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Morphometric data sets are often phenetically analyzed by using various kinds of spatial, metric, or nonmetric

multivariate analyses. Such methods produce results that are difficult to compare directly with molecular or

morphological phylogenetic hypotheses, which are usually expressed by using nonspatial tree representations.

Therefore, it is useful in a comparative approach to analyze, and above all to visualize, morphometric pairwise

relationships as tree structures. For this purpose, several additive or ultrametric methods exist, which often return

different topologies for the same data set. Objective criteria are thus needed to identify the tree-building algorithm

(or algorithm family) best adapted to the nature and structure of the hierarchical signal under study. Here, we

present our 4-step analysis protocol that allows the construction of a morphometric tree, statistically tested for

confidence, to perform direct comparisons with a phylogenetic hypothesis. As an example, we apply this protocol

to the analysis of an original morphometric data set (geometric 3-dimensional Procrustes analysis of skull

morphology) involving 7 species of Callithrichinae, and then compare the resulting tree to a published molecular

phylogenetic hypothesis. Differences between the 2 compared trees are qualitatively and quantitatively described,

and are interpreted as the result of morphological convergences due to environmental conditions, and especially

to morphofunctional constraints linked to diet.
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The concept of morphometry has grown in stature in the past

3 decades. Although the basis of morphometrics was set early in

the 20th century with the works of D’Arcy Thompson (1915),

these methods have developed exponentially with the growth of

computing tools and statistics. In this way, increases in

computer capacity have been followed by many conjectures

and works all focused on the mathematical modeling of

biological objects and the measurement of form differences

between them (Bookstein 1984, 1986, 1991; Corti 1993;

Goodall 1991; Gower 1975; Kendall 1989; Richtsmeier et al.

2002; Rohlf 1999; Rohlf and Marcus 1993; Rohlf and Sokal

1981). These conceptual definitions and the methodological

separation of ‘‘shape’’ and ‘‘size,’’ have led to the famous

equation, form ¼ size þ shape, which represents an important

step forward (Bookstein 1989). Morphometry permits precise

modeling of an entire biological object in 2 or 3 dimensions and

also allows shape differences between such objects to be

quantified. Results are generally shown by using only spatial

diagrams (after multivariate analyses). These methods lead to

several low- or high-level taxonomic applications for shape

comparison and the discussion of morphological differentiation

(Auffray et al. 1996; Baylac and Daufresne 1996; Berge 1996;

Hugotand 1996; Wood and Lynch 1996).

Parallel to these methodological innovations for quantifying

morphologies and computing pairwise morphological differ-

ences, phylogenetic techniques have increased significantly.

Thus, numerous morphological and molecular phylogenies are

now available for a major part of the living world (Bunyard

et al. 1996; Castro et al. 2000; Graham 2000; Page 2000; Rydin

and Kallersjo 2002).

At different levels, and with different purposes, these

methods form a set of tools that provide information about

the molecular and morphological evolutionary background

of a group. Given that any individual morphology is the
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developmental consequence of genetic inheritance constrained

by environmental parameters, several questions have emerged

from the comparison of results obtained from distinct ap-

proaches. For instance, is a node on a morphological tree strictly

comparable to a node on a molecular one? Will 2 geo-

graphically distinct groups with strong molecular relationships

show similar morphological characteristics or not? Is it more

appropriate to combine different data sets to form a ‘‘total

evidence’’ analysis or to summarize trees obtained separately in

a consensus analysis (de Queiroz et al. 1995; Huelsenbeck

1995; Levasseur and Lapointe 2001)?

The aim of this work is not to answer all of these more or less

theoretical questions, but rather to propose a methodological

protocol, making possible comparisons between morphometric

and phylogenetic information. In doing this, we obviously do

not argue a priori that the morphometric signal is phylogenet-

ically structured but we make such signals comparable to

estimate a posteriori if this is actually the case.

Thus, the scientific framework of this paper is the study of the

relationships between morphological and genetic signals

(Horovitz and Meyer 1995; Shoshani et al. 1996; Wahlberg

and Nylin 2003), with special emphasis on the treatment of

morphometric data. We would like to insist on the fact that we

do not consider our morphologic results as phylogenetic ones

but rather as a phenetic (morphological) signal. To make this

morphometric signal comparable to a phylogenetic one

(molecular, morphological, or both), 4 very distinct questions

must successively be answered. First, how can the dissimilarity

between 2 taxa from the same biometric or morphometric data

set be quantified? Second, which tree-building method must be

used to build a tree from a specific dissimilarity matrix? Third,

what is the confidence interval for each cluster of a tree? Finally,

how can 2 tree topologies from 2 distinct data sets involving the

same taxa set be compared?

To illustrate such an approach and sum up all 4 of these

steps, we will use as a tutorial an original New World monkey

morphometric data set based on 3-dimensional Procrustes

analysis of skull morphology.

MATERIALS AND METHODS

Marmosets (genus Callithrix) are small monkeys of the subfamily

Callithrichinae of platyrrhine primates. The genus is compose of 13–18

species, depending on the authorities (Groves 2001; Hershkovitz 1977;

Mittermeier et al. 1988; Rylands et al. 1993), divided into 3 subgenera,

Cebuella, Callithrix, and Mico (Groves 2001). Recently, new species

were discovered and described as Callithrix saterei (de Sousa e Silva

and de Almeida Noronha 1998), Callithrix manicorensis, and

Callithrix acariensis (van Roosmalen et al. 2000). Several of these

species are classed as vulnerable or endangered in Appendix 1 or 2 of

the Convention on International Trade in Endangered Species (CITES)

and therefore many authors from different disciplines have focused on

these species (Garber 1992; Natori 1990; Rylands and Faria 1993;

Sussman and Kinzey 1984).

Molecular phylogenetic studies have been performed to understand

relationships between the recognized taxa (Kawamura et al. 2001;

Natori 1986) but few phylogenies have been proposed at the generic

level (Tagliaro et al. 1997; van Roosmalen et al. 2000; van Roosmalen

and van Roosmalen 2003). We will compare the molecular data set

from Tagliaro et al. (1997), which is based on mitochondrial DNA, to

our morphometric data set. These 2 samples have 6 species (Callithrix
(Mico) argentata, Callithrix (Cebuella) pygmaea, Callithrix (Mico)

humeralifer, Callithrix (Mico) mauesi, Callithrix (Callithrix) penicil-
lata, Callithrix (Callithrix) jacchus, and Leontopithecus chrysomelas)

in common within the genus plus an outgroup genus (Table 1; Fig. 1).

Morphometric data.—The data were collected at the Museu

Paraense Emı́lio Goeldi (Belém, Pará, Brazil). Among the existing

landmark methods, we used 3-dimensional Procrustes analysis

(Bookstein 1986, 1996; Rohlf 1996; Slice 1996). Thirty-three points

were defined on the skull to characterize its geometry (Fig. 2). The

coordinates of these points are plotted in 3 dimensions by using

a microscribe digitizer.

During the Procrustes analysis, a consensus form was computed for

each species. This consensus represents an individual with average

morphology of the species. In this case, only adult individuals (with all

the definitive teeth) were selected to compute the consensus mor-

phology for each species; sexual dimorphism was taken into account by

selecting equal proportions of male and female specimens. Then,

pairwise observed and mean individual differences were computed as

Euclidean distances from the Procrustes residuals—the landmark

vector coordinates in the tangent space of the spherical Kendall’s

morphospace (Kendall 1989; Rohlf 1999).

To determine if this consensus individual is a good representation of

the morphology of specific individuals within the species, a 1st cluster

analysis, as presented below, was performed. It showed higher

interspecific variability than the intraspecific variability (all individuals

were grouped in their respective species-cluster without exception).

Consequently, results presented hereafter are only based on the

pairwise mean individual Euclidean distance matrix in order to focus

on interspecific relationships.

Genetic data.—The genetic dissimilarity matrix is taken from

Tagliaro et al. (1997). It is based on mitochondrial control region

sequences and uses Jukes and Cantor distances. Bootstrap confidence

intervals on the resulting branches are taken directly from Tagliaro

et al. (1997).

Determination of matrix structure: metricity, additivity, and
ultrametricity.—Once a dissimilarity matrix has been computed from

an available data set, the problem of its nonspatial representation still

TABLE 1.—Geographic origin of marmoset specimens used in this

study. Most specimens were from the wild, but some, especially the

outgroup (Leontopithecus chrysomelas), came from zoological

gardens or primatology centers.

Speciesa Genetic studiesb Morphometric study

Callithrix (Mico)

argentata

Rio Anauera, Cameta,

Pará, Brazil

Belterra, near Santarem,

Pará, Brazil

Callithrix (Cebuella)

pygmaea

Primatology Center of

Belém, Pará, Brazil

Iquito, Peru

Callithrix (Mico)

humeralifer

Rio Arapiuns, Santarem,

Pará, Brazil

Rio Madeira, Amazonas,

Brazil

Callithrix (Mico)

mauesi

Rio Abacaxis, Amazonas,

Brazil

Santa Maria, Amazonas,

Brazil

Callithrix (Callithrix)

penicillata

University of Brasilia,

Distrito Federal, Brazil

Palmas de Monte Alto,

Bahia, Brazil

Callithrix (Callithrix)

jacchus
Extremoz, Rio Grande

do Norte, Brazil

Palmeiras, Piauı́, Brazil

Leontopithecus

chrysomelas

Primatology Center of Rio

de Janeiro, Rio de

Janeiro, Brazil

Zoological Garden,

Belém, Pará, Brazil

a Taxonomy from Groves (2001).
b Genetic data from Tagliaro et al. (1997).
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remains. Several tree-building methods are available to resolve this

problem. These methods fall into 2 main families, additive, and

ultrametric. By using graph theory terminology (e.g., Bartélémy and

Guénoche 1991), the 1st group leads to the building of phenograms,

which are noncyclic unrooted networks where branch length is free to

vary from one cluster to another. The 2nd leads to dendrograms (also

called ‘‘spherical trees’’), which are noncyclic rooted networks where

branch lengths are fixed by imposing the equidistance of each terminal

node (the taxa) to the deeper node of the tree (its root).

Consequently, the 1st step of the tree-reconstruction procedure is to

assess the metric, additive, and ultrametric structure of the dissimi-

larity matrix under analysis. Such assessment will enable an appro-

priate tree-building method to be selected from the large set of existing

methods. It is a common observation that such methods (e.g., least-

squares fitting, neighbor-joining, single linkage, or unweighted pair

group method with arithmetic mean) often return different hierarchical

structures from the same original data set. Such discrepancies, which

are considered by many workers as evidence that distance-clustering

methods are unreliable, are often the direct consequence of the failure

of the dissimilarity matrix to follow the structural hypothesis that

underlies each tree-building method.

A formal mathematical summary of these 3 matrix characteristics is

given in Lapointe and Legendre (1992). Given a dissimilarity matrix D,

a (metric) distance matrix M, an additive matrix A, and an ultrametric

matrix U, the inclusion sequence D � M � A � U involves an

increasing distortion of the observed pairwise relationship structure

from one stage to another (Le Calvé 1985). Thus, the distortion

imposed on a distance matrix D to transform it into an additive matrix

A, that is, into a phenogram, is lower than the one imposed on

a distance matrix D to transform it into an ultrametric matrix U, that is,

into a dendrogram. Consequently, a phenogram is a priori a more

faithful representation of the hierarchical structure contained in the

analyzed data set, and therefore in the D matrix, than is a dendrogram.

It is worth noting that the nonmetricity of D (i.e., D 6¼ M) does not

prevent the reconstruction of an additive or ultrametric tree. However,

it yields tree topologies with negative branch lengths. Even if this kind

of branch can be interpreted in a strictly statistical way (Felsenstein

1984), its biological and phylogenetic interpretation is controversial

(Farris 1981), if not impossible.

From the point of view of evolutionary biology, the hypothesis of

ultrametricity corresponds to the hypothesis of a constant evolutionary

rate through time (the reason why branch lengths of a dendrogram are

proportional to elapsed time), whereas the hypothesis of additivity does

not imply any hypothesis about evolutionary rates—they are constant

between nodes but are free to vary from one branch to another. When

FIG. 1.—Distribution of species of marmosets listed in Table 1 and discussed in the text.

FIG. 2.—Location of the 33 landmarks recorded from skulls of New

World monkeys (here, Callithrix (Callithrix) jacchus).
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the ultrametricity hypothesis is not verified, ultrametric methods (e.g.,

single or complete linkage, unweighted pair group method with

arithmetic mean and weighted pair group method with arithmetic mean,

unweighted pair group method with centroid and weighted pair group

method with centroid, or Ward’s method—Sneath and Sokal 1973;

Sokal and Sneath 1963) cannot be used; they are not appropriate. Use

of ultrametric methods, that is, forcing the assumption of an evolu-

tionary clock with a nonultrametric distance matrix, would generate an

ultrametric hierarchical signal where there is none. Thus, it would be

better, in this case, to use additive methods (e.g., the least-squares

fitting family [Cavalli-Sforza and Edwards 1967; Fitch and Margoliash

1967]; neighbor-joining methods [Saitou and Nei 1987]; or quartet-

based methods, such as the Q* method [Berry and Gascuel 1997]), with

or without application of the minimum evolution principle (Kid and

Sgamarella-Zonta 1971; Rzhetsky and Nei 1992), which do not assume

a priori an evolutionary clock (Blanken et al. 1982; Taneto et al. 1982).

Then, with these additive methods, balance must be maintained

between information gain (the localization of the root in an ultrametric

tree) and representation faithfulness. Simple quantitative criteria are

used to select the most appropriate method. These criteria are the

percentage (called %M) of triplets (i, j, k) satisfying the metricity

criterion, the percentage (called %A) of quadruplets (i, j, k, l) satisfying

the additivity criterion, and the percentage (called %U) of triplets (i, j,

k) satisfying the ultrametricity criterion.

If the value of %M is high, then D can be considered as an acceptable

distance matrix, and metric (additive or ultrametric) methods can be

used. If not, approximation algorithms (Gascuel and Levy 1996) or

nonmetric methods (e.g., nonmetric multidimensional scaling—

Kruskal 1964; Mead 1992) are advised. Nevertheless, the results of

most of the metric methods remain stable even if %M 6¼ 100%, because

of their geometric and statistical properties. An empirical way to

estimate if a given %M ,100% is high enough to allow metric tree-

building methods is to estimate successively A or U from D, by using

the least-squares fitting method (Fitch and Margoliash 1967). This

method is the best adapted to constrain the algorithm, to prevent

negative branch length, that is, assuming D to be metric, and to allow

the algorithm to construct negative branch length, that is, assuming

D not to be metric. If the 2 resulting topologies are geometrically

identical, then the instability threshold was not reached and D can be

considered as reasonably metric even if its metricity is not perfect.

The computation of %A and %U allows an estimation of the degree

of additivity and ultrametricity of D. The value of %A is often, but not

always, nor even necessarily, lower than the value of %U, which may

seem paradoxical in the light of the inclusion sequence presented

above. Nevertheless, %A and %U are actually incommensurate, with

the former being calculated from an inequality on tetrads (i, j, k, l), and

the latter from an inequality on triplets (i, j, k). Therefore, a 4th per-

centage (called %U9) is computed as the percentage of tetrads (i, j, k, l)

satisfying the ultrametric criterion. For a given tetrad (i, j, k, l),

4 different triplets, followed by 12 distinct ultrametric inequalities, can

be computed. Thus, a tetrad is said to be ultrametric if its 4 constitutive

triplets are simultaneously ultrametric. Finally, %A can be compared

directly to %U9 to estimate the degrees of additivity and ultrametricity

of all D tetrads. Because a tetrad cannot be ultrametric without being

additive, %A � %U9. The value of %U9 is often much lower than the

value of %A, in which case, the use of ultrametric methods will not be

appropriate—they would considerably modify the distances and

pairwise relationship structure of D—and the use of additive methods

is strongly recommended.

Estimating cluster confidence intervals by nonparametric boot-
strap.—Once a topology has been inferred, by using a tree-building

method adapted to the hierarchic (additive or ultrametric) signal of M,

the question of statistic confidence in each node (¼ cluster) of the tree

remains. Is the resulting topology statistically reliable and biologically

interpretable given the nature of the available data sample? Because

an observed distance matrix is a statistical estimate of the ‘‘true’’
(unknown) distance matrix (Cavalli-Sforza and Edwards 1967), the

nodes inferred can result from random sample artifacts; overfitting

effects from the tree-building algorithms, which create dichotomic

topologies even if the ‘‘real’’ (unknown) topology is not dichotomic

(Berry et al. 2000); or both.

Unfortunately, the analytic expression of the confidence interval of

patristic distances (the distances inferred by the tree-building algo-

rithm) is generally unknown. Nevertheless, the confidence intervals can

be readily estimated by nonparametric bootstrap of the available data

set, which allows some estimation of the confidence intervals for each

cluster even if the error (e.g., SD) associated with each variable value

for each taxon is unknown (not available or impossible to compute—

Efron 1979, 1982; Felsenstein 1985). Based on the available data set

(called X), a nonparametric bootstrap consists in the generation of

numerous (1,000 or more) data sets (called X*) of the same size as the

initial one by random resampling with replacement of the variables.

Thus, in each bootstrapped data set X*, a variable can be absent or

present once or several times. Each X* is then analyzed by using the

same dissimilarity index and tree-reconstruction method. Finally, the

frequencies of each observed cluster in the bootstrapped trees are 1st-

order estimates of their confidence intervals, and all observed nodes

whose bootstrapped confidence intervals fall below a given threshold

value are collapsed into unresolved multifurcations. The question of the

lower threshold for bootstrap confidence intervals is still open. Several

works have empirically or theoretically demonstrated that the 95%

value proposed by Felsenstein (1985) and Felsenstein and Kishino

(1993) is too conservative and leads to an ineffective method ( Berry

and Gascuel 1997; Efron et al. 1995; Hillis and Bull 1993; Zharkikh

and Li 1995). For instance, Hillis and Bull (1993) suggest using

a threshold value of 70% or less.

Comparison of topologies.—The resulting morphometric boot-

strapped tree can finally be compared to the phylogenetic tree. Two

complementary approaches are used in this work. The 1st is to align

the 2 topologies and to compare their geometric characteristics

qualitatively. Such comparisons can be performed here in real time

because of the limited number of taxa analyzed, but would be quite

unrealistic when analyzing much larger data sets because of

exponential increase in topological complexity with number of taxa.

To compute synthetic comparative parameters automatically for large

data sets, quantitative approaches are better adapted. Thus, the 2nd

approach we selected is to compute a Mantel’s z-test of linear

association between the 2 observed distance matrices and between the

2 resulting patristic matrices. We used zt version 1.0 (Bonnet and Van

de Peer 2001) to achieve this computation.

APPLICATION AND RESULTS

We applied the method presented above to our data set for

New World monkeys. First, we used Euclidean distance (Sokal

and Sneath 1963) to compute pairwise mean individual

differences between the 7 species compared (Table 2). It is

worth noting that the use of other distances such as the

standardized Euclidean, Manhattan, or Canberra distances (not

shown in this paper) yielded identical final topologies.

Second, we computed the values of %M, %A, %U, and %U9

for the 2 distance matrices (%M¼ 86.7, %A¼ 66.7, %U¼ 67.6,

and %U9 ¼ 0.0 for the morphometric matrix, and %M ¼ 85.7,
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%A ¼ 67.6, %U ¼ 69.5, and %U9 ¼ 0.0 for the genetic matrix).

In both cases, the matrices are reasonably metric, but simple

comparison between values of %A and %U9 suggests that

ultrametric tree-building methods should not be used to cluster

these distance matrices. Consequently, we used the 2 additive

tree-building methods proposed in the PHYLIP package

(Felsenstein 1993): the Fitch and Margoliash least-squares

fitting, and the neighbor-joining methods. These 2 methods

yielded geometrically identical topologies; therefore, only the

neighbor-joining tree will be presented and discussed hereafter.

Third, 1,000 nonparametrically bootstrapped morphometric

data sets were generated, and corresponding Euclidean distance

matrices were clustered with the same (additive) tree-building

methods. Bootstrap confidence intervals were extracted from

the resulting topologies by computing the corresponding

majority-rule consensus tree. The bootstrap values on the

genetic tree are from Tagliaro et al. (1997). The 2 resulting

trees and their bootstrap values are shown in Fig. 3. It is worth

noting that the average percentage SD for the morphometric

tree computed with the Fitch and Margoliash least-squares

fitting method (which yielded exactly the same topology as Fig.

3b) is equal to 7.96%. This relatively low value indicates that

the difference between observed and patristic morphometric

distance matrices is weak, and thus that the hierarchical

structure represented by the phenogram is in good agreement

with that contained in the observed distance matrix.

Fourth, we compared the 2 resulting topologies. Because

a limited number of taxa were analyzed, differences are

apparent at 1st glance. The genetic tree shows 2 main groups.

The 1st is composed of the species jacchus and penicillata of

the Callithrix (Callithrix) group and the 2nd of the species

humeralifer, mauesi, and argentata of the Callithrix (Mico)

group plus Callithrix (Cebuella) pygmaea. Bootstrap values

between and within these groups are high. Leontopithecus, the

outgroup genus, is clearly separated. The morphometric tree

shows a different topology. The 1st group is composed of the 2

Callithrix (Callithrix) species plus Callithrix (Cebuella)

pygmaea (with a 89% bootstrap value) and Callithrix (Mico)

mauesi. The position of this last taxon is weakly supported by

a bootstrap value of 67% but this whole group is strongly

separated from the rest of the tree (by a 100% bootstrap value).

A 2nd group, composed of the 2 species Callithrix (Mico)

humeralifer and Callithrix (Mico) argentata, is clearly de-

tached from the 1st group. Leontopithecus remains in the same

position as on the genetic tree.

A simple Mantel’s z-test (linear association between

2 dissimilarity matrices) has been computed by using zt

software (Bonnet and Van de Peer 2001). The null hypothesis

of this test is that distances in the 2 dissimilarity matrices are

independent, that is, that the processes that generated the data

are different in the 2 sets. In this case, r ¼ 0.541 and P ¼ 0.025

for the observed dissimilarity matrices, and r ¼ 0.549 and

P ¼ 0.031 for the resulting (neighbor-joining) patristic distance

matrices. In the 2 cases, the null hypothesis can thus be rejected

at a 95% confidence level; the genetic and morphometric

dissimilarity matrices show significant linear dependency. In

spite of their topological differences, the 2 matrices therefore

present a nonrandom common global pairwise relationship

structure consisting of the following trichotomy (in parenthetic

notation): (Leontopithecus chrysomelas, (Callithrix (Callithrix)

jacchus, Callithrix (Callithrix) penicillata), (Callithrix (Mico)

argentata, Callithrix (Mico) humeralifer)), with Callithrix
(Cebuella) pygmaea in an intermediate position between

(C. (C.) jacchus, C. (C.) penicillata) and (C. (M.) argentata,

C. (M.) humeralifer).

DISCUSSION

Based on current phylogenetic and taxonomic knowledge

(Groves, 2001; Schneider et al. 1993, 1996), the topology of

the genetic tree is systematically and biogeographically struc-

tured: the 2 groups correspond to the 2 subgenera Callithrix

TABLE 2.—The 2 pairwise matrices analyzed to build the trees

(an upper and a lower triangular matrix). The dissimilarity upper

triangular matrix was computed by Tagliaro et al. (1997) from

mitochondrial control region sequences. The dissimilarity lower

triangular matrix was computed by using Euclidean distances from

the 99 landmark coordinates (3 dimensions � 33 points). The

abbreviations used are CAR, Callithrix (Mico) argentata; CPY, C.
(Cebuella) pygmaea; CHU, C. (Mico) humeralifer; CMA, C. (Mico)

mauesi; CPE, C. (Callithrix) penicillata; CJA, C. (Callithrix) jacchus;

and LEO, Leontopithecus chrysomelas.

CAR CPY CHU CMA CPE CJA LEO

CAR 0 0.110 0.073 0.070 0.125 0.132 0.238

CPY 0.265 0 0.127 0.123 0.135 0.133 0.248

CHU 0.043 0.276 0 0.043 0.135 0.143 0.247

CMA 0.192 0.133 0.205 0 0.120 0.143 0.247

CPE 0.322 0.146 0.335 0.148 0 0.062 0.218

CJA 0.234 0.122 0.247 0.072 0.097 0 0.237

LEO 0.230 0.295 0.235 0.297 0.398 0.328 0

FIG. 3.—Neighbor-joining trees obtained from a) genetic and b)

morphometric data sets. Numbers indicate bootstrap values, computed

from 1,000 replications of the data. See Table 2 for species

abbreviations.
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(Callithrix) and Callithrix (Mico), and thus to the Atlantic and

Amazonian groups (Groves 2001).

The 1st group of the genus Callithrix in the genetic tree is

composed of the species Callithrix (Callithrix) jacchus and

Callithrix (Callithrix) penicillata. This clade is described as

monophyletic. This group of Atlantic marmosets is principally

defined by using pelage color (Hershkovitz 1977) and dental

traits (Natori 1986). There is no evidence of natural inter-

breeding between the 2 species but Mittermeier et al. (1988)

report a hybridization area near Salvador in Bahia State, Brazil.

However, this was ascribed to casual introduction of C. (C.)
jacchus inside the range of C. (C.) penicillata (Coimbra-Filho

et al. 1993).

The 2nd group is composed of the Callithrix (Mico) species

(humeralifer, mauesi, and argentata) plus Callithrix (Cebuella)

pygmaea. The Amazonian marmoset group (subgenus Mico) is

principally defined by using pelage color (Hershkovitz 1977).

Genomically, the number of diploid chromosomes is 44 in this

group (46 in the Atlantic group) and there is a large amount of

distal constitutive heterochromatin (de Souza Barros et al.

1990; Pieczarka et al. 1996). This is also the case in C. (C.)
pygmaea (Canavez et al. 1996). This point, supported by the

study of Goodman et al. (1998), forms the main argument for

the classification of Gray’s genus Cebuella within Callithrix
(Groves 2001). According to Goodman et al. (1998), this

subgenus, together with subgenus Mico, separated from the

Atlantic group 5 million years ago.

Although the genetic tree topology conforms with current

systematic knowledge of the genus Callithrix, this is not exactly

the case with the morphological tree. The morphological tree

shows a topology with 2 main groups that do not correspond to

the 2 main subgenera (Fig. 3). An ecological explanation for

these groups can be proposed. According to several authors

(Hershkovitz 1977; Rylands and Faria 1993; Stevenson and

Rylands 1988), Callithrix (Callithrix) jacchus and Callithrix
(Callithrix) penicillata are known as the marmoset species

living in the coolest and most arid portion of the range of the

genus (Rylands 1986). They occupy open forests such as

Caatinga and Cerrado, whereas Amazonian species require

areas of dense vegetation. Moreover, although marmosets are

usually frugivore–insectivores, feeding on fruits, flowers, plant

exudates, insects, spiders, and small vertebrates, C. (C.) jacchus
and C. (C.) penicillata are more exudativorous than other

species (Rylands 1986; Rylands and Faria 1993). The

Amazonian species Callithrix (Cebuella) pygmaea, which lives

in heterogeneous evergreen forests, especially in river-edge

and floodplain forests, is the species most properly classified as

an exudate feeder (Soini 1988). This feeding ecology is one

point of a particular pattern of use for space, time, and re-

sources. This pattern avoids competition between this species

and 2 sympatric tamarin species (Soini 1982). The 2nd group is

composed of the Amazonian species (Callithrix (Mico)

humeralifer and Callithrix (Mico) argentata), whose diet is

more frugivore–insectivorous than exudativorous.

Exudate feeding requires some morphological and anatom-

ical adaptations, such as gut specialization (Nash 1986; Power

1996) and dental modifications (Garber 1992; Muskin 1984;

Rosenberger 1978), and is probably linked with the presence of

clawlike nails (Ford and Davis 1992; Garber 1992; Sussman

and Kinzey 1984) and differences in body size (Fleagle 1978;

Ford and Davis 1992) and pelage coloration (Nash 1986).

Our results show a global cranial differentiation between

exudate feeders on one side and frugivore–insectivores on the

other side. Morphometric results can be interpreted in terms of

evolutionary processes as diet convergence and morphofunc-

tional adaptation.

The position of Callithrix (Mico) mauesi is somewhat

intermediate between the 2 groups. Little is known about this

newly described species (Mittermeier et al. 1992). By including

it in the more-exudativorous species group, our study suggests

that the cranial morphology of C. (M.) mauesi could be

influenced by a high rate of exudate feeding.

CONCLUSIONS

The 4 steps of the protocol presented above successively

answered the 4 questions set for strict comparison of mor-

phometric and phylogenetic signals. First, dissimilarity matri-

ces were used to summarize the observed intertaxa pairwise

morphometric differences. Second, 4 simple matrix-structure

criteria were defined and computed in order to recommend an

appropriate tree-building method from the vast set of existing

ones. Third, nonparametric bootstrap allowed estimation of

bootstrapped confidence intervals on each inferred cluster of the

resulting morphometric tree. Finally, the matrices and their tree

representations were qualitatively and quantitatively compared.

This protocol, applied here to a New World monkey data set,

allows objective comparison of morphometric data obtained by

3-dimensional Procrustes analysis with an independently pro-

duced molecular phylogenetic hypothesis. These comparisons

highlight differences interpreted in terms of morphological

convergence due to environmental stresses and morphofunc-

tional adaptation.

Finally, it is worth noting that this analytic and comparative

procedure, based on global dissimilarity analysis, is applicable to

virtually any sort of qualitative, semiquantitative, and quan-

titative variables, and to any sort of data sets, from taxonomic

matrices of morphological, biometric, or morphometric charac-

ters to biogeographic matrices of presence or absence or abun-

dance of taxa.
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