AND EVOLUTION

Toward a Théory of Human Food Habits

EDITED BY MARVIN HARRIS
AND ERIC B. ROSS

T TEMPLE UNIVERSITY PRESS

T qjy

KATHARINE MILTON

Primate Diets and Gut Morphology:
Implications for Hominid Evolution

P

THERE IS CURRENTLY STRONG INTEREST IN DEVELOPING A BET-
ter understanding of the probable food habits and dietary niche of early humans
(Isaac 1978; Peters and O’Brian 1981; Staht 1984). Without such information,
we are handicapped in our ability to interpret the significance of many features
of human morphology and to construct viable models of early human ecology
(Isaac 1978; Sussman 1978). Further, it is increasingly obvious that many of the
major health problems faced today by more modern technological societies
stem from factors related to diet. This strongly suggests that the average diet
in such societies is not entirely suitable for human nutritional needs (Burkitt,
Walker, and Painter, 1972: Trowell 1978; Truswell 1977). In this paper, I re-
view information about dietary choice in primates, paying particular attention to
members of the Hominoidea. 1 then examine features of the human gut, com-
paring it with the guts of other mammals, both primates and non-primates, to
distinguish any features that appear to set humans apart. I conclude by spec-
ulating on the probable diet of early humans, using the behavior of extant
pongids as a partial foundation for my speculations.

Omnivory

Humans are generally viewed as omnivores (Fischler 1981; Harding 1981). By
definition, an omnivore is any animal that takes food from more than one
trophic level. Most marnmals are in fact onmivorous (Landry 1970; Morris and
Rogers 1983a, 1983b), including such diverse forms as pigs, tayras, dogs, pan-
das, bears, primates, skunks, some bats, and dozens of rodents, Though all
omnivorous mammals appear to have basically simnilar nutritional requirements,
different species satisfy these needs in different ways, using a tremendous
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range and variety of foods. Describing a given species as omnivo.rous: the{e-
fore, does little to clarify what foods it may depend on, or how its digestive
capabifities may differ from those of other omnivores, or why it may show
decided preferences for seme food types over others. '

Both pure herbivores, such as bovids, and pure camivores, spch as felids,
show highly characteristic metabolic specializations to the peculiar end prod-
ucts of their respective and specialized diets (Morris and Rogers 1983b). In
bovids, microbial fermentation results in little glucose being absorbed from the
gut. Ruminant metabolism is adapted toward the use of acetate rather tha_n
glucose for fatty acid synthesis and a constant high rate of giucqneoge;zesss
{Morris and Rogers 1982; Van Soest 1982). Further, because bovids typically
obtain all essential amino acids and most vitamins from gut flora, they do not
have to choose foods to meet these needs. Similarly, pure carnivores, with
strict adherence to a diet of animal tissue, absorb little glucose as a re:suit. of
digestive processes and show a patiern of carbohydrate metabolism differing
from that of omnivores (Morris and Rogers 1982). Pure carnivores have lost
the ability to synthesize certain proteins (enzymes) that appear to be of no
advantage to them because of their highly specialized diekts. AQuEt cats, for
example, require a dietary source of argenine, an amino acald typically synt‘he~
sized by adult omnivores in sufficient amounts to meet maintenance require-
ments (Morris and Rogers 1982, 19833, 1983b). In general, the pure camivore
appears intolerant of diets adequate for the adult omnivore (ibid. ). -

Humans are not ruminants; nor do they possess the suite of specxaisze:d
metabolic adaptations to diet that distinguishes the pure carnivore. 'I:hus, in
terms of metabolic adaptations to diet, humans fall in with other omnivorous
mammals. To clarify more precisely what type of omnivory may have ch_ar:_ic-
terized ancestral horninids, it is useful to examine certain broad characteristics
of the primate diet, paying special attention to hominoids.

The Primate Diet

The adaptive radiation and eventual dominance of angiosperms during the Cre-
taceous opened up a variety of new dietary opportunities (Regal 1977). Poten-
tial foods included not only insects that pollinated angiosperm flowers but also
the pollen, nectar, fruits, seeds, and foliage of the angiosperms themselves.
The primate line is believed to have differentiated by the Middle Paleocene,
arising from some type of terrestrial insectivorous stock (Eisenberg 1981).

if present-day primates are any indication, early primates appear to have
taken strong advantage of arboreal plant foods. All extant primates take food
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from the first trophic level, but not all primates take food from the second, at
least not intentionally. A very few prosimians {e.g., Galago demidovii) take the
bulk (wet weight} of their diet from animal matter {Charles-Dominique 1977),
but the overwhelming majority of primates take the bulk (wet weight) of the
diet from plants, eating only small amounts of animal matter {Gautin and Konner
1977; Harding 1981; Hiadik 1977). This indicates that the adaptive radiation of
primates, particularly the anthropeids, occurred by virtue of their ability to
penetrate the as yet unfilled arboreal plant food niche and radiate to the point
where they carme to dominate a strong subset of the available arboreal dietary
resources,

In the tropical forest, almost all potential plant food comes from dico-
tyledonous species using the C, carbon pathway. In sharp contrast, many po-
tential plant foods in the savannas come from monocotyledonous species using
the C, carbon pathway. 1 do not know whether these differences in plant food
types are reflected to any degree in the digestive physiology of primates. Cer-
tainly, if extant primates are any indication, the primate gut was initially adapted
for both the nutritive and the defensive components of dicotyledonous C,
rather than monocotyledonous C; plant foods. Recent experimental work on
human fiber digestion shows that human microflora are very sensitive to differ-
ent fiber sources. As a group, humans are very efficient at degrading the rela-
tively unlignified hemicelluloses and cellulose of dicot vegetable fibers such as
cabbage or carrots but are less efficient on monocot cereal fibers such as wheat
bran or monocot plant fibers such as alfalfa, with a high cellulose to hemi-
cellulose ratio and considerable lignification (Van Soest et al. 1983). Though
most extant primates eat primarily dicotyledonous plant species, a few species
(e.g.. Papio spp., Theropithecus gelada) eat quantities of grass blades and pre-
sumably are able to degrade the dietary fiber of grasses with some degree of
efficiency. The current dependence of most large human populations on quan-
tities of monocotyledonous plant foods, particularly cereal grains, is a notable
departure from the traditional plant foods consumed by the majority of pri-
mates, both in the past and today. Monocot cereal grains also tend to be high in
phytate, which, because of its high anionic character, is ideal for forming com-
piexes with mineral elements, particularly transitional elements such as zinc,
iron, and manganese (Lloyd, McDonald, and Crompton 1978). Any primate
turning to phytate-rich plant foods as a fgjor dietary staple may require other
special foods in the diet to avoid potential minerat deficiencies due to complex-
ing of phytates with essential minerals. Animal foods, for example, are a good
source of zinc, which could help to augment losses due to binding of this ele-
ment in cereal foods by phytates.

In choosing foods, small primates, because of the increase in the ratio of
metabolic requirements to gut capacity (Demment and Van Soest 1985), tend

95




1E. Bicevolutionary Antecedents and Constraints

to select rapidly digestible plant foods with little butk, such as sugary fruit or
gum (Gaulin and Konner 1977; Hladik 1977). These high-quality plant foods are
supplemented to a greater or lesser extent by animal matter, typically insects.
Larger-bodied primates generally include some foliage in the diet, eating leaves
and buds as well as fruits, seeds, gum, flowers, and cambium. When eating
foliage,"most primates focus their attention on young rather than matuore leaves
in spite of the fact that mature leaves are far more abundant. Younger leaves
generally show a higher protein-to-fiber ratio than mature leaves and tend to be
less Hgnified, thus offering greater nutritive returns to the feeder (Milton
1979). Some larger-bodied primates routinely seek out foods from the second
trophic level, particularly insects, but cccasionally vertebrates (e.g., Cebus
spp., Papio spp., Pan troglodyles), whereas others rarely appear to ingest ani-
mal matter intentionally (e.g., Alouatia spp.).

A wealth of available data indicates that primates, particularly anthropoids,
typically include a number of different plant parts and plant species in the daily
diet. Over an annual cycle, for example, howler monkeys (Alouatla palliata)
living in lowland tropical forest on Barro Colorado Island, Republic of Panama,
take foods from more than 109 plant species (Milton 1980). Further, on any
given day, howlers may take foods from 10 to 20 or more different plant spe-
cies. Two other primate species sympatric with howlers in this same forest,
the black-handed spider monkey (Ateles geofroy)) and the capuchin monkey
(Cebus capucinus), also take foods from well over a hundred plant species per
annurn, using 10 or more plant species per day (Hladik and Hladik 1969; Op-
penheimer 1968; Milton, unpublished data). Arboreal and semi-arboreal ani-
meals of some other orders do not appear to include as many plant species in the
diet either per annum or per day. For example, the Barro Colorado forest has
also been the site of detailed study of the dietary ecology of the red-tailed tree
squirrel (Sciurus granatensis), two-toed sloth (Choloegpus hoffmanni), three-
toed sloth (Bradypus variegatus), and coati (Nasua narica) (Glanz et al. 1982;
Montgomery and Sunquist 1978; Russell 1979). These species range from
purely herbivarous (the two sfoth species) to omnivorous {squirrel and coati);
in no case do individuals of any of these species even begin to approach the
dietary diversity reported for the monkey species in this forest. The large
number of plant species eaten by most primate species is an interesting and
perhaps unique characteristic of the primate diet (but see Sussman 1978 for a
contrasting view).

Conversely, scant data suggest that primate species routinely including ani-
mal prey in the diet tend to show strong prey specificity within particular hab-
itats (see, e.g., the work of Charles-Dominique [1977] on the Gabon lorisids).
The hroad plant food niche of primates and the apparently more narrow and
specialized animal food niche are an aspect of primate food choice that warrants
further study and quantification.
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The Hominoid Diet

An e:xamination of the food choices of hylobatids and pongids shows that all
species conform to the general primate trend just described in that they eat
considerable plant material, supplementing it with some animal matter, typ-
ically eaten in small or even trace amounts, Mountain gorillas are almost ex-
clusively herbivorous (Fossey and Harcourt 1977; Goodall 1977), followed by
orangutans {Rodman 1977, 1984) and siamangs (Chivers 1977: Gittins and
Raemaekers 1980), both of which eat notable amounts of leaves, shoots,
stems, and/or bark as well as fruit and some insect matter (Table 3.1). Gibbons
and chimpanzees focus very strongly on fruit in the diet, eating some foliage
and from 4 percent to 13 percent anirnal matter (Gittins and Raemakers 1980:
Rodman 1984; Wrangham 1977). The diet of the pygmy chimpanzee is not as
yet well documented, but it appears to feed partially on fruit and partially on
fibrous vegetable matter, particularly that of ground cover species, supple-
mented by some animal matter (Kano 1983).

As a dietary category, ripe fruit tends to be relatively high in soluble carbohy-
drates but low in protein, whereas leaves tend to be relatively high in protein
i)_ut low in soluble carbohydrates (Milton 1979, 1981). Primate species rou-
tinely including large quantities of foliage in the diet each day would not be
expected to take foods from the second trophic level unless such foods were
required for some essential trace nutrient such as vitamin B,,,.

s

The Primate Digestive Tract

The above data show that primates are omnivores of a particular type in that
the great majority show a clear focus on plant foods, eating only modest
amounts of anirnal matter. Generally, however, when we think of plant-eating
animals, primates do not come to mind; rather, we think of cows, sheep,
hors‘es, koalas, kangaroos, and the like. All of these highly herbivorous forms
routinely eat the phytosynthetic tissues of plants as their staple item of diet,
and all show digestive tracts that are amazingly specialized in form when com-
pared with those of most primates. As an order, primates show a digestive
tract that, in its general form, is not greatly modified from the primitive mam-
malxan pattern (Mitchell 1905). In many respects the anthropoid gut is simpler
in form than that of prosimians, and it has been suggested that their respective
gut forms may have been independently derived from the primitive mammalian
pattern (Mitchell 1905). The relatively unspecialized form of the normative
primate gut supports the view that, as an order, primates, particularly the
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TABLE 3.1. Food Choices of Hominoids (Percentage of Feeding Time)®

Leaves, Other
Shoots, Plant
Species Fruit and Stems  Foods  Animal Maiter  Source

Gorilla gorilla 2 86 2 flowers Negligible— a

beringet 7 wood “grubs”
(mountain 3 roots
gorilla)

Pongo pygnens 53 25 15 bark <1 insects b
(orangutan) {often unripe)

Pan troglodyies 63 (ripe) 20 — 3 insects b
{common 68 28 gum 4 imsects, eggs, ¢
chimpanzee) fledglingsd

Pan paniscus — —_ — termites{?) d
{pygmy
chitmpanzee)

Hylobates 36 43 6 flowers 15 [

syndactylus
(siamasng)

Hylobates lar 50 29 7 flowers 13 2
(far gibbom)

Hylobates agilis 58 39 3 flowers 1 2
{agile gibbon)

Homo sapiens Plant foods, =60 ca, 30-40 f
{modemn hunt-
er-gatherers,

excluding high-
est hatifudes)

SOURCES: g, Fossey and Harcourt (1977}; b, Rodman (1984); ¢, Hiadik (1977); 4, Kano (1983); ¢,
Gittins and Raemaekers (1980); /, Lee (1968).

aValues should not necessatily sum to 100 percent as different sources may not present data on alt
food types eaten by their study subjects.

*Chimpanzees were zlso ohserved to hunt mammals at Gombe site (Teleki 1981).

anthropoids, have traditionally focused on very high-quality plant foods that are
not extensively fibrous or lignified and supplemented them with some second-
trophic-level foods. Primates deviating from this pattern of gut morphology
appear to represent special radiations that have turned heavily to foliage as a
dietary staple (i.e., Colobinae, Indriidae).
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It should be noted that within lineages the ancestral pattern tends to domi-
nate gut form (Mitchell 1905). Gut form, therefore, cannot in itself be used to
predict diet. For exarnple, a well-developed cecum is generally associated with
diets high in plant fiber. All extant prosimians have a cecum, in most cases
capacious, but have not been noted to eat any great amount of plant fiber. In
many cases the prosimian cecum appears to function as a fermentation cham-
ber for plant exudates and/or chitin of insect exoskeletons (Clemans 1980;
Sheine 1979). Conversely, if one examines animals from other orders, the hip-
popotamus and the giant panda are both strongly herbivorous, and both lack a
cecum (Hill and Rewell 1948; P. 1. Van Soest, pers. comm.). The bear, a decid-
ed omnivore, has a gut as simple in form as that of the mink, a strong carnivore
(Hill and Rewell 1948). A sacculated stomach and the strong development of
both the cecum and colon are generally good predictors of diets high in plant
fiber. But the absence of such features does not mean that a given species is

TABLE 3.2. Relative Gut Volume Proportions for Some Hominoid Species
(Percentage of Total Volume)

Source of
Species Stomach  Small Intesiine  Cecum  Colom  Raw Datg
Gorille gorilia 5 14 7 53 a
(gorila} . ’
Pongo pygmaens 17 28 3 54 a
{orangutan)
Pan troglodytes 20 23 5 52 a
{chimpanzee)
Hyiobates syndactylus 24 25 1 49 a
(slamang)
Hylobates pileatis 24 29 2 45 a
{pillated gibbon)
Homo sapiens 17 67 n.a. 17 b
(human}
Homo sapiens 24 56 1 19 c
Homo sapiens 10 63 3 23

SOURCES: a, Chivers and Hiadik (1979); &, Maynard and Loosli (1969); ¢, D. . Chivers, pers.
comm.; 4, R. W. Sussman, pers. comm. All calculations of relative volumes by the author,

NOTE: These figures are not scaled with respect to inter-specific differences in body size and as
such should only be used inter-specifically as an indication of the patiern of gut proportions of the
different species. As data are often taken from immature specimens or single specimens, all of
these data, perhaps excluding those for Homo sapiens, should be regarded as rough estimates.

99




II. Bicevolutionary Antecedents and Constraints

not strongly herbivorous, nor does it mean that a given species %s §trongly
carnivorous. Staple items of diet or even trophic levels may alter within men-
bers of a particular family or genus, but, very broadly, phylogeny appears to
dominate function in terms of gut form (Mitchell 1905). This is not to imply that
all members of a particular lineage share the same gut scale or proportions, for
such is most emphatically not the case. Within lineages, many features qf the
gut can show modification, particularly in the volume or length of pgrtlefllar
sections (see Table 3.2). Work on a number of bird and mammal species like-
wise shows that within species, between individuals, and perhaps even in the
same individual, the nature of the diet can affect gut scale and proportions
(Gentle and Savory 1975; Gross, Wang, and Wunder, in press; Koong et al.
1982: Miller 1975; Moss 1972; Murray, Tulloch, and Winter 1977). There are
also presumed to be a number of more subtle differencgs within lneages and
intra-specifically in terms of morphological and physiological features o_f the gut
such as mucosa thickness, villi length, and the like (Hill 1949; Hiadik 1967;
Karasov and Diamond 1983; Sonntag 1924).

The Hominoid Digestive Tract

In keeping with the above observation, all members of the Hominoidea show
the same basic gut pattern. Hominoids have a simple acid stomach, a sma?i
cecurn terminating in a true appendix, and a well-sacculated colon. Th.e hori-
noid appendix represents a shared trait of this superfamily not found in other
extant primates. The night monkey (Aofus spp.) is reported to S?IOV-V some
development of an appendix, theugh not to the same extent as hominoids (H:El
and Rewell 1948). The hominoid appendix appears to represent the culmination
of a strong trend in primates for lymphoid tissue to collect in the Cfecal apex
(Berry 1900; Hill and Rewell 1948). In hominoids, this [ymphoid_tlssue has
migrated from the cecal apex into a discrete structure. The funchops of the
hominoid appendix are not known, but it is clearly an active, functioning organ
(Hill and Rewell 1948). In humans, the appendix secretes an alkaline fluid con-
taining amylase, eripsin, and mucin. Davenport (1971) suggests Ehat‘ the human
appendix is an especially lively site of antibody production. In ra_bblts, Fhe ap-
pendix has been found to serve immunological functions, producing antibodies
against certain protein antigens (Draper and Sussdorf 1965; Hanaoka, Nomotg,
and Waksman 1970; Konda and Harris 1966). Other species with an appe{ldlx
are the capybara (Hydrochoerus hydrochaeris) and the wombat {Lasiorhinus
latifrons). The rabbit, capybara, and wombat, like all hominoids, are strongly

herbivorous. . o
Though the basic form of the hominoid gut is similar throughout the super-
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family, there are notable differences between humans and other hominoids
when relative gut proportions are compared (Table 3.2). Humans concentrate
by far the greatest gut volume in the small intestine (=56 percent), whereas
gibbons and orangutans show the greatest gut volume in the colon. In addition,
the size of the human gut relative to body mass is small in comparison with
most other anthropoids (R. D. Martin, pers. comm.). A variety of animal stud-
ies indicate that increases in energy requirements without a decrease in dietary
quality will increase the size of the small intestine and decrease the colon
{Cripps and Williams 1975; Fell, Smith, and Campbell 1963; Gross, Wang, and
Wunder, in press). Certainly the present-day gut proportions of humans in
modern technological societies indicate utilization of nutritionally dense, ener-
getically concentrated foods. At the present time, however, it is difficult to
evaluate the imphications of differences in gut proportions between humans and
other hominoids. As noted, many animal species are able to respond rapidly to
changes in dietary quality in terms of modification of gut proportions. The size
of the present-day human small intestine could be an ancient or a relatively
recent trait. Indeed, it is not known whether all modern human populations
show such gut proportions. On average, for example, individuals in Western
societies are estimated to take in no more than 10 grams of fiber per day,
whereas members of some rural African populations may take in more than
170. A difference of this magnitude, in view of the gut plasticity demonstrated
for animals of some other orders, suggests that there may be some differences
in gut proportions between extant human populations. Of interest would be
data on the gut proportions of human populations on different dietary sub-
strates as well as data on the plasticity of the hominoid gut in terms of its
responses to changes in diet.

Burkitt, Walker, and Painter (1972), in observing defecation patterns of rural
Ugandans eating unrefined, fibrous diets, commented that they showed transit
times two to five times as rapid as those of British navy personnel eating
refined Western diets and produced some four to five times more fecal matter.
A number of other studies of human fiber digestion likewise show that increas-
ing the fiber level of the diet {(which generally implies lowered dietary quality)
significantly decreases mean transit time (e.g., Wrick et al, 1983). A similar
response was found in chimpanzees fed trial diets of different fiber levels
(Milton and Demment, in prep.). Extrapolating to the natural environment, this
pattern of digestive kinetics indicates that when dietary quality in the natural
environment declines, both humans and chimps respond by increasing intake,
which results in a more rapid turnover rate of ingesta. This kinetic response
could help to ensure that individuals of both species continue to supply energy
and nutrients to body tissue at an optimal rate in spite of some fluctuations in
the availability of higher-quality foods in the natural environment.

The relatively small size of the human colon appears to represent the de-
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rived rather than ancestral condition of Hominoidea. The colon of human neo-
nates is more similar to that of pongids than is the case for mature individuals
(Hill 1949). Humans show regression of the colon as they mature, whereas
pongids show elongation, particularly of the left colon. Hill (1949) points cut
that in the arrangement of the colon, as in many other features of anatomy,
pongids ‘appear to have a gerontomorphic status as compared with humans.
The marked sacculation of the human colon can also be viewed as a possible
retention feature.

When compared with those of most other mammals, the relative proportions
of the human gut are unusual {(my calculations, using data from Chivers and
Hiadik 1980 and Hiadik 1967). Pure carnivores, such as felids, or more om-
nivorous carnivora, such as canids, do not have gut proportions similar to hu-
mang’. Rather, more carnivorous animals tend to show considerable volume in
the stomach or in the stomach axd small intestine. For example, 70 percent of
the gut volume of the adult cat occurs in the stomach, whereas for dogs this
figure is 62 percent. Highly herbivorous forms also differ from humans. Rumi-
nants tend to show the greatest volume in the region of the stomach, whereas
non-ruminant herbivores such as equines show tremendous volume in the
cecurn and colon. Swine, often regarded as good omnivore analogues for hu-
mans, in fact differ considerably. Some swine have a specialized area in the
stomach near the pyloric region that is totally lacking in humans; further, swine
are characterized by a large cecum relative to that of humans and a tremendous
proportion of gut volume in the lower tract (Ehle et al. 1982; Stanogias and
Pearce 1985a, 1985h). Work by Ehle et al. (1982) suggests that pigs may also
have a somewhat different pattern of lower-gut turnover than humans as a
result of cecal pulsing.

When the relative proportions of the human gut are compared with those of
other primates, it is still difficult to find a good match. Most anthropoids show
notable volume in the cecum and/or colon or have a highly specialized stormach
(e.g., Colobinae). Prosimians show gut proportions somewhat similar to those
of humans in that the small intestine tends to dominate the gut. However, like
some carnivora, some prosimians show greater relative volume in the stomach
than is the case for humans; further, most prosimians have a notable cecum
that in some cases is highly specialized (Clemens 1980).

One primate whose gut proportions are strikingly sitnilar to those of humans
is the New World capuchin monkey (Cebus spp.). Like humans, capuchins con-
centrate most gut volume in the small intestine. The ratio of gut mass to body
mass in capuchins is also small in comparison with other non-human an-
thropoids (R. D. Martin, pers. comm.). Capuchin monkeys eat a high-quality
diet made up of unusually rich wild foods, both sugary fruits and protein- and
oil-rich seeds. Capuchins also routinely devote 40 to 50 percent of their daily
foraging time to seeking out second-trophic-level foods, including soft-bodied
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grubs, cicadas, and small vertebrates (Oppenheimer ; i
1977; Terborgh 1983; Milton, unpublishe%pdata). 1968 Parker and Gibson
Scant datq on one specimen of Papio papio suggest that this species may be
somewhat _sxmﬂar to humans in relative gut proportions (Chivers and Hladik
1980; HEat_:itk 1969). Here too there appears to be an emphasis on the volume of
the smgﬂ mtestine relative to other sections of the gut. Savanna baboons, like
capuchin monkeys, are unusually selective feeders who specialize in high-:;uali—
ty.foods'. Baboons at times may devote almost all of their daylight hours to
painstakingly seeking out small, nutritious food items such as corms, acacia
gum, grass seeds, flowers, fruits, and amimal matter, including copious quan-
ttttes.of insects when these are available (DeVore and Hall 1965: Hamilton
i_’ntx)skzric, and Buskirk.lg'?S). Baboons also feed opportunistically 01,‘: smail ver:
Set r;?rtle;z) glaiitscuiarly immature animals (DeVore and Hall 1965; Harding 1973;
Capuchin monkeys and savanna baboons are also unusual primates in that
?oth use the hand to a considerable degree both to find and to prepare food
items for con;umption {Beck 1975; Parker and Gibson 1977). Capuchins are
noted for t'heir manual dexterity. They routinely use the hand to crack hard-
shelled fruits, to unroll dead leaves in search of insect prey, and to pry among
palm fronds for insects and small vertebrates (Parker and Gibson 1977). Ba-
boom_; rely heavily on the hand when feeding, particularly to remove dirt from
food items, to peel, husk, and open food items, and to grasp live prey. M. W.
Demment (pers. comm.) points out that an adult male baboon (Papio cyno«
cephq!us) may pick up as many as 3,000 individual food items in a single day of
feeding, each weighing no more than one-tenth of a gram dry weight. Thus
savanna baboons are heavily committed to the use of the hand in feeding. Thé
frequent mqéiﬁcatioa of a dietary item before ingestion in effect buffers the
_zeeth gnd digestive tract of these species from the physical effects of many
1tem§ in their diet. The similarity in relative gut proportions of humans, ca-
puchin monkeys, and perhaps savanna baboons is not derived from a c’:lose
common ancestor. Rather, it appears 1o represent similar adaptive trends in
gut morphology in response to diets made up of unusually high-quality dietary

items that are capable of being digested and absorbed primarily i
intestine. g ed primarily in the small

Food Choices of Early Humans

{Xs .discussed above, the comparative anatomy of the hominoid digestive tract
indicates that modern human gut proportions and scale represent the derived
rather than the ancestral condition for the superfamily Hominoidea. There can

103




I, Bicevolutionary Antecedents and Congtraints

be little doubt that the ancestral line giving rise to this superfamily and ultimate-
ly to hominids was markedly herbivorous. Kliks {(1978) has presented évidence
from analyses of human coprolites to document the fact that until quite re-
cently, many heman populations took in an impressive amount of plant fiber in
the diet, estimated from rehydration at perhaps some 130 grams of fiber per
day. In addition, human coprolites also contain undigested residues of animal
tissue, including such materials as bones, teeth, hair, feathers, keratinized
skin, fish scales, and insect cuticle that at times contribute more than 10 per-
cent of the total weight of undigested residues (Kliks 1978). Without more data
on the comparative gut proportions of modern human populations and the de-
gree of short-term gut plasticity characteristic of humans and apes, it is difficult
to state whether the gut proportions and scale of modern humans as reported
in this paper in fact characterized early humans. However, my prediction is that
all extant humans will be found to have a gastrointestinal tract dominated by the
small intestine, though considerable variation may be recorded for the size of
the colon region,

Examination of the diets and activity patterns of extant pongids, in combina-
tion with evidence from the hominid fossil record, suggests that early humans
focused feeding on energy-rich, high-quality foods. With an adult body weight
of 93 kilograms (female) to 160 kilograms (male), gorillas are by far the largest
anthropoids (Clutton-Brock and Harvey 1977). Gorillas typically feed on quan-
tities of leafy material, a dietary category that is low in soluble carbohydrates.
On such a diet, large body size confers decided energetic and nutritional advan-
tages. In mammalian herbivores and omnivores, relative gut capacity and body
mass show a linear relationship, whereas maintenance metabolism and body
mass show an exponential relationship (Demment and Van Soest 1985; Parra
1978). In effect, a larger herbivore has proportionately more room in the gut
and can exploit foods with a lower protein/fiber ratio than its smaller-sized
counterparts (Demment and Van Soest 1985; Janis 1976; Nuzum 1985; Parra
1978). The farge body size of the govilla facilitates exploitation of a fibrous
dietary matrix, but on such a diet energy appears to be in short supply. Gorillas
are relatively inactive for terrestrial anthropoids and also show low levels of
social interaction. This suggests that energy may be limited, so that behaviors
that conserve energy are favored.

Similarly, orangutans, though often described as fruit-eaters, in fact concen-
trate much of their feeding on unripe fruit, leaves, and bark (Rodman 1977).
Like gorillas, orangutans tend toward a fibrous dietary substrate that is often
presumed to be low in soluble carbohydrates, and, again like gorillas, they are
relatively immobile. Ninety percent of their travel takes place at a slow pace
through the trees; the average day range is only some 300 meters (Rodman
1977). Further, orangutans are relatively unsocial and are one of the few an-
thropoid species not associating in any type of relatively permanent social
group,
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In contrast to gorillas and orangutans, chimpanzees focus their feeding pri-
marily on high-quality foods. The keystone of the chimpanzee diet is ripe fruit,
and individuals are very active, often traveling three to four kilometers a davin
search of sufficient ripe fruit to meet nutritional requirements. Over 70 percent
of chimpanzee travel takes place on the ground. Chimps use smaller, more
dispersed food sources than orangutans and show longer median interpatch
distances between food sources in =10-minute feeding bouts (Rodman 1984),
They supplement their basic ripe fruit diet with young leaves of unusually high
quality (Hladik 1977) as well as insect and mammal prey. Male chimpanzees
have been observed to hunt monkeys and pigs, and meat resulting from com-
munal kills may be shared. (However, it should be noted that no more than 6
percent of the total annual diet of chimpanzees is estimated to come from sec-
ond-trophic-level foods; see Table 3.1.) Chimpanzees are also extremely social
and have a rich repertoire of facial gestures and calls. When feeding, chim-
panzees make use of stones to crack hard-shelled fruits (Boesch and Boesch
1981) and use twigs and grasses to harvest termites (McGrew 1974). Thus,
like capuchin monkeys and savanna baboons, chimpanzees rely on the hand for
many fine-level manipulations with respect to food preparation, and in their
case tools may also be employed (see e.g., Parker and Gibson 1977).

In summary, these comparative data on the dietary foci and behaviors of
extant pengids strongly suggest that in the hominoid fine, a focus on lower-
quality, more fibrous plant foods leads to sefection for a larger-bodied and rela-
tively inactive and unsocial primate. In pongids, there is a clear pattern toward
increasing the relative size of the hindgut and increasing the fiber content of the
diet with increasing body size (Milton and Demment, in prep.).

Early humans are believed to have evolved in a savanna-mosaic setting.
High-quality foods, both plant and animal, are more patchily distributed in both
space and time in a savanna environment than in tropical forests (Milton 1981;
Milton and May 1976; D. Olson, pers. comm. ). This implies that early hominids
in such a setting may have had both large day ranges and large home ranges if
they concentrated on higher-quality, more digestible foods. In the hominid line,
bipedalism is a more energetically efficient terrestrial locomotor mode than
quadrupedalism (Rodman and McHenry 1980). Rodman and McHenry (1980}
have hypothesized that selective pressures related to increased travel efficien-
¢y between widely dispersed food sources in a savanna setting may underlie in
the adaptation of bipedalism in the hominid line.

One way to lower foraging costs when maving from the tropical forest into a
savanna-mosaic setting is simply to lower dietary quality, The “robust” aus-
tralopithecines may have opted for this type of dietary strategy. Their rela-
tively large post-canine teeth and massive skull bones suggest that they fed on
tough, fibrous, and/or hard plant foods (Grne 1981). M. Demment (pers.
comm. ) suggests that dietary competition between the digestively specialized
ungulates and the robust australopithecines may have contributed to the
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eventual extinction of the robust forms. However, another way to lower forag-
ing costs when moving into a patchy savanna environment is to continue to
specialize in high-quality foods and to cover increased foraging costs both by
improving food-search efficiency and by eating even higher-quality foods
(Milton 1980, 1981). This may have heen the dietary strategy of the “gracile”
australoplthecmes Ultimately, however, an adaptive peak should be reached,
such that no further improvement on this basic foraging strategy can occur,
because there are a finite number of ways to locate a finite number of high-
quality dietary items efficiently in the savanna.

All australopithecines, both robust and gracile, are characterized by thick
molar enamel and large cheek teeth. Australopithecines show somewhat more
cranial expansion than extant pongids, but the difference is slight (Holloway
1973; Leutenegger 1973). In contrast, members of the genus Homo show thin-
ner molar enamel, a dramatic reduction in cheek tooth size, and considerable
cranial expansion (Grine 1981; McHenry 1982; S. Ambrose, pers. comm.). In
combination, these dental and cranial features, as well as an increase in body
size, apparently with no loss of mobility or sociality, strongly imply that early
members of the genus Homo made a dramatic breakthrough with respect to
diet—a breakthrough that enabled them to circumvent the nutritional con-
straints imposed on body size increases in the apes. It would appear that early
humans were able in some manner to greatly improve their intake and uptake
of energy, apparently without any decrease in dietary quality.

Such a dietary breakthrough had to go beyond improved food search efficien-
cy or simple utilization of available high-quality foeds, for I think that the gracile
australopithecines were probably already at the apex of possibilities in this re-
spect. There had to be some type of novel innovation—either technological or
social or both-—that altered the dietary potential of proto-humans (see, e.g.,
Lancaster 1968, 1975). A technological innovation could somehow make a low-
quality but available and abundant food into a high-quality food. A social innova-
tion, such as cooperative hunting and food sharing, could make formerly inac-
cessible or restricted high-quality food accessible and relatively dependable. An
immovation such as language could help to coordinate foraging activities and
thereby greatly enhance foraging efficiency (see, e.g., Lancaster 1968, 1975).
I cannot state what this innovation was, but perhaps it was both technological
and social, for certainly we see the strong development of both trends in human
evolution. I can, however, speculate on possible selective pressures.

For most of its evolutionary history, the ancestral line leading to hominoids
presumably lived in a forested environment. Plant foods are presumed to have
composed the bulk of the diet, complemented perhaps by a modest amount of
second-trophic-level food (Kliks 1978; Milton 1981, 1984), Data from extant
hunter-gatherer societies suggest that this basic pattern of primate omnivory
may also have been practiced by most hunter-gatherer groups living in tropical
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areas (Lee 1968). It is only in temperate to Arctic latitudes that second-trophic-
level foods are noted at times to compose the bulk of the diet (Lee 1968). Early
hominids and humans are believed o have evolved in the tropics. If this as-
sumption is correct, it is doubtful, by analogy with both the diets of extant
primates and what is known of the diets of extant tropical hunter-gatherer
societies, that animal protein in itself composed the bulk of the early human diet
{Hayden 1981; Speth and Spiehmann 1983). Indeed, research suggests that for
most modem humans large quantities of animal protein may actually be detri-
mental to both normal growth and good health (Edozien and Switzer 1975;
Nelson 1975). Human populations such as the Arctic Eskimo, whose diet is
composed primarily of animal matter, show special adaptations for energy and
nitrogen metabolism, and it is speculated that some of their dietary adaptations
may be under some degree of genetic control (Draper 1977). Further, Arctic
Eskimos do not eat a diet of pure animal protein but rather eat a mixture of
animal protein and animal fat. Animal protein seems most appropriate in the
human diet when it is eaten in combination with notable amounts of either fat or
carbohydrates and used primarily to meet demands for amino acids and nitro-
gen {Edozien and Switzer 1978; Maynard and Loosli 1969; Nelson 1975). It
seems unlikely that animal protein has ever served as the principal item of diet
for the majority of tropical-living human populations.

Given the patchy nature of higher-quality foods in a savanna environment,
however, | would suggest that both animal protein and animal fat may have
been important dietary resources for early humans. Though relatively few non-
human primate species live in the savannas, those that do frequently include
animal matter in the diet, at times in considerable amounts (Hamiltor, Buskirk,
and Buskirk 1978). This suggests that in a savanna environment, animal matter
may be somewhat more available for larger-hodied primates than it is in a trop-
ical forest. If early humans were able to depend on protein-rich anirnal foods to
fulfifl their daily amino acid requirements, this would buffer the digestive tract
from selective pressures related to the need to efficiently process large quan-
tities of proteinacious plant matter——typically leaves. A larger body mass could
perhaps be supported with less gut mass, as is suggested to be the case for
some carnivores as well as capuchin monkeys and modern humans (Chivers
and Hiladik 1979; R. D. Martin, pers. comm.). Routinely using some animal
matter in the diet would make proportionately more room available in the gut to
process carbohydrate-rich plant foods, the traditional energy source for the
great majority of primate species.

Plant foods differ in many important respects from animal foods placing the
plant-eating animal under somewhat different selective pressures than car-
nivores with respect to features of foraging success (Milton 1984; Westcby
1974). Plant foods are sessile and tend to bhe buffered from consumption by
internal, chemical characteristics such as low nutrient content, high cell wall
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matter, or secondary compounds. In contrast, animal prey is typically highly
mobile and protected from predation by external defenses such as ‘speed,
spines, teeth, or claws (Milton 1984). If eatly humans devoted some foraging
effort each day to the procurement of second- as well as first-trophic-level
foods, their foraging strategy, necessarily focused for most of their past evolu-
tionary history on the efficient exploitation of sessile plant foods, must have
undergone some rather radical modifications. The pressures to become effi-
cient at procuring foods from two rather than one trophic level may have set in
motion a new suite of behaviors (see, e.g., Strum 1981), leading eventually to
what we recognize as the Homo grade of development, Like some other re-
searchers (e.g., Isaac 1978: Lancaster 1968, 1975), [ see a division of labor
with respect to food procurement in combination with food sharing as a pivotal
adaptation in human evolution. Indeed, I think that the implications of this type
of dietary innovation have not been fully appreciated, for, in effect, a division of
labor and food sharing provide a means whereby individuals of a given species
can efficiently utilize foods from two trophic levels simultaneously——a foraging
strategy that appears to be truly unique among mammals.

Acknowledgments

Portions of this paper were presented at the 1984 Gordon Conference on Evolution of
the Human Diet in the session titled “Comparative Studies of Modern Feeding Sys-
tems.” As the paper that I presented at the Wenner-Gren-~sponsored Food Preferences
and Aversions Conference was already committed to another volume, [ am pleased to
be able to publish this material in its stead. I thank David Chivers and Robert Sussman
for genercusly sharing with me their original data on the gut proportions of modern
humans. Conversations with Peter Van Soest and Montague Demment contributed
greatly to many ideas in this paper.

References Cited

Beck, B.
1975 Baboons, Chimpanzees and Todls. Journal of Human Evolution 3:509-
16.
Berry, R. ] A,

1900 The True Caecal Apex or the Vermiform Appendix: Its Minute and
Comparative Anatomy. Journal of Anatomy and Physiology 35:83-100.
Boesch, C., and H. Boesch
1981 Sex Differences in the Use of Natural Hammers by Wild Chimpanzees:
A Preliminary Report. Journal of Human Evolution 10:585-93,

108

3. Primate Diets and Gut Morphology

Burkitt, D. P.; A. R. P. Walker; and N. S. Painter

1972 Effect of Dietary Fiber on Stools and Transit Times and Fts Role in the

Causation of Disease. Lancet 2:1408--11.
Charles-Dominique, P.

1977 Ecology and Behavior of Nocturnal Primates. New York: Columbia Uri-

versity Press.
Chivers, D. J.

1977 The Feeding Behaviour of Stamang (Symphalangus syndaciylus). In Pri-
mate Ecology, T. H. Clutton-Brock, ed., pp. 355-413. London: Academ-
ic Press.

Chivers, D. J., and C. M. Hladik

1980 Morphology of the Gastrointestinal Tract in Primates; Comparisons
with Other Mammals in Relation to Diet. fournal of Mowphology
166:337-86.

Clemens, E. T.

1980  The Digestive Tract: Insectivore, Prosimian and Advanced Primate. In
Comparative Physiology: Primitive Mammals, K. Schmidt-Nielson, L.
Bolis, and C. R. Taylor, eds., pp. 90-99. Cambridge: Cambridge Uni-
versity Press.

Clatton-Brock, T. H., and P. H. Harvey

1977 Species Differences in Feeding and Ranging Behaviour in Primates. In
Primate Ecology, T. H. Clutton-Brock, ed., pp. 557-84. Cambridge:
Cambridge University Press,

Cripps, A. W, and V. ]. Willlams

1975 The Effects of Pregnancy and Lactation on Feod Intake, Gastroin-
testinal Anatomy and the Absorptive Capacity of the Small Intestine in
the Albino Rat. British Journal of Nutrition 33:17-32.

Davenport, H. W. -

1971 Physiology of the Digestive Tract. 3d ed. Chicago: Year Book Medical
Publishers.

Demment, M. W., and P, J. Van Soest

1985 A Nutritional Explanation for Body-Size Patterns of Ruminant and Non-
Ruminant Herbivores. American Naturalist 125:641-72,

DeVore, L., and K. R. L. Hall

1965  Baboon Ecology. In Primate Behavior, 1. DeVore, ed., pp. 20-52. New

York: Holt, Rinehart and Winston.
Draper, H. H.

1977 The Aboriginal Eskimo Diet in Modern Perspective. American Anthro-
pologist 79:309-16,

Draper, L. R., and D. H. Sussdorf .

1965  Roles of the Liver and Appendix in the Serum Hemolysin in Rabbits.
Journal of Immunology 95:306-13.

Edozien, J. C., and B. R. Switzer

1978 Influence of Diet on Growth in the Rat. Journal of Nutrition 108:282-

80,

109




1L Bicevolutionary Antecedents and Constraints

Ehle, E R.; 1 L. Jeraci; J. B. Robertson; and P. J. Van Scest

1982 The Influence of Dietary Fiber on Digestibility, Rate of Passage and
Gastrointestinal Fermentation in Pigs. Joumal of Animal Science
55:1071--80.

Eisenberg, . F.
1981 The Mammatian Rediations. Chicago: University of Chicago Press.
Fell, B. F.; K. A. Smith; and R, M. Campbell

1963 Hypertrophic and Hyperplastic Changes in the Alimentary Canal of the

Lactating Rat. Journal of Pathology and Bacteriology 85:179-88.
Fischier, C.

1981 Food Preferences, Nutritional Wisdom and Sociocultural Evolution, In
Food, Nutrition and Evolution, 1. N. Walcher and N. Kretchmer, eds.,
pp. 59-68. New York: Masson.

Fossey, D., and A. H. Harcourt

1977  Feeding Ecology of Free-Ranging Mountain Gorilla (Gerilla gorilla
bevingei). In Primate Ecology, T. H. Clutton-Brock, ed., pp. 415-47.
London: Academic Press,

Gautin, S. J. C., and M. Konner

1877 Onthe Natural Diet of Primates, Including Humans. In Nutrition and the
Brain, vol. 1, R. . Wurtman and 1. J. Wurtman, eds., pp. 1-86. New
York: Raven Press.

Gentle, M. J., and C. . Savory

1975 The Effects of Dietary Dilution on the Intestinal Anatomy of the Ja-
panese Quail (Coturnix coturnix japonica). Research in Veterinary Science
19:284-87.

Gittins, S, P., and J. J. Raemaekers

1980  Siamang, Lar and Agile Gibbon, In Malayan Forest Primates, D. }.

Chivers, ed., pp, 63106, New York: Plenum Press.
Glanz, W, E., et al,

1982 Seasonal Food Use and Demographic Trends in Sciurus granatensis, In
The Ecology of a Tropical Forest, E. G. Leigh, A. S. Rand, and D. M.
Windsor, eds., pp. 239-52, Washington, D.C.: Smithsonian Press,

Goodall, A, G,

1877 Feeding Behaviour of a Mountain Gorilla Group {Gorilla gorilla beringei)
in the Tshibinda-Kahuzi Region (Zaire). In Primate Ecology T, H. Clut-
ton-Brock, ed., pp. 450-79. London: Academic Press.

Grine, F. E,

1981 Trophic Differences Between “Gracile” and “Robust” Austry-
lopithecines: A Scanning Electron Microscope Analysis of Qcclusal
Events. South African Journal of Science 77:203-30.

Gross, I.; Z. Wang; and B. A, Wunder -
In press  Adaptations to Food Quality and Energy Needs: Changes in Gut Mor-
phology and Capacity of Microtus ochrogaster. Jowrnal of Mammalogy
Hamilton, W. §.; R. E. Buskirk; and W. H. Buskirk

1978 Ommivory and Utilization of Food Resources by Chacma Baboons, Papio

wrsinus. American Naturalist 112:911--24.

110

- v iy

3. Primate Diets and Gut Morphology

Hanaoka, M.; K. Nomoto; and B. H. Waksman !
1980  Appendix and M-Antibody Formation I Immune Response and Toler-
ance to Bovine Globulin in Irradiated, Appendix-Shielded Rabbits, four-
nal of Immaenology 104:616-25,
Harding, R. S. O. _
1973 Predation by a Troop of Olive Baboons (Papio anubis). American Jour-
nal of Physical Anthropology 38:587-92.
1981 An Order of Omnivores: Nonhuman Primate Diets in the Wild, In Om-
nivorous Primates: Gathering and Hunting in Human Evolution, R. S.
O. Harding and G. Teleki, eds., pp. 191-214. New York: Columbia Uni-
versity Press.

Hayden, B.
1981  Subsistence and Ecological Adaptations of Modern Hunter/Gatherers.
In Omnivorous Primates: Gathering and Hunting in Human Evolution,
R. 0. Harding and G. Teleki, eds., pp. 344-421. New York: Columbia
University Press. )
Hill, W C. 0.
1949 Some Points in the Enteric Anatomy of the Great Apes. Proceedings of
the Zoological Sociely of Londor 119:19-32.
Hill, W. C. O., and R. E. Rewelf
1948 The Caecum of Primates: Its Appendages, Mesenteries and Blood Sup-
ply. Transactions of the Zoological Sociely of London 26:199-257.
Hladik, A., and C. M. Hiadik
1969  Rapports Trophiques Entre Vegetation et Primates dans la Foret de
Barro Colorado (Panama). Terve ef Vie 23:25-117.

Hiadik, C. M. .

1967  Surface Relative du Tractus Digestif de Quelques. Primates: Mor
phologie des Villosites Intestinales et Correlations Avec le Regime Ali-
mentaice, Mammalia 31:120-47.

1877 Adaptive Strategies of Primates in Relation to Leaf-Eating. In The Ecol-
ogy of Arboreal Folivores, G. G. Montgomery, ed., pp. 373-96, Wash-
ington, D.C.: Smithsonian Press.

Holloway, R. L.

1973 Endocranial Volurmnes of Early African Hominids 2n:d the Role of the Brain

in Human Mosaic Evolution. Human Evolution 2:449-59,

Isaac, G,
1978 Food Sharing and Human Evelution: Archaeological Evidence from the
Plio-Pleistocene of East Africa, Jowrnal of Anthropological Research
34:311-25,
Janis, C, .
1976 The Evolutionary Strategy of the Equidae and the Origins of Rumen and
Cecal Digestion. Evolution 30:757-74.

T e e T e e T S T e AT AT S oy

Kano, T
1983 An Ecological Study of the Pygmy Chimpanzee (Pan paniscus) of
Yalosidi, Republic of Zaire. Infernational Journal of Primatology 4:1—
32.

111




11, Bioevolutionary Antecedents and Constraints

Karasov, W. H., and J. M. Diamond

1983  Adaptive Regulation of Sugzar and Amino Acid Transport by Vertebrate
Intestine. American Jowrnal of Physiology 245 (Gastrointestinal Liver
Physiology 8):G443-62.

Kliks, M.
1978  Paleodietetics: A Review of the Role of Dietary Fiber in Preagricuturat
, Husman Diets. In Topics in Dietary Filber Research, G. A, Spiller and R. |,
Amen, eds., pp. 181-202. New York: Plenum Press.
Konda, S., and T. N. Harris

1966  Effect of Appendectomy and of Thymectomy, with X-irradiation, on the
Production of Antibodies in Two Protein Antigens in Young Rabbits.
Journal of Immunology 97:805--14,

Koong, L. ], etal

1982  Effects of Plane of Nutrition on Organ Size and Fasting Heat Production

in Pigs. fournal of Nutrition 113:1626-.31.
Lancaster, J. B.

1968  Primate Communication Systems and the Emergence of Human Lan-
guage. In Primates: Studies in Adaptation and Variability, P. C. Jay, ed.,
pp- 439-57. New York: Holt, Rinehart and Winston.

1975  Primate Behavior and the Emergence of Human Culture. New York:
Holt, Rinehart and Winston.

Landry, 8. O.
1970  The Rodentia as Omnivores. Quarterly Review of Biology 45:351--72.
Lee, R. B.

1968  What Hunters Do for a Living; or, How to Make Out on Scarce Re-
sources. In Man the Hlunter, R, B. Lee and L. DeVore, eds., pp. 30-48.
Chicago: Aldine Press.

Leutenegger, W,
1973  Encephalization in Australopithecines: A New Estimate. Foliz Pri-
maiolica 19:9-.17.
Lioyd, L. E.; B. E. McDonald; and E. W. Crompton
1978  Fundamentals of Nutrition. 2d ed. San Francisco: W. H. Freeman.
McGrew, W. C.

1974  Tool Use in Wild Chimpanzees in Feeding Upon Driver Ants. Journal of

Human Evolution 3:501-8.
McHenry, H. M.
1982  The Pattern of Human Evolution: Studies on Bipedalism, Mastication
and Encephalization. Annual Review of Anthvopology 11:151-73.
Maynard, L. A., and l. K. Loosli
1969  Andmal Nutrition, New York: McGraw-Hill.
Miller, M. R.
1975  Gut Morphology of Mallards in Relation to Dietary Quaiity. fournal of
- Wildlife Management 39:168-73.
Milton, K.

1979 Factors Influencing Leaf-Choice by Howler Monkeys: A Test of Some
Hypotheses of Food Selection by Generalist Herbivores. American Nai-
wralist 114:362-78.

112

3. Primate Diets and Gut Morphology

1980  The Foraging Strategy of Howler Monkeys: A Study in Primate Econom-
fes. New York: Columbia University Press.

1981  Distribution Patterns of Tropical Plant Foods as an Evolutionary Stim-
ulus to Mental Development in Primates. American Anthropologist
83:534-48.

1984  The Role of Food Processing Factors in Primate Food Choice. In Adap-
lations for Foraging in Nonhuman Primates, P. Rodman and J. Cant,
eds., pp- 249-79. New York: Columbia University Press.

Milton, K., and M. W, Demment

In prep. Digestive Kinetics and Assimilation Efficiencies of Chimpanzees (Pan

troglodytes): A Model for Human Fiber Digestion.
Milton, K., and M. L. May

1976  Body Weight, Home Range and Diet in Primates. Nature 259:459-

62.
Mitchell, P. C.

1905  On the Intestinal Tract of Mammals. Transactions of the Zoological Soci-

ety of London 17:437-536.
Montgomery, G. G., and M. E. Sunguist

1078  Habitat Selection and Use by Two-Toed and Three-Toed Sloths. In The
Ecology of Arboreal Folivores, G. G. Montgomery, ed. pp. 329-60.
Washington, D.C.: Smithsonian Press.

Morris, . G., and Q. Rogers

1982  Metabolic Basis for Some of the Nutritional Peculiarities of the Cat.
Journal of Small Animal Practice 23:599-613.

1983a  Nutritionally Related Metabolic Adaptations of Carnivores and Rumi-
nants. In Plant, Animal and Microbial Adaplations to Tervestrial En-
vironment, N. S. Margaris, M. Aranoutsou-Faraggitaki, and R. J. Re-
iter,” eds., pp. 16580, New York: Plenum,

1983b. Nautritional Implications of Some Metabolic Anomalies of the Cat. In
American Animal Hospital Association 50th Annual Meeting Proceed-
ings, pp. 325-31. San Antonio: AAHA.

Moss, R.

1972  Effects of Captivity on Gut Lengths in Red Grouse. fournal of Wildlife
Management 36:99-104.

Murray, D. M.: N. M. Tulloch; and W. H. Winter

1977  The Effect of Three Different Growth Rates on Some Offal Components
of Cattle. fourndal of Agricultural Science (Cambridge) 89:119-.28.

Nelson, R. A,

1975 Imphlications of Excessive Protein. In Proceedings Western Hemisphere
Nutrition Congress IV, P. L. White and N. Selvy, eds., pp. ¥1-76. Ac-
ton, Mass.: Publishing Sciences Group.

Nuzum, C. T.
1985  Morphological Correfations. Science 229:428,
Oppenheimer, J. R.

1968  Behavior and Ecology of the White-Faced Monkey {Cebus capucinus) on
Barro Colorade Island. Ph.D. dissertation, University of Hlincis, Ur-
bana.

113




M TR . + s DAY

II. Bioevoltionary Antecedents and Constraints

Parker, S. T., and K. R. Gibson
1977 Object Manipulation, Tool Use and Sensorimotor Intefligence as Feeding
Adaptations in Cebus Monkeys and Great Apes. fournal of Human Evo-
lution 6:623-41.
Parra, R.
1978 Comparison of Foregut and Hindgut Fermentation in Herbivores. In The
' Ecology of Arboreal Folivores, G. G. Montomgery, ed., pp. 205-30,
Washington, [.C.: Smithsonian Press,
Peters, C. R,, and E. M. O’Brian
1981  The Early Hominid Plant Food Niche: Insights from an Analysis of Plant
Exploitation by Homo, Pan and Papio in Eastern and Southern Africa.
Current Anihropology 22: 12740,

Regal, P. J.
1977  Ecology and Evolution of FI lowering Plant Dominance. Scfence 196:699—
29,
Rodman, P. S.

1977 Feeding Behaviour of Qrang-utans of the Kutai Nature Reserve, East
Kalimantan, In Primate Ecology, T, H. Ciutton-Brock, ed., pp. 384-414,
London: Academic Press.

1984 Foraging and Social Systems of Orang-utans and Chimpanzees. In Adap-
tations for Foraging in Nonhuman Primates, P. S. Rodman and J. Cant,
eds., pp. 134~60. New York: Columbia University Press.

Rodman, Peter S., and H, M. McHeary

1980  Bicenergetics and the Origins of Hominid Bipedalism. American Journal

of Physical Anthropology 52:103—6.
Russell, 1. K.

1878 Reciprocity in the Social Behavior of Coatis (Nasua narica). Ph.D. dis-

sertation, University of North Carolina, Chapel Hill,
Sheine, W, S.

1979 Digestibility of Cellulose in Prosimian Pritnates. American Journal of

Phlysical Anthropology 50:480-81.
Sonntag, C. F.
1924 The Morphology and Evolution of the Apes and Man. London: John Bale
Sons and Danielsson.
Speth, 1. D., and K. A. Spielmann
1983  Energy Source, Protein Metabolism, and Hunter-Gatherer Subsistence
Strategies. fournal of Anthropological Archaeology 2:1-31.
Stahl, A.
1984  Hominid Diet Before Fire. Current Anthroplogy 25:15]-68.
Stanogias, G., and G. R. Pearce
19852 The Digestion of Fiber by Pigs 1: The Effects of Amount and Type of
Fibre on Apparent Digestibiity, Nitrogen Balance and Rate of Passage.
British Journal of Nutrition 53:513-30.
1985b  The Digestion of Fibre by Pigs 2: Volatile Fatty Acid Concentrations in
Large Intestine Digesta. British Journal of Nutrition 53:531--36.
Strum, S.

1983 Processes and Products of Change: Baboon Predatory Behavior at

114

3. Primate Diets and Gut Morphology

Giigil, Kenya. In Ommivorous Primates: Gatfzer.ing and Hunting fﬂ,
Humman Evolution, R. 5. O. Harding and G. Teleki, eds., pp. 255--302.
New York: Columbia University Press.
Sussman, R. W. X
1978  Foraging Patterns of Nonhuman Primates and the Nature of Food Pref-
erences in Man. Federation Proceedings, Anthropology and the Assess-
ment of Nutvitional Status 37:55-60.
Teleki, G. _ ‘ _ .
1981  The Omnivorous Diet and Eclectic Feeding Habits of Chxmpa‘ﬂzees. in
Gombe Nationa! Park, Tanzania. In Owmmivoreus Primales: Gatifenng
and Hunting in Human Evolution, R. S. Q. Harding and G, Teleki,
eds., pp. 303-43. New York: Columbia University Press.
TFerborgh, J. ) ) _
1983  Five New World Primates: A Study in Comparative Ecology Princeton:
Princeton University Press.
Trowell, H. o B
1978  The Development of the Concept of Dietary Fiber in Human Nutrition.
American Journal of Clinical Nutvition 31:53-811.
Truswell, A. S. _ o
1977 Diet and Nutrition of Hunter-Gatherers. In Her{lih and Disease in Tr_':ba[
Societies, pp. 213-26. Aba Foundation Symposium no. 49 (new series).
New York: Elsevier.
Van Soest, P. L '
1982 Nudritional Ecology of the Ruminant, Corvallis, Oreg.: O & B Books.
Van Soest, P, ], et al, . )
1982  Comparative Fermentation of Fibre in Man and Othgr Animals. Paper
read at the International Symposium on Dietary Fiber, Palmerston,
NortH, New Zealand.

Van Soest, P. I, etal. ) ‘
1983  Some in vitro and in vivo Properties of Dietary Fiber from Noncereal

Sources. ACS Sympostum Series, no. 214, Unconventional Sources gf
Dietary Fibre, . Furda, ed., pp. 135-141, Washington, D.C.: Ameri-
can Chemical Society.
WestG*;};TZfl. An Analysis of Diet Selection by Large Generalist Herbivores. Ameri-
' can Naturalist 108:290-304.
Wrick, K. L.; ]. B. Robertson; P. J. Van Scest; B. A. Lewis; J. M. Rivers; D. A. Roe;
and L. R. Hackler ) )
1983  The Influence of Dietary Fiber Source on Human Intestinal Transit and
Stool Qutput. Journal of Nutrition 113:1464-79.
Wrangham, R. W. ‘ .
1977 Feeding Behaviour of Chimpanzees in Gombe National Park, Tanzania.
In Primuate Ecology, T. H. Clutton-Brock, ed., pp. 504~-38. London: Aca-
demic Press.

115






