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Abstract.—Adaptive convergence in morphological characters has not been thoroughly investigated, and the processes by
which phylogenetic relationships may be misled by morphological convergence remains unclear. We undertook a case
study on the morphological evolution of viverrid-like feliformians (Nandinia, Cryptoprocta, Fossa, Eupleres, Prionodon) and
built the largest morphological matrix concerning the suborder Feliformia to date. A total of 349 characters grouped into
four anatomical partitions were used for all species of Viverridae and viverrid-like taxa plus representatives of the Felidae,
Hyaenidae, Herpestidae, and one Malagasy mongoose. Recent molecular phylogenetic analyses suggest that viverrid-like
morphotypes appeared independently at least three times during feliformian evolution. We thus used a synthetic molecular
tree to assess morphological evolutionary patterns characterizing the viverrid-like taxa. We examined phylogenetic signal,
convergence and noise in morphological characters using (a) tree-length distribution (g1), (b) partitioned Bremer support,
(c) RI values and their distribution, (d) respective contributions of diagnostic synapomorphies at the nodes for each parti-
tion, (e) patterns of shared convergences among viverrid-like taxa and other feliformian lineages, (f) tree-length differences
among alternative hypotheses, and (g) the successive removal of convergent character states from the original matrix. In
addition, the lability of complex morphological structures was assessed by mapping them onto the synthetic molecular tree.
The unconstrained morphological analysis yielded phylogenetic groupings that closely reflected traditional classification.
The use of a synthetic molecular tree (constraint) combined with our thorough morphological investigations revealed the
mosaics of convergences likely to have contributed to part of the historical uncertainty over viverrid classification. It also
showed that complex morphological structures could be subjected to reversible evolutionary trends. The morphological
matrix proved useful in characterizing several feliformian clades with diagnostic synapomorphies. These results support
the removal from the traditionally held Viverridae of several viverrid-like taxa into three distinct families: Nandiniidae
(Nandinia), Prionodontidae (Prionodon), and the newly defined Eupleridae (including Cryptoprocta, Fossa, Eupleres plus all
“mongoose-like” Malagasy taxa). No clearly “phylogenetically misleading” data subsets could be identified, and the great
majority of morphological convergences appeared to be nonadaptive. The multiple approaches used in this study revealed
that the most disruptive element with regards to morphological phylogenetic reconstruction was noise, which blured the ex-
pression of phylogenetic signal. This study demonstrates the crucial need to consider independent (molecular) phylogenies
in order to produce reliable evolutionary hypotheses and should promote a new approach to the definition of morpho-
logical characters in mammals. [Constrained analysis; convergence; evolutionary scenario; Feliformia; morphology; noise;
phylogenetic signal; phylogeny; Viverridae.]

As recently addressed by Wiens et al. (2003), mor-
phological data often have been considered as highly
subjected to adaptive convergence, and thus may yield
incorrect reconstructions of evolutionary history (e.g.,
Hedges and Sibley, 1994; Gatesy et al., 1996; Kusmierski
et al., 1997; Alvarez et al., 1999; Teeling et al., 2002).
In recent years the use of morphological data has de-
clined with the development of highly efficient sequenc-
ing techniques, (see Scotland et al., 2003). This may be
due to a decrease in the confidence attributed to morpho-
logical characters for phylogenetic reconstruction (or the
time associated with the collection and definition of mor-
phological data). The difficulties related to availability
and coding of morphological characters include the as-
sessment of homology (e.g., Pimental and Riggins, 1987;
Smith, 1994; Wagner, 2001) and the absence of knowl-
edge on models of evolution (Scotland et al., 2003; but see
Lewis, 2001). Thus, many papers have focused on the im-
portance of fixing explicit criteria for character selection
(Patterson and Johnson, 1997; Hawkins, 2000) in order to
base phylogeny on unambiguous characters and to min-
imize the effect of noise. However, deciphering unam-
biguous morphological characters ideally would require
detailed knowledge of morphogenetic processes for each

taxon studied, which is a condition rarely met. Currently
most phylogeneticists consider morphological data most
appropriately used when compared to molecular phy-
logenetic data. As a consequence, many empirical and
simulation studies have focused on estimating the con-
flicts between morphological and molecular data sets
(e.g., Baker and DeSalle, 1997; Baker et al., 1998; Wiens,
1998; Liu and Miyamoto, 1999; McCracken et al., 1999;
Quicke and Belshaw, 1999; Lee, 2001) or between mor-
phological subsets in a molecular phylogeny framework
(McCracken et al., 1999; Gaubert et al., 2004a).

The question of how phylogenetic relationships may
be affected by morphological convergence remains un-
clear. In other words, is there a way to quantitatively
and qualitatively characterize convergence? A battery of
explorative tests are available for estimating phyloge-
netic signals, levels of homoplasy, and conflicts between
data (sub)sets (most of which reviewed in Grant and
Kluge, 2003). However, very few studies have focused
on character-specific patterns of convergence because in-
vestigations have not been explored beyond the partition
level. In this context, a first step towards detailed char-
acterization of homoplasy was initiated by Savolainen
et al. (2002), who estimated site-by-site “phylogenetic
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informativeness” through analysis of distribution of Re-
tention Index (RI) values.

Defining Convergence

Convergence may be one of the most cited terms in
phylogenetic studies. Surprisingly, clear definitions are
noticeably lacking in the most recent papers using this
term, and there is little consensus in the literature on
what convergence really means (see Wiens et al., 2003).
Our aim is not to review here the detailed controversy
over the definitions of convergence. We follow a common
point of view that convergences are shared derived similar-
ities, which have been acquired independently across lineages
during evolution. The distinction from parallelism (i.e.,
shared derived similarities from a closely related com-
mon ancestor) might prove arbitrary and irrelevant in
practice because of the difficulty in establishing a clear
threshold between closely and not closely related taxa.
In addition, several definitions of parallelism are avail-
able making the distinction between this term and con-
vergence even more problematic (e.g., Brooks, 1996; Li,
1997; Wiens et al., 2003).

Most tests of evolutionary scenarios have focused
on morphological structures related to adaptive func-
tions (e.g., Alvarez et al., 1999; McCracken et al., 1999;
Goodacre and Wade, 2001; Parra-Olea and Wake, 2001).
However, an important part of the convergence events
may not be explainable from an adaptationist point of
view (Gould and Lewontin, 1978; Leal et al., 2002). On
the other hand, it is also important to consider the fact
that “neutral” (i.e., stochastic) morphological conver-
gence might be an artifact due to our own ignorance
about the function of particular characters. To disregard
this is likely to mislead when trying to establish cri-
teria for detecting erroneous phylogenetic reconstruc-
tions (see Wiens et al., 2003). Thus, we will use the term
“convergence” to mean independent acquisitions of de-
rived conditions, whether these (1) are clearly of adaptive
causes or not and (2) concern character states or complex
structures.

Study Group

To further explore the characterization of conver-
gence, we undertook a case study on the morphologi-
cal evolution of viverrids and viverrid-like feliformians
(Mammalia, Carnivora). The suborder Feliformia offers
an ideal opportunity to study morphological conver-
gence for two reasons. First, recent works have pro-
vided crucial advances in the molecular phylogeny of
the group (Veron and Catzeflis, 1993; Flynn and Nedbal,
1998; Veron and Heard, 2000; Gaubert and Veron, 2003;
Yoder et al., 2003; Gaubert et al., 2004a, 2004b). This al-
lows for a solid and independent framework to which
morphological evolution can be compared. Second, the
molecular phylogeny clearly identified three lineages of
viverrid-like taxa, implying the independent acquisition
of morphological similarities with members of the fam-
ily Viverridae by the African palm civet (Nandinia), the
Malagasy viverrid-like taxa (Eupleres, Fossa, and Crypto-

procta) and the Asiatic linsangs (Prionodon). Such a case
of morphotypic convergence is unique within the Feli-
formia, and may be rare for the whole mammalian order.

The level of similarity between the “true” viverrids
(restricted to the subfamilies Hemigalinae, Paradoxuri-
nae and Viverrinae) and the viverrid-like taxa has not
been clearly established. Morphological works have fo-
cused on “diagnostic” characters such as general shape
of the skull, basicranium, dentition, pad morphology,
and coat pattern (Ginsburg, 1961; Petter, 1969, 1974;
Hunt, 1974, 1987, 2001; Taylor, 1988; Veron, 1999). Viver-
ridae and viverrid-like taxa are distributed throughout
tropical Asia and Africa, where they occupy various
ranges of habitats, from dense rain forests to woodlands,
savannah, and grassland (Kingdon, 1997; Nowak, 1999).
They have adapted to almost all possible terrestrial
modes of life, from arboreality to strict ground and semi-
aquatic dwelling (Taylor, 1974, 1976; Veron, 1999). Such
a large range of ecomorphs has been considered respon-
sible for the difficulties in reconstructing phylogenetic
patterns (Veron, 1995; Gaubert et al., 2002a).

The viverrid-like taxa represent three distinct lin-
eages whose dates of divergence have been estimated
by molecular-based methodologies to be between the
Oligocene and Miocene (Nandinia: 36 to 40 Mya; Prion-
odon: 32 to 35 Mya; Malagasy viverrid-like taxa: 18 to
24 Mya [Flynn, 1996; Gaubert and Veron, 2003; Yoder
et al., 2003]). The complex mixture of plesiomorphic and
apomorphic traits has made the taxonomic placement
for these three lineages very uncertain (see Wozencraft,
1984, 1993).

The monotypic genus Nandinia (N. binotata) was placed
in the family Nandiniidae by Hunt (1989), McKenna
and Bell (1997), and Flynn and Nedbal (1998) and is
distributed in the tropical African forests. It was tradi-
tionally considered either a peculiar member of the Para-
doxurinae, the Asiatic palm civets (Pocock, 1915a), or the
representative of the monotypic subfamily Nandiniinae
(Gregory and Hellman, 1939; Coetzee, 1977; Wozencraft,
1993). Moreover, Gregory and Hellman (1939) suggested
that the trenchant carnassials in Nandinia were “directly
derivable from . . . [carnassials] . . . of the upper Eocene
Viverravinae,” thus assigning the taxon to a primitive
branch antedating frugivorous specialization in Para-
doxurinae. Important evidence for plesiomorphic char-
acter states and very basal affinities within the Feliformia
comes from the structure of basicranium and auditory
bulla (Hunt, 1974, 1987). Some external characters also
make Nandinia very different from Paradoxurinae and
other subfamilies of Viverridae, notably in foot pad and
scent gland structures (Pocock, 1915a; Kingdon, 1997).
Molecular phylogenetic analyses have placed Nandinia
as sister-taxon to all other extant feliformians (Flynn
and Nedbal, 1998; Gaubert and Veron, 2003; Yoder et al.,
2003).

The three monospecific genera constituting the Mala-
gasy viverrid-like taxa have historically been ascribed to
various families of Feliformia because of their heteroge-
neous morphotypes. The genus Cryptoprocta (C. ferox) has
been classified in the Viverridae mainly on the basis of
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similarities in foot pad structure, palate, and basicrania
(Bennett, 1833; Blainville, 1842; Gray, 1864; Flower, 1869;
Petter, 1974; Wozencraft, 1989). It has also been placed
in the Felidae (Gregory and Hellman, 1939; Beaumont,
1964; Hemmer, 1978) because of its general shape of the
skull, hypercarnivorous dentition, and postcranial simi-
larities. In addition, Cryptoprocta has been related to the
Herpestidae (Mivart, 1882; Pocock, 1916; Radinsky, 1975;
Veron, 1995) according to the presence of an external anal
pouch, a long baculum, and a well-developed sulcus cru-
ciatus. The genus Eupleres (E. goudotii) was first described
as an insectivore (Doyère, 1835) because of its skull with
long rostrum and reduced sharpened teeth (Wozencraft,
1984). It was, however, shortly thereafter included in
the feliformians, but assigned to three different lineages:
(1) Herpestidae, with which it shares a small paraoc-
cipital process and lack of scent glands (Carlsson, 1911;
Petter, 1974); (2) Viverridae, for similar foot pad mor-
phology (Albignac, 1973); and (3) Hemigalinae (espe-
cially Chrotogale), on the basis of feeding adaptations
(Gregory and Hellman, 1939). Wozencraft (1984) high-
lighted that Eupleres exhibited plesiomorphic features re-
sembling configurations found in marsupials (lacrimal
bone and incisors) and fossil Viverravidae (molars). The
genus Fossa (F. fossana) has a less confused taxonomic
history because it exhibits basic structures (skull, denti-
tion, foot pad morphology) similar to the Viverridae (Al-
bignac, 1973) or Viverrinae (Wozencraft, 1984). In the last
two decades, the Malagasy viverrid-like taxa have been
grouped in the Viverridae in the heterogeneous subfam-
ily Cryptoproctinae (Wozencraft, 1984, 1989) or the lat-
ter plus Fossinae (Wozencraft, 1993). Recent DNA-based
investigations supported the association “Malagasy
viverrid-like taxa—Malagasy mongooses (Galidiinae)”
as the sister-group of Herpestidae (Yoder et al.,
2003).

The genus Prionodon (Asiatic linsangs) consists of two
species (P. pardicolor and P. linsang). They share great phe-
notypic similarity with the African genus Poiana, com-
monly called the African linsang. These shared features
include the hypercarnivorous dentition, spotted coat pat-
tern (although P. linsang is banded), body proportions,
and hair ultrastructure (Gaubert et al., 2002a, 2004b;
Gaubert and Veron, 2003). Asiatic and African linsangs
were first placed in the tribe Prionodontini (Gray, 1864;
Mivart, 1882), but subsequent authors considered Poiana
a “primitive” genet, which had acquired a morphotype
similar to Prionodon by convergence due to their common
way of life in tropical rain forests (Gregory and Hellman,
1939; Simpson, 1945; Rosevear, 1974; Crawford-Cabral,
1981, 1993). In addition, Prionodon shares similarities
with both Viverrinae and Felidae (Horsfield, 1824; Veron,
1995; Hunt, 2001) that several authors have considered to
be evolutionary convergences (Gray, 1864; Pocock, 1933;
Gregory and Hellman, 1939). Its basicranial region re-
sembles that of the Oligocene feliformians Paleoprionodon
and Proailurus (Teilhard de Chardin, 1915; Gregory and
Hellman, 1939; Veron, 1995; Hunt, 2001). Recent molec-
ular investigations suggested the exclusion of Prionodon
from the Viverridae (Gaubert et al., 2004b) and placed it

as sister-taxon to the Felidae (Gaubert and Veron, 2003),
under the family Prionodontidae.

Evolutionary Issues

The study of morphological evolution of viverrid and
viverrid-like morphotypes has never been tackled in the
context of an exhaustive, solid, and independent phylo-
genetic framework. However, the great majority of the
phylogenetic relationships based on morphology alone
often conflict when compared to molecular phylogenies.
This was the case for questions like the relationship be-
tween Poiana and Prionodon, and the phylogenetic posi-
tions of Cryptoprocta and Nandinia within Feliformia (see
Veron, 1995; Gaubert et al., 2002a). The recent production
of molecular phylogenies concerning feliformians of-
fers the opportunity of comparing a synthetic molecular
tree with resolved lineage relationships to morphological
evolution. The aim of our study is to (1) characterize the
morphological diversification of viverrid-like carnivores
from an independent (molecular) phylogenetic hypoth-
esis; and (2) to identify the convergence patterns that
may be responsible for the difficulties in reconstructing
relationships between viverrids and viverrid-like taxa.
For this purpose, a morphological matrix of 349 charac-
ters was built, covering a large panel of morphoanatomi-
cal regions, and including all species-level viverrids and
viverrid-like taxa following Wozencraft (1993). This large
matrix allows us to accurately characterize patterns of
homoplasy. On this basis, we propose to (1) identify pu-
tative homoplastic partitions in the morphological set;
(2) to define the mosaic of shared convergences repre-
sented by each viverrid-like taxon; and (3) to assess its
influence on the phylogenetic reconstruction process. To
our knowledge, this procedure has never been applied to
such an exhaustive morphological matrix in the frame-
work of a molecular phylogeny. Complementarily, the
widespread a priori hypothesis that considers that com-
plex structures either are not subject to or at least less
prone to convergence will be tested for four morpholog-
ical units that have been the subject of intense specula-
tions in feliformian evolution.

MATERIALS AND METHODS

Morphological Data

Morphological data were observed for at least five
specimens of each sex (the final number of individuals
examined for each species varied depending upon avail-
ability of material). We considered juvenile and young
adult specimens in order to take into account peculiar
characters that were observable in such developmental
phases only (see Appendix 1) and to increase accuracy
of observation of cranial sutures. Lists of the material ex-
amined are available in Wozencraft (1984), Veron (1994,
1995), Gaubert et al. (2002b), and Gaubert (2003a, 2003b).

We coded a morphological matrix consisting of 349
characters partitioned in four subsets: skull (147 charac-
ters), dentition (74), postcranium (57), and external/soft
anatomy (71) (Appendices 1 and 2, available at the
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TreeBase website under accession numbers “S1255”
[Study] and “M2193” [Matrix]; Appendix 2 also available
at www.systematicbiology.org). All characters were de-
scribed qualitatively (i.e., discrete characters). We coded
polymorphic characters when a similar proportion of
two different states were observed within a same species.
In an attempt to document autapomorphies, all vari-
able characters that appeared to us between species were
taken into account. In order to consider the broadest
picture of morphological disparity within the Viverri-
dae and viverrid-like taxa, the 34 species recognized
by Wozencraft (1993) were included in the analysis (for
convenience, we will consider Wozencraft (1993) as the
“traditional” classification to which the results of our
analyses will be compared and discussed). However, in
one deviation from Wozencraft (1993), we placed the
aquatic genet in the genus Genetta, following Gaubert
et al. (2004a, 2004b). Representatives of the other feli-
formian lineages were included in the ingroup: Herpesti-
dae (Herpestes, Mungos), Galidiinae (Galidia), Hyaenidae
(Hyaena, Proteles), and Felidae (Felis, Lynx). Given the
evidences for considering the monophyly of Feliformia
(Hunt, 1974; Wyss and Flynn, 1993; Wayne et al., 1989;
Wozencraft, 1989; Flynn and Nedbal, 1998) and in order
to minimize issues related to character homology, the
tree was rooted by three representatives of the suborder
Caniformia (Canis, Bassariscus, Ursus), which is the sister-
group of the Feliformia. As a consequence of the broad
phylogenetic level investigated and our peculiar focus
on viverrid-like taxa, the coding of characters could not
describe the specific variability prevailing within homo-
geneous genera such as Genetta, Viverra, and Paradoxurus
(studied in Veron, 1995; Gaubert et al., 2002a; Gaubert,
2003a; G. Veron, in preparation).

Phylogenetic Methods

The morphological matrix was first analyzed without
topological constraint under PAUP∗ Beta version 4.0b2
(Swofford, 2001) using the maximum parsimony crite-
ria (MP), with multistate characters treated as “poly-
morphic.” Heuristic searches were performed using
stepwise-addition branch-swapping (10 random addi-
tions) and tree bisection-reconnection (TBR) swapping
algorithm. Phylogenetic signal value (g1; 1,000,000 ran-
dom trees) was used as an estimation in the structuring
of the signal versus random noise (Hillis, 1991; Hillis
and Huelsenbeck, 1992) for each matrix subset and in
the complete data set. Retention index values (RI; Far-
ris, 1989a, 1989b) were estimated as recommended by
Grant and Kluge (2003) as a heuristic method of a pos-
teriori estimation of phylogenetic signal pattern. In or-
der to detect conflicting signals at nodes of interest (i.e.,
above the species level) between the four partitions, we
used the partitioned Bremer support (PBS; Baker and De-
Salle, 1997) with TreeRot.v2 (Sorenson, 1999). We then
evaluated the significance of each branch support value
by employing the test of Templeton (Macey et al., 1999;
Whitlock and Baum, 1999; Lee, 2000; Lee and Hugall,
2003).

A topological constraint was then imposed on the
phylogenetic search in order to trace back morpholog-
ical evolution from an independent topology and to de-
tect putative morphological convergence. This constraint
corresponded to a synthetic tree built by hand from
recent works on the evolution of feliformians and in-
cluding viverrids (Flynn and Nedbal, 1998; Veron and
Heard, 2000; Gaubert and Veron, 2003; Yoder et al., 2003;
Gaubert et al., 2004a, 2004b). Only nodes with strong
bootstrap (>75%) or posterior probability values (>0.95)
and found throughout the different studies were con-
sidered (Fig. 1). Several viverrid species were not repre-
sented in molecular studies (especially members of the
Paradoxurinae and Hemigalinae), and so their relation-
ships were depicted as polytomies in the constraint tree.
Sufficient taxonomic sampling and phylogenetic support
were, however, available to fix dichotomous, unambigu-
ous branching patterns between all lineages, reaching
the subfamily level in Viverridae. More than half of the
nodes of concern (A, C, D, F, G, H, and K; see Fig. 1) were
supported by published analyses based on a total num-
ber of four independent loci (mtDNA: cytohrome b and
ND2/nDNA: transthyretin intron I and IRBP). In what
concerns the Viverridae, nodes H, J, K, L, and M were also
found with high support using a second nuclear locus
(totalizing 1 mtDNA and 2 nDNA genes; Gaubert et al.,
unpublished data). Thus, we made the assumption that
both the nature and the high level of homoplasy in the
morphological data set (Wyss and Flynn, 1993; Veron,
1995; Flynn and Nedbal, 1998; Veron and Heard, 2000;
Gaubert and Veron, 2003; Yoder et al., 2003; Gaubert et al.,
2004b) were more likely to yield a misleading phylogeny
when compared to the congruent studies underlying the
molecular synthetic tree.

Characterization of Convergence and Phylogenetic
Perturbation

As a first attempt at detecting homoplasy, we deter-
mined the fluctuations of RI values between the con-
strained (RIc) and unconstrained (RIu) topologies. The
characterization of RI distributions (i.e., values of RI for
a set of characters classified from 0.0 to 1.0) were deter-
mined for the complete matrix and each separate subset
in both tree search conditions using a density estima-
tion function of the stats library of the R statistical lan-
guage (Ihaka and Gentleman, 1996) version 1.9 for Linux
(http://cran.r-project.org/). The purpose of density es-
timation is to model the distribution of RI values on
the basis of sample distributions. Then, we assessed the
perturbation due to the imposition of a topological con-
straint by statistically testing the differences of behav-
ior between RIc and RIu distributions. Because RIc and
RIu cannot be considered as independent values, we ap-
plied the paired-sample hypothesis testing case. We first
tested the normality of the distribution of the (RIc − RIu)
vector through a Shapiro-Wilk test (Royston, 1982a,
1982b, 1995), and a paired t-test was used each time
the different partitions met this assumption (Zar, 1984).
When the hypothesis of normality in distribution was
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FIGURE 1. Synthetic tree of the Feliformia used as a search constraint (see Materials and Methods). Main lineages are indicated. Boxes
and associated numbers correspond to the references and materials used for reconstructing the related nodes, as follows: 1, Flynn and Nedbal
(1998): transthyretin intron I; 2, Gaubert and Veron (2003): cytochrome b+ transthyretin intron I; 3, Yoder et al. (2003): cytochrome b + ND2 +
transthyretin intron I + IRBP; 4, Gaubert et al. (2004a): cytochrome b +morphology; 5, Gaubert et al. (2004b): cytochrome b; 6, Veron and
Heard (2000): cytochrome b; ∗, from traditional literature based on morphology (Hemigalinae and Paradoxurinae), and unpublished nucleotidic
sequences (GV; Paradoxurinae). Box letters are referred to in text.
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rejected, we used the nonparametric Wilcoxon paired
sample rank test (Bauer, 1972; Hollander and Wolfe,
1973).

The characterization of homoplasy “caused” by the
viverrid-like taxa was calculated as the number of shared
convergences per taxon for each partition of the con-
strained analysis. We used the “Describe trees—list of
apomorphies” option in PAUP∗, and calculated the num-
ber of shared convergences between each viverrid-like
taxon and the following list of lineages, (in which they
have been historically included): Felidae, Viverridae,
Paradoxurinae, Viverrinae, Hemigalinae, Herpestidae.
Similar comparisons were also made between each genus
of viverrid-like taxa. Because the Malagasy viverrid-like
taxa grouped as (Cryptoprocta, (Eupleres, Fossa)) in the
constrained analysis, we also considered the number
of shared convergences at the branches leading to the
two nodes whenever these acquisitions were shared by
all the taxa of a node (the same procedure was applied
at the node grouping the Felidae and Prionodontidae).
Given that different optimizations did not affect the num-
ber and nature of shared convergences, we present here
the results from ACCTRAN optimization. The mosaic of
convergences constituted by the viverrid-like taxa was
illustrated as a percentage representation of the sum of
convergent character states shared with the main lin-
eages of feliformians (including Viverridae subfamilies).
Diagrams based on raw calculations of shared conver-
gences were used in order to give a detailed representa-
tion of the contribution of each morphological partition
to the mosaic.

In order to estimate the level of perturbation caused by
viverrid-like taxa in the phylogenetic reconstruction, we
re-coded the identified convergent states as uncertainties
(i.e., coded “?”) in each of the five taxa, thus allowing
“free” optimization during tree search. We first ran the
analysis with one modified taxon, the other viverrid-like
taxa remaining unchanged. Then, two, three, and four
taxa had their coding alternatively modified, until the
five taxa were all included as modified in the matrix
(25 alternative matrices). In each case, lengths were
compared among the constraint tree and (1) the uncon-
strained trees and (2) the trees based on modified coding
using the Templeton (Wilcoxon signed-ranks) test
(Templeton, 1983), as implemented in PAUP∗
and following Graham et al. (1998) when several
most-parsimonious trees were available. This is a
nonparametric, conservative test, which relies on
the calculation of differences in number of steps in-
volved by two competing topologies for each character
(Cunningham, 1997). We assumed that a significant
departure from initial tree length (unconstrained anal-
ysis) was evidence for hidden phylogenetic signal,
the contribution of which could have been hampered
by convergences. On the other hand, nonsignificant
length difference with the constrained tree was as-
sumed to correspond to the identification of mosaics
of convergence misleading the search of the “true” tree
topology.

Test of Evolutionary Hypothesis

The mapping of morphological units onto the strict
consensus tree obtained from the molecular constraint
was done using linear parsimony under MacClade 4.0
(Maddison and Maddison, 2000). This method uses
Wagner parsimony (Swofford and Maddison, 1987) and
opts for the scenario that minimizes the number of evo-
lutionary events necessary to explain the distribution of
character states on the tree (Maddison and Maddison,
1992; Cunningham et al., 1998). In order to give a relative
support to the scenario, we assigned the alternative char-
acter state that implied the least parsimonious option at
the base of the feliformian clade, and calculated the num-
ber of additional evolutionary events on the tree. We then
estimated the ratio between the latter value and the num-
ber of steps for the ancestral condition that implied the
most parsimonious option. We thus obtained an index
that reflects the proportional difference between the most
and the least parsimonious choice of ancestral character
states (Gaubert et al., 2004a). We chose to test the evolu-
tion of four complex functional units (Appendix 3, avail-
able at www.systematicbiology.org) in order to reassess
their evolutionary history using an independent and ro-
bust phylogeny. Complex structures have been consid-
ered as “reliable” phylogenetic characters because the
great amount of coordinated transformations that is nec-
essary to evolve is supposed to minimize convergences
(e.g., auditory bulla in feliformians: Hunt, 1974, 1987,
1991; Hunt and Tedford, 1993). Various hypotheses have
been proposed concerning the orientation of transforma-
tions in complex functional units and what conditions are
primitive in feliformians, especially viverrids. We thus
compared traditional assertions to the recent clarification
of feliformian phylogenetics by specifically retracing the
evolution of four complex structures:

(1) Foot structure (plantigrade–semi-digitigrade–
digitigrade). We follow the definition of Taylor
(1988) in considering that plantigrady is character-
ized by relatively short metapodials with distinct
metapodial pads whereas relatively long metapo-
dials with reduced or vestigial metapodial pads
are diagnostic of digitigrady. Semi-digitigrady is
specific of the genera Genetta and Poiana, which
exhibit plantigrade forefeet and digitigrade hind-
feet. Data collected from literature (Pocock, 1915a,
1915b, 1915c, 1915d, 1915e, 1916a, 1916b, 1916c,
1916d; Ginsburg, 1961; Taylor, 1988) were compared,
for all species, to direct observations on museum
specimens (Wozencraft, 1984; Veron, 1999; Gaubert
et al., 2002a).

(2) Perineal glands: (absent–present [Nandinia type]–
present [viverrine type]–present [paradoxurine
type]–present [hemigaline type]). Given the rela-
tive heterogeneity and scarcity of bibliographical
sources on the structural types of perineal glands in
feliformians, we coded the different types following
two conservative criteria: (1) relative position of
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the glands to the urogenital orifice and (2) inflation
of the glandular fossa. The first type corresponds
to the peculiar condition met in Nandinia, with
the urogenital orifice at the posterior part of the
glandular area, the anterior part of which forms a
shallow subcircular depression with tumid margins.
The secreting cells are not differentiated into a right
and left thickening like in other taxa where perineal
glands are present. The second kind defines the
Viverrinae, with the glands occupying a strictly per-
ineal position and divided in two distinct pouches
for the storage of secretion. The third type is typical
of the Paradoxurinae, which have the urogenital
orifice encircled by the labia of the glands, either
in central or anterior position. The perineal glands
form two distinct pouches as in the Viverrinae, but
more flattened. Finally, the fourth kind corresponds
to the state met in at least some of the Hemigalinae
(data available for Hemigalus and Cynogale), with
the urogenital orifice encircled by the most anterior
part of the labia of the glands, the latter showing
“shallow glandular pits” (Pocock, 1915b, 1915d) in
which secretion is stored. Although perineal glands
are clearly present in Galidia (Pocock, 1915f; Nowak,
1999; WCW personal observation), the bibliograph-
ical sources were too confusing to envisage any
accurate characterization and Galidia was coded
“?” (see Discussion). Data were collected from the
literature (Pocock, 1915a, 1915b, 1915c, 1915d, 1915e;
Ewer, 1973) and, depending on the availability
of the material, from personal observations (see
Wozencraft, 1984; Gaubert, 2003b).

(3) External anal pouch (absent–present [central anal
sac]–present [anterior anal sac]). State “absent” cor-
responds to functional anal glands, but not result-
ing in external inflation. The central anal sac is the
condition met in Cryptoprocta and most herpestids,
which exhibit large anal glands opening in a pocket-
like anal sac surrounding the anus. The anterior anal
sac characterizes the Hyaenidae, where the condi-
tion is similar but the anal sac is situated anterior
to the anus. Data were exclusively collected from
the literature (Pocock, 1916a, 1916b, 1916c, 1916d;
Ewer, 1973; Gorman et al., 1974; Wyss and Flynn,
1993).

(4) Tympanic bulla conformation (types “A” through
“G”). We follow Hunt (1974, 1987, 1991, 1998, 2001)
and Hunt and Tedford (1993) in defining the differ-
ent types of bulla conformation on the basis of the
relative proportions of the two bulla chambers (i.e.,
ectotympanic and caudal entotympanic bones). Type
A is the condition met in several lineages of arctoids
(including Ursus and Bassariscus), with a very small,
bipartite entotympanic relative to ectotympanic, and
no true septum. Type B is found in canids and other
arctoids, and exhibits a single, enlarged caudal en-
totympanic with occasional pseudoseptae that par-
tially subdivide the bulla. Type C is exclusive to
Nandinia, with a cartilaginous caudal entotympanic
and only slightly inflated. The septum is absent. Type

D characterizes the Viverridae and viverrid-like taxa,
with an enlarged caudal entotympanic expanded for-
ward into the anterointernal corner of the auditory
region, and a vertical septum bulla. Type E is the con-
dition met in Hyaenidae, where the caudal entotym-
panic is reduced and the ectotympanic very large. The
bulla septum is recumbent (Hyaena) or vertical (Pro-
teles). Type F is found in Felidae. It is similar to Type
D (Viverridae) with the exception of the caudal ento-
tympanic, which grows forward during early stages
of development to cover the ectotympanic–rostral en-
totympanic contact. Type G is typical of Herpestidae
and Galidiinae. It shows a generally vertical septum
bulla, and the anterior chamber of caudal entotym-
panic is aligned in front of the posterior chamber
of ectotympanic with no encroachment (excepted in
Cynictis). Whenever possible, data collected from lit-
erature were cross-checked by direct observations on
museum specimens.

RESULTS

Phylogenetic Analysis without Topological Constraint

The exhaustiveness of our morphological observations
yielded a low percentage of missing data (<5%) in the
final matrix, with six exceptions: Macrogalidia musschen-
broekii (7.7%), Genetta abyssinica (12.3%), Paradoxurus jer-
doni (13.2%), Diplogale hosei (14.6%), Chrotogale owstoni
(14.9%), and Poiana richardsonii (23.8%).

The phylogenetic analysis of the morphological matrix
yielded eight equally parsimonious trees (1761 steps;
CI = 0.331; RI = 0.635), resulting in a strict consensus tree
of 1782 steps (Fig. 2; CI=0.327; RI=0.628). Estimations of
phylogenetic signal values (g1) by partition ranged from
−0.388389 (postcranium) and −0.360938 (external/soft
anatomy) to −0.450502 (skull) and −0.454838 (dentition)
(g1total = −0.439344). This reflected weak skewness in
tree-length distributions (critical values not available for
morphological data sets including nonbinary characters;
see Hillis and Huelsenbeck, 1992). The topologies of the
consensus and synthetic molecular trees were highly
dissimilar. None of the phylogenetic relationships
established by recent molecular studies were recovered
between the main feliformian lineages. Node support
values were generally very low, but reached high values
in a few exceptions such as the monophyly of Hyaenidae,
Felidae, and Asiatic linsangs (Fig. 2). The Hyaenidae
and Felidae formed a sister-group clade to the other feli-
formians. The ingroup then split into (Herpestidae, Ga-
lidiinae) and a clade that was historically grouped under
“viverrids” (i.e., Wozencraft, 1993). The latter consisted
of three distinct lineages. The first was the two Malagasy
viverrid-like taxa (Eupleres and Fossa). The second
consisted of Cryptoprocta (Malagasy viverrid-like taxa)
followed by Nandinia (another viverrid-like), then the
Paradoxurinae (here paraphyletic) and Hemigalinae
(monophyletic) as the crown group. Finally, the Viver-
rinae as they were traditionally defined formed the
third lineage. The viverrid clade was supported by the
only diagnostic synapomorphy of the analysis, namely

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/article/54/6/865/1627909 by guest on 22 M

ay 2023



872 SYSTEMATIC BIOLOGY VOL. 54

FIGURE 2. Cladogram resulting from the strict consensus of the eight most parsimonious trees obtained under the unconstrained analysis of
349 morphological characters (length = 1782 steps; CI = 0.327; RI = 0.628). Values at nodes correspond to Bremer index (between parenthesis)
followed by partitioned Bremer support values for the partitions “skull,” “dentition,” “postcranium,” and “external/soft anatomy,” respectively.
Asterisks mark significant values after applying the test of Templeton (see Materials and Methods).
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the presence of three facets on the head of the malleus
(ossicles; 126(1)).

The respective contribution patterns of each charac-
ter partition proved to be heterogeneously distributed
throughout the phylogenetic tree. The “skull” partition
significantly supported the monophyly of the viverrids
whereas this subset did not support the majority of the
nodes within the group. However, two notable excep-
tions included the monophyly of Prionodon and Civettic-
tis + Viverra. The phylogenetic signal conveyed by dental
characters supported several nodes within the Paradox-
urinae, Hemigalinae, and terrestrial civets. Postcranial
anatomy supported the monophyly of the viverrids, as
well as the association (Cryptoprocta, (Nandinia, (Paradox-
urinae + Hemigalinae))) and ((Poiana, Prionodon), Genetta).
The partition “external/soft anatomy” was the most im-
portant in terms of tree structuring. It significantly con-
tributed to the monophyly of Poiana + Prionodon and
was a strong support for the traditional grouping of the
Viverrinae. It contributed to the greatest support of the
monophyly of the terrestrial civets and Hemigalinae. The
external/soft anatomy also supported the branchings of
Cryptoprocta and Nandinia at the base of their clade.

Phylogenetic Analysis with Topological Constraint

The constrained analysis yielded two most-
parsimonious trees (1869 steps; CI = 0.312; RI =
0.601) resulting in a strict consensus tree of 1871 steps
(CI = 0.312; RI = 0.600). Morphological characters
supported similar relationships in the Hemigalinae
and terrestrial civets compared to the unconstrained

TABLE 1. List of the 22 morphological diagnostic synapomorphies characterizing feliformian lineages after constrained analysis.

Clade Partition Diagnostic synapomorphy Description

Feliformia Skull 15(0) Small maxilloturbinals
Skull 81(1) Vestigal or absent postglenoid foramen (squamosal)
Skull 99(1) Presence of an entotympanic septum
External/soft anatomy 337(1) Presence of Cowper’s (bulbourethral) gland

Feliformia, excluding Nandinia Skull 103(2) “Thictic” caudal entotympanic bone not intervening
between ectotympanic and rostral entotympanic
(Hunt, 1987)

Felidae Skull 88(1) Nearly vertical inclination of ectotympanic ring
Skull 100(2) Carotid canal (entotypanic) absent
Skull 103(1) “Bradynothictic” caudal entotympanic intervening

between ectotympanic and rostral entotympanic
only in juveniles (Hunt, 1987)

Skull 127(1) Flat upper facet on head articulation surface of malleus
Skull 133(1) Absence of major a1 arterial shunt
Dentition 163(2) Absence of roots in P2

External/soft anatomy 347(1) Absence of inter-ramal tuft on vibrissae
Prionodontidae Postcranium 231(1) Spinous processes of sacrum vertebrae fused together

into one straight “keel”
Hyaenidae Skull 40(1) Presence of an alisphenoid-frontal muscle ridge

Skull 59(1) Presence of a small intraorbital wing on maxilla
Skull 146(1) Presence of a sagittal crest, extending beyond lambdoial

crest (parietal)
Postcranium 268(1) Presence of a proximal fusion on the tibia-fibula junction

Herpestidae External/soft anatomy 286(1) External pinnae rounded
External/soft anatomy 349(1) Marker chromosome absent (Wurster, 1969)

(Hemigalinae, Paradoxurinae) Dentition 185(1) Buccal lobes of M1 symmetrical
Hemigalinae Dentition 197(1) Hypocone of M2 present
(Civettictis, Viverra) Postcranium 227(1) Spinous process of axis with a convex profile

analysis. The Paradoxurinae grouped this time as
((Macrogalidia, (((Paguma, (Arctictis, Arctogalidia)), Para-
doxurus)), and the Malagasy taxa grouped as (Galidia,
(Cryptoprocta, (Fossa, Eupleres))).

The topology of the unconstrained tree was signif-
icantly more parsimonious than the constrained tree
(Templeton’s test: P < 0.0001). The increase in number
of steps induced by the topological constraint was sig-
nificant for each character partition (P < 0.05). When
the unconstrained tree topology was compared to the
tree built via matrix representation using parsimony of
Bininda-Emonds et al. (1999), length differences based
on the complete data matrix were significant (MRP
tree constraint: 1802 steps; P = 0.0006). However, the
Templeton’s test, based on the “postcranium” and “ex-
ternal/soft anatomy” partitions, did not detect signifi-
cant length differences. A similar incongruence between
the phylogenetic relationships of feliformians proposed
by Bininda-Emonds et al. (1999) and the topology of the
molecular (constraint) tree also was found (P = 0.0001).
In this case, the subsets “dentition” and “postcranium”
did not involve significant length differences.

In contrast to the low number of diagnostic synapo-
morphies characterizing the unconstrained tree, the
constrained analysis resulted in the identification of
numerous, exclusive homologies, including the Feli-
formia, Herpestidae, Hyaenidae, and Felidae (Table 1). A
new synapomorphy for the recently erected family Pri-
onodontidae (Gaubert and Veron, 2003) was identified
in the fusion into one straight “keel” of the spinous pro-
cesses of the sacrum vertebrae (postcranium: 231(1)). The
sister-group relationship between the Paradoxurinae
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FIGURE 3. Distributions of RI values using density estimation function, for the complete matrix and by partitions. Solid and dotted curves
represent the unconstrained and constrained analyses, respectively. Vertical lines indicate mean values.

and Hemigalinae was supported by a single synapo-
morphy, which consisted of the symmetry of M1

buccal lobes (dentition: 185(1)). The presence of a
hypocone on M2 was diagnostic for the monophyly of
the Hemigalinae (dentition: 197(1)). The clade (Civettic-
tis, Viverra) was characterized by a diagnostic synapo-
morphy from postcranial characters, namely the con-
vex profile of the axis spinous process (227(1)). On the
other hand, no diagnostic morphological synapomor-
phies were found for all the interlineage relationships
recently proposed on the basis of molecular studies.

Characterization of Convergence and
Phylogenetic Perturbation

Density estimation analysis revealed a trimodal distri-
bution of RIs in both tree search conditions for the whole
set of morphological characters, with three peak values

at 0.0, ca. 0.7 and 1.0 (Fig. 3, “Complete matrix”). The
Wilcoxon paired sample rank test detected a highly sig-
nificant decrease in RIs from the unconstrained to con-
strained analyses (P < 0.0001). RI distribution patterns
were different among the four character partitions both
in the unconstrained and constrained analyses, but all
exhibited a main peak between 0.5 and 0.8. The postcra-
nium partition was the only one to match the normality
criterion. “Skull” and “external/soft anatomy” subsets
showed a bimodal distribution, whereas “dentition” was
unimodal. The “potscranium” partition had a different
behavior depending on tree search conditions, because
RI distribution, shifted from unimodal (unconstrained)
to trimodal (constrained). The four partitions revealed a
significant decrease in RIs (P < 0.0001; postcranium: P <
0.00197) when the topological constraint was enforced,
but the difference RIc − RIu generally did not exceed
−0.2. There was no correlation between initial RI values
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derived from the unconstrained search and their poste-
rior variability (data not shown). The bimodal patterns
characterizing the “skull” and “external/soft anatomy”
partitions corresponded to the first two modes described
by the complete data matrix: a small peak at 0.0, a de-
crease in RI frequencies between 0.1 and 0.3, and a main
peak between 0.4 and 0.8. On the contrary, the “den-
tition” subset did not show evident multimodal struc-
ture. Relevant changes observed in the distribution of
RIs when the analysis was constrained appeared in (1)
the “skull” partition, with a decrease in the frequency of
RIs concerning the least homoplastic characters; (2) the
“dentition” subset, which showed an increase in char-
acters with RI ranging from ca. 0.4 to 0.5; and (3) the
“postcranium,” which was characterized by a shift from
unimodal to trimodal structure (peaks: 0.0, 0.6, 1.0) and
an increase at the main peak (0.6).

The proportion of characters that were more homo-
plastic after the constrained search (RIc − RIu < 0) was
higher in the “postcranium” (38.6%) and “external/soft
anatomy” (42.3%) partitions (Fig. 4) than in “skull” and
“dentition” (<30%). On the contrary, the proportion of
characters with less homoplasy was roughly constant in
each partition (11.6% to 17.5%). In all cases, the part of
characters with neutral behavior (RIc − RIu = 0) was the
most important (42.3 to 60.3%). Note that autapomor-
phies (RIc − RIu always equals 0) were included in the
calculations and did not affect the results (9 [skull], 8
[dentition], 3 [external/soft anatomy]), excepted in the
case of the external/soft anatomy partition where the
“real” neutral set represent 28 characters (thus slightly
lower than characters [30] with RIc − RIu < 0). Dramatic
changes in level of homoplasy (RIc − RIu = −1) affected
characters 47 (postorbital inflation of frontal), 286 (shape
of external pinnae), and 349 (presence of marker chro-
mosome).

The calculation of proportions of shared conver-
gences for each viverrid-like taxon yielded a pattern
in mosaic, which was remarkable by the fact that a
great part of homoplasies were shared among viverrid-
like taxa themselves (Fig. 5; Appendix 4, available at
www.systematicbiology.org). The genus Nandinia shared
the greatest proportion of convergences (n = 77) with

FIGURE 4. Patterns of variation of RI values between the con-
strained and unconstrained search (RIc − RIu) in the four character
partitions.

Cryptoprocta (19%), Fossa, and Prionodon (both at 16%).
Nandinia also shared 13% of homoplasies with Eupleres
and the Paradoxurinae. The global pattern of conver-
gence observed in Cryptoprocta (n = 54) was principally
explained by the contributions of Nandinia (28%), the Fe-
lidae (22%), Paradoxurinae (17%), and Prionodon (15%).
Cryptoprocta shared only 2% (n = 1) of its homoplastic
characters with the Herpestidae. The genus Fossa had
a majority of convergent states (n = 45) shared with
Nandinia (26%), the Viverridae (18%), Prionodon, and the
Viverrinae (both 16%). The mosaic pattern in Eupleres
(n = 46) was mainly explained by shared convergences
with Prionodon (32%) and, to a lesser extent, Nandinia
(22%). The genus Prionodon had a mosaic of shared ho-
moplasies (n = 72, including Poiana; see Fig. 5) to which
Eupleres (20%), Nandinia (17%), and Poiana (13 %) mainly
contributed. We then assessed the respective contribu-
tion of each character partition to the patterns of shared
convergences observed among viverrid-like taxa. This
revealed a second level of mosaic, which was distributed
in this case among the four data subsets (Fig. 6). In Nan-
dinia, the number of convergences related to skull was
almost equally shared (6–7) with the other viverrid-like
taxa, whereas Cryptoprocta supplied the highest number
of shared convergences in postcranium (7). The most sig-
nificant contributions found in Cryptoprocta were shared
convergences with the Felidae in dentition (9), and Nan-
dinia in skull (5), and postcranium (7). The genus Fossa
shared convergences related to the skull partition sup-
plied by Nandinia (6) and Prionodon (5). The Viverridae
contributed to most of the convergent character states
in dentition (3), and Nandinia also supplied the highest
contribution for external/soft anatomy (4). In Eupleres,
Prionodon principally contributed to skull (11), whereas
convergences in the other partitions were diffusely dis-
tributed. The most significant values for Prionodon were
provided by Eupleres (skull; 11), Nandinia (postcranium;
5), and Poiana (dentition; 3).

The different levels of perturbation applied to shared
homoplasies between viverrid-like taxa yielded tree
lengths (1) not significantly different from the initial, un-
constrained phylogeny (P > 0.05 in all cases) and (2)
greatly different from the constrained phylogeny (P <
0.0001 in all cases; data not shown). None of the ob-
tained topologies recovered viverrid-like taxa branch-
ings as found in the synthetic molecular tree.

Test of Evolutionary Scenarios for Complex Structures

Based on the mapping of traits related to the foot
structure, the constrained phylogenetic tree suggested
that the plantigrade condition was ancestral to the fe-
liformians (Fig. 7; index values [least/most parsimo-
nious scenarios] for semi-digitigrady and digitigrady
= 7/5 and 6/5, respectively). Three reversions ap-
peared (digitigrade → plantigrade), namely in Crypto-
procta, the Hemigalinae, and between the Paradoxurinae
node and the branch leading to the common ances-
tor of the Paradoxurinae and Hemigalinae (ambiguous
reconstruction). Semi-digitigrady strictly characterized
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FIGURE 5. Mosaics of shared convergences represented for each viverrid-like taxon and estimated after constrained analysis (ACCTRAN
optimization). Numbers of convergences were calculated between the viverrid-like taxa and the Felidae, Viverridae, Paradoxurinae, Viverrinae,
Hemigalinae, Herpestidae. The genus Poiana was also considered in the case of Prionodon due to similarities reported in the literature (see
introductory section of text). Mosaics of convergences were illustrated as a percentage of the sum of shared convergent character states by taxon.

the clade Poiana + Genetta (Viverrinae). The absence of
perineal glands was considered the ancestral state in
feliformians ([Nandinia type] = 6/5; [viverrine, paradox-
urine and hemigaline types] = 7/5). The pattern of acqui-
sition for perineal glands characterizing the Viverrinae,
Paradoxurinae, and Hemigalinae was obscured by am-
biguous reconstruction in the branches leading to their
common ancestors. The uncertainty related to the cod-
ing of Galidia (see Fig. 7) did not allow us to distinguish
between acquisition of perineal glands as a homoplas-
tic event or autapomorphy. Similarly, we could not as-
sess whether the absence of perineal glands in Poiana,
ascertained for the first time in this study, is a symple-
siomorphy shared with Prionodon and other fielformian
lineages or a secondary loss. The absence of an exter-
nal anal pouch was estimated as the ancestral condition
in feliformians (Fig. 8; [central and anterior anal sacs] =
6/3). This structure was subject to one reversion in (Fossa,
Eupleres) ([central anal sac] → absent), but the condition
in Mungotictis is unknown. The reconstruction of the an-
cestral state concerning tympanic bulla conformation in
the feliformians was ambiguous (Fig. 8), with types A, B,

C, and D having equal probabilities (types E, F, and G =
8/7). Type D was estimated as the symplesiomorphic
state characterizing the feliformians excluding Nandinia.
Type F (Felidae) appeared derived from type D, whereas
ambiguous reconstruction on the branch leading to the
common ancestor of the Hyaenidae, Herpestidae, and
Malagasy taxa hampered clear reconstruction (at least
three new acquisitions can be envisaged).

DISCUSSION

Characterization of Convergence: Viverrid-Like Taxa
as Non-Adaptive Morphological Mosaics

We assumed that well-supported clades found itera-
tively in molecular analyses (notably from independent
regions of the mitochondrial and nuclear genomes; see
Fig. 1) constituted more consistent estimates of phy-
logenetic relationships when confronted to the results
from the morphological analysis. This would be equiv-
alent to the “third explicit criterion” proposed by Wiens
et al. (2003) for detecting misleading morphological
convergence. The unconstrained analysis based on the
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FIGURE 6. Diagrams representing the respective contributions of each morphological partition to the mosaics of shared convergences for
each viverrid-like taxon.
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FIGURE 7. Reconstructed evolution of perineal glands and foot structure in feliformians based on the strict consensus tree obtained after
constrained analysis (see Results) and using linear parsimony (MacClade). Missing box denotes missing data. The question mark next to Galidia
elegans in the evolutionary scenario concerning perineal glands means that the structure, although present, was coded as missing data (see
Discussion).

FIGURE 8. Reconstructed evolution of tympanic bulla conformation and external anal pouch in feliformians. See Figure 7 for details.
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morphological matrix yielded phylogenetic groupings
that remarkably reflected the traditional classification in
use during the past decades in grouping all the viverrid-
like taxa in the viverrids (Wozencraft, 1984, 1989; Cor-
bett and Hill, 1991). The historical proximity of Nan-
dinia to the Paradoxurinae was reflected by its position
at the base of the clade (Paradoxurinae-Hemigalinae).
This node was mainly supported by the external/soft
anatomy partition, although our coding included the
particular traits of Nandinia in pad and scent gland struc-
tures as noticed by Pocock (1915) and Kingdon (1977,
1997). The three Malagasy viverrid-like taxa were not
grouped together in a single taxon (Wozencraft, 1984,
1989). However, the genera Eupleres and Fossa constituted
a unique lineage, whereas Cryptoprocta, on the basis of
the dentition and external/soft anatomy partitions, was
sister-group of (Nandinia, Paradoxurinae-Hemigalinae).
The clade (Prionodon, Poiana) was significantly supported
by external characters whereas the skull partition was in
conflict. The phylogenetic relationships obtained from
our data matrix and the MRP (supertree) analysis of
Bininda-Emonds et al. (1999) both reflect, at different
levels, the traditional taxonomy of “viverrids.” They
are typical illustrations of morphological phylogenies
driven by an “all combined” approach of data sets (i.e., no
a priori removal of potentially convergent data; see Mc-
Cracken et al., 1999; Wiens et al., 2003). The supertree of
the Carnivora proposed by Bininda-Emonds et al. (1999)
has already been used as a reference topology for test-
ing macroevolutionary patterns and trends (e.g., Sechrest
et al., 2002). Following Ruta et al. (2003), we urge caution
in (1) using supertrees that include all source trees avail-
able (i.e., even ones that have been superseded by more
comprehensive studies), and (2) using supertrees as sup-
port for replacing character-based phylogenies.

The use of a synthetic molecular tree as a constraint
allowed us to analyze morphological evolution from in-
dependently derived phylogenetic hypotheses. One of
the striking points of our results resides in the mosaics of
convergences that the viverrid-like taxa constitute: these
convergences being mainly shared among viverrid-like
taxa themselves. The complexity of this homoplastic pat-
tern was increased by the existence of a second level of
mosaic concerning the contributions per taxa of the four
data partitions. Thus, each viverrid-like taxon proved
to represent a complex and coherent combination of
convergences. These results demonstrate that consider-
ing “rough” phenotypic similarities between morpho-
types (i.e., “coat pattern,” “dentition,” etc.) may lead
to misleading assumptions regarding their respective
contributions to convergence. For instance, the genus
Prionodon, often mentioned as representing an extreme
case of convergent morphotype with Poiana, shares in-
stead an unsuspected, high proportion of convergences
with the other viverrid-like taxa. The hypothesis put
forward by Gaubert and Veron (2003) about global
convergence between the skull morphology of Poiana
and Prionodon needs to be reconsidered in the light
of the exhaustiveness of our analysis; given that the
“skull” partition did not support the association between

Asiatic and African linsangs, and most of the cranial
convergences are shared with Eupleres. Our results illus-
trate that long-standing debates over the classification
of viverrid-like taxa within the Feliformia were at least
partly generated by the unsuspected mosaics of conver-
gences they share between themselves and other feli-
formian lineages, in addition to symplesiomorphies (e.g.,
Ginsburg, 1961; Petter, 1974; Hunt, 2001). We consider
that the unique mosaics of convergences characterizing
viverrid-like taxa constitute further evidence for propos-
ing their classification into three distinct families: Nan-
diniidae (Nandinia), Prionodontidae (Prionodon), and, as
a newly defined family, Eupleridae Chenu, 1852 (Crypto-
procta, Fossa, Eupleres + “mongoose-like” Malagasy taxa:
Galidia, Galidictis, Mungotictis, Salanoia). The inclusion of
all the Malagasy taxa in a single family is justified by
their well-supported monophyly (Yoder et al., 2003) and
a drastic morphological divergence compared to their
sister-group, the Herpestidae. However, their significant
morphological heterogeneity, once relationships among
viverrid-like Malagasy lineages are clarified, might jus-
tify a split into several family level taxa.

Morphological- and molecular-based phylogenies
yielded dramatically incongruent topologies. However,
no clear “phylogenetically misleading” morphological
data could be identified from the comparison between
the constrained and unconstrained tree searches. Our
analysis showed that the respective contributions of the
four different data sets along the unconstrained tree were
distributed heterogeneously. For instance, the “skull”
partition significantly supported grouping Viverridae
and viverrid-like taxa in a single clade and supplied one
diagnostic synapomorphy at this node; whereas exter-
nal characters had an important contribution at nodes
designing traditional groups of lower taxonomic levels
(Viverrinae, Poiana + Prionodon). Similarly, in the con-
strained analysis, the contribution of character subsets
proved dependant on the taxonomic level of investiga-
tion (as suggested for dentition by Hunt and Tedford,
1993). This was illustrated by the diagnostic synapo-
morphies supplied by the “skull” partition at the family
and suprafamily levels (Feliformia, Felidae, Hyaenidae);
whereas the “dentition” subset principally contributed
to infrafamilial structuring (Hemigalinae, Paradoxuri-
nae + Hemigalinae).

In the case of incongruence between morphologi-
cal and molecular phylogenies, adaptive morphological
data subsets involving convergence are often attributed
the role of misleading characters (e.g., Alvarez et al., 1999;
Littlewood et al., 1999; McCracken et al., 1999; Goodacre
and Wade, 2001; Wiens et al., 2003). Conversely, our anal-
ysis suggests that the great majority of morphological
convergences are not adaptive. If we focus on the most
homoplastic traits (i.e., convergences shared more than
once among viverrid-like taxa; Table 2), almost none of
them can be associated with what would appear to us to
be adaptive functions. For instance, although the inde-
pendent acquisition of metatarsal pads larger than tarsal
pads (311(3)) in Nandinia, Cryptoprocta, and Paradoxuri-
nae is probably indicative of adaptation to arboreality,
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TABLE 2. List of the 40 “most homoplastic” convergences (i.e., shared more than once) shared by viverrid-like taxa in relation with their
functions and putative adaptive values.

Convergence Taxa concerned Function of character; → putative adaptive value of character state

24(3): Palatine/maxilla suture: 3 = medial to
P3-P2

Nandinia, Fossa, Eupleres,
Prionodontidae

Related to the overall length of the rostrum

41(1): Alisphenoid, optic foramen interorbital
connection: 1 = clearly open

Fossa, Eupleres,
Prionodontidae, Viverrinae

The optic foramen serves for the passage of optic nerves

45(1): Frontal, postorbital region (width): 1 =
approximately equal to interorbital region

Eupleres, Prionodontidae,
Herpestidae

Linked to the enlargement of the frontal sinuses

49(1): Jugal: 1 = does not reach lacrimal Nandinia, Cryptoprocta,
Prionodontidae

Quadrilateral bone articulating with the frontal, sphenoid,
temporal, and maxillary bones; supports the carnassials;
related to the overall length of the rostrum

54(1): Lacrimal, inferior oblique muscle fossa:
1 = separate from nasolacrimal foramen, in
maxilla

Nandinia, Fossa, Eupleres,
Prionodontidae, Viverrinae

Serves for the attachment of m. obliquus ventralis (rotation of
the eye)

63(1): Palatine, orbital process: 1 = greatly
expanded in orbital region forming a
horizontal shelf

Nandinia, Cryptoprocta, Fossa,
Eupleres, Prionodontidae,
Paradoxurinae

Contributes to a nasopalatine duct allowing the
communication between the nasal cavity and mouth

70(0): Pterygoid, hamular process: 0 = descends
considerably ventral to the palate

Cryptoprocta, Felidae,
Hemigalinae

Serves for the insertion of m. tensor veli palatini (tension of the
soft palate and opening of the eustachian tube during
swallowing)

76(1): Basioccipital, m. longus capitis rugosity:
1 = absent

Eupleres, Prionodontidae,
Poiana

Prevertebral muscle of neck; extends from the anterior
tubercles of C3-C6, to the base of the skull on the occipital
bone (flexor of the head and neck)

85(1): Ectotympanic/entotympanic division:
1 = externally visible, without clear suture.

Fossa, Eupleres,
Prionodontidae, Viverridae

?

86(1): Ectotympanic, ring, medial expansion:
1 = slight chambering or inflation

Nandinia, Cryptoprocta, Fossa,
Eupleres

?

92(1): Ectotympanic, styliform process: 1 =
reduced

Cryptoprocta, Prionodontidae,
Viverridae

Serves for the attachment of m. levator veli palatini (raises soft
palate; during contraction, helps to ”push” open the
auditory tube)

113(1): Petrosal, subarcuate (floccular) fossa:
1 = shallow.

Prionodontidae,
Paradoxurinae, Poiana

Houses the paraflocculus of the cerebellum (rotation of the
eyes)

116(2): Petrosal, mastoid, exposed ventrolateral
process: 2 = process absent, small deltoid
exposure of mastoid

Cryptoprocta, Fossa, Eupleres,
Viverridae

Serves for the attachment of the sternocleidomastoid and
digastric muscles (movements of the head and neck)

139(1): Sternomastoideus and cleidomastoideus
fossa: 1 = pronounced

Nandinia, Cryptoprocta, Fossa,
Eupleres, Viverridae

M. sternomastoideus and cleidomastoideus involved in the
movements of the head and neck

188(3): M1, talonid: 3 = length near equal length
of trigonid

Fossa, Eupleres, Viverridae Food grinding; →character state indicates not strictly
carnivorous diet

192(1): M1, hypoconid: 1 = absent Nandinia, Cryptoprocta, Felidae Food chomping; →character state could indicate adaptation
to hypercarnivory (reduction of the grinding and
chomping parts of the carnassial tooth), but Nandinia is
omnivorous

196(1): M2: 1 = absent Cryptoprocta, (Prionodontidae,
Felidae), Poiana

Food grinding; →character state indicates adaptation to
hypercarnivory with reduction of the grinding part of the
tooth row

203(1): M2/M2 relative size: 1 = slightly smaller
than M1/M1

Fossa, Eupleres, Hemigalinae Food grinding

208(1): diastema, C1—P1 (or to first postcanine
tooth): 1 = present

Cryptoprocta, Fossa, Eupleres,
Felidae

Insertion of C1 when the mouth is closed; character state
related to the relative size of the teeth (Eupleres) and length
of rostrum (Felidae, Cryptoprocta), but not the case in Fossa

209(1): diastema, P2—P3 (or second and third
postcanine teeth): 1 = large

Eupleres, Prionodontidae,
Poiana

Insertion of P3 when the mouth is closed; large diastema
caused by reduced size of the teeth compared to size of
rostrum

218(2): dP4, buccal lobes: 2 = symmetrical Nandinia, Fossa, Eupleres ?
226(1): Axis, cranial articular processes and

ventral surface of dens (odontoid) process:
1 = one continuous surface

Fossa, Eupleres, Viverridae Odontoid process articulates with the anterior arch of the
atlas (rotary joint around which rotary movement occurs)

230(1): Cervical vertebrae, ventral keel on
vertebrae 6 and 7: 1 = present

Fossa, Eupleres, Viverrinae ?

232(2): Tail: 2 = approximately equal to
head-body length (85–105%)

Cryptoprocta, Prionodontidae,
Paradoxurinae

Balance during locomotion, notably leaps →character state
related to arboreal locomotion

236(1): Scapula, coracoid process: 1 = present,
small

Fossa, Eupleres, Hemigalinae Serves for the attachment of m. pectoralis minor (depression of
the scapula and anterior movement)

245(1): Humerus, radial and coronoid fossas:
1 = distinct

Nandinia, Cryptoprocta, Felidae Contain the ulna coronoid process and radius in flexion,
respectively (locomotor system of the forelimb)

254(1): Ulna, olecranon process: 1 = ventral
process, vestigial/absent

Nandinia, Prionodontidae,
Paradoxurinae

Serves for the insertion of m. triceps and anconeus (locomotor
system of upper forelimb)

255(2): Ulna, olecranon, inclination: 2 = anterior Nandinia, Prionodontidae,
Paradoxurinae

Serves for the insertion of m. triceps and anconeus (locomotor
system of upper forelimb); →character state indicates
adaptation to arboreal locomotion (Van Valkenburg, 1987;
Taylor, 1988)
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TABLE 2. List of the 40 “most homoplastic” convergences (i.e., shared more than once) shared by viverrid-like taxa in relation with their
functions and putative adaptive values. (Continued)

Convergence Taxa concerned Function of character; → putative adaptive value of character state

256(0): Radius, cross section: 0 = flattened Cryptoprocta, Fossa, Eupleres,
Felidae

?

259(1): Radius, head—articular surface: 1 =
without distinct ridge

Nandinia, Prionodontidae,
Paradoxurinae

Articulates between the radius and ulna (locomotor system of
forelimb); →character state related to arboreal locomotion
(absence of distinct ridge allows wide movements of
adduction, abduction and pronosupination; Laborde, 1987)

262(2): Pelvis, overall shape: 2 = rhomboidal Cryptoprocta, Fossa, Eupleres,
Prionodontidae, Viverridae

Provides attachment for the bones of the legs and supports
the organs of the pelvis

271(2): Calcaneum, medial tuberosity on
calcaneal tuber: 2 = approximately equal to
lateral tuberosity

Nandinia, Fossa, Hemigalinae Serves for the insertion of m. flexor hallucis longus (flexion of
the hindlimb digits); development of tuberosities on
calcaneum are supposed to be linked with locomotion, but
here taxa have different locomotor adaptations (Nandinia
and Hemigalinae arboreal, Fossa terrestrial)

279(1): Rhinarium, philtrum: 1 = present, wide. Nandinia, Cryptoprocta, Fossa,
Eupleres, Felidae

Increases the mobility of the rhinarium

283(2): Rhinarium, profile: 2 = concave Nandinia, Fossa, Eupleres ?
287(0): Ear bursa: 0 = posterior flap of bursa

behind the rim of the pinna
Fossa, Eupleres, Felidae ?

298(1): Feet, interdigital pads: 1 = partially
fused together

Fossa, Eupleres, Viverrinae Contributes to the locomotion (in contact with the surface);
→ character state related to terrestrial locomotion

304(1): External pinnae, anterior surface: 1 =
same as ground color

Nandinia, Cryptoprocta, Fossa,
Eupleres, Hemigalinae

?

311(3): Feet (pes), metatarsal pad(s), size: 3 =
larger than tarsal pads

Nandinia, Cryptoprocta,
Paradoxurinae

Contributes to the locomotion (in contact with the surface);
character state possibly related to arboreal locomotion, but
present in Herpestidae (terrestrial) as a plesiomorphy

314(0): Head, rhinarial patch: 0 = present Fossa, Eupleres, Viverrinae Role in visual communication?
319(1): Nuchal stripes: 1 = thin Nandinia, Fossa, Viverrinae ?

how can one interpret the shared convergence of the ab-
sence of a hypoconid in M1 (192(1)) between Nandinia
(omnivorous) and Cryptoprocta and the Felidae (both
hypercarnivorous)? A possible explanation to this ap-
parent lack of adaptive value in morphological charac-
ters may reside in the fact that there are several ways
of adapting to a peculiar mode of life, diet or locomo-
tion (Leal et al., 2002), including the use of identical
traits for different functions (Table 2). A second poten-
tial explanation is that the peculiar patterns in shared
convergences observed in viverrid-like taxa are due to
“phylogenetic inertia,” i.e., nonadaptive phenotypic sta-
sis acting heterogeneously along the tree (Wilson, 1975).
A developmental perspective to this hypothesis is that in-
dependent acquisition of presumably nonadaptive char-
acters may be due to recurrent processes of canalization
(Zakharov, 1992; Debat and David, 2001). In addition,
canalization may interact with other iterative develop-
mental processes influencing the morphotype expres-
sion. For instance, it has been shown that only small
heterotopic shifts and iterative processes in the molec-
ular prepatterns of gene expression were necessary to
explain the observed diversity in the molars of mam-
mals (Jernvall et al., 2000). Moreover, similar morpholo-
gies can be produced by changes targeted on different
regions of the gene network affecting morphogenesis
(Salazar-Ciudad and Jernvall, 2002). A third alternative
is that we simply do not know enough of the implica-
tions of each character in the biological functions of the
studied organisms. It may be probable that our failure
to identify any adaptive trends in the mosaics of shared

convergences result in a mixture of these three potential
explanations.

Noise Pattern in Morphological Data: Why a Misleading
Phylogeny from Morphological Characters?

Our results suggest that, rather than convergences,
the responsible factor for the misleading tree topology
obtained using the morphological matrix is the absence
of structuring phylogenetic signal. Several evidences ex-
tracted from our empirical study support the hypoth-
esis that noise (i.e., random data distribution; Wenzel
and Siddall, 1999) is predominantly present in the data
set. Potentially the best way to estimate the presence of
phylogenetic signal is to look at the number and dis-
tribution of diagnostic synapomorphies along the tree
(Wenzel and Siddall 1999; Mattern and McLennan 2000).
In our case, only one diagnostic synapomorphy was sup-
plied by the whole data set in the framework of the un-
constrained search (node “viverrids”) and the Bremer
support values were in general very low or not signifi-
cant. The use of partitioned Bremer supports allows us to
discard the hypothesis of low node supports as a result
of conflicting phylogenetic signals, because no signifi-
cantly antagonistic PBS values were found between the
four data partitions. Furthermore, the length distribu-
tions of randomly distributed tree topologies (g1) for the
complete matrix and each partition were not diagnostic
of the presence of structuring phylogenetic signal (low
g1 values, distribution pattern not clearly left-skewed).
This hypothesis is also supported by the low amplitude
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(although significant) decrease in RI values induced by
the constrained search and by the neutral behavior of the
major part of the characters to this constraint. Finally, the
fact that successive removals of convergences did not in-
duce significant changes towards the constrained phy-
logeny nor from the initial tree discards the hypothesis
of shared homoplasies acting as misleading characters
in the unconstrained tree. It has also been suggested
that the lack of phylogenetic signal may be due to a
rapid diversification of the taxa examined (Mardulyn
and Whitfield, 1999). However, multiple evidences from
fossil records and molecular date estimates suggest that
the main lineages of feliformians, including viverrid-like
taxa, diverged during a long period between ca. 40 and
20 Mya (Hunt, 1989, 1991, 1996; Veron and Catzeflis, 1993;
Gaubert and Veron, 2003; Yoder et al., 2003). In addition,
the fact that our matrix includes a very exhaustive tax-
onomic sample set tempers the possibility of obtaining
noise induced by incomplete taxonomic sampling (Hillis,
1996, 1998; Purvis and Quicke, 1997), although the inclu-
sion of fossil taxa—not done here—may dramatically af-
fect phylogenetic reconstruction and character behavior
(Werdelin, 1996). From our analysis, we suggest that low
phylogenetic structuring is the result of a combination
of stochastic evolutionary processes and of constraints
related to phylogenetic inertia/canalization.

Density estimation function analysis of RI distribution
could allow a first step towards the characterization of
noise. RI values for the whole data set followed a tri-
modal distribution, which consisted in an assemblage
of character subsets with different behaviors. Some dra-
matic changes in distribution patterns were induced by
the constrained search, but the different partitions did
not react similarly to topological enforcement. Together
with the presence of numerous diagnostic synapomor-
phies (constrained search), this may suggest that phy-
logenetic signal, even weak, is present but distributed
heterogeneously within the data set. Thus, noise might
confuse phylogenetic reconstruction by overwhelming
“true” phylogenetic structuring, and the opposition
“additive signal versus averaged noise” (Wenzel and
Siddall, 1999) seems not that simple. Our results also
exemplify the complexity of the task when attempting
to distinguish noise from signal in a composite parti-
tion (Wenzel and Siddall, 1999). Although it remains haz-
ardous to fix RI-based thresholds for categorizing noise
(but see Zaragüeta i Bagils et al., 2002), our approach
using density estimation function may be useful in iden-
tifying groups of “noisy” characters (e.g., these could be
removed from the analysis each time the same charac-
ter sets in both unconstrained and constrained analyses
peak at 0.0).

The apparent stochasticity of morphological evolution
may partly or totally arise from the subjective coding of
discrete characters, hardly avoidable in morphological
analysis (Stevens, 1991; Smith, 1994; Graham et al., 1998;
Scotland et al., 2003). For instance, our data matrix con-
sists of almost 50% (171) of nonbinary characters, thus
implying “discretization” made by the observer which
may rend search for phylogenetic signal and hierarchic

structure illusive (Pleijel, 1995; Wilkinson, 1995; Forey
and Kitching, 2000; Hawkins, 2000). In order to test for
the putative misleading influence of nonbinary charac-
ters in the tree search, we ran an analysis based on a
matrix restricted to the 178 binary characters. We ob-
tained 244,930 most-parsimonious trees (552 steps; CI =
0.322; RI = 0.658), resulting in a strict consensus tree of
566 steps (CI = 0.314; RI = 0.645) that was congruent
with the tree topology issued from the complete ma-
trix, and had no significantly supported nodes other
than those found in the initial analysis (data not shown).
Thus, although nonbinary characters may constitute an
open door to additional noise, they could not be incrimi-
nated in our case. Biased estimations of phylogenetic sig-
nal may also result from our authoritative partitioning
into four data subsets, the subjectivity of partition de-
limitations in morphology also remaining hardly avoid-
able (Kluge, 1989, 1997; but see McCracken et al., 1999).
We tried to follow the partitioning of Wyss and Flynn
(1993) and to maintain a comparable number of charac-
ters in each partition, thus avoiding possibly misleading
splitting into small subcategories. Besides, we envisaged
each partition as a unit of complex interacting entities.
For instance, although segregating between bulla and
the other cranial bones would have been tempting, the
acknowledged interaction, notably during early phases
of development, between bones constituting the bulla
and adjacent bones of the basicranium (Hunt, 1974, 1987;
Ivanoff, 2001; Peigné and De Bonis, 2003) made us opt
for a conservative grouping under the single “skull” par-
tition. In the future, the consideration of genomic-based
developmental criteria for morphological character de-
limitations should be a crucial tool for improving the ac-
curacy of data coding and partitioning in phylogenetic
analysis (e.g., Salazar-Ciudad and Jernvall, 2002; Hlusko,
2004).

Evolution of Complex Structures

Mapping characters on the constrained tree topology
and the reconstruction of ancestral conditions using par-
simony clearly suggested that complex morphological
structures may not be evolutionary “reliable” (i.e., not
homoplastic) entities. The ancestral trait in foot structure
at the base of feliformians was infered to be plantigrady,
which is in agreement with the fossil record concerning
feliformians from Late Eocene–Early Oligocene (Gins-
burg, 1961; Ewer, 1973). Our analysis showed that three
reversions appeared in foot structure condition, which
is a strong argument against the phylogenetic stability
of this functional unit (Ewer, 1973; Taylor, 1988). Alter-
natively, it would be tempting to attribute an ecologi-
cal association between foot structure and mode of life
(Ewer, 1973; Taylor, 1976). For instance, the Paradoxuri-
nae, Nandinia, and Cryptoprocta are plantigrade and ar-
boreal, whereas Fossa, Eupleres, and terrestrial civets are
digitigrade and terrestrial. However, some challenging
cases remain, as exemplified by the arboreal taxa Prion-
odon (digitigrade) and Poiana (semi-digitigrade). Adap-
tation to arboreality may represent secondary events in
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the history of these taxa, subsequent to the acquisition of
plantar structures. In view of these results, the causality
of the several reversions that occurred among the Viver-
ridae and viverrid-like taxa remains unclear. At least,
locomotor diversity found in Miocene fossil felids con-
firms the lability of foot structure (Ginsburg, 1999).

The evolution of the external anal pouch also proved
homoplastic, with Fossa and Eupleres subject to reversion
([central anal sac] → absent). The absence of the exter-
nal anal pouch was infered to be the ancestral condition
at the root of the feliformians, in agreement with Ewer
(1973). The evolution of perineal glands also involved
homoplastic events, but linear parsimony was unable
to infer unambiguous patterns of character transforma-
tion. However, the picture obtained here is likely to be
improved by a more accurate coding of these structures.
For instance, due to the limited material available, Galidia
was coded as “?” whereas perineal glands are known to
be present (they are also present in Galidictis, another
mongoose-like species of Madagascar; Pocock, 1915f;
WCW, personal observation). Furthermore, the pheno-
typic expression of perineal glands is not as conserved
as it may appear from our “practical” coding (e.g., in
Arctogalidia, the glands are only present in males; glands
do not show the same inner structure between the ter-
restrial civets and genets), and standardized, exhaustive
anatomical investigations of these complex structures are
greatly needed. Similar to the anal pouch, the absence of
perineal glands was estimated as the ancestral condi-
tion in feliformians (proposed for the Order Carnivora
by Flynn et al., 1988). From the mapping of these traits,
two different developments of odoriferous system seem
to have taken place during the evolution of Feliformia.
The clade grouping Hyaenidae, Herpestidae and Mala-
gasy taxa is characterized by two innovations concerning
acquisition of external anal pouches (two types) but ex-
hibit no perineal glands (Galidia excepted; see above).
The clade Viverridae, its sister-group, is on the contrary
characterized by the acquisition of three types of perineal
glands (Poiana excepted), but does not show any struc-
ture similar to external anal pouches. Both odoriferous
systems are involved in active biochemical communi-
cation (Ewer, 1973; Gorman et al., 1974; Kleiman, 1974;
Wemmer, 1977; Roeder, 1980, 1984), and it is remarkable
that sister lineages developed two completely different
structures in order to fulfill a similar behavioral function.

The reconstructed evolutionary history of tympanic
bulla conformation did not suggest homoplastic events.
However, the reconstruction of ancestral traits proved
ambiguous at the base of the ingroup. It thus remains
unclear whether the condition met in Nandinia consti-
tutes the most plesiomorphic state in feliformians (Hunt,
1987, 1998; Hunt and Tedford, 1993) or is an autapo-
morphy. On the other hand, it appeared clearly that the
type of bulla characterizing the Felidae (type F) was de-
rived from the symplesiomorphic conformation met in
the Viverridae and Prionodontidae (type D). This is in
conflict with the evolutionary hypothesis formulated by
Hunt (1987), who considered that the bulla of Nandinia
approximated an ancestral feliformian morphotype from

which conformations met in fossil and extant lineages
could be derived. Given the symplesiomorphic condi-
tion of type D, we recommend that bulla conformation
should not be used as a diagnostic criterion for recogni-
tion of Viverridae in the fossil records (contrary to Hunt,
1974, 1987, 1991, 1998, 2001; also see Ivanoff, 2001). The
assertion of Flynn et al. (1988), who suggested that the
ear region of Cryptoprocta and Eupleres shared only ple-
siomorphies with the Viverridae (sensu stricto), cannot be
evaluated because of ambiguous reconstruction.

Although this was not evidenced in all cases, we
found that the evolutionary history of complex struc-
tures did involve homoplastic events (locomotion, anal
and perineal glands), the causality of which remains ob-
scure. Our evolutionary scenarios illustrate that com-
plex structures are not forcedly submitted to irreversible
evolutionary trends as has been also demonstrated for
“specialized” morphologies in arthropods (Desutter-
Grandcolas, 1997; D’Haese, 2000) and morphological
evolution in a broader perspective (Seravin, 2001).

CONCLUSION

Our study exemplified the need for considering inde-
pendent (molecular) phylogenies in order to identify pat-
terns of morphological homoplasy, to test the diagnostic
value of complex structures, and to reconstruct evolu-
tionary scenarios. It also demonstrated that node support
needs to be estimated before pointing out the existence
of conflicting topologies and drawing taxonomic con-
clusions. We illustrated the original, mostly nonadaptive
patterns of convergence in viverrid-like taxa, and found
noise conveyed by the morphological data set. Our inves-
tigations also demonstrated that noise, although difficult
to characterize (notably via RI values), is troublesome
in the context of phylogenetic reconstruction, at least
when phylogenetic signal is heterogeneously distributed
(but see Wenzel and Siddall, 1999). We thus urge caution
in using only morphological characters for reconstruct-
ing phylogenetic relationships in feliformians. Instead
of increasing the number of characters (Poe and Wiens,
2000) or invoking consensus methodologies based on
topologies (i.e., supertrees; Bininda-Emonds et al., 1999),
we recommend that a revision concerning the definition
of and analytical procedures applied to morphological
characters should be envisaged. A new analytical ap-
proach may prove benefitial to the study of morpho-
logical evolution among all mammalian lineages (e.g.,
Lovejoy et al., 1999).

ACKNOWLEDGMENTS

We wish to thank the following people and institutions for pro-
viding access to collection specimens: Michel Tranier and Jacques
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Gaubert, P. 2003b. Systématique et phylogénie du genre Genetta et des
énigmatiques ”genet-like taxa” Prionodon, Poiana et Osbornictis (Car-
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sipèdes. Mammalia 25:1–21.

Ginsburg, L. 1999. Order Carnivora. Pages 109–148 in The Miocene
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APPENDIX 1
List and Description of the 349 Characters Constituting the Morpho-

logical Matrix

SKULL

[Several features are described relative to each other. For these
features, it is important to have the skull in an upright, horizon-
tal position (the skull is considered horizontal, when the palate is
held horizontally—NOT when the lower edge of the mandible is
horizontal.]

Rostrum/Palatal Region
1. Maxilla, infraorbital foramen (position of the anterior opening of

the infraorbital canal): 0 = clearly anterior to the antorbital rim
(i.e., long); 1 = slightly anterior to antorbital rim (i.e., short); 2
= ventral to the antorbital rim (i.e., very short). [The infraorbital
canal serves for the passage of the infraorbital branch of the max-
illary division of the trigeminal nerve (V) and the infraorbital
branch of the maxillary artery.]

2. Maxilla, infraorbital foramen, overall size: 0 = small; 1 = large.
3. Maxilla, infraorbital foramen, shape: 0 = oval (dorsoventrally

elongated); 1 = round.
4. Maxilla, infraorbital foramen: 0 = dorsal and/or posterior to the

P3-P4 area; 1 = dorsal to the P3-P2 area.
5. Maxilla, infraorbital foramen, ventral border: 0 = posterior to

dorsal border; 1 = ventral to dorsal border; 2 = anterior to dorsal
border.

6. Maxilla, infraorbital foramen, ventral border, relative position: 0
= dorsal to P3; 1 = dorsal to P4.

7. Maxilla, infraorbital foramen, dorsal border: 0 = dorsal to P3; 1
= dorsal to P2; 2 = dorsal to P4.

8. Maxilla, anterior alveolar foramen: 0 = within the infraorbital
canal; 1 = within the orbit. [A small foramen that lies within the
infraorbital canal, usually on the medial or ventral wall.]

9. Maxilla, antorbital fossa: 0 = absent; 1 = present. [The antorbital
fossa is on the rostrum and directly anteromedial to the lacrimal
and the orbit. It serves for the insertion of the m. levator nasolabi-
alis, which increases the diameter of the naris and lifts the apical
portion of the upper lip.]

10. Maxilla, nasolabialis fossa: 0 = absent; 1 = present. [This fossa
lies on the ventral root of anterior surface of the zygoma and
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serves for the insertion of m. buccinator which returns food from
the vestibule to the masticatory surface of the teeth.]

11. Nasals, proportional dimensions: 0 = >2× as long as wide; 1 =
<2× as long as wide. [Length measured at suture; width mea-
sured as widest point perpendicular to the anteriormost point of
the nasal midline suture.]

12. Nasals, posterior extension between frontals: 0 = extends poste-
riorly to the level of the posteriormost extension of the maxilla;
1 = does not extend posteriorly to the level of the posteriormost
extension of the maxilla; 2 = extends posteriorly beyond the level
of the posteriormost extension of the maxilla.

13. Nasals, width: 0 = widest anteriorly and narrowing posteriorly; 1
= near parallel sides from maxilla/frontal suture; 2 = secondary
widening at frontal/maxilla suture.

14. Nasals and frontals, midline depression: 0 = present in both; 1 =
present in nasals only; 2 = absent (in both).

15. Maxilloturbinals: 0 = small; 1 = large and branching, excluding
nasoturbinals from narial opening.

16. Frontals, inflation anterior to the postorbital processes: 0=absent;
1 = slight; 2 = large.

17. Rostrum, dorsal profile: 0 = concave; 1 = straight (or nearly
straight); 2 = convex.

18. Rostrum, ‘trough’: 0 = rostrum extends anterior to max-
illa/premaxilla palatal suture; 1 = rostrum is retracted slightly
posterior to maxilla/premaxilla palatal suture. [This is caused by
the retraction of the nasals, creating a shelf so that the dorsal (in-
ternal) portion of the premaxilla, which is normally not exposed,
is exposed from a dorsal view of the skull.]

19. Palate, anterior palatine foramina (= posterior palatine foramina
of Crouch, 1969), relative position (de Beaumont, 1967; Qui, 1987;
Wozencraft, 1989): 0 = adjacent to P4-M1; 1 = adjacent to P3; 2 =
adjacent to P2; 3 = adjacent to P1. [This is the anterior opening
of the palatine canal and serves for the passage of the palatine
artery through the palatine canal (the posterior opening is in the
ventral portion of the orbit).]

20. Palatine/maxilla, anterior palatine foramina: 0 = located at pala-
tine/maxilla suture; 1 = located well anterior in the maxilla.

21. Palate, width, posterior to the canines: 0 = significantly wider
than width measured at canines; 1 = nearly equal to width at
canines. [Measured as the buccal width at the canines and the
widest buccal width posterior to the canines.]

22. Palate, tooth rows, lingual edge: 0=nearly parallel; 1=divergent.
23. Palatal surface: 0 = flat or slightly concave; 1 = distinct longitu-

dinal depression; 2 = extreme ‘vaulting.’
24. Palatine/maxilla suture: 0 = medial or posterior to P4; 1 = medial

to P3-P4; 2 = medial to P3; 3 = medial to P3-P2.
25. Palatine, mesopterygoid palate: 0 = absent, or posterior border

of the palate anterior to the posterior edge of the last teeth; 1
= present, short (width > length); 2 = present, long (width <

length). [The mesopterygoid palatal region is here understood as
the palatal region posterior to the last teeth, bridging the ptery-
goids. Length is measured as the posterior border of the palate
to a line connecting the posterior edges of the last teeth. Width
measured as the distance of the palate bridging the pterygoids.]

26. Palatine, relative size (excluding mesopterygoid): 0 = midline
length nearly equal in length to maxilla midline; 1 = midline
length less than midline length of maxilla; 2 = midline length
greater than midline length of maxilla.

27. Palatine, relative size (including mesopterygoid): 0 = midline
length nearly equal in length to maxilla midline; 1 = midline
length less than midline length of maxilla; 2 = midline length
greater than midline length of maxilla.

28. Palatine, mesopterygoid region: 0 = flat/absent; 1 = slightly con-
cave (depressed along midline).

29. Palatine, mesopterygoid region: 0 = does not extend posteriorly
to a point that would line up with the supraorbital processes;
1 = extends posteriorly to a point that would line up with the
supraorbital processes; 2 = extends posteriorly to a point that
would line up posterior with the supraorbital processes. [To un-
derstand this feature, the palate must be kept horizontal as a
plane of reference.]

30. Palatine, post palatal notch: 0 = postpalatal notch present; 1 =
postpalatal notch absent. [This refers to the anterior emargina-

tion between the mesopterygoid region and the tooth row that in
effect, causes the posterior border to be displaced anteriorly.]

31. Palatine, extension of palate posterior to the tooth row: 0 = absent
or vestigal; 1 = present, small (smaller than the length of the last
tooth); 2 = present, large (longer than the length of the last tooth).
[This refers to the portion of the palate, directly posterior (and
in some cases posterolateral) to the tooth row and lateral to the
mesopterygoid region.]

32. Premaxilla, incisive foramina (= anterior palatine foramina of
Crouch, 1969): 0 = oblong, long; 1 = oblong, short or rounded.
[Serves for the passage of the nasopalatine branch of the trigem-
inal nerve (V), the nasal artery and the anterior septal branch of
the major palatine.]

33. Premaxilla/maxilla suture (midline) (Qiu, 1987): 0 = posterior to
canines; 1 = medial to canines.

34. Premaxilla, Steno’s foramen (posterior edge): 0 = absent; 1 =
medial to the posterior edge of the incisive foramina; 2 = posterior
to the posterior edge of the incisive foramina. [Steno’s foramen
appears in some mammals as a foramen between the incisive
foramina.]

35. Vomer, attachment to palate: 0 = attached to anterior end of pala-
tine; 1 = not attached to palatine (attached to maxilla).

36. Orbit, anterior margin: 0 = dorsal to P4; 1 = dorsal to P3/P4; 2
= dorsal to P3; 3 = dorsal to P3/P2; 4 = posterior to P4. [Coding
based on holding the palate horizontal/level.]

Orbital Region
37. Alisphenoid, foramen rotundum: 0 = posteriorly separated from

opening of sphenorbital fissure; 1 = closely adjacent to opening of
sphenorbital fissure. [Serves for the passage of the maxillary di-
vision of the trigeminal nerve (V). The sphenorbital fissure serves
for the passage of the oculomotor (III), trochlear (IV), abducens
(VI), and trigeminal nerve (V).]

38. Alisphenoid, foramen rotundum: 0 = lateral to sphenorbital fis-
sure; 1 = ventral to sphenorbital fissure.

39. Alisphenoid, (alar) canal (Flynn et al., 1988): 0 = present; 1 =
absent. Serves for the passage of the maxillary artery. [Work by
Novacek (1977, 1986) and Shoshani (1986) indicated that presence
of the canal is primitive for this group. Flynn et al. (1988) coded
absent as a synapomorphy for the Feliformia.]

40. Alisphenoid/frontal muscle ridge: 0 = absent; 1 = present.
41. Alisphenoid, optic foramen interorbital connection: 0 = partially

blocked; 1 = clearly open; 2 = closed. [In some species, there is an
open connection between the orbits through the optic foramen.]

42. Frontal, supraorbital process: 0 = small process (maximum ‘tip
to tip’ distance across supraorbitals less than 125% the width
of the postorbital constriction); 1 = small ridge or protuber-
ance; 2 = long process (greater than 125% the width of the
postorbital constriction); 3 = long process, joins jugal; 4 =
absent.

43. Frontal-parietal suture (at midline): 0 = posterior to anterior edge
of glenoid fossa; 1 = at level of anterior edge of glenoid fossa; 2
= anterior to anterior edge of glenoid fossa. [Baseline is a verti-
cal line through the glenoid fossa with the palate held horizon-
tal/level.]

44. Frontal, temporal crest: 0 = present, single, well defined, ‘Y’-
shaped; 1 = absent or small; 2 = present, double, nearly parallel;
3 = double, ‘lyre’-shaped. [Serves for the attachment of m. tem-
poralis that raises the mandible.]

45. Frontal, postorbital region (width): 0 = >interorbital region; 1
= approximately equal to interorbital region; 2 = <interorbital
region.

46. Frontal, interorbital inflation: 0 = absent; 1 = variable degrees of
inflation.

47. Frontal, postorbital inflation: 0 = absent; 1 = variable degrees of
moderate inflation; 2 = greatly inflated.

48. Postorbital constriction position: 0 = immediately posterior to
supraorbital processes; 1 = considerably posterior to the supraor-
bital processes. [The postorbital constriction would be the point
at which the interorbital region is the narrowest posterior to the
supraorbital processes of the frontal.]

49. Jugal: 0 = reaches lacrimal; 1 = does not reach lacrimal.
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50. Jugal/maxilla, posterioventral process: 0 = absent; 1 = present,
weak; 2 = present, strong. [Serves for the attachment of the
masseter.]

51. Jugal, dorsal postorbital process: 0 = present, short process; 1 =
small bump or ridge; 2 = absent; 3 = present, long; 4 = present,
long, joining supraorbital process of frontal.

52. Jugal, exposure on interorbital surface: 0 = large interior expo-
sure; 1 = predominately confined to exterior surface.

53. Lacrimal: 0 = large, extends ventral and dorsal to naso-lacrimal
foramen; 1 = reduced, does not extend dorsal to naso-lacrimal
foramen; 2 = reduced, does not extend ventral or dorsal to naso-
lacrimal foramen; 3 = large, extends dorsal, ventral and rostral
to foramen.

54. Lacrimal, inferior oblique muscle fossa: 0 = separate from naso-
lacrimal foramen, at lacrimal/maxilla suture; 1 = separate from
nasolacrimal foramen, in maxilla. The fossa serves for the attach-
ment of the m. obliquus ventralis which rotates the eye.

55. Inferior oblique muscle fossa: 0 = single; 1 = double.
56. Orbitosphenoid, anterior “process”: 0 = long, directed an-

terodorsally; 1 = long, directed anteroventrally, nearly reaching
sphenopalatine foramen; 2 = short, directed anteroventrally; 3 =
absent.

57. Orbitosphenoid, shape: 0 = reduced, oblong, restricted to area
around optic foramen and the process anterior to it; 1 = irregular,
with wing directly dorsal to optic foramen.

58. Orbitosphenoid, sphenorbital fissure size: 0 = less than two times
the size of the foramen rotundum; 1 = more than three times the
size of the foramen rotundum; 2 = smaller than the size of the
foramen rotundum.

59. Maxilla, intraorbital wing: 0 = absent/vestigial; 1 = present
(small).

60. Maxilla, posterior border of zygomatic process: 0 = at plane pos-
terior to P4-M1; 1 = at plane of P4-M1.

61. Maxilla, anterior edge of orbit: 0 = posterior to P3-P4; 1 = at the
plane of P3-P4; 2 = anterior to P3-P4.

62. Maxilla, orbital process: 0 = expanded in orbital region and form-
ing a horizontal shelf; 1 = not expanded in orbital region. [The
maxilla expands outward in a horizontal plane in the rostral bor-
der of the orbit to form a triangular expansion ventral to the
lacrimal.]

63. Palatine, orbital process: 0 = not expanded in orbital region; 1
= greatly expanded in orbital region and forming a horizontal
shelf.

64. Palatine, sphenopalatine foramen: 0 = near equal in size to pala-
tine canal; 1 = less than two times the size of the palatine canal;
2 = greater than twice as large as the palatine canal. [Serves for
the passage of the sphenopalatine branch of the trigeminal nerve
and the sphenopalatine artery.]

65. Palatine, location of the sphenopalatine foramen (= orbitonasal
foramen of Butler, 1948; sphenoid foramen of Novacek, 1986): 0
= dorsal to M2; 1 = dorsal to P4; 2 = dorsal to M1; 3 = anterior to
P4; 4 = posterior to M2.

66. Palatine, sphenopalatine foramen: 0 = confluent; 1 = closely ad-
jacent to posterior opening of palatine canal; 2 = clearly sepa-
rate. [Serves for the passage of the sphenopalatine branch of the
trigeminal nerve (V) and the sphenopalatine artery.]

67. Palatine, orbital wing: 0 = reaches lacrimal, broad contact; 1 =
reaches lacrimal, narrow contact.

68. Palatine, orbital exposure: 0 = straight or concave orbital wall; 1
= convex or inflated orbital wall.

69. Pterygoid, epipterygoid processes: 0 = absent or weakly defined;
1 = present, forming narrow ridge; 2 = present, triangular pro-
cess. [Serves for the attachment of m. pterygoid medialis which
raises the mandible.]

70. Pterygoid, hamular process: 0 = descends considerably ventral
to the palate; 1 = approximately at the level of the palate.

Basicranial Region:
Basioccipital-Basisphenoid-Alisphenoid

71. Alisphenoid, foramen ovale (position): 0 = anterior to glenoid
fossa; 1 = medial to glenoid fossa; 2 = posterior to glenoid fossa.
[Comparisons made to the posteriormost edge of the glenoid

fossa, not the process. Serves for the passage of the trigeminal
nerve (V), internal maxillary artery and the medial meningeal
artery.]

72. Alisphenoid canal, anterior opening (foramen rotundum): 0 =
posterior to pterygoids; 1 = dorsal to pterygoids; 2 = anterior to
pterygoids. [Comparisons made while holding the palate hori-
zontal/level.]

73. Basioccipital, hypoglossal foramen (= condyloid foramen of
Hunt, 1987; Flynn et al., 1988): 0 = distinctly separate from pos-
terior lacerate foramen; 1 = closely adjacent; 2 = confluent with
posterior lacerate foramen. [Located posteriomedial to the poste-
rior lacerate foramen. State “1” was considered a synapomorphy
for Feliformia by Flynn et al. (1988).]

74. Basioccipital, posterior lacerate foramen (= jugular): 0 = large; 1
= small. [Serves for the passage of the internal jugular vein, and
the glossopharyngeal (IX), vagus (X), and accessary (XI) nerves.]

75. Basioccipital, muscle fossa: 0 = present; 1 = absent/weakly de-
fined. [Serves for the insertion of m. rectus capitis ventralis, which
draws the head ventral and depresses the snout.]

76. Basioccipital, m. longus capitis rugosity: 0 = present; 1 = absent.
77. Basioccipital, contact with entotympanic bullae: 0 = bassioccipi-

tal appressed and protrudes ventrally against bullae; 1 = bassioc-
cipital does not protrude against bullae.

78. Basioccipital width (between bullae at midpoint): 0 = narrower
than pterygoid width; 1 = approximately equal to pterygoid
width; 2 = wider than pterygoid width.

79. Basisphenoid, medial lacerate foramen: 0 = covered by bullae; 1
= anteriomedial to bullae (e.g., Herpestes). [Serves for the passage
of the ascending pharyngeal artery.]

80. Basisphenoid, posterior opening of the vidian canal: 0 = present,
posterior to pterygoids; 1 = present, medial to posterior edge
of pterygoids; 2 = absent. [In the space between the posterior
opening of the vidian canal and the bullae, the vidian nerve runs
in a groove.]

Squamosal
81. Squamosal, postglenoid foramen (Hough, 1948; Neff, 1983; Flynn

et al., 1988): 0 = present, lateral to bullae on medial edge of the
infrasquamosal fossa; 1 = vestigial/absent. [Flynn et al. (1988)
listed ‘1’ as the synapomorphy for all Feliformia. Neff (1983) re-
ported it as ‘reduced’ in viverrids and herpestids and absent in
felids and hyaenids.]

82. Squamosal, postglenoid process: 0 = closely appressed to audi-
tory bulla; 1 = adjacent to auditory bulla; 2 = well separated
from auditory bulla. [Reference point is posteriormost surface of
glenoid fossa.]

83. Squamosal, infrasquamosal fossa: 0 = present, narrow; 1 =
present, wide; 2 = absent. [The infrasquamosal fossa is the por-
tion of the ventral face of the squamosal that is anterolateral to
the external auditory meatus.]

84. Squamosal, lateral extension: 0 = both 1 and 2; 1 = expanded lat-
erally, only dorsal to the external auditory meatus connecting the
mastoid region with the zygomatic arch; 2 = expanded laterally
and only dorsal to the mastoid; 3 = absent.

Ectotympanic
85. Ectotympanic/entotympanic division: 0 = not externally visible;

1 = externally visible, without clear suture; 2 = externally visible,
with clear suture. [In the viverrids, the point of contact between
the two elements is marked by an inbending of the plates of bone.
In the other feliforms, although one can detect the point of contact,
it is because of structural differences.]

86. Ectotympanic, ring, medial expansion (Hunt, 1987; Neff, 1983): 0
= moderate inflation and/or chambering; 1 = slight chambering
or inflation; 2 = extremely large.

87. Ectotympanic, ring, lateral expansion (external auditory meatus)
(Hunt, 1987; Neff, 1983): 0 = a simple ‘C’ shaped ring with no sig-
nificant lateral expansion; 1 = bowl; 2 = lateral outgrowths along
rim nearly or completely meet along midline, forming flattened
extension; 3 = meatal tube formed that scrolls anteriorly lateral
to most lateral part of ectotympanic ring.

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/article/54/6/865/1627909 by guest on 22 M

ay 2023



890 SYSTEMATIC BIOLOGY VOL. 54

88. Ectotympanic, ring, inclination: 0 = inclined; 1 = nearly vertical.
89. Ectotympanic, inflation, form: 0 = medially expanded and in-

flated ‘C’ shape; 1 = slightly flattened, ‘fan’ shape; 2 = more
extensive flattened ‘fan’ shape.

90. Ectotympanic, direct ventral inflation to meatal tube: 0 = absent;
1 = present.

91. Ectotympanic, septum (Hunt, 1987): 0 = complete (i.e., touches
petrosal); 1 = partial; 2 = absent.

92. Ectotympanic, styliform process: 0 = present; 1 = reduced; 2 =
absent. [Anteromedial and ventral to the eustachian tube. Serves
for the attachment of m. levator veli palatini.]

93. Ectotympanic, eustachian tube: 0 = wide (nerve sulcus and tube
widely separate); 1 = narrow (pterygoid nerve sulcus and eu-
stachian tube closely adjacent).

94. Ectotympanic, anteromedial process: 0=present; 1=absent. [The
anteromedial process is on the anteromedial corner and dorsal to
the eustachian tube.]

95. Ectotympanic, external auditory meatus: 0 = level with nuchal
crest; 1 = far forward of nuchal crest.

Entotympanic
96. Entotympanic, relative inflation (Hunt, 1987): 0 = depth greater

than ectotympanic ring; 1 = depth approximately equal to ec-
totympanic ring; 2 = entotympanic covered by ectotympanic,
chambered; 3 = entotympanic not inflated.

97. Entotympanic, ventral pseudoseptae: 0 = absent; 1 = present.
98. Entotympanic, septum: 0 = anterior/posterior orientation; 1 =

medial/lateral orientation; 2 = absent.
99. Entotympanic, septum: 0 = absent; 1 = present. [Hunt (1987) con-

trasted Nandinia with no true internal septum to other feliforms.
This refers to the entotympanic septum that developes from the
ventral edge of the caudal entotympanic. Not homologous to the
canid septum that develops from the dorsal edge (Hunt, 1987).
Flynn, et al. (1988) listed the presence of a bilaminar septum as a
synapomorphy for the feliforms (excluding Nandinia).]

100. Entotympanic, carotid canal, posterior opening (Flynn et al.,
1988): 0 = confluent with posterior lacerate foramen; 1 = clearly
anterior to posterior lacerate foramen; 2 = absent (carotid canal
absent).

101. Entotympanic, course of the internal carotid: 0 = perbullar—
between petrosal and basioccipital; 1 = perbullar—enclosed in
entotympanic; 2 = transpromontorial groove in the entotym-
panic; 3 = transpromontorial. [Hunt (1987) coded herpestids and
canids with a perbullar course of the internal carotid and felids,
hyaenids, and viverrids with a transpromotorial course of the
internal carotid.]

102. Entotympanic ossification: 0 = ossified; 1 = unossified (i.e. Nan-
dinia). [Flynn et al. (1988) listed ‘0’ as a synapomorphy for the
Carnivora.]

103. Entotympanic, rostral (Hunt, 1987): 0 = ”athictic” entotym-
panic intervenes between ectotympanic and rostral entotym-
panic; 1 = ”bradynothictic” entotympanic intervenes between
ectotympanic and rostral entotympanic only in juveniles; 2 =
”thictic” caudal entotympanic does not intervene between ec-
totympanic and rostral entotympanic. [Hunt (1987) established
polarity on this feature on the ontogenetic growth sequence.
He acknowledged that the athictic condition should be prim-
itive based on outgroup comparison. Flynn et al. (1988) listed
the presence of rostral entotympanic as a synapomorphy for the
Carnivora.]

104. Entotympanic, lateral expansion: 0 = no lateral expansion; 1 =
lateral expansion predominately posterior to fenestra cochlea; 2
= lateral expansion extends directly lateral/anterolateral to fen-
estra cochlea.

105. Entotympanic, anterior extension: 0 = large inflated anterior pro-
jection; 1 = small anterior extension; 2 = anterior extension re-
stricted to tube.

106. Entotympanic, antero-medial extension: 0 = entotympanic not
expanded in antero-medial direction; 1 = extension to the level
of the meatus; 2 = extension far forward the meatus.

107. Entotympanic, carotid canal, anterior opening: 0 = horizontal;
1 = vertical.

Petrosal
108. Petrosal, laterally directed mastoid pocket, middle ear cavity

(Hunt, 1987): 0 = absent; 1 = present.
109. Petrosal, ventral promontorial process (Hunt, 1987): 0 = vesti-

gial/absent; 1 = present, small; 2 = present, large.
110. Petrosal, posteromedial extension (Hunt, 1989): 0 = very large,

with only a small space separating the petrosal from the occipital;
1 = large, with a moderately larger space separating the petrosal
from the occipital; 2 = small, with a large space separating the
petrosal from the occipital; 3 = very small, with an extremely
large space separating the petrosal from the occipital.

111. Petrosal, mastoid, petramastoid ridge: 0 = absent; 1 = present.
[Origin of m. digastricus which opens the mouth. This ridge of
mastoid connects the paroccipital process with the mastoid pro-
cess.]

112. Petrosal, inferior petrosal sinus (petrobasilar canal): 0 = large,
open; 1 = small. [Closely related to the articulation of the petrosal
to the basioccipital.]

113. Petrosal, subarcuate (floccular) fossa: 0 = deep; 1 = shallow. [The
subarcuate (floccular) fossa is a large fossa formed within the
dorsal loop of the superior semicircular canal and houses the
paraflocculus of the cerebellum.]

114. Petrosal, fenestra cochleae (round window): 0 = approximately
equal in size to oval window; 1 = considerably greater in size
than oval window.

115. Petrosal, basal whorl of cochlea: 0 = not distinctly swollen; 1 =
distinctly swollen.

116. Petrosal, mastoid, exposed ventrolateral process: 0 = large ven-
trally directed mastoid process, pendulant; 1 = pendulant, pro-
cess absent, large deltoid exposure of mastoid, 2 = process absent,
small deltoid exposure of mastoid; 3 = process nearly excluded
from ventrolateral exterior surface.

117. Petrosal, mastoid, occipital exposure: 0 = present; 1 = absent.
118. Petrosal, mastoid, mastoid foramen: 0 = present; 1 = absent.
119. Dorsal pseudoseptae: 0 = absent; 1 = present.
120. Petrosal, fossa muscularis major (tensor tympani fossa): 0 = present,

deep; 1 = present, shallow. [Origin of m. tensor tympani that tenses
the tympanic membrane.]

121. Petrosal, promontorium (Hunt, 1989): 0 = smooth; 1 = faceted.

Paraoccipital
122. Paroccipital process (Neff, 1983; Hunt, 1987; Flynn et al., 1988):

0 = long, cupped around posterior edge of entotympanic and
extends ventrally; 1 = long, separate, protrudes posteriorly; 2 =
short, cupped around posterior edge of entotympanic and does
not protrude ventrally; 3 = very short, does not cover posterior
surface; 4 = very short, not cupped around posterior edge of en-
totympanic, and protrudes posteriorly but does extend ventrally.
[Origin of m. jugulohyoideus that draws the hyoid caudad.]

123. Paroccipital process, width (Petter, 1974; Veron, 1995): 0 = paroc-
cipital process narrow and not covering all the posterior surface
of the mastoid; 1= paraoccipital process very wide and covering
all the posterior surface of the mastoid, so that the mastoid can
not be seen in a caudal view of the skull.

Ossicles
124. Ossicles, malleus, anterior (long) process: 0 = present, long; 1 =

present, short.
125. Ossicles, malleus, processus gracilis and anterior lamina: 0 = well

developed; 1 = reduced.
126. Ossicles, malleus, head: 0 = 2 facets; 1 = 3 facets.
127. Ossicles, malleus, head articulation surface, upper facet: 0 = con-

vex; 1 = flat.

Basicranium (Other Parts)
128. Presphenoid, shape: 0 = long narrow ridge; 1 = wide, flat.
129. Vagina processus hyoideus: 0 = confluent with stylomastoid fora-

men (giving the appearance of one foramen); 1 = slightly separate
from stylomastoid foramen.
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Auditory Bullae—General
130. External auditory meatus, dorsal wall: 0 = ectotympanic; 1 =

squamosal.
131. Internal carotid artery (Neff, 1983): 0 = large; 1 = small; 2 =

vestigial/absent.
132. Arterial circulation, intracranial rete (Bugge, 1978): 0 = absent; 1

= present.
133. Arterial circulation, major a1 arterial shunt (Bugge, 1978): 0 =

present; 1 = absent.
134. Arterial circulation, major a4 arterial shunt (Bugge, 1978; Neff,

1983; Wozencraft, 1989): 0 = absent; 1 = present, intracranial rete.
135. Arterial circulation, major anastomosis ‘X’ (Bugge, 1978; Wozen-

craft, 1989): 0 = present; 1 = vestigial/absent.
136. Arterial circulation, major anastomosis ‘Y’ (Bugge, 1978; Wozen-

craft, 1989): 0 = absent; 1 = present.
137. Arterial circulation, major a2 arterial shunt (Bugge, 1978; Wozen-

craft, 1989): 0 = absent; 1 = present, intracranial rete.
138. M. sternomastoideus and m. cleidomastoideus fossa (location): 0 =

principally on mastoid; 1 = on squamosal and mastoid; 2 = prin-
cipally on squamosal; 3 = principally on entotympanic bullae.

139. Sternomastoideus and cleidomastoideus fossa: 0 = vesti-
gial/reduced; 1 = pronounced.

140. Bullar configuration (Hunt, 1987): 0 = anterior migration of ento-
tympanic beneath ectotympanic; 1 = no change during ontogeny;
2 = restriction of entotympanic to posterior auditory region, sep-
tum bullae transverse or inclined; 3 = greater restriction of ento-
tympanic to posterior auditory region.

Cranial
141. Exoccipital, condyloid canal (occipital venous sinus): 0 = large; 1

= small/vestigial. [Serves for the passage of the occipital venous
sinus.]

142. Supraoccipital: 0 = not inflated; 1 = inflated.
143. Condyles, emarginated causing the condyle to appear slightly

lobed: 0 = absent; 1 = present.
144. Parietal, sagittal crest (adult males): 0 = large, single; 1 = small,

single; 2 = small double; 3 = absent; 4 = large, double.
145. Parietal/supraoccipital, lambdoidal crest: 0 = not well produced

dorsally or laterally beyond braincase; 1 = well produced dor-
sally beyond braincase; 2 = well produced laterally and dorsally
beyond braincase.

146. Parietal, sagittal crest: 0 = present, does not extend beyond lamb-
doidal crest; 1 = present, extends beyond lambdoial crest.

147. Parietal/supraoccipital, lambdoidal crest, caudal view: 0 = nar-
row ‘V’; 1 = narrow ‘U’; 2 = broad ‘U.’

DENTITION

148. I2 position (posterior edge): 0 = in line with I1 and I3; 1 = set back.
149. I3, form (cross section): 0 = posterior broadening of crown, ob-

long; 1 = incisiform; 2 = caniniform.
150. I3, size: 0 = considerably larger than I1 or I2; 1 = slightly larger

than I1 or I2; 2 = equal in size to I1 or I2.
151. I1- I3, projection: 0 = extends upward; 1 = procumbent (less than

45 degrees).
152. I1-I3 formation: 0 = in a gently curved line; 1 = in a straight line;

2 = sharply curved line (I3 laterally placed).
153. I1-I3 formation: 0 = incisors close together; 1 = incisors separated

from each other.
154. I3/C1 occlusion: 0 = present, small wear facet; 1 = present, large

wear facet; 2 = absent.
155. C1, size: 0 = large (1.5 to 2.5 times as high as I3); 1 = small (equal

in size, or less than 1.5 times as high as I3).
156. C1, flanges: 0 = posterior flange present; 1 = absent; 2 = anterior

and posterior flanges present.
157. C1, shape: 0 = conical, recurved; 1 = dagger like, straight.
158. P1: 0 = present; 1 = present in young adults, but lost in many old

individuals; 2 = absent.
159. P1/1, relative size: 0 = small, less than half the size of P2/2 or

absent; 1 = small, < P2/2, but more than state “0”; 2 = approxi-
mately equal to P2/2.

160. P1, number of roots: 0 = 1 root or tooth absent; 1 = 2 roots, com-
pletely or partially fused.

161. P1: 0 = present; 1 = present in young adults, but lost in many old
individuals; 2 = absent.

162. P2, number of roots: 0 = 2; 1 = 1.
163. P2, roots: 0 = 2; 1 = 1; 2 = absent.
164. P3, number or roots: 0 = 2; 1 = 1; 2 = 3.
165. P3, posterolingual cingulum: 0 = present, reduced; 1 = present,

broad; 2 = vestigial/absent.
166. P3, lingual cusp: 0 = absent; 1 = present.
167. P3/3, size (when viewed from the buccal aspect): 0 = nearly equal

to P2/2; 1 = considerably larger than P2/2.
168. P3, roots: 0 = 2; 1 = 1.
169. P3, talonid: 0 = absent; 1 = present.
170. P4, number of cusps: 0 = >1; 1 = 1.
171. P4, roots: 0 = 3 separate roots; 1 = 2 roots (one anterior, one

posterior).
172. P4, parastyle: 0 = absent/vestigial; 1 = present, small (less than

size of protocone); 2 = present, large (near equal to protocone); 3
= present, larger than protocone.

173. P4, metacone or metastylar blade: 0 = present; 1 = vestigial; 2 =
absent.

174. P4, lingual lobe: 0 = occupied by protocone which is less than
paracone; 1 = occupied by extremely small protocone which is
much less than paracone; 2 = occupied by large protocone which
is near equal to paracone. 3 = vestigial/absent.

175. P4, talon: 0 = vestigial/absent; 1 = present.
176. P4, metastyle blade: 0 = long, with notch reduced to slit; 1 = short,

with V shaped notch; 2 = absent/vestigial.
177. P4, posterolingual cingulum: 0 = present; 1 = vestigial; 2 = absent.
178. P4, talonid: 0 = absent/vestigial; 1 = present.
179. P4, posterior accessory cusps: 0 = 2 cusps, linear; 1 = 1 cusp; 2

= no cusps; 3 = 2 or more cusps, nonlinear. [Flynn and Galiano
(1982) considered P4 well developed with two accessory cusps
plesiomorphic for the Carnivora and the lost of accessory cusps
derived.]

180. Carnassial shear, P4/M1 (well defined vertical facet) (Flynn and
Galiano, 1982): 0 = present; 1 = absent.

181. P4-M1 carnassial embrasure pit: 0 = present; 1 = absent.
182. M1, shape: 0 = rhomboidal; 1 = triangular; 2 = round; 3 = rect-

angular (length larger than width).
183. M1, roots: 0 = 3; 1 = 2; 2 = 1.
184. M1, hypocone: 0 = present; 1 = absent.
185. M1, buccal lobes: 0 = asymmetrical or absent; 1 = symmetrical.
186. M1, trigonid (or equivalent): 0 = width < length; 1 = width >

length; 2 = width = length; 3 = vestigial/absent.
187. M1, trigonid: 0 = present, considerably higher than talonid; 1=

present, near equal in height to talonid; 2 = vestigial; 3 = absent.
188. M1, talonid: 0 = present, length < length of trigonid; 1 = vestigial

or absent; 2 = present, length > length of trigonid; 3 = length
near equal length of trigonid.

189. M1, metaconid: 0 = large; 1 = considerably smaller than para-
conid; 2 = absent.

190. M1, protoconid: 0 = present; 1 = absent.
191. M1, entoconid: 0 = present; 1 = absent.
192. M1, hypoconid: 0 = present; 1 = absent.
193. M1, hypoconulid: 0 = absent; 1 = present.
194. M1, small cusp between hypoconid and protoconid: 0 = absent;

1 = present.
195. M2, paracone and metacone: 0 = metacone and paracone present,

paracone larger; 1 = metacone absent; 2 = tooth without distin-
guishable cusps; ? = tooth absent.

196. M2: 0 = present; 1 = absent.
197. M2, hypocone: 0 = absent; 1 = present; ? = tooth absent.
198. M2, roots: 0 = 3; 1 = 2; 2 = 1; ? = tooth absent.
199. M2, shape: 0 = rhomboidal; 1 = triangular; 2 = round; ? = tooth

absent.
200. M2: 0 = present; 1 = absent.
201. M2, roots: 0 = >1; 1 = 1; ? = tooth absent.
202. M2, cusps: 0 = tooth with cusps but no clear trigonid or talonid;

1 = trigonid present; 2 = tooth without clearly defined cusps; ?
= tooth absent.

203. M2/ M2 relative size: 0 = considerably smaller than M1/m1; 1 =
slightly smaller than M1/M1; ? = tooth absent.

204. M3: 0 = present; 1 = absent.
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205. Upper molars, cingulum: 0=present, extremely large posteriolin-
gual extension; 1 = absent, if present, not complete; 2 = present,
complete around the base of the protocone.

206. Buccal cingulum, upper molars: 0 = small/not developed; 1 =
enlarged.

207. Diastema, I2-I3: 0 = absent; 1 = present.
208. Diastema, C1-P1 (or to first postcanine tooth): 0 = absent; 1 =

present.
209. Diastema, P2-P3 (or second and third postcanine teeth): 0 = small

to absent; 1 = large.
210. Diastema, P1-P2 (or first two postcanine teeth): 0= small to absent;

1 = large.
211. Mandible, angular process: 0 = present, strong; 1 = present, weak.
212. Mandible, mandibular symphysis: 0 = strong (well fused); 1 =

weak (not well fused).
213. Mandible, mandibular condyle: 0 = considerably elevated above

alveolar line; 1 = slightly above alveolar line; 2 = at alveolar line;
3 = below alveolar line. [Alveolar line defined as a line connecting
the anterior edge of the canine alveolus with the posterior edge
of the last tooth.]

214. Mandible, medial shelf of angular process: 0 = present, small
ridge; 1 = present, wide shelf; 2 = absent.

215. dP3, number of accessory posterior cusps: 0 = 1; 1 = 2; 2 = 3; 3 =
0.

216. dP3 talonid: 0 = present; 1 = absent.
217. dP3, lingual cusp: 0 = present, large; 1 = absent; 2 = present,

small.
218. dP4, buccal lobes: 0 = slightly asymmetrical; 1 = strongly asym-

metrical; 2 = symmetrical.
219. dP3, accessory lingual cusp: 0 = absent; 1 = present.
220. Mental foramina: 0 = more than one; 1 = one only.
221. P4, anterior accessory cusp: 0 = absent; 1 = smaller than posterior;

2 = about equal to posterior; 3 = larger than posterior.

POSTCRANIUM

Vertebral Column
222. Atlas, transverse process, posterior extension: 0 = to the level of

the caudal articular surface; 1 = slightly posterior to the caudal
articular surface; 2 = considerably posterior to the caudal articu-
lar surface. [M. levator scapulae attaches to the transverse process
and serves to pull the scapula forward.]

223. Atlas, alar and atlantal (intervertebral) foramen: 0 = alar fora-
men not complete, notch present; 1= alar foramen complete,
widely separate from atlantal foramen; 2 = alar foramen com-
plete, closely adjacent to atlantal foramen in common groove.

224. Atlas, ventral arch, length: 0 = equal to or shorter than dens of
axis; 1 = longer than dens of axis.

225. Atlas, transverse foramen (vertebral artery), posterior opening: 0
= on dorsal surface; 1 = caudal.

226. Axis, cranial articular processes and ventral surface of dens
(odontoid) process: 0 = discrete surfaces; 1 = one continuous
surface.

227. Axis, spinous process: 0 = with a relatively flat dorsal profile; 1
= with a convex profile.

228. Axis, caudal spine of spinous process: 0 = absent; 1 = present,
short; 2 = present, long.

229. Axis, ventral ‘keel’: 0 = present, small; 1 = absent/vestigial; 2 =
present, large.

230. Cervical vertebrae, ventral keel on vertebrae 6 and 7: 0 = vesti-
gial/absent; 1 = present.

231. Sacral vertebrae, spinous processes: 0 = separate processes; 1 =
fused together into one straight ‘keel.’

232. Tail: 0 = much shorter than head-body length (15–40%); 1 =
shorter than head-body length (40–85%); 2 = approximately
equal to head-body length (85–105%); 3 = much longer than head-
body length (>105%); 4 = vestigial (0–15%).

Thoracic Skeleton
233. Scapula, teres major process (axillary border) (Taylor, 1974): 0 =

present, small perpendicular plane to scapular plane; 1 = present,

small, on plane of scapula; 2 = present, large perpendicular plane
to scapular plane. [A large teres major process is a synapomorphy
for Caniformia (Flynn et al., 1988).]

234. Scapula, metacromion/acromion processes: 0 = acromion pro-
cess larger; 1 = processes approximately equal in size; 2 =
metacromion process larger. [The m. acromiodeltoideus attaches to
the acromion flexor and outer rotator of the humerus.]

235. Scapula, metacromion process (shape): 0 = deltoid; 1 = square.
236. Scapula, coracoid process: 0 = present, well developed; 1 =

present, small; 2 = vestigial/absent.
237. Scapula, supraspinus fossa (cranial border): 0 = larger than in-

fraspinous fossa; 1 = near equal in size.
238. Scapula, overall shape: 0 = rectangular; 1 = rounded; 2 = trian-

gular.
239. Thoracic vertebrae, number: 0 = 13; 1 = 14; 2 = 15; 3 = 12.
240. Humerus, supracondylar (= entepicondyloid) foramen: 0 = ab-

sent; 1 = present.
241. Humerus, pectoral crest: 0 = slender with little development of

crest; 1 = absent; 2 = robust, with crest developed toward mid-
point of distal end. [Pectoral ridge starts proximally at the ante-
rior edge of the greater tuberosity of the humerus; serves for the
attachment of the m. pectoralis major.]

242. Humerus, deltoid crest: 0 = robust, with crest developed to-
wards midpoint of distal end; 1 = slender with little develop-
ment of crest; 2 = absent. [Deltoid crest starts proximally at the
infraspinous facet of the greater tuberosity of the humerus (lateral
side); serves for the attachment of the acromiodeltoid.]

243. Humerus, olecranon fossa: 0 = covered by membrane or open; 1 =
ossified. [Allows for greater arc movement of the antebrachium.]

244. Humerus, distal condyle: 0 = trochlea distal extension greater
than capitulum; 1 = trochlea distal extension approximately
equal to capitulum.

245. Humerus, radial and coronoid fossas: 0 = confluent; 1 = distinct.
246. Humerus, greater tuberosity, proximal end: 0 = supraspinatus

fossa large with robust deltoid anterior process (near equal in size
to articular surface); 1 = supraspinatus fossa small, restricted to
narrow ridge, anterior process small (considerably smaller than
articular surface).

247. Humerus, greater tuberosity, proximal end: 0 = tall, extends
beyond articular surface; 1 = very tall, extends considerably
beyond articular surface; 2 = short, extends only slightly be-
yond articular surface; 3 = equal, equal in height to articular
surface.

248. Humerus, distal supracondyloid crest: 0 = absent/vestigial; 1 =
small; 2 = well developed, flares out. [Serves for the insertion of
the extensor carpi radialis longus and brachioradialis.]

249. Humerus, cross section: 0 = oval; 1 = round; 2 = flattened.
250. Humerus, deltoid and pectoral crest confluence: 0 = proximal; 1

= midpoint.
251. Ulna, olecranon process, medial and lateral ridges: 0 = lateral

ridge larger; 1 = approximately equal; 2 = vestigial/absent.
252. Ulna, olecranon process, medial fossa with ventral/medial

flange: 0 = vestigial/absent; 1 = present, small; 2 = present, large.
253. Ulna, distal lateral shelf: 0 = absent; 1 = present. [Serves for the

attachment of the anconeus.]
254. Ulna, olecranon process: 0 = large ventral process—squared off

outline; 1 = ventral process, vestigial/absent.
255. Ulna, olecranon, inclination (Taylor, 1974): 0 = posterior; 1 = per-

pendicular; 2 = anterior.
256. Radius, cross section: 0 = flattened; 1 = oval; 2 = round.
257. Radius, tubercle: 0 = present, small; 1 = vestigial/absent; 2 =

present, large.
258. Radius, distal expansion: 0 = vestigial/absent; 1 = present.
259. Radius, head—articular surface: 0 = distinct ridge; 1 = without

distinct ridge.
260. Manus, digit 1 (hallux): 0 = present, small (<0.5 digit 2); 1 =

vestigial/absent; 2 = present, normal (approximately = 0.5 digit
2); 3 = present, large (>0.5 digit 2).

Pelvic Skeleton
261. Ilium, ventral iliac spine (King, 1966): 0=not everted or extended;

1 = everted, extended anterolaterally.
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262. Pelvis, overall shape: 0 = triangular (thick fusion); 1 = rectangular
shape (thin fusion); 2 = rhomboidal.

263. Femur, trochanteric fossa: 0 = restricted to ‘V’ shape above lesser
trochanter; 1 = expanded medially from lesser trochanter; 2 =
expanded distally from lesser trochanter.

264. Femur, lesser trochanter: 0 = present, small; 1 = present, large.
265. Femur, lesser trochanter, position: 0 = intermediate position

aligned with lateral edge of head; 1 = medial position, directly
below head; 2 = lateral position, lateral to lateral edge of head.
[Lesser trochanter aligns with lateral edge of head articular sur-
face.]

266. Femur, cross-section: 0 = oval; 1 = round; 2 = flattened.
267. Tibia, cross-section: 0 = round; 1 = oval; 2 = triangular.
268. Tibia-fibula, proximal fusion: 0 = absent; 1 = present.

Pes
269. Calcaneum, sustentaculum tali (Robinette and Stains, 1970): 0 =

without secondary shelf; 1 = small secondary shelf.
270. Calcaneum, calcaneal tubercle or process: 0 = present, symmet-

rical; 1 = present, asymmetrical.
271. Calcaneum, medial tuberosity on calcaneal tubercle: 0 = present,

larger than lateral tuberosity; 1 = vestigial/absent; 2 = approxi-
mately equal to lateral tuberosity.

272. Calcaneum, peroneal tubercle: 0 = distal to astragular tubercle,
small; 1 = medial to astragular tubercle.

273. Calcaneum, medial articular surface: 0 = small; 1 = large, extend-
ing to cuboid surface.

274. Calcaneum, cuboid surface: 0 = perpendicular to axis; 1 = slight
medio-lateral slope; 2 = sharp medio-lateral slope; 3 = dorsal
slope.

275. Calcaneum, trochlear process: 0 = vestigial/absent; 1 = small; 2
= large.

276. Calcaneum, posterior projection off of cuboid surface: 0 = vesti-
gial/absent; 1 = present.

277. Pes, digit 1 (pollex): 0 = vestigial/absent; 1 = present, small (<0.5
digit 2); 2 = present, normal (approximately = 0.5 digit 2); 3 =
present, large (>0.5 digit 2).

278. Baculum: 0 = long, stylized; 1 = small, simple; 2 = vestigial,
absent.

EXTERNAL/SOFT ANATOMY

279. Rhinarium, philtrum: 0 = present, narrow; 1 = present, wide;
2 = absent. [Externally visible rhinarial tract that connects the
rhinarium to the lower lip.]

280. Rhinarium, groove: 0 = present, extends dorsal to a point medial
to nares; 1 = present, only ventral to nares; 2 = present, extends
dorsal and onto dorsal surface; 3 = absent/vestigial.

281. Rhinarium, external nares: 0 = extends onto lateral surface (not
visible on dorsal surface); 1 = extends onto dorsal surface; 2 =
restricted to dorsal surface.

282. Rhinarium, dorsal exposure: 0 = approximately equal to anterior
exposure; 1 = much less than anterior exposure; 2 = longer than
anterior exposure.

283. Rhinarium, profile: 0 = perpendicular to axis; 1 = convex; 2 =
concave.

284. External pinnae, aural posteroexternal bursa: 0 = present; 1 =
absent.

285. External pinnae, posterior, subbursa lobe: 0 = absent; 1 = present
(a posterior external lobe that projects ventral to the ear bursa).

286. External pinnae: 0 = present, angular or pointed; 1 = present,
rounded.

287. Ear bursa: 0 = posterior flap of bursa behind the rim of the pinna;
1 = ear bursa absent; 2 = posterior flap of the bursa continuous
with the rim of the pinnae.

288. Perineal scent glands, males: 0 = absent; 1 = present, restricted
to area between penis and anal region; 2 = incircles base of penis
like a collar; 3 = present, extends anterior to penis.

289. Perineal glands: 0 = absent; 1 = present in both sexes or female
only.

290. Perineal glands, male: 0 = gland absent; 1 = hair between gland
and anus; 2 = hairless between gland and anus.

291. Scrotum, position: 0 = closely associated with penis, common
scrotal sac; 1 = widely separated from penis, common scrotal
sac; 2 = widely separated from penis, separated scrotal sacs.

292. Mammae: 0 = 8; 1 = 6; 2 = 4; 3 = 2.
293. Perineal scent glands, females: 0 = absent; 1 = centered around

the vulva; 2 = present, restricted to the area between the vulva
and anus; 3 = extends anterior to the vulva.

294. Perineal glands, female: 0 = gland absent; 1 = hairless between
gland and anus; 2 = hair between gland and anus.

295. Anal glands: 0 = simple, open into small anal sac; 1 = open into
anal pouch.

296. Feet, interdigital pads (manus and pes): 0 = 3; 1 = 4.
297. Feet, interdigital webbing of external foot pads: 0 = present,

sparsely furred; 1 = present, well furred; 2 = present, without
hair; 3 = absent.

298. Feet, interdigital pads: 0 = completely fused together; 1 = par-
tially fused together, shallow grooves; 2 = closely adjacent to each
other, deep grooves; 3 = well separated from each other.

299. Feet (manus), carpal (palmar) surface, central depression: 0 =
absent; 1 = present, with hair; 2 = present, without hair.

300. Feet (manus), metacarpal pad(s): 0 = absent; 1 = hypothenar
pad vestigial; 2 = hypothenar pad large, thenar pad vestigial; 3
= hypothenar and thenar pads large and well developed; 4 =
metacarpal pads very large and completely fused.

301. Feet (manus), carpal pollical pad: 0 = absent; 1 = separated from
other carpal pads by bare skin; 2 = adjacent to other carpal pads.

302. Feet (manus), carpal pollical pad, size: 0 = larger than digital
pads; 1 = about equal to digital pads; ? = absent.

303. Feet (manus), metacarpal pad(s), size: 0 = vestigial; 1 = smaller
than carpal pads; 2 = large, about equal to carpal pads; 3 = larger
than carpal pads; ? = absent.

304. External pinnae, anterior surface: 0 = lighter than ground color; 1
= same as ground color; 2 = darker than ground color; 3 = white
rim.

305. Feet (pes), plantar surface, central depression: 0 = absent; 1 =
present, without hair; 2= elongate; 3= elongate and with papillae
confined to heel.

306. Feet (pes), metatarsal pad(s): 0 = absent/vestigial; 1 = connected
to tarsal plantar pads (no clear separation); 2 = partially connect
to plantar pads; 3 = not connected.

307. Feet (pes), metatarsal surface (posterior to metatarsal pads): 0 =
well furred; 1 = without hair.

308. Feet (pes), metatarsal pad(s): 0 = separated from tarsal pads by
hair; 1 = adjacent to lateral tarsal pad and hallical pad; 2 = sepa-
rated from tarsal pads by bare skin; ? = absent.

309. Feet (pes), tarsal hallical pad: 0 = absent; 1 = separated from other
tarsal pads by hair; 2 = separated from other tarsal pads by bare
skin; 3 = adjacent to other tarsal pads.

310. Feet (pes), tarsal hallical pad, size: 0 = small than digital pads; 1
= about equal to digital pads; 2 = larger than digital pads; ? =
absent.

311. Feet (pes), metatarsal pad(s), size: 0 = vestigial; 1 = small; 2 =
large; 3 = larger than tarsal pads; ? = absent.

312. Head, dark face mask: 0 = absent; 1 = present.
313. Head, interoccular (between) eye patches: 0 = absent; 1 = present.
314. Head, rhinarial patch: 0 = present, lighter than ground color; 1 =

absent.
315. Head, suboccular eye patches: 0 = present, indistinct; 1 = absent;

2 = present, distinct.
316. Head, ‘rostral line’: 0 = absent; 1 = present, dark; 2 = present,

light.
317. Head, supraoccular eye patches: 0 = present, indistinct; 1 = ab-

sent; 2 = present, distinct.
318. Neck, dorsal surface: 0 = same as ground color; 1 = darker than

ground color; 2 = clearer than ground color.
319. Nuchal stripes: 0 = absent; 1 = thin; 2 = large.
320. Neck, dorsal hair direction: 0 = posteriorly directed; 1 = anteri-

orly directed.
321. Neck, sides: 0 = uniform color; 1 = spotted; 2 = laterally directed

stripes.
322. Body, spots: 0 = no pattern, monocolored; 1 = present, no pat-

tern; 2 = arranged into longitudinal lines; 3 = merged into broad
longitudinal lines; 4 = merged into transverse lines.
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323. Body, pale shoulder spots: 0 = absent; 1 = present.
324. Body, dorsal crest (long dorsal hairs on mid-dorsal line): 0 =

absent; 1 = present.
325. Body, mid-dorsal stripe: 0 = absent; 1 = present, extends from

head to base of tail; 2 = extends from shoulders to base of
tail.

326. Body, mid-dorsal stripe, color: 0 = present, same color as body
spots; 1 = present, darker than body spots; 2 = present, lighter
than body spots; ? = absent.

327. Body, ventral surface: 0 = lighter than ground color; 1= same as
ground color; 2 = lighter and spotted.

328. Feet: 0 = same as ground color; 1 = spotted; 2 = dark.
329. Legs: 0 = same as ground color; 1 = spotted; 2 = dark.
330. Tail, tip: 0 = darker than ground color; 1 = same as ground color;

2 = lighter than ground color.
331. Tail, hair length: 1 = short guard hair; 0 = long guard hair.
332. Tail, dorsal line: 0 = absent; 1 = present.
333. External pinnae, posterior surface: 0 = same as ground color; 1

= lighter than ground color; 2 = darker than ground color; 3 =
darker than ground color with white rim; 4 = darker than ground
color with white spot.

334. External pinnae, tuft: 0 = absent; 1 = present.

335. Tail, fat storage: 0 = absent; 1 = present.
336. Tail, mobility: 0 = not prehensile; 1 = prehensile.
337. Cowper’s (bulbourethral) gland: 0 = absent/vestigial; 1 =

present.
338. M. accessorius pedis: 0 = present; 1 = absent.
339. M. rhomboideus major: 0 = attaches to vertebrae; 1 = attaches to

occiput.
340. M. supinator longus (Windle and Parsons, 1897): 0 = single; 1 =

double.
341. M. semitendinosus, caudal head (Windle and Parsons, 1897): 0 =

absent; 1 = present.
342. M. soleus (Windle and Parsons, 1897): 0 = absent; 1 = present.
343. Cruciate sulcus (Radinsky, 1971, 1975; Carlsson, 1900): 0 =

present, large; 1 = present, small; 2 = absent.
344. Postlateral sulcus does not overlap lateral sulcus (Radinsky,

1975): 0 = yes; 1 = no (overlap).
345. Presylvian sulcus (Radinsky, 1975): 0 = present; 1 = absent.
346. Suprasylvian sulcus (Radinsky, 1975): 0 = complete arch; 1 =

incomplete arch.
347. Vibrissae, inter-ramal tuft: 0 = present ; 1 = absent.
348. Pupil, horizontally elongated: 0 = no; 1 = yes.
349. Marker chromosome (Wurster, 1969): 0 = present; 1 = absent.
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