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Primates are noted for their mental abilities but the selective basis Jfor such traits has re-
mained obscure. It & hypothesized that the element of predictability associated with the
spatial and temporal distribution patterns of plant foods in tropical forests has served to
stimulate mental development in primates taking much of thesr food from the [first trophic
level. Primates able to remember the locations and phenological patterns of a wide vartety
of plant foods could move directly to such foods when and where available without
wasting time and energy fn random search, This would enhance overall Joraging success
by lowering procurement costs associated with a varied and patchily distributed plant
diet. Membership in o cohesive social unst, that utiiized the same supplying area over
many consecutive generations, would also enhance foraging success by serving to fransmit
tmportant information about diet to close kin. Data on the foraging behavior of howler
and spider monkeys are presented Lo test certain implications of this hypothesis. Similar
selective pressures, but applied to foods from the second trophic level, may have been of
critical importance in the mental development of homénids. {primates, evolution, intelli-
gence, plant foods, Aleles, Alouatta)

MOST PRIMATES SHOW A REMARKABLE CAPACITY for learning and retention. As noted by
Eisenberg (1978), what appear to set primate societies apart from those of other relative-
ly long-lived and large-brained anirnals are particular sets of attributes related to the
storage and retrieval of a great deal of independently acquired information about the en-
vironment. The complex brain of higher primates forms the basis for a plasticity of
behavior that permits a wide variety of responses to a given situation (Napier 1970).
Hominids are at the zenith of this trend and many hypotheses have been advanced as to
why increasing mental compiexity might have been favored in their evolution. Hunting is
frequently singled out as a critical factor (Washburn and Lancaster 1968). According to
this hypothesis, proto-humans living in savanna-mosaic areas during the Pliocene may
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have become increasingly dependent on animal protein in the diet. This dependency, in
time, could have resulted in strong selective pressure toward increased hunting efficiency
through cooperative hunting. food sharing, manufacture of tools and a symbolic system
of communiecation (Hockett and Ascher 1964: Holloway 1967). It is indeed possible that
selective pressures related 1o increased hunting efficiency may have served as an impor-
tant stimulus in the evolution of the hominid brain. What is omitted from this and
similar explanations, however, is why increasing mental complexity might have been
favored in hominid evolution in the first place.

The key to understanding any adaptive trait comes not only from a knowledge of cur-
rent selective pressures but also from the past evolutionary history of the species in ques-
tion. New adaptations are not creations sui generis but rather are modifications of past
adaptations. Some critical pressures in the evolutionary history of certain higher primates
resulted in an increasing dependence on memory and learning—the hominid line
represents an intensification of what must have been a preexisting trend in primate evolu-
tien.

Early primate field studies were largely concerned with the behavior of savanna-living
primates since these were thought to offer possible analogues for haminid evolution
{Washburn and DeVore 1961). It must he remembered, however, that proto-humans did
not ¢volve in the savannas, but rather came gradually to them from tropical forests, bring-
ing with them many millions of years of adaptations to forest conditions. To under-
stand the origins of mental complexity in hominids, we must look not only at life in the
savannas but also at life in tropical forests, for it is here that the first steps toward an in-
creasing dependence on mental abilities must have been taken, What pressures on forest-
living primates might have stimulated evolution along these lines?

Larger, forest-living primates today are ali either partially or entirely primary con-
sumers - that is to say, the bulk of their diet is taken from plant foods. In a forest, in-
creasing body size apparently makes it uneconomical to specialize on limited, smail, and
discrete food particles such as insects (C. Hiladik 1978). It seems reasonable to assume
that the ancestral line Jeading to hominids may alss at one time have been either partially
or entirely dependent on plant foods. But, though tropical forests have often been viewed
as unlimited sources of food for plant-eating animals, recent research has made it clear
that this is a misleading assumption. Tropical forests arc highly dynamic, fluctuating
systems and often require dietary strategies of considerable complexity to meet the nutri.
tional needs of an animal over all phases of an annual cycle. This is particularly true in
the case of large-bodied primates eating a diverse set of plant resources diastributed over a
large home-range area,

It is my hypothesis that the extreme diversity of plant foods in tropical forests and the
manner in which they are distributed in space and time have been a major selective force
in the development of advanced cerebral complexity in certain higher primates,

FRAMEWORK FOR THE HYPOTHESIS

L. Body size, diet, and home-range size. Larger primates require absolutely more food
than smailer primates. Thus, in general, they require a larger supplying area (Milton and
May 1976). Young leaves are more patchily distributed in space and time in tropical
forests than mature leaves; ripe fruit is more patchily distributed than young leaves (see
below; see also Milton 1977a, 1980). Primates eating primarily young leaves should have
larger supplying areas than those specializing more on mature leaves, while fruit special-
ists should have larger supplying areas than leaf specialists (with body size and all other
considerations being equal) (Milton and May 1976: Clutton-Brock and Harvey 1977).

2. Spatial distribution of potential piant foods. Tropical forests are generally charac-

b36 AMERICAN ANTHROPOLOQGIST [83, 1981

terized by a high diversity of tree apecies. Most species have very low densities. An analysis
of data collected on all trees 60 cm. and over in circumference breast height in a set of
quadrats (§ one-hectare quadrats) representing 60,000 m.2 of lowland tropical forest in
central Panama showed that 65% of alj species encountered occurred less than once per
hectare. Only one of the 135 different tree species identified in this study had a relative
density in the total sample greater than 5%. When tested for pattern, data showed that
most species tended toward a significantly clumped rather than random or uniform
distribution (see Milton 1977a, 1980). Thus potential food sources for plant-eating
primates in such forests can be described as patchy in space.

8. Temporal distribution of potential plant foods. Phenological data were collected on
leaf, flower, and fruit production in this same jowland tropical forest for a five-year
period. Each week the phenological status of 394 different trees representing 145 species
was recorded. An analysis of these data showed that there were pronounced peaks and
valleys in the production of seasonal items (new leaves, flowers, fruiu) and that individual
trees of most species generally showed some degree of intraspecific synchrony in
phenology (Milton 1977a, 1980; Leigh and Smythe 1978). To quantify how long par-
ticular categories of seasonal dietary items might be available from patticular species, 1
drew 12 species at random from the 145 species represented in the phenclogical sample
and noted the months in which new leaves, fruits, and fowen, respectively, were oh-
served on these specics for one annual cycle. Young leaves were available on particular
species for a mean of 6.8 months of an annual cycle, green and ripe fruits for 5.7 months,
and flower buds and flowers for 2.7 months. Ripe fruits, however, were available on par-
ticular species for only 1.1 months. Further, these items were available on individual trees
for even shorter periods of time: new leaves for a mean of 5.3 months, green and ripe
fruits for 2.1 months, and flower buds and flowers for 1.8 months. Ripe fruits were
available for individual trees for only 0.8 month. Examination of the nutrient content of
some of these dietary items showed that in individual cases some of these items apparently
were optimally edible for no more than 72 hours per annum {e.g., Dush leaves of Cesba
pentandra) (Milton 1980). Thus potential foods for primates in such forests can be
described as patchy in time and generally ephemeral in terms of optimal nutritional
guality.

These features of plant foods in tropical forests should make it difficult for large plant-
eating primates to specialize on only one or a few food species. An enormous supplying
area would be required for such a specialist and dietary items would have to be availabie
on & year-round basis. Thus, in general, iarger primates are under considerable pressure
to diversify their diets and show considerabie dietary flexibility.

4. Predictability in space and time. Though plant foods, particularly preferred
scasonal foods such ss young leaves, flowers, and fruits are very patchily distributed in
space and time in tropical forests, they share an important feature that could work to the
advantage of a primary consumer, This is the degree of predictability associated with
their spatial and temporal distribution (Milton 1977, ¢). Once the location of a par-
ticular food tree is known, it becomes a dependable seasonal resource in terms of its loca-
tion for the lifetime of a primate. Further, though each tree species has a particular
phenological pattern, most such patterns show some degree of predictability as well
(Augspurger 1978). This element of predictability with respect to the spatial and tem-
poral distribution of potential foods helps to counteract the patchiness component
associated with such 2 diet, It may have served as a critical stimulus in the development of
cerebral complexity in higher primates for it places them under somewhat different selec-
tive pressures than secondsry consumers with respect to certain important features of
their foraging behavior.

5. Food search efficiency. Secondary consumers, carnivores, typically are faced with
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mobile and evasive prey items which must first be located and then pursued and cap-
tured. Models dealing with foraging strategies of secondary consumers generaily em-
phasize the importance of both the search and the pursuit components of foraging
{MacArthur and Pianka 1966; Schoener 1971). Primary consumers, howevel:. do not
have to devote any notable expenditure of time or energy to the pursuit of prey since their
foods -~ leaves, fruit, and flowers— are sessile and pursuit costs are small and similar for
all items (Westoby 1874). We might therefore predict that primary consumers are under
strong selective pressure with respect to increased food search cfﬁcier}cy since this should
be a feature of major importance in overall foraging success. Increasing food‘scarch t_:fﬁ~
ciency would lower foraging costs related to both time and energy expended in foraging.
1t would also reduce the risk of exposure to predators, In this respect, the predictability in
space and time of particular items of diet could work to the advam:-x’gc. of primary con-
sumers, Rather than wasting time and energy seeking out patchily distributed foods in a
random fashion, such animals could move directly to particular dietary items when and
where they were available, . . )

How might selection function to improve food searc}f efficiency w'ben dealing wztlh
patchily distributed plant foods? It seems maladaptive in ‘gcncr?l, gwcn'the dynamic
nature of tropical forests, to try and code a great variety of d‘]cta.ry m.ferm'at.l?n gcnetx'ca.i-
Iy. Rather, what appears to be required is a great deal of behawoz:al flexibility — fiexxb‘zL
ity to respond to continually changing forest conditions. I.ncrc‘asmg mc:}ml complexity
with a strong emphasis on learning and retention is one direction scle?ifon could talfe.
This would accomplish the dual purpose of improving an animal's ability o recognize
and remember the locations and timing of a variety of preferred foods as well as provide
the required behavioral flexibility. In time, “wise” primates that could seek out the most
nutritious foods with the least expenditure of time and energy should outcompete “less
wise” primates relying primarily on a strategy of chemosensory cues or random search.

For maximum efficiency, some means other than genetic coding should also be devel-
oped to transmit such essential information to offspring since such foods are not only
patchy within home-range areas but also vary from one home range to an?thcr (Richard
1977; Milton 1977a, 1980). Membership in a relatively cohesive social unit, that utilized
essentially the same supplying area over successive generations, would greatly c.nhance ef-
ficient food search by serving to transmit information (either through imitation, learn.
ing, or a combination of the two) on types and distribution patterns of preferred foods to
new generations of kin. . )

if the implications presented above are valid, when we examine the behavior of forest-
living primates that are primary consumers, we should find that they fall along a con-
tinuum. All eise being equal, those primate species dependent on the most hyper-
dispersed and patchy foods should show greater evidence of mental dz:velopm;:m than
primates eating more uniform dietary resources. To test this hypothesis, 1 cxafngncd the
diet and foraging behavior of two primate species, both primary consumers, living sym-
patrically in the lowland tropical forest on Barro Colorado Island in central Par.xama af:d
then, using data from other sources, I related my results to estimates of Fhexr relative
cranial capacities as well as the cranial capacities of other primate species. The two
species selected for detailed examination were howler monkeys (dlouatia palliata) and
spider monkeys (Afeles geoffroyr).

HOWLER AND SPIDER MONKEYS

Howler and spider monkeys are large Neotropical primates, averaging approximately
the same adult body weight (7-9 kg.). They are found living sympatrically over mugh of
their extensive geographical range. Both species are highly arboreal, eat an exclustiy
plant-based diet, and have relatively unspecialized digestive tracts when compared with
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certain other plant-eating primates, particularly the leaf-eating colobines and indriids
{C. Hladik 1967; Milton, Van Soest, and Robertson 1980). Both species live in relatively
closed mixed social groups: strange conspecifics are generally repelled (Milton 1977a,
1980; Klein and Klein 1977). My own long-term data indicate that a high degree of inter-
relatedness exists between troop members of both species.

Troops of both species live in specific home-range areas that overlap with home ranges
of conspecific troops (Milton 1977z, 1980; Klein and Klein 1877). My data indicate that
these home ranges are used over various generations by members of the same social net-
work. Therefore animals living in a particular section of the forest may be the
descendents of animals living there some generations ago. Thus, in a great many impor-
tant respects, these two primate species share common characteristics.

Howler monkeys and spider monkeys differ considerably, however, in dietary focus.
Though both species cat primarily leaves and fruit, howlers are more folivorous while
spider monkeys are more frugivorous. On Barro Colorado howlers spent an annual
average of 48% of {eeding time eating leaves, 42% eating fruit, and 109 eating flowers
and flower buds. At certain times of the year, however, when fruit was in short supply,
howlers switched to 2 diet consisting almost entirely of leaves (Milton 1977a, 1980). At
such times, they spent as much as 90% or more of daily feeding time eating only leaves.
Similar high percentages of leaf-cating over prolonged periods of time have been
reported for howler monkeys living in other habitats (Clander 1975, 1978).

In contrast to howler monkeys, spider monkeys on Barro Colorado spent an annual
average of 72% of daily feeding time cating fruit, 22% eating leaves, and 6%, cating
flowers and flower buds. When fruit was scarce in the forest and howlers turned to a
heavily leaf-based diet, spider monkeys still were able to spend a daily average of 60% of
feeding time eating fruit by carefully secking out what appeared to be all available fruit
sources in the habitat. Hladik and Hladik {1969) have estimated that 80% wet weight of
the annual diet of spider monkeys on Barro Colorado comes from fruit pulp; at no time
do these monkeys become strongly dependent on leaves. Similar feeding data have been
obtained for spider monkeys living in other locales (Klein and Klein 1977).

As noted above, fruit is a more patchily distributed food resource in tropical forests
than leaves - even young leaves. This difference is reflected in the considerable difference
between the two species in the size of their supplying area, On Barro Colorado, where
troop size for howlers averages some 19 animals, average home-range size is 31 hectares.
In contrast, one troop of 15 spider monkeys uses a home-range area of around 800 hec-
tares. Supplying areas of similar size have been reported for similar-sized troops of dteles
belzebuth in evergreen forest in Colombia (Klein and Klein 1877).

Thus spider monkeys are faced with a far more complex problem than howlers with
respect to locating their food sources since, in effect, they are dealing with a supplying
area over 25 times as large. How might selection have operated on the foraging behavior
of these two primary consumers so as to improve their respective foraging efficiencies?

HOWLER MONKEYS: THE SOCIAL GROUP AS THE INFORMATION UNIT

Data show that over an annual cycle, howlers eat foods from more than 150 different
plant species, primarily large trees. An average of seven different plant species are eaten
each day and daily tumover of species averages 519%. Chemical analyses confirm that
howlers generally choose foods of a high nutritional quality, Given the wide variety of
potential foods in tropical forests, how do howler monkeys know what to eat and where to
find ir?

Data from several lines of investigation indicate that food choices are determined in
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large part by learning. Howler troops living in different areas of the Barro Colorado
forest had different dietary traditions that were not totally explicable in terms of the
relative abundances of particular tree species or relative availability of foods in each area
{Milton 1977a, 1980). Sirnilar patterns have been reported for other primate species
cating strongly plant-based diets {e.g., Japanese macagues. Kawamura 1959; chim-
panzees, van Lawick-Goodall 1978; sifakas, Richard 1977). Further, tempotarily caged
wild howlers consistently refused to eat nutritious but unfamiliar plant foods such as
bananas, apples and lettuce even though they were obviously hungry; they did, however,
readily accept all familiar wild foods offered them (Milton, Van Soest, and Robertson
1080). Young howlers raised in captivity will eat a wide variety of different foods, in-
cluding eggs. cottage cheese, and meat. This too suggests that learning plays a critical
rale in determining what a wild adult howier will perceive as food.

Young howlers do not have a protracted period of maternal dependence. By six
months of age a young howler, though still nursing, locomotes independently and feeds
on solid foods with the troop. A long period of strong maternal dependence has been cor-
related with the need for a long period of information input and learning (Bartholomew
and Birdsell 1953; Schultz 1968). Though howlers eat 2 diverse diet, young animals ap-
parently do not have to maintain long-term close bonds with their mothers to master the
dietary traditions of their area. 1 hypothesize that this is at least partially because they are
part of a tight-knit social system. Members of 2 howler troop tend to perform all activities
as a unit— when one animal is feeding, the rest of the troop is generally feeding too,
typically in the same tree. Thus all a young howler has to do is stay with the troop and do
what other members do in order to learn what to eat and how to Jocate such foods effi-
ciently. After spending several years in the same home range, a young howler should
tmaster, through imitation and learning, the complexities associated with a diverse and
patchily distributed diet.

Given that howler monkeys gradually learn to recognize preferred foods, the question
remains as to whether they take advantage of the element of predictability associated
with their food resources in order to locate them with a minimal expenditure of time and
energy. There is considerable evidende that they do. First, data show that howlers tend to
concentrate the bulk of their foraging activities in parts of their supplying area where the
densities of preferred food species are relatively high. This increases their probability of
locating preferred foods. Howlers show patterns of goal-directed travel and further can
apparently recognize particular tree species as individuals and remember either their
locations or routes leading to them {Milton 1977a,b,c). To quantify whether, in fact,
howlers were locating sources of preferred food mote frequently than would be expected
from a pattern of random search, travel routes and encounters with individuals of two
important food species (Ficus yoponensss and Ficus insipida) were analyzed for one study
troop for an annual cycle. It was found that howlers were significantly more efficient at
locating sources of these preferred foods than if they had been traveling at random
(Milton 1977b,c, 1980). ~

As leaf-caters, howlers have relatively small home ranges, amenable 1o a program of
constant monitering. On Barro Colorado, average home-range size is 31 hectares. The
howlers' success at food location appears to depend, in large part, on the adherence to
very regular pattemns of activity in which some 10% of the day is spent moving an average
of 450 meters through their supplying arca over what appear to be traditional arboreal
pathways connecting important clusters of food trees. Howlers may therefore not have to
remember the types and locations of preferred foods, at least for more than a short time.
{Some observational evidence, however, indicates longer-term memory.} All howlers have
to do is learn these pathways and keep moving over their home range in such a way as to
maximize probabilities for encounters with preferred foods. For howler monkeys,
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SPIDER MONKEYS: THE INDIVIDUAL AS THE INFORMATION UNIT
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ping to eat along the way. The following day one or two of the same trees may be revisited
by various spider monkeys and from four to eight new individuals of the same fruiting
species added to the day route by moving over 2 route that minimizes travel distances be-
tween such fruiting trees. These data show that spider monkeys know the locations of par-
ticular trees, recognize them as individuals and realize that when one individual of a
species is producing ripe fruit that other individuals of this species are probably produe-
ing it as well, It further suggests that spider monkeys are capabic of formulating a travel
route in advance that takes them to a number of different fruiting individuals over the
course of a notmal day's travel such that they do not double back and cover areas already
visited.

Given the distribution patterns of their resources, it is apparently most efficient for
spider monkeys to forage in small subgroups rather than in one large unit Hke howlers
(see zlso Klein and Klein 1977; Wrangham 1977}. Each aduit spider monkey would ap-
pear to use its own particular subset of the total pool of resource information represented
by the troop to locate preferred foods. By foraging in small subunits, each spider monkey
should obtain a more nutritious diet than otherwise would be the case. Maany of the tree
species favored by spider monkeys (e.g., Spondias mombin, Dipteryx panamensis), unlike
the fruiting trees favored by howlers (i.e., Ficus spp.), ripen only a portion of their fruit
crop each day. By dispersing over a wide area, and visiting a large number of different in-
dividuals of the same fruiting species each day, each spider monkey may obtain a better
quality diet than if all members of the troop used the same few trees. Further, spider
monkeys eat absolutely more fruit each day than howlers {Milton 1981}, Their greater
overall fruit requirement may also best be served by using many rather than one or a few
fruiting trees each day.

Thus spider monkeys would appear to be under somewhat different selective pressures
than howlers with respect to certain important features of their foraging strategy. There
appears to be far more pressurc on them as individuals to learn to recognize and
remember types and locations of a great many different food species and to be able to
add to this number by showing considerable behavioral flexibility. Spider monkeys also
show a more complex set of social behaviors than howlers including a rich repertoire of
facial gestures, elaborate bouts of allogrooming and various distinctive vocalizations,
some of which carty long distances and appear to convey information of a dietary nature
to members of the troop in other parts of the home range.

DISCUSSION

If, as hypothesized, a more patchily distributed plant-based diet is, in some manner,
correlated with advanced mental abilities in primates, all else being equal, spider
monkeys should show more evidence of mental development than howlers since they are
dealing with 2 more complex foraging matrix. One way of approaching the question of
mental development is to examine the absolute and relative brain size of each species. A
study by Quirling (1950), which examined brain size in a number of primate species,
showed that mean brain weight for 63 male and female Ateles was 107 grams (X body wt.
= 7.6 kg.). In striking contrast, mean brain weight for 28 male and female Alouaita was
50.34 grams (X body wt. = 6.2 kg.). Bauchot and Stephan (1968) also showed that mean
brain size for spider monkeys was almost double that of howlers. Jerison (1978), who com-
pared both relative brain size (encephalization quotient (EQ) = the ratio of an animal's
actual brain size to its “expected” brain size based on body size (see Jerison for a full
discussion of techniques used in computing encephalization indices) and relative neural
complexity for a large number of primate species, found that species of Ateles showed a
relative brain size and degree of neural complexity approximately double that of Alouat-
ta species. -
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_ Since ‘howlcr monkeys eat considerable foliage, it might be assumed that the difference
in relative brain size between the two species is an artifact effect produced by the
prcsxfmab!y greater weight of the howler digestive tract. However, data compiled on the
relative surface area of different sections of the digestive tract of howler and spider
n.mnkcys show that only in the area of the large intestine is there any notable difference in
size between the two species (C. Hladik 1967; Milton 1981). Further, ficld observations
suggest that spider monkeys consume a greater volume wet weight of food per day since
they sp_cnd a greater percentage of their daylight hours feeding than howlers and spend
more time eating fruit which generally can be ingested approximately twice as rapidly
as lca.vcs per unit wet weight {Milton 1980). Therefore, though there is some difference in
gut size between the two species it does not appear sufficient te account for the con:
sfdcrabic difference in brain weight between them (see Leutenegger (1973) for a discus-
sion '()f exponents of allometry for brain/body size in primates).
. it is recognized that indices of relative brain size as well as measures of neural complex-
ity d? not necessarily reflect relative mental abilities. The problems inherent in using
such indices as evidence of increased mental abilities have been the topic of many clegant
and thoughtful discussions as, for example, those of Jerison (1961, 1963, 1973). Holloway
(19'.?5),. and Gould (1975). Avoiding speculation as to the precise significance of largc;
bra}n size in spider monkeys, it does appear clear that selection has favored an increase in
bra‘:n size in this lineage far more than in howlers. The brain is an expensive organ to
maintain and its considerable size in spider monkeys must in somne manner be compen
sated for by benefits accrued. The most striking difference between spider monkeys and
howlc:: rnonkeys in terms of their basic ecology is their different dictary focus. Most othes
behavioral differences as well as many morphological differences seem secondarihy
rci'atcd to this fundamental difference in diet. Selective pressures related to increased of
ficiency in exploiting an extremely patchily distributed plant-based diet would appear «
be the most likely factor initially involved in the cerebral expansion of the Ateles lineage
(Fcr. an interesting discussion of encephalization ratios of various divisions of the brainir
a wide range of primates see Douglas and Marcellus (1975), who conclude “man mus
have a platyrrhine ancestry . . . more like that of an American wooley or spider monke:
than like that of either the chimpanzee or the gorilla” [p. 179].) _
:l‘uming from a consideration of two primate genera to a wider examination of mam
primate genera, the same basic trend can be discerned. The comparative charts ot
Jerison (1978} present data on primate body size, brain size, and indices of cranial siz
and neural complexity. When viewed with respect to dietary focus, these indices offe:
support for the hypothesis that primate groups exploiting a more complex foraging
matrix show greater evidence of cerebral complexity. Further, a recent paper by Clutton
Brock .and Harvey {1980}, which uses 2 measure of encephalization specifically designe:
to avoid some of the problems pointed out by Jerison (1973} {i.c., formula of Clutton
Brock and Harvey {1980); comparative brain size, CBS, (for a given genus} = log (brai
wt.}) — (elevation for Family + slope for Family X log (body weight)) shows that, i
g‘cnerai, more strongly frugivorous primates show a trend toward greater cerebral expan
ston than more folivorous genera, For example, the primarily folivorous Indriidae show :
lower comparative brain size than the more frugivorous or omnivorous Lemurinac
Alouatta, the most folivorous cebid, shows the lowest value of all cebids tested. The leaf
eating ?olobinac generally show lower values than the more frugivorous or omnivorou
Ccrco‘pithccinae such as Cercocebus. The gelada baboon, Theroprthecus, an animal tha
cxpit'ms a.miativcly uniform grassland substrate, shows a lower value than those te
restrial primates eating morc hyperdispersed and patchy foods such as Macaca or Papse
The Hylobatidae and Pongidae show very high values and most are highly frugivorous a
well (see Clutton-Brock and Harvey 1980). '
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As noted, all extant primate species take at least some portion of their diet from plants.
Since all larger-bodied anthropoids arc strongly dependent on plant foods, all of them
face the same basic problems with respect to food search efficiency. But some dietary
groups, particularly farger-bodied frugivores, tend to face somewhat more complex
problems in terms of efficient food location than other dietary groups and these are the
primates generaily exhibiting maximal cerebral expansion. Interestingly enough, a re-
cent study of the relative eranial volumes of members of the order Chiroptera showed
that neetarivores and frugivores (taking foods from the first trophic level) bad relatively
targer cranial volumes than sanguivores, inscctivores, of carnivores (taking foods from
the second trophic level) (Eisenberg and Wilson 1978), Some features associated with
hyperdispersed and patchy food resources, particularly plant resources, therefore appear
to stimulate an increase in brain size across ordinal boundaries though the precise func-
tional reason for such an increase has not as yet been determined.

In turning to a consideration of factors involved in the mental development of
hominids, it is not difficult to imagine that an intensification of the process I have just
described for spider monkeys, butin 2 savanna-mosaic setting, might produce a primate
line even more strongly dependent on mental abilities. Comparative data show that
savanna-living primates have home-range areas, both on an individual and on a troop
basis, that are relatively larger than those of forest-living primates of similar body size
(Milton and May 1976). Therefore, australopithecines, estimated to have been around
the same size as extant chimpanzees, may have had very large home-range areas. Data in-
dicate that the cranial capacities of australopithecines are relatively somewhat larger
than those of extant pongids; further, the brain appears to have been organized along
cssentially human rather than pongid lines (Holloway 1978; Leutenegger 1973). The ad-
ded complexity of efficient food location over a much larger home-range area, when
combined with new logistical problems such 2s the probable need for a constant water
supply (an additional challenge in terms of foraging cfficiency since it can limit effective
day range) and defense from terrestrial predators may have been sufficient to account for
the relatively lazger brain size of australopithecines, The added burden imposed by the
need to communicate an increasingly complex set of learned behaviors to offspring may
also have stimulated some modification of brain organization.

Early members of the genus Homo show a clear increase in relative cranial capacity
over the australopithecines (Pilbeam and Gould 1974; McHenry 1976). This indicates
that some shift in behavior of early members of this lineage favored an increase in brain
size. As has been suggested, a climatic or other environmental change may have altered
the australopithecine resource base tn certain savanna-mosaic areas, particularly with
respect to primary productivity, such that new foraging behaviors were favored by selec-
tion. Pilbeam and Gould (1974) have speculated that all australopithecines were strongly
dependent on plant foods. The smaller body size of Australopithecus africanys implies a
need for more concentrated, higher quality dietary resources than would be required by
the larger bodied 4. robustus (see Parra 1978; Milton 1979; Van Soest 1981 for discussion
of the nutritional needs of herbivores of different body size), Certain groups of smali-
bodied australopithecines may well have turned to scavenging and/or hunting foods from
the second trophic level to augment often scarce or nutritionally incomplete vegetable
foods.
Both carbohydrates and proteins are essential nutrients. Carbohydrates taken into the
body in excess of daily requirements can be stored by the body as fat and later utilized in
times of energy shortage. Protein, however, is an essential nutrient that cannot be stored
as such by the body except in minute quantities (Maynard and Loosli 1969). Proteins
containing essential amino acids in the proper compiements and proportions must be
taken into the body via the food each day to provide the materials for hurnan protein syn-
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typically involved in such a change (Holloway 1967; Gabow 1977} can result in the
reorganization or modification of many existing traits as well as the strengthening of
preadaptations of utility in the efficient performance of the new behavior. Since a trend
in increased cranial capacity can be noted in primate groups strongly dependent on
patchily distributed plant foods, it is probable that the ancestral line leading to hominids
received its original mental impetus from similar selective pressures. In support of this
hypothesis it should be noted that evidence suggests most zarly Miocene hominoids oc-
cupied a frugivorous dietary niche (Kay 1977). Thus members of this superfamily have an
extremely long evolutionary history bound up with the exploitation of foods of this type.
1t also seems probable that a shift in dietary focus, which strongly emphasized mobile
foods from the second trophic level as well as sessile foods from the first, may well have set
in motion the evolutionary process ultimately resulting in the mental development and
behaviors characteristic of members of the genus Homo. A dietary focus of this nature
would facilitate the acquisition of adaptations such as a division of labor and food shar-
ing, two behaviors that have been viewed as critical steps feading ultimately to human
social systems based on reciprocity (Isaac 1978).

NOTES

Achnowledgments. Many of the ideas in this paper, particuiarly the idea of the clement of predic-
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mate feeding ecology heid during the annual mectings of the AAPA in Seattle, Washington (April 1977).
An earlier draft of this manusctipt was read by interested colleagues in the UK. in the late fall of
1978, A shortened version of this manuscript was presented at the annual meetings of the AAPA in
San Francisco, California (April 1979). The paper has alse been presented at the Smithsonian
Tropical Research Institute (April 1977, July 1980) and at Columbia University {March 1980} and
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on the ideas in this paper and 1 am grateful for all of their intcrest and suggestions.
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