1985 vs. log body weight for 33 primate species. DQ is
inversely related to body weightr=—0.66; P<0.00D,
reflecting the fact that smaller primates require higher quality
more nutrient dense diets to support the high mass-specific
energy needs. Humar@verage for 5 foraging populations
have markedly higher quality diets than expected for their body
size.

between the amount of energy allocated to the
brain and the caloric and nutrient density of the
diet. Across all primates, bigger brains require
better quality diets, and humans are the extreme
example of this, having the largest relative brain
size and the highest quality diet relative to body
weight. This relationship implies that the dramatic
expansion of brain size over the course of human
evolution would have necessitated the adoption of
a sufficiently high quality diet to support the
elevated energy demands.

3.2. Evolution of brain size and diet quality:
evidence from the fossil record

When we look at the human fossil record, the
first major burst of evolutionary change in hominid
brain size occurs at approximately 2.0—1.7 million
years ago, associated with the emergence and
evolution of early members of the gené&mo
(see Fig. 4. Prior to this, our earlier hominid
ancestors, the australopithecireshown as closed
circles), showed only modest brain size evolution
from 400 to 510 crd over a 2 million year span
from 4 to 2 million years ago. With the evolution
of the genusHomo there is rapid change, with

brain sizes of approximately 600 ém iHomo
habilis (at 2.4-1.6 mya and 800-900 c in
early members ofd. erectus (at 1.8—1.5 mya
While the relative brain size ofl. erectus is
smaller than that of modern humans, it is nonethe-
less outside of the range seen among other living
primate species.

The factors responsible for the rapid evolution
of brain size at this stage of human evolution
include environmental changes that promoted
shifts in diet, foraging behavior and changes in
tool technology. The environment at the Plio-
Peistocene boundar§2.0—1.8 mya was continu-
ing to become drier, creating more arid grasslands
(Vrba, 1995; Owen-Smith, 1999Changes in the
African landscape made animal foods more abun-
dant and thus, an increasingly attractive food
resource(Behrensmeyer et al., 1997

The increasing abundance of game animals in
grassland environments is evident in Table 4,
which shows the levels of primary, secondary
(herbivore and tertiary (carnivore® productivity
in modern day woodland and savanna ecosystems
of the tropics. Whereas the overall level of primary
productivity in the savanna is only about half that
of the woodland, secondary productivitthe abun-
dance of herbivorgsis almost three times greater

* humans

Relative Brain Size (Z-score)

° ® primates
2 -

3 2 a4 0o 1 2 3 4
Relative Diet Quality (Z-score)

Fig. 3. Plot of relative brain size vs. relative diet quality for
31 primate species. Primates with higher quality diets for their
size have relatively larger brain size=0.63; P<0.00).
Humans represent the positive extremes for both measures,
having large brain:body size and a substantially higher quality
diet than expected for their size.
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in the savanna. Consequently, the expansion of the
savanna in Plio-Pleistocene Africa would have
limited the amount and variety of edible plant
foods for hominids, but also resulted in an increase
in the relative abundance of grazing mammals
such as antelope and gazelle. These changes in the
relative abundance of different food resources
offered an opportunity for hominids with sufficient
capability to exploit the animal resources. The
archeological record suggests that this is what
occurred withH. erectus—the development of the
first rudimentary hunting and gathering economy
in which game animals became a significant part
of the diet and resources were shared within
foraging groupg Potts, 1988; Harris and Capaldo,
1993; Roche et al., 1999

Additionally, changes in the skeletal and dental
anatomy ofH. erectus relative to the late austra-
lopithecines indicate that these forms were con-
suming different foods. As shown in Table 3,
molar tooth sizes are greatly reducedHnerectus
compared to the robust australopithecingy7
mmn? in earlyH. erectus compared to 588 mi in
Australopithecus robustus and 756 mm  inAus-
tralopithecus boisei). Additionally, H. erectus

W.R. Leonard et al. / Comparative Biochemistry and Physiology Part A 136 (2003) 5-15

Table 4
Productivity of modern tropical foreatoodland and savanna
ecosystems. From Leonard and Robertéb®97, 2000

Ecosystem Primary Herbivore Carnivore
productivity  (2°) (3)
(kJ/m?/yr)  productivity productivity
(kJ/m2/yr)  (kd/m?/yr)
ForesfWoodland 7200 3.6 0.03
Savanna 4050 10.1 0.08

shows substantial reductions in craniofacial and
mandibular robusticity relative to the australopith-
ecines (Wolpoff, 1999. Yet, despite the smaller
teeth and jawsH. erectus was a much bigger
animal than the australopithecines, being human-
like in its stature, body mass and body proportions
(McHenry, 1992, 1994a; McHenry and Coffing,
2000; Ruff and Walker, 1993; Ruff et al., 1997
Together these features indicate that e&flyrec-
fus wWas consuming a richer, more calorically-dense
diet with less low quality plant material and more
animal foods.

These changes in diet and foraging behavior did
not turn our hominid ancestors into carnivores;

¢ Homo

® Australopithecus

0.0 H sapiens
*
Late H erectus
-5+ *
-1.04
A robustus
= -1.51 A boisei Early H erectus
> L] *
a H habilis
~  2.04 *
[b]
<
2.5 A africanus
[ ]
-3.04
A afarensis
-3.5+4 [
-4.0
200 400 600 800 1000 1200 1400 1600

Brain Size (cm”3)

Fig. 4. Evolution of hominid brain sizécm®) over the last 4 million years. Between 4.0 and 2.0 million years agya), the
australopithecines show only modest changes in brain size, #d®0-530 cri . With the emergence and early evolution of the genus
Homo (i.e. H. habilis and earlyH. erectus) at 2.0-1.7 mya we find a rapid burst of evolutionary change in brain size such that brain

sizes of earlyH. erectus at 1.7 mya are 800-900 ém .
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Fig. 5. Log—log plot of muscle weightkg) vs. body weight
(kg) of 15 primate specie€ncluding humank Across all pri-
mates, skeletal muscle mass scales isometrically with body
weight (SM=0.33W£¢; r=0.994. Humans fall below the
primate regression linéstandardize residual —0.86), indi-
cating that they are ‘under-muscled’ relative to other primates.

however, the addition of modest amounts of meat
to the diet combined with the sharing of resources
that is typical of hunter-gatherer groups would
have significantly increased the quality and stabil-
ity of hominid diets. These changes in dietary
quality appear to have been critical in promoting
the rapid brain evolution seen with the evolution
of H. erectus. While dietary change alone cannot
explain the evolution of large hominid brains, a
sufficiently high quality diet was probably neces-
sary for supporting the increased energy demands
of larger brains.

3.3. Human body composition in evolutionary
perspective

Distinctive differences in human body compo-
sition also may be linked to the metabolic costs of
our large brains. Relative to other primates,
humans are ‘under-muscled’, having relatively low
levels of skeletal muscle for a primate of our size.
Fig. 5 shows the scaling relationship between
muscle mass and body weight in living primate
species from Table 2. Across all primates, there is
an isometric relationship between muscle mass and
body mass:

Skeletal Muscle Mass0.33WE% (r=0.994)

Humans fall substantially below the primate
regression, deviating by 0.86 SD units. This indi-
cates that at the same body weight, humans have
systematically lower levels of muscle mass than
other primates. Further, recent work by Snodgrass
et al. (1999 has shown that primates, as a group,
are relatively ‘under-muscled’ compared to other
mammals.

Unlike many bodily tissues and organs, brain
metabolism is stable and may not be down-regu-
lated to conserve resources during periods of star-
vation or negative energy balance. In light of this
constraint, the human brain may have posed a
special challenge during infancy, when the brain
accounts for a substantial percentage of total met-
abolic expenditure. The challenge of sustaining
cerebral metabolism during infancy is compounded
by the problem of nutritional stress related to
weaning and the common infectious diseases of
infancy and early childhood. One partial solution
to this problem may have been to maintain a larger
energy reservéKuzawa, 1998. Indeed, humans
appear to be relatively fatter than other mammals
— a feature particularly notable at birth and during
infancy.

Fig. 6 compares percent body fat at birth among
mammals (adapted from Kuzawa, 1938 At
~15-16% human infants have the highest body
fat levels of the 15 species shown here. Not only

Percent Body Fat at Birth

Fig. 6. Percent body fat at birth of 15 mammalian species
(adapted from Kuzawa, 1998At 15—-16% human infants have
the highest level of adiposity.
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Fig. 7. Changes in percent body fat of human infants during
the first 48 months of life(from Dewey et al., 1998 Body
fatness rises from 16% to 26% during the first 12—18 months
of life, and then declines te- 16% by 4 years of age.

is the large-brained human newborn especially fat,
but there appears to be a link between relative
body fatness at birth and levels of encepalization
across mammals generally. For the species shown
in Fig. 6, the correlation between relative adult
brain size and relative body fatness at birth is 0.61
(P<0.05. Although the number of data points is
small the results are consistent with our expecta-
tions — species devoting a larger percentage of
metabolism to meeting the obligatory demands of
a large brain also increase the size of the energy
buffer, as represented by fat stores.

The need to maintain a sizeable energy buffer
to support cerebral metabolism may also help
explain developmental changes in human body
composition. Although born fat, human infants
continue to gain body fat during their early post-
natal life. Fig. 7 shows changes in percent body
fat among infants during the first 48 months of
life based on longitudinal research by Dewey et
al. (1993. During the first half year of life, well-
fed infants increase in percentage body fat from
about 16% to about 26%. This pattern is likely
not accidental: adiposity peaks at the age when
weaning is common in many societies, and when
the likelihood of having to rely upon energy
reserves is thus greatest.

These high levels of body fatness during infancy
are likely linked to the extreme metabolic demands
of the brain(see Kuzawa, 1998 Fig. 8 shows the
percent of RMR that is allocated to the brain

plotted as a function of body weight over the
course of human growth and developméfrom
data presented in Holliday, 1986Whereas a 70
kg adult expends~ 20—25% of RMR for the brain,

an infant of less than 10 kg is using upwards of
60%! These enormous relative energy demands for
infants primarily reflect both their high brain:body
weight ratios.

Overall, key aspects of human growth and
development of body composition are shaped by
the metabolic demands of our brains. As has been
widely noted, human gestation length is relatively
short for a species of our body and brain size. Our
infants are born altriciallrelatively under-devel-
oped, and, unlike other primates, rapid brain
growth continues into early post-natal lif#¢artin,
1990; Rosenberg, 1992To provide energy stores
for the metabolic demands of relatively large brains
during infancy, humans have high levels of body
fat at birth and continue to gain fatness during the
first year of life. Additionally, the development of
higher levels of body fat and lower levels of
muscularity in humans compared to other mam-
mals, serves to reduce the total metabolic costs of
the rest of the body aside from the brain.

Even with these alterations of body composition,
mass-specific energy and nutrient requirements
during infancy are much higher than at any point
later in life (Kuzawa, 1998. Energy requirements

100

?

80 \
=
A 1
S
S w0
29 .
> .
=4 “m
Yy
S 40 S
= s S
§ e~ ~-
5 e e
=¥ 20 o

0
0 10 20 30 40 50 60 70 80
Body Weight (kg)

Fig. 8. Percent of resting metabolic ratBMR) allocated to
the brain during human growth and developmédata from
Holliday, 1986. During infancy(body weight 10 kg), brain
metabolism accounts for upwards of 60% of RMR. At adult-
hood (weight=70 kg), brain metabolism represents20% of
RMR.
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for children under 2 years of age are greater than
100 kcaJkg, whereas moderately active adults
require only approximately 40 kgétg ((Food and
Agriculture OrganizatiopWorld Health Organiza-
tion/United Nations University, 1985; James and
Schofield, 1990. Because of these elevated energy
demands during infancy, nutrient dense breast milk
and weaning foods are essential for sustaining the
high rates of brain and body growth that are
characteristic of early life. Indeed, among many
populations of the developing world today, high
levels of physical and cognitive growth retardation
are linked to low-quality weaning foods that are
not sufficiently nutritionally densdAllen et al.,
1992; Berti et al.,, 1998; Leonard et al., 2000;
Pollitt et al., 2000

When the distinct developmental pattern of body
composition emerged in human evolution is diffi-
cult to discern. However, witlH. erectus we do
find the first evidence of ‘human-like’ patterns of
sexual dimorphism in body weighfAiello and
Key, 2002. The sex-specific estimates of fossil
body weights in Table 3 show that wifth erectus,
not only is there a marked increase in average
size, but the increase is disproportionately large in
females. That is, with the first major pulse of brain
evolution in hominids(H. erectus) is associated
with a dramatic increase in female body size, from
approximately 30—34 kg in the australopithecines
to ~52 kg with earlyH. erectus. This pattern is
consistent with a metabolic model for brain evo-
lution, since the high costs of ‘growing’ large
brains is largely born by femalegmothers
through the energy demands of pregnancy and
lactation (Martin, 1989. Thus, the increased
female body sizeand the resulting reduction in
sexual dimorphism seen inH. erectus may be
another signal that sufficient nutritional resources
were available to support the development of larger
brain size.

Recent comparative analyses on human popu-
lations further support the link between high repro-
ductive costs and reductions in sexual dimorphism.
Guegan et al(2000 showed that sexual dimor-
phism in stature was lowest among human popu-
lations with the highest fecundity levels and
greatest risks of maternal mortality. In other words,
in populations where fertility is high and the
cumulative risk of death during pregnancy is ele-
vated for mothers, there is selection for relatively
larger body size in females in order to reduce
problems during childbirth. This type of selective

regime may have been responsible for promoting
relatively larger body size amondi. erectus
females.

4. Discussion

The high energy demands of human brain size
appeared to have necessitated both improvements
in dietary quality and changes in body composition
over the course of hominid evolution. Indeed many
of the important changes and evolutionary inno-
vations in human evolutionary history have been
about improvements in dietary quality. Such
changes were critical to the evolution of our large
brains and to the broad expansion of humans
throughout the world(Leonard, 2002 With H.
erectus, We see improvements in dietary quality
likely resulting from(1) the incorporation of more
animal foods into the diet(2) improved tool
technology, and(3) the development of a food
sharing associated with a hunting and gathering
lifeway (Potts, 1988; Harris and Capaldo, 1993;
Blumenschine et al., 1994 Other improvements
in DQ later in human evolution include the use of
fire and the development of cooking as means of
making food more digestible, providing more usa-
ble calories than if the same food had been
consumed raw(Wragham et al., 1999 Even the
much later advent of agriculture had important
implications for DQ, as human populations began
to manipulate relatively marginal plant species so
as to increase their productivity, digestibility and
nutritional content(Flannery, 1973

Along with changes in DQ, human evolution
also resulted in important changes in the develop-
mental aspect of human body composition. By
increasing the relative levels of body fatness,
particularly early in life, and reducing levels of
muscle mass, humans are able to accommodate
the growth of their large brains in two important
ways: (1) by having a ready supply of stored
energy to ‘feed the brain’, an®) by reducing the
total energy costs of the rest of the body, replacing
metabolically more expensive muscle with adipose
tissue.

The reductions in muscle mass are also evident
for primates in general, compared to other mam-
malian species. Such reductions in muscularity
relative to body size may be a consequence of the
arboreal heritage of the primate ordgnodgrass
et al., 1999. Additionally, such reductions in
muscularity help to explain the paradox of primate
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species having largémetabolically costly brains,
without showing substantial elevations in RMR.
In terms of a ‘metabolic budget’, the high energy
costs of relatively large primate brains may be
partly offset by reductions in muscularifBnod-
grass et al.,, 1999 Aiello and Wheeler(1995
have suggested that reduction in gut size may
account for the lack increase in RMR among
humans and other primates. However, recent anal-
yses suggest that primates do not have systemati-
cally smaller gastrointestinal sizes that other
non-primate mammaléSnodgrass et al., 1999

From the perspective of modern humans, what
is extraordinary is the variety of different strategies
used to accommodate our distinctive metabolic
and nutritional needs among populations living in
radically different environments. Humans have
evolved creative ways of developing nutritionally
rich diets in virtually all environments, from Inuit
hunters of the arctic, subsisting largely on meat
and fat to Amazonian horticulturalists, consuming
a diet of rice, cassava, and wild game. Indeed, the
hallmark of human evolution has been the diversity
of different strategies that have been used to create
diets that meet our distinctive metabolic require-
ments.

Acknowledgments

We are grateful to Drs. Peter Hochachka and
Kathy Myburgh for the opportunity to contribute
to this special issue. The comments and sugges-
tions from Dr Susan Anton and two anonymous
reviewers helped to substantially improve this
paper. This research was supported, in part, by
grants to WRL by the Natural Sciences and Engi-
neering Council (NSERQ of Canada (OGP-
0116785 and the Wenner-Gren Foundation for
Anthropological Researct#295).

References

Aiello, L.C., Key, C., 2002. Energetic consequences of being
a Homo erectus female. Am. J. Hum. Biol. 14, 551-565.

Aiello, L.C., Wheeler, P., 1995. The expensive-tissue hypoth-
esis: the brain and the digestive system in human and
primate evolution. Curr. Anthropol. 36, 199-221.

Allen, L.H., Backstrand, J.R., Stanek, E.J., Pelto, G.H., Chav-
ez, A., Molina, E., et al., 1992. The interactive effects of
dietary quality on growth and attained size of young
Mexican children. Am. J. Clin. Nutr. 56, 353-364.

Anton, S.C., Swisher Ill, C.C., 2001. Evolution of cranial
capacity in AsianHomo erectus. In: Indriati, E. (Ed.), A

Scientific Life: Papers in Honor of Dr. T. Jacob. Bigraf
Publishing, Yogyakarta, Indonesia, pp. 25-39.

Bauchot, R., Stefan, H., 1969. Encephalisation et niveau
evolutif ches les simiens. Mammalia 33, 225-275.

Behrensmeyer, K., Todd, N.E., Potts, R., McBrinn, G.E., 1997.
Late Pliocene faunal turnover in the Turkana basin, Kenya
and Ethiopia. Science 278, 1589-1594.

Berti, P.R., Leonard, W.R., Berti, W.J., 1998. Stunting in an
Andean community: prevalence and etiology. Am. J. Hum.
Biol. 10, 229-240.

Blumenschine, R.J., Cavallo, J.A., Capaldo, S.D., 1994. Com-
petition for carcasses and early hominid behavioral ecology:
a case study and conceptual framework. J. Hum. Evol. 27,
197-213.

Dewey, K.G., Heinig, M.J., Nommsen, L.A., Peerson, J.M.,
Lonnerdal, B., 1993. Breast-fed infants are leaner than
formula-fed infants at 1 y of age: the darling study. Am. J.
Clin. Nutr. 52, 140-145.

FAO/WHO/UNU (Food and Agriculture Organizatigorld
Health OrganizatiofUnited Nations University, 1985.
Energy and protein requirements. WHO Technical Support
Series N0.724. World Health Organization, Geneva.

Flannery, K.V., 1973. The origins of agriculture. Ann. Rev.
Anthropol. 2, 271-310.

Gabunia, L., Vekua, A., Lordkipanidze, D., Swisher, C.C.,
Ferring, R., Justus, A., et al., 2000. Earliest Pleistocene
cranial remains from Dmanisi, republic of Georgia: taxon-
omy, geological setting, and age. Science 288, 1019-1025.

Gabunia, L., Anton, S.C., Lordkipanidze, D., Vekua, A., Justus,
A., Swisher, C.C., 2001. Dmanisi and dispersal. Evol
Anthropol 10, 158-170 III.

Grand, T.l., 1977. Body weight: its relation to tissue compo-
sition, segment distribution, and motor function. Am. J.
Phys. Anthropol. 47, 211-239.

Guegan, J.-F, Teriokhin, A.T., Thomas, F, 2000. Human
fertility variation, size-related obstetrical performance and
the evolution of sexual stature dimorphism. Proc. R. Soc.
Lond. B. 267, 2529-2535.

Harris, J.W.K., Capaldo, S., 1993. The earliest stone tools:
their implications for an understanding of the activities and
behavior of lat Pliocene hominids. In: Berthelet, A., Cha-
vaillon, J. (Eds), The Use of Tools by Human and Non-
human Primates. Oxford Science Publications, Oxford, pp.
196-220.

Holliday, M.A., 1986. Body composition and energy needs
during growth. In: Falkner, F., Tanner, J.NEds), Human
Growth: A Comprehensive Treatise, 2nd ed. Vol. 2. Plenum
Press, New York, pp. 101-117.

James, W.P.T., Schofield, E.C., 1990. Human Energy Requi-
rements: A Manual for Planners and Nutritionists. Oxford
University Press, Oxford.

Jerison, H.J., 1973. The Evolution of the Brain and Intelli-
gence. Academic Press, New York.

Kappeler, P.M., 1996. Causes and consequences of life-history
variation among strepsirhine primates. Am Nat 148,
868-891.

Kety, S.S., 1957. The general metabolism of the brain in vivo.
In: Richter, D.(Ed.), Metabolism of the Central Nervous
System. Pergammon, New York, pp. 221-237.

Kleiber, M., 1961. The Fire of Life. Wiley, New York.



W.R. Leonard et al. / Comparative Biochemistry and Physiology Part A 136 (2003) 5-15 15

Kuzawa, C.W., 1998. Adipose tissue in human infancy and
childhood: an evolutionary perspective. Yrbk. Phys. Anthro-
pol. 41, 177-209.

Leonard, W.R., 2002. Food for thought: dietary change was a
driving force in human evolution. Sci. Am. 287 (6),
106-115.

Leonard, W.R., Robertson, M.L., 1992. Nutritional require-
ments and human evolution: a bioenergetics model. Am. J.
Hum. Biol. 4, 179-195.

Leonard, W.R., Robertson, M.L., 1994. Evolutionary perspec-
tives on human nutrition: the influence of brain and body
size on diet and metabolism. Am. J. Hum. Biol. 6, 77-88.

Leonard, W.R., Robertson, M.L., 1997. Comparative primate
energetics and hominid evolution. Am. J. Phys. Anthropol.
102, 265-281.

Leonard, W.R., Robertson, M.L., 2000. Ecological correlates
of home range variation in primates: implications for hom-
inid evolution. In: Boinski, S., Garber, P.AEds), On the
Move: How and Why Animals Travel in Groups. University
of Chicago Press, Chicago, pp. 628-648.

Leonard, W.R., DeWalt, K.M., Stansbury, J.P., McCaston,
M.K., 2000. Influence of dietary quality on the growth of
highland and coastal Ecuadorian children. Am. J. Hum.
Biol. 12, 826-837.

Martin, R.D., 1989. Evolution of the brain in early homonids.
Ossa 14, 49-62.

Martin, R.D., 1990. Primate Origins and Evolution: A Phylo-
genetic Reconstruction. Princeton University Press, Prince-
ton, NJ.

McHenry, H.M., 1992. Body size and proportions in early
hominids. Am. J. Phys. Anthropol. 87, 407—-431.

McHenry, H.M., 1994a. Tempo and mode in human evolution.
Proc. Natl. Acad. Sci(USA) 91, 6780-6786.

McHenry, H.M., 1994b. Behavioral ecological implications of
early hominid body size. J. Hum. Evol. 27, 77-87.

McHenry, H.M., Coffing, K., 2000. Australopithecus to Homo:
transformations in body and mind. Ann. Rev. Anthropol.
29, 125-146.

McNab, B.K., Wright, P.C., 1987. Temperature regulation and
oxygen consumption in the philippine tarsi&rsius syri-
chta. Physiol. Zoo 60, 596-600.

Owen-Smith, N., 1999. Ecological links between African
savanna environments, climate change and early hominid
evolution. In: Bromage, T.G., Schrenk, €Eds), African
Biogeography, Climate Change, and Human Evolution.
Oxford University Press, New York, pp. 138-149.

Pollitt, E., Saco-Pallitt, C., Jahari, A., Husaini, M.A., Huang,
J., 2000. Effects of an energy and micronutrient supplement
on mental development and behavior under natural condi-

tions in undernourished children in Indonesia. Eur. J. Clin.
Nutr. 54, S80-S90.

Potts, R., 1988. Early Hominid Activities at Olduvai. Aldine,
New York.

Richard, A.F., 1985. Primates in Nature. WH Freeman, New
York.

Roche, H., Delagnes, A., Brugal, J.P., Feibel, C., Kibunjia, M.,
Mourre, V., et al., 1999. Early hominid stone tool production
and technical skill 2.34 myr ago in West Turkana, Kenya.
Nature 399, 57-60.

Rosenberg, K.R., 1992. The evolution of modern human
childbirth. Yrbk. Phys. Anthropol. 35, 89-124.

Rowe, N., 1996. The Pictorial Guide to Living Primates.
Pogonias Press, New York.

Ruff, C.B., Trinkaus, E., Holliday, T.W., 1997. Body mass and
encephalization in Pleistocene Homo. Nature 387, 173-176.

Sailer, L.D., Gaulin, S.J.C., Boster, J.S., Kurland, J.A., 1985.
Measuring the relationship between dietary quality and body
size in primates. Primates 26, 14-27.

Snodgrass, J.J., Leonard, W.R., Robertson, M.L., 1999. Inter-
specific variation in body composition and its influence on
metabolic variation in primates and other mammals. Am. J.
Phys. Anthropol(Suppl) 28, 255(abstrac}.

Stephan, H., Frahm, H., Baron, G., 1981. New and revised
data on volumes of brain structures in insectivores and
primates. Folia Primatol. 35, 1-29.

Thompson, S.D., Power, M.L., Rutledge, C.E., Kleiman, D.G.,
1994. Energy metabolism and thermoregulation in the gold-
en lion tamarin(Leontopithecus rosalia). Folia Primatol.
63, 131-143.

Vrba, E.S., 1995. The fossil record of African antelopes relative
to human evolution. In: Vrba, E.S., Denton, G.H., Partridge,
T.C., Burkle, L.H.(Eds), Paleoclimate and Evolution, with
Emphasis on Human Origins. Yale University Press, New
Haven, pp. 385-424.

Wang, Z., Moonseong, H., Lee, R.C., Kotler, D.P., Withers,
R.T., Heymsfield, S.B., 2001. Muscularity in human adults:
proportion of adipose tissue-free body mass in skeletal
muscle. Am. J. Hum. Biol. 13, 612-619.

Wolpoff, M.H., 1999. Paleoanthropology. 2nd ed. McGraw-
Hill, Boston.

Wragham, R.W., Jones, J.H., Laden, G., Pilbeam, D., Conklin-
Brittain, N.L., 1999. The raw and the stolen: cooking and
the ecology of human origins. Curr. Anthropol. 40, 567-594.

Zihlman, A.L., 1984. Body build and tissue composition in
Pan paniscus and Pan troglodytes, with comparisons to
other hominoids. In: Susman, R.L(Ed.), The Pygmy
Chimpanzee: Evolutionary Biology and Behavior. Plenum
Press, New York, pp. 179-200.



	Metabolic correlates of hominid brain evolution
	Introduction
	Sample and methods
	Primate data: brain size, body size, metabolic rate and diet
	Comparative body composition: skeletal muscle mass, infant body fatness
	Fossil hominid data

	Results
	Variation in brain size, body size and diet quality in modern primates
	Evolution of brain size and diet quality: evidence from the fossil record
	Human body composition in evolutionary perspective

	Discussion
	Acknowledgements
	References


