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INTRODUCTION

Phylogenetic perspective is gradually penetrating fields not always accustomed to
the language of systematics, thanks, in part, to extended discussions of methodology (e.g.,
Harvey and Pagel, 1991; Brooks and McLennan, 1991). Twoe recent examples are studies
of the evolution of social organization in primates: Garber’s (1994) analysis of callitrichi-
nes and Di Fiore and Rendell’s (1994} review of the primate order. As this welcome trend
continues, the importance of classification, a reference system of ideas regarding evolu-
tion, phylogeny and adaptation, will atso grow.

After decades of extensive debate, it is widely recognized that the Linnaean system
of ¢lassification is imperfect in many respects. It is also no secret that taxonomic discon-
tent is an intractable, permanent feature of evolutionary biology. The reasons for this in-
volve analytical difficulties in choosing the best answers among several logically possible
historical hypotheses, as well as issues of scholarship, and the use of a cumbersome sys-
tem of linguistically and procedural rules associated with classification (that many con-
sider arcane). In such an environment it is perhaps best for professionals to agreeably
disagree. For practical purposes, however, it is also desirable to delineate classifications
that are true to the better ideas, that are consistent with the broadest range of available evi-
dence - behavioral, ecological, anatomical, paleontelogical, molecular, ete. This, we think,
is very feasible for the platyrrhines, in spite of the fact that the co-authors of this chapter
each advocate slightly different systematic schemes. The point is that classification is an
organizing tool that plays a primary roie in the understanding of adaptation and evolution.
Given the exponential increase of information in many fields pertinent to platyrrhrines,
the importance of this iool will grow and its shape will be adjusted to accommaodate new
facts, types of anatyses and interpretations.
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Central to the framework of a classification is a hypothesis of phylogeny. For the
New World primates, a considerable research investment has been made in recent years to
reconstruct the cladistic linkages of the modern genera. This is a critical step toward a full
phylogeny, which would also specify the nature of the genealogical ties between living
and extinct forms, i.e., both ancestral-descendunt and collateral (sister group) relation-
ships. The cladistic approach is a suitable way to begin. It offers a rich foundation for de-
veloping a heuristically sound classification. More, it is presently the only approach that
can be applied o the certain types of data that cannot vet be extracted from fossils.

Our intention is to summarize views on the higher-level systematics and classifica-
tion of the platyrrhines, emphasizing a synthesis of data developed by morphologists and
new studies conducted in H. Schenider’s lab employing DNA sequences. We particularly
seck to accomplish the following: 1) demaonstrate the growing concordance of melecular
and morphelogical evidence; and 2) dispel th¢ notion that platyrrhine higher-level sys-
tematics is in a state of disarray. which frequently finds its way inio the literature, as in the
following passage:

“...the relationships of neotropical platymrhine monkeys 1o other groups of primates and to
each other remain perhaps the moest poorly known for any major primate tuxon™ (Flynn et al.,
1995).

The discussion emphasizes modern farms but with the cenviction that the frame-
work we gstablish accommodates the fossils as well.

Our preferred classifications of the extant groups are aiso presented (Table 1). Ocea-
sionally, these differ. We emphasize, however, that most of these differences reflect one
of the most arbitrary features of the classification process, the selection of taxonomic
ranks attributed to groups based on phylogenetic (non-arbitrary) criteria. This is a fact of
life in the world of taxonomy. One of us may prefer 1o list a particular menophyletic
group as a2 family but the other, while retaining the same etymology for that taxon, may
consider 1t best classified as a subfamily, In such cases, when the taxonomic contents are
precisely the same, we introduce taxa under bath ranks (e.g., atehids/atelines; pitheciids/pi-
theciines; callitrichids/callitrichines) and, where necessary, employ more general common
names (see Rosenberger, 1981) to simplify discussion. In the one place where our phylo-
geneiic views are significanily incompatible, we use versions of the family-level term set
off in quotation marks; “Cebidae” and “cebids™. It appears likely to us that the rules of ne-
menclature will perpetually saddle us with a term deriving from “Cebidae”, based on the
genus Cebus. However, the composition of this taxonomic group (to include the nearest
relatives of Cebus) has been a matter of dispute for more than a decade, and it will likely
continue thusly well inte the future.

TURNING POINT

Historical reviews (Hershkovitz, 1977; Rosenberger, 1981) mark the middle 1570s
as the turning point when contemporary platyrrhine classification, a doctrine unchanged
for generations {e.g., Pocock, 1925; Simpson, 1945, Napier and Napier, 1967). began to
falter. Its heuristic value was undermined by revolutions in theory, method, and new sci-
entific programs. The pressures of cladistic-based analyses, molecular systematics and
new data from behavioral ecology, especially, proved that the farliar classification,
which emphasized discontinuities among taxa {Table 2), was unworkable. Key to this re-



Molecules, Marphelogy, and Platyrrhine Systematics

Table I. Abbreviated classifications of the modern platyrrhine genera according

to the authors

5Schneider

Rosenberger

Family Atelidae
Subtamily Atelinae
Tribe Atelini

Aseles, Rrachveeles, Lagathrix

Tribe Alauatrini
Alouaita
Family Pitheciidae
Subfamily Pitheciinae
Tribe Pitheciim

Pithecia, Chivopoies, Cacafao

Tribe Callicebini
Callicebus
Family Cebidae
Subfamily Cebinae
Cebus, Saimiri
Subfamily Aotinae
Aotus

Subfamily Callitrichinae

Family Atelidae

Subfamily Atelinae

Trbe Atelini
Ateles, Brachyteles, Lagothrix

Tribe Alouattini

Alvuatta

Subfamily Pithecimae
Tribe Pitheciini
Pitheeia, Chiropotes, Cacajao

Tribe Homunculim

Callivebus, Aotis

Fumily Cebidae

Subfamily Cebinac
Crebus, Sqimirn
Subanuly Callimchinae
Catlimicn, Sugwinws. Leomfopaliveus.
Caltithrix, Cebuclia

Callimico, Saguinus, Leantopithecus,

Callithrix, Cebuelia

Table 2. Comparison of selected classifications of the modern genera

Martin, 1990

Fleagiz, 1938

Hershkovitz, 1977

Family Cebidea
Subfamily Cebinae
Cebus, Saimiri
Subfamily Aotinae
Aorns, Callivebus
Subfamily Pilheciinae
Pitheca. Chirvpotes, Cacajao
Subfamily Alelinae
Ateles. Brachvieles. Lagothrix

Subfamily Aiouattinae
Aleruaria

Subfamily Callimconinae
Callimico

Family Callitrichidae
Culluhric, Cebuella,
Leontopithecus, Saguins

Family Cebidea
Subfamily Cebinae
Cebus, Saimiri
Subfamily Aotinae
Aotus, Cafficebus

Family Atelidae
Subfarmly Atelinac
Ateles Brachyteles,
Lagothrix, Aleuatin
Subfamily Pitheciinae
Pithecia, Chiropotes, Cacajan

Family Callitrichidae
Callithrix, Cebuella,
Leontopithecus, Saguinis,
Calfimico

Family Cebidea
Subfamuly Cebinae
Cebus
Subfarmily Aotinac
Aotus
Subfamily Pitheciinac
FPithecia, Chiropotes, Cacajan
Subfamily Alelinae
Ateles, Brachyteles. Lagothrx

Subfarmly Saimiriinae
Saimiri

Subfamily Callicebinae
Caflicebus

Subfamily Alouattinae
Alouatta

Family Callitrichidae
Catlithrix, Cebuella,
Leonrapithecus, Saguinus

Family Callimiconidae
Callimico




6 H. Schneider and A, L. Rosenberger

vision was the recognition that marmosets and tamarins, often called Callitrichidae {for-
merly Hapalidae), were not an isviated, primitive line. Rather, it seemed likely to many in-
vestigators that callitrichines were 4 group sharing a complex of derived anatomical and
behavioral features. Furthermore, it appeared they could be linked genealogically with
other platyrrhine groups, based on a reinterpretation of the evolution of their unique blend
of traits. The implications forced a paradigm shift, a reorganization of platyrrhine classifi-
cation based on a phylogenetic perspective, Single or pairs of genera could no longer he
treated routinely as subfamilies because of their anatemical differences. Rather, the ranks
of family, subfamily, tribe and subtribe would be invoked to reflect genealogical coher-
ence and adaptive continuity.

Not surprisingly, as the old structure toppled the higher-level systematics of the New
World monkeys became the subject of rich debate. A variety of classifications were pro-
posed, leading some workers to abstain altogether from selecting any one in particular.
Today, there are camps supporting the division of platyrrhines into two or three families,
with differing content (Table 2). However, in contrast to the prevailing views of prier gen-
erations. which split families into many subfamilies along the taxonomic lines of genera
(see Hershkovitz, Table 2), there is a growing consensus that clusters of genera should be
assigned to a smaller number of coherent subfamilies.

This new paradigm is a distinctly pbylogenetic approach. There is a bread consensus
which recognizes three monophyletic graups within Platyrrhini, with a relatively stable al-
beit “new” nomenclature, 1) The smallest-bodied, clawed monkeys, callitrichines (Ce-
buella, Callithrix, Leontopithecus, Saguwinus, Callimico). 2) The specialized
seed-predators, pitheciines (Pithecia, Chiropntes. Cacajao). 3) The largest-bodied, pre-
hensile-tailed monkeys, atelines (dlouatta, Lagothrix, Ateles, Brachyteles). Within these
groups there remains only a few stubborn cladistic problems, but none really affect the
bigger picture ef platyrrhine relationships and classification.

That there is universal consensus about the essential phylogenetics of these three
groups is a significant shift and advance. For example, Hershkovitz {(1077) divided cal-
litrichines into two families, one alone for Callimico. He argued they were two lineages
that may have arisen independently from non-platyrrhine stock. Similarly, Alouatta was
long maintained. by almost unanimous consent, as a subfamily separate from Lagothrix,
Ateles, and Brachyteles. Only the morphologically bizarre pitheciines have been consis-
tently umited as a group. St. George Mivart set them aside as a subfamily in 1865 and there
they remained. until new ideas began to broaden the concept.

Concerning the overarching cladistics, the picture is indeed muddled by signifi-
cant disagreements about the inter-relationships of the three clades (Fig. 1). Among
morpholegists focusing on the 16 modern genera, Rosenberger (1981 ef seq.) and Ford
(1986, Ford and Davis, 1992) place pitheciines close to the atelines, while Kay (1990)
argues that atelines and callitrichines are a monophyletic group trichotomized by the
unresolved position of Adotus. The specific causes of this disagreement are unclear.
Rosenberger’s data principally comes from the dentition and skull. Ford’s data are de-
rived from several long bones and tarsal elements, but also involve a reanalysis of
Rosenberger’s original dental characters. These dental features form the basis of Kay’s
study. toq.

An impaortant source of the discrepancies may be the methodological differences in-
volved in these studies. Rosenberger employed a synthetic approach to character analysis,
using distributional information such as in-group and out-group commonality, time, onto-
geny in the few instances where the data exits, functional moarphology and behavioral
ecology to assess the evolution of each character or complex individually, and thus build -
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Figure 1. Hypotheses of the cladistic relationships of modern platyrrhines based on morphology, after Rosenber-

ger (a). Ford (b) and Kay (c).
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the tree. Both Ford and Kay, in contrast, emplayed numerical cladistic, parsimony algo-
rithms to reconstruct relationships based on a matrix of traits.

The underlying systematics problem concerns the interpretation of four genera, Ce-
bus, Satmiri, Aotus, and Callicebus (Fig. 1). Rosenberger (1981, 1984) proposed that Ce-
hus and Saimiri are most clesely related to the callitrichines. and 4otus and Callicebus to
the saki-uakaris. Kay {1990} considered Callicebus and Cebus as two independent hne-
ages that emerged one after the other at the beginning of the madem radiation, cutside the
more conventional groupings of callitrichines. atelines and pitheciines. Like Rosenberger,
Kay also linked Saimiri with callitrichines but the affinities of dotus were to remain inde-
terminate: Owl monkeys were rooted in a single trichotomous node shared also with ateli-
nes and callitrichines. Ford {1986; Ford and Davis, 1992) proposed tweo solutions for
Cebus and Saimiri. One had them as independent clades, with Cebus a stem group of the
radiation and Saimiri a relative of the Aotus-Callicebus clade. The alternative had Cebus
and Saimiri united as the first-branching clade.

MOLECULAR EVIDENCE

Recently, Schneider’s team analyzed the cladistic relationships of the 16 living New
World monkey genera using 3.7 kilobases of DNA encompassing the whole Epsilon-glo-
bin gene (1.9 kilobases [kb]; Schneider er af., 1993), and the intron 1 of the Interphotore-
ceptor Reunoid Binding Protein (IRBP) gene (1.8 kb; Schneider et al., in preparation).
Procedures for extracling, amplifving and aligning DNA to prepare a data matrix are ex-
plained elsewhere (Sambrook et af., 1989; Schneider et al., 1993; Cabot and Becken-
bach,1989). Cladograms were constructed using a variety of the maximum parsimony

Cebualla
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algorithms (e.g., DNAPARS of Feisenstein, 1989; PTRALL, SURF and CONSEN of L
Czelusniak; see Schneider et al., 1993 for descriptions). Distance matrix methods were
also used (Kimura, 1980) to examine the data. Bootstrap analyses were performed with
2000 replicatiens for both neighbor-joining (Saitou and Nei, 1987) and parsimony trees
using the programs MEGA (Kumar e af, 1993) and PHYLIP 3.5 (Felsenstein, 1989). This
is a re-sampling procedure that tests for consistency by iteratively deleting and replacing
characters randomly and comparing the results. As shown in Figures 2 and 3, consensus
trees (maximum parsimeny and neighber-joining trees, respectively) generated for the Ep-
silon and IRBP genes provide strong evidence for three major clades,

THREE MAJOR CLADES

Clade I - Atelids/Atelines

Cladistic arrangements obtained by both maximum parsimony and neighbor-join-
ing distances unite Alouatta with Ateles, Brachyteles, and Lagothrix. Seventeen sites
were identified at which 4/ouatta shares derived characters with the others, grouping this
genus with the three other atelines in all bootstrap iterations. The monophyly of this
group is also strongly supported by morphology (Rosenberger, 1981, 1984; Ford, 1986;
Kay et al. 1987}, as well as behavior and ecologv (Rosenberger and Strier, 1989). The
connection between Alowatta and the others has a long history (Rosenberger, 1981), al-
though it has been uncommon until recently to assemble the four genera into one family
or subfamily.

The first-branch position of Alouatta is corroborated cladistically by melecular and
morphological data, with few exceptions. Dunlap et af. (1985) placed Alouarra as the sis-
ter group of Lugorhrix on the basis of forelimb musculature, while Kay (1990; but see Kay
et al., 1987) grouped Alouatta with Brachyteles on the basis of dental characteristics, An-
other discrepancy concerns the relationships of Brachyvieles. Our molecular evidence sug-
gests that Brachyvreles and Lagothrix share a unique common ancestor, to the exclusion of
Ateles. This Brachyteles/Lagothrix clade is supported by eleven base-pair synapomor-
phies, as opposed to three possibly derived sites that would link Lagothrix with Ateles,
and four favoring a Brachyteles/Ateles clade. There are also cytogenetic similarities, re-
cently found by determining and verifying the correct karyotype for Brachyteles (Koiff-
man and Saldhana, 1978) which was incorrectly reporied in the literature since the early
1960s. Brachyteles and Lagothrix share a karyotype with 2n= 62 chromesomes, while the
diploid number in Ateles varies from 20=32 to 2n=34 (Dutrillaux, 1988; Pieczarka et al..
1989).

Thus within atelids/atelines, these molecular and chromesomal data disagree with
the morphology. Zingeser’s {1973) view of an Ateles-Lagothrix sister-group has never
been independently corroborated. The recent review by Rosenberger and Strier (1989)
supported an Ateles/Brachyteles link based on an extensive series of derived postcranial
traits and compiexes, balanced by the demonstration of convergence in the dental mor-
phelogy of Alouatta and Brachyteles. Ford’s (1986} early analysis of the craniodental data
produced an undefined Areles/Brachyteles/Lagothrix trichotomy, which was later {Ford
and Davis, 1992) revised to the Areles/Brachyteles concept. Kay (Kay et al.. 1987; Kay,
1990) also discussed two alternative solutions to the internal relationships of this group.
The Ateies/Brachyteles linkage proved most compelling, based on non-dental data,
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Figure 2. Phylogenetic tree produced by maximum parsimony method using DNAPARS from PHYLIP 1.5 (Fel-
seqstein, 1989) and J. Czelusmiak's programs (PTRALL, SURF, CONSEN}. Numbers above noxdes represent boot-
strap values of 2,000 replications (SEQBOOT program). Numbers below 1he nodes are strength of grauping values
{number of extramutations requited 19 break the respective clade) estimaled by J. Czelusniak's programs.

A potential source of the conflicting melecular and chromosemal information is the
apparently very short span of time separating the emergence of the three lineages. This ex-
planation is indicated by the very small ditferences in nucleotide diversity that separates
the three genera. By comparison with the strongest generic dyads in the tree (Fig. 2), Ca-
cajao/Chiropotes and Cebuella/Callithrix, the Brachyteles/iLagothriv linkage is less se-
cure. Although the pair emerged as sister taxa in 93% of bootstrap iterations, it requires
only 6 alternative substitutions to break the implied monophyly, compared with values of
100% & 39 and 100% & 12, respectively, for the other pairs. The Saimiri/Cebus link ap-
peared in fewer iterations, 87%, and is supported at the same strength, requiring 6 “hits™
to be broken.

Clade II - Pitheciids/Pitheciines

The cladistic arrangement obtained with molecular data clusters Chiropotes with
Cacajao and Pitheciu as the collateral relatives of the atelid/ateline clade, but with a twist.
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Figure 3. Phylogenetic tree abrained by the neighbor-joining method. Numbers at nodes represent bootstrap val-
ues perfaining ta 2000 replicatians.

The menophyly of the saki-uakaris seems unequivocal, based on morphological {(Rosen-
berger, 1981; Ford, 1986; Kay, 1990; Kinzey, 1992; Hershkovitz, 1987) and biochemical
markers (Schneider et al., }995). Studies of immuneclogical distances and karyotypes have
reached similar conclusions using enly two of the three genera; Pithecia and Cacajao
{Cronin and Sarich, 1975, Dutrillaux, 1988) or Cacajac and Chiropotes (Baba et al.,
1979). Most previcus arrangements have identified Chiropotes and Caceajao as the most
closely related internal lineages, but de Boer (1974) praposed an alternative arrangement
based on chromosomal data, grouping Pithecia 2n=46} with Cacajao (2n= 44 and 46).
and identifying Chiropotes (2n=54) as the oldest member of the clade. [t seems mare
likely that the unusual diploid number in Chirepotes is autapomorphic, having no immedi-
ate cladistic relevance.

Our molecular studies also group Callicebus, in all bootstrap ilerations, as the sister-
group to the saki-uakaris. This connection is as strong as that binding Chivopares and Ca-
cajao, involving 22 sites. Rosenberger (1981} came to the same conclusion based on
dental morphology. He later modified the hypothesis by recognizing Aotus as a stem of
the Callicebus lineage (Rosenberger, 1984; Rosenberger et al. 1990}, a linkage endorsed
by Ford and Davis (1992} and alse acknowledged in many early classifications. As dis-
cussed above, the morphoelogical evidence generated mixed views of the affinities of both
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Callicebus and Aotus whereas the molecular evidence, while strongly supporting a Cal-
licebus/saki-uakari clade, also suggests dotus is related to the another group. We return to
this matter below.

Clade II - “Cebids”

Callitrichines are the third group long recognized as a coherent unit, even before
cladistic analysis deepened this understanding. Although our molecular data do not re-
solve well the internal cladistics of callitrichines, it confirms the morphelogical consensus
that Callimico is genealogically integral to this group, a point no longer questioned seri-
ously (but see Hershkovitz, 1977). The DNA data robustly supports the monophyly of the
five callitrichine genera, at the same level of assurance found among the three mono-
phyvletic saki-uakaris {Fig. 2).

How callitrichines are related to other platyrrhines, on the other hand, is a matter of
deep debate. Rosenberger argued that callitrichines are the sister-group of cebines; Ford
regarded them as relatives of a pitheciine/ateline clade; Kay linked them to atelines. At
one level, the DNA sequence evidence supports Rosenberger’s interpretation (1981, 1990)
that callitrichines and a Cebus/Saimiri clade form a monophyletic group. However, this
node, which occurs in 74% of bootstrap trees, would collapse into an unresolved link if
only two base-pair substitutions were altered.

A second maiter relates to our finding that Aorus is universally linked with the cal-
litrichine/cebine clade by the DNA sequences. This grouping has not been suggested pre-
viously by any of the morphological work. While it is not highly supported in comparison
to the other higher taxa discussed previously (15 sites versus 33 in callitrichines, 33 in
saki-uakaris, 22 in Callicebus/sakis-uakaris, 23 in atelines), it merits further consideration
and testing. Alternative interpretations, such as aligning Aotus as the sister group of Cal-
ficebus using either Epsilon or [RBP data sets, would require a considerable increase in
the number of nucleotide substitutions above those required by the most parsimonicus
trees {Harada ct al., 1995). There are thus no potential synapomorphies in either gene that
would specifically group dofus with Callicebus, as some of the morphological data indi-
cate (Rosenberger, 1984; Ford, 1986; Ford and Davis, 1992).

The internal bootstrap vajues within the “cebid” clade are also variable and, in three
cases, they are relatively low. They average 79% over six nedes. In contrast, values
among the six atelid internal nodes average 99%. So, although the basal nodes uniting
these groups seem very different - 100% bootstraps & 15 substitutions at the Aorus link-
age, and 60% bootstraps & 2 substitutions at the atelid dichotomy - our confidence is tem-
pered by the weaker internal structure of the “cebid” branching sequence.

RELATIONSHIPS WITHIN THE MAJOR CLADES

Cebus and Saimiri

In our previous analysis of Epsilon-globin gene sequences {Schneider ef al., 1993),
the most parsimonicus tree grouped Cebus, Saimiri, Aotus, and the callitrichine clades as
an unresolved tetrachotormy. However, after enlarging the data set with the IRBP se-
quences, we discovered that Cebus and Saimiri link strongly with one another {Harada et
al., 1995). This corroborates one of the traditional taxonomic schemes that was confirmed
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cladistically by Rosenberger (1981} using craniodental and other evidence, Often over-
looked is a body of neurclogical evidence which strongly corroborates the linkage of Ce-
bus and Saimiri (Armstrong and Shea, in press) as well. Postcranial information {Ford,
1986) also supports a Cebus/Saimiri clade as an option (Ford and Davis, 1992), although
Kay’s (1990) numericat cladistic analysis of dental characters posits these genera as dis-
tant relatives: Sufmiri as the sister-group to callitrichines deep within Platyrrhini, and Ce-
bus as a mono-generic branch rooted at the second internal node of the platyrrhine
radiation, outside 14 of the 16 medern genera. Ford’s (1986) postcranial data, as well as
her re-analysis of Rosenberger’s morphological data set using numerical cladistics, al-
lowed for a similar interpretation of Cebus as an early branch, as did the forearm muscie-
based study of Dunlap et al., (1985 ).

In our view, the “outlier” hypothesis is untenable, for several reasons: 1} It is thor-
oughly inconsistent with the positive evidence of fine-grained analyses that seem to re-
quire a Cebus/Saimiri c¢lade, based on a diversity of independent data scts (i.e., DNA,
morphelogy, ecology, and behavior (see Janson and Boinski, 1989, Rosenberger, 1992).
2) A Cebus/Saimiri clade accords well with the broader picture of platyrrhine relation-
ships and adaptations, which points to a close genealogical connection between (at least)
Saimiri and the callitrichines. 3) Other evolutionary models can explain the anatomical
and life-history differences that now distinguish these genera from their shared ancestral
pattern {(e.g., Hartwig, in press), differences which heretofore have led to doubt about their
potentially close linkage. 4) The proposal that Cebus is an isolated outlier seems explica-
ble by a likely methodological bias appearing in the three contravening studies where this
was indicated. All used numerical cladistic procedures in which a key part of the analysis
polarized traits by out-group comparison te catarrhines. In the studies of Ford and Kay
this led to an over-emphasis on molar and long bone similarities of Cebus and parapi-
thecids. In the case of Duniap et al. (1983), the resemblances were between Cebus and liv-
ing terrestrial cercopithecines. This comparative framework probably resulted in a failure
to identify nonhomologies between in- and out-group, making some specialized features
of Cebus appear more primitive than they are.

Callitrichines

The monophyly of the callitrichine clade (Callithrix, Cebuelly, Leontopithecus,
Saguinus and Callimico) is hardly disputed (Ford, 1986; Seudnez et a/., 1988, 1989), al-
theugh the phylogenetic relationships between genera are still controversial. Martin
(1990; Table 2} is the rare exception, classifying Callimico among the non-clawed mon-
keys while hinting it “...might in due course prove to be justifiable” (pg. 715) to reassign
the species to the callitrichine group.

Ford (1986) and Rosenberger et al. (1990} considered Leontopithecus as the lineage
most closely related to the Callithrix-Cebuella clade, followed by Saguinus and Callimico.
Snowden (1994) corroborated this branching sequences in his analysis of long call vocali-
zations. On the other hand, Kay {1990} suggested Saguinus as the sister group of Cal-
lithrix-Cebuella, followed by Leontopithecus and Callimico. The latter view is also
consistent with Garber’s (1994) character analysis concerning the evolution of callitrichin
mating and social systems.

The evidence obtained from Epsilon and IRBP sequences, while not very strong
(70% of trees, 2 sites), places Callimico as the sister group of the Cebuella-Callithrix
clade (Schneider, er al., 1993), followed by Leontopithecus (42% of trees, | site) and
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Saguinus (100%, 33 sites). As noted above, it is important to emphasize that this internal
cladistic structure is not a robust outcome. There are no bootstrap values above 70% and
two nodes are held together by oniy 1 or 2 sites {Figure 2), meaning only one or two muta-
tiens would be enough to change the position of Leontopithecus and Saguinus. In lact,
since the base of the callitrichine tree is bounded by three taxa with relatively low rooting
robusticity (33 for the Saguinus root, 1 for Leontopithecus, 2 tor Callimico), and this par-
ticular topalogy has not appeared before in any of the morphological trees, it is likely that
alternative solutions will be found with additional DNA data.

Callithrix and Cebuella

The sister-group relationship of Callithrix and Cebuefla is unanimously agreed upon
by nearly all the aforementioned researchers (Ford, Garber, Kay, Rosenberger, Snowdon).
but not by Hershkaovitz (1977). This linkage is the most robust of any based on our DNA
sequences. Actually, the divergence values we obtained from IRBP nuclieotide sequences
for Cebuella pygmaea and Callithrix jacchus are within the range of values expected for
species of the same genus, corroborating our previous findings with the Epsilon gene
{Schneider et al., 1993). This re-opens discussion of the monophyletic status of the genus
Callithrix., for it is possible that Callithrix jacchus (and close allies) are more closely re-
lated to Cebuella pvgmuea than to other species now classified in the genus Callithrix.
Analyzing morphological data, both Moynihan {1976) and Rosenberger (1981) suggested
that pygmaea should appear as a congener, a practice advocated by some systematists for
Years.

Recently, Nagamachi et al. (1992), observed that the karvotypes of Cebuella
pyemaea (2n=44) and Callithrix emiliae (20=44) differed from that of Callithrix jacchus
{2n=46) by a pericentric inversion of chromosome 19 and a Robertsonian translocation
(20/16 in Cebuella and 22/16 in Caliithrix emifiae). Cebuella and the Amazonian Cal-
lithrix emiliae differ from each other by only a reciprocal wranslocation between an acro-
ceniric autosome and the short arm of the submesacentric chromosome, which
distinguishes their karyotype from that of Callithrix jacchus. Seudnez et al., (1989) also
observed a close karyotypic resemblance between Callithrix argentata and Cebuella. In
our opinion, the mounting evidence (morphological, cytogenetic and molecular) requires a
detailed analysis of the interrelationships of these species, with the pessibility that some
will have 1o be shifted taxonomically from one genus to the other.

FOSSILS AND PHYLOGENY

Although our emphasis has been the modern forms, absent input from the fossil re-
cord, our picture of platyrrhine relationships and the material basis for a classification re-
mains incomplete. Fossils hold their own clues to phylogenetic relationships. Their
analysis serves to validate morphotype reconstructions by identifying intermediate mor-
phological linkages between anatomically disparate meodern forms. and by expanding our
knowledge of morphological combinations. Below we discuss briefly how platyrrhine tos-
sils contribute specifically to our knowledge of phylogeny. In this discussion, the temporal
dimension provided by geological context is also highly pertinent. [t may, for example,
contribute explanations o straighten likely cladistic linkages, or clarify the ambiguities of
others.
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The earliest fossil platyrrhines (Rosenberger et al., 1991) shed little light on the rela-
tionships of later forms. The most that can be said of them now is they reinforce the likeli-
heod that callitrichines are not the ancestral stock. Although negative evidence, this lends
confidence to the prevailing interpretations of the major outlines of character evolution
among New World monkeys, and their contingent cladistic hypotheses.

A striking picture that emerges from the fossil record beginning in the early Mio-
cene is the number of the lineages and modern genera which appear to be long lived (Del-
son and Rosenberger, 1984). Cebines have been traced back to the early Miocene, when
they are represented by Dolichocebus and possibly Chilecebus (see Flynn et al., 1993),
and by Leventiana (Rosenberger et al., 1991b) from the middle Miocene. Saimiri is related
to a middle Miocene species that we place in the same genus, S. fieldsi (Rosenberger et
al., 1991a ); others (e.g., Takai et al., 1994) agree with the phylogeny but maintain the
original genus name for the species (Neosaimiri }. We interpret Callimico as phylogeneti-
cally linked with Mohanamico hershkovitzi (Rosenberger et al. 1990) from the middle
Miocene, although this point is disputed by Kay {1990). If correct, Mohanamico s the
best preserved evidence demonstrating the existence of callitrichines in the fossil record.
Saki-uakaris are easily recognized in the middle Miocene in Cebupithecia sarmientoi,
whose precise affinities are still unclear. Earlier, less saki-like pitheciines are also known
from Argentina (see Rosenberger et al., 1990). The genus Aofus is known by the species
A. dindensis, although this interpretation is also debated {cf. Rosenberger et al., 1990; Kay
1990). Alouatta relatives are well recognized in the middle Miocene by two species of
Stirtonia (see Kay et al., 1987). It is also pessible that one or both of these species could
just as well be classified in the same genus as the living howler monkeys.

Is there a pattern in the fossil record that we can relate 10 DNA sequence data, or to
other questions regarding platyrrhine cladogeny? Realistically, we understand too little to
draw firm inferences. Nor would we expect simple explanations to fit complex historical
puzzles. However, it would appear that the most confounding higher taxa, the close rela-
tives of the Callicebus, Aotus, Cebus and Saimiri lines, are drawn from ancient lineages.
They may be difficult to place not only because their phylogenetic signals have been ob-
scured by the passage of time, but also because of the probability that a variety of inter-
vening, intermediate clades have since become extinct and have not yet been resurrected
in the form of a fossil. As noted below, a succession of early and rapid branching events
may be difficult to tease apart with molecular data at this time.

PLATYRRHINE CLASSIFICATION: TWO OR THREE FAMILIES?

How to classify three distinct clades when their interrelationship are still murky?
Our work with Epsilon sequences supports the view that the New World monkeys should
be divided into two families; the Atelidae, with two subfamilies Atelinae (Ateles,
Brachyteles, Lagothrix and Alouatta) and Pitheciinae (Pithecia, Chiropotes, Cacajao and
Callicebus); and the “Cebidae”, with dotus, Cebus, Saimiri, and the callitrichines. Ana-
lyzed independently, the IRBP data places pitheciines closer to the “cebids”, but the [RBP
and Epsilon, when analyzed together, groups pitheciines with atelines, as suggested by the
Epsilon gene. However, in this case the bootstrap vaiues are low.

These results cannot dichotomously resolve the relationships among the three
groups. Perhaps there is a message here regarding evolutionary tempo. For example, Nei
(1986) proposed a method for inferring the number of cladistically informative nucleo-
tides necessary to resolve three taxa into a dichetomous branching model. According to
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this method, the probability of finding the correct topology depends on the number of nu-
cleotides examined and the trees’ summed branch length. In our previous paper
(Schneider et al., 1993), we estimated the split between Cebidae and Atelidae occurred at
20 MYA and the Atelinae-Pitheciinae split at 17 MYA. If the temporal difference separat-
ing the origins of these two divisions were smaller than 3 MYA, we would need far more
than 6,000 nucleotides to find the correct topelogy with a probability of 90%.

Still, there are no simple solutions to the guestion of classification. H. Schneider fa-
vors a three-family system while A.L. Rosenberger favors a two-family system, as sum-
marized in Table 1. In either case, we agree on the composition of most taxonomic units
below the family-level. These, we propose, have significant utility for a wide range of ap-
plications. Of great theoretical interest to us both is the alignment of Aorus with callitrichi-
nes and cebines based on the molecules. We are less worried about the inconsistencies of
morphelogy- and molecule-based branching patterns within callitrichines.

CONCLUDING REMARKS

Relative to the morphological cladistic studies that have a longer history, we con-
clude that, despite several unanswered questions, cladistic analysis of Epsilon-globin and
IRBP gene sequences provides important complementary infermation on the major genea-
logical outlines in the phylogeny of New World monkeys. These are quite consistent with
evidence from the fossil record, which means that the modern forms provide a good basis
for developing a platyrrhine classification, and also that understanding the relationships of
fossils may best proceed by inciuding the living genera in the analysis of fossils, The mo-
lecular and morphological studies strengthen the idea of three major modern groups, pos-
sibly diverging closely spaced in time.

Concerning what has been the muddle in the middle of platyrrhine systematics for
decades - Cebus, Saimiri, dotus, Callicebus - the combined evidence definitely places
Callicebus as a relative of pitheciines. They reinforce the connection between Saimiri
and callitrichines, the linkage of Cebus with Saimiri, and their association with cal-
litrichines as a monophyletic *cebid” group. However, the data diverge in that the DNA
adds Aorus as the stem group of this cluster, an interpretation that is inconsistent with
morphology.

The DNA also points to the need for a reconsideration of the taxonomy of genus
Callithrix, which may not be monophyletic, It partially confirms the branching patterns of
the atelid clade, placing Afouarta as the oldest lineage. Problems remaining within cal-
litrichines and atelines include: 1) precise affinities among the atelins, Lagothrix, Ateles
and Brachyteles ; 2) the branching sequence within callitrichines, i.e., Callithrix/Cebuelia,
Leontopithecus, Saguinus, and Callimico.
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