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Introduction

Catalano, S.A. & Torres, A. (2016). Phylogenetic inference based on landmark data in 41
empirical data sets. —Zoologica Scripta, 00: 000-000.

The inference of phylogenetic hypotheses from landmark data has been questioned during
the last two decades. Besides theoretical concerns, one of the limitations pointed out for the
use of landmark data in phylogenetics is its (supposed) lack of information relevant to the
inference of phylogenetic relationships. However, empirical analyses are scarce; there exists
no previous study that systematically evaluates the phylogenetic performance of landmark
data in a series of data sets. In the present study, we analysed 41 published data sets in order
to assess the correspondence between the phylogenetic trees derived from landmark data
and those obtained with alternative and independent sources of evidence, and determined
the main factors that might affect this inference. The data sets presented a variable number
of terminals (5-200) and configurations (1-14), belonging to different taxonomic groups.
The results showed that for most of the data sets analysed, the trees derived from landmark
data presented a low correspondence with the reference phylogenies. The results were simi-
lar irrespective of the phylogenetic method considered. Complementary analyses strongly
suggested that the limited amount of evidence included in each data set (one or a few land-
mark configurations) is the main cause for that low correspondence: the phylogenetic analy-
sis of eight data sets that presented three or more configurations clearly showed that the
inclusion of several landmark configurations improves the results. In addition, the analyses
indicated that the inclusion of landmark data from different configurations is more impor-
tant than the inclusion of more landmarks from the same configuration. Based on the
results presented here, we consider that the poor results previously obtained in phylogenetic
analyses based on landmark data were not caused by methodological limitations, but rather
due to the limited amount of evidence included in the data sets.
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that is continuous in nature. In recent times, associated

Characters that describe the shape of biological structures
have been included in phylogenetic studies since the begin-
ning of this discipline (e.g. wing shape in Hennig 1966).
The variation in shape is generally translated into a set of
discrete states and analysed in combination with other
characters. Although this approach has shown to be very
useful for incorporating shape information in phylogenetic
matrices, it presents some limitations, mainly related to the
arbitrary delimitation of discrete states from a variation
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with the publication of new algorithmic implementations
(Goloboff er al. 2006), the variation in shape has started to
be included in morphological and combined matrices as
continuous characters (e.g. Clouse et al. 2010; Prevosti
2010; Carrizo & Catalano 2015). Nevertheless, the descrip-
tion of shapes as a set of linear distances has additional
limitations (Rohlf 2000). With the development of geomet-
ric morphometric methods, a new era started in the quan-
titative analysis of shape variation (Rohlf & Marcus 1993;
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Adams et 4l. 2013). These methods are based on a particu-
lar definition of shape: all the geometrical information that
remains when location, scale and rotation effects are sorted
out from an object (Kendall 1977). In recent years, several
approaches have been proposed for the phylogenetic treat-
ment of landmark data (Rohlf 2002; Lockwood et al. 2004;
Caumul & Polly 2005; Gonzalez-José er al. 2008; Catalano
et al. 2010; Klingenberg & Gidaszewski 2010; Catalano &
Goloboff 2012). Although with a degree of mistrust during
the first years (e.g. Monteiro 2000), there is now consensus
that geometric data, landmark data in particular, can be
analysed in a phylogenetic context with the primary aim of
analysing morphological evolution (e.g. MacLeod 2002;
Klingenberg & Gidaszewski 2010; Adams & Felice 2014).
For instance, studies that analyse shape evolution using
phylomorphospaces are common nowadays (Sherratt ez al.
2014; Almécija et al. 2015a,b; Puschel & Sellers 2016).
However, it is still questioned, on both methodological
and empirical grounds, whether landmark data can be used
to infer phylogenetic relationships. While in some cases,
the empirical results obtained presented some level of
agreement with accepted phylogenies, as is the case in
studies performed in elephant shrews (Panchetti ez al.
2008; Scalici & Panchetti 2011), the more general trend
has been one of significant incongruence with alternative
sources of evidence (e.g. Couette et al. 2005; Macholin
2006). The poor results generally obtained were inter-
preted by some authors (e.g. Klingenberg & Gidaszewski
2010) as indicating that landmark data may not be a suit-
able source of evidence for phylogenetic analyses. We have
recently performed the first phylogenetic analysis based on
a high number of configurations (Catalano er 2l 2015).
That analysis was based on nine landmark configurations
derived from different skeletal structures. The phylogeny
obtained presented a clear concordance with molecular
data. In addition, complementary analyses indicated that
better results were obtained with the inclusion of a higher
number of configurations. Although promising, these
results were derived from a single case, and it remains to
be tested whether this conclusion can be generalized. In
the present study, we analysed 41 previously published data
sets in order to evaluate the performance of landmark data
to infer phylogenetic relationships. The data sets were
analysed with different methodological approaches that
were previously employed to analyse landmark data in phy-
logenetics.

Materials and methods

Data sets

A total of 41 data sets (Table 1, Data S1) were obtained
either directly from the authors or downloaded from data
repositories (e.g. Dryad). For details of data retrieval

Table 1 Data sets information

N° N° of  Ne° of

Data set species  Conf. Lmk.  Reference/s
Abe_2012 34 1 37 Abe & Lieberman (2012)
Adams_2014 18 2 1" Adams & Felice (2014)
Almecija_2015 26 1% 26 Almécija et al. (2015a,b)
Alvarez_2013 39 4 90 Alvarez et al. (2013a)
Angielczyk_2010 9 1 9 Angielczyk et al. (2011)
AP_APV 24 2% 56 Alvarez & Perez

(2013)/Alvarez et al. (2013b)
Arendt_2010 5 1 5 Arendt (2010)
Aristide_2013 29 1% 29 Aristide et al. (2013)
Astua_2009 32 1 32 Asttia (2009)
Baab_2014 33 1% 33 Baab et al. (2014)
Caumul_2005 12 3 144 Caumul & Polly (2005)
Claverie_2013 25 3 88 Claverie & Patek (2013)
Cruz_2012 5 1 5 Cruz et al. (2012)
de_Freitas_2012 7 3 80 De Freitas et al. (2012)
Foster_2008 7 1 7 Foster et al. (2008)
Foth_2012 31 1 31 Foth et al. (2012)
Franklin_2014 59 1 158 Franklin et al. (2014)
Frederich_2008 8 4 51 Frédérich et al. (2008)
Grieco_2012 6 1 6 Grieco et al. (2012)
GJ_GR 9 14* 476 Gonzélez-José

et al.

(2008)/Gémez-Goémez-Robles

et al. (2013)
Ivanovic_2011 13 2 26 Ivanovic et al. (2012)
Johansson_2009 26 2 24 Johansson et al. (2009)
Klingenberg _2010 9 1 9 Klingenberg &

Gidaszewski (2010)
Klingenberg _2013 160 1 160 Klingenberg &

Marugén-Lobén (2013)
Klingenberg_2012 14 3 55 Klingenberg et al. (2012)
Markolf_2013 1 1 7 Markolf et al. (2013)
Martin-Serra_2015 46 6% 104 Martin-Serra et al. (2015)
Meloro_2012 14 1 14 Meloro & Jones (2012)
Munoz_2014 6 1 6 Munoz-Munoz et al. (2014)
Neustupa_2007 5 1 5 Neustupa & Skaloud (2007)
Outomuro_2013 32 2 23 Qutomuro et al. (2013)
Pierce_2008 24 1 24 Pierce et al. (2008)
Piras_2012 32 1 32 Piras et al. (2012)
Prevosti_2012 151 1 151 Prevosti et al. (2012)
Rohlf_2002 1 1 1 Rohlf (2002)
Santamaria_2013 5 1 5 Santamaria et al. (2013)
Stubbs_2013 53 1 102 Stubbs et al. (2013)
Vera_Candioti_2009 108 1 108 Vera Candioti & Altig (2010)
Voyta_2013 8 1 10 Voyta et al. (2013)
Watanabe_2014 10 1% 16 Watanabe & Slice (2014)
Young_2008 17 1% 9 Young (2008)

Lmk., landmark; Conf., configuration; *, 3D datasets.

process, see Data S2. In data sets with two or more config-
urations, the taxonomic sampling was reduced to those spe-
cies that presented information for all configurations.
Landmark matrices (in TNT format) and trees obtained
from those data sets that were available in Dryad were
included as Data S3. The rest of the data sets and resulting
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trees are available upon request with the express agreement
of the original authors.

Data analysis

Assessing methods and data set performance. The evaluation
of the performance of different phylogenetic methods or
sources of evidence has always been problematic, mainly
because the real phylogeny cannot be known. A possible
approach is to compare the results obtained in different
analyses with phylogenies built considering alternative/in-
dependent evidence. This approach is based on a congru-
ence criterion, a criterion that has always been at the base
of cladistic analysis (Wheeler 2001). When comparing dif-
ferent methods to infer phylogenetic relationships from
landmark data, it is possible to compare the results with
phylogenies derived from alternative sources of evidence
such as molecules or discrete morphological characters. In
the present study, the performance of each data set/
method/sampling was evaluated by comparing the results
obtained against a reference phylogeny. When possible
(87% of the data sets), the reference topology was based
on molecular evidence. This was because molecular data
offers a more independent source of evidence than tradi-
tional morphological characters, since some of these char-
acters may describe the shape of structures that are also
analysed as landmark data.

The degree of concordance of the trees derived from
landmark data and the reference trees was assessed by cal-
culating a measure of topological similarity based on the
number of SPR (Subtree Pruning and Regrafting) 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 T is the number of taxa (Goloboff 2007).
In addition to the SPR-based measure of topological simi-
larity, Robinson-Foulds distances (Robinson & Foulds
1981) were calculated. The results were similar to those
obtained using the SPR-based metric, and are included as
supplementary material (Data S4).

Some of the data sets originally included more than one
specimen per species while others included only a consen-
sus configuration per species. In those data sets where data
from individual specimens were included, all specimens
from each species were superimposed using a General Pro-
crustes Analysis (GPA, Gower 1975; Rohlf & Slice 1990).
The consensus configurations derived from this step repre-
sented the shape of each species. In all cases, the consensus
configurations representing each species were used to
define a multiple superimposition by means of a new GPA.
GPA was conducted using the functions included in the R
package geomorph (Adams & Otirola-Castillo 2013). This
multiple superimposition was the starting point for all the
phylogenetic analyses. In most of the data sets, the
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different configurations represent also different structures.
Hence, unless stated otherwise, both terms are used here as

synonyms.

Phylogenetic searches. 'The 41 data sets were analysed using
‘Phylogenetic Morphometrics’ (PM), a method developed
by Catalano et 4/. (2010) for the analysis of landmark data in
phylogenetics. This method is implemented in TNT phylo-
genetic software (Goloboff er 4/. 2008) and is a direct exten-
sion of the parsimony principle (sensu Farris 1983) for the
analysis of landmark data (for a critical point of view about
this method see Adams et 4. 2013). The tree scores were
established using the algorithms described in Goloboff &
Catalano (2011) to optimize landmark data on a tree. Since
phylogenetic searches for landmark data were not imple-
mented natively in TNT at the time, this study was con-
ducted (the version that analyses landmark data directly has
been released in December 2015, Goloboff & Catalano (in
press)), the searches were conducted using a script written in
TNT macro language. The search strategy consisted in each
case of a single RAS (Random Addition Sequence = Wagner
trees) followed by rounds of Tree Bisection Reconnection
(TBR). All the analyses were run on a cluster of 14 4-core
CPUs using the parallel version of TNT. After a standard-
ization step (see below), the multiple superimposition of
each structure was incorporated into a matrix as a different
character, generating a combined data set. In addition, the
41 data sets were analysed considering five additional phylo-
genetic approaches that have been previously considered to
infer phylogenetic relationships from landmark data. The
inclusion of several methods has not been guided by a plural-
istic approach. Neither do we consider that all methods are
equally good. In fact, many of these approaches have been
questioned in the literature, and we agree with most of those
criticisms. We included several approaches because we were
interested in testing whether the conclusions derived from
the analysis of the 41 data sets were consistent irrespective of
the method considered.

1. Procrustes distances + Neighbor Joining (PD-N]J). This
approach was followed in several studies (e.g. Lockwood
et al. 2004; Couette et al. 2005; Cardini & Elton 2008;
Scalici & Panchetti 2011). The processing of the 41
data sets was automated using R scripts (R Development
Core Team 2015) that included functions from the fol-
lowing packages: “ape” (Paradis er al. 2004), “geo-
morph” (Adams & Otirola-Castillo 2013), “phangorn”
(Schliep 2011) and “shapes” (Dryden 2014). For each
structure (configuration), a matrix of Procrustes dis-
tances was calculated including all possible pairs of spe-
cies. Afterwards, a Neighbor-Joining tree (NJ; Saitou &
Nei 1987) was inferred. When data sets presented more
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than one configuration, distance matrices were stan-
dardized before NJ analysis (see below).

2. Procrustes distances + UPGMA (PD-UPGMA). The
procedure followed was identical to the previous
approach with the exception that the phylogenetic
reconstruction method was UPGMA (Sneath & Sokal
1973). Although this method is phenetic, we included it
as a phylogenetic approach because phylogenetic con-
clusions are generally extracted from the results and
because it can be considered as phylogenetic as long as
some restricted (and unrealistic) assumptions are held
(Felsenstein  2004). This approach was followed in
Frédérich et al. (2008) and Cardini & Elton (2008)
although the authors of those studies clearly stated that
the approach was considered only for evaluation of phe-
netic relationships.

3. Landmark coordinates as continuous characters + parsi-
mony (LC-P). This analysis was conducted in TNT. A
TNT script was written to transform landmark coordi-
nates into continuous data in TNT format. A single
RAS + TBR were conducted for each data set. This
approach was followed by Gold et /. (2014), and crid-
cized, among others, by Catalano ez /. (2010).

4. Principal Component (PC) scores as continuous charac-
ters + parsimony (PC-P). This approach was proposed
by Gonzalez-José et al. (2008). The PC scores were cal-
culated from the GPA superimposition. Each PC was
considered as a different continuous character, with
scores for each species being the states of the continu-
ous character. Only those PC that represent up to 99%
of the cumulative variance explained were included.
PCA were done in R using functions included in the
“geomorph” package (Adams & Otdrola-Castillo 2013).
Once the PC scores were obtained, the R script gener-
ated a matrix in TNT format including the continuous
characters. A single RAS + TBR were run for each data
set in TINT software. This approach was criticized by
Adams et al. 2011).

5. PC scores as continuous characters + Maximum Likeli-
hood (PC-ML). This approach was followed in Caumul
& Polly (2005) and Gonzilez-José er al.(2008). The
analysis was conducted following the same procedure as
the previous approach with the exception that the ML
analysis was run in Phylip (Felsenstein 1989, 2013). The
analyses were automated using R scripts and the func-
tions included in the “Rphylip” package (Revell &
Chamberlain 2014). This approach has been criticized
by Adams ez al. (2013).

Effect of increasing amount of evidence on phylogenetic analyses
of landmark data. ‘To evaluate whether the results
obtained in the phylogenetic analysis of landmark data

improve with the inclusion of an increasing number of
configurations, a series of analyses were conducted on the
eight data sets that have three or more configurations
(Table 1). For each data set, a new analysis was conducted
considering each possible combination of configurations for
each number of configurations. For instance, if the data set
had four configurations, the different searches included: (i)
the analysis of each configuration independently, (i) the
analysis of each possible pair of configurations and (iii) the
analysis of each possible triplet of configurations. Phyloge-
netic searches were conducted in this case under phyloge-
netic morphometrics (Catalano er 2. 2010). The resulting
trees were compared with the reference phylogenies using
the SPR similarity measure previously described.

Besides sampling different numbers of configurations, we
also conducted a series of analyses sampling different num-
bers of landmarks along all the configurations. To properly
compare the results, the number of landmarks sampled in
both approaches was the same. As previously indicated, for
a given number of configurations, we repeated the analysis
considering all the possible combinations of configurations.
In the case of sampling different numbers of landmarks, we
repeated the analyses considering 10 different random sam-
ples of landmarks for each number of landmarks consid-
ered. Both analyses were run in TNT and automated using
scripts written in TINT macro language.

Standardization.  For the simultaneous analysis of multiple
landmark configurations, it is necessary to decide how the
information of the different configurations is combined.
Otherwise, some configurations might have much more
influence than the rest in the election of the optimal phylo-
genetic hypothesis due to uncontrolled and possibly
unwanted factors. For instance, if configurations represent-
ing different structures have different sizes, the phyloge-
netic results may be driven by larger configurations (see
Catalano er al. 2015 for a detailed discussion about this
topic). A standardization step is hence essential for the phy-
logenetic analysis of multiple configurations. Given the nat-
ure of the different methodological approaches considered
in the present study, different standardization procedures
were followed in each case. In the frame of PM analysis,
Goloboff & Catalano (2011) proposed a standardization
looking for an even contribution of each configuration to
the final score. To achieve that goal, the score of each
landmark is multiplied by a standardization factor. Alterna-
tively, this factor can be used to modify the size, the con-
figurations and, since the score is the sum of landmark
displacements, the same result is obtained following that
procedure (Goloboff & Catalano 2011). This was the
approach followed in the present study in the analyses
performed under phylogenetic morphometrics. For the

© 2016 Royal Swedish Academy of Sciences
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analysis of landmark coordinates as independent characters
(LC-P), the coordinates were those derived from the
standardization procedure previously described. For the
analyses that considered PC scores as characters (in both
parsimony and ML context), the scores for each PC were
standardized between 0 and 1. In distance-based methods,
Procrustes distances for each configuration were standard-
ized, so that the minimum interspecific distance was 0 and
the maximum interspecific distance was 1.

Results

Characteristic of the data sets

The main characteristics of the data sets analysed in the
present study are presented in Table 1, and Data S3. Most
of the data sets (approx. 70%) included a single landmark
configuration, with only ten per cent including four or
more configurations. The number of species was more
variable among data sets ranging from five to 160 with
Mammals represented two-thirds of the total number of
data sets. The data sets included 12 different kinds of
structures, the most common being cranium, mandible,
wing and general body shape. Most of the structures were
digitalized in two-dimensional landmark configurations.

Phylogenetic results

The phylogenetic analysis of the 41 data sets indicated a
low congruence between the trees derived from landmark
data and the reference phylogenies (Table 2). These results
were consistent irrespective of the different phylogenetic
methods considered (Fig. 1). The approaches that consid-
ered PC scores as characters (either analysed by parsimony
or ML) produce the worst results. The approaches that
produced the highest level of congruence were PD-
UPGMA, PD-N]J and PM. Phylogenetic analyses of land-
mark data considering different numbers of configurations
showed that in six out of eight data sets analysed, there was
a clear relationship between the number of configurations
and the topological correspondence between landmark-
based tree and the reference tree (Fig. 2). Sampling differ-
ent percentage of landmarks from each configuration
instead of sampling complete configurations indicated that,
for the same number of landmarks, better results were
obtained when landmarks were sampled from different
configurations (Fig. 3). The only data set that did not pre-
sent this pattern was Martin-Serra_2015. In that case, simi-
lar values of congruence were obtained sampling landmarks
from either a single configuration or from different config-
urations.

Discussion

Framed in a more general discussion about the utility of
morphological characters in phylogenetics (see Giribet
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Table 2 Topological correspondence (SPR similarity) between the
trees derived from landmark data and the reference phylogeny for
the 41 data sets listed in Table 1. The average SPR similarity was
0.51

Data set SPR similarity
Abe_2012 0.516
Adams_2014 0.667
Almecija_2015 0.565
Alvarez_2013 0.500
Angielczyk_2010 0.667
AP_APV 0.381
Arendt_2010 0.500
Aristide_2013 0.654
Astua_2009 0.448
Baab_2014 0.467
Caumul_2005 0.667
Claverie_2013 0.546
Cruz_2012 1.000
de_Freitas_2012 0.750
Foster_2008 0.250
Foth_2012 0.429
Franklin_2014 0.357
Frederich_2008 0.600
Grieco_2012 0.667
GJ_GR 0.830
Ivanovic_2011 0.300
Johansson_2009 0.348
Klingenberg _2010 0.667
Klingenberg _2013 0.166
Klingenberg_2012 0.364
Markolf_2013 0.500
Meloro_2012 0.455
Munoz_2014 0.667
Neustupa_2007 1.000
Qutomuro_2013 0.379
Pierce_2008 0.381
Piras_2012 0.483
Prevosti_2012 0.270
Rohlf 2002 0.500
Santamaria_2013 0.500
Martin-Serra_2015 0.465
Stubbs_2013 0.340
Vera_Candioti_2009 0.000
Voyta_2013 0.400
Watanabe_2014 0.571
Young_2008 0.600

2015), the case of landmark data is of interest by itself, with
considerations that are particular to this kind of characters.
On one hand, there have been theoretical concerns about
the compatibility of landmark data with the principles of
phylogenetics (e.g. Bookstein 1994). On the other hand,
there has been an empirical concern: do shape characters
(described as landmark configurations) contain historical
information as to infer phylogenetic relationships? While
most of the discussion found in the literature is related to
the first issue (e.g. Bookstein 1994; Monteiro 2000;



Phylogenetic inference based on landmark data « S. A. Catalano & A. Torres

0.6

0.5

0.4

0.3

0.2 4

Topological similarity with
reference tree

0.1

PC+Pars PC + ML Cont + Pars UPGMA NJ
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Fig. 1 Comparison of the performance of different phylogenetic
approaches to analyse landmark data. The value represents the
topological similarity (in terms of SPR moves) between the trees
obtained from landmark data and the reference trees for the 41 data
sets listed in Table 1. PC, principal component; Pars, parsimony;
ML, maximum likelihood; PhyMorph, phylogenetic morphometrics;
NJ, Neighbor joining; Cont, continuous. For a detailed description
of each approach, see Materials and methods section.

Macleod 2002; Rohlf 2002; Catalano er al. 2010), the
empirical evidence considered to assess the performance of
landmark data in phylogenetics has only been circumstan-
tial. Studies of individual data sets have shown, in most
cases, incongruent results using alternative sources of evi-
dence (e.g. Rohlf 2002; Klingenberg & Gidaszewski 2010).
Based on those results, the utility of landmark data has
been questioned (e.g. Klingenberg & Gidaszewski 2010).
The results of the present study, based on the analysis of
41 data sets strongly suggest that the lack of congruence
with the reference phylogenies is associated to the scarce
evidence included in the data sets analysed, not to the par-
ticular methodological approach considered.

Phylogenetic inference and amount of evidence

The general pattern that emerges from the analysis of the
41 data sets is a low level of congruence between the trees
derived from landmark data and the reference phylogenies
(Fig. 1, Table 2). The number of SPR moves is on average
one-half of the maximum possible values, indicating an
important level of topological incongruence. These results
were sustained irrespective of the phylogenetic method
considered (see below). The low level of congruence found
in the present study seems at first sight to support the
unsuitability of landmark data for phylogenetic inference
(Klingenberg & Gidaszewski 2010). A more detailed evalu-
ation of the results however gives a different perspective,
and allows assessment of the main cause for this pattern. A
key point for proper interpretation of the results is that
approximately 70% of the data sets analysed represented
only a single landmark configuration, and an additional
12% represented only two configurations (Table 1). This
data by itself suggest that the poor results can result from

the inclusion of insufficient evidence. That scarce evidence
is the main limitation of previous phylogenetic analyses on
landmark data has been recently suggested by Catalano
et al. (2015). The present results give support to the find-
ing of Catalano et al. (2015) generalizing the pattern previ-
ously observed in a particular group of mammals.

Despite the fact that the results improve with additional
evidence, the analyses also show that more data are
required to properly infer phylogenetic relationships from
landmark data. For the data sets analysed, only the GJ-GR
data set showed a high congruence with the reference tree.
As previously indicated, this data set was composed of data
from two different studies (Gonzilez-José et al. 2008 and
Gomez-Robles et 4l. 2013), including much more evidence
than the rest of the data sets, not only in terms of the
absolute number of landmark configurations (14), but also
relative to number of terminals included in the analysis
(1.5 configurations per species). This higher amount of evi-
dence can be the cause for the high congruence between
the landmark data and the reference tree. However, it can-
not be discarded that the pattern is caused by both trees
being derived from morphological data. In any case, this
example still shows that one or a few configurations/struc-
tures are insufficient to properly infer phylogenetic rela-
tionships from landmark data.

The analyses performed showed that better results were
obtained, for the same number of landmarks, when land-
marks were sampled from different configurations (Fig. 3).
This indicates that the improvement in the results when
including a higher number of configurations is not only
caused by the inclusion of more landmarks but also by
combining information from different structures. There are
different reasons why this combinaton may improve the
results. On the one hand, the inclusion of structures with
different evolutionary rates would allow resolution of phy-
logenetic relationships at different levels on the tree. On
the other hand, including configurations from different
structures can help to reduce the effect of homoplasious
characters (Oxnard 2000). Irrespective of the particular
cause, it is quite clear that the inclusion of several struc-
tures in the same analysis improve the phylogenetic results.

Besides the scarce information included in most of the
data sets, there are other factors that might in principle
contribute to the incongruence between phylogenetic trees
based on molecular data and those derived from landmark
data. One of them is related to measurement errors. Mea-
surement errors (mainly related to 2d configurations, Car-
dini 2014), may introduce “noise” in the data that would in
turn worsen the phylogenetic results. A second issue is
related to the use of a consensus configuration to represent
the shape of each terminal (Cardini er a/. 2015). Although
these two factors may have an important effect when

© 2016 Royal Swedish Academy of Sciences
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Fig. 3 Comparison of the results obtained by sampling landmarks from different configurations vs. sampling full configurations. Each point
in the graph represents the SPR similarity against the reference phylogeny of the trees obtained by sampling a given number of landmarks.
The values on the Y axis were obtained by sampling full configuratons, while the values in the X axis were obtained by
sampling landmarks from all the configurations (See Materials and methods section for details). The line represents equal topological
similarity values irrespective of whether the landmarks were sampled from the same configuration or from different configurations. With
the exception of the Martin-Serra_2015 data set, higher topological congruence with the reference phylogeny was obtained (for the same
number of landmarks), when landmarks were gathered from different configuratons. The analysis included only those data sets where

results were improved with the inclusion of more configurations (Fig. 2).

working at the population level, we consider that they
would have a minor effect in phylogenetic analyses, given
that the intraspecific variation is much smaller than the dif-
ferences among species. In any case, this is just a prediction
that should be evaluated in future studies.

Methodological approaches

The decision of which method is selected to perform a cer-
tain phylogenetic analysis is based on epistemological (i.e.
methods that can be considered as superior in a certain
philosophical framework) and practical reasons (e.g. avail-
ability of software to perform the analysis). Another rele-
vant issue is the empirical behaviour of the methods in
both real and simulated data sets. The present study is the
first that compares the empirical performance of the differ-
ent phylogenetic approaches in a large number of data sets.
The different analytical approaches considered to infer
phylogenetic relationships from landmark data indicated
that PD-NJ, PD-UPGMA and PM approaches gave the
best results while PC scores analysed by either parsimony
(PC-P) or Maximum Likelihood (PC-L) produced trees
with the lowest congruence with the reference phylogenies.
Although it is tempting to derive generalizations from
these results, some caution should be taken. First because,
as previously shown, the evidence included in most of the
data sets was scarce, with results that were in general very
different from the reference phylogenies. Whether the
methods that behaved better under those conditions will
also perform better in cases where more evidence is
included is an open question. A second point to consider is
that the differences in performance among methods are in

general small. For instance, the difference among the three
approaches that had better performance can be accounted
by only three SPR moves in a single data set. Finally, the
results presented here should be taken with caution because
each method was run considering a single setting. A
detailed comparison of the different approaches would
require taking into consideration different settings at differ-
ent steps of the analyses such as standardization, weighting,
superimposition, etc.

Final remarks

Adams et al. (2013) indicated that one of the areas of
research that has advanced the least in the frame of geo-
metric morphometrics is the analysis of landmark data
within a phylogenetic context. These methodological limi-
tations might in principle be a possible explanation for the
poor results obtained in empirical studies that intend to
infer phylogenetic relationships from landmark data. How-
ever, our results strongly suggest that the main limitation
of most previous studies was the scarce evidence included
in the data sets analysed. If results of future empirical anal-
yses are to be considered to reject the use of landmark data
to infer phylogenetics, those analyses should be based on a
proper character sampling.
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