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ABSTRACT  The adaptive radiation of modern New World monkeys un-
folded as the major lineages diversified within different dietary-adaptive
zones predicated upon a fundamentally frugivorous habit. The broad outlines
of this pattern can be seen in the fossil record, beginning in the early Miocene.
Cebids are obligate frugivorous predators. The smallest forms (Cebuella, Cal-
lithrix) are specialized exudativores, and the largest (cebines) are seasonally
flexible omnivores, feeding particularly on insects (Saimiri) or “hard” foods,
such as pith and palm nuts (Cebus), when resources are scarce. The smaller-
bodied atelids (Callicebus, Aotus) may use insects or leaves opportunistically,
but pitheciins (saki-uakaris) specialize on seeds as their major protein source.
The larger atelines (Alouatta, Brachyteles) depend on leaves or on ripe fruit
(Ateles). Locomotion, body size, and dietary adaptations are linked: claws and
small body size opened the canopy-subcanopy niche to callitrichines; climbing
and hanging, the fine-branch setting to the atelines; large size and strength,
semiprehensile tails, and grasping thumbs, the extractive insectivory of Ce-
bus; deliberate quadrupedalism, the energy-saving transport of folivorous
Alouatta. Body size increases and decreases occurred often and in parallel
within guilds and lineages. Conventional dietary categories, particularly fru-
givory, are inadequate for organizing the behavioral and anatomical evidence
pertinent to evolutionary adaptation. Related models of morphological evolu-
tion based on feeding frequencies tend to obfuscate the selective importance of
“critical functions,” responses to the biomechanically challenging components
of diet that may be determined by a numerically small, or seasonal, dietary
fraction. For fossils, body size is an unreliable indicator of diet in the absence
of detailed morphological information. More attention needs to be given to
developing techniques for identifying and quantifying mechanically signifi-
cant aspects of dental form, the physical properties of primate foods, their
mode of access, and the cycles of availability and nutritional value.

© 1992 Wiley~Liss, Inc.

Little effort has been given to explaining
the adaptive radiation of New World mon-
keys. The major evolutionary studies have
been strictly taxonomic in focus. Thus there
are only a few synthetic hypotheses relating
to evolution of feeding adaptations among
platyrrhines. Hershkovitz (1977) proposed
that the essence of the radiation was an in-
exorable evolution of body size, from small to
large, with locomotor and dietary conse-
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quences. Rosenberger (1980) interpreted the
radiation as differentiating arrays occupy-
ing two dietary-adaptive zones (Fig. 1), each
making up a monophyletic guild, the cebid
and atelid clades (Table 1). I proposed that
different adaptive modalities evolved within
these zones, canalized by heritage, as closely
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Fig. 1.

Adaptive radiation and differentiation of feeding niches in New World monkeys (see text). A

divergence in dietary strategies defines the major adaptive zones, represented by cebids and atelids,
while differentiation within families involves locomotor/foraging specializations as well as body size
separations. The uniqueness of the nocturnal/crepuscular Aotus is indicated by the rectangle; diagonals

separate identifiable dietary specialists.

related taxa partitioned their broadly de-
fined ancestral niches, evolved new ways of
exploiting resources to reduce competition,
and gravitated to become generalists or spe-
cialists within each sector. Kinzey (1986),
Sussman and Kinzey (1984), Robinson and
Janson (1987), Robinson et al. (1987), and
Rosenberger and Strier (1989) also pre-
sented reviews of various platyrrhine
groups emphasizing diet.

This paper attempts to outline the major
features of platyrrhine evolution as an adap-
tive array of feeding strategies, buildingon a
thesis presented previously in abstract form
(Rosenberger, 1980, 1988). The discussion
concentrates on the modern platyrrhines,
their dental morphology, their body size di-
versity, and some elements of their foraging
behavior. Geographical factors (see, e.g.,
Eisenberg, 1979; Emmons, 1984; Rosen-
berger, in press) influencing diet and social
correlates (see, e.g., Rosenberger and Strier,
1989) are not addressed here. Feeding adap-

tations of fossil platyrrhines, and implica-
tions for the study of primate diets gener-
ally, are also considered briefly.

MATERIALS AND METHODS
Taxonomy and classification

During the past decade, several higher
level platyrrhine classifications were pro-
posed (see, e.g., Szalay and Delson, 1979;
Rosenberger, 1981; Ford, 1986; Kinzey,
1986; Rosenberger et al., 1990) as alterna-
tives to more conventional arrangements
(see, e.g., Napier, 1976; Hershkovitz, 1977).
The impetus for these changes stemmed
from the recognition that a taxonomic divi-
sion of platyrrhines into clawed and non-
clawed families (e.g., Callitrichidae and Ce-
bidae) probably does not conform to the
criterion of monophyly (or holophly) and
that the use of multiple subfamilies (e.g.,
Pitheciinae, Aotinae, Callicebinae, Alouatti-
nae, Atelinae, of the Cebidae) has simply
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TABLE 1. Taxonomic arrangement of New World monkeys, to the species level for the fossils (Dates are from
MacFadden, 1990)

Superfamily Ateloidea
Family Atelidae
Subfamily Atelinae
Ateles Brachyteles Lagothrix Alouatta

Stirtonia tatacoensis, La Venta, Colombia, middle Miocene (16-15 Ma)
Stirtonia victoriae, La Venta, Colombia, middle Miocene (16-15 Ma)
Paralouatta varonai, Cueva de Mono Fésil, Cuba, Quaternary

Subfamily Pitheciinae
Tribe Pitheciini
Pithecia Chiropotes Cacajao

Soriacebus ameghinorum, Pinturas, Argentina, early Miocene (18-15 Ma)
Soriacebus adrianae, Pinturas, Argentina, early Miocene (18-15 Ma)
Cebupitheca sarmientoi, La Venta, Colombia, middle Miocene (16-15 Ma)

Tribe Homunculini
Aotus Callicebus

Tremacebus harringtoni, Sacanana, Argentina, early Miocene (22-18 Ma)
Homonculus patagonicus, Rio Gallegos, Argentina, early Miocene (18-15 Ma)

Aotus dindensis, La Venta, Colombia, middle Miocene (16-15 Ma)

Xenothrix mcgregori, Long Mile Cave, Jamaica, subrecent (0.3 Ma-10,000 years ago)

Tribe indet.

Carlocebus ameghinorum, Pinturas, Argentina, early Miocene (18-15 Ma)
Carlocebus intermedius, Pinturas, Argentina, early Miocene (18-15 Ma)

Family Cebidae
Subfamily Cebinae
Cebus Saimiri

Dolichocebus gaimanensis, Gaiman, Argentina, early Miocene (19-18 Ma)

Saimiri fieldsi, La Venta, Colombia, middie Miocene (16-15 Ma)

“S.” bernensis, Cueva de Berna, Dominican Republic, subrecent (0.3 Ma-10,000 years ago)
Laventiana annecteus, La Venta, Colombia, middle Miocene (16-15 Ma)

Subfamily Callitrichinae
Tribe Callitrichini

Callithrix Cebuella Leontopithecus Saguinus

Tribe Callimiconini
Catlimico

Mohanamico hershkouvitzi, La Venta, Colombia, middle Miocene (16-15 Ma)

Tribe indet.

Micodon kiotensis, La Venta, Colombia, middle Miocene (16-15 Ma)

Subfamily Branisellinae

Branisella boliviana, Salla, Bolivia, late Oligocene (26 Ma)
Szalatavus attricuspis, Salla, Bolivia, late Oliogcene (26 Ma)

lost its heuristic value. The classification
employed here (Table 1; Rosenberger et al.,
1990; Rosenberger and Hartwig, in press)
derives from earlier work (e.g., Rosenberger,
1981). It attempts to accommodate both the
fossil and the living forms and their pre-
sumed phylogenetic relationships, and ad-
aptations.

Data

The measurements of adult body weight
and head and body length all come from mu-
seum records of wild-shot animals, with a
few exceptions, maintained at the United
States National Museum, Field Museum of
Natural History, Museu Nacional do Rio de
Janeiro, Museo Goeldii (Manaus, Brazil),
and Centro de Primatologia do Rio de Jan-
eiro. Other sources were field studies. The

data are presented as sex-pooled samples,
with all figures rounded to the nearest
whole number.

Nearly all dental measurements were
taken on specimens at the same institu-
tions, except where indicated. Mesiodistal
length and buccolingual breadth of the
cheek teeth were measured to the nearest
1/10 mm at the crown surface, as the largest
diameters along the two axes. Mesiodistal I;
length was measured at the apical margin
between the interstitial contacts. On I, (a
highly asymmetrical crown), mesiodistal
length was measured as a projection along
the I,/I, apical edge from the mesial corner
of I, to a tangent intersecting the lateral-
most point along the tooth’s sloping distal
margin. Buccolingual breadth for I, , was
taken below the apical margin at the plane
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of greatest diameter. Incisal crown height
was measured only in teeth having no more
than a 1 mm wide exposure of dentin, from
the cementoenamel junction to the apical
margin. The means of these measurements
are from sex-pooled samples. Those derived
from the literature represent the averages of
male and female means.

The feeding data presented here (Table 2)
summarize general patterns found among
the platyrrhines and are not meant to be
exhaustive. Most of the data was taken from
recent reviews (Robinson et al., 1987) and
other published sources. The data for each
species were often collected in a number of
ways and in different habitats, but the over-
all patterns are reliably represented. Addi-
tional detail for certain species may be found
in Garber (1992), Kinzey (1992), Strier
(1992), and Janson and Boinski (1992).

DIETARY CATEGORIES

Platyrrhines, while all largely frugivo-
rous, are eclectic feeders (Table 2) that use a
combination of foods to meet their nutri-
tional needs. This has led to a number of
practical and theoretical difficulties regard-
ing the description of their feed and the clas-
sification of their dietary tendencies, prefer-
ences, and adaptations. For example, how
does the ecologist decide to categorize food
items? How does the behaviorist determine
empirically which foods actually sustain a
species’ energetic needs? How does the mor-
phologist relate the heterogeneity of foods,
which normally represent scores of different
plant and animal species and a great range
of physical and chemical properties, to the
structure of the dentition and masticatory
apparatus? How does one generalize what a
feeding adaptation actually is, especially
when a monkey is known to shift its food
choices markedly during the course of a
year?

Hladik and Hladik (1969) introduced a
practical, descriptive classification system
in their pioneering comparative study of di-
ets of monkeys on Barro Colorado Island,
Panama. They divided the feeding spectrum
into foliage, fruits, and prey, further sepa-
rating these categories into: 1) bark, shoots,
pith, young or old leaves, buds, flowers, sap;
2) unripe and ripe fruit, oily fruit, seeds,
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seed coats; and 3) eggs, cocoons, small and
large insects, vertebrates. Minor adjust-
ments to these categories have become com-
monplace. For example, some workers em-
phasize insects as a prey source (e.g., Kay,
1975, 1984; Fleagle, 1988) instead of the
more general notion of predation, or “fauni-
vory” (e.g., Chivers et al., 1984; Janson and
Boinski, 1992). Compound terms, such as
frugivore-insectivore and frugivore-folivore,
have also gained favor because they involve
less information loss than occurs with using
the broader descriptive categories, while
also conveying the idea that fruits are fun-
damental to nearly all primate diets.

As others have anticipated (e.g., Kay,
1975; Chivers et al., 1984), more field infor-
mation now makes it desirable to refine the
conceptual basis of this system, for the
frugivore/folivore/insectivore trichotomy
may obscure some fundamental aspects of
dietary adaptation. A particular problem in-
volves the concept of frugivory. Exudate
feeding, especially as seen in Cebuella pyg-
maea, is a case in point. Although initially
classified as a form of frugivory, it is now
understood to involve a distinctive adaptive
syndrome unlike the patterns of most other
“frugivorous” platyrrhines (see, e.g., Kinzey
et al., 1975; Sussman and Kinzey, 1984;
Garber, 1992). In another respect, a hard
and fast reliance on the tripartite division of
primate diets tends to exclude the concept of
omnivory as a real feeding strategy. Cebus,
for example, a remarkably versatile feeder,
is often described in this way (see, e.g., Ter-
borgh, 1983; Robinson, 1986; Janson and
Boinski, 1992). Is Cebus, morphologically
and behaviorally, a “specialized omnivore,”
not nonselective but able to target strategi-
cally foods from several or all of the major
categories?

Apart from these cases, the various com-
ponents of fruits (e.g., woody shells, nuts, or
skins; pulp or meat in various textures; soft
or hard seeds), only some of which are edi-
ble, may present very different biomechani-
cal demands on frugivores and thus multiple
opportunities for morphological specializa-
tion. The adaptive solutions allowing access
to the targeted nutritional part(s) may in-
volve specializations for foraging, harvest-
ing, mastication, or digestion in different
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species and to different degrees. Thus the
notion of frugivory has different meaning for
Ateles and Chiropotes. Ateles feeds mostly on
ripe, fleshy fruits, taking them whole, swal-
lowing the seeds, then defecating and dis-
persing the seeds (van Roosmalen, 1984;
van Roosmalen et al., 1988; Kinzey and Nor-
conk, 1990). Chiropotes frequently feeds on
fruits that are protected by hard coverings,
often taking them unripe, and chews and
destroys the seeds (Ayres, 1989; Kinzey,
1992). The divergent frugivorous adapta-
tions of these species probably include har-
vesting, masticatory, and perhaps digestive
features. However, at the most general
analytical/categorical level, unless one dis-
tinguishes between soft- and hard-fruit fru-
givory, it is likely that the causal selective
forces driving the respective dental adapta-
tions—the mechanical properties of food
parts (see, e.g., Kay, 1975; Rosenberger and
Kinzey, 1976)—will be overlooked. This
point is not restricted to the morphologically
“bizarre” pitheciins; even Cebus shifts its
“frugivorous” diet considerably during the
course of the year and, in doing so, encoun-
ters foods of radically different physical
properties (Robinson, 1986; Teaford and
Robinson, 1989).

The empirical data (Kinzey, 1992) man-
date changes in our dietary lexicon, particu-
larly with regard to frugivory. A good alter-
native is to recognize the specializations of
hard-fruit and soft-fruit eaters, as with the
distinction between Ateles and Chiropotes.
As Kinzey and Norconk (1990) have shown,
the amount and range of pressure required
to puncture the pericarp (an action analo-
gous biomechanically to incision with the
anterior teeth or premolars) of fruit eaten by
Ateles paniscus (0.03-1.4 kg/mm? N = 26
species) is much less than is required for the
foods of Chiropotes satanas (0.03-37.8 kg/
mm?; N = 34 species). This shows that the
biomechanics of harvesting Ateles fruits and
Chiropotes fruits are markedly different and
has important consequences for interpreting
the different incisor, premolar, and mandib-
ular (etc.) morphologies. To place these val-
ues in perspective, the maximum pressure
for Chiropotes is roughly 20 times the
amount of pressure required to puncture a
raw Irish potato, summer squash, or beets
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with a hand-held device (Bourne, 1979) sim-
iliar to the Kinzey/Norconk tester.

Kinzey and Norconk (1990) also measured
the crushing resistance of whole seeds in-
gested by these species (analogous to masti-
cation). The crushing force needed to rup-
ture seeds eaten by Ateles (1.36-148.18 kg;
x = 17.09 kg; N = 13 species) was greater
than that required by Chiropotes (0.23—
22.27kg;x = 7.16 kg; N = 19 species). What
is most striking about this is that Ateles
swallowed all seeds but Chiropotes chewed
and ate theirs. This difference in prefer-
ences occurred in spite of the facts that six of
the 13 species Ateles swallowed whole re-
quired less crushing force than the average
Chiropotes seed and that ten of the 13 Ateles
seeds were softer than the hardest species
eaten by Chiropotes. 1t is likely that their
contrasting selections partially reflect dif-
ferences in the extractive abilities of the two
species. However, it is even more likely that
in Afeles, an animal of substantially larger
body size, the jaws, muscles, and cheek teeth
simply are not suited to processing items as
hard as those eaten by Chiropotes. Con-
versely, the data also suggest the biome-
chanical limits that constrain Chiropotes
seed selection.

There is additional quantitative informa-
tion on the hardness of seeds eaten by other
platyrrhines. It is indirect but may serve as
a way of conceptualizing the animals’ capa-
bilities (Fig. 2). Kiltie (1982) gave measure-
ments for dried Astrocaryum sp. palm nuts,
such as those eaten by Cebus apella and C.
albifrons (Terborgh, 1983; also, see below),
and some of the seeds measured by Kinzey
and Norconk (1990) are also eaten by Pithe-
cia. The high loads required to break the
Astrocaryum nuts eaten by Cebus and the
typical pitheciin seeds are well within the
limits of human ability, and the brittleness
of the hard, dried nuts may be comparable to
that of some hard chocolates.

An analogous spectrum of physical prop-
erties occurs among insect foods (see, e.g.,
Freeman, 1979). Even for leaves, perhaps
the least complex type of primate food struc-
turally, there is empirical evidence for Al-
ouatta seniculus showing a twofold disparity
in the ingestion (mastication) rates of leaf
species that probably relates to the latter’s
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TABLE 2. Percentage of foraging time spent on fruits, leaves, insects, and other foods1
Foraging (%)
Species Fruits Leaves Insects Other Sources
Ateles belzebuth 83 7 0 10 Klein and Klein, 1977
Ateles geoffroyi 80 20 0 0 Richard, 1970; Hladik
and Hladik, 1969
Ateles paniscus 83 8 0 6 Van Roosmalen, 1980
Brachyteles 39 57 0 4 Fonseca, 1983
arachnotdes
26 66 0 8 Young, 1983
20 68 0 12 Milton, 1984
Lagothrix flavicauda +4 + + Leo Luna, 1981
Lagothrix 91 6 0 3 (flowers) Soini, 1986
lagothricha (seeds 17)
Alouatta palliata 42 48 10 (flowers) Milton, 1980
Alouatta fusca 16 71 9 (flowers) Mendes, 1985
Alouatta seniculus 42 53 5 (flowers) Gaulin and Gaulin,
1982
Pithecia albicans 69 30 0 2 Johns, 1986
(seeds 19)
Pithecia hirsuta 93 4 0 3 (flowers) Soini, 1986
(seeds 38)
Pithecia monachus it 16 0 13 Happel, 1982
28-74 * * * Sonini, 1987; Kinzey
(seeds) (this issue)
Pithecia pithecia 93 0 0 7 Fleagle and
(seeds 47) Mittermeier, 1980;
Mittermeier and
van Roosmalen,
1981; Kinzey
(this issue)
Chiropotes albinasus 90 0 0 10 (flowers 3; Ayres, 1989
(seeds 36) other 7)
90 <10 0 0 Ayres, 1981
Chiropotes satanas 94 0 0 6 (flowers 5; Ayres, 1989
other 1)
91 * * * Kinzey and Norkonk,
(seeds) unpubl. data;
Kinzey (this issue)
72 0 0 27 (flowers 11; Ayres, 1989
(seeds 63) other 16)
93 1 0 6 Fleagle and
Mittermeier, 1980;
Mittermeier and
van Roosmalen,
1981
96 0 0 4 (flowers 3; van Roosmalen,
(seeds 66) other <1) Mittermeier and
Fleagle, 1988;
Kinzey (this issue)
Cacajao calvus 85 0 5 9 (nectar 6; Ayres, 1989;
(seeds 67) other 3) Kinzey (this issue);
Ayres, 1986
Aotus trivirgatus 75 10 15 0 Wright, 1985
16 40 11 33 Wright, 1985
Callicebus moloch 48 40 12 0 Terborgh, 1983
54 28 17 1 Wright, 1985
70 26 1 3 Kinzey, 1978
Callicebus 81 18 0 1 Kinzey and Becker,
personatus 1983
Callicebus torquatus 67 13 14 6 Kinzey, 1977;
(seeds 37) Kinzey (this issue)
Cebus albifrons 80 0 20 0 Defler, 1979
Cebus capucinus 65 15 20 0 Freese and
Oppenheimer, 1981
Cebus olivaceus 49 8 35 2 Robinson, in press
47 8 37 1 Robinson, in press
Saimiri boliviensis 93 0 0 7 (nectar 6; Soini, 1986
(seeds 2) flowers 1)

Individual sources culled mainly from Robinson, et al. (1987) and Robinson and Janson (1987). ++, Relies more extensively on this food
source; +, relies less extensively on this food source; *, data unavailable.
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TABLE 2. Percentage of foraging time spent on fruits, leaves, insects, and other foods1 (continued)

Foraging (%)

Species Fruits Leaves Insects Other Sources
Callithrix kuhli 63-70 0 Q 34-37 (exu- Rylands, 1989
dates 31-34;
flowers 3)
Cebuella pygmaea + ++ ++
(exudates) Soini, 1982
Leontopithecus 74-89 0 0 18-31 (flowers Rylands, 1989
chrysomelas 15-20;
exudates
3-11)
Saguinus geoffroyi 38 39 15 (exudates; Garber, 1980
nectar 0.1)
Saguinus mystax 47 43 10 (nectar; Garber, in press
exudates 1.5)
Saguinus fuscicollis 37 49 14 (exudates; Garber, personal
(nectar) communication
Saguinus mystax 63 34 3 (exudates, Ramirez, 1989
nectar <.04)
1000 4 7 Monkey Fruit Seeds & Nut
Toffee Fudge y uts
Plain chocolate
Milk chocolate
100 Canned Py
potato W Cebus
Canned apella
carrot >+ Cebus
albifrons
5 [ .
o < L Chiropotes
- — w .
g 10 4 w albinasus
g )
Canned — z
Cacajao
14 - L] calvus
Ateles 5 species
paniscus
13 species
1 T T T T LI T 1 ChiropOtes
0 10 20 30 40 50 60 70 80 satanus
19 species

% Compression

Fig. 2. Physical properties associated with crushing.
Left panel (from Bourne, 1979, with permission of the
publisher) shows amount of force and percentage of com-
pression before rupture of familiar foods. Right panel
shows crushing force required to break monkey fruits
and seeds. Bars for Chiropotes satanus, Ateles paniscus,
and Cacgjeo calvus (from Kinzey and Norconk, 1990,
with permission of the publisher), show means, ranges,

morphological differences (Oftedal, 1991).
Thus, in general, these data indicate caution
when drawing specific functional and adap-
tive interpretations from gross associations

and numbers of species sampled. Note that no Ateles
fruits and seeds were masticated; they were swallowed
whole. Identification of C. calvus foods from Ayres
(1989), crushing data from Kinzey and Norconk (1990).
Single data point for C. apella, C. albifrons and C. albi-
nasus represents the crushing resistance of the palm
nut Astrocaryum sp. (Terborgh, 1983; Ayres, 1989) as
measured by Kiltie (1982).

of animal morphology with food type. Rather
than assuming that fruits, leaves, and in-
sects or animals each pose uniform selective
pressures on animal form, it may be more
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TABLE 3. Model of the functional morphology and dietary adaptations of the feeding apparatus
Biological roles Morphological
Source/Object (materials) solutions Examples

Harvesting: incisors and canines
1. Leaves Cropping (stems)

I size reduction Alouatta, Brachyteles

(“prehensile” lips?)

Critical functions: Stabilize, tear and transport (with assistance from soft tissues) leaves, which are shorn or
plucked by (relatively non-forceful) cutting or twisting actions
Environmental factors minimal; stems generally yield under small amounts of tension and shear

Scraping, tearing
(bark)

2. Insects/prey

I and C tall, reinforced, Cebus, Callithrix

durable enamel

Critical functions: Concentrate applied force and minimize apical incisal/canine wear resulting from the
fibrous, resistant woody substrate of trees where colonies of insects (ants, bees, and other social hymenoptera)

and caterpllar burrows are harbored

Environmental factors high-pressure, friction and bending; loads potentially eccentric relative to jaw’s long

axis
3. Soft fruit Cropping, husking

(from stems, skins)

I broad Ateles, Saguinus,

Cebus, Saimiri

Critical functions: Varies with fruit size, similar to leaves for small fruits, and to “hard-fruit” (see 4b) husks

for large fruits

Environmental factors minimal, but over a large linear expanse (see 4 below).

4, Hard fruit Scraping, husking

(from nuts, skins, pith)

Callicebus (Jessinia
mesocarp) Aotus

I tall and narrow
I tall and broad, durable
enamel

Critical functions: Concentrate force (a) narrowly against resistant objects, or (b) broadly against tough but
pliable husks on fruits of large size (making efficient removal of large bites)

Environmental factors (a) High friction or (b) low-to-moderate torsion to produce the shearing action across a
large section of a husk (see #3 above); scraping “nut meat” applies the apical edge of incisors against a dense,
hard nut, causing them to wear heavily; tearing a tough husk produces less friction but requires more force
and subjects teeth and jaws to more serious twisting loads

5. Seeds Cracking, piercing,
shucking (sclerocarp,

pods)

Pithecia, Chiropotes,
Cacajao

I tall and narrow,
deeply rooted;
C massive

Critical functions: Concentrating force narrowly against resistant, noncompliant, fibrous objects, to puncture
and/or pry open the woody casings that often protect seeds
Environmental factors high pressure at incisal edge but also bending and friction below crown apex (in

prying); loads eccentric relative to jaw

6. Exudates Scraping, gouging (bark)

Critical functions: Similar to 4a, 5.
Environmental factors similar to 2, 5.

instructive to presume the opposite as a the-
oretical pillar for interpreting the stunning
adaptive heterogenity of primate morphol-
ogy, in concert with phylogeny, the source of
morphologic homogeneity.

FUNCTIONAL MORPHOLOGY

Several general models relating diet to
dental morphology (e.g., Andrews and
Aiello, 1984; Kay and Covert, 1984; Lucas
and Luke, 1984) share a common premise:
The physical properties of foods must be the
source of selective pressures driving adap-
tive change. In an interesting discussion de-
rived from this work, Chivers et al. (1984;
see also Teaford and Robinson, 1989) dis-
cussed the problems of relating form and
function, given the diverse physical proper-

I and C tall and narrow, Callithrix, Cebuella

durable enamel

{continued)

ties of the foods eaten and the vagaries of
dietary categories, which do not reflect
those properties with precision. They advo-
cated a limited definition of function to refer
to the inherent mechanical or chemical
properties of structures (rather than their
action or use, as in “eating” or “eating fruit”),
following the form-function/biological role
model of Bock and von Wahlert (1965). This
is an alternative to “associative” or “anal-
ogy” approaches (see Andrews and Aiello,
1984; Kay and Covert, 1984) to functional
morphology, which causally link the fre-
quency (action) with which an animal par-
takes of a food category with anatomical de-
sign. The Bock and von Wahlert approach
has been applied previously in studies of pri-
mate dentitions (see Rosenberger and
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TABLE 3. Model of the functional morphology and dietary adaptations of the feeding apparatus (continued)

Biological roles

Source/Object (materials)

Morphological

solutions Examples

Mastication: postcanines
1. Leaves Shearing (leaves)

Perimeter crests carried
by tall cusps, small
shallow-walled basins,
thin enamel

Alouatta, Brachyteles

Critical functions: Maximize the continuous length of intersecting linear edges to apply shearing over a large
expanse of a highly pliant object; minimize food compaction and resistance to shearing stroke; maintain edge

sharpness and occlusal precision

Environmental factors minimal food resistance and abrasion, enabling a reduction in enamel thickness (and
cusp cross-section) thus rapid wear at enamel-dentine interface, which promotes sharp leading edges

2. Chitinous
insect/prey

Shearing, piercing
(chitin)

Cuspate crowns with Saimiri, Aotus
long crests, steep

basins

Critical functions: Stabilize and apply high instantaneous pressure against a moderately deformable yet
tough or brittle object at multiple loci, to force its yield by imposing complex shearing strains across the

surface; to maintain occlusal precision

Environmental factors high pressure without much abrasion; eccentric loads minimized by occlusal precision

and point loading

3. Soft fruit/
exudates

Crushing (mucilage, aril,
gums, etc.)

Moderate relief, open Ateles, Cebuella

construction

Critical functions: Efficient mass pulping and transport of pliant, relatively non-structured materials

Environmental factors minimal

4. Hard fruit Cracking, crushing

(nuts, palm fronds)

Low relief, non-crested, Cebus, esp. C. apella

durable enamel

Critical functions: To apply continuous pressure and rupture relatively large objects that are fibrous and/or
relatively undeformable; minimize enamel and cusp tip cracking, and enamel-dentine edge exposures

Environmental factors high pressure over relatively large surface areas, probably for long periods, producing
high friction and large eccentric loads, thus requiring thick enamel to minimize wear damage

5. Seeds Crushing

No relief, non-crested,
crenulate enamel

Pithecia, Chiropotes,
Cacajao

Critical functions: To stabilize and compress relatively small or medium-sized objects until they yield and

maximize secondary particle breakdown

Environmental factors moderately high orthal forces of long duration; minimal friction

Kinzey, 1976; Kinzey, 1978; Seligsohn,
1977; Seligsohn and Szalay, 1978) and is fol-
lowed here.

Table 3 is a first-order attempt to formal-
ize some of the relationships linking diet,
biological role (how the morphology is actu-
ally used in nature, e.g., to bite into an apple
or to chew a leaf, two different biological
roles), form, function, and adaptation of the
feeding apparatus (see also Seligsohn,
1977). Table 3 is divided into two parts, one
for the anterior teeth, including incisors and
canines, and the other for the postcanines,
to separate the selective factors involving
food procurement from those pertaining to
food processing. Various platyrrhines are
listed as examples of these concepts and in-
terpretations. As with other models, many
necessary details are omitted, in part be-
cause the empirical work, such as the mor-

phological description and quantification of
structures in terms that accurately repre-
sent their mechanical potential or design,
has yet to be done. An important contrast
relative to some other models involves the
“critical function” and “environmental fac-
tors” statements. These two notions are re-
lated. Under environmental factors, I pro-
pose which physical features of the
environment contribute most to selection for
dental morphology in a broad sense, and I
note some of the immediate biomechanical
consequences resulting from interaction
with them. These environmental factors
range from the physical structure of the lo-
cation where food items are encountered,
such as the bark crevices sheltering insects
to the fibrous construction of a palm nut. A
comprehensive list of the environmental fac-
tors relating to dietary adaptation would
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also include aspects of biological roles not
performed by the dentition, such as those
dealing with the locomotor and visual sys-
tems, which facilitate foraging (see below).
Critical functions are those mechanical
(or chemical) potentials and processes that
make specific harvesting and masticatory
biological roles possible (and relatively effi-
cient) given the crucial environmental fac-
tors encountered by the organism. Rosen-
berger and Kinzey (1976) first used the term
critical function in reference to the overrid-
ing mechanical processes (shearing, crush-
ing, puncturing, etc.) presumed to be most
useful or necessary to a species in order to
reduce specific food constituents from the
full range of physical properties met with
during feeding. We argued that these criti-
cal functions and, as defined here, the envi-
ronmental factors are better indicators of
the selective forces behind dietary adapta-
tion than the quantity of food items taken
from any trophic level and that, by corollary,
there are “noncritical” functions, e.g., crush-
ing of soft fruits in a soft-hard continuum,
where the material properties do not select
for morphology directly. Such biological
roles are filled without specific adaptations.
For example, given a mixed diet of leaves
and fruits in Alouatta, selection for shearing
functions rather than crushing would be
preeminent and conspicuously reflected in
molar design, in spite of the fact that the
time spent eating fruits and leaves may be
equal (Strier, 1992). In other words, al-
though two different biological roles, shear-
ing leaves and crushing fruit, take up ap-
proximately equal amounts of feeding time
annually, the morphology to shear fibrous
leaves has been a stronger selective factor in
the evolution of molar form than the poten-
tial or need to crush or pulp fruit. The post-
canine equipment for the latter is presum-
ably built into an Alouatta dentition by a
combination of heritage factors and
morphological/developmental compromise.
Table 3 presents these critical functions
along with a notation on the materials pre-
senting the “critical” physical properties.
Strategic benefits that exemplar species
earn by selecting from such food sources are
also proposed. The “morphological solu-
tions” identify an adaptive feature or pat-
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tern that makes these critical functions pos-
sible.

Harvesting: Incisors and canines

The term harvesting is used to refer to the
initial access stage of feeding with the teeth
(not plucking leaves manually or locomoting
to a foraging position). Harvesting may in-
volve biting through the rinds of fleshy
fruits with the incisors, cracking open the
woody layers of fruits with the canines
and/or adjacent premolar(s), scraping bark
to produce a flow of exudate, or cracking a
dead twig by clenching it in the mouth, per-
haps to obtain burrowing insects or larvae.
Harvesting challenges are common to pri-
mates feeding from all possible resources,
which explains why their incisor morphol-
ogy is probably more diverse than in any
other mammalian order. Obviously, one
would also expect foraging and locomotory
specializations to evolve as behavioral corre-
lates to harvesting given the various sub-
strates and habitat conditions involved in
this stage of the process.

The incisors of platyrrhines exhibit
greater variety in design than either the ex-
tant catarrhines or the strepsirhines, which
are canalized by the toothcomb apparatus.
Little work has been done on their compara-
tive functional morphologies. One notable
exception is Eaglen’s (1984) study of incisal
scaling. He indicated that platyrrhines have
relatively small incisors (measured as the
sum of mesiodistal crown length for the four
teeth) and concluded from his comparative
study with catarrhines that the data
“ .. confound all efforts to contrive a dietary
hypothesis for explaining variations in an-
thropoid incisor size” (p. 272). This conclu-
sion is not surprising in view of the struc-
tural (shape) diversity of platyrrhine incisor
crowns, the various ways in which the inci-
sors are planted in the jaws, and the simplic-
ity of the biometric and biomechanical mod-
els Eaglen employed, which presume that
“small” incisors are correlated with folivory
and that “large” incisors indicate frugivory
(Hylander, 1975; Kay and Hylander, 1978).

The impression that New World monkeys
have exceptionally small incisors on the
whole, which is at the root of Eaglen’s (1984)
conclusion, appears to be an artifact of sam-
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pling and lack of taxonomic control. The
strong platyrrhine-wide negative allometry
of upper bi-incisal width relative to body
weight (with slope of 0.163 for a least-
squares fit; Eaglen, 1984) is heavily influ-
enced by the size of Eaglen’s ateline sample
(10 of the 26 platyrrhine species), including
five species that are nearly obligate folivores
(four Alouatta, one Brachyteles). This group
differs from other platyrrhine lineages in
demonstrating a strongly inverse relation-
ship between bi-incisal width and body size
(—1.063; r* = 0.970; least squares slope cal-
culated from Eaglen’s data, here and below).
As with other leaf eaters, the mechanical
benefit of small incisors is unclear. How
much this may contribute to enhance pre-
hensility of the lips, which may be advanta-
geous in collecting forage, is unknown.

There is also a bias in measuring “size” as
breadth, especially among the pitheciines.
Here bi-incisal width does increase in rela-
tion to body size but with a low slope (0.134;
r? = 0.551). Unlike the situation for foli-
vores, in which limited use has been invoked
as an explanation for size reduction (see,
e.g., Kay and Hylander, 1978), the reason for
the low slope among pitheciines is that they
are designed to be very narrow and tall (Fig.
3) for special biomechanical reasons. The in-
cisors are not reduced in size; they are trans-
formed in shape. A third subsample of the
Eaglen data set, the cebids, presents a
higher slope (0.283; r* = 0.882), much closer
to the least-square values he reported for
female catarrhines (0.309; from Smith,
1981) and a pooled sample of platyrrhines
and catarrhines (0.301; from Cachel, 1983).
This similarity makes sense because most
cebids resemble catarrhines more closely in
overall incisor morphology than either pith-
eciines or atelines, such as Alouatta and
Brachyteles. Thus the discrepancy in rela-
tive size between platyrrhines and catar-
rhines of comparable morphology is not very
large and perhaps is not meaningful adap-
tively.

Another way of looking at incisor “size” is
to examine the distribution of size-related
quantities among body size classes and
phyletic groups. Figure 3 ranks various
platyrrhines according to the crude cross-
sectional area (computed from perpendicu-
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lar diameters taken apically and basally) of
I,. The distribution of I, is essentially simi-
lar (Table 4). Several interesting points
emerge. 1) Cebus apella incisors are among
the largest (see also Eaglen, 1984). They are
twice the cross section of the nearest nonfo-
livorous species, Aotus trivirgatus, and are
nearly as large as the frugivorous Lagothrix,
a genus about three times heavier in body
weight. 2) Aotus incisors are twice as large
as the incisors of Saimiri and Callicebus,
each with different shapes, although the
three are similar in weight. 3) Incisors of
Pithecia and Chiropotes are only slightly
larger in crude area than those of much
smaller callitrichines. For Cebus and Aotus,
both with relatively large dimensions, “size”
does not actually quantify a precise biome-
chanical quality, for the Cebus crowns are
relatively taller, while the Aotus crowns are
relatively broader. It thus appears likely
that these enlargements of crude cross-sec-
tional area entail different functions and
parallel derived conditions within their re-
spective subfamilies (see below).

As with the proportions, the morphology
of pitheciin incisors differs radically from
that of other platyrrhines (see Rosenberger
et al., 1990). The lowers are closely ap-
pressed and are shaped like a wedge angling
forward from the jaw. Each tooth tapers up-
ward frem a broad base to a narrow incisal
edge. The root appear to be deep and thick
buccolingually, more so than in most other
platyrrhines, and the base of the crown does
not enlarge or expand in diameter (i.e., to
form a cingulum) at the cementoenamel
junction. Uppers also have a distinctive
shape and orientation but without clear
functional import. The large buccolingual
diameter at the base of the lowers (Fig. 3)
indicates resistance to bending in this plane,
while the narrow mesiodistal measure-
ments at the incisal edge makes for the ta-
pered wedge-like design. The most striking
metric feature, however, is the extreme
height of the incisor crowns in relation to the
shape of their cross section. Pitheciins have
the tallest incisors of all the platyrrhines,
both absolutely and in relation to body mass
(Fig. 3).

Callicebus lower incisors bear a strong re-
semblance to those of pitheciins in being rel-
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Fig. 3. A: Mean lower first incisor length/breadth ratio plotted against height. B: Histogram showing
mean lower incisor area (see Table 4). 1, C. satanus; 2, P. pithecia; 3, S. sciureus; 4, C. melanocephalus; 5,
C. torquatus; 6, C. apella; 7, L. chrysomelas; 8, L. rosalia; 9, C. jacchus; 10, B. arachnoides; 11, C.
pygmaea; 12, C. goeldit; 13, L. lagothricha; 14, S. midas; 15, A. seniculus; 18, S. geoffroyi; 17, A. trivirga-
tus.
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TABLE 4. Mean lower incisor dimensions (mm) of platyrrhine primates (range of sample sizes given
in parentheses)
N
Species (range) LIIL LI1B LI1H LI2L LI2B LI2H
Brachyteles arachnoides 1, 11) 2.8 3.5 45 34 4.3 4.8
Lagothrix lagothricha ()] 3.7 4.2 45 3.9 4.6 4.7
Alouatta seniculus 2, 8) 2.8 3.1 4.9 34 3.9 6.1
Pithecia pithecia 4) 1.5 2.7 5.6 2.2 2.9 6.1
Chiropotes satanas 3, 4) 14 2.8 79 2.0 3.2 8.0
Cacajao melanocephalus 7) 19 2.9 8.6 2.5 35 8.6
Aotus trivirgatus 5) 24 2.6 35 2.5 2.6 3.7
Callicebus torquatus 6,9 1.6 2.1 4.7 1.9 2.5 4.7
Cebus apella (5) 3.0 2.9 5.1 3.3 4.2 5.7
Saimiri sciureus 4,7 1.3 2.1 2.6 1.8 24 2.6
Callithrix jacchus (7, 14) 15 1.9 45 14 2.3 4.7
Cebuella pygmaea 5,7 09 1.1 3.2 0.9 1.6 3.6
Leontopithecus chrysomelas (6, 13) 1.8 2.3 3.7 25 2.8 4.1
Leontopithecus rosalia (11, 22) 1.5 1.9 3.4 2.1 2 3.6
Saguinus geoffroyi 6, 12) 1.6 1.8 3.4 1.8 1.8 3.3
Saguinus midas (6, 10) 1.6 1.8 3.0 1.7 1.9 3.2
Callimico goeldii 2,7 1.3 15 2.5 14 1.7 2.8

atively tall and slender and lacking trans-
versely expanded apical margins or basal
crown enlargements. They differ from inci-
sors of saki-uakaris mostly in their vertical
orientation and in having a more flaring I,
crown. Although the buccolingual diameters
are less expanded than in the highly derived
pitheciins, incisor height has clearly in-
creased in Callicebus (Fig. 3; Table 4), espe-
cially by comparison with other genera in
the same size class, such as Saimiri and Ao-
tus. This raises questions about Aotus. Owl
monkeys are distinctive in having an ex-
panded apical margin on both lowers, pro-
ducing a large lingual fovea and a broad,
scoop-like battery of all four lowers com-
bined. Correspondingly, Aotus presents a
heteromorphically enlarged I*, with a large,
flattened lingual fovea. Since many ele-
ments of the Aotus incisal complex are
uniquely modified, it is possible that the
moderately tall lowers are secondarily de-
rived from a taller, ancestral pitheciine pat-
tern, as owl monkeys evolved a broader feed-
ing niche in the less competitive nocturnal/
crepuscular environment.

As has been argued elsewhere, the pith-
eciin incisal system is functionally adapted
to exert high pressure loads, perhaps to
wedge apart or scale the strong protective
coverings of certain fruits (see, e.g., Rosen-
berger et al., 1990; Kinzey, 1992; Rosen-
berger, 1979). This biological role has been

called sclerocarpic harvesting (Kinzey and
Norconk, 1990) to emphasize its importance
in splitting the hard pericarp of certain
fruits. The procumbent orientation of the in-
cisors may confer several advantages. It
may enhance gape at the front end of the
jaw, permitting an efficient, precise place-
ment of a fruit (hand-held) for prizing, and it
may realign the apicobasal axis of the inci-
sors so that the reaction forces of incision
pass close to the temporal mandibular joint,
which minimizes dorsoventral bending in
the mandible and maximizes the mechani-
cal advantage of the adductor muscles.

In Callicebus, the recessed, vertical ar-
rangement of the incisors is associated with
reduced canines and an abbreviated pre-
maxillae, unlike the massive canines and
jutting incisors of pitheciins. Thus the mod-
erately tall lower crowns of Callicebus may
be a useful morphological and behavioral
model for the biological roles associated with
the ancestral version of the sclerocarpic syn-
drome (Kinzey, 1992). Callicebus may not
employ its lower incisors in cracking open
pericarp in pitheciin fashion, but, as Kinzey
(1977) showed, Callicebus uses I, , and the
lower canine to peel or open moderately
tough husks (e.g., Brosimum, Clarissia) and
to scrape off the thin edible tissue from very
hard palm nuts (Jessinia), activities that
produce a characteristic style of dental abra-
sion (Kinzey, 1974). The fact that Callicebus
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torquatus also spends a large proportion of
its feeding time (17%; Kinzey, 1992) taking
seeds increases their utility as an ancestral
pitheciin analogue.

Another important element of the sclero-
carpic harvesting pattern relates to the in-
volvement of the lower canines (see, e.g., van
Roosmalen et al., 1988; Ayres, 1989), highly
specialized in pitheciins (see, e.g., Kinzey,
1992) and often used to pierce and wedge
open hard, woody endocarp. Furthermore,
the space behind the canine provides an-
other morphological locus where an item can
be lodged securely and split as the sharp P,
(reinforced buccally by a thickening of
enamel) is closed against the broad upper
premolar platform. Thus the sclerocarpic
harvesting adaptation of the pitheciin denti-
tion potentially extends beyond the anterior
teeth.

At the other end of the taxonomic spec-
trum are the convergently evolved front
teeth shared jointly by Cebuelle and Cal-
lithrix (see, e.g., Hershkovitz, 1977; Rosen-
berger, 1976, 1977, 1978; Kinzey et al,,
1977). Their lower incisors are relatively
tall, as in pitheciins, but are pointed when
unworn, covered with thick buccal enamel
and aligned en echelon along with an incisi-
form canine. The role of the canine has been
virtually co-opted functionally by the har-
vesting incisors. This complex is well suited
as a reinforced (viz thick enamel) scraping
tool for gouging and removing bark to stimu-
late exudate flow (Sussman and Kinzey,
1984; Garber, 1992) or to uncover concealed
insects (e.g., Callithrix aurita: Muskin,
1984). Although the literature strongly em-
phasizes the exudate-harvesting potential of
the pattern, the more primitive lineages of
Callithrix (i.e., the “humeralifer group,” see
Hershkovitz, 1977) appear, on morphologi-
cal grounds, to be much less committed to
this strategy than the smaller species that
are more closely related to C. jacchus and to
Cebuella (see Sussman and Kinzey, 1984).
Thus the initial selective motivation for
bark-gouging adaptations may reflect either
insect or exudate harvesting, or it may sim-
ply have benefitted both types of diets.

Few other platyrrhines present such
novel incisor/canine patterns as those em-
phasized above. Ateles and Lagothrix have
large, spatulate incisors, whereas Alouatta
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and Brachyteles have reduced incisors with
crowns shaped almost like teardrops in lin-
gual view. The latter two taxa may have
evolved leaf-eating features convergently,
for ancestral atelines were probably not as
committed to a leafy diet, and the derived,
folivorous masticatory adaptations of their
postcanines are not homologous (Rosen-
berger and Strier, 1989). In cebines and
most callitrichines, the lowers are also
broad and spatulate, but Saimiri has low-
crowned, relatively slender incisors, unlike
Cebus, in which the incisors are quite tall
with a large cross section (Fig. 3). The Cebus
pattern implies a relatively dispersed rather
than concentrated (cf. pitheciins) loading
pattern, possibly against heavily textured or
abrasive material. This is consistent with
their tendency to harvest from dead
branches and other concealments where in-
sect colonies are sequestered (see Janson
and Boinski, 1992).

The stunning variety of incisor patterns
exhibited by platyrrhines can be attr