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Abstract—Although the use of landmark data to study shape changes along a phylogenetic tree has become a common
practice in evolutionary studies, the role of this sort of data for the inference of phylogenetic relationships remains under
debate. Theoretical issues aside, the very existence of historical information in landmark data has been challenged, since
phylogenetic analyses have often shown little congruence with alternative sources of evidence. However, most analyses
conducted in the past were based upon a single landmark configuration, leaving it unsettled whether the incorporation
of multiple configurations may improve the rather poor performance of this data source in most previous phylogenetic
analyses. In the present study, we present a phylogenetic analysis of landmark data that combines information derived
from several skeletal structures to derive a phylogenetic tree for musteloids. The analysis includes nine configurations
representing different skeletal structures for 24 species. The resulting tree presents several notable concordances with
phylogenetic hypotheses derived from molecular data. In particular, Mephitidae, Procyonidae, and Lutrinae plus the genera
Martes, Mustela, Galictis, and Procyon were retrieved as monophyletic. In addition, other groupings were in agreement with
molecular phylogenies or presented only minor discordances. Complementary analyses have also indicated that the results
improve substantially when an increasing number of landmark configurations are included in the analysis. The results
presented here thus highlight the importance of combining information from multiple structures to derive phylogenetic
hypotheses from landmark data. [Landmark data, multiple configurations, Musteloidea, parsimony, phylogenetic analysis,

shape characters.]

The idea of inferring phylogenies from
morphogeometric data, landmarks in particular, was
strongly discouraged during the years that followed the
“geometric morphometric revolution.” The concerns
were mainly theoretical in nature. Although some
researchers argued against the general use of landmark
data in phylogenetics (e.g.,, Bookstein 1994), other
studies criticized particular approaches developed
to make use of this type of data (e.g., Adams et al.
1998; Monteiro 2000). However, this earlier position has
moved toward a more open view: In recent years, several
approaches have been proposed for the phylogenetic
treatment of landmark data (Rohlf 2002; Lockwood
et al. 2004; Caumul and Polly 2005; Gonzéalez-José et al.
2008; Catalano et al. 2010; Klingenberg and Gidaszewski
2010; Catalano and Goloboff 2012), and many empirical
studies have been conducted (e.g.,, Cardini 2003;
Lockwood et al. 2004; Gonzéilez-José et al. 2008;
Panchetti et al. 2008; Chemisquy et al. 2009; Francoy
et al. 2011; Scalici and Panchetti 2011; Cruz et al. 2012;
Freitas et al. 2012; Maiorino et al. 2013; Voyta et al. 2013).

A common characteristic of most previous
phylogenetic analyses of landmark data was the
inclusion of only a single landmark configuration
(i.e., a group of landmarks that describes the shape
of a structure). Although in some cases the results
obtained have presented some level of agreement with
accepted phylogenies, such as in studies performed
in elephant shrews (Panchetti et al. 2008; Scalici and
Panchetti 2011) and in hominoids (Gonzélez-José

et al. 2008), the more general trend has been one of
incongruence with alternative sources of evidence
(Klingenberg and Gidaszewski 2010). The poor results
generally obtained were interpreted by some authors
(e.g., Klingenberg and Gidaszewski 2010) as indicating
that landmark data may not be a suitable source of
evidence for phylogenetic analyses. However, expecting
to obtain a well-resolved and well-supported phylogeny
from a single configuration may be too optimistic,
especially when considering the number of structures
required to derive phylogenetic hypotheses in traditional
morphological analyses. Ultimately, the issue of whether
or not the incorporation of multiple configurations into
a single analysis can improve the results of a given
study has not been previously evaluated. We, therefore,
present here a phylogenetic analysis of 22 species
of musteloids (Carnivora—-Mammalia) that includes
landmark data from nine different skeletal structures.
No previous phylogenetic analysis has included this
many landmark configurations. The phylogenetic
analysis was performed using the approach described
in Catalano et al. (2010), which extends the parsimony
principle to the analysis of landmark data. The present
study was designed to address two main questions:

1) Do landmark data present historical information
that allows us to infer phylogenetic relationships
in Musteloidea?

2) Do phylogenetic results improve—in terms of
congruence with a reference phylogeny—when
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an increasing number of skeletal structures are
included in the analyses?

Musteloids as a case study—Musteloidea is a diverse
superfamily of the order Carnivora that includes
approximately 80 species (Wilson and Mittermeier 2009;
Sato et al. 2012). Musteloids include procyonids (coatis,
kinkajou, olingos, and raccoons), mephitids (skunks
and stink badgers), ailurids (red panda), and mustelids
(grisons, weasels, martens, badgers, and otters). The
systematics and phylogeny of this group have been
extensively studied. Some of these analyses were based
on morphological data (mostly dental and skeletal
anatomy; see Wozencraft 1989; Decker and Wozencraft
1991; Bryant et al. 1993; Wyss and Flynn 1993; Finarelli
2008; Ahrens 2012) with general disagreement among
those studies and also with the traditional taxonomy.
The use of molecular characters has helped resolve
some unsettled questions about musteloid phylogeny
and has stabilized views on the internal relationships
of Mustelidae and Procyonidae (e.g., Koepfli and Wayne
1998; Koepfli et al. 2007, 2008; Sato et al. 2012).

Members of Musteloidea present a wide range of
habits, including terrestrial epigean, fossorial, semi-
aquatic, scansorial, and fully arboreal (Ewer 1973;
Taylor 1989; Schutz and Guralnick 2007; Wilson and
Mittermeier 2009). A high degree of variation is also
found in dietary types, with some species being
herbivores (e.g., red panda), others frugivores (e.g.,
kinkajou), and others hypercarnivores (e.g., weasels)
(Ewer 1973; Wilson and Mittermeier 2009). This
ecological diversity is correlated with a wide range
of morphologies, a fact that suggests that there is a
strong morpho-functional relationship in several aspects
of the anatomy of this group (Savage 1957; Ewer 1973;
Riley 1985; van Valkenburgh 1987; Taylor 1989; Youlatos
2003; Schutz and Guralnick 2007; Fisher et al. 2008,
2009; Ercoli et al. 2013). The ample existing knowledge
about the phylogenetic relationships and morphological
variation for this group, together with the numerous
specimens available for study in museum collections,
make this group a good case study to evaluate the utility
of landmark data for phylogenetic inferences.

MATERIAL AND METHODS
Sampling

A total of 22 species of musteloids were included
in our analysis (Table 1). Taxon sampling included
representatives of different taxonomic levels within
Musteloidea—three families, seven subfamilies and 16
genera (representing 75%, 58%, and 48% of the total
extant representatives of each of these taxonomic levels).
This approach allowed us to evaluate the capability of
landmark data to solve the phylogenetic relationships
at different phylogenetic levels. Two species of Canidae
were considered as functional outgroups. The selection
of species was based on the availability of postcranial
structures in the collections of the museums visited.

Since the main premise of the present analysis was
to include several skeletal structures representative of
different anatomical regions, our taxon sampling was
limited to those species that presented specimens with
an almost complete skeleton. However, despite the
existence of these limitations, the present phylogenic
analysis of landmark data is one of the largest in terms
of taxon sampling.

For each species, the number of specimens
considered varied between one and 10 depending
upon the species and structure, with an average of
approximately three specimens per species/structure
(Table 1; Supplementary Data 1 available on Dryad at
http:/ /dx.doi.org/10.5061 /dryad.26mé66). Landmarks
were digitalized in two dimensions, and placed
to represent the general shape of the structure
analyzed while at the same time trying to capture
most of the variation present in each structure
(Fig. 1, Supplementary Data 2 available on Dryad
at http://dx.doi.org/10.5061 /dryad.26m66). Only the
proximal portion of femur and the distal portion of
the humerus were digitalized, since several museum
specimens lacked the other parts of these bones. Two
configurations (the axis and the sixth cervical vertebrae)
were digitalized including semi-landmarks (Fig. 1).
Landmark digitization and scaling were carried out
using tpsDig 2.10 (Rohlf 2013).

Phylogenetic Searches

The complete procedure performed to obtain
a phylogenetic hypothesis from landmark data is
illustrated in Figure 2. First, all specimens from each
species were superimposed using a General Procrustes
Analysis (GPA; Gower 1975; Rohlf and Slice 1990).
The consensus configurations derived from this step
represent the shape of each species, and this procedure
was repeated for all of the structures analyzed. Next,
the consensus configurations representing each species
were used to define a multiple superimposition by
means of a new GPA, and this was again repeated
for each structure. After a standardization step (see
below), the multiple superimposition of each structure
was incorporated into a matrix as a different character,
generating a combined data set. Finally, the matrix was
used to conduct the phylogenetic search.

The phylogenetic analyses were performed following
the approach proposed by Catalano et al. (2010) for
the analysis of landmark data in phylogenetics. This
method is implemented in Tree Analysis using New
Technology (TNT) phylogenetic software (Goloboff et al.
2008) and is a direct extension of the parsimony principle
(sensu Farris 1983) for the analysis of landmark data.
This approach maximizes the degree to which the
similarity in landmark position in different taxa can be
accounted for by common ancestry. The tree score is
given by the sum of the landmark displacements along
the tree. To allow all of the configurations to make an
equal contribution to the selection of the phylogenetic
hypothesis, a standardization procedure was conducted
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TABLE 1. Species included in the phylogenetic analysis indicating the number of specimens per structure and species.
Species Family, Subfamily cv LM LAx LVI LEs AHu LUl LIP PFe
Aonyx cinerea Mustelidae, Lutrinae 5 5 1 - 2 1 1 1 2
Conepatus chinga Mephitidae 10 8 5 5 4 5 4 4 3
Eira barbara Mustelidae, Guloninae 5 5 2 1 3 6 7 3 5
Galictis cuja Mustelidae, Ictonychinae 4 4 11 7 10 4 8 10 9
Galictis vittata Mustelidae, Ictonychinae 5 5 2 1 2 2 - 2 2
Ictonyx striatus Mustelidae, Ictonychinae 4 4 1 - 2 3 1 - 2
Lontra canadensis Mustelidae, Lutrinae 2 2 - - 3 3 4 - 1
Lontra longicaudis Mustelidae, Lutrinae 4 4 4 3 2 2 1 4 2
Lontra provocax Mustelidae, Lutrinae 3 2 3 2 2 2 2 2 2
Lutra lutra Mustelidae, Lutrinae 5 4 1 - 2 3 2 - 1
Lyncodon patagonicus Mustelidae, Ictonychinae 4 3 3 1 4 3 4 3 4
Martes americana Mustelidae, Guloninae 4 4 - - 2 2 3 - 1
Martes martes Mustelidae, Guloninae 1 1 1 - 1 2 2 1 1
Meles meles Mustelidae, Melinae 4 4 1 1 1 1 1 1 1
Mustela frenata Mustelidae, Mustelinae 3 5 1 1 4 4 2 2 1
Mustela vison Mustelidae, Mustelinae 1 1 1 1 2 2 1 1 1
Nasua nasua Procyonidae 5 3 2 3 3 3 3 2 2
Potos flavus Procyonidae 4 4 1 1 4 5 4 1 2
Procyon cancrivorus Procyonidae 4 4 5 3 4 4 3 5 5
Procyon lotor Procyonidae 2 2 1 1 3 4 4 1 1
Pteronura brasiliensis Mustelidae, Lutrinae 5 4 3 2 4 4 2 2 2
Spilogale putorius Mephitidae 4 4 2 2 3 3 2 3 1
Canis lupus Canidae (Outgroup) 3 1 1 1 3 4 2 1 2
Lycalopex griseus Canidae (Outgroup) 1 1 1 1 1 1 1 1 1

Note: The assignment to families and subfamilies is based on Sato et al. (2012). CV = ventral view of the cranium; AHu = cranial view of the
distal end of the humerus; LAx = lateral view of the axis; Les = lateral view of the scapula; LIP = lateral view of the pelvis; LUl = lateral view of
the ulna; LVI = lateral view of the sixth cervical vertebra; LM = lateral view of the mandible; PFe = caudal view of the proximal end of the femur.

that downweights those configurations with more
landmarks and/or a larger scale of change (Goloboff and
Catalano 2011). A full description of the standardization
procedure as well as a discussion of the standardization
issue is included as Supplementary Data 3 (available on
Dryad at http://dx.doi.org/10.5061 /dryad.26m66).

The tree score and ancestral shapes were established
using the algorithms described in Goloboff and Catalano
(2011) to optimize landmark data on a tree. In summary,
this approach consists of establishing the optimal
ancestral positions of each landmark by means of a
heuristic approximation, where a grid is placed over the
space occupied by all of the observed positions for a
given landmark. Each cell of the grid is considered as
a possible state (i.e., position) for the inner nodes. A cost
matrix is built where the costs between states are the
distances between the centers of each of the cells. Once
each of the observed positions has been assigned to the
corresponding cell, the optimal positions are established
using a cost matrix algorithm (Sankoff and Rousseau
1975). The score can then be improved by repeating
this Sankoff step, but this time superimposing a new
grid over the optimal cell and the neighboring cells for
each node. This step is called “nested Sankoff.” Finally,
the score can also be improved by iteratively modifying
the position of each landmark at each internal node. In
the present study, the landmark optimization was run
with the following settings: A 6 x 6 grid of cells, one
level of nested Sankoff; observed landmark positions
included as states, and a final iterative improvement of
the positions.

Since phylogenetic searches for landmark data are not
yet implemented natively in TNT, the searches were
conducted using a script written in TNT macro language.
The search strategy consisted of 50 Random Addition
Sequences (RAS = Wagner trees) followed by TBR (Tree
Bisection Reconnection algorithm). All of the analyses
were run on a cluster of fourteen 4-core CPUs using
the parallel version of TNT. Phylogenetic uncertainty
in relation to configuration and landmark sampling
was analyzed by means of two independent resampling
analyses. The resampling was done in the same way as in
the implementation of symmetric resampling (Goloboff
et al. 2003) in TNT: Each configuration/landmark had
a 0.33 probability of being deleted, a 0.33 probability
of having its weight duplicated, and a 0.33 probability
of remaining unaltered. A total of 100 pseudoreplicates
were conducted, with a single run of RAS + TBR per
pseudoreplicate.

A series of phylogenetic analyses were conducted to
assess whether the results would be improved by the
inclusion of an increasing number of skeletal structures.
Data sets were generated by including from one to
eight configurations, and in each case all possible
combinations of configurations were considered (i.e., 9
data sets that included a single configuration, 36 data
sets that included two configurations, 84 data sets that
included three configurations, etc.) Then, a single RAS-
TBR replicate was run in each case. Additional analyses
were conducted to evaluate the performance of each
configuration analyzed independently and also when
each configuration was removed from the complete

ST0Z ‘¥ lequisdss uo AIOISIH [eANEN 1O Wnasn | Ued sy e /B10's [euinopioxo-oigsAs)/:dny wouy pepeojumoq


http://dx.doi.org/10.5061/dryad.26m66
http://sysbio.oxfordjournals.org/

CATALANO ET AL.—PHYLOGENIC ANALYSIS OF MULTIPLE CONFIGURATIONS

g
2
=5
o
8
8
o
3
=
g
g
g
o
2
Q
&
o
=
=
JOR
n
Q
£S5
o
>
3
3
Q
3
<
E
3
=}
zZ
2
=
R
I
Q@
S)
<
o
=
2
Q
e
N
o
=y
a

FIGURE 1. Skeletal structures analyzed, showing the position of each landmark: a) ventral view of cranium, b) lateral view of mandible, c)
lateral view of axis, d) lateral view of sixth cervical vertebra, e) lateral view of scapula, f) anterior view of distal humerus, g) lateral view of
ulna, h) lateral view of pelvis, and i) posterior view of proximal femur. Picture in (a) corresponds to Nasua nasua, picture in (b) corresponds
to Canis lupus. All other images correspond to Galictis cuja. Diamonds in the axis and sixth cervical vertebra represent semi-landmarks. See

Supplementary Data 2 (available on Dryad at http:/ /dx.doi.org/10.5061 /dryad.26m66) for a detailed definition of landmarks. Scale bar = 1mm.
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Schematic representation of the approach followed to derive phylogenetic hypotheses from multiple landmark configurations.

GPA = generalized procrustes analysis; Sp = species; Ind = individual. For further explanation see text.

matrix. In this case, the search strategy involved five
RAS + TBR.

The performance of each combination of
configurations was evaluated by comparing the
trees obtained against a reference topology derived
from several recently published molecular phylogenetic
analyses (Supplementary Data 4 available on Dryad
at  http://dx.doi.org/10.5061/dryad.26m66). ~ We
considered a topology based on molecular evidence
as a reference for two reasons. First, molecular data
offers a more independent source of evidence than
traditional morphological characters, since some of the
morphological characters considered in the published
phylogenies for the group under study describe the
shape of structures that are also included in the present
analysis. Second, morphological phylogenetic analyses
in musteloids present taxon samplings that are not
very concordant with the one considered in the present
study, making it difficult to compare results. The degree
of concordance of the trees derived from landmark data
and the reference tree was assessed by calculating a
topological similarity measure based on the number of
Subtree Pruning Regrafting (SPR) moves. This measure
is the complement of the number of SPR moves required
to convert one tree into the other, divided by T — 2, where
Tis the number of taxa (Goloboff 2007). The performance
of each data set was also assessed by comparing the
resulting trees with the accepted taxonomy for the group
(trees included as Supplementary Data 5 available on
Dryad at http:/ /dx.doi.org/10.5061/dryad.26m66). We
considered the familial and subfamilial groups proposed
or followed by Sato et al. (2012). These analyses were
automated using the new TNT tools for handling
taxonomic information (Goloboff and Catalano 2012).

A series of complementary analyses were also
conducted to evaluate if different methodological
decisions made during the analysis (method of
superimposition, standardization procedure, treatment
of missing data, phylogeny used as reference, inclusion
of semi-landmarks) may have affected the main
conclusions obtained in the present study. A description
of these complementary analyses as well as the
results obtained is included in Supplementary Data
6 (available on Dryad at http://dx.doi.org/10.5061/
dryad.26m66). Data matrix, best tree, and script
used to run the phylogenetic search are included
in Supplementary Data 7 (available on Dryad at
http://dx.doi.org/10.5061 /dryad.26m66).

RESULTS

The optimal (= shortest) tree obtained (Fig. 3) presents
several congruencies with published taxonomic and
phylogenetic studies (e.g., Flynn et al. 2005; Koepfli et al.
2007, 2008; Sato et al. 2009, 2012; Eizirik et al. 2010).
Musteloidea, Mephitidae, Procyonidae, and Lutrinae
were retrieved as monophyletic. In addition, four out
of the five genera with more than one species included
in the analysis were monophyletic (Galictis, Martes,
Mustela, and Procyon), with the only exception being
the genus Lontra since Pteronura brasiliensis appears
intermingled with the three Lontra species included. The
best tree obtained presents nine clades that correspond
to accepted taxonomic categories, and 12 out of 21 nodes
(57%) are shared between the best tree and the molecular
reference tree. Although the optimal tree differs from
the molecular reference tree in seven SPR moves, a
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FIGURE 3.

Optimal tree obtained in the combined analysis of nine different skeletal structures (score 34.180). Numbers above branches

indicate support values when configurations were resampled. Nodes below branches indicate support values when landmarks were resampled.

Asterisks indicate nodes shared with the molecular reference tree.

comparison of 10,000 randomly generated trees with the
molecular reference tree yielded much higher numbers
of SPR moves (average of 18.9 moves, minimum of 12
moves). Searching for the worst binary tree (that with the
highest score in terms of the criteria considered in this
study) produced a tree that did not share any group with
the accepted taxonomy, and differed from the molecular
tree in 21 moves. These comparisons strongly suggest
that the correspondence between the tree obtained from
landmark data and both the molecular reference tree and
the taxonomy was by no means coincidental.

In general, the phylogenetic analyses based only on a
single landmark configuration yielded poor results and
in all cases these results were worse than those obtained
when considering the complete data set (Table 2).
The best performance was obtained for the scapula
(six taxonomic groups retrieved), whereas the worst
results were obtained for the ulnae (one taxonomic
group retrieved). Searches were also conducted by
excluding one configuration at a time. The number of
taxonomic groups retrieved was similar regardless of
which configuration was excluded (Table 2), although
the resulting trees differed in terms of the particular
groups obtained (Supplementary Data 5 available on
Dryad at http://dx.doi.org/10.5061/dryad.26m66).

The phylogenetic searches conducted considering a
variable number of configurations showed that inclusion
of more landmark configurations clearly improves the
results (Fig. 4). This trend was observed in terms of the
number of taxonomic groups retrieved as well as in terms
of topological similarity (according to the SPR metricand

TABLE 2. Number of taxonomic groups retrieved when each
configuration was analyzed individually (second column) and when
each configuration was excluded from the complete matrix (third
column)

Single Configuration excluded
configuration from the matrix
Cranium 5 8
Humerus 4 9
Axis 2 9
Scapula 6 9
Pelvis 3 9
Ulnae 1 9
Sixth Cervical 4 9
Mandible 4 8
Femur 4 9

number of nodes shared), between the obtained trees and
the reference molecular tree.

DiscussioN

The results of the present study clearly show that
landmark data can be an important source of evidence
for phylogenetic analysis. Although not completely
congruent with the accepted phylogeny for musteloids,
several taxonomic groups were monophyletic and others
were retrieved with low inaccuracy. Another relevant
finding from the present study is that, at least for
the analyzed data set, inclusion of a higher number
of landmark configurations (representing the shapes
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FiGUre 4. Correspondence between the trees obtained considering a variable number of landmark configurations and previous phylogenetic
and taxonomic schemes. a) Number of clades in agreement with accepted taxonomy. b) SPR similarity between the obtained trees and the
molecular reference tree. ¢) Number of nodes shared between the obtained trees and the molecular reference tree. The mean values (+ SD) for
the trees derived from all possible combinations of configurations (for a given number of configurations) are shown.

of different structures) clearly improves the results in
terms of the congruence with alternative sources of
evidence.

Comparison with Previous Phylogenetic Analyses

Current musteloid systematics are based mainly on
molecular data generated during the last 10 years (e.g.,
Koepfli et al. 2007, 2008; Eizirik et al. 2010; Wolsan
and Sato 2010; Sato et al. 2012). The results obtained
in the present study, based on landmark data, are
congruent in general with the relationships defined in
those studies. Out of 21 nodes (57%), 12 were shared
between the best tree obtained in the present analysis
and the reference molecular tree. This congruence
with previous analyses can be examined in greater
detail by means of a group-by-group comparison. For
example, Musteloidea, Mephitidae, Procyonidae, and
Lutrinae were monophyletic in the present study. The
internal relationships obtained for Procyonidae, as well
as the monophyly of the genera Martes, Mustela, and

Galictis are in agreement with previous analyses (Koepfli
et al. 2007, 2008; Sato et al. 2012). The clade formed
by Guloninae, Ictonychinae, Lutrinae, and Mustelinae
was also recovered by recent DNA studies (Koepfli
et al. 2008; Sato et al. 2012). The position of Martes
species as sister taxa of Mustelinae 4 Ictonychinae
+ Lutrinae, is congruent with molecular analyses,
although Eira appeared in a more basal position in our
study rather than as a sister taxon of Martes, making
Guloninae paraphyletic. The position of Mustelinae
and Ictonychinae are congruent with DNA data, since
these are closer to Lutrinae than to other mustelids,
although Ictonychinae is paraphyletic since Ictonyx is
the sister taxa of other Ictonychinae plus Mustelinae
and Lutrinae, and Mustela unexpectedly falls into a
clade with Galictis and Lyncodon. In contrast, some other
groupings are incompatible or present less agreement
with the molecular trees. For example, Mustelidae is
not monophyletic since Meles appears at the base of
Musteloidea, and mephitids and procyonids are sister
taxa (but see Agnarsson et al. 2010). Also, with the
exception of the clade formed by Lontra longicaudis and
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Lontra provocax (Vianna et al. 2010), the relationships
within Lutrinae are not compatible with previous
analyses (Dragoo and Honeycutt 1997; Koepfli and
Wayne 1998; Flynn et al. 2005; Arnason et al. 2007; Koepfli
et al. 2008; Sato et al. 2009, 2012).

Some groups retrieved in the present study agree
more closely with molecular data than with previous
morphological analyses based on discrete characters. For
instance, most morphological studies place the skunks
(Mephitidae) within Mustelidae and closely related to
Lutrinae (Wozencraft 1989; Bryant et al. 1993; Wyss
and Flynn 1993; Finarelli 2008), whereas DNA data and
landmark data presented here place the skunks in a
separate clade outside of Mustelidae. In contrast, in our
study the placement of other taxa, such as in the case of
Meles being outside of Mustelidae, seems to be incorrect,
given that both molecular and discrete morphological
characters place Meles within this group. Finally, some
relationships found in our analysis are in agreement with
both molecular and discrete morphological characters.
This is the case for example in the internal relationships
within Procyonidae, which are in agreement with the
results obtained by Decker and Wozencraft (1989),
Ahrens (2012), Koepfli et al. (2007), and Eizirik et al.
(2010).

Multiple Landmark Configurations in Phylogenetic Analyses

The results of the present study indicate that
the inclusion of an increasing number of landmark
configurations in the analysis improves the results
obtained in terms of congruence with the accepted
phylogeny for the group. Although our complete data
set included a much greater amount of evidence than
previous phylogenetic analyses based on landmark data,
it seems that even more data should be included to
obtain a well-supported and well-resolved phylogeny
for musteloids. Extrapolation of the trend observed
between the number of configurations and the number
of taxonomic groups retrieved in Figure 4 supports this
conclusion.

The support values derived from resampling
configurations were highly variable along the tree (from
17% to 100%). Interestingly, the nodes that agree with
the molecular reference tree present, on average, a much
higher support value than those of incompatible nodes
(69% vs. 34% when configurations were resampled and
78% vs. 50% when landmarks were resampled). This
suggests that the retrieval of incorrect groupings is more
closely related to a lack of information than to a strong
phylogenetic signal supporting alternative groupings.

The results presented here are more promising
than most of previous analyses that have empirically
evaluated the phylogenetic utility of landmark data.
Although some previous analyses have shown partial
agreement with alternative sources of evidence,
the results were generally poor (Klingenberg and
Gidaszewski 2010). Given that almost all previous
analyses were based on a single landmark configuration,

the more encouraging results presented here are
probably associated with the simultaneous analysis of
multiple landmark configurations. This explanation is
also strongly supported by the clear correlation found
between the number of skeletal structures included in
the analysis and the correspondence with the molecular
reference topology (Fig. 4).

The advantage of including multiple landmark
configurations as shown in the present analysis
seems so predictable that in principle it is difficult
to comprehend why most previous analyses have
included only a single configuration. One possible
explanation for this is the fact that most of the methods
proposed to analyze landmark data in phylogenetics
are only able to analyze one configuration at a time (at
least as currently implemented). This has probably in
turn led to conclusions about the utility of landmark
data in phylogenetics that cannot be directly derived
from the results obtained. For instance, Klingenberg
and Gidaszewski (2010) found that although the
configuration analyzed in their study presented a low
level of homoplasy, the tree derived from landmark
data was incongruent with a well-supported molecular
tree. Based upon these results, the authors concluded
that morphometric data may not provide reliable
information for inferring phylogenies. However, the
conclusion drawn by these authors only follows from
their results if their wing shape data cannot be combined
with data from other structures. The low homoplasy
in wing shape found by Klingenberg and Gidaszewski
(2010) may very well indicate that combining
information from this structure with data from other
structures may help to correctly define some groupings.
It is again worth noting in relation to the present study
that if we had based our conclusions on the analysis
of a single configuration, the results would have been
poor in most of the cases (Table 2). Since Klingenberg
and Gidaszewski (2010) did in fact discuss the potential
advantages of including several configurations in the
same analysis, it seems likely that their conclusion that
landmark data may not provide reliable information was
driven by the assumption that phylogenetic methods
can analyze only a single configuration.

Cardini and Elton (2008) also discussed the amount of
information required to allow phylogenetic conclusions
to be derived from landmark data. They cite Oxnard
(2000) to support the inclusion of multiple characters in
the analysis. However, the phylogenetic hypothesis they
present was based on a single module (the one with the
strongest phylogenetic signal). In this case, the approach
considered for their analysis did not present a limitation
in terms of incorporating multiple configurations into
the same analysis: Since the characters they considered
were the scores derived from a Principal Component
Analysis (PCA). The authors could have combined the
information from several modules into the same analysis
as was done by Gonzdlez-José et al. (2008)—whether
PCA scores are suitable for use in phylogenetic analysis
is a differentissue, Catalano et al. (2010) and Adams et al.
(2011).
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Selecting Landmark Configurations for
Phylogenetic Analyses

One concern about the use of landmark data
in phylogenetics is that these characters would
present high levels of homoplasy (Klingenberg and
Gidaszewski 2010). Since the structures analyzed are
generally associated with processes of adaptation,
they would be prone to reversals and parallelisms
that would in turn complicate the inference of
phylogenetic relationships from landmark data. The
results obtained in the present study show that including
structures associated with adaptive processes does not
necessary lead to incorrect phylogenetic conclusions.

For example, changes supporting Lutrinae include
postcranial modifications such as a shorter and more
caudally positioned symphysis of the pelvis, a longer
ischial corpus, and a relatively dorsal projection of
the iliac wing (Fig. 5a). These changes are probably
associated with adaptation to aquatic locomotion, since
as suggested by morpho-functional studies in otters
these features would provide more maneuverability and
propulsion strength in aquatic environments (Lewis
2008; Peigné et al. 2008). The inclusion of several
skeletal units in a single analysis allows phylogenetic
relationships to be correctly inferred even if similar
changes occur in parallel in two groups. This can be
illustrated in our analysis for the case of Conepatus and
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FIGURE 5. a) Optimization of landmark characters on the optimal tree (Fig. 3), suggests a probable adaptive nature of shape changes that
support some groupings: A shortening and caudal positioning of the symphysis of the pelvis (Im 0 and Im 10), the enlargement of the ischial
corpus (Im 6 and Im 8), and a dorsal projection of the iliac wing (Im 13) represent a unique reconfiguration of the hip of Lutrinae, probably
associated to propulsion during aquatic locomotion. b, ¢) Other possible adaptive changes, convergent in lutrines and Conepatus, including the
enlargement of the M1 (Im 21, Im 23 and Im 24), do not affect the phylogenetic position of these taxa. d, e) Morphological convergences may
explain the incorrect placement of some taxa: The caudal position of the mastoid process (Im 33), and the reduction of the vertebral margin
of scapula (Im 4), are features related to predatory habits and small sizes of Lyncodon and Mustelinae, two taxa that appear together in the
phylogenetic tree. Ancestral shapes for Lutrinae (a, b); Conepatus (c); and Mustelinae+Lyncodon (d, e); pelvis in lateral view (a); cranium in
ventral view (b-d); scapula in lateral view (e). Dashed lines represent reconstructed shapes. Solid lines indicate the change in position of each
landmark from the ancestor to the corresponding node.
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Lutrinae. Although both taxa present an enlargement
of the M1 molar (Fig. 5b,c), a change associated with
less carnivorous habits, they do not form a clade in
the optimal tree. Nevertheless, it is still possible to
recognize certain cases where the misplacement of some
taxa is in fact related to this issue. For example, the
position of both species of Mustela as a sister clade of
Lyncodon is supported by a caudally positioned mastoid
process (Fig. 5d), a trait that can be associated with
similar predatory habits and hypercarnivorous diets.
Other converging postcranial traits, such as reduction
of the vertebral margin of the scapula (where weight-
bearing muscles insert, Fisher et al. (2008); Fig. 5e) or
the muscle attachments on the humerus and the femur,
could be related to the similarities seen in these taxa in
terms of their small size and specialization in predation
of fossorial rodents. The incorrect placement of Mustela
within this clade would, therefore, be a product of
convergences related to these similar specializations
(Ewer 1973; Prevosti and Pardinas 2001).

The improved results obtained by inclusion of an
increasing number of landmark configurations raises the
question of whether any configuration available should
be included in the analysis or whether, alternatively,
some sort of quality control should be carried out
before a particular configuration is selected for inclusion.
Some researchers have proposed to analyze those
configurations presenting a significant phylogenetic
signal determined beforethe analysis (Cardini and Elton
2008). However, this reduces the utility of landmark data
to cases where a reference phylogeny exists. One possible
solution, rather than excluding certain configurations
beforethe analysis, is to adopt methods that allow the
weight of each character (configuration) to be defined
during the analysis in accordance with its congruence
with the rest of the characters. One such method is
known as implied weighting (Goloboff 1993; Goloboff
2014), an approach that is already implemented in TNT
(Goloboff et al. 2008) for the analysis of landmark data.

The results presented here indicate that no decisive
judgment regarding the suitability of landmark data
in phylogenetic analysis can be arrived at based on
analysis of a single landmark configuration. As a
direct consequence of this, any method that intends to
evaluate the utility of landmark data for reconstructing
phylogenies should be able to analyze multiple
configurations simultaneously.

Landmark Data and Traditional Characters

The use of landmark data in phylogenetics has been
the subject of much discussion (e.g., Bookstein 1994;
Rohlf 1998; Monteiro 2000). Although the peculiarities of
this type of data require special cautions to be exercised
when treated in a phylogenetic context, the behavior
of landmark data in the present analysis resembles,
in several respects, that of traditional characters. First,
the results presented here strongly suggest that, to
obtain good results, the number of structures to be

included in a phylogenetic analysis should be much
higher than previously considered, probably including
a similar numbers of structures as those included in
the analysis of traditional morphological characters.
Another point that highlights the similar behavior of
landmark data and traditional characters is related
to the sampling size within each species. A clear
phylogenetic pattern was retrieved in the present study
even when only a few specimens per species were
considered and when the shape for each species was
represented by a consensus configuration. An important
conclusion that can be derived from the results presented
here is that the amount of phylogenetic information
found in the postcranial elements is far from negligible
(Table 2), contrary to the traditional conception of
previous morphological studies in this group (Wyss
and Flynn 1993; Wesley-Hunt and Flynn 2005; but
see Spaulding and Flynn 2012), where postcranial
elements had been virtually obviated as a data source.
One possible explanation for this previous disregard
is that it is more difficult to describe the variation
present in postcranial elements as discrete states, in
contrast to the features of the cranium and mandible.
In the latter case, the complexity of these elements
is represented by many subunits (i.e., complexes of
bones and teeth) and many specific, localized anatomical
accidents (e.g., sutures, foramina), which may help
to describe the variation in different discrete states.
Landmark configurations can, therefore, provide better
description of the morphological variability present in
the postcranial elements and improve the performance
of this source of data in phylogenetic analyses.

CONCLUDING REMARKS

In the age of phylogenomics, the importance of
morphometric data for phylogenetic reconstruction may
be disputed. However, the advantages of including
morphological data in phylogenetic inferences have
already been noted by several authors (e.g., Wiens
2004; Wheeler 2008; Assis 2009; Giribet 2010) and
most of these advantages also apply to morphometric
data. The most obvious advantage is the potential for
including taxa known only from fossils as well as
species that are rare or difficult to collect but that
are present in museum collections. In addition, the
analysis of morphological data also provides a potential
source of alternative evidence that can be used to
identify potential biases in molecular data. At last but
not least, phylogenetic morphological studies generate
a vast amount of biological knowledge—anatomical,
morphological, etc.—presented in a systematized and
ordered manner. This is the type of knowledge
that at the end represents the most important
data for systematists. Although the number of
molecular characters will still overwhelm morphological
characters, the new technologies and data processing
methods currently at hand are allowing an increasing
number of morphological characters to be available
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for phylogenetic analysis (Beutel and Kristensen 2012;
Friedrich et al. 2014). In particular, some recent
technologies are now more readily available for use
by systematists and morphologists (micro-computed
tomography, 3D laser scanning, and confocal laser
scanning microscopy) and are allowing morphological
studies to be expanded into character systems seldom
used in phylogenetics (e.g., soft parts). These new
technologies are also complemented by new techniques
for data acquisition (Schunke et al. 2012), automated
processing (MacLeod 2007, 2008; Boyer et al. 2011), image
storage, and data sharing (Berquist et al. 2012; Ziegler
and Menze 2013), all of which can greatly improve
the future contributions of morphometric characters to
phylogenetics.

The use of landmark data to infer phylogenetic
relationships is a relatively new area of research.
Irrespective of any theoretical or methodological
concerns, the degree to which such data will be used
in the future as an additional source of evidence will
depend upon its empirical performance. It is hoped
that the present study will make a contribution in this
direction.
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