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Abstract

Tapirs are perissodactyl ungulates of the genus Tapirus. The family Tapiridae was more diverse in the past. Genus Tapirus include
five living species: T. indicus, T. pinchaque, T. bairdii, T. terrestris, and T. kabomani. Despite all the information available about
tapirs, evolutionary relationships among species within the genus are still uncertain. Recent works suggest that 7. terrestris may
be a species complex. A better understanding of the evolutionary history of this clade is essential to better support conservation
strategies for the species of this genus, which are keys in the dynamics of tropical forests in Southeast Asia and Central and South
America. Geometric morphometry has been proved to be a useful tool for the study of morphological evolution in mammals, but
studies involving cranial geometric morphometry of tapiroids have never been done. We hereby propose landmarks for the study
of tapir cranial shape through 2D geometric morphometric technique, including 20 in lateral cranial view (n=71), 14 in dorsal
cranial view (n=51), and 21 in ventral cranial view (n =44), followed by PCA multivariate statistical analysis that ordinated
specimens from each of the three data groups along the major axis of shape variation. Lateral and dorsal view landmarks proved
to be the most diagnostic for the species studied, providing interesting insights and trends on tapiroid cranial evolution. Ventrally,
the species analyzed do not differentiate significantly. In this paper, we add new information to the current cranial morphometric
database of tapirs, which can help elucidate questions about their evolutionary history.
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Introduction

The genus Tapirus Brisson, 1762, includes five living species
that occupy fragmented regions in South America, Central
America, and Southeast Asia: in the first continent are
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T. pinchaque (Roulin, 1829) of the Andes mountains,
T. terrestris (Linnaeus, 1758) the lowland tapir, and
T. kabomani Cozzuol et al., 2013, recently described for the
the Amazon (Cozzuol et al., 2013, 2014), followed by
T. bairdii (Gill, 1865) in Central and northern South
America. Tapirus indicus Desmarest, 1819, inhabits
fragmented regions in southeastern Asia. Several extinct spe-
cies have been described for the genus (Hulbert 2010;
Holanda and Ferrero 2012; Xue-Ping et al. 2015; Zlatozar
2017). The genus requires a comprehensive review of all spe-
cies to clarify its content and definition. For now, we follow
the definition of genus Tapirus as the clade including the most
recent common ancestor of Tapirus johnsoni Schultz et al.
1975, which is considered the most primitive tapir species of
the genus (Holanda and Ferrero 2012; Cozzuol et al. 2013,
2014). South American tapirs dispersed from North America
during the Great American Biotic Interchange, which follow-
ed the formation of the Isthmus of Panama (Woodburne 2010;
Cione et al. 2015; O’dea et al. 2016). Tapirs are browsing
herbivores, feeding mainly on terrestrial and aquatic
plants, leaves, and fruits. Being granivores and seed
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dispersers, they play important roles in the dynamics of
tropical forests (Olmos 1997). The tapir upper lip and
flashy nose are long and prehensile, forming a proboscis
(Padilla and Dowler 1994).

Cranial characters are highly diagnostic in mammals and
skulls are the most common skeletal structures preserved in
museum collections. Therefore, they are valuable tools for
evolutionary studies; hence these were the structures chosen
for this paper. The goal of this study is to better understand the
cranial variation and its evolution among tapirs, including
some relevant extinct species. Previous works demonstrated
that skull shape varies considerably among living species of
Tapirus (Holanda et al. 2011; Cozzuol et al. 2013, 2014). This
paper aims to analyze skull shape variation between the five
living tapir species and several extinct tapiroid species with
geometric morphometry techniques, which have been widely
used in the past few years for shape studies (Bookstein 1991;
Marcus et al. 1996; MacLeod and Forey 2001; Zelditch et al.
2004). Although traditional morphometry describes the co-
variation pattern amongst all measurements and identifies re-
gions with more or less covariation degree through the use of
linear (distance) variables, it does not capture information re-
garding the shape of an organism as a whole as geometric
morphometry does. Besides, geometric morphometry locates
more clearly the regions of changes in shape and above all, it
is able to construct and reconstruct these differences graphi-
cally (Moraes 2003), and it has greater statistical robustness
(Fornel and Cordeiro-Estrela 2012).

Geometric morphometry relies on shape acquisition and
quantification through the establishment of homologous
Cartesian coordinates called landmarks, rather than using lin-
ear variables (Monteiro and dos Reis 1999; Webster and
Sheets 2001; Lawing and Polly 2010). Here, we choose 2D
geometric morphometry as our technical approach to the study
of cranial shape in tapirs. We apply those techniques to a
tapiroid skull database in lateral, dorsal, and ventral views.
In this analysis, we include all five living tapir species and
several South and North American extinct species, besides
two species representing two genera other than Tapirus: the
tapirid Nexuotapirus marslandensis Schoch and Prins in
Schoch, 1984, and Heptodon posticus Cope, 1882, the phylo-
genetic position of which will be discussed below. These two
genera were chosen inside Tapiroidea because they both have
specimens suitable for morphometric analysis, attending to all
the landmarks we hereby propose. Furthermore, as they are
both tapiroids, a morphometric study of their skull shape may
offer interesting insights on primitive and apomorphic charac-
teristics retained by that group.

Concerning the genus Nexuotapirus Albright, 1984, it has
an unclear phylogenetic position, as it exhibits numerous
primitive and derived states of cranial characters. Some of
the tapirid plesiomorphic characters that the taxon carries are
the extension of the lambdoidal crests posteriorly beyond the
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occipital condyles, the confinement of the incisive foramina to
the anteriormost part of the rostrum, and non-molariform up-
per premolars (Albright 1998). The derived cranial features
that Nexuotapirus shares with tapirs are a deeply retracted
narial incision and shortened nasals and shortened frontals
(Albright 1998). Regarding Heptodon Cope, 1882, it was in-
cluded in a monophyletic Tapiroidea by Holbrook (1998) and
as a derived tapiromorph species by Bai et al. (2014). As
Holbrook’s phylogenies were based on a larger number of
tapiromorph groups and specimens, we hereby follow his
attribution of Heptodon and the family Heptodontidae
whithin the superfamily Tapiroidea as a basal tapiroid
clade. Dasheveg and Hooker (1997) also placed
Heptodon within the Tapiroidea.

About forty million years of evolution separates the basal
tapiroid Heptodon from Tapirus, and the most notable cranial
characteristics that distinguish them are modifications in the
skull correlated with the development of a proboscis, such as
the great enlargement of the nasal incision and a shortening of
the nasals (Radinsky 1965). Less drastic cranial modifications
that occurred between Heptodon and Tapirus involve dental
evolution: premolars are not molarized in Heptodon, a primi-
tive condition for tapiroids, as all extant and most extinct
tapirs exhibit molarized premolars (except for PM1). By the
end of the Oligocene (25 Ma), the evolutionary changes that
resulted in the modern tapirid skull were essentially complet-
ed, and since then there has been limited cranial evolution in
the Tapiridae in general (Radinsky 1965).

Material and Methods

Samples Data for geometric morphometric analysis, includ-
ing skull samples and pictures, were obtained from previous
works (Radinsky 1965; Albright 1998; Ferrero and Noriega
2007; Hulbert et al. 2009; Hulbert 2010; Holanda et al. 2011)
and specimens from several museum collections (a list of
specimens analyzed in this paper follows in the Online
Resource section 4 of this paper). Our data included three
data groups, a lateral, a dorsal, and a ventral view group of
skull pictures containing their own set of landmarks. Twenty
lateral view landmarks (Fig. 1) were placed onto a total of 71
skull specimens of 11 tapiroid species: the extant 7. ferrestris
(45 specimens), T. indicus (four specimens), 7. kabomani
(six specimens), T. bairdii (two specimens), and
T. pinchaque (seven specimens), and the extinct
T lundeliusi Hulbert, 2010 (two specimens), Heptodon
posticus, Nexuotapirus marslandensis, T. johnsoni, T.
mesopotamicus Ferrero and Noriega, 2007, and 7. veroensis
Sellards, 1918 (all of them with one specimen each).
Fourteen dorsal view landmarks (Fig. 2) were applied to a
total of 51 tapiroid skull specimens distributed through ten
species: the living species 7. terrestris (28 specimens), T.
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Fig. 1 Twenty cranial landmarks for the lateral view of the skull used in
morphometric multivariate analysis: 1: Rostral tip of premaxilla; 2:
Dorsal border of premaxilla-maxilla suture, lateral view; 3: Postorbital
process of frontal; 4: Posterior margin of nasal opening; 5: Naso-frontal
suture; 6: Fronto-parietal suture; 7: Parieto-occipital suture; 8: Posterior
extremity of supraoccipital bone; 9: Posterior tip of occipital condyle; 10:

kabomani (six specimens), T. pinchaque (five specimens), 7.
indicus (four specimens), and 7. bairdii (two specimens), and
the extinct 7. lundeliusi (two specimens), T. veroensis, T.
mesopotamicus, Nexuotapirus marslandensis, and
Heptodon posticus (every one of these species with one
specimen each). Lastly, 21 ventral view landmarks (Fig. 3)
were studied in 44 specimens, including nine tapiroid spe-
cies: T. terrestris (23 specimens), T. kabomani (five speci-
mens), T. pinchaque (two specimens), T. indicus (two

Fig. 2 Fourteen cranial landmarks for the dorsal view of the skull used in
morphometric multivariate analysis: 1: Anteriormost rostral point of
premaxilla; 2: Anterior border of canine alveolus; 3: Posterior border of
infraorbital foramen; 4: Anterior end of jugal; 5: Lateral border of jugal at
level of postorbital process of jugal; 6: Fronto-lateral border at level of
naso-frontal suture; 7: Midpoint between landmarks 6 and 8 on

Tip of paroccipital process; 11: Posterior border of glenoid cavity; 12:
Posterior end of jugal-squamosal suture; 13: Posterior end of dental se-
ries; 14: Premolar / molar limit; 15: Anterior border of P1 alveolus; 16:
Posterior margin of canine alveolus; 17: Posterior end of infraorbital
foramen; 18: Posterior process of lacrimal bone; 19: Postorbital process
of the jugal; 20: Anterior end of jugal-squamosal suture

specimens), 7. lundeliusi (two specimens), T. bairdii, T.
veroensis, Nexutapirus marslandensis, and Heptodon
posticus (all species with one specimen analyzed).
Photographs taken for geometric morphometric analysis
followed the same procedure of mounting, illumination, and
image procurement (Webster and Sheets 2001; Zelditch et al.
2004) so that pictures resulted in appropriate material for the
study of reliable landmark data. The camera used was a
Fujifilm 12 MP with a focal distance of 5-90 mm, auto-

parasagittal ridge; 8: Fronto-parietal suture; 9: Maximum orbital constric-
tion point in fronto-sphenoidal suture; 10: Lateralmost point of braincase
at squamosal base; 11: External border of squamosal at level of anterior
border of glenoid cavity; 12: Parieto-occipital suture; 13: Lambdoidal
crest origin; 14: Posterior end of supraoccipital
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Fig. 3 Twenty one cranial landmarks for the ventral view of the skull
used in morphometric multivariate analysis: 1: Anterior end of
premaxilla; 2: Posterior border of canine alveolus; 3: Anterior border of
P1 alveolus; 4: Anterior end of jugo-maxillary suture; 5: Lateral border of
jugal at level of postorbital process of jugal; 6: Posteriormost point of
jugal-squamosal suture; 7: Mastoid process; 8: Paraoccipital process; 9:
Posteriormost point of occipital condyle; 10: Midpoint between

focus and lens opening of 3.1-5.6. The toothrow was placed
parallel to the base where the skull was positioned, so that all
orientations of the photographs taken were the same for every
specimen, reducing possibilities of intra- and interspecific
skull shape variation due to poorly positioned specimens.
The camera distance to every specimen was 1 m, so that par-
allax effect was avoided by not placing the skull too close to
the camera (Mullin and Taylor 2002). Each specimen was
positioned in the center of the picture, and a tripod was used
to ensure camera stability during photography.

Geometric Morphometric Analysis Taxonomists use mor-
phometry to quantitatively estimate differences in form be-
tween organisms, creating bases for comparisons and infer-
ences of possible causes that led to those differences in shape
(Monteiro and dos Reis 1999). To quantify and analyze those
differences in geometric morphometry, landmarks are to be
put onto the shape of interest. We selected points that satisfac-
torily covered and described skull shape. Landmarks are bio-
logically homologous anatomical loci that are recognizable on
all specimens in the study (Bookstein 1991). The points
of reference acquired for this paper are located mostly
in points of accepted homologies, such as those that are
originated from unique shape patterns like tissue juxta-
position at bone sutures (Fornel and Cordeiro-Estrela
2012). Other landmarks described here represent points
of considerable homology reliability, such as process
ends, bone tips, and maximum curvature of structures
(Fornel and Cordeiro-Estrela 2012).
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basioccipital condyles; 11: Hypoglossal foramen; 12: Presphenoid-
basisphenoid suture; 13: Posterior border of choana; 14: Anterior border
of choana at inter-palatine suture; 15: Posterior border of anterior palatine
foramen; 16: Anterior border of anterior palatine foramen; 17: External
border of the alveoli at premolar-molar border; 18: Posteriormost point of
zygomatic process of maxilla; 19: Lateral extension of pterygoids; 20:
Anterior border of glenoid cavity; 21: Postglenoid process

Skull landmarks were acquired using the software TpsDig
version 2.3, and were digitized in the same order for all spec-
imens, as required by the program. As we were dealing with
two dimensional (2D) geometric morphometric analyzes, this
software created for each point of reference two coordinates in
space (X, y =2D). These 2D landmark coordinates were then
exported to the software PAST version 2.14 (Hammer et al.
2001) and aligned using Generalized Procrustes Analysis
(GPA, Rohlf and Slice 1990), a superimposition method that
eliminates effects of scale, position, and orientation by center-
ing configurations, leaving only shape as cause of variation
inside the samples (Bookstein 1991).

Rescaling each configuration generates a common centroid
size between all of them, meaning all differences in size and
location were removed. GPA then generates a new matrix
composed of new coordinates, called Procrustes, which are
skull shape variables that can be statistically analyzed. The
distance between two points in this multidimensional space
represents how different these two shapes are: similar shapes
are those that are close to each other and the most different
ones are disposed far apart. Therefore, Procrustes distance is a
way of measuring the differences between two or more shapes
(Moraes 2003).

After superimposition, a multivariate Principal Components
Analysis (PCA) associated with the disregard option, which
doesn’t force differences between groups, was performed with
the software PAST version 2.14 (Hammer et al. 2001) to each
one of the datasets, the first one including lateral cranial view
landmarks (Fig. 1), the second consisting of cranial dorsal view
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landmarks (Fig. 2), and the last one consisted of ventral view
landmarks (Fig. 3). PCA is a statistical method that ordinates
specimens along the major axis of shape variation. The PC load-
ings obtained from PCA graphics are available in Online
Resource section 5. As discussed in the “Results” section of this
paper, ventral view landmarks were not diagnostic for the species
analyzed, so we did not include them in the main text. The main
PCA result generated from the analysis of ventral view land-
marks is available in the Online Resource of this paper, section 3.

Concerning the lateral view landmarks acquired, photo-
graphs were taken from the left side of the skull as it is usually
done for geometric morphometric studies, unless the left side
was too damaged and missing reference points; in these cases
photographs were taken of the right side of the skull. For dorsal
view landmarks, only the left side of the skull was represented
in order to reduce data redundancy, as tapirs are bilaterally
symmetrical organisms (Webster and Sheets 2001). As acquired
by geometric morphometric analysis, only skulls complete
enough to take all landmarks were used. Only adults, tapirs in
which at least M2 was fully erupted (Cozzuol et al. 2013,
2014), were photographed, meaning only interspecific differ-
ences are responsible for different skull shapes in the results, not
growth. An exception, a 7. bairdii with just the M1 erupted, a
subadult and therefore sexually mature (Gibson 2011; Cozzuol
et al. 2013, 2014), was included in the analysis because of the
lack of skull samples of this species that are complete enough to
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attend all landmarks acquired. The lack of samples of
T indicus, T. bairdii, and most of the extinct species available
in museum collections interferes directly in our sample size of
its species and consequently on our results. More data of these
tapirs need to be collected so we can better understand how
skull shape evolved inside Tapirus. The datasets generated
and/or analyzed during the current study available from the
corresponding author on reasonable request.

Results

PCA ordinates specimens along the major axis of shape var-
iation (Lawing and Polly 2010). From the PCA matrix pro-
duced by the analysis of the 20 lateral view landmark dataset
(n="71), PCs 1 to 5 explain 71% of total variance, and there-
fore they are the most representative of the variation between
species analyzed. PC5 was excluded from the PCA analysis
we generated because it explains alone very little of the total
variation between groups, and it is near to noise effects.
Because of that, the combinations between the first four PCs
that better separated the species were the ones chosen and are
shown in this paper (PC1 versus PC2 — Fig. 4; PC2 versus
PC3 - Fig. 5; and PC2 versus PC4 — Fig. 6). Lastly, we gen-
erated a lateral landmark PCA matrix without Heptodon
posticus to assess the effect of its exclusion, combining the
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Fig. 4 Results of PCA diagram for 20 lateral view landmarks (n=71)
superimposed using GPA, PC1 versus PC2, for extant and extinct species
of tapiroid species, mostly Tapirus species. PCA matrix includes the
following extinct species: the tapiroid Heptodon posticus (yellow dot),
the tapirid Nexuotapirus marslandendis (flashy blue dot), T johnsoni

>

Component 1

(light-blue dot), T mesopotamicus (dark blue dot), and 7. lundeliusi
(purple dot); and all extant species: T. ferrestris (blue dots),
T. kabomani (red dots), T. bairdii (light purple dot), 7' indicus (green
dots), and T pinchaque (beige dots)
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Fig. 5 Results of PCA diagram for 20 lateral view landmarks (n="71)
superimposed using GPA, PC2 versus PC3, for extant and extinct species
of tapiroid species, mostly Tapirus species. PCA matrix includes the
following extinct species: the tapiroid Heptodon posticus (yellow dot),
the tapirid Nexuotapirus marslandendis (flashy blue dot), T. johnsoni

first and second PCs (which explain 25% and 15% of the total
variation, respectively) that formed the most diagnostic graph-
ic (Online Resource 1). The removal of Heptodon posticus
from the dorsal and ventral landmark analysis did not show
a significant difference from those analysis in which this spe-
cies was included.

For the analysis of the 14 dorsal view landmark PCA ma-
trix (n=51), PCs 1 to 3 explain 74% of the total variance
between species and therefore the combination between these
PCs that better separated the species was chosen (PC1 versus
PC3). As none of the PCs combinations including PC2 pro-
duced a diagnostic graphic for the data analyzed, but it is a
significant PC in the final percentage of variation amongst
species, the most diagnostic graphic containing PC2 can be
seen in Online Resource section 2. None of the combinations
between the first five PCs (which explain together 70% of the
variation between species) generated by the analysis of the 21
ventral view landmarks (n = 44) produced a diagnostic graph-
ic. Therefore, we included only the most diagnostic graphic
produced by the combination of the first two PCs, which
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(light-blue dot), 7. mesopotamicus (dark blue dot) and 7. lundeliusi
(purple dot); and all extant species: T. ferrestris (blue dots),
T. kabomani (red dots), T. bairdii (light purple dot), 7. indicus (green
dots), and T pinchaque (beige dots)

explain 21% and 18% of the total variation, respectively, in-
side Online Resource section 3.

Discussion

Lateral view landmarks proved to be the most diagnostic ones
for the data analyzed, followed by dorsal view landmarks.
Concerning lateral view landmarks, the first graphic (PC1
versus PC2, Fig. 4), PC1 loadings show that this PC is highly
influenced by landmark 4, located in the posterior margin of
the nasal opening (see Fig. 1). Therefore, all combinations of
graphics including PC1 show species that are separated main-
ly because of landmark 4 position in their skull. As previously
mentioned, nasal bone retraction is an osteological indicator
of the presence of a proboscis in tapirs, absent in Heptodon.
This profile is understandable as H. posticus is a tapiroid, not a
Tapiridae, and both Tapirus and Nexuotapirus belong to the
latter taxon. The presence of an extensive nasal retraction, a
reduction of the nasal cavity bone wall (Witmer et al. 1999),
and an increased nasal notch (Wall 1980; Holbrook 1998) are



J Mammal Evol (2019) 26:545-555

551

uﬂ_ 1 gmﬂ%nn&.ﬂg m ‘‘‘‘‘‘ Hngﬂ‘"%ﬂ Hqg gqﬂj
/"; 0,08
T. kabomani

Component 4

PC2

Nexuotapirus marlandensis —___

BHH D'BELDDUQH Q“qﬁ-unun.u"u Eﬂnnmu Danng
«_I. johnsoni T. pinchaque

\ T. lundeliusi

20.4%

T. mesopotamicus

PC4
8%

Fig. 6 Results of PCA diagram for 20 lateral view landmarks (n="71)
superimposed using GPA, PC2 versus PC4, for extant and extinct species
of tapiroid species, mostly Tapirus species. PCA matrix includes the
following extinct species: the tapiroid Heptodon posticus (yellow dot),
the tapirid Nexuotapirus marslandendis (flashy blue dot), 7. johnsoni

osteological indicators of the development of a short and flex-
ible proboscis, one of the most characteristic skull characters
of tapirs and most tapirids (Rustioni and Mazza 2001). As
described by Radinsky (1965), the biggest differences be-
tween the skulls of Heptodon and tapirs are those associated
with proboscis development. The absence of this organ is a
primitive condition for Tapiroidea, as almost all tapirids and
all Tapirus possess a proboscis. Thus, it is expected that the
position of landmark 4 (located at the posterior margin of the
nasal opening) in tapirs is far more posterior to that of
Heptodon, separating these two genera. This is confirmed by
the analysis of our morphometric data, as it can be seen clearly
when PCl1 is included in the analysis (Fig. 4).

Besides the absence of osteological indicators of a probos-
cis, less drastic cranial modifications that separate tapirs from
Heptodon are the ones that resulted from brain evolution. The
braincase of Heptodon is relatively shorter than that of tapirs,
probably as a result of cerebral expansion, and sagittal and
lambdoidal crests are relatively lower and do not project back
as far in tapirs as in Heptodon, a characteristic that is probably
primitive inside the genus Tapirus (Radinsky 1965).
Heptodon posticus exhibit some other characteristics that are
trusted to be primitive for tapiroids, such as the presence of a
narial incision that is unretracted, absence of a nasolacrimal

Heptodon posticus

. — .
\ 0,06 ] 0,10

Component 2

(light-blue dot), 7. mesopotamicus (dark blue dot), and T. lundeliusi
(purple dot); and all extant species: T. terrestris (blue dots),
T kabomani (red dots), T. bairdii (light purple dot), 7. indicus (green
dots), and T pinchaque (beige dots)

contact, and a postglenoid process obliquely oriented
(Holbrook 1998). In Online Resource 1, the graphic with
Heptodon posticus removed increases the distances between
the remaining species, with both PC1 and PC2 being useful
axes to discriminate most of them, which implies that tapirids
skull are still morphometrically different. Nexuotapirus
marlandensis is a tapirid that probably had a proboscis, as
its skull exhibits nasal retraction, a factor that appears to sep-
arate the most the species in this graphic as mentioned in the
last paragraph. As this species falls next to the tapir species in
this analysis, and far apart from Heptodon posticus, it is an
indicator that Nexuotapirus marlandensis likely did possess a
mobile proboscis.

Although the presence or absence of a proboscis may be
the most influential factor for diagnosis in Fig. 4, some other
observations can be made about the general aspect of this
result. Still inside the PCA of PC1 and 2, there is a clear
discrimination between almost all species, with a considerable
overlap between Nexuotapirus marlandensis and
T lundeliusi, and disposed close to them in the matrix are
T. johnsoni and T. pinchaque. These four species exhibit sim-
ilar cranial shape, including a dorso-ventrally flattened skull,
elongated rostrum, and sagittal crest extending straight to the
nasals. Furthermore, 7. johnsoni, T. lundeliusi, and
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T’ pinchaque exhibit elongated nasals, a condition referred as
primitive inside Zapirus (Hulbert 2010). The cranial similari-
ties shared by those three tapir species are probably homo-
plasies, as none of them are closely related inside recent phy-
logenetic hypothesis (Holanda and Ferrero 2012; Cozzuol
et al. 2013, 2014). Besides relatively elongated nasals, the
other primitive skull features of 7. lundeliusi are the presence
of a reduced maxillary edge and a narrow lacrimal bone
(Hulbert 2010). Still inside this group, the late Miocene spe-
cies 1. johnsoni, which was referred as probably being the
most basal tapir (Holanda and Ferrero 2012; Cozzuol et al.
2013, 2014), has a more anteriorly located mental foramen as
another primitive cranial characteristic for the genus Tapirus.

Tapirus indicus and T. bairdii are close to each other in the
lateral view landmark PCA matrix, varying the most along the
PC2 axis. Both possess a dorso-ventrally extended skull, both
of'them have a deep and extensive fossa on the dorsal surface of
the nasal, and the frontal houses the meatal diverticulum
(Hulbert 2005). These two species also have broad frontals,
and this characteristic seems to be primitive inside the genus
Tapirus (Holanda et al. 2011). The presence of broad nasals in
both T. indicus, T. bairdii, and T. terrestris is probably a
convergence as they do not share close relations (Holanda and
Ferrero 2012; Cozzuol et al. 2013, 2014). Tapirus terrestris and
T. kabomani exhibit some degree of overlap, although
T. kabomani seems to vary the most along PC2 axis.
Although 7. kabomani and T. terrestris share some cranial sim-
ilarities, they have notable differences, as noted in the inflated
frontal bones that form a large triangular convex exposure in
T kabomani, ending posteriorly at the frontal—parietal suture,
where the sagittal crest begins; in 7. terrestris the sagittal crest
extends more anteriorly than in 7 kabomani, in the frontals
(Cozzuol et al. 2013, 2014). Also in Fig. 4, T mesopotamicus
falls into 7 terrestris variation. Characteristics that are present
in both 7. mesopotamicus and T. terrestris skulls in lateral view
are a knobby posterior lacrimal process, a ventro-lateral edge of
the maxilla that ends abruptly at the medial side of P1, a lateral
or supraorbital groove for the nasal diverticulum leading up to
the spiral grooves, which are deep and narrow, and lambdoidal
crests that are strong, well separated, and projected posterior to
the occipital condyles (Ferrero and Noriega 2007). However, a
definite character that differentiates 7. mesopotamicus from
T. terrestris is the shape of the sagittal crest, with the latter
showing a striking sagittal crest, a condition shown to be de-
rived in tapirs (Ferrero and Noriega 2007).

As PC1 is profoundly influenced by landmark 4 and there
are other significant PCs also explaining a considerable por-
tion of the total variation between species for lateral view
landmarks, as mentioned before, we generated two other
graphics: one containing PC2 versus PC3 (Fig. 5) and the
other one combining PC2 and PC4 (Fig. 6). They are not
highly influenced by one specific landmark as PC1 is, so the
combinations between PC2, 3, and 4 allow the observation of
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skull shape differences between these species in a more con-
sistently and less tendentious way. In Fig. 5, a PCA matrix
scatterplot of PC2 and PC3, without considering the high in-
fluence caused by the position of landmark 4 in PC1 for the
cranial shape between the species analyzed, Heptodon is not
distant from tapirs: it actually falls inside 7. terrestris skull
shape variation. Results in Fig. 6 (a graphic combination of
PC2 and 4) show a similar condition, with H. posticus falling
next to the T ferrestris group. Therefore, our analysis indi-
cates that with the exception of the nasal bone retraction, the
skull of H. posticus is essentially like other tapirs.

As both of the graphics of Figs. 5 and 6 have a more
homogeneous loadings distributions through their PCs than
that of Fig. 4, no bone structure on the skull appears to have
a distinct influence on the PCA matrix as it did on Fig. 4,
showing that there is less disparity between the influences of
all landmarks in shape variation. All cranial structures related
to the landmarks acquired seem to contribute more equally to
the diagnosis of the species in Figs. 5 and 6. The same general
tendencies and observations discussed for grouping species
next to each other in Fig. 4 can be observed in Figs. 5 and 6,
with little differences observed. For example, as in Fig. 4, a
dorso-ventrally flattened skull shared by Nexuotapirus
marlandensis, T. lundeliusi, T. johnsoni, and T. pinchaque
bring these taxa next to each other in Figs. 5 and 6 too, appar-
ently because PC2 loadings are considerably influenced by
landmark 7 (parietal-occipital suture), related to sagittal crest
height and consequently to dorso-ventrally flattened or elon-
gated skulls. This tendency can also be seen on the other side
of the graphic, where animals with higher sagittal crests are
displayed closer inside the matrix (T kabomani, T. terrestris,
and Heptodon posticus).

Concerning the dorsal landmark data, the most significant
graphic produced by the analysis of the data was the one
exhibiting the combination of PC1 and 3 (Fig. 7). PC2’s load-
ings showed that this PC is mostly influenced by landmark 5
(external border of the jugal at the level of the postorbital
process), and although it is a significant PC for explaining total
variation among the species, it was not a diagnostic bone char-
acter for the species studied in this paper. For this reason, as
mentioned before the graphic containing the best combination
for a PC2 analysis (PC1 versus PC2) is included only in Online
Resource section 2, but it will not be discussed here. In Fig. 7,
PC1’s loadings are highly influenced by landmarks 6 and 7
(frontal lateral border at the level of the nasal-frontal suture
and midpoint between landmarks 6 and 8 on the parasagittal
ridge, respectively), and PC3 is mostly influenced by land-
marks 6 and 8 (landmark 8 stands in the frontal-parietal suture).
It means that for our data, when analyzing the combination of
the most significant PCs, the landmarks that contribute the
most to better diagnose the group of species being studied
are the ones that form tapiroids forehead. Thus, species that
have similarly shaped foreheads are expected to fall next to
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Fig. 7 Results of PCA matrix for 14 dorsal view landmarks (n=51)
superimposed using GPA, PC1 versus PC3, for extant and extinct
species of Tapiridae species, mainly 7apirus. PCA matrix includes the
extinct species Heptodon posticus (yellow dot), Nexuotapirus
marslandendis (flashy blue dot), 7. mesopotamicus (dark blue dot),

each other in the PCA matrix. That is precisely what happened
for a group formed in the right side of the graphic, composed of
Heptodon posticus, T. cristatellus, T. indicus, and T. bairdii, all
including species that have a broad forehead. In the extreme
right of the PCA matrix are 7. mesopotamicus and
Nexuotapirus marlandensis, both possessing the broadest fore-
head state of all tapiroids studied in this paper, and a retraction
of the sagittal crest, directly related to the position of the
frontal-parietal suture (landmark 8), which was highly diag-
nostic for PC3 as mentioned before. A broad forehead is a
primitive character for tapiroids, retained by those last men-
tioned species. Both T mesopotamicus and Nexuotapirus
marlandensis appear to have laterally compressed skulls,
which seem to contribute to placing them next to each other
as well. Although 7. pinchaque and T lundeliusi are close to
each other, variation through 7. pinchaque specimens is mostly
horizontal in the graphic (through PC1), and the variation of
T. lundeliusi goes especially through PC3, vertically. In the left
side of the same matrix of Fig. 7, T kabomani falls consider-
ably superimposed to 7. terrestris. These are the two species
with the longest sagittal crests (directly influenced by landmark
8). Tapirus kabomani exhibits the broadest forehead of these
two species, and apparently because of that it falls slightly

T lundeliusi (purple dots), and 7. veroensis (dark green dot); and all
extant species: 7. terrestris (blue dots), 7. kabomani (red dots),
T bairdii (light purple dot), 7. indicus (green dots), and T. pinchaque
(beige dots)

more to the right of the graphic. Tapirus terrestris possesses
a sagittal crest that extends onto the frontals, a characteristic
that is believed to be derived for Tapirus, and could have con-
tributed to its distribution along PC3 axis.

Conclusions

The results support our hypothesis of interspecific variation in
cranial shape between the tapir, tapirid, and tapiroid species
analyzed. PCA analysis of a tapir cranial geometric morpho-
metric dataset not only demonstrated how different living and
extinct tapiroid skull species are, but also allowed identifica-
tion and discrimination of distinct morphological groups,
based on skull similarities that they share. Analysis of our data
also permits the formulation of interesting evolutionary trends
for tapiroids. Our study corroborates previous analyses of cra-
nial shape diversity among tapirs, allocating species that have
been described previously as having similar cranial shape next
to each other on the PCA matrix, demonstrating that geomet-
ric morphometric techniques may be helpful for better under-
standing how the tapir skull evolved. Our results show that
lateral view skull shape is the one that varies the most amongst
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extant and extinct tapir species, with at least three combina-
tions of the most significant PCs exhibiting a great degree of
interspecific variation. When eliminating the high influence of
the retraction of the nasal bone present in PC1, Heptodon
posticus appears to have a similar skull shape to that of other
tapirs, confirming previous works (Radinsky 1965) that stated
that aside from the osteological differences associated with the
development of a proboscis, the tapir skull has changed little
since early tapiroids. This morphometric information may
help enforcing the position of Heptodon as a tapiroid and
not as a basal tapiromorph. Dorsally, skull shape appears to
be diagnostic for PC1 and 3, and they are highly influenced by
landmarks that are part of the forehead and the sagittal crest,
indicating that those cranial structures were the most
diagnostic for the species analyzed. Ventral skull shape
analysis shows the highest overlap rate between species,
indicating that the species studied have no significant
ventral skull shape differences.
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