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Relatives Have Lessons for Us?

KATHARINE MILTON, PHD

From the Department of Environmental Science, Policy, and Management, Division of Insect Biology,
University of California, Berkeley, California, USA

ABSTRACT

The widespread prevalence of diet-related health problems, particularly in highly industrialized nations, suggests that many
humans are not eating in a manner compatible with their biology. Anthropoids, including all great apes, take most of their diet
from plants, and there is general consensus that humans come from a strongly herbivorous ancestry. Though gut proportions
differ, overall gut anatomy and the pattern of digestive kinetics of extant apes and humans are very similar. Analysis of tropical
forest leaves and fruits routinely consumed by wild primates shows that many of these foods are good sources of hexoses,
cellulose, hemicellulose, pectic substances, vitamin C, minerals, essential fatty acids, and protein. In general, relative to body
weight, the average wild monkey or ape appears to take in far higher levels of many essential nutrients each day than the average
American and such nutrients (as well as other substances) are being consumed together in their natural chemical matrix. The
recommendation that Americans consume more fresh fruits and vegetables in greater variety appears well supported by data on
the diets of free-ranging monkeys and apes. Such data also suggest that greater attention to features of the diet and digestive
physiology of non-human primates could direct attention to important areas for future research on features of human diet and
health. Nutrition 1999;15:488—-498. ©Elsevier Science Inc. 1999
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INTRODUCTION good health, though types and proportions can vary depending on
There is broad consensus that many chronic diseases affectin he SEX, age, activity patterqs, and other features particular to a
iven individual or populatiof:.?3.14 Currently, for example,

humans in modern technologic societies relate to diemcreas- Americans are urged to eat more fresh fruits and vegetables and in
ingly throughout the world, as traditional diets alter and become . 9 o ° 9 .
great variety each day, and to lower their intake of sugar-rich

more Westernized, many of these “Western” diseases rise in

f o . foods and saturated animal faés18 However, there still remain
requency. In addition, other health problems, particularly but not manv unresolved questions and conflicting opinions. even in spe-
exclusively in developing nations, often appear due to dietarycia“; circles aboﬂt the best dietar racgcez for A;nericans P
deficiencies of one type or anothe?. ’ yp )

These findings make clear that there is considerable room for
improvement in terms of human dietary practices. It is difficult to
comment on the types of foods best suited for human biology  To clarify what the best dietary practices for humans might be,
because there have been and are so many different yet successfohe approach has been to attempt to “reconstruct” features of the
dietary patterns in the human speciés'z As “cultural omni- diet of human ancestoi#8-25The logic behind such attempts often
vores,” humans clearly can flourish on an extremely broad rangerests on the assumption, probably valid, that relatively recent
of food items and cuisings:121n spite of this dietary breadth, it changes in certain features of the human diet (e.g., cooking of
also seems clear that most humans, regardless of their culture amost foods, heavy reliance on a single domesticated grain or root
geographic locale, require the same basic nutrients to remain ircrop, selective cultivation to “improve” vegetables and fruits,
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consumption of highly processed foods, increased sugar and sathis difference in gut proportions between apes and humans may
urated fats in the diet) may, in an evolutionary sense, have oc-have originated; it could be relatively recent or quite anctent.
curred so rapidly and so recently that the human gut and its In some small mammal and avian species, total gut size and the
attendant digestive physiology have not as yet had time to adapt tsize of some gut sections are known to increase significantly
them?.2.4.5.23.265ych “reconstructive” approaches often imply that within weeks in response to fluctuations in temperature or lowered
Americans and others might benefit by emulating some features oflietary quality36-39However, species showing such dramatic gut
the postulated dietary habits of their paleolithic ancest®rs. plasticity tend to be very small herbivores living in strongly
Modern humans are not creatur®s generis but rather have  fluctuating environment®-3° Though humans and some other
a long evolutionary history. Human gut anatomy and dietary primates are known to exhibit some degree of gut plasticity, the
requirements, like those of any other animal species, are derivedelative gut proportions shown in Figure 1 for extant apes and
from an ancestral lineage that was associated with a particulahumans, respectively, are believed to be representative of all
dietary niche and array of foods. For this reason, another approacimembers of each of these two present-day lineages regardless of
that might improve our understanding of the best dietary practicestheir diets or environmental conditions.
for modern humans is to focus attention not on the past but rather Experimental data show that Western humans, common chim-
on the here and now; that is, on study of the foods eaten by thepanzees, gorillas, and orangutans exhibit close similarity in their
closest living relatives of modern humans—wild monkeys and pattern of digestive kinetic¥-4%In all species, the turnover time
apes—as well as their gut anatomy and patterns of digestiveof ingesta is protracted [e.g., mean transit time of ingesta for
kinetics27-32By comparing dietary features of humans and non- human subjects on a refined western diet was 2.6 d; mean transit
human primates, similarities and differences may be discerned thatime for chimpanzees on a low fiber (14% neutral detergent fiber
could improve our understanding of human dietary needs and[NDF]) commercially prepared diet was 2.03#]Common chim-
digestive processes. panzees and Western humans also show a similar kinetic response
In advocating this comparative approach, | am not suggestingto different fiber levels in the diet (i.e., more rapid turnover of
that Americans or other individuals should mimic the diets of wild ingesta with increased fiber level) as well similarity in their
primates, even if this were possible. As discussed below, certairrespective abilities to degrade (via gut flora) the cellulose and
features of modern human gut anatomy and physiology suggeshemicellulose of wheat bra#t.These kinetic and digestive simi-
that such dietary habits probably would not now be feasible. Nor larities are all the more striking because of the differences between
am | advocating that animal foods be excluded from the humanhumans and chimpanzees in some features of gut proportions (Fig.
diet. Though it is possible today for humans to maintain good 1) and suggest that the pattern of gut kinetics in a particular
health without recourse to animal foods, data from the fossil andlineage may be a conservative feature relative to some other traits,
archaeologic record support the view that the routine consumptionsuch as gut proportioris.
of animal protein and micronutrients played a key role in the  Though human gut proportions and some characteristics of the
emergence of our genudpoma19.22.25.27.300/hat | am suggesting human diet may have altered over time, humans should still
is that a better understanding of the intake patterns and nutritionatequire the same basic nutrients as apes. If humans deviate too
components of foods in the diets of wild monkeys and apes couldstrongly from these common nutrient requirements and, at the
improve our understanding of human dietary requirements as wellsame time, consume foods that are at variance with their pattern of
as indicate promising areas for future research. digestive kinetics, one predicated on a fairly slow turnover of
ingesta, they will likely suffer the consequences—some of which
appear to be reflected in various of the diet-related health prob-
lems now affecting many Americans and other individuals in
This comparative approach is particularly compelling becauseWestern nations.
so much information is now available on the diets of wild primates
as well as the evolutionary relationships between them. From FOODS OF WILD PRIMATES
these studies, we know that the extant great apes (chimpanzees, Primates are believed to have evolved in tropical forests and
gorillas, and orangutans) are most closely related to modern hueven today this is where most primate species are féthuleed,
mans,Homo sapiens3 The ancestral line leading to extant chim- the most recent paleontologic evidence suggests that the earliest
panzees and modern humans may have diverged as recently as 4down hominid Ardipithecus ramidus-a taxon estimated to be
million y ago33 some 4.4 million y old) lived in a closed wooded rather than more
When the human gut is compared with guts of extant apes, bothopen savanna environmetit#2 As forest dwellers, primates have
similarities and differences can be detected. All hominoids (apesfound the foods available for most of their evolutionary history
and humans), in keeping with their descent from a common have been the leaves, fruits, and flowers of tropical forest trees and
ancestor, show the same basic gut anatomy consisting of a simplgines27-30
acid stomach, a small intestine, a small cecum terminating in an  Almost without exception, extant apes and monkeys take the
appendix, and a markedly sacculated célbrlowever, humans  greatest proportion of their daily diet from plant foods—new
stand apart from extant apes in some features of gut proportionsleaves, ripe fruits, seeds, exudates, nectars, flowers, pith—eating
In humans, more than half566%) of total gut volume is found in ~ only moderate to trace amounts of animal matter, generally inver-
the small intestine, whereas all apes have by far the greatest totakbrate74344All great apes are markedly herbivorous. Gorillas
gut volume &45%) in the colon (Fig. 137-31In addition, the size  and orangutans are estimated to take most of their annual diet from
of the total human Gl tract in relation to body size is small in plant foods, eating only small amounts of animal matter, largely
comparison to those of ap@s3s invertebrateg7-32.43.45.46Thgugh common chimpanzees “fish” for
The dominance of the hindgut in apes suggests adaptation to aermites and “dip” for ants as well as hunt and eat vertebrate prey
diet lower in quality than that consumed by modern humans, a diet(often monkeys), such foods tend to make up only a small per-
containing considerable bulky plant material, such as plant fibercentage (4—6%) of the chimpanzee annual diet, which is com-
and woody seeds. In contrast, the proportions of the human gutposed in large part of ripe fruitg-5°
dominated as it is by the small intestine, suggest adaptation to a Using data from various lines of evidence—anatomic, paleon-
diet that is nutritionally dense and highly digestible relative to the tologic, and physiologic—there seems general agreement that the
diets of apeg’-31 Currently, there is no way to determine when ancestral line leading to apes and humans was markedly herbiv-

COMPARATIVE GUT PROPORTIONS OF HUMANS AND APES
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FIG. 1. Relative gut volume proportions for some hominoid primate species (percentage of total volume): igidbbatés pileatus siamang Kylobates
syndactyluy chimpanzeeRan troglodyte} gorilla (Gorilla gorilla); orangutan Pongo pygmaegshuman Homo sapiens See Miltor#? for sources of
raw data. All calculations of relative volume by K. Milton.

orous27.30.34.51.52|t would appear that both human nutritional manian monkey&3-55For this reason, results of Panamanian plant
requirements and the human pattern of digestive kinetics reflect analyses are believed to be characteristic of wild plant foods eaten
ancestral past in which dicotyledenous plant parts (leaves, flowersby primates on a pantropical basis.
and fruits from angiosperm tree and vine species) formed the basis
of the daily diet, with perhaps minor input from animal matter, WILD VERSUS CULTIVATED FRUITS
largely invertebrated’—29.51 Domesticated fleshy fruits such as those purchased in Ameri-
As wild plant parts compose most of the diet of extant primates can supermarkets typically have an attractive appearance, consid-
and appear to have contributed strongly to the diet of humanerable succulent pulp, and few or no seeds. These fruits have been
ancestors, it would be of interest to compare information about theselectively bred for such characteristics and for a very sweet taste.
nutritional characteristics of wild plant foods with similar features They appear highly superior to their wild counterparts in the
of foods found in the current American diet. Below such infor- tropical forest, which tend to have a high seed-to-pulp ratio, a less
mation is summarized and compared with similar data on culti- pronounced sweet taste and, often an unappealing appearance
vated plant foods eaten by Americans. No attempt is made to draw(unpublished observations). However, most non-human primates,
any health conclusions from these data; rather, they are presenteidicluding the line giving rise to humans, evolved eating wild fruits
for consideration. similar or identical to those primates eat today, not the cultivated
Most wild plant foods analyzed come from mature trees found fruits humans now eat.
in the lowland tropical forest on Barro Colorado Island, a 1500  One important difference between wild and cultivated fruits is
hectare nature preserve in the Republic of Panama. Analyticthat sugar in the pulp of wild fruits tends to be hexose-dominated
protocols are described in the relevant publications. From one to(some fructose and considerable glucose; Table I) while that of
four different monkey species in the Barro Colorado forest eat cultivated fruits tends to be highest in sucrose, a disacchgtidé.
these wild foods. Other free-ranging primates in forests of CentralFor example, the major sugars in Haden mangos, a cultivated fruit
and South America, Africa, and Southeast Asia have likewisevariety, were 20.6% fructose, 5.3%-glucose and 74.1% su-
been observed to eat foods from many of the same plant familiescrose®® Juices from the cultivated Valencia orange and Darcy
genera, and, occasionally, even the same species as these Parnangerine showed the same sugar pattern as Haden mangos—
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TABLE 1. As a class, succulent (fleshy) wild fruits are not high in protein
(average crude protein content dry weight of 7 species of wild
PRINCIPAL SUGARS IN FIVE SPECIES OF WILD PANAMANIAN  Venezuelan fruits eaten by red howler monkey§.0 = 1.1%34

FRUIT average crude protein content dry weight of 23 species of wild

fruits eaten by chimpanzees in Uganda7.7%73° average crude
Ratio protein content dry weight of 8 species of wild fruits eaten by

Wild fruit species Proportion (sucrose/glucose  lowland gorillas in Cameroor 6.3 = 0.657 The average crude
from Panama Sugar by weight + fructose) protein content dry weight of 18 species of wild Panamanian fruits

eaten by several monkey species was 6.2.6% (KM, unpub-
lished data, Kjeldahl technique and 6.25 conversion factor). All of

Ficus insipida sucrose .037 .040 : . ;
glucose 613 these_ wild fruit sample_s show a sor_newhat h_|gh_er average crude
fructose 335 protein content dry weight than cultivated fruits in the US (aver-

Ficus costaricana sucrose 049 052 age crude protein content dry weight of 17 species of cultivated
glucose 616 fruits = 5.2 = 2.6%; mean calculated by KM from protein values
fructose 300 given for each species in Nutritive Value of Foo&&Wild fruits

Ficus trigonata sucrose 048 050 also frequently contain tiny insects and larvae which are inadver-
glucose 643 tently consumed by feeding monkeys and apes along with fruit
fructose 309 pulp. These particles of animal matter are probably not useful as

Spondias mombin sucrose 027 029 a protejn sgurcfé' b_ut they can serve as an impqrtant.source of
glucose 524 essential micronutrients such as vitamip,Bviany wild fruits also
fructose 421 contain considerable vitamin C. Though cultivated fruits look

Gustavia superba sucrose 085 100 appealing and .taste §weet, data suggest they may be_less nutritious
glucose 522 overall than wild fruits, and, perhaps, more demanding of some
fructose 331 features of human physiology.

MINERALS

Micronutrients—minerals and vitamins—are rapidly moving
into a prominent position in medical and nutritional circles. Many
problems associated with malnutrition and child development in
developing countries are now believed to involve an inadequate
intake of energy or particular vitamins and minera$s® Until
recently, it was widely believed that protein or amino acid defi-
ciency was responsible for the symptomology of chronic malnu-
trition in many developing nationsCareful analysis of diet in
highest by far in sucrose, followed by fructose, and lowest in several areas of symptomatic chronic malnutrition, namely Mex-
glucoses® Ripe papaya, another cultivated fruit, is also highest in ico, Egypt and Kenya, appears to have effectively eliminated the
sucrose (i.e., 48.3% sucrose, 29.8% glucose, and 21.9% frucpossibility that protein or amino acids are the culprit helterest
tose)®0 Cultivated fruits, therefore, show a different pattern of has now shifted to the likelihood of energy, vitamin, and mineral
sugars than is generally found in wild fruits eaten by free-ranging deficiencies as primary factof$. Micronutrient deficiencies are
monkeys and apes (Table I). not confined to the developing nations. Many Americans take in

In terms of sweetness to humans, fructose is ranked 115—-170suboptimal levels of particular minerals or vitamins and this lack
sucrose 100, and glucose #0Cultivated fruits are, therefore, may relate to various health probleags.?.72.73
very taste appealing to humans, as they have been artificially Table Il presents comparative data on mineral levels in wild
selected so that they offer sucrose (and fructose) rather tharfruit and leaf species eaten by free-ranging monkeys and other
glucose as their principal sugar reward. Refined sugar, for exam-mammals and cultivated fruits and vegetables eaten by Americans.
ple, is almost 100% sucrose. Nelson et al. (unpublished observations) looked at mineral con-

Humans clearly come from an evolutionary past in which centrations for Fe, Na, Ca, Cu, K, Mn, Zn, and Mg in 16 species
hexose- rather than sucrose-dominated fruits were consumed, anof wild and 4 species of cultivated fruits in American Samoa
human digestive physiology should, therefore, be best adapted tgTable Il). Four of the eight minerals examined (Cu, Fe, Na, Ca)
a carbohydrate substrate similar to that of wild fruits. But, in showed significantly higher values in wild fruits; wild fruits also
addition, wild fruits differ in other respects from their cultivated showed more interspecific variation in mineral content relative to
counterparts. These include a high content of roughage—woodycultivated fruits (unpublished observations). A small sample of
seeds, fibrous strands—as well as higher average protein levelsyild Panamanian fruits eaten by monkeys showed higher average
higher levels of many essential micronutrients (discussed in fol-values for Ca, P, K, and Fe relative to cultivated fruits; wild
lowing sections) and, at times, considerable pectin. Panamanian leaves averaged higher Ca than leafy vegetables eaten

Though pectin is generally thought of in connection with fruits, in the United States (Table II). Booth et’@Inoted that wild leafy
data show that as a class wild tropical tree leaves average a higheregetables consumed by the Kekchi people of Alta Verapaz,
content of pectic substances than wild fré#sHowever, some  Guatemala, had generally higher nutrient values than domesticated
species of wild fruits consumed in quantity by many primates are green vegetables grown in Kekchi gardens, and stressed the high
rich in pectic substancé3.Most or perhaps all mammals, includ- iron content of wild leafy foods. Kuhnleif showed that the
ing humans, possess microorganisms in the lower tract that rapidlyaverage mineral content (Ca, Ma, Mg, Fe, Zn) of traditional Hopi
and efficiently ferment pectic substané&sé?Volatile fatty acids cereals was higher than values for comparable USDA commodi-
produced in fermentation can provide energetic benefits to theties. These and other comparative data suggest that, as a class,
feederé3-67 Some volatile fatty acids (i.e., butyric) produced in wild plant foods, regardless of geographic locale, may often show
fermentatiof® exhibit strong anticancer properties against a vari- higher values and more interspecific variation in their content of
ety of tumors both in vitro and in vive. some important minerals than cultivated plant fo&td%:

All data from unpublished work carried out by |. Baker and H. Baker
on fruits from tree species in Panama eaten by wild primates. Method-
ology used for individual sugar determinations described in Baker and
Bakers¢ Though the above is a small sample, the extensive work car-
ried out by Baker and Baker on the nectars and fruit sugars of a very
large sample of tropical forest plant species confirm that it is a repre-
sentative sample.
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TABLE 11

MINERAL CONTENT OF WILD AND CULTIVATED PLANT FOODS (MEAN = SD, EXCEPT WHEN<4 SPECIES)

Ca P K Na Mg Fe Mn Cu
mg/g dry weight rg/g dry weight
Wild Panama*
Leaves, young 149155 22+1.2 211+ 5.8 23*+39 4626 84.4+255 74+ 81 19.6* 17.0
(6 species)
Fruits, ripe 12.7 15 24.1 0.5 25 52 54 5
(2 species) 13.6 1.2 26.1 0.5 3.1 53 39 35
Fruits, immature 13.3 25 23.3 0.6 6.2 183 79 151
(1 species)
Flowers 3.0 2.7 39.6 2.7 4.3 59.0 4.0 22.7
(1 species)
Wild Samoat
Fruits 5.1+ 3.7 — 20.0+= 9.0 15+09 33+1.3 86.9x63.3 10.6+ 6.4 9.0+ 3.6
(16 species)
Cultivated USt
Foliar cultivars 112678 49+18 34.9+ 17.6 — — 188.3+124.9 — —
(11 species)
Other cultivars 3.3: 28 5.9+ 2.6 225+ 2.6 — — 81.0+ 32.6 — —
(10 species)
Root cultivars 1.3+ 1.0 2.5+ 0.8 142+ 5.9 — — 33.0£12.3 — —
(3 species)
Cultivated fruits 1.3+ 0.8 1.1+ 0.3 13.0+ 4.6 — — 34.8+ 14.6 — —
(20 species)
Cultivated Samoat
Cultivated fruits 1.2£ 0.9 — 20.8+ 2.9 0.2+=0.1 25*+06 8.3%6.3 8.5+ 2.9 5.0+ 2.1

(4 species)

*Nagy and Milton76

T Nelson et al. (unpublished observations).

F USDA, Nutritive Value of Food&8

Ca, calcium; Cu, copper; Fe, iron; K, potassium; Mg, magnesium; Mn, manganese; Na, sodium; P, phosphorous.
— indicates no information available.

Nagy and Miltorié estimated the daily intake of certain min- ‘vitamin C (for example, the guinea pig, some lagomorphs, and
erals in the natural diet of wild Panamanian howler monkeys'some bats) are all, like anthropoids, strongly herbivor@us.
(Table Ill). Relative to body weight, these monkeys, and by  Analysis of some common wild plant foods consumed by
analogy other wild monkeys and apes, take in high amounts offree-ranging primates in Panama shows that many of these foods
many important minerals each day relative to recommendationscontain notable amounts of vitamin C (Table ?)One species of
suggested for the average adult American (Table$iTy. The wild fig, Ficus yoponensjshowed a vitamin C content in both its
mineral requirements and efficiency of assimilation of most min- very young leaves and unripe fruits that appears to be among the
erals for monkeys and apes is not known, though there seems littldighest ever reporte®.Our closest living relatives, the great apes
doubt that they require most if not all nutrients, including miner- (and bear in mind that we are speaking of animals that can be as

als, known to be required by humatfs. large or larger than many adult Americans), are eating diets that,
depending on species and sex, may contain from 2 to as much as
VITAMIN C 6 or more g of vitamin C per d (Table V). In contrast, the

o ) ) ) ) - recommended vitamin C allowance for the average adult Ameri-
Vitamin C is of particular interest in terms of human nutrition  can is 60 mg per @

because, unlike most mammals that synthesize their own ascorbate vitamin C is widely regarded as a potent antioxidaf#2.80

internally, all anthropoids tested. to date, inClUding hUmanS, |aCkThe physio|ogic processes of wild primates appear to be carried
the enzyme L-gulonolactone oxidase (GLO, EC 1.1.3.8), which gut with generous amounts of fresh vitamin C continuously
catalyzes the final step in ascorbate synthesis from gluédser. present in the body. Though these wild plant foods have not, as
this reason, monkeys, apes, and humans must ingest adequaiet, been analyzed for other vitamins, it is likely that the young
vitamin C in the diet. The inability to synthesize vitamin C appears |eaves and fruits wild monkeys and apes eat are also rich in

to be the derived condition since most extant mammals canyitamin E and provitamin-A, like vitamin C regarded as antioxi-
synthesize their own supply. Its lack in present-day anthropoidsgantss.6.79.80as well as vitamin K and folic acie.81.82

suggests that the common ancestor of all anthropoids could not

synthesize vitamin C and, therefore, that the diet of this ancestor FATTY ACIDS

was rich in vitamin C. It is presumably not a coincidence that the  There is strong interest in the types and amounts of fatty acids
few other mammalian groups unable to synthesize their ownbest suited for human health, and the percentage of daily calories
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TABLE V.

ESTIMATED MINERAL INTAKES OF WILD MONKEYS

ESTIMATED DAILY ASCORBIC ACID INTAKE

AND HUMANS (MG/KG BODY WEIGHT/D)*
Estimated Total daily Total daily Wild howler monkey 88 mg/kg or-600 mg ascorbate per d
intake—wild intake—7 kg adult RDA, adult for a 7-kg monkey
Mineral monkey, kg/d* monkey* human male Wild spider monkey 106 mg/kg or744 mg ascorbate per
d for an 8-kg monkey
Calcium, mg 653 4571 800 Wild mountain gorilla 20-30 mg/kg or 2—4 g (or more)
Phosphorus, mg 104 728 800 ascorbate per d for a 100-160 kg
Potassium, mg 917 6419 1600-2000 gorilla
Sodium, mg 26 182 500 Recommended daily intake, 60 mg per d
Chloride, mg 254 1778 750 average adult American
Magnesium, mg 189 1323 350 male >25 y of age*
Iron, mg 55 38.5 10.0
Manganese, mg 2.6 18.2 2.0-5.0 * Human value from RDA, 10th e#b
Copper, mg 0.4 2.8 1.5-3.0 Modified from Milton and Jennegs.

* Modified from material in Nagy and Miltor# Intakes derived from
feeding trials and observations of wild howler monkeys eating a typical
leaf and fruit diet. See Nagy and Milténfor details of feeding trials

and analytical protocols. RDAs for humans taken from RDA 10tASed.

that should come from dietary f&€.7.72Analysis of the fatty acid

composition of wild plant foods eaten by Panamanian monkeys

1.0 ratio recommended for humag#s4 In contrast, Americans
have P/S ratios of around (821t is recommended that dietary fats
not exceed 30% of daily caloric intake in the US diet, though most
Americans take in more fat each day than recommend&6¢o
of calories)?2:84-86Djetary fats are estimated to contribute only
some 17% of daily caloric intake for howler monké¥s.

All wild foods analyzed for fatty acids—basically an oppor-

showed the predominate fatty acids to be palmitic (30%), linoleic tunistic selection of wild plant foods monkeys routinely eat—

(23%), alpha linolenic (16%), and oleic (15%8)Fatty acids with

contained notable amounts of alpha linolenic (ALA, 18:33) as

less than 16 and more than 18 carbon chains were uncommonvell as linoleic acid (18:2w-6). The routine intake of notable

(range 0-7%3%3

amounts of ALA as well as linoleic acid differentiates the diets of

Wild plant foods tended to show a fairly equal balance betweenwild monkeys and apes from those of most Americans. Much of

saturated (average- 45%) and unsaturated (average 54%)
fat83 The P/S ratio of wild howler monkeys eating their natural

the fat Americans eat is either saturated animal fat or oils from
monocot seeds. Most seed oils are high in linoleic but low in

fruit-and-leaf diet is estimated at 0.85 which is very close to the ALA.8486 The few seed oils high in ALA (e.g., soy, cand¥aj®

TABLE IV.

COMPARISON OF THE ASCORBIC ACID (MG/G DRY WEIGHT)
CONTENT OF WILD AND CULTIVATED FOODS

Ascorbic acid

No. No.
species specimens Mean SD

Panamanian wild foods

Fruits 10 14 2.7 3.2

Fruits* 10 13 2.0 1.8

Leaves 16 40 2.8 3.5

Leavest 16 39 2.2 1.1

Flowers 3 4 1.7 5.2
Cultivated Foods, US

Fruits 20 — 1.6 1.7

Vegetables 18 5.4 4.4

Vegetables?t 17 — 4.7 3.2

Root cultivars 3 — 0.8 0.1

* With unripe fruits of Ficus yoponensiexcluded.

T With very young leaves df. yoponensigxcluded.

T With sweet pepper excluded.

Source of Panamanian data: Milton and Jenrigss.

Source of cultivated foods, US: calculated by K. Milton from informa-
tion in USDA, Nutritive Value of Food&

tend to be low in linoleic acid.

A number of cultivated leafy vegetables Americans eat are rich
(>50% of total fatty acid content) in ALA (e.g., chinese cabbage,
white and red cabbage, kale, brussel sprouts, pargtdgt most
Americans do not consume large quantities of these plant foods
either fresh or cooked; cooking of these foods also tends to destroy
ALA.8 The diet of human ancestors (like the diets of extant
monkeys and apes) was likely rich in both linoleic acid and ALA
from fresh plant tissues and for this reason the fatty acid compo-
sition of such plant foods is likely to be most compatible with
human biology.

PROTEIN AND AMINO ACIDS

Carpentet”-88 has discussed the many misconceptions regard-
ing protein requirements of humans, particularly misconceptions
regarding the need for, or benefits of, large quantities of animal
protein in the human diet. We now know that the average adult
American appears to require somewhat lessntthag of high
quality protein per kg of body weight per day (0.75 g/kg average
daily requirement for reference proteifjo meet protein require-
ments’7-81When thinking of protein sources, tree leaves and fruits
do not generally come to mind. However, if one examines the diet
of a wild primate such as a howler monkey, it is clear that leaves
and fruits generally satisfy its daily protein as well as energy
requirement§2-9 As noted, even very large primates such as
gorillas, orangutans, and chimpanzees thrive on diets composed
largely of plant foods, both leaves and fruits, though on occasion,
small amounts of animal matter may also be inge$¥e®.67.91

Because larger-bodied anthropoids tend to satisfy most (and at
times all) protein requirements from the ingestion of plant matter,
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TABLE VL.

INDIVIDUAL AMINO ACID CONTENT OF TROPICAL PLANT PARTS—ESSENTIAL AMINO ACIDS FOR HUMANS*
(G AMINO ACID/100 G DRY SAMPLE)

His Iso Leu Lys Met Val Phe Thr

Tachigalia paniculatayery young leaves 0.71 1.06 1.79 1.48 0.30 1.37 1.39 1.03
Ceiba pentandrayery young leaves 0.42 1.02 1.82 1.65 0.39 1.27 1.07 0.90
Zanthoxylum panamensiipwer buds 0.30 0.86 1.32 1.12 0.24 1.05 0.99 0.80
Ficus insipida,rolled very young leaves 0.21 0.77 1.28 0.96 0.17 1.02 0.89 0.76
Ficus inspida,mature leaves 0.00 0.76 1.41 0.83 0.28 1.05 0.99 0.75
Ficus inspida,eaves of moderate age 0.29 0.69 1.15 0.83 0.31 0.90 0.94 0.70
Tababuia guyacanflowers 0.29 0.65 1.09 0.63 0.42 0.85 0.82 0.60
Ceiba pentandramature leaves 0.23 0.65 1.08 0.80 0.22 0.86 0.79 0.54
Tetragastris panamensigature leaves 0.19 0.52 0.98 0.75 0.22 0.73 0.73 0.52
Ficus nymphaefoliamature leaves 0.14 0.42 0.71 0.48 0.15 0.57 0.40 0.39
Protium panamensisnature leaves 0.10 0.40 0.79 0.52 0.18 0.52 0.54 0.39
Dioclea reflexaflowers 0.18 0.40 0.64 0.49 0.12 0.53 0.44 0.36
Ficus insipida,ripe fruit 0.00 0.36 0.60 0.35 0.18 0.51 0.46 0.36

* Wardlaw and InselP3 No analysis done for tryptophan. Leaf proteins typically contain from 1.6-2.1% tryptdphan.
Modified from Milton and Dintzi$2 Data from duplicate samples using a standard 24-h hydrolysis.
His, histidine; Iso, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Thr, threonine; Val, valine.

itis useful to examine some characteristics of plant protein. Young  For various reasons, it is generally the case that plant protein
leaves routinely consumed by wild monkeys in Panama show anhas a lower biological value and a lower digestibility than protein
average crude protein content dry weight of 12:44.2%8° from whole animal food88 Meat protein, which is essentially
flowers too are often high in protein (range 9-10% to 20—25% identical in its protein composition to human protein, can “be
crude protein dry weigh? Though not particularly high in pro-  deposited with virtually no modification” and is generally 95—
tein relative to young leaves, as discussed above, wild fruits100% digestible (average digestibility 98%)88 In contrast,
usually average a higher protein content than their cultivatedvegetable foods such as legumes and oilseed flours show a protein
counterparts. digestibility in humans of some 84-97% (average digestibiity
Protein estimates for plant samples from Panama were derive®0%)388
by obtaining the total nitrogen content of each sample using the  One reason for the lower digestibility of plant protein could be
Kjeldahl method and then multiplying the result by the standard that plant parts generally contain secondary compounds (e.g.,
6.25 conversion factor, a factor originally derived from studies of tannins, phenolics, alkaloids, terpenoids, and the HRR&J-9°
animal protein. Data suggest that a more accurate protein converSome compounds, such as condensed tannins, can bind with
sion factor for wild plant parts is 42 Use of this conversion  protein in the gut, rendering it largely unavailable to the feed-
factor would lower the protein estimates given above (as well aser?29.1%0 Perhaps in response to the tannin content of many wild
alter similarly derived protein values in the literature for cultivated plant foods, humans and probably most primates possess proline-
plant parts). However, regardless of whether the 6.25 or 4.4rich proteins (PRPSs) in saliy®! These proteins have a high
conversion factor is used, it is clear that many wild primates are affinity for tannins and have been demonstrated to reverse the
able to fulfill most or all of their estimated daily protein require- detrimental effects of tannins in the diets of rats and rifée.

ments largely or entirely from plant foods. About 70% of the proteins in human salivary secretions consist of
Though some grains, nuts, and seeds are low in 1 or more ofPRPsto1
the essential amino acids humans reqe#@mino acid profiles for Because of the many secondary compounds in their foods, wild

the 10 major amino acids of leaf protein and animal protein are primates may need to consume more grams of protein per day than
very similar®4 Perhaps in response to the often considerable inter-would be predicted by body weight2 Assimilation studies sug-
and intraspecific variation in the percentage of a particular aminogest that, on average, some 20% or more of the total N in wild
acid in wild plant parts (Table VI), we find that free-ranging plant parts is unavailable to the primate feetférThus, for
monkeys and apes typically eat leaves and fruits from a variety ofexample, a 7-9 kg wild howler monkey might have to take in
different trees, vines, and other plant species each?tt&i/ o1 some 20 or more g of protein each d in its wild foods to net the 12
For example, howler monkeys take foods from an average of 8or so g of protein it is estimated to requit®&

different plant species per d (and occasionally from as many as 24 Monkeys and apes can digest both meat and vegetable pro-
or more species) while spider monkeys take foods from an teim3.193and many anthropoid species that have not been noted to
average of 9 plant species pe?hoth monkey species, like most eat vertebrate prey in the wild seem willing to eat meat in captivity
wild primates, typically take foods from well over 125 different if it is offered. However, studies of the feeding behavior of
plant species per §7.90 By mixing plant parts from a variety of  primates in the natural environment show that, in general, wild
different tree and vine species each day, these monkeys are able tmonkeys and apes do not typically eat large quantities of animal
upgrade overall dietary quality in terms of complementary amino matter each day and many larger anthropoids rarely ingest animal
acids as well as other nutriem&%Humans can achieve the same matter. Though animal protein may generally be of higher quality
result by mixing together two vegetable foods such as corn andand more digestible, plant protein appears to suffice for many
beans. monkey and ape species.



NUTRITIONAL CHARACTERISTICS OF WILD PRIMATE FOODS 495

Because wild leaves, even young leaves, typically have a high CONCLUSIONS AND SUMMARY
percentage of indigestible cell wall material (average cell wall

content dry weight [NDF] of Panamanian young leave8596) Paleontologic, phylogenetic, and morphologic evidence indi-

as well as a wide rande of secondary compoud8-o1.97-10% is cate that modern humans come from an ancestral lineage in which
difficult to speculate %n ust ho gef | spch fo'lia e could have the ripe fruits and young leaves of tropical trees and vines are
meu pecu Ju W usetul su rag u v likely to have played a key dietary role. Analytical data suggest

been as a protein source for human ancestors, because the SYN§fiat many of the wild plant foods monkeys and apes currently

gistic effect of all these unknown characteristics must be faCtoreqconsume differ in some respects from many cultivated fruits and

in. Though there is no reason to assume that, in terms of baSIQIegetabIes eaten by humans. In contrast to humans, wild primates

nutritional requirements, modern humans are any different thar;glso take a high percentage of the daily diet from fresh, uncooked

their ancestors or extant apes, the gut proportions and overall gu lant foods
size which characterize anatomically modern humans could pos Though .most present-day human populations likewise take a

problems in terms of the efficient digestion of large quantities of high percentage of their daily diet from plant foods, in the human
uncooked vegetable r_natter. ase this plant food is often a single cooked monocot grain or a
Southgate has estimated that the average adult human woulg, product rather than a diverse array of fresh plant parg?
have to consume more than 10 kg fresh weight of leafy plant foodsg 515 in particular, but also many grains, tend to be low in many
to meet daily protein and energy demanésif these leafy food_s _essential nutrients humans requiré.93.108.100ost wild primates
had an average water content of 80% and an NDF content similagy, not feed on grasses, grass seeds, or underground storage organs
to wild Panamanian leaves (i.e., 35%), this implies a daily intake 5,4 a5 noted, wild monkeys and apes tend to eat a mix of different
of some 700 g of dietary fiber—a considerable amount. Currently, freshy plant foods each day—a feeding pattern that can result in a
for humans, evidence suggests an average dietary fiber intake ijgher intake of essential nutrients than would be the case if that
the range of 2040 g/d in the majority of populations studied mate focused on food from only one or two plant sources per
throughout the world®>However, some present-day rural African day7¢ Like modern humans, wild primates tend to be very selec-
pcigsulatlons are estimated to consume 70-90 g of dietary fiber petjye feeders, eating only the most nutritious and digestible portions
d.t°>Data from rehydrated human coprolites estimated to be Soméyf particular wild foods, and dropping lower quality materials to
10000 y old show that these individuals appear to have taken inhe grounco
at least 130 g of plant fiber per d and were consuming what  Hymans have carried this common primate pattern of high
appeared to be coarse, high-residue diethere is little reason to  gjetary selectivity to an extreme through the use of food prepara-
assume _tha_t_the digestive abilities of humans 10 000 y ago differedjgn techniques (chopping, crushing, husking, cooking, leaching,
to any significant degree from those of present-day humans—allyrewing, and the likej,*222practices that serve to upgrade, refine,
are anatomically moderflomo sapiensBut a diet containing  and modify many items of diet before they are ever brought into
hundreds of grams of dietary fiber per day seems unsuited tocontact with the teeth and digestive tract of the human feed-
present-day human gut anatomy and physiology and likely would g 6.12.22-31Thjs non-somatic “technologic barrier’ between hu-

also prove excessively timely to gather and constffie. man digestive anatomy and most items of diet appears gradually to
have resulted in the gut proportions characteristic of modern
DIETARY FIBER Homo sapienss well as a reduction in the size of the dentition

and face of modern humans in comparison with those of earlier

constituents of dietary fibéf.64196Until recently, it was com- The gradual shift in tooth size (and presumably, since guts do
monly believed that humans could not utilize the constituents of not fossilize, the size of certain sections of the gut), as well as the
dietary fiber and for this reason there was no need to include thenhotable increase in brain size characteristic of the human genus
in the diet’°® No mammal, including humans, is known to pro- and particularly our speciesjomo sapieng(increasingly large
duce enzymes that can degrade cellulose and hemicellulose. Whagrain size over the course of human evolution likewise pointing to
many mammals including humans do have, however, are anaerog high-quality dietg7-31 did not happen overnight. Rather, evi-
bic bacteria and other gut flora in various sections of the digestivedence from the human fossil and archaeo|ogic record suggests a
tract that can carry out this functién=67.°These microorganisms  process involving increased dependence on technology and learn-
break down the cellulose and hemicellulose of plants in theing (manufacture and use of stone tools and hunting implements,
process known as fermentation, releasing energy-rich volatile fattytechniques of food preparation, utilization of new foods) as well as
acids which can often be absorbed in significant amounts by thesocial skills (division of labor, food-sharing, long period of off-
host and may make an important contribution to the host’s energyspring provisioning), much (but not all) of which probably took
budgete-6¢it is estimated that some present-day human popula-place over a period of some 2 million y or mdigg29.31.110,111
tions with a high intake of dietary fiber may derive 10% or more  Unfortunately, it would appear that relatively recent human
of their required daily energy from volatile fatty acids produced in ingenuity has simultaneously both refined and consolidated some
fermentatiorf4107 salient characteristics of wild foods (e.g., modified the sugar or

Experimental work on human fiber digestion shows that humanstarch content of many fruits, vegetables, or grains) and inadver-
microflora are very sensitive to different dietary fiber soufies. tently reduced or removed certain essential nutrients from many
Humans are very efficient at degrading the relatively unlignified foods (e.g., refined sugar, purified vegetable oils, a lower protein,
hemicelluloses and cellulose of dicot vegetable fibers such asjitamin, or mineral content in some cultivated fruits or vegetables
cabbage or carrots, but are less efficient on monocot cereal fiberselative to their wild counterparts; some essential nutrients can
such as wheat bran, or monocot plant fibers such as alfalfa, whictalso be greatly reduced through features of food preparation
show a high cellulose-to-hemicellulose ratio and considerablethough at times, the nutrient value of a food can also be increased).
lignification 83.64 The traditional foods of anthropoids come from These manipulations as well as the general paucity of fresh fruits
dicot, not monocot, plant$ and, as noted above, available data and vegetables in the diets of most present-day human populations
suggest that the human pattern of digestive kinetics as well asand the low dietary diversity characteristic of many non-Western
human fermentation efficiencies on different fiber substrates arehuman populations may make it difficult for many individuals,
similar to those of extant chimpanze®gs. particularly children, to take in the full complement of essential



496 NUTRITIONAL CHARACTERISTICS OF WILD PRIMATE FOODS

nutrients they require each dag?-88For example, an increase in  herbivorous. Analysis of wild plant foods eaten by free-ranging
daily calorie consumption in the US may not result in any notable primates shows that these foods are generally high in many
improvement in nutritional status, as typically such calories come nutrients regarded as essential for human health and well-being.
from foods high in fats or sugars, and such foods tend to be lowData suggest that, for their size, many wild primates routinely
in vitamins and minerals. ingest greater amounts of many minerals, vitamins, essential fatty

Meat eating would help to supply many essential micronutri- acids, dietary fiber, and other important dietary constituents than
ents as well as provide high-quality protéfio4 but many most modern human populations.
present-day human populations (particularly in less industrialized  Furthermore, in wild primates, nutrients and myriad other
nations), unlike prehistoric human populations or present-daychemical constituents of plants are eaten together, a fact that could
hunter-gatherers, rarely have access to meat. In countries such dsmve health implications that are as yet little investigated or
the US, where domesticated livestock is common, health implica-understood. Increasingly, experimental data suggest positive syn-
tions of differences in the fat content and composition of domes- ergistic effects from combinations of particular vitamins or min-
ticated livestock relative to wild ungulates have been ristéd erals, or nutrients and vitamins, or nutrients and other chemical
and there is also some concern about the effects on human healtbonstituent$.79.80.113.114qr this reason too, greater attention to
of various steroids and antibiotics involved in rearing livestdék.  the dietary constituents of wild primate foods could help to guide

In combination, the differences discussed above between theesearch related to human diet and health. The increasingly strong
staple foods and dietary intake patterns of many present-dayecommendations made by both the medical and nutritional com-
human populations as contrasted with those of extant primatesnunities to consume more fresh fruits and vegetables each
may have produced a gradual cascade effect in humans, which islay?-*5-18appear well supported by data presented previously and
now manifesting itself in many of the diet-related health problems strengthen the assumption that closer attention to features of the
modern humans are increasingly experiencing. This effect proba-natural diets of wild primates and study of their digestive physi-
bly relates to a host of other, as yet undiagnosed food-associatedlogy may provide valuable insights, which can eventually lead to
problems and conditions as well. better dietary practices for humans.

In summary, medical and nutritional scientists generally do not
approach the study of diet-associated human health problems from ACKNOWLEDGMENTS
an evolutionary perspective. But modern humans have ancestors Particular thanks to K. J. Carpenter for his interest and advice
and probably differ little from them biologicalBt Modern hu- regarding preparation of this paper, to S. Turner for his help with
mans also have close extant relatives in the primate order and arégure and table formatting, and to two anonymous reviewers for
believed to have come from an ancestral lineage that was stronglyheir useful suggestions.

REFERENCES

1. Trowell HC, Burkitt DP, edsWestern diseases: their emergence and 17.

prevention.Cambridge: Harvard University Press, 1981

Ames BN, Gold LS, Willett WC. The causes and prevention of
cancer. Proc Nat Acad Sci 1995;92:5258

2. Burkitt DP, Walker ARP, Palmer NS. Effects of dietary fiber on 18. USDA. The food guide pyramiddyattsville, MD: USDA, Human
stools and transit times and its role in the causation of disease. Lancet Nutrition Information Service, 1992
1972:2:1408 19. Isaac G. Food sharing and human evolution: archaeological evidence
3. Roe FJC. Food and cancer. J Hum Nutr 1979;33:405 from the Plio-Pleistocene of East Africa. J Archaeol Res 1978;34:
4. Crawford MA, Doyle W, Drury P, et al. The food chain for n-6 and 311
n-3 fatty acids. In: Galli C, Simopoloulos AP, ed3ietary w3 and 20. Peters CR, O'Brien E. The early hominid plant-food niche: insights
wé fatty acidsNew York: Plenum Press, 1989:5 from an analysis of plant exploitation Byomo, Panand Papio in
5. Prasad KN, Cole W, Hovland P. Cancer prevention studies: past, eastern and southern Africa. Cur Anthrop 1981;22:127
present and future directions. Nutrition 1998:14:197 21. 255ta:{15IiA Hominid dietary selection before fire. Cur Anthrop 1984;
6. Bengmark S. Ecoimmunonutrition: a challenge for the third millen- :
niumg. Nutrition 1998:14:563 g 22. Speth JD. Early hominid hunting and scavenging: the role of meat as
7. Calloway DH, Murphy S, Balderston J, et al. Village nutrition in 23 aEnat(zr:]erSgé slggacr?érjl\;l-'ul?;gollzi;lr?il;1r?uSt?i;ti108rf’2agconsideration of its
Egypt, Kenya and Mexico: looking across the CRSP Projects. US . nature and current imblications N Eng J Med 1985;312:283
8. é%ﬁgfg 'T'?rlzlr?\t/?r?r?rtr:%gﬂlljci\ggzn;ﬁgtEZ;gﬂvzgcpglg} E?Sezase' a new 24. Sept JM. Beyond bones: archaeological sites, early hominid subsis-
complexity. Yearbook Phvs Anthrop 1997:40:1 ' tence and the costs and benefits of exploiting wild plant foods in east
9 Cunﬁin h);m-RundlesS ﬁo LinD ﬁutritioyn aﬁd the immune system African riverine landscapes. J Hum Evol 1994;27:295
' of the %t Nutrition 199é'14'573 ' Y 25. Blumenschine RJ. Hominid carnivory and foraging strategies and the
gut. o _ . socio-economic function of early archaeological sites. In: Whiten A,
10. Draper HH. The aboriginal Eskimo diet in modern perspective. Amer Widdowson EM, edsForaging strategies and natural diets of mon-
11 |A_|nth_ropM19F£;7,79§éJQ d€00d and lution: dath ’ keys, apes and humar@xford: Oxford Press, 1992:51
- Harris M, Ross EB, eds:ood and evolution: toward a theory of - g yjiks M. Paleodietetics: a review of the role of dietary fiber in
human food habitsPhiladelphia: Temple University Press, 1987 preagricultural human diets. In: Spiller GA, Amen RJ, €ftspics in
12. Milton K. Food and diet. In: Levinson D, Ember M, edBhe dietary fiber researchNew York: Plenum Press 1978:181
ency(.:Iopedla of cultural anthropologilew York: Henry Holt Co, 27. Milton K. Primate diets and gut morphology: implications for human
1996:503 S evolution. In: Harris M, Ross EB, edsood and evolution: toward
13. Williams RJ. Nutritional individuality. Hum Nat 1978;6:46 a theory of human food habit&hiladelphia: Temple University
14. Lieberman LS. Biological consequences of animals versus plants as Press, 1987:93
sources of fats, proteins and other nutrients. In: Harris M, Ross EB, 28 Milton K. Features of digestive physiology in primates. News
eds. Food and EvolutionPhiladelphia: Temple University Press, Physiol Sci 1986;1:76
1987:225 _ 29. Milton K. Diet and primate evolution. Sci Amer 1993;269:86
15. National Research Counditecommended dietary allowancééth 30. Milton K. A hypothesis to explain the role of meat eating in human
ed. Washington DC: National Academy Press, 1989 evolution. Evol Anthrop 1999 (in press)
16. Block G, Patterson B, Subar A. Fruits, vegetables and cancer pre- 31. Milton K, Demment M. Digestive and passage kinetics of chimpan-

vention: a review of the epidemiological evidence. Nutr Cancer
1992;18:1

zees fed high and low fiber diets and comparison with human data.
J Nutr 1988;118:1



NUTRITIONAL CHARACTERISTICS OF WILD PRIMATE FOODS

32. Popovich DG, Jenkins DJA, Kendall CWC, et al. The western
lowland gorilla diet has implications for the health of humans and
other hominoids. J Nutr 1997;127:2000

Takahata N, Satta Y. Evolution of the primate lineage leading to
modern humans: phylogentic and demographic inferences from
DNA sequences. Proc Nat Acad Sci 1997;94:4811

Mitchell PCV. On the intestinal tract of mammals. Trans Zool Soc
Lond 1905;XVII(pt. 5):437

Martin RD, Chivers DJ, MacLarnon AM, et al. Gastrointestinal
allometry in primates and other mammals. In: Jungers WL Sézk

and scaling in primate biologyNew York: Plenum Press 1985:61
Savory C, Gentle MJ. Changes in food intake and gut size in
Japanese quail in response to manipulation of dietary fiber content.
Br Poult Sci 1976;17:571

Gross JE, Wang Z, Wunder B. Effects of food quality and energy
needs: changes in gut morphology and capacitylicfotus orchro-
gaster.J Mammal 1985;66:661

Lee WB, Houston DC. The effect of diet quality on gut anatomy in
British voles. J Comp Physiol 1993;163B:337

Lee WB, Houston DC. The rate of change of gut anatomy in voles in
relation to dietary quality. J Zool Lond 1995;236:341

Caton JMDigestive strategies of non-human primateh.D Thesis.
Canberra: The Australian National University, 1997

Wolde-Gabriel G, White TD, Suwa G, et al. Ecological and temporal
placement of early Pliocene hominids at Aramis, Ethiopia. Nature
1994;371:330

White TD, Suwa G, Asfaw BAustralopithecus ramidusa new
species of early hominid from Aramis, Ethiopia. Nature 1994;371:
306

Harding RSO. An order of omnivores: nonhuman primate diets in the
wild. In: Harding RSO, Teleki G, ed¥DOmnivorous primatesNew
York: Columbia University Press, 1981:191

Oftedal OT. The nutritional consequences of forging in primates: the
relationship of nutrient intake to nutrient requirements. In: Whiten A,
Widdowson EM, edsForaging strategies and natural diets of mon-
keys, apes and humar@xford: Oxford Press, 1992:51

Rodman PS. Feeding behaviour of orang-utans of the Kutai Nature
Reserve, East Kalimantan. In: Clutton-Brock TH, €dimate ecol-
ogy.London: Academic Press, 1997:384

Fossey D, Harcourt AH. Feeding ecology of free-ranging mountain
gorillas(Gorilla gorilla beringei). In: Clutton-Brock TH, edPrimate
ecology.London: Academic Press, 1977:415

Goodall JThe chimpanzees of Gombe: patterns of behavidam-
bridge: Belknap Press of Harvard University Press, 1986:267
Stanford CBChimpanzee and red colobus: the ecology of predator
and prey.Harvard: Harvard University Press, 1998:68

Wrangham RW, Conklin NL, Chapman CA, et al. The significance
of fibrous foods for Kibale Forest chimpanzees. Phil Trans Royal Soc
Lond 1991;334:171

McGrew WC. Evolutionary implications of sex differences in chim-
panzee predation and tool use. In: Hamburg DA, McCown ER, eds.
The great apedVienlo Park: Benjamin/Cummings Pub Co, 1979:441
Andrews P. Species diversity and diet in monkeys and apes during
the Miocene. In: Stringer CB, edAspects of human evolution.
London: Taylor and Francis, 1981:25

Kay RF. Diet of early Miocene hominoids. Nature 1977;268:628
Curtin SH, Chivers DJ. Leaf-eating primates of peninsular Malaysia:
the siamang and the dusky leaf monkey. In: Montgomery GG, ed.
Ecology of arboreal folivoresWashington DC: Smithsonian Press,

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.
53.

1978:441

54. Terborgh JFive new world primatesPrinceton: Princeton U Press,
1983:63

55. Maisels F, Gautier-Hion A, Gautier-Hion JP. Diets of two sympatric

colobines in Zaire: more evidence on seed-eating in forests on poor
soil. Intern J Primatol 1994;15:655

Baker HG, Baker I. Some chemical constituents of floral nectars of
Erythrinain relation to pollinators and systematics. Allertonia 1982;
3:25

Baker HG, Baker I. Relations of the sugars of fruit juices to polli-
nation by birds. Program of the IV International Conference of
Ecology, 71st meeting, Ecol Soc Amer, SUNY, Syracuse University,
New York, 1986:83

56.

57.

58

50.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

497

. Stafford AE. Mango. In: Chan HT Jr, etlandbook of tropical
foods.New York: Marcel Dekker Inc., 1983:399

McCready RM. Carbohydrates: composition, distribution, signifi-
cance. In: Nagy S, Shaw PE, Veldhuis MK, e@strus science and
technology. Vol 1Westport, CT: AVI Publishing Company 1977:74
Chan HT. Papaya. In: Chan HT Jr, éthndbook of tropical foods.
New York: Marcel Dekker Inc, 1983:469

MacDonald I. Carbohydrates. In: Shils ME, Young VR, édsdern
nutrition in health and diseasePhiladelphia: Lea & Febiger,
1988:38

Milton K. Pectin content of neotropical plant parts. Biotropica 1991;
23:90

Van Soest PJ. Some factors influencing the ecology of gut fermen-
tation in man. Banbury Report No. 7. Gastrointestinal cancer: en-
dogenous factors. New York: Cold Spring Harbor Laboratories,
1981:61

Van Soest PNutritional ecology of the ruminantCorvallis, OR:

O & B Books, 1982:188

Milton K, McBee RH. Structural carbohydrate digestion in a New
World primate Alouatta palliatagray. Comp Biochem Physiol 1983;
74:29

Bauchop T, Martucci. Ruminant-like digestion of the langur monkey.
Science 1968;161:698

Calvert JJ. Food selection by western gorill&g( gorilla) in
relation to food chemistry. Oecologia 1985;65:236

Adams CF, Richardson M\utritive value of foodsHome and
Garden Bulletin No. 72. Washington DC: USDA, Science and Ed-
ucation Administration, 1981

Herbst LH. The role of nitrogen from fruit pulp in the nutrition of the
frugivorous fruit batCarollia perspicillata Biotropica 1986;18:39
Widdowson EM. Contemporary human diets and their relation to
health and growth: overview and conclusions. In: Whiten A, Wid-
dowson EM, edskoraging strategies and natural diets of monkeys,
apes and human®xford: Oxford Press, 1992:129

Pollard T. Environmental change and cardiovascular disease: a new
complexity. Yearbook Phys Anthrop 1997;40:1

Murphy S, Rose D, Hudes M, et al. Demographic and economic
factors associated with diet quality for adults in the 1987—88 national
food consumption survey. J Amer Diet Assn 1992;92:1352

Pao EM, Mickle SJ. Problem nutrients in the United States. Food
Technol 1981;35:58

Booth S, Bressani R, Johns T. Nutrient content of selected indige-
nous leafy vegetables consumed by the Kekchi people of Alta
Verapaz, Guatemala. J Food Comp Analy 1992;5:25

Kuhnlein HV. Dietary mineral ecology of the Hopi. J Ethnobiol
1981;1:84

Nagy K, Milton K. Aspects of dietary quality, nutrient assimilation
and water balance in wild howler monkeys. Oecologia 1979;30:249
Calloway DH, Carpenter KONutrition and health.Philadelphia:
Saunders College Pub, 1981

Milton K, Jenness R. Ascorbate content of neotropical plant parts
available to monkeys and bats. Experientia 1987;43:339

Ames BN. Micronutrients prevent cancer and delay aging. Toxicol-
ogy Letters 1998;102/103:5

Hercberg S, Galan P, Preziosi P, et al. The potential role of antioxi-
dent vitamins in preventing cardiovascular diseases and cancer.
Nutrition 1998;14:513

Potter NN, Hotchkiss JHRood sciencesth ed. New York: Chapman

& Hall, 1995

Booth SL, Suttie JW. Dietary intake and adequacy of vitamin K. J
Nutr 1998;128:785

Chamberlain JC, Nelson GJ, Milton K. Fatty acid profiles of major
food sources of howler monkeyAlpuatta pallitg in the neotropics.
Experientia 1993;49:820

Adam O. Linoleic and linolenic acids intake. In: Galli C, Simopoulos
AP, eds.Dietary w3 and w6 fatty acids: biological effects and
nutritional essentialityNew York: Plenum Press, 1989:3356

Eaton SB, Shostak M. Fat tooth blues. Natural History 1986;95:6
Horrobin DF. Polyunsaturated oils of marine and plant origins and
their uses in clinical medicine. In: N Galli C, Simopoulos AP, eds.
Dietary w3 and w6 fatty acids: biological effects and nutritional
essentiality New York: Plenum Press, 1989:297



498

87.
88.

89.

90.

91.
92.
93.

94.

95.

96.
97.
98.
99.

100.

101.

NUTRITIONAL CHARACTERISTICS OF WILD PRIMATE FOODS

Carpenter KJ. The history of enthusiasm for protein. J Nutri 1986;
116:1364

Carpenter KJProtein and energy: a study of changing ideas in 102.

nutrition. Cambridge: Cambridge University Press, 1994:100

Milton K. Factors influencing leaf choice by howler monkeys: a test 103.

of some hypotheses of food selection by generalist herbivores. Am
Nat 1979;114:362

Milton K. The foraging strategy of howler monkeys: a study in
primate economicsNew York: Columbia University Press, 1980:
129

Rogers ME, Maisels F, Williamson EA, et al. Gorilla diet in the Lope
Reserve, Gabon: a nutritional analysis. Oecologia 1990;84:326
Milton K, Dintzis F. Nitrogen-to-protein conversion factors for trop-
ical tree samples. Biotropica 1981;13:177

Wardlaw GM, Insel PMPerspectives in nutritior8rd ed. St. Louis:
Mosby, 1995:159

Moir RJ. The “carnivorous” herbivores. In: Chivers DJ, Langer P.
The digestive system in mammals: food, form and functam-
bridge: Cambridge University Press, 1994:87

Milton K. Diet and social behavior of a free-ranging spider monkey
population: the development of species-typical behaviors in the
absence of adults. In: Pereira M, Fairbanks LA, eliscenile pri-
mates: life history, development and behavidew York: Oxford
University Press, 1993:173

Westoby M. An analysis of diet selection by large generalist herbi-
vores. Amer Nat 1974,108:290

Harborne JBBiochemistry of phenolic compoundsondon: Aca-
demic Press, 1964:53

Harborne JBlntroduction to ecological biochemistryondon: Ac-
ademic Press, 1977:155

Bernays EA. Plant tannins and insect herbivores; an appraisal. Ecofl12.

Entom 1981;6:353

Cooper SM, Owen-Smith M. Condensed tannins deter feeding by113.

browsing ruminants in a South African savanna. Oecologia 1985;67:
142
Mehansho H, Butler LG, Carlson DM. Dietary tannins and salivary

104.

105.

106.

107.

108.

109.

110.

111.

114.

proline-rich proteins: interactions, induction and defense mecha-
nisms. Annu Rev Nutr 1987;7:423

Milton K, Van Soest PJ, Robertson J. Digestive efficiencies of wild
howler monkeys. Physiol Zool 1980;53:402

Milton K, Demment M. Features of meat digestion by captive
chimpanzeesPan troglodytesAmer J Primatol 1989;18:45
Southgate DA. Nature and variability of human food consumption.
In: Whiten A, Widdowson EM, edd-oraging strategies and natural
diets of monkeys, apes and humadzford: Oxford Press, 1992:121
Bingham S. Patterns of dietary fiber consumption in humans. In:
Spiller GA. CRC handbook of dietary fiber in human nutritiénd

ed. Boca Raton: CRC Press, 1993:509

Jenkins DJA. Carbohydrates (B) dietary fiber. In: Shils ME, Young
VR, eds.Modern nutrition in health and diseasBhiladelphia: Lea

& Febiger, 1988:52

McNeil NI. The contribution of the large intestine to energy supply
in man. Amer J Clin Nutr 1984,39:338

Sakai WS. Aroid root cropsAlocasia, Cyrtospermand Amor-
phophallus In: Chan HT JrHandbook of tropical foodNew York:
Marcel Dekker Inc, 1983:29

Coursey DG. Yams. In: Chan HT Handbook of tropical foods.
New York: Marcel Dekker Inc, 1983:555

Armelagos GJ, Van Gerven DP, Martin DL, et al. Effects of nutri-
tional change on the skeletal biology of northeast African (Sudanese
Nubian) populations. In: Clark JD, Brant SA, e#som hunters to
farmers: the causes and consequences of food production in Africa.
Berkeley: University of California Press, 1984:132

Lancaster JB. Carrying and sharing in human evolution. Hum Nat
1978;2:82

Steinman DDiet for a poisoned planeiNew York: Harmony Books,
1990:76

Cohen MN.Health and the rise of civilizationNew Haven: Yale
University Press, 1989:174

Spallholz JE, Boylan LM, Driskell JA, eddutrition, chemistry and
biology. 2nd ed. New York: CRE Press, 1998:120





